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PREFACE

In the past two decades, cohomology operations have been the center of a
major area of activity in algebraic topology. This technique for supplementing
and enriching the algebraic structure of the cohomology ring led to important
progress, both in general homotopy theory and in specific geometric applications.
For both theoretical and practical reasons, much analysis has been made of the
formal properties of families of operations.

We focus attention on the single most important sort of operations, the
Steenrod squares. We construct these operations, prove their major properties,
and give numerous applications.

In the development of these applications, we treat various techniques of
homotopy theory, notably those useful for computation. In the later chapters,
special emphasis is placed on calculations in the stable range. Here we make
detailed computation in the stable homotopy of spheres and, in Chapter 18,
develop the tool currently found most effective for stable calculations.

This book is intended for advanced graduate students who are well versed in
cohomology theory and have some acquaintance with homotopy groups. It is
based on notes by the second-named author from lectures aimed at such stu-
dents and given at Northwestern University by the first-named author. It
attempts to give the student a thorough understanding of the cohomological
methods and their history.

Our choice of treatments has not generally been based on elegance but rather,
we feel, on ease of comprehension; this book is primarily for the student. One

ix
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can find in the literature a smoother definition of the squaring operations, a slick
exposition of spectral sequences, or an axiomatic approach to secondary opera-
tions. These methods, important as they are, do not seem entirely appropriate
for the student’s first view of the subject. They rarely were the discoverer’s first
view either.

The book makes no pretense to being self-contained. To fill in complete
details at every stage would be to compromise the goals of the book, which aims
to give an overview of the theory and practice of the cohomological method and
to attract students into the field. We have collected many results which until now
were scattered through the literature, and some have been proved in detail while
others have only been stated (with reference to sources). We have used various
criteria in deciding when or when not to give details, but of course the final
decision ultimately rests on the personal taste of the authors.

We wish to thank Professors A. H. Copeland, Jr., Daniel S. Kahn, and
R. C. O’Neill for their suggestions and the National Science Foundation for
partial support. And in particular we thank Professor F. P. Peterson, not only
for his suggestions but also for his lectures at the Massachusetts Institute of
Technology, to which the authors acknowledge a substantial debt.

ROBERT E. MOSHER
MARTIN C. TANGORA



CHAPTER 1

INTRODUCTION TO
COHOMOLOGY OPERATIONS

It has long been known that the sphere S”~! is not a retract of the closed
cell E” of which it forms the boundary. Such a retraction r would, when com-
posed with the inclusion map i, give the identity map of S$"~'. Passing to the
reduced homology groups, we would have a factorization through H,(E")
of the identity map of H.(S""'): H.(S" V)™ HJ(E" 5 H(S"Y).
This is impossible because the reduced homology of the cell is zero whereas
that of the sphere is not: H,_,(S"™!) is an infinite cyclic group.

This argument illustrates one of the fundamental methods of algebraic
topology : the non-existence of a topological construct (the retracting map)
is proved by showing that its existence would entail the existence of an
algebraic construct (the induced map of the homology groups) which is
more readily seen to be impossible.

We consider another, more delicate problem. Let P(n) denote real
projective n-space (n > 1). It is known that the fundamental group =,(P(n))
is Z,, that is, the cyclic group of order 2, independent of n. Question: For
n>m > 1, does there exist a map f: P(n) — P(m) inducing an isomor-
phism of the fundamental group ? Again the non-existence of the map can
be demonstrated by considering an induced algebraic map. We consider
the cohomology ring of P(n) with Z, coefficients. This ring is known to be
a truncated polynomial ring on a one-dimensional cohomology class a,,
truncated by the relation (a,)"*' = 0. If there existed a map f with the
required property, then the induced map in cohomology would have to

1



2 COHOMOLOGY OPERATIONS

satisfy f*(a,) =a,. (This follows from the Hurewicz theorem and the
universal coefficient theorem for H'(P(n);Z,).) Because f* must be a ring
homomorphism, this is impossible, for we would have (a,)" # 0 = f*(0) =
Sf*((an)") when n>m.

This example illustrates the advantage of cohomology over homology
because of the additional algebraic structure given by the cup product. Our
first objective in this book will be to develop a much more extensive alge-
braic structure in cohomology; the cup product will be supplemented, or
overwhelmed, by an infinite family of operations. Every topological map
respects not only the homology groups and the cohomology ring but all
the structure afforded by these new operations.

We now make precise what we mean by a cohomology operation.

COHOMOLOGY OPERATIONS AND K(n,n) SPACES

Definition

A cohomology operation of type (mn,n; G,m) is a family of functions
0x: H'(X;n) —» H™(X;G), one for each space X, satisfying the naturality
condition f*6y = 04 f* for any map /: X — Y.

EXAMPLE: The cup-product square, v —u?, gives for each n and each
ring m an operation H"(X;z) — H*"(X;n). Note that this is generally not
a homomorphism.

We will denote by O(n,n; G,m) the set of cohomology operations of type
(n,n; G,m). In Theorem 2 we will establish a fundamental result on the
classification of such operations in terms of the cohomology of certain
spaces, which we now introduce.

Definition

We denote by K(zn,n) any “ nice”” space which has only one non-trivial
homotopy group, namely, n,(K(n,n)) = =.

By a “nice” space we mean a space having the homotopy type of a
CW-complex. We will usually assume that the spaces under consideration
are of this type, without making explicit mention.

Recall that the Hurewicz homomorphism h: n{X) — H/(X) is defined for
any X and any i by choosing a generator u of H(S’) and putting
h: [f]— f+(u) where [+ 5" — X.

A space X is said to be n-connected if n(X) is trivial for all i <n. The
Hurewicz theorem states that, if X is (n — 1)-connected, then the Hurewicz
homomorphism is an isomorphism in dimensions i <» and is still an
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epimorphism in dimension » + 1. Thus the first non-trivial homotopy

group of X and the first non-trivial homology group occur in the same

dimension and are isomorphic under A. The statement of the theorem must

be modified for n = 1; in this case the epimorphism 4: n,(X) — H,(X) has

as kernel the commutator subgroup of =,(X )—and we do not claim that A
maps 7,(X) onto H,(X).

~ The universal coefficient theorem for cohomology gives an exact sequence

0 —Ext(H,_,(X),n) > H'(X;n) >Hom (H,(X),r) —»0
for any space X. If X is (n — 1)-connected, this becomes
H'(X;n) ~ Hom (H,(X),r)

since the Ext term becomes Ext (0,7) = 0. Now if n = =,(X), then the group
Hom (H,(X),n,(X)) contains 4™, the inverse of the Hurewicz homomor-
phism (which is an isomorphism here).

Definition

Let X be (n — 1)-connected. The fundamental class of X is the cohomo-
logy class 1 € H(X;n,(X)) which corresponds to A~' under the above
isomorphism. This class may be denoted i or 1,, to stress its provenance
or its dimension.

In particular, K(n,n) has a fundamental class 1, € H"(K(n,n); n).

Later in this chapter we will prove the following theorem.

Theorem 1 o
There is a one-to-one correspondence [X, K(n,n)] <> H"(X;r), given by
[f1<>f*(1,). (Here the square brackets denote homotopy classes, as usual.)
We draw two important corollaries.

Corollary 1
There is a one-to-one correspondence
[K(n,n), K(n',n)] <> Hom (n,n")

This follows from Theorem 1, the universal coefficient theorem, and the
Hurewicz theorem:
[K(n,n), K(n',n)] <> H"(K(7,n); ')
~ Hom (H,(K(n,n)), ') = Hom (n,n")
Corollary 2
The homotopy type of K(r,n) is determined by = and n. Moreover, the

identity map of = determines (up to homotopy) a canonical homotopy
equivalence between any two ““ copies” of K(m,n).
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Recall that K(n,n) is assumed to have the homotopy type of a CW-
complex. By Corollary 1, any isomorphism = ~ =’ can be realized by a map
K(n,n) — K(n',n). Since all the other homotopy groups are trivial, it
follows by J. H. C. Whitehead’s theorem that this map is a homotopy
equivalence. This proves Corollary 2.

Notation
We write H"(n,n; G') for H™(K(n,n); G ). This is justified by Corollary 2.
We come to the classification theorem. Let 6 be an operation of type
(n,n; G,m). Since 1, € H"(n,n; n), we have 0(1,) € H™(n,n; G).

Theorem 2
There is a one-to-one correspondence

O(m,n; Gom) <> H™(n,n; G)

given by 0 <> 6(1,).

PROOF: We will show that the function 6+« 6(,) has a two-sided
inverse. : v

Let ¢ € H"(n,n; G). We define an operation of type (=,n; G,m), which
we also denote by ¢, as follows: for ue H*(X;rn), put o) =sf*(p)c
H™(X;G) where f is a map X— K(z,n) such that [f] corresponds to u
under Theorem 1.

We now have functions in both directions between O(n,n; G,m) and
H™(n,n; G), and it is easy to see that the composition in either sense is the
identity transformation. In fact, if X = K(n,n) and u = 1,, then f must be
homotopic to the identity, and so ¢(1,) = f*(¢) = ». On the other hand, if
@ = 0(1,), then the operation ¢ is equalto 8, since p(u) = f*(¢) = f*(6(1,)) =
0(f*(1,)) = 0(u). This completes the proof.

Usually we will use the same symbol to denote both an operation and
the corresponding cohomology class, as we have already done for ¢ in the
proof above.

Corollary 3
There is a one-to-one correspondence

O(w,n; G,m) «— [K(w,n), K(G,m)]

This follows immediately from Theorems 1 and 2.

Theorem 2 reduces the problem of finding all cohomology operations (of
the type under consideration) to the computation of the cohomology of
K(m,n) spaces. Of course K(m,n) spaces are not geometrically simple; they
are generally infinite-dimensional, with the striking exception of the circle
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K(Z,1). Computation of their cohomology will be one of our major objec-
tives. But first we show that K(=,n) spaces exist.

Construction

Let = be an abelian group and » an integer, » > 2. We construct a
CW-complex K(n,n).

To begin, let 0— R — F—n— 0 be a free abelian resolution of =, and
let {a;} and {b;} form bases from R and F, respectively, where i and j
run through index sets 7 and J. Let K be the wedge (one-point union) of
n-spheres S}, j € J. For each a;, take an (n + 1)-cell ¢; and attach it to K
by a map f;:é,— K, where [fi]=a,en(K)=F and ¢é; denotes the
boundary of e, Then the resulting space X, formed from the disjoint
union of K and the e; by identifying each point in é; with its image under
[ 1s of dimension at most n + 1, has #,(X) = =, and is (» — 1)-connected
(by the Hurewicz theorem).

It remains to kill the higher homotopy groups. This is done by trans-
finite induction, using the following lemma.

Lemma 1

Attach an (m + 1)-cell to the CW-complex Y by a map f: S™— Y, and
call the resulting complex Z. Then the injection j: ¥ — Z induces iso-
morphisms j,: n{Y) ~n(Z), i <m; in dimension m, j, is an epimor-
phism, which takes the subgroup generated by [f] to zero.

PROOF: The isomorphism for i < m follows from the cellular approxi-
mation theorem, since Y and Z have the same m-skeleton. If /, j,k are the
injections, the diagram below is commutative.

'3 + i
Sm:em 1 i em+l

| k

Y  daZ=Yuert!

Passing to the induced diagrafn in homotopy, j.fs =k4i, =0 (since
i, = 0). If [1]denotes the generator of #,(S™) = Z,then j,[f1=J, f«[11=0.
Thus j,, being a homomorphism, takes [f] and the subgroup generated
by it to zero. Finally, the assertion that j, is onto r,(Z) follows from
cellular approximation, since any map of S$™ into Z can be deformed into
the m-skeleton Z" =Y.

This proves the lemma and completes the construction.

The balance of this chapter is devoted to a survey of obstruction theory
and the proof of Theorem 1.
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THE MACHINERY OF OBSTRUCTION THEORY

We now recall some machinery of obstruction theory which will be

needed to prove Theorem 1.
Let Y be a space, and assume for convenience that Y is n-simple for

every n, that is, the action of n,(Y) on #,(Y) is trivial for every n. Under
this hypothesis we can forget about base points for homotopy groups, and
any map f: S* — Y determines an element of =,(Y).

Let B be a complex and A a subcomplex. Write X" for 4 U B", where as
usual B" denotes the n-skeleton of B. Let ¢ be an (n + 1)-cell of B which
is not in 4. Let g = g, be the attaching map ¢ = $*— X" < B.

Given a map f: X" — Y, denote by ¢(f) the cochain in C"*(B,4; n,(Y))
given by c(f): ¢ —[fog,]- Then it is clear that f may be extended over
X"V, o if and only if f. g, is null-homotopic, that is, if and only if
c(f)(e) = 0, and therefore that f can be extended over X"*' = A4 U B"*! if
and only if the-cochain ¢(f) is the zero cochain. It is a theorem of obstruc-
tion theory that ¢(f) is a cocycle. 1t is called the obstruction cocycle or *“ the
obstruction to extending f over B"*1.”

There are two immediate applications. First, any map of an »-dimen-
sional complex K into an n-connected space X is null-homotopic.

PROOF: Take (B,4)= (K x I, K x [) and define f: 4 — X by the given
map K — X on one piece and a constant map on the other piece; then f
can be extended over B because the obstructions lie in the trivial groups
n(X).

Second, as a particular case, a finite-dimensional complex K is contractible
if (and only if ) n(K) is trivial for all i <dim K.

Suppose f,g are two maps X" — Y which agree on X"~ '. Then for each
n-cell of B which is not in 4 we get a map S” — Y by taking fand g on the
two hemispheres. The resulting cochain of C"(B,4;n,(Y)) is called the
difference cochain of f and g, denoted d(f,g). The main facts about the
difference cochain are the following (we omit the proofs).

Coboundary formula
od(f,9) = c(g) — ().
Addition formula

d(f.9) +d(g,h) = d(f.h).
Any cochain can be realized as a difference cochain. This is more

precisely stated in Proposition 1.
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Praposition 1

Given f: X" — Y as before, and given any cochain d e C"(B,4; n,(Y)),
there exists g: X" — Y such that d(f,g) is defined and is equal to d.

The proof is an easy consequence of the homotopy extension property
of complexes.

Denote by [¢(f)] the cohomology class of c(f).

Theorem 3

There is a map g: X"*! — Y which agrees with fon X"~ ! if and only if
[e(H] =0, that is, c(f) is a coboundary.

PROOF: Suppose c(f) = d; choose g which agrees with f on X"~ ! and
such that d(f,g) = —d; then c(f)=0d= —dd(f,g) = c(f)— c(g). Thus
c(g) =0, and so g extends over X"*'. The reader can easily supply the
proof of the converse.

We now want to interpret the above results in terms of extension of
homotopies. Let K be a complex. Let (B,A)= (K x I, K x ) and let
X"= AU B" as before. Now suppose that f,g are two maps K — Y which
agree on K" '. Then there is an obvious map a: X" — Y. Moreover, c(a)
corresponds to d(f,g)—more precisely, to d(f|K"g|K"—under the
identification of C"*'(B,4;n,(Y)) with C"(K;z,(Y)). The following
theorem is merely a translation of the previous results into the present
context.

Theorem 4

The restrictions of fand g to K" are homotopic, rel K", if and only if
d(f,9) =0e C(K;n(Y)). They are homotopic, rel K" 2, if and only if
[d(f,9)1 =0 € H'(K;n,(T)).

APPLICATIONS OF OBSTRUCTION THEORY

In this section we will prove Theorem 1. But first we present a homotopy
classification theorem. Let Y have a base point *; we will also denote by *
the corresponding constant map of any space into Y.

Theorem 5 (Hopf-Whitney )

Let K be a complex of dimension #, and let Y be (» — 1)-connected. Then
there is a one-to-one correspondence k: [K, Y]« H'(K;7,(Y)).

PROOF: Denote by [K,Y] the homotopy classes, rel K"~ of maps
(K,K"™") —(Y,+). Then there is a natural function 6: [K,Y]— [K,Y]. We
first prove that 6 is 1-1 and onto.

o
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Given any map f: K — 7, the restriction f | K"~ ' is null-homotopic since
Y is (n— 1)-connected. By homotopy extension we can find a map
g: (K,K" 1) —(Y,*) such that g ~. This proves that @ is onto.

To prove that 6 is 1-1, let f,g be two maps (K,K"~*) —(Y,*) such that
f~g:K—7Y. Let h: Kx I— Y be the homotopy. Write 4’ for the
restriction of A to K" 2 x I.

Consider K""2 x I x I. We have h': K" x I x 0 — Y and

K" 2xIx1—>Y

Now A(K" 'x ) =+; so W:K"2x1Ix0—=* and thus we have a
partial homotopy between A4’ and #: K"~ % X I— Y, given by

H: K" 2xIxI—=*

Since Y is (n — 1)-connected and dim (K"~2 x I X I) < n, the obstructions
to extending H over K" 2 X I x I lie in groups with zero coefficients.
Thus we have a map H: K"~ % x I x I — Y, which is a homotopy between
k' and * such that H: K"~ 2 x I x I—*.

Now consider K X I x I. Wehave h: K X I X 0 — Y and

H K" xIxI—>Y

where H is a homotopy of 4|(K""? x I). We can extend H to a
homotopy H:Kx IxI—Y, using (only) the homotopy extension
theorem.
Now

H (x,0,0) = h(x,0) = f(x)

H(x,0,1)= f'(x)

H(x,1,1)=g'(x)

H(x,1,0) = h(x,1) = g(x)

where f” and g’ are defined by the above equations. Moreover, H = * on
(K" 2xIxDU (K" 2xIx1). Thus, f~f ~g ~g: K— Y, where
all homotopies are rel K"~ 2. This completes the proof that 0 is 1-1.

We next define a transformation k: [K, Y] — H"(K;%,(Y)) and prove it
1-1 and onto.

Given f: (K,K"™1) —(Y,%), let k(f) be the cohomology class of d(f,*)—
more precisely, d(f|K",*)—in H*(K;n,(Y)). This makes sense because
dim K = n and hence any n-cochain is a cocycle.

Let f,g be two maps (K, K"')— (Y,»). Then k(f)—k(g)=
[d(f,%) — d(g,9)] = [d(f, 9)]. But [d(f,g)] =0 if and only if f~g rel K*~2,
This shows that &: [K, Y] — H"(K;n,(Y)) is well defined and 1-1.
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Any cocycle u € Z"(K;n,(Y)) may be realized as d(f,*) for some map
[ (K, K" 1) > (Y,*). Then k(f) = [d(f,*)] = [u], so that k is onto.
This proves the theorem. The correspondence k6!,

[K, Y]~ [K, Y] —> H'(K;n,(Y))

may be described as follows: Every class « € [K, Y] contains a map f such
that f| K" !'==x Then d(f,*) is defined and is a cocycle, and
k6~ a — [d(f,%)). 7

We are now ready to prove Theorem 1. If X is a space having the homo-
topy type of a CW-complex K, we may replace X by K without affecting
the conclusion of the theorem. We therefore consider a CW-complex K
(with no restriction on its dimension). To simplify notation, write Y for
K (n,n). We must show that [ f]— f*(1,) gives a one-to-one correspondence,
[K, Y]« H'(K;r).

Let i be the inclusion of K" into K and consider the following diagram:

[K, Y] [K"Y]

<l

H"(K;m)—*> H'(K";7)

Now i* is 1-1; moreover, {* is 1-1 since, if f~g:K"— Y, then also
f=~g: K —Y, since the obstructions to extending the homotopy lie in the
zero groups n,(Y), m >n.

We claim that the image of i* corresponds to the image of i* under the
correspondence k - 671, In fact the following statements are easily seen to
be equivalent, where f: (K",K"™')—(Y,*):

1. [f]is in the image of i*

2. fextends over all of K

3. fextends over K"*!

4. o(f)=0¢e C*\(K;n)

5. 8d(f;%) =0

6. the cohomology class of d(f,*) is in the image of i*

The equivalence of (2) and (3), for example, follows from the fact that
the higher obstructions to extending f lie in groups with zero coefficients
.{Y), m >n.

This proves that by going around the above diagram we get a corre-
spondence ¢ = (i*)"'(k - 0" )(i*): [K,Y]— H"(K;r), which is 1-1 and
onto.
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It is not immediately obvious that ¢ is the advertised correspondence
[f1— f*(@,). One can verify that the correspondence k -+ ™' is natural and
hence that ¢ is natural, i.e., if 4 is another complex, any map a: K— 4
gives a commutative diagram as shown below.

[K,Y] <& [4,Y]

H"(K;7) <« H"A;n)

Now read Y for 4 and f for a, and observe that ¢ takes the identity map

idy of Y into 1,. Thus o([f1) = o(f*([idy))) = *(elidy])) = f*(1,).
This completes the proof of Theorem 1.

DISCUSSION

We have suggested that additional algebraic structure, namely, cohomol-
ogy operations, will be a useful tool in the study of geometric problems.
With the help of obstruction theory, the classification of cohomology
operations has been reduced (Theorem 2) to the calculation of the cohomol-
ogy of K(n,n) spaces. We will pursue this calculation in some special
cases in Chapter 9.

The K(r,n) spaces were first studied in detail by Eilenberg and MacLane,
and they are often referred to as “ Eilenberg-MacLane spaces.” Later
work includes many calculations by Serre and Cartan.

Another possible approach is the construction of explicit operations. In
the next chapter we construct an extremely important family of operations,
due to Steenrod, who discovered them and proved many of their properties.

The cohomology operations considered in this chapter are sometimes
called primary cohomology operations. In Chapter 16 we will introduce
some more complicated constructions, all of which are known as higher
order cohomology operations but are not cohomology operations in the
sense of the present chapter.

In this chapter we have referred to the Hurewicz theorem, which will be
proved in Chapter 8, and the cellular approximation theorem, which will
be stated in Chapter 13. We have also appealed to the following theorem
of J. H. C. Whitehead: A map of nice spaces inducing an isomorphism on
each homotopy group is a homotopy equivalence.
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CHAPTER 2

CONSTRUCTION OF THE
STEENROD SQUARES

The object of this chapter is to construct the Steenrod squares. These are
cohomology operations of type (Z,, n; Z,, n + ).

We remark now, once and for all, that there are analogous operations
for Z, coefficients, where p is an odd prime; but they will not be treated in
this book. '

THE COMPLEX K(Z,,1)

In Chapter 1 we constructed a CW-complex K(z,n) for any abelian group
n where n > 2. We now have need for an explicit complex K(Z,,1).

Proposition 1

Let P=P(0)=1|), P(n) denote infinite-dimensional real projective
space, the limit of P(n) under the natural injections P(#) — P(n 4 1). Then
Pis a K(Z,,1) space.

PROOF: The n-sphere S is a covering space for P(n) with covering
group Z,. From the exact homotopy sequence of this covering, it follows
that =,(P(n)) =Z, and that n(P(n)) is trivial for 1 <<i <<n. The result
follows.

Let S denote the infinite-dimensional sphere, i.e., the union of all S”
under the natural injections S"— S"*!. We can easily give a cell structure
for S as a CW-complex. In each dimension />0, we have two cells,

12
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which will be denoted ; and Td,. The action of the homology boundary
dis given by éd;, =d,_, +(—1)'Td,_,, with ¢T = Té, TT = 1. (A sketch of
S? will make this plausible.)

We can compute the homology of S* from these formulas, verifying
that S” is acyclic. Indeed, in even dimensions the only non-zero cycles are
generated by d,; — Td,; = éd,;,,; in odd dimensions, only the sign is
changed in the argument.

The homology of P is more interesting. We obtain a cell structure for
P = P(c0) by collapsing S™ under the action of Z, considered as generated
by T; in other words, identify d; with Td; for every i >0. Thus P has
exactly one cell in each dimension, denoted by e;; and the boundary
formula is de,; = 2e,;_,, ¢e,;—, = 0. Therefore H(P;Z) must be Z, for i
odd, O for i even.

By the universal coefficient theorems, since H.(P;Z) is Z, in odd
dimensions, we have also the following: H*(P;Z) is Z, in positive even
dimensions; H.(P;Z,) and likewise H*(P;Z,) are Z, in all dimensions.

Thus we know the homology and cohomology groups of K(Z,,1) in all
dimensions and for any coefficients and in particular for coefficients Z
or Z,. We turn to the calculation of the cohomology ring.

Let W denote the chain complex of S*. Then W is a Z,-free acyclic
chain complex with two generators in each dimension / > 0.

To compute the ring structure of H*(P), we must give a diagonal map
for W. The action of T on W gives an action of Ton W ® Wby T(u ® v) =
T(u) @ T(v).

Define r: W— W ® W by

Hd) = Yocjel(—1)""7d; ® Td; _;
HTd) = T(r(d))
where TV of course denotes T or 1 according to whether j is odd or even.
Then r is a chain map with respect to the usual boundary in W ® W,
namely, é(u ® v) = (ou) ® v + (—1)**"“u ® (¢v). The verification is direct
but tedious, and we omit it.

If & denotes the diagonal map of Z,, then it is clear from the definitions
that r is h-equivariant, that is, r(gw) = h(g)r(w) for g Z, and we W.
Thereforerinducesachainmaps: W/T — W/|T @ W/T, where W/T = W|Z,
is the chain complex of P = P(c0). Explicitly,

ste) =Yo<jcd—1V'""e, ®e,_;

This map s is a chain approximation to the diagonal map A of P, and
so we may use it to find cup products in H*(P;Z,). Let «; denote the



14 COHOMOLOGY OPERATIONS

nontrivial element of H{(P;Z,) = Z,. The summation for s(e;,,) contains
a term e; @ e, with coefficient 1 mod 2. Therefore,

Co; U oy, €540 = CA*(o X aty), €544
= <aj X Oy, s(ej+k)>
=1 (mod 2)

so that a; U o, = o, .. We have indicated the proof of the following result.

Proposition 2
H*(Z,,\;,Z,)= H*(P;Z,), as a ring, is the polynomial ring Z,[«;] on
one generator, the non-zero one-dimensional class ;.

THE ACYCLIC CARRIER THEOREM

To state the fundamental theorem on acyclic carriers, we need some
terminology. Let = and G be groups (not necessarily abelian) and let
Z [#] denote the group ring of n. Let K be a n-free chain complex with a
Z[r]-basis B of homogeneous elements, called *cells.” For two cells
a,7 € B, let [t:0] denote the coefficient of ¢ in ¢r; this is an element in
Z[r]. Let L be a chain complex on which G acts, and let 4 be a homo-
morphism = -G ,

Definition
An h-equivariant carrier C from K to L is a function C from B to the
subcomplexes of L such that:

1. if [t: 6] #0 then Co < Cr1;
2. for x e = and ¢ € B, h(x)Co < Co.

The carrier C is said to be acyclic if the subcomplex Co is acyclic for every
cell o € B. The h-chain map f: K— L is said to be carried by Cif fo € aC
for every 6 € B.

Theorem 1

Let C be an acyclic carrier from K to L. Let K’ be a subcomplex of K
which is a Z(n)-free complex on a subset of B. Let f: K'—L be an
h-equivariant chain map carried by C. Then f extends over all of K to
an h-equivariant chain map carried by C. Moreover the extension is unique
up to an A-equivariant chain homotopy carried by C.

Note the important special case where K’ is empty.

-
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The proof proceeds by induction on the dimension; suppose that f has
been extended over all of K and consider a (g -+ 1)-cell 7€ B. Then
ot =Y a,o;wherea; = [t:6,] € Z(n). Thusf(o1) = Y f(ao) =Y h(a)) f(c),
which is in Ct by properties (1) and (2). Since f'is a chain map, f(é7) is a
cycle, but then, since Cr is acyclic, there must exist x in Co such that
dx = f(01). Choose any such x, and put f(t) = x. This is the essential step
in the construction; fis extended over K*! by requiring it to be A-invariant.
Uniqueness is proved by applying the construction to the complex K x I
and its subcomplex K’ x I U K x 1.

CONSTRUCTION OF THE CUP-i PRODUCTS

Now let K be the chain complex of a simplicial complex, and let W
be the Z,-free complex discussed above. Define the action of Z, (generated
by T) on W Kby Tw®k)=(Tw)®k, and on K® K by T(x ® y) =
(—1)%*%>(y ® x). Define a carrier C from W ® K to K ® K by

C:d;®06—C(s6 X 0)

where by C(o X o) we mean the following: K = C(X), the chain complex
of the simplicial complex X. By the Eilenberg-Zilber theorem, there is
a canonical chain-homotopy equivalence ¥: C(X X X)— C(X) ® C(X).
Then for o a generator of K, i.e., a simplex of X, by C(¢ X ¢) we mean the
subcomplex ¥C(e X 0) of C(X) ® C(X). Then C is clearly acyclic and
h-equivariant, where 4 is the identity map of Z,. Therefore there exists
an h-equivariant chain map

o WRK—-K®K

carried by C.

" We should examine this ¢ because it plays a principal role in the defini-
tion of the squaring operations. Consider the restriction ¢, =¢|d, ® K.
This can be viewed as a map K— K ® K, and as such it is carried by the
diagonal carrier. Thus it is a chain approximation to the diagonal, suitable
for computing cup products in K. The same remarks apply to To,: 0 —
o(Td, ® o). Since both ¢, and Ty, are carried by C, they must be equi-
variantly homotopic. In fact it is not hard to verify that the chain homotopy
is given by ¢,: K> K ® K: 0 > ¢(d, ® o). Further, ¢, and Ty, are equi-
variantly homotopic homotopies; a homotopy is given by ¢,; and so
forth.

We now use ¢ to construct cochain products.
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Definition
For each integer / >0, define a ““ cup-/ product”
C(K) @ C(K) — C*** {(K): (u,p) > u Y, v
by the formula
@) a)=w®ved, ®c) ceC,uy(K)
For the definition we must make an explicit choice of ¢, but it will be
seen that this choice is not essential.
Coboundary formula
uv,;v)=(—D'"ouv;v +(—=1)"*uv; v — (—D'uu,_,v—(—1D"U;_,u
(It is understood that u U _, v =0.)
The proof is a routine computation from the definitions: let ¢ be a chain
of Cpsyp-i+1(K); then
(6(u U; ))(e) = (u Y, v)(8c) = (u ® v)o(d; ® oc)
By definition, é(d; ® ¢) = éd; ® ¢ + (—1)d; ® éc; so this becomes
(=D ®v) id; ® c) — (--1)(u @ v)o(d; ® c)
= (=1 @) dp(d; ® ) — (— D' ® v)o(d;-; ®¢)
— (=1)*(w®v)p(Td;-, ®c)
= (—1)'0(u ® v)p(d; ® ¢) — (—)'(u ® v)o(d;-, ® ¢)
—Uu®v)Tod;-; ®c)
= (—1)" 8(u ® v)o(d; ® ¢) — (— 1)’ ® v)o(d;-; ®¢)
— (=D @ we(d;-, ®c)
By definition of é(u ® v), the first term may be written
(—1)'0u ® v)o(d; ® ) + (— 1) (u ® dv)o(d; ® c)
and so we finally have, from the definitions,
Guy; o)) =(—D'"6uv; v+ (—D"Pu v, v — (—Duv,_v

—(—=DMvui_ u
which is the required formula.

THE SQUARING OPERATIONS

We emphasize that the cup-i products are defined on integral cochains
and take values in integral cochains. But suppose v € C*(K) is a cocycle
mod 2, that is, du=2a,aec C**(K). It follows from the coboundary
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formula that u U; u is also a cocycle mod 2. We can therefore define opera-
tions
Sq;: Z/K;Z,) — Z* (K, Z):u—uJ;u

in the obvious way. Moreover, we can compose this with the natural
projection of cocycles onto cohomology classes.

Lemma 1

The resulting function Sg;: ZX(K;Z,)— H**"/(K;Z,) is a homo-
morphism. 4

PROOF: Let ¢ be a cochain of the appropriate dimension, and write down
Sq(u +~v)(c). As expected, one obtains the terms Sg,(u)(¢) and Sq.(v)(c)
plus two cross terms, but the sum of the cross terms is a coboundary
mod 2:

(U, 0)(©) + (0 U, 1)(c) = 8 Upyy 1)) (mod 2)

Lemma 2
If u is a coboundary, so also is Sg,(u).
PROOF: If u = éa, Sq(u) =d(av,;da+aV,_, a) (mod 2)

Proposition 3
The above operation passes to a homomorphism:
Sq;: H(K;Z,) > H*""(K;Z,)

This follows from the preceding lemmas. Of course ‘“ homomorphism ”’
is understood in the sense of additive groups, not of rings.

Proposition 4
Let /'be a continuous map K— L. Then f* commutes with Sg; as in the
diagram below.

HY(L;Z,) =% H**"Y(L; Z,)
] -
HYK:;Z,) > H* (K, Z,)

PROOF: By the simplicial approximation theorem, we may assume [ is
simplicial. Let # be a p-cochain of L. From the definitions, we have the
formulas

S*(Squ): e (u @ we(d; ® f(0)) = @ueo.(1 ® )d: ® )
Sq(/*w): c=>(Fu® fFuedi ® ) = U@ u)(f® Neud; ® ¢)

where ¢ is a (2p — i)-chain of K. But the two chain maps ¢,(1 ® f) and
(f ® f)ex are both carried by the acyclic carrier € from W ® Kto L ® L
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given by C(d; ® 6) = ((fo X f5). Thus they are equivariantly chain-
homotopic, and hence the two images displayed above are cohomologous.
In fact, if 4 is the homotopy, the difference between the above cochains is
dg where g(e) = (u ® wh(d; @ e).

The definition of the squaring operations is now complete, in the sense
that we can draw the following inference.

Corollary 1

The operation Sg; is independent of the choice of ¢.

The corollary is proved by putting K= L in Proposition 4, letting ¢y, ¢
denote two different choices of ¢, and taking for f the identity map.

Proposition 5

If 4 is a cochain of dimension p, then Sg.(#) is the cup-product
square u>.

This follows from the remarks given after the definition of ¢, since
(u Vo u)(¢) = (u @ w)eo(c) and ¢, is suitable for computing cup products.

We have already begun to assemble the basic properties of the squaring
operations, and henceforward it will be more convenient to modify the
notation as follows.

Definition
Denote by Sq' (with upper index) the natural homomorphisms

Sq¢': H(K;Z,) - H"(K;Z,) i=0,1,...,p

given by Sq' = Sq,_;. For values of i outside the range 0 </ <p, S¢' is
understood to be the zero homomorphism.
Thus Sg’ raises dimension by / in the cohomology of K.

COMPATIBILITY WITH COBOUNDARY AND SUSPENSION

We now wish to define squaring operations in relative cohomology. Let
L be a subcomplex of K; we have an exact sequence, at the cochain level,

0 — C*K,L)—L> C*(K) —» C*(L) — 0

We may assume that ¢, =@, | WQ®L, since ¢x(d; ®0)e C(o X a) <
L ® L for ¢ e L. This implies that for u,v € C¥K), j*(u U, v) = j*u U, j*v.
Define relative cup-i products as follows. Let w,pve C*(K,L); then
J*(q*u U, g*v) = 0, so that (¢*u U, g*v) is in the image of g*, by exactness;
but ¢* is one-to-one, and hence we may define U, v as the unique cochain
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in C*(K,L) such that g*(u U, v) = g*u U, g*v. Tt is trivial to verify that the
coboundary formula for cup-i products carries over into this context.
Therefore we obtain homomorphisms

Sq': H'(K,L; Z,) > H"*(K,L; Z,)

by the same process as in the absolute case. It is obvious from the defini-
tion that g*Sq‘' = Sg'q*.

In what follows, all coefficients are in Z, and we drop the Z, from the
notation, )

We recall the definition of the coboundary homomorphism é*: H*(L) —
H*(K,L). Let a be a cocycle and & its cohomology class, a e ae H*(L).
Then a = j*b for some b € C(K). Then j*(6b) = (éa) = 0, and so éb = g*c
for some ¢ € C?*'(K,L). Since q* is one-to-one, ¢ must be a cocycle, and by
definition 6*(a) = ¢, the cohomology class of c.

Proposition 6
Sq' commutes with 6* as in the diagram.

HY(L)—2— H*(L)
a'l la' (coefficients Z,)
HP*(K,L) -3¢, HP*i*}(K,L)

PROOF: Using the notation of the last paragraph, Sq'a and Sq'(6*a) are
represented by @ U,_; a and ¢ u,,,_; ¢, respectively. Now

' gHC Upai— O =¥ Upy 1 4P =8b Upyy - Sb=03b"  (mod 2)

where b' = (b U,y -, 0b) + (b u,_; b). Moreover, j*(b) =0+ (av,-;a).
Therefore, by definition of %,

0*(Sq'(@)) = 6*[a Up_;al = [c Upy,; c]

and the class on the right is Sg'(6*(a)).

Recall that, given any space X, we may define the cone over X and the
suspension of X from the product space X x I by collapsing X x 0 or
X x I, respectively, to a point. In reduced cohomology, we have the
suspension isomorphism S*: H*(X)— H*(SX) defined by the composition

A(X)-Z> H \(CX, X) —> A7 1(SX)

which raises dimension by one. The second isomorphism is proved by an
excision argument and is based on a map. This, together with the naturality
of the squaring operations and Proposition 6, yields the following funda-
mental property.
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Proposition 7
The squares commute with suspension:

Sqi - §* = S* - Sqit H?(X) — HP**1(SX)

We can apply Proposition 7 to obtain an example of a non-trivial
squaring operation which is not just a cup product. Let X denote the real
projective plane; its cohomology ring with Z, coefficients is just the poly-
nomial ring over Z, generated by the non-trivial one-dimensional
cohomology class « and truncated by the relation «*> = 0. From Proposition
5, Sq'(x) = Sqo(x) = o?, so that S*Sq'(x) is non-zero. Hence Sq'S*() is
also non-zero, showing that the operation Sq' is non-trivial in H*(SK; Z,).

DISCUSSION

The squaring operations constructed in this chapter are a special case
of the reduced power operations of Steenrod. These operations have been
very important in the development of algebraic topology ; most of this book
is devoted to their properties and applications. And there are many more.

The specific construction we have given is neither the simplest possible
nor the most subtle. Steenrod’s original definition is more direct; his most
recent definition is far more elegant. The construction we have given is
adopted as a middle ground—one from which the algebraic properties
are easily deduced, and yet the geometric genesis is not totally obliterated.

The reader will observe that we have defined the squaring operations in
the simplicial cohomology theory, yet we will use these operations in
singular theory. We justify this usage as follows. In their book (pp. 123-
124), Steenrod and Epstein show that the squares, if defined for finite
regular cell complexes, have unique extension to both singular and Cech
theory for arbitrary pairs. But a finite regular cell complex has the homo-
topy type of a simplicial complex, on which we have defined the operations.

EXERCISE

1. Suppose the cocycle u € C*P(X;Z) satisfies du = 2a for some a.
i. Show that u u u + w v, uis a cocycle mod 4.
ii. Define a natural operation, the Pontrjagin square,

Pyt H??(;2,) > H*( ;Z,)
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iii. Show that pP,(u)=u uu, where p: H*( ;Z,)—> H*( ;Z,) denotes
reduction mod 2.

iv. Show that P,(u + v) = P,(u) + P,(v) + u U v, where u U v is computed
with the non-trivial pairing Z, ® Z, - Z,.

REFERENCES
General Other definitions of the squares
1. N. E. Steenrod [2]. 1. N. E. Steenrod [3,5,6].
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CHAPTER 3

PROPERTIES OF THE
SQUARES

We assemble the fundamental properties of the squaring operations in
an omnibus theorem.

Theorem 1
The operations Sg’, defined (for i > 0) in the previous chapter, have the
following properties:

Sq' is a natural homomorphism H*(K,L; Z,) — H**{K,L; Z,)

If i > p, Sq'(x) = 0 for all xe H*(K,L; Z,)

Sq'(x) = x?for all xe H(K,L; Z,)

Sq° is the identity homomorphism

Sq' is the Bockstein homomorphism

5*Sq’ = Sq's* where *: HX(L;Z,) — H¥K,L; Z)

Cartan formula: Sq'(xy) =Y (S¢’x)(Sq'~7y)

Adem relations: For a <2b, S¢°Sq" =Y .(525-)Sq"**~“Sq° where the
binomial coefficient is taken mod 2

Nk —~O

We remark that the above properties completely characterize the
squaring operations and may be taken as axioms, as is done in the book of
Steenrod and Epstein.

Properties (0), (1), (2) and (5) have been proved in the last chapter. This
chapter will be devoted to the proof of (3), (4), (6), and (7).

22
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Sq' AND Sg°

Let B8 denote the Bockstein homomorphism attached to the exact
coefficient sequence 0—Z—Z—Z,—0. Then p is a homomorphism
H*K,L;Z,)— H*(K,L; Z), which raises dimension by one. It is defined
on x € H¥(K,L; Z,) as follows: represent the class x by a cocycle ¢; choose
an integral cochain ¢’ which maps to ¢ under reduction mod 2; then éc¢’ is
divisible by 2 and 3(8¢’) represents fx.

The composition of g and the reduction homomorphism gives a homo-
morphism

8, HY(K,L; Zz)—’HPH(KaLQ Z,)

which we also call *“‘the Bockstein homomorphism”; in fact, it is the
Bockstein of the sequence 0—Z,—Z,—Z,—0. To show that this is
Sq', we will use the following lemma, which in the light of (3) and (4) will
be seen to be a special case of the Adem relations (7).

Lemma 1

3,8¢ =01if jis odd; 6,5¢' = Sq¢'*! if j is even.

PROOF: Given u e HY(K,L; Z,), let ¢ be an integral cochain such that
the reduction mod 2 of ¢ is in the class u. Then Sq’u is the class of
(¢ U,_; ¢). Now éc = 2a for some integral cochain a € C**!(K,L). Writing
i for (p — j), we have, by the coboundary formula,

dcu;0)=(—D2av;c+(—1cu;2a—(—Dicu;_,c—(—=DPcu,_, ¢
Thus 8,(Sq’u) is represented by the mod 2 cocycle
aV,c+c\Y;a+(s)c\Vi_y0)

where the coefficient s is 0 or 1 according to whether j is even or odd,
respectively. But the sum of the first two terms is a coboundary, namely,
3(c U;.; a) (mod 2), and the last term represents (s)(Sg’*'u). This proves
the lemma.

As a special case of the lemma, §,S¢° = Sq'. This shows that (4) follows
from (3). It remains to prove (3).

Property (3) must be true in the real projective plane P(2), for in that case
0,5¢°%(x) = Sq'(2) = («*) #0, and so Sq°(«) £ 0, which proves Sg%«) =«
since « is the only non-zero element of H'(P(2);Z,) = Z,. We can deduce
that (3) is true in the circle S' by taking a map /> S'— P(2) such that
f*:2a—a, where ¢ denotes the generator of H*(S';Z,), and applying the
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naturality condition: Sq° = S¢°% *« = f*Sq° = f*« = 6. Then (3) holds
in every sphere S" by suspension (Proposition 6 of Chapter 2).

Let K be a complex of dimension n; map K to S” so that ¢ pulls back
to a given class in H"(K; Z,) (use the Hopf-Whitney theorem, Theorem 5 of
Chapter 1). Then (3) holds for that class. Now let K be any complex, of
unrestricted dimension; (3) must hold on any n-dimensional cohomology
class in K because the injection j of the n-skeleton K" into K induces a
monomorphism j*: HY(K;Z,) > H"(K";Z,) and the result follows as
before by naturality. Thus (3) has been shown to hold in absolute
cohomology.

Now let K,L be a pair and K U CL the space obtained by attaching to K
the cone over L, attached at the common subspace L. We then have iso-
morphisms, commuting with Sq°,

H*(K,L) ~ H*K U CL, CL) ~ H*(K U CL)

The first isomorphism is by excision; the second, by contractibility of CL.
This completes the proof of (3) and hence also of (4).

THE CARTAN FORMULA AND THE HOMOMORPHISM Sgq

The Cartan formula (6) has two forms, one where we interpret the multi-
plication as the external cross product and another in which it is inter-
preted as the cup product. We will prove the first form and deduce the
second as a corollary.

Consider the composition

WKL L WIWRKJIL - LWRKQWRL
@, KRKQLO®L - KQL®KQ®L

where r: W— W ® W was defined in Chapter 2 and T permutes the second
and third factors (we are not concerned with sign changes because we want
conclusions in Z, coefficients). This composition, which we denote by
¢k o 1, Is €asily seen to be suitable for computations of cup-/ products and
hence Sg’, in K® L.

Using the same letters to denote (co-)homology classes or their represen-
tatives, and writing p,q,n for dim u, dim v, and p -+ g — i, respectively, we
compute as follows:

Sqg'(u x v)@a ®b) = ((u®v) Y, (1 ®v))(a @ b)
=URVRU®V)Pke L(d, ®a R D)
=UuVEV)Y ¢xd;®a)® Tj‘PL(dn—j ®b)
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the last step using the definition of r, and the summation being over j,
0<j<n;
Sq'(ux v)@a®@b) =73 (u;u)a) ® (v Y-, v)(b)
=Y. (Sg"~u)(a) ® (Sq*~""Tu)(b)
=Y (S¢° " 7u x S¢*"*Iv)(a ® b)

Hence, since Sg'x is zero for i outside the range 0 <i < dim x, we have

Sq'(u X v)=Y"_0 Sq° u X Sg* "
=3P, S¢PuxSq¢ v s=p—j
=Yi_o Sq°u X Sq' v
which completes the proof of the first form of (6).

In order to prove the cup-product form of (6), let A denote the diagonal
map of K; if x,ye H¥K,Z,), x U y = A*(x X »), and so

Sq'(x VU y) = Sq’ A*(x X y)
= A* Sq'(x X y)
= A* Yoo Sg'x X Sq' 7y
=Y Sqg'x U Sq'~ Iy

This completes the proof of the Cartan formula (6) in both interpreta-
tions.

We remarked before that the Sg' are homomorphisms only in the sense
of groups; the Cartan formula makes it clear that they are not ring homo-
morphisms, but they can be combined into a ring homomorphism in the
following sense.

Definition
Define Sq: H¥K;Z,) > H*(K;Z,) by

Sq(u) =3 ; Sq'u

The sum is essentially finite; the image Sq(x) is not in general homogen-
eous, i.e., it need not be contained in H” for some p. (It is understood that
each Sq¢' is defined on nonhomogeneous elements « € H* by requiring it
to be additive.)

Proposition 1
Sgq is a ring homomorphism.
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PROOF: Clearly Sq(u) U Sq(v) = (3.; Sq'u) U (3., S¢’v) has Sq'(u U v) as
its (p + ¢ -+ i)-dimensional term, by the Cartan formula. Thus Sg(u) U
Sq(v) = Sq(u L v).

As an application of this homomorphism, we compute the Sg’' on any
power of any one-dimensional cohomology class of any complex, as
follows.

Proposition 2

Forue H'(K;Z,), Sq'(u’) = ({p ™.

PROOF: Sq(u) = Sq°u -+ Sq'u = u +u* by properties (1) to (3). But
Sqis a ring homomorphism. Therefore Sq(u’) = (v + u?)) = v’ ¥, ()", and
the proposition follows by comparing coefficients.

In particular this gives us the action of all the Sq¢' in H*(Z,,1;Z,), since
this is generated as a ring by a one-dimensional class.

We pursue this line not only for its intrinsic interest but because it will
serve us in the proof of the Adem relations.

SQUARES IN THE #-FOLD CARTESIAN PRODUCT OF X(Z,,1)

Definition

Let K, be the topological product of n copies of K(Z,,1). Here we may
take for K(Z,,1) the complex P(c0) discussed in Chapter 2.

Since H*(Z,,1; Z,) is the polynomial ring on the one-dimensional class,
it follows by the Kiinneth theorem that the ring H*(K,;Z,) is the poly-
nomial ring over Z, on generators x,, ..., x,, where x; is the non-trivial
one-dimensional class of the ith copy of K(Z,,1). In this polynomial ring
Z,[x,,...,x,]}, we have the subring S of symmetric polynomials, which (by
the fundamental theorem of symmetric algebra) may be written as
Z,[o4,...,0,] where o; is the elementary symmetric function of degree j
(for example, 6, = x, + - - - +x,).

Proposition 3

In H*(K,:Z5), S4'0,) = 0,0, (1 <i <n).

PROOF: Sg(0,) = Sq([] x) =1 Sgx) =T (x; -+ 27 = o ([T (1 +x)) =
o, Y- 0, The result follows.

Corollary 1

In H¥(Z,n: Z,), Sq'1, #0 for 0 <i <n.

PROOF: By Theorem 1 of Chapter 1, we can find a map f of K, into
K(Z,n) such that f*(i,)=o0, Then f*Sq'(1,)= Sq'f*(1,) = Sq4'(s,) =
o,0; 70, which proves the corollary,
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We can show more; we can find a host of linearly independent elements
in H¥(Z,,n; Z,) by using compositions of the squares.

Notation

Given a sequence I =={i|,.. . i} of (strictly) positive integers, denote by
Sq' the composition Sq''- - - Sqg*. By convention, Sq’ = Sq°, the identity,
when 7 is the empty sequence (the unique sequence with r = 0).

For example, Sg'*'"'(x) = S¢*(Sq'(x)).

Definitions

A sequence I as above is admissible if i; > 2(i;.,) for every j <r. (This
condition is vacuously satisfied if » << 1.) In this case we may also refer to
Sq" as admissible. The length of any sequence I is the number of terms, 7 in
the above notation. The degree d(I) is the sum of the terms, > ; 7;. (Thus
Sq¢' raises dimension by d(7).) For an admissible sequence I, the excess
e(I)is 2i; — d(I).

For the excess, we have

e(I) = 2i, — d(I)
:i1_’i2_"'_ir

:(il ”2i2)+(i2~2i3) + - +(ir)

The last expression justifies the name, but the first two are more convenient
in practice.

Recall that S denotes the symmetric polynomial subring of the poly-
nomial ring H¥(K,;Z,) = Z,[x,,...,x,]. We define an ordering on the
monomials of S as follows: given any such monomial, write it as
m =a$052- - -0 with the j; in decreasing order, j, >j, > ---. Then put
m<m'if j, <j{ orif j, =ji and (m/e;) <(m'[},).

Theorem 2

If d(I) <n, then Sq'(c,) can be written o,-Q, where Q;=a;, - g, +
ta sum of monomials of lower order).

We prove this theorem by induction on the length of I; it reduces to the
last proposition if r = 1. Let r be the length of I, and write J for 75, . . ., i..
We assume the result for sequences of length <<r (in particular for J);
then, using the Cartan formula,

Sq'(e,) = Sq"'Sq’(0,) = Sq"'(6,0))
= Y=o Sq"(c,)Sq" ~"(Qy)
== GHGiIQJ + Z:':;(l) anaquil_m(QJ)
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By the induction hypothesis on Q,, Sq’(s,) may be written
0,0,0;,° "0, + 0,0, (lower terms of Q,) + Y123 6,0,,5¢" ~"(Q))

Observe that Sq’(c;) <o,,; and also that Sq(c,) = 6} < ¢,;. Therefore the
largest possible term after the first term in the above expression is obtained
from the last group of terms by taking m =i, —i, -+ 1, so that i; —m =
i, — 1; thus this term is

X=0,0-1,+4102i,-1%i3" " "0;

ir

Now [ is admissible, and so 2i, — 1 <2i, <i,, but this implies that
x <0,0,0," " 0;, and the proof is complete.

As I runs through all admissible sequences of degree <n, the monomials
6;=0;0;" "0, are linearly independent in S and hence in H*(K,;Z,).
From the above theorem, the Sq’(s,) are also linearly independent. We can
draw the following inference.

Corollary 2

As I runs through the admissible sequences of degree <<n, the elements
Sq'(1,) are linearly independent in H*(Z,,n; Z,).

Choose a map f: K,— K(Z,,n) such that f*(1,) = g,. Then the corollary
follows from the preceding remarks.

Praposition 4

If ue H'(K;Z,) for any space K, and 7 has excess e(/) >n, then
Sq'u=0. If e(I) = n, then Sq'u = (Sq’u)*, where J denotes the sequence
obtained from 7 by dropping 7,.

This proposition may be considered as a generalization of properties
(1) and (2) of Theorem 1. To prove the first statement, note that if e(7) =
iy—iy—++—i,>n, then iy >n-+i,+---+i =dim (Sq’u), so that
Sq'u = Sq¢"'(Sq’u) =0 by (1). The second statement of the proposition
follows in a similar way from (2).

These results are included in a theorem of Serre, which states that
H*(Z,n;Z,) is exactly the polynomial ring over Z, with generators
{Sq¢'(1,)}, as I runs through all admissible sequences of excess less than .
We will establish Serre’s theorem in Chapter 9, using spectral-sequence
methods.

As a corollary to Serre’s theorem, we mention that the map f: K, —
K(Z,,n) such that £*(1,) = o, clearly has the property that f* is a mono-
morphism through dimension 2n. We will use this fact in the proof of the
Adem relations, and so we call attention to the fact that our proof of
Theorem 1 will not be complete until we have proved Serre’s theorem.
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THE ADEM RELATIONS

We now discuss the Adem relations (7).
An Adem relation has the form

R=Sq"Sq" + Y13 (2=5:") Sq"+*~“Sq" =0 (mod 2)

where a << 2b, and [a/2] denotes the greatest integer < a/2. We usually drop
the limits of summation from the expression, since the lower limit is
implicit in the term Sg° while the upper limit is implicit in the convention
that the binomial coefficient (}) is zero if y << 0. We also use the standard
convention that () = 0 if x < y. (As an exercise in the use of these conven-
tions, the reader may note that the Adem relations give Sg*"~'Sq" = 0 for

every n.)
We will establish the Adem relations through a series of lemmas.

Lemma 2

Let y be a fixed cohomology class such that R(y) =0 for every Adem
relation R. Then R(xy) =0 for every one-dimensional cohomology class
x (and every R).

We will defer the proof of Lemma 2 to the end, since it is elementary
but long and complicated.

Lemma 3

For every R and for every n > 1, R(s,) =0 where o, € H'(K,;Z,) as
before.

PROOF: Let 1 denote the unit in the ring H*(X,;Z,); then R(1) =0
for every R, by dimensional arguments. Then R(x,)= R(lx,)=0 by
Lemma 2; and finally R(s,) = R(x,"*-x,) =0 by induction on » using
Lemma 2.

Lemma 4

Let y be any cohomology class of dimension » of any space K, with
Z, coefficients, and let R = R(a,b) be the Adem relation for Sg“Sq” where
a+ b <n. Then R(y)=0.

PROOF: By Serre’s theorem we have a map f*: H¥(Z,n;Z,) —
H*(X";Z,) which takes 1, to ¢, and is a monomorphism through dimen-
sion 2n. We have R(s,) =0 by Lemma 2, and so R(:,) =0, since these
elements have dimension » +a+ b <2n. The result for y follows by
naturality, using a map g: K — K(Z,,n) such that g*(1,) = y..
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Lemma 5

Let R be an Adem relation. If R(y) =0 for every class y of dimension
D, then R(z) = 0 for every class z of dimension (p — 1).

PROOF: Let u denote the generator of H'(S';Z,). Clearly Sq'u = 0 for
all i >0. Therefore, by the Cartan formula, R(u X z) =u x R(z). But
u X z has dimension p; hence R(u x z) =0, and so R(z) = 0.

The Adem relations follow easily from Lemma 4 and Lemma 5 by
induction on dimension.

It remains to prove Lemma 2,

We begin by recalling the formula (§) = (52}) + (?; ), which holds for
all p,g except for the case p=g=0.

Lemma 6
N+ 2D+ CEIH +(E7H =0 (mod 2) except in the cases (p =g =0)
and (p=0,9=—1).

This lemma follows from the formula just cited. (The easiest way to see
the sense of these two formulas is to consider Pascal’s triangle.)

To prove Lemma 2 is to show R(xy) = 0 where x is any one-dimensional
class and y has the property that R(y) =0 for every R. We begin by
applying the Cartan formula to Sg’(xy); since dim x =1, Sg°(xy)=
xSq°y + x*Sq*~'y. Again by the Cartan formula,

Sq“Sq*(xy) = Sq"(xSq"y - x*Sg"~'y)
= xSq°Sq°y + x*Sq°* " 'Sqy + x*S¢°Sq" 'y + 0
+ x4Sqa— Zqu— ly

the zero coming from Sq'(x?), which is zero mod 2. In a similar manner
we find that

Z (S)Sqa+b—csqc(xy) =x Z (S)Sqn+b—csqcy + xz Z (S)Sqa+b—c—1chy
+ xz Z (S)Sqa+b—cch—1y +X4 Z (S)Sqa+b—c—2ch—1y
where s = s(c) = (525:1). In these two formulas, the first terms match,
since
xSq°Sq’y +x 3. (5)Sq"* " “Sq°y = xR(») =0
Now a < 2b implies (@ —2) <2(b—1), and so the fourth terms also
match: since R(y) =0 for all R, in particular, for R(¢ —2, b — 1),
Sqa—Zqu— ly — Zc (Z:czz_Zz)Sqa+b—c— Jchy
— ZC, (Z:s(— l)Sqa-!-b-t’-Zch'—ly
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where ¢’ = ¢ + 1. Thus it remains to show that

Sq°Sq" "'y + X @252 )Sg" TS’y

= X )Sq* T TISgy + L (5)Sq"TTSq Ty
where the second term on the left-hand side (LHS) replaces Sq¢*~ 'S¢y,
using R(a — 1, b). We consider three cases.

CASE 1: a=2b—2. Then a—2c=2(b—c—1), and so (s)=(3)=0
unless k = 0, that is, unless ¢ = b — 1; so RHS = S¢°S¢° "'y + S¢**'Sq"~2y.
Similarly, -5:11) = (%) = 0 unless k = 1, that is, unless ¢ = b — 2; so
LHS = S¢°Sq¢" "'y + S¢°*'S¢" %y, and the two sides are equal.

CASE 2: a=2b — 1. Proved by a similar argument.

CASE 3: a <<2b—2. Then, by R(a, b— 1),

Sq'Sq" ™'y = Xe G5 )Sq T T Sq'y
Also,

L @)Sg T TSq Ty = Yo (275 )Sg T oSg Ty
= 2o (Z2022)Sq" T ISy

where ¢’ = ¢ — 1, so we are reduced to verifying that

a-— 2c2)+( 20 1)’_(a 201)+( Zc 2) (mod2)

But this follows from Lemma 5, with p=5b—c—1,g=a—2c— 1. The
exceptional cases are excluded automatically, because p =0, g =0 or —1
means b=c+1,a=2c+1 or 2c, respectively, contradicting the Case 3
hypothesis.

This completes the proof of Lemma 2.

We attach a short table of representative Adem relations.

Sq'Sq' =0, 8¢'Sq> =0, ...; Sqg'Sg*"*' =0

Sq'Sq? = Sg°, Sq'Sq* = Sq°, . . .; Sq'Sq*" = Sg>*+!

Sq*Sq* = Sq°Sq’, Sq*Sq° = Sq’Sq s o3 8g2Sq* 2 = Sgtnm18g*
Sg2Sq® = Sq° + Sq*Sq', . .. ; Sg2Sg*"~ ' = Sg***! 4 Sg*'Sq'
SqZSq4 — Sq6 __+_ SqSSql, L. ; Sq2Sq4n — Sq4n+2 + Sq4n+lSql
SqZSqS — SqGSql, L. ; SqZSq4n+l — Sq4n+ ZSql
S¢°Sq*=0,...;S¢°Sg*"** =0

Sq°Sq* = Sq¢°Sq'; . ..

Sg*"1Sq" =0



32 COHOMOLOGY OPERATIONS

DISCUSSION

Theorem 1 lists the major properties of the squaring operations, and, as
we remarked, these properties characterize the squares uniquely. Parts
(0) to (5) are due to Steenrod. The Cartan formula (6) was indeed dis-
covered by Cartan; the Adem relations (7) were proved independently, and
by very different methods, by Adem and Cartan.

Theorem 2, the surrounding material, and the proof we have given of
the Adem relations include work of Cartan, Serre, and Thom. From our
point of view this material will be amplified and completed by the calcula-
tions of Serre given in Chapter 9.
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CHAPTER 4

APPLICATION:
THE HOPF INVARIANT

Let S” denote an oriented n-sphere, where n > 2. Let there be given a
map f: $?"~'— §". Consider S**~! as the boundary of an oriented 2n-cell,
and form the cell complex K= S" U, e?". Precisely, this is the complex
formed from the disjoint union of S" and e?” by identifying each point in
S§2"~1 = ¢2" with its image under f. Then the integral cohomology of K is
zero except for the dimensions 0, », and 2», and is Z in those three dimen-
sions. Denote by ¢ and  the generators determined by the given orientations
of the cohomology groups in dimensions »n and 2n, respectively. Then the
cup-product square o2 is some integral multiple of z.

Definition
The Hopf invariant of f is the integer H(f) such that ¢* = H(f) - <.

PROPERTIES OF THE HOPF INVARIANT

The homotopy type of K depends only on the homotopy class of the
map f used to define K, and thus H(f) also depends only on the homotopy
class of /. We may therefore speak of the Hopf invariant of a homotopy
class; and we have defined a transformation H: m,,_,(S") — Z, namely,
that transformation which takes a homotopy class « into the integer H(f)
where fis any representative of a.

33
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If n is odd, H(f) =0 for all f. This follows immediately from the anti-
commutativity of the cup product: ¢* = —g¢?; hence 6> = 0.

If n is 2, 4, or 8, there exists a map f: $?"~'— S" with Hopf invariant
one. For example, in the case n = 2, f may be taken as the natural projec-
tion f: S°— CP(1) = S?, viewing S* as the unit sphere in the complex
plane C2. Such fis the attaching map in the complex projective plane,
CP(2) = S* U, e*. Similarly, the cases n =4, n=38 correspond to the
quaternionic plane QP(2)=S*U,e® and the Cayley plane CayP(2)=
S® U, e'®, respectively. These maps are known as the Hopf maps.

For values of » other than 2, 4, or 8, it is now known that no map of
Hopf invariant one can exist. This result is a very deep theorem and we do
not prove it; Theorem 2 below is a partial result.

Proposition 1
If n is even, there exists a map f: S*"~'— S" with Hopf invariant two.
PROOF: We may consider the product space S" x S" as the cell complex
formed by attaching a 2x-cell to the wedge (one-point union) of two spheres
S" v S", using an attaching map g: S*""'—S" v §" as suggested by
Figure 1. Let F denote the “folding map” F:S" v §"—S", and let ¢

»— *~—————

!
TN

|

I

*

s" A} ?

€

S* STV S™ éZn =S2n—1
Figure 1

denote the composition Fg: S**~!'—S". (In fact, ¢ is known as the
Whitehead product [1,,1,] and is a special case of a general construction.)
We claim that ¢ has Hopf invariant two.

In order to verify this, we must compute cup products in the complex
K= S"u, e*". Consider the diagram below, where the vertical maps are

eZnD S2n—1 g Sn v Sn F n

|

S"x S"=(S" v 8 U, e*.Es 5" U, e = K

the inclusions. Now ¢ = iFg: $*""'— K is clearly null-homotopic, by
definition of K. The map F is defined on §" v S” by taking it equal to F
there; but then it can be extended over all of S" x S" because ifg = ¢ is
null-homotopic. Moreover, £ is a relative homeomorphism on the pair
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(e*",8?"~1). Therefore F* is an isomorphism in dimension 2n. Now the
folding map F has the property F*¢ = o, + o,, where ¢ is the generator of
H"(S") and o,,0, are the generators of H"(S" v S™) corresponding to the
two pieces. We denote generators of H*"(K) and H?*"(S" x S”") by r and
p, respectively. In the product " x S”, we have 62 =02 =0 and 5,0, =p
where we may choose p to make the sign positive. We also choose 7 so that
F*(1) = p. The Hopf invariant of ¢ is defined by o6?= H(¢) 1. Then
F*¢? = H(p)F*(1) = H(p) - p. But

F*6? = (F*0)* = (F*0)® = (0, + 0,)*> = 6} + 03 46,0, + 0,0,
=0+0+p+(=1"p
so that H(p)p = 2p and H(p) = 2, as was to be proved.
Proposition 2
The transformation H: n,,-,(S")— Z is a homomorphism.

We first recall the definition of the additive group structure in =,,_(S").
We denote by Q the ““ pinching map”

Q: (eZn’SZn—l)_)(eZn v 82", S2n—1 v S2n—1)

obtained by collapsing an equatorial (2n — 1)-cell to a point. Let F denote
the folding map S" v §"— S", as before. Then if f and g represent elements
of n,,-,(S"), so that fand g are maps of $*"~! into S", the composition

S2n—1 o] SZn-—l v S2n—l_fvg Sn v Sn F Sn

represents, by definition, the sum of the homotopy classes of fand g.
To prove Proposition 2 we consider the following diagram, where p

K= S"Uprugee™ =L =(S"v S Uy, gee™ - M=(S"U,e™v (§" U, e

N P— S v s = S v s

is constructed analogously to the map F of Proposition 1, g is based on the
pinching of e*" by Q, and the vertical maps are inclusions. Our notation
for the generators in cohomology will beo € H'(K ), t € H*(K),p € H*(L),
:,and 1, in H*(M), and 0,,6, in H'(S" v S"). (We also use ¢,,0, for the
obvious classes in H"(L).)

By definition, 6% = H(f + g)t. Thus, p*c? = H(f + g)p*z. On the other
hand, p*s? = (¢, + 7,)?, as, in the proof of Proposition 1, for F. Now in
M, clearly (¢, + 0,)* = H(f)t, + H(g)z,. Pulling this relation back to L,
(0, +0,)* = H(f)q*t, + H(g)g*t,. We can assume that p, ;, and t, are
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chosen so that p*t = g*1; = g*7, = p. Thus, in H*(L),

H(f+g)p = H(f + g)p*t = p*o® = (0, + 0,)* = H(f)q*t, + H(g)g*r>
= (H(f) + H(g))p
which implies H(f + g) = H(f) -+ H(g), as was to be proved.

Corollary 1

If » is even, then =,,.,(S") contains Z (i.e., an infinite cyclic group) as a
direct summand.

In fact, the cyclic group generated by the homotopy class of a map of
Hopf invariant two must be mapped isomorphically onto the even integers
by the homomorphism H.

DECOMPOSABLE OPERATIONS

We will be able to prove, by means of the squaring operations and the
Adem relations, that there does not exist a map f: §*" !'—S" of Hopf
invariant one except possibly when 7 is a power of 2. The clue to the method
is the simple observation that f has an odd Hopf invariant, that is, ¢ is an
odd multiple of t in K= S§" U, e?", if and only if S¢"¢ =1 in the mod 2
cohomology of K. (Recall that Sg"c = 0?2.)

We will say that Sq' is decomposable if Sqg' =Y, ., a,Sq' where each q, is a
sequence of squaring operations, and we say Sg' is indecomposable if no
such relation exists. As examples, Sq' is obviously indecomposable; Sg? is
indecomposable, since Sq'Sq' =0; Sq° is decomposable, since Sqg° =
Sq'Sq* by the Adem relations. Less obviously, S¢° is decomposable by the
Adem relation SqSg* = Sq° + Sq°Sq'.

Theorem 1

Sq' is indecomposable if and only if / is a power of 2.

PROOF : We first suppose that / is a power of 2 and consider the generator
a of H'(P(w);Z,). Using the ring homomorphism Sg introduced in the
last chapter, we have Sg(a’) = (Sq o)’ = (x + «?)' =o' + a?' (mod 2). Thus
Sq'(x%) is zero unless 7 is either 0 or J, while Sg'(«) = «?’. Now the fact
that «*' is non-zero shows that Sg‘ is indecomposable; for otherwise
o' = Sq'(x") = Zt<i a,5q'(e") = 0.

To prove the converse, let i =a + 2* where 0 <a < 2% Writing b for
2%, the Adem relations give

SgSq" = (2)Sq" + L eso (2 )Sg" " Sq¢
Since b = 2* is a power of 2, (*7')=1 (mod 2), by the following lemma.
Thus Sq° = Sq**? is decomposable.
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Lemma 1
Let p be a prime, and let a and b have the p-adic expansions a = Y 7., a,p’,
b= Z;"=0 bipi where 0 Sa,‘, bi <p Then

(i) muan

PROOF: In the polynomial ring Z,[x], (1 + x)? = 1 + x?. Thus (1 + x)* =
TTA +x)" =[] +x")". Now (}) is the coefficient of x* in this
expansion, as is seen from the first expression; but the inspection of the
last expression shows that this coefficient is precisely ] (%).

NON-EXISTENCE OF ELEMENTS OF HOPF INVARIANT ONE

We now state the main result of the chapter.

Theorem 2

If there exists a map f: $*""!'—S" of Hopf invariant one, then n is a
power of 2.

We have already remarked that the existence of such a map f would
imply that Sq"e =t in the complex K= S"uU,e®", where o, t are the
generators of H*(K;Z,) in dimensions n, 2n, respectively. If » is not a
power of 2, this is impossible, since then Sq” is decomposable, whereas all
Sq'c must be zero in K (for dimensional reasons) if 0 < i < n. This proves
the theorem.

This result is closely related to the question of existence of multiplicative
structures in Euclidean space R", as indicated by the following proposition.

Proposition 3

Suppose there is a map p: R" X R"— R" with a two-sided identity e, no
zero-divisors, and the linearity property (tx)y = t(xy) = x(ty), t € R, where
we have written xy for u(x,y). Then r,,_,(S") contains an element of Hopf
invariant one. '

A proof is outlined in the exercises.

DISCUSSION

Our definition of the Hopf invariant is due to Steenrod; Hopf’s original
definition is more geometric but less manageable. In view of Proposition 3
and classical results of Hurwitz on the non-existence of norm-preserving
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R-linear multiplications on R®, much interest centered on the Hopf
invariant question, that is, for what » is there a map from S*""* to S" of
Hopf invariant one ?

Hopf’s maps showed existence for n =2, 4, or 8. The case of n odd
was easily excluded. The case n=2 (mod 4), n > 2, was excluded by
G. W, Whitehead. Theorem 2 is due to Adem. The complete solution,
namely, » must be 2, 4, or 8, is due to Adams.

The Whitehead product, discovered by J. H. C. Whitehead, is a homo-
topy operation in two variables, mapping 7,(X) ® n(X)— 7,4, (X).
This operation is closely related to the Hopf invariant, as shown by
G. W. Whitehead.

EXERCISES

1. Let g: S"" ' x S"" ' > 8" 1. Choose y e S"~'. Let « denote the degree of g
restricted to S"7! x y and B the degree of g restricted to y x S"~!. Show
o and f are independent of the choice of y. Such a map g is said to be of
type (a,B).

2. Letg: S"" ' x §" 1 5 8" ! View $2""! as the join of " ! and S"!, with
coordinates (a,t,b), a,b € S"~!, t € I. View S" as the suspension of $"~!, with
coordinates (c,t),ce S"" ', rel Define h(g): S**~1 > S", the Hopf con-
struction on g, by h(g)a,t,b) = (g(ab),t). Prove H(h{g))=oaf if g has
type (a,B).

3. Prove Proposition 3 by using the given map u: R" x R" — R" to construct a
mapg: "1 x $" 15 $"7 ! of type (1,1).

REFERENCES
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CHAPTER 5

APPLICATION:
VECTOR FIELDS ON SPHERES

We consider the (#n — 1)-sphere S"~ ! imbedded in R" in the usual way.
A tangent vector field, or simply a vector field on S"~', is a function assign-
ing to each point of $"~! a tangent vector at that point such that the vector
thus defined varies continuously with the point. A k-field is an ordered set
of k pointwise linearly independent tangent vector fields. We will be con-
cerned with the problem of finding, for each n, the greatest k such that $*~*
admits a k-field; this maximum k will be denoted K(#).

Clearly, for every n, 0 < K(n) <n -— 1. We take as known the fact that
when n is odd K(n) = 0; thus S?, for example, does not admit a tangent
vector field. (In fact an orientable smooth manifold admits a 1-field if and
only if its Euler number vanishes.) For » even, K(n) > 1; it is easy to give
a l-field in this case: assign to the point x=(x,,...,x,) the vector
(X2,— X1, X4,—X3,. . -, Xpn—X,—1). As in this example, we will identify a
point in R" with the vector from the origin to that point; and tangent
vectors may be translated to the origin without explicit mention being made.

k-FIELDS AND V, .,

Let {r(x)} denote a k-field on S"~'. By the Gram-Schmidt process we
may assume that at each point x the vectors {r,(x)} form an orthonormal
set. Then the set {7,(x),. . .,5(x),x}is also orthonormal. Such a set is called
a (k + 1)-frame.

39
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We denote by V, .+, the set of (k + 1)-frames in R". (The reader is
warned that various authors use various subscripts ¥, ; for this set.)
Thus a k-field gives rise to a function f: S$""'—V, ,.,. We also have a

projection p: V, .+ — 5", taking (vy,. . .,U4+) into the last *“ coordinate ™
U+ considered as a point in "', Clearly the composition pf is the iden-
tity of $*71,

We will give the set V, ;. a topology such that fand p are continuous.
Then, if S"~! admits a k-field, there exists a map f: §""'— ¥, .+, such that
pf: "~ '— 8"~ ! is the identity. Our line of attack to prove that $"~! does
not admit a k-field will be as follows. We will study the cohomology of the
space V, ., and show that for certain values of (n,k), H" '(V,i+,;2Z,) =
Z,, generated by v=v,_ = Sqg'z for some ze€ H¥(V,,+,;Z,) and some
t>0. Now suppose S"~' admits a k-field, yielding /2 S*"™ ' >V, 4. If
we let ¢ denote the generator of H"'(§""';Z,), we must have p*c =1,
Sf*v=o0,since pf = 1. Now o = f*v = f*Sq'z = Sq'f*z; but f*z is obviously
zero because dim z <n — 1; and we thus arrive at a contradiction.

Our first task is therefore to give a topology for V, ,.,. We will actually
give a cell decomposition.

A CELL DECOMPOSITION OF V, ,

Consider R" as the space of column vectors with the usual basis. Let
O(n) denote the orthogonal group, i.e., the group of orthogonal transfor-
mations of R". We view O(n) as a subgroup of the group of n x »n matrices
with determinant 4 1. O(x) acts on R" from the left by matrix multiplication;
it inherits a topology from R". We may consider O(n) as a subspace of
O(n + 1) by considering a given »# X n matrix as an (n+1) x (n+ 1)
matrix with zeroes in the last row and column except for a 1 on the
main diagonal. Then V,, may be identified with the left coset space
O(n)/O(n — k), by taking the last & columns of a representative matrix.
This gives V, , a topology. (In fact V,, is a smooth manifold of dimension
k(2n — k — 1) =Y72)_4 1, called a Stiefel manifold.) We have an obvious
projection map p;; when 0 <j <k, py;: V>V, ;.

The projective space P(n) may be considered as the space of lines through
the origin in R"*'. It will be momentarily confusing, but ultimately more
convenient, to refer to this space as P,,,. We write P,, =P,/P,_,, the
identification space obtained by collapsing the subspace P,_, to a point
inP,.
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We have a map ¢: P,— O(n) as follows: a point x in P, is a line through
the origin of R”; ¢(x) will correspond to reflection through the hyperplane
normal to the line x. If x is considered a point in R" (and hence an n-vector),
¢(x) has the formula

ey
_ X/
YV TENE

for y e R”. (Here { , > denotes the scalar product and || || the norm.)
Clearly ¢(x) is an orthogonal transformation. It is also evident that

¢ is 1-1. Actually ¢ is a homeomorphism into; we omit the verification. We

have, for m < n, the diagram below, where the vertical maps are the stan-

P, —2> O(m)

Lo

P, 25 0(n)
dard inclusions. In particular, taking m =n — 1, we obtain a map
@: Py/P,_;—>On)/O(n — 1)

that is, P, ,— V, . Note that the slash represents, on the left, the identi-
fication of a subspace to a point; on the right, the formation of cosets.

Now ¥, , is just the sphere S"~*. On the other hand, P, has a cell struc-
ture P,=eUe' U ---ue?ue" ! sothat P, =P, Ue" ! thus P,
is also S"~'.

Proposition 1

¢: P, —V,  is a homeomorphism.

Rather than give a detailed proof, we give a geometric description which
should suggest the proof. Think of the case n =2 so that V, , = S""'isa
circle, and we will consider P, = P(l1) as the lower semicircle, with its
endpoints identified to a single point. Our transformation is based on the
map ¢: P,— O(n) which takes x to reflection in the hyperplane (line, when
n=2) normal to x, followed by projection onto O(n)/O(n — 1), i.e., con-
sidering the effect on the last coordinate. Using the language of a clock face
for the case n = 2, we must take the unit vector u,, that is, the unit vector in
the 12 o’clock sense; choose x in P,—a point between 3 and 9 o’clock;
reflect u, in the line normal to the vector to x; and consider the image as
a point on the circle ¥, ;. The reader may verify that as x runs from 3 to
9 o’clock, the image of u, runs from 12 to 12. For example, if x is at 4 o’clock,
the normal line runs from 1 to 7 and u, reflects over to 2 o’clock.
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Proposition 2
The matrix multiplication

WP X Vi pets Pacit X V) = (Voo Ve 1k-1)

is onto V,, and is a relative homeomorphism.

This map is defined by identifying P, as a subspace of O(n), using
the map ¢ which is a homeomorphism into—and recall that ¥, , =
On)/O(n — k), etc.

We first prove that the inverse image of V,_,,-, is precisely
P, X V,_1x-1. Suppose A,B e P, X O(n — 1) are such that ABO(n — k)
is contained in O{(n — 1); we must show that 4 € P,_,. Now the last vector
is left fixed by B, by O(n — k), and by the product; hence certainly
AeOn—1). But Pb,nOn—1)=P,_,,sothat A eP,_,.

We prove next that p is one-to-one on (P, — P,-;) X V,_, 1. Suppose
A,CeP,— P, ,,B,DecO@m— 1)aresuchthat ABO(n — k) = CDO(m — k).
Then, since B,D € O(n — 1), we have 4A0(n — 1) = CO(n — 1). Therefore
9A =¢C in V,; and so A = C, by Proposition 1. Hence BO(n — k)=
DO(n — k). But then B and D have the same image in V,_; ,—,.

Finally we prove that u is onto V, ,. Suppose 4 € O(n). By Proposition 1,
AO®m — 1)= CO(n—1) for some C € P,. This means that for some D¢
O(n — 1), A = CD. But then u(C,D) represents A.

We can now give the cell structure of V,,. Recall that P,=e® U
el ---ue" . By a normal cell of V,, we mean a cell of the form

el x e xerT P X s X PV, n=ii > >i>n—k

Theorem 1

The cells of ¥, , are exactly the normal cells and the 0-cell corresponding
to the identity matrix.

Consider the case & = 1; then we must have i/, =#» and » = 1. Thus the
only normal cell is ¢""'—P,—V,,, and the theorem holds. We can
therefore prove the theorem by induction on n and &, for (n — k) fixed. Thus
suppose the theorem is true for V,_, ,_,; we are to prove it for V, ;.

By Proposition 2, V, =V, -1 Y, (P,—P,—1) X V,mi4—1). By the
induction hypothesis, then,

Var="U{e" X o xe" ' hu, (e x (€U fe T x e X))

where the cells in braces are subject to the restrictions (n — 1) > i, > --- >
i, > (n — k). But this agrees exactly with the assertion of the theorem for
V.« Thus the theorem is proved.
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Corollary 1

If 2k <n, then P, is the n-skeleton of V,,.

PROOF: When 2k <n, the lowest dimension in which a normal cell may
occur that has at least two factors is (n — k) -~ (n — k + 1), since it corre-
sponds to the case i, =# — k + 1 and thus the two cells have dimension
ii—l=n—k and i_,—1>n—k-+1. But we have (n—k)+
(n—k+1)=2n-—2k +1>n+41. Thus the theorem above implies that
the n-skeleton (V,,)" consists of the O-cell and of normal cells with only
one factor:

(Vn,k)n — eO U en—k U en—k+1 U U en—l

(As it happens, there is no n-cell.) Now P, , is also a union of cells, of the
same dimensions as in (V,,)". Moreover, we have a map ¢: P,,—V, .
just as in the case & = 1 discussed in Proposition 1; this map is a homeo-
morphism into, and its image is evidently (¥, ,)". This proves the corollary.

THE COHOMOLOGY OF P,

We turn now to consideration of the cohomology of these spaces. Recall
that the ring H*(P,; Z,) is the truncated polynomial ring Z,[«]/«". We have
the sequence P,_, —»P, > P, = P,/P,_,, where i is the injection and j the
identification map. Now H*(P,_,;Z,) = Z,[Bl/B"* and B =i*a. By the
exact cohomology sequence of this pair, H%P, ,;Z,) =Z, in the range
(n — k) <q <n and is zero otherwise.

Let v, denote the generator of H%(P, ,; Z,); thenj*(v,) = a*. But Sg'(a?) =
(H21**, and so Sq'v, = (Hv,+,, provided (n — k) <q, (g + 1) <n. In par-
ticular, Sg* v, = GZ5)v,-1.

Now if 2k <n, we have (V,,)" = P,,, and thus the cohomology of
V,. agrees with that of P,, through dimension n» — 1. Therefore in this
case H" '(V,x;Z,) is generated by v,_, and S¢* " 'v,_, = (%),

We now prove a non-existence theorem for tangent vector fields. Write
the integer » in the form 2"(2s + 1); thus 2™ is the highest power of 2
dividing n.

Theorem 2

S"~1 does not admit a 2™-field.

If s=0, then 2" =#n >n — 1 and the result is trivial; if m =0, then n
is odd and the result is known. We therefore suppose 1,5 > 1.

Recall the argument, given early in the chapter, that if S*~' admits a
2™-field, then there is a map f: S"'— V, ,m4, such that f followed by the
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projection p: V, my;— S" ! is the identity of "~ '. Now n=2"(2s + 1) =
22™s 4+ 22 1) >2(2™ + 1) since m,s > 1. Therefore, if we take k =
2™ + 1, we have 2k <n, and the above results on the cohomology of
V.. are applicable: H""'(V,,) = Z, generated by v,_,, and, since pf is
the identity, p*(¢) = v,_, where ¢ is the generator of H"'(S""!;Z,).

We have S¢* v, =G X, ;but n—k=n—Q"+1)=2""1s—1
and kK — 1 = 2™; the binomial coefficient is seen to be non-zero by Lemma 2
of Chapter 4.

Thus we are led, from the assumption that a 2™-field exists, to the contra-
diction

0= f*0,-1 = f*(Sq*"Vp-2m-1) = SG*"(f*Vy-2m-1) = Sq*"(0) = 0
This completes the proof.

DISCUSSION

Write 7 in the form n = 2***%(2s 4 1) with 0 < b < 4. Classical algebraic
results of Hurwitz and Radon, treated recently from a modern viewpoint
by Atiyah, Bott, and Shapiro, show that K(n) > 2® - 8a — 1; that is, S"~*
admits a k-field with k =2° +8a— 1.

On the other hand, Theorem 2, due to Steenrod and J. H. C. Whitehead,
gives an upper bound for K(n). For n < 16 and many other values, this
upper bound coincides with the Hurwitz-Radon lower bound and com-
pletely determines K(n).

The complete solution of this problem was given by Adams, who proved
that for all »n, the Hurwitz-Radon number is an upper bound as well; thus
K(n) =2°+-8a— 1 for all n.
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CHAPTER 6

THE STEENROD ALGEBRA

In this chapter we describe the algebraic system formed by the Steenrod
squaring operations and derive some of its properties.

GRADED MODULES AND ALGEBRAS

Let R be a commutative ring with unit.

By a graded R-module M we mean a sequence M, (i >0) of unitary
R-modules. A homomorphism f: M— N of graded R-modules is a sequence
[fi of R-homomorphisms, f;: M;— N,. The tensor product M ® N of two
graded R-modules is defined by setting (M ® N),=> M, ®N,_,.

By a graded R-algebra A we mean a graded R-module with a multiplica-
tion ¢: A ® A— A, where ¢ is a homomorphism of graded R-modules
and has a two sided unit. By a homomorphism of graded R-algebras we
mean a homomorphism of graded R-modules respecting the multiplications
and units.

A graded R-algebra A is associative if ¢ c (0 ® 1)=¢ - (I ® ¢), where
1 denotes the identity homomorphism 4 — A ; in other words, if the diagram
below commutes.

ARAR®A L2, A® A4

o] !
AR®A—2 5> A

45
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We say that 4 is commutativeif o e T=¢: A® A— A, where T: M @ N—
N ® M is defined by T(m ® n) = (—1)"(n ® m), i = deg n, j = deg m.

If we are given an algebra homomorphism &: 4— R, where R is con-
sidered as a graded R-algebra by the convention R, = R, R; =0 (i #0),
then A is said to be augmented. An augmented R-algebra is connected if
¢: Ay— R is isomorphic.

If 4 and B are graded R-algebras, then 4 ® B (the tensor product as
graded R-modules) is given an algebra structure by defining ¢ 55=
(s ®0p) o (1 ®T® 1). In other words, if we write products by juxtaposi-
tion, (a, ® by)(a, ® b,) = (—1)(a1a,) ® (b;b,), k = (deg a,)(deg b,).

For example, let M be an R-module. We define the tensor algebra T(M)
as follows. Write M° for R, M* for M, M? for M ® M, and in general M"
for the r-fold tensor product M ® --- ® M. Then I'(M) is the graded
R-algebra defined by I'(M), = M" where the product is given by the usual
isomorphism M* ® M*' ~ M**'. The tensor algebra I['(M) is clearly associa-
tive, but not commutative.

THE STEENROD ALGEBRA A

Now take R = Z,, and let M be the graded Z,-module such that M;=Z,
generated by the symbol Sg’ for each i > 0. (M) is thus bigraded. For each
pair of integers (a,b) such that 0 <a < 2b, let

R(a,b) = Sq¢" ® Sq* + Y. (a<2)Sq" "~ ® Sq°
Let Q denote the ideal of I'(M) generated by all such R(a,b) and 1 + S¢°.

Definition

The Steenrod algebra # is the quotient algebra T'(M)/Q.

Note that # inherits a grading from the gradation on M. The elements
of the Steenrod algebra are the polynomials in the S¢', i >0 (S¢° = 1),
coefficients in Z,, and subject to the Adem relations.

Theorem 1

The monomials Sg’, as I runs through all admissible sequences, form a
basis for + as a Z,-module.

The fact that the Sqg’ are linearly independent (for I admissible) follows
from the linear independence of the elements Sq'(1,) € H*(Z,,n; Z,) for
all admissible I of degree <n, which is the assertion of Corollary 2 of
Chapter 3.
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The other part of the proof uses the Adem relations and a reduction
argument. For any sequence /= {i,,...,i,} (not necessarily admissible),
define the moment m(I) by the formula m(I) = i,s. It is not hard to see
that if 7 is not admissible, starting at the right and applying the Adem
relation to the first pair i,7,,, with i; < 2i,,, leads to a sum of monomials
of strictly lower moment than 7. Since the moment function is bounded
below, the process terminates and the admissible Sq’ actually span #.

As an example, #, has as basis Sq’, S¢°Sq*, Sq°Sq?, Sq*Sq*Sq'.

The basis given by Theorem 1 is known as the Serre-Cartan basis for .
We will give a quite different basis later in this chapter.

DECOMPOSABLE ELEMENTS

Let 4 be a connected graded R-algebra, and let A denote the kernel of
the augmentation ¢; thus A is the ideal of elements of strictly positive
degree. It is called the ‘ augmentation ideal.”

Definition

The ideal of decomposable elements of A is the ideal ¢(4 ® A) < A.
The *“set of indecomposable elements” of A is the R-module Q(A4)=
Alo(A ® A).

The language is somewhat misleading, since elements of Q(A4) are not
elements of A but rather cosets. Note that Q(A) is not an algebra, since
it fails to have a unit.

The present definition of decomposable elements is consistent with the
ad hoc definition given in Chapter 4 for Sq'. There it was proved that Sqg'
is decomposable if and only if 7 is not a power of 2. The following result
1s now obvious.

Corollary 1

{Sq*}, i >0, generate + as an algebra.

We remark that these elements do not generate 4 freely; for example,
Sq*Sq* = Sq*Sq' = Sq'Sq*Sq' and Sq'Sq' = 0.

THE DIAGONAL MAP OF #£
Our next objective is to show that the algebra -t possesses additional

structure, namely, an algebra homomorphism #£— 4 ® #. This mapping
will prove to be a powerful tool in the study of 4.
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As before, let M be the graded Z,-module generated in each i >0 by
Sq'. Define y: (M) —T(M)® (M) by the formula

W(Sq) =%, Sg' ® Sq'™’
and the requirement that ¢ be an algebra homomorphism. Thus

Y(Sq" ® Sq*) = ¥(Sq") @ ¥(Sq*) = (La S¢"® Sq"™) ® (3 S¢" ® Sq"~°).

Theorem 2

The above ¥ induces an algebra homomorphism y: £ —A® A.

PROOF: Let p: T(M)— 4 be the natural projection. We must show that
the kernel of p is contained in the kernel of the above . As before, denote
by K, the n-fold Cartesian product of the space P(c0) = K(Z,,1). Define
a mapping w: £#— H*(K,;Z,), raising degree by n, by w(0) = 6(s,); that is,
w is evaluation on ¢,. By Theorem 2 of Chapter 3 and Theorem 1 above, we
know that w is monomorphic through degree n (degree in ). Let w’ be
defined similarly by evaluation on a,,, and consider the following diagram,

(M) 2 > A
4 po T

AR A 22", HXK,) ® HX(K,) 2> H*(K, x K,) = H*(K,)

where cohomology is understood to be with Z, coefficients, and the iso-
morphism o follows from the Kiinneth theorem (Z, is a field). We wish to
show that the quadrilateral in this diagram is commutative.

Using the Cartan formula, it is clear that the diagram commutes on the
generators S¢', as in the following computation:

wp(Sq') = w'(Sq) = Sq'(05,) = Sq'(a, % 7,)

=2 Sq'(e,) X Sq'"(a,)

= (w @ wi(Sq)
Now p, ¢, and « are algebra homomorphisms, but w’ is not; so commuta-
tivity in general does not follow immediately from commutativity on Sg'.
However, we may argue as follows. A basis for M"=M®@ --- @ M is
given by {S¢" ® -+ ® Sg*}, where I = {i},...,i,} need not be admissible.
Abbreviating such elements by Sqg, we have

wp(Sqk) = w'(Sq") = Sq'(0,,) = S¢’*+ - - Sqg™* ¥, Sq*(0,) X Sq"~ (o)
coe =Y a+n=15¢"(a,) X Sq'*(o,)

Inspection shows that a(w ® w)¥(Sqp) has the same formula, and this
completes the proof that the diagram is commutative.
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Now suppose p(z) =0, z e T(M). Then 0 = w'p(z) = a(w ® w)y(z). But
a is isomorphic, and (w ® w) is monomorphic in a certain range; thus, for
any z, we choose n sufficiently large (with respect to deg z) so that (w @ w)
is monomorphic when restricted to elements of degree =deg z. Thus
¥(z) = 0 and (ker p) < (ker ¥). This completes the proof of the theorem.

HOPF ALGEBRAS

Let A be a connected graded R-algebra (with unit); the existence of the
unit can be expressed by the fact that, in the following diagram, both com-
positions A— A are the identity map, where #, the ** co-augmentation,” is
the inverse of the isomorphism ¢| A, : 4g— R.

A®R
/ \1\®n
A AR®A-2 A

N, S

R®A4

Now let 4 be a graded R-module with a given R-homomorphism
e: A— R. We say that A4 is a co-algebra (with co-unit) if we are given an
R-homomorphism y: 4A—A4 ® A such that both compositions are the
identity in the dual diagram:

A®R
/ \w
A A®A L4

= e®1

R® A4

Y is called the *‘ co-multiplication” or *“diagonal map.”

Now let 4 be a connected graded R-algebra with augmentation ¢. Suppose
also that A4 has a co-algebra structure with co-unit ¢, and that the diagonal
map y: A— A ® A is 2 homomorphism of R-algebras. Then we say 4 is
a (connected) Hopf algebra.

As an example, let X be a connected topological group, with m: X x X—
X the group multiplication map and A: X— X X X the diagonal map. Let
Fbe any field. Then H,(X;F)is a Hopf algebra with multiplication m, and
diagonal map A,. Also, H*(X;F) is a Hopf algebra, with multiplication A*
and diagonal map m*. Since F is a field, H*(X;F) is the vector-space dual
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to H.(X;F), and in the duality, m, corresponds to m* and A, to A*, In a
moment we will discuss such duality in the general setting.

At the beginning of this chapter we gave the conditions for the multi-
plication ¢ to be associative or commutative. Dualizing, v is said to be
associative if the following diagram is commutative:

A ¥ A®A4
wl l%@l
AR®A L2, ARARA

while ¢ is commutative if T o y = : A— A ® A, that is, if the following
diagram is commutative:
A®A
-
A T
"N

A®A

We may interpret Theorem 2 as asserting that the Steenrod algebra A isa
Hopf algebra, since the diagonal map ¢ given in Theorem 2 has the re-
quired properties. The multiplication of # is associative but not commu-
tative. However, its co-multiplication is both associative and commutative;
we leave the easy verification to the reader. (Since ¢ is an algebra homo-
morphism, it suffices to check on the generators.)

THE DUAL OF THE STEENROD ALGEBRA

Now assume that R is a field, and let 4 be a (connected) Hopf algebra
over R, of finite type (that is, each A4, is finite-dimensional over R). We
define the dual Hopf algebra to A, A*, by setting (4*) = (4,)*, that is, the
dual to A; as a vector space over R. The multiplication ¢ in A gives the
diagonal map ¢* of 4*, and the diagonal map ¥ of A4 gives the multiplica-
tion ¥* of A*. It is easy to verify that A* is a Hopf algebra. Moreover, ¢*
is associative if and only if ¢ is associative; and similarly for ¢* commuta-
tive, and for ¥* associative or commutative. We note that 4 and A4* are
isomorphic as R-modules, but certainly not as algebras in general.

Let #A* denote the dual to the Steenrod algebra. Then A* is a Hopf
algebra with associative diagonal map ¢* and with associative and commu-
tative multiplication y*. It will turn out that y* is particularly simple: we
will prove that as an algebra A* is a polynomial ring.

For convenience we now consider infinite sequences of integers. Let R
denote the set of all infinite sequences of non-negative integers with only
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finitely many non-zero entries. Such a sequence will be called admissible
if it consists of an admissible sequence in our previous sense, followed
by all zeroes. Precisely, = {i},i,...,i,,...} is admissible if, for some
r>0,i,>0,i,>2i,-, for ]| <q<r, and i;=0 for s >r. Let J denote the
subset of R consisting of all admissible sequences.

For each integer k>0, let I* be the admissible sequence
{21,...,2,1,0,...} (I° denotes the zero sequence).

Lemma 1

Let x denote the generator of H*(Z,,1; Z,). Then Sq¢'(x) = x¥* if I = I*,
and Sg’(x) = 0 for all other non-zero admissible sequences I. Further, for
any non-zero I (admissible or not), Sg'(x)=0 unless / is obtained from
some I* by interspersion of zeros.

This lemma follows immediately from the observation that Sg(x*’) =
(Sq x)zf — (x + x2)21' — xzf _+_x2f+ Sq° 24 + SqZJ 21

Definition

For each i>0, let & be the element of A3 _, characterized by
£(0)(x)* = 0(x) € H*(Z,,1; Z,) for all 6 € #,_; (& is the unit of A*),

It will sometimes be convenient to write (&;,0) for &,(6).

Proposition 1

Let I be admissible. For k>1, (&,8¢'>=1 if I=1I* Otherwise,
(&,8¢"> = 0. Further, for arbitrary I, {&,Sq¢'> =0 unless I is obtained
from I* by interspersion of zeros.

This follows immediately from Lemma . (We remark that this property
could be taken as the definition of ¢&,.)

Now define a set isomorphism y:3— R by y({a,....a,,0,...}) =
fa, —2a,,a,—2as,...,a,,0,...}.

For each Re R, we define ¢Re A* by &R =], (&) where R=
{risr2,. .. }. Note that for [ €3, the deg-r-ee of Sq' is exactly the degree of

z7(I) Eness

We order the sequences of J lexicographically from the right. Thus, for
example, {8,4,2,0,...}>{9,4,1,0,...} > {9,40,...} > {17,3,0,...}.

Theorem 3

For IJeJ, (&,Sq'> =0, I <J;if I=J, <&V Sg'> =1

We will prove this by a downward induction. It is trivial for J = {0,. .. }.
Let J={a;,....q,,0...} and I={b,,...,0,,0,...} where, assuming
J >1, we have akzbk>0 a,>1. Put

J,: {al_zk_l, 02—2"_2,...,0,‘—— 1,0,...}
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Then &Y = V)¢, since y(J’) = y(J) except in the kth place. Calculating,
we have

(ED,Sq"> = (&V8,Sq") = WHE ® &), Sq>
=&Y@ &, ¥(Sq)>
Using the definition of the diagonal map ¥ in #,
<Cy(1)’Sq1> — <év(1’) ® ék, Z th ® th>
=Y (&Y, 8" > (&, Sq")

where the summation is over sequences /,,/, (not necessarily admissible)
such that 7, 4+ I, = I (in the sense of termwise addition).

Now if b, =0, I, has 0 in the kth place and thereafter; hence, by the
above proposition, <(&,,5¢"*> = 0. If b, # 0, we see that the only nonzero
term in the above summation occurs for I, =I* Thus (&',Sq¢"> =

{EYD Sq"" Sy where I' = I — I*; for this is the only non-zero term in the
above summation.

Descent on b, and k completes the proof.

Corollary 2

As an algebra, A* is the polynomial ring over Z, generated by the
{&r@=0.

PROOF: The admissible sequences give a vector-space basis for #. As
J runs through 3, £’ runs through all the monomials in the ¢;. But the
above theorem shows that the & (J admissible) form a vector-space
basis for A*. However, a polynomial ring is characterized by the fact that
the monomials in the generators form a vector-space basis. This proves the
corollary,

ALGEBRAS OVER A HOPF ALGEBRA

Let A and M be a graded R-algebra and a graded R-module, respectively,
where R is a commutative ring with unit. We say that M is a graded
A-module if we are given an R-module homomorphism y: AQ M— M
such that p(1 ®@m)=m and po- (VD=1 u): ARARXM—M,
where ¢, is the multiplication in A.

Now suppose that A4 is a Hopf algebra and that M is an 4-module (as
above) which is also an R-algebra. Then M ® M has a natural structure
as an A-module under the composition

W AQMPOM Y2181, AQRAQMOM L,
AIMROSA®M L2 MM
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(where ¥ is the diagonal map of 4). We say that M is an algebra over the
Hopf algebra A if the multiplication ¢, : M ® M— M is a homomorphism
of A-modules, that is,

AIMOM L MOM

1® ¢Ml l‘ﬂM

AM B M

is a commutative diagram.

As an example, take R=Z,, A =4, and M = H*(X;Z,) where X is
any space. Because of the formal relationship between the Cartan formula
and the diagonal map ¢ of A, we have, for 6 € £ and x,y € H*(X;Z,),
O(pp(x ® »)) = 0(xy) = @ (Y(0)(x ® y)). Thus the cohomology (with Z,
coeflicients) of any space is an algebra over the Hopf algebra .

As another example, let 4 be any Hopf algebra, and let B be a graded
A-module. Then the tensor algebra I'(B) has a natural structure as an alge-
bra over the Hopf algebra 4; we leave the verification to the reader.

THE DIAGONAL MAP OF A*

In what follows we will write H, and H* for H(X;Z,) and H*(X;Z,),
respectively. The space X will be assumed to be a complex of finite type.
Thus we have duality: (H,)* = H* etc. We have a diagonal map
A: X— X X X, and the induced maps Ay: H,— H, ® H, and A* = (A,)*:
H* ® H*— H*. Recall that H* is an algebra over the Hopf algebra #, by
the diagram (1), where the composition along the top row is u’, which

AQH*QH* Y AQAQH*QH* L AQH*QARQ H* 24, H* ® H*

1® A‘l lA‘

.fk@H* [l A71{*

M
makes H* ® H* an s-module.
Define 1: Hy ® #— H, by {A(x,0), y>=<{x, u(0,y)> for ye H*,
xe Hy=(H*)* and 0 € 4.

Proposition 2
A 1s a module operation; i.e., the following diagram commutes.

HAQA 221, H @A

(oo |

H*®A —}')H*
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PROOF: The fact that u is a module operation, o (1 Q@ u)=p.(p ® 1),
which can be expressed by a diagram closely related to the above, is the
essential step in the following calculation:

(Ao (1 ® 0)(x,0,6%), y> = (Ax,9(6,01)), ¥>
= {x, u(¢(6,6'), y)>
= <x, 1(0,u(6,'y))>
= {(A(x,0), u(8',y)>
= {(UMU(x,6),0"), y>
= (4= (A® D(x,0,6"), y>
Proposition 3
The following diagram commutes:
H.QH,QAQA > H,® £® H, ® £ 224 H, ® Hy
Ay ® WT TA.
H. @A 2 > H,

PROOF: This diagram is related to diagram (1) as the diagram for 4 is to
that for p (in Proposition 2), and diagram (1) plays a similar essential role
in the proof, which proceeds by the following calculation, where we write
Ax =) x;®x/ and y(0) =) 0;® 6;:

Ay o Mx,0), y @ y') = {MUx,0), A*(y ® ))>
— (x, H(OA%( © )
=X, A* e (u®p) o Toy(b,y,y")) by diagram (1)
= {Bsx, @M 0;®y ®0;®)))
= xi @ x}, ), w(605,y) ® u(6,y')>
= 2% <y w(05,0) > <, n(05,0°)>
=22 {Mx3,07), p><{Mxi,07), >
=(A®NYY (xi®0;@x{ ® ), y®y'>
=A®A) o To (A ®Y)(x,0), y @ Y'>
Definition R
A Let 1* be the dual of 4; A*: H*— (H, ® A)* = H* ® #* where we write
® as a reminder that infinite sums are allowed.

Proposition 4
A* is an algebra homomorphism.
The proof consists of dualizing the diagram of Proposition 3.
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Proposition 5
The following diagram is commutative.
H*@A* ®.7‘€* o1 H*é()ﬁ*
o] -
H*@A* = H*
This is the dual of Proposition 2.

Proposition 6

For y € H*, the following formulas are equivalent:
L A¥) =3y, 0w, (v; € H*, w; € &*; sum possibly infinite)
2. u(0,y) =Y <O0,wy; for all 0 € £

PROOF: Assume (1). For x € H,,

<x, w(0,y)> = {Mx,0), y> = (x @ 0, 2*y)
={(x®0,)y;@w;
=2 < y{0w)
= {x, ), 0wy
which implies (2) by the duality of H, and H*. Conversely, assuming (2),

x® 0, A*y> = {x, u(0,y)>
= <x, ). {0,wdy»
D RCADICATY
={x®0,2y;@w;>
which implies (1).

Proposition 7

Let x denote the generator of H'(Z,,1: Z,). Then A*(x) =Y, ox* ® &,

PROOF: By Proposition 6, we must show u(Sg’,x) =Y (&,S¢">x*, and
it is enough to check for admissible I. Now (¢,8¢'> =1 when I=1I' =
2012172 ..,2,1,0,...} and has value 0 otherwise. This means that
Y <&,Sq"»x* = 0 except for the particular 7 above, for which the summa-
tion becomes just x*'. But on the other hand u(Sq',x) = S¢'x, and the
theorem follows immediately, by Lemma 1.

Corollary 3 o _
AP =Y j0x> T ® (&)
PROOF: From Propositions 4 and 7,

=10 = (xR =Y, @ &) = Zf_xzw ® (&)
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Theorem 4
The diagonal map ¢* of A* is given by the formula

(&) = 2h-o(&-)"' ® &
PROOF: Using the above formulas, we have
(1® 9*)A*(x) = (1 ® e*)(Lix** @ &) = Lux™ ® 9*(&y)
and also
QD) =@ DNEX*RE) =YY x*'® &' ® ¢

By Proposition 5, these expressions are equal. The theorem follows.

THE MILNOR BASIS FOR A

Recall that {£R}, Re R, forms a basis for 4A*. The dual basis, whose
elements are denoted {Sg*}, is called the Milnor basis for the Steenrod
algebra A. By definition, (&%Sg®>=1 if R=R’ and {(&%S¢*> =0
otherwise.

This is a different basis entirely from the Serre-Cartan basis of admis-
sible sequences; some caution is necessary to distinguish, for example, the
element Sgt?'%--3 of the Milnor basis from the element Sg?Sq' of the
Serre-Cartan basis, especially since one tends in the course of long calcula-
tions to abbreviate both of these elements (which do not even have the same
dimension) to Sg*'. However, we do have the following compatibility.

Proposition 8

Sqt% ) = Sq.

PROOF: By Theorem 3, for I,J admissible, <&’ S¢"> has value O for
I < Jandis equal to 1 for I =J. Observe that for R= {i,0,...}, (R) = R.
Then &® = ¢R and so clearly (&%,S¢'> = 1. If, on the other hand, J is
another sequence of the same degree as R, then J > R, so that (&', Sg'> =
0. Thus Sg' is dual to R and thus Sg' = Sg*, R= {i,0,...}, as was to be
proved.

We illustrate with some further remarks showing the usefulness of the
dual A* in the analysis of the Steenrod algebra 4. For 1 >0, let J, denote
the two-sided ideal of A* generated by

{(61)2:(52)2:—]" . "(éi)Z‘-”lr . ',(Cr)z; ét+l9ét+ 25 }

Define C, as the quotient £*/J,. As an algebra, C, is the polynomial ring
in &,...,¢ truncated by the relations (£)*""'=0 (1<i<n). C, is
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clearly finite-dimensional. Now ¢*(J,) < J, ® #A*, since

¢*(£k)2t-k+1 _ Zi(ék—i)zf—knn ® (éi)zz-kn

which lies in J, ® A*. Therefore ¢* defines a map C,— C, ® C,. Thus C, is
actually a quotient Hopf algebra of A*.

Note also that J, is maximal among ideals J of A* having the following
properties:

1. & eJif and only if i >2'
2. ¢*(J) = J® #A*, and hence A*/J is a quotient Hopf algebra of A*

Let A, be the dual of C,. Then A, is a finite-dimensional subalgebra of .
Clearly Sq' € A4, if and only if (¢,) is not in J,. Thus every Sq’ is contained
in a finite-dimensional subalgebra of 4. It follows that every Sg' is nil-
potent. In fact 4, is exactly the subalgebra of # generated by {Sg’: i < 2'}.
Indeed, let B, be the subalgebra of A generated by the S¢', i <2'. From
the formula for the diagonal map of #, B, is clearly a sub Hopf algebra of
#. Surely B, < A,. But by duality sub Hopf algebras of # correspond to
quotient Hopf algebras of A*, which in turn are quotients of A* by ideals
satisfying property (2) above. The result follows by maximality of J, with
respect to properties (1) and (2).

By refinement of the proof of Theorem 1 of Chapter 4, we can easily
verify that A, can also be described as the subalgebra of 4 generated by
{Sg*':i <t—1}. In recent literature the notation has shifted and this
subalgebra is often denoted #,_,.

Note finally that Sg® € 4, if and only if £® is not in J,, that is, if and only
if we have simultaneously r, <2, r, <271, ..,r, <2, and r, =0 for all
k > t. Thus for every R there exists some ¢ sufficiently large such that Sg®
is in A,. Thus every element of 4 is nilpotent (except of course Sg° = 1).

DISCUSSION

What we have done in this chapter is to construct an algebraic system
with the properties of the Steenrod squaring operations built in. The Adem
relations are imposed in the definition of the Steenrod algebra +. The Cartan
formula appears in more subtle fashion. Formally, the Cartan formula
suggests the diagonal map which makes # into a Hopf algebra; however,
the force of the Cartan formula is that the cohomology ring, under cup
product, of a space is then an algebra over the Hopf algebra .
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The algebra # is of course very complicated. The calculation of the
Serre-Cartan basis was an important step but left many questions about #
open. Milnor’s study of &, based on the dual algebra, yielded a new basis
and many new results. However, work in homotopy theory, especially by
Adams, has shown that much more deep algebraic information about #4
will have geometrical application. In Chapter 18 especially we will illus-
trate this; let it suffice now to say that # remains an important area of

study.

EXERCISES

1. Using the Serre-Cartan basis and the Adem relations, calculate the sub-
algebra of 4 generated (as an algebra) by Sq°, Sq’, and Sg°.
2. Write the elements in Exercise 1 in terms of the Milnor basis.
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CHAPTER 7

EXACT COUPLES AND
SPECTRAL SEQUENCES

In Chapters 2 through 6 we have considered an explicit family of coho-
mology operations, namely, the Steenrod squares. As we indicated in
Chapter 1, we will also wish to make some explicit computations of
H*(n,n; G). For this purpose, and others, we stop to introduce some alge-
braic machinery—that of the spectral sequence. Our exposition is based
on the notion of exact couple.

EXACT COUPLES

An exact couple consists of a pair of modules D,E together with homo-
morphisms f,j,k such that the following triangular diagram is exact at

D_L D
Y
E

each vertex. If we write d = jk: E — E, then d is a differential on E, since
dd = j(kj)k = 0.
Given an exact couple as above, we define the derived couple as follows:

DD
VZ
E/

59
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D'=iD< D; EE=H(Ed); i'=i|D'; j'=j°i"!; that is, j/ takes i(x)
into the d-homology class [j(x)], x € D, and &’ takes [y] into k(y), y € E.
In order that this make sense, certain verifications are necessary: that j(x)
is a cycle and that j'(z), z € D’, depends only on z; that k(y) depends only
on [y] and is in the submodule D’ of D. We leave these verifications to the
reader, along with the proof of the following proposition, which consists
of six easy exercises in diagram-chasing.

Proposition 1

The derived couple is exact.

We may therefore repeat the process of derivation, obtaining an infinite
sequence of exact couples. The nth derived couple is

D, pr

Ell

where D" is clearly a submodule of the original D and i"=i| D". The
description of E”, j”, and k" is more complicated. £” is a subquotient of
E"" ! namely, H(E"',d"" ') where d" = j’k". Let us consider d". First of all,
d'=d' =j'k': E'— E’ takes the d-homology class [y] into the class [j(x)]
where x satisfies i(x) = k(y). (Such x exists because y is a cycle, d(y) =0;
hence k() € ker j = im i.) Now d? is defined on E? = H(E",d"); if d'[y] = 0,
[y]€e E' = E’, then d? = j*k? takes [y] = [[y]] € E? into [j'(x)] € E? where
x € D' satisfies i'(x) = k'[y] (such x exists because d'[y] = 0). Thus d*[y] =
[J'G"~'k'[y]] where it is defined. If we pursue this analysis, we find that
d? is defined when d' and d” are zero and is equal to (i)~ '(i")"'k’; and in
general d" is defined when d',...,d""' are all zero and is equal to
J'()" Yk’ (In the last expression, the superscript denotes an iteration,
and should not be confused with the indexing superscripts, as in i".)

When we are given an exact couple (D,F; /,j,k) and form the sequence
of derived couples (D"E"; i",j"k"), each E" is a differential group with
differential d" = j"k" and E"*' = H(E",d"). The sequence (E",d") is called
the spectral sequence of the exact couple; in general, the term * spectral
sequence” denotes a sequence of differential groups with the property
En+1 — H(E",d").

THE BOCKSTEIN EXACT COUPLE

An important example is the Bockstein exact couple, where i' is induced
by multiplication by 2 in Z; j' is induced by the reduction homomorphism
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D' = H¥( ;2)- H*( :2)
k1 jl

E'=H*(;Z,)

p:Z —Z,; and k' is the Bockstein homomorphism g (see Chapter 3). The
differential d = j'k' of this exact couple is just the Bockstein homomor-
phism &, (see Chapter 3). We will take the above exact couple as the first in
a sequence and consider the derived couple E?, etc. For later convenience
we will use subscripts (rather than superscripts) to index the successive
Bockstein differentials d,; thus d, = d as above; d, = j*k?: E?— E?; etc.

The operation d, acts essentially as follows: take a cocycle in Z, coeffi-
cients; represent it by an integral cocycle; take its coboundary; divide by
2" (this is possible because d, is defined only on the kernel of d,_,); and
reduce the coeflicients mod 2. Notice that every d, raises dimension by
1in H*( ;Z,).

The Bockstein differentials act on cohomology with Z, coefficients, but
they can be made to give information about integral cohomology. To see
this, let X be a space and recall that

H*(X;G) =Hom (H,(X),G) ® Ext (H,_,(X),G)

by the universal coefficient theorem. Therefore a direct summand Z in
H/(X;Z) gives rise to a summand Z in H?(X;Z) and to a summand Z,
in H(X;Z,). A summand Z,. in H,(X;Z) gives rise to a Z,. in H**(X;Z)
and to summands Z, in H?(X;Z,) and H**'(X;Z,). The following propo-
sition is now self-evident.

- Proposition 2

Elements of H*(X;Z,) which come from free integral classes lie in
ker d, for every r and not in imd, for any r. If z generates a cyclic direct
summand of order 2" in H"*!(X;Z), then there exist cyclic direct summands
of order 2 in H"(X;Z,) and H"*'(X;Z,), generated, say, by z’ and z’,
respectively; di(z’) and d(z") are zero for i <r, and d(z') = z". (Implicitly,
z" and z” are also not in im d; for i <Cr.)

We say that the image by p of the free subgroup of H*(X;Z) “ persists
to E©” and that z’ and z” * persist to E" but not to E"*1.”

The following application will be important in our computations of the
homotopy groups of spheres.

Corollary 1
Suppose that for some X, H(X;Z,)=0, i <n, and H(X;Z,)=Z,,
generated, say, by z. Then we can infer H"(X;Z), except for torsion in
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odd primes, as follows: H"(X;Z)=Z if dz=0for all r; and H'(X;Z)=
Z,ifdz=0,i<n,and d,z#0.

THE SPECTRAL SEQUENCE OF A FILTERED COMPLEX

We turn now to a detailed study of another example: the exact couple
of a filtered complex, and the associated spectral sequence.

Let (K,d) be a chain complex. Let {K”} be a filtration of K, that is, a
family of subcomplexes of K such that K? = K?*! for every p. Later we
will assume that K? = 0 for p <0 and that {J, K = K, but for the present
these hypotheses are not necessary.

From the short exact sequence

0K 'S5 KP—KP/KP" 10
we obtain a long exact sequence in homology,
_6‘) p+q(Kp—1)"'i‘>Hp+q(Kp)—j)Hp+q(Kp/Kp_1)“—)
Hypgoi(K"™ )y — o (1)

where the coefficient group, understood to be fixed, is suppressed from the
notation. We thus obtain a bigraded exact couple by taking

Dpyq:Hp’rq(Kp) E,,= p+q(Kp/Kp_l)
ipgi Dpg=Dypiig1: Hyr (KD — H,, (KT
Joat DpaEpg: Hp+q(Kp)_’Hp+q(Kp/Kp—l)

k E,;—Dp 1y Hp+q(Kp/Kp_l)_’Hp+q—1(Kp_1)

p.q

so that the portion of the long exact sequence (1) displayed above becomes,
in the notation of the exact couple,

kp,g+1 ip-1,q+1 ip.q kp,q ip-1,q
— "Dp—l,qﬂ D Ep,q Dp—lyq —

p.q

Finally, the differential of the exact couple is
d:jk: Ep,q__-)Ep—'l,q: Hp+q(Kp/Kp_l)_> Hp+q_1(Kl7—1/Kp—2)

In this exact couple, the groups D and E are bigraded; the bidegrees of
the maps i, j,k,d are implicit in the representations given above. In Figure 1
we display a portion of the diagram in which all these groups and maps
appear. The reader should trace the long exact sequence (1) through this
diagram and should also see how the differential d appears there.
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Now attach a superscript 1 to D,E,i, j,k,d in the above, and consider the
derived couple. We have

2 —im i DU 1
D;,=1imi: Dp—l,q+1—')Dp,q
1 .t 1
kerd,, E,,—E)-14

E?, = H(E!
P.q p ; T Tl 1
m dp+ 1,9 Ep+ l-q—’EP,q

q°

dY) =

As before, the maps 2, etc., are given subscripts to agree with those of the
domain; thus

2 .2 2
Ipg- Dp.q—’ DpH,q—l

and so forth. The reader should verify that in the nth derived couple the
bidegrees of the maps are as follows:

MAP BIDEGREE
i a,-Dn
Jj" (—n+1,n-1)
k" (—1,0)
d*=j"k" (—n,n—1)

Observe how d" appears in Figure 1. In the first place, d,, goes from the
group E, , (in the center of Figure 1) two steps to the right, by k and then j.
If an element is in the kernel of d', d'(x) =0 (x € E, ), then k(x) is in the
image of the appropriate i, by exactness of (1); and d*(x) is essentially the
class obtained by taking x ““ right one, up one, right one.”” We have remarked
before that d? is essentially j'(i')”'k". In general d**" is essentially j(i) "k,
which on the diagram means ‘ right one, up r, right one’’—this making
sense if d" vanishes.

We have the following formula for E} .

Proposition 3
E; , is isomorphic to the quotient group

,im :Hp+q(Kp/Kp'_r)_) Hp+q(Kp/Kp_ 1)
im 0:H,,,.,(K**" /K> H,, (K°[K°")

For convenience we shall abbreviate this quotient to *“4/B.” The map 2
which is used in B is the boundary homomorphism of the exact homology
sequence of the triple (K?*"~',K?,K?~ "), while the map of which 4 is the
image is one of the maps in the exact sequence of the triple (K?,K?~',K*~").
Note that, by exactness of this last sequence, 4 = ker 2: H,, (K?/K?~')—
H,,,-(K*"'/K?™"), where 0 is the boundary homomorphism of the triple

p
in question.
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PROOF: If r = 1, the proposition reduces to a triviality. If r = 2, we have
A=Xker o: H,, (KP/K*""Y—> H,,,_,(K?"!/KP~?), but this map is exactly
the map d, ,; moreover, Bis justim d,., ,; thus the proposition is obvious
in this case also.

Now suppose r > 2. We seek an isomorphism f: 4/B— E} . We first
note that there is a natural homomorphism f: 4—E;3". To see this,
suppose x € A (= ker @ as above). This means that x is an element of
H,.(K°|KP"'y=E}), such that o(x)=0eH,.,_,(K""'/K"""). Thus
k, x) is in the image of i"™V: H,,,_(K*")—> H,;-1(K""") (use
Figure 1, where these groups and maps are displayed). Then i~ ¢~ 2k(x)
is in im i = ker j, so that d"~'(x) = 0. Thus we have shown not only that
x projects to E;.' but that it projects into ker d;'. We therefore have a

homomorphism f: A—Z; ' where
-1 __ -1, -1 -1
Zy ) =kerd, i E o ET -2

In order to show that f induces a map from 4/B to E} ,, it is now sufficient
to show that f(B) < B;,' where

B;;l =im d;::—l,q—r+2: E;:rl—1,q—r+z_*E;.;1
But this is clear; for, if x € B, then x = &(y) for some
Y& Hp+q+1(KP+r_l/Kp)

Let y' be the image of y in H,. .4 (K?*"~'/K?*"~2)the latter group
appears in the lower left corner of Figure 1; then f(x) = d"~'()").

Thus we have a natural homomorphism

f:AIB—E; =270 B; !

To see that f is onto, let x be an arbitrary element of Z;,!. Choose
x'e E}, such that x' projects onto x. Then k(x")=i""%(y) for some
yeH, ,_(K’"""!) and we can assume j(y)=0. But j(y)=0 implies
yeimi, or k(x')eim@®™"), so that x' € A=ker o: H,, (K*/K*"")—
Hp.p-(K?"'/K"™") and f(x') = x. This proves that fis onto.

To see that f is 1-1, suppose f(x) € B;,"'; we must show x € B. Now
x=d""'(y)forsome y € H,,,.,(K**"7*/K?*"~?). Since k(y) is in the image
of i”~ 2, if we consider the triple (K”*"~',K?*"~2 K?), we have &(y) =0 in
H,.(K"*"~*/K?), and so there exists z € H,,,,,(K**""'/K"), which goes
to y in the exact sequence of that triple. Denoting by w the image of z in
H,. (K", we have i*"?(w)=k(y); hence x=d"~!(y) =j(w)= &z), so
that x € B.

This completes the proof of Proposition 3.
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Definition
F,,=im: H,, (K?)—> H,, (K).

Definition

E i =Fpo/Fpiq+1:

The second definition makes sense because F,_ ,+; =im: H,, (K*7!) —
H,, (K) and this latter map can be factored through H,, (K?).

The F,, form a filtration of H.(X) and the E;, form the associated
graded group. There is no a priori connection between E" and E®, but the
notation is suggestive, and the following formula, analogous to Propo-
sition 3, reinforces the suggestion.

Propaosition 4
E;, is isomorphic to the quotient group
im: H,. (K") — H,, (K?/K?™")
im a: Hp+q+ I(K/Kp) _—)Hp+q(Kp//Kp_ l)

where the maps in question come from the homology exact sequences of
the pair (K?,K*~?) and the triple (K,K?,K"~'), respectively.

We shall abbreviate this quotient as “C/D”.

The proof follows immediately from the diagram below and a standard
argument (see Exercise 1). :

(K7Z))

p+ q \Hp+ q(Kp)/
,J(K)/ T~ p+l(1<"/1<" 1)

Our intention is to use the spectral sequence to get information about
H.(K) from knowledge of the subcomplexes {K?}. In order to press this
program, we now consicer the following convergence conditions on the '
subcomplexes {K?}:

1. KP=0 for all p <0
2. E;,=H,. (K’/KP"')=0for allg <0
3. K=, K?

It follows from (1) that £}, =0 for ail p <0, and thus it follows from
(1) and (2) that E; , =0 for all r whenever p <<0 or g <0. The next two
results show how much more we can deduce from conditions (1) to (3).

p+q+1(K/K )

Praposition 5
If (1) and (2) hold, then E; ,= E}}' for any r >max (p,q + 1).
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The proof is easy : by definition, E; %' is the homology of E;, , with respect
to d" as follows:

dar r
> Ep—r,q+r-—1

¥ dr r
Ep+r.q'r+1 - Ep,q

but when » >max (p, g + 1), the two groups at the ends of this sequence
are both zero, as a consequence of (1) and (2).

Theorem 1

If convergence conditions (1) to (3) hold and r >max (p, g + 1), then
E;,~ EJ, Thus the convergence conditions imply that, for each (p,q),
the groups E; , become stable with sufficiently large r and the stable group
is exactly E;°.

PROOF: Recall from Propositions 3 and 4 that E; , ~ A/Band E;, ~ C/D.
(For the definitions of A, B, C, D, refer to Propositions 3 and 4.)

We first show that B = D, provided r > ¢ + 1. In the diagram below,

(y

Hp+q+1(KP%P)_¢_>Hp+q+ (KF+I‘/KP)__)Hp+q+l(Kp+r/Kp+r—1)
é

Hy KK

the row is exact, and the last group in the row is E,., ,—,+; = 0 by condi-
tion (2), so that ¢ is onto and thus im ¢ =im ¢’. Under hypothesis (3), it
follows that B = D.

If r > p, then (1) implies that H,, (K*/K?™") = H . (K?). Thus we have
A = C. Therefore when r >p and r >¢ + 1, we have A/B= C/D, and the
theorem is proved.

Recall that £, = F, /F,_, ,+ where F, ,=im: H,, (K?) — H, . (K).
Assuming the convergence conditions (1) to (3), we have E?, =0 for p <0
or g < 0. Therefore the following series is finite:

Hn(K):Fn,ODFn—l,I SR DFl,n—l DF‘O,n

and the successive quotients are the groups E%_ ;. This composition series
gives us considerable information on H,(K); we say ‘ the spectral sequence
converges to H,(K).” Note for fixed n, only finitely many computations
are needed to obtain a composition series for H,(K).

EXAMPLE: THE HOMOLOGY OF A CFLL COMPLEX

As an application, let K be the singular chain complex of a cell complex
(also denoted by K) and K” be the singular chain complex of the p-skeleton;
H, will denote singular homology (with some fixed coefficient group).
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The convergence conditions (1) to (3) are clearly satisfied; moreover we
have a strong form of condition (2), since E, = H,. (K?/K*"')=0 for
all ¢ #0. It follows from this last observation that E, =0 for ¢ #0,
and E,, likewise. The composition series collapses, and we have

Hn(K) = Fn,O = En,‘O

Also, d" must be identically zero for r > 1, since it changes the second grad-
ing; thus H(K)=E, ,=E},. From the definitions we easily see that
H,(K) is nothing but the homology at H,(K?/K?"') in the following long
sequence (not exact),

coo > Ho (KPR S H (KPR Y S H, (KPR )
= Ep1+ 1,0 = E;,o = E,}— 1,0
where each d’ is the boundary homomorphism of a certain triple of the
form (K?,K?~*',K?~?). Thus we have proved the familiar result that the

singular homology of the cell complex K may be computed as the homology
of a complex C(K), in which C(K) = H(K?/K"™").

DOUBLE COMPLEXES

An important source of filtered chain complexes is the double complex.
A double complex is a doubly indexed family {C, ,} of abelian groups, with
two differentials,

’. ",
a: Cp.qﬁcp-l,q’ d": Cp,q_’Cp,q—l

such that d'd’ =0, d’d”"=0, and d'd” +d"d"=0. We also assume that
C,,,=0for p<0org<0.

An example of a double complex is given by setting C, ,=4,® B,,
where (4,d,) and (B,dp) are given chain complexes; we put d' =d, ® 1,
d"=(—1)"1,0d: A, B,—~ A, B,_, :

A double complex (C, ,,d',d") gives rise to a chain complex (C,.d) if we
set C, =3 ,+4-n C,, and d=d' -+ d". There are two obvious filtrations of
the complex (C,,d):

1. 'Y= z.i+q=n Cf,q

jsp

”
Cq Zp-H( n pk

Each of these filtrations gives rise to a spectral sequence. For instance,
in (1), one has 'E},= H,, ('C?/’C*""). Here ('C?/'C*""),=C,,-, or,
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equivalently, ('C?/'C?™'),+,= C, ,. One verifies that the above homology
group 'E' is computed by means of d” and that the differential 4" is induced
by d'. Thus, in a rough but natural notation, we may write 'E?, = H,H, (C).
In (2) the situation is similar but the roles of the two indices are inter-
changed. We write "E}, = H;H)(C).

Each filtration obviously satisfies the convergence conditions, and there-
fore each spectral sequence converges to the same thing, namely, H,(C).

We illustrate these ideas with a theorem in homological algebra. We
recall the definition of Tor (4,B) for abelian groups 4,B. In the first place,
we may define "Tor (4,B) by taking a free abelian resolution

0—>oR —->F —>4—0
of A4; 'Tor (A4,B) is characterized by the exact sequence
' 0—'Tor (4,B) >R @ B>F' ® B—>A® B—0
In the second place, we may define "Tor (4,B) by a resolution of B
0—-R"—-F'—-B—0
and the requirement that the following be exact:
0—"Tor(4,B) AR 5 ARF - A® B—0
From either definition, it follows that Tor (4,B) =0 if either 4 or B is

free.

Proposition 6

"Tor = "Tor.

PROOF: Let X be the chain complex with X; =R’, X,=F, X;=0
otherwise. Let Y be the complex Y, =R", Y, = F", Y; =0 otherwise. Let
C be the double complex X ® Y. Then

[C ] B F/ ® R// RI ® R//
p.qd — FI®FII RI®F”
We first compute H,(C) from the spectral sequence of the filtration (1).
First,

[ o 0

"Tor (F',B) "Tor (R’,B)
“|F®B R®B

and finally,
! n . 0 O
Hy(H (€)= [A ®B 'Tor (A,B)]
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This is £% and hence also E*. Thus Hy(C) = A® Band H,(C) = 'Tor(4,B).
On the other hand, computing from the spectral sequence of (2),

e |JA®R" 'Tor (4,R")=0
H(C) = [A ®F" 'Tor(A,F") = O]

mygoy=| 7D

By this route we obtain H(C)=A4® B, but H,(C)= "Tor (4,B). Thus
"Tor (4,B) = H,(C)="Tor (4,B).

We have thus also proved that Tor (4,B) is independent of the choice
of free abelian resolution.

DISCUSSION

We have chosen to emphasize the exact couple as the starting point for
the theory of spectral sequences. This point of view, due to Massey, seems
conceptually simpler than earlier methods, which were based directly on
differential filtered groups, or than the more abstract methods of Cartan
and Eilenberg.

On the other hand, while we have developed the spectral sequence of a
filtered complex as an example of a bigraded exact couple, we now note
(with Cartan-Eilenberg) that the results obtained do not really depend on
the existence of the complex K. To construct the exact couple, we need
only a family of groups fitting into the diagram of Figure 1, that is, play-
ing the roles of H,(K”) and H,(K**'/KP). If we have as well groups playing
the roles of Hy(K), H.(K/K?), and H,(K?*"/KP)—that is, fitting into the
relevant exact sequences—and satisfying suitable convergence conditions,
an analogue of Theorem 1 will apply. The reader will find examples in the
Appendix below and in Chapter 14.

APPENDIX: THE HOMOTOPY EXACT COUPLE

As another example we describe the homotopy exact couple. The results
include a derivation of a certain exact sequence of J. H. C. Whitehead, who
discovered it by other methods. For this example we assume the relative
Hurewicz theorem.
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Let X be a CW-complex; consider the exact homotopy sequence of the
pair (K?,K?~1). By setting

D;J’q = Tp+ q(Kp) Ez},q = np+q(Kp’Kp_ 1)

we obtain the homotopy exact couple, with a diagram analogous to Figure 1
of this chapter. (Weremark first that E* is nota homotopy invariant of K and
second that we leave to the reader the definitions of D}, and E, , for small
p and g.) The convergence conditions will clearly be satisfied if we have
the relative Hurewicz theorem for K (so that E), = 0 for ¢ < 0); hence we
assume K simply connected. Then this exact couple gives a spectral sequence
which converges to n,(K). Consider the derived couple (which is a homotopy
invariant, but we leave the proof to the reader); a typical portion of this
couple appears as follows:

“'—>E;%+1,0—k2-)D2 Dp+1—1—'>E : (l)

It can be shown that EZ, ~ H,(K). In fact it is clear that E,, ~ C,(K);
and one verifies that d' is the same as the homology boundary. Thus the
above sequence (1) contains the homology of K. Moreover, D%, _, =
im j: 7 (K?)— n,(K**') = n,(K), but j is onto, so that the sequence (1)
also contains the homotopy of K. If we denote by I',(K) the group
D}, =im: n(K"~') > n,(K"), then (1) becomes the exact sequence of
J. H. C. Whitehead:

H, (K)>T (K)>n,(K)>HK)—> -

As a corollary, suppose K is (n — 1)-connected. Then the inclusion
K"™' = K" is null-homotopic, by an easy obstruction-theory argument;
hence I' (K)=0 for p <n, and hence, if K is (n — 1)-connected, then the
Hurewicz homomorphism =, ,(K)-— H,.,(K) is onto.

EXERCISES

1. Prove the following * butterfly lemma ”: Given a commutative diagram

> l
S

A

d

B
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of abelian groups and homomorphisms, in which the diagonals pi and ¢ are
exact at C, there is an isomorphism

imq imp
imf img
(Proposition 4 is a special case.)

2. Prove that the homotopy exact couple is not a homotopy invariant but that
the first derived couple is (see Appendix).
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CHAPTER 8

FIBRE SPACES

In this chapter we recall elementary properties of fibre spaces and state
properties of Serre’s spectral sequence for the homology of a fibre space.

FIBRE SPACES

Let E and B be topological spaces, and let p be a map of E onto B. The
map p is a fibre map in the sense of Serre if it satisfies the covering homo-
topy condition for finite complexes; that is, given any finite complex K,
amap g: K— E, and a map F: K X I— B such that F(x,0) = p(g(x)) for all
x € K (thus F is a homotopy of pg), then there exists a map G: K x I»FE
such that G(x,0)=g(x) and such that p(G(x,r)) = F(x,?). (Thus G is a
homotopy of g which covers the homotopy F.)

In the same context, p is a fibre map in the sense of Hurewicz if it
satisfies the covering homotopy condition for all topological spaces; i.e.,
if in the detailed definition above, K is an arbitrary topological space.
Clearly every Hurewicz fibre map is also a Serre fibre map; the converse is
false.

We say that (E,p,B) is a fibre space if p is a fibre map.

We will always assume that B, the ‘““base space,” is arc-connected.
(This makes redundant the assumption that p be onto B.) And when the
sense is not specified, *‘ fibre map” will be understood to mean: in the
sense of Serre.

73
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Choose a base point * in B. Then p~'(*) is a subspace of E, called the
fibre F of the fibre space. For any b € B, the subspace p~*(b) of E is called
the fibre over b. In a Hurewicz fibre space, all the fibres have the same
homotopy type; in a Serre fibre space, any two fibres which are both finite
complexes must have the same homotopy type.

A fibre map p induces, in homotopy, an isomorphism

P’ T4(E,F) ~ 1y(B)

and, using this isomorphism, the exact homotopy sequence of the pair
(E,F) becomes the exact homotopy sequence of the fibre space:

- o (F)—>a E)—n(B)—>n,_ (F)— -

We assume that the reader is familiar with the general theory of fibre
spaces, including the notions set forth above, as well as certain others, in
particular the action of n,(B) on the fibre and the coefficient bundle X (F)
over B. (Although results will often be stated in terms of (co)homology
with local coeflicients, in practice we will assume that the local coefficients
are simple.) However, we will further discuss the general theory of fibre
spaces later, especially in Chapters 11 and 14.

We assemble several important examples.

Example 1

(R,p,S') where R is the real line and S' may be considered as the reals
modulo 1, the interval 7 = [0,1] with the endpoints identified; p is the natu-
ral projection. The fibre is Z, that is, an infinite discrete group which we
identify with the integers. From the exact homotopy sequence of this
fibre space we deduce the homotopy groups of S*:

T(SHY~Z  m(SH)=0forn>1

Example 2 :

(S%,1,5%) where n is the Hopf map. The fibre is S'. From the previous
example, 7,(S') = 0 for n > 1, and therefore the exact homotopy sequence
of the Hopf fibration takes the form

+ 0> 13(8%) > 13(S?) >0 - 1,(S?) > 7,(§H) - Z —0

which confirms that 7,($%) &~ Z and shows that, for all n > 2, #,(S%) ~
7,(S?). Thus in particular n(S?) = Z generated by the class of .

Example 3
(E,p,B) where B is an arc-connected space with base point , E is the
space of paths in B beginning at *, and p projects a path onto its terminal
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point. The path space E is given the compact-open topology. It is easy to
show that E is contractible; the usual contracting map pulls each path
back along itself to the base point. The fibre is QB, the space of loops in
B at *; since E is contractible, the exact homotopy sequence shows that,
for any space B,

1(QB) ~ 7, (B)

Example 4

(C,p,B) where C is a regular covering space of B and p is the covering
map, which is a local homeomorphism. The fibre G is a discrete group, the
group of covering translations. Since G is discrete, we have, from the exact
sequence, n,(C) ~ 7,(B) for n > 1, whereas the exact sequence terminates
as follows:

71(G)— 7, (C)-2> 7 (B)— G— 7,(C)

and the groups on the ends are trivial, so that G ~ n,(B)/p,n,(C). (Since
C is a regular covering, =,(C) is a normal subgroup.) If C is simply con-
nected (the universal covering), then G ~ n,(B).

Example 5

(8*"71, p, CP(n— 1)), the base space being complex projective space;
the fibre is S'; it is understood that n > 1. From the exact sequence, we
have n,(CP(n — 1)) ~ n,(S') ~ Z, and n,(CP(n — 1)) ~ n,(S*"~ ') for i > 2.
Thus the first non-trivial homotopy groups of CP(n — 1) are infinite cyclic
groups in dimensions 2 and 2n — 1. It follows that CP(0) is a K(Z,2)
space.

Example 6

(O + 1), p, S") where the total space O(n + 1) is the orthogonal group
in # -+ 1 variables and p is evaluation at a fixed point of S". The fibre is
O(n). From the exact sequence

7i+1(8") = 1(O(m) — 7(0(n + 1)) - n(S")

we have, if n > i+ 1, 7,(0(n)) ~ n(O(n + 1)), so that =,(O(#)) is indepen-
dent of » for n sufficiently large (n > i+ 1). This limiting group is called
the stable group n,(O). These groups are known; by the Bott periodicity
theorem, n,(0Q) ~ n;,5(0), i = 0. The values are

imod8|01234567

7O) |Z, 2, 0 Z 0 0 0 Z
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THE HOMOLOGY SPECTRAL SEQUENCE OF A FIBRE SPACE

Fibre spaces may be thought of as generalized product spaces. In homo-
topy, the analogy with product spaces is expressed through the exact
homotopy sequence of the fibre space. In homology the situation is more
complicated. The main results express the analogy between the total space
E and the product space B x F by means of a spectral sequence which,
under certain hypotheses, starts from the product of the homology of
B and of F and converges to the homology of E.

These results are obtained by means of cubical homology theory, or,
to be precise, based normalized cubical singular homology theory. We will
not derive them. The main theorem is as follows.

Theorem 1 (Serre)
Let (E,p,B) be a fibre space with fibre F, and suppose that B and F are
arcwise connected.

1. The chain complex C(E) admits a certain filtration, giving rise to a
spectral sequence.

2. In the resulting spectral sequence {E’,d"}, the bidegree of d"is (—r, r — 1).

3. El,= C,(B) @ H(F).

4. E} = H,(B;X(F))—local coefficients. If B is simply connected, then

E2, = H,(B;H,(F)).

. The spectral sequence converges to H,(E).

6. iy: H,(F)— H,(E) may be computed as follows:
H(F)=E} ,— E} .= E§, = F, , < H,(E)
r being taken sufficiently large so that Ej ,= EZ,. Note that every d"
vanishes on EY,; hence the map E3 ,— Eb , is defined.

7. ps: H(E)— H,B) may be computed as follows:
H(E)=F,,—E%=E,,< El,=H,B)
where again r is taken sufficiently large. The existence of an inclusion
E! , < EZ, follows from the obvious fact that no element of E , can be
a boundary for any r.

W

EXAMPLE: H.(QS")

To illustrate the application of Serre’s spectral sequence, we compute
H,(QS"), the integral homology groups of the loop space of the n-sphere.
(We assume n >2, so that B=S" is simply connected.) Recall, from
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Example 3 above, that QS" is the fibre of a contractible fibre space over
S". Hence, in the spectral sequence of this fibre space, E};, = 0 except for
Ey, ~Z. We know H(S") ~ Z for i = 0 or n, 0 otherwise. It follows from
item (4) of the theorem that E} ; = 0 unless p = 0 or n. Thus the only differ-
ential in the spectral sequence which can possibly be non-zero is d":
E;, ,— E§ 44,-1. Consider Figure 1, which displays E”. We have E; , ~ Z.

q

2(’1—]) L]

\
(n-—l) 4

Figure 1

Since Erp' = EX =0, the generator of EJ , cannot be a cycle under d”;
moreover, since Ejtl, =E{,_, =0, this generator must map E;,
isomorphically onto Ej,.,. This tells us that H,_,(QS) ~E{, =
E} .. <—E!,~Z. Of course we also see that EJ , must be zero-for
0<g<n—1, and hence H,(QS") likewise. In informal language, the
groups E§ , for 0 <q <n — 1 must be zero groups because there is nothing
that can “kill”’ them, and in order to * get rid of” the Z at (»,0) we must
have a Z at (0, n — 1).

We now apply similar reasoning to the next (n — 1) rows. From item (4),
El, . =H(S";H,_(QS"))=H,(S";Z)=Z. To get rid of this Z, we must
have an isomorphism d": E; ,_,—=> E§ ,(»-1), and the inference is that
H(QS")=0for (n—1)<g<2(n—1), with Hy,_,, ~ Z.

Once the pattern is established, it is obvious that an inductive proof
gives H (QS") ~ Z for g an integral multiple of (# — 1), and zero otherwise.
This completes the calculation.

SERRE’S EXACT SEQUENCE
Although in general a fibre space does not yield a long exact sequence

in homology as it does in homotopy, the Serre spectral sequence gives the
following result in that direction.
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Theorem 2

Let (E,p,B; F) be a fibre space, with B simply connected. Suppose that
H{(B)=0 for 0 <i <p, and that H(F)=0 for 0 <j <gq. Then there is
an exact sequence (of finite length),

Hp+q—1(F)l-> p+q— 1(E)—> ptq— 1(3)——’ p+q— z(F)
> H(E)—0

PROOF: It follows from the hypotheses that E7?;=0 when either
0 <<i<<p or 0 <<j<<q. Thus the normal series for H,(E), which contains
the E¥; terms for which i 4- j = n, collapses to the exact sequence

0—EF,—»H(E)—E3—0
Now in the general case we have the exact sequence

O—-)Eno—éEn 0——) Eon 1_’)E0n 1—)0

When n <p +gq, we have E; o ~ H(B) and Ej ,_, ~ H,_,(F). Making
these substitutions in the last above sequence and splicing together the
two types of sequences displayed above (for all n <p +¢q) yields the
sequence of the theorem,

We refer to the sequence of the theorem as the exact homology sequence
of the fibre space, or Serre’s exact sequence (in homology).

The map <: H,(B)— H,_,(F), which corresponds to d} ,, is called the
transgression. Thus far it is defined only when n <<p +¢ where p,q are
as in the hypotheses of the above theorem; later we will study the trans-
gression in greater generality. That the other maps in the exact sequence
are actually 7, and p, is stated in terms (6) and (7) of the main theorem.

Our theory casts new light on the Hurewicz theorem.

Theorem 3 ( Hurewicz)

Let X be a connected space with #,(X)=0 for all.i <n (n >>2). Then
H(X)=0for all i <n and n,(X) ~ H(X).

We take as known the corresponding theorem in which n =1 and the
last statement is replaced by n,(X)/C ~ H,(X) where C is the commutator
subgroup of 7,(X). We can then prove the present theorem by induction
on n, using Serre’s exact sequence. Consider the contractible fibre space
(E,p,X; QX). By the induction hypothesis, H(X)=0 for all i <n—1,
and H,_(X)~ n,_,(X)==0. It remains to show that H,(X) ~ n,(X). Now
n(QX)~ n;,,(X); so we can apply the induction hypothesis to the space
QX andweobtain H(QX) = Oforallj <n — land H,_(QX) ~ n,_ (QX)~
n,(X). We apply Serre’s exact sequence, with p=n and g=n—1;
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p+q—1=2n—2>n, so that H(X)~ H,_,(QX). But H,_,(QX)~
n,(X). This completes the proof.

(We omit to show that the isomorphism of the present theorem is in
fact the usual Hurewicz homomorphism.)

In somewhat similar fashion one can give a proof of the relative Hure-
wicz theorem. We omit it here, however, because we will state and prove
this theorem in greater generality in Chapter 10.

It is well known that any map f: X— Y is homotopically equivalent to
an inclusion map f': X— Y’ where Y’ has the homotopy type of Y. (The
standard procedure is to take for Y’ the mapping cylinder of f.) This lends
weight to the following theorem of J. H. C. Whitehead.

Theorem 4

Suppose f: X < Y, where X is arc-connected, Y simply connected, and
m,(Y,X) abelian. Then, for » > |, the statement that f, (the induced map
in homology) is isomorphic for dimensions j<#n and epimorphic in
dimension » is exactly equivalent to the corresponding statement for f,
(the induced map in homotopy).

The proof is easy by our present methods. Write the homotopy-homology
ladder of the pair (Y,X):

7(X) 225 7, (V) = 1, ¥.X) o> T (X) > -

v v
H(X) 7> H(Y) > H(Y,X) > H,_((X)— -~
Now consider the following statements:

1. f, is isomorphic, j < n, and epimorphic, j =n
2. The pair (Y,X) is n-connected

3. H(Y,X)=0forj<n

4. f. is isomorphic, j << n, and epimorphic, j =n

Statements (1) and (2) are equivalent, by the exactness of the homotopy
sequence; (3) and (4) are equivalent by the exactness of the homology
sequence. Finally, (2) and (3) are equivalent by the relative Hurewicz
theorem. Thus (1) and (4) are equivalent, which establishes the theorem.

Covollary 1

If X and Y are simply connected and f: X— Y, then f; is isomorphic
for all » if and only if f, is isomorphic for all n.

This follows from the theorem upon observation that if =,(X) is abelian,
then n,( Y, X)is abelian (as required in the theorem). Of course Y is replaced
by an equivalent space such that f becomes an inclusion; this does not affect
the desired conclusion.
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THE TRANSGRESSION

We return to the study of the transgression. The transgression has ap-
peared, in the case where the fibre F is (¢ — 1)-connected and the base
space B is (p — 1)-connected, as a map t: H,(B) — H,_,(F), defined when
n <p +q and given by dj ,.

We now define the transgression more generally as d ,, without sup-
posing anything about connectivity of F and B. Then the transgression t
in general has a subgroup of H,(B) as its domain and takes values in a
quotient group of H,_,(F).

There is an entirely different description of the transgression which will
be important in what follows. In the fibre space (E,p,B; F) let p, denote
the map of pairs induced by p,p,: (E,F) —(B,*). We define (for any n) a
transformation 7 from im (p,)s, which is a subgroup of H,(B,*), to a
quotient group of H,_,(F) as follows: if x €im (py), < H,(B,*), choose
y € H,(E,F) such that (p,)«(y) = x and take 9y as a representative of 7(x).
The value of 7(x) lies in a quotient group because of the indéterminacy
arising from the choice of y.

We say that x € H(B) is transgressive if ©(x) is defined. Identifying
H,(B) with E?,, this is equivalent to the condition that d'(x) =0 for all
i < n. We assert that this is in turn equivalent to the condition that x lie
in im (p,)s and that, moreover, if x = (p,)«(»), then t(x) is the homology
class of dy. Thus t = 7. We omit the proof’; the reader is referred to Serre’s

paper [1].

THE COHOMOLOGY SPECTRAL SEQUENCE OF A FIBRE SPACE

We now outline the situation for cohomology, which is entirely analo-
gous to the situation for homology as described above but is enriched by
the ring structure and the squaring operations.

As in Theorem 1, we have a spectral sequence (E,,d,) of which E5? is
given by H?(B;¥(F)) or by H(B; H(F))if Bis simply connected. We have
dPi: EP9— EPTra7r+1 g0 that the bidegree of d, is (r, —r + 1), just the
opposite of that of the homology differential d’. The spectral sequence
converges to H*(E). The reader can translate most of Theorem 1 and the
related discussion into the cohomological case.

As for the ring structure, if R is a ring, then we have the following
results (we omit the proof).
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Theorem 5
There is a spectral sequence with E5* = H?(B; JX%F;R)), converging to
H*(E;R); moreover:

1. For each r, E, is a bigraded ring, i.e., the ring multiplication maps
E?*® E?7 into E?*Pa*e

2. In E,, d, is an anti-derivation (with respect to total degree), i.c., the
following is true whenever it makes sense:
d(ab) =dJ (a)-b + (—1)a-d(b) k = total degree of a

3. The product in the ring E,,, is induced by the product in E,, and the
product in the ring E, is induced by the cup product in H*(E;R).

If R is a field (and in fact we will usually work with R = Z,, for p prime),
then the Kiinneth theorem implies that

E,=H*B;R)® H*(F;R) (tensor product of rings)

Serre’s exact sequence in cohomology is exactly analogous to the se-
quence in homology; if B and F are (p — 1)- and (g — 1)-connected,
respectively, the sequence terminates as follows:

o+ o HP* X (F) 5 HPH 7 \(B) 2 HPH4(E) Es HP 97 I(F)
The (cohomology) transgression is given by
T = dO,n—1: EO'"_1—>Ez'O

We say that x € H"~'(F)is transgressive if t(x) is defined or, equivalently,
if di(x) =0 for all i < n; as before, this turns out to be equivalent to the
condition that éx lies in im p* < H"(E,F); and, moreover, if dx = p*(y),
then 7(x) contains y.

Proposition 1

If x is transgressive, then so also is Sg(x); moreover, if y € 1(x), then
Sq'(y) € 1(Sg'(x)).

The proof is an immediate consequence of the preceding remarks; in
fact, if y € 7(x), then p*y = dx, so that Sg'(p*y) = Sq'(6x). By naturality,
P*(Sq'(»)) = 8(Sq'(x)); but this is equivalent to Sg'(y) = 1(Sg'(x)).

DISCUSSION

The spectral sequence of a fibre space has been a calculational tool of
the utmost importance in the development of homotopy theory. The main
results (Theorems 1, 2, and 5) of this chapter were proved by Serre; at the
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time they represented a major breakthrough in technique. While we have
not proved these theorems here, we urge the reader to consult Serre’s
paper [1] both for the proofs of these theorems and for many other exam-
ples and applications.

We call the reader’s attention to Figure 1 and suggest that he use such a
graph of E* (and higher E’) to facilitate his own computations.

Theorem 3 (the Hurewicz theorem) and Theorem 4 were known before
Serre’s work ; however, use of his results shortens the proofs.

The periodicity theorem of Bott, mentioned in Example 6, has generated
much recent interest in several areas of topology and geometry; we do not
pursue any of these directions here.

EXERCISE

1. Compute the ring H*(QS"; Z). Your result should depend on the parity of n.
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CHAPTER 9

COHOMOLOGY OF K(1r,n)

Since K(Z,1) may be taken to be the circle S’, its cohomology is com-
pletely known, Also, in Proposition 2 of Chapter 2 we showed that the
cohomology ring H*(Z,,1; Z,) is just the polynomial ring Z,[«] where «
is the one-dimensional generator. These two examples provide a starting
point in the computations of H"(x,n; G) in general, which is equivalent
to the classification of cohomology operations of type (z,n; G,m) (Chapter 1,
Theorem 2). We will here compute H*(n,n; G) in a number of cases.

Our method will be to use the Serre spectral sequence of fibre spaces in
which, of the base space, total space, and fibre, two have known cohomol-
ogy, thus permitting the calculation of the cohomology of the third.

TWO TYPES OF FIBRE SPACES

There are two types of fibre spaces which will be important in this attack.
One is the type of Example 3 of Chapter 8: starting from the base space B,
we construct (E,p,B; QB) where the total space is the contractible space of
paths in B initiating at the base point of B and the fibre is the space of loops
in B. Since E is contractible, it follows from the exact homotopy sequence
that if B= K(=n,n), then F=QB= K(z,n — 1).

The other type originates from a given short exact sequence of abelian
groups,

0-A4A—-B—-C—0

83
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Such an exact sequence gives rise to a fibre space for each n. To see this,
K(A4,n) > K(B,n)
p
K(C,n)
we use the following fact.
Proposition 1

Every map f: X — Y is homotopically equivalent toamap f": X' —> Y
where (X, f',Y) is a fibre space in the sense of Hurewicz. Moreover, X
may be taken to be a deformation retract of X".

PROOF: Take X' to be the subspace {(x,4): f(x)= A0)} of X X Y and
put f'(x, 2) = A(1). A homotopy equivalence between X and X'is given by
the map ¢: X — X" x — (x, f(x)*), where f(x)* denotesthe constant path
at f(x), and by the map ¥: X'— X: (x,4) — x. Then ¢y is homotopic to
the identity map of X’ under a homotopy which retracts all paths back to
their initial points. Since ¢ is itself the identity map of X, this shows that
X is a deformation retract of X'. Clearly f'¢ =f, so that fand f” are homo-
topically equivalent.

It is not hard to see that X" is a fibre space in the sense of Hurewicz. Let
go be a map of a space 4 into X" and let {A,} be a homotopy of the map
hy = f'go. For each a € A, g,(a) = (x(a),M(a)) gives a path A(a) starting at
x(a) and ending at hy(a). It is required to give a homotopy {g,} of the map
go: A— X' such that g,(a) = (x(a),A,(a)) projects to 4,(a), whichmeans that
the path A(a) must end at the point 4,(a). This is easy; we let x,(a) = x(a)
for all ¢ and obtain A,(a) by attaching to A(a) the path from hy(a) to s (a)
given by the homotopy {#,}, with a suitable reparametrization. We leave
the explicit details to the reader.

Now suppose we are given an exact sequence of groups, as above. We
may realize the homomorphism B — C by a map K(B,n) — K(C,n), using
Corollary 1 of Chapter 1. We convert this map into a fibre map, and it
is obvious from the exact homotopy sequence of the fibre space that
the fibre has the homotopy groups of K(4,n). What is not obvious is that the
fibre has the homotopy type of a CW complex. We omit to prove this fact.

To illustrate the use of the first type of fibration, we calculate H*(Z,2; Z).

Proposition 2
H*(Z,2; Z) is the polynomial ring Z[1,] where 1, is of degree 2, that is,
(1,)" generates H*"(Z,2; Z).
We use the fibre space
S'=K(Z1)—E

!
K(Z,2)
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where E is contractible, and consider the cohomology spectral sequence
with integral coefficients. Here E2** =0 for g > 1, so that nonzero groups
can appear only in rows 0 and 1 of E, (and consequently E,). Thus only 4,
can be non-zero; all higher d, are automatically zero for dimensional
reasons. Moreover EZ?=0 if (p,q) #(0,0), since FE is contractible. It
follows immediately that H?(Z,2; Z) ~ E%° is Z in even dimensions and
zero in odd dimensions; see Figure 1. Itremains to obtain the ring structure;

q
(E.,d,) —> H*(E), E contractible
2 .
H*(SY)
1¢ Q) * (12®14) . .
w‘ X;lk \djl
(t2)
0 g g - p
0 1 2 3 4 5 6
H*(Z,2,Z)

Figure 1 Computing H*(Z,2; Z)

for this, we use the fact that d, is an anti-derivation and the observation
that d%! is an isomorphism for each p and hence carries generators to
generators. Thus, denoting the generators of E%! and E3° by, and 1,,
respectively, we have

dy(1,®1)=d (1) @1, L1, ®dy(1) = L1, @1,

which shows that 1, ® 1, is a generator of E3°, and hence (i,)* generates
H*Z,2; Z); similarly,

dz(’% ®1)= ’% ®d2(’1) zlg ®1,

so that (1,)® generates H®; and so forth. This proves the proposition.
Observe that the cohomology rings of the base space and the fibre are a
polynomial algebra and an exterior algebra, respectively.

To illustrate the use of the second type of fibre space, we calculate
H*(Z,,1, Z,) directly from H*(Z,1) without recourse to the construction
given in Chapter 2. From the exact sequence

0»Z—>272—-272,—50

we construct a fibre space in which both the total space and the fibre have
the homotopy type of S', while the base space is K(Z,,1). Although in this
case m;(B) # 0, it can be shown that JC*(F) is simple. We can then calculate
H*(Z,,1; Z,), using the spectral sequence of this fibre space (coeflicients
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in Z,)—see Figure 2. Only two rows can contain non-zero groups, since
F= 8! Since E=S', E%*=0 except when (p + ¢) =0 or 1; moreover,
since d, is the only non-zero differential in the spectral sequence, it is
readily seen that E2° = E!° = Z, while E?? = 0 otherwise. One then de-
duces EP? (g =0,1) inductively with increasing p and obtains the desired
groups. As for the ring structure, the only point which is not obvious is
whether «? 4 0 where « generates H(Z,,1; Z,). Since a* = Sq'« and Sg*
is the Bockstein homomorphism, it is enough to show that the Bockstein
is non-zero on a. We leave this to the reader.

q

(Endy) —> H*(SY; Z,)
2

H*(8',Z3)

11(61) e (@®ty) o

[ * [ ]
W\‘\‘
a (persists) ¢} af B2 gaﬁz
1 2 3 4 5

0

0
H*(Z3,1;Z5)

Figure 2 Computing H*(Z,,1; Z,)

These examples should convince the reader that skillful use of the
spectral-sequence diagram can (in some cases) reduce the calculation to
routine. Henceforward we will depend on the reader’s ability to work with
these diagrams. One generally draws a single diagram and considers it to
represent all the E, superimposed upon one another; only in very compli-
cated cases is it necessary to draw separate diagrams for each E,.

CALCULATION OF H*(Z,2; Z,)

We now consider a more complicated example : we calculate H*(Z,,2;7,),
at least in low dimensions. For this purpose we use the fibre space over
B= K(Z,,2) with contractible total space and with fibre F= K(Z,,1).
The spectral sequence (with Z, coefficients) converges to the cohomology
of the total space; hence E%? =0 except at (0,0). The cohomology of the
fibre we know to be the polynomial ring on a one-dimensional generator a.
We proceed as follows with the calculation of the cohomology of the base
space—see Figure 3.
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By the Hurewicz theorem H'(B;Z,) = 0; hence E;*2= 0 for all g and all
r. Then « is transgressive and 1(«) = d,a = 1,, which is the generator of a
Z, at EZ*°, indicating that H*(B;Z,) = Z,. Now H*(F;Z,) is generated by
«?, and since d, is a derivation, d,(2?) = 0; more generally d,(«**) =0 for
all k. On the other hand, d,(«***!) =d,(a) ® a®* =1, ® a?*. Since E, is
the tensor product of H*(B;Z,) and H*(F;Z,), E}* = Z, generated by
1, ®a?. The groups in this column with ¢ even are killed by d9-4*!.
The others are not cycles; Ej****'=Z, generated by 1, ® «***! and
dy(1, ® a®** ) =1, @ (1, ® «**) = (1,)* ® «**. In particular this shows that
E3$° contains a Z, generated by (1,)*. Note that, since 1, is of dimension 2,
(12)* = 5¢°(12).

q

(E,dy) —> H*(E;Z,;), E contractible

at
a3

a?(=Sqla)

(2) (Sq'es) (122 =Sq2ep)
Figure 3 Computing H*(Z,,2; Z,)

Thus the column p = 2 contains groups that alternately kill by or are
killed by d,. We have not yet completed the study of the column p =0,
where d,(2?*)=0. Since « is of dimension 1, «?> = Sg'a. But « is trans-
gressive; hence, so is «* and

d3(a*) = t(a®) = 1(Sq'x) = Sq'(zo) = Sq'(1,)

This shows that E3*° contains a Z, generated by Sg'(i,). If we consider o*,
then, since a* = («)? = Sq*Sq'«, this element also is transgressive and there
must be a Z, at (5,0) generated by Sg*Sq'(1,).
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The reader may pursue this calculation further if he wishes. We remark
that H*(B;Z,) contains not only the Z, already mentioned but also a Z,
generated by the product (S¢'i,)(1;) which arises because d3' must be
non-zero. Also, it is not hard to verify that o" is transgressive if and only
if n is a power of 2.

In fact, H*(Z,,2; Z,) is the polynomial ring over Z, generated by all
Sq'(1,) where I is an admissible sequence of excess less than 2. We can
verify this in low dimensions by computations such as those outlined
above; but to prove it in general we need better tools. A famous theorem
of A. Borel is such a tool.

H*(Z,,9;Z,) AND BOREL’S THEOREM

A graded ring R over Z, is said to have the ordered set x,x,,... as a
simple system of generators if the monomials

{xi,xiz' * 'xi,_: i] <i2 < '<i,.}

form a Z,-basis for R and if for each n only finitely many x; have
gradation n.

Examples of rings with a simple system of generators include exterior
algebras and the locally finite graded polynomial ring Z,[x,,x,,...]; in
the latter case, the {x?*} form a simple system of generators.

Theorem 1 (A. Borel)

Let (E,p,B; F) be a fibre space with E acyclic, and suppose H*(F;Z,)
has a simple system {x,} of transgressive generators. Then H*(B;Z,) is
the polynomial ring in the {r(x,)}.

A proof of this theorem is outlined in an appendix to this chapter.

Borel’s theorem 1is precisely what we need in order to calculate
H*(Z,,2; Z,); in fact, we have the following more general result.

Theorem 2

H*(Z,,q; Z,) is the polynomial ring over Z, with generators {Sq'(1,)}
where I runs through all admissible sequences of excess less than g.

The following proof of this theorem consists of an application of Borel’s
theorem and a lengthy exercise in admissible sequences.

We introduce the notation L(p,r) for the sequence 2"~ 'p,2" ?p,. ..,
4p,2p,p where p >0 and r > 0. (If » =0, we write L( ,0).) Then the excess
of L(p,r) is p and the length of L(p,r) is r; the degree is seen to be p(2" — 1).
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The theorem is known for ¢ = 1 (Proposition 2 of Chapter 2). We prove
it by induction on g. We suppose it true for ¢ and consider the fibre space

F=K(Z»9)—L

!
B=K(Zy,q+1)

By hypothesis H*(F;Z,) is the polynomial ring over Z, with generators
{Sq"(1,): I admissible, e(I) < ¢}. To keep the notation intelligible, we write
H*(F;Z,)= P[{z;}] where {z;} are the Sq'(:,) suitably indexed. Let p;
denote the dimension of z; (which is g plus the degree of the corresponding
I). Then (z,)*" = Sq"*>"(z;). And the {(z;)*"} form a simple system of
generators for H*(F;Z,). Since 1, is obviously transgressive, (1) =1,4,
all these generators are transgressive and Borel’s theorem applies:

H*(B;Z,) = P[{t(z*')}] = P[{zSq"?"""z;}]
= PL{Sg"*"n(z)}] = P{Sq"*"Sq"1,:}] (I from z,)

Thus the theorem will be proved when we have shown that, as I runs
through all the admissible sequences with e(l) < ¢, L(g -+ d(I), r)-I runs
exactly once through all the admissible sequences with e(1) < g + 1.

It is clear that every L(---)-1 is admissible. We will now construct an
inverse function J— LI where J runs through the admissible sequences
with e(J) < ¢ + 1; this will complete the proof.

Any admissible sequence J= {j,,j,,...,j;} may be written (in at least
oneway)asJ = {j,....Ji} {Jis1s- - -5Js} Where j; = 2(j; 1 ) foralli < ¢--1.
(Here ¢t may be zero.) Then J=L(j, )1 and e(J)=j, + e(l) — 2(j,+,) if
t>1;e(J)=e(l) if t=0. Recall the formula e(/) = 2i, — d(I). Substi-
tuting this gives e(J) =j, — d(I) for ¢ > 1.

Now, if t=0, each J with e(J) < ¢ has a unique expression L( ,0)-7
with e(f) < gq; if e(J) =g, then J obviously has a unique expression of
the form L1.

If t > 1, we have e(J) = j, — d(I); hence e(J) =q if and only if j, = q -
d(I). Thus, if e(J) < g, J has a unique expression L( ,0)-7 with e(I) < ¢;
if e(J)=¢q, we choose ¢ the maximum of all allowable ¢ such that
J=L(g+d(), H)-1 (with e(I) < q), namely, the ¢ for which j, > 2(j,,,).

This completes the proof of the theorem.

FURTHER SPECIAL CASES OF H*(n,n;G)

The above results and methods enable us to assemble the following
results about the cohemology of K(=n,n) with Z, coefficients."
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Proposition 3 .

H*(Z?2;Z,) is the polynomial ring over Z, generated by a two-
dimensional class 1,.

PROOF: Essentially the same as for H*(Z,2; Z) given earlier (Proposi-
tion 2).

Theorem 3

H*(Z,q;Z,) is the polynomial ring with generators {Sg’(1,)} where I
runs through admissible sequences of excess e(I) < g and where 7, the last
entry in 7, is different from 1.

PROOF: By the same methods as the proof of Theorem 2. The proviso
i, > 1 arises because Sg'(1,) =0.

Proposition 4

H*(Zym,); Z,) = Pld,(11)] ® E(1,) for m >2. Here d,, denotes the mth
Bockstein homomorphism of Chapter 7; P[d,(1,)] denotes the polynomial
ring over Z, on one generator 4,(:,); and E(:,), the exterior algebra on
one generator i,.

PROOF: Compare the calculation for m = 1 given earlier in this chapter.

Theorem 4

H*(Z,mq; Z,) is the polynomial ring with generators {Sg'~(!,)} where
we define Sg'™ = Sq' if I terminates in i, > 1 and S¢'™ = S¢'*- - - S¢'*~'d,,
(i.e., Sq¢" with d,, replacing Sq*) if i, = 1; and where I runs through admis-
sible sequences of excess e(l) < q.

Proof by the same methods as before.

DISCUSSION

The main results (Theorems 2, 3, and 4) of this chapter were proved by
Serre. Theorem 2 completes at last the proof of Theorem | of Chapter 3.

In Chapter 1 we commented that we would study cohomology opera-
tions both by construction of explicit operations and by general study of
H*(n,n; G). The reader should note that in the cases covered by Theorems
2, 3, and 4 the two approaches have merged. We have both classified the
operations and specifically identified them, as well as having made in
Chapters 3 and 6 detailed analysis of many of their properties.

Theorem 1A of the Appendix, a spectral-sequence comparison theorem,
is by no means stated in full geqera]ity and is in fact a special case of a
theorem of Zeeman.
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We have used (and will use again) the following consequence of a result
of Milnor. Let f: X — Y a map of spaces having the homotopy type of
CW-complexes with a finite number of cells in each dimension. Convert
finto a fibre map (by Proposition 1). Then the fibre is again such a space.

APPENDIX: PROOF OF BOREL’S THEOREM

We outline a proof of Borel’s theorem based on a simplified version of
the spectral-sequence comparison theorem.

In this appendix we consider only spectral sequences satisfying the follow-
ing conditions:

1. EM=0if p<0orgq<0
2. Ept=Ep° ® E9"
3. d™? has bidegree (r, —r + 1)

Note that the Serre spectral sequence for the mod 2 cohomology of a
fibre space has this form.

By a homomorphism f: E — E of spectral sequences we mean a system
of maps {f??},f"4: EP*— EP* such that d,f,=f4d, f,,, is induced by
f. and fP9=fP° ® f7%. We now state a comparison theorem.

Theorem 1A4

Let f: E—E be a homomorphism of spectral sequences satisfying
conditions (1) to (3). Suppose f3*1: E3** — ES is an isomorphism for each
g. Suppose E?% = E%% = 0 except for (p,q) = (0,0). Then £ is an isomor-
phism for all (p,q) and all r > 2.

REMARK : Under the hypotheses, the conclusion is equivalent to the
assertion that f#° is an isomorphism for each p.

The proof is by induction on the column p. By hypothesis, />* is an
isomorphism. We indicate the induction step. Suppose we have proved
3’ an isomorphism for s <p. For r <p, El'° =EP° =0 = Er° = EP°
and fP° is an isomorphism. Now proceed by descent on r—i.e., assume
»% is an isomorphism. Using the fact that E2~"""!= E?""""1 =0 and
the induction hypothesis on p, it is easy to see”that £7° maps im ¢?~""~1
isomorphically onto im d?~""~'. The five lemma and the diagram below

0 —im df—r’r~1 — Erp’o —> Eﬂ'.ol -0
,0 ,0 ,0
Lo Lo e

0—imdr" ' EF° 5 BP0
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sshow that £7° is an isomorphism. The downward induction on r then shows
that /7°° is an isomorphism, which completes the induction on p and hence
the proof.

We now apply Theorem 1A to prove Theorem 1. Take for £ the spectral
sequence in question, namely, the Serre sequence for an acyclic total space
with H*(F;Z,) having the simple system of transgressive generators {x,}.
For case, assume deg x, > 1. We will construct a spectral sequence E and
a map f: E — E in such a way that the comparison theorem applies.

Let P be the graded polynomial ring over Z, with one generator y, for
each x, and with deg y, = deg x, + 1. Let A be the graded exterior algebra
over Z, with one generator z, for each x, and with deg z, = deg x,. Let
R=P® A. Define a differential é of total degree 1 on R by the formula
oy ® z,) =yy, for y € P and the requirement that § be a derivation.

Filter R by setting F?(R) =Y., P"® A and consider the resulting
spectral sequence £ for H*(R). It is easy to check that E5'?= RP4, all
(p,q). Thus E satisfies properties (1) to (3). The acyclicity is easily verified
if {x,} has only one element; the general case follows by the Kiinneth
formula.

Define a ring homomorphism f5*:°: P— H*(B;Z,) by y,— ©(x,) and an
additive (not, in general, multiplicative) homomorphism f?*: A —
H*(F;Z,) by z;,*++z, > x; X, , i, <+ <i,. Define ff1=f°® f>.
Once f, is defined, define f,., by requiring that f,,, be induced by f,. This
is possible since f,d, =d.f,, which is readily checked (and uses the hypo-
thesis that each x, is transgressive).

We now may apply Theorem 1A. It follows that f5°: P — H*(B;Z,)
is a ring isomorphism.
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CHAPTER 10

CLASSES OF ABELIAN GROUPS

In subsequent chapters we will use the Steenrod operations to make many
calculations. The material of this chapter will be an important tool in the
calculations and is of interest in its own right.

Let A be an abelian group. By the p-component of A, where p is a prime
integer, we mean the quotient group obtained from A4 by factoring out the
subgroup of all torsion elements of order prime to p. For example, if
A=ZDZ,®Z;, then the 2-component of 4 is A/Z, ~Z D Z,.

In this chapter we will obtain the following result: Suppose X is a simply
connected space such that H,(X) is finitely generated for all k. Suppose Yis
another such space and that we have a map f: X — Y such that finduces an
isomorphism on cohomology with Z, coefficients. Then the p-components
of the corresponding homotopy groups are isomorphic.

This result will be a fundamental tool in our calculations of homotopy
groups. Its proof is based on Serre’s theory of classes of abelian groups.

ELEMENTARY PROPERTIES OF CLASSES

Definition
A class of abelian groups is a collection C of abelian groups satisfying the
following axiom:
1. f0—A4"—A4—A4"—0is a short exact sequence, then 4 is in C if and
only if both A" and A" are in C
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Thus a class of abelian groups is closed under the formation of sub-
groups, quotient groups, and group extensions.

When we use the letter C, it will be implicit that C is a non-empty class of
abelian groups.

Definition

A homomorphism f: 4— B is said to be a C-monomorphism if ker fe C,
a C-epimorphism if coker fe C, and a C-isomorphism if both ker f and
coker fare in C. .

WARNING: a C-isomorphism may fail to have an inverse.

Consider the relation ~ defined by 4 ~ B if and only if there exists a
C-isomorphism of 4 to B. This relation is reflexive but need not be sym-
metric. We say that two groups A4,B are C-isomorphic if they are equivalent
by the smallest reflexive, symmetric, and transitive relation containing the
above relation. Thus 4 and B are C-isomorphic if and only if there exists a
finite sequence {4 = Ay,4,,4,,...,4,= B} and, for each i (0 <i<n), a
C-isomorphism between A; and A, in one direction or the other.

We will have need of the following further axioms at various times.

2A. If A,Be C, then A ® Be C and Tor (4,B)e C
2B. If A €C, then A® B e C for every abelian group B
3. If A€C, then H,(A4,1;Z) e C for every n >0

Note that (2B) implies (2A), for Tor (4,B) is a subgroup of A ® R for a
certain group R.
The most important examples in our work are the following.

Example 1
C,, the trivial class, containing only one group, the trivial group. This
class clearly satisfies Axioms (1), (2B), and (3).

Example 2

Cr¢, the class of finitely generated (abelian) groups. This class satisfies
Axioms (1), (2A), and (3). A counterexample for Axiom (2B) is given by
A = the integers, B = the rationals. As for the proof of (3), it is enough to
verify (3) for Z and for Z,, p prime. It is clear for Z. For Z,, we have a
cell structure of finite type, from which the result is clear. An analogous cell
structure can be given for p > 2. We omit the details.

Example 3

C,, where p is a prime: the class of abelian torsion groups of finite
exponent such that the order of every element is prime to p. This class
satisfies Axioms (1), (2B), and (3). The proof of (3) is not obvious and we
will give it later.
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If the class C in question is taken to be C, (Example 1), it is readily seen
that all the C-notions, such as C-isomorphism, reduce to the usual classical
notions.

We remark that many standard results of homological algebra have
analogues in C-theory; for example, there is a ““ five-lemma mod C.”

TOPOLOGICAL THEOREMS MOD €

We are interested in the following C-theory generalizations of three
classical topological theorems which have been discussed in earlier chapters.

Theorem 1 (Hurewicz theorem mod C)

Let X be a 1-connected space. Let C be a class satisfying Axioms (1),
(2A), and (3). If n(X) € C for all i <<n, then H(X) € C for all i < r and the
Hurewicz homomorphism 4: n,(X)— H,(X) is a C-isomorphism.

Theorem 2 (Relative Hurewicz theorem mod C)

Let A be a subspace of X; let X and A4 be 1-connected, and suppose also
that 7, : n,(4) — n,(X) is an epimorphism. Let C be a class satisfying
Axioms (1), (2B), and (3). Then if n(X,4) € C for all i < n, it follows that
H(X,A) € C for all i <n and h: n(X,4) — H,(X,A) is a C-isomorphism.

Theorem 3 (Whitehead’s theorem mod C)

Let f be a mapping 4 — X, where A and X are 1-connected, and suppose
[+ 1s an isomorphism on 7,. Let C satisfy (1), (2B), and (3). Then f, is a C-
isomorphism on =; for all / <» and a C-epimorphism on =, if and only if
the corresponding statements hold for f, on H,.

From the Hurewicz theorem mod Cp; (see Example 2) we can immedi-
ately draw a useful consequence.

Proposition 1

All homotopy groups of a finite l-connected complex are finitely
generated.

The proof is immediate from the Hurewicz theorem, in the light of the
following obvious property of classes.

Proposition 2

If the groups A, B are C-isomorphic and 4 € C, then B € C, (Here C need
only satisfy Axiom (1).)

We will indicate the proofs of the above theorems. First we make some
remarks concerning spectral sequences.
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Remark 1
If E}, € C, then E', € C for all r >2.
This is clear from Axiom (1).

Remark 24

If C satisfies (2A), then, in the spectral sequence of a fibre space, if
El,eC0<p<mandEj, e C,0<g <n,itfollowsthat E} e C for all
2,9 in the given range.

Remark 2B

If C satisfies (2B) and H,(B) € C, where Bis the base space of a fibre space,
then E?, € C, for all ¢, in the spectral sequence.

The proofs are easy.

THE HUREWICZ THEOREM

We now indicate the proof of the Hurewicz theorem.

Recall (Theorem 3 of Chapter 8) that we proved this theorem for the
case C = C, by spectral-sequence methods, using induction on ». The induc-
tion began by using classical methods to prove the anomalous case » = 1.
The essential step in the proof is the sequence of isomorphisms

m(X) ~ o () & H,_ (QX) ~ H(X)

where the first isomorphism is well known, the second comes out of the
induction hypothesis, and the third is proved by means of the spectral
sequence of the fibre space (E,p,X; QX ) where E is contractible.

In the present case, we assume X is l-connected, and so the induction
begins without trouble, but we cannot apply the induction hypothesis to
QX because it may fail to be simply connected. We are therefore obliged to
introduce 7, the universal cover of QX, and use the following detour to
obtain what corresponds to the second isomorphism in the above sequence:

1, (QX) ~nr,_(T) (?Hn—l(T) ?Hn-l(QX)

where we write 4 & Bor, sometimes, 4 ~ B (mod €) to indicate that 4 and

B are C-isomorphic. Since X is implicitly assumed * nice,” the theorem of
Milnor (see Chapter 9) permits us to assume that QX (up to homotopy
type) has a universal cover T.

Thus our proof consists of establishing five (C-)isomorphisms. The first
of these, n(X) ~n,_,(QX), is well known (Chapter 8, Example 3).
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It is also well known that n,_,(QX) ~n,_(T). Indeed, the universal
cover of a space has the same homotopy groups as the space except that it
is simply connected; but, as our theorem is obvious for n =2, we may
assume in our proof that n > 2; hence the result.

The next step is the C-isomorphism of =,_(7) and H,_(T). But
n(T) ~n(QX) ~n;, (X) for i > 1; thus T satisfies the hypotheses of the
theorem for dimension n — 1, and thus the result is a consequence of the
induction hypothesis.

The next, and crucial, step is to establish that H(T") ~ H{(QX) (mod €)
for all i <<n. This depends on arguments in the spectral sequence of the
fibre space (QX,p,K(n,1)), with fibre 7, where we write n for n,(QX) ~
n,(X). Since the base space is not simply connected, it is not immediately
clear that the spectral sequence of Chapter 8 is applicable; in fact, it does
apply. We omit the proof. The construction of the fibre space itself may be
carried out as follows: Let W be a n-free acyclic complex. Since = acts on 7,
we may define W x , T in the customary way as the quotient of W x T by
the relation (wg,r) ~ (w,gt) (g €n). This is the total space; since W is
acyclic, W x , T~(pt.) X, T~T/r~QX. The total space maps naturally
to Wir, that is, to K(x,1), which is the base space. (Compare the construc-
tion of K(Z,,1) in Chapter 2.) The fibre is clearly 7.

Consider, then, the spectral sequence of this fibre space. Since n = 7,(X)
isin G, E}oy ~ H,(n,1; Z) is in C, for all p, by Axiom (3). By the induction
hypothesis, E{ , ~ H/(T) € C for all ¢ <n — 1. Using Remark 2A, we have
E},eCforall p, if g<n— 1. Thus clearly H(QX) e Cfori<n—1. We
now must show that H,_,(QX) and H,_,(T) are C-isomorphic. Clearly
H,_,(QX)is C-isomorphic to E,_, and H,_(T) ~ E{ ,-,. But E{ ,_, and
Eg,_, are C-isomorphic, for Ej ,_, is the quotient of E§ ,_, by a group in
C; similarly for E§ -, etc.

This establishes the isomorphism H(T) ~ H,(QX) (mod C) for all i < n.

Finally we must show H,_ (QX) ~ H,(X) (mod C). Here the argument
is nothing but the C-theory form of the corresponding argument in the case
C=C,. We use the spectral sequence of the contractible fibre space
(E,p,X) with fibre QX. We have shown above that E; , ~ H(QX)eC
for ¢ < n. Also, by the induction hypothesis, E; o ~ H,(X) ~n,(X) € C for
p <n.Now H,(X) ~ El,. As argued above, E}, ~ E, (mod C). But E is
contractible, and so d": E} ,— Ej ,—, is a C-isomorphism. Again, Ej ,_, ~
Ej .., (mod C), but this is just H,_,(QX). Thus H(X) ~H,_(QX)
(mod C).

This gives us the five isomorphisms which yield =,(X) ~ H,(X) (mod C)
and hence the Hurewicz theorem.
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THE RELATIVE HUREWICZ THEOREM

In order to prove the relative Hurewicz theorem, we introduce the
relative fibre space

QX— (Ef Y)
(X’A)

where (E,p,X; QX) is the usual contractible fibre space over X and Y=
P~ (A). It gives rise to a spectral sequence, entirely analogous to that for a
fibre space, converging to H«(E,Y) and with E}, = H,(X,4; H,(QX)).

Recall that X and A are assumed l-connected and that the hypotheses of
the theorem also imply n,(X,4) = 0. We operate by induction on »; the
theorem is obvious for n = 2; we assume it for » — 1 and deduce it for ». It
is immediate from the induction hypothesis that H(X,4) € C for i <n. We
must show H,(X,4) ~n,(X,4) (mod C).

In the spectral sequence of the relative fibre space, since H,(X,4) € C for
i <n, we have E}, € C for p <n (for all g), using Remark 2B. By argu-
ments similar to those of the proof of the Hurewicz theorem,

H(E,Y)~ Efy 5y Elo ~ H(X,4)

On the other hand, n;(X,4) ~ n,(E,Y) by the covering homotopy property
and n,(E,Y) ~n;_,(Y) because E is contractible. Putting j = 2 shows that
Y is simply connected and the Hurewicz theorem applies to Y, giving
n._(Y)~H,_,(Y)(mod C). Thus

nn(XaA) ~ TC,,(E, Y) Ry nn—l( Y) f'(\?"\’ Hn—l(Y) ~ Hn(E’ Y) % Hn(X’A)
which proves the theorem.

The reader should now be able to deduce the Whitehead theorem from
the relative Hurewicz theorem by essentially the method given in Chapter 8.

C, SATISFIES AXIOM 3

We now focus our attention on the class C,. Recall that a group G
belongs to C, if nG = 0 for some integer n and if every g € G has finite order
prime to p.
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It is clear that C, satisfies Axioms (1) and (2B). We now prove that
Axiom (3) also holds. Thus let 4 € C,; we show that H,(4,1;Z) e C, for
alln>1.

Indeed, let 4 have exponent ¢ prime to p. We prove by induction on n
that there exist non-negative integers e, such that H,(4,1) has exponent
dividing ¢°*, n > 1. This assertion is trivial for n = 1.

Let s be a positive integer. Multiplication by s in 4 induces on K(4,1) the
map s: K(A4,1) — K(4,1) given by

KA1 A K, (A4,1) X -+ x K(A4,1) 25 K(4,1)

where A is the diagonal and u the iterated multiplication. Note that
q: K(A4,1) — K(A,1) is null-homotopic.

Consider H,(]]i-1Ki(4,1)) as given by the Kiinneth formula. If we use the
induction hypothesis and Axiom (2A) on C,, it follows that this group may
be written as Y j_, H,(K(A4,1))® G where G has exponent dividing ¢’ for
some f.

Let a € H,(K(A4,1)). Then we may write Ay(a) =Y., a;,®g for some
g € G. Thus s.(a) = sa + u,.(g). Taking s = g, recalling ¢g,(a) = 0, we have
ga + pu(g) =0 for some g € G. Thus ¢’ *'a = 0 and we may take e, = f + 1.
This completes the proof.

We now state for future use another result about C,.

Lemma 1

Let f: A,— A, be a homomorphism of finitely generated abelian groups.
Suppose f'is a C,-isomorphism. Then 4, and 4, have isomorphic p-com-
ponents.

PROOF: Let p(A4;) denote the subgroup of A; consisting of elements
of finite order prime to p. We must show A4,/p(4,) ~ 4,/p(A4,). Clearly
flp(4,)] < p(A4,). Since A4, € Cpg, p(A4,) € C,. Thus we have the diagram

0—p(4,)—>A,—A,/p(4,)-—-0

bbb

0— p(4,)—> 4, A4,/p(4,)—0

By the 5-lemma mod C,, fis a C-isomorphism. Using this fact, the
structure theorem for finitely generated abelian groups, and the observation
that 4,/p(A4,) has no torsion prime to p, the reader may easily deduce the
following: f is a monomorphism, induces an isomorphism of torsion sub-
groups, and has for its image a subgroup of maximum rank. The result
follows.

We remark that f need not be an isomorphism.
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THE C, APPROXIMATION THEOREM

We can now give the theorem announced in the introduction to this
chapter.

Theorem 4 (C, Approximation Theorem)

Let X and A4 be simply connected (nice) spaces such that H,(A) and
H(X) are finitely generated for every i. Let f be a map 4 — X such that
Sf4:m2(A) —7,(X) is epimorphic. (We may assume, without loss of general-
ity, that f'is an inclusion.) Then conditions (1) to (6) below are equivalent
and imply condition (7).

1. f*: H(X;Z,)— H'(4;Z,) is isomorphic for /i <» and monomorphic
fori=n

2. fy: H(4;Z,)— H(X;Z,) is isomorphic for i <n and epimorphic for

i=n

H(X,A;Z,)=0fori<n

H{(X,A;Z)eC, fori<n

n(X,A)eC, fori<n

S#:1{A)— n{X) is Cj-isomorphic for i <<n and C,-epimorphic for

i=n

7. n(A4) and n,(X) have isomorphic p-components for i <n

A

Thus this theorem reduces the problem of computing the p-component of
n(X) to that of finding a space 4 with the same cohomology in Z, coeffi-
cients, together with a map of 4 into X inducing isomorphisms in Z,
cohomology.

The proof is not difficult with the tools we now have at hand.

Conditions (1) and (2) are equivalent by vector-space duality, since Z, isa
field and all H; are finitely generated.

Conditions (2) and (3) are equivalent by the exact homology sequence of
the pair (X,4).

To see that (3) implies (4), recall that we have, from the universal coeffi-
cient theorems, an exact sequence

0— H(X,A)® Z,— H(X,A4; Z,) — Tor (H;_,(X,A4),Z,) — 0

From (3), the group in the middle is zero, and so the group on the left is also
zero. But H(X,A) is finitely generated, so that H(X,4) ® Z, =0 implies
that H.(X,A) must be the direct sum of finite groups of order prime to p;
thus H(X,A) € C,, which is condition (4).
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Conversely, from (4) (applied both to H; and H;_,) and the above exact
sequence, we have (3), by Axiom (2B).

Conditions (4) and (5) are equivalent by the relative Hurewicz theorem.

Conditions (5) and (6) are equivalent by the exact homotopy sequence,
mod C,, of the pair (X,A4).

Now by the Hurewicz theorem mod Cg4, the groups n{A4) and n(X)
are finitely generated. Thus by Lemma 1, (6) implies (7).

This completes the proof.

DISCUSSION

Of the results of this chapter, we shall make the most use of Theorem 4,
the C, approximation theorem. It is this theorem which will justify our
calculations of 2-components of some homotopy groups of spheres (and
which justifies similar computations in the p-component for odd primes p).

The material presented here was developed by Serre. The reader may
refer to his paper for a fuller discussion of relative fibre spaces.

Rather than show directly the triviality of the coefficient system in the
spectral sequence for the fibre space (QX,p,K (n,1)) with fibre T, we remark
that in this particular case the existence of the spectral sequence was known
before Serre’s work.

EXERCISE
1. Prove Theorem 3.
REFERENCES
General The spectral sequence of a covering
1. S.-T. Hu [1]. 1. H. Cartan [4, Exp. XI-XIII].
2. J.-P. Serre [1,3]. 2. — and S. Eilenberg [1].

3. E. H. Spanier [1].



CHAPTER 1 1

MORE ABOUT FIBRE SPACES

In the chapter following this we will launch our calculations of homo-
topy groups. The present chapter consists of several lemmas about fibre
spaces which will be needed in the calculations and in the later develop-
ment.

INDUCED FIBRE SPACES

Let £ denote a fibre space (E,p,B; F) and let f be a map of a space X into
the base space B. The induced fibre space f*(¢) is the fibre space with X as
base space, F as fibre, and as total space the space E' ={(x,e): f(x) = p(e)}
topologized as a subspace of X x E. The projection map of f*({) is the
natural projection n,: £’ — X : (x,e) — x. Note that there is also a natural
map n,: E'— E: (x,e) —e. Itis easy to verify that if & is a fibre space in
the sense of Serre or of Hurewicz, then /*(¢) is likewise (see Exercise 1).

Observe that if X is a subspace of B and f'is the inclusion, then £’ may be
identified in a natural way with a subspace of E, namely, p~'(X), and
S*(©) in this case is just the restriction of ¢ to the smaller base space X.

Two fibre spaces, ¢ = (E,p,B; F) and ¢ = (E’,p,B; F'), are said to be
fibre homotopy equivalent if there is a homotopy equivalence between the
total spaces which is compatible with the projections. Precisely stated, this
meansthat there exists a homotopy equivalence(o,y), p: E—E’',y: E' - E,

102
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where the homotopies H: EXI—E and H': E' x I — E’, which deform
the compositions ¢ and ¢y into the respective identity maps, are required
to satisfy p(H(t,e)) = p(e) and p’'(H '(t,e")) = p'(e’).for all points e,e’ and all
t € I. Tt is obvious that this gives an equivalence relation among fibre spaces
over a fixed base space B and that the restriction of (¢,¥) gives a homotopy
equivalence of the fibres. In Exercise 2 the reader is asked to verify that
homotopic maps induce fibre homotopy equivalent fibre spaces.

We will make extensive use of the next result, which shows the impor-
tance of the idea of induced fibre space.

Proposition 1

Suppose we have the situation shown in the diagram, where ¢ = (E, p,B)

/E "I, F

[ S

Y X—58B
is a Hurewicz fibre space and E' is the induced fibre space f*(¢). Suppose
the composition fg: Y— B is null-homotopic. Then there exists a lifting of
g, thatis, a map h: Y— E’ such that n, s = g. The conclusion also holds if ¢
is only a fibre space in the sense of Serre, provided that Yis a finite complex.

PROOF : Using the covering homotopy property, we lift a null-homotopy
of fy to obtain a map 4: Y— E such that phy = fg. Then the maps g and
h combine to give a map & =g X hy: Y— X x E which has its image in E’
and which obviously satisfies z,h=g.

It may seem trivial to remark that if the space E in the above proposition
is a contractible space, then the converse holds—that is, fg ~0 if and only
if g may be lifted to E’. (This is obvious, since if g has a lifting A, then fg
factors through E, using 7,.) However, this remark will have wide applica-
tion, since an important case of induced fibre space is that in which ¢ is the
standard fibre space of paths over B (Chapter 8, Example 3).

THE TRANSGRESSION OF THE FUNDAMENTAL CLASS

Let ¢ =(E,p,B; F) be a fibre space such that the fibre F is (n — 1)-
connected. Then there is a fundamental class i € H"(F;n,(F)). Moreover,
the transgression of i is defined, in the narrow sense. By definition, the
characteristic class y(¢) of the fibre space ¢ is this cohomology class
w(15) € H""'(B; m,(F)).

Let E be the standard contractible fibre space over K(n, n + 1) (where
n is an abelian group), that is, the fibre space of paths. Then the fibre is
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QK(n, n +1)= K(n,n). From the cohomology spectral sequence of this
fibre space, it is clear that the transgression

. H'(K(m,n); 1) — H"* Y (K(=, n + 1); 7)

is an isomorphism. Denote the fundamental classes of the base space and
fibre by 1,,, and 1,, respectively. We claim that the above isomorphism
maps i, to1,,,. This is certainly plausible; we urge the reader to verify it for
himself, using the definition of fundamental class (Chapter 1) and the
formulation of 7 in terms of p* and § (see the discussion of transgression in
Chapter 8).

Suppose now that f is a map of a space X into K(n,n + 1) and Iet
(E’,q,X; K(n,n)) be the induced fibre space. We then obtain a map of the
Serre exact sequences in cohomology (the coefficients, which lie in =, are

e —-)Hn(K(TL',H))—tL) H"+1(K(TI, n—+ 1))_1*_) Hn+1(E)

= far 7[2*
¥
e _)H"(K(Tf,n))T) Hn+1(X) D Hn+1(E/)

suppressed for clarity), where commutativity for the square containing the
transgressions may be verified using the formulation in terms of p* and 6. We
therefore have the following relation,

Formula 1 S 1) =1,01)

which is fundamental in what follows. Since f*(1, ) is just the cohomology
class which represents f; in the sense of Chapter 1 (Theorem 1), the above
relation may be stated thus: in the fibre space induced by f from the
standard fibre space of paths, the fundamental class transgresses to the
cohomology class which corresponds to f. Observe that ¢*(f*(i,.,)) =0 in
H"*Y(E’;n), by exactness.

BOCKSTEINS AND THE BOCKSTEIN LEMMA

Recall (from Chapter 7) the Bockstein exact couple,
H*( 52) =25 H¥( 3Z)
B (4
H*( ;Z,)
where B denotes the Bockstein homomorphism of the exact sequence
0—Z—Z—Z,— 0 and p denotes reduction mod 2. In the resulting
spectral sequence, d, is the *“ rth Bockstein operator ”’; d, in particularis the
homomorphism ¢, = pf of Chapter 3.
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The operator d, has been defined in terms of the spectral sequence, so
that its domain and range appear, for large values of r, as complicated
“subquotients ” of H*( ;Z,). However, it is clear from the definition that
the domain is a quotient group of the subgroup of H*( ;Z,) of elements for
which d;=0, i <r, or in other words a quotient group of ! ker (d)).
Moreover, it is convenient to consider d, as defined on () iZ] ker (d;) itself,
rather than on a quotient of this group. In this way we can make sense of a
composition of Bockstein operators d,d; even when r # 5; and it is clear
from the definitions that such a composition is always zero, modulo the
indeterminacy of d,. (When a homomorphism, such as d,, takes values in
a quotient group A/B, we say that d, has indeterminacy B.)

Recall also from Chapter 7 that d; vanishes on any cohomology class
which is the image, under p, of a class in coefficients 2'**. Therefore the
composite d,p gives a well-defined map H"( ;Z,)— H"*'( ;Z,), and dip
may be identified with a map (or rather a homotopy class of maps) from
K(Z,.,n) into K(Z,, n + 1).

In Chapter 9 we indicated a procedure for constructing a fibre space from
a short exact sequence of abelian groups. Another technique which will be
useful in the present context is the following.

Lemma 1

The map d,p: K(Z5,n) — K(Z,, n + 1) defined above induces, from the
standard fibre space of paths over K(Z,, n + 1), a fibre space with fibre
K(Z,,n) and total space K(Z,:+1,n). Moreover, the injection and projection
of the induced fibre space correspond to the maps in the exact sequence

OHZZ_)ZPWI—)Zzi—)O

(under the correspondence of Chapter 1, Corollary 1).

The proof is easy, with the machinery available to us. The fibre is clearly
QK(Z,,n + 1)= K(Z,,n). From the homotopy exact sequence of the
induced fibre space, it is clear that the total space must be K(G,n) where
G|Z, ~ Z,. To see that the group extension is the non-trivial one, write the
spectral sequence (in Z, cohomology) of the induced fibre space and
observe that (i;) = (d;p)*(15) by Formula 1, where 1 and i, denote the
fundamental classes in the fibre and base of the induced fibre space. Thus
we see from this spectral sequence that H"(E';Z,) ~Z,, so that G is
cyclic; hence G ~ Z,:+, as claimed. Finally, since the injection and projec-
tion are clearly not null-homotopic, they must represent the homomor-
phisms stated, since those are the only non-trivial ones between these
groups.
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Thus the above technique using the induced fibre space produces the
same fibre space as the technique of Chapter 9. This is actually a special
case of a much more general result about the classification of fibre spaces
with K{(=,n) as fibre. The more general result will be obtained in Chapter 13.

The next lemma needed for our calculations is the following, known as
the “ Bockstein lemma.”

Theorem 1

Let (E,p,B; F) be a fibre space. Let the class u € H'(F; Z,) be transgres-
sive, and suppose that, for some integer i (/ > 1) and for some class
ve H'(B;Z,), dy = t(u). Then d;,,p*v is defined, and moreover

J*div p*(v) = d (W)

where j is the inclusion F < E. Here the members of the formula dv = (1)
and of the formula of the conclusion lie in appropriate quotient groups of
H"*(F;Z,). The equalities should be suitably interpreted.

This theorem is proved by the “method of universal example”: we first
prove it in a special case, or *““universal example,” and then show that the
general case can be mapped into the special case in such a way that the

general conclusion follows by naturality.
For the universal example, take the fibre space

F= K(Zz,n) —‘l) E= K(Zznl,”)

B = K(Z,.,n)

which was discussed in Lemma . For u, take the fundamental class
1, € H(F.Z,), and for v, take p(15) € H"(B;Z,), the reduction mod 2 of the
fundamental class of B. It is immediate that d; is zero on H""'(E;Z,)
(Chapter 7), and so d;,,p*(v) is defined. Now consider the Serre exact
sequence of this fibre space, with coefficients in Z, (the coefficients are sup-
pressed for clarity):

0— H"(B) 2> H'(E) L5 H"(F) = H"*Y(B) 2> H"*Y(E) &> H"*'(F)

v g u div) diy (i) d\(u)
Each group written here is isomorphic to Z, and is generated by the ele-
ment written beneath it, according to the results of Chapter 9. By exactness,
the first p* is monomorphic and hence isomorphic, so that p*(v) = 1. Then
the first j* is zero, by exactness; so t is isomorphic and t(u) = d,(v) in
H"*Y(B;Z,). Thus the example meets the hypotheses of the theorem. Since
7 is isomorphic, the second p* is zero and the second j* is isomorphic, so
that

J*div p*(0) = j*d; s (1p) = di(u)
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which is the assertion of the theorem for this case. In this special case there
is zero indeterminancy, that is, the subgroup to be factored out is trivial,
since d,=0 on H""(E;Z,) for r <i.

Before proceeding with the proof of the general case, we alert the reader
to the kind of language which will be used when dealing with maps into
K(n,n). Consider the following situation:

XL Y45 K= K(n,n)

According to Theorem 1 of Chapter 1, there is a certain natural corre-
spondence between homotopy classes of maps Y— K and elements of
H"(Y;rn). By virtue of the identifications

(gl g*(1.)
[9 o1 (g o ))*(1,) = f*(g*(1,))

and also because of the tendency to speak of g when we really should speak
of the homotopy class [g], we will be led to make such statements as

af =f*(g)

In the long run, this abuse of language will serve us well and we find it no
more confusing than the cumbersome formulas which result if one meticu-
lously preserves the distinctions between g, [g], and g*(:,).

Consider now the general case of the theorem. We will now use E, B, F, p,
J, u, v, etc., to denote the objects and maps in the general case, and we dis-
tinguish the corresponding objects and maps in the universal example by
a subscript zero. We work with the following diagram:

F ; >E > _,B »

, | . KZa = K(Zon + 1
) gi i /z) ( 2,1) ( 1+ 1)
Fo - K(Zz,n) T EO = K(Zzi,n) —_’? BO — K(Zzi,n) divo

It is implicit in the hypotheses, since 4,(v) is defined, that d(v) = 0 for all
J < i, which means that v € H"(B;Z,) can be considered as the reduction
mod 2 of a class w € H"(B;Z,..). This class is represented in the diagram as
a map B — B,. The resulting triangle is commutative, v,w =~ v, since v, is
simply reduction mod 2. It is also clear that the other “ triangle” is com-
mutative: (d;vo)w ~d,v; for these two maps obviously have the same effect
on the fundamental class of K(Z,, n + 1).

Now (d;vg) o wo p~(div) o p= p*(dv) and d = (1), so that p*(d,v) =
p*(x(u)) = 0. But the universal example is induced by the map d,v,, and so
(dvo) o wo p~0 implies that the composite w. p can be lifted to a map
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g: E— E, as shown in the diagram, and the square is strictly commutative:
wp = pog. Since pj is a constant map, the restriction of g to F, that is, gJ,
is a map into F,,, which we denote by 4, making the left square strictly com-
mutative also.

It would be nice if /# were exactly u. We do not know this, but we have
7(h) = w*(10(15,)) by naturality and we know 14(ir,) = d;v, from Formula 1
rand Lemma 1; and therefore

1(h) = w*(dwo) = (dwo)w ~dw =1(u)

so that at least (/) = t(x); this will be enough.

From the universal example, jo*d;,,po*ve = d u,. Applying A* to this
relation, using commutativity of the diagram and naturality of the Bock-
stein operators, we deduce that j*d,,, p*v=d,h; but d,h=d,u modulo
d,(ker ©) = d,(im j*). This proves the theorem.

PRINCIPAL FIBRE SPACES

We now consider fibre spaces having certain additional structure. This
sort of fibre space will be useful in Chapter 13.

Let (E,p,B; F) be a fibre space (in the sense of Serre, as usual) and denote
by E* the space {(e;,e,): pe, = pe,}, topologized as a subspace of E x E.
We say that (E,p,B; F) is a principal fibre space if there are maps
¢: Ex F—Eand h: E*— F such that:

1. ¢ acts fibrewise, i.e., the following diagram is commutative:

EXF 2, FE

(p, id)l lp

BXF—>B

2. The restriction of ¢ to F X F, where F=p~'(b,) is a fixed fibre (b, the
base point of B), is a map F X F— F which, considered as a multipli-
cation map, has a two-sided unit and a two-sided homotopy inverse

3. The composition

E* ‘mh, Ex F 9 F
is homotopic to the projection =,

For example, let E be the space of Moore paths over B, i.e., the space
of paths (f,r) where r is a non-negative real number and fis a map of the
closed interval [0,r] into B, with f(0) = b,. We have a natural projection
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p: E — B given by p(f,r) =f(r). Then the fibre F= p~'(b,) is the space of
Moore loops in B. (All spaces of functions are given the compact-open
topology.) We obtain a map ¢: E X F —E by letting ¢(e,f) be the path
obtained by first going around the loop f and then along the path e, We
obtain a map h: E*— F by letting h(e,,e,) be the loop which goes out
along e, and returns along e ’. It is easy to verify that the three conditions
are satisfied so that (E,p,B; F) is a principal fibre space. For instance, condi-
tion (3) becomes the statement that (e,e; !)e, is homotopic to e, (where
e, e, are pathsin B).

The reader will note that any principal fibre bundle in the sense of
Steenrod is a principal fibre space in the sense above.

If (E,p,B; F) is a principal fibre space, then the fibre space induced by a
map of another space X into B is a principal fibre space. The proof is
straightforward and is left to the reader (see Exercise 4).

The importance of principal fibre spaces lies in the following result.

Proposition 2

Let (E,p,B; F) be a principal fibre space, and let v, v’ be two maps of a
space X into E. Then the composite maps pv, pv" are homotopic if and only
if there exists a map w: X— F such that the composite ¢ - (v,w) is homo-
topic to v'.

PROOF: Given w as above, since po = n,(p,id) by condition (1), we have

pvl zl’("("a“’) ~ ﬂl(p,ld)(U,W) ﬁpv

Conversely, if it is given that pv >~ pv’, we can use a covering homotopy to
replace v’ by another map in the same homotopy class such that pv = pv’.
Then (v,0): X—E X E is a map of X into E* and the composite
w = h(v,v"): X— F has the required property.

DISCUSSION

The characteristic class of a fibre space has other interpretations. In par-
ticular, the reader is advised to find out the meaning (and proof) of the
statement that ““ the characteristic class y(¢) measures the first obstruction to
a cross section of &, assuming #,(B)=0."

The innocuous-looking Bockstein lemma (Theorem 1) will be crucial in
the forthcoming calculations. We will prove a generalization of this lemma
in Chapter 16 (Theorem 3). However, even in its ungeneralized form, this
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lemma played an important role in the history of calculation of homotopy
groups; more accurately, failure to understand this lemma (and its mod p
analogue) led for a time to some serious confusion in the field.

With this chapter we have at last completed our preparations; in Chapter
12 we compute.

EXERCISES

1. Verify that if £ is a fibre space (in the sense of Serre or Hurewicz), then the
“induced fibre space” f*(£) is actually a fibre space (in the same sense).

2. Show that f*(£) depends essentially only on the homotopy class of f, not
on the choice of f within that class; in other words, by varying f within its
homotopy class, we obtain fibre spaces which are all in the same fibre homo-
topy equivalence class.

3. Show that the characteristic class of a fibre space is a fibre homotopy
invariant.

4. Verify that if (E,p,B) is a principal fibre space and if fis a map into B, then
the fibre space induced by f'is a principal fibre space.
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CHAPTER 12

APPLICATIONS:
SOME HOMOTOPY GROUPS
OF SPHERES

Using the machinery which has been developed in the last few chapters,
we can now make some computations in the homotopy groups of spheres.

The idea behind the technique is quite simple. To obtain the 2-com-
ponents of the homotopy groups of S”, we begin with K(Z,n), which has the
same cohomology and homotopy groups as S” up through dimension n.
However, K(Z,n) has non-zero cohomology in higher dimensions, whereas
S" has non-zero cohomology only in dimension n. We will modify K(Z,n)
so as to eliminate or “kill” the non-zero mod 2 cohomology classes in
dimensions # -+ 1,n +2,. .., and then the 2-components of the homotopy
groups of the resulting space will be the same as those of the sphere in those
dimensions, by the C, approximation theorem (Theorem 4 of Chapter 10).

THE SUSPENSION THEOREM

It makes sense to talk about ““ the homotopy groups of $*’ because to a
great extent these groups are independent of n. To be precise, 7, ,(S") is
independent of n provided only that n >k + 2. This follows from the
Freudenthal suspension theorem. We will indicate the proof of this stan-
dard result in homotopy. For convenience we suppose that each space X
comes provided with a distinguished ‘“ base point,” denoted by an asterisk
(*). The reduced suspension of X, SX, is obtained from X x I (where I as

1"
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usual is the unit interval) by collapsing to a single point the subspace
X xQQuXxhu(xx1D

Then it is well known that H,(X)~ H,, (SX) (where H denotes the
reduced homology). There is a natural map ¢: X— QSX, given by defining
@(x) as the path - (x,#), in a natural notation. Then the suspension homo-
morphism E (for Einhdngung) is defined by the diagram below. In fact E can
be defined more generally as a homomorphism of [Y,X] into [SY,SX]
as a homomorphism, that is, whenever the set of homotopy classes [¥,X]
has a natural group structure).

7 X) ~255 1(QSX)

mi+1(SX)

Now suppose that X is (» — 1)-connected; then it follows that SX is
n-connected and QSX is (n — 1)-connected. If LX is the standard contrac-
tible fibre space of paths inSX, then the Serre homology exact sequence of
this fibre space begins as follows:

Ho(LX) = Hy (SX) > Hyo (QSX) —> H,,_ (LX)

H;poi(X)

where the groups on the ends are zero since LX is contractible. It can be
shown that t and ¢ are compatible, i.e., that the triangle in the diagram is
commutative, and thus ¢ induces isomorphisms on H, for all k <2n—1
and an epimorphism for H,,_ ;. But then the corresponding assertions hold
for the induced maps in homotopy, namely, for the suspension homomor-
phism E. Thus we have indicated the proof of the following important
result.

E

]

Theorem 1 (suspension theorem)

If X is (n — 1)-connected, then the suspension homomorphism E: n(X) —
7;4.(SX) is isomorphic for i <<2n — 1 and epimorphic for i <2»n — 1.

In particular, taking X = S” and observing that S(S*) = S**', we have the
previously stated corollary that =, ,(S") is independent of n for n >k + 2.

A BETTER APPROXIMATION TO §"

Throughout the remainder of this chapter, when we say ‘“homotopy
group,” it is understood that we mean the 2-component of the homotopy
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group; the symbol ,(X') is to be interpreted in the same way. Cohomology
will be with Z, coeflicients.

Recall that H"*(Z,n; Z,) =0 and that H***(Z,n; Z,) = Z, generated
by Sq*(1,) where 1, is the fundamental class. This cohomology class defines a
map (or rather a homotopy class)

Sq*: K(Zn) — K(Z,,n +2)

by Theorem 1 of Chapter 1. From the standard contractible fibre space over
K(Z,, n + 2), this map induces a fibre space X, over K(Z,n) with fibre
QK(Z,, n +2)=K(Z,, n+1). We view X, as a better approximation to
S” than K(Z,n). We say this because H"**(X,;Z,) is zero, the class
Sq* € H"**(Z,n; Z,) having been Kkilled. This is verified by considering the
cohomology exact sequence of the fibre space F,— X,— B, where
F,=K(Z,,n -+ 1) and B= K(Z,n). By construction, the fundamental class
1,1 of F, transgresses to Sg*(1,). Then Sq'(1,+,), which generates H"* %(F)),
transgresses to Sq'Sq*(1,) = Sq¢*(1,). Thus, in the Serre cohomology se-
quence (coefficients in Z,),

,,,Hn+l(F1)_t_)Hn-FZ(B)_p‘_)Hn+2(X1)i)Hn+2(Fl)_r)Hn+3(B).,_

the transgression t is onto H"**(B) and monomorphic on H"**(F,), so
that, by exactness, p* and i* are both zero in the dimension shown and thus
H"*2(X,)=0. Note that the method requires not only that the fundamen-
tal class of the fibre transgress to the appropriate class in the base but also
that the transgression be monomorphic on the next dimension of the fibre.

Now let /2 S"— K(Z,n) represent the homotopy class of a generator of
n,(K(Z,n)) = Z. Then, in cohomology, f* is isomorphic through dimension
n and monomorphic in dimension n -+ l—the last is obvious because
H"*Y(Z,n; Z,) =0. Therefore, in homotopy, f, is isomorphic through =,
and epimorphic on ., (mod C,), by the C, approximation theorem. This
much is not new. But the composition

S" L5 K(Zn) 225 K(Z,, n +2)

is null-homotopic, since r,(K(Z,, n 4+ 2)) = 0. Therefore f may be lifted to
amap f;: S"— X,. Now f, meets the hypotheses of the theorem with » + 1
in place of n, and we can conclude that f; induces a C,-isomorphism on
n,+;. But the homotopy groups of X, are easily obtained from the homo-
topy exact sequence of the fibre space: n,(X,)=Z, n,; (X,)=2Z,, and all
other =,,(X,) are zero. In particular, =, ,(S") must be Z,.

The next step is to kill H"*3(X,), obtaining a fibre space F,— X,— X,
where the total space X, will have zero cohomology in dimension » -3 and
therefore will have the same homotopy group as $” in dimension »n + 2.
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CALCULATION OF 7,,,(S"), k <7

We will compute =, (S") for & <7, assuming » large. Precisely, since
we will obtain H""*(X,) up to k = 11, we will want to assume n comfort-
ably larger than 11, in order that the cohomology of the K(=,n) spaces
which occur will not contain any cup products in the range under examina-
tion.

We have already begun. The first step is the construction of the induced
fibre space X, where in the diagram, L denotes the contractible space of

FIZK(Zz,n—*_l)—L)Xl . L
p
B=K(Zn) L5 K(Z,,n +2)
paths in K(Z,, n + 2). We can compute the cohomology of X, using the
long exact sequence of Serre, as follows.
H*Z,, n+1) <~ H*(X,)
H*(Z,n)
We have already obtained H""%(X,) = 0 in this manner, but we will need
H"¥(X,) with k < 11. Observe that elements of H*(X,) may be regarded as
being of two kinds: if i*(x) = 0, then x € im (p*), or in fact x € p*(coker 7);
otherwise, i*(x) # 0 so that x € (i*)"'(ker 7). Thus in order to compute
H*(X)), it is sufficient to know H*(F,), H*(B), and the transgression.
This presents no difficulties, since H*(F,) and H*(B) are known (Chap-
ter 9), and the transgression is given by (1, ) = Sq¢*(s,) and the fact that ¢
commutes with the squaring operations. Thus we have
(89" 1541) = Sq'7(1,+1) = Sq' Sq°(1,) = Sq°(1,)
w(Sq* 15+ 1) = Sq*t(tpe 1) = Sq*Sq*(1,) = Sq°Sq' (1,) = Sq*(0) = 0
and so forth.
The calculation of t: H/(F,)— H’*'(B) is presented, in a condensed

notation, in the first two columns of the table on page 116. This notation is
to be read as shown in the small table here. The cokernel of t contains

Condensed statement Full statement

2(_‘1,,4.1 T(ln+1): qu(ln)
31 (89" (1,+1)) = S¢°(1,)
3 2} —4,2,1 1(8q*Sq*Sq' (1n+1)) = Sq°(1,) + Sq7 Sq*(1,))

elements such as Sg*(z,), represented by a “4” in the first column of the
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table on page 116, not at the end of any arrow; the kernel of 7 contains
elements such as Sg*(,,,), represented by the “2” in the second column
and also by such elements as Sg°(i,.,) + S¢*Sq'(1,+ ), where each sum-
mand has the same image under z, shown in the table by the common
destination of the arrows originating at the “5” and at the “4,1” in the
second column.

The reader should be able to reproduce this calculation of t without
peeking. To write down H*(Z,n; Z,) and H*(Z,,n + 1; Z,) tequires only a
knowledge of the basis for the Steenrod algebra given in Chapter 3, together
with the results of Chapter 9. The calculation of the transgression will give
useful practice in the Adem relations.

Note that this part of the calculation could be continued indefinitely,
if we assume » sufficiently large. The description of H*(F;) and H*(B), and
the exact sequence itself, are valid up to the neighborhood of dimension 2n.

From this calculation of ¢, we can write down a basis for the cohomology
of X{. H"(X,) is generated by a fundamental class 1, which is the image of
the fundamental class of B under p*; we use the same notation for both
these classes. H""*(X,) is Z, generated by a class a such that i*(x) =
Sq*(1,4.,). The general situation is represented by H"**(X,). Here we have a
class p*(Sq*(1,)) (we will drop the p* from our notation), and we also must
have a class § such that i*(8) = Sq°(1,+,). Notice that there is some indeter-
minacy in the choice of B, since i*(p*(Sq*(1,))) =0. One might try to
identify a canonical choice of 8, for instance by relating it to Sg'(x). We will
not do this; we will simply assume that $ is some class, arbitrarily chosen
subject to the condition i*(8) = Sq¢*(1,); whatever statements we make about
B are independent of the choice.

In the third column of the table on page 116, a basis for H"**(X,) has
been written for k& < 11. In dimension » + 10, for example, there is a class
P*(Sq*°(1,)), which we write simply as Sg'°(1,) (consistent with our writing
1, for p*(1,)). Then there are three other generators, each of which has a
prescribed image under i*; each of these elements (denoted 4, y, v in the
table) could be chosen in two different ways, since i*(Sg'°(1,)) = 0.

As we continue, we will have need of certain Bockstein relations in
H*(X)), which we set forth as a lemma.

Lemma 1
In H*(X,) (coefficients Z, as always),

1. d,(x) = B + ( )Sq*1, where ( ) denotes an undetermined coefficient
2- dZ(Sq4ln) =7

3. di(»)=0

4, d(Sq*1,) =«
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k H"NZn;Z,) H"""Zyn+1,Z)) H"YNX;Z,) H""MZ,,n+2;Z,)
0 1, 1,

1 Lnty
2 pa— | Les
3 3 2 " __1
4 4 3 Sq“z/Z
I B(3) /
5 5 31 231 3
4 2,1
6 6 / 5 Sqt1, / 3,1
472 4,1 (5 +4,1) 4
7 7 /6 Sq", 5
52 51 £(5,1) 4,1
42 1(4,2)
g8 8 42,1 St A 6
6,2 7 n(5,2) 5,1
6,1 42
5,2
9 9 8 6(6,2) 7
72 71 K(5,2,1) 42,1
6,3 6,2 6,1
52,1 52
10 10 9 Sq', 8
8,2 "6,2,1 2(71,2) 7,1
73 8.1 1O + 8,1 +62,1) [1//62
7,2 v(6,3) 52,1
6,3
o1 10 Sq's,
9,2 9,1 £(8,2)
8,3 8,2 2(7,3)
73 0(6,3,1)
72,1 6.1 +7.2,1)
6,3,1
12 12
10,2
9,3

8,4
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k
0
1
2
3
4
5
6

7
8

9

10

k

0

oo

Hn+k(X2 iZ32) Hn+k(ZSs n+3;2Z,) H"+k(X3 A H"+k(ZZ’ n+6)

i, Iy

iy
Sq4,"§d31n+3
A(3) 2

quln 3 Inte
/2d3 /

Sq'1; /4 P@®) 1

B(5+4,1) 3d,

Sq*1, / 5 Sq*,

C(5,1) o(05)

> 4d3
D(5,2)/6 R(6)

2

W

?
5d, S(5d3)
4,2
Sqlol,,/
H"+k(X4;Zz) H"+k(216,n+7) H"+k(X5§Zz)
1, Iy
0 0
Lnyq O
Yo 4 0
/ ?

+?

The notation is that bof the table.

1.

(9%}

PROOF :

We have i*(x) = Sg*1,,, by definition of « Therefore i*(d,0)=
d,i*() = d,5¢’1,+, = Sq°1,..,. We have also i*(8) = Sg*1,.,. Since Sg*1,
is in the image of p*, i*Sq*1, = 0. This proves item (1).

. We have d,Sqg*1, = Sq'Sq*1, = Sq°1, = 1(Sq*Sq"1,+ ). Thus d,p*Sq*1, = 0

since p*t =0, and, by the ““ Bockstein lemma > (Theorem 1 of Chapter
11), i*d,p*Sq*1, = d,(S¢*Sq"1,+,) = Sq*Sq'1,+, = i*(y). Since y is the
only generator in H"**(E), the result follows.

. This follows from (2) since d;, = 0 on anything in the image of any d,.
. Again, as in (2), we use the Bockstein lemma. Since d,5¢%, = S¢°1, =

©(Sq” + Sq*Sq*Sq')(1,+,), we have

i*d,p*Sq*i, = d,(Sq" + Sq*Sq*Sq'Y(1,+1) = Sg°Sq*Sq' (1,4 1) = i*(x)
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Since i*(0) = Sq°Sq*1,., and there are no other generators in this
dimension, the result follows.

THE CALCULATION CONTINUES

We have constructed the space X, so that H*(X,) and H*(S") (with Z,
coefficients) agree through dimension » + 2, and we haveamap f;: $"— X,
inducing the isomorphisms. The next step is to kill the class « € H"*3(X))
in such a way as to produce a space X, with no cohomology in dimension
n + 3. Recall that this requires killing « in such a way that the transgression
is non-zero on the first class in the fibre above the fundamental class. This
can be accomplished by taking X, as the induced fibre space over X, by a
map representing a where the new fibre is K(Z,, n + 2), so that the funda-

F2=K(Zz,n+2)-—> Xz
X, % K(Z,,n+3)

mental class transgresses to « and Sg* of the fundamental class transgresses
to Sq'(«), which is non-zero by part (1) of Lemma 1. If indeed H"*3(X,)=0,
then X, is an improvement over X, as an approximation to the sphere; we
have =, . ,(X,) =Z, from the homotopy exact sequence of the fibre space
F,— X,— X, and therefore n,,,(S$")=Z,.

In order to obtain the cohomology of X,, we must compute the trans-
gression in the cohomology of the fibre space F,— X,— X,. This will be
less routine than the analogous step in the previous stage, because now we
do not know precisely the squaring operations in H*(X,). However, we
know enough to obtain a basis for H*(X,) for a considerable range.

The calculation of this transgression is indicated roughly in the third and
fourth columns of the table on page 116. By construction, the fundamental
class 1, , transgresses to «. Then, as remarked already, Sq'(1, ., ,) transgres-
ses to Sq'(«) = d,(«), which by Lemma 1 is § plus possibly Sg*(z,). It is not
essential to know whether or not this second term is present in Sg'(«) (this
depends on the choice of ) because either way we obtain a single generator
for H"**(X,) from the cokernel of 7, and this class is p¥(Sq*,) where
P X,— X,. Therefore the first class in H*(X;), after the fundamental
class, will be this one, which we denote by Sg*1,, dropping the p¥. In fact
this class may equally well be regarded as Sg* on the fundamental class of
X,, using the naturality of S¢* with respect to p,.
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Now Sg%(1,,) transgresses to Sg*(«). We must determine whether Sg*(«)
is y or zero. But i*(x) = Sq*(1, ), by definition of a; then i*Sg’a = Sq?i*x =
Sq*Sq*,+ 1 = Sq°Sq'1,, = i*y. This proves that Sg°x = y or, what is essen-
tial for us, that ©(Sg*,,,) = 7.

Similarly, ©(Sq*Sq'1,+,) = & plus possibly Sg°1,, since

i*(Sq*Sq'a) = Sq*Sq'(i*a) = Sq*Sq' Sq*1,+,

=(Sq° + S¢*Sq")1n+

= i*(0)
so that S¢2Sq'a = + ( )Sq°®1, where () is an undetermined coefficient. On
the other hand, the same argument gives ©(Sq%,.,) =0 4 ( )Sg%,. In
order to know whether or not t: H"*3(F,) —» H""*(X,) is epimorphic,
that is, in order to obtain its cokernel, we must get some information about
these coefficients. In the present case we can argue as follows. We have
8¢, , = Sq' Sq*1,+ 2, and therefore

7(Sq3’n+ 2) = Sq' (1(Sq%1, 4 5)) = Sq'y

But Sq'(y) = 0 by part (3) of Lemma 1. Thus (S¢>1, ;) = 0. This is enough,
since it now follows, regardless of the coefficient in ©(Sg*Sq'i,, ,), that the
cokernel of t in this dimension is generated by Sg°, (dropping the p¥ as
usual).

In the next dimension, similar arguments give

W(Sq*1,.2) =L+ ()Sq™,
T(qusqllw 2) =¢+ ( )Sq7ln
so that the cokernel is generated by Sq71, (regardless of the unknown coef-
ficients).
In the next dimension we have
U(Sg°t12) =1 + ( )Sq%,
1(Sq*Sq' 1,4 2) =1+ ( )Sq*,
and we must determine whether the coefficients are the same. But

Sq® + Sq*Sq* = Sq*Sq*, by the Adem relation; and we have seen that
©(Sq*1,+,) =0, from which it follows that

T(qul,ﬁ 2) T(Sq4Sq1’n+ )= 7(361256131“ 2)
= Sq*(«(5q°1,+2))
=0
which is all we need to know. It shows that the kernel of t contains
(Sq° + Sq*Sq')(1,+,) and that the cokernel contains Sg*i,,.
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By similar reasoning, we can complete a basis for H*(X,) at least
through dimension #n + 10; this is given in the first column on the top of
page 117. Perhaps the only other subtlety is showing that t(S¢°Sg%,+ ,) = 0.
This follows from S¢°Sg? = Sq'(Sq*Sq*) and from part (4) of Lemma 1,
since d,d, = 0.

This calculation has verified that H"*3(X,) =0 as desired, and thus
.+ 2(S™) = Z,. The next step will be to kill the class Sg*1, € H"**(X,). We
will need to know the following Bockstein relations.

Lemma 2
In H*(X,), (1) d;Sq*1,= A, and (2) d;Sq®,= D. Here A and D are
defined by i*4 = Sq¢*1,, , and i* D = Sq°Sq*1,, , (as indicated in the table).
PROOF: In both cases the proof is based on the Bockstein lemma of
Chapter 11. In (1) we have, by part (2) of Lemma 1,

d,Sq*, =y = 17(‘5"12’,.+ 1) € H"+5(X1)
and therefore
i*(d3sq4ln) = dl(Sq21n+2) = Sq31n+2 = I*A

which implies the result. In the same way, part (2) follows from part (4) of
Lemma 1.

Now our objective is to kill H"**(X,). This means killing the class
Sq*1,. This class can be realized by a map of X, into K(Z,, n - 4), but using
this map to induce a fibre space over X, will not do the trick, because
the fibre will have a class Sq't,,; which will transgress to zero since
d,Sq*1, = 0. The fact that d, and d, are zero on Sg*1, implies that this class
is the reduction (mod 2) of a class with Z4 coefficients. The proper pro-
cedure is to map X, into K(Zs, n + 4) by a map corresponding to a class
which reduces to Sg*i, (mod 2). Then H"** of the new fibre is generated by
d, of the fundamental class, which will transgress to d;Sq*1, = A.

Thus we construct a fibre space induced from the standard contractible

Fy=K(Zg,n+3)— X,
l

X, K(Zg, n+4)

fibre space over K(Zg, n +4) by a map having the properties described,
which we might, by abuse of language, refer to as *“ S¢*,” for heuristic
reasons.

To obtain H*(X,), we must calculate the transgression in this fibre
. space. This calculation is indicated in the first two columns, top of page
117. Most of the details are based on types of arguments which have
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been used before. We mention that ©(S¢*i,,,)=0 because Sq*Sg*i, =
Sq"Sq'1, + Sq®Sq*1,, and Sq' and Sg* are obviously zero on the fundamen-
tal class 1, of X, since H*(X,) =0 in the relevant dimensions. As a corol-
lary, ©1(Sq°1,+ 3) is also zero. In a similar fashion 1(S¢°1,, ;) = 0 by the Adem
relation Sq°Sq* = Sq’Sq>. The fact that 1(Sg°d,1,+ ;) = 0 follows from the
fact that Sq' D = d,d;Sq%1, = 0. The other details are left to the reader.

Now we can write a basis for H"**(X;) for k <9, as done in column 3,
top of page 117. Notice that we have killed not only H"**(X,) but also H"*?
and H"*°, This reflects the fact that =,, ,(S") and =, 5(S") are zero.

We must kill the class P e H""7(X5), where i*P = Sq*1,. ;. Note that
Sq'P is non-zero, since Sq' Sq*1,, ; is also in the kernel of the transgression;
in the notation of the table, S¢'P = Q + ( )Sq®:,. Therefore we construct a
fibre space

F4:K(Zz, n _{’_6)—-) X4
l

X, K(Zyyn+17)

and this will kill off H"*7. It is easy to obtain H"**(X,) for k <8; in fact
the only non-zero classes are 1, and Sg®i, in this range.

Lemma 3
In H**°(X,), d,(5¢%1,) is non-zero.
PROOF: We have shown (Lemma 2) that

d38q%1, = D =1(Sq*d31,, ;) € H" (X))
and therefore the Bockstein lemma implies that

i*(d,Sq*1,) = d\(Sqd;i,4 5)
= Sq5d31n+ 3
=i*S
where S is an appropriate class in H"*°(X;). Since S is clearly in the
cokernel of t: H"*8(F,) — H"*°(X3), it gives rise to a class §' € H"*°(X,)

and the result follows from the naturality of d,.
It follows that we can kill H"*®(X,) by using a map

X, 258 K(Z 6, 1+ 8)

corresponding to a cohomology class in H"*¥(X4;Z,,) which reduces to
Sq®1, (mod 2). This gives us a space X5 which has the same cohomology as
S" through dimension # + 8. Moreover it is easy to lift our map f,: §"— X,
up through the X; to a map f5: §"— X° which induces isomorphisms on
cohomology through dimension » + 8 and therefore induces isomorphisms
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in homotopy groups through =, ;. The homotopy groups of X5 are easily
obtained using the homotopy exact sequences of the successive fibre spaces
in the construction. These are the same as the homotopy groups of S"
through =, ,. We can therefore state the following results:

Theorem 2
k 0 1 2 3 4 5 6 7
T+ 1(S") Z Z, Z, Zs 0 0 Z, Zie

Recall that what is tabulated here is the 2-component of the homotopy
group. Also note that these results are valid for all # such that n >k + 2;
we have assumed » large in the calculation, but =, ,(S") is stable as soon as
n >k -+ 2, by the suspension theorem.

The cohomological techniques which we have used to compute homo-
topy groups cannot be extended indefinitely. Eventually one reaches an
ambiguity which cannot be resolved by these methods. In particular,
T,+14(S") must be settled in another way. In Chapter 18 we will develop
more sophisticated algebraic techniques; these will help to explain the
difficulties and the need for other methods.

Figure 1 displays the tower of fibre spaces which we have used in our
calculations.

Fs=K(Zie,n+7) — Xs

F,=K(Zy;n+6) — X, 50", K(Z6,n+8)
Fy=K(Zg, n +3) _+£(3_P__>K(22,n+7)
Fy=KZyn+2) — X, 50 K(Zy, n+4)
Fi=KZ,n+1) —X,— 5 K(Z,,n+3)

B=K(Zyn) 5~ s K(Z,,n +2)
Figure 1

DISCUSSION

Although the suspension theorem (Theorem 1) leads naturally to the
question of «,, ,(S") for n large (the kth srable homotopy group of spheres),
progress at first was slow. Of course, the result for & = 0 is immediate by
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the Hurewicz theorem; on the other hand, the value for & = 2 was in dis-
pute for some time until settled by G. W. Whitehead (using geometric
techniques).

Serre’s results drastically changed the situation and facilitated many
cohomological computations, including the ones given here. In Chapter 18
we shall refine the cohomological method and indicate how the results of
Theorem 2 can easily be greatly extended.

The cohomological method is by no means the only possible approach to
the problem. The so-called *‘ composition method ” in particular has been
extensively used by Toda and Barratt, In Chapter 16 we shall interpret the
results of Theorem 2 in terms of this method. However, we do not touch on
two of their basic tools, the “ EHP-sequence” and J-homomorphism of
G. W. Whitehead.

We have sketched a homological proof of Theorem 1. For X = §”, the
theorem, due to Freudenthal, greatly antedates the proof we have given. A
modern geometric proof in this case has been given by Bott.

APPENDIX: SOME HOMOTOPY GROUPS OF §°

The computations just carried out for 7, ,(S") depend on the assumption
that » is large. We here present a sketch of the computation of 74, ,(S?)
(k <3), in order to indicate what modifications and complications occur in
the technique. As before, we deal with the 2-components and all cohomol-
ogy is understood to be with Z, coefficients.

We take B = K(Z,3) as our first approximation to S*. We can write down
H*(K(Z,3)), using the results of Chapter 9; it is the polynomial algebra in
the fundamental class 15 and in sequences Sg’(15) where I is admissible, has
excess less than 3, and does not terminate in 1. Thus we do not find
Sq*1; or Sq°1;, etc., because the excess is too large; we find cup products
such as (13)(Sq?13); and Sg’1; appears as (15)%.

Comparing H*(K(Z,3)) with H*(S?), we see that the first class to be
killed is Sg®15 (just as the first class to be killed in the stable case is Sg*1,).
We therefore use a map

B=K(Z,3) 324, K(Z,,5)

to construct a fibre space over B with total space X, and fibre F, = K(Z,,4).
Notice that d,Sq*t; = Sq°1; = (1,)?, which is non-zero, so that Z, is the
correct choice for the first homotopy group.
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There is no difficulty in writing H*(F,); it is a polynomial algebra in 1,
and in Sq'1, where I is admissible and has excess less than 4.

We next must calculate H*(X;). This is done by means of Serre’s
cohomology spectral sequence. As stated in Chapter 8, the E, term of this
spectral sequence is the tensor product H*(B)® H*(F,). When # is large
and k small, H"**(K(Z,n)) and H"**(K(Z, n + 1)) do not contain any cup-
product terms and the spectral sequence reduces to Serre’s exact sequence;
every element in this range of H*(F,) is transgressive. But in the present
case we must handle the spectral sequence in its general form. Figure 2 is

SqSqlu 9] e
(c4) (Sqles) i
u? 8| o
Sg3Sqluy .
Sqiu T| e .
Sq? Sql " [ °
Sq2t4 6] ® [}
Sqlu 5[ o . .
4 41 e . L]
3
2
1
0 . . °
{ |
0 1 2 3 4 5 6 7 8 9 10

3 Sq?i  3? (13) (Sq2u3) (Sg°:3)?
133 Sqt Sq?u3
Figure 2

a diagram of the spectral sequence for F,— X,— B. The cohomology of
the base and fibre are written out along the horizontal and vertical axes,
and product terms are written at the appropriate locations in the first
quadrant. In Figure 2 the elements of E, are indicated only by small
circles, since in the scheme of the diagram the name of each term may be
inferred from its location. Only terms with total degree of at most 10 need
be considered for our purposes.

The calculation of the spectral sequence in this range is indicated in
Figure 2. We have ds(1,) = 1(1,) = Sq*15 by construction. As a corollary,
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ds(13 ® 1) = (13)(Sq13), since each d, is a derivation (and the products are
consistent in this sense). We have ds(Sq'1) =0, de(Sq'1s) = 1(Sq'1,) =
Sq'(t(14)) = Sq*1; = (15)*. Several elements transgress to zero; for example,
1(Sq*Sq'1s) = Sq*Sq' (1(14))

= Sq°Sq'Sq*15

=Sq°1; + Sq*Sq'14
using the Adem relations, and thus t(Sg*Sq'1,) = 0. Also, Sq*Sq'1, trans-
gresses to zero, since

©(Sq*Sq'1.) = Sq*Sq'Sq1,
= Sq*(15)?
= (Sq%1,)?
which is zero in E;, because (S¢*1,)* = ds(Sq*1; ® 1,). In this calculation
we have obtained Sq*(1;)*> by the Cartan formula. Another proof that
Sq*Sq* Sq*15 = (Sq*1;)* is obtained by using the Adem relations:
8q*Sq'Sq* = Sq*Sq* = Sq°Sq?,

from which the result follows.
We find that the following elements of total degree <9 survive to £, of
this spectral sequence:

I3 Sq*i, Sq’1, Sq*Sq',  Sq*Sq'i,

Sq*Sq'1, 1, ® Sq*1,
Recall that the groups E*' for which s + ¢ = n form a composition series
for H"(X;). We have no problems with group extensions when we are
working over Z,. Therefore we can easily write a basis for H*(X,), n <9.
We denote the elements of this basis by 13, 4, B, C, D, E, and 154, respec-
tively. For example, B € H'(X,) is defined by i*B = Sg*, € H'(F,).

Since i*(Sq'A) = Sq'(i*A) = Sq' Sq*1, = Sq*1, = i*B, and since

*: H'(X,) — H'(F,)

is monomorphic, we have Sq'4 = B. Therefore we should kill 4 by

forming the induced fibre space over X, by a map of X, into K(Z,,6)
corresponding to A. We thus have the following diagram:

F,=K(Z,5) — X,
|

F,=K(Z,4) — X, 25 K(Z,,6)
l

B=K(Z,3) 3% K(Z,,5)
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Using the Serre spectral sequence of the new fibre space F,— X,— X,
we can calculate H*(X,) at least through dimension 8. This is indicated in
Figure 3. Just as we have seen that S¢' 4 = B, we can show that Sg?’4 = D.
Note also that i*(Sq>Sq'(A4))= Sq>Sq'Sq*1, = Sq*Sq'1, = i*E, while
i*(Sq*(A)) = Sq*>Sq*1, =0. Since 1,4 =ds(1;®15), this implies that
1(Sq*Sq'15) = E while 1(Sq’15) = 0.

Sgdes gl °
Sq*Sq'es L
Sq2es T|
Sqles 6| e o
s 5| o .
4
3
2
1
1) . . e o . e o

3 A B C D uyAE
Figure 3

Thus the only survivors to E,, in total degree <8 are 15, C, and Sg°i5.
It follows that H*(X,) is generated by 15 in dimension 3, a class C' = p*Cin
dimension 7, and a class S in dimension 8 such that i*S = S¢”i5. From our
calculations, it follows that =,(S°)=Z, and n5(S°)=Z,. To determine
7,(S?), we need only determine which Bockstein operator is non-zero on
C’. Now C was defined by i*C = S¢°Sq'1, € H'(F,), and S¢'C= D=
©(Sq*1,) € H¥(X,). Thus the Bockstein lemma implies that

i*d,C' = d,Sq*15 = Sq*1s = i*S

and so the second Bockstein d, is non-zero. It is easy to verify that we can
kill H’(X,) by means of a map of X, into K(Z,,7) corresponding to a
cohomology class with Z, coefficients which reduces to €' (mod 2). Thus
we have 1,(S?) = Z,.
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We will not try to push these calculations any further.

Recall that, by the suspension theorem, the suspension homomorphism
E:n(S")y—mn.,(S"") is isomorphic for i <2n—1 and epimorphic for
i=2n—1. Thus =,(S?) is isomorphic to =n,,,(S") for any »n >3, that is,
7,(S?) is stable. Although 7,(S*) — 7,(S*) is not an isomorphism a priori,
we can deduce that it is isomorphic from the fact that it is epimorphic and
the fact that #5(S°) =Z, = n,(S*). Thus n,(S?) is also stable, not by
definition but, as it were, by accident. On the other hand, =,(S%) = Z, is
not stable, since we have seen that 7, 1(S") = Z; for n > 5.

EXERCISES

1. Let M, = S"u,, """, where 2i: §"—» S has degree 2. (Thus M, is the
(n — 1)-fold suspension of the projective plane.) Calculate =, ,(M,) for large
n, small k.

2. Calculate 7,(S*) for k < 7 by the methods of the Appendix.

REFERENCES
The suspension theorem Composition-theoretic methods of
1. R. Bott [1]. calculation
2. H. Freudenthal [1]. 1. M. G. Barratt [2,3].
Generalizations and the EHP-sequence 2. H. Toda [1]
1. G. W. Whitehead [2,4]. The second stable homotopy group

of spheres
1. G. W. Whitehead [3].




CHAPTER 1 3

n-TYPE AND POSTNIKOV SYSTEMS

To work inductively in homotopy theory, we would like to have a
sequence of invariants of homotopy type such that the sth invariant
represents the given complex “through dimension ».” Unfortunately the
obvious candidate, namely, the n-skeleton of a complex, is not a homotopy
invariant. In fact it is easy to find two complexes which have the same
homotopy type but in which the n-skeletons do not have the same
homotopy type.

A simple example is obtained by giving two different cell structures for
the sphere. Let K denote S” considered as a complex having one 0-cell and
one n-cell where the n-cell is attached by the constant map on its boundary.
Let L denote S” obtained from S"! by attaching two n-cells (as the
“hemispheres” of S" attached to the ‘““equator”). Then K and L are
even homeomorphic as topological spaces, but the (n — I)-skeletons do not
have the same homotopy type, since K"’ is a point, whereas L"! = §"~ '

We can circumvent this difficulty to some extent by using J. H. C.
Whitehead’s theory of n-types. First we recall (without proof) a useful
technical result, the cellular-approximation theorem, also due to White-
head.

We will use the letters K,L to denote CW complexes and X,Y to denote
arbitrary topological spaces.

128
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CELLULAR APPROXIMATION

Definition

A map f: K— L is cellular if f(K") < L" for every n, where K" denotes
the n-skeleton of K. A homotopy F: K x I — L between cellular maps is
cellular if (K™ x I) < L**! for every n.

Theorem 1 (cellular-approximation theorem)
Let K, be a subcomplex of K. Let f: K— L be a map such that f | K, is
cellular. Then there exists a cellular map g: K— L such that g ~ f rel K.

Corollary 1
Let f: K— L. Then there exists a cellular map g: K-— L such that

g~r

Corollary 2
Let f5,f,: K— L be cellular maps. Suppose f, ~ f;. Then there exists a
cellular homotopy F: K x I — L between f; and f;.

n-TYPE

We will define two different notions, n-type and n-homotopy type. The
reader is warned not to confuse them.

Definition

Two maps f,g of X into Y are n-homotopic if, for every complex K of
dimension at most » and for every map ¢ of K into X, the compositions
fo,9¢: K— Y are homotopic.

It is clear that this defines an equivalence relation among maps of X
into Y (for each n).

Proposition 1

Let f,g be maps of a complex K into a space X. Then f and g are
n-homotopic if and only if the restrictions of fand g to K" are homotopic.

PROOF: If f, g are n-homotopic, then by definition their compositions with
the inclusion map of K" into K are homotopic, but these are precisely the
restrictions as stated. To prove the converse, it is enough to know that any
map of an n-dimensional complex into K is homotopic to a map of that
complex into K". This follows immediately from the cellular-approxima-
tion theorem.
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Definition
Two spaces X, Y have the same n-homotopy type if there exists a map
f: X— Y and a map g: Y — X such that the compositions fg and gf are
n-homotopic to the respective identity maps. Then we say that (f,g) is an
n-homotopy equivalence and that g is an #-homotopy inverse of f.
Having the same n-homotopy type is clearly an equivalence relation.
We now come to the definition which will be essential in the sequel.

Definition

Two complexes K,L have the same n-type if their n-skeletons K", L" have
the same (» — 1)-homotopy type.

That is, K and L have the same n-type if there are maps between K” and
L" such that the compositions are (n — 1)-homotopic to the identity maps
of K" and L".

If we allow n to take the value oo, it is with the understanding that
“ co-homotopic”” means homotopic, “ K* > means K, and so forth. This is
a convention, not a theorem; it is not true, for example, that two maps
f,g: X — Y must be homotopic if fp and g¢ are homotopic for every map ¢
of a complex into X(see Exercise 1). However, the propositions that follow
will hold true when # is allowed to take the value co.

We use cellular approximation again in the next result,

Proposition 2

If K and L have the same n-type, then they have the same m-type for
every m <n.

PROOF: We are given that there exist maps f: K" —L" and g:L" — K"
such that the compositions are (n — 1)-homotopic to the respective identity
maps. We may assume that f, g, and the homotopies are cellular. Then the
restrictions of f and g to the m-skeletons provide an (m — 1)-homotopy
equivalence of the m-skeletons, which proves the proposition.

This proposition is valid with n = co; that is, if X and L have the same
homotopy type, then they have the same m-type for every finite . Thus
the n-type is a homotopy invariant of the complex.

Recall the two cell structures for S” given at the beginning of this
chapter. It is easy to verify in this example that the m-type is invariant.
Forinstance, if n = 3, then K? = ¢° and L? = S? have the same 1-homotopy
type (since any map of a l-dimensional complex into S? is null-homo-
topic); so K and L have the same 2-type.

It is not hard to see that the 1-type of a complex is essentially a measure
of the number of connected components. Whitehead showed that two
complexes have the same 2-type if and only if they have the same funda-
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mental group. The main subject of this chapter will be Postnikov systems,
which provide a characterization of n-type for larger values of x.

Recall that [X, Y] denotes the set of homotopy classes of maps of X
into Y.

Lemma 1

Let (f,9) be an n-homotopy equivalence of X and Y and let K be a
complex of dimension n. Then the induced transformation f,: [K, X ]—
[K,Y]is a set isomorphism.

This is immediate; for the compositions f,g, and g, f, are the identity
transformations.

Theorem 2

Suppose L, and L, have the same n-type. Let dim K <<n— 1. Then
the sets [K,L,] and [K,L,] are in one-to-one correspondence.

PROOF: By Theorem 1, the inclusions L — L, for i = 1,2 induce one-to-
one correspondences [K,L{] — [K,L;]. By hypothesis, L} and L% have the
same (n — 1)-homotopy type. The result follows from Lemma 1.

Corollary 3

If K and L have the same n-type, then the homotopy groups 7(K) and
n(L) are isomorphic for all i <n.

The converse does not hold, but we have the following theorem of
Whitehead, which we state without proof.

Theorem 3

Suppose there is a map f: K" — L" which induces isomorphisms on
the homotopy groups n(K") ~ n,(L") for all i < n. Then K and L have the
same n-type.

POSTNIKOV SYSTEMS

Now suppose that L is an (# — 1)-connected complex, and let n = n,(L).
Then L and K(z,n) have the same homotopy groups through dimension #.

Proposition 3

L and K(n,n) have the same (n + 1)-type.

PROOF: We need a map between these two spaces which induces the
isomorphism of #,. Such a map f: L — K(n,n) is given, using the results of
Chapter 1, by the fundamental class 1, € H"(L; ). We leave the details to
the reader (see Exercise 3).
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A natural line of inquiry would be to attempt to modify K(r,n) in such
a way as to obtain a space having the same (» + 2)-type as the original
complex L. This leads to the development of Postnikov systems, the main
idea of this chapter.

Definition

Let X be an (n — 1)-connected complex, with n >2 (thus X is simply
connected). A diagram of the form of Figure 1 is called a Postnikov system
for X if it satisfies the following conditions:

i
;me+l

me _I‘—"‘l(_)Q')K(nm+1’ m +2)

j
Xn = K(T["’n)
l

()

Figure 1

1. Each X,, (m >n) has the same (m + 1)-type as X, and there is a map
pm: X — X,, inducing the isomorphisms n,(X) ~ n(X,,) for all i <m
2. All higher homotopy groups of X,, are trivial, that is, 7,(X,,) is trivial
fori>m
3. X,., is the induced fibre space over X, induced by k,(X) from the
standard contractible fibre space
4. The diagram is homotopy-commutative
In Figure 1, 7; denotes n,(X); k,.(X) denotes an appropriate cohomology
class in H™**(X,,;7,.+,) or the corresponding homotopy class of maps;
and (x) denotes a space consisting of only one point.
We have already remarked that X and K(n,n) have the same (n + 1)-
type. The construction of a Postnikov system is an extension of this result.

EXISTENCE OF POSTNIKOV SYSTEMS

We will now give an inductive construction to prove that for any simply
connected space X there is a Postnikov system of arbitrarily high order.
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The induction begins with the above observation that X and X, = K(x,,n)
have the same (n + 1)-type.

Suppose that the following have been obtained through a certain dimen-
sion N: the finite Postnikov system consisting of the X,,, p,., etc., for all
m <N, and spaces Y,,..., Yy with Y, < Y,,, < -+ < Yy_, < Yy such
that the maps p,, (n <m << N) are factored as p,=r, o i,

Pt X2 ¥,y L5 X,

where i,,; X — Y, is an inclusion map and r,,: Y,, — X, is a fibre map such
that r,, induces isomorphisms n(Y,) ~ n,(X,) for all i <m and that i, is a
homotopy equivalence. We thus assume the existence of a diagram,
Figure 2, where each r,, is a fibre map, all the inclusions are homotopy
equivalences, and =,(X,) =0 for i > m.

YN$—)XN
U
Yyo, oty Xy, Joil® K(ny, N+ 1)

X: Y,, I'n X,, kn(X) > K(ﬂ,,.;.l, n +2)
Figure 2

We will now show how to obtain the spaces Xy, and Y., and the
maps iy, and ry,, which satisfy the same requirements.

Let F,, denote the fibre of the fibre map r,: Y,,— X,,.. It is clear from
the homotopy exact sequence of this fibre map that

n(F,)=0 i<m
nFw) ~m(Y,)  i>m

with the isomorphism induced by the inclusion j,: F,,— Y,. Thus F,, is
m-connected and 7, (F,) ~ m,4,(Y,) ~ 1,4 ,(X), which we write simply
as My q.

Recall that the characteristic class of this fibre space is an element of
H™ %X, ;n.4.), defined as the transgression of the fundamental class of
F,.. We denote this characteristic class for m = N by ky(X), and we take a
map Xy— K(zy,1, N +2) from the corresponding homotopy class and
construct a fibre space over X as the induced fibre space from the standard
contractible fibre space. The total space of this fibre space will be Xy, ,. It



134 COHOMOLOGY OPERATIONS

Is clear from the homotopy exact sequence that Xy, has the required
homotopy groups. Consider the diagram of Figure 3, where the maps g
and s are yet to be constructed. Now ky(X) is in the image of the

K=K(7IN+1,N—!~ 1)—>XN+1
4 »

-~
S -~ F4
i -~ 9
Fy— Yy

JN

¥
XN kN(X)A K(TEN+15 N+2)

N

Figure 3

transgression, and so ry(ky(X))=0, and therefore the composition
kyry: Yy — K(n, 4+, N 4+ 2) is null-homotopic. Therefore the map ry has a
lifting g: Yy — Xy.:. We will prove in a moment that g may be chosen so
that it induces the isomorphism 7y (Fy) &~ iy (Xn 4+ 1) (=7y4,). Granting
this, we convert g to a fibre map ry.,: Yy, — Xy:, by the procedure of
Proposition 1 of Chapter 9; then Y, is a subspace of Y., in a natural
way and such that the inclusion is a homotopy equivalence; and 7y, ,:
X — Yy, will be the composite of this inclusion with iy. Thus the in-
ductive step of the construction of the Postnikov system is completed,
after we have proved that g can be chosen as asserted.

From the null-homotopy of kyry: Yy — K(ny,,, N +2) to the constant
map, we may construct a lifting g': ¥y — Xy, such that pg’ = r (Proposi-
tion 1 of Chapter 11). Moreover, this g’ maps fibres into fibres, since
g (ry'(x)) = p~'(x) (x € X); we thus obtain a map

s Fyo> K=Ky, , N+ 1)

by restriction. Now s’ defines a cohomology class in H¥*'(Fy;ny.:)
(which we denote also by s'), and the fundamental class of K transgresses
to ky(X) by construction; so s’ transgresses to & ,(X') by naturality. But the
fundamental class 1 of Fy also transgresses to ky(X); in fact this was the
definition of ky(X). Since t(s’) =1(1), we have s’ =14 j¥(x) for some
ae HY*'(Yy;ny41), by the Serre cohomology exact sequence.

Now the standard contractible fibre space of paths over K(ny,,, N +2)
may be taken to be a principal fibre space (see Chapter 11), and then the
induced fibre space K — Xy, ,— Xy is also a principal fibre space, with an
action ¢: Xy, X K— Xy,,. We define the map g: ¥Yy-— Xy., by the
composition

g: Yy Xy X K25 Xyiy

where —a is a well-defined element of the group HY*!(Yy;ny,,) and
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hence represents a homotopy class of maps Yy — K. Then pg=pg’ =ry
(by condition (1) for a principal fibre space), and we can define a map
s: Fy— K by restriction of g. It follows from the definitions of s and
s and that of g that s = ¢ - (s', —j¥(2)). But the restriction of ¢ to K X K
is loop multiplication in K= QK(ny.,, N+ 2), which corresponds to
addition in H"*'(Fy;ny+,); and so we have, in cohomology, the relation
s=5 — j¥(a). Thus s =1.

Since s =1, the map s induces an isomorphism on the (N + 1)th homo-
topy group. But it is clear that the inclusion maps of the fibres also induce
isomorphisms on this group. From the commutativity of the “ square” in
Figure 3, it follows that g also induces an isomorphism on ny, ,, which was
to be proved.

This completes the construction of the Postnikov system for X. By
Milnor’s result (see Chapter 9) we may assume the spaces X,, are nice.

NATURALITY AND UNIQUENESS

It will be convenient to have a uniqueness theorem for Postnikov systems,
asserting that any two such systems for a given space X are in some sense
equivalent. It will also be useful to have the *functorial” property that a
map from a space X to a space Y gives rise to a “map " from the Postnikov
system of X to that of Y. These properties are consequences of the follow-
ing theorem.

Theorem 4

Let X, Y be simply connected complexes, and let f be a map from X to Y.
Let Postnikov systems be given for X and for Y. Then there exists a family
of maps {f,: X,,— Y, } with the following properties:

1‘ fr:(km( Y)) :f#km(X) € Hm+2(Xm;nm+1(Y))
2. The diagram

Xm+1 BLEINN Ym+1

l

X, -I~,Y,
is commutative, and the diagram

X LY

e

X, I Y,

is homotopy-commutative



136 COHOMOLOGY OPERATIONS

3. If fand g are homotopic maps from X to Y, then f,, and g,, are homo-
topic (for every m)

In (1) we mean by f, the coefficient homomorphism induced by the
homomorphism £, : 7, (X)) — 7,,4.(Y).

As a corollary, X,, is determined by X, up to homotopy type; for we may
take Y= X and apply (3) to obtain a homotopy equivalence between the
two versions of X,.

We omit to prove this theorem; the reader now has all the necessary
tools available.

DISCUSSION

If X is a complex, the n-skeleton X" has the same homology (or
cohomology) as X through dimension » — 1 and has no homology above
dimension n. Evidently the term X, in a Postnikov system for X plays an
analogous role for homotopy, but of course the situation is much more
complicated and geometrically much less natural.

If X has only finitely many non-trivial homotopy groups, so that 7,(X) =0
for all i > N (for some N), then X has the same homotopy type as X and
we can say that X has a finite Postnikov system.

If Kis a complex of dimension # (or less), then we can identify the sets of
homotopy classes [K,X ] = [K,X,], since X and X, have the same (n -+ 1)-
type. This simplification of the task of computing [K,X ] will be pursued
further in Chapter 14.

In a certain sense, the Postnikov system provides a complete system of
invariants for n-type for every n (1 <n < o). For example, let X be
(n — 1)-connected. Then the (n + 1)-type of X is that of K(r,(X),n), so that
n, 1s a complete set of invariants for (n + 1)-type. (We have proved this
for n > 1; it holds for n =1, but the details are more complicated.) The
(n + 2)-type of X is that of X,.,, and so it is completely determined by
T Tavy, and k,. Here k, € H *(n,,n; n,,,). In general, the (n +q + 2)-
type of X is that of X,.,., and thus is determined by the groups
T, . . ->Masq+1 and the cohomology classes k,, . . .,k,.,. In our formulation,
it is not quite precise to call the k,’s invariants. Indeed, one may have fibre
spaces of the same homotopy type induced from the same contractible
fibre space by nonhomotopic maps. Nevertheless the k,’s are called the
k-invariants of the space X.
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Postnikov systems were indeed discovered (and called *“ natural systems ™)

by Postnikov. Theorem 4 precisely expresses the manner in which the
Postnikov system is a natural system; this theorem was proved by D. W.
Kahn.

~N

EXERCISES

. Give an example of spaces X,Y and maps f,g: X — Y such that fo ~ g¢ for

any map ¢ of any complex K into X but with f,g not homotopic.

. Give a counterexample to the converse of Corollary 3.
. Let L be (n — 1)-connected and let = = n,(L). Verify from the definitions that

the fundamental class 1 of L gives a homotopy class of maps L — K(n,n) which
induce the isomorphism of =,

. Show that the homotopy classes [K,X,] are in one-to-one correspondence

with the set i* ([K"*1,X]) = [K",X]. Here K is a complex, i: K"< K"*!is the
inclusion of the skeletons, X is a simply connected space, and X, has the
(n + D-type of X but with n,(X,) trivial for i > n.

Show that the above correspondence is natural, in the obvious sense, if
X, is taken to be the nth term in a Postnikov system for X.
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CHAPTER14
MAPPING SEQUENCES AND
HOMOTOPY CLASSIFICATION

We will present two constructions of a spectral sequence for [K,X ]. One
is based on the Postnikov system for X; the other, on the cell structure
of K.

THE FIBRE MAPPING SEQUENCE

Let (E,p,B; F) be a fibre space in the sense of Hurewicz. If we take the
inclusion j: F— E of the fibre and convert this map to a fibre map (Proposi-
tion 1 of Chapter 9) and then repeat the process on the inclusion of the
new fibre and continue ad infinitum, we obtain what we will call the fibre
mapping sequence.

The interest of the mapping sequence lies in the fact that it has a kind
of periodicity. Precisely, when we convert j to a fibre map j': F'— E, the
fibre G is a space of the same homotopy type as QB. Granting this, then
similarly the inclusion k: G— F’ gives a fibre map £': G’ — F’ with a fibre
H of the same homotopy type as QFE. Moreover, it turns out that the
inclusion of H in G’ is, except for sign, homotopically equivalent to the
map Qp: QE— QB. (For the proofs of these facts, see the Appendix to this
chapter.)

We thus obtain a sequence which may be written

e QB QF S QF QB> F—>E— B
138
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where we have put F for F’, QB for G’, etc. Each map in the sequence is a
Hurewicz fibre map. Therefore, if K is any complex, the homotopy classes
of maps of K into the terms of this sequence give an exact sequence

< [K,Q*B)— [K,QF |- [K,QE ) — [K,QB]— [K,F]1— [K,E]—[K,B]

Here the last three terms are not necessarily groups, but they are at least
sets with distinguished element, so that exactness makes sense,

We remark that if the original fibre space F— E— B is induced by a
map B — Y from the standard contractible fibre space over Y, then we can
add a term at the end of the above exact sequence, so that it terminates

- —[K,F]1—[KE]—[K,B]—-[K Y]

In general the set of homotopy classes [K, X ] has a natural group struc-
ture if X is a space of loops. Thus we can make the following remark.

Proposition 1

[K,X] has a natural group structure if the space X is (n — 1)-connected
and the dimension of the complex K is at most 2n — 2,

This follows from the fact that X and QS X have the same (2n — 1)-type,
by the suspension theorem.

In the sequel we always assume [K,X]| has a natural group structure.
Other sufficient conditions include K being a suspension or X a loop space
(see Chapter 15).

We will make implicit use of some facts about the behavior of cohomol-
ogy classes and operations under the action of the looping functor Q.
Consider a cohomology class 8 € H"**(n,n; G) and let 0 also denote a
corresponding map of K(m,n) into K(G,n + k). Then Q6 is a map of
K(n, n — 1) into K(G, n + k — 1), which corresponds to a cohomology class
in H"**"(n, n — 1; G). In this way we obtain a transformation

H""an; G) > H" "™ (n,n—1; G)
which is called the cohomology suspension and written '( ), so that the
class which we denoted by Q6 above is written '6. It is clear that the above

transformation is an isomorphism in the range of Serre’s exact sequence.
We have commutative diagrams

KZ,n— 132 K(Zyn+i—1)

l|

QK(Zn) 555 QK(Z,, n+1i)

(and similarly with Z, replacing Z), and in this sense we have !(Sg‘) = Sq'.
One expresses this fact by saying that the Sg’ are stable operations.
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MAPPINGS OF LOW-DIMENSIONAL COMPLEXES INTO A SPHERE

In Chapter 12 we computed some homotopy groups of spheres by a
construction which may be called the “mod 2 Postnikov system” for
S”. In fact, up to dimension n + 2, this is a Postnikov system, with no
apologies about mod 2, according to the following results.

Proposition 2

Let p be an odd prime. Then the least integer n such that #,(S?) has a
non-zero element of order p is n = 2p.

For an indication of the proof, see Exercise 1.

Corollary 1

7,+4(S”) contains no elements of odd order for & <2.

PROOF: From the proposition, #,(S*) has no elements of odd order for
n < 6. By the suspension theorem, =, ,(S") ~ n,(S*) and this group must
be Z,, since the 2-component is Z, and there is no odd torsion. Also,
Tt 2(S™) &~ 14(S*), and this is the homomorphic image of n4(S*) = Z,; so
7,4+ 2(S") contains no elements of odd order.

Thus, through dimension # -- 2, the Postnikov system of S” (for n large)
is exactly the mod 2 system previously constructed.

We will use this Postnikov system and the fibre mapping sequence of
certain maps to study the classification of maps of a complex K into S”.

Suppose first that K has dimension n. Then [K,S"] = [K,K(Z,n)] since
K(Z,n) and S™ have the same (n 4 1)-type. Since [K,K(Z,n)] is in 1-1
correspondence with H"(K;Z), we recover the classical Hopf classification
theorem for [K,S"].

Suppose next that K has dimension # + 1. We have [K,S"] = [K, X, ]
where X, ., is the appropriate stage in the Postnikov system for S". Con-
sider the diagram below where the map QB F| is essentially Q(Sg?) = Sq>.

QB=K(Z n—1)—F, =KZ,,n+1)— X,.,
P

B= K(Zn)-32> K(Z,, n +2)
Mapping K into the successive spaces in the diagram, we obtain an exact
sequence
[K.QB] L [K,F\] % [K.X, ] [K,B]-5 [K, K(Z,, n + 2)]

in which each term is a group. (We recall that K(rn,n) can be thought of as
QK(n, n + 1) and [K,K(n,n)] = H"(K; n).) Thus we know [K,X,.,]Jup to a
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group extension, since we have a short exact sequence
0 —coker f— [K, X, ;] — ker k—0

where coker f= H"*(K;Z,)/Sq* H"~'(K; Z) and where ker k is the kernel
of S¢*: HK;Z) —» H"**(K;Z,).

We will push this method one step further and consider [K,S"] where K
has dimension n + 2. Here [K,5"] = [K,X,. ;] where X, is the next stage
in the Postnikov system for S”". By converting certain maps to fibre maps
according to the method described at the beginning of the chapter, we can
expand the Postnikov system (up to X,.,) into the diagram of Figure 1.

QX4 n_“’QFz =K(Z;,n+1)—> QX2

azp

KZn— 25 QF, = KZy 1) —2 s QX, .\, — 25 F, = K(Za, 1+ D) —> Xas

Qp

¥
(B —— KZn— ) —=——>K(Z,n— 1) 35 F, = K(Zp, n+ ) —— X,s \ —>> K(Zs,n + 3)

4

() — S K(Zm—>B=KZn - K(Zsn+2)

(%)
Figure 1 Diagram for analysis of [K, $"] = [K,X»+2](dim K =n+ 2)

Here each symbol (x) denotes a one-point space, and we have used the
remark that '(Sg?) = Sg*. The map « was defined in Chapter 12 and satis-
fies the relation i*a = Sq*(1,,,) € H***(F;Z,).

To study [K,X,,,], we map K into the following portion of Figure 1:

QXn+I-SE'>FZ_) X2

Xn+l—a-)K(Zz, n +3)
and obtain a short exact sequence
0 —coker (Qu), — [K, X, ,] > kera,—0

Now «,: [K, X, ] = [K, K(Z,, n + 3)] is the zero homomorphism, since
[K, K(Z,.n + 3)] is classified by H""3(K;Z,), which vanishes by the
assumption on the dimension of K. Thus ker«, is the entire group
[K,X,..], which we have described previously.

It is much more complicated to describe coker (Qa),. Let A denote the
kernel of Sq*: H" '(K;Z) — H"*'(K;Z,) and let C denote the cokernel of
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Sq*: H'(K;Z,) — H"**(K;Z,). (The reader should identify these cohomol-
ogy groups with the appropriate locations on Figure 1.) We can define a
transformation

dy = () Qp)™: A—C
In terms of the figure, we use the portion

QOF = K(Z,,n)— QX1 —> F, = K(Z3,n + 2)
Qp

KZ,n—1)—sK(Z,n—1)— F,

An element of 4 corresponds to a map of K into K(Z, n — 1) which can be
lifted to a map into QX,,, and thus continued to F,, resulting in an
element of [K,F,]= H""*(K;Z,). This element is not well-defined there,
since the lifting may vary, but is well-defined as an element of the quotient
group C, since the lifting may only vary by the effect of a map of X into
QF, and the composite QF, — QX,,,— F, is the Sg* used to define C.

We claim that coker (Qx), is isomorphic to coker d;; we omit the proof,
which is a tedious verification. Granting this, we obtain a composition
series for [K,X,,,] with the following terms: (1) ker S¢*> <« H(K;Z);
(2) coker S¢* = H""(K;Z,)/Sq*H""(K;Z); (3) cokerd, as above. Of
course (1) and (2) represent [K, X, ;]

THE SPECTRAL SEQUENCE FOR [K,X]

We hope that by now the reader can see what is coming. Abandoning any
dimensional restriction on K and no longer assuming X a sphere, we can
subsume the above cases into a general framework to obtain a spectral
sequence for [K,X].

We obtain the exact couple simply by mapping the complex K (of any
dimension, now) into the diagram of Figure 1 (extended upwards and to the
left according to a Postnikov system for X'). We will denote the initial stage
with the index 2. The D, terms are homotopy classes of maps of X into
the terms of the Postnikov system for the space X and into the derived
towers, i.e., into the first, third, and fifth columns of Figure 1. The E,
terms come from maps of K into the fibres. The bigradation will come from
the plane coordinates implicit in the diagram.

Explicitly, we have an exact couple

D, D,

Y/

E,
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where D; P4 = [K,Q?X,_,] and E; »" = [K,Q°F,_,_,]. All the D’s and E’s
are groups. It may be more convenient to use the natural equivalence
[K,QY]=[SK,Y] to obtain alternate expressions for these groups. For
example,

EZ_ Pl = [KstFq—p—n] = [K,QP(K(nm(X)am))] m=q—p
— [S"K,K(n,.(X),m)]
= H" X (S’K;m,_ (X))
Thus E; '"*? = [K,QF,]1 = [K,K(Z,,n)] = H"*'(SK; 1, ,(X)).
The map 7, is induced by the projections in the towers and has bidegree
(0,—1); thus, typically,

Iy: D3P — D1 [KQP X, ] — K QP X, ]
The map j, is induced by the k-invariants and has bidegree (1,0):
Jot DE P EZ P08 [KOPX, 1= [KQP'F, ey,
The map k,, of bidegree (0,0), comes from the fibre inclusions:
ky: E7— D3 %9 [K,Q%F,_,_,] > [K.0°X,_ ]

Then of course d, =j,k,: E; 77— E;?*14 This comes from “two steps
sideways,” for example, from [K,QF,] to [K,F,]. Observe that the d, is
induced by a map of K(n,n) spaces, so that it corresponds to a primary
cohomology operation.

We leave it to the reader to trace the * path” of a higher differential on
the diagram of Figure 1; d, has bidegree (1, r — 2) for r > 2.

If K is finite-dimensional, each column of the diagram is finite and we can
replace X by X, for ¢=dim K. We obtain a composition series for
[K, Q"X ]=[S'K,X] where the successive quotients in the series are the
terms E 7 with —p=r. The filtration is defined by taking F; to be the
kernel of the map [K,X]—[K X;] induced by p;: X— X;; we have
F;_/F;=E% and 0c F,< F;_, < -+- = Fy=[K,X] (assuming X con-
nected). The filtration is thus obtained by means of the Postnikov system
for X.

The reader should reexamine the example [K,S"] where K has dimension
n -2 to see how it fits into the general scheme.

THE SKELETON FILTRATION

AND THE INCLUSION MAPPING SEQUENCE

The above theory can be dualized. Let K be a complex and L a sub-
complex, with i: L— K the inclusion. Let j be the inclusion of Kin K U CL.
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Then, if X is a simply connected space,
[LX]<*[K,X]<—[KU CL, X]

is an exact sequence (the verification is easy); in fact L—-K— KU CLis a
“co-fibration.” We have assumed that (K,L) is a pair of complexes so
that K U CL will have the same homotopy type as K/L.

We now consider j: K— KU CL and form (K v CL) U CK, which is the
““co-fibre ”’ of the inclusion map /. It is not hard to see that (K CL) U CK
has the homotopy type of the suspension SL. The next step produces a
complex of the same homotopy type as SK, and the map is homotopically
equivalent to Si: SL— SK. In this way we obtain the inclusion mapping
sequence which may be written, up to homotopy equivalence, as

Ly K3y K|L—» SL-5 SK-5, S(K/L)— S?L—> - -

Mapping the terms of the above sequence into a simply connected space
X, we have the exact sequence

[L,X]—[KX] « [K/L,X]  [SL,X] « [SK,X] «— [SK/SL,X] - -~

where the first three terms are sets with distinguished point, the next three
are groups, and all the rest are abelian groups.

We remark that it is possible to give a suitable definition of the cell
structure of the complex SK so that S(K/L) = SK/SL and, less obviously, so
that S"(K?) = (S"K)**" (where K?” is the p-skeleton of K).

Fix p for the moment and note that K?/K”~' is a wedge of p-spheres.
According to the preceding remarks about S"K?, we can identify

Sr(Kp/Kp—l) — Ser/Ser—l — (SrK)p+r/(SrK)p+r—1
which is a wedge of (p 4 r)-spheres, and we can then identify the maps of
this wedge into X with a cochain group,
(SR HSKY ™LX~ CPH(SK 1,0 (X)) &~ C(K 7,0 (X))

Thus if we take K= K?, L = K”', and let p vary, the resulting sequences
fit together to form an exact couple, with a typical D, term given by
[S"K?,X] and a typical E, term by [S"(K?/K?™’),X]~ C*(K;n,.,(X)).
The reader should draw an appropriate diagram. The differential

dl : CP(K;np+r(X))—> CP+I(K;np+r(X))

turns out to be the usual cohomology coboundary operator, up to sign. A
typical E, term has form H*(K;r,, (X)).
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With a suitable bigrading chosen on E; and D,, one finds that the E,
term of the resulting spectral sequence is isomorphic to the E, term of the
spectral sequence obtained from the exact couple of the fibre mapping
sequence. By Exercise 2 of Chapter 13, the same holds for the D, terms. The
filtration, instead of being based on the kernels of the maps [K,X]—
[K,X ], is based on the kernels of the maps [K,X | — [K’,X]. These filtra-
tions coincide and we obtain the same spectral sequence for [K, X ].

DISCUSSION

We have given two constructions of the spectral sequence for [K,X].
Without precisely defining duality, we view these constructions as dual.
We think of fibration and co-fibration as dual notions. The * building
block > using fibrations is the Eilenberg-MacLane space; for co-fibrations,
it is a wedge of spheres (having only one non-vanishing cohomology
group).

The inclusion mapping sequence is often referred to as the Puppe
sequence; it was first studied extensively by Barratt. The existence of the
spectral sequence for [K,X ] is perhaps more obvious from this point of
view. On the other hand, the Postnikov approach shows how the k-invariants
of X and cohomology operations in K affect the result; namely, they
determine d,. Subsequently we will introduce secondary cohomology
operations; the reader will then immediately be able to interpret the next
differential.

APPENDIX:
PROPERTIES OF THE FIBRE MAPPING SEQUENCE

Lemma 14

Let (E,p,B; F) be a Hurewicz fibre space. Let Z denote the subspace
{(e,B): p(e) = B(0)} of E x B'. Then there is a map i: Z— E’ such that
/l(e,/i)(O) = e and P'l(eaﬂ) =B.

Here p denotes the map E— B and also the induced map E'— B'. It
will sometimes be convenient to use the notation E = B’ for Z. Mapping
spaces like E' are always understood to have the compact-open topology.

PROOF: We have a map Z— E taking (e,f) into e; this projects to a map
Z— Btaking (e,) into p(e) = B(0). We have a homotopy of this latter map,
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taking Z x I into B by taking (e,B; t) into f(¢). Applying the covering
homotopy theorem, we obtain the map A of the lemma.

Lemma 24

The map E'— E' given by w— A(w(0), pw) is homotopic to the identity
map, and the homotopy is * vertical,” that is, the image of any point remains
in its fibre throughout the homotopy.

The proof may be left as an exercise.

Lemma 34

Let (E,p,B; F) be a Hurewicz fibre space. Convert the inclusion j: F— E
into a fibre map as in Proposition 1 of Chapter 9. Let G be the fibre of
j': F’—E. Then G has the homotopy type of QB.

PROOF: Recall that F'= {(f,w): j(f)=w(0)} = F X E" and that j' is
defined by j'(f,w) = w(1). Let e, denote the base point of the pair (E,F).
Then G = (j') " '(e,), so that

G = {(f,0): ©(0) =j(f), o(1) = eo} < F'

We have an obvious map ¢: G— QB: (f,0)—pw. We obtain a map
y: QB— G as follows. Given a path f € B, let ¢ denote the inverse of the
path A(eo,87"). Then put y(B) = ((0),¢). This defines a map of QB into G,
since &(1) = A(eq,f”")(0) = €.

We must prove that the compositions ¢y and y¢ are homotopic to the
identity maps. Now oy(8) = ¢((0),e) = pe = B, so that ¢y is actually the
identity itself. In the other direction, yo(f,w)=y(pw)= (y(0),y) where
= A(eo,(pw)™"). Now (f,w) €G; s0 w(l)=e,. Thus A(eo,(pw)~!) =
Mo~ 1(0), p(w™")); but the map w—y~ ! = Ao~ '(0), p(w™1)) is homotopic to
the map w— o™ !, by the previous lemma. Thus the map w—sy is homo-
topic to the identity map w— w. It follows easily that the map y¢: G—
G: (f, w)— (¥(0),y) is homotopic to the map (f,w)— (w(0),0) = (f,w), i.e., to
the identity. This proves the lemma.

Since the composition ¢y : QB— G—> QB is the identity map, we have
actually proved that QB may be identified with a deformation retract of G.

THE MAP FROM QFE TO QB

Now consider the diagram below, where (E,p,B; F) is the original
Hurewicz fibre space. The inclusion j: F— E is converted to a fibre map j’
with fibre G, and the inclusion k: G— F' is converted to a fibre map
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k' with fibre H. The four inclusion maps indicated by vertical arrows are
homotopy equivalences.

QE-22, QB F-.,E-2 B

1 17

QF G\ F
| A
H_ ‘.G

Lemma 44

The maps [ and Qp are homotopically equivalent except for sign.

The proof requires no deep thinking; it consists principally of tracing
the definitions through the diagram. We present it here for the curiosity
value of the result that the homotopy equivalence is not the natural one
but must be obtained by reversing all the paths in QF. Precisely, we will
prove that the following diagram is homotopy-commutative where 7°is the
homotopy equivalence which reverses the parametrization of every path
and «, B, and y are the retractions given by Proposition 1 of Chapter 9
(for ) and Lemma 3A (for « and 7). The need to use T in this lemma may
be viewed as the source of an exasperating (— 1)" which appears frequently
in algebraic topology. In this book we usually work mod 2.

QE-2, QB
(I
QF G
T, b

H1 (¢

Let a typical “point” of H be (g,¢") where g=(f,w)e G and ¢’ is a
path in F’. Since (g,¢’) € H, we have ¢'(0) =g, ¢'(1) = (eo,e3) where e, is
the base point in F < E and &g is the constant path there. Since g € G, we
have w(0) = f and w(l) = e,.

The two routes around the diagram give the following calculations for
the image of (g,¢") in QB:

Y(BU(g,0")) = v(B(g9,90") = y(9) = y(f,0) = Qp(v)
Qp(T(x(g,9")) = Q(T(Y' (")) = T(QP(Y'(¢')))

where the last 7 denotes an operator on B. Now it is readily seen from the
definitions that pj’ takes a point (e,e) € F' = F * E' to the point p(e(1)) € B.
The path ¢’ € (F')" is a continuous deformation of (f,w) to the base point
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(eose3) of F'. Geometrically speaking, we take (f,w) and move the point f
along the fibre F to e, while the path o is free (except that its initial point
moves with /) until at the end of the deformation w is collapsed to ¢§. Then
Qp(Qj'(¢")) is the track in B of the endpoint of this path. If we write
o'(t) = (f,w,) € F', then we must compare the path r— p(w(r)) with the
path r— p(w,(1)). Consider the square I? mapped into E as indicated in the
diagram. The horizontal segments are mapped by o, and the whole is a

f @ €9
fi—2 (D)
e

eo——————eo

continuous map I*— E which essentially represents ¢’. When we project
this square into B by means of p, the left edge and bottom edge and the
upper-right corner are mapped to the base point b, = p(e,). This square
then yields a homotopy between 1— p(w(l — £)) and +— w (1), represented
in the diagram by imagining the square being swept out by a radial line
rotating about the upper-right corner. This homotopy completes the proof
of the lemma.

EXERCISE

1. Letf: S —» K(Z,3) generate H>(S?3). By the construction of the fibre mapping
sequence, we may assume a diagram X -2, §* L, K(Z,3), where X is the fibre
of f. Converting p to a fibration, we have a fibre space (X,p,S>) where the
total space X is 3-connected and p induces isomorphisms 7;(X) ~ 7,(S?) for
all i > 3. Use this to show that the smallest integer n such that n,(S?) contains
an element of order p, where p is an odd prime, is n = 2p. (Find the coho-
mology of the fibre, write the cohomology spectral sequence, and apply the
universal coefficient theorems and the Hurewicz theorem mod C,.)

REFERENCES
The fibre mapping sequence The inclusion mapping sequence
1. F. P. Peterson [1]. 1. M. G. Barratt [1].

2. D. Puppe [1].



CHAPTER 15

PROPERTIES OF THE
STABLE RANGE

From time to time we have considered various phenomena which exhibit
particularly regular behavior in a certain range of dimensions depending
on the connectivity of the spaces in question. Perhaps the most funda-
mental example is the suspension theorem (Theorem 1 of Chapter 12),
which asserts that the suspension homomorphism E: n(X)—n,.,(SX) is
an isomorphism, provided i<<2n—2, where X is (n— 1)-connected.
Stated briefly, the theorem asserts that the suspension homomorphism E is
an isomorphism ‘“in the stable range.”

In this chapter we examine various constructions which have a stable
range and we point out exactly what nice property holds and in what range.
In future chapters when we wish to restrict attention to the stable range,
we merely utter the magic phrase and usually leave to the reader the task of
working out exactly what dimensional hypotheses are necessary.

NATURAL GROUP STRUCTURES

We first recall the ways in which a set of homotopy classes [K,X ] may
have a natural group structure; namely, K a suspension or X a space of
loops. Speaking precisely, the pinching map SK— SK v SK induces a
group operation on [SK,X ], natural with respect to maps of X, while the
multiplication QX X QX— QX induces a group structure on [KQX],

149
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natural with respect to maps of K. On the other hand, we recall also that the
sets [SK,X] and [K,QX] are naturally equivalent; this equivalence is a
group isomorphism as well. This observation makes trivial the proof of
the following resulit.

Proposition 1

Let f: L— K and g: X — Y. Then the induced maps (Sf)*: [SK,X]—
[SL,X] and (Qg).[K,QX]— [K,QY] are group homomorphisms.

For our mapping sets to be abelian groups, we consider mapping sets of
the form [S?K,X ], [SK,QX ], and [K,Q?X ). We ask the reader to verify that
each has an abelian group structure, that the three are naturally isomorphic
as groups, and that maps SL — SK or QX— QY induce group homomor-
phisms (see Exercise 1).

Now suppose X is (n — 1)-connected. The identity map of $? X induces a
map h: X— Q*S%X; by the suspension theorem, 4 induces an isomorphism
in homotopy through dimension 2n — 2. Thus by Theorems 2 and 3 of
Chapter 13, dim K < 2n — 2 implies that &, : [K,X ] — [K,Q*S?X ] is a one-
to-one correspondence. Hence by transport of structure we have the
following.

Proposition 2

Suppose X is (n — 1)-connected and dim K <2n — 2. Then [K, X ] has an
abelian group structure, natural with respect to maps f: L —K and
g: X — Y, where Yis (n — 1)-connected and dim L <<2» — 2.

Briefly stated, in the stable range [K,X] has a natural abelian group
structure.

EXAMPLES: COHOMOLOGY AND HOMOTOPY GROUPS

Recall by Theorem 1 of Chapter 1 that we have a one-to-one correspon-
dence between [X,K(m,n)] and H"(X;r). Viewing K(n,n) as QK(n, n + 1),
we obtain a group structure on [ X,K(n,n)], natural with respect to maps of
X. The correspondence is indeed an isomorphism of groups—in fact,
[X,K(r,n)] is probably the most suitable definition of H"(X;r).

Now let 6 € H%(n,n; G) be a cohomology operation of type (n,n; G,q). Is
0: H(X;7n) — HY(X;G) necessarily a group homomorphism? In general,
the answer is no. (Consider, for example, the operation taking u to u? on
two-dimensional classes in the integral cohomology ring of S? x $2.) How-
ever, Proposition 1 tells us that the answer is yes, provided 0 can be written
in the form QY for some y: K(n, n + 1) = K(G, g + 1), i.e., provided 8 is
in the image of the cohomology suspension.
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We say that 0 is additive if 6: H(X;n) — HY(X;G) is a group homomor-
phism for every X. Summarizing the above remarks, we state the following.

Proposition 3

Suppose 6 is in the image of the cohomology suspension. Then 8 is
additive,

We next consider the import of Proposition 1 for homotopy. Since 7,(X)
is just [S?, X'], the group structure in =, arises from viewing S* as a suspen-
sion for i >1; n, is abelian for i > 2 since §' is then a double suspension.
The naturality with respect to maps g: X-—— Y is just the statement that
g4 1(X)—>n(Y) is a homomorphism,

Now let f: S?—S". Then composition with f induces a natural map,
also denoted f, from n,(X) to n,(X). By analogy this transformation is
called a primary homotopy operation. Need such a primary homotopy
operation be additive ? In general, the answer is no, but Proposition 1 tells
us that the answer is yes if fis a suspension element.

As a very important special case, take X also to be a sphere, say, X = S
Suppose p <2i — 1, so that fis perforce a suspension. Then the composite
g of (where g: S~ 8% is a bilinear function of the variables and thus
defines a pairing 7,(S?) ® n,(S)— 7,(S?. This pairing is clearly compatible
with suspension, that is, E(g - f) = E(g) - E(f). Therefore the pairing is
well-defined on the stable stems.

We denote the stable k-stem by G,. Thus G, = =n,,,(S") for n sufficiently
large. Let G be the graded group with G, as its kth term. We now may state
the following theorem.

Theorem 1

The composition operation endows G with the structure of commuta-
tive graded ring with unit.

By the above remarks, and by the observation that the identity map of the
n-sphere serves as unit in G,, only the commutativity need be proved. We
omit the proof of this result of Barratt and Hilton but remind the reader
that commutativity for a graded ring involves a sign.

In Chapter 17 we will compute the product structure in the 2-component
of G intherange of the calculations of Chapter 12, namely, through degree7.

CONSEQUENCES OF SERRE’S EXACT SEQUENCE

We now recall Theorem 2 of Chapter 8 and its analogue for cohomology.
Suppose p: E— B is a fibration with fibre F. If B is (p — 1)-connected
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and F is (g — 1)-connected, then we have the exact sequence
Hp+q—1(F) L) Hp+q—1(E) - Hp+q—1(B) > Hp+q—2(F)—'> T

and similarly in cohomology.

Speaking roughly, we would say that Serre’s exact sequence is valid in
the stable range.

We now apply Serre’s exact sequence to the cohomology suspension,
which we define for an arbitrary space X as follows. Let u € H***(X;r) be
represented by the map u: X— K(n, n + 1). Then the cohomology suspen-
sion of u, 'u € H(QX;n), is the class represented by the map Qu.

To study the cohomology suspension, consider the contractible fibration
over X with fibre QX. In the range of Serre’s exact sequence, the suspension
and the transgression are inverse homomorphisms (see Exercise 2). We
will obtain the following.

Proposition 4
Suppose X is m-connected. Then the cohomology suspension

) H*Y(X)— HYQX)

is an isomorphism if k <2m — 1.

PROOF: We apply Serre’s exact sequence with B= X, F= QX, and E
contractible. Then p=m — 1 and g=m. The isomorphism holds for
k<p—q—2=2m—1.

Corollary 1

Let 0 € H*(r,m; G). Suppose k <2m — 1. Then we may write § = 'y ina
unique way. Hence 6 is additive.

Briefly put, in the stable range a cohomology operation is additive and
may be uniquely desuspended.

For ue H*(Y;r), we denote by E(u) the total space of the fibration
induced over Y by u from the contractible fibration over K(=,k).

Proposition 5

Suppose X is m-connected and » <2m — 1. Let u e H"(QX;n). Then
E(u) has the homotopy type of a loop space.

PROOF: By Proposition 4, we may write u = 'v for some v € H""'(X;n).
Then E(u) and QE(v) have the same homotopy type.

Moreover, by the results of the Appendix to Chapter 14 together with
Proposition 1, we note that for each K, the map [K,E(u)]—[K,QX]is a
homomorphism.
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Corollary 2

Suppose X is (n — 1)-connected and n(X)=0 for i>2n— 1. Then X
has the homotopy type of a space of loops.

PROOF: Consider a Postnikov system for X with typical term X;. We
work by induction on j. Now X, is of the form E(u) for a certain class
u e H?(X;;n) for some 7, where p <2n — 1. By the induction hypothesis,
X is a space of loops (on an n-connected space, since X is (n — 1)-connec-
ted). Therefore Proposition 5 applies and E(u) = X, is a loop space. But
X = X,,, and thus the corollary is proved.

We next consider the relation between the fibre and cofibre of a map.
Suppose p: E— B is a mapping. By the standard construction, we may
assume p is a fibre map with fibre F; by another standard construction, we
may assume p is an inclusion with ““cofibre” B/E.

There is a natural map f: SF— B/E, induced from the following dia-
gram, since SF is the cofibre of F— .

F—F

Lo

+— B

Theorem 2

Suppose B is (p — 1)-connected and F is (¢ — 1)-connected. Then the
natural map f induces an isomorphism from z(SF) to =(B/E) for
i<p+q—2.

PROOF: We implicitly assume that p and ¢ are sufficiently large to assure
that SF and B/E are simply connected. It is thus enough to prove that f
induces an isomorphism in homology for i <p+g— 1. To do so, we
merely compare the Serre exact homology sequence for the fibration,
replacing F by SF with a dimension shift, with the exact homology se-
quence of the pair (B,E). With the help of f, we then have a homomorphism
of long exact sequences, with the terms in question sandwiched between the
common terms for E and B. The result follows from the five-lemma, noting
that the last term to be sandwiched is H,.,_,(F) = H,,,_,(SF).

Briefly put, in the stable range the cofibre and fibre agree, except for a
dimension shift.

We are already familiar with the following basic facts (see Chapter 14):
cofibre commutes with suspension and fibre cominutes with loops. Indeed,
these are the properties which give rise to the cofibre (inclusion) and fibre
mapping sequences, respectively. But Theorem 2 tells us that fibre and
cofibre agree (except for the dimension shift) in the stable range. Thus in
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the stable range cofibre commutes with loops and fibre commutes with sus-
pension,

We leave to the reader the task of precise formulation of the numerology
for these statements. Nonetheless we will use them, especially in Chapter
18. For example, we feel free to use the fibre mapping sequence of the pair
(B,E) of form

< [KYE]— [K,QB]— [K,Q(B/E)]— - -

which is valid when r and dim X are sufficiently small.

DISCUSSION

What we have done in this chapter is to establish a stable range in which
many things are well-behaved. In Chapter 16 we will study a new sort of
cohomology operation in the stable range; in Chapter 17 we will apply
these operations to gain new information about the composition ring G of
stable homotopy groups of spheres. Stability becomes even more crucial
in Chapter 18, where we introduce a totally different tool for the study of
stable mapping groups.

We based our comparison of fibre and cofibre on the natural map
f: SF— B/E. The adjoint of f'is another natural map g: F— Q(B/E). The
study of g would be a dual method of approach to the subject. Our proof of
Theorem 2 uses in a key step the exact homology sequence of the fibration
in the stable range. A completely dual proof of the corresponding results
would require an exact homotopy sequence of the cofibration £E— B —
B/E. Thus we would need, in the stable range, an excision property for
homotopy in order to identify 7,(B,E) with n,(B/E). That such an excision
property holds in the stable range is a consequence of the triad theorem
of Blakers and Massey.

It is possible to formulate precisely a *“ stable category ** in which stability
conditions are built in. The objects in this category are known as spectra;
they were first introduced by Lima. Subsequently Spanier, G. W. White-
head, and Kan have put stable homotopy theory, via spectra, on a firm
footing.

The use of spectra leads, as one might well imagine, to enormous simpli-
fications in the formalism; no longer need every statement be qualified
by an awkward range of dimensions which have to be kept track of. On the
other hand, there is a great deal of technique needed to establish the theory.



PROPERTIES OF THE STABLE RANGE 155

For the applications we give, the mass of technique outweighs the gain;
thus we do not introduce spectra here. However, for more sophisticated
applications they seem to be indispensable.

EXERCISES

1. The mapping sets [S 2K, X1, [SK,QX], and [K,Q2X] are in natural one-to-one
correspondence. The first and third have group structures; the second has
two. Prove that these group structures all coincide under the natural set
isomorphisms and are abelian. Prove also that maps SL - SKand QX - QY
induce group homomorphisms.

2. In the range of Serre’s exact sequence, the groups H**1(X) and H¥QX) are
isomorphic. Prove that the cohomology suspension and cohomology trans-
gression are indeed inverse isomorphisms. HINT: Recall that the coboundary
operator for a pair may be defined by mapping the inclusion mapping
sequence (Chapter 14) of the pair into an appropriate Eilenberg-MacLane
space and use the second definition of transgression (Chapter 8).
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CHAPTER 16

HIGHER COHOMOLOGY
OPERATIONS

We are moving toward a more intimate knowledge of the homotopy
groups of spheres. Before launching into the homotopy theory, we need to
develop some more sophisticated tools. In this chapter we will describe two
kinds of higher cohomology operations which will be useful in the homo-
topy calculations of the following chapter.

To simplify matters we will restrict our attention to the ““stable range.”
In each specific context the precise limits of the * stable range *” will be more
or less evident from the context; sometimes we will make them explicit.

FUNCTIONAL COHOMOLOGY OPERATIONS

The first new kind of cohomology operation is the functional operation.
We suppose that we are given a map f: Y— X (this is the “ function ) and
a primary operation 6 of type (G,n; n,q). For stability, we assumeq <2n — 2,
so that 0 is in the image of the cohomology suspension and thus 0 is a
homomorphism when considered as a transformation of additive groups
H"(;G)— H( ;7).

Since every map is homotopically equivalent to an inclusion map, we
may as well assume that fis an inclusion map and ¥ < X.

Let u be a cohomology class in H"(X;G) satisfying the two conditions
f*u=0¢€ H'(Y;G) and 0(u) =0 € HY(X;n). Consider the following dia-
gram, in which each row is exact.

156
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Diagram 1
H"YY;G) % H'(X,Y; G) L5 HY(X;G) L5 HY(Y;G)
l‘ﬂ lﬂ ]
H"™(X;n) L HY(Y;n) =2 HY(X,Y; n) L HY(X;n)

Since f*u=0, we can find ¥’ € H'(X,Y; G) such that j*(x’) =u. Since
0(u) =0, j*6(u’) = 0j*(u") = 0(u) =0, and so we can find u”" € H* '(Y;n)
such that é(u") = 0(u"). Of course «” is not uniquely determined by u; what
is uniquely determined by w is the projection of «” in H*~'(Y;n)/Q, where
the indeterminacy Q is the sum '60(H"'(Y;G)) + f*(H*"'(X;n)) of sub-
groups of H*™'(Y;n). To see this, suppose that v’ and v” were chosen in
place of ' and #". Then j*(u'—v')=0, and so u' —v' =6b for some
be H" '(Y;G). Therefore d(u" — v") = 0(u') — 0(v") = 6(3b) = 3(*6(b)), so
that (u” — v” — '6(b)) is in the kernel of § and thus u” — v" = f*(a) + '6(b)
for some @ € H*"'(X;n) and some b € H"™'(Y;G).

We define the functional operation 8, by putting 0 ,(u) to be the coset
u” + Q. Thus 6, has as its domain a subgroup of H"(X;G), namely, the
intersection of ker f* and ker 6; and it takes values in the quotient group
H*'(Y;n)/Q, where Q =im '0 + im f*. Like the operation 6, it goes from
cohomology with coefficients in ¢ to cohomology with coefficients in =#;
note, however, that it raises dimension by only ¢ — # — 1 and not, like 6,
by g — n. Like the homomorphism f*, 6, goes from the cohomology of X
to that of Y.

These functional operations are natural in the following sense. Suppose
we have the following commutative diagram and suppose that u € H"(X;G)

YL, X

'IT Té

Yy L X
satisfies f*u =0, 0u =0, so that 0,(u) is defined in H*"'(Y;r)/Q. Then
obviously (f")*(¢*(u))=0 and 0(£*(u))=0, so that 6, is defined on
E*(u), taking its value in H?"'(Y’;n)/Q’. Then we claim that n*(0 (u)) =
6 ,(¢*(u)) or, more precisely, that the left-hand member of this *“ equation™
is contained in the right-hand member when both are considered as subsets
(cosets) of H* '(Y';n). In fact, the indeterminacy of n*(0 () is clearly

n*(Q) = n* [*(H ' (X;n)) +n*('0(H" ™' (Y;5G)))
while that of 6,(*(w)) is
Q' = (f)H"(X";m) + '0(H""'(Y";G))
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so that clearly n*(Q) is contained in Q’. To verify that n* maps any repre-
sentative of 6 (1) to a representative of  ,(£*(u)) is no more than an exercise
in diagram-chasing, which we leave to the reader.

One of the important applications of functional operations is in estab-
lishing that a given map is essential. It is a classical pattern of proof in
algebraic topology to show that a map is homotopically non-trivial, i.e.,
essential, by showing that it is algebraically non-trivial. Thus if a map
f:Y— X induces a non-zero homomorphism f*: H*(X) — H*(Y), then
clearly f must be essential. The following proposition represents a consid-
erable sharpening of this method.

Proposition 1

Let fbe a map Y— X. Suppose there exists a primary operation 6 and a
cohomology class » such that 6,(u) is defined and non-zero. Then f is
essential.

Of course to say that 0 () is non-zero means to say that it is not the zero
coset.

Under the conditions of the proposition, we say that the operation 6
detects the map f.

To prove the proposition, suppose that f'is null-homotopic. We may as
well assume that f'is an inclusion map. Then the fact that f~0 means that
X U, CY has the homotopy type of the wedge X v SV, and the cohomol-
ogy sequence of the pair (X, Y) splits: HY( X, Y; /)~ HY(X;z) @ H* " '(Y;n).
The splitting map r* gives a commutative diagram

H'(X,Y; G) < H'(X;G)
el 0
HYX,Y; n) <~ HY(X;n)

where 6 is an arbitrary primary operation of type (G,n; n,q). Then, if
u € H'(X;G) satisfies f*(u) =0 and 6(v) =0, we can represent 0,(u) by
zero, since we can take ' = r*(u) and then 6(u') = 0(r*(u)) = r*(0(v)) = 0.
This proves the proposition.

As an example, let f be the map S""'— S" which is the (n — 2)-fold
suspension of the Hopf map #: $?— S?, and let 6 be the operation Sq¢>.
Recall (from Chapter 4) that S¢* is non-zero in the complex K = S" U, e"*2,
Now K is precisely M/S"*!, where M is the mapping cylinder of f. Then M
has the homotopy type of S". We take ¥ =S8""'", X=M ~S", and of
course G=n=2Z,. Let u be the generator of H"(X;Z,). Obviously
Sq*u =0 and f*u = 0. Therefore Sq7(u) is defined. The diagram defining it
is as shown below. (All coefficients are understood to be in Z,). We have
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H"‘!l(Y) —» H'(K)—i HY(X)— H'(Y)
H"+1(X)—)H"+Y(Y)—J)H"+2(K)—>H"+2(X)

H"(K)~ H'(X)=Z,, since H(Y)=0 for k #n + 1; thus we must take
u’ to be the generator of this group. Then Sg*u’ is non-zero. Finally, since
H*(X) =0 for k # n, the 6 shown is an isomorphism and we must take "
to be the generator of H**!(Y). The indeterminacy is zero, and we have
proved that Sq7(u) is non-zero. Thus, in the language introduced above, Sqg?
detects f/'(as an essential map). Note that /* is zero in all dimensions.

In the same way, the other Hopf maps v: $"*3— $§" and ¢:S"""— 8"
give non-trivial functional operations Sg¢ and Sq8, respectively.

ANOTHER FORMULATION OF 6,

We now introduce another (equivalent) definition of the functional
operation 0,. Let 0, f, and u be as before. We can use 6 to define a fibre
space E over K(G,n) induced from the standard contractible fibre space over
K(rn,q), as indicated in the following diagram,

Diagram 2
F=K(n,q— l)—‘;E
A -

i -
u a, P

Y—Ls X%y B— K(G 1) -%> K(n,q)

To say that 0(u) =0 is to say that the map u can be lifted to give a map
#i: X— E such that pi = u. To say that f*(u) =0 is to say that the com-
posite uf is null-homotopic. This means that if: Y— E is in the kernel of
P« [Y,E]—[Y,B], which is the same as the image of i,: [Y,F]—{Y,E],
so that there exists a map u”: Y— F such that /1" is homotopic to if. The
corresponding cohomology class #” € H*~'(Y;n) will represent the image
of u under the functional operation 6, which we shall denote 8, for the time
being to distinguish it from the 6, previously defined. It is easiest to evalu-
ate the indeterminancy in the definition of 8, by considering the following
diagram. ‘

Diagram 3
H* '(X;n)— [X,E]— H'(X;G) % HY(X ;n)

|
H"(Y;G) % H™ (Y1) — [Y,E] > H'(Y;G)
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Here the vertical maps are * and each row is exact (cf. Chapter 14). Since
we are in the stable range, Diagram 3 is a diagram of groups and homo-
morphisms. Now the definition of 8/(u) which was given above is easily
traced on this diagram; formally, it bears the closest possible resemblance
to the definition of 0 (u). In particular, it is evident, chasing the diagram,
that the indeterminacy is f*(H! '(X;n)) + '6(H" '(Y;G)), which is
exactly the same as the indeterminacy Q in the definition of 6,. Thus
0 (u) may be considered as a well-defined element of the quotient group
H*(Y;m)/Q.

We leave it to the reader to verify that such operations 8, are natural,
in the same sense as we proved before, using the first definition of func-
tional operations. This fact would be immediate from the next proposition,
but we want to use it in the proof, so it must be established directly.

Proposition 2

The functional operations 8, and 8, are identical.

We will prove this by the method of universal example. For the universal
example, take X=F (where E is the total space introduced above),
Y=F=K(n,q— 1), f=i:F—E, andu=p e H"(E;G). Then in Diagram
2, we may take i and u” to be the appropriate identity maps, and thus it is
obvious that the identity map (or fundamental class) 1,_, € H?"'(Y;n)
represents 6 (u). To see that 1,_, also represents 6 (u), consider the follow-
ing portion of Diagram 1:

H"(E,F; G)—&*> H'(E;G)
Jo
HY(F;n) <> HY(E,F; 1)

Now in the stable range the cohomology exact sequence of Serre for this
fibre space over B = K(G,n) yields isomorphisms

HYEF; ) ~ HYB; )

for whatever coefficients. Under this isomorphism, the class p € H'(E,F; G)
corresponds to the fundamental class 1, € H(B;G) and the coboundary
6: Hi™Y(F;n) »HY(E,F; ) corresponds to the transgressiont: H?™'(F;n) —
HY(B;r). If we choose p’ € H"(E,F; G) such that j*(p') = p, then 0(p’) cor-
responds to 6(1,). Thus, showing that 1,_, represents 6 (x) comes down to
showing that t(1,_,) = 6(1,). But by Formula 1 of Chapter 11 this is imme-
diate from the construction of E. Thus the proposition is established for the
universal example.
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The general case follows easily by naturality, as in the following calcula-
tion:

0 (u) = 0,(ii*(p)) = O, w)*(0(p) by naturality of 6,
= B10*%6(p)) by the universal example
= 0,(a*(p)) by naturality of 8,
=0,(u)

This completes the proof of Proposition 2.

SECONDARY COHOMOLOGY OPERATIONS

The other new kind of cohomology operation that we will be using is
the secondary operation. We suppose that we are given a two-stage Post-
nikov system as in the following diagram.

Diagram 4
F=K(n,q— 1) E 25 K= K(H,m)

“ P

X% B= K(G,n) -2 K(n,q)

Here 6 is a given primary operation of type (G,n; n,q). Suppose also we are’
given a cohomology class ¢ in H™(E;H). The secondary operation ®
will be defined on a class u € H"(X;G) provided that the composition
6u is null-homotopic, i.e., that 6(u)=0. In this event we can find a
lifting #: X— E such that pii =u. We can therefore consider the class
i*(¢) € H"(X;H). The indeterminacy is due to the choice of #; the kernel
of p,: [X,E] —[X,B] is the image of i, [X,F]—[X,E], and so it is easy
to see that #*(¢) may vary by the addition of an arbitrary element of the
image of i*¢: H' '(X;n) » H™(X;H). Thus the coset #*(p) + im (*¢) is
well-defined. We thereby obtain a secondary operation @ which has for its
domain ker 0 = H"(X;G) and which takes values in coker (i*¢), a quotient
group of H™(X;H).

We have made use of the stability assumption in the assertion that the
indeterminacy is the subgroup im (i*¢). What is needed is that g and m are
not too large with respect to » or, precisely, that ¢ and m: are each less than
2n — 1. Without such an assumption, the evaluation of the indeterminacy
becomes a thorny problem.
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We remark that if ¢ is such that i*¢ =0, or equivalently if ¢ is in the
image of p*: H™(B;H) — H™(E;H), then ® is essentially a primary opera-
tion, in the following sense. Let ¢ = p*0’ where 6’ € H"(B;H); then we
have a commutative diagram of maps X— K = K(H,m) with ¢i = 6'u, and
consequently ®(u) = #*(p) = u*(0’) = €'(u), with zero indeterminacy, and -
so @ is nothing but the restriction of 6’ to ker 0.

We will therefore assume from now on that i*¢ is non-zero.

There is an obvious naturality formula for secondary operations: if fis a
map Y— X, then f*(®(u)) = ©(f*(u)), modulo the indeterminacy of the
right-hand side. To see this, consider Diagram 4 augmented by the map
S Y— X. The class of the map ¢ii represents ®(v) € H"(X;H)/Q, where
0 = (pi)[X,F]=im (i*¢). Then f*(®(u)) is represented by ¢df and has
indeterminacy Q' =/f*Q =f* im (i*¢). We could equally well represent
Q' as (pi)(im f*), where f*: H"(X;H)— H"(Y;H) or equivalently f* =
f*: [X,F]—[Y,F]. Now #if is a lifting of uf, and thus obviously the class
oiif also represents ®(f*(v)). The indeterminacy of this term, however, is
Q" = (¢i)[Y,F] =1im (i*¢),and clearly Q' = Q". Thusthe naturality formula
must be interpreted as an equality in H"(X;H)/Q".

SECONDARY OPERATIONS AND RELATIONS

In a very precise sense, a secondary operation corresponds to a relation
between primary operations. Suppose first that a secondary operation @ is
given, as above. Under suitable stability hypotheses, the composition
(pi): K(r,q — 1) = K(H,m) has a unique representation as 'y where
Y € H" (n,q;H). We therefore have the following diagram.

Diagram 5
F=K(n,q— 1) E % K(H,m)

p

B = K(G,n) - K(n,q) > K(H, m + 1)
where (¢i) = "¥. The diagram

HY Y (F;n) ——» HYB;n)
Wy ¥
H™(F;H)—~> H"*'(B;H)

is commutative (under suitable sign conventions); we omit the proof of this
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general lemma. Granting this, we have
0 =o(i*(9)) = (@i1,-1)) = T(P(14-1)) = ¥1(1- 1) = ¥

and we thus obtain the relation ¥6 = 0 between the primary operations
and y.

Conversely, suppose we begin with a relation y8 = 0. Using 6, we con-
struct the fibre space F— E — B as before. Since t(*y(1,-,)) =y =0,
'Y must be in the image of i*, so that we have 'Y =i*(¢) for some
¢ € H™(E;H). This completes the reconstruction of the original diagram,
and we can define a secondary operation ®. Note, however, that ¢ is not
unique; we may vary ¢ by adding an arbitrary element in the image of
p*. Thus the relation ¥ = 0 does not determine ® uniquely; but any two
®’s thus obtained will differ only by a primary operation, according to the
previous remark.

Observe the relationship of degrees:

Yo: H'(X; G)—>H" Y (X; H)

whereas @ goes from a subgroup of H"(X;G) to a quotient group of
H"(X;H).

Before giving an example of a secondary operation, we remark that the
theory canreadily be generalized by replacing the space K(n,q) by a cartesian
product of such spaces, [];K(n;,q;). Then the loop space, F, is similarly a
product. The operation 8 becomes, in the general formulation, an ordered
n-tuple (0,,...,6,), since a map of B into [[,K; (where K, = K(n,,q,)) is
just an n-tuple of maps 0,: B— K.

Our example will be of this kind. Consider the Adem relation
R: S¢°Sq* 4- Sq*Sq* =0. From this relation we can obtain a secondary
operation, as follows. We take the diagram

F=K(Z,n) x K(Z,,n+1)—>F

)
K(Z,n) 8958, K(Z,, n+ 1) X K(Z,, n +2)

The role of 'y is played by the pair of operations (S¢°,Sg?). The co-
homology class (Sg*,)® 1 + 1® (Sq’1,4+,) € H"**(F) (coefficients in Z,)
transgresses to zero, where the symbol 1 denotes the unit in the appropriate
cohomology ring. Therefore this class is i*¢ for some ¢ € H"**(E). In this
example, ¢ is-uniquely determined, for it is a routine matter to verify that
p* is zero on H"*3(B); in fact H""*(B) is generated by Sg’Sq'iz=
1(Sq*1,) and by Sq*1; = 1(Sq'1,4,). Then if u € H"(X;Z,) is a class such that
Sq'u and Sq’u are both zero, ®(u) is a well-defined element of the quotient
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group H"*3(X;Z,)/Q where Q is the image of the map [X,F] —>H"**(X;Z,)
induced by Sq* + Sq¢*: F— K(Z,, n + 3). This operation ®, discovered by
Adem using entirely different methods, was one of the first secondary
cohomology operations to be studied; it can be used to show that the com-
position S"*2— S"*'— S§” is essential, where both maps are the suspen-
sions of the Hopf map n: $*— S2.

THE PETERSON-STEIN FORMULAS

There reader has no doubt observed some similarity between the defining
diagrams for 8, and ®. These two sorts of operations are indeed closely
related ; the following formulas tell how.

Throughout this section we retain the notations and assumptions of
Diagrams 4 and 5; that is, we have our cohomology classes 8, ¥, and ¢
satisfying 'y = i*¢ and F, E, B, i, and p are as in the diagrams. ® is the
secondary operation determined by ¢. We consider a map /> Y— X anda
cohomology class u € H"(X;G).

Now suppose that f*u =0, which is to say that the composition uf is
null-hgmotopic. Then the naturality formula shows that f*(®(x)) =0 in
H™(X;H)/Q", where Q" =1im 'y. We can sharpen this result by reducing
the indeterminacy from Q" to Q' = f* im 'y by the following formula.

Theorem 1 (first Peterson-Stein formula)

SH@w) = "YO0,(u) in H™(X;H)/Q'.

PROOF: 0 (u) is represented by a map u”: Y-— F such that iu" ~ #if. The
indeterminacy of 0,(u) is Q* =im '0 +im f* < H"(¥;H). Then (¢i)(6 1)
is represented by the composite (¢iu”), and its indeterminacy is (¢i)(Q*) =
im 'Y'0 +im Y f* =f*Im 'Y = Q', since 6 = 0. This shows that (¢i)(6 ;1)
is equal to the class (¢iu") (modulo Q’). But in the proof of the naturality
formula we saw that f*(®(x)) is equal to the class (i f) (modulo Q’). Since
iu" ~ iif, this proves the theorem.

The following observation will be used in the last two results of this
chapter.

Lemma 1 o
In Diagram S5, with (¢i) = 'y and Y0 = 0 as usual, we have i*¢ = i*(y ,0)
modulo *(im (‘y)), that is, modulo the image of the composite

H*" Y(E;n) —*—s HY(E;H) > H"(F;H)

[E,F] {22, [E,K(H,m)] = [F,K(H,m)]
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PROOF: To define ¥ ,0, we replace p by an inclusion map and use the
following diagram, which, in the stable range, is isomorphic in a natural

HYB,E; n) £ HY(B;n)
/|
H™(E;H)-%> H"(B,E; H)
" way to the next diagram so that y 6 is represented by any class x € H"(E;H)

H*Y(F;n) % HY(B;n)
ty
H™(E;H)-2s H"(F;H)

such that i*x = "Y(p) with ©(y) = 6. Now E is the fibre space induced by 6,
so that 1(1,-,)=46, and we can conclude that i*(y,0) = 'Y(1,_,) = i*ep
modulo the indeterminacy. The indeterminacy is

#*(p* H"(B;H) + 'Y H™(Esm)

Since i*p* = 0, this reduces to the indeterminacy stated in the lemma, and
the result is proved.

Theorem 2 (second Peterson-Stein formula)
Suppose that in the diagram below the composite 8uf is null-homotopic.
Then

O(f*v) =y [(0v) € H™(Y;H)/Q, where Q = (¢i),[Y,F]+ f*[X,K(H,m)].
F=K(n,q— 1) E—%> K(H,m)

w, -
w.
- p

Y5 X B— K(Gn) %> K(n, @) ~¥> K(H, m + 1)

We have used the letter v instead of u to emphasize that we do not assume
here that either 6v or f*v is zero. It is still understood that (pi) = "y.

PROOF: Since fuf ~0, ®(f*v) is defined and is represented by ¢w, where
w: Y— E is a lifting of (vf). The indeterminacy is (¢i) [ Y,F]. Now con-
sider ¥ (0v) =y (v*0). By the naturality formula for functional opera-
tions, ¥ (v*0) = w*(y,0), modulo the indeterminacy of ¢ (v*6), which
is precisely the Q of the theorem. Thus we must compare ¢w, that is,
w*e, with w*(y,60). By the preceding lemma, i*¢ = i*(y,0) modulo
i*(im (*y)), which implies that ¢ = 0 modulo (im ('y) 4+ im (p*)) where
p* . [B,K(H,m)]— [E,K(H,m)). We shall see that when we apply w*, this is
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absorbed into Q, which will complete the proof. In fact, w*e and w*(y,0)
can only differ by an element of the sum

w*(im ('¢)) + w*(im (p*))
The first term is the image of the composite
[E,F1—%s [E,K(H,m)] 2> [ Y,K(H,m)]
which is the same as the compos1te
[E,F] > [Y,F]—Y> [Y,K(H,m)]

and thus the first term is contained in (¢i).[Y,F], the first term of Q. The
second term is the image of w*p*, which is the same as f*v*, so that this
term is contained in f* [ X,K(H,m)), the second term of Q. This shows that
w*@ and w*(y,0), which represent ®(f*v) and ¥ ,(0v), respectively, are
equal modulo Q, which proves the theorem.

We could summarize the above proof by the calculation

(f*v) = D(w*p) = w*(¥(p)) = w*¢ = w*(i ,0) = ¥ (v*0) = Y ,(0)
by simply ignoring any problem of indeterminacy. However, the evalua-
tion of the indeterminacy is not only the hard part of the proof but also
the main content of the theorem itself.

We now prove an important result which overlaps with the “ Bockstein
lemma > of Chapter 11.

Theorem 3

Let (E',r,B’; F') be a fibre space, let 6 be a primary operation of type
(G,n; n,q), and let u e H'(B';G) and ve H* '(F’;n) be classes such that
7(v) = 0(u) € HY(B’;n). Suppose that ur ~ 0 and that 8 = 0. Then

J*W(0w) = Y (v) = jH(O(r*u))

in H"(F';H)/Q, where Q =j*(im (*v)), in other words Q is the image of
the composite

(E',F]-Ys [E',K(H,m)] - [F' K(H,m)]

(here F, E, B, ¢, i, and 0 are as in Diagram 5).

PROOF: For the universal example, take (E',r,B’; F’) to be identical with
(E,p,B; F) and let u and v be the identity maps of B= K(G,n) and F=
K(n,q — 1). Then we are required to show that i*(y ,0) = i*¢ = i*(®(p))
in H™"(F;H)/Q, where Q, = i*(im (*y)). This is precisely the assertion of
Lemma I, together with the remark that ¢ = ®(p) modulo im (*¢).

To prove the general case, we map it into the universal example, as in
Diagram 6.
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Diagram 6

F=K(n,q—1)— E_*, K(H,m)
(.4 -

v,//9 f - P
i .

e
F’ i E'" B=K(G,n) % K(n,q) > K(H,m + 1)

r

BI

u

The existence of the map /= E'— E such that pf'= ur is implied by the fact
that 8(ur) =~0. Then p(f)) = u(rj) is trivial, so that f givesa map g: F'—F
with ig = fj. We now have the following calculation:

T (0w) = j*(Wu*0)) = j* [*(b,0) by the naturality for-
mula for functional
operations

= g*i*(Y ,0) = g*i*¢ = g*i*(®(p)) by the result for the

universal example

= j**(D(p)) =j*O(f*p) = j*®(r*u) using the naturality for-
mula for secondary
operations

Here every equality is to be interpreted as an equality in the quotient group
H™(F';H)]Q. We should check the indeterminacy throughout the above
calculation. To begin with, ,(6u) has indeterminacy

Q' = "WH™ (E's) + r*H"(B';H)

and j*Q' = Q. When we pass to /*(y ,0), we can only decrease the indeter-
minacy. When we apply the formula from the universal example, the
indeterminacy is g*Q,; we leave it as an exercise for the reader to verify
that g*Q, < Q.

We have shown that j*(y,(6u)) =j*(®(r*u)) modulo Q; it remains to
compare 'y(v), which is the same as ¢iv, whereas the middle term in the
above calculation is g*i*¢, that is, pig. Now we do not claim that g = v, but
we see that 1(g) = t(v); for, by naturality, ©(g) = u*(z(1,-,)), and of course
©(1,- ) = 6(1,) by definition of E, so that u*(z(1,-,)) = u*6(1,) = 6u, which by
hypothesis equals t(v). Thus g =v modulo the image of j* and thus
pig = @iv modulo Q. This completes the proof.

If, in the present theorem, we take 60 = Sq¢' =y and ¢ =the second
Bockstein operator d,, we recover the special case r =1 of the Bockstein
lemma of Chapter 11.
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DISCUSSION

Of our two definitions of functional operations, the first, 6,, due to
Steenrod, is older and conceptually simpler. However, the formulation 8,
due to Peterson, is much more convenient for the study of secondary opera-
tions.

The main results of this chapter, Theorems 1, 2, and 3, were proved by
Peterson and Stein. The usefulness of these theorems, as we shall see in
the sequel, lies in the reduction of the calculation of secondary operations
to that of primary and functional primary operations.

We have given a constructive definition of secondary operations. Adams
has formulated an axiomatic approach; Theorem 1 becomes his key axiom.

As the reader undoubtedly suspects, there exists a full-blown theory of
higher-order operations, based at least intuitively on cohomology classes
of higher-stage Postnikov systems. From the constructive viewpoint, such
operations were formalized by Peterson; Maunder has successfully
generalized the Adams axiomatic scheme. Such higher-order operations
have been crucial in many recent calculations, as the reader who persists to
Chapter 18 will believe.

EXERCISES

[a—y

. Verify directly the naturality formula for §,.

2. Interpret the Hopf invariant H: n,,_,(S") —» Z as a (non-stable) functional
cohomology operation.

3. Let K= S"u, "** for some f: $"**~1 > S". Suppose there exists a secon-
dary cohomology operation ® defined and non-zero on the generator of
H"(K). Then prove fis essential. (We say ® detects f.)

4. Let e H(X), v e HYX), we H'(X) (all with integer coefficients) have

the properties @7 =0 and ¢w = 0. Let u, v and w be cochain representatives,

and let a, b be such that u v v = da and v U w = 6b. Prove:

i uub+ (=1 (auw)is a cocycle

ii. The cocycle of (i) projects to an element of the quotient group

HPH = XO[(HP X)W + aH ™t (X))

which depends only on i1, ¥ and W
This element is denoted (i, &, w) and is called the Massey triple product
of the three cohomology classes.
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CHAPTER 17

COMPOSITIONS IN THE STABLE
HOMOTOPY OF SPHERES

In this chapter we will take a closer look at the stable homotopy groups
of spheres in the range computed in Chapter 12. As an example of the sort
of question we ask, consider the Hopf map : S* — S2. Under suspension,
n gives rise to a map E™: S$"**— S§"*? for each positive integer n. This
element, also denoted by #, is the generator of the stable 1-stem. We have
seen that the stable 2-stem is a cyclic group of order 2. Is it generated by the
composition E""2p e E" 'n: §772 — 8", denoted n?, or is this composition
null-homotopic?

We will study such compositions as % as well as compositions of a
somewhat different nature, the so-called secondary compositions, which we
now introduce.

SECONDARY COMPOSITIONS

Suppose we are given homotopyclasses f € {X, Y Jand« € [Y,Z ], as shown,

Xt Yy=>s27
l o
i s/ a
7

K=Yu,Cx

and we wish to extend « (or rather a representative of ) over K= Y U, CX.
It is an easy exercise to verify directly that such an extension can be found

170
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if and only if the composite « - § is inessential, that is, if « « § =0 € [X,Z].
In fact, we have an exact sequence

[(X,Z] L2 [Y,Z] < [Y U, CX, Z] <2 [SX, Z]

as in Chapter 14. This shows that « can be extended over all of
K=Y U, CX, that is, a is in im (i*), if and only if « is in ker (%), that is,
ao =0,

If & is a homotopy class such that i # (&) = o, we call & an extension of a. Of
course, this is consistent with the usual sense of the word ““ extension.”

Working in the stable range, we may assume that all the sets of homotopy
classes under discussion have natural abelian group structure. Then it is
clear from the above exact sequence that any two extensions (in the present
sense) of « differ by the image under j* of a map of SX into Z. We should
make explicit that the cone CX < Kis the “ upper” cone, i.e., is a quotient
space of X x [0,1], while SX is represented by CY U K, where CY is the
“lower” cone, i.e., a quotient space of ¥ x [—1,0], with Y x0< CY
identified in the natural way with ¥ < K. (We have remarked in Chapter 14
that SX and CY U K have the same homotopy type.)

We will now introduce a kind of companion or dual to the notion of
extension as defined above. Let y be a homotopy class of maps W — X,
Then a representative of y induces a map CW— Y U, CX = K (where CW
is the “upper ™ cone) in an obvious way. We ask when amap Cy: CW — K
admits an extension to a map

7: (SW,C_W)—(K,Y)

that is, to an extension of Cy over all of SW with the property that the
extension ¥ maps all of the “lower” cone of SWinto Y < K. It is easy to
see directly that this is possible if and only if the composite f o y: W— Yis
null-homotopic. When this occurs, we say that § is a co-extension of .

Note that if we take any co-extension § and follow it by the identifica-
tion map K — SX obtained by collapsing ¥ < K to a point, we obtain
Sy: SW— SX. (We could just as easily call this map Ey instead of Sy. Both
notations are in widespread use.)

The choice of co-extension is seen to be equivalent to the choice of the
null-homotopy of B.y: W— Y. Thus in the stable range any two co-
extensions of y differ by a map of SW — 7Y, since such a map represents in
a natural way the difference between two null-homotopies of 8. y.

Now suppose we are given homotopy classes

W, X b, Y 57
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such that both § . y and « - 8 are zero. Then we can form an extension & of
« and a co-extension § of y. The composite defines a map

SW_ i, K=YU, CX%Z

and it remains to see what the indeterminacy is; that is, the above com-
posite varies with the choice of @ and §. In the diagram below, the unmarked

/Y\
SW- I, K=Y U, CX%Z

Sl 7

SX

arrow SX — Z represents the indeterminacy in the choice of & while the
unmarked arrow SW — Y represents the indeterminacy in the choice of 7.
Recalling the assumption of stability, the diagram makes obvious that the
indeterminacy of & o §is ax [SW, Y]+ (Sy)*[SX,Z ]. Thus the above com-
position & . §: SW — Z defines the secondary composition or Toda bracket
{a,B,y> as a uniquely determined element of the quotient group [SW,Z]/Q
where Q =« [SW, Y]+ (Sy)*[SX,Z].

For heuristic purposes we can appeal to Figure 1. The co-extension 7
maps the upper cone of SW by Sy into CX < K, maps the “ equatorial” W
by B - y, and maps the lower cone of SW by the null-homotopy of § - y. The
extension & maps Y into Z by « and maps CX < K into Z by the null-
homotopy of « - f.

Cy
—T A
cX
By a
sw e eSS e T
Y VA
afl

Figure 1

Now suppose W, X, Y, and Z are spheres of dimensions sufficiently large
so that «, 8, and y are in the stable range. We would then expect the stable
class of {a,8,7)> to depend only on «, 8, and y viewed as elements of G
and not on the dimensions of the chosen representatives.
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While this is not quite true, it is true up to sign, and we may define a
stable secondary composition as follows. Let « € G, f€ G, and y€ G,.
Suppose « - § and B oy are zero. Let a, b, and ¢ represent o, §, and y as
follows:

S”+h+"+j_c_)S"+h+ki)S"+h_a_) Sn

Then the class of (—1)""<{a,b,c) In Gyyps j+1/(® 0 Gosjuys + Ghirrr o B) 18
independent of n and defines the stable secondary composition <{«,8,7).

THE 0-, 1-, AND 2-STEMS

We now begin our detailed analysis of the stable k-stem, G, that is, the
group 7,4,(S") for k small and » large (and of course working in the 2-
component only).

We have in the O-stem an infinite cyclic group generated by the identity
map 1: $"—S". We may say ¢ is detected by its induced cohomology
homomorphism i*, since 1*: H"(S") — H"(S") is non-zero. We also observe
that 2: is detected by Sq'; that is, Sg'(¢") = ¢"*! in the complex S" U,, e"**
and the functional operation Sg}, is non-trivial. This result may be general-
ized as follows.

Proposition 1

271 1s detected by the Bockstein operator d,, which is non-zero in
S"U,,, e"tl,

The proof is left as an exercise.

The stable 1-stem G, is the cyclic group Z, generated by the Hopf map #,
detected by Sg2.

We recall that the stable 2-stem G, is also cyclic of order 2; the next
result identifies a generator and answers the question posed at the begin-
ning of this chapter.

Proposition 2

The composition n? is non-zero and hence generates G,.

We shall give two proofs of this.

FIRST PROOF : We will derive a contradiction from the assumption that 5?2
is null-homotopic.

Suppose then that n*> = 0. For

WL X, Y

we take Srt2_n, g+l _n, gn
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so that K= Y U, CX becomes K= S"U, ¢"*2. We form a co-extension
77: S"+3——>K

and consider the complex L = K U; e"**.

For simplicity we use the symbol ¢* to denote not only the cell in ques-
tion, as a cell of K or L, but also to denote the corresponding generator of
HY(K) or H*L). In general cohomology will be understood to have co-
efficients in Z,.

Now the Hopf map # has the property that Sg*(¢") = e"* ? in the complex
K. The same relation must hold in L, by naturality of Sg? with respect to
the inclusion i: K < L, since i* is isomorphic in dimensions » and n + 2.

We have observed that pij = Sy where p: K— S$"*? is the map which
pinches S” to a point. Thus the diagram below is commutative, where we

S K

-l e

Sn+3 ”a Sn+2

have written n for Sy as usual. Now we verified in the last chapter that
Sq2: H"*(S"*?)— H"**($"*?) is non-zero, with zero indeterminacy.
Applying the naturality formula for functional operations to the above
commutative diagram, we deduce that Sg;(e"*?) =e"*?, again with zero
indeterminacy. (Here we might be precise and identify ¢"** and e"** as the
generators of H"**(K) and H"*3(S"*?), respectively; but this is clear from
the context, and we will generally leave these matters implicit.)

Now if Sqz(e"*?) =e"*?, then Sg*(e"*?) must be e"** in the complex L.
To see this, recall that Sg; is defined by the following diagram, since L is

H"+2(L)—*H"+2(K)
qul
Hn+3(sn+3) —>Hn+4(L)
precisely the space obtained by converting # to an inclusion 4: $"**—
K U; (S"*? x I') and then pinching the subspace identified with $"* to a

point, and thus L plays the role of K/S"** (or of the pair (K,S"*?)).
We have thus shown that, in the complex L,

ququ(a") — Sq2(en+ 2) — en+4

so that the composition Sg*Sg* is non-zero. But this is impossible, in the
light of the Adem relation Sq*Sq* = Sq°Sq'. Obviously Sg'(6") = 0; in the
first place, 6" is the reduction (mod 2) of a class with integer coefficients and
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Sq' is the Bockstein; in the second place, there is nothing that Sg'(¢") could
possibly be, since H"*'(L) = 0.

Thus the assumption that n? = 0 leads to a contradiction based on the
hypothetical co-extension #. This proves the proposition.

It is fruitful to think of the contradiction as arising from the relation
Sq?Sq* = 0, which holds on any class which is in the image of the reduction
map from integral coefficients to Z, coefficients.

The above proof could be summarized as follows: Suppose 7> = 0; then
we can form a co-extension 7: $"** — K= S" U, ¢"*? and form the com-
plex L = K U, e"**. By the naturality formula for functional operations,
Sqi(e"*?) = e"** (with zero indeterminacy,) and therefore Sg*(e"*?)=e"**
in L. Thus Sg*Sq? is non-zero in L, which is impossible. Thus »? is non-
zero.

We have given the above proof in complete detail; future proofs will look
more like the above summary than like the full-length proof which preceded
it.

SECOND PROOF: To illustrate another technique, we give a second proof,
using the first Peterson-Stein formula. We will use the complexes K=
S™tu,e"t? and L=S"U,ze"*? and the map f: K— L which is given
by n: S"*' — S§" and by the identity on the interior of ¢"*3,

Since such maps are used frequently, it might be well to be precise on this
occasion and explain exactly how fis defined; then, in the sequel, the brief
description given above will be considered sufficient. Recall that K is
obtained from the disjoint union K, = S"*' U ¢"*? by identifying certain
points; under the identification map p: Ky, — K, p(x) = p(»)if n(y) = x, where
y € S"*% = bdy(e"*?). Similarly L is the identification space obtained from
the disjoint union Lo =S"Ue"*? and the map ¢q: L,—L such that
q(x) = q(») if n*(y) = x, where y € S"*? = bdy(e"**). We have an obvious
map fo: Ko— L, given by  and the identity map of e"*3. We consider
the composite qf,: Ko— L. This map is constant on each p-equivalence
class of points of K, i.e., the diagram below, considered as a diagram of

KO ﬁ-) Lo

sets and transformations of sets, may be completed (in a unique way) by a
transformation f, to yield a commutative diagram. It follows that fis a
continuous map (this is the fundamental property of the identification
topology of K), and this is the map f which we will use.
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We now give a second proof that ? is essential.
Let K, L, and f: K— L be as just above. In the commutative diagram
below, where the vertical maps are the inclusions, we have S¢j(¢") = ¢"*!

KL L
1

S'l+1 _11_) S"

(with zero indeterminacy) and therefore, by naturality, Sgi(c")=0o"""
(with zero indeterminacy), where in this last formula ¢" and ¢"*' denote
cohomology classes of L and K, respectively. Now we can define a second-
ary operation ® based on the following diagram, which is part of the

F=K(Zyn+ 1) Xoyy—25 K(Zy, 1 +3)
p

B=K(Zn)—2> K(Z,, n +2)~¥s K(Z,, n + 4)

Postnikov system for S”, with 6 = Sq?, ¥ = Sg?, and ¢ equal to the class «
of Chapter 12. Then, by the first Peterson-Stein formula (Theorem 1 of
Chapter 16),
FH@(0") = Sq*(Sqi(e") = Sg*(s" ") =€"*?

with indeterminacy Sq*(f*(H"*'(L)))=0. But if f*(®(¢")) =¢"*?, then
®(c")=e"" e H"*3(L), also with zero indeterminacy. However, if
L= S"VU, e"" has this non-zero secondary operation ®(c")=e"*>, then
the attaching map n? cannot be null-homotopic (see Exercise 3 of Chapter
16).

%\Iotice again that it is the relation Sg*>Sg*> =0 (on classes with integer
coefficients) that provides the key step, and in fact we have proved the
following corollary.

Corollary 1

Let @ be the secondary operation associated with the relation Sq*Sq> = 0
(valid on cohomology with integer coefficients). Then ® detects n?.

There is another question which we may ask about the 2-stem. Since the
1-stem is of order 2, the composition of # and 21 is null-homotopic which-
every way we form it; thus the diagram

Sn+1 2t S"+1—L>S” 2: Sn
gives rise to a secondary composition (21,1,21>. This bracket takes its

value in a quotient group of [S(S**'),S"]=m,.,(S"), and in fact the
indeterminacy is readily seen to be

(204 (a4 2(S7) + D)% (7,4 2(S)
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which is zero, since the 2-stem is a group of order 2. Thus the bracket
{21,1,21> must be either n* or zero. We can settle this question by a direct
argument.

Proposition 3
21,1,21) = n* € 1,4 5(S").

PROOF: Let frepresent the bracket, and let K = S" U; ¢"*>. Let ¥ denote
the secondary operation associated with the relation Sq?Sq* -+ Sq>Sq' = 0;
this operation was described in some detail in the last chapter. We will show
that ¥ is non-zero in K, which will imply that f'is essential, from which the
result follows.

Let L=S"U, e "2, and let 21 be a co-extension of the map 2i: §"*' —
S**1. Then 2i: $"*2 — L and we can form the complex M =L U3 e"*3.
Now Sq* = Sq'Sq* is non-zero in M ; in fact this is the essential property of
M for our purposes. It is clear that Sg?(s}) =e"*?, and the fact that
Sq'(e"*?) = e"*? follows by naturality from the obvious fact that Sq' is
non-zero in M/S" = S§"*2 U, e"*3,

We now map M into K by a map g which takes L < M into $" by the
extension 21, maps the boundary of ¢"*3 by f, and maps the rest of e"*3 =
CS"*? by Cf.

Since g maps S" < M to S" < K by 21, we have Sq)(ok) =0%. On the
other hand, Sg; is clearly zero.

By the first Peterson-Stein formula,

g*(¥(ok)) = Sq*(Sg;(o%)) + Sq*(Sq,(o%))
=0+ Sg*(c%)

__ n+3

and the indeterminacy is zero; thus ¥(o}) = €} with zero indetermin-

acy, and this completes the proof.

Corollary 2

Let ¥ be the secondary operation associated with the relation Sg>Sq® +
Sq°Sq' = 0. Then V¥ detects n?.

It is instructive to compare the above operation ¥ with the operation ®
used previously. We may view @ as defined on classes in H"( ;Z,) which
are in the image of reduction mod 2 from integral cohomology and which
are in the kernel of Sg*. The operation ¥ is defined on a larger subset but
with larger indeterminacy. Whenever both operations are defined, they
coincide, modulo the larger indeterminacy. In the particular case of
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K=S8"U,.e""> we see that both ® and ¥ are defined and non-zero
modulo zero.

We sketch an alternate proof that (2i,7,21> = '1 Suppose that 21 o 21 is
null-homotopic; then we can form a co-extension 3t of 37. This will beamap
of $"*3 into S" Uz; C(S" U e"”) In this latter complex, Sg*Sq" is non-
zero. If we now attach e"+4 by 21, S4'(Sq2Sq") is non-zero, but Sq*Sq* is
necessarily zero, which contradicts the Adem relations.

THE 3-STEM

We now turn our attention to G,, the stable 3-stem. We have seen that
the 2-primary part of this group is Zg, and it is natural to conjecture that
the Hopf map v: $"** — S" is a generator.

Proposition 4

The Hopf map v generates the 2-primary component of G;.

PROOF: By the suspension theorem (Theorem 1 of Chapter 12), the
group ng(S?®) is the stable group Z; and the suspension homomorphism
E: 7,(8%) — n4(S?) is an epimorphism. It thus suffices to prove that Ev is
not divisible by 2 in Zs.

Consider the Hopf invariant homomorphism H: n,(S*)—Z. If
f: 87— S* then H(f), reduced mod 2, is nothing other than Sgj(1), but
Sq} commutes with suspension. Thus every element in the kernel of the
suspension E has even Hopf invariant.

Suppose Ev is divisible by 2; say, Ev = 2. Since E is an epimorphism, we
may write « = Ef. Thus E(v—28)=0. Thus v— 28 has an even Hopf
invariant, which is impossible, since H is a homomorphism and v has an
odd Hopf invariant,

We next consider the composition »° in G5. To study »°, we will use the
following relation between secondary operations. Let K be a complex and
let u be an integral class, u € H'(K;Z), such that Sg°u=0. Let ® be the
secondary operation based on the relation S¢2Sg* = 0 for integral classes
(@ detects n?).

Lemma 1

Sq*(®(w)) = d(Sq*(w)) € H"* *(K;Z,)/Sq" H"* (K3 Z,).

PROOF: It is quite natural to look for this relation, since, in the calcula-
tions (Chapter 12) of the Postnikov system of S”, we found that d,Sg¢*(2,)
vanished in H*(X,) because it was equal to 1(Sg*(1,+ ,)) = Sg*(x) where « is
the class which gives rise to .
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This will serve as the universal example for the proof; taking K= X,
and u=p=1,€ H(X,;Z), we have Sq*’u=0, and by our calculations
(Chapter 12) we have

Sq*(®(1,)) = d.5g*(1,)

with zero indeterminacy.

Now in the general case, Sq°u = 0; so we can find a lifting v: K — X, such
that pv = u, which is to say that v = v*(p). The lemma follows by natu-
rality. The total indeterminacy would be

Sq*(Sq*H"* ((K;Z,)) + Sq'(H"* *(K;Z,))

but the first term is contained in the second, since Sq* =Sq* Sq'(S¢>Sq").
(When K = X, the fact that Sqg' H"** = 0 follows from the calculations of

Chapter 12.)
We can now evaluate the composition 7°.

Proposition 5

In the stable 3-stem G, n° = 4v.

PROOF : If #2 - n were null-homotopic, then we could form a co-extension
A: S 5 K=S8"U,: e and form the complex L=KuyU,e"*° We
have been before that the operation @ of the lemma detects n2 and ®(¢7) =
€7 "3 with zero indeterminacy. On the other hand, Sg*(e}* %) =e""* 3, since
L/S"isjust $**3 U, e"** and here Sq’ is certainly non-zero. Thus we have
shown that in L, Sg*(®(c")) =e"*°>. But Sg*(6") is obviously zero, and
d,Sq*(¢") = 0 with zero indeterminacy. This contradicts Lemma 1. There-
fore n* is essential.

But 5 is of order 2, since the 1-stem is Z,, and therefore n3 is also of order
2. The 2-component of the 3-stem is Z;, and the only non-zero element of
order 2 in this groupis 4v. Therefore 7> must be 4v. This completes the proof.

The reader may well suspect that the relation Sg>® = d,S¢* between
secondary operations gives rise to a tertiary operation and that this ter-
tiary operation detects 4v. This suspicion is indeed correct, but we do not
pursue it.

We can form the bracket {n,21,n>, since 2n = 0. We conclude our dis-
cussion of the 3-stem by evaluating this bracket.

Proposition 6

{n,21,n> = 2v modulo 4v.
The indeterminacy of this bracket is the subgroup of Z; generated by
4v = 5°. Thus the proposition asserts that the bracket contains precisely the

elements 2v and 6v.
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To prove the proposition, suppose for some value of r, 0 <r < 3, we
have 2"v € (#,21,n)>. Recall that the bracket is the composition

Sn+3 i, K= Sn+1 U, en+2 7 Sn
and consider the composition
Sn+3 2"1vr‘i_) Sn+3 v K vvin Sx

We are assuming this composition null-homotopic. Using an extension of
v v ] as attaching map, we may construct a complex

L:Sn U en+2 v en+3 U en+4 Uen+5

The following relations hold in the cohomology of L: Sq%c" =¢e"*?;
Sqlen+2 —e"t3; quen+3 =e"*5; Sq“o’" —e"t*: and dren+4 — "5 From
the Adem relation Sq*Sq'Sq* = Sq'Sq* + Sq*Sq' = 0, it follows that r = 1.
This completes the proof.

We remark that we may use the above relation, written for example as
Sq'Sq* 4+ 8q¢*Sq' + (Sq*Sq')Sq* =0, to define a secondary operation O,
The reader may easily verify that © detects 2v.

Note also the hierarchy which has appeared in the 3-stem: v is detected
by the primary operation Sg*; 2v, by the secondary operation ©; and 4v,
by a tertiary operation. A similar phenomenon appears in the 0-stem—we
may view d, as an r-ary operation and even view * as a 0-ary operation (the
induced homomorphism).

THE 6- AND 7-STEMS

We next consider G4, where the 2-component is Z,. It is natural to ask
whether the generator is v,

Proposition 7

v? is essential and hence generates the 2-component of Gg.

PROOF: In H*(K(Z,n)), Sq*Sq*1, = Sq°Sq*1,. Let = denote the associated
secondary operation. We define a map f from S""* U, e"* " to S" U,; e"*’
using v: S"*3— S". Then, by the first Peterson-Stein formula,

F*(E(0") = Sq*(Sqy(e") + S¢°(Sq7(e")
— €"+ 7 + 0

(with zero indeterminacy), and thus = is non-zero in S" U,. ¢"*’, which
proves that v? is essential.

For another proof, see Exercise 2.

We now state the value of a secondary composition in the 6-stem.
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Proposition 8

v = v? mod zero.

The proof is left to the reader as Exercise 3; it is of course sufficient to
show that the bracket is nonzero.

We turn next to the 7-stem. According to the results of Chapter 12, G,
is cyclic of order 16 (in the 2-component). In a manner analogous to Prop-
osition 4 and by a similar proof which we omit, we have the following,

Proposition 9

The Hopf map ¢ generates the 2-component of G-.

Thus the generator of the 7-stem is detected by the primary operation
Sq®. Further, a hierarchy similar to that in the 3-stem occurs; namely, 2¢
can be detected by a secondary operation; 40, by a tertiary; and 8¢, by a
quaternary operation. The only secondary composition we will consider in
the 7-stem is the following.

Proposition 10

(v,81,v> = 8¢ modulo zero.

That the indeterminacy of the bracket vanishes is obvious for dimen-
sional reasons. The evaluation of the bracket is similar to the proof of
Proposition 6; however, we first need a lemma, valid for » sufficiently large.

Lemma 2

Let u be an n-dimensional cohomology class—that is, let u € H(X;Z)
for some space X. Suppose Sq¢°u and ®(u) are zero. Then Sq*d;Sq*u =
d;Sq®u modulo the total indeterminacy.

PROOF: In the calculations of Chapter 12, we have proved this lemma in
the special case u =1, in H"(X,;Z) (see the table on page 117 and Lemma 2
of Chapter 12). But this is the universal example; the general case follows
by naturality.

PROOF OF PROPOSITION 10: Proceeding as in the proof of Proposition 6,
suppose we have 2'g in {(v,81,v) for some r, 0 <r <<4. We then may con-
struct a complex

L:S" v en+4 U en+5 U en+8 v €"+9

with the following properties: Sg*c" = e"**; dse"t* = e"*°; Sg*e"* S =e"*7;

Sqc" =e"*®; and d,e"*® = ¢"*°. By Lemma 2 it follows that r =3. This
completes the proof.
Of course, a quaternary operation which detects 8¢ may be based on the

relation of Lemma 2.
We summarize the results of our computations in an omnibus theorem.
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Theorem 1
The 2-components of the groups G,, kK <7, are given by the table below.

STEM GROUP GENERATOR AND RELATIONS
0 Z 1
1 Z, n
2 Z, n? = {2i,n,21>
3 Zs v; 2v= {n,21,n> mod n° = 4v
4 0
5 0
6 ZZ VZ = <7],V,']>
7 Zis o; v,81,v> =8¢

DISCUSSION

We have considered only the simplest sort of Toda bracket. It is not pos-
sible to express 26 as a bracket without considerably complicating the
allowable construction.

However, we have evaluated many important compositions and second-
ary compositions; in particular, we have obtained all the significant data
through the stable 6-stem and much in the 7-stem. But of course we have
only scratched the surface. Toda especially has taken the point of view
of calculation by means of composition. In his book will be found many
additional results obtained vy composition methods, as well as a detailed
exposition of the properties of the secondary composition.

Nor does the theory stop with secondary composition. Oguchi has
thoroughly analyzed tertiary composition; Spanier has indicated the general
framework of higher compositions.

Spanier has also shown that both the functional and secondary cohomol-
ogy operations of Chapter 16 fit into the framework of secondary compo-
sitton. The Peterson-Stein formulas become special cases of some general
properties of the secondary composition.

Some care need be exercised with the indeterminacy, though, since the
usual definition of a secondary operation has only ““half” its natural
indeterminacy as a secondary composition. Thus, if we have the relations
Y8 =0 and 0u=0, we might define ®(x) = <u,0,y>, but this secondary
composition has larger indeterminacy than does our definition of ®(x). The
reason for this is that our definition includes the choice of the specific
cohomology class ¢.



COMPOSITIONS IN THE STABLE HOMOTOPY OF SPHERES 183

EXERCISES

[u—y

. Prove Proposition 1.

2. Give an alternative proof of Proposition 7 by imitating the first proof of
Proposition 2, that is, assume v*> null-homotopic and form a coextension
v2: S"*7 5 8" U, e"T*. Then obtain a contradiction to the Adem relation
Sq*Sq* = Sq°Sq* + Sq’ Sq'.

. Prove Proposition 8. HINT: Imitate the alternative proof of Proposition 3.

4, Use Adem relations in similar fashion to find some non-zero stable elements

in stems higher than 7.

w
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CHAPTER 1 8

THE ADAMS SPECTRAL
SEQUENCE

In Chapter 14 we constructed a spectral sequence for [Y,X] based on a
Postnikov decomposition of X (or a cell decomposition of Y). The spectral
sequence starts at H*(Y;n,X) and thus requires knowledge of the homotopy
groups of X; it is not a useful tool with which to compute those homotopy
groups.

In this chapter another spectral sequence, constructed by Adams, is
described. This spectral sequence differs from that of Chapter 14 in the
following important respects. First of all, it yields information only about
the 2-component—i.e., it yields a composition series for the 2-component
of [ Y, X]. Secondly, this spectral sequence is valid only in the stable range—
for example, if X is (m — 1)-connected and dim Y <<2n — 2. Thirdly, the
starting point, the E,-term, depends only on the cohomology H*(X;Z,)
and H*(Y;Z,), viewed as graded modules over the Steenrod algebra .

Taking X and Y to be spheres of suitable dimensions, we would thus
expect the Adams spectral sequence to give information about the 2-com-
ponent of stable homotopy groups of spheres. This is in fact the case, and
in recent years the Adams spectral sequence has been the most important
tool for computing these groups.

184
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RESOLUTIONS

In Chapter 12, we calculated some homotopy groups of spheres by
constructing a Postnikov system. In this method of computation, the
cohomology of K(Z,n) is killed, one step at a time, by passing to successive
fibre spaces induced by maps into K(n,n) spaces. Among the cohomol-
ogy classes of K(Z,n) which had to be killed by separate maps were the
classes given by Sg?, Sg*, and S¢® on the fundamental class. Since Sq' is
indecomposable whenever 7 is a power of 2 (Theorem 1 of Chapter 4), it
1s not surprising that these classes must be killed and it is natural to wonder
whether it would not make sense to kill all three of these classes at the
first stage of the construction. We can achieve this by a map of K(Z,n) into
a product space K, X K, X Kg where K; = K(n;, n + i), with an appropriate
choice of the groups =,.

As usual we will concern ourselves only with 2-primary cohomology
and homotopy, and by H*(X) we mean the reduced cohomology of X
with Z, coeflicients, etc. For technical reasons, it turns out to be convenient
to take all the groups n; equal to Z, and moreover to start with K(Z,,n) in
place of K(Z,n) at the base of the tower. We therefore formulate our new
kind of tower, called a complex, in the following way.

Definition

A complex X over X, where X is a (nice) simply connected space having
finitely generated homotopy groups, is a diagram (finite or infinite) of the
form

Ps+ 1

QK,_ i, X, 9 LK,
Psl

QKO o —er g1 ‘;Kl
pP1

X():X—&—)KO

where each K; is a generalized Eilenberg-MacLane space
K= [Ti=iK,,; K, ;= K(Z; ns,))

and each X, is the (nice) space induced over X, by the map g, from the
standard contractible fibring over K..
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A complex X will be called (n — 1)-connected if every X, is (n— 1)-
connected (s > 0) and n, ; > n for all (s,)).

The case X' = S", in which one might expect to collect into the map g,
all the indecomposable squares, suggests that the rank r, should be allowed
to be infinite. On the other hand, we will be studying [Y,X] for dim Y
finite and bounded by a bound depending on the connectivity of X, Thus
we can assume that the rank r; is finite for every s, without much loss of
generality, and at considerable gain in technical simplicity.

Recall that in the Postnikov system for the sphere we endeavored to
kill all the cohomology of X by the successive choices of the k-invariants.
This idea underlies the following notion.

Definition

A complex X over X is acyclic if the induced map g¥ maps H*(K,)
onto H*(X,) for every s > 0.

An acyclic complex over X is called a resolution of X.

However, it will be sufficient to study complexes which are acyclic *“ up
to a certain dimension.” It is therefore convenient to have the notion of
an N-acyclic complex, by which we mean a complex for which g* is onto
HYX,) for every s and for all £ in the range 0 <k << N. Such a complex
may be called an N-resolution.

Before giving a characterization of acyclic complexes in terms of the
induced maps p}, we make some observations on the cohomology of K.
We know by Theorem 2 of Chapter 9 that H*(X; ;) looks exactly like the
Steenrod algebra # (applied to the fundamental class) in the range from
dimension n, ; to dimension 2(n, ;). We may therefore assert that, in an
(n — 1)-connected complex, through dimensions <2n—1 H*(K,) is
isomorphic to the free A-module with the fundamental classes {i, ;} as
basis.

Proposition 1

Let N <2n— 1. Then an (n — 1)-connected complex is N-acyclic if and
only if p¥ is the zero homomorphism for every s >1 and k <M.

We will usually formulate such propositions as the above without giving
details about the range of dimensions for which the assertions are valid;
instead, we will say *““in the stable range’ and leave the precise interpre-
tation to the reader. For example, Proposition 1 in this form reads: In the
stable range a complex is acyclic if and only if p! is the zero homomorphism
for every s > 1.

The proof of Proposition 1 is easy. If the complex is acyclic and we have
a class u € H'(X,), then u = g¥(v) for some v € H*(K,). But in the stable



THE ADAMS SPECTRAL SEQUENCE 187

range, H*(K,) is a free #-module, and since the squares commute with the
transgression, u =t("v), 'v € H*"'(QK,). It follows that p*,,(u) =0, by
Serre’s exact sequence. Thus p* is zero. The argument can be reversed to
obtain the converse.

We will often apply the functor [Y, ] (where Y is a nice space) to the
objects and maps of a complex. Recall that [Y,K(Z,,n)] = H"(Y), and ob-
serve that we obtain a similar classification theorem for generalized Eilen-
berg-MacLane spaces: [Y,K,] = ; H*(Y). In particular, if a map ¥ — K,
pulls all the fundamental classes back to the zero of H*(Y), then it is null-
homotopic. Note also that 2[Y,K,] =0 for any Y.

By a “ map of complexes” we mean the obvious thing: a family of maps
fs: Xy, — Y, commuting with the projections.

Proposition 2

Let Y be a resolution of Y and let X be a complex over X. Then any map
Y — X can be covered by a map of complexes.

PROOF: In the diagram below we have ¢* =0, since Y is a resolution.

Ys+1—fsil-> Xs+1

qs+ ll lps +1

Y,—f X, 5, K,

Thus g*f.*g, =0, which implies that the map g,f.g,+,: Y,+,— K, is null-
homotopic, and this gives us the existence of a map f,,, completing the
diagram. Starting with f, = f, we construct the desired map of complexes
by induction.

Suppose that Y is only an N-resolution; then if some », ; is greater than
N, the above argument does not go through. However, in such a context, we
are only interested in the behavior of the various spaces up to dimen-
sion &, and so we lose nothing by replacing X by a complex in which every
n,,;is less than or equal to N (we simply omit X, ; if n, ; is too large).

THE ADAMS FILTRATION

We now would like to use a resolution of X to study [Y,X]. To do so,
we will need the mapping sets [Y,X,] to have natural abelian group struc-
tures. Thus to study [Y,X], where X is (n — 1)-connected, we assume
dim Y <<2n — 2 and take an (n — 1)-connected N-resolution of X, with N
large.

These hypotheses of stability will not be stated at every juncture. They
are there, nonetheless.
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Any complex over X defines a filtration of [Y,X] in a natural way. We
put F[Y,X] equal to the image of [Y,X,] —[Y,X] under the composite
projection X, — X. We clearly obtain a decreasing filtration, F**' < F*,
with F°=[Y,X]. We can define F *[Y, X ] as theintersection (), F*[Y,X].

Proposition 3

If Fy is defined in terms of a resolution and F* is defined in terms of
any complex whatsoever, then F§ < F* for every s.

This is immediate by Proposition 2: we have a map of the resolution into
the other complex, and the result follows from the definition.

As an obvious corollary, all resolutions of X define the same fiitration
on [Y,X]. Assuming that X actually has a resolution, we thus obtain a
canonical filtration on [Y,X].

Proposition 4

Every X admits an N-resolution for each N.

Here we assume that X is (# — 1)-connected; the N-resolution we obtain
will likewise be (# — 1)-connected. To assure that r, << co for every s, we
have assumed that 7,(X) is a finitely generated group for every /. We will
show how to construct the first stage of the resolution in such a way that
X, has all the properties required of X; this will indicate how to build the
desired resolution inductively.,

Let {x; ;} be a set of generators for H'(X), i <N, as an #4-module. Since
all n,(X) are finitely generated, so are the H'(X), by the Hurewicz theorem
mod C ;. We form the complex [[; ; K(Z,,1; ;), where n, ; is the dimension
of x; ;, and map X into this complex by a map g, such that g§(i; ;) = x; ;.
Let X, be the induced fibre space over X, = X by g,. From the homotopy
exact sequence, it is clear that X, is (» — 1)-connected and that its homoto-
py groups are finitely generated. The proposition now follows by induction.

Henceforth, the symbol F°[Y,X ] will always be understood to refer to
this canonical minimal filtration of [ Y, X ].

We remark that the above construction is not designed to guarantee that
the higher stages in the resolution will have higher connectivity than X. In
fact, our resolution of K(Z,n) will simply have X, = K(Z,n) for every s.
It gives the filtration of [S",K(Z,n)] = Z by powers of 2, that is F'[S",K(Z,n)]
consists of the classes divisible by 2'. But note that F* = 0 in this case.

EVALUATION OF F®

We now turn to the general problem of the evaluation of F*[Y,X].
Under the usual assumptions on Y and X, [Y,X] is an abelian group.
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Therefore we can speak of a map Y — X as being ““ divisible by »”* where n
is any non-zero integer; this means that there exists « € [ Y, X] such that
na is the homotopy class of the given map.

Theorem 1

A class « € [Y,X] lies in F*[Y,X]if and only if « is divisible by 2" for
every positive integer r.

We will prove this theorem in two parts: first, if « is divisible by 2°, then
o€ F*[Y,X]; second, if « is not divisible by 2’, then there is some ¢ for
which o does not lie in F{Y,X].

The first part is easy; the essential point is that 2[Y,K,] = 0. We argue
by induction on s, assuming the statement valid for F*7' in all complexes
over any nice space. (The assertion is trivial when s=0.) If «=2°8,
consider 28 € [ Y, X]; this lies in the kernel of (go),: [Y,X] —[Y,K,], and
therefore there exists a lifting u: Y — X with p,u = 25. (As usual we use
the same letter for a map and for its homotopy class.) Now

o =2 =2"12p) =2°""(p,u) = p:(2° ')

By the induction hypothesis, 2°"'u lies in F*~![Y,X,], so that this map of
Y into X, factors through X;, which is to say that « € F*[Y,X], as was to
be proved.

The second part of the proof requires the construction of a certain
complex. Let 1 denote the class of the identity map X — X. Whether or not
[X,X]is a group depends on the space X, and we wish to consider the class
27(1). Since we work in the stable range, we can validate this without much
trouble, say by assuming X to be (# — 1)-connected and then considering
[X ,X] instead of [X,X ], where X is an appropriate skeleton of X, for
example, the (2n — 3)-skeleton; 1 then denotes the class of the inclusion.
The reader should be able to handle the details of such matters.

Let U be the fibre space induced over SX—or S(X')—by the mapping
S(271). The fibre is QSX, which agrees with X in the stable range, and we
consider the diagram

X2 X~ 08X U
p

SX 320, SY
which gives rise to an exact sequence

[V, X]-25 [V, X] L5 [V, U] 255 [ V,SX] 25 [ V,SX]
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under a suitable restriction on the dimension of Y. Thus [Y,U] is a group
extension of ker (2) by coker (2), that is, the sequence

0 —coker (2) —[Y, U] —ker (27— 0

is exact. Since 2'(coker (27)) =0 and 2"(ker (27))=0, it follows that
227[Y,U] = 0. We use this fact to construct a complex over U, Killing its
homotopy groups. If X is (n — 1)-connected, then so is U. Let 7, be the
first nontrivial homotopy group of U, occurring in dimension n, > n,
Then =, is an abelian group and there is a canonical epimorphism n,—
no ® Z,. Let hy: U— K, be the corresponding map under the equivalence

Hom (ny, 7o ® Z,)> H™(U; 1o ® Z,)«>[U,K,]

where Ko = K(m, ® Z5, no). Let U; be the induced fibre space over U
defined by h,. From the homotopy exact sequence of this fibre space, it
is clear that =, (U,) is isomorphic to 2(x, (U)). But 2*"(n,(U)) is zero for
all m in the stable range. Thus we may proceed with the above construction,
killing =, (U) in not more than 2r steps. We can then continue to build the
complex over U, killing the next non-trivial homotopy group, and we can
annihilate 7,(U) up through dimension m in a finite number of steps. Thus
if the space Y has finite dimension m, we reach a ¢ such that [Y,U,] = 0.

With this machinery, it is easy to complete the second part of the proof
of the theorem. If « € [Y,X] is not divisible by 27, we cover the map i:
X— U by a map of a resolution of X into the above complex over U.
Then « is certainly not in F[Y,X] for any ¢ .such that [Y,U,] =0, since
from the diagram below, it is clear that o € F'[Y,X ] implies « € ker (i,) =
2'[Y,X]. This completes the proof of Theorem 1.

Re —5 U,
1]
Y& XU

Suppose that [Y,X] is a finitely generated abelian group; then it is
expressible as a direct sum of a free abelian group and of finite cyclic
groups of prime-power order. Clearly the elements infinitely divisible by
2 are just the elements of the odd-primary part of the group.

Our hypotheses assure that [Y,X,] will be a finitely generated abelian
group for every s > 0. Indeed, Y is a finite complex with dim ¥ <2n —2
and each X is (» — 1)-connected with finitely generated homotopy groups.
Then the Postnikov spectral sequence of Chapter 14 converges to [Y,X,]
and has only finitely generated groups in its initial term.

Under these hypotheses, then, F*[Y,X ] is the direct summand of [Y,X]
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consisting of torsion elements of odd order; in particular, it has no element
of order 2. Further, [Y,X]/F*[Y,X] is the 2-component of [Y,X].

THE STABLE GROUPS {Y,X}

For Y in the stable range with respect to X, we now have defined a
filtration on [Y,X ] by means of a resolution of X. It would be tempting
now to consider, in the manner of Chapter 14, an exact couple with typical
D-term of form [S?Y,X,] and typical E-term [S?Y,K,], with suitable
bigradings. Indeed, basically this is what we are going to do in order to
construct the Adams spectral sequence.

However, some more preliminaries are still necessary. First of all, we
need an algebraic detour so that we will recognize E, for what it is. We
take this detour in the next section.

More importantly, the above candidates for D- and E-terms of our
proposed spectral sequence take us back out of the stable range. Dim Y <
2n — 2 does not imply dim SPY <2n — 2,

However, if we replace n by n + m, for m sufficiently large with respect
to p, dim Y <2n — 2 does imply dim S?*™Y < 2(n + m) — 2. This obser-
vation suggests replacing the (n — 1)-connected X with the (n +m — 1)-
connected S"X and Y with S™Y. We then would be studying a term in
a spectral sequence for [S™Y,5™X ], but since dim ¥ <<2»n — 2, this group
is independent of m anyway.

We thus are led to consider a spectral sequence with typical D-term of
form [SP*"Y,"X,] and typical E-term [S?*"Y,"K,], where "X, and "K,
are the appropriate terms of a resolution of S™X and where m is sufficiently
large, depending on p and g. Of course, to justify this procedure we must
show that the stable portions of the different exact couples obtained for
different m agree under suspension.

Granting this (see Proposition 5), we now notice that the assumption
dim Y <2n-—2 is no longer essential. Assuming only that Y is a finite
complex, the groups [S"Y,S™X ] are independent of m for m sufficiently
large. The common value is denoted {Y,X } and is called the (abelian)
group of S-maps of Y into X.

We now state the result which shows independence of the choice of
large m.

Proposition 5

Let X be an (n — 1)-connected resolution of X. Then there exists an
n-connected resolution 'L of SX such that SX, and !X, have the same
(2n — s)-type for each s.
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Thus for Y such thatdim ¥ <<2n —2 — s, we have [V, X,] = [SY,5X ] =
[SY,' X,]. Hence for m sufficiently large, depending on p and ¢, [S"*" ¥, ™ X,]
is independent of m.

The proof of Proposition 5 is by induction on s. The assertion is trivial
for s = 0. We sketch the induction step, supposing ' X, has been constructed
of the same (2n — s)-type as SX,. Thus we may choose ' K, so that Q('K,) = K|
through dimension 2n — s — 2; that is, for i <2n — s — 2, n,K, = ;4 'K,
with the image of 'gi*! corresponding under suspension to the image of
g.. For such a choice of 'g, and 'K, calculation verifies that ' X, , satisfies
the induction hypothesis.

Of course the notations 'X, 'g, etc., have nothing to do with the co-
homology suspension of Chapter 14.

THE DEFINITION OF EXT. (M,N)

In this section we take the necessary algebraic detour so that we will
recognize E, of our spectral sequence. Our goal is to define the symbol
Ext.. (M,N), where M and N are graded modules over the Steenrod algebra
A.

This symbol is defined by a standard construction of homological alge-
bra. We will now sketch the pertinent algebraic theory. The main theorem
of this chapter, on the existence and fundamental properties of the Adams
spectral sequence, will tie this algebraic material to the above material on
complexes, resolutions, and filtrations.

Let R be a graded ring with unit. Recall from Chapter 6 that a graded left
R-module M is a sequence of unitary left R,-modules M, together with an
associative action u:R® M — M. We will suppose M;=0 for i <0. A
homomorphism of degree t between two graded left R-modules is a sequence
of left R,-homomorphisms f,: M, — N, respecting the actions u, and py.
Such a homomorphism may be abbreviated /: M— N. We denote by
HomY% (M,N) the group of homomorphisms M->N of degree —t. A
sequence

Oe-MECo e Cp e Crem oo oG

of graded left R-modules and homomorphisms is called a projective
resolution of M if the following conditions are satisfied:

1. Each C,= {C,,} is a projective graded left R-module
2. All the homomorphisms {d,}, ¢ are homomorphisms of degree zero
3. The sequence is exact
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It is a standard theorem of homological algebra that such projective
resolutions exist and are unique up to chain homotopy.

If {C,} is a projective resolution of M, and N is a graded left R-module,
then in the sequence

0 — Hom¥, (Co,N)—4*s Homj (C;,N) — . . . -4~ Homjy (C,,N) - - -

we have d d} =0. The homology of this sequence at Homj (C,,N) is
denoted Exty‘(M,N); the groups Exty’ (M,N) form a bigraded group.
Later we shall make some observations about how to calculate such things.
For the moment we content ourselves with the remark that Exty* (M,N) ~
Hom% (M,N), since the Hom functor applied to the exact sequence

O <« M (‘E— CO (d—l- Cl
gives an exact sequence

0 — HomY (M,N)—=» HomY (Co,N) —2*> Hom¥ (C,,N)

for each ¢.

Under certain conditions, Ext as defined above can be given a multipli-
cative structure so that Ext** becomes a bigraded algebra. In particular,
if R is an augmented algebra over a field K, then Ext*'(K,K) becomes a
bigraded algebra over K. (Here K is made a graded R-module, concentrated
in gradation 0, by means of the augmentation.) We will be interested in
the case K=2Z,, R= A =the mod 2 Steenrod algebra. In this case, R
is a commutative Hopf algebra and the algebra Ext, (Z,,Z,) turns out to
be commutative. We will not define the multiplication in Ext.

PROPERTIES OF THE SPECTRAL SEQUENCE

We are now in a position to formulate the main theorem on the Adams
spectral sequence.

Theorem 2

Let X be a space such that =(X) is finitely generated for every i >0,
and let Y be a finite complex. Then there exists a decreasing filtration F*
of {Y,X} and a spectral sequence {FE,,d,} with the following properties:

1. Each E, is a bigraded group, and d, is a homomorphism of bigraded
groups, di': ES'— EX* '+t such that d,d, =0

2. E, is naturally isomorphic to Ext (H*(X),H*(Y)) (cohomology with
coeflicients in Z, as usual)
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3. There is a natural monomorphism E%;— E>* whenever r >s, and
E} =\,>s E>' (where E,, will be defined in the proof of this assertion
below)

4. E3' is naturally isomorphic to F*{S'*Y, X }/F**' {S'*Y,X }

5. F*{Y,X } consists of the subgroup of elements of finite odd order

Some parts of this theorem have essentially been proved already. Before
completing the proof of properties (1) to (5), we state here for completeness
some further results for the case X = $° Y = §° which pertains, by (4)
above, to the stable homotopy of spheres. In this case, by (2) above, E, =
Ext(Z,,Z,).

6. Every E, is endowed with a multiplicative structure compatible with
the bigrading, and d, is a derivation

7. The product in E, is the usual product in Ext (which is associative and
commutative)

8. The product in E,,, is induced from that in E, by passing to quotients
(and hence is also associative and commutative)

9. The product in E_ may equally well be regarded as induced from that
in E,, using (3) and (8), or as obtained by passing to quotients in the
composition ring of stable homotopy of spheres, using (4)

This theorem has become one of the cornerstones of stable homotopy
theory. It separates the problem of calculating the stable homotopy groups
of spheres, for example, into three distinct steps: the purely algebraic
problem of calculating Ext4 (Z,,Z,); the determination of the differentials
in the spectral sequence; and the reconstruction of the group extensions
and products which are lost in passing to quotients—as in (4).

We now proceed with the construction of the spectral sequence and the
proof of properties (1) to (5).

The spaces X and Y are not assumed to have any connectedness proper-
ties, since we are interested only in stable calculations. For the most part,
we will be working in the proof with $"Y and S"X, instead of Y and X.
Then of course we are dealing with spaces which are (n — 1)-connected.

We begin by taking a resolution of S"X, in which we denote the stages
of the resolution by "X, (s > 0) and the corresponding generalized Eilen-
berg-MacLane spaces by "K (s >> 0). Recall that by Proposition 5 a reso-
Iution of $"*"X for the stable range can be assumed to look like the mth
suspension of our resolution of S$"X.

For any non-negative m we obtain a filtration on the homotopy classes
[S"*™Y,S"X] in the manner which has been discussed earlier. Together
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with our previous remarks about the stability of the resolution, this defines
the stable filtration of the theorem and proves (5).

Let Y’ denote an appropriate suspension of Y. Then the homotopy
classes of maps of Y into the various spaces in the resolution of $"X (and
their loop spaces) form a commutative diagram

!
c = [STYVK ] o [SY X - [SY K] - [V X = [YK)
3 l
[SY.S"X]—[SY'Ko] = [Y')" X ] = [Y',"K]]
[YI,S”X] - [ Y’,"KO]

as in Chapter 14. From this diagram we can form a bigraded exact couple
with

Dsl,t — [Sn+t~s Y,"Xs]
Ef't — [Sn+t—s Y,nKs]

(with the convention that "X, = S"X). The maps i, ,k of the exact couple,
in the notation of Chapter 7, are induced by the projections, the k-
invariants,” and the inclusions of the fibres. The map / has bidegree
(—1,—1); the map j has bidegree (0,0); the map &, and hence also the first
differential d =jk, has bidegree (1,0). (We remark that the bigrading used
here is not the same as that used in Chapter 14.)

We have defined E}* only for non-negative s, but we can put E** = 0 for
s < 0. This is tantamount to continuing the resolution below S"X by a
string of one-point spaces.

The rth differential of the exact couple may be roughly described as
joi "' ok, and it obviously has bigrading (r, r —1). We have thus
verified (1).

It remains to prove (2), (3), and (4). We will now undertake the proof of

Q).

Lemma 1
[S"**7°Y,"K,] is naturally isomorphic to Hom'¢* (H*("K,),H*(S"Y)).
Every map between two spaces induces a map on the cohomology level
which is an A-module homomorphism of degree zero. In this way we obtain
a transformation [S™ Y,"K,] — Hom% (H*("K,),H*(S™Y)). We have proved
in Chapter 1 that this is an isomorphism in the case when "K, is a K(n,n)
space. It is not hard to establish this isomorphism in the present case.
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We omit the details. The result then follows from the observation that
Hom? (H*("K,),H*(S" Y )) ~ Hom (H*("K,),H*(S""*Y))

(using the suspension isomorphism) by puttingm=n +t—sandk =1 —s.
Thus d,: E{'— E;* " may be considered as a map

Homl* (H*("K,),H*(S"Y))— Hom's "~ (H*("K,+1),H*(S"Y))

and it is clear from the definition of d, and the proof of Lemma 1 that in
this interpretation d; is simply the map induced by going from QK| to
K., in the (expanded) resolution.

Now Extyy (H*X,H*Y)=Exty{ (H*(S"X),H*(S"Y)) by the suspension
isomorphism, and by definition this latter group is the homology of the
sequence {Hom'¢ (C,, H*(S"Y))} where the {C,} form a projective reso-
lution of H*(S"X) in the algebraic sense. We claim that such a resolution
is obtained from {H*("K})} simply by modifying the gradation. In fact,
the expanded resolution over S" X gives, on the cohomology level, a diagram
(below) with each p* trivial, each g* epimorphic, and hence each i* mono-

4\
p* r*

HHQ('K)) < () «Z H¥(Q(K,+1)) < () < H*('K,12)

p* p*

morphic. The i—g—p sequences are exact, coming from the mapping se-
quences. It is easy to verify from this that the sequence

H*(Q*("K))— H*(Q("K,+1))— H*("Ki 4 2)
is exact. But in the stable range this is exactly
H*2(K,) S B (K, ) S HYCK, )
with the reinterpretation of 4, given above In this way we find that
0« H*(S"X) «— H*("K,) <~ H*("K,) < H*("K}) «— . ..

is a projective resolution (in the stable range) of H*(S"X'), except that the
homomorphisms all have degree 1 instead of degree zero as required for a
resolution. We thus obtain a resolution if we replace.each H*("K;) by a
module C, isomorphic to it but graded so that each element of C; has grada-
tion less by s than the corresponding element of H*("K,). We then have

that Ext’y (H*X,H*Y) is the homology of the sequence
{Hom (C,H*(S"Y )},

but this is the same as the sequence {Hom(* (H*("K)),H*(S"Y))}, and
we have seen that the homology of this sequence is just E,.
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This proves (2). Observe, as a corollary, that E, depends on X and Y
only through H*X and H*Y as #-modules.

In order to prove (3), we will follow much the same route as was taken
in Chapter 7 in the discussion of the homology exact couple of a filtered
complex.

Lemma 2
E}* is isomorphic to the quotient

A im:[Y’,nXs/"Xs+r]_)[Y”n S/n s+1]

B im:[SY "X, /" X] =V, X "X ]

where the map in the numerator A is induced by the natural map "X,/" X, .,
—"X,/"X,., (each projection X,,,— X, being interpreted as an inclusion),
and the map in the denominator B is from the exact fibre mapping se-
quence obtained by mapping Y’ into successive pairs from the triple
("Xo_psr1," X" X, 1,); here Y’ denotes S"*F7°Y.

We will not give the details of the proof of this lemma because it is
formally the same as the proof of the corresponding result in Chapter 7
(Proposition 3), with the appropriate modifications. The essential observa-
tions are the exactness of the sequence arising from the triple, since we
are in the stable range, and the identification of "X/" X, with "K in the
stable range.

We now define E, as follows.

Definition

Est— m: [ Y,,nXS]_) [ Y,9nKs]
© I SY .S XX [V, "K]

with the notations and conventions described above. Themap in the denom-
inator comes from the triple (S"X,"X,," X+ 1)-

This definition is motivated by the formal relationship with E, as charac-
terized in Lemma 2 and by part (3) of the theorem, the proof of which is
now well under way.

Although an » occurs in this definition of E,, (as indeed in all the defini-
tions which we have given), it does not play an essential role, since we
confine our interest to the stable range, in which the results are indepen-
dent of n.

We can now complete the proof of (3). Recall that E}* =0 if s <0,
and thus the same is true for all E,. Since 4, has bidegree (r, r — 1), no
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differentials map into E* if » > s. Therefore there is a canonical mono-
morphism E{,— E;** whenever r > s, and the symbol

s, t
ﬂr>s Er,

has a meaning.
We denote by

% Fw[YlanXs]_)Fw[Y,a"Xs—l]
the restriction of (p,), where p,: "X, — "X,_;.

Lemma 3
Every «, is monomorphic.
This follows from the exact sequence

[YISQ(" s—l)]_i)[ylanXs]_M"[Yl’" s—l]

because, since [Y',"X,] is a finitely generated abelian group, nothing in
F*[Y'"X,] is of order 2, whereas everything inim (i) = ker ((p,)) is of
order 2. Thus the intersection of the domain of «, with the kernel of (p,)
is zero, which proves the lemma.

Part (3) of the theorem will follow from the next lemma.

Lemma 4
In the notation of the diagram

/[Y"nXs/nXs+r]—) [Y,aS("Xs+r)]
[Y'X,] 7. I b lrsex)
Y X" X1 ] -2 [V, SC X )

and with the notations and conventions which have gone before, the
following statements are equivalent:

i, im (f,) = () im ()
ii. im (£,) = 2~'(( im (9,))
iii. 97'(0)=27'(() im (g,))
iv. 0=1im (&) N ([ im (g.))
v. O0=Xker(p,) N F[Y' ,S(" X )]
vi. Each o, is monomorphic

PROOF: We leave to the reader the verification that the diagram is
commutative and that its rows are exact. The equivalence of (ii) with (iii)
and of (iv) with (v) follow from exactness and from the definition of the
filtration., The equivalence of (iii) with (iv) is elementary set theory. The
equivalence of (v) with (vi) follows from the definition of «,. It remains
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to prove the equivalence of (i) with (ii). Now im (f;) = ¢™'(im (g,)) by a
simple ““ diagram-chase.” Therefore

(Yim(f)=() a7'(im(g,))= &"'([} im (g,)

and the equivalence of (i) with (i1) follows.

This proves the lemma.

Now we have already proved (vi), in Lemma 3. Thus (i) has been es-
tablished. But (i) implies part (3) of the theorem. For, if we denote by B,
the denominator of the quotient in Lemma 2, we have, by that lemma,

_im (f)
E=—2"

r

whereas, by definition,

im (/)

E,=—2%

B,

with B, =lim,(B,) under an obvious convention. (B, becomes constant
when r > s.) From (i) of the last lemma, part (3) of the theorem follows.
It remains to prove (4). From the diagram below and a standard argu-

[Y.,)"X] [SY' . S"X/"X,]
[Y’,nXS]
[Y',S"X] [Y')"K,]
ment, already used in Chapter 7 (see Exercise 1 of that chapter), we have
the isomorphism
o M [Y"X ] [Y,S$"X]
= Tim: [Y "X, ] —[Y,8"X]

which proves (4).
This completes the proof of (1) to (5) and establishes the fundamental
properties of the Adams spectral sequence. '

MINIMAL RESOLUTIONS

When the algebra A is as complicated as the Steenrod algebra,
Ext4(H*X,H*Y) may be very complicated and may present a considerable
task in computation. In fact, the computation of Ext.«(Z,,Z,) has been
the subject of much recent research.



200 COHOMOLOGY OPERATIONS

We will make some observations on the calculation of Ext4(M,Z,), where
M is a left A-module, before specializing to the case M = Z,. Although we
are using # to denote the mod 2 Steenrod algebra, the following remarks
are valid if # is any connected algebra over Z, (and in fact can be general-
ized much further).

The augmentation of 4 is a map ¢: &#— Z,, of which the kernel contains
all of # except the multiplicative unit. This kernel is called the *“ augmen-
tation ideal” and is denoted I(A).

If M is a left A-module, we write J(M) for I(#4)M, that is, for the set of
all finite linear combinations ) a;m; where a; € I(#) and m; € M. This is
a sub-sA-module of M.

Definition

An A-module homomorphismf: M— N is minimal if ker (f) is contained
in J(M).

A projective resolution is called a minimal resolution if all the homomor-
phisms in the resolution are minimal.

Proposition 6

Every graded left A-module M admits a minimal resolution.

It is enough to construct one stage, i.e., to find a free graded left
#A-module C and a minimal epimorphism d: C— M. (The proof is then
completed by induction.) Let {g;} be a minimal set of generators for M as
an #A-module. Then let C be a free A-module on the symbols {4;} where
each 4, has the same grading as the corresponding g;. There is an A-module
homomorphism of degree zero, d: C— M, which takes k; to g, for each i.
Since {g;} is a generating set for M as an #-module, d is obviously an
epimorphism. To see that 4 is minimal, suppose that the kernel of d con-
tains an element b=73 a1, not in J(M); then we may suppose that a, is
not in I(#), that is, that a, is the unit of #. Then 0 =d(b) =d(}_ a;h) =
Y a.g;, but this implies that g, =) ., a,g;, which contradicts the choice
of {g;} as a minimal set of generators.

Proposition 7
Let

0e—MECo Cremo o & Cyee ...
be a minimal resolution of M. Then the homomorphisms
ds*: Homf& (Cs—l’Zl)_) Homi‘& (CY’ZZ)

are all zero homomorphisms (for every s > 1).



THE ADAMS SPECTRAL SEQUENCE 201

PROOF: First observe that, by the definition of Z, as a left A-module,
I(A)Zz = 0.
If g e Hom' (C;-,,Z,), then d;*(g) is defined by the equation

di(g))=g(d(c))  ceC,

and we wish to show that this vanishes for all g and ¢. Now d,_,d, = 0 for
every s > 2 (and ed; =0), so that dyc) € ker (d,_,) (and d,(c) € ker (¢)).
By the minimality hypothesis, this implies dy(¢) € J(C,-,) (and d,(c) € J(M)).
But g is an st-module homomorphism, and so g must annihilate J(C,_,)
(and J(M)), by the opening remark of the proof. This shows that indeed
di(g)(c) =0 for every c € C; (s > 1), so that d;(g) =0, but this holds for
all g, so that d* = 0 (for every s > 1). Thus the proposition is proved.

The usefulness of minimal resolutions is now apparent from the follow-
ing consequence.

Corollary 1
If the {C,} form a minimal resolution of M, then Ext§{ (M,Z,)=

Hom', (C,,Z,).
This is immediate from the definition of Ext and from the last propo-
sition.

SOME VALUES OF EXTY (Z,,Z,)

In order to see how the machinery works, we look at the Steenrod algebra
# and take M = Z,. This is the E, term of the Adams spectral sequence for
X =Y =S° and is therefore related to the stable homotopy of spheres.

To begin the calculation of Ext ¢ (Z,,Z,), we observe that C, in a minimal
resolution of Z, over 4 should be a free A-module on one generator, so
that C, ~ # and ¢: C,—Z, is just the augmentation of s. Thus Ext%’
(Z,,Z,) vanishes for t#0, while Ext%°(Z,,Z,)=Z,, generated by the
unit 1 of Exty (Z,,Z,).

The next term, C,, should be a free A-module with one generator for
each element of a minimal set of generators of the A-module I(+). Such a
minimal set is given by {Sg*'} (i >0), since these elements generate £ as
an algebra and are indecomposable in . Thus C; should be a free #-
module with one generator in gradation 7 =2 for each i/ > 0. Each such
generator gives a homomorphism of graded left £-modules of degree (—1¢)
from C; to Z,, and thus Exty(Z,,Z,) = Hom (C,,Z,) has a generator
for each ¢ which is a power of 2. The usual notation for these elements in

Ext is A,
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It is considerably more difficult to write down the structure of C, and
thus of Ext%* (Z,,Z,). We will not go any further with the details but will
be content with a statement of results.

Recall that Ext} (Z,,Z,) has a multiplicative structure under which it
1s an algebra over Z,. The following results are proved by purely algebraic
methods. In any finite range of dimensions, they can be verified by calcu-
lating in a minimal resolution, but this method has many limitations and
has been superseded in practice by deeper algebraic methods.

Theorem 3

For s =1, Ext= Ext}{ (Z,,Z,) has as Z,-basis the elements 4, € Ext"'
with r=2'. For s=2, Ext is generated by the products 4;;, subject only
to the relations A;h;,; = 0 (i > 0). For s = 3, the products A4k, are subject
only to the additional relations A47, , =0 and A} = h}- |h;,, and the rela-
tions implied by A4,., = 0.

However, there are other generators for Ext with s= 3, the first of
which is a generator ¢, in bigrading (s=3, t=11). A complete set of
generators of Ext% (Z,,Z,) for t — s <17 is presented in Figure 1.

In Figure I it is to be understood that there is a non-zero generator
hy € Ext** for every s > 0, but otherwise all generators in the range t — 5 <
17 are explicitly shown. (It is not hard to see that Ext*' =0 if 1 << s.)

We might remark that to obtain this much of Ext by hand calculation
of a minimal resolution requires several days.

APPLICATIONS TO HOMOTOPY GROUPS

We have arranged Figure 1 so that the bigradings of Ext for fixed 1 — s
appear in a column. This arrangement is motivated by the assertion of
Theorem 2 that these are the groups which are associated to the stable
(¢ — s)-stem of the homotopy of spheres. In fact, parts (4) and (5) of Theo-
rem 2 assert that the groups E', with ¢ — s fixed, are the components of
a normal series for the 2-primary component of the stable homotopy group
My

By part (1) of Theorem 2, d, raises s by r while decreasing (+ — s) by 1.
We will show now that the calculation of the differentials in the spectral
sequence presents no difficulty whatsoever in the range r — s < 14. We will
thus be able to write down a normal series for the 2-component of the
first 13 stable homotopy groups of spheres, assuming Theorem 2 (parts
(1) to (9)) and the calculation of Ext for the range of Figure 1.
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The differential d,(k,), if defined, must be A4*' or zero, since it goes from
E}? to Er*'r+1. But the relation hoh, = 0 implies that this differential
is zero; for d,(h,) =0 for dimensional reasons (since E, =0 when 7 <s
and d. is a derivation (part (6) of the theorem), so that

0 = d,(0) = d,(hohy) = hc(d (1))

whereas 4, is non-zero for all s. Thus d,(h,) cannot be /i,*' and must be
zero. Note also that 4, cannot be in the image of any differential, since
E, vanishes for s <0.

This shows that the 2-component of the stable 0-stem is infinite. More-
over, it is possible to identify the image of A, in E,, with 2i: $"— S", and
on this basis it can be shown that multiplication by A, represents a non-
trivial group extension in homotopy. Granting this, we deduce that the
2-component of the 0-stem is an infinite cyclic group Z. The 2-component
of the stable 1-stem is clearly Z,, generated by the image of 4, in E_. We
showed earlier that this generator is the (stable) Hopf map #.

Now dimensional considerations are enough to rule out any non-zero
differentials originating in 3 <t— s <7. Thus the 2-stem is Z, generated
by A3, that is, by n? (cf. part (9) of the theorem), the 3-stem is Z, generated
by the image of A, (which therefore corresponds to the Hopf map v), and
the 4-stem and 5-stem are empty. The relation »* = 4v, proved in Chapter
17, appears already in Ext as hi = h}h,. The 6-stem is Z, generated by
h3, i.e., by vi.

Since d,(h,hs) lands in E3’'', which is a non-trivial bigrading with a
generator h3h;, dimensional considerations do not settle this differential.
However, both d,(h,) and d,(h;) are zero for all r > 2, and since 4, is a
derivation, this differential too is zero. Thus the 7-stem is Z,¢ generated
by h;, which corresponds to the Hopf map .

In the 8-stem there are two survivors to E_, namely, 4,4, and an element
which we have denoted c¢,, not expressible as a product of the 4, It is
perhaps not immediately clear whether the group extension here is trivial,
i.e., whether the 8-stem should be Z, or Z, + Z,. However, the fact that ¢,
and hy(hh,) (=0) have the same filtration degree s = 3 implies that the
extension is trivial and the 8-stem is Z, +Z,. For (9) asserts that the
products in E_ are obtained from those in the homotopy composition
ring by passing to quotients according to the degree s, and here, since there
is no change in filtration, there can be no alteration of the product.

We caution the reader, however, not to assume too much about the
relationship between the products in £ and the homotopy products. For
example, the fact that h,h; survives the spectral sequence does not mean
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that the corresponding homotopy element is the composition product of
the Hopf maps n and ¢ which are the images of /4, and 4;. In fact, *“ the
corresponding homotopy element’ is not well-defined. What we can say
about the 8-stem is this. There are three non-zero elements, each of order 2.
One of these elements projects to zero in E2'°; thus its projection to
E%'! is defined and equal to ¢,. The other two non-zero elements project
to Ahy in EZ'C. One of these elements is no; the other is no plus the ele-
ment which projects to ¢;.

There obviously cannot be any non-zero differentials originating in the
range 9 <t—s < 14. We find that the 9-stem (or its 2-component, as
always) is some group extension of three Z, groups, and the argument
indicated above for the 8-stem applies here as well to show that the exten-
sions are trivial. The 10-stem is Z, and the 11-stem is Zs.

Following Adams, we have used the symbol P in the notation for the
9-stem and those following. There is a complicated and irregular periodi-
city in the stable homotopy of spheres, which is in evidence near the upper-
most edge of the table of Ext, of which Figure 1 shows a portion. For our
purposes we may simply regard P as an operator which goes from E*' to
Es+4’t+12.

The 2-components of the 12- and 13-stems must be zero since there are
no non-zero elements in E,. However, after this point the work begins.
There are several possible differentials between the 15-stem and the 14-stem,
and indeed some of them turn out to be non-zero. (It is remarkable that the
topology of spheres has waited so long before intruding into the algebraic
picture.)

In the 14-stem we find that E, contains /43 and also hyh3. If both these
elements survived to £, then it would follow that ¢2: S"*1%— §"* 7, §"
was of order 4 (at least). However, the composition ring is in general
anti-commutative, and since o is in an odd stem (the 7-stem), it follows
that g0 == —ao or 262 =0. Thus these two elements of E, cannot both
survive to E,, and the only possibility is that d,(h,) = hoh3. In this way
Adams obtained a new proof of Toda’s theorem that there is no element of
Hopf invariant one in the 15-stem, since elements of Hopf invariant one
appear in filtration degree s =1 and project 1o /,.

There is also a non-zero d5 at this point, namely, d;(#,/1,) = hod, (and of
course d;(h3h,) = hid,), where d, is a new kind of generator of Ext
appearing in Ext*'®. It can be shown that the only other non-zero differ-
ential originating in the portion of Ext shown in Figure 1 is d,(e,) = hid,.
Thus the 14-stem is a group extension of two Z, groups; the 15-stem is
Z5, +Z, and the 16-stem is an extension of two Z, groups.
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DISCUSSION

The above results give some idea of the workings of the machinery
which we have set up and serve to suggest that the Adams spectral sequence
can be a very useful weapon for the calculation of stable homotopy groups.
As we write this, the complete description of the E, term in the above
spectral sequence is not known, and no effective procedure is known for
obtaining the differentials or reconstructing the group extensions, so that
this technique is the subject of much current research.

This spectral sequence is of course due to Adams, who proved Theorem
2 on its existence and basic properties. We have not defined the multiplica-
tion in Ext (which is often called the cohomology of the Steenrod algebra
and denoted H*(#4)), much less proved statements (6) to (9) of Theorem 2.
The reader will find a proof in Adams’ paper [1].

In this fundamental paper Adams also made the first important calcu-
lations of H*(+#), namely, those of Theorem 3. They are not extensive, and
further, very little was known at that time about the differentials.

Since then a great deal of progress has been made. Adams has proved
various general structural theorems on H*(#), while May and others have
introduced and refined new computational techniques, making possible
extensive calculation in a relatively short time,

The differentials too have been subjected to attack. In particular, Adams,
Maunder, May, and Mahowald have among them settled many cases,
concerning both specific low-dimensional elements and certain periodic
families of elements recurring in arbitrarily high stems.
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Stiefel manifold, 40
Suspension, 19, 111~112
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Triad theorem, 154-155
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Universal coefficient theorem, 3
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