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CHAPTER 1

Homotopy groups

1.1. Homotopy groups: definition and first deductions

DEFINITION 1.1.1. Let X be a space with base point * and let n be a non-negative
integer. Write m,(X, ) for the set [S™, X]. (based homotopy classes of based maps
from S™ to X). It is clear that m, is a covariant functor from 507 op, (the homotopy
category of based spaces) to sets.

The case n =1 has already been looked at in detail and we saw that (X, *) is a group
in a natural way.

The case n = 0 is also useful. Namely, mo(X,*) is just the set of path components of
X . Indeed, a based map f:S° - X must send the base point —1 of S° to the base point
of X. So the only interesting feature it has is the value f(1) € X. And if we pass to
homotopy classes, only the path component of f(1) remains.

There is no point in trying to put a natural group structure on (X, ). We must accept
that it is in most cases just a set with a distinguished element. The distinguished element
is the path component of the base point. (There are exceptions: if X has the structure of
a topological group, then my(X) also has the structure of a group in an obvious way, and
that can be useful.)

DEFINITION 1.1.2. For n>2, the set m,(X,*) has the structure of an abelian group in a
natural way. In other words we can equip m,(X,*) with a structure of abelian group in
such a way that, for every based map f: X — Y , the induced map of sets

T (X, %) = (Y, %)

becomes a homomorphism of abelian groups. The neutral element of m,(X,*) is repre-
sented by the unique constant based map from S™ to X .

For the proof, we note first that
7Tn(‘X,*) x ’/Tn(Xa*) = [San]* X [SnaX]* = [Sn VSnaX]*

(where = is used for an obvious bijection). Therefore it is reasonable to try to construct
a multiplication map

N:Wn(Xa *) x 71—71()(7 *) g 71—n(*XV7 *)
by writing this in the form u:[S"vS™, X ], — [S™, X]. and defining it as pre-composition

with some fixed element k€ [S™,S™ v S"], .

Elementary description of x. Think of S™ as the quotient space of [0,1]™ obtained by
collapsing the subspace consisting of all points which have some coordinate equal to 0 or
1. Think of S™ v S™ as the quotient space of [0,2] x [0,1]""! obtained by collapsing all
points which have some coordinate equal to 0 or 1, or first coordinate 2. Then k can be
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4 1. HOMOTOPY GROUPS

defined by x(x1,22,...,2y) = (221, 22,...,2,), where x1,z9,...,x, € [0,1]. Tt is easy to
verify the following directly: the compositions

gn K L gy gn IV gny (gny gn)
and

§n s gny gV (gny gnyy gn
are based homotopic. This implies that our formula for the multiplication g on [S™, X].
is associative. Next, it is easy to verify the following directly: the composition

gn K gy gn permute summands

S" v ST

is based homotopic to x. (Here we need n > 1.) This implies that our formula for the
multiplication g on [S™, X]. is commutative. Furthermore, it is easy to verify directly
that the constant based map S™ — X is a two-sided neutral element for the multiplication
i. (In cubical coordinates for S™, multiplication with the constant map has the effect of
replacing a based map

[0,1]"

~

— X

I

by the map g where g(z1,...,2,) = f(2x1,22,...,2,) when 227 <1 and g(z1,...,2,) =
x € X when 2x; > 1. So the task is to show that f is based homotopic to g, and that
is easy.) Next, it is easy to verify directly that an element [f] € [S™, X]. has an inverse
given by [f on] where 7:S™ - S™ is given in cubical coordinates by

(T1,@9, ... xn) » (=1, 29,...,2,).

(In cubical coordinates for S™, the product of [f] and [f on] is given by g where
g(x1,...,x0) = f(221,%2,...,2,) when 2x1 <1 and g(x1,...,2,) = f(2-221,22,...,%n)
when 227 >1.)

Although the homotopy groups m, have a great deal of theoretical importance, they are
very hard to compute in general, especially for large n. Recently I read in an article about
homotopy theory: not a single compact simply connected CW-space X is known for which
we have a formula describing m,(X) for all n >0, except for the totally uninteresting case
where X is contractible (so that m,(X) is the trivial group for all n > 0). In particular
nobody has a really convincing formula for ,, (S?), for all n > 1 (although there are some
deep results which describe these abelian groups in algebraic/combinatorial terms ... but
not in such a way that we can easily read off how many elements they have). But there
are many partial results, especially about 7, (S™). For example, we know that 7, (S™)
is always a finitely generated abelian group (m,n > 1). It is known that m,(S™) is the
trivial group if n < m and that m,(S™) 2 Z if n = m; see theorem 1.2.1 below. It is known
that 7,(S™) is infinite if and only if m is even and n =m or n =2m —1. An example
of that is m3(S?) = Z. Recall that m3(S?) is not trivial according to example 2.5.3 in the
Topo 1 lecture notes. This was conditional at the time on S® not being contractible, but
later in Topo 1 we showed that S® is not contractible.

1.2. Homotopy groups of spheres: the easy cases

THEOREM 1.2.1. For 0 <n <m, the group m,(S™) is trivial. For all n >0, the group
7, (S™) is isomorphic to Z, with [id] as the generator.
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PROOF. The proof is fiddly, but it is an important result. The case n < m is an
easy consequence of cellular approximation. By remark 11.5.2 in the lecture notes for WS
2014-2015, any based map from S™ to S™ is based homotopic to a cellular map. But a
cellular map from S™ to S™ must be constant. (Use the CW structure on S™ which has
one 0-cell and one m-cell.)

For the case m = n, it suffices to show that m,(S™) is generated by the element [id].
Indeed, this gives us an upper bound on the size of 7,(S™). A lower bound comes from
the map m,(S™) - H,(S™) which takes the homotopy class of a map f to the class of
the mapping cycle f. It is an exercise to show that this is a homomorphism.! Since
[id] € 7, (S™) maps to a generator of H,(S™), this homomomorphism =, (S™) - H,(S™)
is onto.

With that in mind, the most important tool is Sard’s theorem. (We used this earlier in
connection with approximation of maps by cellular maps). This states that for a smooth
map f:U — R™ where U is open in R™, the set of critical values of f is a set of Lebesgue
measure zero (in R™). An element y € R™ is a critical value of f if there exists z € U
such that f(x) =y and the derivative f'(z), viewed as a linear map from R" to R™ is
not surjective. We can also assume n > 1 since 7 (51, *) is well understood. We need a
few observations.

(i) Any based map S™ — S™ can be written in the form of a map
[iR"U{c0} — R" U {0},
and after a homotopy we can assume that f is smooth in a neighborhood U of
the compact set f~1(D").
(i) In the situation of (i), if f71(0) contains exactly one element x € R™ and the

derivative f’(x) is an invertible linear map from R™ to R™, then f is based
homotopic either to the identity map or to the map

77:(1'17--~a$n) = (_xlvaw"axn)
from R™uU {oo} to itself.

(iii) The inclusion of the wedge S™ v .S™ into the product S™ x S™ induces an isomor-
phism from 7, (S™ v S™) to 7, (S™ x S™) = m, (S™) x m, (S™).

(iv) Let a:S™ — S™ v S™ be any based map. Let ¢:S™ v S™ - S™ be the fold map
(which is the identity on the first summand S™ and also on the second summand
S™). Let ¢;: 8™ v 8™ - 8™ v S™ be the map which is the identity on summand 4
and takes the other summand to the base point (for i =1,2). Then we have

[a] = [@a] + [g2a] € m, (5™ v 5™)
and consequently

[pal = [pqra] +[epga] € m, (S™),
writing + for the multiplication in 7, (S™ v §™) and m,(S™) , respectively.

Observation (iii) is a good exercise in cellular approximation; n > 1 is important. Obser-
vation (iv) follows from observation (iii). Namely, (iii) shows that « is homotopic to a
based map obtained by composing x:S™ — S™ v S™ with a map S™ v S” - S™ v S™ which
agrees with gy on the first wedge summand S™ and with gz on the second.

As for (ii), it is easy to reduce to the situation where z =0 € R". Then f!(0) = {0} and
f(0) is an invertible linear map. The next idea is to show that f is based homotopic to

1Hint: you need to say what x:S™ v S™ — S™ does in homology.
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the map g:R"uU{co} — R"U{oo} where g is the linear map f'(0) (except for g(oo) = o0).
A based homotopy is given by

(hR™ U {00} —> R™ U {o0})

where hi(v) = t71f(tv) for v € R” and t runs from 1 to 0. To be more precise, h;
is of course f and hg is of course not really defined by our formula for h; , but if you
(re)define hgy = g then it ought to make a good homotopy, by definition of differentiability.
The next idea is to note that the space of linear isomorphisms from R™ — R"”, also known
as GL,(R), is a space with exactly two path components. One of these path components
contains the identity matrix and the other one contains the diagonal matrix with -1 in
row one, column one and +1 in the other diagonal positions. Therefore our (linear) map

gR"U{o0} — R"U {00}

is based homotopic (by a homotopy through invertible linear maps) to either the identity
map or to the map n from R"™ u{oo} to itself. This proves observation (ii).

Now let’s turn to the proof of this theorem, properly speaking. We start with f as in (i).
We want to show that [f] € m,(S™) is in the subgroup generated by [id]. By Sard, we
know that f has a regular value arbitrarily close to 0 and it is easy to reduce to the case
where 0 itself is regular value (by composing with a translation of R™). The preimage
f71(0) is compact and discrete with the subspace topology (since f’(z) is invertible for
any x € f71(0) use; the inverse function theorem). Therefore f7(0) is a finite set. Assume
that it has k£ distinct elements

O (Y

ey
We want to argue by induction on k. The case k = 1 has already been settled in observation
(ii). We can therefore assume k> 1.
Choose a small open ball B. of radius e about the origin 0 € R” such that f~!(B.) is a
disjoint union of k open sets Uy, ..., Uy (so that 2() € U;) in such a way that f restricts
to a diffeomorphism from U; to B.. (This is possible by the inverse function theorem.)
Choose a map

eR"U {oo} — R" U {0}
which maps B, diffeomorphically to all of R” and maps the complement of B, to co and
has €’'(0) equal to the identity (matrix). Then we know that e ~id and so ef ~ f. But
ef can also be written as a composition

STL $STL\/S7L LS?’L

where S™ = R™ U {oo}, the first map takes U; to the first wedge summand S™ by ef and
takes U;s1 U; to the second wedge summand by ef, and takes all remaining points to the
base point oo of the wedge. Then by (iv) we have

[f1=[ef]=[¥7]=[eq17] + [¢g27]

where pg1y and pgoy are maps as in (i) for which 0 €e R® u{oo} is a regular value with
fewer than k preimage points. By inductive assumption, [pq1y] and [¢g2y] are in the
subgroup of ,(S™) generated by [id] and therefore [f] is also in that subgroup. O

1.3. Change of base point

This looks like a tedious topic, but it is not without pitfalls (and that makes it more inter-
esting). The following seems to be a useful organizing principle (reminiscent of statements
from abstract homotopy theory).



1.3. CHANGE OF BASE POINT 7

(1) Let Y be a space and let AcY be a closed subset. Suppose that the inclusion
A =Y is a cofibration (has the HEP, homotopy extension property), and suppose
also that it is a homotopy equivalence. Then A is a retract of Y . In other words
there exists a continuous Y — A such that r|4 =id.

PrOPOSITION 1.3.1. Let X be a space, xg,x1 € X and n>2. If xg,x1 are in the same
path component of X, then m,(X,xz0) and 7,(X,x1) are isomorphic as abelian groups.
More precisely, any path v in X from xy to x1 determines a group isomorphism v, from
(X, 20) to mo(X,21). The isomorphism v, depends only on the homotopy class of
with start- and endpoints fized.

PROOF. The definition of ¢ :m, (X, 20) — 7 (X, x1) is as follows. Suppose that
~v:[0,1] = X has v(0) =x¢ and (1) =1 . Let a:.S™ - X be a map such that a(x) =z
where % € S™ is the base point. Choose a homotopy

(hti S - X)te[o,l]
such that hg = @ and hy(*) = y(¢t). This is possible because the inclusion * - S™ is a
cofibration. Let t,[a] € m, (X, z1) be the based homotopy class of hy (a map from S™ to
X taking * to x1).
We need to show that ¢ is well defined. Suppose that o':S™ — X is another map such
that o/(x) =x¢ and [«] = [@'] € T (X, z0) . Suppose that

/. n

(ht' S" X)te[o,1]

is a homotopy such that h{ = o’ and hj(*) =~(t). We need to show that

[h1] = [h]] € mn (X, 21).

Choose a based homotopy (gt)se[0,1] from a to a'. Our problem is solved if we can
construct a homotopy

(Ht:Sn X [07 1] - X)te[O,l]

in such a way that Hy(z,s) = gs(z) for all € S™, s € [0,1] and Hi(z,0) = hi(x),
Hy(x,1) = hi(z) for all € S™ and t€[0,1], and H:(*,s) =~(t) for all s,t€[0,1]. Then
H; is the required homotopy showing that [hy] = [h]] € m (X, z1).
To show that such a homotopy (H;) exists we view it as a map to X which is to be
defined on

Y :=8"x[0,1] x[0,1] = {(«,s,t) | z € S™, s,t€[0,1]}.

Let A be the closed subset of Y where that map is already defined: the set of (x,s,t)
such that either z = x or t =0 or s =0 or s = 1. We want to apply (}), so we need
to verify that the inclusion A - Y is a cofibration and a homotopy equivalence. (Details
omitted.) Then we get a retraction 7Y — A and therefore we can define the required
map Y — X by precomposing that map A — X which we already have with r.
Next we ask whether ¢, is a homomorphism. In fact this is true by inspection. In slightly
more detail, if we have «, 8:S™ - X such that a(x) = z¢ = 5(*) and homotopies

(hg:S™ > X) (R}:S™ - X)

te[0,1] ’ te[0,1]

as above, satisfying h§ = o and hg = and hY(*) =~(t) = hf(*), then the homotopy

((hg v }yor)

te[0,1]
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demonstrates that ¢y (a + 3) = t(a) + t4(8), where we use “+” for the group operation
in m,. (Recall that » is a based map from S™ to S™ v S™ which we have used to define
the group structure in m,.)
Next we need to show that ¢, is bijective. From the definition of ¢, it is clear that an
inverse is given by t5 where ¥(t) =~(1-t) as usual.
Next we need to show that ¢, depends only on the homotopy class (start- and endpoints
fixed) of . So let I':[0,1] x [0,1] — X be a map such that I'(s,0) = 2o for all s and
I'(s,1) =y for all s. Let a:S™ - X be a map such that a(x) = x9. We need to show
that

lry =y
where T'o(¢) :=T'(0,¢) and T';1(¢) := I'(1,¢). Since the inclusion of » x [0,1] in S™ x [0,1]
is a cofibration, we can construct a homotopy

(Ht:Sn X [07 1] - X)te[O,l]

in such a way that Ho(z,s) = a(z) for all x € S™ and H.(*,s) =T'(s,t) for all s,t€[0,1].
Then H; is the required homotopy showing that ¢r, and ¢r, take the same value on the
class [a]. O

REMARK 1.3.2. Suppose that 8,7:[0,1] - X are paths such that 5(1) =~(0). Then the
concatenated path o 3 is defined. (It is parameterized by the interval [0,2]; you can
re-parameterize if you wish.) We have

lyop = Ly O lp
where both sides of the equation describe isomorphisms from 7, (X, 5(0)) to m,(X,~(1)).
This should be clear from the construction.

COROLLARY 1.3.3. For a space X with base point xo and n > 2, the abelian group
(X, o) is a module over the fundamental group m (X, xo); that is to say, the group
m1(X,x0) acts on m,(X,20) by group automorphisms.?

PrROOF. A formula for the action is [v]-[a] = ty[a], where [y] € m1 (X, z0) and [«a] €
(X, o). Note that since v(0) =~(1) = ¢ , the isomorphism ¢, is an automorphism of
’/Tn(X, 5130) . O

In many cases this action of 71 on m, also has another neat description using universal
covering spaces. To set this up we start with a proposition about higher homotopy groups
of covering spaces.

Let ¢: E — X be a covering space, alias fiber bundle with discrete fibers. Suppose also F
and X are based spaces, with base points *g and *x = ¢(*g), so that ¢ is a based map.

PROPOSITION 1.3.4. Then q.:mp(E,*g) - m, (X, *x) is an isomorphism for all n > 2.

PROOF. This is a consequence of the lifting lemma (see lecture notes on the funda-
mental group and covering spaces). According to that, for any based map f:S" — X,
there exists a unique based map ¢:S™ — E such that f = gg (assuming n > 2 to ensure
that m1(S™,*) is trivial). This argument applies also with S™ x [0,1] instead of S™, so
that ¢ induces a bijection [S™, F]. — [S™, X].. O

2For a group G, a G-module is understood to be an abelian group A with a homomorphism from
G to the group of automorphisms of the abelian group A. This terminology is not completely absurd
because the group G determines a group ring Z[G] whose elements are finite formal linear combinations
Ygeang - g where the coefficients ny are integers. It is easy to see that a G-module A is the same thing
as a module over the ring Z[G].
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Now suppose that X is path connected and locally path connected, with base point x,
and that it has a universal covering space

q:X'—>X.

In other words, the action of m;(X, ) on the set ¢~*(*) (given by path lifting) is free
and transitive. We can make this ¢ unique up to unique isomorphism (of covering spaces
of X) by specifying a base point *; € ¢71(*) for X. (That is to say, if two universal
coverings of X are given, both with a base point in the fiber over * € X, then there exists
a unique based homeomorphism between them which respects the maps to X.) Now we
make a few observations.

e Proposition 1.3.4 is applicable to this covering space ¢ (set E := X)

e Since X is path connected and 7T1(X,*1) is trivial, proposition 1.3.1 tells us
that m,(X,y) is totally independent of the choice of base point y, and we can
therefore write m,(X). Little exercise: the forgetful map from 7,(X,y) to
[S™, X] is a bijection ... where [S™, X] is the set of unbased homotopy classes
of maps from S” to X.

e The translation action of 71 (X, ) on X therefore induces an action of 71 (X, »)
on m,(X).

(This translation action on X is a confusing theme. Let G =7 (X, *). We know already
that an automorphism of the covering space ¢ is determined by the induced permutation
of the set ¢7'(*). This permutation is a G-map and as such it can be any G-map we
like. We constructed ¢ in such a way that ¢~'(*) is a free G-orbit G- +;. What are the
automorphisms of G - +; as a G-set? They are given by multiplication with elements of
G on the right; i.e., for fixed h € G the map pp:G-*1 - G- *1 given by g*; — ghx; is a
G-map. Indeed pn(fg*1) = fgh*1 = fpr(g*1) for f,g € G. Unfortunately h ~ pp is not
a homomorphism, but an antihomomorphism:

Phihy = PhaPhy -

Therefore the translation action mentioned above is best defined as follows: an element
h e G determines a G-set automorphism p,-1 = (p5)~' ... which extends uniquely to an
automorphism of the covering space q.)

Showing that the two descriptions of the action of (X, *) on m,(X,*) agree: let h €
m1(X, ) be represented by a path 7:[0,1] > X from * to . Let

gl0.1]~ X
be a path in X which covers 7, begins at h™'x; and so ends at *.
7Tn(X7*) : '>7T7L(X7*)

~ tion of A~ on X), ~ L ~
T (X, y) o T (BB xy) — L (R 4)

In the lower row, if we identify m,(X, ;) and m,(X,h™"- %) forgetfully with [S™, X],
then the left-hand arrow is the interesting one; the other one, labeled tg , is the identity!
To make the diagram commutative, the dotted arrow has to be ¢, .

EXAMPLE 1.3.5. Let’s look at my(X, *) where X is 5?vS* with the standard base point.
The following picture gives two ways of drawing X :
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From the picture or otherwise, we get that
X~ \V s%
keZ
a wedge of spheres S? indexed by the integers. In this description the action of ¢ € Z =
71 (X, *) takes the summand S? with label k to the summand S? with label k -/ in the
obvious way. An argument like observation (iii) in the proof of theorem 1.2.1 then shows
that
(X, *) 2ma(X, 1) 2 PZ.
keZ
The action of ¢ € Z = w1 (X, *) takes the summand Z c mo(X, ) with label k to the
summand Z with label k — ¢ in the obvious way. As an abelian group, ma(X, ) is
obviously not finitely generated. But as a module over the group ring Z[m (X, *)] = Z[Z]
it is free on one generator, and therefore certainly finitely generated.
This raises the question: if X is a compact CW-space with base point x, and n > 2, is
(X, ) always finitely generated as a module over Z[m1 (X, *)] 7 See exercises.

1.4. Cup product in cohomology and homotopy groups

Let X be a based path connected space and f:S™ - X a based map, where n > 1. We
form Y = cone(f), the mapping cone of f. Often by taking a hard look at Y, we can show
that [f] is not the trivial element of 7, (X, ). This is based on the following observation.

LEMMA 1.4.1. Let uw,v:A — B be any maps. If u is homotopic to v, then cone(u) is
homotopy equivalent to cone(v).

PRrROOF. Exercise. (As an exercise in WS2014-15, this did not find many friends, but
the formulation was more complicated at the time. I hope that it will find more friends
this time.) But we can make a stronger statement. There exists a homotopy commutative
diagram of the shape

B nel cone(u) — XA = cone(u)/B

LT T
B " cone(v) —= $A = cone(v)/B

where the horizontal maps are the usual ones. O
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Now let’s return to the based map f:S™ — X and Y = cone(f) and the quotient map
from Y to Y/X =S+,

COROLLARY 1.4.2. If f is nullhomotopic, then there exists a graded ring homomorphism
H*(Y) - H*(S™') such that the composition

induced by quot. map

H*(Sn+1) H*(Y) o H*(Sn+1)

is the identity.

Proor. If f is nullhomotopic, then we can assume (by the lemma) that it is the map
which sends every point of S™ to the base point of X. Then Y is X vS"*!. The inclusion
Sl Y of the wedge summand induces a homomorphism in cohomology which has the
stated property. O

EXAMPLE 1.4.3. Let f:S% - S? be the Hopf map. (Write S = CP! = $3/ ~ where
83 c C?; the equivalence relation is (21, 22) ~ (uz1,uzs) for u € S* ¢ C and 21,20 € C
with |21]2 +]22/2 = 1. Let f be the quotient map.) Here X = 5% and Y can be identified
with CP?. (To put it differently: CP? has a well-known CW structure with one 0-cell,
one 2-cell and one 4-cell; the attaching map for the 4-cell happens to be the Hopf map
S$3 - §2.) The cohomology ring H*(Y) = H*(CP?) is well known: it is the graded ring
Z[x]/(x®) where z lives in degree 2. It follows that a graded ring homomorphism from
H*(CP?%) to H*(S*) can never be surjective (because it must take = to 0). Therefore f
is not nullhomotopic. (We have already seen other proofs of this fact.)

More generally, let f:5%""1 - CP""! be the usual quotient map (where S?"! is viewed
as the unit sphere in C"). Then X = CP"! and Y can be identified with CP™. The
cohomology ring H*(Y) = H*(CP™) is well known:® it is the graded ring Z[z]/(z"*!)
where z lives in degree 2. It follows that a graded ring homomorphism from H*(CP™)
to H*(S?") can never be surjective. Therefore f is not nullhomotopic.

DEFINITION 1.4.4. The Hopf invariant of a based map f:S%""! - §2" where n > 1, is
defined as follows. Form Y = cone(f), a CW-space with three cells: a 0-cell, a 2n-cell and
a 4n-cell. (The 0-cell and the 2n-cell together make up S?*.) The cohomology H*(Y)
as a graded group is then given by

H(Y) - {

Let @9, € H*"(Y) and x4, € H*"(Y) be the preferred generators of these infinite cyclic
groups. We have

Z ifr=0,2n,4n
0 otherwise.

(220)° = a-2ap
for some a € Z, inevitably. This integer a determines the ring structure in H*(Y). It is
the Hopf invariant of f. (By corollary 1.4.2, if the Hopf invariant of f is # 0, then f is
not nullhomotopic.)

EXAMPLE 1.4.5. The Hopf invariant of the Hopf map S — S? is 1, as we have seen.
There are similar maps S7 — S* (constructed using the Hamilton Quaternions instead
of C) and S — S8 (constructed using the Cayley Octonions). These, too, have Hopf
invariant 1. It is a theorem (J.F. Adams 1961) that there is no map S*"! - §2" of
odd Hopf invariant except in the cases n =1,2,4. The original proof by Adams was very

3Although well known, this is not easy. We came very close to it in WS 2014/15 with problems 3,4,5
on exercise sheet 11.
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difficult, but an easier proof using K -theory (a generalized form of cohomology) became
available a few years later. — But there are maps S*"~! - §2" of Hopf invariant 2 for
any n > 1. We shall return to this in a little while.

EXAMPLE 1.4.6. To see more applications of corollary 1.4.2 it is a good idea to work
backwards, i.e., to begin with Y. So take Y = S™ x S where m,n > 1. This has a
standard CW-structure with 4 cells: a 0-cell, an m-cell, an n-cell and an (m+n)-cell. We
allow m = n. The graded cohomology ring H*(Y) can be described as Z[z,y]/(z%,v?)
where z is in degree m and y is in degree n. (This notation indicates that zy is in
degree m+n, not zero, and H™*"(Y") is the infinite cyclic group generated by zy. There
is also an understanding that zy = (-1)""yz.) In any case we see that any graded ring
homomorphism H*(Y) - H*(S™") must take zy to zero because it will take z and y
to zero. So there cannot be a surjective ring homomorphism from H*(Y) to H*(S™*™).
Therefore, if we take X = S™ v S™ to be the (m+n—1)-skeleton of Y, then the attaching
map for the unique (m + n)-cell of Y is a map w:S™™" 1 - §™ v §" and it is not
nullhomotopic. This is called the Whitehead map (in honor of JHC Whitehead again).

For an explicit description of w it is best to think of S™"1 as the boundary of D™ x D™:

S {(y,2) e D™ x D™ [ Jy| =1 or 2] =1}

The right-hand expression can be written as K UL where K = D™ x S ! and L =
8™l x D" so that KnL = S™ ! x S"!  In these coordinates, w is the map which
takes (y,z) € K to the class of y € D™/S™"! ~ §™ c §™ v S" and which takes (y,z) € L
to the class of z € D"/S™" 1 = §" c §™ v S™. Note that this takes K n L to the base
point. We want to think of w as a based map, so it is probably best to choose the base
point of S™*" as (y,z) in the above coordinates, where y = (-1,0,0,...) € D™ and
z=(-1,0,0,...)e D"

DEFINITION 1.4.7. Let X be a based space and a € 7, (X,*), b € m,(X,*), where
m,n > 2. The Whitehead product [a,b] of a and b is the element of myin-1(X,*)
obtained as follows. Choose representatives a:S™ — X and p:5™ — X for a and b and
let [a,b] be the based homotopy class of the composition of « Vv 3 with the Whitehead
map w:
m+n—1 w m n avp

S —S5"VvS X
(Official notation for the Whitehead product of @ and b is [a,b], but since we use the
square brackets in so many ways for homotopy classes and sets of homotopy classes, I
prefer to write [a,b] instead.)

EXAMPLE 1.4.8. Let ¢ = [id] € m2,,(S?™, *), where m > 1. Then the Whitehead product
[t,0] € Tam-1(S?™, ) is # 0. In fact it is an element of Hopf invariant 2. — To see this
let X =527 x 8% and A =52"v S?" and let Y be the pushout of

X incl. A 4 ng

where ¢ is the fold map. In other words Y is obtained from X by gluing together the
two cells of dimension 2m in X using the fold map. The ring H*(X) is isomorphic to
Z[s,t]/(s%t?) where s and t are in degree 2m. We view X and Y as CW-spaces with 4
and 3 cells, respectively. The quotient map X — Y is cellular. Comparing cellular chain
complexes, it is therefore easy to see that the graded ring homomorphism H*(Y) - H*(X)
determined by the quotient map X — Y is injective and its image is the graded subring of
H*(X) generated by u = s+t and v = st. Since u? = 52 +2st +t2 = 25t = 2v in H*(X), we
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have H*(Y) = Z[u,v]/(u® - 2v,uv,v?), where u is in degree 2m and v is in degree 4m.
This proves that the attaching map S*™1 — §%2™ = Y2™ for the 4m-dimensional cell of
Y has Hopf invariant 2. But that attaching map can also be written as the attaching map

w: S4m—1 N S2m v SZm — X2m
for the 4m-dimensional cell of X, followed by the fold map
o SQm v SQm N S2m )

Its homotopy class is therefore [¢,¢] by the definition of the Whitehead product in terms
of the Whitehead map w.

1.5. Homotopy groups of pairs

A pair of spaces (X,A) means a space X with a distinguished subspace A. If a base
point in A has been selected, then we speak of a pair of based spaces. The base point in
A also serves as base point in X .

An important example of a pair of spaces is (D", S" ). The preferred base point for me
is probably (-1,0,0,...).

A map of pairs from (X, A) to (Y,B) isamap f:X —Y such that f(A) is contained in
B. We write f:(X,A) - (Y, B) in this situation. The map is based if f of the base point
is the base point (assuming that we are talking about pairs with base point).

Two maps f:(X,A) - (Y,B) and ¢:(X,A) — (Y, B) are homotopic as maps of pairs
if there exists a map of pairs h: (X x [0,1],A x [0,1]) — (Y, B) such that hg = f and
hi = g, where h¢(z) := h(x,t) for ¢t € [0,1]. Such an h is called a homotopy from f to
g. If f and ¢ are based maps, and each h; is also a based map, then we call h a based
homotopy (between based maps of pairs). Homotopy (based homotopy) in this sense is an
equivalence relation on the set of (based) maps from (X, A) to (Y, B).

DEFINITION 1.5.1. For n > 0, the n-th homotopy set m,(X,A,*) of the pair (X, A)
with base point * € A is the set of based homotopy classes of based maps from the pair
(D™, 5™ 1) to (X, A). For n=0 we define my(X, A4, *) to be the quotient of mo(X,*) by
the image of my(A, ).

It is already routine to verify that m,(X, A, ) is an abelian group for n > 3, and still a
group for n =2. To define the group structure we use a map of pairs

R (Dn7Sn—1) N (Dn v Dn7Sn—1 v Sn—l)

which extends the map x: 8™t — §"1v §"~! which we used previously to define the group
structure in m,-1(A4,*). In more detail: let I =[0,1] and 9I = {0,1} and use a home-
omorphism of your choice to identify the pair (D™, S"™1) with the pair (I"/K,0I"/K),
where

OI™ consists of all points in I™ which have at least one of their n coordinates

in OI;

K c OI™ consists of all points in I™ which have at least one of the first (n—1)

coordinates in 9I, or the n-th coordinate equal to 0. (In the case n = 2 this

looks like U, the union of three edges of the square 0 =9I2.)

Then define & by

(2x1,x2,...,xn) 1f2$1§1
21,‘1—1,582,...,33»”) 1f2$121

(xl,...,:nn)w{ (

This description makes the proof of the following statement mechanical.
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PROPOSITION 1.5.2. There is a forgetful map O:mp, (X, A, *) — ma-1(A,*) which is a
homomorphism of groups for n > 2.

Even more obvious: a based map of pairs f:(X,A) - (Y, B) induces a map
W"(X7A7 *) - ﬂ-n(}/? Ba *)

which is a homomorphism of groups for n > 2. In particular the inclusion of (X, *) in
(X, A) induces a map from m, (X, *,*) = 7,(X, *) to m,(X, A, *) which is a homomor-
phism for n > 2.

For n <1 we can only say (in general) that m,(X, A, ») is a set with a distinguished base
point: the class of the constant map with value * from (D",0D™) to X.

THEOREM 1.5.3. For a based pair of spaces (X, A), the sequence

e T (X %) T (X, A %) —L T (A, %) > T (X, %) — o
s exact.

While the proof is not very exciting, the interpretation of exactness for low values of n
is interesting. We agree that a sequence of based sets and based maps -+ - - > - - -
is exact if for each map in the sequence, the preimage of the base point is equal to the
image of the previous map. If the based sets happen to be abelian groups (with the zero
element as base point) then this definition agrees with our standard concept of exactness.
Ezample: the exactness theorem above implies that the image of mo(X, *) in 7o (X, A, x)
is a normal subgroup of m (X, A, *). Ezxample: the sequence in the theorem is supposed
to end with the term 7y(X, A, ). Consequently it is claimed that the map from 7o (X, x)
to mp(X, A, ) is onto and the preimage of the base element under that map is the image
of mg(A, ») in mo(X, *) ... this is obviously correct by the very definition of 7o (X, A, x).

PROOF. Let’s prove exactness at m,(X, A, x), assuming n > 1. It is clear that the
composition of the two arrows (with that target/source) is zero. Suppose that

a: (D", 8" — (X, A)

is a based map of pairs representing an element [a] € 7, (X, A, *). If O[] =0 € m,_1(A4, %),
then we know that the restriction of o to S™ ! is based nullhomotopic as a based map
from S™! to A. By the homotopy extension property for the inclusion S”~! - D" once
we choose such a homotopy h = (ht)e[0,1] We can also extend it to a homotopy (h:) from
a to another map :D" — X. Each h; is automatically a based map of pairs from
(D™, S"71) to (X, A), since h; agrees with h; on A. Therefore « is based homotopic as
a map of pairs to 3= h;. But since 3(A) = x we can say that [3] is in the image of the
map from 7, (X, *) to m,(X, A, *).

Next, let’s prove exactness at m,(X,*), assuming n > 1. The composition of the two
maps is the zero map because there is a commutative square

(A, %) (X, %)

| !

'/Tn(AvAa *) — ﬂ_n(XaAv *)

where the term m, (A, A, ) is trivial (a based set with only one element). If « is a based
map from S™ = ["/OI" to X such that the class of a in 7,(X, A, *) is zero, then « is
based nullhomotopic as a map of pairs from (I"/K,0I"/K) to (X,A). Let h be such
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a homotopy. So h is a map from I™*! to X which takes 2n of the 2n + 2 faces of that
cube to the base point. The exceptional faces are I™ x 0, where h agrees with «, and
I"1 x 1 x I which is mapped to A. They intersect in /™! x 1 x 0 which is mapped to
* € A c X. Parametrizing this somewhat differently (details left to you, gentle reader) we
see that h is a homotopy from the restriction of h to one of the two exceptional faces to
the restriction of h to the other exceptional face. One of these restricted maps, viewed as
a based map from I™/JI™ to X, is just . The other restricted map can be viewed as a
based map from I"/0I™ to A.

Exactness at m,(A, x) is straightforward and left to the reader. O

1.6. Homotopy groups and fibrations

THEOREM 1.6.1. Let p: E — B be a fibration (w.r.t. the class of compact spaces) which is
also a based map of based spaces (base points s € E and »; € B ). Suppose that B is path
connected. Let F be the fiber of p over ; , F =pt(x;). Then the map

7Tn(E;a F, *s) - ﬂ—n(Ba *t)
induced by p is a bijection for all n > 0.

COROLLARY 1.6.2. In the circumstances of theorem 1.6.1 there is a long exact sequence
of homotopy groups/sets

> 7"'n(F‘)*s) - 7Tn(E7 *s) 4>7Tn(Bv *t) 9'ﬂ-’n—l(}?a *S) - 71-’rl—l(Ea *S) —
ending in - = mo(E, *s) = mo(B, *¢) .

PROOF. In the long exact sequence of the pair (E, F), replace m,(E, F, x5) by 7, (B, *¢)
using the bijection of theorem 1.6.1. 0

PROOF OF THEOREM 1.6.1. Case n =0: here the claim is that the inclusion of F' in
E induces a surjection mo(F') — mo(E). Proof of this: given x € E', choose a path w from
p(x) to »; in B. Use the path lifting property of p to lift this to a path © in E from z
itself to some point y € E. The p(y) = *¢, so y € F.
Case n > 0, surjectivity. Represent an element of m,(B,*;) by a map ¢g: D" — B such
that g(z) = *; for all z € S"!. View this as a homotopy (hs: S™™! — B)te[0,1] Where

he(z) = g(z + (1 - 1)b)
for z € S"!; here be D" is the base point (~1,0,0,...,0). The homotopy begins with hg
which is the constant map with value x; and ends with h; which is again the constant map
with value x;. By the HLP for the map p, there exists a homotopy (h¢:S" ™ — E)yeqo.1]
such that ph; = hy for all t and hg is the constant map with value *,. The homotopy
(h) can also be viewed as a single map

g:(D",8"") > (E,F)

determined by g(z + (1 —t)b) = hy(2) for z€ S 1. Then pog=g.
Case n > 0, injectivity. Represent an element of 7, (E, F,*,) by a based map

f: (D™, 8™ - (E, F).
Suppose that po f is nullhomotopic as a based map from D"/S™"! to B. Let
(ktiDn/Sn_l - B)te[O,l]
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be a based nullhomotopy, so that kg = po f and k; is constant with value %;. We can
also write this in the form (k;: D™ — B)¢ejo,17- Use the HLP for p to find a homotopy

(ke: D™ - E)tef0,1]

such that ko = f and pok, = k; for all t. Bach k; is then a based map of pairs from
(D™, 8™ 1) to (E,F), and k; is a based map from (D", S™"!) to (F,F). Therefore (ki)
is not exactly a nullhomotopy for f = kg , but it is nevertheless the kind of homotopy
that we require because we believe that any based map from (D", S™!) to (F,F) is
nullhomotopic as such.

1.7. The Serre construction for turning a map into a fibration
EXAMPLE 1.7.1. Serre construction: every map f: X — Y has a factorization

Xt

where f! is a fibration, j is “often” a cofibration and, more importantly, j is always a
homotopy equivalence. Definition of X!: it is the space of all pairs (z,w) where z € X
and w:I - Y is a path such that w(0) = f(x). It is a subspace of X x map(I,Y). Here
I =[0,1] and the set map(I,Y) becomes a topological space with the compact-open
topology. Definition of f*: let f¥(z,w) = w(1) € Y. Definition of j: let j(z) = (z,w)
where w is the constant path in Y at f(x).

Showing that f': X% - Y s a fibration. Let’s first solve the path lifting problem. For
a path 7:I - Y and a choice of element (z,w) € X' such that f#(x,w) = v(0), define
4:I - X¥ as follows. The first coordinate of 7(t) is 2. The second coordinate is the path
in Y obtained by concatenating w with 7|jo; and reparameterizing, s + (1 +t)s. This
works because w(1) = f#(z,w) =v(0). Now 7 satisfies f# o5 =~ and 5(0) = (z,w). So 7
is a solution for this particular path lifting problem. — Since this solution depends very
nicely (continuously) on the problem, we can use it to solve the homotopy lifting problem
in general. Let P be any space, let

(96: P =Y )ie[o,1]

be a homotopy and let G:P — X* be a map such that f'G = gy. Then for each p € P
we obtain a path v =7, in Y by v,(t) = g:(p), and an element G(p) in X* such that
fY(G(p)) = 7,(0). This path lifting problem has a solution ¥, , constructed exactly as
above. Then the map (p,t) ~ ¥,(t) from P x I to X! is continuous, and it solves the
homotopy lifting problem consisting of (g;) and G.

Showing that j is a homotopy equivalence. We start with the observation that j(X) c X*
consists of all (z,w) € X' where the path w is constant. There is a projection X! — X
given by (z,w) ~ z. Restricting this to j(X), we see that j is a homeomorphism
onto its image, j(X), and that j(X) is closed in X*. That’s a good start. Now, for
tel,let pusI — I be the map s+ st. A homotopy (hy;: X' — X“)te[o,l] is defined by
hi(z,w) := (x,wopu,). This homotopy is a deformation retraction to j(X); that is, hg = id,
the image of hy is j(X), and h; restricted to j(X) is the identity, for all ¢.

Showing that j: X — X% is a cofibration when Y is a CW-space. (Not very important and
not very reliable.) I believe that every closed subset in a CW-space is the intersection of
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a countable decreasing sequence of open subsets. Suggested proof: induction on skeleta.
Apply this to the diagonal AY as a subspace of the CW-space Y xcw Y. It follows (a
variant of the Tietze-Urysohn extension lemma, applicable since Y xcw Y is a normal
space) that there exists a continuous function ¢:Y xcw Y — I such that ¢71(0) = AY.
Define a function g X' - I by g(z,w) = max{q(w(0),w(t)) | t € I}. I hope that this is
continuous. The preimage of 0 under ¢ is exactly the closed subset j(X) of X*. Make a
map 7 from X! x I to itself by

T((wi)v t) = ((‘%7)’ 8)
where
o if t>g(z,w), then v is constant with value w(0), and s:=t-g(z,w);
o if t=(1-u)-q(x,w) where u €I, then v is w o u, where p, is multiplication
by u, and s is 0.
Now I hope that 7r = r and that the image of r is exactly the union of X x {0} and
J(X) xI. By a well-known criterion, this would prove that j is a cofibration.

For z € Y, the fiber of f! over z is called the homotopy fiber of f over z: if Y has
a preferred base point and z is that base point, then simply the homotopy fiber of f.
Notation: hofiber,(f: X —Y) or hofiber(f: X - Y).

If f:X - Y is the inclusion of a subspace (and the subspace X has a base point * ), then
there is a canonical bijection (isomorphism of groups for k> 1)

Tm-1 (hofiber, (f)) — (Y, X, *) = 1, (Y, X).

This can be seen by writing the pair (D™, S™ '), which we use in the definition of m-th
homotopy group of pairs, as (cone(S™ 1), S™1), where cone(...) is the reduced cone. A
map of pairs from (cone(S™1),S™1) to (Y, X) is “the same” (by a form of adjunction)
as a map from S™! to hofiber, (X < Y).

More generally, if f:X — Y is any map of based spaces, then the standard projection
cyl(f) = Y is a based map and induces a map

hofiber, (X < cyl(f)) — hofiber,(f: X - Y).

(Here we ought to choose the base point in cyl(f) so that the inclusion X — cyl(f)
is a based map. This has the slight disadvantage that the inclusion Y — cyl(f) is not
a based map, but that is not an issue here.) It is an exercise to show that this map
is a weak equivalence. Therefore we can still say that m,,(cyl(f),X) is isomorphic to
Tm-1 (hofiber, (f)).

1.8. The Barratt-Puppe sequence
Let f: X7 - Xy be a based map of based spaces. We form the homotopy fiber
hofiber(f) = {(z,w) | x € X1, w:[0,1] > Xo , w(0) = f(z) , w(l)=*}
(over the base point of Xj). It is a based space. There is a forgetful map
hofiber(f) - X3

which takes (z,w) to x. It is a based map. Now let us iterate this procedure. So we
redefine f; := f and we define recursively

Xk+1 = hoﬁber(fk:Xk - chfl)
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(for k > 1) and define recursively fx+1: X1 = X as the forgetful map. In this way we
get a sequence of based spaces and based maps

fa X4 f3 X, f2 X, f1 X,
This is the Barratt-Puppe sequence. (In Wikipedia it is called the Puppe sequence, which
may seem a little unfair, but I must admit that it is easier to find it in D Puppe’s papers
than in M Barratt’s. An additional source of confusion and injustice is that it has an
analogue where homotopy cofibers alias mapping cones replace the homotopy fibers. This
may also be called the Barratt-Puppe sequence.)
Things that one should know about the Barratt-Puppe sequence:

(i) There are homotopy equivalences Xy,3 - QXj for k > 0, where QX (for an
arbitrary base space X ) can be defined as the homotopy fiber of the inclusion
+ - X . In other words, QX is the space of maps from [0,1] to X which take
0 and 1 to the base point.

(ii) For any fixed n >0, the sequence

——_ ﬂ'n(X3) H?Tn(Xg) —— Wn(Xl) L 7Tn()(O)

is an exact sequence (of based sets for n = 0; of groups for n = 1; of abelian
groups for n > 2). In fact it “agrees” with the appropriate portion of the long
exact sequence of homotopy groups of the pair (cyl(f1),X1).

Details: under construction.



CHAPTER 2

JHC Whitehead theorem

2.1. Homotopy groups and homotopy equivalences

THEOREM 2.1.1. (J.H.C. Whitehead) Let f:X — Y be a map between nonempty CW-
spaces such that, for all xg € X and all n >0, the map

Jemn (X, z0) = mo (Y, f(20))

is an isomorphism (bijection for n=0). Then f is a homotopy equivalence.

As a preparation for the proof we make a few observations.

It is not a serious restriction to assume that f is cellular. In any case we know that f is
homotopic to a cellular map (call it g for now), and if f,:7,(X,z0) = (Y, f(20)) is an
isomorphism for all x5 € X and n >0, then g.:m,(X,z¢) = m, (Y, g(x0)) will also be an
isomorphism for all £y and n > 0. (Here we need to remind ourselves how higher homotopy
groups depend on base points. A homotopy from f to g determines a path v from f(x¢)
to g(zo) and that path determines an isomorphism (bijection) ¢, from 7, (Y, f(xo)) to
T (Y, g(x0)). It is easy to see from the definition of ¢, that g.:m,(X,z0) = (Y, g(z0))
is the composition of f. from m,(X,z¢) to m,(Y, f(x0)) with ¢,.)

Next, if we assume that f is cellular then we can easily reduce to the case where it is
the inclusion of a CW-subspace. For that reduction step we replace Y by the mapping
cylinder cyl(f). This is defined as

Yul0,1]x X

where ~ means that we identify (1,z) with f(z) €Y, for all 2 € X. Note that cyl(f)
contains a copy of X 2 {0} x X', and more obviously a copy of Y, and we have cyl(f)/X =
cone( f). There is a commutative diagram

X inclusion Cyl(f)

| |

X ———Y

Moreover cyl(f) has a preferred CW structure. (The k-skeleton of that is the union of
Y* and the image of the k-skeleton of [0,1] x X.) With that preferred CW-structure,
the inclusion of X = {0} x X in cyl(f) is the inclusion of a CW-subspace. If f has the
property that

f*:ﬂn(X7x0) - 7rn(Ya f(x()))
is a bijection for all xg and n > 0, then it follows easily that the inclusion X — cyl(f) has
the analogous property. (Use the commutative square just above.)

19
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Next, suppose that f: X - Y is the inclusion of a CW-subspace and that
f*:ﬂn(X7x0) - 71—n(Yvy f(xO))

is a bijection for all xy and n > 0. Then we can use the exact sequence of theorem 1.5.3
to deduce that m,(Y,X,x0) is trivial for all zp and n >0.

LEMMA 2.1.2. Let (Y, X) be a pair of spaces and let n > 0 be an integer such that
(Y, X, x0) is trivial for all xg € X . Then for every map

g:(D", 8" > (¥, X)
there exists a homotopy (hy D™ —Y )ye[0,1] such that ho = g and hy(D"™) is contained in
X, and h is stationary on S™ ' (meaning hy(z) = g(z) for all ze S™! and all t).

PRrROOF. In the important case n = 0, the claim is that every point in Y can be
connected by a path in Y to a point in the subspace X. Once we select a base point
2o € X , this is equivalent to saying that the map from (X, zg) to mo(Y,2¢) induced by
the inclusion X — Y is onto. And that is equivalent to saying that mo(Y, X, zg) is trivial,
by our definition of (Y, X, x¢). — Now assume n > 0. For a map ¢ as in the statement,
let 29 = g(*) where € S"! ¢ D" is the base point. Since 7, (Y, X, ) is trivial and g
represents an element in it, we know that there exists a map of pairs

G: (D" x[0,1],8" x[0,1]) — (Y, X)
such that G(z,0) = g(z) and G(z,1) =z for all z€ D™. Let L be the union of S™x[0,1]

and D" x {1} in D™ x[0,1]. Then G(L) is contained in the subspace X of Y. Now it is
easy to construct a homotopy

(ki D" > D" % [0.1])1efo

such that ko(z) = (2,0) and ki(z) € L for all z€ D, and k; is stationary on S™!, so that
ki(2) = ko(2) for all z € S™! and ¢ € [0,1]. Define h; := Gok, for t € [0,1]. This gives
the required homotopy. O

PROOF OF THEOREM 2.1.1. In view of the above observations it suffices to show the
following. Suppose that Y is a CW-space with a CW-subspace X . Suppose that for every
n >0 and every map of pairs

g:(D", 8" 1) > (Y, X)

there exists a homotopy (h¢: D™ = Y )se0,1] such that hg =g and hi(D") is contained in
X, and the homotopy is stationary on S™ . Then the inclusion X - Y is a homotopy
equivalence.

Indeed we are going to construct a homotopy (Fy:Y — Y )s[0,00] such that Fy =idy and
(F}) is stationary on X and F..(Y) c X. This is clearly enough.! It turns out to be
convenient for induction purposes to parameterize the homotopy by a compact interval of
the form [0, oo]; think of this as the one-point compactification of {z e R | x > 0}. (We
have used this idea before to establish the HEP for inclusions of CW-subspaces; lecture
notes WS 2014-2015.)

The idea is to construct (F}) in steps corresponding to conditions ¢ € [k, k + 1] where k

runs through the non-negative integers. This will be done in such a way that Fj.; takes
the k-skeleton Y* of Y to X and Fy(y) = Fys1(y) whenever y e Y* and t > k+1. In

1Such a homotopy is called a strong deformation retraction of ¥ onto X. We can say that X is a
strong deformation retract of Y .
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words, the homotopy (F}) is stationary on the k-skeleton of Y for ¢ >k +1.
Suppose then that F; has already been constructed for ¢ € [0,k] where k is a positive
integer, and that Fj,(Y*1)c X. Let

(D", 8571 - (YF Y
be a characteristic map for a k-cell E of Y. Then Fyo¢ is a map of pairs from (D*, %)
to (Y, X). By our assumption on the pair (Y, X) there exists a homotopy

(ht:Dk - Y)te[O,l]

which is stationary on S¥! and has hg = F o ¢ and hi(DF¥) c X. We want to define
F; for t € [k,k+ 1] in such a way that F; oo = hyp. This seems to define F; only
on Y1 U E. (Note that F; for t € [k, k+ 1] is already defined on Y*~! because it is
supposed to agree there with Fj .) But we can proceed in the same way to define F; for
t € [k,k+1] on all other k-cells of Y, so that it is defined on all of Y*. By the definition of
a CW-space, specialized here to Y, there is no problem with that in regard to continuity.
Then we use the homotopy extension theorem for the inclusion Y* - Y to extend to a
homotopy, parameterized by a time interval [k,k + 1], of maps from Y to Y, beginning
with Fy:Y — Y which is already given.

This induction process has a trivial beginning, Fy = idy , but it has a slightly nontrivial
end. We decree Foo(y) = Fir1(y) if y € Y*. Since every y € Y is contained in Y* for
some k, this takes care of all y € Y. By construction of F; for ¢ < oo, this definition of
F(y) is unambiguous. By the definition of a CW-space, there is no problem whatsoever
in regard to continuity. 0



CHAPTER 3

Comparing homotopy groups and homology groups

3.1. Homotopy and homology

We have already seen the Hurewicz homomorphism. It is a map
T (X, %) — Hp(X)

defined by [a] ~ a.(1). Here a: S™ —» X is a based map and 1€ H,(S™) 2 Z is informal
notation for the standard generator (also known as the standard fundamental class of the
sphere as an oriented manifold). I am assuming n > 1. The Hurewicz homomorphism
is indeed a homomorphism of groups. In the case n =1, when X is path connected, it
is surjective and its kernel is the commutator subgroup (the smallest normal subgroup
of m,(X,*) with a commutative quotient). This section is about similar statements for
higher n under strong conditions on X .

THEOREM 3.1.1. (Hurewicz.) Let X be a based CW-space such that m (X, ) is trivial for
k=0,1,2,...,n—1, where n >2. Then the Hurewicz homomorphism m,(X,*) - H,(X)
s an tsomorphism.

The theorem is an easy consequence of what we already know about homology of CW-
spaces, modulo the following lemma.

LEMMA 3.1.2. If X is a based connected CW-space such that (X, *) is trivial for k =
1,2,...,n—1, where n>1, then X 1is based homotopy equivalent to a CW-space Y such
that Y™ ! is a single point, which is the base point.

We postpone the proof of lemma 3.1.2.
PROOF OF THEOREM MODULO LEMMA. We can assume that X in the theorem has

X"! equal to a single point, the base point. Choose characteristic maps for all cells of
X . We know already that the homomorphism

T (X, %) = (X, %)

is onto. Moreover X" is a wedge of (possibly many) n-spheres, say X™ =\ cp S™ where
n > 2. We know (see remark 3.1.3 below) that the inclusion of these wedge summands in
X™ induces an isomorphism from

Pz = Pr(S",*)
b Y
to m,(X™). Now let ¢:S™ — X" be an attaching map for an (n + 1)-cell of X. Then
[¥]e[S", X"] = [S", X"]. =m (X", %) = DZ
X

goes to zero in
[S", X" =[S", X]=[S™, X]. = mn(X, %)

22
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because v extends to a map from D™*! to X™ (the characteristic map for that n-cell).
Therefore the element of @y Z determined by [t] is in the kernel of the surjective map
from @)\Z = 7, (X", *) to m,(X,*). This reasoning, carried out for all (n + 1)-cells of
X, gives us a lower bound on that kernel (a subgroup contained in the kernel). We do not
need more because of the following commutative diagram:

DrZ = Fn(XTL?*) 4>7Tn(Xn+17 *) = 71—n()(7 *)

Hurew.l: LHurew‘

®r7Z = H,(X"™) Ho(X™1) = Hy(X)

We know the kernel of the lower horizontal arrow and we therefore get an upper bound
on the kernel of the upper horizontal arrow (a subgroup containing that kernel) using
the commutativity of the diagram. But we already had a lower bound for it, and the
upper bound agrees with the lower bound. Therefore, since the horizontal arrows are both
surjective, the right-hand vertical arrow must be an isomorphism. O

REMARK 3.1.3. For a wedge of spheres Vyca S™, where n > 2 is fixed, the inclusions of
the wedge summands induce an isomorphism

D (8", %) > ma(V 57, %).

AeA AeA
This was already mentioned in example 1.8 (lecture notes weeks 1 and 2). There are
two steps to the proof. Firstly, it is clear that every element of 7, (Vyen S™,*) comes
from m,(Vyear S™, *) for some finite subset A’ € A. Moreover 7, (Vear S™, *) injects into
Tn(Vaea S™, ) as a direct summand (since Vyear S™ is a retract of Vyep S™). Secondly,
as we saw in lecture notes weeks 1 and 2, the inclusion

AeA! AeA’

induces an isomorphism

T (\V S", %) — m([] S %) 2 [ mn(S", %) = @ mn(S™, *).
AeA! AeA’ XeA! AeA!
COROLLARY 3.1.4. Let X be a path connected CW-space X with base point such that
m1(X, %) s trivial and the homology groups H,(X) are trivial for n > 1. Then X is
contractible.

PROOF. Suppose for a contradiction that X is not contractible. Then by the JHC
Whitehead theorem 2.1.1, there is m > 1 such that m,(X,+) is nontrivial. Find the
minimal such n. It is > 1 by assumption. Then m,(X,*) = H,(X) for this n, by the
Hurewicz theorem 3.1.1. So H,,(X) is also nontrivial. Contradiction. O

3.2. Homotopy of pairs and homology

THEOREM 3.2.1. (Hurewicz.) Let (Y, X) be a pair of based connected CW-spaces such that
the fundamental group m (X, *) is trivial and 7 (Y, X, %) is trivial for k=0,1,2,...,n-1,
where n > 2. Then the composition

ind. by quot. map

7T7L(Y, X, *) Wn(Y/X, *) Hurewicz homom. Hn(Y/X)

is an isomorphism.
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For the proof we need a lemma similar to lemma 3.1.2 but slightly more general. (And
once again we postpone the proof.)

LEMMA 3.2.2. Let (Z,X) be a pair of based connected CW-spaces such that mp(Z, X, )
is trivial for k=0,1,2,...,n—1, where n > 1. Then there exists a CW-space Y containing
X as a CW-subspace, and a map Y — Z which is the identity on X, such that

o the map Y — Z is a homotopy equivalence
o Y L= X"t (i, all cells in Y N\ X have dimension >n ).

REMARK 3.2.3. Let (Y, X) be a pair of based spaces where X is path connected, and
let xg,z1 € X. Then for n>2 the groups 7, (Y, X, z) and 7,(Y, X, z1) are isomorphic;
in fact a choice of path in X from zy to z; determines an isomorphism ¢, between the
two. This can also be used to define an action (by group automorphisms) of m; (X, zg) on
(Y, X, zo). The forgetful map from m, (Y, X,z¢) to the set of homotopy classes of un-
based maps from (D", S"!) to (Y, X) is always surjective; two elements of 7, (Y, X, z¢)
determine the same unbased homotopy class if and only if they are in the same orbit of
the action of 71 (X, ). (The proof of these statements is an exercise.)

We need one more lemma. Assuming lemma 3.2.2, we can restate the assumptions of the
Hurewicz theorem 3.2.1 as saying that we have a pair of CW-spaces (Y, X) where X is
based, connected and has trivial fundamental group, and Y™ ! = X" 1 where n > 2 is
fixed. Choose characteristic maps

0 (Dn,Sn_l) _ (Y7L7yn—1) — (Y7L7X7L—1)

for the n-cells of Y not contained in X. These maps need not take base point to base
point, but for each j we can choose a path «,; in X™ from ¢; of the base point (of Snhy
to =, the base point of X™. Let J be the disjoint union of the base points in each copy
of S™"71. Together the @; and the v; define a based map of pairs

f: (cone(J = 11, D™),cone(J = I1; 5" 1)) — (Y™, X").

(We are using unreduced mapping cones. An unreduced mapping cone has its own standard
base point.) Here is a budding artist’s impression of the two mapping cones.

LEMMA 3.2.4. The map m,(cone(J = [I; D"),cone(J = [I; ")) — mn (Y™, X", *)
induced by f is surjective.

PRrOOF. By remark 3.2.3, when we represent elements of 7, (Y™ X" ) by maps of
pairs there is no need to pay attention to base points. We begin with

g:(D",8"71) > (Y", X™)
representing an element of 7, (Y™ X" ). The goal is to show that ¢ is unbased homo-
topic, as a map of pairs, to a map in the form of a composition

(D™, 8™ 1) > (cone(J = 1; D™),cone(J - 1I; S”’l)) I (Y™ Xxm)
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where f was defined above. (It is not important whether the broken arrow is a based
map or not — it is certainly homotopic to a based map since cone(.J = []S™!) is path
connected.) — By smooth approximation and Sard’s theorem, we can assume that the
sets S; == g7*(¢;(0)) are finite and that for each z € S; there is a small compact disk
K, inside D", centered at z, such that <pj‘-1 g maps a neighborhood of K, smoothly and
diffeomorphically to a neighborhood of 0 in D™ \ "', The disks K, for z € U, S;
are pairwise disjoint and we can also suppose that their images under the first projection
p1: D™ - R are pairwise disjoint. (If not, pre-compose g with a suitable perturbation, alias
diffeomorphism D™ — D™ which is the identity in a neighborhood of the boundary.) This
gives us a way to number the z € US; consecutively by comparing their first coordinates;
so we write z(1), 2(2),...,2(r). Now draw a straight line segment L(1) of minimal length
from 0K (1) to 0K (2y; next a straight line segment L(2) of minimal length from 9K s)
to 0K, (3), etc. Let @ be the union of the little disks K1y, K.(2), K.(3), .-, K.y and
the segments L. (1), L.(2), Lz3), - Lor-1). Claim:

aQ = 3KZ(1) ] L(l) U 3KZ(2) U L(2) U---u L(q — 1) U] Kz(q)
is a strong deformation retract of
D" ~int(Q) = D™ ~int (K, 1y UK,y U UK, (y)-

Meaning: there exists a homotopy (hs: D"\int(Q) — D" Nint(Q))sef0,1] Which is stationary
on 0Q and such that hg = id whereas hi (D™ \ int(Q)) c Q. The proof of the claim
is left to the gentle reader, but the budding artist is back trying to help us visualize the
inclusion of 9Q into D™ \ int(Q):

Let h{: D™ — D™ be defined like h; on D™\ @ and like the identity on ). The homotopy
(ghf)te[o’l] can be viewed as an unbased homotopy of maps

(D", 0D™) — (Y™, U)

where U is Y minus all the points ¢;(0) (the center points of the n-cells of ¥ not
contained in X ). The inclusion of (Y™, X™) in (Y™, U) is a homotopy equivalence of pairs,
so we can in fact replace (Y, X™) by (Y™, U) without loss of essential information. The
homotopy (ghy)ie[0,1] begins with gh§ = g and ends with gh{. But gh{ is the composition
of h{ viewed as a map from (D", S™™!) to (Q,0Q) with

g|Q: (Q78Q) - (Yn7 U)
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Therefore it only remains to show that g|g: (Q,9Q) - (Y™,U) is homotopic to a compo-
sition

(Q,0Q) > (cone(J = [1; D™),cone(J = 11, S"’l)) I (Y™, U).

Here it is convenient to replace S™! by D™\ 0. So now we are hoping to show that
9lo:(Q,0Q) - (Y™, U) is homotopic to a composition

(Q,0Q) > (cone(J = LI, D), cone(J = L1,(D"  0))) —= (¥, 1)).

But this is easy. Define g on K, c Q so that it agrees with <p;-19 , where g(z) = ¢,(0).
Then g(JK,) is contained in

(I_I D"\ 0) c cone(J = H(D" N 0)).

Now try to extend the definition of g to the segments L(i). They have to be mapped to
cone(J = [I; D"~ 0). This extension problem has a solution because cone(J < [I; D" \0)
is path connected. In this way g can be defined on all of (). On the little disks K, we have
agreement of fg with g. Therefore it suffices to show that fg restricted to a segment L(%)
is homotopic to g restricted to the segment L(i), by a homotopy (of maps to U) which
is stationary on the boundary points of the segment. This is clear since the fundamental
group of U ~ X" is trivial. g

PROOF OF THEOREM 3.2.1 MODULO LEMMA 3.2.2. We can assume that Y"1 = X"1,
By analogy with the proof of theorem 3.1.1 we start with a commutative diagram

71-n(}/nv)(n) - 7TWL()/7)()

| |

®, 7= H,(Y"/X") — H,(Y/X)

where j runs through a set of labels for the n-cells of ¥ ~ X . (Base points have been
suppressed.) The horizontal arrows are induced by the inclusion Y™ — Y, and are known
to be surjective (the upper horizontal arrow by cellular approximation). By lemma 3.2.4,
there is a surjective homomorphism

feimn(cone(J = [I; D™),cone(J = 1, S" ")) ——=m (Y™, X™).

If n > 3, source and target of this homomorphism are abelian and the source group
is isomorphic to @;Z, from the long exact sequence of homotopy groups of the pair
(cone(J = [I; D™),cone(J = 11;5"")). If n =2, the target group is abelian, from the
long exact sequence of homotopy groups of the pair (Y™, X™). The source group is a
free group with generators corresponding to the labels j; this follows again from the long
exact sequence of homotopy groups of the pair (cone(J = [I; D™),cone(J = LI, S"")).
Therefore, in all cases, we obtain a surjection from @, Z to the abelian group m, (Y, X").
Using this, it follows that the left-hand vertical arrow in the little square above is an
isomorphism (of abelian groups). Therefore, as in the proof of theorem 3.1.1, it suffices
to show that the kernel of the upper horizontal arrow “contains” the kernel of the lower
horizontal arrow. (Quotation marks apply because the two kernels are subgroups of two
different abelian groups, which are however related by a preferred isomorphism.) This is
easy to establish by looking at the element of 7,(Y™, X™) defined by the attaching map
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;8" > Y™ for an (n+1)-cell of Y not in X . That element is in the kernel of the upper
horizontal arrow. O

3.3. Trading cells

DEFINITION 3.3.1. A map of spaces f: X - Y is 0-connected if it induces a surjection of
path components, f,:mo(X) = mo(Y). (The sets mo(X) and 7o(Y) do not really depend
on base points, so none has been specified.)

A map of spaces f: X - Y is n-connected, where n is a positive integer, if it is 0-connected
and for every xg € X the map

fem(X,20) = (Y, f(20))

is bijective for k=0,1,2,...,n -1 and surjective for k =n.
A map of spaces f:X — Y which is n-connected for all n > 0 is also called a weak
equivalence.

EXAMPLE 3.3.2. (i) Let X be a CW-space. We have seen that the inclusion X" - X is
n-connected.

(ii) Let (Y, X) be a pair of nonempty spaces. The long exact sequence of homotopy groups
(homotopy sets) of the pair (Y, X) implies that the inclusion X — Y is n-connected if
and only if 7, (Y, X, z¢) is trivial (has just one element) for k=0,1,...,n.

(iii) If f:X - Y is n-connected, where n > 0, then it is also (n — 1)-connected.

(iv) If f:X - Y is a map of CW-spaces which is a weak equivalence, then it is a homotopy
equivalence according to JHC Whitehead’s theorem.

PrOOF OF LEMMA 3.1.2. Given a CW-space X with the stated properties, we con-
struct a CW-space Y such that Y ! = x and a map ¢:Y — X which is a weak equiv-
alence (and therefore a homotopy equivalence). The plan is to construct Y* and a map
g*:Y* - X simultaneously, by induction on k, so that ¢g* is k-connected and ¢* agrees
with ¢®*Y on Y* ¢ Y**! The induction begins with Y™ ! = « and ¢" LY" ! - X
equal to the inclusion of the base point. By our assumptions on X, this is indeed an
(n —1)-connected map. Now assume that ¢*:Y* - X has already been constructed and
is k-connected, where k >n -1 is fixed. We distinguish two cases.

(i)Ifn=1and k=n-1=0, then Y% = x. The map from 75(Y°,*) to mo(X,*) deter-
mined by ¢° is a bijection, but the map from 7;(Y?,*) to 71(X,*) determined by g¢°
need not be surjective. Choose based maps 7;: S' — X such that the classes [v;] € m1 (X, *)
form a generating set for that group. Define Y'! to be the wedge V; S' of as many circles
and define g' so that it agrees with ; on the circle (wedge summand) with label i. Then
"Y' - X is 1-connected.

(ii) Otherwise start by observing that the map m,(Y*, ) » 7,(X, *) determined by g¢*
is a surjective homomorphism of groups. Choose based maps «a;:S¥ — Y such that the
classes [a;] generate the kernel of that homomorphism, and for each ¢ choose a map
Bi: D¥*1 X which extends ¢* o ;. Choose based maps 'yj:SkJr1 — X such that the
classes [v;] generate the group mx41(X,*). Define Y**! to be

(Yk Uy a, \/Dk+1) v \/S]Hl.
i J

In words: Y**! is the (k + 1)-dimensional CW-space obtained from the k-dimensional
CW-space Y* by first using the maps «; as attaching maps for so many (k + 1)-cells,
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and then taking the wedge sum with so many spheres S**1. Define ¢g**! so that the
composition

Vka+1 Yk+1 gkﬂ X

agrees with V,; 8; and so that the composition

ijk+1 yk+1 g X

agrees with \/;v;. — Finally let Y = UY* and define g on Y so that it agrees with ¢*
on Y*. ]

PRrROOF OF LEMMA 3.2.2. This is very similar to the proof of lemma 3.1.2. Given
a CW-pair (Z,X) with the stated properties, we construct a CW-space Y containing
X as a CW-subspace such that Y"! = X"! and a map ¢:Y — Z which is a weak
equivalence (and therefore a homotopy equivalence). The plan is to construct Y* and
a map ¢"Y* - Z simultaneously, by induction on k, so that ¢* is k-connected and
g* agrees with ¢**' on Y* ¢ Y*!. The induction begins with Y™ ! = X" ! and
g" Y"1l - Z equal to the inclusion of X" ! in Z. By our assumptions on the pair
(Z,X), this is indeed an (n—1)-connected map. Now assume that ¢*:Y* — Z has already
been constructed and is k-connected, where k£ >n -1 is fixed. We distinguish two cases.
(i) If n=1and k=n-1=0, then Y? = X°. Choose based maps 7;: S* - Z such that
the classes [7;] generate the group m1(Z, *). Let

yt= Xtv\/Sh
J

Define g%: Y — Z so that it agrees with the inclusion X' - Z on X' and with V;v; on
\/] Sl .

(i) Otherwise start by observing that the map 7, (Y*, x) — m(Z, ) determined by ¢*
is a surjective homomorphism of groups. Choose based maps a;: S* - X such that the
classes [a;] generate the kernel of that homomorphism, and for each ¢ choose a map
Bi: D¥*1 — X which extends ¢* o ;. Choose based maps 'yj:SkJr1 — X such that the
classes [v;] generate the group mp41(X,*). Define Y**! to be ... (continue as in the
proof of lemma 3.1.2). O

3.4. Homotopy equivalences and homology

THEOREM 3.4.1. (G. Whitehead) Let f:X — Y be a map between path connected CW-
spaces which induces an isomorphism Hyp(X) — Hp(Y) for all k. Suppose also that
m1(X,z0) and 7 (Y,y0) are trivial (for some or all ©g € X, yo € Y ). Then f is a
homotopy equivalence.

PRrOOF. Without loss of generality, f is the inclusion X < Y of a CW-subspace. The
long exact sequence of homology groups implies that H £ (Y/X) is zero for all k. From
our assumptions we also get that 71 (Y, X, x) is trivial for any choice of base point * € X .
The second Hurewicz theorem 3.2.1 then implies that (Y, X, *) is trivial for every choice
of » € X and k > 2. (If not, choose minimal k > 2 for which 7 (Y, X, ) is nontrivial;
note that this m (Y, X, %) is isomorphic to Hy (Y /X) which is zero, contradiction.) Since
7 (Y, X, *) is trivial for all k > 1, it follows that the inclusion X — Y is a weak equivalence
and therefore a homotopy equivalence by JHC Whitehead’s theorem 2.1.1. O
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3.5. Related thoughts

REMARK 3.5.1. Under the assumptions of the second Hurewicz theorem 3.2.1, the space
Y /X is path connected and has trivial fundamental group. This follows from lemma 3.2.2.
By that lemma we can pretend that Y™ ! = X""! in which case Y /X has no cells in
dimension < n other than the base point. (And n is at least 2.) Therefore by the first
Hurewicz theorem 3.1.1, the Hurewicz homomorphism 7,(Y/X,*) - H,(Y/X) is an
isomorphism. Therefore the second Hurewicz theorem is equivalent to the statement that

(Y, X, %) = mp (Y /X, %)

(induced by the quotient map ...) is an isomorphism of groups, under such and such
assumptions.

One may ask whether this homomorphism 7, (Y, X, *x) - m,(Y /X, ») is an isomorphism
in more general circumstances. That is what the Blakers-Massey theorem is about. We
will probably get to know it later.

REMARK 3.5.2. The G. Whitehead theorem 3.4.1 becomes false if the condition that
m1(X, ) be trivial is dropped. Specifically, there exist connected based CW-spaces X with
nontrivial 71 (X, ) such that the unique map from X to a point induces isomorphisms
in homology (that is, X has the homology of a point, Hyo(X) 2 Z and Hp(X) =0 for
k > 0). Note that this map from X to a point is not a homotopy equivalence because
it does not induce an isomorphism of fundamental groups. — See the exercises for more
(counter)examples.

REMARK 3.5.3. There are more complicated variants of the second Hurewicz theorem 3.2.1
in which X is allowed to have a nontrivial fundamental group. I recommend to work
around them as follows.
(i) Case n > 3. Let (Y,X) be a pair of based connected CW-spaces with the property
that 7 (Y, X, %) is trivial for ¥ =0,1,2,...,n—1, where n > 3. Then the inclusion-induced
homomorphism from 71 (X, *) to 71 (Y, *) is an isomorphism. We can pass to the pair of
universal covers
(Y, X).

We have 7, (Y, X, «) 2 m,(Y, X, +) for very general reasons (as in Prop. 1.7, lecture notes
for weeks 1 and 2). But the pair (Y, X) satisfies the assumptions of theorem 3.2.1 and so
we get

(Y, X, %) 2 (V, X, %) = Hy(V/X) .
This is quite satisfactory in my opinion. But if you still wish to make a connection with
H,(Y/X), then you are asking how H,(Y/X) is related to H,(Y/X). This can be
answered by comparing the corresponding cellular chain complexes. The result should be
that

Hn(Y/X) =¥/ ®Z[7r1(X,*)] Hn(?/X) :
Exercise: make sense of that and prove it.
(ii) Case n = 2. Let (Y, X) be a pair of based connected CW-spaces with the property that
m1(Y, X, ) is trivial. Then the inclusion-induced homomorphism 1 (X, *) — 71 (Y, *) is
onto. Let Y =Y be the universal covering of Y and let

}N/|X—>X
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be the connected covering space of X obtained by restricting that to X. Then we have
the following commutative diagram with exact rows:

(V) ——m2(Y, V]x) =% m (V]x)

lN l lunderstood

Hy(Y) — Hy(Y/(Yx)) =% Hi(Y]x)

It follows that the vertical arrow in the middle is an abelianization like the vertical arrow on
the right; i.e., it is onto and the kernel is the smallest normal subgroup of the source with an
abelian quotient. This is again satisfactory in my opinion! But if you still wish to make a
connection with Hy(Y /X)), then you are asking how Ho(Y/(Y|x)) is related to Hy(Y/X).
This can be answered by comparing the corresponding cellular chain complexes. The result
should be that o

Hy(Y/X) 2 Z®pny (v H2(Y/Y]x)

REMARK 3.5.4. The ideas in the proofs of lemma 3.1.2 and lemma 3.2.2 can also be used
to prove the following.

(i) For any space Z there exists a CW-space Y and a map ¢:Y — Z which is a
weak equivalence.

(ii) For any space Z and map f from a CW-space X to Z, there exists a CW-
space Y containing X as a CW-subspace and a map ¢:Y — Z which is a weak
equivalence and satisfies g|x = f.

Obviously (ii) implies (i); so here is a sketch proof of (ii). We proceed by induction.
Suppose that Y* has already been constructed and contains X*; also ¢g¥:Y* - Z has
been constructed and is k-connected, and agrees with f on X*. (The induction beginning
is easy; so assume k >0.) Then

("uf)yitux —z
is also k-connected. For every choice of x € Y° and element in the kernel of
(6" U H)em(YE U X, %) > m(Z,6" (%)),
represent the element by a based cellular map «;:S* — Y* and choose an extension

Bi: D**t — Z of g¥ o a;. For every element of mp,1(Z, g¥(x)), represent the element by a
based map 'yj:S””l — Z. Define Y**! to be

((Yk: U Xk+1) U\/ai \/Dk+1) v \/Sk+1.
i J

Define ¢**! so that the composition

\/i Dk+1 Yk+1 gk+1 VA
agrees with V,; 8; and so that the composition
\/j Sk+1 Yk+1 gkﬂ VA

agrees with V; ;.



CHAPTER 4

Homotopy pushouts and homotopy pullbacks

4.1. Pullbacks, pushouts, homotopy pullbacks and homotopy pushouts
The pushout P of a diagram of spaces
vylx%z
is the quotient space obtained from the disjoint union Y uZ by introducing the relations
Ys f(x)~g(x)eZ.
(This is also known as the colimit of the above diagram.) From the definition, there is a
commutative square
x sz
|
Y ——P

and this has a universal property. (It is the initial object in a certain category whose
objects are commutative squares which extend the given diagram Y « X —» Z.)
The pullback P of a diagram of spaces

vixdz
is the subspace of the product Y x Z consisting of all (y, z) such that f(y) = g(z). (This is

also known as the limit of the above diagram.) From the definition, there is a commutative
square

P——s7

b

and this has a universal property. (It is the terminal object in a certain category whose
objects are commutative squares which extend the given diagram Y - X « Z.)

DEFINITION 4.1.1. The homotopy pushout of a diagram of spaces Y L x %z (also
known as the homotopy colimit of that diagram) is the quotient space @ obtained from
the disjoint union
Yu(Xx[-1,1])uZz
by introducing the relations
Yo f(z)~(z,-1) e X x[-1,1], X x[-1,1]5(z,1) ~g(x) e Z

for all z € X. The homotopy pushout ) comes with a canonical map to the pushout P
which takes an element of () represented by y € Y or z € Z to the element of P represented

31
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by y, respectively z, and which takes an element of @ represented by (z,t) € X x [-1,1]
to the element of P represented by f(z) €Y or equivalently by g(z) € Z.

Associated with the homotopy pushout we have a long exact “Mayer-Vietoris” sequence
of homology groups,

o= Ho(X) —= Ho(Y) @ Hy(Z) — Hn(Q) — Hypor(X) — -

This is the long exact homology sequence of the pair (Q,Y u Z). Indeed the inclusion
Y uZ - Q is clearly a cofibration. We may therefore identify H,(Q,Y u Z) with the
reduced n-th homology of the quotient Q/(X uY') which is = H,,_1(X).

DEFINITION 4.1.2. The homotopy pullback of a diagram of spaces Y EN x<z (also known
as the homotopy limit of that diagram) is the subspace @ of the product Y x Xl 7
consisting of all triples (y,7,z) where the path ~v:[-1,1] - X satisfies v(-1) = f(y)
and (1) = g(z). There is a canonical map from the pullback P of that diagram to the
homotopy pullback @. This takes a point (y,z) € P (where f(y) = g(z) to the triple
(y,7,2) where v:[-1,1] > X is the constant path with value f(y) =g(2).

Associated with the homotopy pullback we have a long exact “Mayer-Vietoris” sequence
of homotopy groups,

=T (Q) —= (V) @ mp(Z) — mp(X) —= 11 (Q) — -

This does of course require a choice of base point in @ (which determines base points yg
in Y and zp in Z, and almost determines a base point in X, although strictly speaking
we get two base points f(yo),g(z0) in X connected by a preferred path). Except for some
extra features near the right-hand end, it is the long exact homotopy group sequence of
the forgetful map @ — Y x Z which is clearly a fibration. The fiber over the base point is
the space of paths in X connecting f(yo) to g(z0). Since we have a preferred connecting
path, it is easy to show that this fiber is homotopy equivalent to the space of paths in X
from f(yo) to f(yo), usually denoted QX or Q(X,*) with the abbreviation * = f(yo).

ProPOSITION 4.1.3. If, in a diagram Y < X — Z, one of the arrows is a cofibration, then
the canonical map @ — P from homotopy pushout to pushout is a homotopy equivalence.

Instructions for a proof: suppose that X — Z is a cofibration, and take this to mean:
inclusion of a closed subspace which has the homotopy extension property. Show that the
pair (Z,X) is homotopy equivalent, relative to X, to the pair (Z¢, X) where Z¢ is now
the mapping cylinder of the inclusion X — Z. More precisely, show that the projection
(Z¢,X) - (Z,X) is a homotopy equivalence relative to X. Here it is convenient to
(re)define the mapping cylinder as the union of (X x [-1,1]) and Z x {1} in Z x[-1,1].
This implies that the projection from the pushout of ¥ « X — Z¢ (which is Q) to the
pushout of Y « X — Z (which is P) is a homotopy equivalence relative to X . So this
proves more than we wanted to know. O

PROPOSITION 4.1.4. If, in a diagram Y — X < Z, one of the arrows is a fibration, then
the canonical map P — @ from pullback to homotopy pullback is a homotopy equivalence.

Instructions for a proof: suppose that Y — X is a fibration, and call it f. Show that Y
is homotopy equivalent, as a space over X, to the space Y, of pairs

(y,7) €Y x x4
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which satisfy v(-1) = f(y). Beware: we make Y, into a space over X using the map
which takes (y,7v) € Y. to v(1). More precisely, show that a certain “inclusion” of Y in
Y. is a homotopy equivalence in the category of spaces over X . This implies that the
inclusion of the pullback of ¥ - X « Z (which is P) in the pullback of YV, - X « Z
(which is @) is a homotopy equivalence over X . Again, this proves more than we wanted
to know. O

PROPOSITION 4.1.5. If, in a commutative diagram of spaces

Y, fo X, 9o Zo

L

Yl%Xlel

the vertical arrows are homotopy equivalences, then the induced map Qo - Q1 of homotopy
pushouts of the rows is a homotopy equivalence.

PROPOSITION 4.1.6. If, in a commutative diagram of spaces

YQ*>X0<7ZQ

L

Yl HX1<7Z1

the vertical arrows are homotopy equivalences, then the induced map Q¢ = Q1 of homotopy
pullbacks of the rows is a homotopy equivalence.

Remark. From the long exact sequences mentioned earlier, we can see immediately that
under the assumptions of proposition 4.1.5 the map Q¢ - @1 induces an isomorphism in
H,, for all n, and under the assumptions of proposition 4.1.6 the map @y - @1 induces
an isomorphism in 7, for all n (for any choice of base point in Q). But we may object
that this is not good enough.

Outline of a proof. Concentrating on the proof of proposition 4.1.5, let us introduce a
category ¥ whose objects are diagrams spaces and maps of the form B « A - C. A
morphism in 4 from By « Ay - Cy to By <« A; — (5 is a natural transformation, i.e., a
commutative diagram

B ~—A4 ——(C;
AR
By <—— Ay —— (s

To avoid clutter, we may also use notation like

(By < Ay - Cy) (a,p,r)

(BQ <~ AQ i Cg)

for morphisms. We can also talk about homotopies between morphisms in ¢. (A homo-
topy between morphisms from B; <« A; — C7 to By « Ay — Cy is the same thing as a
morphism in € from By x[0,1] <« A; x[0,1] > C; x[0,1] to By « Ay —» C3.) Now let us
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try the following lifting problem
(Bl <~ Al —> Cl)

(). (a:p7)

(BO(_AO_.)CO)H(BQ(_AQ_)CQ)

under the condition that the maps ¢: By - Ba, p: A1 — Ay, 1:C; — Cy are (individually)
homotopy equivalences. More precisely, we want to see the dotted arrow (v,u,w) and a
(natural) homotopy connecting (qv,pu,rw) to the horizontal morphism. In general this
may be hard, but if we assume that the object (By « Ay — Cp) is cofibrant (which means
simply that the maps By « Ag and Ay - Cj are cofibrations) then this lifting problem
has a solution. (Exercise.) We can draw the following conclusion. Let

(a,p,m)

(B1<—A1—>Ol) (B2<_A2_>02)

be a morphism in % where both source and target are cofibrant objects, and suppose that
the maps ¢,p,r are (individually) homotopy equivalences. Then the morphism admits a
right homotopy inverse, i.e., there exists a morphism

(v,u,w)

(B2(—A2—)CQ) (Bl<—A1—>Cl)

such that (qv,pu,rw) is homotopic to the identity of By <« A; - C;. But now it follows
that v,u,w are (individually) homotopy equivalences, and so we may reason that the
morphism (v, u,w) also has a right homotopy inverse. Then it follows in a formal manner
that (¢,p,r) and (v,u,w) are reciprocal homotopy equivalences. And it follows that the
map from the (ordinary) pushout of B; « A; - C; to the pushout of By <« Ay - Cy
induced by (g,p,r) is a homotopy equivalence. This proves proposition 4.1.5 because we
can view the homotopy pushouts there as pushouts. More precisely we can convert the
diagram there to a diagram

cyl(Yy « Xo) =— Xog—— cyl(Xo — Zp)

N

cyl(Y1 <« X1) =— X1 ——cyl(X1 —> Z1)
which can be viewed as a morphism in ¥ between cofibrant objects. The ordinary pushouts
of the rows are now the homotopy pushouts that we are after. O
4.2. Homotopy pushout squares and homotopy pullback squares

We start with a commutative diagram of spaces
A——C
B——=D
By the universal properties of pushouts and pullbacks, this determines two maps

colim(B« A—-C)— D, A—lim(B - D« (C)
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(from the pushout of B+ A - C to D and from A to the pullback of B - D « C). If
the first of these map is a homeomorphism, we say that the square is a pushout square, or
that it is cocartesian. If the second map is a homeomorphism, we say that the square is a
pullback square, or that it is cartestan.

We may compose with the canonical maps from homotopy pushout to pushput and from
pullback to homotopy pullback:

hocolim(B « A - C) - colim(B <« A - C), lim(B - D « C) - holim(B - D « C).

DEFINITION 4.2.1. If the composite map from hocolim(B « A - C') to D is a homotopy
equivalence, then we say that the square is a homotopy pushout square, or that it is
homotopy cocartesian. If the composite map from A to holim(B — D « C) is a weak
homotopy equivalence, we say that the square is a homotopy pullback square, or that it is
homotopy cartesian.

EXAMPLE 4.2.2. If the square is a pushout square and at least one of the two arrows
A - C, A— B is a cofibration, then it is a homotopy pushout square. This follows from
proposition 4.1.3. Similarly, if the square is a pullback square and at least one of the
arrows B - D, C — D is a fibration, then it is a homotopy pullback square. This follows
from proposition 4.1.4.

Two more remarks which are nearly obvious in the light of propositions 4.1.5 and 4.1.6.
Suppose that we have two commutative squares of spaces

Ag——=Cy A ——C4

T

By —— Dy By > D1

and a natural transformation between them, consisting of maps f,: Ag = A1, fp: Bo = By,
fe:Co = Cy and fg:Dg — D;p. If the two squares are homotopy pushout squares and
fas fo, fe are homotopy equivalences, then f,; is a homotopy equivalence. If the two squares
are homotopy pullback squares and fy, f., f4 are homotopy equivalences, then f, is a
homotopy equivalence.

Another remark: there are variants of these definitions where the notion of homotopy
equivalence is replaced by weak homotopy equivalence. In that setting it is customary to
replace the notion of fibration by Serre fibration.

The following two lemmas will be useful later.

LEMMA 4.2.3. Let

—_—

<

C

D

be a commutative square of spaces and a homotopy pullback square. Let p:E — D be a
fibration and let

—_—

AY——C"

B* —— D*
be the commutative square obtained from the above (with spaces A,B,C,D ) by taking
the pullback with p along the reference maps to D (for example, A* is the pullback of



36 4. HOMOTOPY PUSHOUTS AND HOMOTOPY PULLBACKS

A— D <« E, and D* is homeomorphic to E ). Then this new square is again a homotopy
pullback square.

PROOF. If the first square happens to be an ordinary pullback square and the vertical
arrows in it are fibrations, then the second square is also an ordinary pullback square
and the vertical arrows in it are fibrations. In that situation both squares are homotopy
pullback squares. Therefore we try to reduce to that situation.

The first step in the reduction consists in replacing the right-hand vertical arrow by a
fibration, using the Serre method. This replaces C' by a larger space, call it C; . We make
no changes to D and p: E — D. It is easy to show that the inclusion of C* in (Cy)*
is a homotopy equivalence (because the inclusion C' - C; is a homotopy equivalence.)
Therefore this modification or reduction does not change the content of the assertion. In
the second reduction step, we may assume that the map from C' to D is already a fibration
and the change that we make is to replace A by the pullback A; of (B - D « C). By
proposition 4.1.6, the comparison map from A to A; is a homotopy equivalence. It follows
that the comparison map from A* to (A;)* is again a homotopy equivalence. Therefore
this second modification or reduction does not change the content of the assertion either.
This completes the reduction process and the proof. O

LEMMA 4.2.4. Let

A——C

B——=D
be a commutative square of spaces; suppose that all spaces involved are homotopy equivalent
to CW-spaces. The following conditions are equivalent:

(i) the square is a homotopy pullback square;
(ii) for every z € D, the map

hofiber,[ A - D ] — hofiber,[ B — D ] x hofiber,[ C — D]
determined by the square is a homotopy equivalence.

ProOOF. The implication (i) = (ii) is really a special case of lemma 4.2.3. Namely,
for E take the space of paths +:[0,1] = D starting at z, and for p: E - D take the map
given by p(7y) =v(1), where +:[0,1] - D is a typical element of E. Then the new square
with spaces A*, B*,C*, D* takes the form

hofiber,[ A - D] —— hofiber,[C — D]
hofiber,[ B > D] —— hofiber,[ D - D]
[D

and it is a homotopy pullback square. Since hofiber, — D], also known as F, is
contractible, we may conclude that (ii) holds.
For the converse, suppose that (ii) holds. We compare the square with spaces A, B,C, D
with a new commutative square

A ——C4

By——D
constructed as follows. For the map B; — D we take the Serre construction on B - D.
For the map C; - D we take the Serre construction on C - D. For A; we take
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lim(B; - D < (), the ordinary pullback. There are standard inclusion maps B — B
and C' — (7 . These are maps over D and so induce a map from A to A; by the universal
property of the pullback. By hypothesis (ii), for any choice of base point y € A with image
z € D, that map from A to A; induces a homotopy equivalence of based spaces

hofiber,[A - D] — hofiber,[A; - D]
and consequently an isomorphism of homotopy groups/sets,
7 (hofiber,[A — D] ) — i (hofiber,[A; — D])

for k > 0. These isomorphisms extend to a map between long exact sequences (the long
exact sequence connecting the groups/sets

Wk(Aay)a 7Tk(sz)v Wk(hOﬁberz[A%D]vy)v
and the long exact sequence connecting the groups/sets
7Tk(féllvy)v ﬂ-k(D,Z)v Wk(hOﬁberz[Al_)D]vy))'

The five lemma (with small adjustments in low dimensions) allows us to conclude that
the comparison map A — A; is a weak homotopy equivalence. Since both A and A; are
homotopy equivalent to CW-spaces, it follows that A - A; is a homotopy equivalence. [

LEMMA 4.2.5. Let
A——sB——C
X—sY—7
be a commutative diagram of spaces and maps. If the small squares in the diagram are
homotopy pullback squares, then the outer rectangle (with spaces A,C,X,Z ) is also a

homotopy pullback square. Similarly, if the small squares are homotopy pushout squares,
then the outer rectangle is a homotopy pushout square.

PROOF. First statement: using the unnumbered remark after example 4.2.2, and the
Serre construction, we may first reduce to a situation where the map from C to D is a
fibration. Then we may reduce to a situation where in addition the right-hand square is
a strict pullback square. In that case the map from B to Y is a fibration and using that
same remark once more, we may reduce to a situation where the left-hand square is a
strict pullback square (and the right-hand square is a pullback square, and the map from
C to Z is a fibration). Now the outer rectangle is a strict pullback square in which the
arrow from C' to Z is a fibration. Therefore it is a homotopy pullback square. — The
proof of the statement about homotopy pushout squares is similar. O

4.3. The magic cube

The magic cube is really a theorem stating this. Suppose we have a commutative diagram
of spaces and maps
Xo=—X1 —>Xo

L

Yo<—-Y  ——Y,

where the little squares are homotopy pullback squares, and the horizontal arrows in the
left-hand square (or in the right-hand square) are cofibrations. Let X and Y be the
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pushouts of the rows. (By assumption on the rows, these pushouts X and Y also qualify
as homotopy pushouts.) I also want to assume that all spaces involved are CW-spaces
or at least homotopy equivalent to CW-spaces. (There is a price to pay for that. We
need to know that certain constructions, most importantly taking the homotopy pullback
of a diagram B « A — C, produces spaces homotopy equivalent to CW-spaces if A, B
and C are homotopy equivalent to CW-spaces. I have probably already mentioned and
recommended a paper by J Milnor on this topic: On spaces having the homotopy type of
a CW-complex, 1959.)

THEOREM 4.3.1. Under the above conditions, the squares

XiHX

L

Y, —Y
are also homotopy pullback squares for i =1,2 (and consequently for ¢ =0, too).

To put it differently, we have a diagram in the shape of a 3-dimensional cube in which
two of the six 2-dimensional faces (the two front faces) are homotopy pullback squares
by assumption, and two more faces (top and bottom face) are homotopy pushout squares
by assumption, and two more faces (the two back faces) are homotopy pullback squares

because that is the theorem.
X
/ }/ \X2
T~

Y

0

-~ >

=

In the book by Jeffrey Strom, Modern classical homotopy theory, AMS 2011, such a cube
is called a Mather cube. (I was pleased to discover that Strom takes this concept very
seriously and somewhat relieved that he does not give a proof of theorem 4.3.1 which
makes my proof look foolish. The Strom book is an unusual book which has a lot to offer,
but the offer includes an amazing number of typos and other small errors.)

EXAMPLE 4.3.2. Start with a pushout square of CW-spaces
Y

Yo Ys

/\
\/

Y,

where, for simplicity, all arrows are inclusions of CW-subspaces (so that this is also a ho-
motopy pushout square). Let p: X - Y be any fibration, where X is homotopy equivalent
to a CW-space. Let X; = p~1(Y;) for i =0,1,2. Then the inclusions of the X; in X make
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up a homotopy pushout square

(by lemma 4.3.3 below). The map p and appropriate restrictions now give us a commu-
tative cube

<<

W/

—
~ &

/XN

o

which satisfies the conditions, and clearly also the conclusion, of the magic cube theorem.

LEMMA 4.3.3. Let p: E - B be a fibration. Let A c B be a closed subspace such that the
inclusion is a cofibration. Then the inclusion p~*(A) - E is again a cofibration.

PROOF. Since the inclusion of A in B is a cofibration, we know that the cylinder
Z :=(Ax[0,1] ) uBx{1} is aretract of Bx[0,1]. It follows that Z is a strong deformation
retract! of B x[0,1]. Now let

(hs:Bx[0,1] = B x [0, 1])56[0,1]

be a strong deformation retraction retracting Bx[0,1] to Z; so ho =id, h1(Bx[0,1]) =Z
and hs(x,t) = (z,t) for all s and all (z,t) € Z. To upgrade this to a better strong
deformation retraction we choose a continuous function? 1: B — [0,1] such that 1~1(0) =
A. Then we define
(gs:B X [O, 1] — B x [0, 1])56[0’1]

by gs(x,t) = hgppy(x,t) for all s,¢€[0,1] such that s <4 (t) and (t) > 0. This means
that we still need to define gs(z,t) for s > 9(¢) (and also for ¥ (t) = 0, any s); we let
gs(x,t) = hi(x,t) in those cases. (Continuity by inspection.) By the homotopy lifting
property of the fibration

¢ Ex[0,1] — Bx[0,1] ; q(y,t) = (p(y),t)
we can find a homotopy (G Ex[0,1] = Ex[0,1])e[0,1] such that Go =id and ¢G = g.q
for all s €[0,1]. And now of course we define a retraction Ex[0,1] - Ex[0,1] with image
T HZ) by (y,t) Gy (y,t). Since ¢ 1(Z) is the mapping cylinder of p~*(A) - E, this
completes the proof. O

1Maybe this has been pointed out a few times before. Let r = (r1,72) be a retraction with image Z,
where 71: Bx[0,1] > B and r2: Bx [0,1] - [0,1]. Then for each (z,t) € B x [0,1] we obtain a path
[0,1] 3 s~ (r1(z,st), (1 - s)t+sra(t))
in Bx[0,1]. The value for s =0 is always (z,t) and the value for s =1 is r(z,t), therefore in Z. The
path is constant if (z,t) € Z. So these paths make up a strong deformation retraction.
2Using notation as in the previous footnote let v (z) = max{t - ro(z,t) | ¢t € [0,1]}. This formula

comes from chapter VI, Satz 2.15 in Tammo tom Dieck, Topologie, 2nd Edition, De Gruyter Lehrbuch,
Walter de Gruyter 2000. It was kindly pointed out to me by students.
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Let X be a simplicial complex with underlying vertex scheme (V,.). (Some people
might prefer to say that X is a geometric simplicial complex whereas (V,.) is an abstract
simplicial complex or a combinatorial simplicial complex. In any case . is a set of finite
nonempty subsets of V', subject to conditions.) As a set, X is the set of functions
x:V - [0,1] such that the support of z is an element of . and Y, z(s) =1. For
S e let A(S) c X be the simplex spanned by S, which is the set of all z € X whose
support is contained in S. Let 0A(S) be the union of all A(T') for proper nonempty
TcS.

LEMMA 4.3.4. Let p:E - X be a map of spaces, where X is a simplicial complex with
vertex set V. Suppose that
(i) for every simplex A(S) c X, the inclusion p ™ (OA(S)) - p 1 (A(S)) is a cofi-
bration;
(i) for simplices A(T)) c A(S) ¢ X, the inclusion p L (A(T)) — p 1(A(S)) is a
homotopy equivalence;
(iii) E is the topological colimit of the subspaces p*(K), where K runs through the
compact simplicial subcomplexes K of X .

If in addition X is contractible, then for any v € V the inclusion p~'(v) - E admits a
homotopy left inverse E — p~'(v).

PROOF. (Still very sketchy.) Fix some v e V. Write F for p~!(v). The conditions
give us, for all v,w in V', a preferred homotopy class of homotopy equivalences from
p1(v) to p~'(w). Here we also use the fact that X is simply connected. —

Let Y be simplicial subcomplex of X such that Y ¢ A(S) ¢ X for some simplex A(S)
of X. There is a map

pH(Y) — Y xp ' (A(S))

determined by the projection p~*(Y) - Y and the inclusion p~1(Y) - p~1(A(S)). Sub-
claim: this map is a homotopy equivalence. Proof of this: induction on the number of
simplices (equivalently, number of cells) of Y. Use proposition 4.1.5 for the induction step.
The justification for that comes from condition (i) and the necessary information comes
from condition (ii). —

Now let X* be the k-skeleton and let E®) = p~'(X*). We proceed by induction on k.
At stage k in the induction, we assume that we have already found a map

ffE® —F

which is homotopy left inverse to the inclusion F — E*) (The induction beginning is as
follows. As was already pointed out, we have a preferred homotopy class of maps from
E©) | disjoint union of the pL(w) for weV, to F. We choose f° in that homotopy class.
This guarantees that we can also find f! extending f°.) In the induction step, we ask
whether the map f* (now k > 1) can be extended to E(**1) . The obstruction is a cocycle
on X of dimension k+1 with values in the abelian group 7;(map(F,F),id). (Indeed,
taking Y = OA(S) in the sub-claim just above makes it rather clear that we are talking
about a homomorphism from the abelian group of (k+1)-chains in the simplicial /cellular
chain complex of X to m(map(F, F),id). Showing that this homomorphism is a cocycle
is an interesting exercise! Showing that m(map(F, F'),id) is abelian for k£ =1 is also an
exercise, but a well-known one. The point is that map(F, F') has a structure of topological
monoid.) If we allow modifications of f* | but not of f*!, then it is only the cohomology
class of this cocycle which encodes the remaining obstruction. Since X is contractible,
that cohomology class is zero. O
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LEMMA 4.3.5. The general case of theorem 4.3.1 follows from the less general case where
Y is contractible.

PrROOF. Start with a general cube

satisfying the conditions of theorem 4.3.1. (We should not assume here that it satisfies
the conclusion of the theorem.) Choose a point b€ Y'; note that Y is the terminal object
in the cube. Let p: E — Y be the result of applying the Serre construction to the inclusion
{b} = Y. In other words, E is the space of paths 7:[0,1] = Y satisfying v(0) =b, and p
is the map taking such a path v to v(1) € Y. The map p is a fibration. We now define
X*, X! and Y;* for ¢ =0,1,2 by taking the (ordinary) pullback of p: E — Y along the
reference maps from X, X; and Y; respectively to Y. For example X7 is the pullback of

X, —Y Ly

where X; — Y is the map from the cube. The result of this operation is that we have a
new commutative diagram in the shape of a cube,

in which Y* is the same as E (strictly speaking: homeomorphic to E), and as such
is contractible. Sub-claim: the new cube also satisfies the conditions of theorem 4.3.1.
Indeed, it is clear from the construction that top face and bottom face of the new cube are
still pushout squares. By lemma 4.3.3, the arrows X < X{ and Y < Y|* are cofibrations
(if the arrows Xy « X7 and Yy < Y7 in the original cube were cofibrations, as we may
assume without loss of generality). By lemma 4.2.3, the square with vertices X, X7, Yy,
Y7* (for example) is a homotopy pullback square. Therefore the sub-claim is proved.

Now, if the theorem holds for cubes whose terminal object is contractible (as we want to
pretend), then we may conclude that the new cube satisfies the conclusion of the theorem.
In particular the square with vertices X, Y, X* and Y* is a homotopy pullback square.
Since Y* is contractible, this implies that the map from XJ to Y x X* determined by
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that square is a homotopy equivalence. By lemma 4.2.4, it follows that the face
/ X
i / '
Yy
in the original cube is a homotopy pullback square. This completes the reduction. O

PROOF OF THEOREM 4.3.1. First step: we enlarge the terms in the top row of the
six-term diagram

Xo=—X; —X>

R

Yo<—YV1—Y

by applying the Serre construction to the vertical arrows, turning them into fibrations:

Xo,1 X1 X1
Yo.1 Yi1 Y1

where Y; 1 :=Y;. (This may spoil the cofibration condition, i.e., it is not clear that any
of the arrows in the top row are cofibrations. But we will repair this later.) Second step:
approximate the Y; = Y; ;1 by simplicial complexes. More precisely, extend the lower row
of the previous diagram to a commutative diagram

Y0,2 I — Y1,2 E—— Y2,2
Yor<=—Yi1——Yo,

where the spaces Y; o are simplicial complexes and the maps in the top row are inclusions
of simplicial subcomplexes. Third step: form the pullbacks X; 5 of

Yio=>Y1 < X

to obtain a commutative diagram

Xo,2 Xip X929
Yoo Yio Yoo

Summary of achievements so far: the vertical arrows in the last diagram are fibrations,
the spaces in the lower row are simplicial complexes and the maps in the lower row are
inclusions of simplicial subcomplexes. Fourth step: we replace the outer terms in the last
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diagram by suitable mapping cylinders. This gives

Xo,3 Xi3 Xo3
Yo,3 Yi3 Yo 3

where X173 = X1,2 and Y173 = YLQ and
Xo,3=cyl(Xo2 < X1,2), Xo3=cyl(X12 = Xa2),
Yo,3 = cyl(Yo,2 < Y12), Y23 =cyl(Y12 > Y22).
Now the horizontal arrows (in the last diagram) are cofibrations. We would still like to
say that the spaces in the lower row are simplicial complexes and that the maps in the
lower row are inclusions of simplicial complexes. This calls for some decisions as in: given
a simplicial complex Z, how do we extend the obvious simplicial complex structure on
Z x{0,1} to a simplicial complex structure on Z x [0,1]. This is left to the reader.
Finally we rename the terms in the last diagram by omitting the second subscript 3, .i.e.
we write (again)
XO < Xl — X2

N

Y() < Y1 ——— Y2

but we are now allowed to say: without loss of generality, certain additional conditions
are satisfied (e.g., the terms in the lower row are simplicial complexes).

After these unexciting preparations we come to the point. By lemma 4.3.5, we may assume
that the pushout Y of the lower row in the last diagram is contractible. At the same time
Y has a preferred structure of simplicial complex. Let X be the pushout of the upper
row. The map X — Y now satisfies the conditions of lemma 4.3.4 (the notation there
was E — X | whereas here it is X - Y'). More details should be given here. Therefore we
may conclude that the inclusion of any fiber F' of X — Y admits a homotopy left inverse,
X - F. The resulting composite maps X; - X - F for ¢ = 0,1,2 lead to product
structures, more precisely, to commutative squares

|

Y, —— »

which are homotopy pullback squares by inspection. Therefore we may replace X; by
Y; x F' and our diagram then simplifies to

Yox F Y1 x F Yo x I
Yo Y1 Y,

where the vertical arrows are the projections. In this situation it is clear that the pushout
(and homotopy pushout) of the top row is Y x F' while the homotopy pushout of the lower
row is still Y by definition. It is also clear that the conclusion of the magic cube theorem
is satisfied in this case. O



CHAPTER 5

The James construction

5.1. The free monoid generated by a CW-space

Let X be a CW-space with base point =*; the base point is assumed to be a 0-cell. For
simplicity we assume that X is compact and connected. Let

J(”)X::XxXxXx---xX/N

n

(quotient of the n-th power of X ), where ~ denotes the following relations:
(1,22, 23, ..., Tj,Tje1, ..., Tn) ~ (T1, 22, T3, ..., Tju1,Lj, ..., Ln)
if ©; == (where je{1,2,...,n—1} arbitrary). There is an “inclusion”
JMWX — gD x

defined by (x1,...,2,) = (21,...,2n,*). Let JX be the monotone union of the J(™ X
with the colimit topology; a subset of JX shall be open if and ony if its intersection with
every J™ X is open. It is convenient to represent elements of JX by words of finite
length in letters taken from X, such as (x1,x2,..., %), where m > 0.

(i) The product CW structures on the powers of X determine CW structures on
the quotients J(™ X for all n and thereby a CW structure on JX .

(ii) JX comes with a structure of topological monoid!. If we think of elements of
JX as words with letters taken from X, then the multiplication is given by
concatenating words:

(1'171’2, v 7xm) . (y17y27 o 7yn) = (.’171,.1'27. o Tmy Y1,Y2, - - ayn)
The multiplication JX x JX — JX is continuous and in fact it is a cellular map.

Let Ex be the quotient space obtained from two disjoint copies of cone(X) x JX by
gluing points (z,w) in the first copy (where z € X c cone(X) and w e JX) to (z,wz)
in the second copy. (The gluing instruction is meaningful because X = .J WX cJX and
because JX has this monoid structure. By cone(X) we mean the reduced cone; this is
again meaningful since X has a base point.)

LEMMA 5.1.1. Ex is contractible.

PRrOOF. Exercise. The following alternative to E'x could be useful: the quotient space
obtained from the disjoint union of cone(X) x JX and JX by gluing points (x,w) in
X xJX ccone(X)xJX to wz in JX. There is a quotient map from Ex to the proposed
alternative which is easily seen to be a homotopy equivalence. (It is still a hard exercise.

1 .. has an asociative multiplication with a neutral element. It is not claimed that every element has
a left or right inverse.

44
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Advice: do not try to find a contracting homotopy directly. Instead, find an ascending
filtration of Ex and investigate the filtration quotients.)

THEOREM 5.1.2. JX ~ QXX where ¥X = S* A X is the reduced suspension of X .

PrOOF. There is a commutative diagram

cone(X) ><JX<f—X><J(X) in—Cl‘>cone(X) x JX

lproj‘ Lproj. lproj‘

cone(X) incl X incl cone(X)

where f(z,w) = (z,wx). Taking the pushouts of the rows we obtain a map
Ex
xX

(where XX comes in as the union of two copies of cone(X) along their common boundary
X). By the theorem of the cube, this fits into a homotopy pullback square

cone(X) x J(X) ——= Ex

| |

cone(X) X

Therefore the homotopy fiber of Fx — XX is identified with (maps by a homotopy
equivalence to) the homotopy fiber of the projection cone(X) x JX — cone(X), which is
JX . But we know also that Ex is contractible, so that the homotopy fiber of Ex - XX
must be homotopy equivalent to the homotopy fiber of * & XX | which is QX. O

In formulating theorem 5.1.2, we could have done better by stating that such-and-such an
explicit map from JX to QX is a homotopy equivalence. Let us try that.? First of all
we interpret QX as the space of all pairs (a,7) where a € R, a >0, and 7:[0,a] > X is a
path satisfying v(0) = * = y(a). This has the advantage that we have a strictly associative
multiplication on QX given by (a,v) - (b,7) := (a +b,7 o~y) where (70~)(t) means ~(t)
for te[0,a] and 7(t-a) for t € [a,a+0b]. (This variant of QX is often called the Moore
loop space of X, after John Moore presumably.) Choose a continuous map v: X — [0,1]
such that v™*(0) is precisely the base point, and write v, := v(y). There is a based map
from X to QXX given by

yr ('va'Yy)

for ye X, y# %, where 7, (v,t) = (2™ y) for t €[0,1] (if we think of XX as a quotient
of S* x X). This extends uniquely to a continuous homomorphism

aJX - OQ¥X.
Now we ought to show that a is a homotopy equivalence (in addition to being a homo-

morphism).

2Leon H pointed out that my first attempt was not quite correct.



46 5. THE JAMES CONSTRUCTION

Here is a sketchy argument for that. Let us construct Ex like Ex , but using QXX
instead of JX throughout. So Ex is the pushout of the upper row in the commutative
diagram

cone(X) x QL X < — X x Q8(X) indl cone(X) x QY X
lproj‘ Lproj. lproj.
cone(X) incl X incl cone(X)

where g(z,(a,7)) = (z,(1,7,) - (a,7)). Taking the pushout of the lower row as well we
obtain a map from Ex to XX . In fact we obtain a commutative triangle

Ex ——— FEx
¥X

where the horizontal arrow extends «. More precisely, the restriction of the horizontal
arrow to the fibers over the base point (of ¥X ) is the map «. Now, if we can prove that
Ex is also contractible (and if we are willing to apply the theorem of the magic cube
not only to Ex but also to Ex ), then we may conclude that a is a (weak) homotopy
equivalence.

LEMMA 5.1.3. Ex is contractible.

PROOF. (Sketch.) Again it is convenient to use an economy version of Ey : the
quotient space obtained from the disjoint union of cone(X) x QXX and QXX by gluing
points (z,(a,7)) in X x QXX c cone(X) x QXX to (1,7;) - (a,7) in QX X. (And allow
me to use the unreduced cone of X throughout.) Make a map from the economy version
of Ex to the space PY.X of (Moore) paths in Yx starting at the base point, as follows:
a point in Ex represented by a pair (y, (a,7)) in cone(X)x QXX is taken to the path in
¥ X obtained by first running through the loop 7 in the time interval [0,a], then through
the standard path from * € cone(X) to y € cone(X) in the time interval [a,a + s] where
s€[0,1] is the “radial” distance from y to the base point of the cone. (Check that this is
well defined! We used representatives.) We now have a map Ex — PXx over X . For
each choice of z € XX, the induced map of fibers over z is a homotopy equivalence by
inspection. By writing this map as a map between two homotopy pushouts induced by
a map between two diagrams of the shape e < e — o (details omitted), we can conclude
that Ex — PXX is a homotopy equivalence. O

5.2. The theorem of Hilton-Milnor

The theorem of Hilton-Milnor is a formula for J(XvY") in terms of JX and JY (where X
and Y are based connected CW-spaces). The special case in which X and Y are spheres
was found by P Hilton and the more general version is due to Milnor. Milnor’s formulation
expresses J(X vY) as a product of JX and JY and spaces of higher commutators
of elements from JX and JY, using the monoid structure in J(X v Y). This makes
important connections with Lie algebra theory (because of the commutator calculus) and
as a result it is quite ambitious. Brayton Gray developed a lighter version which does not
emphasize commutators and Lie algebra concepts. It still relies on the James construction,
but not as much as the proofs due to Hilton and Milnor. This version due to Gray is the
one which I will describe. It would be nice to know that the Milnor formulation can be



5.2. THE THEOREM OF HILTON-MILNOR 47

obtained from the Gray formulation with some extra bookkeeping efforts, but I have not
had time to explore this.

LEMMA 5.2.1. Let X and Y be connected based CW-spaces. Then
S(XxY)2X(XAY)vXVY).

PROOF. Let a,b,c be the inclusions of X AY, X and ¥V in (X AY)vX VY. Let
uw: X xY - X AY be the quotient map and let v,w be the projections from X xY to X
and Y, respectively. Let

AL(X xY) - E(X xY)vEX xY)vE(X xY)

be the based map induced by a suitable map S* — S*v S'v S! which represents z; 2,23 €
(St v St v S1) 2 Z x Z + Z (coproduct of groups), where the z; are generators for each
copy of Z. All these maps can be set up as cellular maps. Then

S(auvbvvew)o
is a based cellular map from Z(X xY) to Z((X AY)v X vY). The corresponding map
of (reduced) cellular chain complexes is clearly a chain homotopy equivalence, and indeed
an isomorphism. (Note that the reduced cellular chain complex C(X xY") is canonically
isomorphic to ~ 5 ~

C(XvY)eC(X)aC(Y)

and we have now realized this isomorphism by a cellular map after suspending X x Y,
X AY, X and Y.) Therefore we can apply the Hurewicz theorem. O
COROLLARY 5.2.2. (D. Puppe.) For a connected based (compact) CW-space X we have

S(JX) =2\ XP)

k>1
where X means X AXAAX .
———
k

PROOF. First let Xi,...,X,, be any based connected CW-spaces. By iterating the
decomposition of the lemma we obtain a homotopy equivalence

S(Xyx XoxxX,) —— 35V Xy AXg AnX,)
51<82<:<Sk

where the s; are elements of {1,2,...,n}. In particular we extract from this a map

E(Xl A XQ VAERIVAN Xn) — E(Xl X XQ X eee X Xn)
(inclusion of a wedge summand followed by a homotopy inverse to the above map). Now
we specialize by taking X; = X =--- = X, := X and write

I S(XAXAAX)— B( X x X x-xX).

— —

Let f,, be the composition

SXAXAAX) Lo DX x X xx X) —=B(JMX) S $(JX)
—————— ————

where the second arrow is induced by the quotient map. By inspection of the reduced
cellular chain complexes, the map

Vi VEXAXAAX) — Y(JX)

n>1 n>1
n
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induces an isomorphism in homology. Since it is also a map between simply connected
CW-spaces, it is a homotopy equivalence. O

Now fix two based connected CW-spaces X and Y. Out of these we make a homotopy
pushout square

* X
Y —=XVY

We have the standard map X vY — X and use this to view the entire square as a square
of spaces over X, and we form the homotopy fibers over Y . Let the result be

A——2B

L

C——=D
We unravel: D =hofiber[X vY - X], B~x, C~Y xQX, A=0QX. We know that it is
a homotopy pushout square and so we obtain

Y xQX
*x QX

hofiber[X VY — X] ~ cone[A — B] =

But it is easy to see (remark 5.2.6 below) that
QX VY) =~ QX xQhofiber[ X VY —» X ]

so that we can conclude, following Gray:

Y x QX
PROPOSITION 5.2.3. QX VY) = QXXQ[*XQX]'
Continuing with that formula, let us plug in ¥X and XY instead of X and Y. We get
DY x QXX
QE(XVY)) ~ QXX xQ —————
(XX VYY) U vy )
for which we can also write
Y x JX
J(XVY) ~ JX x Q[W].

Now another unexpected move due to Gray (where I use the notation (-), for the oper-
ation of adding a new point by disjoint union and taking that as the base point):

YY xJX
*x JX

Now we can still use corollary 5.2.2 and we get

XY A(JX), 2 Y AS((JX)) 2 Y A(SIX VS =SV v (Y ASTX).

SY V(Y ARJX) = Y vE[Y AV XP),
k>1

Putting all that together we have the Hilton-Milnor-Gray formula:

THEOREM 5.2.4. J(XVY) = JX><J(YV(Y/\X)V(Y/\X/\X)\/~--).
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This can be used recursively. It may look as if the right-hand side is no better than the
left-hand side, but it is better because the wedge summands Y A X, Y A X A X etc. are
more highly connected than X (unless X is contractible). Therefore we can, by iterating
the procedure and taking a (homotopy) colimit, express J(X vY) as a product of factors
which have the form
J(X(”) A Y(Q))

for some p,q > 0. But there are many such factors and it is not easy to keep track of them.
(This is where the “advanced” Hilton-Milnor theorem does a better job.)

Twofold application of the theorem gives a more symmetric expression:
JXVY) = JXxJY xJ( ) XP Ay @),
P,q21

EXAMPLE 5.2.5. We might want to understand m1o(S* v S*). Take X =Y = S% in the
Hilton-Milnor-Gray theorem.

7T10(S4 \% 54)

112

T J (S v S?)
~ mgJS% x9S x mg J(S% v SP v SV .)
> 79 JS? x wgJS? x wgJ SO x 79 TS x 79T S?
> 71108% x 108 x 11097 x 11051 x 710510 .
REMARK 5.2.6. Let B be a based connected CW-space, A a CW-subspace of B containing

the base point. Suppose that r: B — A satisfies 7|4 = ida. Let F := hofiber(r). Then
OB ~QAxQF. (Exercise.)

5.3. Whitehead products and Samelson products

Let X be a based CW-space. The Whitehead product
T (X)) x T (X) — Tan—1(X)

was defined in example 1.4.6 and definition 1.4.7.

The Whitehead product is not associative. Instead it satisfies a type of Jacobi identity,
like the product in a Lie algebra. At one time, when the Whitehead product was new, the
Jacobi identity for it was considered very difficult to establish. But it is easy to understand
in a reformulation.

DEFINITION 5.3.1. Suppose first that K is a topological group. The identity element of
K will be viewed as the base point. There is a product

T (K) X T (K) — Tpn (K)

defined as follows. For a class in 7, (K) represented by a based map f:5™ - K and a
class in 7, (K) represented by based map ¢:S™ - K, we have a map

S™xS"3 (x,y) = f@)g(y)f(2)g(2)T € K.
This takes all elements of the form (*,y) and all elements of the form (z,*) to the base
point 1 € K. Therefore it amounts to a based map from the smash product S™ A S™, also
known as S™*", to K. The homotopy class of that is well defined in terms of [f] and
[g]. It is denoted by
([f1.[9]) € Tmen(K)

and called the Samelson product of [f] and [g]. This depends very much on the topo-
logical group structure of K.
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Next, suppose that K is a topological monoid (i.e., it comes with a strictly associative
multiplication, with unit). We want to assume that K is group-like, which means that the
shear map

e:(z,y) = (z,7Y)

from K x K to K x K is a based homotopy equivalence. Then we can choose a homotopy
inverse ¢ for that, and a homotopy from ¥ to id. Specializing 1 to elements of the form
(z,1), we learn that there exists a based map ¢: K — K such that the map = — zc(x)
from K to K is based homotopic to the trivial map — K taking all elements to the base
point. And moreover we have a preferred choice of such a homotopy. Of course we view ¢
as a substitute for a possible nonexistent map x ~ 27!. Therefore we can define a slightly
more general Samelson product as follows. For a class in 7, (K) represented by a based
map f:S™ — K and a class in 7, (K) represented by based map ¢:S™ — K, we have a
map

ST S5 (1,y) = f(@)g(y)e(f(w))e(g(x)) € K.

The restriction of this to the wedge S™ v S™ is based nullhomotopic in a preferred way.
Making use of the homotopy extension property for the inclusion S™ v S™ - 8™ x S™, we
obtain a map from S™ A 8™, also known as S™*" to K. The homotopy class of that is
well defined in terms of [f] and [g]. It is again denoted by

(L], [9]) € Tmen(K)

and called the Samelson product of [f] and [g].

[In the case where K is a group-like topological monoid, there is a more elegant description
of the Samelson product which avoids substitutes for inverses at the element level. Suppose
that (X,Y) is a pair of CW-spaces. Let v,w: X - K be two maps such that v]y = w|y .
Then there exists a based map

wX)Y — K

such that u-v is homotopic to w, by a homotopy which is stationary on Y. (Here we
view u as a map from X to Y and we use pointwise multiplication in K to make sense
of u-v.) Moreover the based homotopy class of u, as a based map from X/Y to K, is
uniquely determined by this condition.

Therefore we can re-define the Samelson product as follows. For a class in 7, (K)
represented by a based map f:S™ — K and a class in m,(K) represented by based
map ¢:S" - K, we have maps v,w:S™ x S™ - K given by v(z,y) = g(y)f(z) and
w(z,y) = f(x)g(y). They agree on S™ v S™. Therefore we obtain as above

wSTAST — K

with the property that w-v is homotopic to w, relative to S™ v .S™. The homotopy class
of u is well defined in terms of [f] and [g]. It is denoted by

(L], [9]) € mmen(K)

and called the Samelson product of [f] and [g]. — If K happens to be a topologi-
cal group after all, then the equation w-v = w can be solved uniquely and we obtain
u(z,y) = f(z)g(y)f(z)tg(y)™", so that this third definition of the Samelson product is
in agreement with the first one. Similar arguments can be used to show that it is in
agreement with the second one. |
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THEOREM 5.3.2. Let X be a based connected CW-space. Let QX be the “Moore” loop
space, an associative topological monoid. Under the isomorphisms

e (X) 2 11 (2X)

for k > 1, the Whitehead product on m.(X) corresponds to the Samelson product on
7. (QX), except for a sign. More precisely, the diagram

‘Whitehead prod.

7Tm+1(X) x 7Tn+1(X) 7Tm+n+1(X)

WW(QX) 9 Wn(QX) Samelson prod. 7Tm+n(QX)

commutes up to a sign (=1)™.

This explains why the Whitehead product satisfies a Jacobi identity: it does because
the Samelson product satisfies a Jacobi identity. I am not planning to prove this for the
Samelson product?, but the statement is as follows. If K is a group-like topological monoid
and v emy(K), vemy(K), wem.(K), then

(=) (u, (v, w)) + (=1)"(v, (w, u)) + (=1)*"(w, (u,v)) = 0.
In addition, the Samelson product is graded anticommutative, i.e., it satisfies
(u,v) = (=1)P"" (v, u)
for uwem,(K) and vemy(K).

PROOF OF THEOREM 5.3.2. By naturality it is enough to consider a universal case.
For X we take S™!v §™"1 . There are certain elements a,b in w1 X and w1 X
respectively given by the inclusions of the wedge summands:

Sm+1 N Sm+1 v Sn+1 Sn+1 N Sm+1 v Sn+1
y .

Let a and 8 be the corresponding elements of ,,(22X) and m,(QX), respectively. We

need to understand what happens to the element (a,b) € w41 X x 7,41 X when we chase

it through the upper itinerary of the diagram, towards m,,.,(2X). The goal is to show

that we get (-1)™(a, 8). (Note in passing that the obvious choice for a substitute inverse

of an element w € QX is @, the reversed loop. The compositions ww and ww are not

completely trivial but they are connected to the base point of 2X by canonical paths.

We use all that in the explicit definition of the Samelson product on 7, (22X).)

Let us use cubical coordinates. Write I =[0,1]. The element [a,b] is represented by
IxI™ IxI™

(I xIm) " a(Ix 1)

(s,) in the first wedge summand if (¢,y) € 9(I™ x I)
(t,y) in the second wedge summand if (s,z) € 9(I™ x I).

fro(IxI"xIxI")—

f(87x7t7y) = {
Now it is tempting to write
f(S,«fU,t,y) = Um,y(7(57t))

where s s
7:8(I><I)—>ava

31t is still hard. There is a beautiful proof in Chapter X (Thms 5.4, 3.10 and Cor 3.9) in the book
by G Whitehead, Elements of homotopy theory.
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s in the first wedge summand if ¢t € 91
t in the second summand if s € 91
" 1 Y 1 IxI™ Y IxI"
—V — —>

“Yor oI oI x Im) ~ 9(I x I™)
is defined by ug 4 (s) = (s,x) in the first wedge summand if s is in the first wedge summand
I/0I, and wu,,(t) = (t,y) in the second wedge summand if ¢ is in the second wedge
summand /0. This is not exactly wrong but it is an incomplete description of f, because
there are cases where f(s,z,t,y) is defined but ~(s,t) is not defined. This happens if
s,t ¢ OI and either x € 9(I™) or ye A(I™). If y € O(I™) we can still write

f(S,I,t,y) = um,y(’Y(S, O)) = Um,y(’Y(S, 1))

Similarly if z € 9(I™) we can write
f(s,x,ty) = um,y('y(ovt)) = um,y('y(lat))'

Now I hope the picture is becoming clearer. Let
e1,ex: 1/01 — (I/OI) v (I/OI)
be the inclusions of the wedge summands. We can think of e; and es as elements of
Q((1/01) v (1/01)).
Then + is their commutator. (Think of (I xI) as an interval of length 4 with endpoints
glued together.) Consequently the map
I xI" 3 (x,y) = ugyoyeNX

is the commutator of (x,y) = ugy0er = a(zr) and (z,y) = uzyoe2 = B(y). It is not
trivial on the boundary of I x I"™ but we have seen that the restriction to the boundary
has a canonical nullhomotopy. Briefly, it seems that we do get (a, ). What happened
to the sign (-1)™ ? We lost it because we did not pay attention to the orientation of
O(I x I"™ x I x I"). The reader is invited to fill this in. (Alternative: read the proof in the
G Whitehead book.) O

is defined by ~(s,t) = { and

REMARK 5.3.3. To some extent the above proof wants to reduce the case of arbitrary m,n
to the special case m =n =0. Is the statement obvious for m =n =0 ? In other words, is
it obvious that 7 represents the class aba=*b~! in 7, (S'v S1) ? I believe yes. Nota bene:
the multiplication on X was defined just after the proof of theorem 5.1.2.

Finally the Samelson product is a key ingredient in the advanced formulation of the Hilton-
Milnor theorem. To state this we need a more general form of the Samelson product. Again
let K be a group-like topological monoid. So far the Samelson product was defined as a
product on 7w, K. We can set it up in more general terms. Suppose that L and M are
based spaces which are homotopy equivalent to CW-spaces. Suppose that the inclusions
of the base points, * & L and * — M, are cofibrations. Then the inclusion of L v M in
L x M is a cofibration, and its cofiber is of course LA M. Let f:L - K and ¢ M - K
be based maps. We can define their Samelson product

(F.glLAM — K

(well defined up to based homotopy) as follows. Let v,w: Lx M — K be given by v(x,y) =
g(y) f(z) and w(x,y) = f(x)g(y). They agree on Lv M. Therefore we get u: LAM — K,
unique up to based homotopy, such that u-v is homotopic to w relative to L v M . This
map u is by definition the Samelson product (f,g).
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Now let K = J(X; Vv Xav--vX,) where X1, Xo,..., X, are based connected CW-spaces.
We choose tags ai,as,...,a, corresponding to the X;. Let f;: X; - K be the inclusion,

for 1 =1,2,...,7. The advanced Hilton-Milnor theorem states that a certain map of the
form
I1 I1 J(Xiy AXiy Ao A X)) 25 J(X v Xy Ve v X))

nzl wlai, faiy [aig[oain ] ]1]

is a homotopy equivalence. The product is taken over certain words involving Lie brackets,
in the letters aq,as,...,a,. Corresponding to a word

w = [aiy, [aiy, [aig, [+ aq, 1] 1]

we have a map, an iterated Samelson product

<f717(f727(f137(7f7n)>)))

from X;, AXij, A A X, to J(X;vXyve--vX,). This extends uniquely to a (continuous)
homomorphism

g J( Xy AXipgh A X, ) — J(X1vXavevX,).

Using the product in J(X;vXsv---vX,) again, we can multiply these maps g,, pointwise
(in an order which must be specified) to obtain a map from the product

H H J(Xil/\Xig/\"'/\Xin)
n2l[a;q,[aiy,[aig,[-sai, 1] 1]]
to J(X; v Xyv--vX,). That map is claimed to be a homotopy equivalence.
It remains to be said how the words w can be found or listed, and also in which order
they should be listed. Unfortunately I am not very well qualified to give an answer. My
understanding is that the selected words must form a (graded) basis of the free Lie algebra
(over the ground ring Z) on generators aq,...,a, , viewed as a graded free abelian group.
(There could be other conditions.) The grading assigns n to a word in n letters such as

[aiy, (@i, [aig, [ ai 1] 1]

The ordering of the words could be relevant, but if so it is a long story.

Beware: this free Lie algebra % is understood to be strict, i.e., the law [z,z] = 0 is
enforced (for all z € ). This implies [x,y] = [y, x], but it is stronger. More obviously
the Jacobi relation [z,[y,z]] + [y, [2,2]] + [2,[z,y]] = O is enforced (for z,y,z € .Z).
Wilhelm Magnus showed that £ can also be obtained as the lower central series of the
free group on generators aj,as,as,...,a,. (The lower central series of a group always
comes with the structure of a graded Lie algebra over Z.)

(More details in Elements of homotopy theory by G.W.Whitehead, Springer 1978. The
original article by Milnor is entitled On the construction FK and appears in a book edited
by J F Adams, Algebraic Topology — a student’s guide, LMS Lecture Note Series, Cam-
bridge University Press, 1972. It seems to me that G.W.Whitehead proves a stronger
theorem by making the connection with the Samelson product. But this comes at a price;
he admits “the proof is long and complicated”.)

Last not least ... my impression is that theorem 5.2.4 is not a cheap imitation of what
I have called the advanced Hilton-Milnor theorem, but the generally accepted first (and
most important) step towards it. To bridge the gap one should try to obtain an explicit
description of the homotopy equivalence in theorem 5.2.4 in terms of Samelson products.
The rest should be bookkeeping.



CHAPTER 6

Representability in the homotopy category of based
spaces

6.1. The E. H. Brown representation theorem

Let € be the category of based connected CW-spaces. (There is an understanding that
the base point in a based CW-space is always a 0-cell.) Let .70% be the corresponding
homotopy category. We look for a characterization of the representable contravariant
functors from 0% to sets.

DEFINITION 6.1.1. A contravariant functor F' from J#0% to sets is half-exact if it satisfies
the conditions below.

(i) If X in ¥ is the union of two based CW-subspaces A and B such that A, B
and AnB are again in %, then for any s € F/(A) and t € F(B) which determine
the same element of F(An B), there exists u € F(X) restricting to s € F(A)
and to t € F(B).

(ii) (Wedge aziom.) If X in € is a wedge, X =V X, then the maps F(X) - F(X,)
induced by the inclusions of X, in X determine a bijection

F(X)—>HF(XQ)

In (ii), the case of an empty indexing set is allowed. In that case the condition means that
F(») has exactly one element.

REMARK 6.1.2. If F' is half-exact, then for every X in ¥ the set F'(X) has a distinguished
“zero” element. Thisis g*(z) € F(X) for the unique map g: X — » and the unique element
z e F(x).

REMARK 6.1.3. Let g: X - Y be a based cellular map, where X and Y are in %. Let
cone(g) be the reduced mapping cone. (The reduced mapping cone is the quotient space
obtained from the standard mapping cone by collapsing the copy of [0,1] x x in the
standard mapping cone to a single point. The reduced mapping cone of a based cellular
map of CW-spaces is again a based CW-space in a preferred way.) Then the sequence

F(cone(g)) » F(Y') © F(X)
(first arrow determined by the inclusion of Y in cone(g)) is ezact, i.e., an element of F(Y")

comes from F(cone(g)) if and only if it maps to the zero element of F(X). (Exercise.)

EXAMPLE 6.1.4. Let Y be a based connected CW-space and let Fy be the contravariant
functor defined by Fy (X) = [X,Y]. (set of based homotopy classes of based maps from
X toY) for X in @ or s£€0% . This Fy is half-exact. Property (ii) in definition 6.1.1 is
obviously satisfied. For property (i), the idea is as follows. Take X = Au B etc.; replace

54
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X by X' which is the quotient of
Au([0,1]x(AnB))uB

by the relations (0,z) ~2z € A and (1,z) ~z € B for x € An B, as well as (¢,*) ~ (0,*)
for all ¢ (where * is the base point in An B). There is a projection map

Xt X

which forgets the extra coordinate in [0,1] where applicable. It is an exercise to show
that this projection map is a homotopy equivalence. (Use the HEP, homotopy extension
property, for the inclusion of An B in A.) Now suppose given a map fo:A - Y and a
map f1: B - Y such that folanp = filans. Choose a homotopy (ht)e0,1] from folanp to
filanp. Define g: X' - Y so that g agrees with fy on the copy of A in X!, agrees with
f1 on the copy of B in X# and agrees with h; on the copy of {t}x(AnB) in X*'. Then
the homotopy class of g, viewed as an element of [X,Y], = Fy (X)), satisfies [g]|a = [fo]
and [g]|p = [f1]. This confirms property (i) for Fy , but I must apologize for changing
labels: s~ fy, t~ f1, u~g.

More exotic examples will be given later.

Let F' be half-exact and suppose that X in % is the monotone union of a sequence of
CW-subspaces A; where j=0,1,2,...; so

X =U4,
J

and A; c Aj,q forall j. Let (vj € F(A;))j»0 be asequence such that the map F(A;41) >
F(Aj) induced by A; = Aj;; takes vjy1 to v;, for all j>0.

LEMMA 6.1.5. Then there exists v, € F'(X) which is taken to v; under the map F(X) -
F(A;) induced by A; > X, for all j>0.

PROOF. Let’s use the notation cyl(Y — Z) for the mapping cylinder of a map e:Y —
Z . For the moment this is the unreduced mapping cylinder. In the standard description of
the mapping cylinder we have a projection cyl(Y — Z) — [0,1] which takes the standard
copy of Z to 0 and the standard copy of Y to 1. Here we parameterize this differently
so that there is a projection cyl(Y — Z) — [0,2] which takes Y to 0 and Z to 2. More
precisely, let cyl(Y = Z) be (in this proof) the quotient of ([0, 2] x Y) U Z obtained by
making identifications (2,y) ~e(y) € Z. If e is a based cellular map of based CW-spaces,
then cyl(e) = cyl(Y — Z) is a CW-space in a preferred way, but here we use the CW-
structure on [0, 2] with three O-cells: the elements 0,1,2 of [0,2]. The cylinder cyl(e) is
not a based CW-space, but for later use we not that there is a copy of [0,2] = cyl(* - %)
inside cyl(e). This is clearly asking to be collapsed to a single point, but we have to delay
that. — The mapping telescope of the diagram

Ao'—>A1‘—>A2;>A3;>A4;>"'
is the union
cyl(Ag = A1) ug, cyl(A1 — Az) ug, cyl(Az > Az)ug, -

in self-explanatory notation. It is again a CW-space in an obvious way. Let’s write
tel(A; | j > 0) for the telescope, just to have an abbreviation. There is a projection map

tel(A4; | j>0) — X
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which on the piece cyl(A; - A1) agrees with the cylinder projection to A, , followed
by the inclusion A;.1 — X . Exercise: show that this map is a homotopy equivalence.
There is a very useful continuous projection map

g:tel(4; | 7>20) —[0,2]u[2,4]u[4,6]u--

which projects the piece cyl(A; - Aj+1) to the interval [2j,2j + 2] in the obvious way.
Now let Ty be the preimage under g of [0,1]u[3,5]u[7,9]u... and let T} be the preimage
under ¢ of [1,3]u[5,7]u.... These are CW-subspaces of the telescope tel(A; | j >0) by
construction. Then clearly

To~AguAsUuAyuAgv..., Ty ~AiuAsuAsu...
whereas
TonTi 2 Agu A uAs U Ag - .
But at this point we need to see reduced versions of these constructions. Let
tel(4; [ j >0)
tel(x = * = * — )

and let 7)), T? be the images of Ty and Tj in tel”(A; | j >0). Then we have
T(')DEA0VA2VA4VA6V..., Tlpl‘Al\/Ag\/Ag,V...

telp(Aj | ] > 0) =

whereas

T)nTP 2 Agv Ay v Ay v Agv - .
By the wedge axiom, (vg, v2,v4,...) defines an element in F(T}). Similarly (vq,v3,vs,...)
defines an element in F(77). By assumption on the sequence (v;);s0, these two elements
determine the same element

(vo,v1,v2,...) e F(T) nTY)

under the restriction maps F(T3)) - F(T) nT{) and F(T{) - F(T}y nT{). Therefore by
half-exactness, there exists

we F(tel”(A; | j20)) 2 F(tel(4; | 120)) 2 F(X)

which extends (vg,va,v4,...) € F(T})) and (vi,vs,v5,...) € F(T{). The element w,
viewed as an element of F/(X), is the answer to our prayers. g

LEMMA 6.1.6. Let E be a half-exact functor, let X be an object of € and let t € E(X).
There exist a based connected CW-space Y containing X as a CW-subspace, and an
element we E(Y) such that ulx =t and the map m(Y) - E(S*) taking [f:S* - Y] to
f*(u) is bijective for all k>0.

As a preparation for the proof we take a closer look at the sets E(S*) for a half-exact
functor E and k > 1. It turns out that these sets have a preferred group structure (abelian
if k£ >2). The reason is that S* comes with a distinguished map :S* — S*¥ v S*¥ which
we used previously to define the group structure in homotopy groups 7 . Here we can
use it to define a map
E(S") x E(S*) — E(S%)

by writing E(S*) x E(S*) = E(S* v S*), wedge axiom for F, and then using x*: E(S* v
Sk) - E(S*). This map makes E(S*) into a group (abelian if k& > 2) because s has
the corresponding properties (which can be, should be and have been expressed in the
homotopy category of based spaces). By the same reasoning, for X in ¢ and t € F(X)
the maps 7, (X) — E(S*) taking [f:S* - X] to f*(t) are group homomorphisms. (Here
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and in the following we write 7, (X) instead of m;(X) on the understanding that X has
a preferred base point.)

PROOF OF LEMMA 6.1.6. We construct X u Y™ by induction on n, together with
elements wu,, € E(X uY™) such that the restriction of u, to X uY" ! is u, ;. (The
notation is a little informal; there is an understanding that X n Y™ is X™.) For the
induction beginning set ug :=t and X uYy:= X, that is, Y° = X°. For the first induction
step, from n =0 to n = 1, choose generators u for the entire group E(S*). Define

XuYl=Xxv\Ssh.
"

By the wedge axiom for E, we have

E(XuY")=EBE(X)x[]E(S")

and we determine u; € E(X uY?!) in such a way that the coordinate in F(X) is ug =1,
while the coordinate in the factor E(S') corresponding to u € F(S!) is exactly u. By
construction, the map m (X uY?!) - E(S!) taking [f] to f*(uy) is surjective. — For the
remaining induction steps, suppose that X uY™ and u, € E(X uY™) have already been
constructed for a particular n > 1. Suppose that the homomorphisms 7 (XuY™) - E(S* )
taking [f] to f*(u,) are bijective for 1 < k < n and surjective for k = n. (This is
part of the induction load.) Choose generators A\ for the kernel of the homomorphism
(X UY™) > E(S™), and for each A, a based cellular map fy:S™ - X uY™ in that
homotopy class. Also choose generators u for the entire group E(S™"1). Define X uy™+!
to be

cone( ViVSt— Xu Y") v\ s

A iz

By half-exactness of E (see also remark 6.1.3) there is an element u,,; of E(X uY"*!)
such that the restriction to X UY™ is u, and the restriction to the wedge summand S™*!
with label p is precisely pe E(S™1).
Now we have to show that the homomorphisms 74 (X uY"*) — E(S*) taking [f] to
f*(upny1) are bijective for 1 <k <n and surjective for k =n+ 1. Surjectivity for k=n+1
is obvious from the construction. For the cases k <n we look at the composition

(X UY™) > mp (X Y™ ) > B(S*)

where the first arrow is induced by the inclusion X uY™ - X uY"™! . The first arrow is an
isomorphism for k <n by cellular approximation and the composition is an isomorphism
for k <n by inductive assumption, so the second arrow is also an isomorphism for k <n.
For k =n the first arrow is onto by cellular approximation, while the composite arrow is
onto by inductive assumption and its kernel is contained in the kernel of the first arrow
by construction. Therefore these two kernels must coincide as subgroups of mp (X uY™).
It follows that the second arrow is again an isomorphism.

Now we have constructed X uY™ and wu,, for all n. Let Y be the union (direct limit
or colimit is a better expression) of the X uY™ for all n. By lemma 6.1.5, there exists
u € E(Y) such that u restricted to X uY™ is u, , for all n > 0. In particular, we have
u|X =Ug = t. O

THEOREM 6.1.7. (The Brown representation theorem.) Any half-exact functor F from
H0E to sets is representable, i.e., there exist Y and uw e F(Y) such that the map from
[X,Y]. to F(X) given by [f]+~ f*(u) is bijective for every X in €.
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PrOOF. By lemma 6.1.6 we can construct a based connected CW-space Y and an
element u € F(Y) such that u|x =t and the map m(Y) — E(S*) taking [f] to f*(u)
is bijective for all k> 0. We are going to show that the map

ax:[X, Y], — F(X); [f]= f"(u) € F(X)

is bijective for every X in % .

The idea is to construct a natural inverse Sx: F(X) - [X,Y ], for ax using lemma 6.1.6
and the JHC Whitehead theorem. For t € F(X) we apply lemma 6.1.6 to the element
(t,u) e F(X)xF(Y)2 F(XVY). The outcome is that there is a CW-space Y’ containing
X VvY as a CW-subspace and an element v’ € F(Y”) which extends (¢,u) € F(XVvY) and
has the property that the homomorphisms 7 (Y’) - E(S*) given by [f] = f*(u') are
isomorphisms for all £ > 0. Since the homomorphisms

(V) = E(S¥)

given by [f] » f*(u) are also isomorphisms for all k& > 0, it follows that the inclusion
Y - Y’ induces an isomorphism 7 (Y) - m(Y’) for all k¥ > 0. Therefore the JHC
Whitehead theorem tells us that Y — Y’ is a homotopy equivalence. We attempt to define
Bx(t) € [X,Y]. as the homotopy class of X = Y followed by a based homotopy inverse
for Y = Y’. Now it remains to show (a) that Sx is well defined, (b) that axfx =id and
(c) that Bxax =id.

(a) Suppose that we have selected Y’ containing X vY and u' € F(Y') extending (t,u) €
F(XVvY) =z F(X)x F(Y). Suppose that we have also selected Y containing X vY
and u” € F(Y") extending (t,u) €e F(XVv Y) =2 F(X)x F(Y). We are assuming that
the homomorphisms 7 (Y’) - E(S*) and m(Y") — E(S*) given by [f] = f*(u’) and
[f]+~ f*(u") respectively are isomorphisms. Then we can find a CW-space Y containing
the union Y’ ux,y Y (better described as a pushout) and an element v’ € F(Y"") such
that the homomorphisms 7 (Y"") - E(S*) given by [f] ~ f*(u"") are isomorphisms.
Now we have three definitions of 8x(¢) , corresponding to the selections Y, Y and Y.
But it is clear that the first agrees with the third and the second agrees with the third,
since Y/ c Y and Y c Y. So the first must agree with the second, as was to be shown.
(b) Let t € F(X) and suppose Y’ containing X vY as well as u' € F(Y') extending
(t,u) € F(X vY) has been selected so that the composition ¥ > X vY < Y’ is a
homotopy equivalence. Then Sx(t) € [X,Y ], is the composition of X - XVvY < Y’ with
a homotopy inverse for Y — Y. Since that homotopy inverse Y - Y will take u € F(Y)
to u' € F(Y"), it follows that ax(8x(t)) is the restriction of v’ € F(Y') to X cY’. But
that is t € F(X) by construction of u'.

(c) Let [g] € [X,Y ]+, so that ax([g]) = g*(u). To find out what Bx(¢*(u)) is we should
construct Y’ containing X vY and u’ € F(Y") such that u'|x is ¢g*(u). Then Bx(g*(u))
is the composition X - X vY - Y’ ~ Y. But we can take Y’ = cyl(g: X - V). This
contains a copy of X VY . The cylinder projection Y’ — Y is an explicit homotopy inverse
for the inclusion Y - Y’. For u' € F(Y') we can (must) take the unique element which
restricts to u € F(Y); fortunately it is obvious that u'|x = g*(u) for this choice of u’.
Moreover the composition of X - X vY < Y’ with the cylinder projection Y’ - Y is
exactly g. O

6.2. Eilenberg-MacLane spaces

Under construction.
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LEMMA 6.2.1. Let Y be a based connected CW-space and suppose that n is a positive
integer such that m(Y') is trivial for all k> n. Let X be any connected based CW-space.
Then

[X,Y]. 2im[ [X"", Y], > [X", V], ].
More carefully stated: if a based map X™ —Y can be extended to a map X"t - Y, then

it can be extended to a map X — Y, and the based homotopy class of such an extension
18 UNIquUe.

PRrROOF. O

COROLLARY 6.2.2. Let X and Y be based connected CW-spaces, and let m,n be positive
integers. Suppose that m,(Y') is trivial for all k >n and suppose that X™ ' = x.

- If m>n, then [X,Y], is trivial; in other words, all based maps X — Y are
based nullhomotopic.

- If m =n, then the canonical map from [X,Y]. to the set of homomorphisms
from m(X) to T (Y) is a bijection.

PROOF. O

DEFINITION 6.2.3. Let n be a positive integer and let G be a group (abelian if n > 1).
It is customary to write K(G,n) for a connected based CW-space X which has m(X)
trivial for positive k # n and m,(X) equipped with a group isomorphism to G. These
spaces are also called Filenberg-MacLane spaces.

If G is abelian, a space K(G,n) can be obtained via Brown’s representation theorem as
a representing space for the functor

X~ H"(X;G).

Indeed, if Y is a representing space for that functor, then [S*, Y], = H"(S*; @), which
is zero for k # n and isomorphic (as a group) to G for k = n. (Little exercise here:
H™(S™;G) has two abelian group structures, one coming from the fact that S™ has a
co-multiplication and the other one from the definition of H™; but these agree.) This
means that ¥ is a K(G,n).

If n =1 and G is not abelian (or if we do not wish to assume that G is abelian), the
space K(G,n) = K(G,1) can again be obtained via Brown’s representation theorem as
a representing space for the functor F' defined by F(X) = hom(m(X),G) (set of group
homomorphisms from m1(X) to G). To show that F is half-exact, we use the Seifert-
vanKampen theorem. Namely if X = AuB where A and B are connected CW-subspaces
(containing *) and A n B is also connected, then Seifert-vanKampen says that

m(AnB) ——=m1(A4)

L

’/Tl(B) 7Tl(X)

is a pushout square in the category of groups. It follows that

hom(71(An B),G) <—— hom(m(A),G)

! T

hom(m (B), &) hom(m (X),G)
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is a pullback square in the category of sets. This implies that F' is half-exact.

COROLLARY 6.2.4. Suppose that X is a K(G,m) and Y is a K(J,n). If m >n, then
[X,Y]. has only one element, the homotopy class of the constant map. If m = n, then
the evaluation map

[X,Y]. — hom(m, (X)), mn(Y)) = hom(G, J)
is bijective.
Proor. ... O

Note that the corollary does not say much about the case m < n. Indeed that case is more
difficult. There is some similarity with homotopy groups of spheres. We have 7, (S™)
trivial if m < n, isomorphic to Z if m =n > 1, and difficult in the remaining cases. But
note the difference: 7, (S™) trivial if m < n, whereas [X,Y], trivial if m >n.

COROLLARY 6.2.5. Up to homotopy equivalence, there is a unique Filenberg-MacLane space
K(G,n).

PROOF. If X and Y both satisfy the conditions for being called K (G,n), then by the
above proposition there is a based map X — Y inducing an isomorphism m, (X) — m,(Y).
That map is a homotopy equivalence by the JHC Whitehead theorem. O



CHAPTER 7

Homotopy colimits and homotopy limits

61



CHAPTER 8

The homotopy excision theorem

8.1. Blakers-Massey homotopy excision theorem (special form)

Situation: based CW-space X, two distinct cells attached (of dimensions m and n,
respectively) to give CW-spaces Y7,Y2 o X:

X Y
Yo —=YiUuY;

Therefore we have an inclusion (Y7,X) — (Y7 UY3,Y3) of pairs. We want to look at the
induced map

(811) Wk(Yl,X)—>7Tk(Y1 U}/Q,Yg)
(where k> 0) and we ask whether it is surjective, injective etc.

The plan here is to use general position arguments to answer this. There are three integer
variables m,n,k in the question and the answer should be formulated in terms of them.
Let E71 =Y; N X be that m-cell and let F5 c Yo\ X be that n-cell, so E; open in Y; and
E5 open in Ys. Choose z; € By and 22 € Ey . (These choices can be reconsidered in the
following.) Let’s try to show surjectivity in (8.1.1) first. Therefore we begin with

(8.1.2) f:(D*, S5 1) 5 (Y1 uY,, V).

Think of D¥ as unit disk in R¥ with (1,0,...,0) as center, so that (0,...,0) can take the
role of the base point.
We can assume that f is smooth in the open subset f~*(U;) and f~'(Us) of D¥, where
U; and U,y are open neighborhoods of z; and z3 in E; and Es , respectively. Then we
can also assume that z; is a regular value for f (as in Sard’s theorem, and by Sard’s
theorem). It follows that A; := f~!(z;) is a smooth compact submanifold of D* \ %1
without boundary. Let Ay = f~*(z3). It is important that A; n Ay = @. It is important
that dim(A;) = k—m. Neither A; nor A, contain the base point (0,...,0) of D¥. In
particular, since Ay is compact, we can choose € > 0 so that the small disk e D* has empty
intersection with As.
Now we try to move A; into the small disk e D* without disturbing A,. As a first attempt
we try the homotopy (isotopy is a better word here)

(ﬁptifh - Dk)te[a’l]
given by o, (z) = (1+e—t)x € D*. Isotopy means that ¢;: A; - D¥ is a smooth embedding
for every t € [¢,1]. We have . = inclusion and ¢;(A;) is contained in eD* minus
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boundary. We can also think of (¢;) as a single smooth map
@Ay x [e,1] — D*.

Since the plan was not to disturb A, , we ask whether im(y) intersects A . Better way
to ask the question: whether zs is in the image of fip. We can assume that z, is a regular
value for the smooth map fy. Since dim(A; x[g,1]) =k—m+1 and the dimension of the
target of fip, as far as it is of interest here, is n, it follows that z5 is not in the image of

feif
[—m+1<nl.

This condition turns out to be the decisive one for surjectivity in (8.1.1).

LEMMA 8.1.3. (Special case of Thom’s isotopy extension theorem.) There exists a dif-
feotopy

((I)t:Dk - Dk)te[s,l])
which extends the isotopy (v¢). More precisely: each ®;:DF - DF is a diffeomorphism
and ®; agrees with the identity map on a neighborhood of S*~' U Ay , whereas ®; agrees
with ©; on A;. (This is the precise meaning of: moving A; into eD* without disturbing

A5.)

We postpone the proof of the lemma, but we use it right away to finish the proof of
surjectivity in (8.1.1). First we note that our map f in (8.1.2) is homotopic, as a map of
pairs, to g := f®;'. The map g has the following convenient properties: ¢g~(z1) c eD*
whereas ¢71(z2) neD* = @. We now try the homotopy

g:DF > YUY,

where t € [g,1] and ¢;(2) = g((1 +& -t)z). It is not guaranteed that g,(S*!) c Y5 but
it is guaranteed that g;(S*') c Y3 UYa \ {21}, and this is good enough for us since the
inclusion
Y2 —>Y1U)/2 AN {2’1}

is a homotopy equivalence. Similarly, although it is not guaranteed that g, (D*) c Yy | it is
guaranteed that g (D¥) c Y{uY>\ {23}, and this is again good enough for us. Therefore we
can conclude that ¢ = g. is homotopic, as a map of pairs from (D¥ S*1) to (YiuYs,Y3),
to a map from (D*,S*71) to (Y1, X). This establishes surjectivity in (8.1.1) under the
condition k+1<m+n.

Next, we think about injectivity in (8.1.1). Therefore we should start by expressing the
following situation: we have two elements in 7 (Y7, X) which determine the same element
of m(Y1uY5,Y3). Note that this formulation does not assume group structures in my ,
with a view to the possibility that k < 2. A very straightforward way to express the
situation is then to say that we have a map

F:D*x[0,1] » YUY,

such that F(D*x0)uF(D*x1) cY; and F(S*1x[0,1]) c Y. This takes (0, ...,0)x[0,1]
to the base point of Y3 uY;. We now reason with this F' as we reasoned with f in (8.1.2)
before.

We can assume that F is smooth in F~1(U;) and F~!(U,) and that z; is a regular
value for F'. Then we have a new A; := F~(z;), smooth submanifold of D* x [0,1].
This has empty intersection with S¥~1 x[0,1] but it can have nonempty intersection with
D¥ x 9[0,1]. More precisely, A; is a smooth submanifold with boundary of D¥ x [0,1]
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avoiding S*7! x [0,1], of dimension k + 1 —m, and the boundary 0A; is the transverse
intersection of A; and D x 9[0,1]. We put Ay := F~!(z3). We choose ¢ > 0 in such a
way that eD¥ x [0,1] has empty intersection with Ay. Define a smooth isotopy

(SDt5A1 = DF x [0, 1])15&[5,1]

by @i(z,8) = ((1+e—-t)x,s) e D¥ x[0,1]. If

’k+1—m+1<n‘

then by Sard’s theorem (general position) we may assume or arrange that zo is a regular
value of Fip (where ¢: Ay x[e,1] = D*x[0,1] is (¢)se[e,1] reorganized). Then the image
of each ¢; has empty intersection with A, .

LEMMA 8.1.4. There ezists a diffeotopy
(®4:DF x[0,1] > D* x [0,1])see1])
which extends the isotopy (@i). More precisely: each
@y D" x [0,1] - D* x [0,1]
is a diffeomorphism and ®, agrees with the identity map on a neighborhood of S* ' x

[0,1] U Ay , whereas ®; agrees with ¢; on A;. (Moreover ®; takes D x {0} to itself
and takes D x {1} to itself ... but this is automatic).

Again we postpone the proof (it is much like the postponed proof of lemma 8.1.3) and use
the lemma to finish the proof of injectivity in (8.1.1). First we can replace F' = F®q by
G = F®7!, since (F@{l)te[e,u is a homotopy from F' to G respecting all the essential
features. After that, we try the homotopy

thDk X [0,1] —>Y1 UYYQ

where t € [e,1] and Gi(z,s) = G((1 +& —1t)z,s). The details are as in the proof of
surjectivity. Therefore we have shown:

PROPOSITION 8.1.5. The map (8.1.1) is surjective if k < m+mn -1 and bijective if k <
m+n -2 (in addition to k> 0).

Let’s remark that surjectivity of (8.1.1) was already known to us in case k <n (by cellular
approximation) and also in case k < m (because then both groups/sets are trivial, again by
cellular approximation). So the interesting cases of the proposition, as far as surjectivity
is concerned, are the cases where max{m,n} <k <m+n-1. Similarly injectivity of (8.1.1)
was already known to us in case k+1 <n and in case k <m. So the interesting cases of
the proposition, as far as injectivity is concerned, are the cases where max{m,n+1} <k <
m+n-—2.

PROOF OF LEMMA 8.1.3. Under construction. O

8.2. Blakers-Massey theorem, general form
8.3. The Freudenthal theorem

Under construction.

This is a special case of proposition 8.1.5. We take X = .S™ ! and Y; equal to the (closed)
upper hemisphere S7* of S™, while Y5 is equal to the closed lower hemisphere S™ of
S™.
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8.4. The Serre theorems on homotopy groups of spheres

Under construction.
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CHAPTER 9

Postnikov towers and obstruction theory

9.1. Postnikov tower and Postnikov-Moore factorization

Let Y be a based connected CW-space. The Postnikov tower of Y is a diagram of spaces

where the map Y — (Y has the following property: isomorphism on 7, for all m <k,
whereas 7, (8¢Y") is trivial for m > k. We also say that 8;Y is obtained from Y by killing
homotopy groups in dimensions > k. From the point of view of the Brown representation
theorem, the spaces BrY have a very pleasant definition. (A weakness of this point
of view: it only constructs (Y in the homotopy category and it only constructs the
Postnikov tower as a diagram in the homotopy category.)

DEFINITION 9.1.1. (in the style of Brown’s representation theorem.) The space G;Y is a
representing space for the half-exact functor

X o im[ [X*1 Y], == [X* Y], .

This definition is rather terse. You can read it as follows: a homotopy class of based
maps from X (variable) to 8;Y is the same as a homotopy class of based maps X kY
which can be extended to (a homotopy class of ) based maps X**! — Y. (The extension
XFk+L Y is not specified; it is only required to exist.)

The biggest puzzle with definition 9.1.1 is that it does not obviously describe a (contravari-
ant) functor on 0% . We need to show that a homotopy class of based maps g W - X
determines a a map

res

im[[X*1 Y], — [XF, Y]]

Y

res

im[[W* Y], — [WF YL
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If ¢W — X is cellular, then it is clear how we can use it to define the dotted arrow: by
precomposition with g, restricted to appropriate skeletons. But suppose that f,g:W — X
are two cellular maps in the same homotopy class. Choose a cellular homotopy. The
cellular homotopy restricts to a map from W¥x [0,1] to X k+1 Using that observation, it is
easy to see that it does not matter whether we define the dotted arrow using precomposition
with ¢, or precomposition with f.

We should also verify that the functor described in definition 9.1.1 is half-exact as claimed.
But the verification is unexciting. It is obvious that the functor satisfies the strong wedge
axiom. Suppose now that X = AuB, where A and B are based connected CW-subspaces
of the based CW-space X, and An B is also connected. We can replace X by X' as
in example 6.1.4. Suppose given based maps f:A* - Y and ¢: B¥ - Y such that the
restrictions of f and g to A* n B¥ are homotopic by a homotopy (Mt )tef0,1], and such
that f extends to a map f: A¥*! =Y while g extends to a map §:B¥*! - Y. Then we
have a map from the (k+1)-skeleton of X* to Y given by f on the copy of A¥*! by g on
the copy of B**! and by h; on the copy of (A* n B¥) x {t}. This map and its restriction
to the k-skeleton of X! constitute the solution to our problem.

DEFINITION 9.1.2. (in the style of Postnikov and Moore). The CW-space ;Y contains
Y as a CW-subspace and is obtained from Y by attaching cells of dimension > k + 1 to
kill the homotopy groups in dimensions > k.

This calls for some explanations, too. There is the following more systematic definition,
followed by an existence statement and a uniqueness statement.

DEFINITION 9.1.3. Let f:X — Y be a based map of based connected CW-spaces. A
Postnikov-Moore k -factorization of f consists of a connected CW-space X’ containing X
as a CW-subspace and a based map fr: X’ — Y which extends f and has the following
properties. The inclusion X — X’ induces an isomorphism in 7; for j <k and a surjection
for j = k+1, while f; induces an injection in 7; for j = k+1 and an isomorphism in 7;
for all j>k+1. (The homotopy groups of X’ are then determined as follows: m;(X’) is
isomorphic to m;(X) when j < k, isomorphic to the image of f.:m;(X) — m;(Y) when
j =k+1 and isomorphic to 7;(Y) when j>k+2.)

I like to write s, X for X’ | in view of existence and uniqueness statements below, but
this is probably not standard notation.

ProrosITION 9.1.4. Let f: X - Y be a based map of based connected CW-spaces. A
Postnikov-Moore k-factorization of f exists.

Proor. We construct inductively By (X, a CW-space containing X, and a map

Sro BrreX =Y

extending f, such that the inclusion X — S X induces an isomorphism in 7; for j <k
and a surjection for j = k+ 1, while f;, induces an injection in 7; for j = K+ 1, an
isomorphism in m; for all j such that k+2 < j < £ and a surjection for j = £. These
conditions just start to make sense when ¢ = k + 2 and so the work begins with the
construction of fi x+2 and By x+2X . To construct By r+2X from X we choose a based
map
w \/ Sk+1 X
AeA
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such that the image of the homomorphism in 7,1 determined by u is the kernel of the
homomorphism in 7,1 determined by f. Choose also an extension of fu to a map
Vs \/ Dk+2 Y
AeA

(such an extension exists by the construction of u). Choose also a based map

w: \/ Sk+2 Y

which induces a surjection in m;.o. Let

Bk k+2X = cone(u) v\/ Gh+2

and define fj k2 so that it agrees with w on the wedge of (k + 2)-spheres, with f on
the copy of X and with v when composed with the standard map from cone(source(u))
to cone(u). Note that the inclusion of X in the cone of u induces a surjection in mg 1
(by cellular approximation) whose kernel contains the kernel of f,: w1 (X) > 741 (Y) by
construction, but cannot be bigger (say why), so that cone(u) already has the correct mg.1 .
By taking the wedge with many S**2-spheres we can make 74,2 bigger without changing
m; for j <k+1. We do this in order to end up with a surjection from 2 (,Bf)k,kJrgX) to
me+2(Y), as required.

The subsequent induction steps are like the first one. More precisely, if

froeBreeX —Y

has already been constructed, then we can declare B¢ (X to be the new X and fj . to
be the new f and ¢-1 to be the new k, and repeat the procedure above. The outcome
is Bfke+1X containing By X and fi 1 extending fi .. (Let me explain this in more
detail. Following the instructions we get isomorphisms

7 (Br ke X) — (B ki1 X)
induced by inclusion for j < /-1, a surjection
(*)  me(BrreX) — m(Br ke X),
induced by inclusion, an injection
(x*)  me(Br k1 X) — m(Y)
induced by fre+1 and a surjection
o1 (B k43X ) — 1 (V)

induced by fx ¢+1. But since the composition of (##) and (*) is surjective by construction
(of fr.e), it follows that (*%) is an isomorphism, which is what we want for fg 41 . ) —
When the induction is finished we define

BrieX = BrreX
=k

and we define fj so that it agrees with fr ¢, on By k.. O
REMARK 9.1.5. The Postnikov-Moore k-factorization of a based map
[ X->Y
of based CW-spaces has a uniqueness property. Suppose that
XX 5Y, X->X"5Y
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are two Postnikov-Moore k-factorizations of f. That is, both compositions are equal to
[, and we suppose that the inclusions X - X’ and X — X" induce isomorphisms in 7;
for j <k and a surjection in 7,1, and that the maps X’ - Y and X” - Y induce an
injection in 741 and an isomorphism in 7; for j >k +2. Form

no._ ! "
X=X I_IxX s

the union of X’ and X" along their common CW-subspace X (strictly speaking: the
pushout or colimit of the diagram X' < X < X"). The maps X' - Y and X” - Y that
we started with agree on X and so define a map X" — Y. Make a Moore-Postnikov
k-factorization for that:

XN/ o X/IN - Y

Ezercise: Show that X — X" -V is also a Postnikov-Moore k-factorization of f. (This
can be said to contain the other two that we started with. It follows that the inclusions
X' = X" and X" - X" are homotopy equivalences.)

REMARK 9.1.6. Taking Y = x, we have a unique f: X — Y. We can define 8y X to be the
X’ in a Postnikov-Moore k-factorization X — X’ — Y of this f, to make the connection
with definition 9.1.1 at last.

REMARK 9.1.7. Taking X = « is also a good idea! Let » > X’ - Y be a Moore-Postnikov
k-factorization of f:+ — Y . In this case m;(X") is trivial for j <k+1 and and f: X' - Y

induces an isomorphism in 7; for j > k+2. In particular when k£ =0 the map fi has the
homotopical properties of the universal covering of Y. More to the point, the diagram

*x>Y —»Y

(where Y — Y is the universal covering) is an instance of a Postnikov-Moore 0-factorization.

REMARK 9.1.8. Let f: X - Y be a based map of based connected CW-spaces, let

fr

X=X
be a Postnikov-Moore k-factorization for f and let
X 4o xr s x
be a Postnikov-Moore ¢-factorization for e: X — X', where £ > k. Then

d free

X—X""—">Y

is a Postnikov-Moore {¢-factorization for f. (FEzercise.)
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DEFINITION 9.1.9. Let f: X - Y be a based map of based connected CW-spaces. The
Postnikov-Moore tower (or decomposition) of f is a commutative diagram

i

sz
5f 1X

5f oX

where the lowest triangle is obtained by choosing a Postnikov-Moore 0-factorization of
f, the triangle above that is obtained by choosing a Postnikov-Moore 1-factorization
for X — Bf0X, the triangle above that is obtained by choosing a Postnikov-Moore 2-
factorization for X — 851X, and so on. The naming of terms in the right-hand column
is justified by remark 9.1.8; in particular

B rX

PopP1Pk

X Y
f

is a Postnikov-Moore k-factorization of f.

REMARK 9.1.10. In the case where Y is a point we obtain the Postnikov tower of X .
In that case it does not hurt to delete Y from the diagram and to write ;X instead of

ﬂfﬁkX.

We continue with f: X — Y as in definition 9.1.9. Recall that the relative homotopy
groups of f are defined as the homotopy groups of the pair (cyl(f),X) where cyl(f)
is the reduced mapping cylinder of f. Since cyl(f) ~ Y, we can write the long exact
sequence of homotopy groups of that pair in the form

(X)) L (V) () —2 1 (X) ——> ..

The Postnikov-Moore factorization

X ﬁf,kX fr=pop1-pk %

of f leads to a map of pairs (cyl(f),X) — (cyl(fx),X). That map of pairs leads to a
commutative diagram

e (X)) — () () T (X) ——> ..

N |

..*8>7Tm(ﬂka)H (Y)*)Wm(fk)*)Wm 1(ﬂka)

1%}
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(From that we can deduce:

LEMMA 9.1.11. The arrow mp (f) = mm(fr) is an isomorphism for m < k+1 while m, (fx)
18 trivial for m>k+1. O

In the case where Y = » we have, rather obviously, mn(f) 2 mmn-1(X) and mp,(fx) =
Tm-1(BrX). So the lemma reduces in that case to something we already know: 7,,-1 (8 X) 2
Tm-1(X) for m-1<k and mp,-1(BrX) is trivial for m-1> k.

COROLLARY 9.1.12. For the map py: Bf X — Bfr-1X we have
1 (Pr) 2 The1 (fr) 2 mhe1 (f)
and T, (pr) is trivial for all m+k+1.
PROOF. If we take m =k +1 in the commutative diagram

(Pr)»
oL (B X) " T (B o1 X) — o (1) — Tt (B X) — ...

| l P

o (B X))~ () T (fe) —2 et (B X) — ...

then the five lemma tells us that the arrow labeled a is an isomorphism. (More precisely
the two vertical arrows to the left of a are bijective, the one to the right of a is obviously
bijective and the next one to the right is injective. There is enough group structure to go
around, though perhaps not as much as we assume in the standard formulation of the five
lemma; we can assume k > 1 and therefore m >2.) If m <k +1 then (pg). is surjective
in degree m, bijective in degree m — 1, so that m,,(px) is trivial by exactness of the top
row. If m > k+1 then (pg). is bijective in degree m, injective in degree m — 1, so that
mm (Px) s again trivial by exactness of the top row. O

9.2. One-step obstruction theory

This section is mostly about the problem indicated in the following diagram.

T
e lp

X M

Here X,Y, E are based connected CW-spaces (until declared otherwise) and f,p are based
maps, all given in advance. The problem is to find g. The diagram is meant to be
commutative up to a specified homotopy h = (hy) from pg to f. It is convenient to
formulate the problem in this generality, but we will get the most significant results when
p satisfies a strong condition: there is an integer £ > 1 such that w(p) is trivial whenever

k+/0.

Let’s begin with technical considerations. In the problem just formulated, the data f and
p are given and by a solution of the problem we mean a pair (g,h) consisting of g: X - E
and a based homotopy A from pg to f. The homotopy h = (ht)¢efo,1] is a map from X x T
to Y, where I :=[0,1]. It seems clear that we need to organize these pairs (g,h) into a
space. More precisely we should first define map, (X, E), the space of based maps from
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X to FE, and also map, (X,Y), the space of based maps from X to Y. Then the space
of solutions for our problem is

L(f;p) ={(g,h) e map, (X, E) xmap, (X x I,Y) | ho =pg, h1 = [},
where X x I is improvised notation for the quotient of X x I by the subspace  x I . It
is a subspace of map, (X, F) x map, (X x I,Y). The letter L is used to suggest lift; the
solutions (g,h) are considered to be lifts of f (up to a specified homotopy).

DEFINITION 9.2.1. Let V' be a CW-space and let W be any space. Let map(V, W) be the
set of all continuous maps from V to W. We use the compact-open topology to regard
map(V,W) as a space. That is to say, a subset @ of map(V,W) is considered to be
open if for every e € map(V, W) there exists a non-negative integer ¢, compact subsets
Ki,...,KycV and open subsets Uy,...,Up, c W such that

o e(K;)cUj for j=1,...,¢;

e all ' e map(V, W) which satisfy e'(K;) c U; for j=1,...,¢ also belong to Q.

REMARK 9.2.2. Let P be a compact CW-space. There is a map (of sets)
map (P x V,W) — map(P, map(V,W))

given by adjunction. I hope it is an exercise to show that the map is a homeomorphism.
This is good enough for many purposes. We are very interested in the cases where P = S™
or P=.5"x1 for some n.

The condition that P be compact can be dropped at a price: we must re-define the
topology on P x V in such a way that a subset C' of P x V is closed if and only if
Cn(P'xV") is closed for every choice of compact CW-subspaces P’ c P and V' c V. We
might write P xgw V for this modified product and call it the CW-product, etc. It does
have the universal property of a product in the category of CW-spaces and continuous
maps.

REMARK 9.2.3. It is known that if V and W are CW-spaces, then map(V, W) is homotopy
equivalent to a CW-space. This is shown in an old paper by John Milnor, On spaces having
the homotopy type of a CW-complex. Beautifully written and highly recommended reading.
But I will try not to use this fact.

In that connection, let’s also keep the following in mind. If Z is any space, then there
exists a CW-space Z" and a map Z' - Z which is a weak equivalence. This is an easy
consequence of the Brown representation theorem. (For any choice of base point in Z we
have a half-exact functor [—, Z].. The different path components of Z should be treated
separately, and a base point should be selected in each of them.) We say that Z% is a
CW-replacement for Z. This notion is of course applicable with Z = map(V, W), even
if we don’t know or don’t want to know that map(V,W) is homotopy equivalent to a
CW-space.

EXAMPLE 9.2.4. Our definition of the space of lifts L(f;p) for a diagram
E
lp
X———Y
can be reformulated as follows:
L(f;p) = hofiber y(map, (X, E) re, map, (X,Y)).
And here we define map, (X,Y) etc. as a subspace of map(X,Y).
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DEFINITION 9.2.5. The homotopy pullback of a diagram
B

lg

C—=D
is the space {(z,w,y) € Bxmap(I,D) x C | w(0) = g(z), w(1) =v(z)}. A commutative
square

A—">B
vl

C—=D
is a weak homotopy pullback square if the map from A to the homotopy pullback of g and
v defined by a ~ (u(a),const.path, f(b)) is a weak homotopy equivalence.

REMARK 9.2.6. The homotopy pullback of g and v (notation as above) can also be defined
as follows: replace g by a fibration g': B - D using the Serre construction. Then form
the ordinary pullback of v and g*.

Ezercise. Show that a commutative square of spaces

A—">B

vl

C——=D
is a weak homotopy pullback square if and only if, for every ¢ € C', the map hofiber.(f) —
hofiber,(.)(g) induced by the horizontal arrows u and v is a weak homotopy equivalence.

Ezercise. Let w:Y — Z be a map of spaces. Let X be a CW-space. If u is a weak
equivalence, then the map wo :map(X,Y) -» map(X, Z) is again a weak equivalence.

PROPOSITION 9.2.7. Let

A—=B
! lg
C—=D
be a weak homotopy pullback square of spaces. Let X be a CW-space. Then
map(X, A) —== map(X, B)

l o l

map(Xv C) L> map(Xa D)
is again a weak homotopy pullback square.

PROOF. Let P be the homotopy pullback of C' - D « B and let @) be the homotopy
pullback of map(X,C) - map(X, D) < map(X, B). We need to show that the comparison
map from map(X,A) to @ is a weak equivalence. But @) can easily be identified with
map(X, P). With that identification, the comparison map from map(X, A) to @ becomes
the map from map(X,A) to map(X, P) induced by the comparison map A —» P. It is
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therefore a weak equivalence by one of the two exercises just above, since the comparison
map A — P is a weak equivalence by assumption. O

PRrOPOSITION 9.2.8. Suppose that, in a commutative diagram

EFy———F;

X Yo : Y

of based spaces and based maps, the right-hand square is a weak homotopy pullback square,
and X is a connected CW-space. Then the map

L(fipo) — L(vf;p1)
determined by the horizontal arrows in the square is a weak equivalence.
PRrROOF. Follows from proposition 9.2.7 and the second of the two exercises. O

LEMMA 9.2.9. Let
E
l”
Y

be a map of based connected CW-spaces. Suppose that Y is 1-connected. Suppose that
there exists £ > 2 such that mi(p) is trivial for all k +£; if £ =2, assume in addition that
me(p) is abelian. Then p is part of a weak homotopy pullback square of based connected
CW-spaces

EFE— s F;

T

Yy ——M Y%
where Eq is contractible.

PrOOF. We begin with the commutative square

E —— cone(E)

(9.2.10) jp lq

Y —— cone(p)

where ¢ is the inclusion cone(F) — Y u cone(FE) followed by the quotient map from
Y ucone(E) to cone(p). This square is a first approximation to the solution; the upper
right-hand term is already good (because it is contractible), but the lower right-hand term
is not. Now compose with the Postnikov approximation

u:cone(p) = Becone(p).
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(Recall that Sycone(p) is obtained from cone(p) by attaching cells of dimension > £+ 1
to kill the homotopy groups of cone(p) in degrees > £.) In this way we get

E —— cone(F)

Lp lq
Y — cone(p) —== Bycone(p)

and now deleting cone(p) gives a commutative square

E —— cone(E)

(9.2.11) lp luq
Y —— Bcone(p).

It turns out that this is the solution. In other words, we will now show that (9.2.11) is
a weak homotopy pullback square. Briefly: The Hurewicz theorem (relative case) implies
that in the square (9.2.10), the Hurewicz homomorphism is an isomorphism

Tm(p) = Hm(p)

for m < ¢; only the case m = { is really interesting. (Note, if it wasn’t clear, that the
homology of a map is by definition the reduced homology of its mapping cone.) Similarly
the Hurewicz homomorphism

Tm(q) = Hyn(q)

is an isomorphism for m < £. The map cone(p) — cone(q) induced by the horizontal
arrows in square (9.2.10) is a homotopy equivalence (easy exercise) and so the horizontal
arrows induce an isomorphism Hy(p) - Hy(q). Combining this with what we already
know about the Hurewicz homomorphisms, we conclude that the horizontal arrows induce
an isomorphism
Tl'm(p) - wm(q) = 7rm(cone(p))

when m < ¢. For m > ¢, we know that m,,(p) = 0 and we don’t know much about
about m,,(cone(p)). But this gets much better if we look at square (9.2.11) instead.
For m < ¢ there is no need to distinguish between m,,(q) 2 mp, (cone(p)) and mp, (ug) =
Tm (Becone(p)). Therefore the homomorphism 7, (p) = 7, (ug) is still an isomorphism
for m < £. But for m > £, the homotopy group m,(ug) 2 mm,(Becone(p)) is zero by
definition or construction. Therefore the horizontal arrows in the square (9.2.11) induce
an isomorphism

T (p) — T (ugq)
for all m (in particular, for m > ¢ because any homomorphism between two groups which
are zero is an isomorphism). It follows (by one of the exercises) that square (9.2.11) is a
weak homotopy pullback square. O

REMARK 9.2.12. The space Y7 in lemma 9.2.9 is an Eilenberg-MacLane space, with only
one possibly nontrivial homotopy group in degree ¢. That is so because

T (Y1) 2 T (p1)
since F; is contractible, and
Tm (P1) T (p)
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since the square in the lemma is meant to be a homotopy pullback square, and 7, (p) is
trivial except possibly for m = ¢.

Let’s return to our obstruction theory problem

T
et lp

X M

stated at beginning of section, m,,(p) nontrivial only for m = £, where £ is fixed. If Y
happens to be 1-connected and ¢ >3 or £ =2 and my(p) is abelian, then proposition 9.2.8
and lemma 9.2.9 reduce this to the special situation where E is contractible and Y is
consequently an Eilenberg-MacLane space. We now assume all that and write out the
solution.
A first step is to reduce one more little step to the case where p: F — Y is the inclusion of
the base point. (Justify this by applying proposition 9.2.8.) The map f then corresponds
to a cohomology class

kpe H(X;Q)
where G = m(Y). The space L(f;p) is nonempty if and only if f is nullhomotopic, if
and only if kf=0e HY(X;G).
If L(f;p) is nonempty and we select an element z = (g,h) in it, then g is uninteresting
and h is a nullhomotopy for f. It is not difficult at all to use the nullhomotopy h to make
a homotopy equivalence from L(f;p) to L(e;p) where e: X - Y is the zero map.
Now L(e;p) simplifies to Q(map, (X,Y)). Here QZ := map, (S*,Z), for a based space
Z . (Name: loop space of Z.) In this way, since Y is still an Eilenberg-MacLane space,

7"-m(L(eyp)) [STvQ(map*(XaY)]* [:gl /\vamap*(va)]*
[S™ A X, Y], HY(S™ A X @) H™Y(X;Q).

Il
1 1R

112
112

In all, we have a fairly good understanding of L(f;p).
REMARK 9.2.13. The combined isomorphism
Tm(L(f3p)) 2 mm(L(e;p)) 2 HH(X;G)

which we have constructed depends on a choice of based homotopy h from f to the
constant map e. Let’s call it J, therefore. If k is another homotopy from f to the
constant based map, then the concatenation of A and the reverse of k is a based map
from S'A X to Y, where S! appears as a quotient of an interval such as [0,2]. This
corresponds to an element 6(h,k) of H*(S' A X;G) = H"1(X;G). By inspection, the
bijective map

- gt -

A1 (X G) o o (L(f3p)) — = H (X )

is the identity when m > 0 and is given by addition of §(h,k) when m =0.

9.3. Many-step obstruction theory

This section consists only of a few words on how you are supposed to combine the science
of the Postnikov tower (or the Postnikov-Moore factorization) with one-step obstruction
theory to obtain something more generally applicable.



9.3. MANY-STEP OBSTRUCTION THEORY 7

EXAMPLE 9.3.1. Suppose that X and Z are based connected CW-spaces. (The letter Z
is used to avoid confusion with Y in the previous subsection, but it is not supposed to
remind you of the set of integers.) Suppose that Z is simply connected, that is, m1(Z)
is trivial. Suppose that X is finite-dimensional, X = X™. We ask: what does the set
[X, Z]. look like. It is a good moment to remember the Postnikov tower of Z:

i

BsZ

|

B2

}
B1Z =

/ i
Z BoZ =%

This determines a diagram of sets (with base point)

[X.Z]
)
X, @LZ]*
(X 522,
!

:

(X, 5:2].
X, gQZL
X, glz]*

l
*

At the top of this diagram, we have [X,Z]. = [X, 8, Z]« by the description of 3,,Z in
definition 9.1.1. The obstruction to climbing from [X, Bx-1Z]. to [X,BrZ]. is described
by an exact sequence

[X’Bkz]* - [X75k—1Z]* —)Hk+1(X;7TkZ)

so that an element in [X,Bg_1Z]. comes from [X, B;Z]. if and only if it goes to zero in
HMY(X;m,Z). Also, if ¢:X — (. Z is any based map, then we have a surjection

H*(X;m,Z) — preimage of [prg] under [X, BrZ]. - [X, Be-1Z]. .

We get this from the previous (sub)section by substituting pg:fxZ — Bx-1Z for what
was called p: E — Y there. It is allowed because pp:BxZ — Br-1Z has a single nonzero
homotopy group, by the construction of the Postnikov tower. It sits in dimension k + 1
and is isomorphic to m,(Z). The surjection above comes from writing f := prg . Then
we have a bijection mo(L(f;pr)) = H*(X;7,Z) as in the previous subsection. It should
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be clear that there is a forgetful map 7o(L(f;pr)) = [X, BxZ] whose image is exactly the
preimage of the element [prg] under the map [X,SxZ]. = [X,Br-1Z]+«. Unfortunately
this surjective forgetful map is not always bijective.

EXAMPLE 9.3.2. Here is a long story to show that ... this surjective map is not always
bijective. Maybe I am writing this mainly for my own education. It is a little over the top,
to use a good English phrase.
Take X = CP? and Z = S3. This is a situation where [X, Z], can be determined without
obstruction theory, although some knowledge of homotopy groups of spheres is required. It
helps to know that 74(S®) = Z/2 and it helps to know that the suspension homomorphism
73(S?) - m4(S?) is surjective. We will learn some of that in the next section.
Use the standard CW-structure on X = CP? where X° = X! is a point, X? = X? = CP!
and X% = CP2?. Use the standard structure on Z = S%, too, where Z° = Z' = Z% is a
point and Z3 = S3. Any based map from X to Z is homotopic to a cellular one, and a
cellular map must have the form of a composition X - X/X? —» Z, where X — X/X?>
is the quotient map. Since X/X? = §% and since [S%, 5], = m4(S?) has only two
elements, this means that [X,Z], has at most two elements. We get the two candidates
by using representatives S* - S? for the two elements of 74(S%), and pre-composing with
the quotient map X — X/X2 = S§*. But it turns out that the result is in both cases
nullhomotopic as a based map X — Z. (Idea for that: there is an exact sequence of
pointed sets

[S*A X2 7], —=[X/X?%, Z], —[X, Z].
where the map on the right is the one we have seen, induced by the quotient map X —
X/X?2. The other map is determined by the inclusion of X/X? in cone(X — X/X?) and
uses the observation cone(X — X/X?) ~ S' A X2, a special case of a general fact. With
the identifications X/X? = §* and S' A X? = 83 that map X/X? — S A X? becomes
the suspension of the attaching map S3 — S2? = X2 for the unique 4-cell of X ; again a
special case of a general fact. That attaching map is the Hopf map and its suspension
is therefore the nontrivial element in 74(S5%). It follows that the left-hand arrow in the
above “exact sequence” is onto and the other one is therefore trivial by exactness. The
exact sequence is of course also a special case of a more general construction, called the
Barratt-Puppe sequence.) Summarizing, [X, Z]. has only one element, represented by the
constant based map X —» Z.
But now let us try to compute [X,Z]. using obstruction theory. We can begin with
[X,B3Z]+. The space (37 is an Eilenberg-MacLane space K(Z,3), so [X,83Z], must
be in bijection with H?(X;Z) which is however = 0 as a group. So [X,33Z], has only
one element. So the preimage P of that one element under the standard map

[X,B42] — [X, B5Z].

is all of [X,B34Z]. , and that means, it is all of [X,Z], since X is 4-dimensional. So
that preimage P has only one element by the above calculation of [X,Z].. BUT ob-
struction theory gives us a surjection from H*(X;74(Z)) to P, and now H*(X;m4(Z)) =
H*(X;Z/2) = Z/2 has two elements. So that surjective map is not bijective.



CHAPTER 10

Spectral sequences

10.1. Definition and some general facts

Spectral sequences were invented by Jean Leray (mid- to late 1940s), and it is said that
Jean-Pierre Serre made them prominent. They are not as bad as you have been told. It
is not clear that the notion of spectral sequence comes with a genuine definition. But here
is an attempt.

DEFINITION 10.1.1. A spectral sequence is a sequence E',E2,€3,... of chain complexes
(graded over Z) together with specified isomorphisms

v H(ET) = €
forall jeZ and r>1.

(Notation: £ is the j-th chain group of the chain complex £".) In words: the homology
of the chain complex £" is identified with the graded abelian group obtained from the
chain complex £"*! by forgetting the differential. We will see that this definition does not
give a sufficiently detailed picture. In most examples the chain complex £ is a direct sum
(again indexed by the integers) of chain subcomplexes and the isomorphisms vj set up a
complicated relationship between the preferred splitting of £ and the preferred splitting
of £™1. But as a starting point, definition 10.1.1 is not all bad.

Spectral sequences usually arise in connection with a filtration of a space by subspaces, or
a filtration of a chain complex by chain subcomplexes. Let’s focus on chain complexes (of
abelian groups) to begin with. A filtration of a chain complex C' is an ascending sequence
of chain subcomplexes

L.C(-2)cC(-1)cC(0)cC(1)cC(2)cC(3) ...

with the properties
Ucs)=c, C(s) = 0 for some s

(usually C(s) is zero for s <0). The task is, roughly speaking, to express the homology
groups of C in terms of the homology groups of the subquotients C(s)/C(s—1). That is
what spectral sequences are good for.

NoTATION 10.1.2. C(s,t) :=C(s)/C(t) for t < s.

More precisely, we are dealing with two families of abelian groups. The first of these
consists of the groups
Ssl’t = He 1 C(s,8-1) s,te’l
and we pretend that we know it. The second family consists of the groups
£ _ im(Hs+tC(S) - s+tc)
st im(Hs+tC(s -1) > Hs+tC)

79
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(where the arrows are induced by inclusion). These are subquotients of the homology
groups of C'. We pretend that we want to know them. If we did, we would know H,.C up
to “extension problems”. To repeat—the task is

express all of the groups £J5 in terms of all of the groups 5s{t.

We introduce some notation for some subgroups of Hs;C(s,s-1) = Ssl’t:

Zgy: = im(Hy C(s,s - 1) > HetC(s,5 - 1)),

Bg,: =ker (HetC(s,s-1) > HyC(s+7r-1,5-1))

= im(a tHg441C(s+r—1,58) > He C(s,5 - 1))
for r>0 (allow r = co also). Important exercise: show that
- c By, CB;:l-u cB&cZy-c Z;;l cZi,c...
LEMMA 10.1.3. There are preferred isomorphisms
u: ZsT,t/ZsT,;l - B;::,t+r—1/Bg—r,t+r—1 :
PRrROOF. The idea is that we represent an element x of ZST,t/Zsrjgl by an element x;

of Zg; which in turn we represent by an element z; of Hs,;C(s,s~r); see the definition
of Z{ ;. Then we apply the boundary operator

(10.1.4) 0:HetC(s,8-1) — Hgpy1C(s—r,s—1-1)
associated with the short exact sequence of chain complexes
(10.1.5) C(s-r,s=r-1)>C(s,s—-r-1)—>C(s,s-71).

We get 971 € im(9). Now we note that this im(9) is exactly Bi*} ., ;. In more detail,
the source in (10.1.4) can also be written in the form

H(sf'r‘)+(t+r71)+1c((8 - T) +7r,s- T)
and the target can be written as H(_,);(t+r-1)C(s-7,8—-r~1). Therefore 0z, in im(0) =
B;fi)t +r—1 Tepresents an element

U(l‘) = [ai‘l] € ngrl, t+r—1/B§—r,t+r—1'

Now let us show that u(z) := [0Z1] is well defined. By linearity of the construction, it is
enough to show that if
ez ey,
then
071 € Bg—r, t+r-1 © B::rrl t+r-1

as long as we follow the instructions for choosing z;. Indeed, x; € Z;}l implies that
T1=y+z€Hg C(s,8-7)

where y comes from H,,;C(s,s—r-1) and z maps to zero in Hs,;C(s,s—1), and therefore
comes from Hg ;C(s—1,s—r). The homomorphism (10.1.4) takes y to zero, by exactness
of the long exact sequence associated with (10.1.5). The homomorphism (10.1.4) takes z
to an element of

im(0: HeutC(s—1,8—1) — Hypy1C(s—1,s -1 - 1)) = Byt i1

This convinces us that u is well defined! Injectivity of u: if 0Z; belongs to By, ;1,1 »
then it is in the image of

0:Hg 1 C(s=1,8s—1) — Hg ;1 1C(s-r,s—1r-1)
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and so T1 =y + 2 € HgyC(s,s — 1) where z comes from Hz;C(s-1,s—7r) and y comes
from H¢,1C(s,s -7 —1). Passing from Z; to xy € Z{,, we see that the contribution of
z is zero and the contribution of y lands in the subgroup Z;“;;l. Therefore when we pass
from z; to z, the element y also contributes zero. This establishes the injectivity of w.

Surjectivity is an exercise. O
DEFINITION 10.1.6. Put &, = Z{,/B;,. The differential d = d" on £" has the form

- ” . s
st — Eg_rtir—1 and is defined as a composition

X proj
77 | BT Al Zr+1
_—
s,t/ s,t s,t/ s,t

;lu
incl.

r+1 T T Is
Bs—r,t+r—1/Bs—r,t+r—1 Zs—r, 1&+7~—1/Bs—r7 t+r—1

Note that the first arrow in this composition of three is surjective and the other two are
injective, so that the kernel of the composition is the kernel of the first arrow:

. 7T T T T _ rr+l T
ker (d Zs,t/Bs,t s—r,t+7‘—1/Bs—r,t+r—1) - Zs,t /Bs,t'

Similarly, the last arrow in the composition of three is injective and the other two are
surjective, so that the image of the composition is the image of the last arrow:

: . 7T T r r _ pr+l r
lm(d Zs,t/Bs,t Zs—'r, t+r—1/Bs—r, t+7‘—1) - Bs—r, t+r71/Bsfr, t+r-1-

On the basis of these little observations it is easy to verify that d"d” = 0, that is, the
composition of

d d
(1017) sr+r,t—r+1 - g;,t - g;—r,t+r—1
is zero (because the image of the first arrow in this composition of two is contained in the
kernel of the second arrow). Moreover, we can see immediately that kernel of the second

arrow modulo image of the first arrow in (10.1.7) becomes

r+1 T

s,t st r+1 r+1
(10.1.8) W = Zs,t /BS,t .

s,t s,t

This makes good on the promise expressed in definition 10.1.1 that the homology of £"
(with differential d = d") should be identified with £ (without differential).

Note also that we now have two definitions of £7%, one given in the first sentence of 10.1.6
and one given earlier, right after 10.1.2. They are however isomorphic (exercise). This
will be very important in the coming paragraph.

Finally, it is clear from the definitions that £73' is a subquotient (quotient of subgroup)

of &, but what is the exact relationship between £7, and £ 7 From the definitions,
Zg 4 becomes independent of r for large r, in which case E;}l is simply a quotient of
&s - Furthermore By is the union of the increasing sequence of abelian groups By ,. It
follows that we can think of £ as the direct limit (in the sense of category theory) of a
sequence of surjective homomorphisms of abelian groups

T r+1 r+2
st gs,t g gs,t o
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where r should be taken big enough so that C(s—-r) = 0. This is enough justification
for saying that the spectral sequence converges to the homology C'. A standard (but
informal) way of writing this would be

Ssl,t:Han(&S—l) = H..C.

In our main example, Z{, is independent of r if 7> s and By, is also independent of r
as soon as r >t + 1. In this situation we can say briefly that £, = Z7 /B, is the same
as £ for r>max{s,t+1}. That is a much easier kind of convergence.

Time for some pictures:
83*: P<— 0 <0< 0<0<-0<-0<-0<—0<—0
P<—0 <— 0 <— 0 <0 <—0<—0<—0<—0<—0
P<—0 < 0 <— 0 <— 0 <0 <—0<—0<—0<—0
0 <—0 <— 0 <— 0 < 0 <— 0 <—0<—0<—0<—0
P<—0 <— 0 <— 0 < 0 <—0<—0<—0<—0<—0
0<—0 <— 0 <— 0 <0 <—0<—0<—0<—0<—0
0<—0 < 0 <— 0 <— 0 <0 <—0<—0<—0<—0

O<—0 <— 0 <— 0 < 0 <— 0 <—0<—0<—0<—0
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The following problem is important because it shows that what we have seen so far in
this section is an enhanced version of the long exact homology sequence of a pair of chain
complexes.

EXERCISE 10.1.9. Suppose that the filtration of C' has only two stages; i.e., suppose
C(-1)=0 and C(s) =C(1) for all s> 1. Then all we have is a chain complex C(1) and
a chain subcomplex C(0) c C(1). What is &}, , what is £, what is the differential on

£l , what is £2_, what is the differential on £2_, etc. ?

*% ) *%x )

Unfortunately I just found out that the above discussion (spectral sequence of a filtered
chain complex) is not abstract enough to be really useful for us, and so I have to generalize
it slightly. A more general way to obtain a spectral sequence is to start with an ezact
couple. This is a very clever definition due to W. Massey. It’s going to get a slightly
sketchy treatment here, but it deserves better!

DEFINITION 10.1.10. An ezact couple is a diagram of abelian groups

A—* o4

N

(not intended to be particularly commutative) which is ezact at each vertex.

ExampLE 10.1.11. The standard example that one should have in mind is one that we
know very well, as follows. For a filtered chain complex C = C(o0) with chain subcom-
plexes C(s), as above, we set

Asﬁt = Hs+tc(8)7 Es7t = gsl,t = Hs+tc(5a S = 1)
Let A=@®;;As: and E:=@,, Es;. Let i:A - A be given on the summand A,; by the
inclusion-induced map

As,t = Hs+tC(5) - Hs+t0(5 + 1) = As+1,t—1 = A )

let j: A - E be the map induced by the projections C(s) - C(s,s—1) and let k be the
map induced by the boundary operators

0:H,C(s,s—1) > H, 1C(s-1).
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Returning to definition 10.1.10, we make the following observations. Firstly, there is a
homomorphism E — FE given by jk. This is a differential in the sense of (jk)(jk) =
0. Therefore E becomes a differental abelian group (like a chain complex without the
grading). Next, an exact couple has a derived exact couple

\7‘“

where E? is the homology of E with differential jk, that is, ker(jk)/im(jk), and A° =
im(i: A - A). The new arrow k° is fairly obviously determined by the old k, but beware,
the new j° is less obviously defined so that 5°(i(a)) = j(a) (check that this is well defined).
Showing that this is again a derived exact couple is an exercise. Therefore we can repeat
this process as many times as we like. Writing £' instead of F, then £2? instead of E°,
then £3 instead of (E?)? etc., we get a sequence £, £2 , £3 of differential abelian groups
such that ™! is (exactly) the homology of £”. This is therefore a spectral sequence as
in definition 10.1.1, except for the absence of a grading. (But we can add gradings as
needed.)

If you take the exact couple of example 10.1.11, then you have a bi-grading on A and F
and the spectral sequence that you get from the exact couple turns out to be identical with
the spectral sequence that we constructed previously, more by hand. There are many little
exercises concealed in this claim! In particular, we are led to the following definitions by
comparing the exact couple construction of a spectral sequence with the earlier pedestrian
construction for a filtered chain complex. Given an exact couple as in definition 10.1.10, let
Z" be the subgroup of E which is the pre-image under k of the image of the (r-1)-fold
iteration of i (so that, for example, Z! = E). And let B" be the subgroup of E which
is the image under j of the kernel of the (r —1)-fold iteration of i (so that, for example
B! =0). These definitions should be in agreement with our earlier definitions of Z st and
By, ... and in particular it should be true, in the general setting of exact couples, that

& ~7"|B".

10.2. The spectral sequence associated with a fibration

We now come to the first serious example (and for this course, also the last) of a spectral
sequence: the Serre spectral sequence of a fibration. There are actually two variants, one
for homology and one for cohomology, but we begin with the homology variant. So let
p: X - B be a fibration, and assume that B is a simply connected based C'W -space.
We make no special assumptions on the fibers. If you know something about singular
homology: let C' be the singular chain complex of the total space X, and let C(s) be
the singular chain complex of p~!(B?®), where B® is the s-skeleton of the CW -space
B. So you have a filtered chain complex, and you can put this into the machine which
makes a spectral sequence out of a filtered chain complex. If you have another definition
of homology in your head, not based on chain complexes, then you can proceed as follows:
set up an exact couple (with bigrading) where A, is Hg (p71(B?%)) and E; is

Hqut(p™H(B*) [p™H(B*)).

(Remember that / is our notation for the mapping cone of an inclusion.)
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Let’s find out what the £, term of this spectral sequence is. This amounts to calculat-
ing the homology of p~1(B*)[p~t(B*™') for all s. Let F = p~1(*). Fix s and choose
characteristic maps
L)0)\:(1)5’81)5) N (Bs,Bs_l)
for the s-cells of B. Let zy = ¢,(0) and F, = p!(2). Any choice of path 4:[0,1] —»
B from z, to the base point determines an invertible element of [F,,F]. Indeed the
homotopy lifting property guarantees that there is a homotopy (g:: F. = X)0,1] such
that go is the inclusion and pg; is constant with value v(¢), for all ¢ € [0,1]. Therefore g;
is essentially a map from F, to F. (Ezxercise: show that this is well defined, i.e., depends
only on 7 but not on the lift (g;).) Then, since B is simply connected, the element of
[F.,F] so constructed does not depend on the path « either. In the same way, we can
use the HLP for the fibration ¢} X — D*® (with contractible base space D?) to show that
the pair
(P2 X, 3 Xlap-)

is homotopy equivalent to (D*® x F,0D® x F'). By excision for mapping cones, we have

pY(B) (B ﬁ\)\/@;X//SO;XbDS g\)\/(szF)//(aDSxF) g\)\/Sj:lf.

Therefore the term 551’t is identified with

. S x F ~ Sex F
Hs+t (\/ - );@Hs+t(xF,)

N *x F Y * X

112

D H(F).
X
This proves the following:

LEMMA 10.2.1. In the Serre spectral sequence for the fibration p: X — B, the term Eslyt 18
identified with C(B)s ® Hy(F'), where C(B) is the cellular chain complex of B.

This leads to a guess for the differential d*.
LEMMA 10.2.2. In the Serre spectral sequence for the fibration p: X — B, the differential
dl;E;,t - Esl—l,t

agrees with the standard differential C(B)s ® Hi(F') - C(B)s-1 ® Hi(F'), i.e., the differ-
ential in the cellular chain complex of B tensored with Hy(F').

SKETCH PROOF. Choose a g-cell in B and a characteristic map
¢ (D7,0D) - (B, B"™")

for that cell. Then we have a commutative diagram

%) ©* X|opa o* X — ©'E

| | | |

w——p (BT?) ——p (BT ——p {(BY) —=p (BT) —

In the lower row we see the filtration of X which we used to make the Serre spectral
sequence for p: X — B. In the upper row we see a filtration of ¢*X which can also use to
make a spectral sequence; let’s write

(@;’t)r,&t
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for that. Here we clearly have &}

st =0 except when s =g or s=¢-1; and we have

Dy, = Hy(F), D142 Hy1 (ST x F) 2 Hy(F) © Hy_1.14(F) .

q
It is not hard to see that the d' differential

1 1
‘@q,t gq-1,t

is given by the inclusion of H;(F) in the sum H(F)@® Hy-1++(F). By naturality, the
diagram above induces a morphism of spectral sequences

r r
—
(957t)r,s,t (53at)r,s,t .

This takes 9, = H,(F) isomorphically to the summand of
£, 2C(B),® Hi(F)

q,t =

which corresponds to the cell A. Therefore we can read off what the differential d* on
quyt does on that summand. O

COROLLARY 10.2.3. In the Serre spectral sequence for a fibration p: X — B, the £%-term
s given by
E2, = Hy(B; Hy(F)).

s,t =

ExAMPLE 10.2.4. (See also Fuks-Fomenko-Gutenmacher, Homotopic Topology.) For n >0,
let’s try to calculate the homology of SU(n) (the topological group of unitary complex
n x n-matrices with determinant 1). For this we observe that the evaluation map

pn:SU(R) — S*"1 5 p(A) = Aey e St cC”

(where e; is the well-known standard basis vector) is a fiber bundle with fibers homeo-
morphic to SU(n—1). (Proving this is an exercise. But it is clear that the fibers are as
claimed: for v e S?"71 the fiber p~*(v) consists of all unitary n x n matrices of determi-
nant 1 sending e; to v.) We now try to use our spectral sequence and induction. The
fibers of the fibration py are homeomorphic to SU(1), which is a point, so

SU(2) = S?
which in particular calculates the homology. Next we have
p3:SU(3) — S°

with fibers homeomorphic to SU(2) = S®. This means that the £2, term of the Leray-
Serre spectral sequence for this fibration looks like this:

0 0

coocococoo
cocoocococococo
coNooNoo
cocoocococococo
cocoocococooco
coocococooo
coocococoo

coNocOoONoo
coococococoo
coococococoo
cocoocococococo

with the nonzero terms in positions (0,0), (0,3), (5,0), (5,3). It follows immediately
that the differentials on €2, as well as those on £2,, £4, etc. are zero, so that

*% 7 * %

2 . goo
g**:g**
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(the spectral sequence collapses). We conclude that
H,(SU(3)) = H, (5 x S%)
(but it is not claimed that SU(3) ~ S x $°). Next we have
pa:SU(4) — 57

with fibers homeomorphic to SU(3). This means that the £2, term of the Leray-Serre
spectral sequence for this fibration looks like this:

0 000

coococoOOoCOoCOoCOoCOOoOOO
e R N New N ew Nen el Nen Nen e W)
coNOCONONOocONOO
= R N New N ew Ren Wew N e NenNen e Wew)
coocococococoOoO0OOoO
coococoococoocooO
coocococococoocoocoo
coocococococococoocoo
coocococococococococoo
coNoOoONONocONOO
cCoococOoOoCOoCOoCOoCOOOO
= R N e N Rl e New e e W B e Re)
= R N e N e Ren e N ew Nen Wen Wen WeawRew)

with the nonzero terms in positions (0,0), (0,3), (0,5), (0,8), (7,0), (7,3), (7,5),
(7,8). Again you can easily convince yourself that none of the differentials on £2,, £3,,
E4  etc. has a chance to be nonzero. Therefore

H,(SU(4)) 2 H,(SU(3) xS") = H,(S>x S° x §7).

One might hope that this will go on forever. Let’s try one more time: The £2, term of
the spectral sequence for ps looks like

0

[ R R R R W Wew Nean Ren e Nean Wen lew Rean e Waw Baw N e e e
e R N N N e el el o N e W N R W el e W e W W W o W)

coNOCONONONNONONocOoNOoO
= R N N N ew Wen e N o N e lew el el o Wen W W W e W Wen)
=R N R N ew e el e N W lew Rl e i e Wen W e W W e W We)
[ RN N N ew Nen e Neaw Nen e Nen Wen N e l e Wen e law W e Rean Ren)
[ R N R e We W e Neaw Nen e len el aw N e Ren e law N aw Rean Ren)
[ R R R N W law New Ren e Ben Wew law law Wen e law N aw e Ren)
[ R R R R We Waw New Nen e Ren Wen law eaw e aw law N aw e e
[ R R R R N Wer Nean Ren e Nean W law Neaw e Weaw o N o e e
[ RN N N R e N o N ol el aw l e Wen e law N el R
coNOCONONONNONONocOoNOoCO
=R N e N e Wen e N ew Nen W lew el el o Wen W e W W e Rean Wen)
=R N N N ew e e N o N e lew el e i o Wen W W W e Rean Wen)

and we have a problem. Namely, there are two differentials in the spectral sequence which
could be nonzero: they would be in the £2, term, from position (9,0) to position (0,8)
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and from position (9,7) to position (0,15). So our argument breaks down. All we know
is that
H,(U(n) = H, (8" x 8% x .- x §2n71) forn<4.

For the cases n >4, we need better equipment.

10.3. Some remarks on filtered spaces

As a preparation for the cohomology version of the Serre spectral sequence, we need to
develop the elementary theory of filtered spaces. (I leave out some proofs for lack of time.)
Generally speaking, if we have a definition of homology/cohomology (also generalized
forms) in mind which does not rely very much on chain complexes, then it is no longer
appropriate to pretend that spectral sequences arise mainly in connection with filtered
chain complexes. Instead we can take the view that spectral sequences arise mainly in
connection with filtered spaces and homology or cohomology theories.

DEFINITION 10.3.1. A filtered space is a space X with a sequence of subspaces X(s),
where s €Z, such that X(s) c X(s+1) for all s.
Let us say that a filtered space X (with distinguished subspaces X(s) for s € Z) is
well-filtered if the following conditions are satisfied:
e there is some s € Z such that X(s) = @;
e the inclusion X (s) - X(s+1) is a cofibration, for all s € Z;
e X =U,X(s) and X has the direct limit topology with respect to the subspaces
X (s), so that a subset V of X is open in X if and only if V n X(s) is open in
X (s) for every s.

ExaMPLE 10.3.2. If X and Y are filtered spaces, with distinguished subspaces X (s) and
Y (s) for seZ, then X xY has a preferred structure of a filtered space in the following
way:
(X xY)(s):= U X(p)xY(q).
p+g<s
Suppose now that X and Y are well-filtered. Does it follow that X xY with this preferred
filtration structure is also well-filtered? That would be nice but I don’t know.

DEFINITION 10.3.3. Let X and Y be filtered spaces. A morphism (or filtered map) from
X to Y is a continuous map f from X to Y such that

f(X(s)) cY(s)
for all s € Z. Two filtered maps f,¢9: X — Y are filtered homotopic if there exists a
homotopy (hi: X — Y)ie[0,1] such that ho = f , hy = g and each h; is a filtered map
from X to Y. A filtered map f: X — Y is a filtered homotopy equivalence if there exists
a filtered map ¢:Y — X such that gf and fg are filtered homotopic to idx and idy |,
respectively.

ExAMPLE 10.3.4. Let p: X — B be a fibration, where B is a CW-space. Let Bt be the
telescope associated with B and the filtration by skeletons. This is the space

[0,1] x Bu[1,2] x B' U[2,3] x B%...

which is also a CW-space in an obvious way. There is a projection By — B. It is an
exercise to show that this is a homotopy equivalence (for example by showing first that
it is a weak homotopy equivalence). But the situation is a little better. Let ¢p from
Br to [0,00[ be the obvious projection. Then Br is filtered by subspaces Br(s), the
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preimage(s) of [0,s] under ¢p , where s =0,1,2,... . The map Br — B is then a filtered
homotopy equivalence of filtered spaces. Similarly, let X7 be the telescope associated with
X and the filtration by subspaces X (s). This is the space

[0,1]x X(0)u[1,2] x X (1) u[2,3] x X(2)...
where a subset U is considered open if its intersection with [k, &k + 1] x X (k) is open,
for every k. Let qx from Xt to [0,c0[ be the obvious projection. Then Xy is filtered
by subspaces Xr(s), the preimage(s) of [0,s] under ¢3'. Moreover Xr is clearly a
well-filtered space. 1 believe that the commutative square

XT4>X

|

BTHB

is a pullback square in the category of topological spaces. Therefore, using the homotopy
lifting property, and the fact that the lower horizontal arrow is a homotopy equivalence of
filtered spaces, we can easily deduce that the upper horizontal arrow is also a homotopy
equivalence of filtered spaces. Conclusion: although there is not much evidence that X,
with the filtration by subspaces X(s) = p~1(B®), is well-filtered, we can say that X is
filtered homotopy equivalent to X7 , a well-filtered space.

10.4. Cohomology version of the Serre spectral sequence

Let us now look at the cohomology version of the Serre spectral sequence for a fibration
p:X — B. As in the homology case, we take the view that it is about a space with a
filtration to begin with, the space X with subspaces X (s) = p~1(B*). Roughly as before,
we set ourselves the task to compute H*(X) or something close to it, and we pretend
that we know

H*(X(s)[X(s-1))
for all s. More precisely, we are interested in the filtration subquotients of the filtration
of H4(X) given by subgroups im(H%(X [X(s-1)) > HY(X)). Still more precisely:

im(H*(X X (s-1)) > H*(X)) _ ker (H**'(X) » H*"(X(s-1)))
im(Hs+(X X (s)) - Hs* (X)) ker (H**t(X) — H5*(X(s)))

We can set up an exact couple
A— 1 A
k
J
E

as follows. Let E*' = H**'(X(s)[/X (s-1)) and put E = @, ; E*". Let A>" = H**'(X | X (s-
1)) and put A = @ A**. Note that this is a little surprising; you might have expected
that we take A% to be H**'(X(s)), but no. The map i is the map

As+1,t—1 — Hs+t(X//X(5)) N Hs+t(X//X(S_ 1)) — As,t

induced by the inclusion of mapping cones X [X(s-1) - X[X(s), and the map j is
given by restrictions

A= HSN (X X (s - 1)) — H**'(X(s)[X (s -1)) = E*".

St _
EZ =

(10.4.1)
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The map k is a boundary map given by

81 Es,t _ Hs+t(X(S)//X(S _ 1)) N Hs+t+1(X//X(S)) _ AS+1’t
induced by X/X(s) = «JX(s) 2 S' A X(s) = S A (X(s)[X(s-1)). Beware that the
grading behavior is somewhat different from what we have seen before.

REMARK 10.4.2. If B is simply connected, then we have a preferred homotopy class of
homotopy equivalences from X (s)/X(s—1) to V\(S® x F)/(* x F'), as noted before. It
is also very useful to note that

H*"'"(X[X(s-1))=0ift<0.
To show this replace the filtered space X by Xr as in example 10.3.4. Given an element in
H*"(Xp|X7r(s-1)) 2 H' (X1 /X7(s-1)), represent by a mapping cycle (for example)
and try to construct a nullhomotopy for it. Construct this on Xr(s+k)/Xr(s—-1), by
induction on k. The obstruction in each step is an element of

5 XF);]:[Ht(F):O,

* x F
so that there is no obstruction. (Most important point here: when the induction is com-
pleted, the partial nullhomotopies defined on X (s + k) for all k define a nullhomotopy
on XT )

HY(Xp(s+k)/Xp(s+k-1)) = fIS”(\/\/

Now we are in good shape for a discussion of convergence of the spectral sequence. Let
Z, = k71(im(i"1)) ¢ E as before (except for the positioning of the r in Z,.) and B, =
j(ker(i"')) ¢ E as before ... and write &, = Z,./B,.. Superscripts s,t can be added as
needed. Since X(s) = @ for s < 0, it follows that B3’ is independent of r as soon as
r > s, so that £ is a subgroup of £3* for r > s. Since H**'(X(s)/X(s-1)) =0 for
t <0, it follows that Z5' = Eg; nker(k) for r > ¢t + 1, which is also independent of 7.
Therefore we can say that £5f = €5t for r > max{r,t+1}.

Now there is an additional problem: we want products. Massey wrote a paper on this
(Annals of Mathematics, 1954), explaining what kind of additional structure we need on
an exact couple to get a spectral sequence with products. His paper is about internal prod-
ucts, but I understand it better with external products. So I have adapted his arguments
just a little. Let

A(p) d A(p)

E(p)

be an exact couple, where p = 1,2,3. The goal is to say what we mean by an external
multiplication from exact couple number 1 times exact couple number 2 to exact couple
number 3. To start with, the multiplication only relates F(p) for p = 1,2,3. This is
enough to give us external products relating the three associated spectral sequences. We
assume a bi-grading in each of the three exact couples as in our example (10.4.1). We
assume bilinear (bi-additive) maps

(10.4.3) E(1)P1 x B(2)%" — E(3)Pr5at
for which we write (x,y) » x -y where possible. Massey asks: what condition should we

impose on these products to ensure that these bilinear maps induce similar maps on the
derived exact couples? Here is his condition.




10.4. COHOMOLOGY VERSION OF THE SERRE SPECTRAL SEQUENCE 91

DEFINITION 10.4.4. The product (10.4.3) satisfies condition p, if, for z € E(1)»? and
y € BE(2)>" and a € A(1)P**14™ and b e A(2)*""* L™ such that k(z) = i"(a) and
k(y) =i™(b), there is ¢ e A(3)PTs++hatt=n qych that

k(z-y)=i"(c) and  j(c)=j(a)-y+(=1)""z-j(b).
(Note: ™ is the n-fold iteration of the map ¢ in the exact couples.) The product (10.4.3)
is said to satisfy condition u if it satisfies u, for all n >0.

The case n =0 is special. For n =0 the letters a,b,c are superfluous: a = k(z), b= k(y)
and ¢=k(x-y). So condition g just means

(k) (- y) = (k) (@) -y + (-1)"" "z (k) (y).
In other words, condition g means that the differential jk in E(3) behaves like a deriva-
tion for the product.

If the product satisfies condition pg , then we can pass to homology, ker(jk)/im(jk), to
get a similar product on the derived exact couples:

(10.45) EE % E(2)5" — EB)F,

(This is in the curly notation so that £(p), is the (r —1)-fold derived exact couple of
E(p) = E(p)1.) Under these circumstances, if I understand him correctly, Massey claims
that the product (10.4.3) satisfies p, if and only if the product (10.4.5) satisfies pi,-1 .
And of course he claims that it is an exercise. Let’s believe that. Therefore, if (10.4.3)
satisfies p, then (10.4.5) satisfies p.

EXAMPLE 10.4.6. Let X — B(1) and Y — B(2) be fibrations. Then we have a fibration
Z - B(3), where Z = X xY and B(3) = B(1) x B(2). We assume that B(1) and B(2)
are CW-spaces. For simplicity, assume that the number of cells in B(1) and B(2) is
finite or countable. Then B(3) with the product topology is also a CW-space. (This
was mentioned, but not proved in full generality or detail, in the chapters on CW-spaces.)
For each of the three fibrations, we obtain a cohomology spectral sequence as in (10.4.1),
with the interpretation where for example X(s) c¢ X is the preimage of the skeleton
B(1)® c B(1). Therefore our external product needs have the form

HP (X (p)| X (p~1)) x H (Y (5)]Y (5 - 1))

|

HPH* 4 (Z(p+s) [ Z(p+s—1)).
By example 10.3.4 there are homotopy equivalences

X)X (p-1)=X(p)/X(p-1),
and similarly for Y and Z. Then the external product that we need to invent can be
given the alternative form

[TP+q X( ) [7s+t Y(S)
o) ()

|

rrp+s+q+t Z( + 3)
e )
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Now it emerges what it ought to be: the composition

rTp+q X( ) rrs+t Y(S)
(o) 1 ()

[Tp+s+q+t X( ) Y(S)
a (X(p]-)1)AY(s—1))

|

[7p+s+q+t Z( 5)
" (Z(pfi;l))

where the first arrow is a standard external product in cohomology! and the other is
induced by an obvious quotient map from Z(p +s)/Z(p+s-1) to X(p)/X(p-1) A
Y(s)/Y(s—-1). — Now we should verify that these external products satisfy Massey’s
conditions p, for all m > 0. Here is a sketch of an argument. Suppose that we have
r e E(1)P and y € E(2)*! and a € A(1)P™ 19 and b e A(2)*™" 1" such that
k(z) =1"(a) and k(y) =i"(b). What does it mean? It means

xeﬁm( X(p) ) yegsn( Y(s) )

X(p-1) Y(s-1)
and
. X ~ Y
Hp+q+1 b Hs+t+1
@s (X(p+n))’ ¢ (Y(s+n))
such that
- X Y
a Hp+q+1 o b a Hs+t+1 )
a+— 0x € (X(p))’ =0y € (Y(S))

Then there exist

g X (PN e Y(s+m
redl (X?;_l;), jedl (yisili)

such that Z extends z and 9(Z) = a, and § extends y and 9(gy) =b. (Proof: ... I would
say, Mayer-Vietoris.) Then we can form

X(p+n) Y(5+n))

= .= Hp+q+s+t
rTye (X(p—l)/\Y(s—l)

and we can move from there to

7 p+q+s+t(

(X xY)(p+s+n) )
(XxY)(p+s+n-1)

1Warning: here I am using the mapping cycle interpretation of cohomology. Readers who prefer the
singular homology interpretation should probably not work with the filtered space X but instead with
the singular chain complex C of X, filtered by chain subcomplexes C(s) corresponding to X(s), and
with the chain complex hom(C,Z) etc. etc.
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using a map
(X xY)(p+s+n)
(X xY)(p+s+n-1)

|

X(p+n) R Y(s+n)
X(p-1) Y(s-1)
which I hope is obvious! Therefore I take the liberty to write
(X xY)(p+s+n) )
(XxY)(p+s+n-1)/

7-je Ij]p+q+s+t(
With that in mind we can write

ci= 8(3’: . g) € Hp+q+s+t+1(

(X xY)
(XxY)(p+s+n))'
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