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1. RECOLLECTION/PREREQUISITES

There will be no lectures on 18.11. and 20.11. and we will reschedule the lecture on
23.12. We will take some time to discuss exercises I pose during the lectures; either in the
beginning of each lecture or regularly (roughly) every 3 weeks. If you want to get credits for
this course, you can do so under WP37 for 6ECTS. The examination will be an oral exam at
the end of the term.

This course will build on the two lectures Topology I (WS 23/24) and Topology II (SS
24) taught at LMU. We briefly recall the main topics that were covered, so a reader has an
impression what will be the assumed background knowledge.

(1) Point-set topology

(2) Homotopy theory: homotopy groups, CW complexes, applications of cellular approx-
imation, cofibrations, Seifert-van Kampen’s theorem

Covering theory; Fundamental theorem of covering theory

Singular Homology; Definition, Properties, Applications.

Singular Cohomology; Cup product, Universal coefficient theorems, Kiinneth theorem

3
4
5
6) Topological Manifolds: Orientability and Poincaré duality, Applications

(3)
(4)
()
(6)
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(7) Homotopy theory: Fibrations, long exact homotopy sequence, Whitehead’s theorem,
cellular approximation theorem, homotopy excision theorem, Freudenthal

Parts (1)—(4) were covered in Topology I [Lan23|] while parts (5)—(7) were covered in Topology
IT [Win24]. These lecture notes are available on the course webpage.
The rough plan for this term is to cover the following.

(1) Hurewicz theorems

(2) Eilenberg—Mac Lane spaces and representability of cohomology

(3) Principal G-bundles; classification, characteristic classes (definitions), homotopy or-

bits of group actions

4) Obstruction theory

) Steenrod operations; Definitions, Cartan formula, Adem relation, Sq¥ = id.

) Vector bundles and the Thom isomorphism, Stiefel-Whitney and Wu classes.

) Applications to manifolds; geometric interpretation of cup product, existence of mani-
folds with certain cell structures, spin®-structures + intersection form on 4-manifolds,
(obstructions to the) existence of submanifolds representing homology classes.

(
(
(
(

2. WEAK EQUIVALENCES, SINGULAR HOMOLOGY, AND THE HUREWICZ THEOREM

We first record the following fundamental property of singular homology:

2.1. Theorem Let f: X — Y be a weak equivalence of topological spaces. Then f induces an
isomorphism in singular homology.

For the proof, we will use simplicial techniques. Let us recall some things about simplicial
sets; see [Lan23, §4.3] and of course any other source on simplicial sets for more details.

2.2. Recollection We let A be the full subcategory of the category of posets on the objects
[n] = {0,...,n} with its evident linear order. Hence, a morphism f: [n] — [m] in A is
amap f:4{0,...,n} — {0,...,m} such that f(a) < f(b) if a < b. We let sSet be the
category Fun(A°P, Set) of presheaves on A. We denote the image of [n] under the Yoneda
embedding by A”. Note that Homgge; (A", X) = X([n]) =: X,, by the Yoneda lemma. We
recall that the collection of topological n-simplices A, = {(wo,...,7n) € R S, 2 =1}
for a cosimplicial topological space, that is a functor Ag,,: A — Top. We recall that for
0 <4 < n there are maps 0': [n — 1] — [n] uniquely determined by being injective and such
that ¢ ¢ Im(0]"). Likewise, there are map o!': [n] — [n — 1], uniquely determined by being
surjective and satisfying o/'(i) = o/*(i + 1). These maps satisfy the simplicial relations, see
[Lan23, 4.15]. Any injective map in A is a composite of d;’s and any surjective map is a
composite of ¢;’s. Any map in A is a composite of an surjection followed by an injection.
In particular, giving a simplicial set X is the same data as specifying sets X, together with
induced maps d} = (0]")*: X, = X,,—1 and s = (o]")*: X,,—1 — X,, satisfying the simplicial
relations. An n-simplex of a simplicial set is called degenerate if it is of the form f*(y)
for some surjective map f: [n] — [m] different from the identity and some m-simplex y.
Equivalently, if x is of the form s]'(y) for some y and i. It is called non-degenerate if it
is not degenerate. Every simplex x in a simplicial set X is uniquely the degeneration of a
non-degenerate simplex, i.e. there exists a unique map f: [n] — [m] and a unique element
y € X, such that y is non-degenerate and f*(y) = z.
Further important simplicial sets are:
(1) OA™ C A™: Tts k-simplices are precisely those maps f € Homa ([k], [n]) which are not
surjective.
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(2) A} COA™ for 0 < k < n: Its k-simplices are those maps f € Homa ([£], [n]) such that
k is not in the image of f.
In both cases, one readily checks that these are in fact sub simplicial sets.

2.3. Lemma There is an adjunction
| —|: sSet = Top: Sing

whose left adjoint | — | is uniquely determined by the requirement |A™| = Al

Proof. The universal property of presheaf categories like sSet = Fun(A°P, Set) says that any
functor A — Top, like [n] — A%Op extends to a unique left adjoint sSet — Top. This is the
definition of | — |. In this generality, the right adjoint is then given by sending an object X
to the presheaf sending [n] to Homry, (AL, X); this means that Sing(X) is the simplicial set

Homop (Afyp, X). O

2.4. Remark The functor | — | is called the geometric realization of a simplicial set, and the
functor Sing(—) is the singular complex functor. A concrete formula is given as follows:

1] = (T Xn x Atp) / ~

n>0

where for each f: [m] — [n] a morphism in A, z € X, and t € AT, we have (f*(z),t) ~
(z, f«(t)). Exercise: Prove this fact. Note also that the geometric realization of an injection

of simplicial sets is a (closed) subspace inclusion.

2.5. Definition Let X be a simplicial set. We let sk, (X) be the simplicial set 47*!(X),
where i: A<, C A is the full subcategory inclusion on objects [k] for £ < n. Dually, we let
cosk, (X) be i,i*(X). Here, i) and i, denote the left and right adjoints of i*, respectively.
These are also left and right Kan extensions. More concretely, we have that the counit map
skp(X) = 47" (X) — X exhibits sk, (X) as the smallest subsimplicial set of X with same
k-simplices as X for k < n; that is, all k-simplices for k > n are degenerate.

2.6. Example We have sk, (A") = A" and sk,,_1(A") = 0A™.

2.7. Lemma For every simplicial set, there is an isomorphism colim,, sk, (X) — X and there
are canonical pushouts

[TOA™ —— sk,_(X)

| |

[JA" — sk, (X)
In

of simplicial sets.

Proof. The colimit statement is clear: Every simplex of X has a dimension. So let us discuss
the pushout. The lower horizontal map in the putative pushout diagram is defined by Yoneda’s
lemma: A non-degenerate n-simplex of X determines a map A™ — X to which we may apply
skn(—). Then we may apply sk,_1 to the lower map and obtain the upper horizontal map.
The natural transformation sk,_1 — sk, then provides the vertical maps and the fact that
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the resulting square commutes. To see that the diagram is a pushout, we need to argue on
the level of k-simplices for all k. If K < n — 1, then both vertical maps are isomorphisms on
k-simplices. Now we discuss sk, (X),: Since every n-simplex is either degenerate or not, and
the non-degenerate simplices are in the image of the lower horizontal map and the degenerate
simplices are in the image of the right vertical map, to see that it is a pushout, we only need to
observe for a non-degenerate simplex « in X, if f: [n] — [n] is such that f*(a) € sky—1(X)n,
then f is not surjective, i.e. that it is not the identity. But this is clear, because a non-
degenerate n-simplex of X is not an n-simplex of sk, _1(X). The argument for sk, (X); with
k > n is similar: First, we note that any element there is degenerate, and hence as discussed
above the unique degeneration of a non-degenerate smaller dimensional simplex. Either that
non-degenerate simplex is of dimension n or of dimension smaller than n. In the former case,
the simplex in question comes from the lower horizontal morphisms, and in the latter case, it
comes from the right vertical morphism. Again, to see that the square is in fact a pushout,
one argues that if for a € X,, non-degenerate, and f: [k] — [n] we have f*(«) € sky—1(X);,
then f is not surjective. We leave this part as an exercise.

2.8. Corollary Let X be a simplicial set. Then |X| is canonically a CW complex.

Proof. We define a filtration on |X| by sk, (|X|) := |sk,(X)| - this is well-defined because
geometric realization of the skeletal inclusions are again (closed) inclusions and geometric
realization commutes with colimits (as it is a left adjoint). In particular, it also commutes
with the pushouts of Lemma so we obtain pushouts

[TI0A™] —— [sky—1(X)]

" |

[TIA"] —— Iskn(X)]

n

Now, by definition we have [A"| = A%, which is homeomorphic to D". From this, one can

deduce (exercise) that [0A™| = 9ATL,, which is homeomorphic to S"~1. This shows that the

geometric realization of the skeletal filtration on X is a CW filtration on | X]. O

2.9. Remark Conversely, the image of Sing: Top — sSet is also restricted: For any topological
space X, we have that Sing(X) is a Kan complex, i.e. it satisfies the lifting property against
the horn inclusions A} — A" for all 0 < k < n. Essentially, this follows from the above
adjunction and the fact that the inclusion A} C A" geometrically realizes to an inclusion
which admits a retraction. Here A} denotes the sub simplicial set of JA™ in which also the
face opposite to the 0-simplex {k} is removed.

Even more, if f: X — Y is a Serre fibration, the Sing(f): Sing(X) — Sing(Y) is a Kan
fibration. This again follows from the above adjunction, the observation that A} — A"
geometrically realizes to a cofibration which is also a homotopy equivalence, and [Win24,
Cor. 5.2.6].

2.10. Definition Let X and Y be simplicial sets and f,g: X — Y maps of simplicial sets.
A simplicial homotopy from f to g is a map h: X x Al — Y such that hixx{oy = [ and
hixxq1y = g- We denote by [X, Y] the quotient of Homgget(X,Y) be the equivalence relation
generated by the relation homotopy.



TOPOLOGY III 5

2.11. Remark The relation of homotopy on Homgget (X, Y') is typically neither symmetric nor
transitiv. (Exercise: proof this). Nevertheless, there is the following coequalizer diagram in
sets:

Homgget (X X AYY) —/= Homgset (X, Y) — [X,Y]

where the two maps are induced by the inclusions {0}, {1} C Al

If you know what a Kan complex is, then you can try to prove that if Y is a Kan complex,
then the homotopy relation on Homgget (X, Y) is in fact an equivalence relation. You may
want to prove or use that when Y is Kan, so is Hom(X,Y'), the internal hom in simplicial
sets.

It is elementary to check that composition and the identity map descend to a composition
map

¥, 2] x [X,Y] > [X, 2]

and to elements [idx] € [X, X], satisfying the axioms of a category.

2.12. Definition We denote the category with objects the simplicial sets and with morphism
sets given by [X, Y] by hsSet; the homotopy category of simplicial sets.

Coming back to our aim to prove weak-homotopy invariance of singular homology, we could
have observed the following lemma already in Topology 1.

2.13. Lemma For n > 0, the singular homology groups Hy,(—) viewed as functors Top — Ab
factor as follows:

Top Siﬁ> sSet — hsSet — Ab.

Proof. Since hsSet is obtained from sSet by dividing out an equivalence relation on morphism
sets, it suffices to construct a functor sSet — Ab which is compatible with the generating
relation and whose restriction along Sing: Top — sSet is given by H,(—). This is easy:
Given a simplicial set X, we first construct a chain complex Co(X) by the same formulas
as in [Lan23]: C,(X) = Z[X,,], the free abelian group on the set of n-simplices of X. The
differential in the chain complex is given by

On = di: Z[Xn] = Z[Xp1).
=0

That this is in fact a chain complex and the fact that C,(Sing(X)) = Ce #(X) was verified
again in [Lan23]. Now, the claim is that given a simplicial homotopy h: X x Al — Y from
f to g, then f and g induce the same map on H,(—). In fact, they induce homotopic maps
Ce(X) = Co(Y), and hence equal maps on homology, just as utilized in [Lan23|. For this, we
can either reprove homotopy invariance of this chain complex using an version of the acyclic
models result we have used in the case of topological spaces, or we can also just use the
Prism operator as described in [Lan23, Remark 4.66] is obtained by triangulating the prism
A™ x Al which in fact gives elements h,, € Cy11(A"™ x Al) — recall that such elements give
rise to natural maps h;\ : Cp,(X) = Cpy1(X x Al) — and that these elements satisfy relations
which imply that the maps h;X form a chain homotopy from the map X x §; to X x &y, where
§1: {0} — Al and §°: {1} — A! are the evident inclusions. This proves the lemma. O

The decisive fact about weak equivalences is now the following proposition, giving a proof
of Theorem 211
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2.14. Proposition Let f: X — Y be a weak equivalence of topological spaces. Then the map
Sing(f): Sing(X) — Sing(Y") is sent to an isomorphism under the functor sSet — hsSet. In
particular, a weak equivalence induces an isomorphism on singular homology.

Proof. By Yoneda’s lemma, we aim to show that for any simplicial set Z, the map
[Z,Sing(f)]: [Z, Sing(X)] — [Z, Sing(Y)]

is a bijection. Exercise: The above adjunction induces bijections making this map isomorphic
to the map

121, f1: 112], X] = [12], Y.

Now recall that |Z| is a CW complex by Corollary and that we have shown in Topology
IT that this map is therefore a bijection [Win24, Theorem 5.2.18]. O

2.15. Remark In the above exercise, it will be crucial to know that for all simplicial sets X,
the canonical map | X x A'| — | X|x|A'| = | X|x Al is a homeomorphism. One way to prove
this is to regard this canonical map as the component of a natural transformation of functors
(in the variable X). Then we observe that source and target both commute with colimits in
X. Therefore, it suffices to show that this map is a homeomorphism in case X = A" in which

case it is a direct argument.

2.1. The Hurewicz theorem. Next, we will discuss the theorem of Hurewicz, which is
about a comparison between homotopy and singular homology groups. To state it, we first
recall the Hurewicz homomorphism. To that end, recall that we have fixed generators [S™] of
H,(S™;Z) inductively via the suspension isomorphism and a once in life chosen generator of
Ho(S%; 7).

2.16. Definition Let (X, x) be a pointed topological space and n > 1. The Hurewicz homo-
morphism is the map

hy: Wn(X7$) — Hn(X;Z)v [f] = f*([sn])

This is well-defined because singular homology is homotopy invariant.

2.17. Lemma The Hurewicz homomorphism is a natural group homomorphism, compatible
with the suspension operation and is an isomorphism for S™.

Proof. The Hurewicz homomorphism h,, sends the constant map to 0 since H,(x;Z) = 0
(recall that we assume n > 1). Moreover, given f, g € m,(X, ), its sum is represented by the
map
gn Pinch, gny, gn JH,

so it suffices to recall that H,(S"VS™ Z) = H,(S™;Z)® H,(S™;Z), that the pinch map sends
[S™] to ([S™],[S™]) and that therefore, the composite sends [S"] to f.[S"] + g«[S"], showing
that h,, is a group homomorphism. Naturality of h,, means that for any pointed map of spaces
p: X =Y, the diagram

(X, 2) —s H,(X;7Z)

¢ =

hin
(Y, y) —— H,(Y;Z)
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commutes. This is immediate from the functoriality of singular homology. The compatibility
with the suspension operation is the claim is that the following diagram, in which the lower
horizontal map is the suspension isomorphism, commutes.

Tn (X) — Tp+1 (ZX)

|

Hp(X) —— Hp1(SX)

This follows from the fact that we have chosen the fundamental class of S"*! to be the
suspension of the fundamental class of S” and the naturality of the suspension isomorphism
in homology. To see the final claim, by compatibility with the suspension isomorphism, it
suffices to show that hq: m1(S*) — Hy(S';Z) is an isomorphismE] This follows from the fact
that the degree map deg: 71(S') — Z is an isomorphism. O

2.18. Remark There is a Hurewicz homomorphism for pairs of spaces: Recall that for a pair
of spaces (X, A), i.e. a space X with pointed subspace a € A C X, there is the relative
homotopy set 7, (X, A); it is represented e.g. by maps of pairs (D", S""!) — (X, A) and the
relation is relative homotopy as discussed in [Lan23, Def. 2.1]. In general, 7, (X, A) is then
only a set when n < 1, is a group when n = 2 and an abelian group when n > 2. There is
then a relative fundamental class H,, (D™, S"~1;Z) and the relative Hurewicz homomorphism
is defined similarly:

(X, A) = Ho(X, A),  [f] = £([D", S"7)).

We now note the map of pairs (X, A) — (X/A,[A]) induces a map 7,(X,A) — m, (X, A).
Since homotopy groups and singular homology groups are invariant under weak equivalences,
we may assume that (X, A) is a CW pair, and in particular that A C X is a cofibration. It
follows straight from the definitions that the relative Hurewicz homomorphism is then also

given by the composite
(X, A) = (X /A, [A]) & H,(X/A;Z) & Ho(X, A; 7).

2.19. Remark The relative homotopy groups 7, (X, A) fit into an evident long exact sequence
o= 1 (X, A) = (A a) = (X a) = (X, A) — .

where the boundary map simply restricts to the appropriate cube of smaller dimension. Let
F = hofib,(A — X). Exercise: Construct a canonical bijection m,(X,A) = 7,_1(F) com-
patible with the long exact sequences and show that the Hurewicz homomorphism induces a
commutative diagram

et 1(A) —— 1 (X)) —— 1 (X, A) —— 1 (A) —— (X)) ...

| | | | !

oo Hyp1(A) —— Hp 1 (X)) —— Hp1(X,A) —— Hyp(A) —— Hy(X) ...

Undeed, it was argued in [Lan23, Win24] that the iterated suspension map m1(S') — mn(S") is an
isomorphism.
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2.20. Remark Let ' — E — B be a fibration sequence. Using the above exercise, one also
obtains a commutative diagram

o Tt 1 (B) —— mp1(B) ———— mp(F) ——— () —— m(B) ...

l l l l |

o Hy1(E) —— Hyy1(B) —— Hpi1(C(p)) —— Ho(E) —— Hy(B)...

where the middle vertical map is induced by the map suspension map 7, (F) — mp4+1(ZF),
the map ¥F — C(p) as well as the Hurewicz homomorphism for C(p).

Finally, we recall the notion of n-connected maps of spaces.

2.21. Definition Let f: X — Y be a map of spaces and n > 0. It is called n-connected
if it induces a surjection on m, and a bijection on 7 for k < n (at every basepoint of X,
respectively).

2.22. Remark A pair of spaces (X, A) is called n-connected if the inclusion map i: A — X
is n-connected. This in turn is equivalent to the condition that 7 (X, A) = {*} for k < n. In
general, a map f is n-connected if and only if for all basepoints y € Y, the space hofib,(f) is
(n — 1)-connected, compatible with the Exercise in Remark

We now recall the theorem of Blakers—Massey, i.e. the homotopy excision theorem, since
we will derive the Hurewicz theorem from it.

2.23. Theorem Consider a homotopy pushout squar@ﬂ

c—1 44

zl lf
B ——X
in which the map j is n-connected and the map i is m-connected. Then, for all a € A, the

map hofib,(j) — hofiby(q)(g) is (n +m — 1)-connected.

Proof. See [Win24, Thm. 5.4.1] and use that we may replace C' by a homotopy equivalent
open neighborhood in A and B. O

As a consequence we record the following corollary which we might also be using a number
of times:

2.24. Corollary Let f: X — Y be a map and X — Y — C(f) its associated homotopy
cofibration sequence. If f is n-connected and X is m-connected, then the map X — hofib(Y —
C(f)) is (n+m — 1)-connected. In particular, there is a along exact sequence

Tntm(X) = Tnam(Y) = Tnem(C(f)) = Tnam—1(X) — ...

In general, this sequence does not extend further to the left.

2That is, a pushout square in which the maps i and j are relative CW inclusions
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Proof. Apply Theorem to the homotopy pushout

x —L vy
| |
C(X) — C(f)

and use that the map X — C(X) ~ x is precisely as connected as X is. O

2.25. Remark Considering the map S™ — *, we find that the map S™ — QS"*! is (2n — 1)-
connected. In this case, to extend the sequence appearing in Corollary one further to
the left says that this map induces an isomorphism on 7o, _1, not only a surjection. This

is incorrect for n = 2, in which this map is isomorphic to the canonical projection map
Z — 7./27, see [Win24, Remark 5.4.9].

2.26. Example Consider a map f: \/55" — \/,S" and write X = C(f). Then the map
itself is (n — 1)-connected and for all k£ > 0,we obtain the following exact sequence.

mon—2-k(\/ S") = man—2 k(\/ S™) = man—2 k(X) = m2n-3-4(\/ ") = m2n-3-4(\/ ")
B & B «

When n > 2, we find 2n — 2 > 0 and hence in particular obtain that 7, (X) = coker(my,(f)).
This isomorphism in fact also holds when n = 1 by the theorem of Seifert—van Kampen.

We come to the absolute Hurewicz theorem.

2.27. Theorem (1) Let X be a connected space. Then m(X,x) — H1(X;Z) is surjective
and induces an isomorphism w1 (X, z)* — Hy(X;7Z).
(2) Let X be an (n — 1)-connected space with n > 2. Then the map hy: (X, z) —
H,(X;Z) is bijective and the map hpi1: mni1 (X, 2) = Hyy1(X;Z) is surjective.

Proof. Since homotopy and homology are invariant under weak equivalences Theorem [2.1] we
may assume that X is a CW complex, which in case (2) satisfies X,,_; = sk,,—1(X) = . We
recall that part (1) has been proven in Topology I, see [Lan23, Prop. 4.25]. But the argument
for (2) we will now give in fact also applies to case (1) by Example Now we prove (2).
We observe that X, =\/, S™ is a wedge of n-spheres, since we have X,,_; = *. Moreover,
the diagram

7"'n()(n—f—l) — Hn(Xn—l—l; Z)

| |

Tn(X) —— Hp(X;7Z)

whose vertical maps are induced by the inclusion X, 11 € X commutes by the naturality of
the Hurewicz homomorphism, and the vertical maps are isomorphisms: On homotopy, this
follows by cellular approximation, and on homology we have argued this in Topology I, see
[Lan23, Cor. 4.76]. We may hence assume that X is replaced by X,, 1. Now, we consider the
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iterated pushout diagram

HBSn : , \/ﬂSn—>\/aSn

| | |

]—[[3 prtl p \/6 prtl Xni1

in which the top horizontal composite is homotopic to the attaching map to obtain X, 11 from
X,: Indeed, all the attaching maps can be homotoped to be pointed since X,, is connected.
Writing X in place of X,,41, this shows that there is a homotopy cofibre sequence

(VELESA V'
B8

07

By Example we obtain an exact sequence

m(\/5™) = ma(\/ §") = mn(X) — 0.
B @
By naturality of the Hurewicz homomorphism, we obtain that the following diagram com-
mutes:
(Vg S") ——— m(V, 5") ——— mp(X) —— 0

! | |

Ho(\5S™Z) —— Hy(V, S") —— Hy(X;Z) —— 0

Now, the canonical map g m(S") — (V5 S™) is an isomorphism for k < 2n (Exercise,
or see [Win24] 5.3.4]). The same is true for singular homology. We deduce from Lemma [2.17]
that the left and middle vertical maps are isomorphisms. Consequently, so is the right vertical
map.

To show that the map hyt1: mp41(X) = Hpy1(X;Z) is surjective, we may again compare
with X,,11: On both m,4+1(—) and Hy,41(—;Z), the map X,,11 — X induces a surjection,
so it suffices to prove the result for X, ;. One can always choose a CW structure on X
such that X4 is homotopy equivalent to M(A,n) Vv '\/, S"!: Here, A is an abelian group
(namely 7,(X)), for which we choose a presentation A = coker(f: €;Z — @ ;Z) where we
may assume that f is injective! The matrix which represents the map f determines a map
V;S™ =V ;8™ whose homotopy cofibre is M(A,n): This is a space with a single (reduced)
homology group, namely A in degree n. Clearly, we have a map M (A,n) — X which induces
an isomorphism on 7, (—). For an appropriate set S we may therefore build M (A4, n)V\/ ¢ S™H!
and a map to X which is now in addition surjective on m,11. Then we continue to attach
cells of higher dimension to make the map M (A, n)V\/ g S"™ — X a homotopy equivalence,
showing that the (n + 1)-skeleton of X can be chosen as claimedﬁ Hence, we are reduced to
proving that the Hurewicz map

ht1: T (M(A,n) \/ S™) = Hyp(M(A,n) v \/ 5™
S S

3Altermatively7 we know that X,41 is given by C(f) for some map f: \/B S™ — V_,S", and homotopy
classes of such maps are equivalent to their effect on 7,, in particular, f is determined up to homotopy by an
integral matrix. This can be put into Smith normal form, i.e. is zero outside of the diagonal. The cofibre of
such a map is also as claimed.
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is surjective. Since homology of a wedge is the sum of homology, this reduces to the case of
S+l where we have already argued that the Hurewicz is an isomorphism, and M(A4,n) in
which case Hy+1(M(A,n);Z) = 0 — precisely because we have chosen A to be constructed as
a cokernel of an injective map. O

To state the relative Hurewicz theorems, we need to recall some things about mi-actions
in fibrations. In the following lemma, we assume that for all points e € FE, the inclusion
{e} = Ep) = p '(p(e)) is a cofibration. We also use the analog of [Win24, 5.2.6] for
fibrations not merely Serre fibrations).

2.28. Lemma Let p: E — B be a fibration, e € E and b = p(e) and write Ey for p~1(b).
Then are associated canonical fibre functors ®,: 7<1(B) — hTop and ¥,: 7<;(E) — hTop,
fitting into the commutative square

T<1(E) —— hTop,

| |
7<1(B) —— hTop

The constructions of ®, and ¥, are compatible with pullbacks of fibrations.

Proof. We define ®,, as follows: On objects, it sends b € B to the image of Ej under the
tautological functor Top — hTop. To describe the effect on morphisms, we let v: [0,1] — B
be a path from b to b'. We then consider the diagram:

EbX{O}ﬁIE

h -
- P

Ey, x [0,1] 222 B

Then h(—,1) defines a map ®,(v): Ey — Ep. We now show that the homotopy class of ®,(7)
is independent of the choice of A and depends only on the homotopy rel endpoint class of
~. Indeed, assume that 7 is homotopic rel endpoint to 7" and that h is a choice of a dashed
arrow for v and h’ a choice of a dashed arrow for 4/. Pick a map homotopy rel endpoints
I':[0,1] x [0,1] = B such that I'(—,0) =+ and I'(—, 1) = /. Consider then the diagram

hUh/Uconstib

(Ep < [0,1] x {0, 1}) U (Ep x {0} x [0,1]) ———=

|
T > B

r
Ey x [0,1] x [0, 1] e

One readily checks that this diagram commutes and since p is a fibration, a dotted arrow
exists. Then we find
(1) pH(e,1,t) = I'(1,t) = b for all t € [0,1] since I' is a homotopy rel endpoints. In
particular, H(e,1,t) € Ey for all t € [0, 1].
(2) H(e,1,0) = h(e,1) and H(e,1,1) = h'(e, 1).
Hence, H(—,1,—): Ey x [0,1] — Ejy is a homotopy from ®,(7) to ®,(v). Exercise: Use this
to show that the so-defined ®,, is a functor.
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We now argue that we can similarly define a functor ¥,: 7<;(E) — hTop,: On objects, it
sends e to Ej. Given a path v: e — ¢/ in E, we consider the diagram

Eye) x {0} Ufe} x [0,1] — E
-

[

Epey x [0,1] ————— B

and again wish to define ¥,(y) = h(—,1). The argument that this is independent of the
choice of h and only depends on the homotopy rel endpoints class of v is similar as above. It
follows again from the independence of all choices involved that the diagram

7<1(E) —— hTop,

| |

7<1(B) —— hTop

commutes. Finally, it is a direct check, again using the independence of all choices, that if

Jogy
b b
B 5B
is a pullback diagram with p a fibration, the composites

rer(B) L v (B) 25 hTop  and 7<1(E') L5 7y (B) 2% hTop,

are given by ®,, and ¥,/ respectively. ([l
We collect some further properties of the above constructions.

2.29. Remark (1) We continue to consider a fibration p: E — B. The above implies,
in particular, that for each point b € B, there are group homomorphism (B, b) —
mo(hAut(Ey)) and 71 (E, e) — mo(hAut.(Ep), e) fitting into a commutative diagram.

m1(E,e) —— mo(hAut.(Eyp))

| l

m1(B,b) —— mo(hAut(Ep))

(2) One may apply these observations in particular to the fibration Y — x. In this case,
we obtain a map m1(Y,y) — mo(hAut.(Y,y)) =: [Y, Y]y, Since m,(—): hTop, — Grp
is a functor, one obtains an action of m(Y,y) on m,(Y,y) for all n > 1. For n = 1,
this is really just the evident action by conjugation. We say that Y is simple if the
resulting action is trivial for all n > 1 and nilpotent if the resulting action is nilpotent
for every n > 1, that is, there is a finite m (Y, y)-equivariant filtration

(Y, y) = Fo(mn(Y,9)) 2 -+ 2 Fi(ma(Y,9)) 2 Fraa(ma(Yy)) 2 -+ 2 Fn(ma(Y,y)) = 0
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by normal subgroups on 7,(Y,y) such that the action on Fj/Fjq is trivial for all
k> 0E| In particular, m of a simple space is abelian and m; of a nilpotent space is a
nilpotent group. These notions will also play an important role in our discussion of
obstruction theory later.

(3) Let us also note that it follows from the above that there is an action of 71(B) on
Tn(F) @z, (r) Z compatible with the 71 (E)-action on 7, (F). Indeed, the obstruction
to making an unpointed homotopy equivalence of F' act on homotopy groups is pre-
cisely the action of 71(F) on 7, (F). The compatibility with the 71 (E)-action is then
valid by construction.

(4) Let us finally note that for a fibration E — B with F = p~!(B) and e € F, the long
exact sequence

con(E) = mp(B) = o1 (F) = mp—1(E) = mpo1(B) — ...

is one of Z[m(F)]-modules: Here the action of 71 (E) on m,(F) and m,(F) are as
desribed above, and the action on m,(X) is via the morphism 71 (E) — m1(X).

2.30. Remark In a similar vein, for pointed spaces (X, z) and (Y, y), there is an exact sequence
15T x X, Y]; & m(Y,y) = [X, Y] — [X, Y] = mo(Y)

where the first term denotes the set (in fact group) of homotopy classes of pairs (S* x X, {1} x
X) — (Y,Y) where the map {1} x X — Y is given by any pointed map f: X — Y. The map
0 takes [h] to h[—, z]. We recall that exactness at [X, Y], means that 71 (Y, y) acts on [X,Y].
and that two elements in [X, Y], go to the same element in [X, Y] if and only if they differ by
(the action of) an element of 7 (Y, y). Here, the action is given as follows: Let v: [0,1] = YV
represent an element of 71 (Y, y) and let f: (X,z) — (Y,y) be a pointed map. Then consider
the diagram

fuy

X x {0} U{z} x [0,1] ﬁY

l _"h

X x [0,1]

which admits a lift h as indicated. Then h(—, 1) is a new pointed map which we define to be
v+ f. That this construction is well-defined is done similarly as above. Exactness at [X,Y].
is then the following argument: Clearly, v- f and f go to the same element in [X,Y] as h is a
homotopy between them. Conversely, suppose given two pointed maps f,g: (X,z) — (Y,y)
and assume that there exists a homotopy h: X x [0,1] — Y. Then by construction h(x, —)
represents an element of 71(Y") and the original homotopy is a witness that g = h(z,—)- f. It
follows that if Y is simply connected, then the forgetful map [X, Y], — [X,Y] is a bijection.
Moreover, v € m(Y,y) acts trivially on f € [X, Y], if and only if 7 is in the image of the
map [S! x X,Y]; — m(Y,y). In particular, if this map is surjective for every f € [X,Y].,
then 71 (Y, y) acts trivially on [X, Y], and we find that the map [X,Y]. — [X, Y] is injective.
This is the case, for instance, when Y is an h-space with basepoint v € Y the unit of the
multiplication. We give the argument in case the multiplication is strictly left-unital, i.e.

4When m1 acts on itself by conjugation, this means that Fj/Fr+1 C C(Fo/Fk+1), where C(—) denotes the
centre of a group, and therefore such filtrations are also called central series.
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if u-—:Y — Y is equal to the identity (not only homotopic to the identity)ﬂ In that
case, consider v € 7 (Y,u) and f € [X,Y], and define the map H: S' x X — Y given by
(t,z) — y(t) - f(y). Then H indeed represents an element of [S! x X,Y]s and §(H) = v as
needed. In general, one has to use a homotopy extension property to correct the problem
that the multiplication in Y is only unital up to homotopy. We note that for f the constant
map c at the basepoint of y, the map [S! x X,Y]. — m1(Y,y) is always surjective: Given 7,
simply consider the map (¢,z) — ~(t). In particular, the action of m(Y,y) on the constant
map is always trivial, and therefore, the constant map is null homotopic if and only if it is
pointed null homotopic (a fact we have seen already in topology I).

All of the above is reminiscent of a putative fibration sequence map, (X,Y) — map(X,Y) —
Y, see also Remark [3.11] Indeed, if X is a locally compact CW complex with basepoint x,
then map(X,Y) — Y, given by evaluating at x is a fibration with fibre map,(X,Y’). We have
then constructed an action of m1(Y") on the homotopy type of map,(X,Y) and in particular
on its mo, which identifies with [X,Y],. The two 7;(Y)-actions then agree as one readily
shows, and the slightly cumbersome relative homotopy group appearing as first term in the
above exact sequence translates simply to 71 (map(X,Y’), f) and the above is the usual long
exact sequence in homotopy groups of a fibration.

2.31. Addendum For a group G, we may define the following filtration, called the lower
central series of G: Set I''(G) = G and inductively, for n > 2, set I'"(G) = [G,T""'G], so
that we obtain a descending filtration

G=T'GOI*Go>---2I"GD...

A group G is nilpotent if and only if there exists an N > 1 such that TVG = 1 (Indeed,
one shows inductively that any central series contains the lower central series). The smallest
such N is called the nilpotency class of G. Note that G/T'?2G = G*. Moreover, the associ-
ation g1,...,9n — [...[[91,92],93], - ., gn] taking iterated commutator&ﬂ defines a surjective
homomorphism

® Gab N FnG/Fn+1G

see [War76l, Thm. 3.1]. As a consequence, given a morphism G — H of groups which induces
a surjection G® — H?P_ it also induces a surjection of the associated graded of the respective
lower central series. In particular, in this situation, if G is nilpotent of class N, then H is
also nilpotent and is of class at most N. Moreover, the map G — H is itself surjective.

We now come to the relative Hurewicz theorem.

2.32. Theorem Let (X, A) be an (n — 1)-connected pair with n > 2 and X connected.

(1) If A is 1-connected, then 7, (X, A) = H,(X, A;Z) is an isomorphism and w41 (X, A) —
H,1(X, A;Z) is surjective.

(2) If A is connected, then 7, (X, A) — H, (X, A;7Z) is surjective and induces an isomor-
phism mn (X, A) ®@zr, (4,0 Z — Hn(X, A).

SIfY is a CW complex, one can make Y U {u}[0, 1] into a homotopy equivalent and strictly left-unital
h-space (Exercise)
6Recall that [g,h] = ghg~'h™! is the commutator of g and h.
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Proof. Again we may assume that (X, A) is a CW inclusion. To prove (1), we apply Theo-
rem to the (almost) homotopy pushout squareﬂ

A—— X

[

x —— X/A

Since A — X is (n — 1)-connected and A — * is 2-connected, we conclude that the induced
map F' — QX/A is n-connected. Hence, m,(X,A) — m,(X/A) is an isomorphism and that
Tnt1(X, A) — mp41(X/A) is surjective. Now, X/A is itself (n — 1)-connected, so we de-
duce that m,(X/A) — H,(X/A) is an isomorphism and that m,4+1(X/A) — Hpy1(X/A) is
surjective from Theorem In total this proves (1).

We prove (2). We denote by F' the homotopy fibre of the inclusion A — X. Then we claim
that the relative Hurewicz homomorphism, under the isomorphism m, (X, A) = 7,_1(F) is
given by the following composite, see Remark

(1) Tno1(F) = mn(SF) = mp(X/A) = 1 (X /A).

Here, the first map is induced by the unit map F — QX F, the second and third maps are
induced by the commutative diagram

F A » A
@) |l ]
y X y X

*

by passing to vertical (homotopy) cofibres. Now, if n > 3 then two situations simplify: Since
F is (n — 2)-connected, we find from Freudenthal that the map 7m,_1(F) — m,(XF) is an
isomorphism if n > 3. Moreover, the composite of the first two maps in identifies with
the relative Hurewicz homomorphism for the pair ()? , A) which is an isomorphism by part
(1) since A is simply connected (again this uses n > 3). It then remains to prove that
Tn(X/A) ®zfm (x)) L — m™(X/A) is an isomorphism. Again, note that since n > 3 we have
m1(A) = m(X). In fact, this statement is also correct for n = 2 and we prove it in this
generality.

Indeed, we use the absolute Hurewicz theorem to translate this into the statement that,
equivalently, the map N

Hn (X, A;Z) @gjmy (x)) Z — Hn(X, A; Z)

is an isomorphism. Now, we use several results from Exercise sheet 14 from the Topology 1
course: Note that X — X and A — A are 7 (X)-Galois covering spaces. Hence we find that
Csn8(X; Z) as well as C58(A; Z) are Z[m (X)]-chain complexes, which are levelwise free, and
that CS8(X;7Z) = CS8(X; Z) Qe (x)) L as well as C5"8(A; Z) = CE(A; Z) ®gpr, (x)] L
We deduce that the canonical map

C8(X, A; Z) @y (x)) Z — CVM8(X, A; Z)
is an isomorphism as well. It hence remains to show that the canonical map
Hn()?, A7) Qzim (X)) L — Hn(CSing(f{, A7) ®z[r1 (X)] 7)

To actually apply this, replace * by C(A). Then X/A and C(i) are homotopy equivalent and all can be
phrased using C(7) instead of X/A.
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is an isomorphism. This is true more generally: Assume R is an associative ring, C' is a chain
complex of free (right) R-modules, and M is a (left) R-module. Suppose that C' is n-connected,
that is Hy(C) = 0 for k£ < n. Then we may construct a map C' — C such that C; = 0 for
k < n, C" also consists of free right R-modules, and the map C’ — C' is a quasi-isomorphism
— this is similar to a CW approximation of spaces and does not use that C consists of free
right R-modules. However, if C' also consists of free right R-modules, we see that the map
C'" — C'is in fact a chain homotopy equivalence. Consequently, C' @ g M — C @ M is also a
chain homotopy equivalence. It hence suffices to prove that the comparison map (exchanging
the tensor product and the homology) is an isomorphism in case the chain complex satisfies
Cr = 0 for k£ < n in which case it simply follows from the right exactness of the functor
— ®pr M. This finishes the proof in case n > 3.
For n = 2, we will now prove that

(a) the map 71 (F) — m2(XF) identifies with 1 (F) — m1(F) ®gx, () Z = 71 (F)*, and
(b) the map m2(SF) — mo(X /A) is an isomorphism.
In total, this shows that for all n > 2, the composite identifies with the composite

Tn—1(F) = Tn1(F) g, (7)) Z = [T0-1(F) @iy (7)) L] Oz, ()] Z-

Here, the m(X)-action on m,—1(F) ®z(r, (r) Z in the final term is the tautological action
indicated in Remark [2.29] Now, recall that F' is connected, so that we have an exact sequence

7T1(F) — 71'1(A) — 7T1(X) —1
showing that the above composite is indeed isomorphic to the map
Tn—1(F) = mp—1(F) Qz[m (A)) Z

as claimed. To see (a) above, we consider the commutative diagram

7T1(F) —_— WQ(EF)

Ik

Hi(F) —— H,(XF)

whose lower horizontal arrow is the suspension isomorphism and the right vertical map is the
Hurewicz isomorphism for the 1-connected space X F. Finally, to see (b), to ease notation,
we assume that (X, A) is a 1-connected pair with m1(X) = 1 and need then to show that
mo(XF) — ma(X/A) is an isomorphism. Note that this map is isomorphic to the map H; (F) =
Hy(XF) — Hy(X/A) by the absolute Hurewicz theorem. Let us then consider the homotopy
pushout diagram

F—21 4
x ~ C(F) —— C(i)
Now the map j is 1-connected, as is the map F' — C(F') ~ %, in particular, from Seifert—van

Kampen, we see that 71(C(j)) = 1. From the homotopy excision theorem, we deduce that the
map QX ~ hofib(j) — QC(y) is 1-connected, i.e. surjective on ;. Note that the equivalence
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2, X ~ hofib(j) is obtained from the commutative diagram

QX — F —— P.X

.

* A X

in which both squares are pullback squares. Here P, X denotes the space of paths in X which
start at  and the map P, X — X is given by taking the endpoint of the path — this map is
a fibration and hence F' really is the homotopy fibre of A — X.

Now we observe that the map QX — QC(j) admits a splitting on the level of spaces
induced by the tautological map C(j) — X: Indeed, consider the refinement of the right
upper pullback square

NN

which is obtained by showing that the map F' — P, X may be extended over the inclusion
F — C(F) by choosing a null-homotopy of the map F' — P, X (which exists certainly as P, X
is contractible). Passing to vertical fibres, we obtain that the composite QX — QC(j) — QX
is a homeomorphism since big square is a pullback.

Consequently, the map QC(j) — QX induces an isomorphism on 7. In particular, mo(X) ~
m2(C(j)) and by the absolute Hurewicz theorem, also Ha(X) = H(C(7)). In particular, we
deduce that the upper horizontal sequence in the diagram

Hy(A) —— Hy(C(j)) —— Hy(F) —— Hy(A) —— H1(C(i)) =0

H | | H |

is exact (and the lower one is exact by definition). We claim that all squares commute (one
perhaps only up to sign). For the left most and right most square, this follows immediately
from the factorization of the map A — X through C(i). For the other two squares it is
convenient to rewrite these using the suspension isomorphism as the diagram

Hy(C(j)) — H2(XF) —— Hy(XA)

| |

Hy(X) —— Hy(C(i)) —— Hz(XA)
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For the right hand side, it is a similar argument as before that X F — ¥ A canonically factors
through C(7). Indeed, the following diagram commutes up to natural homotopy:

ja « SF —— ¥ F
L
A—— X C(i) —— XA

c(j) — )j

YF — «

The upper right most square then shows that the right of the above two squares of homology
groups commutes. To see that also the left one commutes, we have to observe that, up to
homotopy, the composite C(j) - X = X — C(i) factors as C(j) — LF — C(i), giving a
diagram (commutative up to homotopy)

C(j) —— SF

|

X —— C(¥)

showing that also the left of the two squares of homology groups commute. The 5-lemma
finally finishes the proof of the theorem. O

2.33. Remark An equivalent formulation of Theorem [2.32] is the following. Let f: X — Y
be an (n — 1)-connected map, n > 2 with Y connected. Let F' = hofib(f) be its homotopy
fibre and C(f) its homotopy cofibre. Then the Hurewicz homomorphism induces

(1) if X is 1-connected, an isomorphism 7,1 (F') — H,(C(f);Z) and a surjection 7, (F') —

Hy 1 (C(f); Z).
(2) in general, an isomorphism m,—1(F) ®z(x, (x)) Z — Hn(C(f); Z).

As a consequence, we deduce the following version of Whiteheads theorem.

2.34. Corollary Let f: X — Y be a map between connected nilpotent spaces which induces
an isomorphism on singular homology. Then f is a weak equivalence.

Proof. First, we claim that f is 1-connected, i.e. surjective on m1. To see this, we employ the
argument from Addendum so it suffices to note that the map 71 (X) — 71(Y) induces a
surjection on abelianizations. This is true since these abelianizations are isomorphic, by the
Hurewicz homomorphism, to H(X) and H;(Y'), respectively, and on homology, f induces an
isomorphism (in particular a surjection) by assumption. We now conclude that the homotopy
fibre F' of f is connected, so it remains to show that F' satisfies m,_1(F) = 0 for all n > 2.
We will show this by induction on n, but before doing so, we claim that the 71 (X)-action on

8That this result is true on the level of homology is more directly implied by inspecting the top left most
square on singular chain complexes, and then expanding out cone sequences.
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Tn—1(F") is nilpotent for all n > 2. To see this, we recall that the long exact sequence of the
homotopy fibre sequence F' -+ X — Y

Tn(X) = (V) = mp1(F) = mp—1(X) = mo1 (V)

is one of Z[m(X)]-modules. Moreover, by assumption, m,(Y) and 7,_1(X) are nilpotent
Z[m (X)]-modules. As submodules, quotients, and extensions of nilpotent modules are again
nilpotent, the claim follows. Next, we show that if M is equipped with a nilpotent G-action
and M ®gzq Z = 0, then M = 0@ To see this, we again argue by induction over the length of
a filtration as in the definition of nilpotent actions. The base case is the case where M itself
is equipped with a trivial G-action. But then we have 0 = M ®z;g) Z = M. Inductively, we
may then assume that there is a short exact sequence

0= M —-M— M/M; =0

of Z|G]-modules with M /M; having a trivial action and where M; has a shorter filtration
witnessing the nilpotency of the G-action. From M ®z(g Z = 0 and the right exactness of
- ®z(q] ZH we deduce that (M/M) ®zig Z = 0 and hence that M/M; = 0 and thus that
My = M. Hence we conclude that M; ®z(q] Z = 0 and by induction that 0 = M; = M.
Finally, we prove that m,_1(F) = 0 by induction over n. Indeed, inductively, the relative
Hurewicz theorem provides the following isomorphism.

Tn—1(F) ®zjm, (x)) Z = Ha(C(f); Z) = 0

so we conclude that m,_1(F) = 0 by the above argument and hence f is a weak equivalence.
O

3. EILENBERG-MAC LANE SPACES AND COHOMOLOGY
We begin with the definition of Eilenberg-Mac Lane spaces.

3.1. Definition Let A be an abelian group and n > 0. A space X is called an Eilenberg-Mac
Lane space of type (A,n) if it is equipped with a specified isomorphism 0: 7, (X) = A and
(X)) =0 for k # n.

We will see later that any two Eilenberg-Mac Lane spaces are homotopy equivalent via
a unique homotopy class of equivalence. Therefore, Eilenberg-Mac Lane spaces of type
(A,n) are often denoted K (A,n), but it is important to remember that the identification
(K (A,n)) = A is part of the datum of an Eilenberg-Mac Lane space.

We begin by showing that Eilenberg-Mac Lane spaces exist:

3.2. Lemma Let A be an abelian group an n > 0. There exists an Filenberg-Mac Lane space
K(A,n).

Proof. When n = 0 we may take the set A with discrete topology as K(A4,0). Whenn = 1, we
have argued in Topology I that associated to the group A, we may consider the presentation
complex X (A) which comes with a specified isomorphism (X (A4)) = A. For n > 2, we

9Mn case n = 2, this is to be read as the coinvariants of the G-action on m(F') instead of the displayed
tensor product.
101y case n = 2, the right exactness of the functor of coinvariants of the G-action.
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may perform a similar construction to obtain general Moore spaces for A: Choose short exact
sequence

OH@ZL@Z—MLL—W
J I

Since n > 2, we may realise the map f as the map induced on 7, from a map \/;S" —
\/;S™ and consider its homotopy cofibre M(A,n) which now has a single homology group,
namely A in degree n. By the Hurewicz theorem, we then obtain a specified isomorphism
Tn(M(A,n)) = A.

We have now argued that for all pairs (A,n) with n > 1, there exists an (n — 1)-connected
space M (A, n) equipped with an isomorphism 7, (M (A,n)) =2 A. We may now attach cells of
dimension > n + 2 to M(A,n) to keep m, unchanged and to set 7 equal to zero for k > n.
The resulting space is then a choice of a K(A,n). O

3.3. Example We have seen that Z — m,(S™), given by 1 — [idgn] is an isomorphism.
Moreover, 71(S?) = 0 for k # 1 and hence S!, together with the just mentioned isomor-
phism, is a K(Z,1). Likewise, the map Z = 71(S') = 7 (RP!) — 7;(RP") induces an
isomorphism Z/27 = m(RP") for all n > 2, and Z — m3(S?) = m(CP!) — 75(CP") in-
duces an isomorphism for all n > 1. Since 7;(RP*) = 0 for k¥ # 1 and 7, (CP*°) = 0 for
k # 2, we find that RP*® is a K(Z/2Z,1) and CP* is a K(Z,2). Here is another model
for K(Z,2): Consider an infinite dimensional separable complex Hilbert space H. Then its
unitary group U(H) is contractible in the norm topology, this is a theorem of Kuiper. Scalar
multiplication by elements of U(1) = S' defines a subgroup inclusion U(1) — U(H). The
quotient group PU(H) = U(H)/U(1), called the projective unitary group sits in a fibration
(in fact in a principal U(1)-bundle, we will discuss principal bundles in the next section)
U(l) - U(H) — PU(H), showing that PU(H) can be made into a K(Z,2). Note that the
space PU(H) is a topological group, whereas it can be shown that CP* cannot be made into
a topological group

We have also discussed that Z = m4(S*) = my(HP') — m4(HP™) is an isomorphism, but
it is not true that HP* is a K(Z,4): Indeed, for every n > 1, there is a fibration sequence
S3 — §4nt+3 5 HP™ showing that 7 (HP™) = 7,_1(S3). We have not yet seen that the latter
groups are not trivial in general when k # 4, but this is true: 74(S%) & Z/27Z, as we will
prove in the later stages of this course.

Finally, we discussed that infinite dimensional lens spaces provide models for K(Z/nZ,1).
We have not found “easy” models for other Filenberg—Mac Lane spaces.

3.4. Lemma Let A be an abelian group and n > 0. Then the canonical map
H"(K(A,n); A) — Hom(A, A)

induced by the universal coefficient theorem is an isomorphism. The unique preimage under
id4 will be denoted 1.

Proof. The universal coefficient theorem gives an isomorphism
H"(K(A,n); A) = Hom(H,(K(A,n);Z),A)

since K(A,n) is (n — 1)-connected and hence the Ext-term vanishes. The Hurewicz theorem
provides a specified isomorphism 7, (K (A,n)) = H,(K(A,n);Z) and the source is identified
with A by definition of K(A,n). O

1t can be made into a topological monoid, but not into a topological group, I believe.
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3.5. Lemma Let A be an abelian group ann > 0. There is a map sp: XK (A,n) — K(A,n+1)
such that under the suspension isomorphism, s:(aﬁﬂ) corresponds to Lf. The map adjoint to
Sp, 18 an equivalence §,: K(A,n) — QK(A,n+1).

Proof. The Hurewicz theorem (together with the homological suspension isomorphism) im-
plies that 7,41 (XK (A, n)) comes with a specified isomorphism to A. By attaching higher cells,
we obtain the map s,,: XK (A,n) — K(A,n+ 1), which under the so chosen identifications
of m,+1 with A induces the identity on m,4+1. Then we consider the diagram

H" W (K(A,n+1); A) —— Hom(H,+1(K(A,n+1);Z), A)

| !

H" Y (XK (A,n); A) —— Hom(H,1(XK(A,n);Z), A)

l l

H"(K(A,n); A) —— Hom(H,(K(A,n);Z),A)

which commutes by naturality of the UCT and by compatibility of UCT with the (co)homological
suspension isomorphisms. In each case, the horizontal maps are isomorphisms. The claim
then follows from the construction of the map s,: All homology groups in the right column
are identified with A in a way making the right vertical composite the identity map. Hence,
i 1 is sent to i2 under the left vertical composite as claimed. The map &, is then given by
the composite

K(An) - QXK(A,n) —» QK(A,n+1).
Hence to see that it is an equivalence, one only needs to check that it is an isomorphism
on 7,. The first map is (2n — 1)-connected by Freudenthal and so induces an isomorphism
on m, if n > 1 and a surjection for n = 1. The second map is an isomorphism on m,
since we have shown that s, induces an isomorphism on m,y;. It remains to show that
the unit map K(A,1) — QXK (A, 1) is also injective on 7. So suppose it is not and pick
a € A= m(K(A,1)) which lies in the kernel. The element a gives rise to a commutative
diagram

Sl —— K(A,1)

l |

0S2 —— QNK(A, 1)

The lower horizontal map, under the abstract identification of m(QXK (A, 1)) with A still
classifies the element a. Hence, it suffices to know that the left vertical map is injective on
71. But this map is a surjection between finitely generated groups (namely Z) and hence
bijective@ O

3.6. Definition Let X be a space, A an abelian group and n > 0. We define a map
Xa: [X, K(A,n)] = H"(X; A) by sending [f] to f*(s).

Our goal is to prove the following theorem:

121 case A is finitely generated, any surjective self-map is an isomorphism. In general, A is a filtered
colimit of its finitely generated subgroups, and the map K(A,1) — QXK (A, 1) is compatible with this filtered
colimit. Since filtered colimits of isomorphisms are isomorphisms, this also gives the claimed bijectivity of the
map under investigation.
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3.7. Theorem For a CW complexr X, the map x4 : [X, K(A,n)] — H™(X; A) is a bijection.

Exercise. Convince yourself that the above theorem is true for n = 0.

For the proof of Theorem we first record a couple of properties of the map .

3.8. Lemma Let X be a space. The diagram

A
[EX, K(A,n+1)] ~2% gt (DX A)

I I

X, K(A,n)] — % H(X; A)

commutes. Here, the right vertical map is the suspension isomorphism and the left vertical
map is the adjunction bijection followed by the equivalence $,: QK(A,n + 1) ~ K(A,n)
constructed above.

Proof. Let f: X — K(A,n) represent an element in the left lower corner. Its image in

. . b)) " )
the upper left corner is represented by the composite XX Hf YK(A,n) 2ny. Consider the
commutative diagram

H™ L (SK(A,n); A) 2V grtisx; a)

H"(K (A, n); A) —L— Hm(x; 4)
induced by the map f and the suspension functor and suspension isomorphism. By Lemma/[3.5
sk (1 1), an element of the top left corner, corresponds under the left vertical bijection to ik,
Hence S(f)*(s%(¢4,1)) corresponds under the right vertical bijection to f*(:4). This proves
the corollary. O

3.9. Lemma The set [X, K(A,n)] is a group (in fact an abelian group) and the map X+ is a
group homomorphism.

Proof. Since K(A,n) ~ QK(A,n+ 1), we find that [X, K(A,n + 1)] is mp of a loop space
and hence a group. In fact, since K(A,n) ~ Q2K (A,n + 2), [X,K(A,n)] is also m of a
loop space and hence an abelian group. Let us denote the multiplication map of K (A, n) by
m: K(A,n) x K(A,n) = K(A,n). Then we find that m*(:2) is an element of

H™(K(A,n) x K(A,n); A) = Hom(A @ A, A).

The fact that the multiplication is left and right unital implies that the resulting homomor-
phism A @ A — A is the fold map, i.e. the identity on each summand of the source. This
implies the equation
*0 A\ *0 A *0 A
m (Ln) - prl(bn) +pr2(bn)'

Now, the 0-element in [X, K (A, n)] is represented by the constant map which pulls ¢/ back
to 0 as needed. Given two maps f,g: X — K(A,n), their sum in [X, K(A,n)] is represented
by the composite

X 9 (A n) x K(A,n) ™ K(A,n).



TOPOLOGY III 23

Therefore we find

Xi(f +9) = ( )*(m*(bﬁ))

as needed. O

We now treat a first basic case of Theorem

3.10. Lemma Let A be an abelian group and n > 0. The map x4 : [S¥, K(A,n)] — H"(S*; A)
18 an isomorphism for all k > 0.

Proof. Since K (A, n) is aloopspace, we find that m, (K (A4,n)) = [S*, K (A, n)]. = [S*, K(A,n)],
see Remark In particular, the statement of the lemma holds for trivial reasons when
k # n since then, both sides vanish. So let us consider the case k = n. We claim that the
following square commutes.

(57, K(A,n)] H"(5"; A)

| |

Hom(H,(S™), Ho(K(A,n)) —— Hom(H,(S"), A)

where the left vertical map is induced by the functor H,(—), the right vertical map is the
canonical map appearing in the universal coefficient theorem, and the lower horizontal map
is induced by the chosen identification H,(K(A,n); A). Indeed, to see this, consider f: S™ —
K(A,n). Then the composite over the left lower corner is given by the composite H,,(S™) —
H,(K(A,n)) — A where the latter map is induced the chosen identification. The image of f
in the upper right corner is given by f*(:2}). Since the right vertical map is natural, we see
that it sends f*(¢) to the image under f*: Hom(H, (K (A,n)), A) — Hom(H, (S™), A) of the
chosen identification of H, (K (A,n)) with A, by definition of 2. This shows that the upper
square indeed commutes. It then suffices to note that both vertical maps are isomorphisms.
For the right vertical map this is what the universal coefficient theorem implies. Then we
note that the left vertical map, up to identifying the target with H, (K (A, n)) via evaluation
at 1 € Z and identifying the source with 7, (K (A, n)) is the Hurewicz homomorphism, which
we have seen to be an isomorphism. O

3.11. Remark We will need the following observation, which implicitly has appeared in topol-
ogy II. We first observe: Namely, let (B, A) be a relative CW complex with A, B, and B/A
locally compact and consider a basepoint a € A. Then the pushout square of pointed spaces

A—— B

|

x —— B/A
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induces, for any pointed space (X, z) a commutative diagram of pointed mapping spaces
Map, (B/A, X) —— Map, (B, X)
o ——omste Map, (A, X)
in which the right most vertical map is a Serre fibration: One directly checks that the square
Map, (B, X) —— Map(B, X)
Ma’p* (A7 X) B Map(Au X)

is a pullback. Hence, it suffices to show that the right vertical map is a Serre fibration. By
adjunction, we wish to show that the left hand lifting problem

0,1]"* x {0} —— Map(B, X) 0,1 ' x BU[0,1]" x A —= X
01" T Map(A X) 01" xB

can be solved. By adjunction yet again, this lifting problem is equivalent to the right hand
extension problem, which can be solved since the vertical map is a CW inclusion which is
a homotopy equivalence and [Win24, Cor. 5.2.6]. Now we claim that the above square of
pointed (or equivalently unpointed) mapping spaces is a homotopy pullback diagram, that is,
the map from Map, (B/A, X) to the pullback is a weak equivalence. To do so, we investigate
whether this map is actually a homeomorphism: To do so, we consider a pointed test space
(T',t) and the left commutative diagram of pointed spaces

T —— Map, (B, X) TANA——TAB
* — Map, (A4, X) TAx=%x —— X

which by adjunction and the fact that A and B are locally compact is equivalent to the right
commutative diagram. The right diagram is the same datum as a map from the pushout
to X, and if T is locally compact, e.g. X is a sphere or a disk, then this pushout is given
by T'A B/A. Using that B/A is locally compact, we adjoin again to see that this is the
same as a map T — Map,(B/A, X). It follows that the square under investigation looks
like a pullback when tested only against locally compact spaces. It then follows that it is a
homotopy pullback diagram as claimed. In particular, we deduce that there is a long exact
sequence in homotopy groups for the homotopy fibration sequence

Map, (B/A, X) — Map, (B, X) — Map, (A, X)
which looks like
[A, X« « [B, X]s « [B/A, X]« < [A, QX + [B,QX], ...
In fact, for any map f: A — B, we may alternatively consider the sequence of maps
A= B~Cyl(f) = C(f) » ZA = B — %(C(f)) — 2?4 — ...
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which we have also considered in topology I when discussing the long exact sequence of
homology groups of a map of spaces, see [Lan23, Lemma 4.75]. In particular, we have shown
that applying H,(—) or H"(—) to this sequence, we obtain an exact sequence of homology
groups, which, together with the suspension isomorphism is the long exact sequence associated
to the mapping cone sequence A — B — C(f) (or rather its portion starting at H,, or H").
Using arguments entirely dual to the arguments involved in showing that a fibration induces
a long exact sequence in homotopy groups, one can show that the above sequence also induces
an exact sequence, called the Puppe sequence

[A, X«  [B, X]s < [C(f), X]« < [2A, X < [EB, X]sx ...

see [tD08, Theorem 4.6.4] for a proof. This sequence is isomorphic to the one above under
the adjunction bijections [LY, X, = [Y, QX],.

With these preliminaries out of the way, we can prove Theorem

Proof of Theorem[3.7. First, we note that both source and target of the map XZ‘ send disjoint
unions of spaces to products. We may hence assume that X is connected and we may also
assume that n > 1 in which case we note by Remark that the map [X, K(A,n)]. —
[X, K(A,n)] is a bijection, so we may freely used pointed homotopy classes if we wish. Observe
that for £ > n, the inclusion X}, — X induces an isomorphism on [—, K (A, n)](,) as well as on
H™(—; A): For the latter, we have done this explicitly in [Lan23, Cor. 4.76] and for the former,
it follows inductively from the fact that K(A,n) has trivial homotopy groups in dimension
bigger than n: Indeed, the Puppe sequence discussed in Remark gives for each [ > k an
exact sequence

[IS" K (A, n)]. < (X1, K(A, )]s = [Xior, K(A,n)]e = [JIS™ K (An)] « ...
J J

showing that the middle map is an isomorphism. It then follows (exercise) that also the map
(X%, K(A,n)] — [X, K(A,n)] is an isomorphism. Hence, it suffices to prove the theorem for
finite dimensional and connected X. We will do this by induction over the dimension. The
case dim(X) = 0 is the case X = x where the claim is obvious (both sides vanish for n > 0
and the case n = 0 has been argued earlier). For the inductive step, say from dimension k — 1
to dimension k, we consider the Puppe sequence as above and note that, by naturality of the
map under investigation, the following diagram commutes and consists of exact rows.

[EX5 1, K(A,n)] » [V S5 K(A,n)] » [Xin K(A,n)] > [Xe1, K(A,0)] > [V S* 1, K(A,n)]

| | ! J |

H™M(EXp-1;4) — H"(V 8% 4) — H' (X A) — H"(Xp-1;4) — H'(V ¥ 4)

We observe that since n > 1, the wedge sum’s may be commuted to a direct sum outside of
homotopy classes and cohomology. By Lemma the second vertical map from left and the
final vertical map are isomorphisms. Moreover, by induction, the second vertical map from
the right is an isomorphism, and by Lemma the same is true for the left most vertical
map. Hence, the 5-lemma implies that the middle vertical map is also an isomorphism. [

3.12. Remark Given an abelian group A and n > 0, we may view H"(—; A) as a functor
hTop®® — Set. Given a space X equipped with a class € H"(X; A), the Yoneda lemma
provides a canonical natural transformation [—, X] — H™(—; A); it sends a map f: X' — X
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to f*(z). Theorem [3.7|implies that this transformation, for K (A, n) and 2 is an isomorphism
on CW complexes, so one says that the functor H"(—; A) is representable on CW complezes,
and a representing object is (K (A,n),4). Since the Yoneda lemma is fully faithful, any two
representing objects are uniquely isomorphic. For us this means that any two Eilenberg—Mac
Lane spaces (say we require them to be CW complexes) are homotopy equivalent via a unique
homotopy class (which is specified by being compatible with the respective tautological classes

ih.
From Example we deduce:

3.13. Corollary There are specified isomorphisms [X,S'] = HY(X;Z) and [X,CP*>] =
H?(X;7).

3.14. Corollary The canonical map [K(A,n), K(B,n)] — Hom(A, B) obtained by apply-
ing H,(—) is an isomorphism. For 0 < n < k, we have [K(A,k),K(B,n)] = 0 and
[K(A, k), K(B,0)] = B when k > 0.

Proof. By representability and the Hurewicz isomorphism, we have isomorphisms
[K(A, k), K(B,n)] = H"(K(A,k); B) = Hom(H,,(K (A, k), B)

where the last isomorphism holds, by the universal coefficient theorem, for n < k. All claims
then follow from the fact that K (A, k) is k-connected and the Hurewicz theorem. t

3.15. Corollary If K(A,n) is a locally finite CW complex and n > 1, we have

Hom(A,B) fork=0
mr(Map(K (A, n), K(B,n),const) = ¢ B fork=mn
0 else

and therefore, Map, (K (A,n), K(B,n)) = K(Hom(A, B),0).

Proof. Indeed, under the locally finite assumption, we have m(Map(K (A, n), K(B,n), const) =
[K(A,n), K(B,n — k)| so the above computation yields the result. Moreover, the evalua-
tion map Map(K(A,n), K(B,n)) — K(B,n) induces an isomorphism on 7, since the map
* — K (A,n) induces an isomorphism on H%(—; B). Hence, the result follows from the fibre
sequence

Map, (K(A,n), K(B,n)) — Map(K(A,n), K(B,n)) - K(B,n)

discussed in Remark [3.111 O

3.16. Remark The groups H"(K (A, k); B) = [K(A, k), K(B,n)| are bijective, by Yoneda’s
lemma (applied in the homotopy category of CW complexes), to the set of natural transfor-
mations H*(—; A) — H™(—; B). The above results therefore say that there are no non-trivial
natural transformations between cohomology functors which lower the degree, and that all
natural transformations which preserve the degree are given simply by the ones induced from
group homomorphisms. We have already seen that there are in fact natural transformations
which raise the degree: The Bockstein map is a natural map

H"(—Z/pZ) — H" (= Z)

and hence corresponds to a unique homotopy class 5: K(Z/pZ,n) — K(Z,n + 1). Exercise:
Recall that this map is non-trivial and think about whether you know this map for p = 2 and
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n =1 (or more generally for any p and n = 1) In general, for n > k, the groups
[K(A, k), K (B,n)] = H"(K(A, k); B)

are non-trivial in many cases, but it is not an easy argument to see thisH The simplest case
might be where A is finitely generated and B = Z. By the UCT and by considering A as the
filtered colimit over its finitely generated subgroups, one may hope to evaluate the general
case, although we remark that this filtered colimit translates into a derived inverse limit; these
involve higher derived functors of the inverse limit, and such higher derived functors (unlike
in the colimit case) can be non-trivial in arbitrarily high degrees...! Perhaps even simpler
might be the cases B = [F, and B = Q, i.e. where B runs through the prime fields. In any
event, we observe that for A finitely generated, K (A, k) is a finite product of spaces of the
form K(C,k) where C' is cyclic, so one may appeal to the Kiinneth theorem to argue that
it “suffices” to compute the case where A is cyclic. Later, we will prove some things about
H*(K(F,, k);Fp,) (perhaps only when p = 2) in particular, that this is non-trivial.

The fact that by Yoneda’s lemma, it is “easy” to describe natural transformations from a
representable functor to an arbitrary functor is something we will come back to in the next
section.

We end with some sample applications one gets from representability and knowing some-
thing about representing objects (you might try to prove the first part of the following corol-
lary by hand):

3.17. Corollary Let X be a topological space and x € H*(X;7Z). Then 0 = 22 € H*(X;7Z).
Moreover, there every natural transformation H'(—;Z) — H¥(—; A) for k > 1 is trivial.

Proof. Indeed, the first claim is true in the universal case K(Z,1) since H*(K(Z,1);7) =
H%(SY;Z) =0, and 22 = f*(:%)? with /7 € H'(S';Z) for the map f: X — K(Z,1) classifying
x. To see the second, we recall that the set of such natural transformations is given by
HM(K(Z,1); A) = 0. O

In a similar vein, we have (I invite you to think of more immediate such consequences):

3.18. Corollary Let k be an odd number and n an even number. Then every natural trans-
formation H*(—;Z) — H*(—; A) and every natural transformation H'(—;Fy) — H*(—; Z) is
trivial.

Proof. Again, such natural transformations are given by H*(CP>; A) and H*(RP>;Z), re-
spectively. Both vanish since k is odd. O

Exercise. Describe as explicitly as you can the natural transformations H?(—;Z) —
H?"(—; A) and H'(—;Fg) — H?"!(—; A) for abelian groups A and natural numbers n > 1.

As indicated above, later in this course we will be very interested in studying natural
transformations H*(—;Fy) — H*+(—;Fy) for i > 0. We will see that there are many such
operations, called Steenrod operations, and they will be extremely helpful in further studying
obstructions, e.g. for certain spaces to be homotopy equivalent to closed manifolds (the only
obstructions we really know so far are consequences of Poincaré duality, but it turns out that
there are more).

BAn exception: If B is a ring, then the cup product gives a natural map H™(—; B) — H?"(—; B) — this
map will in fact be the source of many non-trivial classes.
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4. PRINCIPAL BUNDLES, FIBRE BUNDLES, AND FIBRATIONS

For the purpose of this section, we will consider a topological group G. For a more thorough
treatment of principal bundles (we try to be quick here) one can consult [tD0S8], §14].

4.1. Definition Let G be a topological group and E a topological space. A continuous right
action of G on F, i.e. a continuous map E x G — E, (e,g) — eg, is called principal if the
projection map p: F — FE/G satisfies the following condition: There exists an open cover
{Ui;}ier of E/G and G-equivariant homeomorphisms U; x G — p~1(U;) compatible with the
respective projections to U;.

A map p: E — B is called a principal G-bundle, if there exists a principal G-action on F
for which p is equivariant (with respect to the trivial G-action on B) and such that p induces
a homeomorphism E/G — B. A map of principal G-bundles p: E — B and p’: E/ — B
is a G-equivariant map ¢: E — E’. Tt is called an isomorphism if it admits an inverse (or
equivalently, if ¢ is a homeomorphism)E

4.2. Remark We note that the definition of a principal G-bundle implies that the projection
map p: £ — B is surjective, and a quotient map. Moreover, a principal G-bundle p: £ — B
is obviously a fibre bundle (with typical fibre G), and hence also a Serre fibration, see [Win24,
Lemma 5.2.2]. In fact, a numerable fibre bundle is even a Hurewicz fibration. Being numerable
means that there exists a trivializing open cover which admits a subordinate partition of unity.
This is automatic if the base space is paracompact, but not in general.

4.3. Remark Given a principal G-bundle p: E — B, consider a trivializing open cover
{Ui}ier. Denote by U;; = U; N U; the intersection. Then there are G-homeomorphisms
Uij x G =2 p~1(U;;) = U;; x G, where the first homeomorphism comes from the trivialization
over U; and the second comes from the trivialization over U;. This G-equivariant homeomor-
phism is, since it is compatible with the projection p, equivalently given by a continuous map
sij: Uijj — G. These maps satisfy cocyle conditions:

(1) s4(u) =1 for all u € Uy,

(2) sji(u) = s;5(u)~"! for all u € U;;, and

(3) sik(u) = sjp(u) - sij(u) for all uw € Uyjp, = U; NU; N U
and are called the associated cocycles of E — B. Given functions s;;: U;; — G satisfying
these conditions, one can construct a principal G-bundle whose associated cocylces are given
by si;. (Exercise. Hint: Use these functions to form a suitable quotient of [[;.; U; x G).

4.4. Remark The fibres of a principal G-action on E over p(e) are homeomorphic to G:
Indeed, the map {e} x G — p~1({e}), g — eg is a homeomorphism. In particular, a principal
action of G on F is free. For any free action, consider the set tg(E) = {(e,eq) | e € E, g €
G} C E x F of all G-translates of points of E, and the translation map tg(F) — G, sending
(e,eq) to QH For a principal G-action, this translation map is continuous (exercise). Tom
Dieck calls free actions with continuous translation map weakly proper actions. Note that
if the G-action on E is weakly proper, and U C FE/G is open and Ey is the preimage of
U under the projection E — E/G, then Ey is a G-invariant open subset of E and the G-
action on Ey is again weakly proper: Indeed, the translation map is simply the composite

14Indeed, any inverse of ¢ is automatically a bundle map.
15T his is well-defined since the action is free.
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tq(Ey) C te(F) — G. In Remark below, we note under what assumptions free and
weakly proper actions are principal.

4.5. Example Suppose G is a discrete group. Then a principal action is the same as a
covering-like action in the sense of Topology I [Lan23|. In particular, when G is discrete,
principal G-bundles are the same datum as Galois covering spaces whose Deck transformation
group is identified with G.

4.6. Example For any space B, the map B x G — B is evidently a principal G-bundle and
is called the trivial principal G-bundle; in fact any bundle isomorphic to B x G — B will be
called trivial. By definition, any principal G-bundle is locally trivial (on the target) but not
necessarily globally trivial, see the next example.

4.7. Example The projection maps S?"*1 — CP" are principal S'-bundles. Indeed, S!
acts diagonally on S?"*+1 C C"*+!, this action is free. For 0 < i < n, consider the subset
U; of S?"*1 consisting of points (zg,...,x,) € 21 C C"*! with x; # 0. Consider the
map U; — U;/S' x St given by the projection in the first product factor and by the map
sending (zo,...,Ty) to Moy in the second factor. One checks that this is an St-equivariant
homeomorphism and concludes that S2"*1 — CP" is a principal S'-bundle. These are all
examples of bundles which are not trivial: $***! is not homeomorphic to CP" x S (Exercise:
find all arguments you can for this).

The same arguments apply for RP", which participates in a principal Cy = O(1)-bundle
S™ — RP", see Example and HP", which participates in a principal S3 = SU(2) = Sp(1)-
bundle $4**+3 — HP". None of these examples are trivial bundles (same exercise as above).

Exercise. Show that QRP" ~ Cy x QS”, QCP" ~ S x Q527! and QHP" ~ §3 x Q8§47 +3,

4.8. Example Let p: E — B be a principal G-bundle and let f: B’ — B be a map of spaces.
Let p': B/ = E xg B" — B’ be the pullback of p along f. Then p’ is again a principal
G-bundle. We often write f*(E) for the pullback principal G-bundle.

4.9. Definition For a topological space B, we denote by Bung(B) the collection of isomor-
phism classes of principal G-bundles.

4.10. Lemma The association B — Bung(B) refines to a functor Top®® — Set.

Proof. First, we have to see that Bung(B) is a set: To do so, note that any two principal G-
bundles over B have the same cardinality, namely that of B x GG. In particular, isomorphism
classes of principal G-bundles over B can be thought of as certain topologies on the set B x G,
and there is a set worth of such topologies. Now, for f: B — B’ we need to define an induced
map f*: Bung(B’) — Bung(B). We do so by setting f*[E' — B’]) = [f*(F’) — B]. This
indeed provides the claimed functor, since g*(f*(E’)) is isomorphic to (¢gf)*(E’) and id*(E)
is isomorphic to F. ]

The following is an important concept not only in algebraic topology, but also in (differen-
tial) geometry, and will become crucial in our later investigation of manifolds:
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4.11. Definition Let G be a topological group, A an abelian group and n > 0. A character-
istic class 0 of type (A,n) for principal G-bundles is a natural transformation Bung(—) —
H"™(—; A) of functors Top°® — Set.

Concretely, a characteristic class 6 of type (A,n) therefore gives, for each principal G-
bundle p: E — B, a cohomology class 6(p) € H"(B; A) satistying the following compatibility
constraint. For a map f: B’ — B with pullback bundle f*(p): f*(E) — B’, we have the
equation O(f*(p)) = f*(6(p)). We will study characteristic classes to some extend later in
this lecture course, though only for very specific groups G.

We now come to some basic properties of principal bundles and bundle maps.

4.12. Lemma Let p: E — B and p': E' — B be principal G-bundles and let p: E — E’ be a
map of principal G-bundles. Then ¢ is an isomorphism.

Proof. Let us first argue that ¢ is a bijection. To see surjectivity, for ¢/ € E' we can choose
an element e € F such that p(e) = p’(¢/). Then p(e) and €’ lie in the same fibre of p’. Since G
acts transitively on the fibres of p/, we see that there exists a g € G such that gp(e) = €’. Since
¢ is G-equivariant, we deduce that p(ge) = €’ so @ is surjective. To see injectivity, we argue
similarly. If eg and e; satisfy p(eg) = @(e1), then we conclude that p(ey) = p(e1) so eg and eq
lie in the same fibre of p. But ¢,-1(;) is a G-equivariant between free G-spaces, and is hence
injective. Consequently, ¢ is also injective. To see that ¢ is open, we may choose an open
cover {U;}ier such that p and p’ are trivial over each U;. The restriction of ¢ to p~1(U;) is
then a map U; x G — U; X G over U; which is G-equivariant (in particular bijective by what we
have argued before). Such maps are equivalently given by non-equivariant maps U; — U; X G,
and being over U; corresponds to the first map being the identity. Hence the above map is
given by (u,g) + (u,q(u)g). This map has inverse given by (u,h) — (u,q(u)"'h) which is
continuous since the inverse map on G is continuous. Hence, the map ¢ is locally open and
thus open, and consequently a homeomorphism. ]

The following is a basic, but important and useful property of principal bundles.

4.13. Lemma Let p: E — B be a principal G-bundle. Then p admits a section if and only if
p is trivial.

Proof. The if assertion is immediate. So let s: B — E be a section to p. We obtain a bundle
map B x G — E by sending (b, g) to g-s(b). By Lemma this map is an isomorphism. [J

4.14. Remark In fact, there is the following strengthening of Lemma Let G act (freely
and) weakly properly on E. Then FE is G-equivariantly isomorphic to B x G if and only
if E — E/G admits a continuous section. (Exercise. Hint construct an explicit inverse of
the map B x G — FE considered in the above proof using the fact that the action is weakly
proper).

In particular, a weakly proper action is a principal action if and only if the projection map
E — E/G has locally on the target continuous sections (recall that the restriction of the
G-action to preimages of opens of E/G is again weakly proper).

4.15. Example We add an example which uses some notions from smooth manifolds (which
we will not address here). Let G be a Lie group and H a closed subgroup. Then H acts by
right multiplication on G and this action is weakly proper. Moreover, G/H is naturally a
smooth manifold and the projection map G — G/H is a submersion. Since any submersion
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between smooth manifolds admits local sections (as a consequence of the implicit function
theorem), we deduce that the right multiplication action of H on G is principal and G — G/H
is a principal H-bundle.

In fact, more generally, if G is a topological group and H C G is a subgroup, then the right
multiplication action of H on G is weakly proper. Moreover, the projection map p: G — G/H
is a principal H-bundle if p has a section in a neighborhood of [1] € G/H — in the Lie group
case and when H is closed, this local section exists automatically, but in general it does not.

We will next address the following two important theorems:

4.16. Theorem (Homotopy theorem) The functor Bung: Top®® — Set is a homotopy functor
on CW complexes, i.e. its restriction to spaces that admit a CW structure factors through
Top — hTop.

4.17. Theorem (Classification theorem) The functor Bung(—): hTop®® — Set is repre-
sentable on CW complexes.

4.18. Remark One can avoid the restriction to CW complexes if one replaces Bung(—) by
Bung™ (—) which takes isomorphism classes of numerable principal G-bundles. Then both
the homotopy and the classification theorem hold true for all spaces, as we will indicate below.

A representing object is therefore in particular principal G-bundle which we denote by
EG — BG. That this principal G-bundle represents Bung(—) on CW complexes is the
statement that for any CW complex B, the map [B, BG] — Bung(B), f — f*(EG), is a
bijection. Again, Yoneda’s lemma implies that a universal principal G-bundle is unique up
to unique homotopy classes of homotopy equivalences. We refer to BG as a classifying space
for G or more precisely, for principal G-bundles. A consequence of the above and Yoneda’s
lemma is also given by the following characterization of characteristic classes:

4.19. Corollary A characteristic class of type (A,n) for for principal G-bundles is the same
datum as an element € H"(BG; A).

Therefore, computing the cohomology of classifying spaces is one way to describe charac-
teristic classes.

To establish the above theorems, we will use the following construction which is interesting
in its own right:

4.20. Construction Let £ — B be a principal G-bundle and let F' be a space equipped with
a continuous left G-action. The associated bundle is the map F xg F' — B. Here the map is
induced by the G-equivariant map F' — %, and E X F' refers to the quotient of the diagonal
right G-action on E x F given by g- (e, f) = (eg, g~ f). This associated bundle is now a fibre
bundle with typical fibre F' (Exercise. Hint: think about the case where E — B is trivial,
and reduce to this case).

Conversely, given a fibre bundle p: £ — B with typical fibre a locally compact space F,
we construct a principal Homeo(F')-bundle using Remark as follows. Pick a trivializing
open cover {U;}ier. Then there are homeomorphisms U;; x F' =2 pil(Ui ) =2 Ujj x F over Uj;.
These are equivalently given by a continuous map U;; — Homeo(F') and one checks that they
satisfy the cocycle relations. Therefore one obtains a principal Homeo(F')-bundle.

One can show that these constructions yields a one-to-one correspondence between isomor-
phism classes of fibre bundles with typical fibre a locally compact space F' and isomorphism
classes of principal Homeo(F')-bundles.
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4.21. Example Let G — G be a continuous group homomorphism and let £ — B be a
principal G-bundle. We may view G’ as a left G-space via the map f and form the associated
bundle E x G’ — B. This turns out to be a principal G’-bundle and in fact, this construction
gives rise to a natural transformation of functors Bung(—) — Bung/(—).

Consequently, given a locally compact left G-space F', the associated bundle E xg F' can
be factored as follows: From the continuous group homomorphism G — Homeo(F'), we can
construct the principal Homeo(F')-bundle E x g Homeo(F') and then form the tautologically
associated bundle [E x g Homeo(F')] X gomeo(r) £ Which is isomorphic to E' x¢g F.

For a continuous group homomorphism G — Homeo(F'), one then says that a fibre bundle
X — B with fibre F' has structure group reduced to G if this bundle is equipped with an
isomorphism to an associated bundle E x ¢ F' for some principal G-bundle £ — B, or equiva-
lently, in hopefully evident notation, if the cocycles s;;: U;; — Homeo(F') are equipped with
cocycle lifts §;;: Uj; — G along the map G — Homeo(F).

4.22. Example A vector bundle F — B is a fibre bundle with typical fibre R™ together with
a factorization of the maps U;; — Homeo(R") =: Top(n) through the inclusion GL,(R) C
Top(n). In particular, by the above, a vector bundle is the associated bundle of a principal
GL,(R)-bundle via the left GL, (R)-space R". The same is true for complex or quaternionic
vector bundles; these are equivalently given by GL,(C) and GL, (H)-principal bundles, re-
spectively.

The principal GL,, (K)-bundle corresponding to a K-vector bundle is called the frame bundle
or bundle of frames: In each fibre, it is simply given the space of basis on each fibre, and
GL,,(K) acts freely and transitively on the space of bases of a fixed n-dimensional vector
space.

Equipping a real vector bundle with a Riemannian metric amounts to reducing the structure
group from GL,(R)-bundle to O(n), and likewise equipping a complex vector bundle with a
hermitian metric amounts to reducing the structure group from GL,(C) to U(n) (Exercise).

4.23. Corollary Theorem implies that every fibre bundle (over a CW complex) with typi-
cal fibre F' is pulled back from the universal such bundle, which is given by EHomeo(F) X Homeo(F)
F — BHomeo(F). In particular, fibre bundles over a contractible space are globally triv-

ial. The same is true for the functor taking isomorphism classes of K-vector bundles for
K=R,C,H.

Later, we will be particularly interested in characteristic classes of vector bundles, by which
we mean, characteristic classes of GL,,(R)-principal bundles.

4.24. Definition Let p: E — B and p’: E' — B’ be principal G-bundles. A bundle map
from p: E — B to p’: E/ — B is a G-equivariant continuous map E — E’, or equivalently, a
commutative diagram

where f is G-equivariant.
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4.25. Remark The diagram appearing in the definition of bundle maps is a pullback: Indeed,
the commutative diagram induces a map F — f*(E’) which is a bundle map over the identity
and hence an isomorphism by Lemma [£.12]

The following is a basic, but very useful observation.

4.26. Lemma Let p: E — B and p': E' — B’ be principal G-bundles. Then bundle maps
from p to p' correspond bijectively to sections of the associated bundle E xg E' — B.

Proof. Let f: E — E’ be a bundle map, i.e. a G-equivariant map. Consider then the com-
posite E — E x E' — E xg E’ where the first map is the pair (idg, f) and the second is the
canonical projection. Concretely, this composite is given by e — [e, f(e)]. Observe that for
all g € G, we have eg — [eg, f(eg)] = [eg, f(e)g] = [e, f(e)]. Consequently, as p is isomorphic
to the projection map E — E/G, the just described map descends to a continuous map
s: B— E xg E'. The composite of this map with the projection E x E’, which is given by
[e, €'] — p(e) is then the identity by construction, so s is a section of the associated bundle
as needed.

Conversely, let s: B — E X E’ be a section of the associated bundle. Pick a trivializing
open cover {U;}ier of E — B. Then E xg E' is also trivial over this cover since Ejy, xg B’ =
(U;xG)xgFE' = U;x E. The section s is equivalently described by maps s; = S| which can be
regarded as continuous maps U; — E’. One can then form the maps §;: Ey, 2UixG— E,
induced by sending (z,9) € U; X G to s;(x) - g. All the maps §; are continuous and they
agree on intersections (exercise), hence they determine a unique continuous map f: E — FE’
which is G-equivariant by construction; concretely, this is given by sending an e € E to the
following point of E’: write s(b) = [s1(b), s2(b)] and observe that p(s1(b)) = b since s is a
section. Since the G-action on F is free, we may represent [s1(b), s2(b)] uniquely by the tuple
(e, €e’) and doing so, we have f(e) = ¢'.

It is then readily checked that these two constructions are inverse to each other. O

We can now prove the homotopy theorem for bundles.

Proof of Theorem[{.16, Let us consider a principal G-bundle E — B x [0, 1] and let us denote
by Ep its pullback to B x {0} and likewise by F; its pullback to B x {1}. We will construct
a bundle map appearing in the right square of the following diagram

o/ — ; R » Eo

| ! |

Bx {0} — Bx|[0,1] 2= B

making both horizontal composites the identity map. By Lemma this is equivalent to
constructing an appropriate section of the associated bundle E xg Ey — B x [0,1]. The
condition that the above composites ought to be the identity imply that we wish to solve
the following lifting problem, in which the top arrow is given by the tautological section of
FEy xg Ey — B, followed by the map Ey x¢ Fg = E Xg Eg induced by the inclusion Fy C E.

B x {0} —— E x¢ Ey

\L //>, l

B x [0,1] == B x [0,1]
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Since the associated bundle is a fibre bundle, it is a Serre fibration, and hence, if B is a
CW complex, a dashed arrow existsm Hence, there exists a bundle map £ — Ejy over
pr: B x [0,1] — B, and consequently, we find an isomorphism of principal G-bundles E =
Ey x[0,1] = pr,(Ep) over B x [0,1] as a consequence of Lemma[4.12] and this map restricts to
the identity upon pullback to Bx{0}. This isomorphism however also induces an isomorphism
E; = Ej by restricting along B x {1} — B.

We finish by arguing that this implies the theorem: Let f,g: B — B’ be homotopic maps
and E' — B’ a principal G-bundle. We wish to show that f*(E’) and g*(E’) are isomorphic.
To see this, let h: B x [0,1] — B’ be a homotopy between f and g and let E = h*(E’). Then,
on the one hand, f*(E’) = Ey and ¢g*(F’) = E;, and on the other we have just constructed
an isomorphism F; & Ej of G-bundles over B, finishing the proof of the theorem. O

To go towards the proof of the classification theorem for principal G-bundles, we will to this
is a two step process: First, we will prove a recognition principle for universality of a principal
G-bundle, and then we will show that such a bundle exists. The recognition principle is the
following analog of a result in covering theory which we have proven in [Lan23].

4.27. Proposition Let p: E — B be a principal G-bundle with E weakly contractible. Then
p s universal on spaces which admit a CW structure.

Proof. We need to show that for all CW complexes B’, the map [B’, B] — Bung(B’) given
by f+— f*(p) is a bijection. To prove surjectivity, let p’: E' — B’ be a principal G-bundle.
By Lemma [4.12] it suffices to construct a bundle map E’ — E. By Lemma this amounts
to constructing a section of the associated bundle E X E’ — B. This is a fibre bundle with
weakly contractible fibre E’, and hence this map is a weak equivalence. Hence, the lifting
problem

g —— ExgE

\L />( \L

-

B=———8H

admits a solution as we have shown in topology II [Win24, Prop. 5.2.15]. To see injectivity,
consider two maps f,g: B’ — B and an isomorphism f*(p) = ¢*(p). Equivalently, we may
consider a principal G-bundle p’: E' — B’ with two bundle maps E’ — F lying over f and g
respectively. We need to show that these bundle maps are G-equivariantly homotopic, so that
we find that f and g are homotopic in the usual sense. Now one observes that a G-equivariant
homotopy is equivalently a bundle map E’ x [0,1] — E, where the former is the principal
G-bundle E’ x [0,1] — B x [0, 1]. By the same argument as in the surjectivity and translating
such a bundle map to suitable sections, it suffices to solve the lifting problem

B'x {0,1} —— (E' x [0,1]) xg E

| |

B’ x[0,1] =——— B x [0,1]

which can again be solved by [Win24l, Prop. 5.2.15] as the right vertical is still a weak equiv-
alence and Serre fibration, and B’ x {0,1} — B x [0,1] is a relative CW complex. O

16The same argument shows the general form of the homotopy theorem: If all bundles are numerable, then
the associated bundle is also numerable, and hence a Hurewicz fibration. The lifting problem can therefore be
solved for all spaces B.
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4.28. Remark Suppose the p: E — B is a numerable principal G-bundle with E contractible.
Then p is in fact universal on all spaces, and the exact same proof strategy as above works: In
the case at hand, F X E’ is a numerable fibre bundle with contractible fibre, such bundle pro-
jections are homotopy equivalences, see e.g. [Dol63, Corollary 3.2]E|, and Hurewicz fibrations
as we have claimed earlier. Moreover, homotopy equivalences that are also Hurewicz fibrations
have the RLP against all closed cofibrations such as & — B’ and B’ x {0,1} — B’ x [0, 1],
see e.g. [Str66, [Str68].

Consequently, to finish the proof of the classification theorem, we need to show the ex-
istence of principal G-bundles with (weakly) contractible total space. We will outline two
approaches for this, one based on Milnor’s infinite join construction, and one based on the
Bar construction. In fact, these two turn out to be quite related; see [Seg6§].

4.29. Theorem Let G be a topological group. There exists a principal G-bundle EG — BG
with EG contractible.

4.30. Corollary Let G be a topological group. Then there exists a principal G-bundle EG —
BG with EG weakly contractible and BG a CW complex.

Proof. Pick a CW approximation BG — BG and let EG = EG x e BG. Exercise: Show
that EG — EG is a weak equivalence. O

Before coming the constructions of EG — BG, let us contemplate the situation.

4.31. Remark Suppose that EG — BG is any principal G-bundle with EG contractible.
Then BG is canonically pointed and QBG ~ G are weakly equivalent (Exercise). In partic-
ular, we have 7,(BG) = m,—1(G) As indicated above, the operation G — BG can be chosen
functorially. In particular, we may think of B as a functor which takes a topological group
G as input and gives as output a (pointed) space BG which is a delooping of G, i.e. a space
such that € of it is equivalent to G. One can show that such deloopings exist more generally
than for topological groups (a grouplike E;-space in the co-categorical sense is sufficient). We
will later make use of this fact later, but we will not prove it in this generality in this course.

Finally, we note that if A is a discrete abelian group, and we assume that the functor B
preserves finite products, then it follows formally that BA is again a topological abelian group
(since both the inversion map and the addition are group homomorphisms) and in particular,
we may iterate this construction: The above argument then shows that B™(A) is a functorial
construction of K (A,n). In general, the functorial constructions of B we indicate below do
not preserve products, but they do if the topological group is nice enough, and inductively,
it turns out that for discrete abelian groups A and any n > 1, the group B"!(A) is nice
enough.

4.32. Remark Let ¢p: G — G’ be a group homomorphism. As indicated in Example
forming the associated bundle provides a natural map Bung(—) — Bungs/(—), which by
the classification theorem is induced by a unique homotopy class By: BG — BG’. One
can show that this provides the association B(—) with a functor from topological groups to
hTop,, the homotopy category of pointed spaces; In fact, we will show that one can find a

17V\/'arning: It is not true that Hurewicz fibrations with contractible fibre are homotopy equivalences, see
https://math.stackexchange.com/questions/2802883/fibration-with-contractible-fibre for a coun-
terexample using the Warsaw circle.
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model for B which is strictly functorial, i.e. gives rise to a functor from topological groups to
pointed topological spaces. As a consequence of this and Remark we deduce that the
isomorphism m,(BG) = m,_1(G) is natural with respect to group homomorphisms. Indeed,
we need to construct only a commutative diagram

G » EG BG

L

G —— EG —— BG

whose vertical maps are induced by G — G’. To see this, simply observe that there is a
canonical map EG — EG xg G’ and that the latter is the pullback of the span BG — BG’ +
EG'.

In particular, suppose G — G’ is a group homomorphism which is a weak homotopy
equivalence. We then conclude that the induced map BG — BG’ is again a weak homotopy
equivalence. Consequently, there is a canonical bijection Bung(B) = Bung/(B) between
isomorphism classes of principal G- and principal G’-bundles over a CW complex B.

4.33. Example Let H be a subgroup of a topological group G such that G — G/H is a
principal G-bundle, e.g. G a Lie group and H a closed subgroup. We obtain a commutative
diagram of pullback squares

H— FH

| |

G —— FH xy G —— EG

[ |

x* —— BH —— BG

in which the map H — G is the canonical inclusion and the map BH — BG is the induced
map as in Remark Moreover, the map FH — * induces a homotopy equivalence
EHxyG — G/H (Exercise), so we obtain a homotopy fibration sequence G/H — BH — BG
in which the map G/H — BH classifies the principal H-bundle G — G/H.

4.34. Example Suppose G is a discrete group. Then we may consider the space K(G,1)
considered earlier. Choosing a CW model, we may assume that it has a universal cover,
which is then weakly contractible and hence contractible by Whitehead’s theorem. In other
words, we have already proven Theorem in case G is discrete; K (G, 1) is indeed a choice
of a BG.

We add here the following lemma, which is new only for non-abelian groups.

4.35. Lemma Let G and H be discrete groups. Then the canonical map [BG,BH], —
Homg, (G, H) is bijective. Moreover, [BG, BH] = Homg,, (G, H)/H, where H acts by conju-
gation on group homomorphisms. If BG is a locally finite CW complez, then Map, (BG, BH) ~
Homg,p (G, H), that is, all components of this pointed mapping space are contractible.

Proof. Let X(G) be a presentation complex for G. Then BG can be built from X(G) by
attaching cells of dimension > 3. The Puppe sequences from Remark imply that there-
fore the map [BG, BH|, — [X(G), BH]. is bijective. Moreover, another application of the
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Puppe sequence, together with the fact that X(G) = C(f: \/;S* — \/; S!) gives the upper
horizontal exact sequence in the diagram

\V,; 8" BH], «+—— [V, 8", BH], «+—— [X(G),BH], «—— [V, 5% BH], =0

! l I |

Homg,p(Fy, H) <—— Homg,p(I1, H) ¢+—— Homg,p(G, H) ¢+—— 0

where the vertical maps are given by applying the functor 71(—) and the lower horizontal
map is also exact since G = coker(F; — Fr). The left two vertical maps are bijective, and
hence so is the map [X(G), BH|, — Homg, (G, H).

Then we recall from Remark the exact sequence

---—= m(BH)— [BG,BH]. — [BG,BH| — 0

and use that m(BH) = H, and the resulting H-action on [BG, BH|, = Homg,,(BG, BH) is
given by conjugation of group homomorphisms. This requires unravelling of the definitions,
I leave it as an exercise.

The final claim can be proven as follows. Pick a pointed map f: BG — BH. To calculate
mn(Map, (BG,BH), f) for n > 1, consider a representative as a map S™ x BG — BH with the
property that its restriction to {1} x BG — BH is f and that its restriction to S" x{z} — BH
is constant at the basepoint y of BH, x being the basepoint of BG. Consider the diagram

" x BGU D™ x {z} — BH

D"l x BG

and observe that the vertical map is an inclusion, where the codomain is obtained from the
domain by attaching cells of dimension > 3. In particular, since BH has only 7 non-trivial,
an extension exists, showing the triviality of m,(Map,(BG, BH), f) as needed. O

4.36. Remark In particular, this result and the sequence from Remark implies that
mn(Map(BG,BH), f) = 0 for n > 2, and all (pointed) maps f: BG — BH. Moreover,
m1(Map(BG, BH), f) identifies with the stabiliser of the H-action on f, i.e. all those h € H

such that ¢, (f) = f, where ¢ (f)(g9) = hf(g)h™".

4.37. Example We have that CP™ is a choice of BS! where S! C C is the unit circle. Indeed,
from Example and by passing to the colimit over n, we find that S — §2°+!1 5 CP* is
indeed a principal S'-bundle, and S$?*°*1 is contractible. Since S* = U(1), we find that CP>
equivalently classifies complex vector bundles of rank 1 (such vector bundles are called line
bundles) which are equipped with a hermitian metric. In particular, CP> carries itself such
a line bundle, it is called the tautological line bundle: We may think of a point of CP* as a
complex line L C C* and may then form the set

v=A{(L,z)| L € CP>*z € L} - CP*

which one checks to be the vector bundle associated bundle §2°°+! Xy C — CP>.

Recall that H?(CP*>;Z) = H?*(CP';Z) = 7 via a specific isomorphism. The element
corresponding to 1 € Z is often written ¢; = ¢1(7), the first Chern class of the tautological
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bundle vﬁ Given a complex line bundle £ — X, define ¢;(E) := f*(c1(y)) for f: X —
CP* the map classifying E. This is then a characteristic class of line bundles in the sense
of Definition Since CP* is a K(Z,2), we conclude that complex line bundles are
equivalently classified by their first Chern class: That is, two line bundles are isomorphic
if and only if their first Chern classes agree, and every element in H2(X;Z) arises as the first
Chern class of a complex line bundle on X.

4.38. Example We have that RP* is a choice of BO(1), which carries the universal (tauto-
logical) real line bundle yg — RP*° (same formulas as in the complex case). Denoting the
non-trivial element of H1(RP>;Fy) by wi = w;(yr) we arrive at the same results as above:
Associating to a real line bundle £ — X the element wy(E) = f*(w;) where f: X — RP*
classifies F defines a characteristic class wi(—) called the first Stiefel-Whitney class. Again,
since RP* ~ K (3, 1), we see that two real line bundles are isomorphic if and only if their
first Stiefel-Whitney classes agree, and that every element in H'(X;Fs) arises as the first
Stiefel-Whitney class of a real line bundle on X.

4.39. Example We have that HIP* is a choice of BSp(1), so that it again carries the universal
tautological quaternionic line bundle vy — HP* (same formulas as above). Denoting a gener-
ator of H*(HP>;Z) by q1, we obtain the following: Associating to a quaternionic line bundle
E — X the element ¢, (E) = f*(q1) where f: X — HP> classifies E defines a characteristic
class qlﬂ However, since HP* is not equivalent to K(Z,4), we do not arrive at the statement
that two quaternionic line bundles are isomorphic if and only if their characteristic class ¢
agrees, and also not that every element in H*(X;Z) arises as ¢1(E) for some quaternionic
line bundle E.

4.40. Remark Let G be a topological group and G — BG a principal G-bundle with EG
contractible. Let H be a subgroup of G such that G — G/H is a principal H-bundle, i.e.
such that the projection G — G/H has a section in a neighborhood of the [1] € G/H. Then
the restricted H-action on EG is principal (exercise), so that EG/H is a valid choice for BH.

This can be used efficiently for compact Lie groups as follows: Any such group is a sub-
group of U(n) for some n as a consequence of the Peter—Weyl theorem (in particular, this
says that any compact Lie group admits a faithful and unitary finite dimensional complex
representation). Hence it suffices to construct classifying spaces for U(n), which can be done
very geometrically, similar to the case of U(1) above, see Example below. Moreover,
any connected Lie group is homotopy equivalent to a compact Lie group (to so-called max-
imal compact subgroups), so the above remark implies that there are classifying spaces for
arbitrary connected Lie groups.

4.41. Example We describe geometric models for classifying spaces for GL,,(K) where K =
R, C,H. Indeed, similar to KP", one may consider the space Gry(K") of k-dimensional sub-
spaces of of K", this is called the Grassmannian of k-planes in K™ " Passing to the colimit
over n, one arrives at Grp(K*), the Grassmannian of k-planes in K*, topologized as the
indicated colimit. This again carries a tautological K-vector bundle 7]1]% of rank k given by

18Actually, there is no uniform convention regarding the signs here.
9T his does not have a name as prominent as in the real and complex cases.
20These are smooth manifolds which admit explicit CW structures based on Schubert cells.
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the colimit over n of the spaces =, whose points are pairs (F,z) where E € Gri(K*) is a
k-dimensional subspace of K> and x € E. One can then show that the associated frame
bundle has contractible total space, so v& — Grg(K*) models EGL,(K) — BGL,(K); see
below for a possible argument.

There is a description of these Grassmannians by means of homogenous spaces, i.e. quotients
of Lie groups: To see this, we first note that if H x K C G is a closed subgroup of a Lie
group, then K acts principally on G/H and we obtain that G/H — G/H x K is a principal
K-bundle.

(1) There are homeomorphisms O(n)/O(n—k) x O(k) = Grg(R™); the tautological bundle
is then associated to the principal O(k)-bundle O(n)/O(n — k) — O(n)/O(n — k) x
O(k). Indeed, O(n) acts on Gri(R"™) as by sending (A,V) € O(n) x Gri(R™) to
A(V). We learn in linear algebra that this action is transitive, that is, for any two
k-dimensional subspaces V, V' there exists an orthogonal matrix A with A(V) = V',
Now consider the standard k-dimensional subspace R* x 0 C R™. The stabilizer of
the O(n)-action on Grg(R™) at the point R¥ is given by O(k) x O(n — k), giving the
claimed description.

(2) There are homeomorphisms U(n)/U(n—k) x U(k) = Grg(C™); the tautological bundle
is then associated to the principal U(k)-bundle U(n)/U(n — k) — U(n)/U(n — k) x
U(k). As before, U(n) acts transitively on Grg(C") and the stabilizer of C¥ C C™ is
U(k) x U(n — k).

(3) There are homeomorphisms Sp(n)/Sp(n — k) x Sp(k) = Gri(H"); the tautolog-
ical bundle is then associated to the principal Sp(k)-bundle Sp(n)/Sp(n — k) —

Sp(n)/Sp(n — k) x Sp(k).

In all of the above examples, we may increase n and obtain comparison maps whose colimit
is then Gry(K) with its tautological bundle. Exercise: Show that colim, O(n)/O(n — k),
colim, U(n)/U(n — k), and colim,, Sp(n)/Sp(n — k) are weakly contractible. Hint: If k = 1,
these spaces are spheres of suitable dimension. This verifies the claim that Gry(K*) indeed
models the classifying spaces of O(k), U(k), and Sp(k) when K = R, C, and H, respectively.

4.42. Remark We will argue here that O(n)/O(n—k) is (n—k —1)-connected. Passing to the
colimit over n then shows that colim,, O(n)/O(n—k) is co-connected, i.e. weakly contractible.
To do this, observe that there is a fibre sequence O(n — k) — O(n) — O(n)/O(n — k) and
that the first map in this fibre sequence can be written as the composite

On—k)—=0Omn—k+1)—---— O(n).

Now, for every I > 1, we have O(l)/O(l — 1) ~ S'=1. This implies that the first map of the
above composite has the lowest connectivity, and this connectivity is given by (n — k — 1)
since S"* is (n — k — 1)-connected as claimed.

Since U(1)/U(l — 1) = %=1 and Sp(I)/Sp(l — 1) = S*=1  a similar argument applies to
show that colim,, U(n)/U(n — k) and colim,, Sp(n)/Sp(n — k) are weakly contractible.

We finish by proving the existence of contractible principal bundles. We begin with Milnor’s
construction [Mil56al, IMil56b], since it works for all topological groups and also refer to [Dol63,
§8] as well as [tDO8|, §14.4].
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4.43. Definition Let I be a set and for all © € I, let X; be a non-empty topological space.
We define a new space, the join x; X; of the X;’s to be a the quotient of the set

{(ti,xi) - ([0, 1] X X)I ’ almost all t; = 0,x; € Xiyzti = 1}
i€l

where two elements (t;,z;)ic; and (s;,y;)icr represent the same element of x; X; if t; = s;
for all i € I and x; = y; whenever t; (or equivalently s;) is non-zero. In particular, we
have [0, z;]icr = [0, yilicr. For each j € I, we have maps t;: *; X; — [0,1] induced by the
projection to the jth factor of [0, 1] x X and then further projecting to [0, 1], as well as a maps
Py tj_l(O, 1] = X, sending (t;,2;)ier to xj. Define the strong topology on *;X; to be the
coarsest (that is the one with fewest open sets) for which the maps ¢; and p; are continuous.
Hence, a map Y — *7X; is continuous if and only if its compositions with ¢; and p; (on the
subspace of Y where it is defined) is continuous.

4.44. Remark If X; is T1 for all ¢, then x;X; is T1 in the strong topology. Indeed, we first
note that the map

colim *;X; — x1.X;
JCI finite

is a continuous bijection. Unfortunately, I am not sure whether it is a homeomorphism at
this point. In particular x;X; also comes with what we shall refer to as the colimit topology,
i.e. just the left hand side of the above map.

Regardless of whether the strong and the colimit topologies agree, we see that for any finite
subset J C I, the inclusion x;X; — x;X; is closed in the strong topology: The complement
is given by the union of the open sets ¢; *(0,1] where i € I\ J.

We will give some perspective on the following result; see [Mil56b] for details and general-
isations.

4.45. Lemma Let G be a locally compact Hausdorff topological group. Then xNG s weakly
contractible in the colimit topology

Proof. Note that the inclusion *,G — x,+1G is closed as its complement is given by t;j_l(O, 1]
which is open by definition. As above, we deduce from this that %, G is also T1. Furthermore,
we claim that the inclusion x,G — *,41G is null-homotopic. Indeed, we factor the inclusion
as follows:

G = (5nG) * D = (3nG) * {x} = (5,G) * G = *p11G.
It then suffices to observe that for any space X, X % {x} = [0,1] x X/{0} x X = C(X) is
contractible.

It now follows that for every compact space Y, the canonical map colim,, Homro, (Y, x,G) —
Homrop (Y, *nG) is bijective, and in particular, we deduce that any map Sk — «nG factors
through a null-homotopic map and is hence itself null-homotopic, so *yG is weakly con-
tractible. O

In fact, Dold shows that xyG is contractible in the strong topology, see [Dol63, Proof of
Thm. 8.1].

21\We should also note that %, G C %n+1G admits an open thickening, that is, there is an open neighborhood
which deformation retracts back to %, G; this does not use that G is Hausdorff. It is well possible that the same
is true for %, G C xyG, in which case one can conclude that xnG is weakly contractible without the Hausdorff
assumption.
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4.46. Lemma Let {X;}icr be a family of spaces equipped with a continuous right G-action.
Then there is an induced continuous right G-action on x;X; in the strong topology.

Proof. Define (t;,x;)-g := (t;, z;-g), note that it is well-defined. Moreover, the map x; X; xG —
*x1X; is continuous: Its composition with ¢; is the projection, and the “composition” with p;
is given by first applying p; (which is continuous) and then the G-action on X; (which is also
continuous). O

4.47. Remark In the above situation, if G is locally compact, then G also acts continuously
on xrX; in the colimit topology. Indeed, since G is locally compact, the functor G x —
preserves colimits, so G x x7.X; has the colimit topology along the subspaces G' x x;X; for
J C I. Continuity of G x x;X; — x;X; therefore follows from the the case of finite I’s where
the topology is the strong topology and hence the above argument applies.

4.48. Lemma Let G be a topological group. Then the G-action on *NG is principal for the
strong topology.

Proof. The functions ¢,: *y G — [0,1] are G-invariant and hence descend to functions

tn: (snG)/G — [0,1]. Consider the open subsets U, = t,1(0,1] C (xnG)/G, denote by p
the projection xNG — (*nG)/G, and let U,, = p~1(U,,) = t,,1(0, 1], so that U,, = p(U,). Then
there is a continuous map

(pypn): Up — Uy x G
which we claim is a G-equivariant homeomorphism. To see this, consider the map ¢: U, — U,
sending (;, gi)i>0 to (ti, gigy H)i>o. It satisfies

ol(ti gi)iz0 - 9] = @(ti gig)iz0 = (ti, (9:9) (gng) iz = (ti, 9ign Dizo-
Consequently, it induces a continuous map @: U,, — U,,. The continuous map

UnxGﬂUnxG%Un

whose final map is the G-action is then G-equivariant and an inverse of (p,p,). Since the
open sets U, cover (xyG)/G, this shows that the G-action on *yG is principal as claimed. O

4.49. Remark If G is locally compact, so that the G acts continuously on *yG in the colimit
topology, then this action is again principal. Indeed, there is a continuous bijection

[cglzign *,G|/G = (xnG) /G

so that the subsets U, are also open in the colimit topology, and the restriction of the quotient
map to these U, is again trivial by the same argument as above.

Combining Dold’s argument and the above shows that xyG, with strong topology, gives
rise to a principal G-bundle with contractible total space, proving Theorem Combin-
ing our arguments above shows that for GG locally compact Hausdorff, xyG with the colimit
topology, gives rise to a principal G-bundle with weakly contractible total space. This suffices
for representability of Bung(—) on CW complexes.

We finally mention another attempt to construct a principal G-bundle with (weakly) con-
tractible total space, and refer to [Seg68] for details. We do so mainly, since in the oco-
categorical world, this construction always provides a delooping of a grouplike monoid in
spaces. First, we digress:
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4.50. Definition A small topological category € consists of a space of objects ob(€) and a
space of morphisms mor(C), such that the formation of unit morphisms, as well as source and
target, and composition amount to continuous maps

ob(€) — mor(€), mor(€) — ob(€) x ob(€), and mor(C) X,y mor(€) — mor(C).

Considering the usual nerve construction, i.e. sending [n] € A° to Fun(A°P, C) gives a sim-
plicial space N(C).

Now, let G be a topological group and X a topological space equipped with a continuous
left action of G.

4.51. Definition When G acts continuously on X, we may define a category G ~ X with
(1) ob(G ~ X) = X, and
(2) mor(G X)=Gx X
with identity morphisms given by (1, x), source and target maps are given by s(g,x) = = and
t(g,x) = gz and composition given by (h, gz) o (g,z) = (hg,x). Its nerve N(G ~ X) is then
a simplicial space, functorial in the G-space X.

4.52. Remark In particular, if a left G-space is acted upon continuously and compatibly from
the right by H, then N(G ~ X) is equipped with a continuous H-action from the right. This
is the case for X = G and H = G, where G acts both from the left and the right on itself by
left and right multiplication, respectively.

4.53. Remark The formula for geometric realizations of simplicial sets makes sense verbatim

for simplicial spaces. This defines a functor | — |: Fun(A°P, Top) — Top which is left adjoint
to functor sending X to the cosimplicial space Map(A¢g,,, X). Likewise, the underlying semi-

simplicial space has a geometric realization (by forgetting all non-injective morphisms in A).

4.54. Corollary The geometric realization |N(G ~ G)| admits a continuous G-action from
the right, with quotient given by |N(G ~ x)|. Moreover, N(G ~ G)| is contractible.

Proof. The first statement is a direct check. The second follows since the realization commutes
with quotients, as does the formation of the category out of a G-space, so the claim is reduced
to the obvious fact that G/G = *. To see that |[N(G ~ G)| is contractible, it is enough to
find a continuous natural transformation between the identity and the constant functor on
the topological category G ~ G. Exercise: Show that the morphisms (g, 1) provide such a
continuous natural transformation. (|

We may therefore try to define EG = [N(G ~ G)| and BG = |[N(G ~ x)|. What remains
for this to be a principal G-bundle is the the projection map EG — BG needs to be locally
trivial. This is, however, not always the case, but it is under suitable hypothesis on G, for
instance if the underlying topological space of G is an ANR (absolute neighborhood retract),
examples of which are discrete groups or Lie groups, again we refer to [Seg68]. Moreover, there
is a canonical map (*nG)/G — |N(G ~ x)| which is a quotient map; it collapses degener-
ate simplices. Finally, (xyG)/G can also be described via simplicial spaces as Segal points out.

We finish this section with the construction of homotopy orbits which we will mainly (but
not exclusively) use in the case of discrete groups.
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4.55. Definition Let X be a left G-space. We define the homotopy orbits Xpg of X to be
the associated bundle FG xg X. In particular, we find that there is a fibration sequence
X — Xpe — BG and BG = #pq.

4.56. Remark The weak homotopy type of X is independent of the choice of EG: Given
EG — BG and EG — BG be two choices. Then EG and EG are G-equivariantly homotopy
equivalent. Such a homotopy equivalence induces a homotopy equivalence EG xg X —
EGxaX , showing that Xpq, up to homotopy equivalence, does not depend on the choice of
EG.

4.57. Example Suppose X is a space with trivial G-action. Then X, = X x BG. On the
other hand, suppose that X has a principal G-action. Then we may view Xpg = EG xg X —
X /@ is a fibre bundle with contractible fibre and hence a homotopy equivalence. In particular,
Xpe and X/G are homotopy equivalent in the case of principal actions (i.e. free actions in
case G is a finite group).

4.58. Lemma The association X — Xpg refines to a functor GTop — Top and it sends weak
equivalences to weak equivalences.

Proof. Let X — Y be G-equivariant. Then we obtain an induced map FG xg X — EG xgY
which gives the necessary functoriality. Observe then that there is a commutative diagram

X*>XhG*>BG

]

Y Yia BG

The claim about weak equivalences then follows from the 5-lemma (plus explicit low degree
considerations). I

4.59. Remark Let G be a discrete group acting on a space X. The projection map FG x X —
X is then G-equivariant and a homotopy equivalence, and G acts covering-like on the source.
Hence, for finite groups acting on X, the formation of homotopy orbits amounts to replacing,
up to homotopy equivalence, the action by a free action, and then simply taking strict orbits.
In particular, if NV is a normal subgroup of GG, and the action of G on X is free, the restricted
action of N on X is also free, and we have that X/N — X/G is a G/N-Galois covering. In
particular, X;g ~ X/G = (X/N)/(G/N) = (X/N)na/n = (Xan)na/N-

5. OBSTRUCTION THEORY

The purpose of this section is to treat the following question: Suppose given the solid part
of the diagram

A2 X
(3) iz //7 lf
B L Y
which commutes up to specified homotopy h: Ax[0,1] — Y (this specified homotopy may well

be constant if the diagram strictly commutes). We may then wonder whether a dashed arrow
exists, making both small triangles commute up to homotopies ho: A x [0,1] — X witnessing
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g~ ¢i,and hy: Bx[0,1] — Y, witnessing f¢ ~ k, so that the combined homotopy witnessing
fg =~ foi ~ ki is homotopic to the given homotopy h. We call such a lift a lift up to compatible
homotopy.

5.1. Lemma Suppose that the solid part of commutes with constant homotopy witnessing
the strict commutativity. If i: A — B is a relative CW complex and f: X — Y a Serre
fibration, and one can lift up to compatible homotopy, one can also find a lift making both
triangles commute strictly.

Proof. Let hg: A x [0,1] — X be a homotopy from ¢i to g, hi: B x [0,1] — Y a homotopy
from fo tok, and H: Ax[0,1]x[0,1] — Y a homotopy from the combined homotopy hii* fhg

=ik . . .
to the constant homotopy A x [0,1] — A fg—2> Y. First, we consider the extension problem

pUho
Bx{0tuAdx[0,1] — X

.
-
-
-
_
- h

B % [0,1]

which can be solved since i is a cofibration. Then h is a homotopy from ¢ to a map ¢’ which
makes the upper triangle commute strictly. Moreover, the combined homotopy hy x fh: B x
[0, 1] is a homotopy between f¢’ and k. Restricting this homotopy along A x [0,1] — B x [0, 1]
yields hqi * fhi = h1i x fhg so that we obtain an extension problem

Ax[0,1] x [0,1]U B x [0,1] x {0} MY

B x [0,1] x [0,1]

for which a dashed arrow H’ can be found again since A — B is a cofibration.
The map H'(—, —, 1) is then a map satisfying the following properties: restricted to Ax [0, 1]

it given by A x [0,1] — A Jo=ik, Y, and it is a homotopy from h(—,0,1) =: @ to h(—,0,0) =
¢'. Therefore, we may replace ¢’ by ¢ and have then achieved that the upper triangle
commutes strictly, and the lower triangle commutes up to a homotopy which is constant on
A x [0,1]. Finally, we can then consider the lifting problem

¢Ugpr
Bx{0uAdx[0,1] — X

Bx[0,1] ——— Y

which can be solved since A — B is a relative CW complex and f is a Serre fibration, see
[Win24, Lemma 5.2.5] O

Obstruction theory, as we will prove in this section, says that this question can be iteratively
treated using cohomological invariants. To set the stage we begin with Moore—Postnikov
factorizations of maps.
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5.2. Definition Let f: X — Y be a map between path connected spaces and n > 1. The
nth Moore—Postnikov stage of f consists of a space Z,, together with maps a,,: X — Z,, and
Pn: Zn — Y such that

(1) Pnan = f,

(2) ay is an isomorphism on 7y, for k < n and surjective on 7, and

(3) pp is an isomorphism on 7 for £ > n and injective on Ty,

If need be, we may factor the map p,: Z, — Y as a homotopy equivalence followed by a
fibration, so we may assume that p,, is a fibration.

5.3. Lemma Let f: X — Y be a map between path connected spaces and n > 1. Then an nth
Moore—Postnikov stage Zy of [ exists. Moreover, there are fibrations q,: Zn — Zn—1 with
qnan = an_1 and such that the induced map X — lim,, Z, is a weak equivalence.

Proof. Fix n > 1 and let K = ker(m,(f)) € mp(X). Choose generators of K, say {a;}ier.
Consider the pushout

| |

HI Dn+1 X/

so that we obtain a factorization of f through X’ and induces on , the canonical epi-mono
factorization as the surjection onto the image and the inclusion of the image. Then pick
generators of 7, +1(Y) and consider the map X’V\/ S"*! — Y by extending the map X’ — Y
tautologically on the sphere summands. The resulting map is then surjective on m,41. Again
considering generators of the kernel of this map, we may attach n + 2-cells to make the map
injective on m,4+1. Continuing in this fashion, we build a factorization X — Z, — Y as
claimed, here we use cellular approximation to ensure that in the iterative process, we never
change the low homotopy groups. As indicated above, upon replacing Z, with a homotopy
equivalent space, we may assume that Z,, — Y is a fibration.

Now let Z; be the connected covering of YE| with characteristic subgroup Im(mi(f)) C
m1(Y). By covering theory, there exists a factorization X 2y 7 &% Y with all required
properties. Consider then the map a;: X — Z;. Using the above argument, we may factor it
as the composite X 2 7 2, Z1 and we define ps = q1q2. Then poas = qiqeas = q1a;1 = f
so point (1) of Definition is valid, as is point (2), by construction. It remains to verify
part (3), i.e. that py induces an isomorphism on 7 for £ > 2 and an injection on my. By
construction, we know that ¢» has these properties. Moreover, ¢; induces an isomorphism
on 7y for k > 2, so the result follows. We may then construct Zs by appropriately factoring
az: X — Z3 and continue like this iteratively.

Now, considering the inverse limit Z = lim,, Z,, along the fibrations Z,,;1 — Z,, we observe
that the induced diagram on 7 eventually becomes one consisting of isomorphisms. This
implies that the composite

Wk(X) — Wk(Z) — hfrznﬂ-k(Zn)

is an isomorphism. We now show that also the second map is an isomorphism, this implies
the remaining claim. We prove by hand that the map 7 (Z) — lim, 7x(Z,,) is surjective and
injective. For surjectivity, take an element in the codomain, given by a compatible family of

22\e may assume that Y is so nice that covering theory applies.
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elements [a,] € m(Z,). Concretely, compatibility means that g,«, is homotopic to ay,—;.
Inductively, let us assume that we have g,«a, = a,—1. Then we consider the lifting problem

Sk x {0} U {x} x [0,1] — Xnt1

]

SF % [0,1] ——— X,

where the bottom horizontal map witnesses that ¢,41,+1 is (pointed) homotopic to ay,.
Since the right hand vertical map is a fibration, this lifting problem can be solved. Denote by
o,y the map H(—,1). Then [o], 1] = [ony1] € Te(Zy) and gni10,,; = ap. It follows that
we may represent the compatible family [a,] to satisfy gn,a, = a,—1 for all n. In particular,
the maps a, give rise to a map a: S* — lim,, Z, representing a lift of the compatible family
[an]n>0 along the map 7wy (limy, Z,,) — limy, 74 (Z,,).

To prove injectivity, consider a map a: S¥ — lim,, Z,, representing an element in the kernel
of the map m(Z) — lim, 7x(Z,). Then for all n > 0, the induced map a,: S* — Z, is
(pointed) nullhomotopic. Again, we want to construct an extension of a over DFHL. To do
so, consider (again inductively) the lifting problem

L — A
| 7]
Dkl Z,

which can be solved for n sufficiently large (recall that the fibre of the right vertical map is
given by K(m,(F),n)), again using [Win24, Prop. 5.2.15]. O

We depict a Moore—Postnikov factorization as follows

X s 71 Y
and therefore also call it a Moore—Postnikov tower.

5.4. Remark In this remark, we record some things about Milnor’s lim—liml—sequence which
provides a general formula for the homotopy groups of the inverse limit of a tower (of fibra-
tions). So assume for the moment given a tower

---—>an—">Xn_1—>---—>X1f—1>X0
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of topological spaces. Recall that the limit of this diagram in Top can be described as the
pullback of the left hand square

lim X,, — [] X» holim X,, —— [] Map([0, 1], X,,)
n20 n>0 n=0 n>0

l lA l l(evo,evl)
1 X, — [] X x X, [IX, —— [] Xn xXn
n>0 n>0 n>0 n>0

whereas what is called the homotopy limit is given by the pullback of the right hand square
above. In both diagrams the lower horizontal map is given by sending a sequence (xy)n>0
of points in X,,’s to the sequence (z, fnt+1(zn+1)). Now, if all maps f,: X, — X,_1 are
fibrations, one can show that the map lim, X,, — holim, X, induced by the constant path
maps X, — Map([0,1], X,,) is a weak equivalence, so to compute homotopy groups of the
limit, we may as well compute homotopy groups of the homotopy limit. Then we observe
that the right vertical map in the right above square is a fibration whose fibre is [], QX,,.
Therefore, there is a fibration sequence

H 0X, — hglzi(r)n X, — H X,
n>0 n>0

and consequently a long exact sequence in homotopy groups

0 . 1o}
...I;IOWM(X,L) 4 E)wk(axn) — Wk(hglz%an) — E[)Wk(Xn) % 1;[07%_1(9)(”) — ...

Under the isomorphisms m;(2X,,) = m41(X,,) the maps d in this sequence are given as follows:
They are induced by the pairs (id, —(fy,)«). It follows that for k > 2, there is a short exact
sequence (this is in fact one way to define lim?)

.1 . .
0— 71%% Trt1(Xn) — ﬂ'k(thL)IZ%n Xn) — }g% Te(Xn) — 0

whereas for low degree homotopy, the notation lim® is perhaps not quite appropriate.

If for fixed k, there exists an N such that for all n > N, we have that m(X,,) = m(Xn-1)
is surjective (e.g. an isomorphism), it is not too difficult to show that the term we denoted by
lim' vanishes; this then recovers our previous result that X — lim,, Z, is a weak equivalence
whenever {Z,} is a Moore—Postnikov tower for a map X — Y.

5.5. Remark Applied to the map X — %, a Moore—Postnikov tower is simply called a Post-
nikov tower for X and we write suggestively X<, for Z,;1: Indeed, Z,41 has the same
homotopy groups as X in degrees < n and trivial homotopy groups above degree n. Con-
versely, applied to the map * — X, a Moore—Postnikov tower is called a Whitehead tower.
We write X>,,11 for Z,: Indeed, Z,, has trivial homotopy groups in degrees < n and the same
homotopy groups as X above degree n.

5.6. Remark Consider a pullback diagram with f a fibration.

X — X

if ! lf

Y — Y
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Let {Z,} be a Moore-Postnikov tower for f. Then {Y’ Xy Z,} forms a Moore-Postnikov
tower for f’ (Exercise). In particular, applying this to Y’ = % in which case X’ = F is the
homotopy fibre of the map f, we obtain the following (homotopy) pullback diagrams:

K(ﬂ'n(F),n) > an > Lin+1

| ! !

N P p—

l |

F— Y

In particular, the (homotopy) fibres of the maps Z,, 11 — Z,, are Eilenberg-Mac Lane spaces
of type (mp(F), n).

5.7. Remark Moore-Postnikov towers are unique up to weak equivalence. Indeed, assume
that {Z,}n>1 and {Z]},>1 are two Moore-Postnikov towers for a map f: X — Y. As
indicated above, we may assume that the maps Z/, — Z/ _; are fibrations for all n > 1 where
we interpret Z as Y. Similarly, we may assume that the maps X — Z,, are cofibrations for all
n > 1. Moreover, since X — Z,, induces an isomorphism on 73 for k < n and a surjection for
k = n, we may assume that (Z,, X) is a CW pair with relative cells of dimension > n+1. We
will now inductively show that there are maps ¢, : Z,, — Z/, making all diagrams commute.
To do so, we begin with the following diagram:

X — 7

l P1 ,7‘ l

21*>Y

We claim that a dashed arrow exists, making both triangles commute. Indeed, as mentioned
above, we are in the situation that the relative cells of (Z;, X) are in dimensions > 2, so in
order to apply [Win24, Prop. 5.2.15], we need to know that m(hofib(Z] — Y)) vanishes for
all £ > 2 and by definition of Moore—Postnikov sections, we even have that these homotopy
groups vanish whenever k > 1@ Now let us inductively assume that we have constructed a
map @n_1: Zn—1 — Z,,_ participating in a commutative diagram with ¢,_2: Z,_2 — Z/,_,.
Then we consider the lifting problem

X —— 7

R
-
-
/// i

Zn —— Z_4

whose lower horizontal map is the composite Z,, — Z,_1 — Z]_;. Again we want to appeal
to [Win24, Prop. 5.2.15] to find a dashed arrow making both triangles commute, and again
this amounts to showing that the homotopy fibre of Z/, — Z/ _; has trivial homotopy groups
in degrees > n + 1. By Remark this homotopy fibre is given by K(m,—1(F),n — 1),
where F' = hofib(f: X — Y'). We have therefore constructed a map of towers ¢: {Z,}n>1 —
{Z] }n>1 and it remains to argue that each of the maps ¢,: Z, — Z], is a weak equivalence.

23This implies that the dashed arrow is in fact unique up to homotopy.
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To prove this, we note that, by construction, these maps participate in the left of the following
commutative diagram

X — 7, X) —— m(2))
| 7] T
Zy —— Y T (Zn) —— me(Y)

Applying 7, to this diagram we now observe the following: If & < n, then both maps eminating
from 7 (X) are isomorphisms, so we deduce that 74 (¢) is an isomorphism. If k& > n, then both
maps with target 7, (Y") are isomorphisms, so again we deduce that 7 (¢) is an isomorphism.
Finally, for k = n, we find that 7 () is surjective because the top horizontal map is surjective,
and 7y (¢p) is injective because the bottom horizontal map is injective.

In the situation of the beginning of this section, when considering a lifting problem as in
(8)
A— X

A
|

B—Y

with A — B an inclusion of a sub CW complex and X — Y a ﬁbration@ we may consider
the Moore—Postnikov factorization of f and deduce that if this lifting problem can be solved,
also the lifting problems

A—— Zn+1

|
)
.

B—Y

can be solved. Consersely, if we can inductively solve the lifting problems

A—— Zn+1

| ]

,
.

.

-

B— 7,
for all n > 0, then we can also solve the lifting problem
A —— lim, 7

| "]
.

B—Y

Using that A and B are CW complexes and that X — lim,, Z, is a weak equivalence, it then
follows that the original lifting problem

W =
’"<:<T><

24\We will from now on restrict to these cases.
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can be solved up to compatible homotopy (exercise) and hence can be solved according to
Lemma We will therefore be interested in solving the lifting problems

A— Zn+1

(4) l w l

B—— 7,
inductively.

5.8. Example Let us discuss the first step in the above inductive approach, i.e. the lifting

problem
A
B

in some detail. In this case, we have arranged the right vertical map is a covering map. We
claim that this lifting problem admits a solution if and only if for all basepoints b € B, there
exists a point z € pfl(k‘(b)) such that the diagram of fundamental groups

—— 7

X
—_

g
o m

Tk

— Y

71'1(21, Z)

1
-
-
-
-
-

m(B,b) —— m (Y, k(b))

admits a solution (since the right vertical map is an injection, this is really just a property of
the given situation, the lift itself either does not exist, or it exists uniquely). The only if part
is clear (apply m1(—) to a solution of the lifting problem) and the if part follows from covering
theory: Indeed, under the above assumption on 71 (—), we obtain a map B — Z; making the
lower right triangle commute. Then upper triangle then commutes again by covering theory
and the fact that the square commutes.

As a conclusion, the first step in our inductive approach is completely determined by
studying the induced map on fundamental groups. In all lifting problems that arise next, we
will aim to characterize solvability by means of cohomological invariants. In the following
special case of the above situation, this is also the case here. Namely, let us first assume that
Z1 — Y is a Galois covering, that is, that the image of the map m1(X) — 71 (Y) is a normal
subgroup. Denoting the quotient group 71(Y')/Im(m(f)) by G, we obtain that Z; — Y is
a (G-Galois covering, or in other words, a principal G-bundle. Consequently, there is a map
Y — BG and a pullback diagram

21*>EG

L

Y —— BG
We deduce that the map B — Y lifts along Z; — Y if and only if the composite

B—-Y — BG
is (pointed) null-homotopic. Note that we have argued earlier that the map induced by 71(—)
(B, BG], — Homg,p(m1(B), G)
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is a bijection. Now if we in addition assume that G is abelian, then we find that the composite
B — Y — BG classifies an element # in H'(B;G) by representability of cohomology using
that BG is a K (G, 1). This element 6 then vanishes if and only if there exists a lift of B - Y
along Z; — Y. Note also that the image of # in H!(A;G) vanishes since the map A — B — Y
does lift along Z; — Y. This implies that there exists a refined element ¢ € H'(B/A;G)
whose image under the map H'(B/A; G) — H'(B; Q) is §. Now, above we have argued that
it suffices to find any lift B — Z; making the triangle with Y commute; the triangle with
A will commute automatically by covering theory. The cohomological interpretation of this
result is the following: In general, finding a lift of B — Y along Z; — Y amounts to the
condition that 0 = § € H'(B; (). Finding a lift that also makes the upper triangle commute
will amount to the condition the refined element ¢’ vanishes in H'(B/A;G). Considering the
long exact sequence

HY(B;G) - H(A;G) — H'(B/A;G) — H'(B; G)

and the fact the first map in this sequence is surjective (exercise!) we find that the last map
is injective. In particular, @’ vanishes if and only if § vanishes as needed.

It remains to understand when the lifting problem can be solved for n > 1. To study
this case, we will use the following theorem. It is an analog of the classification theorem
of principal G-bundles in the context of fibrations, and is (for instance) a consequence of
the straightening-unstraightening equivalence we have discussed in the seminar and is a vast
refinement of what we have discussed in Lemma 2.28

5.9. Theorem (Classification of fibrations) Let E — B be a fibration with B connected and
typical fibre a locally finite connected CW complex F. Then there is a homotopy pullback
diagram

E — BhAut,(F)

| !

B — BhAut(F)

Here, we agree on the convention that the right hand vertical map in the above diagram is
a fibration. That the square is a homotopy pullback diagram then means that the diagram
commutes and the induced map on vertical (homotopy) fibres is a weak equivalence. To see
that this is reasonable, let us convince ourselves that the right hand vertical (homotopy) fibre
indeed ought to be equivalent to F'. To that end, note that the right hand vertical map
is a delooping of the map of “groups up to homotopy” hAut.(F) — hAut(F). Recall that
this map sits in a fibration sequence hAut,(F) — hAut(F) — F by evaluating a homotopy
equivalence on a basepoint of F. As in principal G-bundles, this is in fact induced by a
homotopy fibration sequence F' — BhAut,(F) — BhAut(F'), so that the homotopy fibres
indeed match up.

Now, we recall that the (homotopy) fibre of the fibration Z,,11 — Z, is a K(m,(F),n),
where F' is the (homotopy) fibre of the map f: X — Y. Therefore we obtain the following.
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5.10. Corollary Let X — Y be a map with Moore—Postnikov tower {Z,},. Then for all
n > 1, there are homotopy pullback diagrams

Znt1 — BhAut (K (m,(F),n))

! !

Zn — BhAut(K (7, (F),n))

5.11. Lemma For every abelian group A and n > 1, there is a homotopy fibration sequence
K(A,n+1) — BhAut(K(A,n)) — BAut(A).

Proof. We have calculated the homotopy groups of hAut(K (A, n)) implicitly in Corollary
they are given by Aut(A) in degree 0 and A in degree n. Hence, for BhAut(K (A, n)) we have
71 equal to Aut(A) and 7,41 equal to A. Therefore, the homotopy fibre of the canonical map
BhAut(K(A,n)) — BAut(A) is given by K(A,n + 1) as claimed. O

5.12. Corollary For every abelian group A and n > 1, the diagram
* ——— BhAut,.(K(A,n))

| !

K(A,n+1) —— BhAut(K(A,n))
is a homotopy pullback diagram.

Proof. Recall that we have already argued that the right hand vertical (homotopy) fibre is
given by K(A,n). Therefore, on vertical homotopy fibres, the above diagram induces a map
QK(A,n+1) — K(A,n) which we need to show is a weak equivalence. Equivalently, we need
to show that it induces an isomorphism on m,. To do so, consider the commutative diagram

1 (K (A,n+ 1)) — Tn+1(BhAut(K (A, n)))

I |

QK (A, n) ——— m K (A, n)

arising from the boundary maps (vertically) in both vertical long exact homotopy sequences.
By Lemma the top horizontal map is an isomorphism since n > 1 and BAut(A) only
has 71 non-trivial. It the remains to argue that the right vertical map is also an isomorphism.
It is injective since n > 1 and BAut(A) therefore does not have 7,41, and it is surjective
because A is abelian, so that in the extreme case n = 1, the map A — Aut(A), which is given
by sending an element to its conjugation endomorphism, is trivial as A is abelian. ([l

Now, the map Z,, — BhAut(K (m,(F'),n)) factors up to homotopy through as a composite
Zn — K(mp(F),n+ 1) = BhAut(K (m,(F),n))
if and only if the the composite
Zy — BhAuwt(K (7, (F),n)) — BAut(m,(F))

is trivial. This is the case if and only if the induced map m1(Z,,) — Aut(m,(F)) is trivial. Since
X — Z, is mi-surjective, this amounts to asking that the 1 (X)-action on m,(F) discussed
in Remark is trivial for all n > 1. We therefore make the following definition.
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5.13. Definition A fibration f: X — Y between path connected spaces is called simple, resp.
nilpotent, if the 71 (X)-action on m,(F') is trivial, resp. nilpotent, for all n > 1

We arrive at the following corollary:

5.14. Corollary Let f: X — Y be a simple fibration between path connected spaces. Then
for allm > 1, the stages in the Moore—Postnikov tower appear in homotopy pullback diagrams
as follows:

Dy ——— *

| !

Zn —" s K(mn(F),n+1)

The maps 6,, are called the obstruction classes for the map X — Y.

Proof. By assumption, there is a map Z,, — K (m,(F'),n + 1) such that the composite
Zn — K(mp(F),n+ 1) = BhAwt(K (7, (F),n))

is given by the lower horizontal map appearing in Corollary To compute the homotopy
pullback along the right vertical map in Corollary we may use Corollary and arrive
at the claimed statement. O

5.15. Remark Suppose more generally that the 7 (X )-action on 7, (F') is nilpotent. Pick a
71(X)-equivariant central series on 7, (F) for all n > 1 witnessing the nilpotency of the action.
Then one can construct a refined Moore-Postnikov tower {Z,, ,} where the map Z,, 1 — Z,
is again factored as a sequence of maps Z,4+1 — Z,,0 — Zp1 — -+ — Zy such that the fibres
of the map Z,  — Z, 41 are Eilenberg-Mac Lane spaces of type (A,n) with A being the
associated graded of the chosen central series on m,(F"). In particular, the m(X)-action on
A is trivial, and one arrives at a similar conclusion as in Corollary but the groups m, (F)
have to be replaced by the associated graded of a chosen central series and there are now
(possibly) several obstruction classes in a single cohomological degree.

5.16. Remark The obstruction classes 6,,: Z,, — K(m,(F),n+ 1) are not a priori unique (up
to homotopy). Indeed, any two null-homotopies of the composite Z,, — BAut(m,(F)) differ by
amap Z, — Aut(m,(F)) via the action of [Z,,, QBAut(n,(F))] on [Z,, K (7, (F),n+1)]. This
action is, however, trivial: This is because the map QBhAut(K (7, (F),n)) — BAut(m,(F))
admits a section; see the similar discussion in Remark

In conclusion, if the 71 (X)-action on m,(F') is trivial (or nilpotent) then the obstruction
classes 0,, € [Z,,, K(m,(F'),n + 1)] are independent of any further choices.

We come back to our main situation at hand and consider the commutative diagram as
in . We continue to assume that A and B are CW complexes. By assumption, we may
expand it as follows

A > Lnti X
v -7
g ”
B Zn » K (m(F),n + 1)

25Recall that this implies that F' is simple, resp. nilpotent, since the restricted 1 (F)-action on my(F') is
the one appearing in the definition of simple and nilpotent spaces.
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where the right square is a homotopy pullback diagram. That the outer large diagram com-
mutes up to specified homotopy implies that the maps ¢*(6,) factors through C(7), that is,
there is a commutative diagram

— Zy

©
On
)

B
l ©% (On

C(i) —— K(mp(F),n+1)

Now C(i) is again a CW complex, so we may view the elements ¢* (6,,) as elements H" 1 (C(i); 7, (F)).
If ¢ is an inclusion of a subcomplex, then C(i) ~ B/A. We conclude the main theorem of
obstruction theory.

5.17. Theorem Let f: X — Y be a simple maﬂ between path connected spaces and consider
a lifting problem as in with i an inclusion of a subcomplexr and f a fibration. Then, for
n > 1, there are inductively defined obstruction classes % (0,) € H""1(B/A; 7, (F)), with the
property that

(1) ¢%(61) is defined provided a solution on the level of m exists.
(2) if ©%(0y) is defined and vanishes, then ¢*(0,41) is defined.
(3) if ¢%(6n) is defined and vanishes for alln > 1, then the lifting problem has a solution.

Proof. We have already argued (1) and (3), so it remains to prove (2). For this, we need to
argue that finding lifts up to compatible homotopy in a (homotopy commutative) diagram of
the form

A— %

|

B——C
is equivalent to finding null-homotopies of the induced map C(i) — C; we leave this as an
exercise. O

5.18. Remark Some textbooks add further assumptions on the map f, e.g. in particular so
that 7, (F") is naturally an abelian group also for n = 0 and so that the first step in our ob-
struction theory (which we decided to phrase in terms of covering theory, i.e. in terms of funda-
mental groups) is given by a cohomological obstruction class, namely one in H'(B/A; mo(F))
as we also argued in Example [5.8

We finish this section with some applications.

5.19. Corollary (Whitehead’s theorem) Let f: X — Y be a weak equivalence between con-
nected CW complexes. Then f is a homotopy equivalence.

Proof. Consider the following diagram

26Ag in Remark , a similar conclusion holds for nilpotent maps.
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The right hand square is obtained by factoring the map X — Y both as a homotopy equiva-
lence followed by a fibration (the upper right composite, see e.g. [Win24, Construction 5.2.10])
and by a cofibration followed by a homotopy equivalence (the lower left composite). Note
that the map £y — Y is a simple map, for the simple reason that it is a weak equivalence
(since f is a weak equivalence) and hence its homotopy fibre has trivial homotopy groups.
We are looking to show that we can find a dashed arrow making both small triangles
commute, and will use the above developed obstruction theory to show that this is the case.
Indeed, it is readily checked that such a map provides a homotopy inverse of f, by considering
the composite Y ~ Cyl(f) — E;y ~ X. By Theorem the obstructions to finding such a
dashed arrow are controlled by 71 (where it is trivial that a lift exists since a weak equivalence
induces an isomorphism on 71), and by elements in H"*'(C(f);7,(F)), where F is the
homotopy fibre of f. These obstruction groups vanish since f is a weak equivalence. O

5.20. Corollary Let n > 1 and f: X — Y be (n+ 1)-connected nilpotent map and let A be a
CW complex with H*(A; M) = 0 for all abelian groups M and all k > n + 1. Then the map
f«: [A, X] = [A, Y] is a bijection.

Proof. We may assume that f is a fibration. To see injectivity, assume ¢, : A — X are
maps such that fe and f¢’ are homotopic. Choosing a homotopy gives rise to the following
commutative diagram.

Ax{O,l}ﬁX

-
-
-
-
-
-
-

Ax[0,1]] — Y

Pick a point a € A and consider the restricted lifting problem with A replaced by {a}. This
can be solved by [Win24, Prop. 5.2.15]. Therefore, we may consider the slightly improved
commutative diagram

A x{0,1} U{a} x [0,1] ﬁX

Ax[01] —— Y

The obstructions to finding a dashed arrow (which would give that ¢ and ¢’ are homotopic),
making the diagram commute are controlled firstly by 7; which is no problem as m(X) —
71(Y) is an isomorphism (recall that we assume n > 1). Then, the further obstructions are
controlled by elements H**'(XA; 7, (F)) =2 H*(A; 7, (F)), where F is the homotopy fibre of
f. Now, since f is (n+1)-connected, we find that F' is n-connected, so all of these cohomology
groups vanish by assumption. Similarly, for surjectivity, we consider the diagram

g —— X

1
-
.
-
-

-,

A——Y

Again, there is no issue with finding a lift on m;. For the further obstructions, we use that
the groups H**1(A; 7, (F)) also vanish (in fact, here, it suffices that the map is n-connected,
as long as n > 2). O
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Next, we prove the classical theorem of Hopf (which Hopf initially proved geometrically).
We use here that closed manifolds have the homotopy type of CW complexesm

5.21. Corollary Let M be a closed connected n-manifold. Then

Z if M 1is orientable

deg: [M,S"] —
eg: | ] {2/2 if M is not orientable

are bijective. In both cases, a generator is given by the collapse map M — M/(M\D”) > g
for some embedding of D™ C M.

Proof. Recall that the map S™ — K(Z,n) is (n + 1)-connected. By Corollary it hence
induces an isomorphism on [M, —|. It follows that the sets are as claimed. That the collapse
map are generators is then an explicit computation. [l

5.22. Corollary Let M be a connected closed n-dimensional manifold with n > 2. Then
[M, S"~1] sits inside an ezact sequence

H" 2(M;Z) — H"(M;7,(S" 1)) — [M,S" '] - H" Y(M;Z) — 0

Proof. If n = 2, then S"~! = K(Z,1) and the result follows immediately from the repre-
sentability theorem. So assume that n > 3 and let F' be the homotopy fibre of the map
S"=1 — K(Z,n — 1). By the final observation in the proof of Corollary we deduce that
the map [M, S""!] — [M, K(Z,n — 1)] is surjective. Moreover, from the fibration sequence
defining F' we obtain an exact sequence (of sets)

(M, QK (Z,n —1)] = [M,F] = [M,S"" '] = [M,K(Z,n —1)] =0
Moreover, notice that m,(F) — m,(S""!) is an isomorphism, and therefore that the map

F — K(m,(S" 1), n) is (n+1)-connected, so the induced map [M, F] — [M, K (7,(S""1),n)]
is bijective again by Corollary giving the exact sequence of the corollary. O

5.23. Remark If n > 4, using the results of the next section, we have m,(S" 1) = Z/27Z; so
far, we know that there is a surjection Z/2Z — m,(S™!). Hence, if M is simply connected
and n > 4 we have that [M,S" 1] is a quotient of H"(M;Z/27Z) and hence has either two
elements, or one element. In fact, we will see later in this course, that [M, S"~!] has two
elements if and only if a certain characteristic class wo(M) of M vanishes.

In addition, one can show that the map [M, S"] — [M, S"~!] induced by the appropriate
suspension of the Hopf map 7: S® — S? induces a surjection (in case M is simply connected),
so that we also find explicit representatives of the non-trivial homotopy classes.

6. STEENROD OPERATIONS

In this section we aim to construct and study certain cohomology operations called Steenrod
squares. They are operations

Sq: H™(—;Fy) — H"(—;Fy), for i >0

satisfying various relations and properties. We will see that, essentially, they are induced
by the cup square operation x — z2. Let us contemplate the following description of this

27This is not a priori obvious and we will not give a proof in this course.
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operation; we write ¢, € H"(K (Fg,n);Fs) for the tautological class. Then the cross product
Ly X 1y € H*"(K(Fg,n) x K(Fy,n);Fs) is the image of ¢, ® ¢, under the map

H"(K(]Fg,n);Fg) X Hn(K(FQ,n);]FQ) — HQ”(K(FQ,n) X K(Fg,n);Fg)

appearing in the Kinneth theorem. By the representability theorem, we may think of ¢,, X ¢,
as a map K(Fq,n) x K(F2,n) — K(F2,2n) which becomes null homotopic when restricted to
K(F9,n) VvV K(F2,n), by naturality of the Kiinneth map. Hence, we really may think of it as
a map

tn X tn: K(Fo,n) A K(Fa,n) — K(Fa,2n).

Likewise, we may consider the k-fold cross product L;;k as a map

F e \ K (Fz,n) — K(Fa, kn).
k

6.1. Remark There is no reason to believe that this map is equivariant for the Yj-action
via permutations on the source and the trivial source on the target. In fact, the Steenrod
operations we will construct turn out to be obstructions for this. In particular, since we will
show that the Steenrod squares are non-trivial, it follows that there is no representative of
the homotopy class of ¥ which is equivariant for the above mentioned ¥;-action.

However, it is true that for any permutation o € X, thought of as a self-map of A\, K(F2,n)
by permuting the factors, we have that the two maps

xk

koo and XK

n

are homotopic. Indeed, this is simply because ¢ induces an isomorphism on cohomology and
an(/\k K(FQ, n); Fz) = IFQ.

It turns out that more is true, and this is the basis for the existence of the Steenrod squares.
though. To formulate it, fixing a basepoint in K (Fa,n), let us recall that A, K (F2,n) is the
quotient of [ [, K (F2, n) by those tuples where at least one entry is the basepoint. In particular
A KK (F2,n) is canonically pointed, let us denote this basepoint simply by *. Then we observe
that the Yj-action by permutations preserves this basepoint. In particular, the inclusion of
the basepoint is Yi-equivariant.

For a general pointed space (X, z) equipped with a basepoint preserving G-action, G a
finite group say, let us then set

(X, x)hG = C({*}hG — th;).
With this notation established, the following lemma is at the heart of the construction of the

Steenrod squares we will present here@

6.2. Lemma There is a, unique up to homotopy, extension up to homotopy of the map 1<*
to a map (N, K(Fa2,n),*)py, — K(Fa,nk).

Proof. To ease notation, let us write X for A, K(F2,n). We may assume that X is a CW
complex and that E>j is a CW complex. The task is to show that the canonical projection
map X — (X, #)py, induces an isomorphism on H™(—;Fs). Now, the map X x EXj —
(X x EXy) /X, = Xpy,,, as well as the map EX, — B, are covering maps. In the composite

C"8(X x EXy, * x EX;) Qg5 Z — C3"8(Xpx,, {*}hx,) = C"8 (X, %)ns,)

28] learned this perspective in a lecture of Stefan Schwede in Bonn.
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the first map is an isomorphism and the second one is a chain homotopy equivalence. Indeed,
for the latter see [Lan23l Lemma 4.58] together with Exercise 1 (e) of Exercise Sheet 14 from
Topology 1. The former is argued similarly as in our proof of the Hurewicz Theorem [2.32]
Moreover, again as in the proof of the Hurewicz theorem, since the chain complex Cg (X x
E¥y, xx EXy,) is (nk—1)-connected and consists of levelwise free Z[¥j]-modules, we can find a
Z[Yk]-chain homotopy equivalence to a chain complex M which is levelweise free (over Z[¥])
and with M; = 0 for [ < nk. We deduce that there is also a chain homotopy equivalence

M ®z5,) Z ~ C3"8((X, #)ps, )-
Therefore, to compute H*((X, *)px, ; F2), we may compute the homology of the chain complex
Homgz (M ®gzs,) Z,F2) = Homys, |(M, Fy)

where Fy is viewed as trivial Xg-representation (there is no other way, in fact). Writing this
complex out gives

-+ -« Homgy, ) (M1, F2) < Homgs, ) (My, F2) < 0
where the first non-trivial term appears in homological degree —nk. Since the Yj-action on
IF5 is trivial, this complex is isomorphic to
-+ < Homgy,(Myjq1, F2)™* < Homy (M, Fy)** « 0

Since the functor (—)** is a right adjoint, it preserves kernels and hence we obtain that the
—nkth homology of the above complex is given by

ker[Homyz (Mk+1,F2) — Homg (M, Fz)]Ek .

Now, before taking ¥-fixed points, this kernel is (again using that M is chain homotopy
equivalent to Cg"8(X, %) since EY;, is contractible) isomorphic to H™(X;[Fy). By Kiinneth,
this group is isomorphic to Fo, generated precisely on the element :2¥. The ¥j-action on this
F5 is necessarily trivial, and we arrive at the desired result. ([l

6.3. Construction Let X be a topological space and = € H™(X;F3). Consider the the
diagram composite

X = X x X = K(F3,n) x K(Fa,n) — K(Fa,2n)

and note that this map classifies the element z2. By Lemma the latter map in the above
composite factors as a composite

[K(FQ, n) X K(]FQ)]}ZZQ — [K(Fg, n) AN K(]FQ, n)]hg2 — K(FQ, 2n)

since there is a tautological map Xy, — X,py, for any pointed space with Yg-action. In
particular, the above composite refines to a composite

X X RP* = )(hz2 — (X X X)h22 — (K(Fg,n) X K(]Fg,n))hzz — K(F2,2n)

in other words, gives an element of H?"(X x RP*;Fs). Now recall that by the Kiinneth
theorem, we have an isomorphism

H*(X x RP®;Fy) = H*(X;Fy) ®p, H*(RP™;Fy) = H*(X;F,)[t]

where |t| = 1, since H*(RP*°;Fy) = Fy[t]. We denote the above composite by P;(z). Here,
the P stands for Power operation, the t for the fact that we obtain a polynomial in t.
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6.4. Definition We define the Steenrod squares Sqi(x) € H" W (X;Fy) on x € H™(X;F5) to
be the coefficient of t"~* of P;(z), that is, we have

P(x)= > Sq'(z)-t"".

i=—n

We now aim to prove several structural results about these elements summarized in the
following theorem.

6.5. Theorem For x € H"(X;Fs) and y € H™(X;Fy), the operations x +— Sq'(x) satisfy the
following properties:
(1) Naturality: That is, if x = f*(y), then Sq’(z) = £*(Sq'(y)).
(2) Triviality: We have Sq'(x) = 0 for i > n and for i < 0.
(3) Square-likeness: We have Sq"(z) = 2.
(4) Cartan formula: Sq'(z x y) = 3,4, Sq"(2) x Sq!(y) in H" ™ H(X x Y;Fa); same
for N in place of x.
(5) Stability: We have Sq'(o(x)) = o(Sq'(x)) where o is the suspension isomorphism.
(6) Unitality: We have Sq°(z) = z.
(7) Adem relations: For i < 2j, we have

15/2] <j e

Sa'sd(@) =) (7,
k

where the binomial coefficient is to be interpreted in Fo.

) qu-Hl—kqu(x)'

6.6. Remark By representability and naturality, we may think of the Steenrod squares as

follows: For each n > 0 and 0 < 4 < n, there is a unique map éazz K(Fy,n) — K(Fa,n + 1)
with the property that for € H"(X;F2) with classifying map z: X — K(F2,n), we have
that Sq'(z) is classified by the composite

X % K(Fa,n) sa, K(Fa,n +1).
Exercise: The stability property (5) in the above theorem translates to the statement that
the map
0Sq - QK (Fa,n+ 1) — QK (Fayn+ 1 +14)
corresponds under the identifications QK (Fg, k + 1) >~ K (FFg, k) to the map éc\f K(Fy,n) —

K(Fo,n + 4). In particular, we deduce that the maps §(\f are (infinite) loop maps, and
hence their effect on cohomology is a group homomorphism. That is, we have Sq’(x + 2') =
Sq'(z) + Sqi(x’)@ Note that this, together with Sq"(z) = z? looks cumbersome at first
glance, until we recall that z +— z? is indeed additive (as we are working in characteristic 2).

6.7. Remark The Cartan formula (4) as above is equivalent to the following statement also
often referred to as the Cartan formula (exercise). Let x, 2’ € H*(X;Fs). Then

Sqi(x-a’) = Y Sq¥(x) - Sq'(a).
k=i

290ne can also show this property more directly by definition of Sqi(x + z'), contemplating the behaviour
of (—)nx, on wedges of spaces.
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6.8. Remark The Steenrod squares are uniquely determined by properties (1), (2), (3), (4),
and (6). It is worth noting that we will prove (5) as a consequence of these axioms. However,
the Adem relations will be shown to be a consequence of the construction, not a consequence
of these properties alone. See Remark [6.21] for a sketch of the argument.

We now prove each of these properties step by step. The first ones are rather easy.

6.9. Lemma (Naturality) Let f: X — Y be a map and y € H"(X;F2). Then Sq(f*(y)) =
f* (54 (y))-

Proof. We consider the diagram commutative diagram

X — 5 X x XYW g, n) x K(Fa,n) —— K(Fy,2n)

| Jp=s H |

Y — 5 Y xY —2Y 5 K(Fy,n) x K(Fa,n) —— K(F,2n)

Here, the lower composite classifies y2, and the upper composite classifies f*(y2) = f*(y)>.
Since the left two squares are equivariant with respect to the evident Yo-actions, we obtain
the commutative diagram

X x RP*® —— (X X X)th E— (K(FQ,TL) X K(Fg,n)hz2 E— K(FQ,Q’I’L)

Jps | H |

Y x RP™ —— (Y x Y)ps, —— (K(Fz2,n) x K(F2,n)pn, —— K(Fz,2n)

The upper horizontal composite is P.(f*(y)), by definition. The composite going through
the lower left corner is (f x id)*P;(y). The commutativity of the diagram hence implies that
P(f*(y)) = (f xid)*(P(y)), and in particular the lemma. O

6.10. Lemma (Triviality) For x € H"(X;Fs) we have Sq'(x) =0 if i > n ori < 0.

Proof. Recall that Sq'(z) is the coefficient of "% in P(x) € H*™(X x RP>;Fy). Hence, if
i > n, then Sq‘(z) must be zero because H*(RP™) = 0 for * < 0. Now consider the case
i < 0. We may, by abuse of notation, write © = x*(¢,), where we also denote by x the map
X — K(Fq,n) which classifies x. By naturality, we have Sq’(x) = 2*(Sq’(,)), so it suffices
to prove the result in case X = K(F9,n) and = = 1,. In this case, there are two options: If
i < 0 is different from —n, then Sq*(,) € H" (K (Fz,n); Fy) = 0. It remains to show that
Sq""(tn) = 0. In this case, consider the map c: * — K(F3,n). Then it suffices to show that
*Sq " (tn) = 0. Again, by naturality this is equal to Sq~"(¢*(zy,)) = 0 since we have assumed
(implicitly) that n > 0. O

6.11. Lemma (Square-likeness) For z € H"(X;Fy) we have Sq"(z) = z2.

Proof. By definition, Sq"(z) is the coefficient of t° of P;(z) € H?"(X x RP>). This coefficient
is equivalently given by the restriction of P;(x) along the map X = X x x — X x RP* using
some basepoint of RP*°. This map is the tautological map X — Xj5,. Therefore, the result
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follows from the following commutative diagram.

X — s XxX —— K(Fy,n) x K(Fa,n) ——— K(Fy,2n)

J ! -

)(hz2 E— (X X X)th E— (K(Fg,n) X K(Fg,n))hzz
]

We work towards the Cartan fomula next. To do this, we recall that we have constructed
a natural map

Py: H*(X;Fy) — H*(X x RP®;Fy) = H*(X;F)[t]

where naturality means that for a map f: X — Y, the diagram

H*(Y;Fy) —— H*(Y;F9)[t]

l# I

H*(X;Fo) —— H*(X;F2)[t]

commutes (the right hand vertical map sends ¢ to t). Let us denote by § the canonical map
(X XY)ns, = Xpxa X Yis,; concretely, it is the map X x Y x RP® — X x RP* x Y x RP*,
which uses the symmetric monoidal structure on x and the diagonal RP* — RP> x RP*.
The following lemma is the crucial relation giving the Cartan formula (we will make this
explicit momentarily).

6.12. Lemma (Cartan formula) Let X and Y be spaces, x € H"(X;F3) and y € H™(Y ;).
Then we have:

Pi(z x y) = 0" (Pi(z) x Py(y)).

Proof. First we note that both sides are additive in  and y. Therefore, we may assume that
X and Y are connected. Moreover, suppose n = 0. Then z is pulled back from the unique
map X — *. Exercise: prove the lemma in case X = x. The same argument applies when
m = 0.

We now assume that n and m are positive. As before, we may write x = x*(¢,) and
Yy = y*(tm). Then we find

Bz xy) = Bi((2,9)" (tn X tm)) = (2,9)" (Pe(tn X tm))

Hence, if we can show that

Pi(tn X tm) = 6" (Pi(tn) X Pi(tm))

the claim follows. Now note that since n and m are positive, the map classifiying ¢, X ¢
factors as

K (F2,n) x K(Fa,m) — K(Fa,n) A K(F2,m) — K(Fa,n+ m)
where the latter map classifies the element ¢, A ¢,,,. Hence, it suffices to show that

Pi(tn A tm) = 0" (Pi(tn) A Pi(tm))

This amounts to proving the commutativity of the following diagram. Let us shorten notation
and write K,, for K(Fa,n). Also, we will not include basepoints in the notation explicitly,
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but all homotopy orbits appearing next are to be taken in the pointed sense.

(Kn A Kp)ps, — [(Kn A Kin) A (K A Kpy)| hey = Enm A Kppm)hss, =+ Ko(nim)

| | 5

(Kn)hsy AN (Km)rsy > (Kn AKp)ps, A (K A Kp)is, — Kon A Koy —— Kongom

Here, the left most horizontal maps are again induced by the diagonals and the two left vertical
maps are the pointed versions of the tautological maps described earlier, so the left square
commutes by naturality of these maps. It remains to argue that the big right square also
commutes. To do this, note that both composites are equivalently described by an element of
H2(ntm) (—;Fy) of the space appearing on the top left corner of the square under investigation.
Now, the same argument we used in the proof of Lemma [6.2] shows that the map

Ky AN K AN En A Ky = (K A Kn) A (o A Ko)] s

induces an isomorphism on H2("+™)(—:Fy). It hence suffices to prove that the right square
commutes after precomposition with this map. Then, one observes that both composites clas-
sify the unique non-trivial element of the corresponding cohomology group (by construction
and Kiinneth). O

We now show that this indeed amounts to the Cartan formula by writing out the two sides
of the equality of Lemma For the left hand side, we get

n+m
Pz xy) =Y Sq'(zxy) "
i=0
while the left hand side gives
5" (Pi(x) x Pi(y)) = [ Y _Sq¥(z) - t"*] x [ Y Sq'(y) - ™ ]
k=0 1=0
=3 (Sq"(z) x Sq(y)) - "+
k=0 1=0
n+m
= > 1D Sd*(@) x Sq'(y)] - ¢+ D
i=0 k4l=i

showing the Cartan formula. For the next results, we first need to prove the following lemma
by hand:

6.13. Lemma Let i; € H'(S';Fy) denote the non-trivial element. Then Sq°(i1) = iy.

Proof. The element Sq°(iy) - t lives in H'(S;Fy) ®@p, H' (RP®;Fy) C H?(S' x RP*®. This
inclusion is equivalently given by map H?((S!, *)x,); F2) — H2(S}1L22; Fy), induced from the
map from ordinary homotopy orbits to pointed homotopy orbits. It hence suffices to prove
that the composite

(S",9)hmy = (ST A S %)ns, = (K1 A Ky, %)y, — Ko
is non-trivial, or equivalently, induces an isomorphism on H?(—;Fs). Note that the final two
maps induce isomorphisms on H?(—;Fs), the latter by Lemma and the former for the
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same connectivity reasons leading to Lemma It hence suffices to prove that also the
first map induces an isomorphism on H?(—;F3). To that end, let us consider the following
homotopy cofibre sequence of pointed >o-spaces:

(Z0)4 — S0 — §°

where S? is therefore the one-point compactification of the sign Xo-representation on R.
Exercise: as Yp-space, there is a homeomorphism (S'AS1) = §1+9 .= §1A S, the suspension
of S°, under which the diagonal map corresponds to the suspension of the inclusion S — S°.
Indeed, both terms are the one-point compactifications of representations of X9 on R?: The
former is the flip action (z,y) — (y,z) and the latter is R'*°  the trivial plus the sign
representation (z,y) — (z, —y). Consider the linear automorphism of R? given by (a,b)
(a +b,a —b). This determines an isomorphism from the R!*? to R? with flip action, and it
sends the inclusion R — R*7 2+ (,0) to the diagonal embedding x ~ (z,7) of R into R?
with flip action. Passing to one-point compactifications then yields the desired ¥s-equivariant
homeomorphism (S'AS!) = S, Now, the functor (—)ys,, in the pointed context, preserves
homotopy cofibre sequences and sends X A (X2)4+ to X, see Remark below. Hence, we
obtain that the map under investigation participates in a homotopy cofibre sequence

St — (S, )pm, = (STASY #)ps, = S% = Siy,,.
This shows that the map
H?((S" A S %)is,y; Fa) = H (ST, #)ns,; F2)
is a surjection from Fy to Fy and hence an isomorphism as needed. O

6.14. Remark Let (X, z) be a pointed CW complex and G a finite group. Then X A G is
a G-space with basepoint preserving G-action. Recall that X A G4 = X x G/{z} x G. To
compute its homotopy orbits, let us then consider the following (pushout) diagrams

{2} xG —— X xG ({2} x G)hg —— (X X G)pa
i—) X/\G+ *%G — (X/\G+)hG

where the right square is obtained from the left by first crossing with EG and then taking strict
orbits with regards to the G-action; both of these operations perserve pushout squares. Let us
calculate (Y x G)pq for a general space Y. Recall that this is, by definition, (Y x G x EG)/G.
Since the G-action is only on G x EG, we obtain that (Y x G)pg = Y X Gpe and Gpg =
(Gx EG)/G. Viewing this as the associated bundle of the principal G-bundle G — * with the
G-space EG, we find that G, = EG; compare the discussion in Example We deduce
that the right above pushout sqaure has top horizontal map given by {z} x EG — X x EG.
In particular, this map is a cofibration. Hence, so is its pushout, i.e. the lower map in the
above pushout square, so that its mapping cone is equivalent to the strict quotient; this strict
quotient is then isomorphic to the strict quotient of the cofibration {z} x EG — X x EG.
We hence obtain a homotopy equivalence

(X A G+7*)hG = (Xa x)

To prove the compatibility of the Steenrod operations with the suspension isomorphism o,
it will be convenient to characterise o as follows.
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6.15. Lemma The suspension isomorphism o is given by the composite
H"(X;Fy) — H"™(X A SYTy) =2 HYH (X Fy).
where the first map is given by the exterior product with the unique non-trivial class f-jl(Sl; Fy).

Proof. This map is indeed a natural isomorphism by the Kiinneth theorem. Composing
with the inverse of the suspension isomorphism, we obtain a natural self-isomorphism of the
functor H"(—;F3). The only such self-isomorphism is the identity (by representability, the
set of natural self-homorphisms is given by H" (K (Fq,n); Fo) = Fy) and hence the map of the
lemma indeed agrees with the suspension isomorphism. ]

6.16. Corollary (Stability) For x € H"(X;Fs) we have Sq'(c(x)) = o(Sq'(x)).

Proof. Lemma says that o(z) = z Ai;. Note that Sq¥(i;) = 0 unless & = 0 since
H"™(S";Fy) = 0 for n # 1. Moeover, Sq°(i1) = i; by the previous lemma. Thus we find from
the Cartan formula that

Sqi(o(z)) = Sq’(z Ady) = Sq'(z) A iy
and therefore that Sq’(o(z)) = 0(Sq’(z)) as claimed. O
Let us pause for a second and realize what we have already achieved:

6.17. Corollary For all n > 0, ¥"(n): S"3 — S"*2 is not null-homotopic. In particular,
7, (S"Y) 2 Z /27 for all n > 4.

Proof. Recall that C(n) = CP%. Hence, C(X"(n)) = "(C(n)) = "CP?. Let x € H?(CP?;Fy)
be the non-trivial element. Then o™(z) € H"?(X"CP?; Fy) is non-trivial. Moreover, we have
Sq?(o™(z)) = 0™(Sq?(z)) = o"(2?) and we know that 22 # 0 in H*(CP? Fy) by Poincaré
duality. Therefore, we conclude that Sq?: H"2(X"CP? Fy) — H"t4(X"CP?Fy) is non-
trivial. This contradicts that X™n is null-homotopic. Indeed, in this case, we would have
C(Xmn) ~ S"*2 v §nF4. A naturality argument then shows that Sq? is trivial on the coho-
mology of S"F2 v §nt4, O

6.18. Remark The same arguments apply to the quaternionic and octonionic Hopf maps
v: ST — S* and o: S'° — S%. Indeed, their mapping cones are given by HP? and OP?,
respectively. Both are closed manifolds with H*(—;Z) = Z[u]/u® with |u| = 4 and |u| = 8,
respectively. Hence, we find that Sq* is non-trivial on H *(EkH]P’2;IF2) and that Sq® is non-
trivial on H*(X*OP?; Fy) for any k > 0. Consequently, ¥¥v and ¥ are not null-homotopic
for any k£ > 0.

As a further consequence of stability and Lemma [6.13| we obtain:
6.19. Corollary (Unitality) Let x € H*(X;F3). Then Sq°(z) = .

Proof. If n = 0, then we find that Sq°(x) = 22 € H°(X;F3) = [[F2, and in this ring, we have
x? = x for all elements, simply because it is true for Fy itself. Therefore let us suppose that
n > 1. By naturality, it suffices to treat the case (X,z) = (K (Fa,n),1,). In this case Sq°(¢y,)
is either ¢, or 0, since H"(K (Fg,n); Fo) = Fy. Hence, again by naturality, it suffices to find
an arbitrary space Y with 0 # y € H™(Y;Fs) and Sq”(y) # 0. We choose Y = S™ and y = iy,

the unique choice. Then we find Sq° (i, ) = Sq°(6™ 1 (i1)) = " 1(Sq°(i1)) = in. O
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6.20. Example Let us fully describe the action of the Steenrod squares on the cohomlogy of
RP>. To that end, let t € H'(RP*>;F3) be the non-trivial element. Then we have

saw = ()

7

Indeed, let us write Sq = 1 + Sq' + Sq? + ... for the total Steenrod square. The Cartan
formula is then equivalent to the formula Sq(z - y) = Sq(x) - Sq(y). Moreover, we have
Sq(t) =t +t? = t(t + 1) by unitality, square-likeness and triviality. Hence

k
k .
ky k_ 4k k k| i
Sq(t®) =Sqt)* =t (t+1)" =t ZEO (z)t
as needed.

6.21. Remark Note that the above computation for the action of Sq’ on H*(RP>; [Fy) follows

from the properties (2), (3), (4), and (6). That is, any other set of operations Sq’ satisfying
these properties agree with Sq* when evaluated on the cohomology of RP>. Using the Cartan

formula, it follows that éal also agrees with Sq’ on the cohomology of (RPOO)X", the n-fold

cartesian product of RP*® for any n > 1. Now, let us try to show that S\(il = Sq' in general.
To do so, let X be a space and z € H "'(X ;IF2) be a cohomology class for which we aim to

show that Sal(ac) = Sq‘(x). Note that Sq are compatible with the suspension homomorphism

as a formal consequence of the fact that Sq (i1) = i1 and of the Cartan formula for Sql.
Hence, by passing to a suitably high suspension of X, we may assume that || =n >4, and in

particular that n+i < 2n. Now, by naturality, it suffices to show that gaZ(Ln) = Sq‘(t,,) where
tn, € H"(K,;F3) is the tautological class. The decisive fact, which we are not yet able to prove,
but which has nothing to do with the uniqueness of the Sq'’s, is the following: Considering
the map ¢;™: (RP>®)*" — K, this map induces an injection on H*(—;Fs) for k < 2n. Again

by naturality, we then deduce the claim that éal(bn) = Sq*(ty) to the previously established

fact that éaz = Sq’ on the cohomology of (RP>)*",

The fact that the map (RP*)*™ — K, is injective on cohomology relies on an a priori
computation of H*(K,;Fy) at least in the range of degrees * < 2n. We will perform this
computation next term.

We finally come to the Adem relations. We will present a proof of these relations that we
learned from Gijs Heuts who in turn learned it from Hopkins at Harvard; it seems to be based
on a paper by Bullet-Macdonald [BM82]. The idea will be, somewhat similarly to the proof
of the Cartan formula, to find a suitable relation for the function P;(—); deducing the Adem
relations from this is then a “purely algebraic” argument.

The basic idea is the following. We recall that we may view P; as a (ring) homomorphism

H*(X;Fy) — H*(X;Fq)[t]

for any space X. In particular, we may apply this to the space X x RIP* and obtain the
composite

H*(X;Fy) 22 H*(X;Fo)[s] & H*(X x RP™;Fy) 25 H*(X x RP™;Fy)[t] = H*(X)[s,1].
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6.22. Theorem Let X be a space and x € H*(X;Fy). Then there is the equality
Ps(Fi(z)) = Bi(Ps(x)) € H"(X;F)l[s,1].

Proof. Considering the isomorphism H*(X;Fs)[s, t] = H*(X x RP* x RP>; Fy) and the map
PP, as a ring homomorphism

H*(X;Fy) = H*(X x RP® x RP™;F,)

the statement of the theorem is equivalent to saying that this map has image contained in the
fixed-points of the Ys-action on the codomain coming from the switch map 7: RP> x RP*.
Now, recall that P;(z): Xpx, — Koy is given by the composite

)(hg2 — (X X )()hz2 — (Kn X Kn)hEQ — KQn.

Let us then consider the following diagram, the top row of which classifies the element
Py(Py(x)):

(Xnso)hsy —— [(XhEQ)XQ]h22 ————— (Kon X Kop)as, ———— Kun

~

[((X X X)hZz)X2] hYs — [((Kn X Kn)hEZ)X2] h¥o

~ ~

~ ~ ~

Xpw —— (X X X x X X X)pw —— (K x Ky, X Ky X Kp)pw

Xpy, —— (XX X XX x X))y, — (Kp x Ky x Ky X Kp)ps,

where W = Y5135 = (X3 x X3) x Xy C 3y, the bent arrow comes from Lemma and the
top left most vertical map comes from the inclusion ¥ x 39 C W induced by the diagonal
Y9 C Y9 X Yo: On this diagonal, the Yo from the definition of the wreath product acts
trivially, so the semi-direct product becomes simply a direct product. We note the the left
vertical maps are concretely given by

X X RP*® x RP* — X x BW — X x BY,.

By the commutativity of the above diagram, it will be sufficient to show that this map is
homotopic to the same map, precomposed with the map induced by the switch map on
RP> x RIP*°. For this, X plays no role and it suffices to prove that the diagram

RP>® x RP® —— BY,
[
RIP>® x RP*
commutes up to homotopy. By Lemma this is implied by the statement that the two

group homomorphisms
EQ X 22 *Z> 24
(P

EQXZQ
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are conjugated. To that end, let us make again explicit the inclusion . It is given concretely
by the pair of permutations (o1, 02) where o1 is the permuation 7 273 4, i.e. the permutation
that switches 1 and 2 and switches 3 and 4, while oy is the permutation that permutes the
block {1,2} and the block {3,4}, i.e. 71 3724 which switches 1 and 3 and 2 and 4. It then
suffices to see that 703017 3 = 092, so indeed ¢ and 7 o4 are conjugated by the element 7 3 of
4. O

Next, we need to argue how the relation P,(Ps(x)) = Ps(P;(z)) implies the Adem relations.
To do so, it will be convenient to introduce the following notation: We let Sq; be the coefficient
of t" in P,. That is, for x € H"(X;F2), we have Sq,(x) = Sq"*(x). Then we have

Py(Py(z)) = Bi()_ Sqi(2)s")

i>0

=" Pi(Sq,(2)) - Pi(s)’

>0

= "> Sq;(Sqs(2)) - (s> + st)’

>0 j
= ) Sq;Sq;(z) -t/ - (s7 + st)’
4,720

Here, we have used the Cartan formula, i.e. the statement that P,(—) is a ring homomorphism,
and that for s € H'(RP*>;Fy), that P;(s) = Sq*(s) +Sq"(s)t = 5% + st by square-likeness and
unitality. The formula P,P; = PP, then gives the formula

Z Sq,;Sq;(x) - (s2 4 st)' = Z Sq;8q;(z) - 7 (12 + st)’
4,520 4,520

Let us substitute and write u = g(s) = (s + st). Then we find that _ ¢"Sq,,Sq,, is the
n>0

coefficient of u~! of the Laurent series in u given by:

4,520
We will now use some manipulations from complex analysis. For this recall that given a
Laurent series f(t) = > ;.. a;t' that the residuum Res;—o f(t) of f at ¢ = 0 is given by the

coefficient a_j. In a complex analysis course, we learn the following formula. For u = g(s)
with ¢(0) = 0 and f(u) Laurent series in u, we have

Resy—of(u) = Ress—o[f(9(s)) - ¢'()].
Together with the above, we therefore deduce
Z Sd,5q,,t" = Resy—o| Z Sq;Sq; - VAT
n>0 2,720
= Ress—o] Z Sq;Sq; - t(s% 4 st)mm L g/ (s5)]
1,j>0

where g(s) = s?+ st and therefore ¢/(s) = 25+t and from the first to the second line, we have
used the above fact from complex analysis. The Adem relations are relations in characteristic
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2, hence we may replace ¢'(s) = 2s + ¢t with t. Now, we compute

> Sq;Sq; - t7(s% + st) M = [> Sq;Sq; - (5% + st)'[t(s + st) !

1,520 1,520
= [Z Sq;Sq; - s (12 + st)'Jt(s* + st) "t
i,§>0
— Z qu'Sqi . ijmfltl”rl(s _i_t)ifmfl
1,520

Here, from line one to line two we have used the equation P,P; = P;P;. Hence, combined
with the above we obtain

Z Sa,5q,,t" = Resszo[z qusqi . gimm—1yitl (s + t)ifmfl]
n=0 i

which is simply the coefficient of s in the Laurent series
Z quSqisjtiH(s 4 )il
2,520

Writing outlﬂ

. i—m—1 A
(S + t)z—m—l _ Z <Z 7: >Sk . tz—m—l—k

k>0
and calculating the coefficient of s in the Laurent series
i—m—1 j+k 4 2i—m—Fk
Z ( L )qusq18j+t2m
1,5,k>0
gives the equality
1—m—1 i
> Sa,Squt" = ) < m—j )qus%'t%ﬂ o,
n>0 i>0
0<j<m

Setting n = 2i + j — 2m, we have j = 2m + n — 2i. Note that the condition 0 < j < m then
translates to the condition m + n < 2i < 2m + n. Hence, we get

1—m—1
SUp Sy, = Z (22. - n) SU2m+n—2:59;-
i>0 s.t.
m~4n<2i<2m+n

We now need to translate this back to the Steenrod squares Sq® rather than the Sq,,’s we
have been using here. To do so, we pick an arbitrary cohomology class x of degree [. Then
we have

S0, Sty (2) = 50, (Sl (@) = Sq? S (z)
Likewise, we have
SAomin—2:54'(z) = S Sq T (x).

30Wwe may also invert ¢ and think about the above as Laurent series in both s and ¢, so the terms appearing
indeed formally make sense.
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Let us then substitute 7 = [ — 7, so that we obtain
l—-m—-—j5—1 C
Sq“Sq’(z) = Sq“ IS¢’ ().
st = 3 (o2 s I
m+n§2(l;j.)§2m+n

Now,l—m—j—1=b—j—1and 2l —2j — m —n = a — 2j. Furthermore, the inequalities
m+n < 2(l —j) < 2m+ n are equivalent to the inequalities 2l —2m —n < j <2l —m —n
which in turn are equivalent to a + b — [ < 25 < a. Hence we get

b—j—1 o
Sq*Sd’(@) = ) ( a;]2j )Sq‘”b ’Sq! ().
a+b{?%2j§a

Now observe that if j < 0, then Sq; = 0, so we may in addition assume in the sum that j > 0.

Moreover, 2§ < a+b—1 is equivalent to a+b—j > j+1 in which case again Sq***~7Sq’(z) = 0.
Consequently, we obtain

@2 iy o
Sqasqb($) — Z < - 2] >Sqa+b—JSq]
j=0

giving the Adem relations, in fact for arbitrary a and b.

6.23. Remark Let us note that the condition a < 2b is equivalent to the condition that for
all 0 < j < |a/2], we have a + b — j > 2j. A monomial Sq*Sq’ is called admissible if k > 21;
more generally, for a multi index I = (iy,..., i), the monomial Sq’ = Sq’ ---Sq‘" is called
admissible if 7; > 2i;,1 for all j. Hence, the condition that a < 2b gives that the above
established Adem relation writes Sq®Sq” as a sum of admissible monomials. It follows that
every monomial in Steenrod squares can be written as a sum of admissible monomials.

Finally, we record the following property of the Steenrod squares:

(3’;24. Lemma Let R be a commutative ring, Y i) X amap and C(f) its mapping cone. Then
H*(C(f); R) is an H*(X; R)-module and for x € H*(X;F3) and a € H*(C(f);F2) and all
n > 0, we have

Sq™(a-x) = Sq'(a) - Sq" ' (x).
=0

Proof. The composite
Y/\X+ —>X/\X+ — C(f)/\X+

is canonically null homotopic, since the functor — AT for any pointed space preserves pointed
homotopies and Y — X — C(f) is pointed null homotopic. Then we consider the diagram

Y > X C(f)

R

where the solid vertical maps are induced by the respective diagonal maps. Hence, the null
homotopy of the lower composite induces the dashed arrow. This map has the property that
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the composite
A
C(f) = C(f) AN Xy = C(f) NC(f)+
is itself induced by the diagonal of C(f). Then we define the module action by the composite
H'(C(f); R) @ H' (X; R) = H'(C(f) A X33 R) = H'(C(f); R).
Finally we find
Sq"(a - x) = Sq"(A%(a A x))
= A*(Sq"(a A 2))
> Sd'(a) ASq" ()]
i=0

A*(Sq'(a) A Sq" ' (x))
0

I
>

)

Sa’(a) - 8q" ' (x)

|

o

1=

where we have used the naturality of Sq* and the Cartan formula. U

Moving forward, it will be convenient to consider the following Fs-algebra A* commonly
called the Steenrod algebra.

6.25. Definition The Steenrod algebra A* is the free (non-commutative) algebra on the
(graded) Fo-module €),,~, F2{Sq"}, modulo the 2-sided ideal generated by the following ele-
ments: -

- 14+ Sq°, and

N 701 L
- For i < 2j, the element R(i,j) = Sq'Sq¢? + > (];kQ_kl)Sq’ﬂ_kqu.
k=0

6.26. Remark By construction, A* is a graded Fs-algebra, the grading being induced from the
grading |Sq’| = 7 on the free algebra on the symbols Sq’. Since the Adem relations preserve
the grading, this indeed induces a grading of A*. We say that A is a graded connected
algebra of finite type, which means that its degree 0 part is Fo and the degree n part is
finite dimensional over o for each n > 0. Remark says that the Steenrod algebra A*
is, as an Fo-vector space, generated by admissible monomials. In fact, it turns out that the
admissible monomials are also linearly independentEL so that they form a basis of the Fs-
vector space A. There are many more things that can be said about A*: For instance, it is a
cocommutative (connected) graded Hopf algebra of finite type of Fy with the comultiplication
P: A* — A* ®p, A* determined by the formula

¥(Sq™) =Y Sq' ®Sq" .
=1

The dual Steenrod algebra A, = Homp, (A*, F2) is then a commutative (connected) graded
Hopf algebra, and turns out to have underlying Fo-algebra a polynomial algebra, much unlike

31A common way to prove this involves the computation of the cohomology of K.
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A* itself: as an Fo-algebra, A* is not polynomial. In fact, any element in A* of positive degree
is nilpotent (a result originally due to Milnor). For now, let us only hint at why this is.

For n > 1, let A(n) be the sub algebra of A* generated by Sq’ for i < 2. Note that we
have inclusion maps A*(n) = A*(n+ 1) — ... and that A* = colim, A*(n) =, A*(n), i.e.
the Steenrod algebra is the union of the sub algebras A*(n). The decisive fact about these

n+2
sub algebras A*(n) is that they turn out to be finite dimensional, in fact of dimension 2("37).
It then also follows that every element of positive degree in A is nilpotent.

To move on, let us now record an algebraic lemma about binomial coefficients known as
Lucas’ theorem. We will use this theorem mainly for p = 2.

6.27. Lemma Let 0 < k <n and p be a prime number. Let k = Zi‘:o kip' andn = Zi‘:o nip.

Then
l
”) 11 (”) mod
= .
<k imo \Fi

Let us also list some examples of (useful) Adem relations.

6.28. Example We have

Sq!Sq” = Sq"*t if n is even .
0 if n is odd

Indeed, by the Adem relations, we have

[1/2] .
n—j—1 l—ie 4 n—1 1
S lgyn — n+l—jqqJ — n+
q'Sq Z<1—2j >Sq Sq ( ) >Sq ,
7=0
giving the desired result. Similarly, we have for n > 2
—1

where concretely the binomial coefficient is non-zero if and only if n — 1 = 2(4). Again
similarly, we have

> Sqn+2 + Sqn-l-lsql

-1
Sq3Sq” = (n 3 )Sqn+3 + (n —1)Sq""28q .
Finally, we claim that for all n > 1 we have
Sq?"1Sq™ = 0.

Indeed, this follows again from the Adem relations, using that the binomial coefficient

i1
n—j N—o
2n—-1-12j
for j <m —1since then 2n —1—-2j >n—1—j.

6.29. Terminology Let us call Sq¥ decomposable if it can be written as a sum of non-
trivial products of Steenrod squares (necessarily of lower degree)@ SqF = > Sq%Sq¥ with
a;i,b; > 0. Sq¥ is called indecomposable if it is not decomposable.

32This is the same as being indecomposable in the Steenrod algebra A™.
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6.30. Lemma Let k > 1. Then Sq* is indecomposable if and only if k = 2™ is a power of 2.

Proof. Write k = > a;2° with a,, # 0. Let b= 2" and a = k —b. Then a > 0 if and only if
k is not a power of 2, moreover a < 2b and we have

@2y o
Sanqb: Z < ey >Sqa+bjsq].
=0

From Lemma above, we find that the binomial coefficient of the j = 0 summand (b_l)

a
is non-zero, so that Sq¥ = Sq®*? is indeed decomposable.

Conversely, we claim Sq*" is indecomposable. To see this, consider t € H'(RP*>;Fy). Then
Sq®" (t2") = 12" £ 0. However, for 0 < i < 2", we have
Sq'(t*") = ( .)-t2 =0
i

where the first equality is shown in Example[6.20]and the second is for instance a consequence
of Lemma so Sq?" is indeed indecomposable. O

It follows that, as an Fo-algebra, the Steenrod algebra A* is generated by the elements
Sq?" with n > 0. Further consequences of the above results are:

6.31. Corollary Let X be a space with H*(X;Fq) = Fao[u]/u™ where m > ﬂ Then |u| = 2™
is a power of 2.

Proof. By assumption, we have Sq/*/(u) = u? # 0. But since H*(X;Fy) = 0 for |u| < k < 2|u],
we find that Sq/*! cannot be decomposable. Hence |u| = 2" by Lemma O

6.32. Corollary Assume that there ezists a fibre bundle S~ — S™ with typical fibre S™1.
Then n is a power of 2.

Proof. Such a fibre bundle is classified by a map S™ — BHomeo(S" 1). There is a group
homomorphism Homeo(S" 1) — Homeoy(D™) obtained by thinking of D™ = C(S™1) as the
Cone on S™ ! and then simply coning off a homeomorphism. The resulting homeomorphism
will in fact fix 0 as indicated. Since a homeomorphism preserves the boundary, there is also
a group homomorphism Homeog(D™) — Homeo(S™ 1) obtained by restricting. This is a
section to the map Homeo(S™ 1) — Homeog(D™). Hence, under the given assumption, there
is a D"-fibre bundle X — S™ whose underlying sphere bundle is isomorphic to $?"~! — S".
Note that X is a topological manifold with boundary given precisely by S?"~! and that the
projection X — S™ is a homotopy equivalence. Consider M = D?" Ugen—1 X, the space
obtained from X by gluing in a diskﬁ Then M is a closed manifold of dimension 2n whose
only non-trivial cohomology group outside of degrees 0 and 2n is given by H"(M;Z) = Z.
By Poincaré duality, we find that H*(M;Z) = Z[u]/u® with |u| = n. The claim hence follows

from Corollary ]

6.33. Remark In fact, in both previous Corollaries one can strengthen the statement as
follows: Not only is |u| or n, respectively, a power of 2, in fact the only number that can
appear are 1,2, 4,8, and the statement even holds for fibrations, not necessarily fibre bundles.
This is called the Hopf invariant one problem which was initially solved by Adams and later
given a new proof using topological K-theory by Atiyah.

33m = oo is allowed, in which case we simply mean Fa[u].

341 particular, X is homotopy equivalent to the mapping cone of the projection map S%"~1 — S™.
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Let us now prove some more results on unstable homotopy groups of spheres, extending
our results from Corollary [6.17] and Remark

6.34. Proposition The Hopf maps n, v, and o satisfy that n¥n: S* — S2, v33v: §10 — g4
and oX70: S%2 — S8, and all their suspensions, are not null-homotopic.

Proof. We prove the version for 2 here, the other cases are similar as we indicate at the end.
To arrive at a contradiction let us assume that v¥3v is null homotopic. This means that a
dashed arrow in the following diagram exists

g0 v T v, gt

Y3HP?

such that v o ¥3v is homotopic to 7 o i o X3y, This is because L*HP? is the mapping cone of
Y3, Now let us consider the diagram of homotopy pushout squares:

ST —— S3HP? —— 5*

[ |

* y St » HIP?

where X is defined as the homotopy pushout, that is, as the mapping cone of the map
S — HP?. This shows that the map HP? — X induces an isomorphism on H* for k < 10.
The combined large right pushout square gives a homotopy cofibre sequence
S* — X — SiHP?

showing that X — X*HP? induces an isomorphism on H*(—;Fy) for k > 6. Now we recall that
H*(HP?;Fy) = Fo[u]/u® with |u| = 4, and hence that Sq*: H*(HP?;Fy) — H8(HP?F,) is an
isomorphism. Using naturality for the maps HP? — X — Y4HP?, we obtain the following
commutative diagram

4
H3(SUHP? F,) U HI2(S4HP?, )

I I

4 4
HYX:Fy) —2 & H3(X;Fy) — > s H'2(X;F,)

I i

4
HA(HP?; Fy) >4 H8(HP?Fy)

whose vertical maps are isomorphisms. This shows that Sq*Sq* is non-trivial on H*(X;F5).
However, the Adem relations give

Sq*Sq* = Sq"Sq! + Sq®Sq?.
Since H5(X;Fy) = HS(X;Fy) = 0, we find that

1 2
HY(X;Fo) 25 H5(X;Fy)  and  H(X;Fo) 25 HO(X:TFy)
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vanish. This contradicts that Sq*Sq* is non-trivial on H*(X;F,). Hence, the assumption in
the very beginning, that v o ¥3v is null-homotopic, leading to the existence of the space X,
is false.

The same argument applies to any suspension of this map since we have used only the
stable operations Sq*. A similar argument applies to X7 and its suspensions. Here one will
use the Adem relation Sq?Sq? = Sq®Sq!. For 070 and its suspensions one uses the Adem
relation Sq®Sq® = Sq'°Sq! + Sq'4Sq® + Sq'2Sq. O

6.35. Remark Note that n A n: S¢ — S* is homotopic to X2(n¥n) and similarly v A v ~
YHwE3r): S — S® and o Ao ~ X8(0X70): S30 — S16. Hence we conclude that these maps
are also not null homotopic.

As further example, we also consider some composites of different Hopf maps. These are
not all cases one could consider, but are exemplary for the arguments.

fs 8 20 o7 v, qd 9 2%, o8 Zv. o5
6.36. Proposition The maps S° — S" = §* and S — S° = S° are not null homo-
topic.

Proof. As before, assume that the composite S8 — S7 — 4 is null homotopic. Then v
factors (up to homotopy) as a composite S7 — X°CP? — S*. We may then compute the
following interated homotopy pushout squares

ST —— TICP? —— 9!

' !

* y S9 HP?

| |

* — X

We therefore obtain two homotopy cofibre sequences:
S - HP? » X — S and S* - X — XOCP? - S°

The first shows that HP? — X induces an isomorphism on H¥(—;Fy) for k < 8 and the
second that the map X — X6CP? induces an isomorphism on H k(—; Fq) for k > 6. It follows
that the composite

4 2
HA(X;Fo) 25 18(X; o) 25 HYO(X;Fy)
is an isomorphism. But the Adem relations give Sq?Sq* = Sq° + Sq°Sq'. Now, Sq°Sq! is
trivial on X since X has trivial H°(—;Fy). Moreover, Sq° is trivial on H*(—;Fy) for degree
reasons. The same argument applies to the composite S° — S% — 5. O

6.37. Remark The above argument does not show that X?vX7n: S19 — S% is not null ho-
motopic, because there is no a priori reason that Sq® vanishes on the space X we build from
a null homotopy. And indeed, by Freudenthal 710(S%) = 74(S) and this group turns out to
vanish.

. x?
6.38. Remark The above argument does not show that the other composite S® Zv, g5 2,

. .. by . . .
5S4 and in fact similarly that S7 % S* =1, 83 is not null homotopic. Indeed, running the
same argument, assuming that the map is in fact null homotopic, one constructs a space X
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on which Sq*Sq? is non-zero. But the Adem relations don’t allow to rewrite this in any other
way which would lead to a contradiction.

It turns out, however, that ¥ (n)v is not null homotopic. Let us argue that this implies that
also (X27)Xv is not null homotopicﬁ Indeed, this argument is much more simple (and in
fact also proves that vX°n is not null-homotopic — but not that %5y is not null-homotopic
as we have shown above. The map v is part of a fibre sequence

S35 87 5 54
and the fibre inclusion S® — S7 is of course null-homotopic (e.g. by cellular approximation).
Hence the long exact sequence in homotopy groups splits into short exact sequences of the
kind:
0 — m(ST) 25 mi(SY) S w1 (%) = 0

This shows for instance that vX°(n) is not noll-homotopic, since we already know that %7 is
not null homotopic. Now we observe that the map 0 is induced by the map Q5% — S2 obtained
from expanding the Hopf fibration once to the left. This map induces an isomorphism on s
by the long exact sequence. Now there is also a map S% — QS*, the unit of the adjunction.
By Freudenthal it also induces an isomorphism on 73. This implies that the above short exact
sequece in fact splits, i.e. that the map

mi(ST) @ w1 (S%) L (Y
is an isomorphism and in particular that the suspension map m7(S3) — 7g(S*) is injective.
Hence, if v¥7 is not null, then so is Yv¥?n. We claim that 77(S®) = Z/2Z, generated by
Znum It follows that mg(S?) = Z/2Z ® Z/27Z, generated by YvX%n and (X°7)v.

6.39. Remark The argument from above really shows the following:

(1) () = mi(S%) & mioa (),

(2) mi(S*) =2 m(ST) @ m—1(S3), and

(3) mi(S®) = m(S") ® mi—1(S7)
where the maps from right to left are given by composition with the appropriate Hopf maps
plus the suspension homomorphism. In fact, there are equivalences of spaces

Q5% ~ S % Q83 Q8 ~ 83 xQST, QS%~ ST x Qs

which induce the above isomorphisms on homotopy groups (exercise).

There is a further construction which we will use later. Let us denote by A* the completed
Steenrod algebra, where we complete at the ideal of positively graded elements in A*. In A*,
the element

Sq=1+Sq"+Sq* + 5S¢ + ...
is well-defined. Moreover, it follows formally that this element is left and right invertible and
hence invertible. Let us denote its inverse by Sq_l.AIndeed, one can inductively solve the
equations Sq-(1+2z) =1=(1+2z)-Sq=1 for x € A*.

35] Jearned these arguments from Achim Krause, but they are well-known and have all been worked out by
Toda in his seminal computations of homotopy groups of spheres.

36Perhaps we will argue next term why that is. Essentially, there is a generalized Hopf invariant which can
be computed to be non-zero on ¥nv, showing that ¥nv is not null.
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6.40. Example Writing out low degree terms gives
Sq7' =1+8Sq' +Sq% +Sq%Sq* + ...

One can be more explicit, however. To that end let us set x(Sq”) = Sq° and inductively
set for n > 1:

ZSQX nz

6.41. Lemma We have the equality x(Sq) = 3. x(Sq™) = Sq~! in A*
n>0

Proof. Note that the definition of y implies that for all n > 1, we have

Zqu = .

Moreover, since we already know Sq to be invertible in ﬁ*, it suffices to show that x(Sq) is a
one-sided inverse of Sq. To that end, we compute

Sq-x(Sa) = () Sa") - O x(Sd))
i>0 7>0

=) Sq'x(Sd)

1,j20

=3 san(sa )

n>0 1=0

=5q"x(Sq°) =1
as needed. O

6.42. Remark Note that the invertibility of Sq implies that also x(Sq) - Sq = 1. This is
perhaps less obvious from the definition and implies that x(Sq"™) = > ; x(Sq"™")Sq".

6.43. Remark Part of the definition of a Hopf algebra is a map called the antipode. The
above definition of x extends in at most one way to an map y(A*)°? — A* of algebras and it
turns out that this map is the antipode of the Hopf algebra A*.

7. THE THEOREM OF LERAY-HIRSCH

We will phrase the entire section in terms of fibrations. We will indicate the non-trivial
statements we use here to prove our main results. If we restrict ourselves to fibre bundles
rather than fibrations, many of the statements we use for fibrations become much simpler
to prove (similarly to as we have seen in the classification of bundles: we have given a full
argument for the classification of fibre bundles, but not for that of fibrations) and most of
the standard textbooks provide references where these arguments are carried out in detail.



TOPOLOGY III "

We begin with the theorem of Leray—Hirsch. The setup we want to put this in is as follows.
Consider a commutative diagram

F——F -3 B

F—FE "> B
consisting of horizontal fibre sequences, that is m and 7 are fibrations with typical fibre F
and F' and assume that B is connected for simplicity. Further, let R be a commutative ring.

7.1. Theorem Assume that there are homogenuous classes {x;}ic; C H*(E, E; R) such that
there are only finitely many x; of the same degree and such that the images y; of the x; under
the map H*(E, E; R) — H*(F, F; R) form a basis of the graded R-module H*(F', F; R). Then

sending y; to x; induces a unique H*(B; R)-module map
.. H*(F,F;R)®g H*(B;R) - H*(E, E; R).
This map is an isomorphism of H*(B; R)-modules.

7.2. Remark Note that the relative cohomologies appearing above are isomorphic to the
cohomologies of the respective mapping cones. The map ®, then uses that by Lemma [6.24
H*(E,E;R) is an H*(E; R) and hence via 7 also an H*(B; R)-module. Moreover, note that
F and E may also well be chosen to be empty.

7.3. Remark Warning: The map @, is not a map of R-algebras, at least not in any evident
way. And in fact, in many instances where the above theorem applies, the multiplications on
source and target of ®, indeed do not agree. We will come back to this later when discussing
examples.

Proof of Theorem[7.1. We first observe that the map ®, induces the following maps. For
every CW complex X equipped with a map f: X — B, let us denote by E|x the pullback
f*(E). Doing so, we obtain a commutative diagram

F—— By /25X

1]

F— By 25 X

consisting of horizontal fibre sequences and elements f*(x;) € H* (E x, E|x; R); here we (by
abuse of notation) denote the map H*(E, E; R) — H*(E|x, E|x; R) which is induced by f by
f*. The restrictions of the classes to the fibres are simply given by the elements y;, and so by
assumption again form a basis. Hence we obtain by the same reasoning as above the map

O, : H(F,F;R) ®r H"(X; R) — H*(E‘X,EW;R).

Moreover, both the source and the target of this map form a functor on the category of
CW complexes equipped with a map to B, and the maps ®,, are readily checked to form
the components of a natural transformation. We will now show that this map is a natural
isomorphism. Once this is shown, we may choose a weak equivalence X — B with X a CW
complex. Then the claim of the theorem follows from the fact that singular cohomology sends
weak equivalences to isomorphisms as follows from Theorem
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We now aim to prove that ®,, is an isomorphism essentially by induction over the cells.
To that end, let us first consider the case where X is a disjoint union of points. Then the
result is true by assumption (this uses the assumption that H*(F, F'; R) is degree-wise finite
free over R). Let us now prove by induction over the dimension of X that the map ®,, is an
isomorphism for finite dimensional X. To do so, in the inductive step, we consider a pushout

H sn—l Xn-1

! !

[[D" —— X

which exhibits X as n-cells attached to its (n — 1)-skeleton. We will now use the following
fact, namely that the diagrams

E|HSn—l —_— E‘Xn71 E‘HSn—l — E‘Xn71
E|]_[D”—>E\X E‘HDn %E\X

are homotopy pushoutsm In particular, upon passing to homotopy cofibres (i.e. mapping
cones) of the maps from the left square to the right square, we again obtain a homotopy
pushout square. Let us now denote the source of ® by F'(—) and the target of ® by G(—).
Then, the above diagrams together with the naturality of the maps ® give rise to the com-
mutative diagram of horizontal exact sequences

i —— F(X) —— F(Xp 1) ® F([D") —— F([S™ ) —— F(X)[1] — ...

| ! | |

i G(X) —— G(Xp1) ®G(] D) —— G(IS™Y) —— GX)[1] — ...

here the (—)[1] denotes the appropriate shifting operation on graded R-modules (which is
where the functors F' and G naturally take values). The upper sequence comes from the
long exact sequence of the pushout describing X; note that H*(F,F; R) is R-free which
implies that the tensored sequence is indeed again exact. The lower sequence comes from
the homotopy pushout square of mapping cones described above. The two squares from the
left commute by naturality of the maps ®. The right square in fact also commutes, this is a
direct computation. Now note that the vertical maps are isomorphisms at the places involving
X,—1 and [[S™ ! by the inductive hypothesis, and at the place involving [] D™ since D"
is contractible, and hence the map under investigation is the isomorphic to the one for a
disjoint union of points which we have already observed to be an isomorphism (essentially by
assumption, in fact). By the 5-lemma, we conclude that the map left vertical displayed map
above is also an isomorphism. This shows that the components of ®, on finite dimensional
CW complexes are isomorphisms. So finally assume that X is a general CW complex. We
may write X = colim,, X,, where X, is the n-skeleton. By another application of the fact that

37This is a result called “fibrations satisfy descent” or “fibrations glue” and is again a consequence of the
straightening-unstraightening equivalence we have indicated when talking about the classification of fibrations.
See Remark for a workaround in the given situation.
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fibrations glue, we find that F|x = hocolim, F|x, and E‘ x = hocolimnE| Xnﬁ Now, since
the maps X, — X as well as the maps F|x, — F|x and E| X, — E x become more and more
connected as n grows, it follows that the canonical maps

H*(X;R) — li7ILnH*(Xn;R) and H*(E|x,Ex;R) — liTILnH*(E|Xn,E|Xn;R)
are isomorphisms, and in fact in each cohomlogical degree, the inverse limit is eventually
constant. Since H*(F, F'; R) is a degree-wise finite R-free module, this implies that the map
H*(F,F;R) ®r H*(X;R) — lim [H*(F,F;R) ®p H*(Xn; R)]
is also an isomorphism. Hence, the theorem finally follows from the commutative square

_ D —
H*(F,F;R) ®r H*(X;R) N » H*(E\x, E|x; R)

l limncb-,rxn l

lim, [H*(F,F;R) ®r H*(X; R)] ——— lim, H*(Ex,,Ex,;R)

since the vertical maps are isomorphisms as we have just explained, and the lower horizontal
map is an inverse limit of isomorphisms by the previous step, and hence also an isomorphism.

O

7.4. Remark We briefly comment on the use of “fibrations satisfy descent” in the above
argument, as we in fact can work around it using the following trick having to do with the
fact that the homotopy pushouts we consider are quite special ones. Indeed, note that when
X is obtained from X,_; by attaching n-cells, we can form an open cover X = U UV by
letting U be a thickening of X, in X and V to be the images of the open cells under the
attaching maps. This yields a pushout description of X which is homotopy equivalent to the
cell-attachment pushout for X. Now, the pullback of an open cover is again an open cover,
so we see that F|x admits an open cover of the form Ej; U Epy,. Moreover, the Ej;y ~ Ejx,
and Eyy ~ E|[] pn, yielding the claimed homotopy pushouts.

Similarly, there are open sets X, C U, C X such that the inclusion X,, — U, is a
deformation retraction (in particular a homotopy equivalence) and such that the U,,’s form an
increasing sequence of opens in X. Then E|x = |, E|y,. As before, the maps Eyy, — E|x
are become more and more connected as n grows, so we may now use the interaction of
cohomology with increasing open filtrations which have this connectivity properties.

7.5. Example Suppose F = E 5 B is a fibration with homotopy retraction r: E — F, i.e.
so that i ~ idpﬁ and that H*(F; R) is R-free of finite type with basis y;;c;. Considering
the classes z; = 7*(y;) we see that we can apply Leray-Hirsch and in addition that the
isomorphism
H*(F;R)®r H*(B; R) — H*(F; R)

is a map of H*(B; R)-algebras and hence an isomorphism of H*(B; R)-algebras. Indeed, this
follows simply from the fact that it is the extension of scalars (along R — H*(B; R)) of the R-
algebra homomorphism r*: H*(F; R) — H*(E; R). In particular, we deduce a cohomological
Kinneth result for products F' x B in case the R-cohomology of F' is R-free of finite type.

38Here7 the hocolim is the construction dual to holim which we have briefly discussed earlier, a so called
mapping telescope. It behaves formally very similar to the skeletal filtration of a CW complex.
39Exercise: Show that the map (i,p): E — F x B is an equivalence.
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Let us use the theorem of Leray—Hirsch to compute some further cohomology groups.

7.6. Theorem Let n > 1. Then there are isomorphisms of rings
(1) H*(U(n)7 Z) = AZ[eh €3, eQn—l]:
(2) H*(SU(n);Z) = Agles, ..., e2n—1], and
(3) H*(Sp(n),Z) = AZ[f3a f?a teey f4n—1]-

Proof. In all cases one argues inductively and in all cases the induction starts at n = 1 where
we have U(1) = S, SU(1) = Sp(1) = S% which evidently have the claimed cohomology rings.
We discuss now the inductive step of case (1); the other cases are done in the exact same way.
To that end, we recall that there is a fibre sequence

U(n—1) = U(n) — §21

from which, using the relative Hurewicz theorem and the universal coefficient theorem, we
deduce that H*(U(n);Z) — H*(U(n —1);Z) is an isomorphism for k < 2n — 3. In particular,
we can lift all exterior generators of H*(U(n—1);Z) to elements which we again call eg;_; in the
cohomology of U(n). It follows that we can lift a basis of the Fo-vector space H*(U(n—1);Fs)
to H*(U(n);Fq). Using Leray—Hirsch and the inductive hypothesis, we obtain an isomorphism
of [Azlean_1] = H*(S*"~1; Z)]-modules

Az[el, ... ,62n73] X7 Az[€2n71] — H*(U(n), Z)

which shows the claimed statement additively. Since the exterior algebra over Z is torsion
free and since the eg;_1 have odd degree, we deduce that, in H*(U(n);Z), we have €2, ; = 0.
This implies that the map Azlei,...,e2,—3] — H*(U(n);Z) obtained by sending e; to e;
is a ring homomorphism. Consequently, as discussed in Example [7.5] we deduce that the
isomorphism of Azles,—1]-modules is in fact one of Azles,—1]-algebras, and we obtain the
claimed statement. O

7.7. Remark The case of O(n) and SO(n) are less direct. Let us indicate why that is.
Running the same inductive argument as above, let us try to prove that (additively) we have
H*(SO(n);F2) = A, [aq, ..., an,l]m So let us consider the fibre sequence

SO(n —1) = SO(n) — 8™ ¢

and note that it implies that the map H*(SO(n);Fo) — H¥(SO(n —1);Fy) is an isomorphism
for k < n — 2; indeed by the relative Hurewicz and UCT, there is an exact sequence

H"2(SO(n);Fy) — H" 2(SO(n — 1); Fy) — H" (8" 1, Fy) = Fy — H" 1(SO(n); Fy)

and we need to come up with an argument that the elements a,_o € H" 2(SO(n — 1);F2)
can in fact be lifted.

Moreover, the ring structure on H*(SO(n);F2) surely is not exterior: Consider the case
SO(3) = RP? for instance.

We will now discuss another application of the theorem of Leray—Hirsch, namely the split-
ting principle. To state it, let us recall that there is a canonical continuous group homomor-
phism GL;11(K) — Homeo(KP"). Hence any K-vector bundle 7: E — B admits a fibrewise
projectivization p: P(F) — B, a fibre bundle with typical fibre KP", which is classified by
the composite

B — BGL;,+1(K) — BHomeo(KP").

40This turns out to be correct, after all.



TOPOLOGY III 81

7.8. Proposition Let m: E — B be a K-vector bundle of K-rank n and p: P(E) — B be its
projectivization. Let R be a commutative ring, which is an Fy-algebra if K = R. Then p*(E)
splits as a sum of vector bundles L & Q, where L is a K-line bundle. Moreover, the map
H*(B; R) — H*(P(E); R) is injective.

Proof. Pick an open cover {U; };c; which trivializes 7. Then P(E) — B is also trivial over {U;}
and p*(E),-1(y,) = Ui X KP"~! x K". Recall that the tautological bundle v on KP" ! is the
sub bundle of the trivial bundle KP"~! x K" consisting of the pairs (L, z) where x € L. We
then define L C p*(E) to satisfy Lj,-1(,) = Us x yx € Uy x KP"~! x K", It is readily checked
that L indeed defines a subset of p*(FE) which is a sub K-line bundle. That is, L — P(FE)
is a K-line bundle, and the inclusion L — p*(FE) is fibrewise K-linear. Then we may use
an appropriate choice of (fibrewise) scalar produc@ on E to split p*(E) as L & L+ so that
Q = L' is again a K-vector bundle.

Now, by construction, the K-line bundle L — P(F) becomes isomorphic to the tautological
K-line bundle yg over KP" when pulled back along the fibre inclusion KP" — P(E). Let x
be wi(L) if K=R, ¢;(L) is K = C or ¢i(L) if K = H; see Examples |4.38| [4.37, and [4.39|
Then the restricion of x to the fibre KIP™ becomes a polynomial generator of the cohomology
ring of KIP" which in all three cases is polynomial over R; here, we use that R is an Fs-
algebra if K = R. Hence we deduce that the elements 1 = 20, z,22,...,2" form elements
in H*(P(E); R) whose restriction to H*(KP™; R) form an R-basis. Theorem [7.1] then implies
in particular that the map H*(B; R) — H*(P(E); R) is injective, in fact a direct summand
inclusion. (Il

The following statement is often referred to as the splitting principle.
7.9. Corollary Let w: E — B be a K-vector bundle and R be a commutative ring which is a
Fy-algebra if K = R. Then there exists a map f: X — B such that
(1) the map f*: H*(B; R) — H*(X; R) is injective, and
(2) the vector bundle f*(E) is isomorphic to a sum of K-line bundles.
Proof. Apply Proposition to 7 and then to @ — P(FE) and so on. O

7.10. Remark Corollary implies the following. Let E — B be a K-vector bundle of rank
n. Then there exists a (homotopy) commutative diagram

X —— B(GLy(K))*"

l l

B —— BGL,(K)

with f* injective. Let us denote by B’ the homotopy pullback of the diagram obtained by
removing X. Then we have a canonical map X — B’ whose composite with B’ — B is f. It
follows that the map H*(B; R) — H*(B’; R) is also injective, so we may think of B’ as the
minimal choice for X appearing in the splitting principle.

7.11. Remark In this remark, we want to take the above perspective more seriously and
think about a variant of the above observation for general compact connected Lie groups G.
Indeed, for such, let T' C G be a sub Lie group, for instance a maximal torus@ Recall that the

HUhat is, we choose a reduction of the structure group of E to the isometry group of K.
42That is, a Lie subgroup of the form U(1)*™ for a maximal number n.
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homotopy fibre of BT — BG identifies with G/T', see Example In case T is a maximal
torus, it turns out that H*(G/T;Z) is degree-wise finitely generated free and concentrated
in even degrees; this is a theorem of Bott—Samelson [BS55]. Moreover, for appropriate rings
R, the map H*(BT;R) — H*(G/T;R) is surjective, e.g. when G = U(n), Sp(n) the ring Z
worksﬁ The same results turn out to be true when G = O(n), T = O(1)*", and R is an
Fy-algebra or when G = Sp(n), T' = Sp(1)*™ and R = Z. Let us from now on assume that
this is the case.

Then let B — BG be a map classifying a principle G-bundle over B and consider the
pullback

X —— BT

|

B —— B@G

so that X — B again has homotopy fibre G/T. It is perfectly fine to consider the case
B = BG and the map being the identity. From the composite

H*(BT;R) — H*(X;R) — H*(G/T; R)

we deduce that the latter map is again surjective and hence we may apply the theorem of
Leray—Hirsch to deduce that the map

H*(G/T;R) ®r H*(B;R) — H*(X; R)

is an isomorphism. In particular, we find that H*(B; R) — H*(X;R) is injective. In the
case where G = U(n), its maximal torus is U(1)*™ and we obtain a direct argument for the
splitting principle. In case G = Sp(n) it turns out that its maximal torus is again U(1)*", so
we obtain the following strengthening of the splitting principle for quaternionic bundles: Not
only is the pullback f*(E) appearing in Corollary a sum of H-line bundles, in fact, after
suitable choice of X, it is a sum of H-line bundles which are obtained from C-line bundles via
— @c H[Y Exercise: Prove that such an X can be found just from Corollary

7.12. Remark One can also use the theorem of Leray—Hirsch to compute the cohomology
rings of the classifying spaces BU(n), BSp(n) and BO(n); the latter with Fo-coefficients, but
the argument involves several applications of Leray—Hirsch in inductive manners. We will
instead compute these cohomologies via the Serre spectral sequence next term and perhaps
briefly discuss the relation to the approach using Leray—Hirsch.

We end this section with some further applications of what we proven this term.

7.13. Proposition Suppose that there is a fibration sequence CP" — CP>* — X, where the
first map is the canonical map. Then n is either 0 or 1. Conversely, in these cases, a fibration
as indicated exists.

Proof. The fibre of id: CP* — CP* is indeed CP’. Moreover, the fibre of CP>® — HP™ is
given by $3/S' = CP!, by ??. So we need to argue the converse and assume that there is

43In case T is a maximal torus, one sufficient criterion for such R is that H*(BG; R) is concentrated in
even degrees — this turns out to be true for R = Z and G = U(n), Sp(n) and can for instance be deduced from
explicit cell structures on the Grassmannians from Example see e.g. [Ghal9]

4Note that H is indeed a (C,H)-bimodule, so the indicated symbol provides a canonical functor from
C-vector spaces to H-vector spaces.
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a fibration as written in the proposition. The map H*(CP*°;Z) — H*(CP";Z) is surjective,
so we may apply the Leray—Hirsch thereom. We deduce that the ring map H*(X;Z) —
H*(CP*;Z) is additively the inclusion of a direct summand, and writing out the Leray—
Hirsch isomorphism, we find that H*(X;Z) = Z[u] with |u| = 2n. Steenrod operations show
that this can only be the case when n = 0, 1. g

7.14. Proposition Suppose that there is a fibration sequence CP' — CP? — X. Then X ~
S*. Conversely, a fibration sequence CP! — CP3 — S* exists.

Proof. We first show that a fibration as claimed exists. We write S* = S7/S93, we deduce
from the canonical inclusion St C Sgﬁ that there is a tautological map CP3 — HP!. Tts
homotopy fibre F' is then again given by S%/S! = CP! as needed. Indeed, this follows from
the diagram consisting of horizontal and vertical fibre sequences:

* y I S35t
[ |
S7 Ccp? y CP>®
| |
S7 HP! s HP>

Conversely, applying again Leray-Hirsch reveals that H*(X;Z) ~ H*(S*;7Z), and the long
exact sequence in homotopy groups shows that 71 (X) = 1. It follows (though this is somewhat
non-trivial unless we assume X to have finitely generated homology to begin with) that
H.(X;Z) = H,(S*7Z), so the Hurewicz theorem implies that X ~ S* as needed. O

7.15. Proposition Let M be the pullback CP? — S* < S* with right hand map being a map
of degree k and the left hand map being the fibration from Proposition [7.1j. Compute the
cohomology ring H*(M;Z).

Proof. We consider the (pullback) diagram of fibration sequences

CpP! — > Cp3 L g4

| ool
CP! M —2— 54
Since the bottom sequence is pulled back from the top one, and the top one satisfies the

assumptions of Leray-Hirsch, so does the bottom. Specifically, let x = f*(c1) € H?(M;Z) be

pullback of the tautological class in H?(CP3;Z). Then we obtain an induced isomorphism of
H*(S8*;Z)-modules

H*(CPY,Z) @7 H*(SY,Z) — H*(M; 7).
In particular, the cohomology of M, additively, looks like that of CP® and we can name
generators of all non-trivial cohomology groups: We have 1 € H°(M;Z), x € H*(M;Z),
p*(ig) € HY(M;7Z) and z - p*(i4) € HS(M;Z) all constitute generators. Since p*(is)? = 0,
we have in fact already computed all products of generators, except z? € H 4(M ;Z), so to
compute the cohomology ring of M it suffices to do that. To that end, we write

2’ = f*(e1)? = () = [*(q"(ia)) = k" (ia).

45or equivalently U(1) C Sp(1).
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7.16. Proposition Let G be a finite p-group. Then H*(B"G;R) = R if p € R*.

Proof. As in the case above, inductively, it suffices to show the case n = 1. It is a classical fact
from algebra that a finite p-group has non-trivial center, and hence there is a fibre sequence

BC(G) - BG — B(G/C(Q)).
If we can show that H*(BC(G); R) = R, then we may apply Leray—Hirsch and obtain an
isomorphism
H*(B(G/C(G); R) = H*(BG;R).
Then we may use induction over the number of elements of G to deduce R = H*(B(G/C(G)); R)

and hence the corollary. Hence, it suffices to treat the case of finite abelian p-groups A. In
this case, there is a short exact sequence

1-C,—A—=A/C,—1
so running the same argument as above, we reduce to showing that
H*(BCp;R) =R
this follows the from the fact that a model for BC), is given by an infinite dimensional lens

space, whose integral cohomology is [F,[u] with |u| = 2. O

APPENDIX A. HOMOTOPY PULLBACKS

We give a brief interlude on homotopy pullback diagrams here. To do so, let us fix a
diagram
A—— B
(5) lf ig
cC—5D
which commutes up to specified homotopy h. We say that two such diagrams are weakly

equivalent if one maps to the other (this includes a homotopy witnessing the homotopy
commutativity of the resulting cube) via a map which is a weak equivalence in each corner.

A.1l. Lemma Associated to the data there is a canonically induced map hofib.(f) —
hOﬁbt(C)(g).

Proof. We recall that hofib.(f) consists of pairs (a,v) with a € A and 7: [0,1] — C with
~7(0) = c and (1) = f(a). The map we are looking for assigns to such a pair (a,~y) the pair
(s(a), h(a,0) *t(7)). O

A.2. Definition A diagram is called a homotopy pullback if for all ¢ € C, the induced
map hofib.(f) — hofiby)(g) is a weak equivalence.
A.3. Example This example illustrates how important the datum of the homotopy in the
above notion is. Consider the following square.

QX —— %

[k

x — 2 5 X
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There are two somewhat canonical homotopies between the two composites (both of which
are the map which is constant at z) to consider:

(1) Since the diagram commutes strictly, we may choose the constant homotopy.
(2) We may also consider the homotopy ev: Q,X x [0,1] — X given by ev(y,t) = ().

Now, the vertical homotopy fibres of the above diagram are both given by 2, X. The constant
homotopy from (1) induces the map Q,X — Q,X sending every based loop to the constant
loop at x. However, the homotopy from (2) induces a map which is homotopic to the identity.
(Exercise)

A.4. Example Suppose the diagram is a pullback diagram, in particular strictly commu-
tative and equipped with the constant homotopy witnessing commutativity, and that g is a
fibration. We claim that such squares are homotopy pullbacks. Indeed, in this case, f is also
a fibration and for every ¢ € C' we may consider the following commutative diagram

ﬁbc(f) — ﬁbt(c)(g)

! |

hofibe(f) —— hofiby()(9)

in which the vertical maps are the canonical inclusions, which are weak equivalences since
f and g are fibrations. Since the top horizontal map is a homeomorphism (recall that we
assumed the original square to be a pullback square), the bottom horizontal map is a weak
equivalence, showing the claim.

A.5. Remark Suppose any of the maps appearing in diagram is replaced by a homotopic
map. Then there is a canonically induced homotopy h witnessing that the diagram commutes
up to homotopy. With these associated data, the new diagram is a homotopy pullback if and
only if the old diagram is a homotopy pullback. Indeed, if for instance f is replaced by a
homotopic map f’, one proves that this homotopy induces a homotopy equivalence hofib..(f) ~
hofib.(f’) fitting in a commutative triangle with the respective maps to hofiby((g). Similarly
if g is replaced by ¢'. If ¢ is replaced by a homotopic map ', then again there is a homotopy
equivalence hofiby((g) = hofiby () (g) compatible with the map from hofib.(f). Finally, if s
is replaced by a homotopic map s', then the two induced maps hofib.(f) — hofiby¢)(g) are
homotopic.

A.6. Lemma Consider a diagram

A—— B —">X
ool
C—t5D-"sY

both of which commute up to specified homotopy. Then the big diagram also commutes up to
specified homotopy. Moreover, assuming that the right square is a homotopy pullback, then
the left square is a homotopy pullback if and only if the big square is a homotopy pullback.

Proof. The main point to observe is that for ¢ € C, the composite

hofib.(f) — hofiby)(g) — hofibut(c)(k)
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is the map associated to the homotopy commutative big diagram. Then we may use the
3-for-2 property for weak equivalences. O

A.7. Remark One might think that the 3-for-2 property for weak equivalences implies a 3-
for-2 property for homotopy pullbacks in the above situation. Let us see why this is not the
case and assume that the big square and the left square are homotopy pullback diagrams.
To show that the right square is a homotopy pullback diagram, we need to show that the
map hofibg(g) — hofib, (4 (k) is a weak equivalence for all d € D. If there exists ¢ € C' with
t(c) = d then we may in fact conclude what we want. But in general, this need not be the
case, the extreme caseis A = C = @.

A.8. Lemma Suppose is a homotopy pullback. Choose a factorization of g with B — B’
a homotopy equivalence and B' — D a fibration. Then the diagram

A—— B

L

C —— D

1s a homotopy pullback diagram.

Proof. This follows from Lemma once we acknowledge that the square

B —— B
I
D——D

is a homotopy pullback diagram, which in turn follows from the fact that B — B’ is a weak
equivalence. ]

A.9. Lemma Suppose 1s a homotopy pullback and g is a fibration. Then s is homotopic
to a map s’ making the diagram commute strictly. In particular, there is a map A — P where
P denotes the pullback of t and g and this map is a weak equivalence.

Proof. Consider the lifting problem
A x {0} % B
Ax[0,1] —""» D

where h is the homotopy between gs and tf. As g is a fibration, we can find a solution, H
and s’ = H(—, 1) does the job. We then obtain a map A — P participating in a diagram

A—sP——2B

I

C=—C——D
in which the big diagram is a homotopy pullback and the right diagram is a homotopy
pullback, since for fibrations, the homotopy fibre and the fibre are homotopy equivalent. By
Lemma we conclude that the left square is a homotopy pullback and then that A — P is
a weak equivalence. O
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A.10. Lemma Consider a diagram

both whose small squares commute up to specified homotopy. Assume that the left square is a
homotopy pullback and that X andY are CW complexes. Then a dotted lift up to compatible
homotopy induces a dashed lift up to compatible homotopy.

Proof. The conclusion of the lemma is stable under replacing the right hand square by a
weakly equivalent one. Arguing as above, we then replace the right square by a weakly
equivalent square which is a strict pullback and whose vertical maps are fibrations. We may
also replace the map X — Y by a subcomplex inclusion. Then a dotted lift up to compatible
homotopy can be strictified by Lemma[5.1] and therefore induces a dashed strict lift since the
right square is now a pullback. ]

APPENDIX B. ODD PRIMARY STEENROD OPERATIONS

In this appendix, we will sketch how the odd primary analog of the construction and
properties of the Steenrod squares are obtained. The very first thing we will need is the
following:

B.1. Lemma Let p be an odd prime. Then H*(BY,;F,) = Fylu] @, Ap,[e] = Fplu, €]/
where [u| = 2p — 2 and |e| = 2p — 3 and €2 = 0.

Proof sketch. First, one shows that H*(BCy;F,) = Fplz,€]/e* with |e] = 1 and |z| = 2.
Then we observe that C), C X, is a p-Sylow subgroup. It follows from a transfer argument
that therefore H*(BX,;F,) — H*(BC);F)) is the inclusion of an (additive) direct summand.
Moreover, we observe that the normalizer of C), in X, is given by the semi-direct product
CpxF ), from which it follows that the map H*(BY,;F,) — H*(BC)y;Fp) factors through the

inclusion H*(BCy; IFp)]F; C H*(BCp;F,). In fact, the former term turns out to be H*(B(C)p %
F);Fp). Now, recall that F )\ is a cyclic group, i.e. isomorphic to Z/(p—1)Z. This group acts in
the tautological way on Hk(BC’p; F,) = F, for k = 1,2. In particular, we find that 27! is fixed
under the FF-action and it then turns out that H*(BCp;IFp)F; = FplzP~1, exP~1]/(exP™ 1)
which is what we claim the F,-cohomology of ¥, to be. Hence, one is reduced to showing
that the map H*(BY,;F,) — H*(B(C, x Fp);F,) is also surjective. This follows from a
computation with the double coset formula. [l

B.2. Lemma Let X be a pointed space with base-point preserving G-action. If X is (n —1)-
connected, then the map X — (X, z)nq induces the inclusion H™(X; M)® C H™(X; M) upon
applying H™(—; M ).

Proof. The proof of this result is essentially given in the proof of Lemma [6.2 O
In particular, we deduce:

B.3. Corollary Fork > 1, there is a, unique up to homotopy, extension of the map L;;ki [, KFp,n) —
K(Fp,nk) to a map (N K(Fp,n),*)ps, = K(Fp,nk).
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B.4. Construction We may then perform the same construction as in the p = 2 case: For a
space X with x € H"(X;F),), consider the composite

X = X*P - K(Fp,n)"p — K(Fp,np)

classifying the element zP. By the above lemma, it induces the following map

Xz, = (X P)is, = (N K(Fpn), ¥z, — K(Fp,np)
k
classifying an element P(z) € H™ (X x BY,;F,) = [H*(X;F,)[u, €]/e*]np. Denote then by
Pi(z) the coefficient of "2, With this, we find that P’ is a natural operation

Pl H"(—F,) — H"H20-D (. F)).

We can compose P! with the Bockstein operator H*(—;F,) — H**1(—;F,) to obtain further
operations

BP@ Hn(—;]Fp) _)HnJrQi(pfl)Jrl(_;}Fp)‘

B.5. Remark In case p = 2, we have by construction that P = S8q?%, and BP' = Sq'Sq* =
Sq* ™t see Example

B.6. Theorem The operations P and BP' satisfy the following relations.

(1) Naturality: That is, if x = f*(y), then Pi(x) = f*(P'(y)); same for BP".

(2) Triviality: We have P'(z) = 0 for i > 2n and for i < 0.

(3) Square-likeness: We have P™(x) = P if |x| = 2n.

(4) Cartan formula: Pz x y) =Y, .,_, P(z) x P!(y) in H20-1(X x Y:Fy); same
for A in place of x.

(5) Stability: We have Pi(a(x)) = o(P!(x)) where o is the suspension isomorphism.

(6) Unitality: We have P°(z) = .

(7) Adem relations: For i < pj, we have

PPI(z) = Z(_l)k+i((p -1 —k) - 1>Pj+ikpk(x)

. 1 — pk

and for i < pj, we have

P’L/BP](:U) _ Z(_l)k+i<(p - 1)(] - k))ﬁpi—i-j—kpk(x)

- i — pk

i (=10 —k) =1\ ipj
DN (]

where in all cases, the binomial coefficient is to be interpreted in F,,.

B.7. Remark In this remark, we briefly indicate what arguments are similar to the case p = 2
and which ones differ slightly. In principle, the proofs of these results follow the same line
of thought as in the p = 2 case. E.g. naturality, triviality, square-likeness, and the Cartan-
formula are really proven in the same way. To get at stability and unitality, we again need
to prove by hand that PY(i;) = iy, where i; € H!(S1;F,) is the generator. This amounts to
proving that the map

(517*)th — [(517*)/\1)]/12,,
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induced by the diagonal is an isomorphism on H?(—;F,). Here, let us denote by R” the per-
mutation Y,-representation on RP. The diagonal is a direct summand in this representation,
let us denote an (orthogonal) complement by R, so that the diagonal map is ¥,-equivariantly
equivalent to the inclusion R — R ¢ R” m Consequently, the map we care about is the map
induced on one-point compactifications and further applying (—)hgp. Hence, we want to in-
vestigate the map S® — S” again before applying Y,-orbits, but as a map of ¥,-spaces (and
finally suspend everything once). This is more involved that the case p = 2 where we could
use the simple cofibre sequence (Co), — S° — S7;

The proof of the Adem relations then follow the same strategy as in the case p = 2.
One proves the analog of Theorem and then performs a similar coefficient-comparison
argument with power series; see again [BMS82].

We then have the following result analogous to Lemma [6.30

Y2

B.8. Lemma The operation P* is indecomposable if and only if i = p™ is a power of p.

Proof. Here, we say that P’ is decomposable if it can be written as a non-trivial sum over
terms of the form P*P!. O

B.9. Proposition Let p be an odd prime and X be a space with H*(X;F,) = Fp[u]/u™ with
p<m < oo. Then |u| =p* -1 wherel is an even divisor of 2(p — 1).

Proof. Since 0 # u?, by graded commutativity of the cohomology ring, we find that |u| is of
the form 2n. Then P"(u) = uP # 0. Now, P" can be written as a sum of products of terms
of the form PP’ we find that there exists some i such that PP’ (u) # 0 in H2"+2' (0= (X F,).
Since the cohomology of X is concentrated in degrees divisible by 2n, this simply means that
2p'(p — 1) is divisible by 2n. Hence, 2n is of the form 2p*l with k& < i and 2[ is a divisor of
2(p — 1) as claimed. O

B.10. Corollary Let X be a space with H*(X;7Z) = Z[u]/u™ for m > 3. Then |u| is 2 or 4.

Proof. Reducing modulo 2, we find that |u| = 2™ is a power of 2. Note that then even divisors
of 2(3 — 1) = 4 are precisely 2 and 4, so by reducing modulo 3 we get

2" = |u| = 3Fa
where « is either 2 or 4. It follows that k£ = 0 and hence the result. O
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