LECTURE 3: HIGHER HOMOTOPY GROUPS

In this section we will introduce the main objects of study of this course, the homotopy groups
7TTL(X7 330)

of a pointed space (X, xzg), for each natural number n > 2. (Recall that the (pointed) set of
components 7o (X, xo) and the fundamental group 71 (X, z¢) have already been defined.) One goal
of this course is to develop some techniques which will allow us to calculate these homotopy groups
in interesting examples.

1. HIGHER HOMOTOPY GROUPS
We begin by introducing some notation for important spaces. Let us denote by
I"=100,1] x...x[0,1] CR"
the n-cube and 9I™ C I" for its boundary. Thus,
oI = {(t1,...,tn) € I | at least one of the t; € {0,1}}.

Let us agree on the convention that I° = () is empty. Note that the boundary satisfies (and is
completely determined by I and) the Leibniz formula

O(I" x I'™) = (0I™) x I U I"™ x (OI™).
The n-sphere is denoted by
S ={z e R"" | |jz|| = 1}.
Note that there are homeomorphisms I /9I™ = S™; we will write [t1,...,t,] € S™ for the image of
(t1,...,t,) € I under the composition I™ — I"™/9I"™ = S™.
The definition of the underlying (pointed) set of m,, (X, o) is simple enough:
(X, z0) = [(I",01"), (X, 20)]

Thus, an element [«a] of 7, (X, zg) is represented by a map «: I™ — X sending the entire bound-
ary OI"™ to the base point xp; and two such « and o' represent the same element of 7, (X, ) if
and only if there is a homotopy H: I"™ x I — X such that

H(OI™ x I) = x, H(-,0) = «, and H(—,1)=<.
Obviously, a map f: (X, zo) — (Y, o) induces a function
fer mo(X, o) = mn (Y, 90)
which in fact only depends on the homotopy class of f. Just like for the fundamental group, we
have
Proposition 3.1.

(i) For each pointed space (X, xo) and n > 1, the set m,(X, z¢) is a group, the n-th homotopy
group of (X, ).
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(ii) For each map (X,x0) = (Y,40), the induced operation m,(X,x0) = (Y, 90) is a group
homomorphism, defining a functor m,: Top, — Grp. The functor m, is homotopy invariant,
i.e., mp(f) = mn(g) for homotopic maps f ~ g.

Proof. For two elements [a] and [f] in 7, (X, o), the product [5] o [o] is represented by the map
B*a: ™ — X defined by:

_ a(2t17t27"'7tn) ) 0§t1§1/2
(B*a)(tl""’t")_{6(2t1—1,t2,...,tn) L 12<t <1

Notice that the definition agrees with the known group structure on the fundamental group for n =
1. The proof that o is well-defined and associative, that the constant map x,,: I™ — X represents
a neutral element, and that each element [a] has an inverse represented by

a Mty ty) = a(l —ty,ta, ... ty,)

is exactly the same as for 71, and we leave the details as an exercise. Also the functoriality is an
exercise. O

Remark 3.2. Let X be a space and let xzg,z; € X. In general, m,(X,z¢) and 7, (X, 1) can be
very different. In fact, homotopy groups only ‘see the path-component of the base point’. More
precisely, let (X, xg) be a pointed space and let X’ = [zg] be the path-component of 2. Then the
inclusion i: (X', x9) — (X, o) induces an isomorphism i.: m,(X’, z9) = 7 (X, zo) for all n > 1.
This follows immediately from the fact that S™ is path-connected for n > 1. We will see later that
any path between two points xg,z; € X induces an isomorphism 7, (X, z¢) = 7, (X, z1).

Remark 3.3.

(i) Of course it is not only the validity of the proposition which is important, but also the
explicit description of the product. However, it can be shown that this group structure is
unique for n > 2.

(ii) We said that the proof of the group structure is analogous to the argument for 7. In fact,
there is a more formal way to see this, as we will see below.

One may object that the definition of the group structure is a bit unnatural, because the first
coordinate t; is given a preferred role in the definition of the group structure. We could also define
a product as follows:

. oty 2, t) , 0<t;<1/2
(ﬁ*za)(tla...ytn)_{ﬁ(tl,...,Qti—l,...,tn) . 1/2<t; <1

The explanation is that these two products induce the same operation on homotopy classes. The
proof of this fact is given by the following observation (Lemma 3.4) together with the so-called
Eckmann-Hilton argument (Proposition 3.5).

Lemma 3.4. The operation x distributes over the operation *; in the sense that
(ax; B) % (y%;0) = (axy)*; (B%0)
for all maps a, B, v, 6: (I™,0I™) = (X, zg).

Proof. We only have to look at the case n = 2, i = 2. Then the expressions on the left and right
correspond to the same subdivisions of the square so define identical maps (draw the picture!). O
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Proposition 3.5. (‘Eckmann-Hilton trick’)
Let S be a set with two operations e, o: S x S — S having a common unit e € S. Suppose e and o
distribute over each other, in the sense that

(aef)o(yed)=(aoy)e(fod)
Then e and o coincide, and define a commutative and associative operation on S.

Proof. Taking 8 = e = ~ in the distributive law yields a« 0 § = « e §, while taking @« = e = §
yields 8 oy = v e . The associativity is obtained by taking 5 = e in the distributive law. O

Applying this proposition to * and *; shows that these define the same operation on m, (X, o)
for n > 2. The proposition also shows:

Corollary 3.6. The groups m,(X, zo) are abelian for n > 2.

Remark 3.7. For this reason, one often employs additive notation for the group structure on 7, (X, o),
writing:

(8] + (] =[B*a]
0 = [’iro}
—[a] =[a7]

There is yet another way of describing m, (X, x¢).
Proposition 3.8.
(i) There is a bijection of sets natural in the pointed space (X, xg):
(57, (X, 20)] 5 (X, 20)

(ii) The group structure on [(S™,x), (X, zg)] induced by this bijection coincides with the one
obtained by composition with the ‘pinch map’

V. 8" — Stv st
defined by collapsing the equator in S™ to a single point.
Proof. Part (i) follows immediately from the isomorphism
(I™"/OI", %) — (S™, *).

For part (ii), recall from the exercises that the wedge V defines a coproduct in the category of
pointed spaces, so that two maps «, 3: (5™, %) — (X, zg) together uniquely define a map

aVB: (S"VvS" x) = (X, x0)-

Thus we get an induced operation on [(S™, ), (X, x¢)] defined by
Bra=(aVp) oV
It is easy to check that this corresponds to the operation * on maps from (1™, dI"™), once one takes
the equator in S™ to be the image of {t; = 1/2} C I"™ under the map I"™ — I"/0I™ = S™. O
Example 3.9. For the one-point space *x € Top, there is precisely one pointed map S™ — % for
each n > 0. Thus we have
mo(*) =2, (%) 21, and (%) =20, n>2.

We will refer to this by saying that m, (%) is trivial for all n > 0.

This example together with the homotopy invariance immediately gives us the following.
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Corollary 3.10. Let f: (X,xz9) = (Y,90) be a pointed homotopy-equivalence. Then the induced
map

far Wn(X7 ‘TO) — ’/Tn(Y: yO)

is an isomorphism. In particular, 7,(X, xo) is trivial for all choices of base points in a contractible
space X and all n > 0.

Proof. Let g: (Y,yo) — (X, o) be an inverse pointed homotopy equivalence so that we have:
go f ~idx rel xg and fog~idy relyg

Homotopy invariance gives g4 o f, = (go f)« = id, and similarly f. o g. = id. For the second claim,
given a contractible space X and xg € X, it suffices to consider the pointed homotopy equivalence
(X, 2z0) — *. O

We will later see that these groups 7, (X, 2g) are non-trivial and highly informative, but we need
to develop (or know) a little more theory before we can make this precise. However, assuming a bit
of background knowledge, we observe the following.

Example 3.11. (Preview of examples)

(i) The identity map id: S™ — S™ defines an element of m,(X,x¢). If you know something
about degrees, you know that the constant map has degree zero while the identity has degree
1. Tt is a fact that the degrees of homotopic maps coincide, we conclude that 0 # [id] in
7, (S™, %). In fact, we will show that there is an isomorphism 7, (S™, ) = Z and that [id]
is a generator. This could be proved, e.g., using singular homology but we will obtain this
calculation as a consequence of the homotopy excision theorem.

(ii) If you know a bit of differential topology then you know that any map S* — S™ is homotopic
to a smooth map, and that a smooth map f: S*¥ — S™ cannot be surjective if & < n. So
such a map f factors as a composition

Sk 8" —{r}=R" - S

for some point x € S™ not in the image of f. The contractibility of R™ implies that f is
homotopic to a constant map. Thus,

e (S™, %) =0, k <mn.

We will later deduce this result from the cellular approximation theorem.
(iii) Consider the scalar multiplication on the complex vector space of dimension 2,

pu: Cx C? — C2
When we restrict to the complex numbers, respectively vectors of norm 1, we obtain a map
e St x 83— 83,

an action of the circle-group on the 3-sphere. It can be shown that the orbit space of
this action is S2. The quotient map S® — S? is the famous Hopf fibration, and defines a
non-zero element in m3(S?, *).
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2. H-sPACES AND H-GROUPS

Let us now examine loop spaces in some more detail. Recall the construction of the loop space
Q(X, zp) associated to a pointed space (X, zp), and the isomorphism

7T1(X, CU()) = 7T0(Q(X, {Ijo))
The group structure on 7 (X, xg) comes from a ‘group structure up to homotopy’ on Q(X,zg).
Explicitly, writing
H = Q(X,x)

and e = Ky, € H for the constant loop at xo, there is a multiplication map on H given by the
concatenation:

w:HxH—=H: (B,a)— Bx«a

This multiplication is associative up to homotopy in the sense that the following two maps are
homotopic:

HxHx -1 xH (v, 8, 0) ——= (7, B x @) (7,8, )
uxidJ J{# I I
HxH———H ~v#* (B *a) (v*B,0)—— (yxB) x«

Moreover, this multiplication is unital up to homotopy, i.e., we have homotopies from id to po(exid)
and po (id X e):

H——HxH+—H ar—— (e, a) (o,€) ——
kA |
id id
H e* axe

Indeed, these homotopies are given by the usual reparametrization homotopies. A pointed space
(H,e) with such an additional structure is called an (associative) H-space (or Hopf space).

Given any such H-space (H,e), composition with p defines an associative multiplication on the
set of homotopy classes of maps

[(Ya Yo), (H, 6)]

for an arbitrary pointed space (Y, yo). Moreover, this ‘multiplicative structure’ is natural in (Y, yo).
(If you do not know what we mean by this naturality, then see the exercise sheet.)

Moreover, the associative multiplication defines a group structure on this set if H has a homo-
topy inverse, i.e., if there is a map i: H — H such that the following diagram commutes up to
homotopies:

HidH X }?H ar— (i(a), ) (ayi(a)) +——
H i(a) x a a*i(a)

In this case (H,e) is called an H-group. Thus, Q(X,zo) is an H-group, and for each pointed space
(Y, yo) the set [(Y, y0), (X, 2o)] carries a natural group structure. For the one-point space * € Top,,
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this defines the usual group structure on:
[*7 Q(X, {L‘())] = 7T0(Q(X, xo)) = 1 (X, {E())

Exercise 3.12. Define the notion of a commutative H-space and a commutative H-group. Is the
loop space of a pointed space with the concatenation pairing a commutative H-group?

Theorem 3.13. For every n > 1, there is a natural isomorphism of groups:
7Tn(X, xo) = Wn_l(Q(X, ZL’o))

Let us begin with a lemma. Recall our notation [z,y] € X AY for points in a smash product.
Moreover, let us use a similar notation for elements in a quotient space, i.e., we will write [z] € X/A.
For convenience, we will drop base points from notation in the next lemma and we use I"™/9I" as
our model for the n-sphere.

Lemma 3.14. The following map is a pointed homeomorphism:

SPAST = ST [t ) [E )] e [t ]

r'm r'm

Proof. One checks directly that this is a well-defined continuous bijection between compact Haus-
dorff spaces and hence a homeomorphism. |

This map can be described as:
STAS™ = (I"/oIM)y A (I /OI™)
(I™/oI™ x I™JoI™)/(x x I™/OI™ U I™ JOI™ X )
I"x I™/(QI" x I UI™ x 0I™)
mtm/grtm
Sn-i-m

1l

1%

Proof. (of Theorem 3.13). The multiplication on m,_1(2(X, o)) is the ‘loop multiplication’. We
already know from an earlier lecture that there is a natural isomorphism:

[(S™71 %), X, 20)] 2 [(S™71 A S, %), (X, 20))]

Using the homeomorphism of the above lemma, it is immediate that the pairing on [(S™, *), (X, z¢)]
induced by the loop multiplication is *,, the ‘concatenation with respect to the last coordinate’.
But we already know that this is identical to the group structure on , (X, xo). |

If we look at the theorem for n > 2, we see that m,_1(Q(X,x0)) has two group structures: one is
the group structure on m,,_1 for any pointed space, and the other is an instance of the group structure
on [(Y, o), (H, e)] for any H-group H, in this case for Y = S"~! and H = Q(X, ). Moreover, these
group structures distribute over each other. Indeed, the multiplication u: H x H — H induces a
group homomorphism

to: Tn—1(H,€) X mp_1(H,€) = m,—1(H,e€)

and this precisely means that the multiplication coming from the H-group distributes over the one
coming from 7, _1. So, by Eckmann-Hilton (Proposition 3.5), the two multiplications coincide and
are commutative.

Corollary 3.15. The fundamental group 71 (H,e) of an H-group (H,e) is abelian.
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We now come to a different model for the loop space. We have seen that Q(X,xo) has a
multiplication which is associative and unital ‘up to homotopy’. One may wonder whether there is
a way to make this multiplication strictly associative and unital. For a general H-space this need
not be possible. But in this special case there is an easy way to do this. Let M(X,xz¢) be the
space of Moore loops (named after J. C. Moore). Its points are pairs (¢,«) where t € R, ¢t > 0,
and a: [0,¢] = X is a loop at xo of length ¢ (i.e., a(0) = zo = «(t)). We can topologize this set
as a subspace of R x X0 identifying a path a: [0,#] — X with the map [0,00) — X which is
constant on [t, 00), and the resulting space is the Moore loop space. Then there is a continuous and
strictly associative multiplication on M (X, ), given by

(tvﬁ)'(saa) = (t—'—saﬁ*M a)
where:
 ar) , 0<r<s
(B*Ma)(r){ﬁ(r—s) , s<r<t+s
A strict unit for this multiplication is (0, Kz, ).
The space M (X, xo) is homotopy equivalent to Q(X,zp). Indeed there are maps

»
Q(X, $0) «— ' M(X, 1‘0),
[

1 is simply the inclusion, while ¢ is defined by
o(t,a)(r) = at-r), 0<r<L
Then obviously ¢ o 1) is the identity, while

i) = (ogpel@-9+a) o)

1—8)+st’ “
defines a homotopy from H; = 1 o ¢ to the identity Hy.

Remark 3.16. We just observed that the loop space and the Moore loop space are homotopy
equivalent spaces. Note that the respective H-group structures correspond to each other under
these homotopy equivalences. However the multiplications have different formal properties: the
Moore loop space is strictly associative while the loop space is only associative up to homotopy.
Thus we see that a space X homotopy equivalent to a space with a strictly associative multiplication
does not necessarily inherit the same structure. But it is easy to see that X can be turned into an
H-space that way. To put it as a slogan:

‘strictly associative multiplications do not live in homotopy theory’

As we already mentioned not all H-spaces can be rectified in the sense that they would be homotopy
equivalent to spaces with a strictly associative multiplication. One might wonder what additional
structure would be needed for this to become true. There is an answer to this question lying beyond
the scope of these lectures. Nevertheless, these questions and the more general search for homotopy
invariant algebraic structures initiated the development of a good deal of mathematics.

Let us formalize the notion of a homotopy invariant functor. Let € be an arbitrary category.
Then a functor F': Top, — € is homotopy invariant if pointed maps which are homotopic relative
to the base point always have the same image under F":

f~g implies F(f)=F(g)
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Now, note that there is a canonical functor
~: Top, — Ho(Top,.)
which is the identity on objects and which sends a pointed map to its pointed homotopy class.

Exercise 3.17.

(i) The above assignments, in fact, define a functor : Top, — Ho(Top,) and this functor is
homotopy invariant.

(ii) Let € be a category. A functor F': Top, — C is homotopy invariant if and only if there is a
functor F’: Ho(Top,) — € such that F = F’ o y: Top, — C. In this case the functor F’ is
unique.

(iii) Redo a similar reasoning for the categories Top and Top?.

Thus a homotopy invariant functor ‘is the same thing’ as a functor defined on the homotopy category
of (pointed or pairs of) spaces. In particular, we have:

mo: Ho(Top,) — Set,, m1: Ho(Top, ) — Grp, and 7 : Ho(Top,) — Ab



