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§0 Preliminaries 1

§0. Preliminaries

In what follows, I will denote the closed interval [0,1] C R.
Whenever we talk about a map f : X — Y between topological spaces X and Y,
we will always mean a continuous function f.
A pathoinaspace Xisamap o : I — X.If xo = 0(0) and x1 = 0(1), we write
this as

X0 L) X1.

Moreover, xg and x; are called the end points of ¢. In particular, x( is the initial
point and x7 is the terminal point.
All the topological spaces are assumed to be nonempty.

We now recall some basic theorems.

Theorem 0.1 (Pasting lemma). Let f : X — Y be a function (not a priori contin-
uous). Let X3, ..., X, C X be closed sets such that

If f|x, is continuous for each i, then f is continuous.

Theorem 0.2 (Union of connected sets). Let X be a topological space and {A,}
be a collection of connected subsets of X. If | A, is nonempty, then |J A, is
connected.

Theorem 0.3 (Lebesgue Number Lemma). Let o : I — X be a path. Let { A, } be
an open cover of X. Then, there exists a finite partition

O=tr<thh<--- <ty =1

such that for eachi = 1,...,n, the image o([t;_1, t;]) in contained in some A,,.

The above can also be modified for a function f : I> — X where we partition I
into smaller rectangles.

Theorem 0.4 (The Eckmann-Hilton Argument). Let M be a set and *, x be two
unital binary operations on M with units 1, and 1,, respectively. Suppose that

(a*xb)x(cxd) = (a*c)*(bxd)

foralla,b,c,d € M.
Then, 1, = 1,, * = %, and furthermore, the operation(s) are commutative and
associative.
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Proof.
Claim1.1, =1,.

T =T1o %1 = (e % 1) % (1 % 1)
= (Lex14) * (Lo x 1) = Lux 1, = 14,

Thus, we define 1 := 1, = 1, which is the unit for both operations.

Claim2.axb=axbforalla b € M.

Thus, we define - = x = *.

Claim3.a-b=b-aforalla,b € M.

a-b=(1-a)-(b-1)
=(1-b)-(a-1)=0b-a.

Claim4. (a-b)-c=a-(b-c)foralla,b,c € M.

(a-b)-c=(a-b)-(1-¢)
=(a-1)-(b-c)y=a-(b-c).

Thus, we have proven all the claims.
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§1. Homotopy of Paths

§8§1.1. The Fundamental Group

Definition 1.1 (Homotopy). Let ¢ and T be paths in a space X with the same
end points, i.e., 0(0) = 7(0) and (1) = 7(1).
We say that o and 7 are homotopic with ends points held fixed written

oc~7t rel {0,1}

if thereisamap F : [ x I — X such that

1. F(s,0) = o(s) foralls € I,
2. F(s,1) = 7(s) forall s € I,
3. F(0,t) = xpforallt €1,
4. F(1,t) = xy forallt € I.

F is called a homotopy from ¢ to T. We write

F:o~7 rel {0,1}.

The above can be pictorially depicted as

T

\
4

X0 A ™~ X1

\
4

o

The above picture is interpreted as follows:

Along the (bottom) line t = 0, F agrees with ¢ and along the (top) linet =1, F
agrees with 7.

Similarly, along the (left) line s = 0, F is identically equal to xp and along the
(right) line s = 1, it is x;.

In particular, if o is a loop, i.e., xo = x1 and ey, is the constant loop s — xq for
s€ l,andif o ~ ey, rel {0,1}, we say that “o can be shrunk to a point,” or is
homotopically trivial.

Proposition 1.2 (~ is an equivalence relation). 1. o ~ ¢ rel {0,1},
2.0~71 rel{0,1} = 7~0 rel{0,1},
3.0~7 rel{0,1} and T ~p rel {0,1} = o ~p rel {0,1}.
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Proof. 1. Define F(s,t) := o(s).
2. Define F(s,t) := F(s,1—t).

3. GivenF:o0~71 rel {0,1} and G: T ~p rel {0,1},define H: I x I — X
as

F(s,2t) 0<2t<1,
G(s,2t—1) 1<2t<2.

H(s,t) := {

Note that F and G do agree for 2t = 1 since we have F(s,1) = 7(s) =
G(s,0) for all s € I. It is easy to see that H is well-defined.

Note that H is continuous (by the Pasting lemma) and it satisfies all the
four properties of a homotopy (from ¢ to p), since F and G do so. O

Thus, we can consider the homotopy classes [¢] of paths ¢ from x( to x; under
the equivalence relation ~ . (Note very carefully that all paths in an equivalence
class have the same end points.)

Definition 1.3 (Multiplication of paths). Let ¢ be a path from x( to x; and 7 from
xq1 to x».
The product ¢ * T is a path from xj to x; defined as

o x(s) o(2s) 0<2s<1,
T lt(2s—1) 1<2s<2.

Once again, it’s an easy check that o7 is well-defined and continuous (using the
Pasting lemma).

The above ¢ * T is essentially the path from x to x; obtained by first travelling
from x( to x1 via ¢ and then from x; to x, via 7.

We will now be lenient with notation and simply denote ¢ * T as 0T unless
otherwise necessary.

The next proposition shows how this product behaves with the equivalence
relation.

Proposition 1.4.

oc~c¢ rel{0,1}andt ~ 7" rel {0,1} = ot~ o't rel {0,1}.

Proof. The proof is motivated by the following diagram.
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(o T
> ’ s
|
|
|
|
|
X0 4 F X1 G T X2
|
|
|
|
> >
g T

GivenF:0~¢" rel{0,1}and G: Tt~ 1" rel {0,1},define H: 1 x I — X as

H(s, t) = F(2s,t) 0<2s<1,
" 1G(Rs—1,1) 1<2s <2

As earlier, H is well-defined (since F(1,t) = x; = G(0,t) for all t € I) and
continuous. Moreover, we have

H(0,t) = F(0,t) = xo, H(1, ) = G(1,t) = x2,

< < < <
H(s,0) = F(2s,0) 0<2s<1, _ o(2s) 0<2s<1, _ or(s),
G(2s—1,0) 1<2s<2 |t(2s—1) 1<25<2
and similarly,
H(s,1) = o't'(s) forall s € I.
This shows that
H:ot~d'1v rel {0,1}. O

Definition 1.5 (Product of equivalence classes). In view of the above proposi-
tion, we define
[o] * [T] := [0 * T].

The above, of course, is defined only when the terminal point of ¢ (and thus,
any other representative of []) equals the initial point of T (and thus, any other
representative of [7]).

As before, we shall drop the x and simply write [¢][T].

Lemma 1.6. Let 0, T, w be paths such that the products ¢(7w) and (¢7)w are
defined. Then,
o(tw) ~ (c1t)w rel {0,1}.

It is clear that o(tw) is defined iff (07T)w is.
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Proof. Let x¢, x1, X2, x3 be points such that
(o T w
X9 —> X1 — X2 — X3.

We define a homotopy F from o(7tw) to (¢7)w. To motivate the definition of F,
we may first visualise the homotopy as follows.

Y
Y
Y

xo A~ AN \ A x3

Y
Y
v

One can note that the top line depicts the path (¢7)w and the bottom o (Tw).

We define F : I x I — X piece-wise on the three regions (from left to right) as
follows:

( 4s 1
<s< —(2—t
U(Z—t) 0_5_4( ),
1 1
4s +t—3 1
—(3—1t) <s<1.
\w< t+1 > 4(3 J<s<

It is clear that F is continuous on each piece. By the Pasting lemma, it is contin-
uous everywhere.

The four properties of being a homotopy are also clear, by construction. (The
diagram makes it clear why.) O

Definition 1.7 (Inverse path). Given a path ¢ from x to x1, its inverse path o~
is a path from x; to xg given by

o 1(s) :=0(1—5), sel

The above is simply “travelling backwards ¢.”

Lemma 1.8. Let 0,0’ : I — X be paths such that o ~ ¢’ rel {0,1}. Then,

o l~o1 rel {0,1}.
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Proof. Let F : 0 ~ ¢’ rel {0,1} be a homotopy. Then, F'(s,t) := F(1 —s,t) isa
homotopy between the inverses. O

Definition 1.9 (Inverse class). Let o : I — X be a path. We define the inverse of
the class [o] as

o]t := 071

In view of the above lemma, the above definition is indeed well-defined.

Lemma 1.10. Given any path ¢ from xj to x1, we have
ex, ~ oo+ rel {0,1},

where ey, denotes the constant loop at xo.

Proof. As usual, we motivate the proof with a diagram. In this case, it is the
following;:

Y
Y

7/ N
7 N
X0 A .7 AN T X0
7/ N

\
4

€x,

The homotopy F : I x I — X in this case, is defined as

o(2s) 0<2s<t,
F(s, t) := < o(t) t<2s<2—1t,
c12s—1) 2—-t<2s<2.

It is clear that the piecewise definitions agree on the dashed line 2s = t. Observe
that c~1(2s — 1) = ¢(2 — 2s) and thus, the functions do agree on the dashed line
25 =2 —tas well.

One can easily check that the four properties of the homotopy are satisfied. To
see the bottom line property, note that F(s,0) = ¢(0) (using the second piece
definition) and ¢ (0) = xp = ey, (s) foralls € I. O

Note that since (¢71) ™1 = ¢, the above also shows that 010 = ey,.
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Lemma 1.11. Let xy — x; and ex, be the constant path at xq. Then,

o~ ey,0 rel {0,1}.

Proof. The proof is motivated by this diagram.

€xq X0 (0

-
Y

xO A L A x].

Y

(op

The homotopy is F : I x I — X defined as

X0 0<2s<t,

As one would expect, we have a lemma in the other direction as well.

Lemma 1.12. Let x; — xp and ex, be the constant path at xq. Then,

o~ ey, rel {0,1}.

Proof. Similar as in the last case and we omit it. O

The astute reader might have sensed a group sneaking around the corner.
However, note that the product of equivalence classes defined above is not a
binary operation unless the endpoints are the same. Due to this, we restrict
ourselves to loops in the next theorem.

Theorem 1.13. Let 711 (X, xg) be the set of homotopy classes of loops in X at x.
If multiplication in 711 (X, x¢) is defined as above, 711 (X, x¢) becomes a group, in
which the neutral element is the class [ey,] and the inverse of a class [¢] is the
class of the inverse [o~1].
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Proof. Interpreting Lemmas 1.6 to 1.12 as equalities of the equivalence classes
shows that 711 (X, x¢) verifies the group axioms. O

The next proposition tells us how 711 (X, x¢) and 711 (X, x1) are related in the case
that xg and x; lie in the same path-connected component. (In the case that they
do not, nothing can be said.)

Proposition 1.14. Let a be a path from xj to x;. The mapping @ defined by

(o] = [ * [0] * [a] = [« o]

is an isomorphism of the group 711 (X, x¢) onto 711 (X, x1).

Note that the above is well-defined since * is well-defined.

Proof. We first note that if [¢] € 71 (X, x0), then a~!oa is path as follows:

al o o
X1 > X0 > X0 X1

and thus, [a~!ca] is indeed an element of 71 (X, x1).

Moreover, note that

= [a o) [aa [0 a]

-1 —1/]

oalla” 0’

This shows that @ is a homomorphism. That this is an isomorphism follows by
noting that it has as inverse a~1. O

Corollary 1.15. If X is path-connected, the group 711(X, x¢) is independent of
the point xp, up to isomorphism.

Note that if C is a connected component of X containing xo, then 71(X, x9) =
711 (C, x¢) since any loop at xo must necessarily lie in C. For this reason, we might
as well only work with path-connected spaces.

Definition 1.16. If X is path-connected, we write 771 (X) for 711 (X, x¢) and call it
the fundamental group of X.

Note that this group depends on x( in the sense that the elements of the group
depend on the base point xg but the isomorphism class does not.
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Definition 1.17 (Simply connected). A space X is called simply connected if it
is path-connected and its fundamental group is trivial.

Lemma 1.18. Let X be simply connected. If ¢ and T are paths in X with the
same initial and terminal points, then ¢ ~ v rel {0,1}.

Proof. Let the initial and terminal points be xo and x1, respectively.
Consider the path o1, which is path at xj. Since X is simply connected, we
have

ot~ ey, rel {0,1}.

By the previously seen properties, we see that
(et )T ~ ey,T rel {0,1}
or

oc~1 rel {0,1}. O

§§1.2. Functoriality

We now wish to turn 717 into a functor. Since we need to take care of the base
points, we look at the category of Pointed Topological spaces.

Definition 1.19 (Pointed Topological Spaces). The category Top, of pointed topo-
logical spaces is the category whose objects and morphisms are given as follows:

* Objects: Pairs (X, xg) where X is a topological space and x € X,

e Morphisms: f : (X,x9) — (Y,yo0) such that f : X — Y is a continuous
function and f(xg) = yo.

That the above is a category can be easily verified.

Definition 1.20. Let /1 : (X, x9) — (Y, o) be a morphism. Define
hy @ (X, x9) = m (Y, yo)

by the equation
(o)) = [hool.

The map h, is called the homomorphism induced by h, relative to the base point
XQ.

To see that &, is well-defined, we note that if

F:o0~0 rel {0,1}
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for loops , ¢’ in X at x, then
hoF:hoo~hoo' rel {0,1}.

That is to say, if two loops at xp are homotopic, then so are the loops obtained
by pre-composing h.

To see that & is a homomorphism, first note that
(hoo)(hoco') =ho (o0).

(This follows from the definition of the product of paths.)
Then, we see that

hi([o0’]) = [ho (00")] = [hocl[hoc’] = h.([o])h([c”]).

Theorem 1.21 (Functoriality). If i : (X, x9) — (Y,y0) and k : (Y,y0) — (Z,z0)
are morphisms, then
(koh)* = k* oh*.

If i : (X,x0) = (X,xp) is the identity map, then i, is the identity homomor-
phism.

Proof. By definition, we have

(koh).(le]) =

Thus, (ko h), = ks o h,.

Now, if i is the identity map, then we have
ix([o]) = [io0] = [0],
showing that i, is the identity map of 11 (X, xp). O

The above then shows that 711 defines a functor from the category Top, to Grp.
Since functors preserve isomorphisms in general, we get the following corollary.

Corollary 1.22. If i : (X, x9) — (Y, y0) is a morphism such thath : X — Yisa
homeomorphism, then

hi : (X, x0) — (Y, yo)

is an isomorphism.
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Since we aren’t discussing Category Theory, we give a proof for this special
example of functors.

Proof. Let h~! : Y — X be the inverse, which is continuous since % is a home-
omorphism. Moreover, i~ !(yy) = xp and thus, i ! : (Y,y0) — (X, x0) is a
morphism and the inverse of h.

Now, note that,

(he) o (h71)") = (hoh™1)* = (id(y,y))* = ids (v yo)s

by functoriality. Similarly, we have

(1)) 0 (1) = id (x 1),

proving the corollary. O
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§2. Homotopy of Maps

In the previous section, we talked about homotopy of special types of maps.
More precisely, we only considered maps I — X. However, we can replace I by
an arbitrary topological space Y. In the place of endpoints, we just consider a
subspace A C Y.

Definition 2.1 (Relative homotopy). Given maps f,g : Y — X such that f|4 =
¢|a, we say f and g are homotopic relative to A written

f~g rel A

if thereisamap F : Y x I — X satisfying
1. F(y,0) = f(y) forally € Y,
2. F(y,1) =g(y) forally € Y,
3. F(a,t) = f(a) = g(a) foralla € A, t € L.

This map F is called a homotopy from f to g relative to A and we write

F:f~g rel A

Note that the “second coordinate” above is still I.
Note that (3) is satisfied vacuously if A = @ and we have f|4 = g| 4 for all maps
f,8:Y — X. Keeping this in mind, we have the following definition.

Definition 2.2 (Homotopy). Maps f, g : Y — X are said to be homotopic if f and
g are homotopic relative to @.
We write this more simply as

f=g
Moreover, any F as before is simply called a homotopy from f to g.
As before, we write

F:f~g.

Once again, we obtain an equivalence. The homotopies defined as in the proof
of Proposition 1.2 work again.

Definition 2.3 (Contractible space). If X is a topological space such that the
identity map on X is homotopic to a constant map on some point in X, we say
that X is contractible.

Proposition 2.4. X is contractible if and only if for any space Y, any two maps
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of Y into X are homotopic. A contractible space is path-connected.

Proof. ( = ) Let X be contractible and Y be any space. Fix any xg € X such
that idx is homotopic to the constant map ey, : X — X.

Let fy, : Y — X denote the constant map y — xy.

Now, given any map f : Y — X, we show that it is homotopic to f,.

This will prove that any two maps of Y into X are homotopic since ~ is an
equivalence relation.

Let H : idx ~ ey, be any homotopy. Then, we have

H(x,0) =x, H(x,1)= xp; forall x € X.

(Note that H is continuous.)
Now, we define F: Y x I — X as

F(y,t) = H(f(y)1)-

It is clear that F is a map. (That is, F is continuous.)
Moreover, note that

F(y,0) =H(f(y),0) = f(y), F(y,1) =H(f(y),1) =x0 = fr(y);  forallyeY.
This shows that F : f ~ f, as desired.

( <= ) To show that X is contractible, simply consider Y = X and consider the
maps idx and ey,. (Both of these are indeed continuous.)
By hypothesis, these maps are homotopic and by definition, X is contractible.

Now, we show that X is path-connected assuming that it is contractible.

Let xp and x; be any two points in X. As X is contractible, ( = ) tells us that
the maps ey, and ey, are homotopic.

Let F be any homotopy from ey, and ey,. Define o : I — X as

o(t) :== F(xo,t).
o is clearly continuous. Moreover, we have

0(0) = F(xp,0) = ex,(x0) = xo,
o(1) = F(xp,1) = ey, (x0) = x1.

Thus, ¢ is path from x( to x1 in X, proving the proposition. O

Example 2.1. Every convex subset X of Euclidean space is contractible.

Given maps fi, f» : Y — X, we have a homotopy F : f| ~ f, given by

Flyt) =th(y)+(1-t)fiy), yeY,tel

By the convexity assumption, the above F is indeed a map into X.
By the previous proposition, this shows that X is contractible.
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Example 2.2. R" is contractible for any .

To see this, we could either appeal to the previous example or do it directly by
defining a homotopy F : ey ~ idRr» as

F(x,t) = tx.

We would now like to show that any contractible space is simply connected.
What we do know is that any loop would be homotopic to a point. However,
we do not know if this homotopy is relative to {0,1}. Indeed, to show that we
do have a homotopy relative to {0, 1}, we would need to use the fact that X is
contractible once again.

Before proving that, we first look at a lemma.

Lemma 2.5. Let F : [ x I — X be a map. Set a(t) = F(0,t), B(t) = F(1,t),
v(s) = F(s,0), and é(s) = F(s,1), as in the diagram

Y

Then, § ~ (a~19)B rel {0,1}.

Proof. The proof is quite intuitive. First, we define the paths
o:l—=IxI, t:1=>1IxI

as
o(s) :==(t,1)
and
(0,1—4s) 0<4s<1,
T(s):=4¢ (4s—1,0) 1<4s<2,
(1,2s—1) 1<2s<2.

These paths are the following ones in I? :
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Y

\
4

T

As it should be clear from the diagram (and one can easily check), we have
d=Foo, (al9)p=For.

(Note that the bracketing in (a~!)p is necessary.)
Also, since I? is convex, we see that ¢ and T are homotopic relative to {0,1}
with H : I x I — I x I being a required homotopy defined as

H(s,t) :== (1 —t)o(s) + tT(s).
Thus,
FoH:Foo~Fot rel {0,1}
— FoH:6~ (a19)B rel {0,1},

as desired. O
Theorem 2.6. Let X be a contractible space. Then, X is simply connected.

Proof. Note that by Proposition 2.4, we know that X is path-connected. Now
we show that that 711 (X) is trivial.

Let xo € X be arbitrary and « : [ — X be a loop at xp in X.

If we show that w ~ ey, rel {0,1}, then we are done.

To do this, we will use the earlier lemma after constructing an appropriate F.
Using that X is contractible, we fix a homotopy H : idx ~ fy, where fy, : X — X
is the constant function x — x.

(This is different from ey, since the domains are different in general.)

To recall, H has the following properties:

H(x,0) =x, H(x,1) =xy forallx € X.
Now, we define F : [ x [ — X as
F(s,t):= H(o(s),t).
Now, note that if we set &, B, y, 6 as in the previous lemma, we have

a(t) = F(0,t) = H(c(0),t) = H(xo, 1)
— H(o(1),t) = (L) = B(1),
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In other words, we have
x=PB,y=0,0=ey,.

By the previous lemma, we know that [§] = [« ~!7p], where [] is the homotopy
class of a path relative to {0,1}. Thus, we have

lex,] = aloal
— [a][ex,)[a""] = [0]
= [ex,] = [0]

— ey, ~ 0 rel{0,1},

tinishing the proof. O

Proposition 2.7. Let f,¢ : Y — X be maps which are homotopic by means of a
homotopy F: Y x I — X.

Letyo € Y, x0 := f(yo) = F(y0,0), and x1 := g(yo) = F(yo,1).
Let a : I — X be a path from x( to x; given by
a(t) = F(yo,t) te€lL

Then, the following diagram commutes.

7T1(Y, yo) # 7T1(X, JC())

R)

7T1(X, xl)

Proof. The diagram commuting is just saying that
Wo fi = gy
Let [0] € m1(Y, yo) be arbitrary. Showing that the above is true is equivalent to

showing that
(@o fi)(lo]) = g«([0])-

Using the definitions of @ and f., we note that
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Now, defining F: [ x [ — X as
E(s,t) = F(o(s),t).
Then, we have the following diagram as in Lemma 2.5 which proves the propo-

sition.

goo
\

To see that the sides are indeed as labeled, recall that ¢ is a loop at yp and note
that

F(0,8) = F(0(0),£) = F(yo,t) = a(t),
F(1,t) = F(o(1),t) = F(yo, t) = a(t),
F(s,0) = F(o(s),0) = g(o(s)) = (g00)(s),
F(s,1) = F(o(s),1) = f(o(s)) = (fe0)(s)
By the conclusion of Lemma 2.5, we are done. O

Corollary 2.8. If f,¢ : (Y,y0) — (X, x0) are homotopic relative to {yo}, then
fe = 8

Proof. With « as before, we see that « is the constant map and thus, @ is the
identity map. O

Recall that @ is an isomorphism and thus, we get the following corollary as well.

Corollary 2.9. With the same setup as above, f, is an isomorphism if and only
if g..

What the above corollary says is that if f and g are homotopic, then f, is an
isomorphism iff g is.

Definition 2.10 (Homotopy equivalence). A map f : ¥ — X is said to be a
homotopy equivalence if there exists a map f’ : X — Y such that

ff’ ~ idy,
f/f ~ idy.
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If such a map exists, we say that X and Y are homotopically equivalent spaces.

It can be checked that being homotopically equivalent is an “equivalence rela-
tion.”

Corollary 2.11. If f : Y — X is a homotopy equivalence, then f, is an isomor-
phism
(Y, y0) = m(X, f(yo))

foranyyp € Y.

Proof. Let f' : X — Y be as in the definition.

Then, ff' ~ idx . By the previous corollary, we have that (ff’). is an isomor-
phism. (Since (idx) is.)

Similarly, (f'f)« is an isomorphism. Since (ff'). = fio fland (f'f). = flo f,
we see that f, is a bijection and hence, an isomorphism. O

The above shows that the fundamental group of a path-connected space is a ho-
motopy invariant. We had shown earlier that this was a topological invariant.
Note that being homotopically equivalent is a weaker concept than being topo-
logically invariant (i.e., homeomorphic). Clearly, if f : X — Y is a homeomor-
phism, it also a homotopy equivalence with f/ = f~1.

However, the closed interval I is homotopically equivalent to the point space
but clearly not homeomorphic. In fact, one can note that X is contractible if and
only if it is homeomorphic to a point.
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§3. Fundamental Group of the Circle

In this section, we prove a more general result. S! will turn out to be a special
case of that. First, we need a lemma.

Lemma 3.1. Let K be a compact metric space and G a topological group. Let
V C Gbeopensuchthatl € V.
If f : K — G is continuous, then there exists § > 0 such that

d(k,K) <o = fR)(f(K)LeV.

The above is essentially mimicking something like “uniform continuity.”
Proof.
Claim 1. There exists an open set U C G such that

l.1eucyV,

2.9, €U = gglteV.

Proof. The function ¢ : G x G — G defined as

9(g.8) =g

is continuous. Thus, ¢~1(V) is open.
Note that (1,1) € ¢~ !(V). Thus, there exists a basis element of the form
U; x U, satistying

(1,1) e Uy x Uy € ¢~ 1(V).

LetU:= U NU;NV.Clearly, Uisopenand 1 € U C V.
Moreover,

g8 el = (g8)elixhCco (V) = 9(g8)eV = g(g) eV,

as desired. ]

With this, we can mimic the proof of continuous functions being uniformly con-
tinuous on compact sets. (The above U will help us use “triangle inequality” in
the codomain.)

Let U be as in the above claim.

Claim 2. Given any k € K, there exists J; > 0 such that
d(k, k') <& = fO)(f(K) " el

Proof. The function f; : K — G defined by fi(k') = f(k)(f(k')) ! is contin-
uous with fy(k) =1 € U.
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Consider the open set fk_l(U). Since it contains k, there exists § > 0 such

that Bs(k) C f, ' (U). Thus, if k' € Bs(k), then fi(k') € U, as desired for the
tirst condition.

Note that we can find a suitable ; for the other condition as well. Taking
the minimum of the two proves the claim. O

Let Vi = B, /»(k). Clearly, { Vi }rck is an open cover of K. Since K is compact,
we may extract a finite subcover.
Letkq, ..., k;, be the indices of one such. Set

1
0 := min —0..
12?71 2 ki

Clearly, § > 0. Moreover, it satisfies the condition of the lemma. To see this, let
k,k' € K be such that d(k, k') < 6.

Since { V4, }1<i<n, is an open cover, k lies in V}, for some 1 < i < n. That is,
2d(k, k;) < 6;. Now, using triangle inequality, note that

Ak, k) < (K, K) +d(k k) <6+ 36 < 30+ 26 = by
Thus, both k and k" are at most §; from k;. By the definition of §; (from Claim 2),
we see that f(k)(f(k;))~' € Uand f(K')(f(k;))~! € U.

By the property of U, we have

-1

FOFENT] [FEOFE) ] = fUFE) T eV,
as desired. ]

Now, for the remainder of this section, we shall fix G as any simply connected
topological group and H < G is a discrete normal subgroup of G. We will show
that 71(G/H,1) = H.

(In the special case that G = R and H = Z, we see that 71 (S?, 1) & Z or simply,
m(sh) = Z)

We also fix the map ¢ : G — G/ H to be the projection g — gH.

Lemma 3.2. There exists an open neighbourhood U of 1 in G which is mapped
homeomorphically onto an open neighbourhood V of 1 in G/ H be ¢.

Proof. Since H is discrete, {1} is open in H. Thus, there exists an open neigh-
bourhood U; of 1in G such that Uy N H = {1}.

As in claim 1 of the previous proof, we may find an open U C Uj such that
leUandg, ¢ €U = g¢~1 € Uj.Clearly, UN H = {1} as well.
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Claim 1. ¢|y is injective.

Proof. Let g1,%2 € U with ¢(g1) = ¢(g2)-
Then, g1H = goH or Hgy = Hgp or Hglggl = Horglggl € H.
Since g1,$2 € U, we also have g1¢, ' € Uj. Since Uy N H = {1}, we see that

8182_1:10r81:g2- 0

Let V = ¢(U). Clearly, ¢ maps U bijectively onto V, in view of the previous
claim. Moreover, this must be a homeomorphism. To see this, we recall a gen-
eral result.

Claim 2. The quotient map ¢ : G — G/ H is open.

Proof. Let W be an open subset of G. The set
WH = {wh:weW,h € H}

is open since WH = |_J Wh, which is a union of open subsets of G since

heH
right multiplication is a homeomorphism.

Note that ¢~!(¢(W)) = WH. Since ¢ is a quotient map and WH is open,
we see that (W) is open, as desired. O

Thus, we see that ¢|y : U — V is a bijective open map. In particular, it is a
homeomorphism. O

For the remainder of this section, we fix I C G and V C G/H as above. More-
over, we fix

o -1
= (¢lu) -
By our above discussion, ¢ : V. — U is a continuous function.

For better clarity, we shall use 1 for the identity of G/H and 1 for the identity
of G.

Now, we prove two key lemmas.

Lemma 3.3 (Lifting Lemma). If ¢ is a path in G/ H with initial point 1, there is a
unique path ¢’ in G with initial point 1 such that

poco =o.

Lemma 3.4 (Covering Homotopy Lemma). If 7 is also a path in G/H with the
initial point 1 such that
F:o~7 rel {0,1},
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then there is a unique F’ : I x I — G such that

F:o' ~1 rel {0,1},
poF =F.

(Note that 7" above is the unique path in G as given by the Lifting Lemma.)

Proof. We prove both results together.
Let (K,f : K — G/H,0 € K) be either (I,0,0 € I) or (I x I,F,(0,0) € I xI).
The first choice corresponds to Lemma 3.3 and the second to Lemma 3.4.

For the sake of less ugly notation, we shall use a/b or { to denote ab~! for

a,b € G/H. (Note that we are fixing this to mean ab~! without any assumption
of abelianity.)

Since K is compact, there exists € > 0 such that

k—K|<e = f(k)/(f(K)) €V,

by Lemma 3.1.
In particular, for such k and ¥/, ( j{ ((:,))) is defined. Fix N € IN large enough
such that

|k| < Ne

for all k € K. (This can be done since K is bounded by 2.)
Now, define
f:K—=G
by
70 = (£6075 (M) )
v (r(55) /1 (557)
(7 (k) F ).

Then, f’is continuous K — G, f'(0) = (¢(1))N = 1g,and ¢ o f' = f. To see the
last point, note that ¢ is a homomorphism and thus,

(9o f)k) =9 [w (f (k)/f (%"))]
oo (7 (M50) S (57) )]
..90{1/) (f (%k) /f(O))].



§3 Fundamental Group of the Circle 24

Now, using that ¢(k) = k, we see that the fractions cancel and we are left with

(9o f)(k) = f(k)/£(0) = f(k),
since f(0) = 1¢, in either case.

=1g,and po f"' = f.

Now, suppose we had f” : K — G satisfying "/ (0)
)/ o(f"(s)), since ¢ is a homo-

Then, we would have [¢ o (f'/f")](s) = ¢(f'(s)
morphism. However, this equals f(s)/f(s) = 1.
Thus, f'/ f" is a continuous map from Y into ker ¢ = H.

Since Y is connected and H is discrete, f'/ f” is a constant. Since f/(0)/f"(0) =
1, we see that f' = f".

This proves the uniqueness of f’.

Note that in the case of the first lemma (that is, Y = I), we have f'(0) = 15 and
thus, f’ is the required ¢’

For the case of the second lemma, we still have to prove that F/ = f’ is the
desired (relative) homotopy.
First, we show that F’ is indeed a (not necessarily relative) homotopy. To see
this, set a(s) := F'(s,0) and B(s) = F'(s, 1).
Note that p o a(s) = ¢ o F'(s,0) = F(s,0) = o(s) and a(0) = F/'(0,0) = 1¢.
Since ¢’ is the unique such path, we see that « = ¢”’.
Similarly, we can conclude B = 7 if we show that (0) = 1. By definition, we
have B(0) = F'(0,1).
Note that F’ is continuous and ¢ o F" is 1 on {0} x I. Thus, F'|q},; maps into
ker ¢ = H. As before, we see that F’ is constant on {0} x I. Thus, F'(0,1) =
F'(0,0) = 1g and hence, g = 7.
In fact, we have even proven that F’ is constant on {0} x I. This shows that F’
is a homotopy relative to {0}. All that remains is to show that it is constant on
{1} x I as well.
For that, we once again note that ¢ o F’ = Fis constant on {1} x I. Thus, F'| {1}
maps into a coset of ker ¢ = H. Since the coset is homeomorphic to H, it must
be discrete as well. This proves that F’ is constant on {1} x I as well, proving
that

F:o' ~1 rel {0,1}. O

Corollary 3.5. The end point of ¢’ only depends on the homotopy class of 0.
In particular, if 0 is a loop at 1, then ¢’(1) € H.

Proof. Let 0, T be paths in the same homotopy class. Let F : ¢ ~ T rel {0,1} be
a (relative) homotopy.

Then, F’ is a homotopy from ¢’ to 7’ relative to {0,1}.

In particular, we have ¢/(1) = F(1,0) = F(1,1) = 7/(1). This proves the first
statement.

For the second statement, note that ¢ 0 ¢’(1) = ¢(1) = 1 and thus, /(1) €
ker ¢ = H. O
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Now, we have the following theorem.

Theorem 3.6. If G is a simply connected topological group, H a discrete normal
subgroup, then
m(G/H,1) = H.

Proof. Using Corollary 3.5, we define x : 71(G/H,1) — H by

x([o]) = o'(1).

Claim 1. x is a homomorphism.

Proof. Let 0], [t] € m1(G/H,1).

Let hy = ¢/(1) and hy = 7'(1). (Again, we see that these are well-defined
and elements of H by Corollary 3.5.)

Let 7" be the path from &5 to hihy in G given by

(s) = hyT'(s).

(Note that T”(O) = T/(O)hl = 1(;]11 = hl and T”(l) = th/(l) = hlhz.)
Note that

(9ot")(s) = @(T'(s)h1) = (' (s)) (1) = T(s).

(Note that ¢(h1) = 1 since h; € H = ker ¢.)
Since, ¢/(1) = t/(0) = hy, we can consider the path 7’¢” in G. Note that

po (T')(s) =

Thus, 7”0’ is the unique lift of 0T as given by the Lifting Lemma.
Thus,

1/

x([o]l7]) = xlot] = («"¢") (1) = hiha = x[o]x[7]. 0

Now, we show that x is bijective.
Claim 2. x is injective.

Proof. It suffices to show that ker x is trivial.

Let [0] € ker x. Then, 0’(1) = 1¢.

In other words, ¢’ is a loop at 1 in G. Since G is simply connected, ¢’ is
path homotopic to a constant loop. We may choose the constant loop to be
€1s-

Thus, 0’ ~ e rel {0,1}.
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Applying ¢, we get that 0 ~ e; rel {0,1} or [c] = [e1], the identity of
s (G/H, 1) ]

Claim 3. y is surjective.

Proof. Let h € H be arbitrary.

Since G is simply-connected, it is path-connected. Let ¢’ be path from 1 to
hin G.

Then, p oo’ : I — G/H isaloop at 1 in G/H with

xlo] =d'(1) = h. O
With that, we are done! O

Corollary 3.7. The fundamental group of S! is (isomorphic to) Z.

(Since S Lis path-connected, we need not care about base point.)
In particular, the above corollary shows that S! is not simply connected. This is
our first example of a non-simply connected space.

Corollary 3.8. The fundamental group of a torus is (isomorphic to) Z x Z.

Proof. The torus is (homeomorphic to) (R x R)/(Z x Z). O
Note that the torus is also homeomorphic to Sl x st Using this, we could’ve

calculated the fundamental group in a different way with the help of the fol-
lowing proposition.

Proposition 3.9. Given spaces X, Y, xp € X,yp € Y, we have

7T1(X XY, (x(),yo)) = 7T1(X, xo) X 7T1(Y,y0).

Proof. The isomorphism is obtained as follows. First, consider the maps of
pointed topological spaces given by the projections

(X, x0) 25— (X XY, (x0,40)) —— (Y, o).

These maps induce the homomorphisms

(X, x0) P (X <Y, (x0,90)) — P s (Y, o).
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Using the universal property of product of groups, we get a homomorphism
((px)+, (py)«) as follows

(X, x0) —PL (X XY, (x0,10) —2 s (Y, o)

7T1(X, XO) X 7'C1(Y, yo)

such that the diagram commutes. (The —»s are the usual projections.)
Let ¢ := ((px)«, (py)«). We show that this is an isomorphism by constructing
an inverse ¢ : 711 (X, x9) X w1 (Y, y0) = m (X X Y, (x0,40)) -

Any element of 711(X, x9) x 71(Y,yp) is of the form ([¢],[t]) for some loop ¢
(resp., T) at xq (resp., yo) in X (resp., Y).
We define ¢ ([c], [t]) as the class of the loop at (xg,yp) in X X Y given by

(0,7)(s) := (c(t),T(t)), tel

That s, ¢([c], [t]) = [(¢, T)]. One can verify that this is well-defined.
(Thatis, if ¢ ~ ¢’ and T ~ 7/, then (¢, T) ~ (¢/,7’), all relative to {0,1}.)
Now, one can verify that ¢ o ¢ and i o ¢ are both the respective identities.

Alternately, as a more category theoretic proof, one can verify that the following
diagram commutes.

7T1(X,X()) (L 7T1(X X Y, (.XO,y())) L} 7T1(Y,y0)

AN

(X, x0) X 1Y, yo)

Thus, given any object and arrows 711(X, x9) «— Z — m1(Y, o), we get an
arrow 1 : Z — 11(X, x9) X 11(Y,yo) such that the following diagram com-
mutes.
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(X, x0) P (X x Y, (x0,90) — P s (Y, o)

A

zZ

That is, 711 (X x Y, (x0,Y0)) satisfies the universal mapping property of a prod-
uct. Since products are unique up to isomorphism, we see that

7T1(X X Y, (XO,yo)) = 7T1(X, XQ) X 7T1(Y,y0). ]

Definition 3.10 (Retract). A subset Y of a topological space X is called a retract
if there exists a map r : X — Y such that

ri = idy,

where i : Y — X is the inclusion map.

Theorem 3.11. The circle S! is not a retract of the closed disc D?.

Proof. We prove a stronger result that i ~ idg is impossible for any map 7 :
D? — St

Indeed, assume the contrary and let r : D?> — S! be a map such that ri ~ idg: .
Then, (ri)« = r+i, is an isomorphism, by Corollary 2.9.

However, note that

(S —=—— m(D?)
id hr*
7T1(Sl)

Recalling that 711 (S') & Z and 711 (D?) = {1}, we see that the above is impossi-
ble since Z — {1} — Z cannot be an isomorphism.

(There is neither any injection i, : Z — {1} nor any surjection r, : {1} —
Z.) 0

Corollary 3.12 (Special Brouwer Fixed Theorem). Any continuous map of the
closed disc into itself has a fixed point.
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Proof. Suppose f : D> — D? has no fixed point. We define r : D> — S! as
follows:

Take the ray joining f(x) to x and extend it until it reaches the circle S'. Call this
point on S! r(x).

Clearly, if x € S!, then r(x) = x. Thus, ri = idg1, a contradiction to the previous
theorem. O

Remark. This is a special case of Brouwer’s fixed point theorem for n = 2. The
case n = 1 is simple by considering the function g(x) = f(x) — x and noting
that ¢(—1) > 0and g(1) < 1, thereby giving us that g(c) = 0 for some ¢ € D! =
[—1,1].

Note that it must be justified that the » defined above is indeed continuous. This
is a fairly straightforward calculation. An outline is as follows:

Consider the ray {y given by {x(f) = (1 —t)f(x) + tx for t > 0. We need a
solution t > 0 for ||x(#)|| = 1. This turns out to be equivalent to solving

lx = FGO P +2((x, f(x)) = L)1) + I f (0?1 =0.

By our assumption, x # f(x) and thus, the above is a genuine quadratic expres-
sion for all x. Moreover, using || f(x)||? < 1, one can show that the above has one
unique positive root, call this #(x). Clearly, x — t(x) is continuous. (Quadratic
formula.)

Thus, r(x) = (1 —#(x))f(x) + t(x)x is a continuous function of x.

Theorem 3.13. Let X be a topological space and xp € X. Suppose A is an open
cover of X with the following properties:

1. Ay N Af_; contains xg and is path-connected for all A, Aﬁ c A,
2. A, is simply connected for all A, € A.

Then, X is simply connected.

This is a special case of The Van Kampen Theorem which we prove in section 6.

Proof. Itis clear that X is path-connected since it is the union of path-connected
sets with a point in common. Thus, we just need to show that any loop is path
homotopic to a constant loop. Of course, since X is path-connected, we can
choose any base point of our choice. We choose the point xy.

Let o : I — X be any loop at xy.
By the Lebesgue Number Lemma, there exists a subdivision

o] = lon] %~ x o]

such that each o;(I) is contained in some A; € A.
Now, we define the paths g1, ..., g,+1 as follows:

¢ g1 and g, are the constant loops at xo.
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e For1 < i <mn,g;is any path joining 0;(0) to xg lying in A;_1 N A;.
We can do so because 0;(0) = 0;,(1) is a point in A;_1 N A;. Since this
intersection contains xg and is path-connected, we are done.

Now, note that the path g;laigiﬂ is a loop that lies in A; forall 1 < i < n.
Since A; is simply connected, we see that [gi_laigiﬂ] is the constant element
lex,] € m1(X).

Moreover, observe that when the product is taken over all 1 < i < n, the g;s
cancel out. That is,

o] =[] -~ (7]
= [ Ilg; "eigis]
i=1
= | ]lex]
i=1
= [exo]/
as desired. (Note that [¢; '] = [g411] = [ex,] as well.) O

Also, note that homotopy classes [0;] in the above are classes of paths in X, not
loops.

Proposition 3.14. The space 5" is simply connected for n > 2.

Proof. We apply the above theorem with X = §", U = {U,V} with U = 5"\
{(1,0,...,0)} and V = 5"\ {(—1,0,...,0)}.

(In other words, U is S with one point removed and V is S with the opposite
point removed.)

It is clear that ¢/ is open cover. Recall that IR” is homeomorphic to S with a
point removed.

Thus, both U and V are simply connected since IR" is.

Moreover, U NV is homeomorphic to R" with two points removed. Since n > 2,
this space is path-connected.

Thus, U satisfies the criterion of the previous theorem and the result follows. [
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§4. Covering spaces

In this section, we try to generalise the ideas of earlier. The previous section let
us calculate 711 (X) in the particular case that X was a topological group (and
could be realised as a quotient group in a particular manner).

In section, we shall consider X which is not necessarily a group but represent it
as a quotient space of a simply connected space X. As before, we shall work in
the case that the fibers of X — X are discrete.

Towards this end, we have the following definition.

Definition 4.1 (Covering space). E 2 Xisa covering space of X if every x € X
has an open neighbourhood U such that p~!(U) is a disjoint union of open sets
S; in E, each of which is mapped homeomorphically onto U by p. Such U are
said to be evenly covered, and the S; are called sheets over U.

Proposition 4.2 (Consequences). From the above definition, the following re-
sults follow.

1. The fiber p~!(x) over any point is discrete;

2. pis alocal homeomorphism;

3. p maps E onto X and X has the quotient topology from E.
4. If E is locally path-connected, then so is X.

Proof.
1. Let x € X and U be a neighbourhood of x which is evenly covered. Then,

pH(u) =[S

iel
Lety € p~!(x). Then, y € S, for some iy € I. Moreover, since p : S;; — U
is homeomorphism, it is one-one and thus, p(y’) # x forany y # y’ € S;.
In other words, S;, N p~1(x) = {y} and thus, {y} is open in p~!(x). (Since
S;, was open.)
This shows that p~1(x) is discrete.

2. By definition, we need to show that given any e € E, there exists a neigh-
bourhood V of e such that p(V) is open in X and p|y : V — p(V) is a
homeomorphism.

To this end, let e € E be arbitrary and let x = p(e).

Let U an evenly covered neighbourhood of x and S;, be the sheet (over U)
containing e.

By definition (of covering spaces), we have that p 5, 1sa homeomorphism,

as desired.

3. The fact that p is onto follows straight from the definition. (Every x € X
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has a neighbourhood U which is evenly covered and thus, a sheet maps
onto U and in particular, something gets mapped to x € U.)

Showing that X has the quotient topology from E is the same as showing
that p is a quotient map. Let U C X. We need to show that p~!(U) is open
iff U is open. (We already know that p is surjective.)

If U is open, then p~!(U) is open since p is continuous. (It is a local home-
omorphism.)

Conversely, let p~1(U) be open. We show that U is open. To this end, let
x € U. Consider any e € E such that p(e) = x. Then, e € p~!(U). Since p
is a local homeomorphism and p~!(U) is open, we can find a neighbour-
hood V of e contained in p~1(U) such that p(V) is open.

However, note that x € p(V) C U. This shows that x is an interior point
and thus, U is open. (Since x was arbitrary.)

4. Let x € X and U be an arbitrary neighbourhood of x.
Choose a neighbourhood U’ of x which is evenly covered and let S’ be a
sheet over U’. Then, p|s is a homeomorphism.
Let W = UNU’. Consider p|'(W); this is an open subset of S’ and hence,
of E.
Since E is locally path-connected, we can find a path-connected neigh-
bourhood V C p|H(W) of p|5'(x) € S'.
Then, its image ps/(V) C W C U is a neighbourhood of x and is path-
connected. (Since it is homeomorphic to V.)
This shows that X is locally path-connected. O

Thus, covering spaces is the generalisation of the previous section that we de-
scribed earlier.
We now give the generalisations of Lemma 3.3 and Lemma 3.4.

Theorem 4.3 (Unique lifting theorem). Let (E,ep) LN (X, xp) be a covering
space with base points, (Y, o) e (X, xp) any map. Assume that Y is con-

nected. If there is a map (Y, yo) i (E,ep) such that pf’ = f, then it is unique.

(Note that this is different from Lemma 3.3 since we don’t guarantee the exis-
tence of an f'.)
Diagrammatically, this can be depicted as

(E/ 6‘0)
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Proof. With everything as in the lemma, assume that " : (Y,y9) — (E, ep) is
also a map such that pf” = f.
We show that f' = f".

Define A C Y as

A={yeY[fy) =W}
Note that A # @ since yy € A. (Since f'(yo) = eo = f"(yo), by assumption.)
We will show that A is both open and closed. Then, since Y is connected and A
is nonempty, it will follow that A = Y. In turn, that will show that f' = f”.

Claim 1. A is open.

Proof. Let y € A. Let U be an evenly covered neighbourhood of f(y) =

pf()-
Then, f'(y) lies on some sheet S over U. Sincey € A, wehave f'(y) = f"(y).

Thus, the set B := f'~1(S) N f”"~1(S) is an open set containing v.
Subclaim 1.1. B C A.

Proof. Lety; € B. Then,y € f/~1(S) N f"~1(S).
Thatis f'(y1) € S > f"(11)-
Note that p|s is a homeomorphism and in particular, one-one. Since

pf'(y1) = f(y1) = pf"(y1), we see that f'(y1) = f"(y1) and hence,
y1 € A. ]

Thus, we have seen that given any y € A, there exists an open set B with
y € B C A, showing that A is open. O

Claim 2. A is closed.

Proof. We show that Y\ Aisopen. Lety € Y\ A.

As before, let U be an evenly covered neighbourhood of f(y) = pf’(y).
Since p restricted to sheets is injective and pf'(y) = pf”(y), it follows that
f'(y) and f”(y) lie on different sheets, say S; and S, respectively.

Let B' := f'~1(S1) N f"~1(S,). Clearly, y € B'.

Subclaim 2.1. B’ C X'\ A.
Proof. Lety; € B'.

Then, f'(y1) € S1 and f’(y2) € Sy. Since S; and S; are disjoint, the
claim follows. O

The above subclaim proves that X \ A is open, as earlier. O

Thus, we are done. O
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Theorem 4.4 (Path Lifting Theorem). For (E, ¢p) AN (X, xp) a covering space
with base points, if ¢ is a path in X with initial point x(, there is a unique path
0, in E with initial point ey such that po,, = 0.

Proof. Note that ¢ is actually a pointed map (I,0) — (X,xo) and I is con-
nected. Thus, uniqueness of o, follows from Unique lifting theorem.

Special case: The whole space X is evenly covered.

Let S be the sheet (over X) containing ey. Then, p|s : S — X is a homeomor-
phism. Let ¢ : X — S be the inverse to this.

Then, g,, = ¥ o 0 is the desired map.

Note that po; = pypo = ¢ and Yo (0) = (xo) = ey, since p(eg) = xo. Thus, oy,
indeed is a pointed map.

General case: Note that (I) C X is compact. Thus, we can find a finite open
cover {U;}!~ of o(I) such that each U is evenly covered.
Thus, by the Lebesgue Number Lemma, we can find a partition

O=ty<h <--<tp=1

such that o([t;, t;;]) lies in the evenly covered neighbourhood U; of ¢ (¢;) for all
0<i<n.

(Well, not exactly but we can renumber U; wlog so that they satisfy the above
condition.)

Thus, note that for each “sub-path” s|j, ;. .1 : [t tiy1] — U;, we can apply the
tirst case.

In particular, for i = 0, welift s[( ;) toa path o] : [0, ;] — E such that o7(0) = eo.
Assume, as induction, that we have lifted ¢y, to a map o7 : [0,¢;] — E such
that0;(0) = ep. 0 <i<n-—1.)

Also, observe that po!(t;) = o(t;).

Then, we can lift U‘[tirti-&-l] to a path 7; : [t;,tiy1] — E with 7;(t;) = o7/ (t;). (This
is because for the lifting theorem, all we used was that ¢y was a point that gets
mapped to xp under p. By our previous observation, we see that ;(#;) B o (t)
and thus, we can lift a path preserving initial points like that.)

Thus, we get a path 07, : [0,t;11] — E given by joining ¢; and T;.

Thus, by induction, we get a path oy, which is our desired o, . O

Theorem 4.5 (Covering Homotopy Theorem). Let (E, ¢p) SN (X, xp) be a cov-
ering map as before. Let F : I x I — X be a map with F(0,0) = xy.
There is a unique lifting of F to a continuous map

F':IxI1—E

such that F(0,0) = ep. Moreover, if F is a path homotopy, then F’ is a path
homotopy.
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Proof. We first define F’(0,0) = eg. We will construct F/ piece-wise.

First, we use the preceding theorem to extend F to the left edge {0} x I and
bottom edge I x {0}.

Now, choose subdivision

O=s50<s51< - <sy=1,
O=to<thi < ---<t, =1

such that each rectangle
L X Ji = [si—1,si] X [ti—1,ti]

is mapped by F into an open subset of X which is evenly covered by p. (This
isforalll <i <mand1 < j < n. Such a subdivision exists by the Lebesgue
Number Lemma.)

We now define the lift F/ inductively. First we define it on I; X J;, continuing
with the other rectangles I; X J; in the bottom row from left to right, then with
the rectangles I; x ], in the second row from left to and right, and so on.

In general, given iy and jy, we assume that F’ has been defined on set

A= | TxJ)uUixJp) U0} x 1)U (Ix{0}).
i<jo i<ip
1<i<n
(That is, A is the union of the left and bottom edges along with the “previous”
rectangles.)
We also assume that F’ defined on A so far is a continuous lifting of F|4. Using
this, we define F’ on I; x J;; such that it’s continuous on A U (I;; x J;;).

Choose an open set U which is evenly covered by p and contains I;; X Jj;. (Such
a U exists by our construction of the subdivision.)
Let {S.} be the set of sheets, each S, being mapped homeomorphically onto U

by p.

Note that F’ is already defined on the subset of I;, x | i, givenby C = AN (I, x
Jjy)- This subset is connected and hence, F'(C), being connected must lie entirely
in one sheet.

Let Sy be this sheet. Let pg := p|s,. Then,

po:So— U
is a homeomorphism. Moreover, for x € C, we have
po(F'(x)) = p(F'(x)) = F(x),
since F’ is a lifting of F|4. Thus, for x € C, we have that
F'(x) = py ' (F(x)).

Thus, if we now define

F'(y) = py '(F(y))
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fory € I, x J;,, we see that F’ must be continuous on A U (I;,) x (Jj,), by the
Pasting lemma.
Moreover, it is clearly a lift of F| 4y liyxJj,) @8 well. Thus, it satisfies our inductive

hypothesis and we may carry out this process and define F' on all of I x I.

To see uniqueness, note that we were forced to define F’(0,0) = ¢j. Thus, con-
sidering (Y, yo) with Y = I x I and yo = (0,0), appealing to the Unique lifting
theorem, we see that at each step, there is a unique lift to I;) x | io- Thus, defining
F’(0,0) uniquely determines F'.

Now, suppose that F is a path homotopy. (Note that since we are not saying
anything about the two paths between which it is a homotopy, all that matters
is that F is constant on the vertical edges.)

Then, the map F carries {0} x I onto a singleton {xo}. Since pF’ = F, we must

have that
(PF") ({0} x I) = {x0}.

In other words, F’ carries {0} x I into p~!(xp). However, note that {0} x I is
connected whereas p~!(xp) is discrete. Thus, F’ must be constant on {0} x I.
Similarly, it must be constant on {1} x I as well, proving the result. O

Theorem 4.6 (Path homotopy lifting theorem). Let (E, ep) SN (X, xp) be a cov-
ering map as before. Let f and g be two paths in X from xp to x3; let f/ and
¢’ be their respective liftings to paths in E beginning at ¢y. If f and g are path
homotopic, then so are f’ and ¢’. In particular, f’ and g’ have the same terminal
point.

Proof. LetF: f ~ g rel {0,1} be a path homotopy from f to g.

Let F’ be given as in the preceding lemma. We wish to show that the bottom
edge is f" and top ¢’

To this end, definewa,p: I — E as

We show thata = f"and g = ¢’

Note that «(0) = F'(0,0) = ¢y = F'(0,1) = B(0).

Moreover, p(a(s)) = p(F'(s,0)) = F(s,0) = f(s) and similarly, p(B(s)) = g(s).
Thus, « and B are some lifts of f and g starting at ep. By the Unique lifting
theorem, we are done. O

Corollary 4.7. p, : 1(E,e9) — m1(X, x0) is a monomorphism.

Proof. To see that p, is a monomorphism (i.e., it is injective), it suffices to show
that ker p, is trivial.



§4 Covering spaces 37

Let [0] € 1(E, ep) be an element of ker p..
Then, o is a loop at e in E such that p o ¢ is a loop at x( such that

poo ~ey, rel{0,1}.

(Where ey, denotes the constant loop as usual.)
Lifting them back and using the previous theorem, we see that

o~ e, rel {0,1}. O

Note that if 0" is a loop at xq in X, its lifting o3 in X need not be a loop at e. (For
example, consider (RR,0) SN (S%,(1,0)) given by p(x) = e?™*, The lift of the

loop ¢ in S! given by s — ¢*™ is the loop ¢} in R given by s — s, which ends
at1.)

However, its terminal point will be a point in p~!(xg). Moreover, as we saw
earlier, the endpoint only depends on the homotopy class of the loop. Thus, we
get a well-defined operation

. p_l(xo) x 111(X, x0) — p_l(xo)

given by

Proposition 4.8 (- is a group action). The above operations satisfies the follow-
ing properties:

1. e-1=ecforalle € p~1(xp),
2. e-([o] x[1]) = (e-[0]) - [r] foralle € p~!(xp) and all o, T € 711(X, x0).

Thus, the above - is a right group action.

Proof. Lete € p~1(xp), [0], [t] € m1(X, x0) be arbitrary.

1. Note that 1 € 711(X, xp) is simply the class of the constant loop [e,].
The lift of the constant loop is again a constant loop. Thus, since 1), starts
at e, it must end at e as well. In other words,

e=1,(1)=e-1,
as desired.

2. Definec € p~1(xp) asc:=0l(1) = e-[0].
We wish to show that

e-(lox7]) = (e-[o])-[7].

In other words, we wish to show that

(0 T)e(1) = (1)
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Consider the path ¢} % 7/ in E. The product is well defined since 0}(1) =
c = 7/(0).
Now, observe that

VRN B A CAVE)) 0<2s<1,
p(o-e*Tc)(S)_ {p(T/(zs_l)) 1§25§2
_ Jo(2s) 0<2s<1,
ol t2s—1) 1<25<2

In other words, 0, * T/ is a lift of ¢ * T with initial point e. By uniqueness
of lifts, we see that
(o*xT), =0l %1,

Thus, we see that

as desired. 0

Proposition 4.9 (Description of stabilisers). The stabiliser of a point ¢y €
p~1(xp) is the subgroup

ps«1t1(E,e0) C (X, xp).

Proof. Note that [0] € 711(E, x) belongs to the stabiliser S of e iff o; (1) = eo.
In other words, [o] € S iff ¢ lifts to a loop at ep.

If o = p oo’ for some loop ¢’ at ¢y, then [0] € S.

Conversely, if [c] € S, then 0 (1) = eg and thus, [oy] € 71(E, e0) with o =
p ooy, O

Proposition 4.10. If E is path-connected, 711 (X, x¢) acts transitively.

Proof. Lete,c € p~!(xg). We wish to show that there exists [¢] € 71(X, xo) such
thate- [o] = c.

Since E is path-connected, we can find a path ¢’ in E from e to ¢. Then, ¢ = po¢’
fits the bill.

To see this, note that ¢’ is indeed the lift of ¢ with initial point ¢. That is, ¢’ = 0.
Moreover, since it ends at ¢, we get

e-lo]=0.(1)=0c'(1) =c. O
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Recall from group theory that given an action - : S x G — S with sy - ¢ = 51, we
have G;, = ¢G;, g_l, where G5 denotes the stabiliser of s in G.

Thus, if E is path-connected, then all the different subgroups p. 7 (E, e) are con-
jugate, as e runs over all points in p~1(xo).

Corollary 4.11. If E is path-connected, the map [o] — ¢ - [¢] induces a bijection
of the set of all cosets p.7;(E, ep)[c] onto the fiber. In particular, if p~!(xg) is
tinite, the number of points in the fiber is equal to the index of the subgroup

P* nl(E/ eO)-

Proof. In general, let - : S X G — S be a group action.
Let Gs < G be the stabiliser of s € S.
Then, given any g,/ € G we have

s g=s-g
iff
g-¢71€Gsorgc Gy
Thus, the map G/Gs; — S given by

Gsgr+s-g

is well defined and an injection.

Moreover, if the action is transitive, then the above map is clearly surjective as

well.

(In the above, G/ G;s is just the set of right cosets, no assumptions of normality.)
O

Exercise 41. If E ' X is a covering map and X is connected, then all fibers
have the same cardinality.

Solution. Choose xg € X. Lett = |p~!(xq)|. (x is just a cardinal number, need
not be finite.)

Let A= {x € X:|p~'(x)| = r}. We wish to show A = X. We first show that A
is open.

Let x € A and let U be an evenly covered neighbourhood of x. Then, for any
x' € U, we must have that |p~!(x")| equals the (cardinal) number of sheets over
U. (Since each sheet contains exactly one element of p~1(x’) and any element of
p~1(x") must lie in one of these sheets.)

Thus, U C A and A is open.

By a similar argument, we see that X \ A is also open. Since X is connected and
xXo € A, we see that A =Qor A = X. O
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Definition 4.12 (Sheeted coverings). Let E 5 Xbea covering space. If each
p~!(x) has cardinality a finite number 7, the covering is called an n-sheeted cov-
ering.

Definition 4.13 (Group of covering transformations). Given a covering space

E - X, the group G of covering transformations is the group of all homeomor-
phisms of E which preserves the fibers, that is, all those ¢ such that pp = p.

E i s E
X /
X

Theorem 4.14. Given a covering space (E, ¢p) SN (X, x9) with group of cover-
ing transformation G. If E is simply connected and locally path-connected, G is
canonically isomorphic to 771 (X, x).

This achieves the result we described at the beginning of the section.

Proof. First, we define a homomorphism
x:G— m(X, xp).

Let ¢ € G. Since E is simply connected, all paths from ey to ¢(ep) are homotopic
relative {0,1}. (By Lemma 1.18.)
Thus, if ¢’ is such a path, then p.([¢’]) depends only on ey and ¢(ep); we define

x(g) =[pod.
(That is, we define x(¢) to be p.([0’]) where ¢’ is any path from ey to ¢(ep).
Note that ey is fixed.)

Note that since pp = p, we see that p(¢(eg)) = p(eo) = xo and hence, p o 0’ is
indeed a loop at xg. Thus, the above map yx indeed is a map from G to 711 (X, x¢).

Claim 1. x is a homomorphism.

Proof. Let ¢, € G. Let ¢’ be any path from ¢j to ¢(eg) and 7’ be any path
from eg to P(ep).

Define the path «’ = i o ¢’. This is clearly a path from 1 (ep) to P(¢(ep)). In
particular, T/ * B’ is a path from ej to P (¢(ep)).

Moreover, since { € G, we have

pooc’:pogboa’:poal.
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Thus, we have
x(pog)=[po(r'+a)]
=[poT]x[pod]
=[pot]x[poc]
= x(¥) = x(¢). O

Claim 2. y is injective.
Proof. By definition, it is clear that

¢(e0) = eo - x(¢9)-

Hence, x(¢) = 1 implies that ¢(eg) = ep - 1 = ey, i.e., ¢ fixes ep.

However, note that being a covering transformation, we have that p¢ = p;
in other words, ¢ lifts p. By Theorem 4.3, there is only one lift of p which
fixes ey. Since the identity is one such, we see that x(¢) =1 = ¢ =id,
the identity of 711 (X, xo), proving that yx is injective. O

Claim 3. x is surjective.

Proof. Let [0] € m1(X,x0) be arbitrary. We construct a ¢ € G such that
X(@) = lo].

We define ¢ as follows:

Let e € E, let T’ be any path from ¢j to ¢, and let T = p o T’. Note that T is a
path from p(eg) = xo to p(e) =: x. Then, T~ lo7 is a loop at x. We define

pe) :==e- [t o1],

where the - is as before. (The endpoint of the unique lift of 7107 in E
starting at e.)

Note that the above does not depend on 7’ since E is simply connected. (As
earlier, we use Lemma 1.18.)

In other words, ¢ just depends on [c].

Now, taking e = ey, we may take 7' as the constant map and we see that
pleo) = eo- [0] = o, (1).

Thus, to compute x(¢) using the definition of x, we may take the path
joining eg and ¢(eg) to be o, and we get

x(9) =[poo] =],
as would be desired. Thus, we just need to show that ¢ € G.

It is easy to see that that pp = p. Indeed, since ¢(e) is the endpoint of a lift
of a loop at p(e), we see that that it must belong to the fiber p~!(x). Thus,
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p(g(e)) = x=ple).
Moreover, ¢ has an inverse of the same type that is obtained by replacing o
with c~1 in the definition. Thus, we just need to show that ¢ is continuous.

(The same will show that ¢~ is also continuous.)

To do so, we will show the following: For every e; € E and every neigh-
bourhood V' of ¢(e7), there exists a neighbourhood V of e; such that ¢(V) C
1’4

To this end, let e; € E be arbitrary. Consider x; = p(eq) € X.

Let U be an open neighbourhood of x; which is evenly covered. Since E is
locally path-connected, so is X and thus, we may assume so is U. (Or we
replace U by a smaller path-connected neighbourhood, which will still be
evenly covered.)

Then, e; € Sy and ¢(e1) € S) for some sheets S1, S| over U. (Recall that e
and ¢(e1) belong to the same fiber p~!(x1).)

We claim that ¢(S51) C ).

To see this, note that if e € S, we can join e; to e by some path a’ in 51 (since
E is locally path-connected); then, consider the path p o T in X from x; to
p(e); lifting this to a path T(;) (e)7 We S€© that it is in S{. In particular, its end

point is a point in §{. This end point is just ¢(e). Thus, we have that shown
¢(e) € S or that ¢(S1) C S}.

Now, given any neighbourhood V' of ¢(e1), we can find a neighbourhood
S1 C V' of ¢(e1) of the above type. (That is, a neighbourhood of ¢(e;)
which is a sheet over some open neighbourhood U of x; € X.)

This proves that ¢ is continuous and thus, ¢ € G. O

With that, we are done! O

§84.1. Even actions

In this subsection, we prove some more results and ways to calculate the fun-
damental group of a space. Following [ ] and [ 1, we develop this
theory via exercises.

Definition 4.15 (Even actions). Let E be a topological space and G any group of
homeomorphisms of E.
E is said operate evenly if for any e € E, there is an open neighbourhood V of e
such that

VNgV =0 forallge G\ {1}.

Exercise 4.2. Given a space E path connected and locally path-connected. Let
G be a group of homeomorphisms of E which operates evenly. Let X = E/G be
the space of orbits, p : E — X the map sending any e onto its orbit Ge. Then

1. E-X Xisa covering space (for this, we don’t need any connectedness),
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2. G isits group of covering transformations, and
3. p«m1(E, ep) is a normal subgroup of 11 (X, x¢) for all ¢y € E.

By the previous exercise, we see that we have

(X, x0)/ ps«mt1(E, e0) = G.

Solution.

1. Let x € X. Then, x = Ge for some e € E.
Since G acts evenly, there exists some a neighbourhood V' of e such that
VNgV =0foralll # g€ G.
Also note that g is homeomorphism for all ¢ € G and thus, each gV is
open.
Also, note that S = |_| gV is open and saturated with respect to 4. (That

g€G

is,if s € S, then p~!(p(s)) C S.)
To see the saturation, note that if s € S, thens € gV for some ¢ € G. In
particular, s = g(v) for some v € V. (Recall that an element ¢ of G is a
homeomorphism from E to itself.)
Now, if s’ € p~1(p(s)), then p(s’) = p(s). In other words, s’ and s belong
to the same orbit. Thus, s’ = ¢'(s) = ¢'(g(v)) for some ¢’ € G.
Since G is a group, we see that g'¢ € G and thus, s’ € ¢'¢gV C S, proving
saturation.

Since g is a quotient map (we are giving X the quotient topology and thus,
q is a quotient map by construction), we see that U := p(S) is open in X.
Moreover, U contains x.

In other words, U is an open neighbourhood of x and we have

pi(u) =L gVv.
geG
Lastly, we need to show that p maps each ¢V homeomorphically onto U.

First, we make the following observation: Given § € Gand v € V, we
have

plsv(8(v)) = G(gv) = (Gg)v = Gv = ply(0v).
That is, p|qv 0 ¢ = p|v. Thus, it suffices to show that p|y is a homeomor-
phism and then it would follow that each p|v is, too.

One-one: Let v, v’ € V with p(v) = p(¢'). Then, we have
Gv = Gv'.

Since 1(v) = v is an element of the LHS, it must be one of the RHS as well.
Thus, v = gv’ for some g € G. In particular, v € gV.
Hence, v € V N gV. This forces ¢ = 1 and hence, v = v'.
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Onto: Let u € U. Then, u = p(s) for some s € S. This is same as saying
thats € gV for some g € G.
Thus, u = p(g(v)) for some g € G and v € V. Note that

u=p(g(v)) = G(g(v)) = Gv = p(v).
Thus, u = p(v), showing that p|y is surjective.

Note that p is continuous by virtue of being a quotient map and hence, so
is p|v. Thus, we only need to show that p|;,' is continuous.
This is the same as showing that p|y (W) is open in U for all open W C V.
To this end, consider an arbitrary open subset W of V. Consider the coun-
terparts gW C gV for all g € G. Since each g is a homeomorphism, each
gW is open in ¢V and thus, in G.
Consider the set

Sw=|]|gwcs.

g€G

As before, Syy is saturated and thus, p(Sy) is open in U. However, note
that

plv(W) = p(Sw).
The inclusion C is obvious since W C Sy. For the reverse, note that if
u € p(Sw), then u = p(gw) for some ¢ € G and w € W. Thus, u =
G(gw) = Gw = p(w), showing that u € p|y(W), and completing the
proof.

2. We show that G is precisely the set of all those homeomorphism that lift
p. Define

H:={¢:E — E | ¢ is a homeomorphism and pp = p}.

We wish to show that H = G.

(D) Suppose g € G.
Then, g is homeomorphism from E onto itself by definition. We just need
to show that pg = p. This too is simple. Indeed, let ¢ € E, then

p(gle)) = G(ge) = (Gg)e = Ge = p(e).

(C) Suppose ¢ € H. Then, ¢ : E — E is homeomorphism such that
Py = p-

Fix any ey € E. Then, we must have p(¢(ep)) = p(eo)-

Thus, Gg(eg) = Gep which tells us that

@(e0) = g(eo)

for some ¢ € G. We now wish to claim that ¢(e) = g(e) forall e € E.
Let xg := p(g(eg)) = p(eg). Thus, we get that ¢ and g are lifts of p as in
the following diagram:
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(X,XO) <

5 (E, e0)

However, E is connected! Thus, appealing to the Unique lifting theorem,
we see that ¢ = g and thus, ¢ € G, as desired.

3. Fix any e¢g € E. We wish to show that

p«1t1(E, e0) < m1(X, xp).

To this end, let [0] € p.711(E, e0) and [t] € 711(X, x0).
We will show that [7][c][t] ™! € p.71(E, ep).

Note that [¢] € p.7t1(E, eo) is the same as saying that the lift o, of o start-
ing at ep is a loop.

Let 7, be the lift of T starting at €. Let the terminal point be e;. Note that
e1 belongs to the same fiber as ¢y, i.e., p(e1) = xo.

Note that this means Gey = Gej or thate; = g(ep) for some g € G.

We may lift o to a path o, starting at e;. In fact, g o 07 is one such (and
hence, the only one). In particular, note that oy, is again a loop.

Thus, we see that we have a loop 1,0, 75, * as follows:

/ / /—1

T, 0, T,
€ i €1 2 €1 2 €
Moreover, we have
ot = po (1,0l 1)
or
[tot™!] = palryon @ ',
showing [7][o][t]~! € p.7t1(E, ep), as desired. O

Exercise 4.3. Projective n-space IRP" is defined as the quotient space of S" ob-
tained by identifying antipodal points. The group of covering transformations
of S — IRP" consists of the identity and the antipodal mapping only (because
§" is connected, n > 0), and since S" is simply connected for n > 2, we have

m(RP") = Z/27Z, n>2.

Solution. Fixn > 2. We shall construct G as in the previous exercise with E = S".
Let G consist of the identity homeomorphism and the antipodal homeomor-

phism x — —x.
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It is easy to see that G acts evenly. Indeed, let x € S". Take the open ball of
radius 1 in R"*! centered at x and intersect it with S". This intersection U is a
neighbourhood of x such that UN (—U) = @.

Moreover, orbit of any point e € E is precisely {e, —e} which gives us that
E/G = RP" in this case.

Thus, by the previous exercise, we see that p.7t1 (5", ¢p) is a normal subgroup of
11 (RP", p(ep)) for any ep. The exercise before that then tells us that

11 (RP", p(eo))/ p«m1(S", e0) = G.

Clearly, we have that G = Z /27 since that is the only group with two elements
up to isomorphism. Moreover, we know that 711 (5", ep) = (1) since S" is simply
connected for n > 2. (Proposition 3.14) Moreover, RP" is path-connected, being
the quotient of a path-connected space.
Thus, we see that

1 (RP") = Z/27. O

Exercise 4.4. Show that RP! is homeomorphic to S and thus,

m (RP!) = 7.

Solution. Define ¢ : S' — Sl by ¢(z) = z2. (Viewing S C C.)

Note that ¢ is surjective and continuous. Moreover, S! is compact and Haus-
dorff. Thus, ¢ is a quotient map.

Moreover the equivalence relation induced by setting x ~ y iff ¢(x) = ¢(y) is
precisely the equivalence relation that identifies the antipodal points and thus,
we see that this induces a map

¢:RP" — S

which is a quotient map. (The universal property of quotient maps.)
Since this map @ is one-one, we see that ¢ is actually a homeomorphism, as
desired. O

Exercise 4.5. Show that 711 (RP"), n > 2, is generated by the composition pg
where ¢ : I — S" is any continuous map satisfying ¢(0) = —¢(1) and p : S" —
IRP" is the quotient map as above.

Solution. Let g be any path as given. Let xo := g(0). Note that pg is indeed a
loop in RP" since p(xg) = p(—xo).

Since 11 (RP", p(x0)) = Z/2Z, all we need to show is that [pg] isn’t the identity
element.

Suppose not. Then, we have that

Pg ~ €p(xy) rel {0,1}.
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Lifting both the paths back to S" with initial point xp and using Theorem 4.6,
we see that
g ~ ey, rel {0,1}

which is plainly wrong since g is not even a loop. O

Exercise 4.6. Let G be the subgroup of the group of homeomorphisms of the
plane to itself generated by the translation (x,y) — (x + 1,y) and by the map-
ping (x,y) — (—x,y + 1). Show that this action of G on IR? is even, and identify
R?/ G with the Klein bottle.

Solution. First we show thatif ¢ € G is not the identity map, then ¢ has no fixed
points.

Claim 1. Any element of G can be written as
(0, y) = (1) x +n,y +m)
for some integers n and m. Denote the map above as @y .

Proof. Let ¢1 and ¢, denote the first and second map in the question, re-
spectively.

Note that ¢; and ¢, are indeed of the above form. We have ¢; = ¢(; and
@2 = @1,0. One can similarly check that the same is true for their inverses
and the identity map is ¢ .

Since every element of G is some product of @1, ¢, and their inverses, it
suffices to show that the product (composition) of any of these four maps
with a map of the form ¢, ,, is again a map for the same form. Indeed, we
have, in general that

Pming © Pmyny = Prmypmgny+(—1)"1n;

The above is just a straightforward check. Since each of the four desired
maps can be written as @, ,, for an appropriate choice of (my,n;), we are
done. O

From the above claim, it clearly follows that if ¢ € G has a fixed point, then
¢ = o0 = idga.

Thus, let ¢ € G\ {1} and x € R?%. Since ¢ # 1, ¢(x) # x. Moreover, note that
@ is an isometry. Thus, the ball of radius 1/2 at x gets mapped to the ball of
radius 1/2 at ¢(x). Since the distance between x and ¢(x) is at least 1, these
neighbourhoods are disjoint.

Thus, G acts evenly on R,

We now prove a converse to Claim 1.
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Claim 2. Given any (m,n) € Z x Z,
Pmn € G.

Proof. We need to show that ¢, , can be written as a product of (possibly
negative) powers of ¢1 and .
It is easy to see that

(92)" = ¢mo
and
(¢1)" = @on-
Finally, this gives us
(91)" © (92)" = Qm,n. 0

At this point, we remark that G is not Z? since the product is not commutative

in general.
Let S = I x I, denote the unit square. Itis easy to see that S contains a point from
the orbit of each element. Indeed, given any (x,y) € R?, first choose m = — |y,

and thenn = —[(—1)"x]|.

Thus, the covering map p : R? — R?/G restricts to a surjection g : S — R?/G.
Moreover, note thatif 0 < x < 1and 0 < y < 1, then the orbit of (x, y) intersects
S at exactly one point.

Now, suppose 0 < y < 1, then (0,y) and (1,y) belong to the same orbit and
nothing else from S does.

Similarly, if 0 < x < 1, then (x,0) and (1 — x,1) belong to the same orbit and
nothing else from S does.

Finally, we see that the four corners of S belong to the same orbit and nothing
else from S does.

Note that one may identity the Klein Bottle K as a quotient of S as follows:

b

<
N

\
4

b

We have shown above that the surjection g : S — R?/G factors through a
map § : K — IR?/G. Moreover, g can be verified to be a quotient since R?/G
is Hausdorff. Thus, we see that § is also a quotient map. By our observation
earlier, § is also one-one and thus, a homeomorphism. O
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Exercise 4.7. If a finite group G acts on a Hausdorff space Y, and there are no
tixed points (i.e., no y € Y is fixed by any ¢ € G except the identity element),
show that the action is even.

Solution. Let1 = g1,...,gn be the elements of G. (Assume n > 2.)

Fix i such that 2 < i < n. That s, g; # 1.

Thus, given any y € Y, we have g;(y) # .

Thus, we may find disjoint neighbourhoods U/ and V; of y and g;(y) respec-
tively.

Since g; is continuous, we may find an open neighbourhood U of y such that
gi(U!") C V;. Finally, setting U; := U; N U/, we see that U; N g;(U;) = @.

Now, the intersection
n
u:= ﬂ LIZ-
i=2

is a neighbourhood of y. (Finite intersection of open sets is open.)
Moreover, we see that ¢;(U)NU =@ forall2 <i < n. O

Exercise 4.8. Let G = y;, be the group of n-th roots of unity. The odd dimen-
sional sphere S?"~1 C R?" can be viewed as

2l .= {(z1,...,2m) €C™ : |21 >+ - + |zm|* = 1}.
The group G acts on S*"~1 by
C-(z1,--.,2m) = (Cz1,--.,C2Zm).

Show that this action is even. When 7 is prime, the quotient space S>"~1/y,, is
called a Lens space.
Compute the fundamental group of the Lens spaces.

Solution. First we show that this action is even.

Note that S~ ! is a Hausdorff space and G is finite. Thus, it suffices to show
that G acts without fixed points. (Recall Exercise 4.7.)

This is clear, for if z € $2"~1 then one component z; is nonzero. Thus, we have
Zi :gz,-orgz 1.

This shows that the action is even.

If m > 2, by Exercise 4.2, we see that the fundamental group is
1 (SP"Y ) &y = Z/nZ.

(Since S*"~! is then simply connected.)
If m = 1, then S'/u, is homeomorphic to S!. The proof is similar to the one in
Exercise 4.4 by considering the map z — z". (Indeed, RP! is just the special case
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ofn=2)
Thus, we then have
(S ) = Z. O

Exercise 4.9. If G acts evenly on a space Y, and H is a subgroup of G, show that
H also acts evenly. Show that the natural map from Y /H to Y /G is a covering
mapping. If n is the index of H in G, this is an n-sheeted covering.

Solution. That H acts evenly on Y is obvious. Indeed, let h € H\ {1} and let
y € Y be arbitrary. Since G acts evenly and /1 € G, there exists a neighbourhood
U of y such that U N hl = @, as desired.

Now, we see what the natural map p : Y/H — Y /G is. Note that any element
of Y/H is an orbit of the form Hy. Given y,y’ € Y such that Hy = Hy', we
clearly have Gy = Gy’. Thus, we get a well defined map p: Y/H — Y/G given
by

Hy — Guy.
Also, note that the quotient (and covering) map pg : Y — Y /G and the quotient
(and covering) map py : Y — Y/ H form the following commutative diagram.

l PG
PH

Y/H — Y/G

We wish to show that p is also a covering map. We had seen a detailed proof of
pc being a covering map in Exercise 4.2. We do not go into the details here and
give the outline.

Since G acts evenly on Y, given any y € Y, we can find a neighbourhood V' of
y which satisfies g1V N gV = @ if g1 # ¢» € G. (We had shown that {gV'} are
sheets over pg(V), an evenly covered neighbourhood of Gy.)

Then, it follows thatif py(gV) Npu(g'V) # @ forsome g, ¢’ € G, then py(gV) =
pu(g'V).

Thus, consider the set
{pu(gV):g €V}
We have shown that distinct elements in the above set are disjoint. This is the
disjoint partition into sheets. (Why are they open?)
It follows that p is a covering map.

To show that this is an n-sheeted covering: Let g1,...,¢:» € G be (right) coset
representatives of H in G.
We show that given any y € Y, the precise pre-image p~!(Gy) is given as

p~1(Gy) = {Hg1y, ..., Hgny}. (*)
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(C) Suppose Hy' € p~1(Gy). Then, Gy = p(Hy') = Gy/'.

Thus, y' = gy for some ¢ € Gory' = hg;y forsome1 <i<nandh € H.
Thus, we have Hy' = Hhg;y = Hg,;y, as desired.

(D) This is obvious for p(Hg1y) = Gg1y = Gy.

Lastly, we show that all the elements in the set in () are actually distinct. Sup-
pose that Hg;y = Hgjy for some 1 <1i,j < n.
Then, since g;y is an element of the LHS, it is one of the RHS. Thus,

giy = hgjy

for some i € H. Since G acts evenly on Y, we must have g; = hg;. Since {gy}
was a set of coset representatives, we have i = j, as desired. O
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§5. A Lifting Criterion

Unless otherwise stated, all the spaces in this section will be path-connected
and locally path-connected.

Theorem 5.1. Consider the situation

(E, 60)

(X, x0) +———— (¥, %0)
where p is a covering map and f is an arbitrary map. There exists a lifting f’ as
depicted if and only if

f*ﬂl(Y,}/O) C P*ﬂl(EI 60)'

Proof. The “only if” part is clear since that follows from the functorality.
f=pf = fi=pfi = fmYy) = pfim(Y,y0) C prui(E, €).)

Conversely, suppose the inclusion given above holds. We construct a lift f’ :
(Y,y0) — (E, eg) as follows:

Before doing so, we first observe what the above inclusion really says: It says
that if a loop « at xp in X can be written as f o  for some loop B at yp in Y, then
it can also be written as p o &’ for some loop & at e in E.

Now, for any y € Y, choose any path ¢ from y to y. Then, f o ¢ is a path from

xo to x := f(y). Set
f'(y) = (f o) (D).

Claim. The above does not depend on ¢.

If T is another path from yg to y, then o x ! is a loop at y.

Then, fo(c*T 1) = (foo)* (fotr!)is aloop at xg and thus, has a lift
which is a loop at eg. Let this lift be «.

Let B : I — E be the “second half” of « defined as:

ﬁ@):a<%®+10.




§5 A Lifting Criterion 53

One can note that
(poB)s) = (pom) (3s-+1)

—(folesm ) (36+1)
= (for)(s)

In other words, B is a lift of f o 7! with initial point (0) = (fo);, (1) and
terminal point ey.
Thus, 1 is a lift of 7! with initial point ey and terminal point (fo); (1).

In other words,
(fo0)ey(1) = (foT)e (1),

as claimed.

It is clear that pf’ = f. Indeed, if y € Y, then f o ¢ path was a path ending
at f(y). The projection p o (f o ¢),, of any lift must obviously end at the same
point again. (Definition of a lift.)

Thus, all that is left to be shown is the continuity of f ! First, we see how we can
write f’ by removing the dependency of yy.
Forany y; € Y, lete; = f/(y1) and let T be any path from y; to y. Then, we have

f'y) = (fot)e (D).
(To see this, take any path oy from yg to y; and then consider o = T * 0y, a path
from yo to y and use the definition and the fact that - is a group action.)

Now, we show that f’ is continuous at ;. We will follow the same line of rea-
soning as in the proof of Theorem 4.14.

Lete; = f'(y1), x1 = p(e1) = f(y1) and V be any neighbourhood of e;. Let
S C V be a neighbourhood of e; such that S is a sheet over a neighbourhood U
of X1.

Now, note that if ¢ is any path in U, then the lift of ¢ with initial point in S must
lie completely in S.

Let W = f~1(U) C Y (note that y; € W) and consider a path-connected neigh-
bourhood W C W’ of y. (Can do so since Y is locally path set.)

Now, if we show that f/(W) C V, then we are done.

To see this, let y € W and y; — y be any path in W. Then, the path f o T lies
in the neighbourhood U of x and in turn, its lift (f o T),, lies in V. In particular,

we have
f'y) = (for), (1) V. 0

Exercise 5.1. If, in the situation of the above theorem, f : Y — X is also a
covering space, and f’ exists, then f’ : Y — E is a covering space.

Solution. Before proving the exercise, we prove a small lemma.
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Lemma. Let E - X bea covering space and U C X be a path-connected
open set which is evenly covered by p. Then, the sheets over U are the path-
connected components of p~(U).

Proof. Let {S;} be the set of sheets. Put
S:= |_| Si'
i

Clearly, each sheet is path-connected since it is homeomorphic to U which
is path-connected.

Now, we show that these are components. That is to say, if e; € S, and
e» € S;, belong to different sheets, then there’s no path in S from e; to e;.
(Note the emphasis.)

One can note that the sheets are actually clopen in S. (Since each S; is open
in E and hence, in S. Since the disjoint union makes up S, each sheet is
closed as well.)

Thus, S;, and §;, form a separation of S;, U S;, and hence, the image of any
path must lie entirely within one sheet. O

The above was for a general covering space, so of course it works for Y L> X
as well. /
Now, to show that Y L) E is a covering space:
Let e € E. Consider x = p(e). Since X is locally path-connected, we can find a
neighbourhood U of x which is path-connected and evenly covered by path f
and p.
Let {S;} be the slices of p~!(U) and {V;} of f~1(U).
Let S;, be the sheet containing e. Since
pof =1
we have
£ W) = £ ).
Since S;, C p~1(U), we have
£ LY
j
Let V; be an arbitrary sheet that contains a point of f'~1(S;).
Since V; is path-connected (by the lemma), so is f'(V;) C LS;. Since the sheets
are the path-connected components, we see that f’(V;) must be completely con-

tained in a sheet and thus, f'(V;) C S;.
Thus, we have

flv=po(Flv) = (pls, ) o (£
Since p| 5, s homeomorphism, we get that

£y, = (pls, )

1
° flv;-
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Thus, not only do we get that f' maps V; onto S;; but that it does so homeomor-
phically.
This completes the proof. O

Exercise 5.2. Let E —+ X be a covering space. If Xy is a subspace of X, and if
Eq = p~1(Xo), then Eg o, Xp is a covering space, where pg = p|E,.

Solution. Let xg € Xg be arbitrary. Let U C X be an open neighbourhood of x
which is evenly covered by p; let {S;} be a collection of sheets over U. Then,
U N Xy is an open neighbourhood of x( in Xo; the sets S; N E are open and form
a partition of p~!(Xp). Moreover, each S; N Ey is mapped homeomorphically
onto U N Xy by po. O

Exercise 5.3. Let E -+ X be a covering space, where X is path-connected and
locally path-connected, but E is not assumed to be path-connected. (E still is
locally path connected.) Let C be a connected (and hence, path-connected) com-
ponent of E. Then p|c : C — X is a covering space.

Solution. Let x € X. Since E —» X is a covering space there exists a path-
connected neighbourhood U of x which is evenly covered by p.

Let {S;} be one such collection of sheets. We show that given any sheet, it is
either contained completely inside C or is disjoint from C.

Let S; be an arbitrary sheet such that S; N C # @. We show that S; C C.

As before, each S; is path-connected and in particular, connected. Since C is a
connected component of E, S; must lie completely in C. (Otherwise, S; N C and
S;N (E\ C) would be a separation of S;.)

Thus, we see that

plct(u)=pt(u)ync= 1] s,
S;cC

which has the desired properties. [

Corollary 5.2. Consider the situation as in Theorem 5.1.
If Y is simply connected, then the lifting f’ always exists.

Proof. Since 711(Y, yo) is the trivial group, f.711(Y, o) is clearly contained p.7t1(E, ¢).
[]
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Corollary 5.3. If (E,eq) —— (X, x0) and (E, ep) 5 (X, x0) are both simply-
connected covering spaces of X, then there is a unique homeomorphism

¢: (E',e0) = (E,e0)

such that pp = p'.

Proof. By the previous corollary a lift ¢’ does exist. Then, by the Unique lifting
theorem, uniqueness follows. O

Definition 5.4 (Universal coverings). Call two coverings equivalent if there is a
homeomorphism as in Corollary 5.3. We have shown that if (X, x¢) has a cov-
ering space (X, %9) — (X, xp) such that X is simply connected, then (X, xp) is
unique up to equivalence.

We call it the universal covering space of (X, xo), since all other coverings lie “be-
low it,” in the sense of Exercise 5.1 and Corollary 5.2.

Definition 5.5 (Semi-locally simply connected). A space X is called semi-locally
simply connected if it has the following property:

For any x € X, there is a neighborhood U such that any loop in U based at x
can be shrunk in X to x. (In the process of shrinking the loop, we may have to
go outside of U.)

The universal covering space need not exist, in general, for X is locally homeo-
morphic to X, and so all “small” loops in X can be shrunk to a point. Thus, we
get the following proposition.

Proposition 5.6. A necessary condition for X to have a universal covering space
is that X be semi-locally simply connected.

Proof. Suppose X has a universal covering space.

Let x € X and (X, %) be a universal covering space.

Let U be an evenly covered neighbourhood of x and let ¢ be any loop at x
contained in U.

Consider any lift of ¢’ of . Since ¢ lies completely within U, ¢’ is again a loop.
Since X is simply connected, ¢’ is homotopic to the constant loop at ¢/(0). Any
homotopy between them projects down to a homotopy between cand e,. [

What is surprising, is that the above has a converse as well. (Within the standing
assumptions of this section.)

Before that, let us look at an example of a space which is not semi-locally simply
connected.
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Example 5.1 (Hawaiian earring). For a positive integer 7, let C, C R? be the

1
circle of radius 1/n centered at (E' 0) . Let C be the union of all the circles C,,.

This space C (with the subspace topology it inherits from IR?) is not semi-locally
path connected.

15
A depiction of U Cn
n=1

To see this, consider the point (0,0) € C. Given any 6 > 0, there exists n € IN
such that C, is completely contained in the ¢ neighbourhood of (0,0). Fix any
such n = ny.

Consider the loop ¢ starting at (0,0) and looping around C,, once. Now, we
need to show that o cannot be contracted to a point, even if we allow the loop to go
outside U.

To do this, we consider the map p : (C,(0,0)) — (S, (1,0)) which maps Cy, to
S! in the natural way and collapses everything else to (1,0).

(It can be verified that this is a continuous function.)

Now, we see that p : 771(C, (0,0)) — 71(S?, (1,0)) maps [o] to the generator of
m1(SY, (1,0)). In particular, [0] is not trivial (in C, not just in U).

§85.1. Constructing the universal covering space

Theorem 5.7. If X is a semi-locally simply connected (and path-connected and
locally path-connected) space, then X has a universal covering.

In this subsection, we give a proof of this theorem by constructing a universal
covering. We shall fix X to be as in the theorem.

Proof.

STEP 1. Constructing the set X.

Choose xp € X. We consider the set S all paths in X with initial point x(. Define
~onSbya~ Bifa~ B rel {0,1}. (In particular, a(1) = B(1).)
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Let («) be the equivalence class of a. We define

X=5/~={{a)|acS}

STEP 2. Giving X a topology - defining a basis.

Let V be a neighbourhood of «(1). We define (a, V) to be the set of all (af)
where f is a path in V with initial point a(1).

Let BB be the set of all («, V)s. We show that B is a basis.

Note that (¢) € (&, X) and thus, every element of X does indeed belong to an
element of 5.

Now, suppose (a”) € (a, V) N (a’, V'). In particular, («”’) € (a, V) which gives
that a”’ (1) € V. Thus, V is a neighbourhood of a” (1) as well. Moreover, if

o ~ap rel {0,1}
for some path B in V, then
w~a’"B7t rel {0,1}

with B’ again being in V.
Thus, we see that («”, V) = (a, V).
Similarly, (¢”, V') = (a/, V). Now,

(o, VOVy ", V)yn (", V')

or
@y e (@, vV (o, V)n{a, V',

proving that B is a basis.
Of course, we now give X the topology generated by B.

STEP 3. Defining the map p.
Define

as

(Clearly, this is well-defined.)

To show that this is a map, that is, it is continuous, note that given any () and
any open set V containing «(1), the set p(a, V) is the path component of «(1)
in V. (Note that the path component of (1) in V is precisely the set of all those

points x such that there’s a path a(1) Py Then, x = p(aB) € p{a,V).)

Thus, given any (a) € X and neighbourhood V of p(a), we have that the
neighbourhood («, V) of (x) gets mapped in V. This shows that p is continu-
ous. In fact, this also shows that p is open since basis elements get mapped
to open sets. (Path components are connected components (since X is locally
path-connected) which are open.)
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STEP 4. Showing that X s Xisa covering map.

Given x € X, choose a path-connected neighbourhood V' of x such that any
loop at x in V can be shrunk to x in X. (We use the fact that X is locally path-
connected and semi-locally simply connected.)

We show that V is evenly covered.

Let a be any path starting at xg such that p(«) € V. (Such a path does exist since

X is path-connected and so, there exists xp — x € V.)
Claim 1. p(a, V) = V.

Proof. Tt follows by our previous observation that p(«, V) C V. We have
equality this time since V is path-connected. O

We show that p maps («, V) homeomorphically onto V.

Well, we have already shown that it is onto. We had also shown that this is
continuous and open. Thus, all we need to show that this one-one. For then, it
would follow that it is a bijection and that the inverse is also continuous. (By
virtue of it being open.)

Suppose that p(ap) = p(af’). (Note that (aB) is a typical element of («a, V)
where f§ is a path in V starting at a(1).)

Then, B and B’ have the same terminal points (and of course, initial points as
well). Note that B8'~! is a loop at x. By choice of V, we have

BB ~ e, rel {0,1}

or
ap ~af rel {0,1}
giving
(aB) = (af'),
as desired.

Moreover, note that the complete preimage of V is the disjoint union of all («, V)
such that p(a) € V. (That this is the complete preimage is obvious.)

To see that the union is disjoint, suppose a and «’ are paths such that (a, V) N
(a/, V) # @. Then, for (a”) in the intersection, we have

(a, V) =(a", V) = (a, V),

as earlier, showing that the union is disjoint.
Thus, this is the decomposition of p~!(V) into sheets, as desired.

STEP 5. X is path-connected.
Let xo = (ex,), the class of the constant loop at xp. We show that we can join any
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point () € X to Xy which would show that X is path-connected.
Given a path xg — x in X, define

as(t) = wa(st), s,tel

Thus, for each s € I, a5 is a path in X such that a;(0) = «(0) = x¢. That is, each
«s is a path starting at xp.
Now, define& : I — X as

a(s) := (as).

Note that ay is the constant loop at xp and &y = «. Thus, we have that
~ &
xXo — {(a)

is a path in X, provided we show that & is continuous.

To see this, let sy € I be arbitrary and consider a basis neighbourhood (s, V)
of &(s) = as.

Note that as,(1) € V, thatis, a(sp) € V. Since « is continuous, there exists a
d-neighbourhood U around sy such that a(U) C V.

We show that &(U) C (as,, V).

To see this, let s € U. Then,

plas) = as(1) = a(s) € V.

Let sp; = max{s,so} and s;;, = min{s,sp}.
Then, note that the as,, is a path which can be seen as a product of the path «s,
with a path joining the point a(s,,) to a(spr), the latter lying completely in V
since a(U) C V.
Thus, we see that (a,,,) € (as,, V) and vice-versa. Since {sy, sy} = {s,s0}, we
see that

#(s) = {as) € (w50, V),

as desired. This shows that & is continuous and thus, X is path connected.
Moreover, we see that

STEP 6. X is simply connected.
We show that 711 (X, xp) is trivial.
Let T be a loop in X at xp, and let « = p o 7. By uniqueness of lifts, we have

T=4&,

where & is defined as earlier. (Uniqueness since both T and & have initial point
Xo-)

In particular, & is a loop at x( (since so was 7).

Thus, we have

(@) = (a1) = &(1) = %o = (exy)-
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(The last equality was the definition of x.)
Thus, we have
() = {ex,)

or that
n ~ ey, rel {0,1}.

By the Path homotopy lifting theorem, we see that
&~ ey, rel {0,1}.

Since we have & = T and ey, = ez, we are done! O

The above then finishes our construction as we have shown that
(X, %) = (X, x0)

is a covering space where X is simply connected.

Corollary 5.8. Under the same hypothesis, for every subgroup H of 711 (X, x¢),

there exists a covering space (E, ¢)) SN (X, xp), unique up to equivalence, such
that H = p.11(E, ep).

Proof. We sketch the proof: Let (X, xp) SN (X, xg) be the universal covering
space with group of covering transformations G. Then, G = m1(X, x¢) and G
acts evenly on X.

Let H' < G be the subgroup corresponding to H. Put (E,ep) := (X/H’, H'xp).
Then, the quotient map X — E induces a covering map p : (E,ep) — (X, x0).
One then shows that p.7t1(E, e9) = (X, xp)-

Using the general Lifting Criterion (Theorem 5.1) four times, we get the unique-

ness (up to equivalence) of (E,ep) — (X, xp). O

We will now prove a result about topological groups, before which we prove a
lemma.

Lemma 5.9. Let X be a topological group with operation - and identity element
xo. Let Q(X, xg) denote the set of all loops at xp in X. If f,g € Q(X,xg), we
define a loop f ® g at xg by the rule

(f®@8)(s) = f(s) - 8(s).

1. This operation makes Q(X, xp) into a group.
2. This operation induces a group operation ® on 711 (X, xg).

3. The two group operations * and ® on 771(X, x¢) are the same. (Recall that
* was the usual product of paths, in this case, loops.)

4. (X, xp) is abelian.
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Proof.

1. This is a simple check. ® is associative since - is. Moreover, ey, the con-
stant loop at x acts as the identity as can be easily checked.
Lastly, given f € (X, xp), we see that g : I — X defined as

g(s) = (f(s))™"

is an element of Q(X, xg) and is the (two-sided) inverse of f with respect
to ®.
Thus, Q(X, xp) is a group under ®.

2. In other words, we need to show thatif f ~ f"and ¢ ~ ¢/, both rel {0,1},
then

fog~f®g rel{0,1}.
To see this, let H : f ~ f' rel {0,1} and H' : ¢ ~ ¢’ rel {0,1} be path
homotopies. We define a new path homotopy

HoH :IxI—X

given as
(H® H')(s,t) = H(s, t) - H (s, t).

One can note that (H ® H')(0,t) = xg - xo and similarly for (1, ¢).
Likewise, we have

(H® H')(s,0) = H(s,0) - H'(s,0) = f(s) - g(s) = (f ® 8)(s)

and similarly for (s, 1).
This shows that ® induces a group operation on 711 (X, x).

3. To do this and the next part, we just show that

(fl®[g]) = (o] @ [7]) = ([f] * [¢]) @ ([g] = [7])
forall f,g,0,7 € (X, x0). The result will then follow from The Eckmann-
Hilton Argument.
Since both * and % are compatible with [-], the above is equivalent to

(feg)*x(e@1)]=[(f+0)®(gxT)].

(. J/ (.

~" ~"

= =

Thus, if we show that « ~ B rel {0,1}, then we are done. In fact, we will
show that a = .
Indeed, we have

a(s)

(f®g)*(e®1))(s)

(f©8)(2s) 0<2s<1,
(c®T1)2s—1) 1<2s<2

{f(Zs) - g(2s) 0<2s<1,

c(2s—1)-t(2s—1) 1<2s<2.
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On the other hand, we have

Thus, we see that « = B, as desired. O

Theorem 5.10. If X is a topological group with operation -, then for any covering

space E 7 X and point ¢y in the fiber of the neutral element x( of X, there is
a unique structure of topological group on E for which e is the neutral element
and p is a homomorphism.

Proof. Letm : X x X — X be the map (x1, x2) — x1 - x2. We wish to lift the red
map mo (p x p) to amap m’ as shown.

(E x E, (e, €0)) -----"=----> (E,eq)

(X x X, (x0,%0)) ——— (X, x0)

Once we do that, we would define - on Ease; -e; ' = m/(ey, e2).

Note that any other structure would also make the above diagram commute
(since p is a homomorphism) and thus, m’ (if it exists) is unique. (By Unique
lifting theorem.)

The criterion for its existence is

m«(p x p)«7t1(E X E, (e, e0)) C p«11(E, €0),

as given by Theorem 5.1.
Let us first examine m.. Given [a] € 711 (X x X, (x9,x0)), we have

m.([a]) = [moa].
Note that any loop « at (xg, xg) in X x X looks like
X= w01 X
for some loops 1 and a; at xg in X. Thus, we have
(mouw)(t) =ay(t) - (aa(t)), tel.
By the previous lemma, we conclude that

mouw = K1 *x «p,
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where the x is the usual path (in this case, loop) product.
Similarly, if o is a loop at (eg, ¢9) in E x E, then o = (071, 02) for some loops 07, 02
at ep in E. Moreover, we have

(pxp)oo=(pooy1) x (poo).

Thus,
mo(pxp)oo=(pooi)*(poo)
= p e} (0’1 * 0'2)
or
my(p x p)s[o] = pifor x 02],
showing that

ms(p x p)s1(E X E, (eo,e0)) C ps«(E1,e0),
tulfilling the lifting criterion.

Thus, the lift m’ exists. We now show that it gives E the structure of a topological
group such that ey is the neutral element and p is homomorphism.

Define - : E X E — Easey -e; = m'(eq,e2).

We verify associativity using the following diagram:

m' xidg

ExXEXE E <X E
idEXWl/‘ ‘/m/
E X E > E

(Note that these are actually maps preserving the obvious base-points.)
Associativity amounts to showing that the square above commutes. However,
using associativity in X, we know that the blue maps composed with p equals
the red maps composed with p. Then, by the Unique lifting theorem, we see
that these two must be equal.

We now show that ey is the identity. Consider the map i : E — E defined as
i(e) =e-eg=m'(e e).
It follows that i(eg) = ey. We wish to show that i = idg.
Note that
(poi)(e) = p(m'(e,e0)) = m(p(e), p(en)) = m(p(e), x0) = p(e).

In other words, i is a lift of p which agrees with idg at ey. By uniqueness of lifts,
we see that i = idg as desired. Similarly, we also get that e is the left identity.
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To construct inverses, we shall lift the inversion map ix : X — X similar to how
we had lifted m. By a similar Eckmann-Hilton type argument, we see that the
lifting criterion is satisfied and thus, there exists a map ig : E — E such that
po iE = ZX op and iE(QO) = €.

Now, define j: E — E as

jle) =e-ip(e) = m'(e ip(e)).

Note that j(eg) = eg. We wish to show that j is the constant map e — eg. The
usual trick works. Indeed, we note

p(j(e)) = pm'(e,ie(e)) = p(e) - plie(e)) = p(e) - ix(p(e)) = xo.

Thus, j is a lift of the constant map e — x¢ and so is the constant map e,,. Since
j and e, at eg, they must be equal. (Similarly, this acts as a left inverse as well.)

m’ and ig are lifts by construction and thus, are continuous. Thus, E is a topolog-
ical group with ¢y as identity. The fact that p is a homomorphism also follows
from construction since we have pom’ =mo (p x p). O
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§6. Van Kampen’s Theorem

§86.1. Free Product of Groups

We briefly describe the free product of groups and fix some notation. We shall
not prove the basic facts about free groups.
Let {Gq }nea be a collection of (disjoint) groups. We denote the free product of
the groups as

*,Gy.

(This is slight abuse of notation since we don’t mention A but there won’t be
any confusion.)

As a set, the free product *,G, consists of words of the form
91 Sm
of arbitrary finite length m > 0 satisfying the following conditions:
1. each letter g; belongs to a group Gy,
2. giis not the identity element of G,
3. adjacent letters belong to different groups, i.e., a; # ;1.

Words satisfying these conditions are called reduced. The idea being that an
arbitrary word using with letters from G, can be reduced to this type of word
by combining letters and discarding the trivial (identity) letters.

The group operation of this group is juxtaposition, followed by reduction. The
identity of this group is the empty word. (That is, the unique word of length
m=20.)

Given the free product *,G,, each group G, is naturally identified with the sub-
group *,G, that contains the empty word and non-identity one-letter words
g€G.

Under this identification, we now state the universal property of a free product.

Theorem 6.1 (Universal property). Given any collection {G,} of groups and
collection of (group) homomorphisms

¢u: Gy — H,
there exists a unique homomorphism
@ : *%,Gy — H,

such that
?lc, = Pur

for each «.

In others words, the homomorphisms ¢, : G, — H extend uniquely to a homo-
morphism ¢ : *,G, — H.
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This homomorphism is defined (on reduced words) in the obvious manner by
defining
P81 8m) = Pay (81) -+~ Pu (gm)-

§8§6.2. The Van Kampen Theorem

Let X be a topological space such that X = |J A,, where A, are path-connected
open subsets of X, each of which contain a base-point xy € X. (We shall fix this
base-point and not mention it when writing the fundamental groups.)
By the universal property in the previous subsection, we see that the homomor-
phism jj : 711 (Ax) — 1(X) induced by the inclusions (A,) < (X) extend to a
homomorphism

D *anl(Azx) — 7'(1(X).

Note, that the groups are not necessarily disjoint but we formally treat them to
be disjoint in the free product.
To elaborate, if

iocﬁ c (A N Aﬁ) — 111 (Ag)

is the homomorphism induced by the inclusion A, N A g A,, then
joc o iacﬁ = ][-3 o i,BlX/

for both are the homomorphism induced by the inclusion A, N Ag — X.

Thus, we would need @ to agree on iyg(w) € 711(Ay) and ig,(w) € 711(Ap) for
w € 11 (Ay N Ag). This tells us that the kernel of ® should contain iyg(w)ig, (w) .
Van Kampen's theorem asserts that under reasonable hypothesis, ® is surjective
and the above gives a complete description of the kernel.

Theorem 6.2 (The Van Kampen Theorem). If X is the union of path-connected
open sets A, each containing the base-point xyp € X and if each intersection
Ay N Ag is path-connected, then the homomorphism

D *aﬂfl(A) — 7T1(X)

is surjective. If in addition each intersection A, N Ag N A, is path-connected,
then the kernel of ® is the normal subgroup N generated by all elements of the
form iyg(w)igy(w) !, and so ® induces a homomorphism

7T1(X) = *aﬂl(Aa)/N-

Note that Theorem 3.13 from earlier was a special case of the above general
theorem. In fact, surjectivity of ® was almost given in the proof there. We shall
write some of it again in order to fix the notation consistently for this scenario.

Proof. Given a loop f : I — X at the base-point xy, we claim (as usual) that there
is a partition 0 = sy < 51 < - -+ < sy = 1 of I such that each subinterval [s; 1, s;]
is mapped by f into a single A,. This, of course, follows from compactness of I.
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Denote that A, containing f([s;_1,s;]) by A;, and let f; be the path obtained by
restricting f to [s;_1,s;] and reparameterising appropriately. As in the proof of
Theorem 3.13, we see that we can write

[f] = (187 181282 '] - - - [8m—1fm).

where each g; is a path in A; N A;1 from x to the point f(s;) € A; N Ajiq.

The above then shows that f is homotopic to a product of loops, each of which
lie in a single A;. Hence, [f] is in the image of ® and @ is surjective.

(Recall the extension of homomorphisms as given by the universal property.)

Now, we prove the harder part, namely that N is the kernel of the homomor-
phism @.

Firstly, we note that N must be contained in ker ®. Given any a, 8 and w €
711 (An) N 711(By), we recall we had seen that

(a 0 iap) (w) = (jp © ipa) (W)

Thus, we must have ®(iyg(w)) = P(igy(w)). (Since @ was extending the jys.)
Thus, ker @ is a normal subgroup that contains elements of the form

inp(w)ig(w) L.
Since N was the smallest such, we see that N < ker ®.

The above then gives us that ® induces a map

Q = *aG“/N — 7T1(X).

To show that N is exactly the kernel, we will show that the above map is injec-
tive. We now introduce some terminology.
By a factorisation of an element [f] € 71(X), we shall mean a formal product

L1l - - [f] where

1. Each f; is a loop in some A, with base-point xp, and [f;] € 1 (As) is the
homotopy class of f;.

2. The loop f is homotopic to fq * - - - * fr in X.

In other words, [f1] - - - [f] is @ word in =, 711 (Ay), not necessarily reduced.

(Note that for each factorisation, we are keeping track of which group [f;] lies
in. In particular, even if f; lies in some intersection A, N Ag, we get two different
factorisations by considering it as [f;] lying in two different groups.)

Moreover, it is a word which gets mapped to [f] under ®. The proof of surjec-
tivity earlier shows that each [f] does have a factorisation.

Now, we introduce an equivalence of factorisations. Call two factorisations of [f]
equivalent if they are related by a finite sequence of following two sorts of moves
or their inverses:

1. Combine adjacent terms [f;][fi+1] into a single term [f; * f; ;1] if [f;] and
[fir1] lie in the same group 771 (A ).
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2. Regard the term [f;] € 711(Aqs) as lying in the group 7r1(Ag) rather than
m1(Ag) if f;is aloop in A, N Ag.

The first move (and its inverse) clearly does not change the element viewed as
an element of *,711 (A, ) since that is just applying the group operation on it.
The second move does change it as an element of #,711(A,). However, it does
not change it as an element of the quotient group Q = %471 (As)/N.

In other words, equivalent factorisations give same elements of Q.

Note that we had shown that ® induces a homomorphism Q — 711 (X). If we
show that any two factorisations of [f] are equivalent, we shall get that

®(a) = ®(b) = aand b are equivalent.

In other words, a4 and b are equal modulo N. In yet other words, the map Q —
711 (X) is injective and thus, N is precisely the kernel of ®.

Let [f1]--- [fx) and [f{] - - - [f/] be two factorisations of [f]. The composed paths
fi* - * fyand f] x - - x f/ must then be homotopic to f and hence, to each
other.

Let F : I x I — X be a path homotopy from the former to the latter. As usual,
there exist partitions0 =sp <51 < --- <sp=land 0=ty <t < - <t, =1
such that each rectangle R;; = [s;_1,s;] X [tj_1,t;] is mapped by F into a single
Ay, which we denote by Ajj.

Moreover, we may assume that the s-partition further subdivides the partitions
that give the products fi - - - * fr and f{ * - - - * f/. That is, each f([s;_1,5;]) lies
completely in some A, in which one of the f; or f]-’ lie.

Since each R;j is compact and gets mapped into A,
there is a neighbourhood of R;; which gets mapped
into Ajj. Thus, we may slightly perturb the vertical 9 10| 11| 12
edges of the rectangles R;; so that each point of I X I
lies in at most three R;;s. We may also assume that 5 | 6 7 | 8
n > 3, so that there are at least three rows of rectan-
gles. In this case, we may perturb each row in a way 1 2 | 3 | 4
that the topmost and bottommost rows remain un-
perturbed. We relabel these new rectangles as Ry, Ry,
..., Ry and ordering them as in the figure. (For which we have m = 4,n = 3.)

If v is a path in I x I from the left edge to the right
edge, then F oy is a loop in X with base-point xj.
(Recall that F was a path homotopy and thus, maps 9 10| 11| 12
both the left and right edges to xq.)

<

Let 7, be the path in I x I (from the left edge to the 5 16| 7|8
right) separating the first 7 rectangles from the rest.
(76 has been depicted in the figure.) 1 2 | 3 | 4

In particular, 7 is the bottom edge of I x I and v
the top edge.

Also, note that we move from <, to 7,1 by “pushing” across the rectangle R, 1.
(See the next figure.)
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We shall call the corners of R,s vertices. For each
vertex v, let g, be a path from xy to F(v). By our 9o 10| 11| 12
construction F(v) and x¢ both lie in the intersec-
tion of the two or three A;;s corresponding to the 5 6 7 8
R;s containing v. Thus, we can choose g, to also
lie in this intersection since the theorem’s hypothe- 1 2 3 4
sis said that two or three of these intersections are
path-connected. (This is why we had done the per-
turbation.)

Thus, given the loop F o 7, : I — X, we may insert the paths g !¢, at successive
vertices, as in the proof of surjectivity. This gives us a factorisation of [F o ,],
where each of the factor corresponds to a vertical or horizontal segment along
with the g,s padded on either side to make it a loop.

This factor can be regarded as an element of either of the 711 (4;;) containing it.
Different choices will still give equivalent factorisations.

<

The more important observation now is that factorisations associated to -, and
Yr+1 are also equivalent. When changing the factors from F o, to F o 7,41, the
paths changed are homotopic via a homotopy in R,;. Thus, this is change will
be equivalent as this is just a change obtained by the group operation in 7r1(A;;),
where Aj; is the set corresponding to R;.

(To see this clearly, note the two blue paths (viewed as paths in X) in the figures
are homotopic (including the g, paddings), using Lemma 2.5.)

Thus, we get that all the factorisations associated to each v, are equivalent. We
now show that can we can associate a factorisation to g which is equivalent to
[fi)- - [fi:

First, we identity the bottom edge I x {0} with I in the natural way. Consider
the path fi * - - - x f; with domain I.

Note that each vertex in the bottom edge lies in at most two rectangles. Thus, for
each such v, we can choose a path g, as earlier to not only lie in the correspond-
ing Ajjs of the rectangles but also in the A, corresponding to the f; containing

the v in its domain. Thus, as earlier, we split [f1] - - - [fi] as [f1g7 ] - - - [$x_1fx]-
This is a factorisation associated to 79 which is equivalent to [f1] - - - [fx]-
Similarly, we get a factorisation associated to 7y, which is equivalent to [f{] - - - [f/].

By our earlier observations, we are done. O
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§7. Loop Spaces and Higher Homotopy Groups

§§7.1. Loop Spaces

Let X be an arbitrary topological space and X! be the set of all maps from I to
X. In other words, X! is the set of all paths in X. (Recall that by “maps” and
“paths,” we always mean continuous functions.)

We wish to turn X! into a topological space. We wish to do this with no as-
sumptions on X. For this reason, we first define the sets

K, U] = {ceX':0(K) C U},

where K C [ is compact and U C X is open.

Note that the collection of all such [K, U] form a subbasis for a topology on X'.
(Recall that this just means that the union of all such sets equals X'.)

To see this, take K = [ and U = X itself.

Definition 7.1 (Compact open topology). The topology on X! generated by the
subbasis
{[k,U] c X': K c I compact, U C X open}

is called the compact-open topology.

Recall that the above means that the sets which are open in X! are precisely
those which can be written as a union of finite intersections of elements of the
form [K, U].

The main property that we shall by using of this topology is the following:

Proposition 7.2 (Evaluation is continuous). The evaluation map w : X! x I — X
given by
w(o,t) =o(t)

is continuous.

Proof. Let (09,t) € X! x I be arbitrary and V' C X be a neighbourhood of
w(0o, to) = oo(to)-

We wish to find a neighbourhood of (0y, tp) that is mapped into V via w.

Since ¢ is continuous and V' is open, there exists an open interval U of ¢y such
that ¢(U) C V. We may find a smaller bounded open interval such that W C U.
Note that W is compact.

Note that [W, V] is one of the subbasis elements of X I'and hence, is open. Thus,
T = [W, V] x W is a neighbourhood of (cy, to).

Now, if (¢/,t') € T, then ¢/(t') € V since ¢’ € [W, V] maps W into V. In other
words, w(c’,t') € V, as desired. (T is the desired neighbourhood that gets
mapped in V by w.) O
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Proposition 7.3 (Bijective correspondence). Let X and Y be topological spaces.
There is a bijective correspondence between maps

f:¥Y—=X' and F:YxI— X

The bijection is the one induced by relating f and F as

fy)(8) = E(y,t).

Proof. It is clear that the above relation gives a bijection between functions Y i>

Xland Y x I i> X. Now, we show that it restricts to continuous functions.

Firstly, assume that f is continuous. Note that F can be factorised as

id
Ix 172800, « 1 X,

By the earlier proposition, we see that F is continuous.

Conversely, assume that F is continuous. To show that f is continuous, it suf-
fices to show that f ~1([K, U]) is open for any arbitrary subbasis element [K, U] C
X!

Choose y € f~1([K, U]).

This means that given any k € K C I, we have f(y)(k) € U or F(y,k) € U.
Thus, we see that F({y} x K) C U.

Since F is continuous, there exist opensets V C Yand W C X such thaty € V
and K C W with the property that F(V x W) C U.

Now, note thatif y’ € Vand k € K C W, then f(y')(k) = F(y,k) € U. In other

words
fly') € K. U].
This shows that f maps V into [K, U] proving that f~!([K, U]) is open. O

We will now turn our attention to a specific subspace of X'.
Definition 7.4. Let X be a topological space and xy € X. The subspace
QX,XO - on

is the subspace consisting of all loops at x( in X.

(The X in the subscript is omitted since the ambient space will be usually be
clear from context.)
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Proposition 7.5 (Characterising the path connected components). o, 7 € (),
are in the same path-connected components iff o ~ 7 rel {0,1}.

Proof. Given a path f : I — X!, we get a function F : [ x I — X and vice-versa
by the relation

f(s)(8) = E(s, ).
As we saw in Proposition 7.3, f is continuous iff F is.

Now, if f is a path from ¢ to T in (), then F can be verified to be a homotopy.
Indeed, one notes that

F(0,t) = f(0)(t) = o(t), forallte I

Same follows for F(1, ).
Moreover, since f(s) € Qy, for each s € I, we see that

F(s,0) = f(s)(0) =x0 = f(s)(1) = F(s,1), forallse I
Thus, F: 0~ 1 rel {0,1}.

Conversely, if F is a path homotopy, then f defined above is seen to clearly
satisfy f(0) = o and f(1) = 7. Moreover, one notes that f(s)(0) = xo = f(s)(1)
for all s € I. This shows that f indeed maps into (),, completing the proof. [

Corollary 7.6. As a set, 711(X, x¢) is the set of path-connected components of
Oy,

Proof. If C € m1(X, xp), then C is the homotopy class of some loop ¢ in X based
at xo. By the above proposition, it contains precisely those loops which are in
the path connected component of ¢. This shows

m1(X, xg9) C {path-connected components of Q) }.

Similarly, the reverse inclusion follows. O

The multiplication of loops defines a map * : M — X!, where M is the subset
of X! x X! for which the usual * is defined. (That is, all those (¢, T) such that

(1) = 1(0).)

Proposition 7.7. The map * : M — X! is continuous.

Proof. Recall that given paths (¢, T) € M, the path ¢ * T € X! is defined as
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Let [K, U] C X! be an arbitrary subbasic element. Define
Ki=Kn|0 E Ky, =KnN 1 1
1— ’ 7 ’ 2 — 2/
and
K| =2K;, K)=2K,—-1,

where the above operations have the natural meaning.
Note that K} and K} are both compact subsets of I.
Thus, [K], U] x [K}, U] is an open subset of the domain and thus, continuity
follows since
(K U)) = (K, U] x [Kg, U], a

As usual, we have a particular subset of M which is of interest, namely, O, x
()y,. Note that * restricts to a binary operation on (),,. This gives us the follow-
ing corollary:.

Corollary 7.8. The map * : Qy, X Oy, — )y, is continuous.

As usual, we will drop * when it is clear from context. Let C € (), be the
constant loop at xp. Then, we have CC = C.

Note very carefully that C does not act as an identity (in the general sense).
Moreover, the multiplication is not associative (in the general sense). This is
because we're taking the loops themselves and not homotopy classes. However,
we do have the following proposition.

Define Lc, Rc : Qy, — Qy, to be left and right multiplication by C, respectively.

Proposition 7.9. L¢ is homotopic to the identity map of (), relative to {C}.

Proof. We do know (by Lemma 1.11) that
o~ Co rel {0,1},

for every o € ()y,. We had the explicit homotopy F, : I x I — X as

X0 0<2s <t

Now, use this to define F : (), X I x I — X by
F(o,s, t) = Fs(s,t).

That is above map is continuous can be seen by an application of the Pasting
lemma and the fact that Evaluation is continuous.
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Using this, we define the function H : (3y, X [ — (), as
H(o,t)(s) = F(o,s,t).

(Note carefully that we are defining H by defining H(c, t) to be the loop which is
given by the above. Another way to have written it could be H(c, t) = F,(—, t).)

By the Bijective correspondence of earlier, we see that H is indeed a continuous
map into X. Since F, was a homotopy for all ¢, we get that each H(c,t) is
actually a loop, that is, H does map into (),. All that we need to verify now is
that H is a homotopy relative to {C}.

First, note that H(c,0) =0 = idq,, (¢) and H(o,1) = Co = L¢(0).
Moreover, we have H(C,t) = Fc(—,t) = C = ideO(C) = Lc(C). (Looking at
the definition of F,, we see that it is the constant function when ¢ = C.) O

Once again, we emphasise that (()y,, *) is not a group. However, the above
properties we have are enough to prove the next theorem.

Theorem 7.10. 771(Q)y,, C) is commutative.

Recall that we had shown earlier that 711(X, x¢) is commutative when X was a
topological group with identity xo. (Lemma 5.9.) By our earlier emphasis, it is
clear that we cannot appeal to that. However, a similar type of argument proves
this result as well.

Proof. Let f, g be loops in (), at C. We define f x g as another loop given by

(f*g)(t) = f(t)*g(t), tel
(This is loop since C * C = C.)
We show that if f ~ f' rel {0,1} and ¢ ~ ¢’ rel {0,1}, then fxg ~ f'x

/

¢ rel {0,1}. As in proof of Lemma 5.9, given relative homotopies H and H’,
we get a new relative homotopy Hx H' : I x I — Q) defined as

(Hx H')(s,t) = H(s, t) x H (s, t).

It is continuous since * is continuous. To verify that this is indeed a homotopy,
note that

(HxH')(s,0) = H(s,0) x H'(5,0) = f(s) x g(s) = (f *8)(s)

and
(HxH')(0,t) = H(0,t) * H'(0,t) = C+C = C.
(The other two edges follow similarly.)
This shows that % actually induces a binary operation on 711 (Q2y,, C). Note care-

fully that we are not saying that this is a group operation. (This will follow
later.)
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Our aim now is to show that

(118D * (lo] % [7]) = ([f] + [e]) ~ (18] * [7])

for allloops f, g, 0, Tin (), at C. (The equivalence classes are elements of 771 (Qy,, C).)
Note that the above is actually equivalent to

[(f*g)* (oxT)] = [(f *0) * (g*T)].

*
NS vy >
NV NV

= =5

Upon expanding the definition of x, we see that we actually have « = . Thus,
the result now follows from The Eckmann-Hilton Argument. O

§§7.2. Higher homotopy groups

Definition 7.11 (Higher homotopy groups). We now define the higher homo-
topy groups of (X, x¢) inductively as

ﬂn(X/ xO) = nn—l(QXOI C)/ n= 2.

Corollary 7.12. The higher homotopy groups are all commutative.

Proof. Let P(n) be the proposition that “7t,(E, eg) is commutative for any topo-
logical space E and ¢p € E.”

P(2) is clear from the previous proposition. Assume that P(n) is true for some
n > 2. Then, we have
Tn41(X, x0) = 710 (Qyy, C).

The latter is commutative by the inductive hypothesis. O

Exercise 7.1. If f is a loop in Qy, at C, then defining f by f(s,t) = f(s)(t) we
obtain a map f : I> — X which sends the entire boundary 912 into the point xo.
Conversely, given a map f : > — X which sends the entire boundary into xo,
we getaloop f: [ — (), atC.

Solution. Note that continuity in both parts just follows from the Bijective cor-
respondence.

In the first part, we only need to verify that the map sends the boundary into
XQ.
(Fix s € I. Then, we have

f(5,0) = f(5)(0)

Q since f(s) is a loop at xo
= Xq.
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Similarly, we get that f(s, 1) = xo as well, showing that the horizontal edges get
mapped into xo.
For the vertical, fix t € I. Then, we have

£(0,t) = f(0)(t)
= C(1)
= Xp

Q since f is a loop at C
Q definition of C

and similarly we have f(1,t) = x, as desired.

Conversely, let f : I — X be a map such that f(9I?) = {x¢}. We show that
f: 1 — X! determined by

f(s)(#) = f(s,t)

is actually a map into (), and is in fact a loop.

To see the former, note that for any fixed s € I, we have

f(5)(0) = f(5,0) = x0 = f(s,1) = f(s)(1),
showing that f(s) € (), for each s € I.

To see the latter, note that

fO)(#) = f(0,8) = x0 = f(1,£) = F(1)(t)
and hence, f(0) and f(1) are both equal to the constant map C. O

Exercise 7.2. (With the same notation as above.)
If f, g are loops at C in (), then

f~g rel{0,1} <= fx~g rel 3I%

Solution. Assume that f ~ ¢ rel {0,1}.
Let H: I x I — Qy, C X! be a path homotopy from f to g.
Using Proposition 7.3 (with Y = I x I), we get a continuous map

H:(IxI)xI—X
defined by
H((s,t),t") = H(s,t')(t).

(Note the switch of t and #'. This is not what the bijective correspondence gave
us, strictly speaking but this works because there’s a (natural) homeomorphism
between spaces X; x Xp x X3 and (X3 x X3) x X».)

Now, note if t = 0 in the above, then we have
H((s,t),0) = H(s,0)(t)
f(s)(t)

f(s,t)

Q since H is a homotopy from f to g
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and similarly, H((s,t),1) = g(s,t) as well.
This show that H is homotopy from f to §. Now to show that this is relative,
first assume that s = 0. Then, we have
H((0,4),') = H(0,') (1)
=C(t)
- 750 > from the last exercise

= f(0,1)

and similarly for all the other edges as well. This shows that

> since H is a homotopy relative to {0,1}

H:f~3g rel 9I2.

Conversely, if
H:f~g rel oI
is a homotopy, then we may define H : I x I — (), by the same relation as

above. Its continuity and relative homotopy property is again the usual check.
O

The above shows us that 712(X, xg) can be interpreted as the homotopy classes
of maps I> — (X, xg) where the homotopy is relative to dI?> and the complete
boundary 912 is mapped into xj.

Alternately, we may identify all of dI? to a point. This quotient I? /91 gives us
S? with a distinguished point sg. Then, 7,(X, x¢) (as a set) can be identified as
the set of homotopy classes of maps (S%,s9) — (X, xg) where the homotopies
are relative to {so}.

Similarly, we see that 7r3(X, xg) can be interpreted as the homotopy classes of
maps > — (Qy,, C) where the homotopy is relative to dI> and the complete
boundary 912 is mapped into xo. This, in turn, can be interpreted as the homo-
topy classes of maps I° — (X, xg) where the homotopy is relative to 91> and the
complete boundary 9I° is mapped into xo.

With the analogous quotienting as earlier, we see that 713(X, x) (as a set) can be
identified as the set of homotopy classes of maps (S3,s9) — (X, xo) where the
homotopies are relative to {so}.

Carrying this out inductively, we get the following.

Corollary 7.13. The higher homotopy group 7, (X, x¢), as a set, can be identified
as the set of homotopy classes of maps (5",s9) — (X, x¢) where the homotopies
are relative to {so}.

Exercise 7.3. If « is a path from x to x1, then a induces a homomorphism

A

By 10 (X, x0) = (X, x1).
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§§7.3. Functoriality

As earlier, we wish to make 71, a functor. Given a map f : (X, x9) — (X', x(),

we define
Q(f) : (4, C) = (O, C)

by
Q(f)(c) = foo.

That Q(f) is a function between the given pointed topological spaces is clear.
Indeed, given a loop ¢ at xp in X, f o ¢ is a loop at x{, in X’ since

(fe0)(0) = f(e(0)) = f(x0) = x1 = (foo)(1).

Similarly, one verifies that the composite of f with the constant loop C gives the
constant loop C’.

Proposition 7.14. Fix any map f : (X, x9) — (X', x{)).
The function Q(f) is continuous. In other words, it is a map or a morphism in
the category Top,.

Proof. Let [K,U'] C Q(X’,C’) be a subbasic element.
The set U := f~!(U’) is open in X since f is continuous. Then, consider the set
[K, U]. This is an open subset of Q). Moreover, we have

(Q())HIK U = K Ul.

Indeed, o € (Q(f)) ' ([K, U')) iff foo € [K,U']iff (f o0)(K) C U iff ¢(K) C
f1U)iffo(K) Cc Uiffo € [K, U].

This finishes the proof. O

Proposition 7.15 (Functoriality of Q). If f : (X, xp) — (X', x) and g : (X', x)) —
(X", x{), then we have

Qg o f) =Q(g) o QS).
AISO, Q(ldx) — idQ"O .

Proof. Let o € Q)y,. Then, we have

Q(gof)(o) =(gof)oc
=go(foo)

= g (Q(f)(0))

= Q(8)(Q(f)(0))

= (Q(g) o Q(f))(0),
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and
Q(idx)(c) = idx oo
=0
=idn, (0),
proving both the parts. O

Using the functoriality of earlier (section 1.2), we get a homomorphism
Q)+ : 11 (e, C€) = 1 (Qyy, C).
By definition of 71, the above is simply

(Q(f))« : m2(Xo, x0) — (X, X0)-

We denote the above map (Q(f))« as (f«)2. The usual f, from earlier is then
denoted as (f«)1. We now inductively define the higher homomorphisms as
follows.

Definition 7.16. Fix any map f : (X, x9) = (X', x;).
We define the maps (f«), inductively as

(fedn = (Qf))n-1, n=2.

By definition, induction, and Functoriality of (), one sees that each (f.), is a
functor. That is, we have

1. (id(X,XO)*)n = idﬂn(xzxo)’ and
2. ((gof)e)y = (ge)no (fe)ns

foralln > 1.

Proposition 7.17. If f, ¢ : (X, x9) — (X', x,) are maps such that

f~g rel {xp},

then we have

Q(f) =~ Q(g) rel {C}.

Proof. Let H : X x I — X’ be a homotopy such that
H: f~g rel {xo}.
We define the homotopy Q(H) : Oy, X I — Q. as

Q(H)(o,t)(s) = H(c(s),t).
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To see that Q)(H) maps into Q,,, note that

Q(H)(e, )(0) = H(e(0),t)

- QO’ S on

= H(xo,t) Q H is a homotopy el {xo}
= f(xo)

— %) -

— Q)0 (D). > Similarly

The continuity of Q)(H) is the usual check now. We now check the homotopy
properties. First, we note

Q(H)(U’O)(S) - H(U(S)’O) is a homoto om
ety LTS
=(foo)(s) efinition o
— (e L)

giving us (H)(c,0) = Q(f)(0) forall o € Q. Similarly, we get Q(H)(0,1) =
Q(f)(o) forall o.

To see that this is a relative homotopy, we note that

Q(H)(C, t)(s) = H(C(s), )

definition of C
= Hixo,t) % Hﬁwas a hoj:ﬂotopy rel {xo}
= f(xo)
= X1 o ,
_Cl(s) > definition of C
Thus, we see that
Q(H) : Q(f) ~Q(g) rel {C}. O

Recall Corollary 2.8 which said that if two maps f, g : (X, xo) — (X', x;)) are ho-
motopic relative to {xo}, then f, = g.. With that and the previous proposition,
we get the following corollary.

Corollary 7.18. If f, g : (X, x0) — (X', x;,) are maps such that

f~g rel {xp},
then we have
(fi)n = (8« )n

foralln > 1.

Proof. The case n = 1is Corollary 2.8.
The case n = 2 is Corollary 2.8 applied to Proposition 7.17.
Cases n > 3 follow by repeated use of the above. O
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§8. Application to Group Theory

In this section, we develop the theory of graphs, viewed as topological spaces
and then, prove the following result of group theory: every subgroup of a free
group is free.

§88.1. Wedge of circles

We first “recall” some definitions and results from general topology.

Definition 8.1 (Coherent topology). Let X be a space that is the union of the
subspaces X,, for & € ]. Then topology of X is said to be coherent with the
subspaces X, provided a subset C C X is closed in X if C N X, is closed in X,
foralla € J.

Of course, an equivalent condition is if each “closed” above is replaced with
“open.”

Definition 8.2 (Normal spaces). A topological space X is normal if all singletons
are closed in X and given disjoint closed sets A, B C X, there exist disjoint open
neighbourhoods of A and B.

Lemma 8.3. A normal space is also a Hausdorff space.

Proof. Letx #y € X.

The sets {x} and {y} are closed in X, by hypothesis. Moreover, they are disjoint.
Thus, there exist open neighbourhoods U,V C X of {x} and {y}, respectively.
These are clearly disjoint open neighbourhoods of x and y themselves. O

Definition 8.4. Let X be a Hausdorff space that is the union of the subspaces
S1,...,Su each of which is homeomorphic to the unit circle S1. Assume that
there is a point p € X such that 5;NS; = {p} forall i # j. Then, X is called a
wedge of the circles Sy, ..., Sy.

Note that each S; is compact and X is Hausdorff; thus, each S; is closed in X.
This gives us that if D C X has the property that each D N §; is closed, then D
is closed in X. In other words, the topology of X is coherent with S;s.
Moreover, X can be embedded in the plane; let C; denote the circle in the plane
centered at (i,0) with radius i. Then, X is homeomorphic to C; U - - - U Cy,.

Theorem 8.5. Let X be the wedge of the circles Sy, ..., Sy; let p be the common
point of these circles. Then, 771(X, p) is a free group. If f; is a loop in S; that
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represents a generator of 711(S;, p), then the loops fi, ..., fu represent a system
of free generators for 71 (X, p).

Proof. This result is clearly true for n = 1. (Since 711 (S') = Z.)

We proceed by induction on n. We shall use The Van Kampen Theorem to prove
this. Foreachi =1,...,n, pick a point q; € S; distinct from p.

Define the sets
Wi =S\ {4}

fori=1,...,n.

Set
U=55uUuwW,u---uw,, V=WuUS --US§S,.

Then, UNV =W U---UW,.

Eachof U, V, U NV is path-connected, being the union of path-connected spaces
with a point in common. Moreover, U and V are open in X.

Now, note that each W; is homeomorphic to an open interval and thus, defor-
mation retract to p. Let F; : W; x I — W; be the deformation retract. The maps
F; can be pasted together to get a deformation retract

F:(UNV)xI—>UNV

of UNV onto p. (One can use the Pasting lemma to verify the continuity.)

Thus, U NV is simply connected and The Van Kampen Theorem tells us that

m (X, p) = (U, p)* i (V,p).

By a similar argument, we see that U deformation retracts onto S; and V onto
SpU---US,. By induction, we see that 711 (V, p) is a free group with free gener-
ators represented by fo, ..., fn and 711 (U, p) by fi. It then follows from general
group theory that 711 (X, p) is represented by f1,..., fu. O

We now generalise this for infinitely many circles. For that, we define the wedge
of infinitely many circles by taking some care about the resulting topology.

Definition 8.6 (Wedge of circles). Let X be a space that is the union of the sub-
spaces Sy, for & € |, each of which is homeomorphic to S1. Assume there is a
point p € X such that S, N Sg = {p} whenever a # B. If the topology of X is
coherent with the subspaces S, then X is called the wedge of the circles S,.

As noted earlier, the coherence was a consequence of the definition for the finite
case. Thus, the definition above coincides with the earlier definition if | is finite.
(For that, we need to check that X as above is indeed Hausdorff space which we
will do in a bit.)
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Example 8.1. We now give a non-example. Recall the example of the Hawaiian
earring. This C is actually not the wedge of the circles C,,. This is because the
topology of C is not coherent with the subspaces. To see this, consider the set

11
o= {111 Jrwee

D N Cy is closed in Cj, since it is a singleton. However, D is not closed in C since
(0,0) € C is a limit point of D not in D. (And that is a limit point because C
inherits the subspace topology from R?.)

We didn’t specify that X has to be a Hausdorff space because it follows from the
definition. In fact, we actually get X to be normal.

Proposition 8.7. Let X be the wedge of circles S, « € |. Then X is normal.

Proof. Singletons being closed in X is clear since the intersection of any single-
ton with each S, is closed and the topology of X is coherent.

Now, let A, B C X be disjoint closed sets. WLOG, assume that p ¢ B. Note that
each S, is normal; {p} U (A NS,) and BN S, are disjoint closed subsets of S,.
Thus, there exist disjoint open subsets U,, V, C S, covering those closed sets.

SetU := U, Uy and V := |, Vi. Then, UN S, = U, because each U, contains p
and VNS, = V, because no V, contains p. Hence, U and V are open. Similarly,
we see that they are disjoint, as desired. Thus, X is normal. O

Proposition 8.8. Any compact subspace C of X is contained in the union of
tinitely many circles S,.

Proof. Said differently, we only need to show that C \ {p} intersects only finitely
many Sy.

For each « for which it is possible, pick x, € CN (S, \ {p}).Put D = {x,} C C.
We wish to show that D is finite.

Note that D is closed in X since its intersection with each S, is either a singleton
or empty. In fact, this shows that each subset of D is closed. Thus, D is closed
and discrete.

Since C is compact, it is limit point compact. Thus, if D is infinite, then D has a
limit point. However, D is closed which means that the limit point is in D but
discreteness prevents this. Thus, D is finite, as desired. O
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Corollary 8.9. If f is any loop in X based at p, then the image of f is contained
in a union of finitely many circles S,. Further, if f and g are path homotopic in
X, then they are actually path homotopic in some finite union of the subspaces
Sa.

Theorem 8.10 (Fundamental group of wedge of circles). Let X be the wedge of
the circles S, for w € J; let p be the common point of these circles. Then 71 (X, p)
is a free group. If f, is a loop in S, representing a generator of 71(Sy, p), then
the loops { fx } represent a system of free generators for 711 (X, p).

Proof. Let iy : 71(Sa, p) — m1(X, p) be the homomorphism induced by inclu-
sion; let G, be the image of i,.

By Corollary 8.9, we get the following results:

1. the groups {G,} generate 11(X, p); for if f is a loop, then f lies in some
Sy U -+ - US,, and Theorem 8.5 implies that [f] is a product of some ele-
ments of Gy, ..., Gg,.

2. each i, is a monomorphism; for if f is aloop in S, which is path homotopic
to the constant loop in X, then it is path homotopic to the constant loop in
some finite union Sy, .

Finally, suppose that there is a reduced nonempty word

W= &ay " 8ay

in the elements of the groups G, that represent the identity element of 711 (X, p).
Let f be a loop in X whose homotopy class is represented by w. Then, f is path
homotopic to a constant in X, so it is path homotopic to a constant in some
union of subspaces S,. Using the fact that each such i, is a monomorphism, we
get a contradiction to Theorem 8.5. [

The above theorem then tells us that given a wedge of circles with circles by J,
711(X, p) is (isomorphic to) the free group on J. Now, we answer the “converse”
by showing that given any nonempty set J, there does exist a space X which is
the wedge of J-many circles.

Proposition 8.11. Given an index set | # @, there exists a space X that is a
wedge of circles S,, « € J.

Proof. Give the set | the discrete topology and let E := S! x | be the product
space. Fix a point by € S!, and let X be the quotient space obtained from E by
identifying all the points of P := {bp} x | to a point p. Note that P is closed in
E since its complement is (S \ {by}) X ], a product of open spaces.
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Let 7t : E — X be the quotient map; set S, := 7(S' x «). We show that each S,
is homeomorphic to S! and X is the wedge of S,.

Note that if C is closed in S! x &, then 77(C) is closed in X. For 7~ !7t(C) = C if
p ¢ Cand 7 !7(C) = CU P otherwise. In either case, 7~ 177(C) is closed in E.
Since 77 is a quotient map, 7t(C) is closed in X.

Thus, 7, := 7|g1,, is a closed map. Moreover, it is a bijection onto its image S,.
Thus, 71, is a homeomorphism.

Now, we show that the topology is coherent. Suppose D C X is such that DN S,
is closed in S, for each «. Now,

7 I(D)N (St xa) =, 1 (DNS,).

The right set is closed in S! x a since 7, is continuous. Thus, 771 (D) N (S x &)
is closed in S! x a for all a. From this, it follows that 7=!(D) is closed in E. Since
7t is a quotient map, we see that D is closed in X, as desired. O

§§8.2. Covering Spaces of a Graph

We now look at a graph and prove some results quite similar to those in the
previous subsection.

Definition 8.12 (Arc). Anarc A is a space homeomorphic to [0, 1]. The end points
p,q of A are the two unique points such that A\ {p} and A \ {g} are connected.
The interior of Ais A\ {p,q}.

Definition 8.13 (Graph). A graph is a space X that is written as the union of a
collection of distinct subspaces A,, each of which is an arc, such that:

1. The intersection A, N Ag of two distinct arcs is either empty or consists of
a single point which is an end point of each.

2. The topology of X is coherent with the subspaces A,.

The arcs A, are called the edges of X, and their interiors the open edges of X. We
denote the interior of A, by int A,. Their end points are called the vertices of X;
the set of vertices is denoted by X°.

X is said to be a finite graph if the collection of edges is finite.

Remarks.

* As usual, our spaces are finite and thus, every graph contains at least one
edge.

o If X is a finite graph, then X is finite but the converse is not true.

e Every x € X is part of some edge. Thus, we don’t have a situation where
there are just vertices with no edges coming out. (As opposed to graphs
the reader may have seen in other contexts.)
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¢ We also don’t have the case that both the vertices of an edge are the same.
That is, there are no self-loops.

* In the above, we assume that a graph X comes with the collection of arcs
A,. To elaborate, the same topological space could be realised as a graph
in two different ways. However, when we talk about a graph, we assume
that we are given a fixed collection of arcs as well.

Lemma 8.14. If X is a graph, and if C C X is a union of some edges and vertices
of X, then C is closed in X.

Note that our definition of edge consists of the end points as well.

Proof. Given an a € ], we show that the intersection I, = C N A, is closed in
A[x-
Note that I, has the following possibilities:

e [, = Ag; in this case, we are done.

e [, # Ay note that C is a union of edges and vertices. Since I, # Ay, an
edge can only intersect A, at an end point. Thus, I, is either empty, one,
or both vertices of A,. In this case as well, I, is closed in A,.

Thus, C N Ay is closed in A, for all a. Since the topology of X is coherent with
these subspaces, C is closed in X. O

Lemma 8.15. Every graph is normal and hence, Hausdorff.

Proof. Let B and C be disjoint closed subsets of X. Note that any subset of X? is
closed, by the earlier lemma. Thus, we may assume that X° C B U C. (If that
is not the case, we could just replace B with BU (X°\ (B U C)) which would
continue to be closed and any open neighbourhood of it would also be one for
the original B.)

Note that each A, is normal. Thus, we can choose disjoint neighbourhoods U,
and V, of BN A, and C N A, which are open (and contained) in A,. (Note that
BN Ay and CN A, are disjoint closed subsets of Ay.)

PutU = U, Uy and V = |J, Vi Itis clear that B C U and C C V. We show that
U and V are disjoint and open in X.

Suppose x € UN V. Then x € U, N Vg for some a # . (« = B is not possible
since U, and V, are disjoint by construction.) Thus, A, and Ag both contain x
which means that x is a vertex. Thus, x € B or x € C. If the former, then x €
Up and thus, x € Vg is not possible. Similarly, the latter gives a contradiction
proving that UNV = @.

Now, we show that U is open in X. (The proof of V is of course, similar.) We do
this by showing that U N A, is open for all a. In fact, we show that U N Ay = U,.
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The containment D is clear, by construction. Now, suppose that x € U N A, but
x & Uy. Then, x € Ug for some B # a. Thus, x € Ug N Ay C AgN Ay and
hence, x is a vertex. Thus, x € B or x € C. The former is impossible for then
x € BN Ay C Uy. The latter is impossible for then x € Vg N Ug = @. O

Example 8.2. If X is a wedge of circles with common point p, then X can be
realised as a graph as follows:

Each S, is broken into three arcs with p as a vertex. X is then the union of all
these arcs. To see that topology of X is coherent with A,, we note the following:
Let D C X be such that D N A, is closed in each A,. Then, given any S g DN Sg
is the union of three closed sets in Sg and hence, D N Sg is closed in each Sg. (We
have used that the three arcs of each circle is closed in the circle.)

This gives us that D is closed in X, as desired.

Moreover, one notes that X is actually path connected; since it is the union of
path connected spaces with the point p in common.

Definition 8.16 (Subgraph). Let X be a graph. Let Y be a subspace of X that is
a union of edges of X. Then Y is closed in X and is itself a graph; we call it a
subgraph of X.

We need to show that Y is actually a graph. That is, its topology is coherent
with its edges.

Proof. First we show that A, is actually a subspace of Y. (It is to be understood
that we are talking about those edges A, which are contained in Y.)

To see this, let D C Y be closed. We wish to show that D N A, is closed. Note
that since Y is closed in X, we see that D is actually closed in X. Thus, D N A, is
closed in A, since A, is a subspace of X.

Conversely, let D C Y be a set such that D N A, is closed for all A, C Y. Then,
viewing D C X, we see that D N A, is closed for all A, C X as well. (Since
the intersection is containing at most 2 points and thus, is closed in those Ags
outside Y.)

Thus, D is closed in X and hence, in Y. O

Proposition 8.17. Let X be a graph. If C C X is compact, then there exists a
tinite subgraph Y of X such that C C Y. Moreover, if C is connected, then Y can
be chosen connected.

Proof. First, put CY := C N X°. Then, one easily checks that C’ is a closed discrete
subspace of C. Thus, it must be finite. (Compare with proof of Proposition 8.8.)
Thus, C contains finitely many vertices of X.
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Similarly, we show that there are only finitely many a such that C intersects the
interior of A,. To see this, for which « it is possible, pick x, from C Nint A, and
put B = {x,}. Then, BN Ay is either empty or a one point set for each B. Thus,
B and any of its subset are closed. Hence, B is closed and discrete. Since B C C,
this shows that B is finite. (Again, cf. proof of Proposition 8.8.)

With the above, we construct Y as follows:
e for each x € C, choose an edge Ay,
¢ choose all the edges A, whose interiors contain a point of C.

The collections {Ay} and {A,} above are both finite by the previous observa-
tions. We put Y as the union of these edges.

To see that C C Y : suppose x € C.

If x is a vertex, thenx € A, C Y.

If x is an interior point, then x belongs to some A, that we chose earlier and
hence, x € Y.

Moreover, note that Y was a union of arcs (connected spaces), all of which in-
tersect C. Thus, if C is connected, then Y is also connected. O

Proposition 8.18. If X is a graph, then X is locally path connected and semilo-
cally simply connected.

Proof. Locally path connected

Suppose x € int A, for some «. Then, given any open neighbourhood U C
X of x, there exists some small enough neighbourhood V- C U N A, which is
homeomorphic to an open interval and hence, path connected.

Now, suppose that x € X". Let U C X be an open neighbourhood of x. Then,
for each A, containing x, we can find an open neighbourhood V, C U N A,
containing x which is homeomorphic to [0,1). Then, V = |J V, is an open neigh-
bourhood of x contained in U.

Moreover, V is path connected since it is the union of path connected spaces
with a point in common.

Semilocally simply connected

Let x € X. We show that there exists an open neighbourhood U such that any
loop in U based at x can be shrunk to a constant loop in X. In fact, we can show
that we can shrink it in U itself.

If x € int A, for some «, then U = int A, works.

Now, suppose x € )io . Let Stx denote the union of all edges containing x and
St x the subspace of Stx obtained by deleting all vertices other than x. Note that
St x is open since its complement is a union of edges and vertices. (Thus, the
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complement is closed by Lemma 8.14.)
We show that U = St x works.

Let f be a loop in St x based at x. Then, the image set f(I) is compact and hence,
it lies in finite union of arcs in Stx. This union is homeomorphic to the union of
a finite set of line segments in the plane with a point in common. For a loop in
such a space, the straight line homotopy will shrink it to the constant loop at
X. [

Proposition 8.19. Let p : E — X be a covering map, where X is a graph. If A, is
an edge of X and B is a path component of p~!(A,), then p maps B homeomor-
phically onto A,. Furthermore, the space E is a graph, with the path components
of p~1(A,) as its edges.

Proof. Step 1. First we show that B maps homeomorphically onto A,. By Exer-
cises 5.2 to 5.3, we get that

POZP‘B3B_>A04

is a covering map. (Since A, is locally path connected and path connected,
being homeomorphic to I.)

Since pyg is a covering map, it is a local homeomorphism. Thus, to show that is
a homeomorphism, we just need to show that it is injective. (Since we already
know it is surjective.)

To this end, let 2 € A,. Since B is path connected (it is a path component),
Proposition 4.10 tells us that 711 (A, a) acts transitively on p, (a). However, A,
is simply connected and thus, 71 (A, a) is trivial and p; ' (a) must be a single-
ton. Hence, po is a homeomorphism.

Step 2. Each B is an arc since it is homeomorphic to some A,. Moreover, since
X is the union of Ags, E is the union of all the Bs. We now show that if By # B,
with B; N By # @, then By N B, intersects in one point which is an end point of
both.

Let Ay = p(B1) and Ag = p(Bz). If « = B, then By and B, must be disjoint,
being distinct path components of p~!(A,), a contradiction.

Thus, we have o # B. Since By N By # @, we have that A, N Ag # @. Thus,
Ay = Ag = {x} such that x is an end point of both. By our observation of our
previous step, we see that By N By consists of a single point. Moreover, since p
restricts to a homeomorphism to B;, the single point is an end point of both.

Step 3. Now we show that the topology of E is coherent with the arcs. Let W C E
be such that W N B is open for each arc B. We show that W is open in E.
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First, we show that p(W) is open in X. Let A, be an arc in X. Then,
p(W)N A, =Jp(WnNB)

where B varies over all the path components of p~1(A,). Note that W N B is
openin B and p|p is a homeomorphism by the earlier part. Thus, each p(W N B)
is open in X and thus, p(W) N A, is.

Since the topology of X is coherent with the arcs A,, we are done.

Second, we prove that W is open in E for the following special case: there exists
an evenly covered open set U C X such that W C V for some sheet V over U.
We just proved that p(W) is open in X. Thus, p(W) is open in U. However, p|y
is a homeomorphism (definition of sheet) and thus, W is open in V and hence,
in E.

Lastly, we prove the result in general. Fix a cover A of X consisting of open sets
U which are evenly covered by p. The set of all sheets of V over U, for U € A,
is a covering of E. For each such sheet V, put Wy := W N V. Now, given any arc
B of E, we have

WynNB=(WnB)N(VNB).

Both WN B and V N B are open in B. (The former by assumption and the latter
since V is open in E and B is a subspace.) Thus, Wy N B is open in B for all arcs
B. Moreover, Wy is completely contained in a sheet.
Thus, by the previous paragraph, we get that Wy is open. On the other hand,
we have

w=Jwy

over all sheets V' considered above. Thus, W is open in E, being the union of
open sets. [

§8§8.3. The Fundamental Group of a Graph

In this section, we compute the fundamental group of a graph. We show that it
is a free group.

Definition 8.20. An oriented edge e of a graph X is an edge of X together with
an ordering of its vertices; the first is called the initial vertex, and the second, the
final vertex, of e. An edge path in X is a sequence e, . . ., e, of oriented edges of X
such that the final vertex of ¢, equals the initial vertex of ¢; 1, fori =1,...,n — 1.
Such an edge path is entirely specified by the sequence of vertices xy,...,x;,
where x is the initial vertex of e; and x; is the final vertex of ¢; fori = 1,...,n.
It is said to be an edge path from x to x,. It is called a closed edge path if xg = xy,.

Remarks.

* Note that by our definition, given any two distinct vertices, if there is an
edge with those vertices as end points, it is unique. Moreover, once we
specify a vertex to be the initial one, we have a unique oriented edge.
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e Since each vertex x is part of an edge, there is always a closed edge path
from x to x. Namely, pick any edge A, having x as endpoint and form the
oriented edges e; and e, which have x as initial and final point, respec-
tively. Then, 1, e is a desired such closed path.

Note that given a graph, we know that each of its arc is homeomorphic to [0, 1].
For the remainder of this section, we shall assume that the arcs are also given
with a fixed homeomorphism. For a given oriented edge e, we shall denote by
fe the homeomorphism from [0, 1] to e which maps 0 to the initial vertex and
hence, 1 to the final.

Definition 8.21. Corresponding to the edge path e,..., e, from xq to x,, we
have the actual path
f=fx(fax (% fa))

from x¢ to x, where f; = f,, for i = 1,...,n; it is uniquely determined by
ey, ..., en. We call it the path corresponding to the edge path ey, ..., ey. If the edge
path is closed, then the corresponding path is a loop.

Remark. The parenthesis above were necessary since * is not “associative” in
general.

Lemma 8.22. A graph is connected if and only if every pair of vertices of X can
be joined by an edge path in X.

Note that “connected” above has the topological meaning. Thus, this lemma
shows that the usual “connected” in graph theory coincides with the topologi-
cal one. Moreover, since graphs are locally path connected, being connected is
equivalent to being path connected.

Proof. Suppose X is connected. Define a equivalence relation ~ on X" as x ~ y
if there is an edge path from x to y. (One verifies easily that this is an equiv-
alence relation. The reflexivity was remarked earlier.) We wish to show that
there is only one equivalence class.

Note that for any edge of X, the end points of the edge are in the same equiva-
lence class. For any x € X, define Yy to be the union of all the edges which have
an end point (and hence, both end points) in the same equivalence class as x.
Then, X is union of all Yy. Moreover, the Y, are disjoint and closed subspaces.
Since X is connected, there is only one such subgraph and hence, each vertex is
in the same equivalence class.

Conversely, suppose that any two vertices can be joined by an edge path. Let
x,y € X. Then, x and y each lie on some edge. Pick some vertices xy and yg
from those edges, respectively. Then, there is an edge path from xy and yy and
the corresponding path is an actual path in X from x( to yp. Since x (resp. y) can
be connected to xg (resp. o) by a path, we see that x and y can be connected by
a path. Thus, X is path connected and hence, connected. O
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Definition 8.23 (Reduced edge path). Lete;, ..., e, be an edge path in the linear
graph X. It can happen that for some i, the oriented edges ¢; and e;, consist
of the same edge of X, but with opposite orientations. If this situation does not
occur, then the edge path is said to be a reduced edge path.

Said differently, an edge path is reduced if the initial vertex of ¢; and final vertex
of e; 1 is distinct for all i; that is, f,,(0) # fe,,,(1).

However, note that if an edge path is not reduced, then one can delete the two
problematic edges e;,¢;11 and still be left with an edge path between the two
vertices (assuming the original edge path had at least three edges). This deletion
is called reducing the edge path. From this, it follows that given any two distinct
vertices in a connected graph, there exists a reduced edge path from one to the
other.

Definition 8.24 (Tree). A subgraph T of X is said to be a tree if T is connected
and contains no closed reduced edge paths.

Proposition 8.25. If T is a tree in X, and if A is an edge of X that intersects T in
a single vertex, then T U A is a tree in X. Conversely, if T is a finite tree in X that
consists of more than one edge, then there is a tree Tp in X and an edge A of X
that intersects Tj in a single vertex, such that T = Ty U A.

Proof. Suppose T is a tree in X and A is an edge which intersects T at one point.
T U A is clearly connected, since it is path connected. We now show that T U A
contains no closed reduced edge path. Let a and b be the vertices of A with
TN A = {a}. Suppose x¢, x1, ..., X, = X is the vertex sequence of a closed re-
duced edge path in T U A. We show that this leads to a contradiction.
If x; # b for all i, then the path is in T itself, contradicting that T was a tree.
Thus, x; = b for some 0 < i < n.
Now, suppose that x; = b for some 0 < i < n. Then, x;_1 = x;;1 = 4, contra-
dicting that the edge path is reduced.
Thus, xo = x, = band x; # bforall 0 < i < n. Then, x; = x,_1 = a. This gives
us that

X1, ,Xn—1

specifies a closed reduced path in T, a contradiction again.

Now, let T be a finite tree in X with more than one edge. First, we show that
there exists a vertex b which belongs to only one edge on T.

Suppose not. We show that leads to a contradiction. To do this, we first pick
any vertex xo € T. Let e; be an edge having x( as an end point. Orient e; so that
x is an initial point of e;. Let x1 be the end point of e;. By hypothesis, there exists
an edge e, # e1 having x; as an end point. Orient e; so that x; is the initial point
of ep. Put x; as the final point of e, and continue in this manner. We then get a
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sequence of vertices
X0, X1, .-

and edges ¢; joining them such that e; and e; 1 are not oppositely oriented edges.
Since T is a finite tree, TV is finite and thus, x; = X; for some i < j. This gives us
that

Xiyeony x]-

is a sequence of vertices that gives us a reduced closed edge path in T, contra-
dicting that T is a tree.

Thus, there is a vertex b € T which belongs to only one edge A of T. Fix any
such b and A.

Let Ty be the collection of all edges in T apart from A. (Since T has more than
one edge, Tj is a genuine subgraph.) Then, T = Tp U A. Let a be the other vertex
of A. Clearly, TyN A C {a}. But To N A cannot be empty since Ty and A are both
closed and T is connected. Thus,

ToNA= {ﬂ}

Now we show that Tj is a tree. That Ty contains no closed reduced edge path
is clear since T does not. Now, assume that Ty = C U D for two disjoint closed
subsets of Tp. WLOG, assume thata € C. We show that D = @. Since T is closed
in T, we see that D and C are closed in Ty and thus, so is A U C. Moreover, we
have

T=(AUuC)uD

with (AUC) N D = @.Since T is connected and A U C is nonempty, we get that
D = @&, as desired. O

Example 8.3. The second part of the above proposition would be not necessarily
be true if T were infinite. For example, we may consider R as a graph with
[n,n + 1] being the edges. (One can either verify directly that the topology is
coherent or use the fact that p : R — S! given by x — o3
use Proposition 8.19.)

is a covering and

Then, R itself is a tree. However, given any edge A C R, A intersects R \ int A
at two points. Thus, the decomposition as A U Tj is not possible.

Theorem 8.26 (Trees are simply connected). Any tree is simply connected.

Proof. Let T be a tree. We show that T is simply connected.
Case 1. T is finite.

We prove this by induction on the number of edges of T. If T has one edge, then
T is simply connected, being homeomorphic to I.

Now, suppose that n > 1 and every tree with n edges is simply connected. Let
T be an arbitrary tree with n + 1 edges. Then, there exists an edge A C T and
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atree Ty C Tsuchthat T = TyU A and Ty N A = {a} for a vertexa € A. (By
Proposition 8.25.) Since Ty has n edges, Tj is simply connected by the inductive
hypothesis. However, Tj is a deformation retract of T and hence, T is simply
connected.

Case 2. T is infinite

Let f be aloop in T. Then, f(I) is compact and connected and hence, contained
in a connected finite subgraph Ty C T. (By Proposition 8.17.) Since T had no
reduced closed edge paths, neither does Ty and thus, Tj is a finite tree. By the
previous case, we see that f can be shrunk to a point within Ty and thus, we are
done. [

Definition 8.27 (Maximal tree). A tree T in X is maximal if there is no tree T in
X that properly contains T.

Theorem 8.28. Let X be a connected graph. A tree T in X is maximal if and only
if T contains all the vertices of X.

Proof. Suppose that T is a tree such that X° \ T is nonempty. We show that T is
not maximal by constructing a tree T' 2 T.

Let xg € X"\ T. Pick a vertex y € T. Since X is connected, Lemma 8.22 tells us
that there is an edge path from x( to y. Let this be given the following sequence
of vertices

X0, X1+ Xn =Y.

Let i be the smallest such that x; € T. (Which exists since y, € T.) Clearly,
i > 0. Thus, x;_1 ¢ T and x; € T. Thus, the edge A = ¢; has the property as in
Proposition 8.25 and we see that T’ = T U A is a tree that properly contains T
since A ¢ T.

Conversely, suppose that T is a tree such that X C T. We show that T is maxi-
mal. Let T be a tree such that T C T'. We wish to show that T = T".

Suppose not. Then, T C T'. Let A be an edge which is in T/ but not in T. Let
x and y be the vertices of A. Since x,y € TY and T is connected, there exists a
closed edge path from x to y. Thus, we get a sequence of edges ey, . .., ¢,,. More-
over, since x # Yy, we may assume that the path is reduced. Corresponding to
these edges, we have the vertices

X =X0,X1,---sXn =Y.

Note that none of the ¢; is A. Now, we orient A such that y is the initial point to
get an edge e,,1. Then, ey,...,e,41 is a closed path from x to x. This is reduced
since e, is not the opposite of e, 1. Thus, we get a reduced closed edge path in
T’, a contradiction. O
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Theorem 8.29. If X is a graph, then every tree in X is contained in some maximal
tree. In particular, maximal trees exist.

The “in particular” follows since every graph has an edge A. A is also a tree.

Proof. We prove this by Zorn’s Lemma. Let Ty C X be a tree and let 7 be the
collection of all trees in X containing Ty. 7 is nonempty since Tp € 7. We turn
7T into a poset by ordering using inclusion.

Now, let C be a nonempty chain in 7. We show that this it has an upper bound.

Put
T'=JT.
TeC

We only need to show that T” € C. That it is an upper bound will clearly be true
then. It also clear that Ty C T’ since Ty C T C T' forany T € C C T. (And such
a T does exist because C is nonempty.)

Thus, we just need to show that T’ is a tree. T’ is connected because it a union
of connected sets all of which containing the connected set Tp. Now suppose,
for the sake of contradiction, that there is a reduced closed edge pathey, ..., e;,.
For each e;, we can find T; € C such that e; C T;. Since C is a chain, there exists
some tree T} in T7, ..., T, which contains all the others. Thus, ey, ..., e, is then a
reduced closed edge path in Tj, contradicting that T is a tree. O

Theorem 8.30. Suppose X = U UV, where U and V are open subsets of X.
Suppose that U NV is the union of two disjoint open path-connected sets A > a
and B > b, that a is a path in U from a to b and that B is a path in V from b to a.
If U and V are simply connected, then the class [« * B] generates 7r1(X, a).

This is similar to what we had seen in the special form of the Van Kampen
Theorem (Theorem 3.13). The line of proof is also similar.

Proof. Let f be aloop based as a. We show that [f] is a power of [« * B]. As usual,
we choose a subdivision

O=a<m<---<a,=1

such that f(a;) € UNV and f([a;_1,a;]) lies completely within either U or V
foralli =1,...,n. Reparameterising f|(,, , .|, We get paths f; such that

U] = [Alx - [fal:

Fori =1,...,n—1, f(a;) is either in A or B; according to the case, we choose
a path «; from a or b to f(a;). We set &g and «,, as the constant paths at a. Then,
we define

gi =Nk (fl * (Xi_l).
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Direct computation shows that

] = [&a) %+ - [gn]- ()

Note that the homotopy classes on the right are classes of the paths in X.

Note that g; lies completely within either U or within V; since these sets are
simply connected, Lemma 1.18 tells us that g; is homotopic to one of

easep, a0, BB

Thus, we see that the final product on the right side of (x) is a product of [«],
1B, [«71], [B7!]. However, one notes that the first factor cannot be [B] or [a~!]
since ¢ starts at a. Similarly, one sees that [«] can only be followed by [a~!] or
[B]. After cancellations, one is left with either the identity, a positive power of
[a * B], or a positive power of [3~! * a~!]. In either case, we are done. O

We now have the tools compute the fundamental group of a graph.

Theorem 8.31. Let X be a connected graph that is not a tree. Then the funda-
mental group of X is a nontrivial free group. Indeed, if T is a maximal tree in
X, then the fundamental group of X has a system of free generators that is in
bijective correspondence with the collection of edges of X that are notin T.

As remarked earlier, since X is locally path connected; thus, it being connected
implies that it is path connected. Thus, talking about its fundamental group
(without a base point) makes sense.

The proof will be broken into three cases. The most amount of work will be
done in the case that there is only edge outside T. The other two cases will
follow a line of reasoning almost identical to Theorem 8.5 and Theorem 8.10.

Proof. Let T be a maximal tree in X, which exists by Theorem 8.29. By Theo-
rem 8.28, T contains all the vertices of X. Fix a vertex xo € X. We shall compute
711 (X, x0). Given any vertex x € X0, itisin T and thus, there exists a path from
xo to x. For each such vertex, we fix a path 7, from x to x.

Next, for each edge A not in T, we define a loop g4 based at x( as follows: fix
an orientation of A; let f4 be the path (homeomorphism) from its initial point x
to final point y as defined earlier; then, set

ga=rxx (faxyy ).

We show that the classes [g4] for edges A notin T form a system of free gener-
ators for 711 (X, xg).

Case 1. There is only one edge D of X which is not in T. Fix an orientation of D.

We show that [¢p] generates 711 (X, x¢) and is infinite cyclic. For the former, we
shall be using Theorem 8.30.
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Let ag and a; be the initial and final points of D, respectively. Let a and b be
points in the interior of D with a “closer” to ag. We now write D as a union of
three arcs: Dj, with end points ay and a; D,, with end points a and b; D3, with
end points b and a;. Let fi, f», f3 be the linear paths in D from 4 to 4, and a to
b, and b to a;, respectively. We now apply Theorem 8.30 to compute 711 (X, x).

Choose a point p in the interior of D,. Set U := D \ {ag,a1} and V = X\ {p}.
Then, U and V are open sets whose union is X. Note that U is just the interior
of D and hence, is simply connected. On the other hand, V deformation retracts
onto T. Since Trees are simply connected, we see that V is simply connected.
Moreover, we have

Unv =D\ {ag,a,p} =U\{p}

has two path connected components. Let A be the one containing a and B con-
taining b. The path « = f; is a path in U from a to b. The path

B=(fs* (1 * (Yar * f1)))

isapathfrombtoain V.
We are now in the situation of Theorem 8.30 which tells us that 7r1(X, a) is gen-
erated by

[+ B = [fo] * [fs] * [va, ] % [ao] * [f]:

By Proposition 1.14, it follows that [« * 8] generates 711 (X, xq), where § is the
path f~ Ly 'y,;)l from a to xg. Now, note that

Slacx B] = [vay % ) * [ Bl [f1 % 1]
Yao) * [f1 % (f2 % f3)] * [72,']
Yaol * [fD] * [74,']

D,

= [
= [
= [
= [

0Q

proving that [¢p]| generated 711 (X, a).

Now we show that [¢p] has infinite order, so that 711 (X, xp) is infinite cyclic (that
is, the free group on one generator). To see this, consider the map

7T . (X,XO) — (Sl,bo)

which collapses T to a point by € S! and maps U = int D homeomorphically
onto S!. (This map can be explicitly written using fp and a homeomorphism
mapping (0,1) onto S' \ {by}. The continuity follows by Pasting lemma since
{ap, a1} is closed in X.) Note that 7,, and ,, are paths which are completely
contained in X \ U. Thus, 7 o y,, are the constant paths at by. Thus, it follows
that

7.([gp]) = [ o fol.

The right class is a generator for 711 (S?,by) = Z. In particular, it has infinite
order and thus, so does [gp].
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With that, we have proven the most difficult case of when there is exactly one
edge in X whichisnotin T.

Case 2. There are finitely many edges in X which are notin T.

We shall prove this by induction on the number of edges in X not in T. Let n
denote this number. n = 1 is the previous case. Now, we assume the result to
be true for some n > 1. Suppose that there are n + 1 edges in X which are not
inT. Let Ay,...,A,41 be these edges. Fix an orientation for each and set

8i = §A;-
We show that the classes [g;| generate 711 (X, xg).

For each i, choose a point p; € int A;. Then, set

U:=X\{p2-.-,pns1}, V:=X\{p1}.
Clearly, U and V are open in X and the space
UﬂV:X\{pl,...,an}

has T as a deformation retract and thus, is simply connected since Trees are
simply connected. Thus, by The Van Kampen Theorem, it follows that

(X, x0) = (U, xo) * 11 (V, x0).

By the induction hypothesis and Case 1, it follows that 771 (U, x¢) is freely gen-
erated by [g2], ..., [gn+1] and 711(V, x0) by [g1]. Thus, it follows that 711 (X, xp) is
freely generated by all of them.

Case 3. The set of edges of X not in T is infinite.

This follows from the finite case by the same line of reasoning we had in Theo-
rem 8.10. By Proposition 8.17, we see that if f is a loop based as xq, then there
exists finitely many edges Ay, ..., A, such that the image of f lies in

TUAU---UA,.

This shows that [f] can be written as a product of (g4, ], - .., [g4,]- Thus, 11 (X, x¢)
is generated by elements of these kind.

The free generation follows from the fact that a path homotopy between two
such loops also lies a finite union of edges with T. O

§88.4. Subgroups of a free group

We are now in a position to prove the desired result.
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Theorem 8.32 (Nielsen-Schreier Theorem). Let F be a free group and H < F a
subgroup. Then, H is free.

The idea of the proof is simple. Given a free group, we shall construct a wedge
of circles having that group as its fundamental group. Then, we can construct a
covering space E having p.71(E,e9) = H. However, viewing a wedge of circles
as a graph, we see that E is also a graph and thus, 711 (E, ep) is a free group.

Proof. Let {a : @ € J} be a system of free generators for F. By Proposition 8.11,
there exists a space X which is a wedge of circles S,, for & € ]. Let x¢ be the
common point. As seen in Example 8.2, we can give X the structure of a (con-
nected) graph by breaking each circle S, into three arcs, two of which have xg
as an end point. By Theorem 8.10, we see that 711(X, x9) = F. Thus, we may as
well assume that 711(X, x9) = F.

Note that since X is a connected graph, it is semilocally simply connected, lo-
cally path connected and path connected. Thus, by Corollary 5.8, we see that
there exists a covering space

(E,e0) — (X, x0)

such that p.71(E, e9) = H. Since p, is a monomorphism (Corollary 4.7), we see
that
m (E,eo) = H.

By Proposition 8.19, it follows that E is a linear graph. By Theorem 8.31, it
follows that 711 (E, ep) is a free group. Thus, H is a free group. O

Remark. In the above proof, we used a result which depended on Theorem 8.29
which had used Zorn’s Lemma (i.e., Axiom of Choice). Using this was neces-
sary in the sense that there are models of ZF where the Axiom of Choice and the
Nielsen-Schreier Theorem are both false.

We recall a basic fact about free groups.

Theorem 8.33 (Cardinality of a free generating set). If a free group G has two
sets of free generators X and Y, then |X| = |Y].

Proof. Given a free generating set S of G, we note the following two facts:
e the cardinality of the set of homomorphisms from G to Z /27 is 2],
e if S is infinite, then |S| = |G].

The first point is true because a homomorphism from G to Z /27 is determined
precisely by a set function from S to {0,1}.
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For the second point, one notes that S, = set of all n letter words in S has car-
dinality equal to |S| for all n > 1. Thus, G has cardinality equal to |S|, being the
countable union of all S,, and {e}. (We use choice here.)

Thus, we have 2IXI = 2/Yl, This means that if one is finite, then so is the other
and | X| = |Y|.

Now, suppose that both are infinite. Then again, we have |X| = |G| = |Y|, as
desired. u

Definition 8.34 (Euler number). If X is a finite graph, then the Euler number of
X is the number of vertices of X minus the number of edges. This is denoted by

x(x).

Proposition 8.35. If X is a finite, connected linear graph, then the cardinality of
a system of free generators for the fundamental group of X is 1 — x(X).

Proof. Case 1. Suppose that X is a tree; call it T.

We know that 711 (T) = 0. Thus, it suffices to show that x(T) = 1. We do this by
induction on the number of edges of T.
If T has one edge, then it has two vertices and

x(T)=2-1=1.

Now assume the result is true for when T has n > 1 edges. Let T be a tree with
n + 1 edges. By Proposition 8.25, we can write T = A U Ty, where T is a tree
and A N Tp consists of a single vertex. Thus, T has one more edge and one more
vertex than Tj. Thus, we have

x(T) =x(To) =1,

by inductive hypothesis.

Case 2. X in not a tree.

Let T be a maximal tree in X, which exists by Theorem 8.29. Then, X # T, by
hypothesis. Let Ay,..., A, be the edges of X not in T. By Theorem 8.28, we
know that T contains all the vertices of X. Thus, X has n more edges and 0 more
vertices than T giving us

X(X)=x(T)—n=1-n

Thus,
1—-xX)=1-(1—n)=n.

By Theorem 8.31, we know that 771 (X) is a free group on n generators. [
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Corollary 8.36. The Euler characteristic of a finite connected graph is a topolog-
ical invariant.

This is a corollary of the above proposition combined with Theorem 8.33.

We now prove a theorem which gives us information about the cardinality of
the set of generators of a subgroup in a special case.

Theorem 8.37. Let F be a free group with n 4 1 generators; let H be a subgroup
of F with index k in F. Then, H has kn + 1 free generators.

Proof. We apply the same construction as in Theorem 8.32. We can assume F =
1(X, xo) where X is a wedge of n + 1 circles viewed as a graph.

Let (E, ¢p) SN (X, xg) be the covering space with
p«111(E,e9) = H.

Since E is path connected, Corollary 4.11 tells there is a bijection between F/H
and p~!(xp). Since X is connected, all fibers have the same cardinality |F/H| =
k. (By Exercise 4.1.) Thus, E is a k-sheeted covering of X. (Recall Definition 4.12.)

Now, recall Proposition 8.19 which told that E is also a graph and that the path
components of p~!(A) are precisely the edges of E, where A varies over all the
edges of X. This gives us that E has k times as many edges as X. A similar result
being true for vertices tells us that E has k times as many vertices as X. Thus,
we get
X(E) = kx(X).

Using Proposition 8.35, we see that x(X) = —n. Thus, x(E) = —kn and hence,
using the proposition again tells us that H = 711(E, ¢p) has a system of

1—x(E)=1+kn

free generators. O
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§9. Singular Homology Theory

§89.1. Simplexes

We first start with some linear algebra.

Proposition 9.1. Let {xo,...,x,} C R". The following are equivalent:
(@) x1 —xo,- - ,xp — X are linearly independent;

(b) if Y_s;x; =Y tixjand Y s; = Y t;, thens; = t; fori € {O,. . ,p}

Proof. (a) = (b): If Y_s;x; =Y tix;and ) s; = ) t; then

)
I
7=

—~
£

|
<r
~—
&

Il
=

I
™M~

(si —ti)x; — [Z(Si - ti)] Xo

i=0 i=0
p
= Z(Si — ti)(xi — xo).
i=1
By (a), we must have that all the coefficients of x; — xo are 0. Thus, s; = t; for

i>1.
Since ) s; = }_t;, we get that sp = ty.

(b) = (a): Letay, ..., a, be such that
a1(x1 — xo) + - - +ap(xp — x9) = 0.
Rearranging gives us
0xo + a1x1 + -+ - +apxp = (a1 + - - - +ap)xo + 0x1 + - - - + 0xp.
Note that the sum of coefficients on both sides is the same. By (b), we see that

a; = 0 for all i > 1, proving linear independence. O

Definition 9.2 (Convex hull). Given points xp,...,x, € R", the convex hull of
the set S = {x, ..., xp} is the smallest convex set in R” that contains S.

It is easy to see that the convex hull is given as

{toxo+---+tpxp e R": Y t; =1, t; > 0}.

In our discussions now, p > 0 shall be an integer.
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Definition 9.3 (Simplex). A p-simplex s in R" is the the convex hull of a col-
lection of (p 4 1) points {xo,...,xp} C R" such that x; — xo,...,x, — xg are
linearly independent.

By Proposition 9.1, one sees that linear independence does not depend on which
point is chosen as xy. Another proposition follows from the above.

Proposition 9.4. If the p-simplex s is the convex hull of {xo, ..., x,}, then every
point of s has a distinct unique representation in the form ) t;x;, where t; > 0
foralliand } ¢t; = 1.

The points x; are called the vertices of s. If the vertices of s have been given a
specific order, then s is called an ordered simplex.

Definition 9.5 (Standard p-simplex). Let ¢, be the set of all points (to,...,t,) €
RP!l with Yt; = 1 and t; > 0 for all i.
Then o) is a p-simplex with vertices

xp = (1,0,...,0),...,x, = (0,...,0,1).

0y is called the standard p-simplex with the natural ordering.

Now, let s C R" be an ordered simplex with vertices xo, ..., x,. If we define
fiop—s

as f(to,...,tp) = L tix; then f is continuous as one sees by elementary argu-
ments.

Moreover, by Proposition 9.1, f is a bijection. Since 0}, is compact and s Haus-
dorff, we see that f is a homeomorphism.

In other words, each ordered p-simplex is a natural homeomorphic image of 0.

Definition 9.6 (Singular p-simplex). Let X be a topological space. A singular
p-simplex is a map (continuous function)

¢y — X

Note that a simplex is a function, not the image. Singular 0-simplices may be
identified with points in X and 1-simplices with paths in X.

Definition 9.7 (Face of a simplex). If ¢ is a singular p-simplex with p > 1 and
i is an integer satisfying 0 < i < p, then we define the 9;(¢) to be the singular
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(p — 1)-simplex given by
9i(¢)(to, - tp-1) = Plto, o ti1,0, b,y 1),

This singular (p — 1)-simplex is called the i-th face of ¢.

Note that the face is a function of the form 0;(¢) : 0,1 — X. Also, note that
given a singular n-simplex ¢ with n > 2, we may apply two face operators to
getan (n — 2)-simplex 9;0;¢. We wish to now examine which pairs (i, j) can give
the same simplex.

Proposition 9.8. Letn > 2and 0 < j < i < n. Then, we have
0j0ip = 9;—10j¢
for any n-singular simplex ¢.
Proof. The proof is simple and one sees that both the functions written, evalu-
ated at (to,...,t, 2) equal

gD(to,. . .,t]'_l,o, t]',. .., ti—1,0,t, .. .,tp).

Corollary 9.9. Let n > 2and 0 < j,i < n. Then, we have

0;0; [ >,
9,0, = ¢ T =
ai_la]' ] <t

Note carefully that the parity of the sums of the indices is different. (a + b either

gets changed to a + 1 + b or a + b — 1.) This will be useful later.

Definition 9.10. If f : X — Y is a map and ¢ a singular p-simplex in X, we
define f4(¢) to be the singular p-simplex in Y given by

fa(@)=fop: R =Y.

As an easy check, we get the functorial-like properties as follows.

Proposition 9.11. If f : X — Y and g : Y — Z are maps, we have
L. (go fu() = g#(f4(¢)), and
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2. (idx)#(¢) = ¢.

Recall that an abelian group G (written additively) is said to be free if there exists
a subset A C G such that every ¢ € G has a unique representation of the form

g=Y ng-a

acA

where each n, is an integer such that n, = 0 for all but finitely many a € A. The
set is said to be a basis for G.

Given an arbitrary set A, we may construct a free abelian group F(A) with A
as a basis. Informally, the group F(A) is the set of all finite formal sums of the
form

Mgy a1+ -+ Ng, - ag

with the natural operation.
Formally, F(A) is the set of all functions f : A — Z such that f(a) # 0 for only
finitely many elements of A. The operation of F(A) is + defined as

(f +8)(a) = f(a) + g(a).

One can check that this forms an abelian. Moreover, for each a € A, we may
define the function f, : A — Z as

i ={y 15

One notes that {f, : a € A} C F(A) acts as a basis. Identifying a with f,, we get
a natural inclusion A — F(A) and A is a basis for F(A).
This is called the free abelian group on A.

Note thatis A = @, then F(A) is the trivial group. (Conversely, the trivial group
is a free group with basis ©.)

The free abelian group has the following universal property.

Theorem 9.12 (Universal property of the free abelian group). Let A be a set, H
an abelian group and f : A — H a function. The function f lifts to a unique
function

f:F(A) - H

such that f|4 = f.

Proof. Given an element ¢ € F(A), we define f(g) as

f(§) =3 gla)- f(a).

acA
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The sum on the RHS, though formally infinite, is actually finite by our construc-
tion of F(A). Moreover, it is well-defined by assumption of abelianity of H.
That it is a homomorphism and restricts to f is then easy to check. O

Corollary 9.13. Let A and B be sets. Given a function f : A — B, f lifts uniquely
to a homomorphism N
f:A—B

such that f|4 = f.

Proof. Note that first f “extends” to a function f' : A — F(B) by A Iy N
F(B).
Since F(B) is an abelian group, the previous proposition then lifts f’ to

f:F(A) — F(B).

The restriction is easily checked and so is the uniqueness. O

We shall use this corollary often without explicitly referring to it.
§89.2. Homology groups

Definition 9.14. If X is a topological space and n > 0, then S, (X) is defined to
be the free abelian group on the set of all singular n-simplices.
An element of S, (X) is called a singular n-chain and has the form

) g 9.
9

As usual, the sum is over all singular n-simplices ¢ and each 7, is an integer
such all but finitely many are 0.

Recall the i-th face operator 0; defined earlier. This was a function from the
set of singular n-simplices to that of singular (n — 1)-simplices. This gives us a
group homomorphism

9; : Su(X) = Sp—1(X)
forn>1land 0 <i <un.

Definition 9.15 (Boundary operator). The boundary operator
0: Sn(X) — Sn—l(X)

is defined as
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Just to be explicit, given ¢ € S,(X), we have

(@) = do(¢) —91(9) +--- + (=1)"3u(9),

where the + (and —) is the group operation in S,,_1(X). Moreover, ¢ itself can
be written as a finite sum ) 7y - ¢ for some singular n-simplices ¢ in X.

Proposition 9.16. For n > 2, the composition 0 o d

Su(X) -2 Sp1(X) -% Sp_a(X)

is zero.

Proof. Let ¢ € S,,(X) be arbitrary. We compute 9%¢ as

n—1 )
(000)(¢) =, 0(—1)]8j(8¢)

j=
n—1 n

=) (-1)/9 (Z(—l)iaiqb)
j=0 i=0
n—1 n

= (=1)"9;0i¢. (*)
j=01i=0

We will now show that the above sum (%) is 0. Consider the set
S={(,i):0<j<n-1,0<i<n}.

Keeping 9.9 in mind, we define a functiont: S — S as

o iz
w0 {(i—l,j) j<i.

It is an easy check that T does map into S and that T o7 = idg. Thus, T is
a bijection. Moreover, T has no fixed points since the sum of the coordinates
must necessarily change. In fact, the parity must change. This gives us that the
summation (x) is 0 since every term’s inverse also appears and the pairing is
one to one. O

The above proposition is what leads to the definition of the homology groups.

Definition 9.17 (Cycle and boundary). An element ¢ € S,(X) is an n-cycle if
d(c) = 0.
The set of all n-cycles is denoted by Z, (X).

An element d € S, (X) is an n-boundary if d(e) = d for some e € S, 11(X).
The set of all n-boundaries is denoted by B, (X).
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Since 90 is a homomorphism, we see that Z,(X) is a subgroup of S,(X), being
the kernel of 9 : 5,(X) — S,-1(X); and so is B,(X), being the image of 9 :
Spi1(X) = Su(X).

Moreover, the previous proposition tells us that B,(X) C Z,(X). That is, every
n-boundary is also an n-cycle. In other words, the boundary of an n-chain is an
(n — 1)-chain with “no” boundary.

The above subgroup inclusion lets us define the following quotient. (Recall that
all the groups involved are abelian.)

Definition 9.18 (Singular homology group). Let X be a topological space. The
n-th singular homology group of X is the quotient group

Hy(X) = Zu(X)/Bu(X).

The above definition right now only makes sense for n > 1. We shall see later
how it’s defined for all n € Z and in particular, for n = 0.

Definition 9.19 (Graded group). A graded (abelian) group G is a collection of
abelian groups (G;) indexed by the integers.

We will drop the mention of “abelian” from now on and assume groups to be
abelian unless otherwise mentioned.

Definition 9.20 (Homomorphisms). If G and G’ are graded groups, a homomor-
phism
f:G=G

is a collection of homomorphisms ( f;), where
fi: Gi = Gigy

for some fixed integer r, called the degree of f.

A subgroup H of a graded group is a graded group (H;) where each H; is a
subgroup of G;. The quotient group G/ H is the graded group (G;/ H;).

Definition 9.21 (Chain complex). A chain complex is a sequence of abelian
groups and homomorphisms

B
oo 2B @ S E g 2

in which 9,, 09,41 = 0 for all n.

Equivalently, a chain complex is a graded group C = (C;) together with a ho-
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momorphism 0 : C — C of degree —1 such that d od = 0. This 9 is called the
boundary operator.

Definition 9.22 (Chain map). If C and C’ are chain complexes with boundary
operators d and d’, a chain map from C to C’ is a homomorphism

d:C—C

of degree 0 such that 9}, o ®, = ®,,_1 o d,, for each n.

The above condition can be visualised as the following rectangles commuting
for each n.

d d dy_
n+1 , Cn n \ Cnfl n—1 .

/

\

Y > G Y - Y
n+1 n n—1

Definition 9.23 (Homology of a chain complex). Let C be a chain complex with
boundary operator d. This gives us graded groups Z,(C) and B, (C), the image
and kernel of 0, respectively.

The homology of C is the graded group

Note that the above quotient makes sense since we know 9,, 09,11 = 0.

The above diagram also makes it clear that if & : C — C’ is a chain map, then

®(Z4(C)) C Z«(C') and ®(B.(C)) C B.(C)

Thus, ® induces a homomorphism on homology groups

®, : H,(C) — H.(C").

In this sense, given a topological space X, the graded group S.(X) = (S5,(X))
becomes a chain complex under the boundary operator d and then, the singular
homology (graded) group is the homology group of this chain. By convention,
we set S, = 0 for n < 0 and 9, is the trivial homomorphism for n < 0.

In particular, we get Hy(X) = Zo(X)/Bo(X) = So(X)/Bo(X).

For n < 0, we get Hy(X) = Z,(X)/Bu(X) = 0/0 = 0. That is, all the homology
groups are also trivial for n < 0.
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Recall that for a continuous function f : X — Y and a singular n-simplex ¢ in
X, we defined f4(¢) to be the singular n-simplex in Y given by

fe(9) = fo¢.
By the universal property, this extends uniquely to a group homomorphism

Proposition 9.24. fy above is a chain map.

Proof. All we need to check is that the following diagram commutes. (Since we
already know that it is indeed a homomorphism.)

Su(X) — 4 5.(v)

Sn—l (X) T Sn—l (Y)

Obviously, the above is clearly true if n < 0. (Both the compositions are the
trivial homomorphism.)

By the universal property, it suffices to check for singular n-simplices

p=1-¢¢cS,(X).

(Instead of an arbitrary sum.) That is, it suffices to show that
(fe0d)(@) = (9o fi)(¢).

More crucially, it suffices to check that for an arbitrary 0 < i < n, we have

(f#00i) (@) = (9o fe) ().
This is because of the definition of d and the fact that f is a homomorphism.
To this end, let ¢ € S,(X) and 0 < i < n be arbitrary. The proof is by simple

computation. First, we note that

(fe00:)(P)(to, - - tn-1) = fu(a(e))(to, .-, tn-1)
= (fo(3i(¢)))(to, - -, tn-1)
= f(p(to, - tii1,0,ti - tu1)).
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Secondly, we have

(9i o fu) (@) (to, - -, tn1) = 9i(fu(@))(to, - -, tn—1)
(fog)(to,- -, tn1)
(P)(to, e, tizg,0,t,. .., tnfl)
= f(¢(to,- - tim1,0,ti, .. 1)),
completing the proof. O

Thus, fi : S«(X) — S«(Y) is a chain map. As noted earlier, this induces a
homomorphism (of degree 0)

Fot Ho(X) — Ho(Y).

As usual, this is functorial-like in the following sense: Givenamap g: Y — W,
we have (go f). = g« o fi and (idx)« = idp,(x). This follows mainly from
Proposition 9.11.

Theorem 9.25 (Topological invariance of singular homology groups). If f : X —
Y is a homeomorphism, f, : Hy(X) — H,(Y) is an isomorphism.

Proof. As usual the proof is due to the functorial properties. Let g : ¥ — X
be the inverse of f. Then, g, and f. are inverses of each other and hence, are
isomorphisms. O

Example 9.1 (Homology of a point). Let us take X = {x}, the point and com-
pute the homology groups.

We first note that given any p > 0, there’s a unique singular p-simplex in X.
This is the constant function ¢, : 0, — X.

This already tells us that each S, (X) the free group on {¢,}. That is, S,(X) is
the infinite cyclic group (isomorphic to Z) generated by ¢;,.

Now, letn > 1 and 0 < i < n. The above observation tells us that

Oipn = Pn—1.
(Since there is only one singular (n — 1)-simplex.)
Thus, if n is odd, then all the terms in the calculation of d¢,, cancel and we get
n g n g
Opn = izo(—l)laﬂl) = (izo(—l)l> Pn-1=0"¢u1.

On the other hand, if 7 is even, we see that the last n — 1 terms cancel out and
thus,

a¢n — 4)11—1-
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Thus, if n is odd, then we have: Z,(X) = S,(X) (everything maps to 0) and
B, (X) = Su(X) (everything is in the image since d¢,, 11 = ¢y).

Conversely, if n is even, then we have: Z,(X) = 0 (since d(k - ¢,) =k -¢p,_1 =0
iff k = 0) and B, (X) = 0 (everything from S,, |1 gets mapped to zero).

Thus, we get that H,(X) = 0 for all n > 0.
For n = 0, we had noted earlier that

Hy(X) = So(X)/Bp(X).
Since 91 : S1(X) — Sp(X) is the trivial map, we see that By(X) = 0 and thus,

Ho(X) = So(X) /Bo(X) = So(X) = Z.

To summarise, we have

Z n=020,

Hul{x}) = {0 7 £ 0.

The fact that Hy(X) was (isomorphic to) Z in the above example is a special
case of a more general identity.

Proposition 9.26. Let X be a path-connected space. Then,

Ho(X) 2 Z.

Proof. Note that since X is path-connected and 07 is homeomorphic to [0, 1], this
means that given xg, x; € X, we have a map ¢ : 07 — X such that ¢(1,0) = xo
and ¢(0,1) = x1.

We turn our attention to the following portion of the singular chain complex of
X

51(X) ~% So(X) — 0.
As usual, we have Zy(X) = So(X). As noted earlier, singular 0-simplices can be

identified with points of X. Thus, So(X) can be thought of as the free abelian
group on points of X. Thus, an element of Sy(X) has the form

Y nyex

where 1, = 0 for all but finitely many x.
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On the other hand, S;(X) can be thought of as the free group on the set of all
paths in X. Given a singular 1-simplex ¢, we see that dy¢ is the constant function
mapping to ¢(0,1) € X and 0;¢ is the constant function mapping to ¢(1,0) € X.

Having identified the constant functions with points, we get
39 = §(0,1) — $(1,0) € Zo(X) = So(X).

Now, we define & : So(X) — Z as

a (Y ne-x) =) ny

(As noted earlier, the sum is finite.)

Now, note that « is surjective. (Our spaces are always nonempty.)

Moreover, if ¢ € By(X) is of the form ¢ = d¢ for some singular 1-simplex in X,
then we have

a(c) =w(dp) =a(l-¢(0,1) —1-¢(1,0)) =1-1=0.

Thus, ¢ € kera. Since By(X) is generated by elements of the form d¢, we see
that By(X) C kera.

We now show the reverse containment. Let ¢ € kera C So(X). Then,
C=MnMX1+ -+ ngXg

with Y n; = 0.

Now, fix any xo € X. Note that for any x;, there exists a singular 1-simplex ¢;
such that ¢;(1,0) = xp and ¢;(0,1) = x;. (Here is where we are using that X is
path-connected.)

Consider the singular 1-chain ) n;¢; € 51(X). We see that

0 (Znicpi) = Zni(xi —xg) =c— (Zni) X = C.
Thus, ¢ € 9(51(X)) = By(X). This shows that By(X) = kera.
By the first isomorphism theorem of groups, we see that

Z%SO(X)/kerzx:Zo(X)/Bo(X) :H()(X) O
We now recall the definition of a weak direct sum and set some notation.

Definition 9.27 (Direct sum). Let A be a set and suppose that for eacha € A, G,
is an abelian group. Define an abelian group ), 4 Ga as follows: the elements

are all functions
f:A— U Gy
acA

such that f(«) € G, forall w and f(«) = 0 € G, for all but finitely many «.
The group operation is defined by setting (f + ¢)(«) = f(a) + g(«). This group
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is called the direct sum of the groups G.
We may also describe a function “as a sequence” by as follows: We set g, =
f(a) € Gy and write

f=(gu:a€A)
and call the g, the component of f.

Note thatif H, < G, foreach a, then ) H, < ) G, in the natural way. Moreover,

we have
> (Ge/Ha) = (3 Go) / (Y Ha) -

A simple application of the first isomorphism theorem (for groups) proves the
above isomorphism.

Note that if G is an abelian group and {Gg }4c4 is a family of subgroups of G
with the property that every ¢ € G can be written as

g=) & withg, € Gy

k€A
with g, = 0 for all but finitely many « in a unique way, then G is isomorphic to
ZQGAIEW

The isomorphism is the natural one. Define ® : G — }_,. 4 G, as follows: given
g € G, consider its representation }_ g, and define ®(g) : A — Uzeca Ga by

D(g)(#) = ga-
By assumption of uniqueness and finiteness, we see that ® is well defined. It
follows from definition of the direct sum that ® is a homomorphism.
Itis surjective, since givenany f € Y, . 4 Gy, wemaydefineg =Y 4 f(a) € G.
Then, we have ®(g) = f.
Moreover, if ®(g) = ®(g’), we may first represent g and g’ as sums of elements
of G,. Equality of the functions ®(g) and ®(g’) then forces each g, and g/, to be
equal.

Definition 9.28. Let A be a set and suppose that for each x € A, we have a chain
complex C*

9" 0" 9"
e —=C—Cy —.
We then define a chain complex . 4 C* where the p-th component is given as

(Ze) -5

aEA aEA

(The group on the right is the direct sum as defined earlier.)

The boundary operator is defined in the natural way as

g€ A) = ("cy:x € A).
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Lemma 9.29. Hy (Y, C*) = Y, Hy(C") for all k € Z.

Proof. First we fix a k € Z. Then, by the above definition of the chain complex,
it is clear that

Zi ()_C%) =) (Z(C*)) and By (}_C*) =) (Bi(CY)).

Thus, we get

Hi () C%) /B,< (). cY
/ (3 (Be(CY)))

Z
Y (Zk /Bk (C€Y))
> Hi

||2

]

Proposition 9.30 (Homology as direct sum of path components). If X is a space
and {X, : « € A} are the path-components of X, then

X) = 2 Hk(sz)

nEA

forallk € Z.

Proof. For k < 0, both groups are the trivial group. Fix k > 0. We define a
homomorphism
Y ) Se(Xa) = Sk(X).
x€EA

This is done in the natural manner. Intuitively, any element of the left group is
an A-tuple with each component being a singular k-chain in X, (where all but
finitely many chains are 0). All of these can be summed in the group Si(X). This
is what we do. That is,

(Lo o)) - (Zoen)

It is easy to see that ¥(a) = 0 <= a = 0, using the fact that all the groups
involved are free. Thus, we get that ¥ is an injection.

Surjection is also simple to prove. Given any k-simplex ¢ in X, the image ¢ (oy)
is path-connected and thus, is contained in some X,. Thus, ¢ = ¥(¢,) for some
(unique) k-simplex ¢, in X,. Since Si(X) is generated by k-simplices, it is shown
that ¥ is an isomorphism.



§9 Singular Homology Theory 117

This way, we get a isomorphism for all k. In fact, this ¥ “commutes” with d
which gives us that ¥ is in fact a chain map between the complexes S.(X) and
Y S«(Xy) which is an isomorphism. This gives us that

Hy(X) = Hy (2 S*(th)) :

xC€A
By Lemma 9.29, the proposition now follows. O

In view of the above proposition, we see that we may now restrict our attention
to studying path-connected spaces. By Proposition 9.26 and Proposition 9.30, it
follows that Hy(X) is a free abelian group whose basis is in one-to-one corre-
spondence with the path-connected components of X.

Theorem 9.31. If X C R" is convex, then

forall p > 0.

Note that we already know Hy(X) = Z since convex spaces are path-connected.

Proof. The idea will be to construct a homomorphism T : Sg(X) — Skiq(X)
such that 9T + T9 is the identity homomorphism on Sk (X) whenever k > 1.
From this, it will follow that d(Tz) = z whenever dz = 0; in other words, we
will get By (X) = Zx(X).

Fix x € X. Let ¢, be a singular p-simplex in X, p > 0. Define a singular (p + 1)-
simplex 6 : 0,11 — X as

t tp+1
1-—t¢ —_— ., T t fort 1,
( o)¢(1_t0 1—t0)+ ox forty <

X fortg = 1.

The above function is well-defined by assumption of convexity of X.

The continuity of 8 at points having tg # 1 is clear. Thus, we only need to check
continuity at (1,0, ...,0). To do this end, we show that

li 0(tog,...,t — x| =0.
tim, [9(t0, ..., £p11) = x|

Using the definition, we get, for to # 1 :

51 tp+1
1—t¢ tox —
H( O)¢(1—t0’ ,1_t0)+ox X
tl tp+1
= (1—t — ... -
(1) ‘4)(1—150' '1—f0) xH

< {1=h) (H¢ (1 ilf(J" o 1tf’_+20) H i Hx”)
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Note that || x| is constant and ¢(c7) is bounded, being compact. Thus, the term
in the parenthesis is bounded independent of anything else. Letting ty — 1
gives the result.

Defining T(¢) = 6, we get a function from the set of singular p-simplices to
the set of singular (p + 1)-simplices. Moreover, note that dy(6) = ¢. Since this
construction is valid for any p > 1, we get a homomorphism

T:5,(X)— 5p+1(X)-
Moreover, this satisfies dg o T = id. Now, if i > 1 and fy # 1, then we have
ai(T((P))(to, ey, tp) = T((P) (t(),. .o, tiz1,0,t,..., tp)

ty ti1 t; tp
=(1—-t¢ PR 0 P t
( 0)‘P(1_t0 - + fox

to’ "1 —tg "1—tg

= (1= 03a(9) (T 2 ) + o

- T(ai—l((P))(tO/ SRR tp)'

Thus, we get that
djoT =To0,;_1,

for1 < i < p+1. (For ty = 1, the equality is checked separately or can be
argued by continuity.)

Now, let ¢ be an arbitrary singular p-simplex. We compute dT¢ + To¢ as fol-
lows:

p+1 4 )
AT + T = Z )0, T+ T (Z(—Wa@)
= > T is a homomorphism
p+1
=T + Z )10;Te + Z 1)/'To;¢
p+1 p+1
>aioT: Tood;_ 1

=¢

With this, we have achieved what we wanted. Indeed, let ¢ € Z;(X) for k > 1.
Then, we have dc = 0. This gives us that

¢ =0dTc+ Toc = 9(Tc) € Br(X),
proving H(X) = 0. O

The construction of T above motivates a more general definition.
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Proposition 9.32. Suppose C = (C;,9) and C' = (C/,d’) are chain complexes
and
T:C—C

is a homomorphism of graded groups of degree 1 (but not necessarily a chain
map). Then, consider the homomorphism

IT+To:C— C

of degree 0. This homomorphism will be a chain map.

Moreover, the induced homomorphism (0'T + T9), will be the zero homomor-
phism.

Proof. First we show that it is indeed a chain map. Observe
o' (3'T +T0) = 9?T +9'Td = 'Td = 9'Td+ Tao = (3'T + T9)a.
Just to recall, given a chain map ® : C — C’, the induced homomorphism
®, : Hy(C) — Hp(C') is defined as
®.(z+ By(C)) = ®(z) + B,(C'),
forz € Z,(C).
Thus, to show that (0'T 4 T9). is a zero homomorphism, it suffices to show that
(0'T+T9)(z) € B,(C')
for each z € Z,(C).
This is simple because z € Z,(C) implies that d(z) = 0. Thus, we get
(0'T+T9)(z) = 9'(T(z)) € B,(C'). O

Definition 9.33 (Chain homotopic maps). Two chain maps f, ¢ : C — C’ are said
to be chain homotopic if there exists a homomorphism T : C — C’ of degree 1
such that

IT+To=f—g.

Moreover, T is said to be a chain homotopy between f and g.

Proposition 9.34. If f and g are chain homotopic chain maps, then f. = g, as
homomorphisms from H,(C) to H.(C").

Proof. fu — g« = (f —g)« = (0'T + T9). = 0, where T is any chain homotopy
between f and g. O
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Lemma 9.35. Let X be a space and go x,g1,x : X — X X I be the maps defined
as

go0,x(x) :==(x,0) and g1 x(x):= (x1).

Then, the corresponding chain maps go x# and g1 x# are chain homotopic.

Proof. First, we recall the standard n-simplex 0, C R"*!. Let 7, € S, (0;;) denote
the singular n-simplex in ¢, represented by the identity map id,,. Now, given
any singular n-simplex ¢ : 0, — X, we get an induced homomorphism

gb# : Sn(O'n) — Sn(X)

Moreover, this has the property that ¢x(7,) = ¢.

We now construct a chain homotopy T between g x# and g1 x# inductively on
the dimension of the chain group. We do the inductive step first. Suppose that
n > 0 and for all spaces X and integers i < n there is a homomorphism

Tx : SZ(X) — Si+1(X X I)
such that 0Tx + Tx0 = go,x# — g1,x#- (We do not write dx or dx since that is
clear from context.)

Assume further that the above is natural in the sense that given any map h :
X — W, we have the commutativity of the following diagram for all i < n.

Si(X) — Xy S (X X I)

)
h#l l(hXidI)#

Si(W) — 1 S;(W x I)

Now, we wish to define T on S,(X). To do so, it is sufficient to define T on
singular n-simplices in X. Let ¢ : 0;, — X be a singular n-simplex. Recall that
we had shown ¢y(1,) = ¢. Thus, naturality would force

Tx(¢) = Tx(Ps(tn)) = (¢ x id1)#(To, (Tn))- (%)

To this end, we define Ty, : Sy(0n) — Syt1(0n x I) and then define Tx for an
arbitrary space X by (x).

Let d be a singular n-simplex in ¢,. Then, dd € S,_1(0,) makes sense since
n > 0. Moreover, T,, (dd) € S, (0, x I) is defined, by the inductive hypothesis.
Thus, we may construct ¢ € S, (0, x I) as

€= gO/Un#(d) o gl/Un#(d) - TUn (ad)
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Also, recall that, by the inductive hypothesis, we have

aT(Tn + Tana = 80,00# — 1,04 (%)

Moreover, we note that

Jdc = ago,gn#(d) — agl,gn#(d) — aTgn(ad)
= 80,0,#(0d) — 81,0,#(9d) — 9Ty, (3d) Q *)
= 80,0,#(9d) — §1,0,#(9d) — [80,0,#(9d) — §1,0,#(9d) — T(,,0(0d)]
= T(9%d)
=0.

Q gus are chain maps

) =0

Thus, we see that c is an n-cycle in 0, X I. However, note that ;, X I C R"+2 ig
convex. Thus, by Theorem 9.31, we see that there exists b € S, 1(0, x I) such
that db = c. Fix any such b and define

Tan(d) =be Sn+1(0n X I)

Since d was an arbitrary singular n-simplex in ¢, we get a homomorphism
extending to above which is the desired homomorphism (of degree 1)

Tg‘” . Sn(o-n) —> Sn+1 (O'n X I)
Moreover, we observe that

dT(d) + Ta(d) = db + Ta(d)

=c+ Ta(d)

= 80,0,#(d) — §1,0,#(d) — T(9d) + To(d)
= 80,0,#(d) — 81,0,,(d).

Since the above is true for all generators d, we see that

0T 4+ T0 = 0,0, — 1,04

Finally, for an arbitrary singular n-simplex ¢ : 0, — X, we define
Tx(¢) := (¢ x id1)#(Te, (Ta))-
Defined on the basis elements, the above extends uniquely to a homomorphism

Tx : Sn(X) — Sn+1(X X I).

Before checking the chain homotopy property, we note that

Six#(P) = gixups(Tn) = (¢ x idp)u(8io,#(Tn)),

for i = 0,1. The above fact can be checked directly by evaluating the left and
right sides at (fg,...,tn) € On.
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Now, given an arbitrary singular n-simplex ¢, we note that

dTx(¢) + Tx(9¢) = (¢ x id1)#(To, (Tn)) + TxOP#(Tn) > property of chain maps
— (¢ x id1)4d(Ts, (Ta)) + Txsd(Ty) ) 7 it
= (¢ x id[)#0Ty, () + (P4 x id;) Ty, 0(Th)
= (¢ xid))4 9Tz, (tn) + T,,0(Tu))
= (¢ x id1)#(80,0#(Tn) — &1,0,#(Tu))
= go,x#(¢) — &1, x#(¢)-

by induction

> by the previous fact
Thus, we get

0Tx + Tx0 = go,x# — S1,X#s

Similarly, we prove the suitable naturality. Let 4 : X — W be a map and ¢ :
0n — X be a singular n-simplex. Then, we have

(h xidp)#Tx(¢) = (h x idy) o Tx(¢p)
= (h xidp) o (¢ x id)#(Te, (Ta)))
= (hxidy) o ((¢ x id}) o (Te,, (Tn)))
(h xidy) o (¢ x idy)) o (Te, (Tu))
= ((ho¢) xid;) o (T, (Tu))
= ((ho¢) xid)#(Ts, (Tu))
= Twhy(¢)

This shows that the inductive process can be carried. Now, we just need to
do the construction for n = 0. Recall that oy is a point and consider the chain
¢ € So(op x I) given by

c:= golo'n#(TO) - gl,an#(TO)'

By what we had seen in the proof of Proposition 9.26, we see that there exists
a singular 1-simplex b in 0y x I such that db = c. Fix any such b and define
To,(T0) = b. This defines T on 0-chains by the same technique and we are done.

O

Theorem 9.36. If fj, fi : X — Y are homotopic maps, then fy. = f1, as homo-
morphisms from H,(X) to H.(Y).

Proof. By Proposition 9.34, it suffices to show that fo4, f1# : S«(X) — S« (Y) are
chain homotopic. Let
F:XxI—=Y
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be a homotopy from fj to f;. As before, we define g, g1 : X —+ X X I by

go(x) == (x,0) and g1(x):=(x,1).

Note that fp = F o gp and f; = F o g;. By the previous lemma, go# and g4 are
chain homotopic. Let
T:S.(X) = S«(X x1I)

be a chain homotopy. That is,
0T 4+ TO = go# — S1#-
Applying Fy : S, (X x I) — S(Y) on both sides gives us
F¢(oT + T9) = Fy(go# — S1#)

or
a(F#T) + (F#T)a = fo# — fl#-
Thus, F4T is a chain homotopy between fo4 and f14, proving the theorem. [

Proposition 9.37 (Homology is a homotopy invariant). If f : X — Y is a ho-
motopy equivalence, then f, : H,(X) — H,(Y) is an isomorphism for each
n.

Proof. Let f' : Y — X be such that ff’ ~ idy and f'f ~ idx . Then, we have, by
the previous theorem that

feofi=(idy). and fiof. = (idx)..

However, (idy) is just idy, () and similarly for (idx).. This gives us that f.
and f] are inverse homomorphisms and thus, f is an isomorphism. O

Definition 9.38 (Deformation retract). Suppose thati : A — X is the inclusion
map between spaces A C X. Amap ¢ : X — A such thatiog = idy and
goi ~ idy is called a deformation retraction and A is called a deformation retract
of X.

Note that i acts as a homotopy equivalence and we get that A and X homo-
topically equivalent. Note that this is stronger than the notion of a retract. For
example, if we consider X = S'and A C X to be the singleton, then the constant
map r : X — A is a retraction but not a deformation retraction.

Corollary 9.39. If i : A — X is the inclusion of a retract A of X, then
ix : Hi(A) — H.(X) is a monomorphism onto a direct summand. If A is a
deformation retract of X, then i, is an isomorphism.

By “onto a direct summand,” we mean that H.(X) = imi. & G for some sub-
group G < H,(X).
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Proof. For the second statement: note that 7 is then a homotopy equivalence and
thus, the statement follows from the previous proposition.

For the first statement: let ¢ : X — A be a retraction. Then, gi = id4 and hence
g« olx = (idp), =idp, (4)-

Thus, i, is a monomorphism. We now prove the “direct summand” part.

Just to have a clear picture, note that we have the maps as following;:

H.(A) -5 Ho(X) 55 H(A)

Define G; := imi, and G, := ker g.. These are subgroups of H,(X). We show
that H.(X) = Gy @ G,. First, we show that the intersection of G; and G; is
trivial. Indeed, let z € G; N Gy. Then, g.(z) = 0 and there exists y € H.(A)
such that i, (y) = z. Thus,

8+ (y) = 8+(2) = 0.

But the leftmost side is just idg, (4)(y) = y. Thus, y = 0 and hence, z = i.(y) =
0.

Now, let x € H,(X) be arbitrary. Then, x —i.g.(x) € Gy. To see this, note that

G (X — 148 (X)) = g (x) — s (g (x))
= gx(x) — g«(x)
= 0.

Thus,
X = guia (%) + (¥ — 1184 (%))
shows that x € G| & Go. O

§89.3. The Mayer-Vietoris sequence

Definition 9.40 (Exact). A triple C L> D -£5 E of abelian groups and homo-

morphisms is exact if im f = ker g. A sequence of abelian groups and homo-
morphisms
h

f2 f3

>G1 >G2 ‘Gg w °oc

is said to be exact if each triple is exact. An exact sequence of the form

o

f g

0 —C—D—E—0

is called short exact.
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Note that the above short exact sequence implies that f is injective and g is sur-
jective. By injectivity of f, we may identify C with its image C' C D. Moreover,
C" = ker g and thus, the surjectivity of ¢ implies E = D/C’. Thus, the above
exact sequence is the “same” as

i

0 c D D/C—s0.

Similarly, & : G; = G is an isomorphism iff

0— Gy —

> G2 > 0
s exact.

Suppose now that C = (C,), D = (D,,), and E = (E,) are chain complexes and

f g

0 s C s D s E >0

is a short exact sequence where f and g are chain maps of degree 0. Thus, for
each p, we get an associated triple of groups

H,(C) L H,(D) 25 H,(E).

Note that this is an exact sequence.

We wish to see how much the above deviates from being a short exact sequence.
Before giving the precise theorem, let us make some observations. First, we
visualise that we have an infinite diagram in which the rows are short exact
sequences and each square is commutative.

+ NE <
fn+1 8n+1
_—

J P )

0 > Cp, S s D, & s E, > 0
3 3 )
{ i 1 - 1
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Suppose e € Z(E,) < E,, thatis, de = 0. Since g, is surjective, there exists
d € D, such that g,,(d) = e. Now, note that

9n-1(0d) = 9g,(d) = de = 0.

Thus, od € ker g,_1. By exactness of the bottommost row above, we get that
there exists ¢ € C,,_1 such that f,,_1(c) = 0d. Moreover, we note that

fu—2(9c) =dfy_1(c) = 9*d = 0.
Since f,,_p is injective, we see that dc = 0 or thatc € Z,_1(C).
Using the above, we would wish to get a map Z,(E) — Z,_1(C). However, the

correspondence e — ¢ depends on arbitrary choices. (Namely, d and ¢ chosen

were arbitrary.) However, we now show that we do get a well defined map
H,(E) = H,_1(C).

Before that, we make a general definition.

Definition 9.41 (Homologous cycles). Given a chain complex A = (A;,) and
elements a,a’ € Z,(A) for some n, we say that a and a’ are homologous if there
exists @ € A, 1 such thata —a’ = da.

Thus, homologous elements represent the same class in H,(A). Now, going
back to the same notations as before the definition, we shall prove the following.

Proposition 9.42. Supposee, ¢’ € Z(E,),d,d’ € Dy, andc,c’ € Z,_1(C) are such
that:

e ¢cand ¢ are homologous,
e g4(d) =eand g,(d") = ¢, and
* fu-1(c) =odand f,_1(c') = od’".

Then, ¢ and ¢’ are homologous.

Note that, by our earlier observations, given any e, ¢’ € Z(E,), the existence of
d,d,c, c is known.

Proof. Leté € E, 11 be such thate — ¢’ € dé. )
By surjectivity of g,+1, we can find d € D,,;1 such that g,+1(d) = €. Then,

e—e =0¢

= 0gnt1(d)
- gn(a‘{)-
Thus, we get that
gn(d—d —od) =e—e — g,(0d)
—e—e —(e—¢)
=0,
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showing that d — d’ — ad € ker g,. By exactness of the middle row of the last
diagram, we get that 3
d—d —od = f,(¢),

for some ¢ € C,. Now, note that

fa1(22) = 3fu(2)
=9(d—d —od)
=9o(d—d)—o*d
= ad — od'
= fu-1(c) = fu-1(c)
= fa1(c—¢).

Injectivity of f,,_1 forces that 9¢ = ¢ — ¢/, proving that c and ¢’ are homologous.
[

Thus, we see that we see that the map

is well-defined.

Definition 9.43 (Connecting homomorphism). The homomorphism above is
denoted by A : H,(E) — H,_1(C) and called the connecting homomorphism for
the short exact sequence

0 —C—D—E-—0.

Theorem 9.44. If0 — C 25 D 55 E — 0is a short exact sequence of chain
complexes and degree 0 maps, then the sequence

L Hy(D) 25 Hu(E) 25 H,_1(C) 25 Hy_i(D) 25 -

is exact.

Proof. Checking for triples of the form

Hy(C) L5 H,(D) 5 H,(E)

is simple and is left as an exercise.

Now we show that the following triple is exact for each n.
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Hq(D) %% Hy(E) -+ H,-1(C)

We wish to show: im g, = ker A.

(C)Lete €img, C Hy(E).

Letd € H,(D) be such that g.(d) = é.

Lete € Z,(E),d € Zy(D) be alifts of ¢ and d.

Thus, 9d = 0. Hence, dd = f,,_1(0). (Where 0 € Z,,_1(C).)
Thus, A¢ = 0 and hence, & € ker A, as desired.

(D) Suppose € € ker A.

Then, e = g,_1(d) for some d € D, with dd = f,,_1(c) for some c € Z,,_1(C).
We have Aé = ¢. However, Aé = 0.

Thus,é =0orc € B,_1(C) or ¢ = d¢ for some ¢ € C,.

Now, note that
3d = fo1(c) = fu1(38) = 3fu(c)
or
3(d — fulc)) =0

giving us that d’ := d — f,,(c) € Z,(D) and thus, g.(d’) makes sense. Now, note
that

Now we show that the following triple is exact for each n.

Hy(E) -5 H,_1(C) 2 H,_1(D)

We wish to show: im A = ker f..

(C) Let¢ € im A. Then, ¢ = Aé for some ¢ € H,(E). Pick any lifte € Z,(E) of é.
There exists a lift c € Z,_1(C) of ¢ and d € D,, such thate = ¢,(d) and od =
f(c). Then, we have

f+(€) = fu-1(c) + By-1(D)
_ 3d + B, 1(D)
= Bn—l(D) =0

and hence, ¢ € ker f..
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(D) Let¢ € ker frand letc € Z,,_1(C) be alift of ¢. Thus, f.(¢) =0or f,_1(c) €
Bn—l(D)'

Thus, f,—1(c) = od for some d € D,. Setting e := g,(e) shows that Ae = ¢ €
im A, as desired. O

Proposition 9.45. The construction of the connecting homomorphism is suit-
ably natural. That is, if

0 > C f > D g > E > 0
la lﬁ ‘/’Y (*)
0 > C’ —— D’ — E/ > 0
f g

is a diagram of chain complexes and zero degree maps in which the rows are
exact and the rectangles are commutative, then commutativity holds in each
rectangle of the following associated diagram.

. —— Hy(D) -~ H,(E) —2%— H, 1(C) —“— H,_1(D) — ---

lﬁ* l l lﬁ*

- —— H,(D') —— Hy(E') —— H, 1(C') —— H, (D) —— ---

/ /
A *

Proof. Clearly, only commutativity of the middle rectangle has to be checked.
(The others follow from functoriality.)

Leté € H,(E) be arbitrary. Let ¢ := Ae € H,,_1(C).
As usual, lete € Z,(E) be alift of ¢and ¢ € Z,,_1(C) of ¢ such that there exists
d € D, with the property

gn(d) =e, 9d = fr1(c).

Now, we look at the element a(c) € C/,_;. Then, f, ,(a(c)) € D/,_;.
By commutativity of the left rectangle in (*), we have

fua(a(c)) = B(fu-1(c)) € D) 4.
However, f,,_1(c) = dd and B is a chain map. Thus, we get
B(fu-1(c)) = B(9d) = 9(B(d)).

Now, consider the element d' := B(d) € D,. We have that g;,(8(d)) € E,. By
commutativity of the right rectangle in (x), we have

gn(B(d)) =v(gn(d)) € Ey..
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Recall that g,,(d) = e. Lete’ := v(gn(d)) = v(e) € E},.
Since e € Z,(E) and 7 is a chain map, we see that ¢’ € Z,(E’). From our above
constructions, we see that:

¢ € Z,(E),d € Dy,and ¢’ € Z,,_1(C) satisfy
od' = f, 4(c'), gu(d)=¢"

This shows that A’ (?) = ¢/. However, we have ¢/ = 7, () and

¢ = a,(C) = i (AE).

Thus, we have shown
N (7.(€)) = ax(A(2)),
as desired. O

Now, we “recall” some definitions.
4

Definition 9.46. Let X be a topological space.

For A C X, int A denotes the largest open set contained in A, called the interior
of A. It is the union of all the open sets contained in A.

intl :={intU : U € U}.
A collection U of subsets of X is said to be a covering of X if

Xc |Ju
Uel

We will be interested in those collections U for which int{ is a covering of X.

Definition 9.47. For U any covering of X, denote by S (X) the subgroup of
Su(X) generated by the singular n-simplices ¢ : 0, — X for which ¢(0y,) is
contained entirely is some U € U.
Note that for each 0 < i < n, we have

image d;¢ C image ¢.
Thus, the total boundary operator restricts to a map as

d:S4(X) — sY [(X).

Thus, associated with any cover U, we get a chain complex S¥(X) and the nat-
ural inclusion
ix : SY(X) = 5.(X)
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is a chain map. (When X is clear from context, we simply write i.)

Proposition 9.48. If V is a covering of Y and f : X — Y is a map such that for
each U € U, there exists V € V such that f(U) C V, then there is a chain map

fi: S4(X) = SX(Y)

and f# o iX = iy Of#.

The check is simple. (The fy on the left is the map S.(X) — S«(Y).) One only
needs to see that fz : S¥(X) — SY(Y) makes sense. Which it does because if
¢(0n) C U for some U € U, then (fo¢)(c,) C f(U) C V for some V € V by
assumption on f.

Theorem 9.49. If U/ is a family of subsets of X such that inti{ is a covering of X,
then
iv : Hy(S4(X)) — Hy(X)

is an isomorphism for each n.

Let us consider the case where Y = {U, V} with intU UintV = X. Fixn > 0.
Let A’ be the set of all singular n-simplices in U and A” of all in V. Recalling the
definitions of S,,(—), we see that

Sa(U) = F(A"),  Su(V) = F(A"),
S,(UNV)=FA'NnA"), S4(X)=FAUA").
(As usual, F(x) denotes the free group on x.)
Note that we have a natural homomorphism
h:F(AYe F(A") - F(AUA")
defined as
h(aj,af) = a; +aj.

Moreover, this is a surjection since any formal sum of elements of A"UA" can
be separated into individual sums (possibly in multiple ways). On the other
hand, there is a homomorphism

g:F(A'NA") = F(A")® F(A")

defined as

g(b;) = (bi, —b;).

Clearly g is injective. Moreover, h o g = 0. Thus, im g C ker h. We now show the
other inclusion.
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Consider an arbitrary element of ker k. It is of the form <2 nia;, Y, m;ay > such

J
that
Y nja;+ Zm]-a}' =0.
Now, for each n; # 0, we must have that a; = a;’ for some j and n; = —m;.
(Since we wish to get a 0 in a free group.)

Thus, for each such i, we get that a; € A’ N A” and similarly for each j such that
m; # 0. Thus, we get that

x=Y ma;=)_ na e AANA",
nﬁéO

(Z niaf,ija;'> = (x, —x).

and

Clearly, we have

g(x) = <Z n;al, Zm]-a;-’> ,
showing that ker i C im ¢ and in turn, proving equality.

Thus, we get a short exact sequence as follows:
0— F(A'NA") 55 F(A) e F(A") 15 F(A'UA") — 0.
Rewriting, we get a short exact sequence as follows:
0 — Su(UNV) =55 S, (U) ® Su(V) — SY(X) —> 0.

Now, we define a new chain complex S.(U) @& S«(V) in the natural way by
setting the n-th group to be S,(U) @ S, (V) with the boundary operator being
the boundary operator on each component. With this, we get an exact sequence
of chain complexes and degree zero chain maps as follows:

0— S (UNV) 55 . (U) @ S, (V) L5 s4(X) — 0.
By Theorem 9.44, there is associated a long exact sequence of homology groups,
A HLUNV) B Hy (S (U) @S.(V)) L5 Hy(SY(X)) 25 Hyy(UNV) £

Now, note that by our definition of component-wise boundary operator for the
chain S, (U) & S«(V), we see that

H,(S«(U) ®S«(V)) = Hy(U) ® Hy (V).

Moreover, by Theorem 9.49, we see that

Hq(8¥(X)) = Ha(X).

Also, note that the above isomorphisms are the natural ones. Thus, we get the
following sequence.
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Definition 9.50 (Mayer-Vietoris sequence). Incorporating the aforementioned
isomorphisms in the above long sequence, we get the following long exact se-
quence.

A H,(UNV) S Hy(U) @ Ho(V) 225 Hy(X) S H, o (UNV) 25

This is called the Mayer-Vietoris sequence.
Moreover, the Mayer-Vietoris is suitably natural in the following sense.

Proposition 9.51 (Naturality of Mayer-Vietoris). If X’ is a space with U, V' C X
such that intU’' Uint V' = X/, and f : X — X’ is a map for which f(U) c U’
and f(V) C V/, then commutativity holds in each rectangle of the diagram.

Ha(UNV) =5 Hy(U) @ He(V) 2 Hy(X) —25 H,_,(UNV)

f*h f*@f*h kﬂ k

Ha(UNV) —— Hy(U) ® Ho(V) —— Hu(X) —— H, 1 (UNV)
8x o

N

uuv =X

NA

the respective inclusion, then g.(x) = (ix(x), —j«(x)) and h.(y,z) = k«(y) +

L(z).

The connecting homomorphism A may be interpreted as follows: let @ € H, (X).

By Theorem 9.49, H,(S¥ (X)) — Hy(X). Let @' € H,(SY(X)) be the corre-
[

Now, if we define by

sponding element (i.e., i; ! (@)). Then, this w’ can be represented as ¢ + d for
chains c € S, (U) and d € S, (V). (This was the surjectivity of /.)

Then, A@ is represented by the cycle dc, i.e., Aw = dc.
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Example 9.2 (Homology groups of the circle). Let us now compute the homol-
ogy groups of S'.

Note that Hy(S') = Z directly follows from Proposition 9.26 since S! is path-
connected.

Let X = S! and let z,z’ be the poles and let x,y be points on the equator as
shown in the figure.

z/ d

Let U = S'\ {z’} and V = S'\ {z’}. Then, in the associated Mayer-Vietoris
sequence, we have

Hy (U) @ Hi(V) 225 Hy(SY) -2 Ho(UNV) 25 Ho(U) @ Ho(V).

Since U and V are contractible, they are homotopic to the point. Thus, by Exam-
ple 9.1, we know that Hy(U) = 0 = H; (V). (We are also using that Homology
is a homotopy invariant.)

=~

Thus, ker A = imh, = 0 and hence, A is a monomorphism. Thus, H;(S1)
im A = ker g..

Let us now look at Hyo(U N V). Note that UNV = S!\ {z,z'} has exactly two
path components, say, L and R. (The “left” and “right” arcs.) Then, by Proposi-
tion 9.30, we have that

H()(U N V) = H()(L) ©® H()(R) =Z+7Z,

where the last isomorphism follows from Proposition 9.26.

From the proof of Proposition 9.26, we see that an element of Hy(U N V') can be
written as ax + by, where a and b are integers. We now determine ker g.. We
have

g« (ax + by) = (ix(ax + by), —j. (ax + by)).

Now, ix(ax +by) € Ho(U) is zero iff a = —b. (This is because i, (x) = i.(y) since
x =y in Ho(U).)
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A similar observation holds for j. as well. Thus, we see that

g«(ax+by) =0 <= a= —D.

Thus, ker g, = (x — y) = Z. Hence, we get

Hy (s = z.

We may geometrically give a generator of H;(S!). Consider the chains ¢ and d
in U and V as shown in the figure. Then, we have

dc =x —y = —od.

Thus, w = c + d represents a generator, as desired.

Now, for n > 1 an integer, consider the following portion of the associated
Mayer-Vietoris sequence.

H,(U) @ Hy(V) 22 Hy(S') 2 H,_,(UNV)

Both the end-terms of the sequence are 0. Thus, H,(S') 2 0. (Because the map

H,(SY) 2, 0 must have kernel as H,, (S1) but we know that the kernel is trivial,
being the image of the trivial map h..)

Thus, we get

Z ne{0,1},
0 otherwise.

H,(S') = {

Exercise 9.1. Suppose n > 1. Show that S" ! is a deformation retract of R" \ {0}.

Solution. For easy notation, put X = R" \ {0}.
Define g : X — S" las
X

g(x) = W

Leti: S""! < X be the usual inclusion. Clearly, g oi = id g1 .

Now, to see that i o ¢ ~ idx, define the homotopy H : X x [ — X as

Hix, t) = ((1 g i) .

(|
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One can check that the above map works as a homotopy between idx and g o
il O

Example 9.3. Let us now compute the homology groups of S” for n > 1.

As earlier, let z,z’ € S" be the poles, i.e.,
z=(0,...,0,1), 2 =(0,...,0,—1).

(There are n Os at the start.)

As earlier, let U = $"\ {z/} and V = §" \ {z}.
Then, we have UNV = §"\ {z,2'}.

Now, consider the following portion.

Hyy(U) ® Hn(V) 225 Hyp(S") 25 Hyp y(UN V) 25 Hyoy(U) ® Hyq (V)

Note the following;:
e U and V are homeomorphic to R”,

e UNV is homeomorphic to R" \ {0} and in turn, homotopic equivalent to
S"~1, by the earlier exercise.

Thus, the above chain becomes:

Hyy (R™) @ Hyy (R™) 255 Hyy(S") 25 Hypo1(S"Y) 25 Hyp 1 (R") @ Hyq (R™).

Note that R"” is contractible and thus, if m > 1, then the end terms are 0 and
hence, A is an isomorphism. Thus, we get

H,(S") = H,,_1(S" 1)

foralln > 1and m > 1.

If m = 1, then the chain becomes

0 5 Hy (") 25 Hy(UNV) =5 Ho(U) @ Ho(V)

Since n > 1, UNV is path connected and thus, the inclusions i, and j, are
injective. Thus, g« is a monomorphism. Thus, im A = ker g, = 0.

But im /1, = 0 and thus, A is a monomorphism. This gives us that H;(5") = 0
forn > 1.

!Note to check that the map actually maps into X. That is, it never takes the value 0.
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Thus, we get:
Z m=0,n>1
H,,(S") =
m(S") 0 m=1n>1

Hy (8" Y m>1,n>1

Using the recurrence relation, we get the following result.

Theorem 9.52 (Homology groups of the spheres). Let n > 1. Then,

n _ JZ pe{0n},
Hp<s>_{0 oy

Corollary 9.53. If n,m > 0, then S" and S™ are homotopic iff n = m. In particu-
lar, they are homeomorphic iff n = m.

Corollary 9.54 (Invariance of dimension). If n,m > 0, then R" and R are
homeomorphic iff n = m.

Proof. Only the = has to be shown. To this end, assume that R" and R"
are homeomorphic. Clearly, if n or m is 0, then so is the other one since the
cardinalities of R" and IR must be equal.

Now, suppose thatn,m > 1. Let f : R” — R be a homeomorphism. Then, R" \
{0} and R™ \ {f(0)} are homeomorphic. The latter is in turn, homeomorphic

to R™\ {0}.

Thus, R" \ {0} and R™ \ {0} are homeomorphic.
However, the former deformation retracts to $"~! and the latter to S 1. By
Corollary 9.53, this is possible iff n — 1 = m — 1, proving the result. O

Remark. Note that R"” and R are homotopic for all n,m > 0 (since they are both
contractible and homotopic to a point).

Corollary 9.55. There is no retraction of D" onto S"~1.

Proof. Leti: S"~1 < D" be the usual inclusion. We show that there is no map
r: D" — S" lsuch thatroi =idgs1.

Forn = 1, itis clear since D! is connected but S” is not. Assume 1 > 2. Existence
of such an r gives us the following diagram of groups and homomorphisms.
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Hy (Sn_l) % Hp1 (Dn)
kr*
id
Hn—l (Sn—l)

However, H, 1(D") = 0 by Theorem 9.31 (since n — 1 > 0) but H,_1(S" 1)
Z. by Theorem 9.52, a contradiction.

O

The above generalises Theorem 3.11. We had then proven the Special Brouwer
Fixed Theorem. An identical proof using the above corollary proves the general
version which we state below.

Corollary 9.56 (Brouwer’s Fixed Point Theorem). Given a map f : D" — D",
there exists x € D" such that f(x) = x.

§89.4. Degree of a map

Letn > 1and f : S" — 5" be a map.

We get a corresponding homomorphism f. : H,(S") — H,(S").

Recall that H,(S") = Z (from Theorem 9.52). Any homomorphism ¢ from Z to
itself is of the form

p(x) = nx
for a unique n € Z.

Thus, the map f. is also of the form

fule)=m-c

for some unique m € Z.

Definition 9.57 (Degree of a map). Given a map f : S" — S", the degree of f is
denoted by d(f) and is defined to be the integer m as above.

Thus, we get the map f. as

A different way of computing the integer m is as follows: Pick a generator « of
H,(S"). Then, f.(a) = m - a for some m € Z. We have d(f) = m.

Proposition 9.58. Let f, g : S — 5" be maps.
We have the following basis properties:

1. d(idg:) = 1,
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d(fog) =d(f) d(g),
d(constant map) = 0,

if f and g are homotopic, then d(f) = d(g),

o e W

if f is a homotopy equivalence, then d(f) = £1.

Proof. Fix a generator a of H,(S").
1. ids(a) =a=1-4g,
(Fo8)-(a) = fulg. () = £.(d(g) -2) = (d(f) - d(g)) - &,
3. f« is constant and hence, is the trivial map giving f.(a) =0 g,

4. f. = g« by Theorem 9.36,

N

5. let f' be a homotopy inverse of f; by the earlier parts, we have
1=d(id) = d(fo f') = d(f) -d(f).
Thus, d(f) is an integer dividing 1, proving d = +1. O

We shall keep using the above proposition without explicitly referring to it.
Definition 9.59 (Suspension of a map). For a given map f : S" — S", n >
0, there is an associated map g : S"*! — S"*! called the suspension of f and

denoted by ¥ f. Consider $"*! C R"*2 = R"*! x R, so that the points of S"*!
are of the form (x,t) € R"*! x R such that ||x||? + |t|*> = 1. We define

o) (x,1) x=0,
LS {(qu-f(x/uxu),t) X £0.

Only continuity of }_ f at (0, +1) has to be checked. This is easy. Note that

||f(x,t) —f(O,l)H = ||(||X|| f(X/HXH),t—l)” > Hf” =1
= Wlxnzﬂt—l!2

which proves continuity at (0,1). A similar check works for (0, —1).

Proposition 9.60 (Suspensions have same degree). Letn > 2 and f : S"~ ! —
S"~1 be amap. Then, d (Y f) = d(f).
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Proof. As usual, let z and z’ be the poles of S and let U and V be their comple-
ments in S”.
Lemma. The connecting homomorphism A : H,(S") — H,_1(UNV) in
the Mayer-Vietoris sequence is an isomorphism.

Proof. Note that we have
h* A *
Ho(U) & Ha(V) 25 Ho(S") 25 H, (UNV) 5 H, 1 (U) & Hy_ (V).

Since n > 2, the ends are 0 since U, V are homeomorphic to R" andn —1 >
1. O

As before, we regard S" C R" x R.

Note that we have the natural inclusion
il unv

given by
x — (x,0).

Moreover, this is a homotopy equivalence. Thus,
i :Hy_1(S"™ Y = H,_1(UNV)

is an isomorphism.

Note that from the definition of ) f, it follows that

CHwcu (LW cv.

Let ) fo denote the restriction of f to U N V. From the above, we see that ) f.
maps into U N V. Moreover, from the definition of ), we see that the following
diagram commutes:

unv «——— g1
Lfs kf
unv +———— st
Thus, we get the following diagram in which each rectangle commutes.
Hn(8") ———— Hya(UNV) " Hyy(5")
(Xf)- (X fo)s lf*

Hy(8") ——5—— Hpt(UNV) ¢———— H,1(5"1)
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The commutativity of the left rectangle follows from Naturality of Mayer-Vietoris.
As noted earlier, i, and A are isomorphisms; thus, we can rewrite the above di-
agram to get the following (still commutative) diagram:

1
Hu(S") —2— H, 1(UNV) —*— H,_4(S"1)

(Xf)s lf*

H,(S") — Hy(UNV) ——— H,_1(8" 1

Let « be a generator of H,(S"). Let d(f) = m. We show that (}_ f).(a) = m - «,
proving the result. This is simple by just commutativity of the above diagram.
Indeed, we have

L. @=aTirila@ 0
= At (m-i7 A (a))
1.1 2 A~Yi, is a homomorphism
=m- A i, Aw)
=m-a,
as desired. O

Proposition 9.61. The map f : S! — S! defined as f(x1,x2) = (—x1, %) has
degree —1.

Proof. Let x,y,z,2/,U,V be as in Example 9.2. Note that f(U) C U and f(V) C
V. Let f, denote the restriction of f toU N V.

By Proposition 9.51, we have that

0 —— Hi(SY) —2— HyunvV)

f*k (fo)s

0 ———— Hi(S") ———— Ho(UNV)

has exact rows and the rectangle commutes.

Note that we have fo(x) = y and fo(y) = x. Recall that we had the generator «
of Hy(S') given by ¢ + d with dc = x —y = —dd, and A(a) was represented by
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x —y. Thus, we have

Afi(a) = (fo)+A(a)
= (fo)(x —y)
=y—x
= A(—uw).

Exactness of the rows tell us that A is a monomorphism and thus,

fulw) = —1-ua,
proving thatd(f) = —1. O

Corollary 9.62. Let n > 0 and define f" : S" — S" by

f”(xl,xz,- . -,xn+1) = (—x1,x2,---,xn+1)~

Then, d(f") = 1.

Proof. The case n = 1 is just the previous proposition. Note that f*+1 = Y f".
Since Suspensions have same degree, we see that d(f") = —1 for all n > 0, by
induction. O

| From this point, whenever we talk about 5", we shall assume n > 0.

Corollary 9.63. If 1 <i <n+1,and f; : S" — S" is given by

fi(‘xll' o -/xn—|—1) = (x]_/' ° '/_xi/' ° ~/xn+1)/

thend(f;) = —1.

(Only the i-th coordinate is being negated.)

Proof. Consider the map g; : S — S" which swaps the first and i-th coordinate.
Then, g; o g = idg» and thus, g; is homeomorphism. We have

fi=g8ohog
Being a homeomorphism, we have that d(g;) = +1 or (d(g;))? = 1.
By our previous corollary, we have d(f;) = —1. Thus, we get

d(fi) = d(gi)d(f1)d(g:) = —1. =
Corollary 9.64. The antipodal map A : §" — S" defined by

A(xl,. o .,xn+1) = (—xl,. Y —xn+1)

has degree (—1)"*1.
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Proof. A = f1o0---0 f,41 and each f; has degree —1. O

Proposition 9.65. If f,¢ : S" — S" are maps with f(x) # g(x) for all x € S",
then ¢ is homotopic to A o f.

Proof. Consider the function F : S" x I — S" defined as

P o (L= AF) 4 g ()

A=) AfG) + g

Assuming that the denominator is non-vanishing, the following checks are easy:

e Fis continuous,
e ||[F(x,t)|| =1forall (x,t) € S”; thus, F actually maps into S”,
e F(—,0) = Af,
* F(=1) =g
Thus, we only need to show that
(1= 1) Af(x) + £ g(x) 0

for all (x,t) € S" x I. This is also easy. Suppose not. Then, we have

(1—=t)-Af(x) = —t-g(x) ()

for some (x,t) € S" x I. Recall that ||[Af|| = ||g]| = 1 and that t € I. Thus,
taking norms on both sides of the above equation gives us

1—-t=t.
Thus, we get t = % Plugging this back in (x) gives us that 3Af(x) = —1g(x) or
f(x) = g(x), a contradiction. O

Corollary 9.66. If f : S>" — S is a map, then there exists an x € S?" such that

f(x) € {x, —x}.

Proof. Suppose not. Then, f(x) # idgu(x) for all x and f(x) # A(x) for all x.
Thus, by the previous proposition, we have that f is homotopicto A oidgn = A
and to Ao A = idg. . Thus, we have

a contradiction since

d(A) = (1) = 1 £ 1 =d (idgn). O
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Definition 9.67. Recall that given two vectors v, w € R"t! we have the stan-
dard inner product defined as

n+1

(v,w) =Y _ viw,
i=1

where v = (vq,...,v,.1) and likewise for w.
We say that v and w are orthogonal if (v, w) = 0.

Corollary 9.68. There is no continuous map f : S?* — S2" such that x and f(x)
are orthogonal for all x.

Proof. By the previous corollary, we have that there exists x € S*' such that
f(x) = x or that f(x) = —x. In that case, we have that

(x, f(x)) = (x, £x) = £[|x|> = £1 #0. O

Definition 9.69. A vector field i on S" is a continuous map
¥ 8" — R

such that
(x,p(x)) =0 forallx € S".

Y is said to be non-vanishing if ¢(x) # 0 for all x € S".

Corollary 9.70 (Hairy Ball Theorem). There exists no non-vanishing vector field
on S,

Proof. 1f ¢ is such a vector field, then

)
?0) = @]

is a well-defined vector field. Moreover, ¢ : $" — S, But we have

1
(2, 9(x)) = W@Cﬂ#(x» =0

for all x € S?", contradicting the previous corollary. O
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Example 9.4. The above corollary cannot be strengthened for odd spheres. For
one always has the non-zero vector field

l/«’ . SZTZJrl - SZTZJrl
defined by

lp(xll X2, .-, X241, x2n+2) = (_x2/ X1yeeor — X242, x2n+1)

This also serves to show that an earlier corollary cannot be strengthened since
for any given x € S?"*1 we have x # (x) # —x.
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§10. Attaching Spaces with Maps

Recall that given a equivalence relation ~ on a set X, we get the set X/~ of
equivalence classes and the natural projection 77 : X — X/~.If X is a topolog-
ical space, then X/~ is given the quotient topology wherein a set U C X/~ is
open iff 7=1(U) is open.
Also recall that given a topological space X, we have the subset A C X x X
defined as

A={(x,x):x€X},

called the diagonal in X x X. We have the result that X is a Hausdorff space iff
the diagonal is closed in X x X.

Definition 10.1 (Graph of a relation). Let ~ be an equivalence relation on a
topological space X. Let A denote the diagonal in (X/~) x (X/~). We have a
continuous function

TXm: XXX = (X/~) X (X/~).
The graph of the relation ~ is defined to be the following subset of X x X :

(mx ) HA) ={(x,y) € Xx X :x ~y}.
The relation is said to be closed if the graph is a closed subset of X x X.

Note that if X/~ is a Hausdorff space, then A is closed and hence, the graph
is also closed. More interestingly, the converse is also true if X is a compact
Hausdorff space.

Proposition 10.2. If ~ is a closed relation on a compact Hausdorff space X, then
X/~ is also compact and Hausdorff.

Proof. Note that the compactness is direct because quotients of compact spaces
are compact. (The projection map 7 is surjective and thus, X/~ is compact,
being the continuous image of a compact set.)

Recall that a subset of a compact Hausdorff space is closed if and only if it is
compact. Denote by p; and p; the projection maps of X x X onto the first and
second factors, respectively. Let C be a closed subset of X and G C X x X the
graph of ~ . Then,

p2(p; (C)NG) ={y € X |y ~ x for some x € C}
= 1~ Y(m(C)).

Now, p; 1(C) N G is closed in G and hence in X x X and hence, is compact.
Thus, pa(p;*(C) N G) is compact and hence, closed in X x X. Thus, for any
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closed C C X, we have that 7=!(71(C)) is closed in X; hence, 7t(C) is closed in
X/ ~, by the property of quotient maps. In other words, image of a closed set is
closed under this map.

Thus, if ¥ and ¥ are distinct points in X/~, then the corresponding singleton
sets are closed in X/~ since {x} and {y} are closed in the Hausdorff space X.
Thus, 7~ !(%) and 77~ !(7) are disjoint closed sets in X. Since, X is compact and
Hausdorff, it is normal. Thus, there are open disjoint sets U and V' containing
n1(x) and 7w~1(¥), respectively. Let U’ and V' be their complements in X.
Then, 77(U") and 7t(V') are closed subsets of X/~. Simple set theory gives us
that
X/~\n(U) and X/~ \ (V')

are disjoint. Clearly, they are open in X/~ and contain % and 7, respectively.
Thus, X/~ is Hausdorff. O

Definition 10.3. Recall the following: If X is a space and A C X, then X/A is
the topological space defined as X/~ where ~ is the equivalence relation on X
given by:

X~y < x=yorxyecA

Corollary 10.4. Let X be a compact Hausdorff space and A a closed subset of X.
Then, X/ A is Hausdorff.

Proof. We will show that it is a closed relation.

In this case, the graph G is given as

G={(xy)|x~y}
={(x,x)}Uu{lxy) :xy e A}
=AU(AXA)
Since X is Hausdorff, A is closed in X x X. Since A is closed in X, A x A is

closed in X x X. G is the union of these two closed sets and hence, is closed in
X x X.

The result now follows from Proposition 10.2. O

We now generalise the notion of homology groups by introducing the concept
of relative homology groups. This is analogous to the concept of a quotient of a
group by a (normal) subgroup.

Definition 10.5 (Subcomplexes and quotients). Let C = (C,, d) be a chain com-
plex. D = (Dy,d|p) is a subcomplex of C if D,, < C, and 9(D,,) C D, for each
n. In such a case, we define the quotient chain complex

C/D = (Cy/Dy,9)
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where d[c] = [dc] for all [c] € C,,/D,,.

Note that since each C;, is an abelian group, D;, is a normal subgroup and thus,
Cu/Dy, is defined. In the above, we are using the standard notation for [c] to
denote the equivalence class of ¢ € C,,. To see that the operator d is well-defined,
note thatif [c] = [¢/], thenc — ¢’ € D, and thus, d(c —¢’) € D,_1 by assumption.
Thus, we get [dc| = [o¢'] in C,,—1/Dy—1.

For ease of notation, we shall drop the bar and write d for d unless we wish to
emphasise the difference. We have the following short exact sequence of chain
complexes and degree zero chain maps.

0=-D-5C-"D/C—0

(The check that i is a chain map of degree zero is trivial since i(d) = d. For 7, it
follows by our definition of d.)

By Theorem 9.44, we have the following long sequence of homology groups

A H(D) 5 Hy(C) T Hy(C/D) 25 Hy 1 (D) -5 - (10.1)

For better clarity, we shall use [ | to denote the equivalence class in C/D and ()
the equivalence in Z,(-)/By/(-). (Earlier, we used the bar for the latter.)

We now see how the connecting homomorphism is given. It may be useful to
recall how it was defined in the general case earlier.

We had an exact sequence of the form

clp Sk

Then, given e € Z,(E), we picked a d € D, such that g(d) = e. Then, we
picked ¢ € C,,_1 such that f(c) = dd. Then, we defined

Of course, we had a proof that the above pickings can be done and we get
a well-defined map.

Proposition 10.6. If D < C are chain complexes, then we have A : H,(C/D) —
H,_1(D) given by
A{[c]) = (9c).

Proof. We have the following exact sequence

D-5c D/
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Let [c] € Z,(D/C) < D,/C, be given. Let ¢ € C, be a lift such that oc € D,,_;.
(Why does such a lift exist? That was part of a proof that we had done earlier in
the general case that we find d € D,,_1 such thatd = i(d) = dc.)

Clearly, we have dc € Z,,_1(D),” and hence the general result tells us that
A([c]) = (ac). O

More generally, if we have subcomplexes E C D C C, we get a short exact
sequence
0—-D/E—-C/E—=C/D—0

and the A’ in the corresponding long exact sequence

.- = Ho(D/E) = Hy(C/E) = Ho(C/D) 25 H, 1(D/E) — ---  (102)

is given by

A ([el) = ([oc]),
where the [-] on the left is in C/D and right in D/E. This can be seen to be the
following composition

Hy(C/D) % Hy_1(D) -+ H,_1(D/E). (10.3)

One can check that we have the usual naturality: If E' C D’ C C’ are subcom-
plexes and f : C — C’ is a chain map of degree zero such that f(E) C E’ and
f(D) C D/, then the induced homomorphisms on the homology groups give a
transformation between the long exact sequences in which each rectangle com-
mutes.

§8§10.1. Relative Homology Groups

Definition 10.7 (Relative homology groups). By a pair of spaces (X, A), we mean
a topological space X and a subspace A C X.If (X, A) is a pair of spaces, S,(A)
may be viewed as a subcomplex of S, (X). The singular chain complex of X mod
A is defined by

S«(X,A) =S5.(X)/S«(A).

The homology of this chain complex is called the relative singular homology of X
mod A and is thus, given by

Hy(X, A) = Hp(S4(X)/S4(A)).

Note that one must check that S, (A) is indeed a subcomplex of S.(X). The
subgroup part is clear by definition. To see that 0 restricts to S.(A), we note
that if ¢ is an n-simplex in A, then 9;¢ is an (n — 1)-simplex in A.

2this is because d(dc) = 0. However, be careful to note that dc needn’t be in B,,_1 (D) since ¢
needn’t be in D,,.
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Thus, from the previous discussion, we get the following long exact sequence
of homology groups

o Hy(A) 25 Hy(X) 5 Ho(X, A) 25 Hy q(A) 250 (%)

Thus, H.(X, A) can be seen as a measure of how far i, : H.(A) — H.(X) is
from being an isomorphism of graded groups. This gives us the following.

Proposition 10.8. If (X, A) is a pair for which A is a deformation retract of X,
then H. (X, A) = 0.

Proof. It follows from Corollary 9.39 that the i.s in (*) above are isomorphisms.
Thus, . and A are both the trivial homomorphisms. Therefore, im 77, = 0 and
ker A = H, (X, A). However, these two must be equal by exactness. O

More generally, if (X, A, B) is a triple of spaces, thatis, B C A C X, there results
a short exact sequence of chain complexes

0 — S«(A,B) = S«(X,B) = S«(X,A) — 0

which yields the corresponding long exact sequence of relative homology groups.
It is convention to define S, (@) = 0 so that H.(X,®) = H.(X) and all homol-
ogy groups earlier may be viewed as groups of pairs.

Definition 10.9 (Map of pairs). Given pairs (X, A) and (Y, B), a map of pairs
f:(X,A) — (Y, B) is a continuous function f : X — Y such that f(A) C B.
f is said to be a homeomorphism of pairs if f : X — Y is a homeomorphism and

f(A) =B.

For such a map, we get fi(S.(A)) C S.(B),’ so that there is an associated ho-
momorphism
fu:Su(X,A) = S«(Y,B),

which is a chain map. Thus, it induces a homomorphism on the relative homol-
ogy groups. One easily checks the following result.

Proposition 10.10. If f : (X, A) — (Y, B) is a homeomorphism of pairs, then the
induced homomorphism

fo Ho(X, A) — H(Y, B)

is an isomorphism.

3Torecall, fy : S) * (X) — S.(Y) was defined by extending the map ¢ — f o ¢.
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Definition 10.11 (Homotopic maps of pairs). Two maps of pairs f, g : (X, A) —
(Y, B) are said to be homotopic as maps of pairs if there exists a map of pairs

F:(XxI,AxI)— (Y,B)

such that
F(x,0) = f(x) and F(x,1)= f(x),
forall x € I.

The above F is simply a homotopy between f and g with the property that at
each stage, A is mapped into B.

Theorem 10.12. If f, ¢ : (X, A) — (Y, B) are homotopic as maps of pairs, then
f« = g« as homomorphisms from H, (X, A) to H.(Y, B).

Proof. As in the proof of Theorem 9.36, it suffices to show that ips and ij4 are
chain homotopic, where

io,i1: (X, A) = (X xI,AXxI)
are defined as
io(x) :== (x,0) and ii(x):= (x,1).
These clearly are maps of pairs. We use the same technique as we did in Lemma 9.35

where we showed that ip4 and i14 are chain homotopic as chain maps of the form
S+(X) = S«(X).

Recall that the construction of T in the proof of Lemma 9.35 was natural. That

gives us that
Tx(sn(A)) C Sn+1(A X I).

Thus, we have the chain induced chain homotopy
T:S5:(X,A) = Sp(XxI,AXI)

between igx and i14. H

Theorem 10.13 (The five lemma). Suppose that

a1 ap Xy

Cq y Co y Cs > Cy » Cs

Pk

_ s D s D s D
Dy 5 D, 5 By T 5

is a diagram of abelian groups and homomorphisms in which the rows are exact
and each square is commutative. Then
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1. if f, f4 are epimorphisms and f5 is a monomorphism, then f3 is an epi-
morphism;

2. if fo, f4 are monomorphisms and f; is an epimorphism, then f3 is a
monomorphism.

In particular, if f1, fo, fa, and f5 are isomorphisms, then f3 is an isomorphism.

Proof. We shall refer to the squares from left to right as 51, 52, S3, and 54, re-
spectively.

1. Let d3 € Dj3. We show that there exists ¢ € Cj such that f(c) = d3 and
prove this part.

Note that B3(d3) € Ds. Surjectivity of fy tells us that there exists ¢4 € Cy4
such that f4(cs) = B3(d3).

By exactness, B4f3(d3) = 0.

Thus, B4fs(cs) = 0. Commutativity of S4 tells us that fsay(cy) = 0.
Injectivity of f5 gives us that a4(cs) = 0. Exactness tells us that there exists
c3 € Cs such that ¢4 = a3(c3). Now, note

Bafs(cs)
= fanz(c3)
= fa(ca)
= B3(ds).

Q commutativity of S3

Thus, we get

B3(f3(c3) —d3) = 0.

By exactness, there exists d» € Dj such that

Ba(da) = f3(c3) — da.

Since f, is surjective, there exists c; € C, such that f,(cp) = dp. Thus, we

get
f3(c3) —ds = Ba(da)
= B2f2(c2) i
Fa(c) > commutativity of S2
or
d3 = f3(c3 —aa(c2)),
as desired.

2. Let ¢35 € C3 be such that f3(c3) = 0. We show that c3 and prove the result.
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f3(e3) =0
— Psfa(cs) =0 Qcommutativity of S3
= fanz(c3) =0 ) fais injective
— 0(3(C3) =0 ! !

Exactness now tells us that there exists ¢; € Cp such that ap(cp) = c3.

0= f3(ca)
= fama(cr) Q commutativity of S2
= B2f2(c2).
Thus, B2(f2(c2)) = 0 and hence, there exists d; € D; such that B1(dy) =

f2(c2), by exactness.

Since f; is surjective, there exists ¢; € Cy such that f(c1) = d;.

fa(c2) = B1(dr)

= Bifile) Q commutativity of S1
= foa(c1)
Thus, f2(a1(c1)) = f2(c2). Injectivity of f, forces aq(c1) = cp. Thus, we see
that
Cc3 = Oéz(Cz)
= wonq(c
2 1( 1) Q exactness
=0,
as desired. H

Definition 10.14 (Split exact). A short exact sequence of abelian groups and
homomorphisms

0485 c50

is called split exact if f(A) is a direct summand of B.

(Recall that f(A) is said to be direct summand of B if B can be written as f(A) &
B’ for some subgroup B’ < B.)

Proposition 10.15. Suppose 0 — A L> B %5 C — 01is a short exact sequence.

Then the following are equivalent:

(a) there exists a homomorphism f : B — A with f o f = idy,
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(b) the sequence is split exact,

(c) there exists a homomorphism §: C — Bwith go g =idc.

Proof. As we had noted earlier, identifying A with f(A) and C with B/ f(A),
we may assume the sequence to be

0—>Ai>Bi>B/A—>O,

where f is the inclusion map and g the natural projection.
(a) = (b): We show that B = f(A) ® ker f
B = f(A) + ker f is clear since for any b € B, we have

b= ff(b)+ (b—ff(b)),

writing b as a sum of elements of f(A) and ker f.

To see that the intersection is trivial, let b € f(A) Nker f. Then, f(b) = 0 and
b = f(a) for some a € A which gives us

b= f(a) = fff(a) = ff(b) = f(0) =0,
as desired.
(b) = (c): We have that B = A & B’ for some B’ < B.

Since A ® B’ = A x B/, we may view the sequence as
05 Ax {0} = AxB =55 (AxB)/(Ax{0})—0.

Note that an element of (A x B') /(A x {0}) can be naturally identified with b
for b’ € B.
Thus, we have the obvious ¢ given by ' — (0, b).

Moreover, one can note that § is a monomorphism with im § = B'. That is,

B/A~img=D"B. (10.4)

(© = (a):

Note that if b € B, then b — gg(b) is in the kernel of g. Thus, we see that b —
g¢(b) € Aforallb € A.

Define f : B— A as

f(b) =b—gg(b).
Clearly, it is a homomorphism. Moreover, if b € A, then ¢(b) = 0 and thus,
ff(b) = f(b) = b, as desired. O

We get the following result as a corollary of the proof.
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Corollary 10.16. If

0-A2sB S co0

is an exact sequence such that there exists f : B — A with ff ‘= idy, then there
exists g : C — B such that § maps C isomorphically onto ker f.

In particular, C is isomorphic to ker f.

Proof. The given hypothesis is (a) of the previous proposition. This implies (b)
of the previous proposition with B’ = ker f. Then, (10.4) proves the result. [

Theorem 10.17. If (X, A) is a pair of spaces and U is a subset of A with U C
int A, then the inclusion map

it(X\UA\U) = (X,A)
induces an isomorphism on the relative homology groups

iy Ho(X\ U, A\ U) = H.(X, A).

This can be seen as a form of an excision theorem: That is, such a set U may be
excised without altering the relative homology groups.

Proof. LetU = {X \ U,int A}. Since int(X \ U) = X \ U, we see that intif cov-
ers X, by assumption that U C int A. Thus, int!/ also covers A. Thus, if we
set U’ = {A\ U,int A}, intl’ also covers A. By Theorem 9.49, the inclusion
homomorphisms of chains

i:SU(X) = S.(X) and i :SY(A)— S.(A)
both induce isomorphisms on homology.

Considering S4'(A) as a subcomplex of S¥(X), (note that i restricted to the sub-
complex is precisely i’) there is a chain mapping of chain complexes

j:SUX)/SY (A) = Su(X)/Su(A) = S.(X, A).

The chain mappings 7,7, then give us the following diagram of homology
groups

Hy(SY'(A)) —— Hu(SY(X)) —— Hu(S4(X)/SY'(A)) —— H,_1(S¥(A))

S

Hy(A) ———— Hp(X) ———— Hup(X,A) ——— H,,_1(A)
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Since i, and !, are isomorphisms, so is j, by The five lemma. Thus, we get
H.(SY(X)/SY'(A)) = H, (X, A). (%)
Now, note that we have the following (not necessarily direct) sum.

SY(X) = S.(X\ U) + S.(int A),
SU'(X) = S.(A\ U) + S, (int A).

By properties of free groups, the above gives us the quotient
SU(X)/SU (X) =2 S, (X\U)/S.(A\U) = S (X \ U, A\ U). (%)
(*) and (*) combine to give the desired isomorphism

H.(X,A) =~ H(X\U A\ U). 0

Definition 10.18 (Reduced homology groups). Let X be a space and y a single
point. Denote by & : X — y the constant map. Then, there is the induced
homomorphism on homology

ay : Ho(X) = Hy(y).

The kernel of &, is denoted by H,(X) and called the reduced homology group of
X.

Proposition 10.19. H;(X) = H;(X) for i # 0 and Hy(X) is free abelian with one
fewer basis element than Hy(X).

In the above, we have our usual assumption that X # @.

Proof. Since H;(y) = 0 for i # 0, we see that a, : H;(X) — H;(y) is the trivial
map for i # 0 and thus, H;(X) = kera, = H;(X).

Now, for the case i = 0, recall that Hy(X) is (isomorphic to) the free group on
the path components of X. Let A be a basis. We can think of A as containing one

point from each path component. Since X # @, we have A # @. Fix ap € A.
Note that any element of Hy(X) is of the form

Zna-a.

acA

For it to be in ker a,, we must have }_ n, = 0 and the converse is true too. (Since
each a maps to y and Hy(y) can be seen as the free group on y.) Thus, we have

kera*:{Zna-a: Zna:O}.

acA acA
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From the above, it is clear that ker a, can be seen as the free group Fon A\ {a¢}.
An explicit isomorphism ker &, — F can be given as

Y ongra Y ng-a O

acA acA\{ap}

As an example of the above, we have that H,(S") is free abelian with one basis
element in the n-th dimension.

Proposition 10.20. If xy € X, then H, (X, xy) = H.(X).

Proof. Recall the long exact sequence (10.1). Note that each H;(xg) — H;(X) is
a monomorphism. (For i # 0, this is trivial. For i = 0, note that the canonical
generator of H;(xo) maps to a non-zero element in a free group.) Thus, the long
sequence breaks into triples of the following short exact sequences:

0 — Hi(xo) - Hi(X) 25 Hi(X, x0) — O.

The map « : X — x( induces a homomorphism a, : H;(X) — H;(xp) such
that w.i. = id. Thus, by Corollary 10.16, we see that H;(X, x¢) is isomorphic to
ker a,, = H;(X). O

Definition 10.21 (Strong deformation retract). A subspace A of a space X is a
strong deformation retract of X if there exists a map F : X X I — X such that

1. F(x,0) =xforallx € X,
2. F(x,1) € Aforallx € X,
3. F(a,t) =aforalla € Aandt € I.

Note that setting r : X — A as r(x) = F(x,1) gives us a map such that F : ri ~
idx . Thus, A is in particular, a deformation retract. The “strong” part tells us
that we have a homotopy relative to A, i.e., one which keeps A fixed.

Proposition 10.22. Let (X, A) be a pair of spaces where X is a compact Haus-
dorff space. Suppose A is closed in X and a strong deformation retract of X.
Let r : X — X/ A be the identification map and denote by y € X/ A the point
7t(A). Then, {y} is a strong deformation of X/ A.

To recall, the space X/ A is the quotient space obtained from X under the equiv-
alence relation: x ~ x" iff ¥’ = x or x,x’ € A.

Proof. Let F : X x I — X denote the relative homotopy as given in Defini-
tion 10.21. We wish to construct a map F: (X/A) xI — X/A such that
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F(%,0) = %, F(x,1) = yforall ¥ € X/A, and F(y,t) = y for all t € I. Note
that if we find a map F such that the following diagram commutes, then we are
done.

X x I F , X
HXid[h 7T
(X/A) X I -----—---- > X/A

To this end, we define F = 7t o F o (7t x id;)~!. We first show that it is indeed
a function, i.e., is single valued. Consider (%,¢t) € (X/A) x I and x such that
(x) = X.

If x ¢ A, then (7t x id;)~!(%,t) is a singleton and thus, we have nothing to
check.

Now, if x € A, then (7T x id;)~1(%,t) = A x {t}. Note that by the strong defor-
mation property, we have F(A x {t}) C A and thus, 7(F(A x {t})) = y. Thus,
we have that F is single-valued.

Now, we show that it is continuous. To this end, let C C C/A be arbitrary
closed set. Then F~! o 771(C) is closed in X x I and hence, compact. Thus,

F1(C) = (n xid))(F o 1(C))

is a compact subset of the Hausdorff space X/A x I and thus, closed. (The
Hausdorff-ness follows from Corollary 10.4. Here is where we use that A is
closed.) This shows that F is continuous. ]

Theorem 10.23. Let (X, A) be a pair with X compact Hausdorff and A closed in
X, where A is a strong deformation retract of some closed neighbourhood of A
in X.Let r: (X, A) = (X/A,y) be the identification map. Then,

is an isomorphism.

By a “closed neighbourhood,” we mean a closed set whose interior contains A.

Proof. Let U be a closed (and hence, compact) neighbourhood of A in which X
which admits a strong deformation retract onto A. Clearly, A is also closed in
u.

Thus, we are in a position to use Proposition 10.22. Applying it to the pair
(U, A) gives us that y is a strong deformation retract of 71(U). Thus, in the exact
sequence of the triple (X/A, 7(U),y),

= Ha(m(U),y) = Ha(X/Ay) = H(X/ A, (W) = Hya (W), ) —
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it follows that H,(7r(U), y) = 0. Hence, the other maps are isomorphisms. That
is, the inclusion map of pairs

Ha(X/A,y) — Hu(X/A, n(U)) (10.5)

is an isomorphism for each n.

Note that by the same reasoning, we also have the isomorphism

H.(X,A) = H,(X, U). (10.6)

Note that since X is compact Hausdorff, it is also normal. Now intU is an
open set containing the closed set A. Thus, there exists an open set V O A such
V C intU. (Note that A and (intU)° are closed. Use normality on them to get
V.) Thus, V may be excised from (X, U) without altering the homology groups,
by Theorem 10.17. This gives

H.(X\V,U\ V) = H,(X,U). (10.7)

By (10.6) and (10.7), we get

H.(X,A) 2 H,(X\ V,U\ V). (10.8)

Note that in a similar fashion, 77(V') can be excised from the pair (X/A, 7(U))
to get
H.(X/A, n(U)) =2 H(X/A\ n(V), n(U) \ 7(V)).

Note that, by (10.5), the above gives us

H.(X/A,y) = H.(X/A\ 7(V), 7(U) \ (V). (10.9)

Now, since V is a neighbourhood of A and only A was collapsed to a point, we
get a homeomorphism of pairs as:

m:(X\V,U\V) = (X/A\(V),n(U)\ 7(V))
and thus, an isomorphism of homology groups

H.(X\V,U\ V)= H,(X/A\ (V) n(U)\ (V). (10.10)

By (10.10), we see that the right sides of (10.9) and (10.8) are isomorphic, giving
us the desired isomorphism

H.(X,A) = H.,(X/A,v).

Note that 7, itself is an isomorphism follows by noting each isomorphism was
one given by the obvious maps. O
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Corollary 10.24. If (X, A) is a compact Hausdorff pair for which A is a strong
deformation retract of some compact neighborhood of A in X, then

H.(X,A) = H,(X/A).

Proof. By Theorem 10.23, we see that H.(X, A) = H.(X/A,y). By Proposi-
tion 10.20, the latter is isomorphic to H.(X/A). O

Definition 10.25 (Relative homeomorphism). If f : (X, A) — (Y, B) is a map of
pairs such that f maps X \ A bijectively onto Y \ B, then f is a relative homeomor-
phism.

Note that we are not demanding that the inverse of the restriction of f to X \ A
is also continuous.

Theorem 10.26 (Relative homeomorphism theorem). If f : (X, A) — (Y,B) is
a relative homeomorphism of compact Hausdorff pairs in which A (resp., B) is
a strong deformation retract of some compact neighbourhood in X (resp., Y),
then

f«t Hi(X, A) = H.(Y,B)

is an isomorphism.

Proof. We have the maps as in the following diagram and we wish to construct
the dotted map.

X f s Y
X/A ——-—-- ; ----+ Y/B

As in the proof of Proposition 10.22, we see that f’ indeed does exist and is
continuous. Since f is a relative homeomorphism, we see that f’ is one-one and
onto. Since the spaces X/ A and Y/ B are compact and Hausdorff, we get that f’
is a homeomorphism.

Now, in the corresponding diagram of groups, we have the following commu-
tative diagram.
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f+

H.(X,A) » H,(Y,B)
H.(X/A,7(A)) ~— - H.(Y/B,7(B))

f1 is an isomorphism since f’ is a homeomorphism. On the other hand, 7. and
7T, are isomorphisms by Theorem 10.23. This yields that f. is an isomorphism.
[

§§10.2. Finite CW Complexes

Definition 10.27 (Attaching via map). Let A, X,Y be spaces such that A C X
and XNY = @. Let f : A = Y be a continuous function. We consider the
topological space X LI Y. Let ~ denote the least equivalence relation on X LI' Y
such thata ~ f(a) foralla € A.

The identification space X LI Y/~ is the space obtained by attaching X to Y via
f A — Y. We denote this space by X U Y.

Proposition 10.28. If X and Y are compact Hausdorff spaces, A is closed in X
and f : A — Y is continuous, then X Uy Y is a compact Hausdorff space.

Proof. Let Z = X LY. Then, ~ is an equivalence relation on Z which can be
explicitly written as follows: for all (z1,z2) € Z X Z, z1 ~ z; iff one of the
following is true:

1. 21,20 € Yand z1 = zp,

2. 21,20 € Xand z1 = 2,

. z1,zp € Aand f(z1) = f(z2),
4. z1 € A,zp € Yand f(z1) = zp,

5.z1€Y,zp € Aand f(zp) = z1.
Why?

[&Y)

Simply note that if 1 and 2 are forced since ~ is reflexive. 3 is true because
~ is reflexive and symmetric and we are given z; ~ f(z1) and zp ~ f(z2).
4 is true because that was precisely the relation that generated ~ . 5 is true
because of symmetry.

Thus, we have shown that any equivalence relation containing (a, f(a))
must contain the above such elements. Now, one can verify that all the
above 5 points together do define an equivalence relation. Symmetry and
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reflexivity is immediate. Transitivity requires a bit more work which one
can do by taking various cases.

We now show that the relation is closed. Since Z is compact and Hausdorff, the
result will then follow from Proposition 10.2.

According to the 5 points above, we see that the graph is the union of the fol-
lowing 5 sets, all of which are closed in Z x Z: (Recall that X and Y are both
open and closed in Z.)

1. Y x Y. This is clearly closed in Z x Z.
2. X x X. This is clearly closed in Z x Z.

3. {(a,a’) € Ax A" | f(a) = f(a’)}. This set is just the pre-image of A C
Y x Y under the restricted map A x A = Y x Y.
Since Y is Hausdorff, A is closed and thus, the above set is closed in A x A.
Since A x A is closed in X x X, we see that the set is closed in Z x Z.

4. {(a, f(a)) | a € A}. Consider the function
A—AXY

given by a — (a, f(a)). Clearly, this is continuous. The set above is sim-
ply the image of A under this map. Thus, it is compact. Since A X Y is
Hausdorff, the above set is closed in A X Y and hence, in Z x Z.

5. {(f(a),a) | a € A}. Again, this is closed by a similar reason as above.

Thus, the relation is closed and we are done. O

Note that there is a homeomorphic copy of Y sitting in X U Y. This homeomor-
phism is given by the composition of the inclusion and projection maps.

Y XUY -5 XUpY

The composition is clearly one-one, as can be seen by the explicit description of
~ . Since Y and its image are both compact and Hausdorff space, this continu-
ous bijection is a homeomorphism as well. Under this identification, we shall
regard Y a subspace of X Uy Y.

Definition 10.29 (Attaching n-cells). When X = D" and Y = S§"~! = 9D", the
space D" Uf Y is called the space obtained by attaching an n-cell to Y via f. If no
confusion arises, we simply denote it by Y.

Proposition 10.30. Let f : S"~! — Y be a map, where Y is a compact Hausdorff
space. If Yy is the space obtained by attaching an n-cell to Y via f, then Y is a
strong deformation retract of some compact neighbourhood of Y in Y.
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Proof. Let U C D" be given by U := {x € D" | ||x|| > 1/2}. Then, U is a
compact neighbourhood of $"~1 in D". We show that Y (viewed as a subspace
of Yy) is a strong deformation of the image of U LY in Y.

To this end, define F: (ULY) x I — ULY as

X x ey,
Flx ) := (1—t)x+t-ﬁ xel.

Since U and Y are (disjoint and) closed in U U Y, we see that F is (well-defined
and) continuous, by the Pasting lemma.

Moreover, F(x,0) = x and F(x,1) € S 1Y forall x. f x € S" 1 UY, then
F (x,1 t) = x forall t € I. Thus, F is a strong deformation retraction of U LI'Y onto
sThuY.

As before, we define F’ as in the below diagram.

Uuy)xI —Lt s uuy
nxidlh T
AUUY) x T s m(ULY)

Again, as before, F’ is seen to be well-defined and continuous. This also gives
a strong deformation retraction of (U LI'Y) onto 7r(Y). Note that 7(U U Y) is
compact since U U Y is. O

Corollary 10.31. With the same notation as earlier, H.(Y,Yy) is a free abelian
group on one basis element of dimension 7.

Proof. Let h denote the composition
D" = D"UY 5 Y.

Then, h : (D", S"1) — (Y, Yy) is a relative homeomorphism. Now, by Proposi-
tion 10.30, the hypothesis of Theorem 10.26 is satisfied and thus,

he: H.(D",8"1) — H.(Y,Yy)
is an isomorphism. Note that D" /S"~! is homeomorphic to S" and thus, we get
H.(Y,Yf) = H.(D",S" 1) = H,(S"),

as desired. (The last isomorphism followed from Corollary 10.24.) O
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Note that we may also attach multiple (but finitely many) n-cells at once in the
following manner: Suppose that DY, ..., D} are finitely many disjoint n-cells
with boundaries S?_l, .. .,Sg_l. Foreachi = 1,...,k, let f : Sf_l — Y be a
map into a fixed space Y. Define ~ to be the smallest equivalence relation on
D} U---UD}UY for which x; ~ f;(x;) whenever x; € Sf‘l.

Then, DY U---UDUY/~isdenoted as Yy, _ r, the space obtained by attaching
n-cells to Y via fq, ..., fx.

Definition 10.32 (Finite CW Complex). A finite CW complex is a compact Haus-
dorff space X and a sequence Xp C --- C X" C X of closed subspaces such
that

1. XY is a finite set of points,

2. X* is homeomorphic to a space obtained by attaching a finite number of
k-cells to X*—1.

By convention, we set X1 = @.

Note that X¥\ X¥~1 is thus, (homeomorphic to) a finite disjoint union of open
k-cells, denoted E’f, e, Elr‘k. These are called the k-cells of X. Note that the cells
of X have the following property:

1. {Ef‘ |k=0,...,m,i=1,...,r} is a partition of X into disjoint sets;

2. for each k and i, the set Ef-‘ \ Ef-‘ is contained in the union of all cells of lower
dimension;

3. X* = Up<k EY;

4. for each i and k, there exists a relative homeomorphism

h: (DY, sk 1) — (EK EF\ EF).

171

Also, the two requirements in Definition 10.32 can be replaced by the condition
that for each k, there exists a relative homeomorphism
fo(Dfu---uDE, ST usE ) — (XK X,

Y’

with the convention that DY is a point and 0D? = S~1 = @.

Definition 10.33. The closed subset X* of X is called the k-skeleton of X. If X" =
X and X"~ ! #£ X, then X is n-dimensional.

Note that a given space X may be realised as a CW complex in multiple ways.

Definition 10.34 (Subcomplex). If X is a finite CW complex with cells { Ef}, then
a subset A of X is a subcomplex of X if whenever AN Ef.‘ # @, then EF C A.
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Note that if A is a subcomplex of X, then A is a closed subset of X and inherits
a natural CW structure.

Theorem 10.35. If A is a subcomplex of a finite CW complex X, then A is a
strong deformation retract of some compact neighbourhood of A in X.

Proof. Let N denote the number of cells in X \ A. We prove the theorem by
induction on N. If N = 0, then X = A and there is nothing to prove. If N =1,
then Proposition 10.30 works.

Now, as inductive hypothesis, assume that the result is true for any finite CW
pair (Y, B) where the number of cellsin Y\ Bis N — 1. Let E!" be a cell of maxi-
mal dimension in X \ A and define X; = X \ E". Note that X is a subcomplex
of X.Indeed, any cell in X \ E/" either lies in A so that its boundary must also lie
in A or has dimension less than or equal to m. In either case, its boundary does
not meet E/". Moreover, A is further a subcomplex of X;.

Now, note that the number of cells in X; \ A is N — 1 and by the inductive
hypothesis, there exists a compact neighbourhood U; of A in X; such that A is
a strong deformation retract of Uj.

Note that there is the relative homeomorphism
¢ : (D™, 8" 1) — (E,E \ E}")

given by the CW structure. Note that gm—1 maps into Xj. Since U; C Xj is
compact, we see that ¢~ 1(U;) C S"~! is compact.

Define the map
r: D"\ {0} — s"!

by r(x) = x/||x||. Now, define
V={g(x) [xeD" |lx| >1/2, r(x) € 71 (U)}.

Note that V is compact, being the image of a compact set under ¢. Moreover,
it admits a strong deformation retract onto V N Uj. Thus, V U U is a compact
subset of X which admits a strong deformation retraction onto A.

Now, we need to show that V' U U] is indeed a neighbourhood of A, thatis, A is
contained in the interior of V U U; in X. To do this, we show that the interior of
U7 in Xj is contained in the interior of V U U; in X. Since A is contained in the
former, we would be done.

To this end, let y be in the interior of U; in Xj. If y ¢ V, then y must also be in
the interior of U; in X and hence, in the interior of V U U; in X.

Now, suppose that y € V, thatis, y € (EI" \ E"). Now ¢! of the interior of U;
in X; is an open subset of S ! containing the compact set ¢~ (y). By definition
of V, it follows that ¢! (y) is contained in the interior of ¢ =1 (V) in D™. Thus, y

is in the interior of V in E}", completing the proof. O
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Theorem 10.36. If X is a finite CW complex and X is the k-skeleton of X, then
H]-(Xk, Xk=1) = 0 for j # k and Hi(X¥, X*~1) is a free abelian group with one
basis element for each k-cell of X.

Proof. X*~1is a subcomplex of X*, so by Theorem 10.35, it is strong deformation
retract of a compact neighbourhood in X*. Since X is a finite CW complex, there
is a relative homeomorphism

¢:(D¥u---uDE s sy o (xE, xE.
Then, applying Theorem 10.26 tells us that there’s an isomorphism
H.(Dfu---uDE s usk ) = g (xK, x50,

For the chain on the left, we know the result to be true. O

Definition 10.37. For any finite CW complex X, define
Ce(X) = He(XF, x*1).

Then, C(X) = Y. Ci(X) is a graded group which is nonzero in only finitely
many dimensions, moreover it is free abelian and finitely generated in each di-
mension. The connecting homomorphism of the triple (X*, X1, X¥-2) defines
an operator

d: Ck(X) — Ck—l(X)-

At this point, it might be useful to recall (10.3) and the discussion around it. We
had seen that the connecting homomorphisms can be factored in the following
way:

Hy_o(X*72)

Hy 1 (XF1)

Now, note that
aoazj*oa/oi*oal

which is 0 since 9" o i, = 0, by exactness.
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Thus, we get that {C.(X),d} is a chain complex. The natural question now, of
course, is what is the homology of this complex. The answer is surprisingly nice
which will be the end of these notes.

Theorem 10.38. If X is a finite CW complex, then

Hi(C«(X)) = Hg(X) for all k.

Proof. We have

Hipr (X1, XK) 28 B (XE, x50y 25 B (xE1, XK2)

and we wish to show that

ker 82/ im 81 = Hk(X) (1011)

First, we shall show that

ker 9,/ imd; = Hy (X1, xk-2),

To this end, note that we have the following diagram:

~

Hk(Xk+1, Xk_Z)Hk(Xk“, Xk—Z)

J
Hyq (XK1, XK BN H (XK, xk=1) S N H (XM, X1y 40

9
. 3

v

Hy_ (X1, Xk=2)

Note that the row and columns are the exact sequences as in (10.2) where the
0s are appear due to Theorem 10.36. (The row should have H (X1, X¥) and
the column Hy(X¥~1, X¥=2), both of which are 0 by the theorem.) Note that the
boundary operator is given by the connecting homomorphism and thus, the
triangle commutes, by naturality.

Now, let x € kerd,. Then, 03i.(x) = 0d2(x) = 0, by commutativity of the tri-
angle. Thus, i * (x) € kerds. Exactness tells us that i * (x) = j.(y) for some
y € Hp(X*1,X*=2). Since j, is a monomorphism, y is unique. Thus, we get a
function

¢ : kerd, — Hy (XK1, xk-2)
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defined by ¢(x) = y. It is clear that ¢ is in fact a homomorphism.

We now show that ¢ is onto. To this end, let y € H(X 1, X¥=2). Then, j.(y) €
Hy(X*1, X*1) and thus, j«(y) = is(x), since i, is onto. If we can show that
x € ker dy, then we are done. However, this is simple because

d2(x) = 931+ (y)

= 03/« (y)
= 0.

> exactness of the column

We now show that ker ¢ = im d;. D is clear since i, 0 d; = 0 and thus, if x = d1%/,
theni* (x) =0 = j.(0).

Conversely, suppose that x € ker ¢. Thus, i.(x) = j.«(0). By exactness of row,
we see that x € im dy, as desired. This proves that

ker 9,/ imd; = Hy (X1, xk-2),
We now show that Hy (X1, Xk=2) = H,(X), which would prove (10.11).

Suppose X is n-dimensional, so that

Hi(X) = He(X™) = He (X", X71).

Now, we have the sequence of isomorphisms
Hi(X) = He(X", X71) = Hi(X", X%) = -+ = Hy(X", X72), (%)

all of which are induced by the inclusion of pairs. Now, note that each arrow
above is the middle arrow of a sequence as below

Hie(X, X1 — H(X", X'71) = H (X", X;) > Hiq (X, X,
where i < k — 2. (Recall (10.2).)

By Theorem 10.36, it follows that both the end groups in the above sequence are
the trivial groups. Thus, the middle arrow is an isomorphism and in turn, each
arrow in (x) is an isomorphism. This gives us

Hi(X) 2 Hy (X", X*72).

Now, keeping the second space fixed and going in the other direction, we get a
chain as

Hk(XkJrl/ Xk*Z) N Hk(XkJrZ, Xk72) O Hk(Xn, Xk*Z),

in which each arrow is again an isomorphism. Thus, we get the desired isomor-
phism as
Hi(X) = Hi (X1, x*72),

which finishes the proof. O
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