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1. COCHAIN COMPLEXES AND HOMOLOGICAL ALGEBRA

We will construct cohomology rings for spaces in two stages. First, for each space X we construct a
graded ring C*(X) with an additional structure called a differential. Next, for each differential graded ring
we define an associated cohomology ring. This section develops the general theory of differential graded
rings, and various related structures, that are needed for the second stage.

Definition 1.1. A cochain compler is a system of abelian groups C* (for k € Z) equipped with homomor-
phisms dé: Ck — C**+1 (called differentials) such that the composites

dk—l dk
Ck—l C Ck _C‘> Ck+1
are all zero. In most contexts we will just write d* or d instead of df,, so the above condition is just dd = 0.

We write C* for the whole system of groups. We say that C* is nonnegative if C¥ = 0 for all k < 0. (This
will be the usual case for us.)

Definition 1.2. A differential graded ring is a cochain complex C* with a compatible ring structure. In
more detail, there should be a product rule giving an element ab € C**J for each a € C* and b € C7, and
this should satisfy (ab)c = a(bc) and (a + a')(b+ V') = ab+ ab’ + a’b+ a’t’. There should also be a specified
unit element 1 € C% such that 1a = a = al for all a. These structures should interact with the differential
by the rules d(1) = 0 and d(ab) = d(a)b+ (—1)'ad(b) (for a € C* and b € C7 as before). This last identity
is called the Leibniz rule.

Remark 1.3. Note that we do not assume a commutativity rule ab = ba or ab = (—1)¥ba. Later we will
show how to define a cohomology ring H*(C*) associated to C*. In the cases of interest, this cohomology ring
will be graded-commutative (so ab = (—1)¥ba) even though C* itself is not. This is actually an important
phenomenon, related to the existence of Steenrod operations in the cohomology of spaces, but we will not
explore that here.

Example 1.4. Any graded ring can be considered as a differential graded ring, just by taking the differential
d to be the zero map. Note that if C* is a differential graded ring with C%**! = 0 for all 4, then d: C* — Ck+!
is automatically zero for all k, because either k or k£ + 1 must be odd.
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Example 1.5. Consider the polynomial ring A* = Z[a, z]/a?, which has a basis over Z consisting of the
monomials z* and z’a (for i > 0). We can make this a graded ring by giving a degree one and = degree two,
so A% = Z.2' and A**+! = Z.x'a for i > 0. We can then define a differential d: A*¥ — A*+! by d(z?) = 0
and d(z'a) = x'T1. We claim that this gives a differential graded ring. The only thing that needs checking
is the Leibniz rule. There are four cases to consider:

d(z'x?) = d(z") =0 d(x))z? + z'd(2?) = 0.07 +2°.0 =0
d(az's?) = d(az"™7) = 2T T d(az®)2? — ax'd(z?) = —ax'.0 = " IT!
d(z'az?) = d(az"™7) = 2T d(z")az? 4+ z'd(az?) = 0.a2? + 2.2t = I

d(az‘az?) = d(0) =0 d(ax®)az? — ax'd(az’) = a:“'l.am] —az'.2? T = 0.

Example 1.6. For another similar example, we can consider B* = Z[y, b]/b?, graded so that y € B? and
b € B3. Then for i > 0 we have B% = Z.y* and B?*! = Z.y~'b except that B! = 0. We now define
d: B¥ — B¥*1 by d(y') = iy'~'b and d(y'b) = 0. One can check (by separating four cases as before) that
the Leibniz formula is satisfied, so we have a differential graded ring.

Note that the differential here is actually completely determined by the fact that d(y) = b. Given this, a
straightforward induction with the Leibniz formula shows that d(y*) must be ky*~'b. Also, the rule dd = 0
shows that d(b) = dd(y) = 0, and we can use Leibniz again (with the fact that b> = 0) to see that d(y*b) =0
as well.

Example 1.7. Readers familiar with differential geometry may wish to consider the following example. Let
M be a smooth manifold, and let Q¥(M) denote the ring of smooth differential k-forms over M. The usual
exterior product of differential forms and the de Rham differential d: Q¥ (M) — QF+1(M) make Q*(M) into
a differential graded ring.

Definition 1.8. Let C* be a cochain complex. We put

ZH(C*) = ker(dy,: C* — CFTY)

B¥(C*) = image(di; ' : C* — OF)

HY(C*) = Z*(C*)/B*(C*).
(For the definition of H*(C*) to make sense, we need to know that By,(C*) < Z;(C*). This follows immedi-
ately from the condition d? = 0.) The elements of Z*(C*) are called cocycles, and the elements of B*(C*)
are called coboundaries. The groups H*(C*) are the cohomology groups of the complex, and the elements

are called cohomology classes. When C* is clear from the context, we will just write Z* for Z*(C*) and so
on.

Proposition 1.9. Suppose that C* is a differential graded ring. Then there is a well-defined product on
H*(C*) given by

(a+B")(b+ B?) =ab+ B
foralla € Z' and b € Z7. This makes H*(C*) into a graded ring.

Proof. Any other representative for the coset a + B* has the form a’ = a + du for some v € C*~!. Similarly,
any other representative for the coset b + B has the form b’ = b+ dv for some v € C7~!. Note also that a
and b are elements of Z*, so da = 0 and db = 0. We then find that

a't' = ab + (du)b + a(dv) 4 (du)(dv) = ab + d(ub + (—1)‘av + u dv),

which represents the same coset as ab. It follows that we have a well-defined product. This is associative
because

((a+ B")(b+ BY))(c+ B*) = (ab + B™7)(c + B*) = (ab)c + BT t*
= a(bc) + B"IHE = (a4 BY)(be + BITF)
= (a+ B")((b+ B’)(c+ B")).

All the other ring axioms for H*(C*) follow in a similar way from the corresponding axioms for C*. ]
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Example 1.10. For the differential graded ring A* in example 1.5, we have Z*(A*) = Z[z] and B*(A*) =
Z[x].x so H*(A*) = Z[z]/x = Z. More explicitly, we have H°(A*) = Z, and H'(A*) = 0 for all i # 0.

Example 1.11. For the differential graded ring B* in Example 1.6, the subgroup of cocycles is generated by
1 together with the elements y'b for i > 0, whereas the coboundaries are generated by the elements (i +1)yb.
In particular, the element b is a coboundary, but y’b is not when i > 0. Now let u; be the cohomology class
of y'b (for i > 0). We find that H**3(B*) is a copy of Z/(i+ 1) generated by u;, and that H°(A*) = Z, and
all the other cohomology groups are trivial. The groups H*(A*) form a graded ring, but the ring structure
is not very interesting: as b? = 0 we find that u;u; = 0 for all i, j > 0.

Example 1.12. For the cochain complex Q*(M) in Example 1.7, the cohomology ring H*(2*(M)) is known
as the de Rham cohomology ring of M. If M is a compact manifold of dimension d, then it is known that
H(Q*(M)) is a finite-dimensional vector space over R, which is zero for i < 0 or i > d.

Definition 1.13. Let A* and B* be cochain complexes. A cochain map from A* to B* is a sequence of
maps ¢F: A¥ — B* for all k € Z such that the following diagrams commute:

AF ¢ k
— B

A

Ak+1 o Bk+1
o

Where there is no danger of confusion, we will suppress all subscripts and superscripts, so the commutation
condition is just d¢ = ¢d. A homomorphism of differential graded rings is just a cochain map that is also a
ring homomorphism.

Example 1.14. Let A* be as in Examples 1.5. For any n € Z, we can define a DGR homomorphism
Gm: A* — A* by ¢p(a) = ma and ¢, (z) = mz (50 ¢ (z?) = miz? and ¢, (2ta) = m*T1ata). We claim
that these are the only such DGR homomorphisms. To see this, let ¢: A* — A* be an arbitrary DGR
homomorphism. As a € A! we must have 1(a) € Al = Za, so ¥(a) = ma for some m € Z. We then
have (z) = v¥(da) = di)(a) = d(ma) = mx, and then ¥(2?) = ¥(z)! = (mx)! = m'a’ and similarly
Y(xta) = mtlazta, so 1 = ¢y, as claimed.

Now let B* be as in Example 1.6, and suppose we have a DGR homomorphism (: A* — B*. This must
have ¢(1) = 1, but we claim that ((A?) = 0 for all i > 0. To see this, we first note that ((a) € B* = 0,
so ((a) = 0. As ( is a cochain map this means that {(x) = ((da) = d¢(a) = d(0) = 0. As ( is a ring
homomorphism it follows in turn that that ((x?) = 0° = 0 for all i > 0, and similarly {(z%a) = ((z*)((a) =0
for i > 0, so ¢ vanishes on all elements in degree greater than 0.

Example 1.15. Let f: M — N be a smooth map between smooth manifolds. Note that Q°(N) is just the
ring of smooth real-valued functions on NN, so there is an obvious ring map f*: Q°(N) — Q°(M) given by
f*(u) =uwo f: M — R. One could hope to extend this to give a homomorphism f*: Q*(N) — Q*(M) of
DGRs. For a form o = udvy A--- Adv, € Q"(N), any extension would have to satisfy

@) = (wo fyd(wy o ) A+ Ad(vy o ).
It follows easily from this that there is at most one extension, and with more work it can be shown that
there is precisely one extension.

Remark 1.16. Let ¢: U — V* be a cochain map between cochain complexes. We then have graded abelian
groups ker(¢), image(¢) and cok(¢) given by

ker(¢)* = ker(¢*: U* — V) = {a ¢ U* | ¥ (a) = 0}
image(¢)* = image(¢”: U* — V*) = {b e V¥ | b = ¢*(a) for some a € U*}
cok(p)® = cok(¢®: UF — V*) = V*/image(o)".
If a € ker(¢)* then ¢(a) = 0 so ¢(d(a)) = d(¢(a)) = 0 so d(a) € ker(¢)*~L. It follows that the differential

d: U¥ — UF~1 restricts to give a differential d: ker(¢)* — ker(¢)*~1, making ker(¢) into another cochain
3



complex. By similar arguments, image(¢) and cok(¢) can both be considered as cochain complexes in a
natural way.

Proposition 1.17. Let ¢: U* — V* be a cochain map. Then there are well-defined maps
bu: HE(U™) — H*(V™)
given by
¢«(a+ B*(U")) = ¢(a) + B* (V")
for all a € ZF(U*). Moreover, these are functorial: if we have another cochain map ¢: V* — W* then
($0)s = thu 0§z H(U) — HN(W),
and also (1y)« = Lgrwy- Further, if U™ and V* are differential graded rings, and ¢ is a homomorphism of
DGRs, then ¢, is a homomorphism of graded rings.
Proof. First, if a € Z*¥(U*) then d¢(a) = ¢(da) = ¢(0) = 0, so ¢(a) € Z¥(V*), so the expression ¢(a) +
B¥(V*) defines an element of H¥(V*). Any other representative of the coset a + B¥(V*) has the form
a’ = a+ du for some u € U=, We then have ¢(a’) = ¢(a) + ¢(du) = ¢(a) + dé(u), which represents the

same coset as ¢(a). It follows that we have a well-defined map ¢, given by ¢.(a+ B*(U*)) = ¢(a)+ B*(V*),
and this is easily seen to be a homomorphism. If we have another cochain map g: V* — W* then clearly

(¥9)(a+ BHU™) = 9(¢(a)) + B*(W*) = (¢ 0 ¢.)(a + B*(U")),
which proves the functorality property. Similarly, if U* and V* have ring structures and ¢ preserves them,
we see that
¢«((a+ B (U"))(b+ B'(U"))) = ¢« (ab+ B*(U*)) = ¢(ab) + B (V)
= ¢(a)p(b) + BT (V*) = (¢(a) + B*(V*))(¢(b) + B'(V*))
= ¢.(a+ B"(U")) ¢.(b+ B'(U")),
which proves that ¢, is a ring homomorphism. O

We next need to discuss a criterion that allows us to prove that different cochain maps have the same
effect in cohomology.

Definition 1.18. Let ¢,¢: U* — V* be cochain maps between cochain complexes. A cochain homotopy
from ¢ to 1 is a system of maps o*: U¥ — V*~! such that ¢* — ¢* = 0k+1d’f] + d"“/_lak (or more briefly,
1 — ¢ = do + od). The maps in question here can be displayed in the following diagram, which is not
commutative:

k
Uk’ dy Uk—i—l

k_k
UkJ/ Xj’ J(Uk+1

k—1 k
V F} V .
1%
We say that ¢ and v are cochain homotopic (written ¢ ~ 1) if there exists a cochain homotopy between
them.

Remark 1.19. The zero maps U¥ — V1 give a cochain homotopy from ¢ to itself. If o is a cochain
homotopy from ¢ to ¢, and 7 is a cochain homotopy from ) to x, then o + 7 is a cochain homotopy from ¢
to x, and —o is a cochain homotopy from v to ¢. It follows that cochain homotopy defines an equivalence
relation on the set of all cochain maps from U* to V*.

Now suppose we have further cochain maps T* £ U* and V* < W*, as well as a cochain homotopy o
from ¢ to 1. It is then easy to see that the maps

A= hl o gk o gk TRy gkl

give a cochain homotopy from v¢u to vipu. This implies that our equivalence relation is compatible with all
kinds of composition.

Proposition 1.20. If ¢,¢: U* — V* are chain homotopic, then H*(¢) = H*(¢): H*(U*) — H*(V*).
4



Proof. Choose a chain homotopy ¢, so 1 = ¢ + do + od. Consider an element a = a + B*(U*) € H*(U*),
so a € U* with d(a) = 0. It follows that v (a) = ¢(a) + do(a) + od(a) = ¢(a) + do(a) € ¢p(a) + B¥(V*), so
¥(a) and ¢(a) represent the same cohomology class, so ¢.(a) = ¥.(a) as required. O

We next need some constructions that give rise to long exact sequences of cohomology groups. We first
recall the basic definition.

Definition 1.21. Consider a sequence Ag f—°> Al — - ﬂ;> A, of abelian groups and homomorphisms.

We say that the sequence is ezact at A; if image(f;—1) = ker(f;) < A; (which implies that f; o f;_1 = 0).
We say that the whole sequence is exact if it is exact at A; for 0 < i < r.

Next, we say that a sequence A EN ;3N C' is short ezact if it is exact, and also f is injective and g is
surjective.

Now suppose instead that we have a sequence A* 2 g Y C* of cochain complexes and cochain maps.

k k
We will say that the sequence is short exact iff for each k, the corresponding sequence A* 2 BF Y Ok of
abelian groups is short exact.

Remark 1.22. One can easily check the following facts.

(a) A sequence A 5B Y O s exact iff f is surjective. In particular, a sequence A 1 B = 0is exact
iff f is surjective.

(b) A sequence A % B C is exact iff g is injective. In particular, a sequence 0 — B 2 C' is exact iff
g is injective.

(¢) A sequence A % B4 0% Dis exact iff g is an isomorphism.

(d) A sequence 0 — A 1 B % ¢ = 0is exact iff AL B % C s short exact.

(e) Suppose we have an exact sequence

Alsps o phE
- B

Then g induces a map from cok(f) /f(A) to C, and h can be regarded as a map from C to

ker(k), and the resulting sequence
cok(f) & C L ker(k)
is short exact.
(H 1t A L. B % ¢ is short exact, then f induces an isomorphism A — f(A) and ¢ induces an
isomorphism B/f(A) — C. Thus, if A, B and C are finite we have |B| = |f(A)|.|B/f(A)| = |A]|C].

Similarly, if A and C are free abelian groups of ranks n and m, then B is a free abelian group of
rank n + m.

Proposition 1.23 (The five lemma). Suppose we have a commutative diagram as follows, in which the rows
are exact, and po, p1, ps and py are isomorphisms:

Ao fo A, f1 A, f2 As f3 A,
POJN leN le Pslf\‘ p4l~
Bo 9o By g1 By g2 B; 93 By.

Then po is also an isomorphism.

Proof. First suppose that as € Az and pa(az) = 0. It follows that p3fa(az) = gapa(az) = ¢g2(0) = 0, but
ps is an isomorphism, so fa(as) = 0, so as € ker(f2). The top row is exact, so ker(fs) = image(f1), so
we can choose a1 € Ay with fi(a;) = as. Put by = pi1(a;) € By. We then have ¢1(b1) = g1pi(a1) =
pafi(a1) = p2(az) =0, so by € ker(gy). The bottom row is exact, so ker(g;) = image(go), so we can choose
bp € By with go(bg) = b1. As po is an isomorphism, we can now put ag = pgl(bo) € Ap. We then have
p1fo(an) = gopo(ao) = go(bg) = b1 = pi(ay). Here p; is an isomorphism, so it follows that fo(ag) = a;.
We now have as = f1(a1) = f1fo(ap). However, as the top row is exact we have fify = 0, so az = 0. We
conclude that ps is injective.



Now suppose instead that we start with an element by € By. Put by = ga(bs) € Bs and a3 = pgl(b;;) € As.
We then have pyf3(as) = gsps(as) = g3(bs) = gszg2(b2) = 0 (because gsgo = 0). As p4 is an isomorphism,
this means that f3(az) = 0, so az € ker(f3). As the top row is exact we have ker(f3) = image(f2), so we
can choose as € A2 with fg(ag) = as. Put b/2 = bg 7])2(&2) S BQ. We have gg(bé) = 92(b2) — ggpg(ag) =
bs — psfa(az) = bs — ps(as) = 0, so b € ker(go) = image(g1). We can thus choose b} € By with g1(b]) = 5.
Now put a} = p; ' (b)) € Ay and ay = fi(a}) € Ay. We find that po(ah) = pafi(a)) = gipi(a)) = g1 (b)) =
by, = by — pa(as), so pa(as + ab) = be. This shows that po is also surjective, and so is an isomorphism as
claimed. O

Proposition 1.24. Suppose we have a short exact sequence U* Ly 2y of cochain complexes. Then
there is a natural system of maps 6*: H*(W*) — H**Y(U*) (called connecting homomorphisms) such that
the sequence

is exact for all k.

For simplicity we have stated this in a form that does not include a definition of the maps 6%, and
indeed the definition is not needed for most applications. The slogan behind the definition is just that
§ = ¢~ tdp~ 1, but considerable work is required to make this precise. We will need the details in order to
analyse the properties of §, so we explain them now.

Definition 1.25. In the context of Proposition 1.24, a snake is a list
o = (W,w,v,u,7) € HY(W*) x ZF(W*) x VF x ZFYU*) x H 1 (U™)
such that:

(a) w is the cohomology class of w, and @ is the cohomology class of .

(b) ¥(v) = w, and ¢(u) = d(v).
More specifically, we say here that o is a snake from w to u. We write S for the set of all snakes, which is
clearly a group under addition.

Lemma 1.26. For any element w € H*(W*), there exists a snake starting with .

Proof. We can certainly choose a representing cocycle w € Z¥(W*). As +: VF — WF is surjective, we
can choose v € V¥ with ¢(v) = w. We now have ¥(dv) = dy)(v) = dw = 0, and ker(y)) = image(¢)
by assumption, so we can find u € U**! with ¢(u) = dv. This means that ¢(du) = do(u) = ddv = 0,
but ¢ is injective, so du = 0. This means that v € Z*+1(U*), so there is an associated cohomology class
u € Hk+1(U*). We now see that (@, w, v, u, @) is a snake starting with w, as required. O

Lemma 1.27. If two snakes have the same starting point, then they also have the same end point.

Proof. By subtracting the two snakes, we reduce to the following statement: if we have a snake o of the
form (0, w,v,u,w), then u is also zero. As the sequence is a snake we see that the cohomology class of w is
trivial, so w = di for some w € W*~1. As 1 is surjective we can then choose & € V¥~1 with ¢ (9) = @. Now
put v/ = v —d(v) € VF. As dd = 0 we have d(v') = d(v), which is the same as ¢(u) by the snake conditions.
We also have (v') = ¢(v) — d(0) = (v) —dw = w —w = 0, so v' € ker(y)) = image(¢), so we can choose
u € UF! with ¢(u') = v'. Now ¢(u — du’) = d(v) — d(¢(u')) = dv — dv’ = 0 and ¢ is injective so u = du'.
This means that u is a coboundary, so the cohomology class u is zero as claimed. O

Lemmas 1.26 and 1.27 validate the following definition:

Definition 1.28. For any w € H*(W*), we define §(w) to be the end point of any snake that starts with
w.

Heuristically, in a snake (W, w, v, u, %) we see that v is a choice of 1)~ (w) and u is a choice of ¢~ 1dv so our
definition is compatible with the slogan § = ¢y ~'d¢~'. Using the fact that the snakes form a group under
addition, it is easy to see that §: H*(W*) — H*T1(U*) is a homomorphism.
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Proof of Proposition 1.24. We first check that all adjacent composites in our sequence are zero. Firstly, we
have 1.6, = (¥¢). = 0, = 0, as required. Next, suppose we have a cohomology class v € H*(V*), and we
choose a representing cycle v € Z¥(V*). One can then check that (1. (?),(v),v,0,0) is a snake, showing
that 61, (¥) = 0. This means that d¢. = 0, as required. Finally, consider an arbitrary snake (W, w,v,u, ).
We then see that ¢.(u) is represented by the cocycle ¢(u), but ¢(u) = dv so that cohomology class is
zero. This shows that ¢.0 = 0. As all these composites vanish, we deduce that image(¢.) < ker(t,), and
image(¢,) < ker(9), and image(d) < ker(¢.).

We must now prove the opposite inclusions. First suppose we have a class 7 € H*(V*) with 1. (v) = 0.
Choose a representing cocycle v € Z¥(V*). Then 9 (v) represents zero, so ¥(v) = di for some @ € WF=1,
As 1 is surjective, we can then choose © € V¥~1 with 4(?) = @. Now put v' = v — d¥, which is another
cocycle representing v. We also have ¢ (v') = ¢(v) — dip(9) = ¢(v) — dw = 0, so v' € ker(¢)) = image(®), so
we can choose u € U* with ¢(u) = v'. Now ¢(du) = dp(u) = dv' = dv—ddv = 0 and ¢ is injective so du = 0.
We therefore have a corresponding cohomology class @ € H*(U*), and the relation ¢(u) = v’ implies that
¢+ (T) =7, so T € image(¢,). This completes the proof that ker(i,) = image(¢.).

Now suppose instead we start with a class w € H*(W*) with 6(w) = 0. We can thus choose a snake of the
form o = (W, w, v, u,0). This means that the cohomology class of u is trivial, so u = d(@) for some @ € U,
Put v/ = v — ¢(@) € V*. We find that dv’ = dv — ¢(dii) = dv — ¢(u), which is zero by the snake conditions
for 0. Because ¥¢ = 0 we also have 9(v') = 9(v) = w. This means that v’ represents a cohomology class T
with 9, (7) = w, so W € image(t,) as required.

Finally, suppose we start with a class w € H**1(U*) with ¢.(7) = 0. Choose a representing cocycle
u € ZFL(U*). Then ¢(u) represents ¢, () = 0, so we must have ¢(u) = dv for some v € V¥, Put
w = (v) € UF, and note that dw = di)(v) = ¥(dv) = é(u) = 0 (because )¢ = 0). This means that w is
a cocyle, and we write W for the corresponding cohomology class. We now see that (W, w, v, u,u) is a snake,
sow = 0(w) € image(d), as required. O

The following result, known as the Snake Lemma, can be regarded as a special case of Proposition 1.24.

Proposition 1.29. Suppose we have a commutative diagram as follows, in which the rows are short exact
sequences:

A >L>B*q»0

1

A" »—— B —» '
J q

Then there is a unique homomorphism §: ker(h) — cok(f) such that 6(q(b)) = o’ + f(A) whenever g(b) =
j'(a"). Moreover, this fits into an eract sequence

0 — ker(f) EN ker(g) % ker(h) 5 cok(f) EN cok(g) L cok(h) — 0.

Proof. We can construct a cochain complex U* by putting U? = A and U! = A’ and U’ = 0 for all i ¢ {0,1}.
The differential U° — U? is just f, and all other differentials are zero for trivial reasons. We construct V*
from g and W* from h in the same way. Note that H°(U*) = ker(f) and H'(U*) = cok(f) and all other
cohomology groups vanish, and similarly for V* and W*. The maps j and j' give a cochain map U* — V*,
and the maps ¢ and ¢’ give a cochain map V* — W*, and by putting these together we get a short exact
sequence of cochain complexes. The claim now follows by applying Proposition 1.24. O

Proposition 1.30. Suppose we have a commutative diagram of cochain complexes and cochain maps as
follows, in which the rows are short exact:

Ur— sy Y

|
P* —Q0 Q" —— R".
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Then the following square also commutes:

Hk(W*) *6>Hk+1(U*)

Hk(R*) 45> chJrl(P*)'

Proof. If (W, w,v,u,u) is a snake for the top row, then (v.(w),v(w),u(v), A(u), A«(@)) is a snake for the
bottom row. 0

Corollary 1.31. In the context of Proposition 1.30, if two of the three maps
Aot HY(U*) — H*(P") e H*(V*) — H*(Q) ve: H*(W*) = H*(R")
are isomorphisms, then so is the third.
Remark 1.32. When we say that A.: H*(U*) — H*(P*) is an isomorphism, we really mean that the map

Aot H¥(U*) — H¥(P*) is an isomorphism for all k. From the proof below one can easily extract some
slightly more refined statements, involving particular values of k.

Proof. Suppose that A, and p, are isomorphisms. More precisely, we assume that A, : Hk(U*) — H* (P*)
is an isomorphism for all k£, and similarly for . Consider the diagram

HAU*) 2 HR (V) =2 BR (W) — 2 BRI (U) — 2 RV

o ok | | <

HE(PY) 2 HE(QY) —Ts HE(RY) — o 14 (PY) s HFH(QY).
The middle square commutes by Proposition 1.30, and the other two squares commute by Proposition 1.17.
It follows by the five lemma (Lemma 1.23) that v, is an isomorphism, as claimed.

This completes the case where A, and u, are assumed to be isomorphisms. The other two cases can be
proved in the same way, after extending the above ladder diagram two steps to the left. O

We next want to examine how connecting homomorphisms interact with ring structures on cochain com-
plexes.

Definition 1.33. Let A* be a differential graded ring. A differential A*-module is a cochain complex U*
with a multiplication rule A% x U7 — U?*J satisfying the obvious associativity and distributivity conditions,
such that d(au) = d(a)u+ (—=1)’ad(u) for all a € A* and u € U7. By an evident analogue of Proposition 1.9,
this makes H*(U™*) into a module over H*(A*).

Proposition 1.34. Let A* be a differential graded ring, and let U* 2, v ¥, W* be a short exact sequence
of differential graded A*-modules (so ¢(au) = ag(u) for all a € A7 and u € U*, and similarly for ). Then
fora € HI(A*) and u € H*(W*) we have §(au) = (—1)7ad(u).

Proof. Choose a cocycle a € A7 representing @ (so da = 0) and a snake (W, w, v, u, %) showing that §(w) =
u. One of the snake conditions is that dv = ¢(u), which implies that d(av) = d(a)v + (—=1)?ad(v) =
(=1)ad(v) = ¢((—=1)au). It follows that (@w,aw,av,(—1)au,(—1)7au) is a snake, which implies the
claim. 0

Example 1.35. Let A* be a differential graded ring, and let I* and J* be ideals in A* such that d(I*) < I*
and d(J*) < J*. We can then consider A*/I*, A*/J*, A*/(I* + J*) and A*/(I* N J*) as differential graded
rings. We can also define maps
A (I N T*) S (A7) x (A7)T7) L5 A% /(I + J7)
by
dpla+(I"NJ*))=(a+TI"a+J%)
Yo+ I e+ T )=b—c+ (I"+J%).
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It is straightforward to check that these are well-defined, and that the displayed sequence is short exact.
The map ¢ is a homomorphism of differential graded rings. The map v is not a ring homomorphism, but
both ¢ and 1 can be regarded as homomorphisms of differential graded modules over A*. We thus obtain
an exact sequence

HE(A* /(1" 0 J%)) 25 HEAY 17 x B A% 707 L BR AT 1 07 S BRTY AT/t oty 25 BETL AT ) x HR LAY 07,

in which §(ab) = (—1)'@d(b) for all @ € H/(A*) and b € H¥(A*/(I* + J*)). We call this the algebraic
Mayer-Vietoris sequence. The traditional Mayer-Vietoris sequence for the cohomology of topological spaces
can be constructed as a special case.

Remark 1.36. Here H*(I*) cannot generally be regarded as a subgroup of H*(A*). Instead, we have a

short exact sequence I'* ENEINYE /I* of differential A*-modules, giving rise to another long exact sequence
HY1(A%) &5 JRF1 A1) S BRI 2 HRAY) L HR (A7) 17) S HE(T).

Using exactness, we see that i, is injective iff § = 0 iff ¢, is surjective. If so, then i, identifies H*(I*) with
an ideal in H*(A*) and ¢. induces an isomorphism H*(A*)/H*(I*) ~ H*(A*/I*). In practice one often
encounters examples like this where 6 = 0, but one also often encounters examples where § # 0.

2. CHAIN COMPLEXES

As well as cochain complexes, we will sometimes need the very similar theory of chain complexes, which
we now describe.

Definition 2.1. A chain complez is a system of abelian groups Cj, (for k € Z) equipped with homomorphisms
dkC: Cr — Ci—1 (called differentials) such that the composites

dkc+1 ds$
Ck+1 E— Ck — Ck,1
are all zero. We say that C, is nonnegative if Cy, = 0 for all k¥ < 0. (This will be the usual case for us.)
There are two different ways we can relate chain complexes to cochain complexes. The first is as follows:

Definition 2.2. Given a chain complex C,, we define a graded abelian group (TC)* by (TC)* = C_.
For each element ¢ € C_;, we have a corresponding element in (7'C))¥; it will be notationally convenient to
denote that element by T'c rather than c. We can then introduce a differential d: (TC)* — (TC)**! by
d(Tc) = T(dc), which makes (T'C)* into a cochain complex. We call it the twist of C..

It is clear that this construction gives a perfect equivalence between chain complexes and cochain com-
plexes, so all definitions and results from Section 1 have analogues for chain complexes. We will briefly
discuss these analogues below, in order to pin down the various grading conventions.

First, however, we describe the other main way to relate chains and cochains.

Definition 2.3. Given a chain complex A, we define a graded abelian group (DA)* by (DA)* = Hom(Ay, Z).
Given a homomorphism u: Ay — Z, we define du: A1 — Z by (du)(x) = (—1)*u(dz). This gives a ho-
momorphism d: (DA)¥ — (DA)**!. This makes (DA)* into a cochain complex, which we call the dual of
A.

Remark 2.4. Let A be a free abelian group. If A is finitely generated, then Hom(A, Z) is also a free abelian
group of the same finite rank, and the natural map x: A — Hom(Hom(A,Z),Z) (given by x(a)(u) = u(a)) is
an isomorphism. Thus, we can pass freely between A and Hom(A,Z) with no loss of information. However,
we will typically work with chain complexes A, for which each term Ay is a free abelian groups of infinite rank,
and thus is the direct sum of an infinite number of copies of Z. This means that the dual is an infinite product
of copies of Z, and so is not free abelian. It also turns out that the map x: Ay — Hom(Hom(Ag,Z),Z) is
injective but not surjective. Thus, we will need to work harder in this case to understand the relationship
between A, and (DA)*.



Definition 2.5. Let C, be a chain complex. We put
Z(CL) = ker(d : C, — Cr_1)
Bi(C.) = image(dS,;: Cry1 — Cy)
Hy(Cy) = Zi(C.)/Bi(Cy).

(For the definition of Hj(C,) to make sense, we need to know that By (C,) < Zy(C.). This follows immedi-
ately from the condition d? = 0.) The elements of Zx(C.) are called cycles, and the elements of By (C,) are
called boundaries. The groups Hy(C,) are the homology groups of the complex.

Definition 2.6. Let A, and B, be chain complexes. A chain map from A, to B, is a sequence of maps
o A — By for all k € Z such that the following diagrams commute:

Ap e, By,

Ak,1 —_— Bk+1
Pr—1
Where there is no danger of confusion, we will suppress all subscripts and superscripts, so the commutation
condition is just d¢ = ¢d.

By an evident analogue of Proposition 1.17 we see that a chain map ¢: A, — B, induces a homomorphism
¢ H(A) — H,.(B) in a functorial way.

Definition 2.7. Let ¢, ¢ : A, — B, be chain maps between chain complexes. A chain homotopy from ¢ to ¥
is a system of maps o : Ax — Ag41 such that ¢, — ¢ = og_1dy + dir+10k (or more briefly, v — ¢ = do+od).
We say that ¢ and 1) are chain homotopic (written ¢ ~ 1) if there exists a cochain homotopy between them.

As in the case of cochain maps, we see that chain homotopy is an equivalence relation that is compatible
with composition, and that chain homotopic maps induce the same map of homology groups.

Definition 2.8. Given a chain map ¢: A, — B, as above, we define D(¢): D(B)* — D(A)* by D(¢)(v) =
v o ¢p. This is easily seen to be a cochain map. We will write ¢* for the map H*(D(B)) — H*(D(A))
induced by ¢. If we have another chain map ¢: A, — B, and a chain homotopy o from ¢ to ¥, we define
(Do)F: (DB)* — (DAY~ by (Do) (v) = (—=1)*"'woos_1. One can check directly that this gives a cochain
homotopy from D(¢) to D(¢).

Remark 2.9. Given chain maps A, 2, B, Y, Cy, it is easy to see that D(y¢) = D(¢) o D(¢p) and
(¥p)* = ¢*1p* on cohomology. In other words, D(A)* and H*(D(A)) are contravariant functors of A,.

Proposition 2.10. Let A, be a chain complex. Then there is a well-defined bilinear pairing H*(DA) x
Hi(A) = Z given by

(u+ B*(DA),a+ Bi(A)) = u(a)
(for u € Z¥(DA) and a € Zi(A)). Moreover, for any chain map ¢: A, — B, and any o € Hi(A) and any
B € H*(DB) we have

(9+(a), B) = (@, ¢"(B))-

Proof. For the pairing to be well-defined, we need to check that (u+ dz)(a + dt) = u(a) for all € (DA)F~!
and t € Ay . By definition of the differential on DA, we have dz(a+dt) = (—1)*"12(d(a +dt)) but da = 0
and d*t = 0 so dx(a + dt) = 0. We also have u(dt) = (—1)¥(du)(t) but du = 0 by assumption so u(dt) = 0.
From this it is clear that (u + dz)(a + dt) = u(a) as required. The statement about (co)chain maps follows
directly from the definitions. a

The next two propositions can be deduced from the corresponding results in Section 1 using the twisting
functor from Definition 2.2, or they can be proved by a slight adaptation of the proofs for those earlier
results.
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Proposition 2.11. Suppose we have a short exact sequence U, 2, V. Y, W, of chain complexes. Then
there is a natural system of maps o : Hp(W*) — Hp_1(U*) (called connecting homomorphisms such that
the sequence
x * 5 P
Hy(U.) 25 Hy(Vi) 25 Hy(W.) S Hyo1(U) 25 By (V)
is exact for all k. O
Proposition 2.12. Suppose we have a commutative diagram of chain complexes and chain maps as follows,

in which the rows are short exact:

U, — v, Y,

|
P —— Qv —— R..

Then the following square also commutes:

H(W.) —= H,_1(U.)

Hk(R*) T} Hk_l(P*).

Thus, if two of the three maps
At Hyo(Uy) = H.(Py) i Ho (Vi) = Ho(Qx) Vi: Ho(W,) = H.(Rx)

are isomorphisms, then so is the third. O

3. SINGULAR HOMOLOGY AND COHOMOLOGY

We now give the definition of the cohomology groups H*(X). It will be technically convenient to treat
the homology groups H,.(X) at the same time, even though we have not emphasised these in the main text.
These are less richly structured than the cohomology groups because they do not have a ring structure,
but nonetheless they are often useful. For almost all the spaces that we have discussed, we just have
Hp(X) = Hom(H*(X),Z) and H*(X) = Hom(H}(X),Z), so homology and cohomology determine each
other in a straightforward way. The relationship can be a little more complicated for general X, however.

Definition 3.1. First, we put
Ay = {(zo,...,71) €[0,1]%| ngl =1}

We find that A is a point, A; is a line segment, As is a triangle and Ag is a tetrahedron. The vertices of
Ay, are the standard basis vectors e, ..., e, € RFFL

€2
€1 €2

Ay A,

€1
€0 €1
€3

€0 €0
In general, Ay is called a k-simplez.
Definition 3.2. Now suppose that 0 < i < d. We can define a map 6;: Ag_1 — Ay by

51(l‘) = (.To, e ,$i_1,0,l‘i, . ,xd_l).
11



For example, we have three maps g, §; and J from the line segment A; to the triangle As; each of these
identifies the line segment with one of the edges of the triangle.

€1 €2
A A 61(Ar) do(Aq)
Ay
€o €n 62(A1) €1

Remark 3.3. Suppose that X is a subspace of a vector space. We say that a map u: A,, — X is affine if
for all z € A, we have u(x) = u(d_, xie;) = >, ;i u(e;) (where as usual e; denotes the i’th standard basis
vector). We can describe 0;: Ag_1 — Ay as the unique affine map such that

e de H0si<i
B €j+1 1f’L§j<d

We also see from this that §;(Ag_1) is the face of Ay opposite the vertex e;.

Definition 3.4. Now let S;(X) denote the set of all continuous maps u: Ay — X. Thus So(X) is just
the set X itself, whereas S;(X) is the set of continuous paths in X. For bookkeeping convenience, we take
Sk(X) to be the empty set for k < 0.

Definition 3.5. Next, we write C(X) for the free abelian group generated by Si(X). Thus, for each
u € Sp(X) we have a basis element [u] € Ck(X), and every element m € Ci(X) can be written as a finite
linear combination m = 2?21 m;[u;] for some integers m; € Z and some maps u;: Ay — X. The elements
of Ci(X) are called singular k-chains on X. We define a homomorphism d: Cy(X) — Ci_1(X) (called the

boundary homomorphism) by
k

d([u) = Y (=1)"[uo 4]
=0
(or d =0 when k£ <0).

Remark 3.6. Note that we have only specified the effect of d on the basis elements, but this is sufficient:
for a general element m = 3, m;[u;] € C(X), we can and must put

k
d(m) = myd([u;]) = > > (=1)'m;u; o 5).
J j =0

Remark 3.7. Recall that Sp(X) = X, so Cp(X) is the free abelian group on the points of X. Now consider
amap u: A; — X. The simplex A; is just an interval joining the point ey = (1,0) to the point e; = (0, 1),
so u can be thought of as a path joining u(eg) to u(e;) in X. We have d([u]) = [u(e1)] — [u(eo)], which is
the formal difference between the endpoints of the path.

We next claim that d(d(m)) is always zero. This relies on the following lemma.
Lemma 3.8. ]fO S] <1<k then (5]‘(51' = (5¢+1(5j! Ak,1 — Ak+1.

Proof. Consider a point © = (xq,...,xx—1) € Ag—1. Then 6;(x) is the same as x but with a zero inserted in
position ¢. If we now apply d;, this inserts another zero in position j. As j < ¢ this moves the first zero into
position ¢ 4 1. Suppose instead that we first do d;, inserting a zero in position j. If we then apply ;11 then
we get another zero in position 7 + 1, and this insertion does not move the first zero because i + 1 > j. The
claim follows.
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For example, in the case where k = 6, j = 2 and ¢ = 4 we have
6254(3307.’131,,%2,3?3,%4,335) = 52(.1‘07.’1?1,132,373,0,374,335)
= ($0,$1,07$2,$3,0,x4,3}5)
5552(9307%1,!172,153,954,935) = 55(3307I1,07I2,1173,$4,$5)

= (iE(),ZL'l,O,ZL'Q,IEg, 0,%4, $5)'

Corollary 3.9. The composite Ci11(X) 4 Cr(X) 4 Ci—1(X) is zero, so C(X) is a chain complex.

Proof. 1t will suffice to show that d(d([v])) = 0 for all v € Sp41(X). Put mj; = (—1)""7[v 0 §; 0 §;]; we must
show that >, « Zfi& mj; = 0. The lemma tells us that when 0 < j < i < k we have m;; + m;y1; = 0.
Consider the case k = 3. The relevant terms are then as follows:

Mmoo | Mi10 MM2p M30 M40

mo1 mi1 mo1 ms1 may

mo2 mi2 moo mao TMy2

mos mis mas3 mas mys

We find that mgg cancels mqg, mo1 cancels mog, and in general each column below the dividing line cancels
with the row of the same length above the dividing line. The same pattern works for all k; we leave the
formal proof to the reader. O

Definition 3.10. We define the homology groups of the space X to be the homology groups of the chain
complex C,(X), so

ker(d: Cr(X) — Cr_1(X))

image(d: Cry1(X) — Cr(X)’

We also write C*(X) for the dual cochain complex D(C, (X)) as in Definition 2.3. We then put

ker(d: C*(X) — CF1(X))

image(d: CF—1(X) — Ck(X)’

Remark 3.11. As Cj(X) is freely generated by S;(X), any homomorphism from Cj(X) to Z is determined
by its values on the basis elements in Si(X), and these values can be precribed arbitrarily. We can thus
identify C*(X) = Hom(Cy(X),Z) with the set Map(Sk(X),Z) of all functions from Si(X) to Z. In this
picture, the differential d: C*(X) — C*+1(X) can be described as follows. Suppose that u € C*(X), so we
have u(s) € Z for all s: Ay — X. We must define du € C**1(X), or equivalently we must define (du)(t)
for all t: Ay — X. We can compose ¢ with the maps 0;: A — Agy1 to get maps vod; € Sk(X) and
thus integers u(v o §;) € Z. After chasing through the various identifications we find that the appropriate
definition is

Hp(X) = Hi(Cu(X)) =

HM(X) = H*(C*(X)) =

k+1
(du)(t) = > (=) u(v o).

i=0
Remark 3.12. Consider again the definition C*(X) = Map(Sy(X),Z). As always, we are assuming that X
has a topology, and Si(X) is the set of continuous maps from Ag to X. It would be possible to introduce a
sensible topology on Sk (X), but we have not done so, and it would not be useful for our present purposes.
Instead, we just consider Si(X) as a discrete set, and C*(X) is the set of all maps from Si(X) to Z,
with no continuity condidtion. This does mean that C¥(X) is extravagantly large, and the subgroups
ZF(X) and B¥(X) (of cocycles and coboundaries) are also extravagantly large. Nonetheless, the quotient
H¥(X) = Z*(X)/B*(X) is often manageably small.
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The most basic calculation is as follows:

Proposition 3.13. Suppose that X is a set with the discrete topology. Then

(a) Ho(X) is the free abelian group generated by X.
(b) H°(X) = Map(X,Z).
(c) For k # 0 we have Hj,(X) =0 and H*(X) = 0.
In particular, if X is a single point then Ho(X) = H°(X) = Z.

Proof. In the light of Remarks 3.7 and 3.11, we can rephrase (a) and (b) as saying that Hy(X) = Cy(X)
and H°(X) = C°(X). As X is discrete, every continuous map Ay — X is constant. Thus, for k > 0 we
can identify Sj(X) with X, and Cj(X) with Cy(X), and C*(X) with C°(X). With this identification, the
boundary map d: Cj41(X) = Cr(X) is the identity on Cy(X) multiplied by Zf:ol(—l)i, which is zero when
k is even, and one when k is odd. In other words, the complex

Co(X) L C1(X) <L Ca(X) & O3(X) L Ca(X) L C5(X) <L ..
is just

Co(X) < Co(X) < Co(X) < Co(X) & Co(X) & Co(X) < ...
This means that when & is odd we have Z;(X) = Bi(X) = 0, whereas if k is even and k > 0 we have
Zi(X) = Br(X) = 0; either way, we have Hx(X) = 0. Finally, we have Zy(X) = Cy(X) and By(X) =0
so Ho(X) = Cp(X) as claimed. The claims about H*(X) follow in the same way, after dualising the above
description of C,(X). O

For spaces that are not discrete, we can still give an elementary account of Hy(X) and H?(X).

Definition 3.14. We write 7o(X) for the set of path-components of X. In more detail, we introduce a
relation on X by xg ~ 1 if there exists a continuous path w: [0,1] — X with u(0) = z¢ and u(1) = ;. This
is easily seen to be an equivalence relation, and we write mo(X) for the set of equivalence classes.

Proposition 3.15. Let X be an arbitrary space. Then
(a) Ho(X) can be identified with Z[mo(X)], the free abelian group generated by the set wo(X).
(b) H°(X) = Map(mo(X),Z).

In particular, if X is path-connected then Hyo(X) = HY(X) = Z.

Proof. We will start with the cohomological statement. We have So(X) = X so C°(X) is the set of all
(possibly discontinuous) maps u: X — Z. We have C~1(X) = 0 so B’(X) = 0 so H'(X) = Z2°(X) =
ker(d: C°(X) — C*(X)). For any s: A; — X, the map sodp: Ag — X corresponds to the point s(e;), and
similarly s o d; corresponds to s(eq), so (du)(s) = s(e1) — s(eg). Note here that s can be regarded as a path
in X from s(eg) to s(ey). Thus, we see that du = 0 iff u takes the same value on the endpoints of every path,
and so factors through the quotient set m(X). This proves that H°(X) = Map(mo(X),Z) as claimed.

The homological statement is similar but needs a little more bookkeeping. First, observe that C_;(X) =0
so Zop(X) = Co(X) and Ho(X) = Co(X)/Bo(X) = cok(d: C1(X) — Cp(X)). Let ¢: X — mo(X) be
the evident map that sends a point € X to the corresponding path component. This induces a map
Co(X) = Z[X] — Z[ro(X)], which we also call g. This is clearly surjective. Recall that an element
u € S1(X) can be regarded as a path in X, with endpoints z and y say, and that d([u]) = [y] — [¢]. Tt
follows that ¢d([u]) = [¢(y)] — [¢(x)], but = and y are in the same path component, so q(y) = ¢(x), so
qd([u]) = 0. This proves that qd = 0, so ¢(Bo(X)) = 0, so there is an induced map §: Ho(X) — Z[mo(X)]
given by g([x] + Bo(X)) = [¢(x)]. It should be reasonably clear that this is an isomorphism. A formal proof
can be given as follows. For each path component ¢ € my(X) we can choose a point f(c) € X representing
that component. This gives a map f: mo(X) — X with ¢f = 1;,x). We again extend this to give a
homomorphism Z[m(X)] = Z[X] = Co(X) by putting f(3, ni[c;]) = >, ni[f(ci)], and we still have ¢f = 1.
Next, for each x € X we note that fq(z) is in the same path component as z, so we can choose a path
g(x) € 51(X) with g(x)(eo) = fq(x) and g(x)(e1) = =. This gives a map g: So(X) — S1(X), and thus a
homomorphism Cy(X) — C1(X). By construction, we have dg([z]) = [z] — fq([z]). As the elements [z] form
a basis, this means that dg = 1 — fq as homomorphisms Cy(X) — C1(X). In particular, if u € ker(g) then
dg(u) =u— fq(u) = u, so u € B1(X). It follows that the induced map § on Cy(X)/B1(X) is injective, and
thus is an isomorphism as required. O

14



Remark 3.16. More generally, let (X;);cr be the family of all path components of X. We then find that
any map Ay — X factors through one of the sets X;, so Si(X) = [[, Sk(X;) and Cr(X) = @, Cr(X;) and
C*(X) = [, C*(X;). The differentials respect these splittings and we deduce that Hy(X) = @, Hp(X;)
and H*(X) = T], H*(X;).

The following result is a special case of the homotopy invariance of homology, which will be proved later.

However, the special case has a much simpler proof, so it is illuminating to discuss it separately.
Proposition 3.17. Suppose we have a space X with a basepoint Ox, and a contraction h: [0,1] x X — X
with h(0,x) = 0x and h(1,z) =x for allx € X. Then Hy(X) =Z, and Hp(X) =0 for all k # 0.
Proof. First, we can define m: [0,1] x A — Agy1 by m(r,t) = (1—r,rt). This is surjective, and it collapses
{0} x Ay to the point eg = (1,0) € Agy1, but is otherwise injective. It therefore induces a continuous
bijection from ([0,1] x Ag)/({0} x Ag) to Agy1, which is a homeomorphism because the source is compact
and the target is Hausdorff. Geometrically, this just means that Ag;q can be regarded as a cone on Ay.

Next, we define a map s: Sg(X) — Sk41(X) as follows. A point in Si(X) is a map u: Ay — X. The
map s(u): Agyr; — X is given by s(u)(eg) = 0x, and

S(U)(t) = h(l — to, u(tl/(l — to) N ,tk+1/(1 — to)))
for t # eg. In other words, s(u) is the unique map such that the following diagram commutes:

[O, 1] X Ak L} Ak-{-l

1x ul Js(u)

0,1] x X —— X.

This means that s(u) o m is continuous, and m is a quotient map, so s(u) is continuous, and so can be
regarded as an element of Si+1(X). We have thus defined a map s: Si(X) — Sg41(X), which induces a
map $: Cr(X) — Cir41(X) of the corresponding free abelian groups.

We next analyse the maps s(u) 0 §;: Ap — X for 0 < ¢ < k+ 1. When i = 0 we have

s(u)(bo(t)) = s(u)(0,1) = h(L, u(t)) = u(t),

so s(u) o dp = u. When ¢ = 1 we have

s(u)(01(2))

(w)(to,0,t1,. .. tx)

(1 —to,u(0,¢1/(1 —to),...,tx/(1 —t0)))

(1 —to,(wodg)(t1/(1 —to),...,tx/(1 —tp)))
s(u o dg)(t).

We conclude that s(u) o 61 = s(uodg). For 1 < i < k+ 1 the notation would be more cumbersome if we
wrote out the details, but the idea is the same, and the result is that s(u) o 0; = s(u o §;—1). It follows that
for u € Sk(X) with k£ > 0, we have

S
h
h

k+1 k
d(s([u])) + s(d([u])) = > _(=1)"[s(u) 0 8] + > _(=1)"[s(u o 5;)]
i=0 i=0
k+1 k ‘
+Z s(wodi_1)]+ > (—1)s(uod)]
i=0
= [u].

As the elements [u] span Cj(X), we deduce that d(s(c)) + s(d(c)) = ¢ for all ¢ € Cy(X). In particular, for
¢ € Zy(X) we have d(c) = 0 so the relation reduces to d(s(c)) = ¢, which shows that ¢ € image(d) = B (X).
This means that Z;(X) = Bi(X), so Hy(X) = Z,(X)/Br(X) = 0 as claimed. The argument must be
modified slightly for & = 0, as follows. We define e: Co(X) — Z by €(>_, ni[x;]) = >, ns, and observe
that ed = 0: C1(X) — Z. For z € Sp(X) = X we find that d(s([z])) = [z] — [0x], so for ¢ € Co(X) we
have d(s(c)) = ¢ — €(¢)[0x]. From this it follows that Zy(X) = Cy(X) = Bo(X) & Z.[0x], so Ho(X) =
Zo(X)/By(X) = Z as claimed. O
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Remark 3.18. We can rephrase the above proof as follows. Let T be the chain complex with Ty = Z and
T, =0 for all k& # 0 (so the differentials are automatically zero). We can define chain maps

T, L Cu(X)S T,

as follows. For k # 0 we can and must take 7, = 0 and ¢, = 0. We define n9(n) = n.[0x] € Co(X), and
e0(>; milxs]) = >, ny. It is straightforward to check that the composite C1(X) 4, Co(X) =% Z is zero, and
in all other cases we have dn = nd and de = ed for vacuous reasons, so 1 and € are indeed chain maps. It is
also clear that en = 17,. The map s in the above proof gives a chain homotopy between ne and 1¢_(x), so
N«€x is the identity on H,(X). It follows that 7, and e, give mutually inverse isomorphisms between H., (X)
and H,(T.), so Hyo(X) = Z and the other groups vanish as claimed. We remarked in Definition 2.8 that
chain homotopies give rise to cochain homotopies by duality, and using this we see that H*(X) is the same
as H*(D(T)*), which again has a single Z in degree zero.

Example 3.19. Later we will give a general result relating Hy(X) to the fundamental group m (X), for an
arbitrary based space X. From that result we will be able to see that H;(S') = Z. Here we will use more
direct methods to construct homomorphisms Z — H1(S') — Z whose composite is the identity. This proves
that Hy(S') =Z & A for some A4; in fact A = 0, but we will leave that for later.

First, define n: R — S by n(t) = exp(2mit) (so n is surjective, and n(s) = n(t) iff s —t € Z). Define
u: Ay — ST by u(t,1 —t) = n(t). Then u(e;) = u(eg) = 1, so d([u]) = 0, so we have an element
a = [u] + B1(SY) € H;(S'). Our map Z — H;(S) just sends n to na.

For the other map, we will construct a diagram as follows.

Co(S1) —2 €1 (1) —L Cy(SY)

| 4

0 R St
"

Here d and 7 have been defined already, and ¢ is the homomorphism from the additive group Co(S?) to the
multiplicative group S given by €(>", n;[z;]) = [, 2'". To define w, consider an arbitrary map v: A; — S*.
The theory of covering spaces tells us that there exists a lifting v: A; — R with nov = v, and that any two
such lifts differ by an integer constant. We define the winding number of v to be w(v) = v(e1) — v(eg) € R.
More generally, for a 1-chain ¢ = >, m;[v;] € C1(S'), we put w(c) = >, mjw(v;) € R; this defines a
homomorphism w: C1(S') — R as required. We claim that nw = ed: C1(X) — S (so that the right hand
square in the diagram commutes). Indeed, we have

nw([v]) = n(v(er) —v(eo)) = v(er)/v(eo) = e([v(e1)] — [v(eo)]) = ed([v])

as required. We also claim that wd = 0: C1(X) — R. To see this, consider a map p: Ay — St. As Ay is
homeomorphic to a square, the theory of covering spaces again gives a lift p: Ay — R with nop = p. The
composites po §;: A; — R can then be used as lifts for the paths po §;: A; — S, which gives

w(p o do) = p(do(er)) — P(do(eo)) = Ple2) — pler)
w(podr) =p(di(e1)) — p(d1(eo)) = ple2) — pleo)
w(podz2) = p(da(e1)) — p(d2(eo)) = ple1) — pleo)
w(d([p])) = (p(e2) — ple1)) — (Ple2) — pleon)) + (Pler) — plen)) = 0,

as claimed. This proves that the diagram above is commutative.

Now suppose that ¢ € Z1(S1). We then have n(w(c)) = e(d(c)) = €(0) = 1, so w(c) € Z C R. Moreover, if
c actually lies in By (S') < Z;(S') then w(c) = 0, because of the relation wd = 0. It follows that there is an
induced homomorphism w: H(S') — Z given by w(c+ B1(S')) = w(c). If a € H;(S?) is as defined at the
beginning of this example, we see directly that @w(a) = 1, so the composite Z — H;(S') — Z is the identity,
as promised.
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Example 3.20. The boundary of A,, is the subspace

0A, ={te A, |t; =0 for some i} = U 0i(An—1) C A,.
i=0

The maps §;: A,—1 — 0A,, can be regarded as elements of S, _1(90A,,), so we can define

n—1

c= (~1)'[6;] € Crr(0A,).

=0

We claim that d(c) =0, so ¢ € Z,,_1(0A,,). To see this, let b be the identity map A,, — A,,, regarded as an
element of S, (A,) C Cr(A,). We can regard Cx(0A,,) as a subgroup of Ci(A,,), and in that context, we
have ¢ = d(b), so d(c) = d?(b) = 0. We thus have an element u = ¢ + B,,_1(0A,,) € H,_1(0A,).

Beause b is not in C,(0A,,), the equation d(b) = ¢ does not show that ¢ € B,_1(0A,,), so it is possible for
u to be a nonzero element of H,_1(0A,). We will in fact show later that for n > 1, the group H,,_1(0A,,)
is a copy of Z, generated by u. The other homology groups are zero, apart from Ho(0A,) =Z. Ilf n =1
then 9A,, just consists of two points, so we again have two copies of Z, but they both occur in dimension 0.

Note also that A,, is homeomorphic to S"~1. Indeed, we have a map d: dA,, — R\ {0} given by

d(t> = (tl _t07t2 _tl7~--atn _tnfl);

so we can define f: dA,, — S" "1 by f(t) = d(t)/||d(t)||. It is not hard to show that this is a homeomorphism,
so H,(S" 1) ~ H,(0A,).

Example 3.21. As usual, we write A,,/OA,, for the quotient space in which 9A,, is collapsed to a single
point (which we take as the basepoint). Let u: A, — A, /0A, be the obvious quotient map, and let
z: A, = A, /OA, be the constant map sending everything to the basepoint. We can use these to define a
chain ¢ = [u] — [z] € C\(A,/0A,). For 0 < i < n we have w0 d; = z0¢;, and it follows that d(c) = 0, so
¢ € Zn(A,/OA,). We will prove later that H, (A, /OA,) is a copy of Z, generated by the coset ¢+ B,,. The
other homology groups are zero, apart from Hy(A,,/0A,) = Z.

One can also show that A,,/0A,, is homeomorphic to S™ (and thus to 0A,,11), so this example is consistent
with the previous one. To see this, let b denote the barycentre of A,,, so b; = 1/(n+1) for 0 < ¢ < n. Define
m: A, — R by

m(t) = max(l — (n+ 1)tg,..., 1 — (n+ 1)t,) = (n+ 1) max((b—t)g,..., (b —t)n).

One can check that 0 < m(t) < 1, with m(¢t) =0iff t = b, and m(¢t) = 1 iff t € OA,,. Now define f: A, — B"
by f(b) = 0, and f(t) = m(t)d(t)/||d(t)| for t # b. One can check that this is continuous at ¢ = b, and
that it gives a homeomorphism f: A, — B", extending the homeomorphism f: A, — S™~! considered
previously. It therefore induces a homeomorphism f: A, /0A, — B"/S"~1. There is also a surjective map
g: B™ — S™ given by

g(u) = (4p(u)(1 = p(w))u/|ull, 2p(w) — 1),
where p(u) = y/1 — ||ul/2. For the exceptional case u = 0 we have ¢g(0) = (0,1). The map g sends the whole

boundary sphere S"~! to the point (0, —1), so it induces a map g: B"/S"~! — S™. This is easily seen to
be a continuous bijection from a compact space to a Hausdorff space, so it is a homeomorphism.

Example 3.22. Consider the torus 7' = S* x S'. We will construct a certain element ¢ € Zy(T). It turns
out that Hy(T) is a copy of Z, generated by the coset ¢+ By (T'), but we will not prove that. The construction
uses the map n: R — S! given by n(t) = exp(2mit) (so n(0) = n(1) = 1). We define maps u,v: Ay — T by

u(to, t1,t2) = (n(t1 +t2),n(t2))
v(to, t1,t2) = (n(t2), n(t1 +t2)).
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We find that

udp(t,1 —t) =
uh (t,1 —t) =
uda(t,1 —t) =
voo(t,1 —1t) =
vo1(t,1 —1t) =
voa(t,1 —1t) =

s0 udy = vda, udy = vdy and udy = vdy. It follows that the chain ¢ = [u] —

w(0,t,1—1t) = (1,n(1 —t))

u(t,0,1—t) = (n(1 —t),n(1 — 1))

u(t,1—1¢,0)=(n(l—-1),1)

’U(O t,1— t) (77(1 — t), 1)

U(tvoa 1- t) = (77(1 - t)77’(1 - t))
(t, 1- tVO) = (Ln(l - t))v

Lemma 3.23. Suppose that a € Z'(X). Then

(a) For any constant path w: Ay — X, we have a(u)

=0.

[v] has d(c) = 0, as required.

(b) Ifu and v are paths in X with the same endpoints, and they are homotopic relative to those endpoints,

then a(u)

= a(v).

(¢c) If we have a path u from x to y, and a path v from y to z, and we let w denote the joined path from

x to z, then a(w) = a(u) + a(v).
Proof.

same value. This means that t o §; = u for all . Thus

(0a)(t) = a(t o §p) — a(t 0 d1) + a(t 0 d2) = a(u)

(a) Let u be constant with value € X say. Let ¢ be the constant map from Ag to X with the

—a(u) + a(u) = a(u).

On the other hand, we are given that a € Z(X), so d(a) = 0. It follows that a(u) = 0 as claimed.

(b) The endpoints of A; are eg = (1,0) and e; =
The assumption is that there is a map h: A; x [0,1] — X such that h(p,0) =

(0,1). Put z = u(ep) = v(eg) and y = u(e1) = v(ey).

u(p) and h(p,1) = v(p)

for all p € Ay, and h(eg,t) =z for all t € [0,1], and h(ey,t) =y for all ¢ € [0,1]. Now Ay x [0,1] is
a square, which we can cut diagonally into two triangles. More explicitly, we can consider the maps

a,f: Ay — Ay x [0,1] given by

a(to, t1,t2) = ((to, t1 +t2),t2)
B(to, t1,t2) = ((to +t1,t2),t1 + t2).
This corresponds to the following picture:
(eo,1) v (e1,1)
B
T Y
@
(e0,0) u (e1,0)

Now put w(tg,t1) = h((te,t1),t1), corresponding to the diagonal edge above. From the definitions
and the properties of h, we find that

hOz(So(to, tl) =Y

hady (to,t1) = w(to, t1)
hada(to, t1) = u(to, t1)
hBds(to, t1) = .
As a € Z1(X) we have (9a)(hoa) =
a
a

(0
(y) —
(v) —

a)(hopB)=0,so

a(w) +a(u) =
a(w) + a(x) =

18

hBdo(to,t1) = v(to,t1)
hB61(to, t1) = w(to, t1)
0
0



Here a(x) and a(y) refer to the constant maps x,y: A1 — X, so a(z) = a(y) = 0 by part (a). We
therefore have a(u) = a(w) = a(v) as claimed.

(¢) The path join operation is usually defined for maps [0,1] — X. As we use A; instead of [0,1], a
little translation is required. The appropriate definition is

(t " ) u(to - tl, 2t1) if to Z to
w y = .
0 ’U(Qt(),tl — to) if to < t1.

Now define 7: Ag — Ay by 7w(to,t1,t2) = (to +t1/2,t1/2 + t2). This is just a projection:
el

From the definitions we see that
w7r50(t0, tl) = w(t0/2, to/? -+ tl) = U(to, tl)
w77(51(t0, tl) = ’Ll)(t()7 tl)
’wﬂ'(SQ(to,tl) w(t0+t1/27t1/2) :u(to,tl).

As a € ZY(X) we have (9a)(wr) = 0, so a(v) — a(w) + a(u) = 0 as claimed.

O

Corollary 3.24. Let X be a path conected based space. Then there is a natural isomorphism H(X) =~
Hom(m(X),Z).

Proof. Let zy be the basepoint in X. We can identify m(X) with the set of equivalence classes of maps
u: A1 — X for which udy = ud; = x¢, under the relation of homotopy relative to endpoints. Suppose we have
an element a € Z'(X). Part (b) of the lemma tells us that there is a well-defined map ¢(a): 71 (X) — Z given
by ¢(a)([u]) = a(u), and part (c) tells us that ¢(a) is a homomorphism. It is clear that ¢p(a+b) = ¢(a)+ H(b),
so we have a homomorphism ¢: Z!(X) — Hom(w1(X),Z). Now suppose that a = dp for some p € C(X).
This means that p is a function from X to Z, and a(u) = p(u(e1)) — p(u(eg)) for all u. In particular, if u is
a based loop (so u(eg) = u(e1) = xg) then a(u) = 0. From this we see that ¢(a) = 0, so ¢(B*(X)) = 0, so
there is an induced homomorphism ¢: H*(X) — Hom(7(X), Z).

To construct a map in the opposite direction, we first choose, for each point x € X, a path v,: Ay = X
with 7, (eg) = zo and ~,(e1) = x. This is possible because X was assumed to be path connected. It will be
convenient to insist that 7., is just the constant path at zg.

Next, for any u: A; — X we let o(u) be the path formed by joining v,c,), followed by u, followed by the
reverse of 7,(,). Note that this is a based loop and so gives a class [o(u)] € m1(X).

Now suppose we have a homomorphism «a: 71(X) — Z. We can define (o) € C'(X) by ¥(a)(u) =
a(fo(u)]). Tt is clear that (a+8) = ¥(a)+1(B), so we have a homomorphism +: Hom(m;(X),Z) — C*(X).
We claim that this has 9v¥(a) = 0. To see this, consider a map m: Ay — X. This gives three paths u = mds,
v =mdy and w = md;. The map m provides a homotopy relative to endpoints between w and the join of u
and v. Explicitly, the formula is

m(to — Stl, 2St17t1 — Stl) if to Z tl
m(to — Sto, 28t07t1 — Sto) if to < tl.

h((thtl)vs) = {

As path join is associative up to homotopy, it follows that [o(w)] = [o(u)][e(v)] in 7 (X). As a is a

homomorphism, it follows that a([o(w)]) = a([o(u)])+a([o(v)]), or equivalently (9 («))(m) = 0, as required.

We have therefore defined a homomorphism +: Hom(m(X),Z) — Z*(X), and we can compose with the
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quotient map Z'(X) — Z%(X)/BY(X) = H'(X) to get a homomorphism : Hom(m(X),Z) — H'(X).
We claim that this is inverse to ¢.

To see this, suppose we start with a € Z1(X) and put a = ¢(a) € Hom(7m1(X),Z). Define p € C°(X) by
p(z) = a(vz). If v is a path from z to y, we find using part (c) of the lemma that a([o(u)]) = a(v:) + a(u) —
a(vy) = (a — dp)(u). It follows that ¥¢(a) = a — dp, which represents the same coset in H*(X) as a does.
This means that ¥¢ = 1: HY(X) — H'(X).

In the opposite direction, suppose we start with a: 71 (X) — Z, and put a = ¥(a) € Z*(X). Consider a
based loop u: Ay — X. Then ¢(a)([u]) = a(u) = ¥(a)(u) = a([o(u)]). As v, was taken to be the constant
path at zq, we find that o(u) is homotopic (relative to endpoints) to u, so [o(u)] = [u], so ¢(a)([u]) = a([u]).
This means that ¢i) = 1Hom (1 (X),Z)- O

4. FUNCTORIALITY AND HOMOTOPY INVARIANCE

We next study the effect of continuous maps on homology and cohomology groups.

Definition 4.1. Let f: X — Y be a continuous map.

(a) We define f,: Sip(X) = Sk(Y) by fu(s) = fos.

(b) We then define a homomorphism f,: Cp(X) — Ci(Y) by extending linearly, so f.(>, ni[si]) =

(c) We will check below that this gives a chain map, so there is an induced map of homology groups,
which we again denote by f.: H.(X) — H.(Y).

(d) We also define f*: C*(Y) — C*(X) by (f*v)(s) = v(f o s) (for v € C¥(Y) = Map(S,(Y),Z) and
s € Si(X)). Equivalently, in terms of Definition 2.8 we have f* = D(f.).

(e) We will check below that this gives a cochain map, so there is an induced map of cohomology groups,
which we again denote by f*: H*(Y) — H.(X).

Remark 4.2. Suppose we have another continuous map ¢: ¥ — Z. It is then clear that (gf).« = g« f« on
S.(X) and C(X) and H,.(X), and also that (¢f)* = f*¢* on C*(Z) and H*(Z). In other words, S., C,
and H, are covariant functors, and C* and H* are contravariant functors.

We still need the following lemma to validate the above definition:

Lemma 4.3. The map f.: C.(X) = C(Y) is a chain map, and the map f*: C*(Y) — C*(X) is a cochain
map.

Proof. For s € Si(X) we have
k k
d(fu[sl) =d([fos) =) (-1)'[fosod]=f. <Z(—1)i[8 ° M) = f«(d([s])),
=0 i=0

so f. is a chain map. It follows that f* is a cochain map, either by the remarks in Definition 2.8, or by a
similarly direct argument using Remark 3.11. ]

The real work will be to check homotopy invariance.

Proposition 4.4. Let fy and f, be continuous maps from X toY. Then any homotopy from fo to f1 gives
rise to a chain homotopy from (fo)« to (f1)«, and a cochain homotopy from f§ to fi. We therefore have
(fo)« = (f1)s: Ho(X) = Ho(Y) and f§ = f7: H(Y) — H*(X).

Proof. We define maps o;: Ag11 — [0,1] x Ay (for 0 < i < k) by o;(x) = (t,y), where t = Zk+1 x; and

j=i+1
x; for 0<j <
Yi =T +xip1  forj=1
Tjt1 fori < j <k.
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For example, when k£ = 3 we have

00(Zo,21,T2, T3, T4 Ty + x2 + 23 + 24, (To + T1, T2, 3, 74))

X9 + I3 + T4, (1’0,171 + IQ,$3,I4))

( )= (

O'l(IIf xr1,T2,T3,T 4) (

o2(xo, 1, T2, T3, Z4) = (T3 + 24, (To, T1, T2 + T3, 24))
( )= (

03(Zo, 21, T2, T3, T4 xy, (zo, 21, T2, 3 + X4)).

It can be shown that Ay x [0,1] is the union of the images of the maps o;, and the intersection of any two
of these images is another simplex of lower dimension. However, we will not need this so we omit the proof.

Now suppose we have a homotopy h: [0,1] x X — Y with h(0,2) = fo(x) and h(1l,z) = fi(z). Given
u: A — X and i € {0, ..., k} we can form the composite

1xu

A1 25 [0,1] x Ap =50, 1]><X—>Y

which is an element of S (Y"). We can thus define si: Ci(X) — Cr1(Y) by

k

si([ul) =Y _(=1)'[ho (1 x u)oai].

=0

We claim that these form a chain homotopy between (fo). and (f1)s.
To see this, put

aij = (Ar 25 Ay Z500,1] x Ay) for 0<i<k+1, 0<j<Fk,
Bis = (A 25 [0,1] x Ap_y =22510,1] x A, for 0<i<k, 0<j<k—1
so that
k+1 k k k—1
(ds + sd)[u ZZ D ho (1 x u) o ayj] —1—22 D™ ho (1 x u) o Bij].
1=0 j=0 =0 j=0

One can then check from the definitions that

ﬁijzam“ fOI‘OS’LSj<]€
ﬂij:aiJrLj for0§j<i§k
Q-1 = Qj for 0 <i<k.

Using this, we see that everything cancels to leave only the terms involving agg and a41,x. The pattern for
k = 3 is illustrated below: the S terms in the green triangle cancel with the corresponding « terms in the
other green triangle, and similarly for the blue triangles, whereas the two terms in each red rectangle cancel
each other.

One can also see from the definitions that ago(x) = (1,2) and a1 x(z) = (0, x), and thus that the remaining

terms are [fi o u] and —[fo o u]. This means that ds + sd = (f1)« — (fo)«, as claimed. We thus have a chain

homotopy between (fo). and (f1)«, which gives a cochain homotopy between f; and f; by the prescription

(Ds)(a) = a0 s as in Definition 2.8. O
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5. REDUCED AND RELATIVE HOMOLOGY AND COHOMOLOGY

Definition 5.1. Let X be a space, and let Y be a subspace of X. We can then regard C.(Y) as a
subcomplex of the chain complex C,(X), and thus form the quotient complex C.(X,Y) = C.(X)/C.(Y).
We write H.(X,Y) for the homology groups of this quotient, and call these the relative homology groups
of the pair (X,Y). We also put C*(X,Y) = Hom(C,(X,Y),Z) (considered as a cochain complex as in
Definition 2.3) and H*(X,Y) for the corresponding cohomology groups.

Remark 5.2. Note that C.(0) = 0, so H.(X,0) = H.(X) and H*(X,0) = H*(X). It is also clear that
H*(X,X) = 0.

Theorem 5.3. Let Y be a subspace of X, and let Z be a subspace of Y. Then there are natural long exact
sequences

s Hy (X)) S Hy (Y, 2) 25 Ho(X, Z) 25 Ho(X,Y) S Hy 1 (Y, 2) = -
and
S HYNY, Z2) S B (XL Y) S HY(X, Z) S HR(Y, Z) S HY (XL Y) o
In particular, in the case Z = () we have long exact sequences
o Hy (X, Y) S Hy (V) 25 Hy(X) 25 Hy (X, Y) S Hy (V) > -
and
S HNY) S HMXY) S BHYX) S YY) S (X, Y)
Proof. First, it is elementary that the inclusion C.(Y) — C.(X) induces an inclusion C.(Y)/C.(Z) —
C(X)/C.(Z) with cokernel C,(X)/C,(Y), so we have a short exact sequence of chain complexes
0-C.(Y,2) > Cu(X,Z2) - Ci(X,Y) — 0.
Proposition 2.11 therefore gives us a long exact sequence
s Hy (X)) S Hy (Y, 2) 2 Ho(X,Z) 25 Hy(X,Y) S Hy (Y, Z2) = -
as claimed. Next, we can apply Hom(—,Z) to the above short exact sequence to get another sequence
0—-C*"(X,)Y)—=>C"(X,Z) = C*(Y,Z) = 0,

which we claim is again short exact. It is not true that the functor Hom(—,Z) automatically preserves all
short exact sequences so some argument is required. In this case, however, we have S, (Y) C S, (X), and
Cn(X,Y) is freely generated by S,(X) \ Sn(Y), so C"(X,Y) = Map(S,(X) \ Sn(Y),Z). After describing
C™(X,Z) and C™(Y, Z) in the same way, and noting that

Sn(X)\ Sn(Z) = (Sn(X)\ Sn(Y)) L (S (Y) \ Sn(2))
we see that the sequence
0-C"X,)Y)—=C"X,Z)—=C™"(Y,Z) =0,

can be identified with the sequence

1
0= (Y)Y o x vy @ env. z) LU engy, 2) s o,

so it is clearly short exact. Proposition 1.24 therefore gives us another long exact sequence

s HNY, Z2) S HMX,Y) S HY(X, Z2) S HYY, 2) S BN (X Y)
as claimed. g
Remark 5.4. In the above proof, we used an isomorphism C,,(X,Y) ~ Z[S,(X)\ S,(Y)]. Note that we can
have a map u: A,, — X with u(A,) € Y but wd;(A,—1) CY for some ¢ (or even for all 7). Because of this,
the description C,(X,Y) ~ Z[S,(X) \ S, (Y)] does not interact well with the differentials, and so does not

give a splitting C,(X) = Ci(X,Y) @ C.(Y) of chain complexes, or a splitting H.(X) = H.(X,Y) ® H.(Y)
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of abelian groups. This does not matter in the above proof, because we are only using the description to
check that the sequence

1
0= (%, v) 0 onx vy e ony, z) O ey 7y S o

is short exact, and that statement does not involve any differentials.
Definition 5.5. We define the augmented chain complez C,(X) by

Ch(X) ifn>0

Cn(X)=<X1Z ifn=-1

0 ifn < —1.
The differential on C,(X) is the same as for C,(X) except that d: Co(X) = Z[X] — C_1(X) = Z is given
by d[z] = 1 for all z (so for u € S1(X) we have dd[u] = d([u(e1)] — [u(ep)]) = 1 — 1 = 0 as required). We
write H,(X) for the homology groups of C,(X), and call these the reduced homology groups of X.
Proposition 5.6.

(a) If X =0 then ﬁf,l(X) = 7Z and all other reduced homology groups are zero.

(b) If X is contractible then H,(X) = 0.

(c) More generally, we always have H,(X) = PNIn(X) for all n > 0, and a choice of point a € X gives
rise to an isomorphism Ho(X) = Ho(X,{a}) and a splitting Hy(X) = Z & Ho(X).

Proof. For claim (a), when X = @ and n > 0 we have S,,(X) = () and C,(X) = 0. It follows that the only
nontrivial group in C,(X) is C_1(X) = Z, and the claim is clear from this. For the rest of the proof we can
assume we have a point a € X. We let i: {a} — X be the inclusion, and we let 7: X — {a} be the constant
map with value a, so i = 1.
Next, it is immediate from the definitions that H, (X) = H,(X) for n > 0, and that H,(X) = H,(X) =0
for n < —1. We also have a long exact sequence
Ha({a}) = Ho(X) % Ha(X, {a}) % Hoa({a})

as in Theorem 5.3. As ri = 1 we have r,i, = 1 so i, is injective so § = 0 and we actually have a short exact
sequence

H,({a}) = Ho(X) & Ho(X, {a}).
For n # 0 we just have H,({a}) =0 and so H,,(X) = H,(X, {a}). For n =0 it follows that the map
(re,m): Ho(X) = Ho({a}) ® Ho(X,{a}) =Z & Ho(X, {a})
is an isomorphism. _ N _ B
Next, we can regard C.({a}) as a subcomplex of C,(X), and the quotient C\(X)/C«({a}) is the same
as Ci(X)/Ci({a}) = Ci(X,{a}). The short exact sequence C,({a}) = Cu(X) — C.(X, {a}) gives a long
exact sequences of homology groups. The complex C,({a}) has the form

0 0+zezlzizlzdzd
so H,(C,({a})) =0, to the long exact sequence gives an isomorphism H,(X) — H, (X, {a}).

_If X is contractible we have seen that Ho(X) = Z and H,,(X) = 0 for n # 0. It now follows easily that
H.(X)=H.(X,{a})=0. O
6. PRODUCTS IN COHOMOLOGY

We now turn to the product structure.
Definition 6.1. Define A = Ay, j: Ay = Apy and p = ppm: Ay = Apg by
Mzoy ..oy xn) = (20y ..o, Zpy 0,...,0)
oo,y xm) =(0,...,0,20,...,Tm).
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Given a € C"(X) and b € C™(X) we then define ab € C"*™(X) by
(ab)(w) = a(w o X) b(w o p).
We also write 1 for the constant function So(X) — Z with value 1, so that 1 € C%(X).

Remark 6.2. This product is sometimes called the cup product and written as a Ub, especially in the older
literature. However, we will use more streamlined notation as above.

Remark 6.3. Suppose we have a map f: W — X, and cochains a and b as above. It is immediate from
the definitions that f*(ab) = f*(a)f*(b).

Proposition 6.4. The above product structure is associative, with 1 as a two-sided unit element. Moreover,
we have d(1) =0 and the Leibniz formula

d(ab) = d(a)b+ (—1)"ad(b)
holds for all a € C™(X) and b € C™(X), so C*(X) becomes a differential graded ring.

Proof. First suppose that a € C"(X) and b € C°(X). We note that A\, o = 1: A, — A, so (ab)(w) =
a(w)b(wp). If b =1 then b(wp) = 1 for any w, and so (ab)(w) = a(w). This shows that al = a for all a, and
essentially the same argument shows that 1a = a. It is also clear that (d(1))(u) = 1(udg) —1(ud) =1-1 =0,
so d(1) =0.

Next, suppose we have a € C"(X) and b € C™(X) and ¢ € CP(X). Define v = vy p: Ay = Dpgmip
by

v(zo, ..., Tm) = (0,...,0,2q,...,Zm,0,...,0)

(with n zeros in the left block and p zeros in the right block). We find that v = Ayym pPrm = Prm+pAmp
and thus that

(a(be))(w) = a(wAn m+p)b(WVnm.p) (WP +m,p) = ((ab)e)(w).

This shows that the product is associative.
Finally, we consider the claim about d(ab). On the right hand side, we have

n+1
(d(a)b)(v) = d(a)(vA)b(vp) = > (=1)'a(vAd;)b(vp)
=0
m—+1
(—=1)™(ad(b))(v) = (=1)"a(vA) db(vp) = D> (=1)"Ha(vA)b(vpd;)
7=0

One can check that A, 11 = X and pdy = p, so the last term in the first sum is (—1)"*La(v\)b(vp), whereas
the first term in the second sum is (—1)"a(vA)b(vp). These terms cancel so we can drop both of them to get

n m+1

(d(a)b+ (=1)"ad(b))(v) = Z( 1) a(vAé;)b(vp) + Z )" a(v\)b(vpd;).

i=0
On the left hand side, we note that (d(ab))(v) is the sum of terms k; = (—1)%(ab)(vd;) =
for 0 <i <n+m+1. If 0 <i < n then one can check that §;\ = A\d; and §;p = p so k; = (—1)*a(vAd;)b(vp).
On the other hand, if n < i < n+m + 1 then we can write i = n+ j with 1 < j < m + 1. We then find
that ;A = X and &;p = pd; so k; = (—1)"a(vA)b(vpd;). It now follows that d(ab) = d(a)b+ (—1)"ad(b) as
claimed. 0

(—1)"a(vd; \)b(vd;p)

Corollary 6.5. There is a well-defined unital and associative product on H*(X) given by
(a+ B*(X))(b+ B*(X)) = ab+ B*(X)
fora,be Z*(X).
Proof. This follows from Proposition 1.9. (]

Proposition 6.6. The product on H*(X) satisfies the graded commutativity rule ba = (—1)Yab for all
a€ H(X) and b e H/(X).
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We will prove this by constructing some explicit chain homotopies. It is possible to avoid this by a more
abstract approach (the “method of acyclic models”), but we will not discuss that here.

Definition 6.7. For n,p > 0 and m > 0 we define maps

Unmp* Am — An+m+p
Hnmp An+p+1 — An+m+p

by

Vnmp(Z0, - ., Tm) = (0", Z0, . . ., Ty, OF)
-1
,U/’erp<y07 .. 7yn+p+1) - (907 oy Yn, OTYL ay’n+17 ey yn+p+1)-
Here 0F denotes a string of k zeros; this means that z in the first formula occurs in the same position as v,
in the second formula, and x,, in the first formula occurs in the same position as y,, 1 in the second formula.

Next, given cochains a € C*(X) and b € C?(X) we define a U; b € C*H1~1(X) as follows. If j = 0 we just
take a Uy b = 0. Otherwise, there exist pairs (n,p) € N? with j — 1 = n + p, and we put

(@Ub)(u) = > (=D a(u om0 )b(u o i ip).

Jj—1l=n+p
Lemma 6.8. For all a and b as above, we have
ab — (—1)ba = d(a) Uy b+ (—1)'a Uy d(b) + d(a Uy b).

Proof. Put ¢ = (d(a) Uy b+ (—1)'a Uy d(b) + d(a Uy b))(u); we must show that ¢ = (ab — (—1)Yba)(u). Fix
an element u € S;1;(X), and put

kr, = A(UVni41,j—1-nO0k)D(Ultn i41,j—1—n) for0<k<i+1,0<n<j—-1
Brn = a(Un i j—n)b(Wtn i j—nOk) for0<k<j+1,0<n<jy
Vin = @(UdkVn, i j—1—n)0(UWktln i j—1-n) for0<k<i+j, 0<n<j-—1.

From the definitions, we see that (d(a)U; b)(u) is the sum of all the terms ay,, with suitable signs. Similarly,
the terms i, give (a Uy d(b))(u) and the terms v, give d(a Uy b)(u). We will start by analysing the
combinatorics, and then make sure that the signs match up correctly at the end. The following can be
verified by direct (if somewhat lengthy) inspection of the definitions:

For 0 <n < j we have oy, = Brt1,n+1-

For 0 <n < jand 1 <k <14 we have agp = Yitn,n-

For 0 < n < j we also have o;11,n = Bnt1,n-

Boo = (ab)(u).

For 0 <k <n < j we have Brn = Yin-1-

The terms S, with k =n > 0 and k = n + 1 are covered by (a) and (c).
Forn+2 <k <j+1 (and so n < j) we have Srn = Viti—1n-
The only remaining 3 is 8j4+1,; = (ba)(u).

The terms g, with k < n are covered by (e).

The terms ~yg, with n+ 1 < k < n + 14 are covered by (b).
The terms 7y, with n+i+ 1 < k < i+ j are covered by (g).

—~ — —
e R e o

—~
™
— e e N e e N

—
=

This pattern is displayed in the following diagram (in the case where ¢ = 6, and j = 4).
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We next consider the signs of the terms in c. If a term has sign (—1)¢ we will say that it has sign ezponent

e.
e For ay,, in (d(a)U; b)(u) we have a sign exponent of 44 k from the definition of d and a sign exponent
of (i4+2)(j +n)+1 from the definition of Uy, giving ij +in+i+k+ 1 mod 2 in total. We will write
e (k,n) for this number.
e For Bk, in (—1)*(aU;d(b))(u), we have a sign exponent of i from the formula, plus (i+1)(j+n+1)+1
from the definition of Uy, plus j + k from the definition of d, making eg(k,n) = ij +in + k +n mod
2 in total.
e For 7y, in d(aU; b)(u) we have i + j + k + 1 from the definition of d plus (i 4+ 1)(j +n) + 1 from the
definition of Uy, giving e (k,n) =ij +in+i+k+n.
To make the signs work correctly in (a) to (g) above, we need the following equations in Z/2:
(a) ea(0,n)+eg(n+1,n+1)=
(b) eq(k,m) + ev(k—i—n n)=1
(c) eali+1, n)+e[3(n+1 n)=1
(d) €5(0,0) =
(e) eg(k,n)+ ew(k n— 1) 1
(5) colkum) +ey(k+i—1,m) =1
(h) 6,6(1 +1,j) =ij+1.
All of these can be checked easily by expanding out the definitions. O

Proof of Proposition 6.6. The statement involves elements a € H*(X) and b € H7(X). We choose a cocycle

a € Z'(X) representing a, and a cocycle b € Z7(X) representing b. As d(a) = 0 and d(b) = 0, Lemma 6.8

simplifies to ab—(—1)Yba = d(aU1b), so ab represents the same cohomology class as (—1)¥ba, as required. [
7. SUBDIVISION AND THE MAYER-VIETORIS AXIOM

Definition 7.1. We define 6,,: A,, — A, by

2); = wi/(i+1).
i=j
For example, when n = 3 we have

— 22 23 2 23 22, 8 03
93($o,$1,$2,$3)—($0+2+3+4 2+3+4,3+4,4
Alternatively, 6, is the unique affine map (in the sense of Remark 3.3) such that
On(ei) = (eo + -+ +ei)/(i+1)
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for all 3.

Definition 7.2. We write X,,41 for the group of permutations of the set {0,...,n}. We let this act on the
space A, by the rule (0.7); = x,-1(;) (so the effect on vertices is 0.e; = e, (;).)

The following picture shows §(Ay) and 00(Asz), where o is the transposition that exchanges 0 and 2.

€2

€y = 0(60) 9(61) €1

It can be seen that A is the union of the sets 06(As), as o runs over the six permutations of {0, 1,2}, and
that these subsets intersect nicely along the edges. This in fact holds for all n, as we see from the following
lemma:

Lemma 7.3. For all o0 € ¥, 41 we have x € 00,(A,,) iff
ZTo(0) 2 To(l) 2 -+ = To(n)-

Proof. We can easily reduce to the case where o is the identity. If

Yn
(ZZ+IZZ+1 erl “’n+1>’

it is immediate that zg > 1 > .-+ > x,,. Conversely, given a pomt r e N, withxg >z >--- > x, we can
define y; = (z + 1)(x; — @iy1) (with the convention z,11 =0, so y, = (n+ 1)z,,). We find that y; > 0 and

i () (S (o) (E) 3

i=0 i=0 i=0
Thus y € An. It is also clear that

Douili+1) =) (@ —zit1) = @,
i=k 3

so 0, (y) = = as required. O

Definition 7.4. We define ,,: C,,(X) — C,(X) by
Knlu] = Z sgn(o)[uoood.

TEX 41

We call this the (barycentric) subdivision map.
Proposition 7.5. The map k.: Co(X) — Ci(X) is a chain map.
Proof. From the definitions, we have

dpknlu Z Z ) sgn (o) [uc,d;).

1=0 c€Xn41
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Fix 7 with 0 < i < n, and let s; be the transposition that exchanges ¢ and ¢ + 1. Put
Ai={oceB 41 |0o(i) <o(i+1)}

so that 3,11 = A; I A;s;. We see from the definitions that (0,,0;(z)); = (0,.0;(x))it1, S0 $:0,0; = 0,0;, so
75;00; = T09; for all T € A;. On the other hand, we have sgn(rs;) = —sgn(7), so the terms for 7 and 7s;
cancel each other. We also see directly from the definitions that 6,6, = §,0,_1: Ap—1 — A,. This leaves
us with

dpinlu] = > (=1)"sgn(0)[ucdnbp_1].

0EX 41
Now put
B={(71)|0<i<n, T€X,}
We can define a bijection f: B — X, 41 as follows:
6i((5)) ifj<n
i if j = n.
The inverse is f~1(o) = (67 1(n), ), where
if
(k) = o(k) 1 o(k) < o(n)
ok)—1 ifo(k) > o(n).

Another way to express the definition of f is as follows: we let 7/ € X,,11 be the obvious extension of 7 with
7'(n) = n, and then f(i,7) is the composite of 7/ with the cycle (i,7 4+ 1,...,n). From this we deduce that
sgn(f(i,7)) = (=1)"T*sgn(7). It is also clear that if f(i,7) = o then 04, = §;7. We therefore have

Kn—1dn[u Z Z ) sgn(7)[ud;m0, 1] = Z (=1)"sgn(o)[ucdnbp—1] = dpku]

=0 T€X, 0EX 41

as required. O
Proposition 7.6. The map k. is chain-homotopic to the identity.
We will give two proofs of this. The first is direct, but involves some rather elaborate combinatorics.

Proof. For 0 < k <n we define ¢,: Ant1 — A, to be the unique affine map with
e; fo<i<k
(bnk(ei) = . . .
(X jciei)/i ifk<i<n+l

Next, we say that a permutation o € ,,11 is k-monotone if 0(0) < o(1) < --- < o(k). We write M, for
the set of k-monotone permutations. We define A, : Cp,(X) = Cp11(X) by

Z Z sgn o) [uodn, ).

k=0oceM,

We will show that d\ + Ad = k — 1. First, we have

n—1 n

=33 3 () sgn(n)[ud;mén-1.4l-

k=0 j=0 7€M, _1 1
In the proof of Proposition 7.5 we defined a bijection
f:H{0,...,n} x B, = Xy,

and noted that if o = f(j,7) then 6,7 = 04, and sgn(os) = (—1)""Isgn(r). When 0 < k < n, it is
straightforward to check that o is k-monotone iff 7 is k-monotone, so we have a restricted bijection

f: {O, - ,n} X Mn—l,k — Mn,k-
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We also see from the definitions that 6,¢n—1,k = Pnkdnt1, 50 0;TPn—_1k = O0nPn—_1,k = OPnidnt1. We can

use this to rewrite Ad as
n—1

Aul =" Y (=1 sgn(0) [uodnkdn 1]

k=0o0€My i
Next, put
C={(i,k,0)|0<i<n+1, 0<k<n, 0 € Mp},
SO

D= 3 (1) sn(o)[uodudi]
(i,k,0)eC
When ¢ = n + 1 and k = n, the only possible o in M, is the identity, and the corresponding term is —[u].
When i = n+ 1 and k£ < n we just get the same terms as in Ad[u] but with the opposite signs. When
i = k = 0 we note that Mo = X,, and ¢,0d9 = 6, so the sum of the corresponding terms is k[u]. In
summary, we see that dA[u] is —Ad[u] 4+ k[u] — [u] plus some other terms indexed by the set

C'={(i,k,0) |0<i<n, 0<k<n, (i,k) # (0,0), 0 € My}
We need to show that the sum over C’ is zero. For this we divide C’ into three parts:
C,={(i,k,0) e C"|0<i<k}
Cl={(i,k,0)eC'|i=k+1}
Cy ={(i,k,0) € C" | k+2<i<n}.

For 0 <i <k, we let p; be the cyclic permutation given by

m fm<iorm>Ek
pnik(m)=<m+1 fi<m<k
7 ifm==%k.

Note that sgn(p;x) = (—1)"*t*, and that if o is k-monotone, then op;;, is (k — 1)-monotone. We can thus
define a map ¢: C) — Cf by
Cli,k,o) = (k,k —1,0pi).

One can check from the definitions that in this context we have o¢ni0; = opikdn k—10k. The first of these
terms comes with the sign (—1)"** sgn(c), whereas the second comes with the sign (—1)***~1sgn(p;10) =
(—1)"*k 1l sen(o), so the two terms cancel. Next, if 7 € M, ;1 then one checks that there is a unique 4
such that the permutation o = T,o;k1 is k-monotone. Using this we see that (: Cj — C is a bijection, so the
terms indexed by C{ cancel with the terms indexed by C7, leaving only the terms indexed by C4.

Now let s;_1 be the transposition that exchanges ¢ — 1 and ¢ as before. For (i,k,0) € C} we put
&(iyk,o) = (i,k,008;_1). As i >k + 2 we see that o o s; is again in M,,;,. We also see from the definitions
that ¢,k (ep) does not involve e;—; or e; when h < i, and that it involves both with the same coefficient
when h > 4. This means that s;_1¢0nr0; = @nkd;, so the terms for (i,k,0) and £(i,k,0) are the same, but
with opposite signs because sgn(s;—1) = —1. It follows that the sum over CY is also zero, completing the
proof. O

We now give another proof, using the so-called method of acyclic models.

Definition 7.7. Suppose we are given an element w € C,(4A,). Consider a space X and an element
a=>,m;[s;] € Cp(X). Here each s; is a map from A,, to X, so it induces a homomorphism (s;).: C«(Ay) —
C.(X). We can apply this to w to get an element (s;).(w) € Cp(X). We put

w(w)x(a) = Zmi(Si)*(w) € Cn(X).

This defines a homomorphism w(w)x: Cp(X) — Cp(X). More generally, suppose we have a sequence
(wg, w1, wa, ... ), with w, € Cp(A,). We can then combine the maps w(wy,)x: Cpn(X) = Cn(X) to get a
map w(w): Cy(X) = C.(X) of graded abelian groups.

29



Remark 7.8. Readers familiar with the relevant concepts will notice that the maps w(w)x are natural (in
the sense of category theory), and that every natural map from C,(X) to C,(X) has the form w(w) for a
unique w € Cp,(Ay,). Indeed, this follows in a straightforward way from the Yoneda Lemma.

Proposition 7.9. Suppose we have a sequence (wy,)S, as in Definition 7.7. Then w(w)x is a chain map
for all X iff we have

n

dwn, = Z(_l)i(di)*(u’nfl) € Crh-1(An)

=0

for all n. If so, then there is an integer v such that w(w)x is chain-homotopic to v times the identity map
for all X. Specifically, the group Co(Ao) is canonically identified with Z, and r corresponds to wg under this
identification.

Proof. From the definitions we have

dw(w)x ([u]) = d(wewn) = u.(dwn)

(—D'w(w)x ([ud]) = D (=1) (ubi) (wp—1) = u. (Z(_l)i(éi)*(wn1)> :

=0 =0 =0

£
£
=
=
=

Il
NE

If dw, = > ;(—1)%(8;)«(wpn—_1) then clearly d o w(w)x = w(w)x o d as required. Conversely, suppose that
w(w)x is a chain map for all X. The identity map ¢,,: A, — A, gives a tautological basis element [¢,,] €
Cn(A,). By considering the above calculation in the case where X = A, and u = t,, we deduce that

dw, = Zi(*l)i(éi)*(wn—l)-
Now suppose instead that we start with a sequence of elements v, € Cp+1(A,,). In essentially the same
way as before, we define w(v)x: Cp(X) = Cr11(X) by

W(W)X(Z m;[si]) = Z m; (8:)x(v).

Using this, we define
C(W)x =dow()x +w(v)x od: Cu(X) — Ci(X).

By construction, this is a chain map that is chain-homotopic to zero. We claim that {(v) = w(w), where w
is defined by wy = 0 and

W = d(var1) + ) (=1)"(8:)(vn)
i=0

for n > 0. Indeed, for n > 0 and s: A,, =& X we have

n

C)x ([8]) = (81 (vn41)) + w(v)x (Y (~1)[s8:])

=0

= s (d(vnin) + (=) 5 (8)-(v0)
i=0

— s, <d<vn+1> + Z(—ni(m*(vn)) — s.(w,)
1=0

as required. The case n = 0 is also clear once we observe that d: C1(Ag) — Co(Ag) is zero.

Now suppose we have a sequence w with wg = 0 and dw,, = > i (—=1)"(8;)+(wn_1), so that w(w) is a
chain map. If we can find a sequence v as above with w,, = d(vp11) + Y 1o(—1)"(6;)x(vy) for all n > 0,
then the above construction will give us a nullhomotopy of w(w). This can be done recursively, starting with
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vg = 0. If vy, ..., v, have been found, we put z, = w, — > . (—1)*(6;)+(vn) and note that

n

da, = dw, — Y (=1)"(6;).(dvy)

1=0
n n n—1
= D 1) = D [ @) = 316 (0n)
i=0 i=0 =0
=3 S )65 ().
i=0 j—=0

By applying w(v) to the identity d?(z,41) = 0, we see that this is zero, so ,, € Z,(A,). On the other hand,
as A, is contractible we have H,(A,) = 0 and so Z,(A,) = B,(A,,), so there exists v,+1 € Cr11(4A,,) with
dv,+1 = T, as required.

More specifically, we can put b, = (1/(n+1),---,1/(n+1)) (the barycentre of A,) and define a contraction
h:[0,1]xA, — A, by h(t,z) = tx+(1—t)b,. This gives a chain contraction of C,(A,,) as in Proposition 3.17,
and thus a specific choice of v, 1.

This completes the proof for the case where wy = 0. For more general w we have wy = d ¢ for some
d € Z. We can then put w;, = wy, — d, for all n, so w(w')x = w(w)x —d.1¢,(x). As wy = 0 we see that
w(w') x is chain-homotopic to zero, so w(w) is chain-homotopic to d times the identity, as claimed. O

We can now give an alternative proof that subdivision is homotopic to the identity.

Second proof of Proposition 7.6. The map k is w(w), where

wp, = K(tn) = Z sgn(o)[o0y,] € Cr(Ay).
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We have wy = 1, so it follows from Proposition 7.9 that x is chain homotopic to 1. O

Lemma 7.10. Let X be a compact metric space, and let U and V be open subsets with X = U UV . Then
there exists € > 0 such that every ball of radius € is either contained in U or contained in V. (Such a number
€ is called a Lebesgue number for the pair (U,V).)

Proof. For each € X we can choose N,, € {U,V} such that © € N,. As N, is open we can then find €, > 0
such that the open ball B(z,2¢,) is contained in N,. The sets B(x,¢,) now cover X, so we can choose
T1,..., Ty, say so that X = J, B(x;, €;,). Put e = min(e,,,. .., €., ). Now given any ball B(y, €) we can find
some ¢ such that y € B(x;,€z,) so

B(y,e) C B(zi,e+€;,) C B(x;,26,,) C N,, € {U,V}

as required. 0

Lemma 7.11. If we use the metric on A,, given by
d(z,y) = Z lzi — vl
i=0

then d(0n(z),0n(y)) < i7d(z,y).

Proof. Put w; = x; — y;, so Y, w; = 0. Put ||w|]| = 3, |w;|, and define a linear map 6,,: R"*! — R"™! by

O (x); = Z;‘l:i z;/(j+1). The claim is then that [|0,(w)|| < ;%5 [lwl[. In the special case where w = e, —¢,

we have ||w| = 2, and we claim that ||0,(w)|| < 2n/(n + 1). It will be harmless to assume that p < ¢, and
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we then have

q 1 p
-3 R N S
= e; €;
a1l = (pt+(g+1)

1=p+1 1=

S| - q-p q-p
O(w)|| = — 4 =9
0wl = 2, ST+ D~ e

1 1
o1 <o (1- -9
g+1 n+1 n+1

as required. Now consider the general case again. Put J = {i | w; > 0} and K = {i | w; < 0} and
a= Zje, wj. To avoid trivialities, we may assume that J, K # () and so a > 0. As >, w; = 0 we also have
> kex Wk = —aand so d(z,y) = >, |w;| = 2a. Now put bjx = —wjwy (for (j,k) € J x K) so 3, bji, = —awy,
and 2, bj = awj and 34 bk = a®. Tt is now straightforward to check that aw = > ik bik(ej —ex), so

2n 2na?
< , - < P .
all0n@)] < Y biellnle; — el < 3 by = 22
g,k J.k
After dividing by a and recalling that [|w|| = 2a we find that [|0,(w)|| < Z5[|w]| as claimed. O

Lemma 7.12. Let U and V be open subsets of A, with A, = U UV . Then for large r we have
K (tn) € Cr(U) + Cp(V) < Cr(Ay).

Proof. Let € be a Lebesgue number for (U, V). Then if w: A,, = A,, and the diameter of w(A,,) is less than
€, we see that either w(A,) C U or w(A,) CV, so [w] € C,(U) + C, (V). It will therefore suffice to show
that when r is large, the diameter of any simplex involved in &"(¢y,) is less than e. The relevant simplices

can all be written in the form w = 616,020, - - - 0,0, where o1, ...,0, are permutations (and so preserve
distances). It follows from the previous lemma that the diameter of w(A,,) is at most 2(n/(n + 1))", which
tends to zero as r increases, as required. O

Proposition 7.13. Let Y and Z be subsets of a space X such that X = int(Y) Uint(Z). Then the complex
Cu(X)/(C(Y) + Cu(2)) is chain-contractible.

Proof. Put Q. = C(X)/(Cu(Y) + Ci(Z)). Tt is clear that the maps kx: Ciu(X) = Cu(X) and A: Cu(X) —
Ciy1(X) preserve C,(Y) and C.(Z), so there are induced maps x: Q. — Q. and A: Q. — Q.41 with
k—1 = d\+ Ad. We claim that for all ¢ € Q. there exists r such that x"(¢g) = 0. As Q. is generated
by elements [w] with w: A, — X, it will suffice to prove the claim for elements of this form. Put U =
w™(int(Y)) and V = w!(int(Z)), so these are open subsets that cover A,,. It follows that for large r we
have K" (1) € Cp(U) + Cr(V), so

' [w] = w,k"(1n) € W (Cr(U) + Cn(V)) < Cu(Y) + Cn(2),

so K"[w] represents 0 in @,, as required.

This means that we can define w: Q. — Q. by w(q) = >_pe, £"(q), or more explicitly w(q) = Y-y £*(q)
for any m large enough that x™(¢) = 0. This is a chain map which is inverse to 1 —x = —d\ — Ad. Tt follows
that

do(—wl) + (—wA)od=wo (1-k)=1,

so the identity on @, is nullhomotopic as claimed. (I
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Lemma 7.14. Suppose we have a set K and subsets I,J C K, and let i, j, k and | be the inclusion maps
as shown below:

Injg—* g

Then the resulting sequences

()

ZIINJ] ~22 71 & 2]

(%) )

Map(I U J, Z) ~2s Map(I, Z) x Map(J, Z) 2" Map(I N J, Z)

(ke —=1i) IS

and

are short ezxact.
Proof. This is elementary and is left to the reader. O

Theorem 7.15. Let Y and Z be subsets of a space X such that X = int(Y) U int(Z), and let i, j, k and l
be the inclusion maps as shown below:

Y

|+

Yn
)
Z———YUuZ=X

l
Then there are natural long exact sequences as follows:

Hop(YUZ) S H, (Y N 2) Q H,(Y)& H,(Z)
5 (%) (i~ 5
H" Y \Yn2Z) S H' (YUZ) ~—% HYY)x H'(Z) — 5 HY (YN Z) S H" T (Y U Z).
(These are called Mayer-Vietoris sequences.) Moreover, ifa € HP(X) andb € HY (Y NZ) then 6((ik)*(a)b) =
(—=1)Pad(b).

Proof. Put P, = C.(Y) + C.(Z) < Ci(X), and Q. = C.(X)/P.. Proposition 7.13 tells us that Q. is
chain-contractible, so H.(Q.) = 0. We can thus apply Proposition 2.11 to the short exact sequence P, —
Cy(X) = Q., giving exact sequences

0= Hpi1(Q)) = Ho(P) — Ho(X) — Hp(Q,) = 0.

From these we see that the evident map H,(P,) — H,(X) is an isomorphism. Next, we can regard S, (Y)
and S, (Z) as subsets of S, (X), whose intersection is S, (Y N Z). The union S,(Y)U S,(Z) is in general
smaller than S, (Y U Z) = S,(X), and we have P, = Z[S,(Y) U 5,(Z)] whereas C,,(X) = Z[S,(X)] so
Qrn ~Z[Sn(X)\ (Sn(Y)U S, (Z))]. From these descriptions we see that the dual sequence

D(Q.) = C*(X) = D(P)
is again short exact, and D(Q,) is cochain-contractible, so H*(X) is isomorphic to H*(D(P*)). We can also
apply Lemma 7.14 to the subsets S, (Y), S, (Z) C S, (X) to see that the sequences

i*>
*

Co(YNZ) L% C(Y) @ Cu(2)

E* ok
D(P.)n ), ony) x cn(z) Y oniy n 2)

are short exact. We can thus use Proposition 1.24 and 2.11 to produce long exact sequences as claimed. The

final claim about the multiplicative structure follows from Proposition 1.34. O
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8. TENSOR PRODUCTS OF (CO)CHAIN COMPLEXES
Definition 8.1. Let U, and V, be graded abelian groups. We define a graded abelian group U, ® V, by
U.0Vin= P U:aV;
i+j=n
We define an isomorphism 7: U, ® Vi, — V, ® U, by
T(u®v) = (-D)9v®@u
for w € U; and v € Vj. Next, if U, and V, are chain complexes we define a differential on U, ® Vi by
du®v) =du) @v+ (=1)'u @ dv).
Proposition 8.2. There are natural maps
w: H(U,) @ H (V) - H (U, @ V,)
given by
p((u+ Bi(Uy)) @ (v+ Bi(V4))) =u®@v+ Bj(U, @ Vi) € Hiy 5 (U, @ Vi)
for allu e Z;(U,) and v € Z;(Vy).
Proof. First, if v € Z;(U,) and v € Z;(V,) we have
du®v)=0®v+ (-1)'u®0=0,

sou®v € Zi;(Uy @ V). We can thus define a bilinear map

1’ Zi(Us) x Zj(Va) = Hiyj(Us ® Vi)
by

' (u,v) =u®v+ Bi(Ue @ Vi).
Next, it is clear that
' (u+dr),v+d(s) =u@v+dre@w+ds) + (=) u®s)+ Bi(U. @ Vi)
=u®v+ Bi(U, ® V.) = pu"(u,v),

so there is a well-defined bilinear map

s Hi(Us) x Hj (Vi) = Hiy (U @ Vi)
given by

W (u+ By(U.), 0+ Bi(V)) = 1" (u,0),
By the universal property of tensor products, this gives a homomorphism p as described. O
Proposition 8.3. Let q denote the evident composite

Z(Us ®Vy) = Ho (U, @ Vi) — cok(p)s.

Then there is a unique map
vi Tor(H,(U.), H;(V.)) > cok(p)iss11
such that
v(ep(u+ Bi(Us),v + B;j(V.))) = q(r ®v — (=1)'u @ s)
whenever u € Z;(U,), v € Z;(V,), d(r) = pu and d(s) = pv.

Proof. For u,v,r and s as above, we put
1

Vp (ua v, T, 5) =r@v-— (71)%“‘ ®s e (U* ® V*)i+j+1'

We have

d(v) (u,v,7,8)) =d(r) @v —u®d(s) = pu®@v —u®pv =0,
so v (u,v,7,8) € Zitj11(U. ® Vi) and so q(v"(u,v,7,5)) is defined. Now suppose we have a different pair
of elements 1/, s’ with d(r') = pu and d(s’) = pv. This means that v’ = r + 2 and s’ = s + y for some
x € Ziy1(Uy) and y € Zj11(Vi). Tt follows that

2@V + Biyjt1(Us @ Vi) = p((z + Biy1(Us)) @ (v + B;(Vi))) € image(u),
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so ¢(z ® v) = 0. Similarly, we have ¢(u ® y) = 0 and so

q(vy, (u, 0,7, 8)) = q(v) (u, v, 7, 9)).

One can also check that
v, (u+d(a),v +d(d),r + pa,s + pb) = v, (u,v,7,5) — (~=1)'d(pa @b+r@b+a®s),
so that
q(vy) (u+ d(a),v +d(b),r + pa, s + pb)) = q(v), (u, v, 7, 5)).
From this it follows that there is a well-defined map
vy Hi(Us)[p] x Hj(Vi)[p] — cok(p)iyjt
given by
V;(u + Bi(U*)ﬂ v+ BJ(V*)) = Q(Vz/)/(u7 v, T, S))
for any choice of r and s as above. This is clearly bilinear. Now suppose that u represents an element

of H;(U,)[nk] and v represents an element of H;(Vi)[mk], so we can choose r € U;41 and s € Vj41 with
d(r) = nku and d(s) = mkv. We find that

v a(u+ Bi,mv + By) = vl (u,mu,m,ns) = r @ mu — (—1)'u @ ns
=mr@uv—(—1)'nu®s=v/,(nu,v,mrs)

and(nu + BZ‘,’U + B])

It follows using Proposition 7.34 in the abelian group theory notes that there is a unique homomorphism
V: TOI‘(Hl(U*), HJ(V*)) — Hi+j+1(U* X V*)
with v(ep(a,b)) = v, (a,b) for all a € H;(U.)[p] and b € H;(V.)[p], as required. O

Lemma 8.4. Let U, be a chain complex of free abelian groups, and put Z, = ker(d: U,, = U,—_1) as usual.
Then one can choose subgroups T,, < U, such that U, =T, ® Z, and the map d: U, — U, _1 restricts to
give an isomorphism T, — B,_1.

Proof. The group B,,_1 is a subgroup of the free abelian group U, _1, so it is itself a free abelian group.
We can therefore choose a basis (e;);er for B,—1. As B,_1 = img(d: U, — U, _1), we can choose elements
e} € U, with d(e;) = e;. We can then define s: B,_1 — U, by s(e;) = ¢}, and we find that ds = 1. We
define T,, = s(Bp—1) < U,. Given u € U, we have d(u) € B,_1 and so sd(u) € T,,. As ds = 1 we have
d(u—sd(u)) =0, so u—sd(u) € Z,. This proves that U,, = T, + Z,,. Moreover, if v € T,, N Z,, then u = s(b)
for some b € B,,_1, but also du = 0. Using ds = 1 we get b = 0 and so u = s(b) = 0. This shows that
U,=T,® Z,. It is clear by construction that d gives an isomorphism 7,, — B, _1 with inverse s. O

d

Theorem 8.5. Let U, and V, be chain complexes of free abelian groups. Then the map v: Tor(H,(U,), H(Vy)) —
cok(u) is an isomorphism, so we have short exact sequences

(H«(Us) @ Hi(Vi))n (SN H, (U, ®V,) —» Tor(H.(U.), He (Vi) n—1.
Moreover, these are split, but there is mo natural choice of splitting.

Proof. First choose splittings U,, = T,, ® Z,, as in Lemma 8.4. Here T,, and Z, are subgroups of the free
abelian group U, so they are also free. We can regard Z, as a subcomplex of U, (with trivial differential)
and the quotient U, /Z, can be identified with T, (again with trivial differential). The short exact sequence
Z, — U, - T, gives a sequence Z, ® V, — U, ® V, — T, ® V,, which is again short exact because V, is
free. Proposition 2.11 therefore gives an exact sequence

H(T,@V) S Hi(Z, @ V) S Hy(U, @ Vi) D H(T, @ Vi) S H_1(Z. @ V).
and thus a short exact sequence

cok(§) o H.(U, ® V) 25 ker(s).
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As T, is free with trivial differential we see that H,(T\ ® Vi) = T\ ® H.(Vi), and similarly H.(Z, ® V) =
Z, @ H.(Vi). One can check that with these identifications, the connecting map § is just d ® 1. We can
tensor the short exact sequence Ty 1 4, Z, — H,(U) by H.(V) and use the freeness of T, and Z, again to
get a four term exact sequence

Tor(H, (U), Hy(V))is1 — (To @ Ho(V))it1 25 (Z. @ Ho(V))i — (Ho(U.) ® Ho(Va))i,

so cok(d) = H,(U,) ® H.(V.) and ker(§) = Tor(H,(U,), H.(Vy)). This gives a short exact sequence

(Hy(U,) ® H,(V.))n & H, (U, @ V4) HfTor(H*(U*), Hy(V.))n—1.

By inspection of the definitions, we have @ = . To understand the map 3, we use part (d) of Proposition 7.30
in the abelian group theory notes to describe the isomorphism between Tor(H;(U.), H;(V.)) and ker(4). If
we have an element ey (a, b) in the Tor group, we can find u € Z; representing a and r € T;41 with d(r) = pu,
and the result mentioned tells us that the corresponding element of ker(d) is r ® b. Now choose v € V;
representing b and s € V41 with d(s) = pv, then put

w="v)(u,v,7,8) =r@v—(~1)'u®s € (Uy @ V.)itjs1-

We find that w is a cycle and that the corresponding homology class maps to s ® b in Ty, ® H,.(V,). This
proves that the map cok(u) — Tor(H,(U.), H.(V,)) induced by 5 is inverse to v. O
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