COHOMOLOGY

DAVID GLICKENSTEIN

1. INTRODUCTION

Cohomology is the homology theory gotten by the dual chain complex to homol-
ogy:
C; =Hom (Cy,,Z),

*

which has coboundary maps 6, = J;;,; : C;y — C;: | (notice that the index goes up
instead of down). The main advantage of cohomology over homology is that it is
a ring, i.e., it has a multiplication, whereas homology does not (it has a coproduct
making it a co-ring, instead of a product making it a ring). The product is a bit
difficult to describe, and we will not describe it for singular cohomology.

Instead, we will look at cohomology of the complex of differential forms, which
have a natural product, the wedge product.

2. DE RHAM COHOMOLOGY GROUPS

Definition 1. Recall the space of k-forms A* (M), together with the differential
maps d : A¥ (M) — A**1 (M) . The set of closed k-forms Z* (M) are forms w €
AF (M) such that dw = 0. The set of exact k-forms B¥ (M) are the forms w €
dA*=1 (M) C Ak (M) . The de Rham cohomology groups H%p (M) are defined as

Hip (M) = 2" (M) /B (M).

Remark 1. The k-forms form a cochain complex given by the differential maps d :
AF (M) — A1 (M) . Notice that in a cochain complex, the differential increases
the index, while in a chain complex the index is decreased. Cochain complexes give
cohomology and chain complexes give homology.

Remark 2. Recall that A* (M) is a vector space over R. The singular chains
Cy (M) are free abelian groups, and hence modules over Z. The groups A* (M)
have more similarity to Cyx (M) ® R, which is a vector space.

It will be important to recall the following fact from last semester (the proof is
a direct calculation, and you can refer to Lemma 12.16 in Lee):

Proposition 2. If G : M — N is a smooth map, then the pullback map G* :
AF (N) — A¥ (M) commutes with d, i.e., dG* = G*d.

We now look at the same sorts of “functorial” properties of the cohomology.
Notice that induced maps on cohomology naturally turn compositions around, as
opposed to induced maps on homology.
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Proposition 3. For any smooth map G : M — N, the pullback G* : A¥ (N) —
AF (M) carries closed forms to closed forms and evact forms to exact forms. Thus
it induces a homomorphism on cohomology. It has the following properties:

(1) If F: N — P is another smooth map, then
(FoG) =G*o F*.

(2) If Idpn denotes the identity map on M, then Idy, : HY, (M) — HYp (M)
18 the identity map.

Proof. Recall that pullbacks commute with the differential, i.e., G*dw = dG*w,
which we recall follows from the calculation:

G*d (f dz™* A+  ANdz'™) = G* (df Adz™ A~ A dz'™®)
=d(foG)ANd(z" 0 G) A---Nd (2 0 G)
=dG" (f dz" A ANda™) .

[REMIND YOURSELF OF HOW TO COMPUTE PULLBACKS AND DIFFER-
ENTTALS!] Thus we get that if w is closed, i.e., dw = 0, then

dG"w =G"dw =0
and if w = dn (w is exact), then
G*'w = G*dn =dG"n

and so G*w is exact. It follows that it induces a homomorphism on cohomology.
The other two follow from their properties on forms. a

Corollary 4. Diffeomorphic manifolds have isomorphic de Rham cohomology groups.
Proposition 5. There is a product Hfp, (M) x HSp (M) — HEFE (M) given by

W] 7] = [wAT]
that gives @, Hk, (M) a (graded) ring structure.

Proof. We will just show that the product is well-defined. Suppose dw = 0 and
dr = 0. Consider

[w+ dw'] [T +d7'] = [(w+ dw') A (T + d7")]
=[wAT+wAdT +dw' AT+ dw' AdT'
=[wAT]

since
d((*l)kw/\T/#*w//\T#*w//\dT) = (1) dw AT +wAdr +do’ AT+ (=) T W Adr 4 dw’ A dr!
=wAdr +dw' AT+ do NdT’

since dw = 0 and dr = 0. O
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3. HOMOTOPY INVARIANCE

Proposition 6. Let F,G : M — N be (smoothly) homotopic smooth maps. For
every p, the induced cohomology maps F*,G* : Hi, (N) — HL, (M) are equal.

Proof. This proof is similar to the proof of homotopy invariance of maps between
homology groups. We need to show that the homotopy induces a cochain homotopy
equivalence, which is a map h : AP (N) — AP~ (M) such that dhw + hdw =
G*w — F*w. (Check that this implies the induces maps on homology are the same.
The argument is analogous to chain homotopy equivalence.) Let H : M x I — N
be a smooth homotopy between F' and G. Let w € AP (N). We can pull back

H*w e AP (M x I) and let
1
5}
- [ Sig
hw /0 8tJ w dt

where % is the generator for T'I. This goes the proper space. Now suppose that
H*w= fdt ANdx™ A--- Adx’»1 and we check:

Lo
dhw =d </ 8—jH*w dt>

=d<(/fxtdt>dcc“/\ A dxtr- 1)
( ) da? Adz™ A A dater.
Now note that
H*dw = dH*w
=d (fdt AdT A A dxip‘l)
gf ded Adt Adz A - A dzter
SO
hdw = Lo of ——dxd Adt Adx Ao Adatrr dt
0 Ot° Oz
=— (/ afj_dt) ded Ndz™ Ao Adxter
0 81’J

and so in this case dhw + hdw = 0. In general, we may have a term in H*w that
has the form fdx** A --- A dz'. For such a term, certainly hw = 0, but

to
hdw:/ — |H"dw dt
o Ot
.
:/ — |dH*w dt
o Ot

1
:(/ of dt)dx“/\---Adxir
o Ot

=[f(z,1) = f(z,0)]dz"™ A~ Adaz'.
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In general, if w = g dy/* A --- A dy’», then
H*w=(goH) d(y"* oH)A---Nd(y» o H)

OH” OHI»

- H " -

(g0 )8x“ ox'r

for some form 7. Using the previous computations, we see that

de' Ao ANdat +dt A

oH  oHw ' . .
o dx*™ N --- Ndxtr
Ozt dz'» |,

=Fw - G*w.

dhw + hdw = |(go H)

O

Theorem 7. If M, N are smoothly homotopy equivalent smooth manifolds, then
HY. (M) = Hi (N) for each p. The isomorphism is induced by any cochain ho-
motopy equivalence.

4. MAYER-VIETORIS

Theorem 8 (Mayer-Vietoris sequence). Let M be a smooth manifold and let U,V
be open subsets of M whose union is M. For each p, there is a linear map § :
HY (UNV) — HYEY (M) such that the following sequence is exact:

0 k*@er

— HERPUAV) S HR, (M) ME HR (U)o HB,(V) S HBL(UNV)

where i : UNV = U, j:UNV =V, k:U— M, {:V — M are inclusion maps.

Proof. The long exact sequence is derived from a short exact sequence of cochain
complexes:

0— AP (M) 25 42 ()@ A2 (V) =5 AP (UNV) -0

Once it is proven that this is a short exact sequence of cochain complexes, a zigzag
lemma/diagram chase produces the long exact sequence, similar to the construction
for chain complexes. If w € AP (M), k*w and ¢*w are just the restrictions of the
forms to U and V respectively, and hence if both are zero, then w is zero on M, so
the first map is injective. Now suppose («, 8) € ker (i* — j*) . Then i* () = j* (8),
and so the restrictions of the two forms a and 8 to U NV must be the same, so the
two forms can be extended to a smooth form on U UV = M, and since it is clear
that (¢* — j*) o k* @ £* = 0, the next part is exact.

Finally, we need to show that for any w € AP (U NV, there are forms a € A? (U)
and 8 € AP (V) such that i*a — 5*8 = w. Let {py, pv} be a partition of unity
subordinate to {U,V'}. We can now define

o= pvwonUNV
" | Oon U \ supp pv
3= —ppwon UNV
“ | Oon V\ supppu

which are smooth forms on U and V. We now see that i*a — j*8 = (py + pv) w =
w. ]

5

p+1
HdR

(M)
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Note that we can again get an understanding of the connecting homomorphism.
If § [w] = [o], then there exist & € AP (U) and 5 € AP (V) such that i*a — j* = w
and k*o = da and ¢*o = df. If we define a and f as in the proof (using the
partitions of unity), we simply need to find o € AP (M) . Note that since dw = 0
on U NV, we have that

dalyny = d(w+ Bunv) = dBlunv.

It follows that the support of da is in U NV, and so it can be extended to a smooth
form on M, and we call that form o. Note [da] = [df] .

5. COMPUTATIONS

Proposition 9. Let M = [], M; be a disjoint union of smooth manifolds, the
inclusions vj : M; — M induce an isomorphism from HYp (M) to the direct product

Hj H 5R (Mj ) :
Proof. These are already an isomorphism on forms, since if w € AP (M) and tiw=20

for all AP (M), then w = 0. Also, for any element in the direct product, the product
gives a form on M. O

Proposition 10. If M is a connected smooth manifolds, then HgR (M) is equal
the the space of constant functions, and hence one-dimensional.

Proof. A closed 0-form is a function f such that df = 0. On a connected smooth
manifold, this means that f is a constant. O

Proposition 11. If M is a zero-dimensional manifold, the dimension of Hp, (M)
is equal to the cardinality of M, and all other de Rham cohomology groups are zero.

Proof. Since a zero-dimensional manifold is a disjoint union of connected zero-
manifolds (i.e., points), the result follows. |

Proposition 12 (Poincare Lemma). Let U be a star-shaped open subset of R™.
Then HY, (U) =0 forp > 1.

Proof. Star shaped domains are contractible to a point, and so HY, (U) = HY, ({pt}) =
0 for p > 1. O

Proposition 13. For allp > 1, H, (R™) = 0.
Proof. R™ is star-shaped. O

Proposition 14. Let M be a smooth manifold, and let w be a closed p-form on
M, with p > 1. The for every q € M, there is a neighborhood U of q on which w is
exact.

Proof. Every point has a neighborhood U diffeomorphic to a star-shaped domain
in R™. We thus have that HY, (U) = 0, so given w such that dw = 0, we also have
that the restriction of w to U satisfies dw = 0 and since [w] = 0, we must have a
form n € AP~ (U) such that w = dn. O

One can also compute the cohomology of spheres using Mayer-Vietoris in much
the same way as we did for the homology of spheres. Note that we have the form
df (which is not closed since we are considering the extension of the differential
of the angle function), that we showed is closed but not exact last semester. One
needs to show that this generates the homology of S', and then use Mayer-Vietoris
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to propagate the generator to all S™. Let’s consider what happens for S*, where U
and V are extensions of the top and bottom of S, so the intersection deformation
retracts to S® =two points. Note that H, (SO) is generated by constant functions
(0,1) and (1,0), where the comma refers to the value of the functions on each
component. Now, if we consider the function f = (1,1), clearly this extends to the
function f = 1 on both U and V| but since this is constant, we have df = 0. However,
if we consider, say (1,0), then this can be extended to the function f(0) =1 -6
where 6 goes from 0 to 1. If we check carefully, we see that the image of this under
d is d6.
Using the usual induction argument, we get the following.

Proposition 15. The de Rham cohomology of spheres is
m o~ | Rifp=0,n
s ={ 50

0 otherwise.
Recall that we know how to integrate n-forms over the manifold, and Stokes’
theorem says that | adw = 0if M is a closed manifold. Thus, we get that the

integration map
1) = [ o
M

is well-defined on de Rham cohomology. Note the following;:
Proposition 16. An n-form w on S™ is exact if and only if fsn w=0.

Proof. Clearly, if w = dn, then by Stokes’ Theorem, we have that [, gnw=0.

Since every n-form is closed, we if w is not exact, then it generates a nontrivial
de Rham cohomology class. By the calculation of the cohomology of spheres, there
must be an orientation form €2 such that w = ¢+ dn. The integral of this is ¢, and
so if ¢ # 0, we have that the integral is nonzero. ]

Proposition 17. For any balls B C B’ in R™, an (n — 1)-form w on R" \ B is
ezact if and only if [, w =0.

Proof. We know that R™\ B is homotopic to S~ !, and so the de Rham cohomology
of R™\ B is the same as that of S"~1. Moreover, the inclusion map ¢ : 9B’ — R"\ B
generates an isomorphism of the de Rham cohomology groups, and so w is exact if
and only if t*w is exact if and only if | gn—1 t"w = 0 by the previous proposition. [

Theorem 18. For any closed (compact), connected, oriented, smooth n-manifold
M, the integration map I : H}}p, (M) — R is an isomorphism. Thus H}p (M) = R
and is spanned by any smooth orientation form.

Proof. We already know that an orientation form gives a nonzero class in cohomol-
ogy, since dQ) = 0 trivially and [, Q # 0 shows that Q # dw and so [Q] # 0. Thus
the integration map is surjective, and we need only show it is injective. Another
way to express this is to say that we need to show that fM w = 0 implies that w is
exact. Note that we have already shown this in the case of one-dimensional man-
ifolds (conservative if and only if exact). The zero dimensional case is clear, since
HY,, (M) is generated by functions that are constant on each connected component.

To show injectivity, we need to show that for any n-form w, if | yw =0, then
w is exact. We will do this by considering finite covers by coordinate balls. Un-
fortunately, coordinate balls are not compact, so to integrate, we must consider
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compactly supported forms. In the end, it is okay since all forms on a compact
manifold are compactly supported. Let {Uq,..., U} be a finite cover of M by co-
ordinate balls. We will use Lemma 19 below and build up showing that compactly
supported forms on M; = (J!_, U; that integrate to zero are exact. Lemma 19 gives
the base case. Now suppose it is true for j and consider a compactly supported
form w on M4 = Ufill U; such that [, w = 0. Let {¢,%} be a partition of unity
subordinate to the covering {M;,U;11} of M;11. We will need an auxiliary form
to adjust the integral, since ¢w and Yw do not each integrate to zero, so let 2 be a
n-form compactly supported in M; NU; such that f M 1. (Note: we can reorder
the U; so that this intersection is always nonempty, and we can find {2 using a bump
function and the orientation form.) We can now consider ¢w — ¢ and Yw +
where ¢ = [ M, P Both are compactly supported in M; and U;; respectively and

IR

/Uj+j (Y +cfd) = /Mj (1-¢)w+c2) =0.

Thus there are compactly supported (n — 1)-forms 7; and 79 such that ¢w — cQ =
dm and Yw + ¢ = dne (by the inductive hypothesis and Lemma 19). It follows
that n = n; + o satisfies

dn = w.
Since My, = M, the proof is complete. ([

Lemma 19. Let n > 1 and suppose w is a compactly supported smooth n-form on
R™ such that fRn w = 0. Then there exists a compactly supported (n — 1)-form n on
R™ such that dn = w.

Remark 3. We already know that an n exists, but not that one that is compactly
supported.

Proof. If n =1, then w = fdx for a smooth, compactly supported function f. We
can now write down the antiderivative

[ o

which satisfies dF' = fdz = w. If f is supported in [—R, R}, then clearly F is zero
for x < —R. Since f = 0 for z > R and ffooow = 0, we must have that F' is zero
for z > R.
Now suppose n > 2. Let B and B’ be open balls in R™ such that
suppw C BC BC B

There exists a smooth (n — 1)-form 7y such that dny = w. We have

0= [ w=[w=[ an=[ m
n ’ ’ OB’

It follows from Proposition 17 that 7o is exact on R™\ B, so there is a smooth
(n — 2)-form v on R™\ B such that 19 = dy. Now let ¢ be a smooth bump function
supported on R™ \ B that is one on R™ \ B’. Then consider

n=mno—d()
This is a compactly supported (n — 1)-form such that dn = w. [
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6. SMOOTH SINGULAR COHOMOLOGY

Definition 20. A smooth p-simplex on M is a smooth map o : AP — M. (Recall
that smooth means there is a smooth extension of the map in a neighborhood of any
point.) The smooth chain group Cp° (M) C Cp, (M) . The cohomology of this chain
group with the boundary operator O is called the smooth singular homology group
HE (M)

Theorem 21. For any smooth manifold M, the map H)° (M) — Hy, (M) induced
by inclusion is an isomorphism.

We will omit the proof. The idea is that each singular chain inducing a homology
element needs to be approximated by a smooth singular chain that behaves well
under the boundary map.

Since we will be dealing only with cohomology with R coefficients (not Z), we
can define homology groups as the dual.

Definition 22. The singular cohomology groups HP (M;R) are defined as the dual
space Hom (H, (M) ,R). Note that the previous theorem allows us to replace un-
derstand this simply as the dual of the homology of smooth singular chains.

Remark 4. If we were interested in Z, then we would have to consider the dual of
the singular chain complex, and then take the cohomology of that cochain complex.
Since we are doing only R coefficients, we do not need to worry about this extra
detaal.

Proposition 23. There is a Mayer-Vietoris sequence for singular cohomology.
We will omit the proof, which can be found by simply dualizing the proof for

singular homology.

7. DE RHAM’S THEOREM

Definition 24. Let Ri = (ml, e ,sc”) cxt >0 for all z} . Then a smooth mani-
fold with corners is a topological manifold with boundary such that each point has
a neighborhood diffeomorphic to an open set in R}.

Remark 5. Most importantly, the simplex A™ is a smooth manifold with corners.

Theorem 25 (Stokes’ Theorem for Manifolds with Corners). Let M be a smooth,
oriented n-manifold with corners, and let w be a compactly supported (n — 1)-form

on M. Then
/dw:/ w
M oM

Remark 6. This needs a definition, but the point is that for a smooth manifold
with corners, we only integrate over parts of the manifold away from the corners
in the boundary (i.e., away from codimension 2 and below), and so the boundary
makes sense, as does integration over M and OM.

So now we know how to integrate smooth p-forms over smooth p-simplices (since
these are manifolds with corners), and we can extend by linearity to integration
over smooth p-chains. Le., if ¢ = )" ¢;0? and w is a smooth p-form, then

[om e om e
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Theorem 26 (Stokes’ Theorem for Chains). If ¢ is a smooth p-chain in a smooth
manifold M and w is a smooth (p — 1)-form on M, then

/w:/dw
dc c

This theorem requires checking that the appropriate boundary corresponds to
orientation preserving diffeomorphisms, i.e., if o is a smooth p-simplex and w =

fdz A--- Adzie then
/ dw = / o*dw
oP AP

7/ do*w

AP

:/ ocfw.
AP

At this point, AP means the boundary as a submanifold with the induced Stokes’
orientation. The claim is that if we consider the smooth singular boundary map
IAP =% (=1)" [vg, ..., 0iy. .., vp], that this is induced by the Stokes’ orientation.
That is, we need to understand the associated orientations of [vg,...,D;,...,Up).
To do this, it is easier to associate the standard simplex AP with the simplex
[0,e1,...,¢ep] instead of [eg,...,ep], so that we can consider it as a subset of RP.
Then each of the faces is a codimension one submanifold and we need to com-
pute the induced Stokes’ orientation. Each face map is an affine map (linear plus
translation).

The map taking AP~ to [vg,..., ;. .., vp) is
(xl, . ,xp_l) — (xl, B e | N LS ,xp_l)
if ¢ # 0 and
p—1
(zl’,,,7ajp71)~> I—ij,ml,...,ajpil
j=1
if i =0.
If we choose the orientation daz® A --- A da™ on AP C RP we see that for i > 0,
on[0,...,&,...,ep|, the vector —e; is outward pointing, and so the face map (map

from AP~! with orientation dz' A--- AdzP~! to the face) is orientation reversing if
1 is odd and orientation preserving if i is even. For ¢ = 0, the vector e; is outward
pointing, and so the map is orientation preserving.

It follows that the signs given in the boundary map 0 correspond to whether
the face maps are orientation preserving or reversing, and so the integration is
well-defined on chains.

Definition 27. We define the de Rham map J : Hy, (M) — HP (M;R) as follows:
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We need to check that this is well-defined, i.e., if we take w+ dn and o + O that
we get the same answer, but since w is closed and o is a cycle, we have

J([w+dn])[a+87]:/Uw+/gdn+/(%w+ dn

or
:/w.
o

Lemma 28. If F : M — N is a smooth map, then the following diagram is
commutative:

o
Hjp (N) —  Hjp(M)
LJ LJ
H? (N;R) — HP(M;R)
Proof. Suppose [w] € HY, (N), so w is a closed p-form on N. Then for a simplex
ok, on M, we compute

/ F*w:/ (Jﬂ)*F*w:/ (Foaﬁ/f)*w:/ w.
g Ap AP Foo?,

It follows that

P
M

and

JF* [w] = J [F*w] = lg@ - / Frw

O

Lemma 29. The de Rham map is natural with respect to the Mayer-Vietoris se-
quence, i.e., the following diagram is commutative:

—  HENUNV) - HDL (M) o, e, (v) ‘=L HLwnv) > .
1 J 1J 1J 1 J
— H'(UNV;R) - HP(M;R) ML

k@0
—

HP (U;R)® HP (V;R) —% HP(UNV;R) - H
Proof. We just need to check the connecting homomorphism. Let [w] € Hi, (UNV),

so w is a closed form on U N V. The connecting homomorphism for de Rham co-

homology is constructed as follows. We find smooth forms wy on U and wy on V'

such that w = wy|unv — wyv|unv, and then § [w] = [dwy]| where dwy = dwy can be

extended to all of M (and is supported in U N V). Now if we take J of [dwy], we

get

Jo [w] = |:0'p+1 — dwU] .

op+1
The connecting homomorphism ¢ for smooth singular cohomology is the dual of
that given in smooth singular homology, and so if [@] € HP (UNV;R), then
§[a] ([6"]) = a (9. [0PT1]) . And so, o' € C2%, (M) can be written as ol 4

U€+1 where oy and oy are chains and so § [a] ([U”‘H]) =« [805“} , wWhere
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80%}“ = —80{’,“ are supported in U N V. Thus, we have that

(5J[w]=6[0”—>/0pw}

= la”“ — w] .
i1
ot

Now we look to see that for (0P| € Hyyq (M)?77

/ dwy = / dwy = / dwy + / dwy
oprtl aﬁ+1+01",+1 o”l’;rl U€+1
:/ wU—l—/ wv:/ wU—/ wV:/ w,
805+1 80€+1 80?1 OUngl 805+1

and so we are done. O

Theorem 30 (de Rham). For every smooth manifold M and every nonnegative
integer p, the de Rham homomorphism J : Hip (M) — HP (M;R) is an isomor-
phism.

Proof. The idea is that we prove it for open subsets of R™ and then patch together.
To do this, we need to show it is true for coordinate balls and their intersections.
We know that for convex subsets of R", that HY, (M) =0 = H? (M;R) if p > 0,
and HYp (M) is generated by the functions that are constant on each connected
component. We also know that Hy (M) is generated by points in each connected
component, and it follows that the de Rham homomorphism takes constant func-
tions to the element that assigns the point generating Hy (M) the value of the
constant function on its component.

However, intersections of coordinate balls are not necessarily convex, so we need
something stronger. Let’s call any manifold M such that J : H, (M) — H? (M;R)
is an isomorphism a de Rham manifold. We will show that any manifold M with a
basis for its topology such that every element in the basis and every finite intersec-
tion of basis elements is de Rham is itself de Rham. We will call such a basis a de
Rham basis. Since coordinate balls are convex in their charts, they are de Rham,
so we need only show that their intersections are de Rham, which means we need
only show that any open set in R™ is de Rham. This is the trickiest part of the
proof.

First, let’s show that if we have a finite open cover {Ui}le of M such that each
set and each intersection of sets is de Rham (we call this a finite de Rham cover),
then M is de Rham. We do this inductively using Mayer-Vietoris. Clearly Up is
de Rham (by assumption). Suppose M; = U!_,U; is de Rham. We consider the
Mayer-Vietoris sequence, with naturality:

B B . B 5 per
Hyp' (Mj) @ Hig' (Upr)  —%  Hip' (MjNUpa)  ——  Hjp(M;UUja) == Hijp (M)
LJ L L7 |

HP=L (M;;R) @ HP~1 (Ujp;R) —5  HPU(M; NUjpR) -5 HP (M UU; 0 R) 25 HP (M) R)

The four outer J maps are isomorphisms by assumption, so by the Five Lemma,
so is the middle one.

Now we show that if a manifold M has a de Rham basis, then it is de Rham.
Suppose M has a de Rham basis. We can find an exhaustion function ® on M,
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and so for each j € N, the set A; such that j < ® < j + 1 is compact, and so it
has a finite de Rham cover (a finite subcover of the de Rham basis). We can also
construct de Rham covers on A;», the set such that j — % <P <5+ %, and by using
intersections, we can make the covers for A; such that they are inside A; If we let
B; be the union of the open sets in the de Rham cover for A;, we have that B; is
open, has a finite de Rham cover, and that B; N B, is empty unless £ = j + 1 or
¢ = j — 1. Since the cohomology splits into direct products for disjoint unions, it
is clear that any disjoint union of de Rham manifolds is de Rham, thus we have a
finite de Rham cover for M given by

A= ] 4

j odd
B=|J 4
j even

(it is clear that the intersection is a disjoint union of de Rham manifolds) and so
M = AU B is de Rham.

It follows that every open set in R™ is de Rham, since it has a basis of balls,
and intersections of balls are convex. Furthermore, every manifold has a de Rham
basis, and is thus de Rham. [l

8. POINCARE DUALITY

Theorem 31 (Poincare duality). If M is a compact, orientable smooth n-manifold,
then dim HY, (M) = dim H ), (M) . This comes from the Poincaré duality map

PD : AP (M) — A"? (M)

Pp@) = {n= [ wanf.

Note that to prove the theorem, we need compactly supported cohomology
groups H? (M), generated by the chain complex of compactly supported forms,
and the Poincaré duality map for an arbitrary (possibly noncompact) manifold is

PD : A? (M) — A" (M)*

given by

given by the same formula.

Example 1. We have seen that Hp (S™) = HY, (S™) and all others groups are
zero.

Example 2. For any orientable surface ¥, we see that H3, (X) © R = HI, (X),
and the Poincaré duality theorem does not give a restriction on the middle coho-
mology group H}p ().

Corollary 32. The Euler characteristic for an odd-dimensional closed, orientable
manifold is zero. (Thus the Euler characteristic is not a very meaningful invariant
for, say, 8-dimensional manifolds.)



