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Abstract

In this thesis we study sheaves over a topological spaces and in particular over differentiable
manifolds in order to proof that any sheaf cohomology theory is isomorphic and the existence
of such a theory. A couple of classical cohomologies are discussed and explicitly shown to
be isomorphic to the sheaf cohomology theory. Furthermore we will use this set up to proof
the de Rham theorem and the Hodge theorem. Only some basic knowledge of differential
geometry is assumed.
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1 Introduction

In this thesis we will mostly follow Frank Werner’s Foundation of Differentiable Manifolds and Lie
Groups. This book however uses a definition of sheaves, which is not commonly used anymore.
Therefore the first two chapters will be about the definition of a sheaf and the correspondence
between Frank Werner’s definition and the most commonly used one. Section 4 and 5 will contain
some theorems which will be needed later on and in Chapter 6 we will define what a sheaf co-
homology theory is and proof the isomorphisms between different ones. There will also be a way
to construct such theories, which depend on sheaf resolutions. That these resolutions exist will
become clear in section 7, in which we will discuss classical cohomologies like Cech cohomology,
singular cohomology and the de Rham cohomology for a differentiable manifold. Finally section 8
and 9 will be about the de Rham theorem and the Hodge theorem. We will conclude this section
with the Poincaré duality, which gives another tool on computing cohomology.

The Hodge Theory that we discuss is only for the exterior derivative d on a manifold, and not for
general differential operators.

2 Sheaves

Definition 1.1: presheaf
A presheaf F over a topological space X consists of:

I a set F(U) for each nonempty open set U C X;

I a restriction homomorphism rY : F(U) — F(V) for each opens V C U C X satisfying:
i rg = Idy
ii for WcVcU: Y, =rf orl.

Definition 1.2: sheaf
A presheaf F is called a sheaf if for every collection U; of open subsets of X with U = U;U; the
two axioms (S1) and (S2) are satisfied:

(S1) If s,t € F(U) and Vi : v (s) = rg (t), then s = t;

(S2) If s; € F(U;)Vi such that U; NU; # 0 = rllJ],:mUj(Si) = rgjnt (sj), then there exists an
s € F(U) such that for all i: 1§ (s) = s;.

Example 1.1: Cxy
Let X and Y be topological spaces and for U C X define

Cxy(U):={f:U —Y]|f is continuous},

with the restriction homomorphism the natural restriction of functions, that is for f € Cx y(U)
and V C U we get that r{/(f) = f|y. Note that it is clearly a presheaf. It is a sheaf as well, for it
satisfies (S1) and (S2).

(S1): Let U = U;Us, f,g € Cx,y (U) and assume that Vi : rg (f) = rg (g), so Vi: fly, = glu,. Let
x € U, then there exists i such that = € U; and thus we get that f(z) = f|v,(z) = g|v, (z) = g(z).
We conclude that for each z € U f(z) = g(x), so f = g.

(SQ)Z Let U = U;U; and let fi S CX7y(U,‘)VZ., such that U; N U]‘ 75 0= T(LJ[ZOUJ (fl) = ’I"gjnt (fj)
This condition implies that if € U; NUj, then f;(x) = f;(x). Now define f : U — Y to be the
function such that if x € U, then f(x) = fi(x). This function is clearly well defined. Now we
still need that f is continuous, so let V be an open in Y. Then we get that f~1(V) = U, f; (V).
Since f; is continuous for all i we get that f; *(V) is open in U for all i and thus is f~!(V) open.
We conclude that f is continuous, so that f € Cx y (U).




On a sheaf we can have some more structure, than only that of a set. The case we are
interested in is if each F(U) is a K—module where K is a principal ideal domain. In this case
the restriction homomorphisms in the definition of a presheaf need to be homomorphisms of
K—modules. Furthermore we will assume that X is a differentiable manifold, even though this
will not always be needed. It is needed however, when we discuss the de Rham cohomology and
alike.

Example 1.2: Cx
Letting Y = R in Example 1 we get the sheaf Cx. This is a sheaf of R—modules when we define
(rf)(z) :=r- f(x) for each r € R and f € Cx(U).

Example 1.3: CY
For any U C X we can define C§(U) to be the smooth functions f : U — R with the natural
restriction again. Then for each U C X we have that C*°(U) is a R—module, when we define

(rf)(z):=r- f(z) for each r € R and f € C>°(U). So C* is a presheaf of R—modules. With the
same argument as in example 1.1 we see that it satisfies (S;).

Example 1.4: the p-th de Rham sheaf (2P

Let X be a differentiable manifold. For each open U C X we let QP(U) to be equal to the set
of differential p—forms on U. For this presheaf, the restriction homomorphisms are the natural
restrictions for maps. This presheaf turns out to be a sheaf of R—modules and is called the p-th
de Rham sheaf.

It is clear that QP(U) is a vectorspace over R for each U C X, by definition of differen-
tial forms. Now let U = UU;. For (S1) we suppose that s,t € QP(U) such that for each
i: rg (s) = rg (t). For each x € U there exists some U; such that € U; and therefore
s(x) = (rf (s))(x) = (rg (t))(z) = t(x). This means that s = ¢, so QP satisfies (S1).

Furthermore if s; € QP(U;) for each i such that for each 4, j and z € U; NU; s;(x) = s;(x) holds,
then we can define s : U — A, (X);z — s;(x) when z € U;. Such an i always exist, since {U;}
covers U. It is clear that s is still a smooth section, since each s; is exactly that. So QP satisfies
(S2) and is therefore a sheaf.

Definition 1.3: (pre)sheaf morphisms
Let F, G be (pre)sheaves. Then a (pre)sheaf morphism h : F — G is a collection of homomorphisms
hy : F(U) = G(U) such that the following diagram commutes:

FU) LN G(U)
1% Vv

hy
F(V) —5 g(V)

When F and G are (pre)sheaves of K—modules, we will call h is an isomorphism if hy is an
isomorphism of K-modules for each U C X.

Definition 1.4: sub(pre)sheaf
A (pre)sheaf F is called a sub(pre)sheaf of G if the inclusion map i : F — G is a (pre)sheaf
morphism.

3 Etalé spaces
We will find that we can associate some kind of topological space to each (pre)sheaf. This space

is an étalé space. Furthermore we will see that each étalé space has a canonical associated sheaf,
the sheaf of sections, which will inherit the structure of K—modules. The main goal of this



section is to show that if the étalé space comes from a sheaf, then the sheaf of sections will be
isomorphic to the original sheaf.

Finally we will look at some more similarities and connections between sheaves and their étalé
spaces.

Definition 2.1: étalé space

An étalé space over a topological space X is a topological space Y together with a continuous
surjective mapping 7 : ¥ — X such that 7 is a local homeomorphism. We will denote such a
space by Y = X. Further we will call 7~ 1(x) the stalk of the étalé space at x. When each stalk
is a K—module, then Y is called an étalé space of K—modules.

Example 2.1: the constant étalé space

The most simple étalé space is the constant one. Here Y = X x K, with the discrete topology on
K and the projection sends (z, k) — x. It is obvious that 7 is continuous, surjective and a local
homeomorphism. Also since 7~ !(z) = K for all z € X we get that X x K is actually an étalé
space of K —modules. In exactly the same way we define Yg = X x B for a K—module B.

Example 2.2: sheaf of discontinuous sections

Suppose Y 5+ X is an étalé space of K—modules. Then define the sheaf of discontinuous sections
of Y to be Fy(U) = {s: U — Y|s(z) € 7~ (z)Vz}. This is clearly a presheaf when we use the
natural restriction maps of functions. It is a sheaf as well, as we will see that it satisfies (S7) and
(S2).

(S1): Suppose s,t € Fy(U), U = UU; such that for all i: rf (s) = rU;)V(t). Then we have
that for each x € U there exists some ¢ such that x € U; and this immediately implies that
s(x) =rf (s)(z) = rUs)Y (t)(x) = t(x). So we can conclude that s = t.

(S2): Let again U = UU; and suppose that there exist s; € F(U;) for all ¢ with
Tg;hUj (si) = ngmUj (sj) whenever U; N U; # 0. For z € U there exists again a i such

that « € U; and now define s : U — Y; z +— s;(x). We note that s is indeed an element of F(U)
and that for all i we have that r{j (s) = s;. So (S2) is satisfied as well.

Definition 2.2: homomorphism of étalé spaces of K —modules

Let 7 :— X and 7’ : Y/ — X be two étalé spaces of K—modules over X. Then a continuous
function ¢ : Y — Y’ is called a homomorphism if 7 = 7’ o4 and ¥ : 77 1(z) — 7'71(2) is a
homomorphism of K —modules.

Definition 2.3: sections of an étalé space
A section of an étalé space Y T X over an open set U C X is a continuous map s : U — Y such
that m o s = Idy. The space of all sections over U is denoted by I'(U,Y).

Lemma 2.1: The sections of an étalé space Y = X form a sheaf I'y- over X.

Proof: We note that for each U C X, I'y(U) := I'(U,Y) C Cx y(U) and it is clear that the
following diagram commutes for each V' C U C X. Here the restriction maps are both the natural
restriction of continuous functions.

T(U,Y) —— Cxy(U)

U U
lrv lrv

L(V.Y) —— Cxy(V) -
Lemma 2.2: Given an étalé space of K—modules Y = X, the induced sheaf is a sheaf of
K —modules.

Proof: 1If s1,s2 € Ty (U) are sections and k1, ke € K, then we can define that (ki - s1)(x) :=
k1 - si(z) and (s1 + s2)(z) := s1(x) + s2(z). Using that 7=1(z) is a K—module we get that



k1 - s1,81 + s2 € Ty (U), so the operations are well defined. They make I'y (U) into a K —module,
since:

(k1 (s14 s2))(x) = k- (s1+ s2) (@) = k1 - (s1(2) + s2(2)) = k1 - s1(2) + k1 - s2(w)
= (kl . 31)(33) + (kg . 82)(56) = (kl - 51+ ]{12 . 82)($),

((k1 4+ k2) - (s1))(x) = (k1 + ko) - s1(x) = k1 - s1(x) + ko - s1(x) = (k1 - s1)(x) + (ko - 1) ()
= (k1514 ko - 51) (),

((k1-k2)(s))(x) = (k1 - k2) - s(x) = k1 - (k2 s(z)) = k1 - (k2 - s)(x) = (k1 - (k2 - 8))(2),

(1 - 8)(z) =1k - s(z) = s(x).
When we have V. C U C X we get that for z € V it still holds that:
(kl - 851+ ko - SQ)(I‘) =kq- sl(a:) + ko - 52(.13)

And since the restriction map is just the natural restriction to the subset V', we get that it is
actually a homomorphism of K—modules. We conclude that I'y is a sheaf of K—modules. O

The sheaf induced by the constant étalé space will be denoted by K. It turns out that
this sheaf will have use in setting up our sheaf cohomology, which is our goal. Similarly, the sheaf
induced by the étalé space Yp will be denoted by B.

Definition 2.4: stalk of a sheaf

Let F be a (pre)sheaf over X. We can define the stalk of F at z, F,, as following: let x € UNV
and f € F(U),g € F(V) we say that f ~ g if and only if there exists a neighborhood W of z
such that W c UNV and 75, (f) = 74(9) € F(W). This defines an equivalence relation on
|l,co F(U). Then we define:

For=| | FU)/ ~.

xzeU

We will denote the natural projections into this quotient space by rY : F(U) — Fy;.

Lemma 2.3: If F is a (pre)sheaf of K —modules, then for each z € X F, is a K—module and
for each € X and U C X 7V is a homomorphisms of the modules.

Proof: Let m,n € F,, and assume that f € F(U) and g € F(V) are representatives of m and n
respectively. Since x € U NV we can find an open neighborhood W of x such that W Cc UNV.
Then we define:

m+n =Y (5 (f) + i (9),

E-m:=7rV(k-f).

(i) These operations are well defined. Let f1 € F(Uy), f2 € F(Uz), g1 € F(V1) and g5 € F(V2) such
that rU1(f1) = rV2(f2) and rY1(g1) = 7Y2(ga). Furthermore let Wy C U; N'V; and Wy C Uz N Va.
For the addition to be well defined we need to show that:

i (gt (F1) 7y (90) = 1072 (e, (F2)) + 79, (92)) - that s,

TW1 (f1) + 7"1‘//[}1 (g1) ~ ng(f2) + TWQ (g2).

We already know that f1 ~ f2, so there exists an open neighborhood Y of x such that Y C U1 NU,
and ry Y(f) = ’I“Y 2(f2) and analogously there exists a Z C V4 N V4 such that 7“ g1) = rZ (g92)-



Now A Y N Z NnNWw;N W2 15 an open neighborhood of x and on this open we have that

T =Y orli(f1) = rY orP2(f2) = 732 (f2) and similarly that 7' (g1) = r42(g2). Then we
get that:

P (R ) i (9) = o rl (R + I ol (o) = () + 7 (o)

=1 2(f2) + 7Y (g2) =i * orid (fo) +74°

=¥ () + 7 (92))

© TW (92)

from which we conclude that r } (f1) + rWl (g1) ~ TW2 (f2) + 7‘W2 (g2)-
For the multiplication by scalar to be well defined we need to show that for any k € K vV (k- f;) =
rU2(k - f5). This is again an easy computation:

ke i) = kery(f) = ke (f) = 132 (k- fa),
from which we conclude that k - f; ~ k- fo and thus that 71 (k- f1) = rV2(k - f2).

(ii) Under these operations F, is a K—module, let m,n, f = f1 g=¢qg,U=U,V =1V, and
W = W; as before. Then by definition of the operations TW( f)+r¥-(g) € F(W) is arepresentative

of m+mn, k- f one for k-m and k - g one for k - n, so:

ko (mtn) =0 (k- (g (F) + i (9)) = 3 (k- 135 (F) + k- 1y (9)
w (k- f)+rip(k-g) =k-m+k-n,

=r
(ky+ ko) - m=r((ky+ k) f)=rl(kr-f+ko-f)=ki-m+ky-m
(kika) -m =rd (kkika) - f) = rd (k1 - (ko f)) = k2 - (ka - m),

I -m=rl(1x - f)=rl(f) =m.

Where we use that F(Z) is a K—module for each Z C X, and that the restriction maps are
homomorphisms of K —modules.

Finally we note that rY is a homomorphism for each U C X. This is easily seen using the
definitions of the operations: if f € F(U) is the representative for m and k € K, then k- f € F(U)
is a representative for k- m and furthermore if f,g € F(U), then we can omit the restriction maps
in the formula for the addition of their classes. U
Remark: The stalk of F over x is equal to the direct limit:

Fo = lim F(U).
zeU

€

And since F(U) is a K—module for each U C X we get that F, is a K—module as a property of
direct limits.

Lemma 2.4: Given a (pre)sheaf F over a topological space X, F := UgexF, deter-
mines an étalé space of K—modules over X.

Proof: Let 7 : F — X be the surjective mapping that maps anything in F, to . Now it is
enough to give a topology on F, such that 7 is a local homeomorphism. Therefore we define for
feFU),UcCX: Oy := {ryU(f) :y € U}. This topology basis induces a topology, which is
the one we will use. To see that it is a topology basis we first note that for any m € F we have
that m € F, for some unique z € X and therefore we find an representative f € F(U) for some
open U C X, such that x € U. It is clear that for this f we have that m € Oy. Secondly, if
m € Oy N O, for some f € F(U) and g € F(V), then we have that ¥ (f) =m =rY(g) and thus



f ~ g. By definition we conclude that there exists W C U NV such that r{,(f) = r};;(g) and
then we have that m € O,u (r) = O,v ;) € Oy N Oy.

The last thing we have to show is that 7 is a local homeomorphism, so let m € F. Like before
we get z, U, f such that m = U (f). This means that m € Oy which is open by definition of the
topology. Its image under 7 is equal to U. 7|o, : Oy — U is clearly bijective, since Yy € U we
get that rJ(f) € Oy and furthermore we have that if 7(rl (f)) = «(rl,(f)), then immediately
y1 = y2. Now let V C U be open. Then

T (V) ={ry) () ry e V= {r)('V(f)) 1y € V} = O,5(4) = open,

which is to day: 7|o, is continuous. The final part is to show that 7|o, is an open map as well.
This uses the same argument as for 7|o, being continuous, since we only have to check that
7(0,) is open, where g = r{/(f) for some open V C U. This is consequence of the fact that our
topology is induced by a topology basis. O
Remark: In Warner the definition of a sheaf is this étalé space.

With the projection as defined in lemma 2.4 we see that the stalk of F over z is the
same as the stalk of the étalé space F over x, hence the naming.

We conclude from the lemma’s before that when given a sheaf or a presheaf F of K—modules over
X, we can construct an étalé space over X, which is associated to F. We also have already seen
that the sections of a étalé space form a sheaf. When we denote this sheaf by I'r, so I'r := I',
then we get the following lemma and theorem:

Lemma 2.5: I'r is a sheaf of K—modules.
Proof: Combine lemma 2.4 with lemma 2.2. O

Theorem 1: If F is a sheaf, then I'# is isomorphic to F. R
Proof: Let h: F — I'r be the collection of morphisms hy : F(U) = T'x(U) =T(U, F); f — sy,
such that sy (z) := 7Y (f). Note that 7(s¢(x)) = m(r¥(f)) = x. Let g € F(V), then we get that
_ 0 if feg
1 _ U \%4 _
so sy is continuous as well. We conclude that sy is indeed a section and hy is therefore a well-
defined map. When we use lemma 2.2 and lemma 2.4 we get that:

(hu(ky - f4ko-9) (@) =1 (ki f4+ko-g) =k vl (f)+ ksl (g)
= k1 (hu(f)(@) + k2 - (hu(9))(x) = (k1 - hu(f) + k2 - hu(9)) (2),

and so hy is a homomorphism for each U C X.

If VCUC X and x € V, then it is clear that ¥ oY = r¥  so we conclude that h is a sheaf-
morphism. We only need to show that hy is bijective for each U C X, and then we have the
wanted isomorphism.

(i) For injectivity it is enough to show that the kernel of hy is trivial. So suppose 0 = (hy(f)) €

T'z(U), then for all z € U:

15 (0) = 0= (hu(f)(z) =5 (),

which implies that V& € U there exists W, C U such that z € W, and r{j, (0) = rfj, (f).
Furthermore it is clear that U = U,cyW,,. Using property (S7) if the sheaf F we get that 0 = f
(ii) Finally we will proof surjectivity. Let s € I'(U, F) be any section. Then for each x € U we
have that there exists some V,, C open and a g, € F(V,) such that s(z) = 7Y=(g,). Since s is
continuous and Oy, = {r}*(g.) : y € V, } is open we have that U, := s~'(Oy, ) is open in U. Note

x

that it is clear that z € U, and therefore we have that U, # (). We have for any y € U, that



s(y) € Oy,, so s(y) = r¥=(fz) = r=(r} Ve *(gx)). Denote f, = r[‘j“(gx) then we have that for any
z € U we can find an open U, and fz 6 FU (U,) such that for every y € U, the following holds:

1y (f2) = s(y)

Now for z,y € U we will look at z € U, NU,. For such a z we have that r¥=(f,) = s(z) = rz /(fy)
which means that there exists a W, € U, NU,, with z € W, such that r‘[,]‘} (fz) = g[,y (fy). From
this we conclude that

pUeNUy (U, U.NUy, , U,
Tw, (TUany( ) = Tw. (TUszy (fy))

Since z € W, for all z € U, N U, we get that U, N U, = U.cy,ny, W. and now property (Si)
implies that

TmeUy(fx) = rU nu, (fy)-

From this, the fact that « € U, for all x € U implies that {U,} covers U and property (S3) of the
sheaf F we conclude that there exists a f € F(U) such that f, = rU=(f) for all x € U. It is clear
that the image of f under hy and thus is hy surjective. O

Example 2.3: the quotient sheaf

Suppose G is a presheaf of the sheaf F of K—modules over X. Then we define the presheaf
(F/6)(U) := F(U)/GU). This does not, in general, give a sheaf. The quotient sheaf is
therefore defined as I‘m, with (F/G)e = Fz/ Go-

Such a quotient sheaf clearly induces a short exact sequence:

7 T

0 g F F/G 0

Not only does the étalé space of a sheaf generate the same sheaf, morphism between étalé spaces
are also naturally mapped into morphism between the sheaves and vice versa, as is proven in
the two lemma’s below. From this we conclude that the étalé spaces of sheaves have the same
information in them as the sheaves do.

Lemma 2.6: If F and G are (pre)sheaves over X, and h : F — G a (pre)sheaf mor-
phism, then there exists an induced homomorphism of étalé spaces p:F —G.

Proof: Let f € F(U). Then we define ¢(r{(f)) := rY(hy(f)). Note that by definition
we now have that my = w4 0. 9 is well deﬁned for let f € F(U) and g € F(V) such that
rU(f) = r¥(g). Then we have W C U NV such that ri,(f) = r7,(g). Using the commuting
diagrams of homomorphisms hy we get that:

riv (hu (f)) = hw (riy (f)) = hw (1 (9)) = iy (hv (9))
so rY(hy(f)) = rY (hv(g)), which means that 1 (rY (f)) = ¥(rY (g)) and ¢ is well-defined.

T
Secondly we need that ¢ is continuous, but since 7y and 7, are both local homeomorphisms we
get that they are both continuous and open maps. Therefore, for any open U C G we get that
Pp=H(U) = ’/T}l(ﬂ'g(U)) which is open, so 1 is continuous.
Finally we need to show that ¢ is a homomorphism on the stalks. Let again f € F(U) and
g € F(V) such that f is a representative of m and g of n and let k1, k2 € K. Like before we have

that k1 -m + ko - n =1V (k1 - r8(f) + k2 - 1)1,(9)). So:

1/)(k1~m+k2-n)= F(hw (ki (F) + k2 - iy (9)))
=W (k1 - hw (P (£)) + k2 - hw (r(9)))
=r, (/ﬁ iy (hu (f)) + k2 - r},/v(hv(g)))
= ky -1y (riy (hu (£) + k2 3 (riy (A (9))) = ko - (m) + k2 - 9 (n),

—~~



where we needed that the hy and 7{ are homomorphisms of K —modules for each U C X. We
conclude that v is indeed a homomorphism of the étalé spaces. O

s

Lemma 2.7: Let Y 5 X and Y’ —/> X be two étalé spaces of K—modules over X
and 9 : y — Y’ a homomorphism between them, then there exists an induced sheaf morphism
h: Fy — Fy/.

Proof: Let U C X and define hy : T'(U,Y) — I'(U,Y"); s — 1 o s. Because 1 is continuous and
it is a map on the stalks, we get that 1 o s is indeed a section, so hy is well-defined. For Ay to be
a sheaf morphism we need that it is homomorphism of the K —modules and that the diagram

h
T(U,Y) — (U, Y")

U U

hy
LV,Y) — I(V,Y")

commutes, where V. C U C X. The first part is an easy calculation, since for each z € U,
k1,ke € K and s1,s2 € I'(U,Y') we have that:

(hu (k1 - 82+ k2 - s2))(x) = (k1 - s2 + k2 - s2)(2)) = Y (k1 - s1(2) + k2 - s2(2))
= k1 - P(s1(2)) + ko - Y(s2(z)) = k1 - (hu(s1))(2) + k2 - (hu(s2))(2)
= (k1 -hu(s1) + k2 - hu(s2))(z),

where we used that ¢ is a homomorphism of K —modules.  The second part is also
easily to be seen to be true, since for any s € I(U,Y) and « € V we have that

(ry (hu () (@) = (hu(s))(x) = (s(z)), while (hy(ry(s)(z) = ¥((r7(s))(z)) = P(s(x)).

We conclude that 1 is indeed a sheaf homomorphism. O

Remark: Note that it h : F — F, b : F' — F" and b : F — F" are presheaf ho-
momorphisms, such that A’ o h = h”, that then the induced sheaf homomorphism commute as
well. This is true since for an element 7Y (f) € F,. we have that:

W oy (f) = ¢ (g (h(£)) = g (W o h(f)) = r{ (W' (f)) = ¢" (r{ (),
and for an element s € I'z(U), with some abuse of notation:
(hyy o hu(s)) (@) = (hyy (1 0 5)) (@) =)' 0 1p o s(x) =" o s(x) = hy(s).

When F and F' are sheaves, h : F — F' a sheaf homomorphism and U C X we get the following
commutative diagram:

Since for f € F(U) we get that:

(hu(sp))(@) = v o sp(x) = (] () = rd (ho(£)) = sn () (@).

Not only do we have this correspondence, some useful definitions are defined with help of this
correspondence between sheaves and étalé spaces. For h a homomorphism between sheaves we
denoted the induced homomorphism of the étalé spaces by ¥. From now on we will denote ¥
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restricted to the stalk of x as h,. Then we get the next definition.

Definition 2.5: exact sequence of sheaves
If F,F' and F" are sheaves of K—modules and h : F/ — F, b’ : F — F" are sheaf morphisms,
then this sequence is exact at F if the induced sequence on the stalks:

hz xr
RN AN

is exact at F, for all z € X. We will call a sequence

0 7 Fa F! 0

a short exact sequence if it is everywhere exact.

Definition 2.6: morphism of exact sequences of sheaves
A homomorphism of the short exact sequences of sheaves 0 — F' AN FN P 5 0 and

0 — F i>~]:' Ry F" 0 consists of sheaf homomorphisms g : F — F, g F — F' and
g" : F” — F” such that the following diagram is commutative:

h I "

0 F F F 0
l . lg l y
~ 7 ~ ~/ ~

0 P F N 0

4 Tensor products and sheaf properties

In this section we will discuss some properties of sheaves and their behavior with respect to tensor
products. Definition 3.1: tensor products of (pre)sheaves

Let F and G be two presheaves of K —modules over X, then their tensor product F ® G is the
presheaf which consists of K —modules (F®G)(U) = F(U)®G(U) with restriction homomorphism
(r9)F®(r¥)g. When F and G are sheaves, then their tensor product is the sheaf I' g g associated
to this presheaf. We will still call this sheaf F ® G.

Furthermore if h : F — G and b/ : 7/ — G’ are two sheaf morphisms, then h@h' : FRG — F/ G’
will be the sheaf morphism associated to the presheaf morphism, which consists of the module
morphisms hy @ hy;.

Definition 3.2: partition of unity for a sheaf
Let F be a sheaf over X and {U;} an open covering of X. Then a partition of unity for F
subordinated to {U;} is a family of endomorphism {I'} of F such that the following holds:

I Y, l5(f)= fforall U C X, open, and f € F(U)

IM{zeX|li 20} =X\{z e X|lL =0} CU;

Definition 3.3: fine sheaf
A sheaf F is called fine if for every locally finite cover {U;} of X there exists a partition of unity
for F subordinated to {U;}.

Example 3.1: the sheaf of discontinuous sections

The sheaf F defined in example 2.2 is a fine sheaf. To see this, let {U;} be a locally finite cover
of X. Using the shrinking lemma 5.17 of [1]. We can pick an open refinement {V;} such that
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Vi C U; for all i. Now for z € X there exists some i such that z € V;. This i does not have to be
unique, but we can choose one. Now we can define 9; to be the function which is 1 on z if we
have picked 4 for this z and otherwise we define 1; to be zero. Note that {z € X|¢;(x) #0} C V;
and therefore we get that {z € X|;(x) # 0} C U;. Furthermore it is clear that ). ¢;(z) = 1 for
all z.

Define I}, : F(U) — F(U) to be the map such that (I};(s))(z) = wi(x)s(z). This is an

endormorphism, since:

(L (k1 - 81+ ko - 82)) () = (@) (k1 - 51+ k2 - s2) () = k1 - ¥i(2)s1(x) + ko - 1 (2)s2(2)
=k (Ip(s1) (@) + k2 - (I (s2)) (@) = (k1 - (I (s1) + k2 - (5 (s52))) ().

Furthermore we see that:

(Z l@(s)> (z) = Zl/h'(z)S(ﬂ:) = s(x),

where we need the locally finiteness of our covers and that v¢;(z) = 1 only once. Finally suppose
that = ¢ V;. Then there exists some open V such that z € V ¢ X \ Vi. For each y € V we
have that y ¢ V; and therefore we get that (I;(s))(y) = 0, where s € F(U). For U C X such
that = € U we define W = U N V. Then clearly for all y € W we have that (I};(s))(y) = 0, so
r& (14 (s)) = 0 and therefore we have that r¥ (14, (s)) = 0. Since I¢ sends r¥ (s) into r¥ (I¢(s)) we
conclude that IZ = 0. So X \ {z € X|IL =0} C V; C U;. We conclude that [}, form a partition of
unity for F subordinated to the locally finite cover {U;}. And therefore we have that F is a fine
sheaf.

Remark: To be able to use the shrinking lemma we need that X is a paracompact
Hausdorff space.

When F and G are sheaves of which F is fine, then F ® G is fine as well. This is easily
seen, since each partition of unity for F can be tensored with the identity on G to form a par-
tition of unity for F®G. Fine sheaves have some nice properties as the following lemma’s will show.

Lemma 3.1: If

/
0 Ly 0

is a short exact sequence of sheaves and Z C X open, then the following sequence is exact:

0— FI(2) 2, F(z) i F(Z)

Proof: Since the first sequence is exact, we have that for every x € Z that

he he
0 F, Fa

F 0

is exact. We will need this repeatedly. The first part of the proof is to show that there is exactness
at F'(Z), which means that ker(hz) = {0}. So let f' € F'(Z) such that hz(f’) = 0. Then we get
that for every x:

ha (r7 (') = 17 (hz(f")) = (0).

Using the exactness we get that rZ(f') = 0 = rZ(0), which implies that there exists U, C Z such
that © € U, and rg (f') = r{ (0). Using the fact that Z = U,ezU, and property (S1) we get

12



that f" =0, so the kernel is trivial and hy is injective for each Z.

The second part is to show exactness at F(Z), which consists of two parts.

(i) First we will see that Im (hz) C ker(h’,). Therefore let f € F(Z) be such that f = hz(f’) for
some [’ € F'(Z). We now get that for all x € Z:

17 (W (f)) = ey (rZ(f)) = W (rd (hz(f1)) = he (ha(rZ (7)) = 0= r{ (0),

which implies that for all « there exists some open U, C Z such that x € U, and r{ (b’ (f)) =
7“51 (0). Again with property (S1) we get that h7,(f) = 0, which is what we wanted.

(ii) Finally we need that ker(h’,) C Im (hz). Therefore let f € F(Z) such that h/y(f) = 0. Then
we get that for each x € Z rZ(f) € ker(h.,), because:

W, (rZ(f)) = rZ(hy(f)) = rZ(0) = 0.

Using exactness at F, we get a U, C Z and k, € F'(U,) such that x € U, and h,(r{=(k,)) =
rZ(f). And since h,(r¥s (k) = 7Y (hy, (k.)) we have some W, C U, such that z € W, and
ri (f) = r‘l,][,i(hUm(ki)) = hw, (rg[,’; (kz)), where the last equality is just from commutativity of

the homomorphisms. Define f/ := Tg[}; (kz). Now for each Q := W, N W, # () we get that:
Wy Wy
ho(rg*(£2)) = rg” (riv, () = r§(H) = rg" (rik, () = ha(rq " (£))).

Now, since hq is injective for @Q = W, N W,, we get that rgm(fg’ﬁ) = rg”(f?’!). With (S2) we
conclude that there exists a f' € F'(Z) such that r{, (f') = f,. Furthermore we see that for all
ez

v, (hz(F) = b, (rfy, () = v () = 7, (),
and using (S1) this implies that hz(f’) = f € Im (hz). O

Remark: Note that we have not used the surjectivity of h/, to conclude this.

Lemma 3.2: If, in the above notation, F’ is a fine sheaf, then h'y is surjective as well,
so we have the short exact sequence:

hx %
0 — F(X) — F(X) — F'(X) — 0

Proof: Let ¢’ be as in lemma 2.6, corresponding to h’, and let f € F” and sy € T'(X, F") be
the (unique) corresponding section. To proof this lemma we will first construct a locally finite
cover {U;} of X and a section ¢; : U; — F such that ¢/(¢;) = sy on U;. Then with help of the
partition of unity we can constuct a global section.

For each € X we have that y” := sy(z) € 7" and since 7" is a local homeomorphism we find
an open V" around y” such that 7" : V" — 7/(V") is a homeomorphism. Since sy is continuous
we get that U" := sgl(V”) is open in X and note that U” C #”(V") and « € U”. Furthermore
we have that W :=s¢(U"”) C V" and thus 7" is a homeomorphism on W as well. We conclude
here that W is open and that on U” we have that sy is the inverse of 7.

Since k!, is surjective we can find a y € F such that ¢/(y) = y”. 7 is a local homeomorphism as
well and just like before we find an open V' around y such that 7 : V' — (V) is a homeomorphism.
Now define W = V N«'~1(W"). Since v’ is continuous we get that W is an open neighborhood of
y. Furthermore we have that 7 : W — «(W) is a homeomorphism. Finally define U = U" N7 (W),
which is again a non-empty open since is contains z.

Now for z € U we find a unique element w € W such that 7(w) = z and a unique element
w” € W such that s¢(z) = w”. Here uniqueness comes from the homeomorphisms 7 and 7"
on W and W” respectively. Since w € W we get that hl(w) € W”, so we can conclude that
R (w) = w”. Now define the section ¢ : U — F which sends z to the corresponding w. Since all
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the maps are continuous we can conclude that is is a section and on U it clearly satisfies ¢’ ot = s;.

Since z € U we now have an open cover of X and for each open a section. Assuming X
is paracompact, we can go over to a locally finite subcover {U;,t;}. When U, ; := U, NU; # 0
we can define the section t; ; := t; —t;. Clearly, for each x € U; ; we have that ¢; j(x) € ker(h,).
Using the given exactness we know that there exists some ' € F’ such that hy(y') = t; j(x). This

now gives us a section tg’j Ui — 7’. Note that on U; NU; N Uy,
tij+tip=ti—t;+t+7j—te =t —tk =tik,

which gives that
Y(t; ;41 —ti k) =tij+tje —tir =0.

Using injectivity of h, for each z, we get that t; ; + 1, =t ,. Since 7' is fine and our cover
locally finite, we can pick a partition of unity {I’} for ' subordinated to {U;,t;}. Using this we
can extend t; ; to a section I ot ; on U; by declaring that I/ o t] ;(x) = I7(t; ;(z)) on U; N U; and
0 on U; \ U;. This is still continuous, since the support of 17 is within U;. Finally we can define
sii=3% ko t;7k, which is still a section of F over U;. We get that on U, ;:

k k k

Using this we and if we set ¢, (s;) = s;, then we get that s, —s; =t; ; = t; —t;. We conclude that
s: X — F which sends x € U; to t;(x) — s;(x) is a well defined section on whole X. Furthermore
we have that ¢’ o s = sy by construction. Using the correspondence between I'#(X) and F(X)
we find that A’y is surjective. O

Definition 3.4: a torsionless sheaf

A K—module A will be called torsionless if for each a € A we have either a = 0 or there exists
no non-zero element k € K such that ka = 0. Now, let F be a sheaf of K—modules. We will say
that F is torsionless if for all x € X we have that F, is torsionless.

Lemma 3.3: Let A, A’,B,B’ be K—modules and o : A —+ A’ and 8 : B — B’ be sur-
jective homomorphisms. Then a ® 8: A® B — A’ ® B’ is surjective as well.

Proof: From definition we know that A’ ® B’ is generated by elements a’ ® b’ where a’ € A" and
b € B'. Using surjectivity we can find an a € A and b € B for each a’ and b such that a(a) = d’
and 8b =b'. We now get that o’ ® b’ = a(a) ® 8(b) = (¢ ® 8)(a ® b), which means that A’ ® B’
is generated by (o ® f)(a ® b) and thus is a ® /3 surjective. O

Lemma 3.4: Let a: A — A  and § : B — B’ be as in lemma 3.3. Then ker(a ® 5) is
generated by elements a ® b such that a € ker(a) or b € ker(3).

Proof: Let D be the set generated by {a ® b : a € ker(a) or b € ker(8)}. Since for all the
generating elements a ® b of D it holds that (a ® 8)(a ® b) = 0 we get that D C ker(a ® S).
Furthermore it is obvious that D forms a submodule of A ® B and therefore we can look at
C:=A®B,/D. Let p: A® B — C be the projection. Now define f to be the multi-linear map
f:A'xB — C;(a,b) — pla®b) where a € A and b € B are such that a(a) = a’ and 8(b) =b'.
Note that these a and b always exist, since «, 8 are surjective. We have to check whether this
map is well defined, so let aj,as € a='(a’) and by,by € B71(b'). Then f is well defined when
pla; ® by) = plas ® by), that is when a3 ® by —as ® by € D. A calculation shows us however that:

a1 @by —az @by = (a1 @by — a1 @ba) + (a1 by —az ®bz) = a3 @ (by — b2) + (a1 — az) @ bs.
And since a(a; —az) = o’ —a’ = 0 and B(by — bs) = b — V' = 0 we get that both terms are
elements of the generating set of D and therefore a; ® by — a2 ® by € D holds. By the universal
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property of A’ ® B’ f induces a homomorphism f : A’ ® B’ — C, such that f(a’ ®b)=pla®Db).
From this we conclude that p = fo (a® B) and since f is a homomorphism we know that it sends
elements of ker(a ® §) into 0 € C. So these elements lie in D and thus ker(a ® §) C D holds as
well: ker(a ® 8) = D. O

We will use the two lemma’s above to look at exactness of tensors of K—modules. In the
next lemma we will only proof the first part. The second one needs quite some other technical
lemma’s, which are not really in line with the rest of the text.

Lemma 3.5: Let B be an K—module and let

0 A’aABA” 0

be an exact sequence of K —modules. Then

I ®Id
A’@BO@d A® B P — A"®B —0

is exact. If moreover either A” or B is torsionless, then a ® Id : A’ ® B —+ A ® B is injective as
well.

Proof: From our known exact sequence we get that g is surjective. Clearly Id : B — B is
surjective as well, so lemma 3.3 gives us that § ® Id is surjective. This proves the exactness at
A” ® B. For exactness at A ® B we use lemma 3.4. Since 8 and Id are surjective we get that

ker(8 ® Id) = (a ® b|B(a) = 0 or Id(b) = 0) = (a ® b|S(a) = 0).
Using that ker(f) = Im («), we get that ker(8 ® Id) = {a(a’) ® bla’ € A’) = Im (o ® Id), which
proves the exactness. O

Theorem 2: Let

0 LR R 0

be an exact sequence of sheaves of K—modules over X. Let G be another sheaf. Then if G or F”
is torsionless, then

h©1d 2 1d
0— > Fed 2% rog I Fregg— 0

is exact. If G or F' is fine as well, then the induced sequence

(h®1d)x (g®1d)x
00— (FFG)X) — = (FRGH(X) — > (F/'@g)(X) —— 0

is exact.

Proof: We will need that for each z (F ® G), ~ F, ® G,. Therefore define the map
V:(FRG)r = Fo@Guirl(f@g) = rY(f)arl ( ). Tt is enough to check that this map is well
defined, so let f' ®@ ¢’ € F(V) @ G(V) such that rY(f ® g) = rY (f' ® ¢’). This means that there
exists some W C U NV such that ¥, (f ® g) = rW(f’ ® ¢'). Now by definition we have that
ri(feg) =rY(f)@rY (g), which means that we get that ri,(f) = vy (f') and r¥,(g) = r¥;,(¢')-
So clearly we now have that ¢ is well defined.

Now using this and lemma 3.5 we get the first exact sequence. The second sequence is a result of
lemma 3.2 and the fact that 7' ® G is fine when either F’ or G is, as is discussed before. O

We will discuss one more lemma about torsionless sheaves, which will be handy in section
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7.

Lemma 3.6: Let F be a sheaf of K—modules over X such that each F(U) is torsion-
less. Then F is torsionless as well.

Proof: Let x € X. We will show that F, is torsionless, so let r; (f) be an element of F, and

2
k € K\ {0} such that k-rY(f) = 0. From this we know that r¥ (k- f) = 0 and thus there exists an
open subset W such that x € W C U and 0 = r{{, (k- f) = k- TW(f) F(W) is torsionless and there-

fore we are allowed to conclude that rW(f) =0, so that 7Y (f) = ;/V(T{/Jv(f)) =7r%(0) = 0. O

5 Cochain complexes

Classical cohomology groups are defined as quotient spaces of cochain complexes. This indicates
that cochain complexes will be important for us as well. Therefore we will discuss the notion of
such complexes and some results, which we will use later on again.

Definition 4.1: cochain complex

A cochain complex C* consists of a sequence of K —modules {C?}4¢z and homomorphisms d? :
C? — C9t1 such that BI(C*) :=Im (d?7') C Z9(C*) := ker(d?) for all g. We will call d? the qth
coboundary operator, elements of Z9 will be called qth degree cocycles and elements of B? will be
called qth degree coboundaries. Finally we will define the quotient of the module Z¢ by B? as:

HY(C") := 2%(C") /BI(CY),
the qth cohomology module.

Definition 4.2: cochain maps
Let C* and D* be two cochain complexes. Then a cochain map a : C* — D* is a collection of
K —module homomorphisms af : C¢ — D9 such that the following diagram commutes for all g.

41 adtl 1
Cetl —  Det

]dq ]dq (1)

1 —%  pa

Lemma 4.1: If « is a cohain map between cochain complexes C* and D*, then a4(B(C*)) C
B1(D*) and a49(Z9(C*)) C Z(C*) for all q.

Proof: Suppose that o, € BI(C*), then we have o,_1 € C?~! such that d9~!(o,_1) = 0,. Using
diagram (1) we find that:

a%(0,) = a%(d"}(,-1)) = &} (0" (04_1)) € BY(D").

Next assume that o, € Z9(C*), so dio,) = 0. Again using (1) we get that
di(al(o,)) = a?1(d(o,)) = a4T1(0) = 0, where we use that a?! is a homomorphism of
K —modules. And thus we have that a?(o,) € Z7(D*).

Remark: From the above lemma we can conclude that a cochain map « induces a homomor-
phisms @? on the cohomology modules. For we can define a? : H4(C*) — HY(D*); [0] — [a4(0)],
where the [o] with o € Z7(C*) denotes the class of ¢ in the quotient. This map is clearly a
homomorphism. so we only need to check whether this map is well defined. Let [01] = [02], then
there exists ¢ € BI(C*) such that o2 = 01 + (. Now we get that

a@([oa]) = [a(a2)] = [a?(o1 + ()] = [a(0o1) + a?(¢)] = [a(01) + 0] = [a?(01)] = @([o1)).
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This induced map of cochain complexes will from now on always be denoted with as @.

Lemma 4.2:  When a : C* — D* and # : D* — E* are two cochain maps, then we get
that foa=foa.
Proof: This is an easy calculation. Let [0] € H?(C*). Then we have that

B oa([o]) = B ([0’ (0)]) = [87 0 a’(0)].
On the other hand we have that

Boa'([o]) = [(80a)(o)] = [87 0 a’(0)].

Since this is true for each ¢ we conclude that foa = foa O

Definition 4.3: short exact sequence of cochains
If C*, D* and E* are cochain complexes and « : C* — D* and g : D* — E* are cochain maps,
then this sequence forms a short exact sequence if for each ¢:

q q
0 cqo‘DqBEq 0

is a short exact sequence of K —modules.

Definition 4.4: homomorphism between short exact sequences

Ifo— C* 3 D* LB o 0and 0 — C* & D+ LB o 0 are short exact sequences of cochain
complexes, then a homomorphism of the exact sequences of cochain complexes consists of cochain
maps 71 : C* = C*, 75 : D* = D* and 73 : E* — E* such that the following diagram commutes:

0 o2 pr b g 0
l’h l’Yz l%
0— oG Pm

Theorem 3: Given the short exact sequence 0 — C* — D* — E* — 0 with cochain maps « and
3, then there exists homomorphisms 99 : H(E*) — H41(C*) such that

— . -4
e 2L ey L g 2 g 2L geriery —— . @)

is exact. Moreover if there exists a homomorphism 7 to another short exact sequence 0 — C* —
D* — E* — 0, then the following diagram commutes:

04
HY(E*) —— H™(D")

[ 74 [7‘1”1 3

. 94 -
H(E") —— H(CY)

Proof: Consider the commutative diagram:
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2 q+2
0 Cat2 alt D2 5 Ea+2 0
dati(3) | datt datl
1 q+1
0 cort @ e P pa 0

q q
0 i —2 5 pa P E¢ 0
da=1(5) | ga-1(4) da—1
1 q—1
0 ca-1 2 pe-t I g 0

First we will determine the map 0. Let o3 € Z9(E*), so d?(o3) = 0. Since each row is a short exact
sequence, we know that 87 is surjective and therefore we find a o9 € D? such that 5%(o2) = o3.
Using the commutative square (1) we have that

BTH(d(02)) = d*(B702) = d(03) =0,

so di(oy) € ker(B9t!) = Im(a4"!). This means that there exists a o1 € CIT! such that
a?t1(oy) = di(09) and since a?t! is injective we have that oy is unique for each oo. Further-
more we have that o1 € Z971(C*), because we can use the commutative square (3) which gives
us that 9t2(d9"1(01)) = d?1(d%(03)) = 0. So d97t (o) € ker(a??) = {0}, which means that
d?* (1) = 0 and hence we have that oy € Z91(C*).

We want to say that 09([os]) := [o1], but since 57 is only surjective we might find a o} # o2
such that B9(0h) = Boy) = o3 and then we would have oy # of € C%! such that
a1 (o1) = d?(o2) and a4t (o}) = d¥(oh) and thus we might have two different images for 9([o3]).
oh # a9 € (89)71(03) gives us however that 39(ah — o) = 0, so o4 — 09 € ker(39) = Im (a4).
Thus we have some o4 € C? such that a?(o4) = 0 — 03. Using square (2) we find that

a® N (d(04)) = d%(a%(04)) = d%(0y — 02) = Tt (o] —01).

Now we can use the injectivity of a9*! again and we get that o) — oy = d¥(04) € B4 (C*). From
this it is clear that [o1] = [0]].

The map 0 we just constructed is actually a map from Z9(E*) — H+t1(E*). It is a homomorphism
of K—modules, since every map we used in its construction is a homomorphism. To show that
this gives a homomorphism 97 : H4(E*) — H%t1(C*) we need to show that if o3 € B4(E*), then
its image under the just constructed map is 0. That o is in the image of d9~! means that we
have a o5 € E971 such that o3 = d97!(05). The surjectivity of 447! gives a 06 € D9~! such that
B971(06) = 5. With square (4) we now have that:

B9(d* (05)) = d" (87 (05)) = d""(05) = .

In the discussion above we have seen that it does not matter which element o5 we take out of the
pre-image of o3 under 39, so we can take oo = d?"'(0g) € B4(D*). Now in 0 we picked o; such
that a9t1(oy) = d9(o3), which is now 0, since d? o d?~! = 0. The injectivity of a?*! implies that
o1 = 0 and hence [01] = 0, which is what we needed.
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Next part of the proof is to show that 0 makes (2) into an exact sequence. For this we
need to proof exactness at H7(C*), at H?(D*) and at HY(E*), so in total we need to proof six
inclusions.

(i) First we will see that Im (9971) C ker(a?). Let [o1] € Im (9971), then we have a 03 € Z971(E*)
such that [o] = 5q71(03). By construction we thus have a £ € C971 and oy € D7 such that
B9 Y(o9) = 03 and a?(oy + d971E) = d?Y(02). This last one and the commutative square (5)
gives that:

al(or) = (o1 +d17H(€)) — a?(d?H(€)) = d"H(on) — dT7H (a7 ()
=d? oy — a?71(€)) € BY(D™).

Now of this and because a?([o1]) = [@%(01)] we get that a?([o1]) = 0, and thus o] € ker(a?).
(ii) To conclude the exactness at H(C*) we will proof that ker(a?) C Im (9971), so that they
are equal. When 0 = a@?([01]) = [a%(01)] we get that a?(oy) = d971(o9) for some oy € D971,
Furthermore for o3 := 3971(03) € E?~! we have with (4) and the exactness of the rows that

A (o3) = A" 187 (02)) = BU(d*H(02)) = B?(a(01)) = 0.

From this we conclude that o3 € Z971(E*) and by construction it is clear that 9%([o3]) =
0" (03) = o).

(iii) For the second exactness we will first proof that Im (@?) C ker(3”), so assume [o5] € Im (a9).
We then have a o1 € Z%(C*) such that @([o1]) = [o2]. But since @4([o1]) = [@%(01)] per definition
we have that there exists a & € DIt such that oo = a9(01) + d97 1€, Again using the exactness of
the rows and (4) we get that:

B([o2]) = [8%(02)] = [87(a%(01)) + BU(d*(€))] = [0+ d*~ (87 (€))] = 0.

We conclude that [o3] € ker(3%).

(iv) Now let [o5] € ker(B”), then we have that o € Z9(D*) and 0 = B”([o3]) = [3%(02)]. This
implies that there exists a £ € E9~1 such that 89(0y) = d?1¢. Since 597! is surjective we find a
o3 € D971 such that 971 (03) = €. Using (4) again we get that:

BU(dT (o3)) = A1 (B9 (03)) = dT7(€) = B(02),

and therefore o5 — d?7(03) lies in the kernel of 39. Since the rows are exact we have that it lies
in the image of a? as well and this gives us a o1 € C? such that a4(o1) = 09 — d97*(03). Now we
need to proof that d?(oq) = 0, so that we can speak of [o1]. Here we need (2):

a® Y (d%(0y)) = d?(a(01)) = d%(oy — d1 (05)) = d?(02) = 0.

Since a? is injective we have that d?(o1) = 0, so [o1] exists. Now we get that @?([o1]) = [a9(01)] =
[02 — d9(03)] = [072], which is exactly what we need to show that ker(3?) < Im (a?).

(v) We will show that Im (8") C ker(89), so let 5 ([o3]) = [03], with oy € Z2(D*). Since % ([02]) =
[B9(02)] we get that:

04([o3]) = 0U([8%(02)]) = " (8(02)).

Now assume that o; € 9'(8%(02)), then by construction of d there exists a & € C9 such that
a?™l(oy +d?(€)) = d(o3) = 0. With the injectivity of a4T! we conclude that o1 + d4(¢) = 0 and
hence 89([os]) = 8" (8(02)) = [o1] = 0.

(vi) The final part of the exactness is to show that ker(d?) c Im (B"). Let us assume therefore
that 0 = 9%([os]) = 9'(03). By construction of 8" we find g5 € D? and & € C? such that
B9(c2) = o3 and a9T(d4(€)) = d9(o9). Using (2) we know that a9+ (d?(€)) = d?(a?(€)), so when
we define 01 := 09 — a%(£) we immediately get that d?(oq1) = 0 so that [o1] exists. Furthermore
since the rows are exact we also get that 8(01) = 9(02) — 89(a?(€)) = o3, so that 5 ([01]) = [o3]
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which is what we wanted.

Finally we will show that diagram (3) commutes. Therefore look at the commuting dia-
gram below, we will use its commutative squares extensively.

Let 03 € Z4(E*) and &3 := 74(03) € Z9(E*). By construction of d we find oy € CIt1, 5, € CIt1,
o9 € D7 and 65 € DY such that the following holds:

a®Hoy) = d%(oz), Bl o2) =03, (os]) = [01],

artl(51) = d*(62), FU62) =3, O([6s]) = [Gu]-
So to proof that (3) commutes we need to show the second equality in I (o)) = 74 ([o4]) =
9([61]). First note that

B(75(02)) = 15 (B4(02)) = 75 (03) = 63 = 34(52),

which implies that 74 (02) — G2 € ker(49) = Im (a9). Therefore we find € € C? such that G%(¢) =
v4(o2) — &2. Now we compute that:

a1 (d1(9)) = d1 (a7 (&) = d' (4§ (02) = 52) = d (3 (02)) — &"* (&)
= (d(02) — @M (51) = 5 (@ (00)) — @t (64)

=att! (Vfﬂ (01) — 51)

Knowing that a?*! is injective, we conclude that ~y o1) — &1 = d?(€), which means that
[vi*!(51)] = [61] holds and therefore diagram (3) commutes. O

+1
i (

20



6 Axiomatic sheaves

Finally, we are able to set op sheaf cohomology. We will start with the definition of a sheaf
cohomology theory, which is axiomatic. The rest of the section will be used to show that there is
a natural manner in which these theories occur and that any two sheaf cohomology theories are
isomorphic.

Definition 5.1: sheaf cohomology theory

A sheaf cohomology theory H for a manifold X with coefficients in sheaves of K —modules over X
consists of:

I a K—module H?(X, F) for each sheaf F and integer ¢,

IT a homomorphism kY : HY(X,F) — HY(X,F’) for each homomorphism h : F — F’ and
integer q,

I a homomorphism 04(F', F, F") : HY(X,F") — HY"'(X,F’) for each short exact sequence
0—F —F—F"— 0 and integer g,

such that
(a) For each sheaf F

1if ¢ <0, then HY(X,F) =0
2 there exist an isomorphism hx : H°(X, F) — F(X), such that if h : F — F’ is a homomor-
phism, then the following diagram commutes:

HO(X, F) e F(X)

lho hx

hr
HO(X, F') —25 F/(X)

(b) If F is a fine sheaf, then H4(X,F) =0 for all ¢ > 0.

(¢) For each short exact sequence 0 — F' M F LN F'" — 0, the sequence
e = HYX, F') = HY(X,F) - HI(X,8") — H™' (M, F') — ...
is exact.
(d) If h: F — F is equal to the identity, then so is h? for all g.

(e) If

Flm

N

f//

commutes, then so does
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q
me(x, F) s Ho(x, )

%% Jh”q

HY(X,F")

(f) When there exists a homomorphism between two exact short sequences

/
0 PN R 0
l . lg l e
~ 7 ~ ~/ ~
0 L I 0

then for each ¢ we have the following commuting diagram:

q
HY(X,F") L HIY (X, F')

lgllq lg/q
- a1 -
HIY(X,F") —— HY(X,F)

Definition 5.2: resolution of a sheaf
A resolution of a sheaf K is an exact sheaf sequence

g° g' o g

0 K gO g2

The resolution will be denoted by G*. If each G; are fine, then the resolution is called fine. If each
G; are torsionless, then so is G*.

Example 5.1: cochain complex induced by a resolution

Suppose we have the situation as in Definition 5.2. Now let F be another sheaf. We will
form a cochain complex C% associated to the sheaf F and the resolution of the sheaf K. First
we note that the homomorphism in the sheaf sequence can be extended to homomorphism
Gi®F = Gip1 ®F, for i > 1, by the tensor product with Idz : F — F. We will not get an exact
sequence, but we do have that for each = the following holds:

Im (¢" ® IdF), C ker(¢" ™ @ Idx),.

This is nothing more than an easy computation, for we have that (¢ ® Idz), : (G' ® F), —
(G @ F)asr¥(9: @ f) — 1Y (hi;(9;) ® f). This means that:

(67 @1dF)s o (9" @1dr)a(ry (9: @ £) =1} (6" (" (@) @ /) =/ (0© [) = 0

By this computation it is also clear that exactness will not hold in general. Another direct
consequence is that we have a sequence of K-modules:

I B Ul T e bty TP e S

22



with Im (¢° ® Idr)x C ker(¢"™! @ Idz)x. Here we use that in fact (G' @ F)(X) = I'(X,G' ®@ F)
and the computation made above. For a s : X — G+l @ F € Im (¢° ® Idr) x we have that there
exists a t : X — G ® F such that s(z) = (¢° ® Idx).(t(z)) for each x and hence:

(6" @ Tdr)x(5)) (1) = (67 ©1dr)a(s(2)) = (67 ©Td5)o((g' © Tdr)a(t(2))) =0

Now we are finally able to set up the cochain complex C%. For each ¢ < 0 we define C% := 0 and
for ¢ > 0 we define C% := (G? ® F)(X). The homomorphism d% : C? — C4*! will be given as
above: d% = (g7t @ IdF)x. The discussion above shows that this is actually a cochain complex,
which depends on the given resolution of /' and on the sheaf F. When there is no doubt about K
we will denote this cochain complex by either C% or (G* ® F)(X).

In the same way a sheaf homomorphism & : F — F’ induces a map, when tensored with the identity
on G9. This map is a cochain map, since on presheaf level we have the following commutativity:

d7o(Id®@h)x(g® f) =d(g@h(f)) = (g7 (9) @ h(f)) = Id® h)x (37T (9) ® [)
=(Id®h)x od™ (g ® f).

Theorem 4: Let

0 K g°

be a fine torsionless resolution of the constant sheaf IC. Then there exists a sheaf cohomology
theory associated to it.

Proof: We have to define the K-modules H?(X,F) for each ¢ and each sheaf F and homo-
morphism between modules such that (a) till (f) holds. So let HY(X,F) = HI((G* ® F)(X)).
Furthermore, for each homomorphism h : F — F’ we get a cochain map « as discussed above,
a? = (Id® h)x. Then we define h? := @?, the associated homomorphism of cohomology modules.
Finally for a short exact sequence

/
0 L I 0

of sheaves we use Theorem 2 to get a short exact sequence of cochain maps

(Id® h)x (Id®h')x
00— (G"F)X) —= (¢*@ F)(X) —> (¢ F")(X) —— 0

Now Theorem 3 gives maps 99 : H1((G* @ F")(X)) — HI((G* ® F')(X)). This leaves us to check
that these definitions satisfy (a) till (f)

(a) Since C? = 0 for all ¢ < 0 we immediately get that H9(X,F) = 0 when ¢ < 0. Now let
L, =ker(g9!) c G9. Clearly this gives a short exact sequence of sheaves:

. q+1
0 LN, T S ANy 0

Note that £, is a subsheaf of G and therefore torsionless as well. Using Theorem 2 and Lemma
3.1 we get a short exact sequence and an exact sequence:

i®ldr ]__qq+1®1df
00— L QF — = GIQF ——= L1 8 F —— 0
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06— 2,0 P 2 oo 2 e Py

This second sequence implies that (i @ Idr)x : (L, @ F)(X) — (G ® F)(X) is injective for each
q. We can now look at the composition:

q+1
(% ®F)()§§ ﬂ)(xﬁq+l ® F)(X) —— (7" @ F)(X)

(¢ @ IdF)x

Therefore we conclude that ker((h? ® Idr)x) = (£, ® F)x for all ¢ > 0. In particular we now
know that:

H°(X,F) = H*((G" ® F)(X)) = ker((¢"' @ 1dr)x) {0} = (Lo ® F)(X).

Since we have a resolution of the sheaf K we know that ¢° : K — Ly is not only an injection, but
a surjection as well. So ¢° is an isomorphism and K = L£y. For the sheaf F this now induces an
isomorphism ¢°®Idr : K®F — Lo@F. We can also find an isomorphism k : K ®F — F, which is
the induced isomorphism of the presheafmap consisting of isomorphisms ky : K @ F(U) — F(U)
and each ky is again induced by the bilinear map ky : K x F(U) — K; (k, f) — kf. This is all
uniquely determined and clearly it induces an isomorphism. Finally we conclude that F ~ Lo ® F.
In particular we have the isomorphism between F(X) and (Lo @ F)(X).

So al together we get that F(X) ~ (Lo ® F)(X) = H°(X,F). This now induces the commutative
diagram, when h : F — F’ is a homomorphism:

(¢° @ 1dF)x o kyx'
F(X) AHO(X,]:)

jhx (Id ® h) x

0 /—1
g° RIdr)x ok
}"’(XS #HO(X, )

The commutativity is a consequence of the fact that on presheaf level we have that:
Fxo(d®@h)x(k® f)=kx(k®h(f)) =k-h(f) =h(k-f)=hx okx(f).

And with this we have shown that our choices satisfy (a).
(b) Here we assume that F is a fine sheaf. From (a) and Theorem 2 we get the following short
exact sequence.

q g+1
0 (£, 0 A I oo T2 o Ay —— 0

Which means that Im ((¢? ® Idr)x) = (L4 ® F)(X). Furthermore we get from (a) that:
HU(X,F) = HI((G"®F)(X)) = ker((¢""' ®Idr)x ) /Im ((9"®1dF) x) = (L&F)(X),/(L,&F)(X) =0,

which is what we needed to fulfill (b).
(c) This is a direct consequence of Theorem 3 and the short exact sequence we have constructed
in (II1).
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(Id® h)x (Id®h')x
00— (G"F)X) —= (¢* @ F)(X) —> (¢ @ F")(X) —— 0

(d) On presheaf level we have that a? = (Id ® h)x. Now since h is the identity on F we get that
a? is the identity on presheaf level. Clearly, by using lemma 2.6 and 2.7, we get that a? is the
identity. This implies that for o € HI((G* @ F)(X)):

hi([o]) = @([o]) = [a?(0)] = [o].

We conclude that h? is the identity as well.
(e) Let h : F — F', b : F — F" and h” : 7/ — F” be homomorphisms such that h”" o h = h’.
This clearly induces the following commutative diagram at presheaf level:

(Id® h)x
(G0 F)X) —— (67 ®@ F')(X)

M l(ld@ W) x
es

(G7® F")(X)
for each q. Now using lemma 4.2 and that H9(X,F) = H1((G* ® F)(X)), we get the wanted

commutative diagram:

q
(X, F) s H(x, F)

"
é’g jh 1

HY(X,F")

(f) This is a again a consequence of Theorem 3 and the commutativity of the following diagram,
which is clear on presheaflevel:

(Id® h)x (Id®n')x
00— (I F)X) —— (1 F)(X) — > (§1@ F")(X) —— 0
l(ld ©9)x l(ld ®g)x l(ld ®g")x
(Id ® h)x (Id@h')x

00— (G10 F)X)— (670 F)(X) —= (G1@ F")(X) ——— 0

We conclude that this fine torsionless resolution does indeed induce a sheaf cohomology theory. [

Definition 5.3: cohomology theory homomorphisms

Let H and H be two sheaf cohomology theories for X with coefficients in sheaves of K —modules
over M. Suppose furhter that we have a module homomorphism f% : H9(X,F) — H1(X,F) for
each ¢ and each sheaf F. Then we say that this collection f = {f%} is a homomorphism of the
cohomology theory H to the theory H if it satisfies the following axioms.

(a) For ¢ =0 we have for each sheaf F the commutative diagram

HO(X, F) _he F(X)

lf% lId
hr

HY(X,F) ——— F(X)
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(b) When h : F — F' is a homomorphism, then for each ¢ we have the commutative diagram

q
HY(X,F) BN (X,F))

lf}i lffw
ha

HY(X,F) ——— HY(X,F)

(¢) Given a short exact sequence 0 — F' — F — F"" — 0, we have the commutative diagram

q
HY(X,F") o HI (X, F)

lf;,, l o1
94

HY(X,F") —— HITY(X, F')

An isomorphism of cohomology theories is a homomorphism of cohomology theories f = {f%}
such that each f% is an isomorphism of K —modules.

Theorem 5: For each cohomology theories H and H there exists an unique homomor-
phism f between them.

Proof: Let F be a sheaf and consider G = Fz to be the sheaf of discontinuous sections over F.
From example 3.1 we know that G is fine. Furthermore, since F =~ I"z we get that F is a subsheaf
of G. Now example 2.3 gives the short exact sequence:

7 T

0 F e g G/ F——0

First we will show uniqueness of such a homomorphism.
Since H is a cohomology theory we have the exact sequence

w4 o4 j4+1
.. — HY(X,G) — HY(X,G/F) —> HT"Y(X,F) —— HIT(X,G) — ... n

Furthermore since G is fine we know that H9(X,G) = 0 for all ¢ > 1. The same is true for H
as well. Now let f be a homomorphism between H and H. First note that fj)—_ is completely and
uniquely determined by (a) of definition 5.3. Furthermore when combining (4), (a) of definition
5.1 (a) and (c) of definition 5.3 we get that

0 0 -1
H(X,G) - H(X,G/F) RSN HYX,F) —> HYX,G) =0

hg hg, 7
26X G F) (X)) |1 |1t

’ (5)

commutes and has exact rows. This means that 9° and 9° are surjective and since hr is an
isomorphism for each sheaf F we get that f# is uniquely determined as well. For ¢ > 1 we can
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use (4) and (c) of definition 5.3 to get

04 4q+1

0" Hux,6,/F) -2 Her (X, F) s 0
lfg/]-' l ot
54 Ga+1
0" mux.g,F) -2 gen(x, F) L o

(6)

This means 97 and 97 are isomorphisms for ¢ > 1 and therefore each fr is uniquely determined
out of fg;l}- We conclude with induction that f is unique.

The final part is the existence of such a homomorphism between H and H. We note that
the above proof of uniqueness precisely gives a map f which satisfies (a) and the case that ¢ =0
for (b). So we need to show that this f satisfies (b) for ¢ > 1 and (c).

(b) : Let ¢ = 1 and suppose we have a homomorphism h : F — F’. First we note that h induces a
homomorphism g : G — G’ by letting (gu(s))(z) = hz(s(x)) for € U. And this homomorphism
induces the commutative square:

h;} ogx ohg
H(X,G) — H°(X,g)

lfg hz h lfg,
(X, G) WL%{O(X )

where commutativity follows from (a) of the definition of f.

Furthermore we have an induced map k : G /F — G’ /F'. To define this map we let s be a
continuous map such that s(z) € G, /F, for all z € U, that is s(z) = [b,] for some b, € G,. Then
define (ky(s))(z) = [92(bs)]. Let kg := hg s okxohg,Fand ky = hg 5 okx o hg 7. Now
consider the following lattice:

0
Lo :
HO(X,G,/F) B F) HY(X, F) 0
® o0
Q
R F | ] lf}w
HOX.G)  BXG/F) (3) HUXG/F) (4)  H(XLF)
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Here (2) and (4) is a commutative square, since fx and f# are defined such that (5) commutes.
Commutativity of (3) again follows from the fact that f satisfies (a) in definition 5.3, so we have
that hg ,r = hg F o f(g)/F and the same for F’. This now implies that:

I. 7—1 7 7—1
k‘oofgo/]_—zhg//]:,Ok‘XOhg/]:Ofg/FZhg//]:/OkXOhg/]:,

0 0 0 -1 7—1
fg//]:/ok :fg//]:/Ohg//]_-/OkXOhg/]::hg//]_-/OkXohg/}‘.

Finally (5) and (6) are commutative as well, which follow from (e) of the definition of H and
#H. Now in this lattice we want commutativity of square (1), knowing that all the other squares
commute. Let therefore « € H!(X, F). Since the rows are exact, we find a s € HY(X, G/ F) such
that 8°(s) = . Using this we find:

Fr (M (@) = f3 (1)) = [ (K(5))) = O°(f3 , 7 (K°(5)))
= 9(K°(f3,, 7(5)) = h(D°(£§ 7 (5))) = B (f2(8°(5))) = W' (f3(a)).

We conclude that (b) holds for ¢ = 1. For ¢ > 1 we again set up such a lattice:

HY(X,G/F)

[\

q
S fe, F

&7

Again we check commutativity for the squares (2) till (6), to conclude that (1) commutes. First
note that (3) is by induction a commutative square, (2) and (4) is again by definition of f and
(5) and (6) by definition of H and H. Then, for each a € HIt!(X,F) there exists a unique
s € HY(X,G,/F) such that 9%(s) = « and this gives that:
FH R (@) = fEH (W 09(s))) = [ (@ (KT () = 0U(SG 5 (KTTH(s)))

= URT(fG , 7(5)) = hITHD(fG £ (9))

= R E(5) = (5 )
We conclude that (b) holds for ¢ > 2.

Now we want to proof (c), so let 0 - F' — F — F” — 0 be a short exact sequence of sheaves
and define G and G’ and the map g as before. Since F, — F, and F, — G, are both injective we
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get the following commutative diagram with exact rows:

h I

0 F F F 0
id ; Ky

0 LN S SN/ BN
id g ko
/A i/ ! ﬂ-/ ! /A

0 F g G /F —0

(7)

Where the left squares commute trivially and the other two by construction of k;:

To define k; we first define v : 7 - G/F'. Let z € FJ. Since hl, is surjective we find a
y € F, such that h/(y) = z. Then we define ¢1(z) := 7, o i,(y) and k; the induced sheaf
morphism. We have to check whether 1; is well defined, so suppose A’ (y1) = h’(y2) = z. Then
y1 — Y2 € ker(h)) = Im (hy), so we can find a w € F,, such that h,(w) = y1 — y2. From this we
conclude that i, (y1 — y2) = iz (he(w)) € Im (35 0 hy) = ker(m,) and thus v is well defined.

In the same manner we define ko and vy: for each z € G, /F, there exists a y € G/, such that
7h(y) = z and then ¥(z) := 7, o ¢, (y), and again we let ks to be the induced sheaf morphism.
Checking whether 19 is well defined gives y; and y2 such that 7/ (y;) = z and thus y; — y2 €
ker(n.) = Im (). Again we get y1 — y2 = i, (w) for some w € F', and g(y1 — y2)i o h(w) €
Im (iy 0 hy) = ker(m). We conclude that )2 is well defined as well.

Using that H is a cohomology, so it satisfies (a) (b), (c) and (f) of definition 5.1, we get the following
commutative diagram with exact rows, where we let 0 := 99(F', F, F"), 03 := 09(F',G,G/F')
and 0 := 94(F',G',G' /F'), to simplify notation. First for ¢ = 0:

o h'° 1 h!
.—— HY(X,F) —— H' (X, F") —— H (X, F') ———— ...
i° K9 Id
(ioh)® 70 o (ioh)t
.. —> HX,G) —— H°(X,G/F) —— HYX,F') —> HYX,G) =0
q° kS Id
.10 0 a() .1

. —— H(X,G') —— H(X,§' /F') —— H'(X,F') —— H(X,G') =0

Now let z € HY(X,F"), we want to see what 9)(z) is. First of all we see that 89(z) =
N(KY(2)) € HYX,F') = Im(d9). Which means we can find a y € H°(X,G /F') such

that 99(y) = 09(kY(z)). For any such y we get that 9(y) = 09(kS(y)) and thus that
K(2) — ko( ) € er(@) = Im (7). This means that for some w € H°(X,G): k9(y) =
k)(2) — 7%w) € [k{(2)], which is an element of H°(X,G,/F'),/Im (7). Further we note that
N(y1) = 80(y ) = 80(k0( )) implies that y; — y2 € ker(dy) = Im (7’°) and therefore y2 € [y1]

which is an element of HY(X,G’ /F')/Im (7'?). We conclude that (k9)~! is well defined as
a map (pk9)~t : HY(X,G/F")/Im(x") — H*X,G'/F')/Im(x"°). And since 9§ is con-
stant on classes of H°(X,G'/F"),/Im (7'°) we get that, when we let p to be the projection
H(X,G/F)— HX,G,/F"),/Im (r°):

87 = 3 o (pky) ™' opoky.

The same we can get for H and this gives us the commutative squares (4) and (5) in the following
diagram:
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poky (Pk3)~* 0y
HY(X,F") — H(X,G,/F')/Im (r°) —— H°(X,G'/F'),/Im (x"°) —— H'(X, F')

lf%f (1) lpfg/f/ (2) lpfg’/f’ 3) lf;’
i poky _ (pky) " - o
X, F') 8 (X, G/ F) /T (7°) 205 (X, G/ F'),/Tm (7#'°) ——s H(X,F')
(5)
&

Here we define pf(g)/F, . HY(X,G/F)/Im(x°) — HX,G,/F')/Im(7°) and pf(g),/}-,
HX,G'/F),/Im (x°) - H*(X,G' /F'),/Im (7°) as

pIS, 7 (p(e)) = p(f3 , 7 (),

0 (£
pfg'/f'(p/(a)) = p/(fg'/f' (@),
with p’ the projection into H°(X, G’ /F'),/Tm ('°). This now means that pfg , z op = po fg , .
Furthermore (b) gives that fg , 5 o k{ = k§ o f%,. Combining these two gives the commu-

tativity at (1). For (2) we use the discussion above and (b) again, which gives us for any
p'(a) € HY(X,G' /F"),/Tm (7'°):

Pha(0fY (0 (@) = (P (£S5 (@) = HIRI(FY , (a)))

2513, 7 (k@) = pf2, 7 (P (@) = pFL 7 (P (),

so (2) commutes. Finally we use (6), in which we have defined f},, such that for p'(a) €
HY(X,G'/F')/Tm ():
6) 5 30/~ 3 /
FR @50 () = f£(05(a)) = 95(fg. () = 50 (fg ) = s (pfg. , 7 (1 (o).

We conclude that (3) commutes as well and from this diagram we get that (c) of definition 5.3 is
fulfilled for ¢ = 0.
Secondly for ¢ > 1 (7) gives, in the same way as before, the commuting diagram (with exact rows):

ha h'a { patl
HY(X,F) —— HY(X,F') — > H Y (X, F') ——

kel Id
04 (i o h)at!

0=HYX,Q9) Lq HY(X,G/F) 2, HY X, F') —— HTY(X,G) =0

K 1d

' o1 jla+l
0=HYX,§') — H!(X,§'/F) — Hq'H(X,]:’)  — H‘I“(X,g’) =0

And again we want to find what 97(z) is for z € H1(X, F"). We continue like before, although
the steps are quite easier: the commutative diagram tells that

01(z) = 04 (k{(2)) € HT™ (X, F') = ker(i'") = Tm (03).
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So there exists a y € HY(X,G'/F') such that 93(y) = 04(ki(z)). This time however, this y

is unique. For let y; and yo be such that 99(y;) = 03(k{(z)). Then 9%(y1 — y2) = 0 and so

y1 — y2 € ker(93) = Im(7'?) = {0}, which implies th t y1 = yo. Furthermore we have that

Bq( 1(z )) = 01(y) = 04(ki(y)), so ki(z) — ki(y) € ker(d3) = Im (79) = {0}. We conclude that
k{(z) = k3(y). Since y was unique and actually exists (k4)~! is well defined and

5;1 = 82’ o (kg)_l o k%

holds. When considering the same for H, we get a diagram:

k a4
HY(X,F") —— HI(X,G/F') —— HIX,G /F') —— HI*\(X,F')

lf}zru (1) lfé/p (2) lfél/f' (3) l ot
kS (EH— _ o

in which (4) and (5) commute, by the above discussion. Furthermore commutativity of (1) and
(2) are consequences of (b) of definition 5.3, which we have already proven to be true for f,
and commutativity of (3) follows from (6) in which we have defined f4'. We conclude from
this commuting diagram that (c) holds for ¢ > 1 and therefore f is the unique homomorphism
between H and H. O

Remark: The uniqueness from the homomorphisms between the cohomology theories im-
plies that the homomorphisms are actually isomorphisms. For let f:H — H and f:H — H be
the unique homomorphisms. Then by uniqueness f o f:H — Hand fof:H — H have to be
the identity homomorphism. So f and f are isomorphisms.

Example 5.2: commutative diagram of resolutions
Let G* and G be two fine torsionless resolutions of the constant sheaf K with maps k*? between
them such that the following diagram commutes:

0 1 2
0 K g gO 9 gl g g2
‘Id ‘ko ‘kl
~0 ~1 ~
0 P Go 9 Gl 52

And let H be the cohomology theory induced by the first row as in Theorem 4 and H the theory
induced by the second row. Using the same notation as in Example 5.1 we see that the above
diagram implies that k induces a cochain map (k? ® Idr)x : C% — (j';- Now define f% :=
(k¢ ®Idr)x. Then f is a homomorphism between H and # and by the last Theorem it is the
only one and it is an isomorphism as well. To proof f satisfies (a) of Definition 5.3 we consider
the diagram:
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hr

F(X) e—— (K® F) (X) %)&:0 ® F) (X) = H'(X, F)

‘Id ‘Id ‘
(3° @ 1dF)

FX) X (ke F) (X) — 3 Lo f) (X)=H(X,F)

=

hr

Here f% is, on presheaf level, a map form (Lo ® F) (X) into (ﬁo ® f) (X), since if it holds that
l € Lo we know that §'(k°(1)) = k'(g' (1)) = k'(0) = 0, so that k°(I) € kerg! = L;. When
considering all the spaces on presheaf level and let k ® f € K(X) ® F(X) we get that:

frohz okx(k® f)=f2(¢"(k) @ /) =k*("(K) @ f = §°(k) @ f = hz" - kx(k ® f).

Note that this implies that sz o f3 = hz and therefore (a) is satisfied. For (b) it is again enough
to show that the following diagram commutes on presheaf level, bacause the wanted commutative
diagram is then a consequence of the fact that this induces commutativity on sheaf level and then
we use that all the used maps are cochain maps to conclude (b) holds.

<o (g @ h)x
Cr — C%
kiq@Id]: l l(k‘q(@Id]—‘/)X
q Cq
_7: F!
(1dg, ® h)x

That this diagram is commutative on presheaf level is quite clear, since then C% = G4(X) @ F(X).

Finally we have to prove (c), given a short exact sequence 0 — F’ LNy Ny (N 0, we construct
the diagram:

 deny | (de )y

0 Cf/

f
l(/ﬂq@udﬁ lkq@)Id}- l(kqmdf,,)x
Cx

S

Ci;:// —_—> 0

*

0 (o

(Id ® h) x (Id® h')x
Here the rows are exact, because of Theorem 2. Then Theorem 3 gives (c).

The final part in this set up of sheaf cohomology is to look closer at what H%(X,F) is for
a given sheaf F. Here we will use a fine resolution of F.

Lemma 5.1: Let H be a cohomology theory for X with coefficients in sheaves of K —modules
over X. Suppose we have a sheaf F and a fine resolution G* of F,

0 1 2
0 Flogp d gt

g ®

Then there exists isomorphism between HY(X, F) and H?(G*(X)) for all q.
Proof: First of all Lemma 3.1 and the remark after it shows us that we have the exact sequence:
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0 —— F(X) G (X)

In the cochain complex G*(X) we have that d? = g% for ¢ > 0 and d~' : 0 — G°(X) is just the
trivial map and therefore (8) gives that:

HY(G"(X)) = ker(d"),/Im (d™") = ker(gx),/{0} = Im (g%) = F(X).

So the zeroth isomorphism is just given by hr.
For ¢ > 1 we let £, := ker(g?"!) C G7. This definition gives us the short exact sequence
0 1

0 Fotsg0 g 0

The exactness at £; is because Im (g') = ker(g?) = L5 from the exactness in (8). Now since H is
a cohomology theory, it satisfies (b) and (c) of Definition 5.1. Combining this with the fact that
GO is a fine sheaf gives exactness in the following:

ghe o gttt
. — 0= H(X,G% —— HI(X, L) —— HIH\(X,F) Z— HI(X,G%) =0 —> ...

This means that for each ¢ > 1 we have the isomorphism 99 : H4(X, £;) — H9"(X,F). When
q = 0 we do not get that H°(X,G%) = 0, but the long exact sequence does give us that 9° is
surjective and hence

°: HY(X, L),/ ker(9°) — HY(X,F)

is an isomorphism. Furthermore we know that ker(9°) = Im (¢*?). So we get:

HY(X,F) z H(X, L),/ ker(8°) = H*(X, L),/ Tm (¢*°) $] L1(X),/Tm (g% o hgo)
= L1(X)/Im (gx) = ker(¢%),/Im (9%) = H'(G"(X))

Here we have to use (a) of Definition 5.1, with g* instead of h, for the second isomorphism. In the
equality there after we use that hgo is an isomorphism as well. This gives the first isomorphism.
With the definition of £, we also get the following short exact sequences, with ¢ > 1:

q+1
0 RSN, T S AN 0

Again we get a long exact sequence of the cohomology theory:

gatLp 85 q+1,p+1
. —— 0=HP(X,G%) —— HP(X,Lg+1) — HPHY(X, LQ)QH HPY(X,G9) =0 —— ...

From this we conclude that 0% : H?(X, Ly41) — HPT'(X, L,) is an isomorphism. Again we do not
have that H%(X,G%) = 0, but that 89 : H*(X, Ly11)/ ker(89) — H'(X, L) is an isomorphism.
Using the same calculation as before:

q+1

a0 h
HY(X, L) % HO(X, Lq11)/ ker(d2) = HO(X, L), /Tm (g7 0) 2 £,41(X) /T (957 © o)
= Lo41(X)/Tm (g5"") = ker(g%™) /Im (g5 ") = H (G (X))
Combining all the above isomorphisms shows the isomorphism for g > 1:

q—2 q—3
01 2 9

b} .,
HTNX, L) ~ HT7?(X, L) &~ .. ~ HYX,L, 1)~ HY(G*(X))
O

(09t 1)~

HI(X,F)
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7 The classical cohomology theories

In this section we will discuss some cohomology theories, both classical and as sheaf cohomology
theory. For each of the first three of them we will see that the classical version are isomorphic to
the sheaf cohomology version. For the sheaf versions we already know that they all are isomorphic
and therefore the conclusion of this section is that each of the first three classical theories are
isomorphic. The fourth classical cohomology, will be shown directly that it is a cohomology
theory as in Definition 5.1. Some of the cohomologies, like the de Rham cohomology, are only
defined when X is a differentiable manifold, so we will assume from now on that this is the case.
Every time we have to proof that some defined sheaf sequence is a fine torsionless resolution of
the constant sheaf K and we will see that the ideas of the proofs are almost identical each time,
although the detail can become quite technical.

7.1 Alexander-Spanier

First we will discuss the sheaf cohomology theory. To do this we will define a particular fine
torsionless resolution of X, which gives us cohomology as defined in chapter 5.

Definition 6.1.1: the p-th Alexander-Spanier sheaf A?

p+1 times
For each open U C X and p > 0 we define AL (U) := {f : UP™ — B}, where UPT! =U x ... x U
and B is some K—module. We make A%L(U) into a K—module by using pointwise addition and
(k- f)(x) :=k- f(z). Then A% is a presheaf, when using the natural restriction of functions. The
sheaf A%, associated to this presheaf is the called the sheaf of Alexander-Spanier p-cochains with
coefficients in B.

Lemma 6.1.1: For each open U C X, A*(U)p is a cochain complex:

0 1 2
A%(U) = 0 —— A Y ar ) s Az ) s

Proof:  Since AY; is a presheaf of K—modules for each p, we only need to define presheaf
homomorphisms d? : AY, — A;zgl such that dP** o d? = 0 for each p > 0. So let f € A% (U), then
we need that dP(f) : UP*2? — B, so we define:

p+1

(dp(f))(SCm ---al'p+1) = Z(*l)l . f(l’o, ey Li—1, Lit1, ...,mp+1).

1=0

From now on we will denote f(xo,...,Zi—1,Zit1,....Tp+1) by f(xo,..., L4, ..., pp1). To check
whether these d? are homomorphisms we let fi, fo € AL(U) and ki,ks € K. Then we have
that:

P+l
(dP(k1 - f1+ k2 f2)) (0, s Tpi1) = Z(*l)l(k'l fr Ak £2) (0, ooy By ooy Tpy1)
i=0
p+1 ,
= k']_ . Z(_l)lfl(x(% ...7.’fi7 ...7.%'1)_;'_1)
i=0
p+1 ‘
+ ka2 Z(—l)lﬁ(xg, ey Ly ey Tpg1)
i=0

= (k1 - d"(f1) + k2 - d°(f2))(Z0s s Tpt1)
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They clearly commute with the restriction homomorphisms, so dP is a presheaf homomorphism
for each p. And more importantly we get that:

p+2
(dp+1(dp<f)))(x0’ e 'rp+2) = Z(_l)i : (dp(f))<$0> oy Ly s xp+2)
=0
p+2 ‘
=D (=D)NY (1)  F (@05 ey By ooy Fiy o Tpy2)
i=0 j<i
p+2
Y (DD (1T F (@05 s Fiy s Ty Tpa)
i=0 j>i
p+2
= (1 =1) D> 3 (1) f(@0, 000y @y o Ty ooy Tpy2) = 0
i=0 j<i

O

The homomorphisms d? induce sheaf homomorphisms d? : A% — ARF'. The following
lemma proves that these sheaves and sheaf homomorphisms give a fine resolution of B, the sheaf
induced by X x B. The second lemma proves that the resolution is torsionless as well, when
B = K. A consequence of these lemmas is therefore the existence of cohomology theories, when
we use Theorem 4.

Lemma 6.1.2: A} forms a fine resolution of the constant sheaf 3.
Proof: To proof this lemma we need to show that each A% is fine and that

0 1 2
0 B A g 4 g @

is exact.

We will start by showing that A% is a fine sheaf. Since X is a paracompact Hausdorff space (this
is all we need of X') we have a partition of unity {¢;} subordinated to the cover locally finite cover
{Ui}, for each such cover. We take the partition of unity as in Example 3.1, with a shrinking {V;}
of {U;}, and we use this partition to define endomorphisms [¢ : A? — AP by setting:

(o ()@, -y wp) = Pi(20) - (20,15 Tp)-

We have to check whether these maps are really presheaf endomorphisms. First of all we note
that it is clear that they commute with the restriction homomorphisms. Secondly we see that

(T (ky - f1 4 k2 - £2)) (@0, -onr ) = i(wo) (kr - f1 + k2 - f2) (0, -0y Tp)
= k1 - i(20) f1(20, -y Tp) + k2 - Yi(w0) f2(x — 0, ..., )
= k1 - (T (f1)) (@0, - wp) + ki - (I (f2)) (w0, .. Tp)
= (k1 - (T (f1)) + k2 - ((£2))) (0, -0 ),

so [i; is indeed an endomorphism. They induce sheaf endomorphisms I : A% — A2, Now let
s € AL(U) and 2 € U. Then s(x) € Ay, implies that there exists some open V and f € A (V)

such that z € V and s(z) = rY (f). Furthermore for (zo, ...,x,) € VP! we have that:

f(xo, . p) = Zd)z‘(ﬂ:o)f(xo, s p) = D (I () (@05 s 3p) = <Z f%x(f)) (0, s 2p),

%
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Where the first equality holds since for any 2y € V there is exactly one i such that ;(zg) # 0.
Using this we get that:

sa) =Y (5) = e (R0 = ¥ @) = Yol (s))(a) = (Z z;;<s>> (@)

7

so the endomorphisms [’ satisfy I of Definition 3.2. Secondly of x ¢ V;, then we find an open W
around x such that W C X\ V;, since the last one is open. Now any open U around z, f € AL (U)
and (zg, ..., zp) € (W NU)PH! the following holds:

(rvow Uy (F) (0, -, 2p) = pi(wo) - f(zo, ..., 7) = 0.

Here we use that xg € W implies that xo ¢ V; and therefore it has to be true that ¢;(z) = 0.
The above result implies that 0 = rU (1%, (f)) = Ii(rU(f)). Since U and f were arbitrary we are
allowed to conclude that & = 0. Therefore {x € X|i # 0} C V; C U;, which is exactly condition
IT of Definition 3.2. Therefore the sheaves are fine.

Finally we will show that the sequence is exact. This is a consequence of the exactness at
presheaf level and consists of three parts. Starting with the exactness at B,, we first look at
the image of i,. Since B, = B we need to check what the image of b € B is under i,. Since
iy (b) = fp, with f,(z) = b for all z € U, we get that i, (b) = rY(f}). Hence an element in Im (i)
is always of the form 7Y (f;). Now suppose that i,(b) = 0, so that b € ker(i;). This implies that
rY(fy) = 0, so we can find a W C U such that f,(z) = 0 for all z € W. So b = 0 and this gives
that ker(i;) C {0}. The other inclusion is trivial, so we have exactness at B,.

Secondly, the sequence is exact at A%,l,. Let f, be as above, then we have that
(d(f))(wo, 1) = fo(z1) — fo(z0) = b— b= 0. Using this we get that

LY (f) = rY(d(f) = Y (0) = 0.

From which we conclude that Im (i,) C ker(d2). Now supposing that 0 = d%(r¥(f)) implies that
0 = rY(d°(f)) and hence we find a W C U such that 0 = 7§, (d°(f)). This means that for all
(vo, 1) € W x W: 0 = (d°(f))(xo,21) = f(z1) — f(20). So f is constant to some b € B on W
and r% (f) is therefore the image of b under i,. We conclude that ker(d%) C Im (i,) which implies
equality, so the sequence is exact at A(I)B’w as well.

The final part is the exactness at A% ,p > 1. Suppose that d2~'(r{(f)) € Im (d5~"). Then

(i (] () = AR (g (@71 (f))) = g (&P 0 AP~ (f)) = 7 (0) = 0.

Note that we switch to the presheaf morphism, from which we know that dP o d?P~! = 0 for each p.
From this we conclude that Im (d?~!) C ker(d?). To show equality we first look at presheaf level
again. Suppose f € AL (W) such that d(f) = 0 and let (z, o, ...,xp) € WPT2. Then we have
that:

p

0= (df)(z, 20, .., Tpt+1) = f(z0, ..oy Tp) + Z(—l)i+1f(.r,.%'07 cey Ly ey Tpp)-
i=0

Now define g € A% (W) such that g(zo, ..., zp_1) = f(x, 20, ..., p_1) for a certain chosen z € U.
Now the following calculation shows that dg = f, where we need the result of df = 0 in the final
equal-sign:

p P
(Ag) (0, o 2p) = D (=1 g(@0, oo By eory p) = Y (2,20, s Fi orny )
i=0 =0
= f(a?(),...,wp).
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Now on sheaf level we suppose that 0 = d?(rY(f)). Since d2(r¥(f)) = rY(d?( f)) we find a
W C U such that 0 = r4, (dP(f)) = d”(r‘[/{,( ). Usmg the above we find a g € A% ' (W) such
that dP~1g = r{{,(f), which implies that r{(f) = r¥ (v, (f)) = 7V (dP~1g) = d&~ 1( (9)). And
therefore we have that ker(d?) C Im(d?"!) and hence equality. We conclude that the whole
sequence is exact. O

Lemma 6.1.3: The above fine resolution of I is torsionless, when B = K.
Proof: We will show that for p > 0 and U an open subset of X, A% (U) is torsionless so that
by Lemma 3.6 each A%, are torsionless sheaves. Let k € K \ {0} and s € A} (U) such that
k-s = 0. This implies that for each € U k- s(x) = 0. By definition of A% we know that
s(x) € AK z for all . So for each x there exists an open V, and a f, € AR(V,) such that x € V,
and s(z) = Y= (f.). Now k- s(z) = 0 implies that r¥= (k- f) = 0, so there exists an open W, C V,
such that x 6 W, and for each y € W, we have that k- f.(y) = 0. Since K is a integral domain
and k # 0 we conclude that r},/[fz (f) = 0, which implies that s(x) = 0. We have shown this for any
x € U and therefore s = 0 and A% (U) is torsionless. O

The final part about Alexander-Spanier cohomology is defining the classical cohomology
modules and then proving that they are isomorphis to the sheaf-version, as defined above.

Definition 6.1.2: classical Alexander-Spanier cohomology modules
Let A, :={f € AD(X)|rX(f) = 0}. Then the classical Alezander-Spanier cohomology modules
for X with coefficients in B are defined as:

Hj_(X;G) = HY(AR(X) /Al )-

Lemma 6.1.4: The above definition is well defined.

Proof: There are two thing to check. First of all we need that A%,o is a submodule of A% (X) for
each p such that the quotient A% (X), /A%, is well defined. Secondly we need that A% (X), A%,
form a cochain complex, so the cohomology modules are defined as in Definition 4.1.

We will start with the submodule part, which is just two calculations. Let f,g € A% jand k € K.
Then for all x € X

i (f+g) =12 () +ri (9 =0+0=0,

ry (k- f)=k-r3(f)=k-0=0,

which imply that f +g,k- f € Al ;. So Az is indeed a submodule.
For the second part we look at the chain

0 1 2
0—— BT AY(X) /Ay ) — L AL(X) /AL ) — T A% (X) /AL, ——

Here the maps dP are the maps on the quotients, induced by the usual maps dP of lemma 6.1.1.
These map exist when dP(f) € A’j;fol for each f € Al ;. Solet f € AL and x € X. Then
we have that 7X(f) = 0, so we find a W C X such that z € W and ri,(f) = 0. Since the
restriction homomorphisms are the natural restriction maps of functions we get that this implies
that f(xzo,...,x,) = 0 for each (o, ...,x,) € WPTL. Now we let (zq, ..., zp41) € WPT2 Then:

p+1 ) p+1 .
(@) E0r s p1) = S [y ty) = S (10 =0,
=0 =0

where we use that (zg, ..., %i,...,2,) € WPTL. From this we conclude that ri-(d(f)) = 0 and so
rX(d(f)) = 0. Since we can make this computation for all z € X, we get that dP(f) € A%Tol holds.

x
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Finally we check whether dP' o d? still holds, so let [f] € A% ;. Then:
o ((f)) = (@ () = @ o d?(f)] = [0] = 0.
Clearly this is enough to show that Definition 6.1.2 is well-defined. O

Before we can get to the result of Alexander-Spanier cohomology we need one more (tech-
nical) lemma.

Lemma 6.1.5: Let F be a presheaf of K—modules on X, which satisfies (S2). Denote
the associated sheaf of F by '+ and let Fy be defined as:

Fo:={f € F(X)|rX(f) =0Vz € X}.

Furthermore: let g : F(X) — F'(X) be the map that sends f € F(X) into sy such that s;(z) =
rX(f) for all x € X. Then the following is a short exact sequence:
0 Fo s FX) Lo Tr(X) —0

Proof: Exactness at Fy is clear, since Fy is trivially injected into F(X). Now g is defined as
hx as in Theorem 1; so we have already seen that this definition makes ¢ into a continuous map.
Since (g(f))(x) = rX(f), it is obvious that f € Fy if and only of g(f) = 0. So exactness at F(X)
holds as well. Finally we will show that the map g in surjective.

Lett € T'#(X) and z € X. Then there exists some open U and f, € F(U) such that r¥ (f,) = t(x).
By definition of the opens in F we know that Oy, = {r) (f;)ly € U} is an open. Furthermore
we know that ¢ is continuous, so V := ¢t71(Oy,) is open as well. For any y € V we have that
t(y) € Oy, and therefore t(y) = Y/ (f,). Now let U, = U NV. With this we compute for y € U,
that

(907, (1)) ) = 50y 5y (W) = 8 (L () = 70 () = 1),

so that on U, t = g(rgw (fx)) We now have an open cover of X, since z € U, for each z. By
paracompactness of X are we able to take a locally finite refinement {U;} of this cover. Then it
still holds that on U;: t = g(fi), with f; the restriction of some f, to U,. Since X is Hausdorff as
well we can take a shrinking {V;} of {U;}, so {V;} is a refinement and V; C U; for all i. Let z € X
and denote I, := {i|lz € V;}. This is a finite set, since {V;} is locally finite. Now pick an open W,
for each x such that all W, satisfy these 3 conditions:

(A) W, NV; =0 for all i ¢ I;
(B) W, lies in the intersection of all the U; such that i € I;
(©) r%}z (fz) = TII/JI;I (fj) whenever 7 and j are both elements of I, .

We are actually able to construct such an open W, for each x. To do this we use the locally
finiteness of {U;} and start with an open neighborhood Z of z such that Z N U; is only finitely
many times non-empty. So there are only finitely many 4 such that Z N U; #  while ¢ ¢ I,.
Denote this set by J, and let Z’ := Z\ U;c s, Vi. Note that this is still an open neighborhood of z,
since we remove only finitely many closed subsets of Z. Now Z’ satisfies (A). Furthermore when
we let Z" := M;er, U;NZ', then Z” is again an open neighborhood of x, and satisfies (A) and (B).
Finally, since I, is finite, we have only finitely many pairs of (¢,j) € I, x I,. We will shrink Z”
even further such that it satisfies (C). Note that for (i,5) € I, x I, we have that:

2" (5 () = U () = (9(t)) (2) = tz) = (g(t;)) (@) = 15 (f;) = rZ" (150 (f;))-
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This means there exists some W7, j, which is an open neighborhood of z and a subset of Z”
such that rg[}J(fZ) = r‘l/]V’ j(fj). The intersection of all these opens W;; is a nonempty open
neighborhood of z and satisfies (A), (B) and (C). So this is our W,.

Using (C) we let f* = r‘(,][}w (fi) € F(Wy) for any i €x. For z,y € X such that W, ,, := W,NW,, # 0
there exists a z € W, ,,. Since {V;} is a cover of X there must exist some i such that z € V;. (A)
clearly implies that i € I, N I, since W, N'V; # 0 and W,, N'V; # 0. Using this ¢ gives that

e ) =i (i, () = e, () =, (s, () =, (F)

Since F satisfies (S2) we are able to conclude that there exists a f € F(X) such that r{{, (f) = f*
for all z. Finally we get that for all x and some ¢ € I,

(9(N)(@) = r (f) == (riv, () = = (F7) = ¥ (rigt, () = i (fi) = (9(fi)) (@) = t(x),

that is to say, g is surjective. O

Theorem 6.1: The classical Alexander-Spanier cohomology modules with coefficients in
B, H}_ 4(X;B), are isomorphic to the cohomology modules of the cohomology theory induced
by the p-cochain sheaves of Alexander-Spanier.

Proof: First we will proof that the presheaf A%, satisfies condition (S2) of Definition 1.2. So let
U = UU; and f; : UPT™ — B such that if & := (z0,...,x,) € (Ui N U;)Pt! for some i # 7, then
[i(Z) = f;(Z). Now define f : UP™* — B as f(&) := f;(Z) when zy € U; for all 0 < k < p and
f(@) = 0 if such a i does not exist. This is clearly well defined, since if there exist ¢ and j such
that z € U; N U, then by assumption f;(Z) = f;(Z). We conclude that Al satisfies (S).
Lemma 6.1.5 now implies that the following is exact:

7

oP
0 Al — AB(X) —— AR(X) ——0

Then g7 : A (X),/ AL o — AR(X); [f] = aP(f) is not only surjective, but injective as well. So it
is an isomorphism. Furthermore 8 = {”} is a cochain map, because for [f] € AP(X) Al ;:

(@B (@) = (@ (aP(f)))(@) = (d(s7))(x) = 13 (d(f)) = (@ (d"(f))) (@)
= (B ([d (HD)() = (B (@ ([D)))(=),

so the following diagram commutes.

p+1
AH%X»%EEE—%Ayl

o,
ﬂp

AP(X)/AR Ap

Therefore Aj(X), Aj, is isomorphic to AR(X), which implies that HI(AL(X)/ Aj,) =~
Hi1(A%(X)) for each ¢. Lemma 5.1 and Lemma 6.1.2 together show that H?(X, B) is isomor-
phic to H?(A%(X)). We conclude that:

Hy (X5 B) = HI(AR(X),/AR ) ~ H(A(X)) ~ H'(X, B)
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7.2 De Rham

The set-up of this section is the same as the section before: we first define a fine torsionless
resolution, from which we abstract a cohomology theory, and then we compare it with the
classical de Rham cohomology modules. This time however we pick K to be equal to R and here
it is important that X is a differentiable manifold. Otherwise the classical version is not defined
and the sheaves we will use will also not be defined.

Definitie 6.2.1: the p-th de Rham sheaf Q?
Like in Example 1.4 we let QP(U) to be equal to the module of p—forms over the open U.

Lemma 6.2.1: Q* is a fine torsionless resolution of the constant sheaf R, where the exte-
rior derivative dP is the map between P and QP!
Proof: First note that dP is a sheaf homomorphism, which is clear in local coordinates. We
need to show that:
i d’ d d?
0 R —— QO

ot 02
is exact, that each QP(U) is torsionless and that each € is fine.
We start with the exactness at R, = R. Since Q°(U) ~ {f : U — R} we get that for each r € R
there exists a f, € Q°(U) such that f.(z) = r for all z € U. So the natural injection i makes sure
that i, sends r into 7X(f,.). Supposing that i,(r) = 0 means that we find an open W C X such
that x € W and f,(z) = 0 for all z € W. We conclude that » = 0 and therefore we have exactness
at R,.

For exactness at Q20 we use that d°(f,.) = 0, since f, is just the constant map. Since rJ(f) € Im (i,)
means that 7 (f) = rX(f,.) for some r € R we now have that it lies in the kernel of d2 as
well, since dO(rX(f)) = rX(d°(f;)) = rX(0) = 0 holds. So: Im(i,) C ker(d’). Moreover,
when d°(f) = 0 for some f : X — R, we know that f has to be constant. So 0 = d%(rY(f))
implies that 7¥(d°(f)) = 0 and hence there must exist some W C U such that + € W and
0 =75 (d°(f)) = d°(rX-(f)). Now we can conclude that 7y, (f) = f. for some r € R and this
implies that ¥ (f) = rV (r§,(f)) = 7% (f+) € Im (i,). Therefore the sequence is exact at Q9.

For p > 1 we look at

a1t dp
-l —— Qp —— Qptl

The first inclusion is trivial:
a2 (a2 (rd (@) = d2(ry (P~ (@) = rf (dP o dP~H(a)) = r{ (0) = 0,

for all U and p— 1 forms « over U. This calculation implies that Im (d2~!) C ker(d?) for all p > 1
and z € X. Next assume that r¥(a) € ker(d?). Then we know that 0 = d2(r¥ (a)) = r¥ (dP (),
which means that there exists an open W C U such that 0 = r{/,(d(a)) = dP(r¥,(a)). We can
assume that W is homeomorphic to an open ball in R™ for some n, since X is a differentiable
manifold. If this is not the case, we shrink W such that it lies completely in one of the charts of
X. Using Poincaré lemma we get that r¥,(a) = dP=1(B) for some 8 € QP~1(W). So we get that:

ry (@) = ) (ry () = ) (dP~H(B)) = &b~ (Y (8)) € Im (& 1).
From this we can conclude that the sequence is exact at QP for p > 1, so it is a resolution.

To prove that QP(U) is torsionless, we pick any a € QP(U) and r € R\ {0} and we as-
sume that 7 - = 0. Since « is a p—form, this implies that 0 = r - a(z) € AP T (U) for each
x. Using that T)(U) is a vectorspace over R and that r # 0 we get that a(z) = 0 for each z.
Therefore a = 0 and QP(U) is torsionless and thus is 2P a torsionless sheaf for each p, by Lemma

40



3.6.

Finally we will show that QF is fine for each p. Let {U;} be a locally finite cover of X.
Since X is a differentiable manifold, we can pick a partition of unity subordinated to it. For this
partition ¢;, we define I}, : QP(U) — QP(U) in the following way: for a € QP(U) we let ¢ () to
be the section which sends x € U to 9;(z) - a(x). We still have to proof that these maps form a
partition of unity for QP. First of all I}, is a endomorphism of QP(U), since for ay,as € QP (U)
and r1,72 € R we have:

(I (r1 - ar + 72 a2)) () = Yi(z) - (r1 -1 + 72 - o) () = 71 - () - ar(x) + 72 - ¥i(2) - az(z)
=r1-ly(ar)(x) + 72 lp(e2) (@) = (r1 -l (ar) + 2 - I (02)) (@)

To see that [ is really an endomorphism of the sheaf 27, we need that the following is commutative
for any open U,V such that V C U:
( (

li
QP (V) —L Qp(V)

This is however obvious, since the restriction maps are the normal restriction of maps on X. Now
let a € QP(U) for some open U. Then for z € U:

(Z za<a>> (@) =Y (1:(@) () = Y 6i(2) - ala) = a(e) - 3 vilw) = ala).

%

where we need to use that only a finite number of ;(x) is not zero, which is a consequence of
{U;} being locally finite. We conclude that [}, satisfies the first condition of Definition 3.2.

To prove the second condition we let & ¢ support(v;). Since support(¢;) is closed, we can find a
open V around x such that V' C X \ support(¢;). For any o € QP(U), with U an open containing
z, and y € UNV we have that (I{; (rfiqy (@) (y) = ¢i(y) - a(y) = 0- a(y) = 0. This implies
that 0 = I¢, 1, (rYqv (@) = 1Y (15 (a)), so clearly I (rY (a)) = 0 and therefore that:

{z € Xt # 0} C support(¢;) C U;.

This allows us to conclude that [}, is indeed a partition of unity of Q7 subordinated to {U;}, and
thus is €27 a fine sheaf. O

Since any fine torsionless resolution of R defines a cohomology theory we now have a co-
homology theory H1(X,F) = H1((Q* @ F)(X)) over X with coeflicients in sheaves or real vector
spaces F. Now we will define the classical de Rham cohomology groups to show that we have an
isomorphism between the sheaf version and the classical one.

Definition 6.2.2: classical de Rham cohomology modules

Let QP be the p-th de Rham sheaf. Then the classical de Rham cohomology modules for X are
defined as:

Y, (X) == HO(Q" (X)),

Remark: Note that this defintion is allowed, since we already know that dP*! o dP = 0.

Theorem 6.2: The classical de Rham cohomology modules Hj p are isomorphic to the
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cohomology modules of the cohomology theory induced by the p-th de Rham sheaves with
coefficients in R.

Proof: First of all we have that X is connected, so R(X) = R. This implies that
PP P(X)QR(X) = QP(X);a®r — r-«ais well defined. Letting » = 1 proves that this
homomorphism is surjective. Now suppose Y . ; ® 7; is in the kernel of ¢?, then 0 = >, 7; - a;.
Since Y, 0, @1 =) ,ri-0; ®1 =0® 1 = 0, we conclude that ¢ is injective as well. Now the
induced sheaf map ¢ is an isomorphism as well. ¢ commutes with the coboundary operators,
since again on presheaf level we have the following commutative diagram:

prl ¢p71 —1
(X) @R —— QP71 (X)
[dp_l ®Id {d”_l
¢P

P(X)@R — QP(X)
The commutativity is because of this calculation:
G (@ @ld(a®r) = F(@ (@) @) =" L(a) = & r-a) = &L ($la ®7)).

This commutativity on presheaf level implies the commutativity on sheaf level. Using this, we get
that

¢q: HI((2" @ R)(X)) = HI((2")(X))
is an isomorphism as well. Since H(X,R) := HI((2* ® R)(X)) we have found the isomorphism:

HY(X,R)~ Hj o(X)

7.3 Singular

For this section we let K to be any principal ideal and X a differentiable manifold of dimension m.

Definition 6.3.1: simplices
For p > 1 we define the standard p-simplex AP as follows:

AP = {(z1, ..., xp) ERP|D x; < 1,2, > 05}

3

and the standard 0-simplez is defined as {0}. Furhtermore for a open U C C a singular p-simplex
in U is a continuous map o : AP — U. For p > 1 we will call the singular p-simplex o differentiable
if it can be extended to a smooth map of a open neighbourhood of AP into U. Furhtermore, each
singular p—simplex ¢ has p + 1 facets o* for 0 < i < p, which are defined as:

p—1
i ;

ol=0op
with:
1 when p = 0,7 = 0;
0 when p = 0,7 = 1;

(]'_Zimiv‘/'rlv‘“vxp) Whenpz ]_’Z:O’
(1, s ®i—1,0, 24, ..., xp)  whenp>1,1<i<p+1.



Finally the boundary operators are the operators d, which send a singular p—simplex o into

P _o(=1)'c". The image of o under 9, is called its boundary.

Definition 6.3.2: singular p-(co)chains

For each open U C X, we let S,(U) := (o|o asingular p—simplex); the free
abelian group generated by singular p-simplices with coefficients in Z and S, :=
(o|o a differentiable singular p—simplex). We will use S, () when we mean any of both.
Elements of S, () (U) are called (differentiable) singular p-chains with integer coefficients on U
and we can extend the boundary operators 9, into maps 9 : Sy, (o0) =+ Sp—1,(00)- Furthermore we
let S%’(Oo)(U) = {f :Sp,(00)(U) — B|f linear} for any K—module B. This is a K —module when

we use pointwise addition. Elements of ¥, (Oo)(U) are called (differentiable) singular p— cochains

on U with coefficients in B. Clearly S%,(oo) is a presheaf, with r‘[f the natural restriction to

simplices which lie in V.

+1
(o) S%,(oo) defined by

di’oo)(f) 0+ f(Op41(0)) induces a cochain complex Sj () (U) for each open U:

Lemma 6.3.1: The coboundary operator dfoo) : S%

0 1 2
. Aoy LCS ()
o =0 —— S (U) —— S, (U) —> ST, (U) — ..

Proof: Let fi, f> € 8%7(00)(U) and ki, ks € K. Then:

(dlooy (k1 f1+ k- f2))(0) = (ky - fo + k2 - £2)(Op11(0)) = k1 - [1(0p41(0)) + k2 - f2(Op41(0))
= k1 - (o) (f1))(0) + k2 - (d{ ) (f2))(0) = k1 - di ) (f1) + k2 - d{ (f2)(0),

SO dlgoo) is a homomorphism. Secondly we want that d’(’;; ) d’(’oo) = 0 for each p. To proof that, we

only need to proof that (df;%(d?oo)(f)))(a) =0forafe 8%7(00)(U) and a p—simplex o, which

lies in U. Then by linearity we have the aimed result. We note that:
(d?;i(dl()oo)(f)))("') = (d€m)(f))(ap+2(a)) = f(ap-i-l (8p+2(0)))~

Clearly it is enough to show that d,11(0pt2(c)) = 0 for all (p + 2)—simplices o, since f is linear.
For this we first need the following identity, where ¢« < j and p > 0:

P o pl = bl o pt (9)
When p = 0 there are only three cases:
po(P5(0)) = pg(1) = (1 = 1,1) = (0,1) = pi(1) = pi(p3(0)) for j =0 = 3;
po(P1(0)) = p5(0) = (1 = 0,0) = (1,0) = p3(1) = p3(pp(0)) for j =1, i = 0;
1
1

p1(p1(0)) = p1(0) = (0,0) = p3(0) = p3(p3(0)) for j =1 =i.

For p > 1 we can divide the our problem into four cases, namely 1 <i < j, 1<i=750=49<j
and 0 =1 = j.

1: p;iDJrl(pg(xla "'7xp)) = p;iDJrl(xla "'7xj—laoazj7 "'axp) - (3]1, "'71'i—1703xia "'axj—laovxja "'axp)

pgii(pf(xl, ey Xp)) = pgii(m‘l, s Tim1,0, T4y o Tp) = (21,00, Bi—1, 0,24, o, 51,0, 25, 0y Tp);

2: pf“(p?(xh...wp)) = pf+1(sc1, e jo1,0,25, ., xp) = (21, .., 2j-1,0,0, 25, ..., )

p?ii(pf(xl, e Xp)) = p?ii(xl...,xi_l,O,zi, v @p) = (21,0, -1,0,0, 24, ..y Tp);
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3: pp+1(p§.)(a:1, ey Tp)) = pg+1(1‘1, 21,0, ) = (1 — Zajk —-0,z1,...,2j-1,0,2;, ...
1 L
pfil(pp(gch... ) —pfil 1—2%1975(}1, Tp) = (1—Zxk,xl,...,mj,1,07xj,...,xp);

s Tp)

4:pg+1(pg(x1,... ) —pg'H 1—21‘;,3,1‘1, (1—( 1—21}—!—23:,, —Zwk,xl,...,xp)
k

p117+1(pp(x17 .,.,.’L'p)) = p117+1(1 - Zxk7x17 0 1-— Zkarla "‘7mj*1707$j7 "‘7xp>;
k

So (9) holds for all the four cases when p > 1 and it holds separately for p = 0. Using (9) we see
that for any (p + 2)—simplex o:

p+2 p+2 p+1
j +1
Op1(Oy2(0) = (D Dpialo0 ™) = S (1o 0 o
=0 1=0 j=0
p+2 p+1
i+J +1
= XS e e e ) o o
i=1 j<i
p o p+2 ,
D)WLV A D) DT RV A
1=0 j>1¢ J=1 5>
p+1 p
1 i+j 1
D oodfiop+) Y (~a)Hooplio
=0 i=0 j>i
p+1 o p o
=3 3 (D)oo el 430 3 (<) a0 o)
1=0 j>1i i=0 j>i+1

1
+ZU°pz+1 0 pf + 00 P50 ph4s

S o o (1) o o

i=0 j>i
1 1
+(-1)PHFP o PgiQ © ppp1 T o0 Pgiz © ppy1 = 0.
O
The coboundary operators d’()oo) do not only satisfy d’(ﬂr; o d’(’m) = 0, but the commute

with the restriction homomorphisms of S%, (00) 8 well, since for V C U:

(. (D0 = (@, (H)(0) = F@pi1(0)) = (T @i (0)) = (&, (PE(H))0),

where we use that if o : AP — U, then ¢? : AP~! — U for each U. So di’oo) is a presheaf morphism
for each p. From now on we will denote the sheaf induced by S%<OO> as 81103,(00) and the induced
sheaf morphisms by d’(noo). Like before we now claim that these sheaves with these homomorphisms
induce a fine resolution of B, which is torsionless when B = K, so that it induces a homology theory.

Lemma 6.3.2: The following sequence is a fine resolution of B:

0 1 2
(c0) (o

OHB%S%,( ) = SB (s 82 )
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with ¢ induced by i, : B — S%,(OO),I; b rX(fp) where fy(z) = b for all z € X.
Proof: We will start with showing that the sheaves Sg,(oo) are fine for each p and B. For
each locally finite cover {U;} we can take a shrinking {V;} and a partition of unity {i,} for
X subordinated to {U;} as in Example 3.1. Exactly like in Lemma 6.1.2 we let (I};(f))(0) =
¥i(0(0)) - f(¢) and we denote the induced sheaf morphisms by I{;. We are able to do this when

the defined I’ is indeed a presheaf homomorphism. We first check linearity:

(I (ks 1+ k2 £2)) (0) = a0 (0)) - (k1 - fo + ke - £2) (0) = b (D)) - fu(o)
+ ko - i(0(0)) - fa(o) = ku - (I (f1))(0) + ka - (I (f2)) (o)
= (kv - 1y (f1) + k2 - 1 (f2)) (o).

The following square is clearly commutative, where V C U:

U
S%’(oo)(U) — S%,(oo)(U)

U U
{TV - [Tv

'4 l7i/ P
S, oy (V) — = S8 (V)

So the I* form indeed a presheaf morphism for each i.
For I of Definition 3.1 we let s : U — S%y(oo) be an element of S%, (Oo)(U) for some open U and

let z € U. We then know that s(z) € S, (c0) SO it has to be equal to rY (f) for some open V

P

containing = and a f € S, (00

)(V). For f and any singular p-simplex o we have that:

fio) = S )- 1) = 0o = (T80 0

i

which implies that f = >, 7%, (f). Note that we use that o(0) € X, so that there exists exactly
one i such that ¢(c(0)) # 0 and in this case ¢(c(0)) = 1. Using this we get the following equality:

s(x) =1 (f) =ry (Z l~€/(f)> =D () =D (i(s))(x) = (Z l?)(S)) ().

i %

This computation can be made for each z € U and therefore we conclude that s = >, 1¢,(s). s
was arbitrary as well and we are therefore allowed to conclude that [* satisfy I for each 3.

For II of Definition 3.2 we assume that ¢ V; and since X \ V; is open there exists some open
neighborhood W of z such that W C X \ V;. We want to proof that I£(rY(f)) = 0 for any open
U containing z and f € Sg(oo)(U), because this implies that {x € X|l% # 0} C V; and the latter
is a subset of U;, so this proves II. Given such a U and f, it is obvious that if o € Sg)(oo)(Uﬂ W),
then (rYnuw (1 (H)(0) = (nw () (o) = i(a(0)) - f(o) = 0. This holds since (0) € W implies
that o(0) ¢ V;, so 4i(0(0)) = 0. We conclude that IZ(rU (f)) = ¥ (Ii,(f)) = 0. With this we have
shown that I? satisfy I and II of Definition 3.2, so the sheaves Sg’(oo) are fine.

Secondly we show exactness of the sequence, so that it is a resolution. Again we divide it
in three problems, the first is exactness at B,, the second is exactness at Sg B, (o) and the final

one exactness at S? with p > 1. This one is the most difficult and we will need to be very

xz,B,(c0)
careful for the differentiable case.

But first we let bker(i,). Then 0 = i,(b) = rX (f). By definition there has to exist some open U
such that € U and r{ (f,) = 0. We know however that 0 = f,(x) = b, so b lies in the image of

the zero map. This proves exactness at B,..
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When o is a singular 1—simplex, then it is just a map o : [0,1] — X and with the
definition of & we get that d(c) = o(1) — 0(0). So when f € S% (00)(X), then
(d _(f)(o) = f(01(0)) = f(o(1)) — f(o(0)) = 0, where the final equality holds for every

(00)
o when f = f,. Now let b € B. Then:

(00 (i (D)) = dY (o) (rX (f1)) = 72 (d0sey (f3)) = 73 (0) = 0.

We conclude that Im (i;) C ker(d? (c0))- For the other inclusion we have to remember that any
manifold is locally path connected. This implies that if a subset of X is connected, then it is path
connected as well. Now assume that Y (f) € ker(dgy(oo)). This implies that 0 = dg,(oo) (r(f)) =

rg(d?oo)(f)). This implies that we can find an open V C U around « such that 0 = r{/ (d(()oo)(f)).
If V is not connected we can take the connected component in which x lies, so assume that V is
connected and therefore path connected. Now for any two point v1,vs in V' we can find a smooth
path o : [0,1] — V such that 0(0) = v; and o(1) = vq, see ......7. Note that these o are all
elements of Sy (o). And therefore 0 = (d?oo)(f))(o) = f(01(0)) = f(v2) — f(v1). So f is constant

to some b € B on V: rY(f) = r¥(f). Finally see conclude that:
o (f) =1 (v () = v (rF (fo)) = 2 (fo) = i (b) € Im (iz),

so we can conclude that ker(d ) C Im (i) and that the sequence is exact at Sy, (.-

The final part is to show exactness in the following sequence:

!

s(00) x,(c0)

5 8P st

p—1
S B,x,(c0) B,x,(c0)

B,z (oo)
Like always, the first inclusion is trivial: for any f € S¥~ (100)( ) we have:

A Y () = BV @) = (@ (@) =Y 0) =0,

where we use that dp +H odp oy = 0 for all p, which we have proven in Lemma 6.3.1. This calculation

shows that Im (d2~ 1) C ker(dp)
To prove the other inclusion we let r{(f) € S5 (o) and we assume that rY(f) € ker(d? (Oo))

so: 0 =d’ (OO)( r7(f)) = (dfoo) (f)). This now implies that there exists an open neighborhood

V C U of z such that 0 = rv(dfoo)(f)) = df’oo)
and small enough to be homeomorphic to the open unit ball B;(0) around 0 in R™. The first
assumption is allowed, because we can restrict ourself to the connected component of V' which
contains z and the second one is allowed because X is a manifold and therefore locally Euclidean.
So f sends maps o : AP — B;(0) into elements in B. Denote r¥/(f) as fi, then we want to find a

g € SP~1(V) such that dp 1( )= fv.
To find this g we will deﬁne so called homotopy operators h? : Sp ( 1(0)) — S, (LO)(Bl (0)) in
the same fashion as dz(’oo): we first define hy, : S (o0)(B1(0)) — Sp+1,(oo)(B1(0)) and then we let

(hP(f))(0) := f(hp—1(0)). First we let ¢ to be the following smoothing function:

(r9(f)). We can assume that V is connected

0 when t < 0;
Y:R—=1[0,1];t—{ —"—  when 0<t<1;

e t4e 1-t

1 when 1 < t.

Here we define ¢(0) and (1) as the limit of ¢ going to 0 and 1 respectively. So t(0) = 0 and
(1) =1 and ¥ itself is a smooth function. Now we let

p+1 p+1 p+1
(hp(0)) (@1, -y Tpy1) (Zx) o (xQ/in,...,xp+1/in> .
i=1 1=1
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Since Im (¢) C [0, 1] we get that h,(c) is a map into B;(0) as well. If we do not use the smoothing
operator we will in general only get a continuous singular (p + 1)—complex, since at 0 there
may be some differentiability issues. So using 1 guarantees that our approach will work for
both cases: continuous and differentiable. To see that h,(c) is actually a differentiable singular
(p + 1)—simplex we need to extend o to a differentiable map on whole R? such that ¢ and all
its derivatives are bounded. Then we can extend h,(c) to whole RP™! with the same definition,
when we let (h,(0))(z1,...,2p+1) = 0 whenever > x; = 0. Finally we can conclude that h,(o)
is differentiable, since 1 and its derivatives vanish fast enough around 0 and since 1 and all its
derivatives are bounded. Moreover we have that for a singular p—simplex o, z1,...,x, € AP and
T :=Y " | x; the following two identities:

(hp-1(8p(0))) (1, wwry 2p) = V(@) - (Bp(0))(@2/T, ooy 2 /T) = 90(T) - ) (—1 TH@2/T, 1, 7))

k=0
=9(@) - (-1)°0(1 = (22 + ... +2)/T,22/7, ..., 1 /T)

P
Z £E2/IL' $k/f,0,$k+1/§,...,$p/f)

k=1

p
=¢Y(T) - o(x1 /T, ..., xp/T) + Y(T Za 22 /Ty, k)T, 0, Ty 1 /Ty oo, Tp /T),
k=1

p+1
(6p+1(hp(g)))($17 '“7‘7"10) = Z(hp(g))(p§($17 '“7*7"10)) = (_1)0(h:0(0))(1 -, T, “'7‘7"10)
j=0
+ (=1 (hp(0)) (0,21, oo ) + Y (=D (R (0)) (@1, oy T, 0, Th1,s oy )
k=1
=)L) oz, ap) + Y (DY) - (@2/T, o, 21 /T, 0, 1 [ o ) T)

k=1

— () - o(x1 /T, ..., 2p /T).

At * we use that 1 —Z+Z = 1. When we add these two together, we get that (hp—1 00, + Opy1 0

hp)(o) = ¥(1) - 0 = 0. Using this identity gives us the same identity for h? and d;?oo):

(o ) + a2} o h)() (0) = (de) (D) () + (B () (Bp(07)
D1 (1p(0)) + F(hp—1(8p(0))) = F (@1 © hp + By 0.0,)(0)

Finally using fy gives us that:

fv =@ odl | +dl S o hP)(fv) = RPN (fv)) + dl ) (BP(fv)) = di) (WP (fv)).

So we choose the wanted g to be equal to hP(fy ) and this implies that:

rd (F) =y (fv) = 1 (d{)(9)) = d 0y () (9)) € I (d) L))

With this we have shown that ker(d?) C Im (d” 7((1)0)) and we are therefore allowed to conclude
that the sequence is exact at S¥ , (0) for each p > 1 as well. O

Lemma 6.3.3: The above fine resolution is torsionless, when B = K.
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Proof: = We will show that S;’(’(oc)(U) is torsionless for each open U C X and p. Let s

be an element of Sf{)(OO)(U)7 sos:U — Sf()(oo) such that s(z) € S%(Oom for each p € U.
Now for any k € K \ {0} we get that 0 = k - s implies that for each x € U: 0 = k - s(x).
s(z) € Sf(,(oo),z implies that there exists an open V and an element f € Sf()(oo)(V) such that
z €V and rY(f) = s(x). So we get that 0 = k-s(z) = k-rY(f) =¥ (k- f). Therefore there
exists a open W C V such that € W and 0 = r}j,(k - f), that is: for each o € S (o0)(W)
we have that 0 = (k- f)(0) = k- f(o). Because f(o) € K and K is integral domain, we
are allowed to conclude that f(o) = 0 for each o. This implies that rj,(f) = 0. Finally
we can conclude that s(z) = 0, since s(z) = rY(f) = v (r};,(f)) = rV(0) = 0. We can
do this for all z € U and therefore s has to be the zero-section. With this we have proven
that qu(oo) (U) is torsionless and with Lemma 3.6 we see that all the sheaves Sf(,(oo) are torsionless.
Like always we will now define the classical versions. After this definition there will be a
technical lemma. Then the final part of this section consists of Theorem 6.3, in which we will
make use of this lemma to conclude that the classical and the sheaf cohomologies are indeed
isomorphic.

Definition 6.3.3: classical (differentiable) singular cohomology modules

Since d?;; o d’(’oo) = 0 we have the cochain complex S}, (OO)(X), for each K—module B. The

classical (differentiable) singular cohomology modules for X with coefficients in B are then defined
as:

HY () (X3 B) = HY(Sp (o) (X)):

Definition 6.3.4: singular chains on a cover

Let {U;} be an open cover of X. Then we will call a (differentiable) singular p—simplex o a
(differentiable) singular p—simplex on {U;} if there exists an ¢ such that Im (o) C U;. Then
we define Sp,(m) := (oo a (differentiable) singular p—simplex on {U;}) and analogously as in
Definition 6.3.2 we let S%’(OO) contain all the linear maps f : Sp,(oo) — B. Elements of S%,(oo) are
called (differentiable) singular p—cochains on {U;} with coefficients in B.

Lemma 6.3.4: Let {U;} be an open cover of X and let S’E’; () be as in the above defi-

nition. Finally let 57 : S%_(OO)(X) — S% (00) be the natural restriction homomorphism. Then j

induces an isomorphism j* : H} (00) Hq(S*B,(oo))'

Proof: First we note that j» maps f into f such that f(a) = f(o) for each o € S% ()" Secondly

it is obvious that jq is well defined, since it commutes with the coboundary operators, and sends
(X) — S%_(loo)(X) and a

[f] into [f]. We now will define new homotopy operators h? : S’}’By(oo)

cochain map k : S% (00) ~* 5B (00) (X) such that for all p:
jp okP = 1d: S*B,(OO) — S*B,(OO) (10)
And furthermore that

W d? +df o h? = 1d — kP o 7. (11)

First we define linear p—simplices (vo, ..., vp) : AP — A% in A?, with ¢ > 1, and v, ..., v, € AY,
such that:

(V0 ey Up) 1 (X1, ey Tp) > (1 — sz> Vo + T101 + ... + TpUp.

(3

Note that (0,eq,...,ep), with e; the standard basis in R? induces the identity map on AP, which
we will denote by v,. Let L be the free abelian group generated by such elements (v, ...,v,) and
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let b(vg, ..., vp) 1= =% = T and w - (v, . Up) = (W, Vo, ..., vp). We note that

p+1 p+1
p .
000, s vp) = D _(=1) (v, s By, oy 1)
=0

holds and therefore we get that

14

O(w-(vg, ..., vp)) = (vo, ...,vp)—i—Z(—l)iH(w,vo, vy Ugy ooy Up) = (V0 ., Up) —w-O(vy, ..., vp). (12)
=0

The diameter of a linear simplex is defined as r(vo, ..., vp) := maxi, j|lv; — v;| and for each u,v €
Im (vo, ..., vp) we have that |u — v| < d(v,...,v,). Before we can construct k and h” we need to
define two more maps T}, : L} — L} and R, : Lg — LI, which we will extend later on to maps
on S, B (). We demand the maps to be linear and for a linear p—simplex o = (vo, ..., v,) we
define:

R R

Ry(o) = {b(a) (0= Ty(0) = Bypa (0(0)))  when p= 1
P ' 0 when p = 0.

So T divides a linear simplex in multiple simplices. We can determine the first few to see this
happen. It is given that To(vg) = (vg). For o = (vg,v1) we have that

(0(0)) = 5 - ((0n) — (wo)) = (5.01) = (5,00)-

- T1((v1,v2) — (vo,v2) + (vo,v1))

(

U v+ 9 )+ (’D Vo + V2 ) <'[7 Vg + V2 )
= v = vo) — (= v
37 2 » V1 37 2 s U0 3) D) s U2

If o is a linear 0—simplex we have trivially that (Ty(c)) = T—1(8(c)). With the inductionstep at
x we get this identity for all p, since:

A(Ty(0)) = 0(b(0) - Tp-1(9(0))) =" Tp-1(8(0)) = b(0) - A(T}-1(0()))

Il
Nl
L
2
3

|
=
S
43
b

Q

[}
2

Il
43
L
2
Y
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Using induction again, at * gives this identity for all p:

O(Rp(0)) + Ryp-1(9(0)) = 0 (b(a) (0 =To) -

Now define Tp : Sp,(oo)(U) — Sp,(oo)(U) and Rp : Sp,(oo)(U) — Sp+1,(oo)(U) as:
Tp(o) =00 Tp(Lp)v Ry(o) =00 Rp(%)'

With these definitions it is clear that 0 0T, = T,_100 and do R, + Rp_1 00 = ID — T},. Let
o = (vo,...,vp) be a linear p—simplex and let 7 be one of the simplices of T),(0). We want to
determine the diameter of 7 given the diameter of o. By construction of 7T}, we know that given

two vertices of 7, at least one is is of the form % This implies that
Vig + ...+ Vi, 1 p
—— —vy| < v. v max [y, — Vp| = 7—— < —r
e n_kﬂzu S Z [m — vn] = (>_p+1

from which we conclude that r(7) < #r(a) < r(o). This implies that we are able to cut our
simplex into smaller ones. Now we will define kP and h” and check that the chosen definitions
satisfy (10) and (11). Let o be a (differentiable) singular p—simplex. Then we get an open cover
{o71(U;)} of AP which in compact in RP. By Lebesgue’s number lemma there exists a positive
number ¢ such that every subset of AP with diameter less or equal to § lies inside an element of
our cover. This implies that for these subsets, their image under o lies inside U; for a unique 1.

Since Tp shrinks the diameter strictly and since Tp(Lp) consists of a finite amount of simplices, the
smallest positive real number s(o), such that each simplex of Tj'”) (1,) lies in exactly one o~ (U;)

must exist. This implies that T} (G)(U) € U, for exactly one U;. Therefore we can define kP and h?
as following:

(F(f))(o) = f (0)+ > (1) Ryps Z i) ] ],
7=0

1=s(c7)

s(o)—1

(W()(0):=f | Rpr | D Tpa(0)
=0

a0



Finally we will proof (11):

s(o) ‘
(o) +d? Lo W)(1))(o) = (d.., (1) (R( > 1)) ) + ()@, 0)

P s(07)—1
— (0108, ( 7'(0)) + 1 Ry
i=0 =0
s(o)—1 s(o)—1

=f

kh

j= i=s(c?)

— (@R, + R, wa)( > ) =SS Ry (T

-1

(:
( PSS Rae)
(
[

(Id—T ( T’(U)) =Y (=17 Y R,a(TH(eY))
j=or i=s(0)
s(o)—1

J

— 1)) - 1 (T (o) + (1P Fy <i_§;j)Ti(“j)>)

= f(o) = (K*(/))(0).

(10) follows trivially as well, since for any f € S’é (o) and a (differentiable) singular p—simplex o
on {U;} we have that:

(o N)) = (k(F) (o) = f(Ts‘”)(o) *Z ( (2:) Ti (o) ))
L 1) 4 1SV R 0)) = S10)

j=1

The final part we had to proof about the map k is that it is indeed a cochain map, so it has to
commute with d. Since kP o jP = Id for each p, we get that

d]() ) ok ot = di)w) = ko T odfoo) =k Od](DOO) °J"

oo

where the final equality is due to j being a cochain map. Furthermore we have that jP is clearly
surjective for each p and thus we conclude that k is a cochain map as well.

At last we use the constructed maps k and hP to proof that 3]9 is an isomorphism. Let [f] €
HP(S* )) be arbitrary. From (10) we get that:

[f] = 11d(N)] =Td([f]) = 7 o k2([]) = 7" (K" (H)),

so j" is surjective. Injectivity follows from (11) since it gives that:
+1 _
] = oo () = B (0 () + [ (02 ()] = [ (0)] + 0 = 0,

which impli%sfhat [f] :lg)Pi)jP([f]). So if [f] and [g] are such that 7°([f]) = 7" ([g]), then we get
that [f] =& (" ([/1) = ' (7" (l9))) = [9] O
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Theorem 6.3: The classical singular cohomology modules with coefficients in B, H (OO)(X ; B),
are isomorphic to the cohomology modules of the cohomology theory induced by the singular
p-cochain sheaves.

Proof: Let Sf 5 ) be defined as {f € S, (X)|r7' (f) = 0Vz € X}. We start with realizing

that S%, (o) 18 & presheaf, which satisfies (S2). This is true, since for each open cover {U;} of

an open U and elements f; € S (oo)(Ui) such that Tg;’nt(fi) = rgfnt(fj) for all 4,7, we can
construct f in the following way: for a o : AP — U we let

(o) filo) ifIm (o) C Uy
o) =
0 if there exists no ¢ such that Im (o) C U;.

Then f is well deﬁned when we extend it linearly to a map from S, Oo) and clearly satisfies
the condition that rUi (f) = fi. Furthermore for p = 0 we have that S B (0o satisﬁes condition

(S1) as well and is therefore a sheaf. To proof this we let U = UU; and f.g € S%,(m)(U)
such that for each i: rJ (f) = rf (9). When o € Sg (o0)(U) then it assign a single point
2 € U. There exists an 4 such that x € U; since {U;} is an open cover. So this means that
flo) = (rf, (/) (o) = (r{],(9))(0) = g(o). We conclude that f = g.

The modules Sg’B!(OO) form a cochain complex with cochain map d, since r; (d’(’ )( ) =

d2(rX(f)) = dB(0) = 0 for every p and f € 86.5.(00): Let f € S0 p (o). Then for each z € X

rX(f) = 0, which implies that for each = there exists an open U, which contains x such that

ng (f) =0. Since X = UU,, and S%)(Oo) is a sheaf we get that f = 0. So the cochain complex is
as follows.

1
(o)

S%,B,(oo)

0
s

dz_
w0 —>0=S]5 ) — S )

0,B,(0) — ..
So we have that H(S? 0,B,(c0 )) = 0 for ¢ < 0. We will proof that the other cohomology modules are
0 as well, so let p > 1 and f € S{ 4 (o0 Such that dl(’oo)(f) = 0. For each = we have that rX (f) = 0,
so let U, be as above. These opens form an open cover of X, so we get a surjective map j as in
Lemma 6.3.4. Let Ep ) C S (oo )(X) be the kernel of j7. L} (00) is a cochain complex, since j
commutes with d. ThlS unphes that we have the short exact sequences

aP

(X)— S

B, (o0) >0

P P
0—— L} )QHSB(OO)

Theorem 3 implies exactness of the associated long sequence

—q
* J Q* 01 *
s HI(L ) — HI(SY, () (X)) =2 HO(S )~ HIP (L ) —

In Lemma 6.3.4 we were able to conclude that jq is an isomorphism for each g and therefore
HY(L} (o) has to be 0. This is proven in two steps. First of all ker(97~1) = Im (7~ 1) =
Hq_l(g’]‘g’(oo)), which implies that {0} = Im (89~!) = ker(i%). Secondly Im (i¢) = ker(j%) = {0}.
So H(L3, (oo)) 0.

Because we have chosen our open cover nicely, we know that f € L% B, (o)’ We already knew that
0= d](”oo)(f) € £B( , so the cohomology being 0 implies that there exists an g € ij(loo) such
that df’o_o;(g) = f. Slnce ot (o) C St (OO)( ) we get that g € SOB(OO) and d(oo)( )= f. We
conclude that the cohomologies HY (SO,B( ) for ¢ > 1 are zero as well.

The final steps of the proof are quite short: Lemma 6.1.5 implies that for each p we have a short
exact sequence:
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oP

ip
0 > S0 B (00) > 8% (o) (X) — S5 (o) (X) —— 0

Theorem 3 implies that we have the long exact sequence:

74 ~4 o1
* ? * « * *
..—> 0= Hq(S()’B’(OO)) — HY( 37(00)(X)) —_— Hq(SB,(oo)(X)) —> H‘JH(SO,By(OO)) =0— ...

So a? is actually an isomorphism HY(Sp (X)) = H(Sp ) (X)). Finally we use Lemma 5.1
and Lemma 6.3.2 to conclude that:

HY () (X:B) = HU(Sp (o) (X)) = HU(S} (o) (X)) = HI(X, B)

7.4 Cech

The final example of cohomology is the Cech cohomology on a paracompact Hausdorff space X.
This cohomology will not appear associated to a fine torsionless resolution of the constant sheaf.
We will proof that our definition indeed is a cohomology theory directly, so with Definition 5.1.
We start with a definition which is rather unfortunate, but standard.

Definition 6.4.1: simplices and cochains

Given an open cover {U;};cr of X, an ordered collection of ¢ + 1 opens ¢ = (U, ..., U,) of the
cover is called a g-simplex of {U;} when |o| := UyN...NU,; # 0. In this case |o| is called the
support of o. Each g—simplex has ¢ + 1 facets ot := (Uy, ..., U, ..., Uy,) for 0 < i < g. Denote the

set of g—simplices as C%Ui}. For a sheaf of K—modules F we define C%Ui},f as

Clyyr =1 : Clyy = F|f(0) € F(lo|)Vo}

are called g—cochains. Finally we define a coboundary homomorphism

and elements of C{;, -
i}, F) — CiTY({U;}, F) as the map such that for f €: CI({U;},F) and

{U;
d%Ui}}. = d?: C1({U,

~g+1l |
o€ C{Ui}.

q+1 )
‘]

(d1(£)(0) =3 _(=1)'n7, (f(o")

=0

Lemma 6.4.1: C’EUi W together with the coboundary homomorphisms form a cochain complex
for each open cover {U;} and sheaf F.
Proof: First of all C‘{IUi}’}. is a K—module for each ¢ when we let (f + g)(o) := f(o) + g(o) and

(k- f)(0) == k- f(o). These operations are well defined, since f(0),g(c) € F(|o|), which is a
K —module itself. Secondly we have to check whether di*! o d? = 0. To simplify the notation in

the calculation we let o7 := (ai)j. This notation implies that when o = (Uy, ..., Uy), then:

O-iyj _ (Uo, ...,Ui, U4, ...,Uq) = O'j+1’i lfj Z Z,
(Uo, e Ujgy e Uy, ...,Uq) = gJi1 lfj < 1.

&
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Now let o be a (¢ + 2)—simplex and f € C{U y 7+ Then:

a+2 i a+2 . i at! . i, .
(d* 0 d?(f))(0) = 2(—1) (7 @()) (@) = 2}—1)%{3' (ZO<—1>M~|:; (f(cr”))>
1= 1= J]=
q+2 q+2
=S e ) + 3 3 ) (o)
=0 j>1i =0 j<1i
q+2 q+2
=23l e + Y ()
=0 j>1i =0 j<12
q+2
:ZZ(_ i+j—1 Ilglj‘ +ZZ 1)i+i |IZI’I (f(o™7))
j=01i>j i=0 j<i
q+2
_E%Z: ~14+ 1) (-1 =0,

where we have only renamed our summation constants and have switched the order of summa-
tion. O

So each cover gives us a cochain complex. We can look at the cohomology modules asso-
ciated to this cochain complex, but this will still depend on the chosen cover. We will start with
this and out of these cohomology modules we will extract a ”global” cohomology. We will finish
with the theorem that states that these final cohomology modules form a cohomology theory, so
that it is isomorphic to all the other (sheaf)cohomology theories.

Definition 6.4.2: Cech cohomology modules associated to {U:}
For each sheaf F and open cover {U;} we define the g—th Cech cohomology module of X associated
to {U;} with coefficients in F

H{y; (X, F) == H'(Cly,y 7)

Its elements will be denoted by [f]{y,; for f e C%Ui},f'

Lemma 6.4.2: Let {V;} be an open refinement of the open cover {U;}. Then there exist
canonical maps foiL{Vj}J-‘ : H?Ui}(X F) — Hg‘tl}(X F).

Proof: Since {V;} is a refinement of {U;} we can pick an 4; for each j such that
Vi € Ui. Let p : {V;} — {U;} be that map, which sends V; + U;,. This u induces

maps p? : C({IU,-},J-' — C({IV,},;; (u9(f))(c) when we define for f € C%Ui}f and o € C%?}l}

() =t (F (o))

These maps are a cochain map when they commute with the coboundary d, so that the following
diagram commutes:

wd

C%Ui}v}- C%V}»F
q q
iy, jd{vj}
patt
Qitt it

{U:},.F {vit,7

First we start with o € C‘f?}l} and we note that

1(0") = (Vo -, Vis oo V1)) = (Uo, oy Uiy oy Uggr) = (Uo,s oor, Ug)' = (o). (13)
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So 1e1t fe C({IUi},]-" We will compute d({lvj}(uq(f)) and ,uqH(d’{IUi}(f)) to check whether they are
equal:

(4, W) () = :2(—1)”5' () = ji;(—l)irfif (7 (i) )

—§ ™ (Futo)

(4 (1 5) )= (00000 =7 (St (o))

—f i (fluto)) ). _

With (13) we conclude that the above diagram is indeed commutative.
Let u? : H?Ui}(X, F) — H?‘tl}(X F) be as in Chapter 4. We want to define f{U LvinE = A
but we do not know whether u is the unique map with the chosen properties. So let 7 be another
map such that V; C 7(V;) for all j, and we will check whether 777 = 79. To do this we define for a
q—simplex o = (Vp, ..., V) € C%v}

7 = (Vo) woos (V) T(V5), o0y (V) € CIEL.
This implies that:

(o), = {(M(Vo)7 -.-,@Q),T(Vj)...,T/(\m,...,T(Vq)) = (o) it j < i
! (/J‘(VO)v nu(‘/l)? "'7M(ij+1)77-(‘/j+1)7 77—(‘/;1)) = (UjJrl)i 1f] > 1.

Furthermore we note that

(@i-1)" = (Vo) ooy 1(Vie1), T(Vi) oo (V) = (04)',
(00)" = 7(0) and that (0,)?"' = pu(o). With this we are able to define new homotopy operators

ha - C%Ui},]_. — C{v VF such that
q—1
=3 (=1r7 f(oy),
7=0

fora f € C{U W and o € C{v} Now let us determine d?~! o h?, with the above identities for

(o)

q g—1
(d9 Yo hi(f))(0) = Z (_1)1+]T“((7“7 )j‘f((o-l)j)
i=0 j=0
atliz2 atl g«
= — Z( 1)z+jr ‘f U] Z Z z+j |( ] \f((a_j) ).
i=0 j=0 i=0 j=i+1
While on the other hand we have that
at!l a g+l i
(@ o h1()(0) = 3 31T f (o)) = 30 30 (1T (o))
=0 j=0 i=0 k=i—1
qg+1i—2 |( ‘ q+1 q |( l
DR (o)) + 30 Y COHI (),
i=0 j=0 =0 j=i+1

%)



Adding these two gives that

q

(R o d? +d"" o )(f))(@) = (F1(D)(@) = (@) + D167 F((@m0)) = 1|7 F((00))
= (F()(0) = (())(0).

Finally we are able to conclude that 7 and p induce the same map foi} Vi, since for a
[flivy € H?Ui}(X7f) we have that:

F(flws) — 7 (Flws) = (7 = 1) (D)l = (b 0 d? + d9=1 o h)(F)] vy
= BT ) oy + @ (RO oy = O-

Definition 6.4.3: Cech cohomology modules

For each sheaf F of K —modules we define an equivalence relation on the disjoint union
Uy HgUi}(X, F) of the Cech cohomology modules associated to the open covers {U;} of
X. Just like in Definition 2.4 we say that [f]iv,y ~ [g](v;y for a [flw,) € HgUi}(X,}') and
l9l{v,y € H{V 3 (X, F) if there exists an open cover {W}.} which is a refinement of both {U;} and
{V;} such that

ngi}7{Wk}7f[f]{Ui} = f?w},{wk})f[g]{‘/j}'

Then the g-th Cech cohomology module HY(X, F) for X with coefficients in the sheaf F is defined
as

{U:}

Its elements will be denoted by [[f](v:}] for [fliu,y € Iv{?Ui}(X, F).

Theorem 6.4: The Cech cohomology modules form a cohomology theory .

Proof: We will use Definition 5.1 to proof this, so we start with defining maps h? for a sheaf
homomorphism h and 97 for a short exact sequence of sheaves. After that we check (a)-(f).
When h : F — F' is a sheaf homomorphism, we get a map &,y : C{U}}. — C{U}F by
composition with A. It is a cochain map, since it commutes with the coboundary operator:

q+1 q+1
(d90 &8, (N)(0) = S (=17 (€l () 0) = S (=17 (s (F(01)))
=0 1=0
q+1
:ﬂ%(§}4>zkﬂ>0 L (@) (@) = (€45 0 () (o).
=0

Like always we now have maps E‘{IUI_} : H{Ui}(X, F) — H{Ui}(X, F'). Furthermore we have that
for a refinement {V;} with maps p? as in Lemma 6.4.2

<qw¢u%nx®:hM«qw»<»—hw<§@%ﬂmww>
= 12 (o) (F(1(0)))) = P27y (D) (o)) = (1 0 €0y, (5))(0),
which implies that E%vj} o f?U,-},{V,-},J—' = f?Ui},{Vj},P o E{Ui}. So once more we get an induced
map on the quotient, and we let h? to be this map.

Next we will construct the maps ¢ for each short exact sheaf sequence 0 — F’ KFEL F 0.
We first start with looking at the following sequence and proof that it is exact.
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Sty
Let f' € CqU 7~ Then ff{IUi}(f) = 0 implies that for all g—simplices o: 0 = (gf{]Ui}(f))(a) =
hyo(f(0)). When we let Z = |o| in Lemma 3.1 we get that f(o) = 0 and thus we conclude that f =
and the sequence is exact at C%Ui} - Exactness at C%Ui} # uses the same lemma, since we have
that (ﬁ/q(ngi}(f/)))( o) = hiy (ho(f'(0))) = 0 for all o and thus Im (ff{]Ui}) C ker(fl{qU y)- The
other way around, when f € ker(gf{qUi}), then we get for all o that 0 = (Sf{qU}(f))( o) = hi, (f(o))
So we find an f € F” such that = hy,|(f,) = f(o). Letting f'(o) := f. implies that f{Ui}(f )= f,
so that we have exactness at C? AR well.
The above exact sequence gives us a short exact sequence of cochain complexes, when we let

~ /
C?Ui}»}-” =Im (g{qu}) = C?Ui}»]:”

§uy o
0——Clyy» > Cluy.r — Clugy.rr >0

We have already seen that p commutes with d and with £ and ¢ for a refinement {V;} with
refinement map p. This implies that p is a homomorphism of the short exact sequences of cochain
complexes:

. &wy . Sy
0 > Cluy, 7 > Clugyr > Cluy7r —0
m u u
. Eviy v Sy
0—— Clyvy 7 — Cluyr — Clyyper — 0

Theorem 3 gives maps 5?%} and another commutative diagram with exact rows:

30 Swa Eiv a‘g Ui}
— HgU (X F) —— HgU V(X F) —— H (X, F') —— Hggl}(X F)——
ﬁq \tuq ﬁq (1) ﬁqul
/ 5{ ’} 5{ Vil q 1" 8? ’1} g+1 /
- ’ {V}(X F) — H{V}}(X F) HH{V}( JF) — H{V}(X,]:) B

where H{U (X, F) = H(barCy,y ) and commutativity of (1) is a consequence of the theorem

and the commutativity of the other squares is already shown above. Since (1) is commutative, we

get an induced map 0’9 : HY(X, F") — HI"'(X,F). Al together gives another exact sequence,

where the exactness is a direct consequence of the exactness in the diagram above:
v h h'a 11 (9 +1 !

.. — HY(X,F) — HYX,F) — HIX,F") — HIY(X,F) — (14)

Let 7 : C?Ui},}‘” — C?Ui},]-‘” be the inclusion map and consider the K—modules C%U,;} =

q 7q . . ~ . . . .
C AN /C iy F which forrr} a cochain complex C?U,;} in the obvious way. Moreover in gives
a short exact sequence of cochains:

0—— C* HC

™ %
AR twy.rr — oy =0

Theorem 3 gives us a long exact sequence again
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» _
(X, ) —s {9, (X, F) s f19, (X, F) 0T, o (X, F") — ...

q
> H () ) ()

{U:}

q
We will look at H{U }

maps f(y,},{v;},7 induces restriction maps for fI?Ui}( , F'") as well, since for f € C{U b F W
have that uq(fl{%i}(f)) = ff{qvj}(uq(f)) € C?U }, 7~ This means we can define H(X,F")in exactly
the same way as the other modules. Furthermore exactly like before we get the long exact sequence

(X, F") = Hq(Cf{‘U }) a bit more. We start with noting that the restriction

5/(1—1 =q

~ . =
—— A Y(X, F') S HUX, F") —— HYX,F') —— HY(X, F") —> .. (15)

We will now proof that H(X,F") = 0 for all ¢. Let {U;} be a locally finite cover, {V;} a
shrinking of this cover and f € C? Then pick for each € X an open W, such that these
four conditions hold:

(A) W, CV; for some i;
B

(w7

(B) W, NV; # 0 implies that W, C Uy;
(C) W, lies in the intersection of all the U; which contain z;
(D)

D) When o = (Uy,...,Uy) is a g—simplex of the cover {U;} and p € |o| then there exists an
element s, , € F(W,) such that rlal (f(0)) = My (S2,0)-

It is indeed possible to achieve this. We can start with the open neighborhood Z of x which
intersects only with finitely many of opens of {V;}. This is possible, since {V;} is locally finite as
well. Now take the intersection with V; for an i such that x € V; and with U; for all the other i
which satisfy « € V;. Then the resulting Z’ already satisfies (A) and (C). Secondly we shrink Z’
even further by removing the V; for which ¢ V; and V; U Z # (). Since this is just a finite amount
of closed sets, we get that the new set Z” is still an open neighborhood of = and it satisfies (B).
Finally we note that there only finitely many U; which contain z and therefore only finitely many
g—simplices o such that z € |o|. Since F', F and F” form an exact sequence of sheaves we have
that for every o there exists an open neighborhood Z, of x and an element rZ7 (s, ,)) such that :

Tfa (Sm,a) = 7{” (T|Zg'|’ (f(o)))

This now implies that we find an even smaller subset Z of Z, N Z" such that

rZ7 (S0.0) =15, (TI;,I, ( f@)),

There are only finitely many such Z! and thus we can let W, := 2" N, Z..

These opens W, form a refinement of {U;} and we are able to pick an V, and U, for each
a such that W, C V, C U, by (A). We let i be the refinement map, which sends W, into U,. We
let 0 = (W, ..., We,) be a g—simplex of our refinement. We then clearly have that W,, NV, for
0 < j < g, so (B) implies that W,, C U, for all j. This now implies that W, C |u(c)| and (D)
now implies that

(1 () = AN (o)) = rior® (e (f Ui, Us,)) )
=707 (hiy,, (Sxo,mcr)))—h\a\( o1 (Sz0,11(0))-

Wag

ol (820,u(c)), since this is just an element

There clearly exists a f’ € Cy,, , » such that f'(0) =7
of F(Jo|). Moreover, we have that

(EU()N)(0) = Ry (@) = hio (rpa 7 (Sage) -
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We conclude that p?(f) € C?Wm} 7. This means that the class of p?(f) is zero in @({IWJ}.
Therefore for HY(X, F") we get that

We are finally able to see that H?(X, F”) = 0 for all ¢, since any open cover of X has a locally
finite refinement {U;}. The long exact sequence (15) changes in exact sequences:
~I1q

0 —— HYX,F") —— HYX,F") — 0

and hence i are isomorphisms of the modules. Now we are able to define 97 : H1(X, F") —
HI+L (X, F):

o9 - _a/q (*/[I) 1.

Now we will check (a) till (f):
(a) Let F be a sheaf. Since C? = () whenever ¢ < 0 we get that C{U y 7 = 0 for ¢ <0, which

implies that H?Ui}(X F) and finally H9(X, F) are zero when g < 0. Secondly H{U }(X, F) =

ker(d®),/Tm (d~!) = ker(d"), so when f € C{Ui}’}- such that d°(f) = 0, then [fliy,y = {f}.
Furthermore we get that for all ¢, j:

0= ((M)ULT;) = r(’mu, (£) = m0inw, (fi),

with fl = f((U;)). F is a sheaf and therefore (S2) implies that there exists a f € F(X) such
that TU, (f) = f; and (S7) implies that this f is unique. The other way around we see that for
cach f € F(X) there exists a f € ker(d’) which is defined as f((U;)) := r (f). This map
a{U} H{U V(X F) = F(X): oy = f is an isomorphism of the K —modules. The above

discussion shows that it is bijective and for [f]y,3, [9]1v,) € H?Ui}(X, F) and k € K we have for
every ¢ that:

e, (ani}([f]{Ui} +lglivy)) = (F+9)((U)) = fF((U)) ) =
+11, (fvy (9lwy) =11, afm}( fway) + afyl}([g]{w}))

S (ofuy k- ) = (k- (W) = k- F(0) = k-1 (o ()
= (k- ofuy (o).

Since UU; = X and F satisfies (S7) we can conclude that ani}([f]{Ui}—i—[g}{Ui}) = ani}([f]{Ui})-i-

oz{Ui}([g]{Ui}) and ani}(k:- (flivy) = k~ani}([f]{Ui}), which is to say: ani} is a homomorphism
as well. We also see that for the usual refinement(map):

(% (0fuy © frway. v 2)) (M) = (190D) (V) = 4 (F (V)
=l ”( u<vj>(afm}([f]{ui}))) =13, (o) (Flwsy)-

The same argument as before allows us to conclude that O‘f\/j 3O funviyr = ani}. This implies

that we have an induced map hr : H*(X,F) — F(X). To proof (a) we need to show that for a
sheaf morphism h : F — F’ the defined maps satisfy hx ohyr = hzoh®. Let [f]{v,} € H?Ui}(X, F)
for an open cover {U;}. Then we have that:

i (hx o ([fwa])) = b (785 (@ () ) = hes (£(00)),
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ris, (e (00 ([[flw]))) = 5 (hr (1€ (DN wiy])) = €y (D ((U2) = b, (F((T2))).

From this we conclude that (a) holds.

(b) Here we suppose that F is a fine sheaf and throughout this part we assume that ¢ > 1. Let
{V;} be a locally finite cover of X and {l} a partition of unity for F subordinated to it. For

o=W,...,Vy—1)and f € C{V }F We get that the support of the section le‘al(f(Vj,VO, iy V1))

is equal to {z € X : 12 Z0}NV;N|o| C V;N|o|. And so we can extend it to a continuous section
over |o| by letting it be 0 in o \ V;. We will denote this extended section by i (f(V;, Vo, ..., Vp—1))

and we define homotopy-like operators h? : Cf{lvj yF C‘i;jl}’ F as
(RP () (Voy wovy Vo Z“ (V, Vo oo Vg1))-

With this definition we get for f the following computations, where o = (Vo, ..., Vg):

(dqflohq(f))(a):i( D (h()) ") = ZZ Vi (B (P (V3 Voo Vi V) )

=0 =0 7

d7 Yo 9 + pTt o 7 = 1d. (16)

We will use this to show that H?(X,F) = 0. So let [fliv,y € H{U }(X, F) for some open cover

{U;} and consider [[f]y,3] € HY(X,F). Since X is paracompact we can take a locally finite
refinement {V;}, with refinement map p. p?(f) is still an element of ker(d?), so with (16) we find
that p?(f) = d?=*(R?(u?(f))) € Im(d4~'). This implies that [u4(f)](V;} = 0 and therefore we
have that

[wa] = sz ()] = vy ] = 00 =0.

All the choices were made arbitrary, so we can conclude that H9(X,F) = 0, for the fine sheaf F
and ¢ > 1.

(c) This is a consequence of the exactness of (14) and the fact that 7 © is an isomorphism

(d) Let h : F — F be the identity. For any ¢ we get that h¢ = Id, since for any f € C?
o a g—simplex we have that (f{Ui}(f))( o) = hi,|(f(o)) = f(o), which implies that:

Wi F and

W ([Nwa]) = Ewy o] = [, Dlwa] = [l
(e) Suppose that
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FlF

N

f//
commutes. Then for any open cover {U;} and any f € C?Ui} 7 and o a g—simplex we get that
(€6t 0 €ty (D) (0) = B, <(5{U }(f))(0)> = b} 0 oy (F(0)) = Ry (F(0)) = (£{%,,(N)) ().
With this is will be easy to show that (e) is fulfilled:

w0 ([(fa]) = W ([ (Dlwn]) = (€48, © €y (D]
= (168, (Miwa) = K2 ([[Aw,])-

(f) The homomorphism of the short exact sequences of sheaves clearly induces commutativity in

§uy o

0 C{U +F > Yoy F ; C?U Y, F >0
€o' (U1} $o.(vy) lfg",{ui}
. Swy v Sy,
0 C{U v C{Ui}a]:- C{Ui}v]:-” 0
Now Theorem 3 implies that
a{U LF .
Hip (X, F") —= H{z} (X, ')
'm{Ué S vy
UiF
Ay, }(X,]-‘ ) —> Hggl}(x F')

is commutative. Using the isomorphism i we get that

gat! oaq([[f]{ui}]ﬂ = g’q+1<[égUi}([f]{Ui})]]_.) = [eaf oé{U (w2
= [0f,y 0 &g (flwn))] 5 = 3q([(§ Aflwy)] ) — 9 og”q([[f}{Ui}]}_)

and with this we have proven (f) as well. We conclude that the Cech cohomology modules indeed
form a cohomology theory O

8 The de Rham theorem

In the last few sections we have shown that there exists a cohomology theory for a para-
compact, Hausdorff space X. Furthermore we have shown that when X is a differentiable
manifold the de Rham cohomology is isomorphic to the differentiable singular cohomology:
Hi,p(X) ~ HP(X,R) ~ H} . (X;R). In this section we will realize this de Rham isomorphism .
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Lemma 7.1: Let &k}, : Q4(U) — S%,(oo)(U) be the map such that

<@wmw=L@

for a p-form w over the open U and a differentiable singular p—chain w in U. Then ky is a cochain

map.
Proof: We have to show commutativity in the following diagram:
kP

QP (X) —— %

|dq dgo
k +1

p 41
Qp+1(X) - Sﬁ (oo)(X)

(X)

So we have to show that

/dq(w) :/a ( )w.
o p+1(0

For each w and ¢. This is however true by Stokes’ theorem. O
Definition 7.1: de Rham homomorphism
Let kx be as in Lemma 7.1. Then the induced maps on the cohomology modules

Eiyt HI L (X) — H} . (X;R) form the so-called de Rham homomorphism.

Theorem 7: de Rham theorem The de Rham homomorphism is the canonical iso-

morphism between Hpj,,(X) and HA _ (X;R).
Proof: Lemma 7.1 implies that we have a commutative diagram

. 0 1 2
0 R—t g & g4 e d
lld lko lkl lk?
i 0 dgo 1 dl 2 d2
0 R S]R,oo S]R 0o S]R,oo

We will use this diagram together with Example 5.2, but we first consider the diagram

00— O (X) _d (X)) —0

lkx lg
0 —— So g+ 00 > S*(X) —— 8§ o (X) —— 0

Here « is as in Theorem 6.3 and ¢ is induced by k so that

(9" (@))(@) = 13’ (K () = (o (K (@)))(2)-

Hence the diagram is commutative and furthermore by Lemma 6.1.5 has it exact rows.

going over to the cohomologies of the cochain complexes we get the following diagram:
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o1
. Id .
0 —— Hjp(X) ————— Hj p(X) 0
kx (1) g Iz
¢2

H* (S 00 @ R)(X))

with ¢, the isomorphism constructed in section 7.2, ¢ the isomorphism given by Lemma 5.1 and
fr by Example 5.2. Since ¢ is a homomorphism, we have that g is one as well. This implies
that ¢; o h o ¢o is a homomorphism from H*((Q* ® R)(X)) into H*((Sg ., ® R)(X)). We have
shown in Theorem 5 and the remark there after that there only exists one unique homomorphism
between them and fr is already such an isomorphism. Therefore we have that ¢, o go ¢ = fr.
Furthermore we still have commutativity in (1), since:

7 ([«]) = 9" (w)] = [ (K (w))] = @ ([k% ()]) = &P o kx" (w])-

Finally we note that by construction the canonical isomorphism between the de Rham and is
given by (@) 1o (¢2) o fro(¢1)" L. Using the above identities gives therefore that the canonical
isomorphism is the same as:

@) 'o(ga) tofro(¢r) = (@) og=kx.

9 The Hodge theorem

Throughout this section we let X to be a compact oriented Riemannian manifold X of dimension
n. For X we will proof the Hodge theorem and use this to proof the Poincaré duality for the
de Rham cohomology. In this section we will assume two propositions to be true. These can be
proven with help of Sobolev spaces and require quite some analysis.

Definition 8.1: Hodge star operator on a inner product space
First we will define the Hodge star operator x for a n—dimensional real inner product space V.
We will pick an orientation on V by picking one of the two connected components of A"V — {0}
and declare this to be positive. Then for each orthonormal basis {e;} of V we let

* (1) =xe1 A .. ANep, *(e1 A ... Nep) = £1,

*(e1 Ao ANep) =Fepp1 A Aey.

Here we use a +1 whenever e; A ... A e, lies in the positive component and —1 otherwise. Then
we extend this operator to whole A\ V such that it is linear.

Definition 8.2: Inner product on AV

Let V be as before. We can extend the inner product on V to an inner product (,) on AV.
When v = v1 A ... Avy and w = wy A ... Aw, are two decomposable elements of A"V, then we set:

(v, w) = det (((Unw]‘))>
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and we extend this linear. When the elements are not of the same degree, then we let (v, w) = 0.

Lemma 8.1: (,) on AV is an inner product.

Proof: We have to proof three things: linearity, symmetry and positive-definiteness.

1: Linearity holds by definition.

2: Our original inner product is symmetric. So for the decomposable elements v and w we get
symmetry as well:

(v, w) = det (((vi,wj))) = det (((wj,vi)» = det (((wi,vj))) = (w, ).

And with the linearity we get symmetry in general.

3: Pick an orthonormal basis {e;}. Then any element in A"V can be written as 2\1|=p CIET,
where I is an ordered subset of {1,...,n} and e; = A,.; e; with respect to the ordering. Suppose
that k € I and k ¢ J. Then (e;,ex) = 0 for all £ € K. Which implies that there is an row with
only zeroes in de matrix ((e;, ej))iel jey- From this we conclude that (er,es) = 0 whenever J # I.
Furthermore when I = J we get that the matrix has only zeroes except on the diagonal. And on
the diagonal there is a one in each entry. So:

( Z crer, Z C]@[) = ZZC[ . CJ(@[,@]) = ZC[ . 01(6[761) = Z(C])Q.
[I|=p [I|=p r J I I

So it holds that (v,v) > 0 for all v € AV. Furthermore, from the above calculation we can
conclude that it is only zero when all the c; are zero and hence only when v = 0. O

Lemma 8.2: The Hodge star satisfies the following identities for v,w € APV :
(A) : Hx (v) = (=1)P(=P)y, (B): wA*(v) =vAxw),
(C): *(wAx(v)) = (v,w).

Proof: Let v =e; A ... A ey, for an orthonormal basis {e;}. Then:
epr1 Ao Nep Aer ANy = (—1)""Per Aepp1 Ao Nep Aea A Ay = ...

= (=1)P"Pley A Aep.

From this we conclude that if (fl)p(”*p) is positive, then lies ep11 A... Ae, Aegp A...A, in the same
component as ej; A ... A e,, and otherwise it lies in the other component. This implies that:

*x(er A Aep) =% (epr1 Ao Aey) = (1) - (£1) - (=1)PPley AL Ae,
= (=1)P" P AL ey,

We know that {er}|r=, is a basis of A"V, whenever {e;} is a basis of V. Since the above made
computation holds for any re-ordening of our orthonormal basis, we conclude with linearity of the
Hodge star that (A) holds for any v € AP V.

Let {e;} and v be as before and suppose that w is decomposable in this basis. When e; A w # 0
for some 1 < j < p, then e; Ax(w) =0, so v A*(w) = 0. At the same time we get that there must
exist a k > p such that w = ex A w. This is due to {e;} being an orthonormal basis. Furthermore
it is clear that ey A x(v) = 0 so that w A *x(v) = 0. In this case (B) holds. Now assume w is still
decomposable, but that e; Aw =0 for all 1 < j < p. So w is up to a constant the same as v. Due
to linearity we have that v A x(cv) = (cv) A x(v) and so in this case (B) holds as well. Since our
orthonormal basis was arbitrary, we get that (B) holds for any re-ordening of a fixed basis. So
letting v, w be arbitrary, that is v = Zm:p crer and w = Z|J|:P cjey, gives that:

v A *(w) = (zl:cjel) /\*(gcJeJ) :zI:zJ:CI'CJef/\*(eJ)
:;;q-cczw/\*(e[) = (;.cJeJ) /\*(gcleI)_
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so (B) holds in general.

For (C) we repeat the above strategy: for ey and ey with I # J we get that (er,e;) =0 =%(0) =
x(ey Ax(ey)). Furthermore for ey we get that x(ef Ax(er)) = £x(erAere) = (£1)%1 = 1 = (er, er).
So C' holds for elements e; and e ;. These elements formed a basis. Now we will use linearity again
to see that:

(ZC[@],ZCJ@J) =ZZCI-CJ(61,6J) :ZC]'CJ*(GI/\*(BJ))
I3 J I J
:*<;CIQIA*(20J€J)).

Hence (C) holds in general. O

Definition 8.3: Hodge star operator on a manifold

Since our manifolds are Riemannian and oriented we can define a Hodge star operator %, on the
tangent space of X at x for each x € X. We define the Hodge star operator x on the space of
forms Q(X) such that (x(a))(x) = *z(a(x)).

Lemma 8.3:  The Hodge star operator on a manifold is well-defined and it satisfies (A)
and (B) of Lemma 8.1.

Proof: We need to show that x takes smooth forms into smooth forms. Pick coordinates, then
«a is represented by Y, frdx; with f; smooth functions. Then by definition x(a) =, +frdxy is
a smooth form over our open U. It is even a smooth form over whole X, since the orientation of
the tangent spaces is smoothly, which implies that the signs change smoothly as well.

First, for (A) we get that:

(% %(0)) (@) = % (%) (@) %0 z(a(2)) = (1P Pafa).
And for (B) we have that:

(@A x(B)) () = az) A (+(8))(x) = a(z) Axe(B(x)) = B(z) A xa(a(x))
= (@) A (x(a))(x)

I
=
>
X
Q
=
O

Definition 8.4: ¢ operator and the Laplacian
We define the p—th 6—operator 67 : QP(X) — QP~1(X) such that for a p—form o on X we let
5 (a) = (—1)mPHD+L n=ptl gn=p 4P (o) when p > 1;
0 when p =0,
where composition is understood. The p—th Laplacian AP : QP(X) — QF(X) is then defined as

AP = §Ptlgr 4 @P~15P. From now one we will omit the indices p for all the operators, so that
d(a)) = d?(«) whenever « is a p—form.

Lemma 8.4: The Laplacian commutes with the Hodge star operator.
Proof: Let a be a p—form for 1 < p <n — 1. Then we want that

dé * () + dd * (a) = A" 7P % () = *AP(a) = xdd(ar) + *x0dP ().

Note that modulo 2 we have that n = n? and —n = n for all n € Z. We will use this in the
following computations. The left hand side is equal to:

A"P % (@) = (=) PEDFL g d k(@) + (= 1) P S d e d o (a)
(,1)n(nfp+1)+1 ) (71)p(nfp)d* d() + (,1)n(nfp+2)+1 > d*d* ()
(=P dxd(a) + (=1)" TP x dx d % ().

65



The right hand side is equal to:
*AP(a) = (=)D L dx dx (o) + (=1)"PFDT ssd x d(a)
= (=)D dwdx (a) + (=1)"PFIFL (1) 7PIP 5 d(a)
= (=1)""P Ty dxd % (o) + (1P d x d(a),

and hence we have equality of xAP with A" Px for 1 <p <n —1. For p =0 and p = n we have
that A = 9'd° and A" = d*~19™. This means that:

A" % (@) = d" 716" % (a) = —d* dx x(a) = —d* d(a) = — x*d* d(a) = x6*d’(a) = xA°(a),
A% x (o) = 8'd" x (a) = —xdx dx (a) = %d" 10" (a) = A" (a).

So the Laplacian commutes with the Hodge star for every p. O

Definition 8.5: inner product on }  QP(X)
We are able to define a p—th inner product associated to the Hodge star (,) on QP(X) by setting

(@8)i= [ ansd).

We are able to extend this to an inner product on > QP(X), when we say that (o, ) = 0
whenever o and 8 are not both elements of QP(X) for some p. The induced norm is denoted by

1]

Lemma 8.5: The above introduced inner product is indeed an inner product.

Proof: We will need to proof three things: linearity, symmetry and positive-definiteness.
1: Linearity is obvious, since integrals are always linear in their integrands.

2: This is an easy computation with help of Lemma 8.3:

@B = [ ans(@)= [ Brso) = (3.

3: Lemma 8.2 tells us that for each x € X and all forms a: (a(z),a(z)) = (x(a A x(a)))(z) and
therefore:

(@ Ax(a))(z) = (=1)°(a Ax(a))(z) = ** (a Ax(a))(2) = ((a(z), a(2))).

Since X is orientable, there exists a volume form w over X, such that fX w > 1and x(1) = w.
Using this form gives us that:

(o, ) = / aAx(a) = / (a(x), a(x))w > 0.
X X
Here we have used (,) is positive-definite. Clearly the above computation shows that (o, ) = 0
if and only if a(x) = 0 for each = and thus only when o« = 0. We conclude that the (,) is
positive-definite. O

From now on we will mean this inner product whenever we mention an inner product.

Lemma 8.6: ¢ is the adjoint of d and the Laplacian is self-adjoint.
Let @ be a p — 1 form and S a pform. Since d is an anti-derivation, we have that
d(a Ax(B)) = d(a) A*(B) + (=1)P"ta A d * (B). Therefore we get that:

(d(@).5) = [ dle) ns(3) = [ dlans(a)+ 17 [ ands()
= / aAx(B) + (—1)”/ a A (=) PFDED o d « (B)
(X) X

_ a _1)\np+1)+1 * = a A ={(« .
_o+/X Ax(=1) *d* (B) /X A*6(B) = (a, 6(B))
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Because the inner product is symmetric we indeed have that § is the adjoint of d. Furthermore
we have that

(Al), B)

(0d(r), B) + (dd(ax), B) = (d(a),d(B)) + (6(ax),6(B))
<O‘a 5d(/8)> + <a7 da(ﬁ» = <a> A(B»

So A is self-adjoint. O

Definition 8.6: closed and harmonic forms
A p—form « is called closed when d(a) = 0 and co-closed when §(a) = 0. When A(a) = 0 we
will call it harmonic. The space of all harmonic p—forms will be denoted by HP.

Lemma 8.7: A form is harmonic if and only if it is closed and co-closed.
Proof: The first part is trivial: when d(a) = 0 and §(a) = 0 we get that
A(a) = dd(a) + dd(a) = 0+ 0 = 0. Now suppose that A(a) = 0. Then:

0=(0,a) = (A(a),a) = (do(a), ) + (dd(r), @) = (6(cr), 6(r)) + (d(r), d(v)).
Since (, ) is an inner product, we conclude that d(a) = 0 = §(«). So « is closed and co-closed. O

Definition 8.7: weak solutions of A(w) = «
Given an o € QP(X), we say that a bounded linear functional ! : QP(X) — R is a weak solution
of A(w) = a when for all 8 € QP(X) the following holds:

The definition for a general partial differential operator L is slightly different. Then we will have
to look for a solution ! such that I(L*(8)) = (a, 8), with L* the formal adjoint of L. However
A* = A so this definition implies Definition 8.5. The first proposition we will assume is about
this weak solutions. The second one is about Cauchy sequences in QP(X) with respect to the
norm ||.||. These two proposition will be then used in the Hodge Theorem.

Proposition 8.1: Let a € QP(X) and suppose that [ is a weak solution of A(w) = a.
Then there exists an w € QP(X) such that I(8) = (w,8) for all 3 € QP(X). This w is then a
solution of A(w) = a, since for all 3:

(A(w) =, B) = (w, A(B)) — (a, B) = I(A(B)) — (e, B) = 0.
Proposition 8.2: Let (ay,), be a sequence of forms in QP(X) such that there exists a constant
¢ > 0 for which the following holds for all n:

lan|| < e, |A ()] < c.
Then there exists a subsequence of (ay,), which is Cauchy.

Lemma 8.8:  There exists a constant ¢ > 0 such that for all 3 € (HP)‘ the following
inequality holds:

18Il < IAB)I-

Proof: We will proof this by contradiction. Suppose that for all ¢ > 0 there exists a 8 € (H?)*+
such that [|8]| > ¢|[|A(B)]| holds. Let 3, be the normalized form, corresponding to ¢ = 1. This
gives us a sequence (8,), such that ||3,]| = 1 for all n and ||A(5,)|| — 0. Proposition 8.2 gives
us a subsequence of (8,), which is Cauchy. Denote this subsequence with (3,), as well. Now
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let ¥ € QP(X). Then the sequence (f,,1) is Cauchy, since for large enough n,m we get with
Cauchy-Schwarz that:

By ) = (Boos )] = 1B = Boes ) S 118 = Boall - 1011 < e

R is complete and we get that lim,(5,,t) exists. Now we are able to define [ : QP(X) — R by
setting [(¢)) = lim, (B,, ). 1 is clearly linear, and bounded as well, since:

) ) C.S. )

[t = sup [l(¥)| = sup [Lm(B,, )| < sup lim[(B,, )] < sup Lm|[B,|-[[¢[| = 1.

[l]l=1 llgll=1 ™ llll=1 ™ llpll=1 ™

Furthermore:

UAW)) = lm(B,, A)) = im(A(B,). %) < lim [|AGB)]|-[[4]] = 0.

Clearly this implies that [ is a weak solution of A(w) = 0 and with Proposition 8.1 we have a
B € QP(X) such that I(¢p) = (8,¢). So

for all ¢p. We conclude that lim,, 8, = . Since ||8,|| = 1 for all n we have that ||3|| = 1 and since
Bn € (HP)L for all n we have that 8 € (HP)*. Proposition 8.1 implies however that § € HP.
This is a contradiction, since ||5|| = 1 implies that 8 # 0. We conclude that there exists a ¢ > 0
such that ||8]| < ||JA(B)]| for all B € (HP)*L. O

Theorem 8: Hodge decomposition theorem For each p the space of harmonic forms
H? is finite dimensional. Furthermore we have that an orthogonal direct sum decomposition of

QP(X):
OP(X) = A(QP) @ H?
= dé(QP) @ 0d(QP) ® H?
=d(QP ) @ () @ HP.
Proof: Assume that the space of harmonic forms in not finite dimensional. Then we can find a

sequence (ay,) of forms with length one, which are all orthogonal to each other. Each elements «,,
and «a,,, with n # m give us that:

Han - amH2 = <an — Oy, Oy — am> = <an7an> + <am;am> - 2<an7am> =2.

Clearly no subsequence can be Cauchy and H? being infinite dimensional is therefore in contra-
diction with Proposition 8.2.
Now pick an orthonormal basis {w; }1<i<, of HP. Then an arbitrary p—form « can be written as:

s

o= (oz - i(a,wﬂwi) + Z(a,wi>wi.

i=1 i=1
Note that (o — Y"1 (a,w;)w;) is an element of (HP)L. This is true since for all w; we have that:

r

(o= Y )i = p) = D el i0) = () — (i) = 0.

i=1 i=1

So we get the decomposition QP(X) = (HP)L @ HP. We will show that A(QP) = (HP)+, which
proves the first decomposition. The first part is trivial: for each o € HP and 8 € QP(X) the
following holds:

(A(B), ) = (8,A(e)) = (8,0) = 0,
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so that A(Q) C (HP)L. For the other inclusion we let o € (HP)+. Furthermore, let [ : A(QP) — R
be defined as [(A(B)) := (a, ) for each § € OP(X). [ is linear since A and the inner product are.
It is well defined since A(B) = A(¢) gives us that S — ¢ € HP and therefore 0 = (o, 8 — ¢) =
I(A(B)) —1(A(¢)). Finally we will use Lemma 8.8 to show that [ is bounded. Let 3 € QP(X). Let
& = B — 1), with ¢ the harmonic part of 8. Note that A(§) = A(B) — A() = A(B). So we get
that:
C.S.

HAB)) = A = [, O < [ledl - [IE]] < el - [[AG] = elled] - [[AB)II;
from which we conclude that ||I]| < ¢||a|| and is thus bounded. The Hahn-Banach theorem
assures us that we can extend ! unto whole QP(X) and this is extension is therefore a weak
solution of A(w) = «a. Proposition 8.1 implies that such an w exists and we conclude that « €
A(QP). Therefore the second inclusion holds as well and A(QP) = (HP):. We now have the first
decomposition that we had to proof.
For the second decomposition we use that A = dd + dd. We note that dé(QP) and 6d(QP) are
orthogonal, since for each a, 8 € QP(X) Lemma 8.6 gives us that:

(d5(a),8(8)) = (°5(a), d(B)) = 0.

So the second decomposition holds. The third decomposition is then a direct consequence of
Lemma 8.7. O

Definition 8.8: Green’s operator

Let H : QP(X) — HP be the orthogonal projection onto the harmonic forms. Then the Green’s
operator G : QP(X) — (HP)* is the map which sends a p—form « into w,, which is a solution of
A(wqy) = o — H(a) such that w, € A(QP).

Lemma 8.9: The Green’s operator is a well-defined bounded self-adjoint operator and it takes
bounded sequences into sequences which have a Cauchy subsequence.

Proof: By Theorem 8 we find a unique A(w) € A(QP) such that A(w) = @ — H(a)). Whenever
A(®) is another solution, then 0 = A(w) — A(®) = A(w — @), and hence w —& € HP. Again with
Theorem 8 we get that w = A(§) — H(w) for some unique A(§) € A(QP) and we let w, = A(E)
for this £&. So the map G is unique. Furthermore H is a projection and therefore linear. Using
this gives us that G(a + ) is the unique solution of:

Awass) = (a+ B) — H(a+B) = a— H(a) + 8 - H(B) = Alwa) + Alws) = Alwa +wp).

Since wq +wg € A(2) and uniqueness of wayg we conclude that wa43 = wa + wg and that G
therefore linear is. We will use Lemma 8.8 and the orthonormal basis {w;}/_; of H? to proof that
G is bounded. We find that:

1G] = sup ||G()]| < sup c¢-||A(wa)ll = sup ¢-[la—H(a)l| < sup c(||af| + [|H()]])

[lal[=1 [lal[=1 [lal|=1 llal[=1
T T C.S. T
= sup (14| D (awws]]) < s e(14+ Y Nasw)l) £ sup e(1+ D [fall - sl
[laf|=1 j=1 [lea|]=1 j=1 [lef|=1 j=1
=c-(r+1).

So G is indeed bounded. The next thing we will check is whether G self-adjoint is. First of all we
note that G(a) € (HP)* and is therefore orthogonal to anything in the image of H. We compute
that:

(G(a), B) = (wa, Alwp) + H(B)) = (Alwa),wp) + 0 = (a,wp) = (H(a),wp) = (@, G(B)).

For the final part of this lemma we let (a;,), be a bounded sequence of forms, bounded by the
constant M. Denote the image of a,, under G by w™. Like before: for each «,, we have that:

K T CS T
@)l = || Yo tanswidews|| < D7 Kamwil - llwgll <Y llawll [l < - M.
j=1 j=1 j=1
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Combine this with Lemma 8.8 and we get that
™[I < e [JA(W")]] = ¢ lan = H(an)|| < ¢ |lom]|[ + ¢+ [|[H(an)|| < c- M +c-r- M.

All these constant are independent of n and therefore are we allowed to use Proposition 8.2,
which tells us that the image of (e, ), has indeed a subsequence which is Cauchy. O

Theorem 9: Hodge Theorem The following identities hold:

A) HG=GH =HA = AH =0

C

(A4)

(B) Id = H + AG = H + GA;
(C) Ad = dA and 6A = AS;
(

D) dG = Gd and §G = G6 and AG = GA,

and there exists a unique harmonic form for each de Rham cohomology class.
Proof: We will start with proving that not only G but H is self-adjoint as well. Using the
orthonormal basis {w;} for HP gives us that for arbitrary p—forms « and 3:

T T T

<H(O¢),B> = <Z<a7wi>wi76> = Z(a,w) ) <wi7ﬁ> = <O‘>Z<ﬁ7wi>wi> = <a7H(ﬂ)>

=1 =1 =1
Using that G(a) € (HP)* and H(a) € HP for all a gives that for a fixed a and an arbitrary j3:
(HG(), B) = (G(a), H(B)) =0, (GH(a), B) = (H(a), G(B)) = 0.

This holds for all 3, so we are allowed to conclude that HG = GH = 0. In exactly the same
manner we compute that:

(HA(@), B) = (A(e), H(B)) = 0, (AH(), 8) = (H(a),A(B)) = 0,

since A(a) € (HP)* as well. So again HA = AH = 0 and we have proven (A).

The first equality of (B) is by construction of G. From this equality and (A) we conclude that
Aa) = HA(a) + Awa(a) = A(wWa(a)). Therefore we get that o — wa(q) € HP. By construction
we have that wa () € (HP)J- and therefore there must exist some § € H? such that o = wa o) +§.
By Theorem 8 we have that ¢ has to be equal to H(«), because of the orthogonal decomposition.
With this we have proven the second equality of (B) as well.

42 is up to a sign equal to xd x xd*, which is op to a sign equal to xd?x because of Lemma 8.3. So
we get that d?> = 0 = 62, So dA = d?§ + déd = déd = déd + 6d*> = Ad and 6A = 6%d + 6d6 =
§dd = §dd + dé* = AJ. So (C) is easily shown to hold.

Let 9 € {d, d}. Using the last decomposition of QP(X) of Theorem 8 we get that for a fixed o and
an arbitrary g:

(HO(@), B) = (8(), H(B)) = O, (0H (), B) = (H(a),07(8)) = 0.
from which we conclude that H0 = 0 = 0H. This means with (B) and (C) that

AJG(a) = 0A(wy) = O(a — H(a)) = d(a) — 0H(a) = 9(ar) = I(a) — HO(ar) = AGO(«),
for any «. Therefore GO(a) — 0G(«) € HP. However by construction of G we get that Go(«) €
(HP)* and 0G () € (HP)* is a consequence of Theorem 8. So dG(a)—Gd(a) € HPN(HP)* = {0}.
With this we have proven the first two identities of (D). The third one is a direct consequence of

these two:

AG = déG + 0dG = dG6 + 0Gd = Gdé + Géd = GA.
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Finally we will show that there exists a unique harmonic form in each de Rham class. We start
with existence. Let a be a closed p—form. Then:

a'? H(a) + AG(a) = H(a) + d6G(a) + 8dG(a) Z

= H(a) + doG(a).

H(a) 4+ déG(a) + 6Gd(cv)

This implies that the harmonic form H(«) lies in the same de Rham class as o and thus has
each class a harmonic representative. Now we will check uniqueness. Suppose a and g are both
harmonic and in the same de Rham class. Then § = a + dv for some (p — 1)—form ~. Rewriting
gives that 0 = dy + (o — ). Lemma 8.6 together with Lemma 8.7 has a nice consequence now:

<d77o‘ - /8> = <’Y76(O‘ - 5» = <7’0> =0,

so d is orthogonal to o — . we conclude that for 0 = dy + (o — ) to hold, that both dy and
« — (8 have to be zero and therefore is the harmonic representative unique. O

With this we have proven Hodge Theory for the Laplacian. The rest of this section are
some consequence of this theorem.

Consequence 8.1: The cohomology modules of a compact, orientable, differentiable
manifold are all finite dimensional.

Proof: First of all we can pick a metric on each differentiable manifold, by using the standard
one on each chart. Then by this Theorem 9 there exists a bijection between the de Rham
cohomology groups and the harmonic forms. By Theorem 8, each cohomology group is finite
dimensional, since H? is. Finally we use section 7 to see that each cohomology theory is
isomorphic to de Rham cohomology and therefore finitely dimensional. O

Consequence 8.2: Poincaré duality The function f : HY (X) x H) V(X) for a com-
pact orientable, differentiable manifold of dimension n, which is defined as

£(lad, 18) ::/Xaw

is well-defined and bilinear. Furthermore it is a non-singular pairing and determines isomorphisms
of HY (X) with the dual space of H)_;V(X).

Proof: To prove that f is well-defined we need to check whether the integral depends on which
forms of the classes we take. We will use Stokes’ theorem to prove that it does not depend on this
choice. Remember that for a p—form « we have that d(a A v) = d(a) Ay + (—=1)Pa A d(y). Now:

JanGram = [ ans+ [ ando)= [ ans+ry [ dann - [ de)ns
/Xa/\ﬁnL(l)p/E)(X)a/\'y(l)p/XO/\’y/Xa/\ﬂ,

J@ramnns=[anss [ amns=[ans+ [ anns -0 [ ynae)

:/Xa/\ﬂ—l—/B(X)v/\ﬁ—(—l)p_l/X’y/\O:/XOz/\ﬁ.

Bilinearity of f is obvious from the fact that the wedge product is bilinear and integral are linear
as well. To prove that f is a non-singular pairing, we need to find a class [f] in H] Y (X) for each
non-zero class [a] in HY ,(X) such that f([c], [5]) # 0, and the other way around. So let [a] be
any class. We can assume that « is harmonic by Theorem 9. And « # 0, since [a] # 0. Because
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of Lemma 8.4 we get that () is harmonic as well, and it represents a class in H;_ 7 (X) because
of Lemma 8.7. Furthermore:

f(la], +(@)]) = /X o A %(a) = [[a]|? £0.

The other way around is obvious now: we let [«] := [*(5)]. The isomorphism 1 that f induces is
the map which sends [a] — f([a],.). We still need to proof that 1 is an isomorphism, but it is
clearly injective. The map v : H, 2 (X) — (H}, g)* is injective as well. Since Consequence 8.1
holds, we get that Dim(HY (X)) < Dim(H, (X)) < Dim(HY, ,(X)), where I use a standard
fact of linear algebra, which states that finite dimensional vector spaces are isomorphic to its
dual. SO % is an injective linear map between same-dimensional vector spaces. We conclude that
1) is indeed an isomorphism. O

Consequence 8.3: If X is a compact, orientable, differentiable manifold of dimension
n, then H} (X)~R.

Proof: Zero-forms are smooth maps from X into R and only the constant maps are closed.
Since there exist no —1-forms, we see that ng r(X) ~R. The above consequence and the algebra
fact stated in the proof of it imply that H}, 5(X) ~ R. O
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