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Abstract

In this thesis we first introduce complex manifolds and hermitian met-
rics on them, starting from the point of view of smooth manifolds. We
then generalize the Laplacian to differential forms and, using the theory
of elliptic operators, introduce harmonic form. Afterwards, we show a
regularity theorem for periodic elliptic operators and deduce the Hodge
decomposition for differential forms from it. We use these harmonic
forms to prove the Hodge decomposition theorem for compact Kéhler
manifolds. We end by applying this theorem to the so called Hodge
diamond, whose structure we discuss.
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Introduction

Developed in the 1930’s by William V. D. Hodge, Hodge theory encompasses
some classic theorems and is of fundamental importance to many fields in
geometry, such as Riemannian geometry, complex geometry and, despite it
being a analytic theory, algebraic geometry. In this thesis we present two
important theorems in Hodge theory, namely the Hodge decomposition theo-
rem for differential forms and the Hodge decomposition theorem for compact
Kahler manifolds, which is a consequence of the former.

In Chapter 1, starting from the point of view of smooth manifolds, we
introduce complex manifolds, followed by some basic structures on them,
such as hermitian metrics and almost complex structures, and the cohomol-
ogy of their smooth differential forms. Afterwards, we introduce the Hodge
x-operator and use it to give the space of differential forms some structure.
Basic knowledge about complexified manifolds, such as its tangent and cotan-
gent bundle and the integration of forms is assumed. This chapter is mainly
based on [Wel08, Chapter 1 and 5], [GH94, Chapter 0], [Huy05, Chapter 1
and 2] and [Voi02, Chapter 2 and 3]. Additional references are mentioned in
the parts they are relevant in.

In Chapter 2, we start by giving a generalization of the Laplacian opera-
tor on R™ to arbitrary differential forms on a compact manifold. After that,
we show the Hodge decomposition theorem for differential forms. To that
end, we first introduce elliptic operators and their generaliztions, elliptic
complexes. We then proceed to use the theory of Fourier series to show a
regularity theorem for periodic elliptic operators on R", which we then use
to deduce a regularity theorem for the generalized Laplacians, which in turn
leads to our desired decomposition theorem. Basic knowledge of Fourier series
is assumed, as is some basic knowledge about Sobolev spaces in the setting of
Fourier series, although all properties we use are listed and a proof of these
properties is referenced. The first two sections of this chapter are mainly
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based on [Wel08, Chapter 4] and [Voi02, Chapter 5] and [Gui05], while the
last two chapters will follow [War83, Chapter 6] very closely. Again any
additional references are mentioned in the parts where they are relevant.

In Chapter 3, we first show a relation betweed some different Laplacians
and then use the decomposition theorem from the second chapter to deduce
the Hodge decomposition theorem for compact Kéhler manifolds. We end
this thesis by taking a look at the Hodge diamonds for such manifolds and
investigate their structure. This chapter is mainly based on [Wel08, Chapter
5], [Voi02, Chapter 6], [Huy05, Chapter 3] and [GH94, Chapter 0], plus some
additional references for individual parts towards the end.



Chapter 1

Preliminaries

We begin by going over some preliminaries about complex manifolds. In Sec-
tion 1.1, we introduce complex manifolds and revise some basic notions about
vector bundles. In Section 1.2, we introduce almost complex structures with
a focus on those induced by an actual complex structure. Section 1.3 revises
some basic notions about the de Rham complex and introduces the Dolbeault
complexes. In Section 1.4, we take a look at hermitian metrics and ,in Section
1.5, we introduce the Hodge *-operator and use it to define an inner product
on the space of differential forms.

1.1 Complex manifolds and vector bundles

Recall that a smooth function f : U C C — C is called holomorphic if it
satisfies the Cauchy-Riemann equations. Namely if we write z = = 4 iy and
split f = u(z,y) + iv(x,y) into its real and imaginary parts, then we require

Ou Ov
dx Oy
du  Jv
oy Oz’

We define the operators

0 _1(0 0\ 0 100 0
dz 2\0xz 0Oy 0z 2\0z 0y’

Taking a look at the real and imaginary parts, we see that the Cauchy-
Riemann equations are equivalent to % = 0 in which case the ordinary com-

plex derivative is just given by %. With that in mind, we say that a smooth

function f = (f1,..., fm) : C" — C™ is holomorphic if all its components are
holomorphic in each variable, namely

o f

2% _,

0Zk



1.1. Complex manifolds and vector bundles

forallj=1,....mand k=1,...,n.

Definition 1.1.1 A complex manifold is a smooth manifold such that there
exist an open cover {U;}ier together with charts ¢; : U; — C", such that U; is
homeomorphic to pi(U;) for all i € I and the transition functions ¢; o cp;l :
©i(UiNU;) — ¢;(UiNUj) are holomorphic for alli,j € I. The pairs (Us, ¢;) are
called holomorphic charts and the set {(Ui, pi)icr} of all these holomorphic
charts is called a holomorphic atlas. A function f : U — C on an open
subset U is holomorphic if it is holomorphic in all holomorphic charts, meaning
that f o cp;l : (U NU;) = C is holomorphic for every i € 1.

Definition 1.1.2 A complex submanifolds S of a complex manifold X is
a subset such that around every x € S there is a holomorphic chart (U, y) of
X such that (U N S) = p(U) NCF x{0}.
Example 1.1.3 We define CP" as the set of complex lines in C* 1. Ezplic-
itly

CP" = {[z]~ | 2= (20,...,2n) # 0},
where z ~ w if z = Aw for some X\ € C and we write [zo : ... : zy] for

[(z0,- -, 2n)]~. We cover CP™ with U; = {[z0 : ... : zn] | zi # 0} and define
charts p; : Uy — C"

20 Zi—1 Ri+1 z
goi([zoz...:zn}):<,..., = ,...,”).

Zi Zi Zi Zi

These charts indeed define a complex structure since, assuming without loss
of generality that i > j, on ¢;(U; NU;) € C" we have that

1 . 21 Zj—1 Zj+1 Zi—1 1 Zi4+1 Zn
Pio@; (21, s2n) = | s T s T e |
Zj i A i Ri A Zj

which is holomorphic.

Although complex manifolds and smooth manifolds are defined similarly, they
have some differences. For example, by Whitney’s theorem (see [Leel2, Theo-
rem 6.15]), every smooth manifold of dimension n can be smoothly embedded
into R?"*!. For complex manifolds there may be no holomorphic embedding
into C'™ for any m.

Proposition 1.1.4 FEvery holomorphic map from a compact complex mani-
fold X to C is constant.

Proof Let f : X — C be a holomorphic function. Since holomorphic func-
tions are continuous and X is assumed to be compact, |f| has a maximum.
Let xp be a point where this maximum is assumed. Let ¢ : U — C" be a
coordinate chart around z that sends xg to 0 and let B:(0) be an open ball of



1.1. Complex manifolds and vector bundles

radius € around 0 € C" contained in the image of ¢. For any z € B.(0) C C"
define the holomorphic function

9. :B1(0) > C,w— fo go_l(wz).

Since |g,| is maximal at w = 0, g., and hence f, are constant by the maximum
principle (see [Hor73, Corollary 1.2.12]). O

We now turn our attention to vector bundles.

Definition 1.1.5 A smooth vector bundle of rank k over a smooth mani-
fold X is a smooth manifold E together with a smooth surjective map 7 : E —
X, such that for each x € X, its fiber E, :== 7 (z) has the structure of a k di-
mensional real vector space and such that for each x € X there is a open neigh-
bourhood U of x, such that there is a diffeomorphism ¢ : 7= Y(U) — U x R”,
called a local trivialization, such that |, : E, — {z} x R* is a linear map.

The best known examples for vector bundles are the tangent bundle T'(X)
and cotangent bundle 7*(X).

Definition 1.1.6 A complex vector bundle is a smooth vector bundle w : E —
X, such that every fiber E, has the structure of a complex vector space and
the local trivializations 7= (U) — U x C¥ = U x R?** are complex linear. A
holomorphic vector bundle is a complex vector bundle 7 : EE — X such that E
and X are complex manifolds and w is a holomorphic map.

Definition 1.1.7 A wvector bundle homomorphism between smooth vector
bundles E and F over X is a map ¢ : E — F such that o(E;) C F, for all
x € X and such that ¢|g, : Ey — F, is linear. If ¢ is a diffeomorphism and
all |g, are linear isomorphisms we call ¢ a bundle isomorphism.

SOIEac

E, > I
N

For a vector bundle homomorphism ¢ : £ — F we write

ker ¢ = U ker ¢|p, and imp = U imp|g,
zeX zeX
Definition 1.1.8 Let 7 : E — X be a smooth vector bundle. A section of E

over an open set U is a map & : U — 71 (U) such that 7o & =id. We denote
the set of smooth sections U — E by E(U, E).

We denote exterior powers of the cotangent bundle as APT*(X) and write
QF(X) = E(X, \PT*(X)). Also note that a smooth vector bundle isomor-
phism induces an isomorphism of the sections.



1.2.  Almost complex structures

Definition 1.1.9 Let f: X — Y be a smooth map and 7y : E — Y a smooth
vector bundle, then we define the pullback bundle 7x : f*E — X as

fTE=A{(z,e) e X X E| f(x) =7(e)}
with Tx (z,e) = x.
Intuitively speaking, the pullback bundle attaches to x € X the fiber Ey(,).

Definition 1.1.10 Let U C X be open. A local frame of a smooth vector
bundle m : E — X of degree k over U is, if one even exists, a collection of k
everywhere linear independent smooth sections.

Note that if &1, ..., & is a local frame we can write every section as g1&1+- - -+
g€y for smooth functions g;, giving us a identification £(U, E) = (C*(U,R))*.

1.2 Almost complex structures

Definition 1.2.1 Let V be a finite dimensional real vector space. A linear
complex structure on 'V is a linear map J : V — V such that J?> = —id.

If a real vector space admits a linear complex structure, it is necessarily even
dimensional since

0 < (det(J))? = det(J?) = det(—id) = (—1)3m=(V),

Two linear complex structures, J; on V7 and Js on Vs, are said to be isomorphic
if there exist a linear isomorphism ¢ : Vi — V5 such that ¢J; = Jop. The
complex linear structure enables us to view V as a complex vector space by
defining (a 4 bi)v = av 4+ bJv. In the other, direction we get a complex linear
structure on the underlying real vector space of a complex vector space from
multiplication with 1.

Proposition 1.2.2 Every linear complex structure is isomorphic to R*™ with

10 —id,

Jo= Ldn 0 ]
Proof View V as a complex vector space and let (v1,...,v,) be a complex
basis, then (vy,...,vn, Jv1,...,Jvy,) is a real basis for which J is represented
by Jo. ]

Denote by Ve = V ®r C the complexification of V. Extending the linear
complex structure J to V¢ by J(v® z) = J(v) ® z we obtain a complex linear
automorphism that still satisfies J? = —id, thus having minimal polynomial
t2 — 1. Therefore its eigenvalues are i and —i. We denote the eigenspaces in
Ve for i by

VIO —y@2e Ve | Jv@2) =v®@iz}
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and for —i by
VOl —{y@2eVe | Jv®2) =v® —iz}.

We thus get a decomposition Ve = V10 @ V01, Defined as such, V¢ carries
two distinct linear complex structures, namely J and multiplication by i, the
latter of which shall simply be referred to as the complex structure of V¢. The
decomposition of v € V¢ into its components in V10 and V%! is given by

1 1
v = i(v —iJv)+ 5(1} +iJv) .

evLo evol
Note that, viewed as complex vector spaces, V and V10 are isomorphic under
the projection map
1
v i(v —iJv).

We can now define complex conjugation on Vg by v® z = v ® Z. Note that
complex conjugation on V¢ is a R-linear isomorphism between V1 and V01!,

as J(v®z) = viz implies J(1 ® 2) = J(0)RZ =J(v®2) =vRiz = —iv ® z.
These are also complex subspaces of V. For the complex vector space V¢ with
dimc(Ve) = dimg(V) = 2n let

2n

Ave=@DN've

p=0

denote its exterior algebra. For V¢ both A V1Y and A V%! are complex sub-
spaces of A V¢ with trivial intersection. Define

/\p:qv — /\pV170 ®(c /\QVOJ

which we identify with its image in APT¢ Ve, We thus get a decomposition

2n 2n
Ave=AVioert= @ NV v =@ | @ NV
p+q=0 k=0 \pt+q=k

Notice that, since dimc(V!?) = dimc(VO) = dime(V) = n, APV =0
whenever either p > n or ¢ > n. Now let W be the real dual space of V.
J induces a linear complex structure on W through Jw = wo J. We can
now do the same procedure for W to obtain W¢ and a decomposition of
its exterior powers. Note that complex linear extensions of elements in W*
generate W¢ and that W10 is the dual space of V1.0 as for a basis element
vj € V with dual basis vector w; € W such that w;(v;) = 1 we have that
(wj — iJw;) (3(vj — iJv;)) = 1. Similarly W% is the dual space of Vo1,

We now turn our attention to complex and almost complex manifolds.



1.2.  Almost complex structures

Definition 1.2.3 Let X be a differentiable manifold. An almost complex
structure on X is a vector bundle isomorphism J : T(X) — T(X) such that
Jp 1 Tp X = T, X is a linear complex structure for every x € X.

Observe that giving X an almost complex structure is the same as giving
T(X) the structure of a complex vector bundle. A complex structure on X
induces an almost complex structure on X as follows. If (z1,...,2,) are local
holomorphic coordinates, then (x1 = Rz1,y1 = S21, ..., 20 = R2n, yn = Szp)
are real local coordinates and we can define J as the bundle map satisfying

J (0> _ 9 and J(6> __0
a;rj 6yj 8yj al‘j

which is clearly smooth. Now let (1,...,(, be other holomorphic coordinates
with ¥¢; = §; and 3¢; = n;. Let f = u+1iv be the transition function between
z and (. The components u and v induce a real change of coordinates, namely
¢ =u(x,y) and n = v(z,y). Let J be the almost complex structure induced
by z and J' be the almost complex structure induced by (, then, using the
Cauchy-Riemann equations, we compute

%) " Ou; 0 Ov; 0
2 A R ) e A T
! <0xk> J Z;axk 9, " ozy, Om

:i an 0 811,]' 0

Oy On; Oy OE;

j=1
_9
Ok

Since now J'(5-) = J’(J’(%)) = J’Q(%) = f%, J and J’' coincide,

showing that the induced almost complex structure is independent of the
choice of holomorphic coordinates and thus well-defined.

Proposition 1.2.4 A smooth map f between complex manifolds X1 and Xo
is holomorphic if and only if fiJ1 = Jaf«, where Ji and Jy are the induced
almost complex structures and f. denotes the induced map on the tangent
spaces.

Proof Let z € X; and let 27 = 21 + Y1, ,2n = Tn + 1Y and (G = & +
iy Gm = &m + inm be local coordinates around z and f(z). Let f; =
uj + tv; denote the real and imaginary parts if the components of f. The
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expression

8u] 8vj 0 0

8u] 9  Ov 0 & 61@14_81@1
8%1 8"7] Jz; 85] — Y 85] yi a77]'

— (v _ﬁ i_ Ovj , 94\ 0.
81‘1 877]‘ 8@- 8yi 8€j

M

is 0 if and only if f fulfills the Cauchy-Riemann equations. g

For a complex manifold X, we can complexify its tangent and cotangent spaces
fiberwise to

T(x)c=T(X)®rC and T"(z)c = T*(X) ®g C.

We represent sections of theses spaces just as sums « + i3 where « and 3 are
either in £(X,T(X)) or Q'(X) respectively. Using the unique induced almost
complex structure, we obtain just as in the vector space case decompositions

T(X)e=T(X)** o T(X)% and T*(X) = T*(X)" @ T*(X)%?

where T'(X)0 is the kernel of the bundle homomorphism id —iJid : T(X) —
T(X) and T(X)%! is the kernel of the bundle homomorphism id +i.J id and
similarly for 7*(X).

Let X7 be an n-dimensional complex manifold and X5 be an m-dimensional
complex manifold with coordinates z and ¢ as above. Let f : X7 — X5 be
smooth. Note that, if f is holomorphic, then f, maps T(X71)'? to T(X2)%1,
as for v € Tp(X)H0 we have Jofiv = fiJiv = fiiv = ifiv, and similarly, f.
also maps T(X1)%! to T(X2)%!. The real Jacobian Jg of f representing f, is
given by the 2m x 2n matrix

Jr = (avj> (avj>’
9Tk ) jk \Yk )k

where 1 < j < mand 1 < k < n. We now extend f, by complex lin-

earity to a map between the complexified tangent spaces. For the basis

0 9 9 9 _0_ 9 0 o ;
D0 Do a0 BE, and 8C1""’0Cn’afl"”’azn’ the Jacobian J¢

representing f, is now given by
(%), (5%)
0= gk N0 Gk
oF. f.
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Written out explicitly this just means

af; o (9f 0
8zk Z 0z, (‘3@ 8Zk aC
0, 0 07, 9
8zk Z sz 8@ 8Zk ac

Note that % _of and therefore if f is holomorphic we get

0z
¥,

7 (ﬁ)jk 0

c= ’

Proposition 1.2.5 FEvery complex manifold is orientable.

Proof Since all transition functions are by assumption holomorphic, we get

o¢
<8Z;>],k 0

¢
o (52),,

B 9¢; G\ ¢\ |2
e () e (55) = o (52)

Therefore any holomorphic atlas induces an orientation. O

det(Jr) =det(Jc) = det

>0

1.3 Complex differential forms

Definition 1.3.1 The exterior derivative on a smooth manifold is the map
d: QP(X) — QPY(X) given in local coordinates by

d Z ardry = Z Z%dxz ANdxg,

[|=p [|=p i=1

where we used multi-index notation, meaning for I = {i1,...,in} C{1,...,n}
we write
dey =dzy N--- Ndx;,,,

such that iy < iy for £ < k.

An important property of the exterior derivative is that it commutes with
pullbacks. For a proof see [Leel2, Proposition 14.26]. The exterior derivative
yields the de Rham complex.

0 —— QO(X) —45 (X)) —5 02(x) —4 ...



1.3. Complex differential forms

The de Rham complex forms a chain complex, since

dda)=d Y En: ‘Zi{dxi Adzr

[=p i=1

" da;

2

8204[ 0° ag
= Z Z Wdajj ANdzx; Ndxp+ Wdl'z A dxj Ndzg

We now define the complex-valued differential forms on U C X as smooth

sections of the complexified contangent bundle, namely as elements of
E(U, N*T*(X)¢) which we denote by QK (U). Extending d by complex linear-
ity we obtain the complexified de Rham complex

0 — Q0(X) —4 LX) —45 02(Xx) —4 ...,

which again forms a chain complex, as d?(a+if3) = d(da+idB) = d*a+id*B =
0. The de Rham cohmology groups with real coefficients are now defined as

And, similarly, we have the de Rham cohomology groups with complex coef-
ficients

H*(X,C€) = fkerd : Q&(X) = Q™ (X)} / fin g 051 (X) - QE(X))-

Lemma 1.3.2 For the complexified de Rahm complex we have that
H*(X,R)®C = H*(X,C).

Proof First note that, by complex linearity of d, a complex-valued differential
form v = a + if is closed if and only if o and g are closed. Using this, we
define the maps

H*(X,R)® C = H*(X,C)
(o] ®u+ v [(u+iv)p]
[a] @1+ [f] @1 < [+ if]

which are inverse to each other. OJ
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Let X be an almost complex manifold and, for k = p + ¢, let m, ; denote the
projection A\"T*(X)¢c — APT*(X)c. On OF9(X) we define

O =mpi1g0d
9=mpgr10d

For an arbitrary almost complex manifolds we only have

d= Z 7Tr7sod:3+5+rest.
r+s=p+q+1

Definition 1.3.3 We call an almost complex structure integrable if d =
d+0.

The significance of this definition is that, if d = 9+ 0, then for o € QP4(X)

0=d’a=(0+0)0°a= 9*a +00a+00a+ 7 a
~~ — ~~
€QP2.9(X)  cQrtlatl(X)  €QPat2(X)
Therefgre, foE an integrable almost complex structure, we have 9° = 9 =0
and 00 =—900.

Proposition 1.3.4 Let X be a compler manifold, then the induced almost
complex structure is integrable.

Proof For local holomorphic coordinates z = (z1,...,2,), we have for o €
QP
dZaLJdZI ANdzZ g :ZquJ ANdzr Ndz g
1,J 1,J
0 (’9
_ZZ< L g ;”dyk>/\dzmd7J
I,J k=1
0 da
ZZ ( O G + ”d,zk> Adzp Adzy
= 0z, 0z
:GZaIszf ANdzZ g +82a1sz] ANdzZy
I,J I,J
Thus any induced almost complex structure is integrable. ]

Remark 1.3.5 The above proof basically boils down to the fact that an in-
duced almost complex structure also comes with certain coordinates for which
it takes a specific form. It turns out that the converse is also true, namely that
every integrable almost complex structure is induced by a complex structure.
This is the so called Newlander-Nierenberg theorem. For a proof see [Hor73,
Theorem 5.7.4).

10



1.3. Complex differential forms

Example 1.3.6 Any almost complex structure on a manifold X of dimension
2 is integrable. Since the complex fiber dimensions of T*(X)%0 and T*(X)%!
are 1, we have that Q*%(X) = Q¥%(X) = 0 and therefore

Hence, 0 and O are the only components d can even split into.

>
b) 9
me/ \mlm
SN T
)

Proposition 1.3.7 On a complex manifold both 0 and O follow the Leibniz
rule

Q0,0 (X

Ql,l(X

OaAB)=0aAB+ (-1)PTlandp
AanB)=0anB+ (—1)PTandp
where o € QPU(X) and f € Q" (X).

Proof Using d = + 0 we compute

dlaAB)=da B+ (-1’ a Adp
aAB)+0(anB)=0aAB+ (-1)PTlandB+0anB+ (—1)PTlandj

GQP+T+17Q+S(X) erthquerl(X)

The statement now follows from the fact that all terms involving 9 have bide-
gree different from the terms involving 0. U

Definition 1.3.8 The Dolbeault complexes of a compler manifold X are
the chain complexes

0—— oPO(x) 25 arl(x) —25 ar2(X) — 2 ...

The Dolbeault cohomology groups are now defined as

HP(X) = {kerd : QP4(X) — Qp’qul(X)}/{imd L QP (X)) — QPa(X)}-

11



1.4. Hermitian manifolds

These groups, although they are similarly defined as the de Rham groups, can
differ widely from them. Take for example C. We have QX(X) = Q%(X)
for all complex manifolds X. Since for any connected manifold X of real
dimension n and for f € Q%(X), we have

df = Zax.dxj’
g=1""

df = 0 implies that f is constant. On the other hand, for a connected complex
manifold X of complex dimension n, we have

— "L of
af = Zaidei,
i=1

0f = 0 implies that f is holomorphic. Although, by Proposition 1.1.4,
H°(X,C) = H%(X) for any compact complex manifold X, on C this is
certainly not the case, as there is a plethora of holomorphic functions on C.

Definition 1.3.9 The Betti numbers of a real manifold X are by =
dimc H*(X,C) and the Hodge numbers of a complex manifold are hP4 =
dim¢ HP9(X).

Thus, for every connected manifold we have by = 1, as every constant function
is a multiple of the function constant 1. For compact complex manifolds
we also have h?% = 1, by the same reasoning as before, but on C we have
R0 = .

Definition 1.3.10 For a complex manifold X, we call elements in ker 0 :
OPO(X) — QPL(X) holomorphic forms.

Note that
= ~fy
0 Z fidzy = Z Zaizkdzk/\dz(]:(]
[JI=p |J|=p k=1
implies, that a form is holomorphic if and only if its coefficients in local holo-
morphic coordinates are holomorphic functions.

Remark 1.3.11 The cohomology of the de Rham complex defined here is iso-
morphic to the singular cohomology with complex coefficients (see [Lee12, The-
orem 18.14]). Furthermore, these de Rham and Dolbeault cohomology groups
can be shown to be isomorphic to the sheaf cohomology groups of Q%(X) and
009(X) (see [Wel0S, Chapter II)).

1.4 Hermitian manifolds

Recall that, on a complex vector space V', a hermitian inner product is a
map h : V x V — C, such that h is complex linear in the first argument,

12



1.4. Hermitian manifolds

conjugate symmetric in the second, meaning h(u,v) = h(v,u) for u,v € V,
and positive definite, meaning h(v,v) > 0 for all v € V' \ {0}. Now let V
be a complex vector space viewed as a real vector space with its induced
linear complex structure J. Let {xi,...,z,} be a complex basis of V', then
{z1,11 = Jx1,...,Zn,yn = Ja,} is a real basis of V. The hermitian inner
product h is a real bilinear map on V with the additional property that if
we write hjp = h(xj,xy), then h(xj,yr) = —ihjx, h(y;,xr) = ih;; and
h(yj,yx) = hjr. We can now extend h to V¢ by complex bilinearity and see
that, if u,v € V C V¢, with u = ub? + %! and v = v19 + 0% their splittings
into their components in V10 and V%!, then
1
h(u'? %) = z(h(u,v) + ih(u, Jv) — ih(Ju,v) + h(Ju, Jv)) = h(u,v)

Thus, writing z; = x;+iy; and Z; = x;—iy;, we have h(z;, %) = h(mjlfo, .1:2’1) =
h(xj,xy) = hj. Therefore, we can write

n
h=> hj 07"
ij=1

Taking real and imaginary parts of h we obtain h = g —iw, where g = Rh and
w = —Sh are real bilinear forms on V that extend to complex bilinear forms
on V. Expanding the expression for h we get

n n n
Y ohip @ = (el @+ @yk) =i Y hir(e 0y -y @)

i,j=1 1,j=1 1,j=1

I Ayk
Therefore, using 27 A z¥ = (27 +iy?) A (2F — iy*) = —2i27 A y*, we obtain
n

w:%sz/\Ek.

jk=1

Remark 1.4.1 There are different conventions in use for the wedge product.
The one we use defines for vectors vi,...,v, and covectors w',... w™ the
pairing as wi A---Aw™(vi, ..., v,) = det(w'(vj); ;). The alternative definition
defines wh A - Aw™(v1, ..., v,) = S det(w'(v));;), in which case one has to
set h = g — 2iw so that both expressions for w coincide. For more details on
these conventions see [War83, Definition 2.09 and the remarks in 2.10].

Definition 1.4.2 We call w the fundamental form of h.
Lemma 1.4.3 g = Rh is a scalar product on V viewed as a real vector space

that satisfies g(-,-) = g(J-,J-).

13



1.4. Hermitian manifolds

Proof Let u,v # 0 € V. First note that since h is non-degenerate, h(v,v) > 0

and thus g(v,v) > 0. Symmetry follows from g(u,v) = Rh(u,v) = Rh(v,u) =
g(U,U) LaStlya h’(Ju J) = _ZQh(a ) = h(7 ) lmphes g(a ) = g(‘]’ J) O

Lemma 1.4.4 The fundamental form w of h is a non-degenerate alternating
bilinear map that satisfies w(-,-) = g(-,J-) = —g(J+, ).

Proof Let u,v # 0 € V. First of all note that Sh(u,v) = Sh(v,u) =
—Sh(v,u), showing that w is indeed alternating. Now note that g(u, Jv) =
Rh(u, Jv) = R — ih(u,v) = Sh(u,v) = w(u,v). Non-degeneracy now follows
from the fact that g is non-degenerate. O

If (V,(-,-)) is a euclidean vector space the inner product gives rise to a hermi-
tian inner product on V¢ by setting h(u ® z,v ® w) = 2w (u, v)

Proposition 1.4.5 On V1, we have that g = 2h.

Proof Let u,v € V, then

g(u —iJu,v —iJv) =g(u,v) +ig(u, Jv) —ig(Ju,v) + g(Ju, Jv)
=2¢9(u, U) + 2ig(u, JU)
=2h(u,v) O

Now turning over to manifolds we define a hermitian metric fiberwise as in
the vector space case such that the coefficients vary smoothly.

Definition 1.4.6 A hermitian metric on a complex vector bundle E — X
is a family of hermitian inner products (-,-); on the fibers E, that depend
smoothly on z, meaning that for any two sections {,n € E(U, E) on an open
set U we have, that x +— (&(x),n(z))y is a smooth complex valued function on
U.

Proposition 1.4.7 FEvery complex vector bundle m : E — X admits a hermi-
tian metric.

Proof Choose an open cover {Uy }q of X such that E is trivializable over all
U, and a smooth partition of unity p subordinate to {U,}o (for a proof that
such a p exists we refer to [Leel2, Theorem 2.23]). Let ¢, : 7 U, — U, x C*
be local trivializations, then we define for £, € E(U, E)

hEm) =Y palpalé(®)), paln(z)))

where (-,-) denotes the standard hermitian inner product on C*. Since lin-
ear combinations of hermitian inner products with positive weights are again
hermitian inner products this indeed defines a hermitian metric on E. ]

14



1.4. Hermitian manifolds

Definition 1.4.8 A hermitian manifold is a complex manifold with a her-
mitian metric on its real tangent space, viewed as complex vector bundle
through the induced almost complex structure.

We can as before then extend the hermitian metric to a complex bilinear map
on the complexified tangent space of the form

n

= Z hj7kd2j N dZy
Ji,k=1

Example 1.4.9 On C" we have the standard metric

D dzj@dz; =) dry @ dzj+ dy; ® dy; — i (do; @ dy; — dy; @ day) .

j=1 dzjAdy;

Thus the real part is just the standard inner product of C* = R?" and the
fundamental form the standard symplectic form.

Example 1.4.10 We can make CP" into a Kdhler manifold with the so called
Fubini-Study form, which, on the open sets U; of Example 1.1.3 with coor-

. (= Zi—1 Zit1 n . .
dinates (wy, ..., wy) = ?3""’7’7""’27 , 18 given by
. n
95 2
wzgﬁalog Z|wkl +1].
k=1

We now want to show that this is indeed a well—deﬁned global form. Note that
2

2 n 2
z z
= log +log | |—
z z
=0

and that, assuming without loss of generality that i > j, z—J = w; on U;, we

Thus, using

log (Zn: ?

=0 |

only need to verify 0 0log(|w;|?) = 0. Indeed,

dw;w; = O dwz =

wzwl w;

9 log(uwi?) =

Computing w explicitly,

i n
290lo wel? +1 ~0 dw
: (Zr . ) S o g

k=1

1
Z Z Ek 1 |wk‘ + 3 j¢ — WeW; dw] A diwy
jf 1 Zk 1 |wk?| + 1)

15



1.4. Hermitian manifolds

we see that the hermitian metric associated to the Fubini-Study form, called
the Fubini-Study metric, is given by

n

=y (ke lwil® + 1)dje — wew;
(> k=1 lwel* +1)?

The Fubini-study form is closed since

dw =(d —1—5)% 00 log (Z lwg)? + 1>

k=1

s - 2 iog2 - 2
758 0log (Z\wkl —|—1> —588 log <Z|wk\ —i—l)

k=1 k=1

dw; ® dw,
Jt=1

=0
and real since

i = i ~ 3
w= 56810g <Z|wk2+1> = —§8alog (Z\wkl —|—1> =w.

k=1 k=1

To show that the Fubini-Study metric is a genuine metric we only need to show
that it is positive definite. This follows from the fact that for all u,w € C™\{0}

n
> (w]? + 18,05 — wenju e = Jul® + [ullw]* — (w, u)(w,u) > |uf?,
Jit=1

where we used the Cauchy-Schwarz inequality.

Definition 1.4.11 A complex projective manifold is a compact complex
manifold that can be embedded as a complex submanifold of CP™ for some n.

Definition 1.4.12 A Kadhler manifold is a complex manifold X with a her-
mitian metric h = g — 1w such that w s closed.

Proposition 1.4.13 A complex submanifold M of a Kdihler manifold (X, h)
1s again Kahler.

Proof Let « : M — X be the inclusion map. Since h|pys is a hermitian metric
on M, the statement follows from d(w|rps) = di*w = *dw = 0. O

Corollary 1.4.14 FEwvery complex projective manifold is Kdhler.

Proposition 1.4.15 A hermitian metric h on a complex manifold X is a
Kahler metric if and only if it osculates to order 2 with the standard met-
ric on C", meaning that around every point xo € X there exist holomorphic
coordinates z1,. .., zp, such that

h = Z 5i,j + 0 (|Z’2) dz; ® dzj.
ij—1
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1.4. Hermitian manifolds

Proof First note that, if h is of said form, dwl|,, = 0 is immediate. For
the other direction, choose coordinates wi,...,wy, such that h;j(xo) =
h(aiwi‘l‘o’ %ﬂxo) = ;4. Such coordinates always exist, as we can choose
any coordinates that map zo to 0 and then compose with a linear map from
C™ to C™, that maps awp ..,% to a orthonormal basis of h. In these

coordinates, w writes as

. n n
w= % Z (5@]' + Zaz‘,j,kwk + Bijxwi + O (|w|2)) dw; A dw;,

ij=1 k=1

=1 (z). Note that h;; = hj; implies
a; jkx = Bk and that dw(zg) =0 1mphes gk = g and Bk = Bk as

where the o; ;1 = aaz”(xo)

. n
i
dw|z, = 5 Z a; jrdwy N\ dw; N\ dw; + B j pdwy, A dw; N\ dwy.
i7j7k:1

We now define the coordinates z1, ..., z, as

1
2k = Wg + 5 Z QU ke f W Wi«

Lm=1
Then "
dz, = dwy, + Z am,k,gwgdwm.
£m
And verify

deZkAde—dekafk+* Z amkgwg/\crk
k=1 k4 m=1

+ = Z Bkgmwgdwk/\f —|- Z ]w| dngf
k:Zm Zm 1

.on . n
(3 (3
25 E 5i7jdwi VAN d@j + 3 E al-7j7kwkdw,~ A d@j
t,j=1 1,5,k=1

i o - n
+ 5 D Bigatdw; Adw; + 3 O|wf*)dw; A dw;

i3,k i,j=1
=w + Z O(|z|*)dw; A diw;.
1,J
We conclude by noting that, by definition, O(|w|?) = O(|2|?). O
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1.5. Hodge *-operator

1.5 Hodge *x-operator

Let V be a finite dimensional real vector space with inner product (-,-). Let
{e1,...,en} be an ordered orthonormal basis of V' giving it an orientation.
Extending the inner product to A V' by setting

(0% [,8 J iflI=J

0 else

(arer,Brey) = {

making {er}cqi,..»} an orthonormal basis and we define vol = e A -+ A ey,

Definition 1.5.1 The Hodge x-operator on an euclidean wvector space V
of real dimension n, is the linear map % : /\dV — /\nde given by
er +— sgn(I)ere, where I¢ is an ordered complement and sgn(I) is such
that sgn(l)er A ere = vol.

For a, 8 € /\d we compute
aAxfB= Zoqe[/\ Zﬁjsgn(J)eJc: Z arBysgn(J)er A eje
[I|=d |J|=d \1],|J|=d

er N ege # 0 if and only if I = J, in which case ey A efe = sgn(I)vol. We get
that
aAx*f = Z arfrvol = (a, B) vol

I|=d
Extending the inner product to a hermitian inner product A Vg, we get that
aAxf = (a, ) vol.

Note that %1 = vol.

Remark 1.5.2 Defined like this, * has been conjugate linearly extended. In
the literature one often finds that x gets extended complex linearly, in which
case our verston x would be denoted %, meaning that x gets composed with
complex conjugation.

Lemma 1.5.3 On \*V¢ we have that
2 = (=1)P=R)iq

Proof By definition x?e; = sgn(I) sgn(I¢)e;. Thus ? = ¢id fore € {—1,+1}.
Using that for any u € APV and v € A7V we have that u Av = (=1)Pv Au
we compute

er N\ xey =vol
=x*xer N *261
=cxerNey
=e(—1)*Rep A sey.

Thus € = (—1)*—F), O

18



1.5. Hodge *-operator

Let now X be a compact orientable riemannian manifold and fix an orienta-

tion. Then we can define the %-operator fiberwise on A*T*(X) by requiring

that at zg € X, if %]mo, cee ai\x is an ordered orthonormal basis, then
1 Ly %0

{dzr} 7= forms an orthonormal basis. Note that this definition actually

needs orientability, since otherwise we couldn’t define an ordered basis in a

consistent way.

We extend the riemannian metric g by sesquilinearity to a hermitian metric
h on T{(X) and set du = 1 as its canonical volume form. With this, we now
define an inner product on the space of differential forms by setting

(0,8) = /X o A f = /X h(ae, Be)adp

If X isn’t compact, we instead require the differential forms to be compactly
supported. For a hermitian manifold we use its associated riemannian metric
which yields the following formula.

Proposition 1.5.4 On a hermitian manifold we have that du = %L

Proof Since this is a fiberwise statement it suffices to prove it in the vector
space case. Let x1,...,x, be a complex orthonormal basis, meaning h; ; = 9; ;,
such that z1,y1 = Jx1,...,%n, Yn = jT, is a real basis, then we saw that

n
g=>Y v +y oy
j=1

and therefore vol = ! Ay' A--- Az™ Ay". On the other hand we have
n
w= Z ) Ny
j=1

. Thus the statement follows from

Ww'=nlzi Ayt A Ay A yn. 0
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Chapter 2

Harmonic forms

The main goal of this chapter is to establish the Hodge decomposition theorem
for differential forms. In Section 2.1, we first generalize the Laplacian operator
to the de Rham and the Dolbeault complexes. Elements of the kernels of these
Laplacians are called harmonic forms. We then show in Section 2.2, that these
operators are elliptic. Afterwards, in Section 2.3, we use the theory of Fourier
series to prove a regularity theorem for periodic elliptic operators in R”. In
Section 2.4, we deduce the Hodge decomposition theorem for forms. This
decomposition allows us to identify the spaces of harmonic forms with the
cohomology classes of the de Rham and Dolbeault complexes, which are of
great importance in the Chapter 3.

2.1 Laplacian operators

In this section, we define harmonic forms by generalizing the Laplacian on
R"™ to differential forms of arbitrary degree on compact orientable riemannian
manifolds.

Proposition 2.1.1 Let (X, h) be a riemannian manifold with dimg(X) = n.
The adjoint operator of d : QE(X) — QEH(X) is given by

d*: QLX) — QEH(X), d* = (=)™ x dx

Proof Let a € Q(Ié_l(X) and B € Q&(X). Using the Leibniz rule d(a A *8) =

20



2.1. Laplacian operators

do A B+ (=1)*ta Ad x 3, we compute
d = [ danx
(d0,3) = [ danss
:/ d(a/\*,B)—/(—l)kla/\d*B
X
—_—

X
=0

:/X(—l)ka/\(—l)(”k“)(k1)*(*d*ﬁ)

= / a A *(—1)”k+”+1(*d )
X
= (o, d"B),
where we used that d x 8 is a (n — k + 1)-form. O
We now show the analogous statement for the Dolbeault operators.

Proposition 2.1.2 Let (X,h) be a hermitian manifold with dimc(X) = n.
The adjoints of 0 : QP4(X) — QPYLYUX) and 9 : QPI(X) — QPITL(X) are
given by 8* = —x 0% and 9" = — x O x.

Proof We first show 9 = —0 . Again using linearity we consider a € QP»4~!
and 8 € QP4 We compute

(0@,5):/)(30(/\4%
:/ Oa A xB) — (—1)PTI o A D 4.
X

Note that a A %3 € Q*"~1(X) where d = d so we can proceed

I
o

d(a A *f) —i—/ (=1)PTea A (=1)PTIT & (5D %)

X
N————
=0

:/Xa/\*(—*a*ﬁ)

=(a, G ).
Since for manifolds with even real dimension, such as complex manifolds,
d* = — * dx, we can use d = 0+ 0 and Proposition 2.1.1 to compute

O+ =d" = —xdx=—%0x — xOx.
Thus we get 0" = — % 0 *. O

Note that we also could have directly used d = 9+ 0 with Proposition 2.1.1
and compare bidegrees to obtain the same result.
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2.2. Elliptic operators

Definition 2.1.3 For the operators d, 0 and O we define their Laplacians as
Ag=d'd+dd, Ng=9"0+00" and Ay =0 d+99 .

Notice that all these Laplacians are self-adjoint.

Corollary 2.1.4 On a compact riemannian manifold, Agoe = 0 if and only
if da =0 and d* o = 0. The same holds for Ay and Ay.

Proof If o € ker dNker d* then Aga = dd*a + d*da = 0. On the other hand,
if a € ker Ay we compute

0= (a,Aga) = (do, da) + (d*a, d*) = ||da||® + ||d*||?
implying da = 0 and d*a = 0. The proofs for Ay and Ag are similar. U

Let L be either d, d or 0 and let E? be either QF.(X) or Q%P(X), depending on
which operator L represents. We now concern ourselves with finding solutions
to the equation Arw = n. Observe that for all ¢ € EP, a solution w satisfies

(Arw, ) = (n,¢) = (W, ALp).

This allows us to rephrase our problem. Namely, any solution w induces a
bounded linear form ¢ : EP — C by defining ¢(¢) = (w, ). This linear form
satisfies £(App) = (n,¢). We call any linear form ¢ satisfying this condition
a weak solution of Arw = 7. Every solution w € EP of course induces such a
weak solution. The remainder of this chapter is devoted to showing that the
converse also holds. Namely, that every weak solution (-) is given by (w,-),
for some w € EP.

2.2 Elliptic operators

In this section we introduce elliptic operators and show that the Laplacians
Ag and Aj are elliptic operators. For some preparation, let ' and F' be vector
bundles over X and denote by 7"(X) the real cotangent bundle 7*(X) without
the zero section. Let 7 : T'(X) — X be the restriction of the projection and
let 7 FE and 7*F denote the pullback bundles of E and F'.

Definition 2.2.1 A differential operator of order k between smooth complex
vector bundles E and F over X is amap L : E(X,E) — E(X, F), such that for

any choice of local coordinates and any local frames fi,..., f, € E(U,E) and
Ji,---,gm over any, for both bundles trivializable, open set U, can be written
n n
. oled ¢
(£(3en) ) = 3 g g
k=1 i =1 1 n
lo|<p

for aiJlj smooth complex valued functions on U. The space of all differential

operators from E to F of order k is denoted by Diffy(E, F).
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2.2. Elliptic operators

We now define elliptic operators and their generalisations, elliptic complexes.
To that end, we start with some motivation for the subsequent definitions.
Let U C R"™ be open and consider the space of complex valued functions
on U viewed as sections in £(U,U x C). Let L be a differential operator
EU,U xC) = E(U,U x C) of order k, which we can write as

L= Z a;D’

|J|<k

where ay € E(U,U x C), J = (j1,---,7n)s |J| =71+ -+ jn and

1\ I 97l
o () s
( ozt ... .0zl

such that at least one ay # 0 with |J| = k. Identify T*(U) = U x R" with
coordinates (x,§) = (x1,...,Zn,&1,...,&n). The symbol of L is now defined
as

o(L)(w,§) =Y as&’,

|J|=k

where ¢/ = €71, ¢In. We now call such a differential operator L elliptic if
o(L)(x,&) # 0 for all (z,£) € T'U. We can equivalently view (L) as a bundle
map 7*(U x C) — 7*(U x C). Since the fiber over (z,&) is isomorphic to C,
o(L)(x,&) is given by the linear map z € C — o(L)(z,£)z € C. In this context
a differential operator is elliptic, if its symbol induces a bundle isomorphism.
Similarly, for a differential operator £(U,U x C") — E(U,U x C™) let ¢ =
(p1,...,n) € E(U,U xC")

(Le)i=>_ " a}'Dle.

t=1|J|<k

Again, only taking components of degree k, we define the symbol of L as the
bundle map 7*(U x C") — 7*(U x C™) that, for (z,§), is given by the n x m
matrix

o(L)(x,&) = | Y aj'¢’

|J‘:k il

We say that the differential operator is elliptic if its symbol is a bundle isomor-
phism, meaning for all (z, &) the matrix representing o(L)(x, &) is invertible.

Definition 2.2.2 Let L : E(X,E) — E(X,F) be a differential operator of
order k. The symbol o(L) of L is the bundle homomorphism n*E — w*F
obtained by assigning each (x,&) € T'(X) the linear map represented in local
coordinates by the matriz of the top degree part of L with all aixi replaced by
&. The operator L is called an elliptic operator, if its symbol is a bundle
isomorphism ' E — w*F.
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2.2. Elliptic operators

Note that this requires £ and F' to have the same fiber dimension. By the
chain rule we immediately see that o(L o L') = o(L)o(L’), given in local
coordinates by matrix multiplication. That the symbol is well defined boils
down to the following, informally speaking. Let x and y be local coordinates

and let
n n
Y Gdwi = midy;.
i=1 i=1
Therefore
8yj
7=1
Hence
Y, " dy;
= (30 2 ) (3 2,
qi=1 7" ge=1 "
n
83/1‘1 8yjk .
Niy + - NJk-
jl,%%ﬂ Ouiy *" Oy, !

On the other hand, the Leibniz rule implies

(1) =T +

Oy \" Oy; Jy; Oy;  Oy; Oy;
f1
Corder
and thus
’ z e z e
(37:):21 81:1 81’11 8%1 — 833% 8ka

zn: dy;, Oy, 0 9

J1yeoJk=1
+ lower order terms.

Therefore, only taking the top order parts makes % e % and &, ... &,
1 k
transform alike.

Definition 2.2.3 Let E be a sequence of vector bundles Fq, ..., E, over a
compact orientable manifold X with differential operators L; : E(X, E;) —
E(X; Eit1) of a fived order k between them, such that L; o Liy1 = 0. Then

Lg Lnfl

E(X,E)) —2 &(X, By) E(X, Ey)

24



2.2. Elliptic operators

1s called an elliptic complex, if the sequence of symbols

0—— 7T*E1 *)a(Ll) 7T*E2 U(L2)> . ..U(Ln71>)

m™E, —— 0
1s exact. For such a complex we define its cohomology as

HZ(E) = ker Li/imLi_l'

For an elliptic complex E, we can equip each F; with a hermitian metric and
thus equip £(X, E;) with an inner product

(0, B)p, = /X (a(2), () 5, du

This now allows us to define the adjoint operators L} : £(X, Eir1) — E(X; Ep)
of L; by demanding (L;ca, B)g,,, = (o, L B)E;.

Remark 2.2.4 We can extend the notion of elliptic compleres to mnon-
compact orientable manifolds, in which case we to restrict ourselves to com-
pactly supported sections, in order to have well defined hermitian products.

Lemma 2.2.5 Let L: E(X,E) — E(X, F) be a differential operator of order
k between vector bundles E and F over a manifold X, both equipped with a
hermitian metric. Then the adjoint of L exists and is again a differential
operator L* : £(X, F) — E(X, E).

Proof We closely follow [Wel08, Proposition 2.8]. Using a partition of unity
it suffices to consider sections that are compactly supported in a small enough
open subset of X, over which F and F' are trivializable. Choosing local frames,
we can write

€me= [ aheeds,

where @dx a representation of the volume form dp in local coordinates. We
can now write the differential operator L as a matrix

> Ag(x)D*
| <k

where the A, are matrices of smooth functions on X. Writing everything out
we obtain

tenr = [ 3 " hrAaD*(€)pda

lal<k
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2.2. Elliptic operators

Integrating |«| times by parts, we now obtain

e = [ Do e Aap)ede

la|<k

= / > De(ThpAsp)h' o™ | hpleda
n ‘alsk
T

:/Rn > D (n@w) (@_I)Tsfl hpépdz.

|a|<k

Demanding that

> B.D*n= )Y D° (n@@) (@_1)T¢_1,

la|<k | <k

implicitly defines the matrices B,. Moreover, the symbol of L* consists only
of the terms in which 7 alone gets differentiated, as all other terms have lower
order derivatives of n. Thus

—T
o(L*)(z,7) = Z ®hpAshy
lal=k

We verify

(& (L)@ r)e, =€ hi 3 O hpAahgt
|a|=k

=3 79" Ay hpn
|a|=k

=3 (7A.E)" heny

laf=k

=(o(L)(x, 7)€, m)
Therefore, we see that o(L*)(x,7) = o(L)(z, 7)*. O

Example 2.2.6 For compactly supported C™-valued functions on R™ and a
differential operator

LE= ) aaD",

|| <k

the formula above simplifies to

L¢= ) D%@a'¢).

|a|<k
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2.2. Elliptic operators

So, for the exterior derivative d on 0-forms, which we identify with complex
valued functions, d is just the n x 1 matriz

9 1
ox1 D
: =1 :
0 n
9Ty D

and thus, d* is given by the 1 X n matriz

—i (D .- Dn):_(% %).

We compute
n

82
Baf == 5ol ==AF.
=1 i
Thus the Laplacian Ag is just the negative of the ordinary Laplacian A on
R™. This actually also holds for all other forms. We claim that Ayfrdry =
(—=Af)dxy. Note that since for we can always find a permutation sending I

to {1,...,m} and absorb a potential minus sign into f, it suffices to show the
claim for forms of the form fdxi A --- ANdz,,. We compute

dfdacl/\---/\dxn =
Z D™dzy A+ ANdxgy, A dzg,
axk
*dfd:(:l /\-~~/\da:n =
Z DR Yz A Adag—y Adapgq A -+ A day
8xk
d*dfda:l/\'--/\dxn =

82
Z 87f(_1)k_1dz£ ANdTpmi1 N+ Ndxg_1 Ndxgiqg A Adxy,

*f
+ Z —5(=1)"dxme1 A -+ Ndxy,
xdx dfdxy N+ Ndx, =

82
Z aif(_l)nm—m-i-('f‘ldxl A /\dmﬂ—l /\dl’[.t,_l ANEERE Adl’mAd$k
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2.2. Elliptic operators

and, similarly,

*fdxl/\“‘/\divn:7d$m+1/\“‘/\dl‘n
dxfdxy N\ - Ndx, =

Z gfdmg ANdTpi1 N -+ Ndxy

Xy
<m
wxdxfdxy A Ndx, =

Z gf(_1>nmn+€+ldx1 A ANdxg_y Ndxgy A de,
<m Tt

dxdxfdrxy N+ Ndxy, =

2
Z aaf(_l)nmn+€+mdx1 Ao ANdxg_1 Ndxppqg A dxg, A dxy,

2
+ Z 0 f(—l)"m_"dxl A A dx,.

Finally, we can compute

Agfdxy N dxy, = d¥dfdey N\ dzy, + dd* fdx, A dxy,
:(—1)”’"‘"1 xdx dfdey A de, + (—1)"m+”+1d xdx* fdry Ndog,

2
= Z #(—1)7””(13:1 Ao ANdxp_y ANdxggy A N dxg A dog,

2
:—Zﬂd:nl/\---/\dxm

=(=Af)dxi A Ndzp,.
Proposition 2.2.7 The complexified de Rham complex is elliptic.

Proof Let (x,§ = {day + -+ + &pday,) € T'(X) be fixed and let us calculate
its symbol at (x, &) for forms of degree p, which is a linear map between finite
dimensional vector spaces, o(d)(z,&) : AP T*X ® C — AP T*X @ C. Since
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2.2. Elliptic operators

the exterior derivative of a p-form « is given by

4y aydey =) Z( (Za%aJ>>dxjAde,

|J|=p |J]=p j=1

we get for its symbol the linear map

Z agydryv—1i Z OéJZf]d!L'j/\dIEJ,

|J|=p |J|=p =

which can be written in short as a — i€ Aa. That this sequence is exact follows
from the following linear algebra argument. Let V be a finite dimensional
complex vector space with an ordered basis {e1,...,e,}. We want to show
that the sequence Ly, : APV — APV, given by v — u A v for a fixed u € v,
is exact. Since we can extend any element of V to a basis, we can assume
that, without loss of generality, u = e;. It is clear that L,1 o L, = 0, so we
only need to show that L, ;v = 0 means, that v € im L, for v # 0. But this
is clear since, L,11v = 0 means that v = Z|J|=p vyeyonly hasvy £ 0if 1 € J.
Removing the e; from all e; now gives an element that maps to v. O

Proposition 2.2.8 The Dolbeault complexes are elliptic.

Proof Similarly to the case of the de Rham complex, let (z,£) € T'X be
fixed and let & = £10 + ¢%1 be the decomposition of ¢ into its components
under the embedding 7"X < T*X ® C. Then a similar computation as before
shows that o(z,£)(0)(a) = i€%! A «, which, by the same reasoning as before,
is exact. U

Note that since da = da, 0 : OP9(X) — QPTLI(X) also forms an ellitpic
complex with symbol a + 0 A a.

Definition 2.2.9 Let E be an elliptic complex. For all j we define a Laplacian
Ap, E(X,Ej) = E(X,E)) by Ap, = LiLj+ Lj1L;_;.
Proposition 2.2.10 The Laplacians of an elliptic complex are elliptic oper-
ators.

Proof Since we have that

o(z,8)(AL) = oz, §)(L)o(x,§)(L)" + o (x,§)(L) o(x,§)(L)

which is a composition of linear maps between the finite dimensional inner
product space (E;),, the statement follows from the following linear algebra
argument. Consider the following sequence of finite dimensional inner product
spaces which is assumed to be exact at V.

vU-A.v _B.w
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2.2. Elliptic operators

We now want to show that AA* + B*B is an automorphism of V. Since V is
finite dimensional it suffices to show that (AA* + B*B)v # 0 for every v # 0.
We compute

((AA* + B*B)v,v)v = [|[A*|[}, + || Bl

If Bv # 0 we are done. Otherwise assume there is a v # 0 such that Bv = 0.
Since the sequence is exact at V, there is a u € U such that Au = v. We now
have that

Iv||* = (Au,v) = (u, A*v) >0

and thus A*v # 0. O

Corollary 2.2.11 On any compact orientable riemannian manifold, Ay is an
elliptic operator and on any compact complex manifold, both Ay and Ay are
elliptic.

In the special case of R" with the standard metric and only looking at com-
pactly supported forms we can calculate the symbol for Ay explicitly. To that
end we start with a useful a identity that will also be useful later on.

Lemma 2.2.12 On R"™ with standard metric, only looking at compactly sup-
ported forms, we have the operator that maps a form « to dx; A\ o, which we

shall denote as dz;/\, is adjoint to contracting with %7 meaning
(dxlA)* = Laa .

(3

Proof A direct computation shows for « € Q(]é*l(X )

(d:ni/\oz,ﬁ):/ dx; N a A *f3
X
=(-1)*1! s(x Ly A *
(1) /XCY/\ ( x; N %)
— _1 k—1 _1 (k—l)(n—k—i—l) d i
( ) /Xa*<( ) *x/\*)ﬂ
=(a, (71)”(k+1) « dz; N\ x3).

It thus remains to show that (—1)**+Y xdz; Ax =1 » . Since, as in Example

dx;
2.2.6, for every I C {1,...,n} with |I| = k we can, up to a sign, find a
permutation mapping I to {1,...,k}, it suffices to show the statement for
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2.3. Regularity for periodic elliptic operators

dxyi A --- Adzg. We compute
(—1)”(k+1)*da:i A xdxi A - ANday
:(—1)”(]“71) *dr; Ndxgi1 A ANdxy
(=) day A Adxiog Adzigr A--- Aday,
(—1)i_1(L%da:i) ANdrxy N ANdxi_1 Ndxigp A - ANdxy
()

)iflb o dry ANdxy A--- Ndxi—1 ANdzip1 A --- ANdxy,

oz,
=t o dz1 A - Ndxy,

dx;
where we used that

wy(anB) =w(a) AB+ (=1)fanwy(B). 0
From this proof we immediately see that ((§1dz1 +- -+ &udan)N)* =17 o +

dx

ot g o I

Proposition 2.2.13 The symbol of R™ with the standard metric, when only
considering compactly supported forms, then we have o(Ag)(x, &) = —||€]|?id
and for C" we have that o(Ap)(z,€) = o(Az)(z, &) = —5[€]1*id.

Proof For £ = {1dxy + -+ + &pday, write n(€) = ?16%‘:1 + .- —1—57%. For
any differential form « in the complexified de Rham complex, we have
o(0q)(z, &) Zibn(g)if ANa+iEN (7;1,77(5)04)
== () N
=~ [[€]PPa

The statement for Ay and Az follow by the same argument and the fact that
by Proposition 1.4.5, we have that [[¢10]|2 = [|€%1]|2 = §[|¢]|2. O

2.3 Regularity for periodic elliptic operators

In this section, we show a regularity theorem for periodic elliptic operators
on R™. Throughout, we follow [War83, Chapter 6] very closely. Fix n and m
and let P denote the space of smooth 27 periodic functions R® — C™. Then
remember that, for a function u € P, its Fourier series is given by

3 weit)
£€Z"

with
1

_ _74<$7£>d
Ue = u\x)e T
*T (2n)n /(0,27r)" (=)

and converges absolutely and uniformly to .
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2.3. Regularity for periodic elliptic operators

Definition 2.3.1 For m and n fized let S denote the set of all functions
u: Z" — C™, where we write ug for uw(§). For any s € Z we now define the
Sobolev space W? as

Wé=Sues| Z (L+1€1%)° Jugl® < o0
ez

We henceforth identify u € P with the coefficients of its Fourier series viewed
as the function { — u¢ € S. This embeds P into §. Since for u € P we have
that (%u)g = —i&ue, we can extend the differential operators D to S by

setting (D%u)¢ = {%ue. For uw,v € W?, we define their scalar product in W?*

as
<u7v>s = Z (1+ ’§‘2)8<u&v£>7
gezr

which is well defined since, by the Cauchy-Schwarz inequality, we have that

2

D (LHIEP) (ug v | < | D0 (HIEP)Tuel | | Do (1) oel?

cezn cezn cezn

Therfore, defining the Sobolev s-norm as || - ||s = (-,-)s, we see that W*
consists of all u € S with ||ul|s < co. The following Proposition summarizes
some properties of these Sobolev spaces that we will need later and is part of
[War83, Theorem 6.18], where a direct proof can be found.

Proposition 2.3.2 The Sobolev spaces W*¢ have the following properties.

I Jjullt < |lulls fort <s and u € S, giving us inclusions
DWW lowr oWt o L.

We can therefore define W= = J,c, W*. For u € P we also have
Parseval’s identity

1
lullo = [Jul| == / |uf*dz.
(2m)"

(2m)"
Therefore, WO is the completion of P with respect to | - |.

II P is dense in W¥ for all s.

ITT Forr < s <t and any constant ¢y > 0 there is a constant ca, depending
c1, such that
2 2 2
[ully < callully + coflullr.

IV D* is a bounded linear map Wt — W with | Dul|s < ]l s4ja)-
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2.3. Regularity for periodic elliptic operators

V' For any smooth periodic function f : R — C, there exist constants
c1,c2 > 0 such that for any u € P we have that
[fulls < crsup | f][Julls + collulls-1.

This especially implies, that there is a constant ¢ > 0 such that

[fulls < cllulls.

We also have the following two fundamental lemmas.

Lemma 2.3.3 (Sobolev) Lets > | % |+14+m andu € W*. Thenu corresponds
to a C* function.

Lemma 2.3.4 (Rellich) For s > r the inclusion W* C W7 is a compact
operator, meaning it maps bounded sets to sets whose closure is compact.

For a proof see [War83, Theorem 6.22] for Sobolev’s lemma and [War83, The-
orem 6.23] for Rellich’s lemma. Note that as a direct consequence of Sobolev’s
lemma we get

AW =P.

SEL
We will henceforth call an operator periodic, if all its coeflicients are in P.
Let us now take a look at how periodic differential operators interact with the
Sobolev norms.

Lemma 2.3.5 Let L be a periodic operator of order k and fix s € Z. Then
there exist constants c1,co > 0 such that

HLUHS < CIMHU||s+k + C2HuHs+k—1

where M is an upper bound to the absolute values of the coefficients of the
highest order order part of L.

Proof In the case m = 1, we have that

| Lu|ls = Z ayD’u
|J|<k s

< > lasD7uls

[J|<k

<" equsuplag|| D7 ulls + eyl D7l s
|J|<k

<Y cpasuplag|uflss + e
|J<k

<Y coaMlullsir + eallullsr—
=

ull 54 171-1

<ci M ||u||stk + cal|ulls+x—1,
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2.3. Regularity for periodic elliptic operators

where we used Proposition 2.3.2 V. The general case now follows since by

IZul2 =~ (1 +[€P2)°|(Lu)e)

Lezn
= > WP Y (Lupe)
cezn =1
=D lI(Luill3
=1
2

m
=> 1> Liy
J=1 s
2

m
<D ILiuslls
j=1

m
<) ml|Lijuy)2,
we have, that

m
1 Zulls <vm Y ([ Lijuglls

ij=1

m
<vm Y cigaM|ullsir + cijallullsir

ij=1
<erMllullsi + lullssit. O

Proposition 2.3.6 Let L be a periodic elliptic operator of order k. Then for
every s there exists a constant ¢ > 0 such that

[ulls+x < cl|Lulls + [Julls)
for every u € Wstk,

Proof Our proof will be partitioned into three steps. First we will show, that
the statement holds for periodic elliptic operators, that only consist of their
top order part with all its coefficients constant. In a second step we will show,
that the statement holds locally around every point and in the third and last
step, we deduce that it holds globally. Note that, due to P being dense in W*
for all s, it suffices to show the statement for u € P.

Now for the first step, let L be a periodic elliptic operator of order k with
constant coefficients, that only consists of its order k part. Let o(L)(x,¢&)
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2.3. Regularity for periodic elliptic operators

be the symbol of L. Note that (Lu)¢ = o(L)(x,§)ue. Since o(L)(x,&) is a
invertible matrix, there exists ¢ > 0, such that

o (L)(z,&)p| = ¢
for all p € C" with |p| =1 and || = 1. Thus we can compute

(1Lulls + llulls)* =l Lull? + JullZ
>3 (1 6P o (L) (2, E)uel® + Y (14 [€7)°|ugl

cezn cezn

> ) (L [ e (el€l* + 1)

cezn

> Y (14 [€7) " ug

gen

=c/|[ullZ 4

where ¢ is such that
L4 cl¢ > ¢(1+ [¢)".

Such a ¢ exists since the condition is equivalent to

k—1

1 c

S—lleP (S -1) = ke,
(=1

which holds for ¢’ small enough. Now for the second step choose p € R".
Let L be any periodic elliptic operator and let Ly be the constant coefficient
operator consisting of the top order part of L at p. Thus, for any € > 0 there
exists a small open neighbourhood U of p, such that there exists a periodic
operator L that agrees with Ly — L on U and whose highest order coefficients
have absolute value smaller or equal € on U. Note that since all operators
involved are periodic, this actually holds for all periodic translates of U. Let
u € P be supported in the union of U with its periodic translates. Using the
first step and Lemma 2.3.5 we compute

[ulls+r <colll Loulls + [lulls)
<co([[Lulls +1 (Lo = L)u[s + [lulls)
—_———
=Lu
<co([[Lulls + crellullstr + collullsrr—1 +[lulls)

1
<co(l[Lulls + creflullser + 5 l[ullser + czcsllulls + ulls),

where ¢q is the constant from the statement for step 1, ¢; and ¢o come from
Lemma 2.3.5 and c3 come from Proposition 2.3.2 III. The statements now
follows by choosing U, such that ¢ < 5--

2cpcy ”
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2.3. Regularity for periodic elliptic operators

Now for the third and final step we again let L be any periodic elliptic operator.
From the second step we know that for every p € R™ there is a open neigh-
bourhood U, such that the statement holds for all u € P, that are supported
in the union of U with its periodic translates. Denote T" = R" / o 7™ the
n-Torus, which is a compact manifold. Since, by the definition of the quotient
topology, these U, descend to an open cover of T", there are pq,...,p; € R",
such that the unions of U, with their periodic translates cover all of R". The
idea now is to use a periodic partition of unity p1,..., ps, such that p; is sup-
ported to the union of U,, with their periodic translates, where by the second
step the statement holds, to deduce the statement globally. We compute

t

1Lullsre <D llpiullsse
i=1

t
<cr ) (I Lpiulls + piulls)
i=1
¢

<creat|| Lulls + e Y || (Lpi = piL) ulls + crest|ulls
-1 T oo
<cicot||Lulls + creat|ulls1x—1 + crestuls

1
scieat||Lulls + 5 l[ulls+r + esllulls + crestllulls

from which the statement follows. Here ¢; is the maximum of all constant that
arise from applying the second step, ce and c¢3 come from Proposition 2.3.2
V, where again co is the maximum of all occurring constants, ¢4 comes from
Lemma 2.3.5 and the fact that all the @Q; are, due to that Leibniz rule, periodic
differential operators of order at most £ — 1 and ¢5 comes from Proposition
2.3.2 111 O

We now turn our attention to difference quotients. Since for any a function
u € P and any h € R" ‘
(u(z+h))e = ez<h’5>u5,

we define for allu € S .
(T (u))e = M.

Note that || T (u)|ls = |Ju||s for all s € Z. The difference quotient is now

defined as
Th(u) —u elhé) 1
o= (BD=0) _(921)
¢ hl ) [h] ¢

The importance of these difference quotients stems from the following propo-
sition.

Proposition 2.3.7 Assume that uw € W* and that there is a constant ¢ such
that |[u"||s < ¢ for all h € R™. Then u € WSt
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2.3. Regularity for periodic elliptic operators

Proof Let ¢; be the i-th standard basis vector of R™, then

. 2

i{tei,€) _ 1
lim |S 0| = e
t—o00

By assumption, we have for any N > 0, that

A2 lim >0 (1+IEP) (W) = D (1 + 1€ uel Il

[§]<N l€I<N
Thus,
D AP ugl < full? +ne.
<N
Since this expression is independent of N we have that ||u/|s+1 < 0o. O

We are now ready to prove the regularity theorem.

Theorem 2.3.8 Let L be a periodic elliptic operator of order k and let Lu = v
for v e W* and some u € W=, Then u € WT*,

Proof We only need to show that if u € W* and v € W%+ then u € Ws+!,
since the statement follows then by repeated application of the aforemen-
tioned. Fix h € R™ and let L" denote the operator where the coefficients of L
were replaced by their difference quotients. For any v € P and hence for any
element in W™>°, we get that

Ly = 3 22D (ule +1) — uta)

J|<k A
B aj(z +h)D7u(x + h) — aj(x) D u(x)
_|J|ZS/€ Id
B (aj(x+h) —as(x))Du(z + h)

|J|Z§k |l

=(Lu)" — LM(Tyu).
It follows from Proposition 2.3.6, that there exists a constant ¢ such that

"5 <ellL(u™)lls—k + ellu"||s—
<l L(u") 5=k + el LM (Thw) o=k + ellu [l
<cl[Lulls—gr1 + cffulls.

Since this expression is independent of h, Theorem 2.3.7 implies that u €
Ws+1. O
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2.4. Hodge decomposition for differential forms

2.4 Hodge decomposition for differential forms

In this section, we deduce the Hodge decomposition theorem for differential
forms from the regularity theorem from the previous section. This section
again follows [War83, Chapter 6] very closely. Throughout this section we let
L denote either d, @ or @ and let EP denote either QP(X) for d or Q4P(X)
for 9 and 0, where X is assumed to be a compact oriented manifold that is a
complex manifold in the case of d and 0.

Lemma 2.4.1 Let p € R" and P an elliptic differential operator of order 2.
Denote by £ a weak solution to Pu = v. Then there is a neighbourhood W, of
p and u, € P, such that {(f) = (up, f) for all f € C°(W,,C™).

Proof Let Q' be a translate of the open 2m-cube @ such that p € Q' and
choose an open set V such that p e V C V C @Q'. Let £ be the restriciton of ¢
to C2°(V,C™), which is canonically embedded in P by extending the functions
periodically outside @Q’. Since ¢ is bounded it extends uniquely to the Hilbert
space WY, Thus, there exists a & € W such that /(f) = (@, f)o for all
t € W9, as the completion of C>°(V, C™), with its ordinary inner product from
Proposition 2.3.2 I, is a subspace of W°. We now choose open neighbourhoods
U and Uy of p such that U C Uy C Uy C V and such that there exists an
periodic elliptic operator P that coincides with P on Uy. We now inductively
choose a sequence of open neighbourhoods Uy, of p such that U C U, and
Uy, C Uy_1 together with functions py : R™ — [0,1] that are supported in
Ui_1 and identically 1 on Ux. We now set

v = pri € WP
and ) }
My = Pp1 — ;1 P,
so that we can write ) 3
Pvy = p1 Pu+ M;a.
We want to show that @ is represented by a smooth function in P. Due to the
Sobolev lemma 2.3.3 is suffices to show that & € W for all s. It holds that

plpﬁ = pv € CX(Up) C P,
as

(PP, 0o — (p1v,@)o =i, P*p1o)o — (v, pr1p1)o
< P*P190>0 - <U,P1<P1>0
(P p1p) — L(P prep)

0

)
u,
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2.4. Hodge decomposition for differential forms

for all ¢ € P, where we used that p1p € C°(Up,C™). Note that, by the
Leibniz rule, M is a differential operator of order 1, thus M@ € W~! and
therefore Pv; € W1, By Proposition 2.3.7 v; € W. Tterating the same
argument with

Vg = Pl

and } 3
My = Pp, — pp P

we see that v, € W*. We conclude by choosing any open neighbourhood 4%
of p and a function p : R” — [0,1] such that W, € U and such that p is
compactly supported in U and 1 on W),. Since now pppt = pu on U for all k
we see that pti € WF for all k. Thus pi is represented by a smooth function
up € P and thus, for f € C2°(W,,C™), we have that £(f) = (uy, f). O

Theorem 2.4.2 Let o € EP and let ¢ be a weak solution to Ajw = «. Then
there exists w € EP such that ¢ is given by (w,-).

Proof We begin by covering our manifold with finitely many open coordinate
patches of the form (B, ¢) such that ¢(B) = R". Sections that are compactly
supported in B now induce C™-valued smooth functions on R"™ for m the
fiber dimension of EP. Denote by (-,-)" the inner product on C2°(R",C™)
induced by the inner product on EP. Denote by A the differential operator on
C°(R™,C™) induced by Ay, and let A* be its formal adjoint with respect to
the standard norm (-,-) on C2°(R"™,C™). Note that the adjoint of A for (-,-)
is by definition just A itself again. For every x € R"™ there exists a hermitian
positive definite matrix A such that

(&) = (& An)a.

These matrices vary smoothly, allowing us to write (£,7)" = (£, An). We can
now compute an expression of A* on C2°(R",C™), namely

Thus we see that A* = AAA~!. For a linear form ¢ induced from a linear form
on EP, we now define a new linear form ¢ on C3°(R",C™) by £(¢) = /(A71€).
Lemma 2.4.1 implies that for each p € R" there is a neighbourhood W), and
an element u, € P such that ¢(f) = (up, f) for all f € C2°(W,,C™). These
u, now piece together to a function uw € C* which represents £ on all of R".
We get for each differential form, that is compactly supported in one of the
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2.4. Hodge decomposition for differential forms

coordinate patches, a form representing a weak solution for the restriction to
said coordinate patch, as

01(€) = L(AS) = (u, A) = (u,§)".

Using a partition of unity on the manifold, these now piece together to a global
form representing /. O

Theorem 2.4.3 Let (an)n>0 be a sequence in EP such that both ||| and
|Arow| are bounded sequences. Then (ap)n>0 has a Cauchy subsequence.

Proof We continue with the setups of the proofs of Lemma 2.4.1 and Theorem
2.4.2. Choosing a partition of unity and the fact that our manifold is assumed
to be compact, it suffices to show the theorem for the sequence (¢, )n>0, for
¢ : M — [0,1] compactly supported in a small neighbourhood around a point
x. Consider again a chart around z to V with ¢ supported Uy and identify
each pay, with its corresponding function in C2°(Uy, C™). The norm || - || is
equal to || - [|o and by paracompactness of Uy equivalent to || - ||’. Thus by
Rellich’s lemma 2.3.4 it suffices to show that the sequence is bounded in the
| - |1 norm. Using the fact that the differential operator A, that is induced
by Ay, is of order 2 and that there is a periodic operator that is equal to A
on C°(Up,C™), we can, using Proposition 2.3.6, estimate

[panlli < c1([|Apan -1 + [[panl-1)
< cr(lleAanl|—1 + [[pan]-1 + [[(Ap — pA)an||-1)

for some ¢; > 0. There also exist co, c3 > 0 such that
lpAan|l-1 < lpAay| < cof|Aay |
lpanll-1 < [lpanl < csllan].

Now let p = R"™ — [0, 1] be a function, that is compactly supported on V' and
that is 1 on Uy. We now compute

[(Ap — pA)an||-1 <[[(Ap — pA)pan |-
<cal[pan|
SCi")HOéTLH/?
for some c4,c5; > 0, where we used, that Ap — @A is a differential operator
of order at most 1. Putting everything together we see that there is a ¢ > 0,

such that
lpallt < e(|Aanl” + llownl’)

which is, by assumption, bounded. U

Proposition 2.4.4 There exists a constant ¢ > 0 such that ||« < c||Apal|
for all a € (HY)+.
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Proof Suppose by contradiction that there exists a sequence (o;);>¢ in
(H%)1, such that ||a;]| = 1 and ||Apa;|| — 0 as i — oco. Then, by Theorem
2.4.3, there exists a Cauchy subsequence (a;, )r>0. We now define a bounded
linear form ¢ on E? by

Lp) = li iy 0).
() = lim (ai,, @)
The linear form ¢ is a weak solution of Ay« = 0, since

U(Aryp) = kh_)ngo(ailw App) = kli_flgo(ALaik, ¢) = 0.

Theorem 2.4.2 now implies that there exists a & € EP, such that {(¢) = (a, @),
thus we get a;, — «. Therefore, ||af = 1 and € (HY)*, since (HY)+ is a
closed subspace. But, by definition, Apa = 0 and thus o € HY, which gives
us the desired contradiction. O

Theorem 2.4.5 EP has a decomposition
EP =Ap(EP)eH) =L(EP ) o L* (EF) o HY
where HY is finite-dimensional.

Proof The second equality follows from the fact that the images of L and
L* are orthogonal as (La, L*3) = (LLa,8) = 0 and the assertion that H%
is finite dimensional follows from the fact that otherwise it would have an
infinite orthononal sequence which would contradict Theorem 2.4.3. To show
the theorem we now have show that (H?)+ = A (EP). Note that Ay (EP) C
(H7)* follows directly from the fact that

(Arw,a) = (w,Ara) =0

for all w € E? and o € HY. Now for the other inclusion, let a € (H7)* and
define a bounded linear functional £ on Ay EP by

U(ALp) = (a, p).

¢ is well defined since for App = Apy, we have that ¢ —1) € H% . Let therefore
¥ = ¢ — mp, where m denotes the projection onto H’i. By Proposition 2.4.4,
¢ is bounded as

ALY < (o, )| < lalllvll < cllelll[ALp]-

By the Hahn-Banach theorem we can extend ¢ to all of EP which gives us a
weak solution to Apw = «. Thus, by Theorem 2.4.2, there exists a w € EP
such that Apw = a and thus (H9)4 C AL (EP). O
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2.4. Hodge decomposition for differential forms

This means, explicitly written out, that for all Q(’é(X ) in the de Rham complex,
we have the decomposition

OF(X) = A (Q5(X)) @ H = d (271(X)) @ @ (QEF (X)) @
and for all QP4(X) in the Dolbeault complex, we have that
OPI(X) = Ay (P9(X)) @ H%q -9 (Qp,qfl(X» o F (Qp,qul(X)) o H%q
and, similarly, for the 0 operator, we have that
QPI(X) = Ng (PI(X)) @ HE! = 0 (QPTH(X)) & 0% (QPTH9(X)) & HE,
where the spaces HE, Hg’q and H%q are finite dimensional.

Corollary 2.4.6 For o € EP the equation Apw = a has a solution if and
only if o is orthogonal to ”H%

Definition 2.4.7 We define the Green’s operator G, : EP — EP to be the
map sending « to the unique solution of Apw = a — T in ('HIE)L, where T
denotes the projection onto Hi.

Proposition 2.4.8 L and G commute.

Proof First note that LA; = ApL. Also note that Lm = wL = 0 as the
image of 7 is HP*! and (Lo, B) = (o, L*B) = 0 for all B € ’Hﬁ“. Notice that
this especially means that, for all « € EP, we have that La € (HI;JH)L. G
sends an element o € EP to its unique solution w of Afw = o — o in (H7)*+
and it sends La to its unique solution w’ of Ajw’ = La — Lo = L(a — 7a)
in (HP*1)L. Since now L(a — ma) = LApw = ApLw and Lw € (HZIZJH)J- as
seen above we get that w’ = Lw and thus LGra = Lw = W' = G La. O

Theorem 2.4.9 Fach cohomology class of EP has a unique harmonic repre-
sentative.

Proof We argue based on [Roe99, Theorem 6.2]. We show that the inclu-
sion of HY into EP is a chain homotopy equivalence and, therefore, induces
an isomorphism in cohomology. For more informations see [Bre93, Chapter
IV, Proposition 15.2]. Since L restricted to H7 is just the zero map, the
cohomology of the complex restricted to the 7—[2 is just given by ’H’i itself.

p—1 0 P 0 p+1
. —> % o ..
HE H, H,
L L L
- y Pl L EP L Ept+1 .
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2.4. Hodge decomposition for differential forms

We claim that 7 is a chain homotopy inverse for ¢. Since 7t = id, we only need
to show that there exists a map F : EP — EP~! such that id —um = LF + FL.
Remember that by the definition of the Green’s operator and Theorem 2.4.5,
we get a decomposition

a=LL"Gpa+ L*LGra+ ta

for every o € EP. Since, by Proposition 2.4.8, Gy, commutes with L this can
be rewritten as
a=L(L*Gr)a+ (L*GL)La + ma.

As (id —m)a = a — ma, we see that F' = L*G, can be chosen as our chain
homotopy.

: s pp—1 L EP L Ept1 o
id —um id —¢ id —um
L*Gp, T L*Gp,
—1 L +1
S Sy EP EP Eptlt L.
Thus the inclusion map ¢ induces an isomorphism in cohomology. U

Corollary 2.4.10 For every compact orientable manifold, all Betti numbers
are finite and for every compact complex manifold all Hodge numbers are finite.

Remark 2.4.11 Observe that since all the operators used for Theorem 2.4.5
are real, the Hodge decomposition theorem for differential forms also holds for
the real de Rham complex.

43



Chapter 3

The Hodge decomposition theorem
and Hodge diamond

In this chapter we prove the Hodge decomposition theorem for complex de
Rham cohomology groups of a compact Kéahler manifold. To that end, in Sec-
tion 3.1 we start by showing some commutator identities on compact Kéhler
manifolds that lead us to the relation Az = Ay = 2A4. Together with the fact
that all de Rahm and Dolbeault cohomology classes have a unique harmonic
representative, we then obtain the decomposition theorem in Section 3.2. This
leads us then, in Section 3.3, to a structure called the Hodge diamond, whose
properties, namely its symmetries and the so called Lefschetz decomposition,
are discussed in the end of the chapter.

3.1 Kahler identities

The Kéhler identities are a collection of commutator relations on Kahler man-
ifolds. In this section, we first prove some of them, that are needed to prove
Az = Ay = 274, which is the main result of this section.

Definition 3.1.1 On a Kdhler manifold (X, h) with fundamental form w, we
define the Lefschetz operator as

L: /\p’qX — /\pH’qHX, a— wAo

Lemma 3.1.2 The adjoint operator

I — /\p,qX N /\pfl,qfl

of L is given by L* = (—1)PT% x Lx.
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3.1. Kaéhler identities

Proof We compute

= (a, (—1)P*9 % L * B). O

Let [+, ] denote the commutator [A, B] = AB — BA of two operators A and B.
Using the Lefschetz operator and the fact that on a Ké&hler manifold dw = 0,
we now proceed to show some commutator relations on Kéhler manifolds.

Proposition 3.1.3 On any Kdihler manifold, we have that [L,0] = [L,0] =
[L,d] = 0.

Proof Using dw = 0 and thus 0w = 0, we compute
[L,0la=wAda—0wAha)=wAda—0wAa—wAda=0.

The computation for [L,d] is similar. As d = 9+ 0 we get [L,d] = [L,0] +
[L,0] =0. O

Corollary 3.1.4 Taking the adjoints of the _above relations, we obtain that
on a Kahler manifold we have [L*,d*] = [L*,d"] = [L*,d*] = 0.

Proposition 3.1.5 On a Kdhler manifold, we have that [L,0*] = 10,
[L,0"] = —id, [L*,0) =i8 and [L*,d] = —i .

Proof We first proof the first equality [L, | = —i 8, where we follow [Dem12,
Example 3.12 of Chapter VI|. We use Proposition 1.4.15, which states that
there are coordinates that osculate up to order 2 with the standard metric
of C" within a chart and use that all computations only involve at most first
order partial derivatives. Let xyp € X and let (z1,...,2,) be the coordinate
system constructed in Proposition 1.4.15 around xg. For all differential forms
&, n that are compactly supported in a small enough neighbourhood of zg, the
inner product in these coordinates is given by

(&m) = /C > &y + Oz dp.

1,J
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3.1. Kaéhler identities

With that, we can directly compute an expression for 8" at zg. For two such
forms & and 7 we get

(0" &m) =(&dn)

77IJdZ[/\d;J
2k

(]
?

Ty
o / 11522 + O(|=)dn
L,J

Lo &)1

a(
— 2} /C > 57 + Ol
k I,J
Z

1,J.k

LadZ]AfJ+O(| |) ,

0z,

where we used that at xp, Lemma 2.2.12 gives us

(dfk/\)* = (da:k/\)* + (idyk/\)* =t 8 .0 =2 o .

dxy, 9 yg 9z,

Thus at xg, the adjoint of 0 is given by

de=-2) ‘%” j2 dzr A dzy + O(|2]).

We now compute

L,0E=-2)" LIE o (dzr Adzy) + O(|z])

o (wAdzr Ndzy)
k

1k Oz o*
_o Z 081,
= ((, 2 w) Ndzr Ndzy + O(]z])
8zk
11k
:—gidzk
=—10&+ O(]7]).

Thus, the statement holds for ¢ and, since xg was arbitrary, it holds for all
of X. The second equation now follows through complex conjugation and the
last two by taking adjoints. O
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3.1. Kaéhler identities

Proposition 3.1.6 On a riemannian manifold X with dimgr X = n, we have
that *Ad = Ad*.

Proof For a € QF(X) we compute

Agx =dd* * +d*d*
_(_1)n(nfp+1)+1d* ds %+ (_1)n(nfp+2)+1

:(fl)”(P-H)-H xd*dx +(71)n(p+2)+1 w sd * d
=xdd* + xd*d
= * Ad. OJ

Proposition 3.1.7 On a Kdhler manifold we have that [Ag, L] = [Ap, L] =
[Ag, L] = 0.

Proof Since the Laplacians are proportional to each other it suffices to show
[Ag, L] = 0. We compute
[Ag, L] =0"0L+00"L—LO*"0—LOI*
=0*0L+00"L—-0"0L—i00—00"L—i00
=0. O

Lemma 3.1.8 On a Kdahler manifold, we have that 090" +89°9 = 0 and
00"+0"0=0

Proof
08 +0 9=—i(0id +id )
= —i(9[L*, 0] + [L*,0]9)
= —i(QL*0—*L* + L*0* - L*9)
=0
The second equality now follows through complex conjugation. O

With these preparations, we are now able to prove the main result of this
section.

Proposition 3.1.9 On a Kdhler manifold, we have the following relation be-
tween the Laplacians

Ag =20y =24y
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3.2. The Hodge decomposition theorem

Proof Using Proposition 3.1.5, we first show that Ay = Aj.
Ag=00"4+0%"0
=i(9[L*, 0] + [L*, 0] 9)
(0L F—00L + [ FI—DL" )
— i(@L'0-FOL + L 0TI L* D)
= —i(0[L*, 9] + [L*, 0] 0)
=99 +9° 9
= A5
And finally, using Lemma 3.1.8, we get
Ag=dd" +d*d
= (0+d) (0 +8) + (0" +8")(9+9)
=00"+09 +00"+09 +9*9+0"0+9 9+0 0
=Np+ A5+ (00 +0°0)+ (00" +0"9)
-0 =0
= 2A3. O

3.2 The Hodge decomposition theorem

In this section, we deduce the Hodge decomposition theorem for compact
Kéhler manifolds and proof a useful statement for compact Kéhler manifolds
called the 9 0-lemma.

Theorem 3.2.1 Let X be a compact complex manifold of Kdhler type. Then
there is a direct sum decomposition

H*(X,C)= @ HP(X)
p+q=k

with HP9(X) = H9P(X).
Proof According to Theorem 2.4.5, we only need to show that
k — P:q
Hi(X) = P #'(X)
p+a=Fk

For p+q =k let o € H% and let a” be its components in QP(X). Since Ay
preserves the bidegree, we get that

Ago = Z AgaP? = Z 2A5071 =0
p+q=k p+q=k
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3.2. The Hodge decomposition theorem

Since the decomposition Q%(X) = D, i PU(X) is direct, we get that
AzaP? = 0 and conversely, that if all components o9 are in ”H%’q(X ), then
a € HE(X). HPI(X) = H%P(X) follows immediately from the fact that

OP4(X) = Qar(X). U

Although the harmonic representative of a class depends on the choice Kéahler
metric, this decomposition does not.

Proposition 3.2.2 The Hodge decomposition is independent of the choice of
a Kahler metric.

Proof Let v be any closed (p,q)-form that represents an element of HP.
Choosing an arbitrary Kéhler metric, we can uniquely write v = o + Ayf8 =
a + dd*f + d*dp where a and S must be of type (p,q). Since v is closed,
both a and AyzB are closed and thus d*df = 0 leaving v = « + dd* 8 meaning
[7] = [e]. Since the harmonic form « came from an arbitrary choice of Kéhler
metric, the statement follows. ]

Lemma 3.2.3 (9 8-lemma) Let X be a compact Kdihler manifold and let
a € QP9 with da = 0, then the following are equivalent:

I oo =dp for g e Qpta—t,
IT =0~ for vy e QP14
IIT o = 0+ for~' € QPa—1,
IV =006 for§ € Qp~La—1,
V « is orthogonal to H%’Q(X).

Proof Note that I to IV all imply V as the harmonic forms for all three
operators coincide. Also IV immediately implies IT and ITI. To see that IV
implies I note that

Y ) _

Thus, it remains to show that V implies IV. Suppose that « is orthogonal
to H5?(X), then Theorem 2.4.5 implies that o €  QP~19(X) & §* QP4 (X).
Let n = 0" v be any element in the image of 9%, then

(avn) = (av o /7) = (aaa’)/) =0,

as by assumption da = 0 and therefore da = 0. Thus o = 9. Let v =
70 + 71 + 72 be the decomposition of v with respect to the 0 operator, where
70 is harmonic, 71 = & f is in the image of @ and 75 = @ 32 is in the image
of . Since 7o is also harmonic for & we would have 97y = 0 and thus
(71 4+ 72) = a. We can thus omit ~o. We now have o = 39 81 + 89" [z and
since O = 0 we have

*

09 By =—000 =806 = 0.

Ql
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3.3. The Hodge diamond

Using Lemma 3.1.8 we now get
100" Bo||* = (00" B2,00 B2) = (82,00709 Ba) = (B2, — 0" DI Ba) = 0.

Thus, o = 00 Bi. O

3.3 The Hodge diamond

In this section, we present the Hodge diamond and some of its symmetries
that stem from duality theorems of the de Rham and Dolbeault groups and
the so called Lefschetz decomposition. The Hodge diamond is a way to present
the Hodge numbers in a diamond shape.

h0,0
hl,O hO,l

R0 L ... pOm

hron— 1 hnfl,n
R

Although this way of writing down the Hodge numbers is certainly possible for
any complex manifold, where some entries might not be finite, this diamond
has some nice properties in the Kéhler case. First of all, note that H?9(X) =
H%?(X) immediately implies that h?? = h9P. By the Hodge Decomposition
Theorem 3.2.1 the sum of the rows are equal to the Betti numbers. This
diamond also has some symmetry properties such as being mirror symmetric
around the middle column. Another symmetry is given by a half-turn rotation
around the middle which also reflects a symmetry of the Betti numbers given
by Poincaré duality as the following two theorems show.

Theorem 3.3.1 (Poincaré duality) Let (X, g) be a compact orientable rie-
mannian manifold with dimg X = n and riemannian metric g. Then
H*(X,C) = H"*(X,C)*.

Proof Since the isomorphism * : Qf(X) — Q¢ "(X) commutes with Ay it
sends H%(X) to Hg_k(X). We now get a dual pairing H¥(X) x Hg_k(X) —C

(@p) = [ ans

which is indeed a sesquilinear map. This pairing is non-degenerate as (o, *a) =
][> > 0 for any a # 0 in ’Hlj. This pairing now descendes to cohomology
and induces an isomorphism H"(X) = H""(X)*. O
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3.3. The Hodge diamond

Corollary 3.3.2 For any compact orientable manifold X with dimg X = n,
we immediately obtain that by = b, which especially implies that for a com-
pact complex manifold X with dimc X = n, we have that by, = bop_k.

In the case of a compact complex manifold we can even refine this theorem.

Theorem 3.3.3 (Serre duality) Let X be a compact complex manifold.
Then HP1(X) = H" PP=9(X)*,

Proof Just as for Poincaré duality, * : QP4(X) — Q" P"9(X) commutes
with Az and thus sends H??(X') isomophically onto H"™7"79(X). We again
define a dual pairing ’H%’q(X) X ’Hgfp’nfq(X) —C

(@p) = [ ans

This pairing is again non degenerate and therefore induces an isomorphism
HPY(X) 2 HM P9 X)*. O

Corollary 3.3.4 For every compact Kdahler manifold we have that h?P =
hPd — pn—Pn—q — pn—q;n—p_

We can also say something about the middle column of the Hodge diamond.

Proposition 3.3.5 For every compact Kahler manifold X of complex dimen-
sion n, the groups HPP(X) are non-trivial.

Proof We show that the closed (p,p)-form w? is not exact. Assume by con-
tradiction that w? = da. Then

/w":/doz/\w"_/p:/d(oz/\(,u")—/oz/\doup_”:07
X X X X

contradicting the fact that w™ is a volume form. O

Corollary 3.3.6 On a compact Kdhler manifold h?"P > 0 for 0 < p < n and
b >0 for all 0 < k < n even.

Notice that a form a in QP%(X) is harmonic if and only if d a = 0, meaning
« is a holomorphic form. From Proposition 1.1.4 we know that a 0-form «,
meaning a function on X, is holomorphic if and only if « is constant, thus
h%9 = by = 1 and therefore also h™™ = by, = 1. If generally, for any 0 < k < n,
AP T{(X) is a trivial holomorphic bundle, then h¥0 = (7) as every constant
section defines a harmonic form. For the case of k = n we call \" TE(X) its
canonical bundle and compact Kéahler manifolds, whose canonical bundle is
a trivial holomorphic bundle, called Calabi-Yau manifolds, have h™? = 1.

Lemma 3.3.7 Let X be a hermitian manifold and let k < n = dimc(X).
Then the operator
L7 QR(X) — Q2 R(X)

s an isomorphism.

51



3.3. The Hodge diamond

Proof We base this proof on [BGG02, Proposition 1.1]. Since L™ * is also a
bundle homomorphism between bundles of the same dimension, it suffices to
show injectivity. We argue by induction and begin with the base case k = 0.
In this case, since w" is a volume form and f — fw™ is only zero if the function
f is. Now for the inductive step. Assume the statement holds up to £ — 1 and
suppose there exists a € Q&(X) such that

WA Q= 0.

This implies that
WA Q=0

and thus for every vector field Y, we have that

0=y 1 Aa)=n—k+1)(yw) Aw” F A a+w" 1A (1ya).
=0

But since tya € Q(’éfl(X ) our induction hypothesis implies that ty« = 0 for
all vector fields Y, implying a = 0. g

Note that for p 4+ ¢ = k < n, L * maps QP9(X) to Q9" P, Therefore
L P=1: QP9(X) — Q" P"~9(X) is also an isomorphism. The important first
observation now is that for k < n, L up to L™ * are injective.

Theorem 3.3.8 (Hard Lefschetz theorem) Let X be a compact Kdhler
manifold. Then for k < n the map L% : H*(X) — H**(X) is an isomor-
phism.

Proof Since by Proposition 3.1.7 L commutes with Ay, for any harmonic
form o € ’HZ(X), AgL™a = LAga = 0. Thus, L™ maps harmonic forms
to harmonic forms for all possible m. Therefore L~ : #k(X) — H2"F(X)
is an injective homomorphism. Since these spaces have the same dimension,
which is finite, L™ * is an isomorphism. O

Note that the same also holds for the Dolbeault groups as L is the bigraded.

Definition 3.3.9 For a compact Kahler manifold, we call a cohomology class
[] € HPY(x), for p+q =k < n, primitive if L"**1[a] = 0. We denote the
space of primitive classes in HP4(X) as PHPY(X), and similarly the space of
primitive classes in H*(X) as PH*(X) and the spaces of representing primi-
tive harmonic forms are denoted by PH%’q(X) and P HE(X) respectively.

Theorem 3.3.10 (Lefschetz decomposition) Let X be a compact Kdihler
manifold, then the cohomology groups decompose into images of primitive
groups under iterations of L.

Proof The statement follows inductively if we show that for p+¢g =%k < n
we have that
D,q _ p—1,4q-1 Pyq
H5 (X)—L”;’-L5 (X)GBP’H5 (X).
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3.3. The Hodge diamond

Since L™ is injective on L’H%ﬁl’qfl, LH%ﬁl’qfl(X) and PH%’q(X) =
ker L™ * have indeed trivial intersection. Now let a € H%’Q(X ) and assume
L Ftlg = B #£ 0. Since 8 € Hg_q+1’n_p+1(X), the Hard Lefschetz Theo-
rem 3.3.8 implies that 8 = L™ ¥*2y for some v € ’H%_l’q_l(X). Therefore
a—Lye PH%’Q(X ). Thus these two spaces do indeed span all of ”H%q(X ).O

The Lefschetz decomposition basically says that the map L carries the coho-
mology classes, starting with the primitive ones, down along the columns down
where they get embedded into all groups between them and their eventual des-
tination, which is the group isomorphic under the hard Lefschetz theorem of
the space where they have a primitive component, where said component ends
its journey. The following diagram illustrates the middle column for a compact
Kahler manifold X with dimc¢(X) =n = 2p.

HO(X) = PHX)
L

Mo (X) = LPH'X) @ PHI(X)
VL VL
VL VL

W (X) = DPPHYU(X) @ LP'PHIN(X) @ - P HEY(X)
VL VL
VL VL

HETHX) = LT PHIN(X) @ L P N(X)

L

HE(X) = L"PHI(X)

Corollary 3.3.11 On a compact Kahler manifold we have forp+q=k <n
that kP4 > hP=19=1 and therefore by, > bj_o.

Example 3.3.12 Let T¢ = Cn/A where A is a lattice formed by 2n R-
linear independent vectors. For example, we can just take the lattice A =
spang{e1,ie1,...,en,ien}. The coordinates dz,...,dz,,dz1,...,dZ, on C"
induce global coordinates on \P*T¢ for all p,q and the standard metric h =
ZZ]-ZO dz; @ dzj on C" descends to T¢ giving it a Kdhler structure.
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3.3. The Hodge diamond

We claim that the harmonic forms are of the form ay jdz;y A\ dzy for oy ;
constant. As such a form is indeed harmonic, it suffices to show that for
any harmonic o € QP4(T¢) has constant coefficients. Since being harmonic
is a local property, any harmonic form on T¢ lifts to a harmonic form on
C" = R?™. We saw in Example 2.2.6 that the coefficients of such a form are
harmonic functions. Since these functions lift to periodic, and thus bounded,
harmonic functions on C", they must be constant by Liouville’s Theorem (see
[ABRO1, Theorem 2.1.]).

We therefore see that the Hodge numbers h?% are equal to the complex fiber
dimension of the vector bundles T¢(T¢)P4. Namely, we need to count in how
many ways we can choose p holomorphic coordinates out of n and in how
many ways we can choose q anti-holomorphic coordinates out of n. Thus

WP = dimg QP9 = (”) <”>
p q

We see that we alawys have h®° = h™" = 1 which holds for all Kéhler man-
ifolds. The second row and the second to last row are always n and for the
left and right most entries we have h™° = hO™ = 1. For n = 1 we obtain the
Hodge diamond

1
2 2
1
and for n = 2 we obtain
1
2 2
1 2 1
2 2
1
The Hodge diamond of T¢: for an arbitrary n is of the form
1
n n

0 0 (0N

1

Using Vandermonde’s identity we can now calculate the Betti numbers.
. " /n n 2n
=2 =2 () 2) - ()
p/)\r—>p r
p=0 p=0
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3.3. The Hodge diamond

Corollary 3.3.13 Since by = b0 + h%! = 2h10 we see that a Kdhler mani-
fold must always have an even first Betti number and repeating the argument
for all odd rows we see that they even must have all odd Betti numbers be even.

We can use 3.2.1 also in the other direction to obtain some Hodge numbers
from Betti numbers.

Example 3.3.14 Fvery compact orientable surface is diffeomorphic to the
Riemann surface ¥4 for some g > 0, called their genus, see [Leell, Chapter
6/ and [CM16, Chapter 1]. Using common methods from algebraic topology
one can see that H*(S,) = C?9. Since ¥, can be embedded within R?, they
carry an almost complex structure which must be integrable by 1.3.6. For
example Let v(z) be a normal vector field, then for v € T,(X,) we can define
an almost complex structure by

Jo(v) = v(z) x v,

where x denotes the cross product in R®. Thus all these X, are Kdhler man-
ifolds and must necessarily have the Hodge diamond

1

9 9
1

Example 3.3.15 It is a well known fact from algebraic topology (for example
using a cell decomposition) that the Betti numbers of CP" are by, = 1 for k
even and by, = 0 for k odd. Since we know that h?P > 0 for all p by Proposition
3.8.5, we see that these are all non-zero Hodge numbers.

1
0 0
0 1 0
0 0
0 1 0
0 0
1

Thus, the only non-zero primitive cohomology group is PH*?(X) = H%(X),
which is generated by the class [1] and HPP is generated by [wP]. Note that
this directly implies that CP"™ has no non-trivial holomorphic forms other
than constant function.
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