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1. INTRODUCTION

The goal of these lectures is to explain the existence of special structures on the coho-
mology of Kahler manifolds, namely, the Hodge decomposition and the Lefschetz decom-
position, and to discuss their basic properties and consequences.

A Kabhler manifold is a complex manifold equipped with a Hermitian metric whose
imaginary part, which is a 2-form of type (1,1) relative to the complex structure, is
closed. This 2-form is called the Kahler form of the Kahler metric.

Smooth projective complex manifolds are special cases of compact Kahler manifolds.
As complex projective space (equipped, for example, with the Fubini-Study metric) is a
Kahler manifold, the complex submanifolds of projective space equipped with the induced
metric are also Kahler. We can indicate precisely which members of the set of Kahler
manifolds are complex projective, thanks to Kodaira’s theorem:

Theorem 1.1. A compact complex manifold admits a holomorphic embedding into com-
plex projective space if and only if it admits a Kahler metric whose Kahler form is of
integral class.

We are essentially interested in the class of Kahler manifolds, without particularly
emphasising projective manifolds. The reason is that our goal here is to establish the
existence of the Hodge decomposition and the Lefschetz decomposition on the cohomology
of such a manifold, and for this, there is no need to assume that the Kahler class is integral.
However, the Lefschetz decomposition will be defined on the rational cohomology only in
the projective case, and this is already an important reason to restrict ourselves, later,
to the case of projective manifolds.

If X is a complex manifold, the tangent space to X at each point x is equipped with a
complex structure J,,. The data consisting of this complex structure at each point is what
is known as the underlying almost complex structure. The J, provide a decomposition

(1.1) T, X®C=T,X"Ye1,x%,

where T, X0 is the vector space of complexified tangent vectors u such that J,u = iu
and T, X%! is the complex conjugate of T, X'V, From the point of view of the complex
structure, i.e. of the local data of holomorphic coordinates, the vector fields of type (0,1)
are those which kill the holomorphic functions.

The decomposition (1.1) induces a similar decomposition on the bundles of complex
differential forms

(1.2) MT*XeC= AT X,
pt+g=k
where
APAT*X = APT*X 10 @ AT* X!
and
T*X@C="T'X"0q1 x0"
is the dual decomposition of (1.1).
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The decomposition (1.2) has the property of Hodge symmetry
APAT*X = ATPT*X,

where complex conjugation acts naturally on AFT*X ® C.
If we let £%(X)c denote the space of complex differential forms of degree on X, i.e. the
C>-sections of the vector bundle A¥T*X ® C, then we also have the exterior differential

d: EF(X)e — X,
which satisfies d o d = 0. We then define the k' de Rham cohomology group of X by

Ker(d: EF(X)c — EFM1(X)c)
Im(d : EF-1(X)c — EF(X)¢)
The main theorem proved in these notes is the following.

Theorem 1.2. Let HP9(X) C H¥(X, C) be the set of classes which are representable by
a closed form o which is of type (p,q) at every point x in the decomposition (1.2). Then
we have a decomposition

(1.3) H*X,C)= @ H"(X).
pta=k
Note that by definition, we have the Hodge symmetry

HPY(X) = HiP(X)

where complex conjugation acts naturally on H*(X,C) = H*(X,R) ® C. Here H*(X,R)
is defined by replacing the complex differential forms by real differential forms in the
above definition.

This theorem immediately gives constraints on the cohomology of a Kahler manifold,
which reveal the existence of compact complex manifolds which are not Kahler. For
example, the decomposition (1.3) and the Hodge symmetry imply that the dimensions
bp(X) := dimc H¥(X,C), called the Betti numbers, are even for odd k, property not
satisfied by Hopf surfaces.

Example 1.3. The Hopf surfaces are the quotients of C2\ {0} by the fixed-point-free
action of a group isomorphic to Z, where a generator g acts via g(z1,22) = (A121, A\222)
where the );, are non-zero complex numbers of modulus strictly less than 1. These
surfaces are compact, equipped with the quotient complex structures, and their m; is
isomorphic to Z since C2\ {0} is simply connected. Thus, their first Betti number is
equal to 1, which implies that they are not Kahler.

H*(X,C) =

The Lefschetz decomposition is another decomposition of the cohomology of a compact
Kahler manifold X, this time of topological nature. It depends only on the cohomology
class of the Kahler form [w] € H?(X,R). The exterior product on differential forms
satisfies Leibniz’ rule d(a A 3) = da A B+ (—1)%8%a A dB, so the exterior product with w
sends closed forms (i.e. forms killed by d) to closed forms and ezact forms (i.e. forms in
the image of d) to exact forms. Thus it induces an operator, called the Lefschetz operator,

L: H*X,R) — H*2(X,R).
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The following theorem is sometimes called the hard Lefschetz theorem.

Theorem 1.4. For every k < n =dim X, the map
(1.4) L F . HY (X, R) — H>F(X,R)
s an isomorphism.

Remark 1.5. Note that the spaces on the right and on the left are of the same dimension
by Poincare duality, which is valid for all compact oriented manifolds.

A very simple consequence of the above isomorphism is the following result, which is
an additional topological constraint satisfied by Kahler manifolds.

Corollary 1.6. The morphism
L:H*X,R) —» H"*%(X,R)

is injective for k < n = dim X. Thus, the odd Betti numbers bop_1(X) increase with k
for 2k — 1 < n, and similarly, the even Betti numbers bop(X) increase for 2k < n.

An algebraic consequence of Lefschetz’ theorem is the Lefschetz decomposition, which
as we noted earlier is particularly important in the case of projective manifolds. Let us
define the primitive cohomology of a compact Kahler manifold X by

H*(X,R) prim := Ker(L" "1 H*(X,R) — H*" "2(X,R))

for k < n. One can extend this definition to the cohomology of degree > n by using the
isomorphism (1.4).

Theorem 1.7. The natural map

i: @ H(X,R)pim — HY(X,R)
k—2r>0

(o) — Z Lo,

18 an isomorphism for k < n.

Once again, we can extend this decomposition to the cohomology of degree > n by
using the isomorphism (1.4).

Let us now express the main principle of Hodge theory, which has immense applications.
The study of the cohomology of Kahler manifolds and the proof of the Theorems (eq:ihdec)
and (1.4), which are the main content of these lectures, are among the most important
applications, but the principle applies in various other situations. We restrict ourselves
here to giving an explanation of the main idea, which is the notion of a harmonic form,
and the application of the theory of elliptic operators which makes it possible to represent
the cohomology classes by harmonic forms, but we will omit the proof of the fundamental
theorem on elliptic operators, which uses estimations and notions from analysis (Sobolev
spaces), which are in different directions from the aims of this book. The delicate point
consists in passing from spaces of L? differential forms, in which the Hodge decomposition
is algebraically obvious, to spaces of C* differential forms. One of the problems we
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encounter is the fact that the operators considered here are differential operators, and
thus do not define continuous operators on the spaces of L? forms.

The idea that we want to explain here is the following: using the metric on X, we can
define the L? metric on the spaces of differential forms

(o, B) 2 :/X<oz,ﬂ>$\/ol,

where «, 3 are differential forms of degree k and the scalar product (o, 3), at a point
x € X is induced by the evaluation of the forms at the point « and by the metric at the
point x.

The operator d : EF(X) — EF1(X) is a differential operator, and we can construct its
formal adjoint d* : £¥(X) — £¥~1(X), which is also a differential operator, and satisfies
the identity

(o, dB) 2 = (d"c, B) 12,
for a € F(X), 8 € E¥~1(X). This adjunction relation only makes d* into a formal adjoint,
since these operators are not defined on the Hilbert space of L? differential forms, which
is the completion of £*(X) for the L? metric.

The idea of Hodge theory consists in using the adjoint d* to write the decompositions

EFX)=Imd®Imd" =Imd® Kerd*, EF(X)=Kerd® Kerd" = Kerd* @ Imd,
and finally, using the inclusion Imd C Kerd,
EF(X) =Imd @ Imd* @ Kerd N Kerd*.

Of course, these identities, which would be valid on finite-dimensional spaces or Hilbert
spaces since the operator d has closed image there, require the analysis mentioned above
in order to justify them here. Apart from this issue, if we accept these identities, we see
that the space

H* .= Kerd N Kerd* C £¥(X)
of harmonic forms projects bijectively onto H¥(X,R) (or H*(X,C) if we study the co-
homology with complex coefficients), since it is a supplementary space of Imd inside
Kerd.
Another characterisation of harmonic forms uses the Laplacian

Ay =dd" + d*d.
Indeed, it is very easy to see that we have
HY = Ker Ag.

The operator Ay is an elliptic operator. This property of a differential operator can be
read directly from its symbol, which is essentially its homogeneous term of largest order
(which is 2 for the Laplacian). The decompositions written above are special cases of the
decomposition associated to an elliptic operator.

The Hodge decomposition (1.3) is obtained by combining the Hodge theory sketched
above and the study of the properties of the Laplacian of a Kahler manifold. We have
already mentioned various operators acting on the spaces of differential forms of a Kahler
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manifold, namely d, L and their formal adjoints d*, A for the L? metric. Moreover, the
complex structure makes it possible to decompose d as

d=0+0,

where the Dolbeault operator 0 sends o € EP4(X) to the component of bidegree (p,q+ 1)
of da. Here a € EPY(X) is the space of differential forms of bidegree (p,q) at every
point of X; it is also the space of sections of the bundle AP9T* X, which appears in the
decomposition (1.2) given by the complex structure. The differential operators 9 and 0
are differential operators of order 1, and have formal adjoint operators 9* and 9*.

The Kahler identities establish commutation relations between these operators. For
example, we have the identity

[A, 0] =0,

and the other identities follow from this one via passage to the complex conjugate or to
the adjoint. From these identities, and from the fact that L commutes with d while 0
and 0 anticommute, we deduce the following result.

Theorem 1.8. The Laplacians Ag, Ay and Ay associated to the operators d,0 and 0
respectively satisfy the equalities

(1.5) Ag =20y = 2A;.

We deduce that the harmonic forms for d are also harmonic for d and 9, and in
particular are also @ and O-closed. Finally, as the operators @ and O are bihomogeneous
(of bidegree (1,0) and (0, 1) respectively) for the bigraduation of the spaces of differential
forms given by the decomposition (1.2), it follows easily that each of the Laplacians Ay
and Aj is bihomogeneous of bidegree (0,0), i.e. preserves the forms of type (p,q) for
every bidegree (p,q). The same then holds for Ay by the equality (1.5). The Hodge
decomposition is then obtained simply by the decomposition of the harmonic forms as
sums of forms of type (p, q):

Corollary 1.9. Let X be a compact Kahler manifold. If a is a harmonic form (for the
Laplacian associated to the operator d and to the metric), its components of type (p,q)
are harmonic. Thus, we have a decomposition

(1.6) HHX) = P HPU(X),
ptq=k

where HP4(X) is the space of harmonic forms of type (p,q) at every point of X.

The Hodge decomposition (1.3) is obtained by combining the theorem of representation
of cohomology classes by harmonic forms with the decomposition (1.6). The Lefschetz
decomposition is also an easy consequence of the decomposition (1.6). Indeed, we first
show that Theorem 1.4 holds for the operator L acting on differential forms. Furthermore,
the Kahler identities show that I commutes with the Laplacian, so that the operators
L" send harmonic forms to harmonic forms, and once the theorem is proved on the level
of forms, it remains valid on the level of harmonic forms, and thus also on cohomology
classes.
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The Hodge decomposition (1.3) gives an extremely interesting structure when it is
combined with the integral structure on the cohomology H*(X,C) = H*(X,Z) ®z C.
For this equality, which follows from the change of coefficients theorem, one must adopt
a different definition of cohomology, which does not make use of differential forms. For
one possible definition, we can introduce the singular cohomology Hfing(X ,Z). We start
from the complex (Cy(X),0 : Cix(X) — Ck_1(X)) of singular chains, where Cy(X) is the
free abelian group generated by the continuous maps from the simplex A of dimension
k to X. The map 0 is given by the restriction to the boundary

06 =3 (-1)'9a,,

where Ay ; is the it face of A. The complex (Cling(X),d) of singular cochains is then

defined as the dual complex of (Cy(X),d). Its cohomology is the singular cohomology
H} (X,7Z). We have the following theorem, due to de Rham.

sing

Theorem 1.10. For K =R or C, we have H*(X,K) = HE (X,7) @7 K.

sing

If we consider the complex of differentiable chains, we can prove this theorem by using
the natural map from £%(X) to C%__(X) given by integration:

sing

o — <¢—>/Ak¢*a>.

A much more conceptual proof of de Rham’s theorem can be given by using the lan-
guage of sheaf theory. Sheaf cohomology will be used, for example, in the Hodge decom-
position, to describe the spaces HP? as the Dolbeault cohomology groups H?(X, Q% ),
which are defined for every complex manifold X as the ¢ cohomology group of X with
values in the sheaf QF of holomorphic differential forms of degree p. We note, however,
that this identification is valid only in the Kahler case. In general, without the Kahler
hypothesis, we cannot identify H9(X, Q&) with the space of cohomology classes of degree
p + q which are representable by a closed form of type (p,q) at every point.

Let I' be the functor of global sections I' of the category of sheaves of abelian groups
on X to the category of abelian groups. We show using Poincare’s theorem that the
sheaves of differential forms form a I-acyclic resolution of the constant sheaf Cx (often
written C) of stalk C, so that the space H*(X,C) defined above must be understood as
the k™ cohomology group of X with values in Cx. Similarly, we can interpret the singular
cohomology as the cohomology of the complex of global sections of a I'-acyclic resolution
of the constant sheaf of stalk Z. Thus, we have Hj (X,Z) = H ¥(X,Z) canonically.
De Rham’s theorem thus reduces to proving a change of coefficients theorem for the
cohomology of the sheaves H¥(X,C) = H*(X,Z) ®7 C, which is not difficult.

These different interpretations of the cohomology, corresponding to different resolu-
tions, are all equally important, since they carry different types of information. For
example, the Hodge decomposition of the cohomology of a Kahler manifold requires the
de Rham version of the cohomology, while that of the integral structure requires another
version, singular or Cech for example.
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2. HoLoMORPHIC FUNCTIONS OF MANY VARIABLES

In this section, we recall the main properties of holomorphic functions of several com-

plex variables. The C-valued holomorphic functions of the complex variables z1,..., 2z,
those whose differential is C-linear, or equivalently, those which are annihilated by the
o)

operators z=. It follows immediately from this definition that the set of holomorphic
functions forms a ring, and that the composition of two holomorphic functions is holo-
morphic. The following theorem, however, requires a certain amount of work.

Theorem 2.1. The holomorphic functions of the complex variables z1, . .., z, are complex
analytic, i.e. they locally admit expansions as power series in the variables z;.

This result is an easy consequence of Cauchy’s formula in several variables, which is a
generalisation of the formula

fo - L[ 1©

— a_- d<7
2mi Jig=1 € — 2

where f is a holomorphic function defined in a disk of radius > 1, and |z| < 1.
Cauchy’s formula can also be used to prove Riemann’s theorem of analytic continuation:

Theorem 2.2. Let f be a bounded holomorphic function on the pointed disk. Then f
extends to a holomorphic function on the whole disk.

And also Hartogs’ theorem:

Theorem 2.3. Let f be a holomorphic function defined on the complement of an analytic
subset of codimension 2 in a ball B of C*",n > 2. Then f extends to a holomorphic
function on B.

Hartogs’ theorem enables us to show that a holomorphic section of a complex vector
bundle over a complex manifold is defined everywhere if it is defined on the complement
of an analytic subset of codimension 2.

2.4. Holomorphic functions of one variable. Let U C C = R? be an open set, and
f:U — C aC! map. Let x,y be the linear coordinates on R? such that z = = + iy is the
canonical linear complex coordinate on C. Consider the complex-valued differential form

dz = dz + idy € Homg (TU,C) = Qur ® C.

Clearly dz and its complex conjugate dz form a basis of Qyr ® C over C at every point
of U, since

2dx = dz + dz, 2idy = dz — dz.
The complex differential form df € Homg(TU, C) can thus be uniquely written

0 0
dyf = @—ch(u)dz + 8—‘£(u)d2,
of 1\ of

where the complex-valued functions 3-(-), 5(-) are continuous. We obviously have

g_1<af ,8f> 8_f_1<8f+.8_f)

8- 2\0r 'oy) 9z 2\0z by



INTRODUCTION TO HODGE THEORY 9

We can also consider the above decomposition of df as the decomposition of df €
Hom(C, C) into C-linear and C-antilinear parts:

Lemma 2.5. We have %(u) = 0 if and only if the R-linear map d,f : T,U = C — C
is C-linear, i.e. is equal to multiplication by a complex number, which is then equal to

& ().

Definition 2.6. The function f is said to be holomorphic if it satisfies one of the equiv-
alent conditions of lemma 2.5 at every point of U.

Lemma 2.7. If f is holomorphic and does not vanish on U, then 1/f is holomorphic.
Similarly, if f,g are holomorphic, fg and f+g and go f (when g is defined on the image
of f) are all holomorphic.

In particular, we will use the following corollary.
Corollary 2.8. If f is holomorphic on U, the map g defined by
f(z
o() = 1

Z—a

is holomorphic on U \ {a}.

2.9. Stokes’formula. Let o be a differential k-form on an n-dimensional manifold U. If

x1i,...,Ty, are local coordinates on U, we can write
o= Z ardzy,

I
where the indices I parametrise the totally ordered subsets iy < --- < g of {1,...,n},
with dzy = dx;, A --- Adz;,. We can then define the continuous (k + 1)-form

Oay
2.1 da = —dx; Ndxr;
( ) « ; O, Ly X

we check that it is independent of the choice of coordinates. This follows from the more
general fact that if V' is an m-dimensional manifold and ¢ : V' — U is a differential map
given in local coordinates by ¢*x; := x; 0 ¢ = ¢(y1,...,Ym), then for every differential
form o = Y, ardx;, A --- Adz;,, we can define its inverse image

o= ajopdp, N Ndg;,.
I

Moreover, this image inverse satisfies
d(¢*a) = ¢"(da),
where the coordinates y; (and the formulae (2.1)) are used on the left, while the coordi-
nates x;, are used on the right.
A differential k-form a can be integrated over the compact oriented k-dimensional

submanifolds of U with boundary, or over the image of such manifolds under differentiable
maps.
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To begin with, let us recall that a k-dimensional manifold with boundary is a topological
space covered by open sets U; which are homeomorphic, via certain maps h; to open
subsets of R¥ or to (0,1] x V, where V is an open set of R¥~1. We require the transition
functions h; o hj_1 to be differentiable on h;(U; N U;). When h;(U; N U;) contains points
on the boundary of Uj, i.e. is locally isomorphic to (0,1] x V, where V is an open set
of R¥=1 h;(U; N U;) must also be locally isomorphic to (0,1] x W, where W is an open
set of R¥~1, and the differentiable map h; o h;l must locally extend to a diffeomorphism

of a neighbourhood in R¥ of (0,1] x V to a neighbourhood of (0,1] x W, inducing a
diffeomorphism from 1 x V to 1 x W. In particular, the boundary of M, which we denote
by M and which is defined, with the preceding notation, as the union of the h; taxwv),
is a closed set of M which possesses an induced differentiable manifold structure.

The manifold with boundary M is said to be oriented if the diffeomorphisms h; o
hj_1 have positive Jacobian. The boundary of M is then also naturally oriented by the

charts 1 x V, where V is an open set of R¥™1 as above, since the induced transition
diffeomorphisms h; o h;l lixv: V — W also have positive Jacobian.

If M is k-dimensional manifold with boundary and ¢ : M — U is a differentiable map
(along the boundary of M, which is locally isomorphic to (0,1] x V, we require ¢ to
extend locally to a differentiable map on a neighbourhood (0,1 + €) x V of {1} x V),
then for every differentiable k-form «, we have the inverse image § = ¢*«a defined above,
which is a differentiable k-form on M. If moreover M is oriented and compact, such a
form can be integrated over M as follows. Let p; be a partition of unity subordinate to
a covering of M by open sets U; as above, which we may assume to be diffeomorphic to
(0, 1] (0,1)k=1 or to (0 1)k. Then 5 = E pi3 on extends to a differentiable form on
[0,1]F. Setting p;3 = gi(x1,..., 2 )dxy A -+ A dxy, we then define

/5 Z/ pif3, /pzﬁ / /gz 1, ... ap)dey .. dog.

The change of variables formula for multiple integrals and the fact that the authorised
variable changes have positive Jacobians ensure that |’ B is well-defined independently
of the choice of oriented charts, i.e. of local orientation-preserving coordinates.

Remark 2.10. If we change the orientation of M, i.e. if we compose all the charts with
local diffeomorphisms of R* with negative Jacobians, the integrals f A @Fa change sign.
This follows from the change of variables formula for multiple integrals, which uses only
the absolute value of the Jacobian, whereas the change of variables formula for differential
forms of maximal degree uses the Jacobian itself.

Suppose now that a is a (k — 1)-form on U. Then, as ¢ |9y is differentiable and OM is
a compact oriented manifold of dimension k — 1, we can compute the integral |, an P
Moreover, we can integrate the differential dp*a = ¢*da over M. We then have

Theorem 2.11. (Stokes’ formula) The following equality holds:

/M #do = oM P
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In particular, if dao = 0, we have faM o*a = 0.

We will use Stokes’ formula very frequently throughout this text. In particular, it will
enable us to pair the de Rham cohomology with the singular homology. The following
consequence will be particularly useful.

Corollary 2.12. If « is a differential form of degree n — 1 on a compact n- dimensional
manifold without boundary, then fM da = 0.

2.13. Cauchy’s formula. We propose to apply Stokes’ formula, using the following
lemma.

Lemma 2.14. Let f : U — C be a holomorphic map. Then the complex differential form
fdz is closed.

We thus also have the following.

Corollary 2.15. If f is holomorphic on U, the differential form ZfZO dz s closed on

Suppose now that U contains a closed disk D. For every zg € D, let D, be the open
disk of radius € centred at o which is contained in D for sufficiently small e. Then D\ D, is
a manifold with boundary, whose boundary is the union of the circle 9D and the circle of

centre zg and radius €, the first with its natural orientation, the second with the opposite
orientation. For holomorphic f, Stokes’ formula and previous corollary then give the

equality
1 1
1 f(2) dz:—,/ f(2) .
21 Jop 2 — 20 20 S| zj= Z — 20
Furthermore, we have the following.

Lemma 2.16. If f is a function which is continuous at zy, then

! /z) dz = f(z0).

1m —
e—0 271 |z—z0\:eZ_ZO

Combining thus lemma and the above equality, we now have

Theorem 2.17. (Cauchy’s formula) Let f be a holomorphic function on U and D a
closed disk contained in U. Then for every point zy in the interior of D, we have the

equality
1 f(z)
= — ———dz.
/(z0) 2wt Jop 2 — 20 N
2.18. Holomorphic functions of several variables.

2.18.1. Cauchy’s formula and analyticity. Let U be an open set of C", and let f :
U — C be a differentiable map. For u € U, we have a canonical identification T,,U = C".
We can thus generalise the notion of a holomorphic function to higher dimensions.

Definition 2.19. The function f is said to be holomorphic if for every u € U, the
differential d,, f : Hom(7;,U,C) = Hom(C", C) is C-linear.
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It is easy to prove that lemma 2.7 remains true in higher dimensions. Furthermore, we
have the three following characterisations of holomorphic functions.

Theorem 2.20. The following three properties are equivalent for a differentiable function

(i) f is holomorphic.

(ii) In the neighbourhood of each point zy € U, f admits an expansion as a power
series of the form f(zo +2) = >, arz’, where I runs through the set of the n-
tuples of integers (iy,. .., in) with iy >0, and 2’ := z? ...z The coefficients of
the series satisfy the following property: there exist Ry > 0,..., R, > 0 such that
the power series ), arr! converges for every 1y < Ry,...,1m < Ry.

(iii) If D = {(C1y---,Cn)||G — ai| < €} is a poly disk contained in U, then for every
z=(21,...,2n) € D°, we have the equality

(1Y ¢ dG,
f(Z) B (27”) /|Ciai|:ei f(C) Cl —Z1 " " Cn - Zn.

In the preceding formula, the integral is taken over a product of circles, equipped
with the orientation which is the product of the natural orientations.

Because of property (ii), holomorphic functions are also known as complex analytic
functions. Property (iii) is Cauchy’s formula in several variables. One can prove it by
induction on the dimension, using Cauchy’s formula in a single variable. One can also
directly apply Stokes’ formula, using the following analogue of lemma 2.14.

Lemma 2.21. If f is holomorphic, then the differential form f(z)dzy A---Ndz, is closed.
Let us give some applications of theorem 2.20. To begin with, we have

Theorem 2.22. (The maximum principle) Let f be a holomorphic function on an open
subset U of C™. If |f| admits a local mazimum at a point uw € U, then f is constant in
the neighbourhood of this point.

Another essential application is the principle of analytic continuation.

Theorem 2.23. Let U be a connected open set of C"*, and f a holomorphic function on
U. If f vanishes on an open set of U, then f is identically zero.

Let us now give some subtler applications of Cauchy’s formula or its generalisations.
These theorems show that the possible singularities of a holomorphic function cannot exist
unless the function is not bounded (Riemann), and is not defined on the complement of
an analytic subset of codimension 2 (Hartogs).

Theorem 2.24. (Riemann) Let f be a holomorphic function on U \ {z|z1 = 0}, where
U is an open set of C*. Then if f is locally bounded on U, f extends to a holomorphic
map on U.

To conclude this section, we will mention the following version of Hartogs’ extension
theorem which implies the more general theorem mentioned above.

Theorem 2.25. Let U be an open set of C™ and f a holomorphic function defined on
U\ {z|z1 = 22 =0}. Then f extends to a holomorphic function on U.
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2.26. The equation % = f. The following theorem will play an essential role in the
proof of the local exactness of the operator 0.

Theorem 2.27. Let f be a differentiable function on an open set of C. Then, locally
on this open set, there exists a differentiable function g (defined up to the addition of a
holomorphic function), such that

g

oz

Proof. As the statement is local, we may assume that f has compact support, and thus

is defined on C. Now set ) 0)
=— [ ——%d¢ A dC.
o) = g [ Lacnac
This is a singular integral. By definition, it is equal to the limit, as € — 0, of the integrals
1 f(¢ =
o2 =5 [ Lacna
mi Jevp, € — 2
where D, is a disk of radius € centred at z. It is easy to see that this limit exists (the
function % is L'). Making the change of variable ¢’ = ¢ — z, we also have
. 1 f({+= -
2) = e, 0.2) = 5 [ L&D nac,
e—0 211 C\D’ C
The convergence of the g.(z) when € — 0 is uniform in z. Moreover, we can differentiate
under the integral sign the (non-singular) integral defining g,

dge _ 1 Of (¢ + 2) d¢' A dC

0z N 27 C\D! 0z CI

is differentiable, the functions %ng converge uniformly, and we conclude that

g is differentiable and satisfies

dg 1 [ Of(¢ +z)d¢ ndl

As 21C+2)

0z 2mi e 0z ¢’
Thus, it remains to show the equality % = f. Changing back to { = ¢’ + z, we have
) _
(22) 0y L[ OSC)dC N

0z e—02mi C\D. 86 (—=z ’

Now, on C\ D, we have the equality 91O dendC g <M> Stokes’ formula thus gives

¢ C—=z (—z
1 Af(Q)d¢ndC 1 d¢
23) 2mi ap. ¢ (—= _2—m/<9D€ )C—Z'

Using lemma 2.16 and the equalities (2.2), (2.3) we have thus proved the desired equality.
O
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3. COMPLEX MANIFOLDS

We introduce and study the notion of a complex structure on a differentiable or com-
plex manifold. A complex manifold X of (complex) dimension n is a differentiable man-
ifold locally equipped with complex-valued coordinates (called holomorphic coordinates)
Z1,- ., %n, such that the diffeomorphisms from an open set of C" to an open set of C™ given
by coordinate changes are holomorphic. By the definition of a holomorphic transforma-
tion, we then see that the structure of a complex vector space on the tangent space T, X
given by the identification 7, X = C" induced by the holomorphic coordinates z1, ..., 2,
does not depend on the choice of holomorphic coordinates. The tangent bundle T'X of
a complex manifold X is thus equipped with the structure of a complex vector bundle.
Such a structure is called an almost complex structure. The Newlander-Nirenberg theo-
rem characterises the almost complex structures induced as above by a complex structure.
We also introduce holomorphic vector bundles over a complex manifold. These vector
bundles are those whose ”transition matrices” are holomorphic. It turns out that we can
define a differential operator (the Dolbeault operator) 0 on the space of sections of such
a vector bundle F, and more generally, on the space of differential forms with values in
such a bundle. The holomorphic sections ¢ of E are then characterised by the equation
do = 0. One can show that the Dolbeault operator satisfies the condition 90 d = 0, and
that the complex defined in this way is locally exact. This will be used later to represent
the cohomology of X with values in the sheaf of holomorphic sections of E using 0-closed
differential forms with coefficients in F.

3.1. Manifolds and vector bundles.

3.1.1. Definitions. A topological manifold is a topological space X equipped with a
covering by open sets U;, which are homeomorphic, via maps h; called ”local charts”, to
open sets of R™. One can show that such an n is necessarily independent of ¢ when X is
connected; n is then called the dimension of X.

Definition 3.2. A C'* differentiable manifold X is a topological manifold equipped with
a system of local charts h; : U; — R such that the open sets U; cover X, and the change
of chart morphisms hj o h; ! : hy(U; NU;) — h;i(U; NU;) are C™ maps.

A C® differentiable function on such a manifold (or on an open set) is a function f such
that for each Uj;, the function f o h;l is C*° differentiable. A map f : X — Y between
differentiable manifolds is C*° differentiable map if gj o f o hi_1 are C' differentiable.

A real (resp. complez) topological vector bundle of rank m over a topological space X
is a topological space E equipped with a map 7 : F — X such that for an open cover
{Ui} of X, we have "local trivialisation” homeomorphisms

¢i : W_I(Ui) — U; X Rm(resp. Ui X (Cm),
such that:
(i) pricgi=m
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(ii) The transition functions ¢jo¢; ' : ¢(r~H(U;NU;)) — ¢(x~H(U;NU;)) are R-linear
(resp. C-linear) on each fibre z x R™ (resp. x x C™).
Such a transformation U; N U; x R™ — U; NU; x R™ must respect the first projection,
by condition (i) above, and is thus described by a real m x m matrix, whose coefficients,
by continuity, are continuous functions of € U; N U;. (In the complex case, we must
consider complex matrices.) These matrices are called transition matrices.

Definition 3.3. If X is a differentiable manifold, a vector bundle E over X is equipped
with a differentiable structure if we are given local trivialisations whose transition matrices
are C'*°.

Remark 3.4. The bundle F is then equipped with the structure of a C** manifold for
which 7 is C*° as well as the local trivialisations.

A section of a vector bundle 7 : E — X isamap o : X — FE such that woo = Idx. This
section is said to be continuous, resp. differentiable, if a is continuous, resp. differentiable.
If 7: E — X is a vector bundle and x € X, we write F, := 7~ !(z). It is canonically a
vector space, with structure given by any of the trivialisations of E in the neighbourhood
of x; E, is called the fibre of E at the point x.

A vector bundle 7 : E — X is said to be trivial if it admits a global trivialisation
¢ : E = X x R". Equivalently, £ must admit n global sections which provide a basis
of the fibre E, at each point. These sections are given by at o; = ¢! o é;, where
€ X — X xR™" is given by ¢;(x) = (x,¢;), where the e; form the standard basis of R™.

Let 7g : E — X and 7p : F — X be vector bundles over X. A morphism ¢ : E — F
of vector bundles is a continuous map such that g oy = mg, and % is linear on each
fibre. This means that in local trivialisations, ¢ becomes linear (C-linear in the case of
complex bundles) on the fibres x € R™; his definition is independent of the choice of the
open set containing x, since the transition functions are also linear on the fibres. We have
an analogous definition for differentiable bundles.

Given a vector bundle E, we can define its dual E* and its exterior powers A*E,
which are differentiable if E is. The points of E* are the linear forms on the fibres of
7 E — X; E* admits a natural trivialisation when F is trivialised, and the transition
matrices of E* are the inverses of the transposes of the transition matrices of E. Similarly,
the points of A*E can be identified with the alternating K-linear forms on the fibres of
T, B — X.

3.4.1. The tangent bundle. If X is a differentiable manifold, the tangent bundle T X
of X is a differentiable bundle of rank n = dim X which we can define as follows. If X
is covered by open sets U; equipped with diffeomorphisms h; to open sets of R™, then

TX is covered by open sets U; x R™, where the identifications (or transition morphisms)
between U; NU; x R" C U; x R™ and U; NU; x R® C U; x R™ are given by

(.1‘, ’U) - (.1‘, ¢Z]*(J})’U)
Here h;j = hjo h;l is the transition diffeomorphism between the open sets h;(U; N Uj)

and h;(U; NUj) of R", and h;j.(x) is its Jacobian matrix at the point z. A section of the
tangent bundle of a differentiable manifold is called a wvector field.
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There exist two intrinsic ways of describing the elements of the tangent bundle. The
points of the tangent bundle can be identified with equivalence classes of differentiable
maps 7 : [—€,¢] — X (for an € € R, e > 0 varying with ) for the equivalence relation

dy dy'

The second equality in this definition makes sense in any local chart for X in the
neighbourhood of ~(0). We call these equivalence classes ”jets of order 17. To check
that the set defined in this way has the structure of a vector bundle introduced earlier, it
suffices to note that the jets of order 1 of an open set U of R" can be identified, via the
map v — (7(0),7(0)), with U x R™, and that a diffeomorphism ¢ : U — V between two
open sets of R™ induces the isomorphism (¢, 1,) between the spaces of jets of order 1 of
U and V.

Another definition of the tangent vectors, i.e. of the elements of the tangent bundle,
consists in identifying them with the derivations of the algebra of the real differentiable
functions on X with values in R supported at a point x € X. This means that we consider
the linear maps ¢ : C°°(X) — R satisfying Leibniz’ rule

o(fg) = f(2)o(g) + g(x)o(f)
for a point x € X. The equivalence between the two definitions is realised by the map

which to a jet v associates the derivation 6, (f) = %(0).

Definition 3.5. A differential form of degree k is a section of A*T*X. We write deg a
for the degree of such a form a.

v =+ if and only if v(0) = +/(0)

In general, we write 2xr the bundle of real differential 1-forms, and Qx ¢ for its
complexification Hom(Q2x g, C). Similarly, the bundle of real (resp. complex) k-forms
is written Q%R (resp. Q’§(7C). We see immediately that if f is a real differentiable
function on X, then df is a C° section of Qxr. We also see that if zy,...,z, are
local coordinates defined on an open set U C X, then the dx; = dx; A --- A dx,,
1 <4y <--- <1 <n provide a basis of the fibre of QIE(,R at each point of the open set
U. Indeed, by the definition of T'X, the coordinates x; provide a local trivialisation of
T X, where the corresponding local basis is given at each point x € U by the derivations

6%1_(3:). The dx; simply form the dual basis of {2y r at each point of U.

3.5.1. Complex manifolds. Let X be a differentiable manifold of dimension 2n.

Definition 3.6. We say that X is equipped with a complex structure if X is covered by
open sets U; which are diffeomorphic, via maps called h;, to open sets of C”, in such a way
that the transition diffeomorphisms h;oh; ! : hi(U;NU;) — hj(U;NU;) are holomorphic.

The (complex) dimension of X is by definition equal to n. On a complex manifold, a
map f : U — C defined on an open set U is said to be holomorphic if f ohi—1 is holomorphic
on h;(U NU;). Once again, this definition does not depend on the choice of chart, since
the change of chart morphisms is holomorphic and compositions of holomorphic functions
are also holomorphic.

We can also define the notion of a holomorphic vector bundle.
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Definition 3.7. A differentiable complex vector bundle 7 : £ — X over a complex
manifold X is said to be equipped with a holomorphic structure if we have trivialisations

¢i = L(Ui) = U x C™,
such that the transition matrices ¢;; = ¢; o (bl._l have holomorphic coefficients.

The above trivialisations will be called ”holomorphic trivialisations”. If E is a holo-
morphic vector bundle, F is in particular a complex manifold such that 7 is holomorphic.
Indeed, we can assume, in the definition above, that the U; are charts, i.e. identified
via h; with open sets of C"; then the (h; X Idcn) o ¢; give charts for F whose transition
functions are clearly holomorphic.

A holomorphic section of a holomorphic vector bundle 7 : £ — X over an open set U of
X is a section ¢ : X — FE of m which is a holomorphic map. For example, a holomorphic
local trivialisation ¢; of E as above is given by the choice of a family of holomorphic
sections of , whose values at each point x of U; form a basis of the fibre E, over C.

Example 3.8. The holomorphic tangent bundle. This bundle is defined exactly like
the real tangent bundle of a differentiable manifold. Given a system of charts h; : U; —
V; € C", we define T'X as the union of the U; x C", glued by identifying U; NU; x C" C
U; x C™ and UiﬂUj XC”CU]’ x C" via
(J}, U) - (l‘, hl]*(x)v)

Here, the holomorphic Jacobian matrix h;; is the matrix with holomorphic coefficients
hk.

B;l] , where h;; = h; o h;l. We can also, as for the real tangent bundle, define the
holomorphic tangent bundle as the set of complex-valued derivations of the C-algebra of
holomorphic functions, or as the set of jets of order 1 of holomorphic maps from the
complex disk to X.

3.9. Integrability of almost complex structures.

3.9.1. Tangent bundle of a compler manifold. Let X be a complex manifold, and let
hr : U; — C™ be holomorphic local charts. Then the real tangent bundle TUgg can
be identified, via the differential hg, , with Uy x C™. Moreover, the change of chart
morphisms Ay, o hj_1 are holomorphic by hypothesis, i.e. have C-linear differentials, for
the natural identifications: T,C™ = C™, z € C". It follows that the R-linear operators
Ji : TUgr — TUpr identified with 1 x i acting on U, x C", glue together on U, N U;
and define a global endomorphism, written J, of the bundle T Xgr. Obviously J satisfies
the identity J? = —1; thus J defines the structure of a C-vector space of rank n on
each fibre T, Xg. The differentiability of J even shows that T'Xg is thus equipped with
the structure of a differentiable complex vector bundle. This leads us to introduce the
following definition.

Definition 3.10. An almost complex structure on a differentiable manifold X is an en-
domorphism J of the real tangent bundle 7 Xg such that J? = —1; equivalently, it is the
structure of a complex vector bundle on T'Xg.

We saw that a complex structure on X naturally induces an almost complex structure.
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Definition 3.11. An almost complex structure J on a manifold X is said to be integrable
if there exists a complex structure on X which induces J.

In the case of a complex manifold, the relation between T'Xg seen as a complex vector
bundle and the holomorphic tangent bundle T'X of X is as follows: the bundle T'X is
generated, in a chart U, by the elements

o (o ;9
8Zj_2 8l‘j 8yj ’

which are naturally elements of TUr ® C. Thus, in fact, we have an inclusion of complex
vector bundles

TX CcTXr®C.

Moreover, for an almost complex manifold (X,.J), the complexified tangent bundle
TXgr ® C contains a complex vector subbundle, denoted by T1°X and defined as the
bundle of eigenvectors of .J for the eigenvalue i. As a real vector bundle, 71X is naturally
isomorphic to TXgr via the application Re (real part) which to a complex field v + iw
associates its real part v. Moreover, this identifies the operators i on 72X and J on
TXg. Clearly T"°X is generated by the v — iJv,v € T Xg.

Furthermore, in the case where X = C", consider the isomorphism TCy = C" x R

given by the sections %, 8%]- of the tangent bundle of C"*, where z, = x + iy, and z; are
complex linear coordinates on C". The induced complex structure operator J on T'Cg

sends % to a%j. Thus, the tangent vectors of type (1,0) are generated over C at each

point by the
0
— —iJ— | =2—.
<al‘j ’ 8y3> 82]'
In conclusion, we have shown the following.

Proposition 3.12. If X is a complex manifold, then X admits an almost complex struc-
ture, and the subbundle T"°X C TXg ® C defined by J is equal, as a complex vector
subbundle of T Xr ® C, to the holomorphic tangent bundle T X .

Complex conjugation acts naturally on the complexified tangent bundle T X¢ = T Xr®
C of a differentiable manifold X. If J is an almost complex structure on X, we have the
subbundle T%! X of T'X¢, defined as the complex conjugate of 71 X. We can also define
it as the set of the complexified tangent vectors which are the eigenvectors of J associated
to the eigenvalue —i. Thus, it is clear that we have a direct sum decomposition

TXc=T"X & TO X,

Remark 3.13. When X is an almost complex manifold, the vector bundle T%°X does
not a priori have the structure of a holomorphic bundle. In what follows, if X is a complex
manifold, a section of T X will be taken to mean a holomorphic section of T'X, while a
section of TH°X will be a differentiable section.
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If v : X — Y is a holomorphic map between two complex manifolds, we define a
morphism of holomorphic vector bundles 1, : TX — TY in the obvious way. In holo-
morphic local charts which trivialise TX and TY, the matrix of v, is given by the
holomorphic Jacobian matrlx k of 4). This morphism can in fact be identified with the
morphism of real vector bundles w* r : T Xr — TYR via the identifications of real bundles
TX =TXgr,TY = TYg given by the real part Re. As a morphism of complex bundles,
1, can be deduced from 1, g by noting that 1, r is compatible with the almost complex
structures of X and Y, since ¢ is holomorphic, and thus induces a C-linear morphism
Y0 TOX — 71Oy

3.13.1. The Newlander-Nirenberg theorem. Note first that the bracket of vector
fields over a differentiable manifold X extends by C-linearity to the complexified vector
fields, i.e. to the differentiable sections of T'X¢. Now, let (X, J) be an almost complex
manifold. As mentioned above, the almost complex structure operator J splits the bundle
T Xc into elements of type (1,0), eigenvectors associated to the eigenvalue i of J, and
elements of type (0,1), eigenvectors associated to the eigenvalue —i of J. The bundle
T19X is the complex conjugate of the bundle T%'X. The following theorem gives an
exact description of the integrable almost complex structures.

Theorem 3.14. (Newlander-Nirenberg) The almost complex structure J is integrable if
and only if we have
[T x, 71 X] c T X.

Remark 3.15. By passing to the conjugate, this is equivalent to the condition that the
bracket of two vector fields of type (1,0) is of type (1,0).

This theorem is a difficult theorem in analysis, for it implies, in particular, that the
manifold X which was assumed to be only differentiable actually admits the structure of
a real analytic manifold.

3.16. The operators 0 and 0.

3.16.1. Definition. Let (X, J) be an almost complex manifold; the decomposition at the
tangent bundle level TX¢ = TH°X @ T%1 X induces a dual decomposition

(3.1) Qxc =0y e 0%

When X is a complex manifold, the bundle Q;’-O of complex differential forms of type
(1,0), i.e. C-linear forms, is generated in holomorphic local coordinates z1, ..., z, by the
dz;, i.e. a form a of type (1,0) can be written locally as o = ), o;dz;, where the a;, are
C* functions if o is C*°. Since d(dz;) = 0, it follows that dow = ) do; Adz;. Furthermore,
the decomposition 3.1 also induces the decomposition of the complex k-forms into forms
of type (p,q), for p+q = k:

3.2 AQy e = O
b X
p+q=k
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where the bundle Q%7 is equal to APQY° @ AYQ%". With this definition, formula (3.2)
shows that if the almost complex structure is integrable and « is a differential form of
type (1,0), then da is a section of Qi’-o @ Q;ﬁl. In fact, using the formula

x(a(n) —nla(x)) = da(x,n) + a([x, 1)),

where « is a 1-form and x, n are vector fields, we easily see that this property is equivalent
to the integrability condition of theorem 3.14, and thus to the integrability of the almost
complex structure.
More generally, the bundle Q% admits as generators in holomorphic local coordinates
Z1,...,2%n, in the differential forms
dzp NdzZy :dzil /\"'/\dzip /\Cle1 /\"'/\deq,

where I, J are sets of ordered indices 1 <1 < --- <4, <nand 1 <j; <--- < j; < n.
Note that these forms are closed, i.e. annihilated by the exterior differential operator d.
A form « of type (p,q) can thus be written locally as o = EI,J ar,ydzr Adzy. It follows
that
da = ZdO&[’J/\dZ]/\dZJ

I,J
is the sum of a form of type (p,q + 1) and a form of type (p +1,q).
Definition 3.17. For a C'* differential form a of type (p,q) on a complex manifold X,
we define da to be the component of type (p,q+ 1) of da. Similarly, we define da to be
the component of type (p + 1, ¢q) of da.

For (p,q) = (0,0), a form of type (p,q) is a function f; Of is then the C-antilinear part
of df, and thus it vanishes if and only if f is holomorphic. By definition, we have

df = Z d +Z d],

and thus

As mentioned above, a differential k-form a decomposes uniquely into components o4
of type (p,q),p + q = k. We then set

Ja = Z JaP . Qo = Z oaPi,
Pq P

The following lemmas describe the essential properties of the operators 9 and 0.
Lemma 3.18. The operator O satisfies Leibniz’ rule
AaAB)=0anp+ (—1)%% AIB.
Similarly, the operator O satisfies Leibniz’ rule

daNpB)=danp+(—1)*%% Adp.
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Proof. The second assertion follows from the first, since by definition of the operators 9
and 0, we have the relation Oa = Oa. As for the first relation, it suffices to prove it for o
of type (p,q) and (3 of type (p,¢'). We then obtain it immediately in this case, by taking
the component of type (p+p',q+¢ + 1) of d(a A (). O

Lemma 3.19. We have the following relations between the operators 0 and O.
9?=0,0°=0,00400=0.

Proof. This follows from the formulas dod =0, d = 0 + 0. Indeed, these relations imply
that 9% 4+ 89 4+ 00 4+ 9* = d* = 0. Now, if « is a form of type (p,q) then &« is of type
(p+2,q), (00+09d9)a is of type (p+1,¢+1) and O« is of type (p,q+2). Thus, d*a =0
implies that 0%a = (99 + 90)a = 0?a = 0. O
3.19.1. Local exactness. The Poincare lemma shows the local exactness of the oper-
ator d (see Bott and Tu [1]):

Lemma 3.20. Let a be a closed differential form of strictly positive degree on a differ-
entiable manifold. Then, locally, there exists a differential form B such that « = dp. We
say that « s locally exact.

~ Now consider a complex manifold X. Let a = dB be a form of type (p,q) which is
0-exact. Then we have da = 0 by lemma 3.19. The following proposition is a partial
converse which is the analogue of the Poincare lemma for the operator 0.

Proposition 3.21. Let « be a differential form of type (p,q) with ¢ > 0. If éaiz 0, then
there locally exists on X a differential form (3 of type (p,q — 1) such that o = 0f3.

Proof. We first reduce to the case where p = 0 by the following argument. Locally, we
can write in holomorphic coordinates z1, ..., 2z,

o= ZaLJdZI ANdzZj,

I,J
where the sets of indices I are of cardinal p and the sets of indices J are of cardinal q.
Then

Ja = ZéO&[,J/\dZ]/\dZJ

1,J
by lemma 3.18. It follows that if do = 0, for every I of cardinal p the form aj of type
(0, q) defined by

oy = Z dzg

J

is O-closed. If the proposition is proved for forms of type (0,q), then locally we have

ar = 00r, and
o= (_1)p3 (Z dzr A ﬂ[) .
I

It remains to show the proposition for forms of type (0,¢). Such a form can be written
a =) ;aydz;. We do the proof by induction on the largest integer k such that there
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exists J with & € J and oy # 0. Necessarily k > ¢. If kK = ¢, we have a = fdz; A\--- AdZ,.
The condition da = 0 is then equivalent to the fact that the function f is holomorphic in
the variables z;,l > gq. We then apply Cauchy’s theorem : note that its proof also gives
the following. O

Proposition 3.22. Let f(z1,...,2,) be a differential function which is holomorphic in
the variables z;,1 > q. Then there locally exists a differential function g, holomorphic in
the variables z;,l > q, such that g—i =

3.22.1. Dolbeault complex of a holomorphic bundle. Let E be a holomorphic vector
bundle of rank over a complex manifold X. Let £%9(E) denote the space of C™ sections
of the bundle Qg&q ®c E. In a holomorphic trivialisation of E, ¢y : Ejy = U x C", such
a section can be written (aq,...,ax), where the «;, are C* forms of type (0,¢q) on U.
We then set dya = (Oay, . .., 0az); it is a section of Qg,’qJrl ®c E. We will show that this
local definition in fact gives a form da € E%9+1(E).

Lemma 3.23. Let V be an open subset of X and ¢y : Ejy =V x C* a holomorphic
trivialisation of E over V.. Then for a € E%9(E), we have

dva lunv=dva |luny .

Proof. Let My be the transition matrix, with holomorphic coefficients, which enables us
to pass from the trivialisation ¢y to the trivialisation ¢y . Then, by definition, if ag is a

section of E over U, ay = (a1,u, ..., agy) in the trivialisation ¢, and ay is a section of
Eover V, ay = (a1,v, ..., o,y )in the trivialisation ¢y, the sections oy and ay coincide
on U NV if and only if
T T
(al,Va s 70%,\/) = MUV(al,Ua s 7ak,U) .

We can of course replace the functions «; by differential forms. The form « can be written
(01,7, ..., 00,) in the trivialisation ¢y and (a1, ..., o) in the trivialisation ¢y, and
we have, as above,
(al,Va s 7ak,V)T = MUV(al,Ua s 7ak,U)T-
To see
dva lunv= dva |uny -
by the above and the definition of 0y, 0y, it suffices to show that

(5&17‘/, .. ,5ak7V)T = MUV(éaLU, .. ,5ak7U)T.
But this follows immediately from the Leibniz formula lemma 3.18 and the fact that the
matrix My has holomorphic coefficients. O

Lemma 3.23 enables us to define an operator
o : E%(F) — £%1(E)

by the condition Opa luv= Oy |- Note that the meaning of this operator on the space
EVO(E) of O sections of E is the following.
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Lemma 3.24. The kernel
Ker (0p : E*°(E) — EY1(E))
contains exactly the holomorphic sections of E.

Proof. This is clear, since the holomorphic sections are those which are given by n-tuples
of holomorphic functions in local holomorphic trivialisations. But by definition, O acts
like the operator 0 on these n-tuples, and we know that the functions annihilated by 0
are exactly the holomorphic functions. O

Naturally, this operator satisfies the same local properties as the operator 0 on the
forms.

Lemma 3.25. The operator O satisfies Leibniz’ rule
5}5(0& AB) = 5}50& ANB+ (—1)a A 5Eﬁ

Here, « is a differential form of type (0,¢q), and 3 is a differential form of type (0, ¢’)
with coefficients in F, so that a A (is naturally a differential form of type (0,q + ¢’) with
coefficients in E.

Clearly, the operator df also satisfies the property 5%3 = 0. Finally, the local exactness
of O follows from that of the operator 0.

Proposition 3.26. Let a be a form of type (0,q) with coefficients in E, and q¢ > 0. If
Opa = 0, then locally on X there exists a form 3 of type (0,q — 1) with coefficients in E
such that o = Ogf.

Recall that a complex (of vector spaces for example) is a family of vector spaces V;
together with morphisms d; : V; — V1 satisfying d;+1 o d; = 0. The standard example
is the de Rham complex of a differentiable manifold X, where V; = £/(X) is the space of
differential forms of degree ¢, and d; = d.

Definition 3.27. The complex
(E°%(E),0p) = ( s EVTY(R) O E%(E) O EYTYE) — . )

is called the Dolbeault complex of E.
3.28. Examples of complex manifolds.

3.28.1. Riemann surfaces. Let us consider 2-dimensional differentiable manifolds. If
we restrict ourselves to the compact oriented case, these manifolds are classified by their
genus ¢: such a surface is diffeomorphic to the g-holed torus. Furthermore, we can always
put complex structures on such surfaces X. Indeed, we first note that the Newlander-
Nirenberg integrability condition is automatically satisfied by an almost complex structure
on X, by the fact that the rank of the complex vector bundle 7% X is equal to 1, and the
bracket of vector fields is alternating. Thus, every almost complex structure is induced by
a complex structure. Moreover, the existence of almost complex structures follows from
the existence of Riemannian metrics on X: An almost complex structure on an oriented
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surface X is equivalent to a conformal structure on X, i.e. to a Riemannian metric on
X defined up to multiplication by a positive function. Compact Riemann surfaces are
called curves in algebraic geometry. Indeed, they are 1-dimensional complex manifolds
(varieties).

3.28.2. Complex projective space. The complex projective space CP" is the set of
complex lines of C"*!, or equivalently, the quotient of C**1\ 0 by the equivalence relation
identifying collinear vectors on C. The topology is the quotient topology. The complex
structure is obtained as follows. For each i, consider the open subset U; of Cntl \ O
consisting of the points z such that z; # 0. Let U; be the image of U; in CP™. Each point
z € U; admits a unique lifting z to [72 which satisfies the condition z; = 1. Thus, U; is
naturally homeomorphic to C™, which provides the holomorphic charts for CP", which
is covered by the U;. It remains simply to check that the change of chart morphisms
are holomorphic. But U; N U; can obviously be identified with the classes of non-zero
vectors z € C™* such that z # 0 and zj # 0. Given such a vector, the image of the

representative of its class in the chart U; = C™ is given by (‘2—1, S R Z’;“_“), where
the 1 is in the i*® place, while the image of the representative of its class in the chart

U; = C" is given by (i—;, R Z’;’%), where the 1 is in the j*" place. The transition

morphism is thus given, up to the order of the coordinates, by

(3.3) (ST (1 3 C—”)

C_j7 C_j7 ceey ZJ
on C™"\ {¢; = 0}. As (3.3) is clearly holomorphic, we have equipped CP"™ with a complex
structure.

3.28.3. Complex tori. Let I" be a lattice in C™, i.e. a free additive subgroup generated
by a basis of C" over R. The group I' acts by translation on C”, and the action is
proper and fixed-point-free. The quotient T = C"/T" is compact. In fact, there exists a
R-linear automorphism of C* = R?" sending I' to Z?" so that this quotient is naturally
homeomorphic to (R/Z)" = (S')". Clearly, T admits a natural differentiable structure
for which the quotient map is a local diffeomorphism. We then put an almost complex
structure onto T by taking the holomorphic charts to be the local inverses of the quotient
map. As these local inverses are defined up to translation by an element of I', the change
of chart morphisms are given by these translations, which are obviously holomorphic.
Thus, T is equipped with a holomorphic structure.
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