KAHLER MANIFOLDS AND HODGE THEORY 1

These notes were made using handwritten notes by E. Looijenga that ap-
peared in the fall of 1992. They will be used during a mini-seminar on Kahler
manifolds and Hodge theory at the University of Nijmegen in the fall of 2001.
They are definitely not meant to fully cover the whole theory, many proofs and
details have been omitted. I only wrote these to get everything clear for myself,
and therefore they might be useful for other participants in the seminar.

Some references are:

1. R.O. Wells, Differential Analysis on Complex Manifolds, Springer 1980.

2. P. Griffiths and J. Harris, Principles of Algebraic Geometric, Wiley and sons
1978.

3. A. Weil, Variétés Kdhleriennes, Hermann 1971.

4. S. Kobayashi, Differential Geometry of Complex Vector Bundles, ITwanami
Shoten / Princeton University Press 1987.

1. is closest to these notes, while 2. (which has a more analytic approach) can be
used as a reference guide for complex algebraic geometry in general (covering far
more than only the subject this seminar). 3. is in French, which makes it quite
unreadable for me...I have never seen 4. actually, but others may want to use it
as a reference.

1 Analytic functions in several variables

We identify C* with R?" via 2z = (21,...,2,) < (2,¥) = (X1, o, Tp, Y1y -+ Yn)
where z, = z, + iy,. We give C" the norm ||z| = max}_, |z,| where |z,| =

Vaz+y2. If pe C" e > 0 then we define B(p,e) ={Z € C": ||z — p|| < &}

Definition. Let 2 C C" be open, p € 2, f: Q — C. We say that f is analytic
or holomorphic at p if for some € > 0 B(p,c) C Q and f is given at B(p,¢) as a
power series

F) =D an ok (zr =)™ (20— pa)

k1=0 kn=0

such that for 0 <r < ¢

Y kg, [P < 00
klv"'vkn

These notes are available through http://www-math.sci.kun.nl/math/“grooten/kahler.shtml
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Lemma 1.1 (Osgood). Let f : Q — C continuous and analytic in every variable.
Then f itself is analytic.

Let Q@ C C" be open, f : Q@ — C a C'-function. Write f(z) = f(z + 1y),
considered as a function from some open subset of R?" to C and define for v =
1,...,n:

af 1(af ,af)

0z, ) ox, _Zﬁyy
of _ 1(of of
0z, _ 2 \az, oy,

then we have

Proposition 1.2 (Cauchy-Riemann criterion). Let f be as above. Then f is
analytic on § if and only if g—zfy =0 forv=1,...,n.

Two other important properties of analytic functions are

Proposition 1.3 (Uniqueness of analytic continuation). Let 2 C C" be open
and connected and let f : Q — C be analytic. If for some p € € all the partial
derivatives (of arbitrary order) vanish, then f =0 on .

Proposition 1.4 (Maximum principle). Let Q C C" be open and connected and
let f:Q — C be a non-constant analytic function. Then f is an open mapping
and hence | f| has no local mazimum.

2 Smooth and complex manifolds

Definition. For an open subset 2 of R (resp. C") we denote by £(2) (resp.
O(€2)) the R-algebra (resp. C-algebra) of C'* (resp. analytic) functions Q@ — R
(resp. 2 — C).

Definition. A topological n-manifold (n = 1,2,3,...) is a Hausdorff-space
which admits a countable basis for its topology and which is locally homeomorphic
to R™.

We will treat the C* and analytic cases at the same time. Therefore, let K
stand for R or C, 8§ stand for € and O respectively and m stand for n resp. %n
(thus, in the latter case, n should be even!).
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Definition. Let! M be a topological n-manifold. An 8-structure on M consists
of a sheaf 8); of K-valued functions on M, such that the ‘coordinate transforma-
tions’ (which are functions between open subsets of K™) are in § and furthermore
for small open subsets U, 8y,(U) is isomorphic to the space of 8-functions on the
corresponding open subset of K™. An n-manifold with an S-structure is called a
smooth (or real) resp. complex manifold.

Nothing deep here so far, and we can define the notions of 8-morphism, iso-
morphisms and S-submanifolds in a straightforward way. If you have only seen
real manifolds so far: the analytic case is completely analogous to the C'*° case,
but one should be aware that not every smooth 2m-manifold can be given the
structure of a complex m-manifold! For example, the Cauchy-Riemann criterion
implies that complex manifolds are always oriented.

Easy examples of 8-manifolds are (open subsets of) K", P"(K), real and com-
plex tori, smooth submanifolds of these etc. Of course, since C™ = R?*™  any
complex manifold has a natural smooth structure.

Due to the maximum principle (which is a local statement and therefore also
valid for complex manifolds), the only connected compact submanifolds of C™ are
the single point sets. However, there are several examples of compact submanifolds

of P*(R).

3 Vector bundles

Definition. A K-vector bundle of rank r (or K"-bundle) £ consists of a con-
tinuous mapping 7 : E — B of topological spaces such that every fiber £, = 7~ 1(p)
had been given the structure of an r-dimensional K-vector space. Furthermore,

for every p € B, there exists and open neighborhood U of p and a continuous
h:Ey =n"1U) — K" such that

(i) for every g € U h|g, : B4 — K" is an isomorphism of vector spaces.
(ii) the map h = (h,7my) : By — K" x U is a homeomorphism.

A pair (U, h) as above is called a local trivialisation of {. If U = B can be
chosen, ¢ is called trivial. The spaces E and B are called the total space resp.
base of &.

If U C B is open, then a section of ¢ over U is a continuous mapping
s: U — E such that m o s = 15. The sections clearly form a sheaf of K-algebras
on B, denoted by €(§) or, with a little abuse of notation, simply by &.

! Although it works, the definition is a bit confusing: it mixes up two possible definitions.
However, since I assumed most of the readers have seen this before, I use this definition as it is
quite short
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It follows easily that if ¢ is trivial over U, then C(U, &) = Cy(K)" where Cy(K)
is the sheaf on continuous functions to K. From this we see that the notions of
K"-bundle and locally free C(K)-modules of rank r are equivalent.

Given two trvivializations (U,, hy) and (Ug, hg) of £, we define U, = U, N Up
and then we get a map

7—1

i -
K" x Uaﬁﬁ—>EUaﬁ —ha>Kr X Uag

which is trivial on the first coordinate and the first coordinate gives a continuous
mapping gas : Uag — GL,.(K). These so-called transition functions enjoy the
properties:

(1) Jaa = 17"
(i) Gap - 9oy~ Gra =1,

Conversely, given an open covering {U,} of B and continuous functions g,z :
Uss — GL,(K) satistying (i) and (ii), the we can glue the trivial bundles K" x U,
via the go5’s to get a K"-bundle over B.

If B has the structure of an 8-manifold, we can define holomorphic (§ =
0,K = C) resp. smooth (§ = &, K = R) vector bundles by demanding the
space F to be an S8-manifold and all the maps being S-morphisms. Similarly as
above, we get an equivalence between holomorphic resp. smooth K"-bundles and
locally free $(K')-modules of rank r.

Since vector bundles can be seen as vector spaces varying continuously (holo-
morphically, smoothly) with the base, we can extend several procedures on vector
spaces to vector bundles and thus get vector bundles

* D

* {@

e Hom(¢, n)

e ¢* = Hom({, K x B) (the dual bundle of &)
e \"¢ (the k-th exterior product of &)

o Sk (the k-th symmetric product of )

Now if £ and 7 are vector bundles over the same base space B, a vector bundle

homomorphism from ¢ to 7 (simply denoted as f: £ — 1) is continuous mapping
f: E — F such that f(E,) C F, and f|g, : E, — F, is K-linear for all p. If £ and
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7 are vector bundles with an S-structure, f is called an S-homomorphism if the
defining map f : £ — 7 is an S-morphism.

Given a K"-bundle ¢ = (7 : E — B), a sub(vector)bundle of rank s (0 < s <
r) is a subspace £’ C E with the property that for every p € B there exists a local
trivialisation (U, h : By — K" = K® x K™%) with p € U and E}; = h™'(K* x {0}).
It follows easily that ¢’ = (7|g : £ — B) has the natural structure of a vector
bundle. If ¢ is an 8-bundle and the (U, h) can be chosen to be 8-morphisms, then
¢ is called an 8-subbundle.

Finally, given a vector bundle ¢ = (7 : E — B) over a space B and a continuous
map f : A — B of topological spaces, we can pull back the bundle £ to get a
bundle f*¢ = (f*n : f*E — B) over A where

*E = {(z,a) e Ex A:m(zx) = f(a)} > (x,a)

; |

If £ has an S-structure and f is an S-morphism, then f*¢ has an S-structure.

Tangent bundles

Let’s conclude this paragraph with some important examples of vector bundles
that are essential for the remainder. For a real m-manifold M and p € M, we
define the real tangent space at p, Tk ,(U) to be the vector space of R-linear
derivations on the ring of germs of real-valued C*°-functions near p. Clearly, if
(x1,...,xy) are coordinates on U, we have that {8%1|p, ce 895 l,} is a basis for
Tr,p(U).

These vector bundles glue via the chain-rule for derivations to get a vector-
bundle Tk s = Tr(M) of rank m over M. This is called the tangent bundle
over M. To be a bit more precise: if (z1,...,z,) and (y1,...,yn) are two sets of
coordinates with y = Fox for some diffeomorphism F', then 8%1_ =2 (JF);
where (JF) is the Jacobian matrix of F.

Now if M is a complex m-manifold, we still have the R*"-bundle Tk 5; over
M, but we can also look at C-linear derivations on complex-valued C'*°-functions.
This gives a smooth vector bundle, called the complexified tangent bundle
over M and is denoted by Tr(M) or? T ar. Since Ty = Trr ®r C, we see that if
(21, .-+, Zm) (With 2z, = xy+z'y,,) are local coordinates near p € M then we see that

Tcp has {8%1|p, aiyl|p. ., 8% |ps 52 B |, } as a basis, but also {az1 |ps 22 35 lp- -, o 0|, =2 oz n}-

Jﬁy ?

2] want to be consequent in my notation and write between brackets the space on which the
thing ‘is defined on’, while I write all other things on which it depends as subindices. However,
in some cases there would be too much subindices and I have to abuse notation a bit.
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Now let M be a real manifold and T}, its (real) tangent bundle. We take a look
at (smooth) sections of A" T3, which are called r-forms on M and on an open
U C M we write ,(U) = €"(U) for these sections. We also have the sheaf of skew
commutative € y-algebras £%,(U) = & ,E"(U), called the algebra of differential
forms on M (note that E"(U) = 0 if r > m). The multiplication in €%,(U)
sends (o, 3) € E4(U) x EXU) to a A B € E4(U), where a A B = (—1)®B A a.
Furthermore we have that if f: M — N is a smooth mapping between manifolds,
then f defines a vector bundle homomorphism f, : Ty — f*T, which on its way
defines homomorphisms f*: f*€% — &Y.

Another important notion is that we have R-linear mappings d : €"(U) —
E(U) for all r, satisfying

)
) dlaAB)=da A+ (—1)*a ANdf (where a € E4(U)),
(c) If f: M — N is a smooth mapping and a € E*(N), then df*a = f*da,

) If  is a smooth function on (an open subset of) R™, so ¢ € €%.,.(U), then
dp=> 1, g—idxk.

These properties characterize d. We say that a differential form « is closed if
da = 0, it is called exact if it is of the form a = dg.

4 Differential forms on a complex manifold

We will start with some linear algebra.

A real vector space W can be complexified to get a complex vector space
We = C®c W. Elements of W¢ can be uniquely written as x + 1y, with x,y € W.
We have an R-linear involution z + iy — x — 1y called complex conjugation. W
can be recovered as the fixed point subspace {y = 0}.

We could also start with a complex vector space V' and regard it as a real vector
space of twice its dimension. Multiplication by ¢ becomes an R-linear transforma-
tion J : V — V, with the property J? = —1y,. Conversely, given a real vector-space
V with an R-linear map J : V — V such that J? = —1y,, we can give V the struc-
ture of a complex vector space via (a + ib)x = ax + bJ(x). We therefore say that
J defines a complex structure on V. Also —J defines a complex structure on
V', called the conjugate of V.

If we have a R-vector space V with a complex structure J, we can extend
J to to V¢ and get a C-linear map Je : Vo — Vi by defining Je(z + iy) =
J(x) +iJ(y) and it of course still satisfies J2 = —1y. For example, let M be a
complex manifold and p € M. If we choose local coordinates (z1, ..., z,) where

2, = x, + iy, then {8%1’ 8iy1 . %, a%n} is a basis for T ,. We have a R-linear
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map J on Ty, such that J(%) = 8%” and ‘](a%y) = —%. This J clearly satisfies
J? = —17, . Now if we look at the complexified tangent space at p Tc,p, we
now have {8%1, aiyl ce %, a%n} as a C-basis for this vector space, but besides the
complex structure from Jc we now also have a complex structure coming from the
multiplication by 1.

Since all coordinate transformations on M were required to be holomorphic,
Jc extends to an automorphism of the complexified tangent bundle of M, which
is independent of the choice of coordinates (See Wells, p. 28-29 for the details).
Therefore, we may apply the above local theory to tangent bundles of complex
manifolds. However, we first need to go into the linear algebra some more and
need a useful lemma.

Lemma 4.1. Let V' be a real vector space with complex structure J. Then

(i) The eigenvalues of Jc are i and —i
(ii) If V10 C Vi and VO C Vi denote the i resp. —i eigenspaces of Jo. Then
Ve = V0 @ VOl and complex conjugation interchanges these summands.
(11i)) The maps o : V. — Vg, x — x—iJ(x) and & : 'V — Vg, o +— z + iJ(x)
map V' isomorphically onto V10 resp. VO, Moreover o is C-linear with
regard to the complex structure coming from J (i.e. a(J(x)) =ia(z)) and &
is C-anti-linear (i.e. a(J(x)) = —ia(x))

ProoOF. This is an easy excercise using elementary linear algebra. O

Of course, a complex structure J on V' determines a transformation J* in V* =
Hom(V,R) still satisfying (J*)> = —1y~, so it determines a complex structure
on V*. Since Homg(V,C) = Hom(V,R) ® C, we can apply the lemma to get a
decomposition

Homg (V,C) = (V)X @ (V)™

where
(VY = {f € Homa(V,C) : f(J) = if(x)}
(VP! = {f € Homa(V,C) : f(Jx) = —if(x)}
Using the well-known isomorphism A\"(A @ B) = @y 0= A" A @ \? B we get

AHoms(v,0) = @ AV @ AV = (v

p+g=r C C

We may regard /¢ Homg(V, C) as the complexification of Ax Homg(V,R) = A" V*.
We therefore have complex conjugation defined on A Homg(V,C) and the ele-
ments fixed by it can be viewed as elements of A" V*, they are said to be real.
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It follows easily that complex conjugation interchanges (V*)P? and (V*)%P, so if
p # q, there are no real elements in (V*)P4.
The following important theorem is easy to prove:

Theorem 4.2. Let {z,...,2,} be a C-basis for (V*)'0. Then
{zas NNy NZj NN 1< < < S 1< gy <L < g Snd
is a C-basis for (V*)P1

An important notion is the fact that the above discussion is functorial. If (V, J)
and (W, K) are real vector spaces with a complex structure, and f : V — W is
R-linear such that foJ = K o f (so that f is in fact C-linear with the complex
structures). Then the natural map fc has the property that fc(V10) C WO
etcetera and therefore also fE((W*)P7) C (V*)Pa,

Let M again be a complex manifold of complex dimension n. As we saw above,
the local complex structures on the complexified tangent bundles glue to get a
vector bundle homomorphism J : Tk yy — Tg p with J? = —1p,,. We therefore
get splittings Tc y = T(é:% &> TCO:JIVI and A\"T¢ ;= @pyg=r(T¢ 5)P%. We usually
denote A" T¢ 5 by € 5 (which is the complexification of € ,,) and (T¢ 5,)P? by
&R, Sections® of this latter space are called (p, ¢)-forms or forms of type (p, q)
on M.

If we choose local coordinates (21, . .., 2,) near a point P € M with z, = z,+iy,
then we get the following spaces:
0 o 0 0
Tep = R{—,..., S Ty ey
’ ok Oxy, Oy OYn

9 9 0 i>

G, 9 G, G, G, G,
Tep)t = .. —V=C{ —, ... —
(Ter) “\om "oy +Z8yn> C<le’ ’6zn>
(Tep)'* = Cldxy +idyy, ..., dz, +idy,) = C(dz,...,dz,)
(T(S,P)O’l = C <d$l - Z‘dyla 7dxn - Zdyn> =C <d21, adzn>

3We will usually consider €L as a locally free €jp/-sheaf of certain rank, rather than as a
vector bundle of the same rank. As mentioned before, these two notions are in fact equivalent
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Therefore a (p, ¢)-form near P can be uniquely written as

W = E wily"wimjl,"',jqdzil VANPIAN dZZ‘p N del VAN deq

1< <ip,j1 < <dq

which will usually be abbreviated to »_, ;jw;;dz; A dz;. Here the w;; are C*-
functions. )

We can extend our operator d linearly to complex-valued r-forms. Here we write
for a complex-valued function f near P df = 0f + Jf where 0f = > 9 4z,

v Oz,

of =3, g—zfidé,,. Applying this to w above, we get

dw = Z &%i A de A\ dgl + Z 5&)271 A dZg A le

) 2%

- 7 7

::Vﬁw ::ng

We thus may conclude:

Proposition 4.3. On a complex manifold M, we have d(EY/) C ERtLa @y ghatl
Furthermore we may write d = 0 + 0 where 0 and O are the projections on the
first resp. second summand

Corollary 4.4. We have 0> =0, 0> =0 and 90 + 00 = 0.

PROOF. Using d? = 0, we get for a € EX(U) for some open U C M:

0=d’a=(0+0)a= P + (0049 + Do
p+2,q mfﬁrl_/ D,q+2
ey (U)  e&ytU) e &TU)

O

As a final remark, we notice that of the bundles of (p, ¢)-forms, only the (p, 0)-
forms for arbitrary p have a natural analytic structure. We will prove this for
(T¢ or)™°, which suffices, since (T¢ ,)P° = AP(T¢ )"

If we have a local chart (hq, ..., h,) on an open subset U C M then (dhq,...,dh,)
is a local trivialisation of (T¢ ,)"°. If b’ : U — C" is another chart, then we have

ONh~!
azk

o}

dhf = " girdhy, with g, =

k=1

and thus the g5 are analytic functions.
We have the following proposition which is easy to prove:

Proposition 4.5. A (p,0)-formw defines an analytic section if and only if Ow = 0.
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We will denote the sheaf of analytic (p,0)-forms on M by Q4,. Those forms
are called holomorphic of analytic p-forms and from the proposition it follows
that they can be written locally as ). w; - dz; where all the w,; are holomorphic
functions. )

Remark 4.5.1. Instead of assuming M to be a complex manifold, we could also
have assumed that M is a real manifold of even dimension, with a vector bundle
automorphism J : T py — Tg s satisfying J? = —1. A real manifold with this
property is called an almost complex manifold, while J is called the almost
complex structure. Some (but not alll) of the above theory still holds for
almost complex manifolds. However, one should be aware that there are examples
of almost complex structures that don’t arise from complex structures. See also
the book of Wells.

5 Grothendieck’s Lemma

An important tool in the study of manifolds is the following lemma, which is also
known as the 0-Poincaré lemma or as Dolbeaults theorem:

Lemma 5.1 (Grothendieck). Let 0 < r < oo and consider A, = B(0,r). If
q>1 and a € EPI(A,) satisfies o = 0, then a = O for some (3 € EPI7I(A,).

ProoF. I will not give the proof, since it is quite technical and not really inter-
esting (the idea is to integrate « locally and then using limits). Its methods will
not be used in the remainder of these notes. O

An analogue statement for smooth functions is the following

Lemma 5.2 (Ordinary Poincaré Lemma). Let 0 < r < oo and B, = {z €
R™ : |z;| <7 j=1,....,n}. Ifa € EYDB,) for some q > 1 satisfies da=0, then
a =dg for some 3 € ETY(B,).

Since smooth (resp. complex) manifolds can be covered by open subsets dif-
feomorphic to the unit ball in R™ (resp. C"), these lemmas imply that that sheaf
homomorphisms d : €71 — &% and 0 : P41 — EPY are exact. This is an
important property which will be used in the following sections.

Remark 5.2.1. Although we will not use it, the equivalent of Grothendieck’s
Lemma with 0 instead of 0 is also true. This follows immediately from the fact
that O is the conjugate of 0.
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6 Resolutions

In this and the following sections we will study sheaf cohomology. Hereto we will
develop the important tool of resolutions of sheaves. Therefore of course, some
sheaf theory should be known. There are several good introductions to these, for
example the book of Wells. We will assume all sheaves to be sheaves of a so-called
abelian category, that is a category 2 with the following properties

e For all objects A and B of 2, Hom(A, B) has the structure of an abelian
group with the composition law being linear

e Finite direct sums exists

e Every morphism has a kernel and a cokernel in
e Every monomorphism is the kernel of its cokernel
e Every epimorphism is the cokernel of its kernel

e Every morphism can be factored into an epimorphism followed by a monomor-
phism

Such sheaves are called abelian sheaves.

Examples of abelian categories are the category of abelian groups and the cat-
egory of vector spaces over some field & (these are in fact the only two examples
we will use). Be aware that rings and k-algebras do not form an abelian category
(the kernel of a homomorphism of rings is not a ring anymore!), at least not if we
assume them to have a unit element for the multiplication. If X is some topological
space and 2 some abelian category, we write 2A(X) for the category of 2-sheaves
on X, it is easy to see that 2(X) is also an abelian category.

Definition. Let X be a topological space. A sequence of sheaves and homomor-
phisms
da

e = ( .. a1 da~t Cq e+l i+t .. )

is called a sheaf complex if d7d?~! = 0 for all q. If in fact Ker(d?) = Im(d?"!)
for all ¢, then we say that the sheaf complex is exact. We define H9(C(X)), the
g-th cohomology group? of the sequence € to be Ker(d?)/Im(d?"1)(X), which
is the global sections of the sheaf Ker(d?)/Im(d?!).

If C* and D* are sheaf complexes on X, the a homomorphism from €* to
D* is a sequence of sheaf homomorphisms f¢ : ¢ — DI such that d?f7 = fatid?
for all g. From this property it follows that the f? induce homomorphisms of the
corresponding cohomology groups.

4Be aware of a little abuse of notation: if the sheaves are all C-vector spaces, which they
usually will be in our case, then so are the cohomology ‘groups’!
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Given a sheaf F on X, then a right resolution of X is an “embedding” of &
into an exact sheaf complex

0 F e° e! e?

If F — @C*and F — D* are both right resolutions of &, then a homomorphism
of the first resolution to the second is a homomorphism G* — D*® such that

F——=0C°

AN

D.
commutes.

The reason for introducing resolutions is that they play an important role in
the computation of cohomology for sheaves. However, it turns out to be useful to
work with resolutions with one extra property.

Definition. A sheaf JF is called flabby (resp. soft) is for every nonempty open
(resp. closed) subset A C X the restriction map F(X) — F(A) is surjective. We
have similar notions of flabby and soft sheaf complexes and resolutions & — C°,
with the important notion that all the C%s need to be flabby (resp. soft), not
necessarily F!

Remark 6.0.2. Since for a closed subset A C X, F(A) is defined as

F(A) = lim F(U)
UDA

where the U is taken over the open subsets, we have that flabby implies soft.
On smooth manifolds, we have many soft sheaves:

Lemma 6.1. Let £ = (7 : E — M) be a smooth vector bundle over a smooth
manifold. Then its sheaf of smooth sections E(E) is soft.

PRrROOF. Let A C M be a closed subset and s € £(£)(A), which means that s
can be represented by a smooth section of & over some open neighborhood U of
A. Using so-called ‘bump-functions’ together with a partition of the unity, it is
easy to construct another representative of s, defined on the whole M, which is 0
outside a smaller open neighborhood of A. O

Sthat is, a C°-function that is constant 1 on some closed subset and constant 0 outside a
neighborhood of that closed subset
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Remark 6.1.1. This lemma can easily be generalized as follows: Let F be some
sheaf of €j;-modules. Then JF is a soft sheaf.

Remark 6.1.2. From the maximum principle (proposition 1.4) it follows easily
that holomorphic bump-functions don’t exist, so the analogue statement for holo-
morphic vector bundles is not true! For example, take M = P!(C) (which has no
non-constant holomorphic functions), A some small closed subset and F the sheaf
Oy of holomorphic functions.

We already have many important examples of (soft) resolutions:

(i) (the De Rham complex) Let M be a smooth manifold of dimension m
and R,; be the constant sheaf R on X, then we have a soft resolution of R;:

0 Ry ey, 4l doe2 d. ... _d em d_

The exactness at €9, (¢ > 1) follows from the ordinary Poincaré lemma, the
exactness at €9, follows from the fact that for some C'*-function f we have
df = 0 < f locally constant.

(ii) (the Dolbeault complex) We have a complex

d 1 9 8 d n 8
&N 5 en 0

0 0f, eny

By Grothendieck’s lemma, this complex is exact in degrees > 1 and by an
easy exercise it also is exact in degree 0.

(iii) (the Holomorphic De Rham complex) Let M be a complex manifold
of complex dimension n, then using a holomorphic version of the Poincaré
lemma, we have a resolution

0 CM Q(])w d Q}w d Q?M d . d Q% d 0

However, it is easy to see that the sheaves Q}, are not soft, so this is not a
soft resolution of C,;.

(iv) We can combine the situations of (ii) and (iii). Hereto we mention that
(—1)?9 defines a homomorphism of complexes €77 — EXF* since 900 = —0.
This homomorphism is compatible with d : Qf, — Qﬁ} '

Eﬁ}; — 85\7/"’['1"

|

D d p4-1
QM QM
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commutes. We therefore obtain a so-called double complex

0 0 0
02 0 1,2 0 22 0
8M 8M 8M
0 0 0
01 9 011 -9 o21 —0O
8M 8M 8M
0 0 0
00 0 1,0 0 20 0
8M 8M 8M
0 d 1 d 2 d
0 0 0

where all horizontal and vertical complexes are exact. This is an example
of a soft resolution (namely €3;) of a resolution (namely 23,). Note that if
we take down-right-diagonal direct sums, we get the complexified De Rham
Complex (EF y; = Bprq=rEP,0+ 0 = d).

The above example can be generalized as follows: Let 1 be a holomorphic
vector bundle over M of rank r. Let €7%(n) be the sheaf of smooth sections
of (Th)P*®@mn. If U C M is open and {si,...,s,} is a basis of holomorphic
sections of n(U) (this means that for all z € U {s1(z),...,s,(z)} is a basis
for the vector space n,), then every s € EP9(n)(U) can be written uniquely
as

5 = Zwy ® s, with w, € EPYU)
v=1
Now we with to define ds € EP4t1(n)(U) by >/ _, dw, @ s,, but we should
first check that this is independent of the chosen basis. This is indeed the case
and follows from the easy fact that the natural homomorphisms 7?7 ® n —
EP4(n) are in fact isomorphisms. Now we can act as above and we see that
the sequence

01— €00 () = €0 () T - 2 () ——0

is a resolution for 7, since 7 is locally just the direct sum of r copies of the
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structure sheaf O, and the exactness may be checked locally. Forn = (T;;,)P°
we get the Dolbeault resolution of QF .

Remark 6.1.3. The reason why this last example worked (and why it doesn’t
work with @ instead of ) is that 0 is Op-linear. This means that if f is a
holomorpic function on some open subset of X and w is a smooth section of some
Op-module (e.g. w € EP4(U)), then by the chain-rule: d(fw) = I(f)w + fow =
fOw. Of course this does not hold with 0 instead of 0.

7 Cohomology of sheaves

To start this section we will repeat some of the main properties of sheaf coho-
mology. There are several introductions to cohomology theory in the context of
algebraic geometry. The famous book of Hartshorne® contains a precise introduc-
tion to the subject, but it is quite abstract, without much explaining why things
are done. Better for our purpose are the books of Wells and Griffiths-Harris.

We will repeat the main properties of sheaf cohomology:

(I) For ¢ > 0 HY(X,-) is a covariant functor from A(X) to 2, where again 2 is
an abelian category. This means that for every abelian sheaf ¥ on X we have
defined objects H1(X,F) (¢ > 0) and for each homomorphism f:F — G a
morphism H(X, f) : HY(X,J) — H9(X, §) such that H9(X, 15) = Lya(x, 7
and HI(X, fog)=HYX, f)o HI(X,g).

The object H1(X,F) is called the ¢g-th cohomology group of &, again with
a little abuse of notation.

(IT) H°(X,F) is equal to the object of global sections of F with H(X, f : F — §)
being the natural morphism induced by f.

(III) A short exact sequence of abelian sheaves

0—F TG Tog— 0

gives rise to a long exact sequence of cohomology groups

0 0
0— HO(X,9) ——D s pgox, 6) 52 go(x, 50—~
X, ) D gx gy Dy g 0

6R. Hartshorne, Algebraic Geometry, Springer 1977.
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where the homomorphisms §9 : H4(X, H) — HY (X, F) are functorial in the
sense that homomorphisms of short exact sequences induce homomorphisms
of the corresponding long exact sequence.

(IV) For a flabby sheaf ¥ on X we have that H4(X,JF) =0 for all ¢ > 1.

Remark 7.0.4. One possible way to define a cohomology theory for sheaves on
some topological space X is the following method, due to Godement:

Let for a sheaf ¥ on X CY(F) be the sheaf which asserts to each open U C X
the product [] ., F, (where J, is the stalk of F at x). Furthermore, let for n > 1
C™"(F) = C°(C™"1(F)). We then get a sheaf complex

0—F—C%F) —CYF) ——---
and we define H"(X,J) := H"(C*(F)(X)).

A sheaf F with the property H4(X,F) = 0 for all ¢ > 0is called acyclic. Acyclic
sheaves might help us to compute cohomology of general sheaves, for example using
the following propositions:

Proposition 7.1 (‘Abstract De Rham Theorem’). Let 0 — F — C* be a
resolution of an abelian sheaf. Then there are natural homomorphisms

v HY(E(X)) - HY(X,F) (¢=0)
which are isomorphisms if C* consists of acyclic sheaves.

PROOF. For ¢ = 0 this is easily verified.
Let G := Ker(€!' — €?), then we have a short exact sequence

0 F Q0 § 0
which gives rise to a long exact sequence
0—F(X) —C"(X) —=§(X) — H'(X,F) — H'(X,C%) —---

Now use G(X) = Ker[C!(X) — €*(X)] so that we get an exact sequence

0—— H'(E(X)) 2 HY(X,F) —= H (X, C0) — > -

which settles the case ¢ = 1. .

For ¢ > 2 we proceed with induction: write C® for the complex €2 — €3 — - - .|
which gives rise to a resolution § — €2 — @3 — ... of §. By the induction
hypothesis we have a homomorphism

A HTYE) — HY(X, G)
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which is an isomorphism if €* is acyclic. Notice that H?'(C) = HY(C(X)). From
the first exact sequence above we get a homomorphism ¢! : H7 (X, §) —
HY(X, ), which is an isomorphism if C° is acyclic. Now take v7 := §7to477L. O

Proposition 7.2. Let X be a paracompact’ Hausdorff space, then every soft
abelian sheaf on X is acyclic.

PROOF. See Wells, p. 55. The idea behind the proof is that the global sections
functor is exact for soft sheaves, while the H? measure the ‘non-exactness’ of this
functor. O

Using these propositions and the examples of the previous section, we have some
concrete descriptions of certain cohomology groups:

(i) Let M be a smooth manifold of dimension m. Then the De Rham complex
€Y, is a soft hence acyclic resolution of the constant sheaf R); on M. We
therefore get

global closed forms .
= in degree ¢

HYM,Ry) = HY(EY (M), d) =
(M, Rur) (€3,(M),d) global exact forms
In particular: H1(M,R,;) = 0 for ¢ > m.

(ii) Let M be a complex manifold of complex dimension n. Let 1 be a holomor-
phic vector bundle over M. We saw that £%*(n) is a soft resolution of 7,
hence

H(M,n) = H'(E"*(n)(M),0)
and in particular H4(M,n) =0 if ¢ > n.

Remark 7.2.1. The cohomology groups H4(M,R,,) are sometimes called the De
Rham cohomology groups. If we want to distinguish them from several other
possible cohomology groups, we will denote them by Hi; (M, R). The cohomology
groups H9(M,n) are called the Dolbeault cohomology groups of 7.

8 Hodge and De Rham theory on compact ma-
nifolds

Let us return to some linear algebra. Let V' be a real m-dimensional vector space.
A nondegenerate positive definite inner product S : V x V — R on V determines

"Every open covering of X has a locally finite subcovering. It is easy to show that topological
manifolds are paracompact
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one on its dual V* and on all the exterior algebras of V and V*. They can be
characterized as follows:

Let {e1, ..., en} be an orthonormal basis for V' (which fully determines S), then
the dual basis {z1,..., 2} is orthonormal for the induced form on V* and {e;};
resp. {z;}; are orthonormal bases for the forms on the exterior algebras. The two
elements of the form z; A -+ A z,, of A" V* that arise in this manner are the
two elements of the one-dimensional vector space \™ V*. Picking out one of them
(which will call p) is the same as choosing an orientation of V. p gives rise to an
isomorphism det : A" V* = R sending u to 1.

The inner product S and the orientation on V' enable us to define the so-called

star operator
q m—q
w: \V > AV

characterized by the property that S(«, 5)u = a A x(3. In terms of an oriented

orthonormal basis {x1,...,x,} of V* we get:

*T; = Ty
where i’ is the complementary set of 4 in {1,...,n} and the sign is the sign of the
permutation (1,...,m) — (¢,7). From this it follows easily that #* is multipli-

cation by (—1)2m=9) in A?V*. In particular, * is an isomorphism of A?V* onto
ATVE

Now suppose that V' has a complex structure J (so that m = 2n is even!). This
determines an orientation of V' since we can choose a complex basis {e1,...,e,}
of V and then {ey, Jey,...,e,, Je,} is an oriented basis. This construction is
independent of the chosen complex basis.

A Hermitian form on V is an R-linear mapping H : V x V — C such
that H(Ja,b) = iH(a,b) (C-linearity in the first variable) and H(b,a) = H(a,b)
(hence C-anti-linearity in the second variable). We can write H = S + iA, with
S,A:V xV — R both R-linear and then these properties become:

(i) A(a,b) =—S(Ja,b)
(ii) S(a,b) = S(b,a)
(iii) A(a,b) = —A(b,a)

It follows that both S and A are J-invariant (S(Ja, Jb) = S(a,b), A(Ja, Jb) =
A(a,b)). Conversely, given a J-invariant symmetric form S: V x V — R, we can
define a Hermitian form H on V by H(a,b) := S(a,b) —iS(Ja,b) and similarly, a
J-invariant anti-symmetric form A defines a Hermitian form on V' via H(a,b) :=
A(Ja,b) + iA(a,b).
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We may regard A as an element of /\2 V* via the projection V*@V* — V*A V™
(a®pB+— anp)® and \*V* as a subspace of A& Vi The J-invariance of A then
means that A € (V*)1. We see that it is equivalent to give

(i) a Hermitian form on V/
(ii) a J-invariant symmetric form on V
(iii) a J-invariant anti-symmetric form on V'
(iv) an element of A*V* of type (1,1) (i.e. an element of (V*)11 N A?V*)

Now suppose the H is positive definite, so H(a, a) > 0 if a # 0 (this is equivalent
to S being positive definite). Then there exists an orthonormal basis (for S) of
V of the form {ey, Jey, ..., e, Je,}. Let {z1,y1,..., 20, yn} be the corresponding
dual basis and let {z, = 2, + 1y, },=1._, be the associated basis of (V*)'0. It is
easy to see that H is given by

H(a,b) = z(a)z(b)

k=1

and hence

n n

1 1 _
A(a,b) = % zk(a)zk(b) — zi(a)zx(b) = 7 Z 2k A Zg(a, b)
k=1 k=1
since the images of 2z, ® Z; and —Z; ® z; in /\<2c V¢ are the same. This shows once

more that A is of type (1,1). In terms of the z’s and the y’s, this 2-form becomes

n n

1
A:T l’k+1yk /\l’k—iyk =—-2 l’k/\yk
- ;( ) A ) kz:;
We will later consider Q := —3A4 =377, x5 A Y.

We transport the Hermitian form to V& as follows. The real part S of H is a
positive definite inner product on V' which is invariant under J and hence defines a
positive definite inner product on V*, which is again invariant under J. We extend
this inner product to a Hermitian form on V{¥ via

{a+if,y +id) = (S(e,7) + 5(8,9)) +i(S(8,7) — S(a,0))

(Note that this is the only possible choice!). The orthonormal basis {z1, y1, .. ., Tn, Yn }
of V* for S is also orthonormal for (, ). Another orthonormal basis for ( , ) is

1 1 1 3 1 3
{Ezl,...,ﬁzn,ﬁzl,...,ﬁzn}

8This gives in fact an isomorphism between /\2 V* and the space of anti-symmetric forms on
v
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so we see that (V*) and (V*)®! are perpendicular. We can apply the same
construction to A*V* and define a Hermitian form { , ) on A® Vg which has as
orthonormal basis

1 1 1 1

and we see that all the summands (V*)P? of A\* V¢ are mutually perpendicular
with respect to ( , ).

We can also extend our star operator = : A" V* — A*" " V* which is defined
by S, to A* V¢ in an anti-linear? way:

*(a+10) = xa — ix[

We want to know the effect of * on the above basis. Hereto we first consider
the one-dimensional case: we have {x,y} as an oriented orthonormal basis, and
*T =Y, ¥y = —T S0 we get

x]1 = x/\y:}%z/\é

xz = kxr—ixy=y+ix=1i(x —iy) =iz

xZ = *x+ixy=y—ir=—i(x +iy) = —iz
#(52NZ) = *(zAy)=—1

In order to generalize this, we first adapt some notation:

0,1

)y V=Ll Az, (=1, )

- 1,0 . _
wi=1, wi=2,, w y 5

M =2, w

Then every element of the above basis can be uniquely written, up to a sign and
multiplication by some constant, as

wflvql A A wy]/:an

If we denote by *, the 1-dimensional star operator in the v-th coordinate, then an
easy computation shows that

k(WP A WP ) = £ (WY A A (kP )

where the sign is in fact
(—1)Zj<k(pj+qj)(pk+mc)

We therefore see

9%some authors extend * in a linear way, but this appears to be more natural.
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Proposition 8.1. * defines an isomorphism of NV V& onto N 7" P V.

Let us return to a smooth manifold M of dimension m, which we from now
on assume to be compact. We suppose that M is oriented (that is, every tangent
space T,M has been oriented and this orientation is locally constant). We have a
bilinear map

([):E(M)yxeE™"(M)—R

(@lg) = [ ans

(here we already need M to be oriented!). We extend this map to E*(M) x E*(M)
by putting it zero if the degrees do not add up to m. If « € €"(M) and [ €
gm=r=1(M) then we have

(dalp) = /Mda A B
_ /M {d(a A B) - (~1)a AdB)
= (—1)’"“/ aAdB (by Stokes’ theorem)

= (=" (aldp)

From this it follows that if & and [ are closed forms, then («|/3) only depends on
their cohomology classes, so that ( | ) induces a pairing

(): H'(M,R) x H""(M,R) — R

This is a so-called perfect pairing in the sense that the involved vector spaces
are finite dimensional and that

H"(M,R) - H™ " (M,R)", aw— (o] )

is an isomorphism. This is in fact a topological result (a consequence of Poincaré
duality), but will shall give an analytic proof below.

Give M a Riemannian metric S. Since M is oriented, we can extend the local
operator * to get a sheaf homomorphism * : €}, — & ". The element *1 €
E™(M) is called the volume element of M, it will be denoted by du '°. We

10This notation is standard but confusing: in general du need not to be exact. In fact: if M
is compact it is not, by Stokes theorem
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can extend S in a natural way to E"(M) and we get for o, 5 € E"(M): a A3 =
S(a, B)dp. We define

(@, B) = (al+B) = /M o Al = /M S(a, B)dp

which is R-bilinear. The latter equality shows that («,«) > 0 unless a = 0, so
that (, ) is a positive definite inner product on E°*(M).

Lemma 8.2. Let d* : &, — &%, be defined by d* := (—1)"x~'dx. Then for
a, € E(M) we have (da, B) = (o, d*B). (We say that d* is a formal adjoint
ofd.)

PROOF. Let o € E"(M), f € EH(M). Then (da, 8) = (da|*3) = (—1)" " (a|d*
B) = (=1 Ha, +71dxf) = (a,d*f). O
Definition. We define the Laplace operator to be A := dd* +d*d : &}, — &},.
Remark 8.2.1. If we take M = R™ with the standard metric (dz;)?+- - -+ (dx,,)?,
then even though M is not compact, we can define d* and A. Now if f: M — R

is a smooth function, then an easy exercise shows that A(f) =—3>"" | 227{, which
explains the name of the Laplace operator.

The following lemma gives an important property of the Laplace operator:
Lemma 8.3. For a € E"(M), the following are equivalent

(i) da =0 and (o, dB) =0 for all § € EH(M).
(i1) dao = d*a =0
(111) Aa=0
Moreover, A commutes with both d and %, hence also with d*.

PROOF. (i) <= (ii) follows from the above discussion, while (ii) ==(iii) is trivial.
If Ao =0, then

0= (a,Aa) = (a,d"da) + (o, dd"a) = (dev,da) + (A", d*v)

and since ( , ) is positive definite, this implies dae = d*« = 0. The second statement
is trivial from the definition of A. O

We call a global r-form o € €"(M) harmonic if it satisfies Ao = 0. The
harmonic r-forms form a linear subspace H"(M) of E"(M). According to the
lemma, this is just the orthogonal complement relative to ( , ) of the exact forms
in the space of closed forms. In particular we have an injection

H(M) — H(E(M),d) = H'(M,R) , aw [a]

We have the following important but highly nontrivial theorem:
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Theorem 8.4 (Hodge-Kodaira). H"(M) is a finite dimensional vector space
and H" (M) — H"(M,R) is an isomorphism.

PRrROOF. See Wells or Griffiths-Harris. O

Corollary 8.5 (Poincaré duality). The pairing

(1): H (M,R) x H""(M,R) — R

18 perfect.

PROOF. From the lemmas it follows that * defines an isomorphism of H"(M) =
H™ (M), so ([af[[xa]) = (axa) = (@, @) # 0if o # 0. Therefore, if ([o]|[3]) = 0
for all [3] # 0, then [a] must be 0, showing that the pairing is perfect. O

For the remainder of this section, we assume M to be a compact compler man-
ifold of complex dimension n, while 77 is a holomorphic vector bundle over M of
rank k. We will discuss the analogue of the above for the (Dolbeault) cohomology
groups of 7.

If we denote by n* the holomorphic dual bundle of 7, we can define a sheaf
homomorphism

A EPU) @ EMPMAT) — &y, (a®s) @ (B®0)—o(s) - anp

Lemma 8.6. Ifw € &M4(n)(U) and ¢ € EP 1 (n*)(U) for some open U € M
then d(w A () = 0w A ¢+ (—1)PTw A OC.

PROOF. Write w =) a; ® s; and ( = ) ® o). Then

dwA() = O(wA() (sincewA(Ce 87/}"_1)
_ 9 lz s, Aﬂk]
7,k
— z}; o1(s;)0(aj A Br)
B ]Zl;ak(sj) {00 A By + (=1)P 0, A OB }

= OwA(+ (=1)PMw A
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Now define
():EPUn)(M) x EPmi(n*)(M) — C

(o) :=/Mm<

which is C-bilinear. We can extend it to a bilinear form on £**(n)(M)xE**(n*)(M)
by putting it zero if the bidegrees do not add up to (n,n). From the lemma and
Stokes’ theorem, it follows that (| ) induces a pairing on the Dolbeault cohomology
groups

(1) HPOM,n) x H"P9(M, ") — C

(where HP9(M,n) = HI(EP*(M,n),0) = HI(M,Q5, ®n)). Just as in the smooth
case, we will show that this is a perfect pairing of finite dimensional vector spaces.

Let us be given smooth Hermitian metrics Hy; and H, on the bundles T resp.
n.'t. The Hermitian form H, on 7 defines an anti-linear homomorphism uy : n —
n*, s — H(-,s), which is smooth but not necessarily holomorphic. Together with
the anti-linear star operator on €*°, this defines an anti-linear operator

EPI(n) — E"PI(n)
D a;@s; ) (xay) @up(sy)
j j

which we will also denote by .
Now define
(, )€ (M) x &% (n)(M) — C

(o, ) == (o] *)

One can easily check that (, ) is C-linear in the first variable, that («, 5) = (5, @)
and that (a,a) > 0 unless @« = 0. So we see that («, ) is a positive definite
Hermitian form. This makes £**(n)(M) a so-called pre-Hilbert space®.

We now can proceed as in the real case and define 9* := (—=1)P*7x"10x :
EP4(n) — EP71(n). Then we again have that (Ow,() = (w,0*¢). We further
define the Laplace d-operator Aj to be

Ag = 00" 4+ 070 : EP(n) — EPI(n)

and just as above we see that the following are equivalent:

1A smooth Hermitian form on a smooth bundle ¢ is simply a positive definite Hermitian
form in every fiber, which varies smoothly with the base point. Using a partition of the unity,
one can show that such forms always exist.

12that is, a complex vector space with a positive definite Hermitian form on it.
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(i) O =0 and (o, 0B) = 0 for all § € EP97(n)(M).

(ii) da = d*a =0
(iil) Aga=0

The subspace of £P9(n)(M) consisting of the forms a with Aja = 0 is denoted by
HP9(M,n). We have the following theorem which follows from the same general
result as the Hodge-Kodaira theorem:

Theorem 8.7. The space HPI(M,n) is finite-dimensional and the natural map
HP4(M,n) — HPI(M,n) is an isomorphism.

Corollary 8.8 (Serre Duality). dim H”(M,n) < oo and the pairing
(1) HP9(M,n) x H*P"9(M, ") — C
1s perfect.

PROOF. Similar as the proof of 8.5. O

9 The exterior algebra of a Hermitian vector space

Just as before, we start with some linear algebra. Let V' be again some real vector
space of dimension m = 2n with complex structure J : V. — V and a positive
definite Hermitian form H on it. Let {x1,y1,...,Zs, yn} be an orthonormal basis
of V* as in the previous section (so we have Jx, = y,). We saw there that
H(a,b) =3""_ z,(a)z,(b), where z, = z,, + iy, and that the imaginary part A of
H corresponds to the 2-form > "_, z, A Z,. We define

Q= —%A = zn:a:,,/\y,, = zn:wy
v=1 v=1

and we notice that

Q"=QN---ANQ=nl-zy ANy N2, Ny, =n!-p

n

We define an operator L on \* V¢ by
L(w) :=QAw

(so L maps r-forms to (r + 2)-forms). Recall from the previous section that we
have a natural Hermitian form ( , ) on A*V{ and an anti-linear star operator
w1 N VE— A*" Vg such that

(o, By = ae A xf3
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Let L* be the adjoint of L with respect to ( , ), which means by definition that
for all a, (8

(La, B) = (e, L*()

Since (Lo, B)pu = QAaAx8=aAQA*3 = {(a,*x L(x3))u it follows that in fact
L* = x~'Lx. Note that L* maps r-forms to (r — 2)-forms.

Proposition 9.1. L*L — LL* acts on \" V¢ as scalar multiplication by n —r.

PROOF. Let w be a basis element of A"V of the form w = W™ A -+ A wPrin,
Then

L'Lw) = *'L*(QAW)

= 'L x Z fl’ql/\.../\wl’l/\.../\wgmqn
V(pu qy) (00)

= %1 i(*lw{”’ql) A AWPOA A (Pt

v: (pu QV

wp““/\ CAWOA A WPI =g - w

= ( (WY A AP A A (P )
v)=(0,0)

v:(pu,q

whete oo = #{v : (pr,) = (0,0)}. Similaly, if m 4 = #{v : () = (1, 1)},
then LL*(w) =ny1 -w. So (L*L — LL*)(w) = (noo — n1.1)w-

We finally observe that ngg —n11 = .., (1 — p, — ¢,) (this is far more easy
than it appears to bel), so that ngo —n1; =n — total degree of w =n —r. O

Let B: A\* V¢ — A°® V¢ be defined as multiplication by n — r in degree . The
preceding proposition then says

L*,L] = B

and the fact that L increases the degree by 2 and L* decreases it by 2 can be
expressed as:

[B,L] = —2L

[B,L*] = 2L~
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so the C-linear span of these three operators within End(A°® V) is closed under
[, ], which makes it a subalgebra of the Lie algebra End(A°® V). This subalgebra
is isomorphic'?® to the Lie algebra sl,(C) of complex 2 x 2 matrices with zero trace.
The isomorphism is in fact given by

* (01
L HX—(OO)

00
L}—>Y—(10)

1 0
B — H—(O _1)

It can be checked easily that [X,Y] = H, [H,X] =2X and [H,Y]| = -2Y.

We will now discuss some representation theory, and since we are only interested
in the case of sly(C) we will restrict to this special case, of course there is a far
more general theory behind this.

Definition. A representation of sly(C) is a finite dimensional complex vector
space W with a homomorphism of Lie algebras sl (C) — End(W). In other words,
we have three operators X, Y and H in W satisfying

[X,Y]=H,[H X]|=2X,[HY]=-2Y

An example of a representation is of course the case W = C? with ordinary
matrix multiplication. This is called the tautological representation. The
standard operations on vector spaces (such as ®, @, Hom, Sym”*, dual) can be
used to make new representations from existing ones. For example, if W; and W,
are representations of sly(C), then W, ® W5 is a representation defined by sending
o € sl3(C) to the endomorphism:

ry—or)1+1®0(y)

We are especially interested in symmetric powers of the tautological represen-
tation. Note that we have

Sym* C? 2 C-span of {e]eb™ ;?:1 ( = polynomials of degree k in e; and ey)

13isomorphic as Lie algebras, which means an isomorphism of vector spaces, leaving the Lie

bracket invariant. So we will disregard multiplication that we may have: H? is multiplication by
(n —7)? in degree 7, while B? is the identity
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We define the representation Sym, C? by sending o = (¢ Z) € sl5(C) to the endo-
morphism which sends eles 7 to

b s e 4 g el
where e;* = e;' = 0. The case k = 0 gives the representation which sends every
o € 5l3(C) to 0 € End(C). This is called the trivial representation.

It can be shown that the action of H on W is diagonalizable. If you do not want
to belief this: it is trivially true in our cases, so you may assume we restrict to the
cases in which it is true. If we denote by W, = Wy (H) C W the A-eigenspace of H
within W, then this yields W = @, W, (of course, only finitely many summands
are # 0).

We need some technical but not really deep lemmas:
Lemma 9.2. X maps Wy to Wy,o and Y maps Wy to Wy_,.

ProoOF. For w € Wy we have HX (w) = (XH + 2X)(w) = X(\w) + 2X (w)
(A + 2)X (w) and similarly HY (w) = (A — 2)Y (w).

Ol

Definition. We call an eigenvector v € W, primitive (of weight \) if Xv = 0.
The space of primitive vectors of weight A is denoted by Pj.

Lemma 9.3. If v € Wy, is nonzero then there is an integer k > 0 such that X*u
is nonzero and primitive (of weight X + 2k ).

PROOF. The elements X, Xv, X?v, ... are eigenvectors of H with eigenvalues \, \+
2,A+4,... and hence are all different (as long as they are nonzero). Since W is
finite dimensional, for some k& > 0 we have X**1y = 0, while X*v # 0. O

Lemma 9.4. I[fv € Py, then XY*(v) = k(A +1—k)Y* 1(v).
ProOF. Using induction on k. The case k = 0 is trivial. For £ > 0 we have
XY* () = XY Y1)
= (YX + H)Y* ()
= Y XY )+ HY"(v)
= Y - (k—1)A+1—=(k—=1))Y*"20)+ (A —2(k—1)Y*(v)
{(k—=1D)A+2—k) +(\—2k+2)}Y"(v)
EO+1—k)Y*(v)

using induction and lemma 9.2. U



KAHLER MANIFOLDS AND HODGE THEORY 29

Corollary 9.5.

(i) If Wy #0, then A € Z and if Py # 0 then \ € N.
(ii) If v € Py — {0}, then Y 1 (v) = 0 and {v,Y (v),...,Y*(v)} is a basis of a
subspace W (v) C W which is invariant under the action of sly(C).
(iii) If v e Py, then XY (v) = (2‘)1} for 0 <k <A

kKl

PROOF. If v € Py — {0}, then Y'v € Wy_g for [ € N by lemma 9.2. So for some
k € N, we have Y*(v) # 0 and Y*™'(v) = 0. By lemma 9.4 we then have

0= XY*'0) = (k+1) (A= k)Y*(v)

and since both k + 1 and Y*(v) are nonzero, we should have A = k € N. This
proves the second part of (i), while the first part then follows from this and lemma
9.3.

Now we also have proven the first part of (ii). For the second part, we mention
that since Y'v € Wy_qo, the Y! for [ = 0,...,\ are linearly independent and
nonzero. From lemma 9.4 it follows that their span is invariant under X, Y and
H, hence under sly(C).

Finally, (iii) follows with induction from lemma 9.4. O

Proposition 9.6.

(1) Wy is the direct sum of the subspaces {YkP,\Jrgk}kZmaX{O’_%
(ZZ) Py, = {U e W, Yy = O} (/\ > 0)

PROOF. We first show that Wy C Y, ., Y* Py, (the other inclusion is clear). Let
v € W) and define the integer k(v) > 0 by the property X*® (v) # 0, Xk () =
0. With induction on k(v) we prove that v € Y1) YLP, . If k(v) = 0 there
is nothing to prove, so assume k = k(v) > 1. Then X*(v) € Py o If we take
c:= (k)72 (’\*,;2]")_1, then it follows from the third part of the corollary that

X —c-YEXF()) = (1 —c- X*YF)(XF0) =0

Since v—c-Y*X*(v) € Wy it follows by the induction hypothesis that this element is
in S Y Py g Sov € YEPy for+ 5 Y Py € 301 Y!Py o This completes
the induction.

To prove that the sum is in fact a direct sum assume we have

0= Zyk’l}k
k
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where v, € Pyiop. Let [ be the largest [ such that v; # 0. Then 0 = Y0 =
Y 2Ly, by (ii) of the corollary (apply Y* on both sides of the above equation) and
applying (ii) again, it follows that v; = 0.

For (ii), we remark that if v € Py, then by (ii) of the corollary YAty = 0. If
on the other hand v € W), for some A > 0, then by (i) we can write v uniquely as

v=uvy+ Y0+ Y0+ (Vs € Paa)
so if YAy = 0, then Y2y o + Y30y 1y +- - = 0, which implies (since Y*|p, ,
is injective if £ < A4 1) that vyyo = vy4g = ... =0 and thus v = v, € P). O

Corollary 9.7.

(i) Fork=0,1,2,... we have that W[k] := P, &Y P, ®---® Y*Py, is a sl5(C)-
invariant subspace of W and W = @5, W[k] as sly(C)-representations.
(i1) Y* maps Wy, isomorphically onto W_,.

PRrROOF. Using W = @,., Wx and W) = @kzmax{o,—%}ykp)\‘f‘yf we see by re-

ordering the terms that W[k] := P, @ Y P, ® -+ ® Y*P,. The fact that this is
5[y (C)-invariant is just an easy computation using lemma 9.4.

(ii) follows from the direct sum in (i) of the previous proposition: Y*(Y!Py, ) =
VAP oy and Y'lyk(yip,,,) is injective as long as I > 0, which is always
true. U

We now have developed enough tool for the sly(C)-action on A* V. Recall that
X, Y and H correspond to L*, L and B respectively. Using the above notation,
we find (with 2n = dimg V):

Proposition 9.8.
o (NVEn=NT"Vg
e Poi={ae N" "V L'a=0}={ae \" 'V : LMa =0}
o N°VE=P{L'P; A=0,...,n, 0 <k < )\}
o LF: N"FVE = NTFVE s an isomorphism.

Below is a picture in which this is illustrated in the case n = 3. Here numbers
indicate dimension.
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L3P; — T’ A
L*P, — 6 | A
L?Py —[1] 14 |— LP, A
LP; — 6 | 14 — P A
LP;—| 1] 14 | — Py A
6 | — P, A

i]—r A

Remark 9.8.1. If W is a sly(C)-representation, then the elements of Wy are said
to have weight \. If we take W = A* V¢, then we have W = @, A" V¢ and then
elements of A" V{ are said to have degree r. So we see that weight A corresponds
to degree n — \.

Since Py € A" * Vi we shall write P"~ for this space. Note that A\*VZ is an
NxN-graded C-algebra and that L and L* are homogeneous operators (of bidegrees
(1,1) and (—1, —1) respectively). This implies that if « € P = Ker(L*| \n- V(c*)
then all the bihomogeneous components of « are also in this kernel, so that we
have a decomposition

P = @ PPY (0 <r<n)
p+qg=r
As was mentioned before, the operator J : V' — V induces an operator J* on
A\° V¢ as follows:

J*(Zil/\"'/\Zip/\Zjl/\"'/\qu) = J*Zil/\"'/\J*Zip/\J*Ejl/\"'/\J*qu
ip_q'Zil/\"'/\Zip/\éjl/\"'/\zjq

and we thus see that J* is multiplication by =% on (V*)P4. This automorphism
is called the Weil operator and therefore sometimes denoted by w. Since (J*)?
on (V*)P4 is multiplication by (—1)P~7 = (—1)PT to that (J*)? = *x.

Lnfrfk
(n—r—k)!

Jra

Lemma 9.9. I[fa € PT(0 <r <n), then ¥k = (—1)270+)

PROOF. The proof is just a long and boring (hence not so interesting) computa-
tion, so we refer to the book of Weil. O

If a, 3 € P", then by the lemma we have

LTL—T’ n—r

_ 1\ir(1) x3 _(_\ir(r+D)
aA*f=aAN(-1)2 7(n—r!)Jﬁ_( 1)z

'AaAﬁB

(n—r)

NWwW s Ot O
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Therefore we introduce a mapping @) : P" x P" — C defined by

A Ap= (DI nang

n—r)
Note that we have

(o, B) = Q(a, J*P)

To conclude this section, let us state some properties of ()

Proposition 9.10.

(i) Q is bilinear and Q(B3,a) = (—1)"Q(«, B) where a, 3 € P".

(ii) The restriction of Q to PPIx PP-9 is the zero mapping, unless (p',¢') = (¢, p)

and Q) : PP1 x P9 — C s a perfect pairing.

(iii) (o, B) € P" x P" + Q(a, J*B) is a positive definite Hermitian form on P".
PROOF. (i) follows immediately, using (—1)"" = (—1)". The first part of (ii)
follows by looking at bidegrees, which should add up to (n,n). The second part
of (ii) and (iii) follows by the above formulas and the properties of { , ). O

10 Kahler manifolds

In this (final) section, we will apply the theory of the previous one to come to the
definition of a Kéahler manifold and its most important properties. So let M be
complex manifold of complex dimension n, equipped with a Hermitian metric H.
H defines the anti-linear star operator x : 5 — €7,7" "% Recall that we have a
positive definite Hermitian form

(,): &y x&y —C
and we have formal adjoints
& = (~1) «td &y — €5 (da, B) = (o, d*B)
O = (—1prastl o e ERIT (Do, B) = (a,0"B)
O = (=PI ok RIS R (D, B) = (o, 0% )
There is much analogy between these three cases and we will treat them all at
once.
We have corresponding Laplacians
Ay = dd*+d*d
Ay = 00"+ 00
Ay = 00"+ 00
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We have that Ay = Ay and both Ay and Aj respect the bidegrees (which Ay a
priori does not in general).

Remark 10.0.1. Note that d, 0 and 0 are defined independent of the metric H,
but since the star operator is defined using H, we see that d*, 9* and 0*, and
therefore also the corresponding Laplacians depend on this metric. It is important
to be aware of this during the sequel.

Definition. Let M be as complex manifold (not nessecarily compact), equipped
with a Hermitian metric on M and let  be the (1, 1)-form associated to —1 Im(H).
We say that H is a Kahler metric if €2 is closed. M, or more precisely the pair
(M, H), is called a Kéhler manifold.

If M is a compact manifold with Kéhler metric H, then the class [2] € H?(M,R)
must be nontrivial: [Q]" = [QA---AQ] € H*(M, R) is n! times the volume element
dp and since fM dp = vol(M) > 0, QA ---AQ cannot be exact by Stokes theorem.
So [Q]™ # 0, hence [Q] # 0.

Remark 10.0.2. One can define a complex manifold H,,(\) (where m > 0, A €
C—{0} |A| #1) by C™ — {0}/ ~ where z ~ 2/ <= z = \*z for some k € Z. This
is an example of a so-called Hopf manifold and it can be checked that H,,(\) =
St x §?m~1 ag real manifolds. Therefore H*(H,,(\),R) = H*(S' x S?™1 R) =0

by Kiinneths formula, hence H,,(\) does not admit a Kéhler metric.

If N is a complex submanifold of a Hermitian manifold (M, H), then the re-
striction Hy of H to the tangent bundle of N is a Hermitian metric on N. The
(1,1)-form defined by —3 Im(Hy) on N is the restriction of the (1,1)-form defined
by —1Im(H). So if (M, H) is a Kéhler manifold, then so is (N, Hy).

Although we saw above that not every complex manifold admits a Kahler metric,
we have quite some examples of Kahler manifolds:

(i) If M is a 1-dimensional complex manifold with an Hermitian metric H, then
dQ is a 3-form which is therefore 0 and so H is a Kahler metric.

(ii) If V' is a complex vector space (or more generally a real vector space with a
complex structure), then it follows easily that the Fubini-Study metric, as is
defined in proposition 10.1 below is a Kéhler metric on P(V).

(iii) From this an the above it follows that every complex manifold that can
be embedded into some complex projective space admits a Kéahler metric.
Furthermore, we see that Hopf manifold cannot be embedded into complex
projective space.

Proposition-definition 10.1. Let V' be a real vector space with complex structure
J and positive definite Hermitian form H : V xV — C. Then PV admits a Kdhler
metric, called the Fubini-Study metric.
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PROOF. Denote by 7w : P(V) — {0} — V the natural projection. Let U C P(V)
be an open set and Z : U — V — {0} a lifting of U, i.e. a holomorphic map with
mo Z = 1y. Consider the differential form

w = 2_—1,85 log H(Z, Z)

™

If 7' : U — V—{0} is another lifting, then Z’ = f-Z for some nonzero holomorphic
function f on U, so that

2_—1,88 logH(Z',Z") = 2_711,88(10g H(Z,Z)+1og f +1log f)

e
— wo _—1_(6510gf — ddlog f)
271

= W

so that the definition of w is independent of the chosen lifting. Since liftings always
exist locally, w defines a global (1,1)-form on P(V'), which clearly satisfies dw = 0.
so it defines a Kahler metric. To see that w is positive definite, note that the
unitary group U(n + 1) acts transitively on P(V'), leaving w invariant, so it is
positive definite everywhere if it is at one point.

Let Up be the open set {Z; # 0} in P(V') and {2; = Z;/Zy} be coordinates on
Up. Use the lifting Z = (1, 21, ..., 2,) on Uy. We get

w = %8@ log(1 + ZJ: 2;Z;)
_ __1a ( > %4z )
2mi - \ 1+ 22, 2%
—1 [ 32, dz Adz (Zj Ejdzj) A <Zj Zjdzj)
omi | 143,27 <1+ijj2j)2
so at the point [1,0,...,0] on P(V), we have

1 B
w = Q—M,Xj:dzj/\dzj

which is indeed positive definite. O

Now let (M, H) be a Kihler manifold. We define L : €58 — 4rM9 to he
a— QA and L* = « 'Lx : €04 — P17 the formal adjoint to L with
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respect to (, ). Let for 0 < r < n, P};" C €y be defined as the kernel of
Lr+t s g8 — ELH2. From the results of the previous section it follows that

2n n T
Der- DD oy
s=0

r=0 k=0
We need a rather technical proposition that has important consequences:
Proposition 10.2. [L,9*] = i0 and [L,0*] = —id

PRrOOF. It suffices to prove the first formula, as the second one is just the complex
conjugate of the first one. Conjugating this formula with * gives the equivalent
formula

[L*,0] = —ix 0% (=1i0%)
By the previous section it suffices to prove this on elements of the form o = L¥j3
with 3 primitive of degree r < n and k < n —r. Then we have L" "3 = 0
and so we have 0 = L™ "3 = L""T193. Here we use that L and O commute
since d€2 = 0, hence also 02 = 0, and 2 has degree 2. Since JF has degree r + 1,
it follows from proposition 9.8 that 03 is of the form [y + L3, with Gy and [;
primitive of degrees r + 1 resp. 7 — 1 (use L™ ""198 = 0). We see

L*0a = L*L*9p3
= L*L*(By+ L5)
= k(n—(r+1)—k+ 1)L '8+ (k+1)(n—(r—1)—(k+1)+1)L*3
= kn—r—kK)L" G+ (k+1)(n—r—k+1)LFs

whereas

OL*a = OL*LFp
dk(n—r+1—k)LF13]
k(n—r+1—k)LF19p

= k(n—r+1—Fk)(L*16, + L*B)

using lemma 9.4 at both parts.
Combining these two results leads to

[L*,0)(a) = —k - L* By + (n—r+1—k)LFp, (1)

and it remains to show that the right hand side equals —i % 0 * o. Thereto we will
make use of lemma 9.9.
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Since L is of type (1,1) and J* equals multiplication with i?~¢ in bidegree (p, ¢)
we have that J* and L commute and that 0J* = —iJ*0. Since * sends 4/ to
&N 7" we also have J*x = (—1)" % J* in degree r. So we get

—ix0xa = —ixdx L3
= —ix 8(—1)5’"(’”+1)(71+!_WL”"”"“J*B (by lemma 9.9)
_ (—1)%r<r+1>7(n - ’:!_ g (=00 r)
- (—1)5’”<?“+1>7(71 _ ];:!_ o ((=1)7J* % L"""*35)
= (—1)%’”<’“+1>m+!_w (=) T ($ LR By + x LR B ) (2)

Applying lemma 9.9 again yields

—r =)

(r—1)r (n—r—k+1
' k!

*Ln—r—k% _ (_1)%(7"—&—1)(7“—&—2).

!
) th]*ﬁl

xR = (_1)%
and substituting these two equations into the last term of (2) gives

—ix0xa = (=1)"k-((=1)"JL"'TB) + (1) (n—r+1—k)- ((=1)"J*LFJ*B)
= —k-L" ' (J)Bo+ (n—r+1—Fk)LF-(J)B
= (=)™ (=k- LBy + (n—r+1—k)LFB))

which indeed equals the right hand side of (1) (up to that (—1)"*! that I do not
know how to get of...). O

Corollary 10.3. Ay = 2Ay = 2A3, in particular Aq respects the bidegree.

Proor. We will first show that 90* 4+ 9*0 =0

00" + 00 = —i[L,0%]0" — 0%i[L,0*] (by the proposition)
= —iLJ*0* +1i0"LO" —i0*LO* +i0" 0L
= —i[L,0°0"] =0

since 0" =+ *x19x-x19x=+x109%2%=0.
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Hence we have

Ay = 00"+ 00
= 4[L,0*)0* +i0*[L,0*] (again by the proposition)
= (LJ*0" —i0*LO* +i0*LO* —i0*0*L
Since 9*0* = —0*0*, the right hand side of this equality does not change under

complex conjugation (L is a real operator), so that Ay = Ay = Aj.
We therefore get

Ay = dd"+d*d
= (0+0)(0"+0)+ (0" +0*)(0+9)
= (00" +00") + (9"0 4 00")
= 00"+ 00+ 00" + 070
= Ao+ A5 =2Ay

O

This corollary shows that, up to a constant 2, Ay, Ay and Az are the same
operators. We will therefore write A instead of Ay as we already did before. Note
that A, Ay and Ay do depend on the Hermitian form H, so they depend on the
Kahler metric.

Corollary 10.4. L commutes with Aq

PROOF. We have

[L,Ag] = LIO"+ LO*0 — 00"L — 9*0L
= OLO* + (0*L +i0)0 — O(LO* —id) — 0*LO (by the proposition)
= (00 +00) =0

which suffices since 2A5 = A. O

We now have developed enough tools for some nice theory.

Suppose M is a compact Kéahler manifold. Let H" (M) denote the space of har-
monic r-forms (that is the r-forms « satisfying Ay(a) = 0). By the Hodge-Kodaira
theorem (8.4) we have an isomorphism H"(M) = H"(M,R). Tts complexification
H"(M)c is the kernel of A acting on @447 and by corollary 10.3 it is also the
kernel of Ay acting on this space. But Ay sends €4/ to itself and its kernel, which
we will denote by H?9(M), maps isomorphically to H”4(M) = HI(M,Q%,). In
particular we see that H"(M)c = ®pyqer HP(M)
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According to corollary 10.4 A commutes with L and since A clearly commutes
with x, we see that A commutes with L* = «~!Lx. This implies that H*(M,C) =
H*(M)c is a representation of sly(C) (via X — L, Y — L*, H — [L*, L] =: B).
The primitive part in degree n — r is just

P = Ker [L™: H""(M)g — H™ 2 (M)¢]

Note that if « € P™™", then its value at every point = of M is an element of the
primitive part A\°* T, wcM, since L is defined ‘pointwise’. We therefore get the main
theorem for Kéhler manifolds:

Theorem 10.5. Let M be a compact Kahler manifold of complex dimension n
and let [Q) € H*(M,R) be the class of —3 times the imaginary part of the Kdihler
metric. Denote by L : H"(M,R) — H"™2(M,R) taking the wedge product with [Q)]
(so Lia] = [Q A a]). Then the following hold

(i) (Hodge decomposition) We have
H*(M,C)= @ H"(M)
pra=k
with Hra(M) = H9(M) and the pairing
(|): HP(M) x HP' (M)

being perfect if (p',q') = (n —p,n — q) and zero otherwise.
(11) (Lefschetz decomposition) Let for (0 < r < n)

P" "= Ker[L"" : H""(M,R) — H""""2(M,R)]

The ®r>oL* maps @kZmax{O,%}Pr_yC isomorphically onto H"(M,R).
(i7i) (Hodge-Riemann bilinear relations) The decomposition in (i) induces one of
PE: Pl =3y PP where PP4 = PPN HP9(M) and if we define

Q:PFx P* = C, Qa,B) = (—1):Hk+) ((nLi_Z)!“\ﬁ)

then Q) is bilinear and

(a) Qo B) = (~1)}Q(B,a) if .6 € P*.

(b) Qc : PP x PP — C is perfect if (p',q') = (q,p) and zero otherwise.

(c) PP9x PP93 (o, B) — Q(a, J*B) is a positive definite Hermitian form
on PP1,
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PrRoOOF. All of this follows from the above discussion and the previous section.
Most of (i) has been done already in a previous section. The fact that HP4(M) =
H®?(M) follows from the fact that A is a real operator so it commutes with com-
plex conjugation. Since complex conjugation interchanges €4/ (M) and €97 (M) it
therefore also interchanges HP?(M) and HP(M).

(ii) is in fact a reformulation of the theory of the previous section, since H*(M, C)
is a representation of sly(C). (iii) finally is just proposition 9.10. O

Remark 10.5.1. To see how powerful the Hodge decomposition is, look at the
below diagram (for the case n = 3), which is called the Hodge diamond. Here
H,, = dim¢ H?4(M) and b, = dim¢ H" (M, C), the r-th Betti number of M.
We see that this diagram is symmetric in the central vertical line, and point-
symmetric in the center. Furthermore the horizontal lines add up to the Betti
numbers.

|
I
I
hss ~ bg
|
|
|
ha,3 ! hso === > bs
|
|
|
h1,3 h272 h371 _____ > b4
|
|
|
ho’g h172 o h2,1 h,370 ————— > b3
|
|
|
ho2 hia hoo  — - > by
|
|
|
ho’l l hl,O ————— > bl
|
|
|
h0,0 ————— > bO
|
|
|

Note that a priori both the Lefschetz and the Hodge decomposition seem to
depend on the Kahler metric. However, we will show that the Hodge decomposition
is independent of the chosen metric. We have to do some work first.
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Proposition 10.6. Let FPH*(M,C) denote the space of classes in H*(M,C) that
admit a representative in @, (M), Then FPH"(M,C) = &5, H"*(M).

PROOF. Since H"*~Y(M,C) is just the kernel of A acting on EMF~Y(M), the in-
clusion D is clear. So assume a € @;5,E"* (M) is closed. We will prove using
descending induction on p that there exists an o/ € @5, H"* (M) with o — o
exact. If p = k, then a € E¥O(M), so clearly 0*a = 0. Since da = 0 and thus
Ja = 0, we have Ao = 0, so we may take o/ = a.

For arbitrary p, write

a=a,+ --+o, witho € El’k_l(M)

Since day, is the (p, k+1—p)-part of da (which we assumed to be 0), it follows that
doy, = 0. Hence using theorem 8.7 we can write a;, = aj,+093 with of, € HP*P(M)
and 8 € EPFPTL(M). Tt follows that

a—a,—dBf = -0+ ap1 +apat+ - ay

and since 93 € EPTLFP=L( M) we can apply our induction hypothesis on a—a/ —d3
and we find that this element is modulo an exact form in @;>,1H"*~/(M). This
completes the induction step. O

Corollary 10.7. The Hodge decomposition is independent of the Kahler metric.

Proor. Using Hodge decomposition and the proposition we see that

HP(M) = FPHPY(M, C) N Faf»+a(M, C)

here the complex conjugation is with respect to the real subspace HP*4(M,R).
Now use that the FPH*(M, C) are defined independent of the metric. O

A remarkable consequence the above discussion is the following

Proposition 10.8. Let M be a compact complex Kdhler manifold. Then every
holomorphic differential form on M is closed, but never exact, unless it is the zero
form.

PrOOF. A differential-form w is holomorphic if and only if it is of type (r,0) for
some 7 and dw = 0. Since it is of type (r,0) also 9*w = 0, hence Aw = 0, so that w
is harmonic and therefore closed. If it would be exact, say w = dn, then 7 should
also be holomorphic and therefore closed, implying that w = 0. 0
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For 1 < r < n, we consider H*~'(M,R). By Hodge-decomposition we see
that its complexification is the direct sum H?~1Y9(M) @ --- & HO*~1(M). Put
V= H 5 (M)®---@® H* ~1(M). Then it follows that

H2T_1(M7R)(C - ‘/T@VT‘

so that this decomposition defines a complex structure I on H?~!(M,R) charac-
terized by the fact that V, and V, are the i resp. —i eigenspaces of I¢. In particular
we see that H*~1(M,R) has even dimension.

From the universal coefficient theorem it follows that H*(M, R) may be identi-
fied with H*(M,7Z) @z R. Here H*(M,Z) is the k-th singular cohomology group
with integer coefficients or equivalently, the k-th cohomology group of the con-
stant sheaf Zj; on M. The inclusion Z C R defines a homomorphism H*(M,Z) —
H*(M,R) and the theorem then tells us that the resulting map H*(M,Z) @ R —
H%(M,R) is an isomorphism. So if H*(M,Z) = (finite abelian group) & Z*, then
HF(M,R) = R°.

We see that the cokernel Coker|[H*(M,Z) — H*(M,R)] is a torus R*/Z* where
s = dim H*(M,R). We conclude that for k = 2r — 1 this torus has a complex
structure (for H*(M,R) has and the action of Z* is holomorphically with discrete
orbits). Tt is called the rth (Griffiths) intermediate Jacobian'* of M and
is denoted by J.(M). We may view the J,.(M) as ‘continuous invariants’ of the
manifold M.

The composition

]_127"—1(]\47 R)c . H2T_1(M, C) _ Vr oV, proj V.
is an isomorphism of real vector spaces, and the complex structure on H* (M, C)

is such that this is also an isomorphism of complex vector spaces. We therefore
may regard J,.(M) as the cokernel of the composition

H2T_I(M, Z) o HQT_I(M, C) LOL ‘/r

Two cases deserve a special attention:
If r =1, we get Vi = H(M) = HY(M,0y) and the map H'(M,Z) —
H'(M,0,) comes from the inclusion Zy; C Q.

There is another intermediate Jabocian, named after Weil. Hereto one takes W, = H*>" ~10g
H?=32q...¢ HY?"~2 50 that also H?"~}(M,R)c = W,.@W,.. The Weil intermediate Jacobians
are projective, which the Griffiths intermediate Jacobians are not in general, but the advantage
of the Griffiths intermediate Jacobians is that they depend holomorphically on M. However, in
the two most interesting cases, namely » = 1 and r = n, both intermediate Jacobians coincide.
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If r = n, we have V,, = H""(M) as all the other summands are zero. This
space is complex dual to H"°(M) = H°(M,Q},) via Serre duality. The integral
form of Poincaré duality identifies H?"~1(M, Z) with the homology group H,(M,Z)
and the map H*""'(M,Z) — V,, corresponds to the natural map i : Hy(M,Z) —

HO(M, QL) given by
7 — (w — / w)
Z

Jo(M) =2 Coker[H,(M,Z) — H°(M,Q3,)"]

This manifold is also called the Albanese manifold, denoted by Alb(M).

Now suppose that M is connected and fix a point pg € M. Given p € M, choose
a piecewise differentiable path v, from py to p and define ji(y,) € H*(M, Q},)* by
W f% w. If 7, is another such path, then v, followed by ~, in the opposite
direction is a closed, piecewise differentiable path and hence a 1-cycle Z on M.
This shows that fi(v,) — fi(7,) is given by w — [, w and is therefore equal to i(Z).
We conclude that the image of fi(y,) in Alb(M) is independent of the chosen path
7, and therefore i defines a map

Hence we see

= iy, : M — Alb(M)
called the Albanese map.

Lemma 10.9. p is analytic.

PROOF. Let U be a polycylindrical neighborhood of p in M. If w € Q' (M), then
dw = 0 by proposition 10.8. So by the Poincaré lemma (applied to w|y) we find
that w|y = df for some C*®-function f : U — C. Since 9f = w®! = 0 it follows
that f is in fact holomorphic.

If ¢ € U, let v, be the path v, followed by a piecewise differentiable map d,
from p to ¢ in U. Then

M%N@zﬂ%m®+/w=ﬂmMW+f@—f@

dq

so that fi(7,)(w) is an analytic function of ¢ € U. If we let w run over a basis
{w;} of H(M,Q},), then the mapping ¢ € U — (fi(7,)(w;)); is analytic, in other
words, fi(7,) is analytic for ¢ € U. The composition of this map with the projection
QY(M)* — Alb(M) is then also analytic. O

The Albanese map plays an important role in the classification of compact
analytic manifolds. We summarize some of the properties:
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o If M and N are compact, connected Kéahler manifolds and f : M — N is
holomorpic, then f* : H*(N,C) — H*(M,C) sends H”(N) to HP(M).
Furthermore f* induces an analytic homomorphism of complex tori J,.(f) :
Jr(N) = J(M).

e f. induces an analytic homomorphism Alb(f) : Alb(M) — Alb(N).

e If pg € M and gy = f(po) € N, then the diagram

M—> N

b |
(

Alb(M) 1 Alb(N)

commutes.

e If N is a complex torus with origin gy, then 1, is an isomorphism of analytic
tori.

e Every analytic map M — N where N is a complex torus can be factored as
Hpg
M —=Alb(M) — N

therefore Alb(M) is also called the universal solution of M into a complex
torus.



