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Introduction

These notes are intended to accompany the course Introduction to Complex, Her-
mitian and K&hler Manifolds at the ICTP Summer School on Hodge Theory. Their
purpose is to review the concepts and results in the theory of K&ahler manifolds
that both motivate and are at the center of Hodge Theory. Although we have tried
to clearly define the main objects of study we have often referred to the literature
for proofs of the main results. We are fortunate in that there are several excellent
books on this subject and we have freely drawn from them in the preparation of
these notes, which make no claim of originality. The classical references remain the
pioneer books by A. Weil [38], S. S. Chern [10], J. Morrow and K. Kodaira [22, 25],
R. O. Wells [39], S. Kobayashi[21], and P. Griffiths and J. Harris [15]. In these notes
we refer most often to two superb recent additions to the literature: the two-volume
work by C. Voisin [34, 35] and D. Huybrechts’ book [18].

We assume from the outset that the reader is familiar with the basic theory of
smooth manifolds at the level of [2], [23], or [33]. Some of this material as well as
the basics of cohomology theory will be reviewed in the course by Loring Tu. The
book by R. Bott and L. Tu [3] is an excellent introduction to the algebraic topology
of smooth manifolds.

These notes consist of five sections which correspond, roughly, to the five lectures
in the course. There is also an Appendix which collects some results on the linear
algebra of complex vector spaces, Hodge structures, nilpotent linear transformations,
and representations of s[(2,C). There are many exercises interspersed throughout
the text, many of which ask the reader to prove, or complete the proof, of some
result in the notes.

A final version of these notes will be posted after the conclusion of the Summer
School.
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1. COMPLEX MANIFOLDS

1.1. Definition and Examples. Let U C C" be an open subset and f: U — C.
We say that f is holomorphic if and only if it is holomorphic as a function of each

variable separately; i.e. if we fix 2z = ay, £ # j then the function f(a1,...,2j,...,an)
is a holomorphic function of z;. A map F = (f1,...,fn): U — C" is said to be
holomorphic if each component fr = fr(z1,...,2,) is holomorphic. If we identify
C" = R?", and set zj = xj + 1y, fr = uk +ivg, j,k = 1,...,n, then the functions
uy, v are C° functions of the variables x1,¥y1,...,Zn, yn and satisfy the Cauchy-
Riemann equations:
o ou. _ Ow Ow _ 0w

Oz;  Oy; Oy Iz
Conversely, if (ug,v1,...,uUn,vn): R?® — R?" is a C™ map satisfying the Cauchy-
Riemann equations (1.1) then the map (uj + iv1,...,u, + tvy,) is holomorphic. In

other words a C*™ map F: U C R?" — R?" defines a holomorphic map C"* — C" if
and only if the differential of F', written in terms of the basis
(1.2) {0/0x1,...,0/0xn,0/0y1,...,0/0yn}

of the tangent space T,(R*") and the basis {9/0uy, . ..,0/0uy,d/dv1,...,0/0v,} of
Tp(p)(R*™) is of the form:

(13) orw) = (5 )

for all p € U. Thus, it follows from Exercise 36 in Appendix A.1 that F' is holomor-
phic if and only if DF(p) defines a C-linear map C" — C™.

Exercise 1. Prove that a (2n) x (2n)-matrix is of the form (1.3) if and only if it
commutes with the matrix J:

(1.4) J o= (21 _(f”>

Definition 1.1. A complex structure on a topological manifold M consists of a
collection of coordinate charts (Uy, ¢o) such that:

i) The sets U, are an open covering of M.
ii) ¢o: Uy — C™is a homeomorphism of U, onto an open subset of C™ for some
fixed n. We call n the complex dimension of M.
iii) If Uy, N Ug # 0, the map

(1.5) ¢p 0 dg': da(Ua NUp) — ¢5(Ua N Up)
is holomorphic.

Example 1.2. The most basic example of a complex manifold is C" or any open
subset of C". For any p € C", the tangent space T,(C") = R?" which is identified,
in the natural way, with C" itself.

Example 1.3. Since GL(n, C), the set of non-singular n x n matrices with complex
coefficients, is an open set in Cc", we may view GL(n,C) as a complex manifold.
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Example 1.4. The basic example of a compact complex manifold is complex pro-
jective space which we will simply denote by P". Recall that:

P = (CTIA{0}) / ~,

where ~ is the equivalence relation: z ~ 2’ if and only if there exists A\ € C* such that
2 = \z; 2,2/ € C"*1\ {0}. We denote the equivalence class of a point z € C"*1\ {0}
by [z]. The sets

(1.6) Ui :={[z] €eP": 2 #0}

are open and the maps

(1.7) bi: Ui — €7 ; @([z]):('ZO,...,Z"*,ZW,_.., )

25 Zi 25 Zi

define local coordinates such that the maps
(1.8) ¢i0¢; " ¢ (UiNUy) — ¢s(Ui NTy)
are holomorphic.

In particular, if n = 1, P! is covered by two coordinate neighborhoods (Up, ¢p),
(U1, ¢1) with ¢;(U;) = C. The coordinate changes are given by the maps
$10pyt: C — C*:

d1o¢5 () = d([L,2]) =1/

Thus, this is the usual presentation of the sphere S? as the Riemann sphere. We
usually identify Uy = C and denote the point [0, 1] = occ.

Exercise 2. Verify that the map (1.8) is holomorphic.

Example 1.5. To each point [z] € P" we may associate the line spanned by z in
C"*1; hence, we may regard P" as the space of lines in C**!. This construction
may then be generalized by considering k-dimensional subspaces in C". This is the
so-called Grassmann manifold G(k,n). To define the complex manifold structure on
G(k,n), we consider first of all the open set in C™:

V(k,n) ={W € M(n x k,C) : rank(W) = k}.
The Grassmann manifold G(k,n) may then be viewed as the quotient space:
G(k,n) = V(kn)/ ~,

where W ~ W' if and only if there exists M € GL(k,C) such that W' = W - M;
equivalently, W ~ W' if and only if the column vectors of W and W’ span the same
k-dimensional subspace 2 C C".

Given an index set [ = {1 < i3 < --- <4 < n} and W € V(k,n), we consider
the k x k matrix W consisting of the I-rows of W and note that if W ~ W’ then,
for every index set I, det(W7r) # 0 if and only if det(W7}) # 0. We then define:

Ur = {[W] e G(k,n) : det(Wy) # 0}
This is clearly an open set in G(k,n) and the map:

¢r: Up — CO0k 6 ((W]) = Wye - Wi,
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where I¢ denotes the (n — k)-tuple of indices complementary to I. The maps ¢;
define coordinates in U; and one can easily verify that given index sets I and J, the
maps:

(1.9) prog;t: os(UrNUy) — ¢r(UrNUy)

are holomorphic.
Exercise 3. Verify that the map (1.9) is holomorphic.
Exercise 4. Prove that both P" and G(k,n) are compact.

The notion of a holomorphic map between complex manifolds is defined in a way
completely analogous to that of a smooth map between C'°° manifolds; i.e. if M and
N are complex manifolds of dimension m and n respectively, a map F': M — N is
said to be holomorphic if for each p € M there exists local coordinate systems (U, ¢),
(V,4) around p and q = F(p), respectively, such that F'(U) C V and the map

YoFog¢ L p(U)CC™— (V) cCCn

is holomorphic. Given an open set U C M we will denote by O(U) the ring of
holomorphic functions f: U — C and by O*(U) the nowhere zero holomorphic
functions on U. A map between complex manifolds is said to be biholomorphic if it
is holomorphic and has a holomorphic inverse.

The following result shows a striking difference between C*° and complex mani-
folds:

Theorem 1.6. If M is a compact, connected, complex manifold and f: M — C is
holomorphic, then f is constant.

Proof. The proof uses the fact that the Maximum Principle’ holds for holomorphic
functions of several complex variables (cf. [34, Theorem 1.21]) as well as the Principle
of Analytic Continuation® [34, Theorem 1.22]. O

Given a holomorphic map F = (f1,...,fn): U C C" — C" and p € U, we can
associate to F' the C-linear map

DP(p): €~ DFGIE) = (520 o

J
where v = (vq,...,v,)T € C* The Cauchy-Riemann equations imply that if we
regard F' as a smooth map F: U C R?" — R?" then the matrix of the differential
DF(p): R?*™ — R?" is of the form (1.3) and, clearly DF(p) is non-singular if and
only if DF(p) is non-singular. In that case, by the Inverse Function Theorem, F
has a local inverse G whose differential is given by (DF(p))~'. By Exercise 1, the
inverse of a non-singular matrix of the form (1.3) is of the same form. Hence, it
follows that G is holomorphic and, consequently, F has a local holomorphic inverse.
We then get:

'If f € O(U), where U C C" is open, has a local maximum at p € U, then f is constant in a
neighborhood of p

If U C C" is a connected open subset and f € O(U) is constant on an open subset V C U, then
f is constant on U.
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Theorem 1.7 (Holomorphic Inverse Function Theorem). Let F: U — V be
a holomorphic map between open subsets U,V C C". If DF(p) is non singular for
p € U then there exists open sets U', V', such that p e U' C U and F(p) e V' CV
and such that F: U — V' is a biholomorphic map.

The fact that we have a holomorphic version of the Inverse Function Theorem
means that we may also extend the Implicit Function Theorem or, more generally,
the Rank Theorem:

Theorem 1.8 (Rank Theorem). Let F': U — V be a holomorphic map between
open subsets U C C" and V. C C™. If DF(q) has rank k for all ¢ € U then,
given p € U there exists open sets U', V', such thatp e U C U, F(p) e V' C V,
FU") Cc V', and biholomorphic maps ¢: U — A, ¢: V' — B, where A and B are
open sets of the origin in C"™ and C™, respectively, so that the composition
YpoFo¢p ' A— B

is the map (z1,...,2n) € A— (21,...,2k,0,...,0).

Proof. We refer to [2, Theorem 7.1 or [33] for a proof in the C° case which can
easily be generalized to the holomorphic case. O

Given a holomorphic map F: M — N between complex manifolds and p € M,
we may define the rank of F' at p as

(1.10) rank,(F) = rank(D(io F o 6~1)(9(p))).,
for any local-coordinates expression of F' around p.

Exercise 5. Prove that rank,(F) is well-defined by (1.10); i.e. it’s independent of
the choices of local coordinates.

We then have the following consequence of the Rank Theorem:

Theorem 1.9. Let F: M — N be a holomorphic map, let ¢ € F(M) and let
X = F~1(q). Suppose rank,(F) = k for all x in an open set U containing X. Then,
X is a complex manifold and

codim(X) := dimM —dimX = k.

Proof. The Rank Theorem implies that given p € X there exist local coordinates
(U, ¢) and (V, ) around p and ¢, respectively such that 1 (¢) = 0 and

YvoFo¢p Yz,...,2n) = (21, 2k, 0,...,0).
Hence
pUNX)={2€¢U):21=---=2,=0}.
Hence (UN X, po¢), where p denotes the projection onto the last n — k coordinates

in C" defines local coordinates on X. It is easy to check that these coordinates are
holomorphically compatible. O

Definition 1.10. We will say that N C M is a complex submanifold if we may cover
M with coordinate patches (Uy, ¢o) such that

ba(XNUy) = {2€¢a(U) 121 =+ =z, =0}.
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for some fixed k. In this case, as we saw above, N has the structure of an (n — k)-
dimensional complex manifold.

Proposition 1.11. There are no compact complex submanifolds of C™ of dimension
greater than zero.

Proof. Suppose M C C" is a submanifold. Then, each of the coordinate functions
z; restricts to a holomorphic function on M. But, if M is compact, it follows from
Theorem 1.6 that z; must be locally constant. Hence, dim M = 0. O

Remark 1. The above result means that there is no chance for a Whitney Embedding
Theorem in the holomorphic category. One of the major results of the theory of
complex manifolds is the Kodaira Embedding Theorem which gives necessary and
sufficient conditions for a compact complex manifold to embed in P".

Example 1.12. Let f: C* — C be a holomorphic function and suppose Z =
f71(0) # 0. Then we say that 0 is a regular value for f if rank,(f) = 1 for all p € Z;
i.e. for each p € X there exists some ¢, i = 1,...,n such that 0f/0z;(p) # 0. In
this case, Z is a complex submanifold of C" and codim(Z) = 1. We call Z an affine
hypersurface. More generally, given F': C" — C™, we say that 0 is a regular value
if rank,(F) = m for all p € F~1(0). In this case or F~1(0) is either empty or is a
submanifold of C™ of codimension m.

Example 1.13. Let P(z,...,z2,) be a homogeneous polynomial of degree d. We
set

X = {[z] € P": P(20,...,2n) = 0}.
We note that while P does not define a function on P”, the zero locus X is still well
defined since P is a homogeneous polynomial. We assume now that the following
regularity condition holds:

(1.11) {zeC"+1 : gi(z):---zgi(z):()} = {0};

i.e. 0 is a regular value of the map P|cnt1f9y. Then X is a hypersurface in P".

To prove this we note that the requirements of Definition 1.10 are local. Hence,
it is enough to check that X N U; is a submanifold of U; for each 4; indeed, an affine
hypersurface. Consider the case i = 0 and let f: Uy = C" — C be the function
flur,...;up) = P(Liug,...,uy). Set u = (ug,...,up) and @ = (L, ug,...,up).
Suppose [1] € Uy N X and

af B _of B

() = - = () = 0
then op op

G (@ == (@) = 0

But, since P is a homogeneous polynomial of degree d, it follows from the Euler
identity that:

oP ,_

970 (a).

Hence, by (1.11), we would have @ = 0, which is impossible. Hence 0 is a regular
value of f and X N Uy is an affine hypersurface.

0 =d Pli) =
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Exercise 6. Let Pi(z9,...,2n),--,Pm(20,...,2,) be homogeneous polynomials.
Suppose that 0 is a regular value of the map

(Py,...,P,): C"{0} — C™.

Prove that
X = {[] € " : P([2]) = -+ = Pu([2]) = 0}

is a codimension m submanifold of P™. X is called a complete intersection subman-
ifold.

Example 1.14. Consider the Grassmann manifold G(k,n) and let Iy,... ,I(n), de-
k
note all strictly increasing k-tuples I C {1,...,n}. We then define

p: Glk,n) - PN=1, p(W]) = [det(W7r,),...,det(Wry)]

Note that the map p is well defined, since W ~ W' implies that W/ = W - M with
M € GL(k,C) and then for any index set I, det(W}) = det(M) det(W;). We leave
it to the reader to verify that the map p, which is usually called the Pliicker map, is
holomorphic.

Exercise 7. Consider the Pliicker map p: G(2,4) — P° and suppose that the index
sets I, ..., Ig are ordered lexicographically. Show that p is a 1 : 1 holomorphic map
from G(2,4) onto the subset

(1.12) X ={[z0,--.,26] : 2025 — 2124 + 2223 = 0}.
Prove that X is a hypersurface in P°. Compute rankpyp for [W] € G(2,4).

Example 1.15. We may define complex Lie groups in a manner completely analo-
gous to the real, smooth case. A complex Lie group is a complex manifold G with a
group structure such that the group operations are holomorphic. The basic example
of a complex Lie group is GL(n,C). We have already observed that GL(n,C) is an
open subset of C" and the product of matrices is given by polynomial functions,
while the inverse of a matrix is given by rational functions on the entries of the
matrix. Other classical examples include the special linear group SL(n,C) and the
symplectic group Sp(g, C). We recall the definition of the latter. Let J be the matrix
(1.4), then

(1.13) Sp(n,C) = {X € GL(2n,C): XT.J-X =J}.
We set Sp(n, R) := Sp(n,C) N GL(2n, R) for R = Z,Q,R. More generally, let V

be a real vector space, V¢ its complexification (cf. (A.1)), and A a non-degenerate,
alternating form on V. We denote by Sp(A,V) (resp. Sp(A,V¢)) the group of
automorphisms of V' (resp. Vi) that preserve A. Note that we must have dimg (V') =
2n and there exists a basis relative to which the matrix of A is given by (1.4).

Example 1.16. Let A be a non-degenerate, alternating form on a 2n-dimensional,
real vector space V. Consider the space:

M ={Q e G(n, V) : A(u,v) =0 for all u,v € Q}.



KAHLER MANIFOLDS 9

Let {e1,...,€en,€nt1,...,€2,} be a basis of V in which the matrix of A is as in (1.4).
Then if
_ _ M
a=wl = 41,

where Wy and W5 are n X n matrices, we have that Q € M if and only if
0o -1, 1%
[W?,WE]-(In o)[wj = W§ Wi - Wi - Wy = 0.

Set Ip = {1,...,n}. Every element Q € M N Uy, may be represented by a matrix
of the form Q = [I,,, Z]7 with ZT = Z. It follows that M N Uy, is an n(n + 1)/2-
dimensional submanifold. Now, given an arbitrary 2 € M, there exists an element
X € Sp(A,Vg) such that X - Q = Q, where Qp = span(ey,...,e,). Since the
elements of Sp(A4, V) act by biholomorphisms on G(n,V¢) it follows that M and
n(n + 1)/2 dimensional submanifold of G(n, V). Moreover, since M is a closed
submanifold of the compact manifold G(k,n), M is also compact.
We will also be interested in considering the open set D C M consisting of

(1.14) D=D\V,A) = {QeM:iA(w,w) >0 for all 0 # w € Q}.

It follows that €2 € D if and only if the hermitian matrix

T TR 0 —I, 1% e =
) () ) ] = )

is positive definite. Note that in particular D C Uy, and that
(1.15) D = {ZeMn,C):Zl' =7 ; Im(Z) = (1/2i)(Z - Z) > 0},

where M(n, C) denotes the n X n complex matrices. If n = 1 then M = C and D is
the upper-half plane. We will call D the generalized Siegel upper-half space.

The elements of the complex lie group Sp(A, V) = Sp(n,C) define biholomor-
phisms of G(n, Vi) preserving M. The subgroup

Sp(4,V) = Sp(4, V) NGL(V) = Sp(n, R)
preserves D.

Exercise 8. Prove that relative to the description of D as in (1.15) the action of
Sp(A, V) is given by generalized fractional linear transformations:

(é g).z = (A-Z+B)-(C-Z+D)™..

Exercise 9. Prove that the action of Sp(A, V) on D is transitive in the sense that
given any two points Q, Q' € D there exists X € Sp(A, V) such that X - Q = .
Exercise 10. Compute the isotropy subgroup:

K = {X S Sp(A,V) X Qo = Qo},

where Qg = [I,,i I,,]".
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Example 1.17. Let T := C/A, where A C Z? is a rank-two lattice in C; i.e.
A={mw +nwe; m,n €L},

where w1, ws are complex numbers linearly independent over R. T} is locally diffeo-
morphic to C and since the translations by elements in A are biholomorphisms of
C, Ty inherits a complex structure relative to which the natural projection

mpa: C— Ty

is a local biholomorphic map.

It is natural to ask if, for different lattices A, A’, the complex tori Tx, Tys are
biholomorphic. Suppose F': Ty — T/ is a biholomorphism. Then, since C is the
universal covering of T) there exists a map EF': C — C such that the diagram:

(CL

SR
c/A —£— /N
commutes. In particular, given z € C, A € A, there exists A’ € A’ such that
F(z4+)X) = F(z)+ N.

This means that the derivative F' must be A-periodic and, hence, it defines a holo-
morphic function on C/A which, by Theorem 1.6, must be constant. This implies
that F must be a linear map and, after translation if necessary, we may assume
that F(z) = pu- 2, = a +ib € C. Conversely, any such linear map F induces a
biholomorphic map C/A — C/F(A). In particular, if {w,ws} is a Z-basis of A then
Im(ws/wi) # 0 and we may assume without loss of generality that Im(ws/wi) > 0.
Setting 1 = we /w1 we see that T} is always biholomorphic to a torus T associated
with a lattice
{m+nt; m,ne€Z}

and where Im(7) > 0.
Now, suppose the tori Ty, T/ are biholomorphic and let {w1, w2} (resp. {w],wh})
be a Z-basis of A (resp. A’) as above. We have

/ / / /
MWl = miwy +Moiwy 5 [ W2 = MiW) + Maawsy, m4j € Z.

Moreover, m11maos —mi2meo1 = 1, since F' is biholomorphic and therefore F (A) =N

Hence
/ / /
w1 mnwy +moiwy M+ moT

/ /A
wo Mi2w] + Maows mig + Mmoo’

Consequently, T, = T, if and only if 7 and 7/ are points in the upper-half plane
congruent under the action of the group SL(2, Z) by fractional linear transformations.

Remark 2. Note that while all differentiable structures on the torus S! x S! are
equivalent there is a continuous moduli of different complex structures. This is one
of the key differences between real and complex geometry and one which we will
study using Hodge Theory.
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1.2. Holomorphic Vector Bundles. We may extend the notion of smooth vector
bundle to complex manifolds and holomorphic maps:

Definition 1.18. A holomorphic vector bundle F over a complex manifold M is a
complex manifold £ together with a holomorphic map 7: E — M such that:

i) For each z € M, the fiber E, = 7~ !(z) is a complex vector space of dimension
d (the rank of E).
ii) There exists an open covering {U,} of M and biholomorphic maps

o: mHUL) — Uy x c?

such that

(a) p1(®u(z)) = z for all z € U, where p; : Uy xC? — U, denotes projection
on the first factor, and

(b) For every x € U, the map ps o ®|g,: E, — C? is an isomorphism of
C-vectorspaces.

E is called the total space of the bundle and M its base. The covering {U,} is
called a trivializing cover of M and the biholomorphisms {®,} local trivializations.
When d = 1 we often refer to E as a line bundle.

We note that as in the case of smooth vector bundles, a holomorphic vector bundle
may be described by transition functions. That is, by a covering of M by open sets
U, together with holomorphic maps

Jap: Ua NUg — GL(d,C)
such that

(1‘16) Gap " 98y = Gay
on U, NUg NU,. The maps g, are defined by the commutative diagram:

(1.17) 7 YUy N Up)
y &

id, g
(Us N Ug) x RY (e (Us NUg) x RY

In particular, a holomorphic line bundle over M is given by a collection {Uy, gus},
where U, is an open cover of M and the {g,g} are nowhere-zero holomorphic func-
tions defined on U, N Ug, ie. gog € OF(Uy N Ug) satisfying the cocycle condition
(1.16).

Example 1.19. The product M x C¢ with the natural projection may be viewed as
vector bundle of rank d over the complex manifold M. It is called the trivial bundle
over M.

Example 1.20. We consider the tautological line bundle over P*. This is the bundle
whose fiber over a point in P" is the line in C"*! defined by that point. More
precisely, let

T = {([z],v) €P" x C*""' 10 = Az,A € C},
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and let m: 7 — P™ be the projection to the first factor. Let U; be as in (1.6). Then
we can define
(I)i: 7T_1(UZ') — Uz x C
by
D;([z],v) = v;.
The transition functions g;; are defined by the diagram (1.17) and we have

®;0 07 ([21,1) = Bull], G20/ s+ Loy 2 20)) = (2] 24/ 24),
with the one in the j-th position. Hence,
gi: UiNU; — GL(1,C) = C*
is the map [z] — z;/z;. It is common to denote the tautological bundle as O(—1).

Exercise 11. Generalize the construction of the tautological bundle over projective
space to obtain the universal rank k bundle over the Grassmann manifold G(k,n).
Consider the space:

(1.18) U = {(2v) € Gk,n) x C": v € O},

where we regard 2 € G(k,n) as a k-dimensional subspace of C". Prove that U
may be trivialized over the open sets U; defined in Example 1.5 and compute the
transition functions relative to these trivializations.

Let m: E — M be a holomorphic vector bundle and suppose F: N — M is
a holomorphic map. Given a trivializing cover {(U,,®,)} of E with transition
functions gog: Us N Ug — GL(d, C), we define
(1.19) hag: F~H(U,) N F7Y(Us) — GL(d,C) ; hap = gapo F.
It is easy to check that the functions h,g satisfy the cocycle condition (1.16) and,
therefore, define a holomorphic vector bundle over N denoted by F*(F), and called
the pullback bundle. Note that we have a commutative diagram:

F*(E) —— E

(1.20) W*J, JW
N M
If L and L' are line bundles, and ggﬁ, g&, are their transition functions relative
to a common trivializing cover then the functions:
hap = gé/ﬁ ) ggﬂ
satisfy (1.16) and define a new line bundle which we denote by L ® L.
Similarly, the functions
hap = (9as) "
also satisfy (1.16) and define a bundle, called the dual bundle of L and denoted by
L* or L™!. Clearly L ® L* is the trivial line bundle over M. The dual bundle of

the tautological bundle is called the hyperplane bundle over P"* and denoted by H
or O(1). Note that the transition functions of H are gg € O*(U; N Uj) defined by

(1.21) () = z/a
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We may also extend the notion of sections to holomorphic vector bundles:

Definition 1.21. A holomorphic section of a holomorphic vector bundle 7: £ — M
over an open set U C M is a holomorphic map:

c:U—F
such that
(1.22) moo=id|y.

The sections of E over U are an O(U)-module which will be denoted by O(U, E).
Clearly, the local sections over U of the trivial line bundle are the ring O(U).

If 7: L — M is a line bundle and g,g are the transition functions associated to
a trivializing covering (U,, @, ), then a section o: M — L may be described by a
collection of functions f, € O(U,) defined by:

O'(x) = fa(x)(l);l(aj, 1)'

Hence, for x € U, N Ug we must have

(1.23) fa() = gap(x) - fo(2).
Example 1.22. Let M =P" and let U; = {[2] € P" : z; # 0}. Let P € Clz, ..., 2]
be a homogeneous polynomial of degree d. For each i =0, ...,n define
P(z
i) = 2 e oy,

)

We then have in U; N U;:
# - fill2) = P(2) = 2 - fi([2]),

and therefore

fill2) = G/=z)" filE).
This means that we can consider the polynomial P(z) as defining a section of the
line bundle over P with transition functions

gij = (z/z)",
that is of the bundle H¢ = O(d). In fact, it is possible to prove that every global
holomophic section of the bundle O(d) is defined, as above, by a homogeneous poly-
nomial of degree d. The proof of this fact requires Hartogs’ Theorem [18, Proposi-
tion 1.1.14] from the theory of holomorphic functions of several complex variables.
We refer to [18, Proposition 2.4.1].
We note that, on the other hand, the tautological bundle has no non-trivial global

holomorphic sections. Indeed, suppose o € O(P",O(—1)) let £ denote the global
section of O(1) associated to a non-zero linear form ¢. Then, the map

[2] € P* = £([2]) (o ([2])

defines a global holomorphic function on the compact complex manifold P”, hence
it must be constant. If that constant is non-zero then both ¢ and ¢ are nowhere-zero
which would imply that both O(—1) and O(1) are trivial bundles. Hence o must be
identically zero.
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Note that given a section o: M — E of a vector bundle E, the zero locus {z €
M : o(x) = 0} is a well defined subset of M. Thus, we may view the projective
hypersurface defined in Example 1.13 by a homogeneous polynomial of degree d as
the zero-locus of a section of O(d).

Remark 3. The discussion above means that one should think of sections of line
bundles as locally defined holomorphic functions satisfying a suitable compatibil-
ity condition. Given a compact, connected, complex manifold, global sections of
holomorphic line bundles (when they exist) often play the role that global smooth
functions play in the study of smooth manifolds. In particular, one uses sections
of line bundles to define embeddings of compact complex manifolds into projective
space. This vague observation will be made precise later in the course.

Given a holomorphic vector bundle 7: £ — M and a local trivialization
o: 7 HU) - U x C?
we may define a basis of local sections of E over U (a local frame) as follows. Let
e1,...,eq denote the standard basis of C?% and for z € U set:
oj(x) = @71(9:,63-); j=1,....d
Then o;(xz) € O(U, E) and for each « € U the vectors o1(z),...,04(x) are a basis
of the d-dimensional vector space F, (they are the image of the basis eq,...,eq by

a linear isomorphism). In particular, if 7: U — M is a map satisfying (1.22) we can
write:

d
T(z) = Y fi(x)oj(x)
j=1

and 7 is holomorphic (resp. smooth) if and only if the functions f; € O(U) (resp.

fi e ¢=(U)).
Conversely, suppose U C M is an open set and let o1,...,04 € O(U, E) be a local
frame; i.e. holomorphic sections such that for each x € U, 01(x),...,04(x) is a basis

of E,, then we may define a local trivialization
: 7 HU) - U x4
by
O(v) = (m(v),(A1,..., ),
where v € 771(U) and

d
v o= Z Ajoj(m(v)).
j=1

2. DIFFERENTIAL FORMS ON COMPLEX MANIFOLDS

2.1. Almost Complex Manifolds. Given a complex manifold M and a coordinate
atlas (U, ¢o) covering M, the fact that the change-of-coordinate maps (1.5) are
holomorphic implies that the matrix of the differential D(¢g o ¢ ') is of the form
(1.3). This means that the map

Jpr Tp(M) — Tp(M)
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defined by
0 0 0 0
2.1 J —_— = _— J R = ——
@1) (3%) dy; <5yj> Oz;
is well defined, provided that the functions z; = x; + 1y, j = 1,...,n, define local

holomorphic coordinates near the point p. We note that J is a (1,1) smooth tensor
on M such that J? = —id and that, for each p € M, Jp defines a complex structure
on the real vector space Tp,(M) (cf.(A.8)).

Definition 2.1. An almost complex structure on a C* (real) manifold M is a (1,1)
tensor J such that J? = —id. An almost complexr manifold is a pair (M,.J) where
J is an almost complex structure on M. The almost complex structure J is said to
be integrable if M has a complex structure inducing J.

If (M, J) is an almost complex manifold then J, is a complex structure on M and
therefore by Proposition A.1, M must be even-dimensional. We also have:

Exercise 12. If M has an almost complex structure then M is orientable.

Exercise 13. Let M be an orientable (and oriented) two-dimensional manifold and
let (, ) be a Riemannian metric on M. Given p € M let vi,vo € T,(M) be a
positively oriented orthonormal basis. Prove that J,: T,,(M) — T,,(M) defined by:

Jp(v1) =va 5 Jp(v2) = v,
defines an almost complex structure on M. Show, moreover, that if (( , )) is a

Riemannian metric conformally equivalent to ( , ) then the two metrics define the
same almost complex structure.

The discussion above shows that if M is a complex manifold then the operator
(2.1) defines an almost complex structure. It is natural to ask about the converse
of this statement; i.e. when does an almost complex structure J on a manifold
arise from a complex structure? The answer, which is provided by the Newlander-
Nirenberg Theorem, may be stated in terms of the Nijenhuis torsion of J:

Exercise 14. Let J be an almost complex structure on M. Prove that
(2.2) NX,)Y)=[JX,JY] - [X,Y] - JX,JY]| - J[JX,Y]
is a (1, 2)-tensor satisfying N(X,Y) = —N(Y, X). N is called the torsion of J.

Exercise 15. Let J be an almost complex structure on a two-dimensional manifold
M. Prove that N(X,Y) = 0 for all vector fields X and Y on M.

Theorem 2.2 (Newlander-Nirenberg). Let (M, J) be an almost complex man-
ifold, then M has a complex structure inducing the almost complex structure J if
and only if N(X,Y) =0 for all vector fields X and'Y on M.

Proof. We refer to [38, Proposition 2], [34, §2.2.3] for a proof in the case when M is
a real analytic manifold. U

Remark 4. Note that assuming the Newlander-Nirenberg Theorem, it follows from
Exercise 15 that the almost complex structure constructed in Exercise 13 is inte-
grable. We may explicitly construct the complex structure on M by using local
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isothermal coordinates. Thus, a complex structure on an oriented, two-dimensional
manifold M is equivalent to a Riemannian metric up to conformal equivalence.

In what follows we will be interested in studying complex manifolds; however, the
notion of almost complex structures gives a very convenient way to distinguish those
properties of complex manifolds that depend only on having a (smoothly varying)
complex structure on each tangent space. Thus, we will not explore in depth the
theory of almost complex manifolds except to note that there are many examples
of almost complex structures which are not integrable, that is, do not come from a
complex structure. One may also ask which even-dimensional orientable manifolds
admit almost complex structures. For example, in the case of a sphere S?" it was
shown by Borel and Serre that only S? and S® admit almost complex structures.
This is related to the fact that S*, S and S” are the only parallelizable spheres. We
point out that while it is easy to show that S® has a non-integrable almost complex
structure it is still unknown whether S% has a complex structure.

2.2. Tangent and Cotangent space. Let (M, J) be an almost complex manifold
and p € M. Let T,(M) denote the tangent space of M. Then J, defines a com-
plex structure on T,(M) and therefore, by Proposition A.1, the complexification:
Tpc(M) :=T,(M) ®r C, decomposes as

T,c(M) = T)(M) & T} (M)

where T];/ (M) = T}(M) and T, (M) is the i-eigenspace of J acting on T}, c(M). More-
over, by Proposition A.2, the map v € T,(M) +— v — iJ,(v) defines an isomorphism
of complex vector spaces (T,(M), Jp) = T, (M).

If J is integrable, then given holomorphic local coordinates {z1,...,z2,} around
p, we may consider the local coordinate frame (1.2) and, given (2.1), we have that
the above isomorphism maps:

0/0xj — 0/0xj —i 0/0y;.
We set

(2.3) o _ (o ;0N o0 _1(0 0
’ 82]‘ o 2 8xj 8yj ' 82]‘ o 2 (9CCj 83/]‘ .

Then, the vectors 0/0z; € T, (M) are a basis of the complex subspace T (M).

Remark 5. Given local coordinates (U, {z1,...,2,}) on M, a function f: U — C is
holomorphic if the local coordinates expression f(z1,...,z2,) satisfies the Cauchy-
Riemann equations. This is equivalent to the condition

9
8Zj

(f):O?

for all j. Moreover, in this case 6%1-( f) coincides with the partial derivative of f with

respect to z;. This justifies the choice of notation. However, we point out that it

makes sense to consider a%j< f) even if the function f is only a C*° function.
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We will refer to TI',(M ) as the holomorphic tangent space! of M at p. We note
that if {z1,...,2,} and {w1,...,w,} are local complex coordinates around p then
the change of basis matrix from the basis {0/0z;} to the basis {0/0wy} is given by
the matrix of holomorphic functions

Owy,
0zj '

Thus, the complex vector spaces T, (M) define a holomorphic vector bundle Th(M)
over M, the holomorphic tangent bundle.

Example 2.3. Let M be an oriented real surface with a Riemannian metric. Let
(U, (x,y)) be positively-oriented, local isothermal coordinates on M; i.e. the coordi-
nate vector fields 0/0x, 9/0y are orthogonal and of the same length. Then z = x+iy
defines complex coordinates on M and the vector field 9/0z = 0/0x —i9/Jy is a
local holomorphic section of the holomorphic tangent bundle of M.

We can now characterize the holomorphic tangent bundle of P™:

Theorem 2.4. The holomorphic tangent bundle T"P™ is equivalent to the bundle
Hom(7,E/T),
where E = P" x C"*! s the trivial bundle of rank n + 1 on P™.

Proof. Consider the projection 7: C"™1\ {0} — P". Given \ € C*, let M): C"*1\
{0} — C"*1\ {0} be the map “multiplication by A\”. Then, for every v € C**1\ {0}
we may identify 7'(C"*1\ {0}) = C"*! and we have the following commutative
diagram

My

(Cn-i-l (Cn+1

T v A

Tiy (P™)

Now, the map 7y, : C"*! — T[’U] (P™) is surjective and its kernel is the line L = C - v.
Hence we get a family of linear isomorphisms
po: C"HY/L — T (P"); velL, v#0
with the relation
Py = )\13)\1)
We can now define a map
© : Hom(7,E/T) — T"P".
Let
§ € Hom(7T,E/T);) = Hom(7,;, (E/T)y) = Hom(L,C""'/L)

then we set

O() := py(&(v)) for any v € L,v # 0.

fThis construction makes sense even if .J is not integrable. In that case we may replace the
coordinate frame (1.2) by a local frame {X1,..., X,,Y1,...,Y,} such that J(X;) =Y, and J(Y;) =
—-Xj.
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Note that this is well defined since
Pr(€(0) = Apu(AE(W)) = pul(€(v)).

Alternatively one may define

0E) = limo(r(1),

where ~y(t) is the holomorphic curve through [z] in P™ defined by
V(t) = o+ tE(v)].

One then has to show that this map is well defined. It is straightforward, though
tedious, to verify that © is an isomorphism of vector bundles. O

Exercise 16. Prove that
TG (k,n)) = Hom(U, E/U),

where U is the universal bundle over G(k,n) defined in Exercise 1.18 and E' is the
trivial bundle £ = G(k,n) x C™.

As seen in Appendix A, a complex structure on a vector space induces a dual com-
plex structure on the dual vector space. Thus, the complexification of the cotangent
space T (M) decomposes as

* ,0
ne(M) = T @ T)N(M) 5 TN (M) = T, (M),

P
Given local holomorphic coordinates {z1,...,2,}, 2; = xj + iy;, the one-forms
dzj := dxj + idy;, dz; = dx; — idyj, are the dual coframe to 0/0z1,...,0/0%,
and, consequently dzi,...,dz, are a local holomorphic frame of the holomorphic

bundle T+0(M).
The complex structure on 7, (M) induces a decomposition of the k-th exterior

product (cf. (A.19)):
A (Tye(M) = D ApP(M),
a+b=k
where

a times b times

(2.4) ASPM) = TPO (M)A ATV (MYANTIN M) AL AT (M)

In this way, the smooth vector bundle A*(T%(M)) decomposes as a direct sum of
C*° vector bundles

(2.5) AN(TE(M)) = €D A™P(M).
a+b=k

We will denote by A*(U) (resp. A%*(U)) the C*°(U) module of local sections of the
bundle A*(T%(M)) (resp. A%*(M)) over U. We then have

(2.6) ANU) == @ A™(U).
a+b=k
Note that, given holomorphic coordinates {z1, ..., z,}, the local differential forms

dzyp NdzZy = dZil/\'“dzia/\del/\"-dfjb,
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where I (resp. J) runs over all strictly increasing index sets 1 < i3 < -+ < i, <n
of length a (resp. 1 < j; < --- < jp < n of length b) are a local frame for the bundle
AP (M),

We note that the bundles A¥°(M) are holomorphic bundles of rank (Z) We de-
note them by Q’fw to emphasize that we are viewing them as holomorphic, rather than
smooth, bundles. We denote the O(U)-module of holomorphic sections by QF(U). In
particular A™%(M) is a holomorphic line bundle over M called the canonical bundle
and usually denoted by K.

Example 2.5. Let M = P'. Then as we saw in Example 1.4, M is covered by two
coordinate neighborhoods (Up, ¢9), (U1, ¢1). The coordinate changes are given by
the maps ¢ o qSO_l: C* — C*:

w= 1065 (2) = ¢n([l,2)) = 1/z
This means that the local sections dz, dw of the holomorphic cotangent bundle are
related by

dz = (—1/2)*dw.

It follows from (1.17) that go1[20,21] = —(20/21)% Hence Kp1 = O(-2) = T2
Exercise 17. Find the transition functions for the holomorphic cotangent bundle
of P*. Prove that Kpn & O(—n — 1) = 7",

2.3. de Rham and Dolbeault Cohomologies. T We recall that if U ¢ M is an
open set in a smooth manifold M and A¥(U) denotes the space of C-valued differ-
ential k-forms on U, then there exists a unique operator, the exterior differential:
d: AAU) — AN U); k>0
satisfying the following properties:
i) d is C-linear;
ii) For f € A°%(U) = C*°(U), df is the one-form on U which acts on a vector
field X by df(X) := X(f).
iii) Given o € A"(U), 8 € A*%(U), the Leibniz property holds:
(2.7) dlanp) = daNp+(-1)"andp;
iv) dod = 0.
It follows from (ii) above that if {X1,...,X,,} is a local frame on U C M and
£1,...,&m € AY(U) is the dual coframe, then given f € C*°(U) we have

df = > Xi(f)é.
=1

In particular, if M is a complex manifold and (U, z1,..., z,) are local coordinates
then for f € C°°(U) we have
j=1 J j=1 J -1 J j=1 J

fMany of the topics in this section will be studied in greater depth in the courses by L. Tu and
F. Elzein.
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The properties of the operator d imply that for each open set U in M we have a
complex:

(2.9) C—Cc2U) L AU L. & 2N U) L A2
The quotients:

AR s AkHL
(2.10) HEA(U,C) = ker{d: A*(U) — A" (U)}

d(As=1(U))
are called the de Rham cohomology groups of U. The elements in
ZFU) = ker{d: A*(U) — A (U)}

are called closed k-forms and the elements in B¥(U) := d(A*=1(U)) exact k-forms.
We note that if U is connected then H{,(U,C) = C. Unless there is possibility of
confusion we will drop the subscript since, in this notes, we will only consider de
Rham cohomology.

Exercise 18. Prove that the closed forms are a subring of the ring of differential
forms and that the exact forms are an ideal in the ring of closed forms. Deduce that
the de Rham cohomology

(2.11) H*(U,C) := @ H"(U,C),
k>0
inherits a ring structure:
(2.12) U8 == [aAB]
This is called the cup product on cohomology.
If F: M — N is a smooth map, then given an open set V' C N, F' induces maps
F*: ARV) — AR (FH(V))
which commute with the exterior differential; i.e. F* is a map of complexes. This
implies that F* defines a map between de Rham cohomology groups:

F*: H*(V,C) — H¥(F~Y(V),C)

which satisfies the chain rule (F o G)* = G* o F*. Since (id)* = id it follows that if
F: M — N is a diffeomorphism then F*: H*(N,C) — H¥(M, C) is an isomorphism.
In fact, the de Rham cohomology groups are a (smooth) homotopy invariant:

Definition 2.6. Let fy, fi: M — N be smooth maps. We say that fj is (smoothly)
homotopic to fi if there exists a smooth map

H:RxM—N
such that H(0,z) = fo(z) and H(1,z) = fi(z) for all x € M.
Theorem 2.7. Let fo, f1: M — N be smoothly homotopic maps. Then
fo = fi: H*(N,C) — H"(M,C).
Proof. We refer to [3, §4] for a proof of this important result. O

Corollary 2.8 (Poincaré Lemma). Let U C M be a contractible open subset then
H*(U,C) = {0} for all k > 1.
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Proof. The result follows from Theorem 2.7 since in a contractible open set the
identity map is homotopic to a constant map. O

Hence, if U is contractible, the sequence
(2.13) 0—C—C®U) S A WU) L & 2L U) L A2MU) -0
is exact.

The exterior differential operator is not of “pure bidegree” relative to the decom-
position (2.6). Indeed, it follows from (2.8) that

d(AYY(U)) € AT10(U) @ A%PTH(U).

We write d = 9+ 0, where 0 (resp. 0) is the component of d of bidegree (1,0) (resp.
(0,1)). From d? = 0 we obtain:
(2.14) 2 =93> =0; d0d+dod = 0.
Exercise 19. Generalize the Leibniz property to the operators @ and 0.

It follows from (2.14) that, for each p, 0 < p < n, we get a complex

(2.15) AWy &) & D g ) &)

called the Dolbeault complex. Its cohomology spaces are denoted by HZ*(U) and
called the Dolbeault cohomology groups.

Exercise 20. Let a € AP9(U). Prove that da = 0Oa. Deduce that a form a
is O-closed if and only if @ is O-closed. Similarly for d-exact forms. Conclude
that via conjugation the study of d-cohomology reduces to the study of Dolbeault
cohomology.

Proposition 2.9. Let M be a complex manifold, then Hg’O(M) = OP(M).

Proof. Let a € AP°(M) and suppose 0o = 0. Let (U, {z1,...,2,} be local coordi-
nates in M and let |y = ), frdz;, where I runs over all increasing index sets
{1<iy<---<ip<n}. Then

5 —~fr
aa|U == Zzaizjdzj/\ dZ] = 0,
I j=1
This implies that 0f;/0Z; = 0 for all I and all j. Hence f; € O(U) for all I and «
is a holomorphic p-form. O
Given a = (ay,...,a,) € C" and € = (g1,...,&,) € (Rsg U o0)™ we denote by
Ac(a) ={z€C": |z — ai| <ei}

the n-dimesional polydisk. For n =1, a =0, e =1 we set A = A1(0), the unit disk,

and A* = A\ {0} the punctured unit disk. The following result is known as the
0-Poincaré Lemma:

Theorem 2.10. If¢>1 and o is a (p, q), 0-closed form on a polydisk A-(a), then
« is O-exact; i.e.
HEY(A(a)) = 0; ¢>1.
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Proof. We refer to [15, Chapter 0] or [18, Corollary 1.3.9] for a proof. O
Hence, if U = A.(a) is a polydisk we have exact sequences:

(2.16) 0 — QVU) — AP°(U) & AP (U) & 2 AUy 0

Remark 6. It will be shown in the course by L. Tu that:

0 <k=20<2
(2.17) e,y J© HOSk=20<2n
0 otherwise.

(2.18) HP(P) =

C ifo<p=qgq<n
0 otherwise.

Also in that course you will see how to realize the de Rham and Dolbeault coho-
mology groups as sheaf cohomology groups. This will show, in particular, that even
though our definition of the de Rham cohomology uses the differentiable structure
they are, in fact, topological invariants. On the other hand, the Dolbeault cohomol-
ogy groups depend essentially on the complex structure. This observation is at the
core of Hodge Theory.

3. HERMITIAN AND KAHLER METRICS

Definition 3.1. Let M be a complex manifold and J its complex structure. A
Riemannian metric g on M is said to be a Hermitian metric if and only if for each
p € M, the bilinear form g, on the tangent space T,,(M) is compatible with the
complex structure J, (cf. (A.22).

We recall from (A.23) in the Appendix that given a bilinear form compatible with
the complex structure we may define a J-invariant alternating form. Thus, given a
Hermitian metric on M we may define a differential two-form w € A%(M, C) by:

(3.1) W(X,Y) = g(JX,Y),
where we also denote by ¢ the bilinear extension of g to the complexified tangent
space. By (A.24), we have

(3.2) we AN (M) and @ =w.

We also recall that by Theorem A.8 every form w as in (3.2) defines a symmetric
(1,1) tensor on M compatible with J and a Hermitian form H on the complex vector
space (T,,(M),J).

We express these objects in local coordinates: let (U, {z1,...,2,}) be local com-
plex coordinates on M, then (3.2) implies that we may write

i o .
(3.3) w = B Z hjk de NdZy ; hkj = hjk-
k=1
Hence w(0/0z;,0/0%;) = (i/2) hjj, from which it follows that

w(0/0x;,0/0xy) = —Im(hj).
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Moreover, it follows from (A.25) that

9(0/0xj,0/0xy) = w(0/0x;,0/0yr) = Re(hji).
Thus,

H(@/&vj, 8/6:%) = hjk;a

where H is the Hermitian form on (T,(M), Jp) defined as in (A.26). Hence g, and
consequently H, is positive definite if and only if the Hermitian matrix (h;j) is
positive definite. We may then restate Definition 3.1 by saying that a Hermitian
structure is a (1,1) real form w as in (3.3) such that the matrix (h;j) is positive
definite. By abuse of notation we will say that, in this case, the two-form w is
positive.

3.1. Kahler Manifolds.

Definition 3.2. A Hermitian structure on a manifold M is said to be a Kdhler
metric if and only if the two-form w is closed. We will say that a complex manifold
is Kahler if and only if it admits a Kéhler structure and refer to w as a Kahler form.

Exercise 21. Let (M,w) be a Kédhler manifold. Prove that there exist local coframes
X155 Xn € AYO(U) such that

n
w = (i/2) Y% A%
j=1
Proposition 3.3. Fvery Kdhler manifold M is symplectic.

Proof. Recall that every complex manifold is orientable and that if {z1,..., z,} are
local coordinates on M then we may assume that the frame

{8/8:617 a/ayla s 78/856117 a/ayn}

is positively oriented.
Now, if w is a Kéahler form on M then

. n n
i
w' o= nl (2) det(( /_\ dzj A dzj)
n
= n!det(( /\ dxj A dy;),
since dz; A dz; = (2/i)dx; A dy;. Therefore, w" is never zero. O

Exercise 22. Prove that w"/n! is the volume element of the Riemannian metric g
defined by the Kahler form w.

Proposition 3.3 immediately gives a necessary condition for a compact complex
manifold to be Kéhler:

Proposition 3.4. If M is a compact Kahler manifold then
dim H?*(M,R) > 0,
forallk=0,....n
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k

)

Proof. Indeed, this is true of all compact symplectic manifolds as the forms w
k = 1,...,n, induce non-zero de Rham cohomology classes. Suppose, otherwise,
that w* = da, then

W =dW"F Aa).

But then it would follow from Stokes’ Theorem that

/w"zO
M

which contradicts the fact that w™ is a non-zero multiple of the volume element. [J

Remark 7. As we will see below, the existence of a Kéhler metric on a manifold
imposes many other topological restrictions beyond those satisfied by symplectic
manifolds. The earliest examples of compact symplectic manifolds with no Kéhler
structure are due to Thurston [30]. We refer to [36] for further details.

Example 3.5. Affine space C" with the Kéahler form:
. n
1 _
w =3 Zl dz; N dz;
]:

is a Kéhler manifold. The form w gives the usual symplectic structure on R?".

The following theorem states that, locally, a Kahler metric agrees with the Eu-
clidean metric up to order two.

Theorem 3.6. Let M be a complex manifold and g a Kdhler metric on M. Then,
given p € M there exist local coordinates (U,{z1,...,2n}) around p such that zj(p) =
0 and

. n
) _
w = 3 E hjrdz; N dzy ,

j=1
where the coefficients hj are of the form
(3.4) hi(s) = 61+ O(J4I2).
Proof. We refer to [34, Proposition 3.14] for a proof. O

Example 3.7. We will now construct a Kahler form on P". We will do this by
exhibiting a positive, real, closed (1, 1)-form on P", the resulting metric is called the
Fubini-Study metric on P".

Given z € C"*! we denote by

1212 = l20* 4+ + |2nl*.
Let U; C P be the open set (1.6) and let p; € C°°(U;) be the positive function

_ =P

Iy

(3.5) pi([2]) :
and define w; € AVY(U;) by

-1
(3.6) wj = 00log(p;).
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Clearly, wj; is a real two-form. Moreover, on U; N Uy, we have

log(p;) — log(pr) = log|z|* — log|z;|* = log(zx2k) — log(z;;)-

Hence, since 99(log(zjz;)) = 0, we have that w; = wy on U; N Uy. Thus, the forms
w; piece together to give us a global, real, (1,1)-form on P™:

(3.7) w = =L odlog(|||P).
211

Moreover, it is clear from the definition of w that dw = 0.

It remains to show that w is positive. We observe first of all that the expression
(3.7) shows that if A is a unitary matrix and p4: P — P is the biholomorphic map
pa(lz]) := [A- 2] then p%(w) = w. Hence, since given any two points [z],[2/] € P
there exists a unitary matrix such that p,([z]) = [2/], it suffices to prove that w
is positive definite at just one point, say [1,0,...,0] € Up. In the coordinates
{ug,...,u} in Uy, we have po(u) = 1+ ||u||? and therefore:

d(log po(u)) = py*(u) Z u Oy, = py*(u) Zuk duy,
k=1 k=1

7

n n n
W= oo po2(u) | po(u) Z du; A du; + Z ujdu; | A Z upduy,
Jj=1 Jj=1 Jj=1
Hence, at the origin, we have
7: n
w = % z;du] /\dﬂj.
J:

which is a positive form.

The function log(p;) in the above proof is called a Kahler potential. As the
following result shows, every Kahler metric may be described by a (local) potential.

Proposition 3.8. Let M be a complex manifold and w a Kahler form on M. Then
for every p € M there exists an open set U C M and a real function v € C*(U)
such that w =1 90(v).

Proof. Since dw = 0, it follows from the Poincaré Lemma that in a neighborhood
U’ of p, w = da, where a € AY(U’,R). Hence, we maw write o = 3 + 3, where
B e AU’ R). Now, we can write:
w = da = 9f+0B+08+ 073,
but, since w is of type (1,1) it follows that
w = 0+093 and 98 = 93 = 0.

We may now apply the 5—Poincar_é Lemma to conclude that there exists a neigh-
borhood U C U’ around p where = df for some (C-valued) C*° function f on U.
Hence:

w = 00f +00f = 00(f — f) = 2i90(Im(f)).
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Theorem 3.9. Let (M,w) be a Kdhler manifold and suppose N C M is a complex
submanifold, then (N,w|n) is a Kdhler manifold.

Proof. Let g be the J-invariant Riemannian metric on M associated with w. Then
g restricts to an invariant Riemannian metric on N whose associated two-form is
w|n. Since d(w|y) = (dw)|n = 0 it follows that N is a Kéhler manifold as well. [

It follows from Theorem 3.9 that a necessary condition for a compact complex
manifold M to have an embedding in P" is that there exists a Kahler metric on M.
Moreover, as we shall see below, for a submanifold of projective space there exists a
Kahler metric whose associated cohomology satisfies a suitable integrality condition.

3.2. The Chern Class of a Holomorphic Line Bundle. The construction of
the Kéahler metric in P may be further understood in the context of hermitian
metrics on (line) bundles. We recall that a Hermitian metric on a C-vector bundle
m: E — M is given by a positive definite Hermitian form

H, E,xE,—C

on each fiber E,, which is smooth in the sense that given sections o, 7 € I'(U, E), the
function

H(o,7)(p) = Hp(a(p),7(p))
is C*° on U. In particular, a Hermitian metric on a complex manifold is equivalent
to a Hermitian metric on the holomorphic tangent bundle (or on the complexified
tangent bundle). Using partitions of unity one can prove that every smooth vector
bundle £ has a Hermitian metric H.

In the case of a line bundle L, the Hermitian form H), is completely determined
by the value Hy(v,v) on a non-zero element v € Ly,. In particular, if {(Uy, ®o)} is a
cover of M by trivializing neighborhoods of L and o, € O(U,, L) is the local frame

oo(z) = &N (z,1); z€U,,
then a Hermitian metric H on L is determined by the collection of positive functions:
pa = H(oa,04) € C°(Uy).

we note that if U, N Uz # 0 then we have 03 = g - 0o and, consequently, the
functions p, satisfy the compatibility condition:
(38) ps = |9as]*pa-

In particular, if L is a holomorphic line bundle then the transition functions g,g are
holomorphic and we have, as in Example 3.7 that

801log(pa) = 0dlog(ps)
on U, NUg and therefore the form

(3.9) L 9d10g(pa)

21

is a global, real, (1,1) form on M. The cohomology class
(3.10) [(1/27i) 80 log(pa)] € H*(M,R)
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is called the Chern class of the vector bundle L and denoted by ¢(L). In fact, the
factor 1/2m factor is chosen so that the Chern class is actually an integral cohomology
class:

(3.11) ¢(L) € H*(M, 7).

Recall that if g,3 are the transition functions for a bundle L then the functions
g;é are the transition functions of the dual bundle L*. In particular, if p, are
a collection of positive C'*° functions defining a Hermitian metric on L then the
functions p, ! define a Hermitian metric, H* on L*. We call H* the dual Hermitian
metric. We then have:

(3.12) (L) = —e(L).

Definition 3.10. A holomorphic line bundle . — M over a compact Kéhler mani-
fold is said to be positive if and only if there exists a Hermitian metric H on L for
which the (1,1) form (3.10) is positive. We say that L is negative if its dual bundle
L* is positive.

We note that in Example 3.7 we have:

2l pi(l2]) = 12i1% p([2])

on U; NUy. Hence
2

pi([2])

and, by (3.8), it follows that the functions p; define a Hermitian metric on the
tautological bundle O(—1). Hence taking into account the sign change in (3.6) it
follows that for the Kéhler class of the Fubini-study metric agrees with the Chern
class of the hyperplane bundle O(1).

~j

pi([z]) =
2k

(3.13) (O(1) = [] = [;raéloguw?)} .

Hence, the hyperplane bundle O(1) is a positive line bundle. Moreover, if M C P"
is a complex submanifold then the restriction of O(1) to M is a positive line bundle
over M. We can now state:

Theorem 3.11 (Kodaira Embedding Theorem). A compact complex manifold
M may be embedded in P if and only if it there exists a positive holomorphic line
bundle m: L — M.

We refer to [34, Theorem 7.11], [25, Theorem 8.1], [15], [39, Theorem 4.1], and
[18, §5.3] for various proofs of this theorem.

Remark 8. The existence of a positive holomorphic line bundle 7: L — M implies
that M admits a Kahler metric whose Kahler class is integral. Conversely, any
integral cohomology class represented by a closed (1,1) form is the Chern class of a
line bundle (cf. [10, §6]), hence a compact complex manifold M may be embedded
in P™ if and only if it admits a K&hler metric whose Kéahler class is integral.
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When the Kodaira Embedding Theorem is combined with Chow’s Theorem that
asserts that every analytic subvariety of P” is algebraic we obtain a characteriza-
tion of complex projective varieties as those compact Kéahler manifolds admitting a
Kahler metric whose Kéahler class is integral.

4. HARMONIC FORMS - HODGE THEOREM

4.1. Compact Real Manifolds. Throughout §4.1 we will let M denote a compact,
oriented, real, n-dimensional manifold with a Riemannian metric g. We recall that
the metric on the tangent bundle T'M induces a dual metric on the cotangent bundle
T*M by the condition that if Xi,...,X,, € T'(U,TM) are a local orthonormal frame
on U then the dual frame &1, ..., &, € AY(U) is orthonormal as well. We will denote
the dual inner product by (, ).

Exercise 23. Verify that this metric on T*M is well-defined. That is, it is inde-
pendent of the choice of local orthonormal frames.

We extend the inner product to the exterior bundles A" (T« M) by the specification
that the local frame

§&r = & NG
where I runs over all strictly increasing index sets {1 < i3 < .-+ < i, < n}, is
orthonormal.

Exercise 24. Verify that this metric on T*M is well-defined: i.e., it is independent
of the choice of local orthonormal frames, by proving that:

(A N, Br Ao A Br) = det((as, B5)),
where «;, 8; € AY(U).
Hint: Use the Cauchy-Binet formula for determinants.

Recall that given an oriented Riemannian manifold, the volume element is defined
as the unique n-form € A"(M) such that

Qp)(v1,...,v) = 1
for any positively oriented ortonormal basis {vy,...,v,} of Tp(M). If &,...,&, €
AY(U) is a positively oriented orthonormal coframe then

Qu = &G A Nén.

Exercise 25. Prove that in local coordinates, the volume element may be written
as

QO = VG dey A Ny,
where G = det(g;;) and
9ij = 9(0/0x;,0/0x;).
We now define the Hodge *-operator: Let aq,...,a, € T;(M) be a positively

oriented orthonormal basis, I = {1 <i; <--- < i, <n}, and I° the complementary
index set. Then we set

(4.1) x(ay) = sign(I, I°) aje,



KAHLER MANIFOLDS 29

where sign (7, I€) is the sign of the permutation {I, I¢}, and extend it linearly to an
operator:

(4.2) w0 AT(T3 (M) — A" (T3 (M)

Note that since * maps an orthonormal basis to an orthonormal basis, it must
preserve the inner product.

Exercise 26. Verify that x is well defined by proving that for o, 8 € A™(T,;(M)):
(4.3) a3 = (o, ) Q(p).

Exercise 27. Prove that  is an isomorphism and that +* acting on A" (T;(M))
equals (—1)"("=") id.

Suppose now that M is compact. We can then define an L?-inner product on the
space of r-forms on M by:

(4.4) (a,B) = /Ma/\*ﬁ = /M<a(p),ﬁ(p)>ﬂ; o, € A" (M).

Proposition 4.1. The bilinear form (, ) is a positive definite inner product on

A"(M).
Proof. First of all we check that (, ) is symmetric:

(ﬁ,a):/Mﬂ/\*a:(—l)T(”’”) /M*(*ﬁ)/\*a:/ ra A x(+8) = (a, ).

M
Now, given 0 # o € A"(M), we have

(,) = /Ma/\*a = /M<a(p),a(p)> Q>0

since (a(p), a(p)) is a non-negative function which is not identically zero. O
Proposition 4.2. The operator 6: A" (M) — A"(M) defined by:

(4.5) § = ()" xdx

is the formal adjoint of d, that is:

(4.6) (da,B) = (,08); forall o€ A"(M),3ec ATH(M).

Proof.

(do,B) = /Mda/\*ﬁ: /Md(aA*ﬁ)—(—l)T /Momd*g

= ey [

Ma/\*(*d*ﬂ) = / a A *6f3
— (a,60)

M

O

Remark 9. Note that if dim M is even then 6 = — * d * independently of the degree
of the form. Since we will be interested in applying these results in the case of
complex manifolds which, as real manifolds, are even-dimensional we will make that
assumption from now on.
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We now define the Laplace-Beltrami operator of (M, g) by
A: A" (M) — A"(M); A(a) := déa+ dda.

Proposition 4.3. The operators d, §, x and A satisfy the following properties:
i) A is self-adjoint; i.e. (Aa, ) = (o, Af).
i) [A,d] = [A,0] = [A,%] = 0.
iii) A(a) =0 if and only if da = da = 0.
Proof. We leave the first two items as exercises. Note that given operators D1, D,
the bracket [D1, Ds] = Dj o Dy — Dy o Dy. Thus, ii) states that the Laplacian A
commutes with d,d, and x*.

Clearly, if da = da = 0 we have Aa = 0. Conversely, uppose a € A" (M), and
Aa = 0 then

0 = (Aa,a) = (déa+ dda, o) = (0o, ) + (da, da).
Hence do = dav = 0. O

Definition 4.4. A form o € A"(M) is said to be harmonic if Aa = 0 or, equiva-
lently, if « is closed and co-closed, i.e. da = 0.

Exercise 28. Let M be a compact, connected, oriented, Riemannian manifold.
Show that the only harmonic functions on M are the constant functions.

Exercise 29. Let a € A" (M) be closed. Show that *« is closed if and only if « is
harmonic.

The following result shows that harmonic forms are very special within a given
de Rham cohomology class:

Proposition 4.5. A closed r-form « is harmonic if and only if ||a||? is a local
minimum within the de Rham cohomology class of . Moreover, in any given de
Rham cohomology class there is at most one harmonic form.

Proof. Let a € A"(M) be such that ||a|[? is a local minimum within the de Rham
cohomology class of a. Then, for every 3 € A"1(M), the function v(t) := |la+
tdp||? has a local minimum at ¢ = 0. In particular,

V' (0) = 2(a,dB) = 2(da, f) =0 for all §e A""H(M).
Hence, da = 0 and « is harmonic. Now, if « is harmonic, then
oo+ dB|* = [lal|* + [|dB][* + 2(ev, dB) = [|al|* + [|dB]]* > |||
and equality holds only if d3 = 0. This proves the uniqueness statement. O

Hodge’s theorem asserts that, in fact, every de Rham cohomology class contains
a (unique) harmonic form. More precisely,

Theorem 4.6 (Hodge Theorem). Let H" (M) denote the vector space of harmonic
r-forms on M. Then:

i) H"(M) is finite dimensional for all r.
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ii) We have the following decomposition of the space of r forms:
A"(M) = AA(M))®H (M)
= dé(A"(M)) @ dd(A"(M)) & H" (M)
= dA"TYM)) @ S(ATH (M) @ HT(M).

Proof. The proof of this theorem involves the theory of elliptic differential operators
on a manifold. We refer to [15, Chapter 0], [37, Chapter 6] and [39, Chapter 4] for
proofs of this important result. O

Since d and ¢ are formal adjoints of each other it follows that
(ker(d),Im(d)) = (ker(d),Im(d)) = 0
and, consequently, if « € Z"(M) and we write

a=dB+6v+p; BeATH(M),ye ATHM),ueH (M),

then
0= (o, 67) = (7,7)
and therefore v = 0. Hence, [a] = [p]. By the uniqueness statement in Proposi-
tion 4.5 we get:
(4.7 H"(M,R) = H"(M).

Corollary 4.7. Let M be a compact, oriented, n-dimensional manifold. Then
H"(M,R) is finite-dimensional for all r.

Corollary 4.8 (Poincaré Duality). Let M be a compact, oriented, n-dimensional
manifold. Then the bilinear pairing:

(4.8) /M : H"(M,R) x H" "(M,R) — R

that maps (a, B) — fMa A B is non-degenerate. Hence
(H""(M,R))" = H"(M,R).

Proof. We may assume without loss of generality that M is a Riemannian mani-
fold. Then, the Hodge star operator commutes with the Laplacian and defines an
isomorphism:

H' (M) = H""(M).
Hence if 0 # a € H"(M) we have xa € H" ™" (M) and

/ aAxa=(a,a) #0.
M

Exercise 30. Prove that the pairing (4.8) is well-defined.
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4.2. Compact Hermitian Manifolds. We now consider the case of a compact,
complex, n-dimensional manifold M with a Hermitian metric. First of all, we will be
interested in considering complex valued forms A" (M, C). We extend the s-operator
by linearity to A"(7,; (M) ®@g C) and extending the inner product ( , ) on A"(T,; (M)

to the complexification as a Hermitian inner product ( , )

a A+ = (a,B)" Qp)

for a, 8 € A™(T,; (M)®grC). Hence we get a positive definite Hermitian inner product
on A¥(M,C) by

(4.9) (0, B)" = /M<a,5>h9 - /Ma/\*ﬂ.

we get:

Exercise 31. Prove that x maps (p, ¢)-forms to forms of bidegree (n — ¢,n — p).

Exercise 32. Let M be a compact, complex, n-dimensional manifold and a €

A?"=Y(M,C). Prove that
/ Oa = / da = 0.
M M

Proposition 4.9. The operator 0" := — x % (resp. O := — % 0x) is the formal
adjoint of O (resp. 0) relative to the Hermitian inner product ( , Y. The operator
0* (resp. 0*) is of bidegree (—1,0) (resp. (0,—1)).

Proof. Given Exercise 32 and the Leibniz property for the operators 9, 0, the proof
of the first statement is analogous to that of Proposition 4.2. The second statement
follows from Exercise 31. The details are left as an exercise. g

We can now define Laplace-Beltrami operators:
(4.10) Ay =00"+09"0; Az=00"+09%0

Note that the operators Ay and Aj are of bidegree (0,0); i.e. they map forms
of bidegree (p,q) to forms of the same bidegree. In particular, if o € A*(U) is
decomposed according to (2.6) as

a = a0 4 ab b4 g0k

then Agz(a) = 0 if and only if Az(aP?) =0 for all p, q.
The operators Ay and Aj are elliptic and, consequently, the Hodge Theorem
remains valid for them. Thus if we set:

(4.11) HEY(M) = {a € API(M): Ay(a) = 0},
we have
(4.12) Hg’q(M) & HPA(M).
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5. THE HODGE DECOMPOSITON THEOREM

In this section we will show that on a compact Kahler manifold the Laplacians A
and Aj are multiples of each other. Indeed, we have:

Theorem 5.1. Let M be a compact Kdhler manifold. Then:
(5.1) A = 2A;.

This theorem has a remarkable consequence: Suppose o € Hk(M ) is decomposed
according to (2.6) as
a = P04 F Ul g0k
then since A = 2Aj, the form « is Az-harmonic and, consequently, the components
aP? are Ag-harmonic and, hence, A-harmonic as well. Therefore, if we set for
p+qg==k:

(5.2) HPUM) = H*(M,C) N API(M),

we get

(5.3) HE(M,C) =  HPI(M).
pt+a=k

Moreover, since A is a real operator, it follows that

(5.4) HIP(M) = HPa(M).

If we combine these results with the Hodge Theorem we get:

Theorem 5.2 (Hodge Decomposition Theorem). Let M be a compact Kihler
manifold and let HP1(M) be the space of de Rham cohomology classes in HP1(M, C)
that have a representative of bidegree (p,q). Then,

(5.5) HP(M) = H9(M) = HPM(M),

and

(5.6) H*(M,C)= P HP(M).
p+q=k

Moreover, H¥P(M) = HP4(M).

Remark 10. In view of Definition A.3, Theorem 5.2 may be restated as: The
de Rham cohomology groups H*(M,R) have a Hodge structure of weight k with
(H(M,C))pa = HZ(M).

We will denote by h?¢ = dimc HP4(M ). These are the so-called Hodge numbers of
M. Note that the Betti numbers bF, that is, the dimension of the k-th cohohomology
space are given by:

(5.7) o= ) we
ptq=k

In particular, the Hodge Decomposition Theorem implies a new restriction on the
cohomology of a compact Kéhler manifold:

Corollary 5.3. The odd Betti numbers of a compact Kdhler manifold are even.
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Proof. This assertion follows from (5.7) together with the fact that h?? = h%P. [

Remark 11. Thurston’s examples of complex symplectic manifolds with no Kéahler
structure are manifolds which do not satisfy Corollary 5.3.

Remark 12. As pointed out in Example 18, the de Rham cohomology H*(M,C) is
an algebra under the cup product. We note that the Hodge decomposition (5.6) is
compatible with the algebra structure in the sense that
(5.8) HPa grd o grtriatd

This additional topological restriction for a compact, complex, symplectic manifold
to have a Kéhler metric has been successfully exploited by C. Voisin [36] to obtain
remarkable examples of non-Kéhler, symplectic manifolds.

Let M be a compact, n-dimensional Kahler manifold and X C M a complex
submanifold of codimension k. We may define a linear map:

(5.9) /X c HX R (M, C) - C; o] |—>/X04|X.

This map defines an element in (H2("~%)(M,C))* and, therefore, by Corollary 4.8
a cohomology class ny € H?¥(M,C) defined by the property that for all [a] €
H?"=k)(M, C):

(5.10) /Ma/\nX = /Xa|X.

The class nx is called the Poincaré dual of X and one can show that:
(5.11) nx € HY* (M) n H* (M, 7).

One can also prove that the construction of the Poincaré dual may be extended to
singular analytic subvarieties (cf. [15, 18]).

Conjecture 5.4 (Hodge Conjecture). Let M be a smooth, projective manifold.
Then
H" (M, Q) = H"F(M)n H*(M,Q)

1s generated, as a Q-vector space, by the Poincaré duals of analytic subvarieties of

M.
The Hodge Conjecture is one of the remaining six Clay Millenium Problems [11].
5.1. Kéhler identities.

Definition 5.5. Let (M,w) be an n-dimensional, compact, Kéhler manifold. We
define:

(5.12) Lo: A¥(M,C) — A¥2(M,C) ; Ly(a)=wAa,
Y: A*(M,C) — A*(M,C), where A*(M,C) = @;", A*(M,C) by
(5.13) Y(a) = (n—k)a for aec A¥(M,C),

and we let V; denote the formal adjoint of L, with respect to the Hermitian form
(, )i if a € A¥(M,C),

Ny(a) = (=1)F* L, % o
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Remark 13. If there is no chance of confusion we will write L for L. It is clear,
however, that this operator, as well as its formal adjoint depend on the choice of a
Kahler form w.

Exercise 33. Prove that if o € A*(M,C) and 3 € A**2(M,C), then
(L(a), )" = (=1)"(a, xL + )"

Proposition 5.6. The operators L, Y, Ny satisfy the following properties.

i) L, Y, and Ny are real.

i) L is an operator of bidegree (—1,—1); i.e.

L(APY(M)) c AP~1a=1(Ar).
iii) Y is an operator of bidegree (0,0) and N4 has bidegree (1,1).
iv) They satisfy the commutativity relations:
[Y,L]=-2L; [Y,Ny]=2N,; [Ny L]=Y.

Proof. All of the listed properties, with the exception of the last commutation re-
lation, are easy to verify. We note that the three operators are C°°(U) linear and
hence are defined pointwise. Thus, the verification of the last identity is a purely
linear algebra statement. We refer to [18, Proposition 1.2.26] for the details. O

As noted above, the operators L, Y, N are defined pointwise and, because of iv)
in Proposition 5.6 they define an sls-triple on the exterior algebra A* (7, (M)). Thus,
their action on A*(T};(M)) is described by Theorem A.15 and Proposition A.17. Al-
though the vector space A*(M, C) is infinite dimensional we still obtain the Lefschetz
decomposition from its validity at each point p € M:

Theorem 5.7. Let (M,w) be an n-dimensional Kihler manifold and let £ be such
that 0 < ¢ <mn. Set
(5.14) PYM,C) = {ac AY(M,C): L" “(a) =0}
Then
i) PY(M,C) = {a€ AYM,C): Ny(a)=0}.
i) AY(M,C) = PY(M,C)® L(A"2(M,C)).
The following result describe the Kéhler identities which describe the commuta-

tivity relations among the differential operators d, 9,0 and the Lefschetz operators
L)Y N..

Theorem 5.8 (Ké&hler identities). Let (M,w) be a compact, Kaihler manifold.
Then the following identities hold:
i) [0,L] = [0,L] = [0*,N4] = [0",N4] = 0.

i) [0%, L] =i0; [0*,L]=—i0; [0,Ny]=1i0*; [0,N4]=—i0*

Proof. We refer to [18, Proposition 3.1.12] for a full proof. It is clear that it suffices
to prove one of the identities in each item since the others follow from conjugation
or the adjoint property of these operators. We have

[0, Ll = O(Lar) — L(0ar) = O(w A ) — w A D = (Ow) A v = 0,



36 EDUARDO CATTANI

since 0 = dw = Ow + Ow which implies that each summand vanishes.
The second item is harder to prove and follows from a very clever use of the
Lefschetz decomposition and the fact that {L,Y, N.} are an sly-triple. O

Remark 14. An alternative way of proving the second set of identities makes use
of the fact hat these identities are local and only involve the coefficients of the
Kahler metric up to first order. On the other hand, Theorem 3.6 asserts that a
Kahler metric agrees with the standard Hermitian metric on C”. Thus it suffices to
verify the identities in that case. This is done by a direct computation. This is the
approach in [15] and [34, Proposition 6.5].
We now show how Theorem 5.1 follows from the Kéahler identities: Note first of

all that ii) in Theorem 5.8 yields:

i(00* +0%0) = O[Ny,0] +[Ny,0]0 = ON,O—ON. O = 0.
Therefore,

Ay = 00" +0"0 = i0[Ny,0] +i[Ny,0]0

= 2(8N+5 — 85N+ —|— N+50 — 5N+8)

= 1 (([8, N4]0 + N199) — OON, + N+90 — (I[N, 0] + 58N+))

= i (N4(00 + 99) + (00 + DO)N,. — i (90" + 0*9))

= Aj.
These two identities together give the assertion of Theorem 5.1, that is:

A =205 =2A;.

5.2. Lefschetz Theorems. We will now show how the Kéahler identities imply that
the Laplace-Beltrami operator A commutes with the slo-representation and conse-

quently, we get a (finite-dimensional) sly-representation on the space of harmonic
forms H*(M).

Theorem 5.9. Let (M,w) be a Kdihler manifold. Then, A commutes with L, Ny
and Y .
Proof. Clearly [A, L] =0 if and only if [Ap, L] = 0. We have:
[Ag, L] = [00" + 070, L]
= 00"L — LO0* 4+ 0"0L — L0*0
= 0([0%, L]+ L0*) — Loo* + ([0*, L] + LO*) 0 — LO*0
= —idd —idd
= 0
A similar argument yields that [A, Ny] = 0. Clearly, [A, Y] = 0. O

We can now define an slo-representation on the de Rham cohomology of a compact
Kahler manifold:

Theorem 5.10. The operators L, Y, and Ny define a real representation of s((2,C)
on the de Rham cohomology H*(M,C). Moreover, these operators commute with the
Weil operators of the Hodge structures on the subspaces H*(M,R).
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Proof. This is a direct consequence of Theorem 5.9. The last statement follows from
the fact that L, Y, and Ny are of bidegree (1,1), (0,0) and (—1, —1), respectively.
O

Corollary 5.11 (Hard Lefschetz Theorem). Let (M,w) be an n-dimensional,
compact Kdhler manifold. For each k < n the map

(5.15) LE. g% (M, C) — H" (M, C)
18 an isomorphism.

Proof. This follows from the results in A.5. Indeed, we know from (A.34) that the
weight filtration of L, is given by:

Wi = Wi(Lo) = @E;(YV).
i<k
Hence, we have using (5.13):
GrlV = E,(Y) = H" X, 0),

and the result follows from the definition of the weight filtration in Proposition A.12.
O

We note, in particular that for j7 < k < n, the maps
L7 HF(M,C) — H" "2 (M, C)

are injective. This observation together with the Hard Lefschetz Theorem imply
further cohomological restrictions on a compact Kéahler manifold:
Theorem 5.12. The Betti and Hodge numbers of a compact Kdahler manifold satisfy:

i) o"F = btk pPd = pOP = prmanTP = proPnTa,

i) B <prP<pt <

i) P <pP << -
In both cases the inequalities continue up to, at most, the middle degree.

Definition 5.13. Let (M,w) be a compact, n-dimensional Ké&hler manifold. For
each k = p+ ¢ < n, we define the primitive cohomology spaces:

(5.16) HYUM) = ker{L" *1: gPI(M) — H—otLr=PHL (A1)}
(5.17) Hy(M) = @ H(M).
ptq=k

We now have

Theorem 5.14 (Lefschetz Decomposition). Let (M,w) be an n-dimensional,
compact Kdhler manifold. For each k =p+ q <n, we have

(5.18) HPU(M) = Hy*(M)® Lo(HP~H17H (M),

(5.19) H*(M,C) = HY(M,C)® L,(H"*(M,C)).
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5.3. Hodge-Riemann Bilinear Relations. The following result, whose proof
may be found in [18, Proposition 1.2.31] relates the Hodge star operator with the
slo-action.

Proposition 5.15. Let o € P*(M,C), then:

(5.20) la) = (R s I ()

where C is the Weil operator in A*(M,C).

Definition 5.16. Let (M,w) be an n-dimensional, compact, Kédhler manifold. Let
k be such that 0 < k < n. We define a bilinear form

Qr=Q: H*(M,C) x H*(M,C) — C,

(5.21) Qe B) = (—1)k+D/2 / ah B AWk,

M
Exercise 34. Prove that ) is well defined independent of our choice of represen-
tative in the cohomology class. This justifies our using simply « to denote the
cohomology class [a].

Theorem 5.17. The bilinear form Q satisfies the following properties:

i) Qr is symmetric if k is even and skew-symmetric if k is odd.
i) Q(Lua, B)+Q(a, L,B) = 0; we say that L, is an infinitesimal isomorphism
of Q.
iit) Q(HP4(M), H” 4 (M)) = 0 unless p' = q and ¢’ = p.
iv) If 0 #£ o € HP (M) then

(5.22) Q(Ca,a) > 0.

Proof. The first statement is clear. For the second note that the difference between
the two terms is the preceding sign which changes as we switch from k42 to k. The
third assertion follows from the fact that the integral vanishes unless the bidegree
of the integrand is (n,n) and, for that to happen, we must have p’ = ¢ and ¢’ = p.

Therefore, we only need to show the positivity condition iv). Let « € Hé’ (M).
It follows from Proposition 5.15 that

(—1)FEED2 =k A & =« (n — k)1 C(@).
On the other hand, on H¥(M), we have C? = (—1)*id = %2 and therefore:

QCad) = [ ansa = (@a) >0
O

Properties iii) and iv) in Theorem 5.17 are called the first and second Hodge-
Riemann bilinear relations. In view of Definition A.9 we may say that the Hodge-
Riemann bilinear relations amount to the statement that the Hodge structure in the
primitive cohomology H}(M,R) is polarized by the “intersection” form @ defined
by (5.21).
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Example 5.18. Let X = X, denote a compact Riemann surface of genus g. Then

we know that H'(X,Z) = Z?9. The Hodge decomposition in degree 1 is of the form:
H'(X,C) = HY(X)® HLO(X),

where H?(X) consists of the one-forms on X which, locally, are of the form f(z) dz,
with f(z) is holomorphic. The form Q on H'(X,C) is alternating and given by:

Q.0 = [anp.
The Hodge-Riemann bilinear relations then take the form: Q(H°(X), H'9(X)) =0
and, since Hy?(X) = HYO(X),
1Q(a,a) = i/on/\o_z>O
if o is a non-zero form in H?(X). Note that, locally,

iaNa = i|f(2)]Pdz ANdz = 2|f(2)2dz A dy,

so both bilinear relations are clear in this case. We note that it follows that H19(X)
defines a point in the complex manifold D = D(H!(X,R),Q) defined in Exam-
ple 1.16.

Example 5.19. Suppose now that (M,w) is a compact, connected, Kéhler surface
and let us consider the Hodge structure in the middle cohomology H?(X,R). We
have the Hodge decomposition:

H*(X,C)= H**(X)® H"(X)® H**(X); H"*(X)=H'?(X).
Moreover, Hy?(X) = H*°(X) while
HY(X) = HY'(X)® L,HY(X) = HY'(X)® C - w,

and
Hy'(X) = {a € H"Y(X): [wAa] =0}
The intersection form on H?(X,R) is given by

Q(avﬁ) = _AaAﬁv

and the second Hodge-Riemann bilinear relation become:

/a/\d>Oif 0# ac H*(X),
X

/w2>0,
X

/6Aﬂ<0, if 0+4p8eH) (X).
X

We note that the first two statements are easy to verify, but that is not the case
with the last one. We point out that the integration form Z(«, 5) = —Q(a, 3) has
index (4, ,+,—) in H'Y(X)NH?(X,R); i.e. T is a hyperbolic symmetric bilinear
form. Such forms satisfy the reverse Cauchy-Schwarz inequality:

(523) I(O‘7ﬁ)2 ZI(O(,O&)'I(ﬁ,ﬁ),



40 EDUARDO CATTANI

provided that Z(«, «) > 0.

The inequality (5.23) is called Hodge’s inequality and plays a central role in the
study of algebraic surfaces. Via Poincaré duals it may be interpreted as an inequal-
ity between intersection indexes of curves in an algebraic surface or, in other words,
about the number of intersection points between two curves. If the ambient surface is
an algebraic torus, X = C* x C*, then a curve zero-locus of a Laurent polynomial in
two variables and a classical result of Bernstein-Kushnirenko-Khovanskii shows that,
generically on the coefficients of the polynomials, the intersection indexes may be
computed combinatorially from the Newton polytope of the defining polynomials (cf.
Khovanskii’s Appendix in [6] for a full account of this circle of ideas). This relation-
ship between the Hodge inequality and combinatorics led Khovanskii and Teissier
[29] to give (independent) proofs of the classical Alexandrov-Fenchel inequality for
mixed volumes of polytopes using the Hodge inequality and set the basis for a fruitful
interaction between algebraic geometry and combinatorics. In particular, motivated
by problems in convex geometry, Gromov [16] stated a generalization of the Hard
Lefschetz Theorem, Lefschetz decomposition and Hodge-Riemann bilinear relation
to the case of “mized” Kéahler forms. We give a precise statement in the case of the
Hard Lefschetz Theorem and refer to [31, 32, 13, 9] for further details.

A Kahler class is a real, (1,1) form satisfying a positivity condition. Those forms
define a cone KK C HYY(M) N H?(M,R). We have:

Theorem 5.20 (Mixed Hard Lefschetz Theorem). Let M be a compact, n-
dimensional, Kahler manifold. Let wy,...,wr € K, 1 <k <n. Then the map

Lwl e ka : Hn_k<M7 C) - Hn+k(M7 (C)
18 an isomorphism.

As mentioned above this result was originally formulated by Gromov who proved
it in the (1,1) (note that the operators involved preserve the Hodge decomposition).
Later, Timorin [31, 32] proved it in the linear algebra case and in the case of simplicial
toric varieties. Dinh and Nguyen [13] proved it in the form stated above. In [9] the
author gave a proof in the context of variations of Hodge structure which unifies
those previous results as well as similar results in other contexts [19, 4].
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APPENDIX A. LINEAR ALGEBRA

A.1. Real and Complex Vector Spaces. Here we will review some basic facts
about finite-dimensional real and complex vector spaces that are used throughout
these notes.

We begin by recalling the notion of “complexification” of a real vector space.
Given a vector space V over R we denote by

(A.1) Ve = VerC.

We can formally write v ® (a + ib) = av + b(v ® i), a,b € R, and setting iv := v ®1
we may write Vo = V @ iV. Scalar multiplication by complex numbers is then given
by:

(a +1ib)(v1 + tv2) = (av1 — bve) + i(ave + bvy) 5 wvi,v2 € V5 a,beR.

Note that dimg V' = dimc V¢ and, in fact, if {ej,...,e,} is a basis of V' (over R)
then {ej,...,ey} is also a basis of V¢ (over C). Clearly (R")c = C™.
The usual conjugation of complex numbers induces a conjugation operator on V:

clva) = va; veV, aeC,

or, formally, o(v) + ivy) = v; — ivg, v1,v2 € V. Clearly for w € Vi, we have that
w € V if and only if o(w) = w. If there is no possibility of confusion we will write
O’(w) =w, w e V.

Conversely, if W is a complex vector space over C, then W = V¢ for a real vector
space V if and only if W has a conjugation o; i.e. a map o: W — W such that o
is the identity, o is additive-linear, and

olaw) = ac(w); weW; aeC.

The set of fixed points V := {w € W : o(w) = w} is a real vector space and W = V.
We call V a “real form” of W.

If V,V’ are real vector spaces we denote by Homg(V,V’) the vector space of
R-linear maps from V to V'. It is easy to check that

(A.2) (Homg(V, V")) = Home(Ve, VE)

and that if o, o’ are the conjugation operators on V¢ and V{; respectively, then the
conjugation operator on Home (Vg, V{) is given by:

(A.3) otiom(T) = 0'oToo; T e (Homp(V,V")).,
or in more traditional notation:
(A4) T(w) = T(w); weVe.
Thus, the group of real automorphisms of V may be viewed as the subgroup:
GL(V)={T € GL(Vg): 00T =T oo} C GL(Vp).
If we choose V' = R, then (A.2) becomes
(A.5) (Ve = (Vo)
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where, as always, V* = Homg(V,R) and (V¢)* = Home(Vg, C) are the dual vector
spaces. Thus, we may drop the parenthesis and write simply V{Z. Note that for
a € V{4, its conjugate & is defined by
a(w) =a(w) ; we .
We may similarly extend the notion of complexification to the tensor products

a times b times
(A.6) TWV) = Ve VeV e - oV,

and to the exterior algebra: A"(V*) and we have

(10() = T0R) s (Ve = AT(VE).

In particular, a tensor B € T%2(V), which defines a bilinear form
B:VxV-R
may be viewed as an element in 7%2?(V¢) and defines a bilinear form
B: Ve x Ve —C
satisfying B = B. Explicitly, given vy, vy € V we set:
B(iv1,v2) = B(v1,ive) = iB(v1,v9)
and extend linearly. A bilinear form B: V¢ x Vg — C is real if and only if
B(w,w') = B(w, w'),

for all w,w" € V. Similarly, thinking of elements o € A"(V*) as alternating multi-
linear maps

T times

—
a: Vx-..xV-=R

we may view them as alternating multilinear maps
a:Vex---xVeg—=R

satisfying
alwy,...,wy) = aw,..., o),
for all wy,...,w, € V.

On the other hand, given a C-vector space W we may think of it as a real vector
space simply by “forgetting” that we are allowed to multiply by complex numbers
and restricting ourselves to multiplication by real numbers (this procedure is called
“restriction of scalars”). To remind ourselves that we are only able to multiply by
real numbers we write W when we are thinking of W as a real vector space. Note
that

dimp(W®) = 2 dim¢(W),
and that if {e1,...,e,} is a C-basis of W then {ei,...,en,ie1,...,ie,} is a basis of
WE,

It is now natural to ask when a real vector space V is obtained from a complex
vector space W by restriction of scalars. Clearly, a necessary condition is that
dimg (V) be even. But, there is additional structure on V = W= coming from the
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fact that W is a C-vector space. Indeed, multiplication by ¢ in W induces an R-linear
map:
(A7) JWR Wk J(w) = diw,

satisfying J2 = —I, where I denotes the identity map.
Conversely, let V' be a 2n-dimensional real vector space and J: V — V a linear
map such that J? = —I. Then we may define a C-vector space structure on V by:

(A.8) (a+1ib)xv := av+bJ(v).

We say that J is a complex structure on V and we will often denote by (V,.J)
the complex vector space consisting of the points in V' endowed with the scalar
multiplication’ (A.8).

Exercise 35. Let V' be a real vector space and J: V — V a linear map such that
J? = —I. Prove that there exists a basis {e1,...,en, f1,..., fn} of V such that the
matrix of J in this basis is of the form:

(A.9) J = (I(i _OI”) ,

where I,, denotes the (n x n)-identity matrix.

Proposition A.1. Let V be a real vector space. Then the following are equivalent:

i) V' has a complex structure J.
ii) The complexification Ve admits a decomposition

(A.10) Ve = WyaW_
where Wy C Vi are complex subspaces such that Wy = We.

Proof. Suppose J: V — V is a linear map such that J?> = —I. Then we may
extend J to a map J: Vg — V. Now, endomorphisms of complex vector spaces are
diagonalizable and since J? = —1I, the only possible eigenvalues for J are +i. Let
W4 denote the +i-eigenspace of J. We then have:

Ve =WyroW_.
Suppose now that w € W4, then since J is a real map we have
Jw) = J(w) = fiw = Fiw.
Hence W = W= and we obtain the decomposition (A.10).
Conversely, given the decomposition (A.10) we define a linear map J: Vg — V¢

by the requirement that J(w) = diw if w € W4. It is easy to check that J? = -1
and that the assumption that W4 = W= implies that J is a real map; i.e. J =J. 0O

Proposition A.2. Let V be a real vector space with a complex structure J. Then,
the map ¢ : (V,J) — W4 defined by ¢(v) = v —iJ(v) is an isomorphism of complex
vector spaces.

fWe will use * to denote complex multiplication in (V,.J) to distinguish from the notation Av,
A € C which is traditionally used to represent the point (v ® A) € Vo. We will most often identify
(V, J) with a complex subspace of V¢ as in Proposition A.1 and therefore there will be no chance
of confusion.
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Proof. We verify first of all that ¢(v) € W ; that is J(¢(v)) = ig(v):
J(p() = Jw—iJw)) = J)—iJ*(w) = Jw)+iv = i(v—1iJ(v)) = ip(v).
Next we check that the map is C-linear. Let a,b € R, v € V:
d((a+ib)xv) = ¢lav+bJ(v)) = (av+bJ(v)) —iJ(av + bJ(v))
= (av+bJ(v)) +i(bv—aJ(v)) = (a+ib)(v—1iJ(v))

= (a+ib)op(v).
We leave it to the reader to verify that if w € W, then w = ¢(4(w + w)) and,
therefore, ¢ is an isomorphism. O

Suppose now that (V,J) is a 2n-dimensional real vector space with a complex
structure J and let 7" € GL(V). Then T is a complex linear map if and only if
T(iv) = iT(v), i.e. if and only if:

(A.11) ToJ = JoT.

Exercise 36. Let V be a real vector space and J: V — V a complex structure on
V. Prove an R-linear map T: V — V is C-linear if and only if the matrix of T,
written in terms of a basis as in Exercise 35, is of the form:

(A.12) (g ;f) ,

where A, B are (n x n)-real matrices.

If T € GL(V) satisfies (A.11) then the extension of T to the complexification V¢
and continues to satisfy the commutation relation (A.11). In particular, such a map

T must preserve the eigenspaces of J: Vo — Vi. Now, if {e1,...,en, f1,..., fn} iSa
a basis of V as in Exercise 35, then w; = %(ei —iJe;) = %(ei —ifi),1=1,...,n,are
a basis of W, and the conjugates w; = %(ei +iJe;) = %(ei —if;))i=1,...,n, are a
basis of W_. In this basis, the extension of T' to V¢ is written as:

A+iB 0
a19 (A48 0).

We note in particular that if T € GL(V) satisfies (A.11) then det(7) > 0. In-
deed, the determinant is unchanged after complexification and in terms of the basis
{wi, ..., Wy, W1,...,%0,} the matrix of T is as in (A.13) and we have

(A.14) det(T) = | det(A +iB)[%.
If J is a complex structure on the real vector space V' then the dual map J*: V* —

V* is a complex structure on the dual space V*. The corresponding decomposition
(A.10) on the complexification V{¥ is given by

(A.15) Ve = Wiewl,
where Wi = {a € V : alw, = 0}. Indeed, if € V¢ is such that J*(a) = i and
w € W_ then we have:
ia(w) = (J*(a))(w) = a(J(w)) = a(—iw) = —ia(w)
0.

which implies that a(w) = 0. The statement now follows from dimensional reasons.
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A.2. Hodge structures. The decomposition of the complexification of a real vector
space defined by a complex structure is a simple but important example of a Hodge
structure.
Definition A.3. A (real) Hodge structure of weight k € Z consists of:

i) A finite-dimensional real vector space V.

ii) A decomposition of the complexification V¢ as:
(A.16) Ve = @ VPd . YO = b,

pt+a=k
We say that the Hodge structure is rational (resp. integral) if there exists a rational
vector space Vg (resp. a lattice V7) such that V = Vg ®g R (resp. V = Vz ®z R).
The following statement is valid for Hodge structures defined over R, Q, or Z.

Proposition A.4. Let V and W be vector spaces with Hodge structures of weight
k, € respectively. Then Hom(V, W) has a Hodge structure of weight ¢ — k.

Proof. We set

(A.17) Hom(V, W)®* := {X € Home(Vg, We) : X (VP9) ¢ Wrreatty,
Then Hom(V, W) = 0 unless p +a + ¢ + b = ¢, that is unless a + b = £ — k. The
rest of the verifications are left to the reader. O

In particular, if we choose W = R with the Hodge structure W = W90, we see
that if V' has a Hodge structure of weight k, then V* has a Hodge structure of weight
—k. Similarly, if V' and W have Hodge structures of weight k, ¢ respectively, then
V @r W = Homg(V*, W) has a Hodge structure of weight k + ¢ and

(A.18) (Vew)™ = g vPiee W,

ptr=a
g+s=b

Needless to say, we could take (A.18) as our starting point rather than (A.17). Note

that if V has a Hodge structure of weight k then the tensor product 7%*(V) defined
in (A.6) has a Hodge structure of weight k(a — b).

Example A.5. Let V be a real vector space with a complex structure J and consider
the complex structure J* on the dual vector space V*. We may define a Hodge
structure of weight 1 on V* by setting (V*)% = Wi and (V*)%! = W in the
decomposition (A.15). The exterior algebra A*(V*) now inherits a Hodge structure
of weight k, where for p + ¢ = k:

p times q times
A19) APY(V*F) = (AF(VN)PL = (VHLOA oA (VHBOA (VA A A (V0L
C

There are two alternative ways of describing a Hodge structure on a vector space
V that will be very useful to us.

Definition A.6. A real (resp. rational, integral) Hodge structure of weight k € Z
consists of a real vector space V' (resp. a rational vector space Vp, a lattice Vz) and
a decreasing filtration

S FP S FP-lol.
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of the complex vector space Ve =V ®@g C (resp. Vo = Vo ®qC, Ve = Vz®7C) such
that:

(A.20) Vo = FP@FFpil,

The equivalence of Definitions A.3 and A.6 is easy to verify. Indeed given a
decomposition as in (A.16) we set:

o @ ko
azp
while given a filtration of Vi satisfying (A.20) the subspaces
HPY =FPNF1; p+q=k.
define a decomposition of V¢ satisfying (A.16).

In order to state the third definition of a Hodge structure, we need to recall some
basic notions from representation theory. Let us denote by S(R) the real algebraic

group:
a —b
S(R) := {(b a> € GL(2,R)}.
Then C* = S(R) via the identification

z=a+ib <a _b).
b «a

The circle group S = {2 € C* : |2| = 1} is then identified with the group of

rotations: / 0
cos —sin
{(sin& cos&) ’ QER}'

Recall that a representation of an algebraic group G defined over the field F' =
Q,R, or C, on a F-vector space Vg is a group homomorphism ¢: G — GL(Vp).

Now, if V' is a real vector space with a Hodge structure of weight k, then we may
define a representation of S(R) on V¢ by:

p(2)(v) = Z 2P 2 vp g,
ptq=k
where v = ) v, is the decomposition of v according to (A.16). We verify that

o(z) € GL(V), i.e. that ¢(z) = ¢(2):
p(2)(v) = p(x)®) = Y 2Ty,

pt+qg=k

since (0)pq = Uqp. Hence ¢(2)(v) = ¢(2)(v). We note also that for A € R* C C*,
(N (v) = Nev for all v e V.

Conversely, it follows from the representation theory of S(R) that every every finite
dimensional representation of S(R) on a complex vector space splits as a direct sum
of one-dimensional representations where z € S(R) acts as multiplication by 2Pz9,
with p,q € Z. Hence, a representation ¢: S(R) — GL(V¢) defined over R (i.e.
@ = ¢) decomposes V¢ into subspaces VP4

(A.21) Ve = @vre; ver = Ve,
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where ¢(z) acts as multiplication by 2Pz9. Note, moreover, that if A € R* C S(R)
then ¢(\) acts on VP4 as multiplication by A\?T%. Thus, the following definition is
equivalent to Definitions A.3 and A.6.

Definition A.7. A real Hodge structure of weight k € Z consists of a real vector
space V and a representation ¢: S(R) — GL(V) such that ¢()\)(v) = A\¥v for all
v eV and all A € R* C S(R).

Given a Hodge structure ¢ of weight k& on V/, the linear operator ¢(i): Vo — V¢
is called the Weil operator and denoted by C. Note that on VP4 the Weil operator
acts as multiplication by *~¢ and, consequently, if J is a complex structure on V'
then for the Hodge structure of weight k defined on the exterior product A*(V*),
the Weil operator agrees with the natural extension of J* to AF(V*).

Exercise 37. Prove that if (V, ), (V',¢’) are Hodge structures of weight k and &’
respectively, then (V*,¢*) and (V ® V', ® ¢') are the natural Hodge structures
on V* and V ® V' defined above. Here ¢*: S(R) — GL(V™*) is the representation

¢"(2) := (p(2))" and, similarly, (¢ © ¢')(2) := ¢(2) © ¢'(2).

A.3. Symmetric and Hermitian Forms. If V is a real vector space with a com-
plex structure J and B: V x V — R is a bilinear form on V' then we say that B is
compatible with J if and only if

(A.22) B(Ju, Jv) = B(u,v) for all u,v € V.

We shall also denote by B the bilinear extension of B to the complexification V. If
B is symmetric then the bilinear form on V:

(A.23) w(u,v) = B(Ju,v)
is alternating; i.e. w € A%(V{). Indeed:
w(u,v) = B(Ju,v) = B(J?u, Jv) = —B(u, Jv) = —w(v,u).
We note that since B is real then so is w and that, in fact,
(A.24) w e AP (V) N A% (TR).

This follows from considering from the fact that the Weil operator on the Hodge
structure of A%2(V*) agrees with the operator defined by the complex structure J:

(Cw)(u,v) = w(Ju, Jv) = B(J?u, Jv) = —B(u, Jv) = —w(v,u) = w(u,v).

Conversely, given an element w € A (V*) N A2(Vg), we have w(Ju, Jv) = w(u,v)
and we may define a bilinear symmetric form compatible with J by

(A.25) B(u,v) = w(u, Jv).
We shall also be interested in Hermitian forms on a C-vector space W:
H:WxW—=C.

Recall that for such a form,
H(M\u+ pu',v) = AH (u,v) + pH(u',v) 3 w,v/;,v e Wi A\ ueC, and
H(v,u) = H(u,v).
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Now, if H is a Hermitian form and we write:
H(u,v) = S(u,v) —iA(u,v) ;  S(u,v), A(u,v) € R.

it is clear that S is a symmetric form and A is an alternating form.

Given a real vector space with a complex structure J and a compatible symmetric
bilinear form B: V xV — R, we may define a Hermitian form on the complex vector
space (V,J) by:

(A.26) H(u,v) = B(u,v) — iw(u,v),

where w is as in (A.23). Indeed, we only need to verify that H is C-linear on the
first argument but we have:

H(iu,v) = H(Ju,v) = B(Ju,v) — iw(Ju,v) = w(u,v) + iB(u,v) = iH (u,v).
We collect these observations in the following:

Theorem A.8. Let V be a real vector space with a complex structure J then the
following data are equivalent:
i) A symmetric bilinear form B on V' compatible with J.
ii) An element w € ALL(VE) NA%(V*).
iii) A Hermitian form H on the complex vector space (V,J)

Moreover, H is positive definite if and only if B is positive definite.
A.4. Polarized Hodge Structures.

Definition A.9. Let (V, ) be a real Hodge structure of weight k. A polarization
of (V, ) is a real’ bilinear form Q: V x V — R such that

i) Qu,v) = (—1)*Q(v,u); i.e., @ is symmetric or skew-symmetric depending
on whether £ is even or odd.

ii) The Hodge decomposition is orthogonal relative to the Hermitian form
H: Vo x Vg — C defined by

(A.27) H(wi,wz) = Q(Cwr,w2),

where C' = () is the Weil operator.
iii) H is positive definite.

Remark 15. Note that if k£ is even then the Weil operator acts on VP4 as multipli-
cation by £1 and then it is clear that the form H defined by (A.27) is Hermitian.
Similarly if k£ is odd since in this case C acts on VP4 as multiplication by +i. We
also note that (ii) and (iii) above may be restated as follows:

i) Q(VPe, vy =0if p' #k—p.

iii’) P7I1Q(w,w) > 0 for all 0 # w € VP4,
The statements ii’) and iii’) correspond to the Hodge-Riemann bilinear relations in
Theorem 5.17.

If (V, ) is a rational (resp. integral) Hodge structure then we require @ to be defined over Q
(resp. over Z).
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Example A.10. Let (V,J) be a real vector space with a complex structure and
let B be a positive definite symmetric bilinear form on V' compatible with J. Let
Ve = Wi @ W_ be the induced decomposition and consider the Hodge structure of
weight one on V defined by V¥ = W, . The form Q(u,v) = B(u, Jv) is alternating
and for w = u —iJu,w’ = v —iJu' € W, we have:

Qu —iJu,u' —iJu') = Qu,v') — Q(Ju, Ju') —iQ(u, Ju') —iQ(Ju,u’) = 0.
Similarly, for 0 # u € V:

iQ(u—iJu,u+iJu) = i (Q(u,u)+ Q(Ju, Ju) +iQ(u, Ju) —iQ(Ju,u))
—2Q(u, Ju) = 2B(u,u) > 0.

Hence @ polarizes the Hodge structure defined by J.

A.5. The Weight filtration of a nilpotent transformation. In this section we
will construct a filtration canonically attached to a nilpotent linear transformation
and study its relationship with representations of the Lie algebra s[(2,R).

Throughout this section N: V' — V will be a nilpotent linear transformation of
nilpotency index k; i.e. k the first positive integer such that N**1 = 0. Given an
integer ¢ < k, we will say that a subspace Ay C V is a Jordan block of weight m if
Ay has a basis {fg, {1, ..., fA} such that N(f{') = fl-‘il, where we set f£+1 =0.It
is convenient to reindex the basis as

A A
em_Qj = f] .

Note that if m is even then the index of e? takes even values from m to —m, while
if m is odd then it takes odd values from m to —m.

It is known from the study of the Jordan Normal Form for a nilpotent transfor-
mation N:V — V of a nilpotency index k, that we may decompose V as a direct

sum:
k
V=0 Un,
m=0

where Uy, is the direct sum of all Jordan blocks of weight m. In fact, these subspaces
U,, are unique. Clearly, each U,,, decomposes further as

m
Un = @ Um,mej )
j=0

where Uy, ;,m—2; is the subspace spanned by all basis vectors eflfzj as A runs over all
Jordan blocks of weight m. We now define

k
(A.28) Ey = E¢(N) = P Uy
m=0
Theorem A.11. The decomposition (A.28) satisfies:

i) N(E¢) C Ep—s.
ii) For (>0, Nt: By — E_y is an isomorphism.
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Proof. The first statement is clear since for any Jordan block A, N( fJA) = f]fil
which implies the assertion. Suppose now that £ is even. Then, Ej is spanned by all
basis vectors of the form ef = f{:n _0))2 where A runs over all Jordan blocks of even

weight m > /£. O

Proposition A.12. Let N be a nilpotent transformation with nilpotency index k.
Then there exists a unique increasing filtration W = W (N):

(A.29) {0} c Wi C W—k+l C--CWp 1 CWp =V,
with the following properties:

i) N(Wg) C Wg,Q,

ii) For £>0:N* Gr}V — Gi%,, where Gr}¥ := Wy /Wy, is an isomorphism.
Moreover, the subspaces Wy may be expressed in terms of ker(N?), Im(N®) and
hence are defined over Q (resp. over R) if N is.

Proof. The existence of W (N) follows from Theorem A.11 while the uniqueness is a
consequence of the uniqueness properties of the Jordan decomposition. Alternatively
one may give an inductive construction of Wy(N) as in [27, Lemma 6.4]. For an
explicit construction involving kernels and images of powers of N we refer to [28]. O

Example A.13. Suppose k = 1, then the weight filtration is of the form:
{0} cwW_,CcWyCcW, =V.

Since N: V/Wy — W_; is an isomorphism it follows that
W_i(N)=Im(N); Wy(N)=ker(N).

Exercise 38. Prove that if kK = 2 the weight filtration:
{0} CcWoCcW i CWyCW CWo=V

is given by:

{0} € Im(N?) C Im(N) Nker(N) C Im(N) + ker(N) C ker(N?) c V

A.6. Representations of s[(2,C). We recall that the Lie algebra sl(2, C) consists
of all 2 x 2-complex matrices of trace zero. It has a basis consisting of

(A.30) ng = (8 (1)> P B = <(1) 8) Py <é —01>

This basis satisfies the commutativity relations:

(A.31) yoni=2n,; [yn)=-2n; [min]=y;

A representation p of sl(2,C) on a complex vector space V¢ is a Lie algebra
homomorphism

p:sl(2,C) — gl(Ve).

We denote the image of the generators of s((2,C) by N, N_ and Y. These elements
satisfy commutativity relations analogous to (A.31). Conversely, given elements
{N4,N_,Y} C gl(V) satisfying the commutation relations from (A.31) we can define
a representation p: sl(2,C) — gl(Vg). We will refer to { N, N_,Y'} as an sly-triple.
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A representation is called irreducible if V' has no proper subspaces invariant under
p(sl(2,C)). We say that p is real if V¢ is the complexification of a real vector space
V and p(sl(2,R)) C gl(V).

Example A.14. For each integer n we may define an irreducible representation p,,
on Ve = C" as follows. Suppose that n = 2k + 1, then we label the standard basis
of V as: {e_ok,e_2k+2,...,€0,...6€26_2, €2} and define:

(A.32) Yeyj) 1= 2j-ez; No(ezj) =ezja; Nyley) = poj-ezjs2,
where the integers pg; are the unique solution to the recursion equations:
(A.33) H2j—2 — p2j =27 ; p-2k—2=0.

It is easy to check that the first two commutation relations are satisfied. On the
other hand,

[Nt N_|(e2;) = Ny(ej—2) — N—(ug;-eaj—2) = (u2j—2— p2;)-€2; = 2j-e25 = Y (e2;).
Exercise 39. Find the solution to the equations (A.33).

Exercise 40. Extend the construction of the representation in Example A.14 to the
case n = 2k.

We note that for the representation p, we have N™ = 0 and N1 £ 0; that
is, the index of nilpotency of N_ (and of N;) is n — 1. At the same time, the
eigenvalues of Y range from —n + 1 to n — 1. We will refer to n — 1 as the weight
of the representation p,. This notion of weight is consistent with that defined for
Jordan blocks above.

The basic structure theorem about representations of s((2, C) is the following

Theorem A.15. Every finite dimensional representation of sl(2,C) splits as a di-
rect sum of irreducible representations. Moreover, an irreducible representation of
dimension n is tsomorphic to py.

Proof. We refer to [39, Chapter V, Section 3] for a proof. O

Suppose now that p: sl(2,C) — gl(V) is a representation and set N = N_.
Let k be the unipotency index of N then p splits as a direct sum of irreducible
representations of weight at most k and we have:

(A.34) Wi(N) = €D E;(Y).

Jj<t
Indeed, it is enough to check this statement for each irreducible representation and
there the statement is clear.
Exercise 41. Let N € gl(V) be nilpotent and Y € gl(V') be semisimple. Then the
following are equivalent.

i) There exists an slp-triple { N4, N_, Y} with N_ = N.
ii) [Y, N] = —2N and the weight filtration of N is given by (A.34).
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The above exercise implies that if N is a nilpotent element, W, its weight filtration
and we {V;} is a splitting of the filtration W in the sense that:

(A.35) Wy = Ve Wiy,

then if we define Y € gl(V') by Y (v) = fv if v € Vj, the pair {N, Y} may be extended
to an slo-triple. Moreover if N is defined over Q (resp. over R) and the splitting is
defined over Q (resp. over R) so is the slp-triple.

Exercise 42. Apply Exercise 41 to prove that if IV is a nilpotent transformation,
then there exists an slp-triple with N = N_. This is a version of the Jacobson-
Morosov Theorem.

A.7. Lefschetz decomposition. Let N be a nilpotent transformation with nilpo-
tency index k. Then, for any ¢, with 0 < ¢ < k we have

Nt Grl — Gr%,
is an isomorphism. We define
(A.36) Py = ker{N*L:Gr}V — Gr", ,}
and call it the ¢-th primitive space.

Example A.16. For any k& we have P, = GT,ZV since N1 = 0. Suppose k = 1
then, Py = Grl/ = ker(N)/Im(N).
Exercise 43. Let k = 2. Prove that P; = Gr!" but that
Py = ker(N)/(ker(N)NIm(N)) C Gr{.

Proposition A.17. Let N € gl(V) be a nilpotent transformation with nilpotency
index k. Then for any slo-triple with N_ = N we have

Py = ker{Ni:Gr)Y — Gr}\,}.
Moreover, for every £, 0 < ¢ <k, we have:
(A.37) Gr)Y = Py® N(Gr),).
Proof. Let {N4, N_,Y} with N_ = N be an sly-triple with N_ = N. Then P,
is given by all eigenvectors of Y of eigenvalue ¢ living in the sum of irreducible
components of the representation of weight ¢ and this is are exactly the elements

by N;. Similarly, it suffices to verify the decomposition (A.37) in each irreducible
component which is easy to do. O

The decomposition (A.37), or more precisely, the decomposition obtained from
(A.37) inductively:

(A.38) Gr) = Pi®N(Pey2) ® N*(Pogs) + - -
is called the Lefschetz decomposition.

Example A.18. The only interesting term in the Lefschetz decomposition for k = 2
occurs for ¢ = 0, where, according to Exercises 38 and 43 we get:

Gry = Py ® N(Py) = ker(N)/(ker(N)NIm(N)) @ N(V/ker(N?)).
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