COMPLEX MANIFOLDS, FALL 2024

CHRISTIAN SCHNELL

CLAss 1. HOLOMORPHIC FUNCTIONS (AUGUST 27)

Introduction. The subject of this course is complex manifolds. Recall that a
smooth manifold is a space in which some neighborhood of every point is homeo-
morphic to an open subset of R™, such that the transitions between those open sets
are given by smooth functions. Similarly, a complex manifold is a space in which
some neighborhood of every point is homeomorphic to an open subset of C™, such
that the transitions between those open sets are given by holomorphic functions.

Here is a brief overview of what we are going to do this semester. The first few
classes will be taken up with studying holomorphic functions in several variables;
in some ways, they are similar to the familiar theory of functions in one complex
variable, but there are also many interesting differences. Afterwards, we will use
that basic theory to define complex manifolds.

The study of complex manifolds has two different subfields:

(1) Function theory: concerned with properties of holomorphic functions on
open subsets D C C™.

(2) Geometry: concerned with global properties of (for instance, compact) com-
plex manifolds.

In this course, we will be more interested in global results; we will develop the local
theory only as needed.

Two special classes of complex manifolds will appear very prominently in this
course. The first is Kdhler manifolds; these are (usually, compact) complex mani-
folds that are defined by a differential-geometric condition. Their study involves a
fair amount of differential geometry, which will be introduced at the right moment.
The most important example of a Kahler manifold is complex projective space P™
(and any submanifold). This space is also very important in algebraic geometry,
and we will see many connections with that field as we go along. (Note that no
results from algebraic geometry will be assumed, but if you already know some-
thing, this course will show you a different and more analytic point of view towards
complex algebraic geometry.) Three of the main results that we will prove about
compact Kéhler manifolds are:

(1) The Hodge theorem. It says that the cohomology groups H*(X,C) of a
compact Kéhler manifold have a special structure, with many useful con-
sequences for their geometry and topology.

(2) The Kodaira embedding theorem. It gives necessary and sufficient condi-
tions for being able to embed X into projective space.

(3) Chow’s theorem. It says that a complex submanifold of projective space is
actually an algebraic variety.
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The second class is Stein manifolds; here the main example is C" (and its sub-
manifolds). Since the 1950s, the main tool for studying Stein manifolds has been
the theory of coherent sheaves. Sheaves provide a formalism for passing from local
results (about holomorphic functions on small open subsets of C™, say) to global
results, and we will carefully define and study coherent sheaves. Time permitting,
we will prove the following two results:

(1) The embedding theorem. It says that a Stein manifold can always be
embedded into C™ for sufficiently large n.

(2) The finiteness theorem. It says that the cohomology groups of a coherent
sheaf on a compact complex manifold are finite-dimensional vector spaces;
the proof uses the theory of Stein manifolds.

Along the way, we will introduce many useful techniques, and prove many other
interesting theorems.

About the course. I am not following a single textbook; instead, I will make
notes for each lecture available on my website, at

https://www.math.stonybrook.edu/~cschnell/mat545/

References in the notes will be by lecture, meaning that Lemma 3.2, say, occurs in
the third lecture. There will be weekly homework assignments, too; each assignment
will be handed out on Thursday, and will be due on Thursday of the following week.
Homework problems will sometimes be the details of some proof, sometimes more
specific examples or questions. You can probably find many of the statements and
solutions in various textbooks, but please resist the temptation to look them up.

Holomorphic functions. Our first task is to generalize the notion of holomorphic
function from one to several complex variables. There are many equivalent ways
of saying that a function f(z) in one complex variable is holomorphic (e.g., the
derivative f’(z) exists; f can be locally expanded into a convergent power series; f
satisfies the Cauchy-Riemann equations; etc.). Perhaps the most natural definition
in several variables is the following:

Definition 1.1. Let D be an open subset of C", and let f: D — C be a complex-
valued function on D. Then f is holomorphic in D if each point a € D has an open
neighborhood U, such that the function f can be expanded into a power series

oo

(12) f(Z) = Z Ckl,.“,kn(zl - al)kl te (Zn - an)kn

k1,..;kn=0

which converges for all z € U. We denote the set of all holomorphic functions on
D by the symbol €(D).

More generally, we say that a mapping f: D — F between open sets D C C"
and E C C™ is holomorphic if its m coordinate functions fi,..., fin: D — C are
holomorphic functions on D.

It is often convenient to use multi-index notation with formulas in several vari-
ables: for k = (ki,...,k,) € Z" and z € C", we let 2% = 2" ... zF»: we can then
write the formula in more compactly as

f(z) = Z cx(z —a)>.

keNm
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The familiar convergence results from one complex variable carry over to this setting
(with the same proofs). For example, if the series ([L.2)) converges at a point b € C",
then it converges absolutely and uniformly on the open polydisk

A(a;r):{ze(C" ’ \zj—aj|<7“j},

where r; = |b; — a;] for j = 1,...,n. In particular, a holomorphic function
f is automatically continuous, being the uniform limit of continuous functions.
A second consequence is that the series (1.2]) can be rearranged arbitrarily; for
instance, we may give certain values bq,...,b;-1,bj41,...,b, to the coordinates
Z1yeeeyZj—1yZj41s- - - Zn, and then can be rearranged into a convergent power
series in z; — a; alone. This means that a holomorphic function f € &(D) is holo-
morphic in each variable separately, in the sense that f(b1,...,b;-1,2,bj41,...,bn)
is a holomorphic function of z, provided only that (b1,...,bj—1,2,bj41,...,by) € D.

Those observations have a partial converse, known as Osgood’s lemma; it is often
useful for proving that some function is holomorphic.

Lemma 1.3 (Osgood’s lemma). Let f be a complez-valued function on an open
subset D C C™. If f is continuous and holomorphic in each variable separately,
then it is holomorphic on D.

Proof. Let a € D be an arbitrary point, and choose a closed polydisk
Ala;r) = {z eCn ’ |z — a; §rj}

contained in D. On an open neighborhood of A(a;r), the function f is holomorphic
in each variable separately. We may therefore apply Cauchy’s integral formula for
functions of one complex variable repeatedly, until we arrive at the formula

__1 d6n . _dG
f(z) a (27ri)n /|C1—a1|=7‘1 /Cn—an|=7‘n f(Ch Y Cn) Cn — 2n (1—= ’

valid for any z € A(a;r). For fixed z, the integrand is a continuous function on the
compact set

S(a,r)={¢eC"|[¢—a;| =7},

and so Fubini’s theorem allows us to replace the iterated integral above by

4 T2) = Gy /Sm,r) G ) (Cn =)

Now for any point z € A(a;r), the power series

o0

! I SR CET AR CRar

B (Cl - a’l)kﬁ_l T (Cn - an)k"'H

(Cl _Zl)(Cn _Zn)

converges absolutely and uniformly on S. We may therefore substitute this series
expansion into ; after interchanging summation and integration, and reordering
the series, it follows that f(z) has a convergent series expansion as in on
A(a;r), where

kn

ki, ,kn=0

1 f(<17aCn)d<1d<n
/

ke T ) J o (G a) (G = ag)Fe

This concludes the proof. [
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In fact, Lemma remains true without the assumption that f is continuous;
this is the content of Hartog’s theorem, which we do not prove here.

The formula in generalizes the Cauchy integral formula to holomorphic
functions of several complex variables. But, different from the one-variable case,
the integral in is not taken over the entire boundary of the polydisk A(a;r),
but only over the n-dimensional subset S(a,r).

Cauchy-Riemann equations. In one complex variable, holomorphic functions
are characterized by the Cauchy-Riemann equations: a continuously differentiable
function f = u + ‘v in the variable z = z + iy is holomorphic iff du/dz = dv/dy
and Ju/0y = —0v/dx. With the help of the two operators

o _1790 .9 g 2_1(o 0
92 2\az ‘ay) M 9z 7 2\ax 'oy)

these equations can be written more compactly as 9f/0z = 0. Osgood’s lemma
shows that this characterization holds in several variables as well: a continuously
differentiable function f: D — C is holomorphic iff it satisfies

of  _ of
9z 0z,
Indeed, such a function f is continuous and holomorphic in each variable separately,
and therefore holomorphic by Lemma [T.3]

The operators 0/0z; and 0/0%; are very useful in studying holomorphic func-
tions. It is easy to see that

0z _ 0% _ o o 8262{
0

(1.5) 0.

1 ifj=k,

0z, Oz 2z 0Zg 0 otherwise.

This allows us to express the coefficients in the power series ([1.2)) in terms of f:
termwise differentiation proves the formula

1 okt
Chi ook = (kD) - (kal) 92k 9k

As another application of the differential operators 0/0z; and 0/0%;, let us show
that the composition of holomorphic mappings is holomorphic. It clearly suffices
to show that if f: D — F is a holomorphic mapping between open subsets D C C"
and E CC™, and g € O(E), then go f € O(D). Let z = (z1,...,2,) denote the
coordinates on D, and w = (w1, ..., w,,) those on E; then w; = f;(z1,...,2,). By
the chain rule, we have

d(gof) :Z(agafﬂ'_,_agafﬂ) —0

0z, 8wj 0z 8@- 0z,

(1.6)

(a).

J
because 0f; /0%, = 0 and dg/0w; = 0.

Actually, the property of preserving holomorphic functions completely charac-
terizes holomorphic mappings.

Lemma 1.7. A mapping f: D — E between open subsets D C C" and E C C™ is
holomorphic iff go f € O(D) for every holomorphic function g € O(E).

Proof. One direction has already been proved; the other is trivial, since f; = w;o f,
where w; are the coordinate functions on FE. O
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Basic properties. Before undertaking a more careful study of holomorphic func-
tions, we prove a few basic results that are familiar from the function theory of one
complex variable. The first is the identity theorem.

Theorem 1.8. Let D be a connected open subset of C™. If f and g are holomorphic
functions on D, and if f(z) = g(z) for all points z in a nonempty open subset
U C D, then f(z) = g(z) for all z € D.

Proof. By looking at f — g, we are reduced to considering the case where g = 0.
Since f is continuous, the set of points z € D where f(z) = 0 is relatively closed in
D; let E be its interior. By assumption, E is nonempty; to prove that F = D, it
suffices to show that FE is relatively closed in D, because D is connected. To that
end, let a € D be any point in the closure of E, and choose a polydisk A(a;r) C D.
Since a € E, there is a point b € E N A(a;r/2), and then a € A(b;r/2) C D. Now
f can be expanded into a power series

f) = 3 anlz— bt
keNn
that converges on A(b;r/2); on the other hand, f is identically zero in a neighbor-
hood of the point b, and so we have ¢;, = 0 for all k € N¥ by . It follows that
A(b;r/2) C E, and hence that a € E, proving that E is relatively closed in D. O

The second is the following generalization of the maximum principle.

Theorem 1.9. Let D be a connected open subset of C"*, and f € (D). If there
is a point a € D with |f(a)| > |f(2)| for all z € D, then f is constant.

Proof. Choose a polydisk A(a;r) C D. For any choice of b € A(a;r), the one-
variable function g(t) = f(a+t(b—a)) is holomorphic on a neighborhood of the unit
disk in C, and |g(0)| > |g(¢)|. By the maximum principle, g has to be constant, and
so f(b) =g(1) = g(0) = f(a). Thus f is constant on A(a;r); since D is connected,
we conclude from Theorem [1.8]that f(z) = f(a) for all z € D. O

Crass 2. THE WEIERSTRASS THEOREMS (SEPTEMBER 3)

Germs of holomorphic functions. In one complex variable, the local behavior
of holomorphic functions is very simple. Consider a holomorphic function f(z)
that is defined on some open neighborhood of 0 € C. Then we can uniquely write
f(z) = u(z) - 2*, where k € N and u(z) is a unit, meaning that u(0) # 0, or
equivalently that 1/u(z) is holomorphic near the origin. In several variables, the
situation is much more complicated.

Fix an integer n > 0. We begin the local study of holomorphic functions in
n variables by recalling the notion of a germ. Consider holomorphic functions
f € O(U) that are defined in some neighborhood U of the origin in C". We say
that f € 0(U) and g € O(V) are equivalent if there is an open set W C U NV,
containing the origin, such that f|y = g|lw. The equivalence class of f € O(U)
is called the germ of f at 0 € C™. We denote the set of all germs of holomorphic
functions by &,,. Obviously, germs of holomorphic functions can be added and
multiplied, and so @, is a (commutative) ring. We have C C &, through the germs
of constant functions.

The ring 0, can be described more formally as the direct limit

0, = lim 6(U),
U350
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where U ranges over all open neighborhoods of 0 € C”, ordered by inclusion. For
V C U, we have the restriction map &(U) — €(V), and the limit is taken with
respect to this family of maps.

Either way, we think of f € &, as saying that f is a holomorphic function on
some (unspecified) neighborhood of the origin in C™. Note that the value f(0) € C
is well-defined for germs, but the same is not true at other points of C". By
definition, a function f € C'(U) is holomorphic at 0 € C™ if it can be expanded into
a convergent power series Y Cg, . k., ZF ke Tt follows immediately that

On ~C{z1,...,2n}
is isomorphic to the ring of convergent power series in the variables 21, ..., z,.

Ezample 2.1. For n = 0, we have 0y ~ C. For n = 1, we have € ~ C{z}. The
simple local form of holomorphic functions in one variable corresponds to the simple
algebraic structure of the ring C{z}: it is a discrete valuation ring, meaning that
all of its ideals are of the form (z*) for k£ € N.

As in the example, the philosophy behind the local study of holomorphic func-
tions is to relate local properties of holomorphic functions to algebraic properties
of the ring &,,. This is the purpose of the next few lectures.

The first observation is that &, is a semi—locaﬂ ring. Recall that a ring A is
called semi-local if it has a unique maximal ideal m, and every element a € A is
either a unit (meaning that it has an inverse =1 in A), or belongs to m. The unique
maximal ideal is

m,={f€0,]|f0)=0}

indeed, if f € O, satisfies f(0) # 0, then 1/f is holomorphic in a neighborhood of
the origin, and therefore 1/f € &,,. Note that the residue field &, /m,, is isomorphic
to C. We digress to point out that integer n (the dimension of C™) can be recovered
from the ring &,,, because of the following lemma.

Lemma 2.2. The quotient m,/m2 is a complex vector space of dimension n.

Proof. Since O,, ~ C{z1,...,z,}, the maximal ideal is generated by z1, ..., z,, and
their images give a basis for the quotient m,, /m?. O

Here is another basic property of the ring &,,.
Proposition 2.3. The ring 0, is a domain.

Proof. We have to show that there are no nontrivial zero-divisors in &,,. So suppose
that we have f,g € 0, with fg = 0 and g # 0. Let A(0;7) be a polydisk on
which both f and g are holomorphic functions. Since g # 0, there is some point
a € A(0;r) with g(a) # 0; then g is nonzero, and therefore f is identically zero,
in some neighborhood of a. By Theorem it follows that f(z) = 0 for every
z € A(0;r); in particular, f =0 in &,. O

L@, is even a local ring, since it is also Noetherian (meaning that every ideal is finitely gener-
ated); however, it will takes us some time to prove this.
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Weierstrafl polynomials. To get at the deeper properties of the ring ©,, we
have to study the local structure of holomorphic functions more carefully. We will
proceed by induction on n > 0, by using the inclusions of rings

(24) ﬁn—l g ﬁn—l[zn] g ﬁn
Elements of the intermediate ring are polynomials of the form 2% +a;2E=t+. .. +q
with coefficients a1, . .., a € 0,_1; they are obviously holomorphic germs. The first

inclusion in is a simple algebraic extension; we will see that the second one is
of a more analytic nature.

Throughout this section, we write the coordinates on C™ in the form z = (w, z,,),
so that w = (21,...,2n—1). To understand the second inclusion in , we make
the following definition.

Definition 2.5. An element h = 2% + a128"' 4+ + a4 € Op_1[2,) withd > 1is
called a WeierstrafS polynomial if ay,...,aq € my_1.

In analogy with the one-variable case, we will show that essentially every f € &),
can be written in the form f = uh with h a Weierstrafl polynomial and u a unit.
This statement has to be qualified, however, because we have h(0, z,) = 2%, which
means that if f = wh, then the restriction of f to the line w = 0 cannot be
identically zero.

Definition 2.6. Let U be an open neighborhood of 0 € C", and f € €(U). We
say that f is regular (in z,) if the holomorphic function f(0, z,,) is not identically
equal to zero.

If f is regular, we can write f(0,2,) = u(2,)z¢, where d is the order of vanishing
of f(0,z,) at the origin, and u(0) # 0. We may summarize this by saying that f
is regular of order d. The notion of regularity also makes sense for elements of &,
since it only depends on the behavior of f in arbitrarily small neighborhoods of the
origin.

The preparation theorem. We continue to write the coordinates on C™ in the
form z = (w, zy,).

Recall that a function f € &, is said to be regular in z, if f(0,z,) is not
identically equal to zero. Of course, not every holomorphic function is regular (for
instance, z; for j < n is not), but if f # 0, then we can always make it regular by
changing the coordinate system.

Lemma 2.7. Given finitely many nonzero elements of 0, there is a linear change
of coordinates that makes all of them regular in the variable z,.

Proof. By taking the product of the finitely many germs, we reduce to the case of a
single f € ,,. Since f # 0, there is some vector a € C™ such that the holomorphic
function f(¢-a) is not identically zero for ¢ € C sufficiently close to 0. After making
a change of basis in the vector space C", we can assume that a = (0,...,0,1); but
then f(0, z,) is not identically zero, proving that f is regular in z,. (Il

The following fundamental result is known as the Weierstrafl preparation theo-
rem; it is the key to understanding the second inclusion in (2.4)).

Theorem 2.8 (Weierstrass Preparation Theorem). If f € 0, is regular of order d
in the variable z,, then there exists a unique Weierstraf polynomial h € O, _1[zy]
of degree d such that f = uh for some unit u € 0.
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The idea of the proof is quite simple: Fix w € C” sufficiently close to 0, and
consider fy,(z,) = f(w, z,) as a holomorphic function of z,. Since fo(z,) vanishes
to order d when z,, each f,(z,) will have exactly d zeros (counted with multiplici-
ties) close to the origin; call them (;(w), ..., {4(w). Now if f = wh for a unit u and
a monic polynomial h, then we should have h,(z,) = (zn —(1 (w)) e (zn — Cd(w)).
The main point is to show that, after expanding this into a polynomial, the coeffi-
cients are holomorphic functions of w. Here is the rigorous proof.

Proof. The germ f € 0, can be represented by a holomorphic function on some
neighborhood of 0 € C™®. We begin by constructing the required Weierstraf§ poly-
nomial h. Since f is regular in the variable z,, we have f(0, z,,) # 0 for sufficiently
small z, # 0. We can therefore find » > 0 and § > 0 with the property that
|£(0,2,)| > ¢ for |z,| = r; because f is continuous, we can then choose £ > 0 such
that |f(w, z,)| > §/2 as long as |z,| = r and |w| < e.

For any fixed w € C"~! with |w| < ¢, consider the integral

[ (0F/05)w,0)
Nw) =55 /g_r Fw,0)

by the residue theorem, it counts the zeros of the holomorphic function f(w,()
inside the disk (| < r (with multiplicities). We clearly have N(0) = d, and so by
continuity, N(w) = d whenever |w| < e. We can therefore define (3 (w), ..., (s(w)
to be those zeros (in any order). We also set

dg;

d
hMw, z,) = H(Z" — Cj(w)) = sz — al(w)sz_l + o+ (=)o (w),

where o1(w),...,0q4(w) are the elementary symmetric polynomials in the roots
C1(w), ..., Cq(w): that is to say,

d d
o1(w) = Zgj(w), ceey og(w) = H ¢i(w).

Of course, each (;(w) by itself is probably not holomorphic (or even continuous)
in w. But by invoking the residue theorem one more time, we see that

Y wk:L ¢* - (9f/02n) (w, ()
)+ afw) 21 J\¢=r f(w, ¢)

which is holomorphic in w (this can be seen by differentiating under the integral
sign). By Newton’s formulas, the elementary symmetric polynomials o;(w) are
therefore holomorphic functions in w as well; it follows that h is holomorphic for
lw| < € and |z,| < 7. The regularity of f implies that ¢;(0) = 0 for all j, and
therefore h is a Weierstrafl polynomial of degree d.

For |w| < € and |z,| < r, we consider the quotient

f(w, z,)
h(w, z,)’

dg,

w(w, zp,) =

which is a holomorphic function outside the zero set of h. For fixed w, the singular-
ities of the function u(w, z,) inside the disk |z,| < r are removable by construction,



COMPLEX MANIFOLDS, FALL 2024 9

and so u(w, z,,) is holomorphic in z,. But by the Cauchy integral formula, we then

h
- L[ w0,
) = 5 [ T

and so wu is actually a holomorphic function of (w, z,,). To conclude that u is a unit,
note that u(0, 2,) = £(0,2,)/h(0,2,) = f(0,2,)/2%, whose value at 0 is nonzero
by assumption. We now have the desired representation f = uh where h is a
Weierstrafl polynomial and u a unit.

The uniqueness of the Weierstrafl polynomial for given f is clear: indeed, since
w is a unit, h(w, z,) necessarily has the same zeros as f(w, 2,,) for every w € C*~!
near the origin, and so its coefficients have to be given by the ¢;(w), which are
uniquely determined by f. O

The preparation theorem allows us to deduce one important property of the ring
O, namely that it has unique factorization. Recall that in a domain A, an element
a € A is called irreducible if in any factorization a = be, either b or ¢ has to be a
unit. Moreover, A is called a unique factorization domain (UFD) if every nonzero
element a € A can be uniquely factored into a product of finitely many irreducible
elements, each unique up to units.

Theorem 2.9. The ring 0, is a unique factorization domain.

Proof. We argue by induction on n > 0; the case n = 0 is trivial since &y ~ C is a
field. We may suppose that &,,_; is a UFD; by Gauf’ lemma, the polynomial ring
Opn_1]zy] is then also a UFD. Let f € €,, be any nonzero element; without loss of
generality, we may assume that it is regular in z,. According to Theorem [2.8] we
have f = uh for a unique Weierstrafl polynomial h € 0,,_1[z,].

Now suppose that we have a factorization f = fif2 in 0,. Then each f; is
necessarily regular in z,, and can therefore be written as f; = wu;h; with h; a
Weierstral polynomial and u; a unit. Then

uh = f = (uyug) - (h1h2),

and the uniqueness part of Theorem [2:8 shows that h = hjhy. Existence and
uniqueness of a factorization for f are thus reduced to the corresponding problems
for h in the ring 0,,_1[2,]; but 0,,_1[z,] is already known to be a UFD. O

The division theorem. The next result is the so-called Weierstrafl division the-
orem; it shows that one can do long division with Weierstra3 polynomials, in the
same way as in the ring C[z]. We continue to write the coordinates on C™ in the
form z = (w, zp,), in order to do to induction on n > 0.

Theorem 2.10 (Weierstrass Division Theorem). Let h € O,,_1]z,] be a Weierstraf
polynomial of degree d. Then any f € O, can be uniquely written in the form
f = qh+r, where ¢ € O,, and r € O,_1]z,] is a polynomial of degree < d.
Moreover, if f € O,_1|zy,], then also q € O _1[zy].

Proof. As in the proof of Theorem we can choose p,e > 0 sufficiently small,
to insure that for each fixed w € C"~! with |w| < &, the polynomial h(w, z,) has
exactly d zeros in the disk |z,| < p. For |z,| < p and |w| < €, we may then define

_ 1 fw,§) d¢
Q(w7zn) B % /|§—p h(w7C) C - Zn.
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The idea is that if f was actually divisible by h — so that f/h was holomorphic
— then by the Cauchy integral formula, the above integral would give us exactly
f/h. As usual, differentiation under the integral sign shows that ¢ is holomorphic;
hence r = f — gh is holomorphic as well. The function r can also be written as an
integral,

r(w,zn) = f(w, zn) — ¢(w, 2 ) h(w, z,,)

1 SR { A AW
1 f(w, )

= 5 . n d 3
2mi ey 1w, Q) p(2,¢, 2n)dC

where we have introduced the new function
h(w7 <) B h(w’ Zn)
C—2n '
Now h € 0, _1]z,] is a monic polynomial of degree d, and so ¢ — z, divides the

numerator; therefore p € €,,_1[z,] is monic of degree d — 1. This means that we
can write

p(w, ¢, zn) =

p(wv Ca Zn) = aO(w7 C)Zg._l + a1 (’LU7 C)Zg,_z +- 4+ adfl(wv C)a

where ag(w, () = 1 (to simplify the notation later on). We then have r(w, z,) =
bo(w)z4=1 + by (w)z?=2 + .-+ + bg_1(w), where the coefficients are given by the
integrals

1 fw, )
() = 5ri cl=p P(w,¢) - aj (1, C)dc.

This proves that r € €,,_1[z,] is a polynomial of degree < d, and completes the
main part of the proof.

To prove the uniqueness of ¢ and r, it suffices to consider the case f = 0. Suppose
then that we have 0 = gh+r, where r € 0,,_1[2,] has degree < d. For fixed w with
|w| < g, the function r(w, z,,) = —q(w, 2, )h(w, z,) has at least d zeros in the disk
|z, | < €; but since it is a polynomial in z, of degree < d, this can only happen if
r =0, and hence ¢ = 0.

Finally, suppose that f € &, _1[z,]. Because h is monic, we can apply the
division algorithm for polynomials to obtain f = ¢’h+r' with ¢, ' € &,_1[z]. By
uniqueness, ¢ = g and ' = r, and so ¢ is a polynomial in that case. (Il

CLASS 3. ANALYTIC SETS (SEPTEMBER 5)

We now come to another property of the ring ,, that is of great importance in
the local theory. Recall that a (commutative) ring A is called Noetherian if every
ideal of A can be generated by finitely many elements. An equivalent definition is
that every increasing chain of ideals I; C I C --- has to stabilize. (To see why,
note that the union of all I is generated by finitely many elements, which will
already be contained in one of the I.) Also, A is said to be a local ring if it is
semi-local and Noetherian.

Theorem 3.1. The ring O, is Noetherian, and therefore a local ring.

Proof. Again, we argue by induction on n > 0, the case n = 0 being trivial. We may
assume that &,,_ is already known to be Noetherian. Let I C &, be a nontrivial
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ideal, and choose a nonzero element h € I. After a change of coordinates, we may
assume that h is regular in z,; by Theorem [2.8] we can then multiply h by a unit
and assume from the outset that h is a Weierstrafl polynomial.

For any f € I, Theorem shows that f = qh + r, where r € 0,,_1[z,]. Set
J =100, _1]z,]; then we have r € J, and so I = J + (h). According to Hilbert’s
basis theorem, the polynomial ring &,,_1[z,] is Noetherian; consequently, the ideal
J can be generated by finitely many elements rq,...,7r,. It follows that I is also
finitely generated (by r1,..., 7, together with h), concluding the proof. ([

Analytic sets. Our next topic—and one reason for having proved all those the-
orems about the structure of the ring €,,—is the study of so-called analytic sets,
that is, sets defined by holomorphic equations.

Definition 3.2. Let D C C™ be an open set. A subset Z C D is said to be analytic
if every point p € D has an open neighborhood U, such that Z N U is the common
zero set of a collection of holomorphic functions on U.

Note that we are not assuming that ZNU is defined by finitely many equations;
but we will soon prove that finitely many equations are enough.

Since holomorphic functions are continuous, an analytic set is automatically
closed in D; but we would like to know more about its structure. The problem
is trivial for n = 1: the zero set of a holomorphic function (or any collection of
them) is a set of isolated points. In several variables, the situation is again more
complicated.

Ezample 3.3. The zero set Z(f) of a single holomorphic function f € &(D) is
called a complex hypersurface. In one of the exercises, we have seen that Z(f) has
Lebesgue measure zero.

We begin our study of analytic sets by considering their local structure; without
loss of generality, we may suppose that 0 € Z, and restrict our attention to small
neighborhoods of the origin. To begin with, note that Z determines an ideal I(Z) in
the ring &), namely I(Z) = { f € 0, | f vanishes on Z }. Since I(Z) contains the
holomorphic functions defining Z, it is clear that Z is the common zero locus of the
elements of I(Z). Moreover, it is easy to see that if Z; C Zs, then I(Zy) C I(Z;).

The next observation is that, in some neighborhood of 0, the set Z can actually be
defined by finitely many holomorphic functions. Indeed, on a suitable neighborhood
U of the origin, Z N U is the common zero locus of its ideal I(Z); but since &,
is Noetherian, I(Z) is generated by finitely many elements fi,..., f., say. After
shrinking U, we then have ZNU = Z(f1)N---N Z(f,) defined by the vanishing of
finitely many holomorphic equations.

We say that an analytic set Z is reducible if it can be written as a union of two
analytic sets in a nontrivial way; if this is not possible, then Z is called irreducible.
At least locally, irreducibility is related to the following algebraic condition on the
ideal I(2).

Lemma 3.4. An analytic set Z is irreducible in some neighborhood of 0 € C™ iff
I(Z) is a prime ideal in the ring O,.

Proof. Recall that an ideal I in a ring A is called prime if, whenever a - b € I,
either @ € I or b € I. One direction is obvious: if we have fg € I(Z), then
Z C Z(f)U Z(g); since Z is irreducible, either Z C Z(f) or Z C Z(g), which



12 CH. SCHNELL

implies that either f € I(Z) or g € 1(Z). For the converse, suppose that we have a
nontrivial decomposition Z = Z; U Zs. Since Z; is the common zero locus of I(Z7),
we can find a holomorphic function f; € I(Z;) that does not vanish everywhere on
Zs; similarly, we get fo € I(Z3) that does not vanish everywhere on Z;. Then the
product fi fo belongs to I(Z), while neither of the factors does, contradicting the
fact that I(Z) is a prime ideal. O

A useful property of analytic sets is that they can be locally decomposed into
irreducible components; this type of result may be familiar to you from algebraic
geometry. Here is an example:

Example 3.5. Consider the holomorphic function y? — 22 — 2% on C2, with coordi-

nates (z,y). Its zero set is an analytic subset of C?, and one can check that it is
irreducible. In a sufficiently small neighborhood of the origin, the function /1 4+ =
is holomorphic, and because

y2—x2—x3:(y—x\/1+m)-(y+$\/1+x),

the analytic set becomes reducibly in a neighborhood of the origin. There are two
irreducible components, defined by the two factors y + zv/1 + .

Proposition 3.6. Let Z be an analytic set in D C C", with 0 € Z. Then in
some neighborhood of the origin, there is a decomposition Z = Zy U ---U Z, into
irreducible analytic sets Z;. If we require that there are no inclusions among the
Z;, then the decomposition is unique up to reordering.

Proof. Suppose that Z could not be written as a finite union of irreducible analytic
sets. Then Z has to be reducible, and so Z = Z; U Z in some neighborhood of
0. At least one of the two factors is again reducible, say Z; = Z;, U Z1 2, on a
possibly smaller neighborhood of 0. Continuing in this manner, we obtain a strictly
decreasing chain of analytic subsets (on smaller and smaller open neighborhoods)

ZDZ1DZ1713"',
and correspondingly, a strictly increasing chain of ideals
I(Z)cI(Z1) C I(Z1q) C--- .

But 0, is Noetherian, and hence such a chain cannot exist. We conclude that
Z =71U---UZ,, where the Z; are irreducible in a neighborhood of 0, and where
we may clearly assume that there are no inclusions Z; C Z, for j # k.

To prove the uniqueness, let Z = Z{ U---U Z’ is another decomposition without
redundant terms. Then

Z;=(Z;NZ)U---U(Z;N Z,),

and so by irreducibility, Z; C Zj for some k. Conversely, we have Z, C Z; for
some [, and since the decompositions are irredundant, it follows that j = [ and
7} = Zy. It is then easy to show by induction that r = s and Z} = Z, ;) for some
permutation o of {1,...,7}. O

Implicit mapping theorem. To say more about the structure of analytic sets,
we need a version of the implicit function theorem (familiar from multi-variable
calculus). It gives a sufficient condition, in terms of partial derivatives of the
defining equations, for being able to parametrize the points of an analytic set by
an open set in C*.
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We note that if Z C D is defined by holomorphic equations f1,..., fi,, we can
equivalently say that Z = f~%(0), where f: D — C™ is the holomorphic mapping
with coordinate functions f;. We take this more convenient point of view in this
section. As usual, we denote the coordinates on C™ by z1,...,2,. If f: D — C™ is
holomorphic, we let

o

be the matrix of its partial derivatives; in other words, J(f);r = 0f;/0z for
1<j<mand1<k<n.

In order to state the theorem, we also introduce the following notation: Suppose
that m < n, so that there are fewer equations (namely m) than variables (namely n).
Let us write the coordinates on C™ in the form z = (2/, 2”) with 2’ = (21,...,2m)
and 2’ = (zZm41, .- -, 2n). Similarly, we let r = (', "), so that A(0;7) = A(0; ") x
A(0;7") C C™ x C* ™. For a holomorphic mapping f: D — C", we then have

J(f) = (J'(£). J"(£)),

where J'(f) = 0f /07" is an m x m-matrix, and J"(f) = 0f/0z" is an m x (n—m)-
matrix.

Theorem 3.7. Let f be a holomorphic mapping from an open meighborhood of
0 € C™ into C™ for some m < n, and suppose that f(0) = 0. If the matric
J'(f) is nonsingular at the point 0, then for some polydisk A(0;r), there exists a
holomorphic mapping ¢: A(0;r") — A(0;7") with ¢(0) = 0, such that

f(2) =0 for some point z € A(0;r) precisely when 2" = ¢(2").

Proof. The proof is by induction on the dimension m. First consider the case
m = 1, where we have a single holomorphic function f € &, with f(0) = 0 and
0f/0z1 # 0. This means that f is regular in z; of order 1; by Theorem we can
therefore write

f(z) = u(z) - (21 —a(z2,.. -,Zn)),
where u € 0, is a unit, and a € m,,_;. Consequently, u(0) # 0 and a(0) = 0; on a
suitable polydisk around 0, we therefore obtain the assertion with ¢ = a.

Now consider some dimension m > 1, assuming that the theorem has been proved
in dimension m — 1. After a linear change of coordinates in C", we may further
assume that J'(f) = id,, at the point z = 0. Then 9f;/021(0) = 1, and it follows
from the case m = 1 that there is a polydisk A(0;r) and a holomorphic function
d1: A(O;7a,. .., 1) = A(0;71) with ¢1(0) = 0, such that f;(z) = 0 precisely when
21 = (bl(ZQ, ceey Zn)

Define a holomorphic mapping g: A(0; 72, ...,7,) — C™~! by setting

gi(z2,...,2n) = fj(d)l(zg,...,Zn),227...72”)

for 2 < j < m. Then clearly ¢g(0) = 0, and 9(ga,...,9m)/0(z2,...,2m) = idm-1
at the point z = 0. It follows from the induction hypothesis that, after further
shrinking the polydisk A(0;r) if necessary, there is a holomorphic mapping

¥ A0;7") — A(0;72, ..., )
with 1(0) = 0, such that g(za, ..., 2,) = 0 exactly when (za,...,2m) = ¥(z").
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Now evidently f(z) = 0 at some point z € A(0;r) iff 21 = ¢1(22,...,2,) and
g(z2,...,2n) = 0. Hence it is clear that the mapping

6() = (61 ("), 2"), ("))
has all the desired properties. (I

In fact, as long as the Jacobian matrix J(f) has rank equal to m at the point
0 € C", the analytic set f~1(0) can be parametrized, in some neighborhood of the
origin, by an open set in C"~". This follows from the version above after some
easy reindexing.

Geometric spaces. The implicit mapping theorem basically means the following:
if J'(f) has maximal rank, then Z looks like C"~™ in some neighborhood of the
origin. This is one of the basic examples of a complex manifold.

A smooth manifold is a space that locally looks like an open set in R™; similarly,
a complex manifold should be locally like an open set in C". To see that something
more is needed, take the example of C™. It is at the same time a topological space,
a smooth manifold (isomorphic to R?"), and presumably a complex manifold; what
distinguishes between these different structures is the class of functions that one is
interested in. In other words, C™ becomes a smooth manifold by having the notion
of smooth function; and a complex manifold by having the notion of holomorphic
function.

We now introduce a convenient framework that includes smooth manifolds, com-
plex manifolds, and many other kinds of spaces. Let X be a topological space; we
shall always assume that X is Hausdorff and has a countable basis. For every open
subset U C X, let C(U) denote the ring of complex-valued continuous functions on
U; the ring operations are defined pointwise.

Definition 3.8. A geometric structure & on the topological space X is a collection
of subrings &(U) C C(U), where U runs over the open sets in X, subject to the
following three conditions:

(1) The constant functions are in &(U).
(2) If f € O(U) and V C U, then f|y € (V).
(3) If fi € O(U;) is a collection of functions satisfying fi|v,~v, = fjlv.nu, for
all 4,5 € I, then there is a unique f € €(U) such that f; = f|u,, where
U = Uie] Uz
The pair (X, ©) is called a geometric space; functions in &(U) will sometimes be
called distinguished.

The second and third condition together mean that being distinguished is a local
property; the typical example is differentiability (existence of a limit) or holomor-
phicity (power series expansion). In the language of sheaves, which will be intro-
duced later in the course, we may summarize them by saying that & is a subsheaf
of the sheaf of continuous functions on X.

Ezample 3.9. Let D be an open set in C", and for every open subset U C D, let
O(U) C C(U) be the subring of holomorphic functions on U. Since Definition
is clearly local, the pair (D, &) is a geometric space.

Ezample 3.10. The pair (X, C) itself is also a geometric space, where every continu-
ous function is distinguished. Obviously, there is no additional information beyond
the topological space itself.
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Crass 4. COMPLEX MANIFOLDS (SEPTEMBER 10)

Last time, we defined geometric spaces, which consists of a topological space X
(Hausdorff and second countable) together with a distinguished class of functions
0. Here is another example:

Example 4.1. Let X be an open set in R", and for every open subset U C X,
let &7/(U) C C(U) be the subring of smooth (meaning, infinitely differentiable)
functions on U. Then (X, &) is again a geometric space.

Definition 4.2. A morphism f: (X,0x) — (Y, Oy) of geometric spaces is a con-
tinuous map f: X — Y, with the following additional property: whenever U C Y
is open, and g € Oy (U), the composition g o f belongs to Ox (f~1(U)).

Ezample 4.3. Let D C C" and E C C™ be open subsets. We view (D, ) as a
geometric space, with the distinguished functions being the holomorphic functions;
likewise for E. Then a morphism of geometric spaces f: (D, 0) — (E, 0) is the
same as a holomorphic mapping f: D — E. This is because a continuous map
f: D — FE is holomorphic iff it preserves holomorphic functions (by Lemma [1.7]).

For a morphism f: (X, Ox) — (Y, Oy ), we typically write
froov(U) = ox(F71U))
for the induced ring homomorphisms. We say that f is an isomorphism if it has
an inverse that is also a morphism; this means that f: X — Y should be a home-

omorphism (of topological spaces), and that each map f*: Oy (U) — Ox (f_l(U))
should be an isomorphism of rings.

Ezample 4.4. If (X, 0) is a geometric space, then any open subset U C X inherits
a geometric structure |y, by setting (O|y)(V) = (V) for V.C U open. With
this definition, the natural inclusion map (U, €|y) — (X, &) becomes a morphism.

Complex manifolds. We now define a complex manifold as a geometric space
that is locally isomorphic to an open subset of C”, with the geometric structure
given by Example [3.9

Definition 4.5. A complex manifold is a geometric space (X, Ox) in which every
point has an open neighborhood U C X, such that (U, Ox|v) ~ (D, O) for some
open subset D C C™ and some n € N.

The integer n is called the dimension of the complex manifold X at the point x,
and denoted by dim, X. In fact, it is uniquely determined by the rings Ox (U), as
U ranges over sufficiently small open neighborhoods of x. Namely, define the local
ring of X at the point = to be

ﬁX@ = (1]1191; ﬁX(U)y
as in the case of 0, its elements are germs of holomorphic functions in a neighbor-
hood of z € X. A moment’s thought shows that we have Ox , ~ 0, and therefore
OUx 4 is alocal ring by Theorem The integer n can now be recovered from Ox
by Lemma since n = dim¢ m,,/ mi, where m,, is the ideal of functions vanishing
at the point z. In particular, the dimension is preserved under isomorphisms of
complex manifolds, and is therefore a well-defined notion.

It follows that the function x — dim, X is locally constant; if X is connected, the
dimension is the same at each point, and the common value is called the dimension
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of the complex manifold X, denoted by dim X. In general, the various connected
components of X need not be of the same dimension, however.

A morphism of complex manifolds is also called a holomorphic mapping; an iso-
morphism is said to be a biholomorphic mapping or a biholomorphism. Example [£.3]
shows that this agrees with our previous definitions for open subsets of C”.

Charts and atlases. Note that smooth manifolds can be defined in a similar way:
as those geometric spaces that are locally isomorphic to open subsets of R™ (as in
Example . More commonly, though, smooth manifolds are described by atlases:
a collection of charts (or local models) is given, together with transition functions
that describe how to pass from one chart to another. Since it is also convenient, let
us show how to do the same for complex manifolds.

In the alternative definition, let X be a topological space (again, Hausdorff and
with a countable basis). An atlas is a covering of X by open subsets U; C X,
indexed by 7 € I, together with a set of homeomorphisms ¢;: U; — D;, where D;
is an open subset of some C™; the requirement is that the transition functions

gij=¢i0d; " ¢;(UsNU;) — ¢s(U; NU),

which are homeomorphisms, should actually be biholomorphic mappings. Each
¢;: Ui — D; is then called a coordinate chart for X, and X is considered to be
described by the atlas.

Proposition 4.6. The alternative definition of complex manifolds is equivalent to

Definition [£.5

Proof. One direction is straightforward: If we are given a complex manifold (X, Ox)
in the sense of Definition [4.5) we can certainly find for each € X an open neigh-
borhood U,, together with an isomorphism of geometric spaces ¢, : (U, Ox|v,) —
(Dg, 0), for D, € C™ open. Then g, , is an isomorphism between ¢, (D, N D)
and ¢, (D, N D,) as geometric spaces, and therefore a biholomorphic map.

For the converse, we assume that the topological space X is given, together with
an atlas of coordinate charts ¢,: U; — D;. To show that X is a complex manifold,
we first have to define a geometric structure: for U C X open, set

ox(U)={feCU) | (flunv,)o ¢; ' holomorphic on ¢;(UNU;) for all i € I }.

The definition makes sense because the transition functions g; ; are biholomorphic.
It is easy to see that Ox satisfies all three conditions in Definition and so
(X, Ox) is a geometric space. It is also a complex manifold, because every point
has an open neighborhood (namely one of the U;) that is isomorphic to an open
subset of C™. |

The following class of examples should be familiar to you already.

Example 4.7. Any Riemann surface is a one-dimensional complex manifold; this
follows from Proposition In fact, Riemann surfaces are precisely the (connected)
one-dimensional complex manifolds.

Projective space. Projective space P" is the most important example of a com-
pact complex manifold, and so we spend some time defining it carefully. Basically,
P" is the set of lines in C"*! passing through the origin. Each such line is spanned
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by a nonzero vector (ag, a1, ...,a,) € C*™1 and two vectors a, b span the same line
iff @ = A\b for some A € C*. We can therefore define

P = (€ {0})/C,

and make it into a topological space with quotient topology. Consequently, a subset
U C P" is open iff its preimage ¢~ (U) under the quotient map ¢: C**1\ {0} — P
is open. It is not hard to see that P™ is Hausdorff and compact, and that ¢ is an
open mapping.

The equivalence class of a vector a € C"™! — {0} is denoted by [a]; thus points
of P™ can be described through their homogeneous coordinates [ag, a1, . .., ay].

We would like to make P™ into a complex manifold, in such a way that the
quotient map ¢ is holomorphic. This means that if f is holomorphic on U C P",
then g = f o ¢ should be holomorphic on ¢~!(U), and invariant under scaling the
coordinates. We therefore define

O (U)={feCU) ’ g = f o q is holomorphic on ¢~ *(U), and
g(Aa) = g(a) for a € C**'\ {0} and A € C* }.

This definition is clearly local, and satisfies the conditions in Definition It
remains to show that the geometric space (P™, Opr) is actually a complex manifold.
For this, we note that P" is covered by the open subsets

Ui:{[a]GP” ’ az#O}
To simplify the notation, we consider only the case i = 0. The map
¢o: Up = C", [a] = (a1/ao,...,an/ao)

is a homeomorphism; its inverse is given by sending z € C" to the point with
homogeneous coordinates [1, z1, .. ., 2]

%o

g (Uo) —1— U

! |

crtiy {0} —L— p»

CTL

We claim that ¢g is an isomorphism between the geometric spaces (Uy, Opr|y,)
and (C™, 0). Since it is a homeomorphism, we only need to show that ¢g induces
an isomorphism between (D) and Opn (¢y " (D)), for any open set D C C™. This
amounts to the following statement: a function f € C(D) is holomorphic iff g =
f o ¢g o q is holomorphic on (¢ o ¢)~1(D). But that is almost obvious: on the one
hand, we have

fGi,ozn) =9, 21, -0, 2n),

and so f is holomorphic if g is; on the other hand, on the open set where ay # 0,
we have

g(a07a17”'7an) = f(al/a07”'7an/an)7

and so g is holomorphic if f is. Similarly, one proves that each U; is isomorphic
to C™ as a geometric space; since Uy, Uy, ..., U, together cover P", it follows that
(P™, Opr) is a complex manifold in the sense of Definition
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Quotients. Another basic way to construct complex manifolds is by dividing a
given manifold by a group of automorphisms; a familiar example is the construction
of elliptic curves as quotients of C by lattices.

First, a few definitions. An automorphism of a complex manifold X is a biholo-
morphic self-mapping from X onto itself. The automorphism group Aut(X) is the
group of all automorphisms. A subgroup I' C Aut(X) is said to be properly discon-
tinuous if for any two compact subsets Ky, Ko C X, the intersection (K1) N Ky is
nonempty for only finitely many v € I'. Finally, T is said to be without fixed points
if y(z) = z for some z € X implies that v = id.

Example 4.8. Any lattice A C C acts on C by translation; the action is clearly
properly discontinuous and without fixed points.

Define X/I" as the set of equivalence classes for the action of I' on X; that is to
say, two points z,y € X are equivalent if y = () for some v € T'. We endow X/T
with the quotient topology, making the quotient map ¢: X — X/I' continuous.
Note that ¢ is also an open mapping: if U C X is open, then

g (qU)) = |J (V)

~yer

is clearly open, proving that ¢(U) is an open subset of the quotient.

Proposition 4.9. Let X be a complex manifold, and let T' C Aut(X) be a properly
discontinuous group of automorphisms of X without fized points. Then the quo-
tient X/T is naturally a complex manifold, and the quotient map q¢: X — X/T is
holomorphic and locally a biholomorphism.

Note that in order for g to be holomorphic and locally biholomorphic, the geo-
metric structure on the quotient has to be given by

Ox;r(U) = {fe ﬁx(q_l(U)) | fovy=f for everyvef}.

Example 4.10. Let A C C" be a lattice, that is, a discrete subgroup isomorphic
to Z?*. Then A acts on C" by translations, and the action is again properly
discontinuous and without fixed points. Proposition [4.9] shows that the quotient
is a complex manifold. As in the case of elliptic curves, one can easily show that
C™/A is compact; indeed, if Ay, ..., g, are a basis for A, then the map

[0, 1]2n — (Cn/A, ($17...,x2n) —> .Tl)\l + - +.’E2n)\2n +A

is surjective. C"/A is called a complez torus of dimension n.

CLass 5. MORE EXAMPLES OF COMPLEX MANIFOLDS (SEPTEMBER 12)

Blowing up a point. Let M be a complex manifold and p € M a point with
dim, M = n. The blow-up construction produces another complex manifold Bl, M,
in which the point p is replaced by a copy of P*~! that parametrizes all possible
directions from p into M.

We first consider the case of the origin in C”. Each point z € C™ determines
a unique line through the origin, and hence a point in P"~!, except when z = 0.
Thus if we define

BloyC" = { (z,L) € C" x P"~" | 2 lies on the line L C C" },
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then the projection map m: BlgC™ — C" is bijective for z # 0, but contains an
extra copy of P"~1 over the point z = 0. We call Bly C" the blow-up of C™ at the
origin, and 771(0) the exceptional set.

Lemma 5.1. Bly C" is a complex manifold of dimension n, and the projection map
m: Blyg C™ — C" is holomorphic. Moreover, the exceptional set is a submanifold of
dimension n — 1.

Proof. On P"~1, we use homogeneous coordinates [ay,...,a,]; then the condition
defining the blow-up is that the vectors (z1,...,2,) and (ay,...,a,) should be
linearly dependent. This translates into the equations z;a; = a;z; for 1 <4,7 <n.
Let g: BlyC® — P"! be the other projection. On P"~!, we have natural
coordinate charts U; defined by the condition a; # 0, and
Ui={ld eP" " |a £0} =T, HH(>
a; a; a; a;

Consequently, the blow-up is covered by the n open sets V; = ¢~ (U;), and from
the equations relating the two vectors z and a, we find that

Vi={(2la]) €eC" xP"" | a; # 0 and z; = za;/a; for j #i} ~C".

Explicitly, the isomorphism is given by the formula

a i a; a
fi: Vi — C", (z,[a]) — (1,...,“,21-, Hl,...,n),

a; Q; Q; a;

and so the inverse mapping takes b € C" to the point with coordinates (z, [a]),
where a = (by,...,b;—1,1,bi41,...,bpn), and z = b;a. In this way, we obtain n
coordinate charts whose union covers the blow-up.

It is a simple matter to compute the transition functions. For ¢ # j, the compo-
sition g; j = fi o fj_1 takes the form g; ;(b1,...,bn) = (c1,...,¢pn), Where

Cr = bzbj ifk= ’i,
1/b; ifk=j.

We observe that f;(V; N'V;) is the set of points b € C™ with b; # 0, which means
that each g;; is a holomorphic mapping. Consequently, the n coordinate charts
determine a holomorphic atlas, and we can conclude from Proposition that
Bly C" is an n-dimensional complex manifold.

To prove that the mapping = is holomorphic, note that 7 o fi_1 is given in
coordinates by the formula

T(fiil(bl, e ,bn)) = (bibl, ey bibifla bi, bibi+1, ey bzbn)
which is clearly holomorphic on C". We see from this description that the inter-
section 7=1(0) N U; is mapped, under f;, to the hyperplane b; = 0. This means

that 771(0) is a complex submanifold of dimension n — 1 (the precise definition of
a submanifold will be given later). O

We can also do this construction locally. Suppose that D C C" is an open set
containing the origin. We then simply define Blg D as 7=1(D), where 7: Bly C"® —
C™ is as above. The restriction of 7 gives us a holomorphic mapping

w: Blg D — D,
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and we call this the blowup of D at the point 0.

We are now in a position to construct the blow-up Bl, M of a point on an
arbitrary complex manifold. Choose a coordinate chart f: U — D centered at
the point p, and let D = BlyD be the blow-up of D at the origin. Also let
M* =M —{p}, and U* = UNM*; then U* is isomorphic to the complement of the
exceptional set in D, and we can glue M* and D together along this common open
subset. More precisely, define Bl,, M as the quotient of the disjoint union M* LI D
by the equivalence relation that identifies ¢ € M™* and x € D whenever g € U* and
f(q) = w(x). Since f is biholomorphic, and 7 is biholomorphic outside the origin,
it is easy to see that transition functions between coordinate charts on M* and on
D are biholomorphic. Thus Bl, M is a complex manifold, and the projection map
Bl, M — M is holomorphic.

It remains to show that the construction is independent of the choice of coordi-
nate chart. In order to deal with this technical point, we first prove the following
property of Bl C™. (The same result is then of course true for the blow-up of a
point on any complex manifold.)

Lemma 5.2. Let f: M — C” be a holomorphic mapping from a connected complex
manifold. Suppose that f(M) # {0}, and that at every point p € M with f(p) =0,
the ideal generated by f1,..., fn in the local ring Op p is principal. Then there is
a unique holomorphic mapping f: M — BlgC" such that f =7 o f.

Proof. Since 7 is an isomorphism over C™ — {0}, the uniqueness of f follows easily
from the identity theorem. Because of the uniqueness statement, the existence of
f becomes a local problem; we may therefore assume that we are dealing with a
holomorphic map f: D — C™, where D is an open neighborhood of 0 € C™, and
f(0) = 0. By assumption, the ideal (f1,...,fn) C O, is generated by a single
element g € 0,,; after possibly shrinking D, we may furthermore assume that
g=afi+ - +a,f, and f; = b;g for suitable holomorphic functions a;,b; €
O (D). We then have a1b; + -+ + a,b, = 1, and so at each point of D, at least

one of the functions by,...,b, is nonzero. Since, in addition, [fi(z),..., fo(2)] =
[b1(2), ..., bn(2)] € P! we can now define

f: D — BIO (Cn7 f(Z) = (f1(2)7 ceey fn(z>7 [bl(z)7 XN bn(Z)]),
which clearly has the required properties. ([l

Now suppose we have a second coordinate chart centered at p € M; without
loss of generality, we may assume that it is of the form ¢ o f, where ¢: D — E is
biholomorphic and satisfies ¢(0) = 0. To prove that Bl, M is independent of the
choice of chart, we have to show that ¢ induces an isomorphism Q;: Blg D — Bl E.
By Lemmal5.2] it suffices to show that m coordinate functions of pon: Bly D — E
generate a principal ideal in the local ring at each point of Bly D. We may consider
this question in one of the coordinate charts f;: V; — C" introduced during the
proof of Lemma Thus let ) = pomwo fi_l : C" — E; we then have

(5.3) PY(w) = Pwwn, ..., WiW;—1, Wi, Wliq1, . .., Willp)

for any w € C".

Now we fix a point b € C", and let I C Ocnp be the ideal generated by the
functions 11 (w), . . ., ¥y (w) in the local ring at b. If b; # 0, then since ¢ is bijective,
at least one of the values 1,(b) has to be nonzero, and so I is the unit ideal. We
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may therefore assume that b; = 0; we shall argue that I = (w;). Because ¢(0) =0,
we can clearly write

(¢1(Z)a R ¢n(z)) = (Zla CER Zn) : A(Z)

for a certain n x n-matrix of holomorphic functions; upon substituting , we find
that every function ¢;(w) is a multiple of w;, and therefore I C (w;). On the other
hand, A(0) = J(¢)|.—o is invertible, and so A(z)~! is holomorphic on a suitable
polydisk A(0;r) C D. If we again substitute into the resulting identity

(215 20) = (61(2), ..., dn(2)) CA(2) 7,

we see that w; can itself be expressed as a linear combination of ¥ (w), ..., ¥, (w) in
a neighborhood of the point b. (More precisely, we need |w;| < r; and |w;||b;| < 7;
for j # i.) This proves that I = (w;) in Ogn p, and completes the proof.

Vector bundles. Another useful class of complex manifolds is given by holomor-
phic vector bundles. Since we will be using vector bundles frequently during the
course, we begin by reviewing some general theory. Let K be one of R or C. Re-
call that if M is a topological space, then a K-vector bundle on M is a mapping
m: E — M of topological spaces, such that all fibers £, = 7—!(p) have the struc-
ture of K-vector spaces in a compatible way. Informally, we think of a vector bundle
as a continuously varying family of vector spaces E,; here is the precise definition.

Definition 5.4. A K-vector bundle of rank k on a topological space M is a con-
tinuous mapping 7: E — M, such that the following two conditions are satisfied:

(1) For each point p € M, the fiber E, = 7~ 1(p) is a K-vector space of dimen-
sion k.
(2) For every p € M, there is an open neighborhood U and a homeomorphism

¢: mH(U) - U x KF

mapping E, into {p} x K¥, such that the composition E, — {p} x K*¥ — KF
is an isomorphism of K-vector spaces.

The pair (U, ¢) is called a local trivialization of the vector bundle; also, F is
called the total space and M the base space.

Any two local trivializations (U, ¢o) and (Ug, ¢3) can be compared over U,NU3.
Because of the second condition in the definition, the composition

$a 005"t (Ua NUp) x K* — (Uy NU) x K"
is necessarily of the form (id, go,5) for a continuous mapping
9a,8° Ua,p — GLi(K).
These so-called transition functions satisfy the following compatibility conditions:
(5.5) Gap 9By Gy = ?d on Ua NUs NUy;
Ja,o =1id  on U,.

When M is a smooth manifold, we say that E is a smooth vector bundle if the
transition functions g, are smooth maps. (Note that the group GLj(K) has a
natural manifold structure, being an open subset of the space of all k£ x k-matrices
over K.) In that case, it is easy to see that F is itself a smooth manifold: indeed,
each product U, x K* is a smooth manifold, and the transition functions (id, ga, 8)



22 CH. SCHNELL

between them are diffeomorphisms. Clearly, the map n: E — M and the local
trivializations ¢, are then smooth maps.

Similarly, when M is a complex manifold, we say that a C-vector bundle E is
holomorphic if the transition functions g4 s are holomorphic maps. (This uses the
fact that GLg(C) is naturally a complex manifold.) In that case, it follows from
Proposition [.6] that F is itself a complex manifold , and that the map 7: E — M
as well as the local trivializations ¢, become holomorphic mappings.

It is possible to describe a vector bundle entirely through its transition functions,
because the following result shows that the g, s uniquely determine the bundle.

Proposition 5.6. Let M be a topological space, covered by open subsets U, and
let go,p: GLE(K) be a collection of continuous mappings satisfying the conditions
n . Then the go, g are the transition functions for a (essentially unique) vector
bundle E of rank k on M. If M is a smooth (resp., complex) manifold and the gq g
are smooth (resp., holomorphic) maps, then E is a smooth (resp., holomorphic)
vector bundle.

Proof. We first define E as a topological space. On the disjoint union
|_| U, x K*,
«

there is a natural equivalence relation: two points (p,v) € U, x K* and (q,w) €
Ug x K* are equivalent if p = ¢ and v = 9o,3(p) -w. This does define an equivalence
relation because of the conditions in , and so we can let E be the quotient
space. The obvious projection map 7: FF — M is then continuous, and it is easy to
verify that E is a vector bundle of rank k with transition functions given by ga,s.
The remaining assertion follows from the comments made above. O

CLASs 6. THE TANGENT BUNDLE (SEPTEMBER 17)

Last time, we defined vector bundles as continuous maps 7: E — M that are
locally trivial.

Definition 6.1. A section of a vector bundle 7: E— M over an open set U C M
is a continuous map s: U — E with the property that m o s = idy. We denote the
set of all sections of E over U by the symbol I'(U, E).

When FE is a smooth (resp., holomorphic) vector bundle, we usually require
sections to be smooth (resp., holomorphic). It is a simple matter to describe sections
in terms of transition functions: Suppose we are given a section s: M — FE. For each
local trivialization ¢, : 7~ 1(U,) — U, x KF, the composition ¢, o s is necessarily
of the form (id, s,) for a continuous mapping s, : U, — K¥, and one checks that

(6.2) Ja,8 53 = Sa on Uy NUg.

Conversely, every collection of mappings s, that satisfies these identities describes
a section of E. Since (6.2)) is clearly K-linear, it follows that the set T'(U, E) is
actually a K-vector space.

Tangent spaces and tangent bundles. On a manifold, the most natural exam-
ple of a vector bundle is the tangent bundle. Before discussing complex manifolds,
we first review the basic properties of the tangent bundle on a smooth manifold.
Let M be a smooth manifold; to simplify the discussion, we assume that M is
connected and let n = dim M. Given any point p € M, there is an isomorphism
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f: U — D between a neighborhood of p and an open subset D C R"; we may
clearly assume that f(p) = 0. By composing the coordinate functions 1, ..., x, on
R™ with f, we obtain n smooth functions on U; they form a local coordinate system
around the point p € M. Despite the minor ambiguity, we continue to denote the
coordinate functions by z1,...,x, € @ (U). Note that we have z;(p) = 0 for
every j.

On R™, we have n vector fields 9/0x1, ..., 9/0x, that act as derivations on the
ring of smooth functions on D. By composing with f, we can view them as smooth
vector fields on U C M; the action on 7y, (U) is now given by the rule

Ao f7h)
Tof

0
oz,

for any smooth function 1: U — R. The values of those vector fields at the point
p give a basis for the real tangent space

0 0
T]RpM R{axl ,axn}

The tangent bundle Tg M is the smooth vector bundle with fibers Tw ,M; its
sections are smooth vector fields. To obtain transition functions for Tr M, let us
see how vector fields transform between coordinate charts. To simplify the notation,
let f: U — D and g: U — E be two charts with the same domain; we denote the
coordinates on D by z1,...,2,, and the coordinates on E by y1,...,y,. As usual,
we let h = fog™': E — D be the diffeomorphism that compares the two charts.

Now say
= 0
aj(x)=— and bi (y
jz:; I 0z Z ayk

are smooth vector fields on D and F, respectlvely, that represent the same vector
field on U. Let ¢: D — R be a smooth function; then since ¥ (z) = 1 (h(y)), we
compute with the help of the chain rule that

0 K)o S (3 ) 2

Y Y =\ ;)

This means that, as vector fields on D,

DTGP
8y;€ o 8yk 8:1cj

and so it follows that the coefficients in the two coordinate systems are related by
the identity

Z ayk )b (h™ ().

If we compose with f: U — D and note that h=' = go f~!, we find that

ajof= Z( > (bx o g)

Now ifa: U — R™ and b: U — R" represent the same smooth section of the tangent
bundle, then we can read off the transition functions by comparing the formula we
have just derived with (6.2)). This leads to the following conclusion.
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Definition 6.3. Let M be a (connected) smooth manifold of dimension n. Cover
M by coordinate charts fo: Uy, — Dq, where D, C R™ is an open subset with
coordinates o = (a1, ., Ta,n), and as usual set hq g = fo © fgl. Then the real
tangent bundle Tr M is the smooth vector bundle of rank n defined by the collection
of transition functions

9,8 = Jr(ha,p) 0 h;lt Uo NUg — GL,(R),
where Jg(ha,g) = Ohqa,p/0xp is the matrix of partial derivates of hg g.

Holomorphic tangent bundles. Now let M be a complex manifold, and let p €
M be any point. Again, there is an isomorphism f: U — D between a neighborhood
of p and an open subset D C C", satisfying f(p) = 0; it defines a local holomorphic

coordinate system z1, ..., 2, € Oy (U) centered at the point p.
We can write z; = x;+1y;, where both z; and y; are smooth real-valued functions
on U. Then (x1,...,Zn,Y1,-..,Yn) gives an isomorphism between U and an open

subset of R?"; this illustrates the obvious fact that M is also a smooth manifold of
real dimension 2n. Consequently, the real tangent space at the point p is now

o 9 98 3}

o r on A |

Another useful notion is the complezified tangent space

9 9 90 9
Oz’ "7 Oz Oy1’ T Oyn

_clo o 2 9
057 02, 07 02,

where the alternative basis in the second line is again given by

o _1(o 0N 4 2 _1(9 , .9
(92:]‘ 2 61‘3‘ 8yj 82j 2 aLL'j 8yj '

Finally, the two subspaces

0 0 0 0
TM=C{—=—,...,— and T/M =C{—,..., —
P { 071 Oz, } P 071 0z,
of the complexified tangent space are called the holomorphic and antiholomorphic
tangent spaces, respectively.
The holomorphic and antiholomorphic tangent spaces give a direct sum decom-
position

Tp,M =R {

Te,M =C {

Te,,M = T)M & T M.
Evidently, 0/0%; is the complex conjugate of 9/0z;, and so complex conjugation
interchanges 7)) M and T,'M. Therefore the map
TayM < Te M — TUM

is an isomorphism of R-vector spaces; it maps 0/0x; to 9/0z; and 0/0y; to i-0/0z;.
The relationship between the different tangent spaces is one of the useful features
of calculus on complex manifolds.

Ezxample 6.4. The holomorphic tangent spaces TI’)M are the fibers of a holomorphic
vector bundle T M, the holomorphic tangent bundle of M.
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To describe a set of transition functions for the tanget bundle, we continue to
assume that dim M = n, and cover M by coordinate charts f,: U, — D,, with
D, C C" open. Let

has = fao f5': f5(Ua NU) = fa(Ua N Ups)

give the transitions between the charts. Then the differential J(hq,g) can be viewed
as a holomorphic mapping from fg(U, N Ug) into GL,(C); by analogy with the
smooth case, we expect the transition functions for 7 M to be given by the formula

Ga,B = J(hoz,ﬁ) © fﬁ,

where J(hqa,3) = Oha,g/0%p is now the matrix of all holomorphic partial derivatives.
Let us verify that the compatibility conditions in (5.5) hold. By the chain rule,

o, " 9B,y = (J(ha,ﬁ) o fﬁ) : (J(hﬁﬁ) ° f'y) = ((J(ha,ﬁ) o hﬁﬁ) : J(hﬁ-fy)) ° fy
= J(ha,ﬁ © hﬁ,v) o fv = J(ha,v) o fv = Ga,y,

and so the g, g are the transition functions for a holomorphic vector bundle 7: 7'M —
M of rank n. The same calculation as in the smooth case shows that sections of
T’'M are holomorphic vector fields.

Complex submanifolds. Let (X, Ox) be a geometric space, and Z C X any
subset. There is a natural way to make Z into a geometric space: First, we give Z
the induced topology. We call a continuous function f: V' — C on an open subset
V C Z distinguished if every point a € Z admits an open neighborhood U, in X,
such that there exists f, € Ox(U,) with the property that f(z) = f,(z) for every
z € VNU,. One can easily check that this defines a geometric structure on Z,
which we denote by Ox|z.

Now suppose that X is a complex manifold. We are interested in finding con-
ditions under which (Z, Ox|z) is also a complex manifold. The following example
illustrates the situation.

Example 6.5. Consider C* as a subset of C" (for n > k), by means of the embedding
(z1,.-,25) — (21, -, 2k,0,...,0). If fis a holomorphic function on an open subset
V C CF, then f is distinguished in the above sense, since it obviously extends to a
holomorphic function on V' x C*~*. Thus we have Ocn|cr = Ocr.

The example motivates the following definition.

Definition 6.6. A subset Z of a complex manifold (X, Ox) is called smooth if, for
every point a € Z, there exists a chart ¢: U — D C C" such that ¢(U N Z) is the
intersection of D with a linear subspace of C™. In that case, we say that (Z, Ox|z)
is a complex submanifold of X.

Calling Z a complex submanifold is justified, because Z is obviously itself a
complex manifold. Indeed, if ¢: U — D is a local chart for X as in the definition,
then the restriction of ¢ to U N Z provides a local chart for Z.

CLASS 7. SUBMANIFOLDS AND ANALYTIC SETS (SEPTEMBER 19)

The submanifold theorem. Examples of submanifolds are given by level sets
of holomorphic mappings whose differential has constant rank. A similar result,
sometimes called the submanifold theorem, should be familiar from the theory of
smooth manifolds.
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Let f: M — N be a holomorphic mapping between two complex manifolds M
and N; recall that this means that f is continuous, and g o f € Oy (f~1(U)) for
every holomorphic function g € O (U) and every open subset U C N.

Fix a point p € M, and let 21,..., 2, be holomorphic coordinates centered at
p; also let wy,. .., w,;, be holomorphic coordinates centered at ¢ = f(p). We can
express f in those coordinates as wg = fx(z1,...,2n), with f1,..., f;n holomorphic

functions in a neighborhood of 0 € C". In particular, each f; is then a smooth
function, and so f is also a smooth mapping. It therefore induces a linear map

f*i T]R’pM — TRqN

between real tangent spaces, and therefore also a map between the complexified
tangent spaces. By the complex version of the chain rule, we have

0 " (Ofr O . Ofx O " Of, O
(7.1) bgs = kzzl (azj dur Bz (‘)wk) - ; Dz, Oy,
because each f; is holomorphic; therefore f. maps 7, M into T, N. (In fact, one can
show that a smooth map f: M — N is holomorphic iff f, preserves holomorphic
tangent spaces.)

We digress to explain the relationship between Jg(f) and J(f). In the complex-
ified tangent space T¢ , M, we may use the basis given by 9/0z; and 0/0%;, and
for T 4N the basis given by 0/0wy, and 8/9wy. According to (7.1, the map f is
then represented by the 2m x 2n-matrix

st = (" 55)

where J(f) = 0f/0z is the m x n-matrix with entries 0f;/0z;. This simple calcu-
lation shows that if M and N have the same dimension (i.e., m = n), then

(7.2) det Jr(f) = |det J(f)|?.

This relationship makes it possible to deduce the holomorphic submanifold theorem
from its usual version on smooth manifolds (which is a fairly difficult result).

Since we already have the implicit mapping theorem (in Theorem whose
proof used the Weierstrafl theorems), we can give a direct proof.

Theorem 7.3. Let f: M — N be a holomorphic mapping between complex mani-
folds, and suppose that the differential f.: T,M — T,y N has constant rank r at
every point p € M. Then for every q € N, the level set f~1(q) is either empty, or
a complex submanifold of M. Moreover, if f(p) = q, then we have

dim, f~*(q) = dim, M — r.

Proof. We shall suppose that we have a point p € M with f(p) = ¢. By choosing
local coordinates centered at p and g respectively, we reduce to the case where
D C C" is an open neighborhood of the origin, and f: D — C™ is a holomorphic
mapping with f(0) = 0 and J(f) has rank r throughout D. Moreover, after making
linear changes of coordinates and shrinking D, we may clearly assume that the
submatrix O(f1,..., fr)/0(z1,..., zr) is nonsingular. The theorem will be proved if
we show that, in some neighborhood of the origin, f~1(0) is a complex submanifold
of D of dimension n — r.
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Introduce a holomorphic mapping g: D — C™ by setting
fi(z) forj=1,...,r,
9i(2) = { ’

25 forj=r+1,...,n.

Clearly J(g) is nonsingular for z = 0, and so by the inverse mapping theorem
(from the exercises), g is a biholomorphism between suitable open neighborhoods
of 0 € C™; this means that g can be used to define a new coordinate system. After
making that change of coordinates (which amounts to replacing f by fog~1!), we
can therefore assume that f has the form

f(2) = (21, 20 fr1(2), -, fm(2)).

The remaining functions f,11(z),..., fm(2) can only depend on z1, ..., z,; indeed,
since rk J(f) = r, we necessarily have 0f;/0z, = 0 for all j,k > r. But this
implies that the level set f~1(0) is the intersection of D with the linear subspace
z1 = -+ = z. = 0, and therefore a complex submanifold of dimension n — r. O

Example 7.4. Let f: D — C be a holomorphic function on an open subset of C™.
Then the level sets f~1(a) are complex submanifolds of D, provided that at each
point z € D, at least one of the partial derivatives 0f/0z; is nonzero. Submanifolds
defined by a single holomorphic function are called hypersurfaces.

Analytic sets. Definition [3.2| can easily be extended to subsets of arbitrary com-
plex manifolds: a subset Z C M is said to be analytic if it is locally defined by the
vanishing of a (finite) collection of holomorphic functions. Proposition shows
that, at least locally, analytic sets can always be decomposed into finitely many
irreducible components.

Sometimes, an analytic subset Z C M is actually a complex submanifold: if
Z1,...,2n are local coordinates centered at a point p € Z, and Z can be defined
in a neighborhood U of the point by holomorphic functions fi,..., f,, with the
property that 9(f1,..., fm)/9(#1,...,2,) has constant rank r, then Z NU is a
complex submanifold of U of dimension n — r. This is exactly the content of
Theorem [7.3]

We call a point p € Z a smooth point if Z is a submanifold of M in some
neighborhood of p; otherwise, p is said to be singular. The set of all singular points
of Z is denoted by Z°, and is called the singular locus of Z.

Ezample 7.5. Let f(z,w) = 22 + w® € O(C?). The partial derivatives are 0f/0z =
2z and Of /0w = 3w?, and both vanish together exactly at the point (0,0). Thus
Z(f) is a submanifold of C? at every point except the origin, and Z* = {(0,0)}.

Every analytic set Z is a submanifold at most of its points, because of the
following lemma (whose proof is contained in the exercises).

Lemma 7.6. Let Z C M be an analytic set in a compler manifold M. Then the
singular locus Z° is contained in an analytic subset strictly smaller than Z.

Note that points where several irreducible components of Z meet are necessarily
singular points. In fact, a much stronger statement is true: Z° is itself an analytic
subset of Z. But the proof of this fact requires more theory, and will have to wait
until later in the semester.
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Differential forms. We now turn to calculus on complex manifolds; just as for
smooth manifolds, differential forms are a highly useful tool for this purpose. We
briefly recall the definition. Let M be a smooth manifold, with real tangent bundle
TrM. A differential k-form w is a section of the smooth vector bundle /\k TR M;

in other words, it associates to k smooth vector fields &1, ..., & a smooth function
w(&1,...,&), and is multilinear and alternating in its arguments. We denote the
space of all differential k-forms on M by A¥(M).

Let U C R™ be an open subset, with coordinates z1,...,z,. We then have the

basic 1-forms dx1, . ..,dz,, defined by

( 8 ) 1 ifi=j,
d.]?i - = )
Oz 0 otherwise.

Any 1-form can then be written as ¢i1dxy + - -+ + ppdx,, for smooth functions
¢; € A(U). Similarly, every w € A¥(U) can be expressed as

(7.7) w = Z Giyoin (@1, o) - dxgy A ANda, s
i1 <o <ip

the coefficient ;, .. ;, is the smooth function w(@/axil, cery 8/8:1%). We often use
multi-index notation, and write (7.7)) more compactly as w = Z‘ =k ¥ dzy.

Returning to the case of a smooth manifold M, any w € A*(M) is locally given
by an expression as in (7.7, where x1,...,x, are now local coordinates. With
some patience and the chain rule, one can work out how to transform such expres-
sions from one coordinate system to another, and thereby determine the transition
functions for the vector bundle /\k Tg M. For example, for n-forms, they are

(78) det JR(ha”@) [¢] f,g

where f,: Uy = Do € R" are local charts, and ho g = fo © fﬁ_ L as usual.
Given a k-form w, we can define its exterior derivative dw; it is a (k + 1)-form,
which is given in local coordinates by the rule

dw:izgi;-da:j/\dm.

j=1 I

For instance, if f is a smooth function, then df = > 9f/0x; - dz;. Exterior dif-
ferentiation gives a map d: A¥(M) — AF+1(M), which satisfies the Leibniz rule
d(fw) =df ANw+ fdw. One can easily check that d o d = 0; this means that

0 — AO(M) % AN (M) 4 A2(M) — -+ — A" (M) 4 A"(M) — 0

is a complex of vector spaces. According to the de Rham theorem, this complex
computes the singular cohomology of the manifold M: for every k =0,...,n,

kerd: AM(M) — A*L(M)
cokerd: AF—1(M) — Ak(M)’
In other words, the space of closed differential forms (dw = 0) modulo the space of
exact differential forms (w = dv)) is exactly the singular cohomology of M.
Finally, recall that differential forms can be pulled back along smooth mappings

f: M — N. For w € A¥(M), the pullback f*w € A¥(M) is a differential k-form
on M; the operation is easily described in local coordinates. Let x1,...,x, be

HY(M,R) =
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coordinates centered at p € M, and y1, ...,y coordinates centered at f(p) € N,
and write the components of f as y; = fi(z1,...,z,). Then we have
n
. ofi
[rdy; = df; = ~dxj,
X 8xj
Jj=1

and from this, we can derive a (somewhat complicated) formula for the pullback of
any differential form.

Holomorphic differentials and type. Having briefly reviewed the smooth case,

suppose now that M is a complex manifold, and let z1,...,z, be local coordi-
nates. If we set z; = x; + iy;, then as noted previously, the smooth functions
T1y---yTnyYl,---,Yn give a local coordinate system for M as a smooth manifold,

and we can consequently talk about differential forms on M, and define the spaces
A*(M) as above. But observe that we have

dzj = dxj +idy; and dz; = dz; —idy;;

we can therefore use dz1,...,dz,,dz,...,dZz, instead of dx1,...,dx,,dy,...,dy,,
and write any k-form locally as

w = Z QDLJ-dZ]/\dZ],
[I|+]J|=Fk

where each ¢y s is a again a smooth function on U.

Definition 7.9. We say that w € A*(M) is of type (p, q) if it can locally be written

in the form
w= Z Z er,g-dzr Ndzy.
[Il=p|J|=q

The space of all such (p, ¢)-forms is denoted by AP:9(M).

Using the chain rule, it is easy to check that this definition is independent of the
choice of local coordinate system. We can also decompose the exterior derivative by
type as d = 9+ 0, where 9: AP4(M) — APTL4(M) and 9: API(M) — AP9TL(M);
in local coordinates, we have

) (Z wr,sdzr A dzJ) => ag;};" dzp A dzp Adz.

As before, we get a complex since 9 o 9 = 0; we define the Dolbeault cohomology of
the complex manifold M as
ker 0: AP4(M) — API+L(M)

7.10 HPY M) = : -
( ) (M) coker 0: AP-¢—1(M) — AP:9(M)

CLASS 8. THE POINCARE LEMMA AND INTEGRATION (SEPTEMBER 24)

The 0-Poincaré lemma. The key step in proving de Rham’s theorem is to show
that closed forms are always locally exact. The same result is true for Dolbeault
cohomology, and is the content of the so-called d-Poincaré lemma.

Lemma 8.1. Let D C C" be an open subset, and w € Ap’qul(D) be a O-closed
form with ¢ > 0. Then for any relatively compact open set U with U C D, there is
a (p,q)-form ¥ € AP9(U) such that w = 0¢ on U.

As a warm-up, let us prove the d-Poincaré lemma in one complex variable.
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Lemma 8.2. Let g: C — C be a smooth function with compact support. Then the
(singular) integral

1 g(w) _
8.3 =— | —=dwAd
(8:3) /() 27ri/(cw—zw v
converges for every z € C, and defines a smooth, compactly supported function with
of 0z = g.
Proof. Recall the more precise form of Cauchy’s formula: Let D = A(z; R) and
D. = A(z;¢e). If f is smooth in a neighborhood of the closed disk D, then

_ 1 f(w) 1 rof L dwAhdw
(84) 1(z) = 27 aDw—zdw+ 27 Jp O w) w—z

This is proved by letting o = (273) ! f(w)dw/(w—z), and applying Stokes’ theorem

tO Obtaln the ldentlty

1 Of dw Ndw 1 f(w) dw—i/ f(w) dw.
9

Dsw_Z

21 Jp\p, 00 w—z 2w Jop w — 2 2mi

After setting w = re? + z and computing that dw A dw = 2ir - df Adr, this becomes

2 2
,l/ 0f = (z4re?) - e7do A dr = f(erReiG)d—ef f(ereew)ﬁ
D\D. ow 0 2 0 2T
and converges to the asserted formula as € — 0, because the integrands are smooth
functions.
We now prove the lemma. Changing to polar coordinates by again setting w =
re'? + z, the integral in becomes

f(z) = E / g(z+re) - e=d0 A dr.
C

™

Since g has compact support, it is clear from this expression that f is well-defined
and smooth on C. Interchanging the order of differentiation and integration, and
undoing the Change of coordinates, we then have

8f dg _i0 1 [ 99,  dwAdw
5z 8w(z—|—7‘e . em0do A dr = — —_—

27i Jo Ow Y=
Now the support of g is contained in D = A(z; R) for sufficiently large R, and so
we get the result by applying (8.4), noting that the integral over 0D is zero. (]

We can now prove the higher-dimensional version of the 0-Poincaré lemma.

Proof of Lemma[8.1] The proof of the lemma works by induction; the k-th step is to
show that the statement is true when w does not depend on dZj41,...,dz,. Thisis
clearly trivial when k = 0, and gives us the desired result when k = n). Suppose that
the statement has been proved for k—1, and that w does not involve dZx1, ..., dZ,.
Write w in the form a A dzi, + 8, Where a € AP4(C") and 8 € AP9T1(C™) do not
depend on dZy,...,dZ,. As usual, let a = ZLJ ar,ydzr Adzy; then Ow = 0 implies
that Oay ;/0%; = 0 for every j > k.
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Now choose a smooth function p with compact support inside D that is identi-
cally equal to 1 on an open neighborhood V of U. By the above,

1

or,g(z) = %/CQI’J(Zl,...,Zk,l,w,2k+1,...,Zn)

p(w)

w — Z

dw A dw

is a smooth function on D; it satisfies 89017,1/82]- =0 for j > k, and Op; ;/0% =
ar.y at every point of V. If we now let ¢ = > s sdzr A dz;, then w — dp is
independent of Z, ..., Zz, on V. By induction, we can find ¢’ € AP9(U) such that
w— 0p = 0Y’, and then ¢ = ¢ + 9’ does the job. O

By writing any (generalized) polydisk as an increasing union of relatively com-
pact polydisks, one can then deduce the following proposition.

Proposition 8.5. Let D = {z € C" ’ |zj| < rj}, where we allow the possibility
that some or all rj = co. Then H?9(D) =0 for ¢ > 1.

Integration. Differential forms are connected with integration on manifolds, as
follows. Suppose that M is an oriented manifold, meaning that we have a consistent
choice of orientation on each tangent space Tr M. It then makes sense to talk
about the orientation of a system of local coordinates: zi,...,z, is positively
oriented if the vector fields 0/0x1,...,0/0x, form a positive basis in each Tr , M.
(A necessary and sufficient condition for being orientable is that the transition
functions h,,g between local charts are orientation preserving, in the sense that
det JR(ha”@) > O)

Let w € A™(M) be a smooth n-form with compact support. We can cover the
support of w by finitely many coordinate charts U, and choose a partition of unity
1 = > po subordinate to the covering. In positively oriented local coordinates
Ta,1y--+>Lam, We have

(Paw)|v. = Pada1 A AdTan,

where ¢, are smooth functions with compact support in D, C R™. We then define
the integral of w over M by the formula

(8.6) /Mw = za: /D Pady,

where p is Lebesgue measure on R™. Note that this definition makes sense: by
(7.8), we have

dzoy A Adon = (det Jg(hag) o hyly) - dzgy A ANdzgp,

and since M is orientable, there is no problem with the choice of sign. It follows
from the usual change of variables formula for integrals that the definition does not
depend on the choice of coordinates.

As in calculus, Stokes’ theorem is valid: if 1 € A"~'(M) has compact sup-
port, then |, o A = 0. This proves the familiar fact that, on a compact orientable
n-dimensional manifold, H"(X,R) ~ R, where the isomorphism is given by inte-
gration over M.

An important fact in complex geometry is that any complex manifold M is
automatically orientable. Indeed, the transition functions h, g between coordi-
nate charts are now biholomorphic, and we have seen in that det Jg(ha,g) =
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| J(ha,p)|* > 0. We take the natural orientation to be the one given in local coor-
dinates z; = x; + 1y; by the ordering

T1y,Y1,T2,Y2y -+ -y Ty Yn-

We can therefore integrate any compactly supported form w € A™™ (M), and the
integral [}, w is a complex number. Noting that dz Adz = (dz +idy) A (dx —idy) =
—2idx N dy, we compute that

(dzy Adyt) A+ A (dan A dyy) = ;—n(dzl ANdZ) A A (den A dZ);
this takes the place of Lebesgue measure in the definition of the integral above.

CLASS 9. RIEMANNIAN AND HERMITIAN MANIFOLDS (SEPTEMBER 26)

Riemannian manifolds. Let M be a smooth manifold of dimension n. Recall that
a Riemannian metric on M is a collection of positive definite symmetric bilinear
forms gp,: Tr pM ® Tr M — R that vary smoothly with p € M. In other words,
for any pair of smooth vector fields £, € T'(U, Tk M) on an open subset U C M,
the real-valued function g(&,n) is required to be smooth on U. In local coordinates
Z1,...,Tn, we define the smooth functions

0 0
gm—(:c) =g 87171-’ 3713 ,

and then the n x n-matrix G(x) with those entries is symmetric and positive definite
at each point of U.

Ezample 9.1. On R", we have the Euclidean metric for which g;; = 1 if i = j,
and 0 otherwise. Since the m-sphere S™ is contained in R™T!, it inherits a Rie-
mannian metric (by noting that Tg ,S™ C TR’pR"‘H at each point). It is a good
exercise to compute the coefficients g; ; for S2, in the two coordinate charts given
by stereographic projection.

On an oriented manifold, the Riemannian metric also determines a differential
form in A™(M), called the volume form. Let us first consider the case of a real vector
space V of dimension n. Recall that the vector space A" V is one-dimensional, and
that an orientation of V' consists in choosing one of the two connected components
of A"V \ {0} and calling it the positive one. (We may then say that a basis
V1,...,Up IS positive if v1 A -+ - A v, lies in that component.) Now suppose that V is
endowed with an inner product g: V ® V' — R. It induces inner products on each
of the spaces /\k V', with the property that

g(vl Ao Avg,wy A A wk) = det(g(vj,wk))lgj’kgn.

This allows us to choose a distinguished generator for A"V, namely the unique
positive element ¢ with the property that g(¢,¢) = 1; it is usually called the
fundamental element. To describe it directly, let eq, ..., e, be a positively oriented
orthonormal basis for V; then ¢ =e; A--- Ae,.

Through the isomorphism V' — V* given by v — g¢g(v,—), the dual space
V* = Hom(V,R) also inherits an orientation and an inner product, and we have a
fundamental element in A" V*. In fact, it is not hard to see that the latter is given
by the formula g(p, —).

Let M be an oriented Riemannian manifold of dimension n. Then the volume
form is the unique smooth form vol(g) € A™(M) whose value at any point p € M
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is the fundamental element in A" Tg ,M. If zq,. .., x, are local coordinates on an
open subset U C M, such that 9/9xy,...,0/0x, is a positive basis at each point,
then we have

(9.2) vol(g)|lv = /det G(z) - dzy A -+ Ndxy,.

We define the volume of M to be vol(M) = [, vol(g); note that this integral may
be infinite if M is noncompact.

Ezample 9.3. If we let M be the sphere of radius r in R3, with the induced Rie-
mannian metric, then vol(M) = 4mr?.

Hermitian linear algebra. We begin by looking at some linear algebra on a
complex vector space V. To begin with, V is also a real vector space (of twice
the dimension); when considering V' as a real vector space, we use the symbol J
to denote multiplication by ¢ for clarity. J € Endg(V') satisfies J o J = —id, and
contains the information about the original complex structure on V.

A Hermitian form on V is a map h: V x V — C which is C-linear in its first
argument, and such that h(vg,v1) = h(vy,ve) for all vi,ve € V. It follows that h is
C-antilinear in its second argument. We say that h is positive definite if h(v,v) >0
for every nonzero v € V; note that h(v,v) € R.

It is not hard to verify that if h is positive definite, then its real part

g(v1,v2) = Reh(vy,v9) = %(h(vl, v2) + h(vg,v1))

defines an inner product on the underlying real vector space; h is uniquely deter-
mined by g, as a brief calculation shows that h(vy,ve) = g(vi,ve) +ig(vy, Jvz). (In
fact, this formula defines a Hermitian form iff g is compatible with J, in the sense
that g(Juvy, Jug) = g(v1,ve) for all vy, v € V)

Consider next the imaginary part of h, or

w(vy,ve) = —Imh(vy,vg) = %(h(’l}l,’l}g) - h(’l}g,l}l)).

It follows from the properties of i that w is a real bilinear form that is alternating,
meaning that w(ve,v1) = —w(vy,v2). One easily sees that w(vy, Jvs) = g(v1,v2);
consequently, an alternating real-valued form w comes from a Hermitian form iff
w(Jv1, Jug) = w(vy,ve) for all v1,ve € V; moreover, w uniquely determines h.

Hermitian manifolds. We now generalize this to complex manifolds. Recall
that if p € M is a point on a complex manifold, then the composition T , M —
TepM — T;M is an isomorphism of real vector spaces. We use this isomorphism
to identify the underlying real vector space of T) M with T ,M; we continue to
denote by J the endomorphism of Tk ,M induced from multiplication by i.

Definition 9.4. A Hermitian metric h on a complex manifold M is a collection
of positive definite Hermitian forms h, on the holomorphic tangent spaces TZ’,M ,
whose real parts g, = Re h,, induce a Riemannian metric on the underlying smooth
manifold.

On a Hermitian manifold (M, k), we thus have a Riemannian metric ¢ = Reh
and a real-valued differential 2-form w = —Im h.

We make the definition more concrete by writing down formulas in local holo-
morphic coordinates z1, ..., z,. First off, we let H be the n X n-matrix with entries
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g 0
e =)

at each point, H is Hermitian-symmetric and positive definite.

To find the Riemannian metric, let z; = x; + iy;, and recall that, under our
identification of Tk, M with T, M, the vector field 9/0z; corresponds to 9/0z;,
and 0/0y; to i-0/0z;. (From this, we also see that JO/0x; = 0/0y;.) Thus we
have for instance that

o 0 0 0
g(am‘l, M) = Reh(azj, M) = Re hj,ka

g 0 0 0 g .0
LG ) R R L Gt ) B

In the basis 9/9z1,...,0/0x,,0/0y, .. .,0/0y,, the Riemannian metric g is there-
fore given by the 2n x 2n-matrix

G = ReH ImH
" \—-ImH ReH)’

the smooth functions

while

Note that G is a symmetric matrix, as expected: H being Hermitian symmetric, it
follows that Re H is symmetric, while —Im H = H”.
Finally, consider the 2-form w; we compute that

g 0 g 0

0 0 0 0
) (L i) —Rehy
w(@xj78yk) m <8zj’28zk) Re g

To make sense of these formulas, let us view w as a complex-valued 2-form by
extending it bilinearly to the complexified tangent spaces T¢ ,M; here we have to
be careful to distinguish multiplication by i and the effect of the operator J. We
would now like express w in terms of dz1,...,dz,,dz,...,dz,. We compute that

w2 2 N_ (2 ;0 9 90
0z;" 0z, )~ \Ox; dy;’ Oxy, Oy,

(09N (0 oY, (0 oY, (0 &
N ij’axk ayj’axk axj’ayk 6yj’8yk ’

which, by the above formulas, equals —Imh;, +iReh;r +iReh; —Imh;, =
2ih; 1. Similarly, one proves that w(0/0z;,0/0z) = w(0/0%;,0/0%) = 0, and so

while

(9.5) w= % 3" hyndzy A dz.
7,k=1

It follows that w is of type (1,1); this justifies calling it the associated (1,1)-form
of the metric h.
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Ezample 9.6. Consider C™ with the metric in which the 0/0z; form a unitary basis;
in the notation from above, H = id,,. Then g is the standard Euclidean metric on
R?", and

i n ~ n
w = g;dzj NdzZ; = z:ldxj Ady;.
i= j=

This is one of the reasons for defining w = — Im h.

Ezample 9.7. Let N C M be a submanifold. For every p € N, we have Ty N C Ty M,
and so a Hermitian metric hy; on M naturally induces one on N. If we denote the
latter by hp, then a brief computation in local coordinates shows that wy = i*way,
where i: N — M is the inclusion map.

The Fubini-Study metric. We now come to an important example: on P™, there
is a natural Hermitian metric called the Fubini-Study metric. It will be easiest to
describe the metric through its associated (1,1)-form wpg. Recall that P" is the
quotient of C"*1\ {0} by C*, and that the quotient map

q: C"T\ {0} = P"

is holomorphic. Then wgg is the unique (1, 1)-form on P™ whose pullback via the
map ¢ to C**1\ {0} is given by the formula

i
(9.8) ¢ wps = gé)alog(|zo|2 + 21+ z]?).
One readily derives formulas in local coordinates: for example, in the chart Uy C P™
with coordinates [1, 21, ..., 25|, we have

i
WFS|U0 = %8810g(1 + |Z|2>

i 1 o 1 "
— [ —— > dz;Adz; - ———— z.21dz: NdZ
o 1+|z|2; 2 A dZ; (H'ZP)zjglzjzk zi Nz |

where we have set |2|? = 21|+ -+ |2,]?. One can also show in this way that wpg
really is a well-defined (1, 1)-form on P™. To see this, consider the function

fo(z) =log(1+12*) =log(1+ |z1* + -+ + |2a]?)

on the open subset Uy = C". The coordinate transformation to one of the other
open subsets Uy = C™ is given by the rule

1 Zk—1 Zkt1 Zn
(zl,...7zn)»—>(,,..., , R
2y 2k 2y 2k 2k

This transforms the function above into
log(1+4 |z1]* + -+ + |zn]?) — loglzk]® = fi(2) — log|zk|?,

and because 90 kills the second summand, the individual forms 99f(z) glue to-
gether into an element of A1 (P™). One can read off the coefficients of the associated
metric using , and this shows that we have really defined a metric on P".

We note two useful properties of the Fubini-Study metric. The first is its in-
variance under unitary automorphisms of P". Suppose that A € U(n + 1) is a
unitary matrix; it defines an automorphism f4 of P™ by the formula [z] — [Az].
Since |Az| = |z| for every z € C"*1, we clearly have fiwrs = wrs. The unitary
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group U(n + 1) acts transitively on P, and so the Fubini-Study metric is homoge-
neous under this action. The second is that wpg is both d-closed and d-closed, and
therefore defines cohomology classes in the de Rham cohomology group H?(P", R)
and in the Dolbeault cohomology group H'!(P"). Both cohomology groups are
one-dimensional, and the class of wgg is the natural generator. The reason for the
normalizing factor 1/27 in the definition of the Fubini-Study metric can be found
in one of the exercises: on P!, we have [, wpg = 1.

CLASS 10. SHEAVES AND COHOMOLOGY (OCTOBER 1)

The Wirtinger theorem. Let (M, h) be a complex manifold with a Hermitian
metric. Locally, there always exist unitary frames for the metric h, that is, smooth
sections (i,...,(, of T"M whose values give a unitary basis for the holomorphic

tangent space T;M at each point. For such a frame, we have
1 ifj=k

h(¢;, = ’

(G G1) {o if j # k.

One way to construct such a unitary frame is to start from an arbitrary frame
(for instance, the coordinate vector fields 9/0z1,...,0/0z,), and then apply the

Gram-Schmidt process. If we let 61,...,6, be a dual basis of smooth (1,0)-forms,
in the sense that 6,(¢x) =1 if j = k, and 0 otherwise, then we have
w= % Z 0; A E
j=1

From this, we compute that

i
271

and so the volume form on the underlying oriented Riemannian manifold is given
by Wirtinger’s formula

(L AO) NN (0, AO,) =n!-vol(g),

1
vol(g) = ﬁw/\".

If we suppose in addition that M is compact, then we can conclude that

vol(M) = /M vol(g) = % /M W,

Since the volume of M is necessarily nonzero, it follows from Stokes’ theorem that
w™ cannot be exact, and therefore that w itself can never be an exact form.

Let N C M be a complex submanifold, with the induced Hermitian metric. We
then have wy = i*w, and if we set m = dim IV, then

vol(N) = ! /i*w’\m.
N

T om!

In particular, the volume of any submanifold is given by the integral of a globally
defined differential form on M, which is very special to complex manifolds.

Ezample 10.1. The flat metric on C™ from Example [0.6] induces a Hermitian met-
ric hys on every complex torus M = C"/A. To compute the volume of M, we
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choose a fundamental domain D C C™ for the lattice; then the interior of D maps
isomorphically to its image in M, and so

vol(M) = /M vol(gar) = / voll(g / du

is the usual Lebesgue measure of D.

Introduction to cohomology. Sheaves are a useful tool for relating local to
global data. We begin with a nice example, taken from “Principles of Algebraic
Geometry” by Griffiths and Harris, that shows this passage from local to global.

Let M be a Riemann surface, not necessarily compact. Recall that a meromor-
phic function on M is a mapping f: M — C U {oc} that can locally be written
as a quotient of two holomorphic functions, with denominator not identically zero.
(Equivalently, a meromorphic function is a holomorphic mapping from M to the
Riemann sphere P!, not identically equal to co.) In a neighborhood of any point
p € M, we can choose a holomorphic coordinate z centered at p, and write f in the
form Z >_na;2’. The polar part of f is the sum m,(f) =3, o a; 295 clearly f is
holomorphlc at p 1ff the polar part is zero.

A classical problem, named after Mittag-Leffler, is whether one can find a mero-
morphic function with prescribed polar parts at a discrete set of points py, pa,....
One can approach this question from two different points of view.

For the first, let U; be a small open neighborhood of p; not containing any of
the other points, and let m; be the desired polar part at p;. Also let Uy = M \
{p1,p2, ...}, and set mp = 0. On the intersection U;NU;, the difference g; ; = m;—;
is a holomorphic function. Now if we can find a meromorphic function f with those
polar parts, then f — m; is holomorphic on U;, and so g;; = (f — m;) — (f —m)
is actually the difference of two holomorphic functions. Conversely, if there are
holomorphic functions f; € O (U;) such that g; ; = f; — fi, then the individual
functions f; + m; agree on overlaps, and therefore define a global meromorphic
function with the correct polar parts.

Note that g; ; + g;.x = gi,x on Uy N U; N Uy. If we let U denote the given open
cover, and g the collection of holomorphic functions g; ; € O (U;NU;), then we can
summarize our observations as follows: Whether or not the Mittag-Leffler problem
has a solution is measured by the class of g in the vector space

HY (U, 0y) = ZY(U, Oy)/BY (U, Oy );

here Z1(U, Oy) = {g | 9ij + 95k =gk on U; NU; NU } is the space of so-called
1-cocycles, and B*(U,0y) = {g ‘ gi,j = fj — [ for suitable f; € Oy (U;) } the
space of 1-coboundaries. The quotient is the first Cech cohomology group for the
sheaf &; and the given open cover.

The second point of view is more analytic in nature. With the same notation as
above, let p; be a smooth function with compact support inside U;, and identically
equal to 1 in a neighorhood of the point p;. Then

[ee]

W= 5 (pimi) Zﬂ'z apz

i=0

is a smooth (0, 1)-form on M, identically equal to zero in a neighborhood of each
point p;. Suppose now that w = d¢ for some smooth function ¢ on M. Then ¢
is holomorphic in a neighborhood of each p;, and the difference f = Y. pimi — ¢
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is holomorphic on Uy, and clearly has the correct polar part m; at each point p;.
Since the converse is easily shown to be true as well, we arrive at the following
conclusion: Whether or not the Mittag-Leffler problem has a solution is measured
by the first Dolbeault cohomology group

{weAP (M) | dw=0}
 {0¢]| pe AVO(M)}

Since we already know that H%!(C) = 0 (by Proposition , we deduce the well-
known fact that the Mittag-Leffler problem can always be solved on C.

To summarize: Since the problem can always be solved locally, the only issue is
the existence of a global solution. In either approach, the obstruction to finding

a global solution lies in a certain cohomology group. In fact, as we will later see,
HY(U, Op) ~ HOY(M).

HYY(M)

Sheaves. We now introduce the useful concept of sheaves.

Definition 10.2. Let X be a topological space. A sheaf (of abelian groups) on X
assigns to every open set U C X a group #(U), called the sections of the sheaf,
and to every inclusion V' C U a restriction homomorphism p%: F(U) — F(V),
subject to the following two conditions:

1) If W C V C U are open sets, then pi, o p¥ = pl.. One can therefore write
w ° PV = Pw
s|lv in place of p¥(s) without loss of information.
(2) If s; € #(U;) is a collection of sections satisfying s;|u,nv, = s;lv,nv, for
all 4,7 € I, then there is a unique s € #(U) such that s|y, = s;, where
U=Uies Ui

In practice, a sheaf often has additional structure: for instance, we say that %
is a sheaf of rings if every .#(U) is a (commutative) ring, and if the restriction
maps are ring homomorphisms. Similarly, there are sheaves of vector spaces, etc.
For clarity, we sometimes denote the set of sections of .# by the symbol T'(U, .%#)
instead of the % (U) in the definition.

Ezample 10.3. A geometric structure & on a topological space X is a sheaf of rings:
each 0(U) is a subring of the ring of continuous functions on U, and the conditions
in the two definitions are more or less identical.

Example 10.4. Let m: E — X be a vector bundle on X. Then assigning to every
open set U C X the space of continuous sections of the vector bundle over U defines
a sheaf of vector spaces on X. When FE is smooth (or holomorphic), we usually
consider smooth (or holomorphic) sections instead.

On a complex manifold M, there are by and large three interesting classes of
sheaves. The first are the so-called locally constant sheaves; for example, assigning
to every open set U the set of locally constant maps from U into Z defines a sheaf
Zr; one similarly defines Ry; and Cjs. Such sheaves contain information about M
as a topological space: for instance, I'(M, Cyy) is a C-vector space whose dimension
equals the number of connected components of M (since a locally constant functions
has to be constant on each connected component).

The second class of sheaves are sections of smooth vector bundles, as in Ex-
ample [I0.4] above. The most important examples are the sheaf of sections of the
tangent bundle, which assigns to every open set U C M the space of smooth vector
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fields on U, and sheaves of differential forms. We let 7" be the sheaf that assigns
to an open set U the space of smooth k-forms on U (these are sections of the vector
bundle /\k T M). Likewise, the sections of the sheaf &/P? are the (p, ¢)-forms on
U. Such sheaves contain information about M as a smooth manifold, and are very
useful for doing calculus.

The third class are those sheaves that are connected to the complex structure
on M. Examples are the structure sheaf &);, whose sections are the holomorphic
functions; the sheaves Qf,, where Q4 (U) is the space of holomorphic forms of
type (p,0) on U; the sheaf of units &7%;, defined by letting &5,;(U) be the set of
nowhere vanishing holomorphic functions on U; and, more generally, the sheaf of
holomorphic sections of any holomorphic vector bundle on M.

Stalks and operations. Let .# be a sheaf on a topological space X, and let z € X
be a point. The stalk of the sheaf is the direct limit

Fp = lim F(U),
Usz

taken over all open neighborhoods of the point. The stalk is again an abelian group;
it is a ring (or vector space) if % is a sheaf of rings (or vector spaces). We think of
elements of the stalk as germs of sections at x.

Ezample 10.5. On a complex manifold M, the local ring Oy, is the stalk of the
sheaf &, at the point p.

A morphism of sheaves f: . F — ¥ is a collection of group homomorphisms
fu: Z(U) — 4(U), compatible with restriction maps in the sense that p¥ o fiy =
fv o pY for every inclusion V' C U. If each fi; is the inclusion of a subgroup, we
say that # is a subsheaf of 4.

The kernel of a morphism of sheaves is the subsheaf of .# defined by setting

T(Uker f) ={se ZU)| fu(s)=0};

it is not hard to verify that ker f is indeed a sheaf. A morphism of sheaves also
has an image im f, which is a subsheaf of ¢; but the definition is more complicated
since the groups im fi; do not form a sheaf. To ensure that the second condition in
Definition is satisfied, we are forced instead to set

F(U,im f) = {s € 9(U) | s|u, € im fy, for some open cover U = U U}
iel
We say that f is injective if ker f = 0, and that f is surjective if im f = ¢. Finally,
we say that a sequence of sheaves

g0 I° o1 I 2 -1 70 k
F T F F s F

is a complex if fi11 o f; = 0 for every ¢, and that it is exact if ker f;1; = im f; at
all places.

Ezample 10.6. If .7 is a subsheaf of ¢, one can also define a quotient sheaf ¥/.%,
in such a way that there is an exact sequence 0 - . % - ¥ —» 4/% — 0. Itis a
good exercise to work out the correct definition.

The following example illustrates these notions; it is one of the most important
exact sequences of sheaves on a complex manifold M.
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FEzxzample 10.7. On a complex manifold M, the so-called exponential sequence

0 Ay, O =25 0%, 0

is an exact sequence of sheaves. (The group operation on €5, (U) is multiplication.)
The first map is given by the inclusion Z;(U) C O (U), using that locally constant
functions are holomorphic. The second map takes a holomorphic function f €
O (U) to the nowhere vanishing holomorphic function expy; (f) = €2™/. It is easy
to see that the sequence is exact at Zy; and at Oyy; in fact, if 2™/ = 1 for some
holomorphic function f, then f is integer-valued, and hence locally constant.

Exactness at 0}, means the surjectivity of exp; according to the definition above,
this amounts to saying that a nowhere vanishing holomorphic function g can locally
be written in the form e?>™f. After choosing local coordinates, we can reduce to
the case g € O(D), where D C C™ is a small polydisk. After choosing a suitable
branch of the logarithm, we can then take f =logg on D.

Note that the individual maps expy: Oa(U) — 05, (U) need not be surjective;
with M = C and U = C\ {0}, for example, the holomorphic function z cannot be
written in the form e>™*f with f holomorphic on U.

The example shows that a morphism f: .% — ¢ can be surjective, even though
the individual maps fy: #(U) — ¢(U) are not.

We note that a morphism f: .% — ¢ always induces homomorphisms f,: %, —
¢, between stalks. The following proposition shows that injectivity, surjectivity,
and so forth, can be verified at the level of stalks; this means that they are local
properties.

Proposition 10.8. Let f: . F — & be a morphism of sheaves. Then f is surjective
(resp., injective) iff for every point x € X, the induced map on stalks fr: Fo — G
is injective (resp., surjective). Likewise, a sequence of sheaves

PURN N NN (SR L

is exact iff the induced sequence of abelian groups

0 1
ﬁogﬂégﬂfﬂﬂy

x x
is exact for every point x € X.
Sheaf cohomology. The following lemma is easy to prove from the definitions.

Lemma 10.9. If0 — %' —.% — %" — 0 is a short ezact sequence of sheaves on
a topological space X, then 0 — F'(X) — F(X) — F"(X) is an exact sequence
of abelian groups.

In general, the map .7 (X) — #"(X) need not be surjective; we have already
seen an example of this above. But in practice, one often needs to know whether or
not a given section of #” can be lifted to a section of .%. Sheaf cohomology solves
this problem by giving us a long exact sequence of abelian groups
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0— HX, ') — H(X,#) — H°(X,7")

Crmxs) — mxs) — wiex#7) D

C» H*(X,7')— H*(X, ) — H*(X,F") — ---

Here HY(X,.#) = Z(X), and so the higher cohomology groups H'(X,.7) extend
the sequence in Lemma[10.9] This means that a section in .Z”(X) can be lifted to
a section in .# (X) iff its image in the first cohomology group H(X,.#') is zero.

To define the cohomology groups of a sheaf, we introduce the following notion: A
sheaf . on a topological space is called flabby if the restriction map % (X) — .#(U)
is surjective for every open set U C X. With flabby sheaves, taking global sections
preserves exactness.

Lemma 10.10. If0 - %' — % — %" — 0 is a short exact sequence of sheaves
on a topological space X, and if F' is flabby, then

0— 7' (X)—= F(X)— F"(X)—=0
is an exact sequence of abelian groups.

Proof. Leta: %' — F and B: .F — #" denote the maps. By virtue of Lemma|10.9
it suffices to show that Sx: .7 (X) — Z#”(X) is surjective. This is most easily done
by using Zorn’s lemma. Fix a global section s” € %" (X), and consider the set of
all pairs (U, s), where U C X is open and s € F#(U) satisfies Sy (s) = ¢"|y. It is
clear that this set is nonempty, because [ is surjective on stalks.

We put a partial order on our set of pairs by declaring that (Ui, s1) < (Us, s2)
if Uy C Uy and so|y, = s1. Since F is a sheaf, every chain {(U;, s;)}ier has an
upper bound (U, s): take U = |J,; U; and let s € .#(U) be the unique section with
sly, = s; for all i € I. By Zorn’s lemma, there is a maximal element (U,,az, Smaz)-
To complete the proof, we need to show that U, = X.

To that end, let © € X be any point. Then S,: .%, — %/ is onto, and so we
can find a pair (U, s) with x € U. On V = U N U4z, we now have two sections
lifting s”, and so by Lemma[10.9] there is a unique section s’ € /(U N Upqy) with
av(s') = (Smaz — $)|v. But now %’ is flabby, and so we can find ¢ € .Z'(U) with
t'ly = ¢ then Smap € F (Umaz) and s + ap(t') € F(U) agree on V, and therefore
define a section in % (U U Uppq,) that still maps to s”. By maximality, we have
UUU,ez = Unnaz, and therefore x € U,y 4. This proves that U,,., = X, and shows
that s € F(X) satisfies Bx (Smaz) = 8- O

Next, we show that any sheaf has a canonical resolution by flabby sheaves. Given
any sheaf .7, let T'(#) = | | ¢ x % be the disjoint union of its stalks; we can then
define the sheaf of discontinuous sections ds.% by setting

FU,dsF)={s:U—=T(F)|s(x) € F forallz € X }.

It is obvious from the definition that ds.# is a flabby sheaf; moreover, we have
an injective map of sheaves €: .% — ds.%, taking a section s € . (U) to the map
x +— S;. This construction gives us an exact sequence

(10.11) 0 F g0 L, g1 L, g2 &,
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in which the .#? are flabby sheaves, as follows: Define #" = ds.#, and let e: F —
79 be the map from above. Next, form the quotient sheaf ¥° = .Z9/ime, let
F1 =ds¥9°, and let d': #° — Z! be the composition of the two natural maps.
Continuing in this way, we obtain a commutative diagram of the type

N ﬁfﬁy A

F

d° d?

N

continuing to the right; at each stage, .#* = ds%*~!, and ¢* is the quotient of
F* by its subsheaf 9*~1. Since the diagonal sequences are all exact, it is not hard
to prove (by looking at stalks) that is itself exact. We refer to it as the
Godement resolution of the sheaf .%.

Definition 10.13. For a sheaf .# on a topological space X, we define H*(X,.7)
to be the i-th cohomology group of the complex of abelian groups

(10.12)

0— Z°%X) — FYX) — FXHX) — .

It follows from Lemma m that the sequence 0 — Z(X) — Z9(X) —» Z1X)
is exact, and therefore that H'(X,.7) ~ .7 (X). Note also that when .% is a sheaf
of vector spaces, each H'(X,.%) is again a vector space. As promised, we always
have a long exact sequence in cohomology.

Proposition 10.14. A short exact sequence 0 — F' — F — F"

gives rise to a long exact sequence of cohomology groups.

— 0 of sheaves

Proof. A morphism f:.# — ¢ induces maps on stalks, and hence a morphism
ds.# — ds¥ between the sheaves of discontinuous sections. Using this fact, one
can easily show that the Godement resolutions for the three sheaves fit into a
commutative diagram

<97/0 <9&/1 <9&/2
F0 F! F?
}7//0 g&//l g//Z

with exact columns. Since each .Z'F is flabby, it follows from Lemma [10.10| that,
even after taking global sections, the columns in

0 9/0()() f’l(X) f’Z(X) - s ...

! |

0 — FUX) —— FHX) —— FEX) —— -+

| |

0 ﬂ”O(X) g;//l(X) , ﬁ”Q(X) - ...
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are short exact sequences of abelian groups. The long exact sequence of cohomology
groups is then obtained by applying a form of the Snake Lemma, which is a basic
result in homological algebra. O

To conclude our discussion of flabby sheaves, we would like to show that the
higher cohomology groups of flabby sheaves are zero. We begin with a small lemma.

Lemma 10.15. If0 — .7’ — % — %" — 0 is an exact sequence with F' and F
flabby, then F" is also flabby.

Proof. For any open subset U C X, we have a commutative diagram

F(X) — F"(X)

l |

FZ(U) — F"(U).

The surjectivity of the two horizontal maps is due to Lemma [10.10} and that of
the vertical restriction map comes from the flabbiness of .%. We conclude that
F'"(X) — F"(U) is also surjective, proving that Z#” is flabby. O

We can now prove that flabby sheaves have trivial cohomology.
Proposition 10.16. If .% is a flabby sheaf, then H'(X,.%) =0 for i > 0.

Proof. According to the preceding lemma, the quotient of a flabby sheaf by a flabby
subsheaf is again flabby. This fact implies that in , all the the sheaves 47 are
also flabby sheaves. Consequently, the entire diagram remains exact after taking
global sections, which shows that 0 — Z(X) — Z°(X) — ZYX) — --- is an
exact sequence of abelian groups. But this means that H*(X,.#) =0 fori > 0. O

Crass 11. OTHER COHOMOLOGY THEORIES (OCTOBER 3)

FEzample 11.1. Let us return to the exponential sequence on a complex manifold
M. From Proposition [10.14] we obtain a long exact sequence

0— HO(M,Z]\/[) — f[o(]\47 ﬁM) — HO(M,ﬁ]*V[) — Hl(M,Z]V[) —

One can show that the cohomology groups H*(M,Z,s) are (naturally) isomorphic
to the singular cohomology groups H*(M,Z) defined in algebraic topology. Thus
whether or not the map Oy (M) — 05, (M) is surjective depends on the group
HY(M,7Z); for instance, H'(C*,Z) ~ Z, and this explains the failure of surjectivity.
On the other hand, if M is simply connected, then H'(M,Z) = 0, and therefore
Oy (M) — O3 (M) is surjective.

Ezample 11.2. Let 0 » F — ds&F — % /dsF — 0 be the short exact sequence
at the start of the Godement resolution. Because ds.Z is flasque, it has no higher
cohomology, and so

0— H'X,Z)— H(X,ds.Z) - H'(X,#/ds F) — H'(X,F) = 0

is exact. It is a fun exercise to think about what kind of description of H(X,.%)
we get in this way.
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Cech cohomology. In addition to the general framework introduced above, there
are many other cohomology theories; one that is often convenient for calculations
is Cech cohomology. We shall limit our discussion to a special case that will be
useful later.

Let X be a topological space and .% a sheaf of abelian groups. Fix an open cover
U of X. The group of p-cochains for the cover is the product

cru,.Z)= [ FWntin---nU,);
Uo,...,UPGU

we denote a typical element by g, with components gy,,...v, € # (UoN---NU,). The
restriction maps for the sheaf # allow us to define a differential 6?: CP(U, %) —
CPTH(U,.7) by setting 6”(g) = h, where

p+1

hU0:~~'7Up+1 = Z(_l)ngO:n'ka—laUk+1a~~-7Up+1 |UoﬁU1ﬂ'“ﬂUp+1'

k=0
Then a somewhat tedious computation shows that 6?*! o 6 = 0, and thus
(11.3) 0—— U, 7) 2 ovu,.2) s U, ) S
is a complex of abelian groups. We define the Cech cohomology group H*(U,.F) to
be the i-th cohomology group of the complex.

Ezample 11.4. From the sheaf axioms, one readily proves that H°(U,.%#) ~ .% (X).

Example 11.5. Let L — M be a holomorphic line bundle on a complex manifold M.
The transition functions g3 € O}, (Us NUg) satisfy the relations ga 598,y = ga,~-
In other words, we have a cohomology class in H'(U, @7%,). If this class is trivial,
we have g, 5 = $g/5q for s, € O3;(Uy,), which means that the s ! form a nowhere
vanishing section of the line bundle. Thus we can think of H!(U, 0%,) as the
obstruction to the existence of such a section.

One can define Cech cohomology groups more generally, but unless the topo-
logical space X is nice, they lack the good properties of Godement’s theory (for
instance, there is not in general a long exact cohomology sequence). This drawback
notwithstanding, Cech cohomology can frequently be used to compute the groups
HY(X,.Z). The following result, known as Cartan’s lemma, is the main result in
this direction.

Theorem 11.6. Suppose that the cover U is acyclic for the sheaf .7, in the sense
that H(Uy N ---N Uy, F) = 0 for every Uy,...,U, € U and every i > 0. Then
there are natural isomorphisms

H'(U,7)~H'(X,7)
between the Cech cohomology and the usual cohomology of .Z.

The proof is not that difficult, but we leave it out since it requires a knowledge
of spectral sequences.

Example 11.7. Let U = {Uy, U; } be the standard open cover of PL. A good excercise
in the use of Cech cohomology is to prove that H°(U, ¢) = C, while H/ (U, 0) =
0 for j > 1. We will show later today that this cover is acyclic, and therefore
HI(PY, 0) = 0 for j > 1. (The vanishing of H'(P!, &) is exactly the existence of
Laurent series.)
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Dolbeault cohomology. On a complex manifold M, there is another way to com-
pute the cohomology groups of the sheaves &) and Q4 (and, more generally, of the
sheaf of sections of any holomorphic vector bundle), by relating them to Dolbeault
cohomology. Recall that we had defined the Dolbeault cohomology groups

ker 0: AP4(M) — API+tL(M)
coker 9: Ara=1(M) — Ara(M)’

HP(M) =

where AP9(M) denotes the space of smooth (p,q)-forms on M. Clearly, each
HP1(M) is a complex vector space, and can also be viewed as the ¢-th cohomology
group of the complex

0 —— APO(M) —2 APY(M) —2s AP2(M) —— -+« —— APP(M) —— 0.

The purpose of today’s class is to prove the following result, usually referred to
as Dolbeault’s theorem. Recall that Q, is the sheaf of holomorphic p-forms; its
sections over an open set U C M are all smooth (p, 0)-forms a € AP°(U) such that

da = 0.

Theorem 11.8. On a complex manifold M, we have natural isomorphisms
H‘I(M7 Qﬁ/[) ~ HP9(M)

for every p,q € N.

The proof is based on the d-Poincaré lemma (Lemma and some general
sheaf theory. We fix an integer p > 0, and consider the complex of sheaves

(11.9) 0— QF, — aP? Dy gt Oy g2 oy g ),

It is a complex because 0 o @ = 0; the first observation is that it is actually exact.
Lemma 11.10. The complex of sheaves in (L1.9)) is exact.

Proof. Tt suffices to prove the exactness at the level of stalks; after fixing a point of
M and choosing local coordinates, we may assume without loss of generality that M
is an open subset of C". Now let w € AP¢(U) be defined on some open neighborhood
of the point in question, and suppose that dw = 0. If ¢ = 0, this means that w is
holomorphic, and therefore w € Q4 (U), proving that the complex is exact at @/7:0.
If, on the other hand, ¢ > 0, then Lemma[8.1| shows that there is a possibly smaller
open neighborhood V' C U such that w = Ji for some ¢ € AP9~1(V), and so we
have exactness on stalks. (]

We will show in a moment that the higher cohomology groups for each of the
sheaves @7P-? vanish. Assuming this for the time being, let us complete the proof
of Theorem [IT.8

Proof. Probably the most convenient way to get the conclusion is by using a spectral
sequence; but since it is not difficult either, will shall give a more basic proof. We
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begin by breaking up ((11.9) into several short exact sequences:

NN

P09 o oypl 9 gp2 9, gp3
NS N S
21 23

Here 2F = ker(é: Pk ,pr””‘l) = im(é: Pkl ,Qﬂ”k), using that the
original complex is exact.

Now recall that we have HY(M,&/P) = AP9(M). Since 297! is a subsheaf
of @/P9t1 the sequence 0 — 27 — /P9 — o/P9t! ig exact. After passage to
cohomology, we find that

ker(0: APU(M) — AP9TY(M)) ~ H° (M, 29).

Also, 0 — 2971 — P4=1 5 99 5 () is exact, and as part of the corresponding
long exact sequence, we have

AP4=Y(M) — H°(M,27%) — H'(M,2¢7') — H'(M,aP).

(11.11)

The fourth term vanishes, and we conclude that H?9(M) ~ H'(M, 27 '). Con-
tinuing in this manner, we then obtain a string of isomorphisms

HPY(M)~H"(M,27") ~ H*(M, 27 ?) ~ ..~ H"" (M, 2") ~ H*(M, %),
which is the desired result. O

Applications. As an application of Dolbeault’s theorem, we will now solve a clas-
sical problem about the geometry of C™*. Let X C C" be a hypersurface; this
means that X is an analytic subset, locally defined by the vanishing of a single
holomorphic function. We would like to show that, actually, X = Z(f) for a global
feoccm).

This in another instance of a local-to-global problem, and we should expect the
answer to come from cohomology. By assumption, X can locally be defined by
a one holomorphic equation, and so we may cover C" by open sets U;, with the
property that X NU; = Z(f;) for certain f; € 0(Uj); if an open set U; does not
meet X, we simply take f; = 1. More precisely, we shall assume that each U; is a
polybox, that is, an open set of the form

{zeC"||x; —a;j| <r;jand |y; — b;| <s; }.
Since the intersection of two open intervals is again an open interval, it is clear
that every finite intersection of open sets in the cover U is again a polybox, and in
particular contractible. Moreover, if we take the defining equation f; not divisible
by the square of any nonunit, then it is unique up to multiplication by units.

Next, we observe that if D C C™ is an arbitrary polybox, then HY(D, Q) =0
for ¢ > 0; indeed, this group is isomorphic to H??(D), which vanishes for polyboxes
by a result analogous to Proposition B.5] In particular, the cover U is acyclic for
the sheaf &, and we have

HY(U,0) ~ HY(C",0) ~ H"(C") ~ 0
by Cartan’s lemma (Theorem [11.6) and Proposition
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Returning to the problem at hand, consider the intersection U; N Uy. There, we
have f; = g; 1 - fr for a nowhere vanishing holomorphic function g;; € *(U; NUy).
Now U; N Uy, is contractible, and so H'(U; N Uy, Z) = 0. From the exponential
sequence

0 — Z¢cn — Ocn — Of,, — 0,

it follows that g;, = €2k for holomorphic functions hjr on U; NUy. Observe
that we have g; rgr,1 = g1, and that a; ;. ; = hj; —hj 1 — h, is therefore an integer.
These integers define a class in the Cech cohomology group

H*(U,Z¢n) ~ H*(C", Z¢n) ~ H*(C",Z) ~ 0.

The first isomorphism is because of Cartan’s lemma (Theorem , since every
intersection of open sets in the cover is contractible; the second and third isomor-
phisms are facts from algebraic topologyy. We thus have a;x; = br; — b1 + bj i
for integers b; . Replacing hjx by hj i + bk, we may thus assume from the start
that hj 4+ hry = hj; on Uy NULNU;. This means that h defines an element of the
Cech cohomology group H'(U, 0).

But as observed above, we have H'(U, &) ~ 0; this means that hj = hy — h;
for holomorphic functions h; € ¢ (U;). This essentially completes the proof: By
construction, f; = e2milhe=hi) £, and so fje%ihj = fre?™hE on U; NUy. Since 0
is a sheaf, there is a holomorphic function f € €(C") with f|y, = f;€*™"; clearly,
we have Z(f) = X, proving that the hypersurface X is indeed defined by a single
holomorphic equation.

Note. We proved the vanishing of the Dolbeault cohomology groups by purely ana-
lytic means in Proposition To deduce from it the vanishing of Cech cohomology,
we first go from Dolbeault cohomology to sheaf cohomology (Dolbeault’s theorem),
and then from sheaf cohomology to Cech cohomology (Cartan’s lemma).

Fine and soft sheaves. We now have to explain why the higher cohomology
groups of /P9 vanish. This is due to the fact that sections of this sheaf are smooth
forms, and that we have partitions of unity.

A few basic definitions first. An open covering X = J;c; U; of a topological
space is locally finite if every point is contained in at most finitely many U;. A
topological space is called paracompact if every open cover can be refined to a
locally finite open cover. It is not hard to see that a locally compact Hausdorff
space with a countable basis is paracompact; in particular, every complex manifold
is paracompact.

Definition 11.12. A sheaf % on a paracompact space X is fine if for every locally
finite open cover X = J;c; Ui, there are sheaf homomorphisms 7;: # — %, with
the following two properties:

(1) There are open sets V; 2 X \ U, such that ;: %, — %, is the zero map
for every = € V;.
(2) As morphisms of sheaves, > ., 7; = idz.

The first condition is saying that the support of 7;(s) lies inside U;; the second
condition means that s = ), _; 7;(s), which makes sense since the sum is locally
finite. Note that if s € F#(U;), then p;(s) may be considered as an element of
Z(X): by assumption, p;(s) is zero near the boundary of U;, and can therefore be
extended by zero using the sheaf axioms.
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Example 11.13. On a complex manifold M, each «/P7 is a fine sheaf. Indeed,
given any locally finite open covering M = J;.; U;, we can find a partition of
unity 1 = >, p; subordinate to that cover; this means that each p; is a smooth
function with values in [0, 1], and zero on an open neighborhood V; 2 M \ U;. We
can now define 7;: /P9 — /P9 as multiplication by p;; then both conditions in
the definition are clearly satisfied.

Example 11.14. One can also show that the sheaf of discontinuous sections ds.% is
always a fine sheaf.

We would like to show that fine sheaves have vanishing higher cohomology. But
unfortunately, being fine does not propagate very well along the Godement reso-
lution of a sheaf; this leads us to introduce a weaker property that does behave
well in exact sequences of sheaves. We first observe that, just as in the case of
geometric spaces, a sheaf .% can be restricted to any closed subset Z C X; at each
point z € Z, the stalk of the restriction .#|z is equal to .%,. The precise definition
is as follows: for U C Z, we let I'(U, #|z) be the set of maps s: U — T(F) with
s(z) € Z, for every x € Z, such that s is locally the restriction of a section of %.
(Here T'(.#) is the disjoint union of all the stalks of .#.) We sometimes write . (2)
in place of the more correct I'(Z, % |z).

Definition 11.15. A sheaf .# on a paracompact topological space is called soft
if, for every closed subset Z C X, the restriction map I'(X,.%) — I'(Z, %#|z) is
surjective.

It is clear that the sheaf of discontinuous sections ds.% is soft for every sheaf 7.
Let us now see why fine sheaves are soft. Fix an arbitrary section ¢t € I'(Z, Z|z); we
need to show that it can be extended to a section of .% on all of X. By definition,
there certainly exist local extensions, and so we can find open sets U; C X whose
union covers Z, and sections s; € I'(U;, %) with s;(z) = t(z) for every z € Z. We
will assume that Uy = X \ Z is one of the open sets, with sg = 0. Since X is
paracompact, we can assume after suitable refinement that the open cover of X by
the Uj; is locally finite; as . is fine, we can then find morphisms p;: % — F as in
Definition After extending by zero, we may again consider p;(s;) € % (X).
Now let

s = Zpi(si) e(X, %),
il
which makes sense since the sum is locally finite. For = € Z, we have s;(x) = ¢(z)
for every i # 0, and thus s(x) = t(z). This proves the surjectivity of the map
I'X,#) —T(Z,%|z), and shows that fine sheaves are soft.

Proposition 11.16. Let .7 be a fine sheaf on a paracompact Hausdorff space X.
Then HY (X, Z) =0 for every i > 0.

We will show that the statement is true for the larger class of soft sheaves. The
proof is very similar to that of Proposition [10.16} the first step is to study short
exact sequences.

Lemma 11.17. If0 —» F' — % — %" — 0 is a short exact sequence of sheaves on
a paracompact space X, and if F' is soft, then 0 —» F'(X) - F(X) - F"(X) —
0 is an exact sequence of abelian groups.
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Proof. Again, welet a: .F' — F and §: F — %" denote the maps. By Lemma|10.9}
it suffices to show that g: #(X) — F"(X) is surjective, and so we fix a global
section s” € .Z#"(X). The map being surjective locally, and X being paracompact,
we can find a locally finite cover X = J,.; U; and sections s; € .7 (U;) such that
B(s;) = ”|y,. Now paracompact spaces are automatically normal, and so we can
find closed sets K; C U; whose interiors still cover X. Note that the union of any
number of K; is always closed; this is a straightforward consequence of the local
finiteness of the cover.

We now consider the set of all pairs (K, s), where K is a union of certain K;
(and hence closed), and s € I'(K) satisfies 3(s) = s”|k. As before, every chain has
a maximal element, and so Zorn’s lemma guarantees the existence of a maximal
element (K4, Smaz)- We claim that K., = X; in other words, that K; C K,
for every ¢ € I. In any case, the two sections s; and s,,4; both map to s’ on the
intersection K; N K40, and we can therefore find s’ € F#/(K; N K, pq,) with the
property that a(s’) = (Smaz — 8i)|KinK,.- But Z’ is soft by assumption, and so
there exists t' € F#/(K;) with t'|k,nK,,.. = 8. Then ;4 and s; + a(t’) agree on
the overlap K; N K., and thus define a section of .% on K; U K4, lifting s”. By
maximality, we have K; U K4 = Kpaz, and hence K; C K4, as claimed. ([

Secondly, we need to know that the quotient of soft sheaves is soft.

Lemma 11.18. If0 — .7’ —.% — %" — 0 is an exact sequence with F' and F
soft, then F" is also soft.

Proof. For any closed subset Z C X, we have a commutative diagram

F(X) — F"(X)

l |

F(Z) —— F"(2).

The surjectivity of the two horizontal maps is due to Lemma [11.17] and that of the
vertical restriction map comes from the softness of .#. We conclude that #”(X) —
F"(Z) is also surjective, proving that .#" is soft. O

We are now ready to prove Proposition [T1.16]

Proof. According to the preceding lemma, the quotient of a soft sheaf by a soft
subsheaf is again soft. This fact implies that in , all the the sheaves 47
are also soft sheaves. Consequently, the entire diagram remains exact after taking
global sections, which shows that 0 — #(X) — Z%X) - #YX) — --- is an
exact sequence of abelian groups. But this means that H*(X,.%#) =0 fori > 0. O

Since the sheaves @774 admit partitions of unity, they are fine, and hence soft.
Proposition [11.16| now puts the last piece into place for the proof of Theorem [11.8

Corollary 11.19. On a complex manifold M, we have H* (M7 .;zﬂ”q) =0 for every
1> 0.

Note. Underlying the proof of Theorem [11.8|is a more general principle, which you
should try to prove by yourself: If 0 — .#% — &° — &1 — ... is a resolution of .#
by acyclic sheaves (meaning that H'(X,&*) = 0 for all i > 0), then the complex
0— &%(X) = &Y(X) — --- computes the cohomology groups of .%. This can be
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seen either by breaking up the long exact sequence into short exact sequences as in
(10.12)), or by a spectral sequence argument.

CLASs 12. LINEAR DIFFERENTIAL OPERATORS AND THE FUNDAMENTAL
THEOREM (OCTOBER 8)

Representatives for cohomology. We will spend the next few weeks studying
Hodge theory, first on smooth manifolds, then on complex manifolds. Hodge theory
tries to solve the problem of finding good representatives for classes in de Rham
cohomology. Recall that if M is a smooth manifold, we have the space of smooth
k-forms A*(M), and the exterior derivative d maps A*(M) to A¥1(M). The de
Rham cohomology groups of M are

_ ker(d: A*(M) — A (M)
HYMLR) = S0 AT (M) = AR(D))

A class in H*(M,R) is represented by a closed k-form w, but w is far from unique,
since w + di represents the same class for every ¢ € A*~1(M). (The only exception
is the group H(M,R), whose elements are the locally constant functions.)

From now on, we shall assume that M is compact and orientable, and let n =
dim M. Then H"(M,R) ~ R, and once we choose a Riemannian metric g on M,
we have the volume form vol(g) € A™(M); every class in H"(M,R) therefore does
have a distinguished representative, namely a multiple of vol(g). The basic idea
behind Hodge theory is that, once a Riemannian metric has been chosen, the same
is actually true for every cohomology class. Here is why: Recall that g defines an
inner product on every tangent space Tw M. It induces an inner product on the
spaces /\lC Tg ,M, and after multiplying by the volume form and integrating over
M, we obtain an inner product on the space of forms A*(M).

Given a cohomology class in H¥(M,R), we can then look for a representative
of minimal norm. It is not clear that such a representative exists, but suppose
that we have w € A¥(M) with dw = 0, and such that ||w|| < |lw + d¢| for every
Y € AF=1(M). For each t € R, we deduce from

lwll? < llw + tdy||* = (w + tdyp,w + tdy) = [[w]|® + 2t(w, dy) + 2| dy |

that (w, dy) = 0 (by differentiation with respect to ¢). Consequently, w has minimal
size iff it is perpendicular to the space dA*~1(M) of d-exact forms. This shows that
w is unique in its cohomology class, because an exact form that is perpendicular to
the space of exact forms is necessarily zero.

An equivalent (but more useful) formulation is the following: Define the adjoint
operator d*: A¥(M) — A*=1(M) by the condition that

(d*a, B) = (e, dP)
for all « € A¥(M) and all B € A*~1(M). Then w has minimal size iff d*w = 0. Since
also dw = 0, we can combine both conditions into one by defining the Laplacian
A =dod* +d* od; from
(Aw,w) = (dd*w + d*dw,w) = ||dw||* + ||d*w||?,
we see that w is d-closed and of minimal norm iff w is a harmonic form, in the sense
that Aw = 0. To summarize:
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Proposition 12.1. Let (M, g) be a compact connected Riemannian manifold, and
let w € A¥(M) be smooth k-form. The following conditions are equivalent:

(1) dw =0 and w is of minimal norm in its cohomology class.
(2) dw =0 and w is perpendicular to the space of d-exact forms.
(8) dw =0 and d*w = 0, or equivalently, Aw = 0.

If w satisfies any of these conditions, it is unique in its cohomology class, and is
called a harmonic form with respect to the given metric.

On R™ with the usual Euclidean metric, Af = — 3", 9?f/02? for f € A°(M),
which explains the terminology. In general, the Laplacian A: A¥(M) — A¥(M) is
an example of an elliptic differential operator. Before we can address the question
of whether each cohomology class contains a representative of minimal norm, we
need to review the basic theory of such operators.

Linear differential operators. We begin by describing local linear differential
operators. Let U C R™ be an open subset, and let A(U) be the space of smooth
real-valued functions on U. A local linear differential operator is a linear mapping
D: A(U) — A(U) that can be written as a finite sum
ai1+"'+inf

oz - dxlp
with smooth coefficients h;, ., € A(U). Provided that D # 0, there is a largest

integer d with h;, . ;, # 0 for some multi-index with 41 +--- + 4, = d, and we call
d the degree of the operator D. The function

P:UXR" =R, (2.8 > h&= > hiy & &
|I|=d i1+ +in=d

is called the symbol of P; it is smooth, and homogeneous in £ of degree d. The
operator P is said to be elliptic if P(x,£) = 0 implies that £ = 0. We can easily
generalize this to operators

D: A(U)®P — A(U)®,

whose coefficients are now p x g-matrices of smooth functions; the symbol of D is
now a mapping P: U x R™ — RP*? to the space of p X g-matrices.

Definition 12.2. Let U C R" be an open subset, and D: A(U)®? — A(U)%? be
a local linear differential operator. Then D is called elliptic if p = ¢, and if the
symbol P(z,€) is an invertible matrix for every # € U and every nonzero £ € R"™.

Ezample 12.3. The usual Laplace operator A: A(U) — A(U), defined by the rule
Af =37 0%f/0z2, is an elliptic operator of order 2; in fact, the symbol is

P(z,8) =&+ + &,
which is clearly nonzero for £ # 0.

Ezample 12.4. Since any smooth 1-form on U can be written as ), f;dx;, we have
AY(U) ~ A(U)®". This means that the exterior derivative d: A(U) — AY(U) is a
linear differential operator. The symbol is now

P(I’,f) = (51,-~~,§n)~
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We now extend the concept of linear differential operators to smooth manifolds.
It should be clear how to define local differential operators in a coordinate chart;
with the help of the chain rule, one easily verifies that the degree and ellipticity of
an operator are independent of the choice of coordinate system. To globalize this
notion, we look at smooth vector bundles. For 7: E — M a smooth vector bundle
on a manifold M, we let A(U, E) be the space of sections of E over an open set
U C M; its elements are smooth maps s: U — E with w o s = idy.

Definition 12.5. Let M be a smooth manifold, and let £ — M and F - M
be two smooth vector bundles, of rank p and ¢, respectively. A linear differential
operator D: E — F is a collection of operators Dy : A(U, E) — A(U, F), with the
following two properties:

(1) D is compatible with restriction to smaller open sets; in other words, the
diagram

AU, E) 225 AU, F)

| |

A(V,E) 2% A(V,F)

should commute for every pair of open sets V C U. (In other words, D is
a morphism of sheaves from the sheaf of smooth sections of E to the sheaf
of smooth sections of F'.)

(2) For every point of M, there is a coordinate neighborhood U and local
trivializations Ely — U x R? and F|y — U x RY, such that the map
A(U)®P — A(U)®? induced by Dy is a local linear differential operator.

D is called elliptic of order d if all the local operators are elliptic of order d.

Ezample 12.6. The exterior derivative d: M x R — TgM is a global linear differ-
ential operator.

The fundamental theorem for elliptic operators. As in the discussion above,
the study of linear differential operators requires a metric. By definition, a Fu-
clidean metric on a real vector bundle E — M is a collection of inner products
(= —)p: Ep x E, = R, whose values depend smoothly on p € M, in the sense that
(81, 82) is a smooth function on U for any two smooth sections sy, s3 € A(U, E).

Now suppose that (M, g) is a Riemannian manifold, with volume form vol(g).
We can then define a Hilbert space of square-integrable sections of F, as follows:
Call amap s: M — E measurable if, in local trivializations, it is given by Lebesgue-
measurable functions. We can then define

]2 = /M<s,s>v01<g>,

and denote by L?(M, E) the space of measurable sections with ||s||> < co. One can
verify that this condition defines a Hilbert space, with inner product

(s51,82) = /M<51’32>U01(g),

and that the subspace Ag(M, E) of smooth sections with compact support is dense
in L2(M, E).
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Definition 12.7. Let D: E — F be a linear differential operator between two
vector bundles with Euclidean metrics. We say that D*: F — FE is a formal adjoint
to D if the relation

(D*t,s) = (t,Ds)

holds for every pair of t € A(M, F) and s € A(M, E) such that Supp(s) N Supp(t)
is compact.

If D* is a formal adjoint to D, then clearly D is a formal adjoint to D*. We say
that D is formally self-adjoint if D* = D.

Lemma 12.8. Let D: E — F be a linear differential operator between two smooth
vector bundles endowed with Euclidean metrics. Then D has a unique formal ad-
joint D*: F — E; moreover, if D is elliptic of order d, then so is D*.

Proof. Since Ag(M, E) is dense in the Hilbert space L?(M, E), the uniqueness of
D* is straightforward: If D} and D3 are two formal adjoints, then

(Dt — D3t,s) = (t,Ds) — (t,Ds) =0
for every s € Ag(M, E) and every t € A(M, F). This implies Dit = Djt, and hence
Dy = Dj.
With uniqueness in hand, the existence of D* now becomes a local question,
and so we may assume that we are dealing with a local linear differential operator

D: A(U)®P — A(U)®1 on an open subset U C R™. To simplify the notation, we
shall assume that p = ¢ = 1. For ¢ € A(U), we then have

ol
Dp=3 hio—,
I

where we use multi-index notation to denote the partial derivatives. Let G(z) be
the matrix representing the Riemannian metric; as we have seen before, the volume
form is vol(g) = VdetG - dxzy A --- A dx,. The Euclidean metric on F is now
represented by a single smooth functlon cr € A(U), and so

(D¢, ) = /U cr(De)i - vol(g Z / o chhn/M dp,

where 1) € Ag(U). This makes the integrand compactly supported, and we can use
integration by parts to move the partial derivatives over to the other terms. We
then get

(D6,6) = S0 [ 60 0 (crvn Vi)
I
:/ cro- Z i —18\ | — (cruhi Vet G ) dp.

It follows that the formal adjoint D* is given by the formula

1
D = Z II\CElax (chh[\/detG)\/ﬁTG.
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After some reordering of terms, one sees that this defines a linear differential oper-
ator D*: A(U) — A(U) of order d, with symbol

P = 3 (~)leglerhie! = (-1 P, 6).

|I|=d

Now suppose that D is elliptic. The above formula shows that P*(x, &) is nonzero
for £ # 0, and proves that D* is also an elliptic operator. O

The following theorem is the fundamental result about elliptic linear differential
operators; it is one of the big achievements of the theory of partial differential
equations from the last century.

Theorem 12.9. Let M be a compact manifold, and let D: E — F be a linear
differential operator between two Fuclidean vector bundles. If D is elliptic of order
d > 1, then the kernel and cokernel of the map D: A(M,E) — A(M, F) are finite-
dimensional vector spaces. Moreover, we have a direct sum decomposition

A(M,E) =ker(D: A(M,E) — A(M,F)) ®im(D*: A(M,F) — A(M,E)),
which is orthogonal with respect to the inner product on L?*(M, E).

In its essence, Theorem [12.9|is a result about the solvability of certain systems
of linear partial differential equations. Namely, suppose we are given u € A(M, F),
and we are trying to solve the system of differential equations

Ds=u

on a compact Riemannian manifold M. When D, and hence D*, is elliptic, we have
the decomposition

A(M,F)=ker D* ®im D,

and so we can always write u = ug+ Ds for a unique ug € ker D* and s € A(M, F).
Thus the original equation has a solution precisely when ug, the projection of
u to the finite-dimensional vector space ker D*, is zero. (This relies on the fact
that ker D* Nim D = 0.) This nice behavior is very special to elliptic differential
equations.

We shall now take a look at the proof of Theorem [I2.9} since the details are
fairly involved, we have to limit ourselves to an outline. Furthermore, we shall only
consider the case F' = F for ease of exposition. Throughout, we assume that (M, g)
is a compact oriented Riemannian manifold of dimension n, and that 7: £ — M is
a smooth vector bundle with a Euclidean metric.

The modern study of differential equations is based on the following idea: One
first tries to find a “weak” solution for the equation in some kind of function space,
using functional analysis. Such weak solutions need not be differentiable, and so
the second step consists in proving that the solution is actually smooth. This is
usually done incrementally, by passing through a whole scale of function spaces.
In our setting, we shall begin by defining various spaces of sections for the vector
bundle E that interpolate between the space of square-integrable sections L?(M, E)
and the space of smooth sections A(M, E).
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Spaces of sections. To begin with, we let CP(M, E) denote the space of p-times
continuously differentiable sections of the vector bundle E. Note that a section is
smooth, and hence in A(M, E), iff it belongs to CP(M, E) for every p € N.

We also need the notion of a weak derivative. Let D: E — F be a linear
differential operator. By definition of the adjoint D*, we have

(Ds, ¢) = (s, D"9)
for every s € A(M,E) and every ¢ € A(M, F). Now suppose that the section s
only belongs to L?(M, E); then Ds does not make sense, because s might not be
differentiable. On the other hand, the inner product (s, D*¢) is still well-defined.
This gives us a way to weaken the notion of a derivative. Consequently, we shall say
s is weakly differentiable with respect to D if there exists a section t € L?(M, F)
such that
(t,¢) = (s,D"9)

is true for every ¢ € A(M, F). Since A(M, F) is dense in L?(M, F), such a section
t is unique if it exists; we denote it by Ds and call it the weak derivative of s.
Evidently, we have Ds = Ds as soon as s € C4(M, E).

Definition 12.10. The Sobolev space W¥ (M, E) consists of all sections u € L?(M, E)
with the property that the weak derivative Ds € L?(M, F) exists for every linear
differential operator D of order at most k.

We can use the L2-norms of the various weak derivatives to define a norm ||—||x
on the Sobolev space W*(M, E). We shall give the formula in the case of an open
set U C R", and F ~ U xRP is a trivial bundle with the usual Euclidean metric; the
general case is obtained from this be covering the compact manifold with finitely
many coordinate charts and using a partition of unity. A section s € Ay(U, E) is

represented by p smooth functions sq,...,s, € AO(U) and we can define
s
2
iz = 305 [ %]
, x
<k j=1

The same formula is used for s € W*(U, E), by replacing the partial derivatives
ol |sj /0z" by the corresponding weak derivatives of s;.

The same method actually defines an inner product (—, —), and it can be shown
that W*(M, E) is a Hilbert space containing A(M, F) as a dense subspace.

Basic facts about Sobolev spaces. The usefulness of Sobolev spaces comes
from the following fundamental result; it shows that if a section u € L?(M, E) has
sufficiently many weak derivatives, then it is actually differentiable.

Theorem 12.11 (Sobolev lemma). For k > p +n/2, every section in Wk(M, E)
agrees almost everywhere with a p-times continuously differentiable section, and so
we have WH(M, E) < CP(M, E). In particular, ey W*(M,E) = A(M, E).

The theorem is based on the more precise Sobolev inequality: there is a constant
By, > 0, depending only on k, such that

Isllcr < Br - [Isll

holds for every s € A(M, E). Here ||s||c» is the p-th uniform norm, essentially the
supremum over the absolute values of all derivatives of s of order at most p. This
inequality is proved locally, on open subsets of R", by a direct computation, and
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from there extends to compact manifolds by using a partition of unity. It implies
the Sobolev lemma by the following approximation argument: Recall that since M
is compact, the space of smooth sections A(M, E) is dense in W¥*(M, E). Given
any u € WF(M, E), we find a sequence s; € A(M, E) such that |ju — s;|| — 0.
Because of the Sobolev inequality,

lIsi = sjllcr < B+ llsi — sjllw

goes to zero as i,j — 0o, and so {s;}; is a Cauchy sequence in CP(M, E). Since
CP(M, E) is a Banach space with the p-th uniform norm, the sequence converges to
a limit s € CP(M, E); this means that u agrees almost everywhere with the p-times
continuously differentiable section s.

Another fundamental result compares Sobolev spaces of different orders. Obvi-
ously, we have W*+1(M, E) C W¥*(M, E), and since sections in W**1(M, E) have
one additional weak derivative, we expect the image to be rather small. Rellich’s
lemma makes this expectation precise.

Theorem 12.12 (Rellich’s lemma). The inclusion W*L(M, E) — W¥*(M, E) is
a compact linear operator for every k € N.

Recall that a bounded linear operator T': Hy — Hs between two Banach spaces
is compact if it maps bounded sets to precompact sets. Let B C H; denote the
closed unit ball; then T is compact iff the closure of T'(B) in Hs is a compact set.

The third result that we will need is special to elliptic operators. Before stating
it, note that D is a linear differential operator of order d, and so it maps C?T%(M, E)
into C?(M, E). Denoting by D the extension of D introduced above, the definition
of the Sobolev spaces also shows directly that D maps W*+4(M, E) into W* (M, E).
In other words, applying D or D to a section involves a “loss” of d derivatives. The
following theorem shows that when D is elliptic, this is true in the opposite direction
as well: if Du € W¥(M, E), then we must have had u € W*+4(M, E) to begin with.

Theorem 12.13 (Garding’s inequality). For any u € W(M, E) with the property
that Du € W*(M, E), we actually have Du € Wk+4(M, E). Moreover,

lulli+a < Cr(llullo + |1 Dullr)
for a constant Cy, > 0 that depends only on k.

Again, one proves the inequality first for u € A(M, E) by a local computation;
the key point is that the symbol P(z,&) is an invertible matrix for £ # 0. Once
the inequality is known, it is fairly straightforward to prove the existence of the
required weak derivatives by approximation.

Proof of the fundamental theorem. We can now give the proof of Theo-
rem [12.9] Throughout, we let D: E — E be a linear differential operator that
is elliptic of order d. To simplify the proof, we break it up into seven steps.

Step 1. A first observation is every section in ker D is smooth, and so ker D = ker D.
To see this, suppose that v € WO(M, E) satisfies Du = 0. By Garding’s inequality,
we have v € W*+t4(M, E) for every k € N, and now the Sobolev lemma implies
that uw € A(M, E). Note that the same is true for the adjoint D*, which is also
elliptic.
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Step 2. We prove that ker D = ker D is a closed subspace of the Hilbert space
WO(M, E). Applying Garding’s inequality to a section u € WO(M, E) with Du = 0,
we find that |ul|x+qa < Ckllullo for every k € N. Now suppose that we have a
sequence u; € ker D that converges to some u € WO(M, E). Then the inequality
lu; — ;| k+a < Crllui —u;lo shows that {u;}; is a Cauchy sequence in W*+4(M, E),
and hence that its limit v € W**4(M, E). But since D: W*+4(M, E) — W*(M, E)
is bounded, it follows that Du = lim; Du; = 0, and so u € ker D. We see from the
proof that ker D is closed in every W¥* (M, E).

Step 8. Next, we show that ker D is finite-dimensional. Since ker D is a closed
subspace of WO(M, E), it is itself a Hilbert space; let B C ker D be its closed unit
ball. As we have seen, B is contained in the closed unit ball of W%(M, E) of radius
Co; since the inclusion We(M, E) — WO°(M, E) is compact by Rellich’s lemma, it
follows that B is compact. We can now apply Riesz’ lemma to conclude that the
dimension of ker D is finite. This was one of the assertions of Theorem 2.9l

Step 4. We show that if u; € W*T4(M, E) is a sequence with u; € (ker D)+, such
that Du; converges in W¥(M, E), then |ju;|s.q is bounded. Suppose that this
was not the case; then, after normalizing, we would be able to find a sequence
u; € WEH(M, E) with |Ju;||xs+a = 1 and u; € (ker D)+, such that Du; — 0. Since
{u;}; is bounded in Wk*+4(M, F), Rellich’s lemma shows that it is precompact in
Wk(M,E), and after passage to a subsequence, we may assume that {u;}; is a
Cauchy sequence in W*(M, E). From Garding’s inequality

i — wjllkra < Cr (|1 Du; — Duglli + [Ju; — wjllx),

we infer that the sequence is also Cauchy in W**4(M, E), and therefore converges
to a unique limit v € W*+4(M, E). Then Du = lim; Du; = 0; on the other hand,
u € (ker D)+, and the only possible conclusion is that u = 0. But this contradicts
the fact that ||u;||g+q = 1 for all .

Step 5. We show that D: W*t4(M, E) — W*(M, E) has closed image. So suppose
that some v € W¥(M, E) belongs to the closure of the image. This means that
there is a sequence u; € W*t4(M, E) such that Du; — v in W*(M, E). Since ker D
is closed in W**+¢(M, E), we may furthermore assume that u; € (ker D). By the
result of Step 4, ||u;||x+q is bounded, and then arguing as before, we conclude that a
subsequence converges to some u € W (M, E). Now clearly v = lim; Du; = Du,
and this shows that D has closed image.

Step 6. We show that (ﬁ*W’“*d(M7 E))J' = ker D in W¥(M, E); here D* is the
formal adjoint of D, also an elliptic operator of order d, and D* denotes the cor-
responding weak differential operator. So suppose that a section u € W¥*(M, E) is
perpendicular to the image of D*. Since A(M, E) is dense, this is equivalent to the
statement that (u, D*¢), = 0 for every ¢ € A(M, E). But this means exactly that

the weak derivative Du exists and is equal to zero; now apply the result of Step 1
to conclude that v € A(M, E) is smooth and satisfies Du = 0.

Step 7. By the results of Step 5 and 6, we have an orthogonal decomposition
WM, E) = (D*W*(M, E)) " & D*Wk+d(M, E)
=ker D & D* (W"*4 (M, E)).
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for every k € N. We can now apply the Sobolev lemma to obtain the decomposition
A(M,E) =kerD ® D*(A(M, E))

asserted in Theorem In particular, coker D* is finite dimensional; interchang-
ing D and D*, we obtain the same for coker D, and this completes the proof.

CrLass 13. HARMONIC THEORY (OCTOBER 10)

We can now return to the problem of finding canonical representatives for classes
in H*(M,R) on a compact oriented Riemannian manifold (M, g). Following the
general strategy outlined last time, we put inner products on the spaces of forms
A¥(M), and use these to define an adjoint d* for the exterior derivative, and a
Laplace operator A = dd* + d*d.

Linear algebra. We begin by discussing some more linear algebra. Let V be a real
vector space of dimension n, with inner product g: V' x V' — R. (The example we
have in mind is V' = T , M, with the inner product g, coming from the Riemannian
metric.) The inner product yields an isomorphism

e VoV veglu-—),

between V and its dual space V* = Hom(V,R). Note that if ey,...,e, is an
orthonormal basis for V, then e(eq),...,e(ey,) is the dual basis in V*. We endow
V* with the inner product induced by the isomorphism ¢, and then this dual basis
becomes orthonormal as well.

All the spaces /\k V' also acquire inner products, by setting

k
glur A== Augyo A== Avg) = det(g(uiy v));

and extending bilinearly. These inner products have the property that, for any
orthonormal basis eq,...,e, € V, the vectors

ei, Ao Neg,

with i1 < i9 < --- < i form an orthonormal basis for /\]C V.

Now suppose that V' is in addition oriented. Recall that the fundamental element
¢ € N\"V is the unique positive vector of length 1; we have ¢ = e; A --- A e, for
any positively-oriented orthonormal basis.

Definition 13.1. The x-operator is the unique linear operator *: /\k V- /\"_k |4
with the property that a A %5 = g(«, ) - ¢ for any «, 8 € /\k V.

Note that a A% belongs to A" V, and is therefore a multiple of the fundamental
element ¢. The *-operator is most conveniently defined using an orthormal basis
€1,...,e, for V: for any permutation o of {1,...,n}, we have

ey N - Negmy =sgn(o) -er A--- Ney = sgn(o) - ¢,
and consequently
(13.2) *(60(1) VANRRIAN eg(k)) =sgn(o) - €o(k+1) N N €g(n)-

This relation shows that * takes an orthonormal basis to an orthonormal basis, and
is therefore an isometry: g(xa, x83) = g(a, B).

Lemma 13.3. We have xx a = (—1)*®®q for any o € A" V.
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Proof. Let o, 3 € \* V. By definition of the -operator, we have
(e @) A (#8) = ()P (B) A (14 0) = (- Fg(8,50) - ¢
= (=DM Mg(a, f) - ¢ = (-1 Pa nxp.
This being true for all 3, we conclude that * % a = (—1)*"~*q, O
It follows that x*: /\k V- /\"7]6 V' is an isomorphism; this may be viewed as an

abstract form of Poincaré duality (which says that on a compact oriented manifold,
H¥(M,R) ~ H"¥(M,R) for every 0 < k < n).

Inner products and the Laplacian. Let (M, g) be a Riemannian manifold that
is compact, oriented, and of dimension n. At every point p € M, we have an inner
product g, on the real tangent space T , M, and therefore also on the cotangent

space Ty ,M and on each /\ Tg ,M. In other words, each vector bundle /\ T M
carries a natural Euclidean metrlc This allows us to define an inner product on
the space of smooth k-forms A*(M) by the formula

mﬁmzﬁﬂ@mmm»

The individual x-operators x: /\k 1z ,M — /\nik Tg ,M at each point p € M
give us a a linear mapping

s AR(M) — A"F(M).

By definition, we have o A %8 = g(a, 8) - vol(g), and so the inner product can also
be expressed by the simpler formula

(o, B)m = /Moz A%

It has the advantage of hiding the terms coming from the metric.

We already know that the exterior derivative d is a linear differential operator.
Since the bundles in question carry Euclidean metrics, there is a unique adjoint;
the x-operator allows us to write down a simple formula for it.

Proposition 13.4. The adjoint d*: A*(M) — A*~1(M) is given by the formula
d* = —(=1)"F D)y dx

Proof. Fix a € A*=Y(M) and B € A*(M). By Stokes’ theorem, the integral of
d(an*B) =da A8+ (—1)""ta Ad(xB) over M is zero, and therefore

(do, B) mr :/ da N+ = (fl)k/ aNdx*f = (—l)k/ aAx(x"1dx B)
M M M
This shows that the adjoint is given by the formula d*3 = (—1)* +~! d * 3. Since
d* B € An~*+1(M), we can use the identity from Lemma to compute that
d* B = (—1)F(=1)=F+DE=D g5 8,
from which the assertion follows because k? + k is an even number. O

Definition 13.5. For each 0 < k < n, we define the Laplace operator A: AF(M) —
AK(M) by the formula A = dod* +d* od. A form w € A¥(M) is called harmonic
if Aw =0, and we let H*(M) = ker A be the space of all harmonic forms.
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More precisely, each A is a second-order linear differential operator from the
vector bundle /\k TR M to itself. It is easy to see that A is formally self-adjoint;
indeed, the adjointness of d and d* shows that

(Ao‘7ﬁ)M = (davdlﬁ)ﬂ/[ + (d*avd*/@)M = (avA/B)M

By computing a formula for A in local coordinates, one shows that A is an elliptic
operator. We may therefore apply the fundamental theorem of elliptic operators
(Theorem [12.9) to conclude that the space of harmonic forms H*(M) is finite-
dimensional, and that we have an orthogonal decomposition

(13.6) AF(M) = H¥ (M) & im(A: A¥(M) — A(M)).
We can now state and prove the main theorem of real Hodge theory.

Theorem 13.7. Let (M, g) be a compact and oriented Riemannian manifold. Then
the natural map H*(M) — HF(M,R) is an isomorphism; in other words, every de
Rham cohomology class contains a unique harmonic form.

Proof. Recall that a form w is harmonic iff dw = 0 and d*w = 0; this follows
from the identity (Aw,w)y = |dwl||3; + ||[d*w||3;. In particular, harmonic forms
are automatically closed, and therefore define classes in de Rham cohomology. We
have to show that the resulting map H*(M) — H*(M,R) is bijective.

To prove the injectivity, suppose that w € H*(M) is harmonic and d-exact, say
w = dip for some 1) € A¥=1(M). Then

||w||?\l = (W,dw)M - (d*wad))M = 07

and therefore w = 0. Note that this part of the proof is elementary, and does not
use any of the results from the theory of elliptic operators.

To prove the surjectivity, take an arbitrary cohomology class and represent it by
some o € A¥(M) with da = 0. The decomposition in shows that we have

a=w+ AL =w-+dd* 8+ d*dp.

with w € H¥(M) harmonic and 8 € A¥(M). Since dw = 0, we get 0 = da = dd*dp,
and therefore

|d*dp||3, = (d*dB,d*dB)y = (dB,dd*dB)n = 0,

proving that d*df = 0. This shows that a = w + dd* 3, and so the harmonic form
w represents the original cohomology class. O

Note. The space of harmonic forms H*(M) depends on the Riemannian metric g;
this is because the definition of the operators d* and A involves the metric.

More linear algebra. Our next goal is to extend the Hodge theorem to the Dol-
beault cohomology groups HP'4(M) on a compact complex manifold M with a
Hermitian metric h. Recall that this means a collection of positive definite Her-
mitian forms h,: T)M x T;M — C on the holomorphic tangent spaces that vary
smoothly with the point p € M.

Asin the case of Riemannian manifolds, we begin by looking at a single Hermitian
vector space (V, h); in our applications, V' = T M will be the holomorphic tangent
space to a complex manifold. Thus let V' be a complex vector space of dimension
n, and h: V x V — C a positive definite form that is linear in its first argument,
and satisfies h(va,v1) = h(v1,v2).
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We denote the underlying real vector space by Vg, noting that it has dimension
2n. Multiplication by 4 defines a linear operator J € End(Vg) with the property

that J2 = —id. The complexification Vo = C ®g Vi is a complex vector space of
dimension 2n; it decomposes into a direct sum
(13.8) Ve=Vi0 g Vol

where V19 = ker(J —iid) and V%! = ker(J + iid) are the two eigenspaces of J.
For any v € Vg, we have v = 1(v—iJv) + 3(v+iJv); this means that the inclusion

Vg — Vg, followed by the projection Ve —» V1.0, defines an R-linear map
1
Ve =V v 5(1} —iJv)

which is an isomorphism of real vector spaces. This justifies identifying the original
complex vector space V with the space V1°. (But we will see in a moment that,
from the point of view of the inner product h, this is not quite the correct way to
make the identification.)

The decomposition in induces a decomposition

(13.9) /k\v(C = @ (/P\Vlyo) ® (/q\ Vo,l) _ @ VP,
p+q=k p+q=k

and elements of V7 are often said to be of type (p, q).

We have already seen that the Hermitian form A defines an inner product g =
Re h on the real vector space Vg. It satisfies g(Jvy, Jva) = g(v1,v2), and conversely,
we can recover h from g by the formula

h(v1,v2) = g(v1,v2) +ig(vy, Jvg).

As usual, g induces inner products on the spaces /\lc VRr, which we extend sesquilin-
early to Hermitian inner products h on /\k V. We compute that

h(vy —iJvy,ve —iJug) = 2(9(1}1, v2) + ig(v1, ng)),

and this shows that the correct way to identify V with V1:? is via the isomorphism

VoV e i(v —iJv),

V2

because then the original Hermitian inner product h on V will agree with the
induced Hermitian inner product on V10,

Lemma 13.10. The decomposition in (13.9) is orthogonal with respect to the Her-
mitian inner product h.

Recall that Vg is automatically oriented; the natural orientation is given by
v1, JU1, ..., Un, JU, for any complex basis vy, ..., v, € V. It follows that if e, ..., e,
is any orthonormal basis of V' with respect to the Hermitian inner product h, then

€1, J€1,627 J€2, <oy Eny Jen

is a positively oriented orthonormal basis for Vg; in particular, the fundamental
element is given by the formula ¢ = (e1 A Jer) A -+ A (en A Jey).

As usual, we have the x-operator /\k W — /\2"_]€ Vr; we extend it C-linearly to
* /\k Ve — /\ank Ve. Since we obtained the Hermitian inner product h on /\k Ve
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by extending g linearly in the first and conjugate-linearly in the second argument,
the x-operator satisfies the identity

aAxB=h(a,B)-¢
for a, 8 € N Ve.
Lemma 13.11. The *-operator maps VP9 into V""" "P  and satisfies ¥ =
(—1)P*« for any a € VP,

Proof. For B € VP4 and a € V™*, we have a A% = h(a, 3)-¢ = 0 unless p = s and
q = r; this is because the decomposition by type is orthogonal (Lemma [13.10]). It
easily follows that */ has type (n —q,n —p). The second assertion is a restatement

of Lemma where we proved that 2 = (—1)*2"=k) id = (~1)*id on A" Ve. O
The dual vector space Vg = Hom(Vg,R) also has a complex structure J, by
defining (Jf)(v) = f(Jv) for f € V§ and v € V. Note that the isomorphism
e Ve = Vg, v g(v,—)

is only conjugate-linear, since e(Jv) = g(Jv, —) = —g(v, J—) = —Je(v).
Crass 14. COMPLEX HARMONIC THEORY (OCTOBER 17)

The anti-holomorphic Laplacian. From now on, let (M, h) be a compact com-
plex manifold M, of dimension n, with a Hermitian metric h. We then have
the space AP9(M) of smooth differential forms of type (p,q), and the 9-operator
0: AP9(M) — AP4TL(M). Recall that we defined the Dolbeault cohomology groups
ker(9: AP4(M) — APTT1(M))

im(é: APa=1(M) — Aqu(M)) ’

According to the discussion above, we have a Hermitian inner product on the space
of (p, q)-forms, defined by

HP(M) =

(avﬂ)l\/f :/ OZ/\*B,
M
and the complex-linear Hodge *-operator
x: APU(M) — A"T"TP(M).

As in the real case, we define the adjoint 9*: AP4(M) — AP9=1(M) by the condi-
tion that, for every a € AP9~1(M) and 3 € AP9(M),

(30[,5)1\/[ = (e, 0*B)m-
By essentially the same calculation as in Proposition we get an the following
formula for the adjoint operator.

Proposition 14.1. We have 0* = — * Ox.

Proof. Fix av € AP4~1(M) and § € AP4(M); then v = o A %f3 is of type (n,n —1),
and so dy = 9. We compute that 9y = da A 8 + (—1)PT9=1a A 9(x3), and so it
again follows from Stokes’ theorem that

804,5 /Ga/\*ﬁ )p+q/ aANdxf.
The adjoint is therefore given by the formula

0*B = (~1)PF1(x710 B) = (~1)P "1+ 9% B,
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using that  is a real operator. Now 9% € A"~ 4T1""P(M), and therefore *9x% 3 =
(—1)2n—P=9+13; putting things together, we find that 9*8 = (—=1)2"*1 x 9% 3 =
—x 0 x 3, as asserted above. (]

Definition 14.2. The anti-holomorphic Laplacian is the linear differential operator
O: AP4(M) — AP4(M), defined as O = 000" +0* 0. We say that a (p, g)-form w
is 0-harmonic if Ow = 0, and let HP:9(M) = ker O denote the space of d-harmonic
forms.

One proves that 0 is formally self-adjoint and elliptic, and that a (p, ¢)-form
w is O-harmonic iff 0w = 0 and 0*w = 0. In particular, any such form defines a
class in Dolbeault cohomology. By a variant of the fundamental theorem on elliptic
operators, we have an orthogonal decomposition

APA(M) = HPU(M) @ im(T1: AP9(M) — AP9(M)).

It implies the following version of the Hodge theorem for (p, ¢)-forms by the same
argument as in the proof of Theorem [13.

Theorem 14.3. Let (M, h) be a compact Hermitian manifold. Then the natural
map HPI(M) — HPI(M) is an isomorphism; in other words, every Dolbeault
cohomology class contains a unique 0-harmonic form.

Similarly, one can define the adjoint 0*: AP9(M) — AP~14(M) and the holo-
morphic Laplacian [0 = 0 0 0* + 0* 0 0, and get a representation theorem for the
cohomology groups of the d-operator.

Note. In general, there is no relationship between the real Laplace operator A =
dod* +d* od and the holomorphic Laplacian [J = 9 0 9" 4+ 0" 0 . This means that
a 0-harmonic form need not be harmonic, and in fact, not even d-closed.

One can prove that if w € AP4(M) is 0-harmonic, then *w € A"~ P"~9(M) is
again d-harmonic; this is due to the fact that 0* = —x9x. This observation implies
the following duality theorem.

Corollary 14.4. The two vector spaces HP1(M) and H"~P"~9(M) have the same
dimension.

Kahler metrics. Let M be a compact complex manifold with a Hermitian metric
h; then ¢ = Reh also defines a Riemannian metric on the underlying smooth
manifold. Consequently, we can represent any class in H*(M,R) by a harmonic
form (in the kernel of A), and any class in HP9(M) by a d-harmonic form (in the
kernel of 0J). As already mentioned, there is in general no relation between those
two kinds of harmonic forms. For instance, a 0-harmonic form need not be d-closed;
and conversely, if we decompose a harmoni_c form « by type as a = Zp gk O,
then none of the a?? need be harmonic or J-harmonic. In a nutshell, this is due to
a lack of compatibility between the metric and the complex structure.

There is, however, a large class of complex manifolds on which the two theories
interact very nicely: the so-called Kahler manifolds. Recall that the projective space
P™ has a very natural Hermitian metric, namely the Fubini-Study metric hpg. Its
associated (1, 1)-form wgg, after pulling back via the map ¢: C**1\ {0} — P, is
given by the formula

i
¢ wps = %3610g(|zo|2 + a2+ 4+ |zn|2)
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The formula shows that dwrs = 0, which means that wgg is a closed form. This
simple condition turns out to be the key to the compatibility between the metric
and the complex structure.

Definition 14.5. A Hermitian metric h on a complex manifold M is said to be
Kahler if its associated (1,1)-form w satisfies dw = 0. A Kdhler manifold is a
complex manifold M that admits at least one Kéahler metric.

Any complex submanifold N of a Kéhler manifold (M,h) is again a Kahler
manifold; indeed, if we give IV the induced metric, then wy = i*w, wherei: N — M
is the inclusion map, and so dwy = d(i*w) = i*dw = 0. In particular, since P"
is Kahler, any projective manifold is automatically a Kéhler manifold. To a large
extent, this accounts for the usefulness of complex manifold theory in algebraic
geometry.

Let’s look at the Kahler condition in local holomorphic coordinates 21, ..., 2z, on
M. With hj, = h(9/0z,0/0z), the associated (1, 1)-form is given by the formula

. n
i
w=g > hjwdz A dz.
Ji.k=1
Note that the matrix with entries h; j is Hermitian-symmetric, and therefore, hy ; =

hj k. Now we compute that

i Ohj i _ {

5‘ 92 leAde/\de+§Z
gkl 7.k,

and so dw = 0 iff Oh; /02 = Ohi1/0z; and Ohj /0% = Ohj;/0Z;. The second

condition is actually equivalent to the first (by conjugating), and this proves that

the metric h is Kahler iff

Oh;

dw =
v 07

de ANdz N dz,

8}1]'7/6 . 8}11 k

)

14. =
(14.6) 07 0z

for every j, k,l € {1,...,n}.
Note that the usual Euclidean metric on C™ has associated (1, 1)-form

.on

1 Z _

5 de A\ de,
j=1

and is therefore Kéhler. The following lemma shows that, conversely, any K&hler
metric agrees with the Euclidean metric to second order, in suitable local coordi-
nates.

Lemma 14.7. A Hermitian metric h is Kdhler iff, at every point p € M, there is
a holomorphic coordinate system z1,...,z, centered at p such that

i i}
w=3 Zdzj Adz; + O(|z]?).

Jj=1

Proof. One direction is very easy: If we can find such a coordinate system centered
at a point p, then dw clearly vanishes at p; this being true for every p € M, it
follows that dw = 0, and so h is Kahler.

Conversely, assume that dw = 0, and fix a point p € M. Let 21,...,2, be
arbitrary holomorphic coordinates centered at p, and set h; = h(0/0z;,0/0z);
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since we can always make a linear change of coordinates, we may clearly assume
that h; ,(0) = id; x is the identity matrix. Using that h;, = hy j, we then have
hj’k = idj)k +Ej7k + Ekyj + O(|Z|2),
where each Ej; is a linear form in z1,...,2,. Since h is Kéhler, (14.6) shows
that OF; /02 = OE) /0z;; this condition means that there exist (homogeneous)
quadratic polynomials gy (z) such that E; , = 0¢x/0z; and g, (0) = 0. Now let
wy, = 2 + qr(2);

since the Jacobian 9(wy, ..., w,)/0(z1,..., z,) is the identity matrix at z = 0, the
functions wy, . .., w, give holomorphic coordinates in a small enough neighborhood
of the point p. By construction,

dw; = dz; + Z aq] dz, = dz; + ZEk jdzy.
k=1
and so we have, up to second—order terms,

. n . n . n . n

i i g - i ~

5 Eldwj'/\dwj = 5 Elej/\de +§ .kg ldzj/\Ek’dek+§ ké 1Ek_’jd2k/\d2’j
J= J= J,R= JsR=

dezJ/\dzjﬂ— Z (Ejx + Exj)dz; A dzy,
jkl

= % Z hjedz; A dZg.
J,k=1

which shows that w = £ >k dwj Ndwy, +O(Jw|?) in the new coordinate system. [

This lemma is extremely useful for proving results about arbitrary Kahler metrics
by only looking at the Euclidean metric on C™.

Kahler metrics and differential geometry. To show how the condition dw = 0
implies that the metric is compatible with the complex structure, we shall now look
at equivalent formulations of the Kéahler condition.

We begin by reviewing some Riemannian differential geometry. Let M be a
smooth manifold, with real tangent bundle Tk M, and let T'(M) denote the set of
smooth vector fields on M. Recall that vector fields can be viewed as operators
on smooth functions: if £ € T(M), then £ - f is a smooth function for any smooth
function f. In local coordinates xi,...,x,, we can write & = Y a;0/0z;, with
smooth functions a1, ..., a,, and then

§-f= 2221 %
Given any two vector fields £ and 7, their commutator [, n] € T(M) acts on smooth
functions by the rule [¢,n]-f = &-(nf)—n-(£f). Inlocal coordinates, { =) a;0/0x;
and n = > b;0/0z;, and then
- 0b; Oa;\ 0O
Sl => (alaxi b; 8301) 5

ij=1

as a short computation will show.
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Since Tr M is a vector bundle, there is no intrinsic way to differentiate its sections;
this requires the additional data of a connection. Such a connection is a mapping
V:T(M) xT(M) = T(M), (&mn)— Ven,

linear in the first argument, and satisfying the Leibniz rule

Velf -m)=(&f)-n+[f-Ven
In other words, a connection gives a way to differentiate vector fields, and V¢n

should be viewed as the derivative of 7 in the direction of .

Proposition 14.8. On a Riemannian manifold (M, g), there is a unique connec-
tion that is both compatible with the metric, in the sense that

£-9(n,¢) = g(Ven, ¢) +g(n, Ve(),
and torsion-free, in the sense that

Ven — Vp€ = [€,m).
This connection is known as the Levi-Civita connection associated to the metric.

Proof. Let x1,...,x, belocal coordinates on M, and set 9; = 9/dx;; the Riemann-
ian metric is represented by the matrix g; ; = ¢(0;, 9;). To describe the connection,
it is sufficient to know the coefficients Fﬁ ; in the expression

Vo, 05 = Y _TF 0.
k=1

The conditions above now mean the following: the connection is torsion-free iff

Fﬁ i= Fﬁi, and compatible with the metric iff

6gj,k

o = 9(V0.95,0) +9(9;,Vo,0r) = > (gLl + gialh ) -

1=1
From these two identities, we compute that

891] 8gik 3gjk n ;
= r—9 T
Oy, 0 + oz, ;g],z ik

and so the coefficients are given by the formula

n

1 9gi1 0gi;  Ogi;
re -1 k.l il O0Gi J
HJ 229 0z ox; + ox; )’

=1

where g%/ are the entries of the inverse matrix. O

We come back to the case of a Hermitian manifold (M, h). At each point p € M,
we have an isomorphism between the real tangent space Tk ,M and the real vector
space underlying the holomorphic tangent space T, M. As usual, we denote by
Jp € End (TR,,,M ) the operation of multiplying by ¢. We can say that the complex
structure on M is encoded in the map J € End (TRM). On the other hand, g = Reh
defines a Riemannian metric on the underlying smooth manifold, with Levi-Civita
connection V.

Theorem 14.9. Let (M, h) be a Hermitian manifold. The following two conditions
are equivalent:

(1) The metric h is Kdhler.
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(2) The complex structure J € End (TRM) is flat for the Levi-Civita connection,
i.e., Ve(Jn) = JVen for any two smooth vector fields €,m on M.

Crass 15. THE KAHLER IDENTITIES (OCTOBER 22)

Let’s start by proving the theorem from last time. Recall that M is a complex
manifold with a hermitian metric h; this gives us a Riemannian metric g on the
underlying smooth manifold, and we have the Levi-Civitd connection V. We record
the complex structure on M in the operator J € End (T]RM )

Theorem 15.1. Let (M, h) be a Hermitian manifold. The following two conditions
are equivalent:

(1) The metric h is Kahler.
(2) The complez structure J € End (TRM) is flat for the Levi-Civita connection,
i.e., Ve(Jn) = JVen for any two smooth vector fields §,m on M.

Proof. Tt suffices to prove the identity V¢(Jn) = JVen at every point p € M.
Since the metric is Kahler, Lemma allows us to choose local coordinates cen-
tered at p in which the h agrees with the Euclidean metric to second order. Now
the identity only involves first-order derivatives of h, as is clear from the proof of
Proposition [14.8 on the other hand, it is clearly true for the Euclidean metric on
C™. Tt follows that the identity remains true for h at the point p. In this way, (1)
implies (2).

To show that (2) implies (1), recall that the associated (1,1)-form w = —Imh
is related to the Riemannian metric ¢ = Reh by the formula w(&,n) = g(JE, 7).
Since the metric is compatible with the connection, we thus have

(15.2) €-w(®n,¢) = g(Ve(In),¢) + g(Jn, VeC) = w(Ven, ¢) +w(n, VeC).

Expressed in a coordinate-free manner, the exterior derivative dw is given by the
formula

(dw)(g?na C) = 5 ' LU(’I7, C) -n- W(f, C) + C : W(f, 77)
+w(& 0, <) = w(n, [€, Q) +w(C [ m)-

After substituting (15.2)) and using the identity Ven — V, & = [£, 7], we find that
dw = 0, proving that the metric is indeed Kéhler. (Il

The Kaihler identities. Our next goal is to prove that, on a Kahler manifold,
the usual Laplace operator A = d o d* + d* od and the antiholomorphic Laplace
operator [ = 0 0 9* + 9* o 9 are related by the formula

A =200.

This will imply that the two notions of harmonic form (harmonic and d-harmonic)
are the same; it will also imply that the Laplace operator A preserves the type of a
form. Along the way, we shall establish several other relations between the different
operators that have been introduced; these relations are collectively known as the
Kahler identities.

Let (M, h) be a Kéhler manifold; we usually refer to the associated (1, 1)-form
w € ALY(M) as the Kdhler form. Since w is real and satisfies dw = 0, it defines a
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class in H%(M,R); in the proof of Wirtinger’s lemma, we have already seen that on
a compact manifold, this class is nonzero because the formula

1
vol(M) = o /M Wi

shows that w can never be exact.
Taking the wedge product with w defines the so-called Lefschetz operator
L: A¥(M) — A*2(M), a—wAa.
Since w has type (1,1), it is clear that L maps AP9(M) into APT1L4+1(M). Using
the induced metric on the space of forms, we also define the adjoint
A: AR(M) — AF=2(M)
by the (pointwise) condition that g(La, ) = g(a,AB). As usual, we obtain a
formula for A involving the x-operator by noting that
g(La, B) -vol(g) =wAaA*f=aA(wAx*8) =aA (L=xp);
consequently, A3 = x 'L % 3 = (=1)¥ x L x 8 because > = (—1)%°¢id. From this
formula, we see that A maps the space AP9(M) into the space AP~1471(M). When
M is compact, we can further integrate the identity over M to obtain

(La7ﬁ)M = /MLO[/\*ﬂ = /MO[A*A[‘} = (avAB)M7

and so A is also the adjoint with respect to the inner products on the spaces A*(M)
and A*+2(M). Whereas the Lefschetz operator is easy to understand, it is less clear
what the adjoint A is doing.

We also have the exterior derivative d = 0 + 0, and its adjoint d* = 9* + 9*.
When M is compact, we used integration by parts to prove that

d* = —xdx, O0"=—%0%x, 0" =—x0x.

When M is not compact, we can use these formulas as the definition for the oper-
ators d*, 0, and 9*. The Kahler identies relate the operators 0 and 0 and their
adjoints with the help of the operator A.

Theorem 15.3. On a Kdhler manifold (M, h), the following identities are true:
[A,0] = —i0* and [A,0] =i0*

Here and in what follows, the commutator [A, B] of two operators is always
defined as [A,B] = Ao B — B o A. With the help of the x-operator and the above
formulas for the adjoints, we can rewrite the Ké&hler identities in the following
equivalent way:

(15.4) [A,d] = [A,0+ 9] =i0* —i0* = xi(0 — 9)*

This is the version that we are actually going to prove; note that it makes perfect
sense even when M is not compact. The standard proof for the Kéahler identities is
to reduce everything to the standard metric on C" (using Lemma, and then to
prove the identities directly by a long and not very enlightening calculation. I am
going to present a nonstandard proof in class, which is partly inspired by the note
“A new proof of the Weil identity” by Ben Anthes (but I will also keep the standard
proof in the notes). The goal is to do as much as possible by “pure thought”, and
to avoid explicit calculations. In order to make this work, we are going to use some
very basic representation theory.
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Representation theory. To get started, we introduce yet another operator

H: A*(M) — A*(M), H(a)=(k—n)a.
This basically records the degree of a form, but we subtract n = dim X in order to
make H show the inherent symmetry in the degrees. For example, we know that
the *-operator gives an isomorphism between A"~*(M) and A"T*(M); on the first

space, H acts as multiplication by —k, and on the second as multiplication by k.
Because the Lefschetz operator L increases the degree of a form by 2, we get

[H,Llo = H(La) — L(Ha) = HwA o) — (k—n)wAa=2wAa=2La.

In other words, [H, L] = 2L; similarly, we have [H,A] = —2A. In fact, the three
operators H, L, and A satisfy one additional relation.

Proposition 15.5. We have [L,A] = H.

This is a pointwise statement, without any derivatives in it, and so it is enough
to check it separately at each point p € M. Fix such a point, and set V' =Tg M,
so that dimg V' = 2n. This has an inner product g = g, and a natural orientation;
if we let eq,..., e, € V be a positively oriented orthonormal basis, then V = R2"
with the standard inner product. Recall from Lecture[I3|the simple formulas for the
Hodge *-operator *: /\k V- /\27%1c V in terms of the orthonormal basis. Finally,
the Kéhler form w gives us an element w = wy, € /\2 V; in our orthonormal basis,
it takes the form

w=e Nex+e3sNeg+- -+ e2p_1/Ne€o,.

This gives us the two operators La = w A @ and Aa = (1) x [ x a. We are
now ready to prove the identity [L,A] = H.

Proof. First, we treat the case n = 1. Here V = R?, with basis e, e; the other basis
elements are 1 € /\0 V and e; Aey € /\2 V. Now we simply compute everything.
We already know that

(1) =e1 ANea, x(e1) =ea, *(ex) = —e1, *(e;Aeg) =1,
due to the fact that e; A *e; = e1 A eg. From A = (—1)9°8 x Lx, we get
A(l) = O, A(el) = 0, A(eg) = 0, A(61 N 62) =1.
For degree reasons, [L, A](e1) = [L, A](e2) = 0. In the other degrees, we have
[L,A](1) = —=AL(1) = —A(e1 ANeg) = —1
[L,A](61 AN 62) = LA(€1 A\ 62) = L(l) =e1 N\esg.
This shows that [L, A] = H in all four cases.

In order to do the general case, we use induction on the dimension. If n > 2,
we can certainly decompose V = Vi @ V5, for example by letting V7 be the span
of e1,...,ea,_2, and letting V5 be the span of es,_1 and ey,. By induction, we
already know the result on V4 and V5. So it is enough to prove that our identity
[L,A] = H is compatible with direct sums.

So let us consider more generally the case where V = Vi & V5. Suppose that
each dimV; = 2n; is even, and that we have a positively oriented orthonormal
basis in each Vj; let us denote by *; the x-operator on Vj, and by w; € /\QVJ
the “Kahler form”. We use the notation L;, A;, and H; for the three operators
on Vj; by induction on the dimension, we can assume that we already know the
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identity [L;,A;] = H; on V;. The union of the two orthonormal bases, with the
same ordering, gives us a positively oriented orthonormal basis on V = Vi & V5.
We keep the symbols *, L, A, and H for the resulting operators on V. Using this
basis, it is easy to see that we have an isomorphism

Nve @ AvnepNn
i+j=k

We can write this more concisely as AV =2 AVi@A Ve Ifa € A Viand 8 e N Vs,
we will denote the corresponding element of /\H” V by the symbol a A 5. From the
formula for the x-operator in Lecture [I3] it is easy to see that

w(aAB) = (—1)de8@deeB (4 0) A (xf3).
We also have w = wy A1+ 1 A ws, and therefore
L(aAB) = (Lia) A+ a A (Lf).
Now let us prove a similar formula for the operator A = (—1)4°8 x Lx. Take two
elements o € A'V; and 8 € A’ Va. Then a A B e A"V, and so
AaAB)= (=D s« Lx(anpB)= (1)1« L(x1a A x93).
Using the above identities for L and *, we can rewrite this as
(—1) (L1 %1 o) A (x28) + (¥10) A (La %2 3))
= (=)™ ((+1L1 %1 @) A (x38) + (1) A (xaLa %2 B)) = (A1a) A B+ a A (A2f),
due to the fact that *?a = (—1)%a and *23 = (—1)78.
We can now compute the commutator [L, A]. The result is that
[L,Al(a A B) = L(AaAB+aAAf) = A(Lia A B+ a A Lf3))
=LiManB+AanNLyf+LiaANAB+an LaAyp
- A1L10¢ A ,@ — Lla AN AQ/B — AlOé A LQ/B —aA AQLQB
= [Ll, Al]Oé AN ﬂ +aA [LQ, Ag}ﬁ
= Hia NGB+ aN Hyp.

Because Hiaw = (i — ny)a and Ha8 = (j — na)3, this proves that [L, A] is multipli-
cation by i + j — (n1 + n2) =i + j — n, as required. O

As a consequence, we now have the following three identities:
[L,A|=H, [H,L]=2L, [H,A]=-2A

Jean-Pierre Serre observed that these are exactly the relations among the three
standard generators of the Lie algebra sl3(C), and so the graded vector space

n
A (M) = @ AMTR(M)
k=—n
becomes becomes a representation of sly(C). The representation theory of Lie
algebras is a topic in its own right, but we only need some very basic results that
we can easily prove by hand.
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Recall that slp(C) is the Lie algebra of complex 2 x 2-matrices with trace zero.
It is 3-dimensional, with basis the three matrices

=y 0) m=(0 ) =0 0),

It is easy to see that
[EvF]:Hv [H,E]:2E, [HaF]:_2F7

which are exactly the same as the relations among H, L, and A. This means that
we have a representation of the Lie algebra sly(C), defined by

p: sl(C) — End(A(M)), p(H)=H, p(E)=L, p(F)=A.

We are going to use this representation to understand the Kéhler identities (and
also the action by the Hodge *-operator).

CLASS 16. REPRESENTATIONS OF sl3(C) (OCTOBER 24)

We are still working towards the proof of the Kéhler identities. Recall that M
is an n-dimensional Kéhler manifold, and that w is the K&hler form of a Kéahler
metric on M. Last time, we introduced the three operators

Lia)=wAa, Ala)=(-1)"8*«Lxa, H(a)= (dega—n)a,

and showed that they satisfy the three relations [H, L] = 2L, [H,A] = —2A, and
[L,A] = H. We concluded that, therefore, they determine a representation of the
Lie algebra sl3(C) on the vector space

An+*(M) _ @ An+k(M)

k=—n

The point of writing the space of forms in this way is that A"**(M) is exactly the
k-eigenspace of the operator H. Today, we are mostly going to review general facts
about the representation theory of the Lie algebra sly(C); the Kéhler identities will
appear again at the end. Recall from last time that sl3(C) is 3-dimensional, and is
spanned by the three matrices

#=(o ) 2=Go) #=(00)
The relations among E, F, and H are the following:
[E,F]=H, [H,E]=2E, [H F]=-2F
A representation of sl5(C) on a complex vector space V is a linear mapping
p: 8l (C) = Ende (V)

that is compatible with taking commutators; the representation is of course deter-
mined by the three linear operators p(H), p(E), and p(F). We usually suppress p
and denote these operators simply by H, F, and F.

A representation is called irreducible if it does not contain any nontrivial sub-
space that is invariant under the action by H, E, and F. A basic fact is that every
finite-dimensional representation of sl5(C) is a direct sum of irreducible representa-
tions. The fancy reason is that sls(C) is the complexification of the real Lie algebra
suo, and that every finite-dimensional representation of sus lifts to a representation
of the Lie group SUy (which, as a manifold, is just S*). Because SU; is compact,
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one can then average over the group to obtain an invariant inner product, which can
be used to decompose V into irreducible representations. So much for the general
theory; we won’t need it, because we can easily prove all these facts by hand.

Because we are really interested in A"**(M), we are only going to consider
representations V' with the following property: for every v € V', one has E"v = 0
and F™v = 0 for n > 0. This happens for example when V is finite-dimensional;
our representation is not finite-dimensional, but it still has this property. For the
sake of today’s discussion, let’s call such representations bounded.

We first analyze the structure of irreducible representations. Suppose that V is
an irreducible representation of sly(C) that is bounded in the above sense. Choose
a nonzero eigenvector v € V for H, say with Hv = Av. For the time being, A € C
can be any complex number, but we will see in a moment that A actually has to be
an integer. From the two relations [H, E] = 2F and [H, F| = —2F, we get

H(Ev) =[H,Elv+ E(Hv) = 2Ev+ E(Av) = (A +2)Ew,
H(Fv)=[H,Flv+ F(Hv) = —2Fv+ F(\v) = (A —2)Fw,
and so F maps the A-eigenspace F)(H) into Ejy2(H), whereas F maps E)(H)
into Ex_o(H). Because F"v = 0 for n > 0, we can look at the minimal value of
n such that F™v # 0 but F"* 1y = 0. After replacing v by F™v, we may therefore

assume in addition that Fv = 0. So from now on, Hv = \v and Fv = 0.
Now consider the sequence of vectors

v,Ev,E*v,...,E"™v,...

The action of E takes each vector to the next one; the following lemma describes
the action of F'. We write the formulas in terms of —A because it will turn out soon
that A <0.

Lemma 16.1. If Hv = \v and Fv = 0, then one has
FE"™w =n(-A—n+1)E" v,
—-A
F'"E™ = (n!)2< )v,
n

for every n > 0.

Proof. We prove the first identity by induction on n > 0, with the case n = 0 being
trivial. For n > 0, the relation FF — FE = H gives

FE" "= -HE"W+ EFE"v = —(A+2n)E™v +n(-\ —n + 1)E™
=(Mn+1)(=A—n)E",
as required. From this, we get
FH E ey = (n+ 1)(=\ — n) F"E™v,
and so the second identity again follows by induction on n > 0. O

Now let n > 0 be the unique integer such that E"v # 0 and E"tlv = 0; this
exists for the same reason as above. The lemma shows that the subspace generated
by v, Ev, ..., E™v is stable under the action of H, E, and F'; as V is an irreducible
representation, it follows that

V= (C<1),Ev, . ,E”v>,
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and therefore dim V' = n+ 1. Now we can easily show that A\ must be a nonpositive
integer. Again from the lemma,

0=FE"" v = (n+41)(=\ —n)E",
and because E™v #£ 0, we get A = —n. The following proposition summarizes what

we have found about the structure of irreducible representations.

Proposition 16.2. If V is an irreducible representation of sla(C) with dimV =
n+ 1, then there is a nonzero vector v € V- with Hv = —nv and Fv = 0, such that

V= (C<U,Ev, e ,E”v>.

In this basis, the operator H is diagonal, with eigenvalues —n,—n + 2,...,n; and
the operators EE and F are given by the formulas

E(E*v) = E*,  F(E*) = k(n —k+1)EF 1o

In particular, sl3(C) has, up to isomorphism, a unique irreducible representation
of every finite dimension. The simplest example is the standard representation on
C?, where H, E, and F act as 2 x 2-matrices; the eigenvalues of H are of course
—1 and 1. The following schematic picture shows a typical representation:

° 3

° 2

. . 1

° ° 0
. . -1

. -2

° -3

Each dot stands for a one-dimensional subspace, the vertical arrows indicate the
action of F, and the numbers on the right are the eigenvalues of H, which are usually
called the weights of the representation. Note that the weights are symmetric
around 0.

The Lefschetz decomposition. Let us now prove that every representation is a
direct sum of irreducible representations. Changing the notation slightly, suppose

V:@Vk

keZ

is a graded vector space that is also a representation of the Lie algebra sly(C). We
assume that each Vi, = Fy(H) is exactly the k-eigenspace of H; it follows that
E(Vi) C Viyo and F(Vy) C Vi—o. We are going to impose the same boundedness
condition as before: for every v € V', one has E™v = 0 and F"v =0 for n > 0.

Definition 16.3. A nonzero vector v € Vj is called primitive if Fv = 0. We
showed above that primitive vectors only exist for k& < 0.
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We have seen that each irreducible representation is spanned by a primitive
vector and its images under powers of E. The following result generalizes this to
arbitrary representations (under the usual boundedness condition).

Proposition 16.4. FEvery vector v € Vi, can be uniquely written as a finite sum
EJ
v = Z 7’()]
j>max(k,0)
with v; € Vi_oj Nker F', called the Lefschetz decomposition.

The proof that I presented in class was incomplete; here is the correct argument.
(The point is that we need to use the boundedness condition for both E and F,
because the statement is wrong for unbounded representations.) Let me first explain
where the range of the summation comes from. We have seen above that if v € V'
is a nonzero vector with Hv = —nv and Fv = 0, then one has E"v # 0 and
E™ly = 0. Applied to v; € Vj_a;, this says that E2~*+1y; =0, and so E/v; =0
whenever j > 25 — k 4+ 1. This is why only terms with 7 > k appear in the sum.

Now for the proof. The uniqueness of the decomposition is easy. By linearity,
we only need to show that if we have a finite sum

EJ
j>max(k,0)

for certain vectors v; € Vi_o; Nker F, then every v; = 0. If we apply F' and use

Lemma [T6.1] we get

j—1
0= > (j+1k)(jE_1)!vj,

j>max(k,1)

because F'vg = 0. This sum has fewer terms, and so by induction, we get v; = 0
for j > max(k, 1). But then also vg = 0. This gives uniqueness.

To show that every vector v € Vj, has a Lefschetz decomposition, we have to work
a bit harder. First, we prove the analogue of Lemma[I6.1] by the same method.

Lemma 16.5. If Hv = Av and Ev =0, then A € N, and one has
EF™w =n(A—n+ 1)F" t,
A
E"F"v = (n!)2< >v,

n
for every n > 0.

For v € V;, with k > 1, the proposition is claiming in particular that v lies in the
image of E¥: V_, — V. The next step is to prove this assertion.

Lemma 16.6. The mapping E*: V_;, — V}, is surjective for k > 1.

Proof. Suppose that v € V;, with & > 1. By our boundedness assumption, there is
a unique n € N with E"v # 0 and E"*'v = 0. The proof is by induction on n. If
n =0, then Ev = 0. The formulas in Lemma [16.5] (with A = k) give

EFFRy = (kD20
and so v lies in the image of E*. In the general case, we have E"tly = 0, and so
E"v € Viio, Nker E. We use Lemma again, this time with A = k + 2n, to get
Ertnpktingng, — (k4 2n))2E".
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This shows that v — mEH"F’““”E”v € ker E™; by induction, this vector

lies in the image of E*, and so the same is true for v itself. (|

With this lemma in hand, it is now enough to consider the case where v € Vj
with & < 0. Here the proposition is claiming that there is a finite sum

Ej
(16.7) v=)y_ e
Jj=0
with v; € Vi—gj Nker F. As before, there is a unique n € N such that F"v # 0 and
Fn*ly =0, and we prove the existence of the decomposition by induction on n. In
the case n = 0, we have Fv = 0, and so v itself primitive (and is therefore its own
Lefschetz decomposition). In general, consider Fv € Vi_s. By induction,

with ’U; € Vi—g_gjNker F'. If a decomposition as in (16.7)) exists, then after applying
F' to it and using Lemma [16.1} we would get

. Ei-1
jz1
!/

By comparing the two formulas, we see that we need to take v; = _jﬂ%]gvj—l
j > 1; the denominator is nonzero because & < 0. With this choice, the vector

EJ
/UOZU_ZFUJ-

jz1

for

belongs to ker F', and so we obtain the desired decomposition for v. This completes

the proof of Proposition
The Lefschetz decomposition reduces most questions about arbitrary vectors in

an sly(C)-representation to the special case of primitive vectors. One example is
the symmetry of the weight spaces Vi around k = 0.

Corollary 16.8. For every k > 1, the map E*: V_;, — Vj is an isomorphism.

Proof. We showed in Lemma that E* is surjective. Injectivity follows from
the uniqueness of the Lefschetz decomposition. O

The Weyl element. In a bounded representation of sly(C), the weight spaces Vj,
are symmetric around k = 0. There is another useful way to see this symmetry,
involving the Lie group SLa(C). Consider the so-called Weyl element

w = (_01 é) € SLy(C).
A brief matrix computation shows that
(O 1>:<1 1)(1 O)(l 1)
-1 0 0 1 -1 1 0o 1)’
and therefore w = exp(E) exp(—F) exp(E). In principle, the exponential

1 1
exp(E) = id+E + 5E2 + §E3 4
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is given by an infinite series, but because our representation is bounded,
w(v) = exp(E) exp(—F) exp(E) v
only has finitely many nonzero terms for every given vector v € V.
The reason for introducing w is that it explains the symmetry between the weight

spaces V and V_j. Namely, the Lie group SLy(C) acts on its Lie algebra sla(C) by
conjugation, and under this action, one has

wXw ==Y, wYw'!=-X, wHw!=-H.
Again, this is easily checked by direct computation: for example,
0 1\(/0 1\/0 -1\ (0 O
-1 0)J\0 0o/)\1 0) \-1 0/
The identity wHw ™! = —H means that the action of w interchanges the two weight
spaces Vi and V_j; because w* = id, it follows that
w: V_p = Vg

is an isomorphism for every k € Z. The point here is that the isomorphism given
by the Weyl element behaves better than the isomorphism given by E*.

Note. The element

w? = (01 01) € SLy(C)

acts on the weight space Vj as (—1)*, and not as multiplication by —1. One can
see this for example from the fact that w? = (—1), where the right-hand side is
an abbreviation for the power series exp(inH).

If v € V_,, is a primitive vector, we can compute w(v) € V;, with the help of the
formula w = exp(F) exp(—F) exp(E). Indeed,
wexp(—E)v = exp(E) exp(—F)v = exp(E)v,

using F'v = 0 in the second step. Expanding both sides into power series gives

o0 5 o0 ;

EJ EJ
DI TR

J=0 J: =0 )

and after projecting to the weight space V,,, we find that

n

(16.9) w(v) = e

This shows that, at least as far as the action of w is concerned, the most natural
basis for the irreducible representation generated by v is really

E? E™
U,Ev,jfl)?...,ﬁ
If we instead project to the weight space V,,_a;, we get the useful identity
EJ . En—d
(16.10) wow = (~1) o,
J! (n—j)!

valid for any v € V_, Nker F. (Convince yourself that, contrary to appearance,
this identity is actually symmetric in j and n — j.)

We can use the Lefschetz decomposition to get a relatively simple formula for
the action of the Weyl element w on arbitrary vectors.
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Proposition 16.11. Write the Lefschetz decomposition of v € Vi, as
EJ
v = Z TUJ
j>max(k,0)

with v; € Vi_o; Nker F' primitive. Then one has

J—k
w) = S (A

j>max(k,0) (= k!
Proof. Since v; € Vj,_g; is primitive, this follows from (16.10) with n =25 —k. O
Operations on representations. We also need to know a little bit about direct
sums and tensor products of representations. Suppose that V and V'’ are two
representations of sly(C). The direct sum V & V' is also a representation in the

obvious way. More interesting is the case of the tensor product V @ V'. Here E,
F, and H act in the following way:

Ewv@d)=FEvev +v® Ev
Flov)=Fvev +v Fv
Huv®v)=Hov®v +ve Hv

This makes sense if we think of the action by a Lie algebra as the derivative of the
action by the corresponding Lie group. Correspondingly, the Weyl elements acts as

w(v @) =w) @w().

In a similar manner, the space of C-linear maps Hom(V, V”) becomes a representa-
tion of sl3(C) by setting

(E- f)(v) = Ef(v) = f(Ev),
(F- f)(v) = Ff(v) = f(Fv),
(H - f)(v) = Hf(v) — f(Hv).

The Weyl element acts as (w - f)(v) = wf(w™tv). With this definition, a linear
map f: V — V' is a morphism of sly(C)-representations exactly when the element
f € Hom(V, V') belongs to ker H Nker E Nker F.

In the special case where V = V' it follows that FE, F', and H act by commuta-
tors: for f € End(V), the formula (E - f)(v) = Ef(v) — f(Ev) is saying that

E-f=FEof—foE=I[E,f]

If we use the notation ad E = [E, —] for the operation of taking the commutator
with E, then the sly(C)-representation on End(V') is given by ad E, ad F', and ad H.
Similarly, the Weyl element w acts by conjugation:

w-f=wo fow ' = (Adw)(f)
The following simple lemma is crucial for understanding the Kéahler identities.
Lemma 16.12. Ifv € V is such that Hv = v and Ev =0, then Fv = —w(v).
Proof. From v € V7, we get w(v) € V_j. Lemmamgives F2y =0, and so
w(v) = exp(F) exp(—F) exp(E)v = exp(E) exp(—F)v = exp(E)(v — Fv).
But on the right-hand side, the only term that belongs to V_; is —Fv. (]
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The Kahler identities. Let’s now go back to the case where M is an n-dimensional
Kihler manifold with Kihler form w € AMY(M), and
Li@)=wAa, Aa)=(-1)%**xLxa, H(a)= (dega—n)a
They determine a (bounded) representation of sl3(C) on the vector space

An+*(M): é AnJrk(M).

k=—n
We would like to prove the Kahler identity
(16.13) [A,d] = %i(0 — ) *.

Consider the exterior derivative d: A*(M) — A*+1(M) as a C-linear endomorphism
of A"™*(M). Because d increases the degree of a form by 1, we have

(ad H)(d) = [H,d] = d.
The Kéhler condition dw = 0 gives us (ad L)(d) = [L, d] = 0, because
L(da) —d(La) = w Ada —d(w A a) = 0.

So with respect to the sla(C)-representation on the space of endomorphisms of
A™*(X), the element d has weight 1 and is in the kernel of E = ad L. We can
therefore compute its image under F' = ad A using Lemma [16.12] The result is that

[A,d] = (ad A)(d) = —(Adw)(d) = ~wodow".

This is basically ([16.13]), once we know the following formula for w, usually called
Weil’s identity. (Mind that “Weil” and “Weyl” are two different people!)

Proposition 16.14. One has w(a) = e(dega) - J(xa) for every a € A¥(X).
Here e(k) = (—1)F*=1/2 is a sign factor, and the operator J: AF(X) — AF(X)

is defined by the rule
Ja=J Z aPd — Z P9l
p+q=k p+q=k

using the decomposition of forms by type. We will see next time that J is actually
a real operator.

CLAsS 17. PROOF OF THE KAHLER IDENTITIES (OCT 29)

Lefschetz decomposition and primitive forms. Today, we are finally going
to prove the Kéahler identities. Before we do that, let us first recall the general
results about sly(C)-representations from last time in the case of differential forms.
As usual, M is a Kéhler manifold of dimension n, and L, A, and H are the three
operators defined by

Lla)=whAa, Ala)=(-1)%*"xLxa, H(a)= (dega — n)a.
They determine a representation of sl (C) on the vector space

An+*(M): é An+k(M)

k=—n
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We proved that every a € A"¥(M) has a unique Lefschetz decomposition
LJ
a= > S
j>max(0,k) ’
where a; € A"TF=2I(M) is primitive, meaning that Aa; = 0. We deduced that
LF: AVF(M) — A™TR(M)

is an isomorphism for every k > 1. This leads to the following description of
primitive forms in terms of L.

Lemma 17.1. Let k > 0. A form a € A"~%(M) is primitive iff L***(a) = 0.

Proof. If Ao = 0, then we get L**1a = 0 from Lemma It is therefore enough
to prove the converse. Consider a form a € A"~*(M) such that L**1a = 0. Since
k <0, the Lefschetz decomposition of o takes the form

LJ
a=> o,
>0 7

and so we get
[i+k+1

O:LkJrloz:Z

Jj=1

]| Otj.
Since j+ k+1 < k+ 25 for j > 1, the uniqueness of the Lefschetz decomposition

implies that a; = 0 for j > 1, which gives us that a = ag is primitive. O

We also introduced the Weyl element w = exp(L) exp(—A) exp(L), and noted
that it induces an isomorphism between A"~*(M) and A"**(M) for every k € Z.
If a € A"~*(M) is primitive, then

in general, we can describe the action by w using the Lefschetz decomposition:
R
— _1)J ,
w(a) = | Z (-1) 0 7j)!aj.
j>max(0,k)

Proof of the Kahler identities. Last time, we observed that [H,d] = d and
[L,d] = 0, due to the fact that dw = 0. We already deduced from this with the
help of representation theory that

(17.2) [A,d] = —wdw™.

Now let us see how this implies the Kihler identities [A,d] = *i(0 — 9)*. The key
ingredient is Weil’s identity.

Proposition 17.3. One has w(a) = e(deg ) - J(xa) for every a € A¥(X).
Here (k) = (—1)F*=1/2 and J: A¥(M) — A*(M) is the (real) operator
J(a) = Z PP,

p+q=Fk
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Concretely, J acts by multiplying each occurence of dz; by ¢, and each occurence
of dz; by —i; obviously, J is compatible with taking wedge products. It is easy to
see that .J is a real operator: if o € A¥(M) is real, then aP7 = a%P, and then

J(a) = Z P—aopd — Z iTPatP = J(a)

p+q=k p+q=k

shows that J(a) € A¥(M) is again real. Morevoer, J and * commute, because
a € APY(M) implies that xa € A"~9"P(M), and so J(xa) = *(Ja).

We can understand where the sign factor e(k) = (—1)**=1/2 comes from by
looking at the following example.

Ezample 17.4. Recall that in the standard metric on C™, the pointwise length
squared of dz; = dxj +idy; is equal to 2. This gives

(dzi A+ Ndzp) ANx(dZy A -+~ NdZp) =2"dzy Adyy A+ - A dey A dy,,.
By comparing this with

(dzy A Adzp) A(dZL A - ANdzy) = (=)D 2(dzy Adz) A A (dzg A dZn)
=e(n)(=20)" - dry Ady, A -+ ANdzy, A dy,

we find that
*(dzy N - ANdzZp) = e(n)(—i)" -dZ A+ AN dZ,.

So €(n) shows up because of how we defined the standard orientation on a complex
manifold.

Here are two simple identities for (k) that we will use below:

e(k+1) = (=1)*e(k)

ek +0) = (=1) e(k)e(0)
Proof of the Kdihler identities. Fix a € A¥(M). We then have

la=(-1*a, JPa=(-1DFa, wa=(-1)""q,

the last formula being due to H () = (k — n)a. From (17.2)), we get
A, da=—-wdwla=—(—1)""wdwa = —(—1) "e(k)e(2n+ 1 — k) * JdJ * a,
using Weil’s identity and [J, %] = 0 in the last step. Now

JdJa= Y P 9P 00 + P~ 0a) = (~1)¥(i0a — i0a),
p+q=k

and so we can rewrite the formula above as
A, d]a = (—1)"e(k)e(2n + 1 — k) * (i — i0) * .
This gives us the Kihler identity [A, d] = *(i0 — i9)# if we observe that

(=1)"e(k)e(2n+1 — k) = (1) (=1)*CnH1=Rg(2n 4 1) = 1. O
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Proof of Weil’s identity. All that is left to do is to prove Weil’s identity. The
advantage is that this is again a pointwise statement. Fix a point p € M, and
consider the 2n-dimensional real vector space V =T /M. In addition to the inner

product g = g, and the element w = w, € /\2 V' coming from the Kahler form, we
now also have the operator J = J, acting on A V. Recall that Tg , M is isomorphic
to the holomorphic tangent space T;M . Choose local coordinates z1,...,z, cen-
tered at p such that 9/021,...,0/dz, form an orthonormal basis in 7, M. Then the
2n real vector fields 9/0x1,...,0/0x,,0/0y1,...,0/0y, form an othornomal basis
in Tg , M, and in this basis, we have J(0/dz;) = 0/0y; and J(0/dy;) = —0/0z;.
We use the (positively oriented) dual basis dz1, dy,,. .., dz,, dy,, in Ty ,M. Since
J(dz;) = idz; and J(dZ;) = —idZ;, we have
J(dsy) J(dzj)—;—J(dzj) _ idz; ;zdzj — dy, and J(dy;) = da;.

In this way, we find an orthonormal basis e, es, ..., €2, 1,€2, € V that is posi-

tively oriented and has the property that

w=ejNex+---+em_1/\eam,

and that J(e1) = —eq and J(e2) = ey and so on. We can now prove Weil’s identity
by induction on n > 1.

Proof of Weil’s identity. We again treat the case n = 1 first. Here V = R2, with
basis eq, ea; the other basis elements are 1 € /\O V and e; Aeg € /\2 V. We already
know from the proof of Proposition [I5.5] that

(1) =e1 Nea, x(e1) =ea, #(e2) =—e1, *(e1Aez)=1.

Together with J(e;) = —eq and J(ez) = e; and the fact that J is compatible with
wedge products, this gives

Jx(1)=e1Ney, Jx(e1)=e1, Jx(e2)=e1, Jx(e1Nez)=1,
If we compare this against
w(l) =e; Aea, wler)=e1, w(ex) =ea, wlerAey)=—1,

we see that the required sign changes are exactly €(0) = 1, e(1) = 1, and (2) = —1.
Weil’s identity therefore holds for n = 1.

In order to do the general case, we use induction on the dimension. If n > 2, we
again decompose V = V1@ Vs, for example by letting V7 be the span of ey, ..., e, 2,
and letting V5 be the span of es,_1 and es,. By induction, we already know
the identity on V7 and V5. So it is again enough to prove that Weil’s identity is
compatible with direct sums.

So let us consider more generally the case where V = Vi & V5. Suppose that
each dimV; = 2n; is even, and that we have a positively oriented orthonormal
basis in each Vj; let us denote by *; the x-operator on Vj, and by w; € /\2 V; the
“Kahler form”. We use the notation J; and wj; for the other two operators that
appear in Weil’s identity; by induction on the dimension, we can assume that the
identity holds on Vi and V5. The union of the two orthonormal bases, with the
same ordering, gives us a positively oriented orthonormal basis on V = V; & V5. We
keep the symbols %, w, and J for the resulting operators on V. During the proof
of Proposition [15.5] we showed that the isomorphism

AV=AVio A
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is actually an isomorphism of sly(C)-representations. Keeping the same notation,
it follows that the Weyl element acts according to the rule

w(a A B) = (wra) A (waf3).

We also know already that

s(a A B) = (—1)de8@des By 0) A (xf3).
The rest of the proof is a simple computation:

w(a A B) = (wra) A (waf) =e(a)e(B) - (J1 *1 @) A (J2 *2 8)

= c(a)e(B)(—1)de>deel . Ty (a A B)

=¢e(dega+degf) - Jx (A )
Because deg(a A 8) = deg o + deg 3, this gives us the result we want. (I

A formula for the inner product. Now suppose that M is compact. Weil’s
identity also makes it possible to describe the inner product between two forms
a, B € AP9(M) using the Weyl element. Set k = p + ¢. Recall that

(o, B)m = /M a A *S.
Since 3 € A%P(M), Weil’s identity becomes
w(f) = e(k) * (JB) = (k)i # .

Substituting into the formula for the inner product, we get

(o, B)psr = P 9e(k) - / aAw(B)

M
So the sly(C)-representation actually gives us the inner product as well.

CLass 18. THE HODGE DECOMPOSITION (OCTOBER 31)

Consequences of the Kahler identities. The Kéhler identities lead to many
wonderful relations between the different operators that we have introduced; here
we shall give the three most important ones.

Corollary 18.1. On a Kdahler manifold, the various Laplace operators are related
to each other by the formule 11 =0 = %A.

Proof. By definition,
A =dd* +d*d = (0+ 9)(0* + %) + (0" + 90*)(0 + I).

According to the Kahler identities in Theorem we have 9* = iOA — iAD, and
therefore

A = (04 0)(0* —iAd +i0A) + (0* —iAD 4+ i0A)(0 + 0)
= 00" + 00" — i0AD + i00A + 0*0 + 0*0 — iADI + iOAD.
Now 0*0 = i[A, 9]0 = —i(AD — OA)0 = iDAD = —0*0 by the other Kahler identity.
The above formula consequently therefore simplifies to

A =0 —i0A0 + i00A — iADO + iOND = O — iOAD — i0OA + iADD + iOAD
=0+ i0(Ad — OA) +i(AD — ON)O = O + 99* + 0*0 = 200.
The other formula, A = 200, follows from this by conjugation. O
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Corollary 18.2. On a Kdihler manifold, the Laplace operator A commutes with
the operators %, L, and A, and satisfies AAP2(M) C AP9(M). In particular, x, L,
and A preserve harmonic forms.

Proof. By taking adjoints, we obtain from the second identity in Theorem [I5.3] that
—i0 = (i0*)* = [A,0]* = [0*,L] = 0" L — Lo*.
Using the resulting formula LO* = 9* L + i0, we compute that
LO = LYJ* + LO*0 = OLO* + 9* L + i00
= 00*L + 100 + 0*OL + 100 = 00* L + 0*0L = (L.
Therefore [A, L] = 2[1J, L] = 0; after taking adjoints, we also have [A, A] = 0. That
A commutes with * was shown in the homework; finally, A = 20, and the latter

clearly preserves the space AP4(M). (Il

A nice consequence is that the Kéhler form w, which is naturally defined by the
metric, is a harmonic form. Note that this is equivalent to the Kéhler condition,
since harmonic forms are always closed.

Corollary 18.3. On a Kdhler manifold, the Kahler form w is harmonic.

Proof. The constant function 1 is clearly harmonic; since w = L(1), and since the
operator L preserves harmonic functions, it follows that w is harmonic. ([l

The Hodge decomposition. Now let M be a compact Kéhler manifold, with
Kéhler form w. We have seen in Corollary that A = 20J; this implies that the
Laplace operator A preserves the type of a form, and that a form is harmonic if
and only if it is d-harmonic. In particular, it follows that if a form a € A*(M) is
harmonic, then its components a?? € AP9(M) are also harmonic. Indeed, we have

0=Aa= > AP,
pta=Fk
and since each AaP? belongs again to AP9(M), we see that AaP? = 0.

Corollary 18.4. On a compact Kdahler manifold M, the space of harmonic forms
decomposes by type as

HE (M) @ C= @ HPU(M),
pt+q=k

where HP4(M) is the space of (p,q)-forms that are 0-harmonic (and hence also
harmonic).

Since we know that each cohomology class contains a unique harmonic represen-
tative, we now obtain the famous Hodge decomposition of the de Rham cohomology
of a compact Kéhler manifold. We state it in a way that is independent of the par-
ticula Kahler metric.

Theorem 18.5. Let M be a compact Kihler manifold. Then the de Rham coho-
mology with complex coefficients admits a direct sum decomposition

(18.6) H*(M,C)= @ H"",
ptq=Fk

with HP? equal to the subset of those cohomology classes that contain a d-closed
form of type (p,q). We have H9P = HP:, where complex conjugation is with respect



84 CH. SCHNELL

to the real structure on H*(M,C) ~ H*(M,R) ®g C; moreover, HP? is isomorphic
to the Dolbeault cohomology group HP*9(M) ~ HY(M,QF,).

Proof. Since M is a Kahler manifold, it admits a K&hler metric i, and we can
consider forms that are harmonic for this metric. By Theorem [13.7] every class
in H*(M,C) contains a unique complex-valued harmonic form a. Since a =
Zpﬂ:k aP? with each a7 harmonic and hence in HP>?, we obtain the asserted de-
composition. Note that by its very description, the decomposition does not depend
on the choice of Kéhler metric. Since the conjugate of a (p,q)-form is a (q,p)-
form, it is clear that HP¢ = H%P. Finally, every harmonic form is automatically
0-harmonic, and so we have HP:? ~ HP:4(M) ~ HP9(M) by Theorem O

Recall the definition of the sheaf 4, holomorphic p-forms: its sections are
smooth (p, 0)-forms that can be expressed in local coordinates as

a = E fjlv--wjkdzjl /\"'/\dzjkv
J1<--<Jjk

with locally defined holomorphic functions f;,, . ;.. This expression shows that

Oa = 0. A useful (and surprising) fact is that on a compact Kéahler manifold, any
global holomorphic p-form is harmonic, and hence satisfies da = 0.

Corollary 18.7. On a compact Kihler manifold M, every holomorphic form is
harmonic, and so we get an embedding H°(M,Qh,) — HP(M,C) whose image is
precisely the space HPO.

Proof. If a € APO(M) is holomorphic, it satisfies da = 0; on the other hand,
0*a = 0 since it would belong to the space AP»~1(M). Thus « is d-harmonic, and
hence also harmonic. O

The decomposition of the cohomology groups of M can be represented by the
following picture, often called the Hodge diamond due to its shape.

H™n
Hn,nfl anl,n
Hn,n—2 Hn—l,n—l Hn—2,n

H0,0

It has several symmetries: On the one hand, we have H?P = HP:4; on the other
hand, the *-operator induces an isomorphism between HP'? and H"~ 9" ~P,
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FEzample 18.8. Let M be a compact Riemannan surface. Then any Hermitian
metric h on M is Kahler, and so we get the decomposition

Hl(M,(C) _ Hl,O ey }10,17

with H19 ~ HO(M, QL) and H%! ~ HY(M, O)). In particular, the dimension is
dim H'(M,R) = 2g, where g = dim¢ H°(M,Q},) is the genus. This means that
the genus is a topological invariant of M, a fact that should be familiar from the
theory of Riemann surfaces.

FEzxzample 18.9. Let us consider the case of a compact connected Kéhler manifold of
dimension two (so n = 2). In that case, the Hodge diamond looks like this:

If we let h?*4 = dim H?*9(M), then h%® = h?2 = 1 since M is connected. Moreover,
the two symmetries mentioned above show that A? = R0l = p21 = p12 and that
h20 = h02. We also have h!'t > 1, since the class of the Kéhler form w is a nonzero
element of H!.

Consequences of the Hodge decomposition. The Hodge decomposition the-
orem shows that compact Kahler manifold have various topological properties not
shared by arbitrary complex manifolds.

Corollary 18.10. On a compact Kdihler manifold, the odd Betti numbers bag11 =
dim H?*TY(M,R) are always even.

Proof. Indeed, byy, 41 = dime H?**1(M,C). The latter decomposes as
H2k+1(]\47 C)= @ HP,
p+q=2k+1

and since dim¢ H?9 = dim¢ H?P, we get the assertion. O

Corollary 18.11. On a compact Kdhler manifold, the even Betti numbers byy are
always nonzero.

Proof. Since the operator L = w A (—) preserves harmonic forms, each w* = L*(1)
is harmonic; moreover, it is not zero because of Wirtinger’s formula vol(M) =
L [, w"™. Its cohomology class gives a nonzero element in H**(M,R). O

Another property of compact Kéhler manifolds that is used very often in complex
geometry is the following 00-Lemma.

Proposition 18.12. Let M be a compact Kdhler manifold, and let ¢ be a smooth
form that is both O-closed and d-closed. If ¢ is also either O-exact or 0-exact, then
it can be written as ¢ = Q0.
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Proof. We shall suppose that ¢ = a. Let a = 3+ A~y be the decomposition given
by (L3.6)), with 8 harmonic. We then have 208 = AB =0, and therefore 98 = 0.
Using the previously mentioned identity 00* = —0*0, we compute that

¢ = 0a = 9(20)y = 20(00* + 0*9)y = —200(0*v) — 20*9O.

Now d¢ = 0, and so the form 0*90 belongs to ker dNim §* = {0}. Consequently,
we have w = 00y with ¢ = —29*. O

The Lefschetz decomposition in cohomology. We showed earlier that the
three operators

Lia)=wAa, Ala)=(-1)"8**«Lxa, H(a)= (dega—n)a

determine a representation of the Lie algebra sl (C) on the space of all forms
n
An+*(M) _ @ AnJrk(M)
k=—n
We have just seen that all three operators actually commute with the Laplace
operator A, and this makes the space of all harmonic forms

n
anJr*(M) _ @ Hn+k(M)
k=—n
is a subrepresentation. On a compact Kédhler manifold, we can use the fact that
every class in H*(M,C) is uniquely represented by a harmonic form to get an
induced representation of sl3(C) on the total cohomology

n
H"™ ™ (M,R) = @ H"™(M,R).
k=—n
Let us denote the three operators in this representation by the symbols Lo, Acon,

and H.,p, to emphasize that we are now looking at cohomology. To be precise, if
[a] € H"T*(M,R) is a cohomology class, then

Leonla] = [Law],  Acon[a] = [Aag],  Heonlo] = [Ha],
where ag € H¥(M) is the harmonic representative of the given class. Of course,
Hla] = (dega —n)[a] and Lepa] = [w A a] = [w] A [a],

since the difference a@ — oy is exact. But A.onla] # [Aa]; in fact, the latter does
not even make sense usually, because A does not take closed forms to closed forms.
(The commutator [A,d] is not zero!)

From the sly(C)-representation, we obtain the following Lefschetz decomposition
of the cohomology of M.

Theorem 18.13. Let M be a compact Kdhler manifold with Kdhler form w. Then
every cohomology class a € H" (M, C) admits a unique decomposition

r,,
— co .
a= Z 4! aj
j=max(k,0)
with a; € H"*=21 (M, R) primitive. This means that Acna; = 0, or equivalently,

2j—k+1
that L), a; = 0.
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The decomposition is compatible with the Hodge decomposition: w is a (1,1)-
form, and so Lop HP? C HPTL9H! and Ao HP? C HP~ 1971 because this is true
on the level of harmonic forms. It follows that if a € HP*9, then we get a; € HP 5477
for the components in the Lefschetz decomposition.

The best-known consequence of the Lefschetz decomposition is the following
result, usually called the Hard Lefschetz Theorem, “hard” in the sense of “difficult”.

Corollary 18.14. The operator L* , : H"~*(M,R) — H"*k(M,R) is an isomor-
phism for every k > 1.

Proof. This holds on the level of harmonic forms because of Corollary [16.8] O

The Hodge-Riemann bilinear relations. The last step in our proof of the
Kahler identities was Weil’s identity

w(a) = e(a)J(xa).

[ already explained last time that this identity is very useful for describing the inner
product (o, B)p = [ 2 @A 3 on the space of forms more in terms of representation
theory. We can turn it around to describe the positivity of the natural pairing

H*(M,R) @ H*" *(M,R) = R, ([o],[]) — /M ahnpB

on cohomology. First, we can use the Lefschetz isomorphism to turn this into a
(nondegenerate) pairing on H¥(M,R). Fix an integer 0 < k < n, and define a
bilinear form on the space A*(M) by the formula

Qo B) = (—1)F=D/2 / WF A A B,
M

It is easy to see that Q(3, ) = (—1)*Q(a, 8), and so Q is either linear or antilinear,
depending on the parity of k. Moreover, if da = df8 = 0, then the value of Q(a, )
only depends on the cohomology classes of a and 8, and so this defines a pairing

Q: H*(M,R) ® H*(M,R) — R.
We obtain the so-called Hodge-Riemann bilinear relations.

Theorem 18.15. The bilinear form Q(«,3) = (—1)Fk=1/2 Ty WP Aa A B has
the following two properties:

(1) In the Hodge decomposition of H*(M,C), the subspaces H”4 and H?9 are
orthogonal to each other unless p=¢ and g =1p’.

(2) For any nonzero primitive class o € HP?, we have i*~1Q(a, @) > 0.

Proof. Because Q(«, 3) only depends on the cohomology classes of « and 3, it is
enough to consider the case where a, 3 € H¥(M) are harmonic forms. The first
assertion is easy to see by looking at types. For the second one, suppose that
«, B € HP9(M) are primitive with p + ¢ = k, so that Aa = A = 0. From Weil’s
identity (in Proposition , we get

B —_ (_1)k(k—1)/2ip—q nks P4 o
(O‘vﬂ)M—/MCV/\*ﬁ— =) /MOZ/\L 5—m@(aaﬂ)~

This shows that i*~9Q(«, ) = (n — k)! - (a, B) as is indeed a positive-definite inner
product on the space HP*9. [
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Crass 19. EXaMPLES OF KAHLER MANIFOLDS (NOVEMBER 5)

The Hodge index theorem. Last time, we showed that the pairing
Qa.8) = (-0 [ wrknang
M

on H¥(M,C) has the property that i?~9Q(a,a@) > 0 for any nonzero primitive
cohomology class o € HP'9. The following special case of this fact is very useful in
the study of compact Kahler surfaces.

Ezxample 19.1. Let us consider the case of a compact Kéhler surface M, where
n = dim M = 2. Here the Hodge decomposition takes the form

H*(M,C) = H** @ (Hy"' @ Cw) ® H*?,

with Hy' = ker(A: HY' — H%0) the primitive cohomology. According to the
bilinear relations, the form || QN B is positive definite on Cw and on the subspace
H?% @ H%2; on the other hand, it is negative definite on the primitive subspace
Hé’l. Put differently, the quadratic form Q(a) = fM a A « has signature (1,m) on
the space HY1(M) N H?(M,R), where m = dimHé’l, a result known as the Hodge
index theorem for surfaces.

We shall now look at several examples of Kéhler and non-Kéhler manifolds, and
compute the Hodge decomposition in a few important examples.

The Hopf surface. The Hodge decomposition shows that compact Kéhler mani-
folds are special (in their topological or cohomological properties), when compared
to arbitrary compact complex manifolds. In this section, we construct an example
of a compact complex manifold, the so-called Hopf surface, that admits no Kahler
metric. Let S® be the three-sphere in C2, defined as the set of points (z1, z2) such
that |21]? + |22/ = 1. There is a diffeomorphism

S xR = C?\ {0}, (z1,22,t) = (e'21,€20).
The infinite cyclic group Z naturally acts on S? x R, by letting
m - (z1,22,t) = (21,29, t +m)

for m € Z; since R/Z ~ S!, the quotient under this action is obviously isomorphic
to the product S® x S'. The diffeomorphism ¢ allows us to transfer the action of Z
on $? x R to an action of Z on C? \ {0}. Explicitly, it is given by the formula

m-(z1,22) = (emzl, emZQ).

The formula shows that Z acts by biholomorphisms; moreover, the action is clearly
properly discontinuous and without fixed points. By Proposition the quotient
of C?\ {0} by the action of Z is a complex manifold M. By construction, it is
diffeomorphic to S? x S!, and hence compact.

With the help of the Kiinneth formula from algebraic topology, we can compute
the cohomology of the product S? x S', and hence that of M. The result is that

bp=by =b3=bs =1, by =0,

where b, = dim H¥(M,R). It follows that M cannot possibly admit a Kihler
metric, because w would then define a nonzero class in H?(M,R), contradicting
the fact that bo = 0. (Moreover, by and b3 are not even numbers.)
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Complex projective space. An important example of a compact Kéhler mani-
fold is complex projective space P™. Its cohomology is easy to compute, using some
results from algebraic topology

Lemma 19.2. The cohomology groups of complex projective space are

Z for 0 <k < 2n even,

0 otherwise.

HY(P",Z) ~ {

Proof. To save space, we omit the coefficients from cohomology groups. We prove
the assertion by induction on n > 0, the case n = 0 being trivial (since P° is a
single point). Let [zq,21,...,2,] be homogeneous coordinates on P", and define
Z C P" as the set of points with z, = 0. Clearly Z ~ P"~!, and the complement
P™ \ Z is isomorphic to C", whose homology groups in positive degrees are zero.
The Poincaré duality isomorphism

HY(P", Z) ~ Hyp_,(P"\ Z) ~ Ha,_1(C")

now shows that H*(P", Z) ~ 0 for k < 2n, while H?"(P", Z) ~ Z. We can then
use the long exact cohomology sequence for the pair (P, Z),

<. — H¥P", Z) — H*(P") —» H*(Z) — H*Y (P, Z) — -

to conclude that the restriction map H¥(P") — HF(Z) is an isomorphism for
k < 2n — 2, and that H*"~1(P") ~ 0. Likewise, we have

o= HWZ) - H™ (P, Z) — H>(P") — H>™(Z) — - -+,
and the terms at both ends are zero since 2n — 1 > 2dim Z = 2n — 2. O

Recall that the Fubini-Study metric on P" is Kéhler, with Kahler form wggs. We
have already seen that each L¥(1) = wj% is harmonic and gives a nonzero class in
H?E(P™ R). Since this class is clearly of type (k, k), we conclude that

C for0<p=gq<mn,
0 otherwise.

HP9(P™) ~ {

In other words, the Hodge diamond of P™ has the following shape:
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Complex tori. Another useful class of example are complex tori. Recall that
a complex torus is a quotient of C™ by a lattice A, that is, a discrete subgroup
isomorphic to Z?". We have seen that 7' = C"/A is a compact complex manifold
(since the action of A by translation is properly discontinuous and without fixed
points). The quotient map 7: C" — T is locally biholomorphic, and so we can use
small open subsets of C™ as coordinate charts on 7. With this choice of coordinates,
it is easy to see that the pullback map 7*: AP9(T) — AP9(C") is injective and
identifies AP9(T') with the space of smooth (p, ¢)-forms on C™ that are invariant
under translation by elements of A.

In fact, T" has a natural Kéhler metric: On C", we have the Euclidean metric
with Kéhler form %Z dz; N\ dZj, where z1,..., 2, are the coordinate functions on
C™. This metric is invariant under translations, and thus descends to a Hermitian
metric h on T. Let w be the associated (1, 1)-form; since ¢*w = % > dzi NdZz;, it is
clear that dw = 0, and so h is a Kéahler metric.

Lemma 19.3. The Laplace operator for this metric is given by the formula

A (Z wrrdzy N de) = Z Apgr-dzy NdzZg,

where Ap = — Z?Zl (5290/8:8? + 32@/8%2») is the ordinary Laplacian on smooth
functions.

Proof. The injectivity of n*: AP9(T) — AP9(C™) allows us to do the calculation
on C", where the metric is the standard one. In the notation from the appendix,

we have
n

A=20=200"+0"9)=2 > (9;e;e10; + €10;05¢;).
g k=1

Now 5,’; = —0, and so the summation simplifies to

— Z (éjéjé,’;é)k + é,’i@kéjéj) = — Z 8k(§j (éjéz + éZéj) = 722@-5]4.
Jrk=1 Jk=1 j=1
This means that we have

n

> Porx _
A ZQDJ,KdZJ/\dZK :*422 82’]‘82]* dzy N dZk,
JK J,K j=1

which gives the asserted formula because 402 /0z;0z; = 9*p/ 895? + 0%/ ay?-. O

The lemma shows that the space H°(T) of real-valued smooth functions on T
that are harmonic for the metric A can be identified with the space of harmonic
functions on C" that are A-periodic. Since T is compact, we know that H?(T) ~
H°(T,R) ~ R, and so any such function is constant. This means that all harmonic
forms of type (p,q) on T can be described as

(19.4) > Y askdzy Adzk,
I=p | K|=q

with constants ay x € C. Thus if we let Vg = H'(T,R), then H(T,C) = V¢ =
V10 @ VOl with V1O generated by dzi,...,dz,, and V%! by their conjugates.



COMPLEX MANIFOLDS, FALL 2024 91

Since any harmonic form as in (19.4)) is a wedge product of forms in V¢, it follows
from the Hodge theorem that we have

k
H*T,C) ~ \ Ve,

and under this isomorphism, the Hodge decomposition of T is nothing but the
abstract decomposition

k
AV= @ v

p+q=k

into the subspaces VP4 = AP V10 @ ATV A basis for the space VP4 is given
by the forms dz; A dzZx with |J| = p and |K| = ¢. Note that we have dim V1 =

dim V%! = n, and hence
WP = dim VP9 = <”> <“>
p q

Example 19.5. Let T be a three-dimensional complex torus. Then the Hodge dia-
mond of T has the following shape:

C
c3 c?
c? C? c3
C (CIO (ClO C
c? C?® c3
c3 c?
C

Hypersurfaces in projective space. As a more involved (and more useful) ex-
ample, we shall describe how to compute the Hodge numbers of a hypersurface in
projective space. As usual, let [zq, 21,...,2p+1] denote the homogeneous coordi-
nates on P"*1. Then any homogeneous polynomial F € Cl[zo, 21, . ., 2n+1] defines
an analytic subset Z(F), consisting of all points where F'(z) = 0. (Different poly-
nomials can define the same analytic set; but if we assume that F' is not divisible
by the square of any nonunit, then the zero set uniquely determines F' by the Null-
stellensatz from algebraic geometry.) If for every z # 0, at least one of the partial
derivatives 0F/0z; is nonzero, then Z(F) is a complex submanifold of P! of
dimension n by the implicit mapping theorem (stated above as Theorem [7.3)).

Note. We will show later that, in fact, any complex submanifold of projective space
is defined by polynomial equations; moreover, if M C P**! has dimension n, then
M = Z(F) for a homogeneous polynomial F' € Clzo, 21, - - ., Zn+t1]-

From now on, we fix F € Clzg, 21, ..., 2n+1] with the above properties, and let
M = Z(F) be the corresponding submanifold of P"*!. We also let d = deg F' be
the degree of the hypersurface. As usual, we give M the Kahler metric induced
from the Fubini-Study metric on P"*!; then w is the restriction of wgg. Since we
know that the cohomology of P**! is generated by powers of wrg, and since the
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powers of w define nonzero cohomology classes on M, the restriction map
H*P"*, C) — H*(M,C)
must be injective for 0 < k < 2n. Now it is a fact (which we might prove later on)
that the map is an isomorphism for 0 < k < n. This result is known as the Lefschetz
hyperplane section theorem; it implies that the cohomology of M is isomorphic to
that of projective space in all degrees except £ = n. In the remaining case, we have
H"(M,C) = H"(P"™',C) @ H}(M,C),

where HJ' (M, C) is the so-called primitive cohomology of the hypersurface M. Note
that the first summand, H™(P"*!, C), will be either one-dimensional (if n is even),
or zero (if n is odd).

Griffiths’ formula. The Hodge decomposition theorem shows that we have
H}(M,C)=Hy " o Hy ' @-- @ HY™,

and a pretty result by Phillip Griffiths makes it possible to compute the dimensions
of the various summands.

Theorem 19.6. Let M C P! be a complex submanifold of dimension n, defined
by a homogeneous polynomial F' € Clz, 21, ..., 2n+1] of degree d. Then

ALY (M 1-
AmtH(M,n — p) + dA™(M,n — p)
where AF(M, () denotes the space of rational k-forms on P"*1 with a pole of order
at most £ along the hypersurface M, and d is the exterior derivative.

To explain Griffiths’ formula, we recall that a rational (n + 1)-form on C**! is
an expression

A(Zl e Zn+1)
AT O T Aoy A Adz ,
B(z1,..., Zn41) ! i
where A, B € C[zp, 21, ..., 2n+1] are polynomials, with B not identically zero. On

the set of points where B # 0, this defines a holomorphic differential form, but
there may be poles along the zero set of B. If we homogenize the expression (by
replacing z; with z;/zp and multiplying through by a power of zy), we see that
rational (n + 1)-forms on P"*! can be described as

1:)(,20,2117 e 72,’71_;,_1)(2
Q(ZO> By Zn+1)
here 2 is given by the formula

n+1
Q=Y (-~ zdag A Adz Ao Az,
7=0

)

and P,Q € C[zg, 21, - - ., Zn+1] are homogeneous polynomials with deg P+ (n+2) =
deg Q. If the rational form has a pole of order at most £ along the hypersurface M,
and no other poles, then we must have Q = F*, and so deg P = ¢d — (n + 2).

Likewise, one can prove by homogenizing rational n-forms on C"*! that any
rational n-form on P”*! with a pole of order at most ¢ along M can be put into
the form

2P — 2 P —~ —
o= Z (—1)J+k%d?&0/\'“/\d2’j/\"'/\de/\"'/\dZnJrl,
0<j<k<n+1
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for homogeneous polynomials P; € Clz, 21, . . . , Zn4+1] of degree deg P; = ¢d—(n+1).
A short computation shows that we have

FZ] az _EZ ]82

Fert

(19.8) do = Q.

Returning to Griffiths’ formula , every rational (n + 1)-form with a pole
of order at most (n + 1 — p) along M can thus be written as PQ/F"t1=P with
P € Clzg, 21, - - -, Znt+1) homogeneous of degree (n+ 1 —p)d — (n+2). Writing S for
the polynomial ring, and S, for the space of homogeneous polynomials of degree ¢,
we can say that

AT M, n+1=p) >~ Simi1—pyi—(nt2),

by identifying the rational form PQ/F"*1~P with the homogeneous polynomial P.
The formula in (19.8)) shows that we have

n+1
n OF
A +1(M n—p)+dA"(M,n —p) E S(n p)d—(n+1) a —I—S(n p)d— (n+2)F

The Jacobian ideal of the hypersurface M is the homogeneous ideal J(F) C S
generated by the partial derivatives of F

OF OF oF
F) = _— e, — | .
J( ) S<82’0762’1’ 782n+1>

Recall that we always have F' € J(F); this follows from the identity

degG Z J

for homogeneous polynomials G. With the help of the graded ring R(F') = S/J(F),
we can now restate Griffiths’ formula for the Hodge decomposition of the primitive
cohomology groups of M as follows: Suppose that F' € Clzg, 21,...,2n+1] Is an
irreducible homogeneous polynomial of degree d, whose zero set M = Z(F) is
a submanifold of P**!. Then the summands of the Hodge decomposition of the
primitive cohomology of M can be described as

(19.9) Hy" P (M) = R(F)(n41-p)a—(n+2)-
To see this formula in action, let us compute a few examples:

Ezample 19.10. Let M C P? be a smooth plane curve of degree d, defined by a
homogeneous equation F € C|zo, 21, 22] with deg F' = d. Since H(P?,C) = 0, we
have H} (M) ~ H'(M,C) in this case. Griffiths’ formula (with n = 1) says that

HY(M) ~ R(F)q_3 ~ Sq_3,

and so we find that the genus of the Riemann surface M is given by the formula

g=h""(M)=dim Sy 35 = (d ; 1).

So for instance, smooth plane cubic curves always have genus one.



94 CH. SCHNELL

APPENDIX: THE STANDARD PROOF OF THE KAHLER IDENTITIES

For people who are not afraid of big computations, here is the standard proof
of the Kéhler identities in Theorem [15.3] The two identities are conjugates of each
other, which means that we only need to prove one of them. Moreover, the identities
only involve the metric h and its first derivatives, and so they hold on a general
Kéhler manifold as soon as they are known on C™ with the Euclidean metric. It is
therefore enough to prove the identity

[A, 0] = i0*

on C" with the Euclidean metric k. In this metric, dz; is orthogonal to dz, and
to dzy for k # j, while

h(dzj,dz;) = h(dz; + idy;, dx; + idy;) = g(dx;, dz;) + g(dy;, dy;) = 2.

More generally, we have h(dz; A dZg,dz; NdzZg) = QI I+IK]
To facilitate the computation, we introduce a few additional but more basic
operators on the spaces AP = AP:9(C"™). First, define

ej: A9 — APTLA oy dz; A a
as well as its conjugate
gj: APY — APITL oy dZ A
We then have
. n . n
La=wAha= %Zdzj/\déj/\a: %Zejéja.
j=1 j=1
Using the induced Hermitian inner product on forms, we then define the adjoint
e;r APY — AP~1a
by the pointwise condition that h(e;a, ) = h(a,ejp).
Lemma 19.11. The adjoint ¢} has the following properties:
(1) If j & J, then ej(dz; Ndzk) = 0, while e}(dz; Ndzy NdzZi) = 2dz; NdZk .
(2) exe; +ejer, = 2id in case j =k, and 0 otherwise.
Proof. By definition, we have
h(e;fdzJ NdZg,dzp NdzZy) = h(dzy AN dZi, dz; A dzp A dZu),

and since dz; occurs only in the second term, the inner product is always zero,
proving that ejdz; A dzx = 0. On the other hand,
h(ejdzj Ndzy N dZk,dzr NdZy) = h(dzj Ndzy N dzZg,dz; N dzp, A dZy)
=2h(dzj NdZk,dzp NdzZy),
which is nonzero exactly when J = L and K = M. From this identity, it follows

that ejdz; Adzy A dzk = 2dz; A dZk, establishing (1).
To prove (2) for j = k, observe that since dz; A dz; = 0, we have

0 ifjed,

‘o (dzg A dzx) =
ejes (dz 1 d2) {ZdZJ/\dZK ifj e,



COMPLEX MANIFOLDS, FALL 2024 95

while
2dzy NdzZg ifj€J,

eje;f (dz_] A dEK) = {0 g

Taken together, this shows that ejej + efe; = 2id. Finally, let us prove that
erxej +ejer = 0 when j # k. By (1), this is clearly true on dzy AdZk in case j & .J.
On the other hand,

eke; (dzj ANdzy N\ déK) = 2e¢y, (dZJ A dZK) =2dzi Ndzy NdZx
and
eser(dz; Ndzy Ndzg) = € (dzp Ndz; Adzg Ndzg) = —2dz, Adzy A dzg,
and the combination of the two proves the asserted identity. [l

We also define the differential operator
0

LA dzy NdZg
82’]‘

ﬁj:AP’q%AP’q, ZQDJ)KCZZJ/\dEK*—)Z
J K J,K

and its conjugate

5]': APT — AP E SDJ7KdZJ/\d2K}—) E g{’KdZJ/\de.
z.
J K J K J

0

Clearly, both commute with the operators e; and e}, as well as with each other. As
before, let 97 = — *5]-* be the adjoint of 9;, and 5]’!‘ = —x0;* that of 5]-. Integration
by parts (against compactly supported forms) proves the following lemma.

Lemma 19.12. We have 0; = —5j and 5;-‘ = —0;.
We now turn to the proof of the crucial identity [A, 9] = i0*.

Proof. All the operators in the identity can be expressed in terms of the basic
ones, as follows. Firstly, L = § > e;é;, and so the adjoint is given by the formula
A = %> erel. Quite evidently, we have 0 =} 0;e; and 0 =" 0;e;, and after
taking adjoints, we find that 0* = —»_ 0;e} and that 0* = — ) 0;€;. Using these
expressions, we compute that

_ Z P —k k| Z P P

A0 — OA = —3 E (ejejakek — Opereje; ) = —3 g Ok | €jejer — ereje; ).
g,k J.k

Now éjejek — eké;e; = é}‘(e;‘»ek + eke;), which equals 2éj in case j = k, and is zero

otherwise. We conclude that

AOD — OA = _Z'Zajé; =i0",
j

which is the K&hler identity we were after. (I

One can use a similar computation to prove the identity
[L,A] = (p—n)id on AP(M),

from Proposition which we used to show that the Lie algebra sl3(C) acts on
the space of differential forms on M.
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Proof. The identity involves no derivatives of the metric, and it is therefore sufficient

to prove it for the Euclidean metric on C". We shall use the operators e; and

;f introduced on the previous two pages. As shown there, L = 5 e;é; and
= £ Y eje;, and so we have

1 & 1 &

== (erewele] —eieierdr) = 5 > (exelere; — elerde

LA — AL = 1 (ekeke]e.7 e]e]ekek> 1 (ekejeke] eljeke]ek)
Jik=1 §.k=1

For j =k, we can use the identity eje; + ee; = 2id to compute that

Z(eje]ej y eje]eje]> :Z(e]e]e] 7 — (2id —ejej)(2id —eje ])>

j=1 Jj=1
::2j£:(eje;4—éjé;4721d>.
j=1

On the other hand, we have e;ej, + efe; = 0 if j # k, and therefore
n n
k= =% * —k — _ koo ok L
E (ekejekej - ejekejek) = E (ekejekej eke]ekej) 0.
=1 =1

Combining the two individual calculations, we find that

I _ 1 ,

LA—AL= 3 Z(eje; +eje; — 21d) =3 Z(eje; + éjé;f) —nid.
j=1 j=1

acts as multiplication by 2 on dz; A dZx whenever j € J, and otherwise

Now e}
it is zero; the same is true for €;e;. Consequently, the operator [L, A] multiplies

dzj N\ dZg by the integer |J| + | K| — n, as asserted. O
CLAss 20. HOLOMORPHIC VECTOR BUNDLES AND CONNECTIONS (NOVEMBER 7)
Hypersurfaces in projective space, continued.

FEzample 20.1. Let us look at the case of a K3-surface, namely a complex submani-
fold M C P3 defined by a homegeneous equation F' € C|zg, 21, 22, 23] of degree d = 4.
Here we have H'(M,C) ~ H*(P3,C) = 0, and H?(M,C) = H?(P?,C)® HZ(M, C).
To compute the Hodge decomposition on the primitive part of the cohomology, we
apply Griffiths’ formula (with n = 2 and d = 4). Firstly,

HZ(M) = R(F)o =~ So,

and therefore h*°(M) = 1. Secondly,
3
OF
Hy'' (M) ~ R(F)y = —
o<>RU4&/§&%7
and counting dimension, we find that
WUN(M) = 1+ dim Sy — 4dim Sy = 1 + (4;3> _4. (1 ; 3) — 20.

Because we know from general principles that h%2(M) = h?°(M), those two num-
bers suffice to write down the Hodge diamond of M, which looks like
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C
0 0
c c® c
0 0
C

Note. If the polynomial F' is complicated, counting the dimension of the space
R(F)(n+1-p)d—(n+2) Mmay be fairly involved. Luckily, there is a shortcut: One can
prove that the dimensions are the same for any irreducible homogeneous polyno-
mial F' of degree d (whose zero set is a submanifold), and so it suffices to do the
computations in the easy case F' = zd +2{ +- - ~+z7‘f+1. The reason is that the space
of all such polynomials (as an open subset of a complex vector space) is connected,
and that the Hodge numbers dim Hf"" " are continuous functions on that space.

Residues. The proof of Theorem [19.6] requires several results from algebraic ge-
ometry and algebraic topology that we do not have at our disposal; but we can at
least describe the so-called residue map

A"TY(M,n+1—p) — HP"P(M)
that induces the isomorphism. Recall the notion of a residue from complex analysis:
given a meromorphic function f(z) on an open set U, holomorphic on U \ {z}, we
write f(z) = >;c7a;(2 — 20)? as a Laurent series, and then

1
R z = — d = a—_1.
sed =g [ SEz=a

Put differently, the residue map assigns to a meromorphic one-form f(z)dz a com-
plex number at each point where the form has a pole.

The same construction works for M C P"*!, and explains the case p = n from
above: there is a map Resys from rational (n + 1)-forms on P71 with a first-order
pole along M to the space of holomorphic n-forms on M. Namely, around each
point of the submanifold M, we can find local coordinates ¢1,...,¢,+1 on an open
neighborhood U C P"*! such that M N U is the subset defined by t; = 0. Given
a € A"1(M, 1), we then have

a|U — f(t17t27t' .- 7tn+1)dt1 A A dtn+1
1
for some holomorphic function f, and then the residue of |y is the holomorphic
n-form f(0,ta,...,tnt1)dta A+ -Adtpio on MNU. One can show that this does not
depend on the choice of coordinates, and thus defines a global holomorphic n-form
Resp; a on M.

On forms with a pole of higher order, an additional step is needed. Suppose that
a € AL (M, 7) has a pole of order at most £ > 2. In local coordinates, we can
again express « in the form
f(tl,tg, “ e ,tn+1)

7
ty

a|U: dt; A - ANdtpyr.

For ¢ > 2, the identity

of /ot
d <t§f1 dtQ VANRRIAN dtn+1> = 7(6 — 1)0{|U —+ {{/1 1dt1 A A dtn+1
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allows us to write a|y = 8+ dv, where 8 is an (n+ 1)-form, and ~ an n-form, both
holomorphic on U\ (M NU) and with a pole of order at most £ —1. In other words,
we can adjust a|y by an exact form and reduce the order of the pole. To do this
globally, choose an open covering U of M by suitable open subsets of P"*1, and let
1 =3 ,c; pi be a partition of unity subordinate to U. If a|y, = 3; + dv;, then

a=Y pialy, =d (ZPM) + Y (piBi — dpi A i)

el i€l i€l

On the principle that the residue of an exact form should be zero, we can thus
replace a by the second term on the right-hand side, which is a (n + 1)-form a3
with smooth coefficients and a pole of order at most ¢ — 1. Note that the type of
a1 is now (n+1,0) + (n, 1), since dp; is no longer a holomorphic form. Continuing
in this manner, we can reduce the order of the pole step-by-step until we arrive at
a first-order pole where we know how to define the residue.

If we apply the above process to a € A"T1(M,n + 1 — p), then a; will have a
pole of order at most (n — p) and be of type (n+1,0) + (n, 1); eventually, we arrive
at a,—, which has a first-order pole and is of type (n +1,0) +---+ (p+1,n — p).
If we take the residue (by looking at the coefficient of d¢1/t; in local coordinates),
we thus obtain

Resyra = Resyran—p € A"OM) @ -+ & AP™P (M),

and this explains why poles of higher order give rise to forms of different types on
M. One can show that the resulting form is closed and independent of the choices
made; in this way, we obtain the map

AT (M,n+1-p)
A+t (M,n — p) + dA™(M,n — p)

The proof that it is an isomorphism is nontrivial.

— HP"P(M).

Resps:

Holomorphic vector bundles. Let M be a complex manifold. Recall that a
holomorphic vector bundle of rank r is a complex manifold F, together with a
holomorphic mapping 7: E — M, such that two conditions are satisfied:

(1) For each point p € M, the fiber E, = 7~!(p) is a C-vector space of dimen-
sion 7.
(2) For every p € M, there is an open neighborhood U and a biholomorphism

¢: 7N (U) - UxC"
mapping E, into {p} x C", such that the composition E, — {p} xC" — C"
is an isomorphism of C-vector spaces.
For two local trivializations (Uy, ¢o) and (Ug, ¢3), the composition ¢, o ¢El is
of the form (id, g g) for a holomorphic mapping
Ja,B: Uaﬁ — GLT((C).
As we have seen, these transition functions satisfy the compatibility conditions
9a,8 " 98,y Gv,a =1id on U, NUgNU,,
Ja,o =id  on Uy;

conversely, every collection of transition functions determines a holomorphic vector
bundle. Also recall that a holomorphic section of the vector bundle is a holomorphic
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mapping s: M — E such that m o s = id; locally, such a section is described by
holomorphic functions s, : U, — C”, subject to the condition that g, g - sz = sq
on U, NUp.

Definition 20.2. A morphism between two holomorphic vector bundles 7: £ — M
and 7’: B/ — M is a holomorphic mapping f: F — E’ satisfying 7’ o f = , such
that the restriction of f to each fiber is a linear map f,: E, — EI’,. If each f, is an
isomorphism of vector spaces, then f is said to be an isomorphism.

Ezxample 20.3. The trivial vector bundle of rank r is the product M x C". A vector
bundle F is trivial if it is isomorphic to the trivial bundle. Equivalently, FE is trivial
if it admits 7 holomorphic sections si,..., s, whose values s1(p),...,s.(p) give a
basis for the vector space E, at each point p € M.

Given a holomorphic vector bundle 7: E — M, we let A(U, E') denote the space
of smooth sections of E over an open set U C M. Likewise, AP¢(U, E') denotes the
space of (p, q)-forms with coefficients in E; in a local trivialization ¢q: 7= (U,) —
U, x C", these are given by r-tuples w, € AP4(U)®", subject to the relation

Wa = Ja,p - Wp
on Uy NUg. As usual, they can also be viewed as sections of a sheaf &/77(E).

Ezample 20.4. Say L is a line bundle (so r = 1), which means that the transition
functions g, g € O5;(UaNUpg) are holomorphic functions. In this case, a (p, ¢)-form
with coefficients in L is nothing but a collection of smooth forms w, € AP%(U,),
subject to the condition that ws = ga,sws. The individual forms do not agree on
the intersections between the open sets (as they would for a usual (p, ¢)-form), but
differ by the factor g, 5. One can view this as a “twisted” version of (p, ¢)-forms.

Hermitian metrics and the Chern connection. For a smooth function f €
A(U), the exterior derivative df is a smooth 1-form on U. Since M is a complex
manifold, we have d = 0 + 9, and correspondingly, df = 0f 4+ 0f. Because of the
Cauchy-Riemann equations, f is holomorphic if and only if df € A% (U) is zero.

For a holomorphic vector bundle £ — M, there similarly exists an operator
0: A(M,E) — A% (M, F), with the property that a smooth section s is holomor-
phic iff s = 0. To construct this d-operator, note that in a local trivialization
bo: T H(Uy) — U, x C7, smooth sections of E are given by smooth mappings
Sa: Uy — CT; we may then define ds, = (9841, -.,084.r), Which is a vector
of length r whose entries are (0,1)-forms. On the overlap U, N Ug between two
trivializations, we have so = ga,3 - 53, and therefore

6Sa =Jda,B " 885
because the entries of the r X r-matrix g, g are holomorphic functions. This shows
that if s € A(U, E), then 0s is a well-defined element of A%!(U, E).

On the other hand, this method cannot be used to define analogues of d or
0, because the corresponding derivatives of the g, 3 do not vanish. The correct
generalization of d, as it turns out, is that of a connection on F. As in differential
geometry, a connection on a complex vector bundle is a mapping

V: T(M) x A(M,E) — A(M, E)

that associates to a smooth tangent vector field £ and a smooth section s another
smooth section Vs, to be viewed as the derivative of s along £. The connection is
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required to be A(M)-linear in its first argument and to satisfy the Leibniz rule

Ve(fs) = (§f) s+ fVes
for any smooth function f. Given a local trivialization ¢: 7=1(U) — U x C", we
have r distinguished holomorphic sections si,...,s, of E, corresponding to the
coordinate vectors on C". We can then represent the action of the connection as

T
Vs; = Z i,k @ sk
k=1
for certain 6, ), € A'(U); this shorthand notation means that

Vesj =D 0iu(E)s.
k=1

Because of the Leibniz rule, the 1-forms 6, ; uniquely determine the connection.

As in differential geometry, it is necessary to choose a metric on the vector bundle
before one has a canonical connection. We have already encountered the following
notion for the holomorphic tangent bundle 7" M.

Definition 20.5. A Hermitian metric on a complex vector bundle 7: £ — M is a
collection of Hermitian inner products h,: E, x E, — M that vary smoothly with
p € M, in the sense that h(s1, s2) is a smooth function for any two smooth sections
S1,89 € A(M, E)

Given a local trivialization ¢: 7=1(U) — U x C" of the vector bundle as above,
we describe the Hermitian metric h through its coefficient matrix, whose entries
hjk = h(s;, sk)
are smooth functions on U. We have hy ; = h; 1, and the matrix is positive definite.
It turns out that, once we have chosen a Hermitian metric on F, there is a unique
connection compatible with the metric and the complex structure on E. To define it,
we observe that the complexified tangent bundle splits as TcM = T'M & T" M into
the holomorphic and antiholomorphic tangent bundles. Correspondingly, we can
split any connection on E as V = V' + V" with V': T"(M) x A(M,E) — A(M, E)
and V": T"(M) x A(M,FE) — A(M, E).
Proposition 20.6. Let E be a holomorphic vector bundle with a Hermitian metric
h. Then there exists a unique connection that is compatible with the metric, in the
sense that for every smooth tangent vector field £, we have
€ h(s1,s2) = h(Vesy, s2) + h(s1, Vesa),
and compatible with the complex structure, in the sense that
Vs = (9s)(€)
for any smooth section & of the anti-holomorphic tangent bundle T M .

This connection is called the Chern connection of the holomorphic vector bundle

E; one usually abbreviates the second condition by writing V" = 0.

Proof. To prove the uniqueness, suppose that we have such a connection V; we will
find a formula for the coefficients 6, x in terms of the metric. So let ¢: 71 (U) —
U x C" be a local trivialization of the vector bundle, and let sq,..., s, denote the
corresponding holomorphic sections of E over U. The Hermitian metric is described
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by its coefficient matrix, whose entries h; ; = h(s;, sx) are smooth functions on U.
The second condition means that V”s; = 0s; = 0 because each s; is holomorphic,
and so we necessarily have

VSj = V/Sj = Zej’k X Sk
k=1

with (1,0)-forms 6, € A"0(U) that uniquely determine the connection. By the
first condition,

r

dthc = h(VSj, Sk) + h(Sj, Vsk) = Z(hl,kﬁﬂ + hj,l%),
=1

and this identity shows that Oh; = > hi0;,; and 5hj’k = Zhj’l% (which is
the conjugate of the other identity). If we let h%"* denote the entries of the inverse
matrix, it follows that

-
0ir = Z K% oh;
=1
which proves the uniqueness of the Chern connection. Conversely, we can use this
formula to define the connection locally; because of uniqueness, the local definitions
have to agree on the intersections of different open sets, and so we get a globally
defined connection on E. O

Example 20.7. One should think of the Chern connection V as a replacement for
the exterior derivative d, and of V' as a replacement for 9; in this way, the identity
V = V' + 0 generalizes the formula d = @ 4+ 0. In fact, d is the Chern connection
on the trivial bundle E = M x C (whose smooth sections are the smooth functions)
for the Hermitian metric induced by the standard metric on C.

CLAsS 21. HOLOMORPHIC LINE BUNDLES (NOVEMBER 12)

We will be especially interested in the case r = 1, that is, in holomorphic line
bundles. Local trivializations now take the form ¢ : 71 (U,) — Uy x C, and conse-
quently, a holomorphic line bundle can be described by a collection of holomorphic
functions ga. g € O3;(Us N Up) that satisfy the cocycle condition ga,898.y = Ga,v-
A line bundle is trivial, meaning isomorphic to M x C, precisely when it admits a
nowhere vanishing section; in that case, we have g, 3 = sg/sq, with so € O;;(Uq).
If we only consider line bundles that are trivial on a fixed open cover U, then the
set of isomorphism classes of such line bundles is naturally in bijection with the
Cech cohomology group H YU, 03,). Likewise, the set of isomorphism classes of
arbitrary line bundles is in bijection with the group H'(M, 07%,).

Ezample 21.1. The tensor product of two holomorphic line bundles L’ and L” is
the holomorphic line bundle L = L' ® L” with transition functions ga,s = g, 590 -
This operation corresponds to multiplication in the group H'(M, 07%,).

FEzxzample 21.2. The dual of a holomorphic line bundle L is the holomorphic line
bundle L~! with transition functions g;}g Since L ® L~! is isomorphic to the

trivial bundle M x C, we see that L~! is the inverse of L in the group H'(M, 07%,).
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FEzample 21.3. Let D C M be a hypersurface in M, that is, an analytic subset of
dimension n — 1 that is locally defined by the vanishing of a single holomorphic
function. Then there is a holomorphic line bundle &x(—D), whose sections over
an open set U are all holomorphic functions f € Ox(U) that vanish along U N
D. To compute the transition functions, suppose that we have U, N D = Z(f,),
where each f, is not divisible by the square of any nonunit, and hence unique up
to multiplication by units. It follows that the ratios go.3 = fs/fa are nowhere
vanishing holomorphic functions on U, N Ug.

Let us describe Hermitian metrics and the Chern connection in the case of a
holomorphic line bundle. A local trivialization ¢: 7=1(U) — U x C of the line
bundle is the same as a nonvanishing holomorphic section s € A(U, L), and so a
Hermitian metric h on L is locally described by a single smooth function h = h(s, s)
with values in the positive real numbers.

The Chern connection is determined by its action on s, and if we put Vs = 0®s,
then we have seen that § € A%!(U) because Vs = 0s = 0. The other defining
property of the Chern connection,

Oh + Oh = dh(s,s) = h(Vs, s) + h(s,Vs) = hf + ho

shows that we have § = h™10h = dlogh. The (1,1)-form © = 90 = —Adlogh is
called the curvature of the connection.

Lemma 21.4. Let h be a Hermitian metric on a holomorphic line bundle L — M.
(1) The curvature form ©p € AL1(M) is globally well-defined.
(2) 00 = 00 =0, and the class of O in H“'(M) does not depend on h.
(3) With the induced metric on L=, we have © -1 = —Op.
(4) With the induced metric on L1 ® Lo, we have O, 9L, = OL, +O1L,.

Proof. In a local trivialization ¢: 7= 1(U) — U x C, we have © = —d0log h(s, s),
where s is the distinguished holomorphic section determined by ¢. For a second
trivialization ¢/, we have s’ = fs for some f € 0%;(U), and hence h(s',s’) =
|fI2h(s,s). It follows that
©' = —99(|f]> + h(s,s)) = —09(ff) +© =0,

and so O is independent of the local trivializations. Moreover, the local formula
clearly shows that 90 = 90 = 0, and so © defines a class in the Dolbeault coho-
mology group HVY(M).

To prove that [O] does not depend on h, note that since the fibers of L are one-
dimensional, any other choice of Hermitian metric has to differ from h by multipli-
cation by a positive real-valued function 1 € A(M). We then have —39log(yh) =
© 4 001og 1, and so both forms differ by a J-exact form, and hence define the same
cohomology class. The remaining two assertions are left as an exercise. O

Note. More generally, suppose that we have a connection V: &/ (E) — &/*(E) on
a holomorphic vector bundle E. It induces a mapping V: &/*(E) — «/*(E), by
requiring that the product rule

Vie®s)=da®s—aAVs
be satisfied for smooth forms o € A'(M) and smooth sections s € A(M, E). The
composition V?: &/ (E) — «/?(E) is called the curvature of the connection. From

V2(fs) =V (df ® s+ fVs) = —df NVs+df ANVs+ f-V?s,
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we see that V2 is an A(M)-linear operator, and hence described in local trivial-
izations by an r X r-matrix of 2-forms. Now suppose that (E, h) is a holomorphic
vector bundle with a Hermitian metric, and let V be its Chern connection. As we
have seen, the connection is locally given by the formula

Vs; = Z ik @ sk
k=1

and so we have

T

Vis; = Z(dej,k @ s — 06 AVsy) = Z db; 1 @ sp — Z i1 AOrs ® 5

k=1 k=1 =1
T s T
= Z <d9j,k - 293',1 A 9l,k> ® s = Z Ojk @ s.
k=1 =1 k=1

To describe more concretely the forms ©,; € A%*(U), we note that the Chern
connection satisfies Oh; = > hy 8, ; from this, we obtain
0= 32hj,k = Z(ahw A 9]'71 + hl,kaeﬂ) = Z hm,kel,m N 9]'71 + Z hl,kﬁoj,b

=1 I,m=1 =1

It follows that we have ©, , = 9; x, which are therefore (1, 1)-forms. Just as in the
case of line bundles, one can show that the curvature is a globally defined (1, 1)-form
with coefficients in the bundle Hom(E, E).

It follows from Lemma that we have a group homomorphism
HY(M, 073;) — H"' (M)

that associates to a holomorphic line bundle the cohomology class of its curvature
form ©p, (with respect to an arbitrary Hermitian metric). On the other hand, the
exponential sequence 0 — Zy; — Oy — Oj; — 0 gives us a long exact sequence,
part of which reads

HY(M,0y) — HY (M, O3 — H*(M,Zy) — H*(M, Oy)

As mentioned earlier, the sheaf cohomology group H?(M,Zy) is isomorphic to the
singular cohomology group H?(M,Z), which in turn maps to the de Rham coho-
mology group H?(M,C). The class in H?(M,Z) associated to (the isomorphism
class of) a holomorphic line bundle L is called the first Chern class of L, and is
denoted by c¢;(L). The following lemma shows that ¢;(L) can also be computed
from Oy,.

Lemma 21.5. We have ¢i(L) = 5=[01], as elements of H*(M,C).

Proof. The main issue is to transform the element ¢; (L) from a class in Cech coho-
mology to a class in de Rham cohomology. Since we did not prove Theorem [11.6]
we will just go through the procedure here without justifying it. We begin by
covering M by open sets U, over which L is trivial. Choose holomorphic func-
tions fo 3 € On (U, NUg) lifting the transition functions g, g under the map exp,
meaning that g, s = e2™f«.#; then ¢ (L) is the class of the 2-cocycle

Ca8y = Jav = fary + fa-
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To turn this cocycle into a class in de Rham cohomology, let 1 = > p, be a
partition of unity subordinate to the cover. Since ¢, g, are locally constant, df. s
is a 1-cocycle for the sheaf «7};. Using the partition of unity, we define

Po = va “dfy,a € Al(Ua)
ol

which is easily seen to satisfy df, s = 95— @a. Thus the forms dp, € A%(U,) agree
on the overlaps between open sets, and thus define a global 2-form that is closed
and represents the image of ¢;(L) in H2(M,C).

Now choose a Hermitian metric h on L, and let h, = h(sq, So) be the resulting
local functions. From the relation sg = go gSa, we find that hg = |ga s|?ha, and
hence

dga
05 — 00 = Dlog hy — Dlog he = 010 (|ga s|?) = 2L = 2ri - df, 5.

a?

This means that we have
i 1
Pa = o ;pv(aa —0y) = gea -,
where 1) = i > p,0, € AL(M). Remembering that ©, = 90, = df,, we now get
d@a = L@a + dl/)v
27

which shows that i@ 1, represents the same cohomology class as ¢;(L). ]

Note. Since ©y is a form of type (1,1), the first Chern class ¢1(L) is an example
of a Hodge class: a class in H??(M,Z) whose image in H??(M,C) belongs to the
subspace HPP in the Hodge decomposition. In fact, the kind of argument just given
proves that any Hodge class in H?(M,Z) is the first Chern class of a holomorphic
line bundle on M, a fact that is known as the Lefschetz (1, 1)-theorem. To see how
this works, consider the diagram

HY(M, 6%) —=~ H2(M,Z) — H2(M, Oy)

l /

in which the first row is exact (as part of a long exact sequence). Under the assump-
tion that M is a Kihler manifold, we have the Hodge decomposition H?(M,C) =
H?°®HY1 @ H%2; moreover, H2(M, Oy;) ~ H%?, and under this identification, the
diagonal map in the diagram is the projection map. Note that any o € H?(M,C)
in the image of H?(M,Z) is real, and hence satisfies a®>? = a0:2. Thus a class
in H2(M,Z) is the first Chern class of a holomorphic line bundle iff its image in
H?(M,C) is of type (1,1).

Examples. On P”, we have the tautological line bundle &pn(—1), described as
follows: by definition, each point of P corresponds to a line in C™*!, which we
take to be the fiber of Opn (—1) over that point. In other words, the fiber of Opn(—1)
over the point [zg, 21, ..., 2,] is the line C- (29, 21, ..., 2n). This makes Opn(—1) a
subbundle of the trivial bundle P x C"*1, and gives it a natural Hermitian metric
(induced from the standard metric on the trivial bundle).
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To compute the associated curvature form © € ALL(P™), let Uy ~ C™ be one of
the standard open sets; then [1,z1,...,2,] — (1, 20,. .., 2,) defines a holomorphic
section sy of our line bundle on Uy, with norm

ho = h(SO, 80) =14+ |2:1|2 + -4 |Zn|2
Consequently,
i
21
is the negative of the Fubini-Study form. In particular, this shows that wgrg equals
the first Chern class of the dual line bundle &pn(1).

For another example, let M be a complex manifold of dimension n with a Her-
mitian metric h; in other words, h is a Hermitian metric on the holomorphic tangent
bundle 7M. Now consider the so-called canonical bundle QF,, whose sections over
an open set U are the holomorphic n-forms on U. Locally, any such section can
be written in the form f(z)dzy A --- A dz,, with f holomorphic. Since Q7%, can be
viewed as the n-th wedge power of the dual of 7" M, it inherits a Hermitian metric.
In local coordinates z1, ..., z,, we define as usual a matrix H with entries

hjﬂlf = h(@/&zj,ﬁ/&zk),

and then h/** = h(dz;, dz;) are the entries of the inverse matrix H~!. The induced
Hermitian metric on Q}, satisfies

h(dzy A -+ Ndzp,dzi A--- Adz,) = det H' = —det H,
and therefore its curvature form is given by

© = —90logh(dzy A -+ ANdzy,dzy A--- Adzy,) = 00 1og(det H).

1 .= 1 .=
O = —%8810gh0 = —gaalog(l + 21+ + [2]?) = —wrslu,

CLAss 22. THE KODAIRA VANISHING THEOREM (NOVEMBER 14)

Harmonic forms. Let L be a holomorphic line bundle on a compact complex
manifold M. Since the d-operator dr: AP4(M,L) — AP9+1(M, L) satisfies 9f, o
dr, = 0, we can define the Dolbeault cohomology groups of L as

ker(@L: APA(M, L) — AP (M, L))

im(éL: Ara=1(M, L) — Ara(M, L)) )

Note that the usual Dolbeault cohomology is the special case of the trivial bundle
M x C. As before, the Dolbeault complex

HP(M, L) =

0 — @PO(L) n, PV L) P aP2(L) — - — P(L) — 0

resolves the sheaf Qf, ® L of holomorphic p-forms with coefficients in L, and since
each @7P4(L) is a fine sheaf, we find that

HP9(M,L) ~ H1(M, 0%, & L)

computes the sheaf cohomology groups of Qf, ® L. We would now like to generalize
the Hodge theorem to this setting, and show that cohomology classes in HP?(M, L)
can be represented by harmonic forms.

We proceed along the same lines as before, and so the first step is to define
Hermitian inner products on the spaces AP*4(M, L). To do that, choose a Hermitian
metric h on the complex manifold M, and let g be the corresponding Riemannian
metric and w the associated (1, 1)-form. (For the time being, it is not necessary to
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assume that h is a Kéhler metric.) We also choose a Hermitian metric Az, on the
holomorphic line bundle L. With both metrics in hand, we can define a Hermitian
inner product on AP9(M, L); writing a typical element as a ® s, with « € AP2(M)
and s € A(M, L) smooth, we set

(1 ® 81,00 ® 8$9) 1 = / h(ay, ao)hr(s1,s2)vol(g).
M

We then let 95 : AP9(M, L) — AP4=Y(M, L) be the adjoint of J;, with respect to
the inner product, and define the Laplace operator

Op = 8,95 + 35, 00y« APU(M, L) — AP9(M, L).

A local calculation (made easy by the fact that L is locally trivial) shows that O
is an elliptic operator of order two. Thus if we let H?(M, L) = ker [, denote the
space of 0-harmonic forms with coefficients in L, we get

HP4(M, L) ~ HP(M, L)
by applying the general theorem about elliptic operators (Theorem [12.9).

The Kodaira vanishing theorem. The most important consequence of being
able to represent classes in H?P'9(M, L) by d-harmonic forms is the famous Kodaira
vanishing theorem; roughly speaking, it says that if L is “positive” (in the way
that the line bundle @px(1) on projective space is positive), then its Dolbeault
cohomology vanishes for p + ¢ > n.

To see in what sense the line bundle &pn (1) is positive, recall that its curvature
form satisfies %@ = wpg, which is the Kéahler form of the Fubini-Study metric.
The following definition generalizes this situation.

Definition 22.1. A holomorphic line bundle L — M is called positive if its first
Chern class ¢1(L) can be represented by a closed (1,1)-form €2 whose associated
Hermitian form is positive definite.

More concretely, what this means is that if we write Q = %Zj’k fikdz; ANdzy in
local coordinates z1, ..., 2,, then the Hermitian matrix with entries f; ; should be
positive definite. We express this more concisely by saying that € is a positive form.
Of course, such a form (2 is the associated (1, 1)-form of a Hermitian metric on M,
and since d) = 0, this metric is Kéhler. In particular, if there exists a positive line
bundle on M, then M is necessarily a Kahler manifold.

Here is the precise statement of Kodaira’s vanishing theorem.

Theorem 22.2. Let L be a positive line bundle on an n-dimensional compact
complex manifold M. Then HP9(M,L) = 0 whenever p+ q > n.

Generalized Kihler identities and the proof. Throughout, we fix a compact
complex manifold M and a positive line bundle L on it. As mentioned above, there
is a Kéhler metric h on M whose associated (1, 1)-form w represents ¢;(L), and
we assume from now on that M has been given that metric. The following lemma
allows us to choose a compatible Hermitian metric hy, on the line bundle L, with

the property that 5-0 = w is the Kéhler form.

Lemma 22.3. Let L be a positive line bundle on a compact Kdhler manifold M,
and suppose that w is a closed (1,1)-form that represents c1(L). Then there is a
(essentially unique) Hermitian metric on L whose curvature satisfies 5-0 = w.
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Proof. Choose an arbitrary Hermitian metric hg on L, and let ©g € ALY(M) be the
associated curvature form. Then both #@o and w represent the first Chern class
of L, and so their difference is a (1, 1)-form that is both closed and d-exact. By
the 09-Lemma (see Proposition , there exists a smooth real-valued function
1 € A(M) such that

1 T .=
= —0g+ —00Y.
@ o1 ° * 2T v
Now define a new Hermitian metric on L by setting h;, = e"%hg. We then have
O = *aglogh =0+ 851[},
and hence ﬁ@L = w as asserted. O

The Hermitian metric Ay on the line bundle L also gives rise to the Chern
connection V: A(M,L) — AY(M,L). We have V = V' + V", and by definition
of the Chern connection, V" = 9;. To emphasize the analogy with the case of
usual forms, we shall write 91, instead of V' throughout this section. We then get
operators

Op: AP9(M,L) — AP9*Y (M, L) and Op: AP9(M,L) — APT9(M, L)

by enforcing the Leibniz rule. Note that we have d;, 0 d;, = 0 and J;, 0 97, = 0; on
the other hand, 9y, o 1, + 9y, 09y, is not usually zero, but is related to the curvature
of L. (In the case of the trivial bundle L = M x C, the curvature is zero, which
explains why we have 9o d+ 000 =0.)

Lemma 22.4. If© € A" (M) denotes the curvature form of the metric hy, then
we have 91,0r, + 0.0, = Op.

Proof. From the definition of the curvature form, we have ©; = V2 = (91, + J,) o
(O, +0r), and so the identity follows. To illustrate what is going on, here is a more
concrete proof. Let ¢: 7~ 1(U) — U x C be a local trivialization of L, and let s be
the corresponding holomorphic section of L over U. As usual, write Vs = 6 ® s,
and since we are dealing with the Chern connection, we have 8 = dloghy (s, s).

For any o € AP4(U), we have 91, (a®s) = (Ja)®s by definition of the d-operator;
on the other hand,

IL(a®s)=V'(a®s)=(0a)®s+ (-1)PTa AV's
=(0a)®s+ (1) (and) @s=(0a+0Aa)®s.
Consequently,
(8L5L + 5‘L8L)(a ®s) =0y (50[ & S) +0r, ((aa +ONQ)® s)
= (00a+0Ada) @ s+ (00a+ 00 Ao — O A Do) @ s
=(09Na)®s= (0L Aa)®s. O
As usual, we let 97 and 0} denote the adjoint operators of 97, and 9z, with
respect to the inner product introduced above. To make this more explicit, let
us describe the operator 93 in a local trivialization ¢: 7=1(U) — U x C. If s
denotes the corresponding holomorphic section, then any element of AP4(U, L) can

be written as a ® s for a unique o € AP9(U). Fix § € AP9(U) with compact
support. By definition of the adjoint, we have

(0i(a@s),8@s),, = (@@s,dL(8©5)),,
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We already computed that O (B®s) = (08+0AB)®s, where § = dlog f = f~10f
and f = hr(s,s) is smooth and positive real-valued. Consequently,

(a®@s,0L(B®5)), = /M h(a, 88+ 60 A B)hi(s, s)vol(g)

— [ (105401 nB)ulls) = [ h(a0(8)wollo).
M M

This latter is the usual inner product between o and 9(f3), and therefore equals

[ w@a.gmvolts) = [ h@ra Hhu(s,syuol(e) = ((07a) 5.5),.
M M

The conclusion is that 95 (a ® s) = (0*«a) ® s.
Lastly, we extend the usual Lefschetz operator L, (o) = w A « to forms with
coefficients in the line bundle by the rule

Ly(a®s)=(wAa)®s.

Likewise, we define A(a ® s) = (Aa) ® s. It is not hard to see that the operator
A: APY(M, L) — AP=14=1(M, L) is the adjoint of L, : AP4(M, L) — APTLa+L(M L)
with respect to the inner product introduced above.

For the proof, we only need two identities between all these operators, and we
have already proved both of them. Firstly, note that O, = —2miw, and so we
can restate the formula in Lemma as 0,0r, + 01,0, = —2miL,,. After taking
adjoints, we obtain the first important identity:

(22.5) 01,07 + 01,07 = 2miA.

Moreover, the fact that 07 is locally given by 0} (a® s) = (0*a) @ s shows that the
Kahler identity [A, 0] = —i0* generalizes to this setting of L-valued forms, giving
us the second important identity

(22.6) AOy, — 0Ny, = —i0}

as operators on the space AP9(M, L). We are now ready to prove Theorem m

Proof. Since M is compact, we can represent classes in HP*¢(M, L) by d-harmonic
forms, and so it suffices to prove that any o € HP9(M, L) with p 4+ ¢ > n has to
be zero. As « is 9-harmonic, we have 0o = 0 and 5204 = 0. Now we use the two
identities and to compute the norm of Aa. This goes as follows:

(Aa, Aa)ys = %(Aa, (0307 + 9303)a) ,, = i(Aa,é}ia}ia)M
i - . i, _ .
=50 (LA« 8La)M = %((8LA — Adp)a, BLa)M
) 1

= 5 (0L, 0pa)n = —5— (9L, Opa)u-

Because we are dealing with an inner product, it follows that both sides have to be
zero; in particular, Aa = 0, and so « is primitive. But we have already seen that
there are no nonzero primitive forms in degree above n, and so if p+ ¢ > n, we get
that a = 0, as claimed. (Il

Note. Note that the proof depends on the identity 07,0y + 01,0; = —2miw, which
holds because the first Chern class of L is representable by a Kéhler form. It is in
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this way that the positivity of the line bundle gives us the additional minus sign,
which is crucial to the proof.

Since HP*4(M, L) computes the sheaf cohomology groups of Qf , @ L, we can also
conclude the following.

Corollary 22.7. If L is a positive line bundle on a compact complex manifold M,
then H1(M,Qh, ® L) = 0 for p+q > n. In particular, we have HY(M,Q5, @ L) =0
for every g > 0.

CLAss 23. THE KODAIRA EMBEDDING THEOREM (NOVEMBER 19)

Recall that every complex submanifold of projective space is a Kéhler manifold:
a Kahler metric is obtained by restricting the Fubini-Study to the submanifold. Our
next goal is to describe exactly which compact Kahler manifolds are projective, i.e.,
can be embedded into projective space as submanifolds. A necessary condition for
M to be projective is the existence of a positive line bundle; indeed, if M C PV is a
submanifold, then the restriction of Opn~ (1) to M is clearly a positive line bundle,
since its first Chern class is represented by the restriction of wgg to M. That this
condition is also sufficient is the content of the famous Kodaira embedding theorem:
a compact complex manifold is projective if and only if it possesses a positive line
bundle. In the next two lectures, we will use the Kodaira vanishing theorem to
prove this result.

Maps to projective space. We begin by looking at the relationship between
holomorphic line bundles and maps to projective space. Suppose then that we have
a holomorphic map f: M — PV from a compact complex manifold to projective
space. We say that f is nondegenerate if the image f(M) is not contained in
any hyperplane of PVV. It is clearly sufficient to understand nondegenerate maps,
because a degenerate map is really a map from M into a projective space of smaller
dimension.

On PV, we have the line bundle @pn (1), which we defined as the dual of the
tautological bundle @p~(—1). With respect to the standard open cover of PV by
the open sets U; = { [2] € PV | z; # 0}, it is described by the transition functions
gjk = zr/%;. The space of global sections

]fO(IEDN7 ﬁPN(—l)) = (C[Zo, .. -7ZN]1

is isomorphic to the space of homogeneous polynomials of degree 1, and therefore
has dimension N + 1. (A linear polynomial L(z) = apzo + -+ + anzn defines a
global section of Opn~ (1) that is represented on the open set U; by the holomorphic
function L(z)/z;; alternatively, L defines a linear functional on the vector space
CN*1 and therefore on each fiber on the tautological line bundle.)

Given a nondegenerate map f: M — PV, we obtain a holomorphic line bundle
L = f*0Opn (1), the pullback of Opn (1) via the map f. In general, assuming that
f: X — Y is a holomorphic mapping between two complex manifolds, and 7: F —
Y a holomorphic vector bundle on Y, the pullback bundle

FE={(ye) €Y xE| f(y)=n(e)}
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sits in the following commutative diagram:

FE—s X

!
y L x

The fiber of f*E at a point y € Y is therefore exactly the fiber of the original

bundle £ at the point f(y). In our specific case, we have L, = Opn~ (1) (). More

concretely, we may define L as being the line bundle with transition functions g; o f

on the cover of M by the N + 1 open sets f~1(U;). Now every section of Opn (1)

defines, by pulling back, a section of L on M, and the resulting map

HO (PN, Opn (1)) — H°(M, L)

is injective since f is nondegenerate. We have dim H° (]P’N, Opn (1)) =N+ 1.

Conversely, suppose that we have a holomorphic line bundle L on M, together
with a subspace V. C H(M, L) that is base-point free. By this we mean that
at every point p € M, there should be a holomorphic section s € V that does
not vanish at the point p (and hence generates the one-dimensional vector space
L,). We can then construct a holomorphic mapping from M to projective space as
follows: Let N = dimV — 1, choose a basis sg, $1,...,Sy € V, and define

fe M —=PN o f(p) = [s0(p),51(p), ..., sn(D)].

That is to say, at each point of M, at least one of the sections, say sg, is nonzero;
in some neighborhood U of the point, we can then s; = f;so for f; € Op(U)
holomorphic. On that open set U, the mapping f is then given by the formula
f(p) = [17f1(p)aafN(p)] € PV,

Note. A more invariant description of the map f is the following: Let P(V') be the
set of codimension 1 subspaces of V; any such is the kernel of a linear functional
on V', unique up to scaling, and so P(V) is naturally isomorphic to the projective
space of lines through the origin in V*. From this point of view, the mapping
f: M — P(V) takes a point p € M to the subspace V(p) = {s € V | s(p) =0}.
Since V' is assumed to be base-point free, V(p) C V is always of codimension 1,
and so the mapping is well-defined.

The two processes above are clearly inverse to each other, and so we obtain the
following result: nondegenerate holomorphic mappings f: M — P¥ are in one-
to-one correspondence with base-point free subspaces V' C H°(M, L) of dimension
N + 1. In particular, any holomorphic line bundle L whose space of global sections
HO(M, L) is base-point free defines a holomorphic mapping

or: M — PV,

where N = dim H°(M, L) — 1. We abbreviate this by saying that L is base-point
free; alternatively, one says that L is globally generated, since it implies that the
restriction mapping H°(M, L) — L, is surjective for each point p € M.

Example 23.1. Consider the line bundle @i (k) on the Riemann sphere PL. We
have seen in the exercises that its space of sections is isomorphic to the space of
homogeneous polynomials of degree k in C[zg, z1]. What is the corresponding map
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- 2 : ko k—1 k=1 _k :
to projective space? If we use the monomials zj, 25 " 21,...,%02] ,2{ as a basis,
we see that the line bundle is base-point free, and that the map is given by
1 k ko k-1 k=1 _k
P =P, [z0,21] & 20,20 21,---5202] 5210

It is easy to see that this is an embedding; the image is the so-called rational normal
curve of degree k.

Ezample 23.2. More generally, the line bundle &pr (k) embeds P™ into the larger

projective space PV, where N = ("Ik) —1; this is the so-called Veronese embedding.

The Kodaira embedding theorem. For a line bundle L and a positive integer
k,welet LF = L®L®---® L be the k-fold tensor product of L. We can now state
Kodaira’s theorem in a more precise form.

Theorem 23.3. Let M be a compact complex manifold, and let L be a positive line
bundle on M. Then there is a positive integer ko with the following property: for
every k > ko, the line bundle L* is base-point free, and the holomorphic mapping
wrr is an embedding of M into projective space.

In general, suppose that L is a base-point free line bundle on M let us investigate
under what conditions the corresponding mapping ¢: M — PV is an embedding.
Clearly, the following two conditions are necessary and sufficient:

(a) ¢ is injective: if p,q € M are distinct points, then ¢(p) # ©(q).

(b) At each point p € M, the differential ¢.: T)M — T;(p)IPN is injective.
Indeed, since M is compact, the map ¢ is automatically open, and so the first
condition implies that ¢ is a homeomorphism onto its image ¢(M). The second
condition, together with the implicit function theorem, can then be used to show
that the inverse map ¢! is itself holomorphic, and hence that ¢ is an embedding.

We shall now put both conditions in a more intrinsic form that only refers to the
line bundle L and its sections. As above, let sq, s1,..., sy be a basis for the space of
sections H°(M, L). Then@ means that, for any two distinct points p,q € M, the
two vectors (so(p), s1(p), - - ., sn(p)) and (so(q),s1(q), - .., sn(q)) should be linearly
independent. Equivalently, the restriction map

HY(M,L) — L, ® L,

that associates to a section s the pair of values (s(p), s(¢)) should be surjective. If
this is satisfied, one says that L separates points.

Consider now the other condition. Fix a point p € M, and suppose for simplicity
that so(p) # 0 and s1(p) = -+ = sy(p) = 0. In a neighborhood of p, we then have
s; = fjs0 for holomorphic functions fi,..., fy that vanish at the point p, and @
is saying that the matrix of partial derivatives

6f1/82:1 8f1/8zQ A 8f1 /8Zn
6f2/621 8f2/822 e 8f2/8zn
8fN./621 8fN./aZ2 afN./azn

should have rank n at the point p. Another way to put this is that the holomorphic
1-forms dfy, dfs, .. ., df y should span the holomorphic cotangent space T, M. More
intrinsically, we let H°(M, L)(p) denote the space of sections that vanish at p. We
can write any such section as s = fsg, with f holomorphic in a neighborhood of
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p and satisfying f(p) = 0. Then df (p) ® sg is a well-defined element of the vector
space TZ}*OM ® Ly, independent of the choice of sg; in these terms, condition is
equivalent to the surjectivity of the linear map

H°(M,L)(p) - T,°M & Ly.

If this holds, one says that L separates tangent vectors.

Since our main tool is a vanishing theorem, it is useful to notice that both
conditions can also be stated using the language of sheaves. For any point p € M,
we define .#, as the sheaf of all holomorphic functions on M that vanish at the
point p. Likewise, we let #,(L) denote the sheaf of holomorphic sections of L that
vanish at p, and note that it is a subsheaf of the sheaf &;(L) of all holomorphic
sections of L. We then have an exact sequence of sheaves

0— (L) = Ou(L) = L, =0,

where we consider L, as a sheaf supported at the point p (meaning that for any
open set U C M, we have L,(U) = L, if p € U, and zero otherwise). The relevant
portion of the long exact sequence of cohomology groups is

0— H%(M,#,(L)) - H*(M,L) = L, — H' (M, 7,(L)),

and so the surjectivity of the restriction map would follow from the vanishing of
the group H' (M7 ﬂp(L)). The problem is that, unless M is a Riemann surface,
this is not the cohomology group of a holomorphic line bundle, and so the Kodaira
vanishing theorem does not apply to it. To overcome this difficulty, we shall use
the device of blowing up: it replaces a point (codimension n) with a copy of P*~!
(codimension n — 1), and thus allows us to work with line bundles.

Blowing up. Let M be a complex manifold of dimension n. Recall from Lecture
that the blow-up of M at a point p is another complex manifold Bl, M, in which the
point is replaced by a copy of P*~!. This so-called exceptional divisor F is basically
the projective space of lines in T;M , and should be thought of as parametrizing
directions from p into M. Here is a brief review of the construction of Bl, M. First,
we defined the blow-up of C" at the origin as

BloC" = { (2,[a]) eC" x P"! | z lies on the line C - a }.

The first projection 7: BlgC® — C™ is an isomorphism outside the origin, and
771(0) is a copy of P*~!. For any open set D C C" containing the origin, we then
define Blg D as 7~ !(D). Finally, given a point p on an arbitrary complex manifold
M, we choose a coordinate chart ¢: U — D around p, with D C C™ an open
polydisk, and construct the complex manifold Bl, M by gluing together M \ {p}
and Blg D according to the map ¢.

We now have to undertake a more careful study of the blow-up. From now on,
we set M = Bl, M, and let w: Bl, M — M be the blow-up map. The exceptional
divisor E = 771(p) is a complex submanifold of M of dimension n — 1. We briefly
recall why. The statement only depends on a small open neighborhood of E in M,
and so it suffices to prove this for the exceptional divisor in Bly C™. Here, we have
the second projection ¢: Bly C® — P"~!, and so we get n natural coordinate charts
V; = ¢ 1 (U;) (where U; is the set of points [a] € P"~! with a; # 0). These are
given by

Cn%‘/}, (bl,...,bn)i—) (bja, [a])
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where a = (b1,...,bj_1,1,bj41,...,by). In these charts, the map 7 takes the form
’/T(bl, ey bn) = (bjbl, ey bjbjfl, bj, bjbj+1, ey bjbn),

and so the exceptional divisor £ N Uj; is exactly the submanifold defined by the
single equation b; = 0.

Since E has dimension n — 1, it determines a holomorphic line bundle & (—FE),
whose sections over any open set U C M are those holomorphic functions on U
that vanish along U N E. To simplify the notation, we write &g (1) for the image
of Opn-1(1) under the isomorphism F ~ P"~ 1,

Lemma 23.4. The restriction of Oy (—E) to the exceptional divisor is isomorphic
to ﬁE(l)

Proof. The statement only depends on a small neighborhood of E in M, and we
may therefore assume that we are dealing with the blowup of C™ at the origin.
We have seen in the exercises that the second projection ¢: BlgC" — P! is the
holomorphic line bundle &pn-1(—1). The exceptional divisor is precisely the im-
age of the zero section, and by another exercise, its line bundle is isomorphic to
q* Opn-1(1). Obviously, the restriction of this line bundle to the exceptional divisor
is now Opn-1(1), as claimed. O

To simplify the notation a little, we shall write [—E] for the line bundle & (- E),
and [E] for its dual. As usual, we also let [E]* be the k-fold tensor product of [E]
with itself. Lastly, we write K for the canonical bundle Q%},. In order to apply
the Kodaira vanishing theorem on M, we need to now how the canonical bundle
K7 is related to K.

Lemma 23.5. The canonical bundle of M satisfies Ky ~ m* Ky @ [E]"~L.

Proof. To show the gist of the statement, we shall only prove this in the case
M = C" and M = BlyC". With z1,..., 2, the usual coordinate system on C", the
canonical bundle Q% is trivial, generated by the section dz; A --- A dz,. To prove
the lemma, it is enough to show that the line bundle K ;; @ [—E]"~! is trivial on M.
Note that its holomorphic sections are holomorphic n-forms that vanish at least to
order n — 1 along F.

Consider the pullback 7*(dz1 A--- Adz,). In one of the n open sets V; that cover
the blow-up, the exceptional divisor is defined by the equation b; = 0, and the
map 7 is given by the formula 7(by,...,b,) = (bjb1,...,bjb;—1,b;,b;b541,...,b;by,).
Consequently, we have

7 (dzy N+ Ndzp) = d(bjbi) A--- Ad(bjbj—1) Adb; Ad(bjbji1) A--- Ad(bjby)
=07 dby A+ Adby,

and so m*(dz1 A+ -+ Adz,) is a global section of K ; ® [—E]"~!. The above formula
shows that, moreover, it generates that line bundle on each open set V;, and so the
line bundle is indeed trivial. (]

Let L be a positive line bundle on M, and write L = 7*L for the pullback line
bundle on M. Then L is no longer positive: the first Chern class ¢;(L) is the
pulllback of ¢; (L), and so it is trivial along the exceptional divisor F; in particular,
at cannot be represented by a Kéhler form on M. The following lemma shows how
to fix this problem.
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Lemma 23.6. Let L be a positive line bundle on M. Then for sufficiently large k,
the line bundle L* ® [—FE] is again positive.

CrLass 24. THE KODAIRA EMBEDDING THEOREM AND APPLICATIONS
(NOVEMBER 21)

We are in the middle of proving the Kodaira embedding theorem. We were
considering the blowup 7: M — M at a point P € M, and wanted to show that
if L is a positive line bundle on M, then the pullback line bundle L = 7*L can be
made positive in the following manner.

Lemma. Let L be a positive line bundle on M. Then for sufficiently large k, the
line bundle L* ® [—F] is again positive.

Proof. Recall that a real (1,1)-form « is said to be positive if a(¢,€) > 0 for every
nonzero tangent vector { € 7M. A holomorphic line bundle is positive if it admits
a Hermitian metric for which the real (1,1)-form 5-© is positive.

We give the pullback line bundle L = 7*L the induced Hermitian metric. Since
L is positive, its first Chern class w = i@L is a positive form, and so %Gi =r*w
is positive outside the exceptional divisor E. At points of F, however, the form
m*w fails to be positive—more precisely, we have (7*w)(£,€) = 0 for any ¢ that is
tangent to E—because the restriction of L to E is trivial. The idea is to construct
a Hermitian metric hg on [—E] which is positive in the directions tangent to E; by
choosing k£ > 0, we can then make sure that Q = 7w + %@ g, which represents
the first Chern class of L* ® [~ E], is a positive form on M.

To construct that metric, let U be an open neighborhood of the point p, isomor-
phic to an open polydisk D C C”, and let z1,..., 2, be the resulting holomorphic
coordinate system centered at p. Then U; = 7~ 1(U) is isomorphic to Bly D, the
blow-up of the origin in D, which we originally constructed as a submanifold of the
product D x P!, We may thus view U, itself as being a submanifold of U x P*~!;
under this identification, the line bundle [—F] is isomorphic to the pullback of
Opn-1(1) by the map q: Uy — P"~1. The latter has a canonical metric, and so we
get a Hermitian metric hy on the restriction of [—E] to the open set U;. Note that
i/2m times its curvature form is equal to the pullback ¢*wpg of the Fubini-Study
from P71,

Let M* = M \ {p}; by construction, the map 7 is an isomorphism between
Uy = M\ E and M*, and since [~ F] is trivial on the complement of F, it has a
distinguished nowhere vanishing section sg over Us, corresponding to the constant
function 1 € O (M*). We can thus put a Hermitian metric hy on the restriction of
[—E] to Us, by declaring the pointwise norm of sg to be 1. Now let p; + p2 =1 be
a partition of unity subordinate to the open cover U, M*, and define a Hermitian
metric on [—FE] by setting

hg = (p1om)hy + (p2 o T)hs.

This is well-defined, and indeed a Hermitian metric (because the convex combina-~
tion of two Hermitian inner products on a vector space is again a Hermitian inner
product).

To complete the proof, we have to argue that Qj = %@E + km*w is a positive
form if k£ > 0. First consider the open set U; = 7~ !(U) containing the exceptional
divisor. For any k > 0, the form k- priw+priwps on the product U x P"~! is clearly
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positive. In a sufficiently small neighborhood V' of the exceptional divisor (namely
outside the support of py o), Q is the restriction of that form to the submanifold
Uy, and is therefore positive as well. On the other hand, the complement M \V of
that neighborhood is a compact set in M \ E, on which ﬁ@ g is bounded and 7*w

is positive. By taking k sufficiently large, we can therefore make ) be positive on
M\V as well. O

Proof of the embedding theorem. We now come to the proof of Theorem [23.3]
We continue to let M be a compact complex manifold, and L — M a positive line
bundle. In order to prove the embedding theorem, we have to show that for k > 0,
the following three things are true:

(1) The line bundle L* is base-point free, and therefore defines a holomorphic
mapping prx: M — PNt where Ny, = dim H°(M, L¥) — 1. Equivalently,
for every point p € M, the restriction map H®(M, L*) — L’; is surjective.

(2) The mapping ¢+ is injective; equivalently, for every pair of distinct points
p,q € M, the restriction map H°(M, L¥) — L’; ® L’; is surjective.

(3) The mapping @ is an immersion, which means that its differential is
injective; equivalently, the map H°(M, L¥)(p) — TI}’OM ® L’; is surjective
at every point p € M.

In each of the three cases, the strategy is to blow up the point (or points) in
question, and to reduce the surjectivity to the vanishing of some cohomology group
on the blow-up. We then show that, after choosing k£ > 0, the group is question is
zero by Kodaira’s theorem.

We shall divide the proof into four steps, which are fairly similar to each other.
Step 1. To show that L* is base-point free for k£ > 0, we begin by proving that for
every fixed point p € M, the map H(M, L*) — L’; is surjective once k is large.
Let m: M — M denote the blow-up of M at the point p, and let E = 7~ (p) be the
exceptional divisor. Let i: F — M be the inclusion map, and let L = 7*L be the
pullback of the line bundle. Every section of L on M defines by pullback a section
of L = n*L on M. The resulting linear map

HO(M,L*) — H°(M, L*)
is an isomorphism by Hartog’s theorem. Indeed, suppose that s is a global section
of L¥. Since M\E ~ M*, the restriction of § to M \ E gives a holomorphic section
of L¥ over M*. If n > 2, then Hartog’s theorem shows that this section extends
holomorphically over the point p, proving that § is in the image of H°(M, L¥). (If
n =1, we have M = M and E = {p}, and so the statement is trivial.)

Now clearly a section of L* vanishes at the point p iff the corresponding section of
LF vanishes along the exceptional divisor E; in other words, we have a commutative
diagram

HY(M, L) —— L’;
HO(M,L¥F) —— HO(E,i*L*).
Note that i*LF ~ 0 ® L’;, since the restriction of L* to the exceptional divisor is

the trivial line bundle with fiber L’;. It is therefore sufficient to prove that, on M,
the restriction map HO(M, L*) — HO(E,i*L¥) is surjective.
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Because of the long exact cohomology sequence
H(M,L*) — H(E,i*L*) — H' (M, L* ® [-E)),

the surjectivity is a consequence of H' (M L@ [—ED ~ (. This will follow from
the Kodaira vanishing theorem, provided we can show that

L*@[-E]~ Ky @ P,
for some positive line bundle Py. By Lemma we have K ~ 7Ky @ [E]" !,
and so
Py~ (LF® Ky') @ [-E]™
Now fix a sufficiently large integer ¢, with the property that L ® KJT/[l is positive.

By Lemma there exists an integer mg such that the line bundle L™ & [—E] is
positive for m > mg. But then

™o K)o (L"®[-E)" ~ 7 (L™ @ K,}') © [-E]"
is positive, and so it suffices to take k > mon + ¢. With this choice of k, we have
H'(M,L* @ [-E)) ~ H' (M, K5 ® P) ~0,
which vanishes by Theorem because Py is a positive line bundle. So if k& >
mon + ¢, then the restriction map H°(M, L¥) — L’; is surjective.

Unfortunately, the value of mg might depend on the point p € M that we started
from. To show that one value works for all points p € M, we use a compactness
argument. Namely, if HO(M, L¥) — L’; is surjective at some point p € M, it means
that L* has a section that does not vanish at p. The same section is nonzero at
nearby points, and so the restriction map is surjective on some neigborhood of the
point. We can therefore cover M by open sets U;, such that the restriction map is
surjective for k > k;. By compactness, finitely many of these open sets cover M,
and if we let ky be the maximum of the corresponding k;, then we get surjectivity

at all points for £ > kg. We have now shown that the mapping ¢« is well-defined
and holomorphic for sufficiently large values of k.

Step 2. Exactly the same proof shows that, given any pair of distinct points p,q €
M, the restriction map H°(M, L*) — L’; EBL’; is surjective for £ > 0. We only need

to let w: M — M be the blow-up of M at both points, and E = 7~(p) Un!(q)
the union of the two exceptional divisors (which is still a submanifold of dimension
n—1). If i: E — M denotes the inclusion, it suffices to prove the surjectivity of

H°(M,LF) — HY(E,i* L"),

which holds for the same reason as before once k > 0. Note that the value of k
now depends on the pair of points p,q € M; but this time, we cannot use the same
compactness proof because M x M \ A is no longer compact. We will deal with
this issue in the last step of the proof.

Step 8. Next, we prove that for a fixed point p € M, the map
0 k 1,0 k
HO(M, L¥)(p) = T2°M @ Lk
becomes surjective if k > 0. Here H°(M, L*)(p) denotes the space of sections of L*

that vanish at the point p. Again let m: M — M be the blow-up of M at the point
p, let i: E < M be the inclusion of the single exceptional divisor, and let L = n*L
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be the pullback of our positive line bundle. This time, we use the commutative
diagram

0 k 1,0 k
HO(M, L*)(p) —————— THOM © Lk

F E

H°(M,L* ® [-E]) —— H°(E,*L* ® [~ E)).

Note that the restriction of L* [—E] to the exceptional divisor is isomorphic to
Op(l)® f/’;, and so its space of global sections is H*(E, 0g(1)) ® f/; Sections of
Og(1) are linear forms in the variables z1, ..., z,, which exactly correspond to the
holomorphic cotangent space Tpl’OM .

In other words, it is now sufficient to prove the surjectivity of

H°(M,L* ® [-E]) - H*(E, 0p(1)) ® L,
for which we may use the exact sequence
H°(M,L* @ [-E)) - H°(E,i*L* ® [-E]) » H'(M,L* ® [-E]?).

To prove the vanishing of the group H! (M,Zk ® [fE]2), we argue as before to
obtain

LFe[-EP ~ Kj; ® Q
for a positive line bundle Qy, once k > (n — 1)mg + £. The required vanishing then
follows from Theorem 22.2] Again, note that the lower bound on k may depend on
the point p € M.

Step 4. To finish the proof, we have to argue that there is a single integer k¢, such
that @ and @ hold for all points p,q € M once k > kyg. We shall prove this by
using the compactness of the product M x M.

Recall that @ holds at some point pg € M iff the differential of the mapping
wrr is injective. By basic calculus, this implies that ¢« is injective in a small
neighborhood of pg, and so @ and @ are both true for all (p,q) with p # ¢ that
belong to a small neighborhood of (pg,po) € M x M. On the other hand, Step 3
shows that @ holds in a neighborhood of every pair (p,q) with p # ¢. It follows
that we can cover M x M by open subsets V;, on each of which [(a)]and [(b)] are true
once k > k;. By compactness, finitely many of those open sets cover the product,
and so we again obtain a single value of kg such that ¢ is an embedding for
k > ko. This completes the proof of the Kodaira embedding theorem.

Consequences of Kodaira’s theorem. In algebraic geometry, a line bundle is
called very ample if o, is an embedding; L is called ample if LF is very ample
for £k > 0. Thus what we have shown is: a line bundle L on a compact Kahler
manifold M is positive iff it is ample. Thus for the complex geometer, ampleness
corresponds to positivity of curvature, in the sense that %9 is a positive form.

Ezample 24.1. During the proof of Theorem we saw that if 7: Bl, M — M
is the blow-up of M at some point p, and if L is a positive line bundle on M, then
7*L*¥ @ [~ E] is a positive line bundle on Bl, M for k > 0. Tt follows that if the
manifold M is projective, the blow-up Bl, M is also projective. Since the latter
was defined by gluing, this is not at all obvious.

The Kodaira embedding theorem can be restated to provide a purely cohomo-
logical criterion for a compact Kdhler manifold to be projective.



118 CH. SCHNELL

Proposition 24.2. Let M be a compact Kahler manifold. Then M is projective if,
and only if, there exists a closed positive (1,1)-form w € A%2(M) whose cohomology
class [w] is rational, i.e., belongs to the subspace H*(M,Q) C H?*(M,C).

Proof. If M is projective, then we can take for w the restriction of the Fubini-Study
form from projective space. We will prove the converse by showing that M has a
positive line bundle. After multiplying w by a positive integer, we can assume that
[w] belongs to the image of the map H?(M,Z) — H?*(M,C). As M is Kihler, we
have H*(M,C) = H*Y(M)&® H"'(M)® H%2(M), and as previously explained, the
exact sequence

HY(M, Oy ) — HY(M, 03)) 2 H* (M, Z) — H*(M, Oy)

shows that [w] is the first Chern class of a holomorphic line bundle L on M. By
construction, L is positive (since its first Chern class is represented by the positive
form w), and so M is projective by Theorem m ([

In certain cases, the criterion can be used directly to prove projectivity. A very
useful one is the following.

Corollary 24.3. If a compact Kdihler manifold M satisfies H*(M, Oyr) ~ 0, then
it is mecessarily projective.

Proof. Fix some Kéahler metric hg on M, and let wy be the Kahler form. Then wy
is a closed positive (1,1)-form whose cohomology class belongs to H?(M,R). We
can represent classes in H2(M, C) uniquely by harmonic forms (with respect to the
metric hg), with classes in H2(M, R) represented by real forms. Moreover, the inner
product (c, 8)as that we previously defined gives us a way to measure distances in
H?(M,C). By assumption, the two subspaces H%2(M) and H?°(M) in the Hodge
decomposition are both zero, and so H?(M,C) = HY'(M). In particular, any real
harmonic form in H2(M) has type (1,1). The space of rational classes H2(M, Q)
is dense in H?(M,R), and so for any & > 0, there exists a harmonic (1, 1)-form w
with rational cohomology class satisfying ||w —wpl||as < €. Now the point is that, M
being compact, any such w that is sufficiently close to wy will still be positive. Here
is a careful proofE| Let us choose an orthonormal basis wg,wr, ..., wn, € HZ(M),
where wy is our initial K&hler form and wy,...,w,, are real and primitive. We can
then write any real harmonic form w € H?(M) uniquely as

w = Ccowp + Cc1w1 + - -+ + Cpwm,
with cg,...,cn € R. Then
lw—wol3s = (co— 1>+ T+ +c2, <¢
implies that w = wo + (¢g — )wo + w1 + + -+ + ¢pwy, is the sum of a positive
form and a form whose pointwise values are very small, and is therefore positive

for sufficiently small values of € > 0. We can then conclude by the criterion in
Proposition 242 O

Example 24.4. A Calabi- Yau manifold is a compact Kéhler manifold M whose
canonical bundle K, is isomorphic to the trivial line bundle, and on which the
cohomology groups H4(M, Oy) for 1 < g < dim M — 1 vanish. If dim M > 3, then
such an M can always be embedded into projective space.

2I thank Jiasheng for asking about this point.
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Ezample 24.5. Any compact Riemann surface is projective. (This can of course be
proved more easily by other methods.)

Complex tori. A nice class of compact Kahler manifolds is that of complex tori,
which meant quotients of the form T' = C™ /A, for A alattice in C™. In the exercises,
we have seen that the standard metric on V' descends to a Kahler metric on T. To
illustrate the usefulness of Kodaira’s theorem, we shall settle the following question:
when is a complex torus 1" projective?

Ezample 24.6. Everyone knows that elliptic curves (the case n = 1) can always be
embedded into P? as cubic curves.

The following theorem, known as Riemann’s criterion, gives a necessary and
sufficient condition for T' to be projective. Since the proof I gave in class was not
completely satisfactory, I have added some details here.

Theorem 24.7. Let T = C"/A be a complex torus. Then T is projective if, and
only if, there exists a positive definite Hermitian bilinear form h: C" x C" — C,
whose imaginary part E = —Im h takes integral values on A x A.

Proof. In order to prove that T is projective, it is enough to find a closed positive
(1,1)-form whose cohomology class is integral. The two conditions in the proposi-
tion are saying that T carries such a form, although some translation is needed to
see that this is the case.

Let us first show why the existence of the form A implies that T is projective.
Choose a basis v1,...,v4 € V, and let 2q,...,24 be the corresponding linear coor-
dinate system on V. Then dzy,...,dz, € AY(T) and dzy,...,dz, € A% (T) are
well-defined smooth forms on T'. The positive definite Hermitian bilinear form h is
represented by a g x g-matrix with entries

hi k= (v, vr);
it is Hermitian symmetric and positive definite. The associated (1, 1)-form
i
w=g jkz_l hjrdz; A dzy

is therefore positive and, obviously, closed. To see that its class in H2(T, C) belongs
to the image of H?(T,Z), we can compute its integrals over a collection of 2-cycles
that generate Ho(T,7Z). We can use the images in T of

0,1] % [0,1] >V, (5,9) — 27+ o,
where v, € I' are two arbitrary elements. Then
dz; N dz = (v;dz + 6;dy) A (Vedz + 0xdy) = (v;0k — 6;7;) dz A dy
The integral in question thus becomes
P J 1,1 P o i
- j%;l /O /0 hjdzj A dz, = 5];1 R (130 = 0577) = 5 (h(3,6) = h(6.7)).

This is easily seen to equal E(v,d) = —Imh(y,d), and so we get the result.
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We also need to prove the converse. Suppose that w € AYY(T) is a closed
positive real (1,1)-form whose class in H?(T,R) lies in the subspace H?*(T,Z).
Using dz1,...,dzp,dz1,...,dZ,, we can write w as a finite sum

. g
? _
W=y Z firdzy N dz,
J,k=1
where each f; € A(T,C) is now a smooth function on 7T'. Positivity of w means
that the matrix with entries f; is positive definite at every point of 7". We want
a matrix with constant entries, and so we consider the averages
1
hir=—— iLvol(g) € C,
J.k VOI(T) /]’fj,k (g)
where vol(g) is the volume form for the Euclidean metric on 7. The matrix with
entries hjj is then the average of the matrices with entries f;, and as such, it is
still positive definite. It remains to show that the cohomology class of the new form

. g
i _
Wy = 5 Z hj,kdzj A de
Jik=1
is still integral. This can be done as follows. For any « € T', consider the translation
automorphism ¢,: T — T, t,(y) = = + y. The cohomology class of the pullback
t*w belongs to H?(T,Z), and so the integral

/ trw
7,0

over the above generators of Hy(T,Z) takes values in Z for every ~,§ € T'. Tt is

easy to see that
[ = | (1 ) v
wo = ————< LW | Vol{g),
v,8 VOI(T) T v,8

and as an average of integers, this is itself an integer. O

Note. If we denote by J: V — V the homomorphism given by multiplication by 4,
then the fact that h is a Hermitian form implies h(Jv, Jw) = h(v,w). It follows
that F(Jv, Jw) = E(v, w); moreover,

h(v,w) = E(v, Jw) — iE(v,w),

and so F uniquely determines h.

CLASS 25. KAHLER MANIFOLDS AND PROJECTIVE MANIFOLDS

At this point, a few words about the nature of projective manifolds are probably
in order. Most compact Kahler manifolds are not projective, and the subset of those
that are is quite small. To see why this should be, let us consider the space Hﬂé’l,
the intersection of H%! and H?(M,R) inside H?(M,C). It consists of those real
cohomology classes that can be represented by a closed form of type (1,1). We say
that a class a € Hﬂé’l is a Kahler class if it can be represented by a closed positive
(1,1)-form. The set of all such forms is a cone (since it is closed under addition,
and under multiplication by positive real numbers), the so-called Kdhler cone of
the manifold M. Since positivity is an open condition (by the argument we used
in the proof of Corollary , the Kéhler cone is an open subset of Hﬂé’l. Now in
order for M to be projective, the Kahler cone has to contain at least one nonzero
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rational class. But the space H?(M,Q) C H?(M,R) of all rational classes is a
countable subset, and in general, it is unlikely that the Kahler cone will intersect
it nontrivially.

Ezxample 25.1. Consider again the case of K3-surfaces, that is, compact Kéhler
surfaces whose Hodge diamond looks like

C
0 0
c ¢ c
0 0
C

(The precise definition is that a K3 surface is a simply connected compact K&hler
surface whose canonical line bundle is trivial.) When discussing Griffith’s theorem,
we saw that nonsingular quartic hypersurfaces in P? are K3-surfaces. The space of
homogeneous polynomials of degree 4 has dimension (4‘§3) = 35, and so nonsingular
quartic hypersurfaces are naturally parametrized by an open subset in P34, On the
other hand, the automorphism group of P? has dimension 15, and if we take its
action into account, we find that this particular class of K3-surfaces forms a 19-
dimensional family.

In the theory of deformations of complex manifolds, it is shown that there is a
20-dimensional manifold P that parametrizes all possible K3-surfaces (20 being the
dimension of H!). Now what about projective K3-surfaces? They form a dense
subset of P, consisting of countably many analytic subsets of dimension 19. So,
just as in the case of those K3-surfaces that can be realized as quartic surfaces in
P3| projective K3-surfaces always come in 19-dimensional families; but altogether,
they are still a relatively sparse subset of the space of all K3-surfaces.

Why are the subsets corresponding to projective K3-surfaces all of dimension
19? The answer has to do with the Hodge decomposition on H?(M,C). Let us
fix some projective K3-surface My, and consider those M that are close to My on
the moduli space P. It is possible to identify the cohomology group H?(M,Z)
with H?(My,Z), and hence H%(M,C) with H?(My,C). We can then think of the
Hodge decomposition on H?(M,C) as giving us a decomposition of the fixed 22-
dimensional vector space H?(My, C) into subspaces of dimension 1, 20, and 1. (This
is an example of a so-called variation of Hodge structure.)

My being projective, there exists wy € H?(My,Z) whose class in H?(M,,C) is
represented by a closed positive (1, 1)-form. Through the isomorphism H?(M,Z) ~
H?(My,Z), we get a class wy € H?(M,Z) on every nearby K3-surface M. If M is
to remain projective, then this class should still be of type (1, 1), which means that
its image in H%2(M) should be zero. Since dim H%?(M) = 1, this is one condition,
and so the set of M where wy; € HY(M) will be a hypersurface in P (positivity
is automatic if M is close to Mp).

A complex torus without geometry. To illustrate how far a general compact
Kéhler manifold is from being projective, we shall now look at an example of a
2-dimensional complex torus 7' in which the only analytic subsets are points and
T itself. In contrast to this, a submanifold of projective space always has a very
rich geometry, since there are many analytic subsets obtained by intersecting with
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various linear subspaces of projective space. The torus T in the example (due to
Steven Zucker) can therefore not be embedded into projective space.

Let V = C®C, with coordinates (z,w), and let J: V' — V be the complex-linear
mapping defined by J(z,w) = (iz, —iw). Let A CV be a lattice with the property
that J(A) = A, and form the 2-dimensional complex torus 7' = V/A. Then J
induces an automorphism of 7', and we refer to T' as a J-torus. Any lattice of this
type can be described by a basis of the form vy, v, Ju1, Jus, and is thus given by

a 2 X 4-matrix
a b ia )
c d —ic —id

with complex entries. Here a,b,c,d € C need to be chosen such that the four
column vectors of the matrix are linearly independent over R, but are otherwise
arbitrary. In this way, we have a whole four-dimensional family of J-tori. We shall
assume in addition that ad — bé # 0.

Lemma 25.2. If we let f = ad — bé, then both the real and the imaginary part of
0 = f~tdz A dw are closed (1,1)-forms with integral cohomology class.

Proof. Both the real and the imaginary part of 6 are closed forms of type (1,1),
because Ref = (6 + ) and Im6# = 5-(§ — 6). As explained before, we have
A = Hy(T,Z), and so to show that a closed form defines an integral cohomology
class, it suffices to evaluate it on vectors in A. If we substitute (uj,v1) and (ug,v2)
into the form dz A dw, we obtain w173 — usv;. The 16 evaluations of dz A dw can
thus be summarized by the matrix computation

—C a 0 ad — be 0 i(ad — be)
—d b | (a b ia b\ | be—ad 0 i(be — ad) 0

—ic ia <c d ic id> - 0 i(ad — bc) 0 bc—ad |’
—id b i(be — ad) 0 ad — be 0

which proves that all values of 6§ on A X A are contained in the set {0, £1, +i}. O

Now let & = Ref and 8 = Im6; both are closed (1, 1)-forms with integral coho-
mology class. Our next goal is to show that, for a generic lattice A (corresponding
to a generic choice of a,b,c,d € C), these are the only cohomology classes that are
both integral and of type (1,1).

Lemma 25.3. If the lattice A is generic, then H*(T,Z) N HYY(T) = Za @ Z.3.

Proof. Let e1, e, €3, e4 be the four basis vectors of A, and let e, €3, 5, e; € HY(T,Z)
be the dual basis. According to the calculation above, we then have

a=elNey—eiNe; and B=el Ney—esNes.
We can now write any element in H?(T,Z) in the form
* *
p= E uj k€5 N e,
1<j<k<4

where the six coefficients u; j are integers. In order for this form to be of type
(1,1), what has to happen is that dz A dw A ¢ = 0. For every choice of integers
u; k., this is a polynomial equation in the four complex numbers a, b, ¢, d.
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What are those equations? By a computation similar to the above, one has

—c a 0 ad — be —2iac —i(ad + bc)
—d b a b da b\ | bc—ad 0 —i(ad + be) —2ibd

ic ia (c d —ic —id) o 2iac i(ad + bc) 0 ad — be
id ib i(ad + be) 2ibd be — ad 0

from which it follows that
dzAdw = (ad—bc) (e Nes+esAer)—i(ad+be) (el Aej+esNel)—2iace] Nes—2ibdes Ney.

After simplifying the resulting formulas, we find that dzAdwAp = Ce] Aej AesNej,
where the coeflicient is given by

C = (ad — be)(us g + w1 2) — i(ad + be)(uz,3 + ui 4) + 2iacug 4 + 2ibduy 3.

To complete the proof, we have to show that for a general choice of (a, b, c,d) € C*,
the equation C' = 0 can only be satisfied if ¢ is a linear combination of « and /.

By subtracting suitable multiples of a and 3, we may assume that uz 4 = uz 3 =
0. We are then left with the equation

(ad — be)uq 2 — i(ad + be)uy 4 + 2iacus 4 + 2ibduq 3 = 0.

If we now set @ = b and ¢ = yd, and choose z,y € C algebraically independent
over Q, we arrive at

( —y)ure —i(z + y)ura + 2ixyus 4 + 20U 3,

which clearly has no nontrivial solution in integers w; 2,41 4, U2 4, u1,3. This proves
that each of the polynomial equations above defines a proper analytic subset of
C*, and consequently of measure zero. We have countably many of these sets
(parametrized by the choice of u; ), and it follows that the set of parameters
(a,b,c,d) € C* for which the corresponding J-torus satisfies HY(T) N H?(T,Z) #
Zo @ 7,8 has measure zero. ([l

From now on, we let T be a generic J-torus in the sense of Lemma Recall
that J defines an automorphism of T'. It is easy to see that we have J*6 = f~!(idz)A
(idw) = —0, and hence J*a = —« and J*3 = —f. Since T is generic, we conclude
that J*¢ = —¢ for every class p € H*(T,Z) N HYY(T).

Lemma 25.4. If T is a generic J-torus, then T contains no analytic subsets of
dimension one.

Proof. We will first show that T" contains no one-dimensional complex submanifolds.
Suppose to the contrary that C' C T was such a submanifold. Integration over C
defines a cohomology class [C] € H*(T,Z)N HY'(T), and by the calculation above,
we have [J~1C] = J*[C] = —[C]. This shows that [C] + [J~'C] = 0. But such an
identity is impossible on a compact Kéhler manifold: letting w be the K&hler form
of the natural Kahler metric on 7', the integral

/TwA([CH[J*lc}) :/Cw|c+/‘]ﬂcw|flc:VOI(C’)Jrvol(J*lC)

is the volume of the two submanifolds with respect to the induced metric, and
hence positive. This is a contradiction, and so it follows that T" cannot contain any
one-dimensional submanifolds.

Similarly, if Z C T is a one-dimensional analytic subset, one can show that
integration over the set of smooth points of Z (the complement of a finite set of

)
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points) defines a cohomology class [Z] € H2(T,Z)NH*(T), whose integral against
the Kéahler form w is positive. As before, we conclude that there cannot be such
analytic subsets in a generic J-torus 7. (]

The Levi extension theorem. To conclude our discussion of the class of compact
Kahler manifolds that can be embedded into projective space, we will prove Chow’s
theorem: every complex submanifold of P™ is defined by polynomial equations, and
hence an algebraic variety. We will deduce this from an extension theorem for
analytic sets, known as the Levi extension theorem. First, recall a basic definition
from earlier in the semester: a closed subset Z of a complex manifold M is said to
be analytic if, for every point p € Z, there are locally defined holomorphic functions
fisooo, fr € Oy (U) such that ZNU = Z(fy,..., fr) is the common zero set.

Here is the statement of the extension theorem (first proved in this form by the
two German mathematicians Remmert and Stein).

Theorem 25.5. Let M be a connected complex manifold of dimension n, and let
Z C M be an analytic subset of codimension at least k +1. If V. C M \ Z is an
analytic subset of codimension k, then the closure V in M remains analytic.

Ezample 25.6. Recall the following special case of Hartog’s theorem: if f is a
holomorphic function on M\{p}, and if dim M > 2, then f extends to a holomorphic
function on M. In the same situation, Levi’s theorem shows that if V' C M \ {p} is
an analytic subset of codimension 1, then its closure V is analytic in M. The Levi
extension theorem may thus be seen as a generalization of Hartog’s theorem from
holomorphic functions to analytic sets.

We begin the proof by making several reductions. In the first place, it suffices to
prove the statement under the additional assumption that Z C M is a submanifold
of codimension > k. The general case follows from this by the following observation:
by one of the exercises, the set of singular points of Z (i.e., those points where Z
is not a submanifold of M) is contained in a proper analytic subset Z;. Similarly,
the set of singular points of Z; is contained in a proper analytic subseteq Zs C Z;.
Thus we have a chain Z = Zy D Z; D Zs D --- of closed analytic sets, with each
Z; \ Zj+1 a complex submanifold of codimension > k in M. Since there can be no
infinite strictly decreasing chains of analytic sets, we have Z,., 1 = ) for some r € N.
We may now extend V successively over the submanifolds Z; \ Z;44, by first taking
the closure of V in M \ Zi, then in M \ Z3, and so on.

In the second place, the definition of analytic sets is local, and so we only need
to show that V is analytic in a neighborhood of any of its points. We may therefore
assume in addition that M is a polydisk in C" containing the origin, and that
0 € Z. After a suitable change of coordinates, we can furthermore arrange that the
submanifold Z is of the form z; = 20 = --- = 2341 = 0.

Thus the general case of Levi’s theorem is reduced to the following local state-
ment.

Proposition 25.7. Let D C C" be a polydisk containing the origin, and let Z =
Z(z1y. .oy zk41). If V is an analytic subset of D\ Z of codimension k, then V is an
analytic subset of D.

For simplicity, we shall only give the proof in the case k = 1 and n = 2. Exactly
the same argument works for & = 1 and arbitrary n, except that the notation
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becomes more cumbersome; to prove the general case, one needs to know slightly
more about the local structure of analytic sets than we have proved.

To fix the notation, let us say that D = A? is the set of points (z,w) € C? with
|z] < 1 and |w| < 1, and that Z consists of the point (0,0). Furthermore, V is
an analytic subset of D\ {(0,0)} of dimension one, and we may clearly choose the
coordinate system in such a way that the line z = 0 is not contained in V. We will
prove the theorem by explicitly constructing a holomorphic function H € &(D)
whose zero locus is V.

Let D' = A* x A be the set of points in D where z # 0. We first want to
show that V/ = V N D’ is defined by the vanishing of a single holomorphic function
on D’. Counsider the associated line bundle &p/ (—V'). We already know that
HY(D',0) ~ 0 and H*(D',Z) ~ 0, and so the long exact sequence coming from the
exponential sequence shows that H'(D’, 0*) ~ 0. We conclude that the line bundle
Op/(—V") is trivial, and hence that there is a holomorphic function h € &(D’)
whose zero set is the divisor V’. The rest of the proof consists in suitably extending
h to a holomorphic function H on a neighborhood of the origin in D.

Since V does not contain the line z = 0, the intersection V' N Z(z) consists of a
discrete set of points in the punctured disk 0 < |w| < 1. We may thus find a small
circle, say of radius € > 0, that does not meet any of these points. By continuity,
the set of points (z,w) with |z] < ¢ and |w| = ¢ will not meet V', provided that we
choose § > 0 sufficiently small.

Now we claim that V intersects each vertical disk in the same number of points.
For fixed z with 0 < |z| < 4, that number is given by the integral

Oh(z,w) 1, Z,

d(Z) - Tm |w|=e h(z,w) 0

1 1 Oh(z,w
w

which counts the zeros of the holomorphic function A(z, —) inside the disk |w| < e.
Since d(z) is continuous and integer-valued, it has to be constant; let d = d(0) be
the constant value.

For fixed z with 0 < |z| < ¢, we let wi(2),...,wq(z) be the w-coordinates of the
intersection points (in any order). The power sums

d
1 wk  Oh(z,w)
. k_ = P St e
;wj (2) 270 )= P(z,w0)  Ow

dw

are evidently holomorphic functions of z as long as 0 < |z| < §. By Newton’s
identities, the same is therefore true for the elementary symmetric functions oy (z).
On the other hand, |0 (z)] is clearly bounded by the quantity (Z) -e¥ and therefore
extends to a holomorphic function on the set |z| < § by Riemann’s theorem.

If we now define

H(z,w) = w? — o1(2)w?™ " + o9 (2)w? 2 + - + (=1)%04(2),

then H is a holomorphic function for |z| < ¢ and |w| < e, whose roots for fixed
z # 0 are exactly the points w(2), ..., wq(z). Its zero set Z(H) is a closed analytic
set which, by construction, contains all points of V' that satisfy 0 < |z] < § and
|w| < e. It is then not hard to see that Z(H) = V on the open subset where |2| < §
and |w| < &, proving that V is indeed analytic.
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Crass 26. CHOW’S THEOREM (DECEMBER 3)

We now want to show that complex submanifolds (and, more generally, ana-
lytic subsets) of projective space are algebraic varieties. As usual, we use homo-
geneous coordinates [zg, 21, ..., zp] on projective space. For a homogeneous poly-
nomial F' € Clzg, 21, .., 2y), the condition F(z) is invariant under scaling (since
F(\z) = M8 F () holds); this means that any collection F}, ..., F} of homoge-
neous polynomials defines a closed subset Z = Z(F1,. .., Fy) of P™. It is clearly an-
alytic; in fact, its intersection with each of the standard open subsets Uy, Uy, ..., U,
is defined by polynomial functions.

Definition 26.1. An analytic subset Z C P™ is said to be a projective algebraic
variety if it is of the form Z(Fi,..., F}) for some collection of homogeneous poly-
nomials.

The following result, known as Chow’s theorem, shows that any analytic subset
of P™ is actually a projective algebraic variety.

Theorem 26.2. If Z C P" is an analytic set, then there exist homogeneous poly-
nomials Fy, ..., Fy € Clzo,21,...,2s] such that Z = Z(Fy,..., F).

Proof. The proof consists in a simple, but very clever, application of the Levi
extension theorem. If Z = (), then we may take F; = 1; to exclude this trivial case,
we assume from now on that Z # ). Recall that by definition of P™ as a quotient, we
have the holomorphic quotient map ¢: C"**1\ {0} — P". The preimage V = ¢~ (Z)
is therefore an analytic subset of C"*1\ {0}. Note that each component of V has
dimension at least 1, since it has to be closed under rescaling the coordinates by
C*. This means that the codimension of V' is at most n; on the other hand, the
codimension of the origin in C"*! is n + 1. We may thus apply Theorem and
conclude that the closure V is an analytic subset of C"*1. Observe (and this is
important) that V is a cone: for z € V and A € C, we also have \z € V.

It remains to produce polynomial equations that define Z. Let &,11 be the
local ring at the origin in C"*! (its elements are germs of holomorphic functions,
or equivalently, convergent power series), and let I C &,,11 be the ideal of germs of
holomorphic functions that vanish on V. Any f € I can be written as a convergent
power series in z = (2, 21, - - -, 2n) in some neighborhood of the origin; thus

flz)=>_ fi(2),
j=0

with f; € Clzo, 21, ..., 2,) homogeneous of degree j. The fact that V is a cone now
implies that f; € I. To see why, fix a point z € V; for || < 1, we then have

0=f(\z2) = ij()\z) = Z)\jfj(z).

Since f(Az) is holomorphic in A, the identity theorem shows that we have f;(z) =0
for all j > 0. Consequently, f; € I as claimed. It follows that I is generated by
homogeneous polynomials.

By Theorem the ring 0,1 is Noetherian, and so [ is finitely generated.
This means that there are finitely many homogeneous polynomials Fi, ..., Fj €
Clzo, 21, - - -, 25] such that I = (Fy,..., Fy); it is then obvious that we have Z =
Z(Fy,...,Fy). O
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Combining Chow’s theorem and the Kodaira embedding theorem, we obtain the
following corollary.

Corollary 26.3. If a compact complexr manifold M carries a positive line bundle,
then M is isomorphic to a projective algebraic variety.

As a matter of fact, any globally defined analytic object on projective space
is algebraic; this is the content of the so-called GAGA theorem of Serre. More
precisely, Serre’s theorem asserts that there is an equivalence of categories between
coherent analytic sheaves and coherent algebraic sheaves on P*. We will discuss
coherent sheaves in more detail later on.

FEzxzample 26.4. For a simple example, consider holomorphic line bundles on P™. The
exponential sequence

HY(P",0) — H'(P",0%) — H*(P",Z) — H*(P", 0)
shows that the group of line bundles is isomorphic to Z (the two cohomology groups
on the left and right vanish by Lemma [19.2)). Thus every holomorphic line bundle
is of the form Opn(d) for some d € Z. These line bundles are actually algebraic,

because they are locally trivial on the standard open cover of P, with transition
functions given by polynomials.

The following lemma shows how Hartog’s theorem can be used to prove that
every holomorphic section of the line bundle &p- (d) on projective space is given by
a homogeneous polynomial of degree d.

Lemma 26.5. For d > 0, the space of global sections of the line bundle Opr(d) is
isomorphic to the space of homogeneous polynomials of degree d in Clzg, 21, ..., 2n]-

Proof. With respect to the standard open cover Uy, Uy, ..., U,, the transition func-
tions of the line bundle Opn(—1) are given by z;/zj; hence those of Opn(d) are
z,‘f / z}i. A global section of the line bundle is a collection of holomorphic functions
fj € Opn(U;) such that f; = z,‘f/z}ifk on U;NUj,. As before, let g: C" ™1\ {0} — P
be the quotient map, and put f]’ = fj oq, which is defined and holomorphic on the
set where z; # 0. The relation above becomes

1 =2t
which shows that z{f/ is the restriction of a holomorphic function on C™**\ {0}.
By Hartog’s theorem, this function extends holomorphically to all of C**!, and so

we obtain F' € ¢(C"*!) with the property that F = zjdf]’ for z; #0. For A € C*
and z # 0, we now have (for some 0 < j < n)

F(A2) = (M) fj(Az) = X2 fi(2) = MF (2),

and by expanding F into a convergent power series, we see that F' has to be a
homogeneous polynomial of degree d. We conclude that f; = F/ z;l, proving that
the original section of @pn(d) is indeed given by a homogeneous polynomial. The
converse is obvious. (I

Coherent analytic sheaves. When we studied the local properties of holomor-
phic functions, we showed that ,,, the ring of germs of holomorphic functions at
the origin in C", is Noetherian. This means that every ideal of &), is finitely gen-
erated. From this result, we deduced that any analytic set Z containing 0 € C" is
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locally defined by finitely many holomorphic functions: let I C &, be the ideal of
functions vanishing on Z; because Iz is finitely generated, there is an open neigh-
borhood D of the origin, and holomorphic functions fi, ..., fx € €(D) whose germs
generate Iz, such that ZND = Z(f1,..., fx)-

The Noetherian property only gives information about Z at the origin, though.
For instance, suppose that g € &(D) is another holomorphic function that vanishes
on Z. The germ of g belongs to the ideal Iz, and hence we have g = a1 f1+- - -+ax f
in the ring &,; but since a,...,a, may only be defined on a much smaller open
neighborhood of the origin, this relation does not describe g on D.

In fact, this stronger finiteness property is true: there exist holomorphic functions
bi,...,bx € O(D) with the property that g = a1 f1 +- - -+ bx fx. The natural setting
for such questions is the theory of analytic sheaves.

Definition 26.6. An analytic sheaf F on a complex manifold M is a sheaf of
abelian groups, such that for every open set U C M, the group of sections .#(U) is
a module over the ring of holomorphic functions €, (U), in a way that is compatible
with restriction.

Of course, 0 itself is an analytic sheaf. Here are two other classes of examples:

Example 26.7. Let Z C M be an analytic subset. Consider the sheaf .#7, whose
sections over an open set U C M are those holomorphic functions in &;(U) that
vanish along the intersection U N Z. Evidently, .#; is an analytic sheaf, known as
the ideal sheaf of the analytic set Z. Questions about holomorphic functions that
vanish along Z are then really questions about this analytic sheaf.

Ezample 26.8. Let p: E — M be a holomorphic vector bundle of rank r. Consider
the sheaf & of holomorphic sections of E; by definition, &(U) consists of all holo-
morphic mappings s: U — E with the property that p o s = idy. Then & is again
an analytic sheaf. As a matter of fact, & is an example of a locally free sheaf: if
p~1(U) ~ U x C", then the restriction of & to U is isomorphic to "
If % is an analytic sheaf, then at every point p € M, the stalk
Fp = (l}g}) F(U)

is a module over the local ring &) ,. For instance, the stalk of the ideal sheaf %z
is the ideal in the local ring @), defined by the analytic set Z. The question that
we were discussing a few moments ago now leads to the following definition.

Definition 26.9. An analytic sheaf % is said to be locally finitely generated if
every point of M has an open neighborhood U with the following property: there

are finitely many sections s1,...,s; € & (U) that generate the stalk .%, at every
point p € U.
The sections sy, ...,s; € F(U) determine a morphism &* — Z|y of analytic

sheaves, and the condition on the stalks is equivalent to the surjectivity of that
morphism. In general, the kernel of this morphism may not itself be locally finitely
generated.

Definition 26.10. An analytic sheaf .# is said to be coherent if, in addition to
being locally finitely generated, it satisfies the following condition: locally on M,
there exists an exact sequence of analytic sheaves

o L o2 Zu 0
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where F' is some ¢ X p-matrix of holomorphic functions on U.

The following result, known as Oka’s theorem, is fundamental in the theory of
coherent analytic sheaves.

Theorem 26.11. If F': ﬁi‘zp — ﬁf@q is a morphism of analytic sheaves, then the
kernel of F is locally finitely generated.

To illustrate the statement, suppose that D C C” is an open set, and f1,..., fx €
0(D) are holomorphic functions. The kernel of f: &(D)®* — @(D) consists of all
the relations between f1,..., fx, that is, of all k-tuples of holomorphic functions
ai,-..,ar such that a1f; + -+ + apfi = 0. Oka’s theorem is the assertion that
finitely many of these k-tuples generate all the relations.

Theorem 26.12. If Z C M is an analytic set in a complex manifold M, then the
sheaf of ideals Fz is coherent.

The following lemma can be proved directly from the definition of coherence,
with some diagram chasing.

Lemma 26.13. The kernel and cokernel of any morphism between coherent sheaves
s again coherent.

Lemma 26.14. Let F be a coherent analytic sheaf. If sections s1,...,s, € F(U)
generate the stalk of F at some point po € M, then they generate the stalks #, at
all nearby points.

Proof. The sections si,..., s, determine a morphism ¢: ﬁéek — &, and by the
preceding lemma, coker ¢ is again a coherent analytic sheaf. That the sections
generate the stalk of . at the point py means exactly than (coker ¢),, ~ 0. The
problem is thus reduced to the following simpler statement: if & is a coherent
analytic sheaf whose stalk at some point py € M is isomorphic to zero, then the
same is true at all points in a neigborhood of pyg.

The proof is easy. Indeed, ¢4 being coherent, there is an exact sequence

or L o Al 0

on some neighborhood U of the point py. Now %,  ~ 0 means that the matrix F,
whose entries are holomorphic functions on U, has maximal rank at the point py;
in other words, at least one of its ¢ X g-minors does not vanish at the point py. But
then the same minor is nonzero on some open neighborhood V' of py, proving that
Y|v ~ 0 as claimed. O

CLASS 27. STEIN MANIFOLDS (DECEMBER 5)

Coherent sheaves and Oka’s theorem. The definition of coherent analytic
sheaves that I gave last time is correct, but there is a better definition.

Definition 27.1. Let % be an analytic sheaf on a complex manifold M. We say
that # is coherent if

(1) & is locally finitely generated.
(2) If 51,...,8m € F(U) are sections of .# on an open subset U C M, then
the kernel of the morphism of sheaves

ﬁgam%y|U7 (f17"'7fm)’_>f181+"'+fm3m7

is again locally finitely generated.
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With this definition, Oka’s theorem becomes the statement that the sheaf of
holomorphic functions &y, is coherent. (The first condition is trivial; the second
condition is exactly the statement of Oka’s theorem.) The definition from last time
is not wrong, but it takes it for granted that &’; is coherent.

I also need to correct what I said about the ideal sheaf .#; of a closed analytic
subset being coherent. Oka’s theorem shows that the second condition is satisfied,
but the first condition is nontrivial. So this is a separate result, instead of just
being a corollary of Oka’s theorem.

Ezample 27.2. Here is a simple example of an analytic sheaf that is not coherent.
On the complex plane C, consider the analytic ideal sheaf .# defined by the rule

SO = Oc(U) if0¢U,
o ifoeU.

The quotient sheaf # = O /. is clearly locally finitely generated (by the morphism
Oc — %), and we have

. Jo if0gU,
J(U){ﬁ@(U) if0ecU.

But the kernel of ¢z — %, which is the ideal sheaf .#, is not locally finitely
generated, because its stalk at the origin is 0, but the stalks at nearby points are
nontrivial.

Continuing with additions to the previous lecture, I wanted to talk about the
proof of Oka’s theorem in a special case. Let M be a complex manifold, and consider
a morphism of analytic sheaves

Q. ﬁ?&m — O
We are going to use the Weierstrass theorems from Lecture [2]to carry out one of the
steps in the proof that ker ¢ is locally finitely generated. This is a local problem,
and so we may assume that M is an open neighborhood of the origin in C*. We
can then work in the local ring &,, = Ocn o, and our morphism of sheaves becomes
a morphism of &,-modules

0: O™ — 0,.
It is given by m germs of holomorphic functions py, ..., p, € O,. Using the Weier-
strass preparation theorem (in Theorem , we can make a linear coordinate
change and arrange that pi,...,pm € On_1[2,] are monic polynomials. Without
loss of generality, p; has the largest degree in z,; call this number d = degp;.

The kernel ker ¢ consists of all m-tuples fi,..., f,, € O, such that

fip1 + -+ frpm = 0.

We are going to show that it is generated by relations where f1,..., fin € On_1[24]
are polynomials of degree at most d. Consider an arbitrary relation fip; +--- +
fmPm = 0. Using the Weierstrass division theorem (in Theorem [2.10), we can
uniquely write

fi=aqjp1 + 1y,
where ¢; € 0, and r; € 0,_1[z,] has degree degr; < d — 1. We do this for
j=2,...,m. Then we get

(f1+ @2p2 + - + GmpPm)p1 + r2D2 + -+ + Tpm = 0.
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It follows that 71 = f1 + gap2 + -+ + gmPm € On—1]|zm] is also a polynomial, and
that degr; < m — 1. Because we have

fi=r1—(@p2+ -+ ¢mpm)
fo=ra+qp

fT)'L = Tm + qmP1,

we see that all relations are generated by polynomial relations (of degree < d — 1)
together with the “tautological” relations coming from the p; themselves. This is a
finite set, and more importantly, all these relations are defined for arbitrary values
of z,, instead of just in a small neighborhood of the origin.

Grauert’s theorem. We close this brief overview of the theory of coherent sheaves
by stating one of the most important results, namely Grauert’s theorem. Let
f: X — Y be a holomorphic mapping between complex manifolds. For any analytic
sheaf .# on X, one can define the so-called direct image sheaf f..%; for U CY, the
sections of this sheaf are given by (f..#)(U) = Z(f~1U).

Example 27.3. We always have a morphism of sheaves of rings 0y — f,Ox. Indeed,
for any open set U C Y, composition with the holomorphic mapping f defines a
ring homomorphism Oy (U) — Ox (f~1U).

The morphism 0y — f,Ox can be used to give any direct image sheaf f,.%# the
structure of an analytic sheaf on Y. Grauert’s theorem gives the condition for the
direct image of a coherent sheaf to be coherent.

Theorem 27.4. If f: X — Y is a proper holomorphic mapping, meaning that the
preimage of every compact set is compact, then for every coherent analytic sheaf F
on X, the direct image sheaf f«.F is again coherent.

On a compact complex manifold M, the trivial mapping to a point is proper; a
special case of Grauert’s theorem is the following finiteness result.

Corollary 27.5. On a compact complex manifold M, the space of global sections
of any coherent analytic sheaf is a finite-dimensional complex vector space.

Proof. Let f: M — pt map M to a point. Then f,.%# is nothing but the com-
plex vector space .# (M), which is coherent iff it is finite-dimensional. Since M is
compact, f is proper, and so the result follows from Grauert’s theorem. ([l

Of course, this need not be true if M is not compact: for instance, on the complex
manifold M = C, the sheaf of holomorphic functions & is coherent; but the space of
its global sections is the space of all entire functions, and thus very far from being
finite-dimensional.

Cohomology of analytic sheaves. Recall that for any sheaf of abelian groups .#
on a topological space X, we defined cohomology groups H*(X,.%) by the following
procedure: % has a natural resolution

0 F—s g0 L, g1 L, g2 &

the so-called Godement resolution, by flabby sheaves. Here .#° is the sheaf of
discontinuous sections of .#, then .#! is the sheaf of discontinuous sections of
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cokere, and so on. By definition, H*(X,.#) is the i-th cohomology group of the
complex of abelian groups

0—F°(X) = F(X) = F*(X) = -

Now suppose that X is a complex manifold, and .% an analytic sheaf. In this
case, each sheaf .Z¢ in the Godement resolution is again an analytic sheaf, and
so each abelian group Z¢(X) is a module over the ring @x(X) of holomorphic
functions on X. Consequently, the cohomology groups H!(X,.#) are themselves
Ox (X)-modules (and in particular C-vector spaces).

Theorem 27.6. If X is a compact complex manifold, and Z a coherent analytic
sheaf, then each cohomology group H*(X, F) is a finite-dimensional complex vector

space.

When doing Hodge theory on compact Kéhler manifolds, we have already seen
special cases of this result: for # = Ox, or F = QL etc.

Stein manifolds. On certain complex manifolds, the higher cohomology groups
of every coherent analytic sheaf are trivial.

Example 27.7. If D is a polydisk in C" (or C" itself), then H!(D,.#) = 0 for
every coherent analytic sheaf and every i > 0. Because of Dolbeault’s theorem,
we already know that this is true for the sheaf of holomorphic functions &p. To
extend the result to arbitrary coherent analytic sheaves, one proves that % admits
a finite resolution of the form

0— O%Pr — Ot — ... 0P — %P0 5 F ()
the result follows from this by purely formal reasoning.

Deﬁnit_ion 27.8. A Stein manifold is a complex manifold M with the property
that H*(M, %) = 0 for every coherent analytic sheaf # and every i > 0.

Example 27.9. Any complex submanifold of a Stein manifold is again a Stein man-
ifold. In particular, any complex submanifold of C™ is Stein. The proof goes as
follows: Let i: N < M denote the inclusion map. Then one can show that for any
coherent analytic sheaf .# on N, the direct image i..# is again coherent. (This is
a special case of Grauert’s theorem, but much easier to prove.) Moreover, one has
HY(N,Z)~ H'(M,i,%), and this obviously implies that N is a Stein manifold.

Example 27.10. Any non-compact Riemann surface is known to be a Stein manifold
by a theorem of Behnke and Stein.

Example 27.11. If M is a Stein manifold, then any covering space of M is again a
Stein manifold.

A Stein manifold always has a very rich function theory, since the vanishing of
higher cohomology groups of coherent sheaves makes it easy to construct holomor-
phic functions. To illustrate this, let M be a Stein manifold, and let & (M) be
the ring of its global holomorphic functions. We shall prove that any holomorphic
function on an analytic subset can be extended to all of M.

Lemma 27.12. Let Z C M be an analytic subset of a Stein manifold M, and let
f be a holomorphic function on Z. Then there exist g € On (M) with the property
that g(z) = f(2) for every z € Z.
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Proof. Let .7 denote the coherent ideal sheaf of the analytic subset Z. We have
an exact sequence

0— A, —> Oy — 1,07 — 0,
in which &7 denotes the sheaf of holomorphic functions on Z. Passing to cohomol-
ogy, we find that Onr (M) — 0z(Z) — HY(M,.%7) is exact. Now .#7 is a coherent
sheaf, and therefore H* (M, .#7) = 0 because M is a Stein manifold. It follows that
the restriction map Oy (M) — 0z(Z) is surjective. O

In particular, since every pair of points p,q € M determines an analytic subset
{p, q}, we see that holomorphic functions on a Stein manifold separate points.

Corollary 27.13. In a Stein manifold, every compact analytic subset is finite.
Proof. A holomorphic function on a compact analytic set is locally constant. [

Lemma 27.14. At every pointp € M, there exist holomorphic functions fy,..., fn €
Or (M) that define local holomorphic coordinates in a neighborhood of the point.

Proof. Let z1,...,2, € Op(U) be local holomorphic coordinates, centered at the
point p. If we denote by .# the ideal sheaf of the point p, then we have z; €
#(U). The quotient sheaf .#/.#2 is supported at the point p, and is in fact an
n-dimensional complex vector space, spanned by the images of z1,...,2,. Any
f € (M) may be expanded on U into a convergent power series of the form

fe) = 3 wret,
[11>1
and the vector determined by f is nothing but the linear part a1z1 + - - + an2n.
By the same argument as before, the short exact sequence

0> I%2 =7 = .7/9% =0,

together with the vanishing of the cohomology group H'(M, .#?), proves that the
restriction map .# (M) — . /.#2 is surjective. We may therefore find a holomorphic
function f; whose image in .# /.2 equals z;; it follows that the Jacobian matrix
O(fi,..., fn))0(21,...,2,) is the identity matrix at the point p, and so fi,..., fn
define a local holomorphic coordinate system by the implicit mapping theorem. [

CLass 28. THE EMBEDDING THEOREM (DECEMBER 10)

The Oka principle. A basic idea in the theory of Stein manifolds is the following
so-called Oka principle: On a Stein manifold, any problem that can be formulated
in terms of cohomology has only topological obstructions. Said differently, such a
problem has a holomorphic solution if and only if it has a continuous solution.

Ezample 28.1. Consider again the exponential sequence

HY(M, On) — HY (M, 0}) — H*(M,Z) — H*(M, Ou).
Since the higher cohomology groups of the sheaf &), are zero, it follows that the
space of line bundles on M is isomorphic to the group H?(M,Z). In other words,
every integral second cohomology class is the first Chern class of a holomorphic

line bundle; unlike the case of compact Kéhler manifolds, there are no conditions
of type.

A far more powerful theorem along these lines has been proved by Grauert.
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Theorem 28.2. Let M be a Stein manifold, and E — M a holomorphic vector
bundle. If E is topologically trivial, then it is also holomorphically trivial.

This is a very striking result. Suppose that £ ~ M x C" as topological vector
bundles; this means that E admits r continuous sections that are linearly indepen-
dent at each point p € M. Grauert’s theorem says that, in this case, E also has r
holomorphic sections with the same property.

The embedding theorem. We have seen that every complex submanifold of C™
is a Stein manifold. In fact, the converse is also true—this is the content of the
famous embedding theorem for Stein manifolds.

Theorem 28.3. Let M be an n-dimensional Stein manifold. Then there exists a
proper holomorphic embedding i: M — C?t! and so M is biholomorphic to a
complex submanifold of C?"+1,

The proof works by constructing sufficiently many holomorphic functions on M
to give a proper holomorphic embedding into C for some large integer N. As long
as N > 2n+1, one can show that projection from a generic point outside of M still
embeds the manifold into CV~!. In this way, one can reduce the dimension of the
ambient space to 2n + 1.

Ezample 28.4. C* is a Stein manifold, and may be embedded into C? by the (poly-
nomial) mapping ¢ — (t,¢71).

Ezample 28.5. Every non-compact Riemann surface is a one-dimensional Stein
manifold, and can therefore be embedded into C3. A famous unsolved problem
is whether there always exists an embedding into C2.

Embedding the unit disk. Rather than describe the proof of the embedding
theorem in general, let us focus on a specific example: the unit disk A in the
complex plane. We already know that A is a Stein manifold, and the embedding
theorem claims that A is isomorphic to a closed submanifold of C3. To verify this
claim, we shall now construct a (more or less explicit) embedding i: A < C3.

The unit disk is already embedded into the complex plane C, of course, but as
an open subset, not as a closed complex submanifold. In order for i(A) to be a
submanifold of C3 of that type, it is necessary for the embedding i to be proper,
which is to say that i(z) should go to infinity as z approaches the boundary of A.

For n > 1, let A,, denote the open disk of radius 1 — 1/(n + 1), centered at the
origin (and set Ag = 0).

0A,
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We shall define two holomorphic functions f,g € @(A) in such a way that |f(2)] +
lg(z)] > n for every z € A, \ A,_1. We may then set

it A—C3 i) = (zj(z),g(z))
This mapping will be a holomorphic embedding (because of the first coordinate),
and also proper (because of the second and third coordinate), and its image i(A)
is therefore a complex submanifold of C3, biholomorphic to the unit disk.
We begin by constructing f € €(A) with the property that |f(z)] > n + 1

on JA,,. To that end, we inductively define a sequence of holomorphic functions
f1, f2,..., such that

n—1
|fn(2)] ZZ|fk(Z)\+n+2 for z € 0A,,,
k=1

while
|fn(z)] <277 for z € A, _q.
Suppose that we already have fi,..., f,,—1. We may then take f,, to be a monomial
of the form
fa(2) = (anz)™.
We first choose (n +1)/n < a,, < n/(n — 1), to guarantee that |, 2| is less than

1 on A,_1, and greater than 1 on 0A,,, and then take (3, large enough to satisfy
both conditions. If we now put

f(2) =) fal2),

then f € O(A) because the series converges uniformly on compact subsets of A.
Moreover, for z € 0A,,, we have

n—1 00 0o
= 1l = S = S @ zn+2- 3 27 s n4,
k=1 k=n-+1 k=n+1
as desired.

Of course, the absolute value of f(z) is large only on the circles 9A,; on the
open annuli between them, there will be other points where |f(z)| is small. In fact,
we know from complex analysis that any holomorphic function f: A — C has open
image, and is therefore never proper. To overcome this problem, let

E,={z€A \An_1 | |f(z) <n}.

We now construct a second function g € &(A), with the property that |g(z)| > n
on F,. It will then be the case that |f(2)| + |g(z)| > n on A, \ A,_1, which is
what we need.

Observe that E,, is a compact subset of A, due to the fact that |f(z)] >n+1
on OA,,. Moreover, E,, is clearly disjoint from the compact set A,,_;. Proceeding
by induction, we shall again define a sequence of holomorphic functions g1, gs, .. .,
such that

n—1
g > Y lgr(2) +n+1  for z € By,
k=1

while
lgn(2)| <277 for z € A,y
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Suppose that we already have ¢1,...,9,-1. Let M, denote the supremum of
Ez;ll\gk(zﬂ + n + 1 over the compact set E,. Define a holomorphic function
h,, on a small open neighborhood of E,, UA,,_1, by letting h,, be equal to M,, +2~"
near E,,, and equal to 0 near A,,_;. By the Runge approximation theorem, we may
find a holomorphic function g,, € €(A) that approximates h,, to within 27" on the
compact set E,, U A, _1; this choice of g,, has the desired properties.

We may now set g(z) = Y., gn(z), which is again holomorphic, and satisfies
lg(z)] > n for every z € E, by the same reasoning as before. It follows that
|f(2)| 4+ |g(2)| = n on the annulus A,, \ A,,_1, and this proves that the mapping

A=C? 20 (f(z),g(z))
is indeed proper.

Note. It is possible to do better and embed the unit disk into C2. Alexander (in
the paper Explicit imbedding of the (punctured) disk into C?) has constructed an
explicit embedding of this kind. It uses the so-called elliptic modular function
A: H — C\ {0,1}; its basic property is that the elliptic curve C/(Z + Z7) has
Weierstrafl form y? = z(x — 1)(z — A\(7)). Alexander proves that the holomorphic
mapping
()\,)\’/)\(1 — )\)): H — C?

factors through the covering space H — A*, z — e2™%% and that the resulting
holomorphic mapping from the punctured disk A* to C? extends holomorphically
across the origin and gives a proper holomorphic embedding of A into C2.
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