Complex Geometry

George Torres

Fall 2020

Prof. Bernd Siebert

(I_Introduction

2 Local Theory|
2.1 Holomorphic functions of several variables| . . . .. ... ... ... ... .. ... .. ... ...,
2.2 Complex Vector Spaces|. . . . . . .. ... e
2.3 Thelocalring Ocnygl. . . . . . o o o o
2.4 Inverse and Implicit Function Theorems| . . . . . .. ... ... ... ... .. ... ... .. ...,

2.5 Analytic Sets: Local Finite Mappings and Dimension| . . . . .. ... ... ... ... .......

[3_ Complex Manifolds

3.1 ProjectiveSpace] . . . . .. ... ...
3.2 Non Algebraic Manifolds|. . . . . ..
3.3 ComplexTori| . ............
3.4 Holomorphic Group Actions| . . . .
3.5 Calculus on Complex Manifolds| . .
4 Vector Bundles and Sheavesl
4.1 Holomorphic Vector Bundles| . . . .
42 Sheaves| . .. ..............
4.3 Sheat Cohomology| . . ... ... ..

|5 Kahler Geometry|
iti [anifolds| . . . . . ...

b2 Kahler Manifolds| . . . . ... ...
B3 The Kahler Identities . . . . . . . . . ... . L
5.4 HodgeTheory| . . . . . . . . . . . e
55 Thedd-Lemmal . . . ... ...
5.6 _The Hard Lefschetz Theoreml . . . ... ... ... ... ... ... .. ................
5.7 Formality of Kdhler Manifolds|. . . . . ... ...... ... ... ... .. ... ... ... . ...

|6 Chern-Weil Theory|
6.1 Connectionsand Curvaturel . . . . . . .. . ... L
62 ChernClasses| . . . . . . . . o
6.3 Interpretationsof c; onlinebundles| . . . . .. ... .. ... o o oo oo
6.4 The Hirzebruch-Riemann-Roch Formulal. . . . . . ... ... ... .. .. o o 0 ..
I

Last updated August 23, 2023



These are lecture notes from the Fall 2020 course M392C Complex Geometry at the University of Texas at
Austin taught by Prof. Bernd Seibert. The prerequisites for following these notes is single variable complex
analysis, manifold theory, (e.g. from Guillemin and Pollack), and some familiarity with commutative alge-
bra, algebraic geometry, and sheaf theory. Please email me at gdavtor@math.utexas.edu with any typos and
suggestions.



1. Introduction
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(from the syllabus)

Complex geometry is the study of spaces endowed with holomorphic functions. The field connects the the-
ory of complex functions in one variable with differential geometry (differentiable functions) and algebraic
geometry (polynomial functions). Complex geometry indeed provides an ample source of examples for differ-
ential geometry, while providing the geometric picture for algebraic geometry.

The aim of the class is to provide a working knowledge of the subject to enable further study in any of the
many particular areas of research. The focus is thus on introducing techniques, illustrated by typical examples,
but without any particular application in mind.

Topics
The topics covered will roughly be:
I Local theory: Holomorphic functions, complex vector spaces, differential forms, analytic sets.
II Compelx Manifolds: Topology, examples, divisors, line bundles, coverings, blowing up.
II Kéhler Manifolds: Kéhler identities, Hodge theory, Lefschetz theorems.

IV Special topics: According to interests of participants, e.g. K3 surfaces, deformation theory, vector bundles.

Texts

The main reference is Huybrechts’ textbook “Complex Geometry” ([[Huy05]). An additional great source is
Griffiths/Harris’ classic “Principles of Algebraic Geometry” ([[GHZ8]). Both books are available online from
the UT library. Another text is “Holomorphic Functions of Several Variables” by Kaup and Kaup [[KBKS83].



2. Local Theory
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Lecture 8/27

2.1 Holomorphic functions of several variables &

There are three equivalent ways of formulating complex differentiability (holomorphicity) that one learns in an
introductory complex analysis class.

1. A function f : C — C canbe seen as a pair of functions u, v : R? — Rsuch that f(z+iy) = g(z,y)+ih(x,y).
For f to be complex differentiable, it must first be differentiable in the real sense; that is there exists a

Jacobian at every point:
_ (09 Oyg
Diy= (&Eh dyh
p

For f to be complex differentiable one also requires that this matrix, seen as a linear map of R* — R?,
is complex linear under the standard identification of R? and C. In other words, it must be of the form

< a b> . This means that:
-b a

09 = Oyh
83ch = —0yg

These are also known as the Cauchy-Riemann equations. Changing coordinates to z = z + iy and z =
x — iy and defining the operators:

0. = %(am _i0,), 0. = %(az +id,)

the Cauchy-Riemann equations are equivalent to 0z f = 0.

2. The second equivalent formulation is that f : U — C is holomorphic if for any point zy € U there exists a
ball B.(z9) C U such that it is a convergent power series in this ball:

flz)= Z an(z — 20)" Vz € Be(z0)
n=0

3. The third formulation is the Cauchy integral formula. A function f : U — C is holomorphic if and only
if it is continuously differentiable and for any B.(z¢) C U the folloiwng holds:

fe=gr [ S8

2T JaB.(z0) Z — 20

When we look at functions of several complex variables, the definition of complex differentiability stays
roughly the same. The standard complex coordinates on C" are zy, ..., z,, where z; = x; + iy;. Some take the

convention to never use “i” as both an index and as a complex number; we will not use this convention and hope
that it is clear which is which depending on the context.

Definition 2.1. Let U C C" be openand let f : U — C be a continuously differentiable function. Then f is holo-
morphic or complex differentiable if w — f(z1, ..., 2i—1, W, Zi41, ..., 2, ) isholomorphicforall zq, ..., z;—1, Zi, , ..., 2n, €
Uandforalli=1,....,n.
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A more explicit way to say this is that all coordinate functions z; = x; + iy; satisfy the Cauchy-Riemann
equations. Equivalently, 0z, f = 0 for all ¢ = 1, ..., n. The Cauchy integral formula can be obtained by applying
the one variable version to each component:

— 1 f(Cl?"'?Cn) d ...d
f(Z) (27”)n /|Z71—wi|=6i (Cl 7 Zn) . (Cn — Zn) Cl Cn

The natural domain on which this applies is different, however. It is the polydisk D.(w) = {21, ...,2n : 2z; —w; <
€; V i}, which is a product of disks of size ¢; and centers w;. The standard polydisk A™ has unit sizes in each
dimension and is centered at 0. Note that the boundary 9(A™) is not the same as {z € C" : |z| = 1} (known
as the Shilov boundary).

Just as in the one variable case, the Cauchy integral formula can be used to derive the power series represen-
tation of f in a polydisk D.(w) C U.

01500y8n =0

Definition 2.2. For any open subset U C C", we denote O(U) to be the collection of holomorphic functions
f:U — C. Given an inclusion U C V, there is a natural restriction map O(V) — O(U).

2.1.1 Domains of Holomorphy

Definition 2.3. Given U C C" open, the holomorphic hull is a domain V' O U with the following property. If
W D V is any set whose induced map O(W) — O(V) is bijective, then W = V.

For example, fuppose f € O(A?\ {0}). Then f extends over 0; i.e. the restriction map O(A?) — O(A?\ {0})
is bijective. This is a consequence of Hartog’s Lemma.

Lemma 2.4 (Hartogs). Let €, ¢ be such that ¢ < ¢, for all i. Then O(D.(0)) — O(D.(0)) is bijective.

Proof:

See Huybrechts [[Huy05]] Proposition 1.1.4. Note that injectivity follows immediately from the identity
theorem in one dimension (i.e. if there is an extension, it must be unique). Surjectivity is the substance
of this proof.

O

2.1.2 Weierstrass Polynomials

Suppose f is a holomorphic function on a polydisk. The zero locus is very similar to a polynomial zero locus.
This is a result of the Weierstrass polynomial associated to f.

Definition 2.5. A Weierstrass polynomial is a polynomial on one variable w of the form
f(2) =w? + a1 (2)w + ... + aq(z)

where the coefficients a;(z) are functions in n — 1 variables which are holomorphic in a disk which vanish at the
origin.

In one dimension, recall that if a holomorphic function f(z) vanishes at 0, then f(z) = z%g(z) for g(0) # 0
analytic. The polynomial z¢ is the Weierstrass polynomial associated to f at zero. The Wieirstrass preparation
theorem below is the generaliztion to higher dimensions. For f : C* — C, we denote f,,(z1) = f(21,22, ..., 2n),
where we see w = (2, ..., 2p).

Theorem 2.6 (Weierstrass Preparation). Let f : B.(0) — C be holomorphic with f(0) = 0and fy(z1) is not identically
zero. Then there exists a Weieirstrass polynomial g(z1,w) = g (21) and a holomorphic function h on a smaller domain
B (0) C B(0) such that f = gh and h(0) # 0. The polynomial g is unique.
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Lemma 2.7. Lete,¢’ > 0and f € O(D.(0)) and the zeros A1, ..., Ag of f are contained in D,/ (0) (the zeros are counted
with multiplicities). Then for any k > 0

2mi f(z)

where each \; appears as many times as its multiplicity.

n 1 /
Z)\f—— zkf(z) dz
i=1

Remark 2.8. The expressions on the left hand side are known as the Newton polynomials in the A;. It is a fact
that the polynomial ring generated by the elementary symmetric polynomials in variables x; is the same as the
polynomial ring generated by the Newton polynomials in z;.

Proof:
The residue theorem says that:

1 afE S Res, <zk f’(;;))

2me f(2) f(w)=0,weD,+(0) 7(2)
We can compute the residues at each w by writing f(z) = (z — w)?h(2), where d is the order of the zero
and h(w) # 0.
A O\ N a (1)
Resu (4 5) = oyt (e (+555)

o . -1 a1 ZF(dh(z) + (2 — w)h'(2)

—WZ% (dzdl(z—w) t h(z) )

= lim 2* (d B };1/((5)) - w)> Tl

where p(z) is some analytic function. Taking the limit we find Res,,(2* f/(2)/f(z)) = dw*. The result
now follows.

O

Proof of Weierstrass Preparation Theorem:

Let U ¢ C" ! be open and € > 0 such that f|yxa. has no zeros, which comes from the assumptions
of the theorem. For w € U, let A\ (w), ..., \j(w)(w) be the zeros of f[{,}xa., Wwhere d(w) depends on w a
priori. By Lemma2.7) (after shrinking U and e sufficiently) for k = 0, we have:

d(w)
1 9:f(2)
d(w) = Z A; (w) 57 /|z|=e 15 dz
i=1 -
This varies continuously with w, and so we must have d(w) = d be constant.
Define:
d
g(zw) = [z = xi(w))
i=1

The coefficients of this polynomial are elementary symmetric polynomials in the roots A;. By the remark

above, there is a way to express these as polynomials in the Newton polynomials Z?Zl Ai(w). Therefore,
as long as the Newton polynomials are holomorphic, g(z, w) is a Weierstrass polynomial. However, this
fact follows again from Lemma2.7]because the RHS of the Lemma statement is a holomorphic function.

O

Exercise 2.9 (Huybrechts 1.16). Consider the function f : C? — C, (21, 22) > 2521 + 2221 + 232} + 2} + 2923 and
find an explicit decomposition f = g,,h as claimed by the Weierstrass preparation theorem.
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Solution:

Indeed fo(z1) = 2% is not identically zero, and moreover we see that the degree of g,, must be 2. Let
a1(w) and az(w) be the roots of f,(z1) in a disk of radius sufficiently small. Writing f,,(21) = 21 (25 +
29 + 2321 + 21 + 2227), we see that 2; = 0 is a root always. So we can take a; (w) = 0. To find the second
root, we set the other factor to zero and solve for z;:

1
z§+zz+zgzl+222%+21:0 <~ Z%+<22+Z>Zl+(1+2’§):0
2

There are two solutions to this given by the quadratic formula:

1 1\?
21:—(22+)i (22+) —4(1—1—23)
22 22

Notice that, since we are working in a sufficiently small neighborhood of (0,0) we can use a first order
Taylor approximation:

1
21%2(Z2+Z> or z1~0
2

The first root is unbounded at 0, and so doesn’t exist in the e poly-disk of 0. The second does, so therefore:

as(w) = ay(z) = — (z2 + ;) + \/(z2 + ;)2 — 41+ 23)

This is holomorphic in a sufficiently small poly-disk about (0, 0). Finally, the Weierstrass polynomial is:

guw(z1) = (21 — a1(w))(21 — az(w))

1 I
=2 21+(zg+)— <22+) —4(1+ 22)
zZ9 zZ9

Lecture 9/1

2.1.3 Domains of Convergence

Consider the power series:

E akzk

keN™

where £ is a multi-index. Where does this converge? A good guess is some poly-disk, but that isn't quite right.
To determine the domain of convergence, we will use the following version of Abel’s lemma:

Lemma 2.10. Let w € (C*)" such that for all k € N", |ajw”| < C. Then Y, ay2* converges absolutely in D,,(0).

Proof:
Observe that for z € D,,(0), we have |z;|/|w;| < 1 for all j. Then we have:

k k
z z
k k k k

The RHS sum converges because it converges in each direction in N".
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Definition 2.11. Let s : C* — R%; be given by z = (|21, ..., |2x|). A Reinhardt domain is a preimage =" (Q2) for
2 C RY, connected and open.

Note that the preimage of any point under « is a torus, and so a Reinhardt domain is a union of tori (not neces-
sarily all of the same dimension). There is also a a Log map log : (C*)™ — R" given by z — (log |21}, ...,10g |zn]).
If U c C" is a Reinhardt domain, then it is logarithmically convex if log(U N (C*)™) is convex.

Proposition 2.12. If U is the domain of convergence of >, oy axz", then U is a logarithmically convex Reinhardt domain.
Proof:

It is clear that U is a Reinhardt domain because sending z + (¢ 21, ..., €% 2,,) does not change conver-
gence behavior. Now assume Y ay2* converges at |z| = pand |z| = o. This implies |a;p*| and |ajo*| are
bounded uniformly accross k by some constant C. Let x € RZ, be such that log(x) = alog(p)+ 8log(o),
where a + = 1. This is a convex combination of log(p) and log(c). Then for any multi-index k € N™:

log(x*) = log(x}* -+ xkm)
= Z ki log(x:)
=1

=a Z kilog(p;) + 5 Z k;log(o;)
= alog(p*) + Blog(c™)
< alog(C/lax|) + Blog(C/|ak|) = log(C/|axl)

This implies |axx*| < C, and hence by the Lemma above Y axz* converges on D, . This shows that U is
logarithmically convex.

O

2.1.4 The identity and open mapping theorems

Theorem 2.13 (Identity Theorem). Suppose that f and g are two holomorphic functions on a domain U C C™ which
agree on an open neighborhood of a point zy € U. Then f = g everywhere in U.

Proof:
By replacing f — f—g, it suffices to assume g = 0. Let Z C U be the locus of points where all derivatives
of f vanish. This is a closed subset of U. For any w € Z, expand f in a Taylor series that converges in a
polydisk D.(w) C U. Since the derivatives of f at w all vanish, the Taylor series is identically on D, (w).

Therefore D.(w) C Z, which means Z is open in U. Since Z is nonempty (by assumption that f vanishes
in an open subset somewhere), it and is both closed and open, we must have U = Z.

O

Theorem 2.14 (Open Mapping Theorem). Any non-constant holomorphic function f : U — C is an open mapping,
i.e. it maps open sets to open sets.

Proof:

This follows from the one dimensional case. Let z, be in the image of f and let wg be such that f(wg) = .
There is at least one direction (line) from wq in which f is not constant. If we restrict f to this line L, an
open neighborhood V' of 2, intersects L at an open subset of that line. Therefore f(VNL) C f(V)is open
by the one dimensional open mapping theorem and hence z; has an open neighborhood contained in
fV).

O
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Lecture 9/3 and 9/8
2.2 Complex Vector Spaces g
A complex vector space can be seen as a 2n dimensional real vector space together with a complex structure I,
which is an endomorphism such that /2 = —id. Every real vector space V can be complexified by tensoring
with C:
Ve VegrC

This complexified vector space is isomorphic to V@V, where the first component is understood to be the real part
of V®C and the second is the imaginary part. With this identification, the complex structure is (v, w) — (—w, v).

Conversely, a real structure on a complex vector space W is a conjugate-linear involution x : W — W. The
fixed locus V' = W* of this involution is a subspace such that there is a cononical isomorphism W = V ®@g C. In
other words, complexifying is compatible with choosing a real structure. The maps:

1
Re: W — W*, wH§(w+/€(w))

1
Im: W — iW", w»—)Z(w—ﬂ(w))

Provide two projections W — V.

If V is now a complex vector space, we can see it as a real vector space and hence complexify it to V @g C.
Doing so, we get a canonical isomorphism of complex vector spaces V @g C =2 V & V, where V is the complex
vector space with the same underlying real vector space as V' but with the complex structure —I. It is also
isomorphic to V @& V. Each of these three ways to write it comes with a complex structure, which we summarize
below.

( Vector Space V ®r C VaoVv VeV W
Iso. to V @g Cmaps v ® (a+bi) to | v & (a+ bi) (av, bv) (av + ibv, av — ibv)
Complex Structure v@a—v®a | (v,w)— (v, —w) (u,@) — (u,u)
2.3 The local ring O¢» <>

Definition 2.15. Given U C C" open, aset Z C U is analytic if for all w € Z, there exists V C U open containing
wand fi, ..., fnp € O(V)suchthat ZNV = {z € V| fi(2) = ... = fu(2) = 0}. If we make reference to an analytic
subset without a corresponding U, it is understood that U = C".

Note that the vanishing locus of a collection of holomorphic functions fi, ..., f,, is automatically analytic.
Every analytic subset is locally the vanishing locus of a finite collection of holomorphic functions.

Definition 2.16. A germ is an equivalence class of sets X C C" containing 0, where X ~ X' if and only if there
exists an open set 0 € U such that UN X = U N X'. A germ X is called analytic if there exists an open U D X
and holomorphic functions fi, ..., fr € O(U) such that X ~ Z(f1, ..., fx)-

The functions that cut out the analytic germs are exactly the set of germs of functions at 0, otherwise known
as Ocr o:

Definition 2.17. The functor O¢~» sending U — Og¢n (U) is a sheaf and we denote Oc¢r ,, to be its stalk at z. This is
the set of equivalence classes of pairs (also called germs) (U, f) for U an open neighborhood of zand f : U — C.
Two pairs (U, f) and (U’ f') are equivalent if there exists V. C U N U’ such that f|y = f'|v.

Remark 2.18. The ring Oc-  is also the ring of convergent power series C{z1, ..., 2} C C[[z1, ..., 2»]]. Moreover,
Ogn o = Ocn o \ m, where m is the maximal ideal m = {f € Ocn o | f(0) = 0}. For any f € Oc» o, we let Z(f) be
the analytic germ cut out by f about 0.
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Proposition 2.19. The ring Ocn ¢ is:
1. An integral domain and a UFD.
2. Noetherian.
3. A local ring with maximal ideal m = {f € Ocn o | f(0) = 0}.

Proof:

1. Suppose f-g = 0 for f,g € Ocn . Then without loss of generality f,g € O(D.). If f # 0, then
there exists z € D. with f(z) # 0, and hence we can shrink D, so that f|p () # 0. This implies
9|D€/ (-y = 0, and so by the identity theorem g = 0.

The fact that it is a UFD comes from an application of the Weierstrass Preparation Theorem. Using
the fact that R UFD = R[z] UFD, we find O¢n-1 o[2] is a UFD by induction on n. Then proceed
with the Weierstrass Preparation Theorem. For details, see [Huy05]].

2. We will prove this in subsection 2.5

3. Exercise.

O

Corollary 2.20. Given a germ of a hypersurface Z(f) with f € Ocn o \ {0}, it decomposes uniquely into germs of
irreducible hypersurfaces.

Lemma 2.21. Let f,g € Ocn o and Z(g) C Z(f). Then g divides f.

Proof of Corollary
Decompose f = g; --- g, for g, irreducible, by the UFD property. Thus Z(f) = Z(g1) U --- U Z(g,).
Since g; is irreducible and O¢~ ¢ is a UFD, it is prime. By Lemma 1.1.28 of [Huy05]], the germ Z(g;) is
irreducible. By Lemma 2.21, this is a unique decomposition.

O

Lemma 2.22. Let X be an analytic germ about 0 € C™. Then X is irreducible if and only if I(X) C Ogcn g is a prime
ideal.

2.3.1 The Nullstellensatz

The reason we localize all of this discussion to a point 0 € C" is because there are very useful ring properties
of Oc- ( that are very nearly identical to those of a coordinate ring of an affine variety. If X is a germ about the
origin, we denote I(X) C Ocn o to be the set of elements f such that X C Z(f).

Lemma 2.23. For any germ X, the set I1(X) C Ocn  is an ideal. If (A) C Ocn o denotes the ideal generated by a subset
A C Ocn o, then Z(A) = Z((A)) and Z(A) is analytic.

Definition 2.24. Given an ideal I in a ring R, the nilradical is /T = {a € R | a* € I for some k}.
There is a basic correspondence:
{I C Ocny | I =T} + {Analytic germs about 0 € C"}

I— Z(I)
1(Z)« Z
This is the analytic Nullstellensatz.

10
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2.4 Inverse and Implicit Function Theorems <>

Lecture 9/8

If U ¢ C™ is open, a holomorphic map f : U — C" is one whose components are each holomorphic.
Identifying C™ with R*™ via z; = x;+iy; and C" with R?" via w; = u;+ivj, we geta decomposition f; = g;+ih;.

The real Jacobian is:
Jrf(z) = <( 190 (D9 )> ., di=1,..mji=1,...n

(Oz;hi)  (Oy;hi)

seen as a real 2n by 2m matrix, which we see as an element of Hom(C™, C"), where C™ and C™ are seen as real
vector spaces. The complexified version of this linear map is:

Jef(z) = Jrf(z) ®idc

This now is a complex linear map in Hom(C™, C"). Rewrite this with z;, 2;, f;, f;:

J(Cf(z) = (827{2) (aza{lz) ) i=1..mj=1.,n
(8»2_7‘ fi) (azfjfj)

Exercise 2.25. Show that this version of J¢ is a conjugate to the first one and compute the conjugation matrix.

Since f is holomorphic, the off-diagonal blocks vanish and it takes the form:

Jof(z) = ((828fi) (aof))

We define J f(z) := 9., f;. Note that det J¢ f(z) = det Jr f(z) = (det J f(2))?. In particular, the maps J¢ f(z) and
Jr f(2) are automatically orientation preserving.

Definition 2.26. Amap f : U — V, where U C C™ and V C C" are open, is biholomorphic if there exists
g : f(V) — V holomorphic such that f o g = id¢(,) and g o f = idy.

Theorem 2.27 (Inverse Function Theorem). Suppose f : U — C" is a holomorphic map with J f(z¢) # 0 for some
2o € U. Then there exists U C U open containing zy such that f|y : U" — f(U’) is a biholomorphism.

Proof:

The existence of the local inverse g = f~! follows from standard multivariable analysis. We must show
that g is holomorphic. Let wy, ..., w, be coordinates on C". By the chain rule and the Cauchy-Riemann
equations for f, we have:

Ozazj(f_lof)

= Za’wkf_l 'afjfk‘—’_aﬂ)kf_l '82jf_k

k=1

= 0. fr O f !
k=1

= Jf(2) - (Oa, f71)

Since J f(z) is invertible in a sufficiently small neighborhood, we must have 9, f~! = 0 for all k in this
neighborhood.

O

11
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Proposition 2.28. If f : U — V is a holomorphic bijection, then it is biholomorphic.

Remark 2.29. Note that replacing “holomorphic” with “smooth” makes this not necessarily true. For example

y = 3.

Theorem 2.30 (Implicit Function Theorem). Let U C C™ x C™ be open and f : U — C™ be holomorphic. Let (z,w)
be coordinates on C™ x C". Assume Jf = (0w, f;) is invertible at some (zo,wo) € U and f(z0,wo) = 0. Then there
exists Uy C C™, Uy C C™ open with Uy x Uy C U and (zp, wo) € Uy x Us together with a function g : Uy — Uy such
that:

{(zw) € Uy x Us | f(z,w) = 0} = Ty = {(2,9(2)) | € U1}

Proof:

Once again, the existence of such a g is given to us by the real version of this theorem, so we must only
show that such a g is holomorphic. By construction, f;(z,g(z)) = 0 and hence by the chain rule:

0 =0z (fi(2,9(2)))
= Zawkfi<zag<z)) : 85]'9
k=1

= Jf(z,9(2)) (0z9)

Since J f(z, g(z)) is invertible for z in a sufficiently small neighborhood of zy, we have 9:,g = 0 for all ;.

0
2.5 Analytic Sets: Local Finite Mappings and Dimension &

Let R be a commutative ring with unit. Given f, g € R[t] of degrees d and e, respectively. Define:
¢: R[t)*" @ R[] — R[]

(p,q) = pg+ qf

This is an R-linear homomorphism of free R modules of rank d+e. We can take the determinant of this mapping,
which is called the resultant:

Res(f, g) = det(¢)
This is a polynomial in the coefficients of f and g
Remark 2.31. 1t f = ao [[;(t — A\;) and g = bo [ [;(¢ — 1), then the resultant is agbo [, ;(Ai — 15)-

The resultant has the property that Res(f, g) = 0 when f and g share a common factor. Indeed, if f = a fand
g = ag, then ¢(f, —g) = fg— gf = 0 and hence the determinant is zero. Moreover, the familiar discriminant A f

is Res(f, f').
Proposition 2.32. If Risa UFD, and if f,g € R[t] with f monic, then f and g being relatively prime is equivalent to
Res(f,g) = 0.

We will use this with the ring O¢» o, which is a UFD and we want to study analytic germs X = Z(f). Without
loss of generality, f is a Weierstrass polynomial g(w, 2) = w? + a1 (2)w?™! + - - + aq(z) where a; € O(D,). This
requires us to work in a polydisk D. C C"~! for the 2 variables. For p € N, define:

A, ={(z,w) € D x C |, g(z,w) =0i=0,...,u}

Note that Ay = Z(g). The higher critical loci A,, for 1 > 1 are the “bad” regions around where 7 : X C C" —
C"~! is not a local homeomorphism. In particular, observe that X \ A; — D, \ 7(4;) is a covering space. This
might be a problem, however, if 7(A4,,) = D..

12



Example 2.38. 2 LocaL THEORY

Figure 2.1: The mapping from Example which is not finite at the ori-
gin.

Lemma 2.33. If g is irreducible, for all p € N, w(A,,) is a proper analytic subset of D..

Proof:
Note that 7(Ag) = D., 7(A1) = Z(Res(g, 0wg)). In fact, 7(A,) = Z(Res(g,0w), -+ ,Res(g,0%g)). This
is well-defined because the resultants are polynomials in elements of Oc» . This exhibits w(A4,) as an
analytic subset. Moreover, it is proper because if 7(A;) = D, then Res(g, ¢') = 0 and so g and ¢’ have a
common factor. This contradicts the fact that g is irreducible.

O

Remark 2.34. Since A C D. is analytic and properly contained, then it is nowhere dense. This follows from the
identity theorem.

Exercise 2.35. Using the implicit function theorem, prove that X \ 4; — D, \ m(A;) is a covering space as
claimed.

Example 2.36. Consider the elliptic curve w? = z(z — 1)(z — A) with A € C\ {0,1}. We are taking f = w? —
z(z—1)(z = X). Fixp € C\ {0,1,A} and let X* C X = Z(f) be the subset away from the branch locus. The
unbranched covering X* — C \ {0, 1, \} outside of the points 0,1 and X is the same as a representation of
71 (C\ {0,1,A}) — S(7m~1(p)) = S2. Any generator ~; maps to the nonzero element of Ss.

Lecture 9/15

The following geometric version of Noether’s Normalization Lemma shows how, locally, analytic sets project
to a lower dimensional complex space with finite fibers. This is a generalization of the above discussion, where
we just considered sets of the form X = Z(f).

Theorem 2.37 (Local Finite Mapping / Noether Normalization). Let X C C™ be an analytic germ about 0. Then there
exists d < n and a linear coordinate system (21, ..., zd, Za+1, ---, 2n) Such that the projection m : C* — C%, (21, ..., z,) —
(21, ..., za) induces a proper and open surjection X — C? of germs with finite fibers.

13



2 LocaL THEORY

There is an algebraic proof of this theorem by observing that Ocn ¢ < Ox ¢ is an integral ring extension of
finite type.

The following is a non-example of such a projection. Let 7 : C* — C?, (z,y,2) — (z,y) and X = Z(y — zx).
For fixed z = ¢, this hypersurface is a line containing (c, 0,0). Therefore X is a family of lines (see Figure[2.T)); it
is also irreducible. However, 7 is not finite because 7~ (0, 0) is an infinite set. One can check that Ocz o — Ox g
is not an integral ring extension. However, if we change the projection slightly, we can ensure that the fibers are
finite.

We present two applications of Theorem

1. Dimension: The firstis simply that we can define dim(X) := d. How is this well-defined? One way to show
that is to use the branched covering picture and the inverse function theorem to write a homeomorphism
Ccd = Cd’, and conclude that d = d’. Another way is to show that it coincides with the Krull dimension
(maximal length of chains of prime ideals) of Ox o.

2. Stratification: If X is an analytic subset of U C C", then we can consider the singular locus X,z which is
analytic. This gives rise to a stratification:

XD Xsing ) (Xsing)sing D

Then the dimension of X can also be defined as dim(X) := dimc(X \ Xjing), which is the dimension in the
usual differential geometry sense outside of the singular locus.

14



3. Complex Manifolds

K3
o

A complex manifold is a real, even dimensional manifold with the additional condition that we require that the
atlas be holomorphic.

Definition 3.1. A holomorphic atlas of a smooth manifold is an atlas {(U;, ¢;)}, where each chart ¢ : U; — C”
is a diffeomorphism to its image, such that the transition functions ¢;; = ¢; o ¢;1 are holomorphic. Two

holomorphic atlases {(U;, ¢;)} and {(U}, ¢)} are called equivalent if all maps ¢; o d);.’l are holomorphic.

Definition 3.2. A complex manifold X of complex dimension n is a real differentiable manifold of dimension
2n equipped with an equivalence class of holomorphic atlases.

The holomorphic functions on a complex manifold X are maps f : X — C such that f o ¢; ' : ¢;(U;) — Cis
holomorphic for any chart (U;, ¢;) of X. This allows us to define the sheaf of holomorphic functions Ox (U) :=
{f : U — C holomorphic} and germs Ox , for p € X. Moreover there is the notion of holomorphic maps
between complex manifolds.

Definition 3.3. A continuous map f : X — Y of complex manifolds is called holomorphic if for any chart (U, ¢)
on X and (U’,¢') on Y, the map ¢ o f o ¢! is holomorphic. THe map f is called biholomorphic if it is also a
homeomorphism.

Let U ¢ C" be open and let f € O(U) \ {0}. Let X = Z(f), which we assume to be nonempty. This is a
complex manifold if Vf|x # 0, ie. for all z € X, there exists ¢ such that g—i(x) # 0. The implicit function
theorem shows that X is an n — 1 dimensional submanifold of C™. '

Example 3.4. Let X = Z(zu?—v?) C C3, where the coordinates on C? are (z, u, v). This is the Whitney Umbrella.
The singular locus is the z axis (z,0,0), which we can find by computing the partial derivatives. The locus of
points where X is locally reducible (i.e. reducible as a germ) is a subset of this locus. At 0, zu? — v € Ogs g is
irreducible. However, away from z = 0, locally we can take a square root h of z and so the function zu* — v* €
Ogs ;, can be factored (hu — v)(hu + v) and hence the germ of X at p # 0 is reducible. Therefore the reducible
locus is the origin.

Lecture 9/17

3.1 Projective Space <>

The most important example of a (compact) complex manifold is complex projective space:
CP" = {lines L through 0 c C"**} = (C"**\ {0})/C*

where the C* action is given by component wise multiplication. We will hereafter denote P* := CP". This
inherits the quotient topology via 7 : C"*1 \ {0} — P". Since $?"*! < C"*!\ {0} surjects on to P" via m,
complex projective space is compact.

Remark 3.5. For any finite dimensional complex vector space V', we can repeat this construction to get its pro-
jectivization P(V). Any complex linear map T : V' — W can also be projectivized naturally, denoted P(T'), and
hence P(—) defines a functor from complex vector spaces to complex manifolds.

We use homogenous coordinate notation on P":

P" 5 [z, ..., 2») := Equivalence class of (2o, ..., z,) under =

In other words, [z, ..., 2n] = [A20, ..., Azp] for any nonzero A € C. The standard atlas on P" is given by U; =
{l20y -y 2n) € P" | 2; # 0} for all i = 0, ..., n. These form an open cover of P". Moreover U; is biholomorphic to
C™ by taking

—_—
(204 <oy 2] 7> (20/ Ziy oovs Zi) Ziy ooy 20 ) i)

15



3 CoMPLEX MANIFOLDS

where the hat denotes omitting the variable z;/z; = 1. The change of charts ¢; 0 ¢; * : ¢;(U; NU;) — ¢;(U; NU;)
is given by:

wj wj Wy Wy wj Wy
This is visibly biholomorphic on its domain, and hence P" is a complex manifold.

Exercise 3.6. The projectivization functor defines a group homomorphism F' : GL(n + 1, C) — Bihol(P™) given
by T' +— P(T). Show that ker(F) = C* - E, where E is the set of diagonal matrices. We call PGL(n + 1, C) to be
the quotient of GL(n + 1, C) by this kernel.

3.1.1 Submanifolds of P*

A homogenous polynomial f € C[z, ..., z,] of degree d satisfies f(Azq, ..., \zn) = A f (20, ..., z,) for all A € C*.
This makes the zero locus Z( f) is well-defined on P™:

Z(f) = {[20’ 7Zﬂ] ep” | f(207 7Zn) = 0}
It is important to note that such a polynomial is not a function on P". However, it does define a zero set.

Definition 3.7. A complex hypersurface in P™ is the zero locus Z(f) for some non-constant homogenous f €
Clz0, ..., ). For any subset S of homogenous polynomials, we define Z(S) = (.5 Z(f) and call such a sub-
manifold algebraic.

Complex hypersurfaces and more generally intersections of complex hypersurfaces are submanifolds, as one
can verify using the implicit function theorem. More importantly, they are the only analytic submanifolds of P".

Theorem 3.8 (Chow 1947). Any analytic subset X C P" is of the form Z(S) for some subset S of homogenous polyno-
mials.

3.2 Non Algebraic Manifolds L

A natural question following Chow’s theorem is: do there exist complex manifolds that are not algebraic? The
answer is yes, and we can witness this by considering the field of meromorphic functions on a complex manifold.

Definition 3.9. A meromorphic function on a complex manifold X is an equivalence class of pairs (U, f) where
U C X isopen and dense, X \ U is analytic and nowhere dense, and f € O(U) such that for all z € X there exists
V C X containing = and g, h € O(V) such that f|yny = £ Two such pairs (U, f) and (V, g) are equivalent

if'ff|UmV = 9|UOV-

o

These are the functions which are locally quotients of holomorphic functions. What is hopefully clear is that the
set of meromorphic functions form a field, which we denote K(X).

Example 3.10. Let f = z/w on C? with coordinates (z, w). This has a pole at w = 0 if you approach along the w
axis, but approaching along, say, z = w?, you get 0 at w = 0. So we should be careful to note that meromorphic
functions are not necessarily just maps to CP' (i.e. allowing infinity). Some can be undefined at certain points
in their domain.

Definition 3.11. The algebraic dimension of a compact complex manifold X is the transcendence degree a(X) :=
trdeg K (X).

Remark 3.12. Note that for X C P" a submanifold, any meromorphic function on X is a rational function. This
shows K (X) is the field of rational functions on X and hence a(X) = dim(X).

16
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Lecture 9/22

Theorem 3.13 (Remmert-Siegel-Thimm). If X is a connected, compact, complex manifold, then a(X) < dim(X).

Proof:

Let dim(X) = nand let f1, ..., frn41 € K(X). We need to show that there exists F' € C[z1, ..., zn11] \ {0}
such that F'(f1, ..., fot1) = 0. The key idea is to construct this locally so that it vanishes to a large degree
and use the Schwarz Lemma.

Step 0: For all = € X, there exists U, C X open such that f;|v, = ¢;./hi . for some g; », hi» € Ox 4
with h # 0. Without loss of generality assume that g; , and h; , are relatively prime. Proposition 1.1.35
of [Huy05]] says that (after perhaps shrinking U, ), the functions g; ,;, h; ,, are relatively prime in O , for
any y € U,. Choose neighborhoods W, C V, C V, C U, all containing x, where V;, is a neighborhood
that maps to D;(0) € C" under a chart and W, maps to D; /5(0). Since X is compact, we can ensure that
X is covered by finitely many (say N) such Wy, := W,.. We also write ¢; 1 := ¢i 2, , Pi.k = Pi z,.-

Step 1: Now we construct F' € C[zy, ..., £,,+1] satisfying:

g <m, 9"“*’“) =0 VI <m,Vk
hik N1k

On Ui NUy, wehave g; i /hi 1 = gi¢/hi and hence h; j, = h; ¢ - i ge With @; ke = gi1/ i € O (U NUy).
In other words, ¢; 1¢ has no zeros or poles, which follows from the relatively prime assumption. Define:

n+1
Ore i= H Gi ke
=1
C = max{||¢rel }k,e=1,...5

where ||-|| is the sup norm on V;, NV ,. Note that by symmetry ¢y - ¢¢x = 1 and hence C > 1. With this,
for any polynomial F' of degree m, define G, by clearing denominators:

r <91,k gn+1,k> _ Gy,
hl,k: g aeny hn+1,k (Hn+1 hl k)m

=1

Symmetry implies G, = ¢};.G¢. Suppose we have m, m’ such that:

m+n+1 m —1+mn
() ) 2
We claim that () implies that there exists F' of degree m with 8 (g; ./hix)(zx) = 0for k = 1,..., N and
|I] < m/. This follows by dimension counts:

—1
(m +T: ) =dim{F € Clz1,...,xp4+1] | deg(F) < m}
m —1+n
< r_1 ) ={IcN"| Il < m’}| = dim{Differential operators o' for 1] < m,}
m —

Requiring that the differential operator vanishes at xj, for kK = 1, ..., N imposes N - (mr,n_,:“") linear con-

ditions on the space of degree at most m polynomials F. The assumption () ensures that there exists
at least one polynomial F* with the claimed property.

17
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Step 3: Now we proceed to the application of the Schwartz Lemma (see [[Huy05]] Proposition 1.1.36).
Since O’ F(- - - )(x1) = 0, we have that 3’ G (x1,) = 0 for all k and for all |I| < m/. Then for all x € W}, we
have the estimate |Gy (z)| < (3)™ C’, where C" = ||Gi|w, |- Fix k and let x € V.. Write C' = |Gy (z)|.
Since X = |J Wy, there exists ¢ such that € W,. We thus have:

Cl
C' = Gr(@)| = [Ge(@)] - |97 ()] < 5 C™

In other words, we have (1 — g:f ) ¢’ < 0. Now assuming we can find m, m’ such that:
Cm
— <1
S < (1)

that would imply C’ = 0 and hence Gy, = 0. Thus F(---) = 0, and we are done.

Step 4: The final piece is to show that there exist choices of m and m/' satisfying both () and (t).
Write C' = 2 for some non-negative \. Then the inequality C"/2™ < 1 holds iff m’ > Am. Since the
LHS (and resp. RHS) of inequality () is a polynomials of degree n + 1 (resp. n) in m (resp. m’), there
exist a, b such that:

m+n+1
m

> > am"™ ! for m > 0
r—1

N - <m . +n> <b(m ™ form’ >0
m' —1

We can take m > 2(2\)" and m’ = 2Am (which satisfies (1)). We see it also satisfies () because of the
polynomial estimates we have.

3.3 Complex Tori <>

The standard real n-torus is the quotient of the real numbers by the standard lattice 7 : R” — R"/Z". For
complex tori, we can identify C" with R?" in the standard way and to get a torus = : C* — C"/Z>" as well,
which is given the quotient topology as usual. Since 7 is a local homeomorphism, we get the structure of a
complex manifold on C"/Z?". More generally, if V' is a finite dimensional complex vector space and I' C V is a
discrete free abelian group of maximal rank, fix an isomorphism V' — C". Then there are induced isomorphisms
I' = Z" + Z7 + ... + Z7, where 7; € C" parameterize the elliptic curves that we can get.

Proposition 3.14. With above, V/T = (S1)*". Moreover, V)T =2 V' /T’ <= JA € GL(n,C) such that A(T) =T".

3.3.1 Elliptic Curves

Elliptic curves are complex tori of (complex) dimension n = 1. Given a lattice I' = Zz; + Zz, and the corre-
sponding elliptic curve E' = C/T’, by the above proposition we can assume without loss of generality that z; = 1
and Re(zz) > 0. This means that elliptic curves are parameterized by 7 € H, the upper half plane, and are all of
the form F = E. :=C/Z + Zr.

Exercise 3.15. Show that £, is biholomorphic to £, if and only if there exists A = (‘; 3) € SLy(Z) such that

at+b

r_
T = ct+d”

As a result of the exercise, we have that:

{Elliptic curves}/Biholomorphism «— H/ SLy(Z)

18
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Figure 3.1: A fundamental domain for H/ SLy(Z), or the moduli space of

)s
elliptic curves. It is the set of z such that | Re(z)| < £ and |z| > 1

Note that SLy(Z) = ((§ 1), ( %, §))- Therefore the space of elliptic curves is in bijection with the upper half plane
modulo two operations. The first operation sends 7 — 7 + 1 and the other maps 7 — —7~!. A fundamental

domain for H/ SL2(Z) is shown in Figure

For higher dimensions n > 1, this analysis generalizes where the lattices can be assumed to be of the form
I' =Z" + AZ", where A € H,, C GL,,(C) is an element of a space called the Siegel upper half plane.

3.3.2 Plane Cubic Curves

While there are no non-constant holomorphic functions on the torus, there are interesting meromorphic func-
tions. One important example is the Weierstrass g function associated to a lattice I' = Z + Z7

@(2):;12+ > <(Z_1w)2:2> 2¢T

wel\{0}

This is a meromorphic function on C with double poles in points of I'. It is also I'-periodic, i.e. p(z +w) = p(2)
forallw e I‘E] It follows that p € K(F) where E = C/T. By Siegel’s theorem (Theorem 3.13), there must be an
algebraic relation on p and ¢'. It is:

P =40 — gop — g3

where: .
= =60 E — € OH
200 =0 2 Gam €O
1
= = 140 E —— c OH
93 = g3(7) i Z00) (m + n7)8 € O(H)

These are examples of elliptic modular forms of weight 4 and 6. They are also examples of Eisenstein series G},
(gg = 60G4 and gs = 140G6).

We define a map C\T' — C? by z — (p(2), ¢'(z)) and regard it a map C — P? given by z — [p(2), ¢'(2), 1].
Since p and g’ are I periodic, this map factors through E:

C —— P?

I This can be seen by first checking that the derivative g’ is I'-periodic

19
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Let X = im(¢). Notice that the points in X satisfy Y? = 4X3 — g2 X — g3. We can homogenize this to Y27 =
4X3 — goZ% — g373,and so we have X C V(Y27 —4X3 — g2 X 7Z? — g373). In fact, this is an equality:

Theorem 3.16. A one dimensional complex torus E = C/Z + Z for T € H is biholomorphic to the plane cubic curve
C cPPwithCNCE, = Z(y* — 42® — ga (1) — g3(7)).

This shows how elliptic curves are all algebraic and take the form of the vanishing locus of a regular cubic
polynomial in P2

3.4 Holomorphic Group Actions &

Definition 3.17. A (complex) Lie group is a differentiable (complex) manifold G together with a group structure
such that G x G — G, (z,y) — zy~! is differentiable (holomorphic).

Example 3.18. Some examples are:

e Linear groups: GL,,(C), SL,(C), Sp,,(C) but not U,,(C). For n > 1 these are not compact and n > 1 these
are not abelian.

e A complex torus X = C" /T is abelian and compact.
o Finite/discrete groups.
Proposition 3.19. If G is a connected, compact, complex Lie group then G is abelian.

Proof:
For g € G consider:
®,:G— G, h g thyg

Then G abelian if and only if Vg € G the map ®, = id. We apply the maximum principle to the compo-
nents of the adjoint action:

Ad: G — Aut(g) =2 GL,(C), g (Pg)le

where g = T,G is the Lie algebra of G. Since this is a holomorphic map, we must conclude that Ad is
constant and hence must be the identity. Finally, we use the basic fact of Lie theory that the exponential
map exp : g — G given by £ — 7(1), where v : R — G is the unique homomorphism with 4/(0) = &,
commutes with ®,. Thus:

P4 (exp(§)) = exp((Pg)+£) = exp§

Therefore @, is the identity.

3.4.1 Group Actions and Quotients

Let X be a topological space and suppose a group G acts on X continuously, i.e. the map G x X — X given by
(g,z) — g - x is continuous. Generally, the quotient space X/G won't always be a nice space if the action of G
doesn’t meet certainc conditions. We will consider the case where X is a complex manifold, G is a complex Lie
group, and the action is holomorphic. The two condition we need on the action in order to get a nice quotient
are free-ness and proper-ness.

Definition 3.20. A group action G on a topological space is called free if for all g # e € G, and all X, we have
g -z # x. The action is called proper if the map G x X — X x X, (¢9,z) — (g -z, x) is a proper map.

Theorem 3.21. Let G be a complex Lie group which acts freely and properly on a complex manifold X. Then the quotient
X /G is a complex manifold in a natural way and the quotient map w : X — X /G is holomorphic. Moreover, 7w : X — X/G
is a principale G-bundle.
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Some examples of such quotients we have already seen are:
1. The C* action on C"*!\ {0} that gives rise to P".
2. The action of a full-rank lattice I" on C™ gives rise to an elliptic curve.

Example 3.22 (The Versal Family of Elliptic Curves). TODO

Lecture 9/29

Proposition 3.23. If G is discrete and X is locally compact, then a group action is proper and free if and only if G acts
properly discontinuously, i.e.

i. Forall x € X there exists U = U(x) such that Vg € G \ e such that g(U) N U = {.
ii. Forallz,y € X withy ¢ G - x, there exists U = U(z),V =V (y) such that G- UNG -V = 0.

3.4.2 Ball Quotients

An important class of quotient manifolds are ball quotients. Let X be a Riemann surface whose universal cover is
isomorphic to A = H. Then ¥ = H/T where I' = m;(X). Here I can be seen as a discrete subgroup of Aut(D) =
SU(1,1) = SL(2,R)/{+£1}. Forexample, if ¥ is a closed genus 2 surface, thenI" = (a, b, c,d | aba='b~tede™1d™! =
e). This surface admits a hyperbolic structure, and hence X can be seen as a quotient of the hyperbolic disk by
geodesics which are lifts of generators of T (see Figure [3.2). This is an example of a Ball quotient in complex
dimension 1.

More generally, if n > 1, then the ball B;(0) C C™ can be mapped into P" via a chart as a subset Uy C P" of

the form:
20> =Y |zl > 0}

i>1

Uy = {[2’0, ,Zn] e p”
This is invariant under SU(1,n) = SU((, -)), where (-, ) is the metric:
<Z, ’LU> = 2()'[1}(] — Z Eiwi
i>1
In fact, Aut(B1(0)) = SU(1,n). A ball quotient is a quotient of Uy = B;(0) by any discrete subgroup I' C SU(1, n)
acting freely on D.

3.4.3 Finite Quotients of Products of Curves

Let C be a closed Riemann surface and £ = C/I" an elliptic curve. Let G C (FE, +) a finite group acting on C.
Then we get a free, proper action on C' x E given by ¢ - (z,y) = (¢ - =,y + g). The quotient X := (C x E)/G
is called a bielliptic or hyperelliptic surface. There is a map 7 : X — C/G which is holomorphic, and if G acts
freely, then the fibers 7—1([2]) are isomorphic to E. If not, then 7=1([z]) & E/ Stab(z).

A hyperelliptic curve is a Riemann surface that arises as a 2:1 cover of P!. There is a Z/2 action given by
swapping branches. There is also a Z/2 action on an elliptic curve given by z — —z.

Lecture 10/1

3.4.4 Hopf Manifolds

Let A € C* with |\| < 1and definea Z action ZxC"\{0} — C"\{0} givenby k-(21, ..., z,) := (A¥z1, ..., \¥2,,). This
is a proper and free action, and hence X = (C"\ {0})/Z is a manifold, called a Hopf manifold. It is diffeomorphic
to S' x §?"~1 and hence the latter can be endowed with a complex structure.
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Figure 3.2: Cayley graph of the fundamental group I" of a genus 2 Riemann
surface, seen as a quotient of the Hyperbolic disk by I'. The fundamental
domain is the hyperbolic octagon in the center. Code to generate this im-
age can be found at https://github.com/geodavic/hyperdraw.

22


https://github.com/geodavic/hyperdraw

3 CoMPLEX MANIFOLDS

3.4.5 Iwasawa Manifolds

Consider the Heisenberg group:

1 Z1 zZ9
G = 0 1 =z Z; € C) C GL3((C)
0 0 1

This is isomorphic to C3. The set I' = GNGL3(Z+Zi) acts on G properly and freely. Then the quotient X = G/T
is called the Iwasawa Manifold. Note that there is a natural map 7 : X — E x E, where E = C/(Z + Zi) given by
(21, 22, 23) = (#1, z3). This makes X a holomorphic fiber bundle with fibers E, but X 2 E x E x E.

3.4.6 Grassmannians

Recall the Grassmannian:
Gr(k,n) = {W c C" linear | dim¢ W = k}

Note that Gr(1,n) = P*~! and Gr(n — 1,n) = P"~!. The group GL(n, C) acts transitively on Gr(k,n). We can
produce a chart of Gr(k,n) at W = C* x {0} by seeing the nearby planes to W as graphs:

Mat((n — k) x k,C) — Gr(k,n)

. E %
A im :CY—C"

A
Unlike the previous examples, Grassmannians are actually algebraic manifolds. This can be proven by using
the Pliicker embedding:

L : Gr(k,n) — P(A*C™) = p(i)-1

which takes a basis {v1, ..., vx} of W and maps it to [v; A --- A vg]. This is well-defined because a change of
basis will mutliply the wedge product by a scalar. One can show that there are algebraic relations on the image
of this embedding, called the Pliicker relations. For example, Gr(2,4) is a hypersurface in P° with the relation
Z1Zy — ZsZy + ZsZs = 0, where Z; are the homogenous coordinates on P,

R

3.5 Calculus on Complex Manifolds w»

Let M be a complex manifold. The real tangent bundle Tx M has local coordinates 0,,, ..., 0y, , 0y, , ..., Oy, . This
can be complexified to Tc M = Tr M ®r C =T M & T M. Locally, the coordinates become:

9., = 5 (04, —10,,) (spansTM)

N | =

0z, = % (0, +1i0,,) (spans TM)

We call TM the holomorphic tangent bundle. Dually, we can look at the cotangent bundle Tz M and get a
complexification Tg M = Ti M @g C = T*M &T* M. We will also sometimes write this as 7'M & T M (note
that this notation differs from Huybrechts). More generally, we set 779M := APT*M ®c AYT*M. The basis
elements of 779 M are locally of the form:

dZil /\-~-dzip/\d2j1/\--~/\d§jq

We denote A% to be the sheaf of k forms (sections of A*T*M) and A% to be the sheaf of p, ¢ forms. There
is a natural decomposition:
Ay = P AR

p+q=Fk
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with AP4y = A%P. We let 777 : A% — AR be the projection. The operators 9, d can be defined on AP¢(X) by
projecting the exterior derivative; thatis, 9 := n?T1:90d and 0 := 77*! o d. Integration of forms can be defined
on complex manifolds by integrating real and imaginary parts separately as real forms.

The Dolbeault cohomology of a complex manifold is the cohomology of the chain complex (AP-*,9). It is
thus:

 ker(9: APY(X) — APTTL(X))

~im(0 : AP (X)) — AP(X))

We will see in a future section that this is the same as computing the sheaf cohomology of the sheaf of holomor-
phic p forms Q..

HP4(X) := HI(AP*, )

4. Vector Bundles and Sheaves

K3
”
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4.1 Holomorphic Vector Bundles <>

A holomorphic vector bundle is a vector bundle in the holomorphic category. In other words, itisamap 7 : £ —

X with local trivializations @ : 7= (U) 2 U x C7 such that dy 0 <I>[}1 is a complex linear transformation, where
defined. Holomorphic vector bundles define a comlplex vector space fiberwise over X, and the dimension of
that space (in this case r) is called the rank. The fibers 7—!(z) we denote by E,. A section of a holomorphic
vector bundle is a map s : X — E such that 7 o s = id. The zero section is defined by sq : X — E given by
sending z +— 0 € 7~ !(x).

A morhpism of vector bundles 7 : £ — X and 7’ : E/ — X is given by a holomorphic map ¢ : E — E’ such
that the restriction to a fiber ¢, : E, — E/ is complex linear and the rank of ¢, is constant over x € X. It must
also satisfy the commutative diagram below:

E——F
X

They are isomorphic if ¢ is a biholomorphism. Given two holomorphic vector bundles E and E’ over a complex
manifold X of rank r and +’/, there are several vector bundles that can be constructed from them in the same way
as with real vector bundles:

¢
7.‘_/

i. The direct sum E @ E’ is the holomorphic vector bundle whose fiber is isomorphic to E, @ E!. This has
rank 7 + 1.

ii. The tensor product E @ E’ is the holomorphic vector bundle whose fiber is isomorphic to E, ® E’. This
has rank rr’'.

iii. The exterior powers A’E and symmetric powers S°E are the holomorphic vector bundles over X whose
fibers are isomorphic to A"(E,) and S*(E, ), respectively.

iv. The dual bundle E* is the holomorphic vector bundle whose fiber over z is (E,)*.
v. The determinant line bundle of a holomorphic vector bundle of rank ris det(E) = A"E.

vi. The projectivization of E is the bundle P(E) whose fibers are P(E,). It can als be defined as:

P(E) = (E'\ s0(X))/C*
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4 VECTOR BUNDLES AND SHEAVES

vii. Given a morphism ¢ : E — E’, the kernel ker(¢) and cokernel coker(¢) are vector bundles whose fibers
are the kernels ker (¢, ) and cokernels coker(¢,,).

viii. A short exact sequence of holomorphic vector bundles is:

0 E F G 0
where ker(F — F') = 0 and coker(E — F) = G.

ix. Given a holomorphic map f : ¥ — X, we can form the pullback bundle f*E =Y xx E = {(y,u) €
Y x E'| f(y) = n(w)}. This is a vector bundle over Y whose fiber over y is E(,). When f is the inclusion
of Y as a submanifold into X, then we call f*F := E|y the restriction of FE to y.

Remark 4.1. Ttis important to note that in the category of holomorphic vector bundles (unlike with differentiable
vector bundles), short exact sequences don't necessarily split.

Given a holomorphic map f : ¥ — X and a holomorphic vector bundle 7 : E — X, we can form the
pullback bundle f*E =Y xx E={(y,u) €Y x E| f(y) =7n(u)}.

Example 4.2. The first interesting line bundle one comes across is the tautological line bundle on P(V') for a
complex vector space V. Itis O(—1) := {({,v) € P(V) x V | v € £}. In other words, over each point in P(V) is
the line represented by that point.

Exercise 4.3 (Huybrechts 2.2.9). Show that O(—1) \ so(P") can be naturally identified with C"*1\ {0}. Use this
to construct a submersion 52"+ — P" with fiber S*. For n = 1, this is the Hopf fibration S' < % — S2.

Solution:

Recall that O(—1) = {(2,£) € C"*! x P" | z € £}. This has a projection onto C"*! given by taking the
first factor. Away from 0 € C"*!, there is an obvious inverse given by z — (z,span(z)). Therefore we
have an isomorphism of C"*! \ {0} and O(—1)/so(P"). The desired fibration comes from taking the
inclusion $?"*1 — C"*! = O(—1)/s0(P™) followed by the projection onto the second factor to P".

4.1.1 Line Bundles
Line bundles have the interesting property that tensoring them produces a new line bundle. Since tensor prod-
ucts are associative and L ® L' = L’ ® L, we get an abelian group called the Picard group:
Pic(X) := {L — X line bundles}/ =
The Picard group of C" is trivial and the Picard group of P" is isomorphic to Z and is generated by the tauto-
logical bundle O(—1).
Proposition 4.4. There is a natural isomorphism Pic(X) = H (X, O%).
Proof:
See [[Huy05]] Corollary 2.2.10.
U

Remark 4.5. Note that a vector bundle being topologically trivial is not the same as being holomorphically trivial.
This is why Pic(C™) = {0} is not quite a trivial fact.

Exercise 4.6 (Huybrechts 2.2.7). Let L, and Ly be two holomorphic line bundles on a complex manifold X.
Suppose that Y C X is a submanifold of codimension at least two such that L; and Ls are isomorphicon X \ Y.
Show that L; = Ls.

Theorem 4.7 (Birkhoff - Grothendieck ). Every vector bundle of rank r on P* decomposes as a direct sum of line bundles
E =@, O(—1)®% where a; € Z.

Theorem 4.8 (Atiyah). Given M = C/A an elliptic curve, there exist indecomposable bundles E1, Es, ... of rank
rank(E,) = r such that if E — M is an indecomposable (of degree 0) then E = ©* E; for some i and ¢ € Aut(M).
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4.1.2 Tangent, Cotangent and Normal Bundles

The tangent bundle and cotangent bundle are natural holomorphic vector bundles associated to any complex
manifold. There is also the canonical line bundle Ky = A"(T*X) = det(T*X). Now, given a complex subman-
ifold Y C X, we getan inclusion TY — TX.

Definition 4.9. The holomorphic normal bundle to a submanifold Y C X is the quotient Ny, x = T X|y /TY.
Proposition 4.10 (Adjunction Formula). Let Y C X be a submanifold. Then Ky = Kx|y ® det(Ny,x).

This follows from applying the following lemma to the short exact sequence:
0 —— TY —— Tx|ly —— Ny;x —— 0

Lemma 4.11. Suppose we have a short exact sequence of holomorphic vector bundles 0 — E — F — G — 0, then
det(F) = det(E) ® det(G) canonically.

4.2 Sheaves <&

We briefly remind the reader of the essential notions of sheaves.

Definition 4.12. A presheaf (of abelian groups) on a topological space X is a contravariant functor 7 from the
category of open sets in X to the category of abelian groups. In other words, to every open set we have an
association of U to an abelian group F(U) and the inclusion maps i : U — V give us restriction morphisms
r=F@): F(V)— F(U). Moreover F () = 0.

Definition 4.13. A sheaf is a presheaf F that satisfies the vanishing and gluing properties. That is, for all U =
UVi, Vi C X open, we have:

1. If s € F(U) and s|y, = 0 for all 4, then s = 0.

2. If s; € F(V;) and for all i, j we have s;|v;nv; = s;|v;nv;, then there exists an extension s € F(U) such that
S\v; = Si.

The use of abelian groups here is not special; there are analogous notions of sheaves over other categories,
such as sets, rings, etc (though the definition has to change slightly for each).

Lecture 10/8

Example 4.14. The following are three common examples of sheaves that we use.

e Givenaholomorphic vectorbundle E — M, the sheaf of sections of this bundle is {(U) = {holomorphic sections s :

e Given an analytic subset A C M, the ideal sheaf J 4 is the sheaf sending U — {f € On(U) | A C Z(f)}.

e Given an abelian group A, the constant presheaf A sends U to A itself. This won't in general be a sheaf;
however, a locally constant sheaf F is one for which every point € M has a neighborhood U such that
F|u is a constant sheaf.

e Given an abelian group A, the skyscraper sheaf at a fixed point € M is the sheaf sending U +— A iff
xz € Uand U — 0 otherwise.

Morphisms of sheaves are natural transformations. In other words, a morphism of sheaves ¢ : 7 — G
consists of the data of a morphism ¢(U) : F(U) — G(U) for every open set U such that, for every pair V' C U
open, we have the commutative square:

Fu) 29 gw)
Fv) 2% gv)
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4 VECTOR BUNDLES AND SHEAVES

The stalks of sheaves at points p € X are:

We think of the stalk at p to be the set of local functions near p that agree on sufficiently small neighborhood
(called germs of sections of F). Every morphism of sheaves ¢ : 7 — G determines a morphism ¢, : 7, = G,,.
The stalks allow us to work with sheaves locally and, often, it is sufficient to prove things on stalks to get global
results. For example:

Exercise 4.15. Show that ¢ : 7 — G is an isomorphism if and only if ¢, : 7, = G, is an isomorphism.

A critial operation in the theory of sheaves is sheafification. Often one tries to define a sheaf, but it fails to
meet the gluing properties. In such a case, one “sheafifies” and produces a natural sheaf from the presheaf that
one started with. The Etalé space of a presheaf F is:

Et(F) =[] 7
peX

There is a natural projection ® : Et(F) — X which sends a germ to the point in X over which it lies. One can
topologize Et(F) and hence one can talk about continuous sections s of ®. The sheafification of F, denoted F

or F~, is the sheaf of continuous sections of ®.
Lecture 10/13

Given a morhpism of sheaves ¢ : F — G, the kernel ker(¢) is a well-defined sheaf that sends U — ker(F(U) —
G(U)). The analogue for the cokernel coker(y), however, only gives us a presheaf and it fails to be a sheaf. We
thus have to sheafify to get a proper sheaf: coker(¢)™~. The same holds for the image sheaf. This allows one to
talk about exact sequences of sheaves just as one would for any abelian category. Moreover:

Lemma 4.16. Given a morphism of sheaves ¢ : F — G, we have:
(ker ), = ker(pp)
(im ‘P)p = im(‘ﬂp)
(coker ¢), = coker(pp)

Example 4.17. Let M be a complex manifold and Z C M a complex submanifold. Then we get an exact sequence
of sheaves:
0 Iz Owum Oz 0

The first nonzero map is inclusion of the ideal sheaf and the second is restriction. Note: we are seeing O as a
sheaf on M viaU C M — Oz(Z NU). We can check that this is exact stalkwise.

Example 4.18 (The Exponential Sequence). Given a complex manifold M, the exponential sequence is:

exp

0 YA, O

Oy 1

The first map is the inclusion of locally constant functions and the second map is the exponential map f + €27/,
The sheaf Oy, is the sheaf sending U — {f € On(U) | Z(f) = 0}. Once again, we can check this is exact by
checking at stalks. Locally, we can take logarithms and hence the second map is surjective with kernel exactly
the first map.
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R

4.3 Sheaf Cohomology &»

We will discuss the Cech cohomology version of sheaf cohomology (as opposed to the derived functor approach,
in for example Hartshorne §3.1 and §3.2).

Proposition 4.19. Given an exact sequence of sheaves 0 — F' — F 5 F" — 0, then for all U the following is exact:

0 —— FU) —s FU) 29 7o)

However, generally o(U) is not surjective.

For a concrete example for when ¢(U) is not surjective, consider the ideal sheaf exact sequence associated
to Z = {0,1} C P'. We know that Op: = C, and by consequence any function which is zero on Z must vanish
everywhere. Thus J; = 0. The sheaf O is a sum of two skyscraper sheaves, at 0 and 1. Let U be an open set
containing 0 and 1; then the ideal sequence evaluated at U is:

0 0 c—2sCceC——0

The nonzero map is the diagonal map z + (z, z), which is clearly not surjective.

Definition 4.20. A sheaf F is called flasque or flabby if for all U C X open, the map F(X) — F(U) is surjective.
It is called soft if for all A C X closed, F(X) — F(A) := th?A F(U) is surjective.

The sheaves of continuous and smooth functions C%, C55 are soft.

Proposition 4.21. Given an exact sequence of sheaves 0 — F' — F 5 F' — 0 with F' is flasque, then for all U the
following is exact:

0 —— F(U) — FU) 29 71y —— 0

4.3.1 Flasque and Soft Resolutions
Proposition 4.22. Any abelian sheaf F has a canonical resolution by flasque sheaves:

0 1 2

0 F FOEs Pt A 2l

where F* is flasque for i > 0. Similarly, C% modules for X paracompact Hausdorff space have (non-canonical) soft
resolutions.
Proof:

For the first assertion, recall that every sheaf is isomorphic to it sheafification, which we can regard as
a subsheaf of the sheaf of discontinuous sections of the Etalé space. We can thus set 7 to be the latter,
which is a flasque sheaf. To obtain F*, we simply set 7! := F°/F. We proceed analogously for all F*
to obtain the desired resolution.

O

Applying global sections I'(—, X) to the resolution above we get a complex which may not be exact anymore.
The failure to be exact is measured by the cohomology groups H'(F) := ker(I'p;)/ im(T'¢*~1). This is well-defined
because, given two flasque resolutions, there is an induced quasi morhpism of complexes.

Definition 4.23. A sheaf F is I'-acyclic (or just acyclic) if H'(F) = 0 for i > 0.
Since any flasque or soft sheaf has trivial flasque/soft resolution, it is easy to see that:

Proposition 4.24. Any soft or flasque sheaf is acyclic.
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Note that HY(F) is always easy to compute, and it is ['(F, X) = F(X) (the global sections).

Proposition 4.25. Given 0 — F' — F — F"" — 0 exact, there is an induced long exact sequence in cohomology:

- —— H*(X,F") +—— H*(X,F) +—— H*(X,F")

HYX,F") +— HYX,F) «— HYX,F")

F'(X) ¢——— F(X) ¢—— F(X) «— 0

4.3.2 Application: Singular Cohomology

Let X be a locally contractible space that is paracompact and let G be an abelian group. Define S? to be the
sheafification of the presheaf sending U — {singular p-chains on U with coefficients in G'}. There is a differen-
tial map S? — SP*! in the usual way with singular chains. Then 0 — Gx — S° is an acyclic resolution. It
follows that HY(X,Gx) = H'(I'S®*) = H'(X,G); that is, sheaf cohomology with locally constant coefficients
recovers singular cohomology.

K2

4.4 Divisors and Line Bundles <

Lecture 10/22

Definition 4.26. A divisor D on a complex manifold is a formal linear combination:

D= Zai[Yi}

where Y; C X are irreducible hypersurface and a; € Z. Such a divisor is called effective if a; > 0, in which case
we write D > 0. The group of divisors is called Div(X).

Every f € K(X) has an associated divisor (f), which is roughly the divisors minus the poles of f (counted
with multiplicity). Any such divisor is called principal. Two divisors D, D' are called linearly equivalent if D — D’
is principal.

Every divisor D has an associated sheaf O(D) whose sections are the functions in f € K(X) such that
(f) + D > 0. This is a locally free sheaf of rank one, and so it can also be seen as a line bundle.

Proposition 4.27. The mapping Div(X) — Pic(X) sending D — O(X) is a group homomorphism.
Lemma 4.28. A divisor D is principal if and only if O(D) = Ox.

The group of divisors modulo linear equivalence is called the Divisor class group C1(X). As a consequence
of the Lemma above, the map induced map Cl(X) — Pic(X) is injective. The image of Div(X) in Pic(X) is
generated by the line bundles that admit a global section.

Recall that given a complex submanifold Z C X, there is an associated exact sequence of sheaves 0 — J; —
Ox — .0z — 0. A generalization for codimension 1 subvarieties with multiplicity (effective divisors) is as
follows. Given an effective divisor D € Div(X), we get s € I'(X,Lp) \ {0} with (s) = D. This gives us a
morphism of line bundles ¢ : X x C — Lp given by (z,a) — as(z). The restriction to the fiber ¢, : C — (Lp),
is an isomorphism when s(z) # 0 and 0 otherwise. Moreover, there is an associated homomorphism of sheaves
of Ox modules ¢ : Ox — Ox(D) given by taking f € Ox(U) to f - s|y € Ox(D)(U). This is injective as a
morphism of Ox modules because the set {z € X | s(z) =0 € (Lp).} is nowhere dense. However, since s has
zero values, this map cannot be surjective.

Example 4.29. Suppose X = C%2and D = [V (z)] + [V (y)] = (zy). The cokernel of Ox o — (Ox (D))o, which is
amap C{z,y} — C{z,y} given by multiplicaiton by zy, is thus C{z,y}/(zy) = (C{z} x C{z})/(1,—1). These
are germs at 0 of holomorphic functions on D.
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The dual of ¢ isn : Ox(—D) — Ox (alternatively, tensor 1) by Ox (—D)) and is injective.

Lemma 4.30. If D = [Y] for Y C X an irreducible hypersurface, then im(n) = Jy and coker(n) = i.Oy. Thus there is
an exact sequence 0 — Ox (—D) = Jy — Ox — 1.0y — 0, which is the sequence we sought to generalize above.

Given D € Div(X), we can define Op := Ox /Ox(—D), which sees multiplicities.
Example 4.31. Let X = Cand D = 2- [0] € Div(X). Then Op o = C{z}/(2?). This is a non-reduced ring.

4.5 Linear Systems and Maps to P" <>

Let L € Pic(X)and V C H°(X, L) anonzero linear subspace of finite dimension. The linear system |V | associated
to V is the set {(s) € Div(X) | s € V} C Div(X). The linear system associated to L itself is denoted |L| is the
linear system associated to the whole space H°(X, L).

Definition 4.32. The base locus of a linear system Bs(|V|)is {z € X |Vs € V : s(z) = 0}.

Example 4.33. Let X = P?and H = Z(z¢). Then Opz (—H) is the tautological bundle, and its dual Op: (H), which
is the sheaf of sections of the dual of the tautological line bundle. Recall that this has a canonical section 0. Then
HO(Op2(X)) = (80, 51, 82) = C3, where (s;) = Z(2;). The corresponding linear system to H is |H| = {¢ C P?},
which is the set of projective lines in P2. This has an empty base locus.

Now consider V := {s € H(Op2(H)) | s([0,0,1]) = 0}, the subspace of sections that vanish at [0,0, 1]. It
is spanned by sy and s;. The linear system of V is the set of all lines in P? going through [0,0, 1], and the base
locus is [0, 0, 1]. This is known as a pencil of lines.

Every linear system has an associated map to P". That is, given L € Pic(X)and V C H°(X, L), we geta map
¢y : X\ Bx(|V|) = P(V*). Itis given by x +— C - (V — Lx = C, s ~ s(x)) and it is holomorphic. If s, ..., s
is a basis of V, then we get dual basis elements s} of V*. Then the map ¢y is given in this basis as:

N

o (x) = lz si(w) - s;] = [s0(x) : ... : sy (@)

=0

This map pulls back the dual of the canonical bundle of PV to L itself:

Proposition 4.34. ¢/, (Op»(H)) = L|x\ps(v|), where L is the sheaf of sections of L.
As a consequence, we get a map of X into P” as long as the base locus is empty.

Definition 4.35. A line bundle L € Pic(X) is called ample if if ¢|.»| is an embedding (injective immersion) for &
sufficiently large (and Bs(|L*|) = ().

Example 4.36. Let X = P2 and £ = Ox(H), with V = span(sy, s1) as in the previous example. The base locus
is p = (0,0, 1]. Then ¢y : P2\ {p} — P? is given by [z, 21, 22] — [20, 21].

30



5 KAHLER GEOMETRY

5. Kdhler Geometry

K3
o

The story of Kéhler manifolds starts with Hermitian manifolds, which are complex manifolds with Hermitian
metrics. Recall that a Hermitian inner product & : V' x V' — C on a complex vector space V' is a nondegenerate
sesqui-linear map. In other words Vv, w : h(v,w) = h(w,v) and Vv # 0, h(v,v) > 0. It is C-linear in the first
entry and anti-linear in the second entry:

h(Av,w) = Ahr(v,w) = h(v, \w)

Example 5.1. If V = C" and A € GL(n,C) then we can define a Hermitian metric h(v,w) = (Av)'Aw =
vt At Aw = v A*w. Sometimes

Sometimes the inner product is denoted h(v, w) = (v, w). Notice that taking the real part g := R(h), we geta
scalar inner product on V as an R vector space. Further taking the imaginary part o = S(h) gives a symplectic
form on V' as a real vector space. Notice that:

g('U, w) = a(vviw) = g(ivviw)

Conversely, given a real inner product g on V as a real vector space, then define h(v, w) := g(v,w) — ig(iv, w)
, which is a Hermitian inner product if and only if ¢ is compatible with the C-structure, i.e. Yv,w : g(iv, iw) =
9(v, w).

5.1 Hermitian Manifolds &
Definition 5.2. A Hermitian manifold is a complex manifold X with a pointwise Hermitian inner product i €

C>*(X,T*X @ T*X). In other words, for all z € X we have a Hermitian inner product 7, X x 7, X — C. This
is called a Hermitian metric on X.

Given a Hermitian manifold, with Hermitian metric h, then we get ¢ = R(h) a Riemannian metric and
a = 3(h) a (pointwise!) symplectic form. Note that « is not necessarily a global symplectic form, since it might
not be closed.

The associated (1,1) form to a Hermitian metric 2 on X is w := %(h — h), which is a differential form.
Alternatively, Locally, if h = ) h;;dz; ® dzj, then w = % > hijdz; A dz;. As a result, we can also get a volume

form .
1 i\
Ew" = (2> det(hij) = dz1 ANdzi A ... Ndzy NdZ,
This reflects the fact that every complex manifold is orientalble and hence must have a nonzero volume form.

Remark 5.3. We often call w the Kéhler “metric", even though it isn’t a metric. The reason for this is that the tensor
h and form w are essentially interchangeable (locally both determined by h;; as we see above). The Hermitian
metric is the symmetrized Kéhler form, and the Kéhler form is the anti-symmetrized Hermitian metric.

Example 5.4. If X = C” and h is the standard Hermitian metric, then w = % >, dz; A dZ; and then %wm =
dxy ANdyy A ... A dzx, A dy,, where z; = x; + 1y;. This induces the standard orientation of C™.
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5.1.1 Lefshetz and Hodge * Operators

The map L : A*T X — AM2TE X gienby L(a) = a Aw is called the Lefshetz operator. Recall also the Hodge star
operator x : A*T* X — A?"~FT¢ X defined uniquely by the property:

aAxf = (a, ﬁ>%w/\”
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The dual Lefshetz operator is defined tobe A :=x"1 o Lox: A¥ 2T X — AFTEX.

Locally, we can choose ey, ...,e, € T; X a unitary basis with dual basis ef, ..., ¢;,. Then h(e},e}) = d;; and

w = % >i, ei A €;, and then we can compute:
1 An i " n(n—1)/2 _ _
= 1g) D e1 N Nen A& N ... A&y
n!

To express the * operator in this basis, we introduce multi-index notation I = {i1,...,i,} C {1,...,n} where
i; < .. < ig, and e; = e;; A..Ae;,. The vectors e; A &; with |I| + |J| = k form a basis of AFT3X =
@Z:o AT* X ®@c A¥=*T*X. Then the metric on these vectors acts as (ex A ér,e; AN&éy) = 1iff K = I, = J and
zero otherwise. The Hodge star operator then acts as:

- 1, ()" (=)= D2ei A Neg NE AN NE, K=I1,L=1J
(CK/\éL)/\*(ej/\é.]):<€K/\éL,€]/\éJ>f|w "=
n.

0 otherwise

Now comparing sides, we see that we must have:

NN
*(ef/\eJ)Z:I:(;> ex Ner, K:IC,LZJC

The sign =+ is the same sign as the one below:
erNégNeg Nep =£(=1)" D/ 2e) A Ney A AL Ay
Some other properties about the star operator are:
1. (o, xB) = (=1)*(xa, B), i.e. it is self-adjoint up to a sign.
2. %1 = Lwhn,
3. On A*T* X, we have x? = (—1)*.

The dual Leftshetz operator A we claim is adjoint to L:

<Lo¢,5>%wA” = La Axf
:w/\a/\*ﬁ
=aAwA*3
=an(Lxp)

={a,(xtoLo *)@%w/\” = (a,A@%w/\”

A form that is in the kernel of A is called primitive. The vector bundle A*X := A*T* X admits a direct sum
decomposition by primitive sub-bundles:

Proposition 5.5. Let P X := ker(A : A™X — A™~2X) be the bundle of primitive m-forms. Then:
MNX =P L(PX)

i>0

5.1.2 d* and A Operators

As with any dimension m Riemannian manifold, we can define the (formally) adjoint operator d* : A*(M) —
AF=L(M) by d* := (—1)™F+D+1 « dx and the Laplace operator A = d*d + dd*. Since we are considering even-
dimensional manifolds, we have d* = — x dx. The adjoint d* has the property that:

(day, B) == A(da,ﬁ)% = /){(a,d*ﬂ)wn—? =: (o, d*B)

forall « € A*(X) and B € A**1(X) where the support of 3 is compact.
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Example 5.6. If X = C" withw = £ Y dz; Adz;and k =0, then A = -2 92 + 02
The exterior and dual exterior differential operators decompose via the complex structure as:
d=0+0
— 5+

where 9* = — 00 o x and 0* = — % 00 o x. These satisfy 9> = 0 and 9> = 0. We can also define Ay := §*0 + 90"
and Ay := 0*0 4 00*. It should be noted, however, that A # Ay + Aj in general. However this will be true for
Ké&hler manifolds.

Lemma 5.7. If (X, h) is a Hermitian manifold, then (0*)? = (0*)? =

5.2 Kihler Manifolds <

Definition 5.8. A Hermitian manifold (X, h) is called Kihler if dw = 0 (i.e. the associated (1,1) form is closed).
In this case, w is called a Kahler form.

There are some other equivalent definitions of a Kdhler manifold make it clear why this is a good condition.
The first is that the parallel transport is C-linear on X. Another is that, pointwise (X, h) can be associated to
(C™, >~ dz; ® dz;) to second order, i.e. for all p € X there exist holomorphic coordinates z1, .., z, with z;(p) =0
such that hij = (Sij + O(|Z|2)

Proposition 5.9. Let X be a compact complex manifold. Then the set of Kihler forms on X is a (possibly empty) open,
convex cone in Cp'' (X) = {a € AVY(X) | @ = a,da = 0}.

Proof:
It is clear that all Kéhler forms are closed and real, by how they are defined from h. Moreover, positivity
of w is an open condition becuase it is locally an open condition on the determinant of %;;. To see that it
is a cone, note that the sum of two Kéhler forms is again Kdhler, which follows from the fact that the sum
of two Hermitian forms is also a Hermitian form. Notice also that multiplying by a positive constant
preserves the Kéhler condition.

5.2.1 Fubini-Study Metric

The most important example of a Kéhler structure comes from the Fubini-Study metric. It can be characterized as
the unique U (n+ 1) invariant Kdhler metric hps on P™ whose associated (1,1) form wgg on satisfying fPl Wrg =

1, where P! C P" is projective line.
Lecture 11/3

Definition 5.10. On U; = P™ \ V(2;), the form wps is wrs|y, = w; = 5-09log <Z?—o

2

2

We can check that these glue together to give a form wrg € AY(P") by writing:

2 n

n 2 2 n
zZy Zj 2 Zj
1 — =1 — =1 —= 1
Taking 99 of both sides, we get:
2
= 00log ( zi ) + wj
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We are restricting to U; N U; here, so w; := z;/z; is the jth coordinate function on U;. Thus we have:
- 1 - wdw
001 PP=0—0ww))=0—— | =0
oy =0 ( o-twn)) o (42 )
and so w; = w; on U; N U;. From the definition and the fact that d = 0 + 9, it is clear that dw = 0.
Exercise 5.11. Show that, on Uy with coordinates w; = z; /7, the form wy = wrg|v, takes the form:
Wy = Z hijdwi A dw;
ij
o L (1 + Z \wi\Q) (Sij — WiW;
Yo (14 S fw)

From there, show that wrg is positive definite by showing h;; is positive definite.

A more intrinsic definition of hpg is that it is the pushforward of the round metric on S?"*! via the Hopf
fibration S' — S27+1 — P". Explicitly, the second map is quotienting by the U(1) action z + ez which
is invariant under the round metric. Therefore we have a well-defined pushforward metric on P". It can be
described explicitly as:

I€l%s = inf €]l gnss | € = €}

5.2.2 Examples of Kidhler Manifolds

Some examples of Kédhler manifolds are:
e Complex tori X = C”/I'. In this case, since T, X = C™ canonically, we have h a constant metric.
e Riemann surfaces ¥. In this case, any Hermitian metric is Kéhler because dw € A3(X) = 0.

e Ball quotients By (0)/I', where the Kéhler form on B;(0) = D™ C C" is:
W= %aglog(l —lI=1%.

Proposition 5.12. Given (X,w) Kéhler and Y C X a complex submanifold, then (Y, w|y ) is Kéhler.
Proof:

From the inclusion i : Y — X, we find w|y = i*w. It thus follows that w|y is positive (i.e. the Hermitian
metric is positive) and that d(i*w) = i*(dw) = 0.

O

As a corollary, complex projective manifolds are Kdhler. However, it should be noted that the Kadhler form
itself depends on the embedding into P".

5.2.3 Properties of Kihler Forms

Since a Kéhler form w is closed, we must have [w] € H3,(X). Is it a nonzero class?
Proposition 5.13. If (X,w) is a Kihler manifold, then [w] # 0.

Proof:
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1
n!

Consider the homomorphism H3%(X) — R given by o — [ . Since w” is a volume form
vol(X) > 0, we have [w"] # 0 and hence [w] # 0.

W] =
O

Corollary 5.14. If bo(X) =0 forany 1 < k < n — 1, then X is not Kéhler.

This allows us to come up with an example of a complex manifold which is not Kdhler: set X = (C"\{0})/Z =
St x §27=1 which is a Hopf manifold. By the Kiinneth formula, we find that if n > 2, then b3(X) = 0.

5.3 The Kihler Identities <

The following is a collection of very important properties about the operators *, L, A, d,0,0*,0*, and A on a
Ké&hler manifold, known as the Kihler identities:

Proposition 5.15. Let (X, w) be Kihler. Then:
i. [0,L] =1[0,L] = 0and [0*,A] = [0*,A] = 0.
ii. [0*, L] =10, [0%,L] = —id, [\, 0] = —i0*, [\, 9] = i0*.
iii. Ag =Nz = 1A and A commutes with x, L, \,d, 0,9, 0".

Proof:

For i., we have: B B - B
[0,L](a) =0(wAa)—wAda=(0w)ANa=0

And similarly for [0, L]. Now for [0*, A], we get:

[0*,A](a) = — %O %+ 'Lxa—+L*(—x0%)a
=—%0Lxa—(—1)"+'Loxa
=—%x[0,L]xa=0

and the final equality in ¢. comes by conjugating what we just showed. We will not prove ii. (see
[Huy05]]. For iii., note that:

i(80* + 0*9) = 9[A, 0] + [A, 9]0 = OAO — OAD = 0
by ii., and so therefore 9* + 9*9 = 0. To see that Ay = Ay, we use ii. again:
Ay =90 + 00" =i[\,0]0 +i0[A, )
= i(AJO — OAD + OAD — DOA)
= i(AD — (J[A, 0] + 0OA) + ([0, A]0 + AJD) — HOA)
= i(ADD — i00* — DON — i0* 0 + ADO — DON)
A

Now, the laplacian A is:
A= (0+0)(0* 4+ 0%) + (0" +0*)(0 + 0)

= Ay + Ay + (00" + 0°9) + (00* + 0+0)
=27y
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Finally, to show that these commute with everything else, we make use of i. and 7. liberally. For example,
to show that [A, A] = 0, define d° = —i(0 — 0) and d** = — x d°+. Then observe that dd® = 2i00 = —d°d.
Using this, we can show:

AA = Add* + Ad*d
= dAd* — id®*d* + d*Ad
=dd*A + id*d®* + d*dA — id*d* = AA

5.4 Hodge Theory &

A basic analytic fact for a Hermitian manifold (X, k) is that A, Ay, and Aj are elliptic partial differential op-
erators. If X is compact, any elliptic operator is Fredholm, which means ker A, ker Ay and ker A5 are finite
dimensional.

Definition 5.16. For a Hermitian manifold (X, k), the space of harmonic forms is:
HM (X, h) = {a € A¥(X) | Aa =0}
HPI(X, h) = HF (X, h) N API(X)
These are finite dimensional. Similarly, we define HE, Hg and Hy, HE.
Remark 5.17. Note that if X is Kéhler, these all coincide because Ay = A; = %A.

Lemma 5.18. If X is compact and o € A¥(X), then
Aga=0 <= da=0and 0*a =0
Proof:
One direction is immediate from the formula Az = §*0 + 90*. For the other direction, we have:
0= (Aza,a) = /X Aga A *xa = (Oa, da) + (0%, 0*a)
= [[9al| + 0]

Since these are norms, we must have da = §*a = 0.
O

Therefore harmonic forms are closed, and we have projections H* (X, h) — H*(X) and HP9(X,h) — HP4(X).

Lecture 11/10

Proposition 5.19. Suppose (X, h) is Hermitian. Then:

HE(X,h) = P HE?

p+aq=k
and similarly for HE.

Proof:
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Let o € A¥(X) be any form and let « = 3~ a?? be its bidegree decomposition. Then if each component
a4 is harmonic, then « is harmonic. This shows that @ #H%¢ — #%(X,h) induced by the bidegree
decomposition is injective. Given any harmonic k form «, we have 0) Az(a?) once again by the
bidegree decomposition. However, this is a direct sum decomposition, so Ag(a”?) = 0 and hence
the map is surjective.

Note that this decomposition isn’t necessarily true for #*(X, h) unless X is Kéhler.

5.4.1 Hodge Symmetry and Serre duality

Note that x : HZ*(X,h) — Hy~ *" (X, h) is an isometry, and this isometry depends on h. There is a similar
isometry if we exchange 0 and 9.

Suppose X is compact. Then the bilinear form:

H2I(X,h) x Hy P"9(X,h) = C

(0, B) /X anB
n—p,n—q

is nondegenerate. We can see this by taking any nonzero a € HZ?(X, h) and noting that xa € H

_ w™ 2
anxa= [ {o,a)— =[af">0
X X n:

This is nondegenerate pairing is called Serre duality, and it induces an isomorphism:

HEI(X, h) = HE P (X, h)*

and:

5.4.2 Hodge Decompositions
A very deep and important result to Hodge theory is the following decomposition on forms:
Theorem 5.20. Let (X, h) be a compact Hermitian manifold. Then we have two decompoisitions:

AP9(X) = HEYX, h) ® 0APH(X) @ 9* APTHI(X)

= HEU(X, h) & IAPHY(X) @ 0* APTHI(X)
Remark 5.21. There is an analogous result for a Riemannian manifold (M, g):
AR (X) = HF(M, g) ® dAFH(X) @ d* AFTH(X)
Corollary 5.22. Let (X, h) be a compact Hermitian manifold. Then the canonical projection:
HEY(X, h) — HP(X)

is an isommetry, and similarly for the projection from H%* (X, h).

Proof:
Consider the kernel of 9 : AP9(X) — AP~1(X). Using the 0 decomposition, we know this kernel
contains the first two components of A?7(X), namely 9(A?771(X)) & HZ(X, h), because 0? = 0 and
harmonic p, ¢ forms are 0 closed. Moreover, any nonzero element 9* 3 of 9* AP4+1( X ) is not in the kernel
because:

0= (00"B,8) = (98,08) = |0"B||* > 0
Thus ker(9) = d(AP9~ (X)) ® H%*(X, h). Quotienting by the image of J gives the result.
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Corollary 5.23. HP4(X) =~ H?P(X)
Proof:

HPa(X) = HDU(X, h) = HLP(X) = HP(X)
0

We will not prove the Hodge decomposition theorem, but will provide the motivating idea for how it is done.
Let V be a Hermitian vector space, d : V — V be an automorphism with d* = 0, and d* its adjoint. Then define
A = dd* 4+ d*d and let H := ker A. Note that if Ah = 0, then dh = d*h = 0 because:

0 = (Ah, k) = (dd*h, h) + (d*dh, h) = ||dh] + ||d*h)

The subspaces #,dV and d*V are all mutually orthogonal, as one can verify directly. For example, if h € H and
B €V, then:
(h,dB) = {(d"h, ) =0

Now we must show that every v € V can be decomposed as a sum h + da + d*3. Note that A induces an
invertible map Ay : Ht — HL. Then we define:

0 0
G =
(O (A’HL)l)

If H : V — H is projection, then we claim GA + H = I, as can be easily verified. Moreover, G, A, and H all
commute with each other and d, d* each commute with A, G, and H. Then the next step is to use these facts to
show that V = H & dV & d*V via a = (Ha, dd*Ga, d*dGa) is an isomorphism. This is rougly the roadmap to
prove the Hodge decomposition on forms, which requires some theory of pseudo-differential operators beause
our Hermitian vector space V' is no longer finite dimensional and we no longer know how to define G. See
[Wellsl]

Lecture 11/12

Another important decomposition in Hodge theory is the following, known as the Hodge theorem:
Theorem 5.24. If (X, h) is compact and Kihler, then:

a. H*(X,C) =& HP1(X) and this decomposition is independent of h.

p+q=k

b. The isommetry H?-4(X) = H%P(X) is induced by conjugation on H*(X,C).
c. HPI(X) = H" P 1(X)*,

The hodge numbers are h??(X) := dimc H?%(X). The array of these numbers forms a diamond, known
as the Hodge diamond (see Figure[5.1]). The horizontal reflection symmetry is given by conjugation, the vertical
reflection symmetry is Hodge symmetry, and Serre duality is the symmetry under rotation by 180 degrees. In
particular, all information about the hodge numbers is contained in one quadrant of the diamond.
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h2’2
h271 h172
h270 hl,l h0’2
hl,O hO,l
hO’O

Figure 5.1: A hodge diamond for a complex dimension 2 K&dhler manifold.

5.5 The 00-Lemma &

The following is very useful for understanding Kahler manifolds.
Proposition 5.25. Let (X, h) be compact and Kihler, o« € AP9(X) with do = 0. Then the following are equivalent:
i. 38 € APTI=Y(X) such that o = d.
ii. 36 € AP~19(X) such that o = 9.
iii. 3B € AP171(X) such that o = 9.
iv. 38 € AP~ 97 1(X) such that o = 99P.
v. For any Kihler metric h': ov L HP9(X,h').
For example, this gives us some properties about the space of Kédhler forms:
Corollary 5.26. Let X be a compact Kéihler manifold. Then:
a. If w is the Kéhler form, then locally w = i00f for some C> (U, R). The function f is known as the Kéhler potential.
b. If w,w’ are Kihler forms on X with [w] = [w'] € H2p(X) then w = o' + i00f for some f € C=(X,R).

c. The Kihler cone:
Kx = {[w] € H"*(X,R) | w Kihler form}}
is an open convex cone in H-'(X,R) := H?(X,R) N H“Y(X). Moreover, Kx does not contain any line [w)] +
Ra, [w] € Kx and if « € HY1(X,R), [w] € Kx then o + Aw] € Kx for A > 0. In other words, Kx is open,
full-dimensional, and has no lineality.

Lecture 11/17
/7

5.6 The Hard Lefschetz Theorem <

Theorem 5.27. Let (X, h) be Kihler and n = dim(X). Then for 0 < k = p+q < n. Then L" % : HP9(X,h) —
H"P=9( X, h) given by o — a Aw" ™k is an isomorphism.

Proof:
Recall the identities [L, A] = [A, A] = 0. This means L, A induce an s[(2, C) representationon @, , H?(X, h).
Then using Ao = 0, we get ALac = AAa = 0. The statement now follows from sl(2, C) representation

theory.
dJ
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On a compact Kédhler manifold, L and A induce morphisms:
L:HP9(X) — HPThat(X)
A HPFPROTL(X) - HP(X)
via the identification H?%(X) = H3“(X). These only depend on the Kahler class [w] of X.
Theorem 5.28 (Hard Lefschetz). If (X, h) is compact Kihler, then:
a. L"%: H*(X,R) — H?*"~*(X,R) is an isomorphism for 0 < k < n.
b. H*(X,R) = @,5, L'H* % (X,R),, where:

HI(X,R), =ker(A : H(X,R) — H'"(X,R))

which we call the primitive cohomology.

5.6.1 Hodge Conjecture

Let (X, h) be compact Kdhler and Y C X a complex submanifold of codimension k. Then the fundamental class
[Y] is Poincaré dual to a € H** N H?*(X, C)z, where:

H*(X,C)z = im(H?**(X,Z) — H*(X,C))

Indeed, 8 € HP? withp # gand p + ¢ = 2(n — k), then fy B = 0. The Hodge conjecture states that if X is
projective, then H**(X) N H?*(X, Q) is generated by such classes.

Lecture 11/19

5.6.2 Lefschetz Theorem on (1,1)-classes

Theorem 5.29. Let X be compact and Kihler. Then ¢y : Pic(X) — HY(X)z = HYY(X) N H?(X,Z) is surjective.
That is, every integral (1,1)-class is the first Chern class of some line bundle.

Lemma 5.30. Let X be compact and Kihler; then the following two maps agree:
¢: H*(X,C) —» H*(X,0x) = H**(X)

v HYX,C)= @ HI(X) - H"*(X)
p+q=k

where the first map comes from the inclusion C — Ox and the second is a projection.

Proof:
Consider the de Rham and Dolbeault complexes:

0 C A%(X) —4s AL(X) —4 ..
0 Ox ACO(x) —0y A0L(x) 0y .

These are both acyclic resolutions, and so they compute cohomology. Moreover each square is commuta-
tive by the fact that d = 9+ 9. For any cohomology class [a] € H* (X, C), we can choose a representative
a € H*(X, h) for some Kéhler metric h on X. Itsimage in H*(X, Ox) is [r**(«)], which is the projection
onto the 0, k part of a.
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To prove the Lefschetz theorem on (1, 1) classes, consider the following. The space H?(X, C) decomposes as
H2Y(X)e H' (X))o H*?(X). Given o € H?(X, Z) which we think of as an element of H?(X, C), it decomposes
asa = a®? +ab! + a2 Since a is real, a®? = a20. This implies that « € H"!(X) if and only if a®° = 0.

Now we turn to the exponential sequence:

0 z Ox 0% 1

The long exact sequence in cohomology yields H' (X, 0%) = Pic(X) — H*(X,Z) — H*(X, Ox). We also have
the map H?(X,Z) — H?*(X, C) induced by Z C C, which factors through the LES:

- — Pic(X) —— H*(X,Z) —— H*(X,0x) —> -

l /

By Lemma the map 7 is @ — a2, and hence ker(r) = H"(X) N H?(X,Z) C H?*(X,C). Since the
image of ¢; : Pic(X) — H?(X,C) is contained in H'!(X), exactness of the above sequence then implies that
im(cy) = ker(r) = HY1(X)z.

5.7 Formality of Kihler Manifolds &

Recall a CDGA, which is a type of chain complex with the structure of a differential algebra:

Definition 5.31. A (graded commutative) differential graded algebra (or (C)DGA) over a field k is a triple (A®, A, d)
such that:

o A* =P, A" is a graded k-algebra with k C A°.

(A*,d) is a chain complex.

d(a Ab) = (da) Ab+ (=1)1%la A (db).

e Itis graded commutative: a A b = (—1)!%l’lp A q.

For example, if M is a smooth manifold, then (A*(M), A, d) is a CDGA. Taking cohomology of any CDGA
H'(A®*) = (kerd N A")/dA""1, we get another DGA with d = 0. We call a morphism of CDGA'’s a quasi-
isormorphism if it induces an isomorphism on cohomology.

Real homotopy theory tells us that if 7 (M) = 0, then A*(M) knows everything about 7, (M) ®z R. Un-
fortunately, A*(M) is very big (it is infinite-dimensional). Griffiths-Morgan, “Rational Homotopy Theory and
Differential Forms”

Definition 5.32. A (C)DGA A®/k is connected if k — A induces an isomorphism on H°. It is called simply
connected if it connected and H!(A®) = 0.

Note that for the deRham CDGA, it is connected if and only if M is connected and it is simply connected if
and only if b, (M) = 0.

5.7.1 Minimal Model of a CDGA I
Definition 5.33. A CDGA M?*/k is minimal if there exist x; € M%,1 < dy; < dy < --- such that:
o M*® = (z;)ien =A" o (Pk-x;) (ie. itis the free CDGA over k generated by the x;’s)
e Forall i, then dz; = (21,...,z;—1)". (Where + denotes the degree > 0 part).
Lemma 5.34. If M* is a minimal CDGA, then M* is simply connected if and only if M* = 0.
Definition 5.35. A minimal model of a CDGA A*® is a quasi-isomorphism M*® — A® for some minimal A/*°.

Proposition 5.36. Every simply connected CDGA has a minimal model, which is unique up to isomorphism (and the
quasi-isomorphism is unique up to homotopy).
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Figure 5.2: The complement of the Borromean rings has a nontrivial
Massey product. Image source: Math SE user wonderich.

5.7.2 Formality

Definition 5.37. A CDGA A* is formal if A® is equivalent (connected by a series of quasi-isomorphisms) to a
CDGA B* with dg = 0. We call a smooth manifold formal if A*(M) is formal as a CDGA.

Note that a CDGA is formal if and only if its minimal model is formal.

Example 5.38. Consider the sphere S™ for n > 1. If n s odd, then n = 2¢ + 1, the minimial model is M* = (z) =
k @ kx where degz = 2¢ 4 1. Note that 2% = 0 because it is odd degree. Clearly d = 0 and so S™ is formal for n
odd.

If n = 2¢ is even, the minimal model is M*® = (z,y) = k[z] ® k[z]y. The degree of x is 2¢ and the degree of y
is 4¢ — 1. Also dz = 0 and dy = 22, and it is not formal. While this is not formal, there do exist formal models
for n even, so you can take it on our word that S™ is formal for n everﬂ

Proposition 5.39. If A® is formal, then higher Massey products on H*(A®) vanish.
Example 5.40. Let X = S\ (S' U S' U S!) be the complement of the Borromean rings (see Figure[5.2)). There

is a well-known non-zero Massey product on X, and so X is not formal.

Theorem 5.41. A compact Kéihler manifold is formal.

2This wasn’t checked, but Rok was “pretty sure”.

42



6 CuerRN-WEIL THEORY

6. Chern-Weil Theory

K3
o

Lecture 12/1

6.1 Connections and Curvature <

Let E be a complex vector bundle of rank k over a real manifold X. Let A*(E) be the sheaf of i forms on X with
values in E. A connection gives a splitting of the sequence of vector bundles 0 — 7*E — TE — 7*TX — 0,
which amounts to writing an isomorphism TE = 7*TX & r*E. Equivalentlly, a connection is a first order
differential operator V : A°(E) — Al(E) with V(fs) = df ® s + fV(s), where s is a section of F and f is a
function on X.

Locally, E = U x R¥ and any section s : U — R¥ is a collection of functions s1, ..., s5. Then Vs = ds + A® s,
where 4 is a matrix of 1-forms (4 € A'(End E)). So locally a connection is always of the form d + A, where A is
a 1-form valued matrix. To see why this is true, we need to check that V — d is a .A° linear operator. This follows
from the Leibniz rule above:

(V=) (f-s)=(df s+ fV(s) —(df @ s+ f-ds) = f(V—d)s
A more intrinsic way to express this result is:
Proposition 6.1. The set of connections on a vector bundle E is an affine space over A'(End E).
Remark 6.2. For any connection and z¢y € X, there always exists a local trivialization with V = d + A and
A(zg) =0.
6.1.1 Induced Connections

Given two connections V1, Vs on F, then there are several natural induced connections that we can form.

e On E = E; & E», there is a diagonal connection V defined by V(s; & s2) = Vis1 & Vase. In general,
connections on FE are of the form:

Vi be
bl Vo

where b; € Al'(Hom(E, Es)) and by € A'(Hom(FEs, Ey)). These are the second fundamnetal forms for
E4, E5 seen as sub-bundles of E.

VE =

e On F; ® Es, there is a connection V defined by V(s1 ® s2) = Vs1 ® s2 4 51 ® Vsa.
e On E7, there is a connection V* defined by V*(f)(s) = d(f(s))— f(Vs), where f € A°(E*)and s € A°(E).

e On Hom(Eh, E;) = Ef ® E3, we can combine the above constructions to get a connection defined by
V(f)(s) = Va(f(s)) = f(Vi(s)). Locally, we write V;, = d + Ay. Given f : U — M(ry x r1,R), then
Vi=df +A, - f—f-As.

6.1.2 Hermitian Connections

Now, we let E — X be a complex vector bundle (over a real manifold). A hermitian structure h on E is a
hermitian inner product i, on each fiber £, which depends differentiably on z. A pair (E, h) is called a hermitian
vector bundle. Connections on hermitian vector bundles are just usual connections that are compatible with the
hermitian metric. For sections s1, so, write (s1, $2)n, = h(s1 ® 52) = h(s1, $2).

Definition 6.3. A connection V is hermitian if for all local sections s1, so we have:

d(s1,52)n = (Vs1,52)n + (51, Vsa)n
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Locally, write a hermitian connection as V = d + A and define H = (e;, ¢;), for e; the basis vectors of C".
Then:
dH = (d{es, ¢;))i; = ((Vei,ej)n + (e, Vej)n)i; = ((Ae;)" Hej + e;HAej)i; = ATH + HA

Thus V is hermitian if and only if dH = ATH + H A locally.

Proposition 6.4. The set of hermitian connections with respect to h is an affince space over real vector space A (X, End(E, h)).

6.1.3 Chern Connections

Up to this point, X was a real manifold. If we now consider a holomorphic vector bundle £ — X for X a
complex manifold, we have a decomposition A' (E) = A% (E) & A" (E). As a consequence, any connection V
on E decomposes into two components V = V%! ¢ V1.9 where:

VO AE) » AVN(E), VM0 AV(E) - AY(E)
We can see that VO!(f - s) = 9(f) ® sf - V*1(s), a property shared by 9. This motivates the definition:

Definition 6.5. A connnection V on a holomorphic vector bundle is compatible with the holomorphic structure if
VOl =,

Just as with other connections we’ve seen:

Proposition 6.6. The space of connections on a holomorphic vector bundle compatible with the holomorphic structure
forms an affine space over the complex vector space A% (X, End(E)).

For a given hermitian structure h, which hermitian connections V are also compatible with the holomorphic
structure? It turns out there is only one such connection and it is called the Chern connection on (E,h). If we
assume that one exists, to show uniqueness we use the property that dH = AT H + HA, where V = d+ A locally
and H = (e;, e;),. Since V is compatible with the complex structure, the matrix A is of type (1,0). Comparing
both sides:

e _
(0+0)H=ATH+ HA
(1,0)  (0,1)
We see that 9H = H A, from which we find A = H~'0H. Thus A is uniquely determined. Since it is uniquely
determined locally, it is unigely determined globally.
6.1.4 Curvature

For any connection V on a vector bundle £ — X, there is a natural way to extend it to a map V : A*(E) —
AFTL(E). If ais a k-form on X and s is a local section of E, then it is defined by:

Via®s)=da®s+ (—1)*a A Vs
For k = 0 is is the usual Leibniz rule. Moreover, the Leibniz rule generalizes to:
V(BAt)=dBAt+ (—1)BAVE
where t is a section of A‘(E) and 3 is a k form.

Definition 6.7. The curvature Fy of a connection V on a vector bundle F is the composition Fy := Vo V :

AV(E) — A2(E).

One can show that the curvature is A°-linear, and hence we can think of it as a global section of A% (End(E)).

Lecture 12/3
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6.2 Chern Classes &»
Consider the map M (r,C) — C given by B — det(id+B). It is a polynomial in the entries b;; of B, i.e.
det(id+B) € Z[b;; | 1 < 4,7 < r]. We can write this into homogenous pieces:

det(id+B) =1+ Pi(B) + P»(B) + ... + P,(B)

where P;, € Z[b;;]is homogenous of degree k. Then we claim these polynomials are invariant under conjugaction
of the matrix. Given a connection V on a complex vector bundle £ — M of rank r, which we see as a smooth
manifold. Then P, (Fy) € A% (M) is well-defined. These actually define cohomology classes independent of
V:

Proposition 6.8. a) dP,(Fy) =0.
b) [Py(Fy)] € H2%(M,C) is independent of V.
Definition 6.9. The k-th Chern class is of E — M is ¢ (E) := [Py (iFv /2n)]. The total Chern class is:
c(E) :=co(E)+ci(E)+ ...+ c.(E) € H (M)

One can check that ¢y (E) = 1 and that ¢(E) = 0 if [ exceeds the rank of E. One can also compute that ¢, (E) =
c1(det E).

The map B — det(id +B) was an Ad-invariant, symmetric k-multilinear form, the space of which objects is
denoted (S*M (r,C))SL("C). The same argument as above for any such form induces a homomorphism:

(S*M(r,C))SLCC) 5 H2* (M, C)
which is known as the Chern-Weil homomorphism. This produces other characteristic classes, such as:
e B s tr(e?) gives rise to the Chern Characters.

e For sufficiently small ¢, the map B — det(t5) 7 gives rise to the Todd classses.

det(id —e—tB

Remark 6.10. Note that the Chern characters and Todd classes don't necessarily vanish when you go past the
rank of E. In addition, they can both be expressed in terms of polynomials in the Chern classes ¢;(E).

6.3 Interpretations of ¢; on line bundles %

Proposition 6.11. For L € Pic(X), the following agree in H*(X,C).
a) §(—[L)) for § : HY(X,0%) — H?*(X,Z) from the exponential sequence.
b) ci(L,V) = [iFy/2n] € H3p(X,R) (Chern-Weil).
¢) A(L) € HY(X,Qx) = HY (X)) (Atiyah class).
d) The Poincaré dual of [D], where L = Ox (D).

6.4 The Hirzebruch-Riemann-Roch Formula <

Let E — X be a holomorphic vector bundle of rank r with X compact of dimension n. The holomorphic Euler
characteristic is:

n

X(B) = (~1)'h'(X,E)

=0
Theorem 6.12 (Hirzebruch-Riemann-Roch). If ch(E) is the Chern character of E and td(X) = td(TX) is the Todd
class of of T X, then:

x(E) = /Xch(E) -td(X)
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The striking part of this theorem is that the left hand side is holomorphic and the right hand side is topo-
logical. Moreover, it gives famous formulas such. For example, with » = 1,n = 1 (a line bundle on a Riemann
surface), we get the classical Riemann-Roch formula:

RO(L) — k(L) = deg(L) +1 - g(c)
For any vector bundle of rank r on a Riemann surface, we get:
h?(L) = h'(L) = deg(L) + r(1 - g(c))

This is used to compute expected dimensions of moduli spaces of holomorphic curves in Gromov-Witten theory.

Remark: lectures have officially ended for this class, but I will be (hopefully) finishing all the TODO sections
marked above in the next few weeks.
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