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CHAPTER 7

The Hodge theorem for Riemannian manifolds

Thus far, our approach has been pretty much algebraic or topological. We
are going to need a basic analytic result, namely the Hodge theorem which says
that every de Rham cohomology class has a unique “smallest” element. Standard
acccounts of basic Hodge theory can be found in the books of Griffiths-Harris [GH],
Warner [Wa] and Wells [W]. However, we will depart slightly from these treatments
by outling the heat equation method of Milgram and Rosenbloom [MR]. This is
an elegant and comparatively elementary approach to the Hodge theorem. As a
warm up, we will do a combinatorial version which requires nothing more than
linear algebra.

7.1. Hodge theory on a simplicial complex

In order to motivate the general Hodge theorem, we work this out for a finite
simplicial complex. Let K = (V,X) be a finite simplicial complex. Choose inner
products on the spaces of cochains C*(K,R). For each simplex S, let

3 _ !
55(5/):{ 1if =5

0 otherwise
These form a basis. A particularly natural choice of inner product is determined
by making this basis orthonormal. Let 8* : C*(K,R) — C*~}(K,R) be the adjoint
to 0, and let A = 90" + 0*0. A is the discrete Laplacian.

LEMMA 7.1.1. Let o be a cochain. The following are equivalent:

1. a € (imd)* N kero.
2. 0a=0"a=0.
3. Aa=0.

PROOF. We prove the equivalences of (1) and (2), and (2) and (3). Suppose
that o € (#md)* N kerd. Then of course da = 0. Furthermore

[|0%al|? = (a,00*a) = 0
implies that 0*a = 0. Conversely, assuming (2). « € kerd, and
(0, 08) = (0%, B) = 0.
If 0o = 0*ar = 0, then Aa = 0. Finally suppose that Ao = 0. Then
(Aa, a) = [|0all* + |0%al]* = 0
which implies (2).

The cochains satisfying the above conditions are called harmonic.
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82 7. THE HODGE THEOREM FOR RIEMANNIAN MANIFOLDS

LEMMA 7.1.2. Ewvery simplical cohomology class has a unique harmonic repre-
sentative. These are precisely the elements of smallest norm.

Proor. To prove the first statement, we check that the map
h: (imd)* Nkerd — H"(K,R)

sending a harmonic cochain to its cohomology class is an isomorphism. If « lies in
the kernel of h then a = 98 which implies that

lal]* = (e, 08) =0

Given a cochain o with da = 0. We can decompose it as o = a7 + as with
ay € (imd)*+ Nkerd and as € imd. Thus the cohomology class of a = h(ay).
Given a harmonic element «,

oo+ 8812 = [la]|* + |08]]* > [lal?
unless 93 = 0. |

Exercises

1. Prove that the space of cochains can be decomposed into an orthogonal
direct sum
C"(K) = kerA @ imd @ imo*
2. Prove that A is a positive semidefinite symmetric operator.
3. Use 2 to prove that limit of the “heat kernel”
H = tlim e tA
exists and is the orthogonal projection to kerA.
4. Let G be the endomorphism of C™(K) which acts by 0 on kerA and by %
on the A-eigenspaces of A with A # 0. Check that I = H + AG.

7.2. Harmonic forms

Let X be an n dimensional compact oriented manifold. We want to prove an
analogue of lemma 7.1.2 for de Rham cohomology. In order to formulate this, we
need inner products. A Riemannian metric (,), is a family of inner products on
the tangent spaces which vary in a C'°° fashion. This means that inner products
are determined by a tensor g € I'(X,E% ® £%). The existence of Riemannian
metrics can be proved using a standard partition of unity argument [Wa]. A metric
determines inner products on exterior powers of the cotangent bundle which will
also be denoted by (,). In particular, the inner product on the top exterior power
gives a tensor det(g) € I'(X, % ® £%). Since X is oriented it is possible to choose
a positive square root of det(g) called the volume form dvol € £"(X). The Hodge
star operator is a C°°(X)-linear operator * : EP(X) — " P(X), determined by

aAx0 = («a,B)dvol.

One can choose a local orthonormal basis or frame e; for £} in a neighbourhood of
any point. Then x is easy to calculate in this frame, e.g. *e1 A...ex = €11\ .. €p.
From this one can check that s« = +1. The spaces £P(X) carry inner products:

(v, B) Z/X(oz,ﬂ)dvol:/xa/\*ﬂ
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and hence norms.
Then basic result of Hodge (and Weyl) is:

THEOREM 7.2.1 (the Hodge theorem). FEvery de Rham cohomology class has
a unique representative which minimizes norm. This is called the harmonic repre-
sentative.

As an application of this theorem, we have get a new proof of a Poincaré duality
in strengthened form.

COROLLARY 7.2.2. (Poincaré duality, version 2). The pairing
HY(X,R) x H" {(X,R) = R
induced by (o, B) — [« A B is a perfect pairing
PROOF. * induces an isomorphism between the space of harmonic i-forms and
n — i-forms. This proves directly that H*(X,R) and H"~*(X,R) are isomorphic.
Consider the map
A HY(X,R) — H"(X,R)*
given by Ma) = 5 — fa A . We need to prove that A is an isomorphism. Since

these spaces have same dimension, it is enough to prove that ker(A) = 0. But this
clear since \(«)(*a) # 0 whenver « is a nonzero harmonic form. O

To understand the meaning of the harmonicity condition, we will find the Euler-
Lagrange equation. Let o be a harmonic p-form. Then for any for any (p — 1)-form
[, we would have to have

d .
il + tdBlPlizo = 2(a,dB) = 2(d"a, ) = 0,

which forces d*a = 0, where d* is the adjoint of d. A straight forward integration
by parts shows that d* = =+ % d«. Thus harmonicity can be expressed as a pair
of differential equations da = 0 and d*« = 0. It is sometimes more convenient to
combine these into a single equation. For this we need

DEFINITION 7.2.3. The Hodge Laplacian is A = d*d + dd*.
Then from the identity (Ac,a) = ||da||® + ||d*a||?, we conclude

LEMMA 7.2.4. The following are equivalent

1. « is harmonic.
2. daa =0 and d*a = 0.
3. Aa=0.

The hard work is contained in the following result, whose proof will be postoned
until the next section.

THEOREM 7.2.5. There are linear operators H (harmonic projection) and G
(Green’s operator) taking C> forms to C*° forms, which are characterized by the
following properties

1. H(«) is harmonic,
2. G(«) is orthogonal to the space of harmonic forms,
3. a=H(a)+ AG(«a),

for any C* form a.
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COROLLARY 7.2.6. There is an orthogonal direct sum
EYX) = (harmonic forms) ® d€*1(X) @ d*E7(X)

PROOF OF THEOREM 7.2.1. We prove the existence part of the theorem. The
uniqueness is straightforward and left as an exercise. Any « can be written as
a = [+ dd*y + d*dvy with § harmonic. All these terms are in fact orthogonal to
each other, so

||d*dy||* = (d*dv, a) = (dv. da),
and this vanishes if « is closed. Therefore a is cohomologous to the harmonic form

B. O

Before doing the general case, let us work out the easy, but instructive, example
of the torus

EXAMPLE 7.2.7. X = R"/Z", with the Euclidean metric. A differential form
« can be expanded in a Fourier series
(17) o = Z Z a)\71'1___ip627”‘)\'xdl’il VAAN dl’ip
AEZM i1 <. <l
By direct calculation, one finds the Laplacian
A= i
B ox?’

the harmonic projection
H(a) = Z ao,iy..i,dTiy N ... Adzy,

and Green’s operator

a/)\,il..‘i 2mTIN-
G(O[) = Z Z WG o xd.’L’il VAN /\dzz’p.
AEZn—{0}
Since the image of H are forms with constant coefficients, this proves propos-
tion 4.5.1.

Exercises

1. Show that an harmonic exact form dv satisfies ||dy||> = 0. Use this to
prove the uniqueness in theorem 7.2.1.

2. Prove corollary 7.2.6.

3. Fill in the details of the above example.

7.3. The Heat Equation

We will outline an approach to 7.2.5 using the heat equation due Milgram and
Rosenbloom [MR]. However, we will deviate slightly from their presentation, which
is a bit too sketchy in places. The heuristic behind the proof is that if the form
« is thought of as an initial temperature, then the temperature should approach
a harmonic steady state as the manifold cools. So our task is to solve the heat
equation:

—
i
®

N

Il

—AA(t)
(19) A0) = «
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for all ¢ > 0, and study the behaviour as ¢ — co. For simplicial complexes, this was
the content of the exercises of the first section.
We start with a few general remarks.

LEMMA 7.3.1. If A(t) is a C* solution of (18), ||A(t)||? is (nonstrictly) de-
creasing.

PrOOF. Upon differentiating ||A(¢)||?> we obtain:

0A

2(5,

Ay = —2(AA, A) = —2(||dA||* + ||d* A|*) < 0.

COROLLARY 7.3.2. A solution to (18)-(19) would be unique.

PROOF. Given two solutions, their difference satisfies A(0) = 0, so it remains
0. O

The starting point for the proof of existence is the observation that when X
is replaced by Euclidean space and « is a compactly supported function, then one
has an explicit solution to (18)-(19)

Az, t) = A K(z,y,t)a(y)dy = (K(x,y,t),a(y))y
where the heat kernel
K(z,y,t) = (4rt)~ /2 lle=ull*/4t

and the symbol (,), is the L? inner product with integration carried out with
respect to y.

FIGURE 1. K(z,y,0.2)
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This can be modified to make sense for a p-form on X by replacing K above by

K (2, 1) = (dmt) "2 I0 S Sy A dys)?

When working with forms on X x X x [0, 00), we will abuse notation a bit and
write them as local expressions such as n(z,y,t). Then d.n(x,y,t) etcetera will
indicate that the operations d... are preformed with y,¢ treated as constant (or
more correctly, these operations are preformed fiberwise along a projection).

THEOREM 7.3.3. On any compact Riemannian manifold, there exists a C*
p-form K(x,y,t) called the heat kernel such that for any p-form «a,

Az, t) = (K(z,y,t)a(y))y
gives a solution to the heat equation (18) with A(x,0) = a(x).
PROOF. We sketch a proof due to Minakshisundaram when p = 0; a more
detail account can be found in [Ch]. This argument can be modified to work for
any p [P, sect 4]. Let §(x,7)? be a nonnegative C°>° function on X x X which

agrees with the square of the Riemannian distance function in neighbourhood of
the diagonal, and vanishes far away from it. Set

Ko (Jf, Y, t) = (47‘(,‘/)7”/26*5@@)2/41&

This is only an approximation to the true heat kernel in general, but it does satisfy
a crucial property that it approaches the §-function of “z —y” as ¢t — 0 in the sense
that

}E)I(l)<K0(£L'7 Y, t)’ O‘(y»y = O[(l’)
However, we will need to replace Ky by an approximation with better asymptotic

properties as t — 0. For each N € N, Minakshisundaram-Pleijel have shown how
to find C*° functions w;(z,y) such that

Kl(xvyvt) = KO(xvyvt)[UO(xa y) + tul(xvy) 4. tNuN(l'vy)]
satisfies

0
(Al + E) Kl = tNKOAzqu

which can be written as tV="/2¢=3@¥)*/4t times a C°°-function. We want to em-
phasize that the existence of the u;’s does not involve anything deep, but rather a
direct calculation. Fix N > n/2 + 2, and choose K; as above.

We define the convolution of two functions C'(z,y,t) and B(x,y,t) by

(C% B)(z,y,1) = /0 (Cla, 2t — ), Bz, g, 7))odr

This is an associative operation. Let L = (AI + %) Ki. Given a C°° function
B(z,y,t), we claim that

(20) <Az+%>(K1*B):—B+L*B

Let
h(x,yvta’r) = <K1(£L’, z,t— T)a B(ZvyaT»Z
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be the integrand of Ky * B. Then (20) follows formally by adding

o [t . to
E/O h(xayat77—)d7— = }_lg}ﬁh(xayatv'r) +/0 Eh(xayath)dT
to
t t
Az/ h(x,y,t,T)dT:/ Agh(z,y, t,7)dr
0 0
Set
We can obtain an estimate
|L*F| S tN+£—n/2—1Ce

where Cy is a constant which goes to 0 rapidly with ¢. This implies absolute uniform
convergence of this series on X2 x [0, 7]. This also shows that Ky *(L+L*L...) — 0
as t — 0, and therefore K also approaches the d-function as ¢ — 0. A similar
estimate on the derivatives up to second order allows us apply (20) term by term
to get a telescoping series

<Am+§t>KL+(L+L*L)+(L*L+L*L*L)+...0
It follows that
A(:L'7 t) = <K(I7 Y, t)? a(y)>y
satisfies the heat equation and the required initial condition. 0

Let
Ti(a) = (K(z,y,t),a(y))y
with K as in the last theorem. This is the unique solution to (18) and (19).
Theorem 7.2.5 can now be deduced from:

THEOREM 7.3.4 (Milgram-Rosenbloom).

1. The semigroup property Ti, 41, = Tt,Tt, holds.
2. Ty is formally self adjoint.

3. Tia converges to a C™ harmonic form H(«).
4. The integral

Gla) = / (Tha — Ha)dt
0
1s well defined, and yields Green’s operator.

PrOOF. We give the main ideas. The semigroup property T}, 4+, = 11,711,
holds because A(t; + t2) can be obtained by solving the heat equation with initial
condition A(t2) and then evaluating it at ¢ = ¢;.

To see that T} is self adjoint, calculate

0 0
7<Tt777T7'£> = <7Tt77aTT§> = _<ATt77aTT§>

ot ot
= (T, AT.E) = (T, 216) = LT, T )
— t1, T — 1, 87 T — 87' th, L+

which implies that (Tin, T:§) can be written as a function of t + 7, say g(t + 7).
Therefore
(Tin, &) = g(t +0) = g(0 + ) = (n, ;&)
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The previous two properties imply that for A > 0 we have

| Tyone = Tial? = || Tiqanal” + [Tl | — 2(Tiy2na, Tha)
= |[Tiyane|” + [|Tial]? = 2||Tynal?
= (|Teganel| = | Tell)® = 2(|Ternel? = [|Teranall - [|Tial))

|| Tycr||? converges thanks to lemma 7.3.1. Therefore ||T}4 2 — Tya||? can be made
arbitrarily small for large t. This implies that Tya converges in the L? sense to an
L? form H(a), i.e. an element of the Hilbert space completion of £7(X). Fix 7 > 0,
the relations Tyaw = T, T;— -, implies in the limit that T H(«) = H(«). Since, T
is given by an integral transform with smooth kernel, it follows that H(«) is C*°.
The equation T H(«) = H(«) shows that H(«) is in fact harmonic. We also note
that H is formally self adjoint

<£{aaﬁ>::tE£;<jla7ﬁ>::iEB;<a77}ﬁ>::<aaI{6>

The pointwise norms ||Tia(z) — Ha(x)|| can be shown to decay rapidly enough
that the integral

Gla) = /OOO(Ttoz — Ha)dt

is well defined. We will verify formally that this is Green’s operator:

AG(a) = / ATiadt = 7/ aTtadt =a— H(a),
and for 4 harmonic

oo (oo}
(G(a), B) = / (T, — H)a, B)dt — / (o, (T, — H)B)dt = 0
0 0
as required. O
Let’s return to the example of a torus where things can be calculated explicitly.

EXAMPLE 7.3.5. Let X =R"/Z". Given « as in (17), the solution to the heat
equation with initial value o is given by

SN v 2 2
Tia = Z Z a,\ﬂ‘l___ipe(hM x—4m7|A| t)daci1 A Ndz,,
AEZ™
and this converges to the harmonic projection

H(a) = Zao,il...ipdxil Ao Ndxg,

Tia — Ha can be integrated term by term to obtain Green’s operator

axi, .. ,
G(Oz) = Z Z A €2ﬂl>\'xd$i1 VANTAN dxip.

2 2
AEZ" —{0} 42|l

Exercises

1. Check that the above example works as claimed.



CHAPTER 8

Toward Hodge theory for Complex Manifolds

In this chapter, we take the first few steps toward Hodge theory in the complex
setting. This is really a warm up for the next chapter.

8.1. Riemann Surfaces Revisited

In this section we tie up a few loose ends from chapter 5. by proving proposition
5.4.7. Fix a compact Riemann surface X. In order to apply the techniques from
the previous chapter, we need a metric which is a C*° family of inner products.
But we need to impose a compatibility condition. As one learns in first course in
complex analysis, conformal maps are angle preserving, and this means that we
have a well defined notion of the angle between two tangent vectors. Among other
things, compatibility will mean that the angles determined by the metric agree
with the ones above. To say this more precisely, view X as two dimension real C'*®
manifold. Choosing an analytic local coordinate z in a neighbourhood of U, the
vectors v; = 0/0z and vy = 0/0y give a basis (or frame) of the real tangent sheaf
Tx of X restricted to U. The automorphism J, : Tx |y — Tx|u represented by

(50)

in the basis vy, vy is independent of this basis, and hence globally well defined. A
Riemannian metric (,) is compatible with the complex structure, or is Hermitean,
if the transformations J,, are orthogonal. In terms of the basis vy, v this forces the
matrix of the bilinear (,) form to be a positive multiple of I by some function h.
Standard partition of unity arguments show that Hermitean metrics exist. Fix one.
In coordinates, the metric would be represented by a tensor h(z, y)(de®@dz+dy®dy).
The volume form is represented by hdx A dy. It follows that xdz = dy and *dy =
—dz. In other words, * is the transpose of .J which is independent of h. Once we
have *, we can define all the operators from the last chapter, After having made
such a fuss about metrics, it turns out that for our purposes one is as good as any
other (for the statements though not the proofs).

LEMMA 8.1.1. A 1-form is harmonic if and only if its (1,0) and (0,1) parts are
respectively holomorphic and antiholomorphic.

PrOOF. A 1-form « is harmonic if and only if do = d x & = 0. Given a local
coordinate z, it can be checked that *dz = —v/—1dz and *dZ = \/—1dZ. Therefore
the (1,0) and (0, 1) parts of a harmonic 1-form « are closed. If « is a (1,0)-form,
then da = da. Thus « is closed if and only if it is holomorphic. Conjugation yields
the analogous statement for (0, 1)-forms. O

COROLLARY 8.1.2. dim H°(X, Q) equals the genus of X.

89
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PrROOF. The first Betti number dim H* (X, C) is the sum of dimensions of the
spaces of holomorphic and antiholomorphic forms. Both these spaces have the same
dimension, since conjugation gives a real isomorphism between them. O

LEMMA 8.1.3. The image of A and 39 on E2(X) coincide.

PRrOOF. Computing in local coordinates yields

=, N1 (O*f  O*f
and ) )
_(0°F  OF
dxdf = (89:2 + 8y2> dx N dy.
This finishes the proof because A = —d * dx. (]

PROPOSITION 8.1.4. The map H'(X,0x) — H'(X,Q%) induced by d van-
ishes.

PROOF. We use the descriptions of these spaces as -cohomology groups 5.4.3.
Given o € E%(X), let 3 = da. We have to show that 3 lies in the image of 0.
Applying theorem 7.2.5 we can write § = H(3) + AG(S). Since [ is exact, we
can conclude that H(8) = 0 by corollary 7.2.6. Therefore (8 lies in the image of
00 = —00. O

COROLLARY 8.1.5. The map H'(X,C) — H'(X, Ox) is surjective, and dim H'(X, Ox)
coincides with the genus of X.

PrROOF. The surjectivity is immediate from the long exact sequence. The sec-
ond part follows from the equation

dim H* (X, Ox) = dim H'(X,C) — dim H"(X, Qx)

Exercises

1. Show that H'(X,C) — H'(X,0Ox) can be identified the projection of
harmonic 1-forms to antiholomorphic (0, 1)-forms.

2. Calculate the spaces of harmonic and holomorphic one forms explicitly for
an elliptic curve.

3. Show that the pairing (o, 3) — [ @A 3 is positive definite.

8.2. Dolbeault’s theorem

We now extend the results from Riemann surfaces to higher dimensions. Given
an n dimensional complex manifold X, let Ox denote the sheaf of holomorphic
functions. We can regard X as a 2n dimensional (real) C'* manifold as explained
in section 1.2. As with Riemann surfaces, from now on C¥ will denote the sheaf of
complex valued C*° functions. Likewise £% will denote the sheaf of C*° complex
valued k-forms, but first we should make clear what that means. Let £ §(7R to denote
the sheaf of real valued C'*> k-forms as defined in section 1.5. Then

EX(U) = Cer X (D).
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By a real structure on a complex vector space V', we mean real vector space Vg and
an isomorphism C® Vg = V. This gives rise to a C-antilinear involution v — v given
by a @ v = a ® v. Conversely, such an involution gives rise to the real structure
Vg = {v | v = v}. In particular, €% (U) has a natural real structure.

The sheaf of holomorphic p-forms Q% is a subsheaf of % stable under mul-
tiplication by Ox. This sheaf is locally free as an Ox-module. If zi,...z, are
holomorphic coordinates defined on an open set U C X,

{dzil/\.../\dzip |i1<...<ip}

gives a basis for Q% (U). To simplify our formulas, we will write the above expres-
sions as dz; where I = {i1,...,ip}.

DEFINITION 8.2.1. Let ng’o) denote the C*° submodule of EP generated by Q% .
Let QP = €@V and €9V = €00 Q.

In local coordinates {dz; Adzy | #I = p,#J = q}, gives a basis of €29 (U7). All
of the operations of sections 5.3 and 5.4 can be extended to the higher dimensional

case. The operators
9 ggfﬂl) N g}({lfrl,tﬁ

and
9PV — gty

are given locally by

ZfIJdZI/\dZJ :ZzafIszz/\dzI/\dzJ

I,J I,J i=

=

5(ZfI,JdZ1/\dZJ ZZ afljdzj ANdzp ANdzy

1,J I,J j=1

The identities
(22) d=0+0
P’ =0*=0
004+ 00 =0

hold.
The analogue of theorem 5.3.2 is

THEOREM 8.2.2. Let D C C" be an open polydisk (i.e. a product of disks).
Given o € EP9 (D) with da = 0, there exists f € C>°(D) such that a = 93

PROOF. See [GH, pp. 25-26]. O
COROLLARY 8.2.3 (Dolbeault’s Theorem).

0—>Q§(—>5}fo) 5(p1)...

s a fine resolution.



92 8. TOWARD HODGE THEORY FOR COMPLEX MANIFOLDS

ProoF. Given a (p,0) form ), frdz,

n

O frdzr) =D g—gdzj Ndz =0
I I

j=1

if and only it is holomorphic. In other words, % is the kernel of the 0 operator

on 5%’0), and the corollary follows.
O

Exercises
1. Check the identities 22 when dim X = 2.

8.3. Complex Tori

A complex torus is a quotient X = V/L of a finite dimensional complex vector
space by a lattice (i.e. a discrete subgroup of maximal rank). Thus it is both a
complex manifold and a torus. Let us identify V with C™. Let zi,...z, be the
standard complex coordinates on C", and let x; = Re(z;), y; = Im(z;).

We have already seen that harmonic forms with respect to the flat, i.e. Eu-
clidean, metric are the forms with constant coefficients. The space of harmonic
forms can be decomposed into (p, q) type.

H®P9 = @ Cdzr Ndzy
#I=p,#J=q
These forms are certainly 0-closed, and hence define 9-cohomology classes.

PROPOSITION 8.3.1. H®9 = H4(X OF).

The isomorphism V' & L®R induces a natural real structure on V. Therefore it
makes sense to speak of antilinear maps from V' to C, these are maps f(av) = af(v);
let V* denote the space of these.

COROLLARY 8.3.2. H(X,0%) = AV @ APV*

Let 0* and 0* denote the adjoints to 9 and 0 respectively. These operators
can be calculated explicitly. Let ix and i denote contraction with the vector fields
20/0zy, and 20/0Zy,. These are the adjoints to dzxA and dzpA. Then

We can define the @ and J-Laplacians by
Ay = 0"0 + 909",

Ay = 58 + 5"
LEMMA 8.3.3. A =2A5=2A,.
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This can be checked directly by an explicit calculation of the Laplacians [GH,
p. 106]. However, we will somewhat perversely sketch a more complicated proof,
since it this argument which generalizes.

Introduce the auxillary operators

V=1
w= ?Zdzk/\dik :derk/\dyk

La=wANa«a

and
V 71 - .
A=— ? Z 2%
A straight forward computation yields the first order Ké&hler identities:
PROPOSITION 8.3.4. If [A, B] = AB — BA then

1. [A, 0] = —i0*
2. [A, 0] =i0*
PROOF. The proof is a long but elementary calculation, [GH, p. 114]. [

Upon substituting these into the definitions of the various Laplacians some
remarkable cancelations take place, and we obtain:

PROOF OF LEMMA 8.3.3. We first establish 00* + 0*9 = 0
i85 + 8*9) =
— O(AD — AA) — (AD — YD
= 0N —0ND =0

Similarly, 9*0 + 00* = 0.
Next expand A,

A= (0+0)(0"+0%)+ (0" +0%)(0+0)
= (00" + 9*0) + (00" + 0%0) + (00* + 0*0) + (0*0 + 09*)
=Ap+Aj
Finally, we check Ay = Ag,

—iy = O(AD — DA) + (AD — HA)D
= OAD — DOA + A — ND
= (OA — AD)D + B(OA — AD) = —il\y

PROOF OF PROPOSITION 8.3.1. By Dolbeault’s theorem
ker[0 : EPD)(X) — £Patl))
im[0 : EPa—D(X) — @)
Let a be a d-closed (p, q)-form. Decompose
a=p+A0y=0+2857=PF+00n+0"
with @ harmonic, which possible by theorem?7.2.5. We have
10*72[[* = (y2,09"2) = (72, 0a) = 0.

HO(X, %) =
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It is left as an exercise to check that 3 is of type (p,q), and that it is unique
Therefore the d-class of « has a unique representive by a constant (p, ¢)-form. O

Exercises

1. Show that that 3+ 0y = 0 forces 8 = 0 if 3 is harmonic.

2. Suppose that o = 8 + 07 and that « is of type (p,q) and # harmonic. By
decomposing § = > B#4) and v = > A4 into (', q") type and using
the previous exercise, prove that 3 is of type (p,q) and unique.



CHAPTER 9

Kahler manifolds

In this chapter, we extend the results of the previous section to an important
class of manifolds called Kéhler manifolds.

9.1. Kahler metrics

Let X be a compact complex manifold with complex dimension n. Fix a Her-
mitean metric H, which is a choice of Hermitean inner product on the complex

tangent spaces which vary in C*° fashion. More precisely, H would be given by a
section of the £ 5(1 0 g 5?’1), sthat in some (any) locally coordinate system around

each point is given by

with h;; positive definite Hermitean. By linear algebra, the real and imaginary
parts of h;; are respectively symmetric positive definite and nondegenerate skew
symmetric matrices. Geometrically, the real part is just a Riemannian structure,
while the (suitably normalized) imaginary part of gives a (1, 1)-form w called the
Kidhler form; in local coodinates

v—1
T Z hijdzi A de.

It is clear from this formula, that w determines the metric.

w =

DEFINITION 9.1.1. A Hermitean metric on X s called Kdhler if there exist an-
alytic coordinates z1, . .. zp about any point, for which the metric becomes Fuclidean
up to second order:

hij = d;; mod (z,... 2n)?

A Kaihler manifold is a complex manifold which admits a Kdhler metric.

In such a coordinate system,

v—1
w= 5 Z dz; Ndz; + terms of 2nd order and higher

Therefore dw = 0. Thus not every Hermitean metric is Kéhler. This condition
characterizes Kéhler metrics (and usually taken as the definition):

PROPOSITION 9.1.2. Given a Hermitean metric h, the following are equivalent

1. h is Kahler.
2. The Kdahler form is closed: dw = 0. -
3. The Kahler form is locally expressable as w = 00f.

PROOF. See [GH, p 107] for the equivalence of the first two conditions, and
the exercises for the last two. O

95
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We will refer the cohomology class of w as the Kdaher class. The function f in
the proposition is called a Kéhler potential. A function f is plurisubharmonic if it
is Kéahler potential, or equivalently in coordinates this means

02 -
—F&& >0
Z 8zi82j 515]
for any nonzero vector &.
Standard examples of compact Kéahler manifolds are:

EXAMPLE 9.1.3. Riemann surfaces with any Hermitean metric since dw van-
ishes for trivial reasons.

ExaMPLE 9.1.4. Complex tori with flat metrics.

ExAMPLE 9.1.5. P™ with the Fubini-Study metric. This is the unique metric
with Kdahler form which pulls back to
/—1 _
under the canomnical map C"** — {0} — P". Since H*(P",C) is one dimensional,
the Kdahler class [w] would have to be a nonzero multiple of ¢1(O(1)). In fact, the
constants in the formulas are chosen so that these coincide.

DEFINITION 9.1.6. A line bundle L on a compact complex manifold X is called
if called very ample if there is an embedding X C P™ such that L = Opn(1)|x. H
is ample if some positive tensor power of it is very ample.

The key examples of Kédhler manifolds are provided by

LEMMA 9.1.7. A complex submanifold of a Kdhler manifold inherits a Kdhler
metric such that the Kahler class is the restriction of the Kdhler class of the ambient
manifold.

PROOF. This comes down to the fact that a plurisubharmonic function will
restrict to plurisubharmonic function on complex submanifold. Thus a Kéhler form
will restrict to a Kéahler form. (I

COROLLARY 9.1.8. A smooth projective variety has a Kdhler metric, with Kdahler
class equal to c¢1(L) for L very ample.

Since ¢1(L®™) = ncy (L), we can replace “very ample” by “ample” above.

Exercises

1. Prove the equivalence of 2 and 3 in proposition 9.1.2. For 2= 3, use
Poincaré’s lemma to locally solve w = da and the 9-Poincaré lemma (8.2.2)
to the (0, 1)-part of a and the conjugate of (1,0)-part.

2. Check that the Fubini-Study metric is Kéhler.

9.2. The Hodge decomposition

Fix a Kéhler manifold X with a specific metric. Since Kéahler metrics are
Euclidean up to second order, we have the following metatheorem: Any identity
imwolving geometrically defined first order differential operators on Fuclidean space
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will automatically extend to Kdhler manifolds. Let us introduce the relevant oper-
ators. X has a canonical orientation, so the Hodge star operator associated to the
Riemannian structure can be defined. * will be extended to C-linear operator on
EY, and set ¥(a) = ¥a = *a'. * is compatible with the natural bigrading on forms

in the sense that
«EPD(X) C glnman—r) (X)),

Let 0* = —%0% and 0* = —%0%. These are adjoints of d and 0. Then we can define
the operators

Ay =070+ 907,
Ay =0"0+ 00"
L =wA
AN =—xLx

A form is called 0-harmonic if it lies in the kernel of Ay. For a general Hermitean
manifold there is no relation between harmonicity and d-harmonicity. However,
these notions do coincide for the class the class of Kédhler manifolds, which we will
define shortly.

Lemma 8.3.3 generalizes:

THEOREM 9.2.1. A =2A5 = 2A,.

PROOF. Since Laplacians are second order, the above metatheorem will not
apply directly. However, proposition 8.3.4 extends to X by the above principle.
The rest of the argument is the same as in section 8.3. 0

COROLLARY 9.2.2. If X is compact then H1(X, Q%) is isomorphic the space
of harmonic (p, q)-forms.

PROOF. Since harmonic forms are J-closed (exercise), we have map from the
space of harmonic (p, ¢)-forms to H9(X, Q% ). The rest of the argument is identical
to thhe proof of proposition 8.3.1. O

We obtain the following special case of Serre duality as a consequence:
COROLLARY 9.2.3. When X is compact, HP(X, Q%) = H" ?(X, Q% )

PROOF. % induces an R-linear isomorphism between the corresponding spaces
of harmonic forms. O

THEOREM 9.2.4 (The Hodge decomposition). If X is a compact Kdhler man-
ifold then a differential form is harmonic if and only if its (p,q) components are.
Consequently we have (for the moment) noncanonical isomorphisms

H'(X,C)=  HIX %)
p+g=i

Furthermore, complex conjugation induces R-linear isomorphisms between the space
of harmonic (p,q) and (q,p) forms. Therefore

HI(X,08) = HP(X,Q%).

1Many authors, notably Griffiths and Harris [GH], interchange these operators.
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PrOOF. The operator Az preserves the decomposition
E(X) = @ g(p,q)(X)
pHg=i
Therefore a form is harmonic if and only if its (p,¢) components are. Since com-

plex conjugation commutes with A, conjugation preserves harmonicity. These ar-
guments, together with corollary 9.2.2; finishes the proof. (]

COROLLARY 9.2.5. The Hodge numbers hP1(X) = dimH9(X,Q%) are finite
dimensional.

COROLLARY 9.2.6. If i is odd then the ith Betti number b; of X is even.

by =2 hr

r<gq

PROOF.

O

The first corollary is true for compact complex non Kéahler manifolds, how-
ever the second may fail (exerice). The Hodge numbers gives an important set
of holomorphic invariants for X. We can visualize them by arranging them in a
diamond:

ho =1
th hOl
h20 hll h02
hmn—l o hn—Ln
B =1

The previous results implies that this picture has both vertical and lateral
symmetry (e.g h'0 = p01 = prin=1 = pn-ln),

Exercises

1. Prove that « is harmonic if and only if da = 0*a = 0.

2. The Hopf surface S is complex manifold obtained as a quotient of C? — {0}
by Z acting by z — 2"z. Show that S is homeomorphic to S* x S3, and
conclude that it cannot be Kahler. ,

3. Using the metatheorem, verify that dvol = %- on a 2 dimensional Kéahler
manifold. Conclude that [w] is nonzero.

4. Generalize the previous exercise to all dimensions.

9.3. Picard groups

Let us write H%(X,Z) N H'Y(X) for the preimage of H'!(X) under the map
H?*(X,Z) — H*(X,C). Note that this contains the torsion subgroup H?(X,Z)ors-

THEOREM 9.3.1. Let X be compact Kdhler manifold. Then Pic(X) fits into an
exact sequence

0 — Pic’(X) — Pic(X) — H*(X,Z)n H*(X) — 0
with Pic®(X) a complex torus of dimension h°'(X)

There are two assertions which will be proved seperately.
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PROPOSITION 9.3.2. Pic%(X) = ker(cy) is torus.

ProoF. From the exponential sequence, we obtain
HY(X,Z) — H'(X,0x) — Pic(X) — H*(X,7Z)

Pic? is the cokernel of the first map. This map can be factored through H*(X,Rx),
and certainly H'(X,R)/H'(X,Z) is a torus. Thus for the first part, it suffices to
prove that

7 HY(X,R) —» H'(X,Ox)

is an isomorphism of real vector spaces. We know that that these space have the
same real dimension b; = 2h'°, so it is enough to check that 7 is injective. The
Hodge decomposition implies that o € H!(X,R) can be represented by a sum of
a harmonic (1,0)-form «; and a harmonic (0,1)-form ag. Since o = @, oy = as.
m(a) is just oy. Therefore m(a) = 0 implies that a = 0. O

PROPOSITION 9.3.3 (The Lefschetz (1,1) theorem). ¢;(Pic(X)) = H*(X,Z) N
Hll(X)

PROOF. The map f: H*(X,Z) — H?*(X,Ox) can be factored as H*(X,Z) —
H?(X,C) followed by projection of the space of harmonic 2-forms to the space of
harmonic (2,0)-forms. From the exponential sequence c¢;(Pic(X)) = ker(f), and
this certainly contains H?(X,Z) N H*(X).

Conversely suppose that a € ker(f), then its image in H?(X,C) can be repre-
sented by a sum of a harmonic (0, 2)-form «; and a harmonic (1, 1)-form as. Since
& = a, a; must be zero. Therefore o € H*(X,Z) N H(X). O

Pic®(X) is called the Picard torus (or variety when X is projective). When X
is a compact Riemann surface, Pic’(X) is usually called the Jacobian and denoted
by J(X)

EXAMPLE 9.3.4. When X = V/L is a complex torus, Pic’(X) is a new torus
called the dual torus. Using corollary 8.5.2, it can be seen to be isomorphic to
V*/L*, where V* is the antilinear dual and

L*={\eV*|,Im(\)(L) C Z}

~ The dual of the Picard torus is called the Albanese torus Alb(X). Since H! =
H°', Alb(X) is isomorphic to
HO(X,04%)*
Hl(X7 Z)/Hl(X7 Z)tors’

where the elements v of the denominator are identified with the functionals a +—
f,y « in numerator.

Exercises

1. Let X be a compact Riemann surface. Show that the pairing < o, >=
Jx @ A induces an isomorphism J(X) 2 Alb(X); in other words J(X) is
self dual.

2. Fix a base point xg € X. Show that the so called Abel-Jacobi map X —
Alb(X) given by z — f;co (which is well defined modulo H;) is holomorphic.
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3. Show that every holomorphic 1-form on X is the pullback of a holomorphic
1-form from Alb(X). In particular, the Abel-Jacobi map cannot be constant
if RO £ 0.



CHAPTER 10

Homological methods in Hodge theory

We introduce some homological tools which will allow us to extend and refine
the results of the previous chapter.

10.1. Pure Hodge structures

It is useful isolate the purely linear algebraic features of the Hodge decompo-
sition. We define a pure real Hodge structure of weight m to be finite dimensional
complex vector space with a real structure Hg, and hence a conjugation, and a

bigrading
ne @

ptgq=m
satisfying HP4 = H9%. We generally use the same symbol for Hodge structure and
the underlying vector space. A (pure weight m) Hodge structure is a real Hodge
structure H together with a choice of a finitely generated abelian group Hy and an
isomorphism Hz ® R = Hgi. Even though the abelian group Hz may have torsion,
it is helpful to think of it as “lattice” in Hg. Rational Hodge structures are defined
in a similar way. Given a pure Hodge structure, define the Hodge filtration by

FPHe = @ HP,
p'Zp

The following is elementary.
LEMMA 10.1.1. If H is a pure Hodge structure of weight m then
He = Fr @@ Fmrt!

for all p. Conversely if F'® is a descending filtration satisfying F® = Hc and F® =0
for some a,b € Z and satisfying the above identity, then

HP1 = FP N [
defines a pure Hodge structure of weight m.

The most natural examples come from the mth cohomology of a compact Kahler
manifold, where we take Hy, is the image of H™ (X, Z). But it is easy to manufacture
other examples. For every integer i, there is a rank one Hodge structure Z(7)
of weight —2i Here the underlying space is C, with H(=%~% = C, and lattice
Hz, = (2m/—1)Z (these normalizations should be ignored at first). The collection
of Hodge structures of forms a category H.S, where a morphism is linear map
f preserving the lattices and the bigradings. In particular, morphisms between
Hodge structure with different weights must vanish. This category has the following
operations: direct sums with the restriction that we can add Hodge structures of
the same weight (we will eventually relax this), and (unrestricted) tensor products

101
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and duals. Explicitly, given Hodge structures H and G of weights n and m. their
tensor product H ®z G is equipped with a weight n + m Hodge structure with
bigrading
(H® G = @ oY o g
p'+p"'=p,q'+q"=q
If m = n, their direct sum H @ G is equipped with the weight m Hodge structure
(Hee Q)P = @ HPY @ GPa.
ptg=m
The dual H* = Hom(H,Z) is equipped with a weight —n Hodge structure with
bigrading
(H) = (1)

The operation H +— H(i) is called the Tate twist. It has the effect of leaving H
unchanged and shifting the bigrading by (—i, —i).

The obvious isomorphism invariants of a Hodge structure H are its Hodge num-
bers dim HP?. However, this the doesn’t completely characterize them. Consider,
the set of 2¢ dimensional Hodge structures H of weight 1 and level 1. This means
that the Hodge numbers are as follows: dim H'® = dim H°!' = ¢ and the others
zero. There are uncountably many isomorphism classes, in fact:

LEMMA 10.1.2. There is a one to one correspondence between isomorphism
classes of Hodge structures as above and g dimensional complex tori given by

Hc

H - =
T Hy, + FT

Exercises

1. If H is a weight one (not necessarily) level one Hodge structure, show that
the construction of lemma 10.1.2 is a torus.
2. Prove lemma 10.1.2.

10.2. Canonical Hodge Decomposition

The Hodge decomposition involved harmonic forms so it is tied up with the
Kéaher metric. It is possble to reformulate it, so as to make it independent of the
choice of metric. Let us see how this works for a compact Riemann surface X. We
have an exact sequence

OH(CXHOXHQkHO
and we saw in lemma 5.4.6 that the induced map
H(X, Q%) — H'(X,C)

is injective. If we define

F'HY(X,C) = H'Y(X,C)
F'HY(X,C) = im(H°(X,QY%))
F?HY(X,C) = 0

then this together with the isomorphism H*(X,C) = H*(X,Z) ® C determines a
pure Hodge structure of weight 1. To see this choose a metric which is automatically
Kéhler because dimX = 1 (in fact x is a conformal invariant so it’s not necessary
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to choose a metric at all). Then H*(X, C) is isomorphic to direct sum of the space
of harmonic (1, 0)-forms which maps to F! and the space of harmonic (0, 1) forms
which maps to F.

Before proceeding with the higher dimensional version, we need some facts from
homological algebra. Let

c*=.. 0o catl

be a complex of vectors spaces (or modules or...). It is convenient to all the indices
to vary over Z, but we will require that it is bounded below which means that
C® =0 for all @ << 0. Let us suppose that each C? is equipped with a filtration
FrC? O FrHIC? . | which is preserved by d, i.e. dFPC? C FPC'*H!. This implies
that each FPC® is a subcomplex. We need to impose a finiteness condition, F'®
biregular if for each i there exists a and b with F¢C? = C* and F°C* = 0. We get
a map on cohomology
¢ - H*(FPC®) — H*(C*®)

and we let FPH*(C®) be the image. The filtration is said to be strictly compatible
with differentials of C'*, or simply just strict if all the ¢’s are injective. Let Gri.C'* =
GrPC® = FPC®/FP+Y1C®. Then we have a short exact sequence of complexes:

0— FPT'C — FPC — GrPC — 0

From which we get connecting maps & : H'(Gr?C®) — HTY(FPt1C*®). This can
be described explicitly as follows. Given Z € H*(GrPC®), it can be lifted to an
element € FPC® such that do € FPTLC*L. Then §(Z) is represented by dz.

ProproSITION 10.2.1. The following are equivalent
1. F' 1is strict.
2. FPO* NdC" = dFPC? for all i and p.
3. The connecting maps § : H'(GrPC*®) — H'TY(FPTLC®) vanish for all i and
.

PROOF. We first show (1) = (2). Suppose that z € FPC*t1NdC?, then z = dx
with # € O lies in FP. Clearly dz defines an element of ker¢?. Therefore dz = dy
for some y € FP since F is strict.

Now assume (2). Given z € H'(GrP), lift it to an element z € FP? with
dx € FP*! as above. Then dx = dy for some y € FP*1. Replacing x by x — % shows
that §(Z) is zero.

(3) is equivalent to the injectivity of all the maps H!(FP™!) — HY(FP), and
this implies (1). O

Define GrP?H'(C®) = FPH'(C*)/FPT*H*(C*®). For vector spaces, there are
noncanonical isomorphisms

H(C*) = GrH(C?)
P

COROLLARY 10.2.2. GrPH*(C*®) is a subquotient ofH'(GrPC*®). This means
that there is a diagram

HY(GrPC®*) 2 I'"? — Gr?H'(C"*)

where the last map is onto. Isomorphisms GrP H'(C®) = [P = H(GrPC*®) hold,
for all i, p, if and only if F is strict.
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PROOF. Let I'? = im[H*(FP) — H'(GrPC®)] then the surjection H*(FP) —
GrPH'(C*®) factors through I. The remaining statement follows from (3) and a
diagram chase. O

COROLLARY 10.2.3. Suppose that C*® is a complex of vector spaces over a field
such that dimH(GrP) < co for all i,p. Then

dim H'(C*) < dim H'(Gr?),
P
and equality holds for all i if and only if F is strict. In which case, we also have

dim FPH'(C*) = Y dim H'(Gr").

p'2p
ProoFr. We have
dim H'(C*) = dim GrPH(C*) < Y " dim " <> dim H (Gr?)
P P p

and equallity is equivalent to strictness of F' by the previous corollary. The last
statement is left as an exercise. (]

These results are usually formulated in terms of spectral sequences which we
have chosen to avoid. In this language the last corollary says that F' is strict if and
only if the associated spectral sequence degenerates at F1. The notation is partially
explained in the exercises.

Let X be a complex manifold, then the de Rham complex £°(X) has a filtration
called the Hodge filtration:

FPES(X) = €79(X)
p’'=>p
Its conjugate equals
FIg8(X) = &r(X)
q'2q
THEOREM 10.2.4. If X is compact Kdhler, the Hodge filtration is strict. The
associated filtration F*H(X,C) gives a canonical Hodge structure

H'(X,Z)®C=H'(X,C)= P H"(X)
pq=i
of weight i, where

HP(X)=FPH(X,C)N F1H"(X,C) = HY (X, Q%).

PrOOF. HY(GrPE* (X)) = Hq(ggf’.)(X)) is isomorphic to H?(X, Q% ). There-
fore F' is strict by corollary 10.2.3 and the Hodge decomposition. By conjugation,
we see that F' is also strict. Thus

dim FPHY(X,C) = h?"P(X) + hPTHP (X)) .
and
dim F*""PH (X, C) = h?~HmPH (X)) 4 P27 P2 (X)) 4
These dimensions add up to the ith Betti number. A cohomology class lies in
FPH'(X,C) (respectively F*"P*'H'(X,C)) if and only if it can be represented by
a form in FPE®*(X) (respectively F'"PF1£%(X)). Thus H'(X,C) is the sum of
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these subspaces, and it must necessarily be a direct sum. Therefore the filtrations
determine a pure Hodge structure of weight ¢« on H*(X, C). O

Even though harmonic theory lies is behind this. It should be clear that the
final result does not involve the metric. The following is not so much a corollary as
an explanation of what the term canonical means:

COROLLARY 10.2.5. If f : X — Y s a holomorphic map of compact Kdhler
manifolds, then the pullback map f* : H(Y,Z) — H'(X,Z) is compatible with the
Hodge structures.

COROLLARY 10.2.6. Global holomorphic differential forms on X are closed.
PROOF. Strictness implies that the maps
d: H(X,08%) — HO(X, %)
vanish by the exercises. O

This corollary, and hence the theorem, can fail for compact complex non Kéahler
manifolds [GH, p. 444].

THEOREM 10.2.7. If X is a compact Kahler manifold, the cup product
HY(X)® H (X) — H™(X)
is a morphism of Hodge structures.
The proof comes down to the observation that
FPE® N FIE® C FPHige

For the corollaries, we work with rational Hodge structures. We have compata-
bility with Poincaré duality:

COROLLARY 10.2.8. Ifdim X = n, then Poincaré duality gives an isomorphism
of Hodge structures

H'(X) = [H*(X)"](~—n)
We have compatibility with the Kiinneth formula:
COROLLARY 10.2.9. If X and Y are compact manifolds, then
P HX)eH (V)= H X xY)
itj=k
is an isomorphism of Hodge structures.

We have compatibility with Gysin map:

COROLLARY 10.2.10. If f : X — Y s a holomorphic map of compact Kdihler
manifolds of dimension n and m respectively, the Gysin map is a morphism

HY(X) — H™2m=)(Y)(n — m)
Exercises

1. Finish the proof of 10.2.3.
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2. Let C*, F* be as above, and define EY? = HPT4(GrPC®) and dy : EY? —

EPT% a5 the connecting map associated to

0 — GrPC® — FPC®/FPT2C* — GrPC* — 0

Show that d; = 0 if F'® is strict. There is in fact a sequence of such maps
di,ds ..., and strictness is equivalent to the vanishing of all of them.

3. When C* = £°*(X) with its Hodge filtration, show that E{? =~ H(X, QX))
and that d; is induced by the o — da on O-cohomology. Conclude that
these maps vanish.

10.3. Hodge decomposition for Moishezon manifolds

A compact complex manifold X is called Moishezon if its field of meromorphic
functions has transcendence degree equal to dim X. This class includes smooth
proper algebraic varieties, and forms a natural class in which to do complex alge-
braic geometry. Moishezon manifolds need not be Kéhler, see [Har, appendix B]
for explicit examples, nevertheless theorem 10.2.4 holds for these manifolds. This
is by a result of Moishezon [Mo] who proved that such manifolds can always be
blown up to a smooth projective varieties and the following.

THEOREM 10.3.1. If X is a compact complex manifold for which there exists
a compact Kahler manifold and a surjective bimeromorphic map f: X — X, then
the conclusion of theorem 10.2.4 holds.

Proofs can be found in [D1, DGMS]. We will be content outline a proof. Let
n = dim X. There is a map

frHIX, 0% ) — HY(X,0F)

which is induced by the map a — f*« of (p, g)-forms. We claim that the map f* is
injective. To see this, we need the full strength of Serre duality. There is a pairing

HIX,08) @ H"4(X, Q") —C
induced by
(o, B) — / alf
X

THEOREM 10.3.2 (Cartan). If X is a compact complex manifold, dim H1(X, Q%) <

THEOREM 10.3.3 (Serre). If X is a compact complex manifold, the pairing
described above is perfect

~ Proor. Both results can be deduced from a Hodge decomposition theorem of
0, see [GH]. O

Therefore, we can define a map
fo s HI(X,Q0) = HI(X,0%),
analogous to the Gysin map, as the dual to the pullback map
HY (X, 05 7) — B (X, 0 7)

We have f, f*(a) = a which proves injectivity of f* as claimed. By similar reason-
ing, f*H'(X,C) — H'(X,C) is also injective.
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Consider the commutative diagram

HO(@) —> HI(O5)

fr l I i
d +1
Hq(Qg() — Hq(Qg’? )
Where horizontal maps were defined in the previous exercises. Since the bottom d
vanishes, the same goes for the top. Although, we have not defined them the same
reasoning applies to the higher differentials. This will prove strictness of the Hodge

filtration F, and also F. We can now argue as in the proof of theorem 10.2.4 that
the filtrations give a Hodge structure on H*(X)

Exercises

1. Check this version Serre duality for Kéhler manifolds using what we have
already proven.

10.4. Hypercohomology

It is possible to describe the relationship between the De Rham and Dolbeault
cohomologies in more direct terms than we have done so far. But first, we need to
generalize the constructions given in chapter 3. Recall that a complex of sheaves is
a possibly infinite sequence of sheaves

. i . i41
LR e d

satisfying d'*'d’ = 0. We say that the complex is bounded if only finitely many
of these sheaves are nonzero. Given any sheaf F and natural number n, we get a
bounded complex F[n| consisting of F in the —nth position, and zeros elsewhere.
The collection of bounded (respectively bounded below) complexes of sheaves on
a space X forms a category C°(X), where a morphism of complexes f : £* — F*
is defined to be a collection of sheaf maps £ — F' which commute with the
differentials. This category is abelian. We define additive functors H' : C*(X) —
Ab(X) by
HI(F®) = ker(d') Jimage(d'™")

A morphism in CT(X) is a called a quasi-isomorphism if it induces isomorphisms
on all the sheaves H'.

THEOREM 10.4.1. Let X be a topological space, then there are additive functors
H! : CT(X) — Ab, with i € N, such that
1. For any sheaf F, H (X, F[n]) = H*" (X, F)
2. If F* is a complex of acyclic sheaves, H (X, F*) = H (T'(X, F*))).
3. If &* — F* is a quasi-isomorphism, then the induced map H'(X,E®) —
Hi (X, F*®) is an isomorphism.
4. If 0 —» &°* — F* — G®* — 0 is exact, then there is an eract sequence

0— HY(X,E%) — HO(X,F*) - H'(X,G®) — H'(X,E%) — ...
We merely give the construction and indicate the proofs of some of these state-

ments. Complete proofs can be found in [GM] or [I]. We start by redoing the
construction of cohomology for a single sheaf F. The functor G defined in 3.1,
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gives a flasque sheaf G(F) with an injective map F — G(F). C1(F) is the cokernel
of this map. Applying G again yields a sequence

F — G(F) — G(CY(F))
By continuing as above, we get a resolution by flasque sheaves
F—GUF)—G(F)— ...
Theorem 4.1.3 shows that H*(X, F) is the cohomology of the complex I'(X, G*(F)),
and this gives the clue how to generalize the construction. The complex G* is
functorial. Given a complex
LF L
we get a commutative diagram
d

Fioo4 p
! !
GO(]_"L) i) GO(]:i—H)

10 10
We define, the total complex
T'= P GP(F)
pHq=i

with a differential § = d + (—1)70. We can now define

H'(X, F*) = H'(D(X,T*))
When applied to F[0], this yields H*(I'(X,G*(F))) which as we have seen is
HY(X,F), and this proves 1 when n = 0.

The precise relationship between the various (hyper)cohomology groups is usu-
ally expressed by the spectral sequence

EY = H1(X,EP) = HPT(E®)
This has the following consequences that we can prove directly:

COROLLARY 10.4.2. Suppose that £° is a bounded complex of sheaves of vector
spaces then
dimH'(£°) < > dim HY(X, &7)
pFq=i
and
D (=D dimH(E%) =Y (1) dim HY(X, EP)

and

PROOF. Suppose that EV is the last nonzero term of £°. Let F*® be the complex
obtained by replacing £V by zero in £°. There is an exact sequence
0—EN[-N] =& —=F* -0
which induces a long exact sequence of hypercohomology. Then the corollary follows

by induction on the length (number of nonzero entries) of £°. O

COROLLARY 10.4.3. Suppose that £° is a bounded complex with H(X,EP) =0
for all p+q =i, then H'(E®) = 0.
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In order to facilitate the computation of hypercohomology, we need a criterion
for when two complexes are quasi-isomorphic. We will say that a filtration

E® D FPE® D FPrige .
which is finite (of length < n) if £* = F*E® and F*T"E® = 0 for some a.
LEMMA 10.4.4. Let f : £* — F* be a morphism of bounded complezes. Suppose

that FPE® and GPF*® are finite filtrations by subcomplexes such that f(FPE®) C
GPF*. If the induced maps

Gri.(€%) — Gri,(F*)

are quasi-isomorphisms for all p, then f is a quasi-isomorphism.

Exercises

1. Prove lemma 10.4.4 by induction on the length.

10.5. Holomorphic de Rham complex

To illustrate the ideas from the previous section, let us reprove de Rham’s
theorem. Let X be a C'°° manifold. We can resolve Cx by the complex of C'*°
forms £%, which is acyclic. In other words, Cx and £% are quasi-isomorphic. It
follows that

The last group is just de Rham cohomology.
Now suppose that X is a (not necessarily compact) complex manifold. Then

we define a subcomplex
FPey =Y X1

p'2p
The image of the map
H'(X, FPEY) — H'(X, £%)
is the filtration introduced just before theorem 10.2.4. We want to reinterpret this
purely in terms of holomorphic forms. We define the holomorphic de Rham complex
by
This has a filtration (sometimes called the “stupid” filtration)
PO =...0 = Q% — QFF

gotten by dropping the first p — 1 terms. We have a natural map Q% — £% which
takes 0P to FP. Dolbeaut’s theorem 8.2.3 implies that F?/FP*! is quasi-isomorphic
to of JoPTt = QF [—p]. Therefore, lemma 10.4.4 implies that Q% — €%, and more
generally oPQS — FPEY, are quasi-isomorphisms. Thus:

LEMMA 10.5.1. HY(X,C) 2 H (X, Q%) and FPH' (X, C) is the image of H (X, 0PQ%).
When X is compact Kéhler, theorem 10.2.4 implies that the map
HY (X, 0PQ%) — HY(X, Q%)
is injective.
From corollaries 10.4.2 and 10.4.3, we obtain
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COROLLARY 10.5.2. If X is compact, the ith Betti number

bi(X) < > dim HI(X, Q)
pt+g=i
and the Fuler characteristic

e(X) = (=1)'b(X) =Y (~1)"9dim HI(X, %)
COROLLARY 10.5.3. If H1(X, Q%) =0 for all p+ q = i, then H'(X,C) = 0.

COROLLARY 10.5.4. Let X be a Stein manifold (see section 14.5), then H (X, C) =
0 fori > dim X.

PRrOOF. This follows from theorem 14.2.10. O



CHAPTER 11

Algebraic Surfaces

A (nonsingular) complex surface is a two dimensional complex manifold. By
an algebraic surface, we will mean a two dimensional smooth projective surface. To
be consistent, Riemann surfaces will be referred to as complex curves from now on.

11.1. Examples

Let X be an algebraic surface. We know from the previous chapter that there
are three interesting Hodge numbers h'? h2° k1. The first two are traditionally
called (and denoted by) the irreqularity (¢ = h'°) and geometric genus (p, = h*°).

EXAMPLE 11.1.1. If X = P2, then ¢ = p, = 0 and h'' = 1. In fact, as Hodge
structures H'(P?) = 0 and H?(P?) = Z(-1).

ExXAMPLE 11.1.2. The next example is the rational ruled surface F,, with n a
nonnegative integer. This can be conveniently described as the toric variety (section
2.5) associated to the fan

(-1, n)

s O

(1.0)

a
2

These surfaces are not isomorphic for different n. However they have the same
invariants ¢ = pg = 0 and hl = 2.

ExampLE 11.1.3. If X = C1 x Cy is a product of two nonsingular curves of
genus g1 and go. Then by Kiinneth’s formula,

HY(X)=H'(Cy) ® H'(Cy)
H?*(X) = [H*(Cy) @ H(Cy)] & [H'(C1) @ H' (C2)] & [H*(Ch) @ H?(C2)]
as Hodge structures. Therefore ¢ = g1 + g2, pg = 9192 and h*' = 2g1go + 2.

EXAMPLE 11.1.4. Let X C P3 be a smooth surface of degree d. Then q = 0.
We will list the first few values:
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d pg hll
200 2
310 7
41 1 20
51 4 45
6|10 86

These can be calculated using formulas given later (15.2.5).

EXAMPLE 11.1.5. An elliptic surface is surface X which admit surjective mor-
phism f : X — C to a smooth projective curve such that all nonsingular fibers
are elliptic curves. We will see some examples in the next chapter along with a
calculation of q.

A method of generating new examples from old is by blowing up. The basic

construction is: Let
BlyC? = {(z,0) e C* x P! |z € ¢}

The projection p; : BloC? — C? is birational. This is called the blow up of C? at 0.
This can be generalized to yield the blow up Bi,X — X of the surface X at point
p. This is an algebraic surface which can be described analytically as follows. Let
B C X be a coordinate ball centered at p. After identifying B with a ball in C?
centered at 0, we can form let BlyB be the preimage of B in BlyC?. The boundary
of BlyB can be identified with the boundary of B. Thus we can glue X — BUBIyB
to form Bl,X.

Using the above description, we can compute H*(Y,Z) where Y = Bl,X by
comparing Mayer-Vietoris sequences

~ H(X) - H(X-B) @ H(®B) —  H(X-BnB)
! I ® ! I
—~ H(Y) — H'(Y-BL,B) ® H(BI,B) — H\Y - BI,B NBIl,B)
where B’ C B is a smaller ball. It follows that
LEMMA 11.1.6. HY(Y) =2 HY(X) and H*(Y) = H*(X) © Z.

COROLLARY 11.1.7. q and p, are invariant under blowing up. h'(Y) =
R (X) + 1.

PrOOF. The lemma implies that by = 2¢ is invariant and bo(Y') = b1(X) + 1.
Since by = 2p, + h'', the only possiblities are h''(Y) = R''(X) + 1, py(Y) =
Pg(X), or that py(Y) < py(X). The last inequallity means that there is a nonzero
holomorphic 2-form on X that vanishes on X — p, but this is impossible. O

A morphism of varieties f : V' — W is called birational if it is an isomorphism
when restricted to nonempty Zariski open sets of X and Y. A birational map
V --» W is simply an isomorphism of Zariski open sets. Blow ups and their
inverses (“blow downs”) are examples of birational morphisms and maps. For the
record, we point out

THEOREM 11.1.8 (Castelnuovo). Any birational map between algebraic surfaces
is a given by a finite sequence of blow ups and downs.

Therefore, we get the birational invariance of ¢ and p,. However, there are
easier ways to prove this. Blow ups can also be used to extend meromorphic
functions. A meromorphic function f : X --» P! is a holomorphic map from
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an open subset U C P! which can be expressed locally as a ratio of holomorphic
functions.

THEOREM 11.1.9 (Zariski). If f : X --» P! meromorphic function on an alge-
braic surface. Then there is a finite sequence of blow ups such that' Y — X such
that f extends to a holomorphic map f': X — PL.

Exercises

1. Compare the construction of the blow up given here and in section 2.5
(identify ((z,t) with ((z,zt), [t,1])).
2. Finish the proof of lemma 11.1.6.

11.2. Castenuovo-de Franchis’ theorem

When can try to study varieties by mapping them onto lower dimensional
varieties. In the case of surfaces, the target should be a curve. A very useful
criterion for this is

THEOREM 11.2.1 (Castenuovo-de Franchis). Suppose X is an algebraic surface.
A necessary and sufficient condition for X to admit a constant holomorphic map
to a smooth curve of genus g > 2 is that there exists two linear independant forms
w; € H°(X, Q%) such that wy Aws = 0.

PROOF. The necessity is clear. We will sketch the converse, since it gives a
nice application of corollary 10.2.6. A complete proof can be found in [BPV,
pp123-125]. Choosing local coordinates, we can write

wi = fi(z1,22)dz1 + gi(21, 22)dzo

The condtion wy Aws =0 is

(f192 — fog1)dz1 Adza =0
which implies that

fa/fi =92/ = F

Thus we = Fwy. Since w; are globally defined, F' = wy/wy defines a global mero-
morphic function X --» P!. By theorem 11.1.9, there exists a blow up ¥ — X
such that F extends to a holomorphic function F’ : Y — P!. The fibers of F’ will
not be connected. Stein’s factorization theorem [Har| shows that the map can be
factored as
vy & o-p,

where ® has connected fibers and C' — P! is a finite to one map of smooth projective
curves. To avoid too much notation, let us denote the pullbacks of w; to Y by w;
as well.

We claim that w; are pullback from holomorphic 1-forms on C'. We will check
this locally around a general point p € X. Since w; are closed (corollary 10.2.6),

(23) dP Nwi =dwy =0

Let t; be a local coordinate centered at ®(p). Let us also denote the pullback of
this function to neighbbourhood of p by ¢;. Then we can choose a function ¢ such
that ¢1,ty give local coordinates at p. (23) becomes dt; A w; = 0. Consequently
w1 = f(t1,t2)dty, for some function f. The relation dwy = 0, implies [ is a function
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of t; alone. Thus w; is locally the pullback of a 1-form on C' as claimed. The same
reasoning applies to ws. The final step is to prove that, the blow up is unnecessary,
i.e. we can take Y = X. O

An obvious corollary is:

COROLLARY 11.2.2. Ifq > 2 and py = 0, then X admits a constant map to a
curve as above.

This can be improved substantially [BPV, IV, 4.2].

11.3. The Neron-Severi group

Let X be an algebraic surface once again. The image of the first Chern class
map is the Neron-Severi group NS(X) = H?*(X,Z) N H'(X). The rank of this
group is called Picard number p(X). We have p < h!! with equality if pg = 0.

A divisor on X is a finite integer linear combination Y n;D; of possibly singular
irreducible curves D; C X. We can define a line bundle Ox (D) as we did for
Riemann surfaces in section 5.6. If f; are local equations of D; N U in some open
set U,

1

ffEe
is a fractional ideal. In particular, if D is irreducible Ox (—D) is the ideal sheaf of
D.

Ox(D)(U) = 0x(U)

LEMMA 11.3.1. If D; are smooth curves, then c¢1(Ox (D> n;D;)) = > n;[D;].
PRroOOF. This is an immediate consequence of theorem 6.5.6. (I
The cup product pairing
H*(X,7) x H*(X,Z) — HYX,Z) — 7Z
restricts to a pairing on NS(X) denoted by “”.

LEMMA 11.3.2. Given a pair of transverse smooth curves D and E,
D-E= [ a(0(D)uaOE) = #(DNE)
X

Proor. This follows from the lemma 11.3.1 and proposition 4.4.3. The number
ip(D, E) is seen to be always +1 in this case. O

If the intersection of the curves D and E is finite but not transverse, it is still
possible to give a geometric meaning to the above product. For each p € X, let
Op" and Oy be the rings of germs of holomorphic respectively regular functions at
p. Let f,g € Op C Op" be the local equations of D and E respectively. Define
ip(D,E) =dimO,/(f,g). Then

LEMMA 11.3.3. If we identify Op" with the ring of convergent power series in
two variables.

. = dim an — ; df A dg
(D, B) =dim 0" /(],9) = 5 o= /.f<z>|_g<z>—e Tg

Proor. [GH, pp. 662-670]. O
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The integral above has a pretty interpretation as the linking number! of the
knots S3 N {f =0} and S N {g = 0}, where S is a small sphere about 0 € C2.

ProrosiTION 11.3.4. If D, E are smooth curves such D N E is finite, then

D-E=) i,(D,E)
peEX

Recall that H?(P?,7Z) = H*(P?,Z) = Z, and the generator of H%(PP2,7Z) is the
class of line [L]. Given a curve D defined by a polynomial f, we define deg D =
deg f. Then [D] = deg D[L].

COROLLARY 11.3.5 (Bezout). If D, E are smooth curves on P? with a finite
intersection,

> ip(D, E) = deg(D) deg(E)
peX

PrROOF. We have [D] = degD[L], and [E] = degE[L], so that D - E =
degDdeg FL-L =degDdegF. O

Given a surjective morphism f : X — Y of algebraic surfaces. The pullback
f*: H*(Y,Z) — H*(X,Z) preserves the Neron-Severi group and the intersection
pairing. This can be interpreted directly in the language of divisors. Given an
irreducible divisor D on Y. We can make the set theoretic preimage f~'D into
a divisor by pulling back the ideal, i.e. Ox(—f"'D) = Oy(—D). We extend
this operation to all divisors by linearity. The operation satisfies f*Oy (D) =
Ox(f~'D). Since ¢; is functorial, we get

LEMMA 11.3.6. f~1 is compatible with f* on NS(X).
Exercises

1. Let f: X — C be a morphism from a surface to a curve. The fiber over
p € C is the set f~!(p) made into a divisor using the ideal f~1O¢c(—p).
Show that any two fibers determine the same class in NS(X). Conclude
that F2 = 0 for any fiber F.

2. Let X = C x C be product of a curve with itself. Consider, the divisors
H = Cx{p}, V = {p} xC and the diagonal A. Compute their intersection
numbers, and show that these are independent in NS(X) ® Q.

3. Let m : Y — P? be the blow up of P? at point. Show that Y admits a
natural morphism to P!, and let F be the fiber. Let L be the pullback of
a line under 7. These give a basis for NS(Y). Compute the intersection
numbers.

4. A divisor is called (very) ample if Ox(H) is. If H is ample, then prove
H? > 0. Show that converse fails.

5. E = C/(Z + Zt) be an elliptic curve, and let X = E x E. Calculate the
Picard number, and show that it could be 3 or 4 depending on 7.

1Dip one of the knots in soap solution, and count the number of times the other intersects
the bubble.
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11.4. The Hodge index theorem

Let X a compact Kéhler surface. Then the Kéhler form w is closed real (1,1)
form. Therefore the Kihler class [w] is an element of H''(X) N H?(X,R).

THEOREM 11.4.1. Let X be a compact Kahler surface. Then the restriction of
the cup product to (H'(X) N H?(X,R)) N (Rw])* is negative definite.

PROOF. Locally, we can find an orthonormal basis {¢1, g2} of £, In this
basis,
=1 _ ~
w = T(¢1 A1+ d2 A d2)
and the volume form
2 < /1

w
dvol = — = | ——
VO 5

2
5 ) $1 NP1 A P2 A o

using the exercises from 9.2. Choose an element of (H''(X) N H?(X,R)) and
represent it by a harmonic real (1,1) form, then

o= Z aijpi A b,
with aj; = a@;;. If a is also chosen in (R[w])%, then
2
aNw = ——=(a11 + azs)dvol

V=1

is exact. This is impossible unless a17 + ag2 = 0. Therefore
2 \2
aha=2 (—) / (|a11]? + |a12|*)dvol < 0
Ik =3

COROLLARY 11.4.2. If H is an ample divisor on an algebraic surface, the in-
tersection pairing is negative definite on (NS(X)®@ R) N (R[H])*

O

PROOF. By corollary 9.1.8, [H] is a Kéhler class. O

Therefore when the cup product form is diagonalized, the diagonal consists of
one 1 followed by p —1 —1’s. So we obtain

COROLLARY 11.4.3. If H,D are divisors on an algebraic surface such that
H?>0and D-H =0, then D?> <0

Exercises

1. Prove that the restriction of the cup product to (H?°(X) + H%?(X)) N
H?(X,R) is positive definite.

2. Conclude that (the matrix representing) the cup product pairing has 2p,+1
positive eigenvalues. Therefore p, is a topological invariant.

3. Let f: X — Y be a morphism from a smooth algebraic surface to a
possibly singular projective surface. Consider the set {D;} of irreducible
curves which map to points under f. Prove a theorem of Mumford that
the matrix (D; - D;) is negative definite.
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Topology of families

12.1. Fiber bundles

A C*® map f: X — Y of manifolds is called a fiber bundle if it is locally a
product of Y with another manifold F' (called the fiber). This means that there
is an open cover {U;} and diffeomorphisms f~1U; = U; x F compatible with the
projections. If X =Y x F the bundle is called trivial. Nontrivial bundles over
S! can be constructed as follows. Let F be a manifold with a diffeomorphism
¢ : F — F, then glue F x {0} in F x [0,1] to F x {1} by identifying (x,0) to
(¢(x),1). This includes the familiar example of the Mobius strip where F' = R and
¢ is multiplication by —1. If the induced map ¢* : H*(F') — H*(F), called the
monodromy transformation, is nontrivial then the fiber bundle is nontrivial.

A C>®map f: X — Y is called a submersion if the map on tangent spaces
is surjective. The fibers of such a map are submanifolds. A continuous map of
topological spaces is called proper if the preimage of any compact set is compact.

THEOREM 12.1.1 (Ehresmann). Let f: X — Y be a proper submersion of C*™
connected manifolds. Then f is a C° fiber bundle; in particular, the fibers are
diffeomorphic.

PROOF. A complete proof can be found in [MK, 4.1]. Here we sketch the
proof of the last statement. Since Y is connected, we can join any two points, say
0 and 1 by a path. Thus we replace Y by R. Choose a Riemmanian metric on X.
The gradient Vf is defined as the vector field dual to df under the inner product
associated to the metric. By assumption df and therefore V f is nowhere zero. The
existence and uniqueness theorem of ordinary linear differential equations allows
us to define, for each p € f71(0), a C* path =, : [0,1] — X passing through p at
time 0 and with velocity Vf. Then the gradient flow p — 7,(1) gives the desired
diffeomorphism. |

Exercises

1. Show that theorem can fail for nonproper maps

12.2. Some elliptic surfaces
Let’s look some complex analytic examples. Let I' be the semidirect product

. (1 .
72 x Z where a € Z acts by the matrix <O ?) More explicitly, the elements are
triples (m,n,a) € Z* with multiplication
(m,n,a)-(m',n';a')=(m+m'+an’,;n+n';a+ad)

117
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FIGURE 1. Gradient flow

Let T act on C x H by

(m,n,a): (z,t) — (z+m+n7r,7+a)
The quotient gives a holomorphic family of elliptic curves
T—q=exp(—2miT)
E— H|Z =~
over the punctured disk. As a C'° map, it is a fiber bundle with a torus 7" as fiber.
However, it is not a locally holomorphic fiber bundle. The fiber over 7, &, is given
by the Weirstrass equation

y* = 4a® — gao(7)a — g3(7)

This equation makes sense in the limit as 7 — oo (or equivalently as ¢ — 0),
and it defines a rational curve with a node. In this, way & — D* can be completed
to a map of complex manifolds & — D. We have & = C/(77'Z + 7). Let a(7) be
the image in &; of the line segment joining 0 to 1, and let b(7) be the image of the
segment joining 0 to 7~ 1. If we orient these so that a-b = 1, these form a basis of

Hy(&:,Z). b(t) is called a vanishing cycle since it shrinks to the node as t — 0, see
figure 2

The restriction of € to a bundle over the circle S = {¢ | |[t| = €} is a fiber bundle
with monodromy transformation p given by Picard-Lefschetz formula:
pula) = a—+b, u(b) =bh.

From a more topological point of view, £|g can be described by taking a trivial
torus bundle T x [0, 1] and gluing the ends T x {0} and together T' x {1} using a
so called Dehn twist about the vanishing cycle b = b(t). This is a diffeomorphism
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FIGURE 2. Vanishing cycle

which is the identity outside a neighbourhood U of b and twists “once around”
along b (see figures 3 and 3, U is the shaded region).

Ficure 3. T foliated by meridians

Next, consider the family of elliptic curves in Legendre form

E={([z,y,2],t) e P* x C—{0,1} | y*2 — z(z — 2)(z — tz) =0} — C
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FI1GURE 4. T foliated by images of meridians under Dehn twist

Let’s see how to calculate the monodromy of going around 0 and 1. The above
equation is meaniningful if ¢ = 0,1, and it defines a rational curve with a single
node. By introducing s = t~!, we get an equation

sy’z —a(x — 2)(sx —2) =0

which defines a union of lines when s = 0. In this way, we can extend & to
a surface & — P!. Unfortunately, £ is singular, and it is necessary to resolve
singularities to get an nonsingular surface £ containing £ (we can take the minimal
desingularization, which for our purposes means that by(£) is chosen as small as
possible). In the process, the nodal curves get replaced by the more complicated
fibers, so the Picard-Lefschetz formula will not apply. However, it is possible to
calculate this from a different point of view. Recall that H/T'(2) = P! — {0,1, oc}.
& can also be realized as a quotient of C x H by an action of the semidirect product
72 xT'(2) as above. The I'(2) action extends to H* = HUQU {co}. We can choose
a fundamental domain for I'(2) in H* as depicted in figure 5, the three cusps are
0,1, 00.

The subgroup of I'(2) which fixes co is generated by

(o )

and it follows easily that this is the monodromy matrix for it. We will call £ the
elliptic modular surface of level two.

Exercises

1. Calculate the monodromy matrices for the remaining cusps in the last
example.
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cusp

FIGURE 5. Fundamental domain of I'(2)

12.3. Local systems

In this section, we give a more formal treatment of monodromy.

Let X be a topological space, a path from x € X to y € X is a is a continuous
map v : [0,1] — X such that v(0) = 2 and (1) = y. Two paths 7,7 are homotopic
if there is a continuous map I : [0,1] x [0,1] — X such that y(¢) = I'(¢,0), n(t) =
I(t,1) T'(0,s) = x and T'(1,s) = y. We can compose paths: If 4 is a path from x to
y and 7 is a path from y to z, then v -7 is the path given by following one by the
other at twice the speed. More formally,

o o(t) = {7(215) ift<1/2

n(2t —1) ift>1/2
This operation is compatible with homotopy in the obvious sense, and the induced
operation on homotopy classes is associative. It almost a group law. To make
this precise, we define a category II(X) whose objects are points of X and whose
morphisms are homotopy classes of paths. This makes II(X) into a groupoid which
means that every morphism is an isomorphism. In other words every (homotopy
class of a) path has a inverse. This is not a group because it is not possible to
compose any two paths. To get around this, we can consider loops, i. e. paths
which start and end at the same place. Let 71 (X, x) be the set of homotopy classes
of loops based (starting and ending )at 2. This is just Hompx)(z,z) and as such
it inherits a composition law which makes it a group called the fundamental group
of (X, x). We summarize the standard properties that can be found in almost any
toplogy textbook, e.g. [Sp]:

1. m; is a functor on the category of path connected spaces with base point
and base point preserving continous maps.
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2. If X is path connected, m(X,z) = 71(X,y) (consequently, we usually
suppress the base point).

3. Two homotopy equivalent path connected spaces have isomorphic funda-
mental groups.

4. Van Kampen’s theorem: If X is a path connected simplicial complex which
is the union two subcomplexes X7 U X, then 1 (X) is the free product of
m(X7) and 71(X2) amalgamated along the image of 71 (X7 U X3).

5. A X is a connected locally path connected space has a universal cover
m: X — X, and m (X) is isomorphic to the group of deck transformations,
i.e. selfhomeomorphisms of X which commute with 7.

This already suffices to calculate the examples of interest to us. It is easy to
see that the fundmental group of the circle R/Z is Z. The complement in C of a
set S of k points is homotopic to a wedge of k circles. Therefore 7 (C —.5) is a free
group on k generators.

Let X be a topological space. A local system of abelian groups is a functor
F :II(X) — Ab. A local system F' gives rise to a 71 (X, z)-modules i.e. abelian
group F(x) with a m1(X, z) action. We can also define a sheaf F as follows

FU)={f:U = UF(z) | f(x) € F(z) and f(7(1)) = F(3)(f(7(0)))}

This sheaf is locally constant which means that every x € X has an open neigh-
bourhood U such that F|y is constant.

THEOREM 12.3.1. Let X be a connected good (i.e. locally path connected semilo-
cally simply connected) topological space. There is an equivalence of calegories be-
tween

1. The category of 71 (X)-modules.
2. The category of local systems and natural transformations.
3. The full subcategory of Sh(X) of locally constant sheaves on X.

Proor. [I, IV,9] or [Sp, p. 360]. 0

In view of this theorem, we will treat local systems and locally constant sheaves
as the same.

Let f: X — Y be a fiber bundle. We are going to construct a local system
which takes y — H!(X,,Z). Given a path v : [0,1] — Y joining yo and yi, the
pullback v*X = {(z,t) | f(z) = ~(¢)} will be a trivial bundle over [0,1]. Therefore
~* X will deformation retract onto both X, and X, , and so we have isomorphisms

H'(Xy,) & H'(y"X) = H'(X,,)

The map H'(X,,) — H*(X,,) can be seen to depend only on the homotopy class
of the path, thus we have a local system which gives rise to a locally constant sheaf
which will be constructed directly in the next section.

12.4. Higher direct images

In this section, we return to general sheaf theory. Let f : X — Y be a con-
tinuous map and F € Sh(X) a sheaf. We can define the higher direct images by
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imitating the definition of H*(X,F) in section 3.2.
Rf.F = f.F
R'f.F coker[f,G(F) — f.CY(F)]
R fF = RUL.CM(F)

Note that when Y is a point, Rf:F is just H'(X,F) viewed as sheaf on it. We
have an analogue of theorem 3.2.2.

THEOREM 12.4.1. Given an ezxact sequence of sheaves
0—-A—B—C—0,
there is a long exact sequence
0— R°f,A— R°f.B—Rf.C - R'f,A...
There is an alternative description which is a bit more convenient.

LEMMA 124.2. If f : X — Y is a continuous map, and F € Sh(X), then
R f.F(U) is the sheafification of the presheaf U — H*(U,F)

PRrROOF. Let I'" denote the presheaf U +— H'(U,F). For i = 0 there is no need
to sheafify, since f.F = T'° by definition of f,. By our original construction of
H(U, F), we have an exact sequence

[G(F)U) — f.CHF)(U) - THU) — 0

This shows that I'! is the cokernel f,G(F) — f.C(F) in the category of presheaves.
Hence (T'!)* = R'f,F. The rest follows by induction O

Each element of H*(X, F) determines an a global section of the presheaf I'* and
hence of the sheaf R'f,F. This map H'(X,F) — H(X, R'f.F) is often called an
edge homomorphism.

Let us now assume that f : X — Y is a fiber bundle of triangulable spaces.
Then choosing a contractible neighbourhood U of y, we see that H'(U,Z) =
H%(X,,Z). Since such neighourhoods are cofinal, it follows that Rf,Z is locally
constant. This coincides with the sheaf associated to the local system H'(X,,Z)
constructed in the previous section. The global sections of H?(Y, R'f.Z) is the
space Hi(Xy, Z)”l(y’y) of invariant cohomology classes on the fiber. We can con-
struct elements of this space using the edge homomorphism. For more general
maps, we still have (R'f.Z), = H'(X,,Z), but the ranks can jump, so these need
not be locally constant.

The importance of the higher direct images is that it allows the cohomology of
X to be computed on Y. Let us briefly see how this works. Construct G*(F) as
in section 10.4. Then as we saw I'(G*(F)) is a complex whose cohomology groups
are exactly H*(X,F). Instead of constructing this in one step, let’s consider the
complex of sheaves f.G*(F) on Y, which we will denote by Rf.F even though
this isn’t technically quite correct!. The interesting features of this complex can be
summarized by

PROPOSITION 12.4.3. 1. The ith cohomolgy sheaf H'(Rf.F) = R f.F.
2. Hi(Rf,.F) = H (X, F)

LA better aproximation of its true meaning would be to consider it as the quasi-isomorphism
class of f+G®(F).
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To make the relationship between Rf,F and R'f,F clearer, let us introduce
the truncation operators. For any complex C'® of sheaves (or elements of an abelian
category), we can introduce the subcomplex

cr ifi<p
7<pC" = { ker(CP — CPHY)  ifj=p
0 otherwise

Truncation yields an increasing filtration. The key property is:
LEMMA 12.4.4. There is an exact sequence of complexes
0= 7<q10% = 7<,C* = HI(C*)[-q] = 0
for each p.
COROLLARY 12.4.5.
0 — 7<g1RfuF — 7<(Rfu F — RUf, F|—q| — 0
for each p.

From here it is a straight forward matter to construct the Leray spectral se-
quence
EY = HP(Y,Rf.F) = H"T(X,F),
but we won’t (but see exercises). However, we will explain one of its consequences.

PRrROPOSITION 12.4.6. If F is a sheaf of vector spaces over a field, such that
> dim HP(Y, R1f,F) < oo, then

dim H'(X, F) < Y dim H?(Y, Rf.F)

p+q=i
and o
> dim(=1)'H (X, F) = (~1)""dim H?(Y, R‘f. F)
PRrROOF. This follows from 12.4.5 an induction. |
Exercises

Prove theorem 12.4.1.

Complete the proof of proposition 12.4.6. (See 10.4.2, for some hints.)
Show that equality holds in proposition 12.4.6 if and only of 7<, is strict.
Let R? = Rif.F. Define the map dy : HP(Y,R?) — HPT2(Y,R77!) as
the composition of the connecting map associated to 12.4.5, and the map
H*(1<4—1) — H*(RI7'[—q+ 1]). This is the first step in the construction
of Leray spectral sequence. Show that dy vanishes if 7<, is strict.

W

12.5. Estimate of first Betti number

Let us return to geometry, and compute the the first Betti number of an elliptic
surface and more general examples. Let us set up some notation. Suppose that
f: X — Cis a map of a smooth projective variety onto a smooth projective curve.
Assume that f has connected fibers. Let S C C' be the set of points for which
the fibers are singular, and let U be its complement. The map f~'U — U is a
submersion and hence a fiber bundle. We have a monodromy representation of
m1(U,y) on the the cohomomology of the fiber.
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THEOREM 12.5.1. by (C) < by(X) < by (C) + dim H' (X, Q)™ (V)
COROLLARY 12.5.2. If £ — C is an elliptic surface such that monodromy is
nontrivial, then b1(€) = b1(C).

The proof will be carried out in a series of steps. Let j : U — C denote the
inclusion, and let F = R'f,Q. There is a canonical morphism F — j,j*F induced
by the restriction maps F(V) — F(V NU), as V ranges over open subsets of C'.

An analytic hypersurface of a complex manifold is a subset which locally the
zero set of a holomorphic function.

LEMMA 12.5.3. Let S C W be a compact analytic hypersurface of a complex
manifold, then HY(W,Q) — HY(W — S,Q) is injective.

PRrROOF. By using Mayer-Vietoris and induction, we can reduce to the case
where W is a ball. The result is obvious in this case. O

COROLLARY 12.5.4. F — j,.j*F is a monomorphism.

ProOOF. This follows for the injectivity of he restriction maps H'(V,Q) —
HY(VNU,Q). 0
PROOF OF THEOREM. Proposition 12.4.6 gives
b (X) < dim HY(C, f.Q) + dim H’(C, R' £.Q)

Since the fibers of f are connected, f,Q is easily seen to be Q. So the dimension of
its first cohomology is just by (C'). The previous corollary implies that

H(C,R'f.Q) — H°(C,j.j*F) = H°(U,R' .Q) = H'(X,, Q)™
is injective. This proves the upper inequallity
bi(X) < by (C) +dim H' (X, Q)™ ()

For the lower inequallity, note that a nonzero holomorphic 1-form on C' will
pullback to a nonzero form on X. Thus h'%(C) < h19(X). O






CHAPTER 13

The Hard Lefschetz Theorem

13.1. Hard Lefschetz and its consequences

Let X be an n dimensional compact Kahler manifold. Recall that L was defined
by wedging (or more correctly cupping) with the Kéhler class [w]. The space

PY(X) = ker[L"™"" . HY(X,C) — H*""""2(X,C)]
is called the primitive part of cohomology.
THEOREM 13.1.1 (Hard Lefschetz). For every i,
L': H"Y(X,C) — H"(X,C)
is an isomorphism. For every i,

[i/2]
H'(X,C)= L'P(X)

Jj=0

We indicate the proof in the next section. As a simple corollary we find that
the Betti numbers b,,_; = b, 1;. Of course, this is nothing new since this also follows
Poincaré duality. However, it is easy to extract some less trivial “numerology”.

COROLLARY 13.1.2. The Betti numbers satisfy b;—o < b; fori <mn/2.

PROOF. The theorem implies that the map L : H*=2(X) — H(X) is injective.
O

Suppose that X = P" with the Fubini-Study metric 9.1.5. the Ké&hler class
w = ¢1(0O(1)). The class ¢1(O(1))" # 0 is the fundamental class of a codimension
i linear space (see sections 6.2 and 6.5), so it is nonzero. Since all the cohomology
groups of P" are either 0 or 1 dimensional, this implies the Hard Lefschetz theorem
for P™. Things get much more interesting when X C P™ is a nonsingular subvari-
ety with induced metric. By Poinaré duality and the previous remarks, we get a
statement closer to what Lefschetz would have stated! Namely, that any element
of H,_;(X,Q) is homologous to the intersection of a class in H,;(X,Q) with a
codimension ¢ subspace.

The Hodge index for surfaces admits the following generalization called the
Hodge-Riemman relations to an dimensional compact Kéhler manifold X. Consider
the pairing

H'(X,C) x H(X,C) — C

I efschetz stated a version of this theorem for varieties in his book [L] with an incomplete
proof. The first correct proof is due to Hodge using harmonic forms. A subsequent arithmetic
proof was given by Deligne [D5].
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defined by
Qa,0) = (12 [ angnu

X

THEOREM 13.1.3. HY(X) = ©HPI(X) is an orthogonal decomposition with
respect to Q. If o € PPT9(X) N HPY(X) is nonzero,

V=1""Q(a,@) > 0.
PRrROOF. See [GH, p.123]. O

Let us introduce the Weil operator C' : H*(X) — H*(X) which acts on HP4(X)
by multiplication by v/—1° °.

COROLLARY 13.1.4. The form Q(a,3) = Q(a, C3) on PH(X) is positive defi-
nite Hermitean.

Exercises

1. When X is compact Kahler, show that @ gives a nondegenerate skew sym-
metric pairing on P*(X) with i odd. Use this to another proof that b;(X)
is even.

2. Determine which products of spheres S™ x S" can admit Kéahler structures.

13.2. More identities

Let X be as in the previous section. We defined the operators L, A acting forms
E*(X) in section 9.1. We define a new operator H which acts by multiplication by
n—ton £(X). Then:

PropoOSITION 13.2.1. The following hold:

1. [AL]=H
2. [H,L] = —2L
3. [H,A] =2A

Furthermore these operators commute with A.

PROOF. See [GH, p 115, 121]. O

This plus the following theorem of linear algebra will prove the Hard Lefschetz
theorem.

THEOREM 13.2.2. Let V' be a vector space with endomorphisms L, A, H satis-
fying the above idenities. Then

1. H is diagonalizable with integer eigenvalues.

2. For each a € Z let V,, be the space of eigenvectors of H with eigenvalue a.
Then L induces an isomomorphism between Vi and V_;.

3. If P = ker(A), then

V=P®LPOL’P®...
4. o € PNV, then L' 'a = 0.
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Consider Lie algebra sls(C) of space of traceless 2 X 2 complex matrices. This
is a Lie algebra with a basis given by

S
()
=0 %)

I\ = h, [ A] = 27, [h, 0] = —2¢

So the hypothesis of the theorem is simply that the linear map determined by
A~ A ¢ +— L, h — H, preserves the bracket. Or equivalently that V is a
representation of sla(C). The theorem can then be deduced from the following two
facts from representation theory of slo(C) (which can be found in almost any book
on Lie theory, e.g [FH] ):

1. Every representation of sls(C) is a direct sum of irreducible representations.
Irreducibility means that the representation contains no proper nonzero
subresentations, i.e. subspaces stable under the action of sls(C).

2. The is a unique irreducible representation of dimension N + 1, for each
N >0, and it has has the following structure:

These matrices satisfy

0£0 040 00 ,
0<—)\VNg(C VN_o=C V_N=2C——=0
A£0 AF0 A0

Exercises

1. Using the relations, check that A : V, — V42 and ¢ : V, — V,_5 for any
representation V.

2. If V is a representation and v € ker()), show that {v,fv,¢?,...} spans a
subrepresentation of V. In particular, this spans V if it is irreducible.

13.3. Lefschetz pencils

In this section, we explain Lefschetz’s original approach to the hard Lefschetz
theorem. This involves the comparison of the topology variety with a family of
hyperplane sections. Modern references for this material are [La], [SGAT7] and
[V].

Let X C PV be an n dimensional smooth projective variety, and let Y = X N H
be the intersection with general hyperplane. Bertini’s theorem [Har| shows that ¥
is smooth. We define

V = ker[n : H"1(Y,Q) — H""(X, Q)]

and

I =im[r*: H" Y(X,Q) — H" (Y, Q)]
where 7 : Y — X is the inclusion. We will see toward the end of this section, that
these are spaces of vanishing cycles and invariant cycles respectively.

PROPOSITION 13.3.1. H" 1 (Y)=TaV
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PROOF. The composition
H" Y X) — H" YY) — H" " (X)

can be identified with the Lefschetz operator L. Therefore it is an isomorphism.
It follows that 7* is injective, and 7y is surjective. Therefore, we have an exact
sequence

0—V—H"'Y)—> H"(X)
The map

L7 s H"PY(X) — HH(Y)

gives a splitting, and the proposition follows. (Il

When translated into cohomology, Lefschetz’s original statement would more or
less be previous proposition. However, this is quite far from his original formulation,
which is quite geometric. Here we explain some of the ideas. Choose a smooth
n dimensional projective variety X C PV. We can and will assume that X is
nondegenerate which means that X does lie on a hyperplane. Let PV be the dual
projective space whose points correspond to hyperplanes of PY. The dual variety

X ={H € PV | H contains a tangent space of X}
parameterizes hyperplanes such that H N X is singular.

PROPOSITION 13.3.2. If H € X is a smooth point, then H N X has ezxactly
one singular point which is a node (i.e. the completed local ring is isomorphic to

PRrOOF. [SGAT7, chap XVII]. O

A line {H};epr € PV is called a pencil of hyperplanes. Any two hyperlanes
will intersect in a common linear subspace call the base locus. A pencil {H;} is
called Lefschetz if H; N X has at worst a single node for all ¢+ € P! and if the base
locus Hy N Hy, is transverse to X.

COROLLARY 13.3.3. The set of Lefschetz pencils form a nonempty Zariski open
set of the Grasmannian of lines in PV .

PRrROOF. A general pencil will automatically satisfy the transversality condition.
Furthermore, since the singular set dim X;,,, has codimension at least two in PN,
a general pencil will avoid it. O

Given a pencil, we form an incidence variety X = {(x,t) € X x P! | z € H,}
The second projection gives a map onto P! whose fibers are intersections H N X.
There is a finite set S of t € P! with p~1¢ singular. Let U = P! —S. Choose ¢y € U,
set X;, = p~'(to) and consider the diagram

X<=—X
TT / lp
Xy, P!

Choose small disks A; around each ¢; € S, and connect these by paths «; to the
base point to (figure 1).

The space p~*(y; U A;) is homotopic to the singular fiber X;, = p~*(t;).
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FiGURE 1. Loops

THEOREM 13.3.4. Let n = dim X. Then
Hy (X4, Q) — He(p ' (1 UA;),Q)

is an isomorphism if k #= n — 1, and it is surjective with a one dimensional kernel
ifk=n—1.

PROOF. Since p~1(y; UA;) is homotopic to p~*(4A;), we can assume that ¢, is
a point on the boundary of A;. Let y; € X; be the singular point. We can choose
coordinates so that about y; so that p is given by 27 + 23 +...22. Let

B={(21,---2zn) | |21 + 22> + ... |2n? < €, |25 + 25 + ... 22| < p}
We assume, after shrinking A; if necessary, that B surjects onto it. We identify ¢,
with p. If x = Re(2),y = Im(z), then we can identify
Xio N B ={(z,y) € R* x R" | [2[|* + [[y[|* < &, [|z|* = |lyl|> = p, {x,y) = 0}
These inequalities imply that ||z|| # 0 and ||y||* < (e? — p)/2. Therefore (z,y) —
(z/||x]|,2y/(€* — p)) gives homeomorphism
Xio NB = {(z,y) € R* xR" | ||z||* = 1, []y||* < 1, (2,y) = 0}

The latter space deformation retracts on the sphere S"~! = {(z,0) | ||z|| = 1}. It
follows that ker[Hy (X, N B) — Hy(B)] is generated by the fundamental class of
S~ when k = n—1 and an isomorphism otherwise. This is a local version of what
we want. For the global version, we need to appeal to a refinement of Ehresmann’s
fibration theorem [La], which will imply that the bundle (X' — B, 8(X —B)) — A;
is trivial. Thus the fibers (X,, — B, d(X,, — B)) with w € A, are all diffecomorphic.
Thus, by excision, we have a commutative diagram

Hk—i—l(XthXto N B) — Hk(Xto n B) — Hk(Xto) — Hk(Xtchto N B)

| | l |
Hk+1(YﬂB) — Hk(YﬁB) — Hk(Y) — Hk(}/,YﬂB)
with isomorphisms at the ends. The theorem follows from this. O

Let 0; € Hn_l(f(to) be the homology class of S"jl constructed above. It is
called the vanishing cycle. Let u; : Hp(Xy,) — Hp(Xy,) denote the monodromy
for the loop ;, followed by 0A; and then -, ! The problem of computing this
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can be localized to a neighbourhood of the singularity. Let B be as in the above
proof. Given a cycle o, representing a class in Hy(X,,, BN Xy,), ps(a) is the effect
of transporting « around the loop. Since the family (Y — B,9(Y — B)) — A, is
trivial, u; acts trivially on the boundary. Thus the difference p;(a) — « is absolute
cycle defining a class var;(a) € Hy(Xy,). This defines a map

var; : Hk(XtO,B N Xto) — Hk(f(to)
such that the monodromy is given by
w; =1 +var;ou
where ¢ : Hy, (Xto) — Hy, (Xto, BﬁXtO) is the natural map. It follows from this that

a+cel)d; ifk=n-—1
pi(ar) = .
« otherwise

for some constant c¢(«). The precise determination of the constant is given the
Picard-Lefschetz formula. We state it in cohomology which is more convenient for
our purposes. Identify the vanishing cycle with an element of cohomology via the
Poincaré duality isomorphism H,,_(X;,, Q) = H"*(X;,,Q). Then:

THEOREM 13.3.5 (Picard-Lefschetz). p;(a) = o+ (=) +D/2 (0, 6:)6; where
(,) denotes the cup product pairing on H"~*(Xy,, Q)

PROOF. See [La] or [Ar, sect 2.4]. O

Let Van c H" ! (Xto , Q) be the subspace spanned by all of the vanishing cycles
8;. Let Inv = H* 1(X;,)™ () be the space of of classes invariant under 71 (U).

COROLLARY 13.3.6. The orthogonal complement Van' coincides with Inv.
PROOF. p;(a) = « if and only if (a,d;) = 0. O

We now identify Y = Xto, and compare these spaces with the ones introduced
at the beginning.

ProrosiTION 13.3.7. V = Van.

PROOF. The proof is adapted from [La]. Utilizing the Poincaré duality iso-
morphism H,_(X,,) = H"(X,,), we can work in homology.

We divide P! into upper and lower hemispheres U, and U_. Without loss
of generality, we can assume that all the singular fibers th,... of p: X — P!
are contained in X+ = p~1(Uy), and t; lies on the boundary of U,. Let A; be
disjoint disks around ¢; contained in Uy. Let r; € 0A,;. Join these by paths ;. Let
Z = Up~1~;. This retracts to Xto. The diagram:

Ho (X4, X4,) - Hyo1(Xy,)
[ [
H,(IIi% p7'Ai, Z) — Hpa(Z)=H,1(Xy,) — @ity Halp'Ay)

shows that Van can be image of H, (X, X;,). On the other hand the sequence

H,(X,Y) % Hy 1 (Y) — Hyoy(X)
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and the fact that 7 can be identified with map on the right shows that V is the
image b. Now consider the diagram

Ho(X4,Xy,) — Hoo1(Xy,)

fl |
H,(X,Y) —  H,_1(Y)
The map f is surjective [La, 3.6.5], and this implies that V = Van. O

ProrosiTIiON 13.3.8. I = Inv

PROOF. We prove this when n is odd. The image of H" 1(X,Q) lies in
H"‘l(f(to)”l(U) since it factors through the edge homomorphism H”_l(f(, Q), sec-
tion 12.4. Thus it suffices to prove equality of their dimensions. By corollary 13.3.6
and proposition 13.3.1

dim I'nv = dim H"71(X;,) — dim V = dim I.

We finally state the following for later use.

THEOREM 13.3.9.

(a) The restriction of the cup product pairing to I is nondegenerate.

(b) V is an irreducible w1 (U)-module, i.e. it has no w (U)-submodules other
than 0 or V.

() H" YY) is a semisimple m1(U)-module.

PROOF. The pairing on I = imH""*(X) given by

(o) = [ raurs=+Q(ap)
b
is nondegenerate by corollary 13.1.4. This proves (a).
We prove (b) modulo the basic fact that any two vanishing cycles are conjugate
up to sign under the action of m1(U) [La, 7.3.5]. Suppose that W C V is 71 (U)

submodule, let w € W be a nonzero clement. By (a), (w,d;) # 0 for some i. Then
pi(w) —w = +(w,§;)6; € W
implies that W contains ¢§;, and thus all the vanishing cycles by the above fact.
Therefore W = V.
By proposition 13.3.1, H" 1(Y) = I & V. The group 71 (U) acts trivially on I
by proposition 13.3.8 and irreducibly on V. This implies (c). a

13.4. Barth’s theorem

Hartshorne [Hal] gave a short elegent proof of Barth’s theorem on cohomol-
ogy of subvarieties of P as an application of Hard Lefschetz. We reproduce his
argument here.

LEMMA 13.4.1. Let Y C X be oriented submanifold of a compact oriented C*°
manifold. Then the following identities hold:

(1) *(BUY) ="BULy

(2) w*p=1[Y]UpB.

(3) tfua=i*[Y]Ua.



134 13. THE HARD LEFSCHETZ THEOREM

PROOF. The first identity is simply a restatement of functoriality of cup prod-
uct. The second is usually called the projection formula, and it follows from

/XL!L*ﬁU’)’Z/Yb*ﬁUL*’Y:/X[Y]UﬁU’Y

The same proof shows that the identity holds more generally for Y a compact
submanifold of a noncompact manifold, since 4, and [Y] would take values in H}(X).
We can factor ¢ as

yLrhx
where T is tubular neighbourhood of Y. Let 7 : T'— Y the projection. we have
Cua = 5k ko = 5 ha
where ky is extension by 0. By the previous identity
Jthe= ")t a = YU mra =" Y] U
O

ProprosITION 13.4.2. If X is an n dimensional nonsingular complex projective
variety, such that there are positive integers m < n and N < 2m — n for which

L=by =by =...bo(N/2]+n—m)

b1 = b3 = ...b1 1 o((N=1)/21+n—m)
Then if Y C X is a nonsingular m dimensional subvariety, the restriction map
HY(X,Q) — H(Y,Q) is an isomorphism for i < N.

PROOF. The assumptions imply that H2(»~™)(X) is generated by L™~™. There-
fore [Y] = d[H]"~™ with d # 0. Let ¢ : Y — X denote the inclusion. Let L be the
Lefschetz operator associated to H and H|y (it will be clear from context, which
is which). Consider the diagram

H? (X) Ln;mHi-s-Q(n—m) (X)

n—m

HZ(Y) L > [it2(n—m) (X)
The diagram commutes thanks to the previous lemma.

Hard Lefschetz for X implies that L"~™ : H*(Y') — H*+t2(»=™)(Y") is injective
and hence an isomorphism by our assumptions. It follows that the restriction
t* 1 HY(X) — HY(Y) is injective. It’s enough to prove equality of dimension. Hard
Lefschetz for Y implies that L™~™ : H(Y) — H*t2(®=™)(Y) is injective. Therefore
the same is true of 1. Therefore

bi(X) < bi(Y) < bitan—m)(X) = bi(X)
O

COROLLARY 13.4.3 (Bar‘ph). If Y C P" is a nonsingular, complex projective
variety, then H*(P™, Q) — H*(Y,Q) is an isomorphism for i < dimY .

When Y has codimension one, this is a special case of the Lefschetz hyperplane
theorem.
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13.5. Hodge conjecture

Let X be an n dimensional nonsingular complex projective variety. We define
the space of codimension p Hodge cycles on X to be

Hhodge(X Q) HQP(X’ Q) N pr(X)

and let H,Qlf)’dge

(X,Z) denote the preimage of HPP(X) in H*(X,Z).
LEMMA 13.5.1. Given a nonsingular subvariety i : Y — X of codimension p,

the fundamental class [Y] € H,ngdge(X, Z)

PROOF. [Y] corresponds under Poincaré duality to the functional o — [, ov.
If « has type (a,b), then afy = 0 unless a = b = p. Therefore [Y] has type (p,p)
thanks to corollary 10.2.8. The class [Y] is also integral, hence the lemma. O

Even if Y has singularities, a fundamental class can be defined with the above
properties. Here we give a quick but nonelementary definition. Let us first observe.

LEMMA 13.5.2. a € H,fgdge(X, Z) if and only if 1 — « defines a morphism of
Hodge structures Z(0) — H?P(X,Z)(p). Consequently,

HP (X) = Homps(Z(0), H (X, Z)(p)).

By Hironaka’s famous theorem [Hrn], there exists a smooth projective variety
Y with a birational map p:Y — Y. Let 7 : ¥ — X denote the composition of p
and the inclusion. By corollary 10.2.10, we have a morphism
iv: H(Y) = Z — H*(X)(-p)
This defines a class [Y] € H.?, ge(X) which is easily seen to be independent of Y.
Let Hifg (X,Q) C H,%gdge(X, Q) be the subspace spanned by fundamental
classes of codimension p subvarieties. The (in)famous Hodge conjecture asserts:

CONJECTURE 13.5.3 (Hodge). H?” (X,Q) and HY 140(X, Q) coincide.

alg
Note that in the original formulation Z was used in place of Q, but this is

known to be false [AH]. For p = 1, the conjecture is true by the Lefschetz (1,1)
theorem 9.3.1. We prove it holds for p = dim, X — 1.

PropPOSITION 13.5.4. If the Hodge conjecture holds for X in degree 2p with
p<n=dmX, ie. szalg( ,Q) = hodge(X Q), then it holds in degree 2n — 2p.

PROOF. Let L be the Lefshetz operator corresponding to a projective embed-
ding X € PN. Then for any subvariety Y L[Y] = [Y N H] where H is a hyper-

plane section chosen in general position. It follows thatL™ 2P takes Hsf g(X ) to
Hg;; P(X) and the map is injective. Thus

dim Hp?, (X)) = dim H.?

alg

(X) < dim H?"*~ 2p(X) < dimHZZ;;p(X)

alg

On the other hand L"~2? induces an isomorphism of Hodge structures H?? (X, Q)(p—
n) = H?"=??(X,Q), and therefore an isomorphism Hi’o’dge (X,Q) = H}%ngip(X, Q).
This forces equality of the above dimensions. O

COROLLARY 13.5.5. The Hodge conjecture holds in degree n — 1. In particular
it holds for three dimensional varieties.
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13.6. Degeneration of Leray

We want to mention one last consequence of the Hard Lefschetz theorem due
to Deligne [D1]. A projective morphism of smooth complex algebraic varieties is
called smooth if the induced maps on (algbraic) tangent spaces are surjective. In
particular, such maps are C*° fiber bundles.

THEOREM 13.6.1. Let f : X — Y be smooth projective map of smooth com-
plex algberaic varieties, then the inequalities in proposition 12.4.0 for F = Q are
equalities, i.e.

dim H'(X,Q) = Y dim H”(Y, R*f.Q)
pHq=i

PROOF. Our proof, based on [GH, pp. 462-468], will be incomplete, but will
give the basic idea. In the exercises of section 12.4, we constructed a map ds :
HP(Y,R%) — HPT2(Y,R?"'), where R? = RYf,Q, The vanishing of dy and the
higher differentials (which we haven’t constructed) is equivalent to the conclusion
of the theorem. We do this for dy only.

Let n be the dimension of the fibers. We can apply the Lefschetz decomposition
fiberwise:

Li . Rn—i ~ Rn+i
[i/2]

R =P
j=0
where
Pl = ker[L"=+1: R — R2niH2]
This allows us to decompose
HP(Y,R?) = D HP(Y, PY™%)

Thus it suffices to check vanishing of the restrictions of ds to these factors. Consider
the diagram

HP(Y, Pr=F) — Br+2(y, Rh=b1)

lLk«Fl \LLk+1

HP(Y, Pn+k+2) d2; Hp+2(Y, Rn+k+1)

The first vertical arrow is zero by the definition of P, and the second vertical arrow
is an isomorphism by Hard Lefschetz. Therefore the top dy vanishes. (I

COROLLARY 13.6.2. If the monodromy action of 71(Y,y) on the cohomology of
the fiber X, is trivial (e.g. if Y is simply connected) then
dim H'(X,Q) = ) dim H*(Y) @ HI(X,)
pHq=i

Exercises

1. Let 7 : C? — {0} — P{ be the usual projection. This is smooth and in fact
a Zarsiki locally trivial C*-bundle. The restriction S* — P{ to the unit
sphere is called the Hopf fibration. Show that the conclusion of corollary
13.6.2 fails for 7 and the Hopf fibration.
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13.7. Higher Chern classes

A projective morphism f : X — Y of varieties is said to be Brauer-Severi if it is
smooth and all the fibres are isomorphic to projective space. Fix such a morphism.
Choose an embedding of X into projective space and let h = ¢1(Ox (1)).

LEMMA 13.7.1. If f: X — Y is Brauer-Severi with n dimensional fibres then

H'(X,Q) =D H™ (Y, QH

j=0
where b is the jth power under cup product.

ProoOF. The spaces on the right are easily seen to be disjoint, so it is enough
to check the dimensions of both sides coincide. The class h will be a restrict to
a nonzero element of H*(X,,Q) = H*(P",Q) = Q. It follows that H*(X,) is
generated by powers of h. Since h is invariant under monodromy, we can apply
corollary 13.6.2 to get the equality of dimensions. (]

The Brauer-Severi morphisms of interest to us arise as follows. Let E be a rank
n + 1 algebraic vector bundle on Y in the original sense (as opposed to a locally
free sheaf). Define

P(E) ={¢| ¢ aline in some E,} = UIP’(Ey)

This comes with a projection 7 : P(FE) — Y, which sends ¢ to y. The fibre is
precisely P(E,). We can make this into a variety, with 7 a morphism, as follows.
Let g;; be a 1-cocycle for E with respect to a cover {U;}. Then we construct P(E)
by gluing (y, [v]) € U; x P™ to (y, [gi;v]) € U; x P". Consider the line bundle

L={(v,0)|vel £alinein some E,}

on P(E). We define Op(g)(1) as the sheaf of its sections. This need not be very
ample, that is it need come from an embedding of P(F) into a projective space.
However, Op(g)(1) ® 7*M will be very ample for some suitable M. Then we get

COROLLARY 13.7.2. The above decomposition is valid for X = P(E) and h =
c1(Op(m) (1))

It follows that h"*! is a linear combination of 1,h,...h" with coefficients in
H*(Y). These coefficients are, by definition, the Chern classes of E. More precisely,
we define the ith Chern class ¢;(F) € H*(Y,Q) by

(24) R e (EYUR™ 4+ ... cni1(E) =0

This method of defining Chern classes is due to Grothendieck. We should point
that our definition of P(E) is dual the one given in [Har], so our signs are different.

We want to end this one last application of Hard-Lefschetz. A vector bundle
E is called negative if the Op(g)(1) is ample, and E is ample if £* is negative.

THEOREM 13.7.3 (Bloch-Gieseker). If E is a negative vector bundle of rank
n+ 1 on a smooth projective variety X with d =dim X <n+ 1. Then cq4(E) # 0.

PROOF. Let h = ¢1(Opg)(1)), and let
n=nhi"1fe(B)h + . cq 1 (F) € H¥2(P(E))
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Since h is ample, the Hard Lefschetz theorem guarantees that
rH2Ay s gPA(P(E)) — H P2 (P(E))
is injective. We have
nUR2d = ¢ (E) U h e

by (24) and the fact that ¢;(E) = 0 for ¢ > d. Therefore ¢4(E) cannot vanish.
O

Exercises

1. Verify that Chern classes are functorial, i.e. ¢;(f*E) = f*¢;(E). Conclude
that if £ = (’)ﬁ“, the Chern classes vanish.



