LECTURE 1 (JANUARY 28)

Introduction. Our topic this semester is abelian varieties. As you probably know,
abelian varieties are the higher-dimensional generalization of elliptic curves: smooth
projective varieties that have the structure of an abelian group, with the group
operations given by algebraic morphisms. During the first half of the semester,
we will cover the basic theory, both from the analytic (= complex manifolds) and
algebraic (= projective algebraic varieties) point of view. Our main source will
be Mumford’s book Abelian Varieties. After that, I plan to talk about derived
categories and the Fourier transform, and about Deligne’s theorem on absolute
Hodge classes. I will try to provide notes for each lecture.

The lemniscate. Let’s start with a bit of historical material, in order to under-
stand where elliptic curves come from. (If you are interested in learning more about
this, I recommend the article “The arithmetic-geometric mean of Gauss” by David
Cox.) The length of a circular arc is easily computed with the help of trigonometric
functions (and their inverses). But trying to compute the arc length of other curves
such as ellipses leads to more complicated integrals, and the study of these integrals
eventually led to the birth of elliptic curves. One particularly nice example is the
lemniscate. It is defined as the set of points for which the product of the distances
to two given points Py and P, (called the “foci”) is constant.

In polar coordinates (r,6), the equation of the lemniscate is 72 = a2 cos(26),

where 2a is the diameter of the lemniscate. The arc length of the lemniscate was
first computed by the Bernoullis at the end of the 17-th century. We can easily
derive their formula. If we write

x=rcosf and y=rsinf

and use r as the parameter, then r € [0,a] gives us exactly one quarter of the
lemniscate. Therefore the length of the entire lemniscate is

rw=1 [(2) + (2)

Taking derivatives of our parametrization, we get

dx . ,do dy . do
E—COSH—rmnG% and J—smﬁ—l—rcosﬁg,

and so the expression inside the square root is

dx)2 (dy)2 2(d0)2
o Y - )
( dr + dr tr dr
From the equation r? = a? cos(26), we obtain

(d€>2 B r2 B r2 B r2
dr/ — a*sin?(20)  a*(l—r14/at)  at —r?’

and after substituting this into the integral and simplifying, we arrive at

@ a 1 dt
L(a) = 4 Y =t | 2
(a) /O\/a4_7,4dr / —
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Note that the integral looks a bit similar to
1
dt
—— =arcsin(l) = —
| = = aresin)
Probably for that reason, Gauss introduced the notation

/1 dt @
o VI—tt 27

because the symbol @ (BTEX code \varpi) is a cursive variant of the letter pi.
Gauss came across this integral in his study of the arithmetic-geometric mean. For

two positive real numbers a,b > 0, the arithmetic-geometric mean M(a,b) is the
common limit of the two sequences a,,, b,,, defined recursively by

a, + by,
5

The two sequences converge very rapidly, and Gauss arrived at the identity

M(v2,1)

ap = a, bO = b7 Ap+1 = anbna bn+1 =

oo
@
by computing both sides to 11 digits (by hand). This identity can be used to

compute w efficiently.
Let’s now consider the arc length of the lemniscate

/ Toodt
0o V1—tt
as a function of z € [—1,1]. It is obviously increasing, and takes values in the
interval [—w/2,w/2]. The inverse function
sl: [~w/2,w/2] = [-1,1]

is called the lemniscate sine; its defining property is that

/SII dt -
0 V1—tt '

The reason for the name is the obvious analogy with the arc sine function

. / r dt
arcsmmx = p— ]
0o V1—1t2

and its inverse. We have sl(0) = 0, sl(w/2) = 1, and sl(—w/2) = —1. Just like the
sine function, the lemniscate also satisfies an addition formula. The precise result
is due to Euler, I believe, but other people had already found similar addition
formulas for the arc lengths of other curves (such as y = 2 or ellipses).

Proposition 1.1. Suppose that x,y, z are related by the fact that

/m dt L /y a /z dt
0o V1-—tt 0o V1—tt 0 \/1—t4.
Then x,y, z also satisfy the following algebraic equation:

CyVl—at+ a1yt
N 1+ 2292

z

The interesting point is that the arc length function is transcendental (just like
the trigonometric functions), but the three values in the formula above are never-
theless related by an algebraic equation.



Proof. This is very similar to the proof of the addition formula for sine. Let’s think
of z = z(x,y) as a function of the two variables x and y; this makes sense when x
and y are not too large, because the arc length function has an inverse. Each level
set of z is a curve, and by differentiating the relation between z,y, z, we see that
dz d
+ e =0
Vi—zt  1—yt
along this curve. Choose a local parametrization z = z(¢) and y = y(¢) for the
curve, in such a way that
d d
d—j =+v1—2% and dit/ =—y/1—-y*
For simplicity, let’s use a dot to denote the derivative with respect to . Then
% = (dx)Q =1-g*
\dt/) ’
and therefore 203 = —423% or & = —223. For the same reason, j = —2y>. Now
the trick, which is hard to guess unless you know the proof of the addition formula
for sine, is to compute

d, .. L
- i —zj) = yi — zj = 2zy(y” — 2?).

From the formulas for the first derivatives, we also have
(yi — x9)(yd + xy) = y*3® — 2§% = (y° — 2?)(1 + 2®¢?).
After dividing both lines, we obtain

d . . . .

= (yr — 2 d

W —2y) zylvd £ o) _ 4000 1 02y).
yr — xy 1+ 2%y dt

d
P log(ys — xy) =

After integration, this becomes
C(1+2%y?) = yi —ay = yV1 — a* + 2/1— y

for some constant C', and by setting y = 0 and = = z, we find that C' = z. This
gives the desired algebraic relation between z, v, z. O

If we rewrite the addition formula in terms of sl x, it becomes

slyv/1 —sltz +slay/1 —slty
1+slPzsl®y '
Remembering that sl(cw/2) = 1, we deduce that

\/1—51432 B \/l—sl2x
1+s22  Vi1+s®2’
at least for those values of x where both sides are defined. We can now try to

extend the domain of definition. To eliminate the (potentially ambiguous) square
root, we rewrite the formula above as

(1.2) sl(z +y) =

sl(z + w/2) =

1-sl’z
1.3 sP(z+w/2) = ——=—.
(1.3) (z +w@/2) o

Applying the formula to itself, we get sl*(z +w) = sl(z), and therefore sl(z +w) =
tslz. Assl(w/2) =1 and sl(—w/2) = —1, we have to choose the minus sign if we
want things to be consistent, and so

sl(z + w) = —slz.

This allows us to extend the lemniscate sine to a function sl: R — [—1, 1] that is
periodic with period 2.



Gauss was the first person to consider the lemniscate sine as a function of a
complex variable; this was taking place around 1800. The integral

/ 2 dt

0o V1—1t4

makes sense for complex numbers z € C with |z| < 1, by using the standard branch
of the square root function. It is again invertible, at least in a neighborhood of the

origin, and we denote the inverse function by the same symbol sl. The substitution
t + it proves the formula

/ . _. / dt
o V1—t4 0 \/1—t4’
and so we have sl(iz) = isl(z). The addition formula in (1.2) shows that

slzy/1—slty +islyv/1 —sltz

1—sl?zsl®y

sl(z + iy) =

for z,y € [—w/2,w/2], and so our complex-valued lemniscate sine is defined on the
square of side length w centered at the origin. From this formula, we can see that
sl z has a pole when sl = £1 and sly = %1, hence at the points (+1+14)/2. It also
has a unique zero at the point z = 0. For the same reason as before, the function
sl z satisfies the two identities

sliz+w) =—sl(z) and sl(z+iw) = —sl(z),

and this allows us to extend slz to a well-defined meromorphic function on the
entire complex plane. It has simple zeros at the point Zw + Ziw and simple poles
at the points w(1 +4)/2 + Zw + Ziw. Note that sl z has two independent periods,
namely 2c and (1 + 7). Unlike the usual trigonometric function, the lemniscate
sine is doubly periodic. Such functions are also called elliptic functions. Gauss did
not publish any of his results, and it took almost 30 years until Abel and Jacobi
developed the theory of elliptic functions.

Geometric interpretation. We can interpret the above results about the integral

/ dt
V1—t4
in terms of compact Riemann surfaces. Since the square-root function /1 — x*
has two branches, we introduce a new variable y such that 4> = 1 — 2%, and then
consider the one-form dz/y instead of dt/v/1 —t* This rule actually defines a
double covering of P*. To see why, let’s use the coordinate u = 1/ on the chart at
infinity, and define v? = 1 —u*. If we glue the two according to the rule v = —u?y,
then we get a compact Riemann surface C together with a two-to-one map C — P!
that is branched at the four points +1 and +i. Moreover, dz/y is a well-defined
one-form on C' because

dv  —du/u® du

Yy —v/u? v’
We can visualize the double covering as follows. Take two copies of the complex
plane (or the Riemann sphere), make branch cuts from the point 1 to the point
1 and from the point —1 to the point —i, and then glue the two copies together
as indicated in the picture below. This produces a surface with one handle, which
means that the Riemann surface C has genus 1, hence is a torus.



We can integrate dx/y along paths in C to obtain a multi-valued holomorphic
function on C. It is multi-valued because C' is not simply connected. The ambiguity
in the values is given by the integrals of dz/y along the two basic closed loops in
C. The first loop goes around the torus.

1
1\/‘\1
—1

By moving the contour of integration in both copies of the plane, one can see
that the integral of dz/y over this loop is equal to

/1 dt /1 dt )
e — =2w.

1 V11—t 1 V1I—tt

Similarly, the loop that goes around the neck of the torus leads to the integral
(1+4)e. The inverse of this multi-valued function will therefore be doubly periodic,

with periods 2w and (1 + i)w.

Elliptic curves. Let’s now consider elliptic functions in general. An elliptic func-
tion is holomorphic (actually, meromorphic) function on C with two linearly in-
dependent periods. If we call the two periods ; and <9, then the subgroup
I’ = Z~1 4 Z~s is a discrete subgroup of C of rank 2. The quotient C/I' is compact,
and so I' is called a lattice. Suppose that f: C — C is a holomorphic function
with periods in I', meaning that f(z 4+ ) = f(z) for every v € I'. Because C/T is
compact, f must be bounded, hence constant. In order to get interesting elliptic
functions, we have to allow poles.

The most basic elliptic function is the Weierstrass p-function. The symbol @
(WTEX code \wp) is the old handwritten German p, but for simplicity, I will use
the regular letter P instead. Consider the infinite series

1 | 1
Sy T <(27) 7 )

It converges absolutely and uniformly on compact subsets of C \ I'; the reason is
that, for z in a compact set, each term is bounded by a constant times 1/|v|?, and
it is easy to see that the series

> 5

3
Zérvioy N
is convergent. Therefore P(z) is a well-defined meromorphic function with a double
pole at each point of T'; it is clearly even because P(—z) = P(z). To show that it



is I'-periodic, we consider the derivative
-2
Py=Y —2
— )3
=)

The series again converges absolutely and uniformly on compact subsets, and P’(z)
is visibly I'-periodic. This means that

P(z+7)=P(z) +C(v)

for some constant C(y) € C. By putting z = —7/2 and remembering that P(z) is
even, we get C'(y) = 0, and so P(z) is itself I'-peridic.
Let’s compute the Laurent series around z = 0. Here we use the geometric series

1 > 1 >
1—» :nz:%xn and m :;(n+1)xn

From the definition of P(z), we get

1 1 1 1 > 2"
P(z) 22‘*'2((12/7)2_1):22""22(”4_1)771%

2
¥#0 v y#0n=1

1 oo
? + Z(TL + 1)Gn+22n,

n=1

where the constants G,,, depending on the lattice I'; are defined by the formula
1
Gn = —
> !
y€T\{0}

for n > 3. By symmetry, GG,, can only be nonzero for even values of n; therefore

oo

(14) P(Z) = Z% + Z(?n + 1)G2n+22’2n

n=1

is the Laurent expansion of P(z) around the point z = 0.
The next lemma shows that the Weierstrass gp-function is related to cubic curves.

Lemma 1.5. The p-function satisfies the differential equation
P'(2)? = 4P(2)® — 60G4P(z) — 140Gs.

Proof. From the Laurent series in (1.4), we get

P(2) = 272 +3G42° + 5Ge2* + - --

P'(2) = =223 4+ 6G42 + 20Gs2> + - -

P'(2)? = 4275 - 24G427% — 80Gg + - - -

4P(2)® = 4275 +36G4272 +60Gs + - -

Consequently, the function P’(2)? — 4P(2)® + 60G4P(z) + 140G¢ has no pole at
z = 0, and because it is doubly periodic, it is therefore holomorphic, hence constant.
The constant value is the value at z = 0, which is 0. O

If we set go = 60G4 and g3 = 140Gg, then the differential equation takes the
form P’'(2)? = 4P(2)3 — g2 P(2) — g3. Now consider the holomorphic mapping

C\I' = C? =z (P(2),P'(2)).

Its image is contained in the cubic curve with equation y? = 423 — gox — ¢3. Let
us denote by E = C/TI" the quotient, which is a compact Riemann surface of genus



1. Let 0 € E be the image of the origin in C. We get an induced holomorphic
mapping

E\N{0} = C?, 24T~ (P(2), P'(2)).
Since P(z) has a pole of order 2 at z = 0, whereas P’(z) has a pole of order 3, this
extends to a holomorphic mapping

E—P?

by sending the point 0 € E to the point [0, 1,0] € P2. The image is now contained
inside the projective cubic curve with equation

yiz = 4xd — gowz? — g3z

LECTURE 2 (JANUARY 30)

Elliptic curves. Last time, we introduced the Weierstrass p-function

P(z):ZiQ—F Z ((z—lv)z_g)’

yer\{o} K

where I' = Z~y; + Z~s is a lattice in C. We showed that it is meromorphic and
I'-periodic, and that it satisfies the differential equation

P'(2)* = 4P(2)® — g2 P(2) — g3,

where go, g3 are certain constants that depend on I'. We are really interested in
the compact Riemann surface F = C/T, which is topologically a torus. Using the
differential equation, we concluded that the image of the holomorphic mapping

h: E P2, 24T [P(2),P(2),1],

is contained in the cubic curve C with equation y%z = 423 — gox2? — g323. Now we
are going to argue that h is an isomorphism between E and this cubic curve.

For that, we need two basic facts about doubly periodic meromorphic functions.
Let f be a meromorphic function on C that is [-periodic. We may also view f as
a holomorphic mapping from E to P!. If f has a zero or pole at a point 2 € E, we
let ord, (f) denote the order of the zero (with a plus sign) or the order of the pole
(with a minus sign); if = is neither a zero nor a pole, we set ord,(f) = 0. The fact
that f is I'-periodic constrains the number and location of the zeros and poles, in
the following way:

(1) We have Z ord;(f) =0.

z€E
(2) We have Z ord(f) -« =0 as points in E.

zEE
Remember that we can add and subtract points in E = C/I", because the quotient
is an abelian group. Both formulas are consequences of the residue theorem. Let’s
quickly look at how this works. Consider the parallelogram D spanned by the two
basis vectors 71,y € I, with one corner at a point zg € C, and choose zy such that
the boundary 9D of the parallogram does not pass through any zeros or poles of f.

Zo+ 71+ 72
zo + 72

z0 + 7

20
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At each zero or pole of f, the meromorphic function f’/f has a simple pole with
residue equal to the order of the zero or pole. The residue theorem therefore gives

e,
2 0= 55 Joy T

The integral on the right-hand side is equal to zero because f is I'-periodic. Since
D is a fundamental domain for the action of I' on C, the left-hand side is equal to
> zer O0rdz(f), and so we get the formula in (1). The formula in (2) is proved in a
similar manner. Again by the residue theorem, we have
1 !/
Zordz(f)'z— — ) dz.

= 27 Jop f(2)

This time, the integral on the right-hand side evaluates to an element in Z~; + Z~,,
and so we get

Z ord,(f) - z € Zy1 + Zrys,
z€D

which translates to the formula in (2).
We can now prove that E = C/T is isomorphic to the cubic curve C.

Proposition 2.1. The mapping h: E — P? induces an isomorphism between E
and the cubic curve C.

Proof. Let’s first show that h is surjective. The point [0, 1,0] is the image of 0 € F,
so let’s consider points of the form [a,b, 1] with b* = 4a® — goa — g3. We need to
find zg € C such that P(z) = a and P’(z) = b. The function P(z) — a is I-periodic
and meromorphic, and has (up to translation by by I') a unique pole of order 2.
According to the discussion above, it must therefore have exactly two zeros; since
P(z) is even, these will be of the form +zy for some zy € C. The differential
equation for P(z) then gives P'(29)? = 4P(20)% — g2 P(20) — g3 = b?, and therefore
P'(z9) = £b. If P(z9) = b, we can take z = zg; otherwise, we take z = —z.

Now let’s prove that h is injective. It is easy to see that the points in I' are the
only points mapping to [0,1,0], so it is enough to consider two points z1,22 € C
such that P(z1) = P(#2) and P'(z1) = P’(22). We need to argue that z; = z2. As
before, P(z) — P(z1) must have exactly two zeros, which are z; and —z;, and so
either zo0 = z; mod I' and we are done, or zo = —z; mod I'. In the second case,
we get P'(z1) = P'(22) = —P’(21), and so P’(z1) = 0. But we will see in a moment
that the only zeros of P’(z) are the translates of v1/2, v2/2, and (v + 72)/2, and
no two of these differ by an element of T'.

Next, we argue that the cubic curve C is nonsingular, and therefore a compact
Riemann surface. This amounts to saying that all three roots of the cubic poly-
nomial 423 — gox — g3 are distinct. Because h is surjective, these roots are of the
form P(z), where z € C is any point such that P’(z) = 0. Now P’(z) has (up to
translation by I') a unique pole of order 3, and so it must have exactly 3 zeros.
Because P’(z) is odd, each of v1/2, v2/2, and (71 +72)/2 is a zero, and so these are
all the zeros. They are different modulo I'; and so our cubic polynomial has three
distinct roots.

Now h: E — C'is a bijective holomorphic mapping between two complex mani-
folds, and therefore biholomorphic (by the inverse function theorem). This proves
that E = C/I is isomorphic to the cubic curve C. g

Let’s also briefly discuss the group structure. As you know, the points of a
nonsingular cubic curve form a group; three points P, @, R on the cubic are collinear
(in P2) if and only if they satisfy P+ Q + R = 0 as elements of the group.



In fact, the isomorphism u: E — C also respects the group structure, because of
the following proposition.

Proposition 2.2. Let u,v,w € C be three distinct points. Then u+ v+ w € I if
and only if the points h(u), h(v), and h(w) are collinear in P2,

Proof. 1 promised to put the proof in the notes, so here it is. Because h is bijective,
we only need to prove one implication. Let’s focus on the case where u,v,w & I.
The fact that the three points are collinear then says that
P(u)  P(v) P(w)
det | P'(uv) P'(v) P'(w) ]| =0.
1 1 1

This means that there are constants A, B, C € C such that AP(z)+BP'(z)+C =0
for z € {u,v,w}. Because this function has a unique pole of order 3, these must be
the only zeros (up to translation by I'). In particular, they are simple zeros, and
so the second consequence of the residue theorem tells us that u + v +w € I'. A
similar argument works when one of the three points belongs to the lattice I'. O

Exercise 2.1. The lemniscate sine is related to the Weierstrass p-function, but
perhaps not quite in the way one would expect. Prove the formula

2
- P(Z)a

w
s1?(w2)

where P(z) is the Weierstrass p-function for the lattice Z+ Zi of Gaussian integers.

(Hint: Look at the first few terms in the Laurent series.) Can you find the equation

of the cubic curve for this lattice?

Abelian varieties. Let’s now start looking at abelian varieties, from the point of
view of complex geometry. Consider a compact and connected complex Lie group
X. This means that X is a complex manifold, say of dimension n, that is compact
and connected; it also means that the group operations

XxX—>X, (x,y)—z-y, X=X, zwa

are holomorphic mappings. Let e € X denote the identity element. We are going
to prove that X is commutative, and that it has the form V/A, where V is an
n-dimensional complex vector space, and A C V is a discrete subgroup of rank 2n.

First, we need to review a few basic facts about 1-parameter subgroups. Let
V =T,.X denote the tangent space to X at the identity element e € X; this is an
n-dimensional complex vector space. The result we need is that for every vector
v € V, there is a unique holomorphic mapping

¢y: C— X
that is a group homomorphism and whose differential
(dppp)e: C=ToC -V =T.X

maps 1 € C to the given vector v € V. This is a consequence of the existence
and uniqueness result for solutions to ordinary differential equations. (Briefly, the
tangent vector v € T, X can be extended in a unique way to a holomorphic tangent
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vector field v on all of X, using the group structure. Then ¢, solves the initial value
problem ¢'(t) = D¢(s), #(0) = e. The solution is holomorphic by Cauchy’s theorem,
which is a nice but fairly elementary result.) We need three additional facts:
(1) The mapping
p:CxV =X, (t,v)w— ¢u(t),
is holomorphic (because the solution to a holomorphic initial value problem

depends holomorphically on the initial data).
(2) Let us define the exponential mapping by the formula

exp: V= X, exp(v) = ¢,(1).

This is a holomorphic mapping by (1). The uniqueness of ¢, implies that
Dy (St) = @5y (t) for every s,t € C; therefore

oy (t) = exp(tv)
for t € C and v € V. By construction, the differential
(dexp)e: V=ToV -V =T.X

is the identity mapping. By the (holomorphic) inverse function theorem,
exp is therefore a biholomorphic isomorphism between a neighborhood of
0 € V and a neighborhood of e € X.

(3) Suppose that h: X7 — X5 is both a holomorphic mapping and a group
homomorphism. Then one has

h(eprl (U)) = &XPx, ((dh)e(v))
for every v € V. The reason is that the composition
ho@,: C— Xo
is a holomorphic group homomorphism with
d(h o ¢v)e(1) = (dh)e o (ddy)e(1) = (dh)e(v).
The result we want therefore follows from the uniqueness statement.
We can now prove that the group structure on X is commutative.

Lemma 2.3. FEvery compact connected complex Lie group is abelian.

Proof. For x € X, consider the conjugation mapping
Co: X = X, Cu(y) =zyz™;
it is cleary biholomorphic and an automorphism of the group X. The differential
(dCp)e: V=V
is therefore an automorphism of V' = T, X. This gives us a holomorphic mapping
X = GL(V), x+ (dCy)e.
Because GL(V) sits inside the vector space End(V') = C"*, and X is compact and

connected, this mapping must be constant; the constant value is
(dCy)e = (dCe). = idy .

We can now apply (3) from above and conclude that

Cy (exp(v)) = exp((dC’z)e(v)) = exp(v)
for every z € X and every v € V. This says that the image exp(V') of the ex-
ponential mapping lies in the center of the group X. It also generates X as a
group (because exp(V) contains a neighorhood of e € X and X is compact and
connected); it follows that X is commutative. (]
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There are of course many compact real Lie groups that are not commutative;
the magic comes from the fact that the group operations need to be holomorphic.
Next, let’s prove that X is isomorphic to the quotient of V' by a discrete subgroup.

Lemma 2.4. The exponential mapping exp: V. — X is a surjective group homo-
morphism. Its kernel A = ker(exp) is a lattice in V, and X = V/A.

Proof. For any two vectors v, w € V, consider the holomorphic mapping
C— X, tr exp(tv)exp(tw).
Because X is commutative, this is a group homomorphism; its differential takes
1 € C to the vector v + w. By uniqueness, it follows that
exp(tv) exp(tw) = exp(t(v + w)).

Setting t = 1, we conclude that exp: V' — X is a group homomorphism. We already
know that exp(V') generates X as a group; now exp(V) is also a subgroup, and so
exp(V) = X. The kernel A = ker(exp) is a discrete subgroup of V' (because exp is
bijective in a neighborhood of 0 € V). The quotient V/A is isomorphic to X, hence
compact; this means that A is a lattice in V. O

A Dbit of terminology. A discrete subgroup A of a complex vector space V is
called a lattice if the quotient V/A is compact. It is easy to see that A must then
be isomorphic, as a group, to Z*", where n = dim V. The quotient V/A is called
a compact complex torus. So the result above is saying that every compact and
connected complex Lie group is a compact complex torus.

From now on, we are going to use additive notation

XxX—>X, (z,y)—z+y, X—>X, v —zx

for the group operations; the identity element is always 0 € X. By choosing a basis
for A =2 7", we see that

X]R ~ (R/Z)2n ~ (Sl)2n
as real Lie groups. We will consider the problem of how to keep track of the different
possible complex manifold structures on this later on.

Corollary 2.5. As a group, X is divisible, and for every m € Z, we have
Xml={z€X |m-2=0}=(Z/mZ)*"
Proof. This is clear from the fact that Xg = (R/Z)?". O

LECTURE 3 (FEBRUARY 4)

Cohomology of compact complex tori. Let X = V/I" be a compact complex
torus of dimension n. This means that V' is an n-dimensional complex vector space,
and I' C V is a lattice of rank 2n. Let’s see how to describe the cohomology of X
in terms of V and I'. Observe that ' generates the underlying R-vector space

W =2T'®z R,
because I' = R?" and Vg = R?". Over the complex numbers, we have
FrezC2VrerC2VaV,

where V' denotes the conjugate vector space: the underlying abelian group is still
(V,+), but the complex numbers act via z-v = Zv. This is true for the complexifica-
tion of any complex vector space. Indeed, let J € Endg(Vk) be the endomorphism
J(v) = iv; then J? = —id. The complexification

Ve ®@r C = E;j(J) ® E_;(J)
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decomposes into the +i-eigenspaces of J, and the two maps
V—=oE(), v—ovl-Jv®i
VoE (J), vevel+Jvei

are isomorphisms of C-vector spaces.

As complex vector spaces, V = T, X is isomorphic to the holomorphic tangent
space at the point 0 € X. Since X is a group, the holomorphic tangent bundle is
trivial; this means that we have a natural isomorphism

Tx =2 Ox ®c V.

Dually, we get Q% = Ox ®@c V*, and therefore

P
O = Ox @c \V*.
We can also describe the lattice I' intrinsically:
'z 7T1<X,O) = Hl(X,Z),

where an element v € I corresponds to the homotopy class (or homology class) of
the closed loop [0,1] — X, ¢ — ¢t - v+ I'. According to the universal coefficients
theorem, we then have

H'(X,Z) = Homy (H,(X,Z),Z) = Homy(T', Z) = I'*.

The entire integral cohomology is equally easy to describe.

k k
Lemma 3.1. We have H*(X,7) = /\Hl(X,Z) = /\F*'

Proof. The cup product gives us a natural map
k
NH' (X, Z) - HYX,Z), m A Ap=rmU-Un.

Since X 2 (S')?" as smooth manifolds, the Kiinneth formula implies that the map
is an isomorphism. O

We can also describe the de Rham cohomology and the Dolbeault cohomology,
by relating V' and V to differential forms on X. Choose a basis vy,...,v, € V,
and let z1,...,2, € V* be the dual basis; we view these linear functions as a
holomorphic system of coordinates on V' = C". Their differentials are invariant
under translation by I', and so they give us well-defined 1-forms

dz1,...,dz, € AY(X), dz,...,dz, € A®H(X)

on X = V/I'. Every smooth form a € A?9(X) of type (p, ¢) can then be written as

o= E a]JdZ]/\dZ],
[I1=p,|J]=q

with coefficients oy ; € A%(X) that are smooth fuctions on X.

Lemma 3.2. The (p,q)-forms of the shape

E C[’JdZ[/\dZJ
[I|=p,|J|=q

with ¢y ; € C give a basis for the Dolbeault cohomology group H?(X) = H1(X, QX ).
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Proof. This is a consequence of the Hodge theorem that we proved last semester.
Choose a hermitian inner product A on V. It determines a hermitian metric on V'
and on X = V/T, whose associated (1, 1)-form is
7: n
w=g Z h(vj, vg)dz; A dZy.
7,k=1
This is obviously closed, and so the metric is Kahler. By the Hodge theorem, every
de Rham (and Dolbeault) cohomology class contains a unique harmonic represen-
tative. But the harmonic forms for this metric are exactly the forms with constant
coefficients, as in the statement of the lemma. (Mumford’s book contains a more
elementary proof, using Fourier series.) O

We can also say this without choosing coordinates. In degree 1, the isomorphism
V* = H19(X) sends a linear functional f: V — C to the holomorphic 1-form df;
the isomorphism V* = H%!(X) sends a conjugate-linear functional f: V — C to
the anti-holomorphic 1-form df. In higher degrees, we have

p q
(X)) =2 A\Vvie AV,

by taking wedge products.
The above description of integral cohomology (in terms of I') and de Rham
cohomology (in terms of V' and V') are compatible in the following way: the diagram

HY(X,Z) — HY(X,C) —— HY(X, 0x)

E !

Homgy (T, Z) —— Homgz(T',C) —— Home(V,C)
is commutative. The second arrow in the bottom row is the projection
Homyz(T',C) = Home (I' ®z C,C) = Home(V @ V,C) — Home(V, C).
The commutativity of the diagram requires a little bit of checking that I will skip.

Holomorphic line bundles. Our next goal is to describe all holomorphic line
bundles on X = V/I', in a way that is suitable for determining their spaces of
sections and deciding which line bundles are ample. In particular, this will tell us
which compact complex tori can be embedded into projective space.

One way to describe holomorphic line bundles is via the exponential sequence

e2mi(=)

0 v/ Ox 0% 0.

The long exact sequence in cohomology reads
0— HYX,Z) - H'(X,0x) — H'(X,0%) - H*(X,Z) - H*(X, Ox).

Let Pic(X) denote the set of isomorphism classes of holomorphic line bundles; this
is a group under tensor product. We have Pic(X) = H' (X, %), and so we get a
short exact sequence

0 — Pic’(X) —— Pic(X) —— ker(H*(X,Z) — H*(X,0x)) — 0,

where Pic’(X) = HY(X, Ox)/H(X,Z) is the set of isomorphism classes of topo-
logically trivial holomorphic line bundles. The element c¢;(L) € H?(X,Z) is the
first Chern class of the holomorphic line bundle L € Pic(X).

Our starting point is the fact that on V' = C", all holomorphic line bundles are
trivial. Let ¢: V' — X be the quotient map. Given L € Pic(X), the pullback

L=V xC
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is trivial. The group I" acts on ¢*L in a way that is compatible with the translation
action on V. We can write this action in the form

v (v,2) = (v+7,e4(v) - 2),
where e, € I'(V, 0y;) is a nowhere vanishing holomorphic function on V. If we set

H* =T(V,0y), we can write this more concisely as e, € H*. The group I' acts
on H* by translation, according to the rule

(v-e)(v) = e(v+).
Obviously, for v, € I', we have
(y+0)-(v,2) =7-6-(v,2),
and this translates into the cocycle condition
(3.3) evts5(v) = ey(v+9) - e5(v).

If we change the trivialization of ¢*L by multiplying pointwise by a nowhere van-
ishing holomorphic function g € H*, then our cocycle changes to

(3.4) e, (v) = ey(v) - g(v +7)/g(v).
If you know the definition of group cohomology, you may recognize that these two
conditions are describing the first group cohomology H(T', H*).

Group cohomology. Let’s put our discussion of line bundles on hold for a moment
and briefly review group cohomology. Let G be a group, and let M be a G-module;
this means that M is an abelian group with a left action by G, or in other words,
a left module over the group algebra ZG. The subspace of G-invariants

MC = {meM } gm = m for allgeG} = Homys(Z, M)
is a left-exact functor on G-modules, and group cohomology is the derived functors:
Hi(Gv M) = EXtiZG(Za M)

In practice, one uses a specific resolution of Z as a ZG-module to compute group
cohomology. We therefore define H*(G, M) as the i-th cohomology of the following
complex. For each p € N, set

C? = C?(G, M) = {functions f: G — M},
and define the differential d: C? — CP*! by the formula

p—1
() (90, -+ 9p) = 9o~ F(g1s---9p) + (=1 (g0, - GiGit1s - - p)
1=0

+ (_1)p+1f(90a e agp—l)'
One checks that d o d = 0, and so this is indeed a complex.
Ezample 3.5. We have C° = M, and therefore
H(G,M)={meM | gm=mforall ge G} =MC°

is the space of G-invariants, as it should be. Let’s also compute H!(G, M). Now a
1-chain is just a function f: G — M, and because

(df)(g,h) = gf(h) — f(gh) + f(g),
the cocycle condition df = 0 translates into the identity
flgh) =gf(h)+ f(9),  forallg,heG.
It follows that

HY(GL M) = {/:G = M| f(gh) =gf(M) + [(9) }
{g—=gm—m|meM}
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In the discussion above, H* = T'(V, 0%} ) is aI'-module, but with the group structure
written multiplicatively. Taking this into account, the conditions in (3.3) and (3.4)
are therefore exactly describing H(T', H*).

There are two other useful facts. The first is that a short exact sequence
0—-M —-M-—M"—0

of G-modules gives rise to long exact sequence in group cohomology (as usual for
the functors Exti). The second is that group cohomology can be used to compute
sheaf cohomology. Suppose that % is a sheaf on X = V/T". Assuming that the
pullback sheaf ¢*.# has no higher cohomology, one has

H'(X, #) = H' (D, H(V,q" 7)),
where HO(V, ¢*.%) is a I-module. This says, for example, that
HY(X,0%)= H'(T,H*),
as suggested by the discussion above.
Holomorphic line bundles, continued. We return to our study of holomorphic
line bundles. From L € Pic(X), we get a cohomology class in H'(T', H*), repre-

sented by the cocycle e,, from (3.3). Conversely, a cocycle determines a holomorphic
line bundle by letting I act on V' x C according to the rule

v (v,2) = (v+7,e4(0) - 2).
The quotient (V' x C)/T" — V/TI' is then a holomorphic line bundle on X = V/T.

So all we need is nice description of these cocycles.
Let’s start by describing the possible first Chern classes

c1(L) € ker(H*(X,Z) — H*(X, Ox)).
We know that , ,
H*(X,z)= )\ H'(X,Z) = \T*,
and so each cohomology class is represented uniquely by an alternating form
E:TxI'—>Z.

When is such a class in the kernel of H?(X,Z) — H*(X, Ox)? We can extend E
uniquely to an alternating bilinear form on

e C=VaV,

and since H2(X, Ox) = A\V*, this extension needs to be trivial on V' x V. This
translates into the condition that

Ev@l+Jo@iw®l+Jw®i)=0
for v,w € V. Expanding and looking at the real part, we deduce that
(3.6) E(Jv, Jw) = E(v,w) for all v,w € V.

It is easy to see that this condition is equivalent to the existence of a hermitian
bilinear form

H:VxV—>C
such that £ =Im H. Indeed, H must be given by the formula
H,w) = E(Jv,w) +iE(v,w),

and the condition in (3.6) ensures that H is hermitian symmetric. We can summa-
rize this in the following lemma.
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Lemma 3.7. An alternating bilinear form E: T'xI' — Z represents the first Chern
class of a holomorphic line bundle on X iff there is a hermitian form H: VxV — C
such that E =1Im H.

Equivalently, we can start from the hermitian form H: V x V — C, and then
the condition is that £ = Im H needs to take integer values on the subset I' x T'.

Note. If this seems too abstract, here is a more concrete way of thinking about
the lemma. Let’s start from a hermitian form H: V x V — C. Choose a basis
V1,...,0, € V,and let z1,..., 2z, € V* be the dual basis. Setting h; = H(v;,vx),
we get a closed (1,1)-form

i _
w=y .Z hjrdzj A dz), € AV (X),
J,k=1
and the fact that H is hermitian ensures that w € A?(X,R). In order for w to be the
first Chern class of a holomorphic line bundle, the cohomology class [w] € H?(X,R)
needs to be in the image of H?(X,Z), which means that the integral of w over every
homology class in Hy(X,Z) should be an integer. A basis for Hy(X,Z) is given by
the images of the maps
cys: 0,12 = X, (s,t) > sy+t6+T

for v,0 € I'. Writing v = 3, v;v; and § = 3, 6;v;, the integral of w over the image
of the map c, s is then

1 1. n
/[ | C:’(gw = / / % Z hjk(yds + (5jdt) A (Wkds + Skdt) =TIm H(v,9).
0,1]2 o Jo

J,k=1
So the condition is precisely that £ = Im H should take integer values on I' x T".
Now let’s compute the first Chern class from the cocycle e, in (3.3). Setting
H =T(V, 0y), we have a short exact sequence of I-modules

27i(—)

0 Z HE H* 0,

and therefore a long exact sequence in cohomology. The connecting homomorphism
§: HY(I', H*) — H*(T,Z) fits into a commutative diagram

HY(T,H*) —>— H%(T,7)

kN

o

H'(X,0%) == H*(X,Z) —— N\°T*".

Our cocycle e = {e,} is an element in C*(I', H*). To compute its image under the
connecting homomorphism, we need to lift it to f = {f,} € C'(T, H), and then
apply the differential d: C1(T', H) — C?(T', H). So we write

ey (v) = e2mif~(v)
with f, € H, and then
F(y,6) = (df)(7,0) = fs(v+7) = fy+s(v) + fy(v) € Z.
Under the isomorphism H?(T',Z) = /\2 I'*, this 2-cocycle then goes to the alternat-
ing form E: I' x I' = Z given by the formula
(38)  E(3,0) = F(7,8) — F(6,7) = (fs(v+7) = f5(v)) = (f(v+8) = f(v)).

Since this is the first Chern class of a line bundle, we have ' = Im H for a hermitian
form H: V xV — C.
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The Appell-Humbert theorem. We can now solve our problem in the following
way. Fix a hermitian form H: V x V' — C such that £ = Im H takes integer values
on I' x I'. Let’s describe all line bundles L € Pic(X) such that ¢;(L) € H*(X,Z) is
represented by E. There are two cases.
The first (and easier) case is when H = 0. Here we are looking for line bundles

L € Pic(X) with ¢1(L) = 0. Recall that

Pic’(X) = HY(X, 0x)/H (X, Z) — H' (X, 0%).
From Hodge theory, we have an isomorphism of R-vector spaces

HY(X,R) - HY(X, Ox)
and therefore Pic®(X) = HY(X,R)/H (X,Z) = H'(X,R/Z). Since z + 7@
maps R/Z isomorphically to the circle group U(1) = { ze€C } |z =1 }7 the image
of HY(X,R)/H"(X,Z) in Pic(X) & H' (X, 0%) is therefore isomorphic to
Homy (H1(X,Z),U(1)) = Homg (', U(1)).
In terms of cocycles, this means that every group homomorphism
a:T'—=U(1)

gives us a constant cocycle e, (v) = «(7); this obviously satisfies the cocycle condi-
tion in (3.3). So we get

Homg (I, U(1)) = Pic’(X), aw {e, =a(y)}.

The general case is when H # 0. Here the best possible choice of cocycle is

(3.9) e (v) = e HEHO) o(y),
where a.: I' — U(1). This needs to satisfy the cocycle condition in (3.3), and so

ewH(v,'y+5)+%H(’y+6,’y+6)a(7 + 5) — ewH(er&,'y)Jr%H(’y,'y)a(,y)ewH(v,ﬁ)qL%H(&,J)a((;)'

After cancelling common factors and remembering that £ = Im H, this turns into
(3.10) aly +6) = a(y)a(s) - emE9),

So a: T' — U(1) is no longer a group homomorphism, but it is not off by very much
because e!™F(1:0) = 41,

We also need to make sure that the first Chern class is represented by £ = Im H.
Going back to (3.8), the condition is that

(fa(v+7) = f5(v)) = (f(v+0) = £,(v)) = E(7,0).
For e, as in (3.9), the lifting is

fr= H(;)Z.’ i H(Zl.’ 2 %m log (),
which is of course only determined up to Z (because of the logarithm). After
plugging this into the formula above, we get
H(’V? 5) — H(57 ’7)
2i
which is correct because E = Im H. (In fact, (3.9) is determined uniquely if we
look for a lifting f., that is affine linear in v and satisfies the equation above.)

= E(v,9),

Definition 3.11. Let H: V x V — C be a hermitian form such that £ = Im H
takes integer values on I' x I'. For any a: I' — U(1) such that (3.10) holds, we
define the holomorphic line bundle

L(H,a) = (V x C)/T
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over X = V/T', where the I'-action is given by
v (v,2) = (v + v, e HENHFHO) o () z)
Then (H, ) is called the Appell-Humbert datum for the line bundle L(H, «).
The main result (that we have almost proved at this point) is that
Pic(X) = { L(H, ) | (H, ) is an Appell-Humbert datum }

describes all holomorphic line bundles on X. More on this next time.

LECTURE 4 (FEBRUARY 6)

The Appell-Humbert theorem. Last time, we described all holomorphic line
bundles on a compact complex torus X = V/T'. There were two pieces of data:

(1) A hermitian form H: V x V — C such that F = Im H takes integer values
on I' x I'. Let Hermz(V,T') denote the set of all such.
(2) A mapping a: I' = U(1) such that
a(y 4 68) = a(y)a(s)e™E0) for all 4,6 € T.

We call such a pair (H,«) an Appell-Humbert datum. Let AH(V,T") be the set of
Appell-Humbert data. To each (H,a) € AH(V,T'), we associated a holomorphic
line bundle L(H, «) on X, defined as the quotient of V' x C by the I'-action

7 (0,2) = (047, HEDTEHON g (y) - 2).

We now get the following commutative diagram:

0 — Homg([,U(1)) — AH(V,I') ———— Hermy(V,T) ——— 0

| [ |
0 — Pic®(X) —— Pic(X) — ker(H*(X,Z) — H*(X, Ox)) — 0

The first arrow in the first line sends a homomorphism « to the pair (0, «), and
the second arrow sends an Appell-Humbert datum (H, @) to the hermitian form H.
The vertical arrow in the middle sends (H, o) to the associated line bundle L(H, ).
We could not quite state the main result last time, so here it is.

Theorem 4.1 (Appell-Humbert). The mapping L: AH(V,T') — Pic(X) is an iso-
morphism of abelian groups.
Proof. The group operation in AH(V,T') is given by the rule

(Hy, 1) - (Hay o) = (Hy + Ha,a1az).
This is compatible with the group structures on Homgz (T, U(1)) and on Hermy(V,T").
Now if two line bundles are represented by cocycles, in the way we introduced last
time, then their tensor product is represented by the pointwise product of the two
cocycles. Together with the explicit formula for L(H, «), this shows that

L(Hy, 1) ® L(Hz,a2) = L(Hy + Ha, a1az),

and so L is indeed a group homomorphism. We showed last time that the first and
third vertical arrow in the diagram are isomorphisms; by the five lemma, the arrow
in the middle is also an isomorphism. O

Example 4.2. Let’s look at the case of elliptic curves. Here V = C, with coordinate
z, and I' = Z + Z7, where 7 € H is a point in the upper halfplane. The pairing
E =Tm H is determined by the integer m = E(7,1), which is the first Chern class
of the line bundle. As always, we extend E R-linearly; then

m=E(Rer+ilm7,1) =Re7E(1,1) + Im7E(3, 1),
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and therefore E(i,1) = m/Im7. The hermitian pairing H is then determined by
m
H(1,1)=E(,1 E(1,1) = ——.
(L,1)=E@,1) +iB(1,1) = - —

So the quantity Im 7 shows up in the Appell-Humbert description of line bundles.

Global sections. Next, we are going to compute the space of global sections
of L(H,«), and determine under what conditions L(H,«) is ample. Along the
way, we’ll prove the following interesting fact: If L is a holomorphic line bundle
on a compact complex torus X, and if H°(X,L) # 0, then there is a surjective
holomorphic group homomorphism ¢: X — Y to another compact complex torus
Y, and an ample line bundle M on Y, such that L = ¢* M.

Consider a line bundle of the form L(H,«). From the description as V x C/T,
we see that a global section of L(H, «) is the same thing as a holomorphic function
f:V — C with the property that

(13) (v -+ ) = " HOVHEHODa(y) - o)

for every v € I'. Such functions are called theta functions for the pair (H,«). We
will see in a moment how these are related to the classical theta function.

It turns out that the existence or non-existence of sections depends on the prop-
erties of the hermitian form H. There are three cases:

Case 1. The hermitian form H is degenerate. Recall that £ = Im H is integral on
I' x I'. Consider the null space

Vo={veV |H@wuw)=0fralweV}
={veV |E(~y)=0forallyel}.

The first line shows that 1} is a complex subspace of V', and the second line shows
that T'g = Vo N T is again a lattice in V. Define V3 = V/V; and I'y = T'/Ty; then
X1 = V3/T is again a compact complex torus. Because Vj is the nullspace, H
descends to a nondegenerate hermitian form H; on V;.

For v € Ty, the transformation rule in (4.3) gives

0(v +7) = a(7)0(v),

and since |a(y)| = 1, this shows that 6 is bounded on each coset v + Vj. By
Liouville’s theorem, 6 is constant, and so there is a holomorphic function

912V1—>(C

such that 6(v) = 01 (v + Vp). It then follows that a(y) =1 for v € T'g, and so there
is a function a;: I'y — U(1) with the property that a(vy) = ai(y 4+ T'o). If we let
q: X — X, denote the quotient mapping, this means that L(H,«) = ¢* L(Hy, a1) is
the pullback of a holomorphic line bundle from the smaller torus X;. Without loss
of generality, we therefore need to consider only the case when H is nondegenerate.
Case 2. There is a nonzero vector w € V such that H(w,w) < 0. We are going to
show that this forces # = 0. In order to use the transformation rule in (4.3), we
pick a compact subset K C V such that V = K +T'. For every t € C, we can then
write tw = ky + ¢, with k; € K and v € I'. Now fix a point v € V and consider
the restriction of 6 to the complex line v + tw. We have

000 + )] = 100 + iy 30)| = DT FHO0] (0 + k)|
If we rewrite the exponent in terms of w, we get

mH(v+ ke, v) + %H('yt,'yt) =m7H(v+ ke, tw — k) + gH(tw — ki, tw — ky)

= mH(w,w)|t|> + O([t]),
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because v € V is fixed and k; € K lies in a compact subset. As H(w,w) < 0, this
expression goes to —oo when |t| — co. Because the function 6(v+tw) is holomorphic
in t, it follows that 6(v + tw) = 0; but then #(v) = 0, and so § = 0. Under the
assumption that H is nondegenerate, L(H, «) can therefore have nontrivial sections
only when H is positive definite.

Case 3. The hermitian form H is positive definite. If we pick a basis v1,...,v, € V,
and let z1,..., 2, € V* denote the dual basis, then the first Chern class of L(H, «)
is represented by the closed (1, 1)-form

n
% H(vj,vi)dz A dz.
jrk=1
This is now a positive form, which means that the line bundle L(H, «) is positive
(in Kodaira’s sense). According to the Kodaira embedding theorem, a sufficiently
large power of L(H, «) will therefore embed X into projective space. (Borrowing a
piece of terminology from algebraic geometry, we may say that L(H, «) is an ample
line bundle.) So we have proved the following criterion for X to be projective.

Theorem 4.4. A compact complex torus X = V/T is projective iff there exists a
positive definite hermitian form H: V x V — C such that E = Im H takes integer
values on T' x T'.

The discussion in Case 1 also shows that if L = L(H, «) is a holomorphic line
bundle on X such that H°(X, L) # 0, then there is surjective holomorphic group
homomorphism ¢: X — X; to a (possibly smaller) compact complex torus X, and
an ample line bundle Ly = L(Hy,ay), such that L = ¢*L;. Unlike in other parts
of algebraic geometry, the existence of sections is therefore very closely related to
ampleness.

Now let us actually determine the space of global sections of L(H,«), under the
assumption that H is positive definite. This will also allow us to figure out exactly
what power of L(H,«) we need to get an embedding into projective space. The
proof is a bit tricky, so let’s think about the classical case first.

Example 4.5. Consider V = C and I' = Z + Z7, with 7 € H. For simplicity, let’s
take F(7,1) =1, and «(1) = a(7) = 1; these two values determine a uniquely. We
already computed that
1
H(la 1) =T

mrT

and so H is positive definite. A theta function for (H,«) is an entire function
f: C — C that satisfies the two functional equations

0(2 + 1) _ e7rH(z,1)+%H(1,1) . 9(2’) _ eg(2z+1)/lm‘r . 0(2)
9(2 + 7_) — eTI'H(Z,T)-‘r%H(T,T . 9(2) _ e§(2z7’—+\7—|2)/1m‘r A 9(2)
Now the (very classical) idea is to make 6 periodic, meaning invariant under the

substitution z +— z 4+ 1, and then to use Fourier series. We can achieve this by
completing the square: consider the new entire function

B(z) = e~ 577 /Im7 g(2).

The first functional equation then gives #(z+1) = 9(z), and so we can expand 9(z)
into a Fourier series of the form

19(2) _ Z cn62m’nz’

neZ
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with coefficients ¢,, € C. (This is actually quite elementary: using the holomorphic
mapping C — C*, z — e?™*, descend ¥ to a holomorphic function on C*; the
Fourier series is then just the Laurent series of this holomorphic function.)
After simplifying, the second functional equation reads
19(2, +7.) — e—iWT—QTF’LZ,lg(Z).

If we substitute the Fourier series into this equation, we get

Z Cn€27rin7'627rinz — e—iﬂ'T Z cne27ri(n—1)z,

nez nez
and after comparing coefficients, we arrive at the identity

_ mw(2n+1)T
Cn+4+1 = Cp€ ( ) .

This shows that all the Fourier coefficients ¢,, are uniquely determined by cq. If we
1
set ¢ = 1, we get ¢, =™ 7, and
. 2 .
19(2) — E elmn T42minz
nez

is exactly the classical Jacobi theta function. The series converges absolutely and
uniformly on compact subsets; in fact,

. 2 . 2
‘?9(2” < Z|ezﬂ'n T+27rznz| _ Z e~ Im‘re27rnRez
neEL neZ

converges very rapidly on any strip of the form |Rez| < C. The conclusion is that
the line bundle L(H, «) has a unique holomorphic section, which looks like

6(z) = e/ 9(2),
where 9 is Jacobi’s theta function.

Now we carry out the same kind of computation in general. Let us fix a positive

definite hermitian form H: V x V' — C such that E = Im H takes integer values on

I' x I'. After choosing a basis for I' & Z?", we can represent F as a 2n x 2n-matrix
with integer entries; let’s denote the determinant of this matrix by det E.

Theorem 4.6. We have dim H° (X, L(H,«)) = Vdet E.

We divide the proof into six steps. The general idea is the same as in the example.
We find a subgroup IV C T" of rank n, and complete the square in order to make
0 invariant under translation by this sublattice. We then study the coefficients in
the Fourier series in order to determine all possible theta functions for (H, a).

Step 1. We find a subgroup I C T" of rank n on which FE is trivial. We can turn
the pairing F into a group homomorphism

E:T —T" =Homy(I',Z), v+~ E(y,—).
This is injective (because E is nondegenerate over R and T is torsion-free), and the

image has index equal to det E. Now suppose that I is any subgroup of I" such
that E|r «r = 0. We get a commutative diagram

0 I r I/ ———50

Lo

0 — (T/T") —— T'* —— (T')* —— Exty(T/T,7Z)

with exact rows; the Ext-group on the bottom is nonzero exactly when I'/T” has
torsion. If v € T is in the kernel of I'/TV — (IV)*, then E(v,d) = 0 for every ¢ € I,



22

and so I + Z~ is a bigger subgroup on which F is identically zero. If we take I to
be maximal with this property, then

/T’ — (I')*
must therefore be injective; consequently, I'/T” is torsion-free, and rkT" = 2rkI”,
which gives rkI” = n. Let m be the index of I'/T” in (I')*. Because the first
vertical arrow in the diagram is the dual of the third one, it follows that
det E = (T*: T) = ((I')*: T/T")* = m?,
or equivalently, m = v/det E. So we can restate the theorem as
dim H° (X, L(H,a)) = m.
The subgroup IV will play the role that Z C Z + Zr played in the example.
Step 2. Now suppose that 6: V' — C is a theta function for (H, «), with

0(v + ) = e TDHEIONa(y) - f(v)

We want to make 6 invariant under translation by I, but in order to “complete
the square”, we need to turn our hermitian form H into a quadratic form. Let

Wr =R®@zI" C Vg

be the R-vector space spanned by I'V. We have dimg Wg = n, and because T'/T"”
is torsion free, we also have Wx NT' = I". Recall that J € End(Vg) is the en-
domorphism J(v) = iv. The hermitian form H is related to E by the formula
H(v,w) = E(Jv,w) 4+ iE(v,w), and so H is identically zero on Wg N J(Wg). Be-
cause H is positive definite, we get Wr N J(Wg) = 0, and therefore

V=Wr® J(WR)
for dimension reasons. This shows that V = C ®@g Wr = C®zI". Let p: V — Wg
and q: V — Wg be the two projections; then
v=p(v)+ Jq(v) for any v € V.

Now consider the restriction H|w,xwy. Because E = Im H, this is an R-valued
symmetric bilinear form; let B: V x V — C be the unique C-valued symmetric
bilinear form such that B|w,xws; = H|ws.xw,. This will play the role that the
quadratic function z2/Im 7 played in the example.

We also need to deal with the factor a(y) that was not there in the example.
For v, € I, we have E(v, ) = 0, and therefore a(y+ ) = a(y)a(d). By choosing
a basis for IV = Z™, we can find a homomorphism

ATV =R
with the property that a(y) = €2 for v € I'. Since V = C ®zI", this extends
uniquely to a C-linear mapping A: V — C.

Step 3. As in the example, we now consider the new holomorphic function
%V =>C, 9dw)= e~ 3 B(vw) g=2miA(v) -6(v).

A brief computation shows that this satisfies the functional equation

(4.7) I(v+7) = e 27N (y) - eﬂ(H(v,v)fB(vﬁ))Jr% (HOm-BOm) I(v).

When v € T”, both factors are trivial, and so ¢ is invariant under translation by
I". We can therefore expand it into a Fourier series

d(v) = Z e €2 X,

x€Homy(I',Z)
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The Fourier coefficients ¢, € C are indexed by homomorphisms x: I — Z. Note
that each y extends uniquely to a C-linear mapping x: V — C, which is how we
define the x(v) in the exponent.

LECTURE 5 (FEBRUARY 11)

Our first task is to finish the proof of Theorem 4.6 from last time. In class, 1
reviewed the notation and the first half of the argument; look at the notes from
last time before reading on.

Step 4. Let’s see what the functional equation in (4.7) tells about the Fourier coeffi-
cients of 1J. For that, we need to rewrite the terms with H — B in a more manageable
way. Each v € I" determines a homomorphism

4: T = 7Z, ~(8) = E(v,9).
As we observed during Step 1 of the proof, the mapping
L/T"— @), ~v+I'—4,
is injective, and the image has index m = v/det E. Now if v € T and 6 € I, then

H(0,7) — B(0,7) = H(v,9) — B(v,0) = H(v,6) — H(v,0) = —2iE(v, ),

because Blwuxwi: = H|waxwz and both B and H are C-linear in their first argu-
ment. Consequently,

H(0,7) = B(6,7) = —2i7(9),
and because V = C ®z IV and everything is C-linear, we get
H(v,7v) — B(v,7v) = —2i%(v) forallveV.
This allows us to rewrite (4.7) as
I(v+7) = 6*2““(7)@(7) . e 2miA (v)—imd(v) -9(v).
If we now substitute the Fourier expansion for 9 into this identity, we get
Z Cxe%ix(v)e%ix(v) = e AN g (x) . eV Z Cxe%i(x(v)*ﬁ(v)).
X X

Comparing coefficients on both sides, we find that
(5.1) Cxty = 627”)‘(7)&(’)/)_1 . () p2mix(v) e

This shows that all the Fourier coefficients are uniquely determined once we know
the values on each coset of I'/T” inside (I'V)*. Since the index of this subgroup is m,
we conclude that there are at most m linearly independent solutions, and therefore

dim H° (X, L(H,a)) < m.

Step 5. It remains to prove that we get exactly m linearly inpedendent theta func-
tions. For that, we have to prove that each time we have a solution to (5.1),
the corresponding Fourier series actually converges. Let’s fix a homomorphism
Xo € (I")*, and consider its coset in (I')*. We set ¢,, = 1, and ¢, = 0 unless
X = Xo + 4 for some v € T'. Solving the equations in (5.1) above, we find that

Crotd = €2m'>\(v)a(7)—1 ™) 2mixo (7))

The Fourier series with these coefficients is

T 2miMM g () 1 - IO 2o () g2mixo(u) 275 (1),
g
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Note that each term only depends on 4, as indicated, because all the factors where ~y
appears are equal to 1 when v € IV. Anyway, the Fourier series is clearly dominated,
in absolute value, by the series

E e—TrIm’"y(v)e—Qﬂ Im XO(V)e_Q"T Im xo(v)—27 Im 4 (v)
’?

We will prove in a moment that that Im4(v) = H(q(v), q(w))7 where ¢q: V — Wg
is the projection. As long as v stays in a compact subset, the exponent in the
exponential therefore looks like

—mH (q(7),a(7)) + O([l]]),

where ||—|| is any inner product on V. Because H is positive definite, and ¢ embeds
T'/T’ as a lattice into W, the quadratic term is negative definite, and as in the case
of the Jacobi theta function, this ensures that the series converges. Our Fourier
series is therefore absolutely and uniformly convergent on compact subsets, and so
each of the m linearly independent choices of Fourier coefficients gives rise to a
theta function for (H, a).

Step 6. It remains to prove that

ImA(y) = H(a(7). a(v))-
Recall that p: V' — Wg and q: V' — Wy are the two projections, so v = p(v)+Jq(v).
We showed earlier that
H(v,y) = B(v,y) = —2i(v).
Plugging in v = ~ gives

Im’y('y) — Re H(’YﬁV) ; B(’}/,’y).

Because H is hermitian and J(v) = iv, we have
H(v,7) = H(p(v),p(v)) + H(q(v),q(v)) — iH (p(v),q(v)) + iH (q(v), p(v)).
At the same time, B is bilinear, and equal to H on W x Wg, and so
B(v,7) = B(p(v), p(v)) — B(q(v),q(v)) +iB(p(v), q(v)) + iB(q(v),p(v))
= H(p(v),p(v)) — H(q(v),q(v)) +iH (p(v),q(v)) +iH (q(v),p(v)).
Taking the difference, we obtain

H(’Y,’Y) ; B(777) _ H(q(v)»(I(U)) — iH(p(v),q(v)),

and the real part of the right-hand side is obviously H(q(v), q(v)).

Riemann-Roch theorem. We can also express Theorem 4.6 in a more coho-
mological way, as follows. Let (H,«) be Appell-Humbert data, with H positive
definite; then the line bundle L = L(H,«) is ample. Since the canonical bundle
of X is trivial, the Kodaira vanishing theorem shows that H*(X, L) = 0 for i > 0.
Therefore the Euler characteristic of L is equal to
X(X,L) = (~1)"dim H(X, L) = dim H(X, L).
i=0

Our computation for the dimension of the space of sections, together with Corol-
lary 5.3 below, gives

X(X,L)=+VdetE = l'cl(L)”.
n!

Because the tangent bundle T'x is trivial, this is exactly the formula one gets from
Grothendieck’s Riemann-Roch theorem.
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Some matrix calculations. Let E: I' x I' — Z be an alternating bilinear form,
such that the induced group homomorphism

E:T — Homy(T,Z), ~+ E(y,—),

is injective. For the sake of completeness, I am including proofs for the assertions
about E that we used in the previous two sections. The key technical point is the
following lemma.

Lemma 5.2. There is a basis eq1,...,ea, € I' such that the 2n x 2n-matriz with
entries E(e;,e;) has the form

0 mia
—ma 0
0 mo
—Ma 0
for positive integers my | mg | - -+ | my,. In particular,

det E = (my ---my)?
is always the square of an integer.
Proof. Choose two vectors ej,es € T' such that m; = F(ej,ez) is the smallest
possible positive integer among the values of E. For any v € I', we have
E(y —ae; —bes,e1) = E(y,e1) + bmy,
E(v —ae; — beg,ea) = E(v,e2) — ama.
By minimality of mj, both integers E(v,e1) and E(7, ez) must be divisible by m;,

and so we can uniquely choose a,b € Z such that v — ae; — bes becomes orthogonal
to e; and eg. This means that I' = Ze; @ Zey @ IV, where I is the subgroup

I"'={~yel | E(y,e1) = E(v,e2) =0}.

Again by minimality of m;, all values of E on IV must be divisible by m;. The
result we want now follows by induction on the rank of I'. O

One consequence is that the image of the homomorphism E: T' — Homg(T, Z)
has index equal to det E. The reason is that the image of

(0 m)222%22
-m 0

is the subgroup mZ2, which clearly has index m2. We used this fact during the
proof of Theorem 4.6. Another consequence is the following description of det F in
terms of intersection numbers.

Corollary 5.3. Set L = L(H, «), with H positive definite. Then
1
Vdet E = —ci(L)".
n!

Proof. Choose a basis ey, ...,es, € I' as in the lemma, and let e}, -+ ,e5,, € I'* be
the dual basis. As elements of H2(X,Z) = A>T'*, we then have

n
al(L) =Y Elej,er)ef Aep =y miehs_y Aes;,
i<k i=1
where L = L(H, «). Therefore
1
—'cl(L)” =my---my-€N---ANes,,
n
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and as elements of H2"(X,Z) = \*" T'*, this gives

1
—'cl(L)":m1~-mn:vdetE. O
n!

Some terminology. An abelian variety is by definition a compact complex torus
X = V/T that can be embedded into projective space. According to Theorem 4.4,
this is equivalent to the existence of a positive definite hermitian form H: V' xV —
C such that £ = Im H takes integer values on I' x I". If that is the case, then any
line bundle of the form L(H, «) is ample; for historical reasons, such a line bundle
is called a polarization. If we choose a basis for I' as in Lemma 5.2, such that

0 mq
—m 0
E = 0 mo
—mo 0
then the n-tuple of integers (mq,ma,...,my) with my | ma | - -+ | m,, is called the
type of the polarization. A polarization is called principal if my = -+ = m, = 1;

this is equivalent to saying that the homomorphism
E:T—>T" ~— E(y,-),
is an isomorphism. (In that case, E is also said to be unimodular.)

FEzercise 5.1. If my > 2, show that L(H, «) is the m;-th tensor power of some other
holomorphic line bundle.

Jacobians. Let C be a compact Riemann surface of genus g > 1. The most
important example of a principally polarized abelian variety is the Jacobian

J(C) =Pic’(C) = HY(C, 0c)/H' (C, 7).

Let’s verify that this is the case. The starting point is the Hodge decomposition
H'(C,C) = H"(C)® H*'(C) = HY(C,QL) @ HY(C, O¢).
The mapping H'(C,R) — H'(C, 0¢) is an isomorphism of R-vector spaces: if
a € HY(C,R), the in the Hodge decomposition a = a*%+a%1!, one has a'*? = a0:1,
and so a®! = 0 implies a = 0. It follows that the composition
H'(C,Z) — H'(C,R) = H'(C, 0¢)

embeds I' = H(C,Z) as a lattice into V = H(C, 0¢), and so the quotient is a
compact complex torus of dimension g.

To show that it is an abelian variety, we need to find a positive definite hermitian
form H such that £ = Im H is integral. Consider the alternating pairing

E: HY(C,Z) x H'(C,Z) - Z, E(v,8) =[C]N(yU¥).
We have H*(C,Z) = Homy (H,(C,Z),Z), and by Poincaré duality, the mapping
HY(C,Z) — H\(C,Z), v~ [C]Nn,

is an isomorphism. Therefore F is unimodular.
Using the embedding H'(C,Z) — H'(C,C), we can view each element v as a
de Rham cohomology class. As such, we have

E(y,d)z/y/\&z/yo’l/\doﬁ+/W/\éo*l:ZRe/ A01 p 50T
C C C C

The Hodge-Riemann bilinear relations show that the hermitian form

H: H'(C) x H*Y(C) - C, H(y"!, %) = —2@/ A%t A 601
C
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is positive definite. (There is again nothing deep here: locally, v*! looks like fdz
for some function f, and therefore

—iyOL AAOT = 4| f|2dZ A dz = 2|f|* dx A dy > 0;

therefore the integral is nonnegative, and vanishes iff 70! = 0.)
The computation above tells us that

E(v,0) = —Im H(y*", 61,
and so we should redefine the pairing F as
E: HY(C,Z) x HY(C,Z) = Z, E(y,0) = —[C]N(yU¥)

in order for it to be the first Chern class of an ample line bundle. Since F is
unimodular, the Jacobian J(C) is therefore a principally polarized abelian variety.

Morphisms. Let X; = V4 /T'; and X5 = V5/T'y be two compact complex tori. The
following simple lemma shows that, up to translation, every holomorphic mapping
from X; to X5 is a group homomorphism.

Lemma 5.4. Let f: X1 — X5 be a holomorphic mapping between two compact
complex tori. Then f is the composition of a group homomorphism and a transla-
tion.

Proof. If f(0) =y, we can compose f with the holomorphic mapping
Xo = Xo, xz—zx—1,

and arrange that f(0) = 0. So it suffices to prove that if f(0) = 0, then f is a
group homomorphism. Because V; — X; and V5 — X5 are the universal covering
spaces, f lifts uniquely to a holomorphic mapping f: Vi — Vs with f (0) =0, as in
the following diagram:

V1 % VQ

Lo

X1L>X2

For every v € I';, we must have

f(’l}-i-’}/)—f( )€F27
and after differentiating this formula, we see that all the first derivatives of f are

holomorphic and doubly periodic, hence constant. As f (0) = 0, this implies that f
is a linear map; but then f is clearly a group homomorphism as well. O

LECTURE 6 (FEBRUARY 13)

Translations. Our next goal is to prove a more precise version of the Kodaira
embedding theorem for abelian varieties. In preparation for that, we first investigate
how the group structure on a compact complex torus interacts with holomorphic
line bundles.

Let X = V/T be a compact complex torus. For every point a € X, we have the
translation automorphism

ta: X =2 X, to(zx)=a+x.

It is biholomorphic, with inverse t_,. If we choose a vector w € V such that
g(w) = a, where q: V — X is the quotient map, then ¢, is induced by the linear
translation v — v + w.

Let’s consider the pullback ¢} L, where L is a holomorphic line bundle on X.
Write L = L(H,«), where (H,a) is a Appell-Humbert datum. Choose a vector
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vg € V such that ¢(vs) = a, where ¢: V. — X is the quotient map. Then L is
represented by the cocycle

v ey (v) = e HENTEHOM o ()
and therefore ¢, L is represented by the cocycle

v ewH(v+w,7)+%H(%7)a(7) — ¢™H(w) ey (v).

Therefore the tensor product L @ L~! is represented by the constant cocycle

5 eTH W)

and is therefore an element of Pic’(X). After modifying it by a coboundary

—7mH (v+~,w
eﬂH(w,’y) . € (vtyw)

_ eﬂ'H(w,'y)—ﬂH('y,w) _ eQﬂiE(w,'y)
e—mH(v,w) - ’
it becomes an Appell-Humbert datum for a unique line bundle in PicO(X ), because
v = 2™ B g a group homomorphism from T to the circle group U(1).

Ezample 6.1. If ¢;(L) = 0, then we have H = 0, and therefore XL = L. So any
holomorphic line bundle in Pic®(X) is translation-invariant.

We see from these simple formulas that a holomorphic line bundle L determines
a holomorphic group homomorphism

(6.2) ér: X - Pic®(X), a—t! Lo L™ "

It is holomorphic because the cocycle e™ () depends holomorphically on w € V;
and it is a group homomorphism because the cocycle is linear in w. Note that when
w € T, the cocycle 2w s trivial because E(I' x I') C Z.

Lemma 6.3. If the line bundle L is ample, the group homomorphism ¢y, is surjec-
tive, and its kernel is a subgroup of X isomorphic to IT'* /T. In particular, ker ¢y, is
a finite abelian group of order (dim H°(X, L))?.

Proof. If we again write L = L(H, «), then L is ample exactly when H is positive
definite (and E = Im H is nondegenerate). This means that

V — Home(V,C), w~ H(w,—),

is an isomorphism of complex vector spaces. According to the discussion above, the
image of ¢, therefore contains every line bundle in PicO(X ) that can be represented
by a cocycle of the form ef (") where f: V' — C is C-linear. But we have Pic’(X) =
HY(X,0x)/H'(X,Z) and H'(X,Ox) = Homc(V,C), and so this gives all line
bundles in Pic®(X).

Let’s compute the kernel. We have seen that ¢ (a) is represented by Appell-
Humbert datum (0,~ — e2™*F(@7) and so it is trivial exactly when E(w,~) € Z
for every v € I'. Now F is nondegenerate, and so the map

Vg — Homg(Vg,R), w+— E(w,—),

is an isomorphism of R-vector spaces. Under this isomorphism, the subgroup I'* =
Homy (T, Z) corresponds exactly to those w € Vg such that E(w,~) € Z for every
~v € I'; the reason is that Vg = R ®z I'. Therefore

kergp = {w eV | E(w,v) € Z for every y € T' } /T = T*/T.
As we saw during the proof of Theorem 4.6, this is a group of order
det E = (dim H(X, L))?,

and so the proof is complete. O
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Ezample 6.4. When L is a principal polarization (det E = 1), the group I'*/T is
trivial; in that case, our homomorphism
ér: X — Pic’(X)

is an isomorphism of abelian varieties. Later on, when we treat abelian varieties
using algebraic methods, we are going to use this kind of result in order to define
the Picard variety Pic’(X).

The fact that ¢ is a group homomorphism means that
e LR L' 2 LRL T @t Lo LT
If we clean this up a bit, it becomes
o Lo L2t Lot
for any two points a,b € X. This result is known as the “theorem of the square”.

The Lefschetz theorem. We are now going to prove a sharp version of the Ko-
daira embedding theorem.

Theorem 6.5 (Lefschetz). Let L = L(H, &) be a holomorphic line bundle such that
the hermitian form H is positive definite.

(a) The line bundle L? is base-point free, and its global sections give a holo-
morphic mapping

p2: X = P(H(X, L?)).
(b) The line bundle L3 is very ample, and its global sections give an embedding
p3: X = P(HO(X,L%)).

The numbers 2 and 3 are exactly as in the case of elliptic curves: any elliptic
curve has a 2:1 map to P!, and can be embedded into P? as a cubic curve. In
general, by Corollary 5.3, we have

1
dim H(X, L") = — i (LF)" = k" dim H(X, L),
n.

and so the projective spaces in question are fairly big once n gets larger.
Let’s start by proving (a). According to Theorem 4.6, we have

dim H*(X,L) = Vdet E > 1

because H is positive definite. Let so € H°(X, L) be any nontrivial section. The
idea is to use translations in order to generate additional sections of L?. Recall
from above that
Lot ,L=L?

for any a € X. This shows that t¥sy ® t* ,s0 is a global section of L?. The proof
of (a) is now very easy. To show that L? is base-point free, we need to find, at any
given point z € X, a global section of L? that does not vanish at z. For that, we
only have to choose a € X so that the two points « + a do not lie on the zero locus
of so; then t,*sg ® t* ,s0 does the job.

It remains to prove (b). The argument that I gave in class was incomplete — as
Spencer pointed out, I did not really prove that 3 is injective. So I am going to
deviate from what I said in class, and use the notes to present Mumford’s argument.
Before doing that, let’s briefly review a bit of general theory. Suppose that X is
a compact complex manifold, and L a holomorphic line bundle that is base-point
free. If we set d = dim H°(X, L) — 1, and choose a basis so,...,sq € H(X, L),
then we get a holomorphic mapping

p: X 5P e (so(x),s1(2), ..., 84(2)).
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It is proper because X is compact. To show that ¢ is an embedding, we have to
prove two things:

(1) ¢ is injective. By compactness, this ensures that ¢ is a homeomorphism
between X and ¢(X).

(2) ¢ is an immersion. Concretely, this means that for every € X, the map on
tangent spaces dy,: T, X — T@(I)Pd is injective. This ensures that ¢(X)
is a complex manifold and ¢ is biholomorphic.

Proof that 3 is injective. Let’s now prove (1) for the line bundle L. Recall that
global sections of L = L(H, «) are theta functions for (H, «); these are holomorphic
functions 0: V — C that satisfy the functional equation

(6.6) B(v + ) = e HODTEION 0 (y) - 0(0).
For any two vectors u,w € V', the product
(v —u)f(v —w)f(v+ u+ w)

is a theta function for (3H,a?), and therefore a global section of L3. Suppose that
there are two points 1,22 € X with @3(z1) = @3(x2). If we lift 21,22 € X to
vectors v, vy € V, then it follows that there is a constant C' # 0 such that

d(v1) = Co(v2)

for every theta function ¢ for the Appell-Humbert datum (3H,a?). In particular,
for every pair of vectors v,w € V, we will have

(6.7) O(v1 —v)0(vy —w)8(v1 + v+ w) = CO(ve — v)0(v2 — w)8(ve + v+ w)

for all theta function for (H,«). We are going to deduce from this condition that
vy —v1 € I', and hence that x1 = x5.

Consider (6.7) as a function of v € V. To eliminate the constant C, we take
logarithmic derivatives. Let w = (df)/6, which is a meromorphic 1-form on V.
After differentiating (6.7), we obtain

wvr +v+w) —w —v) =wlve +v+w) —w(ve —v),

and so the meromorphic 1-form w(ve+v)—w(vy +v) is invariant under translation by
arbitrary elements of V', hence constant. We can therefore write it as df (v), where
f:V — C is C-linear. Since w(ve +v) —w(v1 + v) is the logarithmic derivative of
O(v2 +v)/0(v1 + v), it follows that there is a constant A € C such that

O(v + vg) = AeFMO(v 4 vy)
for every v € V. Set w = vy — vy, and replace v by v — v1 to put this into the form
0(v +w) = Be! Mo (v),

where B € C is some other constant.
If we now substitute into the functional equation in (6.6) and cancel terms that
appear on both sides, we get e™(*7) = /(") for every v € I. This means that

mH(w,y) — f(vy) € 2w - Z.
Recalling that E' = Im H, we have
TH(w,v) = f(7) = 7H(y,w) = f(7) + 2miE(w,7) € 27i - Z,

and so mH (v, w) — f(v) € i-R. Because it is also C-linear in the first argument, it
follows that

(6.8) mH(v,w) = f(v) for every v € V.
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We conclude that F(w,~y) € Z for every v € Z, and so our vector w = vg — v1
belongs to the larger lattice

f‘:{UEV | E(v,7) € Z for every y € Z }.

Recall that I’ = Homy(T',Z), and that f‘/F is a finite group of order det E. This
already shows that some integer multiple of w lies in T'.

We are going to finish the proof of (1) by showing that w € I". Observe that 6
is actually a theta function for the larger lattice IY = I + Zw. The reason is that,
because of (6.8), we have

9(’U + w) _ BewH(v,w)e(U) — Beng(w,w) . e‘n’H(v,wH»%H(w,w)o(,U).

Because an integer multiple of w lies in T, the constant Be~zH (%) must be of
absolute value 1, and so we can extend a: I' = U(1) uniquely to o': IV — U(1)
by requiring that o/ (w) = Be 7% and a(y +6) = a(y)a(8)e!™F9) for all
v,6 € IV. With this choice, every theta function 6 for the pair (H,«) and the
lattice T is then also a theta function for the pair (H, ') and the bigger lattice I".
The dimension of the space of theta functions for (H, «) and T is, according to
Theorem 4.6, equal to the square root of the order of the group I'™*/T". If IV # T,
then this is strictly larger than the order of the group I'"*/I”, and so for dimension
reasons, it is not possible for every theta function for I' to also be a theta function
for TV. The conclusion is that I =T, and hence that w € T". This proves that o3
is injective.
Proof that p3 is an immersion. Next, we prove (2) for ¢3. Suppose there is a point
2o € X and a tangent vector £ € T, X that is mapped to zero under the differential

of ¢3. Choose a basis vy,...,v, € V and let z1,...,2, € V* be the dual basis; as
usual, we view z1,...,2z, as coordinates on V', and hence as local coordinates on
X. Write § = 77, ¢;0/0;. Choose a lifting of 29 € X to a vector vy € V. After

computing the derivatives in an affine coordinate chart on projective space, we find
that there is a constant ¢y € C such that

Z Cj%(%) = cop(vo)
J

Jj=1

for every theta function ¢ for the pair (3H, o). As before, we apply this to functions
of the form ¢(v) = 0(v — w)f(v — w)O(v + u + w) with u,w € V, where 6 is any
theta function for the pair (H, «). For given 6, consider the meromorphic function

n
00
=¢! Ccj—-.
f Z Jazj
Jj=1
After substituting into the relation above, we get

flvo —u) + flvo —w) + fvo +u+w) = co

for all w,w € V. By the usual argument with first derivatives, it follows that
f) =£(v) + f(0) for a linear functional £: V — C.
Define ¢ = 377, ¢ju; € V. We compute that

n

%9(1} +tc) = Z cjaajj(v +tc) = (t(c) + f(v)) - O(v + tc).

j=1
After integration, this leads to the identity

(v + tc) = e%tzf(c)-i-tf(v)e(v)



32

for every v € V' and every t € C. If we now plug this into the functional equation
in (6.6) and cancel terms that appear on both sides, we find that

emH(tey) —_ o5t (e)+tf(v)
By varying v € V, we conclude that f = 0, and hence that £ = 0. By varying
t € C, it follows that H(c,v) = 0 for every v € I'. Because H is nondegenerate,
this finally gives ¢ = 0. We conclude that £ = 0, and hence that ¢3 is indeed an
immersion.

LECTURE 7 (FEBRUARY 18)

Principally polarized abelian varieties. Let X = V/I" be a compact complex
torus. Recall from Lecture 5 that a polarization is a positive definite hermitian
form H: V x V. — C such that £ = Im H takes integer values on I' x I'. (In
Lecture 5, I said incorrectly that a polarization was an ample line bundle; instead,
the polarization is just the first Chern class of an ample line bundle.) According to
Lemma 5.2, we can always find a basis for ' such that

0 mq
—m 0
E = 0 mao
%) 0
where my | ma | -+ | m,, and therefore det E = (my ---m,,)?. The polarization is
principal if m; = --- = m,, = 1. In that case, the homomorphism

E:T—->T" ~— E(y,-),
is an isomorphism. For any choice of a: I' — U(1) with the property that
a(y +6) = a(y)a(8)e ™),

the line bundle L = L(H, «) is then ample, and dim H°(X, L) = 1. The divisor of
the (essentially unique) nontrivial section of L is called a theta divisor.

Note that the principal polarization does not uniquely determine an ample line
bundle. Since P79 = +1, we can cut down on the number of choices by
requiring that a(I') C {£1}. But even then, there are still 22 possible choices for
«, and there is no way to pick a canonical one. On the other hand, the line bundle
L? = L(2H,1) is uniquely determined by H, because €204 = 1 and so a = 1
works for 2H.

When H is a principal polarization, the holomorphic group homomorphism

ér: X = Pic®(X), o¢p(x)=t:Lo L7},

is also an isomorphism. This means that every line bundle with trivial first Chern
class can be written in the form ¢:L ® L™! for a unique point z € X.

Let’s now determine all possible principally polarized abelian varieties in a given
dimension. It is customary to call this dimension g, as in the case of Jacobians
(where g is the genus of the compact Riemann surface in question).

Example 7.1. As a warm-up, let’s do the case ¢ = 1. Any elliptic curve can be
written in the form C/Z + Zr, where 7 € H is a point in the upper halfplane (so
Im7 > 0). The principal polarization is E(7,1) = 1, and then H(1,1) = 1/Im.
We can choose a different basis for the lattice, say of the form

ar+b and cr+d,
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for integers a, b, ¢, d € Z, subject to the condition that
1=FE(ar+b,er +d) = ad — be.

In terms of matrices, this is saying that

(‘; Z) € SLy(Z).

If we again use the second basis vector in the lattice as the basis for the vector
space, then the new lattice is Z + Z7', where

, ar+b
T = :
ct+d
This is still a point on the upper halfplane H, because

ImTr
Im7 = ——"_->0.
mr ler + d|?

The isomorphism between the two elliptic curves is then
C/Z+7Z7 - CJZ+Zr, zr> (cT+d)z.

To summarize, every elliptic curve can be written as C/Z + Z7 for 7 € H, and two
such curves are isomorphic if and only if 7 and 7/ belong to the same orbit of the
group SLo(Z). In that sense, the moduli space of elliptic curves is the quotient
H/SLo(Z). This statement needs to be taken with some care, though, because
SL2(Z) does not act freely: for example, the matrix

5 %)

0 -1

acts trivially on H, but on the level of the elliptic curves, it acts nontrivially (as
the automorphism z — —z). There are also special points, for example 7 = i or

T = %(—1 +1/—3), whose stabilizer is even larger (and where the elliptic curve has
additional automorphisms).

Let’s now describe all principally polarized abelian varieties of dimension g > 1.
We start from X = V/T', where dim V' = g and rkI" = 2¢g. The principal polarization
is H: VxV — C, and F =Im H takes integer values on I' x I'. Using Lemma 5.2,
but changing the order of the basis elements, we can find a basis eq,...,e99 € I’
such that E becomes the block matrix (of size 2g x 2g)

where I, is the identity matrix of size g X g. We can now use the lattice elements
€g+1,---,€29 as a basis for the C-vector space C, and write the other g lattice
elements e, ..., ey in terms of that basis as

g
ek = Qregy
=1

for certain complex numbers €2, € C. With this convention, we have V = C", and
the lattice takes the form I' = Z™ + QZ"; in other words, the lattice is spanned by
the columns of the following block matrix (of size g x 2g):

ol
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The positive definite hermitian form H is then represented by the g x g-matrix with
entries H; , = H(egtj,€q+x) € R (because E = Im H vanishes on these vectors).
This matrix is symmetric and positive definite. From

9 g9
1= E(ek,69+k) = ImH(ek7eg+k) = ZImijk . Hj’]“: ZImijk . Hkyj,
j=1 j=1

we see that H is the inverse matrix to Im ). Therefore Im 2 must be positive
definite, and the polarization is represented, in the basis eg11,...,e24 € V, by the
matrix (Im Q).

For a similar reason, the matrix 2 is also symmetric. Indeed,

g g
H(ej, ex) = Z Qp,jQq,uH (eg+p, €g+q) = Z Qi1 Hp g

p,q=1 p,q=1

is also real (for 1 < j,k < g), and therefore

g
0= (ImQ, ;ReQqr —ReQy, ; Im Qg 1) Hy, ; = ReQj 1, — Re Qy 5,
p,q=1

remembering that Im Q and H are inverse matrices. Therefore Q! = Q.
The analogue of the upper halfplane is the so-called Siegel space

Hy = { Q2 € Maty,y(C) | Q° =, and ImQ is positive definite }.
Every principally polarized abelian variety can be written in the form
C9/(79 + Q79),

where €2 € H,. In the standard basis on CY, the polarization is represented by the
positive definite matrix (Im Q)~!.

What happens when we choose a different basis for the lattice? Suppose that
€1,.--,ep, € I' is another basis, still with the property that E(e}, e, ;) = 1. We
can represent the change of basis by the block matrix (of size 2g x 2g)

A|B
Cc|D

with A, B,C, D € Matgy4(Z), and the condition that E: I' x I' — Z has the same
shape as before translates into the matrix equation

At

ct 0|1, A|B 0|1,

B*| Dt -1, 0

0 c|p -1,

In other words, M € Spg(Z) is an element of the symplectic group. A brief com-
putation shows that the matrix €2 gets transformed into the new matrix

Q' =(CQ+ D) (AQ + B).

So the parameter space (or moduli space) for principally polarized abelian varieties
of dimension g is the quotient space

'Ag = HQ/ Spq(Z)a

with the same caveats as before. This has dimension g(g + 1)/2.
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Subtori and isogenies. We’ll end the complex-analytic treatment of abelian va-
rieties by a quick look at the structure of abelian varieties. Let X = V/T be a
compact complex torus.

A subtorus is a connected (closed, hence compact) complex subgroup. As we
saw in Lecture 2, such a subgroup again has the form X’ = V//T’, and so V' CV
is a complex subspace, and I' = V' N T should be a lattice in V’. We can think of
a subtorus either as a discrete subgroup of I' of some even rank 2k, whose span is
a complex subspace of dimension k; or as a complex subspace of dimension k that
intersects I' in a discrete subgroup of rank 2k.

Ezxample 7.2. Any holomorphic mapping f: X — Y from a compact complex torus
to a compact complex torus that satisfies f(0) = 0 is a group homomorphism. So
the connected component of ker f is a subtorus.

If X’ C X is a subtorus, then the quotient X/X’ is again a compact complex
torus; to see this, write the quotient as
\7a%

r/r

A compact complex torus X is called simple if the only subtori are {0} and X.
Elliptic curves are simple (for dimension reasons); in fact, if we choose a random
lattice in V', then the resulting compact complex torus will be simple.

Now we would like to prove that every abelian variety can be decomposed into
simple abelian varieties. Here “decomposed” could mean “written as a product”,
but that doesn’t quite work, so we have to settle for something a bit weaker. The
relevant definition is the following.

X/ X' =~

Definition 7.3. A group homomorphism f: X — Y from a compact complex
torus X to a compact complex torus Y is called an isogeny if f is surjective and
ker f is a finite group. In that case, we say that X and Y are isogenous.

Consider an isogeny f: X3 — X3. The induced map f: Vi — V5 must be an
isomorphism, and f(I'y) C I's. Then ker f = f~(I'y)/T'1, and so this~must be a
finite group. Equivalently, we can identify the two vector spaces using f, and after
that identification, our isogeny has the form

V/Ty = V/Ty,

where I'y C I'y is a subgroup of finite index. This shows that being isogenous really
is an equivalence relation. Indeed, if I'y C I's is a subgroup of finite index, then I's
will have finite index in I'y ,,, = %Fl for some integer m > 1. Because the mapping

V/T1m — V/T1, v~ mu,
is an isomorphism, this gives us the desired isogeny
V/Ty - V/T'ypm — V/T1.
So working up to isogeny basically means replacing the lattice I' by the Q-vector
space Q ®z I
Ezxample 7.4. For any nonzero integer m € Z, the homomorphism
[m]: X = X, z— ma,

is an isogeny. The kernel is the set X[m] of points of order m in the group X; as
we saw in Lecture 2, this is a group with m24™ X elements.

Ezxample 7.5. If X is an abelian variety, and L an ample line bundle, then the
homomorphism

ér: X = Pic®(X), z—t!Lo L
is an isogeny: indeed, the kernel is a finite group of order dim H°(X, L)?.
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One has the following simple structure theorem for abelian varieties. It is known
as the Poincaré complete irreducibility theorem.

Theorem 7.6. Every abelian variety is isogenous to a product of simple abelian
varieties, and the factors are unique up to isogeny.

Unlike other structure theorems in geometry, this one is completely elementary.
We first prove the following lemma about simple tori.

Lemma 7.7. Let X andY be simple compact complex tori. Then any holomorphic
group homomorphism f: X — Y is either constant or an isogeny.

Proof. Consider a holomorphic group homomorphism f: X — Y. The image im f
is a subtorus of Y, and because Y is simple, we either have im f = {0} or im f =Y.
In the first case, f is constant. In the second case, the connected component of ker f
is a subtorus of X, and because X is simple and f is not constant, this connected
component must be trivial. But then f is surjective with finite kernel, and so it is
an isogeny. ]

We can now prove the theorem.

Proof. This is exactly the same as the prime factorization of integers. Let’s first
prove existence. By induction on dim X, we only need to show that if X contains
a nontrivial subtorus X', then X is isogenous to X’ x X" for some other subtorus
X"”. Write X = V/T" and X' = V//T’, with I = V' NT. Choose a polarization
H:V xV — C and set £ =1Im H as usual. The orthogonal complement

V"'={veV | H()=0forevery v’ € V'}
satisfies V = V' @ V" because H is positive definite. Moreover, we have
I"=vV"NIl={yel | E(v,7) =0 forevery o/ €I }
because V' = R®zI". Since E is nondegenerate, IV T C T is a subgroup of finite

index. Therefore T is a lattice in V"”; the quotient X" = V" /T" is a compact
complex torus; and the induced mapping

XX - X
is an isogeny.
Now let’s prove uniqueness. Let Xi,...,X,, and Yi,...,Y, be two collections
of simple abelian varieties, and suppose that we have an isogeny

XX xXy, =Y X XY,

For 1 <i<m and 1 < j < n, consider the induced homomorphism f;;: X; = Y.
By Lemma 7.7, it is either constant or an isogeny. After rearranging the order of
the factors, we may assume that Xi,..., X, and Y1,...,Y, are isogenous to each
other (and therefore of the same dimension), but not isogenous to any of the other
factors. If we view our isogeny

fr(Xox- - xXp)x (Xpp1 X xXp) > (Y1 x - xYy) x (Y1 x---xY,)
as a 2 X 2-matrix, it has the form

_(9 0)

=5 h)

where g: X; X -+ X X, =Yy x---xYyand h: X1 x - x Xy = Y X -0 X
Y,, are homomorphisms. Because f is surjective with finite kernel, both ¢ and h
must be surjective with finite kernel. For dimension reasons, we get p = ¢q. But
h: Xpy1 X - x Xy = Y41 X -+ X Y, is still an isogeny, and so we can finish the
proof by induction on the number of factors. O
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LECTURE 8 (FEBRUARY 20)

Abelian varieties. We are now going to look at abelian varieties from the point
of view of algebraic geometry. Let k be an algebraically closed field; the theory
can be developed in that generality, but some of the results are going to be a bit
different when char k # 0.

Definition 8.1. An abelian variety is a complete variety X (over the field k) that
has the structure of a group, such that the group operations

m: X xX =X, m(z,y) =y, i X - X, i(z)=a"1,
are morphisms (= regular maps).

Nonsingular cubic curves in P? (in characteristic different from 2 and 3) are an
example: the group law on the points of a nonsingular cubic can be described by
morphisms. We can get higher-dimensional abelian varieties by taking products;
other examples are less easy to come by.

We are going to show later that every abelian variety is projective; but in the
definition, we only assume that X is complete (or, in scheme language, proper over
Spec k). We are mostly going to work with varieties, and not with schemes, so all
the points of X are closed points. Generally speaking, we want to prove the same
kind of results that we proved in the complex-analytic setting: the structure of X
as a group; line bundles and their global sections; maps to projective space; etc.

Let’s start with a few basic observations. First, X is always nonsingular. By
definition, X is a variety, so it is reduced and irreducible. The set of nonsingular
points is therefore Zariski-open and dense in X. Now X, being a group, is homo-
geneous, and so the existence of one nonsingular point implies that all points are
nonsingular. More precisely, for any z € X, consider the translation morphism

te: X = X, ta(y) =m(z,y).

This is an automorphism (with inverse ti(z)). Choose a nonsingular point zg € X,
and let x € X be an arbitrary point. Then translation by m(z,i(xg)) takes the
point zg to the point z, and since xg is nonsingular, x must also be nonsingular.

Second, let’s prove that X is an abelian group. We will give two proofs for this;
you should remember the technique, because it is very useful for studying group
actions on algebraic varieties.

Lemma 8.2. The group operation on an abelian variety is commutative.

Proof. As in the complex case, we look at the conjugation morphism
Co: X = X, Culy) =ayxt.

This is an automorphism, with inverse C,-1. It takes the identity element e € X to
itself, and so it acts (by pullback of regular functions) on the local ring &x .. The
idea is to show that this action is trivial, by proving that it is trivial modulo larger
and larger powers of the maximal ideal m,. Because e € X is a nonsingular point,
the quotient m./m? is a k-vector space of dimension n = dim X; by Nakayama’s
lemma, we have m. = (fi,..., f,) for a system of parameters fi,...,f, € Ox..
Now the automorphism
C;: ﬁX,e — ﬁX,e
preserves the maximal ideal m,, and so for each ¢ € N, it induces an automorphism
Ch: Oxc/mitt — Ox o /mith.

Thinking of the elements in the quotient as polynomials of degree < £ in n-variables,
we see that the quotient on the right-hand side is a finite-dimensional k-vector space
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of dimension ("#). So we get a function

fi X = Endg(Ox,/mitH)

that sends a point € X to the endomorphism C* modulo m{*!, viewed as an
element of the k-vector space on the right-hand side. It is not hard to see that c is
a morphism of algebraic varieties. Indeed, the mapping

C: X xX =X, COlz,y) =Culy) =zyz™",

is a morphism (by the definition of abelian varieties). Choose affine open neighbor-
hoods V, W of the point e € X, and U of the point z € X, such that C(UxV) C W.
Then pullback of regular functions gives a morphism of k-algebras

C*: kW] = kU x V] 2 k[U] @ k[V],

where k[U] = I'(U, Ox) is the k-algebra of regular functions on U. Since C(z,e) = e,
this induces a morphism of k-algebras

ﬁX,e — k?[U] (S ﬁX,ea

and from this, it is easy to see that if we view f|y: U — Endg(Ox /mit) as a
matrix of size (”#), then the entries are regular functions on U. This means that
f is a morphism of algebraic varieties.

The rest of the proof is easy. By assumption, X is complete, and so the morphism
f must be constant; because f(e) = id, it follows that C} acts as the identity on

Ox./mi. By Krull's intersection theorem, we have

(Y met = (0),

£eN
and so it follows that C is the identity on Ox .. Therefore C, acts as the identity on
a Zariski-open neighorhood of e € X, and because X is a variety, C,, is the identity
everywhere. But then C,(y) = y, and this means that X is commutative. O

From now on, we are going to write the group operation on an abelian variety
additively: so m(z,y) = © 4+ y and i(z) = —z, and the identity element is 0 € X.

As in the complex case, we can describe the tangent and cotangent bundles of
an abelian variety. Let T' = T'x o be the Zariski tangent space at 0 € X; if we set
Qo = mg/mZ, then T = Homy (2, k), and both are k-vector spaces of dimension
dim X. For every x € X, translation induces an isomorphism

tr mo/mg — mm/mfc,

and so a cotangent vector 6 € Qo defines an algebraic 1-form wy by the rule (wg), =
t* . (0). As before, one can check on affines that wy is a global section of the sheaf
of Kahler differentials Qﬁ( Ik and that this procedure defines a morphism of sheaves

Qo Qp Ox — Q%(/k'

By construction, it is an isomorphism on fibers, meaning after tensoring by Ox ,/my;
by Nakayama’s lemma, it is therefore an isomorphism of sheaves. After dualizing,
we find that

Tx 2T ® Ox,

and so the tangent bundle of X is trivial. Similarly, we can take wedge powers to
get

p
0% = /\Q0 Rk Ox.

On global sections, this gives

p
H°(X, Qg’(/k) =~ /\QO,
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because H°(X, Ox) = k by completeness of X. All global algebraic p-forms on X
are therefore translation invariant, exactly as on compact complex tori.

A fourth result, with a similar infinitesimal proof, is that the group of points of
an abelian variety is divisible, provided we avoid the characteristic of the field k.

Lemma 8.3. As long as n is not divisible by char(k), the homomorphism
nx: X =X, xz—n-z,
s surjective.
Proof. The morphism m: X x X — X induces a k-linear mapping
dm: Txxx 0,0 — Tx0

on tangent spaces. Set T' = Ty o. The tangent space to X x X at the point (0,0)
is isomorphic to T'® T, with the two copies given by the images of Tx ¢ under the
two inclusions i1 : X = X X X, i1(x) = (2,0), and i5: X — X X X, is(x) = (0, x).
Because m o i; = m o iy = id, it follows that

dn:TeT =T
is just the sum map (¢,t3) — t1 + t2. From this, it is easy to see that
an: T—T

is multiplication by the integer n. Therefore dnx is an isomorphism if n is not
divisible by char(k). For dimension reasons, this means that nx must be surjective:
otherwise, the dimension of the image would be strictly less that dim X, and so all
fibers of nx would have dimension > 1. But if the fiber through the point 0 € X
has positive dimension, we can find a tangent vector ¢t € T such that dnx(t) = 0,
and this contradicts the fact that dnx is an isomorphism. O

The proof shows more: because nx is a homomorphism, the differential dnx is
actually an isomorphism at every point of X, and so nx: X — X is finite étale. (In
the case of compact complex tori, multiplication by n was a finite covering space.)
We will later compute the degree of nx, but this is more involved than on compact
complex tori.

The rigidity theorem and its consequences. In order to go further, we need
the following somewhat technical result, called the rigidity theorem. It is one of the
important properties of complete varieties.

Theorem 8.4. Let X be a complete variety over k, let Y, Z be varieties, and let
f: X XY — Z be a morphism. Suppose that there is a point yg € Y such that
F(X x {yo}) is a single point zo € Z. Then f = go ps for a morphism g: Y — Z.

This is saying that if one of the slices X x {yo} is contracted to a point, then all
slides X x {y} are contracted to a point (and g(y) is that point).

Y

Yoe¢-------------
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Proof. Choose a point zy € X and define g: Y — Z by the formula g(y) = f(zo,y).
Let po: X XY — Y be the second projection. In order to prove that f = g o po,
it is enough to show that this holds on a Zariski-open set containing X X {yo}; the
reason is that X x Y is irreducible. Choose an affine open set U C Z such that
29 € U. The idea is to show that all nearby slices X x {y} also map into U.

The complement Z \ U is a closed subset of Z. Because X is complete, the
morphism py: X XY — Y is proper, which means that the image of any closed
subset is closed. For that reason,

W =p(f1(Z2\U)) CY

is a closed subset of Y. It does not contain the point yg, because f maps X x {yo}
to the point zg € U, and so V =Y \ W is a Zariski-open set containing yo. By
construction, we have f(X x {y}) C U for every y € V. Because U is affine
and X is complete, f is therefore constant on X x {y}. This shows that we have
flz,y) = f(zo,y) = g(y) for every y € V. The identity f = g o pa therefore holds
on the open set X x V, as required. O

This has several useful consequences for abelian varieties.

Corollary 8.5. Every morphism between two algebraic varieties is a group homo-
morphism composed with a translation.

Proof. Let f: X — Y be a morphism from an abelian variety to an abelian variety.
After composing f with the translation t_;): ¥ — Y, we may assume that f(e) =
e. We then claim that f must be a group homomorphism. To see that this is true,
consider the morphism

F: XxX =Y, Fxy) = flzy) - fx) = f(y)
We have F'(z,e) = F(e,z) = e, and so F contracts both X x {e} and {e} x X. By
the rigidity theorem, we must have F(x,y) = e for all z,y € X, and so f is a group
homomorphism. O

We can also give another proof for the fact that X is commutative.
Corollary 8.6. The group structure on an abelian variety is commutative.

Proof. For the sake of clarity, let’s briefly revert to multiplicative notation. Consider
the morphism i: X — X, i(z) = x~ 1. It satisfies i(0) = 0, and so it must be a
group homomorphism (by the previous corollary). This gives

y et =i(ay) = i(x)i(y) =2y,

which obviously implies that the group operation is commutative. O

The last result for today is another special property of abelian varieties. If S
and T are varieties, we can describe morphisms into the product S x T' (which, in
scheme-theoretic language, would be the fiber product over Speck). Indeed, the
universal property says that a morphism X — S x T is the same thing as a pair of
morphisms X — S and X — T (all over k, of course); in other words, we have an
isomorphism of sets

Hom(X,S x T') 2 Hom(X, S) x Hom(X,T).

For abelian varieties, there is a similar result for maps from a product. Suppose
that S and T are complete varieties, and that each comes with a choice of base
point sg € S and tg € T. We'll write (S, sg) for the variety together with the
point. Now suppose we have two morphisms f: S — X and ¢g: T — X such that
f(s0) = g(tg) = 0. The composition

SxT 9 xwx —my x
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gives us a morphism h: S x T — X with h(sg,t9) = 0. More concretely, we have
h: SxT =X, h(st)=f(s)+g(t).

From h, we can of course recover f and g because f(s) = h(s,to) and g(t) = h(so,t).
This shows that the function

Hom((S, s0), (X,0)) x Hom((T,to), (X,0)) = Hom((S x T, s0 X to), (X,0))
(f,9) = mo(f xg),

is injective. It is also surjective: Given h: S x T — X with h(sg,tp) = 0, we define
f(s) = h(s,to) and g(t) = h(so,t), and then h(s,t) = f(s) + g(t) by the rigidity
theorem. (The difference h(s,t) — f(s) — g(t) again contracts both S x {to} and
{s0} x T, and so it must be constant.)

So, in somewhat more fancy language, the functor

(S, s0) — Hom((S, s0), (X, O)),

from the category of complete varieties with base point to the category of sets takes
products to products.

LECTURE 9 (FEBRUARY 25)

Cohomology and base change. Our next goal is to study line bundles and their
cohomology on abelian varieties. In the complex case, we saw that line bundles
come in big families — because we can always tensor by line bundles in PicO(X ) —
and so we need to first understand how cohomology groups of line bundles behave
in families. A family of line bundles parametrized by a variety T is of course just a
line bundle L on the product X x T, and we are interested how the cohomology of
the restrictions L; = L|x (¢} depends on ¢t € T'. The technical tool is cohomology
and base change, which Mumford treats very nicely in his book.

Here is the general setting. Let f: X — Y be a morphism of schemes, and let
Z be a quasi-coherent sheaf on X. For every point y € Y, we have the fiber

Xy = X xy Speck(y),
which is a scheme over the field field k(y) = Oy,,/m,. Let’s denote by
Fy=F|x, =F Doy k(y)
the restriction of .# to the closed subscheme X,. Cohomology and base change is

about the cohomology groups H*(X,, %,), and how they relate to the higher direct
image sheaves R* f,.#. The key assumption is flatness.

Definition 9.1. We say that .Z is flat over Y if, for every point x € X, the Ox .-
module .7, is flat over Oy, ¢(,), via the ring homomorphism Oy, f(,) — Ox .. Since
Z is quasi-coherent, this is equivalent to saying that for every pair of affine open
subsets U C X and V C Y with f(U) C V, the €x(U)-module .#(U) is flat over
Oy (V), via the ring homomorphism Oy (V) — Ox (U).

Example 9.2. If A — B is a ring homomorphism, and M is a B-module, then M is
a quasi-coherent sheaf on Spec B; it is flat if and only if M is flat as an A-module.

Ezxample 9.3. The second projection po: X x T — T is flat, and any locally free
sheaf on X X T (such as a line bundle) is therefore flat over T

The geometric part of cohomology and base change is the following theorem by
Grothendieck. In class, I just outlined the proof, but I filled in most of the details
in the notes.
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Theorem 9.4. Let f: X — Y be a proper morphism between noetherian schemes,
with Y = Spec A affine. Let F be a coherent sheaf on X, flat over Y. Then there
is a bounded complex K* of finitely-generated projective A-modules, of the form
0K K' ... 5 K" >0,
such that for every B-algebra A, one has a functorial isomorphism
HP(X Xy Spec B, ¥ ®4 B) ~ H”(K' ®a B)
forallp e Z.

Note that K*® is a complex of A-modules, and so its cohomology groups
kerdP: KP — KP+!
HP(K®) =

(K*) imdp—1: Kp—1 — KP
are again A-modules. The complex K* gives us a functorial way to describe all the
objects we are interested in. For example, if we take B = A, we get

HP(K®) = HP(X,.7),

which is the A-module corresponding to the sheaf RPf,.%#. On the other hand, we
can take B = k(y), where y € Y is any closed point; then X xy Speck(y) = X,
and F ®4 k(y) = %, and so

H”(K' ®A k(y)) = H?(X,, #,).

So the theorem translates the whole problem of cohomology and base change

into understanding how the cohomology groups of a bounde complex of finitely-

generated projective A-modules (= locally free sheaves) change from point to point.
Here is an outline of the proof, in four steps.

Step 1. The morphism f is proper, and .% is coherent on X, and so all the higher
direct image sheaves RPf,.# are coherent on Y. (This theorem is also due to
Grothendieck.) Because Y = Spec A is affine, RPf,.# is the quasi-coherent sheaf
associated to the A-module HP(X,.%#), and the theorem is saying that HP (X, %)
is a finitely-generated A-module. (If you want to see the proof, have a look at Tag
0203 in the Stacks Project.)

Step 2. We can compute the cohomology of quasi-coherent sheaves using Cech co-
homology. Because f is proper and Y is affine, we can cover X by finitely many
affine open subsets; let U = {U; };cs be the open covering. Let C* = C*(U,.F) be
the Cech complex, with terms

cr= @ ZU,N---NUL),

and the usual differential. The intersections U;, N --- N U;, are affine (because X
is separated), and so the flatness of % implies that each CP is a flat A-module.
Because affine open coverings are acyclic (for quasi-coherent sheaves), the Cech
complex computes the sheaf cohomology of .%:

HP(X, )= HP(C*)

are isomorphic as A-modules. Now suppose that B is any A-algebra. Then Up =
{U; Xy Spec B};cr is an affine open covering of X Xy Spec B, and it is easy to
deduce from the definition of the fiber product that

C?(Up,.-F @4 B) =2 CP(U,F) @4 B
as B-modules. This gives us isomorphisms
HP(X xy Spec B,.7 ®4 B) = H?(C* ®4 B),

which are clearly functorial in B.


https://stacks.math.columbia.edu/tag/02O3
https://stacks.math.columbia.edu/tag/02O3
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Step 3. The complex C'*® has almost all the properties we want, except that the
A-modules CP are not finitely-generated. The following lemma allows us to replace
C*® by a smaller complex that is finitely-generated.

Lemma 9.5. Consider a bounded complex of A-modules C*®, of the form
0-C'=C'— ... 5 C" =0,

whose cohomology groups HP(C*®) are finitely-generated A-modules. Then there is
a bounded complex of finitely-generated A-modules K*®, of the form

0K’ K'—-... 5 K" >0,

and a morphism of complexes ¢: K®* — C*® that induces isomorphisms on cohomol-
ogy. We can arrange that K', ..., K" are finitely-generated free A-modules, and if
CO, ...,C™ are flat A-modules, then K° is also flat, hence projective.

One piece of terminology. A morphism of complexes ¢: K®* — C* is called a
quasi-isomorphism if it induces isomorphisms on cohomology: for every p € Z, the
morphism ¢: HP(K®) — HP(C*) is an isomorphism.

Proof. This is a basic result in homological algebra, similar to the construction of
free resolutions for A-modules. We construct the desired complex step-by-step. For
simplicity, set H? = HP(C*®), which are finitely-generated A-modules, nonzero only
forp =0,...,n. Let’s denote the differentials in the complex C*® by 67: C? — CP+1.
To begin with, H" is finitely-generated, and so we can choose a finitely-generated
free A-module K™ and a surjection K™ — H". Because H" = C"/im¢" !, we can
lift this to a morphism ¢": K™ — C™. We now have a commutative diagram with
exact rows

0 Ky K" H" 0
|
0 —— imdé™! cn H" 0

where we define K} = (¢")~!(im 6"~ !) as the preimage of im 6"~ !. Note that KJ
is again a finitely-generated A-module (because K™ and H™ are); we can therefore
choose a finitely-generated A-module K"~ ! and a surjection K"~! — K{'. Because
imé"~! = C"~1/ker 6", we can again lift the morphism from K"~! to im§"~!
to a morphism ¢"~1: K"~! — C"~1, giving us another commutative diagram

0 —— K™ —— Kn! Kp 0

Lk
0 — kerd"~1 —— ¢t X jmgn—t —— 0
with exact rows; of course, K~ ' = (¢" 1)~ (ker 6"~ 1). Define d"~': K"~ ! — K™
as the composition K"~! — K§ — K"; then kerd" ' = K~ ! and K"/imd"~' =
H™, and so ¢™ induces an isomorphism between the n-th cohomology of our (partial)
complex K*® and the n-th cohomology of C*®.

The composition Kg_l — ker 6"~' — H™ ! may not be surjective, but because
H"~! is finitely-generated, we can add a finitely-generated free A-module to both
Ky~ 'and K™~! (and let d"~! act on it as zero); this makes sure that K=+ — H"~!
is surjective. After this change, the diagram

0 —— Kp' —— kerd" ! H 1 0

L

0 —— imdé" 2 — kerd"! H 1 0
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is exact, where K7™' = (¢"~')~'(im 6"~2). Since K7 ! is finitely-generated, we
can map a finitely-generated free A-module K™~2 onto it, and so on. In other words,
we keep repeating the whole procedure n times: for each p = 1,...,n, we get a
morphism ¢?: KP — CP from a finitely-generated free A-module, and a differential
d?: KP — KPt! such that the induced morphism from the p-th cohomology of
K*® to the p-th cohomology of C*® is an isomorphism. In the final step of the
construction, for p = 0, we need to define

KY = {(z,y) € C° x K} } §(x) = (bl(y)}

in order for the diagram

0 ker §° K° K} 0
I
0 ker &° o 8 imé® —— 0

to be exact. Because ker 6° = HU is finitely-generated, the A-module K° will be
finitely-generated, but not necessarily free.

It remains to show that if C?, ..., C™ are flat A-modules, then K is also flat; flat
and finitely-generated implies projective, so K will then be a projective A-module,
as claimed. For that, we consider the mapping cone complex L*® for the morphism
¢: K* — C*. This is the complex with terms

LP = KPtl g P
and with differential
d: LP — LP™ d(z,y) = (—dz,6(y) — ¢(x)).
It is easy to see that this fits into a short exact sequence of complexes
0—C*—L*— K" >0,

where the usual homological algebra convention is that the differential in the com-
plex K**t1 is —4. The long exact sequence in cohomology reads

C— HPY(L®) — HP(K®*) -5 HP(C®) — HPT(L®) — ---

and because ¢ is quasi-isomorphism, we get HP(L®) = 0 for all p € Z, and so
the complex L® is exact. All the terms LP are flat A-modules, with the possible
exception of L~! = K°. From this and exactness, it follows readily that L~! is also
flat; as we said earlier, this means that K© is actually a projective A-module. O

In fact, we can do a little bit better. Suppose we are interested in the local
behavior near a point yo € Y. We can localize at yg, meaning replace A by the local
ring Oy,,,. Now each time we need to choose a finitely-generated free A-module in
the construction above, we can choose a minimal one, using Nakayama’s lemma.
Indeed, suppose that M is a finitely-generated A-module, where (A, m) is a local
ring. Then M/mM is a finite-dimensional vector space over A/m, and if we choose
elements my, ..., m, € M whose images in M/mM form a basis, then mq,...,my,
generate M by Nakayama’s lemma. This gives us a surjection A" — M with n
minimal. If we use this device at each step, then K° will also be a free A-module
(because every projective module over a local ring is free), and the differentials dP
in the complex K*® will have the property that imd? C mKP*!. In other words,
the complex K*® will be a minimal complex, in the following sense.

Definition 9.6. A complex of free A-modules K* over a local ring (A, m) is minimal
if imd? C mKP*! for every p € Z, or equivalently, if the tensor product K®®4 A/m
has trivial differentials.



45

The complex K*® will actually make sense on some affine open set Spec A’ con-
taining the point yg; at the cost of replacing Spec A by this smaller open set, we
can therefore always achieve that the complex K*® ® k(yg) has trivial differentials
at a given point yg € Y.

Step 4. It remains to show that we have
Hp(X Xy Spec B, # ®4 B) o HP(K' ®4 B)

for every A-algebra B. Since this holds for the Cech complex C* by construction,
we can apply the following general lemma.

Lemma 9.7. Suppose that ¢: K* — C*® is a quasi-isomorphism. If C°,...,C™
and K9, ... K™ are flat A-modules, then

PRa B: K*®sB - C*®4B
is also a quasi-isomorphism.
Proof. Consider again the mapping cone complex L®. The argument we gave earlier
shows that ¢ is a quasi-isomorphism if and only if L® is exact. Because every

LP = KP*1 @ CP is flat, the tensor product L® ®4 B is still exact. But this is the
mapping cone complex of ¢ ® 4 B, and so ¢ ® 4 B is a quasi-isomorphism. O

Consequences of Grothendieck’s theorem. The rest of the theory is basically
just linear algebra. Let’s first investigate the dimensions of the fiberwise cohomology
groups.

Corollary 9.8. Let f: X — Y be a proper morphism, and let F be a coherent
sheaf on X, flat over Y.

(a) The function y > dimy,) H?(X,,.%,) is upper semicontinuous on Y.
(b) The Euler characteristic function

Y — X(yy) = Z(—l)p dln’lk(y) Hp(Xy, yy)
pEL
1s locally constant on Y .
Proof. The problem is local on Y, and so we may assume that Y = Spec A is affine,
and that we have a bounded complex K*® of finitely-generated free A-modules as in
the theorem. (This works because projective A-modules are locally free.) So each

differential dP: KP? — KP*! is now just a matrix with entries in the ring A. For
every point y € Y, we have

dim H? (X, #,) = dim H? (K* @4 k(y))
= dimker d” @4 k(y) — dimim d? ™ @ k(y)
=dim K? ®4 k(y) — dimimd” ®4 k(y) — dimimd? ™ @4 k(y).
Taking the alternating sum over p € Z, we get
D (~1)Pdim HP (X, Z,) = > _(—1)P dim K? @4 k(y)
pEZ pEL

which is independent of y because each K? is a free A-module. This gives (b).
For (a), we need to prove that each set

{yeY | dmH"(X,,7,) >(}

is the set of closed points of a closed subscheme of Y. By the computation above,
it suffices to show that the same is true for the sets

{yeY | dimimd’ ®4k(y) <{}.
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But this set is defined by all the minors of size (¢ + 1) of the matrix representing
the differential dP, and so it is a closed subscheme. O

The next corollary is the actual base change theorem. It says that if the dimen-
sions of the cohomology groups H?(X,,.#,) are constant, then they fit together
into a locally free sheaf, namely RPf,.%.

Corollary 9.9. Let f: X — Y be a proper morphism, with Y reduced. Let F be a
coherent sheaf on X, flat over Y. Then the following two conditions are equivalent:
(a) The function y — dimy,) HP(X,,.%,) is constant.
(b) The coherent sheaf RP f..7 is locally free, and the base change morphism
RP [ ®oy k(y) = HP(Xy, 7))
is an isomorphism for every y € Y.

If this happens, then the base change morphism
RV T @y k(y) = HPH(Xy, Fy)
in the next lower degree is also an isomorphism.

Proof. The problem is again local on Y, and so we may assume that Y = Spec A is
affine, and that we have a complex K* as in the theorem. To simplify the notation,
let us set K*(y) = K*®* ®4 k(y) and dP(y) = dP ® 4 k(y). This time, though, we also
choose a point yp € Y, and arrange that the complex K*® is minimal at yg, in the
sense that K*(yo) has trivial differentials. Obviously, this means that

HP(Xy,, Fy,) = HP (K*(y0)) = K”(yo).

Now suppose that dim H?(X,, %, ) is constant, and therefore equal to dim K?(yo) =
dim KP(y). Because this is the cohomology of

P~ Hy)

Kr(y) W gy W

KP-‘rl(y),

we must have dP~1(y) = dP(y) = 0 for every y € Y, which means that the entries
of the matrices for d?~! and dP vanish at every point y € Y. Because Y is reduced,
this means that dP~! = d? = 0. But then

HP(X,Z) = HP(K*) = K?

is a free A-module. The associated coherent sheaf is RPf,.%, which is therefore
locally free. It is clear from this that the base change morphism is an isomorphism.

Now let’s see where the (somewhat unexpected) additional assertion comes from.
We have dP~! =0, and so RP~! [+« is the coherent sheaf associated to

HPY(X,7) = HP Y (K®*) = KP~'/imdP~2.
In other words, we have an exact sequence
Kr=2 L5 ket gr(X, F) —— 0
Because tensor product is right exact, we can tensor with k(y) and

Kr-2(y) T KroLl(y) —— HP (X, Z) @4 k(y) —— 0

is still exact. This gives the desired isomorphism between H?~1(X,.7)® 4 k(y) and
Hp_l(K'(y)). ]
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This has many nice consequences. For example, suppose that H: p+1(Xy, Fy) =0
for every y € Y; this will happen for example if p is the maximum of the fiber
dimensions dim X,. Then the base change morphism

RPf.7 @6, k(y) — HP (X, Fy)

is an isomorphism for every y € Y. For that reason, base change always holds for the
cohomology groups in the largest possible degree. Similarly, suppose that we have
the vanishing H?(X,,.%#,) = 0 for every y € Y and every p > py. By repeatedly
applying Corollary 9.9, we conclude that RPf,.# = 0 for all p > pg. In this way,
we can turn a fiberwise vanishing statement into the vanishing of the higher direct
image sheaves, which will be useful if we are, for example, doing computations with
the Leray spectral sequence.

The seesaw theorem. We now apply the base change theorem to the case of
line bundles. Let X be a complete variety, T" an arbitrary variety, and suppose we
have a line bundle L on the product X x T. For every ¢t € T, denote by L; the
restriction of L to X x {¢}. In the notation from above, we are working with the
second projection py: X x T — T, which is clearly proper and flat.

Theorem 9.10. Under these assumptions, the set
Ty ={teT| L is trivial on X x {t} }
is closed in T, and there is a line bundle M on Ty such that
Ll xx7, = psM.

Proof. We observe that a line bundle L on a proper variety X is trivial if and
only if HO(X,L) # 0 and H°(X,L™1) # 0. The reason is that a nonzero section
s € H°(X, L) gives a nonzero morphism s: Ox — L, and a nonzero section t €
HO(X,L™1') gives a nonzero morphism ¢: L — @x. Their composition t o s is a
nonzero morphism from Ox to itself, hence a nonzero constant by properness. After
multiplying by the inverse of this constant, we can assume that tos = 1. But then
s: Ox — L is an isomorphism with inverse t: L — Ox.
This observation proves that

Ty={teT|dmH"(X x {t},L;) > 1 and dim H*(X x {t},L; ') >1}.

By Corollary 9.8, this is a closed subset of T. To prove the other half, we can
replace T' by T} and assume without loss of generality that L; is trivial for every
t € T. Then dim H°(X x {t}, L;) = 1 is constant, and so the direct image sheaf

M = (p2)+L

is a locally free sheaf of rank 1, hence a line bundle. By construction, the induced
morphism p5 M — L is an isomorphism on every fiber X x {t} (because L; is trivial),
and therefore an isomorphism on X x T O

LECTURE 10 (FEBRUARY 27)

Last time, someone asked where the name “seesaw theorem” comes from. In
one of the explanatory paragraphs in his collected works, André Weil writes that
he introduced the name in a course on abelian varieties that he taught at the
University of Chicago in 1954/55. Unfortunately, he does not explain why the
theorem made him think of a seesaw. Ravi Vakil (in The Rising Sea) says that
he has no idea why it is called the seesaw theorem. Herbert Lange (in his book
Complex Abelian Varieties) says that it is “called the seesaw theorem for obvious
reasons”. Perhaps the reason is that if we draw X x Y like this
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then the two slices {zo} x Y and X x {yo} look like the two opposite positions of
a seesaw. But your guess is as good as mine.
Anyway, here is a useful corollary.

Corollary 10.1. Let L be a line bundle on X XY, where X,Y are varieties, and
X is complete. If L|x g,y is trivial for every y € Y, and if L|(z,yxy i trivial for
some point xg € X, then L s trivial.

Proof. By the seesaw theorem, we have L = p5 M for a line bundle M on Y’; now
restrict to {zp} X Y to conclude that M is trivial. O

The theorem of the cube. Our main topic today is the “theorem of the cube”,
which is a result about line bundles on X X Y x Z. It is the crucial ingredient in
proving results about line bundles on abelian varieties. Here is the statement.

Theorem 10.2. Let L be a line bundle on X XY x Z, where X,Y, Z are varieties,
and X and 'Y are complete. Suppose that there are points xg € X, yo € Y, and
2o € Z such that the three line bundles
L|{z0}><Y><Za L|X><{y0}><Z7 L‘XxYx{zo}
are trivial. Then L is trivial.
Note that this only works for three or more factors: a line bundle on X X Y can
be trivial on {zo} x Y and on X X {yo} without being trivial. We can get some

intuition for the statement from the case of complex manifolds. If Pic(X) denotes
the group of holomorphic line bundles, we have an exact sequence

0 —— Pic’(X) —— Pic(X) 2= H?*(X,Z)

where Pic”(X) means line bundles with trivial first Chern class. Now consider a
holomorphic line bundle L on X x Y X Z, say with X,Y, Z connected. By the
Kiinneth formula, we have

H* (X xY x Z,2) =2 H*(X,Z)® HXY,Z) ® H'(X,Z) ® H'(Y,Z)®
HY(X,z)® HY(Z,2)® H'(Y,Z) ® HY(Z,7) ® H*(Z,7).

Each summand involves at most two factors of the product, because we are looking
at H?2. If the restriction of L to all three slices {xo} X Y x Z, X x {yo} X Z and
X x Y x {2} is trivial, it follows from this that ¢;(L) = 0. Because Pic"(X) =
HY(X,O0x)/HY(X,Z), we also get from the Kiinneth formula that

Pic’(X x Y x Z) = Pic’(X) x Pic’(Y) x Pic’(Z),

and so a line bundle L € Pic®(X x Y x Z) that is trivial on all three slices is trivial.
Before giving the proof, let’s first deduce the following nice corollary.

Corollary 10.3. If X and Y are complete varieties, then every line bundle on
X XY x Z is isomorphic to a line bundle of the form

PiaLi2 ® pisLli3 @ p33Loas,

where Lo, L3, Lag are line bundles on the three double products.
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Proof. Choose three points zg € X, yg € Y, and 2y € Z. Let M; denote the
restriction of L™! to X x {yo} x {20}, and define My and Mj similarly. After
replacing L by the tensor product

L ® pi My @ p5 My ® p3 M3,

we can assume without loss of generality that L is trivial on those three subvarieties.
Now suppose that Lis is a line bundle on X x Y that is trivial on {z¢} x Y and on
X x {yo}, and similarly for Ly3 and Loz. The condition that

M =L ' ®piyLia @ pisLiz @ phgLos

should be trivial on {zo} XY X Z, X x {yo} x Z and X x Y x {29} then uniquely
determines Lo, L3, and Lo3. For example, we have

M|X><Y><{zo} = L_l‘XxYx{zo} & L127

because L3 is trivial on X x {zp} and Los is trivial on Y x {zg}; therefore we can
set L12 = L|xxyx{z}  With these choices, M is trivial on all three slices. The
theorem of the cube implies that M is trivial, and this gives the desired result. O

Proof of the theorem. Let L be a line bundle on X x Y x Z such that

Ll{zo}xYxZa L|X><{y0}><Z7 L|X><Y><{z0}

are trivial. We want to prove that L itself must be trivial. The proof will hopefully
make it clear why we need X and Y to be complete.

Step 1. To get started, we observe that it is enough to prove that L|{I}ny{z}
is trivial for every (z,z) € X x Z. This is because of the seesaw theorem: Y is
complete, and if L is trivial on every fiber of p13: X XY x Z — X x Z, it is the
pullback of a line bundle from Y x Z; but that line bundle must be trivial because
we are assuming that L is trivial on {zo} x Y x Z.

Step 2. This observation allows us to reduce the problem to the case where X is a
nonsingular curve. Let x € X be an arbitrary point. Choose a complete irreducible
curve C' C X that passes through the two points g and z. (Such a curve clearly
exists when X is projective; and by Chow’s lemma, any complete variety admits
a surjective map from a projective variety.) Let f: C — C be the normalization;
then C is nonsingular and irreducible. Consider the pullback M = (f x id x id)*L
of the line bundle along the morphism

fxidxid: CxY xZ— X xY x Z.

It still satisfies the assumptions in the theorem of the cube, but now on the product
C xY x Z. If we can show that M is trivial on every subvariety of the form
{c} XY x {z}, then M is trivial; and because z is in the image of f, this then
implies that L is trivial on {z} x Y x {z}. So if we can prove the theorem of the
cube when dim X = 1 and X is nonsingular, then it will hold in general.

Remark. We don’t actually need Chow’s lemma here. For fixed z € Z, the set of
points z € X such that L is trivial on {z} x Y x {z} is closed (by Theorem 9.10),
and so it is enough to prove this for all z in an affine open neighborhood of the
point xg. But any two points in an affine variety can clearly be connected by an
irreducible curve.
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Step 8. From now on, we assume that X is an complete, irreducible, and nonsingular
curve. By the same argument as in Step 1, it is enough to prove that the line bundle

Liy2) = Llxx{y}x {2}

is trivial for every (y,z) € Y x Z; in fact, we can even replace Z by a dense open
subset, because the set of all such points is closed in Y x Z by the seesaw theorem.

Let wx be the canonical line bundle on the curve X, and let g = dim H°(X, wx)
be the genus of the curve. We can choose g points P,...,P; € C such that the
divisor D = Py + --- + P, satisfies dim H%(X,wx(—D)) = 0: take a nontrivial
section of wx and pick the first point P; such that the section does not vanish at
P;; then dim H° (X, wX(—Pl)) = g — 1; and so on. By Serre duality, we get

dim H' (X, 0x(D)) = dim H’(X,wx (D)) = 0.

We now adjust the line bundle L as follows. Let p1: X XY x Z — X be the first
projection, and define
L' = Lep;0x(D).
!

As before, we set L(y@ = L'|x x{y}x{z}; evidently,

(10.4) L., = L.y ® Ox(D).

y,z) T
Because L is trivial on X x Y x {2}, we get L{, | = Ox(D) for all y € Y;
consequently, the first cohomology H' (X, L, ZO)) =0.
By Corollary 9.8, the set

F={(y,2)eYxZ| dmH" (X, L, ) >1}

(y,2)
is closed in Y x Z. Because Y is proper, the image p2(F') C Z is also closed. We
have just seen that it does not contain the point zy. We can therefore find an
open set Z' C Z containing the point zg, such that ps(F) N Zy = . This means
concretely that
H (X, Liy,.) =0

for every (y,z) € Y x Z'. After replacing Z by the dense open subset Z’, we can
assume that this holds for every (y,z) € Y x Z.

Step 4. We can use this to compute the space of global sections. By Corollary 9.8,
the Euler characteristic is constant, and so

dim H°(X, Ly o) = x(Liy o)) = X(Liy 2)) = X (X, Ox(D))
=degD—g+1=1

by the Riemann-Roch theorem. Every line bundle L/(y,z) therefore has (up to scal-
ing) a unique nontrivial global section, and so it determines a unique effective
divisor on X (of degree g = deg D). As we move (y,z) € Y x Z, these divisors are
going to sweep out a divisor D on X x Y x Z.

To construct D rigorously, we can argue as follows. First, dim H° (X , L’(y’z)) =1
is constant, and so Corollary 9.9 implies that the pushforward (ps3).L’ is a line
bundle on Y x Z. On any open set U C Y x Z where this line bundle is trivial, we
can choose a nowhere vanishing section sy € H° (U, (pas) L’ ) By the definition
of the pushforward, it comes from a section 5y € H°(X x U,L'), and we let Dy
be the divisor of siy. If V C Y x Z is another open set of this type, then sy and
sy differ from each other by an element of H*(U NV, 0%), and so Dy and Dy
agree on X x (U N V). Consequently, there is a well-defined divisor D such that
ﬁ|U = DU. It is clear from the construction that D|Xx{y}x{z} is the divisor of the

unique nontrivial section of L/( y.2)"



Step 5. We'll complete the proof by showing that D = pi(D). Observe that

Dlxxiyyxizt =D and Dl|xyyox{z} =D

for every y € Y and every z € Z; the reason is that L’(y,ZO) = L/(yo,z) >~ 0x(D). So

if we take a point P € X with P # P; for j =1,...,g, then the divisor

-DP = D|{P}><Y><Z

does not intersect the two closed subsets {P} x Y x {zp} and {P} x {yo} x Z. The
projection py(Dp) C Z is a closed subset (because Y is complete); because it does
not contain the point zg, it must be a proper closed subset. For dimension reasons,
this implies that the divisor Dp is supported on a finite union of closed subsets of
the form {P} x Y x T}, where T; C Z has codimension one. But Dp also does not
intersect {P} x {yo} x Z, and this is now only possible if Dp is empty.

Step 6. The conclusion is that D does not intersect the set {P} x Y x Z, and being
a divisor, it must therefore be of the form

g
D= ¢ {P}xY xZ
j=1

for certain integers ci,...,¢c, € N. But D|Xx{y}x{20} =D,andsoc; = =c¢c4=
0, or equivalently, D = p%(D). This gives L’( ) = Ox (D). If we now go back to

(10.4), we find that

Y,z

L(yaz) = Ll(y,z) ® ﬁx(—D) &= ﬁXv

and so L is indeed trivial on all subvarieties of the form X x {y} x {z}. As we said
above, this is enough to conclude that L is trivial on X x Y x Z.

Line bundles on abelian varieties. The theorem of the cube has many nice
consequences for line bundles on abelian varieties. Let X be an abelian variety,
and let L be a line bundle on X. The group operation is m: X x X — X, and by
extension, we also write

m: X xXxX =X, mz,y,2)=c+y+z
Denote by p; j: X x X x X — X x X the projections, and set
m;j: X xXxX =X, m;=mop,;;.
Consider the line bundle
M=m"Lemj,L™"'@mj 3L @m] 3L~ @ pjL ®p3L @ pL.

Because 0 € X is the neutral element, it is easy to see that M is trivial on all three
slices {0} x X x X, X x {0} x X, and X x X x {0}. By the theorem of the cube,
M is trivial on X x X x X, and therefore

(10.5) m*L=mi,LemisL@miLopiL ' @ psL~ @ psL".

If we now have three morphisms f,g,h: T'— X from some other variety T, we can
pull back this identity along the mapping (f,g,h): T — X x X x X; this proves
the following result.

Corollary 10.6. Let f,g,h: T — X be three morphisms to an abelian variety. For
any line bundle L on X, one has

(f+g+h)'L=2(f+9)'Le(f+h)'Le(g+h)'Le f L' @g" L' @h* L™
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We continue our study of line bundles on abelian varieties, based on the theorem
of the cube. At the end of the previous class, we proved that if f, g, h are three
morphisms from an arbitrary variety 1" to an abelian variety X, and if L is any line
bundle on X, then

(11.1) (f+g+h)" L= (f+g)* Lo(f+h) Le(g+h) Lo f L™ g L @h"L™".

As a first application of this formula, we have the so-called “theorem of the square”;
over the complex numbers, we already proved this back in Lecture 6.

Corollary 11.2. Let L be a line bundle on an abelian variety, and z,y € X any
two points. Then t;, L& L™ = XL @t L.

Proof. Let f: — X be the constant map f = z, let g: X — X be the constant
map g = ¥y, and let A = id be the identity. Then f +h =t;, g+ h = t,, and
f+g+h=ty4y, and we get the desired isomorphism by applying (11.1). O

As in Lecture 6, the theorem of the square has the following interpretation. Let
Pic(X) denote the set of isomorphism classes of line bundles on X; this is an abelian
group under tensor product. Any line bundle L on X determines a function

6. X = Pic(X), o¢p(z)=t'Lo L

The theorem of the square shows that ¢r(z + y) = ¢r(z) ® ¢r(y), and so ¢p,
is a group homomorphism. Moreover, any line bundle of the form t:L ® L~ is
translation-invariant, because

* (4% —1 * * 7 —1 ~u g% —1
(Lo L™ )y =t;, Loty L7 =t Lo L™

Later on, we are going to show that the set of translation-invariant line bundles
is itself an abelian variety, denoted Pic’(X), and that ¢r: X — Pic’(X) is a
morphism of abelian varieties.

Example 11.3. In terms of divisors, the theorem of the cube becomes a result about
linear equivalence: for any divisor D, one has

tory D+ D=8,D+t,D,
where = means linear equivalence. In particular, we always have
t*D+t*,D=2D,
just as in the complex case.
A second application concerns the homomorphisms
nx: X=X, z—n-x
and how they affect line bundles.
Corollary 11.4. Let n € Z. For any line bundle L on X, one has
ni L L(n=1)/2 o (—1)*XL"("_1)/2.

Proof. Take f = (n+1)x, g=1x,and h = (—1)x. Then f+g+h=(n+1)x,
fH9=n+2)x, f+h=nx,and g+ h =0, and so (11.1) gives

(n+D5L2n+2)5Leonkleom+ )5 L '@ L@ (-1)xL "
We can put this into the nicer-looking form

(n+2)%xL®n+1)xL?@ny L= Le (-1)kL,
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and then we recognize this as the “second difference” of the function Z — Pic(X),
n — n L. Recall that if f: Z — G is a function from the integers into an abelian
group, f has degree < 1 iff the first difference

fln+1)=f(n)=a

is constant, equal to some a € G; in that case, f(n) = n-a + b, where b = f(0).
Similarly, f has degree < 2 if the second difference

fm+2)=2f(n+ 1)+ f(n) =a

is constant, and in that case, f(n) = (5)a+ (7)b+ (;)c for some b,c € G. Applied
to our situation, this gives

nxL = (L®(-1)%L) ® M7 @ Mo,

for certain line bundles M;, M5, and by taking n = 0 and n = 1, one finds that
M, =2 L and My = Ox. Therefore

nyL= (Lo (-1)3L)"" e,

which simplifies to the formula we wanted. O

n(n—1)/2

Ezample 11.5. A line bundle L is called symmetric if L = (—1)% L; this happens
for example if L = Ox (D) for a divisor D that is invariant under the involution
x +— —x. When L is symmetric, one has

n% L = L.
Similarly, L is called anti-symmetric if L=! = (—1)%L; in that case,
n%L=L"
Those are the two extreme cases. Of course, for any L, the tensor product L ®
(—1)% L will be symmetric, and L™ ® (—1)% L will be anti-symmetric.
The homomorphism ¢; and ampleness. Let’s look at the homomorphism
ér: X — Pic(X), o¢p(r)=t:Lo Lt

in more detail. In the complex case, we proved that if L = L(H, «), with H positive
definite, then ¢, has a finite kernel, of order (dim H°(X, L))?. In general, ¢, gives
us a useful way for detecting whether or not L is ample.

Definition 11.6. For a line bundle L on an abelian variety X, we define
K(L)=ker¢p={zeX |t;L=L}
which is a subgroup of the abelian group X.
In fact, K(L) is also closed in the Zariski topology. To see why, consider the line

bundle m*L ® p3L~! on the product X x X, where m: X x X — X is the group
operation. For z € X, we have

m*L @ psL ™ |(ayxx 2 LR L7,
and so the subgroup K(L) can also be written in the form
K{IL)={zeX ’ m*L @ p3L " is trivial on {z} x X }.
By the seesaw theorem (in Theorem 9.10), this is a closed subset of X.
Now let D be an effective divisor on X, and consider the line bundle L = Ox (D);
in other words, we are assuming that H°(X, L) # 0.
Theorem 11.7. The following four conditions are equivalent:

(a) L is ample.
(b) K(L) is a finite group.



(¢) The group H={x € X |t;D =D} is finite.
(d) The linear system |2D| has no base points, and defines a finite morphism
to projective space.

Note that in (c), t*D = D means equality as divisors, so every irreducible
component of D needs to be invariant under translation by x. The most interesting
implication is that finiteness of K (L) implies ampleness of L; but also note that
(d) is very similar to the Lefschetz theorem (in Theorem 6.5).

Proof. Clearly H C K(L), and so (b) trivially implies (c). It is also not hard to
see that (d) implies (a). Indeed, the morphism ¢jop|: X — PV has the property
that qﬁrzmﬁﬂw(l) =~ 2. Now the pullback of an ample line bundle by a finite
morphism remains ample, and so L must be ample. (This fact is a substitute for
the complex-analytic description of ampleness in terms of positive metrics.)

Let’s show that (a) implies (b). We know that K (L) is a closed subgroup,
and so the connected component containing the point 0 € K(L) is an abelian
variety Y C X. To prove that K(L) is finite, we need to show that dimY = 0.
By construction, we have t;L = L for every y € Y. Now consider the restriction
Ly = L|y. This is an ample line bundle on the abelian variety Y, with the property
that 7 Ly = Ly for every y € Y. By the seesaw theorem (applied to the line bundle
m*Ly @ p5sLy' on Y x Y), it follows that m* Ly ® p{Ly' ® p3Ly' is trivial, and
hence that

m*Ly = piLy ® p5Ly.
If we now pull back this identity along the mapping Y - Y x Y, y — (y,—vy), we
get

Oy =2 Ly ® (—1);(/[4/.
But both line bundles on the right-hand side are ample, and an ample line bundle
on a complete variety Y can only be trivial if dimY = 0. Therefore K (L) must be
finite.

The most interesting implication is from (c) to (d). We already know that |2D|
has no base points: the reason is that

t*D+t* D = 2D,

and so for any y € X, we only need to choose x € X such that y &z & Supp D to
get a divisor linearly equivalent to 2D that does not pass through the point y. So
we always have a morphism

¢ = Pap|: X — PV,

where PV is really the projectivization of the k-vector space H(X, L?). We need
to show that ¢ is a finite morphism. Because X is proper, ¢ is proper, and so it
suffices to prove that ¢ has finite fibers. Let’s argue by contradiction and assume
that ¢ does not have finite fibers. Then there is an irreducible proper curve C' C X
such that ¢(C) is a point. Because the divisors in |2D| correspond to hyperplanes
in PV, and because a hyperplane either passes through a given point or is disjoint
from it, we find that every divisor in |2D)| either contains the curve C, or is disjoint
from it. In particular, for every z € X, the divisor 5D + t* D either contains
C, or is disjoint from C. Because C cannot be contained in all translates of D for
obvious reasons, we can certainly find a point x € X such that C is disjoint from
the divisor ¢;D.

Now write t:D = miDy + --- + mi Dy as a sum of irreducible divisors. The
lemma below implies that each D; is invariant under all translations of the form
ty,—xz, With x1, 29 € C. But this clearly contradicts the finiteness of H, and so the
morphism ¢; must have been finite after all. U



Lemma 11.8. Let E be an irreducible divisor on an abelian variety. If there is an
irreducible curve C such that ENC =0, then t* E=F forall z1,25 € C.

T1—T2

Proof. Consider the line bundle L = Ox(F). Because C is disjoint from E, the
restriction L|¢ is trivial, and therefore has degree 0. Because the degree is constant
in families, the restriction of ¢* L to C' will have degree 0 for every x € X. (To prove
this rigorously, we can pull back to the normalization and use the Riemann-Roch
theorem to express the degree in terms of the Euler characteristic; we know from
Corollary 9.8 that the Euler characteristic is constant in families.) This implies
that if the curve t,(C') intersects E, then it must be contained in E (because a line
bundle of degree 0 with a nontrivial section is trivial).

Now let 1,29 € C and y € E. Then the curve t,_,,(C) intersects E in the
point y, and so ty_,,(C) C E; therefore y + 21 — xo € E for every y € E, which
says exactly that ¢ _  E = F. O

xr1—x

The theorem shows that on abelian varieties, ampleness of a line bundle can be
detected on curves. A very neat corollary of the theorem is that abelian varieties
are always projective.

Corollary 11.9. FEwvery abelian variety is projective.

Proof. Let U C X be an affine open set containing the point 0 € X. Because
X is complete and nonsingular, the complement X \ U is a union of irreducible
divisors Dy, ..., D, (because regular functions on nonsingular varieties extend over
subvarieties of codimension > 2). Set D = Dy + --- 4+ D,.. The subgroup

H={zeX|t:D=D)}

is closed in X, and translation by any x € H preserves U = X \ D. Because 0 € U,
this shows that H C U. But now H is complete and U is affine, and so H must be
finite. Theorem 11.7 implies that &x (D) is ample. O

Torsion points. As in the complex case, we can also prove that X is always a
divisible group.

Corollary 11.10. The group X is divisible, and X, = {x e X } n-r = 0} 18
finite.

Proof. For divisibility, we only need to prove that the homomorphism nyx: X —
X is surjective for every n # 0. For dimension reasons, it is enough to prove
that kernx is finite. Let L be an ample line bundle (which exists because X is
projective). Then

TL}L ~ Ln(n+1)/2 ® (_]_)3([/71(71-1)/27

and the line bundle on the right-hand side is again ample. Since an ample line
bundle cannot be trivial on a complete variety of positive dimension, we find that
ker(nx) must be 0-dimensional, and therefore finite. O

In the complex case, the fact that X = (R/Z)?9 made it easy to compute the
kernel of nx. We can prove somewhat similar results in general, except when the
characteristic p = char(k) divides n.

Proposition 11.11. Let n € Z be an integer.
(a) The degree of nx is equal to n?9, where g = dim X .
(b) nx is separable iff p1n.
(c) If ptn, then X, = (Z/nZ)%.
(d) There is an integer r € {0,1,...,g} such that Xpe = (Z/p°Z)".



Suppose that f: X — Y is a surjective morphism between two n-dimensional
varieties. The extension of function fields

K(Y) C k(X)

is finite algebraic, and we define deg f = (k(X): k(Y)) When f is separable,
meaning when the field extension is separable, the number of points in the fiber
f~1(y) is equal to deg f for most y € Y. (More precisely, there is a nonempty
Zariski-open subset of Y where this is true.) When f is inseparable, we define the
separable degree of f as the separable degree of the field extension k(Y) C k(X);
then the number of points in the general fiber is equal to the separable degree.

Recall from the complex case that an isogeny f: X — Y is a surjective homomor-
phism between two abelian varieties whose kernel is finite. The typical examples are
the homomorphisms nx: X — X with n # 0. In the case of an isogeny, all fibers
have the same number of points; therefore the number of points in X,, = ker(nx)
is equal to the separable degree of nx. We’ll compute this degree next time.

LECTURE 12 (MARCH 6)

Let’s first restate the result from last time. We were looking at the homomor-
phism nx: X — X, x — nx, and its kernel

Xn:{acEX | mc:0},
which is the subgroup of n-torsion points on X.

Proposition 12.1. Set g = dim X and p = char(k).
(a) We have degny = n?9.
(b) If ptn, then nx is separable and X,, = (Z/nZ)*9.
(¢) If p | n, then nx is not separable and there is an integer r € {0,1,...,g}
such that Xpe = (Z/p°Z)".

Recall that a homomorphism f: X — Y between abelian varieties is called an
isogeny if it is surjective with finite kernel (and therefore dim X = dimY). We
define the degree deg f as the degree of the field extension f*: k(Y) — k(X).
We say that f is a separable isogeny if the field extension is separable; this is
always the case in characteristic zero, or when deg f is not a multiple of p. In that
case, the number of elements in the subgroup ker f is equal to deg f. If the field
extension is not separable, we can let L C k(X) be the subfield of all elements
that are separable over k(Y); the field extension L C k(X) is purely inseparable.
In general, the number of elements in ker f is only equal to the separable degree
deg,(f) = (L: k(Y)). Lastly, we need a basic fact from intersection theory: if
Dy,...,Dy are Cartier divisors on Y, then their pullbacks f*Dy,..., f*D, are
Cartier divisors on X, and we have the equality of intersection numbers

(f*D1--- f*Dg)x =deg f - (D1 Dg)y.

Proof of the proposition. For (a), we pick an ample and symmetric divisor D; this
means that (—1)% D = D. We showed last time that n% D = n?D. Now the formula
from above gives

degnx(D---D)x = (nxD---nkxD), =n*(D---D)x,

and so degnx = n?9. This part is the same as in the complex case. For (b), suppose
that p { n. The degree of nx is then not divisible by p, and so nx is separable, and
the number of elements in X,, = ker(nx) is therefore n29. From this, we see that X,
is a finite abelian group; the order of every element divides n; and for every divisor
m | n, the number of elements whose order divides m is exactly m?9. Looking at
the classification of finite abelian groups, this is only possible if X,, & (Z/nZ)%9.
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For (c), let’s now assume that p | n. Let Tx be the tangent space at the
zero element, and g the dual k-vector space. We showed in Lecture 8 that the
differential

an: TX,O — TX,O
is multiplication by n, hence trivial if p | n. Because Qﬁ( k= Qo ® Ox, it follows
that n% : Q}(/k — Qﬁ(/k is trivial (as a morphism of sheaves). So if f € k(X)
is a rational function, then f is regular on some open subset U, and so df €

HO(U, Q). But then

0= nX(df) = d(nkf),
and because we are in characteristic p (and % is algebraically closed), we must have
n% f = gP for some other rational function g € k(X). Therefore the field extension

it k(X)) — k(X)

actually factors through the subfield k(X )P, and so it is not separable. This means
that X,, has fewer than n29 elements.

Now consider px: X — X. We sort of convinced ourselves in class that the
(purely inseparable) field extension k(X )P C k(X) has degree at least p9, because
the transcendence degree of k(X) is equal to dim X = g. This means that the
separable degree of p% : k(X) — k(X) must be equal to p” for some 0 < r < g.
Therefore X, is a finite abelian group with p" elements in which every element has
order p; clearly X, = (Z/pZ)". Because X,, is divisible, it is easy to deduce by
induction on e > 1 that X, = (Z/p°Z)". O

Ezample 12.2. Elliptic curves over a field of characteristic p are a good example.
By the general result above, the group X, is either Z/pZ or trivial. In the case
when X, is trivial, the elliptic curve is called supersingular.

We can always realize an elliptic curve as a nonsingular cubic curve in P2, defined
by a cubic polynomial f(z,y,z). If p # 2,3, so that we can complete the square
and the cube, we can put this polynomial into Weierstrass form

yiz = 2% + axz® + b2,
for constants a,b € k; or into Legendre form
vz =a(x — 2)(x — \2)

for a constant A € k. (In both cases, the polynomial on the right-hand side must
not have any repeated roots; so for example A # 0,1.) Two such cubic curves are
isomorphic (as abstract curves), if and only if there is an automorphism of P? that
takes one to the other, if and only if they have the same j-invariant; this is

4A3
(A, B) =1728—————
A B) = 1728 e s
for curves in Weierstrass form, and
, (A2 =X+1)3
A) =256———F

for curves in Legendre form.

One can show that a nonsingular cubic curve is supersingular iff the coefficient
of (ryz)P~! in the polynomial f(x,y,2)P~! vanishes. That allows us to give some
concrete examples. (Note that actually computing the subgroup of p-torsion points
by hand is very difficult: the geometric description of the group law is simple, but
the formulas are not so simple.) For instance, consider the curve

yr =2 4 1.
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Here (y%z — 2% — 23)P~! only contains terms of the form
(y%2)"(2°)"(z°)°

with a +b+c¢ = p—1. To get (xyz)P~!, we need p — 1 = 2a and a = 3b, so
p =6b+ 1. (And in that case, the coefficient is the product of two factorials that
are not divisible by p.) So this curve is supersingular exactly when p =1 mod 6.

How common are supersingular curves? Since the number of elements in X, is
equal to the separable degree, X is supersingular exactly when the field extension
i k(X) — k(X) is purely inseparable. Assume again that X is defined by a cubic
polynomial f(x,y,2). Define a new cubic polynomial f,(x,y, z) by the rule

[y, 2)" = fp(a®, yP, 2P);
in other words, all the coefficients of f get raised to the p-th power. We then have
the Frobenius morphism

F:V(f) = V(fp), F(z,y,2)= (P 9" 2"),

which is purely inseparable of degree p. By general theory, px purely inseparable
of degree p? implies that px = F2. In particular, the cubic curve defined by
f(x,y, z) must be isomorphic to the cubic curve defined by f,2(x,y,2). For curves
in Legendre form, for example, this means that

. . 2 . 2

) = 30F) = GO
which is saying that j(\) lies in the subfield with p? elements. (Remember that k
is algebraically closed.) This shows that there are rather few supersingular curves.

Quotients by finite groups. Our next goal is to construct Pic’(X) as an abelian
variety. The general idea is that ¢r: X — PicO(X ) is surjective when L is ample,
and so Pic’(X) should be the quotient of X by the finite subgroup K (L). Before
we can do that, we have to review very quickly a few results about such quotients.

Let X be a variety, and let G be a finite group of automorphisms of X. The main
technical assumption is that for all points z € X, the orbit Gx = {g:v | g € G}
should be contained in some affine open subset of X. This is true for example
when X is quasi-projective: take a projective completion, and remove a hyperplane
section not containing any point of Gzx.

Theorem 12.3. Under these assumptions, there is a morphism w: X — Y to a
variety Y, such that Y = X/G as topological spaces, and such that the morphism
Oy — mw.0x induces an isomorphism between Oy and the subsheaf (w*ﬁX)G of
G-invariant functions. The morphism 7 is finite, surjective, and separable; if G
acts freely, then m is étale.

We denote Y by the symbol X/G and call it the quotient of X by G. It has the
following universal property: if f: X — Z is any morphis such that fog = f for all
g € G, then f factors uniquely through a morphism h: Y — Z. The construction
of the quotient is straightforward. The statement about orbits implies that we can
cover X by affine open subsets that are invariant under the G-action. If U = Spec A
is such an affine open, we define the quotient as the morphism Spec A — Spec A%,
where A® C A is the subring of G-invariant functions. One shows that this has the
universal property; for that reason, the individual quotients U/G then glue together
into a variety Y with the desired properties.

We can also describe coherent sheaves on Y = X/G. Suppose that Z is a
coherent Oy-module. The pullback 7% is a coherent Ox-module, and for every
g € G, we have w o g = 7, and therefore g*n*.% = 7*.%. We say that a coherent
Ox-module ¥ is G-equivariant if we have a collection of isomorphisms

0g: 99 =Y



that are compatible with composition, in the sense that the diagram

hrg 10 prg

‘ ‘ J{Gﬁ h

(9h) —" 4

is commutative. In that case, G acts on the direct image sheaf 7,%4, and the
subsheaf (7,%)% of G-invariants is a coherent 0y-module.

Proposition 12.4. Suppose that G acts freely on X. The functors F +— 7*F and
G — (1.9)C define an equivalence between the category of coherent Oy -modules
and the category of G-equivariant coherent Ox-modules.

For the study of abelian varieties, line bundles are of particular interest. When
the group G is abelian, these are closely related to characters. For a finite abelian
group G, we are going to write

G = Hom(G, k*)

for the group of characters of G with values in the field k. Suppose that X is
complete and that G acts freely on X. Let L be a line bundle on Y whose pullback
m*L is trivial. We get a G-equivariant structure on Oy, namely a collection of
isomorphisms ¢4: Ox — Ox, such that ¢g4, = ¢, o h*¢4. Because X is complete,
each ¢, is multiplication by a nonzero constant a(g) € k*, and the compatibility
condition means exactly that a: G — k> is a character. Conversely, given such a
character, we can recover the line bundle L as the subsheaf of G-invariants in 7, Ox
(with the G-action depending on the character, of course); concretely,

L%{fEW*@’X | g(f):a(g)~fforallg€G}.
These considerations prove the following proposition.

Proposition 12.5. Suppose that G acts freely on a complete variety X. For every
character o € G, consider the subsheaf

Laz{fEﬂ'*ﬁX ‘ g(f)za(g)-fforallgeG}.
Then L, is a line bundle on X/G, and we have L, ® Lg = Lo43. Moreover,

G 2 ker(r*: Pic(Y) — Pic(X))
are 1somorphic groups.

Specializing further, suppose that G is a finite abelian group, whose order is not
divisible by the characteristic p = char(k). In that case, every finite-dimensional
representation of GG on a k-vector space is a direct sum of characters. Indeed, every
finite-dimensional representation is completely reducible, because for any given G-
invariant subspace, we can write down a G-invariant complement (by an explicit
formula whose denominator |G| is invertible in the field k). Furthermore, every
irreducible representation is 1-dimensional (because G is abelian), hence is given
by a character. For exactly the same reason, the G-action on m,0x decomposes
into a direct sum of line bundles, and so we get a decomposition

W*ﬁx = @ La~
acl

Recall here that G and G have the same number of elements; because m: X — Y
is separable, this number is just the degree of . Because of the projection formula

T F 2 F Qp, TOx,

it then follows that .# is isomorphic to a direct summand in m,7*.%.
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We can apply the results above to the case of abelian varieties.

Corollary 12.6. Let X be an abelian variety. There is a one-to-one correspondence
between finite subgroups K C X and (isomorphism classes of ) separable isogenies
f: X =Y. The correspondence sends f: X — Y to the finite subgroup ker f; and
it sends K to the quotient m: X — Y.

Here two isogenies f1: X — Y7 and fy: X — Y5 are isomorphic if there is an
isomorphism g: Y7 — Y5 such that go f; = fs.

Proof. A finite subgroup K C X acts freely on X by translations, and so the quo-
tient X/K is a nonsingular complete variety, and 7: X — X/K is finite, surjective,
and separable. Because K is a subgroup, X/K has the structure of a group. It is
in fact an abelian variety. Indeed, the product (X/K) x (X/K) is isomorphic to
(X x X)/(K x K), and by the universal property of quotients, the group action
m: X x X — X descends to n: (X/K) x (X/K) - X/K:

XxX —"— 5 X

lﬂ'Xﬂ' J/TI’
(X/K) x (X/K) —" X/K

It follows that m: X — X/K is a separable isogeny, and clearly K = ker .

Conversely, given a separable isogeny f: X — Y, we let K = ker f, and define
m: X — X/K as the quotient. By the universal property of quotients, we get the
following commutative diagram:

x 1,y

%

X/K

Both X/K and Y are nonsingular, and g is finite and bijective, and therefore an
isomorphism. This proves that the two operations are inverse to each other. O

This result also shows that there is a sort of duality between X and line bundles
on X, in the following sense. Consider a separable isogeny f: X — Y, of degree
prime to p = char(k). By the corollary, we have Y = X/K, where K = ker f. Now
Proposition 12.5 shows that

K = Hom(K, k) 2 ker(f*: Pic(Y) — Pic(X)).

So the kernel of f: X — Y and the kernel of f*: Pic(Y) — Pic(X) have the same
number of elements, and in fact, are “dual” to each other in the sense that one
group is the group of characters on the other group.

LECTURE 13 (MARCH 11)

Translation-invariant line bundles. Let X be an abelian variety. Over the
complex numbers, PicO(X ) is the space of holomorphic line bundles with trivial first
Chern class; this is again an abelian variety of the same dimension. Our goal today
is to construct this abelian variety over any field of characteristic zero. We showed
in Lecture 6 that all line bundles in Pic’(X) are translation-invariant, in the sense
that ¢ L = L for every x € X. We use this property as the definition over other
fields (where we don’t have a good theory of first Chern classes in cohomology).

Definition 13.1. If X is an abelian variety, we define
Pic’(X) = { L € Pic(X) | tiL = L for all z € X },

the group of (isomorphism classes of) translation-invariant line bundles.
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In terms of the group homomorphism
ér: X — Pic(X), o¢p(zr)=t:Lo L,

the subgroup Pic’(X) C Pic(X) consists of all those line bundles for which ¢, = 0.
By the theorem of the square, we have

tipp(e) =ty Lty L' =i L@ L™
and so ¢r,(z) € Pic’(X). Therefore
ér: X — Pic’(X)

takes values in the subgroup Pic’(X). We are going to construct an abelian variety
X that is isomorphic to Pic’(X) as a group (in a functorial way).
We begin with series of observations about translation-invariant line bundles.

Observation 1. We have L € Pic®(X) iff m*L = piL ® p5L on X x X. This
is a consequence of the seesaw theorem. Indeed, the restriction of the line bundle
m*L@pi L=t @p3 L1 to the slice X x {z} is isomorphic to t: L ® L™, and therefore
trivial when L € Pic’(X). Because the line bundle is also trivial on {0} x X, it
must be trivial on X x X by Theorem 9.10.

Observation 2. If f,g: S — X are two morphisms from a variety (or scheme) S,
then (f+g¢)*L = f*L®g*L. This follows from Observation 1 by pulling back along
the morphism (f,g): S = X x X.

Observation 3. Let nx: X — X be the morphism nx(X) = n - z. By induction,
the previous observation implies that n% L = L™. In particular, (—1)%L = L™!,
and so L is anti-symmetric.

Observation 4. For every L € Pic(X), we have n}L@L‘”2 € Pic’(X). By rewriting
the identity in Corollary 11.4, we get

ny L@ L™ = (Le (-5 L )" )2
and so it is enough to prove that L ® (—1)%L~" € Pic’(X). We compute
(Lo (-D)xL7") 2t L (-1)%t", L~
> Lo (-1)x(t, L @ L)@ (~1)§ L™

Et;L@(,yIAX)L e (=15l
L' @ (DL 2 Le (—1) L7

where we used the fact that t* L@ L™" € Pic’(X) (and Observation 2) to go from
the second to the third line; and the identity t; L ®t* L = L? from the theorem of
the square to go from the third to the fourth line.

Observation 5. If L € Pic(X) has finite order, then L € Pic’(X). Indeed, if L™ is
trivial for some n > 1, then one has

0= ¢rn(x) =nor(z) = dr(nx)

for every = € X, and because X is divisible, this implies that ¢; = 0 and hence
that L € Pic’(X).

Observation 6. Let S be a variety, and let L be a line bundle on X x S; as usual,
we think of this as a family of line bundles L, = L|x s on X, parametrized by
the variety S. Then for any two points sg,s1 € S, one has Ly, ® L;OI € Pic’(X).
What this means is that the connected components of Pic(X) are copies of Pic?(X),

in the sense that an irreducible (hence connected) family of line bundles can only
change L, by line bundles in Pic’(X).
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Proof. After replacing L by L ® p{L.!, we may assume that L, is trivial; then

So !
the claim is that L, € Pic’(X) for all s € S. The restriction of L to {0} x S is
a line bundle on S, hence locally trivial; after replacing S by an open subset, we
may therefore assume in addition that L|oyxg is trivial. In order to show that

L, € Pic’(X), it is enough to prove that m*L, ® piL;' @ psL; ! is trivial. To do
that, we go to the product X x X x S, and consider the line bundle
M= p* L@ph, L~ @pisL~,

where p: X x X x S — X x S is the morphism u(x,y,s) = (z + y,s). The
assumptions on L imply that M is trivial on X x X x {sg}, on {0} x X x S, and
on X x {0} x S. The theorem of the cube implies that M is trivial, and this gives
the result we want after restricting to X x X x {s}. O

Observation 7. If L € Pic’(X) is nontrivial, then H*(X, L) = 0 for every i € Z.

Proof. We prove this by induction on i > 0. Suppose that s € HY(X,L) is a
nontrivial global section. Then (—1)% s is a nontrivial global section of (—1)% L =
L~' and so s ® (—1)%s is a nontrivial global section of L ® L™ 2 Ox, hence a
nonzero constant (because X is complete). But then the original section s cannot
vanish anywhere, and so L is trivial, contrary to our initial assumption.

For 7 > 0, consider the composition

id
X Xxx "3 x
where j(z) = (x,0) and m(z,y) = x + y. It gives us a factorization

id

T

HY(X,L) —™ Hi(X x X,m*L) —— H/(X,L).

From Observation 1, we know that m*L = piL ® p5L, and so

H'(X x X,m"L)= P H"(X,L)® H'(X,L)

pFq=i
by the Kiinneth formula. But now all summands are trivial (by induction), and so
H(X x X,m*L) = 0; the above factorization then gives H*(X, L) = 0 as well. O
Observation 8. If L is an ample line bundle, the homomorphism
¢r: X — Pic’(X)

is surjective. This is the key result for describing Pic®(X).

Proof. Fix a translation-invariant line bundle M € Pic’(X). We need to find a
point x € X such that M = ¢*L® L~!. Suppose to the contrary that no such point
exists. We'll derive a contradiction by looking at the line bundle

K=m'LopiL ' @py(L~' @ M)
on the product X x X. We have
Klayxx =2t Lo L @ M,

and because t*L ® L1 is not isomorphic to M, this line bundle is nontrivial,
and therefore has no cohomology (by the previous observation). According to
Corollary 9.9, applied to the first projection p;: X x X — X, it follows that
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Ri(p1).K = 0 for every i € Z. By the Leray spectral sequence (or an exercise in
Hartshorne), we now get
H{(XxX,K)=0
for all ¢ € Z.
Now let’s consider the second projection p2: X x X — X. Here we have

Klxxay 2t L@ L,
which is trivial exactly when x belongs to the subgroup K (L) = ker¢p. Since
L is ample, K(L) is a finite group by Theorem 11.7. Therefore K|x ;) has no
cohomology except when = € K(L). Another application of base change shows
that the support of the coherent sheaves RI(p2).K is contained in K(L), and so

HP(X, R%(p2).K) = 0 for p > 1 for dimension reasons. The Leray spectral sequence
therefore degenerates and gives us isomorphisms

0=H'(X x X,K)= H°(X,R(p2). K).

It follows that R‘(p2)«K = 0, and hence (by Corollary 9.9) that Kx (s has no
cohomology for every x € X. But this is absurd because this bundle is isomorphic
to Ox when x =0, and H(X, Ox) = k. O

If we take L to be an ample line bundle — which exists because X is projective
(by Corollary 11.9) — then the homomorphism

br: X — Pic’(X)

is surjective, and its kernel is the finite subgroup K(L). As a group, Pic’(X) is
therefore isomorphic to the quotient X/K(L).

Ezxample 13.2. Suppose that dim X = 1, so that X is an elliptic curve, with zero
element o € X. The line bundle L = Ox(xq) is ample, and the homomorphism

ér: X — Pic’(X)

takes a point € X to the line bundle Ox(x — xg) corresponding to the divisor
T — xp; it is well-known that this is an isomorphism.

Construction of the dual abelian variety. According to the results from last
time, the quotient X = X/K(L) is actually an abelian variety. So we get an
isomorphism of groups X = PicO(X ). The abelian variety X should therefore be a
“moduli space” for translation-invariant line bundles on X. What extra structure
do we need to make that statement precise?
(A) We need a “universal” line bundle P on the product X x X. For every
point « € X , we want the line bundle

P, :PlXX{a}

to represent the element of Pic’(X) corresponding to a under the isomor-
phism X & Pic’(X). If we impose the additional condition that P lfo1xx 18
trivial, then P is determined up to isomorphism (by the seesaw theorem).
This line bundle is called the Poincaré bundle.

(B) All families of line bundles in Pic®(X) should come from P, in the following
sense. Suppose that S is a normal variety (for technical reasons), and that
K is a line bundle on X x S such that

K, = K|X><{s} € PICO(X)
for every s € S, and such that K|y« x is trivial. We then get a function

f:8—X
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by sending a point s € S to the unique point f(s) € X such that K, = Py ().
(There is a unique point because X = Pic?(X) as groups.) Then we want
the function f to be a morphism of varieties, and K = (id x f)*P.

The two conditions actually determine the pair (X , P) up to isomorphism. The
reason is that if we have another pair (Y, Q) with the same properties, then (B),
applied to the line bundle Q on X X Y, gives us a unique morphism

Y X

such that (id x f)*P = Q. For the same reason, (B) applied to the line bundle P
on X x X gives us a unique morphism

g:X—)Y

such that (id xg)*@Q) = P. Uniqueness then implies that fog = id ¢ and go f = idy,
and so Y is isomorphic to X , and the pullback of () is isomorphic to P.

Remark. The properties above make X a so-called “fine” moduli space. This way
of describing moduli spaces — where families of objects parametrized by S are in
one-to-one correspondence with morphisms from S into the moduli space — is due to
Grothendieck. The fact that this determines the moduli space up to isomorphism
is then basically Yoneda’s lemma: a scheme (or variety) is uniquely determined by
knowing all morphisms from other schemes (or varieties) into it.

Now let’s actually construct the dual abelian variety X. As explained above, we
choose an ample line bundle L on the abelian variety X, and then define

X = X/K(L)
as the quotient by the finite subgroup K(L) = ker¢r. Let m: X — X be the

quotient map; this is a surjective homomorphism with finite kernel, hence an
isogeny. The mapping ¢r,: X — Pic’ (X) then induces an isomorphism of groups
X = Pic?(X).
Next, we construct the Poincaré bundle P on X x X. If we set
K=m*'LopL ' @p;L ",
then the Poincaré bundle must satisfy
(id xm)*P 2 K.

This is dictated by (B), applied to the line bundle K on the product X x X: we
have K, = t:L ® L™! = ¢r(x), and this exactly corresponds to the point 7(z)

under our isomorphism X 2 Pic’(X). So the question becomes whether there is a
line bundle P on X x X such that (id x7)*P = K. Now

dxm: X x X - X x X

is an isogeny with kernel {0} x K (L), and so according to Proposition 12.4 from
last time, all we need is to lift the translation action by the finite group {0} x K (L)
on X x X to an action on the line bundle K.

So let’s take a point a € K (L) and compute:

tzko’a)K =~ tzko’a)m*M ® tz:O,a)pTL_l ® tz:O,a)p;L_l
2t Lepi Lt @psti L 2 m* Leopi L @pi L = K,

because ¢} L = L, due to the fact that a € K(L). This means that we can choose a
collection of isomorphisms

¢a: tz(o,a)K — K.
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Each ¢, is of course only unique up to a nonzero constant. In order for K to be
equivariant, we need ¢4 0 ¢ = Pa+p, and so we need to make the right choice of
¢4 This can be done as follows. Observe that

Klopxx 2m*Ligoyxx @ piL  oyxx @ p5L ™ jopxx
2L (0x® Lil\o) ®L=0x® L

is a trivial line bundle with fiber the 1-dimensional k-vector space L~t|o. We can
normalize each ¢, by requiring that it acts trivially (meaning, as the identity) on
the fiber of this line bundle. This uniquely determines ¢,, and the uniqueness
also gives ¢gip = ¢q © Pp. So we get a line bundle P on X x X, unique up to
isomorphism, such that

(13.3) (dxm)*P2m*LepiL ' @psL~!

It is easy to see that (A) holds: write a given point a € X as o = m(z) for some
z € X, and observe that

Py = Plxx{ay = (d X7)*Plxx(ey XtiL@ L7,

which is correct because a go to ¢, (2) under our isomorphism X 2 Pic%(X).

It remains to check (B), and here we are going to use the fact that k has char-
acteristic 0. Suppose that S is a normal variety, and that K is a line bundle on
X x S with the property that

K, = K|xx(s) € Pic’(X)

and such that K|}« x is trivial. We need to construct a morphism f: S — X
such that K = Py, for every s € S. We'll do this by constructing the graph of f

inside S x X. To that end, consider the line bundle
E = pi,K @ pi5(P7)
on the product X x S x X. For a pair (s,a) € S x X, we have
Elxx{s}x{a} = K, ® P,
and we want o = f(s) exactly when this line bundle is trivial. So let
I={(s,a) €eSxX | E is trivial on X x {s} x {a} }.

According to Theorem 9.10, this is a closed subset of S x X. Because K, € Pic’(X),
and X Pic’(X), for every s € S, there is a unique point o € X such that
(s,a) € T, and so the first projection p;: I' — S is bijective. Now I" is a reduced
variety, and S is a normal variety, and because we are in characteristic zero, it
follows that p; is birational. Because S is normal, p; is then an isomorphism (by
Zariski’s main theorem). This shows that T" is the graph of a morphism f: S — X.
By the seesaw theorem, the restriction of £ to X x I is trivial; pulling back along
the morphism X x § — X x § x X, (z,8) = (z,s, f(s)), we then get

K = (id x f)* P

as desired.

LECTURE 14 (MARCH13)

Properties of the dual abelian variety. Last time, we constructed the dual
abelian variety X and the Poincaré bundle P on X x X. For a point a € X, we
introduced the notation

P, = P|X><{a} € PICO(X)7
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this is the line bundle corresponding to o under the isomorphism X 2 Pic’(X). In
class, I first went over the proof of the universal property again. During the proof,
we used the fact that the field k£ has characteristic zero; the general case needs a
bit more work.

We then looked at a few basic properties of the construction. First, let L be any
line bundle on the abelian variety X, and consider the homomorphism

ér: X = Pic®(X), ¢p(x)=t:Le L'

This is in fact a morphism of abelian varieties; more precisely, under our isomor-
phism X = PicO(X)7 the homomorphism ¢; comes from a morphism f: X — X.
For the proof, consider the line bundle

K=m'Lep;L " @psL"
on the product X x X. We have
K|X><{:E} gt;L@)L_l and K|{0}><XgﬁX7

and so we can apply the universal property (which we called (B) last time). This
gives us a unique morphism f: X — X such that K = (id x f)*P. Restricting to
X x{z}, we get Pp(y) = t*L® L™t = ¢r(x), and so f does indeed realize ¢1. Note
that f is a group homomorphism (because ¢y, is).

The next result says that the dual abelian variety is really a functor on the
category of abelian varieties. Recall that a morphism of abelian varieties is a
morphism that is also a group homomorphism. We showed that any morphism
f+ X =Y with f(0) = 0 is a homomorphism.

Proposition 14.1. Let f: X — Y be a morphism of abelian varieties. Then the
pullback homomorphism f*: Pic(Y') — Pic(X) defines a morphism f: Y — X.

Proof. Let’s write Px for the Poincaré bundle on X X X, and Py for the one on
Y xY. On X x Y, consider the line bundle (f xid)* Py. Its restriction to {0} x ¥ is
trivial because f(0) = 0; the restrictions to X x {a} are in Pic’(X) by Observation 6
from last time (because this holds when a = 0). By the universal property for X,
there is thus a unique morphism f : Y — X such that

(14.2) (f x id)* Py = (id x f)* Px.
Here is a diagram of the two morphisms:

XXY&YXY

J{id x f
X x X
If we restrict the isomorphism to X x {a}, we obtain

PX,f(a) = *PY,av

which is saying that the morphism f realizes the pullback f* on line bundles. O
We can say a bit more in the case of isogenies.

Proposition 14.3. Let f: X — Y be an isogeny. Then f: Y — X is also an
isogeny, and ker f and ker f are dual abelian groups, in the sense that

ker f = Hom (ker f, k).
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Proof. We showed at the end of Lecture 12 that
ker(f*: Pic(Y') = Pic(X)) = Hom (ker f, k*)

is true for separable isogenies (and all isogenies are separable because we are as-
suming that k has characteristic zero). So it suffices to show that if f*L is trivial
for a line bundle L € Pic(Y), then L € Pic®(Y). This implies that ker f is dual to
ker f, hence finite, and then f must be an isogeny for dimension reasons. The proof
is very easy: ker f* is a finite group (because it is dual to the finite group ker f),
and so L has finite order; but we showed that any line bundle of finite order is in
Pic’ (V). O

Ezxample 14.4. The isogeny nx: X — X has the property that nx: X = X is
equal to ng. This follows from the identity n% L = L for L € Pic’(X) that we
proved last time.

Ezxample 14.5. Over the complex numbers, we can write an abelian variety as
X = V/T, where V is a g-dimensional complex vector space, and T is a lattice of
rank 2g. The dual abelian variety is

Pic’(X) = H'(X, 0x)/H (X, 7).
Now H;(X,Z) =T, and therefore
H'(X,Z) = Homg(T', Z)
is the lattice dual to I'. We also have
H'(X,0x) = Homc (V,C),

with a conjugate-linear functional f: V' — C mapping to the translation-invariant
(0,1)-form df. The embedding of the dual lattice works by extending a homo-
morphism ¢: I' — Z uniquely to a linear functional p¢: I' @z C — C, and then
projecting to the second summand in

Home (T ®7 C, C) = Home(V @V, C) = Homg(V, C) @ Home(V, C).
This explains the reason for calling Pic®(X) the “dual” abelian variety.

Symmetric description of the dual abelian variety. While this is not clear
from our construction of X (as a quotient of X), the two abelian varieties X and X
really play the same role. To make this precise, we make the following definition.

Definition 14.6. A divisorial correspondence between two abelian varieties X and
Y is a line bundle Q on X x Y such that Q|{0}xy and Q|x oy are trivial.

We could realize Q by a divisor on X x Y, which would then be a divisorial
correspondence in the proper sense, but it is much better to work with line bundles.
By Observation 6 from last time, we have

Qliayxy € Pic®(Y) and  Qlxxyy € Pic’(X)
for every z € X and every y € Y.
Proposition 14.7. Let X and Y be abelian varieties of the same dimension, and

let Q be a divisorial correspondence between X and Y. Then the following two
conditions are equivalent:

(a) Qlizyxy trivial implies that x = 0.
(b) Qlxx{yy trivial implies that y = 0.

If either of these conditions is satisfied, then X =Y and Y = X, and Q is isomor-
phic to the pullback of both Poincaré bundles Px and Py .
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Proof. We only need to prove that (a) implies (b); the converse follows by in-
terchanging X and Y. Let’s first consider ) as a family of line bundles on Y.
By the universal property of the dual abelian variety, we get a unique morphism
f: X — Y such that Q = (f xid)*s* Py, where s: Y x Y — Y x Y is the morphism
s(y,n) = (n,y) that swaps the two factors. But (a) tells us that

Py r(z) = Qlizyxy

is trivial only when = = 0, and so ker f = {0}. Therefore f is injective, hence
bijective (because dim X = dimY’), hence an isomorphism (because char(k) = 0).

We can also view @ as a family of line bundles on X, and so we also get a unique
morphism ¢: Y — X such that Q & (id xg)*Px.

id X g

XxY 229 X x X

lfxid

In order to prove (b), we need to show that g is injective. Let K C kerg be any
finite subgroup of g; we shall argue that K = {0}, which is enough to conclude that
g is injective. Because K C ker g, we get a factorization

g
y .,z 93 X,
where Z = Y/K is the quotient. If we set L = (id x§)* Px, which is a line bundle
on X x Z, then @Q = (id x7)*L. Viewing L as a family of line bundles on Z, we
get a third morphism h: X — Z, with the property that L = (h x id)*s*Pyz. Let
#: Z — 'Y be the morphism dual to 7: Y — Z. According to (14.2), we have
(ﬂ' X ld)*PZ = (ld Xﬁ)*Py.
If we combine this with the formulas for @ and L, we get
Q = (id xm)*(h x id)*s* Pz = (h x id)"s" (7 x id)* Pz
> (h x id)*s™(id x7)* Py = (h x 1d)* (7 x id)*s* Py
= ((foh) xid)*s*Py.

1%

But @ is also isomorphic to (f x id)*s* Py, and so the uniqueness of the morphism
(in the universal property of the dual abelian variety) implies that f = 7o h. In
other words, we found a factorization

f

X _-hyz 7Ly,

Now f is an isomorphism by (a), and so h must be injective. For dimension reasons,
h is then an isomorphism, and so 7 is an isomorphism as well. By Proposition 14.3,
the kernel of 7 is dual to K = kerw. Therefore K is trivial, and so g: ¥ — X is
injective, as claimed. This proves (b). Along the way, we have shown that
f:X—>Y and ¢:Y = X
are isomorphisms, and that (id xg)*Px =2 Q = (f x id)*s* Py. O
We can apply this to the Poincaré bundle Px on the product X X X ; this is a

divisorial correspondence, and P, = Px|xx{aq} is trivial only when a = 0. The
proposition then tells us that the dual abelian variety of X is isomorphic to the
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original abelian variety X, and that the Poincaré bundle Py is isomorphic to s* Px,
where s: X x X — X x X again swaps the two factors.

Positive characteristic and schemes. In the construction of the dual abelian
variety, we had to assume that k£ has characteristic zero to prove the universal
property. Ultimately, it comes down to the fact that when we have a line bundle
L on X x S, we are treating the locus in S such that L, is trivial as a set, instead
of as a scheme. (This applies in particular to the subgroup K (L) inside X.) That
is also the reason for the (unsatisfying) assumption that the parameter space S in
the universal property needs to be normal. To fix these problems, we first need to
revisit the seesaw theorem and make it work for schemes.

Proposition 14.8. Let X be a complete variety, S a scheme, and L a line bundle
on X x S. There is a unique closed subscheme Sy C S such that:
(a) Llxxs, = psLo for a line bundle Ly on Sy.
(b) If f: T — S is a morphism of schemes such that (id X f)*L = p5 K for a
line bundle K on T, then f factors through Sy.

Proof. The proof is basically the same as that of Theorem 9.10, we just need to
pay a little bit more attention to the details. For a closed point s € S(k), let’s put
as usual Ly = L|xy(s3. We already know that the set of s € S(k) such that L,
is trivial is closed in the Zariski topology. All we need to do is to put a natural
scheme structure on this set. The problem being local, we may fix a point s € S(k)
such that L is trivial, and then replace S by an affine open neighborhood Spec A
of the point s. According to Theorem 9.4, we can find a bounded complex

0K K' ... 5 K" =0

of finitely-generated free A-modules — we can make them free by shrinking S, if
necessary — such that for every B-algebra A, one has

HP(X X Spec A Spec B, L ® 4 B) = HP(K. ®a B)

We may further assume that the complex is minimal at the point s; if we let m C A
denote the maximal ideal corresponding to s € S(k), then this means that the
complex K® ® 4 A/m has trivial differentials. Because this complex computes the
cohomology of L ®4 A/m = L, and because L, is trivial, we get H°(X, L,) = k,
and so K° must have rank one, hence K® = A. Likewise, K' = A" for some
r > 1, and the differential d: K° — K! is therefore represented by r elements
fi,..., fr € A. For the time being, let I = (f1,..., fr) C A be the ideal generated
by these elements. Taking B = A/I, we get

(14.9) H°(X Xgpeca Spec(A/I),L®a A/I) = H*(K* ®4 A/I) = A/,

because d: K® @4 A/I — K' ®4 A/I is of course trivial by construction. So the
restriction of L to the closed subscheme X Xgpec 4 Spec(A/I) has a nontrivial global
section. In fact, we get a line bundle Ly on Spec(A/I), corresponding to the free
A/I-module in (14.9), and the global section is really a morphism from p}Lg to the
restriction of L.

As in Theorem 9.10, we now repeat this procedure for the line bundle L~—'; this
gives us several additional elements g;,...,g, € A, which we add to the ideal I.
The desired closed subscheme is then Sy = Spec(A/I). The reason is that both L
and L~! have a nontrivial global section on X xg Sy (and so L, is trivial for every
closed point of Sp). The argument above gives us a line bundle Ly on Sp, and an
isomorphism p3Lo = L|xxs,- This proves (a).

For (b), we may assume (by uniqueness) that 7' = Spec B is affine and that
the line bundle K is trivial. The morphism f: T — S is given by a morphism of
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k-algebras ¢: A — B, and to show that f factors through Sy, we need to prove
that I C ker . Because (id x f)*L = p5 K, we get

B = H°(X Xgpeca Spec B,L ®4 B) = H(K* ® 4 B),

and because K° = A, this is only possible if the differential d: K°® 4B — K'®@4 B
is zero. But this means exactly that ¢(f1) =--- = ¢(fr) = 0. O

As before, this improved version of the seesaw theorem implies the theorem of
the cube for schemes.

Corollary 14.10. Let L be a line bundle on X XY x S, where X,Y are complete
varieties, and S is a scheme. Suppose that there are points xg € X, yo € Y, and
sg € S such that the three line bundles

L‘{zo}xYx& L|X><{y0}><S7 L|X><Y><{so}

are trivial. Then L s trivial.

With this result in hand, we can now construct the dual abelian variety in
general. Let L be an ample line bundle on X. We proved that

ér: X — Pic’(X)

is surjective, and that its kernel K (L) is a finite group. The dual abelian variety
should therefore still be the quotient of X by this subgroup, in a suitable sense.

We first observe that the closed subgroup K(L) € X has a natural scheme
structure on it. Indeed, if we take the line bundle

M=m*Lop,L™' @psL~*

on X x X, and consider the first copy of X as the parameter space, then Proposi-
tion 14.8 shows that there is a unique closed subscheme Xy C X such that

L|x,xx = pilo

for some line bundle Ly on Xy. Because M |{0}>< x is trivial, Ly must be trivial, and
so Xo C X is the maximal closed subscheme of X such that L|x,xx is trivial. The
set of closed points of X is of course our subgroup K (L), and so this puts a scheme
structure on K (L). From now on, we are going to denote this subscheme by the
same symbol K (L). We’ll show next time that the group operation m: X x X — X
restricts to a morphism K (L) x K (L) — K(L), and this makes K (L) into a “group
scheme”. We can then define the dual abelian variety as

X = X/K(L),

but where we now take the scheme structure on K (L) into account when taking
the quotient. (In characteristic zero, every group scheme is reduced; but in positive
characteristic, K (L) might be nonreduced, and then the quotient is different.)

LECTURE 15 (MARCH 25)

Group schemes. This was the first lecture after spring break, so I briefly re-
viewed what we had done before the break. Let X be an abelian variety over an
algebraically closed field k. We are interested in the group

Pic’(X) = { L € Pic(X) | t:L = L for every z € X }
of translation-invariant line bundles on X, and in particular, in constructing an

abelian variety X, the so-called “dual” abelian variety, that is isomorphic to Pic’(X)
as a group. Let L be an ample line bundle. We showed that

ér: X = Pic’(X), o¢p(x)=t:Lo L7},
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is a surjective homomorphism, and that K (L) = ker ¢y, is a finite subgroup of X.
In characteristic zero, we then defined the dual abelian variety as the quotient

X = X/K(L).

We also constructed a universal line bundle P on X x X , called the Poincaré bundle,
with the property that
(dx7)*P2m*Lopi L' @ psL~ .

The pair (X, P) serves as a “moduli space” for families of line bundles in Pic’(X),
but we were only able to prove this for families parametrized by normal varieties.

To construct the dual abelian variety in all characteristics, we need to take
into account that K (L) is not just a finite set, but that it has a natural scheme
structure. This follows from the scheme version of the seesaw theorem. Indeed, by
Proposition 14.8, there is a maximal closed subscheme Xy C X with the property
that the line bundle

M=m"LepiL '@ p;L~*

is trivial on X x Xp; the set of closed points of X is exactly our subgroup K(L),
and this endows K (L) with a scheme structure. In fact, K(L) is an example of a
“group scheme”: a group-object in the category of schemes (of finite type over k).

Definition 15.1. A group scheme is a scheme G (of finite type over the field k)
with a closed point e € G(k) and two morphisms

m:GXxG—->G and i:G— G,

subject to the following conditions:
(1) m is associative, meaning that the diagram

GxGxG ™Y axa

Jiaxm |m

m

GxG ———— G
is commutative.
(2) e is the unit element, meaning that the diagram

id

G

G

%e)
GxG =25 @G

1O
g

is commutative; here we view e as a morphism e: Speck — G.
(3) i is the inverse, meaning that the diagram

GxG

(idV) Yl

G —— Speck —— G

N4
Gx@G

If G is a group scheme, then for every scheme S (of finite type over k), the set of
G-valued points G(S) = Homgpec (S, G) becomes a group; conversely, if G(S) is a
group in a way that is functorial in S, then G has the structure of a group scheme.

is commutative.
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Ezxample 15.2. An abelian variety is obviously a group scheme; by definition, every
abelian variety is reduced and irreducible. If we define

X, = ker(nX: X — X)

as the kernel of the morphism = — nz, then X, is a closed subscheme of length
degny = n?9mX  We saw earlier that it has n24™X points when n is not a

multiple of the characteristic char(k); but for example X, always has at most

p3™ X many points, and must therefore be nonreduced.

Ezxample 15.3. For n > 1, the n-th roots of unity form a group scheme
tn = Speck[x]/(x"™ — 1).
The group operation is given by the morphism of k-algebras
klz]/ (2™ — 1) = kly, z]/(y" — 1,2" = 1), x> yz.

When the field k has characteristic p, the group scheme p, is nonreduced and only
has a single closed point, because

klal/ (2" = 1) = klz]/(z = 1)P.
Ezxample 15.4. In characteristic p, the Frobenius morphism
F: k[z] — k[z], F(z)=a",
is a ring homomorphism. The fiber over the origin is the group scheme
Specklx]/ ("),

which is again nonreduced with a single closed point. (The group operation is now
2+ y + z, in the same notation as in the previous example.)

The examples show that, in characteristic p, group schemes can have a nontriv-
ial (meaning nonreduced) scheme structure. In characteristic zero, this does not
happen, because of the following theorem.

Theorem 15.5. FEvery group scheme over a field of characteristic 0 is nonsingular.

The proof has two steps. First, one shows that the sheaf of Kahler differentials
Qé /i O @ group scheme G is always locally free. Recall that, according to one
construction of the Kéhler differentials, Qf, =1 /Z?, where Z is the ideal sheaf of
the diagonal A: G — G x G. Because G is a group scheme, we can describe the
diagonal in terms of the group operations. Let

s=mo(id,i): G x G —= G
be the morphism that acts on closed points as s(x,y) = xy~!. One can show that

G—2 .GxaG

Speck —&— G
is a Cartesian diagram, and therefore
Qb = I/T° = 5" (me/m?) = Og @ me/m,

where m, is the ideal sheaf of the closed point e € G(k). This proves that the sheaf
of Kéhler differentials is locally free of rank equal to the dimension of the k-vector
space m,/m2. This much is true independently of the characteristic of the field.
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Ezample 15.6. For u, = Spec k[z]/(zP — 1), we have d(z — 1)P = p(x — 1)P~! =0,
and so the module of Kahler differentials is isomorphic to

Qo Okla) k2] /(2P — 1) = k[z]/(a? - 1),
hence free of rank one.
The characteristic zero magic happens in the following lemma.

Lemma 15.7. Let X be a scheme of finite type over a field k of characteristic zero.
If the sheaf of Kdhler differentials Qﬁ(/k 1s locally free, then X is nonsingular.

Proof. T did not present the proof in class, but here it is. Let x € X (k) be an
arbitrary closed point. It is enough to show that the local ring Ox , is regular. So
we may assume that (A, m) is a local k-algebra with residue field A/m = k, and
that the module of Kéhler differentials Q1 Jk is locally free. We need to show that A
is regular, which means that dim A = dim; m/m?. Set n = dimj m/m?, and choose
n elements fi,...,f, € m whose images in m/m? form a basis over k. Because
Q,lq/k ®4 k = m/m?, the rank of the free A-module Q}L‘/k is equal to n, and so we
have an isomorphism of A-modules

QY = A

By the universal property of the Kahler differentials, this gives us n derivations
d1,...,0, € Dery(A), with the property that 6;(f;) = 1 if i = j, and 0 otherwise.
It follows that d;(m¢) C m*~! for all £ > 1.

Now both dimj m/m? and dim A don’t change under completion, and so we may
replace A by its completion
A =1lim A/m’.

—
4

Because 6;(m‘) € m‘~!, our derivations extend to A as well; we may therefore
assume that A is complete to begin with. Because A is complete, we then get a
homomorphism of k-algebras

a: k[[zy,...,z]] = A, alxy) = fi,

from the ring of formal power series, and « is easily seen to be surjective. For any
f € A, we denote by f(0) € k its image in A/m. Because char(k) = 0, we can also
define a function

B: A= kller,. .ozl B = 3 ﬁ(a’fl...éﬁnf)@),
Kryookn . n-

that sends every f € A to its Taylor series; a short computation proves that g is a
ring homomorphism. The composition

Boa: k[[xy,...,zn]] = E[[z1,. .., 24]]
is the identity modulo (z1,...,2,)?, and is therefore an automorphism; in partic-
ular, @ must be injective, and so « is an isomorphism. This proves that A is a
regular local ring. O

We also need talk briefly about quotients. Suppose that G is a finite (hence
affine) group scheme. An action of G on a scheme X is a morphism G x X — X
subject to the condition that certain diagrams commute. As in Lecture 12, one can
define the quotient X /G, under the assumption that the orbit of every closed point
is contained in an affine open subset of X. If U = Spec A is a G-invariant affine
open subset, then G x U — U corresponds to a morphism of k-algebras

61A—>F(G,ﬁg)®kz47
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and one defines the subalgebra of G-invariant functions as
AC={feAldf)=1af}.

One can show that A® is again a finitely-generated k-algebra, and the quotient
U/G is defined as Spec A®.

The dual abelian variety in general. Let X be an abelian variety, and let L
be an ample line bundle on X. Consider the line bundle

(15.8) M=m"LepiL '@ p;L~*

on X x X, and let K(L) C X be the maximal closed subscheme such that the
restriction of M to X x K (L) is trivial; the set of closed points of this subscheme is
the group ker ¢y, that we used earlier. This is actually a group scheme: the group
operation is induced by m: X x X — X.

Lemma 15.9. The group operation m: X x X — X on the abelian variety restricts
to a morphism m: K(L) x K(L) — K(L).

Proof. Set K = K(L). We need to show that the composition
KxK — XxX "5 X

factors through the closed subscheme K. By the universal property in Proposi-
tion 14.8, this is equivalent to the pullback line bundle (id xm)*M being trivial on
X x K x K. We are going to use the following notation:

X" XxK—" 3 X

] Jmoca |m

XxK &2 XxKx K2 xwx Py x

Jps |p
KxK —"+ X
Because of (15.8), we have
(id xm)*M = (m x id)*m*L @ piym* L' @ p; L.
We can rewrite the first factor as
(m x id)*m*L = (m x id)*M ® (m x id)*p]L ® p5L = pjom™ L ® p5L,
because M is trivial on X x K (by definition of K). Similarly, we have
pram” L = pioM @ piL®@pyL = piL @ ps L,

again because M is trivial on X x K. Combining the three previous lines gives

(id xm)*M = piL @ psL @ piL @ pyam L™ @ piL™*

= pss(m* L @ piL@psL) = pis M,
which is trivial because M is trivial on K x K. This proves the lemma. O
We can now define the dual abelian variety as the quotient
X = X/K(L)
by the finite group scheme K(L). If we let m: X — X lge the quotient morphism,
we again get a Poincaré bundle P on the product X x X, with the property that
(dxm)*P2m*Lopi L' @ psL .

By construction, the two line bundles

P|X><{0} and P|{0}><X
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are trivial, and the maximal closed subscheme Z C X such that P is trivial on
X x Z is the reduced singleton Z = {0}. The pair (X, P) is now a moduli space
for translation-invariant line bundles on X on the category of all schemes (of finite
type over k). Indeed, one can prove the following universal property (similar to
what we did in Lecture 13, but using Proposition 14.8).

Theorem 15.10. Given a scheme S, and a line bundle L on X xS such that

Ls = L|X><{s} € PICO(X)
for every closed point s € S(k), and such that L|(oyxs is trivial, there is a unique
morphism f: S — X with the property that L = (id x f)*P.

Cohomology of the structure sheaf. We showed that nontrivial line bundles
in PicO(X ) have no cohomology whatsoever. But we still haven’t computed the
cohomology groups of the trivial line bundle &x. We are going to do this by
computing the cohomology of the Poincaré bundle P at the same time. The result
is exactly the same as over the complex numbers.
Theorem 15.11. Let X be an abelian variety of dimension g.
(a) We have dimy H (X, Ox) = g
i
(b) The cohomology of the Poincaré bundle is
. . 0 ifi
Hi(X x X, P) = ?f?#g’
k ifi=g.

From (a), it follows that the natural map
N\ H'(X,6x) - H(X, 0x)
is an isomorphism of k-vector spaces. We will carry out the proof of the theorem

in six steps; the main ingredient is (as usual) the base change theorem.

Step 1. Let po: X X X — X be the second projection. For ¢ € N, define
Fi = R'(p2). P,

which is a coherent sheaf on X. Because dim X = g, we have %, =0 for i > g. We
are going to prove (b) by computing these higher direct image sheaves. For any
closed point « € X (k), we set

Py = P|xx{ay € Pic’(X),

and observe that P, is trivial iff @« = 0. By Observation 7 in Lecture 13, we therefore
have H' (X, P,) = 0 for all i € Z and all a # 0; the base change theorem (in
Corollary 9.9) therefore tells us that % is supported at the closed point 0 € X (k).
Step 2. Since Supp #; = {0}, we have Hj(X79i) =0 for j > 0, and so we get
(from the Leray spectral sequence) that

H'(X x X,P) = H(X, %) =0

for ¢ > g. From this, one can deduce by Serre duality that the same thing is true
for i < g, and hence that .%; = 0 for ¢ # g; this is a nice exericse, but we will prove
it in a different way in the next two steps of the argument.
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Step 3. Now let’s study what happens near the point 0 € X(k) We can work
over the local ring A = 0% ,; as usual, we denote the maximal ideal by m = m,.
According to Theorem 9.4, we can find a bounded complex

0K K!' ... 5 K" =0

of finitely-generated free A-modules that “universally” computes the higher direct
images R'(p2)+P, in the sense that for any A-algebra B, one has

HY(K*®4 B) = H'(X x X,P®4 B).

Since we are working over a local ring, we may choose the complex K*® to be
minimal, which means that all the differentials d: K? — K**! have entries in the
maximal ideal m. From

H'(K*®ak) = H(X,P) = H(X,Ox)
and minimality, we see that
tk K¢ = dimy, H(X, Ox).
In particular, we have K* = 0 for i > g, and so our minimal complex takes the form
0K K'—... 5 K90

Let M; be the finitely-generated A-module corresponding to .%; = R!(ps).P; these
are the cohomology modules of the complex K*°.

Step 4. The following simple lemma from commutative algebra now lets us conclude
that M; =0 for i < g.

Lemma 15.12. Let (A, m) be a regular local ring of dimension g. Let
0K’ K' ... 5 K" =0

be a bounded complex of finitely-generated free A-modules, such that all cohomology
modules H'(K*®) have finite length. Then H'(K®) =0 fori < g.

Proof. The statement is trivial for ¢ = 0, and so we can argue by induction on g > 0.
Choose an element f € m such that f ¢ m?; then the quotient ring A = A/Af is
regular of dimension g — 1 (by dimension theory). If we set K®* = K*®4 A, we get
a short exact sequence of complexes

0— K* L ke 5 R —0
and therefore an exact sequence in cohomology
Hi(K*) L HI(K*) — HI(K®*) — H*(K*) L Bi+(K*).

Because all cohomology modules of K*® have finite length, it follows that the co-
homology modules of K*® also have finite length. By induction, we therefore get
H(K*) =0 for i < g — 1. From the exact sequence, f: H (K) — H*(K) is then
injective for i < g; but because H?(K) has finite length, it is annihilated by some
power of f, and so H(K) =0 for i < g. O

If we apply this to our complex, we find that M; = 0 for ¢ < g, and hence
that M, is the only nontrivial cohomology module of K*. In other words, K* is a
minimal free resolution of the A-module M,.
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Step 5. Now let’s combine this with what we know about the Poincaré bundle
(from the construction of X). We have H(X, Ox) = k, and so K° = A; setting
n=rk K', we also get K' =2 A™. The differential
d: K° — K*
is therefore given by n elements f1, ..., f, € m (by minimality). We showed during
the proof of Proposition 14.8 that the maximal closed subscheme of X over which
P is trivial is defined by the ideal (f1,..., fn). In our case, this closed subscheme
is {0}, and so we must have (fi,..., f,) = m. Consider now the dual complex
0= (K")* = - = (K)* = (K%* = 0.

By the lemma from Step 4, this complex is again exact in all places except at the
right end, and there, the cohomology is A/(f1,...,fn) = A/m = k. The dual
complex is therefore a minimal free resolution of the residue field k.

Step 6. But we know from commutative algebra what the minimal free resolution of
A/m looks like in a regular local ring: it is the Koszul complex for a regular sequence
Z1,...,24 € m. The Koszul complex is the tensor product of the g complexes

00— A5 A0
and therefore has the shape
0 A0 5 a0 5 4@ .. 4 AG%) &5 A6) & 0.

Because minimal free resolutions are unique (up to isomorphism), the dual complex
of K*, and hence K* itself, must be a Koszul complex as well. This gives

7

dimy, H'(X, Ox) =tk K* = <g>,

which proves (a). We also find that M, = H9(K*®) =2 A/m, and so %, is the
structure sheaf of the closed point 0 € X (k). We now get (b) from the computation

in Step 2. O
Note. In fact, we have shown that
- 0 ifs
(15.13) R'(pa). P = { L 79
Oy ifi=gy.

This result will be important when we study derived categories of abelian varieties.

Corollary 15.14. We have dim HY(X,Q%, ) = V(7).
X/k YAV

Proof. The Kahler differentials Q}( /K are locally free of rank g = dim X. Therefore

0%, = N’ Q), is locally free of rank (f), and the formula follows from the
theorem. 0

LECTURE 16 (MARCH 27)

The derived category. Derived categories were introduced to have a better foun-
dation for the theory of derived functors. When we calculate derived functors such
as Tor or Ext, we typically find a (locally free, or flat, or injective) resolution of our
given module/sheaf, apply the functor in question to each term of the resolution,
and then take cohomology. The main idea behind the derived category is to keep
not just the cohomology modules/sheaves, but the complexes themselves. Because
the same module/sheaf can be resolved in many different ways, keeping the com-
plex only makes sense if we declare different complexes obtained in this way to be
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isomorphic. This leads to the notion of a quasi-isomorphism: a morphism between
two complexes that induces isomorphisms on cohomology.

Ezample 16.1. Consider the case of modules over a ring. Every module M has a
(typically infinite) free resolution

o= Fy - Fy - M — 0,

and in the derived category, we want to consider the complex F, as being isomorphic
to M. If G, is another free resolution of M, then a basic result in homological
algebra says that there is a morphism of complexes f: Fy — GG making the diagram

N SN M
bbb
Gy —% G1 —% Gy M

commute. This morphism is only unique up to homotopy: for any other choice
f': Fo = G,, there are homomorphisms s: F,, — G411 such that f/ — f = ds + sd.

d d

F F Fy M
lf s lf S lf lid

- < )
GQ Gl G() M

If we want to consider M, F,, and G, as being isomorphic to each other, the two
liftings of id: M — M should be equal, and so we are forced to consider morphisms
of complexes up to homotopy.

Ezxample 16.2. In other cases, say for computing Ext, we might want to replace M
by an injective resolution of the form

0—=M—=1°=T" -1%— ...,

Now an injective resolution and a free resolution do not have much in common; the
only thing we can say is that we have a morphism of complexes

)N AN 1)} 0 0
0 0 o4, _d.p

that is an isomorphism on the level of cohomology—being resolutions of M, both
complexes have cohomology only in degree zero. If we want both complexes to
be isomorphic as objects of the derived category, we need to make sure that such
quasi-isomorphisms have inverses.

Quasi-isomorphisms also arise naturally if we consider resolutions of complexes.

Example 16.3. An injective resolution of a complex M*® of modules is a complex
I* of injective modules, and a morphism of complexes M® — I® that induces
isomorphisms on cohomology. This generalizes the usual definition for a single
module to complexes.

Unfortunately, not every quasi-isomorphism has an inverse. The following ex-
ample (in the category of Z-modules) shows one way in which this can happen.

Example 16.4. In the category of Z-modules, the morphism
0 Z—2-7 0

I

0 0 7.)27 0
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is a quasi-isomorphism; but it clearly has no inverse, not even up to homotopy,
because there are no nontrivial homomorphisms from Z/2Z to Z.

Let me now explain the classical construction of the derived category. Let 2 be
an arbitrary abelian category (such as modules over a ring, or coherent sheaves on
a scheme). Depending on what kind of complexes we want to consider, there are
several derived categories: the unbounded derived category D(2l), whose objects
are arbitrary complexes of objects in 2l; the categories D*(2() and D~ (2l), whose
objects are semi-infinite complexes that are allowed to be infinite in the positive
respectively negative direction; and finally the bounded derived category D®(),
whose objects are bounded complexes of objects in 2. All of these categories are
constructed in two stages; we explain this in the case of D®(2l).

(1) Starting from the category of bounded complexes K®(2l), form the so-called
homotopy category H®(2). It has exactly the same objects, but the mor-
phisms between two complexes are taken up to homotopy; in other words,

HOHIHI;(Q[) (A.7 B.) = HOI’HK!)(Q[) (A., B.)/ Hom?{b(m) (A.7 B.),

where Hom%b(g)(A',Bﬂ denotes the subgroup of those morphisms that
are homotopic to zero.

(2) Now form the derived category D®(2l) by inverting quasi-isomorphisms; this
can be done by a formal construction similar to the passage from Z to Q.
That is to say, in D®(2(), a morphism between two complexes A® and B* is
represented by a fraction f/h, which stands for the diagram

e
h f
A / \ B*

where f: C'* — B*® is a morphism of complexes and h: C* — A® is a quasi-
isomorphism. As with ordinary fractions, there is an equivalence relation
that we shall not dwell on; it is also not entirely trivial to show that the
composition of two morphisms is again a morphism.

In other words, the objects of the derived category are still just complexes;
but the set of morphisms between two complexes has become more complicated
(especially because a morphism may involve an additional complex).

Ezxample 16.5. For us, the most interesting case is when the abelian category is
Coh(X), the category of coherent sheaves on a scheme X. By applying the above
construction, we get the bounded derived category Db(Coh(X )), once again, the
objects of this category are just bounded complexes of coherent sheaves. For prac-
tical purposes, a broader definition of the derived category is more useful. Inside
the unbounded derived category D(€x) of all complexes of sheaves of €x-modules,
consider the full subcategory D% , (€x); by definition, a complex

coh
ag—1 a0 al a2

belongs to this subcategory if its cohomology sheaves H!(.Z#*®) are coherent, and
nonzero for only finitely many values of i. Clearly,

D(Coh(X)) C D%,,(0x),

coh

and under some mild assumptions on X, this inclusion is actually an equivalence
of categories. The larger category has the advantage of being more flexible: for
example, an injective resolution of a coherent sheaf is an object of D® , (0x) but
not of D”(Coh(X)).



80

Morphisms in the derived category. The definition of the derived category
leads to several questions. The first one is whether one can describe the space of
morphisms between two complexes in more basic terms. At least in the case of
complexes with only one nonzero cohomology object, this is possible.
We first define the following shift functor. Given a complex A® € K(2) and an
integer n € Z, we obtain a new complex A®[n] by setting
Ao [’I’L] — Ao+n;

we also multiply all the differentials in the original complex by the factor (—1)".
(This convention makes it easier to remember certain formulas.) For example, if
A® is the complex

D ATy 0 gt d g2
then A®[1] is the same complex shifted to the left by one step,
RN/ (| Ny E RN E SNy SR

and with the sign of all differentials changed. This operation passes to the derived
category, and defines a collection of functors [n]: D(2() — D(2l).

Ezample 16.6. Morphisms in D?(2) are related to Ext-groups in the sense of
Yoneda. (When the abelian category 2 has enough injective objects, these are
the same as the derived functors of Hom, computed using an injective resolution.)
If A and B are two objects of the abelian category 2(, then one has

Homp: (o) (4, B[n]) ~ Ext™ (A, B);

in particular, this group is trivial for n < 0. Let us consider the case n = 1. An
element of Extl(A, B) is represented by a short exact sequence of the form

0—-—B—F—A—=D0.

Now the morphism of complexes

0 B E 0
|
0 0 £ 0
is obviously a quasi-isomorphism; on the other hand, we have
0 B E 0
b
0 B 0 0

and together, they determine a morphism in D?(2) from A (viewed as a complex
in degree 0) to B[1] (viewed as a complex in degree —1).

Ezercise 16.1. Show that, conversely, every element of Homps (g (A, B[l]) gives rise
to an extension of A by B, and that the two constructions are inverse to each other.

Other models for the derived category. Recall that the objects of the bounded
derived category Dzoh(ﬁ x) are complexes of sheaves of &x-modules whose coho-
mology sheaves are coherent and vanish outside some bounded interval. I already
mentioned that, under some mild assumptions on X, this category is equivalent to
the much smaller category D® (Coh(X ))7 whose objects are bounded complexes of
coherent sheaves on X. There are various other models for the derived category,
each based on a certain class of sheaves (such as injective sheaves or flat sheaves).

Let me illustrate this principle with the following example.
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Ezample 16.7. Let Inj(0x) denote the (additive, but not abelian) category of in-
jective sheaves of Ox-modules. Every Ox-module has a semi-infinite resolution
by injectives; using the Cartan-Eilenberg construction, every semi-infinite complex
of Ox-modules is quasi-isomorphic to a semi-infinite complex of injectives. This
means that the inclusion

D* (Inj(0x)) € D (Ox)

is an equivalence of categories. By restricting to complexes with bounded and
coherent cohomology sheaves, we also obtain an equivalence of categories

D!, (Inj(0x)) ~ D, (Ox).

coh coh

The advantage of using injectives is that we do not need to worry about inverses
for quasi-isomorphisms. Indeed, suppose that f: I7 — I3 is a quasi-isomorphism
between two complexes of injective &'x-modules. The universal mapping property
of injectives implies that there is a morphism of complexes g: I3 — I7 such that
both fog and go f are homotopic to the identity. Thus

Dt (Inj(ﬁx)) ~H*t (Inj(ﬁx))
and, extending our earlier notation in the obvious way, also

HY,, (Inj(0x)) = DL, (Ox).

coh coh

The same construction works for sheaves of flat &'x-modules; under certain addi-
tional assumptions on the scheme X, one can also use locally free sheaves.

In this model for the derived category, the morphisms are much easier to describe.
Nevertheless, it is better to work with the category Dgoh(ﬁ 'x ), because it gives us
more flexibility: we can choose injective or flat or locally free resolutions as the

occasion demands.

Triangulated categories. The derived category is no longer an abelian category,
because the kernel and cokernel of a morphism do not make sense. (This is due to all
the additional morphisms that we have introduced when adding inverses for quasi-
isomorphisms.) But there is a replacement for short exact sequences, the so-called
distinguished triangles, and D®(2) is an example of a triangulated category.

A triangulated category is given by specifying a class of triangles. The motivation
for introducing triangles lies in the mapping cone construction from homological
algebra; let us briefly review this construction, and explain in what sense it acts as a
substitute for short exact sequences. Given a morphism of complexes f: A®* — B®,
the mapping cone of f is the complex

C}=B"®A°[1] =B A"

with differential d(b, a) = (db+ fa, —da). (The terminology comes from the mapping
cone in algebraic topology.) Since we defined A°®[1] by changing the sign of all
differentials, this makes the sequence of complexes

0— B*— C;— A*[1] =0
short exact. In total, we have a sequence of four morphisms
(16.8) A* — B* — O} — A*[1],
and the composition of any two adjacent morphisms is zero up to homotopy.
Exzercise 16.2. Verify that the composite morphisms
A* — B* — C% and Cy — A®[1] — B*[1]

are both homotopic to zero.
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A sequence of four morphisms as in (16.8) is called a triangle; this is because
we can arrange it into the shape of a triangle, with the convention that the arrow
marked [1] really goes from C} to A®[1]:

A.
7N
C} «— B*
The short exact sequence of complexes gives rise to a long exact sequence
o= H'(A%) —» H'(B®) — H'(C}) — H'T (A*) — - -
for the cohomology of the complexes. In order to write down this long exact se-

quence, all we need is the four morphisms in (16.8). Taking this example as a
model, we say that any sequence of four morphisms of complexes
A®* — B* — C* — A*[1]

is a distiguished triangle if it is isomorphic, in the derived category, to a triangle
coming from the mapping cone construction. (In particular, the composition of
two adjacent morphisms in the triangle is then actually homotopic to zero.) This
definition endows the derived category with the structure of a triangulated category.

Here are two basic properties of distinguished triangles that you should try to
verify as an exercise. There are many others, and by abstracting from this example,
Verdier arrived at the concept of a triangulated category; since the precise definition
is not relevant for our purposes, we shall not dwell on the details.

Ezercise 16.3. Suppose that A* — B®* — C* — A®[1] is a distinguished triangle.
Show that B®* — C* — A°®[1l] — B*[1] and C*[-1] — A®* — B®* — C* are again
distinguished triangles. This means that distinguished triangles can be “rotated”
in both directions.

Ezercise 16.4. Show that a distinguished triangle A* — B®* — C* — A®[1] gives
rise to a long exact sequence

<= HY(A®) = HY(B®) — H'(C®*) — H"T'(A®) — -
in the abelian category 2.

T already mentioned that distinguished triangles are a replacement for short exact
sequences; let me elaborate on this point a bit. On the one hand, the prototypical
example of a distinguished triangle in (16.8) came from the short exact sequence
of the mapping cone. On the other hand, once we look at complexes up to quasi-
isomorphism, every short exact sequence of complexes is actually that of a mapping
cone (under some conditions on 21). Let me illustrate this claim with the example
of modules over a ring.

Example 16.9. Suppose we have a short exact sequence of complexes of R-modules
0— B*—C*— A*[1] — 0.
Up to quasi-isomorphism, we can replace any complex by a free resolution, and
so we may assume that A® is a complex of free R-modules. We can then choose
splittings
Cfn ~ Bn o An-ﬁ—l.
With respect to this decomposition, the differential d: C™ — C™*! is represented

by a Illa“ .lX
( )
0 —d
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for some homomorphism f: A™ — B™; the identity d o d = 0 implies that f defines
a morphism of complexes from A® to B®, and our exact sequence of complexes is
the one for the mapping cone of f.

In closing, let me mention one other general fact that is frequently useful.
Namely, suppose that A* — B* — C*®* — A°®[1] is a distinguished triangle in
D®(2). Then for every E* € D®(2l), one gets two long exact sequences of abelian
groups

-++ — Hom(E*, A*) — Hom(E*, B*) — Hom(E*,C*) — Hom(E*®, A*[1]) — ---
cee Hom(A'[l], E') — Hom(C*, E®*) — Hom(B*, E®*) — Hom(A®*, E®) — - --
where Hom(—, —) means the set of morphisms in D®(2l).

Derived functors. From now on, we shall concentrate on the derived category
D? , (Ox), where X is a scheme. Here is a very useful fact:

Ezxample 16.10. If X is nonsingular and quasi-compact, so that every coherent sheaf
on X has a finite resolution by locally free sheaves, then every complex in D® , (0'x)
is quasi-isomorphic to a bounded complex of locally free sheaves.

Our goal is to define derived functors for the commonly used functors in algebraic
geometry, such as ®, Hom, or pushforwards and pullbacks. The original functors
are either left or right exact, and in classical homological algebra, the higher derived
functors correct the lack of exactness. In the setting of triangulated categories, the
relevant definition is the following.

Definition 16.11. An additive functor between two triangulated categories is exact
if it takes distinguished triangles to distinguished triangles.

If we have an exact functor F': D?(2l) — D?(B) between the derived categories

of two abelian categories, we get a long exact sequence in cohomology: if
A®* — B®* — C* — A*[]]
is a distinguished triangle in D®(2A), then
F(A*) —» F(B®*) — F(C*) —» F(A*)[1]
is a distinguished triangle in D®(8), and so
.- > H'F(A®) — H'F(B®) — H'F(C®) — H™'F(A®*) — -

is a long exact sequence in the abelian category 8. This explains the terminology.

When defining a derived functor, we have two choices:

(1) Use a definition that works only for certain complexes, such as complexes of
injective sheaves or flat sheaves. Then show that the subcategory consisting
of such complexes is equivalent to the entire derived category. In this way,
we obtain a non-constructive definition of the functor.

(2) Use a definition that works for arbitrary complexes. This may require more
effort, but seems better from a mathematical point of view.

Ezxample 16.12. Let f: X — Y be a morphism of schemes, say quasi-compact and
separated (in order for f, to preserve quasi-coherence). We want to define the
derived functor Rf,: DT (QCoh(X)) — D™ (QCoh(Y)). Since we already know
that injective sheaves are acyclic, we should obviously define

Rf.I® = f.I°

if I*® is a complex of injective sheaves. Since the subcategory D (Inj (X )) is equiv-
alent to DT (QCoh(X )), we can choose an inverse functor to the inclusion — this
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basically amounts to choosing an injective resolution for every complex of quasi-
coherent sheaves — and compose the two. In this way, we obtain a functor

Rf.: Dt (QCoh(X)) — DT (QCOh(Y)).
If f is proper, then f, preserves coherence, and R f, restricts to a functor

Rf.: Db, (0x) — DP ,(Oy).

coh

It remains to verify that R f, is an exact functor.

Exercise 16.5. Show that R f, takes distinguished triangles to distinguished trian-
gles. (Hint: It is enough to prove this for a triangle of the form

I =13 = Cs— I7[1],
for ¢: Iy — I3 a morphism between two complexes of injective sheaves.)

Ezxample 16.13. If the above definition of R f, involves too many choices for your
taste, here is another possibility. Flasque sheaves are also acyclic for f,, and have
the advantage that there is a canonical resolution by flasque sheaves, the so-called
Godement resolution. Given a sheaf of abelian groups .%, let GY(.%#) denote the
sheaf of discontinuous sections: for any open subscheme U C X,

G(F)U) =[] Z--
zeU
This sheaf is flasque and contains .# as a subsheaf. Now we define G'(.#) by

applying the same construction to the cokernel of .# — GY(%); in general, we set
G F) = GO(G"(F)/G"H(F)). The resulting complex of sheaves

0.7 = GUF)—=GHTF) = GHF)— ---

is exact; this is the Godement resolution G*(.%). The same construction produces
canonical flasque resolutions for complexes of sheaves: apply the construction to
each sheaf in the complex to get a double complex, and then take the associated
single complex. This allows us to define R f,. by setting

Rf.F = f.G*(F)

for any F € D*(0x). One can show that Rf..Z is canonically isomorphic to f,.%#
when 7 is a flasque sheaf; up to isomorphism, the two constructions of Rf, are
therefore the same.

By one of those methods, one can also define the derived functors é, RHom,
RI', RHom, as well as Lf* for morphisms f: X — Y. All of the properties of the
underived functors carry over to this setting: for example, Lf* is the left adjoint
of Rf,. In classical homological algebra, the composition of two functors leads to
a spectral sequence (such as the Grothendieck spectral sequence); in the derived
category, this simply becomes an identity between two derived functors.

Example 16.14. For two morphisms f: X — Y and g: Y — Z, one has Rg.oR f, ~
R(g o f)«. This can be proved by observing that the pushforward of an injective
sheaf is again injective: for a complex of injective sheaves,

(go f)ud® = gu(fil®).

A special case of this is the formula RI'(Y,—) o Rf. ~ RI'(X,—), which is the
derived category version of the Leray spectral sequence.

Ezxample 16.15. Similar reasoning proves the formula RI" c RHom ~ RHom.
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The big advantage of working in the derived category is that many relations
among the underived functors that are true only for locally free sheaves, now hold
in general. Technically, this is true on nonsingular varieties, because every complex
in Dgoh(ﬁ 'x) is then quasi-isomorphic to a bounded complex of locally free sheaves.

As a case in point, let us consider the projection formula. The version in
Hartshorne says that if f: X — Y is a morphism of schemes, and if & is a lo-
cally free Oy-module of finite rank, then f.(F ®oy [*€) ~ fo.F g, &. In the
derived category, we have the following generalization.

Proposition 16.16. Let f: X — Y be a morphism of schemes, with Y nonsingular
and quasi-compact. Then one has

L L
Rf.(F ®@ox Lf*G) ~Rf.F ®p, G
for every F € D® , (Ox) and every G € D° , (Oy).

coh coh

Proof. We may assume without loss of generality that G is a bounded complex of
locally free sheaves and that F' is a complex of injective sheaves. In that case,

L
Rf.(F ®ox Lf*G) = f.(F ®¢y [*G),

and by the usual projection formula, this is isomorphic to
L
fiF ®e, G=Rf.F®ep, G. O

LECTURE 17 (APRIL 1)

Grothendieck duality. In additional to the general definitions from last time,
we also need two basic tools for actually working with derived categories. The first
one is Grothendieck duality. The general theory is fairly complicated, and so we
shall only discuss a special case that is sufficient for the purposes of this course.

Let me begin by recalling Serre’s duality theorem. It says that if . is a coherent
sheaf on a smooth projective variety X, then

Ext""(#,wx) ~ Hom¢ (H' (X, .7),C),

where n = dim X and wyx denotes the canonical bundle of X. We can reformulate
this using the derived category. Because of the relationship between Ext-groups
and morphisms in the derived category, we have

HY(X,ZF) ~Ext'(0Ox, F) ~ Homp: (o) (Ox,.7[i])
Ext"(Z,wx) ~ Hom(Z[i],wx[n]).
Serre duality can therefore be rewritten in the form
Hom (F,wx[n]) ~ Hom(Hom(Ox, F),C),
where F' = #[i]. Using suitable resolutions, this can be improved to the following

general result in the derived category D® , (Ox).

Theorem 17.1. Let X be a smooth projective variety, and let F' and G be two

objects of DY, (Ox). Then one has an isomorphism of C-vector spaces

Homps () (F, G®uwx [n]) ~ Hom (Hoszah(ﬁX)(G, F), (C)
that is functorial in F' and G.

Grothendieck duality is a relative version of Serre duality, where instead of a
single variety, one has a proper morphism f: X — Y. In Grothendieck’s formu-
lation, duality becomes a statement about certain functors: we have the derived
pushforward functor Rf,: D , (0x) — Db , (Oy), and the problem is to construct

coh coh
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a right adjoint f': D% , (0y) — D? , (Ox), pronounced “f-shriek”. In other words,
we would like to define f' in such a way that we have functorial isomorphisms

HomDi”h(ﬁy) (Rf* F’ G) = HomDZoh(ﬁx) (Fv f‘G)

for F € D, (0x) and G € DY , (Oy). For arbitrary proper morphisms, the con-
struction requires considerable technical effort; it is explained in Hartshorne’s book
Residues and Duality. (There is also a modern treatment by Amnon Neeman, based
on the Brown’ representability theorem.) But in the special case that both X and
Y are smooth projective, there is a much simpler construction due to Alexei Bondal

and Mikhail Kapranov.

Theorem 17.2. If f: X — Y is a morphism between two smooth projective vari-
eties, then

£'G = wx[dim X] ® Lf* (G ® wy ' [~ dim Y])
for any G € DY, (Oy).

Proof. This follows very easily from the fact that L f* is the left adjoint of R f, — if
we use Serre duality to interchange left and right. Fix two objects F' € D® , (0x)
and G € DY , (Oy). Applying Serre duality on Y, we get

coh
Hom(R.F, G @ wy[dim Y]) = Hom Hom (G, Rf.F),C).
Because L f* is the left adjoint of R f,, we have
Hom(G, Rf*F) o~ Hom(Lf*G, F)
If we now apply Serre duality on X, we get back to
Hom (Hom(Lf*G, F), C) = Hom(F, Lf*G & wx [dim X]).
Putting all three isomorphisms together, we obtain the desired formula for f'G. O

For a more concise statement, let wx/y = wx ® f*w;l denote the relative
canonical bundle; then the formula in Theorem 17.2 becomes

f'=wx/y[dimX — dimY] ® Lf*.

Note that dim X — dimY is simply the relative dimension of the morphism f. To
summarize, we have a functorial isomorphism

Hom (Rf*F, G) ~ Hom(F, wyy|dim X — dim Y] @ Lf*G)

for F € Db, (0x) and G € D’ ,(0y). In this form, Grothendieck duality will

coh coh
appear frequently in the derived category calculations below.

Flat base change. Another technical result that we shall use below is the base
change theorem. As in the case of Grothendieck duality, there is a very general
statement (in the derived category); for our purposes, however, two special cases
are enough, and so we shall restrict our attention to those.

The general problem addressed by the base change theorem is the following.
Suppose we have a cartesian diagram of schemes:

X -4, x

L

y 4.y
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We would like to compare the two functors g* f, and f.¢g™*; more generally, on the

level of the derived category, the two functors Lg*Rf, and Rf.Lg"™*. Using the
adjointness of pullback and pushforward, we always have morphisms of functors

g fs = fig* and Lg*Rf. — Rf.Lg"™,

but without some assumptions on f or g — or on the sheaves or complexes to which
we apply the functors — they are not isomorphisms.

The simplest case where the two functors are isomorphic is when ¢ (and hence
also ¢’) is flat. We begin by looking at the case of sheaves.

Lemma 17.3. Suppose that g is flat, and that f is separated and quasi-compact.
Then the base change morphism

gf* 4)]0/ /*

is an isomorphism for every quasi-coherent sheaf F on X.

Proof. The statement is local on Y and Y’, and so we may assume without loss of
generality that Y = Spec A and Y’ = Spec A’ are affine, with A’ flat over A. Let
F' = ¢*.F; then all sheaves involved are quasi-coherent on Y’ and so it suffices
to show that

F(X) @4 A = F'(X)

is an isomorphism.

We first consider the case when X = Spec B is also affine; in that case, X I =
Spec A’ ® 4 B. We have .# = M for some B-module M; then g* f,.% is the quasi-
coherent sheaf corresponding to the A’-module

A'®a Ma,
while flg"*.% is the quasi-coherent sheaf corresponding to

(A ®4 B)®@p M.

The two are evidently isomorphic, which proves the assertion in case X is affine.
In general, cover X by finitely many affine open subsets Uy, ..., U,. Because .# is
a sheaf, the complex of A-modules

0— —>@ @JUQU

3,j=1

is exact. Now A’ is flat over A, and so

0— Z(X ®AA'—>@ ®AA’—>€9 FUiNUj) @4 A
4,j=1
remains exact. We conclude from the affine case above that the kernel is isomorphic
to .Z'(X'), which is the result we were after. O
In the derived category, we have the following version.

Proposition 17.4. Suppose that g is flat, and the f is separated and quasi-compact.
Then for any F € DT (QCoh(X)), the base change morphism

Lg*Rf.F — Rf.Lg*F
is an isomorphism.

Proof. After replacing F' by an injective resolution, we may assume without loss of
generality that F' is a complex of injective quasi-coherent sheaves. The result now
follows by applying Lemma 17.3 termwise. (]
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Mukai’s Fourier transform. From now on, let’s write D®(X) for the bounded
derived category of coherent sheaves on X. It may happen that two smooth pro-
jective varieties X and Y have isomorphic derived categories, without X and Y
themselves being isomorphic.! The first interesting example of this was discovered
by Mukai: if X is an abelian variety, and X the dual abelian variety, then

D’(X) = D"(X).
Here “isomorphic” means that there is an exact k-linear equivalence between the

two categories. This equivalence comes from the Poincaré bundle P on the product
X x X, using the projections to the two factors:

XxX 25 X

|m

X

Given a complex K € D?(X), we can define its “Fourier transform”
R®p(K) = R(p2)« (Lpi K ® P)

which is an object in Db(X ). Because p; is flat, the functor pj is already exact;
similarly, P is a line bundle, and so the tensor product with P is also exact. So the
only genuinely derived functor is R(p2)., and so R®p really is the derived functor
of the naive functor .# +— (p2).(p;.# @ P) on sheaves. Mukai called this the “Fourier
transform” because of its formal similarities with the Fourier transform

o= [ swerta

for L'-functions on R. (In this analogy, complexes of sheaves are functions; ten-
soring with P is multiplication by the exponential function; and the direct image
along p is integration along the fibers.)

With that in mind, Mukai’s theorem is as follows.

Theorem 17.5 (Mukai). Let X be an abelian variety, and let X be the dual abelian
variety. Then the Fourier transform

R®p: DY(X) = D*(X)
is an equivalence of categories.

Note that X and X are usually not isomorphic; but they are nevertheless related
on the level of the derived category.

General integral transforms. The Fourier transform is an example of what
people call an “integral transform” (or “Fourier-Mukai transform”) between derived
categories. Suppose that X and Y are two smooth projective varieties, and that
E € DY(X x Y) is an object on the product. We can then define an exact functor

Rdp: DY(X) - Db(Y)

by the same formula as above:

RCI)E(K) = R(p2)*(LpT Qlé E)’

but now the tensor product is also derived (because E is no longer locally free).
The object F is called the “kernel” of the transform; the name again comes from
integral transforms on function spaces (where the kernel is some kind of function
or distribution on the product).

IBondal and Orlov proved that if the (anti-)canonical bundle of X is ample, then any isomor-
phism D?(X) 2 D*(Y) comes from an isomorphism X Y.
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Ezxample 17.6. A basic example is F = A, Oy, the structure sheaf of the diagonal
on the product X x X. In this case, R®g: D?(X) — D?(X) is the identity.

id

X 2, xxx 2L x

e b

Indeed, for any object K € D?(X), we have

LpiK ® A Ox 2 RAK
by the projection formula, and therefore
RPp(K) 2 R(p2).RAK 2 K.
Ezxample 17.7. More generally, take a morphism f: X — Y, look at its graph
Fp: X - X xY, Ty(z)=(z, f(2)),

and use the object E = (I'f).0x on the product X x Y as the kernel of an integral
transform. The following diagram shows the relevant morphisms:

f

X—>X><Y*>Y

\e_ b

By exactly the same computation as above, we have R®p = R f,: D?(X) — D?(Y).
If we swap the roles of X and Y, and denote by

RU;: D*(Y) — D°(X)

the integral transform with kernel E going the other way, then we have

L
Lp;K @ (T'y).0x = RALfK,
and therefore RUg(K) = R(p1).RALf*K 2 Lf*K. So both Rf, and Lf* are

special cases of integral transforms.

Let’s check that the composition of two integral transforms is again an integral
transform. Say £ € D®(X xY) and F € D®(Y x Z) are two kernels. Consider the
composition

R®r o RPp: D’(X) = D(2).
To work out what this does, we are going to use the following big diagram:

Pp3

XxYxZ-2yyxz-257

| |m

| Xxy —2 vy
J{IH
X

Let K € D’(X) be any object. Then

R (K) = R(p2). (LpiK & ).
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In order to compute Lp} of this complex, we can use flat base change (along the
projection p;: Y x Z — Y). This gives
L L
LpiR®E(K) = R(p2s)« (Lpio(Lpi K ®@ E)) 2 R(pas)« (Lpi K @ Lpj, E).
Tensoring by F' and pushing forward to Z then produces

L
RO,RO;(K) = R(pa). (R(p2s). (L} K @ Ly} E) & F)
L
= R(p2)-R(pas)- (Lo K @ LpjoF & Ly F )
* * L *
= R(ps)« (LP1K ® Lpjp B ® LP23F>;

to go from the first to the second line, we used the projection formula (for the
morphism po3: X XY X Z =Y x Z. If we now use the factorization

Pp3

XxYxZ-2 xxz 257

\ )l(pl

and apply the projection formula one more time, we can rewrite this as
L L
ROsROp(K) = R(p2). (Lpi & R(pis). (LpioF & Loy, F) ).
The composition is therefore again an integral transform, with kernel the object
L
E+ F = R(pia). (LpjoF & Lpj, F) ) € D'(X x 2).

This object is called the “convolution” of the two kernels E € D?(X x Y) and
F € D*(Y x Z), again by analogy with the convolution of two functions (which is
defined by integration over a common argument). With this notation, we have

(178) R(I)FOR@E = RCI)E*F,

where “isomorphism” really means that the two functors are related by a natural
isomorphism. This kind of computation — using flat base change and the projection
formula — is very typical in the subject.

Ezample 17.9. In order to show that an integral transform R®g: D*(X) — D*(Y)
is an equivalence, it is enough to find an object F € D*(Y x X) such that E * F =
A, Ox is the structure sheaf of the diagonal on X x X, and F'x E = A, 0y is the
structure sheaf of the diagonal on Y x Y. The reason is that the structure sheaf of
the diagonal represents the identity.

Let me also mention, without proof, the following very nice theorem by Orlov.

Theorem 17.10. Let X andY be two smooth projective varieties. Then any (exact
and k-linear) equivalence of categories F': D¥(X) — D®(Y)) is of the form F = R®p
for an object E € D*(X x Y), unique up to isomorphism.

Thinking of F as the family of objects
E, = El{z}XY € Db(Y)a
parametrized by the closed point « € X (k), one necessarily has

B, = F(kz).
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the image of the skyscraper sheaf k(x) € D?(X) under the equivalence F. The
difficult thing is to show that these objects actually fit together into a complex of
coherent sheaves on X x Y.

The symmetric Fourier transform. As a postdoc, when I was doing a lot of
computations with Mukai’s Fourier transform, I found that I could never remember
all the formulas, and so each time I wanted to prove something, I had to go back to
Mukai’s paper and look up the correct formula. (There are shifts by + dim X, signs,
and inverses, and it is hard to remember which goes where.) This eventually led me
to write a paper with the grand title “The Fourier-Mukai transform made easy”,
whose main point was that one can change the definition of the Fourier transform
very slightly, and make all the formulas easy to remember. The idea is to use the
(contravariant) Grothendieck duality functor
RAy = RHom(—,wx|[dim X]): D*(X) — D?(X)°?,

where wx = det Qﬁ( Ik is the canonical bundle of the smooth projective variety X.
In the case X = Speck, we shall use the simplified notation RA.

Definition 17.11. Let X be an abelian variety, and let P = Px be the Poincaré
bundle on X x X. The exact functor
FMx = R®poRAx: D(X) — Db(X)°?
is called the symmetric Fourier-Mukai transform.
Note that FMx is a contravariant functor; this turns out to be quite useful in
practice. The following theorem justifies the name “symmetric Fourier-Mukai trans-

form”; it is of course equivalent to Mukai’s theorem (because the duality functor is
a contravariant equivalence of categories).

Theorem 17.12. The composed functors FM ¢ o FMx and FMx oFM g are natu-
rally isomorphic to the identity. In other words,
FMy: D’(X) — D*(X)°?

is an equivalence of categories, with quasi-inverse FM .

One advantage of the modified deﬁnition is that it respects the symmetry be-
tween the two abelian varieties X and X. For example, one can show that
(17.13) FMx (k(0)) = 0% and FMx(Ox) = k(0).
Here k(0) = €, 0spec means the structure sheaf of the closed point 0 € X (k); we
use the same notation also on X.

Let’s verify the two identities in (17.13). The first one is very easy: Grothendieck
duality, applied to the morphism e: Speck — X, gives

RAx (k(0)) = exRAgpec k (Ospec k) = €xOspec e = k(0),
and so the symmetric Fourier-Mukai transform of k(0) is
FMx (k(0)) = R®p(k(0)) = Ox.
The second isomorphism comes from the fact that (e x id)*P = P)| {0}x X s trivial.
In exactly the same way, one can show that

The Fourier-Mukai transform therefore takes structure sheaves of points to line
bundles in Pic’(X).
For the second identity in (17.13), we need to compute

FMx(0x) = Rep (wx[dim X]) = R(p>)- (P @ piwx[dim X] ).
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Recall from (15.13) that we have

: 0 ifi#dimX,
R (ps). P =
(e2) {k(o) if i = dim X.

In terms of the derived category, this says that R(ps).P = k(0)[— dim X]. If we
put this together with the formula above, and remember that wx is trivial, we get

FMx (0x) = k(0),
as required. We will prove later that for any L € PicO(X ), one has
FMx (L) = k()
where o € X (k) is the unique closed point corresponding to L under the isomor-
phism of groups X (k) = Pic’(X).
LECTURE 18 (APRIL 3)

Let X be an abelian variety, X the dual abelian variety, and Px the Poincaré
bundle on X x X. Last time, we introduced the symmetric Fourier-Mukai transform

FMy = R®p o RAx: D’(X) — D"(X)°P,
which is defined as the composition of the (contravariant) duality functor
RAx = RHomg, (—,wx|[dim X]): D*(X) — Db(X)°?

with Mukai’s original Fourier transform

RPp(K) = R(p2)«(Lpi K ® P).
The main theorem is that the two contravariant functors

FMx: D(X) —» D?(X)°? and FMg: D¥(X) — Db(X)°P

are mutually inverse equivalences of category.
Proof of Mukai’s theorem. For clarity, let’s denote the Poincaré bundle Px on

X xX by the symbol P, and the Poincaré bundle P; on X xX by the symbol P.
The symmetric description of the dual abelian variety (in Lecture 14) shows that

~og*P

where 0: X x X — X x X swaps the two factors.
Now let’s begin proving Mukai’s theorem. Since we can interchange the role of
X and X, we only need to prove that the functor

is naturally isomorphic to the identity. We are going to use the standard derived
category tools (such as flat base change and Grothendieck duality) to show that
the composition is an integral transform (with a kernel on X x X); and then we’ll
use properties of the Poincaré bundle to prove that the kernel is the structure sheaf
of the diagonal (and hence that the composition is the identity).

Let’s first consider the last three terms; they give us a covariant functor

RA; o R®po RAx: D’(X) — Db(X).

A brief computation using Grothendieck duality shows that this functor is an inte-
gral transform, whose kernel is the complex

(18.2) Pl @ pwgld]
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on X X X; here g = dim X. To see this, we take K € Db(X)7 and compute:
RPpRAX(K) = R(pg)*(Lpr”Hom@X(K, wxl|g]) ® P)
= R(p2)«(RHome,, . (Lpi K, pjwxlg]) ® P).

X xX
The local version of Grothendieck duality gives RA ¢ o R(p2)« = R(p2).RA
If we apply this to the result of the preceding computation, we get

XxX-*

RA (ROpRAx (K) 2 R(p2) RA ¢ (RHomﬁXX (Lp:K, piwxg)) © P)

X
= R(pa). (LpiK @ phwyg] ® P71,

because wy ¢ = pjwx ® pswy, and because the two RHom’s cancel each other.
This is an integral transform with kernel (18.2).

Now we need to compose this with R®,. By the computation from last time,
the composition is again an integral transform; the kernel is the convolution of
(18.2) on X x X with the line bundle P on X x X. Thus (18.1) is also an integral
transform, with kernel

R(pi3)« (PTzP_l ® paw 9] ®p;3]5),

In order to avoid ridiculous notation in the computation below, we now swap the
second and third factor in X x X x X. Since P = ¢*P, we can then rewrite the
kernel for (18.1) as

(18.3) R(p)- (piwglo] © pis P! @ p3sP)

on X x X. Theorem 17.12 will be proved once we show that (18.3) is isomorphic
to the structure sheaf of the diagonal in X x X.

Let s: X x X — X be defined as s = m o (i x id); the formula on closed points
is s(z,y) =y — x. The theorem of the cube shows that

PisP ™ @ p3yP = (s x id)*P.

We can now apply flat base change in the commutative diagram

XxXxX 225 XxX

J{sxid ls
XxX —2 4 x
and conclude that the complex in (18.3) is isomorphic to

Ls* R(p1). (p ® phwy [g]) = Ls* FMy(0y) = Ls*k(0) = A, Oy,

where A: X — X x X is the diagonal embedding. Here we used the fact that the
symmetric Fourier-Mukai transform of the structure sheaf &'y is the structure sheaf
k(0) of the closed point 0 € X (k), as in (17.13). Because the integral transform
with kernel A, Ox is the identity, this concludes the proof of Theorem 17.12.

Properties of the Fourier-Mukai transform. If we wanted to summarize the
above proof in one line, it would be that the Fourier-Mukai transform is an equiva-
lence because of the identity pj3 P~! @ pis P = (s x id)* P for the Poincaré bundle.
The other formulas involving the Poincaré bundle that we have proved also lead to
interesting properties of FM .

The first topic is how the Fourier-Mukai transform interacts with pulling back or
pushing forward by a homomorphism between abelian varieties. Mukai only looked
at the case of isogenies; the general case is due to Chen and Jiang.
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Proposition 18.4. Let f: X — Y be a homomorphism of abelian varieties over
k. Then one has natural isomorphisms of functors
FMy oRf, 2 Lf*oFMyx and FMyoLf* 2 Rf, o FMy,
where f: Y — X is the induced homomorphism between the dual abelian varieties.
Proof. It will be enough to show that
FMy oRf, 2 Lf* o FMy;

the second identity in the theorem follows from this with the help of Theorem 17.12.
Using the definition of FMy and Grothendieck duality, we obtain

FMyoRf. ZR®p, o RAy o Rf, ZR®p, o Rf, o RAx.
This reduces the problem to proving that
(18.5) R®p, o Rf, 2 Lf*o R®p,.

We make use of the following commutative diagram:

X ! Y
}72 I;Dz
X x X id x f X ~  fxid

Iy xy B2y
P1 Jp1

5 X

x 1t Ly

The identity in (14.2), which followed from the universal property of the dual
abelian variety, gives us (f x id)*Py = (id x f)* Px. Using the projection formula
and flat base change, we can write the following chain of isomorphisms:

R®p, o Rf. = R(pa2).(Py @ piRf.) = R(pa).(Py ® R(f x id).p7)
= R(p2) ((f x 1d)" Py @ p}) = R(p2). ((id x /)" Px @ p})
=~ R(p2).L(id x f)* (Px @ p}) = Lf* R(p2).(Px @ p})
> Lf* o R®p,
This calculation establishes Proposition 18.4. O

The symmetric Fourier-Mukai transform also exchanges translations and ten-
soring by the corresponding line bundles. Any closed point z € X (k) determines
a translation morphism t¢,: X — X; on closed points, it is given by the formula
tz(y) = z+y. Since X (k) = Pic’(X), it also determines a line bundle P, € Pic’(X).

Proposition 18.6. Let x € X(k) and o € X (k) be closed points. Then one has
natural isomorphisms of functors

FMx o(tx), = (Px ® =) oFMx and FMx o(P, ® —) = (ta)» o FMx,
where P, € Pic’(X), and P, € Pic®(X), are the corresponding line bundles.
Together with (17.13), this leads to the pleasant formulas
FMx (k(z)) = P, and FMx(Py) = k(a),

for any pair of closed points € X (k) and « € X (k). This symmetry is another
reason for the name “symmetric” Fourier-Mukai transform.
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Proof. Once again, it suffices to prove that
FMx o(ty)s = (P, ® —) o FMx

because the other identity follows from this with the help of Theorem 17.12. Using
Grothendieck duality, we get a natural isomorphism of functors

FMy o(ty). = R®poRAx o (t,). = R®p o (t,). o RAy,
and so the problem is reduced to showing that
R®po (). = (P, ® —) o R®p.
We use the following commutative diagram:

Xx X =26 x oo % P2, %

X —= X
Since (t, x id)*P = psP, ® P (by the seesaw theorem), we have
R®p o (tz)« = R(p2)« (P ®pi(tm)*) = R(p2)« (P @ (ta X id)*p’;)
= R(p2)« ((tx x id)" P ®p’{) = R(p2)- (p;]f’x ®P @p;)
= P, @ R(p2). (P @ p}) = P, @ R®p,

which is exactly what we need. U

The third property is more of an extended example. Let L be an ample line
bundle on the abelian variety X. Mukai’s Fourier transform

R®p(L) = R(pa).(piL @ P)

is a vector bundle of rank dim H°(X, L) on the dual abelian variety X. The reason
is that on each fiber of py: X X XX , the line bundle L ® P, is again ample, and
so all of its higher cohomology groups vanish; we know this at least over C, where
it follows from the Kodaira vanishing theorem. By cohomology and base change,
we therefore have R'(p2). (piL ® P) = 0 for i # 0; for i = 0, we get a locally free
sheaf &, of rank dim H°(X, L).

To see what &7, actually looks like, let’s pull it back by the isogeny

or: X = X;

recall that this has the property that t; L = L® Py, () for all closed points z € X (k).
The key identity (which we used for the construction of the Poincaré bundle) is that

(idx¢r)* P2m*Lop, L~ @ psL .
Now let’s do the computation, using the following commutative diagram:
XxX 25X

J{id Xor J/(ISL

XxX -2 X%

|m

X
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Applying flat base change and the projection formula, we get
¢1.6L = LopR(p2). (P ©@ piL) = Ro(p2)s ((id x¢r)* P @ piL)
= R(p2)« (M L@ p3L~1) = L7 @ R(p2).m*L.
Now we need a small trick. We can write m: X x X — X as a composition

XxX L5 xxx 2 x,

where f: X x X — X x X is the automorphism f(x,y) = (z + y,y). Therefore
R(p2).m*L = R(p2)Rf(f*piL) = R(pa).piL = H°(X, L) ® O,

where the second step is the projection formula, and the third flat base change. So

(18.7) o1&, =2 HO(X, L)@ L™t

Note that L was ample, but that Mukai’s Fourier transform R®p takes it to the
dual of an ample vector bundle.

Here is the result for the symmetric Fourier-Mukai transform; this is better,
because positivity is preserved.

Proposition 18.8. Let L be an ample line bundle on X. Then FMx (L) is an
ample vector bundle of rank dim H°(X, L), and one has

¢; FMx (L) =i*L ® H°(X, L)*,
where i: X — X is the inversion morphism.

This follows directly from (18.7), together with the following formula (that gives
an alternative description of the symmetric Fourier-Mukai transform):

(189) FMx(K) = RHO’N’L@’X (Z*R(I)p(K),ﬁX)
To prove it, we take an object K € D’(X) and start computing:
FMx (K) = R(p2). (LpiRHom o (K, wxlg)) @ P)

We would like to interchange R(p2). and RHom, and for that, we need to move all
the terms on the right-hand side into the first argument of RHom. Here it helps
that wy, ¢ & pjwy ® piwy and that P = (i x id)*P~!. Accordingly,

Lp;RHom o, (K,wx|g]) ® P = RHome,___ (Lp’{K, piwx [g]) ® (i ¥ id)*P—l)
= RHomo, , ; (Lp’{K ® (i x id)"P @ pjwy [g],wang])
=RA, ¢ (LpjK @ (i x id)"P @ pwglg))

If we put this into the formula from above and use the relative version of Grothendieck
duality, we obtain

FMx (K) = RA ¢ R(pa). (Lpi K @ (i x id)* P © piwglo])
=~ RA g (wglg] @ R(pa). (Lp K @ (i x id)"P) )
=~ RHom,, (R(pg)* (Lpi K @ (i x id)* P), @’X)
=~ RHom, (Lz’*R(Dp(K), ﬁX).

The last step follows from the projection formula. So (18.9) is proved.



97

Remark. Observe that L has rank 1 and h°(X, L) many global sections, whereas
FMx (L) has rank h°(X, L) and one global section (by Proposition 18.4). So the
Fourier-Mukai transform takes ample line bundles to ample vector bundles, but in-
terchanges “rank” and “dimension of the space of global sections”. More generally,
FMx tends to interchange “local” and “global” data. This can be very useful in
geometric applications of the Fourier-Mukai transform (such as generic vanishing
theory). The reason is that there are two sets of tools: local tools (such as commu-
tative algebra in regular local rings) and global tools (such as vanishing theorems),
and a local (or global) problem on X may become tractable once we convert it into
a global (or local) problem on X.

LECTURE 19 (APRIL 8)

Derived equivalences of abelian varieties. From Mukai’s theorem, we know
that an abelian variety X and its dual X have isomorphic derived categories. Let’s
say that two abelian varieties X and Y are derived equivalent if D®(X) =2 D®(Y).
We would like to know exactly when this happens. This question was completely
answered by Orlov and Polishchuk. The general idea is that D?(X) = D*(Y)
happens if and only if X x X >Y xY are isomorphic as abelian varieties (but only
certain kinds of isomorphisms are allowed).

Let me first explain why the product X x X shows up. This has to do with “au-
tomorphisms” of the derived category D?(X), or more precisely auto-equivalences.
A closed point z € X (k) defines an automorphism ¢,: X — X by translation, and
pullback along this automorphism is an auto-equivalence of the derived category:

t*: D’(X) = D*(X).
Similarly, a closed point a € X (k) defines a line bundle P, € Pic’(X), and tensor
product by P, is also an auto-equivalence:
P, ® —: D’(X) = D"(X).

By composition, the closed points of X x X therefore correspond to a family of
auto-equivalences

T(w,oc): Db(X) - Db(X)7 T(La)(K) =P, ®t:cK = t;k:(POt @ K)

Because X and X are varieties, this is a connected family; it contains Tg o) = id.
One can make sense of the group of auto-equivalences AutD®(X) (using more
fancy category theory); it has countably many connected components, and the
neutral component (= the component containing the identity) is X x X. Now if
D?(X) = D?(Y), then the automorphism groups of the two categories should be
the same, and so X x X should be isomorphic to Y x Y.

Orlov and Polishchuk make this heuristic argument precise, without actually
defining the automorphism group AutD®(X). It requires a careful study of the
kernels of several different integral transforms. Each T(, ) is of course an integral
transform: the kernel is the object

(19.1) (tz,id)« P, € D*(X x X),
where the notation is as in the following diagram:

id

x U oy P2y

N b
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Indeed, with this choice, we get from the projection formula that
R(po). (p’{K ® (ts, id)*Pa) 2 R(ps).(tr, id). (13K @ Po) = 1K @ Py,

Now suppose that X and Y are two abelian varieties, whose derived categories
D%(X) 22 D*(Y) are equivalent. By Orlov’s theorem, the equivalence is of the form
R®5: D?(X) — Db(Y)
for an object £ € D?(X xY'), unique up to isomorphism. We are going to associate

to E an isomorphism of abelian varieties
pE: X X X 5Y x }A’,
by the following device. For each pair of closed points (z,a) € X (k) x X(k),
consider the auto-equivalence
T(r,0): DP(X) = DP(X)
and its conjugate by R® g, which is
R®p 0T, o REL: DP(Y) — DY (Y).
We'll argue below that this is again of the form T, ;. a)
op(z,a) € Y(k) x Y(k), starting from the fact that it is true for the closed point
(0,0), because T{g,g) = id.
The following lemma will be useful in describing the quasi-inverse R<I>;31 as an
integral transform. For a complex E € D*(X x Y), we define
Ev = RHomﬁXXY (E, ﬁXXy).

Compare the following lemma with the formula for the inverse of the Fourier-Mukai
transform.

for a unique closed point

Lemma 19.2. Let R®g: D?(X) — D®(Y) be an equivalence of categories. Then
the quasi-inverse is again an integral transform, with kernel

EY ® pSwy[dimY].

Proof. The point is that the quasi-inverse R®5': D(Y) — D?(X) is necessarily
the left-adjoint of R®x: D?(X) — D®(Y), because

Homps(y) (4, R®p(B)) = Homp(x) (R®5' (A), B).

We can easily derive a formula for the left-adjoint:
L
Hommps ) (4, R®p(B) ) = Hompuy) (A, R(p2).(E & piB) )
L
= HOIIlDb(X) (p;A, FE ® pTB)
* L Vv *

= Homp x) <p2A ®F ,plB).

The exceptional inverse image functor (from Grothendieck duality) is

pyB = p}B ® pywy [dim Y],

and by using Grothendieck duality, we can continue the calculation from above:
L L
Homps (x) (pZA ® EV,pTB) = Hompe () (P;A ®EY ®P§wY[Y]ap!13)

L
= Hompy(x) (R(p1). (034 EY @ pjwy [Y]), B)

This proves that

-1 [t * L \4 *
RO, (A) = R(p1)«(p3A Q@ EY @ phwy[Y])
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is equivalent to an integral transform. O

Let’s now return to our problem. Instead of trying to construct the isomorphism
pp: X x X =Y xY directly, we shall first define an equivalence

Fp:DY(X x X) - DY(Y xY),

and then argue that Fg actually comes from an isomorphism between X x X and
Y x Y. This equivalence fits into the following commutative diagram:

DX x X) — L2 5 DY(Y x V)
(19.3) JR%W TMZ?”

DY (X x X) ZEERTEL by oy
The vertical arrow is an equivalence

RO 4(x): D’(X x X) - D*(X x X)

that takes the skyscraper sheaf k(x, ) at a closed point (z,a) € X(k) x X(a) to
the object in (19.1). Recall that this object is the kernel of the auto-equivalence
Ts.0y: D?(X) — DP(X). Think of this as saying that X x X is the parameter
space for all of these auto-equivalences. The correct kernel is

A(X) = pe (P52 Px) € DP(X x X x X x X),
where the notation is as follows:

XxXxX F 5 XxXxXxX
Jps
X xX
The two morphisms act on closed points as
(@, y) = (z,0,x +y,y) and paa(z,a,y) = (y, ).
With this choice, you can easily compute for yourself that
RO 4(x) (k(z, ) = (tg,1d). (Pa).

The other vertical arrow in (19.3) is the quasi-inverse to R® A(Y); one can get an
explicit formula for the kernel from Lemma 19.2.

Exercise 19.1. Verify that R® 4(x) is indeed an equivalence. (Hint: Write it as the
composition of an automorphism of X x X and Mukai’s Fourier transform.)

The horizontal arrow in (19.3) is conjugation by R®g. If we set g = dim Y, then
the kernel for R@El is EV[g], and so the kernel representing conjugation is
L
PisEV[g) @ p3,F €D (X x X xY xY).

As the composition of three equivalences, Fg: D?(X x X) — D’(Y x Y) is an
equivalence. It is also an integral transform for some E € DY(X x X xY x Y)
One can in principle derive a formula for the kernel E (using convolutions), but the
actual formula doesn’t matter for us. Here is Orlov’s theorem.

Theorem 19.4. There is an isomorphism of abelian varieties
vp: X X X5YxYy
and a line bundle Ng € Pic(X x X), such that
Fr =R(¢p)«(Ng® —).
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Equivalently, the kernel representing Fg is
(id, op) Ng € DY (X x X x Y x Y).
We'll prove the theorem after looking at a few examples. A by-product of the

construction is that for every pair of closed points (z,a) € X (k) x X(k), the
conjugated auto-equivalence

ROpoT (40 o RO 2Ty, (40
is again of the same form. We can rewrite this identity as
(19.5) RPpoT(ya) =T, (0,0 o RPE.

As another exercise, you can compute the convolutions of the two kernels on each
side. The result is that if g (z, ) = (y,3), then one has

(19.6) (tz X id), (P} Px,o ® E) = (id xt,)*E ® p5 Py,

in D®(X x Y). In other words, the automorphism ¢ records how the kernel E
responds to translations and tensor products on both X and Y.

Ezample 19.7. Consider the Fourier transform R®p: D¥(X) — D?(X). Here Y =
X and E = P; by symmetry, Y =2 X and P = ¢*P. What is the isomorphism
pp: X X X5 XxX

in this case? We can figure out the answer with very little pain if we make use of
(19.6). Suppose that @p(z,a) = (o/,z'). Then

(ty x id). (i Pa ® P) 22 (id xto/)* P @ p3 Py
on X x X. By the seesaw theorem,
(id xto )*P = PR piPy and (t, x id),P = P® psP_,,
and so the identity from above becomes
PiPa®P@psP_, = p{Po @ P@p5Py.
Comparing the two sides, we find that o’ = a and =’ = —z, and so
vp(z,a) = (a,—x).

This tells us how @p acts on closed points. Not surprisingly, one also has Np = P
(but proving this takes a lot more work).

Here is another example where the line bundle Ng is nontrivial.

Ezxample 19.8. Let L € Pic(X), and consider L® —: D*(X) — D?(X). In this case,
Y = X and F = A, L. Let’s again determine

prp: X X X5 XxX
with the help of (19.6). Suppose that ¢g(x,«) = (y,5). Then
(tz x id). (P} Pa ® A, L) = (id Xt,)* AL ® p3 Pg
We can simplify the left-hand side using the diagram

(ta,id)

XA, xxx =Xy o x

Nk

From the projection formula, we get
(te x 1d)s (pTPa ® ALL) 2 (tp x id) A (L ® Py) = (ta,1d). (L @ Py).
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We can also simplify the right-hand side using the Cartesian diagram

x Wi v x

J/ty J{id Xty

X 2, XxX.

Flat base change (for the automorphism id xt, gives
(id xt,,)*" AL @ p5 Pg = (t,,1d)«ty L ® p3 Pp.
If we compare the two sides of our original identity, we get
(tz,1d)«(L ® Py) = (ty,id).ty L © p3Pg,

and therefore y = x and L ® P, = t;L ® Pg. When we looked at line bundles on
abelian varieties, we defined the homomorphism

or: X =X, Py 2tiLoL™L
Substituting this into the above formula, we get a = 8 + ¢ (x), and so
pp: X x X = X x X, op(r,a)= (z,a - ¢r(z)).

When L € PicO(X ) is translation invariant, ¢g is the identity; but otherwise, it
isn’t. One can also check that Ng = pjL, and so the line bundle in Theorem 19.4
is nontrivial in this example.

Ezample 19.9. For the shift functor [n]: D*(X) — D®(X), we have Y = X and
E = A,0x|[n]. In this case, EY has a shift by —n in it, and so the two cancel
out; the result is that pp = id and Ng = Oy, ¢. From the point of view of
Theorem 19.4, a shift is therefore indistinguishable from the identity.

Proof of Orlov’s theorem. Let’s now prove Theorem 19.4. The equivalence
Fp:DY(X x X) - DY xY)
from (19.3) is an integral transform with a certain kernel £ € D?(X x X x Y x Y.
It has two additional properties that we can make use of. The first is that
F(k(0,0)) = £(0,0).
Indeed, R® 4(x) (k(O, 0)) is the kernel corresponding to T\ o), which is the identity.
Conjugating by R® g takes this to
R 0 T(g,0) o ROL" = T{g ),
because the identity of course commutes with R® . Under R@;(ly), this goes back

to the skyscraper sheaf k(0,0) at the closed point (0,0) € Y (k) ®@ Y (k).
The second property is that Fg is something like a homomorphism. Suppose
that (21, a9) and (x2, as) are closed points such that

F(k(zi, a0)) = k(yi, Bi)
for closed points (y;, 8;) € Y (k) ® Y (k). This means that
ROp 0Ty, a,) o ROE' 2Ty, 5,)-
If we compose the two equivalences, we get
RP5 0 T(4y tas,01+az) © RO T ROE 0 Ty, 1) © Tiay.an) © ROG
~ ROp 0 Ty, 0,) © ROG o R®p 0 T(y, 0,) 0 ROG

o~

T(ylﬁl) ° T(yzyﬁz) = T(y1+y2,ﬁ1+52)’
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~

because tz, 0ty, =g, 42, and Py, ® Py = Payta,- This is saying that the set
{(z,a) € X(k) x X(k) | Fg(k(z,a)) = k(y, B) for some (y,8) € Y (k) x Y (k) }

is a subgroup of X(k) x X(k). (In fact, we have shown that it contains the zero
element and is closed under addition.)

Theorem 19.4 is therefore a consequence of the following abstract result about
derived equivalences between abelian varieties. (The point is that the notation
becomes much simpler if we consider arbitrary abelian varieties!)

Proposition 19.10. Let X,Y be abelian varieties, and let R®p: D®(X) — Db(Y)
be an equivalence. If the set

{z e X(k) | ROog(k(z)) = k(y) for somey €Y (k) }

is a subgroup of X (k), then E = (id Xp)«N for an isomorphism ¢: X =Y and a
line bundle N € Pic(X).

Proof. For each closed point » € X (k), we set E, = E|(;}xy, so that
R®p(k(z)) = E, € D*(Y).

As usual, we view these as a family of objects in the derived category D®(Y),
parametrized by the closed points of X. They form an algebraic family because
E € D’(X x Y) is a bounded complex of coherent sheaves on the product.

Let’s first argue that E must be supported on the graph of a homomorphism
p: X =Y. Let S = Supp E be the support of the complex E (= the union of the
supports of all its cohomology sheaves). This is a closed subset of X x Y. Consider
the projection p;: S — X. Because Ey = k(0), we know that p;'(0) = {0}. By
the theorem about fiber dimensions, the set of # € X (k) such that dimp;*(z) =0
is the set of closed points of an open subscheme U C X; of course, 0 € U(k). This
means that E, is supported on a finite set of points for « € U(k).

Because R®g is an equivalence, it is in particular fully faithful, and therefore

HOme(y)(Ex, Ex) = HOme(X) (k(JC), k(il?)) = k.
If Supp E, was two or more points, then E, would split as a direct sum of complexes
supported at each point, and then the left-hand side would have dimension > 2.
Similarly, if £, had more than one nontrivial cohomology sheaf, we could again
decompose F, and get too many endomorphisms. Since Ey = k(0), it follows that
for z € U(k), the complex E, is actually a sheaf supported at a single closed point

in Y(k). If we denote this closed point by ¢(z) € Y(k), then ¢: U — Y is a
morphism (because its graph is SNU x Y). Now in fact

B, = k(p(z));
indeed, you can easily check that if M is a finitely-generated module over a local
k-algebra (A, m) such that Supp M = {m} and Hom, (M, M) = k, then M = k.
This says of course that U(k) is contained in the subgroup
{z e X(k) | Rog(k(z)) = k(y) for some y € Y (k) }.

Because X is an abelian variety, any open neighborhood of 0 generates X as a
group; therefore U = X, the morphism ¢ is defined on all of X, and E, = k(@(x))
for every x € X (k). Since we also know that ¢(0) = 0, we see that p: X — Y is a
homomorphism. It then follows from Nakayama’s lemma that

for a line bundle N € Pic(X). It is a line bundle because its stalk at every point is
a one-dimensional k-vector space. Therefore
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and this can only be an equivalence if ¢: X — Y is an isomorphism. U

LECTURE 20 (APRIL 10)

More on derived equivalences between abelian varieties. Let X and Y be
two abelian varieties (of the same dimension g). Last time, we associated to any
equivalence R®p: D¥(X) — D®(Y) an isomorphism of abelian varieties

goE:XxX—>YxY.

The construction used the following commutative diagram:

DY(X x X) — 2 5 DY(Y x V)
(20.1) qu)A(X) TR%m

R Ro!
DY (X x X) 2B, by x y)

Here R® 4(x) is the equivalence that takes the structure sheaf of a closed point
(z, ) € X(k) x X (k) to the object (t,id), P on X x X, which is the kernel of the
auto-equivalence

Tipo): DY(X) = DY(X), Tpa(K)=Let:K.
We showed that the equivalence Fg, defined as in the diagram above, has the form
Fp(K) = R(pp)«(Ne © K)

for a line bundle Ng € Pic(X X X ). The isomorphism ¢g records how R®g
interacts with translations and tensor product: one has ¢g(x,a) = (y, 8) iff

R(I)E o T(w’a) = T(y”g) o Rq)E

Today, we are going to investigate this construction a bit further.

Property 1. The first observation is that the construction of Fg (and of ¢g) is
compatible with composition, in the following sense. Suppose that

RPg.c
DY (X) 225 Db(y) 229, pb(2)

are two equivalences of derived categories, with composition R®goR®p = RO g.q,
where F * (G is the convolution of the two kernels. Then the induced equivalences

Fr«c
/\
DY(X x X) —25 DY(Y xY) —S D(Z x 2)

are compatible (up to natural isomorphism). Because of the shape of (20.1), this
comes down to the identity

(R®¢ x RP;') o (REp x ROL') 2 RPp.q x ROLL,),
which holds because R®g o RO = R®p.g. By looking at the kernels, we get

PG O PE = PExG,

and so the construction of Fp and ¢ respects composition.
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Property 2. The next question is which homomorphisms ¢: X X X 5 Y xY can
show up. We can write such a homomorphism as a matrix

_(a B
<p_<7 5>
where a: X - YV, 3: X -5 Y, v: X Y, and §: X — Y. Each of these four

homomorphisms has a dual homomorphism: &: Y — X, B: Y = X, .Y — X,
and §: Y — X. We can put these together into a sort of “adjoint” matrix

7= (—67 _aﬁ)

which then defines a homomorphism ¢*: ¥ x ¥ — X x X.
Ezxample 20.2. In the case of the Fourier transform R®p, we had
ep: X x X 5 X xX, op(z,a)=(o,—z).

Here we get ¢} = —pp because
_ ( 0 id)
PP=—id 0
Inside the group of all isomorphisms from X x X to Y x Y, consider the subset
UXxX,YxY)={p: XxX 5YxY |pop=id}.

It turns out that when R®x: D®(X) — D’(Y) is an equivalence, then the associ-
ated isomorphism ¢ g must lie in this set.

Lemma 20.3. One has g € U(X x X,V xY).

Proof. For any closed point (z,a) € X (k) x X (k), we have the auto-equivalence
T(z,0) of D?(X), and we let F{; o) be the associated auto-equivalence of D?(X x X).

One can check that ¢, o) = id and N, o) = Po X P,mg in fact, we did half of this
computation last time, when we looked at tensor products by line bundles.

The idea behind the proof is to use the fact that Orlov’s construction respects
compositions. Suppose that pg(z,a) = (y, ). Then

R®p 0 T(z,a) = T(y,5) © ROp,
and therefore Fg o F(, o) = F{, 3) o Fg. Writing out both sides explicitly, we get
R(¢p)+ (N ® Nao) @ =) = Niy.p) @ R{0p). (Np © -)
and therefore 7, N(,, 3) = N(z,4) (by the projection formula). This gives
¢p(Ps®P_) =P, KP_,,
or in terms of the dual homomorphism ¢g: Y xY - X xX,
¢u(8,—y) = (a, —x).
Because of how we defined ¢%;, this becomes ¢5(y, 5) = (z,«), and so ¢} o pg is

indeed the identity. O

Property 3. In fact, Polishchuk and Orlov showed that every ¢ € U(X X X ,Y X )A/)
is equal to ¢ g for some equivalence R®g: D?(X) — D®(Y). To prove this, one has
to construct sufficiently many kernels on X x Y’; in fact, they are all of the form, a
vector bundle supported on an abelian subvariety of X x Y.

Corollary 20.4. One has D*(X) = D*(Y) iff U(X x X, Y x Y) # 0.
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Property 4. Let’s prove that the kernel of any derived equivalence R® g : Db(X ) —
D®(Y) between abelian varieties must be a vector bundle supported on an abelian
subvariety. The first step is to compute the kernel of the induced equivalence Fg
using convolutions, as in (20. 1) We can then push this object forward along the
projection p3: X X X xY xY — X xY. At the same time, we know that the
kernel is isomorphic to (id, ¢g)«Ng. If we use the diagram

X X X*>X><X><Y><Y

\ lpls
X xY

to define a homomorphism fg = p13 o (id, o) from X x X to X x Y, then the
result of this (big) computation is that

R(fe)«Ne = R(p13)«((id, ¢£)«Ng) = E @ EY|(0,0)-

Here EY|(,) means that we take the dual complex EY = RHom(&, Oxxy) and
restrict it to the closed point (0,0); this is just a complex of finite-dimensional
k-vector spaces. So up to this small “error term”, we can recover the kernel object
E from the isomorphism ¢ g and the line bundle Ng.

Ezample 20.5. The Fourier transform R®p had ¢p(z,a) = (o, —x), and Np = P.
Here fp is the identity, because (id, op)(z, ) = (2, @, o, —x).

Xx X9 v o X x X x X

\\ lpw
X x X

So it is indeed the case that P is the pushforward of Np.
We can now prove the following result, originally due to Orlov.

Proposition 20.6. Suppose that R®z: D?(X) — Db(Y) is an equivalence. Then
up to a shift, E is a locally free sheaf supported on an abelian subvariety of X XY .

We are going to abstract a bit, in order to simplify the notation. Consider a
homomorphism f: X — Y between two abelian varieties of the same dimension g.
Suppose that ker f has dimension n, so that Z = im f C Y is an abelian subvariety
of codimension n. We are going to use the following morphisms:

f
X 2Ltsz 15y
Suppose that E € D?(Y) is an object in the derived category, such that
EQEY|g 2 Rf.L

for a line bundle L € Pic(X). Then we claim that, up to a shift, F must be a
locally free sheaf supported on Z.

Proof. After a shift, we may assume that H'E = 0 for i > 0, but that H°E # 0. On
a suitable affine open neighborhood of the point 0 € Y (k), we can find a minimal
locally free resolution for E, of the form

068 —=&-1— =6 —0.
The dual complex EV is then
0— (&) = (&) == (&) =0,
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and by minimality, EV|q is the complex with terms (&;)*|o and trivial differentials.
So in the derived category of k-vector spaces, EV|y decomposes as

EV|p @H (EYo)[~i] = EB Vil—i].

In particular, the 0-th cohomology Vj of the complex EV|q is nontrivial. Because
tensor product over k is exact, it follows that

Rf,L=H (E®E"|)

contains H'E ® Vj as a direct summand. For obvious reasons, R*f.L = 0 for i < 0,
and therefore H'E = 0 for ¢ < 0; this means that FE is isomorphic to a sheaf in
degree 0. Since

Rf.L = i.Rp.L,

this sheaf is isomorphic to a direct summand of i,Rp,L, and so it is annihilated
by the ideal sheaf Z5. Consequently, F = i,.%#, where ¥ is a coherent sheaf on Z.
Moreover, . is isomorphic to a direct summand of Rp.L € Db(Z).

Now we argue that Z is actually locally free. Since Z is smooth projective of
dimension g — n, we can find a locally free resolution

0=>&pn = =86 =6 = F —0.
Consider the dual complex RHomg, (%, 0z), which is isomorphic to
0= ()" = - = (&—n)" — 0.
We are going to argue that the dual complex is a sheaf. The key point is that
RHome, (Rp.L, 02) = Rp, Home, (L,p'0z) = Rp, L™ [n],

because p: X — Z is smooth of relative dimension n and the canonical bundles
of X and Z are both trivial. For dimension reasons, the complex Rp.L~1[n] is

concentrated in degrees —n,...,0. Because .# is a direct summand of Rp,L, it
follows that RHome, (F,0z) is a direct summand of Rp.L~'[n], and therefore
also concentrated in deegree —n, ... ,0. It follows that RHom g, (%, 0z) is a single

locally free sheaf in degree 0; dualizing back, we find that % is itself locally free. [

Property 5. One can use the results above to classify all auto-equivalences of the de-
rived category D?(X). Let’s write Aut D?(X) for the group of all auto-equivalences.
We showed above that the function

AutD*(X) 5 U(X x X, X x X), R®g— ¢p,

is a group homomorphism; we also know (from Property 3) that it is surjective.
One can show that the kernel consists exactly of the auto-equivalences T{, o), with
(z,a) € X (k) x X (k), and of the shift functors [n] with n € Z. This makes precise
the heuristic from last time that X (k) x X (k) is the neutral component of the
automorphism group of D®(X).

Mukai’s SLo(Z)-action. Suppose now that X is a principally polarized abelian
variety; this means that we have an ample line bundle L such that h°(X, L) = 1.
Equivalently, the morphism

¢r: X > X, LOL' =Py (),

is an isomorphism. (It is surjective by Theorem 11.7 and has degree h°(X, L)% = 1.)
In this case, we get several interesting auto-equivalences of the derived category,
and Mukai noticed that they determine an action of the group SL2(Z) on D?(X).



107

The first auto-equivalence S: D*(X) — D¥(X) is the composition

oL

RN —L DY(X).

D*(X) D?(X)
Because of the formula (id x¢r)*P =< m*L @ p; L~ ® p3L~!, we can write this as
S(K) = ¢1R(p2)-(pi K @ P) = R(p2)«(pi K @ m*L@pi L™ @ psL71).

We also have a second auto-equivalence

T:DY(X)-D’X), T(K)=L®K.

Both S and T have associated automorphisms pg and @7 in Hom(X x X, X X X),
using the isomorphism ¢; between X and X, we may consider pg and @ as
elements of Hom(X x X, X x X). We showed last time that pp(x,a) = (a, —z),
and after making the identifications, we get

B ( 0 id)
P5= —id 0
We also computed last time that ¢or(z, @) = (z,a — ¢1.(x)); after the appropriate
identifications, this tells us that

_(id 0)
YT =\_id id/)-

Now we observe that the modular group
SLQ(Z) = {A € Matgxz(Z) | det A = ].}
embeds into Hom(X x X, X x X). Indeed, if
a b
A= (c d)
with det A = ad — bc = 1, then A defines an automorphism of the abelian variety
X x X, represented by the matrix
((IX bx) .
Cx dX ’

on closed points, the formula is A - (z,y) = (ax + by,cx + dy). So s and pr
represent the action of the two matrices

0 1 1 O
S:<—1 0> and T:(_1 1).

It is known that these two matrices together generate SLo(Z); the relations are
S*=id and (TS)%=id.

Mukai’s observation is that these identities already hold (up to a shift) for the two
equivalences S and 7. In this sense, the group SL2(Z) acts on D?(X).

Proposition 20.7. The two equivalences S,T: D*(X) — D*(X) satisfy
S*[-2g] and (ToS)*=[—g].

Proof. Let R®p: DP(X) — D?(X) and R®;: D?(X) — D¥(X) be the two Fourier
transforms. From the proof of Mukai’s theorem, we know that
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The isomorphism ¢r,: X — X is self-dual, in the sense that (13 . = ¢r. The identity
in (18.5) therefore tells us that the diagram

DV (X) 2225 DO(X)

J@n. ¢

Db (X) 222 po(x)

is commutative. This gives
SoS=¢;0cRPpop; cRPp = ¢ o RPpoRPs 0 (¢r)s
= ¢p o (=Dx[=glo (dr)« = (=Dx[~gl.

So clearly S* = [~2g], which is the first identity.
For the second identity, we note that

(ToS)(K)=L®S(K)=R(p2).(pi K @ m*"L@p; L"),
which means that T o S is an integral transform with kernel m*L ® p{L~!. The
kernel of (T o S)? is therefore given by convolution: concretely, it is

R(p1a). (mTQL misL@mi,Lopi L  @piL ™t ® p;’;L*l),

where p14: X X X x X x X — X x X is the projection to the first and fourth factor,
and m;; is the morphism that adds the i-th and j-th coordinates. We can simplify
the line bundle in parentheses using the seesaw theorem. For any two closed points
x,y € X(k), its restriction to {z} x X x X x {y} is

pitsL@om* Lepsts L@ pi L~ @ ps L~ = m*L @ piér(x) @ pyor(y),

and under the natural isomorphism X x X x X x X & X x X x X x X, this is
isomorphic to the restriction of pi, P @ mis L @ pi, P ® p; L. Both bundles also have
the same restriction to X x {0} x {0} x X, and so they are isomorphic by the seesaw
theorem. Therefore the kernel of (T o 9)3 is

R(p14)+ (pﬁp ® pazm* L @ p3, P @ piL)
= p5L & R(p1a)- (piaP @ piym*L @ piy P) = psL & R®pgp(m”L).
The second factor is exactly the Fourier-Mukai transform of m*L € D?(X x X)
using the Poincaré bundle PR P on X x X x X x X.
The homomorphism m: X x X — X is dual to the diagonal A: X — X x X, in

the sense that m = A. Because we know from Proposition 18.4 how the Fourier-
Mukai transform interacts with homomorphisms, we get

R®pgp(m*L) = A ®p(L)[—g] = AL [—g].
Therefore the kernel of (T o S)? simplifies to
p;L ® A*Lil[fg] = A*ﬁf([fg}a
which shows that (T'o S)? 2 [—g]. a

Exercise 20.1. As an exercise, you can try to figure out what the kernel for the
equivalence corresponding to a general matrix

A= (‘CL Z) € SL(2Z)
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might look like. As a starting point, consider the diagram from Proposition 20.6,
which now reads (after identifying X and X)

(id,A)

X xX X XxXxXxX

fa lpl;s

X x X.

Here fa(z,y) = (z,azx +by), and if b # 0, then f4 is an isogeny of degree degbx =
b29, and so the kernel object must be a vector bundle on X x X. What is its rank?
Can you describe this vector bundle in some cases? What happens when b = 07

LECTURE 21 (APRIL 15)

Derived equivalences and cohomology. Today, we go back to abelian varieties
over the complex numbers. Let X and Y be two abelian varieties (of the same
dimension g), and suppose that we have an integral transform

R®p: D’(X) — D*(Y).
We can use the kernel ¥ on X X Y to construct an induced transformation
o7 H*(X,Q) — H*(Y,Q)

in cohomology. Let ch(E) € H*(X x Y, Q) be the Chern character of the complex
EcDYXxY),andlet p;: XxY — X and pa: X xY — Y be the two projections.
Then define

¢ H'(X,Q) —» H*(Y,Q), ®g(a) = (p2)«(pi(a) Uch(E)),

where (p2). is the Gysin map in cohomology. Note that <I>g does not respects
degrees in general, because ch(E) can have components in many different degrees.

Ezxample 21.1. When L is a line bundle on X, one has

ch(L) =expei(L)=1+4c¢1 (L) + :

ECI(L)Q +

For a vector bundle F, the Chern character is a certain polynomial (with rational
coefficients) in the Chern classes: using the splitting principle, if Ly, ..., L, are the
Chern roots of F, then
-
ch(E) =) ch(L;).
j=1

For an arbitrary complex E, we can define the Chern character by choosing a
bounded complex &* of locally free sheaves that is quasi-isomorphic to E, and then
setting

ch(E) =) "(~1)7 ch(&”).
JEL
It can be shown that the alternating sum on the right-hand side is the same for
every locally free resolution.

The construction is compatible with composition, in the sense that if

R®p«r

R<I>E Rq:'F
— —

D?(X) DY (Y) D*(2)
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are two integral transforms (so that their composition is an integral transform with
kernel E * F'), then the induced diagram

H
qJE*F

= T

H*(X,Q) —%5 H*(Y,Q) —*~ H*(Z,Q)

is also commutative. This is a consequence of the Grothendieck-Riemann-Roch
theorem for Chern characters. Recall that the convolution is defined as

Ex F =R(p13)« (pTQE ®P§3F)-
As easy computation reduces the problem to showing that
ch(E « F) = (p13)« (p}2 ch(E) U p33 ch(F)).
The Chern character always commutes with pulling back; and on abelian varieties,
it also commutes with pushing forward. Indeed, if f: X — Y is a morphism

between abelian varieties, and E € D®(X) a bounded complex of coherent sheaves,
then the Grothendieck-Riemann-Roch theorem gives

ch(Rf.E) = td(Fy) Uch(Rf.E) = f.(td(Ix) Uch(E)) = f. ch(E).

This works because the Todd class of the tangent bundle td(Zx) is trivial on an
abelian variety, due to the tangent bundle itself being trivial.

In particular, if R®g: D?(X) — D®(Y) is an equivalence, then the induced
homomorphism ®: H*(X,Q) — H*(Y,Q) is an isomorphism. Let me point out
again that it is usually not compatible with the grading.

Ezample 21.2. Let’s consider the Fourier transform R®p: D?(X) — D?(X). To
compute the induced homomorphism on cohomology, we first need to know the first
Chern class ¢1(P) of the Poincaré bundle. From the Kiinneth formula, we get

H*(X x X,7) ~ H*(X,Z)® H (X,Z) ® H'(X,Z) ® H*(X,Z),

Now ¢1(P) belongs to the subspace H*(X,Z) @ H'(X,Z), because the restriction
of P to each slice X x {a} and {z} x X has trivial first Chern class (in coho-

~

mology). We can rewrite this subspace if we remember that X = Pic’(X) =
HY(X,0x)/H"(X,Z). This gives H(X,Z) = H'(X,Z), and therefore

HY(X,Z) = H\(X,Z)".
Under this isomorphism, the first Chern class
ci(P) € HY(X,Z) ® H (X, Z)*

is the identity: if e1,...,eqy € H'(X,Z) is a basis, and e}, ..., e5, € H'(X,Z)* the
dual basis, then one can show that

2g
a(P) = Zej ® €.
j=1

From this, it is easy to see that

1
—e(P)" € H'(X,2) © H"(X, Z)"

has integer coefficients, and hence that the Chern character ch(P) € H*(X x X, Z)
is also integral. It follows that

8. H*(X,Z) — H*(X,Z)
makes sense (and is an isomorphism) over the integers. Considering degrees, we get

o8 H'(X,Z) - H* (X, 7).
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One can prove (using the formula for the first Chern class of P) that this isomor-
phism is basically Poincaré duality: the product (—1)”("“)/2*9 - @1 is the Poincaré
duality isomorphism

H™(X,Z)~ H,(X,Z)* =~ H¥ "(X,Z)* =~ H¥ "(X,Z).

In fact, something similar happens for an arbitrary derived equivalence between
two abelian varieties, as our the next proposition shows.

Proposition 21.3. Let R®g: D*(X) — D®(Y) be an equivalence. Then
o H*(X,Z) — H*(Y,Z)

is an isomorphism over the integers.
Proof. From R® g, we constructed an induced equivalence

Fg:DY(X x X) = DP(Y xY),
with the help of the diagram in (19.3). We also showed that F is tensor product
with a certain line bundle Ng € Pic(X x X), followed by pushforward along the
isomorphism ¢pp: X x X — Y x Y. Just as for the Poincaré bundle, the Chern
character ch(Ng) is a class in the cohomology of X x X with integer coeflicients.
Therefore the homomorphism in cohomology associated to Fg is an isomorphism
H*(X x X,Z) 2 H*(Y x Y,Z). The two vertical arrows in (19.3) also induce
isomorphisms on integral cohomology (because they involve only isomorphisms and

the Poincaré bundle); therefore the homomorphism associated to the equivalence
ROz x R®,': DY(X x X) — D*(Y x Y) is an isomorphism

H*(X x X,Z) = H*(Y x Y, Z).

A short computation shows that it acts as conjugation by ® and together with
the Kiinneth decomposition, this is enough to conclude that

o H*(X,Z) — H*(Y,Z)
must be an isomorphism. O

Exzercise 21.1. Let L be a line bundle on abelian variety X. Show that

1
—a(L)" € H(X,Z),
n

and conclude that the Chern character ch(L) is an element of H*(X,Z).

Finally, we can give a cohomological criterion for when two abelian varieties X
and Y are derived equivalent. The main point is that a complex abelian variety
X can be reconstructed from the Hodge structure on H'(X,Z), meaning from the
Hodge decomposition on

HY(X,Z)®;,C= H'(X,C) = H"°(X) ® H"'(X).
Indeed, X is isomorphic to its own Albanese variety
Alb(X) = HO(X,Q%)"/H\(X, Z),

and we have Hy(X,Z) = H(X,Z)* and H(X, Q%) =2 H"°(X). Soif X and Y are
abelian varieties, and if H'(X,Z) and H'(Y,Z) are isomorphic as Hodge structures,
then X =2 Y. (This is an isomorphism of compact complex manifolds, but since X
and Y are projective, the isomorphism is automatically algebraic as well, due to
Chow’s theorem.)
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Now let’s go back to the criterion in Corollary 20.4, which says that D?(X) =
DY(Y) iff U(X x X,Y x Y) # (). This set of “unitary” isomorphisms was defined
as follows. Write a given homomorphism ¢: X x X =Y xY in the form

=13,

Witha:X%Y,ﬂ:X—)

: > YA 7t X = Y, and @X—{}Aﬂ then take the dual
homomorphisms &: Y = X, 5: Y - X, 4:Y = X, and §: Y — X, and assemble
them into a second matrixp

. (0 —B)
[ (—ﬁ a

that represents a homomorphism ¢*: Y x Y — X x X. Then if p*op =id, we say
that p e U(X x X, Y xY).

According to the discussion above, an isomorphism ¢: X x X — Y x Y is the
same thing as an isomorphism f: H'(X x X,Z) — H*(Y x Y,Z) that respects
the Hodge structures. The extra condition of being “unitary” can also be seen on
cohomology. Writing

HY(X x X,Z) 2 H(X,Z)® H'(X,Z) >~ H (X, Z) ® H (X, Z)*,
we have a natural bilinear pairing ¢x, defined by the rule

qgx ((a1, 1), (a2, ¢2)) = p1(az) + d2(an).

We can then restate the criterion from Corollary 20.4 as follows.

Corollary 21.4. Let X and Y be abelian varieties. We have D*(X) = D*(Y) if
and only if there is an isomorphism of Hodge structures

f:HY (X x X,Z) - H'(Y xY,Z)
that is an isometry with respect to the bilinear pairings qx and qy -

Proof. Choose a basis in H'(X,Z), and the dual basis in H'(X,Z) = H'(X,Z)*;
then the pairing qx is represented by the matrix

( 0 id)
id 0
We can represent the isomorphism f: H'(X x X,Z) — H'(Y x Y,Z) as a matrix

a b
r=(00),
where a: HY(X,Z) — HY(Y,Z), b: HY(X,Z)* — H(Y,Z), and so on. The condi-
tion to be an isometry is then

(c* a*) (a b) B (a* c*) (O id) (a b> B (O id)

d* d*)\c d)  \b* b*/\id 0/\c d/ \id 0/°

Here a*: HY(Y,Z)* — H'(X,Z)* is the homomorphism dual to a, and so on.
Now a: HY(X,Z) — H(Y,Z) is, by assumption, a morphism of Hodge structures,
and so it corresponds to a morphism of abelian varieties av: X — Y. Under the
isomorphisms H'! (X,Z) ~ HY(X,Z)* and HI(Y,Z) =~ HY(Y,Z)*, the dual homo-
morphism ¢* then corresponds exactly to the dual morphism é: Y — X. Likewise,
b: HY(X,Z)* — H(Y,Z) corresponds to a morphism f3: X — Y, but the dual

homomorphism b*: HY(Y,Z) — H*(X,Z)** = H'(X,Z) involves the isomorphism
with the double dual, and for that reason, there is an extra sign: the corresponding
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morphism is —B: Y — X. In this manner, the condition that f is an isometry

turns intO the identity
( AA AA) (:K /8) (O .(I>
5 6’ ,}/ 5 ]'d () ’

which is exactly saying that
(0‘ B) eUX x X,Y x V).
v 4
We now conclude by applying Corollary 20.4. O

Deligne’s theorem on absolute Hodge classes. The next topic, which is going
to take up the rest of the semester, is a theorem by Deligne about Hodge classes on
abelian varieties. We started with a brief overview. Let X be a smooth projective
variety over the complex numbers. For k > 0, we have the Hodge decomposition

H*MX,C)= @ HPY(X).
p+q=2k

A cohomology class o € H?*(X,7) is called an (integral) Hodge class if its image in
H?*(X,C) lands in the subspace H*¥(X) — in other words, if it has type (k, k) with
respect to the Hodge decomposition. Any closed subvariety Z C X of codimension
k has a fundamental class

2] € H* (X, 2),
and this is always a Hodge class. (Proof: Let p: Z — Z be a resolution of singu-
larities; then [Z] is Poincaré dual to the image of y, and so

[wa=[1z10a

for every closed form a € A?"~2%(X), where n = dimX. As dimZ = n — k,
the integral vanishes except when o € A""F"=%(X).) Hodge asked whether every
integral Hodge class is “algebraic”, meaning a linear combination of fundamental
classes of subvarieties. Over Z, there are counterexamples: cases where [Z] is torsion
(and therefore a Hodge class for trivial reasons), and cases where some multiple of
[Z] is algebraic, but [Z] cannot be a linear combination of fundamental classes for
degree reasons. The Hodge conjecture is therefore properly stated over Q.

Conjecture 21.5 (Hodge). Every Hodge class in H**(X,Q) is a Q-linear combi-
nation of fundamental classes of subvarieties of codimension k.

For k = 1, this is true even over Z, by the Lefschetz (1, 1)-theorem: every Hodge
class in H%(X,Z) is the first Chern class of a line bundle. This works even on
compact Kéhler manifolds. But for larger values of k, the Hodge conjecture is
known to be false on compact Kéhler manifolds. (In fact, one can find compact
complex tori that have Hodge classes in H 2k(X ,Q), but that don’t contain any
closed analytic subsets of codimension k.) So one has to use the fact that X is
projective, and one way of doing this is by looking at arithmetic aspects (that
make sense for polynomials but not for holomorphic functions). Deligne’s theory
of “absolute Hodge classes” is one step in this direction.

The general idea is as follows. Let X C I%V be a smooth projective variety.
It is of course the common zero set of finitely many homogeneous polynomials in
Clzo, - .., 2n], and the finitely many coefficients of all these polynomials generate
a subfield k£ C C that is finitely generated over Q. By construction, X is defined
over this much smaller field k. If we have an automorphism o € Aut(C/Q), we can
apply it to the coefficients of the polynomials defining X, and obtain a new smooth
projective variety X 7. It is isomorphic to the original X as a variety over Q — if a
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point [zg, ..., zn] lies on X, then its image [0(z0),...,0(zn)] lies on X7 — but not
over C. In fact, not only are X and X not isomorphic as complex manifolds, they
are usually even not isomorphic as topological spaces.

The cohomology H*(X,C) can actually be computed algebraically (using the
algebraic de Rham complex), and for that reason, H*(X,C) = H*(X?,C). The
isomorphism is functorial, but it does not take the subspace H*(X,Q) to the sub-
space H*(X?,Q), because one needs the underlying topological space to define the
cohomology with Q-coefficients, and the underlying topological spaces of X and
X7 are not isomorphic. So if one has a Hodge class a € H?*(X,Q), there is no
reason why its image a® € H?*(X7,C) should again be a Hodge class — it might
not even be a rational cohomology class. On the other hand, the fundamental class
[Z] of a closed subvariety does remain a Hodge class, because the isomorphism
H?*(X,C) = H?*(X°,C) takes [Z] to [Z?]. This potentially different behavior
between Hodge classes and algebraic classes motivates the following definition.

Definition 21.6. A Hodge class o € H?*(X,Q) is called absolute if for every
o € Aut(C/Q), the image a® € H?*(X,C) is again a Hodge class.

The Hodge conjecture then breaks up into two steps: (1) Show that every Hodge
class is absolute. (2) Show that every absolute Hodge class is algebraic. Absolute
Hodge classes don’t make sense on compact Kéhler manifolds, and so this limits
the scope of the problem to smooth projective varieties.

On abelian varietes, the Hodge conjecture is still open (and while I am skeptical
about the general case, I do think that the Hodge conjecture is true on abelian
varieties). If you went to Markman’s talk two weeks ago, you’ll remember that
he proved the Hodge conjecture for all 4-dimensional abelian varieties. The best
general result that we have is the following cool theorem by Deligne.

Theorem 21.7 (Deligne). Every Hodge class on an abelian variety is absolute.

In the rest of the semester, we’ll talk about the proof of Deligne’s theorem. It
involves moduli spaces of abelian varieties; complex multiplication (CM) on abelian
varieties; certain special Hodge classes called “Weil classess”; and other things.

LECTURE 22 (APRIL 17)

Hodge structures. Let’s start with a brief review of Hodge structures, because
we are going to need the language. Let H be a finite-dimensional Q-vector space.
A Hodge structure of weight k on H is a decomposition

Hc=H®pC = @ HP
pta=k

with the property that HP4 = H%P for all p+ ¢ = k. We can describe a Hodge
structure in terms of its Hodge filtration F'® Hc; this is the decreasing filtration with

FPH: = gPk—P @ gptlk—ptl o gpt2k—pt2 o
One can recover the Hodge decomposition from the Hodge filtration because
HPY = FPH-N FaHc.
All Hodge structures that are of interest in geometry are “polarized”. By definition,
a polarization of H is a (—1)F-symmetric bilinear pairing
S:HegH—Q

with the property that the hermitian form

h(v,w) = Z ip_qS(Up’q,W)

p+q=k
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is positive definite and makes the Hodge decomposition into an orthogonal decom-
position. Concretely, S is symmetric if k is even, and skew-symmetric if &k is odd;
S(HP, H?4") = 0 unless p' = ¢ and ¢ = p; and #95(v,) > 0 for nonzero
v € HP9. These conditions are coming from the Hodge-Riemann bilinear relations
on the cohomology of smooth projective varieties.

Ezxample 22.1. Suppose that k = 2m is even. A class h € H is called a Hodge class
if h € H™"™. This is equivalent to the condition that h € F™H¢. Indeed, if we
write h = Zp+q:2m hP9 then h € F™ H¢ means that h?? = 0 for p < m. Because

h = h, we also gett h?? = haP = for p > m, and so h € H™™.

For any integer ¢ € Z, we have Tate’s Hodge structure Q(¢) on the Q-vector
space Q(f) = (2mi)*Q C C. It has weight —2¢: the complexification is C, and the
Hodge decomposition is C = C~%~¢. For any Hodge structure H, we can then form
the Tate twist H({) = H ®g Q(¢). The Hodge decomposition of H({)c = Hc stays
the same, but we now view it as a Hodge structure of weight k — 2¢ by setting

H(g)znq — gpthatt

Lastly, a morphism between two Hodge structures H;, Ho of the same weight is a
Q-linear mapping f: Hy — Hy such that f(HYY) C HY? for all p+ ¢ = k. In
geometry, one often encounters linear mappings that change the weight (such as
the Gysin morphism); they are properly considered as morphisms H; — Ha ().

Ezxample 22.2. Let X be a smooth projective variety over C. By Hodge’s theorem,
each cohomology group H*(X,Q) has a Hodge structure of weight k. The Hodge
filtration

FPH*(X,C) = HP*P(X) o HPTUR P (X))@ - -

has an alternative description in terms of de Rham cohomology. Set n = dim X,
and consider the holomorphic de Rham complex

0— Ox Lol 402 4 ... 4qgn 0.

By the holomorphic Poincaré lemma, the complex Q% is a resolution of the constant
sheaf Cx, and so

H*(X,C) = H*(X,0%).
We can filter the holomorphic de Rham complex by the family of subcomplexes
0— Q% L gt 4. 4 0n 0,
usually denoted FPQ% . A basic result in Hodge theory is that the mapping
H*(X,FPQ%) — H*(X,0%)

is injective, and that its image is exactly the Hodge filtration FPH*(X,C). An
equivalent formulation is that the spectral sequence

EDY = HY(X, %) — H'™9(X,C)

degenerates at F7, and that the filtration coming from the spectral sequence is the
Hodge filtration.

Example 22.3. Let’s also quickly review the formulas for the polarization. Let
L be an ample line bundle on X, and set w = ¢1(L), which is a Hodge class in
H?(X,Z(1)). The Hard Lefschetz theorem says that for 0 < k < n, the mapping

w" R HR(X,Q) — H*F(X,Q(n — k))
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is an isomorphism of Hodge structures. (The Tate twist is needed to make the
weight of the second Hodge structure equal to k.) The primitive cohomology is

HE(X,Q) = ker(w”*k“ L HY(X,Q) — H27F2(X,Q(n — k + 1))).

According to the Hodge-Riemann bilinear relations, the pairing

1 -
e fen et
X

is a polarization of the Hodge structure on H¥(X,Q). (The sign and the factor
1?~9 show up because the associated hermitian form is, up to a positive constant,
exactly the hermitian inner product on H¥(X,C) induced by the Kihler metric.)

One can get a polarization on all of H*(X, Q) by using the Lefschetz decomposi-
tion. Because of the Hard Lefschetz theorem, we only need to consider 0 < k < n.
In that case, the Lefschetz decomposition is

H'(X,Q) = Hy(X,Q) ® wHy (X, Q(-1)) ®w’Hy (X, Q(~2)) & -

and one can show that (—1)%S), polarizes the summand w’HY=2¢(X, Q(—¢)). If we
define an involution o of H*(X,Q) that acts on the /-th summand as (—1)¢, this
means that the bilinear form

Si(a, B) = (=1)FE=D/2

(Oé, ﬂ) — Sk (aa 0(6))
is a polarization for the Hodge structure on H*(X, Q).

Algebraic de Rham cohomology. The theory of absolute Hodge classes is based
on the observation that one can compute the cohomology of a smooth projective
variety algebraically. Let X be a smooth projective variety over Spec k, where k is
a field containing Q. (For example, k could be a finitely-generated extension of Q,
or k = C.) From the sheaf of Kéhler differentials Qk /k and its wedge powers, one

can form the algebraic de Rham complex
0—ox 4oy, 50k, 5. Loy, —o

Its hypercohomology groups
Hyp(X/k) = H'(X, Q%)

are called the algebraic de Rham cohomology of X. They are finite-dimensional
k-vector spaces. As before, we can filter the algebraic de Rham complex by the
family of subcomplexes

0— 0%, Lo Lo bar, —o

denoted FPQS Jk and define the Hodge filtration as
FrHip(X/k) = im(H(X, FPO% ) — HI(X, 9% )

The point is of course that this agrees with the definitions we gave earlier. To
see why, suppose that k¥ = C. For the sake of clarity, let’s denote the compact
complex manifold associated to the smooth projective variety X by the symbol
X The analytification of Q}X /c is the sheaf of holomorphic 1-forms Qﬁﬁn, and
the analytification of the complex Q5 /c is the holomorphic de Rham complex 2% ..
By Serre’s GAGA theorem, we get a natural isomorphism

Hap(X/C) = H'(X, Q% c) = H'(X ™, Q%) = H'(X*",C).

This isomorphism takes the subspace F?H’,,(X/C) to the subspace FPH' (X, C),
hence to the usual Hodge filtration.
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Note. We can not get the rational cohomology H*(X Q) in this way; for that,
we need the underlying topological space of the complex manifold X “".

In general, we can take any embedding o: k — C, and consider the base change

Xe —I 4 x

! !

SpecC AN Speck.

We have Q}(C c = *Qﬁ( Jk because Kahler differentials are compatible with base
change; we therefore get a natural isomorphism

Hjp(Xc/C) = Hip(X/k) @y C.

So both the algebraic de Rham cohomology, and the Hodge filtration on it, are
actually defined over the field k.

Conjugate varieties. We can now give a precise definition of conjugating a variety
by an automorphism of C. Let X be a smooth projective variety over Spec C, and
let 0 € Aut(C/Q) be an automorphism. We define the conjugate variety X7 as the
base change

x 1 . x

l |

SpecC AN SpecC

While X and X are isomorphic as abstracts schemes (or as schemes over Spec Q),
they are not isomorphic as schemes over Spec C. Because algebraic de Rham coho-
mology is compatible with base change, we have

Hp(X7/C) = Hyp(X/C) ®c,0 C

with the tensor product being taken over the isomorphism o: C — C. We therefore
get a natural isomorphism

Hi<(XJ)an,(C) o Hi(Xan’(C) ®(C,a (C,

and this allows us to associate to every cohomology class o € H* (X", C) a conju-
gate a? in the i-th cohomology of (X )"

The small problem is that the only automorphisms of C that one can write down
(without the axiom of choice) are the identity and complex conjugation. A simpler
way to accomplish the same thing is to start from a smooth projective variety X
defined over a field k; in practice, k is going to be finitely-generated over Q. For
any embedding o: k — C, we can define XZ as the base change

X — X

! |

Spec C AN Speck.
As before, we get a natural isomorphism
H'((Xg)™,C) = Hyp(XE/C) = Hyp(X/k) @y, C.

This again allows us to take any class in the cohomology of one complex manifold
(X&)®, and transport it in a canonical way to the cohomology of any other con-
jugate. The advantage is that embeddings of a finitely-generated field k into the
complex numbers are easy to describe.
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Note. When k = Q, we get two different Q-structures on the C-vector space
HY(X™,C) = H'(X™, Q) ®g C = Hyp(X/Q) ©q C,

one coming from singular cohomology, the other from algebraic de Rham cohomol-
ogy. The relation between the two is the subject of Grothendieck’s period conjec-
ture: roughly speaking, it says that unless there is a geometric reason, the entries
of the matrix relating the two Q-structures are as transcendental as possible.

Note. Somebody asked about an example of two conjugate varieties that are not
homeomorphic. I recommend the paper “Conjugate varieties with distinct real
cohomology algebras” by Frangois Charles, which you can find here:

https://www.math.ens.psl.eu/~charles/crl15855.pdf

Absolute Hodge classes. We can now give a precise definition of absolute Hodge
classes. One formulation starts from algebraic de Rham cohomology.

Definition 22.4. Let X be a smooth projective variety over a field k that is finitely-
generated over Q. A class a € F”Hjﬁ(X/k) ®y, C is called an absolute Hodge class
if, for every embedding o: k < C, the image of o under the isomorphism

Hi(X/k) @1, C = H* ((Xg)™,C)
belongs to the subspace H?? ((XE)“", Q), and is therefore a Hodge class on (XgZ)".

In practice, we are usually starting from a smooth projective variety over Spec C
and are interested in classes in the rational cohomology of X**. So here is an
equivalent definition that is closer to what we said last time.

Definition 22.5. Let X be a smooth projective variety over SpecC. A Hodge
class a € H?(X™,Q) N FPH?*(X ™, C) is called an absolute Hodge class if, for
every automorphism o € Aut(C/Q), the image of « under the isomorphism

FPH? (X", C) ®c,, C= FPH?((X?)*",C)
belongs to the subspace H?? ((X”)“", Q), and is therefore a Hodge class on (X7)%".

The main example are of course fundamental classes of algebraic subvarieties.
Let’s start with a simpler example.

Ezxample 22.6. Let L be a line bundle on the smooth projective variety X. Let
L denote the associated holomorphic line bundle on the complex manifold X ".
Then ¢; (L") is an absolute Hodge class in H?(X %", Q(1)). To see why, we need
to look at the construction of the first Chern class, especially in algebraic de Rham
cohomology. This will also explain where the 27 comes from.

In the analytic topology, we can use the exponential sequence

exp

0 Z(l) ﬁxan ﬁ;m — 0.

Here Z(1) = 2miZ C C shows up as the kernel of the exponential function. The
first Chern class is the connecting homomorphism

cr: Pie(X™) = HY (X, 0%..) — H* (X, Z(1)).
To compute c¢; (L), we take a good covering by contractible open subsets U; on
which L®" is trivial. The transition functions g;; € T'(U; N Uy, ﬁ)x(m) form a 1-
cocycle. We then write

gij = efii

for holomorphic functions f;; € T'(U; NU;, Oxan), and then the 2-cocycle

fik = fae + fij € Z(1)


https://www.math.ens.psl.eu/~charles/crll5855.pdf
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represents c; (L") € H?(X* 7Z(1)). To convert this class to de Rham cohomology,
we consider the holomorphic 1-forms
dg;;
dfi; = 2 c T(U; N Uy, Q).

glj

They are closed, and form a 1-cocycle, and so they determine a class in H2(X ", F'Q%..)
(using Cech cohomology). Since this computes F'H?(X %", C), the first Chern class
of L% is a Hodge class. Note that it naturally lives in H2(X Q(1)), which is a
Hodge structure of weight zero (because of the Tate twist).
We can imitate this construction in algebraic de Rham cohomology. Indeed, L
is an algebraic line bundle, so there is a covering of X by affine open subsets U; on
which L is trivial. Denoting the transition functions again by g;; € T'(U; NU;, 0%),
we get a 1-cocycle consisting of the closed algebraic 1-forms
d9ij e I'U;nU;j, Qﬁ(/c),
Gij

and using Cech cohomology, this again determines a class in
F'H3R(X/C) = H*(X, F'Q%¢)-

Under the comparison isomorphism, the two classes ¢1 (L") and c¢;(L) then cor-
respond to each other. For every automorphism o € Aut(C/Q), we can pull L
back along the morphism X? — X and obtain a line bundle L?. By the above,
¢1 (L") corresponds to the class ¢ (L) in de Rham cohomology; under o, this goes
to ¢ (L), which in turn corresponds to ¢1((L7)*"). Therefore the conjugate of
c1 (L) is again the first Chern class of a line bundle, and this means that ¢ (L")
is an absolute Hodge class. (With a slightly broader definition of absolute Hodge
classes that allows Tate twists.)

More generally, the fundamental class of any closed subvariety is an absolute
Hodge class. Let Z C X be a closed subvariety of codimension p. For the sake of
precision, let’s denote by Z%" C X %" the associated analytic subset of the compact
complex manifold X *"*. The fundamental class

(2] € H?" (X", Q(p))

can be defined using Poincaré duality (which also explain the appearance of the Tate
twist). Let u: Z — Z be a resolution of singularities, and denote by f: Z — X the
composition. The linear functional

H™ (X" Q) - Q, aw - [fa,
Z(LIL
is represented by a unique cohomology class ¢ € H?P(X % Q), which then satisfies

ffa= CUa.
Zan Xan

We saw in the discussion about polarization that it is better to divide the integral
over X" by (2mi)™. We therefore define the fundamental class of Z as
(2] = (2mi)P¢ € H?P (X", Q(p)),
and this turns the identity from above into
1 1
- - * - Z(]/n. U A
(278)" P [ 5n fra (2mi)™ / un[ JVa

Now we need to define a corresponding class [Z] in the algebraic de Rham coho-
mology of X. The easiest way to do this is to use Chern classes, which make sense
both in usual cohomology and in algebraic de Rham cohomology. Starting from
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the case of line bundles (for which we have Chern classes in both theories), one first

constructs Chern classes for vector bundles (using the splitting principle), and then

Chern classes for arbitrary coherent sheaves (using locally free resolutions). Once

this theory is in place, the Grothendieck-Riemann-Roch theorem implies that
(=1

[z = ch(ﬁzan).

We can then simply define

(=1t
(p—1!
and then [Z°"] and [Z] correspond to each other under the comparison isomorphism.

For every o € Aut(C/Q), we get a conjugate subvariety Z2 C X9, and just as in
the case of line bundles, this implies that [Z%"] is an absolute Hodge class.

(2] = cp(07) € FPHH(X/C),

LECTURE 23 (APRIL 22)

Deligne’s Principle B. The goal of today’s lecture is to show that absolute Hodge
classes behave well in families. Suppose that f: X — B is a smooth projective
morphism (over C); for each b € B, we denote the fiber by X = f~1(b), which is
a smooth projective variety. For simplicity, let’s assume that the parameter space
B is connected and quasi-projective; then X itself is also quasi-projective. The
2p-th cohomology groups H??(X,, Q) of the fibers fit together into a local system
R?f,Qx on B. If we have a global section a € H%(B, R?’ f,Qx), we denote its
value at a point b € B by a; € H*(X;,Q). We think of a as being a family of
cohomology classes on the fibers.

The following important result is known as “Deligne’s Principle B”. Informally,
it says that if we have a family of cohomology classes (in the above sense), and
if one of them is an absolute Hodge class, then all of them are absolute Hodge
classes. (The analogue problem for algebraic classes is the so-called “variational
Hodge conjecture”; this is wide open.)

Theorem 23.1 (Principle B). Let f: X — B be a smooth projective morphism,
with B connected and quasi-projective, and let o € HO(B, R*’ f.Qx). If there
is a point 0 € B such that ag € H*(Xo,Q) is an absolute Hodge class, then
ay € H*(Xy,Q) is an absolute Hodge class for every b € B.

In practice, this means that if «y is the class of an algebraic cycle (and therefore
an absolute Hodge classe), then all the oy are absolute Hodge classes. So Principle B
allows us to bypass the Hodge conjecture in certain cases.

Properties of absolute Hodge classes. We are going to prove the theorem by
studying the behavior of absolute Hodge classes under various operations.

Pullbacks. The most basic operation is pulling back along a morphism f: X — Y
between two smooth projective varieties (over C). Here the pullback morphism

o HM(Y,Q) — H*(X,Q)

takes absolute Hodge classes on Y to absolute Hodge classes on X. This can be seen
as follows. First, we have a pullback morphism in algebraic de Rham cohomology:
the morphism of sheaves f*Q%, e Qﬁ( c induces a morphism of complexes

Q% c = Q%c
between the algebraic de Rham complexes of X and Y'; passing to cohomology gives

Hjjp(Y/C) = H*(Y, Q% )c) = H(X, f*QY)c) = H*(X, Q% c) = Hjjr(X/C).



121

It is easy to see that this morphism is compatible with f*: H*(Y,C) — H*(X,C)
under the comparison isomorphism with algebraic de Rham cohomology. Now
if o € Aut(C/Q), then we get a conjugate morphism f7: X° — Y7 and the
compatibility with algebraic de Rham cohomology implies that

(%) = (fa)?
Soifa € H*(Y, Q) is an absolute Hodge class (and k is even), then a® € H*(Y?,Q),

and so its pullback lies in H*(X?,Q), which shows that f*a is again an absolute
Hodge class.

Cup product. Similarly, the cup product morphism
H' (X,Q)® H(X,Q) - H(X,Q), a®p—aUp,

takes pairs of absolute Hodge classes to absolute Hodge classes. To see this, we
rewrite the cup product as

Hi(X,Q) ® HI(X,Q) —— H™(X x X,Q) 2 H""(X,Q),

where the first morphism comes from the Kiinneth isomorphism, and the second is
pullback along the diagonal A: X — X x X. The Kiinneth isomorphism also holds
in algebraic de Rham cohomology, in a way that is compatible with the comparison
isomorphism; this is a consequence of the fact that

O x/c =PI /e © P35 -

For that reason, the inclusion H*(X,Q) ® H/(X,Q) — H' (X x X,Q) takes a
pair of absolute Hodge classes to an absolute Hodge class; and because A* preserves
absolute Hodge classes, we get the result.

Poincaré duality. On a smooth projective variety X of dimension n, the pairing
HY(X,Q) ® H*"*(X,Q) —» H*(X,Q), a®B~aUp,
is nondegenerate, which means that
H*(X,Q) — Hom (H*"%(X,Q), H*"(X,Q))

is an isomorphism. As Hodge structures of weight 2n, we have H?"(X,Q) = Q(—n);
an explicit isomorphism is given by

1
H*"(X,Q) — Q(—n), o
(X,Q) = Q(=n), o (2mi)" /X @
Its inverse is represented by the fundamental class [x] € H?"(X,Q(n)) of any point
x € X. Because cup product preserves absolute Hodge classes, and because the
fundamental class of a point is of course an absolute Hodge class, it follows that
the Poincaré duality isomorphism

H*(X,Q) — Hom(H*"*(X,Q),Q(-n))

takes absolute Hodge classes to absolute Hodge classes. (The notion of absolute
Hodge classes also makes sense for classes in the dual vector space.)

Ezxample 23.2. Let f: X — Y be a morphism between smooth projective varieties,
and set r = dimY — dim X. Then the Gysin homomorphism f.: H*(X,Q) —
H**2r(Y, Q(r)) takes absolute Hodge classes to absolute Hodge classes. The reason
is that f, is the composition of Poincaré duality on X and Y and the homomorphism
dual to f*: H*(Y,Q) — H*(X, Q).
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Absolute homomorphisms. More generally, suppose that we have a homomorphism
¢: H*(X,Q) — H**2"(Y,Q(r)) between cohomology groups of two smooth projec-
tive varieties X and Y. The Tate twist changes the weight of the second cohomology
group to k+ 2r —2r = k. Using Poincaré duality and the Kiinneth formula, we can
associate to ¢ a cohomology class cl(¢) in

HY(X,Q)Y @ H*™"(Y,Q(r)) = H***(X,Q(n)) ® H*""(Y,Q(r))
C H* " (X x Y,Q(n +7)),

where n = dim X. It is not hard to see that ¢ is a morphism of Hodge structures
of weight k if and only if cl(¢) is a Hodge class on X x Y.

Definition 23.3. We will say that a morphism ¢: H*(X,Q) — H*?"(Y,Q(r)) is
absolute if cl(¢) € H?" 2" (X x Y,Q(n +r)) is an absolute Hodge class.

Example 23.4. The Gysin homomorphism is absolute.

One can recover the action of ¢ by a formula similar to an integral transform:

d(@) = (p2)«(pi (@) Ucl(9)),

with p1: X XY — X and po: X XY — Y the two projections. This shows that if
¢ is absolute, then it takes absolute Hodge classes in H*(X,Q) to absolute Hodge
classes in H**+27(Y,Q(r)) (when k is even). Indeed, all three operations on the
right-hand side of the formula preserve absolute Hodge classes.

Composition and inverses. The composition of absolute morphisms is absolute. For
simplicity, let’s take the case where ¢: H*(X,Q) — H*(Y,Q) and v: H*(Y,Q) —
H*(Z,Q) are homomorphisms between cohomology groups of the same degree. The
associated cohomology classes are cl(¢) € H*"(X x Y,Q(n)) and cl(¢)) € H*™(Y x
Z,Q(m)), where n = dim X and m = dimY. Just as with integral transforms, the
cohomology class of the composition ¢ o ¢ is computed by a convolution:

cl(¥ 0 ¢) = (p13)« (pi2 cl(¢) Upss cl(v)) € H*™(X x Z,Q(n)).

If cl(¢) and cl(y)) are absolute Hodge classes, then so is their convolution; therefore
1 o ¢ is again absolute. Similarly, one shows that if

¢: H"(X,Q) — H* " (Y,Q(r))

is both absolute and an isomorphism, then the inverse homomorphism ¢! is again
absolute.

Images of absolute morphisms. We’ll now use the facts from the previous sec-
tion to prove the following result.

Proposition 23.5. Let X and Y be smooth projective varieties. Suppose that
¢: H*(X,Q) — H*(Y,Q) is an absolute morphism of Hodge structures. If o €
H?P(Y,Q) is an absolute Hodge class in the image of ¢, then there is an absolute
Hodge class B € H*(X,Q) such that ¢(3) = .

In other words, any absolute Hodge class in the image of an absolute morphism is
actually the image of an absolute Hodge class. The proof relies on the fact that the
two Hodge structures can be polarized, in a way that is compatible with absolute
Hodge classes.

Let’s start with a few general remarks. Let H be a Hodge structure of weight k,
with Hodge decomposition

He=H®pC = @ HPA.
ptg=k
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Define the Weil operator C' € End(Hg) by the formula Cv = i?~9v for v € HP4. By
Hodge symmetry, we have C(9) = Cv, and so C is a real operator with C2? = (—1)%.
Now recall that a polarization is a (—1)¥-symmetric pairing

S: H®g H— Q(—k)

such that (v,w) = S(Cv,w) is a hermitian inner product on H¢ that makes the
Hodge decomposition into an orthogonal decomposition. This implies in particular
that the polarization S is non-degenerate: if S(v,w) = 0 for all w € Hg, then
|lv]|? = S(Cv,v) =0, and so v = 0. If we consider S as a homomorphism

S: H — Homg (H,Q(—k)),

it is therefore an isomorphism of Hodge structures (of weight k).
If V C H is a sub-Hodge structure, meaning a rational subspace such that
VP4 = HP9N Vg, then the orthogonal complement

Vt={heH|Shv)=0forallveV}
is again a sub-Hodge structure, and H = V @ V+. This follows from the fact that
Vt@eC={heHc| (hv)=0foralvelg},

which holds because (v, w) = S(Cv,w) and because the Hodge decomposition is
orthogonal with respect to the inner product.

In the geometric case, the polarization is itself absolute, in the sense we talked
about earlier. Let’s recall the construction; to keep down the notation, I am going
to leave out the Tate twists in the formulas below. Let X be a smooth projective
variety of dimension n, choose an ample line bundle L € Pic(X), and let w =
c1(L) € H*(X,Z(1)) be its first Chern class. The pairing

Vk(k=1)/2
sk<a7ﬁ>=(1()WL/Xaugw—k,

takes values in Q(—k), and is a polarization of the Hodge structure on the primitive
cohomology
H§(X,Q) = ker(w" "' H¥(X,Q) —» H* "2(X,Q))).

The formula for Sj only involves absolute operations: w = ¢;(L) is an absolute
Hodge class, and the isomorphism

2n —-n o # a
H?™(X,Q) — Q(—n), H(zm')"/x’

is the inverse of the fundamental class of a point.
To get a polarization on all of H*(X,Q), we use the Lefschetz decomposition

Hk(XvQ) = Hg(XvQ) @WH§_2(X’Q) EBW2H§_4(X,Q) SRR

Define an involution s € End H* (X, Q) by acting as (—1)* on the subspace w’ Hi =2 (X, Q)
in the Lefschetz decomposition. Then

S(aaﬂ) = Sk(aas(ﬁ))

polarizes the Hodge structure on H*(X,Q). As we said above, we can view S as
an isomorphism

(23.6) S: H*(X,Q) — Hom(H*(X,Q),Q(—k)),

and this isomorphism is absolute; we’ll abbreviate this by saying that the polariza-
tion is absolute.

Proposition 23.7. The isomorphism in (23.6) is absolute.
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Proof. Because the formula for Sy only involves absolute operations, it suffices to
prove that the involution s is absolute. Let p,: H*(X,Q) — H*(X,Q) be the
projection to the subspace cuZH(]f*%(X7 Q) in the Lefschetz decomposition. Then

s=> (=1)ps,
=y

and so it is enough to prove that each py is absolute. Take any o € H*(X, Q), and
write its Lefschetz decomposition as

a=qa)+wUay +w2Ua2+--~ .
Here each ay € H§_2£(X, Q) is primitive, which means that w” %+2¢ U ay # 0 and
W RH2+1 oy = 0. For 7 > 1, we therefore have
W o = Zw"ilﬁﬂré Uay € HF27 (X, Q).

>

By the Hard Lefschetz theorem,
W2 k=2 ) o g2k (X Q)
is an isomorphism, and we clearly have
(w21 (wnfk%»r Ua) = szfrw.
>
By comparing this with the original Lefschetz decomposition for «, we find that
(po+ -+ pr—1)(a) =a — sz Uag =a—w" U " 2~ w7y a).
£>r

This is clearly an absolute morphism, because it only involves cup product with
the absolute Hodge class w and the inverse of the absolute isomorphism w™¥+27.
By subtracting the formulas for » and r + 1, we conclude that each projector p,. is
absolute. O

We can now show that if an absolute Hodge class lies in the image of an absolute
morphism, then it must be the image of an absolute Hodge class.

Proof of Proposition 23.5. Let’s denote by Sx and Sy the polarizations on H?P(X, Q)
and H?P(Y,Q). The absolute morphism ¢: H??(X,Q) — H??(Y,Q) has an adjoint
¢T: H?P(Y,Q) — H?P(X,Q) with respect to the polarizations, which satisfies

Sy (@, ¢(8)) = Sx (¢'(a). B)).

The adjoint fits into a commutative diagram

H?(Y,Q) a H?(X,Q)

J/Sy lsx
Hom (H? (Y, Q),Q(—p)) —2— Hom(H*(X,Q),Q(-p)),

where ¢* is the morphism induced by ¢. Because ¢ is absolute, the dual morphism
¢* is also absolute; and because Sy is absolute, its inverse S;(l is also absolute.
Therefore ¢! is absolute as well. Note that ¢ is also the adjoint of ¢ with respect
to the inner products on H?P(X,Q) and H??(Y, Q).

Because ¢ is a morphism of Hodge structures, the polarization Sy gives us an
orthogonal decomposition

H?(Y,Q) =im¢ @ (im ¢) .



125

Just as in linear algebra, the adjoint has the property that (im¢)* = ker ¢T. We
can therefore rewrite the decomposition as
H?*(Y,Q) = im ¢ @ ker ¢'.

Now consider the morphism ¢ o ¢T: H?P(Y,Q) — H?P(Y,Q). It is self-adjoint, and
its kernel is exactly ker ¢!, because of the identity

{a, (o M) (@), = (67(a), 6 (a)) .

Let m: H?**(Y,Q) — H?P(Y,Q) denote the orthogonal projection to the subspace
im ¢. By the spectral theorem (for self-adjoint linear operators), © can be written
as a polynomial in ¢ o ¢! without constant term, say

= Z cn(do o)™

n>1

Now if « € H?P(Y,Q) is an absolute Hodge class in the image of ¢, then
a=mu(a) =) calpod) e,

n>1

which is equal to the image under ¢ of the absolute Hodge class

B=3"cu(o! 09)" 161 (a) € H?(X,Q).

n>1

This proves the proposition. O

Proof of Principle B. After all this work, it is now an easy matter to prove
Deligne’s Principle B. Let f: X — B be a smooth projective morphism, with B
connected and quasi-projective. Let o € H°(B, R* f,Q) be a section of the local
system, and denote by a; € H?P(X,Q) its value at a point b € B. Suppose
that ap € H?*(X,,Q) is an absolute Hodge class for some 0 € B. The local
system contains the same information as the monodromy action of 7y (B, 0) on the
cohomology group H?P(Xy,Q), and a global section is the same as a cohomology
class that is invariant under monodromy:

H(B, R* f.Q) = H*(Xo,Q)™ %)

From the Leray spectral sequence (which degenerates at Fy because f is smooth
and projective), we get a surjection

H?(X,Q) — H(B, R £,Q) = H>(Xo,Q)™ (B0,

Denoting by i,: X — X the inclusion of the fiber, the composition is just if.

Now let X be a smooth projective variety containing X as a Zariski-open subset,
and let j: X < X be the open embedding. According to the global invariant cycle
theorem, the composition

H>(X,Q) = H>(X,Q) —° H?(X,,Q)™ (B0

is surjective. (This theorem is also due to Deligne; it uses the fact that H?P(X, Q)
has a mixed Hodge structure with weights > 2p, and that the part of weight 2p is
exactly the image of j*.) Our absolute Hodge class ag € H??(Xy, Q) is invariant
under monodromy (because it comes from a global section «), and so it belongs
to the image; by Proposition 23.5, it is the image of an absolute Hodge class 5 €
H?P(X,Q). But then we have
ap =1,j" B

for every b € B, due to the fact that B is connected; and this shows that each ay
is an absolute Hodge class.
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LECTURE 24 (APRIL 24)

Outline of the proof of Deligne’s theorem. After these preliminaries about
absolute Hodge classes, we can now start talking about Deligne’s theorem.

Theorem 24.1 (Deligne). All Hodge classes on abelian varieties are absolute.

A key object in the proof are so-called “abelian varieties of CM-type”, which
are abelian varieties whose (rational) endomorphism algebra contains a CM-field.
Let’s first recall the necessary definitions.

Definition 24.2. A CM field is a number field E, such that for every embedding
s: E — C, complex conjugation induces an automorphism of E that is independent
of the embedding. In other words, E admits an involution ¢ € Aut(E/Q), such that
for any embedding s: E < C, one has § = so.. Here 5 denotes the composition of
the embedding s with complex conjugation on C.

The fixed field of the involution is a totally real field F'; concretely, this means
that F' = Q(«), where « and all of its conjugates are real numbers. The field E
is then of the form F[z]/(z? — f), for some element f € F that is mapped to a
negative number under all embeddings of F' into R. The simplest example of a
CM-field is Q(v/—d) for a square-free positive integer d; the involution ¢ is just
complex conjugation.

Definition 24.3. An abelian variety A is said to be of CM-type if a CM-field F is
contained in End(A) ® Q, and if H'(A, Q) is one-dimensional as an E-vector space.
In that case, we clearly have 2dim A = dimg H*(4,Q) = [E: Q].

Ezxample 24.4. 1t is easy to describe elliptic curves of CM-type. Write the elliptic
curve as C/(Z + Zt), where 7 is a complex number with Im7 > 0. Any rational
endomorphism can be lifted to an endomorphism of C, and is therefore of the form
z — Az for some A € C. The lifting needs to preserve Q + Qr, and so we get
A =a7 + b and AT = ¢7 + d for rational numbers a, b, c,d € Q. This gives

at> + (b—c)7+d =0,

and because 7 has positive imaginary part, we get (for a # 0) that

_c—b+/(b—c)*+4ad
- 5 :

As long as (b — ¢)? + 4ad < 0, this is an imaginary quadratic extension of Q, and
therefore a CM-field. Observe that there are countably many possible values for 7,
which are dense in the upper half-plane; so there are only countably many elliptic
curves of CM-type, but they are dense in the space of all elliptic curves.

After this preliminary discussion of abelian varieties of CM-type, we return to
Deligne’s theorem. Let A be an abelian variety, and let o € H?P(A, Q) be a Hodge
class. The proof consists of the following three steps.

1. The first step is to reduce the problem to abelian varieties of CM-type. This is
done by constructing an algebraic family of abelian varieties that links a given
A and a Hodge class in H*(A,Q) to an abelian variety of CM-type and a
Hodge class on it, and then applying Principle B.

2. The second step is to show that every Hodge class on an abelian variety of
CM-type can be expressed as a sum of pullbacks of so-called split Weil classes.
The latter are Hodge classes on certain special abelian varieties, constructed
by linear algebra from the CM-field E and its embeddings into C. This part of
the proof is a simplification of Deligne’s argument, due to Yves André.
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3. The last step is to show that all split Weil classes are absolute. For a fixed
CM-type, all abelian varieties of split Weil type are naturally parametrized by
a certain hermitian symmetric domain; by Principle B, this allows to reduce
the problem to split Weil classes on abelian varieties of a very specific form, for
which the proof of the result is straightforward.

The original proof by Deligne uses Baily-Borel theory to show that certain fam-
ilies of abelian varieties are algebraic. In the presentation below, I am going to
replace this by the following two results: the existence of a quasi-projective mod-
uli space for polarized abelian varieties with level structure and the theorem of
Cattani-Deligne-Kaplan concerning the algebraicity of Hodge loci.

Abelian varieties of CM-type. To motivate what follows, let’s briefly look at a
criterion for a simple abelian variety A to be of CM-type that involves the Mumford-
Tate group MT(A). This is a certain algebraic group that serves as a sort of
“symmetry group” of the Hodge structure on H'(4, Q).

Recall that a complex abelian variety A is uniquely determined by the Hodge
structure on H*(A,Z), which is

HY(A,Z) 27 C= H'(A,C) = H°(A) @ H*'(A).

Indeed, writing A = V/A, we have natural isomorphisms

V= HO(A7 <gA) = HO(Aa 9114)* = HLO(A)*v

A= H (A Z)= H (A Z)".
Moreover, A is an abelian variety iff A is projective iff the Hodge structure on
H'(A,Z) is polarized. From the rational Hodge structure H'(A,Q), we can only
recover the lattice A up to finite index; therefore the Hodge structure on H'(A, Q)
determines the abelian variety A only up to isogeny.

Now let’s define the Mumford-Tate group. Suppose that V is a rational Hodge
structure of weight n, with Hodge decomposition

Ve=VeeC= & vre.
ptg=n

We can encode the decomposition into a morphism of real Lie groups
h:U(1) — GL(VR)

from the circle group, by letting a complex number z with |z| = 1 act on the
subspace VP? as multiplication by 2P~7 = 2P|z|%. Due to Hodge symmetry, each
h(z) is actually a real endomorphism, because

h(z)v = zP=9y = 2P~ 90 = 297Pp = h(2)v

for v € VP4, The Hodge decomposition is then exactly the decomposition into
common eigenspaces for the commuting endomorphisms h(z) with z € U(1); these
eigenspaces correspond to characters of U(1), which are of the form z — 2* for
keZ.

We define the Mumford-Tate group MT(V') as the smallest Q-algebraic subgroup
of GL(V') whose set of real points contains the image of h. In other words, we view
GL(V) as an affine variety over SpecQ, defined by the determinant function on
End(V), and MT(V) is the Zariski closure of im h.

Lemma 24.5. The Mumford-Tate group MT (V) is exactly the subgroup of GL(V)
that fizes every Hodge class in every tensor product

Tk,é(V) _ V®k ® (V*)®Z.
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Proof. One implication is easy. There are countably many Hodge classes in all the
tensor products, and their joint stabilizer is defined by countably many algebraic
equations with coeflicients in Q; therefore it is a Q-algebraic subgroup M of GL(V').
If we have a Hodge class of type (p,p) in some T%*(V), then h(z) acts on it as mul-
tiplication by 2P~P = 1, and so the image of h is contained in M. Because MT(V)
is the Zariski closure of the image, we get MT(V) C M. The other implication
needs a bit of theory of algebraic groups, so I won’t present it here. O

The Mumford-Tate group of an abelian variety A is MT(A) = MT(H'(A4,Q)).
By the lemma, it is exactly the subgroup of GL (H LA, Q)) that fixes every Hodge
class in every tensor product

TH(A) = H'(A,Q)%" @ Hi(A,Q)%".
We have the following nice criterion for simple abelian varieties to be of CM-type.

Proposition 24.6. A simple abelian variety is of CM-type if and only if its Mumford-
Tate group MT(A) is an abelian group.

Proof. Let’s look at the proof of the interesting direction, namely that MT(A)
abelian implies that A is of CM-type. Let H = H'(A,Q). The abelian variety
A is simple, which implies that F = End(A4) ® Q is a division algebra. (This is
just Schur’s lemma: because A does not have nontrivial abelian subvarieties, any
endomorphism must be surjective with finite kernel, hence an isogeny.) It is also
the space of Hodge classes in Endg(H), and therefore consists exactly of those
endomorphisms that commute with MT(A). Because the Mumford-Tate group is
abelian, its action splits H!(A, C) into a direct sum of character spaces

HeoC=EH,,
X

where m - h = x(m)h for h € H, and m € MT(A). Now any endomorphism of
H, obviously commutes with MT(A), and is therefore contained in E ®qg C. By
counting dimensions, we find that

dimg B > Y (dime Hy)* > Y dime H, = dimg H.
X X

On the other hand, we have dimg £ < dimg H; indeed, since E is a division
algebra, the map F — H, e — e- h, is injective for every nonzero h € H. Therefore
[E: Q] = dimg H = 2dim A; moreover, each character space H,, is one-dimensional,
and this implies that E is commutative, hence a field. To construct the involution
t: E — E that makes E into a CM-field, choose a polarization ¢: H x H — Q,
and define ¢ by the condition that, for every h,h' € H,

ble-hB') = o (h,ue) - h').

The fact that it is positive definite on the subspace H':°(A) can then be used to
show that ¢ is nontrivial, and that § = so¢ for any embedding of E into the complex
numbers. (We’ll prove this below.) O

Hodge structures of CM-type. When A is an abelian variety of CM-type,
H'(A,Q) is an example of a Hodge structure of CM-type. We now undertake
a more careful study of this class of Hodge structures. Let V' be a rational Hodge
structure of weight n, with Hodge decomposition

VaeC= @ v
ptgq=n
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Because the weight n is fixed, there is a one-to-one correspondence between such
decompositions and group homomorphisms h: U(1) — GL(V&), with h(z) acting
as multiplication by zP~9 = 22P~" on the subspace V?:4.

Definition 24.7. We say that V is a Hodge structure of CM-type if the following
two equivalent conditions are satisfied:

(a) The group of real points of MT(V) is a compact torus.
(b) MT(V) is abelian and V is polarizable.

We mostly use (b) in what follows; the equivalence between (a) and (b) needs a
bit of structure theory for algebraic groups, and so we’ll skip it.

It is not hard to see that any Hodge structure of CM-type is a direct sum of
irreducible Hodge structures of CM-type. Indeed, since V' is polarizable, it admits
a finite decomposition V =V, & --- @ V,., with each V; irreducible. As subgroups of
GL(V) = GL(V}) x - - - x GL(V,.), we then have MT(V) C MT(V;) x --- x MT(V,.),
and since the projection to each factor is surjective, it follows that MT(V;) is abelian.
But this means that each V; is again of CM-type. It is therefore sufficient to
concentrate on irreducible Hodge structures of CM-type. For those, there is a nice
structure theorem that we shall now explain.

Let V be an irreducible Hodge structure of weight n that is of CM-type, and as
above, denote by M = MT(V) its Mumford-Tate group. Because V is irreducible,
its algebra of endomorphisms

E= EndQ_Hs (V)

must be a division algebra. In fact, since the endomorphisms of V' as a Hodge
structure are exactly the Hodge classes in Endg(V'), we see that E consists of all
rational endomorphisms of V' that commute with MT(V). If T = E* denotes
the algebraic torus in GL(V') determined by FE, then we get MT(V) C Tx because
MT(V) is commutative by assumption.

Since MT(V) is commutative, it acts on V ®g C by characters, and so we get a
decomposition

V®gC= @ Vs
X

where m € MT(V) acts on v € V,, by the rule m-v = x(m)v. Any endomorphism of
V, therefore commutes with MT(V'), and so E ®q C contains the spaces Endc (V).
As before, this leads to the inequality

dimg E > Y (dime V;)* > Y dime V;, = dimg V-
X X

On the other hand, we have dimg V' < dimg £ because every nonzero element in
E is invertible. It follows that each V), is one-dimensional, that ' is commutative,
and therefore that E is a field of degree [E: Q] = dimg V. In particular, V is
one-dimensional as an E-vector space.

The decomposition into character spaces can be made more canonical in the
following way. Let S = Hom(FE, C) denote the set of all complex embeddings of E;
its cardinality is [F: Q]. Then

E®@(C-N—>@C, 6®Z+—>Zs(e)z,
seS seS
is an isomorphism of E-vector spaces; E acts on each summand on the right through

the corresponding embedding s. This decomposition induces an isomorphism

V®QC—~—>@VS,
ses
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where V; = V®g C is a one-dimensional complex vector space on which E acts via
s. The induced homomorphism U(1) - MT(V) — E* — Endc(V;) is a character
of U(1), hence of the form z + z* for some integer k. Solving k& = p — ¢ and
n = p+q, we find that k = 2p — n, which means that V; is of type (p,n — p) in the
Hodge decomposition of V. Now define a function ¢: S — Z by setting ¢(s) = p;
then any choice of isomorphism V' ~ E puts a Hodge structure of weight n on FE,
whose Hodge decomposition is given by

E®gC ~ @ Cr(s)n—ep(s)
ses
From the fact that e ® z = e ® zZ, we deduce that

Sa-yw

ses sES

Since complex conjugation has to interchange CP*? and C%?, this implies that ¢(5) =
n — ¢(s), and hence that ¢(s) + ¢(5) = n for every s € S.

Definition 24.8. Let E be a number field, and S = Hom(E,C) the set of its
complex embeddings. Any function ¢: S — Z with the property that ¢(s)+p(5) =
n defines a Hodge structure E, of weight n on the Q-vector space E, whose Hodge
decomposition is given by

E, ®qC =~ @ C¥(8):0(3)
sesS

By construction, the action of E on itself respects this decomposition.

In summary, we have V' ~ E,, which is an isomorphism both of F-modules and
of Hodge structures of weight n. Next, we would like to prove that in all interesting
cases, ¥ must be a CM-field. Recall from Definition 24.2 that a field E is called
a CM-field if there exists a nontrivial involution ¢: £ — FE, such that complex
conjugation induces ¢ under any embedding of E into the complex numbers. In
other words, we must have s(te) = 5(e) for any s € S and any e € E. We usually
write € in place of te, and refer to it as complex conjugation on F. The fixed field of
FE is then a totally real subfield F, and F is a purely imaginary quadratic extension
of F.

To prove that E is either a CM-field or QQ, we choose a polarization ¢ on E,.
We then define the so-called Rosati involution v: E — E by the condition that

Ple-a,y) = d(x, e -y)

for every z,y,e € E. Denoting the image of 1 € E by > 15, we have

ses

S w(L 1e)s(e - 2)3(y) = 3 (L, Ls)s(@)s(ee - y),

seS seS

which implies that s(e) = 5(ce). Now there are two cases: Either ¢ is nontrivial, in
which case E is a CM-field and the Rosati involution is complex conjugation. Or ¢
is trivial, which means that 5 = s for every complex embedding. In the second case,
we see that ¢(s) = n/2 for every s, and so the Hodge structure must be Q(—n/2),
being irreducible and of type (n/2,n/2). This implies that £ = Q.

From now on, we exclude the trivial case V' = Q(—n/2) and assume that F is a
CM-field.

Definition 24.9. A CM-type of F is a mapping ¢: S — {0, 1} with the property
that ¢(s) + ¢(8) =1 for every s € S.
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When ¢ is a CM-type, E, is a polarizable rational Hodge structure of weight
1. As such, it is the rational Hodge structure of an abelian variety with complex
multiplication by E. This variety is unique up to isogeny. In general, we have the
following structure theorem.

Proposition 24.10. Any Hodge structure V. of CM-type and of even weight 2k
with VP4 =0 for p < 0 or ¢ < 0 occurs as a direct factor of H**(A,Q), where A
is a finite product of simple abelian varieties of CM-type.

Proof. In our classification of irreducible Hodge structures of CM-type above, there
were two cases: Q(—n/2), and Hodge structures of the form E,, where E is a CM-
field and ¢: S — Z is a function satisfying ¢(s)+¢(5) = n. Clearly ¢ can be written
as a linear combination (with integer coefficients) of CM-types for E. Because of
the relations
Eory ~E, Qg Fy and E_,~ E;f,

every irreducible Hodge structure of CM-type can thus be obtained from Hodge
structures corresponding to CM-types by tensor products, duals, and Tate twists.

As we have seen, every Hodge structure of CM-type is a direct sum of irreducible
Hodge structures of CM-type. The assertion follows from this by simple linear
algebra. O

To conclude our discussion of Hodge structures of CM-type, we will consider the
case when the CM-field E is a Galois extension of Q. In that case, the Galois group
G = Gal(E/Q) acts on the set of complex embeddings of E by the rule

(9-s)(e) = s(g"e).
This action is simply transitive. Recall that we have an isomorphism
E®qE = @E, x®er gle)x.
geG
For any FE-vector space V, this isomorphism induces a decomposition
VegE > @V, v® e gle)v.
geG

When V is an irreducible Hodge structure of CM-type, a natural question is whether
this decomposition is compatible with the Hodge decomposition. The following
lemma shows that the answer to this question is yes.

Lemma 24.11. Let E be a CM-field that is a Galois extension of Q, with Galois
group G = Gal(E/Q). Then for any ¢: S — Z with ©(s) + ¢(8) = n, we have

E, @q E ~ @ Ey,.
geG

Proof. We chase the Hodge decompositions through the various isomorphisms that
are involved in the statement. To begin with, we have

(Ew 0 E) ®g C =~ (Ecp R0 (C) ®g F ~ @ Ce(s)m—e(s) ®q E ~ @ (Cw(s)ynfso(s)’
ses s,tes
and the isomorphism takes (v ® ¢) ® z to the element
Z t(e) -z - s(v).
s,tes
On the other hand,
(B, ®q E) g C~ P E®qC~ e+,

geG gEG s€S
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and under this isomorphism, (v ® e) ® z is sent to the element

Z Z s(ge) - s(v) - 2.

geG seS

If we fix g € G and compare the two expressions, we see that ¢t = sg, and hence

E®yC~ @ Ces)mn—e(s) ~ @Cw(t9*1)7n—s@(t9*1).
teS tesS

But since (gp)(t) = p(tg™'), this is exactly the Hodge decomposition of Ey,. O

LECTURE 25 (APRIL 29)

Last time, we talked about abelian varieties and Hodge structures of CM-type.
Let E be a number field, and let S = Hom(E, C) be the set of its complex embed-
dings. The cardinality of S is equal to [E: Q]. For every s € S, we denote by 5 the
conjugate embedding, meaning the composition of s with complex conjugation on
C. Recall that E is called a CM-field if there is an involution ¢ € Aut(E/Q) such
that § = so for every s € S; in other words, ¢ corresponds to complex conjugation
under every embedding of E. From now on, we adopt the simplified notation

e =ue);

then we have s(e) = s(€) for every embedding s € S. An abelian variety A is of CM-
type if End(A) ®z Q contains a CM-field E and if V = H!(A, Q) is 1-dimensional
as an FE-vector space; this is equivalent to the condition that the Mumford-Tate
group MT(A) is abelian.

We also constructed all Hodge structures of CM-type explicitly, starting from
the following class of examples. Recall that

E®QC%@C, e®z»—>Zs(e)~z,
seS seS
is an isomorphism; the summand corresponding to an embedding s € S consists of
all elements of 2 ®q C on which every e € E acts as multiplication by the complex
number s(e). (In other words, this is exactly the decomposition into common
eigenspaces for the action by E on itself.) By definition, a CM-type of E is a
function ¢: S — {0, 1} with the property that ¢(s) + ¢(5) =1 for every s € S. It
determines a Hodge structure F, of weight 1 on the Q-vector space E by setting

E, ®q C = @ Ce(8):0(3)
seS
These are exactly the Hodge structures that appear as H'(4,Q), where A is an
abelian variety of CM-type, with the CM-field being F. We proved last time that
every Hodge structure of CM-type can be obtained (by duals, tensor products, and
direct sums) from these basic Hodge structures of CM-type.

Moduli of abelian varieties. The proof of Deligne’s theorem involves the con-
struction of algebraic families of abelian varieties, in order to apply Principle B. For
this, we shall use the existence of a fine moduli space for polarized abelian varieties
with level structure.

Suppose that we are looking at moduli of some class of smooth projective varieties
(such as abelian varieties). We would like to have a moduli space M whose points
correspond to isomorphism classes of abelian varieties; and over M, there should be
a universal family, such that every family of abelian varieties over some base S is
the pullback of the universal family along a morphism S — M. Because all abelian
varieties have nontrivial isomorphisms, such a universal family cannot exist: from
a nontrivial automorphism, one can construct a locally trivial family over C* that
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is not globally trivial, and so this family cannot come from a morphism to M. The
solution is to add some extra data that eliminates all nontrivial automorphisms.
Recall that if A is an abelian variety of dimension g, the subgroup A[N] of its
N-torsion points is isomorphic to (Z/NZ)®29. A level N-structure is a choice of
symplectic isomorphism A[N] ~ (Z/NZ)®29. If we write A = V/A, then we have

A[N]

1%

1
—A/A=A/NA
N/ / )

and so we can also think of A[N] = H,(A,Z/NZ) as the first homology of A with
coefficients in Z/NZ.

Suppose that A comes with a polarization, that is with the first Chern class of
an ample line bundle L; recall that this determines as isogeny 6: A — A to the dual
abelian variety. The degree of the polarization is the degree of this isogeny. The
polarization determines a bilinear form 1: H'(A,Z)® H'(A,Z) — Z that polarizes
the Hodge structure on H'(A,Z) (by the Hodge-Riemann bilinear relations). As in
Lemma 5.2, we can choose a symplectic basis in H*(A, Z), and then the polarization
has a certain type m = (mq,...,mg), with my | mg | --- | my.

Now say we have an automorphism f: A — A that preserves the given polariza-
tion and the given level N-structure. It corresponds to an automorphism

frrHY(A,Z) » HY(A,Z),

that is an isomorphism of Hodge structures and also compatible with ¢. From the
polarization, we construct a hermitian inner product

(v,w) = ¥ (h(i)v,w),

where h(i) acts as i on the subspace H}?(A), and as —i on the subspace H%'(A).
Because f* preserves this inner product, it is unitary, and therefore diagonalizable
with eigenvalues of absolute value 1. But all eigenvalues are also algebraic integers,
and so they are roots of unity (by Kronecker’s theorem). Because f preserves the
level N-structure, we also get that

f*: HY(A,Z/NZ) — H*(A,Z/NZ)

is the identity; in other words, f* is congruent to the identity modulo N. We can
now apply the following lemma and conclude that f* (and hence f) must be the
identity.

Lemma 25.1. Let A be an n X n-matriz with integer entries, all of whose eigen-
values are of absolute value 1. If A is congruent to the identity modulo an integer
N > 3, then all eigenvalues of A are equal to 1.

Adding a polarization and a level N-structure therefore eliminates all nontrivial
automorphisms. One can then prove the following theorem.

Theorem 25.2. Fiz g > 1 and a type m = (ma,...,my). For any N > 3,
there is a smooth quasi-projective variety Mgy n that is a fine moduli space for
g-dimensional abelian varieties with polarization of type m and level N -structure.
In particular, we have a universal family of abelian varieties over My, N

The relationship of this result with Hodge theory is the following. Fix an abelian
variety A of dimension g, with level N-structure and polarization of type m. The po-
larization corresponds to an antisymmetric bilinear form v: H'(A,Z)@H'(A,Z) —
Z that polarizes the Hodge structure; we shall refer to ¢ as a Riemann form. De-
fine Vz = H'(A,Z), and let D be the period domain that parametrizes all possi-
ble Hodge structures of type {(1,0),(0,1)} on Vz that are polarized by the form
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: Vz ® Vz, — Z. The period domain D is an open subset of a certain nonsingular
algebraic subvariety of the Grassmannian G(g, V¢). Indeed, a Hodge structure

Ve=VoVo

on Vz is completely determined by the g-dimensional subspace V1:; it has the
property that (v, w) = 0 for all v,w € V1Y and that i(v,v) > 0 for every
nonzero v € V10, The first condition defines a nonsingular closed subvariety; and
the second condition an open subset of this subvariety (in the analytic topology).
In particular, D is a complex manifold.

Ezample 25.3. When the polarization is principal (which is equivalent to ¢ being
unimodular), the period domain D is just the Siegel space H,

One can show that the period domain D is a simply connected Hermitian sym-
metric domain. In fact, D is isomorphic to the universal covering space of the
quasi-projective variety Mg ,,, n. This is because a polarized abelian variety A’ is
completely determined by the polarized Hodge structure on H*(A’,Z), but in order
to associate to this Hodge structure a point in the period domain, we need to choose
an isomorphism H!(A’,Z) = V; that takes the given polarization to the pairing 1.
The additional data of such an isomorphism then turns D into an infinite-sheeted
covering space of Mg ., .

Reduction to abelian varieties of CM-type. We now come to the first step
in the proof of Deligne’s theorem, namely the reduction of the general problem to
abelian varieties of CM-type. This is accomplished by the following theorem and
Principle B (from Theorem 23.1).

Theorem 25.4. Let A be an abelian variety, and let o € H*(A,Q) be a Hodge
class on A. Then there exists a family m: A — B of abelian varieties, with B
nonsingular, irreducible, and quasi-projective, such that the following is true:

(a) Ag = A for some point 0 € B.

(b) There is a Hodge class & € H*(A,Q) whose restriction to A equals c.

(c) For a dense set of b € B, the abelian variety A, = 7~ 1(b) is of CM-type.

Before giving the proof, let us briefly recall the following useful interpretation of
period domains. Say D parametrizes all Hodge structures of weight n on a fixed
rational vector space V that are polarized by a given bilinear form . The set of
real points of the Q-algebraic group G = Aut(V, 1) then acts transitively on D by
the rule (gV)P? = g- VP4 for ¢ € G(R), and so D ~ G(R)/K. Here K is the
stabilizer of any given Hodge structure; this is contained in the unitary group for
the inner product (v, w) = ¥(h(i)v,w), and therefore compact.

As we said last time, Hodge structures on V that are polarized by the bilinear
form 1 are in one-to-one correspondence with homomorphisms of real algebraic
groups h: U(1) — G(R); we denote the Hodge structure corresponding to h by the
symbol Vj,. Then V"¢ is exactly the subspace of V ®g C on which h(z) acts as
multiplication by 2?77, and from this, it is easy to verify that gVi = Vjpo-1. In
other words, the points of the period domain D can be thought of as conjugacy
classes of a fixed homomorphism h: U(1) — G(R) under the action by G(R).

Proof of Theorem 25./. After choosing an ample line bundle on A, we may assume
that the Hodge structure on V = H'(A, Q) is polarized by a Riemann form 1. Let
G = Aut(V, ), and recall that M = MT(A) is the smallest Q-algebraic subgroup
of G whose set of real points M(R) contains the image of the homomorphism
h: U(1) = G(R). Let D be the period domain whose points parametrize all possible
Hodge structures of type {(1,0), (0,1)} on V that are polarized by the form . With
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Vi, = HY(A,Q) as the base point, we then have D ~ G(R)/K; the points of D are
thus exactly the Hodge structures Vg, -1, for g € G(R) arbitrary.
The main idea of the proof is to consider the Mumford-Tate domain

Dy, = M(R)/K N M(R) < D.

By definition, Dy, consists of all Hodge structures of the form Vy;,,-1, for g € M(R).
These are precisely the Hodge structures whose Mumford-Tate group is contained in
M: indeed, for g € M(R), the image of the homomorphism ghg=': U(1) — G(R)
is obviously contained in M(R), and so the Mumford-Tate group of this Hodge
structure must be contained in M (because the Mumford-Tate group is defined
as the smallest QQ-algebraic subgroup containing the image, and M is one such
subgroup). Note that Dj, is a homogeneous space for the action of the real Lie
group M (R), and therefore a complex submanifold of the period domain D.

To find Hodge structures of CM-type in Dj, we appeal to a result by Borel.
Since the image of h is abelian, it is contained in a maximal torus 7' of the real Lie
group M (R). One can show that, for a generic element ¢ in the Lie algebra mpg,
this torus is the stabilizer of £ under the adjoint action by M (R). Now m is defined
over Q, and so there exist elements g € M(R) arbitrarily close to the identity for
which Ad(g)¢ = g€g~! is rational. The stabilizer gT'g~! of such a rational point is
then a maximal torus in M that is defined over Q. The Hodge structure V-1 is
a point of the Mumford-Tate domain Dy, and by definition of the Mumford-Tate
group, we have MT(V;,-1) C gTg~'. In particular, Vyng—1 is of CM-type, because
its Mumford-Tate group is abelian. This reasoning shows that Dy, contains a dense
set of points of CM-type.

To obtain an algebraic family of abelian varieties with the desired properties,
we can now argue as follows. Let M be the moduli space of abelian varieties of
dimension dim A, with polarization of the same type as 1, and level 3-structure.
Then M is a smooth quasi-projective variety, and since it is a fine moduli space,
it carries a universal family = : A — M. The period domain D is the universal
covering space of M. Now we would like to replace M by the image of the Mumford-
Tate domain Dy,.

Recall from last time that the Mumford-Tate group M = MT(A) is the subgroup
of G = Aut(V, ) that fixes all Hodge tensors, meaning all Hodge classes in all tensor
powers

TP9(A) = HY(A, Q)% @ H,(A,Q)®1.

Because M is an algebraic subgroup, we can finitely many such Hodge tensors
Ty,...,7r such that M is exactly the stabilizer of 71,...,7.. A Hodge structure
in D belongs to Dy, iff its Mumford-Tate group is contained in M iff 7,...,7,
remain Hodge tensors. By the theorem of Cattani-Deligne-Kaplan, the subset of
M where each 7; stays a Hodge class is algebraic. So if we let B C M denote the
connected component of this subvariety that contains the base point 0 € M, then
B is a quasi-projective algebraic variety; it is irreducible and nonsingular, being
the image of the complex submanifold D, C D. Let w: A — B be the restriction
of the universal family to B. Then (a) is clearly satisfied for this family.

Because B is the image of the Mumford-Tate domain Dy, the argument we gave
above shows that B contains a dense set of points b € B such that the Mumford-
Tate group of the abelian variety A, = 7~ 1(b) is abelian; this means that A, is
an abelian variety of CM-type, and so we get (¢). Since B is also contained in
the Hodge locus of «, and since the monodromy action of 71(B,0) on the space of
Hodge classes has finite orbits, we can pass to a finite étale cover of B and arrange
that «a in invariant under monodromy. By the global invariant cycle theorem, it
therefore comes from a Hodge class in H?P(A, Q), and this gives (b). O



136

Construction of split Weil classes. Let F be a CM-field; as usual, we let
S = Hom(E, C) be the set of complex embeddings; it has [E: Q] elements.

Let V be a rational Hodge structure of type {(1,0), (0,1)} whose endomorphism
algebra contains E. We shall assume that dimg V' = d is an even number. Let
Vs =V ®p,s C. Corresponding to the decomposition

E®QC1>@(C, e®zHZs(e)z,

seS seS

we get a decomposition

V ®qC ~ @ Vs.

ses

The isomorphism is E-linear, where e € E acts on the complex vector space V; as
multiplication by s(e). Since dimgV = [E: Q] - dimg V, each Vi has dimension d
over C. By assumption, E respects the Hodge decomposition on V', and so we get
an induced decomposition

‘/s _ ‘/81,0 o ‘/50,1'
Note that dimg V.20 + dime V! = d.

Lemma 25.5. The rational subspace /\% VC /\fiQ V is purely of type (d/2,d/2) if
and only if dime V0 = dime VO = d/2 for every s € S.

Proof. We have

(Ae¥)o0e= Ny o a0 = QAN = BIAC ) @ (A1),

seS

where p; = dim¢ VSLO and g5 = dim¢ Vso’l. The assertion follows because the Hodge
type of each summand is evidently (ps, gs)- O

Let A be an abelian variety such that H'(A4,Q) = V. Assuming that the condi-
tion in the lemma is satisfied, we get a subspace in H%(A, Q) = /\é V of dimension
[E: Q] that consists entirely of Hodge classes. These classes are called Hodge classes
of Weil type. They are not known to be algebraic in general. We will study them
in more detail next time.

LECTURE 26 (MAy 1)

Let me quickly remind you of the construction of Weil classes from last time.
Let E be a CM-field, and S = Hom(F, C) the set of its complex embeddings. We
write e — & for the involution on E; for any s € S, we then have s(e) = s(e).

Let V be a rational Hodge structure of type {(1,0), (0,1)} whose endomorphism
algebra contains E. We shall assume that dimg V' = d is an even number; then
dimgV = d-[E: Q]. For every s € S5, we define V; = V ®pg , C, which is a
complex vector space of dimension d. The tensor product gives us the relation
ev ® z = v ® s(e)z. Corresponding to the decomposition

E®qC ;@C, e® 2> Zs(e)z,
ses ses
we get a decomposition
V ®q C =~ @ Vs.
ses

Complex conjugation, which acts on the left-hand side as v ® z — v ® Z, exchanges
the summand V; with the summand V5; this can be seen by conjugating the identity
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ev ® z = v ® s(e)z in V;. By assumption, E respects the Hodge decomposition on
V', and so we get an induced decomposition

Vo=V 0o v
Note that dimg¢ Vsl’0 + dimg¢ V5071 =d.

Lemma 26.1. The rational subspace /\% VvV C /\fjQ V is purely of type (d/2,d/2) if
and only if dim¢ V0 = dime VO = d/2 for every s € S.

When the condition in the lemma is satisfied, the subspace /\dE V' consists entirely
of Hodge classes. These Hodge classes are called Weil classes. We are now going
to give a linear algebra condition for this to be the case, using hermitian forms and
polarizations.

Hermitian forms. This requires a little bit of background on hermitian forms.
Throughout, F is a CM-field, with totally real subfield F’ and complex conjugation
e e, and S = Hom(E, C) is the set of complex embeddings of E. An element ¢ €
E* is called totally imaginary if { = —(; concretely, this means that 5(¢) = —s(¢)
for every complex embedding s.

Definition 26.2. Let V be an E-vector space. A Q-bilinear form ¢: V xV — FE
is said to be E-hermitian if ¢(e-v,w) = e - ¢(v,w) and ¢(v,w) = ¢(w, v) for every
v,w € V and every e € E. Tt follows that ¢(v,e-w) =€ ¢(v, w).

Now suppose that V is an E-vector space of dimension d = dimg V', and that ¢
is an E-hermitian form on V. We begin by describing the numerical invariants of
the pair (V,¢). For any embedding s: E < C, we obtain a hermitian form ¢; in
the usual sense on the complex vector space Vs =V ®g s C. Concretely, we have

05 Zvj®zj,2v§€®z§€ =sz2§€s(¢(vj,v§€)).
J k J.k

We let as and bs be the dimensions of the maximal subspaces where ¢, is, respec-
tively, positive and negative definite. Because dim¢ Vs = d, the signature of the
hermitian form ¢ is then (as, bs, d — as — bs).

A second invariant of ¢ is its discriminant. To define it, note that ¢ induces an E-
hermitian form on the one-dimensional E-vector space /\% V', which up to a choice
of basis vector, is of the form (z,y) — fzy. The element f belongs to the totally
real subfield F', and a different choice of basis vector only changes f by elements
of the form Nmg,r(e) = e - €. Consequently, the class of f in F*/Nmpg,p(E*) is
well-defined, and is called the discriminant of (V,¢). We denote it by the symbol
disc ¢. Equivalently, we can choose a basis for V' and represent ¢ by a d X d-matrix
with entries in F; then disc ¢ is the determinant of this matrix.

Now suppose that ¢ is nondegenerate. Let vy,...,v4 € V be an orthogonal basis
for ¢, and set ¢; = ¢(v;,v;). Then we have ¢; € F*, and

as=#{i|s(c;)>0} and b, =#{i]s(c;) <0}
satisfy as + bs = d. Moreover, we have

d
f= Hci mod Nmg,p(E™);

i=1

this implies that sgn(s(f)) = (—1)b for every s € S. The following theorem by
Landherr says that the discriminant and the integers as and bs are a complete set
of invariants for E-hermitian forms.
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Theorem 26.3 (Landherr). Let as,bs > 0 be a collection of integers, indexed by
the set S, and let f € F*/Nmpg,;p(E*) be an arbitrary element. Suppose that they
satisfy as + bs = d and sgn(s(f)) = (1) for every s € S. Then there exists a
nondegenerate E-hermitian form ¢ on an E-vector space V' of dimension d with
these invariants; moreover, (V, $) is unique up to isomorphism.

This classical result has the following useful consequence.

Corollary 26.4. If (V, ) is nondegenerate, then the following two conditions are
equivalent:

(a) as = b, = d/2 for every s € S, and disc ¢ = (—1)%/2,

(b) There is a totally isotropic subspace of V' of dimension d/2.
Proof. T W C V is a totally isotropic subspace of dimension d/2, then v — ¢(—,v)
induces an antilinear isomorphism V/W = WV. Thus we can extend a basis
V1,...,Vq/2 of W to a basis vy, ...,vgq of V, with the property that

Vi, Vigas2) =1 for 1 <i<d/2,
@(vi,v5) =0 for i — j| # d/2.

We can use this basis to check that (a) is satisfied. For the converse, consider the
hermitian space (E®9, ¢), where

(z,y) = Z (Tilitas2 + Titas2li)
1<i<d/2
for every z,y € E®?. By Landherr’s theorem, this space is (up to isomorphism)

the unique hermitian space satisfying (a), and it is easy to see that it satisfies (b),
too. (I

Definition 26.5. An F-hermitian form ¢ that satisfies the two equivalent condi-
tions in Corollary 26.4 is said to be split.

We shall see below that E-hermitian forms are related to polarizations on Hodge
structures of CM-type. We now describe one additional technical result that is
going tobe useful in that context. Suppose that V is a Hodge structure of type
{(1,0),(0,1)} that is of CM-type and whose endomorphism ring contains F; let
h: U(1) — E* be the corresponding homomorphism. Recall that a Riemann form
for V is a Q-bilinear antisymmetric form ¢: V @ V' — Q, with the property that

(z,y) = ¥ (h(i) - 2, 7)
is hermitian and positive definite on V ®g C. We only consider Riemann forms
whose Rosati involution induces complex conjugation on E, meaning that

P(ev,w) = ¥(v, ew).
The next result says that polarizations with that property are closely related to
E-hermitian forms.

Lemma 26.6. Let ( € EX be a totally imaginary element (( = —C), and let 1 be
a Riemann form for V as above. Then there exists a unique E-hermitian form ¢
with the property that ¢ = Trg,((¢).

Because the trace can be computed by summing over all complex embeddings,
the formula ¢ = Trg/g({¢) means concretely that

Do, w) =Y s(Q)s(d(v, w)).
seS

I did not give the proof in class, but I will include it here. We first prove a simpler
statement about bilinear forms.
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Lemma 26.7. Let V and W be finite-dimensional vector spaces over E, and let
V: VW — Q be a Q-bilinear form such that ¥(ev,w) = ¥ (v, ew) for everye € E.
Then there exists a unique E-bilinear form ¢ such that 1 (v,w) = Trg,q ¢(v,w).

Proof. The trace pairing E x E — Q, (z,y) + Trg/g(xy), is nondegenerate. Con-
sequently, composition with Trg,q induces an injective homomorphism

which has to be an isomorphism because both vector spaces have the same dimen-
sion over Q. By assumption, ¢ defines a Q-linear map V @ W — Q, and we
let ¢ be the element of Hompg (V Qg W, E) corresponding to ¥ under the above
isomorphism. ([

Proof of Lemma 26.6. We apply the preceding lemma with W = V| but with F
acting on W through complex conjugation. This gives a sesquilinear form ¢; such
that ¢(z,y) = Trg/g ¢1(z,y). Now define ¢ = ¢~ 1¢1, so that we have ¥(x,y) =
Trg/q (C o(z, y)) The uniqueness of ¢ is obvious from the preceding lemma.

It remains to show that we have ¢(y,z) = ¢(x,y). Because v is antisymmetric,
Y(y,x) = —(x,y), which implies that

TYE/@(CW%CU)) = —T‘YE/Q(C¢(CU,Z/)) = TTE/Q(&¢(%ZU))-
On replacing y by ey, for arbitrary e € F, we obtain
TrE/Q(Ce : ¢(y7 l.)) = TrE/Q(E : ¢($7 y))
On the other hand, we have
Trp/o(Ce- ¢y, 2)) = Trgjg(Ce- ¢y, ) = Trg/g(Ce - ¢(y, x)).

Since (e can be an arbitrary element of F, the nondegeneracy of the trace pairing
implies that ¢(z,y) = ¢(y, x). O

Hodge classes of split Weil type. We will now describe a condition on V' that
guarantees that the space /\jiE V' consists entirely of Hodge cycles.

Definition 26.8. Let V be a rational Hodge structure of type {(1,0), (0,1)} with
E — Endg.us(V) and dimg V' = d even. We say that V' is of split Weil type relative
to E if there exists a split £-hermitian form ¢ on V' such that ¢ = Trg g (({¢) defines
a polarization on V for some totally imaginary element ¢ € E*.

According to Corollary 26.4, the condition on the E-hermitian form ¢ is that
there should exist a totally isotropic subspace W C V with dimg W = d/2.

Proposition 26.9. If V is of split Weil type relative to E, then the space

d d
NV <NV
consists of Hodge classes of type (d/2,d/2).

Proof. For any s € S, let ¢g be the induced hermitian form on V; = V®g ;C. The
isomorphism
a:V®eC = @ Vs
seS

respects the Hodge decomposition. According to Lemma 25.5, it suffices to prove
that dim VY = dim V! = d/2. We are going to do this by showing that ¢, is
positive/negative definite on these two subspaces. Since ¢ = Trg,g(¢#) defines
a polarization, ¢ is nondegenerate; recall from above that the signature of ¢, is
(as,bs). Because ¢ is split, Corollary 26.4 shows that we have a; = bs = d/2 for
every embedding s € S. So the signature of ¢, is actually (d/2,d/2).
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Now let = € V.10 be any nonzero element. Writing x = 5 Vi ® zj, we have
z) = Z 2jZks(0(vj, vr)).
ok
At the same time, the fact that ¢» = Trg,(C¢) is a polarization tells us that

|z]? = iY(z,z) = ZZ 2z (vj, vg) = izzjik Tre/q(¢o(vj, vk))

J.k g,k
=iy > 248 Q8 (o(vj, o) =i Y (w2, 2)
3,k s’€S s'eS

is positive. Because x € Vj, the sum is equal to is(¢)¢s(z, x), and so ¢, is either
positive or negative definite on V., depending on the sign of is(¢). Because we
know the signature of ¢, we get dim V.1'0 < d/2. For the same reason, we have
dim V%! < d/2; but because both dimensions must add up to d, we can then
conclude that dim V!0 = dim V! = d/2. O

These special Hodge classes are called split Weil classes or more precisely Hodge
classes of split Weil type. They are the most important examples of Hodge classes
on abelian varieties of CM-type; as I said before, the Hodge conjecture is not known
for these classes except in dimension < 4.

Are there any examples of Hodge structures of split Weil type? Fortunately,
there is a simple numerical criterion that can be used to check this. Recall that a
CM-type of E is a function ¢: S — {0,1} with the property that ¢(s) + ¢(5) = 1.
It determines a Hodge structure F, of CM-type on the Q-vector space E, with
Hodge decomposition

E,®qC= @ C¥(8):#(3)
seS
This is the Hodge structure on H*(A, Q), where A is a simple abelian variety of
CM-type.

Now let ¢1,...,pq be CM-types attached to E. Let V; = E,, be the Hodge

structure of CM-type corresponding to ;, and define

d
V=
i=1
Then V is a Hodge structure of CM-type with dimg V = d.

Proposition 26.10. If Y ¢; is constant on S, then V is of split Weil type.

Proof. To begin with, it is necessarﬂy the case that > ¢; = d/2; indeed,
d

d
>_wils +Z<p = (#i(s) +9i(5) = d,

=1

and the two sums are equal by assumption. By construction, we have

V ®gC =~ @E ®q C) @@CW i),

i=1 i=1 s€S
This shows that
d
Vo=V 85, €= DA,
i=1
Therefore dime V0 = 3" ¢i(s) = d/2, and likewise dimc VO = Y ;(3) = d/2.
Of course, this already implies that all classes in /\% V are Hodge classes.



141

Next, we construct the required E-hermitian form on V. For each i, choose a
Riemann form ; on V;, whose Rosati involution acts as complex conjugation on
E. Since V; = E,,, there exist totally imaginary elements ¢; € E*, such that

Vi(z,y) = Trp/q(Gizy)

for every z,y € E. Set ( = (g4, and define ¢;(z,y) = ;¢ 'xy, which is an E-
hermitian form on V; with the property that ; = Trg/q(¢¢:).
For any collection of totally positive elements f; € F,

d
b= fihi
i=1

is a Riemann form for V. As E-vector spaces, we have V = E® 9 and so we can
define a nondegenerate F-hermitian form on V' by the rule

d
p(v,w) = Z fidi(vi, wi).
i=1

We then have ¢ = Trg/g(¢¢). By the same argument as before, a, = b, = d/2,
since dime V10 = dime V9! = d/2. By construction, the form ¢ is diagonalized,
and so its discriminant is easily found to be

d
disc ¢ = C_dHfiQ mod Nmpg,p(E™).
i=1

On the other hand, we know from general principles that, for any s € .S,
sgn(s(disc ¢)) = (1) = (-1)%/2.

This means that disc ¢ = (—1)%2f for some totally positive element f € F*. Upon
replacing fy by faf ~!, we get disc ¢ = (—1)%2, which proves that (V, ¢) is split. [

26.1. André’s theorem and reduction to split Weil classes. The second step
in the proof of Deligne’s theorem is to reduce the problem from arbitrary Hodge
classes on abelian varieties of CM-type to Hodge classes of split Weil type. This is
accomplished by the following pretty theorem due to Yves André.

Theorem 26.1 (André). Let V be a rational Hodge structure of type {(1,0), (0,1)},
which is of CM-type. Then there exists a CM-field E, rational Hodge structures V,
of split Weil type relative to E, and morphisms of Hodge structure V,, — V, such
that every Hodge class £ € /\(2@1’ V' is a sum of images of Hodge classes &, € /\(2@;) Va
of split Weil type.

Proof. Let V.= Vi @ --- @ V., with V; irreducible; then each E; = Endg.ns(V;)
is a CM-field. Define E to be the Galois closure of the compositum of the fields
Ey, ..., E,.. Since V is of CM-type, F is a CM-field which is Galois over Q. Let G
be its Galois group over Q. After replacing V by V ®q E (of which V is a direct
factor), we may assume without loss of generality that E; = E for all i.

As before, let S = Hom(E, C) be the set of complex embeddings of E; we then

have a decomposition
Vi~ @ E@i

icl
for some collection of CM-types ;. Applying Lemma 24.11, we get

VagE~ P Egp.-

iel geG
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Since each E,, is one-dimensional over F, we get

(ASV) e E= NS Ve ) =N\ B Fu= B & Fo

(1,9)€EIXG aCIXxG (i,9)€a
lov|=2p

where the tensor product is over E. If we now define Hodge structures of CM-type
Vo = EB Egp,
(i,9)€a

for any subset a C I x G of size 2p, then V, has dimension 2p over E. The above

calculation shows that
2p 2p
(N"V) eaE~ @AV
«@

which is an isomorphism both as Hodge structures and as E-vector spaces. More-
over, as V,, is a sub-Hodge structure of V ®g E, we clearly have morphisms V,, — V,
and any Hodge class £ € /\ép V is a sum of Hodge class &, € /\%p Va.

It remains to see that V, is of split Weil type whenever &, is nonzero. Fix a
subset a C I x G of size 2p, with the property that £, # 0. Note that we have

2p
5 Vo ~ ® Eyp, ~ E,,
(1,9)€a

Y= Z gPi

(i,9)€c

where ¢: S — Z is the function

The Hodge decomposition of E, is given by

E, ®q C ~ @ C¥(8):0(3)
ses
The image of the Hodge cycle &, in E, must be purely of type (p,p) with respect
to this decomposition. But

Ea®1m Y s(6a),

seS

and since each s(&,,) is nonzero (because &, # 0 and s is an embedding), we conclude
that ¢(s) = p for every s € S. This means that the sum of the 2p CM-types
gpi, indexed by (i,g9) € «, is constant on S. We conclude by the criterion in
Proposition 26.10 that V,, is of split Weil type. O

In geometric terms, this is saying that if A is an abelian variety of CM-type,
and if ¢ € H?P(A,Q) is a Hodge class, then there are abelian varieties A, of
split Weil type, and morphisms go: A — A,, such that £ = > ¢4 (&), where
£, € H?(A,,Q) are Hodge classes of split Weil type. So if we can show that all
Hodge classes of split Weil type are absolute (or algebraic), then all Hodge classes
on abelian varieties of CM-type will also be absolute (or algebraic).

LECTURE 27 (MAY6)

Split Weil classes are absolute. The third step in the proof of Deligne’s theorem
is to show that split Weil classes are absolute. We begin by describing a special
class of abelian varieties of split Weil type where this can be proved directly.

Let Vj be a rational Hodge structure of even rank d and type {(1,0),(0,1)}.
Let vy be a Riemann form that polarizes V, and W, an isotropic subspace of
dimension d/2. (For example, V01,0 is an isotropic subspace of dimension d/2 over
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C, and because vy is defined over Q, it will also have isotropic subspaces of the
same dimenension over Q.) We also fix an element ¢ € E* with { = —(.
Now set V' = Vp ®q E, with Hodge structure induced by the isomorphism

V @ C~ Vy®q (E®qC) ~ @V ®gC.
seS

Define a Q-bilinear form ¢: V' x V' — Q by the formula

Y(vo ® e, vy ® €)= Trg g (ee’) - 1ho(vo, vf).

This is a Riemann form on V, for which W = W, ®q E is an isotropic subspace of
dimension d/2. By Lemma 26.6, there is a unique E-hermitian form ¢: VxV — E
such that ¢ = Trg,g((); clearly W is a totally isotropic subspace of dimension d/2
for ¢. By Corollary 26.4, (V, ¢) is split, and V is therefore of split Weil type. Let
Ap be an abelian variety with H'(Ay, Q) = V. The integral lattice of V; induces an
integral lattice in V' = V) ®g E. We denote by Ay ®g £ the corresponding abelian
variety. It is of split Weil type since V is.
The next result is the key to proving that split Weil classes are absolute.

Proposition 27.1. Let Ay be an abelian variety with H'(Ag, Q) = V; as above,
and define A = Ay ®q E. Then the subspace /\Cé HY(A,Q) of HY(A,Q) consists
entirely of absolute Hodge classes.

Proof. We have H(A, Q) ~ /\(‘é H'(A,Q), and the subspace

AbHYA,Q) ~ AT Voag B~ (N2 V) 80 B~ HY(40,Q) 00 B

consists entirely of Hodge classes by Proposition 26.9. But since dim Ay = d/2, the
space H(Ap, Q) is generated by the fundamental class of a point, which is clearly
absolute. This implies that every class in /\% H'(A,Q) is absolute. O

The following theorem, together with Principle B (from Theorem 23.1), com-
pletes the proof of Deligne’s theorem.

Theorem 27.2. Let E be a CM-field, and let A be an abelian variety of split Weil
type (relative to E). Then there exists a family m: A — B of abelian varieties, with
B irreducible and quasi-projective, such that the following three things are true:
(a) Ag = A for some point 0 € B.
(b) For every t € B, the abelian variety Ay = w~1(t) is of split Weil type
(relative to E ).
(¢) The family contains an abelian variety of the form Ay ®q E.

In the remainder of the lecture, we are going to prove Theorem 27.2. Through-
out, we let V.= H'(A,Q), which is an E-vector space of some even dimension d.
The polarization on A corresponds to a Riemann form ¢: V x V — Q, with the
property that the Rosati involution acts as complex conjugation on E. Fix a totally
imaginary element ¢ € E*; then ¢ = Trg/g({¢) for a unique E-hermitian form ¢
by Lemma 26.6. Since A is of split Weil type, the pair (V, ¢) is split.

As before, let D be the period domain, whose points parametrize Hodge struc-
tures of type {(1,0),(0,1)} on V that are polarized by the form . Let D* C D
be the subset of those Hodge structures that are of split Weil type (relative to E,
and with polarization given by ). Our first task is to show that D®P is a complex
manifold (and, in fact, a hermitian symmetric domain).

We begin by observing that there are essentially 2[#: @ /2 many different choices
for the totally imaginary element ¢, up to multiplication by totally positive elements
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in F*. Indeed, if we fix a choice of ¢ = v/—1, and define ¢¢: S — {0,1} by the rule

1 ifs(Q)/i >0,
9OC(S)_{O if s(¢)/i < 0,

then ¢¢(s) + ¢¢(5) = 1 because 5(¢) = —s(¢), and so ¢¢ is a CM-type for E. If we
change ¢ by a totally positive element f € F*, then ¢, does not change (because
s(f) > 0 for every s € S). Conversely, one can show that any CM-type of the
CM-field F is obtained in this way. Indeed, for a given CM-type ¢: S — {0,1}, we
are looking for an element f € F* with the property that s(f) > 01if ¢(s) = @¢(s),
and s(f) < 0 if ¢(s) # p¢(s), because then ¢ = ¢yc. The existence of such an
element f € F* is an exercise in field theory.

(27.3)

Ezercise 27.1. Let F be a totally real number field, and let S = Hom(F,R) be the
set of all embeddings of F. Then for any function ¢: S — {—1,41}, there is an
element f € F'* such that o(s) = sgns(f).

Lemma 27.4. The subset D%P of the period domain D is a hermitian symmetric
domain; in fact, it is isomorphic to the product of |S| = [E: Q] many copies of
Siegel upper halfspace.

Proof. Recall that V' is an E-vector space of even dimension d, and that the Rie-
mann form is equal to ¢ = Trg/g((¢) for a split E-hermitian form ¢: V xV — E
and a totally imaginary ¢ € E*. The Rosati involution corresponding to v induces
complex conjugation on FE; this means that ¢ (ev, w) = ¢ (v, éw) for every e € E.

By definition, DP parametrizes all Hodge structures of type {(1,0),(0,1)} on V'
that admit ¢ as a Riemann form and are of split Weil type relative to the given
CM-field E. Such a Hodge structure amounts to a decomposition

VeeC=V"oVvh
with V0! = V1.0, with the following two properties:
(a) The action by E preserves V19 and V01
(b) The form itp(z,g) = 1[1(h(i):v, gj) is positive definite on V10,
Let S = Hom(E, C), and consider the isomorphism
VagCS P,

seS

where V, = V ®g s C. Since Vj is exactly the subspace on which e € E acts as
multiplication by s(e) € C, the condition in (a) is equivalent to demanding that
each complex vector space V; decomposes as V, = V.10 @ V01

On the other hand, ¢ induces a hermitian form ¢, on each V;, and we have

P(v,w) = Trgg(Cov,w) =D s(Q¢s(v@1,w@1).
sesS

Therefore v polarizes the Hodge structure V3% @ VO if and only if it (z,z) > 0
for every nonzero z € V.10, Writing

x:Zvj®zj €V ®eC,
J
we computed last time that
ip(z,T) = is(()ps(z, ).
Remembering the definition of ¢, in (27.3), we see that this will be positive definite
exactly when the hermitian form (—1)%<(®)¢, is positive definite on V-0,

In summary, Hodge structures of split Weil type on V for which v is a Riemann
form are parametrized by a choice of d/2-dimensional subspace V.1'* C V;, one for



145

each s € S, with the property that the hermitian form = — (—1)¢<(s)¢s(x,ac) is
positive definite on V,?. This information determines the subspace V! as the
orthogonal complement of V1'% with respect to ¢s. Since we have as = by = d/2
for every s € S (by Corollary 26.4), the hermitian form ¢, has signature (d/2,d/2);
this implies that the space

Dy = {W € Grassys(V;) | (-=1)9<Wg,(z,2) >0for 0 £a € W }

is isomorphic to the usual Siegel upper halfspace. The parameter space DP for our
Hodge structures is therefore the hermitian symmetric domain

D% ~ H D;.

s€S
In particular, it is a connected complex manifold. O

To be able to satisfy the final condition in Theorem 27.2, we need to know that
D?P contains Hodge structures of the form Vj ®g £E. This is the content of the
following lemma.

Lemma 27.5. With notation as above, there is a rational Hodge structure Vy of
weight one, such that Vo ®g E belongs to D3P.

Proof. Since the pair (V, ¢) is split, there is a totally isotropic subspace W C V
of dimension dimg W = d/2. Arguing as in the proof of Corollary 26.4, we can
therefore find a basis vy, ..., vq for the E-vector space V, with the property that

G(vi,Vira2) =C¢1 for 1 <i<d/2,

d(vi,v;) =0 for |i — j| # d/2.
Let Vo be the Q-linear span of vy,...,v4; then we have V. = V; ®g E. Now
define Vol,O C Vo ®q C as the C-linear span of the vectors hy = vi + ivjqq/2 for
k=1,...,d/2. Evidently, this gives a Hodge structure of weight one on V;, hence

a Hodge structure on V' =V, ®q E. It remains to show that 1) polarizes this Hodge
structure. But we compute that

/2 /2 /2
i Zajhj7 Zakhk = Z\ak\zi/}(ivk — Vkd2, Uk — Wktd/2)
j=1 k=1 k=1
d/2
=2 |an*$(vr, vitas2)
k=1
d/2 /2

=2 Ja|* Tri/q (C(vk, Vktas2)) = 2[E Z\ak\ ;

k=1

which proves that x — i) (x, Z) is positive definite on the subspace V0 0 The Hodge
structure Vy ®q E therefore belongs to D®P as desired. O

Finishing the proof of Deligne’s theorem.

Proof of Theorem 27.2. As in Lecture 25, let M be the moduli space of abelian
varieties of dimension d/2 - [E: Q], with polarization of the same type as ¢, and
level 3-structure. Then M is a quasi-projective complex manifold, and the period
domain D is its universal covering space (with the Hodge structure on H'(A,Q)
mapping to the point A). Let B C M be the locus of those abelian varieties
whose endomorphism algebra contains . Note that the original abelian variety A
is contained in B. Since every element e € E is a Hodge class in End(A4) ® Q, it is
clear that B is a Hodge locus; in particular, B is a quasi-projective variety by the
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theorem of Cattani-Deligne-Kaplan. As before, we let 7: A — B be the restriction
of the universal family of abelian varieties to B.

Now we claim that the preimage of B in D is precisely the set DP of Hodge
structures of split Weil type. Indeed, the endomorphism ring of any Hodge structure
in the preimage of B contains E by construction; since it is also polarized by the
form 1, all the conditions in Definition 26.8 are satisfied, and so the Hodge structure
in question belongs to D°P. Because D is the universal covering space of M, this
implies in particular that B is connected and smooth, hence a quasi-projective
complex manifold.

The first two assertions are obvious from the construction, whereas the third
follows from Lemma 27.5. This concludes the proof. O

To complete the proof of Deligne’s theorem, we have to show that every split
WEeil class is an absolute Hodge class. For this, we argue as follows. Consider the
family of abelian varieties 7: A — B from Theorem 27.2. By Proposition 26.9, the
space of split Weil classes /\?lE H'(A;, Q) consists of Hodge classes for every t € B.
The family also contains an abelian variety of the form Ay ®q F, and according to
Proposition 27.1, all split Weil classes on this particular abelian variety are absolute.
But now B is irreducible, and so Principle B applies and shows that for every ¢t € B,
all split Weil classes on A; are absolute. This finishes the third step of the proof,
and finally establishes Deligne’s theorem.

LECTURE 28 (MAyY 8)

The Hodge conjecture for abelian varieties. In the final lecture, I surveyed
what is known about the Hodge conjecture for abelian varieties. An important role
is played by abelian varieties of “Weil type”, but the definition is slightly broader
than the one we used during the previous lectures. Let’s briefly look at this, in case
you want to read some of the papers later on. Let A be an abelian variety of even
dimension 2n. Then A is said to be of Weil type if there is an embedding

n: Q(v~d) = End(4) @z Q

of an imaginary quadratic field (with d > 2 a square-free integer) into the rational
endomorphism ring of A, such that both eigenspaces for the action of 7(v/—d) on
H'9(A) have dimension n. Note that n(v/—d)?> = n(—d) acts on H'(A,Q) as
multiplication by —d, and so the two possible eigenvalues of 7(v/—d) are exactly
+v/—d. If we set V = H'(A,Q), this is exactly the condition that dim V! =
dim V21 = n for each of the two complex embeddings of Q(v/—d). Note that
Q(v/—d) is a CM-field of degree 2.

A polarization on an abelian variety of Weil type is by definition an ample divisor
class h € H?(A,Z) such that n(v/—d)*h = d - h. This may look different, but it
is actually the same as our condition that the Rosati involution needs to act as
complex conjugation on the CM-field. Let’s do the computation. The ample class
h defines a polarization on V = H'(A, Q) by the formula

Y(v,w) =[A]N (vUwUR™ ).

Here [4] is the fundamental class of A; over the real or complex numbers, this is
basically the integral over A. We would like to show that

W (71(\/—71)*% w) = (v, n(—m)*w)-

We first observe that 1(v/—d) acts on H*"(A, Q) as multiplication by d?". Indeed,
n(v/—d) must be multiplication by some positive integer N, and because n(v/—d)? =
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n(—d) acts as multiplication by d*", we get N = d*". This gives
[A] N (U(de)*v Un(v=d)*wu n(\/—id)*hznfl) = & [A]n (vUwURY),

If we now replace w by n(—v—d)*w, and remember that n(v/—d)*h = dh and
n(d)*w = dw, we obtain

d*" - [A]N (n(@)*v Uw U h2”*1> =d?" . [A]N (v Un(—v—=d)*wU h2n71)'

This shows that the Rosati involution for 1) is complex conjugation on Q(v/—d).
As in the previous lectures, the polarization 1 can be written as

W = Trg(y=a)0(V—d9)

for a unique hermitian form ¢: V ®g V — Q(v/—d). The discrete invariants of
the polarized abelian variety (A, h) of Weil type are therefore the integer d, as well
as the discriminant disc ¢, which is an element in Q* modulo rational numbers of
the norm a? + db? with a,b € Q. (In the “split” case, which is the one we were
considering earlier, the discriminant is always (—1)".)

One can show (by a dimension count) that the space of polarized abelian varieties
of Weil type has dimension n?. The 3-dimensional subspace

2n
<h Ny B4 Q)> C H™(4,Q)

consists of Hodge classes; these are again called Hodge classes of Weil type. For
a general (A, h), one can show moreover (by computing the Mumford-Tate group)
that these are all the Hodge classes in H?"(4,Q).

Remark. All Hodge classes in H%(A,Q) are algebraic (by the Lefschetz (1,1)-
theorem). Since the intersection of algebraic classes is algebraic, every Hodge class
in the image of Sym? H?(A, Q) — H*(A, Q) is also algebraic. Mumford constructed
the first example of an abelian fourfold that has extra Hodge classes in H*(4, Q).
WEeil realized the importance of CM-fields in Mumford’s construction, which is why
these classes are now called Hodge classes of Weil type.

Here are some known results about the Hodge conjecture for abelian varieties.
Let’s write H*F(A,Q) = H?*(A,Q) N H**(A) for the space of Hodge classes in
H?¢(A,Q). In order to know all the Hodge classes on A, it is enough to know the
Mumford-Tate group MT(A) = MT(H"'(A,Q)). The reason is that

2k
H(A4,Q) = \H'(4,Q),

and so the Hodge classes are exactly the classes in H?*(A, Q) that are invariant un-
der the action by MT(A). Unfortunately, a lot of proofs in this subject work by first
classifying all possible Mumford-Tate groups (and their possible representations),
and then doing a case-by-case analysis.

(1) Tate proved that the Hodge conjecture is true if A is isogeneous to a product
of elliptic curves.

(2) Mari Rdmon proved that the Hodge conjecture is true if A is isogeneous to
a product of abelian surfaces.

(3) Tankeev proved that the Hodge conjecture holds on simple abelian varieties
such that dim A is a prime number.

(4) Moonen and Zarhin showed that if A is a simple abelian 4-fold such that
Sym? HV1(A,Q) — H??(A,Q) is not surjective, then A is of Weil type,
and H?2(A,Q) is spanned by the image of Sym? H'(A, Q) together with
the Hodge classes of Weil type. (Note that A can be of Weil type for several
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different values of d, and we are supposed to take the Hodge classes of Weil
type for all such values.)

(5) Moonen and Zarhin also showed that this holds when A is isogeneous to
the product of an elliptic curve with a simple abelian threefold.

Altogether, these results reduce the Hodge conjecture on abelian fourfolds to
the case of abelian fourfolds of Weil type, and to proving that all Hodge classes
of Weil type are algebraic. This result was recently announced by Markman, after
many earlier results (especially by Schoen). Markman proves this for all imaginary
quadratic fields and all values of the discriminant, by reducing the problem to
abelian sixfolds of Weil type with discriminant —1. A lot of the earlier work was
for specific fields and/or specific values of the discriminant. The simplest example
is the following result by van der Geemen.

Example 28.1. Van der Geemen gave a nice geometric proof for the following result:
On a general principally polarized abelian fourfold of Weil type, with E = Q(3), all
Hodge classes of Weil type are algebraic. In outline, the argument goes like this.
The principal polarization can be represented by a symmetric theta divisor ©, with
h°(A,04(©)) = 1. The line bundle L = 64(20) is then base-point free and has
h%(A, L) = 2* = 16. The endomorphism 7(i) acts on H°(A4, L) as an involution,
and in the eigenspace decomposition

H(A, L) = H°(A,L)* ® HY(A, L),

the first summand has dimension 10, the second dimension 6. Consider now the
rational mapping
A— PP PP

given by the linear system |20]| followed by projection to the second summand.
One can show that the closure of the image is a smooth 4-dimensional quadric.
The pullback of one of the two rulings then gives a subvariety of codimension 2 in
A, whose class is not a multiple of h? = ©2. For general A, the space H*2(A,Q)
is generated by h? and Weil classes, so at least one Weil class is algebraic; one can
then use the monodromy action to conclude that all Weil classes must be algebraic
for general A.

Remark. Somebody asked whether the Hodge conjecture is known for Jacobians
of curves. I said yes, but that was wrong: the Hodge conjecture for Jacobians is
equivalent to the Hodge conjecture for symmetric products of curves, but that’s
only known in certain special cases.



	Lecture 1 (January 28)
	Introduction
	The lemniscate
	Geometric interpretation
	Elliptic curves

	Lecture 2 (January 30)
	Elliptic curves
	Abelian varieties

	Lecture 3 (February 4)
	Cohomology of compact complex tori
	Holomorphic line bundles
	Group cohomology
	Holomorphic line bundles, continued
	The Appell-Humbert theorem

	Lecture 4 (February 6)
	The Appell-Humbert theorem
	Global sections

	Lecture 5 (February 11)
	Riemann-Roch theorem
	Some matrix calculations
	Some terminology
	Jacobians
	Morphisms

	Lecture 6 (February 13)
	Translations
	The Lefschetz theorem

	Lecture 7 (February 18)
	Principally polarized abelian varieties
	Subtori and isogenies

	Lecture 8 (February 20)
	Abelian varieties
	The rigidity theorem and its consequences

	Lecture 9 (February 25)
	Cohomology and base change
	Consequences of Grothendieck's theorem
	The seesaw theorem

	Lecture 10 (February 27)
	The theorem of the cube
	Proof of the theorem
	Line bundles on abelian varieties

	Lecture 11 (March 4)
	The homomorphism L and ampleness
	Torsion points

	Lecture 12 (March 6)
	Quotients by finite groups

	Lecture 13 (March 11)
	Translation-invariant line bundles
	Construction of the dual abelian variety

	Lecture 14 (March13)
	Properties of the dual abelian variety
	Symmetric description of the dual abelian variety
	Positive characteristic and schemes

	Lecture 15 (March 25)
	Group schemes
	The dual abelian variety in general
	Cohomology of the structure sheaf

	Lecture 16 (March 27)
	The derived category
	Morphisms in the derived category
	Other models for the derived category
	Triangulated categories
	Derived functors

	Lecture 17 (April 1)
	Grothendieck duality
	Flat base change
	Mukai's Fourier transform
	General integral transforms
	The symmetric Fourier transform

	Lecture 18 (April 3)
	Proof of Mukai's theorem
	Properties of the Fourier-Mukai transform

	Lecture 19 (April 8)
	Derived equivalences of abelian varieties
	Proof of Orlov's theorem

	Lecture 20 (April 10)
	More on derived equivalences between abelian varieties
	Mukai's `3́9`42`"̇613A``45`47`"603ASL2(Z)-action

	Lecture 21 (April 15)
	Derived equivalences and cohomology
	Deligne's theorem on absolute Hodge classes

	Lecture 22 (April 17)
	Hodge structures
	Algebraic de Rham cohomology
	Conjugate varieties
	Absolute Hodge classes

	Lecture 23 (April 22)
	Deligne's Principle B
	Properties of absolute Hodge classes
	Images of absolute morphisms
	Proof of Principle B

	Lecture 24 (April 24)
	Outline of the proof of Deligne's theorem
	Abelian varieties of CM-type
	Hodge structures of CM-type

	Lecture 25 (April 29)
	Moduli of abelian varieties
	Reduction to abelian varieties of CM-type
	Construction of split Weil classes

	Lecture 26 (May 1)
	Hermitian forms
	Hodge classes of split Weil type
	26.1. André's theorem and reduction to split Weil classes

	Lecture 27 (May6)
	Split Weil classes are absolute
	Finishing the proof of Deligne's theorem

	Lecture 28 (May 8)
	The Hodge conjecture for abelian varieties


