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Introduction

This book is an extended version of lecture notes of the first-named author for a short course lectures
at the University of Milan in February, 2014. The goal was to provide an introduction to the theory
of endomorphisms of complex abelian varieties with an emphasis on the geometric aspects of theory
related to classical algebraic geometry and the theory of K3 surfaces. The fruitful collaboration with
the second-named author allowed us to clean the notes of numerous inaccuracies, add more factual
material add some arithmetical aspects of the theory.

There are numerous expositions of the theory of abelian varieties, a book of Mumford [126] being
the best example. Most of them include the theory of abelian varieties as a separate chapter. The
novelty of our exposition is to provide an elementary self-contained and more detailed introduction
to this subject as well as to provide some new results and many examples relating this theory to
other objects of study in algebraic geometry like K3 surfaces, curves of low genus, and del Pezzo
surface.

The following is the contents of the book. In Chapter 1, we give the basic facts about complex tori
and complex abelian varieties and discuss the question of the fields of the definition for them,

In Chapter 2, we discuss the algebras of endomorphisms of a complex abelian varieties and their
linear representations on the subgroup of [-torsion points. We also give an introduction to the theory
of central simple finite-dimensional algebras.

In Chapter 3, we specialize in the case of one-dimensional abelian varieties, elliptic curves. In
particular, we discuss elliptic curves with complex multiplication and the conditions for the non-
existence of an isogeny between them. We also discuss the conditions for an abelian variety to be
isogenous to the product of elliptic curves.

In Chapter 4, we discuss Humbert’s condition on the period matrix of an abelian surface for its
endomorphism algebra containing a real quadratic algebra over Q. Such abelian varieties can be
parameterized by a complex surface known as a Humbert surface. We discuss two types of such
surfaces corresponding to whether the discriminant of the Humbert singular equation is square or
not.

In Chapter 5, we discuss abelian surfaces whose algebra of endomorphisms contains an indefinite
quaternion algebra. They are also known as fake elliptic curves because their moduli space is
isomorphic to the quotient of the upper half-plane by a discrete group. We give several explicit
examples of such abelian surfaces.

vii



viii INTRODUCTION

In Chapter 6, we relate the theory of abelian surfaces and K3 surfaces. The simplest example of the
relationship is the fact that quotient of an abelian surface by its negation involution is birationally
isomorphic to a K3 surface. We give a brief introduction to the theory of periods that is used to
construct the moduli space of K3 surfaces with a given structure of their Picard lattice. We explain
the isomorphism between the moduli space of abelian surfaces with polarization of degree n and
the moduli space of K3 surfaces with the lattice polarization of a certain type depending on n. In
particular, we discuss some explicit examples of moduli spaces of lattice polarized K3 surfaces that
are isomorphic to Humbert surfaces.

In Chapter 7, we discuss the moduli space of principally polarized abelian surfaces with level
two structures. By a theorem of Igusa, this moduli space admits a compaticfication isomorphic to
a hypersurface of degree four in P* with an explicit Gg-invariant equation. The hypersurface was
known classically as the Castelnuovo quartic three-fold and its projectively dial hypersurface is the
famous Segre cubic hypersurface with the maximal number of ordinary singular points. We discuss
some surfaces related to Humbert surfaces.

In Chapter 8, we discuss abelian varieties isomorphic to the Jacobian variety of a smooth projective
algebraic curve of genus three. The canonical model of such a curve is a plane quartic curve. We
discuss the geometry of such curves that admit a biregular involution. The cyclic cover of the
projective plane of degree four ramified along a a smooth quartic curve is a quartic K3 surface.
We discuss the geometry of quartic curves with some On the other hand, the double cover of the
projective plane ramified along a quartic curves is a rational del Pezzo surface of degree 2. We give
a brief introduction to the theory of del Pezzo surfaces and find the explicit condition on the del
Pezzo surface in order the endomorphism ring of the Jacobian is isomorphic to Z.

In Chapter 9, we give a brief introduction to the theory of Shimura varieties that serve as the moduli
spaces of abelian varieties with the given structure of its algebra of automorphisms. In particular,
we discuss the Mumford-Tate groups and abelian varieties with complex multiplication.

In Chapter 10, we discuss abelian varieties which are isomorphic to the Jacobian varieties of
genus g curves. The algebra endomorphisms of such an abelian varieties can be described in terms
of the algebra of correspondences on the curve. We find a condition on the curve for the algebra of
endomorphisms of its Jacobian variety to be isomorphic to Z.

Finally, in the last Chapter 11, we discuss the subvarieties of the moduli space of abelian vari-
eties with fixed polarization that contain a Zariski dense subset parametrizing abelian varieties with
complex multiplication.

We do not discuss results of Faltings [50,51,53] related to the Tate conjecture on homomorphisms
of abelian varieties in characteristic zero - there are several excellent books that discuss this topic in
details [31,52,163] as well as a survey article [177]. (See also [36, Sect. 4.4] and [14,49, 186, 187,
192].)

The first-named author expresses his gratitude to Professor Bert van Geemen for giving him the
opportunity to give the course of lectures on endomorphisms of abelian varieties at the University
of Milan. He also thanks the audience for their active involvement with the lectures by correcting
inaccuracies and asking challenging questions.

The second named author was partially supported by the Simons Foundation Collaboration grant #
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585711. Part of this work was done in January—May 2022 and December 2023 during his stay at the
Max-Planck Institut fiir Mathematik (Bonn, Germany), whose hospitality and support are gratefully
acknowledged.
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Chapter 1

Complex Abelian Varieties

The main references here are to the book [106], [34], [88], [126]. For convenience for a reader, we
will briefly remind the basic facts and fix the notations.

1.1 Compact Complex Tori

Let A = V/A be a complex torus of dimension g over C. Here V' is a complex vector space of
dimension g > 0 and A is a discrete subgroup of V of rank 2¢.! The tangent bundle of A is trivial;
it is naturally isomorphic to A x V. Thus, the complex space V is naturally isomorphic to the
tangent space of A at the origin, or to the linear space of holomorphic vector fields ©(A) on A. It
is also isomorphic to the universal cover of A. The group A can be identified with the fundamental
group of A that coincides with Hy (A, Z). The dual linear space V'V is naturally isomorphic to the
linear space 2!(A) of holomorphic differential 1-forms on A. The map:

a:A=H(A,Z)— QYA =V, a('y):w&—>/w,
gl

can be identified with the embedding of Ain V. Let (71, . .., y24) be a basis of A and let (w1, . .., wy)
be a basis of VV. The map H;(A,Z) — V is given by the matrix:

71 w1 2 “ioee f72g wi
- f’Yl w9 - w2 ... f’Y2g w2 (1 1)
f% Wy fvz Wy .- f'YQg Wy
called the period matrix of A. The columns of the period matrix are the coordinates of 1, ..., v24
in the dual basis (e, ..., e4) of the basis (wq,...,wy), i.e. a basis of V. The rows of the period
matrix are the coordinates of (wi, . ..,wy) in terms of the dual basis (77, ..., 73,) of H!(A,C).

'A subgroup T of V is discrete if for any compact subset K of V' the intersection K N T is finite, or, equivalently, T
is freely generated by r linearly independent vectors over R, the number 7 is the rank of T".

1



2 CHAPTER 1. COMPLEX ABELIAN VARIETIES

Let W = Ag := A ®z R. We can view W as the vector space V' considered, by the restriction of
scalars, as a real vector space of dimension 2g. A complex structure on V is defined by an R-linear
operator I : W — W satisfying I? = —1. The complex linear space W¢ := W ®g C decomposes
into the direct sum V; @ V_; of eigensubspaces with eigenvalues +i. Obviously, V_; = V;. We can
identify V; with the subspace {w—il(w),w € W}, and V_; with the subspace {w+il (w), w € W}
(since [(w £ il(w)) = I(w) F iw = Fi(w £ il(w))). The map V; — V,w — il (w) — w, is an
isomorphism of complex linear spaces. Thus, a complex structure V' = (W, I) on W defines a
decomposition W =V @ V.

Since a complex torus of dimension g is diffeomorphic to the product of 2¢ circles, for any abelian
group G of coefficients, we have an isomorphism

H"(A,G) = /n\Hl(A, G).

In particularly, we have an isomorphism
n n
H"(A,Z)= \ H'(A,Z) = [\ A".

The linear space V' (resp. V) can be identified with the holomorphic part T (resp. anti-
holomorphic part T%') of the complexified tangent space of the real torus W/A at the origin.
Passing to the duals, and using the De Rham Theorem, we get the Hodge decomposition

Hpg(A,C) 2 H'(A4,C) = Wy = HY0(A) @ HY' (A), (1.2)

where H'Y(A) = Q(A) = VV (resp. H*!1(A) = V*) is the linear space of holomorphic (resp.
anti-holomorphic) differential 1-forms on A. Note that H1?(A) embeds in H!(A, C) by the map
that assigns to w € Q'(A) the linear function v fvw. If we choose the bases (71, .. .,72q)
and (wy,...,w,) as above, then H''V is a subspace of H'(A, C) spanned by the vectors w; =
Z?ﬁl aij;, where (77, ...,73,) is the dual basis in H!(A,C), and (a;;) is equal to the transpose
11 of the period matrix (1.1).

The complex cohomology group H" (A, C) admits the Hodge decomposition:

H™(A,C) = P HI(A,Q), (1.3)
p+q

where QY is the head of holomorphic p-forms, and
P q
HIA) =2 \Ve AV (14)

A complex torus is a Kédhler manifold, a Kihler form (2 is defined by a Hermitian positive definite
form H on V. In complex coordinates z1, ..., 2, on V, the Kéhler metric is given by > h;;2;%;,
where (h;;) is a positive definite Hermitian matrix. The Kihler form 2 of this metric is equal
13" hijdz; A dz;. Tts cohomology class ] in the De Rham cohomology belongs to H(A, R).
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Let Pic(A) be the group of isomorphisms of holomorphic line bundles on A. One can describe
it by means of the Appel-Humbert data attached to (V, A). It is a pair (H, ) that consists of an
Hermitian form H : V x V — C such that

Im(H)(A,A) C Z (1.5)
and a semi-character x : A — U(1) of A, i.e. a map

X:A—=UQ1):={z€C,|z| =1}

satisfying '
XOW) = x(A)x(N)emmHAA), (1.6)
Combining (1.5) and (1.6), we obtain that, for all \, \' € A,
X(AN) = Ex(M)x(X). (1.7)

(Notice that if H = 0, a semi-character x : A — U(1) is a group homomorphism, i.e., a character
of A.)

If H is a Hermitian form on V' that enjoys property (1.5), then there exists a semi-character Y :
A — U(1) such that (H,x) is an A.-H. data. If (H',x’) is another A.-H. data for V, then both
(H+ H',xx')and (H — H', x/x’) are also A.-H. datas. In other words, the set of all A.-H. datas
attached to (V, A) carries the natural structure of a commutative group where the identity element
is the pair (0, 1) where 1 : A — {1} C U(1) is the constant map.

If H is an Hermitian form on V' that enjoys property (1.5), then there exists a semi-character
X : A — U(1) such that the pair (H, x) is an A.H. data. The set of of such x (for given H) is
obviously a torsor over the group Hom(A, U(1)) = Hom(A, U(1))%.

Each A.-H. data (H, x) defines a holomorphic line bundle L = L(H, x). It is defined to be the
quotient of the trivial holomorphic line bundle V' x C by the free action of A:

At (v,2) = (v4 A, eTTENHZHRN () z),

The projection map V' x C — V' is A-equivariant (here the subgroup A acts on V' by translations)
and induces the structure of a holomorphic line bundle over V/A = Aon L = L(H, x).

Conversely, every holomorphic line bundle L on A = V//A becomes trivial (isomorphic to V' x C)
after pulling back to V" and is isomorphic to £L(H, x) for precisely one A.H. data (H, x) attached to
(V,A) (Theorem of Appel-Humbert). In order to find H, one should consider the first Chern class
of L, i.e., the corresponding alternating bilinear form

2
c1(L) € H*(A, Z) = Hom(/\ A, Z).
Extending this bilinear form by R-linearity to Agx = V', we get an alternating R-bilinear form

E:V xV =R

It turns out that E coincides with the imaginary part of H.
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It follows that

Pic’(A) := Ker(cy : Pic(A) — H*(A,Z)) = Hom(A, U(1)).

Notice that, for all u,v € V,
H(u,v) = R(u,v) +iE(u,v)
and, therefore (multiplying it by i),
—E(u,v) + iR (u,v) = i(R(u,v) + iE(u,v)) =
iH(u,v) = H(iu,v) = R(iu,v) +iE(iu, v).

Comparing the real and imaginary parts, we obtain the real part of H:

R(u,v) = E(iu,v), H(u,v) = E(iu,v) + iE(u,v), Yu,v e V. (1.8)
On the other hand, since H is Hermitian, H (iu, iv) = H(u,v), i.e.,

R(iu,iv) = R(u,v), E(iu,iv) = E(u,v), Yu,ve V. (1.9)

Remark 1.1. Suppose that H = 0 and (0, x) is an A.H. data. Then, x : A — U(1) is a group
homomorphism and L£(H, x) is the quotient of V' x C modulo the following action of A:

(v,2) > (V+ A\ x(N)2) Yo e V,ze C, X € A (1.10)

Let us consider the principal C*-bundle £(0, x)* obtained from L(H, x) by deleting the zero sec-
tion. Then, £(0, x)* may be viewed as the quotient of the commutative complex Lie group V' x C*
by its discrete subgroup

A={\x\)|AeA}cV xC"

It carries the natural structure of the commutative complex Lie group that fits in the short exact
sequence:
1-C" = L0O,x)">A—=0

(see [188, Sect. 11]).

We say that A.H. data (H, x) is a polarization of A if H is a positive-definite Hermitian form on
V. Two polarizations with the same Hermitian form are called equivalent. (Sometimes one calls a
polarization just a positive-definite Hermitian form H on V' that enjoys property (1.5).)

The following conditions are obviously equivalent.

1. (H,x) is a polarization.
2. The symmetric R-bilinear form R = Re(H) : V x V — R is positive-definite.
3. If E = Im(H), then, for any nonzero v € V,

E(iu,u) > 0.
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1.2 Abelian Varieties

A complex torus A is called an abelian variety if it admits a polarization. A holomorphic line bundle
L on A is called ample if L = L(H, x) where H is a polarization. It is known that L is ample if
and only if the holomorphic sections of some positive tensor power of L embed A in a complex
projective space. More precisely, L is ample if and only if the holomorphic sections of L3 embed
A in a projective space (a theorem of Lefschetz) [127, p. 28].

Note that the Hermitian form H on can be uniquely reconstructed from the restriction of Im(H)
to A x A, first one extends it, by R-linearity, to a R-bilinear and R-valued symplectic form F on
W, and then checks that

H(z,y) = E(iz,y) + iE(x,y). (1.11)

In fact,
H(x7 y) = R(.ﬁlf, y) + iE('x: y)§ R(.%', y) = Re(H(:):, y))? E(x7 y) = Im(H(ac, y))
implies
H(iz,y) = R(izx,y) + iE(iz,y) = iH (z,y) = iR(z,y) — E(x,y).

Hence, comparing the real and imaginary parts, we get R(x,y) = E(iz,y). Since H(z,y) =
H (iz,iy) and its real part is a positive definite symmetric bilinear form, we immediately obtain that
FE satisfies

E(iz,iy) = E(z,y), FE(iz,y) = E(iy,z), FE(iz,x) >0, z #0. (1.12)
We say that a complex structure (W, I') on the real vector space W is polarized with respect to a
symplectic form F on W if E satisfies (1.12) (where iz := I(x)).

We can extend E to a Hermitian form H¢ on W, first extending £ to a skew-symmetric form
FE¢, by linearity, and then setting

He(z,y) = 3iEc(z, 7). (1.13)
Letz =a+ib,y = a' + i’ € W witha,b,a’,b' € W.
We have
Hc(a+bi,a’ —it') = 2(—Ec(b,d’) + Ec(a, b)) + 3i(Ec(a,d') + Ec(b,V)).

The real part of H¢ is symmetric and the imaginary part of H¢ is alternating, so H¢ is Hermi-
tian. Also, by taking a standard symplectic basis e1, ..., ez, of W with respect to F and a basis
(fi,---s fo fi,.. ., fg) of Wc, where fi, = ey, + iej4g, fr =ep — i€j4g, We check that Hc is of
signature (g, g).

Now, if z = w — il (w), 2’ = w' —il(w') € V,
He(z,2) = 3iBc(w — il (w), w +il(w)) = E(I(w),w) >0

and
Ec(z,2") = Ec(w — il (w),w’ — il (w"))
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= Ec(w,w') — Ec(I(w), I(w')) — i(Ec(I(w),w') + Ec(w, I(w')) = 0.

Thus, V' = (W, I) defines a point in the following subset of the Grassmann variety G(g, W¢) of
g-dimensional subspaces of W:

G(g,We)g :={V € G(g,Wc) : Hcly > 0, Ec|v = 0}. (1.14)

It is obvious that V and V' are mutually orthogonal with respect to Hc, and Hcly < 0.

Conversely, let us fix a real vector space W of dimension 2g that contains a discrete lattice A of
rank 2g, so that W/A is a real torus of dimension 2g. Suppose we are given a symplectic form
F e /\2 WY on W. We extend E to a skew-symmetric form Ec on W, by linearity, and define
the Hermitian form of signature (g, g) by using (1.13).

Suppose V' = (W, I) € G(g, Wc)g. It is immediate to check that Ec(Z,y) = Ec(z,y). Thus,
H(z,7) = —H(z,r) < 0. This implies that V NV = {0}, hence We = V @ V. Now W =
{v+v,v € V} and the complex structure I on W defined by I(w) = i(v — v) is isomorphic to the
complex structure on V' via the projection W — V, v+ v — v. Itis easy to check that E¢ restricted
to W is equal to E, and E(I(w),w) > 0, E(I(w),I(w)) = E(w,w). We obtain that the set of
complex structures on W polarized by F is parameterized by (1.14).

The group Sp(W, E) = Sp(2¢,R) acts transitively on G(g, W¢)g with the isotropy subgroup of
V isomorphic to the unitary group U(V, Hc|V) = U(g). Thus,

G(g, We)e = Sp(29,R)/U(g)

is a Hermitian symmetric space of type III in Cartan’s classification. Its dimension is equal to
g9(g +1)/2.

Remark 1.2. According to Elie Cartan’s classification of Hermitian symmetric spaces there are four
classical types LII, III and IV and two exceptional types Eg and E;. We will see type IV spaces
later while discussing K3 surfaces, and we will see other classical types while discussing special
subvarieties of the moduli spaces of abelian varieties. It is not known whether the exceptional types
admit realizations as the moduli spaces of some geometric objects.

So far, we have forgotten about the lattice A in the real vector space W. The space G(g, Wc)g
is the moduli space of complex structures on a real vector space W of dimension 2¢g which are
polarized with respect to a symplectic form £ on W or, in other words, it is the moduli space of
complex tori equipped with a Kéhler metric H defined by a symplectic form E' = Im(H ). Now, we
put an additional integrality condition by requiring that

Im(H)(A x A) C Z.

Recall that a skew-symmetric form E on a free abelian group of rank 2¢g can be defined, in some
basis, by a skew-symmetric matrix
_ (9% D
o= (% o)

where D is the diagonal matrix diag[dy, . .., d4] where all d; are positive integers with d;|d; 1,7 =
1,...,9 — 1. The sequence (dy,...,d,) defines the skew-symmetric form uniquely up to a linear
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isomorphism preserving the skew-symmetric form. In particular, if E is non-degenerate, the product
d = dy - - - dg is equal to the determinant of any skew-symmetric matrix representing the form. It is
called the degree of the polarization.

If H is a positive definite Hermitian form defining a polarization on A, the sequence (d1, ..., dy)
defining Im(H)|A x A is called the type of the polarization.

The number d,, is equal to the exponent of the abelian group A/t(A), where ¢ : A — A is defined
by the non-degenerate bilinear form I (H). It is denoted by e(L) and is called the exponent of the
polarization defined by an ample line bundle L.

A polarization is called primitive if gcd(dy, . . ., dgy) = 1. Itis called principal if its degree is equal
to 1.

Choose a basis v = (v1,...,724) of A such that the matrix of the symplectic form E|A x A is
equal to the matrix Jp.

We know that the matrix (E(ivq4,))g+1<ab<2g 18 positive definite. This immediately implies
that the 2¢g vectors 74,174, a = g + 1, ..., 2g, are linearly independent over R, hence we may take
d—lﬂgﬂ, e é’}/zg as abasis (eq,. .., eq) of V. It follows that the period matrix II in this basis of V'
and the basis (71, . ..,724) of Ais equal to a matrix (Z D). Write Z = X 4 1Y, where X = Re(7)
and Y = Im(7) are real matrices. Then v, = Y 7_, xpses+ > yksies, k = 1,..., g, and the matrix
of E'on W = Ag in the basis (eq, ..., eq, €1, ..., iey) of W is equal to

/X D\'_ (x D\' ,/x D\' 0 y—1
Jo = Jo
Y 0 Y 0 Y 0 D! —DlXxy-!

(0 -y-!
- tYfl _tyfl(X _ tX)Yfl :
Since E(ej, e;) = E(ie;, iej) = #djE("Yg—i-if}’g-i-j) = 0 and (E(ie;, e;)) is a symmetric positive

definite matrix, we obtain that Y is a symmetric positive definite matrix, and X is a symmetric
matrix. In particular, Z = X + iY is a symmetric complex matrix.

We have proved one direction of the following theorem.

Theorem 1.3 (Riemann-Frobenius conditions). A complex torus A = V/A is an abelian variety
admitting a polarization of type D if and only if one can choose a basis of A and a basis of V' such
that the period matrix 11 is equal to the matriz (T D), where

'Z=2 Im(Z)>0.

We leave the proof of the converse to the reader.

Note that the matrix of the Hermitian form H in the basis e, ..., e, as above is equal to S =
(E(ieq,ep)). Since

dbdab = E(Ya Yg0) = Y E((@ka + 1ka)er, dpes)

g
k=1
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Il
|MQQ
—_
<
o
IS]

g
E(iek, dyes) = Y _ Eien, dyer)yra = deE i€y, €x)Yka
k=1 k=1

we obtain that
S =1Im(r) L. (1.15)

So, we see that we can choose a special basis (71, ..., 724) such that the period matrix II of A is
equal to (7 D), where 7 belongs to the Siegel upper-half space of degree g

9, :={Z e Mat,,(C) : 'Z = Z,Im(Z) > 0}.
Every abelian variety with a polarization of type D is isomorphic to the complex torus
A=CI/Z79 + DZ9.

Note that ), = G(g,CY)g, where E : R?9 x R?9 — R is a symplectic form defined by the matrix
D. However, the isomorphism depends on a choice of a special basis in R?9. One must view g
as the moduli space of polarized complex structures on a symplectic vector space W of dimension
2g equipped with a linear symplectic isomorphism R?” — W, where the symplectic form R?" is
defined by the matrix D.

Two such special bases are obtained from each other by a change of a basis matrix that belongs to
the group
Sp(Jp,Z) = {X €Sp(29,Q) : X - Jo - 'X = Jp}.

If X = (%1 %2>, where Ny, No, N3, Ny are square integer matrices of size g, then X €
3 V4

Sp(Jp, Z) if and only if

N;-D-'Ny=Ny-D'- Ny, D-*Ny=N,-D-'N3, N;-D-!Ny—Ny-D-t!N3=D.

Thus, we obtain that the coarse moduli space for the isomorphic classes of abelian varieties with
polarization of type D is isomorphic to the orbit space

Ag,D = Sp(Jp, Z)\ﬁg-
The group Sp(Jp, Z) acts on £, by
Z + (ZNy + No)(N3Z + Ny)~'D.
If Jp = J, then we denote Sp(.Jp, Z) by Sp(2g, Z) and A, p by A, and get

-Ag = Sp(2g, Z)\ﬁg'

So far, the geometry of abelian varieties is reduced to linear algebra. One can pursue it further by
interpreting in these terms the intersection theory on A. It assigns to any holomorphic line bundles
Lq,...,Lg an integer (L1,...,Ly) that depends only on the images of L; under the first Chern
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class map. Of course, it is also linear in each L; with respect to the tensor product of line bundles.
Letcy(L;) = oy € /\2 AY and

29
041/\---/\04g6/\AV.

A choice of a basis in A defines an isomorphism /\29 AY = 7. This isomorphism depends only
on the orientation of the basis. We choose an isomorphism such that LY := (L,...,L) > 0 if
L is an ample line bundle. For example, if L corresponds to a polarization of type D, we have
o= Z divi N Yi+g and

L9 = g!d1 o ~dg.

By constructing explicitly a basis in the linear space of holomorphic sections of an ample line bundle
L in terms of theta functions, one can prove that

L9
0 —
W) =1

= Pf(a),
where Pf(«) is the pfaffian of the skew-symmetric matrix defining . More generally, for any ample
line bundle L, the Riemann-Roch Theorem gives

X(L)=> (~1)'dim H(A, L) = zzg‘
=0

Let us now define a duality between abelian varieties. Of course, this should correspond to the
duality of the complex vector spaces.

Let A = V/A be a complex g-dimensional torus. Consider the Hodge decomposition (1.2), where
we identify the linear space H'( A) with the dual linear space VV. Using the Dolbeault’s Theorem,
one can identify H%!(A) with the cohomology group H'(A,04). The group H'(A4,7Z) = AV
embeds in H!(A, C), and its projection to H%! is a discreet subgroup A’ of rank 2g in H%!. The
inclusion H(A,Z) — H'(A, O4) corresponds to the homomorphism derived from the exponential
exact sequence

27
0Z— 045 04—0

by passing to cohomology. It also gives an exact sequence
H'(4,04)/A — H'(A,0%) % H2(4,2),

where the group H' (A4, O%) is isomorphic to Pic(A). Thus, we obtain that the group of points of
the complex torus H' (A, O 4)/A’ is isomorphic to the group Pic?(A). It is called the dual complex
torus of A and will be denoted by A.

Remark 1.4. Note that one can define the group Pic’(X) for any irreducible projective algebraic
variety X over an algebraically closed field (in fact, in much more general situation) as the group
of classes of divisors algebraically equivalent to zero modulo linear equivalence. It can be equipped
with a structure of an algebraic connected commutative group variety. It X is nonsingular, it has
a structure of an abelian variety defined as a complete connected algebraic group. It is called the
Picard variety of X.
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Now, we assume that A is an abelian variety equipped with a polarization L of type D. The
corresponding Hermitian form H defines an isomorphism from the linear space V' to the linear space
V'V of C-antilinear functions on V' (where V is equal to V with the complex structure I(v) = —iv).?
Considered as a vector space over R, it is isomorphic to the real vector space WV = Homg (V, R)
by means of the isomorphism

VY = WY, I+ k=1Im(l)

with the inverse defined by k — —k(iv) + ik(v). We may identify V'V with H%!(A). We have
AN =N :={leVY:I) cCz}

so that
A= VV/AV.

Also, Im(H) defines a homomorphism A — AY. Composing it with the homomorphism A" =
H'(A,Z) — A’ ¢ H%'(A), we obtain a homomorphism A — A’. Let

¢r:A— A (1.16)

be the homomorphism defined by the maps V' — H%! and A — A’. It is a finite map, and

K(L) :=Ker(¢) = AY /A = (29/DZ%)* = P(Z/d;Z)*.
=0

In particular, ¢y, is an isomorphism if L is a principal polarization. The dual abelian variety can be
defined over any field as the Picard variety Pic’(A), and one can show that an ample holomorphic
line bundle L defines a map (1.16) by using the formula

¢r(a) =t (L)® L7,

where ¢, denotes the translation map = — x + a of A to itself.

If we identify A with A by means of this isomorphism, then the map ¢y, corresponding to the
polarization L of type (d, ..., d) can be identified with the multiplication map [d] : = — dz. Its
kernel is the subgroup A[d] of d-torsion points in A. Clearly, d, coincides with the exponent ey,
of the group K (L), which is the smallest positive integer that kills the group. Then, A = A/Ky

and the multiplication map [er] : A — A is equal to the composition of the map ¢, : A — A and
~ 2g—2
a finite map A — A with kernel isomorphic to the group (Z/eZ)?9/K (L) of order @lﬁiﬁ‘

Abusing the notation, we denote this map by gbzl. So, by definition, d)Zl oo = [er].

1.3 Questions of Rationality

In this section, we will view abelian varieties as algebraic varieties and discuss the fields of definition
of these varieties, their torsion points and endomorphisms.

’It also defines an isomorphism of complex vector spaces V — V'
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Definition 1.1 (Definition-Construction). Let us fix a holomorphic embedding of an abelian vari-
ety A into a complex projective space PV (C). In what follows, we will identify A with its image
in PV (C). Then, A is complex projective manifold, hence by the Chow theorem, it is a complex
projective algebraic variety, i.e., is the set of common zeros of finitely many homogenous polyno-
mials in homogeneous coordinates (7 : ...7T,) in PN, (Its irreducibility follows readily.) All the
coefficients of these polynomials lie in C. However, there are only finitely many such coefficients
that generate a certain finitely generated subfield K of C over Q. Extending this subfield, in order
to make “rational” the zero 04 of group law on A, we may assume that 04 € A(K). Applying
the Chow theorem to the graph in PV (C) x PV (C) x PV (C) ¢ PN+1’~1(C) of the holomorphic
addition map A x A — A, (z,y) — x + y, we obtain that the addition map is a regular map of
projective algebraic varieties that is defined over a certain finitely generated extension of K. So,
further extending K, we may and will assume that the addition map is defined over a certain sub-
field K of C that is finitely generated over Q. In a similar way, considering the inversion map
A — A,a — —a and enlarging the field, we may and will assume that there is a subfield K’ C C
that is finitely generated over Q and such that A is a projective algebraic K -subvariety of P such
that 04 € A(K), and the group law and the inversion map on A are defined over K. If K enjoys all
these properties, we say that the abelian variety A is defined over K. If this is the case and L is a
subfield of C that contains K, we set

A(L) = A(PN(L),

which is a subgroup of A.

If L is finitely generated over QQ, then a theorem of Mordell-Weil-Néron-Lang asserts that A(L) is
a finitely generated commutative group [104,111].

In what follows, we will use the following elementary observation:

Lemma 1.5. Let K be a subfield of C that is finitely generated over Q, and K be its algebraic
closure in C. Let Aut(C/K) be the group of all field automorphisms of C that leave invariant every

element of K. Let N be be a positive integer. Let us consider the natural action of Aut(C/K) on
PN(C).

Then, the set of fixed points coincides with PN (K). Every Aut(C/K)-orbit that is not a fixed point
is infinite.

Theorem 1.6. Let K be a subfield of C that is finitely generated over Q, and K its algebraic closure
in C. Suppose that A is an abelian variety that is defined over K. Then

(i) All points of finite order on A are defined over K.

(ii) Let f be a holomorphic endomorphism of the commutative complex Lie group A. Then, f is
a regular self-map of the projective algebraic variety A that is defined over K.

Proof. Since A is defined over K, it is a Aut(C/K)-invariant subset of PV (C); the set of fixed
points on A coincides with A(K).
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If n is a positive integer then let us consider the subgroup
An]={x € A|nz =04}

of A. For the future use we denote the subgroup Tors(A) of torsion elements of A by A[co], and,
for any prime [, denote its [-primary component by A[[*°].
Since A = V//A, the group
1
Aln] = —=A/A = (Z/nZ)
n

is finite. Since A, together with its group structure, is defined over K, each o € Aut(C/ K) sends
A[n] to A[n]. This implies that the Aut(C/K)-orbit of every « € A[n] lies in A[n] and therefore is
a finite set. By Lemma 1.5, z € PV (K), i.e.,

z e A(\PV(K) = A(K).

This means that A[n] C A(K), which proves (i).

In order to prove (ii), observe that the set

MM:UAM:U%MA
n=1

n=1

is everywhere dense in A = V/A in classical complex topology and, therefore, in Zariski topology
as well. Since f is a group endomorphism, A[oo] is f-invariant; moreover, f is uniquely determined
by its restriction to A[oc]. Applying Chow’s theorem to the graph of f in the projective algebraic
variety A x A, we conclude that f is a regular self-map of A. Since A is defined over K, every
o € Aut(C/K) gives rise to the regular self-map ° f of A characterized by

fof(o7 z) = o(u(x)) Vo € A C P*(C). 1.17)

In particular,
7f(x) = f(x) Vz € A(K). (1.18)

By already proven (i), A[oc] C A(K). Combining this with (1.18), we conclude that 7 f coincides
with f on A[oo] and therefore © f = f for all ¢ € Aut(C/K). This means that f is defined over
K. O

Let Gal(K) = Aut(K /K) be the absolute Galois group of K, i.e. the Galois group Gal(K*/K)
of the separable algebraic closure of K. There is the natural action of Gal(K) on the commutative
group A(K). Clearly, A[n] is a Gal(K)-stable subgroup of A(K) for all positive integers n. This
gives rise to the continuous group homomorphism

pn.Ax - Gal(K) — Aut(A[n]) = Autg, (An]). (1.19)

We write

Gn,ax C Aut(Afn]) = Autg, (A[n])
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for the image of py, 4 k in Autz, (A[n]). Then, G(n) := ker(pp 4 k) is a closed normal subgroup
in Gal(K) of finite index and therefore is an open subgroup of Gal(K). We write K (A[n]) for
the subfield of ker(p,, 4 x )-invariants in K. We call K (A[n]) the field of definition of all points of
order dividing n on A, because K (A[n]) is the smallest overfield L of K such that Ajn] C A(L).
By definition, K (A[n]) is a finite Galois extension of K and its Galois group

Gal(K (A[n])/K) = Gn.ax C Aut(An]) = Autz, (Aln]).

If m is any positive integer, then
1
nm

Afn] = %A/A —m ( A/A) — mAJmn] C Afmn],

o Aln] = mA[mn] C A[mn].

This implies that every automorphism of the commutative group A[nm] leaves invariant the sub-
group A[n], and gives rise to the natural homomorphism

Tnmn @ Aut(Almn]) — Aut(A[n]), Tmn(v)(x) = u(z) Vu € Aut(A[mn]), z € A[n] C Almn].
This implies that
P, AK = Tmnn © Pmn,A K - Gal(K) — Aut(A[mn]) — Aut(Aln]),
and
K C K(A[n]) € K(A[mn]). (1.20)

The following observation that deals with m = 2 (and n = 2) will be used in Chapter ??.
Claim 1.7. Let n be an even positive integer.

If K(A[2n]) # K(A[n]), then K(A[2n])/K(A[n]) is an abelian field extension, whose Galois
group Gal(K (A[2n])/ K (A[n]) is a finite abelian group of exponent 2.
Proof. Let 5

o € Gal(K(A[2n]/K(A[n])) C Gan a x C Aut(A[2n]).
Then, for any x € A[2n], we have 2z € A[n], and therefore, o (2z) = 2x. This implies that
2(0(z) —z) =0(22) — 22 =0,

ie.,y=o(x) —x € A[2], and
olx)=x+y.
Notice that o(y) = y, because A[2] C A[n] (recall that n is even). Thus,
o*@)=o(w+y) =0o@) +o(y) =o(@)+ty=(e+y) +y=o+2y =2

This proves that each o € Gal(K (A[2n]/ K (A[n]) has order dividing 2, and therefore, Gal(K (A[2n]/K (A[n]))
is a finite abelian group either of exponent 1 (i.e., K (A[2n]) = K(A[n])), or of exponent 2. O
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Chapter 2

Endomorphisms of Abelian Varieties

In this chapter, we will discuss general facts about endomorphisms of abelian varieties.

2.1 Generalities on Endomorphisms of Abelian Varieties

A holomorphicmap f : A =V/A — A" = V’'/A’ of complex tori that sends zero to zero is called a
homomorphism of complex tori. One can show that this is equivalent to that f is a homomorphism
of complex Lie groups, i.e.,

flet+y) = fle)+ fly), Ya,yeA

Obviously, it is defined by a unique linear C-map f, : V — V' (called an analytic representation
of f) and a unique Z-linear map f, : A — A’ (called a rational representation of f) such that the
restriction of f, to A coincides with f,.. Namely,

flo+A)=f,(v)+A, YveV. (2.1)

If A” = V" /|A” a complex torus and h : A’ — A” a homomorphism of complex tori then the
composition h o f : A — A” is also a homomorphism of complex tori and the corresponding
(hofla:V —=V" (hof).: A— AA” enjoy the following properties:

(hof)a:haofay (h0f>r:h7-0f7-. (2.2)
Example 2.1. Suppose that V =V’ and A is a subgroup of finite index in A’. Then,
J:A=V/ A=A =V/N, fo+A)=v+ANYVYoeV

is a homomorphism of complex tori such that f, : V' — V is the identity map, and f, : A — A’ is
the inclusion map.

Remark 2.2. Since f is a group homomorphism, f(A[n]) C A’[n]) for all positive integers n.
Lemma 2.3. Let A=V /Aand A’ = V'/N be abelian varieties, and f : A — A’ be a homomor-

phism of abelian varieties.

15
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(i) The kernel ker(f) C A of f is finite if and only if the corresponding homomorphism f, :
A — N of lattices is injective. If this is the case and dim(A) = dim(A’, then f is surjective,
the image f.(A) of A is a subgroup of finite index in A, and this index equals the order of
ker(f).

(ii) f is an isomorphism of abelian varieties if and only if dim(A) = dim(A"), and f.(A) = A"

Proof. Recall that there is a C-linear map f, : V' — V’ such that
fa(N) = fr(N), VA €A,

fw+A)=fr(v)+ AN eV /N=AVo+AeV/A=A.

If f, is not injective then there is a nonzero A € A such that f,.(A\) = 0 € V’. This implies that
fa(A) = 0 € V'. By C-linearity of f,, the line C - A C V goes to 0 € V’. This implies that
the image of the uncountable set C - X in V/A = A lies in the kernel of f. Since A is countable,
this image is also uncountable, and we obtaint that ker(f) is an uncountable set. In particular, it is
infinite, so f is not an isogeny. Assume now that f,. is injective. It follows that f, is also injective,
because the natural map

ARR =V, AQc+— cA

is an isomorphism of real vector spaces, and, for any ¢ € R, A € A,

fa(eA) = cfa(X) = cfr (D).

Since A and A’ are of the the same dimension, the lattices A and A’ have the same rank. Hence,
the image f,.(A) is a subgroup of finite index in A’. Let us denote this index by d. Then, Ag :=
fY(A’) C V contains the sublattice

F (e (A) = £ (e (M) = A

as a subgroup of index d. It follows that the kernel of f is Ag/A, which is a group of order d. This
ends the proof of (i). Assertion (ii) follows readily from (i). ]

Clearly, the set Hom(A, A’) of all homomorphisms f : A to A’ carries the natural structure of an
abelian group and the map

Hom(A, A") — Homgz (A, A, f+— £,

is an injective homomorphism of abelian groups. Since the group Homy, (A, A’) is isomorphic (non-
canonically) to

HomZ(ZQdim(A) 72 dim(A’)) _ 74dim(A) dim(4")
Homy (A, A’) is a free abelian group of rank < 4dim(A)dim(A’) (actually, this bound can be
improved to 2 dim(A) dim(A’), which is sharp).

Let End(A) be the set of endomorphisms of a complex torus A = V/A, i.e. homomorphisms of
A to itself. As usual, the set of endomorphisms of an abelian group is equipped with the structure
of an associative unitary ring with multiplication defined by the composition of homomorphisms
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and the addition defined by value by value addition of homomorphisms. By above, we obtain two
injective homomorphisms of rings

pa : End(A) — Endc(V) =2 Maty(C), f— fa; pr:End(A) — Endz(A) = Matyy(Z), f— f;.

They are called the analytic and rational representations, respectively.

Instead of the endomorphism ring End(A), it is often more convenient to work with the endomor-
phism Q-algebra of endomorphisms of A defined as

Endg(A) := End(A) ® Q (2.3)

(often denoted by End’(A)). By definition, Endg(A) is a finite-dimensional Q-algebra and the
natural map
End(A4) — Endg(4), u—u®1

is a ring embedding. Extending p, by Q-linearity, we get the embedding of Q-algebras
Endg(A) — Endz(A) ® Q = Endg(Ag), f®s+— f ®s Vf e End(A),seQ
which we continue to denote by p,.. Here
Ag=A®Q

is the Q-vector space of dimension 2dim(A), which may be viewed as the following Q-vector
subspace of AR :=AQR =1V,

Ag = {v € V | Japositive integer Nsuch that Nv € A} C V.
Similarly, we may extend p, by Q-linearity to the embedding of Q-algebras
Endg(A4) — Endc(V), ®s—sf, VfeEnd(A),seQ.

Taking unto account that f, = p, coincides with the restriction of p,(f) = f, to A for all f €
End(A), we conclude that the homomorphism

pr(f):Ag = AgCV
coincides with the restriction of p,.(f) : V' — V to Ag for all f € Endg(A).

Example 2.4. Let A" = V' /A’ be a complex torus of positive dimension with End(A’) = Z. Let us
consider the set Sub(A’) of all subgroups A of finite index in A’ that enjoy the following property:

A ¢ mA’,  for any integer m > 1. 2.4

Clearly, Sub(A’) is an infinite countable set containing A’. If A1, A € Sub(A’), then let us consider
the infinite subgroup of Z defined by:

(Ay:A)={k€Z|k-A C A} CZ. (2.5)
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Clearly, (A2 : A;) = Z if and only if Ay D A;. In particular, for any A € Sub(A’),
(A:A)=7Z.
If Ay, Ao, A3 € Sub(A’), then there is a natural biadditive map:
(Az:Ag) x (Ao : Ar) = (A3 Av),  (kso, ko1) — k3okor. (2.6)
For each A € A, let us consider the complex torus
Ap =V'/A.

If A1, A2 € Sub(A’), then to each k € (A : A1) C Z corresponds a homomorphism of complex
tori
(k] : Ap, == VI/Ao = Ap,, v+ A= kv+ A Voe=V .7

such that the corresponding maps [k], : V' — V” and [k], : A1 — Ag are as follows:
[k]a(v) = kv, Yv e V' [k](r)(\) = kX € Ag VX € A;. (2.8)
Clearly, the map k +— [k] defines an embedding of groups:
(A2 : A1) = Hom(Ap,, An,), k+— [K]. (2.9

In what follows, we will identify (Ao : A1) with its image in Hom( Ay, , A, )-

If A1, Ag, A3 € Sub(A’), then, for each
ko1 € (A2 : A1) C Hom(Ap,, Ap,)ks2 € (Az : A1) C Hom(Anp,, Ap,),
the composition k32 o k21 € Hom(Ax,, Aa, ) coincides with the product (2.6)
kssokor € (A3 : A1) C Hom(Ap,, Ap,).

Remark 2.5. If A’ = V'/A’ is a abelian variety then all Ay := V’/A are also abelian varieties.
Indeed, if H is a positive-definite Hermitian form on V', whose imaginary part takes on only integer
values on A’, then the same is true for any A C A’.

Theorem 2.6. Suppose that
End(A") =Z = (A : \).

Then, the complex tori A enjoy the following properties:
(i)
HOHl(AAl,AAQ) = (AQ : A1> VAl,AQ S Sub(A').
(ii)
End(A4)) = (A : A) = Z VA € Sub(A).

(iii) If A1, A2 € Sub(A') then the complex tori Ay, and Ap, are isomorphic if and only if A1 =
Ao.
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Proof. Let f : Ay, — Ap, be a homomorphism of complex tori with the corresponding analytic
and rational representations

fa S End(c(vl), fr S HOInz(Al,AQ)

such that the restriction of f, to A coincides with

A=A BV,
and
fw+Ay) = fa(v) + A2 Vo e V',
Let us consider the index d = [A’ : A1], which is a positive integer. Then,
dfa(A') = dfy (N') = fo(d(A') C fr(A1) C Az C A,
and, therefore, the map
A=V/N=sV/N =4 v+ N dfy(v)+ N VveV (2.10)

defines an endomorphism of the complex torus A’. Since End(A’) = Z, there is an integer m such
that
mv + A = df,(v) + N Vv e V',

1.e.,

dfy(v) = mo Vo e V'.
This implies that
fa(v) = —v.

It follows that m
Ao C fr(A1) = fa(A1) = — Ay,

d
and therefore,
m
EAl C Ay C A 2.11)
We claim that m/d is an integer. Indeed, there is a basis A1, ..., Aoy (with g = dim¢ (V")) of the
Z-module A’ and positive integers dy, . . ., dog such that d; | d;+1, and

29 2g
=1 =1

It follows from (2.4), that d; = 1, and, therefore, Ay € A;. Applying (2.11), we conclude that
m/\1 S Al.
d

Since )\ is an element of a basis of the free Z-module A’, we obtain that k := m/d € Z. This
means that f, = [k], and therefore f = [k], which proves (ii).

(i) follows from (ii) applied to A; = Ay = A. In order to prove (iii), suppose that f : Ay, — A,
is an isomorphism. It follows from (ii) that there is an integer k such that kA; C Ay and f = [k].
By Lemma 2.3(2), [k],(A1) = Az. Inlight of (2.8), kA; = Ay. Now it follows from condition (2.4)
that k = £1,1i.e., Ay = Aq. OJ
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We will need the following elementary assertion:

Claim 2.7. Let A = V/A and A’ = V’/A’ be complex tori, n a positive integer, and f : A — A’ a
homomorphism of complex tori. Then,

f en-Hom(A,A") < f(A[n]) = {0}.

In other words, the natural group homomorphism
Hom(A, A")/n — Homyg,,, (A[n], A'[n]),

defined by f +nHom(A, A")/ — flap, : Aln] — A'[n], x — f(z). is injective.

Proof. Both conditions are equivalent to the inclusion
fr(A) cn-N.
O

Theorem 2.8. Let A = V/A and A = V' /A be abelian varieties that are defined over a finitely
generated subfield K of C. Then, every _homomorphism f: A — Ais aregular map of projective
algebraic varieties that is defined over K.

Proof. The graphT'y C A x A’ is a compact smooth complex submanifold of the projective variety
A x A'. By Chow’s Theorem, I is a projective variety itself. It follows readily that f is a regular
map.

Recall (Remark 2.2) that, for all positive integers n,
f(An]) € A'ln].

Since both A and A’ are defined over K, every o € Aut(C/K) gives rise to the homomorphism of
abelian varieties
7f:A= A, z—o(flo (z) Va € A
Assume now that ¢ € Aut(C/K). Notice that the subfield CA"(C/X) of all Aut(C/K)-invariants
in C coincides with K.
Since, for all n, B -
Aln] c A(K), Aln] c A(K),

the homomorphisms f and “ f coincide on A[n|. Taking into account that U ; A[n] is dense in A,
we conclude that B
7f=/f, VoeAu(C/K).

This means that B
O‘(Ff) :Ff, VUEAut((C/K).

It follows that the projective subvariety I'; is defined over K and therefore f is also defined over
K. O
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Remark 2.9. Actually, the same arguments prove that every homomorphism f is defined over the
compositum of the fields

K(Aoc]) = UpZ, K(A[n]) and K(A'[oc]) = UpZ, K (A'[n)).

Clearly, every f is defined over a certain finite algebraic extension of K, and therefore, it is defined
over the compositum of K (A[n]) and K (A’[n]) for some n, in light of the inclusions (1.20). Since
Hom(A, A’) is a finitely generated group, there is a positive integer n such that all the homomor-
phisms f : A — A’ are defined over the compositum of K (A[n]) and K (A'[n]).

The following useful theorem of A. Silverberg [157], which is based on Minkowski’s Lemma [150,
Lemmal]), gives a refinement of this statement.

Theorem 2.10. Let n > 3 be an integer. Let K be a subfield of C that is finitely generated over
Q. Suppose that A and A’ are abelian varieties that are defined over K. If Aln] C A(K) and
A'ln] C A'(K) then all homomorphisms from A to A’ are defined over K.

Proof. Since the group Hom(A, A’) is finitely generated, there is a finite Galois field extension
L/K (with L C K) such that all homomorphisms from A to A’ are defined over L. It follows that

FIA(L)) c A(L), Yf € Hom(A,A').

Let G = Gal(L/K) be the (finite) Galois group of L/K. Then, there is a natural group homomor-
phism
G — Aut(Hom(4, A")), o~ {f— o(f)}. (2.12)

It is defined as follows: for any o € Gal(K), whose image in Gal(L/K) = G is o,
o(f)="f
(since f is defined over L, g(f) does not depend on the choice of o). We have

9(N)(g(x)) = g(f(x)), Ve A(L).

In particular,

o(f)(x) = f(x), V€ Aln] C A(K) = A(L)C.
It follows from Claim 2.7 that
o(f)— f €n-Hom(A,A") Vo € G, f € Hom(A, A"). (2.13)

Let G C Aut(Hom(A, A")) be the image of G under the homomorphism (2.12). Since G is finite,
its image G is also a finite group. It follows from (2.13) that every

& € G C Aut(Hom(A4, A"))

is congruent to the identity automorphism of the group Hom(A, A”) modulo n. Since n > 3 and
Hom(A, A’) is a free abelian group of finite rank, it follows from Minkowski Lemma that G boils
down to the identity map. This means that

o(f)=f, VYoeG=Ga(L/K),fcHom(A,A),

which, in turn, means that all the f are defined over K. OJ
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Remark 2.11. Suppose that dim(A) > 0 and n > 1. It what follows, we identify End(A)/n with
its (isomorphic) image in Endy/,, (A[n]. It is not necessarily true that all elements of End(A)/n are
endomorphisms of the Galois module A[n|, because we do not assume that all endomorphisms of
A are defined over K. However, we know that all of them are defined over K. for all f € End(A)
It follows from (1.17) and (1.19) that, for any o € Gal(K),

pn.Ax(0)End(A)/npna k(o) C End(A)/n. (2.14)

This implies
pnAK(f+n-End(A)) =7 f+n-End(A).

We will mainly be interested in the case when n = /¢ is a prime number, i.e., when Z/n = F, is a
field.

2.2 Very Simple Linear Representations and Endomorphisms of Abelian
Varieties

Property (2.14) inspires the following definition, see [183, Defn. 1.1].

Definition 2.1. Let V # {0} be a vector space over a field &, let G be a group and p : G — Auty (V)
be a linear representation of GG in V. Suppose that R C End()) is a k-subalgebra containing the
identity operator Id : V — V. We say that R is G-normal (or just normal) if

p(s)Rp(s)"' C R, VseQ@.

Remark 2.12. If R is a subalgebra of Endy, (V) then both R and p(s)Rp(s)~! have the same dimen-
sion over k. It follows that R is normal if and only if

p(s)Rp(s) ™' =R, VscQG.

Examples 2.13. 1. Obviously, Endy (V) and k-Id are normal subalgebras. We call them obvious
normal subalgebras.

2. Let A be an abelian variety of positive dimension that is defined over a field K. Let ¢ be a
prime number, V = A[(], G = Gal(K), p = pa k. It follows from (2.14) that End(A)// is
a normal subalgebra of Endp, (A[/]).

The following definition was introduced in [180] (see also [183]).

Definition 2.2. Let V # {0} be a vector space over a field &, let G be a group and p : G — Auty (V)
be a linear representation of GG in V. We say that the G-module V is very simple if every normal
subalgebra of Endy (V) is obvious.

Remark 2.14. Very simple modules enjoy the following properties [180, 183]:
(0) Let p(G) C Autg(V) be the image of p. Then, the G-module V is very simple if the p(G)-

module V is very simple (because a subalgebra of Endy (V) is G-normal if and if it is p(G)-
normal).
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(1) If dimg(V) = 1, then the G-module V is very simple (because in this case any subalgebra of
Endg (V) coincides with Endy (V) = k - 1d).

(2) Let k[G] be the group k-algebra of G. Then, every very simple G-module V is absolutely
simple, i.e., the k-algebra homomorphism k|G| — Endg(V) induced by p is surjective. (It
follows follows readily from the G-normality of the image of k|G| — Endy (V).

(3) Let G’ be a subgroup of G such that the G’-module V is very simple. Then, the G-module V/
is also very simple (because every G-normal algebra of Endy (V) is also G’-normal).

(4) If the G-module V is very simple, dim (V) > 1, and G’ is a non-central normal subgroup of
G, then the G’-module V is absolutely simple. In particular, G’ is non-abelian.

(5) If k = Fy and dimy (V) = 2, then every G-module V is not very simple.

The following assertion was proven in [183, Th. 6.4] for £ = 2.

Theorem 2.15. Let A be an abelian variety of positive dimension defined over a field K. Let { be a
prime,

k=T, V=A[], G=Gal(K), p=pasK-.

If the G-module A[{] is very simple, then End(A) = Z. In particular, A is a simple abelian variety.

Proof. Combining Example 2.13 with the definition of very simplicity, we conclude that End(A)/¢
is either Iy - Id, or Endp, (A[¢]). This implies that the F,-dimension of End(A)/¢ is either 1, or
4dim(A)?. Since End(A) is a free Z-module, its rank is either 1 or 4dim(A)2. In the former
case, End(A) = Z and we are done. In the latter case, the rank of End(A) is strictly greater than
2dim(A)?, that contradicts Theorem 2.29 below. This ends the proof. O

Remark 2.16. Recall that dimp,(A[¢]) = 2dim(A). In particular, if dim(A) = 1 (i.e., A is an
elliptic curve) then dimp,(A[¢]) = 2. In light of Remark 2.14(5), the conditions of Theorem 2.15
are not fulfilled if dim(A) = 1 and ¢ = 2.

We will use this theorem for ¢ = 2 in Chapter 10, in order to give an explicit construction of
hyperelliptic jacobians without nontrivial endomorphisms. This would require an analysis of the
following class of representations naturally related to permutation groups, see [183]. We discuss
this topic in the next section.

Let £ be an odd prime and ¢ be an automorphism of a positive-dimensional abelian variety A =
V/ A that satisfies the /th cyclotomic equation

T
L

<.
I
o

in End(A). Clearly & is the identity automorphism of A and the subgroup of fixed points of §

A ={zecA|déx)=a}



24 CHAPTER 2. ENDOMORPHISMS OF ABELIAN VARIETIES

is contained in A[/], and therefore, may be viewed as a finite-dimensional Fy-vector space. In order
to find its dimension, notice that the subring Z[d] of End(A) is isomorphic to the ¢th cyclotomic ring
Z[¢y] (a primitive ¢th root of unity (; goes to ). Indeed, recall that the ¢th cyclotomic polynomial

{—1

Ou(t) =Y € Z[t] C Q[t]

J=0

is irreducible over Q and the ring Z[(,] is isomorphic to the quotient Z[t]/(P4(t)) of the polynomial
ring Z[t] by the ideal generated by ®,(¢) where under this isomorphism the coset of x goes to (.
(The latter assertion follows from the fact that {1, (;, ..., 2} is a basis of the free Z-module Z[(]
of rank £ — 1.) Let us consider the surjective ring homomorphism

ZIt))(®4(t)) — Z[6], P(t) + ®,(t)Z[t] — P(5) € Z[5] YP(t) € Z[t]. (2.15)

Suppose that the map (2.15) is not injective. This means that there is a polynomial P(t) € Z[t] not
divisible by (®,(t) such that P(d) = 0. Replacing P(t) by its remainder with respect to division by
the (monic) ®,(¢), we may and will assume that deg(P) < ¢ — 1. Since ®y(¢) is irreducible over Q
and

deg(®y) = ¢ — 1 > deg(P),

the polynomials P(t¢) and ®,(¢) have no common roots, i.e., their resultant D # 0. Since both P(t)
and ®,(t) have integer coefficients, there are polynomials h(t), s(t) € Z[t] such that

D = h(t)®(t) + s(t)P(t).
This implies that D € Z, and in the ring Z[],
D = h(0)®¢(6) + s(6)P(d) = h(d) -0+ s(5) - 0 =0,

i.e., the multiplication by D in A is the zero map, which is absurd. The obtained contradiction
proves that the map (2.15) is injective, and therefore, is a ring isomorphism. It follows that the
composition of ring isomorphisms

-2 -2 =2
ZICo) — Z[/(De(t)) = ZI6), Y eil] = [ D et | + Bu(H)ZH] = Y eid) (2.16)
j=0 j=0 J=0

is also a ring isomorphism. Thus, the ring Z[4] is a Dedekind ring, and there is an isomorphism:
Z[0]/(1 = 6) = Z[¢] /(1 = Ce) = Fy.
In addition, the Q-subalgebra
Q[d] :=Z[6] ® Q C Endg(A) := End(4) ® Q

is isomorphic to the /th cyclotomic field Q((;) (as above (; goes to d). Since A is a free Z-module
of finite rank, the corresponding Z[d]-module A is torsion-free and finitely generated. Since the ring
Z[Ce) is Dedekind, A is a direct sum ©7_, P; of r invertible (i.e., rank 1 locally free) Z[6]-modules,
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for some positive integer 7. The Z-rank arguments imply that 2 dim(A) = r(¢ — 1). Thus, since
Z[Cy] is a free Z-module of rank ¢ — 1,

~ 2dim(A)
ol-1
and, therefore,
AP = (1= ) A/A = A/ A2 ZIGI /(1 - CQZIG) = F.
This implies that
2dim(A)
-1
Since A = @7_, P, its endomorphism ring Endzs)(A) is a Z[d]-algebra that (if viewed as the
Z[6)-module) is a direct sum @7 ._,Hom(P;, P;) of r? invertible Z[§]-modules Hom(P;, P;). In

2,7=1
particular, Endzs (A) is a free Z-module of rank (¢ — 1).

dim[pe (Aé) =T =

Let Ends(A) be the centralizer of § in End(A). It is a subring of End(A), and the center of
Ends(A) contains Z[d]. So, one may view End(A) as a Z[J]-algebra. As above, Ends(A) is a direct
sum of d projective Z[d]-modules of rank 1 for some positive integer d. The rational representation
of elements of Ends(A) gives us the ring embedding Ends(A) < Endz(A).Its image lies in
Endzj5(A), which gives us an embedding of Z[0]-algebras

tr: Ends(A) < Endg (A), f = fr (2.17)

Remark 2.17. Comparing the ranks in (2.17), we obtain the inequality d < 2. What will happen if
the equality holds? It follows immediately that there is a positive integer /N such that

N - Endg5(A) C v-(Ends(A)).

We claim that in this case the embedding (2.17) is bijective (and an isomorphism of Z[d]-algebras),
1.e.,

tr(Ends(A)) = Endgzs)(A). (2.18)

In the course of the proof, it is convenient to identify (via the rational representation) End(A)
with its image in Endz(A) and consider ¢, as the inclusion map. Let u € Endgs(A). Then,
Nu € Ends(A)). This implies that, if we extend Nu : A — A by R-linearity to the R-linear map

(Nu)p:V=A®R > AQR=1V,

then ug is a C-linear self-map of V. Thus, %(N u)Rr is also a C-linear self-map of V. Taking into
account that the restriction of %(N u)r to A coincides with u and, in particular, sends A to A, we
conclude that v € End(A). Since Nu commutes with ¢ in End(A), we conclude that

N(ud — ou) = (Nu)d — 6(Nu) =0

in End(A). Therefore, the image (ud — du)(A) lies in the finite set A[N]. Since dim(A) > 1,
ud — du is a constant map. Since this map sends the zero of A into itself, i.e.,

ud —ou =0 € End(A4),

we obtain that u € Ends(A).
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Let K be a finitely generated subfield of C such that A and its endomorphism ¢ are defined over
K. It follows that -
A° c A[f] ¢ A(K),

and A is a Gal(K)-invariant IF;-vector subspace of A[f]. The following assertion may be viewed
as a natural extension of Theorem 2.15.

Theorem 2.18. Let End(A)s be the centralizer of § € End(A) and
EndQ(A)5 = End(A)5 ®QC EHd@(A)

be the corresponding Q-subalgebra of Endg(A). Suppose that the Gal( K )-module A? is very sim-
ple. Then, either End(A)s = Z[6], or Endg(A)s is isomorphic to the matrix algebra of size r over
the field Q[d]. In the latter case, A is isogenous to a self-product B" of a (ell — 1)/2-dimensional
abelian variety B with Endg(B) = Q((e).

Proof. First, notice that Ends(A) is a torsion free finitely generated Z[d]-algebra, hence, is a pro-
jective Z[0]-module of finite rank, say d. Hence, the quotient Ends(A)/(1 — §)Ends(A) is a d-
dimensional Z[4]/(1 — §) = Fy-algebra.

Lemma 2.19. Let u € End(A)s; C End(A). Then:

(i) u(A%) c A%
(ii) u(A®) = {0} ifand only if u € (1 — §)End(A)s.

O]

End of Proof of Theorem 2.18 (modulo Lemma 2.19). It follows from Lemma 2.19 that the
action of Ends(A) on A° induces the Fy-algebra embedding

Ends(A)/(1—68)Ends(A) < Endg,(A°%), u+(1—0)Ends(A) — {z — u(z) Vz € A%}. (2.19)

Since A and 0 are defined over K, the image R of the embedding (2.19) is a normal Gal(K)-
subalgebra of Endg, (A%). Hence,

dimp, (R) = dimp, (Ends(A)/(1 — §)Ends(A)) = d.
Since the Galois module A° is very simple, either d = 1 or
d = dimg, (Endg, (A°%) = (dimg, (A5)2 =72,
If d = 1, Ends(A) is a projective Z[d]-module of rank 1, which implies easily that
Z[] € End;(A) C Z[5] © Q;

the latter is isomorphic to the ¢th cyclotomic field Q({y). Since Ends(A) is a free Z-module of
finite rank, it is integral over Z[d]. Taking into account that Z[0] = Z[(,] is integrally closed, we
conclude that Z[¢] = Ends(A) and we are done.

Let us assume that d = 2. By Remark 2.17,
Ends(A) = Endg5(A).
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Proof of Lemma 2.19. (i) is obvious. Notice that if part in (ii) is obvious. In order to prove the only
if, part recall that there is A € Z[(y] such that A(1 — ;) = £. This shows the existence of v € Z[J]
such that v(1 — §) = (1 — §)v = £ in Ends(A). This implies that

v(A[l]) c A°.
It follows that u(A%) = {0}, hence uv(A[¢f]) = {0} and, therefore, there is w € End(A) such that
vu =uv =flw=v(l —fHw

and, hence, u = (1 — §)w. Clearly, w € Ends(A).

2.3 Permutational Representations

Let ¢ be a prime number and [, be the finite field of ¢ elements. Let n > 3 be a positive integer
that is not divisible by ¢, and R be a set of cardinality n. We write Perm(fR) for the group of all
permutations of 98 and Alt(fR) for its unique subgroup of index 2. A choice of ordering on R defines
a group isomorphism Perm(R) = &,,; the image of Alt(2R) under this isomorphism coincides with
the alternating group 2,,. Sometimes, slightly abusing notation, we denote Perm(R) by &,, and
Alt(R) by 2A,,. Let IE‘? be the n-dimensional Fy-vector space of Fy-valued functions ¢ : R — Fy.
The vector space F? is provided with the natural action of Perm(fR) that is defined as follows. Each

permutation s € Perm(fR) sends a function ¢ : R — Fy to the function
s(¢) 1 b— d(s~L(b),b e R

This action provides IE‘? with the structure of a faithful Perm(9R)-module. The permutation module
F3! contains the Perm(fR)-invariant (n — 1)-dimensional hyperplane

(F9) = {6+ B0 | Y 6(b) = 0) 220

beR

and the Perm (fR)-invariant line F; - 1,1 where 1g; is the constant function 1. Since n = #(%R) is not
divisible by /, these subspaces meet each other only at 0. This implies that the permutation module
F2! splits into a direct sum

0
FP — (F‘?) S F, - g, 2.21)

Since Perm(fR) acts faithfully on F ? and identically on Fy - 1, it follows from the splitting (2.21)
that the Perm(9R)-module (F?)O is faithful. It is well known [124] that the Perm(9R)-module (and
even the Alt(R)-module) (F?)O is absolutely simple if n > 5.!

Let G C Perm(fR) be a permutation group of 9R. Then, (IF?)O carries the natural structure of
a faithful G-module. It is reasonable to ask when this module is very simple? This question was
studied in ( [180], [179, Sect. 4], [183, Th. 5.5 and 5.7], [193, Th. 4.7]). Let us quote some of the
results that were obtained there.

! Absolutely simple means that, after any extension of scalars, the module does not have any non-trivial invariant
subspaces.
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Lemma 2.20. Suppose that { = 2 and the G-module (F?)O is very simple. Then, n = #(R) > 5
and G is a doubly transitive permutation group.

Theorem 2.21. Suppose that n > 5 and G = &,, or A,,. Then, the G-module (F?)O is very simple
for all prime £ except the case where n = 5 and £ = +1 mod 5.

Remark 2.22. In light of Remark 2.14(3), the very simplicity of the &,-module (}Ff?)o follows
readily from the very simplicity of the 2,,-module (IF?)O

Remark 2.23. We will use the case ¢ = 2 of Theorem 2.21 in Chapter 10 and Section 8.3, in order
to construct jacobians without nontrivial endomorphisms.

Proof of Theorem 2.21. Using Remark 2.22, it suffices to check the case G = 2(,, = Alt(R). We
have already seen that the faithful G = Alt(R)-module V = (F?)O is absolutely simple.

Let R C Endp,(V) be a G-normal subalgebra. Clearly, V is a faithful R-module.

Step 1. V is a semisimple R-module. Indeed, let U C V be a simple R-submodule. Then
U' =3 .ccsU is a non-zero G-stable subspace in V and therefore must coincide with V. On the
other hand, each sU is also a R-submodule in V, because s ' Rs = R. Moreover, since

Rs™'W = s71sRs™'W = s 'RW = s~ 'W,
if W C sU is an R-submodule, then s~ 1TV is an R-submodule in U, because

Since U is simple, s~'W = {0} or U. This implies that sU is also simple. Hence V = U’ is a
sum of simple R-modules and therefore is a semisimple Z-module.

Step 2. The R-module V is isotypic. Indeed, let us split the semisimple R-module V' into the
direct sum
V=VI® DV,

of its isotypic components. Dimension arguments imply that 7 < dim (V) = n — 1. It follows easily
from the arguments of the previous step that for each isotypic component V;, for each s € G, its
image sV/; is an isotypic R-submodule. Therefore, it is contained in some V;. Similarly, S_IV]‘ is an
isotypic submodule obviously containing V;. Since V; is the isotypic component, s‘le =Y, and
therefore, sV; = V;. This means that s permutes the V;; since V is simple G-module, G permutes
them transitively. This gives rise to the homomorphism G — S,.. Since G is a simple group, whose
order (= n!/2) is greater than (n — 1)! > r! = order of S, this homomorphism must be trivial.
This means that sV; = V; for all s € GG, and V = V; is isotypic.

Step 3. Since V is isotypic, there exist a simple R-module W and a positive integer d such that
the R-modules V and W are isomorphic. It follows that

d-dim(W) =dim(V)=n—1

and the centralizer Endr()) is isomorphic to the matrix algebra Mat,(Endz (1)) of size d over
Endg(W).

Let us put
F = Endr(W).
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Since W is simple, F is a finite division algebra of characteristic ¢. Therefore F' is a finite field of
characteristic £ and [F' : Fy] divides n — 1. We have Endz (V') = Maty(F'). Clearly, Endg(V) C
Endp, (V) is stable under the adjoint action of 2L,,. This induces a group homomorphism

a: A, = Aut(Endr(V)) = Aut(Maty(F)).

Since F' is the center of Maty(F'), it is stable under the action of 2,,, i.e., we get a homomorphism
A, — Aut(F), which must be trivial, since 2, is a simple non-abelian group, and Aut(F') =
Gal(F'/Fy) is abelian. This implies that the center F' of Endr (V) commutes with 2,,. Since
Endg(V) = Fy (recall that the 2l,-module V is absolutely simple), we have & = Fy. This im-
plies that End (V) = Mat,(Fy), and

a: Ay, — Aut(Endp(V)) = (Endg(V))*/F; 2= GL(d, F,)/F} = PGL(d, Fy)

is trivial if and only if Endg(V) C Endy, (V) = Fy - Id. Since Endg(V) = Mat,(Fy), « is trivial
if and only if d = 1, i.e. V is an absolutely simple R-module. It follows from the Jacobson density
theorem (see [18, §5] or [101, Chapter 4,§11]) that R = Mat,,, (F,) with dm = n — 1. This implies
that «v is trivial if and only if R = Mat,,_1(Fy), i.e., R = End(V).

The adjoint action of 2(,, on R gives rise to a homomorphism
B : Ay, — Aut(R) = R*/F; 2 PGL(m,Fy).

Clearly, §3 is trivial if and only if R commutes with 2, i.e., R = I, - Id. This implies that we are
done if either «, or (3 is trivial.

Step 4. Recall that md = n — 1. Let us put

¢ := min(d, m).
Then
2 <n-1

and either ¢ = d, or ¢ = m. Thus, it suffices to check that every group homomorphism 2(,, —
PGL(c, Fy) is trivial. Let us consider the following cases:

(0) If ¢ = 1 then the group PGL(1, Fy) is the one-element group, hence every homomorphism to
PGL(1,TFy) is trivial, and we are done.

(i) If (n — 1) is a prime number, then ¢ = 1 and, in light of case (i), we are done. So, in what
follows, we may and will assume that ¢ > 1 (i.e., both m,d > 1) and n — 1 is not prime. In
particular, n # 6, 8.

(i1) Suppose that

m-1 n!

—1°72
Since ¢ < n — 1, the order of PGL(c, Fy)) is strictly less than the ratio
<t et
115y
Since the order of 2, is n!/2, every homomorphism from 2, to PGL(¢, F/) is trivial, so we
are done.
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(iii) Suppose that £ € {2,3}. We claim that in this case

N1 N
-1 7%

for all integers N > 5. Indeed, after we replace IV by N + 1, the left-hand side of the desired
inequality is multiplied by ¢ < 5 < N, while the right-hand side is multiplied by N > /.
Hence, it suffices to check the validity of the inequality for N = 5 and ¢ = 2, 3. In this case,
we get

ot & 5!
—1 1%
that proves the desired inequality. In light of case (ii), we are done if £ € {2, 3}.

It follows from Case (iii), that we may assume that £ > 5.

(iv) Suppose that n > 9. Then,

c—1<[vVn—-1]—-1<[n/3].

Let
v : Ap — PGL.(Fy)

be a group homomorphism. We need to prove that +y is trivial. Let I, be the algebraic closure
of IFy. Since PGL(c,Fy) C PGL([Fy), it suffices to check that the composition

2, — PGL(c,Fy) C PGL(c,Fy),

which we continue denote by 7, is trivial.

Let B
7 A, - A,

lle the universal central extension of the perfect group 2,,. It is well known that, for n > 5,
A, is also perfect and the kernel (the Schur’s multiplier) of 7 is a cyclic group of order 2.
One could lift  to the group homomorphism

v : A, — GL(c, Fy).

Clearly, ~ is trivial if and only if 4/ is trivial. In order to prove the triviality of /. Let r :=
[/3], and notice that 2, contains a subgroup D isomorphic to (Z/3Z)" (generated by disjoint
3-cycles). Let D’ be a Sylow 3-subgroup in 7~ 1(D). Clearly, 7 maps D’ isomorphically onto
D. Therefore, D’ is a subgroup of 2,, that is isomorphic to (Z/3Z)™. Now, let us discuss the
image and the kernel of 7.

First, since §ln is perfect, its image lies in SL(c, Fy), i.e., one may view ~' as a homomorphism
from 21, to SL(c, Fy). Second, the only proper normal subgroup in 2, is the kernel of 7. This
implies that if 7/ is nontrivial, then its kernel meets D’ only at the identity element. Therefore,
SL(c,F;) contains the subgroup +'(D’) isomorphic to (Z/37Z)". Since ¢ > 3, the subgroup
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4/(D’) is conjugate to an elementary 3-group of diagonal matrices in SL(c, Fy). This implies
that
r<c-—1.

Since r = [n/3], we get a contradiction implying that our assumption of the nontriviality of
~' was wrong. Hence, /' is trivial and therefore ~ is also trivial.

By Case (iv), we may assume that n € {5, 7}.

)

(vi)

Suppose that n = 7. Then, £ # 7, and n — 1 = 2 x 3. Since both integers 2 and 3 are
prime, ¢ = 2. Let v : 27 — PGL(2,F/) be a nontrivial group homomorphism. Since 2, is
simple and perfect, ~y is injective. Moreover, its image H := ~(2l7) lies in PSL(2, Fy) and is
isomorphic to the group 2(; of order is 7!/2. Suppose that H = PSL(2,F,). Since ¢ divides
the order of PSL(2,F,), we conclude that ¢ < 7. This implies that ¢ = 5, and therefore, the
order of PSL(2,Fy) is equal to 60 < 7!/2. Recall that 7!/2 is the order of H. Since H is
a subgroup of PSL(2,Fy), we get a contradiction. Thist implies that H # PSL(2,F,). It
follows that H is a proper simple non-abelian subgroup of PSL(2, Fy). It is known ( [162,
Theorems 6.25 and 6.26]) that each proper simple non-abelian subgroup of PSL(2,F,) is
isomorphic to 2s; in particular, its order is equal to 60. However, the order of H is 75' # 60.
The obtained contradiction implies that if n = 7, then every homomorphism from 2(; to
PGL(2,Fy) is trivial, so we are done.

The only remaining case ism = 5. Sincen — 1 =2 x 2 and 2is aprime, c =d = m = 2.
Since 25 is simple perfect,

Oé(m5) C PSL(?,F(), 5(215) C PSL(?,F()

and we may view « and [ as injective group homomorphisms from 25 to PSL(2,Fy). It
follows that the order (/2 — 1)¢/2 of PSL(2,F,) is divisible by 60, which is the order of
5. In particular, (/2 — 1)¢/2 is divisible by 5. Since the prime ¢ # 5, we conclude that
¢ = £+1 mod 5. This ends the proof.

Remark 2.24. 1. It is known ( [162, loc.cit.]) that, if £ = £1 mod 5, then PSL(2, Fy) contains

2.

3.

24

a subgroup isomorphic to 2s.

If / = 1 mod 5, then the A5-module (F?)O is not very simple [193, Theorem 4.7]. (This
exceptional case was overlooked in [179], see [193]).

The G5-module (IF ?)0 is very simple for all prime ¢ [193, Theorem 4.7].

The Rosati Involution

We fix a polarization Lo on A of type D = (d,...,dy). The corresponding Hermitian form on
Hj and the symplectic form Ey = Im(Hj) on A allows us to define the involutions of the rings
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Endc(V) (resp. Endg(Ag)) by taking the adjoint operator with respect to Hy (resp. Im(H)).?
Using the representations p, and p,, we transfer this involution to the endomorphism algebra

Endg(4) := End(4) ® Q

of A.

It is called the Rosati involution and, following classical notation, we denote it by f +— f’. The
Rosati involution can be defined as

fl=¢plofop, A A A A

If we view A as the Picard variety of A, then f* is the usual pull-back map of isomorphism classes
of holomorphic line bundles on A. Note that d)ZOl is defined only after we tensor End(A) with Q, so
the Rosati involution is defined only on Endg(A). However, if Ly is a principal polarization, then
¢, is an isomorphism, and the Rosati involution is an involution of End(A).

For any f € End(A), let

g
Po(f) = det(tly — fu) = Y 197/ (=1)'¢{
i=0
be the characteristic polynomial of f,, and
29
P.(f) = det(tlay — fr) = Z(,l)zczrtzg—z
i=0

be the characteristic polynomial of f,.. It is easy to check that

Po(f') = Pu(f),

so all eigenvalues of f are conjugates of the eigenvalues of f,,.

‘We have
(fr)C = fa @ faa

where (f,.)c is considered as a linear operator on Ac (see Proposition (5.1,2) in [106]). In particular,

Pr(t) = Pa(f)Pa(f)'

An endomorphism f € End(A) is called symmetric if f = f’. Let End®*(A) denote the subring
of symmetric endomorphisms. It follows from above that, if f € End®(A), then f,, is a self-adjoint
operator with respect to Hy, and its eigenvalues are real numbers. Also, we see that P,(f) =

Pa(f)?.

Recall that the adjoint operator of a linear operator T : V' — V of complex spaces equipped with a non-degenerate
Hermitian form H is the unique operator 7 : V' — V such that H(T'(z),y) = H(z,T*(y)) forallz,y € V.




2.4. THE ROSATI INVOLUTION 33

Let Pic(A) be the group of isomorphism classes of holomorphic line bundles on a complex abelian
variety A and ¢; : Pic(A) — H?(A,Z) be the Chern class homomorphism. Its image is denoted by
NS(A) and is called the Néron-Severi group. By definition

NS(A) = Pic(A)/Pic’(A).
We define a homomorphism of abelian groups
a:NS(A) = Endg(A), L~ -¢7, o¢rVL.
It induces a homomorphism of linear spaces over Q
ag : NS(A)g := NS(A) ® Q — Endg(A).

If f € End(A) lies in «(NS(A)), then ¢y, = ¢r, o f for some Ly € NS(A). This means that
Ho(fa(2),2") = H(z,2") for some Hermitian form H such that

Im(H)(A x A) C Q.

Since H(z,2') = H(Z', z), this means that the operator f, is self-adjoint, hence f is symmetric.
This implies easily that « defines an isomorphism of Q-linear spaces

a : NS(A)g = Endy(A) := End*(4) ® Q. (2.22)
If Ly is a principal polarization, this defines an isomorphism
a : NS(A) S End*(A) (2.23)

[106, 5.2.1].

Note that o(Lg) = id 4, hence the subgroup generated by Lg is mapped isomorphically to the sub-
group of End®(A) of endomorphisms of the form [m], m € Z. Also, it follows from the definition
that if L is a principal polarization then (L) is an automorphism of A. The converse is not true.

If we identify NS(A)qg with the linear space of Hermitian forms A on V' such that Im(H )(A x
A) C Q, then the inverse map o~ ! assigns to f € Endg)(A) the Hermitian form

H = Ho(fa(2),2). (2.24)

Suppose f € End(A) and f, are given by a complex matrix M of size g. Then, we must have
M - (Z|D)=(Z|D) - N, (2.25)

where the matrix

(N1 N3
N = <N2 N4> € Maty, (Z)

defines f,. Thus, we get
M = (Z- N3 +DN,)DL,
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hence,
Mt = (Z-N3+DN;)D"'Z = 7Ny + DN,. (2.26)

This shows that the period matrix Z must satisfies a “quadratic equation”. Now assume, addition-
ally, that f € End®(A) is a symmetric endomorphism. This means that f, and f considered as
linear operators on W = Ap are adjoint operators with respect to the alternating form £ = Im(H)
defined by the matrix Jp. This implies that the matrix N satisfies ‘N - Jp = —Jp' - N. This gives

NiD=DN,, 'NoD=-DN,, !N3D=—DNs. (2.27)

If D = I, (i.e., in the case of principal polarization), then

(N1 N
N_<N3 tN1>’ (2.28)

where B and C' are skew-symmetric matrices of size g X g.

The coefficients of the characteristic polynomial have the following geometric meaning in terms
of the intersection theory on Pic(A) (induced by the intersection theory on H*(A, Z)).

For any f = a(L) € End®(A),

o I
(2 . -0
(g —1i)l!

where d = d; - - - dg [106], (5.2.1). In particular, L is ample if and only if all eigenvalues of f, are

i=0,....q, (2.29)

positive.® In the last statement, we use that a line bundle L is ample if and only if (L5, L) >0
forallt=0,...,g.

A homomorphism f : A — A’ of abelian varieties of the same dimension is called an isogeny if its
kernel is a finite group. The order of the kernel is called the degree of the isogeny and is denoted by
deg(f). Itis equal to the topological degree of the map. Equivalently, f is an isogeny if its image is
equal to A’. An example of an isogeny is a map ¢, : A — A, where Lis a holomorphic ample line
bundle. The “almost” inverse isogeny of f is the holomorphic homomorphism g : A — A such
that g o f = [e], where e is the exponent of the kernel of f. (Such a g always exists and unique. In
addition, g is also an isogeny.) For example, e - qbzl is the almost inverse isogeny of ¢ . One may
easily check that the existence of an isogeny between abelian varieties is an equivalence relation on
the set of isomorphism classes of abelian varieties.

Suppose that (L) = f € End®(A) is an isogeny. By definition, ¢, o f = ¢r. It follows that
deg(¢r,) deg(f) = deg(¢r). We know that deg(¢r,,) = d = det D and deg(¢r) = d’ = det D/,
where D’ is the type of L. This gives deg(f) = d’/d. Applying (2.29) with i = g, we obtain

a:d’g!

Cq Jd = deg(f). (2.30)

3This follows from Sturm’s theorem relating the number of positive roots with the number of changes of signs of the
coefficients of a polynomial.
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One can also compute the coefficients ¢; in the characteristic polynomial PJ?O 7

©) (f*(Lo)', L)

¢ = (4 0 (2.31)
(see [106], (5.1.7)). We set
Tr(f)a = cf, Trr = ¢, Nm(f)a = ¢g, Nm(f), = cj.
We have
Sy 2 (o). 18 oy (L))

The first equality implies that the symmetric form (f, g) — Tr(fog’) on End(A) is positive definite.

2.5 Semi-simple Finite-dimensional Algebras

We know that Endg(A) is isomorphic to a subalgebra of the matrix algebra Maty, (Q), and hence,
is a finite-dimensional algebra over Q. Recall that a finite-dimensional associative algebra D over a
field F' is called a simple algebra if it has no nonzero two-sided ideals. An algebra over F' is called
semi-simple if it is isomorphic to the direct product of simple F'-algebras. The center of a simple
algebra is a field containing F'. If the center coincides with F', the algebra is called a central simple
algebra.

If D is a skew field and K is the center of D then K is an overfield of F' and the K-dimension
of D is always a square. This is proved by showing that, over some finite extension L of K, the
algebra Dy, = D ®x L splits, i.e., becomes isomorphic to a matrix algebra over L.

An example of a central simple algebra is the matrix algebra Mat, (F'). Another example of a
simple algebra is a field, or a division algebra, also called a skew field, an algebra (often assumed to
be non-commutative), where every nonzero element is invertible.

By a Theorem of Wedderburn (see [18, Chapter 8,§8] or [101, Chapter 1,§3]), a semi-simple
algebra over a field F' is isomorphic to the direct product of matrix algebras over division algebras.

An example of a non-commutative central simple F-algebra (if char(F') # 2) is a 4-dimensional
quaternion algebra

a,b
H:(F

)=F+FI+FJ+FK,

where I? = a0 # 0,J2 = b # 0,K = I1-J = —J - I [58, Chapter 1], [170, Chapter 2]. Note that,
multiplying a or b by a non-zero square in the field does not change the isomorphism class of the
algebra. Also (‘}b) = (bﬁ ) The algebra H is a division algebra if and only if the only solution in
F3 of the equation 23 = ax? + bas is the triple (w9, 71, 22) = (0,0, 0) [58, 1.3], [136, 1.6]. Also,
note, for later computations, that

I K=-I1IK=1-1.J=aJ, JJ K=-K-J=J.1.J=-J2.1=—b. (2.33)
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The quaternion algebra H is equipped with an anti-involution
r=a+pl+4J+K—Z=a—-1—~+J — K

such that
Nm(z) = Nmy(z) := 22 = Zz = o® — af* — by*> + abs* € F. (2.34)

If we put
tr(x) =trg(z) ==+ 2 =20 € F. (2.35)

then direct calculations show that
tr(z) = tr(z), a*—tr(z)z +Nm(z) =0, Vo H. (2.36)

Clearly,
tr(1) = 2,tr(I) = tr(J) = tr(K) = 0. (2.37)

Notice that

tr(zy) = tr(yz) Va,y € H; tr(yzz ') =tr(z), yayl=yzy ', Voec Hyec H*. (2.38)

Indeed, let us consider the F-algebra Endp(H) of all F-linear operators in the F'-vector space H
and the corresponding faithful left regular representation of H
multy : H — Endp(H), y — multy(y) : H — H, x — yx, Vax € F, (2.39)
which is an injective homomorphism of F'-algebras that sends 1 to 1. Let
Try : Endp(H) — F
be the corresponding F'-linear trace map such that
Try (vwu™t) = Try(w), (2.40)
for all w € Endp(H ) and F-linear automorphisms u of the F'-vector space H.

Try (multy(yz)) = Tryg (multy (x)multy (y)) = Try (multy (y)multyg (z)) = Trg (multg(zy))

forall z,y € H. It follows that, forany x € H,y € H*, 24D
Try (multH(yxy_l)) = Try(multy (y)multy (z)multy (y) 1) = Try(x).
Using (2.33), we get
Try(I) = Trg(J) = Trg(K) =0, and Try (1) = 4. (2.42)

Combining the F'-linearity of both tr and Try with (2.37) and (2.42), we conclude that, for any
r € H,
Try(mult(x)) = 2tr(x) = 2trgg ().

It follows from (2.40) that tr(yxz~!) = tr(z), which proves the first formula of (2.38). The second
formula of (2.38) follows from (2.35).
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Remark 2.25. The trace map on H gives rise to the symmetric non-degenerate F'-bilinear trace form
HxH—F, x5y~ tr(zy).

Indeed, the non-degeneracy follows from the explicit formula:

tr (a1 + Sl +yJ + 1K) (a2 + B2l + 12J + 62K)) = aras+aBi fo+by1y2—abdid2,  Vou, Bi,vi, 6 € F.

Later we will use a closely related to the trace form the non-degenerate F'-bilinear form
By:HxH—=F, x,y~ tr(zy). (2.43)
It is symmetric, because
Bu(y, z) = tr(yz) = ue(yr) = tr(zy) = Bu(z, y).

Again, direct computations tell us that {1,I, J, K} is an orthogonal basis of the F-vector space H
with respect to By, while

Btr(la 1) = 2, Btr(I,I) = —20é7 Btr(J,J) = —257 Btr(K,K) = 20éﬁ

It follows that the determinant of the matrix of the form By, with respect to the basis {1,1,J, K} is
equal to

2 (—2a) - (=26) - (2ap) = (4a8)*,

which is a (nonzero) square in F'. Hence, the determinant of the form By with respect to any basis
of the F'-vector space H is also a square.

The following assertion will be used in Chapter 5.

Proposition 2.26. If p € H \ F and p* € F*, then:
(i) tr(p) =0=tr (,0*1), that is,
p=—-peFI+FI+FK, pl=—pleFI+FJ+FK.
(ii) The F-bilinear form
E=E,:HxH—F, E(zy)=tr(pxy) (2.44)
is an alternating nondegenerate F-bilinear form such that

E(zn,yn) = E(z,y) Va,y € H and¥n € H\ F withn® = —1. (2.45)

(iii) The map
H—H, zwa":=pip !

is an anti-involution of the F-algebra H.
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(iv) Suppose that ¢ = p*> € F is not as square in F. Let 1 € H and s € F* satisfy the equality
0’ = s%p? = s’ce F*.
Then, there exists 6 € H* such thatn = s - §pd~! and

E(xn,x) =s-c-Nm(8) "' - tr ((x6)(x6)*), Vx € H.

(v) Let F =R and c = p2 € R, c < 0. Suppose that
tr(zz®) >0, Vee H\{0}.
Let X(H) := {n € H | n* = —1}. Then, either, for alln € X (H),
E(xn,z) = tr(pznz) >0, VYo e H\ {0}, (2.46)

or, forallm € X(H),
E(zn,z) <0 Vze H\{0}.

Proof. Indeed, p is obviously invertible in H. It follows from the second formula of (2.36) that
tr(p)r = p?> +Nm(p) € F. Since p ¢ I, we gettr(p)p = 0 and p # 0, which imply that tr(p) = 0,
i.e., p = —p. Now, we have

1 5n—1

-1 -1 o= pp-

ppt=ptp=1=1=p" p 1.

= —pp

This implies that p=1 = —p~1,i.e., tr(p~!) = 0. This ends the proof of (i).
Let us prove (ii). The F-bilinearity of E is obvious while its non-degeneracy follows from the
non-degeneracy of the trace form (see Remark 2.25). Now, using the first equality of (2.36), (2.38)
and the already proven assertion (i), we have
E(z,y) = u(pzy) = u(pry) = u(yzp) = w (yz(—p)) = —te(yzp) = —tr (p(yzp)p~") = —t(pyz) = —E(y, ).
This proves that F is alternating. In order to finish the proof of (ii), notice that in light of (i),
77 = —1, hence
E(xn, yn) = w(penyn) = w(pznyn) = w(pzniy) = —uw(pzn’y) = —(~t(pzy)) = w(pry) = E(z,y).

Now, let us prove (iii), loosely following [102, Ch. IX, proof of Th. 4.3]. Since the map = — z* is
a composition of an anti-automorphism and an automorphism, it is an anti-automorphism. In order
to check that this is an involution, it suffices to observe that

(@) = (pzp™ ")) =p-pxpt-p =p-ptap-pt =(—pp Na(-pp") =2

In order to prove (iv), first notice that & F, because 7? is not a square in F. Further, replacing 7
by s~ 11, we may and will assume that

s=1, p’=n’=ceF*



2.5. SEMI-SIMPLE FINITE-DIMENSIONAL ALGEBRAS 39

Since c is not a square in F', both F'-subalgebras F' + F'p and F' 4+ F' - 7 are isomorphic to the
quadratic field extension F'(1/c) of F. In other words, the map

F+F.-p—>F+F-n, a+fp—a+pnVa,pecF

is a F-linear field isomorphism that sends p to 1. It follows from the theorem of Skolem-Noether
(see [18, §11]) that there is 6 € H™* such that

n=20ps L.
Then,
E(an,x) = t(panz) = tr(znzp) = (w(—n)ﬂ’c(—p)) = tr(znZp)
= tr(x0pd ' Zp) = tr(xdpd 1zp) = tr((x6)(pdLzp~tp?))
= tr((w6)(pd " 0 “ee- (@) (p(xd1)p")) (2.47)
— o t((20)(2871)) = ¢+ tr((20) (285~ 151)"))
= c-tr((26)(x0Nm(6)1)*)) = ¢- Nm(6) ™! - tr((x6) (x6)*)).
(v) follows readily from (iv) applied to F' = R. ]

Remark 2.27. Let F be an overfield of F. Then, H = H ®@p F is the quaternion algebra (‘%b).
Identifying H with
H®lc Hep F C H,

we may view H as the certain F'-subalgebra of H,and 1,1,J,K as a basis of the F-vector space
H. Now, the explicit formula (2.35) implies that

try(v) =try(zr) € F, VYze HCH. (2.48)
This implies that the restriction of the canonical involution
H — H, o =trg(z) —a
to H coincides with the canonical involution
H—H, zw— 2 =tyx)—ux
Combining this with (2.34), we obtain that
Nmy(z) = Nmy(z) € F Vo€ HC H.

Remark 2.28. The characteristic polynomial P,(t) € F[t] of multy(z) : H — H coincides with
(2 — tr(2)t + Nm(:z))2. Indeed, if H = Maty(F') then our assertion follows readily from the fact
that the left Mats ( F')-module Mato (F’) is isomorphic to a direct sum of two copies of the Mats (F')-
module F2. In order to do the general case, it suffices to recall that there is an overfield £ of F such
that Hz = H ®@p F is isomorphic to Maty(F') and apply Remark 2.27.
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If, for any « # 0, Nm(z) # 0, then

1
-1 _ !
Y T Nm@)"

hence, H is a skew field. A quaternion algebra H over a totally real number field K is called rotally
definite if for every (real) field embedding o : K — R, the R-algebra H, = H ®k , R obtained
by the change of scalars H, is a skew field. If, for any o as above, the algebra H, acquires zero
divisors, hence become isomorphic to Mats(R), it is called rotally indefinite.

For example, for the quaternion algebra H = ((ﬁ@b), a splitting field is L = Q + QI = Q(y/a), so

that H ® L = L + LJ. One can write any element in H as x = m + nJ, where m = a4+ fL,n =
v+ 0K € K. The multiplication rule becomes

(m +nd)(m' +n'J) =mm’ +nn'b+ (mn' + nm’)J;

in particular, for any m € L, we have mJ = Jm. The map

bn m

m+nj — <m ”) (2.49)

defines an isomorphism f : H;, — Maty(L). Observe that m + nJ = m—nJ and Ty = yz. We see
that, under this isomorphism, the trace tr(x) (resp. the norm Nm(x)) corresponds to the usual trace
(resp. the determinant) of a matrix. Also, observe that f(z) = J - ! f(z) - J~!, where J = (9 !).

Let R be a finite-dimensional simple algebra over a field F' of characteristic 0. Then, its center
K is an extension of finite degree of F'. In addition, there is an isomorphism of K-algebras R =
Mat,. (D), where D is a finite-dimensional central division algebra over K, and r is a certain positive
integer. Taking into account that dimx (D) is a complete square, we may define the reduced degree
of R (over K), denoted by [R : K]rd, to be the positive integer r/dimg (D), whose square is
dimg (R) = 72 dimg (D). We also define the reduced degree [R : Fleq of R over F as the product
[R: K]red[ K : F). Clearly,

[R:Klea | [R: K], [R:Flea|[R:F] (2.50)

if R is a simple F'-algebra.

The reduced degrees admits a natural interpretation as the rank of R equipped with a Lie K -algebra
structure defined by the bracket operation

[u,v] = uv — vu, Yu,v € R. (2.51)
It is known ( [81, Ch. X, Sect. 3], [190, p. 66, Step 3]) that the Lie algebra R splits into a direct sum
R =K @sl(R)
of its center K and its derived algebra sl(R), which is a simple K-Lie algebra of rank

dimg(R) — 1 =7ry/dimg(D) — 1 =[R: Kla — 1.
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This implies that R is a reductive K -Lie algebra of rank

([R: Klrea = 1) + 1 = [R: Krea,
and also R is a reductive F'-Lie algebra of rank

[R: Klied[K : F] = [R : Flreq-

Now, let R be an arbitrary finite-dimensional semi-simple F'- algebra. It follows that, if we define
the structure of a F'-Lie algebra on R by (2.51), then R becomes a reductive Lie algebra over F'.
Let us define the reduced degree [R : F;q over F' as the sum of the reduced degrees of its simple
factors over F'. The additivity of ranks of reductive Lie algebras (wrt direct sums) implies that
[R : Freq coincides with the rank of of the F'-Lie algebra R. (Notice that each Cartan subalgebra
of R is either an overfield of F' or a direct sum of finitely many overfields of F'.)

A semi-simple finite-dimensional algebra F'-algebra R comes equipped with the trace F'-bilinear
map R x R — F defined by (z,y) — Tr(zy), where Tr(a) is the trace of the F-linear linear
operator R — R,z — xa. We can also define the reduced trace and the reduced norm of a central
simple K -algebra R by embedding R into the matrix algebra Mat, (L) over a splitting field L of R,
and taking the usual trace and norm of a matrix. Note that this does not depend on the choice of L
and the values of the reduced trace and the reduced norm belong to K.

The possible structure of the Q-algebra Endg(A) is known. It is a finite-dimensional associative
algebra R admitting an anti-involution* 2 — z* and a symmetric bilinear form Tr : R x R — Q
such that the quadratic form x — Tr(zz*) is positive definite. An equivalent definition is that R is
a semi-simple algebra over (Q admitting a positive definite anti-involution. Such algebras have been
classified by A. Albert and G. Scorza in the beginning of the last century.

Assume that R is a simple algebra over Q. Let K be the center of R, it is a field admitting an
involution o, the restriction of the anti-involution of K. Let Ky = K be the subfield of o-invariants.
Then, K| is a totally real algebraic number field. If K # K, then it is a purely imaginary quadratic
extension of Kj. Since R is central simple over K, its K -dimension is equal to n? for some positive
integer n.

Let
e:[K:Q], 60:[KQZQ].
Then, [K : Ky = 1 or 2, and

dimg(R) = en?® = [K : Kolegn®.

If R is not simple, then it is isomorphic to the finite product of such simple Q-algebras.

An abelian variety is called simple if it is not isogenous to the product of positive-dimensional
abelian varieties. An equivalent definition uses Poincaré’s Reducibility Theorem and asserts that

4 An anti-involution means an involutive isomorphism from the algebra to the opposite algebra, i.e. the algebra with
the same abelian group but with the multiplication law x - y 1= y - x.
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an abelian variety is simple if and only if it does not contain a k-dimensional abelian subvariety of
dimension k # 0, g. The endomorphism algebra R = Endg(A) of a simple abelian variety A is a
skew-field.

Let
p = dimg NSg(A)

be the Picard number of A. It follows from (2.22) that it coincides with dimg Endg)(A).

The following table gives four possible cases for a simple algebra R.

Type | n e p | Restriction
I[1] eg eo elg
II|2]| e 3e 2elg

I | 2 €0 €0 2€|g
IV | n | 2e0 | egn? eonlg

Table 2.1: Endomorphisms algebras of simple abelian varieties

It is known that any finite-dimensional simple algebra R over R is isomorphic to either Mat, (R),
or Mat, (C), or Mat(H), where H is the usual quaternion algebra (—1]1,{—1 ). By embedding R into
Rg, we can identify the anti-involution x ~ z* with taking the transpose ‘z of the matrix x in
the first case, and with taking the adjoint 'z of the matrix Z in the remaining two cases. Since the
Q-subalgebra of symmetric elements in Endg(A) is isomorphic to the subalgebra of R of elements

x such that x = z*, this gives the information about the possible Picard number p of A.

If A is not simple, its endomorphism algebra is not a skew field, i.e., it has zero divisors.

Note that
[Endg(A) : Qlrea < 2g. (2.52)

Indeed, Endg(A) embeds in Maty,(Q) via its rational representation. Hence, the reductive Q-Lie
algebra Endg(A) is isomorphic to a Q-Lie subalgebra of the reductive Q-Lie algebra Maty, (Q) of
rank 2¢. This implies that [Endg(A) : Q]req does not exceed 2g.

If A is a simple abelian variety, then Endg(A) is a skew-field that acts faithfully on the 2g-
dimensional Q-vector space Ag. This implies that dimg(Endg(A)) divides 2g. In particular, for
any simple abelian variety A,

dimg(Endg(A)) < 2dim(A). (2.53)

It follows from (2.50) that [Endg(A) : Qlred|29. More precisely, [Endg(A) : Q]req divides g if A
is of types I-1II, and [Endg(A) : Qlreq divides 2g if A is of type IV. In the latter case, the equality
in (2.52) occurs if and only if A is of type IV with eg = g. If A is not necessarily simple, the
equality occurs if and only if A is isogenous to the product of simple abelian varieties A; with
[EndO(Ai) : Q]red = 2dim Az

We say in this case that A is of CM-type. We will study such varieties in details in Chapter 9.
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Theorem 2.29. Let A and B be abelian varieties. Then, the rank of the free abelian group
Hom(A, B) does not exceed 2 dim(A) dim(B). In particular, for any abelian variety A,

dimg(Endg(A)) < 2dim(A)?. (2.54)

Proof. We may assume that A # {0}, B # {0}. Replacing A and B by abelian varieties isogenous
to them, we may and will assume that

A=T[4. B=T[ 5,
i=1 j=1

where all A; and Bj are simple abelian varieties. Then

T S

Hom(A, B) = H H Hom(A;, Bj).

i=1j=1
Since

dim(A) =Y " dim(4;), dim(B) = > _ dim(B;),
i=1 j=1

it suffices to check that the rank of each Hom(A;, B;) does not exceed 2 dim(A;) dim(B;). In other
words, it suffices to prove the theorem in the case of simple abelian varieties A and B. So, assume
that both A and B are simple. If A and B are not isogenous, then the group Hom(A, B) = {0}
and its rank is 0, which does not exceed 2 dim(A)dim(B). On the other hand, if A and B are
isogenous, the rank of Hom(A, B) equals the rank of End(A). As we have already seen in (2.53),
it does not exceed 2 dim(A). In its turn, since B # {0}, it does not exceed 2 dim(A) dim(B). This
ends the proof. O

It follows from the Hodge decomposition (1.3) of complex cohomology of A of dimension g that
HY(A,C) = H'(A4,0) 2 VeV ~CY.
Since the first Chern class homomorphism defines an invective homomorphism
c1: NSq(A) — HYY(A,C) N H?*(A,Z),

we obtain that
dimg NS (A) < ¢°.

Definition 2.3. An abelian variety A of dimension g > 1 is called singular if dimg Endg)(A) = g°.
In view of(2.22), this is equivalent to that dimg NS(A)g is maximal possible and equal to g°.

Theorem 2.30. [127] The following properties are equivalent:

* A is a singular abelian variety of dimension g;

e A is isogenous to the product of g elliptic curves E; with complex multiplication.
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Proof. The second property obviously implies the first. Indeed, it is obvious that the Picard number
of A
p(A) := dimg NSqg(A)

does not change under an isogeny. So, we may assume that A is isomorphic to the product of elliptic
curves. Since there is only one isogeny class of an elliptic curve E with complex multiplication,

p(E x E) =2+ dimg(Endg(F)) = 4.

By induction, we get p(E9) = g°.

Conversely, if A is singular, then the classification of possible endomorphism algebras shows that
A is as in Case IV. The algebra Endg(A) is a purely imaginary quadratic extension K of a totally
real field Ky with [K : Q] = g. Thus, [Endg(A) : Qrea = 2g, and therefore, A is isogeneour to
the product of simple abelian varieties A; with [Endg(A) : Qlreq = 2dim(A4;). It is immediate to
see that dim(A4;) = 1. O

In fact, we have a stronger result proven in [156] (see also [106, Chapter 10, Corollary (6.3)]) in
dimension 2 and in [86] for arbitrary dimension.

Theorem 2.31. A is a singular abelian variety if and only if it is isomorphic to a product of mutually
isogenous elliptic curves with complex multiplication.



Chapter 3

Elliptic Curves

An elliptic curve is a one-dimensional abelian variety. Here we recall some basic facts about elliptic
curves and discuss abelian varieties that are isogenous to the product of elliptic curves. There is an
enormous literature about elliptic curves, for example, we may refer the reader to [119], [158].

3.1 Weierstrass Equation

Let
H={reC:Im(r) >0} CcC
be the upper half-plane.

An elliptic curve is a one-dimensional abelian variety £ = C/A. We can find a special symplectic
basis in A of the form (7, 1), where 7 = x + iy € . The matrix of the symplectic form Im(H)
on A with respect to this basis is the matrix (_01 (1)> - Since i = —% + %T, we get Im(H)(i,1) =
%. By (1.15), H = %zz_’ in agreement with (1.15). The Hermitian form H defines a principal

polarization on £. It corresponds to a line bundle Ly of degree 1. We will always consider E as a
one-dimensional principally polarized abelian variety.

Note that Sp(2,7Z) = SL(2, Z), so the moduli space of elliptic curves is
A; =SL(2,Z)\$.

The orbit space is known to be isomorphic to C, the isomorphism is defined by a certain holomorphic
unction j : $ — C, which is invariant with respect to SL(2,7Z). It is called the absolute invariant.
If 7 is the period of F, then j(7) is called the absolute invariant of E. We refer to the explicit
definition of j to any (good) textbook on functions of one complex variable.

One may also find there the definition of the Weierstrass function p(z) attached to A. It is an even
A-periodic meromorphic function on C, whose set of poles coincides with A (and all those poles
are double). The holomorphic map

C/A\{0+A} = P%C), z+A— (X:Y:2)=(p(2):¢(2):1)

45
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extends to a holomorphic embedding
o E — P*(C),

whose image ¢ (E) is the nonsingular cubic curve (the Weierstrass model of E)

Cp:Y%Z =4X3 — g X?7Z — g323, (3.1
with . .
g2 =g2(A) =60 > i 93 =93(A) =140 > 6 (3.2)
AEA\{0} AeA\{0}
The cubic polynomial
Pp(x) = 42 — ga(A)z — g3(A) (3.3)
has no multiple roots, i.e.,
A(A) = g2(A)’ = 27g3(A)* # 0. (34)
In addition,
. . g92(A) 92(A)
E)=3j(C/A) =1728 = 1728 . 3.5
JE) = JEI =S 53y = 1S (R — 27gs (A2 (2

In the following, we will identify £ with its image in P?(C), i.e., with the plane cubic curve Cy
(3.1). Then, the zero O of the group law on E is the point co := (0 : 1 : 0). The inversion map
[1]is (X : Y : Z) —» (X : =Y : Z) in light of evenness of p(z) and oddness of its derivative.
All three points of order 2 on F (i.e., the elements of E[2] \ {Og} are

Wi=(a1:0:1), Wao=(ag:0:1), Wy =(ag:0:1), (3.6)
where a1, ae, a3 are all three roots of the cubic polynomial Py (z) = 423 — g2 (A)x — g3(A), i.e.,
Pp(z) = 423 — go(A)z — g3(A) = 4(z — ay)(z — az)(z — az). (3.7)

Remark 3.1. If p, ¢ € C are complex numbers such that p> — 27¢? # 0, then there exists precisely
one lattice A in C such that

3

_ _ ; _ _pr
p=g2(A), ¢ =g3(A), j(C/A) = 128 s

One can also arrive at the Weierstrass equation by embedding E into a P? using sections of a line
bundle L = L}, where deg(Ly) = 1. Its image in the plane is a nonsingular plane curve with
an inflection point equal to the image of Og. In appropriate projective coordinates, the equation
becomes

vz —a® — Azz® — B2® =0, (3.8)

where 4A3 4 27B2 = 0. The Weierstrass equation is the equation of its affine part that consists of
points (x : y; z) with z # 0. In fact, any nonsingular projective curve of genus 1 over a field K of
characteristic # 2, 3 that admits a rational K -point is isomorphic to a plane curve given by equation
(3.8). For this reason, any complex nonsingular curve of genus 1 is often called an elliptic curve.
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Remark 3.2. Let K be a finitely generated subfield of C that contains g2(A) and g3(A) over Q.
(E.g., K = Q(g2(A), g3(A)).) Then, the group operations on £ = C) are regular maps of algebraic
varieties that are defined over K. In addition,

K(E[2]) = K(Oél,OéQ,Oég), K(E{Zl]) = K(O[l, a2, a3,V _]-7 \/al — (2, \/052 — a3, \/043 - al)‘
3.9)
In particular, in the notation of Section 1.3, K (E|[2]) coincides with the splitting field of the cubic
polynomial P (z) over K. This implies readily that one of the following three conditions holds:

(i) Pa(x) splits completely over K and K (E[2]) = K.
(ii) Pa(z) has precisely one root in K and K (E[2]) is a quadratic extension of K.

(iii) Pa(x) is irreducible and K (E[2])/K is a Galois extension, whose Galois group is either a
cyclic group of order 3 or the noncommutative full symmetric group Sz of order 6.

Claim 3.3. The Gal(K)-module E[2] is simple if and only if the polynomial Py (x) is irreducible
over K. Moreover, the Gal(K )-module E[2] is absolutely simple if and only if the Galois group
Gal(Py /K) of the irreducible polynomial Py (z) over K is the full symmetric group Ss.

Proof. If Py(x) if reducible, then at least one of its roots, say «; lies in K. This means that
W; = (o : 0:1) € E(K) and therefore E[2] contains a proper Gal( K )-submodule {Og, W;}. In
particular, F[2] is not simple.

On the other hand, if Py (x) is irreducible, then Gal(K) acts transitively on the set {«, ag, a3}
of roots of Px(x). This implies that Gal(K) acts transitively on the set {1V = (a1 : 0: 1), Wy =
(g : 0:1),W3 = (a3 :0:1)} of all nonzero elements of E[2]. Hence, the Gal(K )-module E[2]
is simple.

In order to prove the second assertion of the claim, recall that the absolute irreducibility (sim-
plicity) of an irreducible representation (simple module) over F2) means that its every nonzero
endomorphism is the identity map. Let u be a nonzero endomorphism of the simple Galois module
E[2]. By Schur’s Lemma, the simplicity implies that « is an automorphism of E[2]. This means
that u acts as a certain permutation of the set {IW;, Wa, W3} of all nonzero elements of E[2]. In
other words, there is a permutation o € S3 such that

U(Wl) = Wa(i)a Vi=1,2,3. (3.10)
Since v commutes with the Galois action on F'[2], 0 commutes with
Gal(Py/K) C S.

The irreducibility of Py (x) means that Gal( P, /K) is either S3 or the alternating group A3, which
is a cyclic group of order 3. In the former case, o is the identity permutation, which means that
w is the identity automorphism of E[2]. This implies that the Galois module E[2] is absolutely
simple. In the latter case, every even nontrivial even permutation ¢ is defined by (3.10) a non-trivial
automorphism of the Galois module E/[2] that implies that £[2] is not absolutely simple.

O



48 CHAPTER 3. ELLIPTIC CURVES

3.2 Elliptic Curves with Complex Multiplication

Let f be an endomorphism of F, then its analytic representation f, is defined by a complex number
z, and its rational representation f, : A — A is the map A — zA. Following the classical tradition,
we denote the period Z € $; by 7. In the basis (7,1) of A, f, is given by an integral matrix
N = (gi! 212, so that we have (27, 2) = (a117 + @12, a1 7 + agz). This gives z = ag1 7 + agg and
(a217 4 ag2)T = a117 + aq2, and hence a quadratic equations for 7

ag1 72 + (agy — a11)T — ajp = 0. (3.11)
It agrees with (2.25). The discriminant of the quadratic equation (2.25) is equal to
D= (a22 — a11)2 +4ai0a01 = (a11 + a22)2 — 4(@11&22 — a12a21) = Tr(N)2 — 4det(N). (3.12)

Since Im(7) > 0, we must have ag; # 0, D < 0, or ag; = ags — a11 = a12 = 0. In the latter case,
the matrix [V is a scalar matrix, and the endomorphism is just the multiplication [a;] and there is no
condition on 7. In the former case,

_anp —ag+iv—D

2&21

It shows that 7 € Q(\/T)), 1.e. it is an imaginary quadratic algebraic number. Also,
z=ant +axn = 3(a11 + az +ivV—D)

belongs to the same field. For this reason, an elliptic curve E is called an elliptic curve with complex
multiplication by K = Q(v/D).

Multiplying (3.11) by a3, we obtain that as;7 and, hence z, satisfies a monic equation over Z,
hence belongs to the ring oy of integers of the field K. Note that formula (3.12) shows that, D is
divisible by 4 if Tr(N) = a11 + a2 is even, and D =1 mod 4 otherwise.

Recall that, if D is square-free, then ok has a basis, as a module over Z, equal to (1, %(1 + \/T))
if D=1 mod 4 or 1, VD otherwise. If D = m? Dy, where Dy is square-free, then End(F) is
an order in K and D is its discriminant. The order is equal to Z + mox (see [16]). In any case,
Endg(FE) = K, so we are in case IV of classification of endomorphism rings of abelian varieties.
Also, we see that End(FE) is an order o in K. The lattice A must be a module over o, in fact, one
can show that it is a projective module of rank 1. Conversely, if we take A to be such a module over
an order o in K, we obtain an elliptic curve £ = C/A with End(E) = o.

In this way, one can show that there is a bijective correspondence between isomorphism classes of
elliptic curves £ with End(E) = ox and the class group of K (i.e. the group of classes of ideals
in 0 modulo principal ideals, or, in a scheme-theoretical language, the Picard group of Spec 0.
The number of such classes is called the class number of K.

Note that Aut(E), which is equal to the group End(E)* of invertible elements in End(A), can be
larger than {£1} only if F' admits complex multiplication with Gaussian integers (i.e. D = —1)
or Eisenstein integers (i.e. D = —3). In fact, if D = 1 mod 4, an invertible algebraic integer

a+ 3b(1 + vD),a,b € Z must satisfy Nm(%) = +1. This implies D = —3. Similarly, if
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D # 1 mod 4, we obtain a? — Db? = +1 implies D = —1. If C is a birational model of E
as a nonsingular plane cubic, then C' is a harmonic cubic if D = —1 and equianharmonic cubic
otherwise.

Remark 3.4. Let E be an elliptic curve with complex multiplication and Endg(E) = K. Recall
that £/ admits a Weierstrass equation
Yy’ =da® — gax — g3,

and the isomorphism class of £ is determined by the value of the absolute invariant

9
G(E) =1728— 2
93 — 2793

The curve E has complex multiplication by Gaussian numbers (resp. Eisenstein number) if and
only if g3 = 0 (resp. go = 0).

According to the Theorem of Weber and Fuerter, the j-invariant j(E) of an elliptic curve with
complex multiplication is an algebraic integer; in addition, if End(E) is the whole ring of integers
ox in K, then [K(j(E)) : K] = [Q(j(E)) : Q. The field K (j(E)) is the class field of K, i.e. the
maximal unramified extension of K (see [159], Chapter 2, Th. 6.1 and 4.3).

Assume that j(E) € Q, by the class field theory, this implies that the class number of K is equal
to 1. Also, it is known that j(E) € Q if and only if F can be defined over Q. There are exactly nine
imaginary quadratic fields K with class number 1. They are the fields Q(+/—d), where

de{1,2,3,7,11,19,43,67,163}.
The corresponding values of the absolute invariants j(E) are
26.3323.33.113 (d = 1); 2053 (d=2); 0,283%.5%, —215.3.53(d =3); 33533353173 (d="7);
2053 (d=2); —2Y(d=11); —2Y3%(d=19); —2'83%5%(d=43); —2'°.3%5%113(d=67);
—218.33.53.233.293 (d = 163)
(see [159, Appendix A, Sect. 3])

Note that the classification of endomorphisms algebras in Table 2.1 shows that End(F) is either
isomorphic to Z, or it is an order in a totally imaginary quadratic extension K of Q.

3.3 Isogenies of Elliptic Curves

Let f : E — E be an endomorphism of E of finite degree n > 0. By Riemann-Hurwitz’ formula,
the map f is an unramified finite cover of degree n. Its kernel is a finite subgroup 7" of order n of
E. The group E[n] of n-torsion elements of E = C/A is 1A /A = (Z/nZ)>.

Assume that f; is defined by a matrix N whose entries are mutually coprime (otherwise the endo-
morphism a composition of an endomorphism g with g, satisfying this property and multiplication
by an integer > 1).
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In other words, we assume that the kernel of f is a cyclic group of order n. In this case, f is called
a cyclic isogeny).

The theory of elementary divisors allows us to find two bases (71, y2) and (74,74%) in A such that

(fr(n), fr(12)) = (n71,72)-
In particular, the kernel of f is the cyclic order n subgroup generated by %’yl mod A.

Since j(7) depends only on A, we obtain that j(7) = j(n7). It is known that there exists a
polynomial ®,,(X,Y") with integer coefficients such that ®(j(7), j(n7)) = 0 for any 7 € §.

The equation ®,,(X,Y) = 0 is called the modular equation of level n. Thus, the number of
elliptic curves admitting an endomorphism of degree n with cyclic kernel is equal to the number of
solutions of the equation ®,,(x,z) = 0. This number was computed by R. Fricke, and it is equal to
ho(—n) + ho(—4n) if n = 2,3 mod 4, and ho(—4n) if n = 1 mod 4 [55]. Here ho(—d) is the
class number of primitive quadratic integral positive definite forms with discriminant equal to —d.

Let f : E — E' be an isogeny of elliptic curves, and g : £’ — E be an isogeny that is an “almost”
inverse of f, i.e., g o f = [n], where a positive integer n is the degree of f. Let f, be given by a
complex number z and g be given by a complex number 2’. Then, 22’ = n. Also we know that
|z|? = det f, = n. Thus, we obtain that 2’ = Z is the complex conjugate of z.

The following two assertions allow us, in many cases, to check easily that given elliptic curves are
not isogenous [191].

Theorem 3.5. Let E = C/A and E' = C/N\’ be elliptic curves, and let K be a finitely generated
subfield of C such that

g2(A), g3(A), g2(A'), g3(A) € K,

i.e., the cubic polynomials
Pa(x), P (2) € K1a].

Suppose that Py (x) is irreducible over K while Pp:(x) is reducible over K.

If E and E' are isogenous, then they both are isogenous to the elliptic curve with absolute invariant

. . —14++/=3
0 and endomorphism ring 7. [#}

Proof. 1t follows from Remark 3.2(iii) that replacing, if necessary, /X with its quadratic extension,
we may assume that K (F[2])/K is a cyclic extension of degree 3.

Since Py/(x) is reducible, it follows from (3.9) that the field K (E’[2]) either coincides with K,
or with its quadratic extension. Moreover, K (E’[4]) /K (E'[2]) is a finite abelian extension, whose
degree is a power of 2 (see (3.9) or Claim 1.7 applied to n = 2). This implies that K (E'[4])/K is
a Galois extension of degree equal to a power of 2. Since [K(E[2]) : K| = 3, the fields K (E[2])
and K (E'[4]) are linearly disjoint over K. Replacing now K by K(FE’[4]), we may assume that
K(FE'[4]) = K and K(FE[2])/K is a cyclic extension of degree 3. By Theorem 2.10, all endo-
morphisms of E’ are defined over K. BY Claim 3.3, the Gal(K )-module E[2] is simple while the
Gal(K)-module E’[2] is not simple.
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Let G = G4 g x be the Galois Group of the field extension K (E[4])/K. We know (see (3.9) or
Claim 1.7 applied to n = 2) that its normal subgroup

H = Gal(K(E[4])/K(E[2]))
is a finite abelian 2-group. By the Galois theory, the quotient
G/H = Gal(K(E[4])/K)/Gal(K(E[4])/K(E[2])) = Gal(K(E[2])/ K).

It is a cyclic group of order 3. This implies that £ [K (E[4]) : K] is a power of 2; in particular, it is
prime to 3.

Let C be a Sylow-3-subgroup of G that is a cyclic group of order 3. Clearly, the restriction to C'
of the surjection

G — G/H = Gal(K (E[2])/K)

is a group isomorphism of cyclic groups of order 3. Let us consider the subfield
L= K(E[4)°
of C-invariants in K (E[4]). By definition of L, its degree
L2 K] = S[K(EW) : K],
as we know, is prime to 3. In addition,
L(E[)) = K(B[4]), G, = Gal(L(E[4))/L) = C.
We claim that

L(E[2]) = K(E[4]) = L(E4]). (3.13)

Indeed, L(E[2]) is the compositum of L and K (E[2]). Since K (E[2])/K is Galois of prime degree
3, and [L : K] is prime to 3, the field extensions K (F[2])/K and L/K are linearly disjoint, i.e.,
their compositum L(E/[2]) has degree

3-[L:K]=3. 2

This implies that the fields L(F[2]) and K (E[4]) have the same degree over K. Since L(F[2]) is
obviously a subfield of K (E[4]), we get the desired equality (3.13).

Taking into account that L(FE[2]) is the splitting field of the polynomial Py (z), we conclude that
this polynomial remains irreducible over L and its Galois group over L is the cyclic group C of
order 3. It follows from Theorem 2.10 that all homomorphisms from E to E’ are defined over
L(E[4]) = L(E[2]). Of course, Py/(x) remains reducible and (even splits) over the overfield L of
K.

It follows from Claim 3.3 that the Gal( K )-module F[2] is simple while the Gal( K )-module E’[2]
is not simple. This implies that every homomorphism of the Galois module F[2] — E’[2] is zero.
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Suppose that E are E’ are isogenous and let f : E — E’ be an isogeny. Since Hom(E, E’) is a
free abelian group of finite rank, we may assume (dividing f by a suitable power of 2 if necessary)
that

f €2 -Hom(E,E").

This means that f(E[2]) # {0}. It follows that f is not defined over L, since otherwise, it induces a
non-identity homomorphism of the Galois modules F[2] — E'[2], which (as we have already seen)
does not exist. However, f is defined over L(E(4]) = L(E(2]).

Let o be any element of the cyclic group C' = Gal(L(E(4])/L). Then, o(f) : E — E’is an
isogeny that does not coincide with f, unless o is the identity element of C'. This implies that there
exists a unique ¢, € Endg(E")* such that

o(f) =c,f in Hom(E,E') ® Q.
In addition, if 7 € C, then

Cor(f) = o1(f) = a(7(f)) = alarf) = aler)a(f).

Since all the endomorphisms of E’ are defined over K, and therefore, over L, we have o(c;) = ¢;.
Thus,

Corf = CTU(f) =crco [

Since C is commutative, o7 = 70 and

C’T'O'(f) = CO”T(f) = CTCO'f7

i.e.,
Cro = CrCq, V1,0 €C.

In other words, the map
C — Endg(E")*, o ¢,

is a group homomorphism. Take any non-identity element o of C'. Then, a := ¢, is a non-identity
element of Endg(E’), whose cube is the identity automorphism of E. Hence Q|a] is a Q-subalgebra
of Endg(E’) that contains a nontrivial cube root of unity. Since Endg(E’) is either Q, or an
imaginary quadratic field, we conclude that Endg(E’) is isomorphic to Q(v/—3). Since E are E’
are isogenous, the endomorphism algebra of F is also isomorphic to Q(v/—3). O

Theorem 3.6 (See [181,191]). Let E = C/A and E' = C/A’ be elliptic curves, and let K be a
finitely generated subfield of C such that

g2(A), g3(A), g2(A), g3(A') € K.

Suppose that both polynomials Pp(x) and Pp/(x) are irreducible over K. Assume additionally that

(i) The Galois group Gal(Py/K) is As;
(i) The Galois group Gal(Py//K) is Ss.

Then, E and E' are not isogenous.
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Proof. First, notice that the splitting fields K (E[2]) and K (E'[2]) are linearly disjoint over K.
Indeed, the Galois groups Gal(K (F[2])/K) = As and Gal(K (E'[2])/K) = S3 have no nontrivial
isomorphic quotients. This implies that the intersection K (E[2]) N K (E’[2]) = K, and therefore,
K(FE[2]) and K(E'[2]) are linearly disjoint over K.

Claim 3.7. The natural action of Gal(K) on the Fa-vector space Homy, (E[2], E'[2]) is irreducible.

Let us continue with the proof and prove the claim later. Recall that there is the natural Galois-
equivariant embedding of Fo-vector spaces

Hom(E, E')/2 — Homp, (E[2], E'[2]).

The irreducibility of Homp, (E[2], E'[2]) implies that either Hom(E, E’) /2 = {0}, or the Fy-vector
spaces Hom(E, E’) /2 and Homp, (E[2], E’[2]) are isomorphic. In the former case, Hom(E, E’) =
{0} and we are done. In the latter case, Hom(E, E’) is a free Z-module of rank 4 that contradicts
the inequality from Theorem 2.29. This ends the proof. O

Proof of Claim 3.7. Let L be the compositum of the fields K (E[2]) and K (E’[2]) in K. The linear
disjointness of these fields means that the Galois group

Gal(L/K) = Gal(K (E[2))/K) x Gal(K (E'[2])/K) = Aj x Ss.

It follows that the irreducibility of the representation of Gal(K) in Homy, (E[2], E'[2]) is equiva-
lent to the irreducibility of the representation of Gal(L/K') in Homp, (E[2], E'[2]). In light of Claim
3.3, the Gal(K (E[2])/K)-module E[2] is simple and the Gal(K (E’[2])/ K )-module E’[2] is abso-
lutely simple. Now the irreducibility of the representation of Gal(L/K) = Gal(K(E[2])/K) x
Gal(K(E'[2])/K) in Homg, (E[2], E'[2]) is a special case of the following elementary Lemma
[181, Lemma 3.1] applied to

F =Ty, H, = Gal(K(E[2))/K), Wi = E[2], Hy = Gal(K(E'[2))/K), W> = E'[2].

Lemma 3.8. Let F be a field. Let 71 : Hi — Autp(W1) be an irreducible finite-dimensional
representation of a group Hy over F, and 7o : Hy — Autp(W2) be an absolutely irreducible
finite-dimensional representation of a group H over F'. Then, the natural linear representation

Tf QT Hy x Hy — AutF(HomF(Wl,Wg))

of the group Hy x Ho in the F-vector space Homp (W1, W) is irreducible.

O]

We already know from Theorem 2.31 the description of Endg(A) if A is isogenous to the product
of elliptic curves with complex multiplication.

Let us assume now that A = Ey x --- x E is the product of g isogenous elliptic curves £; with
End(E;) 2 Z..
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Let o;; be an isogeny E; — E; of minimal degree, so that any isogeny F; — E; can be written
in the form [dij] o a;j (which we denote, for brevity, by d;;«;;) for some nonzero integer d;; and a
complex number ;.

We may assume that o;; = 1 and aj; = aj foralli,j =1,...g.

The analytic representation of an endomorphism f : A — A is given by a Hermitian matrix:

d11 d120é12 PN dlgaig
dyjary  doy ... dogang
M= : . :
dgi0ig  dgatiag ... dgg
We may choose the period matrix of A to be equal to the diagonal matrix diag[ry,. .., 7], where

Ti = x; + /—1y; is the period of E;. Let us choose a principal polarization Ly on A to be the
reducible one coming from the principal polarizations on the curves F;. Its Hermitian form is given
by the diagonal matrix diag[y; Lo Yg 11. Assume that A has another principal polarization L and
M is a symmetric endomorphism corresponding to L. By (2.24), the matrix of the Hermitian form
H corresponding to L is equal to the matrix

M' =diagly;',...,y, '] M (3.14)
In particular, this implies that y;d;; = y;d;;.

Assume now that £y = ... = E; = E and End(E) = Z. Since E has no complex mul-
tiplications, «;; = 1, hence M is a symmetric integral matrix. It follows from (2.25) that f,
is given by the matrix N = (4 ). Since we are looking for f defined by a principal polar-
ization, f must be an isomorphism, hence det M = 1. We know also that the coefficients of
its characteristic polynomial are positive rational numbers. This implies that M is positive def-
inite. Let (v1,...,729) = (Te1,...,Teg,€1,...,€4) be a basis of Ag. It follows from (3.14)
that the matrix of the symplectic form corresponding to H in this basis is equal to (a;;), where

aij =y~ "Im(H (73, 7;)). This gives
aij =y Im(H(ej, ¢)|7%) = 0, aijug =y ' Im(H(esye5)7) = dij, 1<i<j<g.

It follows that the type D of the polarization L is equal to the matrix (d;;) (reduced to the diagonal
form).

A classical result that goes back to Hermite asserts that a positive definite integral symmetric
matrix of rank g < 7 with determinant 1 can be reduced over Z to the identity matrix (see [91, p.
243-2441). By above, this implies that (up to an automorphism of A) the only principal polarization
on an abelian variety A = EY is of the form ) _7_, p*(point), where p; is the projection to the i-th
factor. In particular, A cannot be isomorphic to the Jacobian variety of a curve of genus g. However,
if g = 8, there is a positive definite symmetric matrix with determinant 1 that cannot be reduced to
the identity matrix. This matrix is equal to 2/3 — Pg,, where Pg, incidence matrix of the Dynkin
diagram of type Eg:

Eg o—o—I—o—o—o—c (3.15)
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Recall that this diagram describes the matrix by the following rule: all diagonal elements are equal
to 2, and, after we order the set of vertices, the off-diagonal elements are equal to 0 or —1 according
to whether two vertices are disjoint or incident.

Remark 3.9. It is known that the rank of any positive definite integral symmetric matrix with deter-
minant 1 and even diagonal entries is divisible by 8 (see [148, 2.3]).

Thus, if £ has no complex multiplication and a positive integer r is not divisible by 8, then the
product of r copies of E does not admit a principal polarization such that the diagonal entries of the
corresponding unimodular symmetric matrix are even.

Note that there is only one isomorphism class of even positive definite unimodular quadratic lat-
tices of rank 16 not isomorphic to Eg & Eg and there are 24 non-isomorphic such lattices of rank
24. One of them is the notorious Leech lattice. It is distinguished from the other even unimodular
positive definite lattices of rank 24 by the property that the minimal value of its quadratic form is
equal to 4. So we have 2 (resp. 24) distinguished principally polarized abelian varieties isomorphic
to E® (resp. £12), where F is an elliptic curve without complex multiplication.

Do they have any geometric meaning, for example, are they Prym varieties or Jacobian varieties?

Example 3.10. Let M be a quadratic lattice, i.e. a free abelian group of finite rank equipped with
a symmetric bilinear form B : M x M — 7Z. Assume that the rank of M is an even number 2k
and the bilinear form is positive definite (when tensored with R). Assume also that the orthogonal
group of M (i.e. the subgroup of Aut(M) that preserves the symmetric form) contains an element
¢ such that .2 = —id,,. Then, we can use ¢ to define the complex structure on W = Mp and define
a hermitian form H by taking E(x,y) := —B(«(x),y) so that E(c(z),y) = B(z,y) is symmetric
and positive definite, and

E(ya I) = _B(L(y)v l‘) = —B(l‘, L(y)) = _B(L(J:)a LQ(y)) = B(L(LE), y) = _E(:Cu y)
is skew-symmetric, obviously non-degenerate.

Let us consider M as a module over Z[i] by letting i act on M as the isometry ¢. Since Z[i] is a
principal ideal domain, we get M 2 Z[i]* and we have an isomorphism (Mg, ¢) = C*, so that M
can be identified with the lattice A with a basis equal to the union of k copies of the basis (i, 1).

Obviously, the abelian variety A = C* /M becomes isomorphic to the product EF, where F; is the

1
elliptic curve with complex multiplication by Z[i]. On the other hand, if we take M to be an even
unimodular' lattice of rank 2k, then our Hermitian form H defines an indecomposable principal
polarization. As we remarked earlier, such a lattice M exists only in dimension divisible by 8. So,

k is divisible by 4.

If k = 4, there exists a unique such lattice, the Fg-lattice M. The abelian 4-fold A = ct /M
is remarkable for many reasons. For example, it is isomorphic to the intermediate Jacobian of a
Weddle quartic double solid, i.e. a nonsingular model of the double cover of P branched along
a Weddle quartic surface with six ordinary nodes birationally isomorphic to the Kummer surface
of the Jacobian of a curve of genus 2 (see [168]). Another remarkable property of A is that its

'A quadratic lattice is called unimodular if the natural homomorphism M — M defined by the associated symmetric
bilinear form is bijective. Equivalently, the determinant of the symmetric matrix of the bilinear form in any basis is equal
to £1.
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indecomposable principal polarization, considered as an irreducible divisor in A, has the maximal
possible number of singular points (equal to 10) for a simple abelian variety of dimension 4, which
is not isomorphic to the Jacobian variety of a hyperelliptic curve (see [34]).

The automorphism group Aut(A) = End(A)* of the abelian variety A, which can be called the
FEs-abelian variety was computed by J.-P. Serre (in a letter of September 16 1986 to R. Valley). It is
isomorphic to the group G = 2 x Gg, the semi-direct product of the elementary abelian group 26
of rank 6 and the symmetric group G that acts in 2° via its permutation representation on the set of
subsets of {1,...,6} of even cardinality modulo taking the complementary subset. We leave it to
the reader to prove that this group is naturally isomorphic to the group Sp(4, F2) of automorphisms
of the symplectic linear space F3 equipped with the standard symplectic form >~ z;y;.

It is known that the group G can be realized as a group of automorphisms of the three-dimensional
variety X isomorphic to the double cover of P2 ramified over the Weddle quartic surface. It admits
a nonsingular birational model, which is a Fano variety with the intermediate Jacobian isomorphic,
as a polarized abelian variety, to the Eg-abelian variety [?].

This follows from the classical fact that the index two subgroup G’ of G isomorphic to 2° x Gg
(isomorphic to the Weyl group W (Dg) of the root system of type Dg) acts by projective transfor-
mations in P3 leaving invariant the Weddle quartic surface [24, p. 117] (see [44, p. 128], or [43] for
a modern exposition).

3.4 Intersection Theory on an Abelian Surface

In what follows, we will freely use the following results about the intersection numbers X - Y of
divisors X and Y on a two-dimensional abelian variety, (an abelian surface A. We will prove them
at the end of this section.

Claim 3.11. Let A be an abelian surface.

(i) The local intersection index of two distinct elliptic curves in A at any common point is 1.
So, their (global) intersection number is just the number of common points, each of which is
counted with multiplicity one.

(i1) The intersection number of two effective divisors on A is always a nonnegative integer.

(iii) If the intersection number of two irreducible curves on A is 0, then they both are elliptic
curves and one of them is obtained from another one by a translation.

(iv) Let X be an irreducible curve on A and E is an elliptic curve on A. If their intersection
number X - E = 1 then X is an elliptic curve, and A is biregular to the product X x E [174].

(v) Let C be an effective divisor on A that is a sum of two elliptic curves F and Fs with F-FEs =
1. Suppose that E is an elliptic curve on A such that C' - £ > 1.

Then,
E,.-E>1, E>-FE>1.
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Example 3.12. Following [69], let us give an example of the Jacobian of a curve of genus 2 iso-
morphic to the product of two isomorphic elliptic curves. Let d be a square-free positive integer
and K = Q(v/—d) be the corresponding imaginary quadratic field, and o be its ring of integers.
We assume that the class number of K is greater than 1 and choose a non-principal ideal a in o.
For example, we can take d = 5. Since —5 = 3 mod 4, the ring o is generated over Z by 1 and
w = \/—5. We may take for a the ideal (2, 1 +w). In fact, the norm ideal Nm(a) # Z of Z is gener-
ated by all integers Nm ((a + b(1 + w)) (with a, b € Z). In particular, Nm(a) contains Nm(2) = 4
and Nm(1 4 w) = 6 and therefore contains 27Z.

Since the equation Nm(x + yw) = 22 + 5b% = 2 has no integer solutions, we obtain that the ideal
a is not principal. Let
E=C/o=C/Z+ Zw.

Consider a homomorphism
¢p:FE—->EXE

defined by z — (2, (1 4+ w)z). Let E’ be the image of ¢, which is also an elliptic curve in the
abelian surface

A=FExFE.

Let £y = Ex {0}, E5 = {0} x E, and A be the diagonal in the abelian surface A - all three of them
are elliptic curves isomorphic to E. Let us compute the intersection numbers ' - E;,7 = 1,2, 3.

Letz + o0 € Ewithx € C. If ¢(x + 0) € Ej, then (1 + w) € o, hence there exists m,n € Z

such that ) ) .
mtnw m+5+(m—n)w)eZ%w+6Z.

14w _6(

This shows that there are three intersection points (0, 0), (Tw, 0) , (@, 0). This implies that
E' - E, =3.

If p(x +0) = (0, (w+ 1)x + 0) € Ey, then 2x € o0, and hence, there are two intersection points
(0,0), (0, 1(1 — w)). This implies that

E' - Ey=2.

Ifp(zx+0)=(2zx+40,(l +w)x+0) € A, then (1 —w)x = 2z — (1 + w)x € o. This implies that

x € 147+ 7, hence there are three intersection points (0,0), (12, 32) | (2(1;‘”), 2(1;”)>, and

E-A=3.

Now, we consider the divisor
C:2A+E/+E1—2E2.

Wehave C-A=2C-E =5,C-E, =3,C -Fy=5,C>=2.
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By the Riemann-Roch theorem for abelian varieties [127, Sect. 16] applied to the abelian surface
A, the Euler characteristic of the invertible sheaf O 4(C') is given by the formula

1
1= 502 = dim¢c HY(A4, 04(C)) — dimc H' (4, 04(C)) + dime H*(A, 04(C)).  (3.16)

Since the canonical class of the abelian variety A is trivial, it follows from Serre’s Duality that
dimc H2(A, 04(C)) = dimgc HY(A4, O4(—C)). Now (3.16) implies that

1 = dimg H(A, 04(C)) — dime H (4, 04(C)) + dimc H2(4, 04(-C)) <

dimc HY(A, 04(C)) + dime H2(A, 04(C)),

and therefore, either H’(A, O 4(C)) # {0}, and hence, the linear equivalence class of C is effective,
or HY(A4,04(—C)) # {0}, and hence the linear equivalence class of —C is effective. Taking into
account that C'- A = 2 is a positive integer and A is an effective divisor; we conclude that the class
of —C' is not effective. Hence, the class of C' is effective. Let D be an effective divisor on A that
is linearly equivalent to C. Since D? = C? = 2, the theorem of Riemann-Roch [127, Sect. 16]
implies that the invertible sheaf L = O 4 (D) satisfies the conditions

x(L) =1, HO(A7L) # 0, deg(or) = X(L)2 =1

Since deg(¢r) = 1, ¢y, is an isomorphism. Since H°(A, L) # {0}, it follows from the vanishing
theorem of [127, Sect. 16] that the index i(L) = 0. By Corollary from [127, Sect. 16], the Hermitian
form attached to L is positive-definite, i.e., the class of D is a principal polarization on A. Since
D? = 2, it follows that D is a curve of arithmetic genus 2, by the adjunction formula (recall that
the canonical class of A is zero). If D is irreducible, then it is a nonsingular curve of genus 2 ? and
A =J(D) [174, Satz 2].

If the divisor D is reducible, then it follows from Claim 3.11 that D is a sum C; + Cy of two
elliptic curves Cq and Coam and A = C x Cy, where we identify C1 with C; x {0} and C3 with
{0} x Cy [174, Satz 2]. Then,

Ci-Cy=1.

Recall that
C-A=2>1,C-E1=3>1.
In light of Claim 3.11(vi),

Cl'AZLCg'AZl; Cl-Elzl,Cg-Elzl.

This implies that
Ci-A=1,Cy-A=1

and the sum
3=C-E1=C1-E1+Cy-F;q

>To see this use one considers the normalization map C' — A and the dual map A — J(C) and proves that it is
injective, hence the geometric genus coincides with the arithmetic genus.



3.4. INTERSECTION THEORY ON AN ABELIAN SURFACE 59

of two positive integers C - 1 and C'y - Fy is 3. Hence, precisely one of those summands is 1. We
may assume that C - F4 = 1.

So, C1, intersects A and E; with multiplicity 1. We have Cy = D—Cy ~ 2A+FE'+FE1—2E>—C1.
Intersecting with C1, we get 1 = 4 — 2(F, - C1), a contradiction.

Proof of Claim 3.11. We write [—1] for the negation map

on A.

on A.

®

(ii)

(iii)

(iv)

[-1]:A— A a— —a
For each b € A, we write t;, for the corresponding translation map

th:A— A a—~a+b

Using translations in A, we may assume that two distinct elliptic curves F, Fs C A meet at
0.4. We need to check that they meet there transversally. Let A = C?/T" where T'is a discrete
lattice in C? of rank 4. Then

Eq :Wl/(l“ﬂwl), FEy = WQ/(FQWQ)

where Wy and Wy are distinct one-dimensional complex vector subspaces in C? such that
I' N W is a discrete lattice of rank 2 in W; for j = 1, 2. Since Wy and W5 meet transversally
at (0,0) € C2, the curves F; and F> meet tranversally at (0,0) +T' = 04.

It suffices to check that if C, Cs are irreducible curves in A, then C7 - Co > 0. Using a
suitable translation in A, we may assume that C7 # C5, and therefore, C; meets C only at
finitely many points (if any). This implies that C - Cy > 0.

If C; - Cy =0, then C; = Cy = C. We may also assume that C contains 04. If P € C,
then (C'+ P)-C = C - C = 0 and therefore C is invariant under translation by every ¢ € C.
Similarly, (C'—¢) - C = C - C' = 0 and therefore C'is invariant under translation by —c for
every c € C. So, if G is a closed connected algebraic subgroup of A generated by C, then G
acts transitively on C' by translations. This implies that either G = A or G is an elliptic curve
that contains C'. Since C'is a curve, G # A, and therefore, C' is a curve in the elliptic curve
G. By dimension arguments, C' = G.

Using translations in A, we may assume that 04 is the only common point of X and E. This
implies that every point = of X is the only common point of the curves X and ¢, (F). Notice
also that
[-1]E = E.
Since
1=F-X=1t,(F)- X,

x is a nonsingular point of X, and hence, the curve X is smooth. Since X lies on the abelian
surface A, it is not rational. ? Since the canonical class K 4 is equal too ero, the adjunction
formula implies that C? > 0, and C? = 0 if and only if C is a smooth elliptic curve.

B 3 A morphism of a rational curve C' to a complex torus T = C? /A can be composed with the normalization morphism
C — C, and then lifted to a holomorphic map of the universal covers P*(C) — C9. The latter map is obviously a
constant map.
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By writing any effective divisor as a sum of irreducible curves, we obtain that D?> > 0 on
the cone Eff (A) in NS(A)R of classes of effective divisors modulo homological equivalence.
By Hodge’s Index Theorem, we have D - C' > 0 for any effective divisors D and C'. This
implies that Eff(A) coincides with the cone Nef(A) of nef divisor classes. The latter is
known to be the closure of the cone Amp(A) of ample divisor classes. By Riemann-Roch
and the Vanishing Theorem, h°(D) = D?/2 for any ample divisor D. Thus, the restriction
of the trace quadratic form on End(A) to Amp(A) is equal to twice the restriction of the
intersection form to Amp(A).

Let us consider the regular map:
s: X xXE— A, (r,e)—»x+e

defined by the group law on A. Since both X and F are projective irreducible, the image
s(X) is an irreducible closed subset of the surface A that contains two distinct irreducible
curves X and A. Hence, the image is of dimension two, hence it coincides with A. This
means that s is surjective, i.e., for each a € A there are exist z € X and e € F such that

a=x-+e.

This innocently looking equality actually means that for each a € A there exist x € X and
e € E such that

ta([F11X) da—z=c € ENty([~1]X); ta([-1]E) 3 a—e =1z € to([~1]E) N X.
Taking into account that
ta([~1X) = [-1]X - E=X-[-]E=X - E =1;
to([FUE) X =[-1]E- X =E-X =1,

we conclude that such a pair (z, e) is unique for any given a € A.

This implies that s : X x E — A is a birational regular map of smooth projective varieties.
Therefore, the dimensions of the linear spaces of regular 1-forms (differentials of the first
kind) on A and X x F coincide, i.e.,

2=dim(A)=1+y,

which means that g = 1, i.e., X is an elliptic curve. Take 04 € X as the zero of group law
on X. Then, the surjective regular map s : X x F — A sends the zero (Ox,0g) of X x E
to the zero of A, hence it is an isogeny of abelian surfaces that is bijective, i.e., deg(S) = 1.
This implies that s is a biregular isomorphism. Hence, A is biregular to X x E. This ends
the proof.

Suppose that, say, F'; - £ = 0. This means that F is a translation of F'j, and therefore,
1<C-E=C-En,

1.€.,
C-FE;>1.
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However,
C-Ey=(FBy+Ey)-Ey=FE}+E -FE,=0+1=1,

which contradicts the previous inequality. This contradiction proves that

by -E>1.
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Chapter 4

Humbert surfaces

In this chapter, we will study polarized abelian surfaces such that Endg(A) contains a real quadratic
number field K such that all its elements of K are invariant under the corresponding Rosati involu-
tion. We also assume that End(A) contains a fixed order of K with discriminant A. . They form
a closed subvariety of codimension one in the moduli space of polarized abelian surfaces which is
called a Humbert surface.

4.1 The Singular Equation

Let A be an abelian surface. The Poincaré duality equips the group H?( A, Z) = Z5 with a structure
of a unimodular even quadratic lattice of signature (3, 3). By Milnor’s theorem, H?(A,Z) = U @
U @ U, where U is a hyperbolic plane over Z, i.e. its quadratic form could be defined by a matrix

(? (1)> , and the direct sum is the orthogonal direct sum [120, Chapter 2], [148, Chapter 5]. Let

T(A) be the orthogonal complement of NS(A) in H2(A,Z). By Hodge’s Index Theorem, the
signature of NS(A) is equal to (1, p — 1), where p is the Picard number of A. Since the signature of
H?(A,7Z) is equal to (3, 3), the signature of T'(A) is equal to (2,4 — p). Tensoring by Q, we get an
orthogonal decomposition of quadratic lattices

H?(A,Q) =NS(A)g & T(A)g.
The quadratic form on NS(A) is defined by the intersection theory of curves on an algebraic surface.
It follows from the Hodge decomposition (1.3) that
1<p(A) <A4.

Using Table 2.1, we describe possible type of the endomorphism algebra Endg(A).

1. Ais simple.
(i) p(A)=1:n=e=ep=1and End(4) = Z.

63
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(i) p(A) =2:n=1,e=ep =2, and Endg(A) is a real quadratic field.
(iii) p(A) =2:n=1,e9 = 2,e = 4, and A has a complex multiplication.
(iv) p(A) =3:n=2,e =¢p = 1, and A is totally indefinite quaternion algebra over Q.

2. A is not simple and hence isogenous to the product F; x Fs of two elliptic curves.

(i) p(A) = 2: Ej is not isogenous to Fs.
(i) p(A) = 3: E} is isogenous to Eo, End(E;) = End(FE2) = Z.
(iii) p(A) =4: A= E x E, Endg(F) is a totally imaginary quadratic field.

7 <21 zz>
Z2 Z3
be the period matrix of A. We assume that A = C? /Z? + DZ? has a primitive polarization of degree
n. Its type is defined by the diagonal matrix D = diag[1, n]. Let f € End®(A), where f, is defined

by a matrix M and f, is defined by a matrix IV as in (2.25). Since f is symmetric, IV satisfies (2.27).
We easily obtain that

Let

ai nas 0 nb
N1 N3 o as a4 —b 0
<N2 N4> 0 nc a1 nag
—c 0 a3 a4

By (2.25) and (2.26), we have
M =(Z-N3+DN,)D™!, M-Z=2-N,+D-No,

and
(Z-N3+D-Ny)-D'-Z=7N;+D- Ns.

The left-hand side in the second equality is equal to

< 0 b(—z% + 2123)> n < a121 + azz2 a1z2 + azzs )
b(

25 — 2123) 0 nagz, + a1ze  nasze + aszs
_ a1z1 + azzo b(—23 + 2123) + a122 + azzs
b(22 — 2123) + nagz + agz +nagzo + agz3 ’

The right-hand side is equal to

ai1z1 + agz2 nasz1 + agz9 + nc
a1z9 + azzz — nc Nnagsze + G423 '

Comparing the entries of the matrices in each side, we find a relation
b(23 — 2123) + agnzy + (ag — ay)zs — azzs + ne = 0.

We rename the coefficients to write it in the classical form to obtain what Humbert called the sin-
gular equation for the period matrix 7:

naz, + bzg + cz3 + d(25 — z123) + ne = 0. 4.1)
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We also assume that (a, b, ¢, d, ¢) = 1. In this new notations, the matrix Ny = N —a I, representing
(fo)r = (f — aiid), can be rewritten in the form

0 na O nd

No=-ah+N=| ¢ b —4 0 42)
0 ne 0 —nc
—e 0 a b

and (fo)q is represented by the matrix

_ —dzg dz1 — ¢
Mo = (—dzg +na dz+ b> ' 43)

We have
Tr(Np) = 2Tr(My) = 2b, det(Ny) = det(Mp)? = n*(ac + ed)?.
Thus, fy satisfies a quadratic equation
t2 — bt + n(ac + ed) = 0, (4.4)
so that 1 and fj generate a subalgebra o of rank 2 of End®(A) isomorphic to
0 2 Z[t]/(t* — bt + n(ac + ed)). (4.5)
The discriminant A of the equation (4.4) is equal to
A =b* — 4n(ac + ed). (4.6)

It is called the discriminant of the singular equation. Note that, if b is even, A = 0 mod 4,
otherwise A =1 mod 4.

Since we know that the eigenvalues of M are real numbers,
A>0. 4.7

Thus, if A is not a square, the algebra o is an order in the real quadratic field Q(v/A). On the other
hand, if A is a square, then the algebra o has zero divisors defined by the integer roots %(b + \/Z)
of equation (4.4).

Note that, replacing ¢ with ¢ + «, we may assume that b = 0 if b is even, or b = 1, otherwise.
Suppose that there is a holomorphic line bundle L, whose algebraic equivalence class is mapped
to fo inder o : NS(A) — End®(A)q. (Such a bundle exists for all fy € nEnd®(A).)

Applying (2.29), we obtain that

(Lo, La) = nb = 5(L§)b, (LX) = 3n(b* — A). (4.8)

Thus, the sublattice (Lo, La) of NS(A) generated by Lo, La has discriminant equal to (Lg)?(L3)—
(Lo, La)? = —n2A.
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Recall that a finite algebra R over Z of degree n can be considered as a quadratic lattice with
associated symmetric bilinear form defined by

(z,y) = Tr(ay), (4.9)

where Tr : R — Z is the Z-linear function whose value on an element z € R is equal to the trace of
the endomorphism a, : 7 +— 7 (the coefficient at (—\)"~! in the characteristic polynomial). The
discriminant of the corresponding quadratic form is called the discriminant of R (the last coefficient
of the characteristic polynomial of «;).

In our case, when R = o from (4.5), we take the basis (1, f) of 0, where £ is the coset of ¢, and
obtain that the matrix of the bilinear form (4.9) is equal to

(—2b b2 —n(_al::+ed)> N (—2b %<b2_—b A>) '

Comparing this with the sublattice (Lg, La) of NS(A), we obtain that there is an isomorphism of
quadratic lattices
(Lo, La) = o(n), (4.10)

where (n) means that we multiply the values of the quadratic form by n.

When L is ample, we can also determine the type of the polarization defined by La. It is equal
to the type of the alternating form given by the matrix

0 na 1 nd

t ) . —C b —d n
No-Jp = 1 ne 0 —ne 4.11)
—e —-n a b

Let Ay, = $2/Sp(Jb, Z) be the coarse moduli space of abelian surfaces with polarization of type
(1,m). We denote by Ha the set of period matrices Z € ), satisfying a singular modular equation
with discriminant A. Let

Hum,,(A) = Sp(Jp, Z)\Ha.

be the image of Ha in As,, := Ay p. This is the locus of isomorphism classes of abelian surfaces
with primitive polarization of degree n that admit an embedding of a quadratic algebra Z[t]/(t* +
at+ B) with discriminant A = o? —43 in End(A). Itis called the Humbert surface of discriminant
A.

Suppose Z € Ha and let Z' = M - Z for some M € Sp(4,7Z). If Z satisfies a singular equation
(4.1), then the matrix Ny defining an endomorphism of C? /A, changes to ML Ny - M ([106],
8.1). Thus, Z’ satisfies another singular equation although with the same discriminant.

We will prove later the following theorem, which is, in the case n = 1, due to G. Humbert.

Theorem 4.1. Every irreducible component of the Humbert surface Hum,, (A) is equal to the image
in $2/Sp(Jp,Z) of the surface given by the equation

nz1 + bze + cz3 =0, (4.12)
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where A = b? — 4nc,0 < b < 2n. The number of irreducible components is equal to

#{b mod 2n:b*=A mod 4n}.

Consider the quadratic Z-algebra o from (4.5). Let K = 0 ® Q. If A is not a square, then K is a
real quadratic extension of Q. Let A = m2A, where A is square-free. Then, K = Q(v/Ag). If m
is odd, then the order o is generated by 1 and %m(l +1/Ayp). If m is even, then o is generated by 1
and m\/Ag if Ag = 2,3 mod 4, and by 1 and 1m(1++/A¢) otherwise. Note that the discriminant
of the order o is equal to A.

Let 01,09 : K — R be two distinct embeddings of K into the field R of real numbers.

If A = k? is a square, then 0o = Z[w] is just an order in K = 0 ® Q = Q © Q. Under the
isomorphism
09 > Q®Q, z+yw = (z+yay,z+ya-),
where a4 = %(b + k), the order o becomes isomorphic to an order in Z & Z. We denote by o1, 09
be the projections from K @ R=EZR PR — R.

Let SLy(0) be the group of 2 x 2 matrices with determinant 1 and entries in 0. Consider its action
on the product £ x $ of the upper-half planes

oi(a)z1 +o1(7) o2()z1 +o02(y)
0'1(/3)2'1 + 0'1((5) ’ 0'2(5)2'1 + 0'2((5) ’

(21,22) = (

). Write A in the form A = b? — 4nc. Consider the map

HXH— Ny, (21,22) = 'R (Zl 0) R.

022

Then, the image of the map is equal to the set of matrices (w5 w2 ) € $2 satisfying equation (4.12).

Let @ : SLa(0) — Sp(Jp,Z) be the homomorphism of groups defined by

(e )= (0 ah) (% )

One checks that the map H2 = 9o is equivariant with respect to the action of SLo(0) on $2, and
the action of Sp(Jp, Z) on $2. This defines a morphism

o0 O 9
o O O
O QU O
QU O O

® : SLy(0)\$H? — Hum, (A).

If b # 0 mod n, then the morphism @ is of degree 1. Otherwise, ® is of degree 2 and factors
through the involution ¢ that switches the factors in $2 (see [167], IX, Proposition 2.5).

The quotient SLy(0)\$? (resp. (SLz2(0),0)\$H?) is a special case of a Hilbert modular surface
(resp. symmetric Hilbert modular surface).
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4.2 AisaSquare

Leti : B — A be an abelian subvariety of an abelian variety A with primitive polarization Lg of
degree n. Let L{; = t*(Lg) be the induced polarization of B, and let (L)) be the exponent of the
(finite) kernel ker (¢, ) of the isogeny ¢, : B — B. Then, there is an isogeny

iy = e(Lo)éy; : B— B
such that the composition R
Y o¢y :B—B—B
is the multiplication by e(Lg) in B.
Consider the composition
Nmp :=io¢p oi* oy, :A—A— B— B— A

It is called the norm-endomorphism associated to B. It is a symmetric endomorphism corresponding
to the Hermitian form obtained by restricting the Hermitian form of Ly to Hy(B,C) C H;(A,C),
and then, extending it to Hy (A, C) by zero. Also, it is easy to see that Nm% = e(L{,)Nmp. Taking
f = Nmp and d = ¢(L}), we obtain that f satisfies the equation f? — df = 0.

Let us go back to abelian surfaces and assume that A = k? is a square. Then, the minimal
polynomial defining the corresponding endomorphism has roots ay = %(b + k). Since A = v?
mod 4n, ay € Z. The equation

0=(f—asida)(f + a—ida) =0
shows that the endomorphisms g+ = f — a4id4 satisfy the equations
gt =*kgs, grog-=0. (4.13)

Let £+ = g+ (A) C A. These are elliptic curves on A, and we have exact sequences of homomor-
phisms of abelian varieties:

0—>E+—>Ag—_>E_—>O, 0—>E_—>Ag—+>E+—>O.
Note that g+|E+ = [+k], hence E, - E_ = #Ker([k]) = k2. Since the kernel of the isogeny
EixE_— A (z,y)—»z+y
is the group £, N E_, we obtain that its degree is equal to k.

Suppose A = J(C') for some curve C' of genus 2 and the polarization Ly = O 4(C) is the principal
polarization defined by C' embedded in J(C') via the Abel-Jacobi map. Since k is equal to the trace
of the characteristic equation for g, formula (2.31) and the projection formula imply that

Tr(g}) = Tr(kgy) = kTr(g+) = k> = (¢7.(0),C) = (C,(9+)+(C)) = d+C - By = dyd-,

where d is the degree of the projection g1|C' : C — FE4. Since d,d_ < k,we getd; = d_ = k.
Obviously, k£ > 1 since C' is not isomorphic to an elliptic curve.

Thus, we obtain the following:
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Theorem 4.2. Suppose a period Z of J(C) satisfies a singular equation with discriminant A =
k? > 1, then C is a degree k cover of an elliptic curve.

Conversely, assume that there exists a degree k cover ¢ : C — FE, where E is an elliptic curve.
Then, the cover is ramified, hence the canonical map ¢* : E = J(E) — A = J(C) is injective. We
identify its image with E. Let N : J(C') — J(E) = E be the norm map (defined on divisors by
taking ¢.). Then, N - ¢* : E — FE'is the map [k]. Let g = Nmp : A — A. It follows from the
definition of the norm-endomorphism that g> = kg. Arguing as above, we find that the symmetric
endomorphism Nmpg defines a singular equation for a period of J(C') whose discriminant is equal
to k2.

Example 4.3. Assume that a period of A = J(C) satisfies a singular equation with A = 4, so that
C is a bielliptic curve, i.e. there exists a degree 2 cover o : C' — E. Let+ : C — C' be the deck
transformation of this cover. If C is given by the equations

y* — fo(z) =0, (4.14)

then, we may choose (z,) in such a way that ¢ is given by (z,y) + (y, —) and fe(z) = g3(x?).
Let
v? — g3(u) =0

be the equation of an elliptic curve E. The map (z,y) — (22,v) defines the degree 2 cover
a: C — E. Let du/v be a holomorphic 1-form on E, then a*(du/v) = zdz/y is a holomorphic
I-form on C. The involution ¢* acts on the linear space of holomorphic 1-forms on C' spanned
by dx/y and xdx/y, and decomposes it into two eigensubspaces with eigenvalues +1 and —1.
Consider the involution ¢/ : (x,5) — (—y, —). The field of invariants is generated by y?, xy, z2.
Again fg = g3(z?) and we get the equation (z7)? = 2%g3(2?). Thus, the quotient C'/(¢') is another
elliptic curve with equation
v? — ugz(u) = 0.

The map o’ : C — E'is given by (u,v) +— (22, xy). We have o/*(du/v) = 2dz/y. Thus, any
hyperelliptic integral [ % can be written as a linear combination of elliptic integrals. This was
one of the motivations for the work of G. Humbert.

One may ask how to find whether a hyperelliptic curve given by equation (4.14) admits a degree
two map onto an elliptic curve in terms of the coefficients of the polynomial fs. The answer has
been known since the 19th century. Let us explain it. First, let us put a 2-level on the curve by
ordering the Weierstrass points (0, z;), fe(z;) = 0,7 = 1,...,6. By considering the Veronese map
v : P! — P2 we put these 6 points (z;, 1) on a conic K in P2, Let p; = v(x;). Applying Proposition
9.4.9 from [41], we obtain that the following properties are equivalent:

» there exists an involution o of P! with orbits (21, 22), (23, 24), (5, 6);

* the lines p1, p2, P3, P4, D5, P are concurrent;

* the three quadratic polynomial (z — z1)(x — z2), (z — x3)(x — z4), (v — x5)(x — x¢) are
linearly dependent;
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e if a;tg + bjt1 + cita = 0 are the equations of the three lines, then

a1 b1 1 x214+29 x129
Dio3a56 =det [ ax by co | =det |1 x3+x4 x324 | =0.
ag by c3 1 z5+x¢ x576

(see [41], p. 468). Let
I= T Potyo@.o@o@w.esoo©:

geGg
The stabilizer subgroup of (D1234,56)° in S is generated by the transpositions (12), (34), (56) and
permutations of three pairs (12), (34), (56). It is a subgroup of order 48. Thus, after symmetriza-
tion, I defines the Clebsch skew invariant I15 of degree 6!/48 = 15 in coefficients of the binary
form.! Recall that the algebra of SLo-invariants of binary forms of degree 6 is generated by Clebsch
invariants Is, 14, Ig, I19, I15 (in Salmon’s notation they are A, B, C, D, E) of degrees indicated in
the subscript. These invariants satisfy a basic relation

I125 = P(I27I47[67IIO)7 (415)

where P is a weighted homogenous polynomial of degrees 15 explicitly given by the expression

$(I2As + 1846) 4(A3 + 315 46) 2419
P =det [ 4(243 + 315 4¢) 2410 288( A3 + 2, A4 A +942) |,
241 288(A3 + 215 A4 Ag + 9A%)  T2(AgA10 + 48A% I + T21512)
where

124; = I2 — 36A4,
216A¢ = 1081514 + 541,
3125410 = 9D — 38415 + 1200012(Is A4 + 5Ag) — 75000 A4(Io A4 + 6Ag).

Here D is the discriminant of a binary form of degree 6 . We have

1

234
Remark 4.4. Note that, if one does not assume that the 6 points py, ..., pg are on a conic, the last
two conditions define an irreducible component of the moduli space of marked cubic surfaces with
an Eckardt point (see [41], 9.4.5).
Remark 4.5. Explicitly, suppose the characteristic equation of fy and Ny is equal to t2 — bt + (ac +
ed) = 0. Suppose that A = b? — 4((ac + ed) = k%, The matrix Ny in its action on A has two
eigensublattices A4 of A with eigenvalues «v.. They are generated by

D=3-2"15 — 3.2 . 53131, — 2 - 541315 + 150(1o 13 + I416) + 32 - 5°I10.

vli = (d,0,—c,ay), UQi =(0,d,b — ax,—a),

where the coordinates are taken with respect to the basis (71, y2, €1, e2) of A = 772 + 72. So, we
can write
Ufc = (dz1 — ¢, dzp + a4), v2i = (dza +b— ag,dz3 — a).

"ts explicit formula occupies 14 pages of Salmon’s book [144], Appendix.
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The endomorphism fj represented by the matrix My has the eigenvalues o+ with one-dimensional
+ =+

eigensubspaces V1 generated by the vectors wy = vf, the vectors vi-, v5 are proportional over C
with the coefficient proportionality equal to

dzo + a4 dz1 — ¢
T+ = =

dzs —a  dz+b—oay’

Let
EL =V /AL =2C/Z1+ + 7.

The embedding AL < A defines a homomorphism E+ — A. Its kernel is equal to the torsion
subgroup of the group A/A4. We have

Ufc A ’U;: = (d?,d(b— as), —ad, cd, da, ed)
is equal to d times a vector with mutually coprime coordinates. More precisely,
cwfc + ozi’ugE = (da,day,—ac+ ay(b—ay),0) = d(a,as,e,0) = dg+.
This shows that the order of the torsion subgroup is equal to d.

Let A, = Ay + Zgx. Then, E'. = Vi /A, embeds in A. We have E(v, g+) = (b—2as) = k,
where k? = A.

There is a homomorphism of the complex tori:
EixE_=ViaV_/N &N - A=V, V_/A
Its kernel is a finite group A/A’, @ A’ of order equal to the determinant of the 4 x 4-matrix with

columns Uf, vy, v; , v, divided by d?. Computing the determinant, we find that it is equal to d?A.

Remark 4.6. We know from Example 3.12 that the Jacobian variety J(C') of a curve of genus 2 could
be isomorphic to the product of two isogenous elliptic curves E; X FEo. Let k1, ko be the degrees
of the projections of C' — FE;. Fix an embedding F; — FE; X F», and consider the corresponding
norm-endomorphisms g;. We obtain that the period matrix of A satisfies two singular equations
with discriminants k7 and k2. There are two isogenies

E1XE1—>E1XE2, EQXEé-)E1><E2

of degrees k? and k3.

Remark 4.7. (see [129]). Consider the abelian variety A defined by the period matrix

o Z1 1/k
= (1/k‘ . > . (4.16)
Let p : C?> — C? be the linear map (a, b) — (0, kb). Then, p(71) = e2,p(72) = ky2 — e1,p(e1) =
0, p(e2) = key. Thus, p defines an endomorphism of A with

(4 0) 5

— o O O

x>
o O O O
O O O
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We have p(A) = Z1+Zkz3 = C/A; and Ker(p) NA = Z(k~y1 — e2) + Ze; . The matrix is a special
case of the matrix Ny from (4.2). We geta = ¢ = d = 0,b = k,e = —1. Thus, 7 satisfies the
singular equation kzo = 1. Of course, this was obvious from the beginning. The discriminant of
this equation is equal to k2. This shows that p defines a surjective homomorphism to the complex
1-torus E = C/Z+ Zkz3, and its kernel is the complex torus F' = C/Z+Zkz; = C/A embedded
in A by the map 2z — (z,0) that sends 1 to e; and k21 to ky; — e2. Also, one can embed E’ in A
via the map C — C? that sends 1 to ey and kz3 to k~s. The determinant of the matrix of the map
A1 ® Ay — Ais equal to k2, this defines an isogeny E x E’ — A of degree k2.

Example 4.8. Assume k& = 3. Let f : C' — FE be a degree 3 map onto an elliptic curve F. Assume
that J(C) contains only one pair of one-dimensional subgroups E, E’ with E - E' = k2, and that F¥
is not isomorphic to E’.

Let v be the hyperelliptic involution of C and ¢ : C — C/(c) = P! be the canonical degree
2 cover. By our assumption, the subfield of the field of rational functions on C' contains a unique
subfield isomorphic to the field of rational functions on E. This shows that o leaves this field
invariant, and induces an involution & on E such that there is a commutative diagram

cC—2>C
f f

We assume that the map f : C' — F ramifies at two distinct points. This is a general case; in
a special case, we may have one ramification point of ramification index 3. Let = be one of the
Weierstrass points, a fixed point of 7. We have f(x) = f(v(x)) = (f(z)). Thus, by taking f(z)
to be the origin of a group law on E, we may assume that 7y is an order 2 automorphism of E.
Obviously, it has four fixed points, the 2-torsion points on F. This shows that f defines a map of a
set W of 6 Weierstrass points to the set F' = E7 of four fixed points ay, ..., a4 of 5. If a is one of
the fixed points ,and f(z) = a, then f(y(x)) = a, hence ~ preserves the fiber f~!(a) (considered
as an effective divisor of degree 3 on (). Since ~ is of order 2, it must fix one of the points or the
whole fiber. The latter case happens if one of the points of the fiber is a ramification point of f.
Thus, the fibers of the map W — F' have cardinalities (3,1,1,1), or (2,2, 1,1). In the latter case,
both ramification points of f are over four points from F'. Let us consider the commutative diagram

o2 p!

b

E—Y-pl,
In the case (2,2, 1, 1), the composition ¢ o f: C — P! has four branch points. On the other hand,
the equal composition f o ¢ : C' — P! has at least six branch points because ¢ has 6 branch points.
Therefore, the case (2,2, 1,1) is not realized. Let us consider the case (_3, 1,1,1). Let us assume
that f~!(ay) consists of three points in W. Let y; = ¢(a;). The map ¢ o f : C — P! ramifies

at each of the three pre-images of any point y; € ¢(F) with the ramification index equal to 2, and
ramifies at two points over the image b in P! of the two branch points of C' — FE.

4.17)



4.2. A IS A SQUARE 73

It follows from the commutative diagram (4.17) that the branch points of the map f:P' — Plare
three points 2, 33, ¥4 € ¢(F). The fiber f~!(y;) contains one point from ¢ (W), the other point in
this fiber is a ramification point.

Now, we see that the set of Weierstrass points W is the union of two disjoint triples of points
A+ B, where f(A) = a € Fand f(B) = F'\ {a}. We choose a group law on E to assume that
a; = {0}. Since Ker(J(C) — E) = Ker(Nm : J(C) — E) and Nm(z + y + z) = 0, we obtain
that {x + y + 2} is contained in E’. The image ¢(A) of A in P! is a fiber of the map f : P! — P!
over y; = ¢(0). The image of each point in B under ¢ is contained in a fiber over a point yo, y3, ¥4
complementary to the ramification point over ¥, y3, Y4.

So, we arrive at the following problem. Let C' : y? — Fg(x) = 0. The polynomial Fg should
be written as the product @33 of two cubic polynomials such that there exists a degree 3 map
P! — P! such that the zeros of ®3 form one fiber, and the zeros of U5 are in the same fiber
containing 3 ramification points.

We follow the argument of E. Goursat [59] and H. Burhardt [20], a nice exposition of this can be
found in [154].

Let F(u,v) = 0 be the binary form of degree 6 defining the ramification points of ¢ : C' — P!,
We seek a condition for a factorization F'(u,v) = ®(u,v)¥(u,v), where the cubic binary forms
satisfy the following conditions.

Let G(u,v) be a binary cubic, and

G, G,
J(u,v) = J(G,P) = det ((I);L o
be the Jacobian of the pair of functions GG, ®. Its zeros are the four ramification points of the map
¢ : P — P! given by (G, ®). Let

K = K(u,v;u'v") = det <(§(€5: Z,)) (I()I)((;f: Z,))> /(uv" — u'v)

be the anti-symmetric homogeneous form of bidegree (2,2) on C? x C? expressing the condition
that two points (u,v) and (u/,v’) are in the same fiber of ¢. Its set of zeros (u : v) = (v’ : V')
consists of 4 ramification points of ¢. In other words,

K(u,v;u/,v") = J(G, ®).
Consider K as a polynomial in «/, v" with coefficients in C[u, v]. Let
R(u,v) = R(K (u,v;u',v"), J(u',v"))

be the resultant. Its vanishing expresses the condition that K and J have a common zero. It is
a quartic binary form in u,v. Let ¥(u,v) be a cubic binary form dividing R(u,v). Then, the
hyperelliptic curve y? — ®(u, v)¥(u, v) = 0% admits a map of degree 3 to C. The equation of C'is
y? — (x) = 0, where v21)(u/v) = U(u,v).

%One views this equation as a curve in the weight projective plane P(1,1,2).
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Using the projective transformations of (u,v), and a linear transformation of the linear space
generated by G and ®, one may assume that G'(u, v) = u?v. We can also assume that ®(u,v) =
u3 + au?v + buv? + v3. Then, we find that

F(u,v) = (u® + av?v 4+ buv? 4+ v¥) (4u® + b + 2bx + 1),
so that a, b are two parameters on which our hyperelliptic curves depend.

One may ask about the description of the set of degree N covers f : C — E of a fixed elliptic
curve F. To describe this set, one introduces a functor (the Hurwitz functor) that assigns to a scheme
T the family of normalized T-covers f : C/T" — (E x T')/T such that, for each ¢t € T', the cover
C; — FE x {t} is a normalized degree N cover of a genus two curve.®> By a result of E. Kani [84]
this functor is represented by an open subscheme of the modular curve X (IV) of level N.

Finally, we refer to [20] and [154] for an explicit invariant of binary sextics defining the locus
Hum(9). In [110], one can find a treatment of the case k = 5.

Remark 4.9. A generalization of a problem of finding the conditions that a map C' — E of degree
k exists is the following problem.

A principally polarized abelian variety P is called a Prym-Tyurin variety of exponent e if there
exists a curve C' and an embedding of P < J(C') such that the principal polarization of C' induces a
polarization of type (e, ..., e) on P. Prym-Tyurin varieties of exponent 2 are the Prymians of covers
C — D of degree 2 with at most 2 branch points. A generalization of the Prym constructions is a
symmetric correspondence 7" on C' such that (7' —1)(7'+ e — 1) = 0 in the ring of correspondences
(see Section 10.1). The associated Prym variety of exponent e is the image of T — 1.

For example, the existence of a degree k cover C' — F gives a realization of £ as a Prym-Tyurin
variety of exponent k. So, the problem is the following. Fix a ppav P of dimension p and a positive
number e. Find all curves C of fixed genus g such that P C J(C) and the principal polarization
induces a polarization of type (e, ...,e) on P.

For example, assume that p = 2 and g = 3. Then, J(C') should be isogenous to the product P x E,
where F is an elliptic curve.

Let k be a positive integer and X (k) be the compactification of I'(k)\$, where I'(k) is the prin-
cipal congruence subgroup of SLo(Z) i.e., I'(k) is the kernel of the natural surjective group homo-
morphism (the entry-wise reduction map modulo k)

(See [170, Th. 28.2.6] for a proof of the surjectiveness). Then, X (k) is called a modular curve of
principal level k. Let

Gy, = SLa(Z) [T (k) = SLo(Z/KZ)
be the quotient group. For ¢ € (Z/kZ)* denote by . the automorphism of G} induced by
the conjugation with the matrix (§9). It sends the matrix (2%) € SLy(Z/kZ) to the matrix
(.4 6;) € SLo(Z/kZ). We define the diagonal modular surface

Z(k;e) := X (k) x X(k)/Gk,

3A cover is normalized if it is not a composition of a cover C' — F and an isogeny E — F.
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where G, acts by g - (z,y) = (9(x), ae(g)(y).
The following theorem was proved by E. Kani [83].

Theorem 4.10. Let Z(k; €) be a minimal desingularization of Z(k; €). It is a regular surface with
Kodaira dimension min(2, py ), where pg . is the geometric genus of the surface. We have

(a) Z(k;€) is a rational surface if and only if k < 5, or
(k,e) = (6,1),(7,1),(8,1).
(b) Z(k;e€) is birationally elliptic K3 if and only if

(k,e) = (6,5),(7,3),(8,3),(8,5),(9,1), (12,1).

(¢) Z(k;e) is of Kodaira dimension I with pg = 2 if and only if

(k,€) = (8,7),(9,2), (10,1), (10,3), (9, 1), (11, 1).

(d) Z(k;€) is of general type with pg > 3 ifand only if k > 13, or

(k,e) = (11,2), (12,5), (12,7), (12, 11).

Let ./\/lzu(k) be the moduli space of curves of genus g that admit a finite map of degree £ onto an
elliptic curve. If g = 2, then any such curve admits two maps onto an elliptic curve, hence Mgu(k)
is a double cover of the Humbert surface Hum(k?).

The following nice observation is due to E. Kani.

Theorem 4.11. MSY(k) is an open subvariety of of Z(k,—1). In particular, it is rational if and
only if k < 5, K3 if and only if k = 6,7, elliptic if and only if k = 8,9, 10, and it is of general type
otherwise.

Proof. Recall that a principally polarized abelian surface A defines a point in Hum(k?) if and only
if there exists a pair of elliptic curves (E, E') on A such that E x E’ — A is an isogeny of degree k2.
Let U be an open subset of Hum(k?) of abelian surfaces for which such a pair of curves is unique.
Let U’ be its pre-image under the natural map M$!!'(k) — Hum(k?). The canonical inclusions
¢: ENE < Fand ¢’ : ENE' < E' define an isomorphism ¢~ o ¢' : E'[k] — E[k]. One
can show that this isomorphism is compatible with the Weil pairing on E’, and the Weil pairing
multiplied by —1 on E[k]. If we fix a full k-level structure on E’, i.e. an isomorphism of the
standard symplectic group (Z/kZ)? to E'[k], then the composition with ¢’ o ¢! defines a full k-
level structure on E. This defines a point in X (k) x X (k). To get rid of the levels, we have to
consider the quotient of X (k) x X (k) by the group G (—1). O

Corollary 4.12. The Humbert surfaces Hum(k?) are rational for k < 10.
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Proof. If Z(k; —1) is rational, then the quotient is rational. Suppose Z (k; €) is birationally isomor-
phic to a K3 surface. The fixed locus of the rational cover involution Z (k; —1) — Hum(k?) consists
of G (—1)-orbits of pairs ((E, a), (E,a™1)), where o is the full k-level. Itis a curve R isomorphic
to X (k).

Let Z(k; —1) be a resolution of singularities of Z(k; —1). Suppose that there is a birational mor-
phism from Z (k;—1) — Y , where Y is a K3 surface Y or a relatively minimal elliptic surface
of Kodaira dimensions one. The involution of Z(k;-1)li ftstoabirationalinvolutionof Z(k; —1).
Since Y is a minimal surface of non-negative Kodaira dimension, it descends to a biregular involu-
tion of Y. It is known that a biregular involution of a K3 surface Y, which fixes point-wise a curve
acts non-trivially on the one-dimensional space Q2%(A) of regular differential 2-forms. It is easy to
see that the quotient by such an involution must be a rational surface. If Y is of Kodaira dimension
one, then the involution preserves the elliptic fibration, and, since X (k) is not isomorphic to an
elliptic curve, we obtain that it intersects the general fiber at 4 points. Since Y is nonsingular, the
quotient is birationally isomorphic to a rational ruled surface. O

Remark 4.13. One should compare the previous result with known results about the rationality of
Humbert surfaces Hum,, (A), where D is square-free. For example, when D = p = 1 mod 4, it
is known that the corresponding Hilbert modular surface is rational for p = 5,13, 17, a K3 surface
if p = 29,37,41 and an elliptic surface for p = 53,61, 73 [72]. As before, one proves that the
quotient by G is rational for these primes.

Corollary 4.14. Let Hum(k?)' be the closed subvariety of Hum(k?) parameterizing principally
polarized abelian surfaces A for which there exists an isogeny E x E — A of degree k*. Then,
Hum(k2)' is a rational curve.

Proof. It follows from the proof of the previous corollary that Hum(k?)’ is isomorphic to the quo-
tient X (k)/Gy, = PL. O

Remark 4.15. A recent thesis of Robert Auffarth [4] gives some conditions, in terms of the Néron-
Severi group, for the existence of an elliptic curve on an abelian variety of arbitrary dimension.

We will see more examples of Humbert surfaces with square discriminant in Chapter 10.

4.3 A is Not a Square

Let us study the Humbert surface Hum(A) := Hum; (A), where A is not a square. We will see the
speciality of abelian surfaces belonging to the Humbert surface Hum(A) in terms of the associated
Kummer surface.

For any abelian variety A, the quotient space by the cyclic group generated by the involution
t = [—1]4 is denoted by Kum(A) and is called the Kummer variety associated to A. The fixed
points of the involution ¢ are 2-torsion points of A. In local coordinates 21, ..., z4 at such a point,
the involution acts as z; — —z;. Thus, the image of a 2-torsion point in Kum(A) is a singular
point whose local ring is isomorphic to the local ring of the vertex of the affine cone over the second
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1
Veronese variety V3 ~! the image of P9~ in P29 (9+1=1 under the Veronese map given by quadratic
formsin z1,..., z4.

Let A be a principally polarized abelian surface and let Kum(A) be the associated Kummer sur-
face. Let L be a principal polarization of A. The involution ¢ is a symmetric endomorphism corre-
sponding to L. Then, ¢* acts on H!(A, Z) as the multiplication by —1, hence its acts on H?(A, Z)
identically. This shows that ¢1 (L) = ¢1(¢*(L)), hence M = +*(L) ® L satisfies t*(M) = M (such
line bundles are called symmetric) and ¢1 (M) = 2¢;(L), or, equivalently, M defines a polarization
of type (2,2) with (M, M) = 4(L, L) = 8. By Riemann-Roch, dim H%(A, M) = 4, and the linear
system |M| defines a regular map f : A — P3 that factors through a degree 2 quotient map

¢: A— Kum(A)

and a map 1 : Kum(A4) — X C P3. If the polarization is irreducible, 1/ is an isomorphism onto
a quartic surface X. Otherwise, the map ¢ is a degree 2 map onto a nonsingular quadric (), with
the branch divisor equal to the union of 8 lines, four from each ruling. Assume that the polarization
L is irreducible. It follows from above that X has 16 singular points which are locally isomorphic
to the singular point of a quadratic cone in C3, i.e. an ordinary double point. Then, A = J(C) for
some smooth genus 2 curve C' C A and A can be identified with the subgroup Pic®(C) of divisor
classes of degree 0. By translating C' by a point in A, we may assume that C' is the divisor of zeros
of a section of L. For any 2-torsion point e € A, let C, denote the translation of C' by the point
e. We have 2(C,) € |L®?|. Let us identify Kum(A) with the quartic surface X and let T be the
image f(C.) in X. Then, f~1(2T,) = 2(C¢), hence 2T, is equal to X N H, for some plane H, in
IP3. Since plane sections of X are plane curves of degree 4, we see that T, must be a conic. The
plane H, (or the conic C,) is called a trope.

Note that the map C, — T, is given by the linear system |L®?|C,| of degree 2 on C, = C. It
defines a degree 2 map C. — T, so T, is a smooth conic. Thus, we have 16 nodes p. € X and
16 tropes 1. The 6 ramification points of the map C. — T are fixed points of ¢. Hence, they are
2-torsion points lying on C,. Thus, each trope passes through 6 nodes. It is clear that the number
of tropes containing a given node does not depend on the node (use that nodes differ by translation
automorphism of A descent to X). By looking at the incidence relation {(C.,€’) : €' € C.}, we
obtain that each node is contained in 6 tropes. Thus, we get a combinatorial configuration (16¢)
expressing the incidence relation between two finite sets. This is the famous Kummer configuration.

To obtain a minimal resolution of Kum(A), we lift the involution ¢ to an involution  of the blow-
up A — A of the set A[2]. The quotient X = A/(7) has the projection to A/(¢) = Kum(A) which
is a minimal resolution of the 16 nodes of Kum(X).

Since ¢ acts as —1 on the tangent space Tp(A), it acts identically on the exceptional curves R} of ¢.
Thus, the quotient A /7 is nonsingular and the projection p is a degree 2 cover of nonsingular surfaces
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ramified over 16 curves R) isomorphic to P!, Using the known behaviour of the canonical class
under a blow-up, we obtain K ; = >~ R;. The Riemann-Hurwitz formula K ; = p*(K ;) + > R}
implies that K ¢ = 0. Since  acts on H!(A, Q) as —1, we obtain that H'(X,Q) C H'(4,Q)? =
{0} must be trivial. Thus, b;(X) = 0, and we obtain that X is a K3 usrace (see more about K3
surfaces in Lecture 9).

Let p be one of the 16 nodes of X . Projecting from this point, we get a morphism X \ {p} — P?
of degree 2. Let us choose coordinates in 3 such that p = [1,0, 0, 0]. Then, the equation of X can
be written in the form

t(Q)FQ(tl, t2,t3) + 2t0F3(t1,t2,t3) + F4(t1,t2,t3) = 0, (418)

where FJ;(t1,t2,t3) is a homogeneous form of degree indicated by the subscript. It is clear that the
pre-image of a point [z1, x2, x3] on the plane consists of two points which coincide when

F = F3(t1,ta,t3)* — Fy(ty, ta, t3) Fy(t1, ta, t3) = 0.

We see that X is birationally isomorphic to the double cover of P? with branch curve B : F = 0
of degree 6. Note that the conic F> = 0 is the image of the tangent cone at p and it is tangent to B
at all its intersection points with it. Of course, this is true for any irreducible quartic surface with a
node p. In our case we get more information about the branch curve B. Let ', ..., Cg be the six
tropes containing p. Then, any line in the plane 7; spanned by C; intersects the surface at one points
besides p. This implies that the projection of C;, which is a line ¢; in the plane, must be contained in
B. Thus, we obtain that B is the union of 6 lines /1. .., {5. Obviously, they intersect at 15 = (5)
points, the images of the remaining 15 nodes on X. So, we obtain that X is birationally isomorphic
to a surface in P(3, 1, 1, 1) given by the equation

2
a2 =1l

where 1, ..., lg are linear forms in variables x1, x2, x3. The corresponding lines /1, ..., {g are in
general linear position. However, they are not general 6 lines in the plane since they satisfy an
additional condition that there exists a smooth conic K that touches each line.

Conversely, one can show that equation (4.18) defines a surface birationally isomorphic to the
Kummer surface corresponding to the hyperelliptic curve of genus 2 isomorphic to the double cover
of K branched at the tangency points. One uses that the pre-image of K under the cover splits into
the sum of two smooth rational curves K + K intersecting at 6 points. Let h be the pre-image of
a general line in the plane. Then, h- K1 = h- Ko = 2 and (h + K1)? = 2 4+ 4 — 2 = 4. The linear
system |h + K| maps the double plane to a quartic surface in P2 with 16 nodes, fifteen of them are
the images of the intersection points of the lines, and the sixteenth is the image of K.

In the following we will follow the paper of C. Birkenhake and H. Wilhelm [13]. Applying Lemma
4.1, we may assume that b = 0,1 and A = b + 4m. Recall from (4.8) that A € Hum(A) contains a
line bundle L A such that

(LA) = 3(0* = A) = —2m, (Lo, La) =b.

Suppose
A =8d* +9 — 2k,
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where k € {4,6,8,10,12} and d > 1. We have (L) = —(4d®> +4 — k). Let L = L§? ® La. We
easily compute
(L*) =4d(d+ 1)+ k=4, (L,Lo) =4d+1.

Applying (4.11), we find that the type of the polarization defined by L is equal to (1,2d(d + 1) +
% —2). After tensoring L with some line bundle from Pic’(A), we may assume that L is symmetric,
i.e. [-1]*(L) = L.* For any symmetric line bundle L defining a polarization of type (d1, d2), [~1]4
acts on H°(L) decomposing it into the direct sum of linear subspaces H°(L)* of eigensubspaces

of dimensions 2 ((L?) — #XJ (L)) + 2, where
XE(L) = {w € A2 [~1]a|L(z) = £1).

It is known that
{8,16} if dyis even,
X (L) € {{4,8,12} if dyis odd and dais even,
{6,10}  if dy is odd.

(see [106], 4.7.7 and 4.14). Since in our case d; = 1, we can choose L such that k = # X5(L)"
and dim H%(L)~ = d(d + 1) + 1. By counting constants, we can choose a divisor D € |L| such
that multyD > 2d + 1 (the number of conditions is d(d + 1)). The geometric genus g(D) of D is
equalto 1 + 3D? —d(2d + 1) = d + 52 Let

¢:A— Kum(A) = A/([~1]a) C PP

be the map from A to the Kummer surface given by the linear system |ng)2 |. It extends to a map
A — X from the blow-up of sixteen 2-torsion points of A to a minimal nonsingular model of
Kum(A). The divisor D is invariant with respect to the involution [—1] 4. The normalization D of
D is mapped (2 : 1) onto the normalization C' of C' = ¢(D) and ramifies at k — 1 points and some
point in the pre-image of 0. The Riemann-Hurwitz formula applied to the map D — C gives

k

] 2 k1
g(D) = d+ =2 = 14 29(C) +

5 , (4.19)
where 7 is the number of ramification points over 0 (one can show that C' is smooth outside ¢(0),
see [13], Proposition 6.3). We can obtain D by blowing up 0 and taking the proper inverse transform
of D. The pre-image of 0 consists of 2d+1 points that are fixed under the involution [—1] 4 extended
to A. This shows that » = 2d 4 1 and (4.19) gives g(C)) = 0. Thus, C is a rational curve and the
proper transform of ¢(C) in the blow-up of ¢(0) intersects the exceptional curve with multiplicity
2d + 1. Since (Lo, L) = 4d + 1, the image C’ of C under the proejction 7 : X --+ P2 from ¢(0)
is a plane curve of degree 4d + 1 — (2d + 1) = 2d that passes through k£ — 1 intersection points
¢; N {4;. Also note that, if C' intersects one of the six tropes 7; corresponding to the lines ¢; at a point
q with multiplicity m, then C” intersect ¢; at ¢ = 7(q) with multiplicity 2m. This follows from the
projection formula (7(C), £;)g = (C,7*(¢;))q = 2(C, T}),.

So, we obtain the following theorem.’

*We use that [—1] 4 acts as [—1] on Pic®(A), since M = [-1]*(L) ® L®~! € Pic®(A), we write M = N®? and
check that [-1]"(L® N) 2 L ® N.

>We omitted some details justifying, for example, why C' can be chosen irreducible or why its singular point at 0 is
an ordinary point of multiplicity 2d + 1.
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Theorem 4.16. Suppose A = 8d*> + 9 — 2k, where d > 1 and k € {4,6,8,10,12}. If (A, Lg)
is an abelian surface with an irreducible principal polarization Ly belonging to Hum(A), then
the double plane model of Kum(A) defined by 6 lines {1, . .., ls has the property that there exists
a rational curve C of degree 2d with nonsingular points at k — 1 intersection points {; N {; and
intersecting the lines at the remaining intersection points with even multiplicity.

Similarly, Birkenhake and Wilhelm prove the following:

Theorem 4.17. Suppose A = 8d(d + 1) + 9 — 2k, where d > 1 and k € {4,6,8,10,12}. If
(A, Ly) is an abelian surface with an irreducible principal polarization Ly belonging to Hum(A),
then the double plane model of Kum(A) defined by 6 lines (1, ..., ls has the property that there
exists a rational curve C' of degree 2d + 1 with nonsingular points at k intersection points £; N {;
and intersecting the lines at the remaining intersection points with even multiplicity.

The following example is a special case considered by G. Humbert.

Example 4.18. Take A = 5,d = 1,k = 6. Then, C'is a conic passing through 5 intersection points
pi =4;Nlipq,i=1,...,4and p; = ¢1 N {5 forming the set of 5 vertices of a 5-sided polygon IT
with sides /1, . . ., 5 and touching the sixth line /.

Together with the conic K touching all 6 lines, the pentagon is the Poncelet pentagon for the pair
of conics K, C' (i.e. K is inscribed in IT and C' is circumscribed around II).

It is easy to see that an abelian surface with real multiplication by Q(v/5) admits a principal
polarization. A general such surface is the Jacobian of a curve C of genus 2. We may assume that
its period 7 satisfies a singular equation with b = 1. It follows from (4.7) that A admits a divisor
class D with D? = —2and C - D = 1. Let ¢ = C + D so that C'*> = 2 and C' - ¢’ = 3. The
linear system |C' + C’| defines a map A — P* onto a surface of degree 10. An abelian surface of
degree 10 in P* was first studied by A. Comessatti [30]. We refer to [105] for a modern account
of Comessatti’s paper. There is a huge literature devoted to these surfaces, for example, exploring
the relationship between such surfaces and the geometry of the Horrocks-Mumford rank 2 vector
bundle over P* whose sections vanish on Comessatti surfaces (see [75]).

Example 4.19. Take A = 13,d = 1,k = 6. The only possibility is the following. Let p; =
b1 N Ly, po = €o N L3, p3 = €1 N L. Take py = €1 N Ly, ps = o N U5, pg = £3 N L. Then, there must
be a plane rational cubic passing through p1, . . ., pg and touching ¢4, {5, .

These two theorems deals with the case when A = 1 mod 4 (although they do not cover all
possible A’s). The next theorem treats the cases with A =0 mod 4

Theorem 4.20. Suppose A = 8d> + 8 — 2k (resp. 8d(d + 1) + 8 — 2k, where d > 1 and
k€ {4,6,8,10,12}. If (A, Lo) is an abelian surface with an irreducible principal polarization L
belonging to Hum(A), then the double plane model of Kum(A) defined by 6 lines (1, . . ., g has the
property that there exists a rational curve C of degree 2d (resp. 2d + 1) with nonsingular points at
k (resp. k — 1) intersection points {; N {; and intersecting the lines at the remaining intersection
points with even multiplicity.
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Remark 4.21. It follows from the Teichmiiller theory that any holomorphic differential on a Riemann
surface X of genus g defines an immersion of § in M, such the image is a complex geodesic with
respect to the Techmiiller metric. According to C. McMullen [113], the closure of the image of £
in M3 is either a curve, or a Humbert surface Hum(A), where A is not a square, or the whole M.
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Chapter 5

Fake Elliptic Curves

In this chapter, we will discuss abelian surfaces of quaternion type, also called abelian surfaces with
quaternion multiplication, or QM-surfaces for short, and also called fake elliptic curves . These are
simple abelian surfaces A with the ring End(A) isomorphic to an order in an indefinite quaternion
algebra over Q (Type II in Table 2.1). We refer to some details to [103, Chapter IX] and some
general properties of quaternion algebras to [58] or [170]. In what follows we will freely use the
notation and results of Section 2.5.

5.1 Indefinite Quaternion Algebras

Let F' be a subfield of R. (We are mainly interested in the case when F' = Q or R.) Let H = (“l;b)
be a quaternion algebra over F'. Throughout this chapter, we assume that it is totally indefinite. This
is equivalent to that H splits over a real quadratic extension L/F with L C R) and

Pr:Hr:=H®rpR= MatQ(R).
We fix this isomorphism and get the corresponding F'-algebra embedding
¢ : H — Maty(R),

which is the restriction of our isomorphism to H = H ® 1 C Hg. Clearly, ® uniquely determines
®R, namely
Pr(u@r)=r-®(u)Vu e H,r € R.

Explicitly, H is totally indefinite if and only if only one of the numbers a, b, —ab = K? is positive.
By permuting I, J, K, we may assume that a > 0. Then, H splits over L. = F'(y/a), and we can
write any x € H in the form

r=m+nd,

where m = a4+ 81, n = v+ dI belong to Li.e., , 8,7, € F. One can choose the embedding &

by
. m n
* b m)

&3
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It is determined by

We have
Nm(z) := 2% = det(Pg(z)) = min — bnit = o* — af? — by + abd®. (5.1)

This shows that the anti-involution (called the canonical involution) x — I is not positive. To
replace it with a positive anti-involution, we use the following:

Lemma 5.1. Let p € H* \ F with p*> € F\ {0}. Then, x — x* := p~'%p is an anti-involution of
H. Every anti-involution of H is obtained in this way. Moreover, it is positive, i.e., tr(xx™) > 0, for
any x # 0, if and only if p> < 0.

Proof. (see [103, Chapter IX, Theorem 1.4 and Theorem 2.3]). We have already checked in Prop.
2.26 that x — «* is an anti-involution.

To prove the second assertion, we use that the composition of two anti-involutions is an automor-
phism of H. According to the Skolem—Noether Theorem, an automorphism of a central simple
algebra is an interior automorphism, i.e., x — s~ 'xs for some s € H*. This proves the second
assertion.

Let us consider the quaternion algebra Hgr over R. As for the last assertion, let us prove that if
¢ := p? < 0 then the anti-involution z — z* is positive. Choosing a suitable isomorphism between
Hp and Maty(R), we may assume that

Hr =Maty(R), p= <c§ CO> where 0 # c3 = \/c € R.
2
a f
Then we get for each z = (7 5) € Maty(R),

w(z)=a+y, z=t(z)—z= <_‘57 —aﬂ>

(00 G DE -G EDE -6

which is the transpose 2! of the matrix x. In other words, z* = . Since tr(zz') is positive for any
non-zero real matrix x, we get the positiveness of the involution if p?> = ¢ < 0 on Hg. In light of
Remark 2.27, this implies the positiveness of the involution on H.

Now assume that p?> = ¢ > 0. In light of Remark 2.27, replacing I’ by R and H by Hg, we may
assume that ' = R. Choosing a suitable isomorphism between Hr and Mats(R), we may assume
that
C2 0

H :Matg(R), p= (0 ey

> where 0 # ¢y = /c € R.



5.1. INDEFINITE QUATERNION ALGEBRAS 85

0 1
= (4

1
1 0),and

If we put

then tr(zg) = 0, Tg = —xg =

Y
(@)
|

This implies that

and therefore
tr(zoxg) = —2 < 0.

It follows that the obviously open (in the real topology) subset
X_ ={zr € Hp | tr(zx™) <0} C Hp
is non-empty. On the other hand, we have
QcCFcCR.

Since Q is dense in R, the (sub)field F' is also dense in R. It follows that H is everywhere dense in
Hp. This implies that the intersection of H and X _ is non-empty. Hence, our anti-involution on H
is not positive. This ends the proof.

O

We will also need the following assertion that will be used in order to describe the Rosati involution
on fake elliptic curves.

Proposition 5.2. Let p € H* \ F be an element of H with p*> € F \ {0}, and x + u* := p~up be
the corresponding anti-involution of H. Then

Btr ((p(ux)vy) = Btr(p$7U*y) Vu,m,y € H. (52)

Proof. We have

B ((p(ux), y) = t(puzy) = tr ((pu)(2y)) = ((x7)(pu)) ;

hence,
By (p(uz), y) = tr ((z7)(pu)) . (5.3)



86 CHAPTER 5. FAKE ELLIPTIC CURVES

On the other hand, since p = —p, we have

Bu(px, uy) = tr (pxp*lﬂpy) =

tr (pzy(—p)u(—p~")) = tr (pzgpup™") = tr (zgpu) = tr ((xy)(pu)).

Now (5.3) implies the desired equality. O

In what follows (unless otherwise stated) F' = Q and H = (an) is a quaternion (Q-algebra.

Following Proposition 2.26(v), let us consider
X(Hg) = {n € He | " = —1}.

Then, the map
X(Hg) > 1 J = Pr(n) Vn € X(Hg)

is a bijection between X' (Hp) and
dp(X(Hr)) = {J € Maty(R) | J? = —1} = X(Maty(R)} = {J € GL(2,R) | J> = —1}.
(Later, we explain how to identify X' (Hg) with C \ R.)

Definition 5.1. A lattice in H is an additive subgroup A of H that is a free Z-module of rank
4 = dimg H. Equivalently, an additive subgroup A of H is a lattice if and only if there is a basis
{e1, €2, e3, e4} of the Q-vector space H such that

A=Z-e1+Z-ex+7Z e3+7Z-ey.

The determinant D of the matrix (B (€4, €5)) of the form By, with respect to {eq, ez, e3,e4} is a
nonzero rational number that does not depend on a choice of a basis of the Z-module A. By Remark

243, Disa square in Q. Let us put DA := v/ D, which is a positive rational number that we call
the discriminant of A.

Remark 5.3. Let A be a lattice in H. Then Vx € H there exists a positive integer N such that
Nz € A. In addition, the natural homomorphisms of Q-vector spaces

Upr: A®RQ—=H, A@r—=rAVAeAreQ
and of R-vector spaces
\I/A’@:A(X)R—)HR, ARQr—=rAVAe A,reQ

are isomorphisms. In other words, every basis of the Z-module A is also a basis of the QQ-vector
space H and a basis of the R-vector space Hg. Notice also that every subgroup of finite index in A
is also a lattice in H. Moreover, an intersection of two (and even finitely many lattices in H is also
a lattice in H.
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Remark 5.4. Let A’ be a subgroup of finite index, say, n in a lattice A in H. Then there are a basis
{e1, €2, €3, e4} of the Z-module A and positive integers 11, n2, n3, nq such that

N =@} \Z- (nie;).

In particular, {nje1, n2e2, nges, nseq} of the Z-module A’ and

4
n = an
i=1

This implies that the determinant D’ of the matrix (Bir(niei, njej)) of the form By with respect to
{nie1,n2e2,n3e3,n4e4} is (in the notation of Definition 5.1) coincides with

H ninj | - D =n?D =n? (discrA)?.

1<i,j<4
Hence

D(N) =n - D(A).

A lattice o in H is an order in H if it is a subring of H containing 1. Clearly, Z = Z - 1 lies in o.
The corresponding homomorphisms ¥, g and ¥, g are actually isomorphisms of Q-algebras and of
R-algebras respectively.

On the other hand,
tr(x),Nm(z) € Z Vz €o. (5.4)

Indeed,
tr(x),Nm(z) € Q.

Let {e1, €2, €3, €4} be a basis of the free Z-module o, and let M (z) € Mat4(7Z) be the matrix of
mult(z) : A — A, y— zy
with respect to {eq, €2, €3, e4}. Let
Pu(t) =det(t-1— M(x)) € Z][t]

be the characteristic polynomial of M (x), which is a monic quartic polynomial with integer coeffi-
cients. It follows from Remark 2.28 that

Pu(t) = (£ — tr(2)t + Nm(z))” .

Since P, (t) is a monic polynomial with integer coefficients, it follows from Gauss’ Lemma that the
monic polynomial #> — tr(z)t + Nm(z) also has integer coefficients, i.e.,

tr(xz), Nm(z) € Z.

It follows that



88 CHAPTER 5. FAKE ELLIPTIC CURVES

T=tr(x)—x€Z-1—xCo Vze€o. (5.5)

Hence, if x,y € o then xy € o and therefore
Btr(xa y) = tl‘(l‘ﬂ) € Z.

It follows from the definition of the discriminant of a lattice that discr(o) is a positive integer.

Remark 5.5. Let 01 and 03 be orders in H. If 0; C o9 then o7 is an additive group of finite index
[02 : 01] in 09 and
D(Ol) = [02 : 01] . D(OQ).

In particular, D(02) < D(07); the equality holds if and only if [02 : 01] = 1, i.e., 09 = 07.

We will need the following characterization of the multiplicative group o* of invertible elements
in an order o.

Lemma 5.6. Let 0 be an order in H. Then it enjoys the following properties.
(i)
o*={zc€o|Nm(z)=1or—1} ={z €0 |det(Pr(x)) =1or—1}.

In addition,
eV =Nm(z) -z =+% Vrco*

(ii) Let us consider
o' ={z €o|Nm(z) = 1}.

Then o' is a normal subgroup of o*, whose index is either 1 or 2. In addition,

ol ={x €o| Pr(x) € SL(2,R)}.

Proof. First, recall (5.1) that
Nm(z) = det(Pr(z)) Vx € o.

Second, suppose that x € o*. Then 2! € o*. It follows that
Nm(z),Nm(z~') € Z, 1= Nm(z) Nm(z"}),

which implies that both
Nm(z), Nm(z~') € {1,-1}.

Conversely, if z € o then Nm(x) € {1, —1} then
2z =Nm(z) € {1,-1}, Nm(z)"! = Nm(z).
It follows that Nm(z)z~! = Z and therefore
27! = Nm(z)™'z = Nm(2)z = +7 € o.

Hence, = € o*. This ends the proof of (i), which, in turn, implies readily (ii). O]
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Definition 5.2. An order o in H is called maximal if it is not contained in a strictly larger order.

Remark 5.7. (i) Let o be an order in H. Let us consider the set of all orders o’ containing o. It
follows from Remark 5.5 that all the discriminants D(o") do not exceed D(0); if we choose
(among them) an order o’ with the smallest possible discriminant then o’ is a maximal order.

(ii) Let 07 and 02 be two maximal orders in H. Then 07 and o9 are conjugate [170], i.e., there is
u € H* such that

09 = uolu_l, 01 = U_IOQU.

In particular, D(02) = D(01), i.e., the discriminants of all maximal orders of H coincide.

(iii) Let o be a maximal order in H. Then o contains elements wu, p such that

In addition,
tr(uo) C —D(o) - Z

for every i € o with u?> = —D(0). (see [170, Example 28.6.5, Sect. 43.6.6, and Lemma
43.6.7]). In particular,
u€o*, p=—p.

Remark 5.8. Let 0 be a maximal order in H. Its discriminant D(0) admits the following description
[170]. Let p be a prime, Z,, the ring of p-adic numbers, and Q,, the field of p-adic numbers. Then
the quaternion Q,-algebra Hg, = H ®q Q) is isomorphic either to the matrix algebra Maty(Q,),
or to a unique (up to isomorphism) central division algebra over @, of dimension 4. We say that
p ramifies at H if Hg, is a division algebra. Otherwise, we say that the quaternion algebra H is
unramified or splits over p . If p # 2, the quaternion division algebra over @, is isomorphic to (f@f ),
where e is any element in Z, that does not reduce to a square modulo p. If p = 2, the quaternion
division algebra over Q2 is isomorphic to (_1’_1 ) It is known that any field extension L/Q that
splits H ramifies at every prime over which H ramifies. The set Ram(H) of ramified primes in
H is non-empty, finite, and consists of an even number of elements. (It follows from the classical
Brauer-Hasse-Noether Theorem.) In adddition,

D(o) = H P, (5.6)

peRam(H)

i.e., the discriminant of o coincides with the product of all ramified primes.

The following assertion may be viewed as a special case of [66, Lemma 2.4]

Lemma 5.9. Let 0 be a maximal order in H. Let |1 be an element of o such that

Let us put
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Then D(o) )
2 — Lo -
= == = 0
Y277 = Dlp "D <
and the pairing
E, = —E,:ox0—Z s By(2,y) = —— By (,y) = ——Bu(ua,y) = ——tr(uag) = tr(pzp)
EE— x z,Y) = —FE,(z,y) = — x,y) = ——tr(pxy) = tr(px
P D(O) 12 ) 'Y 14 Y D(U) 1] Y D(O) tr (T, Y D(O) nry pxyY

is alternating and unimodular; the latter means that the determinant of the matrix of E, with respect
to a basis of 0 is 1.

Proof. Letus put D := D(o0). In light of Remark 5.7(iii),

1
WEp(x,y) €Z Vxz,yc€o.

It follows from Proposition 2.26 that £, is an alternating pairing. This implies that %Ep is also
alternating. The index [0 : po] is D(0)2. Indeed, we have the equality of indices

[0 po] = [po : p?0] = [po : Dal.
It follows (recall that o is a free Z-module of rank 4) that
D*=1o:Do]={o: po]-[po: Do]=[o: po]?,

which implies that

[0 : po] = VD* = D>,

On the other hand, D? coincides (up to the sign) with the determinant of the matrix (By(e;, f;))
where {e1, ea, e3,e4} and { f1, fa, f3, fa} are any bases of 0. Clearly, {pe1, pea, pes, pes} is a basis
of the free Z-module po. The formula for the index implies that the determinant of the matrix

(Ep(eis 7)) = (Bulpei, f7))

coincides (up to the sign) with the product D?-D? = D*. It follows that the determinant (E,(e;, €;))
coincides (ip to the sign) with D*. Since E, is alternating, this determinant is a square in Q (the
square of the pfaffian of E,) and therefore equals D*. Tt follows that the determinant of the matrix
% (Ep(ei, ;) is D*/D* = 1, which ends the proof. O

5.2 PEL-Structures
Each lattice A gives rise to two orders in H— the left order Oy(A) of A and the right order Oy (A) of
A defined by

Oi(A)={xeH|zACA}CH, OyA)={yeH|AyCA}CH. (5.7)
Clearly,

O1(A)={z € Hr | xA C A} C Hg, O,(A)={y € Hr| Ay C A} C Hg. (5.8)
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If a lattice A is an order, then

The lattice A carries the natural structure of a faithful left Oj-module, whose endomorphism ring
coincides with Oy (A). Identifying H with its image H ®1 in Hg, we may view A as a discrete lattice
in Hg. The corresponding quotient Hg /A can be provided with a family of natural structures of a
polarized abelian surface A with Oy C End(A). Before defining the family (that requires choices
of complex structures on Hp), let us pick p € H with p? < 0. Since A is a free Z-module, replacing
p by Np for sufficiently divisible positive integer N, we may and will assume that (in the notation
of Proposition 2.26)

E,(x,y) = E(z,y) = tr(pxy) € Z, Vx,y € A. (5.9)

Combining Proposition 2.26 and Lemma 5.1 applied to Hr over R, we conclude that either, for
alln € &,
E(zn,z) = tr(pznz) >0 Va € Hg \ {0} (5.10)

ororallnme X
E(zn,x) <0 Yz € Hg\ {0}.

Replacing (if necessary) p by —p, we may and will assume that (5.10) holds.

Now, choose an element 7 € H, such that n* = —1 and define a complex structure (i.e., multipli-
cation by i = v/—1) on the 4-dimensional real vector space Hg by

i-x:=xn, VxeHzg.

Then, Hr becomes the two-dimensional complex vector space, which we will denote by Hg (7).
Let us consider the corresponding complex torus

A(A,n) == Hg(n)/A. (5.11)

and consider the R-bilinear form

H= 7'[p : HR(U)XHR(U) — Ca T,y = Ep(ix7y)+iEp(xay) = E,D(‘Tna y)—i_iEp(xay) (512)

In light of Proposition 2.26 and (5.9), H is a positive-definite Hermitian form on Hg(7), whose
imaginary part E takes on integer values on A x A. In other words, H is a polarization on the
complex torus A(A,n). In particular, A(A,n) is a complex abelian surface.

Clearly, the polarization H,, is principal if and only if the alternating bilinear form
=B, AX A= Z

is unimodular.
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Since multiplications from the left commute with multiplications from the left on Hg, we have the
ring embedding

O1(A) = End(A(A,n), u—{z+A—ur+A} Yue O)(A),z € Hg. (5.13)

On the other hand, let A = V/II be an abelian surface provided with a ring embedding O;(A) <
End(A) such that the induced ring homomorphism Oj(A) < Endz(II) provides IT with the struc-
ture of a left Oj(A)-module that is isomorphic to A. Let us fix an isomorphism ¢ : IT = A of
O1(A)-modules. Then, v extends by R-linearity to the isomorphism of left Oy(A) ® R = Hy-
modules

¢RV:H®R2A®R:HR

Since the endomorphism algebra of the left Hr-module Hy consists of right multiplication by
elements of Hpg, the multiplication by i in V' corresponds (under ¥g) to right multiplication by
somen € X C Hg,ie.,

Yr(iv) = Yr(v)y Yo € V.

It follows easily that the map
V/II — Hr(n)/A, v+ 11— ¢Yr(z) + A

is an isomorphism of abelian surfaces A and A(A,n) that is compatible with the actions of Oj(A).

Remark 5.10. Recall that the natural homomorphism of Q-algebras
01(AM)®Q— H, u®r+— ru

is an isomorphism of (Q-algebras. Combining it with the embedding (5.13), we get the embedding
of (Q-algebras
H — Endg(A(A,7n)).

Let us identify H with its image in Endg(A(A, n)). Recall (Remark ??) that there is the Q-algebra
embedding
pr : Endg(A(A, 7)) — End(Ag)

where Ag obviously coincides with H. On the other hand, since
A(A;n) = Hg(n)/A = Hr/A,
it follows from the very definition of the embedding (5.13) that the composition
H C Endg(A(A, 7)) & Endg(H)

coincides with the map
z— multy(z) : H— H, y— xy.

It follows from the very definition of O;(A) that Oj(A) coincides with the intersection of H and
Endg(A(A, n)) in Endg(A(A, n)).
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Remark 5.11. Recall that there is the anti-involution

z 2t =plap

on H. The non-degeneracy of the bilinear form £, combined with Proposition 5.2 (applied to
F = Q) implies that * coincides with the image of = with respect to the Rosati involution attached

to H, for all z € H. On the other hand, if H,, is principal, the image of any u € End(A(A,n))
under the corresponding Rosati involution lies in in End(A(A, 7)). In light of Remark 5.10, if

z € O1(A) C End(A(A, 7))

then
z* € End(A(A,n)) N H = O1(A).

In other words, O;(A) is stable under the anti-involution if H, is principal. In light of (5.5),
O1(A) = pOy(A)p~" (5.14)
if H, is a principal polarization.
Now, let 11,72 € X (Hg), and
[ AN ) — AN )

be a homomorphism of corresponding abelian surfaces that is compatible with the actions of O;(A).
This means that the corresponding R-linear homomorphism

fa:H]R_>HR

such that f(z + A) = f(x) + A satisfies the following properties:

fa(A) C A, fa(xnl) = fa($)772, Vr € HRa

fa(ux) = ufo(z), VWo € Hg, u € O1(A). (5.15)

The latter property actually means that
fa(uz) = ufy(x) VWa € Hg, u € Hp.
It follows that there is precisely one w € Hp such that
fa(z) = zw Vix € Hp.

By the first property of (5.15), we get A - w C A. Since A generates H as the Q-vector space,
w € H, and, therefore,
w € Or(A).

It follows from the second property of (5.15) that, for any = € Hp,

(zm)w = (zw)ns-
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This means that

mw = wnz.
It follows easily that if f is an isomorphism then w € O, (A)* and

m = 1U772w_1.

Conversely, each w € O, (A) defines (for all 7, € X’) the homomorphism of abelian surfaces
wr : AN, wmw™) = Hp(wmw ™) /A — A(A,1m2) := Hr(n2)/A, z+ A — wz + A,

which is an isomorphism if and only if w € O,(A)*.

Now, it is time to look closely at X' ( Hg ), which may be identified (if we fix ®) with
X(Maty(R)) = {J € GL(2,R) = H,, J> = —1}.

Let us identify X' (Matz(R)) with C \ R in the following way. Each J € X' (Matz(R)) is a linear
operator in R?, whose eigenvalues are +i, both of multiplicity 1. Let v = (21,22) € C? be an
eigenvector of 7 with eigenvalue i. Clearly, none of coordinates 21, zo vanishes. Rescaling v by

zi - v, we may assume that zo = 1, i.e., v = (7, 1). Such a v is defined uniquely and
2

T:=7(J) e C\R.
On the other hand, such 7 determines 7 uniquely, because the complex-conjugate vector (1, 7) is
an eigenvector of J with eigenvalue —i.

Conversely, if 7 € C\R, then let us define the C-linear operator 7 (7)¢ : C?> — C? by the property
that (7,1) € C2 is an eigenvector of J(7)c with eigenvalue i and (7,1) € C? is an eigenvector
of J(7)c with eigenvalue —i. Since 7 € R, vectors (7, 1) and (7, 1) constitute a basis of C?, that
implies that such a 7 (7)c exists and unique; in addition 7 (7)% = —1. It is also clear that J (7)c
is defined over R, i.e., there is a linear operator 7 (7) such that 7 (7)c is obtained from [J(7) by
extensions of scalars from R to C. This implies that the maps

A: XMatz(R)) > C\R, J—7(J) andB:C\R - X, 7— J(7) (5.16)
are mutually inverse.
The group GL(2, R) acts on X' (Matz(RR)) by conjugation:
J = MIM™ YM € GL(2,R).

The corresponding induced action of GL(2,R) on C \ R is the standard action by fractional-linear
transformations. Indeed, let

_ (o B
M_(7 5>6GL(2,R).
If 7 =7(J) for J € X, then

M(1,1) = (a7 + B,yT + §) € C?
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at+

is an eigenvector of M J M1 with eigenvalue i. It follows that (“/T )

1) is the eigenvector of

MJ M~ with second coordinate 1 (and eigenvalue i). Hence,

at + 3

-1y _
TMIM) = T + 0

)

which ends the proof.

It follows that the set of M(A) of isomorphism classes of abelian surfaces A = V/II endowed
with a ring embedding O;(A) < End(A) (that sends 1 to 1) and such that the corresponding
O1(A)-module IT is isomorphic to A are in one-to-one correspondence with points of the quotient
Or(A)*\(C\ R) (here we identify O,(A)* with its image ®(O,(A)*) in GL(2,R) ). This quotient
is a compact Riemann surface (the Shimura curve, see below), whose compactness follows from the
compactness of Op(A)*\GL(2,R)/R*. This gives us the bijection

M(A) = O (A)"\(C\R) (5.17)

induced by
X(Hr) 28 X(Mata(R)) — C\R, 75— Or(n) = J s 7(J).

In our description of M (A) we fixed the lattice and varied the complex structure in Ag = A @ R
that gives rise to the complex torus (actually, the abelian surface) Ag /A (fake elliptic curve). There
is an alternative description of M (A) where we vary lattices in C? (with fixed complex structure)
that we are going to discuss right now. First, we have the inclusions

[0}
A C H C Hp = Maty(R) C Maty(C).

Second, each 7 € C \ R gives rise to the isomorphism of 4-dimensional real vector spaces

¢y : Hp — C?, z— Op(x) - <71->

Indeed, the dimension arguments imply that it suffices to check the injectiveness of the R-linear
map

Maty(R) — C2, M +— M - (I) .

In order to check it, let
= € Mat (R)
y 5 2 .

Then the vector

M- <71—> = (a7 4+ 8,77 +9)

equals (0,0) if and only if « = f = 0 = 7 = J, because 7 ¢ R. This proves the desired
injectiveness. Since ¢, : Hr — C? is an isomorphism of real vector spaces and A is a discrete
lattice of rank 4 in Hp, its image

Ar = ¢ (A)
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is a discrete lattice of rank 4 in C2. Third, if J(7) = ®r(n) with n € X (Hg) then
¢- : Hr(n) = Hg — C?

is a C-linear map and, therefore, is an isomorphism of two-dimensional complex vector spaces.
Indeed, multiplication by i in Hg(n) = Hy is multiplication by 7 from the right:

mult,(n) : Hg — Hg, = — zn.

Hence
P (multy(n)(z)) = Pr(zn) = Pr(2)Pr(n) = Pr(2)J (7).

This implies that

Recall that

It follows that

o) = x(a)- (1 (7)) =1 (200 (7)) = iorto)

This proves that the map ¢ is C-linear and (as we have already observed) is a C-linear isomorphism.
It follows that ¢, induces an isomorphism of complex tori

byr A(A,7) = Hp/A — C2/A, =: A,.

Since A(A,n) is an abelian surface, A, is also an abelian surface, and ¢,, - is an isomorphism of
abelian surfaces. The induced action of O;(A) on A is defined by the formula

Oy(A) — End(A,), x + {w+ A, = ®gp(z) -w + A, Vo € O)(A), w € C*}.

Remark 5.12. The polarization H, (5.12) on A(A,n) gives rise (via ¢) to the polarization H, - on
A, = C?/A; defined by the formula

Hor: C?xC2 = C, oé-(x),d:(y)y — Ho(x,y) Va,y € Hg. (5.18)
In particular, H, , is principal if and only if H, is principal, i.e., the alternating form
E,:AxA—=1Z
is unimodular.

Now let us fix a maximal order o in H and concentrate on the case when A = o. Then (as we have
already seen)

Oi(A) = 0 = O, (A) = A.



5.2. PEL-STRUCTURES 97

Then the “moduli space” is 0\ (C \ R). We are going to endow abelian surfaces A, (7 € C\ R)
with a principal polarization. First, notice that (thanks to Lemma 5.6) we may replace the “moduli
space” 0"\ (C \ R) by the quotient 0"\ $) of the upper half-plane §). Indeed, the inclusions

HCC\R, o' co*
give rise to the map
oIN\$H = 0"\ (C\R) = M(0), o't — o*rVre . (5.19)

where the bijection 0"\ (C \ R) = M(o) is defined in (5.17). We claim that this is a bijection. In
order to check the surjectiveness, recall that since o is maximal, it follows from Remark 5.7(iii) that
there is u € 0* with Nm(u) = —1. It follows that the the matrix ®g(u) € GL(2,R) has determinant
—1. This implies that if 7/ is a complex number with negative real part then there is 7 € $ such that
®g(u)(7) = 7'. This implies that 0*7’ is the image of o'7, which proves the surjectiveness of the
map (5.19). On the other hand, the injectiveness of (5.19) is equivalent to the following assertion.

If 71, 5 € $ lie in the same o™ -orbit then they belong to the same ol-orbit. Let us check it. Indeed,
suppose that there is w € 0* such that the matrix M = ®r(w) € GL(2,R) satisfies M (11) = 7.
Since both 71 and 7 lie in the upper half-plane, det(M ) > 0. Since

det(M) = Nm(w) € {1, -1},

we get Nm(w) = 1, i.e., w € o'. This implies that 7 and 75 lie the same o'-orbit, which implies
the injectiveness. This ends the proof of the bijectiveness of (5.19).

Our next step is to construct principal polarizations on all abelian surfaces A, (7 € $)) that corre-
spond to A = 0. Recall (Remark 5.7(iii)) that there is i € H such that

peo, p?>=-D(o) (5.20)

is a negative integer. In light of Proposition 2.26, replacing if necessary p by —p, we may and will
assume that

E(xn,,z) = E,(xnz, ) = Be(pan, ) = tr(penz) >0 Vn e X(Hg), x € Hg \ {0}. (5.21)

Recall (Lemma 5.9) that if we put

"
=——c
7= Do)
then )
) _
= —— <0
Qp D®)<,

and the alternating pairing %Ep : 0 X 0 — Z is unimodular. Clearly, the Hermitian form .

1

Hpr = WHP,T

defined in (5.18)is positive. In light of Remark 5.12, it is a principal polarization on A(7). It follows
from the definition of p (in terms of y) that

p lzp=ptZu Vre H.
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Now Remark 5.11 implies that that the Rosati involution H attached to the polarization H, ; coin-

cides with the map

z 2t =plzp = p 1tz
in addition, o is stable under this anti-involution, in light of (5.14).

Definition 5.3. A PEL-structure consists of adata S = (H, 0, P, p), where

1. H= (%) is a totally indefinite quaternion algebra over Q,

2. o01is a maximal order in H,
3. ® is an injective Q-algebra homomorphism H — Maty(R),

4. p € o such that u? = —D(0) and (5.21) holds.

A choice of a PEL-structure and 7 € §) defines a map

¢-: Hgp — C2, 7 ®(z)- C) : (5.22)

and a complex torus (actually, an abelian surface)
A, = C? /A

If we put p := p1/D(0), then the symplectic form E,(x,y) defines a principal polarization with the
symplectic form

EP(QZST(J}), ¢T(y)) = tl‘(pl‘g).
The left action of 0 on o defines an embedding of
t:0— End(A4,),

and the corresponding Rosati involution on End(A;) leaves invariant (the image of) o and its re-
striction to o coincides with the map

u— vt =p tap=ptap Vu€o.

Recall that to each 7 € $) corresponds the principally polarized abelian surface
A, = C?/A\, = Hg(n)/A.

One should expect that such a correspondence arises from a certain “equivariant” holomorphic map
H — $H2. We are going to construct such a map, following (up to some point) a construction of
Hashimoto [67, Sect. 3, 4]. First, let us consider the symplectic group attached to E, that is a
subgroup of the group of automorphisms Autg (Hp) of the R-vector space Hg. Namely,

Sp(HRvEP) = {U € AutR(HR) | Ep(u;EaUy) = Ep(may) VIE?y € HR}
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Similarly, let us define its Z-form. Let us put
A:=o0
and consider
Sp(A,E,) = {u € Autg(A) | Ey(ux,uy) = Ey(x,y) Yo,y € A}

Clearly, one may view Autz(A) as the certain subgroup of Autg (Hg) and

Sp(A, E,) = Sp(HR, E,) N Autz(A).
On the other hand, if we consider the subgroup

Hi = {u € Hg | Nm(z) = 1} C H},
then there is the natural group embedding

Hi < Autg(Hg), u— {z— zt} Yu € H, z € Hpg,
whose image lies in Sp(HR, E,,). Indeed, we have
E,(zu,yu) = tr(p(zuyun) = tr(pruuy) = tr(peNm(u)y) = tr(pzry) = E,(x,y) Vo,y € Hg.
This gives us the injective group homomorphism
U : Hi < Sp(Hg,p), uw {x— zu} Yu e H, x € Hg, (5.23)
which is obviously a homomorphism of real Lie groups. Now, (5.8) implies that
U (Hg) NSp(A, E,) = U(oh). (5.24)
Now let us consider the set
Y(Hg, p) = {w € Sp(Hg, p) | w? = —1} C Sp(Hg, p) C Autg(Hg).
Then W gives rise to the embedding
X(Hr) = Y(Hr, p), 1+ ¥(n).
In addition, this embedding is HﬂlR—equivariant, namely,
Tlunu™t) = U(u)T(n)¥(u)™t Yuec Hi, 1€ X(Hg).

Recall that the isomorphism ®r : Hr = Mats(IR) gives rise to the bijection

X (Hgr) — X(Matz(R)), n — Pr(n).
In light of (5.17), this gives us the HﬂlQ—equivariant embedding

o'\ = M(o0) = o\ X(Hg) =
o'\ X (Matz(R)) — Sp(o, E,)\YV(Hg)

(here the injectiveness follows from (5.24)).

This construction was motivated by [67, Sect. 3, 4] where it was done in more explicit way as
follows.
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Proposition 5.13. Let 0 be a maximal order in H, and u1,us2, us, uq be a basis of o such that the
period matrix of A; with respect to (w1 = ¢r(u1),...,ws = ¢r(uyg)) is equal to (Z; D), where
Z: € 9. Then, there exists a homomorphism of real Lie groups groups

¥ : SL(2,R) — Sp(4,R)
such that, for any g € SLo(R), the following diagram is commutative:

T—Zr

H——=H

lg i\lf(g)
§ 2% g,

We apply this by restricting the diagram to the subgroup I' = ®(0}) C SL(2,R), where
o] ={u€o:Nm(u) =1}.
We obtain a homomorphism I' — Sp(4, Z) which defines a holomorphic embedding
Ag =T\$H — A2 = Sp(4,Z)\$Ha. (5.25)
The orbit space Ag is the moduli space of fake elliptic curves defined by the PEL-data S.
The group I is a discrete subgroup of PSLy(R) that is cocompact, i.e. the quotient I'\$) is a
compact Riemann surface. Such a quotient is called a Shimura curve [8,175]. Conversely, any

point on the curve '\ §) defines a polarized abelian surface with endomorphism algebra containing
a subring isomorphic to o.

The curve I'\ §) is the coarse moduli space of such abelian surfaces.
Remark 5.14. The moduli space of elliptic curves (with some level structure) is the orbit space I'\
for a (non-compact) arithmetical discrete subgroup of SL(2,R), This gives a reason for naming
abelian surfaces of QM-type fake elliptic curves.

Note that H = (aQb) contains totally real, and totally imaginary quadratic extensions K of Q. By

permuting I, J, K, we may assume that a > 0,b < 0. Then, K = Q(v/a) is a totally real field, and
K = Q(v/b) is a totally imaginary field.

Suppose that 0 is an order in the field Q(\/Z) with positive discriminant A, which is contained
in H. Assume that oA C o, and the involution * acts identically on oa. Then, a period Z; satisfies
Humbert’s singular relation with discriminant A, and the image of the isomorphism class of A
in Ay belongs to the Humber surface Ha. If there are different fields K’ C H with this property,
then the locus of the fake elliptic curves .Ag is contained in the intersection of the corresponding
Humbert surfaces.

Let K C H be a totally imaginary quadratic field, and R be an order in K that embeds in the order
o of H. We assume that it is maximal with this property. There is a unique 7 € §) which is fixed
by K, the orbit of 7 modulo SL(2,Z) represents an elliptic curve F with complex multiplication
by 0. The corresponding point in the Shimura curve I"\ ) is called a CM-point. The image of R in
End(A) preserves the principal polarization and the abelian variety A, becomes isomorphic to the
self-product E x E. Each Shimura curve has infinitely many CM-points corresponding to different
embeddings of totally imaginary quadratic fields into H.
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5.3 Examples of Fake Elliptic Curves

Let us give some examples of fake elliptic curves. We choose FE in the PEL-data S to define a
principal polarization, so that the abelian surface A, is isomorphic to the Jacobian variety of a
curve of genus 2.

Example 5.15. (see [66]) Let H = (—82). Let

w =1, up=3T+J), us=11-J), us = 1(2+2J + K).

We check that uq, . . ., u4 generate an order in . We compute
2 0 0 1

_ 0 2 4 -1

1 -1 1 =2

The determinant of this matrix is equal to 62. This shows that the discriminant D is equal to 6, the
product or prime numbers, hence o spanned by vy, ..., us is a maximal order. We take p = I and
compute the matrix of E(x,y) = tr(pxy):

0O 1.1 0
_ -1 0 0 -1
(tr(Tu;u;) = 100 o0
0O 1 0 O
In anew basis u} = ug, uhy = —uy, us = —uy, u) = u3z — ug, the matrix of R(x,y) is the standard

symplectic matrix Jy = ( _012 102 ) We define & : H — Maty(R) by

I|—><_O6 (1)>, J»—>(\{)§ _?/§>

The period matrix IT with columns ¢ (] ), ¢r(uf), dr(uf), d-(u}) is

H:<_\/2§T+; (

1
1
BT N Y e SR B VG)

Multiplying on the left by the inverse of the matrix with the last two columns, we get the period

point of A,:
672—1 —6v272447—/2
Z.o= (T T2) = pe Xf‘TsJTFT v €9
T To T3 | =6v2r2+4r—V2 672+47—1 2
8T 8T

One checks that Z satisfies two singular equations'

—T1+23—1=0 with A =28,

2 . (5.26)
To —Tg+ (19 — 2ty — 73 +t1 =0 with A = 5.

!There is a small typo in [66]; one has to subtract 1 from the entries 72, 73 of their period matrix.
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The following is the equation of a genus 2 curve X,.; whose Jacobian variety is isomorphic, as a
principally polarized abelian surface, to the surface A, = C2?/Z,Z* for a “general” 7 (see [8]):

Xsi:y? —a(a* — P2® + Qo* — Rx +1) =0, (5.27)

where
(14 2t2)(11 — 282 + 8t)

3(1—12)(1—42)

and F(s,t) = 4s*? — 52 +t2 + 2 = 0. The curve V(F(s,t)) is the affine part of the quartic curve
B := V(4522 — s2u? + t*u® + 2u*) with two ordinary nodes (0 : 1 : 0) and (1 : 0 : 0). The
involution o : (s,t) — (s, —t) does not change the isomorphism class of the curve X, ;. One can
show, using the invariant of binary forms of degree 6, that involution also interchanges the branches
at singular points, so that the quotient of the curve B by the involution is isomorphic to P!. The
Shimura curve Sg := I'\$)3 is isomorphic to P!. The map B/(c) — Ag is not defined at the
point (s,t) = (%\/TQ ,\/2) since the curve X, is singular. However, it extends to an isomorphism
B/(o) — Ag.

Let K = Q(+/—6) with maximal order R = Z[v/—6]. It embeds in H, and ®(v/—6) = ®(I) =

( % (1)) Its fixed point in ) is 79 = ﬁ. The period point Z, of the abelian surface A is

T
e

4

P=-2(s+t), R=-2(s—1), Q=

The abelian variety is the Jacobian variety of a curve of genus 2 which is isomorphic to the self-
product of the elliptic curve with complex multiplication by v/ —6.

Example 5.16. (see [8]) Let H = (2@5). Let o be an order in H generated by

U1 :1, UQ:I, U3:%(I+K),U4:%(1+J)

We take p = K with p?> = —10, and compute

2 0 0 1
_ 0 -4 -2 0
(tr(uiug) = 0 -2 4 0

The determinant of the matrix is equal to 10%; hence o is a maximal order. We take p = K, and
compute

0 0 10

1 _ 0 0 01

(B u) = o wlpw) = | ° 0 0 g
0 -1 0 0

Let @ : H — Maty(RR) be the embedding defined by

@(1):(? (\’ﬁ) @(J):(? é)
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The period matrix is:
T V27 ?(T-Fl) F(r+1) .
V2 (57 +1)

= (1 V2 —L2(5r+1)

Multiplying on the left by the inverse of the matrix with the last two columns, we get the period

2 572 467+1
V2(572-1)

1v2(572-1) L 1
Z’T — T+1 57+1 c f)g.
|
T+1 T 57+1 572+67+1

point

Let K = Q(+/—10) with discriminant equal to —40 and maximal order Z[/—10]. It embeds in

o and ®(v/—10) = ®(K) = _50\/5 \/5) t fixes 7 = % There is another embedding of K in
o corresponding to the automorphism of H defined by x ~— (3 — 2I)z. It fixes 7o = (3 — 21/2)7.
This gives two CM-points in the Shimura curve defined by the same period matrix?

VIO 1
Zo=Zn=(¢ A
3 3

125
34 ovba? + a.

The corresponding hyperelliptic curves are isomorphic to the curve with the equation:
y? = 2° +2v5at + =7

There is a mistake in the computation of the period matrix in [8] that causes the conclusion that the periods are

different.
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Chapter 6

K3 Surfaces and Abelian Surfaces

In the case of abelian surfaces, the associated Kummer surface admits a resolution of singularities
which is isomorphic to a K3 surface, a complex projective algebraic surface X with the canonical
class Kx € H?(X,Z) equal to zero and the first Betti number b; (X) also equal to zero. In this
chapter we discuss some geometrical properties of K3 surfaces arising from abelian surfaces.

6.1 Generalities about K3 Surfaces

Let X be an algebraic K3 surface. By definition, this means that X is a smooth and projective
surface with Kx = —c1(X) = 0 and h'(Ox) = 0. Note that there exist compact complex, but
not algebraic surfaces satisfying these conditions. They admit a structure of a Kihler manifold.
However, we will be concerned only with algebraic K3 surfaces.

Let us give a brief information about some important algebraic and topological invariants of X
(we refer to [7] or [32, §10, Chapter 0] for details).

Since ¢1(K) = —Kx = 0, by Wu’s formula, H?(X,Z) is an even lattice with respect to the
cup-product, which is a symmetric bilinear form. By Poincaré duality, it is unimodular. Since
hl(O x) = 0, the Betti numbers b; and b3 are equal to zero. By Noether’s formula

12(1 = h'(Ox) + B2(Ox)) = K% + e,

where the second Chern class ¢y coincides with the topological Euler-Poincaré characteristic of X.
This gives us that the second Betti number b is equal to 22. By Hirzebruch’s signature theorem,
the signature of the cup-product on H?(X,R) is equal to (3,19). Thus, by Milnor’s theorem on
unimodular indefinite quadratic lattices, we get an isomorphism of quadratic lattices

H*(X,Z) 2 L:=U® g EJ?

where U is the integral hyperbolic plane, and Eg is the Eg-lattice defined by the Dynkin diagram
(3.15) in Section 3.1. The quadratic lattice L in the right-hand side is often called the K3 lattice

105
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Let
H*(X,C)=H*0 HY o H*? 2 Cao C? g C, (6.1)

be the Hodge decomposition of H*(X, C). Since h?? = h02p1(Ox) = 1, it A1H(X) = 20.

The Picard group Pic(X) is isomorphic to the Néron-Severi group NS(X). The Chern class
homomorphism
c1 @ Pic(X) — H*(X,7Z) (6.2)

is injective and its image lies in H?(X,Z) N H%'(X). This implies that the Picard number p(X)
satisfies
1 < p(X) < 20.

The intersection form on Pic(X) defines a structure of a quadratic lattice on Pic(X). The Chern
class homomorphism ¢; respects the intersection forms on both sides and thus, identifies Pic(X)
with a sublattice of H2?(X,Z). Also, via the Poincaré Duality, it can be identified with the sublattice
of Ho(X,7Z) = H?(X,Z)Y. Tt is generated by the fundamental classes of irreducible algebraic
curves in X. We denote it by Sx and call it the Picard lattice.

It follows from Lefschetz’s theorem on (1, 1)-classes that the lattice embedding (6.2) is primitive
(the latter means that the quotient group has no torsion). By the Hodge Index Theory, the signature
of the quadratic space (Sx )g is equal to (1, p(X) — 1), so Sy is a primitive sublattice of H?(X,Z)
of signature (1, p(X)).

Let Tx denote the orthogonal complement of Sx in H?(X,Z). It is a primitive sublattice of
H?(X,7), called the transcendental lattice of X. We use the Hodge decomposition (6.1). Since
the image of Sx under the homomorphism ¢y is contained in H2(X,Z) N H!,

(Tx)c = H2® @ H' @ HO? = ¢27,
0

where Hy"' = (Tx)c N H''. Since the signature of H2(X,R) is equal to (3, 19), Tx is a primitive
sublattice of H2(X,Z) of signature (2,20 — p(X)).

The inclusion of the one-dimensional linear space H*? C (Tx)c defines a point p(X) in the
projective space |(Tx)c| of lines in ((T'x)c (or the projective space P((Ty)c)). It is called the
period of X.

If we choose a holomorphic 2-form w generating H*°(X), then, considered as a linear function
on Hy(X,C), its value on a 2-cycle ~ is equal to the integral f,y w. If v is equal to the fundamental
class of an irreducible curve, then f7 w = 0 (because the restriction of w to a curve is equal to zero).
This explains why the linear function f7 can be considered as a linear function on H2(X,Z)/Sx,

and hence belongs to H%° @ H2. Since, w is represented by a complex differential form of type
(2,0), it belongs to H>0.

The cup-product on H?(X,C) corresponds, via the de Rham Theorem, to the exterior product
w1 A wo of 2-forms. Since w € H*C, we get w A w = 0. The cup-product is the complexification
of the intersection form on H?(X, Z), hence p(X) belongs to a quadric Q in |(Tx )c defined by the
quadratic form of the transcendental quadratic lattice T'x.

Also, w A w is a real differential 4-form of type (2, 2), which is proportional to the volume form
generating H*(X,R). Since its sign does not depend on a complex scalar multiple of w, we may
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choose an orientation on the four-manifold X to assume that it is positive. Thus, we get a second
condition w A @ > 0. Thus, p(X ) belongs to an an open (in the usual topology) subset Q" of Q.

Since the signature of the quadratic space (T )g is equal to (2,20 — p(X)), the Q° is not con-
nected, it consists of two connected components, each isomorphic to a Hermitian symmetric domain
of orthogonal type (or Type IV in Cartan’s classification). To see these two components, we choose

a basis in (T'x)c with coordinates t1, o, ..., t;, where k := rank(T’x), such that Dy consists of
points in |(Tx )c| with projective coordinates [z1, . . . , 2] satisfying

z%—kz%—zg—-"—z,%:(),

21)* + |22f* — |23 — - = |z[* > 0,

This set consists of two connected components that are distinguished by the sign of Im(t /t2).
Another way to see this is to consider a real plane P(z) C (Tx)r spanned by the imaginary and
real part of a vector z = x + iy € (Tx)c that represents a point [z] in the quadric (). Then,
0=2%= (z+iy)?impliesa® —y> =x-y=0and 2 -z = (v +iy) - (x — iy) > 0 implies
22 4+ y? > 0. Thus, 22 = 42> > 0 and = - y = 0 implies that P(z) is a positive definite plane in Tk.
This defines a map from Q to the Grassmannian G(2, (T'x )gr)™" of positive definite planes in Tk.
It consists of two connected components defined by a choice of orientation of the plane.

We would like to define the period map that assigns to the isomorphism class of X its period point
p(X) € Q. However, there is a problem because there is no canonical identification of the linear
spaces H(X, C) for different X, and, even more, the linear subspaces (T'x )¢ can vary in a family
of K3 surfaces.

To solve this problem, one introduces the notions of a lattice polarization and a marking of X.
The former is a primitive embedding:
j: S — Sx

of lattices, where S is a fixed even quadratic sublattice of the K3-lattice L with signature (1, p). The
latter is an isomorphism: of quadratic lattices

¢:L— H*(X,Z).

We assume that the two homomorphisms are compatible in the sense that the restriction of ¢ to .S
coincides with j. Moreover, we assume that j(.5) contains an ample divisor class in Sx.

Now, we repeat everything from above, replacing Sx with S, and denoting by T its orthogonal
complement in L. The signature of T is equal to (2,20 — p).

Let Q7 be the quadric in |T¢| defined by the quadratic form of T, and let Dy = Q% be its open
subset defined by the condition x - £ > 0. It is called the period domain associated to the lattice
T. Of course, as a complex manifold, it depends only on its dimension 19 — r. It consists of
two connected components. Each connected component is a complex domain in C?°~* of vectors
z=x+iywithy -y > 0.

The orthogonal group of the real space Tx is isomorphic to the orthogonal group O(2,19 — p) of
the standard inner product space R%19~" defined by the quadratic form z3 + x? — Zggp a:? It
acts on the quadric Q)7 leaving the subset Dr invariant. The action is transitive, and the stabilizer
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subgroup isomorphic to the subgroup SO(2) x O(19 — 7). This defines a structure of homogenous
spaces on D7 and on its connected component Dﬁ}:

Dr = 0(2,19 — r)/SO(2) x B(19 —r), D% = S0(2,19 — r)/SO(2) x SO(19 — ).

Now, let (X, S, 7, ¢) be a marked lattice polarized K3 surface and p(X) be its period. Then, we
can assign to X a point ¢! (p) € Dr, called the period point (X, S, j, ¢). A different choice of the
markings which restrict to the same polarization map j : M — Sx does not change the orbit of p
with respect to the group

I's = {g € O(L) : g|S = ids}.

There is a natural injective homomorphism I's — O(T"). To describe its image, one introduces the
notion of the discriminant group Ay of an even lattice M, and its quadratic form g4,,. We assume
that M is non-degenerate in sense that the natural map ¢ : M — M"Y = Hom(M, Z) defined by the
symmetric bilinear form on M, is injective. We set

Ay : = M/uM), (6.3)
qa, = Aum — Q/2Z, m+ M —m? mod 2Z.

Here m € MV is a representative of a coset in A, and we extend the quadratic form of M to
MY C M@.

An orthogonal transformation g of M extends to an orthogonal transformation of M"Y C M that
induces an automorphism of the finite group A7 that preserves the function g4,,. We denote the
group of such automorphisms of Ays by O(Aps, qa,,). One can show that

I's = Ker(O(T) — O(Ar,q4,))-

Assume p > 1, so that the lattice Pic(X) is hyperbolic. By adjunction formula, any divisor class
D with negative self-intersection satisfies D> = —2. By Riemann-Roch Theorem, D, or —D is
effective. If D is a curve on X representing D, then one of its irreducible components R satisfies
R? = —2, and hence its arithmetic genus %(R2 + R - Kx) + 1is equal to zero. Thus, R = P! is
a smooth rational curve on X. Such a curve R is called a (—2)-curve. Its divisor class is unique,
therefore we can identify it with a vector in the Picard lattice Pic(X).

Now, we can consider the orbit space
MK3,S = FT\DT.

Thus, taking the orbit of the period of a marked lattice polarized K3 surface (X, S, ¢, j) defines
a point (the period point) in M3 s that does not depend on the marking. The orbit space is a
quasi-projective algebraic variety of dimension 20 — p. Under some mild conditions on S, e.g. the
lattice 1" contains the integral hyperbolic plane U as its orthogonal complement, the orbit space is
irreducible.

We have the fundamental Global Torelli Theorem for K3 surfaces due to I. Pyatetsky-Shapiro and
I. Shafarevich:



6.1. GENERALITIES ABOUT K3 SURFACES 109

Theorem 6.1. Suppose two lattice polarized K3 surfaces (X, S, j) and (X', S, j') define the same
period point in T's\Dg. Then, there exists an isomorphism f : X' — X such that j' = f* o j.

Note that the period points belong to an open Zariski subset Dg of Dg. Let us explain this. For any
§ € T with 672 = —2, the orthogonal complement - contains S. If If the period of (X, S, ¢, 7)
belongs to Hy, then § must be equal to an algebraic cycle v in X with v> = —2. By Riemann-Roch
Theorem on X, v or —~ is the divisor class of an effective divisor on X. However, this contradicts
the assumption that j(.S) contains an ample divisor.

Let
Ag = User 52=_oHs,

where H; = |61| N Dg. It follows that the period points belong to the complement D = Dg \ Ag.
The group I'g acts naturally on the set of vectors §, and hence acts on the set Ag. We set

Mg g = Ts\Dg.

Note that the image I's\Ag is a divisor in M3 g. The number of its irreducible components
is equal to the number of orbits of I's on the set of vectors d. The situation is similar to what we
had for the description of irreducible components of Humbert surfaces. One has to warn, that the
notation M g3 g is rather ambiguous since the variety M g3 g depends on the embedding of S into
L. However, in many cases, one can show that the embedding is unique modulo the orthogonal
group of L, and hence the orbits spaces are isomorphic.

One can show that M%@ g is isomorphic to the coarse moduli space of lattice S polarized K3
surfaces. To do this, one extends the notion of a lattice polarized marked K3 surface to a smooth
family X — B of K3 surfaces. We define a marking of the family to be an isomorphism of local
coefficient systems extra bracket was deleted ¢ : (L)p — H?(X¢, Z)scp, where (L) is the trivial
local coefficient system with fiber L. It is required that, for all £ € B, the image of .S under the
isomorphism ¢; : L — H?(Xy,7Z) is contained in Pic(X;), and also contains an ample divisor class
of Xt .

A family X — B of lattice S polarized marked K3 surface defines the period map
pB: B — Mgsg,

and, using the Global Torelli Theorem, one proves that, in this way, the algebraic variety M., 4 is
isomorphic to the coarse moduli spaces of lattice S polarized K3 surfaces. We refer to the details
to [42].

One can also interpret M3 s as the moduli space of lattice polarized K3 surfaces where we
drop the assumption that j(,S) contains an ample divisor, but assume only that it is a pseudo-ample
divisor. However, it is too technical to describe it here.

One can extend the notion of a hyperplane Hgs, > = —2, by assuming that 6> = — N, where N is
any even positive integer N. Then, T’ = ¢+ is a sublattice of 7" of signature (2, 18 — p) and Dy, is
a Hermitian symmetric domain of the same type, and Dy is realized as a hypersurface in Dp. For
any positive integer N consider

HN)= |J Hs
6eT,02=—N
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The group 'z acts on the set of §’s with 62 = — N, and we denote by Heeg(N) the image of H(N)
in the quotient space M g3 g. It is empty or a hypersurface in M3 g. It is denoted by Heeg(S; N)
and is called the Heegner divisor in the moduli space of lattice S polarized K3 surfaces.

In Section 6.4, we will compare the Heegner divisors
Heeg,,(N) := Heeg(S; N), (6.4)

where S = Eg & Eg @& (—2n) with the Humbert surfaces Hum,,(A), where N = A/2n.

6.2 Nikulin K3 Surfaces

Let Kum(A) be the Kummer surface of an abelian surface A and X be its minimal resolution of
singularities obtained as the quotient of the blow-up A of A atits set of 2-torsion points by the lift 7 of
the involution ¢ = [—1] 4 of A. The cover ¢ : A — X is a degree two cover with the branch divisor
equal to the sum R = R; + - - - + Ry of exceptional curves of the resolution o : X — Kum(A).

In general, let S’ — S be a double cover of smooth surfaces branched over a curve (necessary
smooth) B on S. Let ¢y = 0 be alocal equation of B in an affine open subset U, then the pre-image
of U in S’ is isomorphic to the hypersurface in V = U x C given by the equation z?] — Yy = 0.
Thus, locally the ring O(V') of regular functions on V' is a free module of rank 2 over the ring O(U)
of functions on U generated by 1 and z7. Let O(U )z, be the submodule of rank 1. One checks that,
taking an affine cover of S, the O(U )-modules O(U )z, are glued together to define a line bundle L
such that L®~2 is isomorphic to the line bundle L(B) = Og(B) associated to the curve B. It may
not have sections but its tensor square has a section with the zero divisor equal to B. In particular,
we see that the divisor class of B is divisible by 2 in the Picard group Pic(.S). Conversely, if B is a
smooth curve on S such that its divisor class [B] is divisible by two in Pic(.S), there exists a double
cover of smooth surfaces S’ — S with the branch divisor B. The set of isomorphism classes of
such covers is bijective to the set of square roots of [B] in Pic(.S). It is a principal homogeneous
space over the group Pic(.S)[2] of 2-torsion points in Pic(.5).

Let us return to our example. We see that the sum R = R; + - - - + R14 must be divisible by 2
in Pic(X). Since X is a K3 surface, we have Tors(Pic(X)) = 0, hence [R] = 2[Ry] for a unique
divisor class Ry. Since R? = 16(—2) = —32, we obtain R2 = —8. It is easy to see that the line
bundle O ¢ (Rp) has no sections but its tensor square has a unique section (up to a constant multiple)
vanishing on R.

Suppose we have a disjoint set of (—2)-curves F1, ..., E; on a K3 surface Y, we ask whether
there exists a double cover Y/ — Y with branch divisor equal to F = F; + --- + Ej. Since
E? = —2k = 4D? for some divisor D and D? is even, we obtain that k& € {4, 8,12, 16} (it cannot
be larger since the classes [F;] are linearly independent in H?(Y, Q) = Q??). Let f : Y/ — Y be
the double cover with the branch divisor F/ and let R = R + - - - + R}, be the ramification divisor
onY'. Since f*(E;) = 2R;, we have RZ-2 = —1. The standard Hurwitz type formula gives us that
Ky, = f*(Ky) + R = R. Since each R; is an exceptional curve of the first kind, we can blow
down R to obtain a surface Y with Ky = 0. It is known that a surface with trivial canonical class
is either an abelian surface or a K3 surface. Now the standard topological formula gives us that
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e(Y') = 2e(X) — e(R) = 48 — 2k = e(Y') + k. This gives e(Y) = 48 — 3k. If Y is an abelian
surface, we obtain k = 16. If Y is a K3 surface, we obtain k = &.

Note that a theorem of V. Nikulin asserts that any disjoint sum of sixteen (—2)-curves on a K3
surface is divisible by 2 in the Picard group and hence defines a double cover birationally isomorphic
to an abelian surface A [132]. It is easy to see that it implies that X is birationally isomorphic to
Kum(A).

In the case k = 8, we have more possibilities. A set of eight disjoint (—2)-curves on a K3 surface
Y is called an even eight, if the divisor class of the sum is divisible by 2 in Pic(Y").

Let E1,...,FEs be an even eight on a K3 surface Y and 7 : ¥ — Y be the corresponding
double cover. Let E| + --- + Es be the ramification divisor on Y. We have T (E;) = 2F;,
hence 4E‘i2 = 2Ei2 = —4, hence E‘f = —1. Also E; = E;, hence E; = P'. Thus, E; is an
exceptional curve of the first kind, and hence, can be blown down to a smooth point of a surface.
Leto : Y — Y’ be the blow-down of the eight exceptional curves F;. As above, we obtain that

e(Y) = 2e(Y) — e(E) = 48 — 16 = 32. This shows that e(Y’) = 32 — 8 = 24. Also, we have
Ky = 0*(Ky) + E = E, hence Ky+ = 0. Together with the Noether formula this implies that
b1(Y') = 0, hence Y is a K3 surface. Let 7 be the deck transformation of the cover o, it descents to
an involution (= an automorphism of order 2) 7 of Y. It has 8 fixed points, the images of the curves
E; on Y'. The quotient Y’/(7) is a surface Y with 8 ordinary double points. The rational map
mofod~!:Y — Y is a minimal resolution of the surface Y. We have the following commutative

diagram of regular maps:

~h
lq
!

~_
=N
-
3

iq
=

Thus, we obtain that each even eight on a K3 surface Y defines a K3 surface Y’ and an involution
7 on Y’ such that Y is isomorphic to a minimal resolution of the singular surface Y /(7). One
can show that any involution on a K3 surface that acts identically on a holomorphic 2-form (a
symplectic involution) has eight fixed points. The group quotient Y'/(7) has a minimal resolution
of singularities isomorphic to a K3 surface with exceptional curves forming an even eight. A K3
surface obtained in this way is called a Nikulin K3 surface. One expects that the Picard number of
a general Nikulin surface is equal to nine, and the moduli spaces of polarized Nikulin surfaces have
dimension equal to 11.

We will be interested in Nikulin surfaces isomorphic to a nonsingular minimal model X of the
Kummer surface Kum(A).

Let E = E; + --- + Eg be an even eight on X. We know that £ ~ 2Fj, where E? = —4. Let
N be the sublattice of Pic(X) generated by Fy and F1, ..., Eg. It is a negative definite even lattice
of rank 8, called the Nikulin lattice. It contains the sublattice spanned by Fi, ..., Eg isomorphic to
(—2)®8 where (a) denotes the lattice of spanned by a vector v with v> = a. This lattice is of index
2 in the lattice IV, hence the elementary theory of finite abelian groups tells us that the discriminant
group of N is equal (Z/27)°. The inclusion N < Sx is a primitive embedding. Thus, each
Nikulin surface must contain a primitive sublattice isomorphic to the Nikulin lattice.
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One can show that the Nikulin involution 7 acts on H*(Y’,Z) & Lz = U® @ E? as the
identity on U®3 and by sending a vector in Ey to the same vector in the other copy of Eg. Let
H™ =2 U®3 @ Eg(2) be the sublattice of invariant elements and H, = Eg(2) be the sublattice of
anti-invariant elements (i.e. 7*(y) = —7).! Note that 7 acts identically on Q?(X’) = C, since
otherwise the quotient has no regular 2-forms, so it must be a symplectic involution. Thus, for any

cycle v € H,, we have
O:/ w:/w+/ T*(w):2/w.
Y+7*() ¥ T*(7) ¥

By Lefschetz Theorem, this implies that v € Sx = H?*(X,Z)a. Since H, and H are obviously
orthogonal to each other, we obtain

Es(2) = H, C Sx, Tx C H™ = U @ Eg(2).

Nikulin shows that the converse is true: if Sy contains a primitive sublattice S isomorphic to Eg(2),
then there exists a Nikulin involution 7 on Y such that S C H..

—1
Note that under the rational cover f : Y’ — Y”'/() Z=» Y, we have
f*(Ty) = Ty(2) C Tyr.

Now suppose ¥ = IZEn(A) One can show that, under the pre-image map A --» Y, we have
Ty = Ty(2).

6.3 Shioda-Inose Structure

Suppose Kum(A) is a quotient of a K3 surface Y by a Nikulin involution. Then, by above, 7y (2) =
T4(4) C Ty. One can show that this inclusion comes from an inclusion 7y C T4 with quotient
(Z)27.)%, where 0 < av < 4 (for any = € T4 we have 2z € 2Ty C T’x). Conversely, if there exists
a primitive embedding 7y — T4 with such a quotient, then Y admits a Nikulin involution with
quotient isomorphic to Kum(A). If a = 0, then we have Ty = T4, and, in this case we say that X
admits a Shioda-Inoue structure. Even eights with o« ## 0 were studied in [114].

Note that Ty C H%(A,Z) = U%3, hence,
Ty CU? C Lgy=U? @ Es @ Eg

and, we obtain that Es®Eg C Sy . Here we have to use some lattice theory to check that all primitive
embeddings of 7y in L3 are equivalent under orthogonal transformations of Lx3. Conversely, a
theorem of D. Morrison [123] asserts that the condition that Eg @ Eg primitively embeds in Sy is
necessary and sufficient in order X admits a Shioda-Inose structure. We express this structure by
the triangle of rational maps

X . ) A. (6.5)

N 7
AN s

-
A 4~

Kum(A)

"For any quadratic lattice M we denote by M (k) the quadratic lattice obtained from M by multiplying its quadratic
form by an integer k.




6.3. SHIODA-INOSE STRUCTURE 113

Example 6.2. Suppose A has a principal polarization Ly. We have (Lg)? = 2, hence
Ta C (L)t =Us U@ (—2)

(we embed h = ¢;1(Lyg) in one copy of U = Z f + Zg with the image of h equal to f + g, where f, g
is a canonical basis of U). Let Y be a K3 surface with 7y = T4. Then, Ty 2Ty C U U @ (—2)
and Sy = (Ty )™ contains (U@ U@ (—2))*+ = Eg@® Eg. Hence Y is related to A by a Shioda-Inose
structure. Let us construct such a surface Y.

Let B be a curve on Q = P! x P! of bidegree (4,4) which is the union of a curve By of bidegree
(3,3) and some fibers Fy and FY of the projections @ — P'. We assume that B is invariant with
respect to the involution « : (z,y) — (y,x) of @), and By has a cusp p at a point ¢ € F; with local
equation u? + v® = 0, where v = 0 is a local equation of the fiber F at q.

We assume that By has no other singular points besides g and ¢’. Let m : X’ — () be the double
cover of () branched along B. It is a singular surface with singularities over g and ¢’ = a(q) locally
given by equations 22 = u(u? + v3). This type of singularity is known as a double rational point
of type Er7. Let X be a minimal resolution of X’. Its exceptional curve over ¢ (resp. over ¢') is
reducible and consists of 7 irreducible components which are (—2)-curves. Its intersection matrix
is equal to the Coxeter matrix of type E7 (multiplied by —1). The surface X is a K3 surface. Fix
the first projection Q — P'. The composition of the projections X — X’ — @Q — P! gives an
elliptic fibration on X with two degenerate fibers of type I/* and I17* in Kodaira’s notation. We
also have 6 other irreducible singular fibers isomorphic to a nodal cubic curve. They correspond to
6 ordinary ramification points of the cover BO — By < Q@ — P! of the normalization BO of By.
The fiber of the first type lies over the fiber F and the fiber of type I11* lies over the fiber F3 of
the same projection that passes through the point ¢’. The pre-image of F} on X defines a section
S of the fibration. If we take the sublattice generated by one fiber f and the section s, we obtain
a sublattice given by a matrix ({ !,). By changing a basis f — f + s, f — f, we reduce this
matrix to the form (§ }). Thus, this sublattice is isomorphic to U. The orthogonal complement to
U in Pic(X) contains the classes of irreducible components of fibers that are disjoint from s. We
easily find that this lattice is isomorphic to Eg ¢ E7. Thus, we obtain a lattice embedding (in fact, a
primitive embedding)

U® Eg @ E7 — Pic(X).

It is easy to see that Fg primitively embeds in U @ E7, thus, Eg @ Eg embeds in Pic(X), and, by
Morrison, X has a Shioda-Inose structure with

Ty=Txy cUs U (-2).

Since (U & U @ (—2))i Az = (2) C NS(A), we obtain that A admits a principal polarization.

Let Q — P2 be the quotient map of Q — Q/(s). The quadric Q is a cover of P? branched
along a conic K. Since B was invariant under the switch involution s, we see that it is equal to the
pre-image of the plane curve under this cover. The plane curve is a cuspidal cubic C plus a line ¢
which is tangent to the conic K and intersects C' at the cusp with multiplicity 3. Assume that C'
intersects K at 6 distinct points. One can show that the double cover of P2 branched along the union
K + C + ¢ has a minimal resolution isomorphic to the Kummer surface Kum(A), where A = J(C)
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for some curve C of genus 2. We have the following diagram of rational maps

X T~P! x P!

b

Kum(A) —2— = P2,

One can see explicitly the even eight on Kum(A) defining the rational double cover ¢ : X —
Kum(A) (see [114]).

Note that the six points C' N K define a curve C’ of genus 2 which is in general not isomorphic to
C. This curve is birationally isomorphic to the curve By. It comes with an additional structure. We
have 3q ~ 2¢' +a and 3¢’ ~ 2q+a’, where a+a’ ~ K. This implies 3K ~ 5q+a ~ 5¢ +a'.
There are 16 pairs (g, ¢’) with such property on a curve of genus 2. This implies that the Shioda-
Inose construction gives a rational self-map from My to My of degree 16.

We see that X admits an elliptic fibration | f| with two singular fibres
fi=3Ry+2R; +4Ry + 6R3 +5Rs + 4R5 + 3R + 2R7 + Rg

and
f2 =2Ng + N1 + 2N2 + 3N3 + 4Ny + 3N5 + 2Ng + Ny

of type Fg and E7. It is also has a section S. The fixed locus of 7 consists of smooth rational curves
Ry, R3, Rs, R7, Na, Ny, Ng, S and a genus 2 curve W which intersects Ry, No, N7 with multiplicity
1. The switch involution lifts to an involution ¢ on X that transforms the elliptic fibration defined
by the first projection @ — P! to the elliptic fibration |f’| defined by the second projection. Its
singular fibers are

F|{ =3No+ Rg +2S + 3Ny + 4Ny + 5N3 + 6Ny + 4N5 + 2Ng

and
Fé =2Rg+A+2R; +3Ry + 4R35+ 3Ry + 2R5 + Rg

of type Eg and F7. The curve Ry is a section. The involution o induces the hyperelliptic involution
on W. Its set of fixed points are 2 points on the curve Rg and 6 points on W. Also note that o maps
the fibration | f| to the fibration | f'|.

We have altogether 19 (—2) curves whose incidence graph is the following

Rye o N
pp B B Be B B g MM N |,
Roe o N5
R *Ns
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One can prove that these are all (—2)-curves on X.

Letp=WNRy,qg=WNNy,a=WNN7,a =W nNA. Wehave 3p ~ 2q + a and the fibration
defines a g3 on W spanned by the divisors 3p and 2q + a.

It is easy to see that ¢ = o(p),a’ = o(a). This gives 3p ~ 2Ky — 2p + a, hence 5p ~ 2Ky + a,
or, equivalently, 3Ky, ~ 5p + d’.

Consider the divisor class D = Ry + Ry + Ry + Rs + A+ W. Wehave D2 =4and D - R; =
0,i =5,6,7,8and D - N; = 0,i = 1,...,6. The linear system |D| maps X to a quartic surface
in P2 and blows down the four curves R; (resp. 11 curves N;) as above to double rational points of
type As (resp. Aq1). 2 Its equation can be found in [23]

X (o, B,7,0) : Y 2w — 4232 + 3axzw? + fzwd + Bzw® + yrz?w — %(5z2w2 +w?) =0. (6.6)

Here «, 3,7, § are complex parameters with v, § # 0. The surfaces X («, 8,7,0) and X (¢, 8',~', ")
are birationally isomorphic if and only if there exists a nonzero number ¢ such that (o/, 8',~/,8") =
(a, B, Py, c56). It follows that M K3,U+Es+E, 18 isomorphic to an open subset of the weighted
projective space P(2, 3,5, 6) known to be isomorphic to a compactification of As.

An explicit correspondence between Kummer surfaces associated to curves of genus 2 and the
Shioda-Inose K3 surfaces was given in [99], Theorem 11. Recall from Lecture 5 that a genus 2 curve
y? = f(x) is determined by the Clebsch invariants I, Iy, Is, I19 of the binary form f(z,y). We
also recall that a K3-surface admitting an elliptic fibration with a section is birationally isomorphic
to its Weierstrass model, a surface of degree 12 in P(1, 1, 4, 6)

w® =2+ a(z,y)z + b(z,y),

where a(x,y) and b(z, y) are binary forms of degrees 8 and 12.
We have the following result.
Theorem 6.3. Let
v’ = fo(z,y)

be a nonsingular genus 2 curve, and Is, 1y, I, 119 be the Clebsch invariants of the binary form
fe(x,y). Then, the Shioda-Inose surface associated to Kum(J(C')) is an elliptic K3 surface with
Weierstrass equation

Ir 1y — 3Ig Io

124 =5 Tt
0t Tgg Wity

I

I
w? =22 — 43t + oty)z + (55

2
1 7). (6.7)
Let X be a K3 surface admitting a Shioda-Inose structure with the corresponding rational map
of degree 2 X --» Kum(A). A theorem of Shouhei Ma [109] asserts that a minimal resolution Y’
of Kum(X') admits a Nikulin involution 7 such that a minimal resolution of Y/(7) is isomorphic
to X. We say that Kum(A) is sandwiched between X. A geometric realization of the sandwich
structure can be often seen as follows. One finds an elliptic fibration 7 : X — P! on X such that
the Mordell-Weil group of its sections contains a non-zero 2-torsion section .S so that the translation

2A singular point of type Ay, is a surface singularity locally isomorphic to the singularity u> + v** = 0.
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automorphism tg defines a Nikulin involution with quotient birationally isomorphic to Kum(A).
Let [ be the involution of X that induces the involution [—1]z on each smooth fiber of the elliptic
fibration. The fixed locus of 3 consists of some irreducible components of fibers and a horizontal
divisor Sy + S + T, where Sy is the zero section and 7' is a 2-section. The intersection of S + T’
with a smooth fiber coincides with the set of non-trivial 2-torsion points. The curve 7" is invariant
with respect to 3 and its image on Kum(A) defines a 2-torsion section 7" on the image of the elliptic
fibration on X to Kum(A). The Nikulin involution defined by the translation ¢4 has the quotient
birationally isomorphic to X. To see this one should restrict the action of ¢ on the generic fiber £,
of 7 and observe that the composition of t7 o tg is the map E, — E, /E,[2] = E,.

In the previous example, the Nikulin involution is defined by the translation ¢g, where S is a
2-torsion section of the elliptic fibration with singular fiber F' of type D14 equal to

F=Ry+Ry+2(R3+---+Rg+S+ N1+ No+ N3+ Ny) + Nog+ Ns.

We may take Sy to be equal to R, and S to be equal to Ng. The curve 1" coincides with W.

Remark 6.4. In this and the previous chapters, we compared properties of abelian surfaces with the
properties of the associated Kummer or Shioda-Inose K3 surfaces. There is also a connection to
cubic surfaces in P3. Recall that a nonsingular cubic surface in P2 is isomorphic to the blow-up of 6
points in the plane, no three of which are on a line, and not all of them are on a conic. The birational
map is given by the linear system of plane cubics through the six points. When we allow the six
points to lie on a conic, the cubic becomes singular, the image of the conic is its ordinary double
point. A set of 6 distinct points on a conic defines a genus 2 curve C, and the Kummer surface
Kum(J(C')) has a double plane model with the branch curve equal to the union of the tangents to
the conic at the six points. It would be interesting to find an explicit realization of the Humbert
surface Hum(A) inside of the moduli space My of cubic surfaces. We have already remarked that
Hum(4) is realized as the locus of cubic surfaces with an Eckardt point. There is also another way
to relate jacobians of curves of genus 2 with cubic surfaces. The Hessian surface H (F’) of a general
cubic surface F' is a quartic surface with 10 nodes (see [41]). Its minimal resolution is a K3 surface.
It is known that there is a divisor in M,y such that the Hessian surface of a general surface from
this divisor is birationally isomorphic to a Kummer surface of a curve of genus 2 [70]. It is defined
by vanishing of the invariant Iglo4 + 8132 of degree 32 of cubic surfaces (see [33], 6.6). Which
properties of Kummer surfaces are special properties of Hessians of cubic surfaces? One answer
in this direction is given in [134] where it is proven that J(C') € Hum(5) implies that the Hessian
quartic surface admits an additional ordinary double point.

It is known that every K3 surface X with p(X) = 19 admits a Shioda-Inose structure (see [123]).
Let T'x be the transcendental lattice of X. Suppose T'x contains a direct summand isomorphic to
the hyperbolic plane U. Then, Tx = T,, := U & (—2n), where 2n is the discriminant of Tx. Let
M, = (T,) ng ~ U2 g E?Q @ (2n). The moduli space M 3y, is isomorphic to a non-compact
modular curve Far\ﬁ (see [42]). The loc.cit. paper contains a construction of K3 surfaces from this
moduli space for some small n. The corresponding abelian surfaces are isogenous to the product of

two isogenous elliptic curves.

Suppose T'x = T" does not contain an isotropic vector. Then, the moduli space M 5 71 is known
to be a compact Shimura curve. The corresponding abelian surfaces are fake elliptic curves. In
general, they are simple abelian surfaces. We refer to K. Hashimoto [68] and A. Sarti [145], [146]
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for description of some of these transcendental lattices and the families of the corresponding K3
surfaces.

6.4 Humbert Surfaces and Heegner Divisors

Let is explain an exceptional isomorphism between two Hermitian spaces of dimension 3, the Siegel
space $2 and a type IV domain associated to a 3-dimensional quadric. Recall that £ is isomorphic
to an open subset of the Grassmannian G(2,4) := G(2, C*) represented by complex 2 x 4-matrices
of the form [7D], where 7 is symmetric and Im(7) > 0. In the Pliicker embedding G(2,4) < P°,
the Grassmannian becomes isomorphic to a nonsingular quadric, the Klein quadric given by the
Pliicker equation

D12P34 — P13P24 + P1ap2a = 0. (6.8)

We will see that the open subset $)2 coincides with a Hermitian symmetric space of orthogonal type,
which we used to construct the coarse moduli space of lattice polarized K3 surfaces. We will also
see that the modular group Sp(Jp, Z) is isomorphic to the group I'7 acting on D7, , where the lattice
T;, is determined by D = diag[1, n], namely

T,=Uad U (—2n).

The cohomology group H' (A, Z) is a free abelian group H of rank 4 and H2(A, Z) = A*H. The
group H?(A, Z) is a quadratic lattice with respect to the natural pairing

2 2 4
ANH'(A,2) x \HY(A,Z) - \H"(A,Z) = H'(A,2) = Z,

where we fix an isomorphism H*(A,Z) = /\4 7* — 7, called an orientation on H. The quadratic
lattice H?(A, Z) is a unimodular even lattice of signature (3, 3). It is isomorphic to the orthogonal
sum U®3 of three hyperbolic planes U.

A choice of a basis (e1, ez, e3,e4) in HY (A, Z) = Z* defines a basis e; A - - - A e4 of /\4 H, hence
an orientation on H. We fix this choice.

We can choose a basis (71, . ..,74) of Hi (A, Z) and a basis (w1, ws) of Q!(A) such that
wy = (21,22,1,0), wy = (22,23,0,n).

Here 7 = (2! 22),D = diag[l,n]. In the Pliicker embedding the plane spanned by wy,ws is the
point
p=w Awy = (2123 — 25)w1 — 22(wy — nws) — Nz W3 — 23wy + Nwe,

where
(wi,...,we) = (e1 Nea,e1 Aes,er Aeg,ea Aeg,ea Aeyg ez Ney).

is the corresponding basis in /\2 H. Let

(f1,91, f2, 92, k) = (—w1, we, —w3, wa, nws + wa).
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We see that ff = gf =0,f;-g;=1and

ho = wg — nws, h3 = 2n.
We can rewrite

p= (25 — z123) f1 + ng1 +nz1fo + 2392 + 22k,

and check that
pe (Zho)L, p2 =0.

Thus, p defines a point [p] in the quadric Q7, = @ NP((T},)c). One checks that the condition
Im(7) > 0 translates into the condition that [p] belongs to one of the two connected components of
QOTn, which we fix and denote it by D%L 3

Note that the matrix of the quadratic form in the basis (f1, g1, f2, g2, €) is equal to

o O O~ O
o O O o
o= O O O
o o= OO

0

0

0

0
—2n

So, this confirms that the lattice (2n)* in H?(A,Z) = U @ U @ U is isomorphic to U ® U @ (—2n).

Let Lo be a polarization on A of degree 2n with hg = ¢1(L) € H?(A,Z). We have h3 = 2n.
Choose a basis (e, ..., e4) of H and let

(wi,...,we) = (e1 Aez,e1 Aes,e1 Aeg,ea Aes,ea Aey,e3 A ey)

be the corresponding basis in /\2 H. The intersection form is defined by the exterior product and the
choice of an orientation. The matrix in this basis is equal to

0
-1

o o O O
o O O
o O = OO
o o O
(=l el

In the dual basis (p12, P13, P14, P23, P24, P34), the quadratic form is equal to

q = 2(p12p34 — P13D24 + P14P24)- (6.9)

The equation ¢ = 0 is the Pliicker equation (6.8). It is known that the Grassmannian contains
two families of planes corresponding to lines through a fixed point or lines in a fixed plane. Any
automorphism of G(2, 4) preserving each of the families, originates from a projective automorphism
of |Hc| by taking the wedge square of the corresponding linear map. There is also an integral version

*If we write z; = x; + v/—1Ly;, then the condition Im(21) > 0 chooses a connected component and the condition
y1y3 — y3 > 0 makes sure that the point lies on the open subset QOTn of the quadric and hence defines the period point of
a marked polarized K3 surface.
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of this isomorphism. The integral analog of plane in G(2, ) is a maximal isotropic sublattice F'
of rank 3 in /\2 H.* The homomorphism

2
o :GL(H)o = GL(/\H), ¢~ oA ¢,

has the image equal to the index 2 subgroup Og(A?H) of the orthogonal group O(A?H) of the
lattice /\2 H. It consists of isometries preserving a family of maximal isotropic sublattices (see [9],
Lemma 4).

Let h(, be a primitive vector with h(? = 2n. It follows from Lemma 6.7 below that there exists an
isometry o : A\*H — A®H that sends A, to hq. Replacing (wy, ..., ws) with (¢(w1), . .., d(ws))
we may assume that

h() = W2 — NWs;.

Let O(T;,) denote the orthogonal group of the lattice 7},. Let Ay, = T, /T;, be the discriminant
group equipped with the quadratic map (6.3). Let O(T},)* be the kernel of the natural homomor-
phism 7 : O(T;,) — O(Ar,,qa,, ). We know from Chapter 8 that the orbit space

O<Tn)ﬁ\DTn = Org (Tn)ﬂ\D%L

is isomorphic to the coarse moduli space M3 s, of pairs (X, j), where j is a fixed primitive
embedding of the lattice M,, = T;- into Pic(X) (or, equivalently, a primitive embedding Ty < T;,)
(with some additional technical conditions formulated in terms of the Picard lattice Pic(X) of X
(see [42])).

In our case, A;, = 7Z/2nZ and the value of the discriminant quadratic form at its generator
is equal to —5- mod 2Z. The group O(G(T},)) is isomorphic to the group (Z,/27,)P™), where
p(n) is the number of distinct prime factors of n and the homomorphism 7 : O(7},) — O(Ag,) is
surjective (see [147], Lemma 3.6.1).

Recall that we have defined earlier a surjective homomorphism o : SL(H) — Og(A?H), where
Oo(/A\? H) is a subgroup of index 2 of O(\? H). Consider h as an element of A2 HY = A?H; (A, Z)V.
Then, the stabilizer subgroup of kg in O( /\2 H)o is equal to the image under o of the subgroup
of SL(H) that preserves the symplectic form hg. It is isomorphic to the group Sp(Jp, Z), where
D = diag[1, n]. This gives an isomorphism

2
Sp(Jb, Z)/ (1) = Og(/\ H)n, = Oo(T0)". (6.10)

The latter isomorphism comes from the interpretation of the group O(Tn)ﬁ as a subgroup of 7, of
isometries that lift to an isometry of A% H leaving hg invariant. Note that the subgroup Sp(Jp, Z)
is conjugate to a subgroup I',, of Sp(4, Q) by the conjugation map g —+ R~ 'gR, where R is the
diagonal matrix diag(1,1,1,n) ([76], p. 11).

Let us record the previous information in the following:

4 A sublattice of a lattice is called isotropic if the restriction of the quadratic form to the sublattice is identically zero.
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Theorem 6.5. There is an isomorphism of coarse moduli spaces
Ao = Mgs i, -

Example 6.6. Consider the abelian surface A = E' x E, where FE is an elliptic curve with complex
multiplication by 0 = Z + Zw,w = +/—5 from Example 3.12. Let us compute its lattice 7 4. We
have End®(A) = {M € Matz(0) : 'M = M}. As a Z-module, it has a basis formed by matrices

1 0\ (0 0y (0 1) (0 w
o) 6 3)- G o) (2 8) o1

Under the isomorphism NS(A) — End(A) induced by the principal polarization on A = F x E,
the first three matrices correspond to the divisors £y = E x {0}, By = {0} x E and the class
A — Ey — E,. The last matrix corresponds to some divisor D. Consider the basis (71,2, V3, 74) =
(wey, e1,weg, eg) of the lattice A. The reducible principal polarization Hy is given in the basis
(e1,e2) by the matrix y~'I, where y = Im(w) = /5. The corresponding symplectic form is
defined by hg = 77 A¥5 + 73 Ay;. The Hermitian forms corresponding to the four endomorphisms
(6.11) are obtained by multiplying these matrices by y~'. We give the alternating forms defining
the first Chern class in terms of the dual basis (77, ..., 7}).

YAV V3 AL AV — Y2 A3, B A Y A
To find the intersection matrix, we choose the volume form
ho Nho =1 Aya Ays A s

and compute the exterior products. The result is the intersection matrix

01 0 0
1 0 0 0
00 -2 0
00 0 -10

The transcendental lattice is a rank 2 positive lattice isomorphic to (2) & (10).

Let us see the meaning of the singular equation (4.1) in terms of the period [p] of a K3-surface.
Consider the vector

5:ef1+dg1+cfg+agg+%k€T; C T(d)q, (6.12)
Using the singular equation (4.1), we have
p-8=mnaz + bz + czz +d(25 — 2123) + nk = 0.
Finally, we get
b? A

2_ _ 7 2 = — .1
) o T (ac+ ed) o (6.13)

We obtain that End®*(A) # Z if and only if the period of the corresponding K3 surface lies on a
hyperplane Hs := 6+ = P((C)*) N Dr.

We use the following result from the theory of quadratic lattices (see [147], Propositiuon 3.7.3).
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Lemma 6.7. Let L be an even lattice such that it contains U @ U as a primitive sublattice. Let
v,w € LY be two primitive vectors with v> = w?. Then, there exists o € O(L) such that o(v) = w
if and only if the images of v,w in LV / L coincide.

We apply this to our case where L = T,, = U @ U @ (—2n), where (—2n) is generated by a
vector e with e = —2n. We have LV /L = Z/2nZ and the generator e* = 5-e + L. We have
e*? = (2ne*)?/2n = —1/2n. Let x = re*, then 22 = —r%/2n. Thus, 22 is determined by 72
mod 4n. Suppose we have a singular equation defined by the vector § from (6.12). So we obtain
that the number of orbits of hyperplanes Hs with —2nd? = A with respect to the group O (7'(d))*
is equal to

w(A;n) = #{r € Z/2nZ : A =r* mod 4n}. (6.14)

This number 3 is equal to the number of irreducible components of the Humbert surface Hum(A; D)
in Az . In particular, the Humbert surface Az ,,(A) is irreducible if n = 1. If n = 2, we get two
components corresponding tor = 1,7 =3 mod 4 and A =1 mod 8. For n = 3 we have four
irreducible components corresponding to r = 1,2,4,5 mod 6 and A = 1,4 mod 12.

Applying Proposition 6.5, we obtain a proof of Humbert’s Lemma 4.1. In fact, assume that A = 0
mod 4. We write A = 4m and choose § = m f3 — f4 and obtain the singular equation mz; —z3 = 0.
If A = 4m+1, we choose 0 = fa— f5+2(f3—m f4) to obtain the singular equation mz; —z5 — 24 =
0.

The divisors in the moduli spaces of lattice polarized K3 surfaces defined by requiring that the
periods belong to the orthogonal complement of some vector with negative norm are called the
Heegner divisors. The following theorem follows from the previous discussion.

Theorem 6.8. Under the isomorphism As ,, = M3 1., the image of the Humbert surface Hum,, (A)
is equal to the Heegner divisor Heeg,, (§), where

A

—5

Let A belongs to Hum, (A). Let oa be the ring of integers in the real quadratic field with a
fixed basis such that it can be identified with the algebra (4.5), where b = 0,1. Let oa(n) be the
corresponding quadratic lattice. We know that it is isomorphic to the sublattice (Lo, La of NS(A)
from (4.8). Let T4 be the lattice of transcendental cycles of A. It is contained in the orthogonal
complement of oa(n) in U & U @ U. It is a lattice of signature (2, 1) with discriminant group
(together with the discriminant quadratic form) isomorphic to the discriminant group of oa(—n).
Let X be an Inose-Shioda K3-surface with T’y = T'x. Then, its Néron-Severi lattice is isomorphic
to the orthogonal complement of T4 in E§B 2 @ U®3. Its discriminant lattice is isomorphic to the
discriminant lattice of oA (n). An example of such a lattice is the lattice E$? @ oa(n). It follows
from [133], Corollary 1.13.3 that the isomorphism class of a quadratic lattice with such discriminant
group consists of one element. Thus, we obtain

Theorem 6.9. There is an isomorphism of coarse moduli spaces

Humn(A> = MKS,SAa

>If we write A = D f?, where D is square-free, then this number is equal to the number of SL(2, Z)-nonequivalent
primitive representations of n by all binary quadratic forms of discriminant D.



122 CHAPTER 6. K3 SURFACES AND ABELIAN SURFACES

where
SAn = Es @ Eg @ oa(n).

Recall that Hum,, (A) may consist of several irreducible components. They correspond to different
embedding of the lattice Sa in NS(X).
Example 6.10. Let n = 1. We have

Hum(l) = HQEg(*l/m = MK&Es@Es@ov
where 07 is defined by the matrix (2 ). Obviously, it is isomorphic to U. Thus
Hum(1) & Mg3 EsaEsau-

These lattice polarized K3 surfaces contain an elliptic pencil with a section and two reducible fibers
of type Fg (of type 11* in Kodaira’s notation). These surfaces are studied in [22], [80], [161], [99].
The surface admits a birational model isomorphic to the quartic surface

Y2 2w — 4232 4 3azzw? — 12(22w? + w*) + bzw® = 0.

The equation is a special case of equation (6.6). It admits a birational model isomorphic to the
double cover of P? branched along the union of a cuspidal cubic C, the cuspidal line L and the
union of two lines intersecting at a point on L. Note that the Heegner divisor Heeg(—1/2) is equal
to an irreducible component of the discriminant in M K37 corresponding to non-ample lattice
polarized K3 surfaces.

Example 6.11. Similarly, we get that 04 = (2) & (—2), hence

Hum(4) = M3 Esobsa(2)a(-2)-

Note that,
Es ®Es @ (2) @ (—2) 2 U D Es @ E7 @ (—2).

A K3 surface polarized with this lattice admits an elliptic fibration with a section and four singular
fibers of Kodaira’s types Io, [11*, 11" I;. These surfaces define the second irreducible component
of the discriminant.

In our example, the Weierstrass equation of the genus 2 curve could be chosen to be in the form

3f — e2 54g 4+ 9ef — 2¢3 3g+e
fitl—to)—i—tgt?(fgt%— g / tot1 + g ft2):0;

2 3 44,3
= — 5t
y v ot 27 3f

where e, f, g are some constants (see [99]). Two such collections of scalars (e, f, g) and (¢/, ', ¢)
define isomorphic surfaces if and only if there exists A # 0 such that (¢/, f', ') = (\2eA*f, A\%9).
This shows that the moduli space of such surfaces is isomorphic to the weighted projective plane
P(1,2,3). Thus, Hum(4) = P(1, 2, 3) that confirms Corollary 4.12.

Comparing with Kumar’s Theorem 6.3, we obtain that this surface is the Shioda-Inose surface
associated with the Kummer surface of the Jacobian of the curve y?> = fs(z,y) with Clebsch
invariants

(I2, 14, I, Ip) = (8(3s + r)/r,—4(3r — 1), —4(6rs — 8s + 5r2 — 2r)/r,4rs),
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where r = f/ €2, s = g/ e3 (see [100], 3.2). One can plug in these values of the invariants in the
formula (4.15) to obtain that I15 = 0 to agree with Example 4.3.

One can find in [100] a similar explicit description of the Humbert surfaces of discriminants k2
for k < 11.

Example 6.12. Let us look at the Humbert surface Humy(1) C Az o. Then, 62 = —1/4 and we
have 2 components corresponding to §* = 1,3 mod 4. In the former case, we may represent §
by a generator ;e, where e € T generates (—4). Then, §- = U2, so Heegy(1) & Mgsugu as
in the case of n = 1. In the latter case we may represent § by %(36 +4f — 4g) € T5. We have
L2 U (f+9g,2e+3f+3g9) 2 U D (2) ® (—2). So, we obtain that the second irreducible
component of Humsy (1) is isomorphic to M g3 a7, where M = U & Er & (—2). It is isomorphic to
an irreducible component of the discriminant variety in M K37 Thus, we obtain that the Humbert
surface Humy(1) is isomorphic to the discriminant of M g3 ps, .

Example 6.13. The lattice 05 could be defined by the matrix (7 ;). We have
Hum(5) = Heeg(—5/2) & MKB,E§92®05'

The Humbert surface Hum(5) admits a compactification Hum(5) isomorphic to the symmetric
Hilbert surface for the field Q(\/g) It has been explicitly constructed by F. Hirzebruch [71] (see
also [92]). The ring of Hilbert modular forms (whose projective spectrum is isomorphic to Hum(5))
is generated by four forms A, B, C, D of weights 2, 6, 10, 15 with a relation of degree 30

—144D* — 1728 B% + 720AB3C — 80A?BC? + 64A%(5B% — AC)? + C3 = 0.

According to F. Klein [89], II, 4,83, this ring is isomorphic to the ring of invariants of the icosahe-
dron group 2{5 acing in its irreducible 3-dimensional linear representation. The projective spectrum
is isomorphic to the weighted projective plane P(1, 3,5). The surface Hum(5) is isomorphic to the
complement of one point [1, 0, 0]. The symmetric Hilbert modular surface corresponding to a princi-
pal congruence subgroup of the Hilbert modular group associated to the ring of integers o in Q(/5)
and the principal ideal a generated by v/5 has a natural action by the group o/a = 25. According
to F. Hirzebruch [73], it is 2s-equivariantly isomorphic to P2, So this explains the isomorphism
Hum(5) = P2 /2As.

The projective representation of 25 in P2 has a minimal 0-dimensional orbit that consists of 6
points, called the fundamental points. The blow-up of the plane at these points is isomorphic to
the Clebsch diagonal surface C with automorphism group isomorphic to G5 (see [41], 9.5.4). The
Hilbert modular surface corresponding to the pair (o, a) is isomorphic to the double cover of P?
branched along the curve of degree 10 defined by the invariant of degree 10. It has 6 singular points,
the pre-images of the fundamental points under the cover. Its minimal resolution is isomorphic to
the blow-up of C at its 10 Eckardt points.
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Chapter 7

The Igusa quartic threefold

The moduli space of principally polarized abelian surfaces together with a 2-level structure admits
a compactification isomorphic to a degree four hypersurface in P*. It coincides with the classically
known Castelnuovo hypersurface, defined as being the dual hypersurface to the Segre cubic primal,
a compactification of the moduli space of genus two curves with an ordered set of its Weierstrass
points. The moduli space of bielliptic genus two curves has an explicit realization as a surface in
the Igusa quartic. In this chapter, we will discuss this beautiful geometry.

7.1 Modular Forms

Let us recall some definitions and known facts about modular forms on the Siegel half-space ).

A holomorphic function ® : ), — C is called a Siegel modular form of weight w with respect
to a discrete group I' C Sp(2g, R) of automorphisms of $), if it satisfies the following functional
equation

O((AT 4+ B)(C7 + D)) = det(CT + D)“®(7), 0= <é g) er.

Let Mg (g, T") denote the complex linear space of such forms. The multiplication of functions defines
the graded algebra over C

M(g;T) = P Mi(g,T).
k=0

It is called the algebra of Siegel modular forms.zeros

For example, when I' = Sp(4, Z), the even part M(g; T')(?) of this algebra is freely generated by
four forms Fy, Fg, X10, X12 of weights indicated by the subscripts. The whole algebra is generated
by M(g; F)(2) and a cuspidal form y35 of weight 35 [78].

Here
Ey(r)= Y det(Cr+ D)™
(€,D)

125



126 CHAPTER 7. THE IGUSA QUARTIC THREEFOLD

is an Eisenstein series, where the summation is taken over all representatives of all inequivalent
block-rows of elements of Sp(4,7Z) with respect to left multiplication by matrices from SL(2,7Z).
The other forms are expressed in terms of the Eisenstein series

X10 = E4E6 — Elo, X12 = 3272E2 + 5OE§ — 691E12

(see [77, p. 195]). Thus, we may also say that the graded ring M(g; F)(2) is generated by the
Eisenstein series of degrees 4, 6, 10, and 12.

Another way to define modular forms is by using theta constants. A theta function with charac-
teristic (m, m’) is a holomorphic function on $), defined by the infinite series

0 [ rn/] (Z' T) — Z 627ri(%m—l—r)-T-t(%m+r)+2(z+%m/)~(%m+r))
m ) )
rcZ9
where (m, m’) € (Z/nZ)9 x (Z/nZ)?, z € CY (we identify in matrix multiplication a row vector
with a column vector). The corresponding theta constant 0 [ )] (7) is the value of this function

at (0;7). One assumes here that m - m’ = 0, otherwise the constant is equal to zero. The main
property of theta constants is the following functional equation ( [79, pages 176 and 182]):

. 1
1] (- 7) = k(0)eZ P wmm) (@) det(Cr + D)20 [ ], (7.1)

m

Olo-|

where o = (4 B) € Sp(2¢,Z), and

o -] = ((mm)- o'+ 3(C-"D)o(A-B)o),
Pimm)(0) = —%(m-tD-B-tm—2m-tB-C’-tm'+m'-tC’-A-m')
%(m-tD—m"t(A-tB)o,

k(o) =
where ()o denotes the vector of diagonal elements of a square matrix. Let
I =Ty(n):={(A8)eSp(29,2): B=C=0 modn,A=D =1, mod n}.
Then, o - [}V] = [ '] @(m,m’) = 0, and we obtain
0] (0-7) = k()0 [m](7),

™ If gn =0 mod 4, we get k(o) = 1, hence, 6 [ 2] (1)

and r(0)? = %

weight 1.

2 is a modular form of

A level n-structure on a polarized abelian variety A is a symplectic isomorphism
¢ (Z/nZ)zgv JD) — Hl(Aa Z/nZ)7

where Hy (A, Z/nZ) is equipped with the symplectic form Im(H )5 taken modulo n. Here, H is
the positive definite hermitian form of type D that defines a polarization on A (see Section 1.2).

The moduli space of abelian varieties with level n and polarization of type D is denoted by
Agp(n). We have
Ag,p(n) = Sp(Jp, Z) NTg(n)\Hy.
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If D =1, weset Agp(n) = Ag(n).

LetC :y? = fag+2(x0, 1) be an equation of a hyperelliptic curve of genus g. It is known that a
choice of an order on the zeros of the binary form fg is equivalent to an isomorphism of symplectic
spaces ]F§9 — J(C)[2]. This defines a point in A,4(2). For g = 2, we have the following Rosenhain
Sformula expressing the zeros of fs(xo,x1) in terms of theta constants. We order the zeros of fs to

assume that they are (0, 1), (1,0),(1,1), (1, ), (1, 1), (1,7). Then
2 2 2 2 2 2
L OBBROE _POLE  _elparorty) )
2 27 2 27 2 2" :
0199170189 0189170(5 1] 0199170(4 1]
Let V' (2g+2) be the linear space of binary forms of degree 29+ 2, the group SL(2) acts naturally on

the vector space V (6) and we denote by Inv(2g+2) the ring of invariants S (V (2g+2)*)S“(). The
relationship between the graded algebra of modular forms M(g; Sp(2¢,Z)) and the graded algebra
of polynomial invariants Inv (2, 2g + 2) is given by the following theorem of Igusa [78], Theorem
4:

Theorem 7.1. Suppose g = 2,4 or g is odd. There exists a ring homomorphism
p:M(g;T2(1)) — Inv(2g + 2)
such that p(M(g; Sp(29,Z),) C Inv(2g + Q)lwg' If g = 2, the homomorphism defines an isomor-
2
phism of the fields of fractions.

For example, assume g = 1. Then, it is known that M(1; Sp(2,Z)) is generated by the Eisenstein
series g4, ge (the coefficients of the Weierstrass equation) and the ring of invariants is generated by
the invariants of degree 2 and 3.

We have (again up to multiplicative constants):
p(Es) = 11, p(Es) = I2ly =3I, p(x10) = Lo,
plxi2) = Iho, plxss) = Ifyhs,

where we use the notation for the Clebsch invariants of binary sextics from Chapter 5 (see [15], [78,
p. 848]).

Note that [1¢ is equal to the discriminant of a binary sextic. Thus, x19 does not vanish on the
jacobian locus of Ay. It vanishes on the locus A3°°™ of decomposable abelian varieties E x E’ with
decomposable principal polarization. We see that the divisor of zeros of 35 is equal to 2.49¢0™ +
Hum(4).

Let P%g ™2 be the GIT-quotient of (IP})29+2 by the group PGL(2) with respect to the linearization
defined by the invertible sheaf . = Oﬁ%ﬁ (see [39]). Its points are minimal closed orbits of ordered
sets of points (p1, ..., pag—2 on P! with no more than ¢ + 1 points coincide. We have

2g+2 _ - R29+2
P{?"" =Proj R{”""",

where -
R%!H'? _ @ ]{0((]}1;1)29-"-27 L®n)SL(2)'

n=0
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The permutation group Go442 acts on (P1)29+2, and via this action, acts on the ring R?QH. The
ring of invariants is isomorphic to the graded ring Inv(2, 2g 4 2). Thus, we obtain

S22 .= Proj Inv(2, 29 + 2) =2 P22 /Sy, 1o.

By taking the double cover ramified along an unordered set of 2g -+ 2 points on P!, we can identify

the hyperelliptic locus H, in M with an open subset of 5129+2 of orbits of unordered sets of 2g + 2

distinct points. The pre-image of this open subset in Pfg *2 can be identified with the moduli space
H4(2) of hyperelliptic curves together with a 2-level on its Jacobian variety. The group Gog o is a

subgroup of Sp(2g + 2, F9) that acts on 7—[39 2 Via changing the 2-level structure.

7.2 The Segre Cubic Primal and the Castelnuovo-Richmond quartic

From now on we assume that ¢ = 2. By computing explicitly the algebra of invariants R one
finds that it is generated by the subspace (RY); = HO((P")5, L)) of dimension 4 with a defining
cubic relation that defines an Gg-equivariant isomorphism between P? and the Segre cubic primal,
a cubic 3-fold in P given by equations

in P°. The group &g acts by permuting the variables. The Segre cubic is characterized among all
cubic threefolds with at most ordinary nodes as singularities by the property that it has maximal
number of nodes equal to 10. The singular points is the G¢-orbit of the point [1,1,1,—1, -1, —1].
It also has 15 planes forming the Gg-orbit of the plane tg + t; = t2 + t3 = t4 + t5 = 0. Each
plane contains 4 singular points and each singular point is contained in 6 planes. The smooth part
S5 of Sz parameterizes orbits of ordered sets of points with no more than two points coincide. As is
explained in [41, 9.4.4], the intersection of each plane with S} parameterizes the sets of points with
two equal points. The singular points represent the minimal closed orbits of sets of points where
three points coincide.

The discriminant invariant /1o of binary forms of degree 6 is a SL(2)-invariant homogeneous
polynomials in the coefficients of degree 10. If we write it in terms of roots as the product of
bracket functions (ij)2,i < j, we obtain a Gg-invariant section from (R$)1¢. In the coordinates ;
in P4, it is defined by a hypersurface of degree 10. Its divisor of zeros on Ss is a surface of degree
30 equal to the union D of 15 planes of S3 taken with multiplicity 2.

It is a remarkable fact that the dual hypersurface of the Segre cubic primal S is isomorphic to
Proj M(g;T'2(2)), a compactification .A3(2) of the moduli space A2(2) of abelian surfaces with
a 2-level structure. In fact, according to J. Igusa [78], the ring of modular forms M(g;I'2(2)) is
generated by fourth powers of 10 theta constants 6 [ ] (7) generating the 5-dimensional space of
modular forms of weight 2. The generators satisfy an Gg-invariant quartic relation such that, in
appropriate choice of a basis, defines an isomorphism between .A3(2) and the quartic 3-fold Z,
defined by the following equations in P?:

0120’%—404:0,
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where o, denote the k-th power-sums symmetric polynomials in variables x; (see [78], [167]). The
group Sp(4,7Z)/T'2(2) = &g acts on Z, by permuting the unknowns.

We have
HO(I4, Oz,(n)) 2 M(2,T'2(2)2n).

Considered as a hypersurface in P4, the quartic 7, of degree 4 in P* was classically known as
the dual hypersurface of the Segre cubic primal. It was called the Castelnuovo quartic, but nowa-
days, because of the moduli interpretation, it is called the Igusa quartic (in [41] it is called the
Castelnuovo-Richmond quartic). The duality map

D:S; -1y (7.3)

is given by the polar quadrics of &3 defined by linear combinations of partial derivatives of the
equation of Sg in P*

Fy=t3+13+134+13 — (to+t1 +ta+t3+14)> =0.

Let P, = %%—% = 31&12 — 3L2, where L = tg 4 t1 + to + t3 + t4. If we put

1
Q; = Pi—g(P0+P1+P2+P3), 1=20,...,4, (7.4)
Qs = —(t1+-+t), (7.5)
than we observe that the action of the group Gg on the variables ¢, . . . , t4 defines the action on the

polynomials @, ..., Qs by permuting the set {0, ...,5}. The usual Pliicker formula implies that
the dual of S3 is a quartic hypersurface (see [41], 1.2.3). Thus, the image of ® is equal to a quartic
3-fold given by the equations o1 = a% 4+ Aoyg = 0in variables zg, . . ., x5. Observe that

v —wy=Qi—Qj =1t -1, 0<ij<5. (7.6)

This shows that the image of the plane tg + t; = t2 + t3 = t4 + t5 = 0 in S3 is equal to the line
Tog— X1 =Xy —T3 = T4 —T5 = X9+ -+ x5 = 0. After plugging in these relations in the equation
of the dual hypersurface, we find that A = —4. This gives us an equation of the Igusa quartic.

We also check that the 15 lines on Z4 equal to the images of the 15 planes under the map ® are the
double lines. Also each line contains 3 points, and each point lies on three lines.

Via the moduli interpretation, the restriction of the map ® to the complement of the 15 planes
should be viewed as the Torelli map that assigns to a hyperelliptic curve of genus two with an
ordered set of Weierstrass points its Jacobian variety with a 2-level structure defined by the ordering
of the Weierstrass points.

The map @ extends to a resolution of singularities of &3 with exceptional divisors isomorphic to
quadrics. They are mapped isomorphically to 10 quadrics contained in 74, taken with multiplicity 2
that are cut out by 10 hyperplanes. The intersection of the 10 quadrics with the open subset .A3(2)
is the locus of abelian surfaces with a 2-level structure that are isomorphic to the product of two
elliptic curves. To find the equations of the quadrics, we use the following fact about the duality
map. Suppose X is a hypersurface of degree d with an isolated ordinary point ¢ of multiplicity
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d — 1. Choose coordinates such that zo = [1,0, ..., 0], so that the equation of X can be written in
the form
F = :L’()Fd(l‘l, ce ,xn) + Fd(arl, ce ,:L’n) = 0.

Then, the dual map is not defined at xg, but the image of the exceptional divisor under the lift
of the duality map to the blow-up of x( is equal to the hyperplane in the dual projective space
corresponding to the partial derivative gTFO = Fy(x1,...,x,). Applying this to our case, by taking
the singular point [1,1,1,—1, —1, —1] of S3, we obtain that the image of the exceptional divisor is
cut out by the hyperplane zy + z; + z2 = 0. Plugging in this equation in the equation of Z,, we
easily obtain

(xor1 + zox2 + T122 + T3T4 + T3T5 + :U4x5)2 =0. 1.7)

This shows that the hyperplane cuts out Z, along a quadric surface taken with multiplicity 2.

7.3 The Humbert Surfaces in the Igusa Quartic

Now, we are ready to see an invariant-theoretical interpretation of Igusa modular forms X109, X12, X35
when they are considered as modular forms with respect to the congruence subgroup I'y(2).

Let Hum(A;n) denote the set-theoretical pre-image of the Humbert surface Hum(A) under the
cover Az(n) — As.

Considered as SL(2)-invariant sections of the line bundle L on (P!), the functions t; — t; are
expressed in terms of the bracket functions (up to a constant multiple) by the formula

ti —t; = [ab, cd, ef], (7.8)

where [ab, cd, ef] = (ad)(cf)(be) — (be)(df)(fa) vanish on the orbits of point sets in Ha(2) C PP
representing bielliptic curves ( [41], Proposition 9.4.9 and (9.44)). The sums t; + t; are expressed
in terms of the bracket functions by the formula

ti +t; = (ab)(cd)(ef) € (R);. (7.9

They vanish only on the union D of the 15 planes. Formulas (7.6) show that the pre-image of the
hyperplane sections x; — x; = 0 of Z4 in S3 is equal to the union of a plane and an irreducible
component of the locus representing bielliptic curves.

Let us consider the Gg-invariant polynomial

D = H (IEi—Fl'j —|—:L'k). (7.10)
0<i<j<k<5

Since o1 = 0 on Zy, when restricted to Zy, it becomes a square of a section sp of Oz,(10). The
divisor of zeros of sp is equal to the union of 10 quadric surfaces representing Hum(1;2) taken
with multiplicity 2. The subgroup of Gg stabilizing each irreducible component is isomorphic to
H = 63 x &3. It acts on the quadric () defined by equation (7.7) via permuting (0, 1,2) and
(3,4,5). The ring of invariant polynomials for the action of &3 x &3 on Clxo, ..., xs] is gener-
ated by 01, 092,03,01,09,03, where o; (ag) is an elementary symmetric polynomial in zq, x1, 2
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(3, x4, x5). This easily implies that the quotient )/ H is isomorphic to P(2,3,3). This is a com-
pactification of Hum(1). The boundary is equal to the union of two lines z; = 0 and z = 0
intersecting at the unique singular point of P(2, 3, 3).

The pre-image of the section sp under the map ® is a Gg-invariant section of .29 that vanishes
on the union of 15 planes with multiplicity 4 (since the pre-image of each x; + x; + x}, is a polar
quadric of a singular point that vanishes on 6 planes containing the point). As we remarked earlier,
the discriminant invariant /1o vanishes on the same set with multiplicity 2. This shows that

d*(sp) = I3,

Recall that the divisor of zeros of sp on Z, is the union of 10 quadric surfaces taken with multiplicity
2. Applying Theorem 7.1, we find that x19, considered as a modular form with respect to I'2(2)
vanishes on the union of the ten quadrics with multiplicity 1. If we consider xi¢ as a section of
Oz, (5), we get the equality (up to a scalar factor) of sections of (’)%2

2
X10 = SD-

It is known that
2
X10 = A57
where
2
As=[]0lm] ()
m
[m’]
However, A5 does not represent a modular form, it is a modular form up to a non-trivial character
taking values +1.

Let
H= H (zi — ). (7.11)

0<i<j<5

The square H? is a Gg-invariant polynomial, the discriminant of a general equation of degree 6
with roots xo, ..., xs5. Let sy be the corresponding section of Oz, (30). It follows from (7.8) and
(7.9) that the divisor of zeros of sy is equal to the closure Hum(4;2) of the surface Hum(4; 2)
in A(2). It consists of 15 irreducible components cut out by the hyperplanes z; — z; = 0. It
is easy to see from the formulas that each such component is isomorphic to the Steiner quartic
surface in P3 with three concurrent non-coplanar double lines (see [41], p. 70). The boundary
Hum(4;2) \ Hum(4;2) consists of the union of the three lines. The group &g permutes the 15
components with stabilizer subgroup isomorphic to &4. The normal subgroup of &4 generated by
the products of two commuting transpositions acts identically on the component. Thus, we obtain

Hum(4) = Hum(4;2)/S3.
It is known that the equation of a Steiner quartic surface can be reduced to the form
totitats + 1315 + 132 4 t3t2 = tos3 + (53 — 25351,

where s; are elementary symmetric functions in ¢1,t2,t3. The group &3 acts by permuting the
variables t1,to,t3. This shows that Hum(4) is isomorphic to a hypersurface of degree 4 in the
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weighted projective space P(1, 1,2, 3) given by the equation z3(z9 — 221) + 232 = 0. The union of
the three singular lines in Hum(4; 2) has the equation ¢1t2t3 = 0. Its image in Hum(4) is given by
the equation z3 = 0. The complement is isomorphic to the affine plane C2.

The pre-image of Sy under the map & is a SL(2)-invariant section of .50 which is invariant with
respect to Gg. It vanishes on the union of the locus of bielliptic curves with multiplicity 2 and on
the union of 15 planes with multiplicity 6. We know that the invariant /5 vanishes on the locus of
bielliptic curves and the discriminant invariant /7 vanishes on the union of planes with multiplicity
2. This implies that

®*(sir) = Iipls.

Comparing with Theorem 7.1, we find that

2
X35 = X10SH-

Taking the square root we obtain

X35 = As - H (!Ei—fﬂj)

0<i<j<5

As we saw before, this gives the irreducible component of (see [167], (8.3)). Note that each factor
is not a modular form, but the product is.

Let us now see the surface Hum(5; 2). We refer for the proofs to [167], 8.4. The surface Hum(5; 2)
consists of 6 irreducible components H;,7? = 0, ..., 5. Each component H; is given by an additional

equation
2(2 zj)* — Zx? =0.
J#i J#

It contains 5 of the 15 triple points of Z4 no two of which are on a double line. For example, H5
contains the points [1,1,1,1,-2.—2],[1,1,1,-2,1,-2],...,[-2,1,1,1, 1, —2]. The complement
to these five points is Hum(5; 2). The plane II;;;, spanned by three points is contained in one of the
hyperplanes x; + x; + x;, = 0. For example, the first three points in above are contained in
z2 + x3 + x5 = 0. Thus, the intersection of IT;;; N %(5; 2) is a conic contained in one of the 10
quadric surfaces cut out by a hyperplane x; + z; + x = 0.

Consider the following divisor in A3(2)

Ga= > v(A/d*);Hum(A/v*2),
d>1,d2|A

where v(k)2 = % if k = 1 and 1 otherwise.

Theorem 7.2. The divisor Ga is the divisor of zeros of a Siegel modular form ga of weight
—60H (2, A).

Here the number H (2, A) is defined as the coefficient of the infinite series

(o]
ZH 4k 2midkz + ZH 4]€ + 1) 27r7,(4k+1)
k=0 k=0
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equal to the Fourier expansion of a certain modular form in one variable of weight 5/2 with re-
spect to the group I'g(4). Its first 8 nonzero coefficients H(2, N) are given by —120H (2, N) =
10,70, 48,120, 250, 240,240 for N = 1,4,5,8,9,12,13, respectively. For example, we have
G4 = $Hum(1;2) + Hum(4; 2) is the divisor of the image of x35 in M(2,T(2)). The coefficient
1/2 is explained by the fact that the map A2(2) — Ag is ramified along H;.

If A = 1, the modular form g; with respect I'5(2) is the discriminant As, a square root of 1.
One can construct a modular form on ), that vanishes exactly on a Humber surface Hum(A) for
every O (see [166]).
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Chapter 8

The Jacobian variety of curves of genus
3

A principally polarized abelian surface not isomorphic to the product of abelian varieties of smaller
dimension is realized as the Jacobian variety of a nonsingular curve of genus 3. In this chapter, we
will discuss endomorphisms of the Jacobian varieties of curves of genus 3.

8.1 Bielliptic Curves of Genus Three

Let A be an abelian surface with primitive polarization Lg of degree 2. We have (Lg) = 4 and
h%(Lg) = 2. We assume that |Lo| has no fixed components (this could happen only if Ly &
O4(E+2F), where E, F are elliptic curves). Then, | Lo| has four simple base points and its general
member is a smooth curve C' of genus 3. Translating C' by some point in A, we may assume that C'
is symmetric in the sense that it is invariant with respect to the involution ¢ = [—1]4. This implies
that all members of the pencil |Lg| are invariant with respect to ¢. The base points are among fixed
points of ¢ : C' — C. It follows from the Riemann—-Hurwitz’s formula that there are no more fixed
points, and the quotient C'/(¢) is an elliptic curve. A smooth projective curve is called bielliptic if
it admits a degree 2 cover of an elliptic curve. Conversely, suppose 7 : C' — E is a degree 2 cover
of an elliptic curve by a smooth curve of genus 3. Then, A = J(C)/7*E is an abelian surface.
Choose a point ¢g € C and consider the composition 7 : C' — A of the Abel-Jacobi embedding
icy : C — J(C) and the projection J(C) — A. It follows from [6], Proposition (1.8) that this
composition is a closed embedding. By the adjunction formula, 7(C)? = 4 and Ly = O4(7(C))
defines a primitive polarization of degree 2 on A.

Note that one can also consider the Prym variety Prym(C'/ F') defined to be the connected compo-
nent of the kernel of the norm map J(C) — E. It is proven in loc. cit., Proposition (1.12) that it is
the dual abelian surface A.

Counting constants, we expect that bielliptic curves of genus 3 depend on 4 moduli, i.e. they form
a subvariety of codimension 2 in M3. Since a general curve has at most one bielliptic involution,
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we see that the locus of bielliptic curves is birationally isomorphic to a P!-bundle over Az . In
particular, it is a rational variety (see for another proof of this fact in [5]).

Let C' be a canonical curve of genus 3 over C with a bielliptic involution o : C' — C. Inits
canonical plane model, o is induced by a projective involution ¢ whose set of fixed points consists
of a point xg and a line £y. The intersection £o N C are the fixed points of o on C.

Theorem 8.1 (S. Kowalevskaya [98]). The point xq is the intersection point of four distinct bitan-
gents of C. Conversely, if a plane quartic has four bitangents intersecting at a point xg, then there
exists a bielliptic involution o of C such that the projective involution G has xq as its isolated fixed
point.

Proof. Choose the projective coordinates such that & is defined by the formula (z, y, z) — (x,y, —=z).
The isolated fixed point is zop = (0,0, 1) and the line of fixed points is z = 0. Since C is invariant
with respect to &, the equation of C' can be written in the form

f(z,y,2) = 2* — 2a9(x, y) 2 + as(z,y) = (22 — as(x,y))? + (as(z,y) — az(z,y)?) = 0. (8.1)

Here, V (a4(z,y) — az(x,y)?) is the union of four lines £1, ..., {4 passing through the point zy =
(0,0,1). Each line oz — f3;y; = 0 is tangent to C' at two points pZ:-IE = (B, i, £+/az(Bi, ;). Note

that the four lines are distinct; otherwise the curve has a singular point at some point ((3;, i, £1/a2(5;, o).
Also note that, if a(fB;, ;) = 0, then the point p; = p; is the undulation point, i.e. a point of
tangency contact of order 4. The locus of quartic curves with an undulation point is hypersurface in

the projective space of plane quartic curves. It is contained in the locus of zeros of the undulation
invariant Iy of degree 60 (see [27] and [139]).

Conversely, suppose that four bitangents /1, ..., ¢, intersect at a point zg. By Proposition 6.1.4
from [41], any three of the lines form a syzygetic triad of bitangents, i.e., the corresponding six
tangency points lie on a conic. This implies that all eight tangency points lie on a conic. Choose
coordinates so that o = (0,0,1). Let ¢; : [; = 0 and Ba(z,y, z) = 0 be the equation of the conic
K passing through the eight tangency points. Then, the curves V (B32) and V(I - - - I4) cut out the
same divisor on C, hence the equation of C' can be written in the form F' = B% +111l513l4 = 0, where
¢; = V(l;) and By = agz? + 2a1 (7, y)z + az(z,y). If a1 # 0, we replace z with agz + a1 (z, )
to assume that aq(x,y) = 0. Now the equation of C is reduced to the form (8.1). The involution
(z,y, 2) — (x,y, —=z) is the bielliptic involution of C. O

Here is another characterization of bielliptic quartic curves.
Theorem 8.2. A genius three curve C'is bielliptic if and only if the following conditions are satis-

fied:

(i) There exists a line ¢ intersecting C' at four distinct points p1, . ..,ps such that the tangent
lines £; at the points p; intersect at one point po.

(ii) Let P,,(C) be the cubic polar of C with respect to the point py and let () be the conic
component of Py, (C') (note that the line { from above is a line component of Py, (C)). Then,
U is the polar line of QQ with respect to py.
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Proof. Suppose C' is bielliptic. Applying the previous theorem, we may assume that it is given by
equation (8.1). The polar cubic P, (C') has the equation ¢ = 2(2? — as(z,y)) = 0. It is the union
of the line £y = V(z) and the conic Q = V(2% — aa(x,y)). The line {; intersects C' at the points
(Bi, @4, 0), where a4 (3, ;) = 0. By the main property of polars, P,,(C) intersects C' at the points
p such that the tangent line of C at p contains the point xy. Thus, the tangent lines of C' at the
intersection points of £y with C' pass through the point xg. This verifies the first property.

Let us check the second one. Using the equation, we compute the line polar P,3(C') = V(Z(F))

) 3
of C. It coincides with the line £y. On other hand. ’
Ppa(C) = Ppa(Pay (C)) = Pp2(qz) = Puy(q + Pry(0)2) = 2Py (q) + Pp2(q)z = 2

(where we identify the polar curves with the corresponding partial derivatives). This implies that
V(P (q)) = V(2) = £y. This checks property (ii).

Let us prove the converse. Choose projective coordinates to assume that £ = V'(z) and the inter-
section point of the four tangent lines is o = (0,0, 1). The cubic polar P,,(C) must contain the
line component equal to £. Write the equation of C' in the form

CLOZ4 + al(x7y)23 + GQ(I', y)ZQ + a3(x7y)z + (],4(.%',:9) =0.

We get
P$O(C) = V(4a023 + 3&1(1', y)ZQ + ag(x,y)z + a3(x7y))7

Pp(C) = V (12a02* + 6a1(z,y)z + az(z, 7)), P (C) = 24aoz + 6a (z,y)

Since z divides the equation of the cubic polar, we obtain that a3(z,y) = 0. If ag = 0, then 29 € C
and the line polar ng (C) vanishes at xp. However, this polar line coincides with the tangent line
of C at xy. This implies that C' is singular at zy. So, we may assume that ag # 0. Thus, the first
condition implies that C' can be written in the form

Z4 + al(l‘,y)z3 + CLQ(ZL‘, y)z2 + a4(x,y) =0.

Now, as in the first part of the proof, we obtain that a1 (z,y) = 0 if and only if condition (ii) is
satisfied. Thus, C' can be written in the form (8.1), and hence it is a bielliptic curve. ]

For any general line ¢, let /1,...,¢, be the tangents of C' at the points C N ¢. Let {; N C' =
2a; + ¢; + d;. adding up, we see that > (¢; + d;) ~ 4Kc — 2> a; ~ 4K¢ — 2K = 2K¢. This
shows that there exists a conic S(¥) that cuts out on C' the divisor ) (¢; + d;) of degree 8. This
conic is called the satellite conic of ¢ (see [26]). The map S : P2 --» P? ¢ s S(/) is given by
polynomials of degree 10 whose coefficients are polynomials in coefficients of C of degree 7. Since
20+ S(¢)and T = ¢4 + - -- + {4 cut out on C the same divisor, we obtain that the equation of C'
can be written in the form

F=1l---l4+1%=0,

where ¢; =V (1;),£ =V (l),and S(¢) = V(q).

Assume that £ has the property

(*) the four tangents ¢; intersect at a common point .
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Choose the coordinates such that zp = (0,0, 1) and [ = z. Then, the equation of C'is of the form
F = 2%(ap2” + a1(7,y)z + az(z,y)) + as(z,y) = 0.

It is a bielliptic curve if and only if a;(x,y) = 0. This is equivalent to that P, (S(¢)) = . Thus,
we obtain

Theorem 8.3. Suppose a line ¢ satisfies the property (*) from above. Then, C is a bielliptic curve if
and only if the polar line of the satellite conic S({) with respect to the point xy coincides with (.

Let ¢ be a line satisfying (*). The polar cubic of P,,(C) passes through C' N ¢, hence it contains
¢ as an irreducible component. In particular, P,,(C) is singular. Recall that the locus of points
x € P? such that P,(C) is a singular cubic is the Steinerian curve St(C) [41], 1.1.6. If C'is a
general enough, the degree of St(C) is equal to 12 and it has 24 cusps and 21 nodes. The cusps
correspond to points such that the polar cubic is cuspidal, the nodes correspond to points such that
the polar cubic is reducible. The line components define the set of 21 lines satisfying property (¥).
In [26], the 21 lines are described as singular points of multiplicity 4 of the curve of degree 24 in
the dual plane parameterizing lines ¢ such that the tangents to C at three intersection points of C'
and ¢ are concurrent.

According to [27], the equation of the satellite conic S(¢) is equal to
SC72:10 +1C719 + *Cros =0,

where C,p. € SY(SHVV)Y) @ S*(V) ® S¢(VV) is a commitant of degree a in coefficients of C,
of degree b in coordinates in the plane and the degree c in the dual coordinates. Thus, the vanishing
of ai(x,y) from above is equivalent to the vanishing of the commitant C7 ; 9. The loc. cit. paper of
Cohen gives an explicit equation of C7 1 g.

Theorem 8.4. C is bielliptic if and only if C7 1.9, considered as a map P(V') --» P(VV) has one
of the 21 lines corresponding to the nodes of St(C) as its indeterminacy point. The rational map is
given by polynomials of degree 9 with polynomial coefficients in coefficients of C of degree 7.

Next we assume that C' is a hyperelliptic curve of genus 3. It is given by an equation in P(1, 1,4)

2~ fs(z,y) =0,

where fg is a binary form of degree 8 without multiple zeros. Any involution of C' different from the
hyperelliptic involution ¢, : (,y, z) — (z,y, —z) defines an involution of P*. After choosing an
appropriate coordinates (x, y), it can be written in the form (x,y) — (x, —y). In these coordinates,
the binary octic, being invariant, must be of the form fg = g4(22,y?), where g4(u,v) is a binary
quartic. Since fg has no multiple roots, the fixed point 0, co are not among its zeros (otherwise fs
is divisible by  or y and cannot be written in the form g4(z2,3?)).

The involution ¢, : (z,y,2) — (z,—y, 2) has four fixed points (0,1,+1 and (1,0,+1). The
quotient is an elliptic curve with equation w? = g4(u,v). The involution ¢y o te : (z,y,2) —
(z, —y, —z) has no fixed points. The quotient is a curve D of genus 2. I believe that Prym(C/D) =
E.
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We have already explained in Section 7.1 that an order on the set of zeros of fg is equivalent
to a 2-level structure on J(C'). Let A3(2) be the moduli space of principally polarized abelian 3-
folds with level 2-structure and let Hyps in be the hypersurface in A3 of Jacobians of hyperelliptic
curves of genus 3. Its pre-image in .A3(2) splits in 36 = [Sp(8,F2) : Sg| irreducible components
permuted by Sp(8,F3). One of this components H3(2)° corresponds to a special symplectic basis
in Hy(C,Z) defined by the Weierstrass points of C. It is isomorphic to the GIT-quotient P? of the
variety of 8 distinct ordered 8 points in P* modulo the group SL(2) (see Section 7.3). An involution
(z,y) — (z,—y) divides the set of zeros of fg into four orbits that belong to the same g2 on P!,
As we know from Example 4.3, the condition is that the four binary forms defining these orbits are
linearly dependent. Let 7 : PEf — P? be the map of the GIT-quotients defined by the projection
(p1,-.-,p8) — (p1,-..,p6). The pre-image of a set of points corresponding to 3 pairs of points
defining a bielliptic curve of genus 2 is isomorphic to P! x P!

Let us identify the points (py,...,pg) with the images in P? under the Veronese map P! — P2,
The four pairs (p;, p;+1) define a bielliptic curve of genus 3 if and only the lines (p;, p;+1) intersect
at one point. Thus, the locus Hype!(2)° of bielliptic curves in Hyps(2)° is projected to the variety
Mgiel of bielliptic curves of genus two with a 2-level structure in its Jacobian. The fibers are
isomorphic to the pre-image of a line under the map P! x P! — (Pl)@) >~ P2, They are conic
in P! x P! C P3. We know from the previous chapter that the GIT-compactification P} of Y;
is isomorphic to the Segre cubic primal S3. We also know from Section 7.3 that the condition
that six points define a bielliptic curve is that the product of the differences z; — x; is equal to
zero. It consists of 15 irreducible components transitively permuted under Gg. Each irreducible
component is isomorphic to a hyperplane section of S3. It is isomorphic to a cubic surface. This

shows that ’Hypgiel(Z)o consists of 15 irreducible components each isomorphic to a conic fibration
over a rational surface. It implies that Hyp5 is birationally isomorphic to each such component

and hence is a rational variety. An algebraic proof of this fact can be found in [110].

Remark 8.5. Let tfi(x,y,2) + go(x,y,2)? = 0 be a pencil of plane quartics, where V(f) is a
nonsingular quartic curve and V' (g2) is a nonsingular conic. For each ¢ corresponding to a smooth
quartic, we have 28 bitangents. When ¢ goes to zero, these bitangents go to 28 chords connecting
8 intersection points V' (f4) NV (g2) (see [21], 5.3). This relates the Kowalevskaya’s Theorem with
the previous characterization of hyperelliptic bielliptic curves of genus 3.

8.2 Plane Quartic Curves and the Heegner Divisors

Let C' = V(f4(z,y, z)) be a nonsingular plane quartic. The quartic surface X given by the equation
w4 + f4($, Y, Z) =0

is a nonsingular K3 surface. It admits an automorphism o of order 4, a generator of the group of
deck transformations of the cover. The surface X can be also viewed as the double cover of the del
Pezzo surface S of degree 2 given by the equation

U2 + f4($,y,2) =0.

Since S is isomorphic to the blow-up of 7 points in the plane, Pic(S) = I'7, the standard odd
unimodular hyperbolic lattice. This easily implies that Pic(X) = S := (2) @ (—2)®7. Using
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Nikulin’s results [133], one can show that
Tx =T :=(2)% @ DP.

The automorphism o acts on T'x and equips it with a structure of a quadratic lattice L of rank 7 over
the ring of Gaussian integers Z[i]. It is isomorphic to the lattice 7" where i = y/—1 acts preserving
each direct summand and equal to the direct sum of the operators given by the following matrices

0 100

0 1 ~100 0
Jl_(—l o)’ =1 01
-1 1 2 1

Using this action, one equips the 14-dimensional linear space Lz with a structure of a complex
linear space V' of dimension 7. Let

Be := {[2] = [20,.--,26] € |V|: 2f 4427 < 23,20 A0} = {(21,...,2) €CO: 234 425 <

It is a complex ball of dimension 6. The moduli space M g3 s 4 of lattice S polarized K3 surfaces
together with an isomorphism ¢ : T — L of Z][i|-lattices is isomorphic to the orbit space

\Bg,

where I' is a certain arithmetic group acting discretely on the ball (see [95]). For any primitive
vector § € LY C V'V one defines a hyperplane

Hs ={z€|V|:6(z) =0} NBg.

The image of the union of H; with fixed r = §2 = —2n in M3 g4 is denoted by Heeg(n) and is
called the Heegner divisor.

Let A(6) = (6,0%(5)). One checks that A(6) = (—2n)®2. It is clear that H; = H, (s, os that
Hj is described by a primitive embedding of As in L. Suppose that the period point of X belongs
to Hs. Then, S @& A primitively embeds in Pic(X), so that means that X acquires two additional
linearly independent cycles. All vectors § with fixed §2 = —2n are divided into two types according
to whether %(5 belongs to LV or not (types 1 and 2, respectively). They exists for any n and any type
( [3], Proposition 3.4). We denote by Heeg(n); the image of the union of hyperplanes H () with
02 = —2nand dis of type i = 1, 2.

For example, Heeg(1) consists of two irreducible components Heeg(1); and Heeg(1)2. They
parameterize, accordingly, the nodal quartic curves and the locus of hyperelliptic curves.

An irreducible plane curve D is called a splitting curve (cf. [3], Definition 4.4) if under the cover
X — P? its pre-image splits in the union of four irreducible components. For example, a line
intersecting W = V(f4) at one point is a splitting line. The main result of Artebani’s paper is the
following.

Theorem 8.6 (M. Artebani [3]). If X belongs to Heeg(n);,n > 1, then the quartic C = V(f4)
admits a rational splitting curve of minimal degree 2(n — 1) if i = 1 and degree n — 2 if i = 2.
Moreover, C admits a splitting curve of odd degree if and only if X belongs to some Heeg(n),.

1.
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Here are examples:

* Heeg(3)2 is the locus of quartics admitting a hyperflex (i.e. a line intersecting the quartic at
one point).

* Heeg(2); is the locus of quartics admitting a splitting conic.

Note that Heeg(3)2 is given by vanishing of an invariant of degree 60 on the projective space
of quartics (see [27], [139]). We do not know whether it corresponds to the zero divisor of some
automorphic form on the ball F5. However, S. Kondod [97] constructs such automorphic forms for
the Heegner divisors Heeg(1); and Heeg(1)s.

Remark 8.7. Every C' admits a splitting curve of degree 4. To see this, take D to be defined by the
equation [* + f4(x, 5y, z) = 0, where [ is a linear form. Then, D intersects C at four points V ()N C.
The pre-image of D on X splits in four plane sections w* + [* = 0. However, this obviously does
not give rise to a Heegner divisor, see [3], Remark 4.11.

Suppose A = J(C') for some curve C of genus 3. It is easy to see from the description of moduli
spaces of abelian varieties with the given type of endomorphisms that the condition that End(A) #
Z is not divisorial. However, it is interesting to investigate whether one can express this condition
as the intersection of Heegner divisors.

8.3 Del Pezzo Surfaces and Plane Quartic Curves

In this section, following [184], we describe how to use Del Pezzo surfaces of degree 2, in order to
construct plane quartics C' such that the endomorphism ring of End(C) of their jacobian J(C) is
isomorphic to Z.

Let us remind some basic facts about del Pezzo surfaces, referring for the proofs to [41, Chapter
8]. Recall that a del Pezzo surface X of degree d is a smooth projective surface with ample anti-
canonical divisor —Kx. The number d = K% takes possible values in {1,...,9}. A del Pezzo
surface of degree d > 3 is isomorphic to a surface of degree d in P%, embedded by the linear system
| — Kx|.

If d = 2, the linear system | — K x| maps a del Pezzo surface of degree 2 to the projective plane
P2, The map
¢|_ Kx|* X — IPQ

is a finite map of degree 2 ramified along a smooth plane quartic curve C. The linear system
| — Kx| on a del Pezzo surface of degree 1 is a pencil with one base point. However, the linear
system | — 2K x| defines a finite map of degree 2 onto a quadratic cone Q C P3. It is ramified along
a smooth intersection of () with a cubic surface in P3.

Any del Pezzo surface is a rational surface. Except the case when d = 8 and X is isomorphic to a
smooth quadric in IP?, there is a birational morphism

7 X — P? (8.2)
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that defines an isomorphism X 22 Blp(P?) from X to the blow-up of the point set P of 9 — d points
P1s- .., Pg—q in P2, The points must be in a general position in the following precise sense: no three
points are collinear, no six points lie on a conic, and no cubic curves pass through the set P and is
singular at one of the points. The last condition is void if d # 1.

Assume that X is not isomorphic to a smooth quadric. Let Pic(X') be the Picard group of X . Since
X is a rational surface, it is a free abelian group isomorphic to the Néron-Severi group NS(X).
The blowing-up structure (8.2) defines a basis (eq, e1,...,eg_q), where eg is the divisor class of
the pre-image 7*(¢) of a line in P2, and e; is the divisor class of the exceptional curve F; over
pi € P. Itis a (—1)-curve on X, i.e. a smooth rational curve E with E? =F Ky = —1.
Since the linear system |E| consists only of E, we will identify E with its divisor class. We have
ed =1,e2=—1,e;-e; =0,if i # j. In particular, (eq, e1, . . ., €9_q) is an orthonormal basis of the
hyperbolic quadratic lattice NS(X). It defines an isomorphism of lattices NS(X) — 11979, where
|19~ 5 the standard odd unimodular quadratic lattice of signature (1,9 — d).

The known behavior of the canonical class under the blow-up a point on a smooth surface gives

KX:—360—|—€1—|—"'—|—€9_d.

|1,9—d

Let eg,e1,...,e9_g4 be the standard orthogonal basis in satisfying eg =1, e? = —1. A

choice of an isomorphism of lattices
¢ 1M97% 5 NS(X) (8.3)
satisfying
p(ko—a) = Kx,

is called a geometric marking of X . It is clear that a geometric basis of NS(X') defines a geometric
marking of X.

The converse is also true. We use that — K x is ample, hence X has no (—2)-curves (i.e. smooth
rational curves R with R2 = —1, R- K x = 0). Then, the assertion follows from [41, Lemma 8.2.2].

Let O(119~4),, . be the subgroup of the orthogonal group O(I*~4) that fixes the vector kg_g.

It is mapped to a subgroup O(Eg_4)’ of the orthogonal group O(Eg_g), where Eg_q = k3 ;. The
subgroup O(Eg_4)’ contains the subgroup Wy_, generated by reflections

StV U+ (V- ) ay.

It coincides with the whole group O(Eg_g4) if d = 1,2 and its index is equal 2 otherwise. For d < 5,
the quadratic lattice Eg_4 is isomorphic to the root lattice of a root system of type Ey_q4, and the
group Wy_g4 is isomorphic to the Weyl group of the root system.

In fact, we can fix a basis in Eg_; formed by the vectors
Qg =€y —€e —€ex—€e3, «] =€ —€y,..., &g =€g_g — €9g_4.

If d < 5, the Gram matrix of this basis can be described by the diagram

Q7_q g_q

o a9 a3 (e 7}
o—Q—I—F- o—e—— @ (8.4)
(&%)
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in the same way, as it was explained earlier in the case d = 1 (see (3.15)). This diagram coincides
with the Dynkin diagram of the root system of type Fg_4. The symmetry of the diagram is an
involution in O(Eg_4) which does not belong to the image of O(19~4),in O(Eg_g).

Fixing a geometric marking (8.3), we obtain a homomorphism
p: Aut(X) — Wy_q C O(Eg_d).

It is known to be injective for d < 5 [41, Corollary 8.2.40]. In particular, if d = 2 (resp. d = 1), the
deck transformation + (resp. /3) of the double cover ¢ : X — P2, known as the Geiser involution
(resp. the Bertini involution), defines an element in W (Ey;) (resp. W (Es)). It is equal to the minus
identity isometry wg in the Weil group.

It follows from above that any birational morphism 7 : X — P? is determined (up to a projective
transformation of the plane) by a linear system |¢(eg)|, where ¢ is a geometric marking of X. The
vector e, considered as a linear function on the sublattice Eg_; = kg_4 coincides with the vector
wy from the dual basis basis (wo, ...,ws_q) of the basis (a,...,as_q) of Eg_g4. It is known
that the Weyl group acts transitively on bases described by the Dynkin diagram (8.4). This shows
that the number of non-projectively equivalent birational morphisms 7 : X — P2 is equal to the
cardinality of the orbit of ey. Its stabilizer is the subgroup of W (Eg_,) generated by reflections
in vectors oy, ..., cg_g. It is isomorphic to the symmetric group Gg_4 (the reflections s, go to
transpositions (ii + 1)).

Known orders of the Weyl groups allow one to find the number of possible projective equivalence
classes of birational morphisms 7 : X — P2,

For example, in the case d = 2, the number is equal to 576. Thus, there are 576 non-projectively
equivalent subsets P of seven points in general position which isomorphic to del Pezzo surfaces
Blp(P?).

Remark 8.8. The group Wy_, acts on geometric markings via its action on 1»°~%. This defines a
homomorphism
. p9—d
cragq: Wo_g — Bir(P %),

where & P)~? < (P?)?=9)//PGLj is the GIT-quotient of the of the open subset of (P?)%~¢ of
ordered 9 — d points in P? in the general position. (see [41, Chapter VI]). In this action, the stabilizer
subgroup of the orbit of a set P of 9 — d points is isomorphic to the group of automorphisms of X.
The Geiser and Bertini involutions generate the kernels of crp 7 and cro g, respectively.

In this section, we will be interested only in the case d = 2. Denote by L the linear system of plane
cubics with base locus equal to P = {p1,...,pr}. Since P is in general position, all its members
are irreducible curves. The proper transform of L in X = Blp(PP?) is equal to the anti-canonical
linear system | — K x|. The base locus of any pencil contained in L consists of two points p, g
(maybe equal), the residual points of the intersection of two different members of the pencil. It
defines a line (p, q) (if p = ¢, the line is the tangent line at p of all smooth cubics from the pencil).
This allows us, via the projective duality, to identify L with the source plane of the anti-canonical
map f : P? --» P2, and the dual plane L* with its target plane.

Thus, the linear system L defines a rational map f : L --+ L*. The regular maps 7 : X — L and
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G-k x| + X — L* make the following diagram commutative:

X
/ &le
L=p__ L preps

Recall that ¢ is a finite morphism of degree 2 with branch curve C of degree 4, and 7 is a birational
morphism of the blowing up the closed subset P of L = P2,

Note that, via identification of the source P? with L, each point p; € P can be identified with the
cubic curve F; in L with double point p;. Its proper transform E/ in X is a (—1)-curve, such that
its image under the Geiser involution is the exceptional curve E; of 7. The intersection E; N E!
consists of two points. The image ¢(E; + E!) is a bitangent line ¢; of C' with the tangency points

The seven bitangents ¢1, . .., {7 form an Aronhold set of bitangents [41, 6.3.3]. As is well known,
there is a bijective correspondence between 28 bitangents and odd theta characteristics ¥ of C, the
effective divisor classes with 299 = K. An Aronhold set is defined by the property, that any three
pairs of tangency points of bitangents from the set are not contained in a conic.

The proof of the fact that the images of F1, ..., E7 under the map ¢ form an Aronhold set given
in [41, 6.3.3] contains a mistake. So, we reprove it in the following:

Lemma 8.9. The seven bitangents {1, . .., {7 form an Aronhold set of bitangents.

Proof. Let E; N E! = {a;,b;}and a},b; € P? be their images under the map ¢. Since 7~1(¢;) =
E; + E, the ramification curve R of 7 passes through a;, b;. Suppose the tangency points a;b; lie
on a conic K. Let a,b be the residual pair of points in the intersection K N B. Then, a + b €
12Kc — S22 () 4 1})| Since 2(a} 4 1)) € |K¢|, we obtain that a + b € |K¢|, hence a, b are the
tangency points of some bitangent ¢ of C'. The pre-image of ¢ in X splits into two (—1)-curves
E + ~(E). We have

2=20-4;=(E+E) - (E;+E)=E+~(F)) - (Ei+~(E)) =2(E-E;)+2(E"- E).

Replacing E with v(E), and reordering the set { E'1, ..., E7}, if needed, we may assume that E -

E,=14i=1,....,k,and F - E; = 0,7 > k, where k < 3. Butthen, £ = aeg —e; — -+ — ey,
and F2 = —1 = a2 — k. Since 0 < k < 3, a2 cannot be a square, this contradiction proves the
lemma. O

It is known that there is a bijective correspondence between ordered Aronhold sets of bitangents
and standard symplectic bases in J(C')[2]. Both sets consist of 288 elements. Let is explain this
correspondence. We identify a bitangent with an odd theta characteristic. An ordered Aronhold set
91, ...,97 of odd theta characteristics can be extended by adding one even theta characteristics ey
such that the ordered set of 8 theta characteristics (¥1, ..., 07, Jey) becomes a fundamental set of
theta characteristics (see [41, 5.4.3]). The set ¢; = ¥; + Y.y is a normal set of 2-torsion points in
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J(C), i.e. it satisfies w(e;,€j) = 1,7 # j, where w is the Weil pairing. The symplectic basis is
(uq,ug,us,. .., us), where

U; = €1 + -+ €242 + €541, Ui43 =€+ -+ €42+ €242, 1=1,2,3.

The Weil group W (Er7) acts transitively on geometric markings, and via this action, it acts tran-
sitively on the set of symplectic bases of J(C)[2]. Fixing one geometric marking, we obtain a
homomorphism

ap W(E7) — O(J(C)[Q],w) =~ Sp(G,Fg).

Its kernel is equal to the subgroup (wg) corresponding to the Geiser involutions . Comparing the
orders of the groups, we find that o defines an isomorphism W (E7)/(wo) = Sp(6, F2).

Remark 8.10. The even theta characteristic 1, appears naturally in the geometry of del Pezzo
surfaces of degree 2. For any even theta characteristic ¥, the linear system | K¢ + o consists of
divisors 0 of degree 6 on C' such that 20 is cut out by a plane cubic. This defines an algebraic (non-
linear) 3-dimensional system of contact cubics of C' [41, 6.3.1]. Our theta characteristic ., defines
an algebraic system of cubics that contains the images of lines in P? under the anti-canonical map
f : P2 ——5 P2, The pre-image of f(¢) is equal to £ + ¢, where ¢ is a curve of degree 8 with triple
points at the points p;. The linear system of such curves defines a Cremona transformation of the
plane, also called the Geiser involution. The sextic w(R) is a projection to the plane of a curve of
degree 6 in P2 equal to the image of C under the map given by the linear system | K¢ + Oey|.

We already observed that, a choice of a geometric marking on X defines a surjective homomor-
phism from the Weil group W7 to the group Sp(6,F2) = Aut(J(C([2],w). We can do better, and
find a natural (i.e. independent of a choice of a geometric marking) surjective homomorphism

& 1 NS(X)o/2NS(X)o — J(C)[2]

whose kernel is equal to the radical of the quadratic form of NS(X)o/2NS(X )¢ induced by the
intersection form on NS(X).

We identify the branch quartic curve C' C P? of the anti-canonical map Pk X = P? with
its ramification curve R C X. Forany D € NS(X)o = K, the divisor class D := D N R belongs
to J(C). Here we identify D N R with the divisor class ¢; (Ox (D) ® OR).

Lemma 8.11. For any D € 2NS(X),, B
D =0.
Proof. Let «y be the Geiser involution of X. We know that, for any D € NS(X), we have D N R =
v(D) N R. Since y acts as —idys(x),, we get, for D € NS(X)o,
DNR=~(D)NR.
This implies the assertion of the lemma. O

It follows from the lemma that the homomorphism NS(X)o — J(C), D — DN R. factors through

a homomorphism
® : NS(X)o/2NS(X)o — J(O)[2].



146 CHAPTER 8. THE JACOBIAN VARIETY OF CURVES OF GENUS 3

Let M be the Gram matrix of the basis (a1, ..., ar) of the quadratic lattice E;. It is well known,
and can be easily confirmed by explicit computation, that the reduction of M modulo 2 defines a
symmetric bilinear form on E7/2E; = }Fg with radical generated by the vector r = g + ag + o
modulo 2E7. The reduced matrix is the matrix of the symmetric form associated with a quadratic
form on E7/2E7. We skip the verification that the homomorphism ® is compatible with the Weil
pairing on J(C')[2] (see [44, Chapter IX,§1, Lemma 2]).

Let NS(X)go =2 Z° be the sublattice of NS(X ) spanned by a1, . . . , cg. Its pre-image under the
homomorphism 117 — NS(X) is equal to {ZLI aie; €157 1 ay + -+ + ay = 0}. It follows that
the image NS(X)go of NS(X)go in NS(X)o/2NS(X ) does not contain the radical For, hence it is
mapped isomorphically onto J(C')[2].

Note that the stabilizer of W (E7) of the sublattice NS(X )gg of NS(X) is equal to the subgroup
of W(Ei generated by reflections sq, ;. .., Sqg. It is isomorphic to the permutation group &7. It

acts on NS(X)go = [F§ as the direct summand of the permutation representation of &7 on F3. By
definition of NS(X)qo, there is an isomorphism of &7-modules

NS(X)oo = (F3)",
where (F%))O = {21'7:1 a;p;, a1+ -+ a7 = 0}
This gives the following:

Proposition 8.12. There is a natural isomorphism of G modules
o (F})’ = 3(0)[2]
that is compatible with the symplectic structure on the source and the target,

Remark 8.13. It follows from the previous discussion that there is a natural isomorphism between
the orbit space UJ of PGL3 acting on the open subset 8 (IP2)” C (IP2)7 of ordered 7-tuples of points
in the general position and the moduli space M3 can(2) of canonical curves of genus 3 with a 2-
level structure on its jacobian. This beautiful fact was proven by Bert van Geemen in an unpublished
manuscript.

Now, after we recalled some basic known facts about del Pezzo surfaces, let us return to our task:

~

to construct smooth quartic curves C' with End(J(C)) = Z.

Let f(t) = 2-7:0 c;t' € K[t] be an irreducible polynomial of degree 7 over K and vy, .. ., oy be

its roots in K. We write Py for the set of seven points (1 : o : o) in P2.

Using the standard linear change of the variable ¢/ = ¢ + 7%, we may assume that cg = 0
(without changing the Galois group of the polynomial f(¢)). This is equivalent to the assumption
al+ ...+ a7y =0.

Lemma 8.14. Assume o; + o + oy, # 0, for any three o, o, oy, Then, the points p; :== (1 : «; :

af) € P2 are in a general position.

Proof. We have to show that no three of the points from Py are collinear, and no six points lie on
a conic. Let v; = (1, oy, a?) € C3 represent p; € P2. Three points p;, pj, Pk lie on a line if and
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and only if the determinant (ijk), where we assume that ¢ < j < k, of the matrix with columns
i, vj, vy, is equal to zero. Computing this determinant, we find that it is equal to —(a; — o) (a; —
a) (a2 — ag)(a; + o + ). Our assumption implies that no three points are on a line.

Assume that six points are on a conic. Without loss of generality, we may assume that these points
are p1,...,pg. It is classically known (see, for example, [24, p. 136, (9)]) that six points lie on a
conic if and only if

(123)(145)(246) (356) — (124)(135)(236)(456) = 0

To prove this, one replaces vg with the vector of coordinates v = (x, y, z) so that the left-hand side

becomes a quadratic form in z,y, z. Then, replacing v with v;,7 = 1,...,vg, we check that the
quadratic form vanishes on vy, . . ., vg. Evaluating this expression, we find that it is equal to
6
H (Oéi - Oéj) ZO@'.
1<i<j<6 i=1

Since we assumed that oy + - - - + a7 = 0, we see that the expression is not equal to zero.

O

Corollary 8.15. Assume that the Galois group Gal(f(t)) of f(t) over K is a 3-transitive subgroup.
Then, the points p; = (1 : «; : o) are in a general position.

Proof. By assumption, Gal(f(t)) acts transitively on the sums of three roots. Thus, if the assump-
tion of Lemma 8.14 is not satisfied, then all sums of three roots are equal to zero. Thus, we find that
the sum of seven roots is equal to zero, in contradiction to our earlier assumption on the polynomial

£(). 0

Remark 8.16. Following [184, Proof of Lemma 1.3], let us give another proof of Corollary 8.15
that is based on elementary properties of polynomials in one variable. We will use a notation
(x : y : z) for homogeneous coordinates on P2, Suppose that here are three distinct points in Py
that lie on a line, say, ax + by 4+ cz = 0 where a, b, c are three complex numbers and at least one
of them is not zero. This means that there are three distinct roots o, o, g € K of f such that all
ac + ba; +c = 0 forall i = 1,2,3. It follows that the polynomial ct® + bt + a € CJ[t] is not
identically zero and has three distinct roots o, a2, 3. This implies that ¢ # 0 and

et +bt+a=c(t —ar)(t — az)(t — az).

It follows that

a1 +ag + a3z =0.
Let us denote the remaining roots of f by au, a5, ag, 7. Since Gal(K) acts 3-transitively on the
roots of f, there exists ¢ € Gal(K) such that

olar) = ay,0(ag) = ag,o(az) = as

and therefore
as+az+ag=o0(ae+ag+a;)=0c(0) =0.
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This implies that oy = a4, which is not the case. The obtained contradiction proves that no three
points of Py lie on one line. Suppose that six points of Py lie on one conic. Let

a6z2 + aqyz + azxz + a2y2 + a1y + ang =0

be an equation of the conic. Then not all the coefficients a; do vanish and there are six distinct roots
of f,say, ay, -, ag, such that

4
aoozg%—Zaiaf;:O Vi=1,...,6.
1=0

This implies that the polynomial agt® + Z?:o a;t' is not identically zero and has 6 distinct roots
aq, - - - ag. It follows that ag # 0 and

4 6
a6t6 + Z aiti = Qg H(t — Oéi).
1=0 i=1

This implies that 25:1 a; = 0. Since the sum of all roots of f lies in K, the remaining seventh root
of f lies in K. This contradicts to the irreducibility of f. The obtained contradiction proves that no
six points of Py lie on one conic. (Notice that we did not assume that cg = 0.)

Let the blowup X (f) = Blp(PP?) be the corresponding del Pezzo surface of degree 2. Since P,
considered as closed subscheme of P2, is defined over K, the surface is defined over K. Also, since
the map ¢ : X (f) — P2 is given by the anti-canonical linear system, it is defined over K.

Let L = | — Kx/|, considered as the linear system of plane cubic curves with base locus P;. It is
equal to the projective space H r, where is the K -vector space of cubic ternary forms in K[z, y, 2]
vanishing at seven points (1, a;, a3).

The following lemma (see [184, Sect. 3]) gives an explicit map ¢ : X — P2 that confirms that it
can be defined over K:

Lemma 8.17. The following cubic forms form a basis of H:

U = x22—y3,

V o= o 2 2 2 2 2 3
= CrT7Y + T 2z + c5xY” + caxyz + c3xz” + 2y z + 1Yzt + cpz”,

U = 2°— (dex’z + dszy® + dyxyz + dsxz? + doy’z + diy2® + do2?),

where r(t) = 22-7:0 d;t' is the remainder of the division of t° by f(t).
Proof. The cubic form U obviously vanishes on Py. The z-degree of u is 1. Taking into account
that the degree 7 polynomial f(t) = ZZ:O cit" € K[t] coincides with
cr(t3)? + e5t3t? + eqt®t + cst® + eat? + c1t + ¢,
we conclude that the cubic form

V = e’y + eszy? + caxyz + czxz® + cyz + cryz® + o2
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vanishes on P;. Since deg(f) = 7, the coefficient c; # 0. Hence, the z-degree of v is 2. In order
to find a third vanishing form (and get the basis), let us define a polynomial r(¢) € K|t] as the
(non-zero) remainder with respect to division by f(¢):

t —r(t) € fF(t)K][t], deg(r) < deg(f) = 7.
We have

6
r(t) =Y dit' € K[t].
=0

Hence, if « is a root of f(z) then

6
0=a’—h(a) = ag—z diot = (a3)3—(d6(a3)2 + ds(a®)a? + dy(a®)a + d3(e®) + doa® + dyo + do) .
=0

This implies that the cubic form
W=a3 — (d6x2z + dszy? + dyxyz + dzxz® + doy’z + diy2® + d023)

vanishes on Py. The z-degree of w is 3. Since the forms U, V, W have z-degree 1,2,3 respectively,
they are linearly independent over K and therefore constitute a basis of 3-dimensional Hp,. O

Remark 8.18. The anti-canonical map f : P? --s P? arises from the polynomial map of affine
spaces A3 — A3 defined by the polynomials U, V,W. It follows that the image 7(R) of the
ramification curve of ¢ : X — P? is a plane sextic given by the determinantal equation:

U, U, U,
V. V, V.| =0
W, W, W.

Remark 8.19. Recall that our quartic curve lies in the dual plane | — Kx|* of | — Kx| and seven
points lie in | — Kx|. We considered seven points (1 : a; : «?) lying on a cuspidal cubic K =
V(xz — y?). That are nonsingular points on K. After we identify the set of nonsingular points on
K with C, we may identify the set of ordered seven nonsingular points on K with the vector space
C". Furthermore, one can identify this vector space with the Cartan algebra b of the exceptional
Lie algebra of type E7 in such a way that the action of the Weyl group W (E7) on h corresponds
to the action of this group on the set of geometric markings of del Pezzo surfaces. In this way, one
proves that the moduli space of geometrically marked del Pezzo surfaces of degree two together
with a choice of a cuspidal anti-canonical divisor is isomorphic to the open subset P(h)° = h°/C*
of P(h), where h° is the open Zariski subset of regular elements in the Cartan algebra [28]. It is
known that a general set of seven points in the plane is contained in precisely 24 cuspidal cubic
curves. Thus, the forgetting map of the moduli space of geometrically marked del Pezzo surfaces
of degree 2 together with a choice of a cuspidal anti-canonical divisor is a degree 24 finite cover
of the moduli space of geometrically marked del Pezzo surfaces of degree 2, and a finite cover of
degree 24# W (E7) of the moduli space of del Pezzo surfaces of degree 2, or the moduli space of
non-hyperelliptic curves of genus 3.
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The absolute Galois group Gal(K) = Gal(K/K) acts naturally on P2(K). Let f(z) € K[x] be
with roots a7, . . ., a7 that add to zero, and Py C P?(K) be as above.

By construction of Py, Gal(K) permutes elements of Py, ie., one may view Py as an effective
0-cycle in IP? that is defined over K.

The following assertion was proven in [184].

Theorem 8.20. Let C(f) be the branch curve of the anti-canonical map X (f) — P2. Assume that
the Galois group Gal( f) of the polynomial f(t) contains 2. Then,

End(J(C(f))) = Z.

Proof. By Corollary 8.15, the seven points p; = (1 : o : a?) are in the general position, so that the

del Pezzo surface X (f) and the quartic curve C(f)) are defined.

0
The Galois action on the set i of roots of f(t) gives rise to the Gal(K )-module (F?f ) (see
Section 2.3.)

0
It follows from Theorem 2.21 that the Gal( f)-module (F;)f ) is very simple. Since Gal(K) acts

0 0
on (F;Df ) through its quotient Gal(f) C Perm(Py), the Gal(/)-module (F;Df ) is also very
simple. Now, it follows from Proposition 8.12 that the Gal(K )-module J(C'(f))[2] is very simple
as well. Applying Theorem 2.15 to X = J(C(f)) and ¢ = 2, we conclude that End(J(C(f))) =
Z. O

Remark 8.21. Mutatis mutandis, we can repeat most (but not all) of the arguments, by considering
the del Pezzo surface X (f) of degree 1 isomorphic to the blowup of the set Py of 8 points (1 : a; :
o?), where v, . . ., ag are roots of an irreducible degree 8 polynomial f(t) with the Galois group
containing 2s. The branch curve of the bi-anticanonical map @|_g | is a canonical curve C(f)
lying on a singular quadric @ in P3. It differs from a general canonical curve of genus 4 (lying on a
smooth quadric) by the condition that J(C(f)) has a vanishing even theta characteristic. However,

0
the corresponding Galois module J(C'(f))[2] is isomorphic not to (F;Df ) but to F;Df [185, Lemma

4.6]. In particular, it is not very simple and even not simple). Still, it is possible to prove that
End(J(C(f))) is either Z or an order in a quadratic field [185, Th. 4.7]. (In particular, J(C(f)) is a
simple abelian fourfold.)



Chapter 9

Hodge Structures and Shimura Varieties

In this chapter, we will discuss the moduli spaces of abelian varieties with the same type of the
endomorphism algebra. The most convenient tool for the description of these moduli space used the
theory of Hodge structure which we remind here.

9.1 Real forms of complex semi-simple algebraic groups

In the following, we will be using the theory of real forms of complex algebraic groups. Let us
remind some basic construction of this theory. First, we start with real forms of complex finite-
dimensional Lie algebras g. We denote by g the real Lie algebra obtained from g by restriction
of scalars. By definition, a real form of g is a real Lie subalgebra b of g® such that there exists an
isomorphism « : b¢c = g of complex Lie algebras. The conjugation automorphism x + iy — x — iy
of b defines, via «, an anti-involution 6 of g, i.e. 6 is an involution of g® that satisfies #(\z) =
M(z), for any z € g and any A € C. Conversely, any such involution 6 defines a real form b of
g by setting b = g’ := {z € g : 6(2) = z}. It is easy to check that this construction defines a
bijection between the set of isomorphism classes of real forms of g and the set of conjugacy classes
of anti-involutions of g.

A real Lie algebra b is called compact if it admits a positive definite bilinear B form that is
invariant with respect to the adjoint representation (i.e., B([x,y|, z) = B(x, [y, z]) for any z,y, z €
b).

An example of an invariant bilinear form on b is provided by the Killing form defined by B(x,y) =
Tr(ad(z) o ad(y)), where
ad(z) : b — b, y— [z,9]

is the adjoint representation of b. This form is non-degenerate if and only if b is semi-simple. Since
any invariant bilinear form on a semi-simple Lie algebra is a scalar multiple of the (non-degenerate)
Killing form, we see that the Killing form on a simple compact Lie algebra is definite (in fact,
negative definite). This implies that a real Lie algebra is compact if and only if its Killing form
is negative definite. Every semi-simple complex Lie algebra admits a unique, up to isomorphism,
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compact real form. The corresponding involution is called a Cartan involution.

Example 9.1. Let g = sly(C) generated over C by the matrices
h=(5%), e=(@d), f=@08.

It admits a non-compact real from slz(R) generated by the same matrices over R and a compact real
form sug generated by the matrices

(6%), e=(%0), F=(26)
The corresponding anti-involutions sly(C) are defined by A — A and A — —!A, respectively.

The similar formulae define the anti-involutions on sl,,(C) with a non-compact real form s(,,(R)
and a compact real form su,,. Note that any commutative Lie algebra is obviously compact. The
Lie algebra gl,,(C) has a compact form u,,.

The notions of a real form and a Cartan involution extends to algebraic groups. An algebraic
group defined over R is a real form of a complex algebraic group G if He = (. According to
the general nonsense about Galois cohomology, the group H is determined uniquely by an element
of H!(Gal(C/R), Aut(G(C)) defined by an automorphism « of G(C) such that a=! = &. The
group H is reconstructed from this automorphism as an algebraic group with the group H (K) of
K-points equal to G*(K) := {g € G*(K) : a(g) = g}, where G* := Resc/gG is the Weil
restriction of scalars functor on the category of complex algebraic groups which admits a natural
action of Gal(C/R) via the conjugation isomorphism K ®r C — K ®@g C. The involution « as
above is called the Cartan involution of GG. There is a natural bijection between the set of real forms
of G and the conjugacy classes of Cartan involutions. The Lie algebra of the real Lie group H (R)
is a real form of the complex Lie algebra of the complex Lie group G(C) and the converse is true if
one additionally assumes that G® is generated by H and its connected component of the identity.

A real algebraic group H is called compact if the real Lie group H (R) is compact. The Lie algebra
Lie(H(R)) of H(R) is compact, a positive definite invariant symmetric form can be obtained by
integral average over H(R) of any positive symmetric bilinear form on Lie(H (R)). Every semi-
simple complex algebraic group admits a unique, up to isomorphism, compact real form. The
involutive automorphism « of G that defines a compact real form is called a Cartan involution.

Example 9.2. The complex multiplicative group G = G, ¢ has two non-isomorphic real forms:
a non-compact form G, g and a compact form U(1) which we introduced earlier. The first one

corresponds to the involution z + z, the second one corresponds to the involution z + 2z~ 1.

The group SU,, is a compact form of SL,, ¢ defined by the Cartan involution A tA=l A
non-compact form is isomorphic to either SL,, g, or SU,, ,_, or, if n = 2m, to the group SL,, (9)

defined by the involutions A — A, or A — Ipm_ptAIp_ﬂlL_,p, or A — J,tAJ; !, where Ipn—p =

(Ig _ IS,T,) and J,, is the matrix of the standard symplectic form on R?™. The group SU,

consists of complex matrices with determinant 1 preserving the Hermitian form |21 |2+ - - - 4 |2,|% —
|2p+1]? = - —|2n|?. The group SL,,(H) consists of matrices of determinant 1 preserving a structure
on C?™ of a module of rank m over the algebra of quaternions H (by viewing (21, ..., 2o,,,) € C*™
as a vector (21 + Zm41Js - - - » 2m + 22mj) € H™).
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9.2 Polarized Hodge Structures

Let V be a finite-dimensional vector space over R. A Hodge structure on V' is a direct sum decom-
position

Vo= P vre 9.1)

p,qEZL

such that VP-4 = V4P, We say that the Hodge structure is of weight n if VP4 = 0 for p + q # n. .
A Hodeg structure of weight n defines a decreasing filtration
Ve=F'>F'>...5FP>{0}
where FP = @plzpvp’v% p=0,...,n. Itis called the Hodge filtration. It satisfies
Ve = FP @ Fr—p+l
and recovers the Hodge structure since
VP = FP N Fa.

A polarized Hodge structure consists of a Hodge structure on V' and a non-degenerate bilinear
form @) : V x V' — R satisfying the following properties

(i) the conjugation map V¢ — Vi maps induces an isomorphism VPP =2 |/ n—P:p;
(iii Qc(VPI,VPI)=0, p'#n—p;
(iv) ?79Qc(z,z) > 0 ifx € VPP g £0.
A rational (integral) polarized Hodge structure of weight n is defined by an additional choice

of a Q-vector space Lg (a lattice L of rank equal to dim V') such that V' = Lr = Lg ®gp R
(V= Lg = L ®R)and @ is obtained from a (Q-bilinear form (Z-bilinear form)

Qo:LogxLg—Q (Qz:LxL—7Z7) 9.2)
after tensoring with R.

One can define the category of rational polarized Hodge structures by taking for morphisms linear
maps defined over Q that preserve the Hodge filtrations and are compatible with the bilinear forms.
One also put Hodge structure on the tensor product V' ® W by setting

(V ® W)p7q — @ VT,S ® Wr/751'
r4r'=p,s+s'=q
and on the dual space by setting FP(VV) = (V/F~P)V = (F~P)L. In this way, the standard

pairing V ® VV — R, where R = R%" becomes a morphism of Hodge structures. In particular,
(VVyPd = y=pa,
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Example 9.3. Define the Hodge structure Z(m) of weight —2m on V' = R by setting V¢ =
V=™~ with the polarization form Q(z,y) = xy. It has an integral structure with respect to the
lattice Z in R. Let (V%) be a Hodge structure of weight n on a vector space V. Then, V(m) :=
(VP?)®Z(m) is isomorphic to the Hodge structure ("V?-7) of weight n—2m on V with V (m)P4 =
VP=m.a=m If (VP4) admits an integral structure defined by a lattice L in V, then (V9(m)) admits
an integral structure with L(m) = L ®z Z = L and Q' = Q. Note that, in particular,

V(m)o’o =ymm,

The bilinear form @ defines an isomorphism V4 — (V~PP)Y = (VV)P="=P = |V (p)Pq,
Thus, we may view the polarization () as a non-degenerate bilinear form of Hodge structures of

weights n
V xV = R(—n),

orasatensor g € (VY ® VV)(—n) of type (0,0).

Example 9.4. Let (V,J) be a complex structure on a real vector space V and Vg = V; @ V_; be
the eigensubspace decomposition with respect to .J. Putting V10 = V; V%~ defines a Hodge
structure on W of weight —1. If @) is a symplectic form on V' such that the complex structure is
polarizable with respect to F, then the Hodge structure becomes (Q-polarizable. The converse is
also true, a ()-polarizable Hodge structure of weight —1 defines a ()-polarizable Hodge structure

on V. Thus, the first homology space Hy (A4, R) of an abelian variety acquires a polarizable Hodge
structure of weight —1. The dual space H!' (A, R) acquires the dual Hodge structure of weight 1.

Example 9.5. Let X be any nonsingular complex algebraic variety of dimension n and hg €
H?(X,Z) be the cohomology class of an ample divisor on X. The cup product ¢ + ¢ U hg de-
fines a Q-linear map L : H*(X,Q) — H**?(X,Q) and, by the Hard Lefschetz Theorem, for
every positive k < n,

"% HA(X,Q) —» H™ (X, Q)

is an isomorphism. One defines the primitive cohomology by setting
H*(X, Q)prim = Ker(L"1: HY(X,Q) — H*27F),

The primitive cohomology H k(X , Q) prim admit a Hodge decomposition of weight &

Hk(Xa C)prim = @ HP(X),
p+q=k,p,q>0

which is polarizable with respect to the bilinear form

Q. n) = (—1)k(k_1)/2/)(h3kA¢An-

Note that in the case when X is a polarized abelian variety this agrees with the definition on the
Hodge structure on H!' (4, Q) = H'(A4, Q)prim. We have

2
hy e H2(A,Q) 2 Hy(A,Q) = /\Hi(4, Q)"
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and we can consider the integral in the above as the value of the corresponding symplectic form on
¥,n € H'(A, Q).

Let f : X — S be a smooth projective morphism of complex manifolds. Then, it defines a
variation of rational Hodge structures (H" (X, Q)prim, H"9(X,)). We refer for the details to any
exposition of the Hodge Theory on algebraic varieties (e.g. [171]).

Let M be a connected smooth complex manifold and V be a complex local coefficient system on
M, i.e. locally constant sheaf sheaf (in the usual topology) of finite-dimensional real vector spaces
on M. Suppose it is equipped with a decreasing filtration (F?) such that it defines a Hodge filtration
on each fiber V; of V.

Let YV :=V ® Oy be the associated locally free sheaf of Ojr-modules, where Q) is the sheaf of
holomorphic functions on M. We require that the sheaves FP generate locally free submodules F7
of V (or, in terms of vector bundles, holomorphic subbundles of the holomorphic vector bundle V).
Let

AV Vo,

be the flat connection defined by differentiation of local trivializations of V (it globalizes because
the transition matrices have constant entries). We require that the following fransversality condition
is satisfied

A(FP) C PP Q).

In the case when M is simply connected, V' can be globally trivialized, and we can restate this
condition in a simpler way. We consider the map

o:M—=G(fp,V), z— FE

to the Grassmannian of subspaces of V' of dimension equal to dim F% (which does not depend on
s € M). The map is holomorphic and the image of the differential map of the tangent spaces of
complex manifolds

s = Ty, — nglfp’v), #» = Hom(FZ, V/F2),

Following P. Deligne [37], one can reformulate the definition of a Hodge structure in the following
way. Let
S = Resc/r(Gm,c)

be the algebraic group over R obtained by Weil’s restriction of scalars. It represents the functor
K — (C®gr K)*. Itis easy to see that

S = Spec R[X, Y, T]/(X? + YT —1).
For any algebra K over R, we have a natural bijection
S(K) ={(%§) :a® +b* # 0} C GLy(K).
In particular, we have a natural isomorphisms of groups

S(R) - C*, (%§) — a+bi
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and
S(C) — (C*)?, (%8) — (a+bi,a— bi).

Under these isomorphism S(R) embeds in S(C) via z — (2, z). Also there is an isomorphism of
complex algebraic groups
Sc =+ S®@r C = G}, ¢ = Spec(C[Z, Z,T/(ZZT - 1)).

The last isomorphism is of course defined by Z = X +iY,Z = X — iY. The group G,, g(C)
embeds in S(C) diagonally z — (z, 2). Let

U(1) = Spec R[U,V]/(U?+V?—1)
be the real algebraic group with U(1)(R) 2 U(1) = {z € C: |z|] = 1} and U(C) = C*. Itis
obviously a subgroup of S isomorphic to the kernel of the norm homomorphism

Nm:S = Gpr, (9%2)—a®+b°
Also it is isomorphic to the quotient S/G,,, g via the homomorphism (21, z2) — 21/Z2.

Let p : S — GL(V) be a homomorphism of real algebraic groups (a faithful real linear repre-
sentation). It defines a complex linear representation pc : S(C) — GL(V¢). Restricting it to the
subgroup S(R), we obtain an eigensubspace decomposition

Ve =aVPi VPI={veV:pc(z,22) v=2"z v} (9.3)

Obviously, VP4 = V%P so V" := @4 4—,,VP? is a Hodge structure on V™ of weight n. Any
z € S(R) acts on VP4 by multiplication v — 27PZ79. In particular, any element in G, r(R) C
S(R) acts by scalar multiplication v — A~(®*+94_ and hence belongs to the center of GL(V'). So,
the action of G,, g decomposes V' into the direct sum of eigensubspaces V" with eigencharacter
A — A™" each of which is equipped with a Hodge structure of weight n.

Let i = v/—1 be considered as an element of S(R) and let C' = p(i). It is clear that C acts as 1777
on HP and C? acts on V™ as the multiplication by (—1)". To get a polarized Hodge structure on
V™ we require that the exists a bilinear form @) : V' x V' — R such that

Q(C(x),C(y)) = Q(x,y); (9.4)
this implies that

Qz,y) = (-1)"Qy,z) if z,y e V", and Q(C(x),z) >0 if z # 0. 9.5)

It is immediately checked that all properties of a polarized Hodge structure are satisfied. Con-
versely, a polarized Hodge structure on V' defines a representation p : S — GL(V) as above.

Definition 9.1. Let (V,p : S — GLgr(V), Lg) be a rational Hodge structure (of weight n). Let
Mg be a Q-vector subspace of Lg and W = Mg ®q R the corresponding real vector subspace of
V. Let p : S — GLg(W) be the homomorphism of real algebraic groups that corresponds to the
restriction of p to WW. We say that (W, p’ : S — GLg(W), Mg) is a rational Hodge substructure
of (V, Lg) (of weight n) if W is S-invariant. If this is the case, then (W, p' : S — GLr(W), Mg)
becomes a rational Hodge structure of (V, Lg) (of weight n) with

WP = VPa O W,
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Remark 9.6. Let (V, p, Lg) be a rational Hodge structure of weight n with a polarization ). Let
(W, p, Mg) be its rational Hodge substructure. Then, the restriction of @

Q,:Q\WXW W xW =R, $,y'_>Q($,y)

is a polarization on (W, Mg). Indeed, all the properties of polarizations are obviously hold for Q7
except the non-degeneracy. In order to check the non-degeneracy of @', notice that W is C' = p(i)-
invariant and if we put C" = p/(i) € Autg(W), then

C'(x)=C(z)Vr e W

and therefore
Q'(C'z),z) = Q(C(x),z) >0Vxr € W.

This implies that Q" is nondegenerate and therefore is a polarization on (W, Mg). Clearly, the
restriction of )’ to Lg x Lg) is a nondegenerare Q-bilinear form with values in Q.

Let W be the orthogonal complement of W in V with respect to Q. The S-semi-invariance of
Q implies that W= is S-invariant. We write p'* : S — GLg (W) for the corresponding homo-
morphism of real algebraic groups. The nondegeneracy of @) and its restriction Q' to W imply
that V' = W @ W; in addition, the restriction Q'+ of Q to Mé is nondegenerate. Similarly, if
we write M@ for the orthogonal complement of Mg in Lg then Lg = Mg & M, L+ in addition,
Wt = M@ ®g R. Thus, (W, o'+, M@) becomes a rational Hodge structure of weight n with
polarization Q.

In other words, the polarized rational Hodge structure (V, p, Lo, Q) is a direct sum of polarized
rational Hodge structures (W, o', Mg, Q') and (W, p'*, M@, Q).

9.3 The Mumford-Tate Group

Let (V,p:S — GLg(V), Lg) be a rational Hodge structure. Its Mumford-Tate group MT(Lq, p) is
defined to be the smallest algebraic subgroup G of GL(Lq) defined over Q such that G(R) contains
p(S(R)). Similarly, the special Mumford-Tate group (also called the Hodge group) Hdg(Lq, p)
is defined to be the smallest algebraic subgroup H of GL(Lg) defined over Q such that H(U (1))
contains p(S(R)).

Remark 9.7. Clearly, both MT(Lq, p) and Hdg(Lq, p) are connected linear algebraic groups over
Q. A Q-vector subspace Mg of Lg is MT(Lg, p)-invariant if and only if it is Hdg(Lq, p) -invariant,
which means that W = Mg ®R gives rise to a rational Hodge substructure of V" as in Definition 9.1.
Both groups are reductive if the Hodge structure is polarizable. Indeed, the reductiveness means that
each invariant subspace admits an invariant complement, whose existence is guaranteed, in light of
Remark 9.6.

Let GG be a reductive algebraic group over Q and (ID: Change the letter?)

h:S—)GR
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be an injective homomorphism. For any faithful linear representation o : G — GL(V') of G in
a Q-vector space V, the composition p = o o h : S — GL(VR) defines a Hodge structure on V.
Suppose V' admits a polarization ) which is invariant with respect to the representation o. Let
6 = h(i) € G so that @) satisfies the symmetry and positivity conditions with respect to C' = ().
Suppose G acts on V' via o leaving @) invariant. Then, h(i) € G(R) is an element, whose square is
mapped via o to —idy. It follows that h(i)? belongs to the center of G(R) and even to the center
of G(C). It is known that the conjugation automorphism Ad(h(i)) of G¢ is a Cartan involution if
and only if there exists a (equivalently, any) faithful linear representation o : G(R) — GL(V') that
preserves a bilinear form () which is symmetric and positive with respect to C' = o(h(i)). Also the
condition that G leaves the polarization on V invariant implies that G is a reductive group (see [37],
Proposition 1.1.14).

Let D be a connected component of the conjugacy class of a homomorphism Ay : S — Gg of
algebraic groups over R. We say that the pair (G, D) is a Shimura data if the following properties
hold:

(S1) For any h € D, h(G,, r) belongs to the center Z of G¢ and the induced action of U(1) on
Lie(G%)¢ is via the characters z, 1, Z;

(S2) Ad(h(i)) is a Cartan involution # on G¥ := G¢/Z;

(S3) G2 has no Q-factors on which the projection of h is trivial.

Let o : Gg — GL(V) be a faithful linear representation of G as above. For any h € X, consider
the composition p, = coh : S — GL(V). It follows from the condition (S1) that the grading
V = @®pez V" defined by the action of G,, g on V' does not depend on h. The condition (52)
implies that G is a reductive algebraic group and that the stabilizer subgroup K of hg is a maximal
compact subgroup K of G(R). The image h(U(1)) of (S/G,,, r(R) is a subgroup of K. Let D be a
connected component of X = G(R)/Kj. For any point x € D, the group U (1) acts on the tangent
space T'D, and defines a complex structure. In this way, D becomes equipped with a structure of a
hermitian symmetric space. Condition (S3) implies that D is of non-compact type.

Fix a representation p : Gg — GL(V') and assume that it is defined over Q and preserves a bilinear
for @ on V. So we obtain a variation of Hodge structures on V parameterized by X = G(R)/Kj.

Example 9.8. Let (V,.J) be a complex structure on a real vector space V and Ve = V; @ V_; be
the eigensubspace decomposition with respect to .J. Putting V10 = V; V%1 defines a Hodge
structure on W of weight —1. If @) is a symplectic form on V such that the complex structure is
polarizable with respect to ), then the Hodge structure becomes (J-polarizable. The converse is
also true, a (Q-polarizable Hodge structure of weight —1 defines a (Q-polarizable Hodge structure on
V. Thus, the homology space H; (A, R) of an abelian variety acquires a polarizable Hodge structure
of weight —1.

Let G = CSp(V; Q) = CSp(2n) be the reductive group over Q whose set of K -points is equal
to the set of linear maps f : V' — V such that Q(f(x), f(y)) = AQ(x,y) for some A € K*.
Its center is isomorphic to G,,, and the quotient G2 is a simple algebraic group Sp(V; Q) of Q-
isometries of V. Let h : S — G be defined by sending a + bi € S(R) to als, + bJ. Then, the
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stabilizer of A(S) in G*(R) consists of matrices X = (& B) € Sp(2n, R) such that X "' JX = J.
The fact that X € Sp(2n,R) means that A = D and B = —C'". The second condition means that
tBA—'AB =0and*AA+!'BB = I,,. The map X — (_AB 2) — A+1iB defines an isomorphism
from the stabilizer subgroup to the unitary group U(n) of complex matrices Z such that {ZZ = I,,.
Thus

D = 9, = U(n)\Sp(2n,R).

The )-polarized Hodge structures on V' of weight —1 correspond to the natural representation of
G in V. This means that z € S(R) acts on V19 by 2+ zz and on V! by 2 +— Zz. This implies
that it acts on the real vector spaceV by v +— zv.

We may also consider other linear representations of Gz, for example /\k V preserving the bilinear
form /\k Q. They define polarized Hodge structures on /\k V of weight —k. We could also consider
the dual representation V'V and the dual symplectic form Q! (where @ is considered as an invert-
ible linear map V' — V). The Hodge structure on V'V is of weight 1. We can view it as a Hodge
structure on cohomology H!( A, R) of an abelian variety C9/A, where Q(A x A) C Z. The Hodge
structure on the exterior product /\k V'V is the Hodge structure on the cohomology H*(A,R). Its
Hodge decomposition is @é‘;OH k=ii where

2
RE=i — Qi FR 0 — <9>
i)

One can also introduce other objects of the category of Hodge structures. For example, suppose
g = 2k + 1 > 1is odd. The polarization class h € H?(A, R) defined by @ belongs to the piece
HUY1(A) of the Hodge structure. Consider the linear map

®: HY (A R) - H*AR), z— = AR,

The quotient Hodge structure H2*+1( A, R)/Im(®) is of weight g and has the Hodge decomposition

as in (9.3) with
2 e
hgf’i,i — (f) if ¢ 7& 1?g - 1;
g?> — g otherwise.

We do not know whether there exists an algebraic variety whose Hodge structure on cohomology is
naturally isomorphic to this Hodge structure.

Let D be a connected component of X = G(R)/K regarded as a symmetric domain. The con-
nected component of the group of holomorphic automorphisms of D is isomorphic to a connected
component G(R)™ of the identity of G(R). A subgroup I' of G(Q) (a reductive algebraic group
over Q) is called a congruence subgroup if there exists a linear faithful representation G — GL,,
over (Q such that the image of I" contains a subgroup of finite index

I'N)=GQ) N{geGL,(Z):9g=1, mod N}.

A subgroup of G(Q) is called arithmetic if it is commensurable with I'(1) (i.e. contains a subgroup
of finite index in both of them). It is known that any arithmetic subgroup I' acts discretely on D
and the quotient I'\D has a structure of a quasi-projective algebraic variety. A connected Shimura
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variety Sh’(G, D) is the inverse system of locally symmetric spaces I"'\D where I" runs the set of
torsion-free arithmetic subgroups of G*(Q) whose pre-image in G(Q) is a congruence subgroup.

Let Ay be the ring of finite adeles of Q, i.e. the subring of the product of the fields of p-adic
numbers QQ, where all components except finitely many belong to the ring of integer p-adic numbers
Z,. We use the p-adic topology on Q, in which a base of open subsets of 0 is formed by the
fractional ideals p”Z,, where v € Z. For example, any element x € Q,, contains an open compact
neighborhood of the form {y € Q,, : y—x € p"Z,}. This topology make Q,, a locally compact field.
One equips A s with a topology whose base of open sets consist of subsets of the form Hpe s Up X
Hpg g Zy, where S is a finite set of prime numbers and U, is an open subset of Q.. This topology,
called the adéle topology. It is stronger than the product topology on A ;. For an algebraic group G
over Q one defines G(A ) to be the subgroup of the product of groups G(Q,,) where all components
except finitely many belong to G(Z,). For example, when G = G, g, we obtain the group of
ideles A%. There is a canonical injection G(Q) — G(Ay) defined by the homomorphisms Q —
Qp. One can show that, for any compact subgroup K of G(Ay) the intersection G(Q) N K is
a congruence subgroup of G(Q) ( [117], Proposition 4.1). It follows that the induced topology
on G(Q) is a topology defined by a basis of open subsets equal to congruence subgroups. The
Strong Approximation Theorem asserts that G(Q) is dense in G(Ay) if G is a semi-simple simply-
connected with G(IR) of non-compact type.

The adélic definition of the Shimura variety is based on an isomorphism
I\D = G(Q)\D x G(A)/K,

where K is a compact open subgroup of G(A ) such that K N G(Q) =T, acting on G(Af) on the
right and G(Q) acts on the product D x G(A ) diagonally on the left so that

q-(z,a) k= (qx,qak), q€G(Q),r€D,acG(Ay),keK.

In this way Sh°(G, D) becomes the inductive limit of G(Q)\D x G(A¢)/K, where K runs the set
of open compact subgroups of G(Q).

Let B be a semi-simple Q-algebra with positive anti-involution b +— b" and let (V, Q) be a sym-
plectic space that is a faithful (B,”)-module. This means that the B-module V is faithful and

Q(bx,y) = Qz,b'y) Vb € B;a,y € V.

Then, one considers a reductive Q-subgroup G of CSp(V, Q) that acts on V' preserving the structure
of a (B, ;)-module. Then, there exists a homomorphism h : S — G(R) such that h(z) = h(z)" and
Q(h(i)z,y) is a positive symmetric bilinear form. The conjugacy class of such A defines a Shimura
data (G, X) that is mapped to the modular Shimura data (CSp(V, @), $4). When the algebra B is
simple and the involution is the identity on the center, one says tha Shimura variety is of PLE-type.

Let (G,D) be a Shimura data and » € X and (V,h) be a Hodge structure defined by h. The
Mumford-Tate group MT(h) is defined to be the smallest algebraic subgroup H of G defined over
Q such that Gg contains A(S). Let 0 : G — GL(V) be a faithful linear representation defined
over Q. We denote the image of p = o o h of MT(h) in GL(V') by MT(c, h) (or MT(V, h) if no
confusion arises). It is called the Mumford-Tate group of the Hodge structure on V defined by p. It
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follows from the definition that the group MT(D, h) is the connected reductive group over Q equal
to the Q-closure of h(S) in G¢.

One can also define the Hodge group or special Mumford-Tate group by considering the restriction
map k' : U(1) — G and setting Hg(h) to be the smallest algebraic subgroup H over Q of G such
that Hg contains #/(U(1)). The groups MT(D, h) and Hg(D, h) x Gy, g are isogenous algebraic
groups over Q. Similarly, one defines the subgroup Hg(V, h) of GL(V') which is contained in
SL(V).

For any nonnegative integers a and b, let T%? = V®% g V*®b be the tensor product space
equipped with the tensor product Hodge structure of weight a — b. A rational vector t € @;T%b
is of type (0, 0) if and only if it is invariant with respect to MT(V, h). In fact, if ¢ is of type (0, 0),
then h(S) leaves it invariant, hence the smallest algebraic subgroup that leaves it invariant must
contain MT(V, h). Conversely, if ¢ is invariant with respect to the Mumford-Tate group, then it is in
particular invariant with respect to h(S), hence it is of type (0, 0).

Since morphisms V' — V preserving the Hodge structure correspond to tensors in V' ® V'V of
type (0,0), we obtain another equivalent definition of the Mumford-Tate group MT(V, h), it is the
smallest algebraic Q-subgroup of GL(V) such that

End(V,h) = End(V)MTV:h),

More generally, if T is a subspace of the tensor algebra T'(V) @ T'(V'") with the inherited Hodge
structure, then MT(V') acts in T and any Q-subspace W of T is a Hodge substructure if and only
if it is invariant under MT (V). In particular, if (V’,h’) is a Hodge substructure of (V,h), then
MT(V’, h’) coincides with the image of MT(V, h) in GL(V"). In particular, MT(V"’, h’) is isomor-
phic to a quotient of MT(V/, h).

In the case of the Hodge structure on cohomology of an algebraic variety X, we may consider
Cartesian product X ¢ so that, by Kiinneth formula, their cohomology are isomorphic to the direct
sums of tensor products H*' (X, Q)®- - -®@ H% (X, Q). The cocycles of type (p, p) can be viewed as
vectors of type (0,0) in the tensor product with Q[r] for some r, where Q[r] is the one-dimensional
space equipped with a Hodge structure of type (—r, —r). Such classes are called Hodge classes (by
Hodge’s Conjecture they must be algebraic classes). Thus, in this situation, the special Mumford-
Tate group is the smallest algebraic subgroup of GL(H* (X, Q) that leaves invariant Hodge classes.

Example 9.9. Let A be an abelian variety and V' = H; (A, Q) with the Hodge structure of weight
—1. The set of Hodge classes in End(V) = VY @ V is equal to the set Endg(A). Hence

Endg(4) = End(V)MTV),

Using the notion of the Mumford-Tate group one can characterize abelian varieties of CM-type by
the property that its Mumford-Tate group is commutative of the Hodge structure on its cohomology
H*(X,Q) is commutative. It is conjectured that any complex projective algebraic variety with
commutative Mumford-Tate group can be defined over a field of algebraic numbers [152]. Besides
abelian varieties (Shimura - Taniyama [155]), this conjecture is known to be true for K3 surfaces
[152].
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In the next section, we will characterize abelian varieties of CM-type by the property that its
Mumford-Tate group of is commutative A smooth projective algebraic variety is called of CM-type
if the Mumford-Tate group of the Hodge structure on its cohomology H*(X, Q) is commutative. It
is conjectured that such a variety can be defined over a field of algebraic numbers [152].

Example 9.10. Let A be an abelian variety with polarization skew-symmetric form Q). Let D =
Endg(A) and CSp,(V,Q) := CSp(V,Q)”. Since this group is a Q-group containing h(S), we
have

MT(A) C CSpp(V,Q). (9.6)

When A is an elliptic curve, we get Sp(2) = SL(2) and CSp(V,Q) = GLyg. If D = Q, then
MT(A) = GLyg. If D = Q(v/—d), then MT(A) is conjugate to a subgroup of GL» g with the
group of K -points equal to a subgroup of GL2(K) of matrices of the form ( _Zy Z) ,z,y € K. The
Hodge group Hdg(A) is defined by an additional condition that 22 4 dy? = 1.

Suppose A is a simple abelian surface. Then, we have the equality in (9.6). If D = Q, then
MT(A) = CSpyqo. If D = Q(V/d) is a real quadratic field, then MT(A) is a subgroup of
Resp /gGLz,p whose group of K-points is equal to {g € GL2(D ®q K) : det(g) € K*}. If
D is an indefinite quaternion algebra, then MT(A) is the group of unites of the opposite algebra
D, ie. MT(A)(K) = (D ®g K)*. Finally, if D is a CM-field, then MT(A) is a subgroup of
Resp gGm,p with MT(A)(K) = {z € (D ® K)* : 2z € K*}. Note that, when dim A > 4, the
group MT(A) could be a proper subgroup of CSp,(V, Q). For example, this happens in Mumford’s
example 11.1 of an abelian variety of dimension 4.

Example 9.11. Let X be a K3-surface that admits a non-symplectic automorphism ¢ of order m
that acts identically on Pic(X). All such K3 surfaces have been classified in [94] and [172]. It is
known that ¢(m) divides the rank of the transcendental lattice Tx. All possible values of m are
known. Assume that m = ¢(m). Then, m € {12,28,36,42,44,66} if Tx is unimodular and
m € {3,5,7,9,11,13,17,19, 25,27} otherwise. There is only one isomorphism class of such a
surface. Their lattices T'x are computed in [107].

The cyclotomic field Q((,») acts on (T'x ) and hence equips it with a structure of a one-dimensional
vector space over Q((,,). The proof of the previous proposition extends to this case and shows
that the Mumford-Tate group of the Hodge structure on (7'x )g induced by the Hodge structure on
H*(X,Q) is of CM-type.

Example 9.12. Let
XL a2l =0
be the Fermat curve of degree m > 2. For any pair (r,s) with 1 < r,s,7+s <m — 1, let
n=m/g.c.d.(m,r,s).

Let (a) denote the unique representative of @ mod m between 0 and m — 1 and let H, s be the
subset of (Z/nZ)* of elements h such that

(rs), (hr) <m —1.

It is easy to see that H, s coincides with the set of representatives of the subgroup {£1} of (Z/nZ)*.
Let us fix the standard isomorphism

¢ : (Z/nZ)* — Gal(Q((n)/Q), h — op: Cu — ¢
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Define a lattice A, s in C?(™)/2 1o be the span of the vectors
ah(wl, R ,w¢(n)), h e Hr,s,

where (w1, ..., wy(n)) is a basis of the ring of integers Z[(,]. Since Hys = hH .y (s for any
h € H, s, we obtain A, s = Ay (ns)- We say that the two pairs (7, s) and (1, s') related in this
way are equivalent. Let A, ¢ = Ccom/2 /A, 5. There is an isogeny

IT 45 = 31X, 9.7)
{rs}

where the product is taken over equivalence classes of pairs (r, s) as above [93]. Note that each
variety A, ; is of dimension ¢(n)/2 and has multiplication by Q((,, ), hence it is of CM-type. This
implies that J(C') is of CM-type.

For example, take m = p to be prime. Then, n = p, we have p — 2 equivalence classes of pairs
(r,s) and obtain that J(C') is isogenous to the product of p — 2 copies of an abelian variety of

dimension %(p — 1) with complex multiplication by (.

Note that not all factors J,. ; are simple abelian varieties, also some of the factors could be isomor-
phic. This is investigated in [93].

Example 9.13 (T. Katsura, T. Shioda [87]). Let X, denote the Fermat hypersurface of degree m
and dimension r:

We will show that it is of CM-type. The assertion is true for » = 1, since we already know that the
Jacobian variety of the Fermat curve is of CM-type. Let us consider the following rational map

XTI x XS oy XIS,

defined by
([$0> s 7m7‘+1]a [y()v s 7ys+1]) = [Z07 SRR ZT+S+1]7

where
Zi = TiYs+1, 1= 0, Y Zr4+14j = €2mLr4+1Y5, ] = O, ey Sy

and €2, = €™/™_ 1t is clear that the map is dominant and its set Z;° of indeterminacy points
consists of the product V (x,11) x V(ys41) = X2t x X5~1. After we blow up Zy;°, we obtain a
morphism f : V;;,® — X5 Let Yy (resp. Yoo) be the proper inverse transform of X" x V (ysy1) =
X ox X571 (resp. V(zrg1) X X3, =2 X7~ x X2). The restriction morphism

FU =Y\ (YoUYs) = X0Fs\ Xr-ty X371
is a finite morphism. It is an étale map outside of the pre-image of the divisor B = V (z{'+- - -42").

The group (i, of mth roots of unity acts on X, x X2 by multiplying the last coordinate in each
factor by a root from ,,. The locus of fixed points is the subvariety Zy;". The extended action
of fi,, to the blow-up Y,;;* has the locus of fixed points equal to the smooth exceptional divisor of
the blow-up. This implies that the quotient )N(Z;:rs = Zp” /pm is a nonsingular variety. The map
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f:zm— Xt factors as the composition of the quotient morphism p : Z;" — X7+ and the
blow-up ¢ : X7+ 5 X7 of f(Yp U Yao) = X251 U X7 L in X7,

Zrks i, g Prox X5t u Xt x Pt

| L |

Xrolx Xsrle o X7 o x5, o xrb o DXL XL

For example, take m = 3,7 = s = 1, so that we have a map E' X E --» X of the self-product
of the Fermat plane cubic onto the Fermat cubic surface X3. The open subset Uy;" is equal to the
complement of three fibers E, E2, E3 and E}, EY, EY of each projection E x E — E. The set Z; 1
is the union of 9 intersection points p;; = E; N E;. The curves £, E; are blown down to 6 points
¢, q, on X, g lying on two lines £ : zp = z; = 0 and ¢’ : zo = z3 = 0. The images of the exceptional
curves I?;; over p;; are the 9 lines on the cubic surface that join a point on one line to a point on
another one. The rational map E x E is given by the linear subsystem | > E; + > E! — > p;;| of
curves in the complete linear system | > E; + > El’ | that pass through the points p;;. The inverse
transform of this linear system on the blow-up Y ! is the complete linear 3-dimensional system
\D[ with D? = 9. It defines a morphism of degree 3 onto the cubic surface X2. The morphism
f Y1 e X3 factors through a finite Galois map Y — X3 of degree 3 and the blow-up
X2 2 — X2 of the six points g;, /. The branch divisor of the first map is the disjoint union of nine
smooth rational curves 2;; with self-intersection equal to —3. They are the proper inverse transform
of the 9 lines (g;, q]> on the cubic surface X3 to the blow-up X2 5.

Note that one can show that the existence of 9 lines and 6 points on a cubic surface forming a
configuration (63, 92) characterizes the Fermat cubic surface.

Applying inductively the construction, we obtain a rational map
(X)) - X5,
of the self-product of the Fermat plane curve X}, to the Fermat hypersurface X7,.

We have already observed that the Mumford-Tate group of a Hodge substructure is isomorphic to
a quotient of the Mumford-Tate group of the Hodge structure. The following lemmas (see [140],
Lemma 7.1.4, Lemma 7.1.5) allow us to conclude that the Fermat hypersurface X, is of CM-type.

Lemma 9.14. Let (V, h) and (V' h') be nonzero rational polarized Hodge structures. Then, MT(V ®q
V' h ® h') is commutative if and only MT(V, h) and MT(V' h") are commutative.

Lemma 9.15. Let Y be the blow-up of a smooth variety X along a smooth subvariety Z of codimen-
sion 2. Then, the Mumford-Tate group of H* (Y, Q) is commutative if and only if the Mumford-Tate
groups of H*(X, Q) and of H*2(Z,Q) are commutative.

From the previous example we know that all Fermat curves J(X!) are of CM-type (see [93]).
Applying this to Katsura-Shioda construction, we obtain that a Fermat hypersurface X has com-
mutative Mumford-Tate group of H"(X, Q) (and hence for all other cohomology since it is a
hypersurface).
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Remark 9.16. A generalization of a Fermat hypersurface is a Delsarte hypersurface defined to be a
hypersurface in P"! given by a homogeneous polynomial of degree m equal to the sum of 7 + 2
monomials 2,7 - - - :cfff,ff ',j =0,...,r + 1, such that the matrix A = (a;;) is nondegenerate and
all its rows add up to m. One also assumes that each columns contains at least one zero entry. An

example of a Delsarte surface is a surface
m—1 m—1 m—1 m __
Tox| ~ +mTy +xT,  +x3 =0.

Let A* be the adjugate matrix of the matrix A, i.e. AA* = det(A)I, 2. Let 0 be the greatest
common divisor of the entries aj; of A*, and d = det(A)/d so that B = dA~™! = §71A* is an
integral matrix. One constructs a dominant rational map from the Fermat hypersurface X to a
Delsarte hypersurface of degree d defined by the formulas

r+1 r+1

bo; bri1;
(xo,..-,xr-H) — (Hy]()]?aHy] +1J)7
=0 =0

where B = (b;;).

One can use this to prove that Delsarte hypersurfaces are of CM-type. Finally note that one can
also consider a weighted homogenous version of a Delsarte hypersurface by giving the weights to
the unknowns z;. They are finitely covered covered by Delsarte polynomials. One uses this method
in [107] to prove that some K3 surfaces are of CM-type.

Remark 9.17. One can generalize the constriction from Example 9.13 as follows. Let F'(zg, ..., x;,)
be a weighted homogeneous polynomial of degree d with weights qo, . . ., ¢, and G(yo, - . .,ys) be
a weighted homogeneous polynomial of degree m with weightes ¢, . . ., ¢,. Consider the hypersur-

faces X = V(F+a%,),Y = V(G+yl ) and Z = V(F(20,...,2) +G(2r41, - - -, Zr4s)) inthe
weighted projective spaces P(qo, - .., ¢r, 1), P(qp, .-, ¢, 1) and P(qo, - -, Gry Qyrs- - Qpsi1)s
respectively. Then, the rational map

XxY --»Z,

given by the same formula as in Example 9.13 is a dominant map of finite degree defined over the
complement of V' (x,1 1) x V (ys1. In particular, any smooth surface of degree m in P? defined by
an equation f(z,y) + g(z,w) = 0 can be finitely rationally covered by the product of two smooth
plane curves of degree m.

Example 9.18 ([176]). Let X be an algebraic K3 surface. Let Hdg(X') and MT(X) be the Hodge
group and the Mumford-Tate group of the rational Hodge structure on H?(X, Q). It fixes algebraic
cycles and preserves the intersection form on the lattice of transcendental cycles T'x, hence

Hdg(X) C SO(TX,Q).

Let C be the Weil operator on Tx g, it acts as —1 on {(z,7) € H*°(X) & H>*(X)} and as 1 on
HY'(X) N Txg. Thus, the form (z,y) — (z,Cy) is a positive definite symmetric form on T g.
This defines a polarized rational Hodge structure on T'x . This implies that MT(.X) and Hdg(X)
are reductive algebraic groups over Q. Consider V' = T’y g as a linear Q-representation of Hdg(.X).
Then, it is an irreducible representation (it is true for any surface with p, = 1) ( [176], Theorem
1.4.1). Let

Ex = Endygex)(V)-
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Since V is a simple Hdg(X )-module, Ex is a division algebra. In fact, it is a commutative field,
a totally real field or an imaginary quadratic extension of a totally real field Fjy. To show that it
is commutative one considers a natural non-trivial homomorphism Ex — End(H?°(X)). Since
it sends 1 to 1, it an injective homomorphism, hence Ex is commutative. The assertion about the
structure of the field Ex follows from the existence of a positive anti-involution z — 2’ on Ex
defined by the taking the adjoint operator with respect to the bilinar form (x,y) = (z,Cy)x.

For any z,y € Ex, consider the linear function Fx — Q defined by e — (ex,y)x. Since the
bilinear form (a,b) — trg, /g(ab) is non-degenerate, there exists a,, € Ex such that (ex,y) =
trg, /o(€ay y). Define a bilinear form by setting

O:VxV = Ex, (z,y) gy

Since (ex,y)x = (z,€'y)x = (€'y, x)x, we obtain that ®(z,y) = ®(y,x)’. Also, it is easy to see
that ®(ex,y) = e®(x,y). In particular, if Ex is a totally real field (resp. a CM-field), then @ is a
symmetric (resp. Hermitian) bilinear form on the Ex-vector space V. Since Hdg y commutes with
E and preserves the intersection form on X, we see that Hdg - preserves ®.

The main result of [176] is the following.
Hng = SO(TX,Q, (I)),
if Ex is a totally real field, and
Hng = U(TX@, (P),
2 _
otherwise. In the former (resp. the latter case) the dimension of the Hodge group is equal to #
(resp. &, where ty = rankTx = 22 — p(X).

For example, when Ex = Q, Hdgy = SO(Tx g).

9.4 Abelian Varieties of CM-Type

We have already discussed elliptic curves with complex multiplication. In this section, as promised,
we extend it to higher dimension.

Let us start with an example. Suppose A admits an automorphism g of order m. Let ®,,(x) be
the cyclotomic polynomial, a minimal polynomial of the cyclotomic field Q((,,). Then,

Q) = Qlz]/(®m(z)) — Endg(4), x> g.

The Galois group of Q((,)/Q is isomorphic to the group of invertible elements in the ring Z/mZ
and its order is equal to the value ¢(m) of the Euler function. Let m = p be an odd prime,
the field Q((,) is a cyclic extension of Q. It is a quadratic extension of a totally real subfield
Q(n),n = Cpr + Cp-x, by a complex number (x. If p = 2 and k > 2, then Q((,r) = Q(n, v—-1)
and the Galois group is the direct product of two cyclic groups of orders 2¥~2 and 2.

A cyclotomic field is an example of a CM-field, an imaginary quadratic extension K of a totally
real field K. This means that K = Ko(a), where p(a?) < 0 for all embeddings p : K <
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C. Equivalently, a CM-field K can be characterized by the property that there exists a non-trivial
automorphism ¢ of K (called the conjugation) that commutes with any embedding p : K — C. The
Galois closure of a CM-field in any larger field is known to be a CM-field.

Recall that in Chapter 3 we have defined an abelian variety of C'M -type by the property
[Endg(A) : Qlred = 2dim A.

Suppose A is a simple abelian variety of CM-type. Then, R = Endg(A) is a division algebra
and its center is of degree e over Q, hence [R : Q]ed = en = 2dim A for some n. We use the
classification of possible types of R from Section 2.5. If R is of type II or III, then 2e must divide
dim A, and this obviously impossible in our case. If R is of type I, then R is a totally real field with
elg. Since n = 1 in this is again impossible. This leaves us with type IV, and its definition shows
that R is a CM-field with K to be a totally real field of degree eg = dim A over Q.

One defines a CM-algebra to be a finite product of CM-fields. A not necessary simple, abelian
variety A is of CM-type if it is isogenous to a product of simple abelian varieties of CM-type, hence
Endg(A) contains a CM-algebra of dimension 2 dim A, but necessary coincides with it.

We say that a simple abelian variety has a complex multiplication if its endomorphism ring Endg(A)
is of the fourth type, i.e the Rosati involution acts non-trivially on the center of K. In this case
e = 2¢q and egd?|g. If, additionally, ey = g, then A is of CM-type. Obviously, abelian varieties
of CM-type admit real multiplication by a field of degree g. In particular, in the case g = 2, their
isomorphism classes are points in the Humbert surface.

Example 9.19. Suppose a simple abelian variety A admits an automorphism of prime order p > 2.
Then, ey < g, hence the degree %(p — 1) of the real subfield of Q((,) is less than or equal to g,
hence p < 2g + 1. For example, a simple abelian surface does not have automorphisms of prime
order > 5. An example of an abelian variety of dimension g admitting an automorphism of order
p = 2g + 1 is the Jacobian of the hyperelliptic curve

Cp:y?=af — 1. 9.8)

The Jacobian of the curve C5 defines one of the 19 isomorphism classes of principally polarized
abelian surfaces of CM-type defined over Q (see [130], [173]). The corresponding CM-fields are

QY2+ v2), QY ~(5+2v5)), Q(/~(13+2VT3)), O/ (29 +2v/29))

Q=37+ 6v37)), Q(y/—(53 + 2v/53)), Q(y/—(61 + 6VBL), Q(1/—5(2 + v2)),

Q(y/—(5+v5)), Q(y/—13(5 + 2v/5)), Q(\/ —17(5 + 2v/5)), Q(/ —(13 + 3V13)),

Q(y/-5(13 + 2V13)).

The field Q(y/—(5 + 2+v/5)) is equal to Q(C5) and corresponds to the curve Cs. Note that the
Shioda-Inose K3 surface associated to this curve admits a non-symplectic automorphism of order 5.
The surface admits an elliptic fibration with two reducible fibers of types Fg and E; with Weierstrass
equation

=23 3r -7 =0
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[94]. Note that the rank of the Mordell-Weil group of this fibration is equal to 1 (and not 0 as was in
the case of Example 6.2). The surface can be also given by the following equation in the weighted
projective space P(5, 7, 8, 20)

2+ xy’ +2° +w? =0.
The group of order 5 acts by (x,y,z,w) — (x,y,(52z,w). The Picard lattice is isomorphic to

E$? @ (521) (see [10], [107]). Finally, note that the isomorphism class of the associated abelian
surface belongs to the Humbert surface Hum(5).

More generally, for any prime p and 0 < a < p, the Jacobian of the normalization of the curve

e—1

y?P =% (2P —1), (9.9)

is a simple abelian variety of dimension p®~!(p — 1)/2 with complex multiplication by Q((pe) [2].

Another series of examples of simple abelian varieties with automorphisms of prime (odd) order
p is provided by the following construction. Let K be a subfield of C, let n > 5 an integer, and
f(z) € Klx] a degree n irreducible polynomial over K, whose Galois group over K is either &,
or 2,,. Let J¢, be the jacobian of the normalization of the curve

Then, Jy, is a simple abelian variety, whose endomorphism ring is the pth cyclotomic ring Z[(,]
[179,182] and therefore its automorphism group is a cyclic group of order 2p. (The proof is based
on Theorem 2.21 applied to £ = p and JR= the n-element set of roots of f(z).) As for dim(Jy,p), it
equals (n — 1)(p — 1)/2if p does not divide n and (n — 2)(p — 1)/2 if it does.

Let R be a CM-algebra and ¢« : R — R be an automorphism that induces the conjugation on
each CM-field component. The set of Q-homomorphisms a CM-algebra R to C consists of pairs
(p,Lop). A choice of one element in each pair gives a set ® of homomorphisms and the pair (R, ®)
is called a CM-type of R. One can construct an abelian variety of CM-type as follows. Let (R, ®)
be a CM-type. Choose a lattice L in R, i.e. a free Z-submodule of R of rank equal to [R : Q]. Let
o={z € R:xz-L C L} Thisis an order in R. We have a natural pairing

Rx® — C, (r,p) — p(r).

It defines an isomorphism
1
Rp — C® >~ 20,

The image of L is a lattice A in C®, we set A = C®/A. Leto = {z € R: z-L C LK}. This is
an order in R, and 0 C End(A) so that R C Endg(A). To define a polarization we consider the
following bilinear form on R

E:RxR—Q, (v,y)— Trgglary),

where o € R* satisfies
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(ii) Im(p(c) > 0 forall p € ®.

One can always find such «. It follows from (i) that E is a skew-symmetric bilinear form. Also it
implies
E(x,y) = Trer(plaxy)) = pla)(zg — Ty),
pe®

hence,

E(iz,iy) = Y Trep(p(aiziy)) = E(z,y),
ped

and, using (i) and (ii),

E(ix,y) = Y  Tre/r(p(eizg)) = ip(a)(zg + Ty) > 0,
ped

Thus, F defines a polarization on A. Its type is equal to the discriminant of the bilinear form F
restricted to the lattice L.

Abelian varieties of CM-type do not vary in families. They are isolated points in .4, ,,. However,
less restrictive condition that the endomorphism algebra is of type IV, allows one to construct the
moduli space. We refer to [106], Chapter 9 for the general theory. Note that in this case the
Hermitian symmetric spaces of unitary type appear.

Proposition 9.20. An abelian variety A is of CM~type if and only if the Mumford-Tate group of the
Hodge structure on V.= H'(A, Q) is commutative (hence isomorphic to G¥, over C).

Proof. Suppose A is of CM-type. Let R be the C'M-algebra acting on V. Its center is a Q-
subalgebra K of dimension 2dim A = dim V/, so that V' is a vector space of dimension 1 over
K. The action of K ®g R on V' commutes with the complex structure, hence C is contained in the
centralizer of K ®g R in Endg (V') and hence coincides with it. This shows that the Mumford-Tate
group is a subgroup of the torus C* considered as an algebraic group Res /oG, i over Q.

Conversely, assume that MT (V') C GL(V) is a torus T". Let R be the subalgebra of Endg(V') of
endomorphisms that are endomorphisms of the MT(V')-module V. Since MT (V') contains C* =
S(R) that acts on V' by v — zv, z € C*, we see that R is isomorphic to a sublalgebra of Endg(A).
Since G = MT(V) is a diagonalizable commutative algebraic group, we have [R : Q|req = dimg V.
In fact, we have decomposition of V' into eigenspaces V' = @, cx(c)Vy. hence R = [], Endg(Vy).
This implies that the reduced degree of R over Q is equal to }_ dimg V) = dimg V. Thus,
Endg(A) contains a central algebra of reduced degree equal to dim A. This algebra is a CM-
algebra, and hence A is of CM-type. O
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Chapter 10

Endomorphisms of Jacobian Varieties

In this chapter, we will discuss the endomorphism algebra of the Jacobian variety of an algebraic
curve C of genus g > 1. In particular, we introduce some tools that help to decide whether C' is
general in the sense that End(J(C)) = Z.

10.1 Correspondences on a Smooth Projective Algebraic Curve

Let C' be a nonsingular projective curve of genus g > 1. We are interested in a question when
End(J(C)) # Z. Of course, easy examples are curves admitting a non-trivial group of automor-
phisms or admitting a degree d cover to a curve of lower genus ¢’ > 0. In the latter case, the Jacobia
variety is not simple. We also saw in the previous chapters many examples of curves of genus 2
with real or complex multiplication with simple Jacobian.

Let L be a line bundle on the product C' x C'. For any point z € C, let L(z) = i%(L) € Pic(C),
where i, : C' — C x C be the closed embedding map ¢ +— (x,c). We will prefer to switch from
line bundles. Extending this map by linearity, we obtain a homomorphism

ur, : J(C) = J(C),

where J(C) is identified, via the Abel-Jacobi map, with the group of divisor classes of degree 0 on
C. Let T be the subgroup of Pic(C' x C) generated by line bundles of the form pj (M), p5(M),
where p; : C x C — (' are the two projections. It is easy to see that u;, = 0 forany L € T.
Applying the Seesaw Theorem ( [41], Appendix), one shows that any L with u;, = 0 belongs to 7.

Thus, we obtain an injective homomorphism of abelian groups
u: Corr(C) :=NS(C x C)/T — End(J(C)), L~ uy.

An element of the group Corr(C) is called a correspondence on C.

Remark 10.1. One can interpret this homomorphism as follows. First, via the inclusion C' — J(C')
we identify H'(C, Z) with H*(J(C), Z). This is compatible with the Hodge structures on H!(C, C)
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and H!(J(C),C). Using the principal polarization, we can identify J(C) with the dual abelian
variety H%!(C, C)/H'(C, Z). The Kiineth Formula and the Poicaré Duality, give a homomorphism

H?(C x C,7Z) = H'(C,Z) ® H'(C,Z) = End(H,(C, Z))
Using the Hodge decomposition, we obtain a map
NS(C x C) = HYY(C)nH*(C x C,Z) — HYY(C) ® H*(C) = End(H*'(C)).

This defines a rational and algebraic representation of the endomorphism ¢, where ¢1(L) €
HYYC x C)NH2(C x C,7Z).

Let us use divisor classes on C' x C instead of line bundles, so, for example, we write up instead
of uy. Since the sum F; + F5 of two fibers of the projections C x C' — (' is an ample divisor on
the surface C x C, adding some multiple of it, we may assume that a correspondence is represented
by an effective divisor. Also, replacing some positive multiple D by a linearly equivalent divisor,
we may assume that a correspondence is represented by a divisor of the form %Z , where Z is an
irreducible curve. One may consider Z as a map C — C4) z s Z N {z} x C, where d; is the
degree of the projection p; : Z — C. Similarly, Z defines a map C' — C(42) z +— Z N C x {x},
where ds is the degree of the projection py : Z — C. The switch of the factors automorphism
C x C — C x Cis an involution D — D’ on Corr(C). Note that the numbers (d1, d2) can be
defined for any divisor class on C' x C, but are not well-defined for correspondences. However, the
following number

t(D) =dy +dy — (D, A), (10.1)

where A is the diagonal, is a well-defined linear function on Corr(C'). We have
t(D) = tr((up)y).

To prove this, we apply the Lefschetz fixed-point formula for correspondences (see [57], Example
16.1.15) that gives

(D,A) = w(up|H(C,Q)) + tr(up|H*(C, Q) — tr(up|H'(C,Q)).

It is easy to see that d; = tr(u}|HO(C,Q)),d2 = tr(u}|H?(C,Q)) and tr(u})|HY(C,Q)) =
tr(up[H'J(C), Q) = tr((up))y)-

One defines the inverse of the map u as follows. Recall that J(C') comes with a natural principal
polarization defined by the class in NS(J(C')) of a theta divisor O, the image of the symmetric
product C' =1 inJ (C) under the Abel-Jacobi map. As a divisor this image depends on a choice of
points (p1,...,pg—1) on C. One can always choose a theta divisor © to be symmetric, i.e. satisfy
[—1]3“(0) (©) = ©. Itis still not defined uniquely. One can show that there exists a divisor class ¥ of
degree g — 1 satisfying 2 = K¢ (a theta characteristic) such that

©+ 9 :={9+ D,D € J(C)} = {effective divisor classes on C' of degree g — 1}.

Fix a symmetric theta divisor © and embedding ¢. : C' < J(C') via the Abel-Jacobi map defined
by a choice of a point ¢ € C'. For any v € End(J(C)), consider the map

dy:CxC—=JC), (z,y)— ulte(x))—te(y),
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and define
B(u) =d;,(©) modT.

In other terms, let ©,, = {(a,b) € J(C) x J(C) : u(a) — b € ©}, then B(u) = (tc X tc)*(Oy). Itis
clear that choosing different ¢, replaces the image of C' x C'in J(C) x J(C) by a translate by some
point in the abelian variety J(C') x J(C'), hence replaces 3(u) by an algebraically equivalent divisor
onC x C.

We refer to [106, Chapter 11, §5], for the proof of the fact that /3 is the inverse of u making an
isomorphism
u : Corr(C) = End(J(C)). (10.2)

Note that 3 gives a natural section of NS(C' x C') — Corr(C'), we can call the corresponding divisor
class S(u) € NS(C x C) a canonical correspondence associated to . Fixing ¥ and a point ¢ € C,
we can even choose a representative of 5(u) in Div(C' x C). Note that

di(B(u)) = (C,0), da(B(u)) = (u(C),V).
It is known that (C,©) = ¢ [106, 11.2.2].

In fact, the isomorphism (10.2) is an isomorphism of rings, where the ring structure is defined by
the composition of correspondences

DOD" = (p13)+(pia(D) - P33),

where p;; : C'xCxC — CxC are the natural projections. One easily checks that the multiplication
law is well-defined on Corr(C'). The homomorphism u becomes an isomorphism of rings.

Next we define a symmetric bilinear form on Corr(C') by setting
O‘(D, D,) =d; ,2 + dlldg — (D, D,)

Obviously, the radical of the form contains the subgroup of divisors algebraically equivalent to zero.
It also contains the subgroup 7'. Thus, it defines a symmetric bilinear form on the group Corr(C').
The Castelnuovo inequality asserts that the corresponding quadratic form

o(D) :=0o(D,D) = 2dydy — (D, D) (10.3)
is positive definite. An exercise in [65, p. 368] sketches a proof.
Note that our trace function (10.1) can be expressed in terms of the symmetric form o
t(D) =o0(D,A).

Let D — D’ be the involution on Corr(C') defined by the switch of the factors of C' x C. Under
the isomorphism (10.2), it corresponds to the Rosati involution f +— f’ [106], 11.5.3. Considering
effective correspondences Dy, D9 as multi-valued maps C — C, one checks that

di(D10D45) = ni(D1)n2(D2), na(D10ODy) = na(D1)ni(D2), (D1, Da) = (D1$D5, A).
(cf. [57], Chapter 16, Examples 16.3.3 and 16.3.4). This implies that
O'(Dl, Dg) =N (D1<>D/2) + ’I’LQ(D1<>D/2) — (D1<>D/2, A) = tr(a(DloD’Q))
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Thus, the symmetric bilinear form o (D1, D2) coincides, under the isomorphism «, with the sym-
metric form tr(f¢’) on End(J(C)).

It is known that, under the isomorphism u, the symmetric form becomes the symmetric form
Tr(¢1') defined by the Rosati involution. Note that, taking D to be the diagonal A in C' x C, we
obtain that 0(D) = 2 — (2 — 2g) = 2g and #(A) = idy(), so the formulas agree.

Note, that, applying the adjunction formula, we have D? = 2p, (D) — 2 — (29 — 2)(d1 + d3), so
we may rewrite (10.3) in the form

o(D) = 2dida + (29 — 2)(d1 + d2) — 2pa(D) + 2. (10.4)

A correspondence D € Corr(C') such that up = [~v]y(c is called a correspondence with valence
v. In this case, it can be represented by a curve Z in C' x C with the class [C] in H?(C x C,7Z)
equal to

(di +v)[C x{z}] + (d2 + v)[{z} x C] = v[A]

So, End(J(C')) # Z if and only if C' admits a correspondence without valence. Many classical
enumerative problems are solved by constructing correspondence with valence and applying the
Brill-Noether formula that expresses the valence in terms of the number (D, A) of united points of
the correspondence.

(D,A) = dydy — 2vg,
where g is the genus of C' (see [41], Corollary 5.5.2).

A correspondence D is called symmetric if D' = D. Tt follows from above that the subgroup
Corr(C)*® of symmetric correspondences is isomorphic to the group of symmetric endomorphisms
of J(C), and hence to the Néron-Severi group NS(J(C')). Note that a canonical representative
D = B(u) of a symmetric endomorphism u must satisfy d; = da = g, hence (D, A) = 2g—t(D) =
2g —tr(uy).

An example of a symmetric correspondence with valence —1 on a curve of genus g is the Scorza
correspondence Ry with di = d2 = (g, g) defined by a choice of a non-effective theta characteristic
9 (see [41], 5.5). It is equal

Bo(idycy) = {(x,y) € C x C: v —y € Oy}.
Note that it does not depend on a choice of an embedding of C' in J(C').

Example 10.2. Let f : C' — C’ be a finite map of curves. It defines a correspondence

[(f) = Cxx C=A{(z,y): f(x) = f(y)}-

It follows from the definition that u(I'(f)) maps a divisor class d = >_ z; € Pic(C)° to the divisor
class 3 f*(f(z;)) € Pic’(C). Obviously, it is equal to f*(Nm(d)), where Nm : J(C) — J(C') is
the norm map and f* : J(C') — J(C") is the pull-back map. Since the norm map is surjective, we
obtain that the image of the endomorphism u = ¢(I'(f)) is equal to f*(J(C")). Thus, if g(C”") > 0,
the endomorphism u coincides with the norm map of the abelian subvariety f*(J(C”)) of J(C').
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Example 10.3. Let f : C — C be an automorphism of C' and D = I'y be its graph. Then,
di(D) = da(D) = 1and pa(D) = g. Applying (10.4), we get o(I'y) = 0(A) = 2—(2—2g) = 2g.
Letv = (I's, A) be the number of fixed points of f. Thus, o(I'y,A) =2 — (I'y, A) = 2 —v. Since
the quadratic form o is positive definite, we have

o(Tp)o(A) — ol AP =4g> —(2—-v) = (2g—2+1v)(29+2—v) >0,

unless I'y = mA in Corr(C). If g = 1, the inequality holds only if v = O or v = 4,ie. fisa
translation by a point or the quotient by (f) is PL. If g > 1, the latter happens only if v = 2g + 2.
Since the eigenvalues of f* : HY(C, C) — HY(C, C) are roots of unity, we have |tr(f*)| < 2g. The
Lefschetz fixed-point formula gives us that v = 2 — tr(f*) < 2 + 2¢ with the equality taking place
if and only if f* = —id. This happens only if f is an involution with quotient isomorphic to P!,
hence C is a hyperelliptic curve and f is its hyperelliptic involution.

Observe that the graph of an automorphism f is symmetric if and only if f = f~!,i.e. fisan
involution. Thus, if f is of order > 2, the corresponding automorphism of J(C') is not symmetric.
For example, it can never define a real multiplication of J(C).

Example 10.4 (I. Shimada [160]). Let f : C — C' be a finite cover of curves and let G be its
Galois group. The Galois theory of finite covers provides us with a finite map ¢ : X — C such that
the composition fo¢ : X — C’ is a Galois cover with the Galois group G and C' = X/ H for some
subgroup H of C'. We assume that H is not a normal subgroup, or, equivalently, the cover f is not
a Galois cover. Let g € G be such that H' = gHg~' # H. Then, the map g : X — X induces
an isomorphism oy : C' = X/H — X/H’, hence defines a map (¢, ) : X — C x C. Let S be
the correspondence defined by the image of this map. It consists of points (¢(x), ¢(g(x)),z € X.
The curve S is birationally isomorphic to X, it is isomorphic to X if no element of the double coset
HgH has a fixed point on X. We have d1(S) = da2(S) =d = [H : H' N H] and S is symmetric if
and only if g is an involution.

‘We have

(S, A) = Z thv

heH

where X"9 denotes the set of fixed points of hg. Thus

t(ug) =2d — (S,A)=2[H: H'nH| - Y X" (10.5)
heH

suppose us = [m]y(c) for some m € Z. Then, t(us) = 2gm, so we can construct a correspondence
without valence if the right-hand side of (10.5) is not a multiple of 2g. For example, suppose f is
an unramified cover, so that its Galois closure is unramified too. Then, H acts without fixed points.
Hence, if #H < 2g, we obtain 0 < t(ug) < 2g, so we get a non-trivial endomorphism.

In the case C’ = P!, Shimada gives another criterion when ug has no valence:the Galois group
acts 2-transitively on fibers of C' — C”.
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10.2 Hyperelliptic Jacobians

The aim of this section is to construct explicitly a plenty of hyperelliptic curves C' of genus g > 1,
whose jacobian J(C') has endomorphism ring End(J(C')) = Z. The idea is to look for curves
defined over a field K such that the Galois module J(C')[2] is very simple and apply Theorem 2.15.

Let K be a finitely generated subfield of C and f(z) € KJx| be a degree n = 2g + 1 monic
polynomial without repeated roots. We write 9 for the n-element set of roots of f(x) in K. We
have

f@)= ][] (@ - a) € Klz] C C[z].

aeiﬂf
We write K (%) for the subfield of K obtained by adjoining to K all elements of R - By definition,
K () is the splitting field of f(x), which is a finite Galois extension of K, and
Ry CK(%f) CKcC.

The Galois group Gal(f/K) of f(x) over K is the Galois group Gal(K (9iy)/K) of the field ex-
tension K (9:y)/K. Since f(x) has coefficients in K, the Galois group Gal(K (9Ry)/K permutes
elements of R ¢, which gives rise to the group embedding

Gal(f/K) = Gal(K (%/)/K) — Perm(R;) = &,

where Perm(93¢) is the group of all permutations of the n-element set 9 and &,, is the group of
permutations on n letters. We write Alt(93y) for the only index 2 subgroup of Perm(9y) = &,
which is isomorphic to the alternating group 2,,. We will apply constructions of Section, 2.3 to

n=29+1,R=NR;,G=Gal(f/K)

0
and the faithful G = Gal(f/K)-module (F?f ) of Fy-dimension n — 1 = 2g. Notice that the

action of Gal(K) on 2Ry factors through the natural surjection

Gal(K) — Gal(K(R;)/K) = Gal(f/K), (10.6)
0
which allows us to consider (]F?f ) as the Gal( K )-module.

Remark 10.5. In light of Remark 2.14(0), the surjectivity of (10.6) implies that (F?f )0 is very
simple as the Gal( f/K)-module if and only if it is very simple as the Gal(K )-module. In light of
Theorem 2.21(ii) to R = R; and G = Gal(f/K), the Gal(K)-module (F?f)o is very simple if
Gal(f/K) =, or 2,,. (Recall that g > 2 and therefore n = 2g +1 > 5.)

Let C be the irreducible smooth projective curve, that is, the smooth projective model of the
smooth plane affine curve B
Cr:y” = f(x).
It is a genus g curve that is defined over K, whose field of rational functions is the field of fractions
of the ring K[z,y]/(y*> — f(z)). Its set of complex points C;(C) is the union of C¢(C) and one
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point, denoted by co. It is defined over K, and it is the only pole of rational functions = and y.
More precisely, oo is a double pole of x and a pole of order 2g + 1 of y. The (29 + 1)-element set
of points

W, = (,0) € Cr(K) € C(K) € Cf(C), (a € Ry)

is the set of zeros of y; all of them are simple. In addition, each 2J,, is the only zero of the rational
function 2 — «, and this zero is double. Hence, the divisor of each rational function  — v on CY is
equal to 2(2,) — 2(c0), while the divisor of y is

(> (Wa)) = (29 +1)(00) = D (Wa) — (o0).

aESRf OszRf

This implies that the linear equivalence class of each divisor (20,,) — (c0) has order 2 in the Picard
group of Cy. In addition, the (2g + 2)-element set of all Weierstrass points of C'y consists of co and
all 27,,.

There is a hyperelliptic biregular involution ¢ : C'y — C' such that
U=z, y = —y;

in particular, the subfield of ¢-invariant rational functions on C coincides with C(x); the C-
subspace of ¢-antiinvariant rational functions on Cy coincides with y - C(x). On the other hand,
the set of fixed points of ¢ consists of oo, and all 2J,, i.e., coincides with the set of all Weierstrass
points of Cy. (See [128] for details.)

Lemma 10.6. Let D be a divisor on C with support in {20, € Ry}, ie.,

D= ma(W.,), allms €Z, Y my=0.
Oéemf OLEERf

Then, D is principal if and only if D is divisible by 2 in the group of divisors on C, i.e., all m,, € 2-7Z.

This lemma gives us the following description of the Galois module Pic®(C')[2] of points of order
(dividing) 2 on the Picard group of C that is actually contained in [128], see also [189, p. 103].

0
Claim 10.7. The Gal(K )-modules (F?f ) and J(C'y)[2] are canonically isomorphic.

Proof of Claim 10.7 modulo Lemma 10.6. Let us consider the Gal(K)-module Z%/ of Z-valued
functions on Ry and its submodule

(me)o = {0:%; > Z| Y da) =0}

aei)‘if

Clearly, (Z%1) ¥ is a free Z-module of rank n—1 = (2g+1)—1 = 2g and its quotient (Z"7) 0 /2 (Z%1) 0
is a vector space over [Py of dimension 2g. Let us consider the homomorphism of Gal( K )-modules

¥ - (me>0 IO
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that assigns to a function ¢~> : My — Z the linear equivalence class of the divisor

Y @) Wa) = Y b(a) (Wa) — (c0)).-

aei)%f aei)%f

By Lemma 10.6, the kernel of ¥ coincides with 2 - (me )0. Hence, ¥ induces the injective homo-
morphisms if Gal(K')-modules

U (me>0 /2 (Z”*f)o < J(CP)[2).

Since the source and the target of ¥ have the same Fo-dimension (namely, 2g), ¥ is an isomorphism
of Gal(K)-modules. To finish the proof, we need to produce an isomorphism of Gal (K )-modules

0
(me )0 /2 (Z%f )0 and (F;Rf ) , which is straightforward. Indeed, let us consider the homomor-
phism of Gal(K )-modules
- 5.\ 0 RN\ - ~
b (Z f) = (FQf) b3 d=dmod 2.
Clearly, the kernel of ® coincides with 2 - (me )O. Hence ® induces an injective homomorphism of

Gal(K)-modules
o (Z”“f)om <Z9“f)0 < (F?f)o.

Since the source and the target of ® have the same Fy-dimension (namely, 2¢), ® is an isomorphism
of Gal(K')-modules. This ends the proof of the claim. O

Proof of Lemma 10.6. Let
D= maw) 107)

aEfﬁf

be a degree O divisor on C'. In particular,

0=deg(D)= > ma.
aemf

Suppose that all the integers m,, are even, i.e., my = 2d,, for some integers d,, and

22%: Zmazo.

aei}{f aei)%f

This implies that

D=3 ma(@a)—0(0c) = [ D 2da(Wa) | — | D 2da | () =

OtEERf aeiﬁf aeiﬁf

D da (2(Wa) —2(0)) = Y dadiv(z —a) =div [ J] (z—a)®

Otemf OéE%f aei)%f
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is a principal divisor. Conversely, suppose that D is a principal divisor, i.e., there is a nonzero ration
function f € C(C) such that D = div(f). Since D is ¢-invariant, :*f = ¢ - f for some nonzero
c € C. Since ¢ is an involution,

F=) =00 )= f=c(f)=c-(c- /)=,
and therefore, ¢2 = 1, that is, either ¢ = 1 or ¢ = —1. Therefore, f is either ¢-invariant (i.e., lies in

C(x)) or is t-antiinvariant (i.e., lies in y - C(x)).

* Suppose that our nonzero f € C(z). This means that

f=n]]@@-p8)" neC, eck,
peC

where e3 = 0 for all but finitely many § € C. Since div(f) = D, all the poles and zeros of
fliein {20, | o € PRy}. It follows that eg = 0 for all 5 € 9R¢. This implies that

F=u]] @-are

aGmf

and therefore,

D =div(f) = Z eqdiv(iz —a) = Z ea (2(Wa) — 2(0)) =

Otef)}\f aeiﬂf

2 > eal@o) | -2 D ea | ().

aEfRf OzEfRf

In light of (10.7),

Z ea = 0, mq = 2e, € 2ZVa € Ry,
aeﬂ%f

and we are done.

* Now, suppose that our nonzero f € y - C(x), i.e,

f=y-h(z) where h(z) = p [[ (@ - B); neC*, ez €,
peC

where eg = 0 for all but finitely many 3 € C. Notice that y has a pole of odd order n = 2g+1
at co. On the other hand, each z — (3 has a pole of order 2 at oco. This implies that f has a
zero of pole (of odd order) at oo, which contradicts (10.7). This ends the proof.

O

0
Corollary 10.8. Ifthe Gal(f/K)-module (F?f ) is very simple, then End(J(Cy)) = Z. In partic-

ular, J(Cy) is a simple abelian variety.
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Proof. It follows from Claim 10.7 combined with Remark 10.5 that the Gal(K)-module J(C)[2]
is very simple. Now the desired result follows from Theorem 2.15 applied to X = J(C}) and
{=2. O]

Combining Corollary 10.8 with Remark 10.5, we obtain the following assertion:

Theorem 10.9. Suppose that g > 2 is an integer, K is a finitely generated subfield of C, and
f(z) € K[x] a monic polynomial of degree n = 2g + 1 without repeated roots. Suppose that
Gal(f/K) =Sy or Ay. Then, End(J(Cy)) = Z. In particular, J(Cy) is a simple abelian variety.

Remark 10.10. Theorem 10.9 remains valid even if we do not assume that K is finitely generated
and f(z) is monic.

10.3 Abelian Varieties with Non-trivial Automorphism Group

Let G be a finite group acting faithfully on an abelian variety A = V/A of dimension g. Then, G
acts linearly on the complex linear space V' leaving the lattice A invariant. Let Z[G] be the group
ring of G over Z. The action of G on A defines a structure of Z[G]-module on A and on its dual
lattice AV. After tensoring with C, the linear representation (A")c decomposes into the direct sum
of complex linear g-dimensional representations H'°(A, C) ® H%'(A, C) with characters y and ¥
such that x + y is defined over Q. IDIs x real?

Let Q[G] be the group algebra of G over Q. By Theorem of Maschke, Q[G] is a semi-simple
algebra. It contains a finite number of idempotents ey, . . ., e, from the center Z(G) of G such that
e =e;,1=e1+ - +e,and QG] 2 &"_,Q[G];, where Q[G]; = ¢;Q|[G] is a simple Q-lagebra.
Any direct factor Q[G]; is isomorphic to a matrix algebra M, (D) over some division algebra
D;. Every finite-dimensional Q-linear representation of GG splits into a direct sum of irreducible

representations, each defining an irreducible module over Q[G];.

In particular, Ag splits into the direct sum of irreducible representations of G. Let ey be the
central idempotent corresponding to an irreducible rational representation ¥ contained in Ag. Let
n be the smallest integer such that p(ney ) € End(A). Then, the image of ney is an abelian
subvariety Ay of J(C'). We have

Aw = Vv /Aw,

where Vi = py(ew) and Ay = Im(p,(ew)) N A. Here, the intersection is taken in Ag. If the
inclusion Ay — A is given by a matrix P, then the type of the polarization of Jyy is equal to
the type of the symplectic form defined by the matrix ! P.J P, where Jp is the symplectic matrix
defining a polarization on A.

An abelian variety A with a faithful G-action is called G-simple if it does not contain proper
G-invariant abelian subvarieties. Similar to the case when G = {1}, one constructs an isogeny

Ap XX Ay — A,

where A; are G-simple abelian varieties (see [106], 13.6). The varieties A; are called isotypical
components of A. Each isotypical component is G-isomorphic to a subvariety of Ay, for some W.
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For example, if G = {1, g} is of order 2, then A decomposes into a g-invariant and g-anti-invariant
parts corresponding to the idempotents %(1 + ¢g) and %(1 -9).

Let Ly be an ample line bundle on A that defines a polarization ¢r,, : A — A. The action of G on
VY and AV defines a faithful action on A. Viewing A as the Picard variety of A, the action is the
natural action L — ¢*(L). The homomorphism ¢, is a G-equivariant homomorphism if and only
if Ly admits a G-linearization, i.e. the Hermitian form H : V' x V — C defining L is G-invariant
with respect to the diagonal actionof Gon V' x V.

The action of GG on A defines a homomorphism
p: Q[G] — Endg(A).
It is injective on any simple direct summand Q[G];. In particular, End(A) # Z if G # {1}.

Example 10.11. Suppose C' is a nonsingular projective curve of genus ¢ > 1 and let G be a
subgroup of its group of automorphisms. Then, G acts faithfully on the Jacobian variety J(C)
preserving its principal polarization. Conversely, by the Torelli Theorem, if C' is hyperelliptic,
G acts faithfully on J(C') and preserves the natural principal polarization on the Jacobian variety,
then the action of G on J(C') arises from the action on C'. This follows from a variant of Torelli’s
Theorem [118, §12, Th. 12.1], which was proven by A. Weil [174]. If C is not hyperelliptic then
it is not necessarily true, because multiplication by —1 on J(C') respects the polarization but is not
induced by any automorphism of C.

Example 10.12. Assume G is a finite abelian group. First, we decompose G into the direct sum of
cyclic groups G; of orders m;. Then, Q[G] = [], Q[G;]. Assume G = (g) is cyclic of order m
generated by g. Then,
QIG] = [ Qlt)/(Ra(t)),
d|m

where ®,4(t) is an irreducible cyclotomic polynomial of degree ¢(d). Each direct factor is a cyclo-
tomic field of degree ¢(m) over Q. It is generated by the central idempotent f; = ¢4(g), where
Pa(t) € (Pa(t)) and 1 =3, &;(t). For example, if m = 3, we may take fi = 1(1-9)(2+9)
and f3 = 3(1+ g+ ¢%).

The group G acts on each summand @); = Q((y) considered as a linear space over Q of dimension
¢(d). This is an irreducible rational representation of G. Of course, considered as a complex
representation it splits into the direct sum of one-dimensional representations.

Let G be a finite irreducible subgroup of a finite-dimensional complex linear space V. This means
that the induced complex linear representation of GG in V is irreducible, which may be restated as
follows.

Let CG (respectively QG) be the C-vector subspace (respectively the (Q-vector subspace) of
Endc (V') generated by
G C Autc(V) C Endce(V).

Since G is a multiplicative subgroup of Endc(V), CG is a C-subalgebra (respectfully QG is a
QQ-algebra) of the C-algebra Endc (V). By definition,

QG c CG C End¢(V).
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Now the irreducibility of G implies that
CG = Endc(V)

(see, for instance, [149, Sect. 6.2]). On the other hand, the QQ-algebra QG is obviously isomorphic
to the quotient of the semi-simple group algebra Q[G] and therefore is also semi-simple.

Let us look at the center Zg of QG. The semi-simplicity of the Q-algebra QG implies that Zg
is either a number field or is isomorphic to a direct sum of number fields. Since CG = End¢(V)
consists of C-linear combinations of G C QG, we have the inclusion Zs C C - idy = C, because
the latter is the center of Endc (V). This implies that Z¢ has no zero divisors and therefore is a
(number) field. It follows that the semisimple Q-algebra QG is actually simple and therefore is
isomorphic to = M,.(D) for some division algebra D with center Z¢.

Let x¢,v be the character of the representation of G'in V. Then, Z¢ coincides with the subfield
Q(x@,v) C C generated by the values of the character. Let S, be the Schur index of x ¢, defined
to be the minimum of degrees [K : Q] of extension K/Q(xq,y) over which the representation is
defined. Equivalently, S v is the square root of the Zg-dimension of D. It is a classical result of
R. Brauer and Speiser [54, Cor. 2.4 on p. 277] that Sg v = 1 or 2 if Xy, is a real character.

The condition that irreducible G leaves a lattice A C V invariant imposes some strict conditions
on the Schur index.

Given an irreducible finite subgroup G C GL(V') one may ask whether V' contains a G-invariant
lattice A such that V/A is an abelian variety.

The following theorem is proven in [138, Theorem 2.6].

Theorem 10.13. The following properties are equivalent:

(i) There is a nonzero G-invariant lattice in V.

(ii) Either Sq,v = 1 and Q(x¢,v) = Q or an imaginary quadratic extension of Q, or Sgy = 2
and Q(xa,v) = Q.

(iii)

Theorem 10.14. Let A be a G-invariant lattice of rank 2g in V.

(i) Suppose Si v = 1. Then, the complex torus V// A is an abelian variety V /A is isogenous to
the self-product of an elliptic curve. In addition, if Zq is an imaginary quadratic field, then
V/A is isomorphic to a product of mutually isogenous elliptic curves with complex multipli-
cation.

(ii) Suppose that Sgy = 2 and xq,v is a rational character, i.e., Zg = Q. Then, g is even and
there exists a quaternion algebra H over Q such that Q[G] = M, 5(H ).

Example 10.15. (See also [138, Example 3.2]. 1

"n loc. cit. one should read PSL (F,) instead of SLo(F,) and add the assumption ¢ > 7.
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Suppose that p is a prime that is congruent to 3 modulo 4 and r is a positive integer such that
q — p27‘71 2 7'

Clearly, g is also congruent to 3 modulo 4. Let G = PSLy(F,), which is a finite simple non-
abelian group. It is known that the Schur index of every irreducible character of G is equal to 1.
( [82, Corollary on p. 4], see also [54, Theorem 6.2]).

It follows from the character table of G (which can be found in [45, Sect. 38]) that G admits two
complex-conjugate irreducible faithful representations G < Autc (V') with characters 7, and 7y of
dimension %(q — 1) defined over an imaginary quadratic field

Q) = Q(V=q) = Q(v=p).

By Theorem 10.13, V' admits a PSLy(F,)-invariant sublattice A of rank ¢ — 1 such that V//G is an
abelian variety of dimension (¢ — 1)/2, which is isomorphic to the product of mutually isogenous
elliptic curves with complex multiplication by Q(,/—p).

For example, take ¢ = 7. Then, G = PSLy(F7) is the Klein group of order 168 which can be
realized as the group of automorphisms of the Klein curve X of genus 3 isomorphic to a plane curve
given by equation

:E3y + y?’z + 23z =0.

The abelian variety V/A is realized as the Jacobian variety of X. It is known that the quotients of
the Klein curve by subgroups of G of order 2, 3 and 4 are elliptic curves and the quotients by other
non-trivial subgroups are rational curves. The fact that the elliptic quotients of the Jacobian variety
of X have complex multiplication by Q(1/—7) can be found in [48] and [85].

In another special case, where we take ¢ = 11. The group PSLy(11) acts faithfully on a Klein
cubic hypersurface X in P* given by equation

22y + Pz + 22w+ w?z = 0.

It also acts on its intermediate Jacobian variety .JJ(X ) which is a principally polarized abelian variety
of dimension 5. The period matrix of .J(X') was computed in [141]. It confirms that .J(X) is isoge-
nous to the product of five copies of an elliptic curve with complex multiplication by Q(1/—11).

Example 10.16. Let f : C — P! be a cover of nonsingular curves with cyclic Galois group G of
order m. Let B = {p1,...,pr+1} be the set of its branch points, and let e; be the ramification index
of a ramification point lying over p;, so that we have m /e; ramification points over p;. We assume
that the genus of C is larger than 0, this implies that 7 > 3. Let U = P' \ B and 71,...,7,11 be
standard generators of the fundamental group 71 (U) satisfying the relation ~y; - - - 7,41 = 1. The
cover defines a surjective homomorphism 7 : m(U) — Z/mZ. Let x(v;) = a; mod m. Since
7(7;") = 1, we must have ¢;a; =0 mod mand ) a; =0 mod m. Since 7 is surjective,

(a1,...,ar+1) =1 mod m.

Let &; be the images of the unit vectors in Z" ™! in (Z/mZ)"+*! and e = &1 + --- + &.,1. We can
factor 7 through a surjective homomorphisms

o:m(U) = Ay = (Z/mZ) (&),
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that sends v; to €;. Let X — C be the Galois cover corresponding to the homomorphism o. Its
Galois group is equal to H = Ker(o).

Let
HI(X7 (C) = @XHI(Xa (C)X

be the decomposition of H!(C, C) into direct sum of eigensubspaces with characters x € Hom(A,, ttm ).
We have
H'(C,C) =2 H'(X,C)" = &, , g1 H' (X, C),. (10.8)

The group & of characters whose restriction to H is the identity is a cyclic group generated by the
character x, that sends €; € A, , to e2ma;/™ Here we use p to denote the vector

a1 Qr41
p=(—,..., /.
m m

It satisfies the condition that || = w1 + -+ + g1 € Z. Any other character in X' is a power

Xp:m =0,...,m — 1. It corresponds to the vector
n._ (nai) (nary1)
IJ/ = ( PR )7
m m

where the round brackets denote the remainder of the number for the division by m. We set

r+1

d = W' = -3 (na).

m
=1

The curve X is easy to describe by equations. For convenience, let us choose projective coordi-
nates on P! such that

Di = [1,331‘], DPr4+1 = [07 1]

and consider a linear embedding
a:IP’l —>]P>T, [to,tl] — [xlto—tl,...,xrto—tl,to].

Let r,, : P" — P" be the cover given by raising the coordinates in mth power. Then, X is isomor-
phic to the pull-back of the cover s to C, i.e. we have a commutative diagram

X —P

b

C—2=Pr

It follows that X is isomorphic to the complete intersection of Fermat hypersurfaces
T
Fi=) oy =0, j=1,...,r—1,
i=0

where M = (o) is a matrix of size (r — 1) x 2 and rank  — 1 satisfying

<1 1 ... 1 0>'M:0'
r1 X9 ... Tp 1
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The curve C is explicitly computed by using the action of A, , on X. It is birationally isomorphic
to the curve

y" = (v — )" (= )", (10.9)
where ¢; = m/(m,a;) with a,41 = —(a1 + --- + a,) mod m.? Note that, for any k prime to
m, the curve (10.9) is isomorphic to the curve with the same branch points but with (ay,...,a,)

replaced by (kaq, ..., ka,) mod m.

Applying the Riemann—Hurwitz formula, we obtain that the genus of C'is equal to

m(r = 1) = ¥ (m, ;)

g=1+ 5 (10.10)
We have
70 07
Hl(Ca C)xz =H' (C)x}i o H 1(C>xﬁ7
and the well known formula due to Hurwitz and Chevalley-Weil gives:
dim HY(C)yn = dn, dim HY(C)yn =dm—n, n=1,...,m—1, (10.11)

and H'(C,C); = {0}. There are many proofs of this formula. For example, one computes the
cohomology H! (X, C) as a representation of A N, (see [165]):

H'(X,C) = C[Ty, ..., Tr, M1+, A1)/,

where J is the ideal generated by partial derivatives in y; and A; of the equation F(y,\) =
Z::_ll AiF;. Here each coset of a monomial y;° - - - y5” is an eigenvector of Ay, with eigenvalue

The case |p| = 2 is special since it gives a one-dimensional part H'0(C),,, of H"*(C) that
allows one to construct an eigenperiod map for curves C with varying (z1, . .., z,) with values in a
complex ball. For some spacial i one relates this period map with the period map of certain families
of K3 surfaces (see [40]).

The cyclic group G acts on C' and hence acts on its Jacobian variety J(C'). For example, if m = p
is prime, we get
g=30r—-1p-1),
and taking 7 = 2, i.e. a cover with 3 branch points, we obtain that ¢ = 3(p — 1) and J(C)
has multiplication by the CM-field Q((,). This agrees with Belyi’s Theorem that any cover of P!
ramified over 3 points is defined over QI11].

Suppose m/|m, then the surjective homomorphism of cyclic group G, = (Z/mZ) — Gy =
(Z/m'Z) defines a Galois cover C' — C” with the cyclic Galois group of order m/m’. It is easy to
see that

’ — —

Oy = (= a)® - (= 20) (10.12)

where 0 < a; < m/,a; = a; mod m/.

r+1

2One can also view C as the normalization of the cover defined by a line bundle I = Op1 (% i11 aix;) on P! and

a section of L™ with the divisor of zeros equal to ::11 a;Tq.
3This method extends to a similar computation for cyclic covers of projective spaces branched over an arrangement

of hyperplanes, see [40].
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Chapter 11

Special Families of Abelian Varieties

In this chapter, we will study families of abelian varieties that contain a dense Zariski subset of
abelian varieties with complex multiplication.

11.1 Families of Abelian Varieties with a Fixed Hodge Group

Let f : A — T be a smooth family of polarized abelian varieties over a smooth manifold 7". This
means that there exists a relatively line bundle £ on .4 such that its restriction to each fiber defines
a polarization of type D that does not depend on ¢t € T'. The family is called special if it contains
a dense set of points ¢ € 7" such that the fiber A; is of CM type. For example, a constant family
A=A xT — T is special if A is of CM-type.

Similarly, using the variation of polarized rational Hodge structures one can define a special family
of families of polarized algebraic varieties.

Passing to the universal cover of S we obtain a family X — T such that we can identify the lattice
A; = Hy(A;, Z)) with a fixed lattice A = Z29 so that the cohomology Hj (A7, R) can be identified
with W = Agr. We can also fix the symplectic form £ on A. The F-polarized complex structure
on AR defined by the complex structure on .A; defines a point in the Grassmannian G(g, Ac) g, and
gives rise to the (marked) period map

ﬁ : T — G(Q,AC)E = ﬁg'
Its composition with the projection to A, defines the period map

p:T — A,

Fix a connected algebraic group G defined over Q and a faithful homomorphism
p: Go = Sp(W, E)q,

187
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where Sp(W, E)q is the algebraic group over Q whose points in a Q-algebra K is the group of
linear transformations of the symplectic form (Wg, E ). In particular, p defines a homomorphism

pr - Go(R) = Sp(W, E)q(R) = Sp(W, E) = Sp(2g, Jb).

We also fix an arithmetic subgroup I' of Gig such that p(I") leaves A C W invariant. A E-polarized
complex structure on W is determined by a homomorphism

¢ :U(1) = Sp(W, E)

that sends e to the multiplication by €?’ in TW. It can be viewed as the restriction of the unique
hg : S — Sp(W, E)qg by passing to real points and restricting h to the subgroup of S' of S such
that S'(R) = U(1) C C*. We fix one complex structure ¢ and consider the orbit of ¢y under
the action of p(G), g — p(g)dop(g)~L. The orbit is a homogeneous space Gg/K2, where Kp is
the connected component of the stabilizer of ¢g. It can be shown that the orbit defines a family of
polarized abelian varieties

X(G,T,p,¢0) = T =T\Gr/K. a1L.1)

The base of the family is a Hermitian symmetric domain if the following condition is satisfies:
p(G(R)) is normalized by ¢o(U(1)). (11.2)

Let MT(hy) C CSp(W, E)q be the Mumford-Tate group and Hg(¢) C Sp(W, E) be the Hodge
group. In above take G = Hg(¢y) to obtain a family X' (Hg(¢), T, p, ¢o) of fixed Hodge type. For
example, if ¢g defines an abelian variety of CM type, then Hg(¢g) is commutative, hence it must
coincide with the centralizer subgroup of ¢, hence G = K, and the orbit consists of one point.
Now, one shows that any family of Hodge type contains an abelian variety of CM-type (a CM-point
in the base of the family). The idea is simple (see [126]): any G as above contains a maximal torus
defined over Q. One takes a maximal torus 7" of the stabilizer subgroup K of ¢, then for some
g € G, its conjugate g7'g~ " must be contained in a maximal torus 7" of G defined over Q, then
Hg(gpog ') must be contained in 7", hence must be commutative. Thus, the point gpog~' defines
a CM-point. In fact, we have a dense set of CM-points since Gg(Q) is a dense subset of Gg(R), so
we take the Gip(Q)-orbit of a CM-point to a get a dense subset of CM-points.

Thus, we see that families of Hodge type are examples of special families. Note that the converse
is true, namely a family (11.1) with a CM-point is isomorphic to a family of Hodge type.

Example 11.1. In dimension < 3 all Hodge families are determined by Hodge classes that define
special endomorphisms of the abelian variety. The following is an example of Mumford [126] of a
Hodge family not determined by a special property of endomorphism algebra of its members.

Let K/K" be a finite extension of fields of characteristic 0 of degree n and D be a central simple
algebra over K. Recall that isomorphism classes of central simple algebras over a field F' form
a group, the Brauer group of this field. It is isomorphic to H?(Gal(F/F), F'*). The extension
L/K gives rise to the natural homomorphism of group cohomology Cor : Br(K) — Br(Kj)
that assigns to D the isomorphism class of the algebra Cory (D) constructed as follows. Let
o1,...,0pn : L = K be the set of distinct Kyp-embeddings of K into its algebraic closure, then the

Galois group of K acts naturally on the tensor product F' = ®@(D ®,, K) and Corg /g, (D) is the
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subalgebra of invariants for this action. An element d of the tensor product can be written in the
form

d=7 ai.i,01(e5) @ - onler,),

where ey, ..., e.2 is a basis of D over K and a;,.;, € K. An element 7 of the Galois group acts
by sending d to

T(d) = 7(aiy..i,)or @) (i) ® -+ or (ei,),
where o(;) := T © 0;. By choosing a normal basis of L over K, one sees that Corg/, is a central
simple algebra of degree 2" over K and Corg /Ko, @Kk K = E. It comes equipped with the norm

homomorphism
Nm : D* — Corg /g, (D)* (11.3)

that sends an invertible element d € D* to the tensor product (d ® 1) ® --- (d ® 1) € E which is
obviously invariant with respect to the action of the Galois group.

For example, if D = K, we obtain Corg g, (K) = Ko and the norm homomorphism is the usual
norm map for field extensions.

In Mumford’s example, one takes K to be a totally real cubic extension of Ky = Q and D be a
quaternion division algebra over K. One chooses the extension and D in such a way that

Corg/k, (D) = Matg(Q), D ®qgR =Ko Ko Maty(R),

where K = H ((_1(@_1)) is the standard quaternion algebra over Q. The norm map becomes a
natural homomorphism D* — GL(8, Q).

Let Gg be an algebraic group over Q such that its set of F-points is equal to {z € D ®q F)* :
xzz’ = 1}, where = — 2 is the standard involution of D. For example, Go(Q) = D} = {x € D* :
xx’ = 1}. and

Go(R) = K} x KI x SL(2,R) = SU(2) x SU(2) x SL(2,R).

The group SU(2) x SU(2) embeds naturally in SU(4) and hence acts on C* preserving the standard
Hermitian form on C*. Thus, it preserves its real part that gives an embedding SU(2) x SU(2) <
SO(4). The group SO(4) x SL(2,R) acts naturally on the tensor product W = R* @ R? =~ RS
preserving the skew-symmetric form A, the tensor product of the standard symmetric bilinear form
on R* and the standard symplectic form on R2. This gives rise to a real linear representation
p: Go(R) — Sp(W, A) = Sp(8,R) that can be shown to correspond to the norm homomorphism
(11.3).

Let A be alattice in R® and I be an arithmetic subgroup of G that preserves this lattice. Also, let

¢o : U(1) = SU(2) x SU(2) x SL(2,R) C Sp(W, 4), € s (I, I, ( 50, sin0)),

—sinf cosf

Itis clear that p(G(IR)) is normalized by ¢(U(1)) and hence we obtain the data (G, I', p, ¢o) from
(11.1) satisfying (11.2). This allows us to construct a Kuga family

X(GQa Fa 12 gbO) — F\GR/KI%
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of abelian 4-folds, where the base is a compact Shimura curve. The abelian varieties in the family
correspond to p(g)pop(g)~! : U(1) — Sp(V, A). Obviously, the Hodge group H containing the
image of p(g)pop(g) ! cannot be a proper subgroup of G for all g. Hence, the Hodge group of a
general member coincides with Gg. On the other hand, since the representation p is irreducible over
C, we obtain, for any point where the Hodge group coincides with G, the corresponding abelian
variety does not have non-trivial endomorphisms.

11.2 The André-Oort Conjecture

The André-Oort Conjecture asserts that any special family is a pull-back of some family of Hodge
type. We refer to [122] for a more precise and a general definition of this conjecture.

Note that a marked family X — T as above defines a family of the Mumford-Tate groups MT; of
the Mumford-Tate groups of fibers. This gives a stratification of T" by the type of the Mumford-Tate
group of fibers. Since the Mumford-Tate group is determined by the set of Hodge tensors that it
fixes, the loci of points with fixed Mumford-Tate group are called the Hodge loci. Among them
are, of course, the loci of abelian varieties with some special algebra of endomorphisms (since any
endomorphism give rise to a Hodge class on the self-product of the variety).

Let f : C — T be a smooth family of projective curves of genus g > 2. It defines a smooth family
of Jacobian varieties J — T of fibers of f. One asks whether such a family can be a special family
of principally polarized abelian varieties. The current conjecture is that it is possible only if g < 7
(the modified Oort Conjecture). In fact, a modified Coleman Conjecture asserts that, for g > 7, the
locus of Jacobians in Ay contains only a finitely many CM-points.

We refer for the discussion of these conjectures to excellent surveys [121] and [122]. We only
discuss one example.

Example 11.2. Fix a finite group G and consider families f : C — T of curves together with a
faithful homomorphism p : G — Aut(C/T). We call such a G-family of curves. For example a
family of curves (10.9) can be considered as such a family where the base 1" is the open subset of
(P! \ {oc}" that consists of distinct points. Under the map 7" — M, the image is a subvariety of
M, of dimension 7 — 2. Similarly, one defines a G-family of polarized abelian varieties.

In general, the local deformation theory of the pair (C, G) tells us that the local dimension of the
moduli space of pairs (C, G) is a smooth variety of dimension dim H'(C, T¢)¥ = H(C, K&*)°.
Note that the linear space H!(C, T¢z) can be naturally identified with the tangent space of the local
deformation space of C'. The tangent space of the local deformation space for a polarized abelian
variety A = V//A is naturally isomorphic to the tangent space of the corresponding point V' €
G(g, Ac)e. The tangent space of the Grassmannian G(g, Ac) at the point V' is naturally isomorphic
to Hom(V, Ac/V'). If V happens to be a Lagrangian subspace with respect to a symplectic form
E, then we can identify Ac/V with V'V and one can show that the tangent space of G(g, Ac)g at
V is isomorphic to the symmetric square of S?(VY) C Hom(V,V"V) = VY ® VV. In our case,
V = H 19(A) =2 Q!(A)*, and the tangent space becomes naturally isomorphic to the linear space
of quadratic forms on Q')(A). In this way, one proves that the moduli space of abelian varieties

with a fixed action of a finite group G has local dimension equal to dim(S%(Q'(A))*)%.
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A G-family of principally polarized varieties is a special case of a family of Hodge type. So, itis a
special family of principally polarized varieties. Thus, a G-family of Jacobian varieties is special if
its dimension is equal to dim(S?(Q'(A4))*)“, where A = J(C) is a general member of the family.
These dimensions can be computed by using a formula of Hurwitz and Chevalley-Weil (10.11). We

have
dim S2(QF(J(C)*)% = dim S2(QY(C)*)¢ = dim S?(H(C))¢

Since we know the characters of G in its representation on H%1(C), we easily find

dim S%(Q(J(C))*)¢ = i dydy—n + {dk(d’“ t1)/2 if,m = 2kis even

it 0 otherwise.
The following is the Table from [121] that gives a list of 20 triples (m,r, (a1, ...,a,) defining
families of cyclic covers such that its image S in .4, under the Torelli map coincides with the locus
of abelian varieties with a cyclic group action that contains S. It is proven by J. Rohde in [140] that
the list is complete.

’ ‘g‘m‘(al,...,arﬂ)‘ ‘ ‘g‘m‘(al,...,arﬂ)‘
M (12 1,1,1,1) anl4]s (1,3,3,3)
@ (2|2 L,,,1) | [(12) 4] 6 (1,1,1,3)
3) 1213 1,1,2,2) 1346 | (1,1,2,2)
4 |24 (1,2,2,3) (14) 14| 6 (2,2,2,3,3)
5) |2]6 (2,3,3,4) as) |51 8 (2,4,5,5)
© |33 (1,1,1,1,2) 16) [ 6 | 5 | (2,2,2,2,2)
@ (314 (1,1,1,1) anlel 7 (2,4,4,4)
® [3]4] (1,1,2,2,2) 18y [6 10| (3,5,6,6)
© [3]6] (1,3,4,4) 19 719 (3,5,5,5)
10y [4 3 [, ,,,1,1) | [0 [7]12] (4,6,7,7)

Remark 11.3. The case (16) is especially nice. Consider a general curve C' from the family as a
plane quintic

tg = (tl — xlto)(t1 — :Cgtg)(tl — ajgto)(tl — x4t0)(t1 — $5t0).

Let L be the line to = 0 that intersects it at 5 distinct points. Now let X’ be the double cover of P2
branched along the union C' U L:

X t24+t5+ f5(to, t1) = 0.

After we blow-up its 5 singular points from L N C', we obtain a K3 surface X whose group of
automorphisms contains a non-symplectic automorphism g of order 5. The moduli space of such
K3 surfaces was studied in [97]. It is isomorphic to the moduli space of cyclic covers of type
(16). Both spaces are naturally isomorphic to the quotient of an open subset of a 2-dimensional

2 2 2 2 2

ball by an arithmetic hypergeometric reflection group of type (£, £, £, £, ). Kondo shows that a

surface X as above is a quotient of the product D x C' by a cyclic group of automorphisms of order
5. The curve D is isomorphic to the genus 2 curve with an automorphism of order 5. Under the



192 CHAPTER 11. SPECIAL FAMILIES OF ABELIAN VARIETIES

rational projection D x C' --» X, the transcendental lattice T'x ® QQ, considered as a 3-dimensional
vector space over Q((5) becomes isomorphic to a direct summand of the rational Hodge structure
on HY(D,Q) ® HY(C,Q) = Q(¢s5)'2. So, our family of K3 surfaces is a special family.

Another example of the appearance of an isomorphic moduli space of K3 surfaces is the case (6)
from the list. Here we consider a family of K3 surfaces birationally isomorphic to the double cover
of P? branched along the union of a nonsingular plane quartic curve C with equation

23$ + f4($,y) =0

and the lines L : z = 0 and M : z = 0. The double cover has five ordinary singular points over the
points in L N C and L N M, and one singular point of type Eg over the point [0, 0, 1]. The pencil
of lines through the point [0, 0, 1] lifted to the cover defines a pencil of elliptic curves with four
reducible fibers of type IV and one reducible fiber of type Fg = IV*. There are no more singular
fibers. After the base change to the degree 3 cover C' — P!, as in the case (6), ramified over the five
points corresponding to the singular fibers, the elliptic fibration becomes isomorphic to the trivial
fibration £ x C — C. Here, E is an elliptic curve with complex multiplication by Q((3). The
transcendental lattice is isomorphic to U(3) & U(3) @ Inva. It is a free module over Z[(3]. The
surface is birationally isomorphic to the quotient C' x E/(o), where o is an automorphism of order
3. It has 15 fixed points over the points x1, ..., x4, 00 € C. The action at a point over x; is locally
given by (z1, 22) — ((321, (322) that gives rise a quotient singularity of type %(1, 1). The action at
a point over oo is locally given by (21, z2) + ({321, (322) that gives rise a singular point of type
As.

Note that, under transcendental lattice of C' x £ — X is isomorphic as a Z[(3]-module to the
tensor product HY(C, Z) ® HY(E,Z) = Z[(3]. Under the cover C x E — X, the transcendental
lattice of X become a direct summand of Z[(3]%. This implies that the family of K3’s is special,
since for all CM-point in the family of curves C, the Hodge structure on the transcendental part of
the corresponding K3 is also of CM-type. An example of a CM-point in the family is the curve
C : 2%z = x* 4 y* which is isomorphic to the curve

A 4at -2y —3:1:2y2 + y4 =0

with automorphism group of order 48 isomorphic to 4.2(4 (type III from Table 6.1. in [41]). The
corresponding K3 surface is isomorphic to the surface

w? = (2% — (i + Da?y? —iy?) (2 + 2t — 2v/ =32 + y*).
Note that the moduli space of K3 surfaces birationally isomorphic to the double plane
w? + x2(2%z + fa(z,y)) =0

is a closed subvariety of one of the three irreducible components of the moduli space of K3 sur-
faces with a non-symplectic automorphism of order 3. Our component is of dimension 9 and its
general member has the lattice of invariant algebraic cycles isomorphic to U. It is a quotient of a
9-dimensional ball and our family is the quotient of a 2-dimensional subball.

Also we may consider the case (17). The curve is isomorphic to the plane curve of degree 7

2T =aty(x —y)(z — ay).
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Applying the Cremona transformation [z, y, z] + [22, 7y, 22] we transform this curve to a curve of

degree 6
6

2% = y2(2* — zy) (2 — azxy).
The curve has one triple point [0, 1, 0] and one double point infinitely near to the triple point. So,
its genus is equal to 6, as it should be. Now we can consider the double cover of the plane branched
along this sextic curve

w? + 2% + y2(2% — zy) (2?2 — azy) = 0.

The cyclic group ((7) acts by [z,y, z,w] — [(2x,y, (72, (Sw]. Its minimal resolution is a K3
surface with a non-symplectic automorphism of order 7. The pencil of lines in the plane through
the point [0, 1, 0] defines an elliptic pencil on X with two reducible fibers of type I = Dy and
IV, and 12 singular fibers of type ;. The transcendental lattice is of rank 14, so that the Hodge
structure (7T'x ) is a 2-dimensional linear space over the field Q((7). This shows that the moduli
space of such surfaces is a modular curve I'\ ) embedded in the moduli space of lattice polarized
K3 surfaces.

Finally, we refer to [108] for some recent advance on the existence of special families of Jaco-
bian varieties. This is based on the characterizations of families f : X — T of abelian varieties
achieving the Arakelov’s bound for the slope of the sheaf f*Qﬁ( /T In particular, the authors prove
the non-existence of special families of hyperelliptic Jacobians of genus g > 8. Special families of
hyperelliptic curves of genus 3 and curves of genus 4 were constructed in [62], [63] and in [108].

Special family of abelian varieties must define a geodesic subvariety in .4,. A recent paper [29]
studies totally geodesic submanifolds of .4, that are contained in the Jacobian locus.
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Mumford-Tate group, 160
polarized, 153
rational, 153
transversality condition, 155
variation, 158
weight n, 153
Horrocks-Mumford bundle, 80
Humbert surface, 63, 66
discriminant 1, 122
discriminant 4, 122
of discriminant k < 11, 123
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Prym-Tyurin variety, 74

quadratic lattice, 55
quaternion algebra, 35
involution
canonical, 84
ramification, 89
split, 40, 89
totally definite, 40
totally indefinite, 40

real form, 151
Riemann-Frobenius condition, 7
Rosati involution, 32

Rosenhain formula, 127

satellite conic, 137
Schur index, 182
Scorza correspondence, 174
Segre cubic primal, 128
semi-character, 3
semi-simple algebra, 35
Shimura curve, 95, 100
CM-point, 100
Shimura data, 158
Shimura variety
connected, 160
PLE-type, 160
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Shioda-Inoue structure, 112
Siegel forms
algebra of, 125
Siegel modular form, 125
Siegel upper-half space, 8
simple algebra, 35
central, 35
singular equation, 64
skew field, 35
Skolem—Noether Theorem, 84
special family, 187
special Mumford-Tate group, 161
splitting curve, 140
Steiner quartic surface, 131
Strong Approximation Theorem, 160
symmetric Hilbert modular surface, 67

Theorem of Weber and Fuerter, 49
theta characteristic, 172
theta constant, 126
theta divisor, 172
theta function, 9
with characteristic, 126
Torelli map, 129
transcendental lattice, 106
trope, 77

undulation invariant, 136
undulation point, 136

Weddle quartic surface, 55
Weierstrass model, 115
Weil operator, 165
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