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Abstract

One may ask how much of the classical theory of complex multiplication translates
to K3 surfaces. This question looks natural and it is justified by the deep similarities
between K3 surfaces and Abelian varieties, that are geometric (they are the only
Calabi-Yau surfaces) or motivic (in some appropriate category, the motive of every
K3 is Abelian) or moduli-space theoretical, since both objects are parametrised by
Shimura varieties. The aim of this thesis is to assemble all these similarities to
obtain a theory for CM K3 surfaces which bears many resemblances and yet many
interesting differences to the classical one of Abelian varieties. Since our original
motivation was to understand the Brauer groups of CM K3 surfaces, the results
obtained will also have practical applications in this direction. In particular, given
a number field K and a CM number field E, we are able to write down the finitely
many Brauer groups Br(X)Cx of any K3 surface X /K with CM by E. A second
question we are going to be interested in regards fields of definition. It was known
since Piatetski-Shapiro and Shafarevich that every complex K3 surface with CM
can be descended over @, so one would like to know if there is a natural choice
for a field of definition, as it happens for elliptic curves. We show that this is true
under some mild condition on the quadratic form associated to the transcendental
lattice T'(X), and this allows us to give an elementary proof of a finiteness theorem

only recently proved by Orr and Skorobogatov.
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1 Introduction

The purpose of this thesis is twofold: on the one hand, we develop a ‘classical’
approach to the theory of complex multiplication for K3 surfaces while, on the
other, we apply our results to the study of Brauer groups, fields of definition and

other inherent arithmetic properties. Let us begin with a definition:

Definition 1.0.1. A K3 surface X /C has CM if the Mumford-Tate group of H é(X ,Q)
is Abelian, i.e. a torus.

Let NS(X) C Hi(X, Z)(1) be the Neron-Severi group of X (see ?? for a def-
inition) and T(X) = NS(X)! be the lattice of transcendental cycles. The latter
is an integral, irreducible Hodge structure of weights (1,—1), (0,0) and (-1, 1).
Zarhin [56] showed that the definition above is equivalent to the following two

properties of T'(X):
1. Endeg(T(X)Q) = E, a CM field, and

Therefore, complex multiplication can be read off the transcendental lattice T'(X)
of X and, since dimg (7 (X)q) < 20, by point 2) in the above definition we always
have [E : Q] < 20. Following the results of Rizov [41]] (or the Corollary 4.4 from
Madapusi Pera’s paper [26]) we know that the Galois action on K3 surfaces with
CM is the one predicted by Deligne in the definition of the canonical models of
Abelian Shimura varieties. This is an analogue of the main theorem of CM for
K3 surfaces. The first examples of K3 surfaces satisfying Definition [T.0.1] occur
when X /C has maximal Picard rank, i.e. p(X) = 20. These are called singular
K3 surfaces and always have CM by an imaginary quadratic field, generated by the
square root of the discriminant of T (X). Their geometry was studied by Shioda
and Inose in [44], who related them to CM elliptic curves with a construction now
called Shioda-Inose structure. Another class of examples is given by X = Km(A),
where A is an Abelian surface with CM. Note that in the instances above we al-
ways have [E: Q] = dimg(T(X)g) € {2,4}; using the Torelli Theorem for K3



surfaces and some results on rational quadratic forms, Taelman [49] was able to
show that for any CM field E with 2 < [E: Q] < 20 there are infinitely many
C—isomorphism classes of K3 surfaces with CM by E, and some other examples
were produced by Kondo in [20]. In recent years, much research has been published
on the Brauer group of CM K3 surfaces. If X /L is a K3 surface over a number field
and Br(X) := Hézt(X , G,,) its Brauer group, one has a natural filtration Bry(X) C
Br (X) C Br(X) given by Bry(X) := Im(Br(L) — Br(X)), the constant classes
of Br(X), and Br,(X) := ker(Br(X) — Br(Y)), the algebraic Brauer group of
X. The first graded piece of this filtration, namely Br,(X)/ Bry(X), is naturally
isomorphic to H'(L, PiC(Y)), which is a finite group because Pic(i) = NS(Y)
is a free Z-module. It was noted that also the classes of Br(X) that survive in
Br(X) can obstruct the Hasse principle, so that one is left to understand the second
graded piece Br(X)/Br(X), a subgroup of Br(X)Cr. Skorobogatov and Zarhin
proved in [46] that Br(Y)GL is always finite, and since then much work has been
done to the study of these groups in some particular cases, especially when X has
CM. Ieronymou, Skorobogatov and Zarhin in [17,|18,/47] have studied the cases
when X is a Kummer surface, in particular associated to a product of two elliptic
curves, or a diagonal quartic surface defined over Q. Newton’s paper [34]] is more
class field theory-oriented and her results are quite general when X is the Kummer
surface associated to a product of two elliptic curves with CM. Varilli-Alvarado
and Viray [52] have studied the existence of universal bounds for the growth of
( Br(X)/Br (X ))0 dd under a field extension of bounded degree, for some particu-
lar Kummer surfaces. They proved the existence of such a bound when restricting
to Z-torsion ( Br(X)/Br (X )) [£°], with £ an odd prime number. Finally, a sim-
ilar question was studied by Cadoret and Charles in [S]]. Given a prime number
¢, they prove the existence of a universal bound for Br(Y)GL[f ], at least when
X is allowed to vary in a one-dimensional family (see Theorem 1.2.1 in loc. cit.
for a precise statement). Before stating our results in this direction, we first need a

definition.

Definition 1.0.2. Let X /C be a K3 surface with CM. We say that X is principal if
Endyy4, (T (X)) is the maximal order of the CM field Endyyq, (T'(X)g)

Remark 1.0.3. One says that an Abelian variety A/C with CM by E is principal
if End(A) is the ring of integers of E. It is a classical result of Shimura that iso-
morphism classes of principal Abelian varieties with CM by E are parametrised

by CI(E), so that in particular they are only finitely many. Things are different for



K3 surfaces. In Proposition [3.1.11] we prove that for any given CM number field
E with 2 < [E : Q] < 10 one has infinitely many principal K3 surfaces with CM
by E. It is not clear what happens when 10 < [E : Q] < 20, but as the proof of
Proposition [3.1.1T|shows, the problem of finding K3 surfaces with CM by O can

be stated in purely lattice-theoretical terms.

We have (see section[4.2)).

Theorem 1.0.4. There is an algorithm that, given as a input a CM number field E
and a number field L, returns a finite list of groups Br(E, L) such that, for every
K3 surface X /L such that X is a principal K3 surface with CM by E,

Br(X)°:t € Br(E, L).

This result appears in [50]]. To see why it is useful, consider the case L = E =
Q(#). Running the algorithm above we found that Br(E, L) consists of

{0, Z/3xZ/3, Z/5, Z/5XZ/5, Z]2, Z/2XZ[2, Z4XZ[2, Z[4xXZ[4, Z[8XZ[4,

Z[8XZ[8, Z[3XZ[3XZ ]2, Z[3XZ[3XZ[2XZ[2, Z[SXZ[2, Z/5XZ[5XZ[2,
Z]5XZ]2x27Z]/2, Z/5><Z/5><Z/2><Z/2}.

If one were interested in computing the Brauer-Manin obstruction for a diagonal

quartic surface X, , ./Q given by the equation x* 4+ ay* + bz* 4+ cw* = 0, then one

a,b,c

would automatically know that

Br( Y0a ¢ Br( YL € Br(E, L),

ab,c a,b,c

making the computations effective for every parameter a, b, c € Q.

In the paper [42] Schiitt, building up on the results of Shioda and Inose, was able
to produce lower and upper bounds on the field of definition of K3 surfaces with
p(X) = 20. In another paper with Elkies, they associated an explicit K3 surface
X /Q with Picard group defined over Q to any known Hecke eigenform of weight
three with rational coefficients. Moreover, for any CM imaginary quadratic field
of class number one, Elkies found that there exists a unique K3 surface X /Q with
Pic(X) = Pic(X) and CM by E, and he provided explicit equations and generators
for their Picard group. This kind of results can be generalised to principal K3
surfaces with CM.

To see how, let T(X) be the transcendental lattice of X, T(X)" be its dual lattice



and Dy := T(X)Y/T(X) its discriminant form. It is a finite group and, since
T(X) is an even lattice, there is a well-defined quadratic form g on Dy with values
in Q/2Z. We denote by O(g) the group of automorphisms of Dy that preserve q.
Note that there is a natural bijection between roots of unity in E and integral Hodge

isometries of T'(X), so that there is always a canonical map u(E) — O(q).

Definition 1.0.5. X has big discriminant if the natural map u(E) — O(q) is injec-

tive.

It is not difficult to show that all but finitely many (C-isomorphism classes of)
principal K3 surfaces with CM by E have big discriminant. The classification
becomes explicit when p(X) = 20: in this case, there exist only two complex

K3 surfaces that do not have big discriminant, and their associated quadratic forms
2 0 2 1
T (X) are isomorphic respectively to 0 2 and to ol Coincidentally, these

were also studied by Vinberg in [53]], who called them ’the two most algebraic K3
surfaces’. The following is Theorem[5.2.3] and appeared originally in [ST].

Theorem 1.0.6. Let X /C be a principal K3 surface with CM by E. Assume that
X has big discriminant. There exists an explicit Abelian extension Fy =. F of E
and a model X"/ F of X over F with p(X") = p(W). The pair (X", F) is
canonical in the following sense: if Y /L is any K3 surface with: E C L, Yo = X
and p(Y) = p(Y), then F C L and XS =Y.

Note that the condition p(X ") = p(W) can prevent F' from being the ‘small-
est’ field of definition of X, i.e. X could admit models over subfields of F. On
the other hand, the difference between a smaller field of definition of X and F
can be universally bounded, see Lemma 2.6, Chapter 17 of [[16]. This observa-
tion, together with the finiteness of the Fourier-Mukai partners and a theorem of

Stark [48]], allowed us to prove the following finiteness result, see Theorem [6.0.4]

Theorem 1.0.7. Let N > 0 be any given number. Then there are only finitely many
C—isomorphism classes of principal K3 surfaces with CM that can be defined over
a number field K with [K : Q] < N

This statement was known to Shafarevich when p(X) = 20, and it was later
generalised by Orr and Skorobogatov [37]] to any K3 surface with CM, i.e. not
only the principal ones. This also leads to a proof of Conjecture 1.10 of [52] for
principal CM K3 surfaces, and we refer the reader to [38]] for an account on uni-

formity conjectures for K3 surfaces. Theorem [I.0.6|sheds also some light on the
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surfaces found by Elkies and Schiitt. Indeed, if X /Q is a principal K3 surface with
p(X) = p(Y) and big discriminant, then the universal property of Theorem m
assures that X p = (X)".

In this last paragraph, let us spend some words on the proof of the results above. To
any CM field E and ideal I C O we associate an abelian field extension F;/E. By
class field theory, this is equivalent to give its norm group inside AE’ ; (we consider

finite ideles because E has only complex embeddings) and we put

SI:={seAéf: 3 e € EX such that 2£ € @ and 2

— =1 modI}.
se E }

ta

Since S; = S7 = .5, 7, we can assume without loss of generality that I = 1. In
sections [3.4] and [3.5] one can find a detailed study of these field extensions and a
closed formula for the indices [F; : E]. When E is quadratic imaginary we can
easily describe the F;’s as follows: let K; and Cl; be respectively the ray class
field and the ray class group modulo I. Then E C F; C K; is the fixed field of
{xeCl;: x=Xx} CcCl; = Gal(K;/E).

If X /C is a principal K3 surface with CM by E, there is a natural action of O on
Br(X), and if we put Br(X)[I] := {a € Br(X): Vi € I ia = 0} we have the
following.

Proposition 1.0.8. The field of moduli (over E) of the pair (T'(X), Br(X)[I]) cor-

responds to Fj.

Here with field of moduli we mean the fixed field of
{oc € Aut(C/E): 3 Hodge isometry f: T(X) - T(X°): f*oa*lBr(X)[H =1d}.

Let us now see how the algorithm in Theorem [1.0.4] works. If X is defined over
a number field L containing E, there exists a unique ideal I C O such that
Br(X)0L = Br(X)[I] =~ O /1, and we conclude that F; C L because of Proposi-
tion4.1.3] Therefore, we can write

Br(E,L)={Og/1: F;CE-L},
or, less precisely but more efficiently,
Br(E,L) ={Og/1: [F;: E] divides [L - E: E]}.

Finally, to every X /C with CM by O, we associate the discriminant ideal Dy C

11



Op. It has the property that O /Dy = Dy and Dy = T(X)¥/T(X), and if X /C
has big discriminant one is able to produce a unique model X" over F = Fp
satisfying the condition p(X“*"/F) = p(X /C).

As afinal application, let us point out an easy criterion to decide whether a singular,
principal K3 surface X /C can be defined over its CM field, thus generalising the
work of Elkies and Schiitt.

Proposition 1.0.9. Let X /C be a singular K3 surface with CM by the ring of inte-

gers of a quadratic imaginary extension E. Assume that T (X) is neither isomorphic

2 0 2 1
to 0 2 nor to Sk Then X admits a model with full Picard group over E if

and only if the complex conjugation acts trivially on Clp, (E), the ray class group

modulo Dy.
Notations

General notations

o If K isafield, we denote by K afixed algebraic closure and by G its absolute
Galois group. For every scheme X /K we write X for the base change X Xy
K.

e We denote by A the ring of adéles over Q and by A, C A the subring of
finite adéles. Moreover, we denote by 7 cA  the pro-finite completion of
Z,sothat 72 ® Q = Ag.

e For any number field K, we denote by O its ring of integers, by Ag :=
A ®q K the ring of adéles over K and by Ag » 1= A, ®g K C Ag the
subring of finite adéles. We also adopt the notation O g =0 Q® 2.

e Ig Aisa Z—module, we write Ag for A @7 Q.
e Forany set.S, |.S| will denote its cardinality, and for any two integers a, b € Z
we write a|b for ‘a divides b’.
Notations concerning K3 surfaces

e If 7 is a prime number and K is algebraically closed with char(K) # £, we
have a natural inclusion ¢; : NS(X) — H;(X ,Zz)(1) and we denote by
T,(X) :={ve Hézt(X, 2)1): (v, n)y =0V n e NS(X)}, where (—, —)y
is the pairing given by Poincaré duality.

12



e Similarly, if K is algebraically closed of char(K) = 0, we let ?(X ) C
Hézt(X , 2)(1) be the orthogonal complement of NS(X).
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2 Basic properties of K3 surfaces with

complex multiplication

2.1 Generalities on Hodge structures

We begin by reviewing the notion of integral and rational Hodge structures. We
mainly follow Moonen’s survey [32]] and Chapter 2 in Milne’s notes on Shimura

varieties appearing in [1].

Definition 2.1.1. Let V' be a finitely generated, free Z-module (respectively, a finite
dimensional Q-vector space). An integral (respectively, rational) Hodge structure

of weight m € Z on V' is a decomposition

V®C= @ yra (2.1.0.1)

ptq=m

such that V74 = V4P, Here, the tensor product is taken over Z (respectively,
over Q), the p and g are allowed to vary in Z, and the bar denotes the complex
conjugation. One says that the Hodge structure V is of type T, where T C Z2, if
VP4 # O precisely when (p,q) € T

Remark 2.1.2. To gain more flexibility, we shall also allow direct sums of Hodge
structures of different weights.

There are two other equivalent definition that are also useful. Instead of giving
a decomposition like in (2.1.1)), one can endow V with a Hodge filtration, i.e. a
descending and finite filtration F? on V¢ := V ® C, such that for every p,q € Z
with p+ g = m + 1 one has F? NnFa = {0} and F? @ F1 = Ve. To obtain the
Hodge filtration given (2.1.1)), one simply puts

Fr =@y

izp

Whereas, to go the other way around, one can show that V79 := FP n F4 satisfies
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(2.1.1). The third definition is due to Deligne, and is phrased in the language of
algebraic groups. One defines the Deligne torus to be the real algebraic group S :=
Resc /rG,,, Where ‘Res’ denotes the Weil restriction of scalars, so that S(R) = C*.
The character group X *(S) is generated by the two characters z and z, that act on
the R-points of S, respectively, as the identity and the complex conjugation. One

also has the following important characters and cocharacters:

e The weight cocharacter w: G, g — S given, on R—points, by the natural

inclusion R* — C*;
e The Norm character Nm: S — G, r given by zz;

e The cocharacter u : G, c — Sc defined to be the only cocharacter such that

zoyu = 1 and zoyu = Id.

With this in mind, one can define a Hodge structure on V' of weight m € Z as a

morphism of algebraic groups
h:S — GL(V)g

such that how : G, g = GL(V)g is given by z = z7" Id. In this case, we see that
VP4 corresponds to

{v € Vg : forevery (z),2)) € S(C) = C*XC* one has he(zy,z)-v = z, "z, v}

Let us briefly explain how Hodge structures appear naturally in the context of Kéh-
ler geometry, as a consequence of Hodge’s theory. Let X be a compact Kéhler

manifold, and consider the Hodge-de Rham spectral sequence
HP(X,Q}) = HM(X,0).

Here, both cohomology groups refer to sheaf cohomology, the first corresponding
to the sheaf of holomorphic g—forms, and the other to the locally constant sheaf
with C-coefficientes. Using harmonic analysis, Hodge proved that this spectral

sequence degenerates at the E'-page, so to obtain a natural isomorphism

P H(x.Q%) = H'(X,C). (2.1.0.2)
p+q=n

15



Therefore, thanks to the de Rham isomorphism
HY(X,2)®, C = H"(X,C)

(where the first cohomology group denotes now Betti or singular cohomolgy), one
concludes that the Betti cohomology groups of Kihler maniolds are naturally en-

dowed with a Hodge structure (once we quotient out the torsion) by putting
HP(X) := H"(X,Q")’().

In the next paragraph we shall only consider integral Hodge structures, but all the
following constructions can be easily generalised to the rational case. A morphism
between two Hodge structures V' and W is a Z-linear map f: V — W such
that fo: Ve — W maps VP74 to WP4. The definition readily implies that in
order for a morphism to exist V' and W must have the same weight. A sub-Hodge
structure W C V is an inclusion of Z-modules W < V that is also a morphism
of Hodge structures. Usually, the map W < V is primitive, i.e., the quotient
V /W is torsion-free. One can perform some natural linear-algebra construction
with Hodge structures too: if V' is a Hodge structure of weight n, then one can
endow the dual VvV = Hom(V, Z) with a natural Hodge structure of weight —n.
Similarly, if V' and W are two Hodge structures of weight n and m respectively,
then also V' ®, W admits a natural Hodge structure of weight n 4+ m. In particular,
Hom(V, W) =V ®, W is a Hodge structure of weight m — n.

Some trivial but extremely important Hodge structures are given by the Tate-twists.
These are denoted by Z(n), with n € Z, and consists of the Z-module (27zi)"'Z C C
endowed with the only Hodge-structure of type (—n, —n). Tate-twists allow one to
shifts the weight of Hodge structures, in the sense that if V' is a integral Hodge
structure of weight m, then V' (n) :=V ®, Z(n) is an integral Hodge structure of
weight m — 2n. Similarly, one can define Q(n) := Z(n)gQ. The "(2zi)" in the

definition comes from the exponential sequence
exp
0— 2zi)Z - C— C* -0, (2.1.0.3)

and plays a role mostly when computing periods.

Definition 2.1.3. (Hodge classes) Let V' be a Hodge structure of weight 0. The

16



space of Hodge classes of V' is defined to be
Hdg(V) :=vV nv%0,

Let us make some examples of the notions introduced until now.

Examples. 1. A complex torus is a compact Kdhler manifold of the form A =
C"/A, where A C C" is a lattice (that is, a discrete subgroup isomorphic
to Z>"). To every complex torus A one can associate a Hodge structure of
weight 1, namely H (A, Z), of type (1,0) and (0, 1). One can check that this
association defines an equivalence of categories

{complex tori} = {Integral Hodge structures of type (1,0), (0, 1)}

2. If X,Y are compact Kéhler manifolds, then the Kiinneth decomposition

H'X XY,7)— P H'(X.2)® HY(Y.Z)
ptq=n

is an isomorphism of Hodge structures (after quotienting out both sides by

the torsion).

3. Let X,Y be as above, and consider a morphism f: X — Y of complex

manifolds. Then the induced pullback map

f* H'(Y,Z) - H"(X, Z)
is a morphism of Hodge structures. In particular, f* € H"(X,Z)"Q@H"(Y, Z)
is a Hodge class.

4. (Hodge conjecture) Let X /C be a compact Kilher manifold, and let CH"(X)

be the Chow group of codimension-# cycles on X. We denote by
¢,: CH'(X) = H*(X,Z)(n),

the cycle class map, whose image is contained in the space of Hodge classes
of H*'(X,Z)(n). When n = 1, we have that CH"(X) = Pic(X), and Lef-
schetz proved that ¢, (CH' (X)) = Hdg(H?(X, Z)(1)). In general, Groethendieck
showed that the equality ¢,(CH"(X)) = Hdg(H 2n(X, Z)(n)) does not need
to hold when n > 1, for more or less trivial reasons. Nevertheless, things

17



change drastically when we consider rational coefficients, and the question
of whether ¢,(CH"(X)) ®, @ = Hdg(H?"(X, Q)(n)) for any X and any n
is called the Hodge conjecture, one of the most important open problems in
complex geometry.
There are two other notions in Hodge theory that we shall introduce before con-
cluding this section, namely, polarisations and Mumford-Tate groups.
Definition 2.1.4. (Weil operator) Let V' be a Hodge structure, the Weil operator
is the morphism C: Vi — V¢ given by multiplication by =9 on V4. Since
Vra = V4P  one can easily check that C respects Vp, i.e., it is defined over R.
Moreover, if the Hodge structure is given by h: S — GL(V)g, one can easily
check that C = h(i).
Note that C? = (—=1)", where m is the weight of V.

Remark 2.1.5. The Weil operator commutes with morphisms of Hodge structures,
in the sense that if /' : V' — W is a morphism of Hodge structures, then foC), =
Cy-of, where C), and Cy, denote, respectively, the Weil operator on V' and W'.

Definition 2.1.6. Let V' be an integral Hodge structure of weight m. A polarisation
on V is a morphism of Hodge structures

VRV - Z(—m)

such that the bilinear form on V given by (x, y) = (27i)"¢(Cx @ y) is symmetric

and positive-definite.

Note that by Remark (2.1.3)) one has the following equalities for every x, y € Vj:
P(Cx®y) = CHCx ® y) = P(C*x ® Cy) = (=1)"P(x, Cy).

Therefore, since by definition the form (x,y) —» (2zi)"¢(Cx ® y) is symmetric,
we conclude that ¢ is symmetric if m is even, and alternating if m is odd. Vaguely
speaking, a polarisation on a Hodge structure reflects the presence of an ample line
bundle, in the following sense. Let X /C be a projective manifold of dimension

n = dim(X), and let £ be an ample line bundle on X. The Lefschetz operator
L: H"(X,Z) - H"™(X, 7)(1)

is defined to be the cup-product with the class ¢;(L) € H 2(X,Z)(1). It is a mor-
phism of Hodge structures. Working with rational coefficients, for 0 < m < n the
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m™-primitive cohomology group is defined to be
H"(X, Q)i i=ker[L"™! 1 H™(X,Q) » H*?7™(X,Q)(n — m + 1)].

It is a sub-Hodge structure of H™(X, Q). One can show (see Section 7.1.2 of [54])
that the pairing H"(X, Q) X H™(X,Q) - H>(X,Q)(n — m) = Q(—m)
defined by (x,y) = (=1)"c;(L£L)"™™ U x U y is a polarisation. Finally, to obtain a

prim prim

polarisation on the whole H™ (X, Q) one uses the Lefschets decomposition

H"(X, @) = @ ;LY U H" (X, Q)pim(=))-
Jjz0
Not every Hodge structure admits a polarisation, and when it does it is said to be
polarisable. Perhaps the best way to understand this is to look at point 1) in Exam-
ples (2.1)), where we had an equivalence of categories between complex tori and
integral Hodge structures of type (1,0) and (0, 1). Under this equivalence, inte-
gral Hodge structures of type (1, 0) and (0, 1) that admit a polarisation corresponds
precisely to Abelian varieties, i.e., we have an equivalence of categories

{ Ab. varieties} = {Integral, polarisable Hodge structures of type (1,0), (0, 1)}.

The last concept we need to introduce is the one of Mumford-tate group attached
to a Hodge structure. This can be defined in two different ways, either via the
formalism of Tannakian categories, or in more down-to-earth terms, as we shall
do. For a nice introduction to Tannakian categories and related concepts, we refer

the interested reader to the relevant article by Deligne appearing in [12].

Definition 2.1.7. Let V' be a rational Hodge structures, given by the morphism
h:S — GL(V)g. The Mumford-Tate group of V', denoted by MT(V), is defined
to be the smallest algebraic subgroup of GL(V') such that A factorisesas h: S —
MT(V)g < GL(V ).

Note that MT(V') is connected since S is connected and, moreover, if V' is polar-
isable, then MT(V') is reductive (see Proposition 4.9. in Moonen’s notes). Mumford-
Tate groups allow us to detect sub-Hodge structures in tensor constructions: let
A C Z? be a finite subset, A = {(a;, b))}i-1.... »» and define

n
vii=@veiew.
i=1
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We have a natural action of MT(V) on V4.

Proposition 2.1.8. A rational subspace W C V* is a sub-Hodge structure if and
only if it is invariant under the action of MT(V'). Moreover, an elementt € V* is
a Hodge class if and only if it is fixed by MT(V").

Definition 2.1.9. Let V' be a rational Hodge structure. Following Milne, we say
that V' is special if its Mumford-Tate group is a torus.

Note that this definition is very similar to Definition[I.0.1] The only differences
are some technical conditions that are automatically satisfied for K3 surfaces, but
need to be imposed for general Hodge structures (see Definition 12.5 in Milne’s
notes). Let V' be a special Hodge structure and let T' be its Mumford-Tate group,
that by definition is an algebraic torus defined over Q. The cocharacter y introduced

before gives us a morphism of algebraic tori u : G, ¢ — T¢.

Definition 2.1.10. Let A: S — GL(V )y be a special Hodge structure, and let T
be its Mumford-Tate group. The reflex field of V', denoted by E(h), is the field of

definition of the cocharacter u : G, — T¢.

Note that the reflex field is always a finite extension of Q. Before concluding
this section, let us quickly recall the statement of the Mumford-Tate conjecture. Let
K c C be a number field, and consider X /K a smooth, projective, geometrically
irreducible variety. For any £ a prime number, one has a canonical comparison

isomorphism

H;(X,Z,) = Hy(X"(C),2) ®7 Z, (2.1.0.4)

between the £—adic étale cohomology and the Betti cohomology of the analytic
space associated to X (see Theorem 3.12 in [31]). Attached to H ét(f, Z,) one
has a natural Galois representation

ps: Gx = GL(H;(X,Q,)),

and we denote by G := Im(pf)o the identity component of the Zariski-closure of

the image of p,.

Conjecture 2.1.1. (Mumford-Tate conjecture) Let M be the Mumford-Tate group
of Hyp(X*"(C), Q). Under the comparison isomorphism (2.1.0.4), one has

G = M X Spec(Qy).
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2.2 Generalities on K3 surfaces

In this section we introduce K3 surfaces and recollect the basic properties that will
be needed during the thesis. We mainly follow Huybrechts’ book [16]], especially
Chapter 1.

Let K be any field. By a variety over K, we mean a separated, geometrically inte-

gral scheme of finite type defined over K.

Definition 2.2.1 (Algebraic K3 surfaces). A K3 surface over K is a smooth, com-
plete variety X /K with dim(X) = 2, such that wy /g = Oy and H'(X,0y) = 0.

Here, wy /x denotes the canonical bundle of X /K, i.e., wy /x = /\2 Qx k-

Remark 2.2.2. As Remark 1.2 of Chapter 1 in [[16] explains, every smooth, com-
plete surface is automatically projective. Therefore, algebraic K3 surfaces are al-
ways projective.

Classical examples of K3 surfaces are smooth quartics in P2, complete intersec-
tions of type (2,3) in P4, and complete intersections of type (2,2,2) in P3. Also
smooth, projective surfaces that can be realised as a 2 : 1 branched covering of
IP%( ramified over a curve of degree 6 are K3 surfaces. Finally, one can construct
K3 surfaces starting from Abelian surfaces via a process due to Kummer: let A/ K
be an Abelian surface, and consider the involution :1: A — A given by x — —x.
The quotient A/1 is a surface with 16 double points, and blowing them up yields
a K3 surface denoted Km(A), called the Kummer surface associated to A. The

first step to study K3 surfaces is to compute their Picard groups. To this extent,

0
X/K

the connected component of the identity. The Picard group of X /K, denoted by

let Picy g be the Picard scheme of X introduced by Grothendieck, and Pic

Pic(X), is nothing but the group of K —rational points of Picy /¢, i.e.
Pic(X) = Picy /x (K).

We shall denote by Pic’(X) := Pic(,)< / x (K) the subgroup of algebraically trivial
line bundles, and the quotient NS(X) := Pic(X)/ PicO(X ) is called the Néron-
Severi group of X. A famous theorem of Severi asserts that NS(X) is a finitely
generated Abelian group. Recall that when X is a smooth, complete surface, one
has a natural intersection pairing Pic(X)XxPic(X) — Z, thatsends L, L, € Pic(X)

to the intersection number

(L1, Ly) = (X, 0x) — x(X, L) = z(X, L)+ y(X.LE@ L. (22.0.1)
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Here, y denotes the Euler-Poincaré characteristic and £* the dual of £. The sub-
group Pic*(X) C Pic(X) of numerically trivial line bundles corresponds to the

kernel of the above pairing:
Pic’(X) := {L£ € Pic(X) : forevery £’ € Pic(X) we have (£, L) = 0}.

One can easily show that Pic®(X) c Pic?(X). Then, the quotient Pic(X)/ Pic*(X)
represents the numerical classes of line bundles, and it is denoted by Num(X). It

is a finitely generated, free Abelian group.

Theorem 2.2.3. Let X /K be a K3 surface. Then the quotient maps
Pic(X) » NS(X) » Num(X)

are all isomorphisms.

In particular, Pic(X) is a finitely generated, free Abelian group. Its rank is de-
noted by p(X) and it is called the Picard number of X.
The next class of invariants to compute are the Hodge numbers h?4 .= dimy HI(X, Qﬁf / )
They are classically grouped into the Hodge diamond, that for surfaces assumes the

following form:

/’l2’2
h2,1 h 1,2
h2’0 h 1,1 H0,2
hl,O hO 1
h0,0.

Using the Hirzebruch-Riemann-Roch and the properties in the definition of K3
surfaces, one can show that if X /K is a K3 surface, then its Hodge diamond cor-

responds to

] 20 ! (2.2.0.2)
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Let us now assume that K = C, so that we can employ techniques from complex
geometry, topology and Hodge theory to study K3 surfaces. In the following, we
shall identify a K3 surface X /C with the complex space X *"(C) naturally associ-
ated to it. The first thing to notice is that in the algebraic setting, K3 surfaces are
always projective (see Remark (2.2.2)). On the other hand, in complex geometry,

we can give this more general definition of K3 surface.

Definition 2.2.4. A complex K3 surface is a compact, connected manifold X with
dim(X) = 2 such that oy = Oy and H'(X,Oy) = 0.

For example X := Km(A), where A is a complex torus that is not projective, is
a complex K3 surface that is not algebraic. Every complex K3 surface is simply
connected, i.e., 7;(X) = 0. The Betti-cohomology groups of a K3 surface can be
computed to be Hll;,(X, Z) = H;(X, Z) =0 and HIZ;(X, Z) = 7Z**. The topologi-
cal intersection form turns H 12; (X, Z) into a lattice, that is unimodular by Poincaré
duality. The isomorphism class of this lattice does not depend on the chosen X,
since it can be proven that every two K3 surfaces are deformation equivalent (see
Chapter 7, Theorem 1.1. of [16]); it is usually denoted by A and called the K3
lattice. Finally, thanks to the Hodge index theorem, one knows that the signature
of Ais (3,,19_).
A convenient way to understand complex K3 surfaces is via their Hodge structures;
as explained in the previous section, the Betti cohomology groups of smooth, com-
plete varieties are naturally endowed with a Hodge structure. In the K3 situation,
the only non-trivial Hodge structure is the one associated to H%(X ,Z), with the

Hodge decomposition given by
Hy(X.2)®;C=H'X,Q})® H'(X,Qx) ® H*(X,0y),

and we shall simply denote H?(X, Q" ) by H?4(X). The Hodge diamond (2:2.0.2)
tells us that dim¢ H>*9(X) = dimg H%(X) =1 and dim¢ H"'(X)=20.Ifw €
H?9(X) — 0, one can show that

o (w,w)=0;
o (w,w)>0;
e (v, H'(X)) =0.

Here, (—, —) denotes the extension to H2(X, Z) @ C of the intersection form. This

implies that the whole Hodge structure can be reconstructed by w, since H!(X)
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corresponds to the complexification of (Re(w), Im(w))* ¢ H?(X, R), see Chapter
6, Proposition 1.2 of [16].

Definition 2.2.5. A Hodge structure of weight two on A with dimg A>? = 1 and
such that any @ € A>? — 0 satisfies the three condition above is called of K3 type.

The first Chern class map induces an injection ¢; : Pic(X) = NS(X) & H Izg(X ,Z)(1),
and the intersection form introduced in (2.2.0.1)) is nothing but the restriction of the
topological intersection form to NS(X).

Definition 2.2.6. The transcendental lattice T(X) ¢ H*(X, Z)(1) is defined to be
the orthogonal complement of NS(X).

Remark 2.2.7. Clearly, T(X) C¢ H*(X,Z)(1) is a primitive embedding, and it is
possible to show that T'(X)g = T'(X) ®, Q is an irreducible Hodge structure when
X is projective (i.e., algebraic).

The importance of Hodge theory in the study of complex K3 surfaces lies in the
global Torelli theorem (see Chapter 7, Theorem 5.3. of [16]).

Theorem 2.2.8. Two complex K3 surfaces X and Y are isomorphic if and only if
there exists a Hodge isometry ¢ . H%(X,Z7) N H2(Y,Z7) (i.e., ¢ is an isomor-
phism of integral Hodge structures that respect the intersection form). Moreover,
if ¢ sends a Kdhler class of X to a Kdhler class of Y, there exists a unique iso-
morphism f .Y = X such that f* = ¢, where f* denotes the induced map in

cohomology.

The theorem above shares a deep resemblance to what happens in the case of
complex tori, and it tells us that all the information of a complex K3 surface is
encoded in its Hodge structure. Finally, the surjectivity of the period map (Chapter
6, Remark 3.3. of loc. cit.) asserts that every Hodge structure of K3 type (in the

sense of Definition [2.2.5)) comes from a complex K3 surface.

Theorem 2.2.9. Let us consider A endowed with a Hodge structure of K3 type.
Then there exists a complex K3 surface X with a Hodge isometry A =~ H*(X, Z).

Remark 2.2.10. As explained in the proof of Proposition 3.1.T1} X is projective
(i.e., algebraic) if and only if there exists a class L € A""! 0 A such that (L, L) > 0.

The only other ingredient we shall need from the theory of K3 surfaces is the

notion of Fourier-Mukai partners.
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Definition 2.2.11. Two complex K3 surfaces X and Y are said to be Fourier-Mukai

partners if there exists a Hodge isometry T'(X) = T'(Y).

Remark2.2.12. This is an ad-hoc definition. The original definition comes from the
theory of bounded derived categories, a subject that we should not touch upon in
this thesis. The interested reader can consult Chapter 16 of Huybrechts’ book [16].
The equivalence of our ad-hoc definition and the ’real‘ one is proved in Chapter 16,

Corollary 3.7. of loc. cit..

The only theorem we shall need is the following finiteness one.

Theorem 2.2.13. Let X be a complex K3 surface. Then there exists only finitely
many isomorphism classes of complex K3 surfaces Y suchthat X andY are Fourier-

Mukai partners.

2.3 Absolute Hodge cycles

The idea of absolute Hodge cycle was first introduced by Deligne in his seminal
paper [12], which we follow as the main reference. Absolute Hodge cycles allow
one to build a meaningful category of motives, and thanks to them Deligne was
able to prove one inclusion of the Mumford-Tate conjecture for Abelian motives,
i.e., the ones that can be obtained by linear algebra constructions from the mo-
tives of Abelian varieties. To illustrate the main ideas, consider k an algebraically
closed field of finite transcendence degree over Q and X /k a smooth projective
variety. Every embedding o : k < C defines a variety over C that we denote by
X°. Grothendieck in his paper [[14] proved that there is a canonical comparison
isomorphism

H,(X?/C) =2 Hpy(X°(0), Q) ® C (2.3.0.1)

between the algebraic de Rham cohomology of X° and the Betti cohomology
of its analytification with C-coefficientes. Following Deligne, we put H (X) :=
H%(X°(C), Q). The canonical morphism of schemes

X° > X,
induces a pullback map
o Hip(X/k) - Hi(X°/C)

R
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and an isomorphism

o*®1=: ¢k H(X/k) @, C — Hl(X°/C).

In étale cohomology, we have an isomorphism (since k is algebraically closed)
oyt Hy(X,Ap) — H (X7, Ap).

Here, by Hgt(X, Af) we simply mean Héf’t(X, 2) ®, Q. One now defines, forn > 0
andm € Z,
H (X)(m) 1= H (X /k)(m) X Hi (X, Af)(m);

it is a free (k X A f)—module. For every o : k & C there is a canonical diagonal
embedding
A, HI(X)(m) < Hy(X%)(m),

that is constructed using (2.3.0.1) and the comparison isomorphism
H(X°,2)= Hy(X°(C).2)® Z (2.3.0.2)

between étale cohomology and Betti cohomology, and a canonical isomorphism

(the product of 67 and ajR)

o HI(X)(m) ® (CXA,) - H!(X)(m).

Definition 2.3.1 (Absolute Hodge). Anelementt € H f\"(X )(n) is said to be abso-
lute Hodge if

1. 6*(1) € A,(HZ'(X)(n)) forevery o : k < C,

2. The first component of ¢ lies in F° Hglg(X /k)(n), where F* denotes the Hodge

filtration.

For X /k as above, denote by Cly(X) C H/_z\"(X )(n) the subset of absolute
Hodge cycles. It is a finite dimensional space over Q.
We list now some facts about absolute Hodge cycles, whose proofs can be found

in [12]] (except for point 5.)
Proposition 2.3.2. The following hold true:

1. The class of every algebraic cycle is absolute Hodge;
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2. The Kunneth components of the diagonal are absolute Hodge;
3. The map in the hard Lefschetz theorem is absolute Hodge;

4. For abelian varieties, the notion of Hodge and absolute Hodge cycle coin-

cide;

5. For K3 surfaces, one can prove that the Kuga-Satake map is absolute Hodge
(see Deligne’s paper where he proves the Weil conjectures for K3 surfaces
[11]). Therefore, also for K3 surfaces the notion of Hodge and absolute

Hodge coincide;

6. If k C k' are algebraically closed fields of finite transcendence over Q, and
X is defined over k, then CyX) =C, (X 1’6), where the isomorphism is

given by the base-change in cohomology;

7. Suppose that K is a number field, and suppose that X is defined over K.
Then G acts on C, H(Y) through a finite quotient.

Using the last property, we can make the following definition.

Definition 2.3.3. Let X /K be a smooth projective variety over a number field K.
Define C', ,,(X) C C;, ,,(X) to be

. ¢ (G
Ciy(X) 1= C (X)7K.
Remark 2.3.4. If X,Y /K are smooth complete varieties and
[ Hy(Xe, Q) - Hy(Ye, Q)

is a correspondence whose class in H (X ¢ X Y, Q) is absolute Hodge and defined

over K, then the induced map
f®1: H(X,2) —» H,(Y,2)

is Gg-invariant.

2.4 K3 surfaces with CM and their Hodge structures

Let X /C be a K3 surface and let H % (X, Z) be its second Betti cohomology. Recall
that the transcendental lattice of X, denoted by T'(X), is defined as the orthogonal
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complement of NS(X) with respect to the intersection form on H*(X, Z)(1).

Definition 2.4.1. We say that X has complex multiplication (CM) if the Mumford-
Tate group MT(X) of T'(X)q is abelian.

Remark 2.4.2. It is easy to show that the inclusion T(X)g C H?*(X,Q)(1) in-
duces an identification between the Mumford-Tate group of 7'(X)g and the one of
H2(X,Q)(1).

In this case (see Zarhin [56]) one can prove that E(X) := Endeg(T(X )o) 18
a CM field (where complex conjugation acts like the adjunction with respect to
the intersection form) and that dim E(X) T(X)g = 1. Since the elements of E(X)
are endomorphisms of Hodge structures, we obtain a natural map oy : E(X) —
End(H ' 1(X)) = C. Since T(X )g is irreducible, Schur’s lemma shows that oy
is actually an embedding. Therefore, E(X) is always canonically a subfield of C,
and in proposition [2.4.3] we shall show that it corresponds to the reflex field of the
Hodge structure T'(X)g. The Hodge structure T'(X)q can be described using the
torus Resgx)/q G,,, whose Q-points are naturally identified with E(X)*. If we
decompose

(Res gx/0 Gp)(C) = @ Cx
o:E(X)-C

where
Cr :={z € (Resgx)qG,)(C) : Ve € E(X), e-z=0(e)z}

we have that the Hodge structure on T'(X)q is given by the morphism of algebraic
groups (defined over R) whose action on C-points is

h:S(€) = C*XC* - CX @ @CL =Respx)6,(C) C GLIT(X))O)
Ox

(z,w) = (zw 1, Lwz ™,

where S := Resc /g G, is the Deligne torus and oy is the distinguished embedding
E(X) < C. Denote by Ugy, the E(X)-linear unitary subgroup of Resx)/q G,
i.e. the one cut out by the equation ee = 1. Zarhin in his paper [[56] proved that
inside GL(T'(X))g we have an identification

MT(T' (X)) = Ugx, -
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When taking C-points, the natural inclusion Uy C Resg(yy/q G,, becomes

Upx)(C) = {(z)a e P crizz= 1}.

c:E(X)sC

Therefore, the cocharacter u associated to 4 is the map

u: G,C)— C:X Db C:_ (2.4.0.1)

zr (2,1, -, 1,z71)

with image inside U g x,(C).
Proposition 2.4.3. The reflex field of the Hodge structure T (X)q is o x(E(X)) C C.

Proof. By definition, the reflex field of T'(X)g is the field of definition of the
cocharacter u. By the discussion above, we see that ¢ € Aut(C) fixes yu if and
only if zoy = oy, i.e. if and only if 7 € Aut(C/o x(E(X))). O

Remark 2.4.4. The embedding o, normalises the action of E(X) in the sense that
if a € ox(E(X)), then the Hodge endomorphism o)‘(l(a) acts as multiplication by
a on the (1, —1) part of cohomology.

One can show that the CM fields E can be spanned, as Q-vector spaces, by
elements @« € E such that e = 1 (for a proof, see Proposition 4.4. in [[15]).
In E(X), these correspond to rational Hodge isometries, since for every v,w &
T(X)g we have

(av,aw)y = (@av,w)y = (U, W)y

As proved in Corollary 1.10 of [33]], if p(X) > 11 there exist integral algebraic
cycles C; € X X X and rational numbers g; € Q for i = 1,---,n such that the
cohomology class of @ in H*(X x X, Q)(2) can be expressed as

a= Z glC.

(Here, we denote by [C;] the image of C; under the cycle class map CHZ(X XX) -
H*(X xX,Q)(2)). Nikulin [36] improved Mukai’s result to cover all the cases with
p(X) > 5,1.e. [E: Q] <16 and, finally, Buskin [4]] took care of all the remaining

cases. In particular, if X /C has complex multiplication, the Hodge conjecture is
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true for X X X. Therefore, if X is defined over K C C we can ask whether a class
a € E(X) is defined over K too.

Definition 2.4.5. Let X /K C C (this notation means that K is considered as a
subfield of C) with CM over C.

1. For every 7 € Aut(C) we define the map 799 : E(X¢) = E(XE) as
% () 1= Zq,-r*[Ci],
i

where E(X¢) 2 a = Zi ¢;[C;] and 7* denotes the pullback of algebraic
cycles via the isomorphism of schemes 7: X[ — X¢.

2. We say that a € E(X() is defined over K if for every 7 € Aut(C/K)

() = a.

Definition 2.4.6. Let X be a K3 surface over a field K, and assume that K has
finite transcendence degree over (0. Like in Definition[2.3.3] we define E(X) to be
the subfield of E(X) of absolute Hodge endomorphism that are defined over K.
If X has CM, then we say that X has CM over K if E(X) = E(X¢).

Remark 2.4.77. In order to define E(X) one has to choose an embedding K < C,
but one can check that E(X) does not depend on the chosen embedding.

We will now give an equivalent condition for X /K to have complex multiplica-

tion over K, similar to the one for Abelian varieties.

Proposition 2.4.8. Let X /K be as in Definition such that XC has CM, and
let1: K < C be an embedding. Then X has CM over K if and only if

OXxc (E(Xq:)) C 1K),

i.e. if and only if (K) contains the reflex field of Xc. Moreover, the condition
Ox, (E(X¢)) € «(K) does not depend on 1.

Proof. Let r € Aut(C) be an automorphism of the complex numbers and con-
sider the base change X[ := X X, Spec C. Again, we have a natural isomor-
phism 73 : E(X() = E(X{), given by conjugation of algebraic cycles. If w €
T'~!(X() is a non-zero 2—form, we can conjugate it via 7 (since it is an alge-

braic object) to obtain a non zero 2—form w® on Th~1(X é). Now, denote by
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oy E(Xc) & Candby oy @ E(X{) < C the two embeddings given by evalu-

ation on a non-zero 2—form and let & € o (E(X¢)); we have:
(‘L"’da)_(1 a)w’t = ((0')_(101)60)’ = (aw)" = t(a)w"

1.€.

Gy:07% = 100y (2.4.0.2)
Therefore, the following diagram commutes

E(Xo) =55 E(XY)

lax laxf

cC ——>sC.
If = fixes K, then Xé = Xg, so that E(X) = E(X) if and only if the map
79 . E(X c) = E(X¢) is the identity. But the diagram above tells us that this
happens if and only if 7 fixes also oy (E(X)). Finally, to prove that the condition
O'XC(E (X¢)) € «(K) does not depend on 1, we need to show that it is true for one
embedding if and only if it is true all. But if 7 € Aut(C) is any element, equation
2.4.0.2tells us that

ox-(E(XQ) = t(ox (E(X))),

so we conclude the proof. O

Definition 2.4.9. Let X /C be a K3 surfaces with CM. We define the order O(X) :=
Endeg(T(X )) C E(X), and we say that X is principal if O(X) is the maximal one.

Remark 2.4.10. We do not use the full power of the Hodge conjecture in this thesis.
One can define E(X) and O(X) in the same fashion for every K3 surface X /C (i.e.,
without CM). By the results obtained in [56]] by Zarhin, E(X) is always going to
be a field, either totally real or CM, and O(X) C E(X) an order in it. Proposition
[2.3.2)tells us that every @ € E(X) is an absolute Hodge class, hence we can define
7% ;. E(X) — E(X7) to be the natural conjugation of absolute Hodge classes. In
Proposition we will show that 7%¢ sends (9(X) isomorphically to O(X7).
Working with absolute Hodge classes is particularly useful if one whishes to gen-
eralise these ideas to more general CM hyperkihler manifolds, where the Hodge

conjecture for self-products is not known.

Remark 2.4.11. From now on, we will only consider K3 surfaces with CM that are

principal.

31



One has to prove that the ring O(X) is an algebraic invariant of X, i.e. that it
depends only on the scheme structure of X. What we mean by this is the following:
consider X /k any K3 surface, and suppose there exists an embedding 1: k < C.
Base-changing X via 1, we obtain a K3 surface X' over C, and we can compute
the ring O(X") = Endeg(T (X")). We need to prove that this ring does not depend
on 1. The analogous statement for Abelian varieties is trivial, as the analogue of
Endeg(T(X )) would be the endomorphism ring of the variety, and conjugation of
an endomorphism is still an endomorphism. In the K3 surface case, though, it is
not clear that if « € O(X) C E(X) then also 7% (a) € O(X7) C E(X®) (we only
know, so far, that 7%¢(a) € E(X7)).

Theorem 2.4.12 (Invariance of O(X)). Let X /C be any K3 surface and let v €
Aut(C). Then the natural map t°? : E(X) — E(X7) sends O(X) isomorphically
to O(X").

Proof. Consider the two natural embeddings
15 1 E(X) © Hdg* (X x X) := H(X x X) n Hj(X x X,Q(2))

g ¢ E(X) & Hi(X X X,A/(2)).

Since for K3 surfaces every Hodge cycle is absolute Hodge, for every = € Aut(C)

we have a well-defined map
tp 1 Hdg*(X x X) — Hdg*(X" x X7)
and a natural inclusion
Hdg* (X x X) & HH(X x X, A /()

such that the following commutes (note the abuse of notation in the vertical arrows)

E(X) - S E(X7)

Lo Lo
Hdg*(X x X) ——% % Hdg" (X" x X7)

! !

HAX X X, Ap(2) ——3 HHX" X X7, A4(2).

where 7* is the natural pullback in étale cohomology via the isomorphism of schemes
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7. X* — X, and the composition of the vertical arrows is 1,,. Consider now the

isomorphism of Z-lattices
o T(X) = T(XY)

and let f € O(X). The commutativity of the above diagram tells us that
r(f) =0 for*,

this equality happening in H;(X’ X X7, A ((2)). Now, 4 (f)NT(X7)) C T(X")g
since 7%(f) € E(X7), and [r*ofor*‘l]f(XT) C ]A“(XT) since ¥ : f(X) -
T(X) is an isomorphism. Thus, the equality 7%¢(f) = t*ofor*~! implies that
9 (f)T(XT)) C T(X")g N T(X™) = T(X?), i.e. 7%(f) € O(XT). Hence the
map

% E(X) > E(X7)

restricts to an isomorphism between O(X) and O(X 7). ]

2.5 Computing the order of singular K3 surfaces

In this section we will explicitly compute the order O(X) for every X /C with
maximal Picard rank p(X) = 20, so to have an easy criterion to decide whether
O(X) is principal or not. If X /C is a singular K3 surface, the order O(X) :=
Endyy4, (T (X)) can be easily computed in the following standard way. Choose a

Z-basis ey, e, of T'(X) and write the intersection matrix as

[ 2a b ]
M = (2.5.0.1)
b 2c

witha, b,c € Z and A := b*> —4ac < 0. Let 2q(x, y) := (xe, +ye,, xe; +ye,) x

be the binary quadratic form associated to (—, —)y, i.e.
q(x,y) = ax® + bxy + cy*.

Up to orientation, the only Hodge structure on T'(X) of K3 type is given by

(X)) =¢C H

33



where s is a solution of g(x,1) = 0, let’s say s = #. This follows by the fact

that a non-zero 2-form @ must satisfy q(w, w) = 0. Denote by E the field @(\/Z)
and write A = f2A, with A the discriminant of the field E.

Proposition 2.5.1. The ring homomorphism
o FE - MZXZ(Q)

-b -2
x+y\/AEr—>xId+%[ C]

2a b

realizes E as Endy,,(T(X)gq)

Proof. The fact that the above map is a morphism of rings is an easy computation.
The only thing left to check is that ®(FE) C Endeg(T (X)g), and this is equivalent
to ®(y/Ap) € Endeg(T(X)@). Now,

_l -b -2c
@(\/E)—f[Z ]

a b
l -b -2c N _l
fl2a b 1| f

We are now ready to prove

and we have

Theorem 2.5.2. Let X /C be a singular K3 surface, let q(x,y) = ax* + bxy+cz>
the quadratic form associated to a Z-basis of T(X), of discriminant A = f*Ap,
with A g the discriminant of the field E = @(\/Z). Then

f

OX)=Z+ @.b.0

Og.
In particular, X is principal if and only if f = (a, b, ¢).

Proof. From the discussion above, we have that the order O(X) corresponds to

b
O(X)%{x,ye@: [thy fby ]eMzXz(Z)}.
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2(a,b,c)

This is equivalent to 2x € Z, ] € Z and x — %y EZ,ie.

O(X)z{x+L\/AE: X,yEZ, x+

il y=0mod?2 ;.
2  2a,b,c)

b
(a,b,c)

2 2
< b ) E(L> Ap mod 4
(a’bac) (a,b,c)

If A = 0 mod 4 then the above equations forces

/ 2= b 2=0 mod 4
(a,b,¢)) ~ \(a,bc))

and O(X) corresponds to

We also have

J
(a,b,c)

X fy
ox)=d Xy 1Y A i xyez,x=0 mod2b=2
X) {2+2(a,b,c) EroyES, =T Mo } *

Og

If A =1 mod 4 and (a’; 3 is odd, the order O(X) corresponds to

X fy S
o) ={2+—TY /A, xyeZ x+ty=0 mod2t=z+—1—0 ~
) {2+2(a,b,c) g:%YE L, xty =D mo } @b o) awa

And finally, if Ay =1 mod 4 and (a/; > is even, O(X) corresponds to

~ fy . I _ f
O(X) = {x+m AE L X, ye Z} = Z+2(a,b,c) <Z+2(9E) = Z+(a,b,c)(9E.

O]

Corollary 2.5.3. Let E be an imaginary quadratic extension of Q. Then there are
infinitely many C—isomorphism classes of K3 surfaces with CM by O.

Proof. As proved in [39]], K3 surfaces with maximal Picard rank correspond bi-
jectively to isomorphism classes of positive-definite oriented even lattices of rank
two, via X — T(X). Let E be any imaginary quadratic field and choose a lattice
M like 2.5.0.1)), with E = Q(Vb? —4ac) and f = (a, b, ¢). Write X ;, for the only
K3 surface with T(X,,) = M. By Theorem (2.5.2)), X, has CM by O. But for
every n € Z. we have that also X,,, has CM by O and X, is not isomorphic
to X, ifn> 1. O
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In Proposition (3.1.11)) we will extend this result to all E with [E : Q] < 10.

2.6 Brauer groups

In this section we briefly recall some essential facts about Brauer groups. We refer
the reader to Section 4.3. of [10] for a thorough explanation. Let K be a field of
characteristic zero, K a fixed algebraic closure and G its absolute Galois group.
For any smooth, geometrically integral variety X /K let Br(X) := H ézt(X ,G,,) be
its Brauer group, and Br(Y) = Hgt(?, G,,) be the Brauer group of X. Both these

groups are torsion abelian groups, since X is smooth. The Kummer exact sequence
n
l->p,-6G,—G, -1
gives rise to the short exact sequence
0 - Pic(X) ® Z/nZ — H:(X, u,) = Br(X)[n] = 0,
which becomes
0> NS(X)® Z/nZ » H:(X, u,) = Br(X)[n] - 0,

since Pic(X) is an extension of NS(X) by a divisible group. After taking projective
limits, this implies that

Br(X) = (H2(X, 2)(1)/NS(X)) ® Q/Z.

Let X /k be a K3 surface, and let T“(X ) = 1<I\S(Y)L be the orthogonal comple-
ment of I<I\S(}) CH ezt(f 2)(1). If there exists an embedding K < C, we have a
canonical comparison isomorphism T'(X¢) ® 7~ f”(Y). The intersection pairing

together with Lefschetz’s (1, 1)-Theorem leads to an isomorphism

(H2(X¢, Z)(1)/ NS(X¢)— Hom(T(X¢), Z)
v+ NS(X¢) - (x = (x,0)),

so that we have

Br(X) = Hom(T(X), Q/Z) = Hom(T(X),Q/2).
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Note that from the equation above one gets a natural action of O(X) on Br(}).

A Hodge isometry f: T(X¢) 5 T (Y¢) naturally induces two maps on Brauer
groups: f*: Br(Yg) — Br(X) given by applying the contravariant functor Hom(—.Q/2Z)
and f, : Br(X¢) — Br(Yc) given by identifying

Hom(T'(X¢), Z) 2 {v € T(X)g: (v,x)y € Z forall x € T(X)}.

They are one the inverse of the other. Assume now that X has CM.

Definition 2.6.1. By a level structure on 7'(X) we mean a finite subgroup B C
Br(X) that is invariant under the action of O(X).

Itis clear that level structures on T'(X) corresponds bijectively to free Z-modules
A
Hom(T'(X), Z) c A ¢ Hom(T'(X), Q)

that are invariant under the action of O(X).

Lemma 2.6.2. Let X /K C C be a K3 surface defined over a number field K, and
suppose that X has CM over K. Then Br(})GK C Br(Y) is a level structure on
T(Xe).

Proof. By the results in [46], we know that Br(Y)GK is finite. If X/K C C has
CM over K, then Br(X I—<)GK is also invariant under the (X )-action, since every
cycle in E(X) is defined over K. ]

2.7 The main theorem of complex multiplication

In his paper [41]], Rizov proves an analogue of the main theorem of complex mul-
tiplication for Abelian varieties, in the K3 case. As a matter of fact, it is a formal
consequence of the fact (also proved by Rizov) that the moduli stack of polarized
K3 surfaces over Q is related to the canonical model of the K3 Shimura variety
via an étale morphism defined over Q (the period morphism). As pointed out by
Madapusi Pera in [26], Rizov’s theorem could also be proved using the theory of
motives for absolute Hodge cycles, see loc. cit. Corollary 4.4. In this section we
follow Rizov’s and Milne’s article ‘Introduction on Shimura varieties’ (appearing

in [1]]) notations.
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2.7.1 A summary of class field theory

Before stating the main theorem of complex multiplication, let us quickly recall the
main statements of class field theory. Let K be a number field. Class field theory
provides us with a description of Gal(K% /K) by the reciprocity map, which is a

surjective, continuous morphism
. b
recg : A% — Gal(K”/K)

whose kernel contains K*. It induces an isomorphism Kﬂ} = Gal(K“*/K),
/\X . . X .
where K*\A% denotes the profinite completion of K “\A - For our purposes, it

is also useful to introduce the Artin map:

m—)a_l
arty : A% — Gal(K*/K)—— Gal(K*/K). (2.7.1.1)

The reciprocity map enjoys the following properties

1. If L/K is an Abelian extension, we have a commutative diagram

recy

K*\A¥X ————— Gal(K“’/K)

l =

KX\A%X /Nm ,(A%) ——% Gal(L/K).

2. If vis a prime of K that is unramified in L and # € K|, is a prime element,
then the idéle (--- 1 ---  --- 1 ---) with & at the v-component and 1 elsewhere
is sent by recy to the Frobenius element (v, L/K) € Gal(L/K).

3. If K is totally imaginary, then the reciprocity map factors through the quo-
tient A% A},f’

Back to our discussion, let V' be a finite dimensional Q-vector space and let

h: S — GL(V)i be a rational Hodge structure. Suppose that A is special, i.e.,

that it satisfies the condition in Definition (2.1.9). In particular, there exists a torus
T c GL(V) defined over Q such that the morphism # factors through Tg:

h:S > Ty & GL(V)g.

Recall that the reflex field E(h) introduced in (2.1.10) is the field of definition of
the composition

U h
Guc— Sc— Tg.
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so that we can consider the map

hO/,{ . Gm,E(h) - TE(h)'

By the functoriality of the Weil restriction of scalars, we also have a map

Res gy a(hop) @ Resgpy (G pny) = Resgpya(Tem),

and we define the map r;l as the composition

N
Res gy /a(Gm,emy) = Respya(Tpmy)— T

where N is the Norm map, acting on @—points as
RespoTen)@ = @ T@, - T@

o: E(h)->Q
() = [ -
(o2

Finally, we define rj, : A - T(A;)as the composition

X
E(h)

!/

r proj
A% = Resgn (G, En)(A)—> T(A)— T(A ).

In our case, where T' = U = MT(X), we have

Proposition 2.7.1. After naturally identifying MT(X) with the norm-1 torus Ug C

Resg /g G,,, we have that the map r corresponds to

. AX x
r. AEHAE,f

Proof. Remember that the reflex field E is naturally embedded into C, via the eval-
uation map. Denote by E C C its Galois closure, and consider the natural embed-

ding

ES EQgE
e—e®l.
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We can multiply every element x € E ®q E by an element of e € E in two ways,
respectively e - x and x - e. Denote by € := {1: E < E} the set of embeddings.
The Galois group G := Gal(E/Q) acts transitively on .S by 1 — gi. We have a
decomposition
E®qE=@PE,
=y
where
E,={x€E®@E~: e-x=x-1e)Ve€E}

One can show that exists a unique element 1, € E, such that the map E — E,,
&~ 1, - & is an isomorphism of fields (multiplication on E, being the one induced
by E Qg E). If we let G act on the right side, i.e. gz ® w) := z Q@ g(w) for
every g € G, we have g(1,-é) =1 @ g(@). In particular, the natural embedding
E < E ®q E becomes

E< @E (2.7.1.2)
1€E
e @1, -1(e). (2.7.1.3)

In our case, denote by ¢ : E < E the canonical inclusion. The cocharacter is given
by

u:E-EQECEQE

e (1, -0(e), -+, 1z - o(e)™),

where all the other entries are 1. Denote by .S C G the stabiliser of 1, the map r’ is

I1 sl =1, z<§> ==

[gleG/S €&

finally given by

(note that [g]o(e) is well defined) where in the last equality we use the identification

@TT). =

We can now state the main theorem of CM for K3 surfaces:

Theorem 2.7.2 (Rizov). Let X /C be a K3 surface with complex multiplication and
let E C C be its reflex field. Let T € Aut(C/FE) and s € AE 7 be a finite idéle such
that art(s) = T|ab- There exists a unique Hodge isometry n . T(X)g — T(X")qg

such that the following triangle commutes

40



T(X)g ——L5 T(X7)q

I

T(X)q
where T is the pull-back in étale cohomology of v : X* — X.

Proof. The diagram above, as found in [41]], reads a bit differently:

i®A
Pp(X,Ap)(1) —— Pg(XT,A/)(1)

rX(sﬂ\ %

Py(X. A (D),

where Pg(X, A ;)(1) is the primitive cohomology of X with respect to some po-
larisation £ € NS(X), ij: Pg(X,Q)(1) = Pp(X7,Q(1)(1) is a Hodge isometry
and ry is the reciprocity map associated to the torus MT(Pg(X,Q)(1)). Now,
Pp(X,Q)(1) = T(X)g @ A, where A is the rational (0, 0)-part of Pg(X,Q)(1),
ie. A = {v € NS(X)g: (v,7) = 0}. It is therefore clear that the inclusion
T(X)g < Pp(X,Q)(1) induces an isomorphism of Mumford-Tate groups

GL(T(X)q) —— GL(Pp(X,Q)(1))

] ]

MT(T(X)g) —— MT(Pg(X,Q)(1)).

This identification implies ry(s) = % and 7 = (n,7*), where 7* . NS(X) —
NS(X7) is the pull-back via 7. ]
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3 Types and class field theory

3.1 Ideal lattices and idéles

Ideal lattices provide the natural framework to work with CM, polarised Hodge
structures, since they allow us to faithfully translate the information contained in
a polarised CM Hodge structure into some arithmetic data on the CM field. In the

summary below, we mainly follow [3]].
Definition 3.1.1. Let E be a CM number field, by an ideal lattice we mean the data
(I, q) where I C E is a fractional ideal and

qg: IxXI—->R
is a non-degenerate symmetric (Q-bilinear form such that g(Ax, y) = q(x,;y) for
every x,y € I and 1 € Op.

By the non-degeneracy of the trace, it follows that there exists @« € E such that
a =aand q(x,y) = trE/@(axi). So that, from now on, we will denote with (I, @)

the ideal lattice (I, q) with g(x, y) = trE/@(axﬁ).

Definition 3.1.2. An ideal lattice (I, @) is said to be integral if q takes value in Z,
and even if q(x, x) € 2Z for every x € I.

Recall that the inverse different ideal DEI is defined to be the maximal fractional
ideal of E where trp /Q takes integral values. Hence, if a € E is like above, (I, @)
is integral if and only if

()I1 c D} (3.1.0.1)

Let (I, g) be an integral ideal lattice. Its dual is defined as (IV, q) where
IY={x€eE : q(x,I)C Z)}. (3.1.0.2)

Note that the quadratic form induces a natural isomorphism IV = Hom(!Z, Z)

given by x — g(x,—). We also have a natural inclusion (I, q) C (IV, q). From the
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definition, it follows that also (I, q) is an ideal lattice (usually non integral) and
that

IV = (aTDE)_l;

. . - -1,
the inclusion I C (aI D E) is hence also a consequence of (3.1.0.1).

Definition 3.1.3. We say that two ideal lattices (I, ) and (J, ) are equivalent,
(I,a) = (J, p), if there exists e € E* such that J = el and a = eef.

This means exactly that multiplication by e
e: I - J

is an isometry. Note that the two lattices (I, @) and (J, §) can be isometric without
being equivalent (because a general isometry between the two might not be E-

linear).
Remark 3.1.4. We will prove later (see Lemma (3.1.9)) that if (I, @) = (J, p) via
e € EX then (IV,a) = (JV, p) via e as well.

If (I, @) is an ideal lattice, the quotient of Abelian groups E/I = I @ Q/Z is

a torsion Abelian group, and also an @ —module. We now make the analogue of
Definition (2.6.1J).

Definition 3.1.5. By a level structure on the ideal lattice (I, @) we mean a finite,
O g-invariant subgroup G C IV ® Q/Z.

Remark 3.1.6. To give alevel structure is equivalent to give a fractional ideal J such
that IV C J,i.e. J = 77 1(G) where 7 : E — E/IV is the canonical projection.

From now on we will not make any distiction between one or the other definition.

We want now to extend the definition of equivalence keeping track of level struc-
tures. So let (I, a0, G) and (J, §, H) be two ideal lattices with level structures. We
say that (I, a,G) = (J, B, H) if there exists e € E* as before such that the map
induced by multiplication by e

E/IY - E/JY

restricts to an isomorphism between G and H.

In general, what we have is a way to 'multiply’ an ideal lattice with a level structure
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by an element e € E* by putting

e-(I,a,G) .= (e],%,eG)
ee

where eG is the image of G under the map
e: E/IY - E/el”,

where the last equation makes sense since eIV = (el)" thanks to the above remark.
The following facts are well-known, see Lang [[21]] Chapter 6 or Shimura [43] for

a proof.

Proposition 3.1.7. Let I,J C E be fractional ideals. We have:
1. For all but finitely many finite places v of E, I ® O , = J ® O,
2. I cJifandonlyif I @ Og, C J ® O, for every finite place v,

3. If (1), is a collection of O ,—modules I, C E,, such that for all but finitely
many v’s we have that I, = Of ,, than there exists unique a fractional ideal
I such that I @ O, = I, for every v.

Letnow s € AE s be a finite idele and I a fractional ideal. In virtue of the facts

above, there exists a unique fractional ideal J such that

since for all but finitely many v’s we have that s, - I, = I,. To construct sucha J,

denote by sO@, the fractional ideal associated to s:
S@E — H pordp(s)’
p

then one can see that J = sI. To extend the action of E* on triples (I, a, G) to a
subgroup of A; f containing E*, note first that we have an isomorphism (pag. 77
in Lang’s book [21])

E/T =@ E,/I,

where the sum is taken over all the prime ideals of O, E,, is the completion of E

atpand I, :=1 ® Op . So we get a natural homorphism

AE,f > E/I
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whose kernel is exactly @1, b Ifs € AE ; is an idele, we have seen before that
J 1= sl is the only fractional ideal of E such that J, = s, I,,. Hence, we obtain a

commutative square

Agpy —> E/I

ok

Ag, — E/sI

where y is given at the p-component by multiplication by s,. If G C E/I is a
subgroup, we denote by sG C E/sI the image of G under y in the diagram above.
In order to extend the action of E*, we make the following definition.

Definition 3.1.8. Let F C E be the fixed field of the complex conjugation, we
define K C A% , to be the kernel of

NmE/F

X
AE,f—> Fr Cr

where Cp. is the idele class group of F. Equivalently, s € K if and only if s5 € F*

Let now (I, @) be an ideal lattice and s € K. Define

s-(I,a) := <SI,£_>.
ss

If (I, a) is integral, then also s - (1, a) is integral. We have to prove that this con-

struction commutes with formation of duals.

Lemma 3.1.9. Let (I, a) be an ideal lattice, and let s € K. Then the dual of
s-(I,a)iss-(I,a)V.

Proof. Indeed, the dual of s - (I, @) is

(04

((si)(a”)Dg(s—l)i—l, 1.) = ((s)(oﬂ)D;;1 I —_)
SS SS
and
s-(La)Y =s- <(a1'DE)‘1,a> = <(s)((x_1)DEII__1,%>.

This commutativity allows us to make the following definition.
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Definition 3.1.10. Let (1, a, G) be an ideal lattice with level structure, and let s €
K. Then we define

SS

s-(I,a,G) := <SI,£_,SG>,

where sG is the image of G under multiplication by s
E/IY - E/sIY = E/(sI)".

Before concluding this section, let us prove the following proposition.

Proposition 3.1.11. Let E be a CM number field with [E . Q] < 10. Then there
are infinitely many C—isomorphism classes of principal K3 surfaces with CM by
E.

Proof. This is basically a consequence of Corollary 1.12.3 in Nikulin’s famous
paper [35]. Let .S be an even lattice of signature (¢(;,,7_,) and let A be an even
unimodular lattice of signature (¢, Z(_)). Nikulin’s result says that a primitive

embedding .S & A exists if the following conditions are satisfied:

3. Let g be the minimum number of generators of SV/.S. Then £, + ¢ _y —
ey =1 > &

Note that, in our case, where the lattices are non-degenerate, ¢, +¢_, = rank(A)
and 7,y +1_) = rank(5). Moreover, g < rank(S) always. In particular, a primitive

embedding exists every time that
rank(A) > 2 - rank(SS) (3.1.0.3)

Let us now prove the proposition. Write [E: Q] = 2n with n < 5. Consider
a € F* with aDg C Op, so that the ideal lattice (O, a) is an even integral lattice,
and assume that for only one embedding ¢’ : F < C we have ¢’(a) > 0. Let us
denote by 6 : E & C an extension of ¢’ (the other extension will be given by ).
This choice of « ensures that the signature of (O, @) is (2,2n — 2). We would like
to produce an algebraic K3 surface using the surjectivity of the period map. To do
so, let us write A for the K3 lattice, which is isomorphic to H 2(X ,Z) for any K3
surface X /C. Itis an even-unimodular lattice of rank 22 and signature (3, 19), and
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every pure Hodge structure of weight 2 on A, such that dime A% = 1 and for which
the pairing A X A — Z induces a polarisation, comes from a complex K3 surface.
Since [E : @] < 10 and by the choice of a, we easily see that conditions 1,2, 3
above are satisfied, so we can find a primitive embedding of lattices (O, @) C A.
We want now to endow A with a Hodge structure which corresponds to a K3 surface

with CM by O. To do so, consider again the decomposition

v:®C= P c,
7. E-C
and put A>? := C,, where we consider O ® C C A ® C. Let us call X
the corresponding K3 surface. It is easy to show that T(X) = (O, a), and that
Endyyq,(T(X)) = Op. To show that this K3 surface is algebraic it is sufficient to
find a class L € NS(X) with L? > 0 by Theorem 1V.6.2 of [2]]. But this class must
exists because the signature of NS(X) is (1,21 —2n), so that X is algebraic. Finally,

o’

note that we can produce infinitely many a’s such that the ideal lattices (O, a)
are pairwise non-isomorphic, so that we obtain infinitely many C—isomorphism
classes of K3 surfaces with CM by Op. O

Remark 3.1.12. It is not known whether the same proposition is true in any degree.
The best result in this direction so far is the one of Taelman [49]] already mentioned
in the introduction: for every CM number field E with [E : Q] < 20 there exist a
complex K3 surface with CM by E. Moreover, if [E : Q] < 18, there are infinitely
isomorphism classes of complex K3 surfaces with CM by E.

3.2 Type of a principal K3 surface with CM

In this section we introduce the type of a K3 surface with CM. We have seen during
the proof of Proposition (3.1.11)) how to construct Hodge structures of K3 type with
CM starting from an integral ideal lattice: one starts with a CM number field E
and an embedding o : E < C, and consider an ideal lattice with level structure
(I,a,G), with a« € F* such that (a)Dp C O and only 6,6 : E < C satisfies
o(a) > 0. To this data we can associate a polarised Hodge structure of weight zero
together with a ‘level structure’ that we will denote by (I, @, G, 0), with 1 L-1 =
C,. Let now (X, B,1) be a principal CM K3 surface X /C with level structure
B C Br(X) and an isomorphism 1 : E — E(X). Via the map 1, we consider T(X)
an O g-module.
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Definition 3.2.1. We say that (T'(X), B, 1) is of type (I, a, G, o) if there exists an

isomorphism of @ p—modules
®: T(X)— I

such that:
1. (v,w)y = tre/q (a@(v)@(w)) for every v, w € T(X);

2. If®Y: T(X)V — I is the induced map on dual lattices, then
' ®Q/Z: E/IY - Br(X)

sends isomorphically G to B;

3. oyo1=o.
Remarks 3.2.2.

1. Here, with @V we mean the induced map
TX) ={veTX)q: (v,x)€Z forall x e T(X)} > I,

where I'V was defined in (3.1.0.2)).

2. It may seem that fixing an abstract field E together with the maps ¢ and o is
redundant; to every K3 surface X /C with CM, we have canonically associ-
ated its reflex field E (already embedded in C) together with an isomorphism
oy : E(X) — E. We chose this definition to keep track of the Aut(C)-action
on E(X): if 7 € Aut(C), we put (T(X), B,1)* = (T(X?),r,B,7t%01). See
Lemma (3.2.4). Also, one can check that proposition (3.2.6) would not hold

without fixing such an isomorphism.

3. Every CM K3 surface has a type: let E 2, C be its reflex field, put: :=
a;(l and choose 0 # v € T(X). The inverse image of T(X) under the
isomorphism E — T'(X)g, e = 1(e) - v is a lattice in E fixed by OF, hence
a fractional ideal. By the non-degeneracy of the trace, we can find unique
a € E as in Definition (3.2.1).

Definition 3.2.3. Let X,Y /C be two principal K3 surfaces with CM. We say that
the two triples (T'(X), B,1y) and (T'(Y),C,1y) are isomorphic if there exists a
Hodge isometry f : T(X)— T(Y) such that
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1. f%o1y =1y, where f%¢: E(X)— E(Y) is the induced isomorphism and

2. f,: Br(X) — Br(Y) restricts to an isomorphism between B and C, where

/. 1s the induced map on Brauer groups (introduced in the discussion before

Definition [2.6.1).
The following is an instance of point 1) in the remark above.

Lemma 3.2.4. Let X /C be a principal K3 surface with CM and let1:. E — E(X)
be an isomorphism. Let © € Aut(C), and suppose that (T(X),1) = (T(X7), t%o1).
Then t fixes the reflex field of X.

Proof. Since f is a Hodge isometry, we have that 6y = 6 -0 f%. During the proof
of Proposition (2.4.8)), we have also proved that 6 y:07%¢ = 700 . By assumption,
we have f% o1 = 79901, i.e. f% = 7% Hence, 6y = to0y, i.e. T fixed the reflex
field of X. O

Note that if X can be defined over Q, then T'(X) = T (X") for every = € Aut(C).

Lemma 3.2.5. Suppose that (T'(X), B,1) is of type (I, a, G, c) and let ® and @' be
two maps as in Definition (3.2.1). Then there exists a root of unity u € O, such
that ® = yd@'.

Proof. Indeed, the map @’ o®!: (I,a) » (I, ) is an integral isometry, hence a

root of unity. 0
We are ready to prove the following proposition.

Proposition 3.2.6. Let (T'(X), B,1y) be of type (I, a,G, o) and let (T(Y),C,1y) be
of type (J, B, H,0). Then (I'(X),B,1x) = (T(Y),C,1y) ifand only if 1, a,G) =
(J,p,H)and o = 6.

Proof. Let us prove the implication (T'(X), B,ix) = (T'(Y),C,1y) = (I,a,G) =
(J, p, H) and 6 = 0. Consider the square

T(X) —2X5 1

|
o
<~
(DY
rY)—J,
where f is a map as in Definition (3.2.3) and @, ®y are the maps realising the
types of X and Y respectively. By linearity, we see that the dashed arrow is induced

by multiplication by some e € E*, which is also an isometry between the two ideal
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lattices (I, @) and (J, f) , i.e. el = J and eef = a. The induced square on Brauer

groups is

q)\/
Br(X) — E/IY
=
]
Br(Y) —=% E/J,
which implies eG = H, since f.(B) = C, CD}(B) = G and ®,Vv(C) = H. By
the definition of type, we have that cyo1, = ¢ and oyoiy = 6. Moreover, we
also have f%o1y = 1, (by Definition (3:2.3)) and oy = oy 09 (since f is a
Hodge isometry). Hence, we see that 0 = 6. On the other hand, suppose that
(I,a,G) = (J,pB, H) and that ¢ = 0, and let e € E* be an element realising the

equivalence. Consider the diagram

@
T(X) —=5 1
| e
<4
Oy
TY) — J,
and call f the dashed arrow. Then, f is an isometry between the lattices T'(X)
and T'(Y) and satisfies condition 2 in Definition (3.2.3). We need to prove that it
respects the Hodge decomposition and that f% o1y, = 1. Since ¢ = 6, we have
that 6yory = oyory. Let 0 # w € TH~!(X) be a non-zero two form, and let
x € E. We want to prove that 1, (x) - f(®) = oy (y(x)) f(®). We have

(X)) f(@) = 1y(x)- O} (e@y () = B} (xe®@ y () = B} (e@x (1x(x) - w)) =

= fx(x) - @) = f(ox(ix(x)@) = ox(1x(x))f (@) = oy (1y (X)) f (@)

Hence, f respects the Hodge decomposition. As a consequence of this, we must
also have that 6y = 6y 0. Pre-composing with 1, and using again the fact that

Ox©oly = Oyoly, we conclude. g

3.3 Main theorem of CM for K3 surfaces (after Shimura)

The next step is to translate Theorem (2.7.2) in the language of ideal lattices.

Theorem 3.3.1. Let X /C be a principal K3 surface with complex multiplication
and reflex field E C C. Let t € Aut(C/E) and let s € Aéf be a finite idele
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such that art(s) = T|gab. SUppose that (T(X), B,1) is of type (I,a,G,0). Then
(T(X7),7,B,1%01) is of type

-(I,a,G,O').

Ll |«

Moreover if ®y is a map realising the type of X, there exists a unique map @ y.

realising the above type of X, such that the following commutes

Br(X) —2 E/TY

Lo

Br(X7) —=» E/:IY

Proof. Rizov’s Theorem tells us that there exists a unique Hodge isometry n : T(X)q —

T(X7)q such that the following diagram commutes
T(X)g —— T(X")q
T(X)q

If we consider f(X ) C T (X)g and YA’(X ) C f(X ")g- then the Galois action 7*

restricts to an isomorphism of 7 -lattices
o TX)— T(X ).

This means that the two lattices T(X ) and n(%f(X)) NT(X")g inside f(XT)@ are
actually the same. Since both # and multiplication by E are isometries and since 7

fixes the reflex field by assumptions, we must have that the type of (T'(X?), 7, B, 7% o1)

-<I,a,G,a>.

Choose a map (D/XT realising the above type for X*.

18

vl | L

Claim: there exists a unique root of unity y € (9}; such that the following commute

T(X) —— T(x")

~ U Z
\ch x®Z \L(D ' ®Z

1®2T> §1®2
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Indeed, consider the following

T(X)g ——— T(X%)q

\LCDX ®Q LD'XT ®Q

E=I®Q----3:I®Q=E,

We can complete the dashed arrow uniquely with multiplication by some element
u € E* with up = 1, since 7 is a Hodge isometry. Everything now fits into the

commutative diagram

T(X)g
TX)g —2 S (X7
( )Q 7 ( )Q
\L(DX®A/
Dy®A, ) Y.

IAf M
/ u \l
Iy, >

o
N
s1a,

And we see that y must send the 7 —lattice %I 5 into itself, because 7* does so. So

that u € ((§\E N E = Og. The condition uy = 1 forces u to be a root of unity. Now

put @y, = p- dD;(,. We obtain another commutative diagram analogous to the
one above
., T(X)g
E ~
A~ n®A, A -
T(X)g > T(X%)g
Dy®A,
Dy®A, / IAf \ Dy @A,
I 1 i
As T osTAp
so that @y is the required map. The unicity comes from Lemma (3.2.5). O
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3.4 K3 class group and K3 class field

Before starting this section, let us fix some classical notations from class field the-
ory that we are going to use through the rest of this thesis. Let E/F be a cyclic
extension of number fields and write G := Gal(E/F) = (o). In this section, E
will always be a CM field and F its maximal totally real subfield, but in Section
(3.5) it will just be a general cyclic extension and most of these notations will not

be used until then. Let I C O be an ideal, we denote by
e T the group of fractional ideals of E;
o 7 é C I the group of fractional ideals coprime to I;
o El :={e€ E*: eOp € I]};
o EIl :={ee EX: v(e—1)> v(I) V finite valuations such that v(I) > 0};
o O :=O5nE",
o PL:={eOf: e€ EIM} C 1L,
e Cl;(E) :=1]/P] the ray class group modulo I
o We say that the ideal I is invariant if (1) = I

e If I is invariant, we denote by CI’I(E) = CI;(E)/Cl ,(E)G. In particular,
we have CI'(E) := CI(E)/ CI(E)%;

e N : EX — F* the norm morphism.

o If I C O is a proper ideal, we will denote its support by

SI) :={p prime ideal of E: I C p}.

o If misamodulus for O, i.e. aformal product of a proper ideal and archimedean

valuations, we will denote by e(E/F, m) := [],,,, e(v), where the product

vim
is taken over all the places (both finite and archimedean) of F that do not di-

vide m and e(v) denotes their ramification index in the field extension E/F’;

e Let E be any number field, for every ideal I C O we denote by ¢pp(I) :=
[(Of/1)*| the associated Euler’s totient function.
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Given a CM number field E, Theorem (3.3.1)) suggests the introduction of a class
group (as meant in Shimura’s book [43]]) which we will call the K3 class group
G;(E) of E, and of its related class field, an Abelian extension of E obtained via
class field theory, with Galois group isomorphic to Gg5(E). These object will be
of essential use later on, especially in the computations of the fields of moduli in

the next section. In order to introduce them, we recall that by
Up CResgq(Gy)

we mean E-linear unitary group, cut out by the equation ee = 1.
Definition 3.4.1. Let E be a CM number field. We define the K3 class group of E
to be the double coset

Gia(E) :=Ug(@\Ug(A))/T,
where U is the subgroup generated by all the u € U (A 1) such that for every finite
place v, u,, is a unit, i.e., U= {u € Ug(Af) 1 uOp = Og}.

There is a canonical, continuous map from the finite ideles of E to Gg3(E),

namely

A%, = Gis(E) (3.4.0.1)

N
S =
S

’

which is a surjection due to Hilbert’s Theorem 90 for ideles.

Definition 3.4.2. The kernel of the above map AE’ P Gys(E) is denoted by S.
We have
S
Sp=1{se Ag’f :de e Ug(Q): eEOE =0Op)

Note that also E* C Sp.

Definition 3.4.3. The Abelian extension of E obtained via class field theory from
the subgroup Sy of A% f is denoted by Fy;(E). We call it the K3 Class Field of
E.

Understanding these class fields (the one just introduced and the others to come)
will occupy the next two sections. The first step is to relate them to the Abelian

extensions of E that we already know, i.e. ray class fields. As a first step, we have:
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Proposition 3.4.4. Denote by K(E) the Hilbert Class field of E and by K'(E) the
sub-extension of K(E) with Galois group = Cl'(E). We have a diagram of Abelian

extensions

K(E)

Fy3(E)

N

K'(E)

E
with
(91Xp N N(E>)

Gal(Fg3(E)/K'(E)) = N O
E

Proof. Indeed, consider the group
Sp={s€A} :3ecE*: e%@E =0}

Clearly, Si C Sg. The first step is to understand the quotient S /Sg. Let s € S
and consider e € E* such that e%(ﬂE = Of. We must have (ee) = O, i.e.
ee € Of N N(EX). If ¢’ € EX is another element such that ¢’ =Op = O, then ¢’
and e differ by a unit, ¢’ = eu with u € O, and e’e’ = uuee. We have constructed

a well-defined map

S O N N(ET) 3.4.0.2

. - — .4.0.

185~ —5en (34.0.2)
s > ee.

Note that OrONET) is a finite 2—torsion Abelian group. Hence it isomorphic to

N(O%)
(Z/27)" for some 1 € N.

The map f is surjective: let x € O N N(E*) and write x = yy with y € E*.
By Hilbert’s theorem 90 for ideals (see [9], p. 284) we can find a fractional ideal I
such that I /T = (y). Pick s € A% ; With sOp = I, then f(s) = x.
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Claim: the kernel of the map (3.4.0.2)) is Sp.

Indeed, s € Sy is in the kernel if and only if there exists e € E such that e%(ﬂ E=
Of and ee = uu for some u € O%. But consider now ¢’ := 5, then clearly also
¢'~Op = O, and moreover ¢’e’ = 1, i.e. s € Sg.

The next step, and final one, is to understand the to which Abelian extension of E

the group S is associated. Consider the natural projection maps
A% ;> CUE) » Cl'(E).

Claim: the kernel of the above composition is S.
Indeed, s € AE lies in the kernel if and only if the frational ideals associated to s
and s are the same in the class group of FE, i.e. if and only if exist e € E* such that

e%(? g = Og. This completes the proof. O

In particular, we obtain the following equality
|Gk3(E)| =[O N N(EX): N(O})] | Cl'(E)|. (3.4.0.3)

Remark 3.4.5. If E is imaginary quadratic, then
O% N N(EX)
N(O})

There are other class fields and class groups associated to E which are analogous
to the usual ray class fields and ray class groups modulo some ideal I C Of. Fix
an ideal I C O and denote by U, the subgroup generated by all the u € U(A 7)

such that for every finite place v, u,, is aunitand if v(I) = n > 0, then v(u,—1) > n.

Definition 3.4.6. We define the K3 class group modulo I to be the double quotient
G (E) = Ug(@\ UE(Af)/GI,

and the K3 class field to be the Abelian extension Fy; ;(E) of E associated to the
surjection

A% > Gy (E)

S = =
S

We study now these Abelian extensions. We start by noticing that if we put
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J :=lem(/, 7), then we have, straight from the definition, that

So that, without loss of generality, we can assume that I is invariant.

Proposition 3.4.7. Denote by K;(E) the ray Class field of E modulo I and by
K ; (E) the sub-extension of K ;(E) with Galois group = Cl'l(E ). We have a diagram

of Abelian extension

K;(E)
Fys,1(E)
™ K/(E)
E

with
OF N N(E"

Gal(Fy3 ((E)/K}(E) =
! N(OL)

Proof. The first thing to understand is the kernel of the map AE’ P Ggs (E). If
we denote it by .S, we have

S;={s€eA%:3eeUgQ): %e(DE =0, e% =1 mod I}.
Using the same ideas as before, we denote by .S; the group
Sy={s€A¥ :3eec E*: %e(95=(9E, e%El mod I}.
We again have an injection

OF N N(E"

S /S, o
I/ 1 N(OIE)

and we need to prove surjectivity. As in the proof of Proposition (3.4.4), let x €
(97r N N(E"") and let y € E'-! be such that yy = x and find a fractional ideal J of
E such that J /7 = (y). We need J to be in Ié in order to conclude, so suppose it
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is not.

Claim: there exists an invariant fractional ideal a such that a|J and J /a is coprime
to 1.

Indeed, let p be a prime ideal of E, suppose that v,(ged(I, J)) # 0 and let n be the
power of p appearing in the factorisation of J. If p = p, then the ideal J' = J /p"
has still the property that we need, i.e. J’ /7 = (), and J’ has no p—factor in

common with I. If p # p, write again J’ = J /p" and consider
W=7/ =" [T /P

Since by construction () is coprime to I and I is invariant, we must have that p
divides J’ exactly with the same exponent n, hence J” = J/(pp)" is still such
that (y) = J” /ﬁ and has neither p nor p factors in common with I. Doing this
for every prime such that Up(ng(I ,J)) # 0, we find an ideal J coprime to I with
J/J = (), and the claim follows.

So what is left to understand is the Abelian extension of E associated to S;. Exactly

as before, we recover S, as the kernel of the natural projection
A% ;> CI'(E),
and this concludes the proof. O
Again, as a corollary, we obtain

|Gys(E) = [0 n NE") : NOD)]-|CI(E)|. (3.4.0.4)
Remark 3.4.8. When E is imaginary quadratic, we have the equalities Fy; ;(E) =
K/ (E) and Gg; ;(E) = CI}(E).
3.5 Invariant ideals and K3 class group

In this section we continue to study the groups Gg; ;(E), in particular we want to
compute their cardinality. By Theorem (3.4.7)), we know that

| CL(E)]

- 7 . X 1,1y . I
o] (O NNE: NOp)L

|GK3,1(E)| =

When I = 0, we have (see Lemma 4.1 of [22])
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Theorem 3.5.1. Let E/F be a cyclic extension with Galois group G. Then

| CIE)C] = he dE/F) ,
[E : F1-[0%: N(E)n O]

where hp. is the class number of F and

e(E/F) :=[]ew)

v
the product of all the ramification indices over all the places of F, both finite and
infinite.
Putting this together with Theorem (3.4.7) leads to

hg 105 1 NOD)]

|Gg3(E)| =[E : F]- 7 e(EJF)

Using basically the same proof of [22], we compute now the cardinalities | Cl;(E)¢],
where [ is any invariant ideal.
We are going to use the notation introduced at the beginning of the last section.

Moreover, for a G— module M we will denote by
H'(M) := H'(G, M),

the i—th Tate cohomology group and by Q(M) its Herbrand quotient (when de-

fined). Let us start with a lemma.

Lemma 3.5.2. Let I be an invariant ideal, we have

Iy — o<y — L
Q0p) =0(0y) = £ F]eoo(E/F),

with
ew(E/F) =[] ew),

v|oo
where the product ranges over all the archimedean valuations of F.
Proof. The equality Q(O1) = Q(O) descends from the fact that 0. /O1, is a finite
group. The second equality of the statement follows from Corollary 2, Theorem 1,

Chapter IX of [23]].
O
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Theorem 3.5.3. Let I C O be an invariant ideal and denote by J = I N Op.

We have:
h;(F)-e(E/F,J)-|H'(E")]

[E: FI[O7.: N(El)nOF]

| Cl,(E)¢| =
where

e(E/F,J) =[] ew.

vt

Proof. Consider the short exact sequence defining the ray class group
0— P, — 1. - Cl(E) -0,
taking invariants we obtain
0-Pp% - 1% - Cl(E)? > H'(PL) -0,
since we have H'(Z}) = 0. So that
|CL(E)| = [159: PLO1- 1H' (P, (3.5.0.1)
and we are going to compute the two indices on the right-hand side. We have

[Ié,G . PY] B [Ié,G o SARNY SRl _e(E/F,00-J)-h;(F)
(Pr¢: P Py P Py7: Pil
(3.5.0.2)

[Z.9: PO =

Taking invariants of the next exact sequence
T Il T
0->0p—>E" ->P,—0,

we obtain
0- 0 > F' > pl - HO) > H(E™.

Denote by H ¢ H'(E"!") the image of the last map, we have

Pl . pl)— |H©Op] _ 1HOp)] .
BT |H| |H| - 0(0h)

By Lemma (3:3.2) we know what Q(O%,) is, and by definition

|H(OD)| = [0].: N(OL),
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so that we have

CH'OD [0 NOL)]

[Pé’G; 7)1{ K] | -Q(OJIE) . (3.5.0.3)
Using the exact sequence
0~ H'(E")/H - H'(Py) > HYOp) - H(E"),
we see that
|H'(PL)| = % - | ker(H°(OL) —» HY(E"))]. (3.5.0.4)
Now,

ker(H(O}) » HY(E") = (N(E""") n OF)/N(©O}).

Using the inclusions N ((9}’5) c N(E'"Yn (9? C (9; and putting together the

equations (3.3.0.1), (3.5.0.2), (3.5.0.3) and (3.5.0.4)), we conclude.

O
This, together with Theorem (3.4.7)), readily implies

Theorem 3.54. Let E be a CM number field and F its maximal, totally real sub-

extension, and I C O an invariant ideal. Then we have

h(E)-[0F: NODI-E: FI_ hp-¢gD)-[0%: NOD]-[E: F]
hy(F)-e(E/F,J)-|H(ELY)] hp-¢dp(J)- [(92 : (9{5] -e(E/F,J)- |H1(E1’1)|'

|GK3,[(E)| =

Proof. This follows from Theorem (3.5.3) and Theorem (3.4.7), using the well-

known fact

$(D)
hi(E)=hg—————.
BV =heioe o

O

The only mysterious term appearing in Theorem (3.5.4) is | H'(E'!)|. Note that
this group is always 2—torsion and finitely generated. We have the following partial

result:
Proposition 3.5.5. In the assumptions of Theorem (3.5.4))

1. Ifged2, 1) = (1). Then H'(E"") = 0;
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2. Write I =1, - I' with (I',2) = (1), and likewise put J = J, - J'. We have a

natural left exact sequence

(OE/IZ)X’G 1, 1.1
1—>—X—>H(E’)—> Z/e(q)Z.
/1) 2,

3. If every prime ideal dividing J, does not ramify in E, then H'(E"-') = 0.
Proof.

1. Let x € E"! be such that xx = 1. Then, if we put y = 1/2 + x/2, we also

have y € E'-! (since by assumptions 2 and I are coprime) and y/y = x.

2. The first thing is to understand the quotient Q; of
1 - ENM S5 EIL 0, — 1 (3.5.0.5)

In order to do this, consider the following morphism of short exact sequences

I — EM % Bl 0,/ I — 1

Lol

1 — E' — 5 EV' —— (O /I — 1,

The following sequence

, @v
1> El 5 24 @ Z -0
peS(I,)

is exact, due to the theorem on the independence of valuations. Via the snake

lemma, we obtain the exact sequence

1> O/ >0, @ z-0 (3.5.0.6)
PeS,)

We can do the same over F, obtaining analogous results. In particular, we

have the two exact sequences
1> F/l - F/ll -0y -1
and

1> O/ =0, > @ z-o. (3.5.0.7)
qeS(J)
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Taking Galois invariants of (3.5.0.3) and using the first point of this propo-

sition, we obtain
1> FJ,I N FJ’,I N Q? N HI(EI,I) N 1’
thus, we can identify
H'(E"") = coker(Q; — Q9). (3.5.0.8)

Applying the snake lemma to the following diagram

1 —— (Op/J)* > Oy > @qES(Jz)Z 7 0

l | )

1 — (Op/1)*¢ —> Q? — (@peS(lz)Z)G’

we obtain

(OE/Iz)X’G 11,1
- H(E") > Z/e(q)Z. (3.5.0.9)
1/ 2,

This concludes the proof of point 2.
. Under these assumptions, we have

(Op/L)¢

=~ H'(E").
©p7dy = TED

However, since the primes in S(J,) do not ramify, (O /1,)*¢ = (O /J,)*.

O]
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4 Fields of moduli and applications

4.1 Fields of moduli

In this section we compute the field of moduli of the tuple (T'(X), B, 1). This should
be interpreted as the field of moduli of the transcendental motive of X, together

with the cycles in E(X) and some additional Brauer classes.

Definition 4.1.1. The field of moduli of (T'(X), B, 1) is the fixed field of
{0 € Aut(C/Q): (T(X), B,1) = (T(X®),6,(B), 6™ o1)},

where the isomorphism (7'(X), B,1) = (T'(X°),0.(B), 6% oy) is as in Definition
B23).

Remark 4.1.2. Note that if we denote by M the field of moduli of (T'(X), B, 1), then

we must have E C M because of Lemma (3.2.4), so that we can ‘work over E’.

Theorem 4.1.3 (Field of moduli). Let (X, B, 1) be a principal CM K3 surface over
C with level structure B C Br(X) and let E C C be its reflex field. Suppose that
(T(X), B,1) is of type (I, &, J,c) and put Iy := IVJ~' C OF. Then the field of
moduli of (T (X), B, 1) corresponds to the K3 class field Fy Iy (E) modulo the ideal
1.

Proof. Thanks to the remark we need to compute the fixed field of
{oc € Aut(C/E): 3 Hodge isometry f: T(X) - T(X°): f,o0"|p =1d}.

Thanks to Proposition (3.2.6) and Theorem (3.3.1)), an element 7 € Aut(C/E) is
in the above group if and only if we can find s € A%, jande € E X such that

1. art(s) = TlEab;

2. %(I,a, o)~ (1,a,o0),ie. e%[ =T andee = 1;
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3. The composition E/IY S—/S> E/ %I vi E / IV restricts to the identity on

J/IV.

Via class field theory, this corresponds to

{seAEf: EIeeEX:eE=1,e§(95=(9E,e =1 mod Iz},
’ 5

vl |«

and we recognise this group to be exactly the kernel of Aé’ P Gis,1,(E) (see the

proof of Proposition (3.4.7)). O

Remark 4.1.4. If we put B = 0 in the above theorem, we find that the field of
moduli of (T'(X), 1) is Fg3(E), the K3 class field of E. In particular, it does not
depend on T'(X) but only on E. By the results in [37], there are only finitely many
K3 surfaces with CM that can be defined over a fixed number field K. On the other
hand, by Proposition (3.1.T1)), there are infinitely many (isomorphism classes of)
principal K3 surfaces with CM by a fixed CM field E defined over K (at least when
[E : Q] < 10. Hence, it is interesting to notice that, even if the fields of definition
of these surfaces (X,1) are not bounded in degree, the fields of moduli of their

transcendental lattices are all the same.

This theorem allows us to study the groups Br(X)%x where X /K is a K3 surface
with CM over K and G is the absolute Galois group of K. Indeed, the immediate

corollary we get is

Theorem 4.1.5. Let X /K be a principal K3 surface with CM over K. There exists
an ideal 1y C Of such that

Op /1, = Br(X)%

as O g-modules and
|Gks,r,(E)| | [K: E]

Proof. Fix an isomorphism 1: E — E(X), and let ({,a,J,0) be the type of
(T(X),Br(Y)GK, 1). Asusual, let Iz = IVJ~!. Via the type map, we have an

isomorphism of O —mod

Br(X)%x = Oy /Ip.

65



Since (T'(X), Br(f)GK ,1) is defined over K, we must have

4.2 Applications to Brauer groups

One of the consequences of the results in [37]] is that for a fixed number field K,
there are only finitely many groups that can appear as Br(X)Cx, where X /K is any
K3 surface with CM. We shall show in this last section how the theorems in the
previous ones can be applied to produce a computable bound for the Galois fixed
part of Brauer groups of principal CM K3 surfaces. Indeed, what we have is an
algorithm that, given as input a number field K and a CM field E, returns as output
a finite set of groups Br(E, K) such that for every principal CM K3 surfaces X /K
with reflex field E we have

Br(X)% € Br(E, K).

It works as follows:

1. Replace K by K E;

2. Find all the invariant ideals I C O such that
Gras () | [K: EL

This is possible thanks to Theorem (3.5.4) and Proposition (3.5.5)), which

also says that there are finitely many such ideals. Denote them I, -+ I,.

3. Now use Theorem (#.1.5)), which says that
Br(X )%« = Op/Ip,

with Iy C O an ideal dividing one of the I;’s, hence, we have an inclusion

(of isomorphism classes of @ -modules)
{Br(X) : X/K has CM by Oy} C {Op/Iy: I, C I forsome i = 1,--,n},

and we define the latter set to be Br(K, E).
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Remark 4.2.1. In particular, if we put I :=[], I, and C := |O/I|, we must have
|Br(X)%| < C

for every principal K3 surface X /K with CM by E over K.

Let us see how this works in practice with some examples, all concerning K3 sur-

faces with maximal Picard rank.

1. (Gaussian integers) Let E = Q(i). In this case, the K3 class field of E is
E itself. Put K = E. Every invariant ideal of E can be written as I =
(1 4 i) - (n) withn € Z and (n,2) = 1, and we have to find all such I with
Ggs (E) = 1. Decompose

B;
n= ptlxl ...pllxl . qfl cee qjj’

where the ¢’s are inert (i.e. = 3 mod 4) and the p’s are split (i.e. = 1
mod 4). Let us start with the cases where k = 0 and n > 2. Theorem (3.5.4))
tells us that

hi - $p(D)-[OF: NOD]-[E: F]
hp - dp()) - [O%: OL]-e(E/F,J)- |H(E)|

|G, 1(E) =

If n > 2, then
. 1] = 9.
e [OF: NOP]=2;
ol —4-
° [(92 0 =4
e ¢(E/F,J) =4, since only 2 and the place at infinity ramify;
e |H'(E")| = 1, by Proposition (3.5.3).

So we obtain

Pk (n) 1 -1 -1
|Gk, (E)| = 7 .Kd)(n) =7 le_ (=1 Hqi ( + 1),

hence, in this case, |Gg; [(E)| = 1ifand only if n =3 orn =35.

Let us assume now that k > 0 and that » = 1. We have
. [(9? : N(Oé)] =2;
e ¢(E/F,J)=2;
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Lif k=1
Nk

o [0%: 0T =321 k=2

4if k> 2;

b+ 4]
H((1+)*NZ) )

Since 2 ramifies in E, we have that in general the cohomology groups H ! (E(+)"1)
are not zero. However, Proposition (3.5.3)) tells us that their cardinality | H ' (E(+)"%1))|

always divide
2-[(Og /(L+ DG (Z/(1+ ik nz),
and we compute

2 if k is even,
o [(Ox/(A+ D0 (Z/A+Drnz2)] =
1 if k is odd.

Thus, putting all together, we have that if |G g5 ;1,«(E)| = 1, then

2. ol3)

o 2.
(0% 00 (O /(1 + D0 (Z/(1 + Dk N 2)¥]

This happens only for kK < 6. Assume now k > 1 and n > 2. Thanks to the
results above, if |Ggs ;| = 1, then I = (1 4+i)*-5% or I = (1 +i)¥ - 3P, Let

us begin with the former case: we have

23l 3p-1. 4.4 pl+l5)  3p-1
4-2-1HY —  |H!

|G1<3,1(E)| =

Hence, f = 1, since | H!| is 2—torsion. As above, we see that if |Ggs (E)| =
1, then
k
242 (O /A + DG 2/ + iF 0 2)X,

which happens only for k < 2. The same is true for the case I = (1+i)~-5”.
Hence, we have the following possibilities for Br(X)%« (as isomorphism

classes of Abelian groups)

0, Z/3xZ/3, Z]5, Z]5XZ]5, Z]2, Z[2XZ ]2, Z|4XZ]2, Z]AXZ ][4, Z[8XZ[4,
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Z/8XZ[8, Z[3XZ[3XZ[2, Z[3XZ[3XZ[2XZ[2, Z/5XZ[2, Z]5XZ[5XZ[2,
ZISXZ]2XZ]2, Z|SXZ]5XZ]2XZ]2.
This confirms the results in [[17]] and [18]] about diagonal quartic surfaces.

. (Eisenstein integers). Put E = @(\/——3). In this case the K3 class field of
E is E itself, again. Put K = E. The only prime of Z that ramifies in E
is 3, with (3) = (\/—_3)2. In particular, since 2 does not ramify, thanks to
Proposition (3.5.5]) we have

hp - $p(D)-[OF: NODI-[E: F] 4 pp(D)
he () (OF: OL1-e(E/F,J) — $5(J)-[O%: OL]-e(E/F,J)

|Ggs 1 (E)| =

for every invariant ideal I C Op. As before, let us proceed in computing
these numbers. One can check that

-

1if I =0y;
2if I = (v/-3);
(0% OL] = ( ) (4.2.0.1)
E E
3if I =(2);

6 otherwise.

L

Write

ﬂ.
I=/=-3) -y ) .qlﬂl g,

where the ¢’s are inert primes (i.e. = 2 mod 3) and the p’s are split (i.e. = 1

mod 3). Hence,

1
[O%: OL1-e(E/F,J)

1 1
|Ggs.(E)| = 4.3Lk/2J.lef_l, (pi_l).quﬁl (g+1)-

Using this, we see that

e If k =0, then |Gg; ;(E)| = 1if and only if I = (2),(4),(5),(7);
If k = 1, then |Gy ;(E)| = 1 if and only if T = (/=3),(2V/=3);
if k =2, then |Gg; ;(E)| = 1 if and only if I = (3);

if k = 3, then |G g5 ;(E)| = 1 if and only if I = (3y/-3);

if k > 3, then |Gy ;(E)| > 1.
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Hence, we have the following possibilities for Br(X)%x (as isomorphism

classes of Abelian groups)

0, Z/3, Z/2XxZ[2, Z]2XZ[2XZ]3, Z]3XZ[3, Z[AXZ[4, Z|IXZ]3, Z]5XZ]5, Z]TXZ]1T.

. (Odd discriminant) Let E be a quadratic imaginary field with u(E) = {x1}.
Assume moreover that 2 does not ramify in E, so that we can use Proposition
(3.5.5) and forget about the term H'(ET!). Put K = Fy;(E) (the smallest
possible). If an invariantideal I C O satisfies Ggs ;(E) = 1, acomputation

analogous to the ones above shows that

$e(D) _
)

e(E/Q,J)
e(E/Q)

. ol

(0% : O] (42.02)
- . ol 1; _ . ~ .ol _

The index [0 : O ]is always 2, unless I = (2),in whichcase [0 : O] =

1. Write

By B;

_ G, Yk ay a
I=xrloplp-qp g,

where the p’s are split primes of Z, the ¢’s are inert and rl.z = r;Of for a
ramified prime r; of Z. We notice that the right-hand side of (#.2.0.2)) is an
integer if and only if at most one ramified prime divides I, i.e.

B;
I = r?’ p(fl p?l . q’fl qJ/

We have, in this case,

e(E/Q,J) lify>0o0ry=0and I =(2);

[OX . (91] . =
E°TEL o(E/Q) 2 otherwise.
and oD
¢LZJ) S GERVE || VAR RS VY | A CAE

Let us now list all the possibilities for both invariant ideals and possible
Brauer groups (seen, again, as isomorphism classes of Abelian groups, i.e.
forgetting the natural structure of @ -modules), depending on the behaviour
of the primes 2 and 3 in E. There are six cases since, by assumption, 2 does

not ramify.

a) Both 2 and 3 split. In this case, the only invariant ideals satisfying
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(4.2.0.2) are (2), (3), (4), (6). Hence, the possible Brauer groups are

Z/4, ZJAXZ)2, Z)AXZ[4, (Z)2)* X (Z/3)’, a,p € {0,1,2}.

b) 2 splits and 3 is inert. In this case, the only invariant ideals satisfying
((4.2.0.2)) are (2), (4). Hence, the possible Brauer groups are

0, Z/2, Z)2XZ)2, Z]4, ZJ4XZ]2, Z]AX Z/4.

c) 2 splits and 3 ramifies. Write (3) = t2. In this case, the only invari-
ant ideals satisfying ({.2.0.2)) are (2), (4), r, 2r. Hence, the possible

Brauer groups are
0, Z/2, Z/2XxZ]2, Z]4, Z]AXZ]2, Z[AXZ[A, Z]3, Z/3XZ]2, Z[3XZ[2XZ]2.

d) 2 is inert and 3 splits. In this case, the only invariant ideal satisfying
({.2.0.2)) is (3). Hence, the possible Brauer groups are

0, Z/3, Z/3xZ/3.

e) Both 2 and 3 are inert. In this case, there are no invariant ideals sat-
isfying ((4.2.0.2)). Hence the only possible Brauer group is the trivial

one.

f) 2 is inert and 3 ramifies. Write again (3) = t2. In this case, the only
invariant ideal satisfying ((4.2.0.2)) is r. Hence, the possible Brauer
groups are

0, z/3.

Remarks 4.2.2.

o It is interesting to notice how the arithmetic properties of the field E (e.g.
which primes of F ramify in E) influences the Brauer group of the principal

K3 surfaces with CM by E, as the above examples show.

o We do not know whether all the groups listed above are actually achieved by
some principal K3 surface X with CM.

In this last part, we shall compare Newton’s work [34] on the Brauer groups of

some special Kummer surfaces with our results. We briefly recall the construction
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of Kummer surfaces: let A/K be an Abelian surface over a number field K, and
consider G := {+1} acting on A via multiplication by —1. Put A := Bl A4
where Bl 45,4 denoted the blow-up of A along the closed sub-scheme A[2]. We
can extend the action of G to A uniquely by requiring it to be the identity on the
exceptional divisors. The Kummer surface associated to A is by the definition
the quotient Km(A4) := A/G. As proved in Proposition 1.3. of [47]], one has an
isomorphism of G x-modules

Br(A) = Br(Km(A)), (4.2.0.3)

Now, consider C/K an elliptic curve with CM by E, and suppose moreover that
C is principal and that K contains the reflex field of C. For an Abelian group A

and a prime £ we write Ay = {a € A: ¢"a = 0 for some n € Z}. Newton’s
G

7. for v
number ¢ and hence, thanks to equation ((4.2.0.3)), the groups Br(X), & where

X = Km(C x C). Assume that K = E(j(C)) = K(FE), the Hilbert class field of E,
and that u(F) = {£1}. Thanks to Theorem 3.1 and Theorem 2.9 of [34], we must
have that if £ # 2 is a prime that does not ramify in E, then Br(Y)gg = 0. We shall

paper allows us to explicitly compute the groups Br(C x C)7X, for every prime

show now how to prove the same result using the techniques of this thesis. Since
our results are completely general, we do not need to make any assumption on the
geometry of X (e.g. to be the Kummer surface of a product of two elliptic curves),

on the prime £ or on u(E) either. We have
Theorem 4.2.3. Let E be a quadratic imaginary field, and let K = K(E) be its
Hilbert class field. Then

Br(E,K(E)) = {OE/I : if J =lem(, 1) then Gal(E/Q) acts trivially on (OE/J)X/u(E)}.

Remark 4.2.4. Note that, unlike the examples studied before, here the field K is not
the K3 class field of E (in general) but an Abelian extension of it. We could still
use our algorithm to get similar results to the one stated above, but in this case it
turns out that the best strategy is to employ the (more qualitative) facts proved in

Section (3.4)), as the next proof shows.

Proof. We have to find all the invariant ideals I C O such that

Fys.1(E) C K(E). (4.2.0.4)
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By Proposition (3.4.7) we have a diagram of field extensions

K, (E)
Fs,1(E)
™ K)(E)
E

however, since X is singular, we must have that K}(E) = Fy3 ;(E). Introducing

the Hilbert class field in this diagram, we obtain

e

K(E)

K;(E)

Now, we have that
Gal(K;(E)/K(E)) = ker x,

where 7 is the canonical projection
z: Cl(E) - CI(E)

and that
Gal(K,(E)/K}(E)) = Cl,(E)°,

hence the inclusion ((4.2.0.4)) becomes
ker 7 € Cl,(E)°. (4.2.0.5)
Using the fundamental exact sequence

1 = OL = % = (Op/1)* - Cl(E) - CI(E) - 1, (4.2.0.6)
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we see that
ker 7z = (Og /1) /u(E).

Hence, the inclusion ((#2.0.3))) implies that G acts trivially on the group (O /1) " I u(E).
O

Remarks 4.2.5.

o In particular, for every prime ideal r of O that divides a ramified prime of
Z, we see that O/t is a possible Brauer group for a principal K3 surface
X/K(E) with CM by E.

e To obtain Newton’s result, we notice that if y(E) = {+1} andZ > 3isa
prime of Z that does not ramify in E, then Gal(E/Q) does not act trivially
on (Og/¢")*/{£l}if n > 0. If £ = 3, then two things can happen (still
assuming that it does not ramify): if 3 splits in E, then O /3 is a possi-
ble Brauer group for a K3 surface X /K(E) with CM by E (this does not
contradict Newton’s result, but it is taking into account all the other K3 sur-
faces X which are not the Kummer surface of a product of elliptic curves),
whereas if 3 is inert, we still have that Gal(E/Q) does not act trivially on
(O /")y /{£]1} for every n > 0.

e The proof above can be generalised to study Brauer groups over number
fields K of the form K;(E) or Fg; ;(E), where E is a quadratic imaginary

extension of Q and I C Of an ideal.
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5 Fields of definition

5.1 Preliminaries

In this chapter we switch focus to fields of definition. Let us recall some coho-
mological properties of K3 surfaces. The lattice H é(X , Z)(1) together with the
intersection form is an even unimodular lattice whose isomorphism class does not
depend on the chosen X. It is usually denoted by A and called the K3 lattice. To
the Néron-Severi lattice one associates a finite quadratic form, i.e. a finite Abelian
group Ay together with a quadratic form gy : Ay — Q/2Z, as follows. Consider
first the dual lattice of NS(X):

NS(X)" := {x € NS(X)q : (x,0)x € Z forall v € NS(X)}

and put Ay := NS(X)V/NS(X), under the canonical inclusion NS(X) € NS(X)".
Then one defines a quadratic form g, on A by the rule

gn(x + NS(X)) = (x,x)x +2Z.

It takes values in Q/2Z. The primitive embedding NS(X) < Hf}(X , Z)(1) deter-
mines the lattices of transcendental cycles T'(X) := NS(X)t. As above, one can
associate a finite quadratic form (A, gr) to T'(X). Nikulin proved in [35] that one
has a canonical identification

(A, —qr) = (AN, qN). (5.1.0.1)

Definition 5.1.1. The finite quadratic form (A, qx) = (A7, —g7) is called the dis-
criminant form of X, and we denote it by (Dy, gy ). The group of isomorphism of
Dy preserving gy is denoted by O(gy). We have natural maps dy : O(NS(X)) —
O(gqy) and dy : O(T (X)) — O(gy), where the latter is constructed using the iden-

tification ((5.1.0.1))).

The classical lemma we are going to need is the following (see Corollary 1.5.2.
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of [35]).

Lemma 5.1.2. Two isometries fn € ONS(X)) and fr € O(T(X)) can be lifted
to a (necessarily unique) isometry f € O(H%(X, Z)(1)) if and only if dj(fy) =
dr(fr).

Remarks 5.1.3. 1. If f7 is a Hodge isometry and the lifting f exists, then f is

a Hodge isometry as well;

2. It follows that one has a pull-back diagram

Opg(HE(X, Z)(1)) — O(NS(X))

| L

Oge(T(X)) —2—3 O(qy).

3. One can reformulate Lemma (5.1.2)) in the étale context as well. In this case,
one considers the Z-lattices 1\/I\S(X ), f(X ) C H ézt(X , 2)(1) and carry out
the very same definitions and computations, which agree to the ones above
thanks to the comparison isomorphism H é(X ,2) (1) ® 7~H ézt(X , 2)(1).

Before concluding this section, let us rephrase the main theorem of complex mul-
tiplication in a more convenient form. Let L C C be a number field and let X /L be
a K3 surface with complex multiplication over L. We have a Galois representation
p: Gy = Aut(T(X)g)(Aj), with image in Ug(A 1) Class field theory provides

us with a commutative diagram

art;

b
ax ey o

\LNm L/E \l/res

artp

b
AX Ly GO,

Note that, since E is a CM field, both the Artin maps factorise through the finite
ideles. We have

Theorem 5.14. Let 7 € G, t € Azf such that art; (t) = 7| e and put s :=
Nmy (1) € Az’f. There exists a unique u € Ug(Q) such that

p(7) = u§ € Ug(A ).

Remarks 5.1.5. 1. Since p(7) respects the Z-structure, i.e. p(r)f(}) C j\“(}),
also the map ‘u%’ must do so. Therefore, thanks to the remarks after Lemma
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(5.1.2), it makes sense to consider the induced map dT(ué) € O(gy). A

direct consequence of the theorem above is that
N *
dr <u§) =dn(T"|Ng)s (5.1.0.2)

where 77|\ : NS(Y) - NS(Y) denotes the Galois action on the Néron-

Severi group.

2. From this formulation, it is clear that the image of p is an 4delic open subroup
of U(z). An analogous statement is true for any K3 surface, see Theorem
6.6. of [6].

Definition 5.1.6 (Discriminant ideal). Let (X, 1) be of type (I, @, 6). We define the
discriminant ideal of X to be the fractional ideal

Dy = (a)IIDp,

where D denoted the different ideal of the number field E.
Proposition 5.1.7. In the situation above, we have
1. Dy C O;

2. The type map ®: T(X) — I induces an isomorphism between the Of-
modules Dy and O /Dy;

3. The definition is independent of the chosen type, provided that ¢ (and hence
1) is fixed.
Proof. 1. This follows from the fact that, since the quadratic form (I, @) given

by

IXI—Q
(x,1) = tr g /g(@xy)
assumes values in Z, the inclusion (a)I 1cC D;:l holds.
2. Thisis a direct consequence of the fact that the dual lattice of (1, ) is ( (aI 1D E ) - , a) .

3. If (J, B,0) is another type of (X,1), then by Theorem (3.2.6) there exists
e € EXsuchthat f = eea and J = e 1.
O
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Thus, the ideal Dy is a well-defined invariant of (X, 1). Note that D_X =Dy.In
the following Lemma, we denote by (X)) the group of Hodge isometries of T'(X).

Definition 5.1.8 (Big discriminant). The kernel of the canonical map d : u(X) —
O(qy) is denoted by Ky and we say that X has big discriminant if Ky = 1.

Remarks 5.1.9. e Thanks to the second point in Proposition (5.1.7), having

big discriminant is equivalent to the injectivity of the natural map u(E) —
(Op/Dx)*.

e There is always a natural injection Ky < Aut(X). Indeed, for any y € K,
the map (u,Id): T(X) @& NS(X) — T(X) & NS(X) can be extended to
an integral Hodge isometry Hé(X, Z)1) - Hé(X, Z)(1), which in turn is
induced by a unique automorphism of X, thanks to Torelli Theorem.

Proposition 5.1.10. A) Let E be a CM number field and let X /C be a K3 surface
with CM by Og. Then
Dy C (2 'Dgp.

B) If E is quadratic imaginary, then

Remark 5.1.11. In particular, if E is quadratic imaginary and the map u(E) —
(O /Dg /Q)>< is injective, then every X with CM by O has automatically big

discriminant.

Proof. For any fractional ideal I of E, let Nmg,p(f) C F be its norm, i.e. the
fractional ideal of F generated by the elements xx for x € I, so that we have
Nmg,p(DOf = I1. Let (I,a) be the type of X. Every element of Nmg (1)
can be written as a finite sum of elements of the form fxXx, with f € O, and we
compute

trF/@(afo) = 2_1trE/@(afx§) e2lz,

since the quadratic form (I, @) is integral. Therefore, by the property of the dis-

criminant ideal, we must have that

(@Nm/p(1) C )7 Dyl
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If we *base-change’ the inclusion above to @ we obtain that

(@I C (2)—11);1/@(95,

and point A) follows by multiplying both sides by Dy.

To prove point B), we note that the quadratic form (/, @) is also even, so that
trg/g(axx) € 2Z. But since E is quadratic imaginary by assumptions, we de-
duce that axx € Z for every x € I. Consider again the fractional ideal Nmg o (1);
every y € Nmy ,o(I) can be written as y = n;x;x; + -+ + mx;x; with n; € Z and
x; € I, so thanks to the computation above we conclude that (a)Nmg / r) C Z.
Base-changing the above equation to O, we obtain

(@II C O,

and the claim follows as before.

5.2 Descending K3 surfaces

In this section we discuss a method to descend principal K3 surfaces with complex

multiplication. Let us fix an ideal I C Dy such that
o I =1 ;
e The map u(E) — (O /I)* is injective.

The main theorem of this section is the following.

Theorem 5.2.1. X admits a model X; over K := F;(E), such that p(X;/K) =
p(X /C) and G acts trivially on T(YI)[I]. Moreover, X; /K satisfies the follow-
ing universal property: if Y is a K3 surface over a number field L, with CM over
L, such that Yo = X, p(Y /L) = p(X /C) and G acts trivially on T(?)[I], then
F(E)CLand Xy =Y.

Remark 5.2.2. Since G acts trivially on T(?)[I ], itacts trivially also on T(Y DDyl =

Dyl, since I C Dy.

In case X has big discriminant, we can choose I = Dy in the theorem above.

This, together with the above remark, leads to the following corollary.
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Corollary 5.2.3 (Canonical models). Let X /C be a K3 surface with complex mul-
tiplication by the ring on integers of a CM field and denote by E C C its reflex field.
Assume that X has big discriminant. Then X admits a model X" over FDX(E),
the K3 class field of E modulo the discriminant ideal Dy. Moreover, X" /K sat-
isfies the following universal property: if Y is a K3 surface over a number field L,
with CM over L, such that Y = X and p(Y /L) = p(X /C), then Fp, (E) C L and
XM=Y,

In order to prove the theorem, we construct a descent data using Torelli Theorem
and the main theorem of complex multiplication. Before doing this, though, we

need to study the field of definition of isomorphisms.

Proposition 5.2.4 (Descending isomorphisms). Let X,Y /L C C be two principal
K3 surfaces with complex multiplication over a number field L, and suppose that
X and Y are isomorphic. Then an isomorphism f : X > Yis defined over L if
and only if the induced maps

£ NS(Y) - NS(X)
and
f* T - T(X)]
are G -invariant.

Proof. The ‘only if” part of the statement is trivial, so what we have to prove that if
tha natural maps N S(?) - N S(}) and T (?)[I ] > T(Y)[I ] are Galois invariant,
then f is defined over L. Recall that f is defined over L if and only if the induced
map f*: Hgt(?, Z)(l) - Hgt(}, 2)(1) is G -invariant. To see this, one simply
notes that the natural map of G; —moules

Aut(X) - Aut(H2(X, 2))

isinjective (see Chapter 15, Remark 2.2. of [[16]]). To prove that f* is G; —equivariant,
we break it into two components, f7 : T Y) > f"(f) and f} : NS(Y) = NS(X).

Let T € G, we want prove the commutativity of the following diagram
H2(Y,2)(1) - H2X, 2)(1)
i &

HA(Y, 2)(1) — H2(X, 2)(1).

%

80



It suffices to prove the commutativity for the following two squares:

@) s 73X NS(T) -8 NS(X)
J/T;ﬁlr \LT}UT and \l/f;ﬂNs \LT;'NS
T) % T(X). NS(Y) f%” NS(X).

The latter commutes by assumption, so it suffices to prove the commutativity of
the former. Note that the fields E, E(X) and E(Y) are naturally identified. Let
s € A7 be as in Theorem (5.1.4), and let e, ¢ € U(Q) be the unique elements such
that 73 = e: and 7} = c:. Note that £ is A g-linear, so that the commutativity
condition (f;i)_loeéo(f;;) = c% amounts to e = ¢. Both e% and c% respect the Z-
lattice T'(Y), so e/c must do the same. This, together with the fact that ee = cc = 1,
implies that e/c is a root of unity, i.e. an integral Hodge isometry of TY). By
assumptions, the induced map T(?)[I 11— T(Y)[I ]is Galois equivariant, therefore
e/c =1 mod I. Since we chose I such that u(E) — (Of/I)* is injective, we

conclude that e = c. O

Remark 5.2.5. In case X has big discriminant, the proposition says that an isomor-
phism f : X — Y is defined over L if and only if the induced map f* : NS(Y) —
NS(Y) is G - equivariant.

The immediate corollary we get is:
Corollary 5.2.6. Let X,Y /L be two principal K3 surfaces with CM over a num-
ber field L, and suppose that X7 and Y7 are isomorphic. Suppose, moreover, the

G -modules NS(Y), NS(?), T(?)[I 1 and T(Y)[I | are trivial. Then every isomor-
phism f: X > Yis already defined over L.

We are now ready to prove Theorem (5.2.1)).

Proof. Let t € Aut(C/E) and s € A};f be such that artp(s) = 7)gw. By the
main thorem of complex multiplication, we have a unique rational Hodge isometry

n(s): T(X)g — T(X")q such that the following commutes:

"I(S)®Af

T(X)g —5 T(X%)q

[

T(X)g.
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Let now e € E*; if we operate the substitution s — es, we obtain

n(s) = Sn(es),
e

since artz(s) = artp(es). Suppose that we can find e € E* with
es _
1. g@E —_ OE
2. £=1 mod I,
es

and denote by E(s) C E* the set of elements satisfying the above two conditions.

If s is such that E(s) is not empty, then the map

E(s) - UQ) (5.2.0.1)

e
e —
e

is constant. Indeed, let e,e’ € E(s) and put x := ;—Z By the first point above, we

1 we also have that x is a root of

have that xOf = O, i.e. x € OF. Since X = x~
unity. By the second point above, we see that x = 1 mod /. Hence x = 1, since
we have chosen I such that u(E) — (Og/I)* is injective. Therefore, for every
element s € AE, 7 such that E(s) is not empty, we can associate a unique Hodge
isometry

n'(s): T(X)g = T(X")g
and a unique element p(s) € U(Af), by putting #’(s) := n(es) and p(s) := %, for

any e € E(s). By construction, they make the following diagram commute

A H(EORA, A~ .
T(X)g =L T(X)q

,,(s)T / (5.2.0.2)

T(X)qs

and p(s)Of = O and p(s) =1 mod I. Note that, since 7*| : f(X)—N> f‘(XT)
and p(s) : T (X )—N> T (X), we have that the rational Hodge isometry #/(s) is actu-
ally integral, i.e.

n'(s): T(X)— T(X).
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The elements s € AE ; such that E(s) # 0 correspond to
X . X . x . €S es _
{SEAEf. E(s);éﬁ}={s€AEf. Je€ E*: =0 =0, ==1 mod I}.
’ ’ es es
Thanks to Hilbert’s Theorem 90 we can write this group as

(s€EAY,: MEU@: uZ0y=0p u==1 mod I}
’ S

s
3
and this is exactly the norm group .S; associated to the Abelian field extension
F;(E)/E. Let us denote this extension by K. Since E C K C E® and K has only
complex embeddings (because E is a CM number field) we have a commutative
diagram

arty

X b
AK,f —» G

iNmK/E \LTCSK/E

S, Ll&) G%.
The map p: S; — U(Ay) constructed before is continuous and has the property
that p(E*) = 1. Therefore, it factorises through the profinite completion of S}/ E*
which is canonically isomorphic to art ;(.S;) = res(G%”). In this way, we obtain a

map (that we still denote by p)
. (ab
p: G~ UA),

which is going to be the Galois representation associated to the model X ;. Con-
sider again the diagram ((5.2.0.2)). We have just seen that the association s - p(s)
depends only on 7 € G%’, therefore also #'(s) = 7*|;0p(s~!) depends only on 7.
This means that for every 7 € G‘I’f we have associated an element p(7) € U(A f)
and an integral Hodge isometry #'(z) : T(X) — T(X7) such that ((5.2.0.2)) com-
mutes. Since p(z) = 1 mod I, we have that #'(r) = 7*|; mod I. Therefore,
since I C Dy by assumption, () = t*|; mod Dy as well. This means that the

Hodge isometry
W (@) ® | ys 1 T(X) ®NS(X)— T(X7) & NS(X?)

can be extended to an integral Hodge isometry A(7) : Hé(X, Z)(1) - Hé(Xf, Z)(1).
By Torelli, we have a unique isomorphism f(z) : X* — X that induces A(z) in co-

homology. Hence, for every 7 € Aut(C/K) we have constructed an isomorphism
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S XT = X (Note that this makes sense, since by the main theorem of com-
plex multiplication X* depends only on 7|g). The assignment = +— f, defines
a Galois-descent data in the sense of Proposition 4.4.4. in [40]]. Using Corollary
4.4.6. and Remark 4.4.8. in loc. cit., we employ this descent data to build the
model X of X over K. Since by construction f*L = 7*L for every L € NS(X),
we conclude that G acts trivially on NS(X_,), 1e. p(X;) = p(X). In the same
fashion, since 7*|, and #'(z) agree modulo I, we have that G acts trivially on

T (YI)[I ] as well. The universal property is a direct consequence of Proposition

(5.2.4) and Corollary (5.2.6). O

Examples. 1. Let us compute the canonical model of the Fermat quartic X /C
given by the equation x* + y* + w* + z* = 0. This surface has complex
multiplication by E := Q(i). With an appropriate choice of a basis, the tran-

0
scendental lattice 7'(X) can be represented by the quadratic form .

One can show that the type of X is (Z[i],4). Hence, the discriminant ideal

of X is 8Z[i], since the different ideal of E is 2Z[i]. The following facts can

be checked by hand or using MAGMA:

e Theray class group of E modulo the ideal 8Z[i] is isomorphic to Clg,;,(E) =
Z/2Z @ Z/4Z. We can choose a := (5) as an order 2 generator and

b :=(2i + 7) as an order 4 generator.

e The corresponding ray class field is E(a, ), with &> + 1 +i = 0 and
pr+2=0.

e The Artin map is as follows: art(a)[a, f] = [—a, f] and art(b)[a, f] =
[a,if].

As shown in Proposition (3.4.7), since X has maximal Picard rank, the K3
class field of E modulo 8Z[i] corresponds to subfield of E(a, #) that is fixed
by the action of {x € Clgz;j(E): x = X}. In Clgz;)(E) we have a = a and
b = ab. Therefore, {x € Clgz;1(E) : x = x} is generated by a and b? and
it is isomorphic to (Z/2Z)* and F k3.82(:)(E) 1s a quadratic extension of E
which corresponds to E(\/E) = Q(e), where ¢ is a primitive eight-root of

unity.

Hence, Fg3 g71;/(E) = E(\/E) = Q(e), where € is a primitive 8-th root of
unity. Let us consider for a moment the model X /Q(e) of X defined by
the same equations. It is a classical fact that the Picard group of the Fermat
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quartic is defined over Q(e). Therefore, we conclude that X /Q(e) is the
canonical model of X. Note that X(Q(e)) # 0.

2. Let us consider a fundamental discriminant of class number one:
de{-7,-8,-11,-19,-43,-67,—-163}.

For sake of simplicity, we do not consider d = —3 or d = —4. For any such
a d, denote by O, the ring of integers of E; := Q(\/E). Let X,/C be the
unique (up to isomorphism) K3 surfaces of type (O( \/E ), 1). Its discriminant
ideal is Dy = D , and if d is odd then Dg = (\/E) whereas if d = -8
we have Dg, = (2\/—_2). Since u(E,) = {1}, we easily see that u(E;) —
0,/D, is injective for every such a d. Therefore, X, admits a canonical
model X3 over Fy3p, (E4). Theorem (3.5.4) implies that for every d we
have Fy3 p (E;) = E;. Therefore, X*" can be defined over the CM field E,;.
Elkies in his website listed all the K3 surfaces over Q with discriminant d and
Néron-Severi defined over Q. By the universal property in Theorem (5.2.3)),
these are our canonical models (once base-changed to E,;). Therefore, we

have a list of explicit equations:
o X! y? = x3 = 75x — (641 + 378 + 64/1);
o Xyt =x3 —675x + 2727t — 196 + 27/1);

o X0 oyt =x3 —1728x — 2727t + 1078 + 27 /1);

o X ¥ =x3 = 192x — (t 4+ 1026 + 1/1);

o X 1yt =x7 —19200x — (1 + 1024002 + 1/1);

o XU 1 )2 = x> —580800x — (r + 170368002 + 1/1);

o X4, »? = x> — 8541868800x — (t + 303862746112002 + 1/1).

Since K3 surfaces with big discriminant can be descended canonically, we would
like to understand how strong this condition on the discriminant is. We start by
considering principal K3 surfaces, i.e. with complex multiplication by the ring of

integers of an imaginary quadratic field.

Theorem 5.2.7. Let X /C be a principal K3 surface with complex multiplication by
an imaginary quadratic field E, so that p(X) = 20. Then X has big discriminant

unless
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 http://www.math.harvard.edu/~elkies/K3_20SI.html

o E = Qi) and the type of X is (O, 1) (i.e., T(X) = [(2) g] )

.E=@u55mmmwwwﬁxmwﬂnﬁ“TujgB ﬂ)

Proof. Let X having complex multiplication by the ring of integers of Q(y/—d),
with d a square-free integer, and let (1, a) be the type of X. Suppose that —d = 2,3
mod 4. In this case, O = Z[V/—d] and D = (24/—d). Hence, having big

discriminant means that the map

(5.2.0.3)

Z[\/—d] X
UE) - | ———
(@) II1(2V/—-d)

is injective. If d # —1, then u(E) = {£1} and the map

Z[V-d]\*
i~ (Z0)
2V —d)

is already injective, so that we conclude thanks to Proposition (3.1.10). If d = —1,
then u(E) = p, and the map ((5.2.0.3)) has a kernel if and only if («)Nmp o) =
Z. Since Z[i] is a UFD, every type (I, ) is equivalent to one of the form (Z[i], ).
Hence, the unique type in this case that has not big discriminant is (Z[i], 1).
Suppose now that —d =1 mod 4, sothat Dy = (\/—_d). Ifd # 3, then u(E) = p,.
Since (2) € (\/3 ), we conclude that

(=)

Hy —

(V—=d)

has trivial kernel, hence X has big discriminant. The last case left to consider is
when E = Q(v-3). Letw := L+y/=d be a primitive sixth-root of unity, so that

2
Z|w] is the ring of integers of E. Since Z[w] is a UFD, we can suppose our type

to be of the form (Z[w], &) for some a € Q.. The kernel of the map

”q<zm>x

6

(V-=3)

is 3, since w? —1 = \/=3w. Hence, (Z[w], «) has not big discriminant if and only
if vV-3w € (ay/—-3), 1i.e. if and only if a = 1. ]
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Therefore, there are exactly two (isomorphism classes of) complex K3 surfaces
with CM by the ring of integers of a imaginary quadratic extension whose dis-
criminant is not "big". These surfaces were studied in [53]]. If the CM field is not

quadratic, imaginary we have the following finiteness theorem.

Theorem 5.2.8. Let E C C be a CM number field, and denote by KC(E) the set of
isomorphism classes of principal K3 surfaces over C whose reflex field equals E.

Then, up to finitely many elements, every X € K(E) has big discriminant.

Proof. It is sufficient to prove that there are finitely many isomorphism classes
of types without big discriminant. Indeed, the type determines the transcendental
lattice of a K3, which in turn determines finitely many K3 surfaces (this is the
finiteness of the Fourier-Mukai partners, see [16] p. 373, Proposition 3.10). Let
{I,,---,1,} be the finite set of ideals for which the map u(E) — (Og/I,)* is
not injective. Denote by {J,, -+, J,,} be representatives of the elements of CI(E).
Every type (J, «’) is equivalent to one of the form (J;, @) for some i € {1, -, m}.

Therefore, if (J;, ) has not got big discriminant, we have that
(@I Dg = I,

for some j € {1,---,n}. Fix now i and j. We want to prove that there are only

finitely many isomorphism classes of types of the form (J;, @) such that the equality
(@)J;J; D = I

holds. To do this, suppose that both (J;, a;) and (J;, a,) have discriminant equals to
I;. In particular, we have that («;) = (a,), i.e., there exists a unit u € (92_ such that
@, = ua,. Moreover, this unit is totally positive, since the signature of T'(X’) does
not depend on X (thanks to Hodge index Theorem). If we denote by U the group
of totally positive units, we see that the isomorphism type of (J;,ua) foru € U
depends only on the image of u in the quotient U /Nm, F(OE), where F denotes
the maximal totally real subfield of E. Since the group U /Nmp / F(OE) is finite,
we conclude the proof. a
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5.3 Almost-canonical models and the general case

In the previous section, we have shown that when the map

u(E) — (OE/D)()X

isinjective, X admits amodel X“*" over K := Fp, (E)with (XA /K) = p(X/C),
and that the pair (K, X*") satisfies a universal property. In case when X has not
big discriminant, we solved our problem by fixing a level structure (determined by

an ideal I C Dy) in such a way that the map
H(E) = (Og/I)*

is injective. To the pair (X, I') we associated a model X; over K := F;(E), which
satisfies a universal property analogous to the one of X “?". It could happen, though,
that even if X has not got big discriminant, it still admits a model over Fp, (E) with

full Picard rank. Our aim in this section is to explain why and when this happens.

Definition 5.3.1. Let X /C be as usual, and fix an ideal I C Dy. We say that the
pair (X, I') admits an almost-canonical model if there exists a model Y of X over

K := F;(E) satisfying the following properties:
L. p(Y) = p(X);

2. T(Y)% =T(Y)[I];

/

IeSg /g
3. Let G%’ _— G%b be the canonical map. Then the Galois representation

P G‘,’f - U(Af) associated to Y is trivial on ker(resK/E).

Remarks 5.3.2. e The condition I C Dy is necessary, and a consequence of
the fact that p(Y /K) = p(X/C). Indeed, by the main theorem of complex
multiplication, we have that Nmy ,p (A} ) CSp,:

e Condition 3) is a technical condition that is going to be essential in the proof
of Theorem (5.3.7). Suppose that we had an Y /K satisfying only conditions
1) and 2) above and let 7 € ker(resg / £)- By the main theorem of complex
multiplication and point 2) above, we have that p(r) € K;, since we can
choose s = 1 in Theorem (5.1.4). Therefore, we see that condition 3) is au-
tomatically satisfied by the canonical models constructed during the previous

section.
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We provide necessary and sufficient conditions on (X, I') to ensure the existence
of an almost-canonical model. Moreover, in case these conditions are met, we
prove that these models are only finitely many and characterise them in terms of
their Hecke characters. Consider the set-up of Theorem (3.1.4): t € A%, s :=
Nm, gt and 7 € G such that 7/, = art; (). By Theorem (5.1.4), we have

unique u € U(Q) such that the following commutes
T —— T(X)q
S—fT V (5.3.0.1)
5
TX)q.

The inclusion E C C induces an archimedean absolute value on E. For every
s € Az let us denote by s, the component of s corresponding to this archimedean

absolute value.

Definition 5.3.3. We define the Hecke character of X /L to be the map

. X X
uX. AL_)C

NmL/Et
t—u- ( >

Proposition 5.3.4. In the situation above, we have:

~

ux (L% =1,
2. The map uy is continuous;

3. Let P be a prime of L and let t € L;; < A7. Suppose that ¢ is a prime

of Q such that P does not divide €. Then on TK(Y) = T(Y) ® Z, we have
artL(t)* = uX(t)

4. Let B be a prime of L. The Galois representation p: Gy — Ug(Aj) is
unramified at B if and only if uy ((9;;) =1,

5. Iftis a finite idele and %(9,5 = O, then uy(t) € u(E);

6. Ift is a finite idele, %(9]5 = Op and§ = 1 mod Dy, then dr(uy(t)) =
dn(T%);
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Proof. The proof of most of these facts is identical to the one found in Silverman
(Chapter II, Section 9 of [45]));

1. Clear from the definition.

2. Consider the Galois representation p : G; — Ug(A ) associated to X. We

know that p has open image. Let m > 3 be an integer and denote by U, :=
arty

ker(AX—% G2 Aut(T(X)® Z/mZ)). This is an open subgroup of A,

Consider now the open subgroup of AE given by

x. %f i
W, ={s€AL: —Op=0g and —=1 mod m}
5 5
f f
and put

Vy i= U, N Nm7, . (W,).

Lett € V,,and s := Nm, ,pt. The commutative diagram ((5.2.0.2)) together

with the condition ;—fO g = O imply that e is aroot of unity. Moreover, since
s

;—f =1 mod mandt € U,, we also have that e = 1 mod m, i.e. e = 1.

s
Therefore, for every t € W,,, we have the identity

[

uy(t) = —

Soo

which proves the continuity of u, on V,, and, since V,, is open in A%, on all
X
of A7.

3. By assumptions, the idéle s := Nm, ¢ has component 1 at every finite

place not divided by 8 and every archimedean place. Thus, again from the
diagram ((5.2.0.2)) we deduce that

* pe— — —
T, = uxOlg, )

4. This follows directly from the point above and class field theory.

5. This fact is implicit in the proof of point 2. Indeed, since ¢ is finite, uy (1) = e
with ee = 1. Moreover, r*,% € @X, hence e € @X NnE* = (9’;. The

condition ee = 1 now forces e to be a root of unity.
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Definition 5.3.5. Let I C O be anideal. We put §; :=.S;/EX, W, := {(s,u) €
AL xU@): uzOp =Op and u> =1 mod I} and W, := W;/EX, where we
consider EX C W, viathe map e — (e, e/e). Finally, letus put K; :=ker(u(E) —
(Of/I)*). These groups are related to each-other by the following short exact se-
quence

1K, -W; -8, -1 (5.3.0.2)

where the second map is induced by the projection AE X uQ) — AE 7 and the
first map by the inclusion u(E) C U(Q).

Let us prove the following lemma

Lemma 5.3.6. Assume (X, I) admits an almost-canonical model. Then the short
exact sequence
1K, -W, -8 -1

splits.

Proof. Assume we have an almost-canonical model Y /K, with K = F;(E) and
consider the associated Galois representation p : Gl;(b — U(Ay). By point 3) in
Definition (3.3.T), we have a factorisation p : G — resy / £(G?) — U(A;) and,
by class field theory, resK/E(G;’f) = artg(.S;), so that we obtain a map p’ : S; —

U(A ) that makes the following diagram commute:

art

b

Ay — 7 Ok

poe |
S, ——> UA)).

By the main theorem of CM, for every s € S there exists a unique u(s) € U(Q)
such that

P (s) = 2u(s).
S

Moreover, by point 2) in Definition (5.3.1)) we must have that p’(s) = 1 mod I.
Clearly p'(E*) = 1, so we see that the map S; — W, given by s — (s,u(s)
descends to a splitting of 1 —» K; - W; = S; — 1. O

The next theorem says that this condition is also sufficient:

Theorem 5.3.7. Let X /C be a K3 surface with CM by the ring of integers of E C C
and let I C Dy be an ideal. Then (X, I) admits an almost-canonical model Y if
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and only if the sequence
1K, -W, -8, -1 (5.3.0.3)

splits. If 3. S; — W, is a splitting, there exists an almost-canonical model X ,
whose Hecke character induces the splitting 3, in the sense of Lemma (5.3.6). The
association 3 ~ X, is one-to-one between the splittings of S; — W, and the

almost-canonical models of X, up to Fy(E)-isomorphism.

Proof. The crucial point in the proof of Theorem ((5.2.1])) was that the map ((5.2.0.1))
took constant values. This relies on the big discriminant condition, and it fails to
be true if K; # 0. The splitting 5 comes into play allowing us to choose one value
of ((3.2.0.1)), in the following way. Let us consider once again the commutative
diagram

artg

b
Ay — » Gk

iNmK/E \Lres

arty |.S;

S, ——— G

Let s € S} and write 4([s]) = [(s,u)] € W,. The product = - u is a well-defined

element of U(A /), and we denote it by p'(s). Themap p’ : S; - U(A ) has EXis

its kernel, so just like in Theorem (5.2.1)) it gives us another map p : G%” - U(Ay),
which is going to be the Galois representation associated to X ;. The construction
of X, proceeds now exactly like in Theorem (5.2.1). To prove the second part of
the theorem, let Y /K be another almost canonical model. By Lemma (5.3.6), Y /K
induces a splitting of the short exact sequence ((5.3.0.3)). 0

Remark 5.3.8. The condition on the splitting of | —» K; — W; — §; — 1is more
theoretical than practical. Nevertheless, it clarifies what happens when X has big
discriminant: in this case, if we choose I = Dy, the short exact sequence boils
down to an isomorphism WDX = S‘DX and therefore admits only one splitting

which determines a unique (hence canonical) model over FDX (E).

5.4 On the Picard group of canonical models

Let X /K be the canonical model of a K3 surface with big discriminant. Since
p(X/K) = p(?/ E), it seems natural to ask whether also the equality Pic(X) =
Pic(X) holds. The explicit examples provided by Elkies show that this is indeed
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the case, when E is quadratic imaginary with class number one. In general, one

has a spectral sequence
EM := H/(K,H{(X.G,) = H!"(X.G,,)
which induces an exact sequence
0—- Pic(X)—5> Pic(X)%« — Br(K) — Br(X). (5.4.0.1)

The group 5(PiC(Y)G’< ) = ker(Br(K) — Br(X)) is called the Amitsur group of X
and it is denoted by Am(X). It is a finite Abelian group. In order to study some

basic properties of Am(X) let us recall the definition of index of a variety.

Definition 5.4.1. Let X an algebraic variety over a field K. The index of X /K is
6(X/K) :=gcd{[L : K]: [L: K] < oo and X(L) # #}.

Proposition 5.4.2. Let X /K be a smooth projective and geometrically irreducible
variety. Then
6(X/K)-Am(X) = {0}.

Proof. This follows from the functoriality of ((5.4.0.1)) and by a restriction-corestriction

argument. O

If K is a number field, more can be said. For every place v of K consider the
local index 6(X,/K,) of the base change of X to the completion K, of K at v.

Corollary 5.4.3. If every local index of X is one, the map Pic(X) — Pic(Y)GK is

an isomorphism.

Proof. This follows from Proposition (5.4.2)) and the short exact sequence
ZU lnvl/'
0 — Br(K) » @ Br(K,)—— Q/Z - 0.
2

O]

In particular, if X has a point everywhere locally, then the map Pic(X) —
Pic(X)C is an isomorphism. Before studying the index of the canonical mod-
els, let us say something about the existence of local points. Since K is a CM field,

we only need to consider finite places. For every finite place v of K let us denote
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by 7 € K, alocal parameter. If uy : A% — C* is the Hecke character of X and
¢ a prime number invertible in ©,, we have that uy (x) belongs to the reflex field
E C C and acts as Frob] on TK(Y).

Proposition 5.4.4. Assume that X has good reduction at B and let p the prime
ideal B N O, Moreover, let q = |O /B| and write X, for the reduction of X
modulo .

1. If'p is inert or ramified over F (the maximal totally real subfield of E) then
X(Kg) # 0. Moreover, X, is supersingular and Pic(X ,4) = Pic(X ).

2. Ifpissplitover F and [E : Q] <12 or q > 18, then X (Kg) # 0.

Proof. 1. Lett € E, be a local parameter, so that Nmy /g(7) = ", where
n=e(P/p)- f(P/p). Since p is inert or ramified over F by assumption, we
have that () = 6 i.e. 1/t is a unit. Since the Galois action on the Picard
group is trivial and K = Fp, , by point 6) in Proposition (5.3.4) we conclude
that uy (x) = 1. Hence, the Frobenius acts trivially on 7,(X) and therefore
on the whole cohomology group H ézt(f, Z,)(1). By the Lefschetz fixed point
formula, we obtain that

| X(Og/B)| = ¢* + 229 + 1,

so that by Hensel lemma we conclude that X (K’B) # (. As the Tate con-
jecture is true for X .4 (see [26], [19] and [[7]), we see that H;(Y, Z,)(1)
is spanned by algebraic classes, and that X is super-singular. But then the
equality p(X,.q) = p(X,.) and the short exact sequence ((5-4.0.1))) implies
that Pic(X,eq) = Pic(X,eq

ZEro.

red)> since the Brauer group of a finite field is always

2. Letus write u 1= uy(t) and p := p(X). Since p is split over F, we see that

u is never in O. By the Lefschetz fixed point formula we have
| X(Og/P)| ="+ ap+ qtrg o) + 1.
Let us fix a CM type ® C Hom(E, C). We have

trg o) = z o(u) = Z o) + o) =2 z Reo(u).

c: EsC ced ced
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Clearly, for any x € C we have —|x| < Re(x) < |x]|. Since
o) = oWo(w) = owo@) = 1,
we conclude that
—[E: Q] <trg o) < [E: Q]

and the claim follows by ¢ > 2 and p + [E : Q] = 22.
O

The estimates above are really rough, nevertheless they apply to many cases
of interests, like Kummer surfaces with CM (where [E : Q] is either 2 or 4) and
singular K3 surfaces. The following proposition shows us that, at least at the level

of cohomology, the canonical models have good reduction properties:
Proposition 5.4.5. The Galois representation Hézt(}, Q,)(1) is unramified at B.

Proof. Lett € OF, so that art(¢) € Iy Since 7 is a unit and p(X) = p(Y), we
conclude again by point 6) of Proposition (5.3.4). O

Unfortunately, a criterion analogous to the Néron-Ogg-Shafarevich one is false
for K3 surfaces. Nevertheless, much work has been done to that direction, see for
example 8], [24] and [28]]. Let us explain briefly their results before applying them
to our questions. Let Ok be a local Henselian DVR, K its field of fractions and k

is residue field of characteristic p > 0. We make the following assumption

Assumption 5.4.6 (x). Let X /K be a K3 surface over a local field. We say that
X satisfies assumption () if there exists a finite field extension L/K such that X ;
admits a model X — ; that is a regular algebraic space with trivial canonical

sheaf wy /o, , and whose geometric special fiber is a normal crossing divisor.

This assumption holds in the equal characteristic case (p = 0) and it is expected

to be true in mixed characteristic.

Definition 5.4.7. Let k be a field. A K3 surface X /k with at worst RDP singu-
larities is a proper and geometrically-irreducible surface such that X has at worst

rational double point singularities, and whose resolution is a K3 surface.

The main result we are interested in is Theorem 1.3 of [24].
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Theorem 5.4.8. Let X be a K3 surface over a local field K and assume that X
satisfies (x). If the Galois representation He%(f, Q) is unramified, then there
exists a model X — Oy which is a regular projective scheme, and whose special

fibre X, is a K3 surface with at worst RDP singularities.

In order to apply this result (and similars) to our question about the surjectivity
of the map Pic(X) — Pic(X)C«, we need a way to compare the index of Xy to the

index of X, . This is accomplished by the following Theorem:

Theorem 5.4.9 ( [13[)). Let X — Spec(Ok) be a proper flat morphism, with X
regular and irreducible. Let us write the special fibre Y. r;I'; as a divisor on X,

where G, is irreducible and of multiplicity r;. Then
§(Xg/K) = ged{r,6(T % /k)},
]

where Fl.reg denotes the regular locus of T';.

In our situation, k is a finite field, so that 5(X /k) = 1 for any geometrically irre-
ducible algebraic variety X /k. Combining Theorems (5.4.9) and (5.4.8) together
with Proposition (5.4.5)), we obtain

Corollary 5.4.10. Assume that for every place v of K, X,/ K, satisfies (%). Then
Pic(X) = Pic(X).

Let us now finish this section with some unconditional results.

Theorem 5.4.11. 1. Let X/K be the canonical model of a Kummer surface
associated to an Abelian variety with complex multiplication. There exists
an Abelian variety A/K such that X = Km(A). In particular, X(K) # @,
hence the equality Pic(X) = Pic(f) holds. Moreover, A[2] is K—rational
and X has good reduction at every finite place of K that does not divide 2.

2. Let X /K be the canonical model of a singular K3 surface. Then X(K) # @,
hence Pic(X) = Pic(f). Moreover, X has potentially good reduction at
every place of K which does not divide 2 or 3.

Proof. 1. Since X has full Picard rank, all the sixteen exceptional lines E|, ---, E}¢
are defined over K. This is because they are rigid in their linear system.
There exists a reduced divisor D C X such that, in Pic(f), we have 2[ D] =

E; + -+ + Ec. Consider now the short exact sequence

0 — Pic(X) — Pic(X) — Br(K) — Br(X).
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Since X has a K—point, we have that the last map has a section, hence
Pic(X) = Pic(?), and we can assume that D is defined over K. Let¢: Y —
X be a 2-covering associated to D. It follows that the ramification locus of
¢ can be written as R, := Y, C;, where each C; is a (—1) curve. From the
arithmetic version of Castelnuovo’s contractibility criterion (see [25]], The-
orem 3.7 p. 416) we can contract these curves to obtain a smooth surface
A, and let us denote 7 : ¥ — A the contraction morphism. We see that
A(K) # @, since z(C;) is a K—point. Let us denote by O := ¢(C,) € A(K).
This very same procedure carried out over K tells us that (Ag, O) must be an
Abelian surface such that Xz = Km(Ag). Therefore, (A, O) is an Abelian
surface too and X =~ Km(A). The fact that the full 2—torsion is defined over
K follows by the same statement about the lines C;. The statement about
the good reduction properties follow the results proved in the unpublished

master thesis of Tetsushi Ito, that can be found in the appendix of [29].

. Since X% is a singular K3 surface, it admits an elliptic fibration Xz — [P’i_(
with two singular fibres of type I I* in Kodadira’s classification (see Shioda-
Inose). It follows immediately that there exist two (—2)-curves C; and C,
on X such that (C,-C,) = 1. Therefore, since once again C; and C, are
defined over K, we conclude that their intersection is a K —rational point.
The good reduction properties follows from Theorem Theorem 0.1 of [29]].

O

97



6 Some applications

In this last section, let us illustrate a couple of applications of the results above.
The first is related to Schiitt and Elkies’ work on the field of definition of singular
K3 surfaces, as explained in the introduction. Let X /C be a singular K3 surface

with CM by the ring of integers of a quadratic imaginary extension E. Assume that

2 0
T(X) is neither isomorphic to 0 2 nor to

Theorem 6.0.1. X admits a model with full Picard group over E if and only if the

complex conjugation acts trivially on Cly (E), the ray class group modulo D .

Proof. By Theorem (5.2.7), we know that X has big discriminant. Moreover, by
Theorem (5.4.11)) and the universal property of Theorem (5.2.1)), we see that such
a model exists if and only if Fp (E) = E. By remark (3.4.8), this happens if and
only if the complex conjugation acts trivially on Clp_ (E). g

We are now in the position to generalise this to any K3 surface with CM. Let
us recall some notation introduced at the end of section 1. If E is a CM number
field, let F C E be the maximal totally real subfield. Remember that for any ideal
I C O, we denote by El = {e € EX: ordp(e -1 > orde V p|1} and let us
put O} := 0% n E"!. The proof of the following is identical to the one above.

Theorem 6.0.2. Ler X /C by a K3 surface with CM by the ring of integers of a CM
number field E, and assume that X has big discriminant. Then X admits a model
with full Picard rank over E if and only if

1. The complex conjugation acts trivially on Clp, (E) and

2. The natural inclusion NmE/F(Og’() c (9? N NmE/F(EDX’l) is an isomor-

phism (see (3.4.7)).

In both cases, a necessary condition is that the complex conjugation acts trivially
on CIDX (E), therefore also on CI(E).
The second application we have in mind concerns the asymptotic growth of the
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fields of definition. Let us fix a CM number field E C C and let us consider the set
K(E) introduced in Theorem (5.2.8). We know that the set C(E) is infinite, at least
when [E : Q] < 10 ([ref]). Denote by K, (E) := {X € K(E): X has big discriminant}.
Thanks to Theorem (5.2.8) we know that C(E) — KC,(E) is a finite set. For any
X € K,(E) let us denote by Fy :=min{[K : E}: X has a model over K}. We
have

2 1Fp, (B): E] < Fy < [Fp,(E): E)
where C > 0 was defined in the remark after Theorem A in the introduction. The
numbers [Fp (E): E] are explicitly computed in Theorem (3.5.4). Let us write G
for the subgroup of Aut(E) generated by the complex conjugation, dy := Dg;( =
DynFand H'(M) := H'(G, M) forany G—module M. Finally,letn :=[F : Q]
and let e(d i) be the product of the ramification indices of all the places of F in E
that are coprime to the ideal dy C Of. We have

2 hy - pp(Dy) - [OF 1 Nmpgp(O0)]
hp - $p(dy) - (O : O] e(E/F,dy) - |[HI(EPxh|

[Fp (E): E]=

where hp, hp are the Hilbert class numbers of F and E respectively, ¢pp(Dy) =
[(Op/Dyx)*| and ¢pp(dy) = [(Op/dx)*|. Let us first consider the term

D
[OF 1 Nmg,p(O )]
oD ‘

(@ : 0P

In the following short exact sequence, we note that the first vertical arrow is sur-

jective

~

| —— O o > O5/00 —— 1

B [ !

I —% Nmy, x(OF) — OF — OF/Nmy, x(OF") — 1,

so that we obtain the following exact sequence
1 = u(E)/Ky = O /O - 0% /Nmy 1 (OFF) » O /Nmpg p(OF) — 1,

that implies
[OF: NmE/F(@EX)] B [OF 1 Nmg, p(OF)]

[O% (92’)(] [H(E): Kx]

(6.0.0.1)
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Moreover,
1 < [OF: Nmy, (O] < [OF: 0P =217 4

and
1 <[u(E): Kx] < |u(E)| <N,

where N is the biggest integer such that ¢(N) < [E : Q]. Let us now consider the
term e(dy ). By Proposition (3.1.10) we have that Dy C (2)' D/, and since the
primes the divide Dg,p N F are exactly the ones that ramify in E, we see that in
the product e(d y ), only the places at infinity appear, and at most the places over 2,
so that e(dy) < 22LF: @l Finally, the term H!'(EPx!) is described in Proposition
(3.5.3), and it also can universally bounded for any CM field E with [E : Q] < 20.
Therefore, there are constants A, B > 0 such that for any principal K3 surface X
with CM

2-[O%: Nmg/ (O]

A< — < B. (6.0.0.2)
[0%: O] e(E/F.,dy) - |HI(EPx)]

As a consequence of this analysis, we have the following Theorem:

Theorem 6.0.3 (Asymptotic growth). Assume that E is a CM number field with
[E: Q] £20. For X varying in K(E) we have

_ $x(Dy)
X ppldy)’

where ~ means "up to multiplicative constants", i.e. there exist A, B > 0 such that

A2 D0 g pPeDx)
$r(dy) $r(dx)

In [55]], Shafarevich proved that, for a given natural number N > 0, there are only
finitely many C—isomorphism classes of singular K3 surfaces that can be defined
over a number field of degree N. Later, Orr and Skorobogatov in [[37] proved that
the same is true for any K3 surface with CM. We are now in the position to prove

it for principal K3 surfaces:

Theorem 6.0.4. Let N > 0 be an integer. There are only finitely many C—isomoprhism

classes of K3 surfaces with CM by the ring of integers of a CM number field E that

can be defined over an algebraic extension K /Q of degree at most N.

Before proving the theorem, we need a lemma.
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Lemma 6.0.5. Let N > 0 be an integer. Then there are only finitely many CM
fields {E\, -, E,} such that if X /K is a K3 surface over a number field K with
[K: Q] < N and X has CM by the ring of integers of a CM field E, then E = E,

for some 1 <i<n.

Proof. We consider all the fields embedded into C. Let X /K be any K3 surface
such that X has CM by the ring of integers of a CM field E, with [K : Q] < N.
Let K’ be the extension given by the kernel of the Galois representation associated
to NS(Y). Again, there is a universal constant C such that [K': K] < C. In
particular, we also have that [K’ - E : Q] < 20CN. The degree of FDX (E)over E
satisfies

2 hp - ¢p(Dy) - [O%: Nmg, p(OD)]

[Fp, (E): E]= — ,
hp-@p(dy) - [OF: O] e(E/F,dy) - |H (EPxD)]

and the term o
2. [(9;; : NmE/F(OEX)]

[OF 1 O] e(E/F.dy) - |H\(EPx1)||
obeys to the same bound of (6.0.0.2)). In particular, since ¢z (Dy) > ¢p(dy), there

exists a constant A such that

h
A= < [Fp (E): E] <20NC.
F

The same result of Stark employed before tells us that only finitely many CM num-
ber fields satisfy the above inequality for a fixed N. O

Let us now prove Theorem (6.0.4).

Proof. By the lemma above and Theorem (5.2.8)), it is enough to prove the theorem
only for X with big discriminant. Again,there are constants A, B > 0 such that for
any K3 surface X with big discriminant and CM by the ring of integers of E, we

have
At $D0 g he 45Dy
hp  ¢p(dy) hgp  ¢p(dy)

Therefore, we need only to prove that for a given N > 0 there are only finitely

many C—isomoprhism classes of K3 surfaces with CM by the ring of integers of a
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CM number field E such that

hg $e@x) _ (6.0.0.3)
h’F ¢F(dX) B ‘ o

Again by the results obtained in Stark’s paper [48]], there are only finitely many CM
number fields E C C such that

£ <N,
hF

Letthem be E|, E,, ---, E,. Therefore, if X is such that (6.0.0.3)) holds, we see that
X have CM by one of the E/s. For any 1 < i < n there are only finitely many ideals
I C O such that
| $rl)
¢rINF)

let them be [, for 1 < k < k;. Finally, using the same argument as in the

s

proof of Theorem (5.2.8), we see that for any I;, there are only finitely many
C—isomorphism classes of K3 surfaces with CM by O and Dy = I;;. U
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7 Conclusion

We would like to conclude this thesis with some open questions and observations.

1. For a CM number field with 10 < [E : Q] < 20 one would like to know
which ideal lattices (I, &) satisfying the properties at the beginning of (3.2))
admit a primitive embedding (I, a) & A, where A is the K3 lattice. By the
work of Taelman [49] we know that if [E : Q] < 20, for every « € F* of
the right signature we can embed (/,@) ® Q into A ® Q, thus producing
infinitely many K3 surfaces with CM by E, but it is not clear how proceed
to construct principal K3 surfaces with CM by E starting from this.

2. It would be interesting to generalise Section (4.2) and Theorem (I.0.6) to
non-principal K3 surfaces, i.e. dropping the condition on the maximality of
Endeg(T(X )). This would lead to an elementary proof of Theorem (1.0.7)
(and hence to a completely elementary proof of Conjecture 10.1 of [52]]). As
in the theory of Abelian varieties with CM, such a generalisation should be

more a matter of number theory than arithmetic geometry.

3. The next class of varieties that could be studied is given by CM hyperkihler
manifolds. Indeed, they share many properties of K3’s, especially when their
H?-motive has been proven to be Abelian (either in the absolute Hodge or in
the André sense). A class of such hyperkihler manifolds includes those that
are of K3!"-type, i.e. deformation equivalent to the Hilbert scheme of m-
points of a K3 surface. It would be interesting to generalise Theorem
and (L.0.6) to these varieties. In order to use the same idea in Theorem (1.0.6)
one would need a strong version of the Torelli theorem, i.e. on the lines of
every Hodge isometry respecting two polarisations is induced by a unique
isomorphism, because the descent data used to produce the canonical models
is constructed cohomologically. This is known for example when m = p" +
1 with p a prime number, see Theorem 1.3 of [27]]. Such a generalisation

would in particular imply a finiteness result analogue to Theorem (1.0.7) for
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hyperkihler varieties, and therefore an analogue of Conjecture 10.1 of [52]

in this setting.

. Even ifit is known that the analogue of the Néron-Ogg-Shafarevich criterion
is false for K3 surfaces, one may ask whether or not the canonical models
enjoy good reduction everywhere over their field of definition (i.e., over the
K3 class field modulo the discriminant ideal). Some (insufficient) evidence
is given by the results obtained at the end of (5.4), and it would be interesting
to consider the case of Kummer surfaces first. By Proposition (5.4.11)) we
already know that the canonical models of a Kummer surface enjoys good
reduction over every prime that does not lie over 2. Due to the nature of
the Kummer construction, studying their good reductions at primes over 2
is a subtle question. Indeed, consider the example of the Fermat quartic
x*+y* +z* + w* = 0 over Q(uy), the K3 class field modulo its discriminant
ideal (see example (5.2))). It is somehow baffling that nothing is known about

its reduction at the only prime lying over 2!

. Finally, we observe that some of our results could help spot principal K3
surfaces with CM in some particular families. Consider X — S a (non-
isotrivial) smooth family of K3 surfaces over a number field L, and suppose
that .S is a rational (quasi-projective) curve. By our results, there are only
finitely many L—points of .S that gives principal CM specialisations. If the
generic Picard rank p is odd, then the subset of CM points S¢;,(L) C S(L)
must be contained in the L—points of the Noether-Lefschetz locus of X — S,
i.e. the locus where the Picard rank jumps, because K3 surfaces with CM
have even Picard number. There are some other ‘numerical’ constrains on
L—points of S that give principal CM specialisation that could be exploited.
Suppose that a specialisation X,, witht € .S(L), has CM by O, with E aCM
number field of degree [E : Q] = p + 1. A Galois-cohomology arguments
shows that there exists a quadratic extension L’/ L such that NS(X, X L") =
NS(},). Therefore, if D C O is the discriminant ideal of X, we must
have Fy; p,(E) C EL', and therefore that [ Fy3 p(E) : E] divides 2[L : Q].
There are finitely many pairs (E, D) that satisfy the divisibility condition.
Therefore, there are only finitely many values |© E, /D;,| for the cardinality
of the discriminant form of a CM specialisation. Usually, one has some con-
trol on the discriminant of X,, so that one can look at those finitely many

t's where the Picard jumps and the discriminant of the intersection form on
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NS(X)) is one of those |O /D,
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