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On a cohomological generalization of
the Shafarevich conjecture for K3 surfaces

Teppei Takamatsu

The Shafarevich conjecture for K3 surfaces asserts the finiteness of isomorphism classes of K3 surfaces
over a fixed number field admitting good reduction away from a fixed finite set of finite places. André
proved this conjecture for polarized K3 surfaces of fixed degree, and recently She proved it for polarized
K3 surfaces of unspecified degree. We prove a certain generalization of their results, which is stated by
the unramifiedness of ¢-adic étale cohomology groups for K3 surfaces over finitely generated fields of
characteristic 0. As a corollary, we get the original Shafarevich conjecture for K3 surfaces without assuming
the extendability of polarization, which is stronger than the results of André and She. Moreover, as an
application, we get the finiteness of twists of K3 surfaces via a finite extension of characteristic 0 fields.

1. Introduction

The Shafarevich conjecture for abelian varieties is a remarkable result which asserts the finiteness of
isomorphism classes of abelian varieties of a fixed dimension over a fixed number field admitting good
reduction away from a fixed finite set of finite places. This theorem was proved by Faltings [1983] in the
polarized case, and Zarhin [1985] in the unpolarized case.

In this paper, we shall prove an analogue of this theorem for K3 surfaces. For any discrete valuation
field K and a K3 surface X over K, we say X has good reduction if X admits a smooth proper model
over the valuation ring of K, as an algebraic space (see [Liedtke and Matsumoto 2018, Section 1])." Then
one can formulate the analogue of the Shafarevich conjecture for K3 surfaces. Previously, this conjecture
was studied in [André 1996; She 2017] for polarized K3 surfaces. The goal of this paper is to generalize
these results in terms of the unramifiedness of £-adic étale cohomology groups. Our main theorem is the
following (for a more generalized form, see Theorem 6.1.1).

Theorem 1.0.1 (compare with Theorem 6.1.1). Let F be a finitely generated field over Q, and R be a
finite type algebra over Z which is a normal domain with the fraction field F. Then, the set

X : K3 surface over F,
for any height 1 prime ideal p € Spec R,
there exists a prime number £ ¢ p

such that H ézt(X 7> Q) is unramified at p

Shaf(F, R) :={ X / F-isom
is finite.

MSC2010: primary 14J28; secondary 11F80, 11G18, 11G2S5, 11G35.
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As a corollary, we have the original Shafarevich conjecture for K3 surfaces over finitely generated

fields of characteristic O.

Corollary 1.0.2 (Corollary 6.1.4). Let F be a finitely generated field over Q, and R be a finite type

algebra over Z which is a normal domain with the fraction field F. Then, the set
{X | X : K3 surface over F, X has good reduction at any height 1 prime ideal p € Spec R} / F-isom
is finite.

Note that our results are stronger than results of André and She (see Remark 1.0.4 for details). Moreover,
as an application of our cohomological generalization, we get the following corollary, which asserts the
finiteness of twists of a K3 surface via a finite extension of characteristic O fields.

Corollary 1.0.3 (Corollary 6.2.1). Let F be a field of characteristic 0, E/ F be a finite extension, and X
be a K3 surface over F. Then, the set

Twe/r(X) :={Y : K3 surface over F | Yg ~p X}/ F-isom
is finite. Here Yi >~ X g means the K3 surfaces Yg :=YQ®pE and Xg := XQpE are isomorphic over E.

We note that our cohomological generalization is necessary for this application, i.e., the original
statement of the Shafarevich conjecture (Corollary 1.0.2) is not enough to show Corollary 1.0.3.

Let us give some comments on the statement of Theorem 1.0.1. Theorem 1.0.1 is motivated by the
good reduction criterion for K3 surfaces given by Liedtke and Matsumoto [2018]. For K3 surfaces
over a Henselian discrete valuation field satisfying some assumptions, they showed the equivalence
between the unramifiedness of £-adic étale cohomology groups and admitting good reduction after a finite
unramified extension [Liedtke and Matsumoto 2018, Theorem 1.3]. Note that the latter condition cannot
be replaced by “admitting good reduction” (see [Liedtke and Matsumoto 2018, Theorem 1.6]), so our
cohomological generalization is stronger than the original Shafarevich conjecture. Moreover, we deal
with finitely generated fields of characteristic 0 rather than number fields, motivated by the application to
Corollary 1.0.3. In fact, André also proved the Shafarevich conjecture for polarized K3 surfaces in this
way (see [André 1996, Theorem 9.1.1], and also Remark 1.0.4).

Remark 1.0.4. Our results are stronger than previous results obtained by André and She. To explain this,
we briefly recall their results. André [1996, Theorem 9.1.1] proved the Shafarevich conjecture for polarized
K3 surfaces, i.e., the finiteness of isomorphism classes of polarized K3 surfaces of fixed degree over a fixed
number field which admit good reduction away from a fixed finite set of finite places (actually, as stated
above, André dealt with finitely generated fields of characteristic 0). Here, André said that a polarized K3
surface (X, L) admits good reduction if there exists a smooth proper model X' of X as a scheme such that
the ample line bundle L extends to an ample line bundle on X'. She [2017, Theorem 1.1.5] proved it for

INote that it is natural to admit an integral model being an algebraic space rather than a scheme in the case of K3 surfaces
(see [Matsumoto 2015, Section 5.2]).
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polarized K3 surfaces of unspecified degree. More correctly, She proved the finiteness of K3 surfaces over
a fixed number field which admit good reduction as polarized K3 surfaces (without fixing polarization
degree) away from a fixed finite set of finite places. Here, we remark that She’s result does not cover K3
surfaces admitting a smooth proper model only as an algebraic space. Moreover, there exists an example of
a K3 surface admitting good reduction such that no smooth proper model has a polarization (therefore this
K3 surface does not admit good reduction as polarized K3 surfaces) (see [Matsumoto 2015, Section 5.2]).
Therefore, Corollary 1.0.2 is also stronger than previous results, even in the number field case.

The strategy of the proof of Theorem 1.0.1 is as follows. We basically take the approach of André
and She. We first show the polarized version of Theorem 1.0.1 before dealing with the unpolarized
case. To generalize the result obtained by André, we should formulate the Kuga—Satake construction
as preserving the finiteness. We achieve this by using the moduli interpretation of the Kuga—Satake
construction introduced by Rizov [2010]. In the perspective of the unpolarized case, we use the uniform
Kuga—Satake construction introduced by She to study K3 surfaces of all degrees simultaneously. Our
proof is slightly different from She’s proof, and here we will sketch the differences. In [She 2017], it
is crucial to show that K3 surfaces admitting good reduction are sent to abelian varieties admitting good
reduction via the uniform Kuga—Satake map. She proves this using integral canonical models of certain
Shimura varieties (the argument like “O-valued points go to O-valued points”). However, in our case, we
do not assume that each K3 surface admits a smooth proper model, so instead of She’s method, we use the
Néron—Ogg—Shafarevich criterion for abelian varieties (this approach is already known by [André 1996];
see also [Imai and Mieda 2020]). For this purpose, we study She’s uniform Kuga—Satake construction
in detail in Section 3. Note that our proof does not require the theory of integral canonical models of
Shimura varieties. To simplify the arguments, we need a section of the natural map from the GSpin
Shimura variety to the SO Shimura variety (see Section 3.3). To get such a section, we should work with
a level structure that has a sufficiently small Z,-component (see Remark 3.1.7). So we should suppose
the unramifiedness of 2-adic representation to overcome that general K3 surfaces may not admit level
structure (see Proposition 4.2.3). However, this assumption is not essential since £-independence of the
unramifiedness is true in a general situation (see Lemma 5.0.1). Note that Lemma 5.0.1 is essentially
known by Madapusi Pera, Matsumoto [2016] and Imai and Mieda [2020] (see Remark 5.0.2).

The outline of this paper is as follows. In Section 2, we will recall the basic results on K3 surfaces, and
define the moduli space of K3 surfaces introduced by Rizov and Madapusi Pera. In Section 3, we will
define several algebraic groups to introduce the uniform Kuga—Satake abelian varieties, and study their
basic properties. In Section 4, we will prove the main theorem in a little weaker form (i.e., only considering
2-adic cohomology) by using the results of Section 3 and the arguments given by André and She. In
Section 5, we will see an £-independence of the unramifiedness by using Matsumoto’s result on weight
filtrations [2016, Theorem 3.3]. We also prove a crystalline analogue of it by using Ochiai’s £-independence
results [1999] and the Kuga—Satake abelian varieties (as above, this result is essentially proved in [Imai
and Mieda 2020]). In Section 6, we will complete the proof of the main theorem combining the results
in Sections 4 and 5, and prove the finiteness of twists via a finite extension of characteristic O fields.
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2. K3 surfaces and their moduli
2.1. Basic definitions for K3 surfaces. In this subsection, we give definitions and basic notations
about K3 surfaces.

Definition 2.1.1. (1) For any field k, a K3 surface over k is a smooth proper surface X over k with
Q% = Ox and H'(X, Ox) =0,

(2) For any scheme S, a K3 family over S is a smooth proper algebraic space A’ over S whose geometric
fibers are K3 surfaces.

Remark 2.1.2. For any field £, a K3 family over k is automatically a K3 surface over k since smooth
proper algebraic spaces of dimension 2 over a field are schemes.

Definition 2.1.3 [Rizov 2006, Definitions 3.2.2, 3.2.3]. (1) A polarization on a K3 family 7 : X — §
is an element A € Picy,s(S) whose pullback by any geometric point of § is an ample line bundle.
Here Picy/s is the relative Picard functor.

(2) A polarization A is primitive if its pullback by any geometric point of § is primitive, i.e., not divisible
by an integer greater than 1.

(3) A polarization A is of degree 2d if its pullback by any geometric point of S has degree 2d, i.e., its
self intersection number is 2d.

Remark 2.1.4. Let F be a subfield of C. For a K3 surface X over F, the relative Picard functor PicxF is
represented by a scheme, thus Picx,r(F) = Pic(X F)Gal(ﬁ /F) is a primitive sublattice in H 2(X(©), Z(1))
via the Chern class map as in [She 2017, Lemma 2.2.3]. Hence there exists a primitive polarization for
each X (by dividing a polarization by an integer greater than 1 if necessary). Note that the inclusion
Pic(X) C Picy,r(F) may be proper in general, though it always has a finite cokernel (see [Huybrechts
2016, Chapter 17, Section 2.2]).

Definition 2.1.5. (1) A K3 lattice L3 is a unimodular lattice of signature (19, 3) which is defined as
Lks =EP ®H®,
where Eg is the (positive signature) Eg-lattice as in [Huybrechts 2016, Chapter 14, Example 0.3],
and H is the hyperbolic plane.
(2) Consider the last component H C Lk3, and take e, f € H C Lg3 satisfying
(e, H=f,a)=1, (e,e)=(f, f)=0.
Let vy := e — df. Then the degree 2d primitive part of L3 is defined as
Ly=vi~FBOoH @ (2d).

The lattice £, is a primitive sublattice of Lk3, and disc(Ly) = 2d.

2In this paper, a (Z-)lattice means a finite free Z-module with a symmetric bilinear pairing valued in Z, and (c) means the
Z-lattice of rank 1 given by (a, b) = cab.
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Remark 2.1.6 [Rizov 2006, Remark 2.3.2]. For a K3 surface X over C and its primitive polarization L
of degree 2d, there exists an isomorphism

(H*(X(C), Z(1)), —V) = L3

which sends chz (L) to v;. Here —U denotes the minus of the cup product. Therefore, for a primitively
polarized K3 surface (X, L) of degree 2d over a field F which is contained in C, we sometimes identify
HX(X(C), Z(1)) with Lx3, HA(X, Z(1)) with Ly 7 = Lx3 ®7 Z, PX(X(O), Le), Z(1) with L,
and Pézt((X 7 L), Z(l)) with £, 7 := L4 ®z 7. Here, we denote the primitive parts of the singular
cohomology group and the étale cohomology group by
P?((X(©), Le), Z(1)) = ch(Le)" C H*(X(C), D),
P2((X7, L), Z(1)) :=cha(L)* € H2 (X7, Z(1)).

To simplify notation, we omit the pairing in the rest of the paper. We denote (H2(X (C), Z(1)), —U) by
H?(X(C), Z(1)), and same with others.

Definition 2.1.7. The discriminant kernel of L; is
Dy :={g € SO(L, 7) | g acts trivially on ﬁ; Z/ﬁd,i}-

Note that D, is a compact open subgroup of SO(L4 a,). For any prime number ¢, we denote its
Z¢-component by (D).

Proposition 2.1.8 [Madapusi Pera 2016, Lemma 2.6]. There is a natural identification
Dy =1{8 € SO(Lk37) | §(va) = va}.

Proof. This is proved in [Madapusi Pera 2016, Lemma 2.6]. We include its proof because we need to
recall the identification explicitly. Let £ be any prime number, and we will verify this claim for each
Z¢-component. First, we will define a map from the left-hand side to the right-hand side. For

8e € (Dg)e ={g € SO(Ly,7,) | g acts trivially on EX,ZZ/Cd,Zz}v
define g, as the image of g, via the composition of
SO(L4,z,) = SO(La,a,) — SO(Lk3,0,)-
Then we have g,vs = vy. We will show that g¢Lg3 7, = Lk3,7,. Consider the morphisms
Lk3z7,~Lx37, > Lyz, ®Wa)" — L7, ey
For any v € Lg3,7,, denote its image in £Z’ZZ @ (vg)Y by uy + uy. Then we have
Se(uy +uz) =ge(ur) +up = (ge(uy) —uy) + (uy +uz) € Lg3 7,

because g, acts trivially on EZ Zg/'cdvzf‘ Hence g}lcm,zl C Lk3.7,, thus g¢Lk3 7, = Lk3.7,, and we
can define the desired map.
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Next, we will define a map from the right-hand side to the left-hand side. For fze € SO(Lk3,7,) such
that fzgvd = vg, we can associate iy € SO(L;,7,) as the restriction of iig. We can show that A, acts
trivially on CX,ZZ /La.z,. Indeed, because the embedding £; — Lg3 is primitive, the composition of (1)
is surjective, so for any u; € LZ,ZZ’ there exists u, € (vg)Y such that u; +u;y € Lk3,7,. Thus we have

he(uy) —uy = he(uy +uz) — () +u2) € L3z, N Laa, = Laz,-
Clearly, the above maps are inverses of each other. This finishes the proof. O

2.2. Moduli spaces of K3 surfaces and the Torelli theorem. In this subsection, we recall the Torelli
theorem in terms of moduli spaces. First, we recall the definition of the moduli space of K3 surfaces with
oriented level structures. See [Rizov 2006, Section 6; Madapusi Pera 2015, Section 3; Ito et al. 2018,
Section 5] for details.

We define a groupoid-valued moduli functor My, by

M;d’@(S) = {(JT : X — 8§, L€Picx/s(S)) | : K3 family over S, A : primitive polarization of degree 2d}

for any Q-scheme S. Let M;’ 1. be the twofold finite €tale cover constructed by Madapusi Pera [2015,
Section 5] which parametrizes orientations. Then, for any § — ]\715 1@ We get (7, A, v), where (7, A) is
as above, and v is an isometry of Z-local systems

v:detL,; 7 =~ det P’n,Z
such that for any s € S(C), the isometry v restricts to an isometry
vy @ det £y ~ det PA(X;, Z).

Here, we put

P2, Z(1) := chz(A)* C R*m,Z(1),

where ch5(1) is the Chern class of A [Madapusi Pera 2015, Section 3.10]. Let K C D, be a compact
open subgroup. For any scheme S over ]\7; 1.0 One can define the étale sheaf I by

I(T) = {g Ly 7 —> R2n|T*/Z\(1) | g :isometry, g(vq) = ch5 (1), det g induces vlT},

for any étale morphism 7' — S. A [K-level structure on S — 1\7; 1.0 isasectiona € H (8, 1/IK), where [K
acts on / through £ . Then, one can define the moduli functor M3, , o over 1\7I§ 1.0 Which parametrizes
[<-level structures. For simplicity, we write an each element of M3, d,K’@(S) as (X, A, v, a). Moreover,
for any field F of characteristic 0, we denote the base change by M5, ¢ .

Definition 2.2.1. (1) SO, is an algebraic group over Q whose R-valued points are given by

SO, (R) :={g € SL(La.r) | (gv, gw) = (v, w), for any v, w € Ly g}.
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(2) We put

QgEOL := {oriented negative definite planes in L4 r}.
d

Then QéEOLd is naturally identified with Xgo g which gives the Shimura datum (SO, Xso Ed) with
a reflex field Q. Actually, Xso g is isomorphic to X Gspin Y which is defined as in Definition 3.2.3
via the adjoint representation.

Here, we quickly state the moduli interpretation of the Torelli theorem over Q.

Proposition 2.2.2 (the Torelli theorem [Madapusi Pera 2015, Corollary 5.4, Theorem 5.8]). Let K C Dy
be a compact open subgroup. Moreover, assume that K is contained in the principal level n congruence
subgroup of SO(L, 7) withn > 3. Then M5, o is representable by a scheme, and moreover there is the

period map which is an étale morphism between Q-schemes
J i M3, .0 = Shk(SOc,, Xso,,)-

Here Shi (SO, XSOLd) is the canonical model of the Shimura variety over Q.

d’

In Proposition 3.3.3, we will use the more detailed properties of the period map j.

3. The uniform Kuga-Satake construction

In this section, we recall the definition and properties of the Kuga—Satake construction. In this section,
we use only the uniform Kuga—Satake construction introduced by She. In fact, the classical Kuga—Satake
construction is enough for proving the polarized case (Theorem 4.1.3), but we need She’s methods to
prove the unpolarized case (Theorem 4.1.4). Hence we omit the classical Kuga—Satake construction to
avoid some repetitions.

3.1. Preparation. In this subsection and the next, we will define several algebraic groups and their adelic
subgroups which play an important role in the Kuga—Satake construction. In this subsection, we discuss
objects related with the lattice L.

For any algebra R and any quadratic space N over R, we denote the Clifford algebra (resp. even
Clifford algebra) of N by C(N) (resp. CT(N\)).

Definition 3.1.1. GSpin,, is an algebraic group over Q, whose R-valued points are given by
GSpin,(R) :={z € C*(Lqr)* | 2La.rZ"" = La.r}-
Remark 3.1.2. (1) There exists the following natural homomorphism of algebraic groups over Q
fa:GSping, — SO,,; g+ (1> glg™™).
(2) For any Z-algebra R, we put

GSpin(Ly.g) :={z € CT(La.r)* | 2La.rz"" = La.r).
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Then, for any prime number ¢, we can define
fa : GSpin(L4,z,) — SO(L4 z,)
by the conjugation. Moreover, it is easy to confirm the identity
GSpin(L4,z,) = GSpin(L4,0,) NCT (La,z,)*.

(3) For any Z-algebra R, we will use the notation GSpin(Lg3,g) in a similar sense to (2). Moreover,
for any prime number ¢, we denote the conjugation map GSpin(Lk3,z,) = SO(Lk3,z,) by fk3. As
in (2), it follows that

GSpin(Lk3.2,) = GSpin(Lk3.0,) N CT (Lk3.2,)".

Lemma 3.1.3 [Madapusi Pera 2016, (2.6.1)]. Let £ be any prime number. Through the natural inclusion
Ct(L4z,) CCT(Lk3.7,), we have

C*(Laz,) ={z € C"(Lk3.2,) | vaz = zva}.
Moreover, the above inclusion induces an embedding
GSpin(£L4.z,) C GSpin(Lk3,7,)-

Proof. The first claim is essentially proved in [Madapusi Pera 2016, (2.6.1)]. For the sake of completeness,
we recall the proof. For the first claim, both sides of the desired identity are primitive Z,-modules in
C*(Lk3.7,)- Thus, it is enough to show that

C"(Laq,) ={z€CT(Lk3,a,) | vaz = zv4).

It can be easily verified by using a basis of Lx3 g, which is given by a basis of £, g, and v,. For
the second claim, by Remark 3.1.2 (2) and (3), we can reduce the problem to the obvious inclusion
GSpin(£L4.q,) C GSpin(Lk3.q,)- O

Definition 3.1.4 [André 1996, Section 4.4; Rizov 2006, Example 5.1.4]. For any positive integer n, we
define a compact open subgroup KZ% C GSpin., (Ay) by

K3, = (g € GSpin(Ly2) | g = 1in CF(Ly 2/,2)-
Proposition 3.1.5 (cf. [André 1996, Section 4.4; Madapusi Pera 2015, Section 4.4]).
Dy(n) := fa(K,) C SO(L, 7)
is a compact open subgroup of Dy.
Proof. First, we shall show that D,;(n) is contained in D,;. Lemma 3.1.3 shows that
Jk3(GSpin(Ly,z,)) C {g € SO(Lk3,7,) | gva = va},

thus the desired inclusion follows from Proposition 2.1.8.
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For the openness, it is enough to show that for any ¢ not dividing 2dn, the Z,-component of D4 (n) is
equal to SO(Ly4,7,). This follows from [André 1996, Section 4.4]. O

The following proposition gives more information about D, (n).

Proposition 3.1.6. For any odd prime number £ # 2, we have

Ja(GSpin(Ly,7,)) = (Da)e-
If £ =2, as a subset of SO(Lg3,7,), we have

fa(GSpin(Ly,7,)) = (Dg)2 N fx3(GSpin(Lk3,7,)).

Proof. If £ does not divide 2d, these results are essentially shown in the proof of Proposition 3.1.5.
First, for any prime number £, we have f;(GSpin(L4,7,)) C (Dg) as in the proof of Proposition 3.1.5.
We assume £ #~ 2. For any g € (Dg); C SO(Lk3.7,), by the same argument as in [André 1996, Section 4.4]

(here we use £ # 2), there exists z € GSpin(Lk3.7,) such that fx3(z) = g. Proposition 2.1.8 implies

1

Zvgz7~ ' = vy, and so in fact, z € CJF(Ed,Z()>< by Lemma 3.1.3. By Proposition 2.1.8, z stabilizes Ly, 7,

via conjugation; thus z € GSpin(£L4 z,), finishing the proof of the first claim. If £ = 2, the second claim
follows by the same arguments. O

Remark 3.1.7. Unfortunately, if £ = 2, we have f;(GSpin(Ly 7,)) # (Dg)2. Indeed, there exists
82 € (Dg)> which is nontrivial in SO(Ly,7/27) (for example, permutation of two components Hz, C L4,7,),
though any element in the image of f; is trivial there.

Corollary 3.1.8. Let (D;(n))¢ be the Z,-component of Dy(n), and ny be the £-part of n. Then, for any
prime number £ # 2, we have

. (2%)
[(Da)e: (Dag(n))e]l <n,~ .
Moreover, there exists a positive integer N which is independent of d and n such that
2%)
[(Da)2: (Dg(n))2l <N -ny .
Proof. Assume ¢ # 2. We have the following commutative diagram:

GSpin(Ly,7,) —» (Da)e¢

(KZI,),,)e —» (Dg(n))e

Here we have
(Kzf?n)z ={g € GSpin(Ly,7,) | g=11n C+(£d,Ze/nzZe)}'

Since
20
#(CH(Lazo/mz)”) <HCT (Lazynz)) =18,

the index of (Kzl?n) ¢ in GSpin(Ly, 7z,) is bounded by nfzo). This finishes the proof of the first claim.



2514 Teppei Takamatsu

For the second claim, we put

N :=[SO(Lk3,7,) : fx3(GSpin(Lk3,7,))].

Then, by the second claim of Proposition 3.1.6 and the above arguments, we have
. . : (2%) %)
[(Da)2 : Da(n)2] < [(Da)2 : (Da)2N fk3(GSpin(Lk3,2,))]-ny "< N-n, °. O

3.2. Preparation II. Here, we will introduce an even unimodular lattice £ of signature (26, 2) which
contains all £;. Then we will define related objects as in the previous subsection.

Proposition 3.2.1 (see also [She 2017, Lemma 3.3.1]). We put
L:=FE oH.
For any positive integer d, there exists a primitive embedding of lattices
ig:Lg— L.
Proof. See [Nikulin 1979, Corollary 1.12.3]. (I

Remark 3.2.2. (1) Since £ is unimodular, the group SO(L%) is the discriminant kernel of £, which is
defined as in Definition 2.1.7.

(2) To get a primitive embedding into a self-dual lattice, the lattice E% @ H? @ (1) is enough (see [She
2017, Lemma 3.3.1]). However, we require that £ comes from a quadratic space for using the usual
definition of Clifford algebras.

Next, we will define related algebraic groups and Shimura data for £ as in Definitions 2.2.1 and 3.1.1.
Definition 3.2.3. (1) GSpin, is the algebraic group over ) whose R-valued points are given by
GSpin,(R) :={z € CT(Lg)* | 2Lrz" = Lg).

(2) Take a 2-dimensional negative definite subspace of Lg, and let e, e be its orthogonal basis.
Let ¢/, ¢} be an orthonormal basis over R which are given by constant multiples of ey, e5, and
J :=ejes € CT(Lp). Let ¢ be the map

¥ S — GSping p; o + Bi = o + BJ,

and XGspin, be a GSpin, (R)-conjugacy class containing /.

(3) SO, is the algebraic group over 2 whose R-valued points are given by
SO, (R) :={g € SL(LR) | (gv, gw) = (v, w) for any v, w € Lg}.

(4) Xso, is the (isomorphic) image of Xgspin, Via the adjoint representation GSpin, — SO,.
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(5) For V := C(L) and a fixed a € V which is a constant multiple of eje;, define ¢, : V x V — Z
as ¢, (x, y) :=try,o(xay*). Here try,g(x) means the trace of a left multiplication map by x as in
[Huybrechts 2016, Chapter 4, Section 2.2], and * denotes the natural anti-automorphism on the
Clifford algebra. Then ¢, is a nondegenerate alternative form. We denote its degree by r. Let
GSpy , be the algebraic group over Q whose R-valued points are given by

GSpy ,(R) := {g € GL(Vg) | there exists ¢ € R* such that ¢,(gx, gy) = cp,(x, y) forany x, y € VR}.
Let (GSpy ,, X GSpv,a) be the Shimura datum associated with (V, ¢,).
Remark 3.2.4. (1) As in Remark 3.1.2(1), we can define a homomorphism
f :GSpin, — SOr; g+ (I +— glg™ ).
Moreover, it induces a morphism of Shimura data
(GSping, XGspin,) = (SO, Xso,)-
(2) We can define a homomorphism
h : GSpin, — GSpy ,; g = (v gv).
Moreover, it induces an embedding of Shimura data
(GSpin., Xgspin,) = (GSpiny ,, XGspin, )
by our definition of a (see [Huybrechts 2016, Chapter 4, Section 2.2]).
(3) We will use a similar notation as in Remark 3.1.2 (2), (3) for L.

Definition 3.2.5. For any positive integer n, we define compact open subgroups [I<;" C GSpin, (A r) and
K, C GSpy ,(Af) by

;P :={g € GSpin(L5) | g =1 in C+(£Z/nz)},

I :={g € GSpy ,(Ay) | gVz = V7, g acts trivial on V7,,7}.
Remark 3.2.6. (1) One can show that A(K}") C K, and 2~ (KK,,) = K°. Moreover, our definition of [,

coincides with A, in [Rizov 2010, Section 5.5]. Therefore, as in [Rizov 2010, Section 5.5], we have

an embedding
ShKn (GSPV,a’ XGSpV,,,) —> Ag,ﬁ,n,@'

Here, we put g :=2%7, and A, Jr.n,0 is the moduli space of g-dimensional degree r polarized abelian
schemes with level n-structure.
(2) The lattice embedding iy : £; — £ induces a morphism of algebraic groups iz : SOz, — SO,. It

induces an embedding of Shimura data

(8O¢,» Xso,,) = (SO, Xs0,).
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(3) One can show that D(n) := f(I)) is a compact open subgroup of SO(L%) as in Proposition 3.1.5.
Moreover, it is clear that iy (Dg(n)) C D(n) because GSpin(Ly,7,) C GSpin(Lz,) as in Lemma 3.1.3.

3.3. The uniform Kuga—Satake construction. In this subsection, we assume that a positive integer n
is sufficiently large (in our application, n would be a sufficiently large power of 2). The previous two
subsections imply that there exists the following diagram of schemes over Q:

ShKZP (GSpln[; ) XGSpinﬂ )

lfx

M3, oo~ Sy (SOc,. Xso,,) % Shpa)(SOc, Xso,) Shy, (GSpy 4. XGspy ,)

Here Shi (G, X) means the canonical model of a Shimura variety of level K associated with (G, X)
over Q, which is the reflex field of (G, X). Then, by the arguments in [Rizov 2010, Section 5.5], we can
find 6 which is a section of f over a certain number field E,. Indeed, as in [Rizov 2010, Section 5.5],
our definition of D(n) guarantees that f in the above diagram induces isomorphisms between geometric
connected components of the above Shimura varieties. Hence we can find a section of f over a number
field on which all geometric connected components are defined.

In the following of this subsection, we fix a field F' containing E,. We consider the base change
from Q to F of the above diagram.

s”.f \ (%)
M3, 1o r —— Shp,) (SOL,) —— Shpr (SOp) Shy, (GSpy )

Here, and in the following of this paper, for simplicity, we denote (Shi (G, X))r by Shi(G). Moreover,
we denote the composition hodoigzo j by Ay.

Remark 3.2.6 implies that there exists the universal abelian scheme A over Shy, (GSpy ,) possessing
the degree r polarization and the level n-structure. Then, for (X, L, v, «) € M2°d’ Dy(n), p(F) which
corresponds to a morphism ¢ : Spec F' — My, 1,y p» W€ can associate an abelian variety AX L) by
pulling buck A via A4 ot. We will quickly recall the properties of AX-L-®),

Definition 3.3.1. Let £ be any prime number.

(1) Let S be any (schematic) connected component of Shp,)(SO.), and s — S be a geometric point.
Then, as in [Milne 1990, III, Remark 6.1], we can show that

lim Sh (SOz) — Shp()(SOr)
K
is a Galois covering with a Galois group D(n), and so we can associate the representation
m1(S,5) = (D(n))e = SO(Lz,).

We define L‘Szllf as the corresponding Z,-sheaf on Shp,)(SO,), which has a symmetric pairing
structure.
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(2) Similarly, we define Ef}"fzz as the Zy-sheaf on Shp,,)(SO,,) corresponding to the representation
(Dg(n))e — SO(L4,7,)- The sheaf Ef}?le has a symmetric pairing structure.

(3) Similarly, we define stfjf as the Z,-sheaf on Shy, (GSpy, ,) corresponding to the representation
(I<,)¢e — GSp(Vz,, ¢4). The sheaf stilf has a symplectic pairing structure.

shf * %

Lemma 3.3.2. (1) There exists the natural injection of étale sheaves L3 7, 1 dﬁszlzf preserving the

pairing. Moreover, (Eflhle)L is trivial as a Z-sheaf.

(2) There exists the natural injection of étale sheaves f *Eszhlf — End(h*(VZS?f)), which induces a “left

multiplication” on a stalk.

Proof. For (1), it is enough to show that iy : L4 7, — Lz, is w1 (S, 5)-equivariant, and (Ed,ze)L is a trivial

m1(S, §)-module. Here S is any connected component of Shp,x)(SO,,), § is a geometric point of S, and

m1(S, §)-module structures on L4 7,, L7, correspond to E;hfzg, i;ESZ};f. In regard to a Z,-sheaf given by a

representation of adelic subgroup, a pullback of a Z,-sheaf corresponds to a pullback of a representation.
Thus 71 (S, §)-module structure on Lz, is given by

71(S,5) = (Dg(n))e = (D(n))e — SO(Lz,).

Hence the desired claim is clear.
For (2), it is enough to show that the morphism

Lz, = End(Vz,); v = (2 vz)

is (S, 5)-equivariant, where S is any connected component of ShK;p (GSpin), and 1 (S, 5)-module struc-
tures on Lz,, Vz, correspond to f* (Eszgf), h* (st?f). By the same reason as (1), these structures are given by

71(8,5) = (P L (D) = SO(Lz,),
71(8,5) = (KD & (Ka)e — GSp(Vz, . o).
Hence if we denote the first arrows of the both by o, these actions are described as
y=ocvo), y@ =01,
for y e m1(S,5), v € L7,, and z € Vz,. Thus the desired equivariance is clear. O

Proposition 3.3.3. Let { be any prime number, t : Spec F — M5, 1, n).F be the point corresponding to
(X,L,v,a) e Mé’d’Dd(n)’F(F), AXLYD pe the abelian variety given by (Agot)*(A), and Lz, (x,1,«) be
the Gal(F / F)-lattice identified with (ig o j o 1)*(L3"). Then the following hold.

(1) There exists a Galois equivariant lattice embedding
PA((Xfs L), Ze(D) C L7,,(x, 1.0
such that Gal(F / F) acts trivially on the orthogonal complement

Pi((Xp Lp), Ze(D)) C L2y x,10)-
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(2) The abelian variety A%L-9 has a level n-structure defined over F. Thus each n-torsion point of
AXLD s Forational.

(3) The abelian variety AX-L®) admits a left C(L)-action over F, and moreover there exists an isomor-
phism of Z,-modules
X,L,
Hu (A 7)) ~ C(Ly,(x.1.a)

which identifies the algebra
C(Lz,)™ C End(Hi(AX" . 7,))

with
C(Lz,.x.L.0)® CEnd(C(Lz,.x.L.a))-

Here, the former inclusion of algebras is induced by the above C (L)-action, and the latter is induced

by the right multiplication.

(4) The left multiplication by C(Lz,.(x,L.«)) on the right-hand side of the isomorphism in (3) induces a

Galois equivariant isomorphism
C(Lz,.(x.L.a) = Endee, o (HY (A ED 7)),
Here, the (left) C(Lz,)°P-module structure is induced by the left C (L)-action on AXLY ggin (3).

Proof. These results are essentially proved in [She 2017, Proposition 3.5.8].
Statement (1) follows from Lemma 3.3.2(1) and the fact

(o™ (LYY, =~ Pa(Xp, L), Ze(1))

(see [Madapusi Pera 2015, Proposition 5.6 (1)]).

Statement (2) is clear because the universal family .4 admits a level n-structure.

Before proving (3) and (4), we note that for the universal abelian scheme u : A — Shy, (GSpy, ), we
have R'u,Z, ~ VZS?f.

For (3), as in [Madapusi Pera 2016, Section 3.10], h*(A)s,hK;p (Gspin,)c admits a C(L£)-action which
corresponds to a right multiplication on the cohomology, since our definition of /2 guarantees that the
right multiplication preserves the Hodge structure. This action descends to F by [Madapusi Pera 2016,
Proposition 3.11] and induces a C(£)-action on AL+ with desired properties.

For (4), the statement (3) of this proposition and Lemma 3.3.2(2) imply the well-definedness and the
Galois equivariance of our morphism, and it is clearly bijective. (I

4. Proof of the Main Theorems

4.1. Statements.

Lemma 4.1.1. Let F be a finitely generated field over Q, R be a smooth algebra over Z which is an

integral domain with the fraction field F, and 5 be a geometric point corresponding to an algebraic
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closure F over F. For any 1 (Spec F, s)-module M such that Ker(mr| (Spec F, 5) — Aut(M)) is closed,
the following are equivalent.
(1) The 1 (Spec F, 5)-action on M arises from a w1 (Spec R, s)-action on M.
(2) Forany height 1 prime ideal p € Spec R, the 71 (Spec F, 5)-action on M arises from a 71 (Spec Ry, 5)-
action on M.

(3) For any height 1 prime ideal p € Spec R, M is unramified at p, i.e., if we take v which is an extension
of valuation p to F, the inertia group Iy acts trivially on M.

When M satisfies the above equivalent conditions, we say M is unramified over Spec R.

Proof. First, we recall that 7 (Spec F, 5) — m1(Spec R, §) is surjective and its kernel is identified with
Gal(F/ Fg'), where Fy' is the composite of finite extensions £/F which are unramified over Spec R [Fu
2015, Proposition 3.3.6]. Here, we say E/F is unramified over Spec R if the normalization of Spec R
in E is unramified over Spec R. The same results hold for Ry,.

(1)< (2) By the assumption on M, it suffices to show that
Ker(m  (Spec F, 5) — m1(Spec R, 5))

is generated by
(Ker(mri(Spec F, 5) — m1(Spec Ry, 5)))p

as a topological group. By the above remark, it is enough to show that F" = mht(p):l F;Z. The inclusion
Fircn nepy=1 ﬁz is obvious, and the other direction follows from the Zariski—Nagata purity.

(2)<(3) By the assumption on M, it suffices to show that Ker(w(Spec F,s) — mi(Spec Ry, 5)) is
generated by (/3)5 overp as a topological group, but it follows from the above remark. (I

Remark 4.1.2. The condition “M is unramified at p”* does not depend on a choice of v. Indeed, for
each p, the inertia group I; is determined by p up to conjugation in Gal(F/F).

The following are the statements of results of this section (for more generalized statements, see
Theorem 6.1.1).

Theorem 4.1.3. Let F be a finitely generated field over Q, R be a smooth algebra over Z which is an
integral domain with the fraction field F, and d be a positive integer. Then, the set

X : K3 surface over F,

L € Picx,p(F) : primitive ample,
Hézt(XF, Qy) : unramified over Spec R,
deg L =2d

Shaf(F, R,d) := { (X, L) / F-isom.

is finite.
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Theorem 4.1.4. Let F be a finitely generated field over Q, and R be a smooth algebra over Z which is an
integral domain with the fraction field F. Then, the set

Shaf(F, R) := {X | X : K3 surface over F, Hézt(XF, Qy) : unramified over Spec R}/F-isom
is finite.

Remark 4.1.5. For a nonempty open subscheme Spec(R’) C Spec(R), the finiteness of Shaf(F, R’, d)
(resp. Shaf(F, R’)) clearly implies the finiteness of Shaf(F, R, d) (resp. Shaf(F, R)). Thus, to prove
Theorems 4.1.3 and 4.1.4, we may assume % € R. Note that it is equivalent to say that the residual
characteristic at any point of Spec R is different from 2.

4.2. Proof of Theorem 4.1.3. In this subsection, we use the same notation as Theorem 4.1.3, unless
otherwise noted. First, for using the Kuga—Satake construction, we will replace F by an appropriate finite
extension of it to provide a level structure on (X, L) € Shaf(F, R, d). The following lemma is essential

for justifying this replacement.

Lemma 4.2.1. Let E/F be a finite extension, Xo be a K3 surface over F, and Lo € Picx,/r(F) be a

polarization. Then, the set
{(X, L) | X is a K3 surface over F, L € Picx,r(F) :ample, (Xg, Lg) ~g (Xo,E, Lo,E)}/F—isom
is finite.

Proof. Taking the Galois closure of E in F , we may assume that E/F is a Galois extension. Then we
can identify this set with the Galois cohomology group H'!(Gal(E/F), Autg(Xo, Lo)). The finiteness of
this set follows from [Huybrechts 2016, Chapter 5, Proposition 3.3]. O

Lemma 4.2.2 (cf. [André 1996, Lemma 8.4.1]). Let X be a K3 surface over F, L € Picx,r(F) be a
primitive polarization of degree 2d on X over F, and n be a positive integer. We put

W5 = P2(X7, Ly), Z(1)).

Let
o :Gal(F/F) — O(W5)

be the natural Galois representation. Fix an isometry
ix.L): Lx3z = Ha(Xp, Z(1)),

which restricts to an isometry L3z ~ H 2(X(C), Z(1)), and which sends vg to ch3(L) (see Remark 2.1.6).
Using i(x, 1), we identify Dy(n) with a compact open subgroup of SO(W%). Then, for any finite extension
E/F, we have

p(Gal(F/E)) C Da(n) ¢ pe(Gal(F/E)) C (Da(n))  for every €| 2n.
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Proof. In the following, we identify SO(L, 7) with SO(W3) vie i(x ). This lemma is essentially shown
in [André 1996, Lemma 8.4.1]. The following claim is shown in the proof of [André 1996, Lemma 8.4.1],
using specialization arguments and the Weil conjecture.

Claim. If there exists a prime number £ such that pg(Gal(F/E)) C SO(Wz,), then ,o(Gal(F/E)) C
SO(W3).

André stated that the above claim implies the following result.
p(Gal(F/E)) C Dy(n) < pe(Gal(F/E)) C (Dy(n)), forevery £ | 2dn.

Indeed, for £ 1 2dn, we have (Dg(n)); = SO(L4.z,)-

More generally, for £ 1 2n, we have (Dy(n))¢ = (Dg)¢ (see Corollary 3.1.8). Therefore, to gen-
eralize André’s result to our lemma, it is enough to show that if p¢(Gal(F/E)) C SO(Wz,), then
pe(Gal(F/E)) C (Dy).. However, since Gal(F /F) stabilizes chz, (L), it follows from our description of
the discriminant kernel

(Da)e =1{ge € SO(HZ(Xf, Z0)) | Ze(chz, (L)) = chz, (L)},
which follows from Proposition 2.1.8. ]
In the rest of this section, fix a positive integer n which is a sufficiently large power of 2.
Proposition 4.2.3. To prove Theorem 4.1.3, it is enough to show that

X : K3 surface over F,
L € Picx,p(F) : primitive ample,
Shaf (F, R, d) := 3 (X, L) Hézt(Xﬁ, Q») : unramified over Spec R, ¢ /F-isom
deg L =2d,
(X, L) admits a Dg(n)-level structure
is a finite set for any F, R, d as in Theorem 4.1.3. Moreover, if we fix a number field F’, it suffices to show
only in the case where F O F’ and % € R.
Here, “(X, L) admits a Dg(n)-level structure” means that there exists an element (X, L, v(x 1), ®(x,L))
in My, pwy.r(F)-
Proof. We should prove the finiteness of Shaf(F, R, d). By Remark 4.1.5, we may assume % € R (so the
Tate twist ®Z,(1) does not affect the unramifiedness over Spec R; see Lemma 4.1.1).
First, we will show that there exists a finite extension E/F such that for any (X, L) € Shaf(F, R, d),
the pair (X, Lg) admits a Dy (n)-level structure. We fix (X, L) € Shaf(F, R, d) and i(x, 1), moreover
we use the same identification as in Lemma 4.2.2. Let

P2 1= p(x.0).2: M(Spec R, §) = O(Pi((Xf, L), Z5(1)))
be the representation induced by

p = pex.py : Gal(F/F) — O(PA(Xp. L), 2(1)).
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The inverse image o, ! ((Dg4(n))») is a finite index subgroup, so we can associate a pointed finite étale cover
Spec R— Spec R. Then we have p, (7t (Spec ﬁ, 5)) C(Dg4(n)),. The former equals p; (Gal(F/Frac(ﬁ))),
and by Lemma 4.2.2, we can get the D,(n)-level structure on (XFrac(g), Lch(ﬁ)) by ix,1)-

Here, note that

[71(Spec R, 5) : p; ' (Da()2)] < Cq :=[0(La,z,) : (Da(m))2],

where C, is independent of (X, L) and i(x 7). By the analogue of the Hermite-Minkowski theorem
[Harada and Hiranouchi 2009, Proposition 2.3, Theorem 2.9], the family of subsets

C:={H C m(Spec R, 5) : open subgroup | [r;(Spec R, 5) : H] < Cy4}

is finite, therefore

Hy:= () H
HeC
is an open subgroup. Let Spec Ry — Spec R be the corresponding pointed finite étale covering, then by
the above argument, we can get a Dy (n)-level structure on (Xgpe(R,)» Lrrac(Ry))- Hence we now get a
desired finite extension E := Frac(Ry).
Thus, by using the assumption for Shaf’(E, ﬁo, d) and Lemma 4.2.1, we can show the finiteness of
Shaf(F, R, d). Note that the latter statement is clear by Lemma 4.2.1. ]

The following proposition is essentially known by [André 1996], and one can prove it as a corollary of
the theory of potentially good loci of Shimura variety (see [Imai and Mieda 2020]).

Proposition 4.2.4. Assume F D E,, where E, is as in Section 3.3. For (X, L,v,a) € M;d’Dd(n)’F(F),
let AX-L-® be the Kuga—Satake abelian variety as in Proposition 3.3.3. Let R be a smooth algebra over 7
which is an integral domain with the fraction field F, and assume % € R. Assume that Hézt(XF, Q) is
unramified over Spec R (its Tate twists are unramified too, because % € R). Then, for any height 1 prime
ideal p € Spec R, the abelian variety A%-1% has good reduction at p.

Proof. We will follow the proof by André [1996, Lemma 9.3.1].* By the Néron—-Ogg—Shafarevich
criterion for abelian varieties (it is true whether a residue field is perfect or not), it is enough to show that

(A(X L.y , Z») is unramified at p (here we use 2 € R). Let ¥ be an extension on F of the valuation P,
and ¢ : 1y — Aut(H (A(X L. , Z3)) be a restriction of the Galois representation. Since C(£)-action on
AX-L.9) g defined over F, for any y € I, we have

o(y) € Endec, o (HL(AL T, 70)) = C(Lay L)
2 F
(see Proposition 3.3.3(3), (4)). Thus we also denote its image by ¢(y) € C(Lz,,(x,L,a))-

Mfnisa sufficiently large power of ¢, then the same argument work with £ in place of 2.

4The referee taught me another quick way of seeing this proposition. By the construction, the Galois representation on
H; (A(X @2) has to factor through GSpin(P Ith 2 (X , @»)) and hence the inertia representation has to factor through the
center @ and in fact through ZX by the compactness Moreover by the level assumption, it factors through 1 + 475, so it
finishes proof since 1 + 475 has no nontrivial quasiunipotent elements.



On a cohomological generalization of the Shafarevich conjecture for K3 surfaces 2523

On the other hand, [; acts trivially on Pézt((X 7> L7), Z>(1)) by our assumptions (see Lemma 4.1.1),
and moreover acts trivially on Pézt((XF, Lg), Z>(1))t c L7, (x,L,«) by Proposition 3.3.3(1), thus y (c) =¢
forany y € I; and ¢ € C(Lz, (x.L.a))- By Proposition 3.3.3(4), we have y(z — ¢z) = (z = ¢z) in
Endcz,, o (HL(AYH), 7,)), where the left-hand side is (z — @()c@(y)~'2). This implies ¢(y) is
contained in the center of C(Lq,,(x,1,«)), Which is a reduced algebra.

Proposition 3.3.3(2) and the Raynaud semiabelian reduction criterion [SGA 71 1972, Exposé IX,
Proposition 4.7] imply that AX-L-®) has semiabelian reduction at p (i.e., AX-L® extends to a semiabelian
scheme over Spec Ry). Here, we use that n > 3 is a power of 2, and the residual characteristic of p is
not 2. Thus for any y € I3, ¢(y) is a unipotent element of a reduced algebra, it is identity. Hence it
finishes the proof. ]

We now complete the proof of Theorem 4.1.3. By Proposition 4.2.3, it is enough to show the finiteness
of Shaf'(F, R, d) when F D E, and 1/2 € R. Here, we take E, as in Section 3.3. In the following, we
identify (X, L) € Shaf'(F, R, d) with (X, L, v, @) € M;’d’Dd(n)’F(F) by choosing a level structure. Hence
for (X, L, v, @) € Shaf'(F, R, d), we can associate AX-L-% and since in the diagram (x) of Section 3.3,
each fiber of i, is finite and /4 is injective (because they are induced by an embedding of Shimura data), it
suffices to show the finiteness of A;(Shaf (F, R, d)). The image Ay(X, L, v, @) corresponds to AX-L-®)
with their degree r polarization and level n-structure. However, by Proposition 4.2.4, the abelian variety
ALY hag good reduction at any height 1 prime of Spec R, so this set is finite by [Faltings 1983, Satz 6]
(for finitely generated fields of characteristic 0, see [Faltings et al. 1984, VI, §1, Theorem 2]).

4.3. Proof of Theorem 4.1.4. In this subsection, we use the same notation as in Theorem 4.1.4, unless
otherwise noted. The strategy is the same as [She 2017], i.e., we use Theorem 4.1.3 for reducing the
problem to the finiteness of Picard lattices, and use the uniform Kuga—Satake maps for associating
Shaf(F, R) with a finite set of abelian varieties.

Lemma 4.3.1 (cf. [She 2017, Corollary 4.1.3]). For any X( € Shaf(F, R), there exist only finitely many
X € Shaf(F, R) whose Picard lattice Picx,r (F) is isometric to the Picard lattice Picx,,r (F).

Proof. As in [She 2017, Proposition 4.1.2], a K3 surface X over F admits a primitive polarization whose
degree bounded by a constant depending only on the isometry class of Picy,r(F). Hence this lemma
follows from Theorem 4.1.3. U

Lemma 4.3.2 (cf. [She 2017, Lemma 4.1.4]). Let E/F be a finite extension. For any Xy € Shaf(F, R),
the set
{X € Shaf(F, R) | XE>~E XO,E}

is finite.

Proof. Taking a Galois closure, we may assume E/F is a Galois extension. By Lemma 4.3.1, it suffices
to show the finiteness of isometry classes of Picard lattices Picx,r (F) associated with the considering
set. Note that PiCX/F(E)Gal(E/F) = Picx,r(F) and Picx,r (E) is isometric to Picy,,r(E). Since the set
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of conjugacy classes of subgroups of O(Picy,,r(E)) with the order [E : F] is finite by [Borel 1963,
Section 5, (a)], the desired finiteness follows. O

Proposition 4.3.3. Recall that we fixed a positive integer n which is a power of 2. To show Theorem 4.1.4,

it is enough to show that

X : K3 surface over F,

Hézt(XF, Q) : unramified over Spec R,
there exists dx, Lx, vx, ax such that
(X’ LX’ VX, aX) e MZOdX,D([X(I’l),@(F)

Shaf' (F, R) :={ X / F-isom

is a finite set for any (F, R) as in Theorem 4.1.4. Moreover, if we fix a number field F', it suffices to show
only in the case where F D F’ and % €R.

Proof. The proof is similar to Proposition 4.2.3, but we need more precise evaluation since we should
discuss all degrees simultaneously.

As in the proof of Proposition 4.2.3, it is enough to show the finiteness of Shaf(F, R) with % € R.
First, note that every K3 surface over F admits some primitive polarization over F. Therefore, for
any X € Shaf(F, R), we can associate a primitive polarization Ly. Let 2dx be the degree of Lx. We
will show that there exists a finite extension E/F such that for any X € Shaf(F, R), the pair (Xg, Lx g)
admits a Dy, (n)-level structure. For each X € Shaf(F, R), we fix i(x 1) as in Lemma 4.2.2, and we use
the notation p; := p(x,1y),2 in the same sense as in Proposition 4.2.3. To get a desired extension, we
should replace the bound Cy, in the proof of Proposition 4.2.3 by a bound which is independent of X.
For I' := p>(7r1(Spec R, 5)), we have

[T : T N (Day (1))2] = [T : T NSO(L4.2,)] - [T NSO(Lay 2,) : TN (Day (m)2] < 2N -n ).

Here, we use I' N SO(Ly,7z,) C I' N (Dg)2 (which follows from Proposition 2.1.8, see the proof of
Lemma 4.2.2), and Corollary 3.1.8. We note that this bound is independent of X, Ly, and i(x 1 ). Hence
replacing Cy4 by 2N - n@ in the arguments in the proof of Proposition 4.2.3, we get a pointed finite étale
covering Spec Ro — Spec R, whose fraction field E satisfies the desired property. Thus, by using the
assumption for Shaf’(E, ﬁo) and Lemma 4.3.2, we get the finiteness of Shaf(F, R). The latter statement
is clear by Lemma 4.3.2. O

Definition 4.3.4 [She 2017, Definition 4.1.10]. Let F be a subfield of C, X be a K3 surface over F, and £
be any prime number. We define (relative) transcendental lattices by
T(X) := Picx,r(F)" C H*(X(C), Z(1)),
T(X)z, := Picx,r(F)" C Hi(XF. Zy(1)),
T(X)7 := Picx,r(F)* C H2 (X7, Z(1)).

Here we omit the Chern class map.
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Remark 4.3.5 (cf. [She 2017, Corollary 4.1.13]). Recall that M := H?*(X(C), Z(1)) ~ L3 is unimodular,
and N := Picy,r(F) is a primitive sublattice. In this situation, one can verify a canonical isomorphism

NY/N~M/(N+N*t)~(NHY/N*.
Thus we get disc(Picx,r(F)) = disc(T (X)).
Lemma 4.3.6 (cf. [She 2017, Proposition 4.1.11]). For (X, L,v,a) € M;’d’Dd(n)’F(F) and any prime

number £, we have -
(L) =T Xz
Here, the orthogonal complement of the left-hand side is taken in Lz, (x.1,a), and the above equality is as
a sublattice of Pé((Xﬁ, Lz), Zy).
Proof. First, we can show that

T(X)z, = (P2(X . L), Zo(1))CAF /L

(the orthogonal complement of the right-hand side is taken in Pézt((X 7> L§), Z¢(1))). Indeed, since the
both sides of this equality are primitive in PéZt((X 7> L7), Z¢(1)), it suffices to show this equality after
inverting ¢, which follows directly from the Tate conjecture over F' [1994, Theorem 5.6(a)].
Hence we have to show that
F Gal(F
(PA((X 7 L), Ze(D) /I = (36
(note that the L in both sides have different meaning). However, since the both sides are primitive in

L7,.(x,L,a)» We may invert £ for showing this equality, so it follows obviously from Proposition 3.3.3(1). [J

Let us complete the proof of Theorem 4.1.4. As in the previous subsection, by Theorem 4.1.4, it
suffices to show the finiteness of Shaf’(F, R) when F D E,, and 1/2 € R. By Lemma 4.3.1 and the fact
[Cassels 1982, Chapter 9, Theorem 1.1] which asserts the finiteness of isometry classes of lattices with
bounded rank and discriminant, it is enough to show that disc(Picx,r(F)) (X € Shaf’(F, R)) is bounded.
Using Remark 4.3.5, we can reduce the problem to the finiteness of {7'(X)7 | X € Shaf' (F, R)}/isometry.

For X € Shaf'(F, R), we choose an element

(X, Lx,vx,ax) € Mfdx,p,,x(n),F(F)-

Then, by Proposition 4.2.4 and [Zarhin 1985, Theorem 1] (for finitely generated fields of characteristic 0,
see [Faltings et al. 1984, VI, §1, Theorem 2]), the subset

{Aagy (X, Lx,vx,ax) | X € Shaf' (F, R)} C Shy, (GSpy ,)(F)
is finite. We denote them by ¢, ... t,, and we put
Shaf’ (F, R); :={X € Shaf'(F, R) | Ay, (X, Lx, vx, ax) =1;}.

Thus, the desired finiteness follows from the following lemma.
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Lemma 4.3.7. The Z-lattices T (X)7 (X € Shaf (F, R);) are isometric to each other.

Proof. By Lemma 4.3.6, it suffices to show that Lz, (x.1y.ay) (X € Shaf'(F, R);) is unique up to a
Gal(F / F)-equivariant isometry, for any £. We denote the lift of #; on Shp,)(SO.) via h o § (it exists
by the definition of #;, and it is unique because 4 o § is injective) by 7;. Recall that we have the étale
sheaf Eslsz, which has a symmetric pairing structure, so we get the Gal(F/F)-lattice tf (L‘szhlf), which
depends only on 7;. By our construction of Lz, (x.L.«) in Proposition 3.3.3, for any X € Shaf' (F, R);, the
Gal(F / F)-lattice L7, (x,1y,y) is none other than 7} (Eszzf), finishing the proof. O

5. {-independence

In this section, we prove £-independence of the unramifiedness for completing the proof of the main
theorem.

Lemma 5.0.1. Let K be a Henselian discrete valuation field, k be the residue field of K, p be the
characteristic of k, and X be a smooth proper surface X over K. Then, the following are equivalent.

(a) The Gal(K /K)-representation on Hézt(Xg, Qy) is unramified for some £ # p.
(b) The Gal(K /K )-representation on H ézt(X i Qo) is unramified for all £ # p.

Moreover, if K is a complete discrete valuation field of mixed characteristic (0, p) with the perfect residue
field k and X is a K3 surface over K, then (a)(<(b)) is equivalent to the following.

(c) The Gal(K /K )-representation on H ézt(X i Qp) is crystalline.

Remark 5.0.2. (1) In fact, for K3 surfaces, Lemma 5.0.1 is already mentioned by Madapusi Pera in
[Matsumoto 2015, Remark 4.3] (using the Kuga—Satake construction, we can reduce the problem
to the case of abelian varieties). We note that such arguments also appeared in [Imai and Mieda
2020]. So we will prove only the £ versus £’ part for general smooth proper surfaces as a corollary
of Matsumoto’s £-independence result [2016, Theorem 3.3(2)].

(2) If we assume that X admits a Kulikov model after a finite extension of K, then Lemma 5.0.1 is
known as a corollary of a good reduction criterion for K3 surfaces (see [Chiarellotto et al. 2019,
Theorem 1.1] for example).

(3) For any smooth proper surface X over K, one can easily prove the similar assertion for H éit i #2).
Indeed, the case of i =0, 4 is trivial. Moreover, for i =1, 3, by using the Picard variety, we can reduce
the problem to the case of abelian varieties. Therefore, it follows from the Néron—Ogg—Shafarevich
criterion for abelian varieties (and its crystalline analogue [Coleman and Iovita 1999, Theorem 1]).

5.1. Proof of Lemma 5.0.1. In this subsection, we prove the Lemma 5.0.1. As in Remark 5.0.2, it is
enough to show the equivalence (a)<>(b) in Lemma 5.0.1. Let K be a Henselian discrete valuation field, &
be the residue field of K, p be the characteristic of k, and X be a smooth proper surface over K.

First, we recall the definition of the monodromy operator.
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Definition 5.1.1. Let £ be a prime number different from p. Consider the representation
pe : Gal(K/K) — GL(HZ(X g, Qp)).

By Grothendieck’s monodromy theorem, there exists an open subgroup of the inertia subgroup J C Ix
and the nilpotent operator
Ne: Hy(Xg. Qo(1) — Hg(Xg, Qo)

such that for all o € J, we have py(0) = exp(t,(0)Ng), where t; : Ix — Z;(1) is a natural projection. By
fixing an isomorphism Q; (1) >~ (s, we regard N, as a linear endomorphism of Hézt(X z» Q¢), which is
called the monodromy operator.
Remark 5.1.2. By the definition, N, does not change if we replace K by a finite extension of it.
The following lemma is an elementary fact about £-adic representations.

Lemma 5.1.3. The following are equivalent.

(1) The £-adic representation py is unramified.

(2) Ny =0and tr(pe(0)) = dim(H;(Xg, Q¢)) for any o € Ik.

Proof. (1) = (2) is trivial. Therefore we prove the opposite direction. By the definition of the monodromy
operator, we have p;(g) = 1 for any g € J, where J is an open subgroup of /x. Hence for any o € Ik,
we get pg(o) is of finite order, and the trace condition implies that p,(o) = 1. O
Definition 5.1.4. (1) There exists a unique increasing filtration M, (H éZt(X 7, Q¢) on H ézt(X %> Q¢) such

that M, =0 forr <0, M, = Hézt(XIg, Q) forr >0, N(M,) CM,_, and N induces an isomorphism

M

gtM ~ oM for any positive integer r. We call M, the monodromy filtration on H ézt(X i Qo).

(2) If X admits a strictly semistable model over Ok, we get the weight filtration W, (H ézt(X > Q¢)) on
H ézt(X - Q¢) by the weight spectral sequence (see [Saito 2003, Corollary 2.8]). For general X, one
can also define the weight filtration W, by using de Jong’s alteration.

Lemma 5.1.5. (1) For any integer r, we have
M, (HZ (X, Q0)) = W, 12(Hz (X, Q).

(2) For any integer r, the dimension of gr’ (H ézt(X > Qo)) is independent of £.

Proof. Part (1) is well-known as the weight monodromy conjecture for surfaces (see [Rapoport and Zink
1982, Satz 2.13; Saito 2003, Lemma 3.9)]. Part (2) follows from [Matsumoto 2016, Theorem 3.3(2)]. [J

The proof of (a) < (b) in Lemma 5.0.1. Taking a completion, we may assume K is complete. We shall
prove (a) = (b). Take prime numbers ¢, £’ # p. By [Ochiai 1999, Corollary 2.5] (for imperfect residue
fields, see [Vidal 2004, Proposition 4.2]), we have tr(p;(c)) =tr(pg (o)) for any o € Ix. By the definition
of the monodromy filtration, we have

Ne =0 & dim(grd (HZ(X g, Qp))) = dim(HZ (X g, Qy)).

Therefore, by Lemmas 5.1.3 and 5.1.5, we get the desired implication.
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6. Corollaries

6.1. Some remarks. First, combining Theorem 4.1.4 with Lemma 5.0.1, we obtain the main theorem in
a more generalized form.

Theorem 6.1.1. Let F be a finitely generated field over Q, R be a finite type algebra over Z which is a

normal domain with the fraction field F, and d be a positive integer. Then, the set
S(F, R) :={X | X : K3 surface over F satisfying the condition (C)}/F-isom
is finite. Here, the condition (C) is the following.

(C) For any height 1 prime p € Spec R, take a discrete valuation field E\, such that Ey is an algebraic
extension of discrete valuation fields over F = Frac(Ry), the residue field of Ey, is the perfection of
the residue field of Ry, and a uniformizer of Ry is also a uniformizer of Ey. Then, there exists a prime
number £ different from the residual characteristic of p such that Hézt(X By Q) is an unramified
Gal(F / Ep)-representation.

Remark 6.1.2. (1) The field extension E; in the condition (C) always exists by [Matsumura 1989,
Theorem 29.1].

(2) By Lemma 5.0.1, the unramifiedness assumption in the condition (C) is independent of £. If the
residual characteristic of p is positive, replacing E, by the completion of it, we can replace this
condition in terms of crystalline representations.

Proof. Shrinking Spec R if necessary, we may assume that R is smooth over Z since the generic fiber
R ®7 Q is generically smooth over Q. Let M be the order of GL,,(F,). Shrinking Spec R again, we may
assume that 1/M € R. Consider a height 1 prime p € Spec R, and we denote its residual characteristic by
p > 0. Take an extension of valuation p to F, and we denote it by v. We denote the inertia subgroups by
I; C Gal(F/F), I’ C Gal(F/Ep). We denote the Gal(F"/F)—representation Hézt(XIg, Z5) by p. Then, by
Remark 6.1.2(2), we get p(I}) = 1. If p =0, we have p(Iy) = p(I;) = 1. If p > 0, for any finite index
open normal subgroup H of p(I;), we get [p(Il) : H] is a p-group. (Here, we use that for any finite
extension of discrete valuation fields of characteristic 0, the extension degree is equal to the product of
the ramification index and the inertia degree). Therefore we get

p(Iy) N (1 +2-Matpn(Zy)) =1

since the former is pro-p and the latter is pro-2. Moreover, the image of p(Iy) in GLy,([F;) via the
reduction map is trivial because p does not divide M. Therefore, we get p(I;) =1 even if p > 0. Thus
we have S(F, R) C Shaf(F, R), so S(F, R) is a finite set. O

Next, as an immediate consequence of Theorem 6.1.1, we obtain the unpolarized Shafarevich conjecture
for K3 surfaces over finitely generated fields of characteristic 0.
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Definition 6.1.3. Let R, be a discrete valuation ring with maximal ideal p, and F be the fraction field of Ry,.
For a K3 surface X over F, we say X has good reduction at p if there exists a smooth proper algebraic
space over R, whose generic fiber is isomorphic to X. Note that such model would be automatically a K3
family over Spec R, (see Definition 2.1.1(2)).

Corollary 6.1.4. Let F be a finitely generated field over Q, and R be a finite type algebra over Z which
is a normal domain with the fraction field F. Then, the set

{X | X : K3 surface over F, X has good reduction at any height 1 prime ideal p € Spec R} / F-isom
is finite.

6.2. The finiteness of twists. Here, we give the finiteness result of twists of K3 surfaces via a finite
extension of characteristic O fields.

Corollary 6.2.1. Let F be a field of characteristic 0, E/ F be a finite extension, and X be a K3 surface
over F. Then, the set

Twe,p(X) :=1{Y : K3 surface over F | Yg ~g X g}/ F-isom
is finite.

Proof. Clearly, we may assume E/F is a finite Galois extension. First, we will reduce the problem to the
case of finitely generated fields. Since Aut(X ) is a finitely generated group [Sterk 1985, Proposition 2.2],
extending E if necessary, we may assume Aut(Xg) = Aut(X ). We can take a finitely generated field
E’ C E on which X and any elements of Aut(X ) are defined. Moreover, by extending E’ if necessary,
we may assume E’ is Gal(E/ F')-stable and Gal(E/F) — Aut(E’) is injective. Let F’ be the fixed subfield
E'GA(E/F) Then, the description of twists

Twg,r(X) >~ H (Gal(E/F), Aut(Xg)) ~ H' (Gal(E'/F'), Aut(X g')).

implies that the desired finiteness is reduced to the case of E'/F".

Thus, in the following of this proof, we assume F is a finitely generated field and E/F is a finite
Galois extension. One can take a smooth proper morphism of schemes X — Spec R whose generic
fiber is X, where R is a smooth algebra over Z which is an integral domain with the fraction field F
and % € R. Then, via a monodromy action, we get H ézt(X 7> £>) is unramified over Spec R. Let R be the
normalization of R in E. Shrinking Spec R if necessary, we may assume Spec R — Spec R is a finite
étale covering. Since E is unramified over Spec R, by [Fu 2015, Proposition 3.3.6], we have

Ker(mr(Spec E, 5) — m1(Spec ﬁ, s)) = ker(mr(Spec F, §) — m1(Spec R, 5)).

For any Y € Twg,r(X), the isomorphism Yr ~g X implies that the Gal(F/E)-action on Hézt(Yﬁ, 75)
arises from a m(Spec R, 5)-action. Moreover, because of the above equality, the Gal(F /F)-action on
Hézt(YF, Z») also arises from a 1 (Spec R, 5)-action. Hence we get a natural inclusion Twg,r(X) <
Shaf(F, R), and thus the desired finiteness follows from Theorem 4.1.4. U
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