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Abstract

An integral variety has the Hilbert property if its rational points are not thin. Corvaja—
Zannier showed that a smooth projective integral variety with the Hilbert property
over a finitely generated field k£ of characteristic 0 admits no non-trivial étale covers,
motivating the refined notion of the “weak Hilbert property”. Conjecturally, every
smooth projective integral k-variety with a dense set of k-rational points should have
the weak Hilbert property — a question originally posed by Corvaja—Zannier.

This extends to quasi-projective varieties by replacing rational points with near-
integral points on arithmetic models. This thesis provides new evidence for this con-
jecture in the quasi-projective setting. We prove that the Hilbert property and weak
Hilbert property for arithmetic schemes are stable under products, generalizing re-
sults for varieties by Bary-Soroker—-Fehm—Petersen and Corvaja—Demeio—Javanpeykar—
Lombardo—Zannier, and other persistence properties. We also prove the conjecture for
all algebraic groups, extending known results for linear algebraic groups and abelian
varieties.

Combined with a conjecture of Campana, Corvaja—Zannier’s question predicts that a
variety with a dense set of rational points over a number field satisfies the integral weak
Hilbert property even after removing a closed subscheme of codimension at least 2.

We verify this “punctured” conjecture for all linear algebraic groups.
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1 Introduction and overview

The study of rational points on algebraic varieties reveals profound connections be-
tween a variety’s geometry and the arithmetic of its base field. A central theme in
this interplay is the requirement that a variety admit sufficiently many rational points:
Results such as Faltings’” Theorem, the Hasse principle, and approximation properties
exemplify how arithmetic conditions shape their distribution, though density alone is
often insufficient for applications.

In some cases, exceptional loci of rational points at which such an interplay fails are
given by thin sets, as defined by Serre [74, §3], which are, roughly speaking, “small” sets
of rational points. Conversely, if a variety has “many” rational points in the sense that
its rational points are not thin, we expect strong relations between its geometry and
the arithmetic of its base field. For this reason, the study of varieties whose rational
points are not thin — those are said to have the Hilbert property — is an important
area of arithmetic geometry and a key aspect of this thesis.

The term “Hilbert property”, coined by Serre [74, Definition 3.1.2], comes from
Hilbert’s famous Irreducibility Theorem: In 1892, Hilbert [45] showed that, given a
polynomial F(x1,...,Zm,y1,...,Yys) With integer coefficients and such that F' is irre-
ducible in Q(z1,...,2n)[Y1, .- .,Ys], there exist infinitely many tuples (¢1,...,t,) of
integers such that F(xy,...,zmp,t1,...,t,) is irreducible in Q[xq,...,2,,]. A similar
statement also holds if one considers not one but finitely many irreducible polynomials.
Hilbert’s theorem has since found many generalizations using the terminology of thin
sets and is nowadays usually formulated by saying that, given any integer n > 1, the
Q-rational points in the n-dimensional affine space Ag are not thin, i.e., Af has the
Hilbert property. The original motivation for proving this theorem was the Inverse
Galois Problem, i.e., the question whether every finite group is realizable as a Galois
group over Q. In fact, Hilbert uses this result to prove that every finite symmetric
group and every alternating group is realizable as a Galois group over QQ, but it also
has numerous applications in number theory and arithmetic geometry, such as the
construction of elliptic curves of large rank (see [68] and [75, §11]) or toward the con-
struction of injective polynomial maps from Q x Q to Q (see [71]). One would obtain
a complete positive answer to the Inverse Galois Problem by showing that every uni-
rational variety over Q has the Hilbert property (see Theorem 2.2.7), which was first
asked by Colliot-Thélene-Sansuc [19]. Despite a lot of progress in this area in recent

years (which we lay out in detail throughout this first chapter), this is still an unsolved
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problem.

The aim of this thesis is to provide a detailed overview of the development and
current state of research on the Hilbert property and related properties, such as the
more refined “weak Hilbert property” introduced by Corvaja—Zannier [26], and to
establish novel results. We will explain our main results throughout this chapter
after introducing the necessary basic definitions and the conjectures by which they are
motivated.

Potential density of rational points can often be approached via dynamical systems,
which are dominant rational self-maps of a variety. Such systems arise canonically on
algebraic groups through translation, where group operations induce natural self-maps.
The resulting orbit structure, described in terms of subgroups and their cosets, forms

a key theme in this thesis.

1.1 The Hilbert property, the weak Hilbert property,

and the questions of Corvaja—Zannier

A wariety is a reduced separated scheme of finite type over a field. Let k be a field and
let X be an integral variety over k. Roughly speaking, X is said to satisfy the Hilbert
property if Hilbert’s Irreducibility Theorem generalizes to X. This is made precise in
the following definition due to Serre [74, §3].

Definition 1.1.1. Let k be a field, let X be an integral variety over k, and let ¥ C X (k)
be a subset. Then 3 is thin (in X or in X (k)) if there exists and integer n > 0 and a
finite family (m;: Y; — X)), with Y; integral k-varieties and m; dominant generically

finite separable morphisms of degree at least 2 such that the set

S\ Jm(Yi(k) ={z €S |Vi=1,...,n: Yi.(k) = 0}
i=1
is not dense in X. We say that X satisfies the Hilbert property (over k) if X (k) is not
thin in X.

It is not immediately clear how Definition 1.1.1 relates to the classical formulation of
Hilbert’s Irreducibility Theorem. When considering finitely many morphisms Y; — X
as above to a k-variety X, the Hilbert property refers to points = € X (k) whose fibers
Y; . admit no k-rational points, while Hilbert’s Irreducibility Theorem is about points
whose fibers are irreducible. In Chapter 2 we will see that replacing the condition

that Y; , have no k-points by the condition that it be irreducible indeed produces an
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equivalent definition of the Hilbert property. (In fact, this is the definition that Lang
gives in [54, §9].) We will also show that we may always assume the varieties Y;
to be normal and geometrically integral and the morphisms 7; to be finite separable
surjective. We refer to a finite separable surjective morphism Y — X of integral
varieties as a cover of X. (In many cases, our base field will be assumed to be of
characteristic 0, so separability will be automatic.)

A field k is called Hilbertian if there exists a postive-dimensional integral variety
with the Hilbert property over k. It is well-known (cf. [36, Proposition 13.5.3]) that
this is equivalent to the affine line Aj having the Hilbert property over k. This allows
us to make some easy observations over which fields there are no positive-dimensional
varieties with the Hilbert property: If k is algebraically closed, then for any integer
n > 2 coprime to char(k), the map Aj — A} sending = to 2™ is a cover of degree
n and induces a surjection Al(k) — Al(k), showing that k is not Hilbertian. More-
over, if k is finite, then A} (k) is finite and hence not dense in A} (the same holds of
course for any positive-dimensional variety over k), so finite fields are not Hilbertian
either. Classically well-known Hilbertian fields are global fields (i.e., number fields and
functions fields in one variable over a finite field) and finitely generated extensions of
transcendence degree > 1 over an infinite field [36, §13]. This includes in particular
finitely generated fields of characteristic 0, which play a central role in this thesis. (By
a finitely generated field we mean a field that is finitely generated over its prime field.)
Hilbertianity is also known for the maximal abelian extension and the maximal nilpo-
tent extension of a Hilbertian field [52] and small extensions (i.e., algebraic extensions
with only finitely many subextensions of any fixed degree) of Hilbertian fields [5].

Corvaja and Zannier showed that the Hilbert property forces topological constraints
on a variety. Namely, they proved that a smooth projective variety with the Hilbert
property over a number field is algebraically simply connected, i.e., it admits no non-
trivial étale covers over the algebraic closure of k [26, Theorem 1.4]. They ask whether
this is in fact the only obstruction for a smooth projective variety with a dense of
rational points over a number field to satisfy the Hilbert property; we state their
question in form of the following conjecture. Corvaja—Zannier’s proof extends directly
to finitely generated fields of characteristic 0 and even admits an integral analogue (see
Theorem B); thus, we state the following conjecture for all finitely generated fields of
characteristic 0, whereas the original question due to Corvaja—Zannier is restricted to

number fields.

Conjecture 1.1.2 ([26, Question-Conjecture 1]). Let k be a finitely generated field
of characteristic 0 and let X be an algebraically simply connected smooth projective

integral variety over k. If X (k) is dense in X, then X satisfies the Hilbert property.
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Corvaja—Zannier also ask if a weaker version of Conjecture 1.1.2 holds, in which the
assertion that X satisfies the Hilbert property holds only up to replacing & by a finite
extension, i.e., X has the potential Hilbert property.

Since the Hilbert property is a birational invariant (see Corollary 2.2.4), Conjec-
ture 1.1.2 predicts that any integral variety over a finitely generated field of character-
istic 0 with a dense set of rational points that is birational to an algebraically simply
connected smooth projective variety has the Hilbert property. A wide range of exam-
ples of varieties satisfying the Hilbert property or the potential Hilbert property have
been established in recent years, thus providing positive instances of Conjecture 1.1.2
(or its more relaxed version in which X only has the potential Hilbert property). The
Hilbert property over any perfect Hilbertian field (and thus also Conjecture 1.1.4)
has been proved for reductive groups by Colliot-Théléene—Sansuc [19, Corollary 7.15]
and later by Bary-Soroker—Fehm—Petersen for all linear algebraic groups [4, Theo-
rem 4.2]. The first known example of a non-unirational variety with the Hilbert prop-
erty, due to Corvaja—Zannier [26, Theorem 1.6], is the K3 surface over Q defined by
rt+y* = 22 4+w?. The work of Demeio [30, 31] gives examples of varieties satisfying the
Hilbert property over a number field, including certain smooth cubic hypersurfaces,
K3 surfaces, and Kummer surfaces. All geometrically Kummer surfaces and certain
elliptic K3 surfaces over a finitely generated field of characteristic 0 have been shown
to have the potential Hilbert property by Gvirtz-Chen—Mezzedimi [41, 42]. Certain del
Pezzo surfaces have been shown to admit the Hilbert property by Demeio—Streeter—
Winter [28, 29] and Streeter [80], and Loughran—Salgado [58] showed that certain loci
of elliptic surfaces are not thin.

In light of their result that the presence of non-trivial étale covers of (a smooth
projective model of) a variety over a finitely generated field of characteristic 0 obstructs
the Hilbert property, Corvaja—Zannier introduce the more refined notion of the “weak
Hilbert property” [26, §2.2], in which only ramified covers are considered. (By a
ramified cover, we mean a cover ¥ — X with X and Y normal integral varieties that
is not unramified.) Note that this definition is restricted to the case that the base field

is of characteristic 0.

Definition 1.1.3. Let k be a field of characteristic 0, let X be a normal integral
variety over k, and let ¥ C X (k) be a subset. Then ¥ is strongly thin (in X or in
X (k) ) if there exists and integer n > 0 and a finite family (m;: Y; — X), with Y]

normal integral k-varieties and ; ramified covers such that the set

E\Um(Yi(kJ)):{er|W:1,...,n:Yi,z(/€):@}
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is not dense in X. We say that X satisfies the weak Hilbert property (over k) if X (k)
is not strongly thin in X.

To avoid confusion and make a clear distinction between the Hilbert property and
the weak Hilbert property, we sometimes refer to the Hilbert property as “the (usual)
Hilbert property”.

Since ramified covers are of degree at least 2, a strongly thin set is thin. In particular,
a normal integral variety over a field of characteristic 0 with the Hilbert property has
the weak Hilbert property. As mentioned before, we show that we may assume the
dominant generically finite morphisms 7: Y; — X in Definition 1.1.1 to be covers
with each Y; normal. Thus, by Corvaja—Zannier’s aforementioned theorem, a smooth
projective variety has the Hilbert property if and only if it is algebraically simply
connected and has the weak Hilbert property. This leads to the following generalization
of Conjecture 1.1.2. (Again, in the original question due to Corvaja—Zannier, the base

field is assumed to be a number field.)

Conjecture 1.1.4 ([26, Question-Conjecture 2|). Let k be a finitely generated field of
characteristic 0 and let X be a smooth integral variety over k. If X (k) is dense in X,
then X satisfies the weak Hilbert property.

Similarly to Conjecture 1.1.2, Corvaja—Zannier also ask if a weaker version of Con-
jecture 1.1.4 holds, in which the assertion that X satisfies the weak Hilbert property
holds only up to replacing k by a finite extension, i.e., X satisfies the potential weak
Hilbert property.

Recall that a smooth projective surface S is an Enriques surface if its canonical
bundle Kg is 2-torsion (i.e. 2Kg = 0) and H'(S,0g) = H*(S,0s) = 0. Since
every Enriques surface has a non-trivial double étale cover, it follows from Corvaja—
Zannier’s theorem that they do not have the potential Hilbert property. However, in [7],
Bogomolov—Tschinkel showed that every Enriques surface has a potentially dense set
of rational points. In particular, we expect that they have the potential weak Hilbert
property; the latter was verified in work of Gvirtz-Chen—Mezzedimi [41].

If A is an abelian variety with a dense set of rational points over a finitely gener-
ated field k of characteristic 0, the prediction of Conjecture 1.1.4 that A satisfies the
weak Hilbert property has been verified by Corvaja—Demeio—Javanpeykar—Lombardo—
Zannier [25]. However, we can not expect A to have the (usual) Hilbert property if its
dimension is positive. Indeed, let n > 2 be an integer and note that nA(k) is a subgroup
of A(k) of finite index, as A(k) is finitely generated by the Mordell-Weil Theorem.
Thus, there exist finitely many elements a; € A(k) such that A(k) = |J,;(a; + nA(k)).
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The morphisms m;: A — A, x — a; + nx are covers of degree at least 2, and clearly
every k-point of A lifts to a k-point along one of them.
One of the main results of this thesis is that Conjecture 1.1.4 holds for all algebraic

groups.

Theorem A (Theorem 4.1.13). Let k be a finitely generated field of characteristic 0
and let G be a connected algebraic group over k. If G(k) is dense, then G satisfies the
weak Hilbert property.

1.2 Arithmetic schemes and near-integral points

In the same way that we view rational points of a variety X over a field k as solutions to
systems of polynomial equations defining X, we are sometimes interested in solutions
to those equations that belong to a certain subring R of k. This is a priori not a
well-defined notion, since the equations defining X are given only up to isomorphism
over k, which might not preserve R. To make this notion well-defined, we use arithmetic

schemes.

Definition 1.2.1. Let S be an irreducible scheme with function field K (S) and let X
be a scheme over S. We say that X is an arithmetic scheme over S if X — §
is dominant, separated, and of finite type and its generic fiber Xk sy is normal and
integral. If S = Spec R, we also refer to an arithmetic scheme over S as an arithmetic

scheme over R. By an arithmetic scheme we mean an arithmetic scheme over Z.

Essentially, the definition of an arithmetic scheme X over S is tailored specifically
in a way that makes the generic fiber Xk (s) a normal integral K (S)-variety. Note that
we do not require X to be irreducible, reduced, or normal globally, but only generi-
cally over S. The reason for this is that these properties might not be stable under
operations like certain base changes or fiber products. Even if X is not irreducible, the
irreducibility of Xk (g) guarantees that A has exactly one irreducible component Xj
that dominates S, and we have X'(K(S)) = Ay(K(S)). Thus, when studying (subsets
of) K(S)-rational points on arithmetic schemes over S, it often suffices to consider
irreducible schemes, though we have to allow this more general notion of an arithmetic
scheme for technical reasons.

If R is an integral domain with fraction field k£ and X is an arithmetic scheme over R
with generic fiber X, =: X, then the set X'(R) of R-integral points of X provides a
well-defined notion of “solutions over R to the polynomial equations defining X”. The
canonical map X (R) — X(k) = X(k) is injective by the valuative criterion of sepa-
ratedness, so we may in fact view X'(R) as a subset of X (k). Note that X'(R) depends
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on the choice of X, i.e., a different arithmetic scheme X’ over R with &} = X might
give us a set of integral points X'(R) # X (R) (as subsets of X (k)). However, since
two models of X are generically isomorphic, there exists a dense open subscheme
Spec R’ C Spec R such that Xp = &7,. This allows us to consider “potential” proper-
ties of integral points, i.e., properties that allow for certain extensions of the base ring,
without specifying the arithmetic scheme on which the integral points are defined.

The techniques we apply to study thin and strongly thin sets often rely on the
properness of a given variety. For example, several of our arguments rely crucially on
the Chevalley—Weil Theorem, which ensures that k-rational points lift to L-rational
points along finite étale surjective morphisms of proper schemes, for some finite ex-
tension L/k, when k is finitely generated of characteristic 0 (see [25, Theorem 3.8]).
If £ is a number field, the Chevalley~Weil Theorem has an analogue for O, s-integral
points, where S is a finite set of places of k, without the properness assumption. Here,
Oy, s denotes the subring of k consisting of all elements that lie in Oy, for every finite
place v ¢ S. (In particular, adding or removing archimedian places from S does not
affect Oy 5.) For higher-dimensional arithmetic base rings, such a direct analogue need
not hold in general. Vojta noticed that the more natural object to study in the case
of higher-dimensional base rings is the set of near-integral points, as defined in [81,
Definition 4.3] (see also [48, Definition 3.11]).

Definition 1.2.2. Let S be an integral noetherian scheme and let X — S be a finite
type morphism. We say that a K(S)-point P of X' is near-integral (or near-S-integral)
if there is a dense open U C S whose complement is of codimension at least 2 such
that P extends to a morphism U — X over S. The set of near-S-integral points of X
is denoted by X(S)M). If T — S is a morphism of integral noetherian schemes, then
we define X(T)V) C X(K(T)) = Xr(K(T)) to be the set of near-T-integral points of
Xr — T. If S = Spec R, we also write X(R)M) := X(S)M) and refer to near-S-integral

points as near- R-integral points.

Note that a morphism X — ) of schemes of finite type over S induces a map
X(S)W — Y(S)W. If R is a 1-dimensional integral domain, e.g. R = Ok g is the ring
of S-integers of a number field K for some finite set of places S of K, then the near-R-
integral points coincide with the R-integral points. (To be more precise, they coincide
with the set of K-points induced by R-integral points. However, if X — Spec R is
separated, e.g., if X' is an arithmetic scheme over R, then the map X (R) — X(K) is
injective, and we identify the R-integral points with their image in the set of K-rational
points.) If X' is a proper arithmetic scheme over a normal Z-finitely generated integral
domain R with fraction field k, then the valuative criterion of properness shows that

X(R)M = X (k). Indeed, compatibility with the valuative criteria of separatedness and
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properness is essentially built into the definition of near-integral points (see also the
following remark), allowing for example an analogue to the Chevalley—Weil Theorem
(as we will show in Theorem 3.1.10). Thus, they are the natural object for us to study

when investigating integral analogues of the (usual and weak) Hilbert property.

Remark 1.2.3. Let S be an integral scheme with K(S) = k and let X — S be a
morphism of schemes. Then, in [48, Definition 3.11], a k-point x € X' (k) is defined to
be near-S-integral if x extends to a morphism Spec Og, — X for every point s € S of
codimension 1. If X — S is separated and of finite type and S is normal noetherian,
then it follows from the valuative criterion of separatedness that this definition is

equivalent to Definition 1.2.2 (since the Og are valuation rings in this case).

We extend the definition of the (weak) Hilbert property to arithmetic schemes by

requiring their near-integral points to be not (strongly) thin in the generic fiber.

Definition 1.2.4. Let S be a normal noetherian integral scheme with function field
K(S) = k and let X be an arithmetic scheme over S. We say that X has the Hilbert
property (over S) if X(S)") is not thin in A&j. If k is of characteristic 0, we say that
X has the weak Hilbert property (over S) if X(S)") is not strongly thin in Aj.

If S = Spec R, we also refer to the (weak) Hilbert property over S as the (weak)
Hilbert property over R. The Hilbert property over rings has already been implicitly
studied in terms of Hilbertian rings in [53, §VIII]. Using the above definition, a normal
noetherian integral domain R is Hilbertian if and only if A}, has the Hilbert property
over R. (To see this, one can apply the algebraic Hartogs’ Lemma as given, for example,
in [56, §4, Theorem 1.14] to conclude that near-integral and integral points coincide
on an affine arithmetic scheme over R.) Hilbertian rings include integral domains that
are finitely generated either over Z or over a field over which their fraction field is
transcendental; see [54, §9, Theorem 4.2] or [36, Proposition 13.4.1]. In particular, A},
has the Hilbert property over Z; this case is already implicit in Lang’s proof of Hilbert’s
Irreducibility Theorem [53, §VIII] and in a different proof due to Serre [74, §9.6]. A
formulation of the Hilbert property and the weak Hilbert property for integral points
was later given by Corvaja—Zannier [26, §3.2] in the setting of rings of S-integers of
number fields, though without using arithmetic schemes to describe the integral points.

Building on the work of Corvaja—Zannier on the algebraic simple connectedness of
(smooth projective) varieties with the Hilbert property over a number field, we show

that an analogous statement holds for arithmetic schemes:

Theorem B (Theorem 3.1.12). Let S be a regular integral arithmetic scheme and

let X be a normal integral arithmetic scheme over S. If X has the Hilbert property
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over S, then X does not have any non-trivial finite étale covers over S, i.e., any finite
étale morphism Y — X with Y a normal integral arithmetic scheme over S whose

generic fiber Vi sy is geometrically connected is an isomorphism.

Theorem B shows that, like in the case of varieties, the Hilbert property and the
weak Hilbert property differ only in the presence of non-trivial étale covers. Corvaja—
Zannier’s questions could now be naturally extended to arithmetic schemes by asking
whether the density of near-integral points implies the weak Hilbert property. In fact,
Corvaja and Zannier raise this question for S-integral points of a number field (see
[26, Question-Conjecture 1bis] and the remark thereafter). However, as shown by
Corvaja—Zannier (in work to appear), the arithmetic surface X C A3 over Z defined
by the equation z? + y? = z(xy + 1) does not satisfy the Hilbert property over Z,
despite X' (Z) being dense and X being algebraically simply connected (in the sense of
Theorem B), thereby providing a negative answer to [26, Question-Conjecture 1bis] in
this strong form. Thus, we formulate the following most general conjecture pertaining
to near-integral points, where we allow for an extension of the base ring (and its field

of fractions).

Conjecture 1.2.5. Let R be a normal Z-finitely generated integral domain with frac-
tion field k of characteristic 0 and let X be a reqular quasi-projective arithmetic scheme
over R. [fX(R)(l) is dense in X, then there is a dominant generically finite morphism
Spec .S — Spec R of normal noetherian integral schemes such that Xs has the weak
Hilbert property over S.

Conjecture 1.2.5 has been proved over S-integers of a number field by Coccia for
smooth cubic surfaces in A3 [17] and complements of a reduced effective singular an-
ticanonical divisor in a smooth del Pezzo surface [18]. Some results regarding Conjec-
ture 1.2.5 are implicitly proved in [24, 35, 86] and apply to tori over number fields (see
[26, §2.3] for details).

Our Theorem A, which shows that algebraic groups satisfy Conjecture 1.1.4; is
actually a consequence of our more general result that Conjecture 1.2.5 holds for finite

type group schemes, even without extending the fraction field of the base ring.

Theorem C (Theorem 4.1.12). Let R be a normal Z-finitely generated integral domain
with fraction field k of characteristic 0 and let G be a connected finite type group scheme
over R. If G(k) is dense in G, then there exists a dense open Spec R' C Spec R such
that G(R') is not strongly thin in Gy. In particular, Gr has the weak Hilbert property

over R'.

If X and Y are arithmetic schemes over an arithmetic scheme S, we are often in-

terested in the product X xg ). In the case of varieties, it was first asked by Serre
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[74, Problem in §3.1] whether the product of two integral varieties with the Hilbert
property also has the Hilbert property. (Here it has to be noted that this product
is again an integral variety, since an integral variety with the Hilbert property has a
dense set of rational points and is thus geometrically integral, which is preserved under
products. Similarly, if X and ) have dense K (S)-points, the product of their generic
fibers is integral, so X Xg ) is an arithmetic scheme.)

A positive answer to Serre’s question was first given by Bary-Soroker—Fehm—Petersen
(see [4]). In fact, Bary-Soroker—Fehm—Petersen prove a more general fibration state-
ment that asserts that, given a variety S with the Hilbert property and a dominant
morphism X — S whose fibers over all rational points have the Hilbert property,
then X also has the Hilbert property. We follow this proof closely to show that this

fibration argument works for arbitrary subsets of rational points:

Theorem D (Theorem 3.1.3). Let k be a field, let X — S be a dominant morphism of
integral k-varieties, and let I' C X (k) and X C S(k) be subsets. If ¥ is not thin in S
and, for every s € X, the fiber X, is integral and I' N X is not a thin subset of X,
then I' is not thin in X.

In particular, we derive from this the persistence of the Hilbert property for arith-
metic schemes under products (Theorem 3.1.4).

A first answer to the analogous question for the weak Hilbert property was given by
Corvaja—Demeio—Javanpeykar—Lombardo—Zannier [25, Theorem 1.9]. While the proof
for the usual Hilbert property does not impose any restrictions on the considered
varieties, its analogue for the weak Hilbert property given in loc. cit. is restricted
to smooth proper varieties over a finitely generated field of characteristic 0. A key
ingredient in the proof is the Chevalley—Weil Theorem, which allows for the lifting of
rational points in this setting.

Our main theorem concerning products of arithmetic schemes generalizes the re-
sult of Corvaja—Demeio—Javanpeykar—-Lombardo—Zannier by considering near-integral
points in order to apply a Chevalley—Weil type lifting result for near-integral points
on varieties over finitely generated fields.

Theorem E (Theorem 3.2.6). Let S be a reqular integral arithmetic scheme with
function field k, let X)) be quasi-projective arithmetic schemes over S, and define
X =&, Y = V. Furthermore, let p: X xY — X denote the projection morphism,
let ¥ C (X x5 V)(S)Y be a subset, and define Xx = p(X) C X(S)Y. For x € X(k),
define ¥, = XN ({z} xY). If ¥x is not strongly thin in X and, for every x € ¥x,
the set %, is not strongly thin in {x} X Y, then ¥ is not strongly thin in X x Y.
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An immediate consequence of Theorem E is that the product of two arithmetic
schemes with the weak Hilbert property has the weak Hilbert property. Note, how-
ever, that the set ¥ is not necessarily given as a product of two sets of near-integral
points; this will be crucial for our results on punctured linear algebraic groups (see
Theorem H).

We also prove some other persistence properties of the usual and weak Hilbert

property for arithmetic schemes; namely:
« They are invariant under proper birational morphisms (Theorems 3.1.5 and 3.2.9);
 they are preserved by finite type flat base change (Theorems 3.1.8 and 3.2.16);

 the weak Hilbert property descends along smooth proper morphisms (Proposi-
tion 3.2.12).

While the weak Hilbert property descends along smooth proper morphisms, it does
not ascend along them (i.e., the converse to Proposition 3.2.12 is false). In fact, this
fails even for finite étale morphisms of varieties, see [25, Remark 3.5]. However, in the
case of smooth proper varieties, the weak Hilbert property does ascend along finite
étale morphisms up to a finite extension of the base field [25, Theorem 3.16]. We give

an analogue of this result for arithmetic schemes:

Theorem F (Theorem 3.2.15). Let S be a regular integral arithmetic scheme and
p: X = Y a finite étale morphism of arithmetic schemes over S. If Y satisfies the
weak Hilbert property over S and Xi(g) is geometrically integral, then there exists a
finite étale morphism S — S of reqular integral arithmetic schemes such that X is

an arithmetic scheme over S" with the weak Hilbert property over S’.

We stress that Theorem F says that the potential weak Hilbert property is invariant
under finite étale morphisms of arithmetic schemes.

The last persistence property we prove for the weak Hilbert property concerns fibra-
tions. Recall that the product theorem for the Hilbert property due to Bary-Soroker—
Fehm—Petersen is a consequence of their more general fibration theorem for the Hilbert
property [4, Theorem 1.1] (see also Theorem D). While a full analogue to this fibration
theorem for the weak Hilbert property seems out of reach at this time, a fibration
theorem in which the base is assumed to have the weak Hilbert property and the fibers
have the usual Hilbert property has been given by Javanpeykar [49, Theorem 1.3]. This
“mixed fibration theorem” assumes that the base field is finitely generated and both

varieties are projective. We prove an extension eliminating both these assumptions:
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Theorem G (Theorem 3.3.2). Let k be a field of characteristic 0 and let X — S be a
dominant morphism of normal integral varieties over k. Let I' C X (k) and ¥ C S(k)
be subsets such that X is not strongly thin in S and, for every s € X, the fiber X, is a

normal integral k-variety and T'N X (k) is not thin in Xs. Then T is not strongly thin
mn X.

We may expect that in Theorem G, the assumption that I' N X (k) is not thin in X
may be replaced with “I"' N X (k) is not strongly thin in X" This version remains
currently unknown, but has recently been proved by Petersen [69, Theorem 1.12] for

near-integral points in fibrations which admit a section.

1.3 Corvaja—Zannier’s questions and Campana’s

puncturing conjecture

Conjecture 1.2.5 predicts that the density of near-integral points on a smooth integral
variety over a finitely generated field of characteristic 0 implies their non-strongly-
thinness, up to a suitable extension of the base. The density of near-integral points is
also subject of another conjecture due to Campana, which we explain here. We start
with some terminology given in [3].

Let k be an algebraically closed of characteristic 0. An snc pair over k is a pair
(X, D) consisting of a smooth proper integral variety X over k and a simple nor-
mal crossings divisor D C X. For such a pair, let Q% (log D) C Q4 be the sub-
sheaf of differential forms with log poles along X (cf. [47, §11]), and for p > 2 set
QOF (log D) = APQ (log D). If L is a line bundle on X admitting a non-zero morphism
L — OF (log D), the Iitaka dimension x(L) satisfies k(L) < p by a theorem of Bogo-
molov (see [6, §12, Theorem 4] and [33, Corollary 6.9]). The following definition says
that an snc pair is special if this upper bound is never attained, and the notion of

specialness for a variety is defined through an snc model:

Definition 1.3.1. Let k be an algebraically closed field of characteristic 0. An snc pair
(X, D) over k is special if, for every integer p = 1,...,dim X, there is no line bundle

L on X that admits a non-zero morphism £ — QX (log D) and satisfies x(L) = p.

Definition 1.3.2. Let k be an algebraically closed field of characteristic 0 and let X be
an integral variety over k. Then X is special if there exists a resolution of singularities
Y — X and a smooth projective compactification Y of Y such that (Y,Y \ Y) is a

special snc pair over k.
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The notion of specialness satisfies several formal properties similar to the weak
Hilbert property, such as closedness under products [12, Example 2.1.2], invariance
under proper birational morphisms [3, Lemma 2.1], and invariance under étale covers
[13, Théoreme 10.11]. (See [3, Lemma 2.8] for the case of varieties.)

Campana [12, Conjecture 9.20] conjectured that an integral variety over an alge-
braically closed field of characteristic 0 is special if and only if it is “arithmetically

special”; i.e., admits a dense set of near-integral points in the following sense.

Conjecture 1.3.3 (Campana). Let k be an algebraically closed field of characteristic 0
and let X be an integral variety over k. Then X 1is special over k if and only if there
exists a Z-finitely generated subring R C k and a finite type separated integral scheme X
over R such that Xx = X and X(R)M) is dense in X.

To avoid having to refer to specific arithmetic models of a given variety, we make
the following definition for the sake of readability.

Definition 1.3.4. Let R be a normal Z-finitely generated integral domain with frac-
tion field k of characteristic 0 and let X be a normal integral k-variety. We say that X
has a dense set of R-integral (resp. near-R-integral) points if there exists an arithmetic
scheme X over R with X}, = X such that X'(R) (resp. X(R)") is dense in X. We
say that X has the Hilbert property over R (resp. the weak Hilbert property over R)
if there exists an arithmetic scheme X’ over R with &7 2 X such that &’(R)®" is not
thin (resp. not strongly thin) in X.

Combining Campana’s conjecture with Conjecture 1.2.5, we expect an integral vari-
ety X over a number field K to be special over K if and only if there exists a number
field L /K and a finite set T of places of L such that X satisfies the weak Hilbert prop-
erty over O p. Since connected algebraic groups over a number field are special over
the algebraic closure (see [1, Lemma 2.11}), our Theorem C shows that this prediction
holds true for all algebraic groups. (Note that algebraic groups have a potentially
dense set of rational points, which is required to apply Theorem C here.)

A smooth special variety remains special after removing a closed subset of codimen-
sion at least 2 (see [3, Theorem GJ). Thus, the combination of Campana’s conjecture

and Corvaja—Zannier’s question predicts the following “puncturing conjecture”:

Conjecture 1.3.5. Let X be a smooth integral variety over a number field K. Then

the following are equivalent.
(1) X3 is special.

(2) There is a number field L/K and a finite set of places T of L such that Xy has a
dense set of Or, r-integral points.
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(3) For every closed subscheme Z C X of codimension at least 2, there is a number
field L/ K and a finite set of places T' of L such that (X \ Z)r, has a dense set of

Oy, r-integral points.

(4) There is a number field L/ K and a finite set of places T of L such that Xy, satisfies
the weak Hilbert property over Op, r.

(5) For every closed subscheme Z C X of codimension at least 2, there is a number
field L and a finite set of places T of L such that (X \ Z)y, satisfies the weak Hilbert

property over Op .

Note that (5) implies (2)-(4). The equivalence of (1) and (2) is Campana’s conjecture
[12, Conjecture 9.20], and the equivalence of (2) and (4) (resp. (3) and (5)) is Corvaja—
Zannier’s question for the variety X (resp. X \ Z). The equivalence of (1), (2) and (3)
is again a special case of Campana’s conjectures (by the aforementioned result that
(X'\ Z)% is special). Part of this equivalence was also conjectured by Hassett—Tschinkel
[44, Problem 2.13] with the weaker assumption that X has only canonical singularities
(in which case there are counterexamples, see [3, Theorem 1.19]).

The potential density of integral points on punctured varieties has been studied by
Hassett and Tschinkel in [44], where they prove part (3) of Conjecture 1.3.5 for toric
varieties and del Pezzo surfaces with potentially dense rational points. Analogous
results for a large number of examples of varieties of dimension up to 3 have been
found by McKinnon-Roth [63].

As mentioned before, if GG is a connected algebraic group over a number field, then GG
is special over the algebraic closure (i.e., satisfies (1)), satisfies (4) by Theorem C, and
thus also satisfies (2). Our main result concerning Conjecture 1.3.5 is that connected
linear algebraic groups satisfy (5) and therefore shows that Conjecture 1.3.5 holds for

all linear algebraic groups:

Theorem H (Theorem 4.2.23). Let G be a connected linear algebraic group over a
number field K and let Z C G be a closed subscheme of codimension at least 2. Then
there exists a finite field extension L/K and a finite set of places T of L such that
(G \ Z), satisfies the weak Hilbert property over Op .

Let us sketch the strategy behind the proof of Theorem H. Using standard structure
results for algebraic groups together with the persistence properties of the usual and
weak Hilbert property proved in Chapter 3, we reduce to punctured products of three
basic types of groups: unipotent groups, semi-simple simply connected groups, and
tori. Our product theorem for the weak Hilbert property (Theorem E) requires that

every fiber of the relevant projection morphism contain a non-strongly-thin set of
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integral points. The crucial step is to show that, in our situation, the presence of
just a single integral point in a fiber already guarantees the existence of such a non-
strongly-thin set. For tori, this reduction is achieved via an approximation argument
of Hassett—Tschinkel [44] (attributed to McKinnon) combined with the strong form of
Hilbert irreducibility for algebraic groups that we prove in Section 4.1. For unipotent
and semi-simple groups, it follows from the fact that these satisfy the so-called strong
approximation property, even after puncturing, due to the results of Cao-Huang [14],
Cao-Liang—Xu [15], and Cao—Xu [16].

Roughly speaking, strong approximation, as well as the related property weak ap-
proximation, concerns whether global rational points can be closely approximated by
local solutions at various places of a number field. Their connection to Hilbert-type
phenomena goes back to work of Ekedahl [32], who showed that strong approxima-
tion implies the Hilbert property for rational points on varieties. This has since been
generalized to broader notions of arithmetic points, such as “Campana points” by
Nakahara—Streeter [67] and “M-points” by Moerman [65]. Although not directly
relevant to this thesis beyond Theorem H, approximation properties form a central
theme in arithmetic geometry, with contributions by many authors; see, for example,
[10, 19, 20, 21, 27, 28, 37, 57, 64, 74, 85].

1.4 OQOutline of thesis

This thesis is divided into chapters, sections, and subsections. In Chapter 2, we lay out
the relation between the Hilbert property and irreducible fibers and prove in particular
the equivalence of Serre’s and Lang’s definitions of the Hilbert property. In the course
of this proof, we show some basic properties of the Hilbert property that will be often
used throughout the thesis, such as its birationality and an alternative formulation
using covers instead of dominant generically finite morphisms.

In Chapter 3, we prove several persistence properties of thin and strongly thin sets,
including the persistence of the usual and weak Hilbert property for arithmetic schemes
under products, the invariance of the potential weak Hilbert property under finite étale
covers, and our theorem on mixed fibrations.

Chapter 4 is dedicated to the special case of algebraic groups. Here we answer
positively Corvaja—Zannier’s question for all algebraic groups and prove the combined
“puncturing conjecture” of Campana and Corvaja—Zannier for linear algebraic groups.

Definitions, theorems, lemmas, and similar statements in the following chapters
are numbered within sections. The main theorems presented in this introduction are

labeled Theorems A-H and are restated later in the thesis, immediately before their
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proofs. In each restated version, the theorem’s original label (e.g., Theorem A) is
shown alongside its internal numbering (e.g., Theorem 4.1.12), indicating where in the

thesis the proof appears.

1.5 Disclaimer

Material included in this dissertation is adapted from the author’s published works
[59, 60, 61, 62], with editorial changes.



2 Irreducible fibers and Lang’s
definition of the Hilbert property

Given an integral variety X over a field k and a family (Y; — X)!_; of dominant gener-
ically finite morphisms of degree at least 2, Serre’s definition of the Hilbert property is
expressed by the fibers Y; , over many points z € X (k) admitting no rational points.
Hilbert’s original theorem [45] instead refers to the irreducibility of many fibers Y; ,.
These two properties are closely related; in fact, Lang [54, §9] uses the latter to give
an alternative definition of the Hilbert property, which we refer to as “Lang’s Hilbert
property”. To prove the equivalence of Serre’s and Lang’s definition, we use the nat-
ural extension of Lang’s notion to define a “thin set in the sense of Lang”, so that a
variety will have Lang’s Hilbert property if its rational points are not thin in the sense

of Lang.

Definition 2.0.1. Let k be a field, let X be an integral variety over k, and let ¥ C X (k)
be a subset of the k-rational points of X. We say that X is thin (in X or in X(k)) in
the sense of Lang if there exists a finite family (Y; — X)), of covers such that the set

{reX|Vi=1,...,n:Y,, is irreducible} C X (k)

is not dense in X. We say that X satisfies Lang’s Hilbert property (over k) if X (k) is

not thin in X in the sense of Lang.

In this chapter, we show that a subset of the rational points of variety is thin if and
only if it is thin in the sense of Lang (in particular, Serre’s and Lang’s definition of
the Hilbert property are equivalent). To do this, we consider Galois covers and use the

action of their Galois groups on fibers.

2.1 Galois actions on fibers

We start the proof of the equivalence of Serre’s and Lang’s definition of the Hilbert
property by investigating the action that the Galois group of a Galois cover has on fibers

over the étale locus. The following proposition shows that this action is transitive.
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Proposition 2.1.1. Let A be a normal integral domain with fraction field k. Let L/k
be a Galois extension with Galois group G = Gal(L/k) and let B be the integral closure
of A in L. Then the following holds.

(1) For any two primes q,q" C B lying over the same prime in A, there exists an
!/

element o € G with o(q) = ¢'.

(2) Let q C B be a prime lying over a prime p C A. Then k(q) is an algebraic normal

extension of k(p) and the map

D ={oc€G|o(q)=q} — Aut(k(q)/x(p))

1S surjective.
Proof. This is [79, Tag 0BRK]. O

Proposition 2.1.2. Let k be a field, let Y — X be a Galois cover of normal integral
k-varieties with group G, and let v € X (k) be a point over which Y — X is étale.
Then Y, is a disjoint union of r copies of Spec L, where L/k is a Galois extension.
The Galois group of L/k can be identified with a subgroup H C G of index r and the
fiber (Y/H), of the quotient Y/H — X admits a k-point.

Proof. Let U = Spec A be an affine open neighborhood of x with A a normal integral
domain having fraction field £(X). Then the pullback of U along Y — X is given by
an affine scheme Spec B, with B a normal integral domain with fraction field k(Y").
Since A C B is a finite extension and B is normal, B is the integral closure of A
in £(Y). Let m C A denote the maximal ideal corresponding to z. By étaleness of
Y — X, the fiber Y, is given by Y, = Spec[[;_, B/m;, where my,..., m, are the
maximal ideals of B lying over m. By Proposition 2.1.1, the group G acts transitively
on the set {my, ..., m,}. In particular, given any two maximal ideals m;, m;, an element
o € G satisfying o(m;) = m; induces an isomorphism B/m; = B/m;. This shows that
Y, = Spec[],_, L for some finite field extension L = B/my = ... = B/m, of k(z) =k
satisfying r[L : k| = deg(Y — X) = [k(Y) : k(X)] = #G.

By Proposition 2.1.1, L/k is Galois (as separability follows from étaleness) and the
map

H:={oceG|o(m)=m} — Gal(L/k)

is surjective. By the transitivity of the G-action on Y,, we have Y, = G/H as a
set, from which it follows that r#H = #G. Since r[L : k] = #G, this implies that
#H = [L : k], i.e., the map H — Gal(L/k) is an isomorphism, thus identifying
Gal(L/k) with a subgroup of G.
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By construction of Y/H, the pullback of U = Spec A along Y/H — X is given by
Spec B, Note that B is a normal integral domain with fraction field k(Y)¥ and the
extension k(Y)/k(Y)" is Galois with group H.

Define n = m; N B¥ and note that n is a maximal ideal of B lying under m;.
Since H acts transitively on the maximal ideals of B lying over n but fixes m; by
definition, m; is the only maximal ideal lying over n. Thus, by the arguments from
above, we have a tower of field extensions ¥ C B¥ /n C L with B /n C L Galois with
Galois group H. But since H = Gal(L/k), this shows that B/n = k. This concludes
the proof. O

Corollary 2.1.3. Let k be a field, let Y — X be a Galois cover of normal integral
k-varieties with Galois group G, and let x € X (k) be a point over which Y — X is
étale. If, for every proper subgroup H C G, the fiber (Y/H), of the quotient Y/H — X

has no k-rational point, then Y, is irreducible.

Proof. 1tY, is not irreducible, then, by Proposition 2.1.2 it is a disjoint union of r > 2
copies of Spec L, where L/k is Galois, its Galois group is isomorphic to a subgroup H
of G of index r > 2 (i.e., H C G is a proper subgroup), and the fiber (Y/H), admits
a k-point. O

2.2 Equivalence of Serre’s and Lang’s definitions

In order to use the results of the previous section to prove the equivalence of Serre’s
and Lang’s definition of the Hilbert property, we first show some basic properties of
thin sets that allow us to reduce to the case of Galois covers.

The Hilbert property is often stated in terms of covers by normal (geometrically inte-
gral) varieties instead of dominant generically finite morphisms. The following theorem
shows the equivalence of these definitions, which we will use frequently throughout this

thesis.

Theorem 2.2.1. Let k be a field, let X be an integral variety over k, and let ¥ C X (k)
be a subset. Then X is thin in X if and only if there exists a finite family of covers

(mi: Y; = X)), of degree at least 2 with each Y; a normal geometrically integral variety
over k such that X\ J;_, m(Yi(k)) is not dense in X.

Proof. We only have to show “only if”, so we assume that ¥ is thin, i.e., there exists
a finite family (m;: ¥; — X)"_; of dominant generically finite separable morphisms of
degree at least 2 such that X\ | J;_, m;(Y;(k)) is not dense in X. For every i =1,...,n,
let 7;: Y; — X be the normalization of X in E(Y). Then Y, is normal and integral
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(see [79, Tag 035L]) and 7 is finite separable surjective. Moreover, note that ¥; and
Y; are birational over X, as their function fields are isomorphic over k(X), so 7; is of
the same degree as m; and the images 7;(Y;(k)) and 7;(Y;(k)) agree outside of a proper
closed subscheme of X. Thus, it follows from the non-density of X\ | J;"_, m;(Y;(k)) that
Y\ U, m(Yi(k)) is not dense in X.

To finish the proof, assume that Y; is not geometrically integral for some index 1,
i.e., Y; is irreducible and not geometrically irreducible. Then, by [79, Tag 0G69], the
k-points on Y; are not dense. In particular, the image 7;(Y;(k)) is not dense in X. This
shows that X\ [, 7;(Y;(k)) is not dense in X, where the union is taken only over the

indices j with ?j geometrically integral. This concludes the proof. ]

Remark 2.2.2. A similar argument shows that thinness in the sense of Lang can be
checked using only normal geometrically integral covers, i.e., that we may assume all
the varieties Y; in Definition 2.0.1 to be normal and geometrically integral. Indeed,
given a cover Y; — X, let Y; — Y; be the normalization of Y; in its function field; then
Y, — Y, is finite surjective birational, so Y; — X is a cover and we have an isomorphism

of fibers Y; , = (Y;), for all x in some dense open subscheme of X.

Theorem 2.2.1 allows us to reduce the investigation of thin sets to covers Y; — X
with Y; normal (and geometrically integral). To furthermore reduce to the case that X
is also normal, we show that thinness (and thinness in the sense of Lang) is birational

in the sense that we may replace X with a dense open.

Proposition 2.2.3. Let X be an integral variety over a field k, let U C X be a dense
open, and let 3 C X (k) be a subset. Then X is thin (resp. thin in the sense of Lang)
in X if and only if XN U is thin (resp. thin in the sense of Lang) in X. Moreover, 3
is thin (resp. thin in the sense of Lang) in X if and only if ¥ N U is thin (resp. thin
in the sense of Lang) in U.

Proof. The first part is clear since the intersection of a dense subset and a dense open
is dense. In particular, for the second part, we may and do assume that > C U(k).

Assume first that ¥ is thin in X in the sense of Lang, so there exists a finite family
(Y; = X)), of covers such that the set

¢ :={r e X|Vi:Y,, is irreducible}

is not dense in X (and thus not dense in U). For every i = 1,...,n, let Y,y — U be
the pullback of Y; — X along U — X. Then Y,y — U is a cover and, for every x € ¥,

we have an isomorphism of fibers Yy, = Y;,. Thus, the set of x € ¥ for which all
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fibers Y; 7, are irreducible is equal to ® and therefore not dense in U, which shows
that ¥ is thin in U in the sense of Lang.

For the converse implication, assume that Y is thin in U in the sense of Lang, so
there exists a finite family (Y, — U)?_; of covers such that the set

9 :={zx €| Vi:Y/, is irreducible}

is not dense in U (and thus not dense in X). As we have shown in the proof of
Theorem 2.2.1, taking the normalization of X in k(Y/) gives us a finite family of
covers (Y/ — X)_, where each Y/ is birational to Y/. Thus, the set of z € ¥ with
(Y/), irreducible for all i agrees with @ outside of a proper closed subset of X in
particular, it is not dense in X, which shows that ¥ is not thin in X in the sense of
Lang, as required.

The proof that ¥ is thin in X if and only if it is thin in U is exactly the same as for
thinness in the sense of Lang. (In fact, the “only if part” can also be shown more easily,

since we can simply consider the composition Y/ — U — X instead of 71’ - X.) O

Corollary 2.2.4. Let k be a field and let X and X' be birational integral varieties
over k. Then X satisfies the Hilbert property over k if and only if X' satisfies the
Hilbert property over k.

After these reduction steps, we can now show the equivalence of thinness and thin-
ness in the sense of Lang using Galois closures and the action of their Galois groups
on the fibers.

Theorem 2.2.5. Let k be a field, let X be an integral variety over k, and let ¥ C X (k)
be a subset. Then X is thin if and only if it is thin in the sense of Lang.

Proof. Assume first that 3 is thin. By Theorem 2.2.1, we find a finite family of covers
(Y; — X)I, with each Y; a normal (geometrically) integral k-variety and Y; — X a

cover of degree at least 2 such that
P:={zxeX|Vi=1,...,n:Y (k) =0}
is not dense in X. Define
P :={xreX|Vi=1,...,n:Y,, is irreducible} .

Since the covers Y; — X are separable and thus generically étale, there exists a dense

open U C X such that, for every i = 1,...,n and every x € U, the fiber Y; , is finite
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étale over x(x). Note that Y;, — Specr(x) is of the same degree as ¥; — Y. Let
x € UN®'. By étaleness, each fiber Y; , is a disjoint union of spectra of field extensions
of k, so by irreducibility, Y; , is the spectrum of a field extension L;/k of degree equal
to the degree of Y; — Y, ie., at least 2. Thus, Y;, has no k-point, showing that
UN®' C P. Since U is a dense open and & is not dense, we conclude that @’ is not
dense in X, i.e., 3 is thin in the sense of Lang.

Now assume that > is not thin; we claim that ¥ is not thin in the sense of Lang. By
Proposition 2.2.3, we may and do replace X by a dense open if necessary to assume
that X is normal. Let (Y] — X)I, be a finite family of covers. Since a cover of X
of degree 1 is an isomorphism by Zariski’s Main Theorem and thus all of its fibers are
trivially irreducible, we may and do assume that all covers Y/ — X are of degree at
least 2. For every i =1,...,n, let Y, — Y/ — X denote the Galois closure of Y/ — X.
Consider the finite family (Y;/H — X), where i = 1,...,n and H goes through all
proper subgroups of the Galois group of ?Z — X. Note that }A/Z /H — X is a cover of
degree at least 2 for every ¢ and H. Thus, by the non-thinness of X, the set

o = {a:EZ‘Vizl,...,n:VH:(ﬁ-/H)x(k)zﬁ}

is dense in X. Since the Y; — X and thus their Galois closures 2 /H — X are
generically étale, we find a dense open V' C X such that all the covers SA@ J/H — X
are étale over V. Note that &’ NV is dense in X. By Corollary 2.1.3, for every
z € ®'NV and every i = 1,...,n, the fiber (V;), is irreducible, so Y}/, is irreducible by
the surjectivity of }A/Z — Y/, This shows that ¥ is not thin in X in the sense of Lang,

as required. 0

Corollary 2.2.6. Let X be an integral variety over a field k. Then X satisfies the
Hilbert property if and only if X satisfies Lang’s Hilbert property.

One reobtains Hilbert’s result that every symmetric group .S, is representable as
a Galois group over Q by considering the cover Af — Ag/S,, where S, acts on Af
by permuting coordinates. Here we use that Ag/S, is rational and thus satisfies
(Lang’s version of) the Hilbert property. For a general finite group G acting on A},
the quotient A&/ G need not be rational, though it is unirational. The question if
every unirational integral variety over Q has the Hilbert property, as predicted by
Conjecture 1.1.2, was asked by Colliot-Thélene—Sansuc [19, p. 190]. It is still open and
a positive answer would imply a positive answer to the Inverse Galois Problem (see
also [74, Corollary 3.3.2]):

Theorem 2.2.7. Assume that every unirational integral variety over Q has the Hilbert

property. Then every finite group is representable as a Galois group over Q.
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Proof. Let G be a non-trivial finite group of cardinality n. Since every element
of G acts on G by translation, we can identify G with a subgroup of the symmet-
ric group Sym(G) = S,. Under this identification, let G' act on the polynomial ring
Q[z1,...,x,] and its field of fractions Q(z1,...,x,) by permuting the variables. De-
note by Qxz1,...,2,]¢ (resp. Q(y,...,7,)%) the ring (resp. field) of G-invariants.
Then Q(xy,...,2,)¢ is the fraction field of Q[xy,...,7,]® and the field extension
Q(x1,...,2,)¢ C Q(x1,...,2,) is a Galois extension with Galois group G. Let
Y = SpecQ[zy,...,7,] and X = SpecQ|x1,...,2,]° Then X is unirational and
Y — X is a Galois cover with Galois group G. By the assumption, X satisfies the
Hilbert property (and thus Lang’s Hilbert property), so the set of x € X(Q) with
irreducible fiber Y, is dense in X. In particular, there exists a point x € X(Q) such
that Y, is irreducible and Y — X is étale over x. By Proposition 2.1.2, the fiber Y, is
the spectrum of a Galois field extension L/Q whose Galois group is isomorphic to G.

This proves the claim. O

2.3 Fibers of ramified covers

Before proceeding, we recall that any finite surjective morphism Y — X of inte-
gral schemes with X normal and noetherian is either ramified or étale (see e.g. [25,
Lemma 2.3|). In particular, if X is a normal integral variety, every cover of X is either
ramified or étale. We will use this fact freely throughout this thesis.

While the Hilbert property can be formulated in terms of the irreducibility of many
fibers, this is not the case for the weak Hilbert property. Indeed, two important steps
in the proof of Theorem 2.2.5 fail if one only considers ramified covers. First, if Y; — X
are Galois ramified covers and H is a subgroup of the Galois group of Y; — X, then
the cover Y;/H — X might not be ramified. If, however, all of the covers Y; — X have
no non-trivial étale subcovers, we obtain the following related observation (which we

give in [62, Proposition 4.1]).

Proposition 2.3.1. Let X be a normal integral variety over a field k of characteristic 0,
let ¥ C X (k) be a subset, and let (Y; — X)I, be a finite family of Galois ramified
covers admitting no non-trivial étale subcovers. If 3 is not strongly thin, then there
exists a dense subset of points x € X such that, for every i =1,...,n, the fiber Y, is

irreducible.

Proof. Consider the finite family of covers (Y;/H — X), where i = 1,...,n and H
goes through all proper subgroups of the Galois group of Y; — X. By the assumption

that Y; — X has no non-trivial étale subcovers, this is a family of ramified covers.



24 2 Irreducible fibers and Lang’s definition of the Hilbert property

Thus, since X is not strongly thin, the set
o:={reX|Vi=1,...,n:VH: (Y;/H).(k) = 0}

is dense in X. Let U C X be a dense open over which all covers Y¥; — X are étale.
Then ® N U is dense in X and, for every x € ® N U and every ¢ = 1,...,n, the fiber
Y, , is irreducible by Corollary 2.1.3. [

Proposition 2.3.1 shows that non-strongly-thinness can be expressed in terms of
irreducible fibers if one considers Galois ramified covers that admit no non-trivial étale
subcovers. The second important step in proving that the Hilbert property can be
expressed in terms of irreducible fibers that fails for the weak Hilbert property is the
reduction to the Galois case. The following example (which we give in [62, Remark 4.2])
shows that, if a ramified cover admits no non-trivial étale subcovers, the same is not

necessarily true for its Galois closure.

Example 2.3.2. Let A = B = ]P’(b_) and let 7: B — A be a cover of degree 3 that is
ramified over 3 distinct Q-points of A and not Galois. Let C' — B — A be the Galois
closure of 7, so that C' — A is of degree 6, and let C' — D — A be a subcover with
D — A of degree 2. Note that D — A can only be ramified over branch points of
m, i.e., D — A has at most 3 branch points. By the Riemann—Hurwitz formula, this
implies that D is of genus 0, so Dg — Ag has exactly 2 branch points. From this
it follows that the étale locus X C A of D — A contains a branch point of 7. Let
Y ;= B x4 X and Y =C X4 X. Then Y — X is ramified (as X contains a branch
point of 7) and admits no non-trivial subcovers since its degree is prime. The Galois
closure of Y = X isY =Y — X, and Y — X factorizes over D x4 X — X, which

is a non-trivial étale subcover.



3 Products, fibrations, and
persistence properties

In this chapter, we establish the fundamental persistence properties of the Hilbert

property and the weak Hilbert property discussed in the introduction. These include:

the algebraic simple connectedness of arithmetic schemes with the Hilbert prop-
erty (Theorem B);

o the persistence of both the usual and weak Hilbert properties under products

(via the more general Theorems D and E);

o the invariance of the potential weak Hilbert property under finite étale covers
(Theorem F);

e Theorem G on mixed fibrations.

We first address results concerning thin sets and the usual Hilbert property, then turn
to strongly thin sets and the weak Hilbert property, and conclude with the mixed

fibration theorem.

3.1 Thin sets

Up to editorial changes, the results of this section, except for Theorem 3.1.10 and
Corollary 3.1.11 (which have been published in [62]), have been published in [59].

3.1.1 Products and fibrations

To positively answer Serre’s question on the persistence of the Hilbert property under

products, Bary-Soroker—Fehm—Petersen proved the following fibration theorem:

Theorem 3.1.1 ([4, Theorem 1.1}). Let X — S be a dominant morphism of integral
varieties over a field k. Assume that the set of s € S(k) for which the fiber X is
integral and satisfies the Hilbert property over k is not thin. Then X satisfies the
Hilbert property over k.
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If X and Y are integral varieties with the Hilbert property over a field k, applying
Theorem 3.1.1 to the morphism X x Y — X immediately shows that X x Y has
the Hilbert property over k. (Note that density of rational points implies that X
and Y, and thus also X x Y, are geometrically integral.) In order to generalize this to
arithmetic schemes, our Theorem D works with arbitrary subsets of rational points.
The proof of Theorem D follows the proof of Theorem 3.1.1 closely. In fact, Bary-
Soroker—Fehm—Petersen’s proof already contains all the necessary arguments for our
generalization, we repeat them in the necessary generality for the sake of completeness.

We start with the following generalization of [4, Lemma 3.2].

Lemma 3.1.2. Let k be a field, let f: X — S be a dominant morphism of normal
integral varieties over k, and let I' C X (k) and ¥ C S(k) be subsets with X not thin
in S. Assume that, for every s € X, the fiber X, is integral and I' N Xy is not a thin
subset of X,. Let Yy,...,Y, be integral k-varieties and let 7;: Y; — X be finite étale

morphisms of degree at least 2. Then
e UW’L(Y;(]{:))
i=1

Proof. For i = 1,... n, consider the composite morphism ¢; := fom: Y, — 5. By

[51, Lemma 9], there exists a dense open subscheme U; C S and a factorization
o (U) 5T, = U

of ; such that g; has geometrically irreducible fibers, r; is finite étale, and T; is an
integral k-variety. Let U = (;_, U;, so the dominant morphism r;: T; — S induced by
the inclusion of U; in S is finite étale over U for every i. (In particular, it is a dominant

generically finite morphism.)

Set J = {i|degr; >2} C{1,...,n} and let I be its complement.

For every s € ¥ and i € {1,...,n}, the morphism m; s: ¥; ; — X, induced by 7; is
finite étale of the same degree as m;, the fiber Y; ; is a reduced scheme over k, and we

have the following commutative diagram.

gi
Yis —Y, —T;

Xs—X—S5

Since ¥ N U is not thin in S (by Proposition 2.2.3) and r; is of degree at least 2 for
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every i € J, there exists a point

s € (ENU)\ | Jri(Ti(k)).

ieJ

For this point s and every i € J, we have T;,(k) = 0 and thus {J,.,Y; (k) = 0.
Furthermore, for every i € I, the map r; is finite étale of degree 1 (i.e. an isomorphism)
over U, so we have T; ; = Speck and thus, the reduced scheme Y ; is (geometrically)
irreducible by the definition of g;, i.e., Y; 5 is an integral k-variety. Thus, since I' N X

not thin in X, there exists an element x € I' N X such that

r g—f U 7Ti78<Y;,8(k))'

el

Since | J;c; Yis(k) = 0, this shows that

T ¢ Uﬂi,S(Yi,S@)) = U Ti,s(Yis (K)).

i€l
We have thus found an element x € T' with = ¢ |J;, m;(Y;(k)), as required. O

In the situation of Theorem D, Lemma 3.1.2 shows that the set I' can not be com-
pletely covered by finite étale covers (of degree at least 2), provided that X and S are

normal. The proof of Theorem D is now a reduction to this case.

Theorem 3.1.3 (Theorem D). Let k be a field, let X — S be a dominant morphism
of integral k-varieties, and let I' C X (k) and ¥ C S(k) be subsets. If ¥ is not thin
in S and, for every s € 3, the fiber Xy is integral and I'N X is not a thin subset of X,
then I' is not thin in X.

Proof. Let C C X be a proper closed subset and let (m;: ¥Y; — X)), be a finite
collection of covers of degree at least 2 (cf. Theorem 2.2.1). We have to prove that
I Culi, m(Yi(k)).

Since the covers m; are separable and thus generically étale, we find a dense open
X" C X\ C such that X’ is normal and the restriction 7; *(X’) — X' is finite étale
for every i = 1,...,n. The image of X’ in S is dense and constructible, so it contains
a dense open S’ C S. Replacing S’ with a dense open normal subscheme and X’ with
XN f71(S") if necessary, the restriction of f to X’ — S’ is a surjective morphism of
normal integral k-varieties. By Proposition 2.2.3, ¥ N .S’(k) is not thin in S” and, for
every s € X NS’ the fiber X! is a dense open X (hence it is integral) and I' N X7 is
not thin in X_.
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For every i = 1,...,n, set Y/ = m; *(X’) C Y; and denote the restriction of 7; to
Y/ by 7. Y/ — X'. Then 7} is finite étale of the same degree as 7; (i.e. of degree at
least 2) by the definition of X’. Thus, by Lemma 3.1.2 applied to X’ — S’, the subsets
I'Nn X" and ¥ NS’ and the finite étale covers 7}, we have

PnX g (v (k).

Therefore, (I' N X') \ Ui, m(Y/(k)) # 0. Moreover, we obviously have

n n

0# (LN X\ (7Y (k) = (CnX)\ [ m(Yi(k)).

i=1 i=1

Finally, since X’ C X \ C, we obtain that

0#TnX)\[Jm(Yi(k)) €T\ (CU Um(%(@)) :

i=1 i=1
and thus I' ¢ C U J;_, m(Y;(k)), as required. O

The persistence of the Hilbert property for arithmetic schemes under products is an

immediate consequence of Theorem D.

Theorem 3.1.4. Let S be a normal noetherian integral scheme and let X and Y be
arithmetic schemes over S. If X and Y have the Hilbert property over S, then X xg)
has the Hilbert property over S.

Proof. Let I' = (X x5 Y)(S)M and ¥ = Y(S)M. Since the intersection of two dense
open subschemes of S with complement of codimension at least 2 also has complement
of codimension at least 2, we have I' = X (S)M) x Y(S)M). The claim thus follows from
Theorem D applied to the morphism &} X Y, — Y, and the subsets I' and . O

3.1.2 Birationality and base change

The Hilbert property over a field is a birational invariant of integral varieties (Corol-
lary 2.2.4). We proved this by showing that a non-thin set remains non-thin after
intersection with (the set of rational points of) a dense open subscheme. However, if
we consider a near-integral point of an arithmetic scheme which is a rational point
of some dense open subscheme, it is not necessarily a near-integral point of this sub-
scheme. Birational invariance of the Hilbert property for arithmetic schemes holds

only in the following “strict-birational” sense.
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Theorem 3.1.5. Let S be a normal noetherian integral scheme and let f: X — Y
be a proper birational morphism of arithmetic schemes over S. Then X satisfies the
Hilbert property over S if and only if Y satisfies the Hilbert property over S.

Proof. Define k = K(S) and let X = X, Y = ). Let U C X and V C Y be
dense opens such that f induces an isomorphism U — V. Define U = U, and V = V.
Clearly, by this isomorphism, X' (S)MNU (k) is thin in U if and only if f(X(S)VNU(k))
is thin in V.

We claim that f(X(S)M NU(k)) = Y(S)H NV (k). Since the inclusion from left to
right is trivial, let y € Y(S)M NV (k) and let x € U(k) = U(k) such that f(z) = .
Then, for every s € S of codimension 1, the map Spec Og, — Y defined by y lifts to
an Ogs-point of X extending x by the valuative criterion of properness, so we indeed
have z € X(S)M (cf. Remark 1.2.3).

Thus, X(S)M N U(k) is thin in U if and only if Y(S) NV (k) is thin in V. By
Proposition 2.2.3, it follows that X'(S)™M) is thin in X if and only if Y(S)®) is thin
in Y, which concludes the proof. [

We shall see later (Theorem 3.2.9) that a similar statement holds for the weak Hilbert
property. The proof is slightly more involved, since birationality of strongly-thinness
does not hold in the same strong sense as for thinness (see Proposition 2.2.3).

We will prove stability under extensions of the base field for both the Hilbert property
and the weak Hilbert property simultaneously. The first result in this direction is due
to Serre, who showed that a non-thin subset of rational points of a quasi-projective

variety remains non-thin after finite base change.

Proposition 3.1.6 ([74, Proposition 3.2.1]). Let V be a quasi-projective geometrically
integral variety over a field k, let L/k be a finite extension, and let A C V(L) = V(L)
be a subset. If A is thin in Vi, then ANV (k) is thin in V.

If V is normal and k of characteristic 0, then we have the following strengthening of
Proposition 3.1.6 to finitely generated extensions due to Bary-Soroker—Fehm—Petersen.

Their result even holds for strongly thin sets.

Proposition 3.1.7 ([5, Proposition 3.2]). Let k be a field of characteristic 0, let V' be a
normal geometrically integral variety over k, let L/k be a finitely generated extension,
and let A C V(L) = V(L) be a subset. If A is thin (resp. strongly thin) in Vi, then
ANV (k) is thin (resp. strongly thin) in V.

In order to apply Proposition 3.1.7 to the (usual or weak) Hilbert property of arith-

metic schemes under a base change S — S, one needs a condition to ensure that the
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above intersection contains all near-S-integral points. This is the case if S — S is

finite type flat.

Theorem 3.1.8. Let 8" — S be a finite type flat morphism of normal integral noethe-
rian schemes with function field of characteristic 0. Let X be an arithmetic scheme
over S. If X has the Hilbert property (resp. the weak Hilbert property) over S, then X
has the Hilbert property (resp. the weak Hilbert property) over S’.

Proof. Note first that X is indeed an arithmetic scheme over S” since Xk gy is geo-
metrically integral by [79, Tag 0G69]. Since finite type flat morphisms are open, the
image Sp of S" in S is a dense open. Clearly, if X has the Hilbert property (resp.
the weak Hilbert property) over S, then X, has the Hilbert property (resp. the weak
Hilbert property) over Sp, since the set of near-integral points can only become larger
after this base change. By [39, Corollaire 6.1.4], pullback along S’ — Sy preserves
codimension of closed subsets, so the inclusion X'(Sp) C X(S")® holds. Let k and L
denote the function fields of Sy and S’, respectively, and define T = X(S")M. If X
satisfies the Hilbert property (resp. weak Hilbert property) over S, and thus over S
(as noted before), then X(S;)™ is not thin (resp. not strongly thin) in Aj. Since
X (So)M C T N A (k), it follows that 7' N Xy (k) is not thin (resp. not strongly thin)
in X, so T is not thin (resp. not strongly thin) in X, by Proposition 3.1.7, i.e., Xg
has the Hilbert property (resp. weak Hilbert property) over S’. O

3.1.3 Algebraic simple connectedness

If 7: Y — X is a finite étale morphism of smooth projective integral varieties over a
number field &, then by the Chevalley—Weil Theorem (see e.g. [25, Theorem 3.8]), there
exists a number field &' /k such that X (k) C w(Y (k')). If, moreover, the degree of r is
at least 2, Corvaja—Zannier [26, Proposition 1.7] used the Chevalley—Weil Theorem to
show that there exists a finite family (m;: Y; — X)), of covers of degree at least 2 such
that X (k) C U, m(Yi(k)). Since the existence of such covers obstructs the Hilbert
property of X over k, this implies that, if X has the Hilbert property over k, then
it admits no non-trivial finite étale cover over k. Moreover, as the Hilbert property
is preserved under finite base change, it follows that X has no non-trivial finite étale
cover over the algebraic closure k, i.e., X is algebraically simply connected (see [26,
Theorem 1.4]). In particular, a smooth projective variety over a number field satisfies
the Hilbert property if and only if it is algebraically simply connected and satisfies the
weak Hilbert property. Using Corvaja—Zannier’s proposition and an analogue of the
Chevalley—Weil Theorem for near-integral points, we extend this result to arithmetic

schemes (see Theorem B).
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We start by stating the aforementioned proposition due to Corvaja—Zannier. It is
stated in [26] for number fields, but the proof works for all fields, provided that the

extension k’/k is separable.

Proposition 3.1.9 ([26, Proposition 1.7]). Let k' /k be a finite separable field extension,
let m:'Y — X be a cover of quasi-projective integral k-varieties of degree at least 2,
and let T C Y (k') be a subset such that m(T) C X (k). Then there exists a finite family
(mi: Yy = X)), of covers of quasi-projective integral k-varieties of degree at least 2

such that ©(T) C J;—, m(Y;(k)).

In the case of an étale cover Y — X, the existence of a field extension as in
the assumptions of the proposition is deduced in Corvaja—Zannier’s proof from the
Chevalley-Weil Theorem. In order to generalize their result to arithmetic schemes, we
use a version of this for near-integral points. The following theorem and its corollary
are published in [62]; the proof follows the proof of the Chevalley—Weil Theorem for
finitely generated fields of characteristic 0 given in [25, Theorem 3.8] closely.

Theorem 3.1.10. Let S be a reqular integral arithmetic scheme and let f: X — )
be a finite étale morphism of integral finite type schemes over S. Then there exists

a finite étale morphism S" — S of regular integral arithmetic schemes such that the
inclusion Y(S)M) C f(x(S")M) holds.

Proof. Lety € V(S )(1) be a near-integral point, so there exists a dense open subscheme
U, C S with complement of codimension at least 2 such that y is induced by a mor-
phism U, — Y. Let V, be a connected component of U, xy X — U, and note that
V, — U, is finite étale surjective and of degree at most deg(f). Let Vy — S be the
normalization of S in the function field of V,.

We claim that V, \ V,, is of codimension at least 2 in V,,. Indeed, let D C V, \ 'V, be

an irreducible component. Note that D maps finitely to S\ U,, so we have
dim D = dim(S'\ U,) < dim S — 2.

Since dim S = dimvy by the finiteness of Vy — S, this proves the claim.

Since Vy\ V, is of codimension at least 2 in Vy, by purity of the branch locus [38,
Théoréme X.3.1], it follows that V,, — S is étale.

Since there are only finitely many isomorphism classes of finite étale covers of S with
bounded degree [43, Theorem 2.9], the set of isomorphism classes of the morphisms
V, — S with y € Y(S)W is finite. Thus, there exists a finite étale morphism S’ — S
of integral noetherian schemes such that, for every y € Y(S)), the morphism S’ — S
factors over Vj,, i.e., we have Y(S)M) C f(X(S")M). Note that the composed morphism
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S’ — S — SpecZ is dominant of finite type and that S is regular since S” — S is finite

étale and S is regular. Thus, S’ is a regular integral arithmetic scheme, as required. [

Occasionally, when applying Theorem 3.1.10, we are only interested in the function

field of S’, so we give the following corollary.

Corollary 3.1.11. Let S be a regular integral arithmetic scheme, let Y be an in-
tegral finite type scheme over S, and let f: X — YVi(s) be a finite étale morphism
of integral K(S)-schemes. Then there exists a finite field extension L/k such that

Y(S)W C f(X(L)).

Proof. By spreading out schemes and finite étale morphisms (see [72, Theorem 3.2.1]),
there exists a dense open subscheme S’ C S, an integral scheme X of finite type
over S’ satisfying X sy = X, and a finite étale morphism X — Vg extending f. By
Theorem 3.1.10, there exists a finite étale (in particular, finite surjective) morphism
S" — S of integral arithmetic schemes such that Ve (S)® C f(X(S")M). Since
V(S)D C Yo (S (as ' C S is a dense open subscheme), the claim follows by
taking L = K(S"). O

Just like in the proof of Corvaja—Zannier, the algebraic simple connectedness of an
arithmetic scheme with the Hilbert property over a suitable base scheme is now an
easy consequence of Proposition 3.1.9 and (the above version of) the Chevalley—Weil

Theorem.

Theorem 3.1.12 (Theorem B). Let S be a regular integral arithmetic scheme and
let X be a normal integral arithmetic scheme over S. If X has the Hilbert property
over S, then X does not have any non-trivial finite étale covers over S, i.e., any finite
¢tale morphism Y — X with Y a normal integral arithmetic scheme over S whose

generic fiber Yk (s) is geometrically connected is an isomorphism.

Proof. Let m: )Y — X be a finite étale morphism with ) a normal integral arithmetic
scheme over S and YV (s) geometrically connected. Assume that 7 is not an isomor-
phism, so we have degm > 2. By Theorem 3.1.10, there exists a finite étale morphism
S" — S of regular integral arithmetic schemes such that X'(S)® C 7(Y(S")M). Let
k= K(S) and k' = K(5), define X = X, and Y = Y, and let m,: Y — X denote the
base change of 7. Note that 7, is of degree at least 2 and X (S)) C 1, (Y(K')). Let
X' C X be a dense open affine subscheme and let 7': Y’ = 7, '(X’) — X’ denote the
restriction of . Then 7 is a cover of quasi-projective integral k-varieties of degree at
least 2 and satisfies X'(S)M N X'(k) C 7' (Y'(K")). Setting

T := (7)1 (X(S)Y N X'(k)) NY'(K') CY'(K'),
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we thus have

' (T) = X(S)V N X' (k) C X' (k).

By Proposition 3.1.9, there exists a finite family (7}: ¥; — X’)?_, of covers of integral
k-varieties of degree at least 2 such that X (S)VNX'(k) C Ui, mi(Yi(k)). In particular,
letting m;: Y; — X denote the composition of 7} and the inclusion of X’ in X, each m;

is a dominant generically finite separable morphism of degree at least 2 and

X(S)IN\ | mi(vi(k)) € X (k) \ X' (k)

=1

is not dense in X, i.e., X does not have the Hilbert property over S. This concludes
the proof. m

3.2 Strongly thin sets

When trying to adapt the strategy of Bary-Soroker-Fehm—Petersen’s fibration theorem
for the Hilbert property toward the weak Hilbert property, one runs into the issue
that a ramified cover Z — X x Y of a product of varieties with the weak Hilbert
property might induce étale covers Z, — {x} x Y 2 Y for most x € X (k), in which
case the weak Hilbert property of Y can not be applied to those covers. To handle
such “vertically ramified covers” of a product X x Y, Corvaja-—Demeio—Javanpeykar—
Lombardo—Zannier [25] use “arithmetic refinements”, where a vertically ramified cover
Z; — X xY is replaced by finitely many covers W;; — Z; that can be handled more
easily. The construction of such covers relies on the base field being finitely generated,
the explicit structure of X x Y as a product (instead of a more general fibration), and
the properness of X and Y. Thus, the resulting product theorem [25, Theorem 1.9] is
not a consequence of a more general fibration theorem, and it requires the base field

to be finitely generated and X and Y to be proper.

In this section, we generalize the product theorem of Corvaja—Demeio—Javanpeykar—
Lombardo—Zannier to arithmetic schemes which are not necessarily proper. The key
technical improvement here is the handling of vertically ramified covers without the
properness assumption on the varieties (see Lemma 3.2.1). We also show the other
persistence properties mentioned in the introduction. Up to editorial changes, the

results of this section have been published in [62].
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3.2.1 Vertically ramified covers and arithmetic refinements

If X and Y are normal integral varieties over a field k of characteristic 0 and their
product is an integral variety, we say that a cover Z — X x Y is vertically ramified
over X if there exists a dense open U C X such that 7 — X x Y is étale over U x Y. If
X and Y are smooth proper, it is shown in [25, Lemma 2.17] that a cover Z — X x Y
vertically ramified over X splits as a product of a ramified cover of X and an étale
cover of Y, up to a finite étale cover.

The following lemma provides a generalization of this result that eliminates the

properness assumptions and is the key technical result of this section.

Lemma 3.2.1. Let k be a field of characteristic 0, let X,Y,Z be normal integral
varieties over k with Z (k) dense, and let m: Z — X XY a ramified cover. Assume
that there exists a dense open subscheme U C X such that 7 is unramified over U X Y
(i.e., 7 is vertically ramified over X ). LetY — Y be an open immersion into a normal
integral proper variety Y over k and let Z — X x Y be the normalization of X x Y
in Z. Assume that the fibers of Z — X are geometrically connected. Then there exists
a commutative diagram

7! 7'~ X' xY' Z
X' X xY’ X xY’ X xY
X X X

such that

(1) X', Y',Z'\Y', Z' are normal integral varieties over k;

(2) X' — X is a ramified cover;

(3)Y' =Y and Z' — Z are finite étale;

(4) Z'is a connected component of the fiber product Z xy Y’';
(5) Y is the normalization of Y inY';

(6) Z' is the normalization of X x Y in Z';

(7) Z' — X' — X is the Stein factorization of Z' — X.
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Proof. Let k be the algebraic closure of k. Since Z(k) is dense in Z and thus X (k)
and Y'(k) are dense in X and Y, respectively, it follows from [79, Tag 0G69] that X
and Yz are irreducible. Since k is algebraically closed of characteristic 0, the étale
fundamental group of Y% is topologically finitely generated (see [73, Théoreme 2.3.1]),
so there are only finitely many Yz-isomorphism classes of finite étale morphisms V' — Yz
of bounded degree. Since Z is normal and k is of characteristic 0, we may shrink U if
necessary to assume that (Z), is normal for every z € U(k). In particular, since (Z),
is geometrically connected, this implies that Z, is normal geometrically connected
(and thus geometrically integral) for every z € U(k). Let Z' — Y7,...,Z™ — Yz be
representatives of the classes of finite étale morphisms of degree deg(Z — X xY). For
x € X(k), let Z: Speck — X be the induced geometric point. Define ¥; C U(k) to be
the subset of © € U(k) such that the finite étale morphism

Zr = (Ze)y — ({} xY)p =Yg
is Yz-isomorphic to Z*. Note that U(k) =X, U...UX,.

Since U(k) is dense in X, there exists an index i such that ¥; is dense in X; we
define ¥; =: ¥. Fix some point ' € ¥ and define Y’ = Z,,. Then Y’ is a normal
geometrically connected k-variety, Y/ — Y is finite étale, and ¥ is a dense subset of

U(k) such that, for every x € X, there exists a Yz-isomorphism V! — Zz.

Let 2" :=7Z Xy Y' = 7Z X xxy (X x Y’). Note that Z” is normal, as the projection
morphism to Z is finite étale and Z is normal. Moreover, since X is normal geo-
metrically connected and Y’ is normal connected, X x Y’ is normal connected (and

thus integral). Therefore, every connected component of Z” is finite surjective over

X x Y" and finite étale over Z. Let Z7,..., Z] be the connected components of Z”
and [ = {1,...,t}. For every x € X, we have Z7 = [[;.; Z]5, and by choice of ¥,

there exists an isomorphism {Z} x Y’ — Z over {T} x Y, which induces a section of
Z% — {T} x Y’ by the universal property of the fiber product. Since Y’ is geometri-
cally irreducible, there exists j(x) € I such that this section restricts to a section of
Zz — {Th x Y’ By the density of ¥ in U(k), there exists jo € I such that the
fiber of j: ¥ — I over jo is dense in U(k). Define ¥' = j~'(jo) and Z' := Z} . Then
¥’ is a subset of ¥ such that ¥ is dense in U(k) and, for every = € ¥’ the morphism
ZL — {7} x Y is finite étale (since Z — X x Y is étale over U x Y') and has a section.

Let Y’ — Y be the normalization of Y in Y. Let Z' — X x Y’ be the normalization
of X x Y” in Z' and note that this is étale over U x Y. Finally, let Z/ — X' — X
be the Stein factorization of the composition Z/ — X x Y’ — X and note that X' is
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normal connected (thus integral). We have the following commutative diagram.

7 Z/ finite étale A
X - X xY' finite étale X xY (322)
X X

Let Z/ — X' xY' = X' xx (X x Y’) be the natural morphism. We claim that
7" — X' x Y" is an isomorphism and start by showing finiteness and surjectivity. By
the definition of Stein factorization, the morphism X’ — X is finite, and it is surjective
since Z/ — X is surjective and factorizes through it. Since both X’ x Y’ and Z’ are
finite over X x Y’, the morphism Z’ — X’ x Y is also finite.

Moreover, since both Z/ — X x Y" and X’ x Y’ — X x Y’ are finite surjective, we

have

dim(Z') = dim(X x Y') = dim(X' x Y’),

and the image of Z' in X’ x Y’ is of dimension dim(X’ x Y’). Since X’ is normal
connected and Y is normal geometrically connected, X’ x Y is normal and connected,

so Z' — X' x Y’ is dominant and thus (by its finiteness) surjective, as claimed.

Next we prove that Z’ — X’ x Y is birational. Let f denote the morphism Z/ — X’
and f = f|z: Z' — X'. Let V C X’ be a dense open subscheme such that the fibers
of ?_1(1/) — V are normal. Since they are geometrically connected by the defining
properties of Stein factorization, they are geometrically integral. By generic flatness
and since a flat morphism of finite presentation is open, we may shrink V' further if
necessary to assume that f~'(V) — V is surjective. Thus, the fibers of f~(V) — V
are nonempty and open in the fibers in ?_1(‘/) — V. Since the latter are normal and
geometrically integral, the fibers of f~1(V) — V are also normal and geometrically
integral. The complement of V' in X’ maps to a proper closed subscheme of X. Let U’
denote the intersection of the complement of this closed subscheme with U. Then U’
is a dense open of X, contained in U, and since X, C V, the fibers of Z];, — X|,, are
normal and geometrically connected. By generic étaleness and shrinking U’ further if

necessary, we may and do assume that X/, — U’ is étale.

Let x € U'(k) N'Y be a point. Then X/ is finite étale over {T} = Speck, and
thus it is the disjoint union J]... X%{f’ }, where each {7’} is a copy of Speck. Let g
and h denote the morphisms Z/ — X’ x Y and Z’ — X x Y, respectively, and let
gz: Z — XL x Y and hy: ZL — {Z} x Y’ denote the respective base changes. We



3.2 Strongly thin sets 37

then have the following commutative diagram.

[oex 97 ({7} x V) =——= 27
hz
9z
Loy (T} X V) =——= XL x Y/ — {7} x V"
Myex {7} ——— X, )

Since Z' — X’ has geometrically connected fibers over U’, the ¢g-*({Z'} x Y) are
connected, so they are the connected components of Z.. Moreover, by our choice
of ', the morphism hz is finite étale and has a section. Thus, there exists a connected
component W of Z. such that hz restricts to an isomorphism hz|w: W — {Z} x Y.
Let 7 € X. such that ¢-'({Z'} x Y') = W, ie., ¢-'({T'} x Y') — {7} x Y is an
isomorphism. Choose a point p € {Z'} x Y’(k). Since both {#'} x V' — {7} x Y’
and hz|w are isomorphisms, there exists exactly one point in W (k) over p, i.e., we
have |¢g-'(p)(k)| = 1. Thus, 7 is a point of (X’ x Y’)(k) over U’ such that ¢~ *(p)(k)
has cardinality 1. Now, since gy : 2}, — X[, x Y is finite étale, it follows that gy is
an isomorphism and we have shown birationality of g. As a finite surjective birational

morphism of normal connected varieties, ¢ is an isomorphism, as claimed.

We have now constructed the desired diagram. All of the claimed properties except
for (2) are true by construction or proved in the discussion above, so it only remains
to verify that X’ — X is a ramified cover. It is finite (as the finite part of the Stein
factorization of Z — X) and surjective (by the surjectivity of Z/ — X). Thus, it
remains to show that X’ — X is ramified. For a contradiction, assume that it is
unramified (and therefore étale). Then Z/ = X' x Y’ — X x Y’ — X x Y and thus
7' — Z — X x Y would be étale. Since Z' — Z is étale surjective, m would be étale

by the cancellation property of étale morphisms, contradiction. O

If S is a normal noetherian integral scheme with function field k of characteristic 0
and X is an arithmetic scheme over S, we “test” the weak Hilbert property of X
over S by considering finite families of ramified covers (m;: Z; — X))’ ;. When doing
this, it might be beneficial to replace a given cover m; by taking finitely many covers
(fij: Wi; = Z;)jey, such that

n

X ()N m(Zik)) = 2SO\ U (mi o fig) (Wis (k).

i=1 i=1jeJ;
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This is achieved, for example, if Z;(k) = U, ;. fi;(Wi;(k)), in which case the collection
(fij: Wij = Zi)jey, is called an arithmetic refinement of the variety Z; in [25, §3.2].
Arithmetic refinements of smooth proper varieties are constructed in loc. cit. as an
application of the Chevalley—Weil Theorem. Without the properness assumption, the
Chevalley—Weil Theorem does not allow us to lift all k-rational points, but its near-
integral analogue (see Theorem 3.1.10 and Corollary 3.1.11) lets us lift near-integral

points. This leads us to the following definition.

Definition 3.2.3. Let S be a normal noetherian integral scheme with function field k
of characteristic 0 and let Z be an arithmetic scheme over S. An arithmetic refinement

of Z is a finite family (f;: W; — Z);jes of covers with W; normal and integral over k
such that Z(S) C ;. ¢;(W;(k)).

Using Lemma 3.2.1 and the near-integral analogue of Chevalley—Weil Theorem, we
now prove a generalization of [25, Theorem 3.9] that allows us to replace a vertically
ramified cover by a suitable arithmetic refinement (of an arithmetic model) when

testing for the weak Hilbert property of a product of arithmetic schemes.

Theorem 3.2.4. Let S be a regqular integral arithmetic scheme with function field k,
let X and Y be quasi-projective arithmetic schemes over S, and define X = X}, and
Y =Y. Letn: Z — X XY be a cover which is vertically ramified over X and assume
that Z (k) is dense in Z, so that in particular X (k) and Y (k) are dense in X and Y,
respectively. LetY — 'Y be an open immersion into a normal projective integral variety
over k and let Z — X x Y be the normalization of X x Y in Z. Then there exists a
finite family of covers (fj: W; — Z)jes such that

(X x5 V)S) W\ T(Z(K)) = (X x5 P)(S) D\ (o f)(W;(k))

jeJ

and, for every j € J, the Stein factorization of W; — X x Y — X is ramified over X,
where W] — 7 is the normalization of Z in Wj.

Proof. Let Z — T — X be the Stein factorization of the composition Z — X xY — X
and note that T is a normal geometrically integral k-variety. If 7" — X is ramified,
the family consisting of the identity map f =id: W = Z — Z proves the claim, so we
may assume that T — X is étale.

The morphism Z — X x Y factors over a morphism Z — T x Y. Since Z is the
normalization of X x Y in Z, we have that Z is also the normalization of T x Y in Z.
Moreover, Z — T x Y is proper and quasi-finite by the finiteness of both Z — X x Y
and T x Y — X x Y, so it is finite surjective. Let Z = Z x5 (T x Y). Note that
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Z =7 % x,v (X X Y), so there is a natural morphism Z — Z, which is proper (and
in particular closed) by the properness of Z — X x Y [79, Tag 01W6]. Moreover,
since Y — Y (and thus Z — Z) and Z — Z are open immersions, it follows that
Z — Z is an open immersion. By the connectedness of Z., we conclude that Z — Z is
a surjective open immersion and therefore an isomorphism. In particular, 7 — T x Y
is finite surjective. As T'xY — X xY is étale and Z — X x Y is ramified, Z - T XY
is ramified. Moreover, by the étaleness of Z over U x Y and the cancellation law for
étale morphisms, 7 is étale over Ty x Y, i.e., Z — T x Y is a cover vertically ramified

over T'.

Since the composition Z — T x Y — T has geometrically connected fibers by the

defining properties of Stein factorization and Z(k) is dense, Lemma 3.2.1 gives us a

diagram
Vi Z'=T xY' Z
TxY' TxY' TxY (3.2.5)
T T

of varieties over k such that 7" — T is a ramified cover, Y’ — Y and Z’ — Z are finite
étale, Y7 is the normalization of Y in Y, and Z’ is the normalization of T' x Y” in Z'.
Let v denote the morphism 7' — Z.

By standard spreading out schemes and finite étale (resp. finite surjective) mor-
phisms (see [72, Theorem 3.2.1]), there exist a regular dense open subscheme S’ C S
and an integral finite type separated S’-scheme Z whose generic fiber over S’ is Z,
and such that 1) and 7 extend to a finite étale (hence surjective, since Z is connected)
morphism Z’ — Z and a finite surjective morphism Z — (X x ))g, respectively. If

€ (X x5 Y)(S)W is a near-S-integral point that lifts along 7 to a k-rational point

of Z, then, by the valuative criterion of properness, we have = € 7(Z(S")M).

By Corollary 3.1.11, there exists a finite field extension L/k such that we have
Z(8")M) Cp(Z'(L)). In the next steps, we follow the arguments of [25, Theorem 3.9]
to construct an arithmetic refinement of Z. Consider the induced morphism of Weil

restriction of scalars (cf. [9])
RL/k(¢L)1 RL/k(Z’L) — RL/k(ZL)7

which is finite étale (as ¢ is). Let A: Z — Rp/x(Z1) be the diagonal morphism and
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define W = Z XA R, ,.(21) Ry1/k(Z7), so we have the following cartesian diagram.

w A
Rpi(r)
Ryj(Z)) ———= Ryp(Zy)

Since v (and thus Ry /(1)) is finite étale, W is finite étale over Z, so it is normal.
Let W;,7 € J, be the connected components of W that satisfy W;(k) # () and note
that these are normal, geometrically connected (thus geometrically integral), and finite
étale over Z.

The map of L-points Z'(L) — Z(L) induced by ¢ is identified by Ry with
Riw(Z;)(k) — Rpmw(Zp)(k) and the map Z(k) — Rpu(Zr)(k) = Z(L) induced
by A is the inclusion map. Thus, for every point x € Z(k) that lifts along ¢ to Z'(L),
there exists a point in Ry ,,(Z7)(k) lying over A(z), so x lifts to W (k). In particular,
Z(S)M is contained in the image of W (k) in Z(k), i.e., the family (f;j: W; — Z),es is

an arithmetic refinement of Z and we have

(X x5 V)(S)D N\ 7(Z (k) = (¥ x5 Y)(5)V \ 7(2(5")V)
= (X xs )(S)W\ (o f3) (W5 (k).

jeJ

To finish the proof, it remains to show that the Stein factorization of the composed
morphism WJ — X xY — X is ramified. Consider the composed morphism W —
Z — T and, for every j € J, let T, denote the normalization of 7" in W;. Note that T;
is normal and integral by [79, Tag 035L] (in particular, 7; — T is a cover) and, since
T — X is finite, Tj is also the normalization of X in W;.

The base change of W = Z XA R, ,(2,) Rp/k(Z7) to the algebraic closure k is given
by Wy = Z/EXZE... XZEZé,
similarly a finite étale morphism W,z — Z% over Z; for every j € J.

so we have a finite étale morphism Wy — Zé over Zz, and

Since normalization commutes with flat base change (in particular, base change
from k to E), T} 3 is the normalization of T3 in W, 3. By the universal mapping property
of normalization [79, Tag 035I], there is a finite surjective morphism T}z — 17 over Tt
Etaleness can be checked after base change to k, so T — Tj is ramified (as 7" — T is).
If T — T; is ramified, then T,z — Tf is ramified by [79, Tag 02GG], and if Tz — 17
is étale, then T}z — Ty is ramified by [79, Tag 02K6]. We conclude that T,z — Tf is
ramified. This implies that T; — 7" and thus the composition 7; — T" — X is ramified.

Let W; — T; — X be the Stein factorization of W; — X, i.e., T} is the normalization

of X in Wj;. Since W; C W; is an open subscheme, we have an open immersion



3.2 Strongly thin sets 41

T; — T] over X. Thus, as T; — X is ramified, we conclude that T] — X is ramified,

as required. 0

3.2.2 Product theorem

We are now ready to prove that the product of two quasi-projective arithmetic schemes
with the weak Hilbert property over a regular integral arithmetic scheme satisfies the
weak Hilbert property (Theorem E). This generalizes the special case of smooth proper
varieties due to Corvaja—Demeio—Javanpeykar-Lombardo—Zannier [25, Theorem 1.9].
More generally, we consider subsets of near-integral points of such products that are
not necessarily given as a product of two sets of near-integral points, which is crucial
to proving the results of the next chapter; the persistence of the weak Hilbert property
under products is then an immediate consequence of this. To prove Theorem E, we can
now follow the proof of [25, Theorem 1.9] closely, as the key improvements necessary

to generalize loc. cit. are already contained in Lemma 3.2.1 and Theorem 3.2.4.

Theorem 3.2.6 (Theorem E). Let S be a reqular integral arithmetic scheme with
function field k, let XY be quasi-projective arithmetic schemes over S, and define
X =X, Y = V. Furthermore, let p: X XY — X denote the projection morphism,
let ¥ C (X x5 V)(S)Y be a subset, and define Xx = p(X) C X(S)Y. For x € X(k),
define ¥, = XN ({z} xY). If ¥x is not strongly thin in X and, for every x € ¥x,
the set ¥, is not strongly thin in {x} X Y, then ¥ is not strongly thin in X x Y.

Proof. Note first that X and Y have a dense set of k-rational points by the assump-
tions, so they are geometrically irreducible by [79, Tag 0G69], and hence X X Y is a
normal (geometrically) integral k-variety. Let (m;: Z; — X x Y)!_| be a finite family
of ramified covers with Z; normal geometrically integral varieties over k. Without loss
of generality, we may assume that Z;(k) is dense in Z; for every i (as otherwise the
image m;(Z;(k)) is not dense in X x Y). Let Y — Y be an open immersion with
Y a normal projective geometrically integral variety over k, and let Z; — X x Y be
the normalization of X x Y in Z;. Let ¢;: T; — X denote the Stein factorization of
7, = X.

Let i € {1,...,n} be an index such that Z; — X x Y is vertically ramified over X.
By Theorem 3.2.4, there exists a finite family of covers (fi;: Wi; — Z;);jes, such that

S\ m(Zi(k) = S\ | (mi o fi) Wiy (k)

JEJ;

and, for every j € J;, the Stein factorization of W;; — X x Y — X is ramified over X,
where Ww — 7, is the normalization of Z; in Wi;. Thus, we may replace Z; — X x Y
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by the finitely many covers W;; — X X Y to assume that v; is ramified. Up to

reindexing, we may now assume that there exists an integer m € {1,...,n} such that

(1) 4; is ramified for all i = 1,...,m,

(2) 1; is étale and the branch locus of 7; dominates X for all i =m +1,...,n.

Let m
Q:=%x\ U%(Tz(k))a

which is dense in X since ¥ x is not strongly thin. To conclude the proof, we show

that
U= U (Zz\ U sz(Zm(k))> C ¥\ UE(Zz(k))

zeQ i=m+1
is dense in X x Y.

Let V' C X be a dense open subscheme such that, for every = in V (k) and every
i € {m+1,...,n}, the fiber (Z;), is normal. Recall that, for i € {m +1,...,n},
the ramification locus D; € X x Y of m; dominates X. Thus, the image of D; in X
is a dense constructible set and therefore contains a dense open subset U; C X. Let
U=V, U

Let mir,: Zi1r, — 1; x Y denote the pullback of m; along 9;y:T; x Y — X x Y.
Since v, y is étale, the ramification locus D; r, C T; x Y of 7, 1, is given by the pullback
of D, along v y.

By the density of 2N U in X, we obtain the desired density of ¥ by showing that,
for every 2 € QNU, the set X, \U,,, 1 Tiz(Zi(k)) is dense in {2} xY =Y. Since X,
is not strongly thin, this follows after showing that, for m + 1 <i < n and z € U(k),
and for every irreducible component Z’ of Z; ,, the restriction of 7, , to Z’ is a ramified
cover.

Let i € {m+1,...,n} and fix € U(k). Let ¢;*(z) = t; U...Ut, be the
decomposition into isolated points (recall that 1 is étale). By the normality of (Z;),,
it decomposes as a disjoint union of normal varieties (Z;);, U ... (Z;);,.. Since the
fibers of Z; — T, are geometrically connected, the varieties (Z)tj are connected (and
thus integral). Let Z’ be an irreducible component of Z;,. Then Z' = Z;; C (Z)tj is
an open subscheme for some point ¢; € T} ;. Since D; 1, is given by the pullback of D;
along v,y and « € U(k) lies in the image of D, inside X, the universal property of fiber
products gives us a point of D; 7, lying over ¢;. This implies that Z' = Z;,, — {t;} x Y’
and thus Z’ — {z} x Y ramifies, as claimed. O

As mentioned above, the persistence of the weak Hilbert property under products

is a direct consequence of Theorem E.
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Theorem 3.2.7. Let S be a reqular integral arithmetic scheme and let X and Y be
quasi-projective arithmetic schemes over S. If both X and Y satisfy the weak Hilbert
property over S, then X Xg Y also satisfies the weak Hilbert property over S.

Proof. Define ¥ = (X x Y)(S)® = (X(S)M) x (Y(S)V) and let X = Xx(s) and
Y = Yk(s)- Then the image Xy of ¥ under the projection X x Y — X equals X(S)1),
which is not strongly thin in X by the weak Hilbert property of X. For every x € Y,
we have X N ({2} x Y) = {x} x Y(S)Y, which is not strongly thin in {} x Y by the
weak Hilbert property of Y. Thus, by Theorem E, ¥ is not strongly thin in X x Y,
i.e., X xXg Y has the weak Hilbert property over S. O

3.2.3 Birational invariance

The weak Hilbert property is shown to be a birational invariant among smooth proper
varieties over finitely generated fields of characteristic 0 in [25, Proposition 3.1]. Slightly

adapting the arguments of the proof gives us the following related result.

Lemma 3.2.8. Let m: X' — X be a proper birational morphism of smooth integral
varieties over a field k of characteristic 0, let ¥x C X (k) be a subset, and define Xx.
to be the preimage of Xx under the induced morphism X'(k) — X (k). Then Xx is
strongly thin in X if and only if Xx: is strongly thin in X'.

Proof. Let Cov(X) (resp. Cov(X')) denote the class of covers Y — X (resp. Y — X')
with Y a normal integral k-variety. Define the maps N’: Cov(X) — Cov(X') and
N: Cov(X') — Cov(X) as follows:

If Y — X' is a cover, let N(Y’) — X be the normalization of X in Y'. f Y — X
is a cover, note that the generic fiber of Y x y X’ — X’ is isomorphic to the generic
fiber of Y — X (since X’ — X is generically an isomorphism) and thus irreducible.
Therefore, Y x x X’ has exactly one irreducible component Y, dominating X’. The
morphism Y] — Y is birational and Y; — X is finite surjective since Y = Y x x X' is
a closed immersion and thus finite. We now let N'(Y) — X’ be the normalization of
X' in Y. Note that both N and N’ preserve the degree of a cover by the birationality
of X" and X.

We claim that N and N’ are inverse to each other. To see this, let Y — X be a cover
with Y normal and define Y as above. By the universal property of normalization,
the inclusion Yy — Y xx X’ factors as Yy — N'(Y) — Y xx X" over X'. In particular,
this induces a factorization N'(Y) — Y — X of the composition N'(Y) — X' — X.
Therefore, again by the universal property of normalization, we have a morphism
N(N'(Y)) — Y over X, which is finite (by the finiteness of N(N'(Y)) — X) and



44 3 Products, fibrations, and persistence properties

birational (by the degrees over X being equal), and thus an isomorphism by Zariski’s
main theorem. Conversely, if Y/ — X’ is a cover with Y’ normal, we obtain a finite
birational morphism N'(N(Y')) — Y’ over X', which again is an isomorphism by
Zariski’s main theorem, as required.

Next we show that N and N’ send étale covers to étale covers. If Y — X is an
étale cover, then Y x x X’ is étale over X’ and thus normal. Hence, the irreducible
component Yy dominating X’ is normal and étale over X’ and we have N'(Y') =Yj.

For the converse, let Y/ — X’ be an étale cover and consider the cover N(Y') — X.
Since X’ — X is proper birational, by [56, Corollary 4.4.3], there exists a dense open
U C X such that U" := #~}(U) — U is an isomorphism and the codimension of
X\ U in X is at least 2. The pullback N(Y’) xx U — U is étale, as its pullback
along the isomorphism U’ — U is Y’ xxs U’ — U’ (which is étale). Since X \ U is of
codimension at least 2, it follows from purity of the branch locus [38, Théoreme X.3.1]
that N(Y’) — X is étale, as claimed. We conclude that N and N’ are inverse to each
other and send étale covers to étale covers and thus ramified covers to ramified covers.

To finish the proof, since a subset is strongly thin if and only if its intersection with
some dense open subscheme is strongly thin, we may assume that ¥x C U(k) (and
thus ¥x» C U'(k)). Given a finite family of ramified covers (m;: Y; — X)), (resp.
(mi:Y! — X)), we define Y/ = N'(Y;) (resp. Y; = N(Y/)) to obtain a finite family
of ramified covers (7.: Y/ — X)I, (resp. (m;: Y; — X)) such that 7 induces a

bijection
S\ Um0 () = S\ | m(ik)).

In particular, the left side is dense in X’ if and only if the right side is dense in X,
which finishes the proof. O]

The invariance of the weak Hilbert property for arithmetic schemes under proper bi-
rational morphisms now follows similarly to the analogue of the usual Hilbert property
(Theorem 3.1.5).

Theorem 3.2.9. Let X, X’ be arithmetic schemes over a normal integral arithmetic
scheme S. Assume that X (s) and XI’((S) are smooth and that there exists a proper
birational morphism w: X' — X over S. Then X has the weak Hilbert property over S
if and only if X' has the weak Hilbert property over S.

Proof. Let U C X and U' C X’ be dense open subschemes such that the morphism
X’ — X induces an isomorphism U’ — U. If k is the function field of S, then the
induced map X’(S)M U (k) — X (S)MNU(k) is surjective. Indeed, for a near-integral
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point s € X(S)M NU(k), there exists a point s’ € U'(k) lying over s, and the valuative

criterion of properness shows that s’ € X’(S)). Thus, we have
(XS nuUk)) = 2'(S)Y nud (k).

Since the intersection of a dense subset and a dense open subset is dense, it is clear
that X'(S)1) is strongly thin in &}, if and only if X' (S) NU(k) is strongly thin in A,
and analogously for &”. Therefore, since ] — A& is a proper birational morphism of

smooth k-varieties, the claim follows from Lemma 3.2.8. 0

Example 3.2.10. To see that the properness assumption on the birational morphism
in Theorem 3.2.9 cannot be dropped, consider the open inclusion of arithmetic schemes
over Z

Gmz = Spec Z[x, 2 '] — Spec Z[z] = A,

Here the right side satisfies the weak Hilbert property by the Hilbertianity of Z, but
the left side has only finitely many integral points. We give the following example to
show that dropping the properness assumption will also not work up to an extension
of the base scheme. Let K be a number field and S a finite set of places of K such
that the unit group O g of the ring of S-integers R = Of s is infinite (i.e., S contains
at least one finite place, or K is neither @ nor imaginary quadratic). Consider the

arithmetic R-schemes
X =Gy =SpecRlr,z7'] and &' =X\ {1} =SpecR[z,v " (z—1)7"]

with the obvious open immersion X" — &". Since X'(R) = O} ¢ is infinite by assump-
tion and finitely generated by Dirichlet’s theorem on S-units, it has an infinite (thus
dense) cyclic subgroup €2, and it follows from Zannier’s work [86] on tori that € is not
strongly thin, i.e., X’ has the weak Hilbert property over R. (This also follows directly
from Corollary 4.2.7; see Definition 4.2.1 for the definition of the relevant property
(OPS), which we apply here to the empty subscheme of X'.) However, the set X’(R)
is finite. Indeed, it is given by the set of units x € Oj; ¢ for which x — 1 is also a unit,
which we can identify with the set of pairs (z,y) € (O ¢)* satisfying 2 —y = 1. This
set of pairs is finite by a theorem of Siegel-Mahler-Lang [53, §VII.4].

3.2.4 Smooth proper images

The weak Hilbert property for smooth proper varieties descends along smooth proper
morphisms, as shown in [25, Theorem 3.7]. The proof does not require properness of

the varieties (only of the morphism) and thus readily implies that the weak Hilbert
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property descends along smooth proper morphisms of regular arithmetic schemes (note
that regularity implies generic smoothness in characteristic 0). Using the following
more general result given in [5] allows for an even stronger conclusion on arithmetic

schemes.

Lemma 3.2.11 ([5, Lemma 5.3]). Let ¢: X — Y be a smooth surjective morphism
of normal integral varieties over a field k of characteristic 0 and T C Y (k) a strongly
thin subset. If the generic fiber of ¢ is geometrically irreducible or if ¢ is proper, then
the preimage of T in X (k) is strongly thin.

As a direct consequence, we obtain that the weak Hilbert property descends along

proper morphisms of arithmetic schemes which are smooth on the generic fiber.

Proposition 3.2.12. Let S be a normal noetherian integral scheme with function field
k of characteristic O and let p: X — Y be a surjective morphism of arithmetic schemes
over S such that ¢ : X, — Yy is smooth. Assume that vy is proper or its generic fiber
s geometrically irreducible. If X has the weak Hilbert property over S, then ) has the
weak Hilbert property over S.

Proof. Define X = &, Y = Y, and T = o(X(S)V) € Y(S)M. Since X(S)V is
contained in the preimage of T" under the base change p5: X — Y and not strongly
thin in X by the weak Hilbert property of A, Lemma 3.2.11 shows that 7" is not
strongly thin in Y. In particular, ) satisfies the weak Hilbert property over S. ]

3.2.5 Finite étale covers and extensions of the base

While the weak Hilbert property descends along smooth proper morphisms, it does
not ascend along them (i.e., the converse to Proposition 3.2.12 is false). In fact, this
fails even for finite étale morphisms of varieties, see [25, Remark 3.5]. However, in the
case of smooth proper varieties, the weak Hilbert property does ascend along smooth
proper morphisms up to a finite extension of the base field [25, Theorem 3.16]. To prove
an analogous statement for arithmetic schemes, we first show the following analogue
of [25, Lemma 3.14].

Lemma 3.2.13. Let L/k be a finite extension of fields of characteristic 0, let X be
a normal integral variety over L, let Y be a normal integral variety over k, and let
m: X =Y be a finite étale morphism of k-varieties. Furthermore, let ¥x C X (L) and
Yy CY (k) be subsets such that ¥y C n(Xx) and Xy is not strongly thin in' Y. Then
Y.x 1s not strongly thin in X.
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Proof. Since Yy is not strongly thin in Y, it follows from [5, Lemma 2.1] that Xy
and thus 7(Xx) are not strongly thin in Y7. Thus, we may and do assume that
k = L. Let (m: Z; — X), be a finite collection of ramified covers and note that
each mwom;: Z; — Y is a ramified cover. Since Xy is not strongly thin in Y, the set
T =%y \ UL, m(m(Z;(k))) is dense in Y. Let y € T. Since ¥y C m(Xx), there
exists an element x € Yy such that 7(x) = y, and clearly x ¢ m;(Z;(k)) for any i, as
otherwise y € m(m;(Z;(k))). Thus, we have

i=1
Since T is dense in Y and = is finite surjective, we conclude that Xy \ U;_, m(Zi(k))

is dense in X, so Y x is not strongly thin in X, as claimed. ]

Applied to near-integral points of arithmetic schemes, Lemma 3.2.13 immediately

implies the following.

Proposition 3.2.14. Let S’ — S be a finite surjective morphism of normal integral
noetherian schemes with function field of characteristic 0, let X be an arithmetic
scheme over S’, let Y be an arithmetic scheme over S, and let w: X — Y be a
finite étale morphism of S-schemes. If Y has the weak Hilbert property over S and
V(S)D C 7(x(S")WY), then X has the weak Hilbert property over S'.

Proof. This follows directly from Lemma 3.2.13 applied to the finite étale morphism
X (s = Vr(s) and the sets Ty := X (S)V and Ty := Y(5)W. O

With the same arguments as in the proof of [25, Theorem 3.16], combining the
Chevalley-WEeil type lifting argument for near-integral points with the above propo-
sition, we can now show that the weak Hilbert property ascends along finite étale

morphisms of arithmetic schemes, up to a finite étale cover of the base.

Theorem 3.2.15 (Theorem F). Let S be a regular integral arithmetic scheme and
w: X = Y a finite étale morphism of arithmetic schemes over S. If Y satisfies the
weak Hilbert property over S and Xg(g) is geometrically integral, then there exists a
finite étale morphism S" — S of reqular integral arithmetic schemes such that Xg is

an arithmetic scheme over S" with the weak Hilbert property over S’.

Proof. By Theorem 3.1.10, there exists a finite étale morphism S’ — S of regular
integral arithmetic schemes such that Y(S)M C p(X(S)V). Since X (s is normal
integral, Xg is an arithmetic scheme over S’. Let m: X5 — ) be the composition
Xs¢ — X — Y. Then 7 is finite étale (hence surjective), so Xs has the weak Hilbert
property over S” by Proposition 3.2.14. ]
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As mentioned above, the weak Hilbert property does not in general ascend along
finite étale morphisms without allowing for an extension of the base (even in the case
of varieties, cf. [25, Remark 3.5]). In particular, in Theorem F, we can not expect
S’ — S to be an isomorphism. An explicit example of this phenomenon is given
in [34], based on an example of Silverman [77, Example X.4.10]; here Y is an elliptic
curve over Q with positive Mordell-Weil rank (and hence satisfying the weak Hilbert
property), while X is a homogeneous space for Y with X(Q) = (), and X — Y is finite
étale.

As a further corollary to Proposition 3.2.14 and an analogue to [25, Proposition 3.15],
it is easy to see that the weak Hilbert property of an arithmetic scheme X persists
under base change along a finite étale morphism S” — S by applying Proposition 3.2.14
to the morphism X — X'. However, [5, Proposition 3.2] already implies the following

stronger result.

Theorem 3.2.16. Let S — S be a finite type flat morphism of normal integral
noetherian schemes with function field of characteristic 0. Let X be an arithmetic
scheme over S. If X has the weak Hilbert property over S, then Xg has the weak
Hilbert property over S’.

Proof. Note first that Xs is indeed an arithmetic scheme over S’ since Xk (g is ge-
ometrically integral by [79, Tag 0G69]. Since finite type flat morphisms are open,
the image Sy of S’ in S is a dense open. Clearly, we have X(S)1) C X(Sy)V),; so
Xs, has the weak Hilbert property over Sy. By [39, Corollaire 6.1.4], pullback along
S" — Sy preserves codimension of closed subsets, so the inclusion X'(Sy)™ C &x(S")M)
holds. Let k and L denote the function fields of Sy and S’, respectively, and define
T = X(5)Y. Since T N Ay (k) 2 X(Sp)Y is not strongly thin in A}, it follows from
[5, Proposition 3.2] that T is not strongly thin in X7, i.e., Xs has the weak Hilbert
property over S’. O

Remark 3.2.17. Theorem 3.2.16 also holds if S” — S is flat surjective (instead of finite
type flat) and the extension K (S")/K(S) is small (in the sense of [5]) by repeating the
proof and replacing [5, Proposition 3.2] with [5, Proposition 4.2].

3.3 Mixed fibrations

The result of Bary-Soroker—Fehm—Petersen that the product of two varieties with the
Hilbert property has the Hilbert property [4, Corollary 3.4] is a consequence of their
more general fibration theorem [4, Theorem 1.1]: If X — S is a dominant morphism

of integral varieties over a field k with S satisfying the Hilbert property and, for all
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s € S(k), the fiber X is an integral variety with the Hilbert property, then X satisfies
the Hilbert property. The persistence under products can then be seen by applying
this fibration theorem to the projection morphism X xY — Y.

The analogous product theorem for the weak Hilbert property of proper varieties
(over a finitely generated field of characteristic 0) due to Corvaja—Demeio—Javanpeykar—
Lombardo—Zannier [25, Theorem 1.9] on the other hand is not a consequence of a more
general fibration theorem. Even in our generalization of this product theorem to arith-
metic schemes (Theorem E), where the subset ¥ C (X x Y)(S)) that is shown to be
not strongly thin is not necessarily a product of subsets of X'(S)*) and Y(S)V), we still
have to work with a product of arithmetic schemes instead of a more general fibration.

A “mixed fibration theorem” similar to the result of Bary-Soroker—Fehm—Petersen
for the weak Hilbert property was established in [49], where the base has the weak
Hilbert property and the fibers have the usual Hilbert property:

Theorem 3.3.1 ([49, Theorem 1.3]). Let k be a number field and let X — S be a
morphism of normal integral projective k-varieties. Let Q C S(k) be a subset that is
not strongly thin in S and such that, for every s € Q, the fiber X, is a normal integral
variety satisfying the Hilbert property over k. Then X satisfies the weak Hilbert property

over k.

The restriction in Theorem 3.3.1 that £ is a number field and X and S are projective
is due to use of Corvaja—Zannier’s result [26, Theorem 1.4] that a normal integral
projective variety with the Hilbert property over a number field is algebraically simply
connected, which allows to conclude that the covers of the fibers X occurring in the
proof are ramified, and thus of degree at least 2. In the proof of our more general
Theorem G, we avoid this argument by comparing the degrees of these covers of X to
the degrees of other non-trivial covers, and by using Nagata compactification to use

Stein factorization without the projectivity assumption.

Theorem 3.3.2 (Theorem G). Let k be a field of characteristic 0 and let X — S be a
dominant morphism of normal integral varieties over k. Let I' C X (k) and ¥ C S(k)
be subsets such that ¥ is not strongly thin in S and, for every s € 3, the fiber X is a

normal integral k-variety and T'N X (k) is not thin in Xs. Then T is not strongly thin
mn X.

Proof. Let (m;: Y; — X), be a finite collection of ramified covers. To prove the
claim, we have to show that I' \ |J_, m(Yi(k)) is dense in X. Let X — X — S be
a factorization of X — S such that X is a normal integral k-variety, X — X is an

open immersion, and X — S is proper. (This can be achieved by taking a Nagata
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compactification of X — S [79, Tag 0F3T] and normalization.) For every i = 1,...,n,
let 7;: Y; — X be the normalization of X in Y; and let Y; — T, 1, S be the Stein
factorization of Y; — S (see [79, Tag 03HO]), so 1; is finite, the fibers of Y; — Tj are
geometrically connected, and 7T} is the normalization of S in Y;. We have the following

commutative diagram.

Y;
X

A

Since Y; is normal and integral, it follows from [79, Tag 035L] that Tj is normal and

integral.

Let U C X be a dense open subscheme such that, for every 4, the restriction mor-
phism Y,y = Y; xx U — U is étale. Moreover, let V' C § be a dense open such
that, for every s € V', we have Uy C X, dense open. (Such V exists by [79, Tag 0573]
since X and the fibers X, are reduced, which implies that scheme-theoretic density

and Zariski-density of open subschemes are equivalent by [79, Tag 056D].)

Up to reindexing, we may and do assume that there exists an integer r € {1,...,n}
such that ¢; is unramified (hence étale) for i = 1,...,r and ramified for i = r+1, ... n.
Let V' C S be a dense open subscheme such that, for every i < r and every s € V/,

the fiber (Y;)s is normal. Define

Q=EnvnVv)\ |J v(Tk).

i=r+1

Since ¥ is not strongly thin in S and V, V" are dense opens, € is dense in S. Moreover,

for every s € Q and every i > r + 1, we have Y; (k) = 0 (as T; s(k) is empty). Let

U= J (0N X\ ULims(Vis(k) € TA U mi(Yi()).

SEN

Since (2 is dense in S, to conclude the proof, it suffices to show that, for every s € €,
the set (I'N Xs) \ Ul_;mis(Yis(k)) is dense in X.

Let ¢« < r and s € 2. By the étaleness of v;, the fiber 7T}, is a disjoint union of
closed points, say Tj, = t; U ... Uty. We then have (Y;), = I_Ié-vzl(z)tj with (?Z-)tj
normal and geometrically connected, and thus geometrically integral, over the residue
field (t;). Moreover, we have Y; ; = I_Ié-vzlﬂtj and, for every j, the fiber Y, is either
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empty or a dense open of (Y;);, (in which case it is normal and geometrically integral
over £(t;)). Clearly, if s(t;) # k, then Y, (k) = (). Therefore, since I' N X is not thin
in X, it suffices to show that, for every j with x(t;) = k and Y, C (Y;);, dense open,
the degree of i, — X, is at least 2.

Let X7, = X XgT; and Y, 1, =Y; xgT;. We have T; — S finite étale, so X7, — X
is finite étale. It follows that the induced morphism Y; — X7 is not étale (since
Y; — X would be étale otherwise). Since X7, — X and Y; — X are finite, Y; — X,
is also finite [79, Tag 035D]. Moreover, Y; — X7, is a left factor of the surjective
morphism Y; 5, — X7, and therefore surjective, so X7, is connected. By Zariski’s main
theorem [79, Tag 0AB1] and the fact that Y; — X7, is not étale (in particular not an
isomorphism), it follows that Y; — X7, is of degree at least 2.

Let t; € T; s(k) such that Yit, # (). To conclude the proof, we show that the degree
of Yi;, — X, is at least 2. Note that the composition of ;: Speck — T; and v is s,
so we have Xr,;. = X,. Let Uy, = U xgT;. Then Yy C Y; and Ur; € X7, are
dense opens and the induced morphism Y; ;; — Ur, has the same degree as Y; — Xr,
which is at least 2. By the definition of U, the morphism Y,y — U is étale, and
since U, — U is étale, it follows from [79, Tag 02GW]| that Y; y — Uy, is étale, hence
flat. By flatness, the degree of the induced morphism on fibers (Y;y),, — Us equals
the degree of Y,y — Ug, ie., is at least 2. Since (Yjy), — U, is the pullback of
Yit;, = Xs along Uy — Xg and U C X is a dense open, this shows that Y;; — X is

of degree at least 2, as required. O

Theorem 3.3.1 was proved to establish the potential weak Hilbert property for a
smooth projective variety X over a number field k£ with a nef tangent bundle (see
[49, Theorem 1.7 and 1.8]): After possibly replacing k£ by a finite extension and X
by a finite étale cover, one obtains a smooth surjective map X — Alb(X), where
Alb(X) is the Albanese variety of X and the fibers are Fano varieties with nef tangent
bundle. The Campana—Peternell conjecture (see [49, Conjecture 1.6]) predicts that
Fano varieties with nef tangent bundle are homogeneous spaces under a connected
linear algebraic group, implying that they satisfy the Hilbert property over a finite
extension of k (independent of the fiber); see [49, Theorem 1.4]. The result then
follows from Theorem 3.3.1 and the potential weak Hilbert property for the abelian
variety Alb(X), provided that the Campana—Peternell conjecture holds for the fibers
of X — Alb(X). Since the Campana—Peternell conjecture is known for dimension at
most 5 by [50, 82], X satisfies the potential weak Hilbert property if dim X < 5; see
[49, Theorem 1.7].

Our extension of Theorem 3.3.1 to non-proper varieties (Theorem G) was motivated

by potential applications to the conjectures of Campana and Corvaja—Zannier. This
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generalization has since been applied to prove the Pl-invariance of the weak Hilbert
property for symmetric products (see [3, Lemma 7.7] and [3, Corollary 7.8]) and the
potential weak Hilbert property for sufficiently high symmetric powers of ruled surfaces
(see [3, Theorem 7.9]).



4 Integral points on algebraic groups

In this chapter, we investigate integral and rational points on algebraic groups. By an
algebraic group we mean a group scheme of finite type over a field. Since any group
scheme over a field is separated [79, Tag 047L] and an algebraic group over a field of
characteristic 0 is smooth [79, Tag 047N], it is in particular a normal variety.

Our first main result (Theorem A) is that algebraic groups satisfy Conjecture 1.1.4,
i.e., a connected algebraic group G with a dense set of rational points over a finitely
generated field k of characteristic 0 satisfies the weak Hilbert property over k. This
is inspired by the work of Bary-Soroker—Fehm-Petersen [4] and Corvaja—Demeio—
Javanpeykar—Lombardo—Zannier [25], who proved Theorem A in the special case that
GG is a linear algebraic group or an abelian variety, respectively. More generally, we
prove that there exists a Z-finitely generated domain R C k with fraction field k£ such
that G admits a non-strongly-thin set of R-integral points with respect to an appro-
priate model of G over R (see Theorem C). In particular, the special case that k is a
number field shows that algebraic groups satisfy part (4) of Conjecture 1.3.5. (Note
also that (1) is satisfied by [1, Lemma 2.11] and that (2) is implied by (4).) Finally,
our last main theorem is that part (5) of Conjecture 1.3.5 (and thus the full conjecture)
holds for all linear algebraic groups, see Theorem H.

The contents of Sections 4.1 and 4.2, up to editorial changes, have been published
in [62, §5] and [60], respectively.

4.1 The weak Hilbert property for algebraic groups

In order to prove the non-strongly-thinness of integral points on algebraic groups (The-
orem C), we combine results from [25] on abelian varieties and [55] on linear algebraic
groups using a fibration theorem due to Liu [55, Proposition 2.15]. We briefly recall
some terminology used in loc. cit.

While the usual Hilbert property can be formulated using the integrality of many
fibers, this may not be done for the weak Hilbert property for arbitrary ramified
covers (recall Proposition 2.3.1). This was first noted by Zannier in [86], leading to the
definition of so-called (PB)-covers (where the abbreviation (PB) refers to pullback).
These are defined in [86] for connected commutative algebraic groups over number
fields, in [25] for abelian varieties over fields of characteristic 0, and in [55] for connected

algebraic groups over finitely generated fields of characteristic 0. We give the definition
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provided in [55]:

Definition 4.1.1. Let k£ be a finitely generated field of characteristic 0, let G be a
connected algebraic group over k, and let Y be a normal geometrically irreducible
variety over k. A cover w: Y — G satisfies the property (PB) (or is (PB) or a (PB)-
cover) if, for every isogeny G’ — Gy of connected algebraic groups over k, the fiber

product G’ X Yz is irreducible.

As is shown in [55, Lemma 2.8] (and similarly in [86, Proposition 2.1] and [25,
Lemma 4.4]), a cover of an algebraic group over a finitely generated field of character-
istic 0 is (PB) if and only if it does not admit any non-trivial étale subcover. Similarly
to how we can define a non-thin set in terms of many fibers being irreducible, we can
now ask if, in a given subset of rational points, many points admit irreducible fibers
under a (PB)-cover. Similarly to [55, Definition 2.9], we make the following definition:

Definition 4.1.2. Let k£ be a finitely generated field of characteristic 0, let G be a
connected algebraic group over k, and let 2 C G(k) be a (Zariski) dense subgroup. The
pair (G, Q) satisfies the property (HIT) (over k) if, for every (PB)-cover 7: Y — G
and every finite field extension &'/k, the set of € 2 such that Y,y is irreducible is

dense in G.

The property (HIT), indicating that an algebraic group satisfies a generalization of
Hilbert’s Irreducibility Theorem, follows easily from the results of [25] and [55] for all
pairs (G,€), where G is an abelian variety or a connected linear algebraic group and
2 C G(k) is dense:

Proposition 4.1.3. Let k be a finitely generated field of characteristic 0, let G be a
connected linear algebraic group or an abelian variety over k, and let Q C G(k) be a
dense subgroup. Then (G,Q) satisfies (HIT).

Proof. Let Y — G be a (PB)-cover and £’/k a finite field extension. By definition, the
base change Y,y — Gy is a (PB)-cover. If G is an abelian variety (resp. a connected
linear algebraic group), then it follows from [25, Theorem 1.4] (resp. [55, Theorem 1.1])
that the set of x €  for which Y, =Y, s is irreducible is dense. ]

If G is an abelian variety over a finitely generated field k of characteristic 0 and €2 is a
dense subgroup of G(k), then [25, Theorem 1.4] provides an even stronger conclusion.
Namely, a subset above which the fibers of a given (PB)-cover are irreducible can
be given as a finite index coset of 2. Similarly to this, Liu shows that the property
(HIT) may be stated in terms of finite index cosets if €2 is finitely generated (which is

automatically the case if G is an abelian variety).
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Lemma 4.1.4. Let k be a finitely generated field of characteristic 0, let G be a connected
algebraic group over k, let Q C G(k) be a finitely generated dense subgroup, and let
Y — G be a (PB)-cover. If (G, Q) satisfies (HIT), then there exists a finite index coset
C of Q such that, for all c € C, the fiber Y. is irreducible.

Proof. A full proof of this result is given in [55, Lemma 5.2] under the assumption that
G is linear. We briefly explain how the arguments in this proof extend to the general
case. Liu only uses the linearity of G at two points: First, he reduces to the case that
Y — G is Galois by applying [55, Lemma 4.2], which holds for arbitrary algebraic
groups as noted directly above loc. cit. The second and last use of linearity of G is
to appeal to Chebotarev’s density theorem [76, Theorem 9.11], but this holds in the
generality we need as well, cf. [70, Theorem B.9]. O

To go from irreducible fibers of (PB)-covers to fibers of ramified covers without
rational points, we will work over the étale locus of the considered covers. Under the
assumptions that the considered subgroup (2 is finitely generated, the following lemma
allows us to do this by showing there exists a finite index coset of €2 avoiding the branch
locus of the (PB)-cover at hand. This is an extension of [25, Lemma 4.6], where G is
assumed to be an abelian variety. The proof of loc. cit. generalizes to our situation;

we include it for the sake of completeness.

Lemma 4.1.5. Let k be a finitely generated field of characteristic 0, let G be a connected
algebraic group over k, let Q C G(k) be a finitely generated dense subgroup, and let
Z C G be a closed subscheme. Then there exists a finite index coset C' of Q0 such that
cCnNnzZ=49.

Proof. By the density of €2, there exists a point P € ) with P ¢ Z. By spreading
out the group scheme G over k, there exists a Z-finitely generated integral domain R
with fraction field £ and a connected finite type group scheme G over R satisfying
G, = G. Spreading out the closed subscheme Z, extending R if necessary, we find a
closed subscheme Z C G with Z;, = Z. Furthermore, by spreading out the finitely
many generators of €2 and the point P, we may extend R if necessary such that there
is a section o: Spec R — G which induces P in G(k) and the generators of € are
contained in G(R). Since G(R) is a subgroup of G(k), this implies that Q@ C G(R).
Since P ¢ Z, the preimage 0*Z is a proper closed subset of Spec R and there exists
a point p € Spec R that satisfies P mod p = o(Speck(p)) ¢ Z. Since k(p) is finite,
G(k(p)) is a finite group, and the kernel of the specialization map G(R) — G(k(p)) is a
finite index subgroup of G(R). Let €' be the intersection of this kernel with €2, and note
that €' is a finite index subgroup of 2. Consider the finite index coset C' := PS) C €.
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Then, for every ¢ € C, we have ¢ = P mod p and therefore ¢ mod p ¢ Z. Since
Z = Z xg G, we obtain ¢ ¢ Z and thus C' N Z = (), as claimed. []

4.1.1 The property (HIT) for many covers

In order to deduce the weak Hilbert property for algebraic groups from the property
(HIT), the goal of this subsection is to show that the property (HIT) can be stated
in terms of finitely many covers instead of only one. We fix the following datum

throughout this subsection:

a finitely generated field k of characteristic 0,
« a connected algebraic group G over k,

« a connected linear algebraic group H over k,
o an abelian variety A over k,

¢ an exact sequence
0—H —G—A—0

of algebraic groups over k,
« a finitely generated dense subgroup €2 C G(k) such that QN H (k) is dense in H.

The following proposition shows that these assumptions imply the property (HIT)
for (G, ) and that they are still satisfied if we replace Q by a finite index subgroup.

Proposition 4.1.6. The pair (G, Q) satisfies (HIT). Moreover, if ¥ C € is a finite
index subgroup, then Q' is dense in G and Q' NH (k) is dense in H, i.e., the assumptions

of this subsection are still satisfied after replacing Q by Q. In particular, (G,$)
satisfies (HIT).

Proof. Let L/k be a finite field extension, let G be a connected algebraic group over L,
andlet Q C G (L) be a subgroup with Q) dense in G. Assume that there exists an isogeny
G — Hj, or an isogeny G — Ap. In particular, G is a connected linear algebraic group
or an abelian variety over L. Then, by Proposition 4.1.3, (G, Q) satisfies (HIT). By
[55, Proposition 2.15], this implies that (G, ) satisfies (HIT).

Now let Q' C Q be a finite index subgroup, so there are finitely many elements
w; € Q such that @ = [J,w, Y. By the irreducibility of G and the density of
in G, this implies that there is an index ¢ with w;§)’ dense in G. Multiplication with

1

w; ' is an automorphism of G, so we conclude that € = w;'w; Q) is dense in G.



4.1 The weak Hilbert property for algebraic groups o7

By the same argument applied to H and Q2 N H(k), it now suffices to show that
V' N H(k) is of finite index in QN H (k). To see this, consider the composed morphism
QNH(k) — Q — Q/Q. Tts kernel is Q'NH (k), so it induces an injective homomorphism

QN HE) /(N HE)) < Q.

Since the right-hand side is finite, so is the left-hand side, which proves the claim. [

With the observation from above, the fact that (HIT) may be formulated for many
covers follows by an easy induction. The arguments for this are the same as in the

proof of [25, Lemma 4.14] on a similar statement for abelian varieties.

Lemma 4.1.7. Let (m;: Y; — G)I, be a finite family of (PB)-covers. Then there
exists a finite index coset C' of ) such that, for allc € C and alli=1,...,n, the fiber

Y . is irreducible.

Proof. We argue by induction on n. If n = 1, the claim follows from Lemma 4.1.4.
Now assume that the statement holds for (;)?"}', so there exists a finite index coset
Cp-1 C Q such that, for all ¢ € C,_; and all ¢« = 1,...,n — 1, the fiber Y. is
irreducible. Choose an element ¢,_; € C,_; and a finite index subgroup ' C Q such
that Cp,_1 = ¢,—1€Q'. For every i = 1,...,n, let m.: Y; — G be the composition of 7;
and the translation on G by ¢,*,. In particular, fori = 1,...,n — 1 and ¢ € €, the
fiber of 7, over c is irreducible.

Since (G, ) satisfies (HIT) by Proposition 4.1.6, there exists a finite index coset C'
of ' such that, for every ¢ € C, the fiber of 7], over c is irreducible. It now follows
that the finite index coset ¢,,_1C of Q satisfies the claim. O

4.1.2 From (HIT) to the weak Hilbert property

We keep the notation and assumptions of the previous subsection. To show that €2
is not strongly thin in G, we first consider a single ramified cover of G, combining
the arguments of [25, Proposition 4.17] with the Chevalley-Weil type lifting result
Theorem 3.1.10. We stress that to do this, it is crucial to work with near-integral
points.

The following lemma is an extension of a well-known result for abelian varieties [66,

§IV.18] to the case of all algebraic groups.

Lemma 4.1.8. Let K be a field of characteristic 0, let G be a connected algebraic group
over K, and let \: X — G be a finite étale morphism of integral K -varieties with X

geometrically connected over K. Then there is a finite field extension L/K such that
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X, has the structure of a connected algebraic group over L that makes \p: X1, — Gp,

an 150geny.

Proof. Since G is connected with a K-rational point, it is geometrically connected
over K by [39, Corollaire 4.5.13.1(i)], so X, being finite étale over G, is normal (even
smooth) and geometrically connected over K. Since K is of characteristic 0, the étale
fundamental group 7¢(Gx) is commutative by [11, Proposition 1.1]. In particular,
every étale cover of G corresponds to a normal subgroup of 7¢(G%) and is thus
Galois. Thus, it follows from [11, Proposition 1.1] that X3 carries the structure of an
algebraic group over K that makes A an isogeny. The claim now follows by descending

the group structure of éf and the isogeny A to a finite extension L of K. O

The following proposition shows that, given a single ramified cover of G, we find a

finite index coset of €2 over which the fibers admit no k-point.

Proposition 4.1.9. With the notation and assumptions of the previous subsection, let
m: Y — G be a ramified cover. Then there exists a finite index coset C' of ) such that
Yo(k) =0 forallc € C.

Proof. Since the claim is trivially true if Y (k) = 0, we may and do assume that Y
admits a k-point and is thus geometrically connected over k. Moreover, it suffices to
prove the claim after replacing k£ by a finite extension. Thus, by Lemma 4.1.8, up
to a finite extension of k, we may and do assume that there exists a factorization
Y & G' A G of 7 such that ) is an étale subcover of 7 of maximal degree and G' — G
is an isogeny of algebraic groups. Note that u is a (PB)-cover of G’ by [55, Lemma 2.8].
By Lemma 4.1.5, up to replacing 2 by a finite index coset and composing 7 with a
translation on G that maps this coset to a subgroup, we may and do assume that 2 is
contained in the étale locus of 7.

By spreading out, there exists a normal Z-finitely generated integral domain R
with fraction field k, a connected linear finite type group scheme H over R, and a
connected finite type group scheme G over R such that Hy = H and G, = G. By
[24, Proposition 4.4], there exists a finitely generated subgroup © C Q N H(k) that
is dense in H. Enlarging R if necessary, we may and do assume that the finitely
many generators of Q and Q are contained in the groups G (R) and H(R), respectively.
From this we obtain Q C G(R) and Q C H(R). By [55, Lemma 2.13], there exists a

commutative diagram
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of connected algebraic groups over k such that every row is exact and every column
is an isogeny. Let L/k be a finite extension such that the kernel I' := ker(\;) of
AL: G} — G, consists only of L-rational points. Enlarging L further if necessary, by
Corollary 3.1.11, we may and do assume that G(R) C A(G'(L)) and H(R) C h(H'(L)).

Since a finite base change of a (PB)-cover is (PB), the cover puy: Y, — G is (PB).
For every ¢ € T', let p, = oo ur: Y, — G denote the (PB)-cover given as the
composition of uy, and translation on G by o.

Define 2 := A™1(Q)NG’(L). By our choice of L, the isogeny Az, induces a surjective
homomorphism Q" — € with finite kernel. Thus, €’ is an extension of finitely generated
groups and therefore finitely generated. Moreover, ' N H'(L) is dense in H', as its
image in H, contains Q by the choice of L. Thus, by Lemma 4.1.7, there exists a finite
index coset C” of Q' such that, for every ¢ € C’ and every o € T', the fiber p;'(c) is
irreducible. Let C' = A\(C"), which by the surjectivity of ) — ) is a finite index coset
of ).

We claim that C satisfies the claim of the proposition. Let ¢ € C'; we have to show
that Y,(k) = 0. If there is no x € G'(k) with A(z) = ¢, then there is nothing to show,
so we assume that there exists an € G'(k) such that A(z) = ¢. To prove the claim, it
suffices to show that the fiber Y, = u~!(z) has no k-rational point. By the definition
of C, there exists a point ¢ € G.(L) such that ¢ € C’. Since I' acts transitively on
the fibers of G, — G, there exists an element o € I' such that ox = ¢’ (as L-points
of G}). In particular, we have pu;'(¢') = Y, . Since ¢ € C’, we have that Y,z is
irreducible, and thus Y, is irreducible. By our assumption that 7 is étale over every
element of €2 and Y, is irreducible, Y, is the spectrum of a field extension of k(z) = k
of degree deg . Since 7 is ramified and A is étale, we have deg n > 2. This shows that
Y, (k) = 0 for every x € G'.(k) and thus Y.(k) = 0, as claimed. O

To conclude that €2 is not strongly thin, we have to go from one ramified cover to

many; this step is the same induction as in Lemma 4.1.7.

Proposition 4.1.10. Let (m;: Y; — G)_, be a finite family of ramified covers. Then
there exists a finite index coset C' of Q) such that, for all c € C and all 1 = 1,...,n,
we have Y; (k) = 0. In particular, Q is not strongly thin in G.

Proof. We repeat the arguments from Lemma 4.1.7 to prove the claim by induction,
with the case n = 1 being true by Proposition 4.1.9.

Assume that the statement holds for (7;)/'~]', i.e., there exists a finite index coset
Cn-1 C Q such that, for all c € C,,_y and all i = 1,...,n — 1, we have Y; .(k) = 0. Let
Cn—1 € Cp,_1 be an element and €' C Q a finite index subgroup such that C,,_; = ¢,_1.

For every ¢ = 1,...,n, let 7}: Y; = G be the composition of m; and the translation on
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G by c;',. Then, for every i = 1,...,n — 1 and every ¢ € ', the fiber of T, over ¢
admits no k-point.

By Proposition 4.1.6, the pair (G, €)’) satisfies (HIT), so by Proposition 4.1.9, there
exists a finite index coset C' of ' such that, for every ¢ € C, the fiber of 7], over ¢ has

no k-point. Hence, the finite index coset ¢,_1C' of () satisfies the claim. O

4.1.3 Proof of the weak Hilbert property

In this subsection, we conclude the proof of the weak Hilbert property for algebraic
groups. We now drop the notation fixed in the previous subsections. We first show

that we may always reduce to the case of finitely generated subgroups.

Proposition 4.1.11. Let k be a finitely generated field of characteristic 0 and let
0—H—G5A—0

be an exact sequence of connected algebraic groups over k, where H is linear and A
is an abelian variety. Let @ C G(k) be a subgroup that is dense in G and such that
QN H(k) is dense in H. Then there exists a finitely generated subgroup € of 0 such
that Q' is dense in G and Q' N H(k) is dense in H.

Proof. By [24, Proposition 4.4], there is a finitely generated subgroup Qg of QN H (k)
that is dense in H, say Qy = (h1,. .., hp). Moreover, since A(k) is finitely generated by
the Mordell-Weil Theorem and commutative, its subgroup p(f2) is finitely generated.
Let ay,...,a, € § be elements such that p(Q) is generated by p(ay),...,p(a,), and
define Q' = (hy, ..., hp, a1, ..., a,) C Q.

We first claim that Q = (aq,...,a,)(Q2N H(k)). Since the the inclusion from right
to left is obvious, we have to prove the inclusion from left to right. For any x € €2, we
find 71,...,r, € Z such that p(z) = p(a;)™ - - - p(a,)™. Define y = a}* ---aj» € Q and
note that y~'z € Q Nker(p) = QN H(k), which implies that = € y(Q2 N H(k)). Since
y € (aj,...,a,), this proves the claim.

We now show that the Zariski closure of €' in G contains §2, which by the density
of © in G concludes the proof. Given a subset V' C G, let ¢l (V') denote the (Zariski)

closure of V' in G. Then the inclusion
cl () Dl U aQu | 2 U cl (aQ2y)

of subsets of G holds. Since multiplication by an element a € G on GG is a homeomor-
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phism, we have

cl(aQy) = acl(Qy) D aH 2 a(QN H(k)).

This implies that

as required. 0
We are now ready to prove Theorem C.

Theorem 4.1.12 (Theorem C). Let R be a normal Z-finitely generated integral domain
with fraction field k of characteristic 0 and let G be a connected finite type group scheme
over R. If G(k) is dense in G, then there exists a dense open Spec R' C Spec R such
that G(R') is not strongly thin in Gy. In particular, Gr has the weak Hilbert property

over R'.

Proof. Let k be the fraction field of R and G = G;. Note that, by [79, Tag 047N]|, G

is smooth over k. Therefore, by [22, Theorem 1.1], there exists an exact sequence
0—H —G—A—0

of connected algebraic groups over k with H linear and A an abelian variety. By
[8, Corollary 18.3], H(k) is dense in H. Thus, by Proposition 4.1.11, there exists a
finitely generated dense subgroup Q of G(k) such that QN H(k) is dense in H. Let
Spec R' C Spec R be a dense open such that the generators of € are defined over R/,
ie., Q C Gr/(R'). Since the assumptions of the previous subsections are satisfied for
G,H, A, it follows from Proposition 4.1.10 that € is not strongly thin in G. In
particular, Gr/(R') is not strongly thin in G, so Gg satisfies the weak Hilbert property
over R'. O

Theorem C and standard spreading out arguments directly imply Theorem A:

Theorem 4.1.13 (Theorem A). Let k be a finitely generated field of characteristic O
and let G be a connected algebraic group over k. If G(k) is dense, then G satisfies the
weak Hilbert property.

Proof. By spreading out the scheme G and its group structure (see [72, Theorem 3.2.1]),
there exists a normal Z-finitely generated integral domain R with fraction field k£ and
a connected finite type group scheme G over R such that G = G;. By Theorem C,
there exists a dense open Spec R’ C Spec R such that G(R') is not strongly thin in G.
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Thus, G(k) 2 G(R') is not strongly thin, i.e., G satisfies the weak Hilbert property
over k. ]

4.2 Punctured linear algebraic groups

Throughout this section, we let K denote a number field, S a finite set of places
of K, and R = Ok g the ring of S-integers of K. The goal of this section is to verify
Conjecture 1.3.5 (i.e., prove part (5) of it) for all linear algebraic groups. Note that R
is 1-dimensional, so the set X (R)(l) of near- R-integral points on an arithmetic scheme
X over R equals its set X(R) of R-integral points (as subsets of X'(K)).

4.2.1 One point suffices

In order to to verify part (5) of Conjecture 1.3.5 for certain varieties, we investigate
arithmetic schemes for which the existence of one integral point in the complement
of a closed subscheme implies the non-strongly-thinness of such points. We will say
that such arithmetic schemes satisfy the property “(OPS)”, for “one point suffices”.
If this property is obtained after an enlargement of S (and preserved under further
enlargements), we refer to it as “(OPSE)”, for “one point suffices after extension (of

the base ring)”.

Definition 4.2.1. Let X be an arithmetic scheme over R and let ¢ > 1 be an integer.
We say that X satisfies (OPS) for codimension at least ¢ (over R) if X(R) # ) and,
for every closed subscheme Z C X such that Zx C Xk is of codimension at least ¢
and (X \ Z)(R) # 0, the set (X \ Z)(R) is not strongly thin in Xx. We say that X
satisfies (OPSE) for codimension at least c if there exists a finite set of places S’ of K
containing S such that, for every finite set of places S” of K containing S’, the scheme

Xo,. . satisfies (OPS) for codimension at least c.

In the definition of (OPS) we require X' (R) # () to avoid tautologies for schemes
without integral points. Note that, if (X \ Z)(R) is not strongly thin in X, then it is
also not strongly thin in Xx \ Zk. (This can be seen by normalizing a given ramified
cover of X \ Zx in Xk, which produces a ramified cover of Xx.) The property (OPS)
as defined above is not necessarily stable under enlargements of S (though it will be for
all schemes that we consider in this thesis), which is why in the definition of (OPSE) we
require (OPS) to hold for all enlargements S” of S’. An arithmetic scheme satisfying
(OPS) or (OPSE) (for any codimension) has a dense set of rational points, since the

empty subscheme is of codimension oo.
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Given a closed subscheme Z C X" and a finite set of places S’ of K containing S, we

have
(Xo, o \ 20, s )(Ok,s) = (X \ Z)o, ,(Ok,s) = (X \ Z2)(Ok.s)

as subsets of X'k (K); we make this identification tacitly when using the property (OPS)
for X@K o

In this subsection, we investigate integral points on products whose factors satisfy
(OPSE). The main tool to do this is our strong form of the product theorem for the
weak Hilbert property, Theorem E.

The following result shows that a punctured product of schemes satisfying (OPSE)

admits a non-strongly-thin set of integral points, up to enlarging the base ring.

Theorem 4.2.2. Let N > 1 be an integer, let X = X} X ... Xgr XN with each X; a
normal quasi-projective arithmetic scheme over R satisfying (OPSE) for codimension
NG. Let Z C X be a closed subscheme such that
Zr C Xk is of codimension at least c. Then there exists a finite set of places S" of K
containing S such that (X \ Z)(Ok.s') is not strongly thin in Xk.

at least ¢;, and let ¢ = max;—q

-----

satisfies (OPS)
for codimension at least ¢; for every finite set of places S’ containing S. We argue by
induction on N. Assume that N = 1. By the property (OPS), X'(K) is dense, so X'\ Z
admits a K-point p. Let S’ D S be a finite set of places such that p € (X' \ Z)(Ok.s).
Since Xo, , satisfies (OPS) for codimension at least c and (X'\ 2)(Ok ) is non-empty,
it follows that (X \ Z)(Ok g ) is not strongly thin in Xk, as required.

Now assume that N > 1 and define X' = X} xp...xpXy_1. Let 7’: X — X’ be the

projection onto & and let my: X — X'y be the projection onto the last factor. Let 7l

Proof. Enlarging S if necessary, we may assume that each X0,

and 7y kg denote the base change of 7’ and 7y along Spec K' — Spec R, respectively,
and note that 7 and 7y x are faithfully flat.

Since the & k are integral and have a dense set of K-rational points by the prop-
erty (OPS), they are geometrically integral. By [15, Proposition 3.5], the codimen-
sion condition spreads out; more precisely, there exist dense opens U’ C Xj. and
Un C Xy i such that, for every 2’ € U'(K) and for every xy € Uy(K), the codimen-
sion of (7% ) ' (2') N Zk in (7h)~'(2') and the codimension of (7my ) ! (xx) N Zx in
(mn.rc) " Hzy) are at least c.

Since X' (K) is dense in X, there exists a K-point p = (p/,pn) € (X \ Z)(K) with
p € U(K) and py € Uy(K). Let S O S be a finite set of places of K such that
p € (X\ Z)(Oks) and define R' = O g. Let my p and 7, be the pullback of mx
and 7’ along Spec R' — Spec R, respectively, identify W&}R, (pn) with X7J,, and write

Z' = Zp N7y w(pn). By the choice of py, the codimension of Zj in X} is at least c,
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so by the induction hypothesis, there exists a finite set of places S” of K containing
S" such that (X" \ Z')(Ok s») is not strongly thin in A7j;. Define R” = Ok ¢» and

Ii= (A \ 2)(R") NU'(K),

which is (also) not strongly thin in X} since U’ C X, is a dense open. Let s € I" and
let Fy:= () H(s) 2 Xy gv. Let Ty = Zgv N Fy be the intersection of Fy and Zgs in
X

Note that F; x N Zk has codimension at least ¢ in F; i by the choice of U’, and that
F; satisfies (OPS) for codimension at least ¢y (and thus for codimension at least c).
Thus, since (s,py) € (Fs \ Ts)(R"), we obtain that (Fy \ T5)(R") is not strongly thin
in Fy. Define

5 = BN TR C (X Z)(RY).

sel
Since I' = 7/(X) is not strongly thin in &}, and, for every element s € I', the
set XN ({s} x Ank) = (Fs \ Ts)(R") is not strongly thin in Fyx = {s} x Xy, it
follows from Theorem E that ¥ (and thus (X' \ Z)(R")) is not strongly thin in Xk, as
required. O

One might ask whether Theorem 4.2.2 holds with R” = R under the additional
assumption that (X \ Z)(R) is dense in X. Indeed, repeating the proof in this case,
we still find a point p = (p/,py) € (X' \ Z)(R) such that p’ € U'(K) and py € Un(K).
While the fiber X'\ Z’ does admit an R-point, it is not clear why its R-points should
be dense without enlarging R, so one would not be able to conclude that they are not
strongly thin. However, this implication of course does hold if X' = X} Xg... Xgp Xny_1
satisfies (OPS) for codimension at least c¢. Since we are not able to show that a
product of schemes with (OPS) satisfies (OPS), the same arguments in the proof of
Theorem 4.2.2 only show the following statement (in which we only consider products

of two schemes):

Theorem 4.2.3. Let ¢ > 1 be an integer, let X; and Xy be normal quasi-projective
arithmetic schemes over R satisfying (OPS) for codimension at least ¢, denote their
product by X = X| Xgr Xy, and let Z C X be a closed subscheme such that Zx C Xk
is of codimension at least c. If (X' \ Z)(R) is dense, then it is not strongly thin in Xi.

Proof. We adapt the arguments of the proof of Theorem 4.2.2. Let 7; and 75 be the
projection from & to X; and X, respectively, and let 7 x and 7, x denote their base
change along Spec K — Spec R, respectively.

Let i € {1,2} and note that m; x is faithfully flat. Moreover, &; k is integral with a
dense set of K-rational points by the property (OPS), so it is geometrically integral.
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This shows that Xk is also geometrically integral. Therefore, by [15, Proposition 3.5],
there exists a dense open U; C A i such that, for every z € U;(K), the codimension
of (mix)  (z) N Zxk in (m; k) () is at least c.

By the density of (X \ Z)(R), there exists a point p = (p1,p2) € (X \ Z)(R) with
p1 € Uy(K) and py € Us(K). Identify m, *(p2) with &} and write Z;, := ZNm, ' (p2). By
the choice of ps, the codimension of Z; g in X g is at least c. Thus, since X; satisfies
(OPS) for codimension at least ¢ and p; € (X; \ Z1)(R), we obtain that (X; \ Z1)(R)
is not strongly thin in &) k.

Define

[':=(X1\ 2Z)(R)NU(K),

which is (also) not strongly thin in X; x since Uy C &)  is a dense open. Let s € T
and let Fy := (m)7(s) & Xy, Let T, = Z N F, be the intersection of F, and Z in X.
Note that Fs x N Zx has codimension at least ¢ in Fy g by the choice of Uy, and that
F satisfies (OPS) for codimension at least ¢. Thus, since (s,p2) € (Fs \ Ts)(R), we
obtain that (Fy \ T)(R) is not strongly thin in F;. Define

2= JENT)(R) C (X\ Z)(R).

sel

Since I' = m(X) is not strongly thin in X} and, for every element s € I', the set
EN({s}x Xy k) = (Fs\Ts)(R) is not strongly thin in F x = {s} x Xs f, it follows from
Theorem E that ¥ (and thus (X \ Z)(R)) is not strongly thin in Xk, as required. [

4.2.2 (OPS) for commutative group schemes

Recall that R = Ok g. If X is a finite type R-scheme and Z C X is a closed subscheme,
we say that Z is vertical if its image in Spec R is a finite set of closed points (i.e.,
Zr =), as follows, for example, from [79, Tag 055H]).

In [44, Proposition 4.1], Hassett and Tschinkel use an approximation argument to
prove potential density of integral points on punctured tori (which they attribute to

McKinnon). This argument shows the following.

Lemma 4.2.4. Let G be a finite type group scheme over R. Let Z be a vertical closed
subscheme of G. For every p € (G \ Z)(R), there is an integer m > 1 such that
p-G(R)" C(G\ Z)(R).

Proof. Since Z is vertical, its image in Spec R is finite. Let pi,...,p, be the primes
lying under Z. Let m; be the order of the (finite) group G(k(p;)) and define m as
the least common multiple of the m;. Note that, for every g in G(R)™ C G(R), the
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element p - g lies in (G \ Z)(R). Indeed, for every i = 1,...,n, the image of p- ¢ in
G(k(p;)) equals the image of p (as g reduces to the identity element). This concludes
the proof. ]

Remark 4.2.5. Let G be a connected finite type group scheme over R and let Z
be a vertical closed subscheme of G. If G(R) is dense and (G \ Z)(R) is non-empty,
then (G \ Z)(R) is dense. Indeed, let p € (G \ Z)(R) and choose m > 1 such that
p-GR)™ C (G\ 2)(R). Let [m]: Gk — Gk denote the m-power map. By [79,
Tag 0BF5|, the tangent map induced by [m] is the multiplication by m and thus
surjective. Since Gk is smooth over K [79, Tag 047N], it follows from [2, Lemma 3.3]
that [m] is dominant. Thus, by the density of G(R), its image G(R)™ under [m] is
dense, so (G \ Z)(R) contains the dense subset p - G(R)™ and is thus dense.

Combining the approximation argument in Lemma 4.2.4 with the strong form of
Hilbert irreducibility given in Proposition 4.1.10, we can strengthen the density con-

clusion of the above remark to a non-strongly-thinness conclusion.

Proposition 4.2.6. Let G be a connected commutative finite type group scheme over R
and let
00— H—Gx —A—0

be an exact sequence of connected algebraic groups over K with H linear and A an
abelian variety. Assume that G(R) is dense in Gk and that G(R) N H(K) is dense
in H. Then G satisfies (OPS) for codimension at least dim Gk + 1.

Proof. Let Z C G be a closed subscheme with (G \ Z)(R) # 0 and such that Zg
is of codimension at least dimGg + 1 in Gk, i.e. Zx = 0, so Z is a vertical closed
subscheme of G. Let p € (G \ Z)(R). By Lemma 4.2.4, we may choose m > 1
such that p- G(R)™ C (G \ Z)(R). To prove the claim, it suffices to show that
Q := G(R)™ is not strongly thin is Gx (as is evident by composing ramified covers
of Gx with translation by p). Note that Q is dense in Gi (cf. Remark 4.2.5) and,
similarly, QN H(K) D (G(R) N H(K))™ is dense in H. Moreover, € is a subgroup of
G(K) by the commutativity of G. Thus, by Proposition 4.1.11, there exists a finitely
generated subgroup ' of Q such that €’ is dense in G and Q' N H(K) is dense in H.
By Proposition 4.1.10, this implies that €’ (and thus 2) is not strongly thin in G. [

We stress that G satisfying (OPS) for codimension at least dimGx + 1 is not an
empty statement, as the codimension of the closed subscheme Z C G that is removed
is taken in the generic fiber, so Z is not necessarily empty, as it could be a vertical

subscheme of G.
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Corollary 4.2.7. Let G be either an affine connected commutative finite type group
scheme over R or an abelian scheme over R. If G(R) is dense, then G satisfies (OPS)

for codimension at least dim G + 1.

Proof. Apply Proposition 4.2.6 to the obvious exact sequence in which H = 0 (if G is
an abelian scheme) or A = 0 (if G is affine). (Note that an affine algebraic group over
K is linear [8, Proposition 1.10].) O

Corollary 4.2.8. Let G be a connected commutative finite type group scheme over R
with G(K) dense. Then G satisfies (OPSE) for codimension at least dim Gx + 1.

Proof. Note that Gy is smooth over K by [79, Tag 047N]. Thus, by [22, Theorem 1.1],

there exists an exact sequence
00— H—Gx—A—0

of connected algebraic groups over K with H linear and A an abelian variety. By
assumption,  := G(K) is dense in G, and by [8, Corollary 18.3], H(K) = QN H(K)
is dense in H. Thus, by Proposition 4.1.11, there exists a finitely generated dense
subgroup €' C 2 such that Q' N H(K) is dense in H. Let R' = Ok g for S’ a finite set
of places of K containing S such that the generators of Q' lie in G(R'), i.e., ' C G(R').
Let S” be any finite set of places of K containing S’ and define R” = Ok gr. Since
G(R") D G(R'), we see that G(R") D G(R') is dense in G and G(R")NH (K) is dense in
H, so Ggr satisfies (OPS) for codimension at least dim G + 1 by Proposition 4.2.6. [J

The following example uses the above corollaries to highlight the difference between
Theorem 4.2.2 and Theorem 4.2.3.

Example 4.2.9. Let G = Gf‘n,R and let Z C G be a closed subscheme.

1. By Corollary 4.2.8, each factor G,,  satisfies (OPSE) for codimension at least 2.
Thus, if Zx C Gk is of codimension at least 2, then by Theorem 4.2.2, there
exists a finite set of places S” containing S such that (G\ Z)(Of s) is not strongly
thin in Gg.

2. Assume that (G\ Z)(R) is dense and that Zx C Gk is of codimension at least 3.
Write G = G}, p xrG}, - Then G}, p(R) is dense in G}, ., so both factors satisfy
(OPS) for codimension at least 3 by Corollary 4.2.7. Thus, (G \ Z)(R) is already
not strongly thin in Gx by Theorem 4.2.3.
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4.2.3 Background on weak and strong approximation

Among the many arithmetic properties studied in relation to rational points are weak
and strong approximation, which, roughly speaking, concern whether global rational
points can be closely approximated by local solutions at various places of a number
field. These approximation properties have been shown to imply the Hilbert property
in certain settings, first by Ekedahl [32] for rational points on varieties, and they play a
central role in the results developed in the remainder of this section. In this subsection,
we give a brief overview about weak and strong approximation to provide the necessary
background. While only strong approximation is directly relevant to the results of this
thesis, we also include a short discussion of weak approximation for completeness. Our
main references for this are 20, 74].

Recall that K is a number field and S is a finite set of places of K (though the
following definitions also extend to all global fields). We let 2 denote the set of places
of K and 2 C Q the subset of finite (i.e., non-archimedian) places.

If v is a place of K, then K, carries its natural v-adic topology. Moreover, if X is a
variety over K, then X (K,) is naturally equipped with a v-adic topology and we have
a map X (K) — X(K,) induced by the inclusion K — K,.

Definition 4.2.10 (see [74, §3.5]). Let X be a variety over K and let S" C Q be a
finite set of places. We say that X satisfies weak approximation for S if the image of
the diagonal map X (K) — [[,ce X(K,) is dense.

Weak approximation for S" means that, for any tuple (ay)ves € [[,cq X (£,), all
points «, can be approximated simultaneously by a series of K-rational points in the
respective v-adic topology. We say that X satisfies weak approximation if this holds

for every finite set of places S’

Definition 4.2.11 (see [20, Definition 12.2.2], [74, Definition 3.5.6]). A variety X over
K satisfies weak approximation if X satisfies weak approximation for S’ for every finite
set of places S’ C Q.

A weaker version of weak approximation is weak weak approximation, where points
may only be approximated in the v-adic topology for v outside of a given finite set of

places:

Definition 4.2.12 (see [20, Definition 12.2.4], [74, Definition 3.5.6]). A variety X
over K satisfies weak weak approximation if there exists a finite set of places T' C )

such that X satisfies weak approximation for S’ for every finite set of places S” C Q\T.
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The weak approximation property is known for rational varieties and weak weak
approximation is known, for example, for tori [74, §3.5].

By a theorem of Ekedahl [32], an integral variety satisfying weak weak approximation
satisfies the Hilbert property. A conjecture due to Colliot-Théléne (see [74, Conjec-
ture 3.5.8]) predicts that weak weak approximation holds for every smooth unirational

variety:

Conjecture 4.2.13 (Colliot-Thélene). Let X be a smooth unirational variety over K.

Then X satisfies weak weak approximation.

In particular, by Ekedahl’s theorem, a proof of Conjecture 4.2.13 would imply that
every smooth unirational variety over QQ (even every unirational variety since unira-
tionality is birational) has the Hilbert property and thus provide a positive answer to
the Inverse Galois Problem (see Theorem 2.2.7).

Weak approximation tells us that X (K') can approximate local points at any finite
set of places. Working with arithmetic schemes over Ok g, we are not only interested
in prescribing behavior in finitely many places, but also requiring good reduction at
all the other (finite) places simultaneously. The natural way to encode this global
information is through the space of adelic points.

In all of the following definitions of this subsection, we assume that S contains all

archimedian places of K.

Definition 4.2.14. The ring of adeles of K is the subring Ag C [],.q Ko consisting
of the elements of the form (\,),cq such that A\, € Ok, for all except finitely many
v € V. The ring of S-adeles of K is the subring

Ars=]]Kox [ Oxw C Ak
veES veQ\S

If T'C Q is a finite set of places of K, then the ring A% of adeles away from T (resp.
the ring A% ¢ of S-adeles away from T) is the image of Ag (resp. of Ak s) under the

projection HUEQ K, — HUEQ\T Ky.

Alternatively, one can define the adeles (and S-adeles) away from T' similarly to
the adeles (and S-adeles) by omitting all places v € T in the product. The ring of
(S-)adeles (away from T') is endowed with the subtopology induced by the product
topology, with each component carrying its natural v-adic topology.

Note that K embeds diagonally into Ag since every element of K is integral with
respect to almost every finite place of K. In particular, if X is a variety over K, we

obtain a map from X (K) to the space of adelic points X (Ak) of X and a natural
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topology on X (Ag), called the adelic topology. Similarly, we have a natural topology

induced on the space X (AL) of adelic points away from T on X.

Definition 4.2.15 (see [20, Definition 12.2.7]). Let X be a variety over K and let
T C Q be a finite set of places of K. Then X satisfies strong approzimation off T if
the image of X (K) in X(AL) is dense.

If X is proper over K, we have X(AL) = [Tocar X (&), so if X satisfies weak
approximation, then X satisfies strong approximation off any finite set T C (2.

There is however no diagonal embedding of K into Ag g. Considering integral points
instead of rational points, we obtain an analogue of the strong approximation property
by using the diagonal embedding of Ok g into Ag g (or into the S-adeles away from
some finite set of places). We give the following definition in the context of arithmetic

schemes.

Definition 4.2.16. Let X be an arithmetic scheme over O g and let T' C Q) be a
finite set of places. We say that X satisfies integral strong approzimation off T if (the
diagonal image of) X(Ok sur) is dense in X'(A% g).

If Xk is smooth, this property of X is also referred to as integral strong approxima-
tion off 7" in [64, Definition 2.21]. We will use the term integral strong approximation
without the smoothness assumption. If S contains 7" and X" is normal, integral strong
approximation off T" is a special case of Campana weak weak approximation, as defined
in [67, Definition 2.7] (note that X is dominant and therefore flat over the Dedekind
domain Ok g, which is part of the definition given by Nakahara—Streeter). If X" is nor-
mal, it is shown in [67, Theorem 1.1] that Campana weak weak approximation implies
the Campana Hilbert property (which is the usual Hilbert property in our case). This
theorem of Nakahara—Streeter has been further generalized by Moerman [65, Theo-
rem 1.1], where normality of X" is not required. By Moerman’s theorem, an arithmetic
scheme satisfying integral strong approximation has the Hilbert property, provided

that it admits at least one integral point. This gives us the following proposition.

Proposition 4.2.17. Let T be a finite set of places of K, let X be an arithmetic
scheme over Ok g, and assume that X satisfies integral strong approzimation off T,
i.e., X(Oksur) is dense in X(A?SUT). If X(Ok sur) is not empty, then it is not thin
m XK.

Proof. To see that this is a special case of [65, Theorem 1.1], we write the integral
points of X using the notion of M-points introduced in [65, Definition 3.12]. By the
universal property of fiber products, we may replace X by Xo . to assume that S

contains 7.
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Let X — X be an open immersion of arithmetic O g-schemes with X proper
over Ok s and define D = X \ X. Let X, X, D denote the generic fiber of X, X, D,
respectively. We consider the set of multiplicities 9t = {(0)} and define M = ((D), M)
and M = ((D),"M). Then X is a proper variety over the PF field (K, SpecOk)
and the pair (X, M) is an integral model of the pair (X, M) over Spec Ok s (see
[65, Definition 3.1 and Definition 3.4]). Moreover, for the pair (X, M), the set of
M-integral points is X (Ok ) [65, §3.3, Example (1)], and the set of integral adelic
M-points is X (A% g 7) [65, Example 4.4].

Our assumption now says that (X, M) admits an M-integral point and that its M-
integral points are dense in its integral adelic M-points, i.e., (X, M) satisfies integral
Me-approximation off T [65, Definition 4.8]. Therefore, by [65, Theorem 1.1], X(Ok s)

is not thin in X, and thus not in X, as required. ]

As a direct corollary, we see that an arithmetic scheme over Ok g has the Hilbert
property if it admits an integral point and its generic fiber satisfies strong approxima-

tion.

Corollary 4.2.18. Let T be a finite set of places of K contained in S, let X be an
integral K -variety satisfying strong approximation off T, and let X be a arithmetic

scheme over O g such that X = X. If X(Oks) is non-empty, then it is not thin
n X.

Proof. As X(Ok.) is non-empty, X (A% ¢) is a non-empty open subset of X(A%).
By strong approximation off 7', the diagonal image of X (K) inside X (AZ) is dense.
Therefore, the intersection X' (A% ¢) N X (K) is dense in X' (A% ). Since every K-point
of X inside X(A% g) is S-integral, this shows that the diagonal image of X'(Oks) in
X (A% g) is dense. Thus, it follows from Proposition 4.2.17 that X(Ok.s) is not thin

in X, as claimed. O

4.2.4 Strong approximation and the punctured Hilbert property

If X is a variety over K and X satisfies strong approximation off a finite set of places T’
of K, it was asked by Wittenberg [84, Question 2.11] if X \ Z satisfies strong approx-
imation off T' for every closed subscheme Z C X of codimension at least 2. If this
condition is satisfied for a given normal integral variety X and X is a model of X with
an integral point over Ok g, then Corollary 4.2.18 implies that X satisfies (OPS) for
codimension at least 2.

For T # (), a positive answer to Wittenberg’s question was given for the affine space
X = A% by Cao—Xu [16, Proposition 3.6] and Wei [83, Lemma 2.1], and for X a con-
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nected semi-simple simply connected quasi-split linear algebraic group by Cao-Liang-
Xu [15, Theorem 1.1]. The latter result has been further extended by Cao-Huang [14,
Theorem 1.4] to semi-simple simply connected almost simple algebraic groups which
are isotropic. As a direct corollary of these results on strong approximation and the

work of Moerman and Nakahara—Streeter, we obtain the following.

Corollary 4.2.19. Let G be an arithmetic scheme over Ok s such that Gi is a quasi-
split semi-simple simply connected linear algebraic group over K or a unipotent group
over K. If G(Oks) # 0, then G satisfies (OPS) for codimension at least 2.

Proof. We may and do assume that S contains all archimedian places of K (recall that
this does not affect O g). In particular, this implies that S # (). Let Z C G be a
closed subscheme such that Zx C Gy is of codimension at least 2. Define X = G\ 2
and X = Xk and assume that X(Ogs) # 0. If Gk is a semi-simple simply connected
quasi-split linear algebraic group over K, then X satisfies strong approximation off .S
by [15, Theorem 1.1]. If Gk is a unipotent group over K, then it is isomorphic (as a
variety) to A%, and thus X satisfies strong approximation off S by [16, Proposition 3.6]
(see also [83, Lemma 2.1]). Therefore, it follows from Corollary 4.2.18 (taking T' = 5)
that X (O ) is not thin in X and thus not thin in Gg. O

Using universal coverings and the Chevalley—Weil type lifting arguments for inte-
gral points, we can drop the simply-connectedness assumption in Corollary 4.2.19 by
replacing (OPS) with (OPSE).

Proposition 4.2.20. Let G be an arithmetic scheme over Ok g such that Gk s a

semi-simple quasi-split linear algebraic group over K or a unipotent group over K.
Then G satisfies (OPSE) for codimension at least 2.

Proof. Let G = Gg. Assume first that G is unipotent. Let S’ be a finite set of places
of K containing S such that G(Ok ¢/) # (0. Then, by Corollary 4.2.19, Go, o satisfies
(OPS) for codimension at least 2 for every finite set of places S” of K containing 5,
i.e., G satisfies (OPSE) for codimension at least 2.

Now assume that G is semi-simple quasi-split. By [23, Corollary A.4.11], there
exists an isogeny \: G’ — G with G’ a connected semi-simple simply connected linear
algebraic group over K. Enlarging S if necessary, there exists a model G' of G’ over
R = Ok s such that A extends to a finite étale morphism A: G — G. Let S’ be any
finite set of places of K containing S. To prove the claim, we may replace S by S’
(and G and G’ by Go, , and Go, , accordingly) and show that G satisfies (OPS) for
codimension at least 2.
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By Theorem 3.1.10, there exists a finite étale morphism SpecT" — Spec R such that
G(R) is contained in A(G'(T)). Let L denote the fraction field of T. We modify the Weil
restriction argument from Theorem 3.2.4 to integral points to replace the T-integral
points of G’ by R-integral points of finitely many twists of G’. Consider the induced

morphism of Weil restrictions

ResT/R(S\T): RGST/R(Q%) — ResT/R(gT).

Since Weil restrictions are compatible with fiber products (see the discussion following
Lemma 1 of [9, §7.6]), we have that

(ReST/R()\T))K = ResL/K()\L): ResL/K(G'L) — ResL/K(GL).

Let A: G — Resp/p(Gr) denote the diagonal embedding. Let Gi,...,Gq be the
connected components of G XA Res;)p(6r) Resr/r(Gr) that satisfy G;(R) # 0 and let
G; = G; k. Note that the natural morphisms \;: G; — G are finite étale and extend to
the natural morphisms );: G; — G, so in particular, we have \;(G;(R)) C G(R). Since
G; is normal connected with a K-rational point, it is geometrically integral. Moreover,
over the algebraic closure K of K, each G, is isomorphic to G’?, with the base change
of \; over K being identified with A. In particular, the GG; are connected semi-simple
simply connected linear algebraic groups over K. Since G is quasi-split, so are the Gj,
since quasi-splitness is invariant under isogeny. (In fact, the image of a Borel subgroup
under a surjective homomorphism of linear algebraic groups is a Borel subgroup, see
[78, Corollary 6.2.8].) Thus, by Corollary 4.2.19, all G; satisfy (OPS) for codimension
at least 2.

Let Z C G be a closed subscheme with Zx C G of codimension at least 2 and
(G \ Z)(R) # 0; we have to prove that (G \ Z)(R) is not strongly thin in G. Let
p € (G\ Z)(R). Since G(R) is contained in A\(G'(T")), by the defining properties of Weil
restriction, p lifts to an R-integral point of Resy,z(G7), and thus to a point p’ € G;(R)
for some i. Let Z’ denote the inverse image of Z in G;. By [39, Corollaire 6.1.4],
2. C G, is of codimension at least 2. Since p’ € (G; \ 2’)(R) and G; satisfies (OPS)
for codimension at least 2, the set (G; \ Z’)(R) is not strongly thin in G;. More-
over, its image under the finite étale morphism J\; is contained in (G \ Z)(R). By [5,
Lemma 5.3(b)], this implies that (G \ Z)(R) is not strongly thin in G, as required. [

Proposition 4.2.20 says that connected semi-simple quasi-split linear algebraic groups
and unipotent groups over K satisfy the “punctured integral Hilbert property”, i.e.,
part (5) of Conjecture 1.3.5 (even without enlarging K'). Combining this with Theo-
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rem 4.2.2 and Corollary 4.2.8, we obtain the same result for products of those groups
and 1-dimensional connected commutative algebraic groups with a dense set of rational

points.

Corollary 4.2.21. Let G = Hf\il G be an algebraic group over K with each G; either
isomorphic to G,, G, a connected semi-simple quasi-split linear algebraic group, a
unipotent group, or an elliptic curve over K. Let Z C G be a closed subscheme of
codimension at least 2. If G(K) is dense, then there exists a finite set T of places of K
such that G\ Z satisfies the weak Hilbert property over O r. In particular, G satisfies
part (5) (and thus also (2)-(4)) of Conjecture 1.3.5.

Proof. Let T be a finite set of places of K such that, for each i, there exists a normal
quasi-projective model G; of G; over Ok pr, and G; is a commutative group scheme over
Ok for all i for which dimG; = 1 (i.e., for all except the semi-simple quasi-split
and the unipotent case). Let R’ = Ok, consider the model G = G; Xp ... Xp Gy
of G over R, and let Z C G be the closure of Z in G. By Corollary 4.2.8 and
Proposition 4.2.20, each G; satisfies (OPSE) for codimension at least 2, so the claim
follows from Theorem 4.2.2. O]

4.2.5 Application to linear algebraic groups

We are now ready to prove Theorem H, which says that linear algebraic groups satisfy
part (5) Conjecture 1.3.5 and thus the full conjecture. The following descent argument

reduces the proof of Theorem H to products of algebraic groups that satisfy (OPSE).

Lemma 4.2.22. Let ¢: X' — X be a smooth proper morphism of normal integral
varieties over K and let ¢ > 1 be an integer. Assume that, for every closed subscheme
7' C X' of codimension at least c, there is a number field L and a finite set of places
T of L such that (X' \ Z')1, satisfies the weak Hilbert property over Orr. Then, for
every closed subscheme Z C X of codimension at least ¢, there is a number field L and
a finite set of places T' of L such that (X \ Z), satisfies the weak Hilbert property over
Orr.

Proof. Let Z C X be a closed subscheme of codimension at least c and let Z' = ¢~1(7).
By [39, Corollaire 6.1.4], Z' C X’ has codimension at least ¢. By the assumption on
X', there is a number field L, a finite set of places T" of L, and a model U’ of (X'\ Z'),
over Op 1 such that U'(Orr) is not strongly thin in ;. Enlarging 7" if necessary,
there exists a model U of (X \ Z) over Op 1 such that the smooth proper morphism
@' U — Uy, induced by ¢ extends to a morphism U’ — U over Op 1. In particular,
the image ¢'(U'(Opr)) is contained in U(Of r). Since U'(Orr) is not strongly thin
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in Uy, it follows from [5, Lemma 5.3(b)] that ¢/'(U'(Orr)) (and thus U(OL r)) is not
strongly thin in U, = (X \ Z)1, ie., (X \ Z) satisfies the weak Hilbert property

over O, 7. O

Note that Lemma 4.2.22 says in particular that condition (5) of Conjecture 1.3.5
descends along smooth proper morphisms. (The same also holds for smooth surjective

morphisms with geometrically integral generic fiber by [5, Lemma 5.3(a)].)

Theorem 4.2.23 (Theorem H). Let G be a connected linear algebraic group over a
number field K and let Z C G be a closed subscheme of codimension at least 2. Then
there exists a finite field extension L/K and a finite set of places T of L such that
(G \ Z), satisfies the weak Hilbert property over Op .

Proof. By Mostow’s Theorem [46, §VIII, Theorem 4.3], there exists a unipotent group U
and a reductive group P over K such that G is the semi-direct product of U and P.
In particular, G is isomorphic to U x P as a K-variety.

Let Rad(P) denote the radical of P and let P4 denote the derived subgroup of P.
By [40, Exposé XXII, Proposition 6.2.4], there exists an isogeny (in particular, a finite
étale cover) Rad(P) x P9 — P. Since Rad(P) is a torus, there exists a finite field
extension L/K and an integer n > 0 such that Rad(P) = G}, ;. The derived subgroup
Pder of P is semi-simple, so by [23, Corollary A.4.11] there exists a connected semi-
simple simply connected linear algebraic group G’ over K and a finite étale cover
G' — P, Enlarging L if necessary, we may further assume that G, is split. Define
G" = Uy x G}, ;, X G, and note that we have a finite étale morphism G” — G'r.

We claim that the theorem holds for G”. Let Z” C G” be a closed subscheme of
codimension at least 2. Let T' # ) be a finite set of places of L such that there exist
normal quasi-projective models U of Uy, and G’ of G’ over R' := O . Let Z” denote
the closure of Z” in the model G" := U xp G}, p X g G' of G" over R'. Since Gy, r
satisfies (OPSE) for codimension at least 2 by Corollary 4.2.8 and U and G” satisfy
(OPSE) for codimension at least 2 by Corollary 4.2.19, it follows from Theorem 4.2.2
that there exists a finite set of places 7" of L containing 7" such that (G”\ Z”)(Op 1) is
not strongly thin in G”, i.e., the theorem holds for G”. By Lemma 4.2.22, this implies
that it also holds for G. O






Bibliography

1]

[10]

[11]

[12]

[13]

F. Bartsch. New examples of geometrically special varieties: K3 surfaces, Enriques
surfaces, and algebraic groups. arXiv:2502.09400, 2025.

F. Bartsch and A. Javanpeykar. Kobayashi-Ochiai’s finiteness theorem for orbifold
pairs of general type. J. Inst. Math. Jussieu, 23(6):2713-2732, 2024.

F. Bartsch, A. Javanpeykar, and A. Levin. Symmetric products and puncturing
Campana-special varieties. arXiw:2412.14951, 2024.

L. Bary-Soroker, A. Fehm, and S. Petersen. On varieties of Hilbert type. Ann.
Inst. Fourier (Grenoble), 64(5):1893-1901, 2014.

L. Bary-Soroker, A. Fehm, and S. Petersen. Hilbert properties under base change
in small extensions. arXiv:2312.16219, 2023.

F. A. Bogomolov. Holomorphic tensors and vector bundles on projective mani-
folds. Izv. Akad. Nauk SSSR Ser. Mat., 42(6):1227-1287, 1439, 1978.

F. A. Bogomolov and Y. Tschinkel. Density of rational points on Enriques surfaces.
Math. Res. Lett., 5(5):623-628, 1998.

A. Borel. Linear algebraic groups, volume 126 of Graduate Texts in Mathematics.

Springer-Verlag, New York, second edition, 1991.

S. Bosch, W. Liitkebohmert, and M. Raynaud. Néron models, volume 21 of
Ergebnisse der Mathematik und ihrer Grenzgebiete (3) [Results in Mathematics
and Related Areas (3)]. Springer-Verlag, Berlin, 1990.

E. Boughattas. Pureté de 'approximation forte sur le corps des fonctions d’une
courbe algébrique complexe. Manuscripta Math., 175(1-2):679-706, 2024.

M. Brion and T. Szamuely. Prime-to-p étale covers of algebraic groups and ho-
mogeneous spaces. Bull. Lond. Math. Soc., 45(3):602-612, 2013.

F. Campana. Orbifolds, special varieties and classification theory. Ann. Inst.
Fourier (Grenoble), 54(3):499-630, 2004.

F. Campana. Orbifoldes géométriques spéciales et classification biméromorphe
des variétés kahlériennes compactes. J. Inst. Math. Jussieu, 10(4):809-934, 2011.



78

[14]

[15]

[16]

[17]

[22]

[23]

[24]

[25]

[26]

Bibliography

Y. Cao and Z. Huang. Arithmetic purity of strong approximation for semi-simple
simply connected groups. Compos. Math., 156(12):2628-2649, 2020.

Y. Cao, Y. Liang, and F. Xu. Arithmetic purity of strong approximation for
homogeneous spaces. J. Math. Pures Appl. (9), 132:334-368, 2019.

Y. Cao and F. Xu. Strong approximation with Brauer-Manin obstruction for toric
varieties. Ann. Inst. Fourier (Grenoble), 68(5):1879-1908, 2018.

S. Coccia. The Hilbert property for integral points of affine smooth cubic surfaces.
J. Number Theory, 200:353-379, 2019.

S. Coccia. A Hilbert irreducibility theorem for integral points on del Pezzo sur-
faces. Int. Math. Res. Not. IMRN, (6):5005-5049, 2024.

J.-L. Colliot-Thélene and J.-J. Sansuc. Principal homogeneous spaces under
flasque tori: applications. J. Algebra, 106(1):148-205, 1987.

J.-L. Colliot-Thélene and A. N. Skorobogatov. The Brauer-Grothendieck group,
volume 71 of Ergebnisse der Mathematik und ihrer Grenzgebiete. 3. Folge. A Series
of Modern Surveys in Mathematics [Results in Mathematics and Related Areas.
3rd Series. A Series of Modern Surveys in Mathematics]. Springer, Cham, 2020.

J.-L. Colliot-Thélene and P. Swinnerton-Dyer. Hasse principle and weak approx-
imation for pencils of Severi-Brauer and similar varieties. J. Reine Angew. Math.,
453:49-112, 1994.

B. Conrad. A modern proof of Chevalley’s theorem on algebraic groups. J.
Ramanujan Math. Soc., 17(1):1-18, 2002.

B. Conrad, O. Gabber, and G. Prasad. Pseudo-reductive groups, volume 26 of
New Mathematical Monographs. Cambridge University Press, Cambridge, second
edition, 2015.

P. Corvaja. Rational fixed points for linear group actions. Ann. Sc. Norm. Super.
Pisa Cl. Sci. (5), 6(4):561-597, 2007.

P. Corvaja, J. L. Demeio, A. Javanpeykar, D. Lombardo, and U. Zannier. On the
distribution of rational points on ramified covers of abelian varieties. Compos.
Math., 158(11):2109-2155, 2022.

P. Corvaja and U. Zannier. On the Hilbert property and the fundamental group
of algebraic varieties. Math. Z., 286(1-2):579-602, 2017.



Bibliography 79

[27]

[28]

[31]

[32]

[37]

[38]

J. Demeio and S. Streeter. Weak approximation for del Pezzo surfaces of low
degree. Int. Math. Res. Not. IMRN, (13):11549-11576, 2023.

J. Demeio, S. Streeter, and R. Winter. Weak weak approximation and the Hilbert
property for degree 2 del Pezzo surfaces. Proc. Lond. Math. Soc. (3), 128(5):Paper
No. e12601, 28, 2024.

J. Demeio, S. Streeter, and R. Winter. Hilbert property for low-genus families
and degree-one del Pezzo surfaces. arXiv:2510.13967, 2025.

J. L. Demeio. Non-rational varieties with the Hilbert property. Int. J. Number
Theory, 16(4):803-822, 2020.

J. L. Demeio. Elliptic fibrations and the Hilbert property. Int. Math. Res. Not.
IMRN, (13):10260-10277, 2021.

T. Ekedahl. An effective version of Hilbert’s irreducibility theorem. In Séminaire
de Théorie des Nombres, Paris 1988-1989, volume 91 of Progr. Math., pages
241-249. Birkhauser Boston, Boston, MA, 1990.

H. Esnault and E. Viehweg. Lectures on vanishing theorems, volume 20 of DMV

Seminar. Birkhduser Verlag, Basel, 1992.
A. Fehm and A. Javanpeykar. Hilbert properties of varieties. Preprint, 2025.

A. Ferretti and U. Zannier. Equations in the Hadamard ring of rational functions.
Ann. Sc. Norm. Super. Pisa Cl. Sci. (5), 6(3):457-475, 2007.

M. D. Fried and M. Jarden. Field arithmetic, volume 11 of Ergebnisse der Math-
ematik und threr Grenzgebiete (3). Springer-Verlag, Berlin, 1986.

E. Gazaki and A. Koutsianas. Weak approximation for 0-cycles on a product of
elliptic curves. Math. Ann., 388(2):1539-1568, 2024.

A. Grothendieck. Revétements étales et groupe fondamental (SGA 1) Fasc. II:
Ezposés 6, 8 a 11. Institut des Hautes Etudes Scientifiques, Paris, 1963. Troisiéme

édition, corrigée, Séminaire de Géométrie Algébrique, 1960/61.

A. Grothendieck. Eléments de géométrie algébrique. IV. Etude locale des schémas
et des morphismes de schémas. II. Inst. Hautes Etudes Sci. Publ. Math., (24):231,
1965.



80

[40]

[43]

[44]

[46]

[47]

[48]

Bibliography

A. Grothendieck and M. Demazure. Schémas en groupes. III: Structure des
schémas en groupes réductifs, volume Vol. 153 of Lecture Notes in Mathemat-
ics. Springer-Verlag, Berlin-New York, 1970. Séminaire de Géométrie Algébrique
du Bois Marie 1962/64 (SGA 3), Dirigé par M. Demazure et A. Grothendieck.

D. Gvirtz-Chen and G. Mezzedimi. A Hilbert irreducibility theorem for Enriques
surfaces. Trans. Amer. Math. Soc., 376(6):3867-3890, 2023.

D. Gvirtz-Chen and G. Mezzedimi. Non-thin rational points for elliptic K3 sur-
faces. arXiv:2404.06844, 2024.

S. Harada and T. Hiranouchi. Smallness of fundamental groups for arithmetic
schemes. J. Number Theory, 129(11):2702-2712, 20009.

B. Hassett and Y. Tschinkel. Density of integral points on algebraic varieties. In
Rational points on algebraic varieties, volume 199 of Progr. Math., pages 169-197.
Birkhauser, Basel, 2001.

D. Hilbert. Ueber die Irreducibilitiat ganzer rationaler Functionen mit ganzzahli-
gen Coefficienten. Journal fir die reine und angewandte Mathematik, 110:104-129,
1892.

G. P. Hochschild. Basic theory of algebraic groups and Lie algebras, volume 75 of
Graduate Texts in Mathematics. Springer-Verlag, New York-Berlin, 1981.

S. litaka. Algebraic geometry, volume 24 of North-Holland Mathematical Library.
Springer-Verlag, New York-Berlin, 1982. An introduction to birational geometry

of algebraic varieties, Graduate Texts in Mathematics, 76.

A. Javanpeykar. The Lang-Vojta conjectures on projective pseudo-hyperbolic
varieties. In Arithmetic geometry of logarithmic pairs and hyperbolicity of moduli
spaces, CRM Short Courses, pages 135-196. Springer, Cham, 2020.

A. Javanpeykar. Hilbert irreducibility for varieties with a nef tangent bundle. J.
Ramanujan Math. Soc., 39(1):1-6, 2024.

A. Kanemitsu. Fano 5-folds with nef tangent bundles. Math. Res. Lett.,
24(5):1453-1475, 2017.

J. Kollar. Rationally connected varieties and fundamental groups. In Higher
dimensional varieties and rational points (Budapest, 2001), volume 12 of Bolyai
Soc. Math. Stud., pages 69-92. Springer, Berlin, 2003.



Bibliography 81

[52] W. Kuyk. Extensions de corps hilbertiens. J. Algebra, 14:112-124, 1970.

[53] S. Lang. Diophantine geometry, volume No. 11 of Interscience Tracts in Pure and
Applied Mathematics. Interscience Publishers (a division of John Wiley & Sons,
Inc.), New York-London, 1962.

[54] S. Lang. Fundamentals of Diophantine geometry. Springer-Verlag, New York,
1983.

[55] F. Liu. On Hilbert’s irreducibility theorem for linear algebraic groups. Ann. Sc.
Norm. Super. Pisa Cl. Sci. (5), 23(2):1053-1089, 2022.

[56] Q. Liu. Algebraic Geometry and Arithmetic Curves. Oxford University Press,
2002.

[57] Q. Liuand F. Xu. Very strong approximation for certain algebraic varieties. Math.
Ann., 363(3-4):701-731, 2015.

[58] D. Loughran and C. Salgado. Rank jumps on elliptic surfaces and the Hilbert
property. Ann. Inst. Fourier (Grenoble), 72(2):617-638, 2022.

[59] C. Luger. The Hilbert property for arithmetic schemes. Acta Arith., 206(2):115-
126, 2022.

[60] C. Luger. Hilbert irreducibility for integral points on punctured linear algebraic
groups. arXiw:2410.13403, 2025.

[61] C. Luger. A mixed fibration theorem for Hilbert irreducibility on non-proper
varieties. Arch. Math., to appear, 2025.

[62] C. Luger. Products of varieties with many integral points. Int. J. Number Theory,
to appear, 2026.

[63] D. McKinnon and M. Roth. Codimension two integral points on some rationally
connected threefolds are potentially dense. J. Algebraic Geom., 31(2):345-386,
2022.

[64] V. Mitankin, M. Nakahara, and S. Streeter. Semi-integral Brauer-Manin obstruc-
tion and quadric orbifold pairs. Trans. Amer. Math. Soc., 377(6):4435-4480, 2024.

[65] B. Moerman. Generalized Campana points and adelic approximation on toric
varieties. arXiv:2407.03048, 2024.



82

[66]

[67]

[68]

[70]

[71]

[72]

[77]

78]

Bibliography

D. Mumford. Abelian varieties, volume 5 of Tata Institute of Fundamental Re-
search Studies in Mathematics. Tata Institute of Fundamental Research, Bombay;
by Oxford University Press, London, 1970.

M. Nakahara and S. Streeter. Weak approximation and the Hilbert property for
Campana points. Michigan Math. J., 74(2):227-252, 2024.

A. Néron. Problemes arithmétiques et géométriques rattachés a la notion de rang
d’une courbe algébrique dans un corps. Bull. Soc. Math. France, 80:101-166, 1952.

S. Petersen. Fibration theorems for varieties with the weak Hilbert property.
arXiv:2510.24479, 2025.

R. Pink. The Mumford-Tate conjecture for Drinfeld-modules. Publ. Res. Inst.
Math. Sci., 33(3):393-425, 1997.

B. Poonen. Multivariable polynomial injections on rational numbers. Acta Arith.,
145(2):123-127, 2010.

B. Poonen. Rational points on wvarieties, volume 186 of Graduate Studies in

Mathematics. American Mathematical Society, Providence, RI, 2017.

M. Raynaud. Propriétés de finitude du groupe fondamental. In Groupes de Mon-
odromie en Géométrie Algébrique, pages 25-31. Springer Berlin Heidelberg, 1972.

J.-P. Serre. Topics in Galois theory, volume 1 of Research Notes in Mathematics.
Jones and Bartlett Publishers, Boston, MA, 1992. Lecture notes prepared by

Henri Damon, With a foreword by Darmon and the author.

J.-P. Serre. Lectures on the Mordell-Weil theorem. Aspects of Mathematics. Friedr.
Vieweg & Sohn, Braunschweig, third edition, 1997. With a foreword by Brown

and Serre.

J.-P. Serre. Lectures on Nx(p), volume 11 of Chapman & Hall/CRC Research
Notes in Mathematics. CRC Press, Boca Raton, FL, 2012.

J. H. Silverman. The arithmetic of elliptic curves, volume 106 of Graduate Texts

in Mathematics. Springer, Dordrecht, second edition, 2009.

T. A. Springer. Linear algebraic groups, volume 9 of Progress in Mathematics.
Birkhéauser Boston, Inc., Boston, MA, second edition, 1998.



Bibliography 83

[79]

[80]

[81]

[82]

[83]

[85]

[86]

Stacks Project Authors. Stacks Project. https://stacks.math.columbia.edu,
2025.

S. Streeter. Hilbert property for double conic bundles and del Pezzo varieties.
Math. Res. Lett., 28(1):271-283, 2021.

P. Vojta. A Lang exceptional set for integral points. In Geometry and analysis
on manifolds, volume 308 of Progr. Math., pages 177-207. Birkhauser/Springer,
Cham, 2015.

K. Watanabe. Fano 5-folds with nef tangent bundles and Picard numbers greater
than one. Math. Z., 276(1-2):39-49, 2014.

D. S. Wei. Strong approximation for a toric variety. Acta Math. Sin. (Engl. Ser.),
37(1):95-103, 2021.

O. Wittenberg. Rational points and zero-cycles on rationally connected varieties
over number fields. In Algebraic geometry: Salt Lake City 2015, volume 97.2 of
Proc. Sympos. Pure Math., pages 597-635. Amer. Math. Soc., Providence, RI,
2018.

F. Xu. Strong approximation for certain quadric fibrations with compact fibers.
Adv. Math., 281:279-295, 2015.

U. Zannier. Hilbert irreducibility above algebraic groups. Duke Math. J.,
153(2):397-425, 2010.


https://stacks.math.columbia.edu

	Introduction and overview
	The Hilbert property, the weak Hilbert property, and the questions of Corvaja–Zannier
	Arithmetic schemes and near-integral points
	Corvaja–Zannier's questions and Campana's puncturing conjecture
	Outline of thesis
	Disclaimer

	Irreducible fibers and Lang's definition of the Hilbert property
	Galois actions on fibers
	Equivalence of Serre's and Lang's definitions
	Fibers of ramified covers

	Products, fibrations, and persistence properties
	Thin sets
	Products and fibrations
	Birationality and base change
	Algebraic simple connectedness

	Strongly thin sets
	Vertically ramified covers and arithmetic refinements
	Product theorem
	Birational invariance
	Smooth proper images
	Finite étale covers and extensions of the base

	Mixed fibrations

	Integral points on algebraic groups
	The weak Hilbert property for algebraic groups
	The property (HIT) for many covers
	From (HIT) to the weak Hilbert property
	Proof of the weak Hilbert property

	Punctured linear algebraic groups
	One point suffices
	(OPS) for commutative group schemes
	Background on weak and strong approximation
	Strong approximation and the punctured Hilbert property
	Application to linear algebraic groups


	Bibliography

