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Abstract

If X is a variety with an additional structure &, such as a marked point, a divisor, a polarization,
a group structure and so forth, then it is possible to study whether the pair (X, &) is defined
over the field of moduli. There exists a precise definition of “algebraic structures” which
covers essentially all of the obvious concrete examples. We prove several formal results
about algebraic structures. There are immediate applications to the study of fields of moduli
of curves and finite sets in P2, but the results are completely general. Fix G a finite group of
automorphisms of X, a G-structure is an algebraic structure with automorphism group equal
to G. First, we prove that G-structures on X areina 1 : 1 correspondence with twisted forms
of X/G --» AG. Secondly we show that, under some assumptions, every algebraic structure
on X is equivalent to the structure given by some O-cycle. Third, we give a cohomological
criterion for checking the existence of G-structures not defined over the field of moduli.
Fourth, we identify geometric conditions about the action of G on X which ensure that every
G-structure is defined over the field of moduli.

1 Introduction

Let K /k be a possibly infinite Galois extension of fields. Consider a variety X over K with
some additional structure &: for instance, £ might be a preferred point x € X(K), or a
polarization, or a group scheme structure (see [6, §5] for a precise definition of “structures”).

Given a Galois element o € Gal(K /k), consider the twist 0*(X, &): if X is defined by
polynomials, this corresponds to applying o to the coefficients of the polynomials. It can be
shown that the subgroup H C Gal(K /k) of elements o such that o*(X, &) >~ (X, &) is open,
and the field of elements of K fixed by H is called the field of moduli of (X, ). If (X, &)
descends to some subextension K /k’/k, then k’ contains the field of moduli. The following
is the basic question.

Question Is (X, &) defined over its field of moduli?

One of the oldest known results regarding this question is the fact that an elliptic curve E
over Q is defined over Q(jg) where jg is the j-invariant of E; this result predates the concept
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of field of moduli by several decades. Fields of moduli were introduced by Matsusaka [15] in
1958 and later clarified by Shimura [18], who also proved that a generic, principally polarized
abelian variety of odd dimension in characteristic O is defined over its field of moduli [19].
They have been studied intensively over the years, mainly for curves and abelian varieties,
see for instance [8—14, 16].

One main reason why results are restricted to curves and abelian varieties is the lack of
appropriate technology. In particular, a lot of results about curves rely on results by Debes,
Douai and Emsalem contained in [9, 10] which until recently were only available in dimension
1. In our joint article with A. Vistoli [6], we have generalized and clarified their methods
and results: there are now a general framework and general techniques for studying fields
of moduli of varieties with a structure in arbitrary dimension. As an example of our new
techniques, we reproved and generalized Shimura’s result about abelian varieties in a much
more theoretical fashion [6, Corollary 6.25].

The study of fields of moduli of higher dimensional varieties is thus a largely unexplored
topic. As a first application of our joint work with Vistoli [6] to an open problem, in [3-5] we
study the field of moduli of curves and finite subsets of P2. Among other things, we prove
that every smooth plane curve of degree prime with 6 is defined over the field of moduli, and
that odd degree is sufficient if the base field is R.

This brief note is an expansion of the general technology constructed in [6]. The results
contained here are crucial for our work on P2, but completely general in nature, and will be
applied in more forthcoming works about fields of moduli of higher dimensional varieties.

Notation

We use Aut for sheaves of groups of automorphisms, and Aut for set-theoretic groups of
automorphisms.

2 Contents of the paper

For the rest of the paper, k is a field with separable closure K, and X is a separated, connected,
normal algebraic space of finite type over K.

In order to study the problem of the field of moduli of the space X with some additional
structure &, such as a group structure, marked points, effective divisors, polarizations and
so forth we need to define precisely what “an algebraic structure” is. We have given such a
formalization using stacks in [6, §5], and we recall it here in Sect. 3.

In our intentions, the concept of algebraic structure was nothing more than a unifying
definition. It turns out that studying algebraic structures as independent, abstract objects not
necessarily tied to some geometric meaning leads downstream to insights about the original
problem of fields of moduli of actual, geometric objects. Let us give an example.

In [3] we prove that, for the large majority of finite subgroups G C PGLj3 (@), every
algebraic structure on P2 with automorphism group equal to G is defined over its field of
moduli. This is completely independent of the geometric origin of the structure: the result
holds for sets of points, for smooth curves, for cycles and so forth. The general techniques
which we give here have nothing to do with P2, though, so the same kind of analysis can be
done for other varieties.
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Fix G C Autg(X) is a finite group of automorphisms of X of order prime with char k.
A G-structure is an algebraic structure £ on X such that the group scheme of automorphism
Aut(X, &) is constant and equal to G.

2.1 Equivalent structures

Given a G-structure £ on X, the concept of field of moduli k¢ of (X, &) is defined, and there
is a finite étale gerbe ¢; over the field of moduli k¢ called the residual gerbe [6, §3.1] which
parametrizes twisted forms of (X, &), and a universal family 2z — % whose fibers are the
corresponding twists of X [6, §5]. In particular, £ is defined over k¢ if and only if ¥ (ks) # @.
The coarse moduli space X¢ of 2% is called the compression of &, and there is an induced
rational map Xg --» %.

We regard two G-structures as equivalent if they have the same field of moduli and
isomorphic universal families over isomorphic residual gerbes. Loosely speaking, two G-
structures are equivalent if they contain essentially the same data and hence their respective
twisted forms are in a 1 : 1 correspondence.

2.2 Twisted G-quotients

Our first result is a classification of algebraic structures up to equivalence.

Definition 1 A rwisted G-quotient of X over k is an algebraic space Y over k with an isomor-
phism Yx =~ X /G such that for every o € Gal(K /k) there exists a o-linear automorphism
of X which commutes with the composition X — X/G =~ Yx — Y. Equivalently (see
Corollary 10), a twisted G-quotient is a rational map Y --+ ¢ which is a twisted form over
kof X/G --+ BG.

We say that two twisted G-quotients are equivalent if there is an isomorphism which
respects the identification with X /G.

Theorem 2 Mapping an algebraic structure & with field of moduli k to the compression
X --» Y defines a one-to-one correspondence between G-structures on X and twisted
G-quotients of X over k, up to equivalence.

The structure & is defined over the field of moduli if and only if the projection X — X /G
descends to a ramified covering of the compression Xg.

Thanks to Theorem 2, one can study twisted G-quotients directly, forgetting about the
original structure. If one can prove that, for a given G, every twisted G-quotient Y has a
smooth (more generally, liftable cf. [6, Definition 6.6]) rational point, then we automatically
get that every G-structure £ is defined over its field of moduli by the Lang-Nishimura theorem
for tame stacks [7, Theorem 4.1] applied to X¢ --+ %, regardless of whether £ was the datum
of a point, a divisor, a group structure or anything else. In fact, this is the case for most finite
subgroups of both Aut(P!) = PGL, [1] and @(Pz) = PGLj3 [3].

2.3 Interpretation as cycle-structures
If, on the other hand, we find a twisted G-quotient Y over k whose associated structure is

not defined over k, we can search for a meaningful structure whose compression is Y. This is
the technique we used to construct examples of cycles on P! [1] and on P? [3, 4] not defined
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over their field of moduli. The next result says that, under some assumptions, it is always
possible to give such an interpretation using 0-cycles.

Theorem 3 Assume that char k = 0, that Aut(X) is of finite type over k, and that there exists
some finite extension k' /k with a model X' over k' such that X' (k') is dense.

For every algebraic structure & on X, there exists a 0-cycle Z on X such that (X, Z) is
equivalent to (X, &).

2.4 Cohomological criterion

Using non-abelian cohomology, we give a criterion to study the existence of G-structures not
defined over their field of moduli. Suppose that K is separably closed, let X be an integral
algebraic space of finite type over k with Xx = X, and & a group scheme finite étale over k
with a faithful action on X such that Bx = G C Aut(X). Let 01 C Aut(X) a subgroup sheaf
which normalizes &, and Q = 91/® the quotient.

Theorem 4 [f the natural map H'(k, M) — H'(k, Q) is not surjective, then there exists
a G-structure on X with field of moduli k which does not descend to k. If M is the entire
normalizer of ®, the converse holds.

2.5 Rational points on twisted quotients

While Theorem 4 is mostly useful to construct counterexamples by exhibiting an actual
element of H! (k, Q) which does not lift to 1, it is harder to apply it in the other direction,
namely showing that H(k, 91 — Hl(k, Q) is surjective when 1 is the entire normalizer of
. Usually, there is a more fruitful strategy for trying to show that, for fixed G, an arbitrary
G-structure is defined over the field of moduli. Assume that |G| is prime with char k.

Let Y --» ¢ be a twisted G-quotient over k. If we can find a smooth rational point
y € Y(k), since |G| is prime with char p then by the Lang-Nishimura theorem for tame
stacks [7, Theorem 4.1] we get that ¢ (k) # ¢, hence the associated structure is defined over
the field of moduli. Furthermore, the smoothness assumption can be relaxed, see [6, §6] [2].
It is then important to clarify under which conditions a closed subset Z C X descends to a
rational point (or more generally to a subspace) of every twisted G-quotient. We identify and
study such conditions in Sect. 7.

3 Algebraic structures

Let us recall how we formalized the concept of algebraic structures in [6].

Denote by (FAS/k) the fibered category over (Aff /k) whose objects over an affine scheme
S over k are flat, finitely presented morphisms ¥ — S, where Y is an algebraic space. A
category of structured spaces over k is a locally finitely presented fppf stack .#Z — (Aff/k)
with a faithful cartesian functor .#Z — (FAS/k).

The following definition is implicit in [6].

Definition 5 An algebraic structure over X is the datum of a category of structured spaces

M — (Aff/k) with an algebraic (cf. [6, Definition 3.6]) morphism Spec K — .# whose
composition with . — (FAS/k) is the K -point of (FAS/k) corresponding to X.
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Given a structure £ on X, the field of moduli k¢ of (X, &) is well defined [6, Definition
3.11], and there is an algebraic stack ¥ together with a universal family 2 — % which
parametrizes twisted forms of (X, &§). The stack ¥ is a gerbe of finite type over k¢ [6, §3.1],
and is called the residual gerbe of (X, £). The residual gerbe is naturally equipped with a
fully faithful morphism ¥ — .#.

As we have said in the introduction, we regard two algebraic structures on X as equivalent
if they have the same field of moduli and isomorphic universal families over isomorphic
residual gerbes.

Since the residual gerbe together with the composition %; — .# — (FAS/k) is itself a
category of structured spaces, we get the following fact, which can be regarded as a shortcut
for the definition of algebraic structure. The proof is straightforward.

Lemma 6 Mapping an algebraic structure & to its universal family Zg — 9 defines a
bijection between

e algebraic structures on X up to equivalence, and

e pairof morphisms p : Spec K — ¢, " — & with an isomorphism 2" X« Spec K ¢
where ¥ is a finite gerbe over a finite subextension of K /k such that the induced action
of Auty, (p) on X is faithful, up to equivalence.

4 Proof of Theorem 2

Consider the groups Auty (X), Autg (X) of automorphisms of X over k and K respectively. A
k-automorphism of X induces a k-automorphism of K ¢ H(X, ©), since K is the separable
closure of k in H? (X, 0). Hence, there is a short exact sequence

1 — Autg (X) — Autp(X) — Gal(K /k)

where the image of the right arrow is the Galois group of the field of moduli of X, see [6,
Proposition 3.13].

For ease of notation, from now on we always assume that twisted quotients are defined
over k, and that structures have field of moduli equal to k: by base changing, it is always
possible to reduce to this case.

Let G C Autg (X) be a finite group and Y a twisted G-quotient of X over k with natural
projectiong : X - X/G ~Yg — Y.

Definition 7 The distinctive subgroup 4y C Auty(X) of Y is the subgroup of automorphisms
¢ of X over k such that the diagram

x —* 4 x
Nt
Y
commutes. If £ is an algebraic structure on X, the distinctive subgroup of £ is the distinctive

subgroup of its compression, and we simply write ..

The composition Ay C Autg(X) — Gal(K/k) is surjective by definition of twisted
quotient. Furthermore, since X is separated and integral, any automorphism of X which
commutes with X — X/G is an element of G. We thus get a short exact sequence

1= G — My — Gal(K/k) — 1.
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Proposition 8 Let Y be a twisted G-quotient of X over k. The quotient stack [Spec K / Ny ]
is a finite étale gerbe over k and [X / Ay] — [Spec K / Ay ] together with the tautological
morphism Spec K — [Spec K /Ay ] defines an algebraic structure with field of moduli equal
to k and compression equal to Y.

Proof The morphism [Spec K /.A4y] — Speck is induced by Spec K — Spec k, which is
by construction .4y -invariant. Notice that [Spec K/ Ay]x =~ [Spec K/G] = AG, hence
[Spec K /. A7] is a finite étale gerbe. Furthermore, we have

Spec K X[spec k /471 [X/A7] = Spec K X[spec k761 [X/G] = X.
We conclude by applying Lemma 6. O

Corollary 9 Two algebraic structures &, &' on X with étale automorphism groups are equiv-
alent if and only if their distinctive subgroups are equal. O

Corollary 10 The datum of a twisted G-quotient of X over k is equivalent to the datum of a
twisted form'Y --» 4 of X/G --» BG over k.

Proof If Y is a twisted G-quotient over k, X /Ay --» [Spec K/ Ay] is a twisted form of
X/G --+» BG overk.

Conversely, assume that ¥ --» ¢ is a twisted form of X/G --» BG over k; let o €
Gal(K /k) be a Galois automorphism of K /k and V C Y be an open subset such that V — ¢
is a morphism, write U C X for the inverse image of V.

Any two morphisms Spec K — ¢ are isomorphic since ¢ is a finite étale gerbe and K is
separably closed. This implies that V x¢ Spec K is isomorphic to both U and ¢*U, hence
we get an isomorphism U =~ ¢*U over V, or equivalently a o-linear automorphism of U
over V. Since X is normal, it coincides with the integral closure of V in U; we thus get an
induced o -linear automorphism of X over Y. O

The first part of Theorem 2 is a direct consequence of Lemma 6, Proposition 8 and
Corollary 10.

IfY --+ ¢ is a twisted form of X /G --+ G, a direct way of constructing the universal
family [ X/ Ay] — ¢ = [Spec K /Ay] without using distinctive subgroups is to consider
the relative normalization of ¥ x ¢ with respect to Speck(Y) — Y x 9.

Let us now look at the second part of Theorem 2. If Speck — % is a rational section,
then E £ Speck xg, Z¢ with the composition £ — 2 — X defines a twisted form of
X — X/G overk.

On the other hand, if £ — X is a twisted form of X — X /G, then Aut(X/E) =
Gal(K /k) C A defines a section of .4 — Gal(K /k), which in turn induces a morphism
Speck — ¥ = [Spec K/ A4z].

5 Proof of Theorem 3

Let us construct the algebraic structure associated with a cycle Z on X with finite automor-
phism group scheme.

If C C X is areduced, irreducible closed subscheme and S is a scheme over k, a twisted
form of C over S is a flat, locally of finite type morphism #" — § with a closed subscheme
% C 2 such that there exists a finite subextension K /k’/k, a scheme S’ over k" and an fppf
covering §” — S such that

(2| xp K, Cls xp K) = (X xg Sk, C xg Sk).
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As expected, (X, C) defines a twisted form of (X, C): since (X, C) descends to some finite
subextension K /k’/k, then (X x K, C X K) is isomorphic to (X x ¢ Spec K @y K, C x g
Spec K ®» K) and hence we may take S’ = § = Spec K.

If Z = ), n;C; is a cycle, a twisted form of Z over S is a flat, locally of finite type
morphism 2~ — S with a formal sum ) _; n;%; where ¢; C 2" is a twist of C;.

The residual gerbe ¢ is the functor S +— {twisted forms of Z}; if the group scheme of
automorphisms Aut(X, Z) is finite then ¢z is an algebraic stack which is a gerbe by [6,
Proposition 3.9] and 2z — ¥z is the corresponding universal family whose S-points are
twisted forms (2", &) of Z over S with a section S — Z". The coarse moduli space of ¥z
is the spectrum of the field of moduli k7 of Z.

Lemma 11 IfAut(X, Z) = Autg (X, Z) is finite étale, then N7 = Auty(X, Z) C Autg(X).

Proof Let Xz be the compression, i.e. the coarse moduli space of 27, and denote by ¢ the
morphism X — 27. First, let us show that 27 — X7 is birational. Since X is integral,
there exists an open subset U C X which is Autg (X, Z)-invariant and such that the action
on U is free; this induces an open subset %7 C Zz. A morphism s : S — % corresponds to
a twisted form (27, Z) of (X, Z) with a section S — 2" which lands in the subspace of .2~
corresponding to U. An automorphism of s is an automorphism of the twisted form (2", Z)
which maps s to itself. Since s lands in the locus corresponding to U, and the action on U
is free, it is straightforward to check that such an automorphism is the identity. This implies
that % is an algebraic space, and thus .2z — X is birational.

Let us now prove the main statement. By definition, .47 is the group of k-automorphisms
of X which commute with the composition X — 27 — Xz.If g is a k-linear automorphism
of (X, Z), then by definition of .2’z the composition c o g is 2-isomorphic to c, so in particular
g € A7.0n the other hand, if g € . /7, the two compositions of ¢ o g and ¢ with 27 — Xz
are equal. Since 27 — Xy is birational and c is surjective, we get that ¢ o g and ¢ are
isomorphic on a dense open subset. Since 27 is separated (which follows from the fact that
X is separated) then c o g and c¢ are isomorphic globally. By definition of .27, this implies
that g*Z = Z, hence g € Auti (X, Z). O

As a consequence, another way of constructing 27 — %7 is by considering the quotient
stacks [ X/ Autx (X, Z)] — [Spec K/ Auty (X, Z)] as in Proposition 8.

Lemma 12 Let Y be a twisted G-quotient of X over k and U C X a Ny-invariant non-empty
open subset, i.e. the inverse image of an open subset of Y. Assume that there exists a finite
subextension K [k’ /k such that Y (k) is dense. For every T € Auty(X) \ Ay, there exists a
Ny -invariant finite subset Z C U(K) such that t(Z) # Z.

Proof Letg : X — X/G = Yx — Y be the composition, by hypothesis g o T # t. Up to
enlarging k', we may assume that k' /k is Galois. We may find a finite subset H C 4y such
that H — Gal(k’/k) is surjective. Notice that we cannot impose that H is a subgroup, but
fortunately this is not necessary.

If x : Spec K — U is a point such that ¢ o x : Spec K — Y is k’-rational and ¢ € .4y,
h € H C Ay are elements with equal images in Gal(k’/k), then clearly

gqgopox=qohox:SpecK — Y.

Since 7 is not in 4y, I claim that there exists a point x : Spec K — U whose image in Y
is k’-rational and such that T o x # ¢ o x for every ¢ € 47. If by contradiction this is false,
then for every x € U(K) whose image in Y is k’-rational we may choose h, € H such that
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gotTox =qoh,ox.Since H is finite and k’-rational points are dense, this implies that
there exists an element 2 € H suchthatqot =g oh.Sinceh € H C Ay, thengoh =¢q
and thus ¢ o T = ¢, which is absurd.

Letx : Spec K — U be a point whose image in Y is k’-rational and such that T ox # ¢ox
for every ¢ € Ay, and denote by Z its Ay -orbit. Clearly, Z is 4y -invariant and t(Z) # Z
sincetox €et(Z)andtox ¢ Z. O

Let us now prove Theorem 3. Thanks to Corollary 9 and since we are in characteristic 0,
it is enough to find a 0-cycle Z on X such that Auty (X, Z) = ;.

Let Z( be the empty O-cycle, and define a .#; -invariant cycle Z; by recursion as follows. If
Auty (X, Z;) = A%, then Z; 11 = Z;. Otherwise, choose T € Aut; (X, Z;) \ .4 and define

Zi+1 =Zi+ (i + 1)er

where Z; C X(K)isa #z-invariant subset such that 7(Z;) # Z. and such that the support of
Z. is disjoint from the support of Z;, it exists by Lemma 12. By construction, the coefficients
of Z; are at most i while the coefficients of Z; are equal to i + 1. This implies that

Auty (X, Ziy1) = Autp (X, Z;) N Autg (X, Z7).

In particular, 4¢ C Auty(X, Z;41) and T ¢ Autx(X, Z;11), hence Auty(X, Z;11) C
Auty (X, Z;) if Autg (X, Z;) is different from .4%.

The group Auti(X) is an extension of Gal(K /k) by Autg (X) = Aut(X)(K). The for-
mer is a compact group with respect to the pro-finite topology, while the latter is compact
with respect to the Zariski topology since Aut(X) is noetherian. Notice that the sub-
groups Autx (X, Z;) N Autg (X) = Autg (X, Z;) and im(Autx (X, Z;) — Gal(K/k)) =
Gal(K /kz;) are both closed. This implies that the chain Aut, (X, Z;) 2 Auti(X, Z;) is
eventually stable, i.e. Auty(X, Z;) = 4% for some i >> 0. This concludes the proof of
Theorem 3.

6 Proof of Theorem 4

Let & be a finite, étale group scheme over k which acts faithfully on an algebraic space X of
finite type over k. Write X = Xk, G = Gk . We are going to show that twisted G-quotients
of X are obtained by twisting X/& --+ %;® with some torsor.

Let Aut(X) be the sheaf of automorphisms of X. If X is projective, this is representable,
but we don’t need this assumption. Let 91 C Aut(X) be a subgroup sheaf which normalizes
®, and write 9 for the quotient 91/®.

Lemma 13 If N is the entire normalizer of &, the sheaf of groups L is isomorphic to the fppf
sheaf § of automorphisms of X/® for which, fppf locally, there exists an automorphism of
B S making the obvious diagram 2-commutative.

Notice that the particular automorphism of % & is not part of the definition of §, we only
require existence.

Proof There is an obvious injective map 2 — §, let us show that it is surjective. If S is
a scheme over k and f is an automorphism of Xg/&g in §(S), the hypothesis implies that
there exists an fppf covering S’ — S with an automorphism % of Xy which lifts fs. The
fact that A lifts an automorphism of X/ /&g implies that & € D(S”). While the class of 4 is
not well defined and depends on a choice, its image go € (S’) is unique. The uniqueness
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of go implies that it descends to an element g € (S). It is straightforward to check that the
image of g in § is f. O

Let T — Speck be a Q-torsor over k, it corresponds to a morphism Speck — % Q.
Define a twisted form 2" — ¢ of [X/G] — Ak G as the fibered products

X — ¢4 —— Speck

l | Ir

[X/N] — BN — Q.

Since T does not lift to D, then ¥ (k) = ¥ and hence the corresponding structure is not
defined over k.
Let us give another construction. There are actions of 9 on both [X/®] and on %, ® =
[Speck/®], and using Romagny’s theory of group actions of stacks [17] it is possible to
define twists

[X/8] x2 T = [([X/8] x T)/Q], #® x2 T =[(% x T)/Q].
with an induced morphism
[X/6] x2T - 2,6 x2 T

whose coarse moduli space is a twisted G-quotient.

By definition, %; & x2 T is the gerbe of liftings of 7' to . If T is trivial, it is immediate
to check that [X/®] xQT ~ [X/®], hence in general [X/®] x2 T is a twisted form of
[X/&].

If T does not lift to 0, the coarse moduli space of [X/&] x2 T is a twisted G-quotient
whose associated gerbe has no sections, this proves the first part of Theorem 4. The second
part is a direct consequence of the following Proposition 14.

Proposition 14 Assume that M is the entire normalizer of &. Every twisted G-quotient is the
coarse moduli space of a twist

[X/B] x2T > %6 x2T
for some Q-torsor T — Speck.

Proof Let Y --+ ¢ be a twisted G-quotient over k. Define a category fibered in sets 7 as
follows. If S is a scheme over k, T'(S) is the set of isomorphisms

Xs/®s — Ys
for which there exists an fppf covering $’ — S and a 2-commutative diagram

%y/@s/ -—=> ,%)5/63/

| |

Yy -——---- > G

where the vertical arrows are isomorphisms. We stress that the fppf covering and the 2-
commutative diagram are not part of the datum, we are only selecting the isomorphisms for
which such a diagram exists. It is clear that T is a subsheaf of the sheaf of isomorphisms
between X/® and Y. The action of  on X/® induces an action on 7', and Lemma 13 implies
that T is a Q-torsor. It is straightforward to check that the given G-quotient is the twist of
X/G - B BbyT. O
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Sometimes, it is interesting to study whether the structure actually descends to X, as
opposed to a twist of X. For instance, if X = IP’,L and the structure is a divisor D C PL., one
may want to study whether D descends to ]P)}( [1, 14], but Theorem 2 only tells us whether
D descends to a Brauer-Severi variety of dimension 1. Similarly, one might want to study if
the embedding of a curve in P? is defined over the field of moduli, and not only if the curve
embeds in a Brauer-Severi surface over the field of moduli.

Definition 15 Let X, G be as above, and X a model of X over k. A G-structure 2~ — ¥ of
X with field of moduli k is X-neutral if there exists a 2-cartesian diagram

X —

! !

Speck Ly g
such that the induced embedding Aut, (p) C Aut(X) identifies Auty, (p)(K) with G.

Consider the quotient sheaf Aut(X)/91. Taking the fibers of Aut(X) — Aut(X)/91defines
a function (Aut(¥)/9%) (k) — H!(k, 91). Notice that these are sets, not groups. Still, they
have a preferred object and it makes sense to consider the kernel

K = ker(H! (k, M) — H! (%, Aut(X))),

which is the image of (Aut(X)/91)(k), i.e. we have a long exact sequence for non-abelian
cohomology. The elements of K are the 91-torsor which define the trivial twist of X.
The following version of Theorem 4 is, again, a direct consequence of Proposition 14

Theorem 16 If the composition
(Aut(X)/M) (k) - K < H'(k, ) — H'(k, Q)

is not surjective, there exists a non-X-neutral G-structure with field of moduli equal to k. If
N is the entire normalizer of & in Aut(X) the converse holds.

7 Distinguished subsets

As we have seen above, G -structures with field of moduli k correspond to twisted G-quotients
of X over k. If Y is a twisted G-quotient over & there is arational map ¥ --+ ¢ where ¢ is the
residual gerbe and the structure is defined over the field of moduli if and only if ¥ (k) # 0.

If y € Y (k) is a smooth rational point and G has degree prime with char k, then by the
Lang-Nishimura theorem for tame stacks [7, Theorem 4.1] we have that ¢ (k) # ¢ and hence
the G-structure is defined over k. The smoothness assumption on y can be relaxed, see [0,
§6], [2]. Because of this, it is important to have a framework to construct rational points (or,
more generally, subspaces) of arbitrary twisted G-quotients. The proof of the following is
straightforward.

Lemma 17 A closed subscheme Z C X descends to a twisted G-quotient Y if and only if
¢(Z) = Z for every ¢ € Ny. O

Write Ax/x,¢ C Autg(X) for the normalizer of G in Auty (X).

Lemma 18 We have Ny C Nk kG-
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Proof 1f ¢ € Ay and g € G, thenclearly ¢ ~logog € Ay NAutk (X) = G,50¢ € Nx/k.G-
O

Definition 19 A closed subset Z C X is a distinguished subset if, for every T € Ak G,
t(Z2)="Z.

A distinguished subset is G-invariant since G C A% sk, G, but the converse is false. Write
7 for the projection X — X/G.

Lemma20 Let Z C X be a distinguished subset and Y a twisted G-quotient over k. Then
w(Z) C X/G descends to a closed subset of Y .

Proof Follows directly from Lemmas 17 and 18. O

Conjugation defines a homomorphism Axx,¢ — Aut(G), let @x ¢ C Aut(G) be its
image. Clearly, 7x /x,¢ contains every inner automorphism of G.

While distinguished subsets are naturally defined in terms of the group Ax,;x.c C
Aut;(X), it is often sufficient to have knowledge about @x/r, ¢ C Aut(G). Let us give
some examples of this.

Example 21 If H C G is a subgroup and Z C X a subspace, we say that H stabilizes (resp.
fixes) Z if the elements of H restrict to automorphisms (resp. to the identity) on Z.

Let H C G be a subgroup, and let Sy be the set of subgroups of G of the form ¢ (H) for
some ¢ € @x /i, The following are distinguished subsets.

e The union and the intersection of the fixed loci of elements of Sy .

e Letn beaninteger, and suppose that H stabilizes (resp. fixes) a finite number of irreducible
closed subsets of dimension n, write C,,, g for their union and similarly C,, g for H' €
Su. Then Upyrcs,, Cn.mr and (icg,, Cn.n are distinguished subsets.

e Suppose that X is smooth and proper and that it has a line bundle L whose class in the
Néron-Severi group is Autg(X)-invariant, e.g. X = P" and L = £(1). Then we can
repeat the previous point but restricted to irreducible closed subset of a fixed degree d.

Because of Example 21 and the many other similar examples that can be given, we want
to understand the group <7 /x,c C Aut(G). We have inclusions

Inn(G) C JZ/X/K,G C AZYX//(,G C Aut(G).

Usually, the subgroup @7, G is easy to understand, since it is defined in terms of ““geometric”
K -automorphisms of X and it is normal in @x . It remains to study its cokernel.

Suppose that X, G descend to X, & over k with & a group scheme, and that the action of
G on X descends to an action of & on X. In particular, we have an action of Gal(K /k) on
X and hence a section Gal(K /k) — Auti(X) of Auty(X) — Gal(K /k). Furthermore, we
have an action Gal(K /k) — Aut(G), 0 — ¢, on G = &(K).

Proposition 22 The image of Gal(K /k) — Auty(X) is contained in Nx kG, and Nx k. G is
generated by Nx g ¢ and Gal(K /k).

Proof Choose anelemento € Gal(K /k),let ¢, be the induced automorphism of G = &(K).
Since the action p : G x X — X descends to an action & x X — X over k, we have a
commutative diagram

GxX 3 x

l% xo* l(r*

GxX 3 x
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where the vertical arrows are o -equivariant. It follows that 0* : X — X is ¢, -equivariant,
and hence 6* € Ay G-

Now consider an element T € A%k, ¢ C Auty(X) normalizing G, and let o be its image
in Gal(K /k). Since 0* € Ax k.G, thenT o o* 1 is an element of A% Jk,G Which maps to the
identity in Gal(K /k), i.e. T o 0* ! € Nx/k G- O

Corollary 23 The subgroup /x ;x,c C Aut(G) is generated by </x k c and by the image of
Gal(K /k) — Aut(G). In particular, if & is an inner form of G then o/x jx.c = Yx/K,G-

Acknowledgements I would like to thank an anonymous referee for providing useful remarks.
Funding Open access funding provided by Scuola Normale Superiore within the CRUI-CARE Agreement.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included in the
article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is
not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder.
To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Bresciani, G.: The field of moduli of a divisor on a rational curve, arxiv:2211.03438 (2022)
Bresciani, G.: The arithmetic of tame quotient singularities in dimension 2, Int. Math. Res. Not. (2023).
https://academic.oup.com/imrn/advance-article/doi/10.1093/imrn/rnad079/7142915
Bresciani, G.: The field of moduli of plane curves, arxiv:2303.01454 (2023)
Bresciani, G.: The field of moduli of sets of points in IP’Z, arxiv:2303.01408 (2023)
Bresciani, G.: Real versus complex plane curves, arxiv:2309.12192 (2023)
Bresciani, G., Angelo, V.. Fields of moduli and the arithmetic of tame quotient singularities,
arxiv:2210.04789 (2022), to appear in Compositio Mathematica
7. Bresciani, G., Angelo, V.: An arithmetic valuative criterion for proper maps of tame algebraic stacks,
Manuscripta Math. (2023). https://link.springer.com/article/10.1007/s00229-023-01491-6
8. Cardona, G., Quer, J.: Field of moduli and field of definition for curves of genus 2, pp. 71-83. World
Scientific, Computational aspects of algebraic curves (2005)
9. Pierre, D., Jean-Claude, D.: Algebraic covers: field of moduli versus field of definition. Ann. Sci. Ecole
Norm. Sup. (4) 30(3), 303-338 (1997)
10. Debes, P., Emsalem, M.: On fields of moduli of curves. J. Algebra 211(1), 42-56 (1999)
11. Huggins, B.: Fields of moduli of hyperelliptic curves. Math. Res. Lett. 14(2), 249-262 (2007)
12. Koizumi, S.: The fields of moduli for polarized abelian varieties and for curves. Nagoya Math. J. 48,
37-55(1972)
13. Kontogeorgis, A.: Field of moduli versus field of definition for cyclic covers of the projective line. Journal
de théorie des nombres de Bordeaux 21(3), 679-693 (2009)
14. Marinatto, A.: The field of definition of point sets in PL.J. Algebra 381, 176-199 (2013)
15. Matsusaka, T.: Polarized varieties, fields of moduli and generalized Kummer varieties of polarized abelian
varieties. Am. J. Math. 80, 45-82 (1958)
16. Murabayashi, N.: The field of moduli of abelian surfaces with complex multiplication. J. Reine Angew.
Math. 470, 1-26 (1996)
17. Romagny, M.: Group actions on stacks and applications. Michigan Math. J. 53(1), 209-236 (2005)
18. Shimura, G.: On the theory of automorphic functions. Ann. Math. 2(70), 101-144 (1959)
19. Shimura, G.: On the field of rationality for an abelian variety. Nagoya Math. J. 45, 167-178 (1972)

N

kW

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/2211.03438
https://academic.oup.com/imrn/advance-article/doi/10.1093/imrn/rnad079/7142915
http://arxiv.org/abs/2303.01454
http://arxiv.org/abs/2303.01408
http://arxiv.org/abs/2309.12192
http://arxiv.org/abs/2210.04789
https://link.springer.com/article/10.1007/s00229-023-01491-6

	The field of moduli of varieties with a structure
	Abstract
	1 Introduction
	Notation

	2 Contents of the paper
	2.1 Equivalent structures
	2.2 Twisted G-quotients
	2.3 Interpretation as cycle-structures
	2.4 Cohomological criterion
	2.5 Rational points on twisted quotients

	3 Algebraic structures
	4 Proof of Theorem 2
	5 Proof of Theorem 3
	6 Proof of Theorem 4
	7 Distinguished subsets
	Acknowledgements
	References


