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Fundamental exact sequence
for the pro-étale fundamental group

Marcin Lara

The pro-étale fundamental group of a scheme, introduced by Bhatt and Scholze, generalizes formerly
known fundamental groups — the usual étale fundamental group 7'[16t defined in SGA1 and the more
general JTISGA3. It controls local systems in the pro-étale topology and leads to an interesting class of
“geometric coverings” of schemes, generalizing finite étale coverings.

We prove exactness of the fundamental sequence for the pro-étale fundamental group of a geometrically
connected scheme X of finite type over a field k, i.e., that the sequence

1 — 7P%(X;) — 7PX) > Gal, — 1

is exact as abstract groups and the map nfmét(X D= nfmét(X ) is a topological embedding.
On the way, we prove a general van Kampen theorem and the Kiinneth formula for the pro-étale
fundamental group.
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4. Fundamental exact sequence 664
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1. Introduction

Bhatt and Scholze [2015] introduced the pro-étale topology for schemes. The main motivation was that the
definitions of ¢-adic sheaves and cohomologies in the usual étale topology are rather indirect. In contrast,
the naive definition of, e.g., a constant Q,-sheaf in the pro-€tale topology as X prost > U > Maps (U, Qy)
is a sheaf and if X is a variety over an algebraically closed field, then H (Xg, Qp) = H! (Xproet> Qe),
where the right-hand side is defined “naively” by applying the derived functor RI"(Xpro¢, —) to the
described constant sheaf.

Along with the new topology, Bhatt and Scholze [2015] introduced a new fundamental group — the
pro-étale fundamental group. 1t is defined for a connected locally topologically noetherian scheme X with

MSC2010: primary 14F35; secondary 14D10, 14F20, 20E06.
Keywords: pro-étale topology, pro-étale fundamental group, étale fundamental group, homotopy exact sequence, fundamental
exact sequence, Noohi groups.
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632 Marcin Lara

proét

a geometric point X and denoted 7r;" " (X, x). The name “pro-€tale” is justified by the fact that there is an

t
equivalence np o€ (X, x) — Sets >~ Locy
proét

between the categories of (possibly infinite) discrete sets with

roét
continuous action by ;" (X, x) and loéally constant sheaves of (discrete) sets in X o6 This is analogous
to the classical fact that nlt(X x) — FSets is equivalent to the category of lcc sheaves on X¢, where
G —FSets denotes ﬁmte sets with a continuous G action. This is the first striking difference between these
fundamental groups: 711 “ allows working with sheaves of infinite sets. In fact, Bhatt and Scholze [2015]
study abstract “infinite Galois categories”, which are pairs (C, F) satisfying certain axioms that (together
with an additional tameness condition) turn out to be equivalent to a pair (G — Sets, Fg : G — Sets — Sets)
for a Hausdorff topological group G and the forgetful functor F. In fact, one takes G = Aut(F) with a
suitable topology. This generalizes the usual Galois categories, introduced by Grothendieck to define
nlét(X , X). In Grothendieck’s approach, one takes the category FEtx of finite étale coverings together
with the fiber functor F; and obtains that nft(X %) — FSets ~ FEty. Discrete sets with a continuous

proet

(X, x)-action correspond to a larger class of coverings, namely “geometric coverings”, which are
deﬁned to be schemes Y over X such that Y — X:

(1) Is étale (not necessarily quasicompact!).

(2) Satisfies the valuative criterion of properness.

We denote the category of geometric coverings by Covy (seen as a full subcategory of Schy). It is
clear that FEt C Covy. As Y is not assumed to be of finite type over X, the valuative criterion does not
imply that ¥ — X is proper (otherwise we would get finite étale morphisms again) and so in general
we get more. A basic example of a nonfinite covering in Covy can be obtained by viewing an infinite
chain of (suitably glued) I]:D,i’s as a covering of the nodal curve X = P'/{0, 1} obtained by gluing 0 and
1 on [P’,i (to formalize the gluing one can use [Schwede 2005]). Then, if k = k, nfmét(X, x) =7 and
nft(X ,X) = Z. In this example, the prodiscrete group JrISGA3 defined in Chapter X.6 of [SGA 3, 1970]
would give the same answer. This is essentially because our infinite covering is a torsor under a discrete
group in X¢. However, for more general schemes (e.g., an elliptic curve with two points glued), the
category Covy contains more. So far, all the new examples were coming from nonnormal schemes. This
is not a coincidence, as for a normal scheme X, any Y € Covy is a (possibly infinite) disjoint union
of finite étale coverings. In this case, nproet(X X) =m, SGA3(x &) = nlt(X X). In general 7} ! can be

proét and ns(}Ag proet

recovered as the proﬁnite completion of 7} is the prodiscrete completion of 7,

The groups 771 belong in general to a class of Noohi groups. These can be characterized as
Hausdorff topological groups G that are Raikov complete and such that the open subgroups form a
basis of neighborhoods at 1. However, open normal subgroups do not necessarily form a basis of

open neighborhoods of 15 in a Noohi group. In the case of npmet

this means that there might exist a
connected Y € Covy that do not have a Galois closure. Examples of Noohi groups include: profinite
groups, (pro)discrete groups, but also Q; and GL,(Q,). A slightly different example would be Aut(S),

where S is a discrete set and Aut has the compact-open topology.
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proét

The fact that groups like GL,,(Q,) are Noohi (but not profinite or prodiscrete) makes r; ~ better

suited to work with @, (or @) local systems. Indeed, denoting by Locy_ . (@;) the category of @,-local

roét
systems on X o, 1.€., locally constant sheaves of finite-dimensional @gfvector spaces (again, the “naive”
definition works in X0s), one has an equivalence Repys.q, (nfrOét(X , X)) LoCx 1o (Qy). This fails
for nlé‘, as any (Qg-representation of a profinite group must stabilize a Z,-lattice, while Q;-local systems
(in the above sense) stabilize lattices only étale locally. The group ﬂlsGA3 is not enough either; as shown
by [Bhatt and Scholze 2015, Example 7.4.9] (due to Deligne), if X is the scheme obtained by gluing two
points on a smooth projective curve of suitably large genus, there are (Dy-local systems on X that do not
come from a representation of nlsGA3 (X).

We will often drop x from the notation for brevity. This usually does not matter much, as a different

choice of the base point leads to an isomorphic group.

Classical results. In [SGA 1 1971], Grothendieck proved some foundational results regarding the étale
fundamental group. Among them:

B

(1) The fundamental exact sequence, i.e., the comparison between the “arithmetic” and “geometric’
fundamental groups:

Theorem 1.1 [SGA 1 1971, Exposé IX, Théoréme 6.1]. Let k be a field with algebraic closure k. Let X
be a quasicompact and quasiseparated scheme over k. If the base change X} is connected, then there is a

short exact sequence

1 — 78(Xp) — 7'(X) — Galy — 1
of profinite topological groups.
(2) The homotopy exact sequence:

Theorem 1.2 [SGA 1 1971, Exposé X, Corollaire 1.4]. Let f : X — S be a flat proper morphism of finite
presentation whose geometric fibers are connected and reduced. Assume S is connected and let s be a

geometric point of S. Then there is an exact sequence

7 (X5) = m(X) — mi(S) — 1
of fundamental groups.
(3) “Kiinneth formula™:

Proposition 1.3 [SGA 1 1971, Exposé X, Corollary 1.7]. Let X, Y be two connected schemes locally of
finite type over an algebraically closed field k and assume that Y is proper. Let X, y be geometric points
of X and Y respectively with values in the same algebraically closed field extension K of k. Then the map

induced by the projections is an isomorphism

T X X Y, (X, 7)) = (X, %) x 7Y, 3).
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(4) Invariance of T[lét under extensions of algebraically closed fields for proper schemes [SGA 1 1971,
Exposé X, Corollaire 1.8].

(5) General van Kampen theorem (proved in a special case in [SGA 1 1971, IX Section 5] and generalized
in [Stix 2006]).

The aim of this and the subsequent article [Lara 2022] is to generalize statements (1) and (2), corre-
spondingly, to the case of nfme{. In the present article, we also establish the generalizations of all the
other points besides (2). The main difficulties in trying to directly generalize the proofs of Grothendieck

are as follows:

» Geometric coverings of schemes (i.e., elements of Covy defined above) are often not quasicompact,
unlike elements of FEty. For example, for X a variety over a field k and connected Y € Cov X;s
there may be no finite extension //k such that Y would be defined over /. Similarly, some useful
constructions (like Stein factorization) no longer work (at least without significant modifications).

 For a connected geometric covering Y € Covy, there is in general no Galois geometric covering
dominating it. Equivalently, there might exist an open subgroup U < nlp " (X) that does not contain
an open normal subgroup. This prevents some proofs that would work for nISGM to carry over

roét
to 7}

e The topology of 71{3 " is more complicated than the one of Jrft, e.g., it is not necessarily compact,
which complicates the discussion of exactness of sequences.

Our results. Our main theorem is the generalization of the fundamental exact sequence. More precisely,
we prove the following:

Theorem (Theorem 4.14). Let X be a geometrically connected scheme of finite type over a field k. Then
the sequence
1 — 7"%Xp) — 7l%(X) — Galy — 1

is exact as abstract groups.
Moreover, the map nf rOet(X [ nf rOet(X ) is a topological embedding and the map n}a roet(X ) — Galy
is a quotient map of topological groups.

The most difficult part is showing that nf roet(X D — rrfmet(X ) is injective or, more precisely, a

topological embedding. This is Theorem 4.13.

As in the case of usual Galois categories, statements about exactness of sequences of Noohi groups
translate to statements on the corresponding categories of G — Sets. If the groups involved are the pro-étale
fundamental groups, this translates to statements about geometric coverings. We give a detailed dictionary
in Proposition 2.37. As Noohi groups are not necessarily compact, the statements on coverings are
equivalent to some weaker notions of exactness (e.g., preserving connectedness of coverings is equivalent
to the map of groups having dense image). In fact, we first prove a “near-exact” version of Theorem 4.14
and obtain the above one as a corollary using an extra argument.
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For Jrf rOét(X D = 7'[1p rOét(X ) to be a topological embedding boils down to the following statement:
Every geometric covering ¥ of X; can be dominated by a covering Y’ that embeds into a base-change to

k of a geometric covering Y” of X (i.e., defined over k):

Y/ C Y]_é/ Y//

l

Y

For finite coverings, the analogous statement is easy to prove; by finiteness, the given covering is
defined over a finite field extension //k and one concludes quickly. This is also the case for infinite
coverings detected by JTISGA3, see Proposition 4.8. But for general geometric coverings, the situation is
much less obvious; as we show by counterexamples (Examples 4.5 and 4.6), it is not true in general that
a connected geometric covering of Xy is isomorphic to a base-change of a covering of X; for some finite
extension |/ k. This property is crucially used in the proof of [SGA 1 1971, Exposé IX, Theorem 6.1],

proét
1

and thus trying to carry the classical proof of SGA over to w; — fails. This last statement is, however,

stronger than what we need to prove, and so does not contradict our theorem.

A useful technical tool across the article is the van Kampen theorem for nf’ "¢ ts abstract form is
proven by adapting the proof in [Stix 2006] to the case of Noohi groups and infinite Galois categories.
For a morphism of schemes X’ — X of effective descent for Cov (satisfying some extra conditions), it
allows one to write the pro-étale fundamental group of X in terms of the pro-étale fundamental groups
of the connected components of X’ and certain relations. By the results of [Rydh 2010], one can take

X' = XY — X to be the normalization morphism of a Nagata scheme X. As nfmet

and 7" coincide for
normal schemes, this allows us to present 7} %(X) in terms of 7 € (X7), where X" =| |, X!, and the
(discrete) topological fundamental group of a suitable graph. In this case, the van Kampen theorem takes

on concrete form and generalizes [Lavanda 2018, Theorem 1.17].

Theorem (van Kampen theorem, Corollary 3.19, Remark 3.21, Proposition 3.12; compare [Stix 2006]).
Let X be a Nagata scheme and X* =| |, X, its normalization written as a union of connected components.
Then, after a choice of geometric points, étale paths between them and a maximal tree T within a suitable

“intersection” graph U, there is an isomorphism

AN, B) o (R XY, %y) P P (T, T)) /(R1, Ra)) o

where Ry, Ry are two sets of relations described in Corollary 3.19 and (—)N°M is the Noohi completion
defined in Section 2.

proét

In the proof of the main theorem, the van Kampen theorem allows us to construct 7, (Xj)- and
nlp " (X)-sets in more concrete terms of graphs of groups involving the ﬂlét. We “explicitly” construct a
proét

Galois invariant open subgroup of a given open subgroup U < ;" (X}, X) in terms of “regular loops”
(with respect to U), see Definition 4.20.
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In fact, the existence of elements that are too far from being a product of regular loops is tacitly behind
the counterexamples Examples 4.5 and 4.6, while the fact that, despite this, there is still an abundance of
(products of) regular loops (i.e., their closure is open) is behind our main proof. We also sketch a quicker
but less constructive approach in Remark 4.27.

Another interesting result proven with the help of the van Kampen theorem is the Kiinneth formula.

Proposition (Kiinneth formula for 7'[1p rOét, Proposition 3.29). Let X, Y be two connected schemes locally
of finite type over an algebraically closed field k and assume that Y is proper. Let X, y be geometric points
of X and Y respectively with values in the same algebraically closed field extension K of k. Then the map
induced by the projections is an isomorphism

TP UK Y (7 5) 2w X D) ().

Along the way, we prove the invariance of 7'[}”063t under extensions of algebraically closed fields for

proper schemes (see Proposition 3.31) and give a short direct proof of the fact that JTISGA3 (X X) =
nP9M (X, %), see Corollary 4.10.

In a separate article [Lara 2022], we discuss the homotopy exact sequence for nf o Tt is proven
by constructing an infinite (i.e., nonquasicompact) analogue of the Stein factorization. Although the
construction does not use the main results of this article, the auxiliary results on Noohi groups and ﬂfmét
have proven to be very handy.

We hope that our techniques, with some extra tweaks and work, will allow to draw similar conclusions
about other Noohi fundamental groups arising from the infinite Galois formalism. One such example
could be the de Jong fundamental group 71{” , defined in the rigid-analytic setting in [de Jong 1995]. In
a later joint work [Achinger et al. 2022], we have proven the existence of a specialization morphism

between nlp % and Jrldj , relating yrf "% to this more established fundamental group.

1A. Conventions and notations.
« For us, compact = quasicompact + Hausdorff.
e H <° G will mean that H is an open subgroup of G.

 For subgroups H < G, H"¢ will denote the normal closure of H in G, i.e., the smallest normal
subgroup of G containing H. We will use ((—)) to denote the normal closure of the subgroup
generated by some subset of G, i.e., {(—)) = (—)"°.

« For a field k, we will use k to denote its (fixed) algebraic closure and k*°P or k* to denote its separable
closure (in k).

» The topological groups are assumed to be Hausdorff unless specified otherwise or appearing in a
context where it is not automatically satisfied (e.g., as a quotient by a subgroup that is not necessarily
closed). We will usually comment whenever a non-Hausdorff group appears.

o We assume (almost) every base scheme to be locally topologically noetherian. This does not cause
problems when considering geometric coverings, as a geometric covering of a locally topologically
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noetherian scheme is locally topologically noetherian again— this is [Bhatt and Scholze 2015,
Lemma 6.6.10].

e A “G-set” for a topological group G will mean a discrete set with a continuous action of G unless
specified otherwise. We will denote the category of G-sets by G — Sets. We will denote the category
of sets by Sets.

» We will often omit the base points from the statements and the discussion; by Corollary 3.18, this
usually does not change much. In some proofs (e.g., involving the van Kampen theorem), we keep
track of the base points.

2. Infinite Galois categories, Noohi groups and 7[{’ roét

2A. Overview of the results in [Bhatt and Scholze 2015]. Throughout the entire article we use the
language and results of [Bhatt and Scholze 2015], especially of Chapter 7, as this is where the pro-étale
fundamental group was defined. Some familiarity with the results of [loc. cit., Section 7] is a prerequisite
to read this article. We are going to give a quick overview of some of these results below, but we
recommend keeping a copy of [loc. cit.] at hand.

Definition 2.1 [Bhatt and Scholze 2015, Definition 7.1.1]. Fix a topological group G. Let G — Sets be the
category of discrete sets with a continuous G-action, and let F : G — Sets — Sets be the forgetful functor.
We say that G is a Noohi group if the natural map induces an isomorphism G — Aut(Fg) of topological
groups. Here, S € Sets are considered with the discrete topology, Aut(S) with the compact-open topology
and Aut(Fg) is topologized using Aut(F(S)) for S € G —Sets. More precisely, the stabilizers Stab';]zg(fif)
for connected S € G — Sets, s € F(S), form a basis of neighborhoods of 1 € Aut(Fg).

In particular, it follows from the definition that open subgroups form a basis of neighborhoods of 1 in
a Noohi group. Now, by [Bhatt and Scholze 2015, Proposition 7.1.5], it follows that a topological group
is Noohi if and only if it satisfies the following conditions:

« Its open subgroups form a basis of open neighborhoods of 1 € G.

« It is Raikov complete.

A topological group G is Raikov complete if it is complete for its two-sided uniformity (see [Dikranjan
2013] or [Arhangel’skii and Tkachenko 2008, Chapter 3.6] for an introduction to the Raikov completion).
Using the above proposition it is easy to give examples of Noohi groups.

Example 2.2. The following classes of topological groups are Noohi: discrete groups, profinite groups,
Aut(S) with the compact-open topology for S a discrete set (see [Bhatt and Scholze 2015, Lemma 7.1.4]),
groups containing an open subgroup which is Noohi; see [loc. cit., Lemma 7.1.8].

The following groups are Noohi: @, @, for the colimit topology induced by expressing @ as a union
of finite extensions (in contrast with the situation for the £-adic topology), GL, (E) for any algebraic
extension E/Q, and the colimit topology on GL, (E); see [loc. cit., Example 7.1.7].
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The notion of a Noohi group is tightly connected to a notion of an infinite Galois category, which we
are about to introduce. Here, an object X e C is called connected if it is not empty (i.e., initial), and for
every subobject Y — X (i.e., Y — Y xx Y), either Y is empty or ¥ = X.

Definition 2.3 [Bhatt and Scholze 2015, Definition 7.2.1]. An infinite Galois category C is a pair
(C, F : C — Sets) satisfying:

(1) C is a category admitting colimits and finite limits.

(2) Each X € C is a disjoint union of connected (in the sense explained above) objects.

(3) C is generated under colimits by a set of connected objects.

(4) F is faithful, conservative, and commutes with colimits and finite limits.
The fundamental group of (C, F) is the topological group 7(C, F) := Aut(F), topologized by the
compact-open topology on Aut(S) for any S € Sets.

An infinite Galois category (C, F) is tame if for any connected X € C, m;(C, F) acts transitively

on F(X).
Example 2.4. If G is a topological group, then (G — Sets, F(;) is a tame infinite Galois category.

Theorem 2.5 [Bhatt and Scholze 2015, Theorem 7.2.5]. Fix an infinite Galois category (C, F) and a
Noohi group G. Then:

(1) m(C, F) is a Noohi group.
(2) There is a natural identification of Homeon (G, 71 (C, F)) with the groupoid of functors C — G — Sets

that commute with the fiber functors.
) If (C, F) is tame, then F induces an equivalence C >~ 1 (C, F) — Sets.

The “tameness” assumption cannot be dropped as there exist infinite Galois categories that are not of
the form (G — Sets, F); see [Bhatt and Scholze 2015, Example 7.2.3]. This was overlooked in [Noohi
2008], where a similar formalism was considered.

Remark 2.6. The above formalism was also studied in [Lepage 2010, Chapter 4] under the names of
“quasiprodiscrete” groups and “pointed classifying categories”.

In Section 2B below we will study “Noohi completion” and the dictionary between Noohi groups and
G — Sets (see Section 2C). For now, let us return to gathering the results from [Bhatt and Scholze 2015].

Pro-étale topology and the definition of nfmét(X ).

Definition 2.7. Let X be a locally topologically noetherian scheme. Let ¥ — X be a morphism of
schemes such that:

(1) It is étale (not necessarily quasicompact!).
(2) It satisfies the valuative criterion of properness.

We will call Y a geometric covering of X. We will denote the category of geometric coverings by Covy.
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As Y is not assumed to be of finite type over X, the valuative criterion does not imply that ¥ — X is
proper (otherwise we would simply get a finite étale morphism).

Example 2.8. For an algebraically closed field k, the category Covgpee(y consists of (possibly infinite)
disjoint unions of Spec(k) and we have Covgpee(r) = Sets.

More generally, one has:

Lemma 2.9 [Bhatt and Scholze 2015, Lemma 7.3.8]. If X is a henselian local scheme, then any Y € Covy
is a disjoint union of finite étale X -schemes.

Let us choose a geometric point X : Spec(k) — X on X. By Example 2.8, this gives a fiber functor
F; : Covy — Sets. By [Bhatt and Scholze 2015, Lemma 7.4.1], the pair (Covy, Fk) is a tame infinite
Galois category. Then one defines:

Definition 2.10. The pro-étale fundamental group is defined as

2P (X, %) = 1 (Covy, F).
In other words, nf rOét(X , X) = Aut(F53) and this group is topologized using the compact-open topology
on Aut(S) for any S € Sets.
One can compare the groups nf (X, %), nft(X ,x) and 7TISGA3 (X, x), where the last group is the
group introduced in Chapter X.6 of [SGA 3, 1970].

Lemma 2.11. For a scheme X, the following relations between the fundamental groups hold:
(1) The group J'rlét(X , X) is the profinite completion of nf rOét(X ).
(2) The group JT]SGA3 (X, x) is the prodiscrete completion of JT]p rOét(X , X).
Proof. This follows from [Bhatt and Scholze 2015, Lemma 7.4.3 and 7.4.6]. O

As shown in [loc. cit., Example 7.4.9], nfmét(X , X) is indeed more general than JrISGA3 (X, x). This

can be also seen by combining Example 4.5 with Proposition 4.8 below.
The following lemma is extremely important to keep in mind and will be used many times throughout
the paper. Recall that, for example, a normal scheme is geometrically unibranch.

Lemma 2.12 [Bhatt and Scholze 2015, Lemma 7.4.10]. If X is geometrically unibranch, then
7PN X, ®) ~ (X, R).
There is another way of looking at the pro-étale fundamental group, which justifies the name “pro-étale”.

Definition 2.13. (1) Amap f : Y — X of schemes is called weakly étale if f is flat and the diagonal
Ar:Y =Y xxY isflat.

(2) The pro-€tale site X ¢ i the site of weakly €tale X-schemes, with covers given by fpqc covers.

This definition of the pro-étale site is justified by a foundational theorem — part (c) of the following
fact.
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Fact 2.14. Let f : A — B be a map of rings:
(a) f isétale if and only if f is weakly étale and finitely presented.
(b) If f is ind-étale, i.e., B is a filtered colimit of étale A-algebras, then f is weakly étale.

(c) [Bhatt and Scholze 2015, Theorem 2.3.4] If f is weakly étale, then there exists a faithfully flat
ind-étale g : B — C such that g o f is ind-étale.

Definition 2.15 [Bhatt and Scholze 2015, Definition 7.3.1]. We say that F' € Shv(X pros) 18 locally constant
if there exists a cover {¥; — X} in X0 With F|y, constant. We write Locx for the corresponding full
subcategory of Shv (X proer)-

We are ready to state the following important result.

Theorem 2.16 [Bhatt and Scholze 2015, Lemma 7.3.9]. Let X to be locally topologically noetherian
scheme. One has Locy = Covy as subcategories of Shv(X prog).

Topological invariance of the pro-étale fundamental group. We note that universal homeomorphisms of
schemes induce equivalences on the corresponding categories of geometric coverings.

Proposition 2.17 [Bhatt and Scholze 2015, Lemma 5.4.2]. Let h: X' — X be a universal homeomorphism
of topologically noetherian schemes (i.e., induces a homeomorphism of topological spaces after any
base-change). Then the pullback

h*:Covy - Covy, YmH—Y =YxxX

is an equivalence of categories.

Proof. As Covy >~ Locy, the theorem follows by the same proof as in [loc. cit., Lemma 5.4.2].
Alternatively, one can argue more directly (i.e., avoiding the equivalence with Locy) as follows. By
[Stacks 2020, Theorem 04DZ], V + V' =V xx X’ induces an equivalence of categories of schemes
étale over X and schemes étale over X'. By [Rydh 2010, Proposition 5.4.], this induces an equivalence
between schemes étale and separated over respectively X and X’. The only thing left to be shown is
that if for an étale separated scheme Y — X, the map Y x x X’ — X’ satisfies the existence part of the
valuative criterion of properness, then so does ¥ — X. But this property can be characterized in purely
topological terms (see [Stacks 2020, Lemma 01KE]) and so the result follows from the fact that % is a

universal homeomorphism. U

2B. Noohi completion. Let HausdGps denote the category of Hausdorff topological groups (recall that
we assume all topological groups to be Hausdorff, unless stated otherwise) and NoohiGps to be the full
subcategory of Noohi groups. Let G be a topological group. Denote Cg = G — Sets and let Fg : Cg — Sets
be the forgetful functor. Observe that (Cg, Fg) is a tame infinite Galois category. Thus, the group Aut(F)
is a Noohi group. It is easy to see that a morphism G — H defines an induced morphism of groups
Aut(Fg) — Aut(Fg) and check that it is continuous. Let ¢y : HausdGps — NoohiGps be the functor
defined by G — Aut(F). Denote also the inclusion iy : NoohiGps — HausdGps.
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Definition 2.18. We call ¥y (G) the Noohi completion of G and will denote it GNP,

Example 2.19. In [Bhatt and Scholze 2015, Example 7.2.6], it was explained that the category of Noohi
groups admits coproducts. Let G, G, be two Noohi groups and let G| %" G, denote their coproduct as
Noohi groups. Let G %'°P G, be their topological coproduct. It exists and it is a Hausdorff group [Graev
1948]. Then G "V G, = (G %' G)Noohi,

Let ag : G — Aut(Fg) = GN°°M denote the obvious morphism.

Proposition 2.20. For a topological group G, the functor Fg induces an equivalence of categories
Fg : G — Sets —=> GNo°N _ Gets .
Moreover, ag; o Fg ~id, and thus o* is an equivalence of categories, too.

Proof. The first part follows directly from [Bhatt and Scholze 2015, Theorem 7.2.5]. The natural
isomorphism «a; o Fg ~id is clear from the definitions. It follows that ag; is an equivalence. 0

The following lemma is in contrast with [Noohi 2008, Remark 2.13], but agrees with [Lepage 2010,
Proposition 4.1.1].

GNoohi

Lemma 2.21. For any topological group G, the image of g : G — is dense.

Proof. Let U C GNP be open. As GN°°Ni is Noohi, there exists ¢ € GN°" and an open subgroup
V <° GNoohi gych that ¢V C U. The quotient GNM / V' gives a GN°Ni_get. It is connected in the category
GNoohi _ Sets and, by Proposition 2.20, o, (GN°°Ni / V) is connected. Thus, the action of G on GN°hi/ v/
is transitive and so there exists g € G such that ag(g) - [V]=1[qV], i.e., ag(g) € ¢V. Thus, the image of
o 1s dense. O

Observation. Let f : H — G be a map of topological groups. Directly from the definitions, one sees
that the following diagram commutes:

H—' ¢

7% l [ 7¢} l
fNoohi

HNoohi GNoohi

Lemma 2.22 (universal property of Noohi completion). Let f : H — G be a continuous morphism
from a topological group to a Noohi group. Then there exists a unique map f': HNM — G such that

f/OO[H =f

Proof. By the definition of a Noohi group, a¢ is an isomorphism. Defining f” := ag' o NN gives
the existence. The uniqueness follows from oy having dense image. Alternatively, one can combine
Proposition 2.20 with [Bhatt and Scholze 2015, Theorem 7.2.5(2)]. O

Corollary 2.23. The functor Yy is a left adjoint of in.
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Remark 2.24. There are few places, where we write GN°M for a non-Hausdorff group G. This is mostly
to avoid a large overline sign over a subgroup described by generators. In these cases, we mean

GNoohi . (GHausd) Noohi

where GH2usd i the maximal Hausdorff quotient. As (—)H2%d 5 a left adjoint as well, this usually does
not cause problems. This also provides a left adjoint to the forgetful functor NoohiGps — TopGps to all
topological groups.

We now move towards a more explicit description of the Noohi completion.

Lemma 2.25. Let (G, T) be a topological group. Denote by B the collection of sets of the form
x1F1y1 ﬂx2F2y2 n--- ﬂmemym

wherem € N, x;, y; € G and T'; < G are open subgroups of G. Then B is a basis of a group topology t’
on G that is weaker than t and open subgroups of (G, t) form a basis of open neighborhoods of 1¢ in
(G, ).

Moreover, the natural map i’ : (G, t) — (G, ') induces an equivalence of categories (G, 1") — Sets —
(G, t)—Sets. If {1g} C (G, 1) is thickly closed, i.e., [\ _.q U = {15} (see Definition 2.30), then (G, T’)
is Hausdorff and (G, 7)Noohi _~ o (G, ¢/)Noohi ;¢ isomorphism.

Proof. The first statement follows from [Bourbaki 1966, Proposition III.1.1] by taking the filter of subsets
of G containing an open subgroup. It is also proven in [Lavanda 2018, Lemma 1.13] (the proposition is
stated there in a particular case, but the proof works for any topological group). The second statement
follows from the fact that for a discrete set S, any continuous morphism (G, t) — Aut(S) factorizes
through i’ : (G, 1) — (G, 1'). O

Fact 2.26 [Bhatt and Scholze 2015, Proposition 7.1.5]. Let G be a topological group such that its open
subgroups form a basis of open neighborhoods of 1. Then GNooM ~ G, where G denotes the Raikov
completion of G.

Proposition 2.27. Let (G, t) be a topological group. Assume that {1} C (G, ) is thickly closed (see
Definition 2.30). Then there is a natural isomorphism of groups

GNoohi ~ (G 7
where t’ denotes the topology described in the previous lemma and -~~~ denotes the Raikov completion.

Proof. We combine Fact 2.26 with the last lemma and get (G, 7)N°°N ~ (G, ¢/)Noohi ~ (E,?). O

Observation 2.28. Let G be a topological group and H a normal subgroup. Then the full subcategory of
G — Sets of objects on which H acts trivially is equal to the full subcategory of G — Sets on which its
closure H acts trivially and it is equivalent to the category of G/H — Sets. So, it is an infinite Galois
category with the fundamental group equal to (G /H)No°hi,
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Lemma 2.29. Let X be a connected, locally path-connected, semilocally simply connected topological
space and x € X a point. Let Fy be the functor taking a covering space Y — X to the fiber Yy over the point
x € X. Then (TopCov(X), Fy) is a tame infinite Galois category and w1 (TopCov(X), F,) = n{oP(X, x),
where we consider JTIOP(X , X) with the discrete topology. Here, TopCov(X) denotes the category of
covering spaces of X.

Proof. We first claim that there is an isomorphism: (TopCov(X), F,) =~ (Jr;OP(X, x) — Sets, Fn:op(x,x)).
This is in fact a classical result in algebraic topology, which can be recovered from [Fulton 1995,
Chapter 13] or [Hatcher 2002, Chapter 1] and is stated explicitly in [Cakar 2014, Corollary 4.1]. This
finishes the proof, as discrete groups are Noohi. U

2C. Dictionary between Noohi groups and G — Sets.

Definition 2.30. Let H C G be a subgroup of a topological group G. Then we define a “thick closure”
H of H in G to be the intersection of all open subgroups of G containing H, i.e., H:=) Hcu<ogU-If a
subgroup satisfies H = H we will call it thickly closed in G.

In a topological group open subgroups are also closed, so a thickly closed subgroup is also an intersection
of closed subgroups, so it is closed in G. Observe also that an arbitrary intersection of thickly closed
subgroups is thickly closed. This justifies, for example, the existence of the smallest normal thickly closed
subgroup containing a given group. In fact, we can formulate a more precise observation.

Observation 2.31. Let H < G be a subgroup of a topological group G. Then the smallest normal thickly
closed subgroup of G containing H is equal to (H"¢), where H" is the normal closure of H in G.

Observation 2.32. Let G be a topological group such that the open subgroups form a local base at 1.
Let W C G be a subset. Then the topological closure of W can be written as W = [y _o.c WV.

The following lemma can be found on page 79 of [Lepage 2010].

Lemma 2.33. Let G be a topological group such that the open subgroups form a basis of neighborhoods
of 1g. Let H <A G be a normal subgroup. Then

H=H
i.e., the usual topological closure and the thick closure coincide.

Proof. We compute that H= My < HV(*D) Nu-v<cU= ﬁ O H. The inclusion (x) follows from the
fact that HV is an (open) subgroup of G as H is normal. g

Let us make an easy observation, that will be useful to keep in mind while reading the proof of the
technical proposition below.

Observation 2.34. Let U < G be an open subgroup of a topological group and let ggp € G. Then the
mapping G/goUgo_1 — G /U given by [ggoUgO_I] — [ggoU] is an isomorphism of G-sets.
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Given open subgroups U, V < G and some surjective map of G-sets ¢ : G/V — G /U we can assume
that it is the standard quotient map (i.e., V C U) up to replacing U by a conjugate open subgroup (more
precisely by goUgal, where gg is such that ¢ ([V]) = [goU]).

Remark 2.35. A map Y’ — Y in an infinite Galois category (C, F) is an epimorphism/monomorphism if
and only if the map F(Y') — F(Y) is surjective/injective. Similarly Y is an initial object if and only if
F(Y) = @ and so on. The proofs of those facts are the same as the proofs in [Stacks 2020, Tag OBNO].
This justifies using words “injective” or “surjective” when speaking about maps in (C, F).

Recall the following fact.

Observation. Let f : G’ — G be a surjective map of topological groups. Then the induced morphism
G’/ ker(f) — G is an isomorphism if and only if f is open. In such case, we say that f is a quotient
map. In the language of [Bourbaki 1966, I11.2.8] we would call f strict and surjective.

Definition 2.36. We will say that an object of a tame infinite Galois category is completely decomposed
if it is a (possibly infinite) disjoint union of final objects.

Proposition 2.37. Let G” 6 G obe maps between Noohi groups and Cgr M Co i Cg the
corresponding maps of the infinite Galois categories. Then the following hold:

(1) The map h' : G” — G’ is a topological embedding if and only if for every connected object X in Cgr,
there exist connected objects X' € Cg» and Y € Cg and maps X' — X and X' — H'(Y).

(2) The following are equivalent:
(a) The morphism h : G’ — G has dense image.

(b) The functor H maps connected objects to connected objects.
(c) The functor H is fully faithful.

(3) The thick closure of Im(h’) C G’ is normal if and only if for every connected object Y of Cg' such
that H'(Y) contains a final object of Cgr, H'(Y) is completely decomposed.

4) W'(G") C Ker(h) if and only if the composition H' o H maps any object to a completely decomposed
object.

(5) Assume that h'(G") C ker(h) and that h : G' — G has dense image. Then the following conditions

are equivalent:

(a) The induced map (G’ /ker(h))N°" — G is an isomorphism and the smallest normal thickly
closed subgroup containing Im(h’) is equal to ker(h).

(b) For any connected Y € Cg' such that H'(Y) is completely decomposed, Y is in the essential
image of H.

(¢) The induced map (G'/ ker(h))NooM s G is an isomorphism and for any connected Y € Cgr such
that H'(Y) is completely decomposed, there exists Z € Cg and an epimorphism H(Z) — Y.

Proof. (1) The proof is virtually the same as for usual Galois categories, but there every injective map
is automatically a topological embedding (as profinite groups are compact). Assume that G” — G’



Fundamental exact sequence for the pro-étale fundamental group 645

is a topological embedding. Let X € Cg» be connected and write X ~ G” /U for an open subgroup
U < G”. Then there exists an open subset V C G’ such that VN G” = U (as G” — G’ is a topological
embedding) and an open subgroup V < G’ such that V C V (as G’ is Noohi). Denote W = V N G”.
Then X' := G"/W — X and X’ < H'(G'/V), so we conclude by setting Y := G’/ V. For the other
implication: we want to prove that G — G’ is a topological embedding under the assumption from the
statement. It is enough to check that the set of preimages h’ _I(B) of some basis B of opens of e’ forms
a basis of opens of egr. Indeed, assume that this is the case. Firstly, observe that it implies that 4’ is
injective, as both G” and G’ are Hausdorff (and in particular 7p). If U is an open subset of G”, then
we can write U = | J g/ U,, for some g, € G” and U, € Bl (B). We can write Uy = h'~!(V,) for some
Vo € B. Then V = h'(g)) Vy satisfies BN (V) = U because h’_l(h’(g(’;)va) = gi U, (by injectivity
of 1’). So this will prove that the topology on G” is induced from G’ via h’. Let B={U < G | U is open}.
This is a basis of opens of e (as G’ is Noohi). We want to check that 2'~!(B) is a basis of opens of eg.
As open subgroups of G” form a basis of opens of e~ it is enough to show that for any open subgroup
U < G" there exists an open subgroup V < G’ such that 2'~! (V) C U. From the assumption we know
that there exist open subgroups U < G” and V < G’ such that G” /U — G /U and G”/U < G’/ V. The
surjectivity of the first map means that we can assume (up to replacing U by a conjugate) U CU. The
injectivity of the second means that we can assume (up to replacing V by a conjugate) that /'~'(V) C U.
Indeed, the injectivity implies that if h'(g”)V = V, then g"U = U which translates immediately to
hW=1(V)c U. So we have also 4'~! (V) C U, which is what we wanted to prove.

(2) The equivalence between (a) and (b) follows from the observation that a map between Noohi groups
G’ — G has a dense image if and only if for any open subgroup U of G, the induced map on sets
G’ — G/ U is surjective. Here, we only use that open subgroups form a basis of open neighborhoods of
g € G.

Now, the functor H is automatically faithful and conservative (because Fg o H = F is faithful and
conservative). Assume that (b) holds. Let S, T € G — Sets and let g € Homg'_gsets (H (S), H(T)). We
have to show that g comes from gg € Homg_sets (S, 7). We can and do assume S, T connected for that.
Let 'y C H(S) x H(T) be the graph of g. It is a connected subobject. As H(S) x H(T)=H (S xT), the
assumption (b) implies that each connected component of H (S) x H(T) is the pullback of a connected
component I'g of § x T. Thus, I', is the pullback of some I'y C S x T. By conservativity of H, the
projection pr, : I'o — S is an isomorphism, as this is true for pr, : 'y — H(S). The composition
qr, © p1?01 : S — T maps via H to g.

Conversely, assume (c) holds. Let S € G — Sets be connected. We want to show that H (S) is connected.
Suppose on the contrary that H(S) = AU B with A, B € G’ — Sets. Let T = elle € G — Sets be
a two-element set with a trivial G-action. Then Homg_sets(S, T') has precisely two elements, while
Homg/ _sets (H(S), H(T)) = Homg'_ges (A LI B, o Lie) has at least four.

(3) Assume first that the thick closure of im(h’) is normal. Let Y = G’/ U be an element of Cs' whose
pull-back to G” —Sets contains the final object. This means that G” fixes one of the classes, let’s say [¢'U].
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This is equivalent to g'~'4'(G")g’ fixing [U], i.e., g'~'h'(G")g’ C U. But this implies immediately that
(€~ Th'(G")g") CU. Let § € G' be any element. We have (g 1h'(G")¢) = g~ 'h'(G")g' = (G") =
g "0 (G")Z from the assumption that 4/(G”) is normal. So 2~ '4'(G")g C §~'h'(G")g C U and we
conclude that 2'(G”) fixes an arbitrary class [gU]. This shows that G’/U pulls back to a completely

decomposed object.

The other way round: assume that for every connected object ¥ of ' such that H'(Y) contains a final
object, H'(Y) is completely decomposed. Let U be an open subgroup of G’ containing 4’'(G”). Then
G” fixes [U] € G/U and so, by assumption, fixes every [¢'U] € G/U. This implies that for any g’ € G’
g ~'h'(G")g’ C U which easily implies that also 4'(G”)" C U. As this is true for any U containing
h'(G") we get that A’ (G”) = (h'(G")*¢) and the last group is the smallest normal thickly closed subgroup
of G’ containing 4'(G") (Observation 2.31).

(4) The same as for usual Galois categories, we use that (), _. U = 1.

(5) (b) = (c): Assume (b). We only need to show, that (G’/ ker(/))N°°"i — G is an isomorphism. This is
equivalent to showing that H induces an equivalence G’/ ker(h) —Sets >~ G —Sets. As G’/ ker(h) — Sets >~
{S € G’ —Sets | ker(h) acts trivially on S} C {S € G —Sets | G” acts trivially on S}, the assumption of (b)
implies that the functor G — Sets — G’/ ker(h) — Sets is essentially surjective. By the global assumption
that G’ — G has dense image, it is fully faithful (see (2)).

(¢c) = (b): Assume (c). Let Y € Cg' be connected and such that H'(Y) is completely decomposed. We
have Z € C; and an epimorphism H(Z) — Y. As ker(h) acts trivially on H(Z), we conclude that it
also acts trivially on Y. Thus, by abuse of notation, ¥ € G’/ ker(h) — Sets. But G’/ ker(h) — Sets >~
(G'/ ker(h))Noohi _ Sets ~ G — Sets from the assumption. Thus, we see that Y is in the essential image
of H.

(b) = (a): Assume (b). We give two proofs of this fact.

First proof. We have proven above that (b) = (G’/ker(h))N°°" ~ G. Let N be the smallest normal
thickly closed subgroup of G’ containing #’(G”). Observe that N C ker & (as ker(h) is thickly closed).
Let U be an open subgroup containing N. We want to show that U contains ker 4. This will finish the
proof as both N and ker & are thickly closed. Write Y = G’/U. Observe that G’/ U pulls back to a
completely decomposed G”-set if and only if for any g’ € G there is g'h'(G”)g’~' C U. Indeed, h'(G")
fixes [¢'U] € G’/ U if and only if ¢'h(G"g' ™" fixes [U]l. SON C U implies that Y pulls back to a
completely decomposed G”-set and, by assumption, Y is isomorphic to a pull-back of some G-set and so
ker(h) acts trivially on Y. This implies that ker # C U, which finishes the proof. U

Alternative proof. We already know that (b) = (G’/ker(h))N°M ~ G. Let N C ker(h) be as in the
first proof above. Consider the map G/N — G/ ker(h). The assumption (b) and full faithfulness of
H (by the global assumption and using (2)) imply that (G’'/N)N°M — G is an isomorphism. Thus,
(G’ /N)Noohi ~ (G’ / ker(h))N°°M | Using Proposition 2.27, we check that the canonical maps G'/N —
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(G’ /N)N°Mi and G’/ ker(h) — (G'/ ker(h))N°°M are injective. Thus, G'/N — G’/ ker(h) is injective and
so N =ker(h). O

(a) = (b): Assume (a). Let Y = G'/U be a connected G’-set that pulls back via &’ to a completely
decomposed object. As we have seen while proving “(b) = (a)”, this implies that for any g’ € G’
¢'h(G"g' ™' c U, so H* C U and so also (H"™*) C U. But, by Observation 2.31, there is N = (H"c).
By assumption, we have N = ker/ and so we conclude that kers C U. But then, by assumption
(G'/ker(h))No°Mi ~ G Y is in the essential image of H. O

To distinguish between exactness in the usual sense (i.e., on the level of abstract groups) and notions of
exactness appearing in Proposition 2.37, we introduce a new notion. It will be mainly used in the context
of Noohi groups.

Definition 2.38. Let G” > G’ "5 G = 1 bea sequence of topological groups such that im(h") C ker(h).
Then we will say that the sequence is:

(1) Nearly exact on the right if h has dense image,

(2) Nearly exact in the middle if im(h’) = ker(h), i.e., the thick closure of the image of 4" in G’ is equal
to the kernel of A.

(3) Nearly exact if it is both nearly exact on the right and nearly exact in the middle.

We end this subsection with a lemma on topological groups and their Noohi completions that will be
used later in the proof of the main theorem.

Lemma 2.39. Let G be a topological group and G be a subgroup of GNM such that the canonical map
G — GNooN fuctorizes through G-
G — G C GNoohi‘

Let Vo < G be a subgroup. Let S = (G / Vy, discr) be the discrete set that comes naturally with an abstract
action by G.

If the induced abstract G-action on S is continuous, then Vy is open in G. Moreover, in such case,
denoting V = Stabgrooni ([ Vo] € G/ Vo), there is

V= Vé%om = %GNM and Vo=VnNG.

Proof. By the universal property, the G-action on § extends to GN°" and this action is transitive. Then
W is the preimage of the stabilizer V = Stabgnooni ([ Vo] € G / Vo), which is open.

The group V is open in a Noohi group, thus Noohi; see [Bhatt and Scholze 2015, Lemma 7.1.8.]. By
the universal property, there is a factorization Vé\lo"hi — V. But as Vj is a subgroup of a Noohi group, its
open subgroups form a basis of 1y,. Thus, the Noohi completion of Vj is just the Raikov completion. But
as the canonical map from a group to its Raikov completion is a topological embedding, [Arhangel’skii
and Tkachenko 2008, Corollary 3.6.18] implies that Vg\IOOhi — V is a topological embedding. By a
characterization of Raikov completeness (see [Dikranjan 2013, Proposition 6.2.7]), it follows that Vé\l"‘)hi
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is closed in V. But as G contains the image of G, it is dense in GNoohi and from the definition of V it
follows that V; has to be dense in V. Putting this together, we get that Vé\k"’hi =V= V()GNOOM. O

B

2D. A remark on valuative criteria. We will sometimes shorten “the valuative criterion of properness’
to “VCoP”. It is useful to keep in mind the precise statements of different parts of the valuative criterion,
see [Stacks 2020, Lemmas 01KE, 01KC and Section 01KY]. Let us prove a lemma (which is implicit in
[Bhatt and Scholze 2015]), that VCoP can be checked fpqc-locally.

Lemma 2.40. Let g : X — S be a map of schemes. The properties

(a) g is étale,
(b) g is separated,

(c) g satisfies the existence part of VCoP,

can be checked fpqc-locally on S. Moreover, property (c) can be also checked after a surjective proper

base-change.

Proof. The cases of étale and separated morphisms are proven in [Stacks 2020, Section 02YJ]. For the last
part, satisfying the existence part of VCoP is equivalent to specializations lifting along any base-change
of g [Stacks 2020, Lemma O1KE]. It is easy to see that this property can be checked Zariski locally. Thus,
if S — § is an fpgc cover such that the base-change g’ : X’ — §’ satisfies specialization lifting for any
base-change, we can assume that S, S’ are affine with §” — S faithfully flat. Let 7 — S be any morphism.

Consider the diagram:

X/<—S/X5XXST—>TXSX

L] |

S+— 8 xsT ———T

Let&' €T xgX,let& beits image in T and let 7 € T be such that & ~ 7. We need to find ¢’ € T x g X over
t such that & ~~ t'. Let Z = {§'} C T x5 X be the closure of {&'}. We need to show that the set-theoretic
image W C T of Z in T contains ¢. It is enough to show, that W is stable under specialization or,
equivalently, that 7\ W is stable under generalization. But, from flatness [Stacks 2020, Lemma 03HV],
generalizations lift along 8’ x ¢ T — T'. Thus, it is enough to show that the preimage of T\ W in ' xg T
is stable under generalizations or, equivalently (using the surjectivity of S’ x g T — T'), that the preimage
of Win 8" xg T is closed under specializations. But an easy diagram chasing (using the fact that the
right square of the diagram above is cartesian) shows that the preimage of W in §’ x g T is the image of a
closed subset of S’ x g X x T. We conclude, because specializations lift along §’ xg X xgT — §' xs T
by assumption.

The last part of the statement is proven in an analogous way. O
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Lemma 2.41. Let f : Y — X be a geometric covering of a locally topologically noetherian scheme. Then
f is separated.

Proof. By [Bhatt and Scholze 2015, Remark 7.3.3], f is quasiseparated. A quasiseparated morphism
satisfying VCoP is separated; see [Stacks 2020, Tag 01KY]. 0
3. Seifert-van Kampen theorem for ) " and its applications
3A. Abstract Seifert-van Kampen theorem for infinite Galois categories. We aim at recovering a general
version of van Kampen theorem, proven in [Stix 2006], in the case of the pro-étale fundamental group.
Most of the definitions and proofs are virtually the same as in [loc. cit.], after replacing “Galois category”
with “(tame) infinite Galois category” and “profinite”” with “Noohi”, but still some additional technical
difficulties appear here and there. We make the necessary changes in the definitions and deal with those

difficulties below.

Denote by A<, a category whose objects are [0] = {0}, [1] = {0, 1}, [2] = {0, 1, 2} and has strictly
increasing maps as morphisms. There are face maps 9; : [n — 1] — [n] forn = 1,2 and 0 <i < n which
omit the value i and vertices v; : [0] — [2] with image i.

The category of 2-complexes in a category € is the category of contravariant functors 7, : A< — .
We denote T, = T,([n]) and call it the n-simplices of T,. T (9;) is called the i-th boundary map.

By a 2-complex E we mean a 2-complex in the category of sets. We often think of E as a category: its
objects are the elements of E, for n =0, 1, 2 and its morphisms are obtained by defining 9 : s — ¢ where
s € E,and t = E()(s). Let A, = {>7_(Aie; € RIS A = 1} denote the topological n-simplex.
Then we define |E| =|_| E, X A,/ ~, where ~ identifies (s, d(x)) with (E(9)(s), x) forall 9 : [m] — [n]
and its corresponding linear map d : A,, — A, sending ¢; to ej(;), and s € E, and x € A,,,. We call E
connected if | E| is a connected topological space.

Definition 3.1. Noohi group data (¢, o) on a 2-complex E consists of the following:

(1) A mapping (not necessarily a functor!) ¢ from the category E to the category of Noohi groups: to a
complex s € E, is attributed a Noohi group ¢4(s) and to a map o : s — ¢ is attached a continuous
morphism (9) : 4(s) — 4(t).

(2) For every triple v € Ey, e € E;, f € E; and boundary maps 3, 9 such that 3'(f) = e, d(e) = v,
an element a,.r € ¥ (v) (its existence is a part of the definition) such that the following diagram

commutes:
403"

G(f) —Y(e)
g(aa’)l Jg(a)

Definition 3.2. Let (¢, o) be Noohi group data on the 2-complex E. A (¢, a)-system M on E consists
of the following:
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(1) For every simplex s € E a ¥(s)-set M.
(2) For every boundary map d : s — ¢ a map of 4 (s)-sets my : My — 4(9)*(M,), such that.

(3) For every triple v € Ey, e € E|, f € E, and boundary maps d’,  such that 3’'(f) = e, d(e) = v the
following diagram commutes:

myr

Mf — M,

maa’l lma
Qyef -

M, —— M,
Definition 3.3. A (¢, «)-system is called locally constant if all the maps my are bijections.

Observe that - : m — am is a ¥ (v)-equivariant map M, — (¢Oa~")*M,. Observe that there is an
obvious notion of a morphism of (¢, «)-systems: a collection of ¢ (s)-equivariant maps that commute
with the m. Let us denote by Ics(E, (¢, «)) the category of locally constant (¢, «)-systems.

Let M € lcs(¢, o) for Noohi group data (¢, ) on some 2-complex E. We define oriented graphs F<;
and M<; (which will be an oriented graph over E<;) as in [Stix 2006], but our graphs M« are possibly
infinite. For E<; the vertices are E( and edges E such that dy (resp. 91) map an edge to its target (resp.
M, and edges are |_|
target/origin maps are induced by the m; and the map M<; — E<; is the obvious one.

origin). For M., the vertices are | | M, serves as the set of edges. The

veEy eckE;

There is an obvious topological realization functor for graphs |-|. By applying this functor to the above
construction we get a fopological covering (because M is locally constant) |M<;| — |E<1]|. This gives a
functor

|-<1] 1 les(E, (¢4, )) — TopCov(|E<1]).

Choosing a maximal subtree 7" of | E<;| gives a fiber functor F7 : TopCov(|E<1|) = Setsby (p: Y — |E<1])
— 1o(p~'(IT])). The pair (TopCov(|E <11), Fr) is an infinite Galois category and the resulting fun-
damental group 71 (Cov(|E<1|), Fr)) is isomorphic to 7," (| E<|) (see Lemma 2.29) which is in turn
isomorphic to Fr(E;)/(({e|e € T} EDYY = Fr(éle € E; \ T), where Fr(-) denotes a free group on the
given set of generators and (({¢ | e € T}¥"(EV)) denotes the normal closure in Fr(E/) of the subgroup
generated by {e € T}. Here, ¢ acts on Fr(M) via

mo(p T Z mo(p~ ' (Bo(e))) = mo(p~ " (le) = 7o (p~' (31 (e)) = mo(p~ ' (IT))).

As in [Stix 2006], for every s € Eg and M € Ics(E, (¢, «)) we have that Frr (M) can be seen canonically
as a ¢ (s)-module by M; = 7ro(p~'(s)) Z7o(p~(T)). Denote 71 (E<i, T) =Fr(E)/({é | e € T} ED).
Putting the above together we get a functor

Q:1es(E, (¥, ) — (I 9(v) *" m1(E<;, T)) — sets.

veEy

Remark 3.4. In the setting of usual (“finite”) Galois categories, it is usually enough to say that a particular
morphism between two Galois categories is exact, because of the following fact [Stacks 2020, Tag 0BMV]:
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Let G be a topological group. Let F : Finite—G—Sets — Sets be an exact functor with F(X) finite for
all X. Then F is isomorphic to the forgetful functor.

As we do not know if an analogous fact is true for infinite Galois categories, given two infinite Galois
categories (C, F), (C’, F’) and a morphism ¢ : C — C’, we are usually more interested in checking whether
F >~ F’ o ¢. If ¢ satisfies this condition, it also commutes with finite limits and arbitrary colimits. Indeed,
we have a map colim ¢ (X;) — ¢ (colim X;) that becomes an isomorphism after applying F’ (as F’ and
F = F’ o ¢ commute with colimits) and we conclude by conservativity of F’. Similarly for finite limits.

Proposition 3.5. Let (E, (¢4, ®)) be a connected 2-complex with Noohi group data. Define a functor
F :lcs(E, (4, a)) — Sets in the following way: pick any simplex s and define F' by M +— M. Then
(Ics(E, (9, a)), F) is a tame infinite Galois category.

Moreover, the obtained functor
Q :les(E, (4, a)) = (+0_ 5 G () " m(E<1, T)) — sets
satisfies F > Fiorger © Q and maps connected objects to connected objects.

Proof. We first check conditions (1), (2) and (4) of [Bhatt and Scholze 2015, Definition 7.2.1]. Then we
show that Q maps connected objects to connected objects and we use the proof of this last fact to show
the condition (3).

Colimits and finite limits: they exist simplex-wise and taking limits and colimits is functorial so we get
a system as candidate for a colimit/finite limit. This will be a locally constant system, as the colimit/finite
limit of bijections between some G-sets is a bijection.

Each M is a disjoint union of connected objects: let us call N € Ics(¥, «) a subsystem of M if there
exists a morphism N — M such that for any simplex s the map Ny — M is injective (we then identify,
for any simplex s, N; with a subset of M;). We can intersect such subsystems in an obvious way and
observe that it gives another subsystem. So for any element a € M, there exists the smallest subsystem
N of M such that a € N,,. We see readily that for any vertices v, v’ and a € M,,, a’ € M,y the smallest
subsystems N and N’ containing one of them are either equal or disjoint (in the sense that, for each
simplex s, Ny and N are disjoint as subsets of M;). It is easy to see that in this way we have obtained a
decomposition of M into a disjoint union of connected objects.

F is faithful, conservative and commutes with colimits and finite limits. Observe that ¢;:lcs(E, (¢4, a))>
M +— M, €% (s)—Sets is faithful, conservative and commutes with colimits and finite limits and F' = Fodj,
where Fj is the usual forgetful functor on ¢ (s) — Sets.

It is obvious that F' > Ffreer 0 Q. We are now going to show that Q preserves connected objects. Take
a connected object M € Ics(E, (¢, o)) and suppose that N is a nonempty subset of Fr (M) stable under
the action of w1 (E<;, T) and ¢ (v) for v € Ey. Stability under the action of w1 (E<;, T) shows that N
can be extended to a subgraph N<; C M<;: for an edge e of M<; we declare it to be an edge of N<; if
one of its ends touches a connected component of = 1(T) corresponding to an element of N. This is
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well defined, as in this case both ends touch such a component— this is because the action of malma_o1
equals the action of € € 1 (E<;, T).

Now we want to show that it extends to 2-simplexes. This is a local question and we can restrict to
simplices in the boundary of a given face f € E;. Define Ny as a preimage of N via any 9 such that
d(f) =s. We see that if the choice is independent of s, then we have extended N to a locally constant
system. To see the independence it is enough to prove that if (vef) is a barycentric subdivision (i.e., we
have 9 and 3’ such that 3’( f) = e and d(e) = v), then mgal,(Nv) = mg,l (N,.). But from the ¢ (v)-invariance
we have N, = ozv_elf(Nv) and so

My (Ny) = myy (ayy (Ny) = my ' my (Ny) = my (N)

and thus N can be seen as an element of Ics(E, (¢, o)) which is a subobject of M, which contradicts
connectedness of M.

To see that Ics(E, (¢, «)) is generated under colimits by a set of connected objects, observe that in the
above proof of the fact that Q preserves connected objects, we have in fact shown the following statement.

Fact 3.6. Let M €lcs(¢4, o) and let Z be a connected component of Q (M). Then there exists a subsystem
W C M such that Q(W) = Z.

We want to show that there exists a set of connected objects in Ics(¥, o) such that any connected
object of Ics(¥¢, «) is isomorphic to an element in that set. As an analogous fact is true in (>x<f)\’E £,9 (V) «N
m1(E<1, T)) — sets, it is easy to see that it is enough to check that, for any X, Y, if QX =~ QY, then
X >~Y. Let X,Y € lcs(¢4, @) be connected. Assume that QX ~ QY. Looking at the graph of this
isomorphism, we find a connected subobject Z C QX x QY that maps isomorphically on QX and QY
via the respective projections. By the above fact, we know that there exists W C X x Y such that QW = Z.
Because F > Fyorger © Q and F is conservative, we see that the projections W — X and W — Y must be
isomorphisms. This shows X >~ Y as desired.

The only claim left is that Ics(E (¥4, «)) is tame, but this follows from tameness of (*UNE Eog (v) *V
m1(E<y, T)) — Sets, the equality F' >~ Ffreer © O and the fact that Q maps connected objects to connected

objects. 0

Let us denote by 71 (E, ¢, s) the fundamental group of the infinite Galois category (Ics(E, ¢), Fy). The
proposition above tells us that there is a continuous map of Noohi groups with dense image *{)ve PRAW) *
m1(E<1, T)) — m(E,¥,s). We now proceed to describe the kernel.

Recall that w1 (E<1, T) = Fr(E1)/{({é | e € T} EDY),

Theorem 3.7 (abstract Seifert—van Kampen theorem for infinite Galois categories). E be a connected
2-complex with group data (¢4, ). With notations as above, the functor Q induces an isomorphism of

Noohi groups
Cepep, @ (W) =" i (E<), T)/H)NM — 7, (E, 4, 5)



Fundamental exact sequence for the pro-étale fundamental group 653

where H is the closure of the group

<< G(d1)(g)e = Eg(ao)(g) ec€E,g€9(e) >>

@ N et~ Go el @)~ @ ) eid) @l f ek

where {(—)) denotes the normal closure of the subgroup generated by the indicated elements and the o
come from the definition of a (¢, o)-system for each given f.

Proof. The same proof as the proof of [Stix 2006, Theorem 3.2(2)] shows that O induces an equivalence
of categories between the infinite Galois categories (Ics(E, ¥4), F;) and the full subcategory of objects of
4 (v) N 7, (E <1, T') — Sets on which H acts trivially. We conclude by Observation 2.28. Il

UEE()

Remark 3.8. It is important to note that we can replace free Noohi products by free topological products
in the statement above, as we take the Noohi completion of the quotient anyway. More precisely, the
canonical map

(P () ¥ 7y (E<y, T)/H )N — (5N

veE)

G ) *N w1 (E<;, T)/H)NoOM

UEE()

is an isomorphism, where H is the normal closure in P @ (v) #*°P 1 (E<1, T) of a group having the

veE
same generators as H. This is because the categories of G — Sets are the same for those two Noohi

groups.
Fact 3.9. The topological free product *EOP G, of topological groups has as an underlying space the free

product of abstract groups *; G;. This follows from the original construction of Graev [1948].

3B. Application to the pro-étale fundamental group.

Descent data. Let T, be a 2-complex in a category % and let .# — % be a category fibered over ¢, with
F(S) as a category of sections above the object S.

Definition 3.10. The category DD(T,, %) of descent data for .7 /¢ relative T, has as objects pairs (X', ¢)
where X' € .7 (Tp) and ¢ is an isomorphism ;X" — 98] X" in .Z (T}) such that the cocycle condition
holds, i.e., the following commutes in .% (1>):

PR
0
9. ¢ viX'

¥ ¥
k /
vy X

Morphisms F : (X', ¢) — (Y’, ¥) in DD(T,, .#) are morphisms F : X' — Y’ in .Z (Ty) such that its two
pullbacks d; f and 9 f are compatible with ¢, ¥, i.e., 3] fodp =1 00d] f.

Let i : S’ — S be a map of schemes. There is an associated 2-complex of schemes

S.(h):8' =8 xs8 =8 x58 x58.
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The value of 0; is the projection under omission of the i-th component. We abbreviate DD(S, (h), %) by
DD(h, #). Observe that h* gives a functor 2* : % (S) — DD(h, 7).

Definition 3.11. In the above context /2 : ' — S is called an effective descent morphism for .# if h* is an

equivalence of categories.

Proposition 3.12 [Lavanda 2018, Proposition 1.16]. Let g : " — S be a proper, surjective morphism of
finite presentation, then g is a morphism of effective descent for geometric coverings.

Proof. This was proven by Lavanda and relies on the results of [Rydh 2010]. More precisely, this follows
from Proposition 5.4 and Theorem 5.19 of [loc. cit.], then checking that the obtained algebraic space is
a scheme (using étaleness and separatedness, see [Stacks 2020, Tag 0417]) and that it still satisfies the
valuative criterion (see Lemma 2.40). Il

Discretization of descent data. We would like to apply the procedure described in [Stix 2006, Section 4.3]
but to the pro-étale fundamental group. However, in the classical setting of Galois categories, given a
category C and functors F, F' : C — Sets such that (C, F) and (C, F') are Galois categories (i.e., F, F’
are fiber functors), there exists an isomorphism (not unique) between F and F’. Choosing such an
isomorphism is called “choosing a path” between F and F’. However, it is not clear whether an analogous
statement is true for tame infinite Galois categories as the proof does not carry over to this case (see the
proof of [Stacks 2020, Lemma OBNS5] or in [SGA 1 1971] —these proofs are essentially the same and
rely on the pro-representability result of Grothendieck [1960, Proposition A.3.3.1]).

Question 3.13. Let C be a category and F, F’ : C — Sets be two functors such that (C, F) and (C, F')
are tame infinite Galois categories. Is it true that F and F’ are isomorphic?

As we do not know the answer to this question, we have to make an additional assumption when trying
to discretize the descent data. Fortunately, it will always be satisfied in the geometric setting, which is
our main case of interest.

Definition 3.14. Let (C, F), (C’, F’) be two infinite Galois categories and let ¢ : C — C’ be a functor. We
say that ¢ is compatible if there exists an isomorphism of functors F' >~ F’ o ¢.

Let # — ¥ be fibered in tame infinite Galois categories. More precisely, we have a notion of
connected objects in ¢ and any T € ¥ is a coproduct of connected components. Over connected objects
Z takes values in tame infinite Galois categories (i.e., over a connected Y € ¢ there exists a functor
Fy : #Z(Y) — Sets such that (%#(Y), Fy) is a tame infinite Galois category but we do not fix the functor).

Definition 3.15. Let 7, be a 2-complex in %. Let E = mo(T,) be its 2-complex of connected components:
the 2-complex in Sets built by degree-wise application of the connected component functor. We will say
that 7, is a compatible 2-complex if one can fix fiber functors F; of .% (s) for each simplex s € E such
that (% (s), Fy) is tame and for any boundary map 9 : s — s’ there exists an isomorphism of fiber functors
FsoT(3)* = Fy.
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The 2-complexes that will appear in the (geometric) applications below will always be compatible.
From now on, we will assume all 2-complexes to be compatible, even if not stated explicitly. Let 7, be a
compatible 2-complex in ¥. Fix fiber functors F; and isomorphisms between them as in the definition of
a compatible 2-complex. For any 9, denote the fixed isomorphism by 3. Fora 2-simplex (vef) of the
barycentric subdivision with 3’ : f — e and 3 : e — v we define

5> —> 1
Ayef = 8/3(83/)_

or, more precisely,
> > —>
er = T(0)(9)3(30") " € Aut(F,) = 11 (Z (s), Fy).

We define Noohi group data (¢, «) on E in the following way: ¥ (s) = (F(s), F; ) for any simplex s € E
and to @ : s — ' is associated #(3) : 71 (F(s), Fy) 225 7y(F (), Fy 0 T0)) "2 1 (F(5'), Fy).
We define elements « as described above and we easily check that this gives Noohi group data.

Proposition 3.16. The choice of functors Fy and the choice of 3 as above fix a functor
discr : DD(T,, %) — Ics(E, (¢4, a))

which is an equivalence of categories.

Proof. Given a descent datum (X', ¢) relative T, we have to attach a locally constant (¢, a)-system on E
in a functorial way. For v € Eg, e € E| and f € E,, the definition of suitable ¢ (v) (or ¥ (e) or 4(f))
sets and maps m; between them can be given by the same formulas as in [Stix 2006, Proposition 4.4]
and also the same computations as in [loc. cit., Proposition 4.4] show that we obtain an element of
les(E, (¢, a)). Again, the reasoning of [loc. cit., Proposition 4.4] gives a functor in the opposite direction:
given M €lcs(E, (¢4, a)) we define X' € Z(Ty) =[]
Maps from edges to vertices define a map ¢ : T (39)* X’ — T (91)*X’ and to check the cocycle condition

Z(v) as Xl’v corresponding to M, for all v € Ej.

veEy

one reverses the argument of the proof that discr gives a locally constant system. g

To apply the last proposition we need to know that the compatibility condition holds in the setting we
are interested in.

Lemma 3.17 [Bhatt and Scholze 2015, Lemma 7.4.1]. Let f : X' — X be a morphism of two connected
locally topologically noetherian schemes and let X', X be geometric points on X', X, correspondingly.
Then the functor f*:Covyx — Covy is a compatible functor between infinite Galois categories (Covy, F;)
and (Covy, Fy), i.e., the functors Fz and Fy o f* are isomorphic.

Proof. Looking at the image of X’ (as a geometric point) on X, we reduce to the case when both X’ and
x lie on the same scheme X. In that case we proceed as in the second part of the proof of [loc. cit.,
Lemma 7.4.1]. O

Corollary 3.18 [Bhatt and Scholze 2015, Lemma 7.4.1]. Let X be a connected topologically noetherian

scheme. Let X1, Xp be two geometric points on X. Then there is an isomorphism ﬂproet(X X1) ~

proet(X X). It is unique (only) up to an inner automorphism.
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The above results combine to recover the analogue of [Stix 2006, Corollary 5.3] in the pro-étale setting.

Corollary 3.19. Let h : S’ — S be an effective descent morphism for geometric coverings. Assume that S
is connected and S, ', S' x5 8", §' x5 8" x5 8" are locally topologically noetherian. Let ' = |, S,, be
the decomposition into connected components. Let s be a geometric point of S, let 5(t) be a geometric
point of the simplex t € wo(S.(h)), and let T be a maximal tree in the graph I = mo(S.(h))<1. For every
boundary map 9 : t — t' let yy, : 5(t') — S.(h)(9)5(t) be a fixed path (i.e., an isomorphism of fiber
functors as in Lemma 3.17). Then canonically with respect to all these choices

proet(S S) (( proet(S 5(v)) * 7T1(F T))/H)Noom

UEEQ 1

where H is the normal subgroup generated by the cocycle and edge relations

7P 91) (g)@ = enP " (3p) (g), (1)
@2 N @ ey @) (@ /) el @i =1, 2)

for all parameter values e € S1(h), g € nproet(e s(e)), and f € Sy(h). The map n"“)et(a,-) uses the fixed
path vy, (e),e and a(f) is defined using v € So(h) and e € S| (h) determined by v;(f) = v, {dy(e), d1(e)} =

{Ul(f)v vj (f)} as
l(]];{) Vv,eVe, f]/v f € nfroet(v’ E(U))

Remark 3.20. Similarly as in Remark 3.8, we could replace " by %'°P in the above, as we take the
Noohi completion of the whole quotient anyway.

Remark 3.21. We will often use Corollary 3.19 for 4 — the normalization map (or similar situations),
where the connected components S, are normal. In this case erroet(S s(v)) = nlét(S{), Sy). This implies
that 7% Pt (4. 5(e)), which can be identified with

(e, 5(e)). Moreover, the map 71" (e, 5(e)) — 7 (e, 5(e)) has dense image and, in the end, we take

(91) factorizes through the profinite completion of 7;
proét

the closure H of H. The upshot of this discussion is that in the definition of generators of H we might

consider g € 7{'(e, 5(e)) instead of g € npmet(e 5(e)) and 7{'(9;) instead of np“’e‘(ai), i €{0,1},1ie.,

P8, 5) = ((+ P, 7S, 5(0)) P (T, T))/ H) O™

UEE()

where H is the normal subgroup generated by

@1 (g)em (o) (g)'e! forall e € Si(h), g € ni'(e, 5(e)) (R1)
and
@ Ne D@ @ Nt @D 1@ ) el @) forall £ e Sy(h). (Ry)

Let us move on to some applications.
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Ordered descent data. Let # be a category fibered over ¥ (with a fixed cleavage, for convenience).
Assume that ¥ is some subcategory of the category of locally topologically noetherian schemes with
the property that finite fiber products in € are the same as the finite fiber products as schemes. Let
h=]|lic;hi:S =Ll S, — S beamorphism of schemes and let < be a total order on the set of
indices /. Let S~ (h) C S.(h) be the open and closed sub-2-complex of schemes in ¢ of ordered partial
products
Sy =5 Sty =|]8ixsS;. Sshy= || S xsS;xs5;.
i<j i<j<k

Proposition 3.22. Let h = |;c, hi : S'=||; S/.; = S be a morphism of schemes such that, for every
i, j € I, the maps induced by the diagonal morphisms AY : Z(S! x5 S}) — F(S]) and (A; x ids})* :
ZF(S] xs S} xs 8)) — F(S! x S}) are fully faithful. Then the natural open and closed immersion
S=(h) < S.(h) induces an equivalence of categories

DD(h, #) => DD(S=(h), 7).

Proof. For the problem at hand, we can and do replace % by an equivalent category that admits
a splitting cleavage (i.e., the associated pseudofunctor is a functor). Let ¥ € .#(S}) and consider
05Y, 0fY € Z(S! x5 S) obtained via maps induced by the projections .7 (S)) — .Z (S x5 S;). We first
claim that there is exactly one isomorphism 80|§l_ sS; Y — 0; |’§[_ sS; Y as in the definition of descent data.
Observe that A795Y =Y, Af9;Y =Y and from the assumption any isomorphism ¢ : d;Y|s, — 9;'Y|s;
corresponds to precisely one isomorphism ¥ € Homg, (Y |s;, Y|s,). Pulling back the cocycle condition
via the diagonal A;’i : (S x5 Sl x5 S) — F(S)) we get f = idYIs,» so there is at most one map
¢ as above. Moreover, our assumptions imply that A3 ; is fully faithful as well, which shows that
¢ :95Y|s, — 07Y|s; corresponding to idy 5 will satisfy the condition. A similar reasoning shows that if
we have ¢;; specified for i < j, then ¢;; is uniquely determined and if the ¢;; satisfy the cocycle condition
on ;i fori < j <k, then the ¢;; together with the ¢;; obtained will satisfy the cocycle condition on any
Sapy> &, B,y €{i, j, k}. O
Observation 3.23. If the map of schemes S; — S is injective, i.e., if the diagonal map S, — S/ x5 S/ is
an isomorphism, then the assumptions of the proposition are satisfied.

Two examples.

Example 3.24. Let k be a field and C be IP’}( with two k-rational closed points pg and p; glued (see
[Schwede 2005] for results on gluing schemes). Denote by p the node (i.e., the image of the p; in C).
We want to compute nf rOét(C). By the definition of C, we have a map 5 : C =P' — C (which is also
the normalization). It is finite, so it is an effective descent map for geometric coverings. Thus, we can use

the van Kampen theorem. This goes as follows:

e Check that C X C~Cu po1 U p1o as schemes over C, where pyg are equal to Spec(k) and map to
the node of C via the structural map. This can be done by checking that Hom¢ (Y, Cu po1 U pro) =~
Homc (Y, 5) x Hom¢ (Y, 5).
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o Similarly, check that C X C X C~Cu Ppoot U poro U por1 U proo U pror U p1io, where the projection
C Xc C X C—C Xc C omitting the first factor maps pypc to ppe and so on.

« We fix a geometric point b = Spec(k) over the base scheme Spec(k) and fix geometric points py and p;
over po and p that map to b. Then we fix geometric points on C, pots p1o C El_lpm U pro CxcCina
compatible way and similarly for connected components of CxcCxcC (i.e., let us say that pug, — po
via vg and pgg > py). We fix a path y from pg to p; that becomes trivial on Spec(k) via the structural
map (this can be done by viewing py and p; as geometric points on 5,;, choosing the path on 5,; first
and defining y to be its image). Let p be the fixed geometric point on C given by the image of pg (or,
equivalently, pp).

proét

o We want to use Corollary 3.19 to compute ;" (C, p). We choose pg as the base point s(C ) for
Ce o (So(h)), Ce 7o(S1(h)) and Ce 70(S2(h)). Then for any ¢, t' € 7 (S.(h)) and the boundary map
d :t — t’, we use either the identity or y to define y, , : 5(t") — S.(h)(9)5(¢) as all the points p,p. map
ultimately either to pg or p;.

With this setup, the a(f ) (defined as in Corollary 3.19) are trivial for any f and so the relation (2)
in this corollary reads (Bzf) @)@ ) '=1. Applying this to different faces f € 7T0(C X c X C)

gives that the image of (", T) ~ Z*3 in nf rOet(C, p) is generated by a single edge (in our case only

one maximal tree can be chosen — containing a single Vertex) The choice of paths made guarantees

7P (30) (g) = 7P (31) (g) in 7" (C, po) for any g € 7P (Pab» Pap) = Gal(k). So relation (1) in
Corollary 3.19 implies that the image of 771 (C , po) =~ Gal(k) in npme (C, po) commutes with the
elements of the image of 7y (I", T'). Putting this together we get

nproét(c -)
((np“’et(C Bo) ¥ (T, 7))/ (7P (81) (9)é = en ™ (32) (), (32 /)@ NH((d1 f) ' =1
~ (Galy xZ)Nooh

) > )Noohi

= Galk xZ.
Example 3.25. Let X, ..., X,, be geometrically connected normal curves over a field £ and let
Y41, ..., Y, be nodal curves over k as in Example 3.24. Let x; : Spec(k) — X; be rational points

and let y; denote the node of ;. Let X :=U,X; U, Y; be a scheme over k obtained via gluing of the X;
and Y; along the rational points x; and y; (in the sense of [Schwede 2005]). The notation U, denotes
gluing along the obvious points. The point of gluing gives a rational point x : Spec(k) — X. We choose a
geometric point b = Spec(k) over the base Spec (k) and choose a geometric point X over x such that it maps
to b. The maps X; — X and Y; — X are closed immersions (this is basically [Schwede 2005, Lemma 3.8]).
We also get geometric points X; and y; over x; and y; that map to b as well. Denote X; = (X; )i Let
Galy; = 711 Y(x;, x;). It is a copy of Galy in the sense that the induced map 7'[1 Yxi, X)) — ﬂlt(Spec(k) b)
is an isomorphism. Let us denote by ¢; : Galy — Galk ; the inverse of this isomorphism. The group
yrl Y(xi, X;) acts on Ty (X,, x;) and allows to write 7§ (X,, X)) =my (Xl,x,) x Gal ;.
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After some computations (as in the previous example), using Corollary 3.19 and Example 3.24, one
gets

roét -
7N (X, %)

~ (6 (U (X, T X Galk DY (@ X Galg )/ {(1(0) =1 (0)]o € Gal,i,i' =1,...,n)) "

Let us describe the category of group-sets:
(k1 2 T8 (X, 5 X Gl )Y = 2y (@Gl ) /({1 (0) =t (0) |6 €Gal, iyi' =1, ..., n))) " —Sets
~ {8 € (¥ o (T8 B %Gl )3 4 -y (X x Gl ) —Sets | Vi .o Vsesti (0)-s = 1(0) s}

~ S € (#1, (X, TN 22N Galy ) O —Sets | ()

1<i<m

where the condition (#) reads

Vo cGalses.1<i<m ¥y exd (X, 5),wezenm (c-(y-s)="y-(o-s)ando-(w-s) =w-(0-5)).
‘We have used Observation 2.28 and Lemma 3.26 below.

Lemma 3.26. Let K and Q be topological groups and assume we have a continuous action K x Q — K
respecting multiplication in K. Then K x Q with the product topology (on K x Q) is a topological group
and there is an isomorphism

K ' Q/{qkq™" = k) — K x Q.

Proof. That K x Q becomes a topological group is easy from the continuity assumption of the action. The
isomorphism is obtained as follows: from the universal property we have a continuous homomorphism
K %P O — K x Q and the kernel of this map is the smallest normal subgroup containing the elements
gkq~'(9k)" (this follows from the fact that the underlying abstract group of K %'°P Q is the abstract
free product of the underlying abstract groups, similarly for K x Q and that we know the kernel in this
case). So we have a continuous map that is an isomorphism of abstract groups. We have to check that
the inverse map K x Q 3 kq > kq € K %'°P Q/{{gkq~" =7 k)) is continuous. It is enough to check that
the map K x Q 3 (k, q) — kg € K %P Q (of topological spaces) is continuous, but this follows from
the fact that the maps K — K %'®° Q and Q — K *"P Q are continuous and that the multiplication map
(K #°P Q) x (K %P Q) — K *'°P O is continuous. O

Let us also state a technical lemma concerning the “functoriality” of the van Kampen theorem. It is
important that the diagram formed by the schemes X, X5, X, X; in the statement is cartesian.

Lemma 3.27. Let f : X1 — X, be a morphism of connected schemes and h : X — X> be a morphism
of schemes. Denote by h; : X 1 = X the base-change of h via f. Assume that h and h; are effective
descent morphisms for geometric coverings and that local topological noetherianity assumptions are
satisfied for the schemes involved as in the statement of Corollary 3.19. Assume that for any connected
component W € mo(S,(h)), the base-change W1 of W via f is connected. Choose the geometric points
on Wy € mo(S.(h1)) and paths between the obtained fiber functors as in Corollary 3.19 and choose the
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geometric points and paths on W € mo(S,(h)) as the images of those chosen for X 1. Identify the graphs
I' = mo(S.(h))<1 and Ty = 7o(S,(h1))<1 (it is possible thanks to the assumption made) and choose a
maximal tree T in U'. Using the above choices, use Corollary 3.19. to write the fundamental groups

proet(X ) ~ ((*top (X) i)roet(Wl)) >ktop 7T1(F1, T)/ )NOOhl
and
n_lproét(Xz) ~ (( t‘;)/peﬂ (X) lproet(W)) *top ) (F T)/ )Nooh1.

Then the map of fundamental groups npmet( f): nFrOét(X 1) — proet(X 2) is the Noohi completion of
the map

((*tv([)/perr ) 2P W) P 1y (T4, T)) /(R >_>(*t§/pen &7 (W) P 7 (D, 7)) /(R),

which is induced by the maps 711 (W ) — prOet(W) and the identity on w(I'1, T) (Which makes sense
after identification of I'y with I').

Proof. 1t is clear that on (the image of) rrfmé[(Wl) (in rrpmet(X 1)) the map is the one induced from
fw: Wi — W. The part about 7; (I'y, T') follows from the fact that 7 (I'y, T) < erroet(Xl) acts in the same

proét

way as 1 (I, T) <7 (X2) on any geometric covering of X,. This follows from the choice of points and

paths on W € (S, (h)) as the images of the points and paths on the corresponding connected components

Wi emo(S.(h1)). The maps as in the statement give a morphism ¢ : (*Wen &7 froet(Wl))*‘OPm I, T)—
(*tv?/pen & f’met(W)) *°P 77 (T, T) and it is easy to check that ¢ (R’) C R, which finishes the proof. [

3C. Kiinneth formula. In this subsection we use the van Kampen formula to prove the Kiinneth formula
for nf rodt,

Let X, Y be two connected schemes locally of finite type over an algebraically closed field & and
assume that Y is proper. Let x, y be geometric points of X and Y respectively with values in the same
algebraically closed field extension K of k. With these assumptions, the classical statement says that the

“Kiinneth formula” for n ' holds, i.e., the following fact:

Fact 3.28 [SGA 1 1971, Exposé X, Corollary 1.7]. With the above assumptions, the map induced by the
projections is an isomorphism

TX X Y, (X, 7)) == 7i(X, X) x 7807, §).

We want to establish analogous statement for nf roct

Proposition 3.29. Let X, Y be two connected schemes locally of finite type over an algebraically closed
field k and assume that Y is proper. Let X, y be geometric points of X and Y respectively with values
in the same algebraically closed field extension K of k. Then the map induced by the projections is an
isomorphism

PN X Y, (R, §)) 2 7PN B x PO ).
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Choosing a path between (x, y) and some fixed k-point of X x; Y (seen as a geometric point) and
looking at the images of this path via projections onto X and Y reduces us (by Corollary 3.18 and
compatibility of the chosen paths), to the situation where we can assume that x and y are k-points. We
are going to assume this in the proof. Before we start, let us state and prove the surjectivity of the above
map as a lemma. Properness is not needed for this.

Lemma 3.30. Let X, Y be two connected schemes over an algebraically closed field k with k-points on
them: x on X and y on Y. Then the map induced by the projections

proet(X X Y (x y)) — 7_[proet()( x) x nproet(Y, y)
is surjective.

Proof. Consider the map (idX, y): X =X Xy — X x¢ Y. Itis easy to check that the map induced
on fundamental groups 711 (X X)) — nproet(X xXr Y, (x,y)) —> nproet(X X) X npr Ct(Y y) is given by
(id_ o 5y 1 Ty 5 nproet(X X) — npmet(X X) x npmet(Y ). Analogous fact holds if we consider
(x, ldy) Y — X X Y. As a result, the image 1rn(71proet(X XY, (x,y)) = erroet(X X) X erroet(Y y))
contains the set (nproet(X X) X {1 proét )}) U ({1 proct . )} X nproet(Y ¥)). This finishes the proof, as
this set generates 771 (X X) X nproet(Y y). O

Proof of Proposition 3.29. As X, Y are locally of finite type over a field, the normalization maps are finite
and we can apply Proposition 3.12. Let X — X be the normalization of X and let X = L, X, be its
decomposition into connected components and let us fix a closed point x,, € X, for each v. Similarly, let
L1, Y, =Y — Y be the decomposition into connected components of the normalization of ¥ with closed
points y, € ?u.

We first deal with a particular case.

Claim. The statement of Proposition 3.29 holds under the additional assumption that

e either, for any v, the projections induce isomorphisms
7P K XY, (7)) = 1) Ko ) x ] (Y ),
e or, for any u, the projections induce isomorphisms
"X xa Vs (8, 7)) = 7 ) x 7" (Vo ).

Proof of the claim. Apply Corollary 3.19 to A : X — X. We choose ¥ and Xy’s as geometric points §(¢)
of the corresponding simplexes ¢ € mo(S.(/))o and choose 5(¢) to be arbitrary closed points (of suitable
double and triple fiber products) for ¢ € mo(S,(h))2. We fix a maximal tree T in I' = mo(S,(h)) <1 and fix
paths v, : 5(t') — S.(h)(3)5(1). Thus, we get 7 (X, %) = (N 2P (X, x,) % 71 (T, T))/H) "
where H is defined as in Corollary 3.19.

Observe now that X » X1 Y are connected (as k is algebraically closed) and that /2 xidy : XxY— XxYis
an effective descent morphism for geometric coverings. So we might use Corollary 3.19 in this setting. As
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(}~( v X Y) X xxy ()? wXY)= ()N( v X x Xy) Xx Y, and similarly for triple products, we can identify in a natural
way i~V (S, (h x idy)) => 7o(S.(h)). In particular we can identify the graph I'y = mo(S,(h x idy))<i
with I and we choose the maximal tree Ty of 'y as the image of T via this identification. For t € (S, (h))
choose (5(7), y) as the closed base points for i () € mo(S,(h x idy)). Denote by «;jx elements of various
nf mét()? ») defined as in Corollary 3.19 and by ¢ elements of 7| (I, T). By the choices and identifications
above we can identify w1 (I'y, Ty) with 7 (I, 7). Using van Kampen and the assumption, we write

7K XY, @ ) Z () 7] Ry x ¥, G 30 Y iy, T) /Hy)

= (sl G R ) x (¥, 5)0) #Y 0 (0, ) V)

Here npmet(Y ¥)y denotes a “copy” of npmet(Y y) for each v. By Lemma 3.30, for T € mo(S,(h)) the
natural map nproet(T x Y, (5(T), y)) — npmet(T 5(T)) x nproet(Y y) is surjective. It follows that the
relations defining Hy (as in Corollary 3.19) can be written as

7P 01) (). 1€ = exP* (80) (&) 0,

for e € e(I'), g € 7 (e, 5(e)), € € Si(h), hy € T7°(Y, 3), and

A —172 A —1 (72 A1 ~1
(82f)a10205120(BOf)OlZlOaz()l ((@11)) Q02141 = 1,

for f € S;(h), where the « in the second relation are elements of suitable the nproet(X ») and are the same

as in the corresponding generators of H. The i, ; denotes a copy of element /, € nproet

(Y, ¥) in a suitable

fmet(Y, ¥)v. Varying e and &, while choosing g =1 € ”1 (e, s(e)) for every e, gives that h, 1= Ehy 0-
For e € T we have ¢ = 1 and so the first relation reads hy1 = hy o, i.e., it identifies J'rpmet(Y y)y with
nfrOét(Y , ¥)w for v, w —the ends of the edge e. As T is a maximal tree in [, it contains all the vertices, so
the first relation identifies np rOet(Y V=m P rOCt(Y ¥)w for any two vertices v, w and we will denote this
subgroup (of the quotient) by nproet(Y ). This way hy, 1é = €hy o reads simply hyé = €h,, so elements

proét proet

of 7; (Y, y) commute with elements of 7| (I", T'). Moreover, elements of 77, (Y, y) commute with

elements of each rrp Oet(X v, Xv), as this was true for er Oet(Y ¥)v. On the other hand, choosing 7, =1 in
the first relation and looking at the second relation, we see that Hy contains all the relations of H. Using
notations from the above discussion, we can sum it up by writing

Hy = ((relations generating H, hy o = hy1, h,é =éhy, hyg = ghy(g € 7" (X,, x,)))).
Putting this together, we get equivalences of categories

(=) (2P (X, x0) x 7PN, 5),) % 701 (T, T)) / Hy ) — Sets
{S € (>x< (npmet(Xv, Xy) X nproet(Y v )>|< (T, T)) Sets | Hy acts trivially on S}

1S 4

[S € (N rPUK,, x,) %V 71(T, T)) x 7Y, 7)) — Sets | H acts trivially on S}
(7™ Ko ) ¥ 0 (0, 1))/ H) x 7™ (1, 3) = Sets
= (X, 5) x 7Y, 5) — Sets,

12

12
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where equality @ follows from the fact that for topological groups G, G, there is an equivalence
(G1 x Gp) —Sets = {S € G % G, — Sets | Ve1€G1,00€G, Vses81825 = g2815} (see Lemma 3.26).

This finishes the proof of the Claim in the “either” case. After noting that each Y, is still proper, the
“or” case follows in a completely symmetrical manner. We have proven a particular case of the proposition.
Let us now go ahead and prove the full statement. (|

General case. The general case follows from the claim proven above in the following way: Let
L, X,=X— Xand L1, Y, =Y —>Ybe decompositions into connected components of the normalizations
of X and Y. Fix v and note that nf)mé[(fv X Y) = nfmét()?v) X nfrOét(Y) by applying the claim to Y
and X - This is possible, as the 17,,, X » and the products 17,4 Xk X » (for all u) are normal varieties and
so their pro-étale fundamental groups are equal to the usual étale fundamental groups (by Lemma 2.12)

for which the equality 7(Y, xx X,) = 78(¥,) x 7{4(X,) is known (see Fact 3.28). Thus, for any v, we

have that nlprOét()?v X Y)= JrlprOét()?v) X Jrlpmét(Y). We can now apply the claim to X and Y and finish
the proof in the general case. (|
proét

3D. Invariance of m; "~ of a proper scheme under a base-change K D k of algebraically closed fields.

Proposition 3.31. Let X be a proper scheme over an algebraically closed field k. Let K D k be another
algebraically closed field. Then the pullback induces an equivalence of categories

F :Covy — Covy, .
In particular, if X is connected, X g — X induces an isomorphism
proét ~ proét
7, (Xg) —m;  (X).

Proof. Let X¥ — X be the normalization. It is finite, and thus a morphism of effective descent for
geometric coverings. Let us show that the functor F is essentially surjective. Let Y’ € Covy,. As k
is algebraically closed and X" is normal, we conclude that XV is geometrically normal, and thus the
base change (X")k is normal as well; see [Stacks 2020, Tag 0380]. Pulling Y’ back to (X")x we get a
disjoint union of schemes finite étale over (X")g with a descent datum. It is a classical result [SGA 1
1971, Exposé X, Corollary 1.8] that the pullback induces an equivalence Fétxv — Fétx: of finite étale
coverings and similarly for the double and triple products X; = X" xx X", XJ = X" xx X" xx X".
These equivalences obviously extend to categories whose objects are (possibly infinite) disjoint unions of
finite étale schemes (over X", X3, X3 respectively) with étale morphisms as arrows. These categories can
be seen as subcategories of Covy» and so on. These subcategories are moreover stable under pullbacks
between Covy. Putting this together we see, that Y"=Y"xx, (X")k with its descent datum is isomorphic
to a pullback of a descent datum from XV. Thus, we conclude that there exists ¥ € Covy such that
Y’ >~ Y. Full faithfulness of F is shown in the same way. If X is connected, it can be also proven more
directly, as F being fully faithful is equivalent to preserving connectedness of geometric coverings, but any
connected Y € Covy is geometrically connected, and thus Y remains connected by Proposition 2.37(2).
Note that in the above argument we do not claim that the double and triple intersections X3, X3 are
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normal, as this is in general false. Instead, we are only using that all the considered geometric coverings
of those schemes came as pullbacks from X", and thus were already split-to-finite. g

4. Fundamental exact sequence

4A. Statement of the results and examples. The main result of this chapter is the following theorem.

Theorem (see Theorem 4.14 below). Let k be a field and fix an algebraic closure k. Let X be a

geometrically connected scheme of finite type over k. Then the sequence of abstract groups

1— 77X — 77 (X) - Galy — 1
is exact.
Moreover, the map nfmet(X,;) — nf’met(X) is a topological embedding and the map nfroet(X) — Galg

is a quotient map of topological groups.
One shows the near exactness first and obtains the above version as a corollary with an extra argument.

The most difficult part of the sequence is exactness on the left. We will prove it as a separate theorem and
its proof occupies an entire subsection.

Theorem (see Theorem 4.13 below). Let k be a field and fix an algebraic closure k of k. Let X be a
scheme of finite type over k such that the base change X} is connected. Then the induced map

”frOét(X/}) N JTFrOét(X)
is a topological embedding.

By Proposition 2.37, it translates to the following statement in terms of coverings: every geometric
covering of Xj can be dominated by a covering that embeds into a base-change to k of a geometric
covering of X (i.e., defined over k). In practice, we prove that every connected geometric covering of Xy
can be dominated by a (base-change of a) covering of X; for //k finite.

For finite coverings, the analogous statement is very easy to prove simply by finiteness condition.
But for general geometric coverings this is nontrivial and maybe even slightly surprising as we show by
counterexamples (Examples 4.5 and 4.6) that it is not always true that a connected geometric covering of
X7, is isomorphic to a base-change of a covering of X; for some finite extension //k. This last statement
is, however, stronger than what we need to prove, and thus does not contradict our theorem. Observe,
that the stronger statement is true for finite coverings and, even more generally, whenever nf rOét(X P 1s
prodiscrete, as proven in Proposition 4.8.

Let us proceed to proving the easier part of the sequence first.

Observation 4.1. By Proposition 2.17, the category of geometric coverings is invariant under universal
homeomorphisms. In particular, for a connected X over a field and k'/k purely inseparable, there is
nlp rOét(Xk/) = ﬂlp rOét(X ). Similarly, we can replace X by X4 and so assume X to be reduced when
convenient. In this case, base change to separable closure X;s is reduced as well. We will often use this
observation without an explicit reference.
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We start with the following lemmas.

Lemma 4.2. Let k be a field. Let k C k' be a (possibly infinite) Galois extension. Let X be a connected
scheme over k. Let To C mo(Xy) be a nonempty closed subset preserved by the Gal(k'/ k)-action. Then
To = mo(Xe).

Proof. Let T be the preimage of To in Xy (with the reduced induced structure). By [Stacks 2020,
Lemma 038B], T is the preimage of a closed subset 7 C X via the projection morphism p : X — X.
On the other hand, by [loc. cit., Lemma 04PZ], the image p(T) equals the entire X. Thus, T = X and
T = Xy, and so To = mo(Xy). O

Lemma 4.3. Let X be a connected scheme over a field k with an I'-rational point with l'/ k a finite field
extension. Then mo(Xyse) is finite, the Galy action on mwo(Xysen) is continuous and there exists a finite
separable extension [/ k such that the induced map mwo(Xyse) — o (X)) is a bijection. Moreover, there

exists the smallest field (contained in k°P) with this property and it is Galois over k.

Proof. Let us first show the continuity of the Gal-action. The morphism Spec(l’) — X gives a Galy-
equivariant morphism Spec(!” ®; k*P) — Xjsp and a Galg-equivariant map mo(Spec(l” ®; k5P)) —
o(Xpser). Denote by M C mo(Xgser) the image of the last map. It is finite and Galg-invariant, and by
Lemma 4.2, M = my(Xy ). We have tacitly used that M is closed, as wo(Xy) is Hausdorff (as the connected
components are closed). As Galy acts continuously on 7o (Spec(l’ ® k*P)) (for example by [Stacks 2020,
Lemma 038E]), we conclude that it acts continuously on 7 (Xyser) as well. From Lemma 4.2 again and
from [loc. cit., Tag 038D], we easily see that the fields [ C k*°P such that 7 (Xysep) — 79(X)) is a bijection
are precisely those that Gal; acts trivially on mo(Xgse). To get the minimal field with this property we
choose [ such that Gal; = ker(Gal;, — Aut(mg(Xyser))). O

Theorem 4.4. Let k be a field and fix an algebraic closure k. Let X be a geometrically connected scheme
of finite type over k. Let X : Spec(k) — X i be a geometric point on X. Then the induced sequence

7P X, ©) - 7P(X, ) L Galy — 1

of topological groups is nearly exact in the middle (i.e., the thick closure of im(t) equals ker(p)) and
proét . . .
m, (X) — Galg is a topological quotient map.

Proof. (1) The map p is surjective and open: let U < Jr}mét(X) be an open subgroup. There is a

geometric covering Y of X with a k-point y such that the morphism nf rOét(Y ,¥Y) —> nf rOét(X , X) is equal

proét

toU Cm; (X, x). As Y is locally of finite type over k, the image of y in ¥ has a finite extension / of k
as the residue field. Thus, we get Gal; — nlp rOCt(Y ) — Gal; and we see that the image nf’met(Y) — Galyg
contains an open subgroup, so is open. We have shown that p is an open morphism. In particular the

image of n]p rOét(X ) in Galy is open and so also closed. On the other hand, this image is dense as we have
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the following diagram:
proet (X) nproet (Spec(k))

| \

”froét(X)prof = 8(X) — 7&(Spec(k))

—~prof

where - means the profinite completion. In the diagram, the left vertical map has dense image and

the lower horizontal is surjectlve This shows that er rOet(X ) — Galg is surjective.

(2) The composition 7{" ot X ¢ 0 X)—> proet(X %) — Galy is trivial — this is clear thanks to Proposition 2.37
and the fact that the map X; — Spec(k) factorizes through Spec(k).

(3) The thick closure of im(¢) is normal: as remarked above, nproet(X = proet(X ), where k° denotes
the separable closure. Thus, we are allowed to replace k with k* in the proof of this point. Moreover, by
the same remark, we can and do assume X to be reduced. Let Y — X be a connected geometric covering
such that there exists a section s : Xzs — Y X x Xyps = Yys over Xys. Observe that any such section is a
clopen immersion: this follows immediately from the equivalence of categories of np o t(X &) — Sets and
geometric coverings. Define T := U, Gal(k) ~ S (Xis) C Yps. Observe that two images of sections in the
sum either coincide or are disjoint as Xys is connected and they are clopen. Now, T is obviously open,
but we claim that it is also a closed subset. This follows from Lemma 4.3 (which implies that 7o (Ys) is
finite), but one can also argue directly by using that Y;s is locally noetherian and ° s (Xs) are clopen. Now
by [Stacks 2020, Tag 038B], T descends to a closed subset 7 C Y. It is also open as T is the image of T
via projection Yis — Y which is surjective and open map. Indeed, surjectivity is clear and openness is
easy as well and is a particular case of a general fact, that any map from a scheme to a field is universally
open [loc. cit., Tag 0383] By connectedness of Y we see that T =Y. So Y;s = T. But this last one is a

disjoint union of copies of Xys, which is what we wanted to show by Proposition 2.37.

(4) The smallest normal thickly closed subgroup of np ot

(X) containing im(¢) is equal to ker(p): as we
already know that this image is contained in the kernel and that the map ﬂpmet(X ) — Galg is a quotient
map of topological groups, we can apply Proposition 2.37. Let Y be a connected geometric covering of
X such that Y; =Y xx X} splits completely. Denote Y; = [ |, Xi ,, where by X; , we label different
copies of X;. By Lemma 4.3, mo(Y%) is finite, and thus the indexing set {«} and the covering ¥ — X
are finite. But in this case, the statement follows from the classical exact sequence of étale fundamental

groups due to Grothendieck. 0

As promised above, we give examples of geometric coverings of X that cannot be defined over any
finite field extension [/ k.

Example 4.5. Let X; = G, g, i =1, 2. Define X to be the gluing X = U, X; of these schemes at the
rational points 1; : Spec(@Q) — X; corresponding to 1. Fix an algebraic closure @ of @ and so a geometric
point b over the base Spec(Q). This gives geometric points X; on X; = X ;@ and X; lying over 1;, which
we choose as base points for the fundamental groups involved. Similarly, we get a geometric point x
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over the point of gluing x that maps to b. Then Example 3.25 gives us a description of the fundamental
group 77 (X, ©) = (1%, , (ré(X;, %) % Gala,)) /({1 (@) = (o) [ o € Galg))) ™"
of sets:

and of its category

7P (X, %) — Sets

~ S € (x*Pri'(X1) P 7' (X5) #'P Galg) — Sets | Vo eGalgViVy entt(x,) Vseso - (v -8) ="y - (0 -9}

proét

For the base change X to @, we have T (X, %)~ nlét(}_(l, x1) *N nlét(}_(z, X3). Recall that the groups
nlé‘()_( i, X;) are isomorphic to 2(1) = lim p,, as Galg-modules. Fix these isomorphisms. Let § = N..
Let us define a nf mét()_( , X)-action on S, which means giving actions by rrf‘()_( 1, X1) and nlé‘()_( 2, X2) (no
compatibilities of the actions required). Let £ be a fixed odd prime number (e.g., £ = 3). We will give
two different actions of Z;(1) on S which will define actions of /Z\(l) by projections on Z;(1). We start
by dividing § into consecutive intervals labeled ay, as, as, ... of cardinality e e, respectively.
These will be the orbits under the action of nlé‘()_( 1, X1). Similarly, we divide S into consecutive intervals
by, by, bg, . .. of cardinality 020t

ai as

by by

We still have to define the action on each a,, and b,,. We choose arbitrary identifications b, >~ pm
as Z,(1)-modules. Now, fix a compatible system of £”-th primitive roots of unity ¢ = (¢) € Z(1). For
am’s, we choose the identifications with p» arbitrarily with one caveat: we demand that for any even
number m, the intersection b, Na,,+ contains the elements 1, {ym+1 € pym+1 via the chosen identification
A1 = pm+1. As |by Nayy1]| > 0 and |b,, Nay+1| =0 mod ¢, the intersection by, N a4 contains at
least two elements and we see that choosing such a labeling is always possible.

Assume that S corresponds to a covering that can be defined over a finite Galois extension K /Q. Fix
so € a; Nby. By increasing K, we might and do assume that Galg fixes sg. Let p be a prime number # ¢
that splits completely in K and p be a prime of Ok lying above p. Let ¢, € Galg be a Frobenius element
(which depends on the choice of the decomposition group and the coset of the inertia subgroup). It acts
on Zy(1) viat — t? and this action is independent of the choice of ¢,. Choose N > 0 such that pN =
mod £2 and let m be the biggest number such that p¥ =1 mod £”. If m is odd, we look at p*" instead.
In this case m + 1 is the biggest number such that p*¥ =1 mod £”*! and so, by changing N if necessary,
we can assume that m is even, > 1. The whole point of the construction is the following: if s € ¢; N b;
with i, j < m is fixed by d)év, then so are g-s and h -5 (for h € 7(X, %)) and g € 7' (X2, ¥2)). Then
moving such s with the g and 4 to b,, Na,,+; leads to a contradiction. Indeed, let s; € b,, Na;,4+1 C S
correspond to 1 € pm+1 =~ ap41 (it is possible by the choices made in the construction of ). Write
S1=_gmnhm_1---h3gohy-so with h; € ﬂlét(}_(l, ¥1)and g; € nlét()_(z, X2) (this form is not unique, of course).
This is possible thanks to the fact that the sets a;, b; form consecutive intervals separately such that b;
intersects nontrivially a; | and a ;. By the construction of § again, there is an element s € b, N a4
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corresponding to {pm+1 € Wpmt1 Vid A1 2 pm+1. We can now write s, in two ways:

={-51=8"51

where g € 7Tlt(X2, Xx7) and ¢ is the chosen element in nlt(Xl ,X1) > Z(l) By the choices made, the action
of ¢p fixes the elements s; and g s1, while it moves ¢ - s1. Indeed, ¢>p (C-s1)= (¢p {hy Ny. ((j)p -81) =

(¢)g -81) = ;1’ = gemﬂ # Comi1 =L - 8] € Wymt1 = a1 — a contradiction.

Example 4.6. Let X; = G, g, i = 1,2, 3 and let X4, X5 be the nodal curves obtained from gluing 1
and —1 on [P’};D (see Example 3.24). Define X to be the gluing X = U,X; of all these schemes at the
rational points corresponding to 1 (or the image of 1 in the case of the nodal curves). We fix an algebraic
closure @ of @ and so fix a geometric point b over the base Spec(Q). We get geometric points X; on
X; = X; xgQ lying over 1. We have and fix the following isomorphisms of Galg-modules. For 1 <i <3,
nét()_(l , X)) > /Z\(l) and for 4 < j <5, we have npmet(X], Xj) >~ (t?) (i.e., Z written multiplicatively). Let

t € nlp roet(X i, X;) be the elements corresponding via these isomorphisms to a fixed inverse system of
primitive roots ¢ € Z( 1) (fori =1,2,3)and to ¢ € (%) (for i =4, 5). Example 3.25 gives a description

of the fundamental group

“ . c Gal Noohi
P (X,;z):(*{Vzl,m(zu)ixGai@,i)*j.V:“((zZ)xGai@,j)/«L,-(o)=t,./(o)| 0 €Galg 5»)

,i'=1,...
and of its category of sets:

2P (X, %) — Sets = [ S € (%, _,Z(1) ¥ (17)*2 P Galg) — Sets |

1<i<3
VoeGalgVi<i<3V yez(1); Vseso - (¥ -s) = y-(0-s)and o - (w-s5) =w - (0 -s)}.
w€<tl>*2
Let G = {(* :)} C GL1(Qy) be the subgroup of upper triangular matrices. Fix u; € Z, such that uf #ujp.
Let H = *;Op nlét()_( i» X;) and define a continuous homomorphism ¢ : H — G by:

voo= (). w=(*, ) wer=("1). ve=(")). we=(',).

It is easy to see that Y is surjective.
Let U C G be the subgroup of matrices with elements in Zy, i.e., U = {(* I)} C GL;(Z,). It is an open
subgroup of G. Thus, using ¥ and the fact that HNo°h = pmét()_( x), we get that S := G /U defines a
prom(X x)-set. It is connected (i.e., transitive) and so corresponds to a connected geometric covering
of X. Assume that it can be defined over a finite extension L of Q. We can assume L/Q is Galois. By
the description above, it means that there is a compatible action of groups Z(1);, Z** and Galy on S. By
increasing L, we can assume moreover that Galy, fixes [U].
Choose p # £ that splits completely in Galy, fix a prime p of L dividing p and let ¢, € Gal;, denote a
i m((“‘f)) Letn 3> 0. An easy
calculation shows that 1//(t4_"t1t3t1 ;")) = 1oL,y € U. Then ¢y - [Ul= ¢y (1, "11138, 1 n ey [UD) =

fixed Frobenius element. Let ;' denote the unique element of vl
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(" st ) (@ - [UD) = 1"ttt P P [U]. But

—n —p,—DPui.n e b 1 -r 1 — o
v 0 f4>=( 1) <u1 1)( ]17> (ul 1)( llm>< 1)

_ (1 E_"p(ulf —ul)) ¢U.

As n > 0 and uf # uy, it follows that ¢, - [U] # [U]—a contradiction.

It is important to note, that the above (counter)examples are possible only when considering the
geometric coverings that are not trivialized by an étale cover (but one really needs to use the pro-étale
cover to trivialize them). In [Bhatt and Scholze 2015], the category of geometric coverings trivialized by
an étale cover on X is denoted by Locy, and the authors prove the following

Fact 4.7 [Bhatt and Scholze 2015, Lemma 7.4.5]. Under Locx =~ ﬂf rOét(X ) — Sets, the full subcategory
Locy, C Locyx corresponds to the full subcategory of those rrfmet(X ) — Sets where an open subgroup

acts trivially.
We are now going to prove:

Proposition 4.8. Let X be a geometrically connected separated scheme of finite type over a field k. Let
Y € Covy; be such that Y € Loc(x;),. Then there exists a finite extension |/ k such and Yo € Covy, such
thatY >~ Yy xx, X}.

Proof. By the topological invariance (Proposition 2.17), we can replace k by k*P if desired. By the
assumption Y € Loc(x,),, there exists an étale cover of finite type that trivializes Y. Being of finite
type, it is a base-change X ]/E = X' Xspec(t) Spec(k) — X of an étale cover X’ — X; for some finite
extension //k. Thus, Y, X7 is constant (i.e., ~ | |,.¢ X’ = S) and the isomorphism between the pull-
backs of Y, X via the two projections X 1/2 X x; X ]’c = X,’E is expressed by an element of a constant sheaf
AL(S)(X]/; X x; X]/z) :Aut(:S‘)(X]/z X x; Xl/;) (we use the fact that X]/; is étale over X, and thus no(X]% X x; X]/z)
is discrete, in this case even finite). By enlarging /, we can assume that the connected components of
the schemes involved: X', X’ xy, X' etc. are geometrically connected over /. Define Y| =] |, ¢ X'.
The discussion above shows that the descent datum on Y, X. with respect to X 1’{ — Xj is in fact the
pull-back of a descent datum on Y] with respect to X" — X;. As étale covers are morphisms of effective
descent for geometric coverings (this follows from the fpqc descent for fpqc sheaves and the equivalence
Covy, > Locy, of [Bhatt and Scholze 2015, Lemma 7.3.9]), the proof is finished. O

Remark 4.9. Over a scheme with a nondiscrete set of connected components, Aut(.S) might not be equal
to Aut(S).

Proposition 4.8 shows that our main theorem is significantly easier for JTISGA3.
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Corollary 4.10. Let X be a geometrically connected separated scheme of finite type over a field k. Fix an
algebraic closure k of k. Then

7T1SGA3(X1€) N jTISGA3(X>
is a topological embedding.

4B. Preparation for the proof of Theorem 4.13. We are going to use the following proposition.

Proposition 4.11. Let X be a scheme of finite type over a field k with a k-rational point xy and assume
that X is connected. Let Y1, ..., Yy be a set of connected finite étale coverings of Xi. Then there exists
a finite Galois covering Y of X that dominates each Y; and such that the corresponding normal subgroup
é

of m{' (X, Xo) is normalized by Galy = m{*(xo, Xo) in i (X, Xo).

Proof. There is a finite connected Galois covering of X; dominating Yy, ..., Yy. Thus, we can assume
N =1and Y is Galois. Fix a geometric point % over xo. The splitting s : Galy = 75 (xo, o) — 7{(X, Xo)
allows us to write nlét(X , X0) JTlét(X ©» X0) X Galy. Fix a geometric point y on Y7 over Xo. The group
U= nft(Yl , ¥) is a normal open subgroup of nft(X 7> X0). As the pair (Y1, y) is defined over a finite Galois
field extension // k (contained in IE), it is easy to check that Gal; C Galy fixes U, i.e., U = U for o € Gal;.
It follows that the set of conjugates ? U is finite, of cardinality bounded by [/ : k]. Define V =) ocGal, U-
It follows that this is an open subgroup of rrf‘(X @ Xo) fixed by the action of Gal;. Moreover, it is
normal in 7&(X}, Xo), as for any g € 7% (Xg, %), there is g(ﬂgeGalk U)g' = Mo eGaly g°Ug ! =
Mo cGal, ((Uﬁlg)U("flg_l)) =(yeGay, * U due to normality of U. This open subgroup V < nlé‘(X,;, X0)
corresponds to a covering with the desired properties. U

Before starting the proof, we need to collect some facts about the Galois action on the geometric 7.
They are discussed, for example, in [Stix 2013, Chapter 2]. The existence, functoriality and compatibility
with compositions of the action can be readily seen to generalize to nf’ % as well, but note (see the
last point below) that one has to be careful when discussing continuity. For a connected topologically
noetherian scheme W and geometric points wy, wy, let n}mét(W, wi, Wy) = IsomCovW]; (Fg,, Fg,) denote
the set of isomorphisms of the two fiber functors, topologized in a way completely analogous to the case
when w; = wy. By Corollary 3.18, it is a bitorsor under nf rOét(W, w1) and nf rOét(W, w>). The bitorsors
under profinite groups ﬂlét(W, wi, wy) are defined similarly and are rather standard. For a geometrically

unibranch W, the two notions match.

Lemma 4.12. For a scheme W of finite type over k and two geometric points wi, wy on W lying over

k-points, there is an abstract Galg-action on nlét(W,;, wi, wy) and nf’met(W,;, w1, wy) such that:

(a) Itis given by Vo = JTlét(idW X Spec(k) Spec(o ™), wy, wy) or an analogously defined automorphism of
nlp met(W,;, w1, wy). This makes sense as wy, wy are Galg-invariant.
proét

(b) The morphism w; (Wi, wi, wy) — nft(W,;, wi, wy) is Galg-equivariant. Similarly, maps of

- _ - - . . . & roét
schemes (W, wy, wy) — (W', Wy, ;) induce Galg-equivariant maps on nlet and JTF
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(c) For three geometric points wi, Wy, w3, the Galois action is compatible with the composition maps,

i.e., for any o € Galg, the following diagram commutes:

roét - - roét (=)o(—) roét _
7PN (W, wa, w3) x b (Wi, Wy, Wa) —— 7)o (Wi, Wi, W3)

(%J/h:)l l%

proét - _ proét (=)o(—) proét - —
T[] (nga w2, w3) X T[ (Wk’ wl’ wz) jT] (ngv wi, w3)

Similarly for 71 t. Inductively, this also holds for arbitrary (finite) composition maps.

(d) Let sy,, Sy, be the sections of the maps ﬁlt(W w;) — Galy comlng from rational points wy, w».
Then Yo (y) =Sy, (0)oyosy, (o~ 1)for y € nlt(Wk, wi, wy) C 711 YW, w1, wy). Note that, while
is defined for npmet the right-hand side of this formula only makes sense thanks to the fundamental
exact sequence for nét (and its version for the sets of paths, see [Stix 2013, Proposition 18]). Thus,

t
at this stage, we cannot make an analogous statement for np roét

In terms of continuity of V¥, there is a priori a huge difference in how much we can say about nft

roet
and np

t _ _
(e) Foreacho, the map v, is continuous as an automorphism of 7; t(Wk, wy, wy) and nproe (Wi, wi, wa).

(f) The action Galy xnle (Wi, wi, wp) — 7Tle (Wi, wi, wy) is continuous. Note, however, that at this

proét

stage of the proof we do not know whether this is true for w; . In fact, this is closely related to

the main result we need to prove.

4C. Proof that ] roét X D) — prOet(X ) is a topological embedding. In this subsection we finally prove
our main result.

Theorem 4.13. Let k be a field and fix an algebraic closure k of k. Let X be a scheme of finite type over k
such that the base-change X is connected. Let X be a Spec(k)-point on X t- Then the induced map

7PN Xz, ©) - 7N, B)
is a topological embedding.
Then, we will derive the final form of the fundamental exact sequence.
Theorem 4.14. With the assumptions as in Theorem 4.13, the sequence of abstract groups
1— 77Xz, 5) - 77X, %) — Galy — 1

is exact.

proet

Moreover, the map np Oet(X,;, xX)—>m (X, x) is a topological embedding and the map npr et(X, xX)—

Galy, is a quotient map of topological groups.
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In the proof, after some preparatory steps (e.g., extending the field k), we define the set of regular loops
in nf’mét(X 7) with respect to a fixed open subgroup U <° ﬂf rOét(X 7> X) and use it to construct an Galois
invariant open subgroup V inside of U (see Steps Il and III below). There is also an alternative approach
to proving the existence of V that avoids the direct construction involving regular loops. We sketch it in
Remark 4.27. While this latter approach is quicker, it is less instructive: as explained in Remark 4.26 below,
the notion of a regular loop provides an insight of what goes wrong in the counterexample Example 4.5.
Still, it might be worth having a look at, as our main approach is rather lengthy.

Step I: Setting things up and applying van Kampen. For any finite extension k/I/k of k, the

map 7] (X}, ¥) — 7I""(X, %) is an embedding of an open subgroup and we have a factorization

Jrlpmét(X,;, X) —> Jrlpmét(Xl, xX) —> Jrlpmét(X, x). Here, we have tacitly lifted x to X;. Thus, we can start
by replacing k by a finite extension. Considering the normalization X" — X, base-changing the whole
problem to a finite extension ! of k, considering the factorization [/!’/k into separable and purely
inseparable extension of fields, and using first that the base-change along a separable field extension of a
normal scheme is normal and then the topological invariance of nf mét, we can assume that we have a
surjective finite morphism 4 : X — X such that the connected components of X, Xxx X, XxxXxxX
are geometrically connected, have rational points and for each W € no()? ), there is ﬂf rOét(W) = nft(W)
and 7 (Wp) = wé(Wy).

Let X = UveVert % ~ " e . ~
is finite. For each ¢t € mo(X) Ump(X xx X) Umg(X xx X xx X), we fix a k-rational point x(¢) on ¢ and

X, be the decomposition into connected components. Note that the indexing set Vert

a lz—point x(t) on t = 1 lying over x(¢). We will often write x; to mean x(¢). Let us fix vz € Vert for the
rest of the text and say that the image of (X ve.k) I X will be the fixed geometric point x of X} and
its image in X the fixed geometric point/ of X. For any Wy, ng € mo(S.(h)) and every boundary map
d: Wi — Wé, we fix paths Ywiw; € nlp met(Wl, )Ewé, 5()2%)) between the chosen geometric points, as in
Corollary 3.19. This is possible thanks to Lemma 3.17. We define yw w to be the image of this path.
Let i : X 7 — Xj be the base-change of #. We choose a maximal tree 7 (resp. 7’) in the graph
I =mo(S.(h))<1 (resp. IV = T[()(S.(/’_l))gl). After making these choices, we can apply Corollary 3.19 with

Remark 3.21 to write the fundamental groups of (X, x) and (X, x). This way we get a diagram

(P&, 1, F0)) %P 711 (T, T')) /(R Ryyne) ™ —= 7P (X, ©)

l |

(P, 7)) % 7 (T, T)) /Ry, Roye) oM —=— 2P (X, &)

where (-) denotes the topological closure, (R)" denotes the normal subgroup generated by the set R,
and Ry, R}, R, R), are as in Remark 3.21.

Note that, while the (connected components of the) fiber products X x X X s X x X X x X X are not
necessarily normal nor satisfy nf rOét(W) = J'rlé‘(W), we can effectively work as if this was the case, see

Remark 3.21.
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Observation 4.15. The maps and groups above enjoy the following properties:

(a) By Lemma 3.27, the left vertical map is the Noohi completion of the obvious map of the underlying
quotients of free topological products.

(b) By geometrical connectedness of the schemes in sight, we can (and do) identify

7o(S.(h)) = mo(S.(h)), T'=T and T =T.

(c) As the yw w are chosen to be the images of the yy w., we see that o'1)°s appearing in R>, and so a
Yw, g Ywl w; abe S aPP g

priori elements of the nf‘(? v, Xy), are in fact in nf‘(f v Xv)- It follows that
R, =R,.
(d) The k-rational points x (W) give identification
T (W, Xw) = mS (Wi, Xw) x Galy .

When W = X v for v € Vert, we will write Galy , in the identification above to distinguish between
different copies of Galy in the van Kampen presentation of Jrf X, ).

(e) As ywrw is the image of the path Ywzw; on W., it maps to the trivial element of Gal, =
nlét(Spec(k), X(W), x(W")). It implies, that the following diagram commutes:

7 (W, (W) —— 78(W, £ (W)
alk
/
T WL X (W) —— 7 (W, X (W)

Let P be a walk in I, i.e., a sequence of consecutive edges (with possible repetitions) ey, ..., e, in '
with an orientation such that the terminal vertex of e; is the initial vertex of e;; . Using the orientation of
[, it can be written as €e; - - - €€, With €; € {%} indicating whether the orientation agrees or not. This
will come handy as follows: define Bar =00, 9, =01, 81+ =01, 9, = dp.

For each P as above with a vertex sequence (vy, vy, ..., Un+1), there is a map

s o _ s _ o
77:? (Xumﬂ,]}» alm(xem), xv,,,“)xnle (va,/;, Xy s a()m (Xem))X

- - &t S roét
5 (Xey), Xup) XX P

s, _ € - _ _
ane (X xvlaaol(-xel))_)nl (X]E»xvlaxvmﬂ)

vz,E’ vng’

where

(Yoms -+ Y1) > Yam o -+ - oY1

In the following, we will use o) to denote the “composition of étale paths” and e; to denote the
multiplication in some group(oid) ?. When ? = nlp roet(X @ X) or nlp roet(X , X), we will skip the subscript.
While we could just use o) everywhere, it is sometimes convenient to keep track of when some paths

“have been closed” by using e.
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Step 11: Defining regular loops in nlp rOét(X s X)-

Definition 4.16. An element y € Isomcovxi (Fz,, Fx,) is called an étale path of special form supported
on P if it lies in the image of the composition map above for some walk P starting in w and ending in v.

Any element (32, ..., ¥1) in the preimage of such y will be called a presentation of y with respect
to P.

For a walk P, denote by /(P) the length of P, i.e., the number of consecutive edges (not necessarily
different) it is composed of.

Observation 4.17. A useful example of a path of special form is the following. In the van Kampen
proét proét

presentation, the maps nlét()?vy,;, Xy) =T, (fu’,;, Xy) — (X, X) are given by
po()=v, o (Don

where y, € nf mét(? vk X5 X) is defined as follows: if P, , C T denotes the unique shortest path in the

tree 7 C I' (forgetting the orientation) from v; to v, then the choices of paths YW W made when applying
the van Kampen theorem give a unique étale path of special form y, supported on P, ,.

Before introducing the main objects of the proof, we note a simple result.

proét

Lemma 4.18. For a fixed path y € 7w}~ (Xg, x, y) of special form, the map Galy > 0 — V,(y) €

roét N .
nlp (X%, X, y) is continuous.

Proof. This follows from the continuity of the composition maps of paths and the fact that the statement

is true for nlét. O

To prove Theorem 4.13, it is enough to prove the following statement. any connected geometric
covering Y of Xj can be dominated by a covering defined over a finite separable extension //k.

Indeed, let Y’ € Covy, be a connected covering that dominates Y after base-change to k. By looking
at the separable closure of k in / and using the topological invariance of n})mét, we can assume [/ k is
separable. The composition Y =Y’ — X; — X is an element of Covx and there is a diagonal embedding
Y X spec() Spec(k) — Y” X Spec(k) Spec(k). By Proposition 2.37(5), the proof will be finished.

Let us fix a connected Y € Cov till the end of the proof and denote by S = Y; the corresponding
nfmét(X 7» X)-set. Fix some point 5o € S and let U = Stabn})roét ( XM)(SO).

Definition 4.19. For each v € Vert, define

N
OU ={se Fiv(Y) | Fwalk P, EIyofsp. form, $ =Y -850}
[(P)<N  supp.on P

and call it the set of “elements at v reachable in at most N steps”.
The following is a crucial observation regarding O .

Lemma. Forany v and N, the set 011,v is finite.
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Proof. We proceed by induction on N. For N = 1, the walks of length not greater than N starting in vy
(are either trivial or) consist of a single edge whose initial vertex is necessarily vz. As I' is finite, there are
only finitely many such edges. Let us fix one, named e, with vertices vy, w. We need to show that the set

{(008) 50 € Fr, (Y) |8 € n{'(X, 1. %, 8]V (%)), 6 € 7 (X, 1, ' (%), %))

is finite. However, as in general the sets nft(W, X1, Xp) are (bi)torsors under profinite groups (namely
Jrft(W, x1) and nft(W, X)) and the maps and actions in sight are continuous, we see that the finiteness
of this last set follows directly from finiteness of orbits of points in discrete sets under an action by a
profinite group.

Now, to see the inductive step, assume that the claim is true for N. To prove it for N + 1, note that any
element in O ! can be connected by a single edge to an element of OY (for some vertex w). As OY is
finite and as we have just explained that, starting from a fixed point, one can only reach finitely many
points by applying étale paths of special forms supported on a single edge, the result follows. g

Now, for each v € Vert and N € N, define CV ¢ nft(gv’,;, Xy) — FSets so that:
(1) Itis Galois.
(2) It dominates each of the Jrlét()N( v.i» Xv)-orbits of elements of O

(3) The corresponding open normal subgroup ker(nf‘(f vk Xv) = AutSetS(Cf,V )) is normalized by Galy ,,
where we use the action Galy,, > 0 — VY, € Aut(nlé‘(f v.k» Xv)) or, equivalently by Lemma 4.12(d),
conjugation by sz, (o) in nf‘()?v, Xp).

(4) There is a surjection CN ! — CN of ﬂft(iv, Xy)-sets.

We can find sets satisfying the first three conditions by applying Proposition 4.11, and the last condition
can be guaranteed by choosing the C"¥’s inductively (for a given v).

We now proceed to define a subgroup of nf rOét(X , X) that will lead to the desired nf rOét(X , X)-set. For
that we need to find a suitably large subgroup of elements of U that are well behaved under the Galois
action.

proét

Definition 4.20. We will call an element g € ;" (X}, x) a regular loop (with respect to U) if there
exists v, m, a walk P of length m from v; = v; to v,,41 = v, étale paths y, ' of special form supported
on P and P!, respectively, and g € nlé‘()? v %v) such that:

sg=y'ofoy.
e B acts trivially on C}', i.e.,
B € ker(n{'(X,, ;, %) — Aut(CI")).

» There exist presentations (Yo, ..., 1) and (y|,...,y,,) of y and y’ such that the following

condition is satisfied. For any 1 <i < m, there is

Vi1 0 vaio1 € ker(mi'(X,, f. %y,) = Aut(C))

and

Xu.,) = Aut(CL ).

/ ét, v
y2i 0 Vy; € ker(m (X vist

v,url,k’
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The following picture might be useful to visualize the definition:

! ﬁ_% Y2m—1 Y2m
B o...0 ’N /N
— ° K__ ﬂ
yl/ )’2, y2m 1 y2m

Here, the larger bullets correspond to the x,, and the smaller ones to d5 ., (x(e;)).

Remark 4.21. We find the definition involving the C}Y quite convenient. One could, however, avoid
introducing the C¥ and make a slightly different definition. Define OY'* to be the set of (isomorphism
classes of) Galg-conjugates of the nf‘(? v.i» Xv)-sets in O} . Proposition 4.11 then implies that O}V + are
finite as well. Moreover, for each v, both OY and OY'* are increasing with N. We could then require the

B and the (y5; _, o y2i—1) as above to act trivially on each element of O and O,’;’i*, correspondingly.

Step III: Defining the desired open subgroup V , checking its properties and finishing the proof. We
make the following central definition:

Let Vy < npmet(X i» X) denote the subgroup generated by the set of regular loops and let V be
its topological closure.
Let G = ((*ZOPJTIC‘(XUJ;, Xp)) %Py (I, T’))/(R’l,-R’ )¢ denote the topological group appearing in the
van Kampen presentation above. We have that GNoohi — 7P rOet(X @ Xx). Let GcC rrpmet(X 7> X) denote the

subgroup of all étale paths (or “loops”, rather) of special form, supported on walks from v; to vsx.

Observation 4.22. By Observation 4.17, the map G — nproet(X i ) = GNo°N factorizes through G.
Directly from the definitions, there is Vo < G. We are thus in the situation of Lemma 2.39. We will use it
below.

For brevity, let us denote G, = nlt(Xv X)) and G, = JTIt(XU, Xy) =~ G, x Galy, in the proofs below.
Proposition 4.23. The following statements about the subgroup V hold:
(1) There is a containment V- < U.
(2) It is an open subgroup.

(3) The groups Vo and V are invariant under the Galois action, i.e., ¥, (Vo) = Vo and ¥, (V) =V for
all o € Galy.

Proof. (1) As any open subgroup is automatically closed, it is enough to show that any regular loop lies
in U. Let g be a regular loop and write g = ' o 8 o y with y, y’ étale paths of special form supported on
some walk (and its inverse) from v; to v of length m, with presentations (y, ..., Y2,) and (yz/m, N %
of y and ¥/, and B € ker(nlt(X vk ) > C ), as in the definition of a regular loop. Let us introduce the
following notation (and analogously for y”)

Yiel1 =VYiO---0)20Y)].

By definition, there is
V2i1-50 € O,,.
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For i =m, it follows from the condition on § that (Boy)-so =y - so. Similarly, the condition on y», 0y},
implies that ()/2;1 o yzjnl) O YVam<1 S0 = Yam<1 - S0, and thus

(Y oBoy) so==1"0¥) 50=((V]am_1°Vam ©V2m<1)) S0 = V| 2p_1° Vam—1<1"50:

The process continues in a similar fashion to show that g stabilizes sy, and thus belongs to U'.

(2) By Lemma 2.39, it is enough to check that the map G — Aut(é / Vo) is continuous when G / Vo is
considered with the discrete topology.

Using the universal property of free topological products, continuity can be checked separately for
G, and D. For D, this is automatic, as D is discrete. To see the result for G,’s, we need to show that
the stabilizers of the action of G, on G / Vo induced by G, — G are open. Fix [gVp] € G /Voand g € G
representing it. The element g is represented by some étale path (or a “loop”, in fact) of special form p
supported on a walk P, of length [(P,). By Observation 4.17, the morphism G,— G C nfmét(X [
is also defined using an étale path of special form y, supported on a walk P,_ , in the tree T C I". Let
H, =ker(G, — Aut(C\P?T Py G, Then H, is open in G, and its image in G can be written as

{y; ' oBow|B € H,}. It follows from the setup that for 8 € H,,

g oy, loBopogeVy

and so any element in the image of H, fixes [gVp] in G/ V. Thus, the stabilizer of [gV}] in G, is also
open, as desired.

(3) For each o, the map 1, is continuous. As V = \70GN°°hi, it is thus enough to prove that Vj is Galg-
invariant. By Lemma 4.12, it follows that under the action of Galy, an étale path of special form supported
on a walk P is mapped again to an étale path of special form supported on P. Consequently, checking
that the action of o € Gal; maps a regular loop g to another regular loop boils down to checking the
following fact. If g has a presentation g =y’ o B o y as in the definition of a regular loop, then

e ¥, (B) still acts trivially on CL";

e Yo (y{ oyi) or Ys(y; oy/), depending on parity, still acts trivially on C m ., for every i.

However, this follows from property (3) in the definition of the Cﬂj. O
Denote by S’ the quotient nfmét(X,;, x)/V considered as a nfmét(X,;, X)-set.
Let p, : nfmet(X B Xv) = nfroe[(X - X) be the isomorphism defined using the fixed (étale) path y,
between x, and X, as in Observation 4.17. We have an action given by o — 1/, on both nlp roet(X o X)
and nf roet(X ©» Xv). We already know that V < Jrf rOet(X %» X) is invariant under this action, but this is not

necessarily true for p° () < nf’ rOét(X ©» Xv). This holds after a finite base field extension.

Lemma 4.24. For each v € Vert, define an (abstract) Gali_,-action on rrf) rOét(X s X) to be

%g = p, (Vs (0, (2))).

Then there exists a finite extension 1/ k, such that for all v € Vert, there is:
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(a) Galy, fixes V.

(b) The obtained induced Gal; ,-action on S’ can be written as

v [gVI=1(r, " oo () * Yo (D) V.
(c) The induced Gal; ,, action on S’ is continuous and compatible with the G ,-action.

Proof. As there are finitely many vertices v, it is enough to prove the statements for a single fixed v. Let
g € V. By definition of p,, there is

“g=y, oWe(nogoyy Noyve =y o¥e(r) V(@) Wolyy o).
By Proposition 4.23, we have ¥/, (g) € V and we only need to show that yv_l oV (yy) € V. By Lemma4.18
and Observation 4.17, the map Galy 3 0 — V¥, (yy) € ermet(X s X, Xy) is continuous, and we conclude
that for an open subgroup of o € Gal; we have the desired containment.

It follows from the previous point that we get an induced action of Gal; ,, on S’. Using that y;l oYy (Yy) €
V, the alternative formula in the statement follows from the computation

ou-[gV1=1p0 (Vo (0, (@D VI=1(ry oW (1)) ¥o (8)* (Vo (o) " ov) VI=I(ry o (7)o ¥s () V1.

Let us move to the last point. Compatibility with the G,-action follows from Lemma 4.12(d) and the
fact that the map G, — np roet(X @» X) is defined by postcomposing with p,. To check continuity, fix [gV'].
By Lemma 2.39, this class is represented by a path (loop) of special form, and so we can assume this
about g. Checking that the stabilizer of [g V] is open boils down to checking that for an open subgroup of
the o in Gal; ,,, one has g le (yv_1 oYy (Yy)) e Vs (g) € V. However, this follows from the openness of V
and Lemma 4.18. U

Proposition 4.25. There is a (continuous) JTp Oet(X 1, X)-action on S’ that extends the nproet(X > X)-action.

Proof. By the van Kampen theorem for 7‘[ proct (Xy, x), it is enough to show that there are continuous
actions of the G, x Gal;,, and D compatible with the G, and D actions that S’ is already equipped with,
and such that the van Kampen relations are satisfied. We already have a continuous action by D on §’,
and by Lemma 4.24, we get an action of G, % Gal ;.

Let us now check that the van Kampen relations are preserved. In the case of relation R», this is
automatic by Observation 4.15(c). This is because we have left the G,-actions intact. To check that
relation R; is respected, it suffices to check that nlt(al)(a)E Enft(ao)(a) for o € Gal; g and E an
edge in I with vertices v_, v4. Let §y» w = yw’ w denote the fixed paths from the van Kampen setup in
the computation below to make the distinction from the y, clearer. Using Lemma 4.12(d), we compute
that

¢ —1 -1 -
71 (30)(0) =38, £°G,, OEOG,, 8v, . E =08, G, Yo (Bv+ E)0G,, 0vt = (8,1 £oG,, Vo (8u+.E))*G,, Ovt-

proét

The image of (Sv_-i},E OG,+ Vo (Bv+.£)) In T (X, X) via py is Vv+ © 61).1. E®° VYo (8v+,E) © Vot-
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proét

By definition, Ee my (X, Xx) can be written as E= yv Yo 3, E 08y+ E © Vy+. Putting this together

and using the formula of Lemma 4.24, we have that Ee 711 Y(89) (o) - [ V] equals

(V__l v— E 08y+,E 0 Yut) O (Vu+ o 81;_& E®° VYo (8v+,E) © Yoi) - [(Vv_-i-l o Yo (Yv+)) e Vo (W)V]
= [y, 08, poveBus.Eove)) e Yo (WV].

A similar computation (left to the reader) shows that

78 @)(©) ¢ E-[hV1=[(," 08, 1 oW (But. 50 701)) # Yo (V]
as well. This finishes the proof of the proposition. (|

End of the proof of Theorem 4.13. We have proven that for a transitive np Oet(X > X)-set S there exists
a finite extension //k and a transitive np oct (X;, x)-set S’ that dominates S as np rOet(X i X)-sets. As
explained above, this finishes the proof. U

We have finished our main proof, and thus the most difficult part of the exact sequence is now proven.
We now obtain the final form of the fundamental exact sequence.

End of the proof of Theorem 4.14. We already know the statements of the “moreover” part and the near
exactness in the middle of the sequence. All we have to prove is that npmet(X ©» X) 1s thickly closed in
f rOet(X ,X). As nproet(X X)) — npmet(X x) is a topological embedding of Raikov complete groups,
prOét(X - X) is a closed subgroup of rr (X, ¥); see, e. g., [Dikranjan 2013, Proposition 6.2.7.]. By
Lemma 2.33, the proof will be finished if we show that nproet(X %» X) is normal in nproet(X Xx). Observe

that checking whether er Oet(X P X) = P rOet(X %> X) can be performed after replacing np Oet(X x) by

any open subgroup U such that npmet(X nx)<U<°® nproet(X x). Choosing a suitably large finite

field extension //k and looking at U = nf roet(X 1, X), we are reduced to the situation as in the proof of

Theorem 4.13, i.e., we have enough rational points on the connected components we are interested in when
applying van Kampen. Let G < npmet(X > X) be the dense subgroup defined above Proposition 4.23. Note

proét

that by the van Kampen theorem applied to r; (X, x) together with the observations in Observation 4.15,
proet(X x). Putting this together,
it follows that it is enough to check that, for each v, conjugation by elements of Gali , fixes G in

7P°(X, X). This, however, follows from Lemma 4. 12(c) (d) and the fact that Galy , — 77 (X, )

proét proét

it follows that the subgroup generated by G and the Galy , is dense in 7

is defined as the composition Galy , — 7 (X, Xy) LN 7, (X, Xx), where p, = yv o (—) oy, with
Yy € nfroet(X s X, Xy) of special form. O

Remark 4.26. Let us revisit the counterexample of Example 4.5 from the point of view of the proof
above. We will freely use the notation set there. In this example, we have started from the fixed point
50, and used the group elements to reach the point s = g,,h,,—1 - - - h3g2h1 - so. We have then concluded
that s, = {m+1 - 51 = g - 51 and justified that the setup forces that this equality contradicts the possibility
of extending the Galois action to the set S. The problem here is caused by the fact that, denoting
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Figure 1. Graphical interpretation of S’.

Y = gmhm—1---h3gahi, the element

y_l og_1 ofym+10Y

stabilizes sg, but it is not a “regular loop” in the language introduced above. Of course, this only means
that this particular “obvious” presentation is not as in the definition of a regular loop. But, by now, we
know that it provably cannot be a regular loop with any presentation.

Let us now apply the construction of our main proof in the context of this Example. Let X, x and the
nfmét(}_(, x)-set S be as in Example 4.5. Recall that S decomposes S = Llizl azi—1 (resp. S = Llizl by;)
as ﬂf‘()_(l, X1)-set (resp. nft()_(z, X»)-set), where we have fixed identifications nft(}?i, %) ~7(), aj=
Weis bj =ty ~

The 2-simplex obtained from the normalization X = X; U X, of X has two vertices. Let Ofv , Oév
denote the corresponding sets of “elements reachable in at most N steps”, as in Definition 4.19. Then
one checks that

Of]:a1U~--Ua2N+1, Oé\]:sz-"UbZN.

Let us denote a; := azi—1 \ {1}, b := by; \ {1} (using the fixed identifications with the ;). Let
¥ = ;> (a; Ub)) be the alphabet consisting of all the elements of all the a} and b;.. Let S’ C words(X)
be the subset of words on X of the following form:

S"={@V{Bnttm—1 - - - Broa o1 JU{ B - - - B3oa o1 JU{ e Brn—1 - - - a3 B202 B1 YU Bt + - - a2 frcx1 },

where m runs over N> and o € a;, Bj € b;. for each j. Geometrically, S’ can be thought of as an infinite
tree: at the element @ we glue copies of a; and b, so that 1 € a; and 1 € b, are identified at &. Now, to
each element of a; \ 1 we glue a copy of b; at 1 € b, and to each element of the initial b, \ {1}, we glue a
copy of a3 at 1 € az. Now, to each copy of the recently glued b;’s, we glue a copy of a3, and to each
copy of previously glued asz’s, we glue b4. The procedure continues; see Figure 1.

There is an obvious action on such a tree by Galg, compatible with the nf rOét(}_( , X)-action; via the
description of S in terms of words on X, it corresponds to applying the Galg-action to each letter via the

identifications with the u ;. There is moreover a Jrf X, X)-equivariant surjective map S’ — S; Indeed, an
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element of the form, for example, o, By, - - - Bsaafacx; € S’ is mapped to the element &, By, - - - B3tz Bry -
so € S, where the multiplication makes sense thanks to how the a;, b; grow with i and j. The constructed
set S’ thus satisfies the desired properties of the set sought in the proof of Theorem 4.13. Up to some
minor tweaking, it will correspond to the set obtained by following the proof of the theorem. We will not,
however, try to give a precise proof of that last claim here.

While this “tree construction” example is much more enlightening in the simple cases of schemes
glued at one point, it proved to be rather difficult to turn this intuition into a formal proof that would work
for arbitrary schemes (i.e., where the normalization might no longer have such a pleasant form). For that
reason, we have opted for a proof that is less geometric in nature.

Remark 4.27. We sketch a slightly different approach to the central part of the main proof. It is a
bit quicker, but less constructive, i.e., does not “explicitly” construct the desired Galois invariant open
subgroup in terms of regular loops. We will freely use the fact that a surjective map from a compact space
onto a Hausdorff space is a quotient map.

Assume that we have already done the preparatory steps of the main proof, i.e., we have increased the
base field to have many rational points and applied the van Kampen theorem. We want to prove that the
action

Galy x7P (X7, §) — 7P (Xz, %)
given by v, is continuous. Let G, G be as introduced above Observation 4.22.

Firstly, one checks that any element of G, so a path of special form, can be in fact rewritten with
a presentation that makes it visibly an image of an element of G, at the expense of the presentation
possibly getting longer. Another words, the map G — G is surjective. By default, G is considered with
the subspace topology from nf rOét(X > X). Let us denote G, quot) the same group but considered with
the quotient topology from G. We thus have a continuous bijection (G, quot) — G.

The group G is a topological quotient of the free topological product of finitely many compact groups
G, and a finitely generated free group D >~ Z*". One checks from the universal properties that this
free product can be written as a quotient of the free topological group F(Z) (see [Arhangel’skii and

Tkachenko 2008, Chapter 7]) on a compact space of generators Z =| |, G, | | (1....r} % 1.e., the disjoint

union of the G, and r singletons. -

By [Arhangel’skii and Tkachenko 2008, Theorem 7.4.1], F(Z) is, as a topological space, a colimit of
an increasing union - - - C B, C B, 11 C - - - of compact subspaces. These spaces are explicitly described as
words of bounded length in F(Z) (this makes sense, as the underlying group of F(Z) is the abstract free
group on Z). From this, it follows that (as a topological space) (G, quot) = colim K,,, with K,, = im(B,,).

Working directly with the K, is inconvenient for our purposes, as these sets are not necessarily preserved
by the Galois action. The reason is that the van Kampen presentation as a quotient of a free product uses
fixed paths, while applying Galois action will usually move the paths. One then has to conjugate by a

suitable element to “return” to the paths fixed in van Kampen, possibly increasing the length of the word.
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Instead, we can consider subsets K, C G of elements that are paths of special form of length < n, i.e.,
possessing a presentation as a path of special form of length < n (see Definition 4.16). By a reasonably
simple combinatorics, one can cook up “brute force” bounds f(n, d), g(n,d) € N in terms of n and the
diameter d = diam(I") of I" such that there is

K, C K}(n,d) and K,/l C Kg(n,d)-

In conclusion, (G, quot) = colim K/, in Top.

By Lemma 4.12, the Gali-action preserves the sets K, and Gal; x K, — K, is continuous. As
Galy is compact, Galy x(—) has a right adjoint Maps,(Gal, —) in Top and so Gal; x (colim,en K) =
colim,en(Galy x K))). From this, we immediately get that Gal, x (G, quot) — (G, quot) is continuous.
As Galg-action respects the group action of G, it quickly follows that the action is still continuous when
(G, quot) is equipped with the weakened topology T making open subgroups a base at 1, as in Lemma 2.25.
By (the easier part of) Lemma 2.39, this weakened topology on (G, quot) matches that of G. It follows
that Gal; xG — G is continuous.

By Lemma 2.25 again, one has to check that the continuity is not lost when passing to the Raikov
completion of the maximal Hausdorff quotient of (G, t). This in turn can be justified by similar
arguments as in the proof of Lemma 2.39. This finishes the sketch. See also [Bhatt and Scholze 2015,
Proposition 4.3.3].
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Infinitesimal dilogarithm on curves over truncated
polynomial rings

Sinan Unver

We construct infinitesimal invariants of thickened one dimensional cycles in three dimensional space,
which are the simplest cycles that are not in the Milnor range. This generalizes Park’s work on the
regulators of additive cycles. The construction also allows us to prove the infinitesimal version of the
strong reciprocity conjecture for thickenings of all orders. Classical analogs of our invariants are based
on the dilogarithm function and our invariant could be seen as their infinitesimal version. Despite this
analogy, the infinitesimal version cannot be obtained from their classical counterparts through a limiting
process.

1. Introduction

1.1. Statement of the main technical result. For a scheme X, one expects an abelian category My of
mixed motivic Q-sheaves on X, such that the extensions groups H’M (X, Q) := Extﬂ\/lx (Q(0), Q(n))
of the Tate sheaves are computed in terms of the K-groups as Ky,_; (X )g ). We emphasize that we do
not assume that X is smooth over a field or even reduced. At present, such a category has not been
constructed. When X is a smooth and projective curve over a base scheme S, which in our context will
be the spectrum of an artin ring, the conjectural Leray—Serre spectral sequence would give a map

K3(X)§ =H3, (X, Q(3)) — H\ (S, Q(2) = K3(5)T.

In certain cases, there are regulator maps from K3(S)g) to an abelian group A. The composition
with the above map would induce a map from K3(X )S) to A. In case S = Speck[¢]/(t"), such a map
K 3(5)8) — @m<r<2m k was constructed in [Hesselholt 2005]. One of our aims in this paper is to give

an analog of the induced map

H,(X.Q03) =K:(X)g' — P *
m<r<2m
which does not depend on the conjectural category of motives. This map is an infinitesimal analog of a
real analytic regulator as we will describe in Section 2.2. This makes this paper a continuation of our
project started in [Unver 2021] and followed up in [Unver 2020], which aim to give infinitesimal analogs
of real analytic regulators.

MSC2020: 14C25, 19E15.
Keywords: dilogarithm, Bloch group, reciprocity law.
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First, let us state the main technical result on which all the applications are based. Let k be a field of
characteristic 0, k,,, :== k[t]/(t™), for m > 2, and C/k,, be a smooth and projective curve. We denote the
underlying reduced scheme of C by C. We will need a variant of the Bloch complex; see [Goncharov
1995, Sections 1.8 and 1.9] and Section 2.1. If X/k is a smooth and projective curve, then the part of the
classical Bloch complex relevant for us is

By(k(X)) ®k(X)* > @D Bak(x)) ® A*k(X)* - ) A%k(x)*. (1.1.1)
xelX| xelX|

Here the summations are over the set closed points | X | of X and B, denotes the Bloch group (Section 2.1.A).
In order to define a variant of the above complex for C, we first need to make a choice of smooth
liftings. By a smooth lifting ¢ of a closed point ¢ € |C|, we mean a closed subscheme ¢ of C, which
is supported on ¢ and is smooth over k,, (see Section 7). For each point ¢ € |C|, fix once and for all a
smooth lifting ¢ and let &2 denote the set of all of these liftings. Let  be the generic point of C, for
a function f € Oé,n and ¢ € &, we define a notion of f being good with respect to ¢ or equivalently
of being c-good in Section 7. We then define the sheaf (O¢, £)* in Section 8.1, by requiring that its
sections on an open set U to be those f € (’)én which are ¢-good for all ¢ € &2 with ¢ :=|c] € U. We
similarly define a sheaf B,(O¢, &) in Section 8.1, which is a generalization of the Bloch group but which
also encodes the notion of goodness with respect to elements of &2. This gives us a complex € (C, &) of

sheaves on C which are concentrated in degrees 2 and 3:

By(Oc. 2) @ (Oc, 2)* = @ iex(Bok(c)) & A*(Oc, 2)*. (1.12)
e

Here k(c) denotes the artin ring which is the ring of regular functions on the affine scheme ¢, and i,
denotes the imbedding from ¢ to C. Since we fixed a single lifting ¢ € &2 for each point ¢ in |C|, the sum
above can also be thought of as a sum over |C|. The main technical result is the following construction of
infinitesimal Chow dilogarithms:

Theorem 8.1.1. Let k be a field of characteristic 0, C be a smooth and projective curve over ky,, :=
k[t]/(t™), with m > 2 and & be a choice of a smooth lifting for each closed point of C. For each

m <r < 2m, there is an infinitesimal regulator
omr H(€(C, 2)) — k. (1.1.3)

Specializing to the case when C is the projective line le, with coordinate function z, we fix an a € k,,
such that 1 —a € k,,. If we choose & such that z, 1 — z and z — a are all good with respect to 2, then
(1—2)AzA(z—a) e T(A*(Op1, 2)X) and

Pm,r (L =2) Nz A (z—a)) = Lin,([a]),
where Liy, , : By(ky) — k is the additive dilogarithm defined in [Unver 2009] (see Section 3).

The notation of the theorem in the main body of the paper is slightly different but equivalent.
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This generalizes the construction in [Unver 2021] in two different ways: we sheafify the previous
construction and we construct the regulator for any m < r < 2m, rather than only for m = 2. More precisely,
if we let k(C, 22)* denote the set of global sections I'(C, (O¢, £)*) of (O¢, &)*, the construction of
[loc. cit.] only gives a map from A*k(C, 2)* and only in the case when m =2 and r = 3. We will sketch
the main idea of the construction in the section below, but let us mention here that the construction of a
map Pm.m+1 from A3k(C, Z)* to k can be done by the methods of [loc. cit.]. On the other hand, the
construction of p,, , for m 4+ 1 < r < 2m requires the new methods that we introduce in this paper.

1.2. Applications. As we described above, specializing to triples of functions gives us the infinitesimal
Chow dilogarithm
omr i Nk(C, 2)¢ — k. (1.2.1)

which we will denote by the same symbol.

1.2.A. Infinitesimal strong reciprocity conjecture. The first application of this construction will be to an
infinitesimal analog of the strong reciprocity conjecture of Goncharov [2005]. If X/k is a smooth and
projective curve over an algebraically closed field &, the Suslin reciprocity theorem states that the sum of
the residue maps
> res, : K (k(X)) — K (k) (1.2.2)
xelX|

at all the closed points of X is equal to 0. Goncharov [2005] conjectured that the map of complexes

By (k(X)) @ k(X)* —— A3k(X)*

| |

By(k) —————— A%k~

obtained from (1.1.1) by taking sums of the maps B, (k(x)) — By (k) and A2k(x)* — A%k* is homotopic
to 0. More precisely, he conjectures that there is a canonical map & : A3k(X)* — B,(k) which makes

the diagram
By (k(X)) @ k(X)* —— Ak(X)*

By(k) ———— A%k™
commute and has the property that A(AA f A g) =0, if A € kX and f, g € k(X)*. Note that this is a
stronger version of the Suslin reciprocity theorem since the cokernel of the horizontal maps in the diagram
above are K é” (k(X)) and K é"’ (k). This original version of the conjecture is proved by Rudenko [2021],
by using homotopy invariance.

We prove an infinitesimal version of this conjecture using the infinitesimal Chow dilogarithm above and
the determination of the structure of the Bloch group over &, which was done in [Unver 2009]. Our method
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is entirely different from Rudenko’s, since homotopy invariance is no longer true in the infinitesimal
world. Let B> (k(C, £2)) denote the set of global sections of B>(O¢, &), then the infinitesimal version of
the strong reciprocity conjecture states:

Theorem 9.1.1. There is a map h : A3k(C, 2)* — By (ky,), which makes the diagram

By(k(C, 2)) ®k(C, 2)* —— Nk(C, 2)*

Bo(ky) A2k
2( m) m

commute and has the property that h(k,, N A%k(C, 2)*) =0.

1.2.B. Application to algebraic cycles. As another application of the infinitesimal Chow dilogarithm,
we construct invariants of higher algebraic cycles up to rational equivalence. In principle the group of
algebraic cycles that we are interested in should be denoted by CH? (kn, 3). However, since k&, is far from
being smooth over k, such a group of cycles which can be expressed in terms of K-theory is not defined.

One way to overcome this problem is to use the additive Chow groups of Bloch and Esnault [2003].
Additive Chow groups were defined in order to give a cycle theoretic interpretation of the motivic
cohomology groups of k,,. One can think of additive Chow cycles as those cycles which are very close to
the O cycle, the closeness to 0 being defined via the modulus (¢™). A regulator on this group was defined
by Park [2009] for r = m + 1. We think that additive Chow groups tell only part of the story when we try
to understand higher cycles on k,,. For this reason we define a somewhat bigger class of higher cycles
over k,,. We do this by defining a group ng (koo, 3) of codimension 2 cycles on A3OO, where koo :=k[[2]].

The main theorem is then a reciprocity theorem.

Theorem 9.4.2. For m <r < 2m, we define a regulator py, , : g%c (koo»3) = k. If Z,, witha, 1 —a € k
is the dilogarithmic cycle given by the parametric equation (1 — z, z, 7 — a) then

pm,r(za) =Liy,r([a]).

IfZ; € g? (keo, 3), for i =1, 2, satisfy the condition (M,,), then they have the same infinitesimal regulator

value

Pm,r (Zl) = Pm,r (ZZ)

This essentially states that if two cycles are the same modulo (#") then they have the same value under
the regulator. Note the similarity of this to the definition of de Rham cohomology on singular schemes by
first imbedding them in a smooth scheme. The precise definition of g? (koo, 3) and the condition (M,,)
can be found in Section 9.4. After the category of motives over nonreduced rings is constructed, we

expect these invariants to induce the regulators in this category.
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1.3. Main ideas behind the construction. In this section, we will try to illustrate the ideas behind the
construction in Theorem 8.1.1. For each 2 <m < r < 2m, we will construct a regulator whose source is
the degree 3 cohomology of the complex of sheaves

By(Oc. 2) ® (Oc, 2)* > (P icx(Ba(k(c)) ® A* (O, 2)*
e
concentrated in the degrees [2, 3]. Suppose that we are given a Zariski open cover {U;};c; of C and a
corresponding cocyle y, given by the following data: y; € A3(Oc, 2)*(Uy), €i.c € Ba(k(c)) for every
c € U; and B;j € (B2(Oc, Z) ® (Oc, £)*)(U;j). We will define p,, ,(y) € k, by first making many
choices and then showing that the construction is independent of all the choices:

(1) Let An be a lifting of O¢ ; to a smooth k..-algebra and for every c € |C|, let A_ be a lifting of the
completion @C,C of the local ring of C at ¢, to a smooth k-algebra, together with a smooth lifting ¢
of c.

(ii) Let ani € I be arbitrary and for each ¢ choose a j. € I such that ¢ € U;,.

(iii) Choose an arbitrary lifting y;, € A3.,éf,>7< of the germ y;,, € A3Oé’n.

(iv) Choose a good lifting y;, € A3(A., ©)* of the image Vjo,c of yj, in A3((A9c,c, 0)*, for every c € |C]|.
(v) Choose an arbitrary lifting ch,-,,, € Bz(/{n) ® /In of the image B, , € B2(Oc,;) ® Oé,n of B;,, for

every ¢ € |C]|.

We then define the value of the regulator p,, , on the above element by the expression

P ) =Y Tri (G (1885 77.) = L () + 1€5¢ @ (Fig — 8Bjiion). 71)). (1.3.1)
celC]
We continue with the description of this expression.

The starting point for the above definition is our construction of the additive dilogarithm in [Unver 2009].
For a regular local Q-algebra R, letting R, := R[t]/(t™), for every 2 <m < r < 2m, we have an additive
dilogarithm map ¢i,, , : B2(R,;) — R that satisfies all the analogous properties of the Bloch—Wigner
dilogarithm function. Most importantly, the direct sums of these maps over all the possible r give an
isomorphism between the infinitesimal part of the K -group K3(Rm)g) and 6, _, _,,, R. We explain this
in detail in Section 3 and give explicit formulas for these functions £i,, .. The function £i,, , can also
be described in terms of the differential § in the Bloch complex of By(R~), with R := R[], by the
following commutative diagram:

By(Ros) ——+ AZRX,

j« J/em,r
eim.r

By(R,) —— R

Where ¢,, , is given explicitly in Definition 3.0.2 below.
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We can then describe the first two terms in (1.3.1) as follows. For a connected, étale k,,-algebra (resp.
koo-algebra) A, there is a canonical isomorphism A >k, (resp. A >~ k). Using this isomorphism for k(c),
we get a canonical identification B;(k(c)) = Ba(k(c),). Therefore, £i,, ,(¢; ) € k(c) is unambiguously
defined using the map £i,, , : Ba(k(c),) — k(c). Since the element y;, € A3(A,, ©)* is assumed to be
¢-good, the residue res; y;. is defined as an element of A%k(¢)* in the beginning of Section 7. Using
the identification A%k (¢)* = Azk(c)jjo and the map ¢, , : Azk(c)go — k(c), we define the element
L, (resz yj,) € k(c). Defining the last term res. w,, , and proving its properties will constitute a large
proportion of the paper. If R is smooth of relative dimension 1 over k, we construct a map wy, , :
A3(R,, (1"™)* — Q}e/k. Here (R,, (t™))* denotes {(a, b) | a,b € R*,ab~! € 1+ (+™)}. Since we do
not fix a lifting of our curve in the construction of p,, , defining w,, , on this group is not enough. More
precisely, we need to extend w,, , to the following context. Suppose that R and R’ are smooth of relative
dimension 1 over k, together with a fixed isomorphism

X R/ = R/@™),
of k,,-algebras between their reductions modulo (#). Let
R, R, x) :={a,b)|lacR*,beR™, x(a+ (") =b+(t")in R /(t™)}.

Ideally, we would like to extend the definition of wy, , to a map from AR, R, x)* to Q;& Ik This can
be done when r =m + 1 butitis not trueif m+1 < r.

However, it turns out that for us purposes, we do not need these 1-forms themselves but only their
residues and we can construct these residues independently of all the choices. Suppose that S is a smooth
k,-algebra of relative dimension 1, with x a closed point and 5 the generic point of its spectrum. Suppose
that R, R’ are liftings of S, to k., with x the corresponding isomorphism from R/(t") to R'/(¢™). We
construct a map

IeSy Wm,r : A3(Rv R/’ X)X - k/’

where k' is the residue field of x, which is functorial and independent of all the choices. Let y : R — R’
be an isomorphism of k,-algebras which is a lifting of x. Choosing also an isomorphism R, >~ R of
k--algebras, provides us with an identification

R.R, ) L5 (R, (™).

Let yr denote the isomorphism R — S, induced by the one from R/(¢") to S,,. Then we define res, w,, ,
by the composition

.

3o%
ARR 0 A R, ") 20 @l s Qb T K

We prove that this composition is independent of all the choices. Applying this construction in the above
context, we see that y;, — 8(B ;i) and y;_are two liftings of the same object y;, to two different generic
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liftings of O .. Therefore, the expression

rese W, Fin — 8(Bjuin), Vi) € k(c)

is defined.

Applying traces and taking the sum over all the closed points, we obtain the expression in (1.3.1).
Next we show that the sum is in fact a finite sum. The above construction involves many choices and
would be completely useless if it depended on anything other than the initial data. This is the content of
Theorem 8.1.1, our main theorem. Because of its basic properties that we prove below, p,, , deserves to
be called a regulator.

Finally, let us mention that in [Unver 2021], where the case m = 2 was handled, the only possible r is 3
and hence satisfies r = m + 1. In this case, the map w» 3 can be defined as a map from AR, R/, X)) —
Q%i Ik This is not true in general and this is why we have to pursue a different approach in this paper
which is based on defining only the residue of the differential rather than the differential itself.

1.4. Outline. We give an outline of the paper. In Section 2, we describe the complex analytic version of
our construction for motivation. In Section 3, we give a review of the construction in [Unver 2009] of
the additive dilogarithm on the Bloch group of a truncated polynomial ring. In Section 4, we describe
the infinitesimal part of the Milnor K -theory of a local Q-algebra endowed with a nilpotent ideal, which
is split, in terms of Kihler differentials. Without any doubt the results in this section are known to the
experts and we do not claim originality. The reason for our inclusion of this section is first that we could
not find an easily quotable statement in the full generality which we will need in our later work, and
second that we found a short argument which is in line with the general set-up of this paper. In Section 5,
for a regular local Q-algebra R, we define regulators B>(R,,) ® R,; to Q}e for every m < r < 2m, which
vanishes on boundaries. This construction depends on the splitting of R, in an essential way. In Section 6,
we introduce the main object of this paper: for a smooth algebra R of relative dimension 1 over k, we
define regulators w,, , : A3(R,, (™) — Q}?/k’ for each m < r < 2m. In Section 7, we compute the
residues of the value of w,, , on good liftings. In Section 8, we use the results of the previous sections to
construct the regulator from H3B (C, Q(3)) and specializing to triples of rational functions we obtain the
infinitesimal Chow dilogarithm of higher modulus. In Section 9, we give examples of the infinitesimal
Chow dilogarithm in the cases of the projective curve and elliptic curves and also give the applications to
the strong reciprocity conjecture and the invariants of cycles.

Conventions and notation. We are interested in everything modulo torsion. Therefore, we tensor all
abelian groups under consideration with Q without explicitly signifying this in the notation. For example,
K ,{"’ (A) denotes Milnor K -theory of A tensored with ( etc.

For aring R, we let Ry := R[[t]] (resp. R((¢))) be the formal power series (resp. the formal Laurent
series) ring over R. For m > 1, we let R, := R[t]/(t™), be the truncated polynomial ring over R of
modulus m. If R is a Q-algebra then we write exp(«) := ZOS” (o /n!) for @ € (t) € Ry. The same
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formula is used for @ € (t) C R,,. For an appropriate functor F, we let F(Rs)° :=ker(F(Rs) = F(R))
(resp. F(R;,)° :=ker(F(R,) — F(R))), denote the infinitesimal part of F(Rs) (resp. F(R,,)).

For any set X, let Q[X] denote the vector space over (2 with basis {[x] | x € X}. We denote both the
differential B»(A) — A%A* in the Bloch complex of weight 2 (see Section 2.1.A) and the differential
By(A) ® A — A3A* in the Bloch complex of weight 3 (see Section 2.1.B) by §. Since the sources of
the maps are different, this will not cause any confusion. When we use these maps in the case when
A = R, and we want to emphasize dependence on r in the notation, we denote both of these differentials
by &,

2. The analogy with the complex case

In this section we will describe the analogy with the complex case after recalling some of the standard
definitions. Our aim is to give a flavor of the concepts before going into the technical details.

2.1. Basic definitions. Here we collect some of the basic definitions that are standard in the literature.
We will use these definitions in this section and generalize them in the later sections.

2.1.A. The Bloch group B, and the Bloch complex of weight 2. For any ring A, we let A” :={a € A |
a(l —a) e A*}. For alocal Q-algebra R, the Bloch group B, (R) is the quotient of Q[R"] by the subspace
generated by

[x]— [y + [y /x] = [ —x~ /A =y HI+ 10 —x) /A=y,

for all x, y € R” such that x — y € R*. There is a map 8 : B>(R) — A%R*, which is defined on the
generators by letting §([x]) := (1 —x) A x. The corresponding complex obtained by putting B>(R) in
degree 1 and A2R* is degree 2 is called the Bloch complex of weight 2. This complex computes the
weight 2 motivic cohomology of R, when R is a field. We refer to [Unver 2009] for details about the Bloch
group and the Bloch complex of weight 2. We denote the cohomology of this complex with H (R, @(2)).

2.1.B. The pre-Bloch complex of weight 3. Continuing with the notation above, we have a complex
Q[R’] = B>(R) ® R* — AR, Q.1.1)

concentrated in degrees [1, 3], where the first map sends a basis element [x] to [x] ® x and the second
one sends [x] ® y to §(x) A y. Abusing the notation, we denote all the differentials in this complex by §.
This complex and its variants are defined and studied in detail in [Goncharov 1995]. We will call this
complex the pre-Bloch complex of weight 3.

The first group Q[R"] when divided by the appropriate relations is denoted by B3(R). At this stage of
this theory, the exact type of these relations are not clear. There are several different candidates and it is
not known that they give the same answer [Goncharov 1995]. The corresponding sequence obtained is
a candidate for the weight 3 motivic cohomology complex [loc. cit.]. Since we will only deal with the
cohomology groups in degrees 2 and 3, we will only work with the pre-Bloch complex (2.1.1) above and
the precise relations in order to define B3(R) will not be important for us. The reason that we do not



Infinitesimal dilogarithm on curves over truncated polynomial rings 693

call this complex the Bloch complex is that we do not use a version of the group B3(R) and instead use
Q[R"]. For R equal to the dual numbers of a field, this complex and its higher weight analogs were used
in [Unver 2010] to construct the additive polylogarithms.

For the degrees i =2 and 3, we will denote the cohomology of the pre-Bloch complex in (2.1.1) by
H' (R, @(3)).

2.1.C. Residue map between the Bloch complexes. Suppose that R is a discrete valuation ring with residue
field k and with field of fractions K. There is a canonical residue homomorphism K ,Il” (K)— K ,i”_ 1 (k)
constructed by Milnor [1970] between the Milnor K -groups. Goncharov [1995, Section 1.14] generalized
to a map between the Bloch complexes.

For us, the only parts of this construction that will be relevant are

res: A"K* — A" 'k* and res: Bo(K)® K* — By(k).

To describe these maps, let us fix a uniformizer = of R. The map will turn out to be independent of the
choice of the uniformizer.
The first map is determined by the following formula

res(uot™ AUy AUg A AUy 1) =M UL AUI A AUy,

where m € Z, u;, for 1 <i < n are units in R and u; for 1 <i < n are the images of u; in k. The second

map is determined by the formulas that
res([a] ® b) =0,
ifae K"\ R” orbe R*, and
res([u] @ ) = [ul,

if u € R” and u is the image of u in k”. These maps give a commutative diagram

By(K)® K* —— A3K™

lres lres

By (k) ——— A%k~
and hence a sequence

By(K)® K* — Ba(k) ® APK* — A%k*.

If we start with a smooth curve X/ k, then taking residues at all the closed points and summing them
will give a sequence

By(k(X)) ®k(X)* - @ Bak(x)) ® A*k(X)* - 5 A%k(x)*.
x€|X| xelX|

This is part of the motivic complex of weight 3 of the curve X [Goncharov 1995], whose middle
cohomology receives a map from the motivic cohomology Hf\/l(X , Q(3)) of X.



694 Sinan Unver

2.2. Complex analog of the main construction. Here we briefly explain the complex analog of our
construction, which is one of our main motivations for the infinitesimal case. If X/C is a smooth projective
curve, then as above one expects a map

K3(X)Y = H, (X, Q(3)) - Hl(C, Q2)) = K3(©)3.

Composing with the Borel regulator K3 (@)g) — C/(27i)*Q and taking the imaginary part would give
a map K3(X )8) — R. Up to normalization, this map can be constructed as follows [Goncharov 2005,
Section 6]. For fi, f2, and f3 € C(X)*, let

r2(f1. fo. f3) = Alts(¢ log| fi] - d log| 2| Ad log| f3] — 5 log| 1] - d arg f> Ad arg f3),

(such that dro(f1, f2, f3) = Re(dlog(f1) A dlog(f2) A dlog(f3))). The Chow dilogarithm map p :
A3C(X)* — R is given in terms of this by

P(fin 2N f3) 2=/ r(f1. f2. f3)- 2.2.1)

X(©)

In the special case when X = P!, we have
p((1=2) AzA(z—a)) = Da(a), (2.2.2)

where D;(z) := Im(£iz(z)) + arg(1 — z) - log(|z]) is the Bloch—Wigner dilogarithm, with £i;(z) the
(multivalued) analytic continuation of ), _, z" /n?. The middle cohomology of

— Ba(C(X)) @ C(X)g, — (EB BQ(C)) & AC(X)y —> P a*cy— (2.2.3)

xeX xeX

receives a map from Hf\,l(X, Q@3)) @ K; (X)S). Combining D; and p, if we let

Px = —<EB Dz) Dpo: (@ Bz(C)) ®A3C(X)a — R,

xeX xeX

then px vanishes on the image of BZ(C(X))@)(D(X)a and induces the map K3 (X)S) — R, we were looking
for above. If one assumes a theory of motivic sheaves then this is the composition of Hf\A(X ,Q03)) —
Ext}\,lC (Q(0), H*(X/C)(3)) = H}Vl (C, Q(2)) = B»(C) and the Bloch—Wigner dilogarithm D5 : B(C) — R.
Here M¢ denotes the category of motives over C and H2(X /C) = Q(—1) denotes the relative motivic
cohomology of X/C. In the special case of X = P! the map p can be made even more explicit [Goncharov
2005, Section 6.3]. Suppose that fi, f>, and f3 are arbitrary rational functions on P!. By the linearity of
p and the fact that p vanishes on elements of the form A A f A g, if A € C*, we notice that in order to
determine p(f; A fo A f3), it is enough to determine its value for f; = z — «;, for pairwise distinct «;.
Using functoriality with respect to automorphisms of P! fixing co, and the formula (2.2.2), we determine
that

o3 — o)
p(Z—a)A@EZ—a) Az —a3) = Dz( ) (22.4)
o1 — o)
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3. Additive dilogarithm of higher modulus

In this section, we review and rephrase the theory of the additive dilogarithm over truncated polynomial
rings in a manner which we will need in the remainder of the paper. Further results for this function can
be found in [Unver 2009].

For a (Q-algebra R, let Ry := R[t]], denote the formal power series over R and R, := R../(t™)
the truncated polynomial ring of modulus m over R. Since R is a (D-algebra we have the logarithm
log: (14+tRx)™ — Roo given by log(14-z) := len(—l)”“z"/n, for z €t R. Letlog®: R, — R, be
the branch of the logarithm associated to the splitting of R, —» R corresponding to the inclusion R < R,
defined as log® () :=log(a/a(0)). If ¢ =Y ., git' € Roo and 1 <a then let ql, := Y g-;_, git' € Roos
denote the truncation of ¢ to the sum of the first a-terms, and 7,(q) := q,, the coefficient of 7% in q. If
u€tRy and s(1 —s) € R*, we let

Cip,r (s exp()) :=t,1 (log°(1 — s exp(ulm)) - $1r—m), (3.0.1)

for m <r < 2m. Here, and everywhere in the paper, exp(z) denotes the formal power series ) ,_, z"/n!.
Also note that (du/0dt)|,—, denotes the truncation of the derivative of u# with respect to ¢, to thg sum of
its first (r — m)-terms. Fixing m > 2, these {i,, ., for m < r < 2m together constitute a regulator from
ker(K3(R,)® — K3(R)?®) to R®™=D_ This is exactly analogous to the Bloch—Wigner dilogarithm in
the complex case [Bloch 2000; Suslin 1991; Unver 2009].

Since every element of Rgo can be written in the form s exp(u) as the above, we can linearly extend
Liy , to obtain a map from the vector space @[Rgo] with basis Rgo. We denote this map by the same
symbol.

When we would like to specify the § defined on B;(Rs) (resp. B2(R,,)), as given in Section 2.1.A,
we denote it by o (resp. ;).

Let V be a free R module with basis {e; };c; and {e;"};<; the dual basis of V. Givenvanda =)
in V, we let

iel Gi€i

) ==Y aie/ (v) € R.
iel
If there is an ordering on I, we let {e; A e;};~; be the corresponding basis of A?V. Then, with the
above notation, the expression (w|g), for w, 8 € A2V, is defined. We consider # Roo, as a free R-module

with basis {t'}; <i. Let us denote the composition of B>(Rx) LN AZROXO with the canonical projection
@[Rgo] — B3(Rs) also by §. Also denote the map

A’RX — A’tRy — A%t R
induced by A%log®: A’R%, — At Ro, by the same symbol.

Proposition 3.0.1. With the notation above, for o € @[Rgo] and?2 <m <r <2m, we have

Eim,r(a)=<Azlog°(6(a))‘ > it"iAzi), (3.0.2)

1<i<r-m
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and this function descends through the canonical projections
Q[R5 — B2(Ros) = Ba2(Rp),

to define a map from By(Ry,) to R, denoted by the same notation.

Proof. We proved in [Unver 2009, Proposition 2.2.1] that the function defined by the right-hand side

*
m,r?

tion 2.2.2] that it descends to give a map from B,(R,,). Therefore it only remains to prove the equality
(3.0.2).
With the notation ¢; () := t;(log°(«)), £iy, , can be rewritten as

bt = ( > it /\ei) 08.

1<i<r—m

of (3.0.2), temporarily denote it by £i descends to give a map from @[R,i] and in [loc. cit., Proposi-

Then we have iy, (s exp(u)) = iy, (s exp(uln)), since we know that £i, . descends to @[Rf,,]. We
have ¢; (s exp(u|m)) = u;, for 1 <i < m and ¢; (s exp(u|,;,)) = 0, for m <i. Using this we obtain that
Gy (5 €xPQUli)) = 31 i<y i+ Lr—i (1= 5 €XP(ul)) -y = Ly r (5 eXP(W)). O
Let us give a name to the essential map which constitute £i, ,.
Definition 3.0.2. We denote the map from A?RX to R which sends @ A B to
<A2 log®(@ A B) ’ 3 A ﬂ')
1<i<r—m

by £ . It is clear that £,, , : A>R% — R factors through the projection A2RX — A2RX. The additive
dilogarithm above is given in terms of this function as

Limr =Ly 0800 =4 0b.

We will use the main result from [Unver 2009], there it was stated in the case when R is a field of
characteristic 0, but the same proof works when R is a regular, local (D-algebra. Let B(R,,;)° denote the
kernel of the natural map from B,(R,,) to B2(R), consistent with the notation in the introduction.

Theorem 3.0.3. The complex By(R,,)° LN (Asz)O computes the infinitesimal part of the weight two

motivic cohomology of Ry, and the map &P Liy, r induces an isomorphism

m<r<2m

HC;(Rm)(]) ~ K;(Rm)(z) ~ ker(ao) ~ R@(m_l)

from the relative cyclic homology group HC;(Rm)(l) to R®m=D,

4. Infinitesimal Milnor K -theory of local rings

Suppose that R is a local Q-algebra and A is an R-algebra, together with a nilpotent ideal / such that
the natural map R — A/I is an isomorphism. Then the Milnor K -theory K (A) of A, naturally splits
into a direct sum KM (A) = KM(R) ® KM (A)°. In this section, we will describe this infinitesimal part
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K,f’[ (A)° in terms of Kihler differentials. It is easy to find such an isomorphism using Goodwillie’s
theorem [1986], and standard computations in cyclic homology. However, in the next section, we need an
explicit description of this isomorphism in order to determine which symbols vanish in the corresponding
Milnor K-group. Fortunately, determining what this isomorphism turns out to be quite easy. By the
functoriality and the multiplicativity of the isomorphism, we reduce the computation to the case of K é”
of the dual numbers over R where the computation is easy.

There is no doubt that the results in this section are well-known and we do not claim any originality.
We simply have not been able to find a description of the map ¢ below which is easily quotable in the
literature. Since our discussion is quite short we did not refrain from including it in the present paper. We
will only need the result below for A = R,,. On the other hand, in a future work we will need this result
in full generality which justifies our somewhat more general discussion.

Proposition 4.0.1. There exists a unique map ¢ : KM (A)° — Q’Z‘_l /(d Q’}_‘_Z + Q';{l) such that

d dg,—
0 Brs s Bor}) =log(e) PL oo p Dot
:31 ,Bn—l

(4.0.1)

forael+1and By, ..., Bu—1 € A*, and this map is an isomorphism.

Proof. The uniqueness follows from the fact that the infinitesimal part of Milnor K -theory is generated
by terms {«, B1, ..., Ba—1} as in the statement. In order to see this, let : : R — A denote the structure
map. Since R - A — A/l is an isomorphism, every element in A* can be uniquely written as
t(r)a with r € R* and @ € 1 + I. This implies that K,{VI (A) is generated by elements of the form
{ay, ...,a;,u(r), ..., t(rp—p}, withO <i <nandr; € R, a; € 1 + 1. The terms with 1 <i are in
K,’l"I(A)O = ker(K,f”(A) — K,f”(A/I)). They are also of the form {«, B, ..., B,—1}. In order to prove
the statement, we only need to show that if a linear combination of terms of the form {¢(r1), ..., t(ry)}
are in ker(K ,’l"’ (A) > K,’l” (A/I)) then it is in fact 0. This again follows from the fact that the natural map
from R to A/I is an isomorphism.
We define a functorial map ¢ by the following composition:

KM(A)° — KM (A)° = HC! P(A)° = (@7 /d7)° = 7 /@72 + Q). (4.02)

The first map is the multiplicative map induced by the isomorphism when n = 1, the second one is the
Goodwillie isomorphism [1986], and the last one is given by [Loday 1992, Theorem 4.6.8].

By Nesterenko and Suslin’s theorem [1989], Milnor K -theory is the first obstruction to the stability of
the homology of general linear groups

KM (A) ~H,(GL,(A), @)/H,(GL,_ (4), Q).
Moreover, the composition

KM(A)° - K™ (A)° — Prim(H, (GL(A), Q)) - H,(GL(A), Q) ~ H,(GL,(A), Q) — KM (A)



698 Sinan Unver

is multiplication by (n — 1)! by [Nesterenko and Suslin 1989]. This implies the injectivity of ¢. It only
remains to prove the property (4.0.1), since then the surjectivity of ¢ also follows.

The multiplicativity of ¢ takes the following form: for a, b € K ,1,‘1’1 (A)°, p(a-b) =¢(a) Nd(p((D)). We
do induction on n. The statement is clear for n = 1. We show that we may assume that 8; € R*.

Lemma 4.0.2. Suppose that we have the formula (4.0.1) fora € 1 +1 and ; € R*,for1 <i <n—1,
then we have the same formula foroa € 1 +1 and B; € A*,for 1 <i <n—1.

Proof. We do induction on the number of §; which are not in R*. If all of them are in R*, the hypothesis
of the lemma gives the expression. If there is at least one f; which is not in R*, without loss of generality
assume that 8,1 ¢ R*. Let us write 8,,_1 :=A-f, withL € R* and § € 1 4+ 1. Then

e(a, Br, ..., Bu1}) = oo, By ..., B2, A +o({a, Bi, ..., Bu—2. B}).

By the multiplicativity of ¢, the formula for n = 1, and the induction hypothesis on n, we have

dpi dfpn—> dp
o{a, B, ..., Bu2, BY) = (e, B1, ..., Bu2}) Ad(log(B)) =log(a)—— A+ A ——— A —-.
181 ﬂn—Z :B
By the induction hypothesis on the number of §; not in R*, we have
d dBm—1 dA
oo, Brs .-, Bm—1, A} =10g(a)ﬂA--'AMA—-
:31 18"171 A
Adding these two expressions, we obtain the expression we were looking for. O

The above lemma shows that we may without loss of generality assume that the §; € R*. The next
lemma shows that we may also assume that A = R, and o = 1 +¢.

Lemma 4.0.3. Suppose that we have the formula (4.0.1) fora =1+t and B; € R* for 1 <i <n—1, for
the ring R, := R[t]/(t"). Then we have the same formula for any A as above.

Proof. Givena € 1 +1 € A* and B; € R*. Since « — 1 is nilpotent, we have an R-algebra morphism
¥ R, — A, for some r, such that ¥/ () = o« — 1. The result then follows by the functoriality of ¢ since
the map induced by ¥ maps {1 +¢, B1,..., Bo—1} to {&, B1, ..., Bn=1}. O

Next we will show that we can also assume that r = 2. Note that for each A € Q*, we obtain an
R-automorphism ¢, of R, which sends 7 to A -¢. If F is any functor from the category rings to the
category of Q-vector spaces, this gives us an action of Q> on F(R,), which we call the x-action of Q*
and denote F (¥,)(v) by Axv. For m € Z, we let F(R,)"™ denote the subspace of elements v € F(R,)
such that Axv = A" v, for every A € @*. An element v € F(R,)"" is said to be an element of x-weight m.

Lemma 4.0.4. Suppose that we have the formula (4.0.1) forco =1+t and ; € R* for 1 <i <n —1, for

the ring Ry. Then we have the same formula for any A as above.

Proof. We need to prove the result for 1 +¢ € R,, and 8; € R*. Since 1 4+t = exp(log(l +1¢)), itis a
product of elements of the form exp(at™), for 1 <m < r, and a € Q. Therefore it is enough to prove
the formula for elements as above with o = exp(at™). Since {exp(at™), B1, ..., Bn—1} is of x»-weight m,
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its image under ¢ is in (Q’}gl /d Q’}er_z)[’"], the x-weight m part of Q’I‘{l /d Q'I’gz. On the other hand the
natural surjection R, — R4+ induces an isomorphism

(Q’}g‘ /dsz'}gz)[m] ~ (Q’};L /dgg;il)[m].

Therefore, without loss of generality, we will assume that r = m + 1. Then we use the map from R,

to Ry,+1 that sends ¢ to at™. This map sends 1 4 ¢ to exp(at™) and hence maps {1 +¢, B1, ..., Bn—-1}
to {exp(at™), B1, ..., Bu—1}. Therefore, again by the functoriality of ¢, the result follows from the
assumption on R;. O

To finish the proof, we will need a special identity in Ké” (R3).

Lemma 4.0.5. We have the following relation in K é"[ (R3):
21+ 5,0} = {145, 1+2),
forany A € R*.

Proof. 1t is possible to give a direct computational proof of this statement. We choose to give a proof
which is based on the ideas in this section.

First suppose that R is a field. We know that both sides are in Ké” (R3)°. We know from [Graham
1973] that the map Ké”(R3)° — (Q}h/dR3)° which sends {«, 8} to log(a)dB/B, where o — 1 € (¢), is
an isomorphism.

The left-hand side goes to t2dA /A, whereas the right-hand side goes to

t di di di
—d) =t>— +tdt =t>— + Lqr* = ?==
2400 x x e A

in (Q}Q3 /d R3)°. This proves the statement when R is a field.

In general, the statement for Q[x, x '] implies the one for a general R by sending x to A. Finally,
if we can show that Ké”(@[x, x"13)° — Ké” (Q(x)3)° is an injection, the known statement for Q(x)
implies the one for @[x, x~!]. This injectivity follows from the commutative diagram:

_ ° @ — o
K @QLx, x 71132 (R, 1y, /d@Lx, x7 1)) = 1920, © PR,

| |

K3 (@(x)3)° s (), /d(Q(0)3))° ¢ 19}, DR,

Where the injectivity of ¢ was proven above. This finishes the proof of the lemma. O
Finally, we prove the result for R;.

Proposition 4.0.6. Letax =1+t € R2X and B; € R*,for1 <i <n—1, then p({c, B1, ..., Bn—1) is given
by (4.0.1).
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Proof. Note the map ¥ from R; to Rj that sends ¢ to #2/2. This map induces an isomorphism
QL l/dQn 2011 ~ QL l/dQn 29021
Therefore we only need to compute the image of
(145,81, Bt 4.0.3)
in (Q’}g1 /d Q’}g2)[2]. By the previous lemma, we know that
(1+5.a =1+ L 1+p1),
which implies that (4.0.3) is equal to
%{I—Fé,1+;31t,,82,...,;3n_1}. (4.0.4)
This last expression is the 5 times the product of {1 +17/8} € K M (R3)° and
(L+Bit, Ba - Buct) € KL (R3)°.

By the induction hypothesis on #,

dp dBn-
oL+ Bt By, Bumr) =log(L+ BN A A =2
ﬁ :811—1
Since ¢ is multiplicative, this implies that (4.0.4) is sent by ¢ to
1 t ) :32 dﬂn—l ,81 dﬂn—l
—log<1—|— dlog(1+Bit)—=A-- =log 1+ ARERWA . OJ
2 pi B2 ,Bn—l B Bn—1
This finishes the proof of Proposition 4.0.1. U

In the case of truncated polynomial rings, we can also describe this isomorphism as follows:

Corollary 4.0.7. The map A; : A"R, — Q’;{l given by
M@ A~ Ady) = res;— tlidlog(al) A Adloglay) €

for 1 <i <r,descends to give a map K ,f’[ (R,)° — Q’I’Q_l. Their sums induce an isomorphism

KY(®R) — @ "

I<i<r

Proof. For 1 <i <r, welet u; : /d(Q ))° — Q" ! be given by pu;(w) := res;—o tl—,-dw. The
induced map
(@ /d@ )~ P ;!
1<i<r

is an isomorphism.
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The surjectivity can be seen as follows. Given w € Q’}Q_l, and 1 <i, j <,
i 1 i .
. i — 0 — L — . .
wj(t'w) =res;—o ﬂ,d(t w) =06 -w

To prove injectivity, using the notation in the proof of Lemma 4.0.3, we note that (Q’}Qr_l /d (Q'I’er_z))o
is the direct sum of its subspaces ((Q’;er_l/d(Q’;gz))")[” of »-weight i, for 1 <i < r. The subspace
(@' /d Q%)) consists of elements of the form t'a + 11~ dt, with @ € Q" and B € Q. For
1 <j <r,wehave

pitta+pt=ldey =8 -a+ (=1)""1dp).
Therefore, if p; (t'a + B~ 'dt) =0, then o = ((—1)"/i)dp and hence
foa+ Bt ldr = d(ﬂt’).
i
This proves the injectivity of the map
(@ ' /d @) = D (@ /d @) > P i
I<i<r I<i<r

The corollary then follows from Proposition 4.0.1. |

5. Construction of maps from B,(R,,) ® R, to SZ}e

In this section, we assume that R is a regular, local (D-algebra.

5.1. Preliminaries on the construction. In this section, we fix m and r such that 2 <m <r < 2m. We
let f(s,u) :=1log°(1 —sexp(u)) =log((1 —sexp(u))/(1 —s)). As in the proof of Proposition 3.0.1,
we define ¢; : RX, — R, by the formula ¢;(a) :=t;(log°(a)). Note that #; is defined in the beginning of
Section 3. Let us consider the expression

wji= Y idli_iAli= Y bdly ALy, (5.1.1)

I<i<j-1 a+b=j
- 1<a,b

for m < j < r, which defines a map from A2RX to Q}e- We will use this expression to define a map from

Lemma 5.1.1. Fors € R®, and u := Y 0<i u;t' € tRu, letting fy == % and u; ;= g—‘t‘ =) 0-i iuit'=", we

have

9 log°(1 — Gl
aj(8(sexp(u))) =tj—1(fsu)ds = tj—l( = 8ss — '3_j)ds'

Proof. Let us write f(s,u) =: f =) ,_; fit'. The expression id{;_; A {; evaluated on §(s exp(u)) is
equal to

d(fj-Dui —ifiduj—; =1d(fj-Dui + (j — i) fiduj—; — jfiduj—;.
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Summing these, we find that

aj((sexp@)) = Y Gd(fj-dui+ (=i fiduj)—j Y fiduj.

1<i<j—1 1<i<j—1

Let Du := Z]<i du;t' and u, := ?TL; Then the last expression can be rewritten as

tj-1(D(fu)) — jtj(fDu) =t; 1 (D(fu;) — (f Du);) = tj 1 (Dfu; — fi Du). (5.1.2)

We would like to see that the coefficient of du; in (5.1.2) is equal to 0. The coefficient of du; in
Df = Dlog((1 —sexp(u))/(1 —s)) is equal to (—s exp(u))/(1 — s exp(u))t’. Therefore, the coefficient
of du; in (5.1.2) is

Since f; = %(log(l —sexp(u))) = (—sexp(u))/(1 —sexp(u))u,, the last expression is 0.
Therefore aj(§(s exp(u))) does not depend on the du;, and we can rewrite (5.1.2) as

aj(8(sexp())) =tj—1(Dfu, — fiDu) =t;_1(fsus)ds,
where f; = % 4

Lemma 5.1.2. Ifu = u|,, and m < j <r, we have

Jti(f) =stj_1(fsuy).

Proof. The expression jt;(f) —stj_1(fsu,) is equal to

0 0 1 —sexp(u)
ti—1(fr —s(fsur)) =1t (E log(1 —sexp(u)) — Sa log(?) 'Mz)-

Since

d —sexp(u) d

—log(l —sexp(u)) = — -u; = s— log(1 — s exp(u)) - uy,

at 1 —sexp(u) as
the above expression is equal to #;_1((s/(s — 1))u;), which is 0, under the assumption that u = u7 +
Uy ] and m < j. ]

Letdlop: Ry — Q}e be defined as d€o(«) :=d log(x(0)). Note that £ itself is not defined, even though
£; are defined for i > 0.

Proposition 5.1.3. The map M,, , defined as
, r—Jj
My = Lin, ®dlg— Y —>(a;08) @
m<j<r

gives a map from B2(R«) ® R to Q}e’ of x-weight r, which vanishes on the image under § of those
[se*] e @[Rgo], with u = ul,,. The map M, 41 descends to a map from By(R,,) @ R;;.
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Proof. That M, , is of x-weight r follows immediately from the expression for o;(d(s exp(u))) in
Lemma 5.1.1, which shows that «; (§ (s exp(u))) is of x-weight j. Let us now show that M, , evaluated
on [sexp(u)] ® s exp(u), with u = ul,,, is equal to 0. By Lemma 5.1.1, o;(§(s exp(u))) is equal to
tj—1(fsu;)ds. This implies that ngjq (r—j/j)(ajod) ®L,_; evaluated on [s exp(u)] @ s exp(u) is
equal to

> i fuurgds =137 (= Dty (Furyds.

m<j<r m<j<r

by Lemma 5.1.2, since u = u|,,. The final expression can be rewritten as
d ; d .
tr—1(f - us |r—m)?s = Lim,r (s eXp(u))?s = (liym,r @ dlo)([s exp(u)] ® s exp(u))

since u = u|,,. This proves the first part of the proposition.
When r =m + 1, My, , takes the form

Limmpt ® ALy — L (dly_y AN +2dly 2 Ao+ -+ (m—1)dl Aly_1)08) @ L.

Since all the functions in this expression depend on the classes of the elements in R,,, the statement easily
follows. O

5.2. The regulator maps from H2(R,,, Q(3)) to Sl}e. We would like to define maps
Ly, : H(Rp, Q(3)) - Qp

based on the maps M,, , in Proposition 5.1.3. The problem with M,, , is that it does not descend to a map
on By(R,) ® R, if r #m 4 1. We will modify M, , slightly to correct this defect but keep the other
properties to obtain L,, ,. In order to simplify the notation from now on we are going to let £i,, ,, := 0.
Note that £i,, , was previously defined only when m +1 <r <2m —1 so this will not cause any confusion.
We define 8,,(j), form < j <2m — 1, by

Bu(j) i=dlin j+ Y bdlyAlp)os= Y bd(taAlp)os+ Y  bdlyAty)os

a+b=j a+b=j a+b=j
1<a,b<m m=<a,1<b 1<a,b<m

=dlinj+ajos— Y  ((j—a)dlaAlj_q+adli_qAls)os
1<a<j—m
and

Lm,r = eim,r ®d£0 - Z (r;j IBm(.]) ®£r—j - Eim,j ®d€r—j)- (521)

m<j<r

We would like to emphasize that, because of our conventions, the summand that corresponds to j = m is
equal to ((r —m)/m)oy, ® £,_,, exactly as in the case of My, ,, the terms corresponding to m < j are
modified however.

Lemma 5.2.1. With the above definition, L,, , defines a map from B>(R,,) ® R, to Q}e of x-weight r.
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Proof. Since all the terms in the definition of L,, , depend on the variables modulo ¢, we obtain a map
from B>(R,,) @ R, to Q}Q.

Since we know that M,, , is of x-weight r, in order to prove that L,, , is of x-weight r, it suffices to
prove the same for L, , — M, .. This difference is equal to the sum of

= D (Fldbin @b —tin j®dL,)) (5.2.2)
m<j<r
and
> %]( > ((J'—a)dfan—aJradﬂj—aMa))oé@er_,-. (5.2.3)
m<j<r 1<a<j—m

Let us first look at the term (j —a)dl, A€o +adlj_4 AL, Forany u Av € A%tRy and A € R%,

((j —a)dly ALj—q+adli_q ALy)(hx (uAv))
= ((j —@)d (AU ANV " +ad (W 7 0) AXLa) (1 A))
=(M((j—a)dla Alj—g+adli_g ANo)+ (j—a)a(ly Aj—g+Lj—a ALHA ' AL) (u Av)
=M ((j—a)dly Aj—g+adl;_q Ay)(u AV).

Therefore the term (5.2.3) is of x-weight r.
Similarly, (r — j)d{liy, ; @ £,r—; — jlip, j ®dL,_; evaluated on A x (u ® v) is equal to

(r— AW Liyg, ) @N Ty — jA iy ; @AW L, )
=1 ((r — dlim ;@ Lr—j — jlip j @dlr_j)+ (r — j)jQim ; ®Lr—j—Linm; ® L)X " dA
=A((r—j)dlin @L—j— jlin; @dl,_j).

evaluated on # ® v. This implies that the term (5.2.2) is of x-weight r and finishes the proof of the

lemma. O

Proposition 5.2.2. The map L,, , : B2(Ry,) @ R,; — Q}e vanishes on the boundaries of the elements in

@[R,bn] and hence induces a map
(B2(Rp) ® R))/im(8) — Q,

which by restriction gives the regulator map H*(R,,, Q(3)) — Q}Q of x-weight r we were looking for. We
continue to denote these two induced maps by the same notation L, ;.

Proof. We know that M,, , vanishes on the boundary (s exp(u)) of elements s exp(u) € Q[R], with
u = ul,,, by Proposition 5.1.3. We also know by the previous lemma that L,, , descends to a map on
B>(R,,) ® R,;. Therefore, in order to prove the statement, we only need to prove that

L (8(s exp(u))) = My, (8(s exp(u))),
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for u = ul,,. We first rewrite L,, , as the composition of § ® id with

Y btanty®dty— Y ﬁb-dﬂu/\&@ﬁc

a+b=r a+b+c=r
m=<a,1<b m=<a+b,
1<a,b,c<m

C
- —bd(ty Al ® L, bty ALy ®dL..
D aptdtantnett ) b ®

a+b+c=r a+b+c=r
m=a,1<b,c m=a,1<b,c

On the other hand, recall that M,, , is the composition of § ® id with

C
E b-lyNlpy®dly— E a+bb-dﬁa/\ﬂb®ﬂc.
a+b=r a+b+c=r
T

If we compare the two expressions we see that all of the terms match above except possibly the ones that
correspond to the triples (a, b, ¢) with 1 <a,b,c,a+b+c=r,and m <a or m < b. By antisymmetry,
we may assume without loss of generality that m < a. We need to compare the coefficients of the terms
dly Ny @ Loy £y ANdly @ L, and £, A Ly @ dl., subject to the above constraints, in L,, , and My, ,.
The coefficient of d¢, A€y ® £, in L,, , and M,, , are both equal to —cb/(a + b). The coefficient of
LayNdlp®L.in Ly, , is —cb/(a+b) and in M, ,, it is ca/(a+b). Finally, the coefficient of £, A€, @ dL,
in Ly, , is b, whereas in M,, , itis 0.

We finally note that the values of £, Ad¥l, ® £, and £, A €. @ d{l;, on §(s exp(u)) ® s exp(u) are the
same when u = u|,,. Then the equality —cb/(a + b) + ¢ = ca/(a + b) finishes the proof. (|

We can restate Lemma 5.2.1 as follows. First, let

Ym(J) = dgm,j + Z b(dl, N Lp).

a+b=j
1<a,b<m

Note that since {iy,, j = £, j 0§ by Definition 3.0.2, we have B,,(j) = yn(j) o 4. Finally, if we let
Nm,r = Em,r ® deO - Z (r%]ym(]) ® Er—j - Em,j ® dzr—j)’
m<j<r
then by (5.2.1), we have the following.
Corollary 5.2.3. For2 <m <r < 2m, we have a commutative diagram:

By(R,) ® RX 224 A2R* ® R*

.

Lm.r
By(Ry) ® R ————— Qb

We expect that the above maps combine to give an isomorphism between the infinitesimal part of
the cohomology of R, and the direct sum of the module of K#hler differentials, justifying the name of
the regulator; see [Goncharov 1995, Conjecture 1.15]. However, at this point, we can only prove the

surjectivity.
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Proposition 5.2.4. Suppose that R is a regular local Q-algebra and 2 < m as the above. The direct sum

of the Ly, , induces a surjection

D Lur HR QO P

m<r<2m m<r<2m

Proof. Suppose that o € B2(R,,)° is in the part of kernel of the §° which is of x-weight . By Theorem 3.0.3,
this part is isomorphic to R via the restriction of the map £i,, .. Computing the value of L,, , on o ® b,
for b € R*, we see that L,, (o ® b) = li,, - (2)db/b. Since a ® b is in the kernel of §, we see that the
image of L,, . above is the additive group generated by the set Rd log(R*). Since R is local this is equal
to Q}e- This implies the surjectivity. O

Conjecture 5.2.5. We conjecture that the map &P L., » in Proposition 5.2.4 is injective and hence

m<r<2m

is an isomorphism.

6. Construction of the maps from A3(Ram—1, (™))* to Sl}e Jk

For a ring A and ideal 7, let (A, I)* :={(a,b) |a,b € A*,a—b e l},and letw; : (A,[)* - A%,
for i = 1,2 denote the two projections. If R is a k-algebra, in this section we will define a map
W, r - A3(Rr, (") — Q}g//{

6.1. Definition of R,,,,. Assume that R is Q-algebra and 2 <m < r < 2m. Let us put 1, , :=im((1 +
(t™) ® A’RX) C (A3RX)°.
Definition 6.1.1. We define the map 2, , : I, , — Q2g by the following formulae:
G fx>m,x+y+z=r,y,z>1anda, b, c € R then
Q. (exp(at™) Aexp(bt”) Aexp(ct®)) :=a(yb-dc — zc-db).

@) Ifx>m,x+y=r,y>1,a,be€ Rand y € R* then
x : dy
Q. (explat™) Anexp(bt”) Ay) :=al| yb-— ).
Y

(i) f x >m,x+z=r,z>1,a,c€ R and 8 € R* then

dp
Q. r(explat™) A B Aexp(ct?)) :==a (—zc . F)

@iv) If x =r and B, y € R* then
Q. r(explat®) ABAy) :=0.

Remark 6.1.2. Notice that in case (ii) of the above definition, using the notation exp(ct*) with z =0
instead of y would not make sense. This is because in order for exp(ct?) to be well-defined, we need
ct* € (t) € R,. However, if we continue to use this notation exp(c), without specifying what c is
and without the notation making actual sense, we note that the formula (ii) becomes a special case of
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formula (i) in the following sense. If we formally put y = exp(c) then again formally log(y) = ¢ and
‘%’ =d log(y) = dc. This makes formula (ii) exactly the same as formula (i) if we also note that since we
put z = 0 the term involving zc.db disappears in (i). We will be using these notations and conventions in
order to shorten the expressions in the remaining of the paper. However, we would like to emphasize that
when proving the statements under consideration we are always using the Definition 6.1.1 since these
notations are only formal and do not make actual sense. Similar comments apply to (iii) when y = 0 and

to (iv) when y = z = 0. To sum up we will write that, if x > m, x +y+z=r and y, z > 0 then
Q. (explat™) Aexp(bt”) Aexp(ct®)) =a(yb-dc —zc-db). (6.1.1)

In the proof of the next proposition, we will use the following notation. Recall that Q, = Q[¢]/(¢").
Since we assume that R contains Q, R, is a Q,-algebra. Letd : R, — Q}e, /Q, denote the canonical
differential. Note that d has the property that d(#) = 0. There is a natural isomorphism

@ 1Qh — Q}e,_/@r.

O<i<r

Proposition 6.1.3. Suppose that f . fe Rrb and g, § € R have the same reductions modulo (t"™), with

2<m <r <?2m. Then we have

QurGUDAE=8UDAY =0 and R, SUfDAE—8UFDAE) =0.

Proof. By the assumptions g/g is a product of terms of the form exp(at*) witha € Rand m <x <.

Hence, in order to prove the first equality we need to prove that €2, , vanishes on §([ f]) A exp(at*). By
the definition of €2,, , above, we have

~ 1 ~ ~
s B(LFD Aexplat®)) = —a-res,—0 —— (d log Ad log) (1 = f) n f) =0.

since (d log Ad log)((1 — f YA f ) = 0. In order to prove the second equality, note that g is a product of
terms of type exp(ct*) with 0 < z, where for z = 0, we use the notation in Remark 6.1.2. Then using the
first equality, we only need to prove that

QS Aexpler’) — 81 Aexp(er?)) =0, 6.12)

for 0 < z < m. On the other hand, since f and f are equal modulo (), we see that (6.1.2) holds when
r —z < m. Therefore from now on we assume that m <r — z. If we knew (6.1.2) in the special case when
f = f +at* with m < x, then by successively using this information we obtain (6.1.2) for any f and
f which have the same reduction modulo (#). Therefore, from now on we assume that f = f +ar*,
and f =5+ bt +byt?> + - --. The left-hand side of (6.1.2)) is a sum of two terms: one containing the
term dc and the other one containing the term c. Let us first consider the term containing dc. The term
containing dc is 0 when r — z = m since m < x. Therefore we assume that m < r — z. In this case, we
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compute that this term containing dc is equal to

(( > i-ﬁpq—wN&)05)ﬂf]—[fD-da (6.1.3)

1<i<r—z—m
We have ((leisrfzfm i lp_pei A E,-) o 5)([h]) =YLiy r—;([1]|m]), by the definition of £i,, ,_,, for any
h e RE. This implies that (6.1.3) is equal to (Eim,,_z([fhm]) — Zim,r_z([ﬂ,m])) -dc = 0. Finally, we
consider summand of (6.1.2) which contain the term c. Letting 8 := byt + byt> + - - -, this term is equal
to —z - ¢ - a times the coefficient of " 7*7* in

i1 BT <(1V‘ﬁV) ( ,1ﬁ" («4v—1 B/ ))
2 O ) (e joo =1y

0<i,j
o 1 ﬁl 1 d_S B i 1[31 1 ds )
+) (=1 Q 1) )

0<i

Let us rewrite the last expression as

i+jpi+j—2 1 _ 1 )
2 (DB dm)( “1)isi si(s—1)

0<i,j

i+j—1pit+j—1 ! :
+Z(—1)H B ds((s—l)’ﬂ“_Si(S—l)jJrl)

0<i,j
_\i—lgi—1 1
DT ‘“(@—nw w@—h)'

0<i

In this expression, the first sum is equal to 0. In the second sum only the terms with i = 1 survive, to

> = 1)/,3/ds< L L )
—sitl  s(s —1)Jit!

0<j

make the sum equal to

This is precisely the negative of the third sum above. This finishes the proof. U

Lets: A3(R,, (1"™))* — A3Rrx, be given by s := A3m; — A’m,. The group A3(R,, (t™))* is generated
by elements of the form (a, a’) A (b, b') A (c, ¢’) witha—a',b—b', c—c" e (t")and a,a’, b, b, c,c’ € R).
Ifweleta=aa’,b=p8b,and c =y, thena, B, y € 1 + (™). We have

s((a,a )N, bYN(c,c)) =aad ABY' Nyc —a AV ANC € Ly,

since the last expression is a sum of elements of the form 6 Ad Ae with § € 1+ (") and d, e € R)*. This
implies that s factors through 7, , C (A3Rrx)°.

Definition 6.1.4. Suppose that R is a k-algebra. We let ,, , denote the composition of €2, , with the
canonical projection Q — QR/k We define wy, , : A3(R,, (™))" — Q}?/k as the composition 2, , 0§
of s : A3(R,, (") — Ly,,and Q. : Iy, — Q}e/k.
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6.2. Relation of R, , to L, ,. In this section, we assume that R is a smooth local k-algebra of relative
dimension 1. We will relate the construction €2, , to L,, ,, assuming Conjecture 5.2.5. Even though the
results in this section will not be used in the rest of the paper, we include this section since it gives a more
conceptual description of €2,, , and it will be referred to in future work. Let us denote the composition of
L,, » with the canonical projection Q}e — Q}e Jk by L, ». Given « € I, ,, we will show that there exists

e eim((1+ (™) k" @ RY) S (A’R))°,
such that « —e =4, (y) for some y € (B2(R,) ® RX)°. Assuming Conjecture 5.2.5, we will then show that

Qun (@) = Lin s (7 im) € Qg 1.
Lemma 6.2.1. Forany o € (A3Rrx)°, there exists € € im(AzR,X ®k*) C (A3R,X)° such that o — ¢ lies in
the image of (B2(R,) ® R))° in (A3Rrx)°. Moreover, if
a eim((1+1"R,)* ® A*R)) C (A’R))°
then we can choose
eeim((1+1"R)* @ RX ®k™) C (A’RY)°
such that o — ¢ lies in the image of (B2(R,) ® R)° in (A3Rrx)°.
Proof. The infinitesimal part of the cokernel of the map
By(R)® R* — A’R”

is K{(R,)° which is isomorphic to @), _;_, ' Q% via the map from A?R, whose i-th coordinate is
given by
1
res;—o t—id log(y1) Adlog(y2) Adlog(ys), (6.2.1)

by Corollary 4.0.7. Further, by the assumption on smoothness of dimension 1, we conclude that the
natural map
Qf ®r Q) — Q5

is surjective. Since we assume that R is local, the map
R®z R* — Qf,

which sends a ® b to a - d log b, is surjective.

Note that the image of exp(t'u) Av AL, withu € R, v e R* and A € k* under the i-th map in (6.2.1) is
i-u-dlog(v) Adlog(A) and under the coordinate j maps in (6.2.1) with j # i, the image is 0. Together
with the above, this shows that the map

(A’RX @Kk*)° — (A°RX)° - @ 195
I<i<r

is surjective and hence proves the first statement.
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For the second statement, note that if « € im((1 +t"R,)* ® A2Rrx) - (A3Rrx)° then its image in

Diios t Q%Q lands in the summand € t Q%e- Since by the above discussion, we also see that the

m<i<r
composition
(1+"R)* @R ®k* — (AR > P 1'%
m<i<r
is surjective, the second statement similarly follows. U

The next lemma is crucial in relating €2, » to Ly, ,.

Lemma 6.2.2. Let A(r) denote the kernel of the differential By(R,)QR) — A3 R. Then Conjecture 5.2.5

implies that the composition

is 0.

Proof. By Proposition 5.2.2, we know that L, , induces a map from H*(R,,, Q(3)) to Q}e of weight r.
The composition of the maps in the statement of the lemma can be rewritten as the composition

A(r) > HA(R,, Q(3)) 12 H2(R,,, Q(3)) 225> Qb

By Conjecture 5.2.5 the x-weights of H2(R,, Q(3)) are between r + 1 and 2r — 1. This implies that the
map from H2(R,, Q(3)) — QL. which is of weight 7, is in fact the zero map and finishes the proof. [l

Remark 6.2.3. We emphasize that, in the above lemma, we prove that L, ,(y|») =0fory € A(r). If y
is only assumed to be in the kernel of the map B>(R,,) ® R, — A3R2 then L,, ,(y) need not be equal
to 0.

Lemma 6.2.4. Assuming Conjecture 5.2.5, suppose that y € Bo(R,) @ R such that

8 (y) € im(( P a+rrR)* 0 +t”R,)X) @k*) C A3R)

0<s<r
then Lm,r(ylt’”) =0.

Proof. First let a := exp(ut’) Aexp(vt/) A X € A3RrX withu,ve Rand A € k™ and r <i+ j. We have
exp(ut’) Aexp(vt/) e (AZR,X)0 and

res; tlad log(exp(ut’)) A d log(exp(vt’)) = res, tlad(mi) Ad(vt') =0 e QL,

forall 1 <a <r, since r <i+ j. This implies that there is ag € B2(R,) such that §,(cg) = exp(uti) A
exp(vt/), and hence 8, (0g ® 1) = «. Let us compute Ly r((0g®A)|em). Since £;(A) =0, for 0 < i by the
formula for L,, , we see that

L.y (g ® X)) = Liyy - (g|m) - d log(R) € Q.
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This expression vanishes in Q}e Jk and therefore L, ,((ep ® A)|;) = 0. Taking the sum of expressions
such as above, we deduce that if

o€ im(( P a+rry*ed +tHR,)X) ®k*> C A’R*

O0<s<r

then there is a & € B2(R,) ® R such that 6, (@) =« and L, ,(a|m) =0.
Applying this to o := 6, (y) we deduce that there exists @ € B2(R,) ® R such that §, (&) = 6,(y) and
Ly .r(a|m) =0. Then we have

Loy (Vlem) = L, r @lim) + Ly (v — @) |m) = L, ((y — &) |im).
Since §,(y — &) = 0, the last expression is 0 by Lemma 6.2.2. (|
Lemma 6.2.5. Assuming Conjecture 5.2.5,if y € B2(R,) ® R such that
8:(y) € im((A*R})° @ k™) S A’R)
then Ly, »(y|m) =0.

Proof. Suppose that y is as in the statement of the lemma. Fix some a € Z- ;. We inductively define y!’!

as follows. Let y[=!1 =y, and

1= gy i1 gy i1,

for 0 <i <r. Since L, , is of weight r, Lm,,(y["]|tm) =(a" —a")Lm,r(y["_”bnz). Therefore proving that
L. (y|m) =0 is equivalent to proving that L,, ,(y"~!|;») = 0. On the other hand,

sy c im<< P a+rry)*e0 +t”Rr)X> ®kx>,

0<s<r
and therefore the previous lemma implies that L, ,(y"~"|m) =0. 0O

Assuming Conjecture 5.2.5, we construct a map Qm,r D, — Qgyk, using Ly, , as follows. Starting
with o € I,,, ,, we know, by Lemma 6.2.1, that there exists

eeim((1+ (™) @k* ® RX) S (A*RY)°,
such that « — & = 6,(y) for some y € (B2(R,) ® R)°. We then define
Q. r (@) = Lin (v |m) € Qg - (6.2.2)
In order to see that Qm,,(a) =Ly, (y|m) € Q}e/k is well-defined, suppose that
¢ eim((1+ (™) ®k* @ RY) S (A’RX)°
and y’ € (B2(R,) ® R))° are other such choices. Then

8 (' —y)=e—¢ eim((A’R*)°®@k*) C A’R*
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and hence L, ,((y' — y)|m) = 0 by Lemma 6.2.5. The following proposition is the statement which we
were looking for, that relates £2,, , to Qm,r and hence to L, ,.

Proposition 6.2.6. Assuming Conjecture 5.2.5, we have Q,,, , = Qm,r.

Proof. Suppose that x > m and x +y+z =r, with y, z > 0. We need to check that
Q- (explat™) nexp(bt”) Aexp(ct®)) = a(yb - dc — zc - db).

(i) Case when y =z =0. In this case, we need to compute the image of exp(at”) A8 Ay under Qm,,, where
B,y € R*. The image of exp(at”") A B in @1§igr—1 t"Q}e is equal to 0. Therefore, there is o € B3 (R;)
such that §, (o) = exp(at”) A B. Then, by definition,

Q- (expat”y ABAY) = L, (@@ y)|m). (6.2.3)

On the other hand, by (5.2.1), L, (| @ y) = Eim,r(a|,m)d7y. By the expression (3.0.2) for £i,, ,, we
have

iy o (at]) = <A210g°(5,(a)) ) Z it Az") =0,
1<i<r—m
since A2 log® (8, (@)) = A2 log®(exp(at”) A B) = 0. By the above formula (6.2.3), this implies that
Qm,r(exp(at’) A B A y) =0 as we wanted to show.
(i1) Case when y # 0 and z = 0. In this case we try to compute the image of exp(at*) Aexp(bt”) Ay
under Qm . Here we assume that y € R* and x 4+ y = r, with x > m. By exactly the same argument as
above, we deduce that there exists « € B3 (R,) such that §,(«) = exp(at”*) A exp(bt”) and we have

- . dy
@y, (explat™) Aexp(bt’) Ay) =Ly (@ @ y)|m) = sz,r(alzm)7.

Since §, (o) = exp(at*) A exp(bt”)

Cipy r(at;,) = <A210g°(5,(a)) ‘ Z it /\f‘> = yab.

1<i<r—m
This exactly coincides with the expression in the statement of the proposition.

(iii) Case when y # 0 and z # 0. Note that, by localizing, we may assume that R is local. Moreover,
since both sides of the expression are linear in a, b and ¢, we may assume without loss of generality that
a, b, c € R*. Since any element in a local ring can be written as a sum of units.

If 6 :=exp(at*) A exp(bt”) then its image in @1§i§r_1 t"Q}Ye is equal to

@ res; t—li(Azd log(exp(at™) A exp(bt?))),
1<i<r—1
which only has a nonzero component in degree x + y equal to yb -da — xa - db. If we compute the image
of o ;= (x/(x+y)) expabt* ™) Ab—(y/(x +y)) exp(abt* ™) Aa in the same group, we obtain the same
element. Therefore 6 — ¢ lies in the image of B(R,). Suppose that yy € B2(R,) such that §(yp) =6 — ¢.



Infinitesimal dilogarithm on curves over truncated polynomial rings 713

Since exp(abt* ™) Aexp(ct®) has weight r, there is &9 € By(R,) such that §(g9) = exp(abt* ) Aexp(ct?).
We now write

exp(at™) Aexp(bt?) Aexp(ct®) = (0 — @) Aexp(ct?) + @ Aexp(ct®)
X
= 8(ro ®exp(cr?) — ——3(e0®b) + ——d(eg @ a).
x+y x+y

By the definition of Qm,r, we have
Q.- (exp(at™) Aexp(bt”) Aexp(ct?))
X y
= L r(yolm ®exp(ct®)) — —— Ly r(0lim @ b) + ——— Ly s (0lm ® a).
x+y xX+y

By definition,
l:m,r(80|tm X b) = eim,r(50|t’")d log(b)
= (A210g°8(80) ‘ Z (r—i)t Atr_i)dlog(b)

m<i<r
= zabc - d log(b)
=azc-db.

By the same argument, L,, (ol ® a) = bzc - da.
In order to compute L, (ol ® exp(ct?)), first note that, by the definition of L,, ,, we have

Z . .
I:r?l,r(VOltm ® CXP(CI‘Z)) = _md&m,x-ﬁ-y (VOII’”) ¢+ Elm,x-‘,—y(VOIt’") -dc.

Since Liy x4y (Yolm) = (A2 log® 6 (o) | stiqﬂ (x+y—it' A txﬂ’_i) = yab, we have

24 c-d(ab)+ yab-dc.
+y

L, (ol ® exp(et)) = ——

Combining all of these gives,

~ b
Q. r(exp(at™) Anexp(bt?) Aexp(ct?)) = — 2 c-d(ab)+yab-dc— reac -db+ yaoe da
X +y X +y x+y
=a(yb-dc—zc-db).
This finishes the proof of the proposition. U

6.3. Behavior of wy, , with respect to automorphisms of Ry, _1 which are identity modulo (t"). In
this section, we continue to assume that R is smooth of relative dimension 1 over k. We will show the
invariance of §,, , with respect to reparametrizations of R, that are identity on the reduction to R,,. In
order to do this, we will need to make an explicit computation on k' ((s)), Where k' is a finite extension
on k. In order to make the formulas concise and intuitive, we will use several notational conventions as
follows. If a € k'((s)), we let a’ = a'V € k’((s)) denote its derivative with respect to s and a"*1 = (@™’

Similarly, we let exp(a) denote an arbitrary nonzero element in k' ((s)) and a’ = aV := (exp(a))’ /exp(a)
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and a”*tD = (¢™)’. This notation is intuitive in the sense that, if one thinks of a as log(exp(a)) then a’
is the logarithmic derivative of exp(a). With these conventions, we will state the following basic lemma.

Lemma 6.3.1. Let o be the automorphism of the koo algebra k' ((s)) o0, Which is the identity automorphism
modulo (t) and has the property that o (s) = s +at®, with w > 1 and o € k((s)), then o (exp(at*)) =

i ) i
eXP(Zog ot w).
Proof. Assume that o is such an automorphism of k'((s))co. Leti : K" — k’((s)) be the standard inclusion,

which sends an element of k’ to a constant series in s and 7. In other words, i is the k’-algebra structure
map. Let

7k () oo = K (($))oo/ (1) =K' ((5))

denote the canonical projection. By the assumptions, the restriction of o o1 to k, is the standard inclusion
k — k' ((5))oo. Similarly, by the assumptions, 7 o o o is the standard inclusion of k" into k"((s)). Since k’
is étale over k, these two statements above imply that o oi is the same as the inclusion i. Together with
the assumption that o (r) = ¢, this implies that o is an automorphism of k/_-algebras.

The rest proof is then separated into two cases, when x = 0 and when x # 0. In both cases, the
statement follows from the Taylor expansion formula. O

Lemma 6.3.2. Let o be the automorphism of the ks, algebra k' ((s)) oo, which is the identity automorphism
modulo (t) and has the property that o (s) = s + at®, with m < w. Then we have,

o (o(exp(ati) Aexp(bt!) A exp(ctk))) _
" exp(at’) Aexp(bti) Aexp(ctd) )

forO<i+ j+k.
Proof. Since m <w, 0 <i+ j+k and m <r < 2m, the weight r terms of

o (exp(at’) Aexp(bt/) A exp(ct"))
exp(at’) Aexp(bti) Aexp(ctk)

are possibly nonzero only when i 4+ j + k + w = r and in this case they are given by

exp(aa’t’ ™) Aexp(bt!) Aexp(ct’) +explat’) Aexp(ab't/ ) Aexp(ct*)
+exp(at’) Aexp(bt’) Aexp(actT).

By the definition of 2,, ,, the above sum is sent to
a(a (jbc' —keb"y —b'(iac’ — kea') +c'(iab’ — jba'))ds = 0. O

Corollary 6.3.3. Let o be any automorphism of R, as a k.-algebra, which reduces to identity on R,,, then

W © Ao = W r-

Proof. This follows by the corresponding statement for €2,, . This in turn reduces to Lemma 6.3.2 after
localizing and completing. O
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Definition 6.3.4. If R/k, is a smooth k,-algebra of relative dimension 1. We defined the map
O A (R, (™) — Qi

as the composition €2, , os, where R is the reduction of R modulo (t) and R, :=R xyk,. Lett: R, > R
be a splitting, that is an isomorphism of k,-algebras which is the identity map modulo (¢). By transport
of structure, this gives a map
Om et AR, (™) = Qi

Suppose that 7’ is another such splitting which agrees with ¢ modulo (). Applying Corollary 6.3.3 to
1o 7, we deduce that w,, ,; = Wy . Therefore, if o : R, — R/(t") is a splitting of the reduction
R/(t™) of R then wy, ., is unambiguously defined as wy, ., where T is any splitting of R that reduces
to o modulo ().

Recall the relative version of the Bloch group from [Unver 2021, Section 2.4.8]. If A is a ring with
ideal 7,let (A, I)° :={(a, a) € (A, )* | (1—a, 1 —a) € (A, I)*}. Then the relative Bloch group B>(A, I)
is defined as the abelian group generated by the symbols [(a, a)] for every (@, @) € (A, I)°, modulo the
relations generated by the analog of the five term relation for the dilogarithm:

. - 1—x7t 1—3%7" 1-% 1-%
[, O] =[G, DI+HIG/x, y/0)] = — )|t -
l=y=" 1-y l—y 1=y
for every (X, %), (7, 9) € (A, I)° such that (X — y, X — §) € (A, I)*. As in the classical case, we obtain
a complex 8 : Bo(A, I) — A*(A, I)*, which sends (@, a) to (1 —a, 1 —a) A (@, ). As usual, abusing
the notation, we will denote the induced map § ® id : Bo(A, ) ® (A, [)* — A3(A, I)*, also by §. With
these definitions, we have the following expected property of the map w, , .

Proposition 6.3.5. For a splitting o of R/(t™), the above map wy, ,, vanishes on the image of
By(R, (t"™) ® (R, (™)) in A>(R, (t"™))* under 8.

Proof. By the definition of w,, ,,, we easily reduce to the split case where R = R,. It suffices to prove
that €2,, , vanishes on the following two types of elements:

§([f108) =8 (f1®8) and §(f1®8) -8 (f1®3),

where f , f €R” have the same reduction modulo (") and g, § € R* have the same reduction modulo ().
This precisely the statement of Proposition 6.1.3. O

6.4. Behavior of res(wn, o) with respect to automorphisms of R,,. In order to proceed with our
construction, we need an object such as the 1-form in [Unver 2021] which controls the effect of changing
splittings. This object in x-weight r will be constructed below by using w,, ,. On the other hand, this
objects does depend on the choice of splittings if these splittings are different modulo (¢"), when r > m+1.
In the modulus m = 2 case the only possible r is 3 so this situation does not occur in [loc. cit.]. In the
current case of higher modulus, we will see that the residues of the 1-form w,, , is invariant under the
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automorphisms of R, which are identity modulo (¢), which will imply that the residue can be defined
independent of various choices. We will see that this will be enough for constructing the Chow dilogarithm
of higher modulus. We will again start with an explicit computation on k’((s)) sc.

Proposition 6.4.1. Suppose that o is the automorphism of k' ((s)) 0o as a keo-algebra such that o (s) =
s +at”, withw > 1 and a € k'((s)), and which is identity modulo (t). Consider the element exp(at™) A
exp(bt?) Aexp(ct?), withm < x. Ifr —(x +y+2z) > 0, and is divisible by w, let g = (r — (x +y+2))/w.
Then @, »((o (exp(at®) Aexp(btY) Aexp(ct?)))/(exp(at*) Aexp(bt?) Aexp(ct?))) is equal to

al -1 —k—1 N (i —k—1 N (i

- (4 q e _ (4 (@) ()

d(q! Z a ( X ) Z (( ; >yb c ( j )zb c )) (6.4.1)
0<k<q-—1 i+j=q—k

Otherwise, Q,, »((o (exp(at™) Aexp(bt”) Aexp(ct?)))/(exp(at™) Aexp(bt?) Aexp(ct?))) =0.

Proof. First note that by Lemma 6.3.1

. o (exp(at®) nexp(bt”) Aexp(ct?))
B exp(at®) Aexp(bt?) Aexp(ct?)
exp(P o< %tﬁiw) A exp(Pox %()t YY) Aexp(Po<i %tmw)

exp(at*) A exp(btY) A exp(ct?)

and hence if r — (x +y +2) <0 or wir — (x + y+z) then Q does not have a component of weight r and

Qm,r(Q) =0.
Suppose thenthatr —(x +y+2) >0, w|(r—(x+y+z)) andletg := (r — (x +y +z))/w as in the
statement of the proposition. In this case the weight r term of Q is given as

k (k) i) )]
ata a'b ; alc ;
E exp| —— " ) Aexp( ——2 Y ) Aexp —— Y ).
k! i! Jj!

i+j+k=q
This implies that £, -(Q) is equal to

akq®

NN DN i W)
(y+iw)— . — @+ jw)| — —— | ds.
k! i! Jj! i! Jj!

We first claim that the expression above does not depend on w. The coefficient of w - (a® /kD)a? ' da
in this expression is >, ;_, (b /i(jcV/j) — j@bD/il)(cV/j!) = 0. The coefficient of w -
(a® /k)alds in the same expression is

i+j+k=q

5 (b@ cUHD  pltD C(j)) 5 pD e 5 JXORENG)
=] | = ; ; - ; - =0.
! ! ! ! — D=1 — D (=1
=gk T S =gkt (@ — D —=D! izt (—-DIG—-D!
<i,j =i,j
Therefore 2, -(Q) can be rewritten as
aka® 7 b D [ DN RO NG
m y— 3 -z 5 3 ds. (6.4.2)
! i! Jj! i! Jj!

i+j+k=q
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The coefficient of o’a?~!ds in the above expression is equal to
a® ib@® )

pi) i)
2 w2 (yTJC~ ‘ZTf)

| |
O<k=q—1 "~ i+j=q—k J: J:

which agrees with the coefficient of o’a?~'ds in (6.4.1).
Fix io, jo, and kg such that ig + jo + ko = g. Then the coefficient of ya?aq*0pi0)co+D in (6.4.1) is

equal to

1( 1 1 1+1 1 1 +1 1 1) 1 11
q \ (ko — D!lio! jo!  kolio! Go— 1! ko! (io — D! jo!

which is exactly the same as the coefficient of the same term in (6.4.2). By symmetry, we deduce the

=TT
ko! ip! jo!

same statement for the coefficients of za?a*pto+D (o) This finishes the proof of the proposition. [J

Corollary 6.4.2. Suppose that o and exp(at™) A exp(bt”) Aexp(ct®) are as above. If r = m + 1, then
Q. r((o(explar®) Anexp(bt”) Aexp(ct®)))/(explat™) Aexp(bt”) Aexp(ct®))) =0.

Proof. In this case in order to have m <xand im+1)— (x+y+2z)=r —(x +y+2z) > 0, we have to
have x =m and y = z = 0. In this case, (6.4.1) is equal to 0. (|

Corollary 6.4.3. If R is a smooth k,,11-algebra of relative dimension 1 as above, then forr =m + 1, we
have a well-defined map
Ommi1 P AR, (™) — Qp

as in Definition 6.3.4, which does not depend on the choice of a splitting of R/(t™).

Proof. This follows immediately from Corollary 6.4.2, by reducing to the case R = k'((s5))m+1, after
localizing and completing. O

For a general r between m and 2m, the following corollary will be essential.

Corollary 6.4.4. Fix m <r < 2m, and let R be a smooth k.-algebra of relative dimension 1 as above.
Let x be a closed point of the spectrum of R, k' its residue field, and let n be the generic point of R. Then
for any two splittings o and o' of R,/ (t"™), the reduction modulo (") of the local ring of R at n, and for
any o € A3(R,7, (™)), the residues of wy ro () and wpy, o () € Q;jn/k at x are the same:

€Sy Wy, o' (A1) = I€Syx Wpy r,6 () € k'

Proof. Again by localizing and completing we reduce to the case of k’((s)),. By Proposition 6.4.1, we see
that the difference wy, o (&) — @p.r.o (@) is the differential of an element in k’((s)) and hence has zero
residue. 4

Remark 6.4.5. Let R/k, be as above. Suppose that T and o are two splittings R,, — R/(¢"). In this
case, there should be a map
howr(1,0) 1 AR, (") - R
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such that

d(ha)m,r(fv 0)) = Wm,r,t — Wm,r,o-

Moreover, hw,y, (7, o) should vanish on the image of By(R, (")) ® (R, (t"))*. Incase r =m + 1,
hwm m+1 = 0 does satisfy the properties above. Let us look at the first nontrivial case when m = 3 and
r = 5. Note that the reduction modulo (z2) of the automorphism 1 ' o0 : R3 — R3, which lifts the
identity map on R, is determined by a k-derivation 6 : R — R. Define h235(0) : I35 C (A37_2§<)0 — R,

as
3 (dc)
hQ3 5(0)(exp(at”) Nexp(bt) Ac) =abb| — |,

C

where a, b, € R and c € R*. Let h23 5(6) be defined as 0 on all the other type of elements in /3 5. Then
hws s(t,0) : A3(R, (1)) — R defined by

hos 5(, o) (@) = —hQ3 50)(s(0 " (@)))

satisfies the desired properties above. An analog of this construction is one of the main tools in defining
an infinitesimal version of the Bloch regulator in [Unver 2020].

Definition 6.4.6. Let R be a smooth k,-algebra of relative dimension 1 as above. Let n be the generic
point and x be a closed point of the spectrum of R. Then we have a canonical map

resy Wy i A3 (Ry, (™) — K,

where &’ is the residue field of x. The map is defined by choosing any splitting o of R, /(t"") and letting
resy Wy, r ‘= ISy Wy ro. Lhis is independent of the choice of the splitting o, by Corollary 6.4.4.

6.5. Variant of the residue map for different liftings. For the construction of the infinitesimal Chow
dilogarithm, we need a variant of Definition 6.4.6. Fortunately, we do not need to do extra work,
Corollary 6.3.3 and Proposition 6.4.1 will still be sufficient to give us what we are looking for.

Suppose that A is a ring with an ideal I and B and B’ are two A-algebras together with an isomorphism
X : B/IB ~ B'/IB’ of A-algebras. We let

(B,B', x)*:={(p, p) | pe B* and p" € B” such that x(p|;) = p'l;},

where p|; denotes the image of p in (B/I B)*. Similarly, we define (B, B’, x)” and B,(B, B’, x) and
obtain maps, By(B, B’, x) — A*(B, B, x)* and By(B, B’, x) ® (B, B', x)* — A*(B, B, x)*. We
will use these definitions below with A = ko, and I = (¢*). In fact the following variant will be essential
in what follows.

Suppose that S/ k,, is a smooth algebra of relative dimension 1, with x a closed point and 1 the generic
point of its spectrum. Suppose that R, R'/k, are liftings of S, to k.. In other words, we have fixed
isomorphisms

Vv :R/")—> S, and ¢ R/ =S,
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Letting x := ¢’ 1o ¥, we would like to construct a map
resy W, AR, R/, x)* = K,

where k' is the residue field of x. Note that (R, R’, x)* consists of pairs of (p, p’) with p € R* and
p' € R such that ¥ (p|m) = ¥'(p’|;m). In other words, it consists of different liftings of elements of
Snx. We sometimes use the notation (R, R’, ¥, ¥')* to denote the same set.

In order to construct this map, let

X :R—>TR
be an isomorphism of k,-algebras which is a lifting of x. This provides us with a map
(R, R, ) = (R, (")~

Choosing a splitting o : R,, — R/(t™), by Definition 6.3.4 we obtain the map w,, », composing this
with the map induced by the reduction ¥ of ¥, we obtain

4y

3%
A3(R, R,, X))( A X A3(R, (l,m))X Dm,r,o. Q;;\J'/k Qisn/k resy k/. (651)

Proposition 6.5.1. The map (6.5.1) above is independent of the choices of the lifting x of x and the choice
of the splitting o of R/ (™).

Proof. That the composition is independent of the choice of x follows from Corollary 6.3.3 and
Definition 6.3.4. That it is independent of the choice of the splitting o follows from Proposition 6.4.1. [J

Definition 6.5.2. We denote the composition (6.5.1) above by

resy W (W, ¥ : AX(R, R, ¥, ¥/)* — K.

If ¢ and ¢’ are clear from the context, we denote this map by res, @, ,, and (R, R, ¥, ¥')* by
(R, R, (t™))*. Depending on the context, we also use the notation res, @, ,(x) : A*(R, R/, x) — k'
for the same map, with y = ¥/~ o .

With these definitions, we have the following corollary.

Corollary 6.5.3. Suppose that R and R’ are smooth k,-algebras of dimension 1 as above which are liftings
of the generic local ring S, of a smooth ky-algebra S. Let x : R/(t™) — R'/(t™) be the corresponding
isomorphism of k,,,-algebras. Let x be a closed point of S. Then the map

resy W (X) : AR, R/, x)* — k'
vanishes on the image of Bo(R, R, x) ® (R, R/, x)*.

Proof. Follows from Proposition 6.3.5. O
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7. The residue of ®,,,, on good liftings

Suppose that R/k, is as above. Moreover, we assume that the reduction R of R modulo (¢) is a discrete
valuation ring with x being the closed point. We let X/ k, be a lifting of x to R. By this what we mean is
as follows. Let s be a uniformizer at x, and let § be any lifting of s to R, we call § also a uniformizer at x
on R. The associated scheme X, which is smooth over k,, is what we call a lifting of x. In other words
a lifting of x is a O-dimensional closed subscheme x of R such that its ideal is generated by a single
element which reduces to a uniformizer on R. Note that if we are given X, then § is determined up to a
unit in R. Sometimes we will abuse the notation and write (s5) instead of x. Let n denote the generic
point of R. We let

(R, %) =« ER; | ¢ = us", for some u € R* and n € Z}.

We say that an element o € R, is good with respect to X, if o € (R, X)*. Note that this property depends
only on X, and not on §. The importance of this notion for us is that for wedge products of good liftings,
we can define their residue along (s) as in [Unver 2021, Section 2.4.5]. Namely, there is a map

resg : A"(R, %)% — A" N (R/(5))%,

with the properties that it vanishes on A"R* and s Aoy A--- Aay,— is mapped to o A -+ Ay, if
a; € R™ and «; denotes the image of «; in (R/(s))*, for 1 <i <n—1. Suppose that R’/ k, is another such
ring, and X’ a lifting of the closed point of R'. Suppose that there is an isomorphism x : R /(") — R’/ (™)
which identifies the reduction of X modulo (™) with the reduction of X" modulo (™). Then we let

R, R, %, %, 00 =={(p, p) | p€ (R, %) and p’ € (R, ') such that x (p|im) = p'l;m}.

Note that clearly (R, R/, X, %', x)* € (R, R/, x)*. In case R’ = R with yx the identity map, we denote
the corresponding group by (R, X, (#™*))*. Denote the natural maps (R, R, X, X', x)* — (R, X)* and
(R, R, X, X', x)* = (R, X')* by m; and 5. In this section, we would like to compute res, @, »(x)(c)
fora € A3(R, R/, %, X', x)* in terms of the value of £ on the residue of «. The main result of this
section is Proposition 7.0.3. We will first start with certain explicit computations on the formal power
series rings and then finally reduce our general statement to these special cases. Let us immediately
remark that in order to compute the residues, we immediately reduce to the case when R and R’ are
complete with respect to the ideal which correspond to their closed points.

We will first consider the case of R = k’[s]] and that of the same uniformizer on both of the liftings as
follows.

Note that

res (s AaAB)=anp ek,

where  and B are the images of « and B under the natural projection R — (R/(s))* = k.. Similarly
for p’.
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Lemma 7.0.1. Suppose that R =k'[[s], and R := R, =k'[s, t1/(t"). Suppose that o, o', and B € R* such
that &' |;m = at|m € R/(t™). Let p' :=s Ao’ AB, p:=sAaABand (p, p):=(s,s)A(a,a’) A (B, B) €
A3(R, (s), (1"™))* C AS(Rn, (t™))*. Then the residue of wy r(p, p') at the closed point of R = k'[[s] is
given by
188520 W (D5 P') = Lin.r (1€3(5) (D)) — L. (r€3(5) (P)).

Proof. By Definition 6.1.4, we see that wy, (p, p') = Qu.(p — p') = Q. (s A (a¢/a’) A B). Let us
compute the residue at s = 0 of an expression of the type £, ,(s Aexp(at’) Aexp(bt/)), with a, b € k[[s]]
and i > m, such that if j = 0. We use the notation in Remark 6.1.2. Since

‘ . d
Q. (s ANexplat') Aexp(bt!)) = jab—s,
s

when i 4+ j = r and is O otherwise, we conclude that its residue is equal to ja(0)b(0) if i + j =r, and is
0 otherwise. Since, for i > m,

Cn.r (tess) (s Aexplat’) Aexp(bt!))) = €., (exp(a(0)t)) Aexp(b(0)t/))
is equal to ja(0)b(0) if i + j = r, and is 0 otherwise, we conclude that
res;—0 (2., (s Aexplat’) Aexp(bt’))) = L., (res() (s Aexplat’) Aexp(bt!))). (7.0.1)

On the other hand, since &'|;m = |, s A (a/a’) A B is a sum of terms of the above type, and the linearity
of both sides of (7.0.1) imply that (7.0.1) is also valid for s A («/a’) A B. By linearity of £,, , and res),
we have

s <res(s) (s AEA ﬁ)) = Uy (€5(5) (S A&t A B)) — Ly (rES(s) (5 At A B)),
which together with the above proves the lemma. O

Let us now try to prove the same formula when the choice of the uniformizer is not the same. In other
words, with notation as above let s € R such that s’|;» = s|». For simplicity, let us temporarily use
the notation (R, (s), (s'), (")) :== (R, R, (s), (s),idg @) *. Let p ;=5 Aa A B, p:=s Aa A B and
(P, p) = (5. 5") A, @) A (B, B) € A (R, (s), (s), (™).

Lemma 7.0.2. With notation as above, the residue of wy, ,(p, p') at the closed point of k'[[s] is given by
the following formula:

168520 W, (P, P') = L r (1€8(5) (D)) — Ly (re8(5 (P)).

Proof. If 5" is another lift of the uniformizer s, in other words s” € R with s”|;m = s|m then

1€S5—=0 Wi+ (P, P") = 18520 W (P, P') + 1850 Wi, (P, P")
and
Em,r (res(s) (P)) - Em,r (res(s”) (P//))
= U, (1€S(5)(P)) = L, (re8(57) (P))) + (Ui, (reS(57)(P")) = L, (reS (s (P))).
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Therefore in order to prove the lemma we may assume without loss of generality that s’ = s + at’, with
a € k'[s] and m <i. Note that in R, we have s +at! =s exp((a/s)ti), since r < 2m. Letting o = exp(btj)
and g = exp(ctk), we can rewrite wy, ,(p, p’) as

Qunr(p =) =Qun.r <6Xp(—gl‘i) Aexp(bt!) A exp(ctk)> =—%(jb-dc—kc-db),
s S
if i + j +k =r and O otherwise. Its residue is
—a(0)(jb(0)c'(0) — kc(0)b'(0)) (7.0.2)

if i + j + k = r and 0 otherwise, with the usual conventions if j or k is 0.
On the other hand, res¢)(p) = exp(b(0)t/) A exp(c(O)t") and

res(yy (p) = exp(b(0)t! — a(0)b' (0)¢'7) Aexp(c(0)t* —a(0)c'(0)' ) e A%k ™.

By the linearity of £, ,, the right-hand side of the expression in the statement of the lemma is then equal
to

— i (exp(b(0)t7) A exp(—a(0)c’ (0)1"5)) — £, - (exp(—a(0)b'(0)"H) A exp(c(0)F))
_ Em,r(eXp(—a(O)b/(O)tiﬂ) A eXp(—a(O)c/(O)tiJrk)).

The last summand is equal to O since ¢, , is of weight » and i + j +i +k > 2i > 2m > r. For the same
reason, the first two summands are 0 if i + j +k # r and if i + j + k = r, then the total expression is
equal to —a(0)c’(0) jb(0) +a(0)b'(0)kc(0), which agrees with the formula (7.0.2) for the residue of 2, ;.
Since o and B are sums of the terms of the above type, this proves the lemma. O

Proposition 7.0.3. Suppose that R, R’ are local algebras which are smooth of relative dimension 1 over
k,, together with liftings X, X' of their closed points and a ky,-isomorphism x : R/(t™) — R’ /(™) which
maps the reductions of X and X' to each other. Then for g € A>(R, R, %, X', x)*, we have the following

formula for the closed point x,

resy O r(q) = L, (tes; (A 11)(q)) — L r (resz (A’ 72)(q)).

Proof. In order to prove the statement, we can replace R and R’ with their completions at their closed
points. Let k” be the residue field at the closed point x. Without loss of generality, we will assume that
R =R =k'[s],, X is given by s = 0 and X’ is given by s’ = 0 for some s’ € k'[s]], with §'|;m = 5]|m,
and x is the map which is identity on k'[s],.

In order to make the computations we need to choose a lifting ¥ of x from R to R’. We choose this
lifting to be the one that sends s to s” and is identity on k. Note that ¥ being a map of k, algebras has to
satisfy x (#) =t. The statement above then reduces to the following: suppose that «, 8, y € (K'[[s1,, (s))*
and o', B', ¥’ € (K'[s]1, (s"))* such that a|m = a&|m, Blm = B|;m, and y|m = y'|m, and p=a AB Ay,
p'=d' AB Ay and (p, p') = (a,a') A (B, B') A(y, ¥'), then

1e85-0 Qs (P — P') = Ly r (1€5(5)(P)) — L. (res(sy (P)).
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By assumption « is of the form us” for some u € k'[s] and n € Z. Similarly, o’ is of the form u's™,
with u’ € k'[s]*. The condition that &|,» = o|,» implies that n = n’. The same is true for B, #’, and y, y’.
By multilinearity and antisymmetry, we reduce to checking the above identity in the following two cases:
in the first case where «, 8, y € k’[[s]* and in the second case where @ = s, o’ =s" and B, y € k'[s]*.
If o, B,y € K'[[sT*, then o', B/, " € kK'[[s]*. This implies on the one hand that res.)(p) = 0 and
res(y)(p') =0, and on the other that p—p’ € I,, , = (1+ (") ® Azk’[[s]]rx) C (A3k’|[s]];<)°, which implies
that @, ,(p—p) € Q}{,M/k. Therefore ress—o Q. (p — p') = 0= L€, (res(5)(p)) — €. (res(s(p’)) in
this case.

Let us now consider the more interesting case of « = s, ' = s’ and B, y, B/, ' € kK'[[s]*, with
Blym = B'|m and y|m = y'|;m. Applying Lemma 7.0.1 first with p = (s, «, B) and p’ = (s, &/, B)
then with p = (s, «’, B) and p’ = (s, @', ') and then applying Lemma 7.0.2 with p = (s, &/, 8’) and
p = (s',a’, B') and adding all the equalities finishes the proof of the proposition. O

8. Construction of p and a regulator on curves

8.1. Regulators on curves. Let R/k, be smooth of relative dimension 1, as in the previous section but
without the assumption that R is a discrete valuation ring. Choose and fix a lifting ¢ of ¢ to R for every
closed point ¢ of R as in the previous section. We denote the set of these liftings by &2. We let k(c)
denote the residue field of ¢ and k(c) denote the artin ring which is the ring of regular functions on the
affine scheme ¢. Let |R| = |R| denote the set of closed points of R, or equivalently of R. Note that the
reductions of the localizations R, of R are discrete valuation rings. We let

(R, 2)* =[] (Re. )
celR|
and (R, 2)" :={f € (R, 2)* | 1 — f € (R, #)*}. We define B»(R, &) to be the vector space
over @ generated by the symbols [ f] with f € (R, 2)" modulo the five term relations associated to
pairs f and g in (R, 2)" which have the property that f — g € (R, 2)*. As usual we have maps
By(R, 22) — A*(R, 2)* and By(R, 2) @ (R, 2)* — A3(R, 2)*. We also have a residue map
resc : Bo(R, 2) ® (R, #)* — B(k(c)) that is defined exactly as in [Unver 2021, Section 3.3.1] and
which gives a commutative diagram:

By(R, 2)® (R, 2)* —2— A3(R, )~

lresc lresc

Ba(k(c)) ——2—— A% (0)*

Suppose that C/k,, is a smooth and projective curve. For every closed point ¢ of C, choose and fix a
smooth lifting of ¢ of ¢ to C. We denote & to be the set of these liftings. We let (Oc, &) denote the
sheaf on C which associates to an open set U of C, the group (O¢c(U), £|y)*. Similarly, B,(O¢, &) is
the sheaf associated to the presheaf, which associates to U the group B,(Oc¢(U), P|y). For each ¢ € |C],
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let i denote the imbedding of ¢ in C. The commutative diagram above gives us a complex I'); (C, 2, 3)
of sheaves

By(Oc, 2)® (Oc, 2)* — P icx(Bak(©))) ® A*(Oc, 2)* — P ica(A°k(0)%),

celC| celC|
concentrated in degrees [2, 4]. We use the following sign conventions in the above complex: the first map
is (8, res) and the second one is —§ 4 res. We will be interested in the infinitesimal part of the degree
3 cohomology H3,(C, Q(3)) := H}(C, I, (C, 2, 3)) of the complex [',(C, 2, 3). More precisely, we
will be interested in defining regulator maps from HSB(C , Q(3)) to k for every m < r < 2m. The above
cohomology group is a candidate for the motivic cohomology group H?Vl (C, Q(3)). To be more precise,
we would expect a sheaf B3(O¢, &) of Bloch groups of weight 3 as in [Goncharov 1995], which would
fit into a complex ' (C, &2, 3) of sheaves on C

B3(Oc, 2) — By(Oc, 2) ® (Oc, 2)* — @iex(Ba(k(¢)) ® A (Oc, 2)* — @iex(A*h()7),

and which would compute motivic cohomology of weight 3. Since we are only interested in
H3 (C,I'p(C, £,3)) and since on a curve, by Grothendieck’s vanishing theorem, the cohomology
of any sheaf vanishes in degree greater than 1, we have an isomorphism

H(C, T(C, 2,3)) ~H(C,T5(C, 2,3)).

For a sheaf of complexes .%#,, let H'((_f , .%.) denote the colimit of all the Cech cohomology groups over
all Zariski covers of C. For a sheaf .%, the natural map H' (C, %) — H!(C, .%) is an isomorphism for
i =0, 1. By the same argument, it follows that the same is true for a complex of sheaves .#, which is
concentrated in degrees 0 and 1. This applied to the complex above implies that the natural map

H?(C, L'(C, 2.3)) ~H(C, [5(C. 2.3))

is an isomorphism. Therefore, it is enough to construct the map H3 (C, ["B(C , 2,3)) = k. We will in
fact construct the map as the composition

H(C. T(C, 2,3)) = HY(C,T}(C, 2,3)) > k,
where ', (C, 2, 3) is the quotient complex
By(Oc, 2) ® (Oc, 2)* = P icx(Ba(k(c))) ® A*(Oc, 2)
ce|C|

of ' (C, 2,3).

Suppose that we are given a Zariski open cover U, of C, we will define a map from the corresponding
cocycle group 23(U,, [‘};(C , Z,3)) to k, which will vanish on the coboundaries and hence induce the
map in the cohomology group that we are looking for. Suppose that we start with a cocyle as above,
given by the data:
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() v € A3(Oc, 2)<(U;), foralli el.
(1) & € Ba(k(c)) for every c € U; all but finitely many of which are O, for all i € /.
(iii) Bij € (B2(Oc, ) ® (Oc, 2)*)(Ujj), for all i, j € I.
These data are supposed to satisfy the following properties:
1) 8(Bij) = vjlu,; —vilu,-
(i1) resc(Bij) = €j,c — &i,c, for c € U;;.
(1) Bjkluy — Bikluy + Bijluiyx = 0.
We will construct the image of the above element by making several choices and then proving that the
construction is independent of all the choices:

(1) Let An / koo be a smooth lifting of O¢ , and for every ¢ € |C], let ﬂc / ko be a smooth lifting of the
completion @C,C of the local ring of C at ¢, together with a smooth lifting ¢ of ¢ as in the previous
section.

Moreover, choose:

(i) an arbitrary i € I and for each ¢ choose a j. € I such that ¢ € U;,.

(iii) An arbitrary lifting y;, € A3/f; of the germ y;,, € A3Oé’ . of y; at the generic point 7.

(iv) A good lifting 7;, € A3 (A, ©)* of the image 7j, . of y;, in A*(Oc., ©)*, for every ¢ € |C]|.

(v) An arbitrary lifting B;,;., € Ba(A,) ® A, of the image Bj,i; € B2(Oc.,) ® OF , of i, for every
celC|.

Note that it does not make sense to require that y;, be a good lifting since in this context there is no a
fixed specialization of the generic point. Similarly, we cannot require that J.i,n be a good lifting, since
we know that S(B J.i.n) 18 a lifting of §(B;.;.,) = ¥i — v,. and even this last expression need not be good
at ¢ as y; need not be good at c. We define the value of the regulator p,, » on the above element by the
expression

> T (b (€52 73,) = L r (8.c) + 168 O (Fig — 8 Bliin). 7)) 8.1.1)

c€|C]
Let us first explain what we mean by the above expression. Since y;, is ¢-good, the residue res; y;, along
¢ is defined as an element of A%k(c)*. The étaleness of ¢ over koo, implies that we have a canonical
isomorphism k(¢) > k(c)o of koo-algebras. Using this isomorphism and the map ¢, , : A2%k(c) 2o = k(o)
in Definition 3.0.2, we obtain £,, ,(res; y;.) € k(c). For the second term, note that, as above, there
is a canonical isomorphism k(¢) =~ k(c),, of k,, algebras using which we can view ¢ . € By(k(c)n).
Applying £i,, , : Ba(k(c),) — k(c) to this element gives £iy, , (¢}, ) € k(c). For the last term, note that
Yin — 5(Bjci.n) is a lifting of y;;, —8(Bj.i.y) = vj. tO A%i; and so is y;, a lifting of y; to A%i:. Using
the theory of Section 6.5, we see that the last term res. @y, (Vin — 8(Bj.i.n), ¥j.) € k(c) is unambiguously
defined. Letting Tr; denote the normalized trace to k, the summands above are defined.
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In order to show that the sum makes sense, we also need to show that the sum is finite. Below we will
show that the sum is independent of all the choices, therefore it will be enough to show that the sum is
finite for a particular choice. First by shrinking U; if necessary, and choosing a refinement of the cover, we
will assume that y; € A3(’)é (U;). Similarly, by shrinking U; even further, we will assume that the lifting
Yi is good on U;. Therefore, for ¢ € U;, we can choose j. =i and y;, = y;. Since for these ¢, 8;; =0
we can choose ,5 j.i =0. In order to show that the sum in (8.1.1) is finite, we can concentrate on ¢ € Uj,
as |C|\ |U;] is finite. For ¢ € U;, res. y;, =res. y; =0, since y; is invertible on U; by assumption. Also
for the residues we have res. wy, (Viy — S(Bjci,n), Yj.) =reSc W (¥, ¥i) =0 since i = j., y;. = y; and
B.,-c[ = 0. Therefore the summand, for ¢ € U;, is equal to Try(—¥iy, (€. .c)) = Tri(—Lin - (gi ). Since
gi.c =0, for all but a finite number of ¢ € U;, we are done.

We now show that the expression makes sense and is independent of all the choices. Note that there
are many of them.

Theorem 8.1.1. For every m < r < 2m, the above formula (8.1.1) gives a well-defined regulator map
Pm.r 23(U., f%(C, P, 3)) — k, independent of all the choices. This map vanishes on the coboundaries
and hence induces the regulator map

om.r Hy(C, Q(3)) — k
of x-weight r.

Specializing to the case when C is the projective line I]j’lm, with coordinate function z, we fix an a € k,b,,.
If we choose &2 such that z, 1 — z and 7 — a are all good with respect to 2, then (1 —2) AzA(z—a) €
(A (Op1, 2)*) and

Pmr (1 =2) ANz A (2 —a)) = Lliy, r([a]).

Proof. We first show the independence of the definition from the various choices. For readability, we
separate these into parts.

Independence of the choice of j. and the liftings B i and y;j.. Suppose that we choose a different j. with
¢ € Uy, a different lifting /f/ of Oc.., together with ¢ as above, a ¢-good lifting )7/ of yjr to /I/ and
a lifting ﬂ i of B , to A Since A >~ k(c)[5]ls0, Where § is a choice of a umformlzer associated to ¢
and s1m11ar1y for A we choose and fix a ko-algebra isomorphism between A, and A which is identity
modulo (#*) and which sends § to §". This last condition is possible to impose since both § and §’ lift s
by assumption. Below we identify these two algebras using this isomorphism.

We need to compare the two expressions

b (1e5z 7.) — Lim (8 ..c) +1€8¢ W (Fin — 8(B i)y 75) (8.1.2)
and
Em,r(rCSE/ )7]/(/) — Zim,r(ejé,c) +res. Cl)m,r(J;in - 5(,3/1'(/1'), )71/5/) (813)

By linearity we have

IesSe a)m,r();in - B(B/j({i)7 J;j/(/) — IS, a)m,r();in - 8(5}}1’)» fjc) = TICS, a)m,r();jf - J;-/{z/r’ B(B/j({i - Iéjci))'
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Let 8 jvj. be at-good lifting of Bj; ;. to A.. Since jzjc itself is c-good such a lifting exists. We have the
identity B;:;. = Bj:i — Bj.i on Ujj,j;, which might not contain ¢, but does of course contain the generic
point . We deduce that B j2jen and ,5/ Fi% B joi.n have the same reduction B, ,. Now by Corollary 6.5.3,
we conclude that

rese O, (8 (Bjzjon) 8B jriy — Biiin)) = 0.
This implies that, using transitivity and linearity, we have:
rese O r (Vj. = Vjps 8B jri — Bjai)) = 188¢ O r (7). = Vi1 8Bjtjen)) = 1€Sc O r (P = 8 (Bjrjon)s 771)-

In this expression, y; — 5(,3/4.,-0) is a t-good lifting to A. and )71’.{ is a ¢’-good lifting to ff: Then
Proposition 7.0.3 implies that

tese O r (7j. = 8(Bj1j) Vi) = b, r (tese(7j, — 8(Bj1))) — b (€52 (7],)). (8.1.4)
On the other hand,
em,r(reSE (8 (Bj[‘jc))) = Em,r((S (reSE(Bjéjc))) = Eim,r(resc (ﬁjéjc))a

by the definition of £iy, ,. Since by assumption res.(8;:;,) = €j..c — €j:.c, we can rewrite the right-hand
side of (8.1.4) as

Zm,r (reSE(J;jC)) - Em,r(resﬁ’ ()7]:’)) - Zim,r (8jc,c) + Zl'm,r(gjé,c)-
Combining all of the above, we see that the last expression is equal to the difference
rese a)m,r(?in - S(B/jéi)’ )7,:/) — IS, a)m,r(?in - 8(/§j5i)’ 7;]}),

which implies the equality of the two expressions (8.1.2) and (8.1.3) and thus proves the independence
we were looking for.

Independence of the choice of i and the liftings i, and B ;.i- Letus choose an i’, a lifting A; of Oc,, and
liftings )71.’,,7 and B}Ci’ to /l;, for each ¢ € |C|. We need to compare

Z Tl'k(ﬁm’r(I'eSE )7jc) - Eim,r(gj(,c) +res. a)m,r();in - S(Bjci)’ ?jc)) (8.1.5)
celC|
and
Z Try (. (t€5¢ Pj,) — Lim.r (€], .c) +1€S¢ O r (Pr) — 3(5}6,'/)’ 7i))- (8.1.6)
celC|

The difference between the above expressions is

D Trirese o (7l — 8B i), iy — 8(Bji)-
ce|C|
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Choosing an isomorphism A,, o~ A; of k-algebras which lifts the given one modulo (), we identify

~ ~ .
A, and An' The above sum can then be rewritten as

> Trirese O (7, = Tins 8Bl — Bju))-

ce|C|
As in the above afgumerit since ~;§,~,~/ has the same reduction modulo (") as B;C i ,5 i for any j., we
have res; @y, (8 (ﬁ}ci, — B,.i), 8(Biir)) =0 by Corollary 6.5.3. So we can rewrite the above sum as

D Trgrese o r (7 — ins 8(Biir)-
ce|C|

Choosing a splitting of fi,,, we identify this algebra with (,i{,,)OO = (Oc,y) 0. Using this identification,
the last expression is the sum of residues of the meromorphic 1-form Qm»r(%n — Vin — S(Bl-i/)) on C and
therefore is equal to 0.

Vanishing on coboundaries. Suppose that we start with sections
a; € (B2(Oc, 2) ® (Oc, 2))(U)),
for all i € I. Then we need to show that the value of the regulator on the data

itiers {eicli€el, ce U}, {Bijlijer)

is 0. Here y; := 8(a), &i.c :=resc(;) and By := aj|u,; — oilu,;-

We fix ani € I and j. € I, with ¢ € U, for every ¢ € |C|, and local and generic liftings A., and A, of
the curve, as above, together with liftings ¢ of ¢ to ... We need to choose liftings of the data in order to
compute the value of the regulator on the above element.

We choose a lifting @;,, of «;, to “‘In and let y;, := 8(a;y). For each ¢ € |C|, we choose a ¢-good lifting
;. of o, and let 7;, := 8(&;,). Finally, we choose an arbitrary lifting & ;,, of ., to A,, for every ¢ € |C]|,
and let 5 jein =iy — ajy. Then the value of the regulator (8.1.1) is the sum of traces of the terms

Em,r(resi )7j6) - Kim,r(f;jc,c) +res. wm,r();in - 8(5}}-1‘,7])’ )7]'0)
= Em,r(reSE 5(&1'(,)) - Zim,r(gjc,c) =+ res, Q)m,r(‘s (&j(,n)’ 8(&jc))
=L, r(resz 6(aj,)) — lim,r(8..c)

by Corollary 6.5.3. Since res; §(«,) = d(resz @, ), we have £, ,(res; 6(&;.)) = £y, -(8(resz @;.)). By the
definition of ¢i,, ., we have £,, ,(8(resz j,)) = liy, r(resc ) = Liy (€, ). This implies that all the
summands in the formula for the regulator (8.1.1) are O finishing the proof of the first part of the theorem.

For the proof of the second part of the theorem, we note that a more general version of the computation
for P will be done in Section 9.2. O

8.2. Infinitesimal Chow dilogarithm. Specializing the above construction to global sections of A*(O¢, 22)*
gives us the generalization of the infinitesimal Chow dilogarithm in [Unver 2021] to higher moduli.



Infinitesimal dilogarithm on curves over truncated polynomial rings 729

Let us denote the global sections I'(C, (O¢, £)*) of (O¢, 22)* by k(C, &)*. Suppose that we start
with y € A3k(C, 2)*. Specializing the construction in the previous section, we have p,, ,(y) € k, which
can be computed as follows.

Choose a lifting ,éf,] / koo of Oc ;, and local liftings A, of @c,c, for every c € |C|, together with liftings
¢ of ¢. Choose an arbitrary lifting y, of y, to An and ¢-good liftings 7. of the germ of y at ¢ to A_, for
every c¢ € |C|. By the definition in the previous section, we have

,Om,r(y) = Z Trk(em,r(resﬁ();c)) + res. wm,r();nv )70))’ (821)
ce|C|

for every m < r < 2m.

Corollary 8.2.1. The definition in (8.2.1) of the infinitesimal Chow dilogarithm of modulus m and x-weight
r gives a map

Pmr i Ak(C, 2)* — &,
independent of all the choices and generalizing the construction in [Unver 2021] to arbitrary m and r
with2 <m <r <2m.
9. Applications and examples

9.1. Strong reciprocity conjecture. The infinitesimal Chow dilogarithm can be used to give a proof of
an infinitesimal version of Goncharov’s strong reciprocity conjecture for the curve C/k,,, exactly as in
[Unver 2021, Theorem 3.4.4]. In this section, in addition to our previous hypotheses, we assume that k is
algebraically closed.

Taking the infinitesimal part of the sum of the residues at all closed points of C, we have a map:

resc : A°k(C, 2)* — (A*k))°.
Similarly, letting B, (k(C, £2)) denote the set of global sections of B> (O¢, &), we have a map
resc : Ba(k(C, 2)) ®k(C, 2)* — Ba(km)°.

The explicit version of the strong reciprocity conjecture expresses both of these maps in terms of a single
map h.

Theorem 9.1.1. There is a map h : A3k (C, 22)* — By (kn)°, which makes the diagram

By(k(C, 2)) ® k(C, 2)* —— A3k(C, 2)*

JreSc h lresc

. 5
By (kim)° (Akye)°

commute and has the property that h(k,; A A%k(C, 2)*) =0.
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Proof. The proof, using the maps p,, , constructed above, is exactly the same as that of [Unver 2021,
Theorem 3.4.4] and is omitted. O

The theorem above, in essence, states that the residue map from the Bloch complex of weight 3 on C
to the Bloch complex of weight 2 on k,, is homotopic to 0; see [Unver 2021, Section 3.4].

9.2. The special case of the projective line. As a first example, let us look at the infinitesimal Chow
dilogarithm in the case of the projective line P! over &, with k algebraically closed.

For each point ¢ € IP’,I( let us choose a smooth lifting ¢ € P!(k,,). Considering a lifting as a map
Spec(k,) — le’ if the projection Spec(k,,) — [F"}( factors through the structure map Spec(k,,) — Spec(k),
we call that lifting a constant lifting. In the following, we will always choose the constant liftings of the
points 0, 1 and oo, for the other points in IP’}( the choices will be arbitrary. We denote the set of these
liftings by & as usual.

Letting a € 2 be the chosen lifting of an element in k°, the element (1 — z) A z A (z — a) satisfies our
goodness hypothesis. We will compute the value of p,, , on this element.

We will use the formula (1.3.1) directly. In order to do this first let us choose a set & of liftings to I]j’}coo
of elements in &2. Again for the elements 0, 1, and oo, we choose the constant liftings. Let us denote the
lifting of a € # by a € 2. Then the functions z, 1 — z, and z — & are liftings of z, 1 —z, and z —a to
functions on IP’,&OO, which are good with respect to . Using the definition of p,, ., we obtain

pmr((I=2)A2A(z—a)) = Zﬁm,r(reSz((l —2)NZA(z—a)).

ey

The only contribution to the sum above comes from the residue at a. Therefore the last expression is equal
to £, »((1 —a) Aa). Using the definition of £i,, , we can rewrite this as €, ,((1 —a) Aa) =€, ,(8[a]) =
Liy, r([a]). Let f, g and h be arbitrary functions on [P’}(m which are good with respect to 2. Then we can
write
f=r] G- g=pn [] @=8p%. and h=v [] G—wn™
1<i<l 1<j<m 1<k<n

for some «;, B, vk € &, A, u, v €k, and §;, €, N € Z. Using exactly the same argument at the end of
Section 2.2, we find that p,, -(f A g A h) is equal to

> siejm -Eim,r([yl‘_ﬁjD 9.2.1)

ijk o = Bj

where the summationison 1 <i <[, 1 < j <m and 1 < k < n. In this notation, we use the convention
that £i,, , ([(yx — Bj)/(a; — B;)]) =0, if at least two of «;, B; and y; are the same. Note that because of
the goodness with respect to &2 hypothesis, if «;, B; and y; are pairwise distinct then their reductions to
k have to be distinct as well. This, then, implies that (yx — B;)/(a; — B;) € k,bn and the expression (9.2.1)
is well-defined.
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9.3. The special case of elliptic curves. As a second example, we will consider the infinitesimal Chow
dilogarithm in the case of an elliptic curve. Again, for simplicity, we assume that k is algebraically
closed. Suppose that E/k,, is an elliptic curve. Suppose that E C I]J’,%m is given by a Weierstrass equation
y2 = x>+ Ax + B, with A, B € k,,, in the affine coordinates with x = X/Z and y=Y/Z, where X, 7Y,
and Z are the homogeneous coordinates on [P2. Suppose further that we have a lifting E C [P’,%Oo which is
also given by a Weierstrass equation y? = x> + Ax 4+ B, with A, B € ko,. Note that these hypotheses are
satisfied when E is constant curve, in other words E = E Xy k,,, for some elliptic curve E/k. In this
case, we can of course choose the lifting as E Xy koo. In the following, we will not assume that our curve
is a constant curve. Suppose we fix a choice of smooth liftings &2 as above for each point in E (k) such
that the lifting of the origin in E (k) is the origin in E (k,).

Let Iy be the line which intersects the curve at the origin O with multiplicity 3. It is the line given by
the equation Z = 0. For each 1 <i <3 let/; be the line given by ¢; X +b;Y +c¢; Z =0, with a;, b;, ¢; € k.
Denote the intersection points of the line /; with the elliptic curve by «;1, @2 and «;3. Note that the group
law on E gives that o;1 + o + a;3 = 0. Suppose that the intersection points ¢, o2, ;3 lie in the chosen
set of liftings £2. Let f; denote the function on E given by /;/ly. For a generic choice of the lines, let
us compute o, (f1 A fa A f3). Let io be the line in I]:D,%oo given by Z = 0 and i, be the line given by
a; X +b;Y +¢Z =0 for some liftings a;, 15,-, ¢; €k of a;, b;, c; € k,,. Then the functions fl = l~i/l~0 are
liftings of f;. If &1, &2, @;3 are the intersections of fl with E, then we can compute the above regulator
as follows. Choose a smooth lifting to E of each element in 2, such that:

(1) The origin in E (kso) is the lifting of the origin in E (k).
(ii) The elements &;;, &;2, &;3 are the liftings of o1, a2, o3 for 1 <i < 3.
Denote the set of these liftings by 2. By our formula, we have
pmr(FIAFaAF3) =Y nr(ess(fi A fa A f5)).
tes

Since we assume that the lines are generic, there are no common zeros of the functions f;. On the other
hand,
reso (fi A faN f3) = =3(ba Ab3 — b1 Ab3+ Dy A b2).

Combining these, we obtain that the value p,, -(f1 A f2 A f3) is equal to

zm,r( > (=nP! (—3150(2) Nbooay+ Y fo) @) A fom) @) ,-))), (9.3.1)
0eCs 1<j<3
where C3 is the subgroup of S3 generated by the 3-cycle (123).

In fact, the above expression gives an explicit computation for p,, ,(f1 A f2 A f3) for any generic
choice of functions fi, f>, f3 which are good with respect to &2. The group law on the elliptic curve has
the property that a divisor of degree 0 is the divisor of a rational function if and only if the divisor adds to
0 under the group law. This implies that the functions f; can be written as products of functions of the



732 Sinan Unver

form [/ Iy, where [ is a line, and an element in k,;. Since p,, , vanishes on elements of the form A A f A g,
with A € k¢, using the additivity of p,, , we obtain the expression for p,, (fi A f2 A f3) using the one
for pym((I1/1o) A U2/ 1p) A (I3/1p)). Our main theorem implies that the expression (9.3.1) is independent
of the choices of the liftings of both E and the f;’s. When such global liftings of either the elliptic curve
or the functions do not exist, we need to choose local liftings and add the defect for choosing different
liftings on the intersections as in the formula (1.3.1).

9.4. Invariants of cycles on k,,. As in [Unver 2021], this construction gives us an invariant of cycles.
For a cycle of modulus m we expect the combination of p,, , for all m < r < 2m to be a complete set
of invariants for the rational equivalence class of a cycle. For the appropriate, yet to be defined, Chow
group CH?(k,,, 3), we expect that our regulators p,, , to give complete invariants for the infinitesimal
part CH? (ki , 3)°. This section also generalizes Park’s [2009] construction of regulators where the case
of r =m + 1 is dealt with. Since this section is more or less a generalization of [Unver 2021, Section 4],
we do not go into the details and explain certain constructions in a slightly alternate way.

First, let us recall the definition of cubical higher Chow groups over a smooth k-scheme X /k [Bloch
1986]. Let L := IP’}( \ {1} and [} the n-fold product of [J; with itself over k, with the coordinate functions
Y1, ..., Yp- For a smooth k-scheme X, we let [T} := X x; [J}. A codimension 1 face of [1% is a divisor
F{ of the form y; = a, for 1 <i <n, and a € {0, co}. A face of LI} is either the whole scheme [} or
an arbitrary intersection of codimension 1 faces. Let z7(X, n) be the free abelian group on the set of
codimension ¢, integral, closed subschemes Z C [}, which are admissible, i.e., which intersect each
face properly on [1§. For each codimension one face F{, and irreducible Z € z7(X, n), we let 9/ (Z)
be the cycle associated to the scheme Z N F. We let 9 := Zj.;l(—n"(afo — 8?) on z7(X, n), which
gives a complex (z7(X, -), 9). Dividing this complex by the subcomplex of degenerate cycles, we obtain
Bloch’s higher Chow group complex whose homology CH? (X, n) := H,(z?(X, -)) is the higher Chow
group of X.

In order to work with a candidate for Chow groups of cycles on k,,, we need to work with cycles over
koo Which have a certain finite reduction property. The following definitions are essentially from [Unver
2021, Section 4.2]. Let O := P!, EZ, the n-fold product of O, with itself over k, and izm = iz X koo
We define a subcomplex g‘} (kso, - ) € z%(koo, - ), as the subgroup generated by integral, closed subschemes
ZC DZOO which are admissible in the above sense and have finite reduction, i.e., Z intersects each s x F
properly on i"w, for every face F of L]} . Here s denotes the closed point of the spectrum of ko and
for a subscheme ¥ € LI}, Y denotes its closure in EZOO. Modding out by degenerate cycles, we have
a complex z‘} (koo, - ). Fix 2 <m < r < 2m. Let n denote the generic point of the spectrum of k. An
irreducible cycle p in 52’( (keo, 2) is given by a closed point p, of Df) whose closure p in ﬁ%@o does not
meet ({0, oo} x U ) U (k. x {0, 00}). Let p denote the normalization of p and T denote the underlying
set of the closed fiber p x4 s of p. Forevery s’ € T, and 1 <, define €5 ¢ ; : (A9>fs, — k(s') by the

D,
formula

1
-dlog(y).

1
Z;3,3/,1'())) = 7 Iesp s l_
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Let
b (p)i=Y Tre Y i+ Upgri ALy )31 AY2). 94.1)

s'eT 1<i<r—m
Note the similarity with Definition 3.0.2.
Definition 9.4.1. We define the regulator p,, , : g? (kso, 3) = k as the composition /,, , 0 3.

Exactly as in [Unver 2021], one proves that the regulator above vanishes on boundaries and products,
is alternating and has the same value on cycles which are congruent modulo (). We state only this last
property, which is the most important one, in detail.

Suppose that Z; for i = 1, 2 are two irreducible cycles in g? (koo, 3). We say that Z; and Z, are
equivalent modulo " if the following conditions (M,,) hold:

@) Zi/kOo are smooth with (Z;); U (ija|a;? Z; |) a strict normal crossings divisor on Zi.
(i) Zilm = Za|pm.
Then we have:

Theorem 9.4.2. For m <r < 2m, we define a regulator py, ; g? koo, 3) = k. If Z,, fora € kcb,o, is the

dilogarithmic cycle given by the parametric equation (1 — z, z, 7 — a) then

/Om,r(Za) = gim,r([a])-

IfZ; e 535 (koo, 3), for i =1, 2, satisfy the condition (M,,), then they have the same infinitesimal regulator

value
Pm,r (Zl) = Pm,r (ZZ)-

Proof. The second part of the proof is exactly as in [Unver 2021] and is based on Corollary 8.2.1.
In order to compute p,, (Z,), we note that 9(Z,) = (1 —a, a) and

o (Za) = (Um0 (Za) =ln,(A—a, @)= Y illr_i AL)(1=a,a)=(ln,r08)(a)=Liy (a]). O
1<i<r-m
As we remarked above, we expect the invariants p,, , for m <r < 2m to give a full set of invariants in
the infinitesimal part of a yet to be defined Chow group CH?(k,,, 3).
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Wide moments of L-functions I: Twists by
class group characters of imaginary quadratic fields

Asbjgrn Christian Nordentoft

We calculate certain “wide moments” of central values of Rankin—Selberg L-functions L (n R, %) where
7 is a cuspidal automorphic representation of GL, over Q and €2 is a Hecke character (of conductor 1)
of an imaginary quadratic field. This moment calculation is applied to obtain “weak simultaneous”
nonvanishing results, which are nonvanishing results for different Rankin—Selberg L-functions where the
product of the twists is trivial.

The proof relies on relating the wide moments of L-functions to the usual moments of automorphic
forms evaluated at Heegner points using Waldspurger’s formula. To achieve this, a classical version of
Waldspurger’s formula for general weight automorphic forms is derived, which might be of independent
interest. A key input is equidistribution of Heegner points (with explicit error terms), together with
nonvanishing results for certain period integrals. In particular, we develop a soft technique for obtaining
the nonvanishing of triple convolution L-functions.

1. Introduction

Determining the moments of central values of families of automorphic L-functions has a long history
starting with the work of Hardy and Littlewood on the Riemann zeta function

T
/O (L +ir)|*di ~Tlog T,

as T — oo; see [Titchmarsh 1986, Chapter VII]. By now, there exist precise conjectures for all moments of
families of L-functions [Conrey et al. 2005] with fascinating connections to random matrix theory [Keating
and Snaith 2000]. These moment conjectures are of deep arithmetic importance through their connections
to the important topics of nonvanishing and subconvexity (see, e.g., [Blomer et al. 2018]), which in turn
are connected to, respectively, rational points on elliptic curves (via the B-S-D conjectures, see [Kolyvagin
1988]) and equidistribution problems (via the Waldspurger formula, see [Michel and Venkatesh 2006]).

In this paper, we will calculate what we call wide moments of central values of Rankin—Selberg
L-functions L(n ® 2, %) where 7 is a cuspidal automorphic representation of GL, with trivial central
character of even lowest weight k, and Q is a Hecke character of an imaginary quadratic field K
with infinity type o — (/|e|)¥ for some even integer k > k,. More precisely, we will study the
“canonical” square roots of the central values via their connections to Heegner periods as in the work of

MSC2020: primary 11F67; secondary 11M41.
Keywords: moments of L-functions, periods of automorphic forms.
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Waldspurger [1985]. We will use these moment calculations to obtain a number of new nonvanishing
results of a certain kind that we call weak simultaneous nonvanishing; see Section 1C for the statements. In
view of the Bloch—Kato conjectures, these nonvanishing results imply (in the holomorphic case) vanishing
for certain twisted Selmer groups; see Corollary 7.6 below.

1A. Wide moments of L-functions. This paper is the first in a series of papers concerned with obtaining
asymptotic evaluations of wide moments of automorphic L-function. In all of the cases we will consider,
these wide moments are connected to the usual moments of certain underlying periods of automorphic
forms (in the case of this paper, through the Waldspurger formula), which are much better behaved than
the L-functions themselves. In particular, we can use a variety of more geometrically flavored methods to
study the distributional properties of these periods.

The abstract setup is as follows: Given a finite abelian group G with (unitary) dual G, we define

Wide(G.n) :={(x1..... xn) € (G)" : 1+ yn = 1}. (1-1)
Given maps Ly, ..., L, : G — C with Fourier transforms
~ A 1 . .
Li:G—C, x> Gl Z Li(g)x(g), fori=1,....n,
geG
we define the wide moment of L Toeeos En, as

> TTLiGx- (1-2)

(Xi)1<i<n€Wide(G,n) 1=1

Note that for n = 2 and fl = Ez equivariant with respect to inverses (i.e., El()(_l) = El()() ), we
recover the usual second moment. The key point is that (1-2) is equal to

612 [Li. (1-3)

geG i=1
(for n = 2 this is exactly Plancherel). A nice way to see that (1-2) is equal to (1-3) is to use that the
Fourier transform takes products to convolutions, and (1-2) is exactly the n-fold convolution product
of L Lseees L n evaluated at y = 1. In the setting of automorphic L-functions, we can in many cases
calculate the wide moments (1-2) using that the dual moments (1-3) are much better behaved.

The first example in the literature of an asymptotic evaluation of a (higher) wide moment of automorphic
L-functions seems to be the work of Bettin [2019] on Dirichlet L-functions (note that here the terminology
“iterated moments” is used):

* 2 2
(p—;)"_l 2 ‘L(Xl’ %)‘ ‘L(X”’ %)‘
(xi)€Wide(p,n)
= cnn(log p)" + cun—1(log p)" ' -+ cao + O(p~0),  (1-4)

as p — oo with p prime, for some § > 0 and ¢,,; € R. Here, the asterisks on the sum means that the
summation is restricted to primitive Dirichlet characters, and we set Wide(p, n) := Wide((Z/pZ)*, n).
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This result is a corollary of the moment calculation of the Estermann function (which we think of as the
underlying automorphic periods in this case). Another related result is the calculation of Chinta [2005]
corresponding to a wide moment with n = 3 for quadratic Dirichlet L-functions.

The asymptotic evaluation (1-4) was later generalized (with an extra average over the modulus g) by
the author [Nordentoft 2021, Corollary 1.9] to the wide moments of

Ly =" =La(=L(f®1.5) for x:(Z/q2)* —C*.
with f a fixed holomorphic newform of even weight. In [Nordentoft 2021], the underlying automorphic
periods are the additive twists of f (which reduces to modular symbols for k = 2). Furthermore, in a
recent joint work between Drappeau and the author, all moments of additive twists of level 1 MaaBl forms
are calculated [Drappeau and Nordentoft 2022, Corollary 1.9].

The methods used to calculate the wide moments mentioned above are, respectively, a classical
approximate functional equation approach [Bettin 2019], multiple Dirichlet series [Chinta 2005], spectral
theory [Nordentoft 2021] (see also [Petridis and Risager 2018a]), and dynamical systems [Drappeau and
Nordentoft 2022] (building on [Bettin and Drappeau 2022]).

1B. Main idea. Let us describe the main moment calculation of this paper in the simplest possible setup.
Let f : H — C be a classical Hecke—-Maaf} eigenform of weight 0 and (for simplicity) level 1 (i.e., a
real-analytic joint eigenfunction for the hyperbolic Laplace operator and the Hecke operators which is
invariant under PSL,(Z)). Let K be an imaginary quadratic field of discriminant Dx < —6 with class
group Clg. Given a class group character y € Cl K, we denote by L(f ® y,s) (the finite part of) the
Rankin—Selberg L-function L(f ® 0y, s), where 0, is the theta series associated to y of weight 1 and
level | Dk | (equivalently, we have L(f ® y,s) = L(ng ® my, s), where mg denotes the base change to
GL>(Ag) of the automorphic representation corresponding to f* and 7 is the automorphic representation
of GL{(Ag) corresponding to y). A deep formula of Zhang [2001; 2004] gives the relation

2
> fewx(ad| =lerPIDkIYAL(f ® 1. 3). (1-5)
[a]eClx

where y € Cl K is a class group character of K, z,) € PSL»(Z)\H denotes the Heegner point associated
to [a] € Clg, and ¢y > 0 is a constant depending on f (but independent of x). Using this relation together
with orthogonality of characters and equidistribution of Heegner points, Michel and Venkatesh [2007]
calculated the first moment of L( ey, %), which they combined with subconvexity to obtain quantitative
nonvanishing for these central values. This idea has since been generalized in many directions to obtain a
variety of nonvanishing results [Dittmer et al. 2015; Burungale and Hida 2016; Khayutin 2020; Templier
2011a; 2011b].
We observe that (1-5) is exactly saying that the Fourier transform of

Clk > [a] = |Clg | f(z[q])

is given by a map of the form

611( > Xl—)EﬁXCf|DK|1/4|L(f®)(, %)’1/2,
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for some &y, of norm 1. Thus, by the Fourier equality (1-2)=(1-3) and equidistribution of Heegner points

due to Duke [1988], we conclude that for level 1 Hecke-Maal eigenforms fi, ..., f;, we have
| Dk |"/* 2 1\1/2 1 n
TClcl > Hgfi»)(icﬁ‘l‘<fi ®Xi,§)‘ = > Hfi(z[a])
(x;)eWide(K,n) i=1 [a]eClg i=1
n
3
=<H ﬁ,;>+o(1), (1-6)

i=1
as | Dg| — oo, where we used the short-hand Wide(K, n) := Wide(él x,1). This shows immediately
that if ([T7—; fi. 1) # 0, then there exists

n
(X1.-- -+ xn) € Wide(K, n) such that [ | L(f; ® xi. %) #0.
i=1
We call the above weak simultaneous nonvanishing; see Section 2 for some background on this type of
nonvanishing.

1C. Nonvanishing results. The above proof sketch already gives new results. We will, however, push
these ideas further in several aspects. First of all, we deal with general weight forms (holomorphic
or MaaB3), which requires us to develop explicit Waldspurger type formulas in these cases (see Section 4),
which might be of independent interest. In particular, this requires studying Hecke characters which ramify
at oo, which leads to some complications. Secondly, we will obtain an explicit error term in (1-6), which
requires bounding certain inner-products involving powers of the Laplace operator; see Section 5. This
allows us to obtain nonvanishing results with some uniformity in the spectral aspect. In particular, in the
case of width n = 2, we obtain the following improved version of [Michel and Venkatesh 2006, Theorem 1]

allowing general weights and with a uniform lower bound for Dg in terms of the spectral parameter:

Corollary 1.1. Let f be either a Hecke-Maaf3 cusp form of spectral parameter ty and level 1 or a
cuspidal holomorphic Hecke eigenform of weight k¢ and level 1. Let k be a positive even integer with
the further requirement that k > ky if f is holomorphic. Put T = |ty| + k + 1 in the Maaf} case and
T =k + 1 in the holomorphic case.

Then for any & > 0, there exists a constant ¢ = c(&) > 0 such that for any imaginary quadratic field K

T22+8

with discriminant |Dg| > ¢ , we have

i Qe L(f 8 10 d) #0) 3 0K LT 07 ienelomomhic
where Q is a Hecke character of K of conductor 1 and oo-type a +— (ot |at|)¥.
Remark 1.2. We obtain similar results for general squarefree levels N; see Corollary 7.1.

The case of width n = 3 is also very appealing, as in this case the triple period { f1 f> f3, 1) is related
to triple convolution L-functions via the Ichino—Watson formula [Watson 2002; Ichino 2008]. This leads
to the following nonvanishing result for level 1 Maaf} forms:
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Corollary 1.3. Let f1 be a fixed Hecke—Maaf3 cusp form of level 1. Then for any & > 0, there exists
a constant ¢ = c(f1,¢€) > 0 such that for any T > ¢, we have for all but Og(T?®) Hecke—Maaf} cusp
forms f> of level 1 with |tg, — T| < T* that there exists a Hecke-Maaf3 cusp form f3 not equal to f> with
|ltgy, — T'| < T?® such that the following holds: We have L(f1 ® [2® f3, %) # 0 and for any imaginary
quadratic field K with |Dg| > ¢T3372,

#{x1. 12 € Clg : L(fi®x1.3)L(H® 2. ) L(f5® x1x2.2) #0} >71 | D |1/1766,

In the case of holomorphic forms, we can obtain nonvanishing for a general width n (stated here in the
simplest case of level 1, we refer to Corollary 7.5 for a more general statement).

Corollary 1.4. Letn > 1,ky,... .k, €2Z5¢,andputk =) ; k;. Fori =1,...,n,let g; € Fk, (1) be a
cuspidal holomorphic Hecke eigenform of level 1. Then for each € > 0, there exists a constant ¢ = c(g) >0
such that the following holds: For any imaginary quadratic field K with |Dg| > ck*> ¢,

#{()(1, woos Xn+1) € Wide(K,n + 1), level 1 Hecke eigenforms g € $i.(1) :
L(g1® x1Qi,k. %) L(gn ® xnQn.k. 3)L(g ® xn+12m+1,k. 3) # 0}
> i |DK|(n+1)/2115’

where Q; g are Hecke characters of K of oo-type x +— (x/|xDki fori =1,....n and Qui1,k =
[Ti=1 Qi

Remark 1.5. Note that it follows, in particular, that the respective nonvanishing sets in Corollaries 1.1,
1.3 and 1.4 are nonempty as soon as, respectively, | Dx| > cT??>T¢, |Dg| > ¢T3>%¢ and |Dg| > ck*> e,

Remark 1.6. The fact that we can obtain nonvanishing results for general width » in the holomorphic case
relies crucially on the finite dimensionality of the space of holomorphic forms of fixed level and weight.
This clearly fails for nonholomorphic Maal3 forms, which is the reason we cannot obtain nonvanishing
results beyond the cases of two and three characters in the MaaB3 case. Notice that if we apply Corollary 1.4
with n = 2, we obtain an improved version of Corollary 1.3 in the case of holomorphic forms.

1D. Main moment calculation. The above nonvanishing results are all corollaries of our main L-function
calculation. To state this, denote by 9]3;: (N) the set of L2-normalized Hecke—MaaB newforms of level N
and even weight k£ > 0 (i.e., raising operators applied to either classical Hecke—Maal} newforms of
k'/2

weight 0 and level N or to y*/“g with g € ¥;/(/N) a holomorphic cuspidal newform of even weight

k" < k). Then we have the following moment calculation:

Theorem 1.7. Let N > 1 be a fixed squarefree integer andn > 1. Fori =1, ..., n, let w; be a cuspidal au-
tomorphic representation of GL»(A) of conductor N with trivial central character, spectral parameter ty,
and even lowest weight k. Letky, ..., k, € 27 be integers such that |k;| > ky, and )_; ki = 0.

Let | Dg| — oo transverse a sequence of discriminants of imaginary quadratic fields K such that all
primes dividing N split in K. For each K, pick Hecke characters Q; x with infinite types x (x/|x])ki
such that [ |; Q; k is the trivial Hecke character.
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Then we have for f; € %,’:i (N) belonging to m; and any & > 0,

n
Z H8Xi,ficfiL(7Ti ®Xi9i,1<,%)1/2
(Xi)1<i<n€Wide(K,n) i=1
n
[1/

ser (L1710
= KL 1)+ 0

4 Hf“ &
D"\ ] i=1

where T = max;=1, . n |ki| + |tz;| + 1, the weights €, . are all of norm 1 and cy, are certain constants

|DK|_1/16T5/2I’115/4(T|DK|n)8)), (1-7)
2

depending only on f;.

Remark 1.8. We obtain a slightly more general statement that applies to old-forms as well, meaning
that we allow for the automorphic representations 7; to have different conductors. Furthermore, we
obtain an improved error term in the case of holomorphic forms and/or in the case of level 1. We refer to
Theorem 6.3 for details (including the exact values of the constants ¢f). As an application, we can also
calculate a related “diagonal wide moment”; see Corollary 6.6.

The plan of the paper is as follows. In Section 2, we will introduce the notion of weak simultaneous
nonvanishing. Section 3 provides the necessary background on imaginary quadratic fields and automorphic
forms. Section 4 proves an explicit and classical Waldspurger type formula for general weight automorphic
forms. In Section 5, we will prove two technical lemmas: one on the norm of powers of the hyperbolic
Laplacian and one on a lower bound for the L2-norm of a product of automorphic forms. In Section 6, we
will prove our main moment calculation. Finally, Section 7 proves the nonvanishing of certain automorphic
periods, which combined with our moment calculation, yields weak simultaneous nonvanishing results.

2. Weak simultaneous nonvanishing

We will call the nonvanishing results proved in the present paper weak simultaneous nonvanishing. This
terminology is referring to the fact that we show nonvanishing of twists of different L-functions with
some ‘“‘algebraic dependence” on the twists (their product is trivial). Ideally, of course we would like to
show nonvanishing for the same character. Some results in this direction have been obtained by Saha and
Schmidt [2013, Theorem 1] in the case of two holomorphic forms using techniques from Siegel modular
forms. Outside of this case, however, simultaneous nonvanishing seems out of reach with current methods.

Let us start by considering the simplest case, n = 2. This means that we are studying the nonvanishing
of two maps L1, L, : G — C, where G is a finite abelian group. If both L and L, are nonvanishing for
more than 50% of g € G, then by the pigeonhole principle there is some g € G such that L1(g)L2(g) # 0.
But clearly we can construct examples where L, L, vanish for exactly 50% of g € G but there is no
simultaneous nonvanishing.

More generally, consider L1, ..., L, : G — C. Then we say that L1, ..., L, are weakly simultaneously
nonvanishing if

{(gl,...,g,,)EWide(G,n):Li(gi) #0fori = 1,...,n} #* .
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Recall that by (1-1) this means that there exist g1, ..., gn € G such that

g1-gn=1c and Li(g1)---Luy(gn)#O.

We think of this as expressing that we can find nonvanishing for L, ..., L, with some “algebraic
dependence”. This is interesting since most nonvanishing results for automorphic L-functions are obtained
by using the method of mollification, which gives no information about the algebraic structure of the
nonvanishing set. Of course, if all of the Ly, ..., L, vanish on a very large percentage of elements of G,
then one gets a weak simultaneous nonvanishing for purely combinatorial reasons. In most cases, this is
not the case, which we make precise as follows:

Proposition 2.1. Let n > 2 be an integer and 0 < ¢ < 1. Then there exists a finite abelian group G and
maps L1, ..., Ly : G — C satisfying

#HgeG:Li(g)#£0}>c|G|, wherei=1,...,n,
with no weak simultaneous nonvanishing if and only if ¢ < %

Proof. Assume first of all that ¢ > % Then if g1,...,gn—2 are such that L;(g;) #0fori =1,...,n—2.
Then, again by the pigeonhole principle, there is at least one g € G such that L,_1(g) # 0 and
L,((g1--gn—18)"") # 0 (since all of the elements (g1 - - gn_1g)~ ! are different as g € G varies).
On the other hand if ¢ < %, then we can consider any finite abelian group G with a subgroup H of
index 2. Now we let L;(g) #0ifandonlyif g € H fori =1,...,n—1, and let L, be nonvanishing on
the complement of H. In this case, it is easy to check that there is no weak simultaneous nonvanishing. [

This shows that we need to know nonvanishing for at least 50% of the maps L; in order to get weak
simultaneous nonvanishing for purely combinatorial reasons. This is very far from being known in the case
of the Rankin—Selberg L-functions studied in this paper, as even a positive proportion of nonvanishing
seems out of reach with current methods; see [Michel and Venkatesh 2007] and [Templier 2011a].

3. Background

3A. Different incarnations of the class group. Let K be an imaginary quadratic field of discrimi-
nant D < —6. Denote by $x the group of integral fractional ideals of K, Pk the subgroup of principal
fractional ideals and Clg = $x /P the class group of K, which we know from Gau8 is a finite group.
Furthermore, we have Siegel’s bound

IClg| > | Dk |Y/?7¢ (3-1)

for any ¢ > 0 where the implied constant is ineffective.

Given a fractional ideal a € $g, we denote by [a] € Clg the corresponding ideal class. We denote
by [a1, a2] the ideal generated by a1, as € K over Z and by Cl x the group of class group characters, i.e.,
group homomorphisms y : Clg — C*.
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~ X
Let A%, respectively, A}éiﬁn, denote the idéles, respectively, finite idéles of K, and let O = ]_[p @;
denote the standard maximal compact subgroup of Ag . . Then we have the natural isomorphisms

Ik =A% /0x and Clg = KX\A% . /0k . (3-2)

A . . ~ X
Given a € 9k, we denote by a € A}é’ﬁn any lift of the corresponding element of A}é’ﬁn /Ok under the
above isomorphism.

3A1. Heegner forms. We refer to [Darmon 1994] for a concise treatment of the following material.
Let N be a squarefree integer such that all primes dividing N split completely in K. Consider a residue
class r mod 2N such that 72 = D mod 4N. For (a, b, c) € Z* having greatest common divisor equal
to 1 and satisfying b?—4ac=D,a=0mod N, and b = r mod 2N, we denote by [a, b, c] the integral
binary quadratic form

O(x,y) =ax?+bxy +cy>. (3-3)
We call such a quadratic form a Heegner form of level N and orientation r and denote by 9p (N, r) the
set of all such forms, which carries an action of the Hecke congruence subgroup I'g(/NV) via coordinate
transformation. It is a well-known fact extending GauB that the map o (N)\2p (N, r) — Clg defined by

[a.b.c] [a,#ﬁ}

is a bijection.
Given a Heegner form Q = [a, b, c] € 2p (N, r), we define the associated Heegner point as

—b D
zg = —_Z{—af e H. (3-4)

This defines a map 9p (N, r) — H which is equivariant with respect to the action I'g(N) (acting via linear
fractional transformation on H). In particular, we get a map Clg — I'g(N)\H using the above.
3A2. Oriented embeddings. Again let (a,b, c) € Z> have greatest common divisor equal to 1 and satisfy
b?>—4ac=D,a=0mod N,and b =r mod 2N . Associated to the triple (a, b, c), we define an (algebra)
embedding ¥ : K < Matyx2(Q) by
b 2c
V(v D):= . -

(VD) (_2a _b) (3-5)

This embedding satisfies

W(K)N {(i z) € Matrx2(Z) : N | c} = W(0g),

where Og denotes the ring of integers of K. This means that W is an optimal embedding of level N and
orientation r. Conversely, every oriented optimal embedding of level N arises from such a triple of integers
(a,b,c) € Z3. Denote by €p (N, r) the set of all such embeddings. The congruence subgroup I'o(N)
acts on €p (N, r) by conjugation, namely,

(y-¥)(x +vDy) =y " W(x +Dy)y
for y € T'o(N).
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There is a natural bijection between oriented optimal embeddings W of level N and orientation r, as
in (3-5), and Heegner forms Q = [a, b, c], as in (3-3) (since these are both completely determined by
(a, b, c) € Z3), which is equivariant with respect to the action of I'y(N). By the above, we have a bijection

Fo(N)\é€p(N,r) — Clg. (3-6)
Given an optimal embedding W of level N, we can extend it to an (algebra) embedding
Up Ag — Matzxz(A)

by tensoring (over @) by A. The local components of Wy, are defined as follows: If p is a prime of Q which
is inert in K with pOg = p, then K ® Q) = K; and thus we get an embedding ¥, : K}, — Matzx2(Qp)
given by

K®Q,3x®y V(x)®y e Matax2(Qp),

defined up to the choice of isomorphism K ® Q, = K, (similarly for the inert infinite place). If p is
ramified with pOg = p2, then K ® Q) = K,; and we get a map ¥, : K, — Matyx2(Q)) by tensoring
as in the inert case. Finally, if p is split in K with pOg = pp, then we have an algebra isomorphism
K ® Qp = K, x Kj given by

K®Qp > jix+ j2yr>(x,y) € Ky x Kz, withx,y € Qp, (3-7)
where
. 1®1+/D®(D)7! . 1®1-vV/D® D)}
J1= 2 and j = 7 .

Here we consider /D as an element of Qp and use that Q, = K}, as p splits in K. By using this, we get
an algebra embedding ¥, : K, x Kz — Matzx2(Qp) by tensoring. Again this is well defined up to the
choice of isomorphism Q, = K.

3B. Hecke characters of imaginary quadratic fields. Let K be an imaginary quadratic field of dis-
criminant D < —6. In this paper, we will be working with Hecke characters of K of conductor 1,
which (in the classical picture) are unitary characters y : $x — C* such that for («) € Pg, we have
1((@)) = xod (@) for some character yoo : C* — C*, which we call the co-type of y. By considering the
induced representation, we can see that given yoo such that yoo(—1) = 1, we have exactly |Clg| Hecke
characters of conductor 1 with co-type yoo; if yo is any such Hecke character with co-type yo, then the
set of all such Hecke characters is given by {yox : x € Cl K }- We will only be considering the co-types
o (a/|a])¥ for k € 27.

Given a Hecke character y as above with co-type oo, we get, using the isomorphism (3-2), an (idélic)
Hecke character

Q:K*\Ag/0x — C*.

The above conditions translates to the fact that €2 is unramified at all finite places of K and the
oo-component €2, is equal to yoo-
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Associated to a Hecke character y as above with co-type a — (/| |)¥, there is a theta series
Oz):= Y " NZNa*2y(a) € My (To(| D). xx).
aint. ideal of O
which is a modular form of weight k 4 1, level | D|, and nebentypus equal to the quadratic character yx
associated to K via class field theory. Furthermore, we know that 6, is noncuspidal exactly if K = 0 and
X is a genus character of the class group of K; see [Iwaniec 1997, Theorem 12.5]. Recall that this is an
example of automorphic induction from GL; /K to GL, /Q.

3C. Automorphic forms. In this section, we follow [Bump 1997, Chapters 2-3]. Let L2(I'g(N), k)
denote the L2-space of automorphic functions of level N and weight k € 2Z. That is, measurable maps
f :H — C satisfying:

e The automorphic condition of weight k and level N
fvo) = jy@* f ().
forall y = (¢ 2) € I'o(N), where

J (. 2)
lj(r. 2|’

Jy(2):= with j(y,z) =cz +d,

and
To(N) := {(‘Cl Z) €PSL,(Z): N | c\.

e The L%-condition

112:= (/. f) =/

To(N

| f(2)1? dp(z) < o0,
N\H

where dju(z) = y~2dxdy and (-, -) is the Petersson inner-product. Notice that the above integral is
well defined since |j, (z)| = 1.
We have the weight k raising and lowering operators acting on C °°(H), the space of smooth functions
on H, given by
Ry, = (Z—Z)i + k and Ly = —(Z—Z)i— Ii
oz 2 0z 2
They define maps
Ry : L>(To(N), k) N C®(H) — L?>(To(N), k +2) N C®(H),
Ly : L*(To(N), k) N C%®(H) — L?>(To(N), k —2) N C®(H),

which are adjoint in the sense that

(Ri f1, f2) = —(/1, Lk 42 /2) (3-8)

for f1 € L>(To(N),k) N C®(H) and f» € L?(Ty(N),k + 2) N C*°(H). Furthermore, we have the
product rule

Riy 1k, (f1/2) = (Riey J1) 2 + [1(Rp, f2).
for f; € L2(To(N), k;) N C*°(H), and similarly for the lowering operator.
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The weight k Laplacian acting on L?(To(N), k) N C*°(H) is defined as
A =—RgaLp + X(%) = —Lg4aR + l(—g),
where A(s) = s(1 —s). On L?(T'o(N), k), this defines a symmetric, unbounded operator with a unique
self-adjoint extension which we also denote by A; with some dense domain D(Ay) C L?(I'o(N), k)
(suppressing the level N in the notation).

A Maaf form of weight k and level N is a (necessarily real analytic) eigenfunction of Aj. Given a
Maal form f of eigenvalue A we denote by 77 := VA — % the spectral parameter of f Gf A > 1, we
always pick the positive square root).

Denote by % (N) the vector space of weight k and level N (classical) holomorphic cusp forms. If

g € $x(N), then it is easy to see that y*/2

g is a Maal} form of weight k and level N of eigenvalue
A(k/2). In fact, it can be show that any Maal} form of weight k > 0 and level N is of the form

ko/2

Ri—2 -+ Ry, y“*'“g, with g € ¥, (N) where ko < k and ko = k mod 2

or
Ri_5---Rof, with f aMaal form of weight 0 and level N.

And similarly for k£ < 0, now with lowering operators and antiholomorphic cusp forms.

Furthermore, we say that a Maal} form of weight k and level N is a Hecke—Maayf3 eigenform if it is an
eigenfunction for the Hecke operators 7}, with (N, n) = 1 (which commute with the action of the raising
and lowering operators), as well as the reflection operator

X : L*(To(N),k) = L*(To(N). k). (Xf)(z):= f(-2).

Finally, we say that a Hecke—Maal} eigenform is a Hecke—Maaf3 newform if it is an eigenfunction for all
Hecke operators 7, with n > 1.

Denote by %z,hol(N) the set consisting of f/| f |2, where f = y*/2g with g € $x(N) a (Hecke-
normalized) holomorphic Hecke newform, and by %*(N) the set consisting of f/| ]2, with f a
nonconstant (Hecke-normalized) Hecke—Maall newform of weight 0 and level N. We will sometimes
refer to these simply as (classical) “Maal3 forms”. It follows from Atkin-Lehner theory that for k > 0,
we have the following orthonormal basis consisting of Hecke—Maal} eigenforms for the subspace of

L?(Tg(N), k) spanned by nonconstant Maal forms of weight k and level N:

B(N):= | viyRez-RoB*WNHU | U vinRe—2 RigBj gV, (3-9)
dN’|N dN’|N 0<ko<k
ko=k mod 2

where v} ., L?(To(N"), k) — L*(Ty(N), k) are defined by (v N )(z) = f(dz). If k <0, we have
a similar basis now with lowering operators and antiholomorphic cusp forms.
Using (3-8), we see that for any f € B (N), we have the following useful relation:

l . .
k+2j—1 . k+2j—1
IResar - Re B =BT (= i) (=) o
Jj=0
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3C1. Adélization of Maaf3 forms. Given an element of f € L2(To(N), k) we define a lift f : GL;r (R)—C
as N

J(®):=je@ 7~/ (gi),
which satisfies

J(gke) =™ ().
for all 6 € [0, 27r), where kg = ( cos § Sine) and g € GLS (R).

—sin 6 cos 6
Now consider the following decomposition of GL,(A) coming from strong approximation:

GL2(A) = GL2(@)Ko(N) GL; (R). (3-11)
where GL,(Q) is embedded diagonally and

ap bp

¢p dp

Now we define the adélization of f as

$r(2) = 1 (Ykgoo) 1= f (go0),
which does not depend on the choice of decomposition
g = vkgoo € GL2(Q) Ko(N) GL3 (R).

Given a Hecke—Maall newform f', the adélization ¢+ generates a unique cuspidal automorphic rep-
resentation 7y = 7 of GL>(A). The infinity component of this representation 7 is a discrete series
representation of lowest weight k, = k if f corresponds to a holomorphic Hecke newform of weight k.
On the other hand if f is of weight 0 and nonconstant (i.e., corresponds to a classical Maal} form),
then 7 is a principal series representation of lowest weight k, = 0. We denote by ¢, the spectral
parameter 7 of f.

3C2. Automorphic L-functions. In general, associated to an automorphic representation r of GL, (A) we
can define the (finite part of the) L-function L (7, s) as a product over finite primes in terms of the Satake
parameters and a completed version A (7, s) satisfying a functional equation A(7,s) = ez A7, 1 —3s),
where &5 is of norm 1 (the root number) and 7 is the contragredient of . We refer to [Godement and
Jacquet 1972] for details. Furthermore, given automorphic representations 7y, 72, 73 of GL, (A), we will
be interested in the Rankin—Selberg convolution L-function L (7 ® 73, s) (see [Jacquet et al. 1983]), the
symmetric square L-function L(sym? 1, s) (see [Bump 1997, Chapter 3.8]), and the triple convolution
L-function L(7; ® mp ® 73, 5) (see [Watson 2002]).

4. A classical version of Waldspurger’s formula

In order to make our moment calculations explicit, we will need an explicit version of Waldspurger’s
formula as developed my Martin and Whitehouse [2009] and, furthermore, translate this to a classical
formula. In doing so, we will follow Popa [2006, Chapter 5].
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4A. A formula of Martin and Whitehouse (following Waldspurger). Let = be an automorphic rep-
resentation of GL(Q) of squarefree conductor N and even lowest weight k, corresponding to the
classical cuspidal newform f (Maall or holomorphic also of weight k). Let D < —6 be a negative
fundamental discriminant with (D,2N) = 1 and such that all primes dividing N split in K = Q[v/D].
Let k > k be even, and let  : K*\A¥ — C* be an idélic Hecke character of conductor 1 and oo-type
Qoo(@) = (a/||)¥. Recall from Section 3B that any two such characters differ by a class group character,
and thus there are |Clg | such characters.

We will be interested in obtaining an explicit formula in terms of Heegner points of the central value of
the Rankin—Selberg L-function L(n ® Q, %), by which we mean the Rankin—Selberg convolution of the
base change g of 7 to GL,(Ag) and the automorphic representation wg of GL; (Ag) corresponding
to 2. We note that the above (Heegner) conditions on D and N imply that the root number of L(7 ® 2, 5)
is equal to +1.

Let Wy : Ax < GL;,(A) be an oriented optimal algebra embedding of level N. Then associated to
the triple (i, 2, ¥a), Martin and Whitehouse [2009, Theorem 4.1] define a specific test vector ¢pmw €
such that we have the formula

_ 2

g Paw(Pal)QT D) dx ™ L(w 0 Q.1/2) oo (100, k) [1( 1)_1 @-1)
JZ@) cLa@)\ 6La (8 |PMW (8) 1 dg Lisym*z. 1) 2,/|D] ¢ p/

where the measure dg is normalized so that the volume of Z(A) GL,(Q)\ GL,(A) is (/3) [ | piv (1= 772)

(here we are using that the Tamagawa number of GL, /Q is 2) and dx is normalized so that A* K>*\A¥
has volume 2A(yx, 1), where yx is the quadratic character associated to K via class field theory and

- 1
At s) =720 (SE2) Lizk.s).

The local constants are given by:

(2m)k Hj-cfo_l (%-l‘(t:r)z-i-j(j-i-l))_1 if moo iS @ p.S,
T (kn+1)
T(3(k+2))B(3 (k+kx). 2 (k—kz+2))

where “p.s” and “d.s” refer to “principal series” and “discrete series”, respectively, and B(x, y) denotes

Coo(TToo, k) =

(27 )k k= if 1o is a d.s,

the Beta function.

To make this formula explicit, we need to specify an embedding Wx. To do this, let [a, b, c] be a Heegner
form of level N and orientation r and consider the associated optimal embedding ¥ : K < Matsx2(Q)
of level N (as in Section 3A2) satisfying

W(K) N Mo(N) = ¥(0k).

where Mo(N) = {(‘c’ 3) € Matyx2(Z) : N | c}. As described in Section 3A2, we get by tensoring with A
an associated embedding Wa : Ag — GL2(A). We write W, for the finite component and Wy, for the
infinite component of this embedding.
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Now the recipe described in [Martin and Whitehouse 2009, Chapter 4.2] gives the following characteri-
zation of the test vector ¢vw: the finite component ¢yw, p at a finite prime p < oo is uniquely determined
(up to scaling) by the invariance under a certain Eichler order, which in our setting is exactly the order
in GL,(Q),) of reduced discriminant p"» (N) (using that W is optimal of level N). This means that we can
pick ¢mw,p = Pr.p = Pr,,p» Where ¢y (respectively, ¢y, ) are the lifts to GL2(A) of the Hecke-Maal}
newform f € L?(T'g(N), k) corresponding to 7 (respectively, fx = Rg_p--- Ry, ).

At the infinite place the test vector ¢mw, oo is characterized by being the vector of the minimal K-type
(in the sense of [Popa 2008]) such that

oo (x)¢MW,<>0 = Qw(x)¢MW,w

for all x € Woo(S1)NO2(R), where S = {z € C*: |z| = 1} is the maximal compact of C* and Oz (R) is
the maximal compact of GL,(R). There is a slight complication due to the fact that the embedding W,
defined above does not send the maximal compact S C C* to SO, (R). We can, however, easily check

_ (VD —b
J/oo—(o a). (4-2)

Thus, we conclude that the following vector satisfies the conditions specified by Martin and Whitehouse:

that this is the case after conjugating by

OMW,00 = ”(Vw)¢fk,wa

where ¢r, oo = Ri—2 -+ Ri, @70 is a weight k vector in the representation space 7. We conclude that
we can pick the global test vector as
Pmw = T (Yoo )Py »

where again fy = Rx_ - R, f and yoo € GL2(R) C GL2(A) as in (4-2).
For ¢mw as above, we have for x4, € Ag . and xoo € C* that

Pw (Voo (Xo0) Whin (Xin)) ™1 (Xoo» Xin))

is independent of x. In particular, we get a well-defined map
Clg > [a] = pmw (¥a(d)Q ™' (d),

where a € A .. is any lift of a under the first isomorphism in (3-2). By the second isomorphism in (3-2),
it follows that we have a bijection

~ X ~
K*AN\AZ /O = | | ©/R™, (4-3)
[a]eClx
from which we conclude that
— 2 A —
[ a2 @dr = o Y #0720 20 (44
AXK\AK |D| i ecix

Here we can check the normalization by letting ¢yw and €2 being constants and recalling that the total
measure of A K*\Ag is 2A(xg. 1) = 2|Clx||D|~'/2 by the class number formula.
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4B. Explicit representatives of the class group. Consider integral prime ideals p; = (1), p2, ..., px
which are representatives for the class group Clg dividing the rational primes p; which we assume are
coprime to 2Na (so that h = |Clg| and p;Ox = p;p; splitsin K fori = 2,...,h). The ideal class [p;] is
represented by the idéle p; := ( Pi)p; € Ag (Where the subscript means that the element is concentrated
at the place p;). Thus we see using the definition (3-7) of Wy that since

. . pi+1 pi—1
- pi =1 ——+VDR® ——c K®Q,.,
J1-pi+J2 ® 7 7D i

we have that

pi+l . pi—l Pi—l
2+/D VD
Wa((pidp;) = . . ,
_apz_l p1+1_bpz_1
JD 2 "2p/,
Fori =2,...,h,itis a short computation that for an integer b; with »; = b mod 2a and bl.2 = D mod p;
(and put also b; = 1 for completeness), we have
—bj + D

pi= [T pl-]. (4-5)

Using the congruences for b;, it follows that there is k; € Ko(/N) such that

Wa((pi)p) = viki (v oo
with y; € M,(Q) given by

bi—b
Yi = pi 2a
0 1

Thus we conclude by the definition of adélization that

—bi +«/5)'

¢fk (\Ijﬁn(ﬁz)yw) = jyi—lyoo(i)kfk(yi_l)/ooi) = fk( 261[71'

To proceed, we need to understand how the Heegner points (—b; ++/—D)/(2ap;) behavesasi =1,...,h
varies. Let I : To(N)\€p (N, r) — Clg be the bijection in (3-6). Then we have the following adaption
of [Popa 2006, Proposition 6.2.2]:

Lemma 4.1. We have

)/l-_lyooi =9y, € H,

where z g, ; is the Heegner point of a Heegner form Qv ; of level N and orientation r (depending on W
and i) belonging to the class I([{r]) - [p;] € Clg.

Proof. Consider the binary quadratic form

Q(x,y) = apix® +bixy +¢;y?,



750 Asbjgrn Christian Nordentoft

where
_b?-D

Ci =

4ap;

is an integer by the above congruence conditions. This means that Q is a discriminant D Heegner form
of level N and orientation r, with corresponding Heegner point given by
—b; + \/5
2ap;
Thus the lemma reduces to showing the following identity of ideals (modulo principal ideals):
—bi + D —bi + D —b+ D
api,——~— | = | == pi|-| —5—a|. (4-6)

This follows, as in the proof of [Popa 2006, Proposition 6.2.2], since both sides have the same ideal
norm and we can check using the congruence condition on b; that the right-hand side is contained in the
left-hand side. O

This implies that the automorphic period (4-4) depends on the choice of optimal embedding W but
only up to a phase. In particular, the absolute square does not depend on the choice of W as should be the
case by (4-1).

4C. An explicit formula. To simplify matters, we from now on pick our optimal embedding W such that
[a, b, c] corresponds to the trivial element of Clg and to lighten notation, we write

Qi =apix* +bixy +c;y?, withi=1,...,h, (4-7)

where p; and b; are as above. Now if Q € 2p (N, r) is any quadratic form such that [Q] = [p;], then it
follows from Lemma 4.1 that there is some yp € I'g(N) such that zgp = ypzg,, which implies that

f1(20) = Jvo (20 f(20,) = Qoo(@0) s, (Wiin(P1) Vo),

where ag = j(yp.zp;) € K*. Similarly if a € $x is a different representative of the ideal class [p;] € Clg,
then we have
Q7(8) = Qoo(@)Q7 (P1)
for some o, € K*.
From this we conclude, by combining (4-4) and Lemma 4.1, that

[ o @i = Y )00 m(@o)  9)

ATKEVAK [Q1€To(N )\ (N.r)
where zg is the Heegner point associated to the Heegner form Q € 9p (N, r), [ag] = [Q] (under the
bijection I'o(N)\2p (N, r) => Clk), and a g, € K* is a complex number depending on the choices
of O and ag (but not on 7, Q, nor fx).
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4C1. The case of old forms. We will now explain how to extend the identity (4-8) to the case of old
forms. Let d, N’ be positive integers such that dN" | N, and consider a newform (i.e., new at finite places)
Sk € BL(N ') belonging to the automorphic representation 7. Then we get an element v;" NSk € Br(N)
given by z — fi(dz). Recall the representatives pq, ..., pj € $x of the class group Clg defined in (4-5)
and the associated Heegner forms Q; = [a, b;, ¢;] defined in (4-7). Then we see directly that

—bi +~D

2pia/d o
where Q! = [p;a/d.b;,c;d] € 2p(N’,r) is a Heegner form of level N’ and orientation r mod (2N').

dZQi =

From this, we see that
fi(dzg;) = 5, (Vi (Pi)vsy), withi =1,...,h,
where W’ is the optimal embedding of level N’ corresponding to the triple [a/d,b,cd] and

/ @_b
(1)

Observe that [a/d, b, cd] might not correspond to the trivial element of the class group. Thus, using (4-8),

h
> Vi v fi(20)R@0) R0 (0 0.00) = Y V5 o fic(20,)R2(P1)
[Q]eTo(N)\2p (N,r) i=1

_ / Srw (WA ())Q ™ (x) dx,  (4-9)
AXKX\AX

where ¢y is the vector defined by Martin and Whitehouse corresponding to the triple (7, Q, ¥} ) and
the numbers «g 4, are as in (4-8).
Combining (4-9) and (4-1), we arrive at the following result (recalling the definition (3-9) of B (N)):

Theorem 4.2. Let N be a squarefree integer and K be an imaginary quadratic field of discriminant D
with (D,2N) = 1 and such that all primes dividing N splits in K. Let w be a cuspidal automorphic
representation of GL,(Agq) of conductor N’ dividing N and even lowest weight k. Let k > k. be an even
integer and Q - KX\A}Q/@\KX — C* a Hecke character of K of conductor 1 and oo-type o — (a/|]).
Then for any fr € By (N) belonging to the representation space of w, we have
2 Lr®Q.1/2)|D|V?
- L(sym2m, 1) 8N’

‘ > Ji(20)2(@0)R00(@0.00) Coo(TToo k). (4-10)
[Q]€To(N)\2p (N,r)
where zg is the Heegner point associated to the Heegner form Q € 2p(N,r), ag € $k is such that
(0] = [ap] (under the bijection To(N)\2p (N, r) = Clg), Q0o € K* is a complex number depending
on the choices Q and ag (but not on w, Q nor fi), and
QO* T (A + )? + G+ 1) if oo is @ p.s,
[(kx) , 0 (4-11)
(TR =2)BA Ktk D). Lk—kp41y)) |00

where “p.s” (“d.s”) refers to “principal series” (“discrete series”) and B(x, y) denotes the Beta function.

Coo(”oo,k) =

(2n)k—kn—1
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Using orthogonality of characters (i.e., Fourier inversion) we conclude the following key identity:

Corollary 4.3. Let 7,2, fi be as in Theorem 4.2. Then given an element of the class group [a] € Clg
and a Heegner form Q € Qp (N, r) such that [Q] = [a], we have

ka|D|1/4

i e for|L( @ 12, 12 x(la)), (4-12)

Jr(z0)Q(x) =
XeaK
where xg € Ag is some element depending on the choice of Q (but not on w, , nor fi), &y, £, r are

complex numbers of norm 1, and
Coo(Too, k)

fi = 8N'L(sym2m,1)’

(4-13)
With Coo (oo, k) as in (4-11).

5. Some technical lemmas

In this section, we will prove two key estimates. The first is a bound for the norm of A™, which will be
key in obtaining explicit error terms in our moment calculation. Similar consideration have been made in
a different context in [Petridis and Risager 2018b, Theorem 5.1]. Secondly, we will obtain a lower bound
for the L2-norm of the product of MaaB forms. This is an extremely crude lower bound, which suffices
for our purposes.

5A. A bound for the norm of A™. In the course of proving our bound for the norm of A™ applied to
certain vectors, we will need the following convenient L°°-bound for f € B (N) due to Blomer and
Holowinsky [2010]:

1/ lloo

T < N7YV32( 1| 4 k| + 14 (5-1)

for some unspecified constant A > 0. The focus of [Blomer and Holowinsky 2010] is the level aspect,
which we consider fixed in the present paper. Here the key thing is, however, that we get a polynomial
bound for raised (and lowered) Hecke—Maal} forms with the constant being independent of the weight k
and the spectral parameter 7. The specific value of A is not important for our application.

Lemma 5.1. Let ky, ..., ky, be even integers such that Z?:l ki=0.Fori=1,...,n,let fi € By, (N)
be a Hecke—Maaf3 form of weight k;, level N, and spectral parameter ty,. Then we have

o 11

i=1

n
< (m+ max |t |+ ki )" ]I fill2 (5-2)
i=1 n

‘ co T hes

i=1

forall m € Z>¢. Here the implied constant is allowed to depend on N .

Proof. Recalling that A = L, Ry, we get, using the product rule for the raising and lowering operators,

‘A’"]_[fi(Z)

i=1

n
LaRo---L2Ro l_[ fi(z)
=1 n
<n" max [ 1101 Uim; fi2)]. (5-3)

mi,...mpeN:Xm;=2m -
(Ui j)i.j fifty-fifty raising/lowering operators ! =1

=t=R,1=/ =
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Here the maximum is taken over all combinations of 2m operators
Ui,jilfifn, 1<) <m,
which are all either a raising or a lowering operator of appropriate weight and such that the total number

of raising and lowering operators are equal. If we have i € {1,...,n}and j € {1,...,m; — 1} such that
{Ui,j, Ui, j4+1} is of the type {raising, lowering}, then we get

Ui,jUij+1 = =Dz + k(%)

for some weight x with || < 2m + |k;| (since we can have at most m raising respectively, lowering
operators). Here the sign corresponds to whether U; ; is a raising or lowering operator. This shows that
we can replace U;, ; U;, ;41 with multiplication by

M(5) = (5 4 in) (5 ).

Repeating this, we get
(m;—m})/2

ki—1 . Kki—1
|Ui,1"'Ui,miﬁ(Z)|=‘Rk+2m;—2"'Rkﬁ(Z) l—[ (]2 +l[f)(]T—ltf)'

Jj=1

for some 0 < m| < m;, where |«;| < 2m + |k;| (or a similar expression with lowering instead of raising
operators).
By combining the bound (5-1) and the computation of the LZ-norm (3-10), we conclude that for

feBr(N)andl >0
k+2j—1+.t k+2j—1 .
—+1 ——1
2 f 2 f
L N fll2(ltr 1+ k4141

and similarly in the case of lowering operators. Combining all of the above, we arrive at

1

A
IRk421 Rizi—2 -+ Rie f lloo << ILf 2 (Itr 1+ 1k +11+1)° T
Jj=0
)l+A

1/2

Ui Uim; fi ()] < W filla(ltp ] + ki 4+ mi + DA™

for any sequence of raising and lowering operators U 1, ..., U; m; as in the maximum in (5-3). Plugging
this into (5-3) gives the wanted. O

5B. A lower bound for weight k automorphic forms. In this subsection, we will prove a lower bound
for the L2-norm of a product of MaaB forms. The idea is to go far up in the cusp so that the first term in
the Fourier expansion is the dominating term.

Let Wi 2.5 : R>o — C be the Whittaker function of weight k /2 and spectral parameter s, i.e., the

dzw 1 k/2  1/4—5? B
e e A L

unique solution to

satisfying
Wija.s(0) ~ y*/2e ™12,
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as y — oo (with k, s fixed). Then we define Wy /5 s : C\R — C for k € Z as

(D% 2 Wik 2,51y e™/? sign(k)y > 0,
Wiy2,s(2) = T((Jk|+ 1)/2+ )T ((|k]| +1)/2—75)
ra/24+s)r/2—s)
for z = x + iy € C\R. We can check that

1/2 _
Wo,s(z) = (|7);_|) K (|J2;_|)€lx/2,

where K;(y) is the K-Bessel function and

W_iki/2.5(Iy])e*/2  sign(k)y <0,

W2, te—1)/2(2) = (=12 yk/2ei2/2
for k € 27> and y > 0. Furthermore, for k € 27, we can check (see, for instance, [Stromberg 2008,
Section 4.4]) that the normalizations match up so that we have

RiWiyas = Wijat1,s (5-4)

with
k00 k
E_ly8x+y8y+2’

_ - 0
Rk - (Z Z) aZ +
denoting the weight k raising operator (and similarly for kK <0 now with lowering operators). We have the
following asymptotic expansion (see [Gradshteyn and Ryzhik 2000, (9.227)] or [Whittaker and Watson
1962, Chapter 16.3]) valid for y > 1:

2 _ — 2) .. (g2 — _ 2
R (R S )
nly

n>1
In particular, we conclude that

2n
Wiy2,s(2) = e_y/zyk/z(l + O(Z (Is|+[k1/2+n) ))

1 nly”
2
=e—y/2yk/2(1 N 0((|S|+|k| +1) )) 5-5)
y
for y > (|s| + |k| + 1)2.

Now, we let k > 0 and consider an LZ?-normalized Hecke-Maal form f € By (N) of the form
vy N Ri—2 - Ri fo, with fo a Hecke-Maall newform of weight k' and level N’ such that dN’ | N.
Combining (5-4) and (3-10) with the well-known Fourier expansions of holomorphic and Maal} forms,

we get the following Fourier expansion in the general weight case:

Afo(n)
|L(sym? f, l)Voo(f k)|1/2 Z n|1/2

fz)= Wiy2,it, (4mdnz), (5-6)
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for some constant ¢y bounded uniformly from above and away from 0 in terms of the level N. Here
Af,(n) denotes the Hecke eigenvalues of f (with the convention that A 7 (—n) = 0 for —n < 0 if fp is
holomorphic and A 7, (—n) = A 4, (n) according to whether fq is an even or odd Maall form) and

Ma T (5 £ity) it fo s Maas,
Yool foh) = o
F(k)F( 5 + 1) if fo is holomorphic.

Using this we can prove the following crude lower bound:

Proposition 5.2. For i = 1,...,n, let f; € By, (N) be an L?-normalized weight k; Hecke—Maay3
eigenform of level N. Then we have

n
I —enT2te
4

i=1

>ce
2

forall e >0, where T = max;=1,..al|ts,| + |ki| + 1 and c = c(N, &) > 0 is some positive constant.

.....

Proof. Clearly we may assume that k > 0. Given f € By (N), we write

f=vinRe—2 R fo

for a Hecke-MaaB newform fy of weight &’ (with k¢’ < k and k¥’ = k mod 2) and level N” with dN' | N.
We have, by a standard bound for the Hecke eigenvalues (see, for instance, [Iwaniec 2002, (8.7)] in the
Maal} case) and by bounding the quotient of I'-factors trivially, that

Ar(n)
n#0

T ((k+1)/2+4$)T((k+1)/2—s)
C(1/24s5)T(1/2—s)

+0(|rf|1/2Z|Wk/z,l-,,.<4ndny)}+(k+|zf|+1)k\W_k/z,,-t_,.<4ndny>}), (5-7)

n>2

— g2midx Wi /2,its (4ndy)+8fe_2”idx W_k /2,1, (47dy)

where ey = 0 if f is holomorphic and if fo is a Maal3 form we have ¢ = £1 where %1 is the sign
of fo under the reflection operator X defined in Section 3C. By the asymptotics (5-5) we see easily that

> Wisa,ie, Grdny)| + (k + |t + D¥[Wop i, (4mdny)| < e 347

n>2
for y > (|t +k + 1)2%¢. For k = 0 we conclude from the asymptotic (5-5) that (5-7) is equal to
(€2nidx + gfe—zmdx)e—any + O(y—ae—any)’
fory > (|tr| +k + 1)2*¢. Similarly, for k > 0, we see that (5-7) is equal to

e2”idx(4ndy)k/2e_2”dy 4+ 0((47Tdy)k/2_8€_2ndy)
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for y > (|ty| +k 4+ 1)>*¢, using the bound

L((k+1)/2+s)((k+1)/2—5)
I/2+s)CA/2—s)

By Stirling’s approximation, we have the crude bound

W_kj2.it, (4rdy) < (k + |tr] + l)k(47-[dy)_k/26—2ndy‘

Voo (fok) < eOUWltrI+k)log(ty 1+K))

and we also have |t7| ™% <, L(sym? f,1) <, |tz|. Thus we conclude from (5-6) that for k =0,
£ > e 55

for y = (|tg| +k + 1)>** and x such that ¢27/4X + g7¢™2714% > 1. Similarly if k > 0, we have
£E) > e 3 59,

for y > (|ty| +k + 1)27¢ (and any x). Now we easily conclude the wanted lower bound for the Z-norm
of the product by computing the contribution from the range x € [0, 1] and y =< (|t7| +k + H2te. O

In the holomorphic case, we can do slightly better since the Fourier expansion is better behaved.

Proposition 5.3. Fori=1,...,n,let f; € By, no1(N) be aweight k; holomorphic Hecke—Maayf3 eigenform
of level N (L?-normalized). Then we have

17

i=1

> e—ch””?
P

2

forall e >0, where T = max;=1,...n |ki| and c(N, &) = ¢ > 0 is some positive constant.

Proof. Let f € By poi(NV) be of the form v yk/ 2g with g € Y4 (N’) a holomorphic Hecke newform.
By the Fourier expansion (5-6), we have

. cf Ag(n)
O = Lme £ T @72 22 pif2

>1

(47Tdny)k/2€2ﬂidnz.

By bounding everything trivially, it is easy to see that for y > k1€,

A . .
Z gl(/’;) (4ndny)k/2€2ﬂldnz — (47Tdy)k/2€27”dz + 08(€_3Ndy).
n

n>1
Now the lower bound for ||[[]/~; fi |2 follows as above. |

Remark 5.4. It seems quite hard to obtain strong lower bounds for ||[[[; fi||2 as this is related to the
deep problem of nonlocalization of the eigenfunctions f; (such as L°°-bounds), see, for instance, [Sarnak
1995]. In particular, it is very hard to rule out that the f; localize in disjoint regions.
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6. Proof of the main theorem

We will now use the results proved in the previous sections to obtain our wide moment calculation. First
of all, we will use the above to obtain a version of equidistribution of Heegner points with explicit error
terms. For this, we will need the following convenient basis for the space spanned by Maal} forms of
squarefree level N (see [Humphries and Khan 2020, Lemma 3.1]):

B(N) := {ug € C®(H) N L*To(N)\H): N'd | N,u € B*(N")},

(recall that we denote by B*(N'’) all Hecke-MaaB newforms f of weight 0 and level N’) where

. 2 o(d) ”222 v (v) (W) Ay (w)
Md(Z) = (Ld(sym u, 1)W) ot v ﬂ M(UZ). (6-1)
Here,
1
Latym*ws) =] |y e s g s

pld
There is a similar basis for the Eisenstein part of the spectrum (see [Humphries and Khan 2020, Sec-
tion 3.2]). Given u € %'(N), we put
L(sym?u,s) := L(sym>u’, s)
and
L(u,s):=L,s),
where u = (') with u’ € B*(N’') and dN’ | N.

Theorem 6.1. Letky, ..., k, €27 be even integers suchthat Y k; =0. Fori =1,...,n,let f; € B, (N)
be a Hecke—Maaf3 eigenform of fixed level N, weight k;, and spectral parameter tz,. Let |Dg| — 00
transverse a sequence of discriminants of imaginary quadratic fields K such that all primes dividing N
split in K. Then we have

1 n
[Clg] > ] /o)

[Q1eTo(N)\2p (N,r) i=1
n
1
‘«Hﬁwmmwﬁ+@(
1=

..... nltg |+ kil + 1.
We have the following improvements for the exponents in the error term:

[1/
i=1

umﬁ“ﬂﬁmmmﬂ,
2

where T = max;—1

|Dg|~V1T>3/20>  ifall f; are holomorphic,
|Dk|~1/1272n2 if the level is N = 1, (6-2)
|Dg|~V/12Tn? if all f; are holomorphic of level 1.
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Proof. We put D = | Dg/| to lighten notation. By the spectral expansion for I'g(N)\H, see [Twaniec 2002,
Theorem 7.3], we have

> [] /o)

[QleTo(N)\2—p (N,r)i=1

=|C1K|<ll:[lﬁ,m>+ > <]‘[ﬁ,u>Wu,K+(Eisenstein), (6-3)

ueR (N) ‘i=1
where
Wu, K = Z u (Z Q)
[Q]€To(N)\2—p (N,r)
is the Weyl sum of level N corresponding to u, and the Eisenstein contribution is given by

n
(Eisenstein) := Z ﬁ /< 1_[ fi, Ea(' , % +it)>Wa,z,K dr,
a RYj=1

where the sum runs over the set of inequivalent cusps of ['g(N), Eq (Z, % +i t) denotes the Eisenstein
series at the cusp a (see [Iwaniec 2002, (3.11)]), and

Was K i= Z Ei(zo. % +it)
[Q]eTo(N)\2—p (N,r)
is the corresponding Weyl sum.
We will now bound the cuspidal contribution in (6-3), and as usual the Eisenstein contribution can be

bounded similarly. By Theorem 4.2, we have

DYV2L(u,1/2)L(u® xk.1/2)

W, o2
Wk ™ <y L(sym?u, 1)

(6-4)

for u € B'(N). Here the case when u is a linear combination of old forms as in (6-1) follows by linearity.
Now we observe that for u € B*(N ), we have using the self adjointness of A,

<ﬁf,~,u>(l,§+%)m=<ﬁﬁ,Amu>=<Amﬁfi,u>.

i=1 i=1 i=1
Applying the Cauchy—Schwarz inequality and Lemma 5.1, this implies

n n nzm(m+T)nA+2m
iU )<< i 6-5
<i:]_[1f ) [Tl (65

nltg| + kil + 1. Putting m = (nT?)' ¢ in the estimate (6-5), we
see that we can truncate the spectral expansion (6-3) at t,, < (Tn)?(TDn)¢ at the cost of an error of size

for any m > 0, where T = max;—

.....

n
<o (D)~ T £,

i=1

for some constant ¢ = c(N, €) > 0. By Proposition 5.2, this error is negligible.



Wide moments of L-functions |: Twists by class group characters 759

To estimate the remaining terms, we use the bound (6-4) together with Cauchy—Schwarz and Bessel’s
inequality, nonnegativity, and standard bounds for symmetric square L-functions. This gives

n
> (T Auwr
ued’'(N) i=1
tw L (Tn)%(TDn)

n 1/2
<e ]_[f,-H D”“(Z > L(u,%)L(u®XK,%)) (TDn)é, (6-6)
i=1 12 N/|N  ue®*(N’)
tu <L (Tn)2(TDn)é

where yk is the quadratic character corresponding to K via class field theory (recall that B*(N’) denotes
the set of all Hecke—MaaB newforms of weight 0 and level N').

From here on, we distinguish between the case of level 1 and higher (square free) level N. In the case
of general level N, we use the GL, subconvexity bound due to Blomer and Harcos [2008]

L(u® xx.3) < (140 ))>+e D38 e,

which gives

n 1/2
> <]_[f,~,u>Wu,K<< [1% D1/4+3/16(Tn)3(TDn)8(Z > L(u,%))
ue®’ (N) i=1 i=1 12 N/IN  ue®*(N')
tw < (Tn)2(TDn)é t, L (Tn)2(TDn)¢
n
< l_lfl D1/2_1/16(TH)S(TDI’1)8,
2

i=1
using a standard first-moment bound for L(u, %) (for instance, using a spectral large sieve).
If the level is 1, we follow Young [2017] and use Holder’s inequality together with his Lindelof strength
third moment bound [Young 2017, Theorem 1.1] to estimate the above by
n
[1/

i=1

<Le

D3'2(Tn)2(TDn)®.
2

Finally, if all of the f; are holomorphic, then by Proposition 5.3 we can use the estimate (6-5) with
m = nTT¢ instead, which leads to the improved exponents. O

Remark 6.2. Alternatively, we can estimate (6-6) by using the bound
(M)t
i i
where || - ||; denotes the L!-norm, using here the L>°-bound of Iwaniec and Sarnak [1995]. This leads to

o |11

i=1
which is more convenient in some cases (with similar improvements in the special cases of holomorphic
and/or level 1 as in (6-2)).

’
1

the error term

|DK|_1/16T35/6n35/6(T|DK|I’Z)8),
1
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6A. A wide moment of L-functions. Combining this with our explicit formula, we arrive at our main
L-function computation. We will use the following shorthand for K an imaginary quadratic field with
class group Clg: N

Wide(K, n) := Wide(Clg, n),
with Wide(G, n) as in (1-1). Note that the following statement is a slight generalization of Theorem 1.7
(allowing for the representations not to have the same conductor):

Theorem 6.3. Let N > 1 be a fixed squarefree integer. Fori = 1,...,n, let m; be a cuspidal automorphic
representation of GL,(A) with trivial central character of conductor N; | N, spectral parameter ty,, and
even lowest weight kr;. Letky, ..., k, € 2Z be integers such that |k;| > kr, and )_; k; = 0.

Let | Dk | — oo transverse a sequence of discriminants of imaginary quadratic fields K such that all
primes dividing N split in K. For each K, pick Hecke characters Q; g with co-type x +— (x/|x|)ki
such that [ |; Q; k is the trivial Hecke character (notice that this is always possible since, we know that
[1; 2,k is a class group character).

Then we have for f; € By, (N) in the representation space of m;,

n
> TT(cnennlim®ntig.5)"?)

(x;)EWide(K,n)i=1
_ |Clg|" " 1
= o\ L S )+ ©
1=

nlkil +ltr |+ 1, cr = (8N,-)_1coo(n,-,oo,k,-) with oo as in (4-11), and &, 5, are

complex numbers of absolute value 1.

[1/

|DK|—1/16T5n5<T|DK|n)6)), 6-7)
i=1

2

where T = max;—1

.....

We have the following improvements for the exponents in the error term:
| D |~YY0T5/235  if 7; are discrete series of weight kn; = ki,
|D|~Y12T202  ifthe level N = 1 is trivial, (6-8)
|Dg|~1/12Tn2 if N =1 and m; are discrete series of weight kr, = k;.

Proof. By the fact that [ [; Q; g is trivial, we see that

[175@ =[]k f@)

i=1 i=1
for any x € Ag. In particular, if we fix a quadratic form Q € 2p, (N, r) and choose x = xg € Ag as in
Corollary 4.3, then we get

n n 1/4 /
(Ao =[] @xc0) fica)= ¥ H(ex,lc,f,"fg' L(menix )| xl([a])).

=1 =1 X1 :XneClKl_

Summing this identity over a set of representatives for I'o(N)\2p, (N, r) = Clg, applying Theorem 6.1,
and using orthogonality of class group characters (i.e., the Fourier theoretic equality (1-2)=(1-3)), we
arrive at the conclusion. U
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Remark 6.4. The fact that we have ||[]; fi|2 in the error term and not, say, L°°-norms, turns out to be
crucial for applications to nonvanishing; see Section 7C.

6B. The diagonal case. In this subsection, we will use Theorem 6.3 to calculate another family of
moments. For this consider the following “nontrivial diagonal”:

n n
Widen(G.2n) := {(){1,101,...,)(,1,%) cG": i # v [[ni=T] %}-
i=1 i=1
The starting point is the following lemma:

Lemma 6.5. Let G be a finite abelian group and L, ..., Ly, : G — C maps. Then we have
n
~ = 1
> [Ewben=- ¥ (—1)'M'( S T] |L,~<g)|2) I ( ) |L,~<g)|2).
(Xi,lﬁi)GWidemd(é,Zn)izl Mc{1,...,n} geGi¢M ieM “geG
Here L : G — C denotes the Fourier transform given by y — (1/|G|) deG L(g)x(g).

Proof. By the principle of inclusion and exclusion, we have

~

> [TLZiGLiw)

(Xi ¥i)€Wideya(G,2n) I=1

~

= Y p™ > [TLiGhLiwi. ©9)

Mc1,....n} (XA L seves X W) EWide(G2n) =1
Xi=viieM
where the sum is over all subsets M of {1,...,n}. Furthermore, we have

~

> [1ZiGLiv)

(Xl ,% sees X s%)erde(Gszn) =1

Xi=vileM
= ( > []ZixLs (wl-)) I1 (Z |Z,-(x)|2), (6-10)
(i V)i g €Wide(G 2(n—| M) 1M 1M " yeG
from which the result follows using the Fourier theoretic equality (1-2)=(1-3). O

From this we get the following corollary:

Corollary 6.6. Let 7r;, K, k; be as in Theorem 6.3. Fori =1, ...,n, let Q; g be a Hecke character of K
of co-type a > (ao/|a|)¥i and f; € Br; (N) in the representation space of w;. Then we have

n

1/2 1/2

2. [Texwsilen PL(mi®ni ik, ) *L(mioviQix. 3)"
(Xi»¥i)EWidey(K,2n) i=1

|Clg > M|
" |Dx["? 2. D

Mc{1,...,n}

2 n
-H||ﬁ~||2+08(1‘[||fl-||oo|DK|-1“6T5n52"(T|DK|n)8)),

ieM i=1

[17

i¢M

as |Dg| — oo, where ¢y, = (8Ni)_lcoo(m,oo, ki) with coo (i 00, ki) as in (4-11) and &y y, 1, complex

numbers of norm 1.
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Proof. The result follows from Lemma 6.5 combined with Theorem 6.3 by bounding the norms in the

error terms by the L°°-norms of the f;. |

7. Applications to nonvanishing

Clearly, Theorem 6.3 gives a way to produce weak simultaneous nonvanishing results (in the sense of
Section 2) given that we have

(1 51) 40 -

i=1
In this section, we show nonvanishing as in (7-1) in a number of different cases.

The simplest case is 7 =2 and f; = f> (which is the one considered by Michel and Venkatesh [2006])
where the period is the L?-norm and thus automatically nonzero. Using our quantitative moment
calculation in Theorem 6.3, we obtain a uniform version of [Michel and Venkatesh 2006, Theorem 1] in
the general weight case.

The case n = 3 is also very appealing since the corresponding triple periods are connected to triple
convolution L-functions via the Ichino—Watson formula [Ichino 2008; Watson 2002]. There are some prior
work obtaining nonvanishing of triple periods, which immediately give weak simultaneous nonvanishing
using Theorem 6.3. Reznikov [2001] showed using representation theory that for any Maal} form f
of level N, there are infinitely many Maaf forms f; of level dividing N such that { f2, f1) # 0 (in
the level 1 case, this was reproved by Li [2009] using more analytic methods). Similarly, the quantum
variance computation of Luo and Sarnak [2004] implies the following: for any Hecke—Maaf} eigenform f
with L(f, 3) # 0, there are > K many holomorphic newforms g € #4(1) with K <k < 2K such that
(yk|g|2, f) # 0; see also [Sugiyama and Tsuzuki 2022]. We get similar nonvanishing with f a Hecke—
Maal newform using the corresponding quantum variance computation by Zhao and Sarnak [2019]. Note
that the nonvanishing results for triple periods { f1 f> f3, 1) obtained in the above mentioned papers all
have two of the forms equal. In terms of applications to nonvanishing these result are not that interesting.
Motivated by this, we introduce below a method for obtaining nonvanishing for n = 3 where all of the
forms f1, f», f3 are different.

Finally in the holomorphic case, we can show nonvanishing of periods for general n using a very soft
argument.

7A. The second moment case. In this subsection, we consider the simplest case of n = 2 in which
the nonvanishing of the main term in (6-7) is automatic. In particular, this gives an improved version
of [Michel and Venkatesh 2006, Theorem 1] with uniformity in the spectral aspect and generalizes the
results to general weights.

Corollary 7.1. Let N be a fixed squarefree integer and ¢ > 0. Let w be a cuspidal automorphic
representation of GL (A) of level N, spectral parameter t, and even lowest weight k. Let k be an even
integer such that |k| > k., and put T = |t;| + |k| + 1.
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Then there exists a constant ¢ = c(N, €) > 0 such that for any imaginary quadratic field K such that
all primes dividing N splits in K with discriminant |Dg| > ¢T16%/3%¢ (respectively, |Dg| > ¢ T22FE if
N = 1), we have

|Dg|V/1058  ifwisd.s,

#{yeClg:L Qr. 1) #0) >
¥4 K L(7® (QkK. 5) #0} > ID|V2648  if 1 is p.s,

where Qg is a Hecke character of K of conductor 1 and co-type a — (a/|t|)F.

Proof. Let w be as in the corollary above. We apply Theorem 6.3 with the error term coming from
Remark 6.2 and with 7y = 77, = 7 and f; = f> belonging to 7 of weight k > k. In this special case, it
is clear that we can truncate the spectral expansion (6-3) at t,, < T1T¢|Dg|¢ at a negligible error since
we have

IAflh=1Al13=1

(for any f7 as above). Thus, both in the (raised) holomorphic and MaaB case, we have the error terms

O€(|DK|_1/16T20/6(|DK|T)8) for general level N
and
O:(|1Dk|7V12TV8(|Dg|T)®)  for level N = 1.

From this, we see that for | Dg| > cT160/3+¢ (respectively, | D | > ¢T?27¢), the RHS of (6-7) is nonzero.
Thus, the LHS (6-7) is also nonzero and satisfies >, |Dg |74~ using Siegel’s lower bound (3-1).
Now the result follows directly using the subconvexity bounds for Rankin—Selberg L-functions due to
Michel [2004] and Harcos and Michel [2006]. O

7B. Triple products of Maafi forms. A very attractive case of Theorem 6.3 is n = 3, where the
nonvanishing of ( f1 f2 f3,1) is equivalent to the nonvanishing of the triple convolution L-function
L(m R oy Q 73, %) due to the Ichino—Watson formula [Ichino 2008; Watson 2002]. In this section, we
introduce a soft method (relying on results of Lindenstrauss and Jutila—Motohashi) to derive nonvanishing
results in the case where f1, f2, f3 are all MaaB3 forms of level 1.

By the spectral expansion for L2(SL,(Z)\H) [Iwaniec 2002, Theorem 7.3], we have

I A1f213 = (fifo. f1 fo) =f %:(1) (fife. F)F+ ﬁ/RHflfz,Eszdh (7-2)

where E;(z) = FE (z, % +i t) is the nonholomorphic Eisenstein series of level 1. Using the Ichino—Watson
formula [Ichino 2008; Watson 2002] (which in the Eisenstein case reduces to Rankin—Selberg), we have

L(/i® 20 11/2)

2 _
|<f1f2’f>| - 8L(sym2f1,l)L(Sym2 fz,l)L(Symzﬁl)h(tfl,tfz’[f)

and
2 IL(fi ® fo.1/24i1)]?
4L(sym? fi, 1) L(sym? fa, D[¢(1 +2i1)[?

|(f1f21Et>| h(lfl,lfz,t),
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where
H:I: F(l/4:i:i[1/2:|:it2/2:|:il3/2)

IT(1/2+it)PITA/2+i0)PI0(1/2+it3)]*

Here the product is over all 8 combinations of signs. If we fix 71, then it is standard using Stirling’s

h(t1,t2,13) =

approximation to prove that for #;, #3 > 1, we have
hitr, t2,13) gy € 2701+ j =) T A+ 1 +13) 7

This shows that the contribution from respectively, |t — £, | > (t7,)® and [ty —t£,| > (t7,)® in (7-2) is
negligible.

We would like to show that actually all of the contribution from the Eisenstein part in (7-2) is negligible.
This is connected to the subconvexity problem for Rankin—Selberg L-functions in a conductor dropping
region, and is thus very difficult. We can however get unconditional results if we keep f1 fixed and
average over f> using the following result due to Jutila and Motohashi [2005, (3.50)]:

Theorem 7.2 (Jutila—Motohashi). Let f1 € Bo(1) be fixed. Then we have
Yo L(A® ki) <. T (7-3)
ltp,—TI<T*®
uniformly for |t — T| < T*.
Strictly speaking [Jutila and Motohashi 2005] only deals with the case where f; is an Eisenstein series,
but (as remarked in [Blomer and Holowinsky 2010, p. 3]) the same estimate follows in the case of Maal}

forms using the exact same argument relying on the spectral large sieve.
From Theorem 7.2, it follows that for any § > 0, we have that

/ IL(fi ® fo, S +it)|?dt < T (7-4)
lt—tr,1<(@tr,)*®

for all but at most O (7€) MaaB forms f> with ltp, =T| < T*.
Recalling the estimates ty ¢ L L(sym? f,1) <, tjf, we conclude combining all of the above that for
any f5 satisfying (7-4), we have

IALE= D WA )P+ 0(T75). (7-5)
ltr=T|<T?¢

By QUE for Maal} forms due to Lindenstrauss [2006] (with key input by Soundararajan [2010]), we
know that

112l > Wfil £0. and (fifo. ) > {f1, 2) =0,

as 1z, — 0o. Thus we conclude from (7-5) that for T' large enough there is some f3 # f> with |17, —T [ <T*
such that { f1 f2, f3) # 0. Furthermore, we obtain a lower bound for free using Weyl’s law,

#{f eBo(l): |ty —T| < T} < T
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From this we obtain the following result:

Proposition 7.3. Let f1 € Bo(1) be fixed and ¢ > 0. Then for T > 0 large enough (depending on fi
and ), we have that for all but Og(T??) of f> € Bo(1) satisfying ltg, = T'| < T*, there exists some
f3 € Bo(1) not equal to f> with |ty — T| < T*® such that

[(f1 120 3 > || f1 foll2/ T8

From this, we deduce the nonvanishing result in Corollary 1.3.

Proof of Corollary 1.3. Let f», f3 be as in Proposition 7.3. Then we apply Theorem 6.3 (in the level 1 case)
with n = 3, k1 = ko = k3 =0, and test vectors f1, f2, f3. We observe that

1 fi f2f3ll2 |Dk| "V T2(IDK|T)E < || fi fall2 ltgy 171278 D |~V 12 T2(| Dk TP,

by the sup-norm bound due to Iwaniec and Sarnak [1995]. Thus we see that if [Dg| > . T33%¢ the
error term in the asymptotic (6-7) (with exponents as in (6-8)) is strictly less than { f1 f> f3,3/7). Thus
we conclude that the LHS of (6-7) is nonvanishing and satisfies >, 1 |Dg |34~ (using Siegel’s lower
bound (3-1) again). Now by the subconvexity estimate for L(f; ® 6,,1/2) due to Harcos and Michel
[2006, Theorem 1] (where 60, is the holomorphic theta series associated to the Hecke character x;), we
get the wanted quantitative nonvanishing result as | Dg| — oo. O

7C. The holomorphic case. Consider Theorem 6.3 in the case where 7y, ..., 7, are all holomorphic
discrete series representations of GL, and k; =k, > 0. Furthermore, pick f; = ykil2g; with g; € Fk,(N)
a holomorphic Hecke newform. Then we know that

n
[g €%V
i=1
where k =) ; k; (which might not be a Hecke—MaaB eigenform(!)). A basis By o1 (N) for Fx(N) is
given by v; N yk/ 2g, where g € ¥;(N’) is a Hecke newform and d N’ | N. This implies that

n 2 n T on
\yk Me| = X (s [Tenm( [Tais).
2

i=1 ul;u2€%k,hol(N) i=1 i=1
Since any two u1,uz € By poi(IN) are orthogonal (with respect to the Petersson inner product) if the

underlying Hecke newforms are different and since the dimension of ¥4 (N’) is <y k, we conclude
the following:

Proposition 7.4. Let N be a fixed positive integer, and let k1, ...,k € 27~ be even integers. For
i=1,...,n,let g € Fk;(N) be a holomorphic Hecke newform of level N and weight k;. Then there
exists some v N,yk/zg € B not(N) withk = k1 + -+ -+ ky, such that

n n
ki/2 k/2 HITi=1 Y
i=1

kil2g; Hz

(7-6)

Combining this with Theorem 6.3, we obtain the following nonvanishing result:
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Corollary 7.5. Let N be a fixed squarefree integer, and let k1, . .., ky € 2Z¢ be even integers. Fori =
1,....n, let w; be automorphic representations corresponding to holomorphic newforms g; € $i,(N) and
put k =) k;. Then there exists a constant ¢ = c¢(N, €) > 0 such that for any imaginary quadratic field K
such that all primes dividing N split in K and the discriminant satisfies |Dg | > c(max; k; )*%n80k12+¢,
we have

# (X1, qn+1) € Wide(K,n + 1), g € B por(To(N)) :
L(mi ® 1191,k 3) L(0 ® 1n k. 3) L (g ® xnt+1Qn+1,k. 3) # 0}
i |DK|(n+1)/2115,

where k =) _; k; and Q; g are Hecke characters of K with co-types x +> (x/|x))*i and Qui1,k =
[Ti=: @ik
Proof Fori=1,...,n,let f; = y%i/2g; andlet f = v;’N,yk/zg € B ot (Lo (V) be as in Proposition 7.4.
We have the following sup-norm bound due to Xia [2007] (or more precisely the natural extension to
general level):
1f loo <& kM4FE,

Thus, we conclude that

I1s

i=1

ot

i=1

e k1/4+8
2

2
Combining the above with Theorem 6.3 (using the improved error term (6-8)) and the lower bound (7-6),
we conclude that there is some constant depending only on N and ¢ > 0 such that as soon as
|DK|1/16 > Ne ( rrllax ki)5/2n5k1/4+1/2+8,
i=1,...,

then the RHS of (6-7) is nonzero. Thus the LHS (6-7) is also nonzero and is >, x |D Kl"/ 4=¢ using
Siegel’s lower bound (3-1).

Finally, since all of the f; are holomorphic we can employ the subconvexity bound for Rankin—Selberg
L-functions L( fi ® 0y, «» %) due to Michel [2004], where 0y, ; , is the holomorphic theta series
associated to the Hecke character y;2; x defined in Section 3B. Finally, we use that

L(f®0XQn+1.K’%) :L(f®95(§n+l,K’%)

to get rid of the conjugate in the last Rankin—Selberg L-functions. This gives the wanted qualitative lower

bound for the nonvanishing. O
In the special case of level 1, we can do slightly better.

Proof of Corollary 1.4. Using the improved error term in Theorem 6.3 in the case of level 1 holomorphic
forms, we see that the RHS of (6-7) is nonzero as soon as

IDx M2 >N, (. max ki)yn2k3/4te,
i=1,...,

)

Using the trivial estimates n < k and max; k; < k, we conclude Corollary 1.4. O
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7D. Applications to Selmer groups. In this last section, we will give applications of our results in the
holomorphic case to triviality of the ranks of Bloch—Kato Selmer groups. We will restrict to level 1 for
simplicity of exposition.

The setting is as follows: given a holomorphic Hecke eigenform f of weight k and level 1, a Hecke
character © of an imaginary quadratic field K /Q of conductor 1 and infinity type « — («/|e|)¥, and a
prime number p > 2, we have an associated Bloch—Kato Selmer group

Sel(K, Vf,gz/l\f,g),

where Vy.q := V¢, |G, ®$2 denotes the p-adic Galois representation associated to f ® Q2 and Ay, C Vyq
is a certain lattice. For details and exact definitions, we refer to [Castella 2020, Definition 5.1]. The
Bloch—Kato conjecture predicts that the rank of Sel(K, V.q/Afq) is zero exactly if L(]‘[f R Q, %) #0.
This conjecture has been proved under mild assumptions by Castella [2020, Theorem A]. In order to state
these assumptions, we will need some notation. Given f as above, we denote by Ly the p-adic Hecke
field of f and ps : Gg — Auty, . (Vy) the p-adic Galois representation associated to f and p s the mod p
reduction of ps. We denote by © the set of all imaginary quadratic fields K/Q of odd discriminant D g
satisfying the following hypotheses:

(1) The prime p splits in K,

(2) pthk,
(3) prlGk is absolutely irreducible.

Then we can rephrase our results in the following way:

Corollary 7.6. Let f be a holomorphic Hecke eigenform of even weight k and level 1. Let p > 5 be a
prime such that p— 1|k —2 and f is p-ordinary.
Then there exists a constant ¢ = c(g) > 0 such that for any imaginary quadratic field K € © with

k22+8

discriminant |Dg| > ¢ , we have

#{x € Clg :rankz(Sel(K, Vs yax /Asyax)) = 0} > | Dg|/10%8,
where Qg is a Hecke character of K of conductor 1 and oo-type o — (a/|a|)k,

Proof. This follows directly from Corollary 7.1 combined with the explicit reciprocity law [Castella 2020,
Theorem A] and the arguments in [Castella 2020, Section 6.3]. O
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On Ozaki's theorem realizing prescribed p-groups as
p-class tower groups

Farshid Hajir, Christian Maire and Ravi Ramakrishna

We give a streamlined and effective proof of Ozaki’s theorem that any finite p-group I' is the Galois
group of the p-Hilbert class field tower of some number field F. Our work is inspired by Ozaki’s and
applies in broader circumstances. While his theorem is in the totally complex setting, we obtain the result
in any mixed signature setting for which there exists a number field ko with class number prime to p. We
construct F/kg by a sequence of Z/ p-extensions ramified only at finite tame primes and also give explicit
bounds on [F : kg] and the number of ramified primes of F/kg in terms of #I".

1. Introduction

For a number field k, define L, (k) to be the compositum of all finite unramified Galois p-extensions of k.
The extension L, (k) /k is called the p-Hilbert class field tower of k, and its Galois group Gal(L,(k)/k) is
its p-class tower group. Ozaki [2011] proved that every finite p-group I' occurs as Gal(L,(F)/F) for
some totally complex number field F. His strategy is as follows.

As finite p-groups are solvable, it is natural to proceed by induction. After establishing the base case
(realizing Z/p as a p-class tower group), it remains to show that given any short exact sequence of finite
p-groups

1-7Z/p—-G —-G—1 (1)

where G := Gal(L, (k) /k), one can realize G" as Gal(L , (k") /k’) for some number field k’. Ozaki constructs
such a k’/k via a sequence of carefully chosen Z/p-extensions.

In this paper, we provide a streamlined and effective proof of Ozaki’s theorem. Some differences
between our work and Ozaki’s are:

» He must start with a totally complex kg and then construct a field F/ky whose p-Hilbert class field
tower has the given I" as its Galois group, while we start with a number field k¢ of arbitrary signature
whose class number is prime to p.
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» Our result is effective and we are able to obtain explicit upper bounds on [F : ko] and the number of
ramified primes in F/kg, all of which are tame and finite.

» Moreover, we bypass some of the most delicate and involved arguments of [Ozaki 2011].
We prove:

Theorem. Let I' be a finite p-group and ko a number field with (#Cly,, p) = 1. There exist infinitely
many number fields F /Ko such that Gal(L,(F)/F) ~T" and

o if up & Ko then F/Kg is of degree at most p? -#T and is ramified at at most 2+ 2 log ,(#I') finite tame
primes,

e if w, C ko then F/Kq is of degree at most p - (#I')? and is ramified at at most 1 + 3 log,(#T") finite

tame primes.

Remark. If our starting field kg has infinite p-Hilbert class field tower, there is no hope of solving the
problem with a finite extension of ky. If on the other hand the tower is finite, one can simply pass to
the number field L, (ko), which has the same signature ratio as ko, and use that as the starting point to
realize I.

As any (topologically) countably generated pro-p group I is the inverse limit of finite p-groups, Ozaki
shows any such I is the Galois group of the maximal unramified p-extension of some infinite extension
of Q. The corresponding corollary of our theorem is:

Corollary. Any (topologically) countably generated pro-p group T, including p-adic analytic T, can be
realized as Gal(L,(F) /F) for a totally real tamely ramified infinite extension F/Q.

We now give details about the structure of our proof and the difference between our methods and
Ozaki’s, though we were very much inspired by Ozaki’s beautiful theorem and techniques.

We start the base case of the inductive process with any number field kg, of any signature, whose
class number is prime to p. Referring to the group extension (1) with G being trivial, one has to find
an extension k' /kg such that k' has p-class group tower exactly Z/p, which is equivalent to the p-class
group being Z/p. This is a standard argument and is part of Proposition 2.15.

The base case being done, we proceed to the inductive step (with our base field relabeled k). There are
two cases, depending on whether (1) splits or not. For the sake of brevity, we only outline the nonsplit
case in this introduction; the split case is handled similarly. For a set of places of k, we say that an
extension k’/k is exactly ramified at S if it is ramified at all the places in S and nowhere else.

We need to find a suitable tame prime v; of k such that:

* vy splits completely in L, (k) /k.
 There is no Z/p-extension of k exactly ramified at v;.

 The maximal p-extension L, (k)(y,;/L,(k) exactly ramified at the primes of L, (k) above v; is of
degree p and solves the embedding problem (1).



On Ozaki's theorem realizing prescribed p-groups as p-class tower groups 773

Arranging this and its split analog are the main technical difficulties. One then chooses a second prime
v2 that also solves the embedding problem as above and remains prime in L, (k)(y,} /L, (k). The existence
of v, and v, will follow from Chebotarev’s theorem. The compositum of these two solutions, after a
Z /p-base change k’/k ramified at both v; and v, (which exists!), gives the unramified solution to the
embedding problem (1) which we show is L, (k’). This is done in the proof of Theorem 3.3.

Our ability to choose primes v; as above depends upon the existence of Minkowski units in the tower
L, (k)/k, namely on the condition that (’)LXP a0 ® F,~F p[G])‘ @ N where N is an [ ,[G]-torsion module
and X is a large enough integer. In some situations, Minkowski units are rare; see Section 5.3 of [Hajir
et al. 2021]. By contrast, both for Ozaki’s proof (implicitly) and ours (explicitly), much of the work
involves seeking fields for which they exist in abundance.

If 1, C k, we may not be able to make our choices of v; as above to both split completely in L, (k) /k
and solve the nonsplit embedding problem (1). In this case we need to perform an extra base change l~</ k
to shift the obstruction to the embedding problem so that we can proceed as above. The base change 1~</k
must preserve the tower, that is L, k) = L, (k)k. Theorem 3.2 provides such a k.

Finally we check that the condition “A is large enough” persists, that is there are enough Minkowski
units to keep the induction going. Proposition 2.14 guarantees this. To sum up, the key ingredients of the
proof of the above theorem and corollary are Theorems 3.2 and 3.3 and Proposition 2.14.

We now explain in some detail Ozaki’s approach and our simplifications:

o Using a result of Horie [1987], Ozaki starts with a quadratic imaginary field with class number prime
to p in which p is inert. He then chooses a suitable layer k in the cyclotomic Z ,-extension as the starting
point of his induction. Assuming the problem solved for G in (1) and relabelling k as his base field, he
proceeds inductively with the goal to find a k’ O k whose p-Hilbert class field tower has Galois group G'.
For the induction to go forward, Ozaki needs r>(k) > B (k) (implicit in this inequality is the existence of
enough Minkowski units) where B, (k) is a certain explicit quantity depending on k, G and the p-part
of the class group of K :=L,(k)(«,). This involves delicate estimates in Section 4 of [Ozaki 2011].
We replace r»(k) > B, (k) with f(k) > 2h'(G) + 3 where 4 (G) :=dim H'(G, Z/p) and f(k), which is
a lower bound for the number of Minkowski units in L, (k) /k, depends only on h'(G), h*(G) and the
signature of k. We neither consider K nor invoke the estimates of Section 4 of [loc. cit.].

o Ozaki [2011, Section 6] proves his base change Proposition 1, namely he shows there exists a ramified
Z [p-extension l~</ k such that Gal(L, k) /E) >~ Gal(L,(k)/k). He uses this repeatedly when solving each
embedding problem (1). Several tame primes are ramified in l~</ k and he also needs that K and Kk have
the same p-class group. This makes the proof significantly more involved. Theorem 3.2 of this paper, our
version of his Proposition 1, has only one tame prime of ramification and K plays no role. We only invoke
Theorem 3.2 when w, C k. In particular, for p odd, our Corollary above makes no use of Theorem 3.2.

« To solve the embedding problem (1), Ozaki base changes several times (to a field relabeled k) and then
uses a wildly ramified Z/p-extension L/L (k) to solve (1). After more base changes this is switched
to a solution ramified at one tame prime. He then proceeds as in the description of this work using two
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such solutions and a base change that absorbs the ramification at both tame primes to find a k’ such that
Gal(L, (k') /k') = G'. We go directly to this last step and require at most two Z /p-base changes to solve
the embedding problem. This allows us to quantify explicitly both the degree and number of ramified
primes of F/ko.

Notations. Let p be a prime number:

o L is a number field, O its ring of integers, (’)fj its units and Clp and CIi [ p°] are, respectively, the
class group of L and its p-Sylow subgroup.

 For a finite set S of primes of L, set
VLs={xeL™, (x) =727, x € (L))’Vv € S}.
In particular, one has the exact sequence
1 - O ®F, > Vi g/(L*)? — Cl[p] — L.
 The superscript * indicates the Kummer dual of an object Z defined over a number field L, though we

never work with the Gal(L(y,)/L) action on Z".

e Lg is the maximal pro- p-extension of L unramified outside S, G5 := Gal(Lg/L) and L, (L) := Ly, the
maximal unramified pro-p-extension of L, as it will ease notation at various points.

e W (H):=dimH'(H,Z/p).
e Gov(L):=L(up)({/ VL&), the governing field of L. The span of {Fr,},es in M (L):=Gal(Gov(L)/L(u))
controls dim H'(Gy).

The following may be helpful in orienting the reader:

* We frequently use finite tame primes with desired splitting properties in number field extensions. We
always use Chebotarev’s theorem for the existence of such primes.

e Our Z/p-extensions L'/L of number fields are only ramified at (one or two) finite tame primes so
rily=p-ri(Lyand u, CL' & pu, CL.

« Note that kg is our given base field, whereas k is a field used in the inductive process with p-class tower
group G from (1). Our task is to construct k’ with p-class tower group G'. Finally, 12/1( is an extension
having p-class tower group G, the same as for k.

2. Tools for the proof

2A. [F,[G]-modules and Minkowski units. Let G be a finite group, a p-group in our situation. We record
a few basic facts about finitely generated [ ,[G]-modules M; see [Curtis and Reiner 1962, Section 62].

Fact 2.1. Any finitely generated [ ,|G]-module M is isomorphic to [Fp[G]A @ N where N is a torsion
F,[Gl-module (every n € N is a torsion element) and where A depends only on M.
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Proof. As free modules are clearly projective, Theorem 62.3 of [Curtis and Reiner 1962] implies they
are injective. It follows immediately that if [ ,[G] is a submodule of an [ ,[G]-module M, we have the
F,[G]-module decomposition M = [ ,[G] @& M. Apply the same argument to MV and iterate until, at
the A-th stage there are no copies of [,[G] in M ). Thus for every mpe M ™) we have F p[Gl-mo #TF,[G]
and thus m has nontrivial annihilator. The result is established. Il

Set Tg :=)_ 2¢G 8- Denote by I the augmentation ideal of F,[G]. For x € M set Anng(x) := {a €
Fp[G]|o-x =0}. Let {s1, ..., s,1(G)} be a system of minimal generators of G. By Nakayama’s lemma
and the fact that I/, 2~ G/GP[G, G], Ig can be generated, as G-(right or left)-module, by the elements
x; =5 — 1.

Proposition 2.2. With the x; as above, let M = [F,,[G]hl(G) and x = (x1,x2, ..., Xp1G) € M. Then
Anng(x) = [FPT(;.

1
Proof. Anng(x) = ), Anng(x;) = Anng((x;)]_(") = Anng (I) = F, . O

Proposition 2.3. Let M =T, [G]* @ N be a finitely generated F p[Gl-module where N is torsion. Then
T(M) = F.
Proof. Tt is clear that TG([FP[G]’\) o~ [F?,. We now show Tg(N) = 0.

Let n € N so Anng(n) # 0. Note that Anng(n) C F,[G] is a p-group stable under the action of the

p-group G and thus has a fixed point. But it is easy to see the only fixed points of [,[G] are multiples of
TG so Tg € Anng(n) as desired. O

Definition 2.4. We say the tower L, (k)/k with Galois group G has A Minkowski units if, as F,[G]-
modules, VL, x).z/L, &) P = (’)Ep(k) ®F, ~ [Fp[G]A @ N where N is an [ ,[G]-torsion module.

2B. Extensions ramified at a tame set of primes. We recall a standard formula on the number of Z/p-
extensions of a number field with given tame ramification; see Section 11.3 of [Koch 2002] for a proof.

Recall that for a field L,
0, mp,¢gL,

s(L)=
@ {1, up CL.

Proposition 2.5. Let L be a number field, p a prime number and X a set of tame primes of L prime to p.
Then

dim Hl(GL,X, Z/p) =dim(Vy x/L*P) —r(L) —ra(L) — 8(L) + 1 + Z(S(Lv). 2)
veX

Our v € X are always finite and have norm congruent to 1 mod p so §(L,) = 1.

Fact2.6. Let S be a set of tame primes of L as above. For each v € S let Fr, € M (L) :=Gal(Gov(L)/L(ip)).
If the set {Fr,, v € S} spans an (#S — d)-dimensional subspace of M (L), then

dim H' (G 5, Z/p) = d +dim H'(Gy , Z/p).

When ., ¢ L, Fry is only well-defined up to nonzero scalar multiplication.
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Proof. In (2), as we vary X from @ to S, we are adding ), _¢8(L,) = #S to the right side, but also
subtracting dim(Vy, /L*?) — dim(V, x/L*?) from the right side. This last quantity is #S —d. O

Fact 2.7. Let L be a number field such that (#Cly, p) = 1. Let L' /L be a Z ] p-extension exactly ramified
at S ={vy, ..., v} where the v; are finite and tame. Then (#Cly/, p) = 1 if and only if L /L is the unique

Z | p-extension of L unramified outside S. In particular, that is the case when |S| = 1.

Proof. Indeed, (#Cly/, p) # 1 if and only if there exists an unramified Z/p-extension H /L’ such that
H /L is Galois (use the fact the action of a p-group on a p-group always has fixed points). Observe that
H /L cannot be cyclic of degree p? as all inertial elements of Gal(H /L) have order p and they would
thus fix an unramified extension of L, a contradiction. So Gal(H /L) >~ Z/p x Z/p, and L has at least
two disjoints Z/ p-extension unramified outside S, also a contradiction. U

Set BL s = (VL,s/L*?)". Recall 1}  :=Ker(H*(Gs, Z/p) — @vesH*(Gy, Z/p)). Fact 2.8 below
is well-known; see Theorem 11.3 of [Koch 2002].

Fact 2.8. I_Hf’ ¢ BLs.
Let Ar be the number of Minkowski units in L, (L) /L.
Fact2.9. If i, ¢ L then AL =r1(L)+r2(L)—14+h"(G)—h*(G). If u, C L then A, > r1(L)+r2(L)—h*(G).

This result is Theorem 2.9 of [Hajir et al. 2021], but we sketch the proof for the sake of keeping this
paper self-contained.

Proof. Set G = Gal(L,(L)/L). We consider two “norm maps” induced by the norm map on units
OE,,(L) — O

o Ng sending (’)L ) ®F,to or/orn ((’)L ) cC OLX,,(L) QFp.

. Né:(’)ﬁ< L ®F, = O ®F,.
One easily sees Né((’)L (L)®[F )= NG(OL (L)®[F p») and this is an isomorphism provided o ﬁ((’)L (L)) =
(O[)?: in particular th1s is the case when u, ¢ L; see Proposition 2.8 of [Hajir et al. 2021].

Write OEP w® F,~F p[G]’\L ® N, where N is an [ ,[G]-torsion module. By Proposition 2.3 one has
NG(o,fp(L) ®F,) = F)t. Hence, when 1, ¢ L

( O ®F,
m /
NG(Of ) ®Fp)

) = dim(O; ®F,) — Ar.

When ., C L, note that the “difference” between the images of Ng and Né’ has p-rank at most dim((’)]f N
L]:(L)/(O )P) <h'(G), so

dirn( OL ®F, ) > dim(O) ® F,) — A, —h'(G)
/ — — AL :
N, (OL (L)®[FP) - !
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To conclude, we use the well-known equality (see [Roquette 1967, Lemma 9])

Or ®F
hZ(G)—hl(G)zdim< e . ) 0
NGO 1) ®Fp)

2C. Solving the ramified embedding problem with one tame prime. We start with our nonsplit exact
sequence
1—-7/p—>G —-G—1. (3)

given by the element 0 # ¢ € H*(G, Z/p).

We assume that G = Gal(L, (k) /k).

Set S = {v} where v is a finite tame prime of k. We first show the existence of a lift of G to G’ in some
ks/k for certain v of k. We call this solving the embedding problem (3) in k.

Recall that 111} ¢ < By s by Fact 2.8. Here 11T} , ~ H*(Gx . Z/p) ~ H*(G,Z/p). Let Inf :
H 2(Gk, z,2/p) > H Z(Gk, s, Z/p) be the inflation map. We have the commutative diagram:

Inf,
2 S 2
IHk %) Hlk, S

\[\h Jj\g
ky®F,)" —— DBy o SELIN Dk, s

By Hoeschmann’s criteria (see [Neukirch et al. 2008, Chapter 3, Section 5]), the embedding problem
has a solution in kg if and only if Infg(¢) = 0. As L,(k)/k is unramified, Infg(e) € IH% g and as
g(Infs(e)) = fs(h(e)) € Bk s, the embedding problem has a solution if and only if (e) € Ker( fs).

Set Govg(k) := k(up)(M). In the governing extensions k(u,) C Govs(k) C Gov(k), one sees
that the kernel of the map fs : By z — Dk s is exactly the (unramified) decomposition group D, of
the prime v. As noted in Fact 2.6, if wy, w; | v are two primes of k(i ,), their Frobenius elements in
Gal(Gov(k) /k(u,)) differ by a nonzero scalar multiple.

We have proved:

Lemma 2.10. The embedding problem (3) has a solution in Ks /K if and only if h(e) € D,. Thus it has a
solution in kg /k if we choose the prime v such that (Fr,) = (h(e)) in M (K), that is the lines spanned by

these elements in M (k) are equal. This is always possible by Chebotarev’s theorem.

2D. Cohomological facts implying the persistence of Minkowski units. Our main aim in this paper is to
show that given a short exact sequence

1-7Z/p—-G —-G—1

of finite p-groups where G = Gal(L,(k)/k), there exists a finite tamely ramified extension k’/k with
G’ = Gal(L, (k) /k). To solve this embedding problem using Theorem 3.3, the tower L, (k) /k must have
2h!'(G) Minkowski units. Proposition 2.14 below shows that if we start with enough Minkowski units,
after a base change that realizes G, we will be able to continue the induction. Proposition 2.13, which is
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only needed in the case when u, Ck, shows that given at least h'(G) Minkowski units, we can perform
a base change that preserves the tower and the number of Minkowski units increases. Proposition 2.11 is
a basic group theory result bounding h'(G") and h3(G') in terms of h!(G) and h%(G). Furuta proves a

similar result in Lemma 2 of [Furuta 1972].
Res

Set H*(G',Z/p), := Ker(H*(G', Z/p) —> H*(Z/p, Z/p)) and h*(G'); := dim H*(G’, Z/p);. Note
h*(Z/p) = 1 so h*(G'); is either h*(G’) or h*(G’) — 1 and in either case h*(G'); > h*(G') — 1.
Proposition 2.11. Let

1->2Z/p—>G —->G—1

be a short exact sequence of finite p-groups. Then h' (G') < h'(G) + 1 and h*(G') < h' (G) + h*(G) + 1.
Proof. The h' result is clear. For the h? statement we have the long exact sequence (see for instance
[Dekimpe et al. 2012])
0— H'(G,Z/p)—> H' (G, Z/p) > H'(Z/p,Z/p)°

— H*(G,Z/p) — H*(G', Z/p) — H' (G, H'(Z/p, Z/p)).
If G’ — G splits, we have

0— H*(G,Z/p) — H*G, Z/p)y — H' (G, H'(Z/p. Z/p))

so h*(G'); < h*(G) + h'(G) and since h*(G'); > h*(G’) — 1 the result follows.
In the nonsplit case we have

0— H'(Z/p,2/p)® - H*(G, Z/p) —~ HXG, Z/p) - H'(G, H'(Z/p, Z/p))
so h2(G)| < h*(G) — 1+ h'(G) so h*3(G') < h'(G) + h3(G). O
Definition 2.12. For a number field L set G = Gal(L,(L)/L). Define f as follows:

ri(L) +rL) —h*(G)+h'(G)—1, u, gL,
ri(L) +r2(L) — h*(G), up C L.
Fact 2.9 implies f (L) is a lower bound on the number of Minkowski units of L, (L)/L.

f(L)={

Proposition 2.13. Let 1~</ k be a 7/ p-extension ramified at finite tame primes such that G= Gal(L, (k) /k) =
Gal(Ly(k)/k). Then f (k) = f (&) +(p = D(r1 (k) +ra(k)).
Proof. This follows immediately as we have the same group G for k and K, p » C k< pu p» Ckand
rik) = p-rik). O
Proposition 2.14. Let X' /k be a tamely ramified Z [p-extension such that G = Gal(L,(k)/k) and G’ =
Gal(L, (k") /K") where

1-7Z/p—-G —-G—1.

Let f (k) be as in Definition 2.12. Then

fk) >2n1(G)+3 = f()>2n"(G)+3.
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Proof. We do the case u, ¢ k first. We need to prove
ri(K) +r2(k) —h*(G) +h"(G) — 1 = 20" (G) +3 = r1 (K) +r2(K) —h*(G) +h' (G') — 1 > 2h' (G) + 3,
that is
0
ri(K) +r (k) > h'(G) + h*(G) + 4.
Clearly
r &) +rK) = p(rik) +r2(k) = p(h'(G) +h*(G) +4)
and by Proposition 2.11 we have
h*(G) +h'(G) +4 < (W' (G)+h*(G) + 1) + (h'(G) + 1) +4 = 21" (G) + h*(G) + 6
so it suffices to show
v
(p—Dh*(G) + (p—2)h'(G) +4p > 6.
This holds for all p.
When p, C k. We need to prove
1K) +r2(k) = h*(G) = 2k (G) +3 = 11 (K) +r2(K) = h*(G) = 2h' (G)) +3,
that is
)
r1(K) +ra(k) > 20" (G') + h*(G') + 3.
Again using Proposition 2.11 and that r; (k') = p - r; (k) it suffices to show
v
(p—DR*(G)+2p—3Hh'(G)+3p>6
which holds for all p. O
Proposition 2.15 below provides the base case of the induction.
Proposition 2.15. Recall (#Cly,, p) = 1. There exists a tamely ramified extension X' /kq such that
e the p-part of the class group of X' is Z/p,
o [K kol = p?,
e and f(K) > 2h'(Z/p) +3 =5.

Proof. Since L, (ko) = ko, we see G = {e}. Choose a tame prime v of k whose Frobenius is trivial
in the governing Galois group M (k). By Fact 2.6 there is a unique Z/p-extension k;/ko unramified
outside v. That (#Cly,, p) = 1 follows from Fact 2.7. Repeat this process with k; to get a field k, with
#Cl,, p) =1.

We do one more base change to find a field k” with class group Z/p. This is proved more generally as
part of Theorem 3.3, but we include a short proof here.

Choose v; a finite tame prime of k, with trivial Frobenius in M (k;) so that by Fact 2.6 there exists a
unique D;/k, ramified at v;. As Dy N Gov(ky) = ko, we may choose v; a finite tame prime of k, with
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trivial Frobenius in Gov(k;) such that v, remains prime in D /k,. Again by Fact 2.6 there exists a unique
D /k, ramified at v;.

Let D/k, be any of the p — 1 “diagonal” Z/p-extensions of k, between D; and D, so D1D,/D
is everywhere unramified. We claim D;D, = L,(D). Indeed, by Fact 2.7 applied to D;/k, we see
(#Clp,, p) = 1. As vy is inert in D;/ky, the extension D, D;/D; is ramified only at v, and Fact 2.7
applied to D, D/ D implies (# Clp, p,, p) = 1. Whether or not u, Cko, we have kK :=D,Cly[p*®]1=Z/p
and

F &) > ri(K) +rak) —h*(Z/p) = p*ri(ko) + p’ra(ke) — 1 > 5=2h'(Z/p) +3. O

Depending on p and the signature of ko one can decrease the number of base changes, but this analysis
complicates the statement of the main theorem without significant gain.

3. Solving the embedding problem

Having established the base case of our induction, we now prove Theorem 3.3.

Inductive Step. Let

1-Z/p—-G —-G—1

be exact and let k be a number field with Gal(L, (k) /k) = G and f (k) > 2h'(G) 4 3. Then there exists a
number field k' /k with Gal(L, (k") /k') = G" and f (k') > 21 (G) + 3.

Theorem 3.2 below is only necessary for the key inductive step, Theorem 3.3, when u, C k.

Set K := L,(k)(1t,). We only consider finite tame primes v of k that split completely in K/k.
When p, ¢ k, our Frobenius elements in governing fields (or their subfields) are only defined up
to scalar multiples. We write (Fry)Gov()/k(u,) for the well-defined line spanned by Frobenius at v in
Gal(Gov(k)/k(p)). When the Frobenius is trivial there is no ambiguity so we write (Fry)Gov(k)/k(u,) = 0-

We need primes v of k that let us control h! (Gal(kyy/k)) and h! (Gal(L,(k){yy/L,(k))) simultaneously
via Fact 2.6. Recall M (L, (k)) := Gal(Gov(L,(k))/L,(K)(up)) >~ FP[G]“ @ N where N is a torsion
module over [,[G]. We have no knowledge of N and must work with the free part to control things over
L, (k). We then use Proposition 3.1 to control things over k.

3A. The stability theorem.

Proposition 3.1. Let F C Gov(L,(k)) be the field fixed by I - M (L, (k)). For v of k splitting completely
in Kand w| v in K, the lines (Fry,) p/x do not depend on w so we may write (Fr,)r/x. Then (Fr,,)F/x =

(Fry,) r/x implies (Fry, )Govik) k() = (Fru,)Govix) k(- If (Froy) ryx = 0 then (Fry, ) Gov k(u,) = 0-
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Proof. This diagram is useful in Theorems 3.2 and 3.3 as well:

Gov(L,(k))

F JM(L,,(k»

G

M(L, k)

e

Gov(kK

.

K Gov(k)

Let A = Gal(k(i)/k) = Gal(K/L,(k)). As Gal(F/K) := M(L,(k))/Ig - M(L,(k)) is the maximal
quotient of M (L,(k)) on which G acts trivially, and A acts on Gal(F/K) by scalars, the line (Fry,) r/x
is invariant under the action of Gal(K/k) = G x A. Since the w | v form an orbit under this action of
Gal(K/k), this line is independent of the choice of w | v as desired.

As Gov(k)K/K ascends from Gov(k)/k(i ), we see G acts trivially on Gal(Gov(k)K/K) so

Gov(k)K C F.

Below, we implicitly use that our primes of k split completely in K. If (Fr, )r/x = (Fry,,) F/k, these
lines are equal when projected to Gal(Gov(k)K/K) C Gal(Gov(k)K/k(u,)) and they are again equal in
Gal(Gov(k) /k(ip)) so (Fry,)Govk) Jk(p) = (Fro, ) Govi) /kue,) - The last statement is clear. O

Theorem 3.2. Recall {xi}f.i(lG ) is a minimal set of generators of I. Assume that (k) > h'(G). Let w be

a degree one prime of K such that
Fry = ((x1, %2, .. ., X31(G), 0, ..., 0),0) € M(L, (k) ~F,[GI* ® N.

Then for v of k below w,
(Frv>Gov(k)/k(pr) =0

so there exists a 7 | p-extension l~</k ramified at only v. Furthermore,
L,k)=L,(Kk and f(k) > fK).

Proof. As Fr,, projects to 0 in the [F,-vector space Gal(F/K), Proposition 3.1 implies (Fry)Govk)/k(x »=0
so k exists by Fact 2.6. We show the [ ,[Gl-span of (xi, ..., x,1g)) € F,[G]" @ has dimension #G — 1
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h'(G)
i=1
Proposition 2.2 is just [, 7, establishing our dimension result. By Fact 2.6 there is a unique extension over
L, (k) ramified at v and thus it mustbe L, (k)k. Fact2.7 appliedtoL, &k /L, (k) implies (# CILP ok p)=1
SO

by computing the dimension of ) Ann(x;). This intersection is the annihilator of /g which by

L,(k) =L,Kk.

Proposition 2.13 gives

[0 > fk). O
3B. The inductive step.

Theorem 3.3. Assume that L, (k) /k has A > 2h'(G) + 3 Minkowski units. Let | — 7 /p—>G —->G— 1.
If the extension splits or |1, ¢ K, there exists a Z/p-extension X' /k such that Gal(L,(k")/k’) ~ G" and
L,(K)/K has at least 2h' (G') + 3 Minkowski units. If u, C k and the extension is nonsplit, X' can
be realized as a compositum of two successive Z /p-extensions and L,(K') /K’ has at least 2h'(G') 43
Minkowski units.

Proof. Recall that our finite tame primes split completely in K/k. We first treat the split case. This is
independent of whether or not i, C k.

Split case. Choose tame degree one primes w; and w, of Gov(k)K such that

o Fry, = ((x1, X2, ..., X316y, 0, . .., 0), 0) € Gal(Gov(L, (k))/ Gov(k)K) C M (L, (k)). This is possi-
ble as the tuple lies in I - M (L,(k)) and Gov(k)K C F'. As Fr,,, projects to 0 in Gal(F'/K), we see
for vy of k below w; that (Fr,,) r/x = 0 so by Proposition 3.1 (Fr,, )Gov(k)/k(r,) = 0. By Fact 2.6
applied to k there is one Z/p-extension D;/k ramified at v;. Fact 2.6 also gives (see the proof of
Theorem 3.2 as well) a unique Z/p-extension of L, (k) ramified at vy, namely DL, (k)/L, (k).

o Fry,=((0,0,...,0,G), X1, X2, ..., X31G)» 0,0, 0, ..., 0), 0) so for vy of k below w», (Fry,) r/x =0.
We also insist that v, remains prime in D;/k. This last condition is linearly disjoint from the rest
of the defining splitting conditions on v, and imposes no contradiction. Again, there are unique
Z [p-extensions of both k and L, (k) ramified at v, namely D;/k and D,L,(k)/L,(k). Let D/k be
a “diagonal” extension between D; and D, ramified at both v; and v,. There are p — 1 of these.

Fact 2.6 and our choices of the Frobenius elements of v; and v, imply
R (Gal(Ly (k) (vy02)/Lp (K))) =2

using that the span of the Frobenius elements above them in Gal(Gov(L,(k))/ Gov(k)K) C M (L, (k))
has dimension 2#G — 2 and Fact 2.6. (With only h'(G) Minkowski units, we would again have had

R (Gal(L, (K) 1y, /L, (K))) = k' (Gal(L, (k) (1,) /L (K))) = 1.
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In this case the span of the Frobenius elements above {vy, v2} in Gal(Gov(L, (k))/ Gov(k)K) C M (L,(k))
would have been #G — 1 so by Fact 2.6, h! (Gal(L, (k) (v,,v,)/Lp(k))) would have been 2#G — (#G — 1) =
#G+1.)

J{jz,el
=9 AN
? ‘ ~_
\ >
L:= DlDsz(k) H I1 Eg
/ \ | s /
21 -
VN
D2L (k) DL, (k) I:=DL,(k)

w

L, (k) Gov(k)

\

Set L := D{D;L,(k), J:= D|L,(k) and note L/D is unramified as D/k has absorbed all ramification
at {vy, v2}. We will solve the problem by showing (#Clp, DL, (k) P) = 1.
Since (# Cle(k), p) = 1 and our choice of v; is such that

h'(Gal(L, (K)o, /L, (K) =1,

Fact 2.7 applied to J/L, (k) implies (#Cl;, p) = 1.

We now prove that there exists a unique Z/p-extension over J unramified outside v, namely L
Set 2 = Gal(J/L,(k)), Jp el to be the maximal elementary p-abelian extension of J inside Ji,,), and
= Gal(vae}l /1). Then Q acts on IT and trivially on Gal(L/J). We claim this is the only Z/p-extension
of J in Jp /J on which Q acts trivially: If not, there exists another Z/ p-extension H/J unramified
outside vy and Galois over L, (k). Hence Gal(H/L,(k)) has order p and is abelian. The extension
H /L, (k) cannot be cyclic because all inertia elements have order p and would then fix an everywhere
unramified extension of L,(k), a contradiction. Suppose now that Gal(H /L, (k)) ~ Z/p x Z/p, with
H # JD, = L. Then Gal(HD;,/L,(k)) >~ (Z/ p)3: this contradicts the already established fact that
1 (Gal(Ly (K) (0, 051/ Lp (K) = 2.

The final possibility is that there exists a Z/p-extension Ey/J unramified outside v;, different from
L/J and not fixed by £2; let Sy be the set of ramification of Ey/J. As primes above v in L, (k) are inert
inJ/L,(k), 2(So) = So: then €2 takes E to another Z/ p-extension E;/J exactly ramified at Sp and such
that £y # Eo. The compositum E; Ey/J contains a Z/ p-extension E/J exactly ramified at a set S}, C So.
Observe that E, # L since L/J is totally ramified at every prime above v,. Continuing the process, we
obtain an unramified Z/p-extension H/J, which is impossible since (#Cly, p) = 1. Thus L/J is the
unique Z/ p-extension unramified outside v,. Fact 2.7 applied to L./J implies (#Clg, p) = 1.



784 Farshid Hajir, Christian Maire and Ravi Ramakrishna

We have solved the split embedding problem with k' = D and Gal(L,(k')/k’) = G x Z/p. It required
one base change ramified at two tame finite primes. Proposition 2.14 implies f (k') > 2h!(G’) 4 3 so the
induction can proceed.

For the nonsplit case we treat 1, ¢ k and u, C k separately. Theorem 3.2 is only used in the nonsplit
case when u, C k.

The nonsplit case, 11, ¢ k. By Lemma 2.10 we may use one tame prime v of k to find a ramified
solution to the embedding problem. As u, ¢ k implies Gov(k) N L, (k) =k, we can assume v splits
completely in K/k. Choosing any w | v of K we set Fr,, = ((z1, 22, . . ., 23,), no) € M(L,(k)) where we
claimng ¢ Ig-N and z; € Ig C [,[G]. Indeed, if any z; ¢ I, its [,[G]-span is all of [F,[G] and by Fact 2.6
there is no Z /p-extension of L, (k) ramified at the w | v, contradicting that we are solving an embedding
problem with v. If ng € Ig- N, then the projection of Fr,, to Gal(F/K) is trivial so Proposition 3.1 implies
(Fry) Govx) /k(n,) = 0 and the embedding problem we are solving is split, also a contradiction.

Choose a degree one w; of K with Fr,,, = ((xq, x2, ... s X11G)» 0,0,0,...,0),n0) € M(L,(k)) where
ng is as in the previous paragraph. Let v; be the prime of k below w;. By Fact 2.6 (also see the proof of
Theorem 3.2) there is one Z/p-extension D1 /L, (k) ramified at v;.

Choose a degree one w, of K with Fr,, = ((0,0,...,0,x1,x2,...,x31G),0,0,0,...,0),n0) €
M (L,(k)) and the primes of L, (k) above v, remain prime in D /L, (k). This last condition is linearly
disjoint from the splitting conditions defining v, and imposes no contradiction. Again by Fact 2.6 there is
one Z/p-extension D /L, (k) ramified at v;.

As the free components of Fry,, Fr,, and Fr,,, are all in Iék, their projections to Gal(F/K) depend
only on n¢ and Proposition 3.1 implies

0 # (Fry)Govik) k(i) = (Frug)Govi k() = (Fru,) Govew /k(u,) -

Thus there is no extension of k ramified at either v; or vy, but, by Fact 2.6, there is a Z/p-extension of
k ramified at {vy, vp}. Call it D. Note G’ >~ Gal(D; /k) >~ Gal(D,/k) >~ Gal(D1D,/D):

D1D,=DD;=DD,

e

D, D, DL, (k)

Gov(k) L, k)
\ G/

That Dy D; has trivial p-class group follows exactly as it did in the split case and we may set k' = D
soL,(k") = D1D; and Gal(L,(k")/k") ~ G'.

G

D

k
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We have solved the embedding problem in the nonsplit case when 1, ¢ k. We performed one base
change ramified at two tame finite primes and Proposition 2.14 implies f (k') > 2h!'(G’) + 3 so the
induction can proceed.

The nonsplit case, 11, C k. We can no longer assume L, (k) N Gov(k) =k.

LetO#¢€ IHI% . be the obstruction to our embedding problem G’ — G. Using Lemma 2.10, let v of k
be a tame prime annihilating &. The difficulty is that in the diagram below we may have L, (k) NGov(k) 2k
and that Fr,,, which is necessarily nonzero in M (k), may also be nonzero in Gal((L, (k) N Gov(k))/k).
This prevents us from also choosing v to split completely in L, (k) /k and as we need in Gov(L, (k)) /L, (k)
to ensure there is only one extension of L, (k) ramified at the primes of L, (k) above v. If we could
choose v to annihilate ¢ such that Fr, =0 € Gal(L, (k)/k), we would be able to proceed as in the u, Z k
case. We get around this by a base change.

By Kummer theory and the definition of governing fields, Gal(Gov(L)/L(u,)) is an elementary p-
abelian group. Let 12/ k be a tamely ramified Z /p-extension as given by Theorem 3.2 so Gal(L,, k) /l~<) =G.
By Proposition 2.13 we have A; > 2h'(G) +3:

L,(k) Gov(k)
L,(k) L ,(k) N Gov(k)
L,(k) N Gov(k) k
Z/p)" ( ‘ /
k

Z/p

As Gov(k) Nk =k, we may choose a prime v to solve the embedding problem for k whose Frobenius
is nontrivial in Gal(f(/k), that is v remains prime in 1~</k. As observed above, L, (k) N Gov(k) /E is
a (Z/p)"-extension for some r and, as Gal(L,(k)/k) = Gal(L, (l~<) /l~<) = @G, it is the base change of
such a subextension of L, (k)/k from k so L, (k) N Gov (k) /k is a (Z/p)"*'-extension. Since v remains
prime in k/k and residue field extensions are cyclic, it splits completely in L p(f() N Gov(k)/k. As
the embedding problem is solvable over k by allowing ramification at v, it is also solvable over k by
allowing ramification at the unique prime of k above v. Thus ¢ € Hll%’g —> by ,=M (k) actually lies

in Gal(Gov(f() /(L (l~<) N Gov(f())). The base change shifted the obstruction to outside of our p-Hilbert
class field tower! The rest of the proof is identical to the u, ¢ k case. (|

We now prove the main theorem of the introduction.

Proof. We have verified the base case of the induction in Proposition 2.15 and the inductive step with
Theorem 3.3. It remains to count degrees and ramified primes. Proposition 2.15 involved three Z/p-base
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changes, the first two ramified at one tame prime and the last at two tame primes. The inductive steps
breaks into cases as follows:

* up € kot Ateach of the log,(#I') — 1 inductive stages we need one base change ramified at two
primes for a total of 3 + (log » (#I'") — 1) base changes ramified at 4 + 2(log » (#I") — 1) primes.

* p Cko: Ateach of the log,(#I") — 1 inductive stages we need at most two base changes and at
most three ramified tame primes so in total there are at most 3 4+ 2(log » (#I') — 1) base changes
ramified at most 4 + 3(10gp (#I') — 1) primes. O
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Supersolvable descent for rational points

Yonatan Harpaz and Olivier Wittenberg

We construct an analogue of the classical descent theory of Colliot-Thélene and Sansuc in which algebraic
tori are replaced with finite supersolvable groups. As an application, we show that rational points are
dense in the Brauer—-Manin set for smooth compactifications of certain quotients of homogeneous spaces
by finite supersolvable groups. For suitably chosen homogeneous spaces, this implies the existence
of supersolvable Galois extensions of number fields with prescribed norms, generalising work of Frei,
Loughran and Newton.

1. Introduction

Let X be a smooth and irreducible variety over a number field k. The study of rational points on X
often begins by embedding the set X (k) diagonally into the product X (ko) = [[,cq X (ky), where Q
denotes the set of places of k and k, denotes the completion of k at v. We endow X (ko) with the
product of the v-adic topologies. The weak approximation property, that is, the density of X (k) in X (kg),
frequently fails. Following Manin [1971], one can attempt to explain such failures by considering the
Brauer-Manin set X (kq)B™X), defined as the set of elements of X (kg) that are orthogonal, with respect
to the Brauer—Manin pairing, to the unramified Brauer group Bry(X) of X. We recall that Br,(X)
is the subgroup of Br(X) formed by those classes that extend to any (equivalently, to some) smooth
compactification of X, and that the Brauer—Manin set X (kq)BrX) is a closed subset of X (kg) that
satisfies the inclusions X (k) € X (kq)B™X) C X (kq): see [Skorobogatov 2001, §5.2]. A conjecture
of Colliot-Thélene predicts that the Brauer—Manin set is enough to fully account for the gap between
the topological closure of X (k) and X (kg) when X is rationally connected —that is, when for any
algebraically closed field extension K of k, two general K -points of X can be joined by a rational curve
over K:

Conjecture 1.1 [Colliot-Thélene 2003]. Let X be a smooth and rationally connected variety over a
number field k. The set X (k) is a dense subset ofX(kQ)Br'"(X).

Though this conjecture is wide open in general, it has been established in several special cases. One
approach is via the theory of descent developed by Colliot-Théléne and Sansuc. To explain it, let us assume
for the moment that X is proper. Given an algebraic torus 7" over k, this theory considers torsors ¥ — X
under T'. The type of such a torsor is the isomorphism class of the torsor obtained from it by extending the

MSC2020: primary 11G35, 14G05, 14G12; secondary 12F12.
Keywords: rational points, descent, inverse Galois problem.
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scalars from k to an algebraic closure kofk;a type, in this context, is defined to be an isomorphism class
of torsors over Xz, under T, that is invariant under Gal(lg/ k). Torsors Y — X under T are classified,
up to isomorphism, by the étale cohomology group Hélt(X , T), and types are the elements of the abelian
group Hélt(X s T,;)Gal(lg/ k). As X is proper, these groups fit into the exact sequence

H'(k,T) > H\NX, T) > HL(X;, T)S®b 5 H2(k, T) > HX(X, T) (1-1)

induced by the Hochschild—Serre spectral sequence. As can be seen from this sequence, if a type
comes from a torsor ¥ — X defined over k, then the isomorphism class of this torsor is unique up
to a twist by an element of H'(k, T). In general, not every type comes from a torsor over k: the
map Hélt(X, T) — Hélt(X,;, T,;)Gal(/g/k) need not be surjective. It is surjective if X (k) # &, as the map
H?(k, T) — HZ(X, T) then possesses a retraction.

The following foundational theorem fully describes the algebraic Brauer—Manin set X (kg)Bn(X) in
terms of the arithmetic of torsors under a torus, of a given type, over X. By definition X (kq)B"»( is
the subset of X (k) consisting of those collections of local points that are orthogonal, with respect to the
Brauer-Manin pairing, to the algebraic unramified Brauer group Bry (X) = Ker(Br,(X) — Br(Xj)).

Theorem 1.2 [Colliot-Thélene and Sansuc 1987]. Let X be a smooth, proper and geometrically irreducible
variety over a number field k such that Pic(X}) is torsion-free. Let T be an algebraic torus over k. Let
A€ HY(Xg, TS ® /0. Then

X (k)P = | ] f(¥ (ke)P ™), (1-2)
fY—>X
where f : Y — X ranges over the isomorphism classes of torsors Y — X of type A. In particular, if
Y (k) is a dense subset of Y (kq)B (Y for every torsor Y — X of type A, then X (k) is a dense subset
OfX(kQ)Brl,nr(X).

As X is assumed to be proper in Theorem 1.2, we have Bry p(X) = Br;(X). The group Br; (Y), on
the other hand, may be smaller than Br;(Y), since Y is not proper.

It is by now understood that Theorem 1.2 still holds if Pic(X}) is allowed to contain torsion; see,
e.g., [Wei 2016]. When Pic(X}) is torsion-free, however, there exists a privileged type of torsors over X:
denoting by 7" the algebraic torus over k with character group Pic(X7), there is a canonical isomorphism
Hélt(X 3 T/E/) = End(Pic(X})); the torsors Y' — X under T’ whose type is classified by the identity
endomorphism of Pic(X}) are called universal torsors. They enjoy the special property that Pic(Y]-g) =0.
By the Hochschild—Serre spectral sequence, it follows that the natural map Br(k) — Br;(Y') is surjective,
so that Y/ (kg)B" o) = Y/ (kg). As a consequence, Theorem 1.2 effectively reduces the statement that
X (k) is dense in X (kq)Br»X) to the (in principle, simpler) weak approximation property for the universal
torsors of X. This approach was fruitfully carried out in many special cases, notably for Chatelet surfaces
in the influential two-part work [Colliot-Thélene et al. 1987a; 1987b], and later for various other types of
varieties [Heath-Brown and Skorobogatov 2002; Colliot-Thélene et al. 2003; Browning and Matthiesen
2017; Browning et al. 2014; Derenthal et al. 2015; Skorobogatov 2015].
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We note that even though Theorem 1.2 is stated and proved in [Colliot-Thélene and Sansuc 1987] only
in the case of universal torsors, the general case follows. Indeed, for any 7 and A as in Theorem 1.2, the
type A determines a morphism 7" — T, so that any universal torsor ¥’ — X factors through a torsor ¥ — X
of type A, and the image of Y’ (kq) = Y (ko)B1(Y) in ¥ (ko) is then contained in Y (kg)Bar®) by the
projection formula.

The classical theory of descent of Colliot-Théléne and Sansuc allows one to neatly capture the algebraic
part of the Brauer—Manin obstruction in terms of universal torsors and their local points. Formulated as
above, it admits, however, a limitation: when the strategy consisting in applying Theorem 1.2 to verify
Conjecture 1.1 for a given X works, we find that a stronger claim than Conjecture 1.1 is in fact being
proved, namely, the density of X (k) not only in X (kq)B™X) but also in the larger set X (kq)B"-=(X). The
two sets X (kq)P™X) and X (kq)Brm(X coincide for geometrically rational varieties, but among rationally
connected varieties it does happen that X (k) fails to be dense in the larger one (see [Harari 1996, §2]
or [Demarche et al. 2017, Example 5.4]), thus limiting the scope of applicability of the method. A way
to overcome this issue was suggested in [Harpaz and Wittenberg 2020], where the following variant of
Theorem 1.2 is proved — to be precise, Theorem 1.3 results from combining [Harpaz and Wittenberg
2020, Théoreme 2.1] in the proper case with [Skorobogatov 2001, Theorem 6.1.2 (a)]:

Theorem 1.3 [Harpaz and Wittenberg 2020]. Let X be a smooth, proper and geometrically irreducible
variety over a number field k. Let T be an algebraic torus over k. Let ). € Hélt(X,;, T,;)Gal(k/k). Then

X(ke)® 0 =] f(¥ke)®™"). (1-3)
fY—=>X

where f:Y — X ranges over the isomorphism classes of torsors Y — X of type A. In particular, if Y (k) is a
dense subset of Y (kq)P™Y) for every torsor Y — X of type A, then X (k) is a dense subset of X (kg)Bm™),

The theorems discussed so far admit generalisations to open varieties in which X (kg) is replaced with
the space of adelic points X (A), and Bry(X) with the larger group Br(X); for instance, Theorem 1.2
was generalised in the work of Wei [2016], which builds on [Skorobogatov 2001, Theorem 6.1.2] and on
[Harari and Skorobogatov 2013, Proposition 8.12], and later in the work of Cao, Demarche and Xu [2019,
Theorem 1.2]. We shall not consider such generalisations in this article. Theorems 1.2 and 1.3 can also be
extended to open varieties while keeping focus on the set X (kg) and on the group Bry(X). In particular, it
follows from [Harari and Skorobogatov 2013, Proposition 8.12 and Corollary 8.17], from Harari’s “formal
lemma” [Colliot-Théléne and Skorobogatov 2021, Theorem 13.4.3] and from [Harpaz and Wittenberg
2020, Théoreme 2.1], as in the proof of [Harpaz and Wittenberg 2020, Corollaire 2.2], that the statements
of Theorems 1.2 and 1.3 remain valid without the properness assumption, provided we assume, in the
case of Theorem 1.3, that the quotient of Br,(X) by the subgroup of constant classes is finite (as is the
case when X is rationally connected), and provided we replace, on the one hand, the notion of type due to
Colliot-Théléne and Sansuc by that of extended type introduced by Harari and Skorobogatov [2013], and
on the other hand, the right-hand sides of the asserted equalities by their topological closure in X (kg).
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Thus, for instance, equation (1-3) becomes

X(kQ)Br“‘(X): U f(y(kQ)Brm(Y))’ (1-4)
fiY—=X

where M denotes the topological closure of a subset M of X (ko).

Pursuing the line of thought explored in [Harpaz and Wittenberg 2020], the goal of the present article
is to prove an analogue of Theorem 1.3 in the case where the torus T is replaced with a supersolvable
finite group. We shall adapt the notion of a type to the nonabelian setting as follows: for a smooth
and geometrically irreducible variety X, we define a finite descent type on X to be a variety Y over k
equipped with a finite étale map ¥ — X % such that the composed map Y > X ¢ — X is Galois, in the
sense that the function field extension k(Y) /k(X) is Galois; and we define a torsor of type Y to be an
étale map ¥ — X such that the X-schemes Y} and Y are isomorphic. A torsor of type Y is then naturally
a torsor under a finite group scheme over k whose group of k-points is the finite group Aut(Y/X 7
canonically associated with the type Y (although the group scheme itself is not canonically associated
with Y). Any finite descent type determines not only a finite group G = Aut(Y /X %), but also an outer
Galois action Gal(k/k) — Out(G) on G. We say that a finite descent type Y is supersolvable if G admits
a filtration

1}1=Go<G,C---€G, =G

such that each G; is a normal subgroup of G stable under the outer Galois action, and each successive
quotient G;1/G; is cyclic. We say that it is rationally connected if Y, as a variety over k, is rationally
connected (in the sense made explicit just before Conjecture 1.1).

Our main result in this article is the following:

Theorem 1.4 (supersolvable descent, see Theorem 3.1). Let X be a smooth and geometrically irreducible
variety over a number field k. Let Y be a rationally connected supersolvable finite descent type on X.
Then

X (k)P = | ] f(¥ (kg)Pr™), (1-5)
fY—=>X

where f Y — X ranges over the isomorphism classes of torsors Y — X of type Y. In particular,
Conjecture 1.1 holds for X if it holds for Y for every torsor Y — X of type Y.

It is now crucial that X is not assumed proper in the statement of Theorem 1.4: indeed, the hypothesis
that Y is rationally connected implies that X} is rationally connected, and proper smooth rationally
connected varieties are simply connected and hence do not possess nontrivial finite descent types.

Theorem 1.4 can be used to prove Conjecture 1.1 for quotient varieties Y /G, where G is a finite
supersolvable group acting freely on a quasiprojective rationally connected variety Y, when Conjecture 1.1
is already known for Y and for all of its twists. In particular, the following case of Conjecture 1.1 can be
proved via supersolvable descent (see Example 3.4):
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Corollary 1.5. Let Y be a homogeneous space of a connected linear algebraic group L with connected
geometric stabilisers. Suppose that a finite supersolvable group G acts on L (as an algebraic group) and
onY (as a homogeneous space of L, compatibly with its action on L), and that the action on Y is free.
Then Conjecture 1.1 holds for the variety X =Y /G.

As an application, we prove the following generalisation of a theorem of Frei, Loughran and
Newton [2022]:

Corollary 1.6. Let k be a number field and A C k* be a finitely generated subgroup. Let G be a
supersolvable finite group. Then there exists a Galois extension K |k with Galois group isomorphic to G
such that every element of A is a norm from K. Moreover, given a finite set of places S of k, we can

require that the places of S splitin K.

More applications are described in Section 4.

1A. Notation and terminology. We fix once and for all a field k of characteristic O and an algebraic
closure k of k. A variety is a separated scheme of finite type over a field. Somewhat unconventionally,
we shall say that a variety X over k is rationally connected if the smooth proper varieties over k that are
birationally equivalent to X are rationally connected in the sense of Campana, Kollar, Miyaoka and Mori;
see [Kollar 1996, Chapter IV]. If X is a smooth irreducible variety over k, we denote by Bry(X) € Br(X)
the unramified Brauer group of k(X)/k; see [Colliot-Thélene and Skorobogatov 2021, §6.2].

The words “torsor”, “action” and “homogeneous space” will refer to left torsors, left actions and left
homogeneous spaces, unless indicated otherwise. An outer action of a profinite group I" on a discrete
group H is a continuous group homomorphism I' — Out(H), where we endow the group Out(H) of
outer automorphisms of H with the topology induced by the compact-open topology on Aut(H).

When G is an algebraic group over k, we denote by H'(k, G) the first nonabelian Galois cohomology
pointed set; see [Serre 1994]. When we write [o] for an element of this set, we mean that o is a cocycle
representing the cohomology class [o].

When £ is a number field, we denote by €2 the set of places of k and by &, the completion of k at v € 2.
For any variety X over k, we let X (ko) = [[,.q X (ky), endow this set with the product of the v-adic
topologies, and when X is smooth and irreducible, we denote by X (kg)BrrX) C X (kq) the Brauer-Manin
set; see [Skorobogatov 2001, §5.2].

2. Finite descent types

We recall that k£ denotes a field of characteristic 0. We fix, until the end of Section 2, a smooth and
geometrically irreducible variety X over k.

2A. Finite descent types and torsors. 1If G is a finite étale group scheme over k and ¥ — X is a torsor
under G such that Y is geometrically irreducible over k, the function field extension k(Y) /k(X) is Galois
(with Galois group G (k) »x Gal(k /k)). This remark motivates the following definition:

Definition 2.1. A finite descent type on X is an irreducible finite étale X-scheme Y that is Galois over X
(i.e., such that the function field extension k(Y) /k(X) is Galois).
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Equivalently, a finite descent type on X is an irreducible finite étale Galois X-scheme Y such that the
natural morphism Aut(Y /X) — Gal(k / k) is surjective.

Definition 2.2. Given a finite descent type Y on X, a torsor of type Y is an X-scheme Y such that the
X¢-schemes Y; and Y are isomorphic.

Although Definition 2.2 does not make reference to a group scheme, the name “torsor” is justified by
the remark that any torsor ¥ — X of type Y in the above sense is canonically a torsor under the finite étale
group scheme G over k defined by G(k) = Aut(Y;/ X;). We warn the reader, though, that two torsors of
type Y are not, in general, torsors under isomorphic group schemes: the underlying finite group is always
isomorphic to Aut(Y /X %), but the action of Gal(k/k) on Aut(Y /X ) depends, in general, on the choice
of Y — X. As we shall see in Proposition 2.4 (ii), it is nevertheless true that two torsors of type Y are
torsors under group schemes that are inner forms of each other.

Let Y be a finite descent type on X. The short exact sequence of profinite groups

1 — Aut(Y/X;) — Aut(Y/X) — Gal(k/k) — 1 (2-1)

induces a continuous outer action of Gal(k /k) on the finite group G = Aut(Y / Xg). This outer action,
together with the natural action of Gal(k/k) on the scheme X %> induces, in turn, a continuous action of
Gal(lz/ k) on the pointed set Hélt(X o G) of isomorphism classes of torsors under G over X  (notation
justified by [Milne 1980, Chapter III, Corollary 4.7]). With respect to this action, the class of the
G-torsor Y — X % 1s invariant.

The next two propositions provide a group-theoretic point of view on Definition 2.2 in terms of the
short exact sequence (2-1). When we speak of a splitting of (2-1), we shall always mean a continuous
homomorphism Gal(k /k) — Aut(Y /X) which is a section of the projection Aut(Y /X) — Gal(k /k).
Proposition 2.3. Let Y be a finite descent type on X.

(1) Splittings of (2-1) are in one-to-one correspondence with isomorphism classes of torsors Y — X of
type Y endowed with an X p-isomorphism v : Yy — Y.
(ii) Splittings of (2-1) up to conjugation by Aut(Y/X 7) are in one-to-one correspondence with
isomorphism classes of torsors Y — X of type Y.
(iii) Splittings of (2-1) exist if X (k) # &.
Proof. Assertion (i) results from the fact that such pairs (¥, ¢) correspond to subextensions k(X) C L Ck(Y)
such that L Nk =k and k(Y) = Lk, and from Galois theory. Assertion (ii) follows from (i). For (iii), see
[Wittenberg 2018, Proposition 2.5]. (|
Proposition 2.4. Let Y be a finite descent type on X, and set G = Aut(Y / X P
(1) Let us fix a pair (Y, t) as in Proposition 2.3 (i) corresponding to a splitting s of (2-1). Let G be the
finite étale group scheme over k defined by G (k) = G, with the continuous action of Gal(k/k) on G

by conjugation through s. Then the natural action of G on Y descends to an action of G on the
X-scheme Y, making it a torsor under G.
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(ii) Let us fix another pair (Y', '), corresponding to another splitting s’ of (2-1). Let G’ denote the

corresponding group scheme, as in (i). Let o be the cocycle
s's™!: Gal(k/ k) — G (k).

There are compatible canonical isomorphisms of k-group schemes G' >~ G° and of X-schemes
Y' >~ Y9, where G° denotes the inner twist of the group scheme G by o and Y° denotes the twist of
the torsor Y by o; see [Skorobogatov 2001, Lemma 2.2.3].

Proof. Both assertions follow from unwinding the correspondence of Proposition 2.3 (i) and noting that the
natural action of Gal(k/k) on the scheme Y} coincides with the action obtained by transport of structure,
via ¢, from the action of Gal(k/k) on Y given by s. O

Remark 2.5. Let us assume that G is abelian. In this case, the outer action of Gal(k /k) on G induced
by (2-1) is an actual action, thanks to which G canonically descends to a finite étale group scheme G over k.
In addition, any torsor ¥ — X of type Y is canonically a torsor under G since any two Xj-isomorphisms
Y — Y give rise to the same isomorphism Aut(Y/X @) = Aut(Yz/ Xp). Thus, the abelian situation is
summarised by the natural map

HL(X,G) — H(k, H.(X7, G)), (2-2)

which appears in the Hochschild—Serre spectral sequence and which sends the isomorphism class of a
G-torsor over X to (the isomorphism class of) its ftype. We see, in particular, that the terminology of
Definition 2.2 is consistent with the one introduced by Colliot-Thélene and Sansuc [1987, §2] in the
theory of descent under groups of multiplicative type, as well as with the notion of extended type of
Harari and Skorobogatov [2013] in the finite case.

2B. Supersolvability. The notion of supersolvability for finite groups endowed with an outer action of
Gal(k/ k), first introduced in [Harpaz and Wittenberg 2020, Définition 6.4], plays a central rdle in the
present article. We recall it below.

Definition 2.6. A finite group G endowed with an outer action of Gal(k/ k) is said to be supersolvable if
there exist an integer n and a sequence

{}1=Go<G C---CG, =G

of normal subgroups of G such that for all i € {1,...,n}, the quotient G;/G;_; is cyclic and the
subgroup G; is stable under the outer action of Gal(k/k). (A normal subgroup is said to be stable under
an outer automorphism if it is stable under any automorphism that lifts the given outer automorphism.
This is independent of the choice of the lift.)

A finite descent type ¥ on X is said to be supersolvable if the finite group Aut(Y /X ©), endowed with
the outer action of Gal(k / k) induced by (2-1), is supersolvable in this sense.

When the integer n is fixed, we say that G, or Y, is supersolvable of class n.
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3. Supersolvable descent
We are now in a position to state and prove our main theorem. We say that a finite descent type ¥ on X is
rationally connected if Y is a rationally connected variety over k in the sense of Section 1A.

Theorem 3.1. Let X be a smooth and geometrically irreducible variety over a number field k. Let Y be a
rationally connected supersolvable finite descent type on X. Then

X(kQ)Brm(X)= U f(Y(kQ)Brnr(Y)), (3-1)
fiY—X

where f :Y — X ranges over the isomorphism classes of torsors Y — X of type Y and M denotes the

topological closure of a subset M of X (kg).

Remarks 3.2. (i) The existence of a rationally connected finite descent type on X, assumed in Theorem 3.1,
implies that X itself is rationally connected.

(i) When X is rationally connected, the statement of Theorem 3.1 can be expected to hold for an arbitrary
finite descent type ¥ on X. Indeed, the equality (3-1) would result from Conjecture 1.1; see [Wittenberg
2018, Proposition 2.5].

(iii)) By Proposition 2.3 (ii) and Proposition 2.4, equation (3-1) can be reformulated as the following
two-part statement:

o if X (kq)B™X) £ &, then the natural outer action of Gal(k /k) on G = Aut(Y / X¢) can be lifted to
an actual continuous action, in such a way that if G denotes the resulting finite étale group scheme
over k, the G-torsor ¥ — X 7 descends to a G-torsor f : Y — X;

« fixing such G and Y and denoting by f° : Y7 — X the twist of the torsor f : ¥ — X by a cocycle o,
we have an equality

X(kQ)Brnr(X) — U fo (Ya (kQ)Brm(Y“))_
[01eH! (k,G)

The proof of Theorem 3.1 will be given in Sections 3B-3C, first in the case where G is cyclic
in Section 3B and then in the general case in Section 3C. Before going into the proof, let us illustrate
Theorem 3.1 with the following special case. We say that a finite étale group scheme G over k is
supersolvable if G (k) is supersolvable in the sense of Definition 2.6 with respect to the natural outer
action of Gal(k / k) (which happens in this case to be an actual action).

Corollary 3.3. Let Y be a smooth, quasiprojective rationally connected variety over a number field k.
Let G be a supersolvable finite étale group scheme over k, acting freely on Y. Let X =Y /G denote the
quotient. If Conjecture 1.1 holds for Y° for all [c] € H'(k, G), then it holds for X.

Proof. The projection ¥ — X is a G-torsor, hence Y} is a supersolvable finite descent type on X, as
remarked at the beginning of Section 2A. The conclusion now follows from Theorem 3.1, in view of
Remark 3.2 (iii). Il
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Example 3.4. Suppose that Y is a homogeneous space of a connected linear algebraic group L with
connected geometric stabilisers, and that the finite supersolvable group G acts compatibly on L as
an algebraic group and on Y as a homogeneous space of L, with the action on Y being free. For
each [0] € H'(k, G), the twisted variety Y is then a homogeneous space of the twisted algebraic
group G?, with connected geometric stabilisers. As such, the variety Y satisfies Conjecture 1.1,
according to Borovoi [1996]. It now follows from Corollary 3.3 that Conjecture 1.1 holds for the quotient
variety X = Y/G. It should be noted that X is not itself, in general, a homogeneous space of a linear
group. This example will play a r6le in Section 4B below.

3A. Fibrations over tori. The proof of Theorem 3.1 rests on the fibration method via the following
theorem, which is a slightly more precise version of [Harpaz and Wittenberg 2020, Théoréme 4.2 (ii)]. We
recall that a variety is split if it possesses an irreducible component of multiplicity 1 that is geometrically
irreducible.

Theorem 3.5 (see [Harpaz and Wittenberg 2020, Théoreéme 4.2 (ii)]). Let Q be a quasitrivial torus over a
number field k. Let Z be a smooth irreducible variety over k. Let w : Z — Q be a dominant morphism
satisfying the following assumptions:

(1) the geometric generic fibre of w is rationally connected,

(2) the fibres of m above the codimension 1 points of Q are split;

(3) the morphism g, : Z; — Qf admits a rational section.

For any dense open subset U of Q such that w is smooth over U, and for any Hilbert subset H of U, we
have the equality

Z(kQ)Brnr(Z) — U Zq (kQ)Brm(Zq) (3-2)
geU(K)NH

of subsets of Z(kg), where Z, = 7! (q).

Hypothesis (3) of Theorem 3.5 is stronger than the hypothesis that appears in [Harpaz and Wittenberg
2020, Théoreme 4.2 (ii)]. The proof, however, only depends on the hypothesis formulated in loc. cit.; we
have opted for stating the theorem in this way for the sake of simplicity. With this minor difference put
aside, Theorem 3.5 implies and refines [Harpaz and Wittenberg 2020, Théoreme 4.2 (ii)].

The exact argument used in loc. cit. to deduce [Harpaz and Wittenberg 2020, Théoreme 4.2 (ii)] from
[Harpaz and Wittenberg 2020, Théoreme 4.1 (ii)] also reduces Theorem 3.5 to the following theorem:

Theorem 3.6. Let Z be a smooth irreducible variety over a number field k, endowed with a dominant

morphism 7w : Z — A}, for some n > 1, such that

(1) the geometric generic fibre of 7 is rationally connected,

(2) the fibres of w above the codimension 1 points of A} are split.
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For any dense open subset U of A} such that 7 is smooth over U, and for any Hilbert subset H of U, we
have the equality

Zk)®™ P = | ] Zykg)PmZ0 (3-3)
qeU(k)NH

of subsets of Z(kg), where Z, = T (q).

In turn, Theorem 3.6 is essentially contained in the work of Harari [1994; 1997], though its statement
appears not to have been written down. We provide a short proof based on the available literature. We shall
use Theorem 3.6 only when H = U. Assuming that H = U, however, would not lead to any significant

simplification in the proof.

Proof of Theorem 3.6. Assume, first, that n = 1. By the theorems of Nagata and Hironaka, the morphism 7
extends to a proper morphism 7’ : Z’ — Pk1 for some smooth variety Z’ that contains Z as a dense open
subset. Applying [Harpaz et al. 2022, Corollary 4.7, Remarks 4.8 (i)—(ii) and Corollary 6.2 (i)] to 7" now
yields (3-3). For n > 2, we argue by induction. Fix U and H as in the statement of the theorem, fix a
collection of local points zg € Z (kq)B™(?) and fix a neighbourhood AU of zq in Z(kg). We need to show
the existence of ¢ € U (k) N H such that U N Z, (kg)B(Z0) £ .

Let p: A} — A,lc be the first projection. For & € Al set Z, = (pom)~'(h) and let 7w, : Z) — p~'(h)
denote the restriction of . Let Uy C A,i be a dense open subset over which p o 7 is smooth, small
enough that for any & € Uy, the generic fibre of 7 is rationally connected; see [Kollar 1996, Chapter 1V,
Theorem 3.5.3]. By assumption, there exists a closed subset of codimension > 2 in A} outside of which
the fibres of & are split. After shrinking Uy, we may assume that the images, by p, of the irreducible
components of this closed subset are either dense in A ,i or disjoint from Uy. For h € Uy, the fibres of m;,
above the codimension 1 points of p~! (/) are then split. After further shrinking Uy, we may also assume
that p~!(h) N U # @ for every h € Uj.

By [Harpaz and Wittenberg 2016, Lemma 8.12], there exists a Hilbert subset Hy C A,lc such that for
every h € Uy(k) N Hy, the set H N p~!(h) contains a Hilbert subset, say Hp, of p~l(h) = AZ_I. Let n
denote the generic point of A ,i The generic fibre of p o 7 is endowed with a map to A”~! with rationally
connected generic fibre, hence it is itself rationally connected; see [Graber et al. 2003, Corollary 1.3]. The
closed fibres of p o7 are each endowed with a map to A”~! whose generic fibre is, by assumption, split;
hence they are themselves split. By the case n =1 of Theorem 3.6 applied to posmr, we deduce the existence
of h € Uy(k) N Hy such that U N Zj, (kg)B™(“») £ . By the induction hypothesis, we can then apply
Theorem 3.6 to 7, and finally deduce the existence of ¢ € U (k) N Hj such that U N Z, (kg)Brr(Zq) # J.
As Hj C H, this completes the proof. O

3B. Cyclic descent. We now establish Theorem 3.1 in the case where G = Aut(Y /X ) 1s a cyclic group.
Since most of the proof works in a slightly greater generality, we only assume, for now, that G is an
abelian group (and drop the supersolvability assumption on Y). We shall restrict to the cyclic case only at
the end of Section 3B.
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As G is abelian, the exact sequence (2-1) induces a continuous action of Gal(k/k) on G. Let G be the
finite étale group scheme over k defined by G (k) = G. In the next lemma, the symbol (X) denotes the
subgroup of Bry(X) consisting of the locally constant classes (i.e., the classes whose image in Br(Xg,)
comes from Br(k,) for all v € Q).

Lemma 3.7. If X (ko)X # @, then Y — X descends to a torsor [ :Y — X under G.

Proof. Under the given assumption, Colliot-Thélene and Sansuc have shown that the natural map
H%*(k,G) — Hézt(X , G) is injective (combine [Colliot-Théleéne and Sansuc 1987, Proposition 2.2.5] for X
with [Wittenberg 2008, Theorem 3.3.1] for a smooth compactification of X; we note that in the case of
a smooth, proper, rationally connected variety, the quoted theorem from [Wittenberg 2008] goes back
to [Colliot-Thélene and Sansuc 1987], see [Borovoi et al. 2008, §2.3, Remark]). By the Hochschild—Serre
spectral sequence, it follows that the natural map Hélt(X ,G) — H&, Hélt(X > Gp)) 1s surjective. 0

Lemma 3.8. Over any field, any algebraic group of multiplicative type R fits into a short exact sequence
1> R—>T— Q— 1,whereT is atorus and Q is a quasitrivial torus.

Proof. The character group M of R fits into a short exact sequence of Galois modules 0 - K — L — M — 0,
with K and L torsion-free and finitely generated as abelian groups; we can even choose L to be a
permutation Galois module. Doing the same with Hom(K, Z) and then dualising, we find that K also fits
into an exact sequence of Galois modules 0 - K — P — C — 0, with C torsion-free and P permutation.
Let S = L @k P be the amalgamated sum relative to K. The exact sequence 0 - L — S — C — 0 shows
that S is torsion-free. Dualising the short exact sequence 0 — P — S — M — 0, therefore, provides the
desired resolution. U

Let us fix a torsor f : Y — X as in Lemma 3.7 and a resolution
1-G—->T—->0—1 (3-4)

given by Lemma 3.8 appliedto R=G. Let Z=Y x,? T be the contracted product of ¥ and 7 under G
(i.e., the quotient of Y x; T by the action of G given by g - (y,1) = (gy, g7 '1)). Let g : Z — X and
7 : Z — Q be the morphisms induced by the two projections.

Let us also fix a collection of local points xg € X (kq)BrX) and a neighbourhood AU of xq in X (k).
We shall show that

WN (Y7 (ke)Pm) # @ (3-5)

for some [0] € H!(k, G). By Remark 3.2 (iii), this will prove the desired equality (3-1).

To this end, we apply [Harpaz and Wittenberg 2020, Corollaire 2.2] to g. This yields a [t] € H'(k, T)
such that U N g7 (Z7 (kq)B™(?)) 3£ @. As the torus Q is quasitrivial, Hilbert’s theorem 90 implies that
H'(k, Q) = 0; the cohomology class [7] can therefore be lifted to some [0g] € H Ik, G), and we may
assume that the cocycle oy lifts 7. After replacing Y with Y°°, which has the effect of replacing Z with Z°%,
we may then assume that [7] is the trivial class, i.e., that U N g(Z (kg)B™(?)) £ &.
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To conclude the proof that (3-5) holds for some [o] € H L(k, G), we shall now exploit the structure
of a fibration over a quasitrivial torus given by the morphism 7 : Z — Q. For any field extension £/ k
and any g € Q(k'), we let Z, = w7 1(g), which we view as a torsor under G, over Xy, via g. The
inverse image T, of g by the projection T — Q is a torsor under G, over k’, whose cohomology class [o]
in H'(k’, G) is the image of ¢ by the boundary map of the exact sequence (3-4). As Z =Y x,f T, we
have Z, =Y ka T,, and hence Z, and Y are isomorphic as torsors under G, over Xy . Taking for k" an
algebraically closed field extension of k(Q) and for g a geometric generic point of Q, it follows, first,
that the geometric generic fibre of 7 is isomorphic to a variety obtained from Y by an extension of scalars.
By our assumption on ¥, we deduce that the generic fibre of 7 is rationally connected. Taking k' = k, it
also follows that

8(Zy (k)P #a)) = £ (Y (kg)Bmr ")) (3-6)

for every g € Q(k), where [0] € H'(k, G) is the image of ¢ by the boundary map of (3-4). In view
of (3-6), we will be done if we show the equality

Z (k)P = U Z (kg)BrorZe) (-7)
qeQk)

of subsets of Z(kg). Thus, the problem that we need to solve has been reduced to the question of making
the fibration method work for 7 : Z — Q, a fibration over a quasitrivial torus whose generic fibre is
rationally connected and all of whose fibres are split (even geometrically integral). When G is cyclic, a
positive answer is given by Theorem 3.5, thanks to the next lemma.

Lemma 3.9. If G is a cyclic group, the morphism n; . Zy — Qp admits a rational section.

Proof. If G is cyclic, we can fit the exact sequence (3-4) over k and the Kummer exact sequence into a

commutative diagram as pictured below:

1 Gi Tz Ox 1
ll l l (3-8)
1 [y Gt —— Gput 1

As the right-hand side square of (3-8) is cartesian, so is the square obtained by applying the functor Y Xf —
to it. Hence 7 : Z; — Qj comes, by a dominant base change, from the morphism 7 : ¥ x G.i—~>Gui
induced by the multiplication by n map G, ; — G, ;. In particular, it suffices to check that o admits a
rational section. Now, the proper models of the geometric generic fibre of 7 are rationally connected,
since 7z and 7o have the same geometric generic fibre. As the target of g is a curve over an algebraically
closed field of characteristic 0, the Graber—Harris—Starr theorem [Graber et al. 2003, Theorem 1.1],
combined with [Kollar 1996, Chapter IV, Theorem 6.10], does imply the existence of a rational section
of 7. O
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3C. Proof of Theorem 3.1 in the general case. We assume that Y is a supersolvable finite descent type
on X of class n and argue by induction on n. If n = 0, there is nothing to prove. Assume that n > 0 and
that the statement of Theorem 3.1 holds for supersolvable finite descent types of class n — 1.

Let G = Aut(?/X,;), andlet {1}=Go < G, C--- < G, =G be a filtration satisfying the requirements
of Definition 2.6. The subgroup G,_; of Aut(Y /X) is normal since it is stabilised by the outer
action of Gal(lz/ k) on G induced by (2-1). Thus Y =Y/G,_; is a finite descent type on X. As
Aut(Y'/ X D= G,/Gn_1 is cyclic, we can apply the case of Theorem 3.1 already established in Section 3B,
and deduce that

X(kQ)Brm(X): U f(Y/(kQ)Brm(Y/))’ (3-9)
f1Y—X

where f’:Y’ — X ranges over the isomorphism classes of torsors Y/ — X of type Y.

Lemma 3.10. Let f': Y — X be a torsor of type Y and 1 : Y ]-; => Y’ be an isomorphism of X-schemes.

Viewing the scheme Y as a Y é-scheme via t, it is a supersolvable finite descent type on Y' of class n — 1.

Proof. As Y is Galois over X, it is Galois over Y’. Moreover, the commutative diagram

1 G Aut(Y/X) — Gal(k/k) — 1
U ] I
1 —— Gpoy —— Aut(Y/Y') —— Gal(k/ k) — 1

shows that the outer action of Gal(lg /k) on G coming from the bottom row stabilises the subgroups
G1, ..., G, o of G,_1, since these subgroups are stable under the outer action of Gal(k/k) on G coming
from the top row. (|

For any torsor f’: Y’ — X of type Y’ and for any X-isomorphism ¢ : Y]g =5 Y/, Lemma 3.10 and the
induction hypothesis imply the equality

Y (k)P0 = | ) (Y (k)Bm) (3-10)
Y-y’

of subsets of Y'(kg), where f”:Y — Y’ ranges over the isomorphism classes of torsors ¥ — Y of type ¥
(viewing Y as a Yé—scheme via t). Now for any such f’, ¢ and f”, the composition f'o f”:YV — X
is a torsor of type Y. Hence combining (3-9) with (3-10) yields (3-1). This completes the proof of
Theorem 3.1.

4. Applications

We now discuss applications of supersolvable descent to rational points on homogeneous spaces and
to Galois theory, pursuing and expanding the investigations in [Harpaz and Wittenberg 2020]. Unless
otherwise noted, the field k£ will be assumed in Section 4 to be a number field.



800 Yonatan Harpaz and Olivier Wittenberg

4A. Homogeneous spaces of linear algebraic groups. In Theorem 4.5 below, we apply supersolvable
descent to the validity of Conjecture 1.1 for homogeneous spaces of linear algebraic groups. Additional
notation and terminology that is useful for dealing with stabilisers of geometric points on such
homogeneous spaces will first be introduced in Section 4A1. Theorem 4.5 is stated in Section 4A2 and
proved in Section 4A3.

4A1. Outer Galois actions and o-algebraic maps. We first introduce o -algebraic maps, following
Borovoi [1993, §1.1].

Definition 4.1. Given a field automorphism o of k, a o -algebraic map between two varieties V, W over k
is a morphism of schemes f : V — W that makes the square

lgv f ng

- Spec(c ") —
Spec(k) ————  Spec(k)

commute, where ey and ey are the structure morphisms of V and W. Equivalently, if o*W denotes
the variety over k with underlying scheme W and structure morphism Spec(c) o £y, a o-algebraic map
f 1V — W is a morphism of varieties V — o*W.

A o-algebraic map is generally not a morphism of varieties. Nonetheless, any o -algebraic map
f:V — W induces a map f; : V (k) — W (k), since the sets V (k) and W (k) can be identified with the
sets of closed points of the schemes V and W. We shall say that a map V (k) — W (k) is o-algebraic if it
coincides with f; for a o-algebraic map f: V — W, and that it is algebraic if it is o -algebraic with o =1dg.

Remarks 4.2. (i) If V and W are nonempty varieties over k, a morphism of schemes f : V — W can be
a o-algebraic map for at most one automorphism o of k.

(i) As Spec(t™)oSpec(c™) = Spec(c't!) = Spec((ro)~!), precomposing a r-algebraic map with
a o -algebraic map yields a To-algebraic map. In particular, the class of o -algebraic maps is closed under

composition with algebraic maps.

(iii) If V = Vj x Spec(k) for a variety V; over k, then for any o € Gal(k/k), the morphism of schemes
f:V — V given by Idy, x; Spec(c ™) is a o-algebraic map. The map f, : V (k) — V (k) that it induces
is v o(v).

(iv) Let V = V{ x4 Spec(k) for a variety V, over k and U be an irreducible finite étale V-scheme. Let
p:Aut(U/Vy) — Gal(k / k) denote the natural map, which factors through Aut(V/Vy) = Gal(k /k). Then
a:U — U is a p(a)-algebraic map for any a € Aut(U/ V).

We recall that if X is a (left) homogeneous space of a connected linear algebraic group L over k and if
Hj; C Lj denotes the stabiliser of a point x € X (k), viewed as an algebraic group over k, the exact sequence

1 — H;(k) - Gz — Gal(k/k) — 1, (4-1)
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where G; = {(¢, 0) € L(k) x Gal(k/k); £o (X) = ¥}, induces a continuous outer action of the profinite
group Gal(lg/ k) on the discrete group H; (k); see [Demarche and Lucchini Arteche 2019, §2.3]. Thus,
the discrete group Hx (k) receives a continuous outer action of Gal(k / k) while the algebraic group H;
is only defined over k. The notion of o -algebraic map allows us to reconcile this outer action with the
algebraic structure of Hj, as shown by the following proposition:

Proposition 4.3. Let o € Gal(k/k). Any group automorphism of H; (k) that represents the outer action
of o is induced by a o-algebraic map Hy — Hx.

Proof. Let ({,0) € G;z. The automorphism m — Lo (m)t~! of L(k), being the composition of
the o-algebraic map m — o (m) with the algebraic map m — £mt~!, is itself o-algebraic (see
Remarks 4.2 (i1)—(ii1)), i.e., it equals f for a o-algebraic map f : Ly — L. As f stabilises H; (IE) and
as Hx is areduced closed subscheme of L, the scheme morphism f stabilises Hx. As the resulting scheme
morphism g : Hy — Hj is a o-algebraic map and as the automorphism g, coincides with conjugation
by (¢, o), the proposition is proved. (|

Corollary 4.4. Let H g denote the connected component of the identity in Hz. The outer action of Gal(k/ k)
on Hi (k) induced by (4-1) stabilises H)g (k), and hence induces an outer action of Gal(k / k) on the finite
group mo(Hx).

Proof. This follows from Proposition 4.3, as any scheme morphism H; — Hj that preserves the identity
point must stabilise the open subscheme H g . U

4A2. Statement. We now formulate Theorem 4.5, our main application of supersolvable descent to
homogeneous spaces of linear algebraic groups, and discuss its first consequences.

Theorem 4.5. Let X be a homogeneous space of a connected linear algebraic group L over a number
field k. Let x € X (k). Let H; denote the stabiliser of x and N C H; be a normal algebraic subgroup of
finite index satisfying the following two assumptions:
(1) the outer action of Gal(k/k) on Hx(k) induced by (4-1) stabilises N (k);
(2) the quotient Hz(k)/N (k) is supersolvable in the sense of Definition 2.6, with respect to the outer
action of Gal(k/ k) on H;(k)/N (k) induced by (4-1).
Let Y range over the homogeneous spaces of L over k that satisfy the following condition:
(%) there exist an L-equivariant map Y — X and a lifting y € Y (k) of X whose stabiliser, as an algebraic
subgroup of L, is equal to N.
If Conjecture 1.1 (respectively, the implication Y (kq)B™Y) £ & = Y (k) # @) holds for all such Y, then
Conjecture 1.1 holds for X (respectively, then X (kq)B™X) £ & = X (k) # ).

Remark 4.6. The weaker statement obtained by allowing Y to range over all homogeneous spaces of L
over k whose geometric stabilisers are isomorphic to N as algebraic groups over k is sufficient for the
applications of Theorem 4.5 considered in this article.
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When N = H g , the first hypothesis of Theorem 4.5 is satisfied, by Corollary 4.4. On the other hand,
Conjecture 1.1 holds for homogeneous spaces of L with connected geometric stabilisers, by a theorem of
Borovoi [1996, Corollary 2.5]. Thus, we deduce:

Corollary 4.7. Let X be a homogeneous space of a connected linear algebraic group L over a number
field k. Let x € X (k). Assume that the group of connected components of the stabiliser of X is supersolvable
in the sense of Definition 2.6, with respect to the outer action of Gal(k/ k) given by Corollary 4.4. Then
Conjecture 1.1 holds for X.

Corollary 4.7 simultaneously generalises Borovoi’s theorem mentioned above (where the geometric
stabilisers are connected) and [Harpaz and Wittenberg 2020, Théoréeme B] (where the geometric stabilisers
are finite and supersolvable). In fact, even in the particular case of finite and supersolvable geometric
stabilisers, Corollary 4.7 strictly generalises [Harpaz and Wittenberg 2020, Théoréme B], as it relaxes all
hypotheses on the ambient linear group L, assumed in loc. cit. to be semisimple and simply connected.
What is more, when L is semisimple and simply connected, Corollary 4.7 can be used to ensure the
validity of Conjecture 1.1 even in cases where the geometric stabilisers are not supersolvable, as the
following example shows:

Example 4.8. Assume that L is semisimple and simply connected. Then, by a theorem of Borovoi [1996,
Corollary 2.5], Conjecture 1.1 holds for all Y as in Theorem 4.5 if N is abelian. Thus, Theorem 4.5
implies the validity of Conjecture 1.1 for any homogeneous space of L whose geometric stabilisers are
extensions of a supersolvable finite group by an abelian algebraic subgroup (compatibly with the outer
Galois action, as stated in Theorem 4.5 (1)—(2)).

Combining Theorem 4.5 with the work of Neukirch [1979] also yields Conjecture 1.1 for homogeneous
spaces of SL, whose geometric stabilisers can be written, compatibly with the outer action of Gal(k/k),
as extensions of a supersolvable finite group by a solvable finite group whose order is coprime to the
number of roots of unity in k.

Nonsolvable examples where Theorem 4.5 can be applied will be discussed in Section 4A4.

4A3. Proof of Theorem 4.5. SetY = L i/ N. We view Y as an Xg-scheme through the projection
Y =L;/N — Li/H; = X}. 4-2)
This projection is a torsor under H; /N, so that there is a natural short exact sequence
1 - N(k) — Hz(k) 5 Aut(Y/X;) — 1. (4-3)

Explicitly, the map ¢ sends any £ € H; (k) to the automorphism of the variety ¥ over k which on k-points,
i.e., on the quotient set L(IE)/N(IE), is given by mN (k) — me~ N (k).

For the statement of the next lemma, we recall that N (k) is a normal subgroup of the middle term G
of (4-1), as a consequence of assumption (1) of Theorem 4.5.
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Lemma 4.9. The X;-scheme Y is a finite descent type on X. In addition, the short exact sequence (2-1)
can be identified with the sequence obtained from (4-1) by replacing the first two terms of (4-1) with their
quotients by the normal subgroup N (k).

Proof. Leto € Gal(lz/k) and ¢ € L(k) be such that £o (¥) = X. By assumption (1) of Theorem 4.5, the
automorphism m +— Lo (m)¢~"! of L(k) stabilises the subgroup N (k). We deduce that the o -algebraic map
L(k) = L(k), m — o(m)¢~" induces a o -algebraic map Y (k) = Y (k). The latter is the top horizontal
arrow of a commutative square

Y (k) —— Y (k)
L

X (k) —— X (k)

whose lower horizontal arrow is the o -algebraic map m +— o (m) and whose vertical arrows are given by
m +— mXx (i.e., are induced by (4-2)). As the horizontal arrows are o -algebraic and the vertical ones are
algebraic, the square (4-4) is induced on closed points by a commutative square of schemes

(4-5)

— =
— =

Idy kapec(a*I)
N
k

e
B

k
whose horizontal arrows are o -algebraic maps and both of whose vertical arrows are the projection (4-2).
Hence the top horizontal arrow is an automorphism of the X-scheme Y.

With G; as in (4-1), let ¥ : Gz — Aut(Y /X) denote the map that sends (¢, o) to this X-scheme
automorphism of Y, and let p : Aut(Y /X) = Aut(X;/X) = Gal(k / k) denote the natural morphism. One
readily checks that ¥ is a homomorphism and that the exact sequence (4-1) fits into a commutative diagram

1 —— H;(k) G; Gal(k/k) — 1

I+ I |

1 —— Aut(Y/Xp) — Aut(Y/X) —2— Gal(k/ k)

where ¢ comes from (4-3). (The commutativity of the left square follows from the explicit descriptions
of ¢ and ¢; that of the right square follows from Remarks 4.2 (iv) and (i).) This diagram shows that p
is surjective, so that Y is indeed a finite descent type on X. In addition, it follows from this diagram and
from the exact sequence (4-3) that the exact sequence (2-1) can be identified as indicated in the statement
of the lemma. U

Lemma 4.10. Let Y — X be a torsor of type Y. There exists a unique action of L on Y such that the
morphism Y — X is L-equivariant. With respect to this action, the variety Y is a homogeneous space of L,
and there exists a lifting y € Y (k) of X whose stabiliser, as an algebraic subgroup of L @ is equalto N.
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Proof. This lemma is valid over any field k of characteristic 0. In order to prove it, we may and will
assume that k = k. Indeed, by Galois descent, the existence of the action of L on Y follows from its
existence and uniqueness over k; and all other conclusions of the lemma are of a geometric nature. Let us
write X = L/Hj; and fix an X-isomorphism ¥ ~Y = L/N. The existence of an action of L on Y satisfying
all of the conclusions of the lemma is now obvious, and we need only check its uniqueness. For the latter,
the first paragraph of the proof of [Harpaz and Wittenberg 2020, Proposition 5.1] applies verbatim (and
it does not depend on the hypotheses of semisimplicity and simple connectedness made in loc. cit.). U

By Lemma 4.9 and by assumption (2) of Theorem 4.5, the X;-scheme Y is a supersolvable finite
descent type on X. Moreover, Lemma 4.10 and the final assumption of Theorem 4.5 ensure that for
any torsor Y — X of type Y, the set Y (k) is a dense subset of ¥ (kg)B™ () (respectively, the implication
Y (kg)B(Y) £ & = Y (k) # @ holds). Theorem 3.1 now implies that the set X (k) is a dense subset
of X (kg)Brr(X) (respectively, that X (kq)BrrX) £ & — X (k) # @). Thus, Theorem 4.5 is proved.

4Ad4. A special case: homogeneous spaces of SL, with finite stabilisers. We now spell out a useful
corollary of Theorem 4.5 in the special case where L = SL,, (Corollary 4.11 below). We shall apply it in
Section 4AS5 to the inverse Galois problem and to the Grunwald problem.

To prepare for the statement of Corollary 4.11, let us recall that a finite group is said to be complete
if its centre is trivial and all its automorphisms are inner. We shall say that a finite group N is almost
complete if its centre is trivial and the homomorphism Aut(N) — Out(N) admits a section.

Corollary 4.11. Let G be a finite group equipped with an outer action of Gal(k/k). Let X be a
homogeneous space of SL,, over a number field k, with geometric stabilisers isomorphic to G as groups
endowed with an outer action of Gal(k/k). Let N € G be a normal subgroup stable under the outer
action of Gal(k/k). Assume that the group G/N is supersolvable, in the sense of Definition 2.6, with
respect to the induced outer action of Gal(k/k). Then:

(i) If the finite group N is almost complete, then X (kq)B™™) £ & = X (k) # .

(i) If the finite group N is almost complete and if , for any finite étale subgroup scheme N of SL,, over k
such that the groups N (k) and N are isomorphic, the weak approximation property holds for the
quotient variety SL,, / N, then Conjecture 1.1 holds for X.

(iii) If the finite group N is complete and if, for any embedding N < SL,(k), letting N denote the
constant subgroup scheme of SL,, with N (k) = N, the weak approximation property holds for the
quotient variety SL,, / N, then Conjecture 1.1 holds for X.

In Corollary 4.11 (ii), we do not require any compatibility between the Galois action on N (k) and
the given outer Galois action on G. One could obtain a slightly more precise statement by doing so;
see Remark 4.6.

Proof of Corollary 4.11. By Theorem 4.5, it is enough to prove that for any homogeneous space Y of SL,
over k whose geometric stabilisers are isomorphic, as abstract groups, to NV, Conjecture 1.1 holds for Y
(respectively, the implication Y (kg)B™(Y) £ & = ¥ (k) # @) holds) if the assumptions of (ii) and of (iii)
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(respectively, of (i)) are satisfied. We shall see that Y even satisfies the weak approximation property
(respectively, that Y (k) # & unconditionally).

Let us fix a point y € Y (k) and a group isomorphism Hj (k) ~ N, and consider the resulting exact
sequence

1— N — Gy — Gal(k/k) — 1, (4-6)

where G = {(¢, o) € SL, (k) x Gal(k/k) ; £o(¥) = y}. We endow SL,, (k) x Gal(k/k) with the product of
the discrete topology on SL, (k) and the Krull topology on Gal(k/k), and G5 with the induced topology,
so that (4-6) becomes an exact sequence of profinite groups. By Lemma 4.12 below and by the hypothesis
that N is almost complete, this sequence admits a continuous homomorphic splitting s : Gal(k/k) — Gy
and we can assume that the image of s commutes with N C Gy if in addition N is complete. Composing s
with the projection Gy — SL, (k) yields a continuous cocycle Gal(l€/ k) — SL,(k). As the Galois
cohomology set H L(k,SL,) is a singleton (Hilbert’s theorem 90), there exists b € SL, (k) such that
s(o)=b"'o®),0) forall o € Gal(lz/ k). The very definition of G; now shows that o (by) = by for
all o € Gal(lg/ k), in other words by € Y (k). This already proves that Y (k) # &, and hence takes care
of Corollary 4.11 (i). Let us denote by N C SL, the stabiliser of the rational point by € Y (k), so that
Y =SL, /N. As ]\7(15) = bHj (k)b~!, the groups ]\7(12) and N are isomorphic, and Corollary 4.11 (ii)
follows. Finally, the condition that the image of s commutes with N is equivalent to o (bhb~') = bhb™!
for all o € Gal(k/k) and all h € Hj (k); therefore this condition implies that N is a constant group scheme
over k, and Corollary 4.11 (iii) is proved. (|

Lemma 4.12. Let N be a finite group with trivial centre. Then
(1) N is almost complete if and only if every short exact sequence of profinite groups
1> N—->G—H—1
splits as a semidirect product of profinite groups G = N X H,
(2) N is complete if and only if every short exact sequence of profinite groups

1= N—G—H-—1

splits as a direct product of profinite groups G = N x H.

Proof. As the centre of N is trivial, the group of inner automorphisms of N can be identified with N and
we have a short exact sequence of finite groups

1—-> N — Aut(N) — Out(N) — 1. 4-7)

If (4-7) splits as a semidirect product, then N is almost complete, by definition. If (4-7) splits as a direct
product, then the outer action of Out(N) on N induced by (4-7) is trivial. As this outer action coincides
with the canonical outer action of Out(N) on N, it follows that Out(N) is trivial, i.e., N is complete.
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Conversely, let us assume that N is almost complete (respectively, complete). Any short exact sequence
as in the statement of the lemma canonically fits into a commutative diagram

1 N G H 1

| |

] — N —— Aut(N) —— Out(N) —— 1

where the middle vertical arrow sends g € G to the automorphism z — gzg~! of N. Thus, the upper row
is obtained by pull-back from the lower row, and the upper row splits as a semidirect (respectively, direct)
product if so does the lower row. (]

A full characterisation of almost complete simple groups is established in [Lucchini et al. 2003]. These
include for example all the simple alternating groups A, for n # 6, all the sporadic simple groups and
all Chevalley groups L(F,)/Z(L(F,)) where p > 5 is a prime and L is a split simple simply connected
algebraic group over F,; see [Lucchini et al. 2003] and [Borel 1970, p. A-14]. In addition, if G is a
finite group all of whose composition factors are almost complete simple groups, then G itself is almost
complete, as can be seen by mimicking the proof of [Lucchini Arteche 2022, Theorem 2] and exploiting
Lemma 4.12 above.

These remarks already provide many examples to which Corollary 4.11 (i) can be applied. We now
illustrate, in Corollary 4.13, cases (ii) and (iii) of Corollary 4.11.

Corollary 4.13. Let G be a finite group equipped with an outer action of Gal(k/k). Let N € G be a
normal subgroup stable under this outer action. Assume that the group G /N is supersolvable, in the sense
of Definition 2.6, with respect to the induced outer action of Gal(k/k). Assume that one of the following
two conditions holds:

(1) N is isomorphic to the symmetric group S, with m # 6;
(2) N is isomorphic to the alternating group As.

Then Conjecture 1.1 holds for any homogeneous space of SL,, whose geometric stabilisers are isomorphic,
as groups endowed with an outer action of Gal(k/ k), to G.

It should be noted that Corollary 4.13 in case (2) with G = N was first established by Boughattas
and Neftin [2023], who gave in this way the first example of a nonabelian simple group N such that
Conjecture 1.1 holds for any homogeneous space of SL,, with geometric stabilisers isomorphic, as abstract
groups, to N. We provide an alternative proof, based on the special properties of del Pezzo surfaces of
degree 5.

Proof of Corollary 4.13. If N = §,, the supersolvability of G/N implies that of G itself, and the conclusion
results from Corollary 4.7. If N = §,, with m ¢ {2, 6}, then N is a complete group for which the Noether
problem has a positive answer. In this case, Corollary 4.11 (iii) can be applied: the variety SL, /N
appearing in its statement is stably rational and, therefore, satisfies the weak approximation property.



Supersolvable descent for rational points 807

It only remains to treat the case N = As, which is an almost complete finite group. We shall prove that
Corollary 4.11 (ii) can be applied, i.e., that for any finite étale subgroup scheme N of SL,, over k such
that N (k) is isomorphic to As, the variety SL, /N satisfies the weak approximation property; in fact, we
shall even prove that SL,, / N is stably rational.

Let Y denote the split del Pezzo surface of degree 5 over k, i.e., the blow-up of sz along four rational
points in general position, and fix group isomorphisms N (k) ~ As and Aut(Y) =~ Ss; see [Dolgachev 2012,
Theorem 8.5.8]. As Aut(As) = Ss, the natural action of Gal(k /k) on N (k) determines a homomorphism
x : Gal(k/k) — Ss. Letting Ss act on As by conjugation, the twist by x of the constant group scheme
over k associated with As is N. Let Y’ denote the twist of ¥ by x. As the action of A5 on Y is
Ss-equivariant, it gives rise, upon twisting, to an action of N on Y’. Let us now consider the diagonal right
action of the group scheme N on SL, xY and the two projections pr; : (SL, xxY")/ N — SL,, /N and
pr,: (SL, xxY")/ N — Y'/N. As the generic fibre of pr, is a torsor under the rational algebraic group SL,,
it is itself rational, by Hilbert’s theorem 90. As the generic fibre of pr; is a del Pezzo surface of degree 5, it
is also rational, by the work of Enriques [1897], Manin [1966] and Swinnerton-Dyer [1972]. The varieties
SL, /N and Y’/N are therefore stably birationally equivalent. To conclude the proof, let us check that
the surface Y’/N is rational. Let Z — Y’/ N denote its minimal resolution of singularities. As Y’ is a del
Pezzo surface of degree 5, the above-cited work of Enriques, Manin and Swinnerton-Dyer implies that Y’
is rational and hence that Z(k) # &. On the other hand, according to Trepalin [2018, end of proof of
Lemma 4.5], the smooth projective surface Z; is isomorphic to the Hirzebruch surface P(0Op1 @ Op1(3))
over k. In particular, K2 = 8 and Z is geometrically minimal, and hence minimal. All in all Z is a minimal
smooth projective geometrically rational surface with K % > 5 and Z (k) # &; by the work of Iskovskikh and
Manin, it follows that it is rational (see [Benoist and Wittenberg 2023, Proposition 4.16]), as desired. [

4AS. Inverse Galois problem. In the situation of Theorem 4.5, let us assume that X is the quotient of L by
a finite subgroup I' C L (k) viewed as a constant group scheme over k, and let x be the image of 1 € L(k),
so that Hy =T". Then any normal subgroup N C I is stable under the (trivial) outer action of Gal(k /k), and
the supersolvability condition on I'/N that appears in the statement of Theorem 4.5 reduces to the usual
notion of supersolvability for abstract groups. When in addition L = SL,,, the conclusion of Theorem 4.5
implies a positive answer to the inverse Galois problem for I' (see [Harari 2007, §4, Proposition 1]) and,
by a theorem of Lucchini Arteche, to the Grunwald problem outside of the finite places of k dividing
the order of I'; see [Lucchini Arteche 2019, §6]. We shall refer to this version of the Grunwald problem
as the tame Grunwald problem, following [Demarche et al. 2017, §1.2]. Thus, we obtain:

Corollary 4.14. Let I" be a finite group and N C I" be a normal subgroup such that I' /N is supersolvable.
Let k be a number field. Assume that the set Y (k) is dense in Y (ko)®™Y) for any n > 1 and any
homogeneous space Y of SL, over k whose geometric stabilisers are isomorphic, as groups, to N. Then I"

is a Galois group over k and the tame Grunwald problem has a positive solution for I over k.

The second assertion of the corollary means that if S is a finite set of places of k none of which divides
the order of I' and if, for each v € S, a Galois extension K,/k, whose Galois group can be embedded
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into I' is given, then there exists a Galois extension K /k with Galois group I' such that for each v € S,
the completion of K at a place dividing v is isomorphic, as a field extension of k,, to K.

When the subgroup N is assumed to be trivial, Corollary 4.14 recovers the positive answer to the tame
Grunwald problem for supersolvable finite groups obtained in [Harpaz and Wittenberg 2020, Corollaire
au théoréeme B]. Indeed, in this case, Hilbert’s theorem 90 guarantees that Y ~ SL,,, so that Y is rational
over k and satisfies the weak approximation property.

Combining Corollary 4.13 for G = N = As (due to Boughattas and Neftin [2023]) with Corollary 4.14
yields the following case of the tame Grunwald problem, which to our knowledge is new:

Corollary 4.15. Let I' = As x G be a semidirect product of As with a finite supersolvable group G.

Then I is a Galois group over k and the tame Grunwald problem has a positive solution for I" over k.

A more precise understanding of the unramified Brauer group of SL,, /I" leads, for some groups I',
to a positive answer to the Grunwald problem with a smaller exceptional set of bad primes than in the
conclusion of Corollary 4.14; see [Harpaz and Wittenberg 2020, p. 778]. If we do not exclude any prime,
however, the Grunwald problem can have a negative answer under the assumptions of Corollary 4.14, as
is well known; see [Wang 1948].

4B. Norms from supersolvable extensions. The following refinement of the inverse Galois problem
was formulated by Frei, Loughran and Newton [2022]: given a number field k, a finite group G and a
finitely generated subgroup A C k*, does there exist a Galois extension K /k such that Gal(K/k) ~ G
and A C Ng/x(K*)? We provide a positive answer when G is supersolvable.

Theorem 4.16. Let k be a number field and A C k* be a finitely generated subgroup. Let G be a
supersolvable finite group. There exists a Galois extension K |k with Galois group isomorphic to G such
that every element of A is a norm from K. Moreover, given a finite set of places S of k, we can require
that the places of S split in K.

Proof. Let us fix an embedding G — SL,, (k) for some n» > 1 and a finite system of generators oy, ..., 0ty
of A. As in [Frei et al. 2022, §A.1], we let 7% C [] 2eG G, for o € k*, denote the subvariety, over k,
whose k-points are the maps 7 : G — k* such that ]_[geG t(g) = . Let us set

Y =SL, xT* x---xT% and L=SL,xT'x.--xT!,

with m copies of T'. Let G act on the right on 7% (for any «) by (7 - g)(g’) =t(gg’). Let G act on the
right on Y and on L by the diagonal actions coming from the action just defined on the 7%, from the
right multiplication action on the copy of SL,, appearing in Y, and from the trivial action on the copy
of SL,, appearing in L.

Set X =Y /G. The projection 7w : ¥ — X is a right torsor under G since the action of G on SL, by
right multiplication is free. We view it as a left torsor by setting g -y =y - g~!. Applying Corollary 3.3
as in Example 3.4 shows that X (k) is a dense subset of X (kq)B™X)_ It follows that Ekedahl’s version of
Hilbert’s irreducibility theorem, in the form spelled out in [Harari 2007, Lemme 1], can be applied to .
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Let us fix yg € Y (k). Recall that there exists a finite subset Sy C €2 such that any (x,),cq € X (kg) with
x, = 1 (yp) for all v € Sy belongs to X (kq)B™™); see [Wittenberg 2018, Remarks 2.4 (i)—(ii)]. Let us
fix such an Sy, and an S as in the statement of Theorem 4.16. By [Harari 2007, Lemme 1], there exists
x € X (k) such that the scheme 7 ~! (x) is irreducible, with x arbitrarily close to 7 (yg) € X (k) forall v € S.

The function field K of 7~!(x) is then a Galois extension of k with group G, and the restriction
to 7~ (x) of the invertible function (s, 11, ..., f,) — (1) on Y, where 1 denotes the identity element
of G, is an element of K* with norm «;. Moreover, as 7 is étale, the implicit function theorem guarantees
that if x is sufficiently close to 7 (yg) in k, for v € Sy, then 7 ~!(x) possesses a k,-point (close to yp), so
that v splits in K. 0

Remarks 4.17. (i) In the particular case where the group G is abelian, the existence of Galois
extensions K /k such that Gal(K /k) ~ G and A C Nk, (K*) was first established by Frei, Loughran and
Newton [2022, Theorem 1.1], who gave a quantitative estimate for the number of such field extensions
with bounded conductor. In op. cit., Appendix, we offered an alternative algebro-geometric proof of their
result. A third proof was later given by Frei and Richard [2021].

(i) In the particular case where the group G is abelian, the proof of [Frei et al. 2022, Appendix] is
simpler than the one obtained by specialising the above proof of Theorem 4.16. Indeed, the latter chooses
a filtration of G with cyclic quotients and proceeds by induction along this filtration, while the former
consists in one step only.

(iii) When formulating Theorem 4.16, we might consider local conditions at a finite set of places S
more general than the condition that these places split in K; in the abelian case, this was done in [Frei
et al. 2022, Corollary 4.12] and [Frei and Richard 2021, §2.4]. Even when a Galois extension of k with
group G that satisfies the given local conditions is assumed to exist, arbitrary local conditions cannot
always be satisfied when the group G is a nonabelian finite supersolvable group; see [Frei et al. 2022,
Proposition A.9] for an example. According to the proof of Theorem 4.16, this phenomenon is fully
controlled by the Brauer—-Manin obstruction to weak approximation on the variety X that appears in this
proof. In particular, there always exists a finite subset 7 C €2 such that arbitrary local conditions can be
imposed at the places of S as soon as SNT = &. To identify T explicitly, however, it would be necessary
to analyse further the group Br, (X).

The ideas underlying the proof of Theorem 4.16 can be applied to other similar problems. To conclude
the article, we explain a slightly more general framework and give one example.

We fix a number field &, a finite group G and a subgroup H C G such that the only normal subgroup of G
contained in H is the trivial subgroup, and we let G act on the polynomial ring k[(x, ), eG,n ] by permuting
the variables via g(x,) = xg,. We also fix a nonconstant invariant polynomial 6 € k[(x,),ec/u1°.

Let us consider a k-algebra K endowed with an action of G that turns the morphism Spec(K ) — Spec(k)
into a G-torsor. Let K = K. When K is a field, this amounts to specifying a field extension K /k, with
Galois closure K / k, together with a group isomorphism p : G = Gal(K /k) such that p(H) = Gal(K /K).
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Forz e K and y € G/H, if y € G stands for a lift of y, the element y(z) € K does not depend on the
choice of . We denote it by y(z). For z € K, substituting y (z) for x,, in 6 yields an element of K that is
invariant under G and hence belongs to k. We denote it by Ny(z). This defines a map Ny : K — k. For ex-
ample, if 6 = ]_[yxy (respectively, 6 = Zyxy), we recover the norm (respectively, trace) map from K to k.

Given a finite subset A C k, we can now ask: do there exist a field extension K / k, a Galois closure K / k
and an isomorphism p as above, such that A C Ny(K)? When H is trivial and 6 = ]_[y X, this is exactly
the question considered in [Frei et al. 2022; 2021] and in Theorem 4.16. The proof of Theorem 4.16
extends to a positive answer to this more general question under some assumptions on G, H and 6, which
we present in Theorem 4.18 below. To prepare for its statement, let us introduce, for @ € k, the affine
variety V¢ = Spec(k[(xy)yeg /H1/(0 — a)). As 6 is invariant under G, the group G naturally acts on V<.
We set V =[],c4 V* and equip this product with the diagonal action of G.

Theorem 4.18. Let k be a number field. Let G be a supersolvable finite group and H C G be a subgroup
such that the only normal subgroup of G contained in H is the trivial subgroup. Let 0 € k[(xy),cc/ ¢
be a nonconstant invariant polynomial. Let A C k be a finite subset. Let V be the variety associated with
H, G, 0, Aas above. Let Spec(ko) — Spec(k) be a G-torsor. Assume that the following conditions are
satisfied:

(1) letting Ko = K{!, the inclusion A C Ng(Kg) holds;
(2) the variety V is smooth and rationally connected,

(3) forevery [o] € H'(k, G), Conjecture 1.1 holds for the twisted variety V°.

Then there exist a field extension K /k, a Galois closure K /k of K]k, and a group isomorphism
p:G = Gal(k/k), such that p(H) = Gal(IE/K) and A C Ng(K). If, moreover, a finite set of
places S of k is given, we can require that for all v € S, the ky-algebras K ® ky and Ky Q ky are
G-equivariantly isomorphic (so that the k,-algebras K Q@ k, and Ky Qi k, are isomorphic).

Remarks 4.19. (i) If [09] € H'(k, G) denotes the class of the torsor Spec([go) — Spec(k), the twisted
variety V' admits a rational point if and only if A C Ny(Kp). To explain why, we first note that the
twist of the affine space Spec(k[(x,),ec,u]1) by oo can be identified with the Weil restriction Rk, kA}Q)'
As the regular function 6 on this affine space is invariant under G, it induces a regular function on its
twist. We view it as a morphism Nj : RKO/kA}(O — Al. For a € A, the twist of V* by oy is then the
fibre N, ! (). The latter possesses a rational point if and only if « € Ny(Kp); hence the claim.

(i) The group G acts faithfully, and therefore generically freely, on V. Indeed G acts faithfully on G/H
by our assumption on H, hence it also acts faithfully on k[(x} ), cG,/n ], While 6 —a is not a scalar multiple
of x,, —x,, forany y1,y» € G/H.

(iii) Let V' be the largest open subset of V on which G acts freely. If (V'/G)(k) # &, then
a G-torsor Spec([%o) — Spec(k) satisfying assumption (1) of Theorem 4.18 exists. Indeed, for
¢ € (V'/G)(k), twisting the G-torsor V' — V’/G by its fibre Spec(Ko) — Spec(k) above ¢ yields
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a G-torsor (V') — V’/G whose total space admits rational points (namely, rational points above c).
Assumption (1) then holds by Remark 4.19 (i).

Proof of Theorem 4.18. We adapt the proof of Theorem 4.16 as follows. Fix an embedding G — SL,, (k)
for some n > 1. Set Y = SL, xV. Let G act by right multiplication on SL,,, by the given action on V,
and diagonallyon Y. Set X =Y/G. Let7: Y — X and 7w : Y/H — X denote the quotient maps.

Lemma 4.20. There exists xo € X (k) such that 7~ (x) and Spec(lzo) are G-equivariantly isomorphic

over k.
Proof. Let us consider the cartesian square

y — " .x

Prll lprl /G

SL, —2—SL, /G

As the set H!(k,SL,) is a singleton (Hilbert’s theorem 90), there exists b € (SL, /G)(k) such that
5~ 1(b) is G-equivariantly isomorphic to Spec(Ko) (apply [Serre 1994, Chapitre I, §5.4, Corollaire 1]
to the inclusion G < SL,(k)). The fibre (pr,/ G)~1(b) is then isomorphic to the twist of V by the
torsor Spec([%o) — Spec(k). By Remark 4.19 (i), we deduce from this and from our assumption (1) that
(pr;/G)~!(b) possesses a rational point, say xo. As 7~ (xo) = 5! (b), the lemma is proved. 0O

Assumptions (2) and (3) allow us to deduce from Corollary 3.3 that X (k) is a dense subset of
X (ko)B™X) | Therefore, there exists x € X (k) such that the scheme 7~ '(x) is irreducible, with x
arbitrarily close to xg € X (k,) for all v € §; see [Harari 2007, Lemme 1]. Let K and K denote the
function fields of 7~ (x) and 7 ! (x), respectively. The field extension K /k is Galois with group G, and
we have Gal(K /K) = H by construction. By choosing x sufficiently close to xp for v € S, we can ensure
that for all v € §, the k,-algebras K ®x k, and I%o ®r ky are G-equivariantly isomorphic; see [Harari
and Skorobogatov 2002, Lemma 4.6]. It remains to check that A C Ny(Ky). For « € A, composing the
projection map Y — V¢ with the regular function on V¢ given by xy (where H denotes the canonical
point of G/H) yields a regular function on Y that is invariant under H, hence descends to a regular
function on Y /H. Its restriction z € K to 7~ 1(x) satisfies Ny(z) = a, as desired. O

Example 4.21. When 6 =[] y Xy and A C k*, the varieties V¢ are trivial torsors under trivial tori, so that V
is rational over k and assumptions (1) and (2) of Theorem 4.18 both hold, in view of Remark 4.19 (i),
if we take for Spec([?o) — Spec(k) the trivial torsor. Assumption (3) holds as well, as the twisted
varieties (V)¢ are torsors under tori; see Example 3.4. When in addition H is the trivial subgroup, this
recovers Theorem 4.16.

Example 4.22. Let k£ be a number field and « € k£*. Then there exists a cubic extension K /k such that
the equation o = TrK/k(,BZ) has a solution 8 € K.

To see this, we apply Theorem 4.18 to the symmetric group G = S3, to the subgroup H generated by a
transposition, to 6 = ZV x)% and to A = {a}. Let us check that its hypotheses hold. To this end, we identify
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G/H with {1, 2, 3}, so that V' is the smooth affine quadric surface defined by the equation x%—l—x%—i—x% =a.
The twisted varieties (V%) C (A,%)‘7 are also smooth affine quadric surfaces, since (Ai)” ~ Ai (Hilbert’s
theorem 90). Smooth quadric surfaces are rationally connected and satisfy the weak approximation
property, hence assumptions (2) and (3) of Theorem 4.18 are satisfied. To verify the existence of a torsor
Spec(Ko) — Spec(k) satisfying (1), we consider the point (xi, x2, x3) = (0, V&r/2, —/a/2). In the
notation of Remark 4.19 (iii), this point belongs to V' (k) C V*(k) since its coordinates are pairwise distinct.
As its orbit under Gal(k / k) is contained in its orbit under G, we have (V'/G) (k) # @; Remark 4.19 (iii)
can be applied.

Remark 4.23. We note that the cubic extensions constructed in Example 4.22 are noncyclic. A cyclic
cubic extension K /k such that the equation o = Trg /k(ﬂz) has a solution 8 € K need not exist: for
instance, it cannot exist if « is not totally positive. This is a situation where Theorem 4.18 does not apply
because there is no torsor Spec(Ky) — Spec(k) satisfying its assumption (1) (taking G = Z/3Z and
letting H be trivial). Similarly, even in the noncyclic case, it is not always possible to ensure that the
places of a finite set S C €2 split completely in K; for instance, this cannot be achieved if S contains
a real place at which « is negative. Here (V'/G)(k) # &, as shown in Example 4.22, but V (k) = &.
These two observations exhibit a marked contrast with the situation considered in Theorem 4.16 and in
Example 4.21, where V (k) # < automatically.
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On Kato and Kuzumaki’'s properties
for the Milnor K, of function fields of p-adic curves

Diego Izquierdo and Giancarlo Lucchini Arteche

Let K be the function field of a curve C over a p-adic field k. We prove that, for each n, d > 1 and for
each hypersurface Z in P’ of degree d with d*> < n, the second Milnor K -theory group of K is spanned
by the images of the norms coming from finite extensions L of K over which Z has a rational point.
When the curve C has a point in the maximal unramified extension of k, we generalize this result to
hypersurfaces Z in P% of degree d with d < n.

1. Introduction

Kato and Kuzumaki [1986] stated a set of conjectures which aimed at giving a diophantine characterization
of cohomological dimension of fields. For this purpose, they introduced some properties of fields which
are variants of the classical C;-property and which involve Milnor K -theory and projective hypersurfaces
of small degree. They hoped that those properties would characterize fields of small cohomological
dimension.

More precisely, fix a field K and two nonnegative integers g and i. Let K, (K) be the g-th Milnor K -
group of K. For each finite extension L of K, one can define a norm morphism Ny /k : K, (L) — K, (K);
see Section 1.7 of [Kato 1980]. Thus, if Z is a scheme of finite type over K, one can introduce the
subgroup N,(Z/K) of K,(K) generated by the images of the norm morphisms Ny ,x when L runs
through the finite extensions of K such that Z(L) # &. One then says that the field K is Cf’ if, for each
n > 1, for each finite extension L of K and for each hypersurface Z in P} of degree d with d' <n,
one has Ny, (Z/L) = K,(L). For example, the field K is C? if, for each finite extension L of K, every
hypersurface Z in P’} of degree d with d' < n has a 0-cycle of degree 1. The field K is Cg if, for each
tower of finite extensions M /L /K, the norm morphism Ny, : K, (M) — K, (L) is surjective.

Kato and Kuzumaki conjectured that, for i > 0 and ¢ > 0, a perfect field is Cl.q if, and only if, it is of
cohomological dimension at most i + ¢g. This conjecture generalizes a question raised by Serre [1965]
asking whether the cohomological dimension of a C;-field is at most i. As it was already pointed out
at the end of Kato and Kuzumaki’s original paper [1986], Kato and Kuzumaki’s conjecture for i =0
follows from the Bloch—Kato conjecture (which has been established by Rost and Voevodsky [2014]); in
other words, a perfect field is Cg if, and only if, it is of cohomological dimension at most g. However,
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it turns out that the conjectures of Kato and Kuzumaki are wrong in general. For example, Merkur’ev
[1991] constructed a field of characteristic O and of cohomological dimension 2 which does not satisfy
property Cg . Similarly, Colliot-Thélene and Madore [2004] produced a field of characteristic O and
of cohomological dimension 1 which did not satisfy property C ?. These counterexamples were all
constructed by a method using transfinite induction due to Merkurjev and Suslin. The conjecture of Kato
and Kuzumaki is therefore still completely open for fields that usually appear in number theory or in
algebraic geometry.

Wittenberg [2015] proved that totally imaginary number fields and p-adic fields have the C11 property.
Izquierdo [2018] also proved that, given a positive integer n, finite extensions of C(x1, ..., x,) and of
C(x1,...,x,-1)((2)) are Cl.q for any i, g > 0 such that i + ¢ = n. These are essentially the only known
cases of Kato and Kuzumaki’s conjectures. Note however that a variant of the C lq -property involving
homogeneous spaces under connected linear groups is proved to characterize fields with cohomological
dimension at most g + 1 in [Izquierdo and Lucchini Arteche 2022].

In the present article, we are interested in Kato and Kuzumaki’s conjectures for the function field K of
a smooth projective curve C defined over a p-adic field k. The field K has cohomological dimension 3,
and hence it is expected to satisfy the C l.q -property for i +¢ > 3. As already mentioned, the Bloch—Kato
conjecture implies this result when ¢ > 3. The cases ¢ = 0 and ¢ = 1 seem out of reach with the current
knowledge, since they likely imply the Cg—property for p-adic fields, which is a widely open question. In
this article, we make progress in the case g = 2.

Our first main result is the following.

Main Theorem 1. Function fields of p-adic curves satisfy the C%-property.

Of course, this implies that function fields of p-adic curves also satisfy the Cl.z—property for each i > 2.
It therefore only remains to prove the C f—property. In that direction, we prove the following main result.

Main Theorem 2. Let K be the function field of a smooth projective curve C defined over a p-adic field k.
Assume that C has a point in the maximal unramified extension of k. Then, for each n,d > 1 and for each
hypersurface Z in Py of degree d with d < n, we have K»(K) = N>(Z/K).

This theorem applies for instance when K is the rational function field k(#) or more generally the
function field of a curve that has a rational point.

Since the proofs of these theorems are quite involved, we provide here below an outline with some
details. Section 2 introduces all the notations and basic definitions we will need in the sequel. In Section 3,
we prove Theorem 3.1, which widely generalizes Main Theorem 1. Finally, in Section 4, we prove
Theorem 4.8 and its corollaries, Corollaries 4.9 and 4.10, which widely generalize Main Theorem 2.

Ideas of proof for Main Theorem 1. Let K be the function field of a smooth projective curve C defined
over a p-adic field k. Take two integers n, d > 1 such that d> < n, a hypersurface Z in P% of degree d
and an element x € K,(K). We want to prove that x € N>(Z/K). To do so, we roughly proceed in four
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steps, that are inspired from the proof of the C 11 property for number fields in [Izquierdo 2018] but that
require to deal with several new difficulties:

(1) Solve the problem locally: For each closed point v of C, prove that x € N2(Zg,/K,). This provides
r, finite extensions Ml.(”) /K, such that Z (Ml.(”)) # & and

x € Ny e, KoM |10 <),

(2) Globalize the extensions Ml.(v) /K,: For each closed point v of C and each 1 <i <r,, find a finite
extension K i(v) of K contained in Ml.(v) such that Z(K i(v)) # &. Then prove that there exists a finite
subset of these global extensions, say K1, ..., K,, such that for every closed point v of C, x lies in
the subgroup of K, (K,) generated by the norms coming from the (K; ®x K,).

(3) Establish a local-to-global principle for norm groups: Prove the vanishing of the Tate—Shafarevich
group

I, := ker< Ka(K) — Ka(Ky) )

(Neyx(Ka(K) [T=i=r) L0 (Nkoyr,x, (Ka(K; @k K)) [ 1 =7 =)

(4) Conclude: By step (2), we have x € I1I,. Hence, step (3) implies that
x € (Ng,/k (Ko(K;)) | 1 <i <r) CNa(Z/K),
as wished.

Let us now briefly discuss the proofs of Steps (1), (2) and (3). Step (1) can be proved by combining some
results for p-adic fields due to Wittenberg [2015] and the computation of the groups K, (K,) thanks to
the residue maps in Milnor K -theory; see Section 3A3.

In the way it is written above, Step (2) can be easily deduced from Greenberg’s approximation theorem.
However, as we will see below, we will need a stronger version of that step, that will require a completely
different proof.

Step (3) is the hardest part of the proof. The first key tool that we use is a Poitou—Tate duality for
motivic cohomology over the field K proved by Izquierdo [2016]. This provides a finitely generated free
Galois module 7 over K such that the Pontryagin dual of I1I, is the quotient of

(K, T) := ker(Hz(K, T)— ]_[ H*(K,, f))
veC®
by its maximal divisible subgroup. Now, a result of Demarche and Wei [2014] states that, under some
technical linear disjointness assumption for the extensions K l.(v) /K, one can find two finite extensions K’
and K" of K such that the restriction

(K, T) - MK, T) @ >(K", T)

is injective and T is a permutation Galois module over both K’ and K”. If the groups III2(K’, T') and
I1%>(K”, f”) were trivial, then we would be done. But that is not the case in our context because the p-adic
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function field K has finite extensions K’ such that III?(K’, Z) is not trivial; see for instance the appendix
of [Colliot-Thélene et al. 2012]. This “failure of Chebotarev’s density theorem” makes the computation of
(K, T) very complicated and technical. By carrying out quite subtle Galois cohomology computations
and by using some results of Kato [1980], we prove that, under some technical assumptions on the K i(v)
(see below) and another technical assumption on C (which is trivially satisfied when C (k) # @), the
group I11* (K, T) is always divisible, even though it might not be trivial; see Section 3AS. This is enough
to apply the Poitou—Tate duality and deduce the vanishing of III,.

Now, in order to ensure that the K i(v) and C fulfill the conditions required to carry out the previous
argument, we have to

 add a step (0) in which we reduce to the case where C satisfies a technical assumption close to
having a rational point; and

» modify the constructions of the K l.(v) in Step (2), which cannot be done anymore by using Greenberg’s

approximation theorem.

The reduction to the case where C satisfies the required conditions uses the Beilinson-Lichtenbaum
conjecture for motivic cohomology and a local-to-global principle due to Kato [1980] with respect to the
places of K that come from a suitable regular model of the curve C; see Section 3A2. As for Step (2),
we want to construct the K i(v) so that they fulfill two extra conditions:

(a) One of the K i(v) has to be of the form kl.(v) K for some finite unramified extension kl.(v) /k. This is
achieved by observing that Z (k™ (C)) # @ since the field k" (C) is C, and Z is a hypersurface in
P of degree d with d> <n.

(b) The K i(v) have to satisfy some suitable linear disjointness conditions also involving abelian extensions
of K that are locally trivial everywhere. This is achieved by an approximation argument that uses
the implicit function theorem for Z over the K, weak approximation and an analogue of Hilbert’s
irreducibility theorem for the field K, see Section 3A4.

Note that, since we use the implicit function theorem, the previous argument only works when the
hypersurface Z is smooth. We thus need to add an extra step to the proof in which we reduce to that case.
This uses a dévissage technique that is due to Wittenberg [2015] and that requires to work with all proper
varieties over K (instead of only hypersurfaces); see Section 3A7. For that reason, we need to prove a
wide generalization of Main Theorem 1 to all proper varieties. This is the object of Theorem 3.1 in the
core of the text. Of course, this requires to modify and generalize the proofs of Steps (1), (2) and (3) so
that they can be applied in that more general setting.

Ideas for the proof of Main Theorem 2. The proof of Main Theorem 2 follows by combining Main The-
orem 1 with a result roughly stating that every element of K,(K') can be written as a product of norms
coming from extensions of the form &’ K with k’ a finite extension of k whose ramification degree is fixed,
see Theorem 4.1. The general ideas to prove this last result are similar to (and a bit simpler than) those
used in Main Theorem 1.
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2. Notations and preliminaries

In this section we fix the notations that will be used throughout this article.

Milnor K-theory. Let K be any field and let ¢ be a nonnegative integer. The g-th Milnor K-group of K
is by definition the group Ko(K) =Z if ¢ =0 and

Ky(K)i=K*®z- @7 K* /(1 ®- - ®xq |30, j.i # joxi+x;=1)

q times

if ¢ > 0. For x1,...,x, € K*, the symbol {xi, ..., x,} denotes the class of x; ® - - - ® x, in K, (K).
More generally, for r and s nonnegative integers such that r 4+ s = g, there is a natural pairing

K (K) x Ky(K) = K (K)

which we will denote {-, - }.
When L is a finite extension of K, one can construct a norm homomorphism

Np/k :Ky(L) — Ky (K),
satisfying the following properties; see Section 1.7 of [Kato 1980] or Section 7.3 of [Gille and Szamuely
2017]:
e For g =0, the map Nk : Ko(L) — Ko(K) is given by multiplication by [L : K].
e For g =1, the map Nk : K{(L) — K;(K) coincides with the usual norm L* — K*.

o If r and s are nonnegative integers such that r +s = g, we have Ny ¢ ({x, y}) = {x, Np/k (y)} for
x € K. (K) and y € K (L).

o If M is a finite extension of L, we have Ny x = Nk o Nyyp.

Recall also that Milnor K -theory is endowed with residue maps; see Section 7.1 of [Gille and Szamuely
2017]. Indeed, when K is a henselian discrete valuation field with ring of integers R, maximal ideal m
and residue field «, there exists a unique residue morphism

0:Ky(K) — Ky_1(k)

such that, for each uniformizer 7 and for all units u5, ..., u, € R* whose images in k are denoted
ua, ..., Uy, one has

A uzs .. ug)) =il .. .. itg}.

The kernel of 9 is the subgroup U, (K) of K, (K) generated by symbols of the form {xy, ..., x,} with
Xi,...,xXg € R*.If U ql(K ) stands for the subgroup of K, (K) generated by those symbols that lie in
U,(K) and that are of the form {xi, ..., x,} with x; € 1 +m and x;,...,x, € K*, then Uql(K) is
£-divisible for each prime £ different from the characteristic of x and U, (K)/ Uql(K ) is canonically
isomorphic to K, (k). Moreover, if L/K is a finite extension with ramification degree e and residue
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field A, then the norm map Ny k : K, (L) — K, (K) sends U, (L) to U, (K) and Uq1 (L) to Uq1 (K), and
the following diagrams commute:

Ky(L)/Ug(L) —2— Ky1(l)  Ug(L)/ UML) —— K, (3)
J/NL/K lN)»/K lNL/K leN)»/K 2-1)
Ky (K)/Up(K) 25 Ky1(e)  Ug(K)/ULNK) — Ky (i)

The lel properties. Let K be a field and let i and ¢ be two nonnegative integers. For each K-scheme
Z of finite type, we denote by N,(Z/K) the subgroup of K, (K) generated by the images of the maps
Ni/k : K4(L) — K, (K) when L runs through the finite extensions of K such that Z(L) # @&. The
field K is said to have the C{ property if, for each n > 1, for each finite extension L of K and for each
hypersurface Z in P} of degree d with d' < n, one has Ny(Z/L) =K, (L).

Motivic complexes. Let K be a field. For i > 0, we denote by z' (K, - ) Bloch’s cycle complex defined in
[Bloch 1986]. The étale motivic complex Z(i) over K is then defined as the complex of Galois modules
7'(—, -)[—2i]. By the Nesterenko—Suslin—Totaro theorem and the Beilinson—Lichtenbaum conjecture, it
is known that

H'(K,Z(i)) = K;(K), (2-2)
and

HYY (K, 7)) =0, (2-3)

for all i > 0. Statement (2-2) was originally proved in [Nesterenko and Suslin 1989; Totaro 1992], and
statement (2-3) was deduced from the Bloch—Kato conjecture in [Suslin and Voevodsky 2000; Geisser
and Levine 2000; 2001]. The Bloch—Kato conjecture itself was proved in [Suslin and Joukhovitski 2006;
Voevodsky 2011]. For the convenience of the reader, we also provide more tractable references: statement
(2-2) follows from Theorem 5.1 of [Haesemeyer and Weibel 2019] and Theorem 1.2(2) of [Geisser 2004],
and statement (2-3) can be deduced from the Bloch—Kato conjecture as explained in Lemma 1.6 and
Theorem 1.7 of [Haesemeyer and Weibel 2019].

Fields of interest. From now on and until the end of the article, p stands for a prime number and k for
a p-adic field with ring of integers O;. We let C be a smooth projective geometrically integral curve
over k, and we let K be its function field. We denote by C! the set of closed points in C. The residual
index i.s(C) of C is defined to be the g.c.d. of the residual degrees of the k(v)/k with v € C®. The
ramification index i, (C) of C is defined to be the g.c.d. of the ramification degrees of the k(v)/k with
veCW,
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Tate—Shafarevich groups. When M is a complex of Galois modules over K and i > 0 is an integer, we
define the i-th Tate—Shafarevich group of M as

' (K, M) := ker<Hi (K, M) — 1_[ H (K,, M)).
veC®
When a suitable regular model C/Oy of C/k is given, we also introduce the following smaller Tate—
Shafarevich groups:

(K, M) := ker(H"(K, M) — ]_[ H (K,, M)),
veC)

where CV is the set of codimension 1 points of C.

Poitou-Tate duality for motivic cohomology. We recall the Poitou—Tate duality for motivic complexes
over the field K; Theorem 0.1 of [Izquierdo 2016] in the case d = 1. Let T bea finitely generated free
Galois module over K. Set T := Hom(f, Z)yand T = T® Z(2). Then there is a perfect pairing of finite
groups
(K, T) x (K, T) — Q/Z, (2-4)
where A denotes the quotient of A by its maximal divisible subgroup.
Note that, in the case T = Z, the Beilinson-Lichtenbaum conjecture (2-3) implies the vanishing of

II13(K, Z(2)) and hence the group IT1>(K, Z) is divisible. By Shapiro’s lemma, the same holds for the
group II1%(K, Z[E /K1) for every étale K -algebra E.

3. On the C% -property for p-adic function fields

The goal of this section is to prove the following theorem:

Theorem 3.1. Let I/ k be a finite unramified extension and set L :=lK. Let Z be a proper K -variety.
Then the quotient

Ko (K)/{NL/k (K2(L)), N2(Z/K))

is xx (Z, E)*-torsion for each coherent sheaf E on Z.

Here, xx (Z, E) denotes the Euler characteristic of E over Z. Main Theorem 1 can be deduced as a
very particular case of Theorem 3.1, in which this characteristic is trivial. We explain this at the end of
the section.

3A. Proof of Theorem 3.1.

3A1. Step O: Interpreting norms in Milnor K -theory in terms of motivic cohomology. The following
lemma, which will be extensively used in the sequel, allows to interpret quotients of K;(K) by norm
subgroups as twisted motivic cohomology groups.
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Lemma 3.2. Let L be a field and let Ly, ..., L, be finite separable extensions of L. Consider the étale
L-algebra E :=[];_, L; and let T be the Galois module defined by the following exact sequence

0—>T—>Z[E/L]—Z— 0. (3-1)

Then
H3(L, T ®Z(2)) =Ka(L)/{Np, ;. (Ko (L)) | 1 <i <r).

Proof. Exact sequence (3-1) induces a distinguished triangle
T®Z?2)— ZIE/LIQRZ(2) — Z(2) »> T  Z)[1].
By taking cohomology, we get an exact sequence
H*(L,Z[E/L1®Z(2))) - H*(L,Z(2)) > H* (L, T ® Z(2)) — H*(L, Z[E/L1® Z(2)).
By Shapiro’s lemma, we have
H*(L,ZIE/L1®Z(2))) = H*(E, Z(2)), H(L,ZIE/L1®Z(2))) = H(E, Z(2)).

Moreover, as recalled in Section 2, the Nesterenko—Suslin—Totaro theorem and the Beilinson—Lichtenbaum
conjecture give the following isomorphisms:

H*(L,Z(2) ZKa(L), H(E,ZQ)=[][KaLi), HY(E,Z(2))=0.
i=1
We therefore get an exact sequence

[[Ko(Li) = KoL) > H3(L. T ® Z(2)) — 0,

i=1
in which the first map is the product of the norms. g

3A2. Step 1: Reducing to curves with residual index 1. In this step, we prove the following proposition,
that allows to reduce to the case when the curve C has residual index 1.

Proposition 3.3. Let k'/k be the unramified extension of k of degree iws(C) and set K' := k' K. Then the
norm morphism Ng' g K2 (K'") — Ky (K) is surjective.

Proof. Consider the Galois module T defined by the following exact sequence
0—>T—Z[K'/K]—Z—0,

Since K'/K is cyclic, a Z-basis of T is given by s% — s~ with s a generator of Gal(K'/K) and
I <a <iws(C) — 1. Then the arrow Z[K' /K] — T that sends s to s — 1 gives rise to an exact sequence

0>Z—>Z[K'/Kl—T —0,



On Kato and Kuzumaki's properties for the Milnor Ky of function fields of p-adic curves 823
and hence to a distinguished triangle
712) > ZIK'/K]1®Z(2) — TQZQ2) — ZQ2)[1].
By the Beilinson-Lichtenbaum conjecture, the group H>(K’, Z(2)) is trivial. Hence we get an inclusion
(K, T ®Z(2) € WK, Z(2)),

where C is a fixed regular, proper and flat model of C whose reduced special fiber Cj is a strict normal
crossing divisor. Now, the distinguished triangle

72(2) - QQ2) — Q/Z2(2) — Z(2)[1],

and the vanishing of the groups H3(K, Q(2)) and H*(K, @(2)) = 0 (which follow from Lemma 2.5 and
Theorem 2.6.c of [Kahn 2012]) give rise to an isomorphism

(K, Q/Z(2)) Z1IH(K, Z(2)),

and by Proposition 5.2 of [Kato 1986], the group on the left is trivial, and hence so is the former group.
Now observe that, by Lemma 3.2, we have

(K, T ® Z(2)) %ker(Kz(K)/im(NKf/m - T1 Kz(KU)/imwK;,/KU)).

veC®

We claim that the extension K’/K totally splits at each place v € C'V. From this, we deduce that
0 =TI (K, T ®Z(2)) = Ka(K)/im(Ng k),

and hence the norm morphism Ng//k : Ko(K') — Ko (K) is surjective.

It remains to check the claim. It is obviously satisfied for v € C'V, so we may and do assume
ve W\ CcW, If k and k' denote the residue fields of k and k', we then have to prove that all the
irreducible components of C are «’-curves. To do so, consider an infinite sequence of finite unramified
field extensions k =ko C k; Ckp C - - - all with degrees prime to [k": k] and denote by k = ko Ck1 Ckpy C-- -
the corresponding residue fields. Let ko, (resp. koo) be the union of all the k; (resp. k;). Since x
is infinite, Lemma 4.6 of [Wittenberg 2015] and the definition of i.s(C) imply that each irreducible
component of Cy X, ks has index divisible by [k’ : k]. Hence the same is true for all the irreducible
components of Cy. But recall that, by the Lang—Weil estimates, any smooth geometrically integral variety
defined over a finite field has a zero-cycle of degree 1. We deduce that the irreducible components of Cy
are k’-curves. O

3A3. Step 2: Solving the problem locally. In this step, we prove that the analogous statement to
Theorem 3.1 over the completions of K holds. For that purpose, we first need to settle a simple lemma.
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Lemma 3.4. Let [/ k be a finite extension and set Ko := k((t)) and Ly := [((¢)). The residue map

0 : Ko (Kg) — k™ induces an isomorphism
K2 (Ko)/ Ny k,(Ka(Lo)) = k™ /Nyj(1™).

Proof. We have the following commutative diagram from (2-1):

oL,
Kz(Lo) — [*

NLO/KOJ/ lNl/k
Ok,

Kz(KQ) — k=

Recalling that U, (Ky) is by definition the kernel of 0k, (see Section 2), this diagram induces an exact

sequence
U,(Kop) K5 (Kp) K, k>
—

0— — —0
Ux(Ko) N Nryko(Ka(Lo))  Nirg/k,(K2(Lo)) Ny (1)
It therefore suffices to prove that U,(Ko) = U»(Ko) N Nr,/k,(K2(Lo)). For that purpose, recall that we
have a commutative diagram with exact lines:

0 —— U, (Lo) — Ua(Lo) —— Ko (1) —— 0

J/NLO/KO J/NLO/KO lNl/k

0 —— U} (Ko) — Ua(Ko) — Ko (k) —— 0

But the map N/ : Ko(I) — Ky(k) is surjective since p-adic fields have the Cé-property, and the map
Nio/ko : U21 (Lo) — U21 (Kp) is surjective since the group UZI(KO) is divisible (as explained in Section 2).
We deduce that Nk, : U2(Lo) — Uz (Kp) is also surjective, as wished. O

Proposition 3.5. Let [/ k be a finite unramified extension and set Ko := k((t)) and Lo :=1((¢t)). Let Z be
a proper Ko-variety. Then the quotient

K2 (K0)/{Nr, ko (K2(Lo)), N2(Z/Kop))
is xk,(Z, E)-torsion for each coherent sheaf E on Z.

Proof. For each proper Ko-scheme Z, we denote by nz the exponent of the quotient group

Ka(K0)/(NLy/k,(K2(Lo)), N2(Z/Kop)).

We say that Z satisfies property (P) if it has a model over Ok, that is irreducible, regular, proper and
flat. To prove the proposition, it suffices to check assumptions (1), (2) and (3) of Proposition 2.1 of
[Wittenberg 2015].

Assumption (1) is obvious. Assumption (3) is a direct consequence of Gabber and de Jong’s theorem
(Theorem 3 of the introduction of [Illusie et al. 2014]). It remains to check assumption (2). For that
purpose, we proceed in the same way as in the proof of Theorem 4.2 of [Wittenberg 2015]. Indeed,
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consider a proper Ky-scheme X together with a model A’ that is irreducible, regular, proper and flat and
denote by Y its special fiber. Let m be the multiplicity of ¥ and let D be the effective divisor on X such
that Y =mD.

The residue map induces an exact sequence

U>(Kp) K> (Ko) K (k)
Ux(Ko) N N2 (X/Kop)  No(X/Kp)  9(N2(X/Kp))

Moreover:

(a) Since k satisfies the Cg property, the proof of Lemma 4.4 of [Wittenberg 2015] still holds in our
context, and hence the group U, (Kg)/(Uz(Ko) N N2(X/Kp)) is killed by the multiplicity m of the
special fiber Y of X.

(b) The proof of Lemma 4.5 of [Wittenberg 2015] also holds in our context, and hence 9 (N2(X/Kp)) =
Ni(Y/k) = Ni(D/k).

(c) By Corollary 5.4 of [Wittenberg 2015] applied to the proper k-scheme D U Spec(!), the group
k> /(N (1), Ni1(D/k)) is killed by x (D, Op).

By using exact sequence (3-2), facts (b) and (c) and Lemma 3.4, we deduce that
xx(D, Op) - Ka(Ko) C (Nry/k,(K2(Lo)), N2(X/Ko), U2(Ko)).
Hence, by fact (a), we get
mxi(D, Op) - Ka(Ko) C (Nr,/k,(Ka2(Lo)), N2(X/Ko)).

But m (D, Op) = xk,(X, Ox) by Proposition 2.4 of [Esnault et al. 2015], and hence the quotient
K2(K0)/{NLy ko (K2(Lo)), N2(X/Kop)) is killed by x g, (X, Ox). 0

3A4. Step 3: Globalizing local field extensions. In the rest of the proof, we will show how one can
deduce the global Theorem 3.1 from the local Proposition 3.5. For that purpose, we first need to find a
suitable way to globalize local extensions: more precisely, given a place w € C'V and a finite extension
M™ of K,, such that Z(M™)) =# &, we want to find a suitable finite extension M of K that can be seen
as a subfield of M ™) and such that Z(M) # @. For technical reasons related to the failure of Chebotarev’s
theorem over the field K, we also need M to be linearly disjoint from a given finite extension of K. The
following proposition is the key statement allowing to do that.

Proposition 3.6. Let Z be a smooth geometrically integral K -variety. Let T be a finite subset of CV.
Fix a finite extension L of K and, for each w € T, a finite extension M) of K., such that Z(M™) # @.
Then there exists a finite extension M of K satisfying the following properties:

1) Z(M) # 2.

(ii) For each w € T, there exists a K -embedding M — M ™,

(iii) The extensions L/K and M /K are linearly disjoint.
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Proof. Before starting the proof, we introduce the following notations for each w € T':

n® =M™ K,], m®.= l_[ n®,
w'eT\{w}

so that the integer n := n™m™) is independent of w. We now proceed in three substeps.

Substep 1. By Proposition 4.9 in Chapter I of [Hartshorne 1977], there exists a projective hypersurface
Z' in P given by a nonzero equation

f(xo, .., xm)=0

that is birationally equivalent to Z. Let U and U’ be nonempty open sub-schemes of Z and Z’ that are
isomorphic. Up to reordering the variables and shrinking U’, we may and do assume that the polynomial
af/0xg is nonzero and that

U'N{af/dxo(xg, ..., xnm) =0} =02.

Given an element w € T, the variety Z is smooth, Z(M (w)) #*Jand M W) jg large; for the definition
of this notion, please refer to [Pop 2014]. Hence the sets U (M ™)) and U’ (M ™) are nonempty. We can
therefore find a nontrivial solution (yéw), e y,%w)) of the equation f(xg,...,Xx,)=0in M ) such that

{(y(()w), e, y,(nw)) el
af/axo (3" ., vy #£0.

Substep 2. Given w € T, there exist m™) elements «y, ..., &,,w € M) whose respective minimal
polynomials py,, ..., Ma, ,, are pairwise distinct and such that M W) = K, (a;) foreach 1 <i <m®™.
Recalling that n = n™m™) introduce the degree n monic polynomial u™) := ]_[:":(u;) Mo, and consider
the set H of n-tuples (ao, . .., a,—1) € K" such that the polynomial 7" 4 Z?:_ol a; T' is irreducible over L.
By Corollary 12.2.3 of [Fried and Jarden 2008], the set H contains a Hilbertian subset of K", and hence,
according to Proposition 19.7 of [Jarden 1991], if we fix some € > 0, we can find an n-tuple (b, ..., b,—1)
in H such that the polynomial u :=T" + Z?;ol b;T' is coefficient-wise e-close to ™) for each w € T.
Consider the field K’ := K[T]/(wn). If € is chosen small enough, then there exists a K-embedding
K' < M™ foreachw e T by Krasner’s lemma; see Lemma 8.1.6 in [Neukirch et al. 2008]. Moreover,
since (b, ..., b,—1) € H, the polynomial u is irreducible over L, and hence the extensions K’/K and
L/K are linearly disjoint.

Substep 3. According to Substep 1, for each w € T, yéw) is a simple root of the polynomial
g™ = f(T, 3"y,

Let H' be the set of m-tuples (z1, ..., z,) in K’ such that (T, z1, ..., z,») is irreducible over LK’. By
Corollary 12.2.3 of [Fried and Jarden 2008], the set H' contains a Hilbertian subset of K. Hence, by
Proposition 19.7 of [Jarden 1991], we can find (yy, ..., y») in H such that the polynomial

g(T) = f(T’ yl’---’)’m)
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is coefficient-wise e-close to g™ for each w € T. Introduce the field M := K'[T]/(g(T)). We check
that M satisfies the conditions of the proposition, provided that € is chosen small enough:

(i) Fix w € T. By Substep 1, the m-tuple (y(()w) s ) lies in U’. Hence, for e small enough, if yg.,
stands for the root of g that is closest to y(()w), then the m-tuple (yo.u, V1, -- -, ym) lies in U’. We

deduce that U'(M) # &, and hence Z(M) # &.

(i) For each w € T, the polynomial g™ has a simple root in M ) "and hence so does g(T) if € is
chosen small enough, again by Krasner’s Lemma. The field M can therefore be seen as a subfield
of M),

(iii) Since (y1, ..., ym) € H’, the polynomial g(T') is irreducible over L K’. Hence the extensions M /K’
and LK'/K' are linearly disjoint. Moreover, by Substep 2, the extensions K'/K and L/K are
linearly disjoint. We deduce that L /K and M /K are linearly disjoint. g

3AS. Step 4: Computation of a Tate—Shafarevich group. This step, which is quite technical, consists in
computing the Tate—Shafarevich groups of some finitely generated free Galois modules over K. Recall
that for each abelian group A, we denote by A the quotient of A by its maximal divisible subgroup.

Proposition 3.7. Let r > 2 be an integer and let L, K1, . .., K, be finite extensions of K contained in K.
Consider the composite fields Kz := K ... K, and K; == Ky ... K; 1K, ... K, for each i, and denote
by n the degree of L /K. Consider the Galois module T defined by the following exact sequence

0>Z7Z—>Z[E/K]—>T —0, (3-3)
where E := L x K| x - -+ x K,. Given two positive integers m and m’, make the following assumptions:

(LD1) The Galois closure of L/ K and the extension K1/K are linearly disjoint.
(LD2) Foreachi €{l,...,r}, the fields K; and K; are linearly disjoint over K.

(H1) The restriction map
(K, T) — (L, T) @ 111° (K1, T)

is injective.
(H2) The restriction map
Resyx,/k, : 2 (K7, Z) — W*(LKz, Z)

is surjective and its kernel is m-torsion.

(H3) For each i, the restriction maps
Resyk,/k, : *(K;, Z) - W*(LK;,Z) and Res. k. : 1°(K;, Z) — I°(LK;, Z)

are surjective.
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(H4) For each finite extension L’ of L contained in the Galois closure of L /K, the kernel of the restriction
map
Resy k. : I2(L, Z) — W*(L'Kz, Z)
is m’-torsion.
Then TN2(K, T) is ((m v m'") A n)-torsion.
Recall that A denotes the quotient of A by its maximal divisible subgroup.

Remark 3.8. In the sequel of the article, we will only use the proposition in the case when L/K is Galois.
However, this assumption does not simplify the proof.

Proof. Consider the following sequence:

m(k, ) "o 2, fy e ks, T —— 2 ALKy, )

X H——— (ResL/K(x), RCSKI/K(X)) (3_4)
(x, y) ———— Respk, /. (x) —Res k. /k, (V).

It is obviously a complex, and the first arrow is injective by (H1). In order to give further information
about the complex (3-4), let us consider the following commutative diagram, in which the first and second
rows are obtained in the same way as the third:

0 0

1%(K, Z) S N M2(L,7) @ 2Kz, 7) ——2 W %(LK7, 7)

l% 1 (%)

N(K, ZIE/K]) —— (L, ZIE/K]) & 2Kz, Z[E/K]) —— ALKy, Z[E/K])  (3-5)
llﬂo ¥ )

2(K, f)* 2L, TY® (K7, T) ——2 s T2(LK7, T)

0 0

The second and third columns are exact since the exact sequence (3-3) splits over L, K7 and LK7.
Moreover, all the lines are complexes, and in the first one, the arrow g; is surjective since the restriction
map

%(Kz,Z) — (LK, Z)

is surjective by (H2).
The next two lemmas constitute the core of the proof of Proposition 3.7.
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Lemma 3.9. Leta € II2(K, T) and b = (by, bx,) € (L, Z[E/K)) & W*(Kz, Z[E/K))) such that
fo(a) = Yr1(b) and g(b) = 0. Then mbg, comes by restriction from H_IZ(K;, ZIE/K)) for each .

Proof. Consider the following commutative diagram, constructed exactly in the same way as diagram (3-5):

0 0

i

fi
(K, 72) ——————— W2(L, Z) @ (K, Z) 8 1*(LK;, Z)

Jﬁo b %

(K, Z[E /K ]) —— (L, Z[E /K ) & 2(K;, ZIE/K]) £, N2(LK;, Z[E/K])

llﬁo yi V4

~ fé ~ ~ 80
2 2 201 2 .
(K, 7)————— (L, T) ® W*(K;, T) ————— W(LK;, T)

0 0

The last two columns are exact since the exact sequence (3-3) splits over L, K; and L K3, and the restriction
morphism II*(K;, Z) — LI*(LK;, Z) is surjective by (H3). Hence there exists bk, € II*(K;, Z[E/K])
such that ¥} (by, bk,) = fi(a) and g’ (b, bk.) = 0. The pair

(0, bk, —Resk k. (bx.)) € (L, ZIE/K]) & II*(Kz, ZIE /K1)

then lies in ker(g) Nker(vy;) and a diagram chase in (3-5) shows that there exists ¢ € 12(K 7, Z) such that
{¢] (05 C) = (Oa bKI - ReSKI/K; (bK;))a
RCSLKI/KI(C) =0.

By (H2), we have mc =0, and hence m - (bg, — ResKI/K; (bK;)) =0. O
Lemma 3.10. Ser ;v := m v m' and take a € 111*(K, f"). Then pa € Im(Yr).
Before proving the lemma, let us introduce some notation.

Notation 3.11. (i) For each i, we can find a family (Kj;;); of finite extensions of K7 together with
embeddings o;; : K; < K;; so that K; | = K7, the embedding o; ; is the natural embedding K; < K7,
and the K-algebra homomorphism

K ®k Kz — l_[ Ki;
J
X®y > (0i;(x)y);
is an isomorphism. We denote by o;; : K7z — K;; the embedding obtained by tensoring o;; with the
identity of K;. This is well-defined by (LD2).
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(i1) For each i, j, we can find a family (L;;;/); of finite extensions of K;; together with embeddings
ojjjr - L = L;jj so that the K-algebra homomorphism
L&k Kij — [ [ Liji
J’ (3-6)
x®y > (0 (x)y)

is an isomorphism. We denote by o;;;» : LK; — L;;; the embedding obtained by tensoring o;;;» with o;;.
Observe that, when j =1, the K -algebra homomorphism (3-6) is simply the isomorphism L&k K7 = L K7,
so that o; 1.1 is none other than the inclusion of L in LK7.

(iii) We can find a family of finite extensions (L), of L together with embeddings t, : L < L, so that
L| = L, the embedding 7 is the identity of L, and the K-algebra homomorphism

L®KL—>1_[LO[
o

Xy (ta(X)y)a

is an isomorphism. For each «, we denote by 7, : LK1 — L, K7 the embedding obtained by tensoring
7, with the identity of K7. This is well-defined by (LD1).

Proof. By Shapiro’s lemma, one can identify the second line of diagram (3-5) with the following complex:

(L, 7) ® @, *(K;, Z)
lf
B, 2(Ly, 2) © @, U (LK;, 2) @ NA(LK1, 2) & @, , 1A(Ky;, )
lg
B, W2 (LoK7. 2) ® D, ;. ; W (Lijjr. 2)
where f is given by
(x, ) > ((Res,izesr, (0))as (ReSLi, /&, (v))is Resizn(x), (Resy;: ke ky; (5))i, )

and g
((a)as 00)is 25 (tif)ij) >
ks )i g)-

((Resr, kz/L, (¥a) —ReSz,:1 kyes 1o kr (2D))as (Ress, ..k, —~L,;, (Vi) —Res, .

Now take
(Xa)a» (00)i» 2. (ti)ij) € P I (Lo, 2) & @ UIA(LK;, Z) @ WP (LK, Z) ® P U (K 5, Z) (3-7)
o i i,J
such that
V1 ((X)a> (i)is 2, (Eij)ij) = fola). (3-8)
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Since go( fo(a)) =0 and g is surjective, a diagram chase in (3-5) allows to assume that

((ca)as (Vidis 25 (Tij)i,j) € ker(g).

This implies that
{ResLaKI/La (-xOl) = ResfaZLKI;)LQKI(Z) Vas

Ress, :1kir,,;, (Vi) =Res.,,/k,; (tij) Vi, j, j'.

In particular,
Resy k;/L,(x1) =Respx,/1(x1) =z,
and hence the commutativity of the following diagram of field extensions:
LyKz :
Ly -~ ™ L
N,

Kz

shows that
Resy, k;/L,(Resq,.rsp, (x1)) =Resz, .1 k1, k7 (Resp k0 (x1))

=Resz, .1 kres 1,k (2)
=Res; k;/1,(Xa)-
Since the kernel of Res; k1, is m'-torsion by (H4), we have
m'’ Resy,:r1, (x1) = m/xot

for all . Moreover, by (H3), one can find for each i an element y; € I1%(K;, Z) such that

yi =Resrk,/x, (i)-
Let us check that
w((Xa)as iy 25 (tij)i ) = wf (x1, (3i)i)-

By construction (see Equations (3-12), (3-13) and (3-11)), we have

mwRes,:resr, (X1)a = w(Xa)ar  (Vi)i = (Respk,/k; (3i))i,  mRes ik, L (x1) = uz.

To finish the proof of (3-14), it is therefore enough to check that

mtl] =m ReSO’,'jIK,';)K,‘j (5)1)

831

(3-9)

(3-10)

(3-11)

(3-12)

(3-13)

(3-14)

(3-15)

for each i and j. For that purpose, fix i = i, and consider first the case j = 1. We then have K;, | = K7,

and hence, by using (3-10)

Respk;/kz (tig,1) =Resr, 1 /Lk;, Vig) =Res, ,,/x;, (Vig) =Resprz/k; Resk; /i) (Vio))-
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By (H2), we deduce that

mt,-o,l =m ReSKiO,l/Kio (y,-o) =m ReSKI/KIO ()7,'0).

Now move on to case of arbitrary j. By Lemma 3.9 together with Equations (3-8) and (3-9), the element

m(z, (t;.)i.;) € I (LK1, Z) ® @D II*(K;j, Z) = 1% (K7, ZI E/K])
i,j
comes by restriction from HIZ(K;., Z[E/K]) for each i. In particular, the element
(mti,.)); € P UK, ;. 2) = WP (K7, Z[K;, /K])
J

comes by restriction from an element ¢;, € M%(Kz, Z) = 11%2(K o> Z|K;,/K1]). In other words

(mtl(),j)j = (ReS&iO,j:KIHKiO,j (tl()))j .

In particular, mt;, 1 = t,,, and hence for each j

mti, j = ReSa—iO'j:KI(_) Kiy.j (l‘,’o)
= Res&io,jiKZ‘—)Kio,j (mll‘o’])
= Res&io.jiKI(‘_)Kio.j (m ReSKI/KiO ()710))

=m ResoiOv./:Ki()r_)KiOv./ (yl())
This finishes the proofs of equalities (3-15) and (3-14). Applying ¥ to (3-14) we deduce that
wfola) = pfo(Wo((Xa)es (¥idis 2, (tij)ij))-

Since fj is injective, we get

ma = puo((Xe)as (i)is 2 (tij)i ),

which finishes the proof of the lemma.

g

We can now finish the proof of Proposition 3.7. As recalled at the end of Section 2, the group

II1>(K, Z[E/K]) is divisible and hence, by Lemma 3.10,
(mvm')- TP (K, T) S TP(K, T) i

In other words, the group ITI*(K, f) is (m v m’)-torsion.

On the other hand, using once again the end of Section 2, the group III*(L, T) vanishes. Hence, by
restriction-corestriction, II1(K, f") is n-torsion. We deduce that II12(K, YA”) is ((m v m’) An)-torsion. [J

The following lemma will often allow us to check assumptions (H2) and (H3) of Proposition 3.7:

Lemma 3.12. Let [ be a finite unramified extension of k of degree n and set L =K. The restriction map

Resy/k : II%(K, Z) — I2(L, Z) is surjective and its kernel is (ixes(C) A n)-torsion.
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Proof. By restriction-corestriction, ker(Res; /¢ ) is killed by n. Moreover, since *(K,Z)=11 (K, Q /7),
an element in ker(Res; k) corresponds to a subextension K C L’ C L that is locally trivial at every
closed point of the curve C. Since L =K, we can find an extension k C [’ C [ such that L' =['K. By
the local triviality of L'/K, the field I’ has to be contained in the residue field of k(v) for every v € C(V.
In particular, [/’ : k] and [L' : K] divide irs(C). This shows that ker(Res; k) is killed by ixs(C), and
hence by i5(C) A n.

In order to prove the surjectivity statement, consider an integral, regular, projective model C of C
such that its reduced special fiber Cy is an SNC divisor. Let ¢ be the genus of the reduction graph of C.
According to Corollary 2.9 of [Kato 1986], for each m > 1, we have an isomorphism

(K, Z/mZ(2)) = (Z/mZ)°.
Hence, by Poitou-Tate duality, we also have

(K, Z/mZ) = (Z)mZ)°,
so that
%K, 7) = (Q/2)°.

Since [/ k is unramified, the scheme C x o, O; is a suitable regular model of C X/ and hence M%(L, Z) is
also isomorphic to (Q/Z)¢. The surjectivity of Res; /x then follows from the isomorphism M*(K,7) =
II1%(L, Z) = (Q/Z)¢ and the finiteness of the exponent of ker(Res; /K)- O

3A6. Step 5: Proof of Theorem 3.1 for smooth proper varieties. In this step, we use Poitou-Tate duality
to deduce Theorem 3.1 for smooth proper varieties from the previous steps.

Theorem 3.13. Let [/ k be a finite unramified extension and set L := lK. Let Z be a smooth proper
integral K -variety. Then the quotient

Ko (K)/(Np/k (Ka2(L)), N2(Z/K))
is xx (Z, E)*-torsion for every coherent sheaf E on Z.

Proof. Take x € Ko (K). We want to prove that
Xk (Z, E)*-x € (Nijk (Ka(L)), Na(Z/K)).

First observe that, if K’ stands for the algebraic closure of K in the function field of Z, then Z has
a structure of a smooth proper K’-variety and that xx/(Z, E) = [K' : K]™'xx(Z, E). Therefore, by
restriction-corestriction, we can assume that K = K’, and hence that Z is geometrically integral. Moreover,
by Proposition 3.3, we may and do assume that C has residual index 1.

Let now S be the (finite) set of places v € CV such that 3,x # 0. Given a prime number £, since the
curve C has residual index 1 and the field & is large, we can find some point wy € CV'\ S such that the
residual degree [k(wy) : k]ies Of k(wg)/k is prime to £. Moreover, by Proposition 3.5, we have

xk(Z, E)-Ky(Ky,) € (Np,,/k,, K2(Lw,)), No(Zw,/K,)). (3-16)
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Before moving further, we need to prove the following lemma:

Lemma 3.14. Letn = [l : k] with 1/ k as in Theorem 3.13. If vg(n) > ve(xx (Z, E)), then there exists a
finite extension Mo of Ky, with residue field m ™0 such that Z(M®@0) # & and Ve ([0 k(wp)lres) <

ve(xx (Z, E)).

Proof. By contradiction, assume that, for each finite extension M of K,,, with residue field m such that
Z(M) # @, we have ve([m : k(we)lres) > ve(xx (Z, E)). By applying the residue map to (3-16) and by
denoting /(wy) the residue field of L,,,, we get

(K g )P Ny s kwn) L) )5 Ny (™) [ ve([m = k(we)lres) > ve(xk (Z, E))).
By applying the valuation w,, we deduce that
Xk (Z, E) € ([[(we) : k(we)lres; [m 2 k(we)lres [ ve([m = k(we)lres) > ve(xx (Z, E))) € 2. (3-17)

Now, since [/ k is unramified, we have [/ : k];.s = n. Moreover, since [k(wy¢) : k]ies A £ = 1, our hypothesis
on vg(n) implies that

ve([L(we) = k(we)lres) > ve(ll : klres) > ve(Xk (Z, E)).
Thus, every integer in
(U (we) s k(we)lres; [m 2 k(we)lres | ve([m : k(we)lres) > ve(xk (Z, E))),
is divisible by £v¢Ox (Z:ED+1 which contradicts (3-17). O

We keep the notation 7 := [I : k] and resume the proof of Theorem 3.13. For v € C(V'\ S, we have

X €Ny, /k,(Ka(Ly)) (3-18)

by Lemma 3.4. For v € S, Proposition 3.5 shows that we can find M f”), R Mr(f) finite extensions of K,
such that Z (Mi(v)) # & for all i and

Xk (Z, E)-x € (N1, /k,(Ka(L))i Ny o (Ka(M;™)), 1 <i <r). (3-19)

By applying Proposition 3.6 inductively, we can find, for each v € S and 1 <i <r,, a finite extension
Kl.(v) of K satisfying the following properties:

() Z(K") + @.
(ii) There exists a K -embedding Ki(”) > Mi(v).

(iii) There also exists a K -embedding K l.(v) < M™9_ where M is given by Lemma 3.14, for each
prime £ such that v,(n) > v¢(xx (Z, E)).
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(iv) For each pair (vo, ip), the field K i(()UO) is linearly disjoint to the composite field
Ln . l_[ Ki(v),
(v,1)#(vo,io)

over K, where L, stands for the composite of all cyclic extensions of L that are locally trivial
everywhere and whose degrees divide 7. Note that L, is a finite extension of L since III!(L, Z/nZ)
is finite.

Consider the Galois module 7" defined by the following exact sequence:
0—Z—ZIE/K]— T -0,

where E := L x ]_[U’ i K l.(”). To conclude, we introduce the composite field K7 = ]_[v’ i K l.(”) and we check
the assumptions (LD1), (LD2), (H1), (H2), (H3) and (H4) of Proposition 3.7 with m = g (Z, E) and

m' = |ker(Respk, . : I*(L, Z) — W*(LKz, 2))|.

(LD1) The extension L/K is obviously Galois. The fields L and K7 are linearly disjoint over K by (iv).
(LD2) This immediately follows from (iv).

(H1) By proceeding exactly in the same way as in Lemma 4 of [Demarche and Wei 2014], since we
already have (LD1), one gets the injectivity of the restriction map

H*(K,T)— H*(L,T)® H*(Kz, T),
and hence of
MK, T) — ML, T) ® (K7, T).

(H2) Let Cz be the smooth projective k-curve with fraction field Kz. On the one hand, by (iii), given
a prime £ such that v,(n) > ve(xx(Z, E)), the field K7 can be seen as a subfield of M®¢)
and the inequality Ve ([m™? 2 klres) < ve(xx(Z, E)) holds by Lemma 3.14. We deduce that
Ve (ires(C7)) < ve(xkx (Z, E)) for such £. On the other hand, for any other prime number £, we
have vy(n) < ve(xx (Z, E)). We deduce that i.s(C7) An divides m = xx(Z, E), and hence (H2)
follows from Lemma 3.12.

(H3) This immediately follows from Lemma 3.12.
(H4) Since L/K is Galois, (H4) immediately follows from the choice of m’'.

By Proposition 3.7, we deduce that the group II1>(K, f") is ((m v m’) A n)-torsion. But by (iv), the
fields K7 and L, are linearly disjoint over K, and hence, by the definition of m’, we have m’ An =1, so
that (m v m’) An =m An. The group III*(K, f) is therefore m-torsion. If we set T := Hom(f, Z) and
T :=T ® Z(2), that is also the case of III*(K, T) according to Poitou-Tate duality.

Now, by Lemma 3.2, we may interpret x as an element of H 3K, T). Equations (3-18) and (3-19)
together with assertion (ii) imply that mx € IIT* (K, T'), which is m-torsion. Thus m?x =0 € III*(K, T).
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This amounts to
m’x € (Npjx (Ka(L)): Ny (Ka(K;™)), v € 8.1 <i <) € (Nyx (Ka(L), N2(Z/K)),
the last inclusion being a consequence of (i). (|

3A7. Step 6: Proof of Theorem 3.1. In this final step, we remove the smoothness assumption from the
previous step and prove Theorem 3.1 for all proper varieties. For that purpose, we use the following
variation of the dévissage technique given by Proposition 2.1 of [Wittenberg 2015].

Proposition 3.15 [Wittenberg 2015]. Let K be a field and r a positive integer. Let (P) be a property
of proper K -varieties. Suppose we are given, for each proper K -variety X, an integer myx. Make the

following assumptions:
(1) For every morphism of proper K-schemes Y — X, the integer mx divides my.
(2) For every proper K -scheme X satisfying (P), the integer myx divides g (X, Ox)".

(3) For every proper and integral K -scheme X, there exists a proper K -scheme Y satisfying (P) and a
K-morphism f : Y — X with generic fiber Yy such that mx and xk x)(Yy, Oy,) are coprime.

Then for every proper K -scheme X and every coherent sheaf E on X, the integer myx divides xx (X, E)".

Proof. One can prove this result by following almost word by word the proof of Proposition 2.1 of
[Wittenberg 2015]. Alternatively, for each proper K-scheme X, write the prime decomposition of my as

mx =[] .
p

and consider the integer

nx =[] p"".
p

One can then easily check that the correspondence X +— ny satisfies assumptions (1), (2) and (3) of
Proposition 2.1 of [loc. cit.]. We deduce that nx|xx (X, E), and hence that mx|xx (X, E)", for every
proper K -scheme X and every coherent sheaf E on X. (|

Proof of Theorem 3.1. Given a proper K -variety Z, we denote by mz the exponent of the quotient
Ko (K)/{Nr/k (Ka(L)), N2(Z/K)).

We say that Z has property (P) if it is smooth and integral. We have to check the three conditions (1), (2)
and (3) of Proposition 3.15. Condition (1) is straightforward. Condition (2) follows from Theorem 3.13.
Condition (3) follows from Hironaka’s theorem on resolution of singularities; Section 3.3 of [Kollar
2007]. O
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3B. Proof of Main Theorem 1. We can now deduce Main Theorem 1 from Theorem 3.1.

Proof of Main Theorem 1. Fix two integers n, d > 1 such that d*> < n and a hypersurface Z in P% of
degree d. By Lang’s and Tsen’s theorems (Theorem 2a of [Nagata 1957] and Theorem 12 of [Lang
1952)), the field k™ (C) is Cs. Since d? < n, we deduce that there exists a finite unramified extension / of
k such that Z(IK) # @. By Theorem 3.1, the quotient

Ko (K)/(Nik/k (Ka(IK)), No(Z/K)) =Ko (K)/N2(Z/K)
is xx (Z, Oy)?*-torsion. But since d < n, Theorem IIL.5.1 of [Hartshorne 1977] implies that
xx (P, Opr (—d)) =0,
and hence the exact sequence
0— O[}:D';( (—d) — Op»;( — 1,07 — 0,
where i : Z — P stands for the closed immersion, gives

xk(Z,0z) = xk P, Opr) — xx P, Opr (—d)) = 1.

Hence K> (K) = Na(Z/K). O

4. On the Cf property for p-adic function fields

The goal of this section is to prove Main Theorem 2. Contrary to Main Theorem 1, for which we needed
to deal with unramified extensions of k, here we will have to deal with ramified extensions of k. For that
purpose, the key statement is given by the following theorem:

Theorem 4.1. Assume that C has a rational point, let £ be a prime number, and fix a finite Galois totally
ramified extension l/ k of degree €. Let Slo/ i be the set of all finite ramified subextensions of I"* / k and let
&1k be the set of finite extensions K' of K of the form K' = k'K for some k' € Slo/k. Then

Ko(K) = (Nkjk Ka(K)) | K" € &)

Note that, given any two extensions k" and k” in 510/ « With k" C k”, the extension k”/k’ is unramified.
This observation will be often used in the sequel.

Remark 4.2. We think that the assumption that C has a rational point in Theorem 4.1 cannot be removed.
To check that, we invite the reader to assume that i.,,n (C) = £. Then, given an integer n > 1, consider the
set 5,? whose elements are extensions of k in Slo/ « that are contained in the composite /,, := lk,, where k,
is the degree ¢" unramified extension of k. Define the set &, of finite extensions K’ of K contained in
L, :=1,K that are of the form K’ = k'K for some k' € 5,? and consider the Galois module 7, defined by
the exact sequence
0—>7— @ ZIK'/K1— T, — 0.
K'eg,
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By following the proof of Proposition 4.5, one can check that, if K| and K, are two distinct degree ¢
extensions of K in &,, then the Tate—Shafarevich group (K, f,,) is the direct sum of the kernel of the
map

(Resk,/k, Resk,/x) : (K, T,) — 1I*(K), T,) @ 11°(Ka, T,)

and of a divisible group, given by the kernel of the map
Res, k,/k, — Resk, k,/k, : (K1, Tp) @ (K2, T,) — T3 (K 1 K2, T).

In particular
(K, T,) = ker(WWX(K, T,) — WK, T,) ® I (Ky, Tp)).

The computation of this kernel is a relatively simple (but a bit technical) exercise in the cohomology of
finite groups, since it is contained in the group

ker(H*(K, T,) — H*(Ln, T,)) = H*(Gal(L,/K), T) = H*(Z/tZ x Z/0"Z, T).

In that way, one checks that 12 (K, f",,) is an Fp-vector space of dimension at least n¢ —n — 1. Moreover,

the computation being very explicit, one can even check that the morphism II1>(K, T ne1) — I2(K, 7,)
induced by the natural projection f"n+ | = T, is always surjective. But then, by dualizing thanks to
Poitou-Tate duality, this shows that the groups

Qn :=ker(Ky(K)/(Ngyx (Ko(KN) | K" € &) — [ Ka(Ko)/(Nkgk, ik, Ka(K' @ K1) | K € E,))

veC®
are all nontrivial and that the natural maps Q,, — Q4 are all injective. We deduce that the nontrivial
elements of O provide nontrivial elements in the quotient

Ka(K) / <NK’/K(K2(K/)) | K'e U5n> =Ky(K)/(Ng/xk (Ka(K") | K" € & k).

4A. Proof of Theorem 4.1.

4A1. Step 1: Solving the local problem. The first step to prove Theorem 4.1 consists in settling an
analogous statement over the completions of K. We start with the following lemma.

Lemma 4.3. Let £ be a prime number and let | / k be a finite Galois totally ramified extension of degree (.
Let m/k be a totally ramified extension such that ml/m is unramified. Then there exists k' € 510/ i such
that k' C m.

Proof. If ml/m is trivial, then m contains / and we are done. Therefore we may and do assume that ml/m
has degree £. Denote by k, the unramified extension of k with degree £ and set [, :=1 - k,. The extension
1y/ k is Galois with Galois group (Z/£Z)?, and since m! is unramified of degree £ over m, it contains both
k¢ and Iy, so that [, is contained in m’l for some finite subextension m’ of m/k. But

(m' k][l k=03 m k] > L[m' k1 =[m'l : k] =[m'l, : k).

Hence the intersection k’ := m’ N1, is a degree ¢ totally ramified extension of k, and k' € 510/ . O
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Proposition 4.4. Let £ be a prime number and let |/ k be a finite Galois totally ramified extension of
degree €. Fixve CV. Then

K2(Ky) = (Nkggk,/k, Ko (K' @k Ky)) | K' € Eyi).
Proof. Three different cases arise:
(1) The field k(v) contains /.
(2) The extension lk(v)/k(v) is unramified of degree £.
(3) The extension lk(v)/k(v) is totally ramified of degree £.

Case 1 is trivial, since

K2(Ky) = Nikegk,/k, KoK @k Ky)).

Let us now consider case 2, and denote by k(v), the maximal unramified subextension of k(v)/k. By
Lemma 4.3, since lk(v)n/k(v)yr is a Galois totally ramified extension of degree £ and k(v)/k(v)y, is a
totally ramified extension such that k(v)//k(v) is unramified, there exists a finite extension m of k(v)yy
such that m € Egc(v)m/k(v)m C 51()/k and m C k(v). By setting M :=mK, we get that M € &/ and that

K> (Ky) = Nuegk,/k, Ko(M @k K,)) C (Npwgk,/k, Ko (K' @k Ky)) | K' € E1y1),

as wished.

Let us finally consider case 3. To do so, fix a uniformizer 7= of k(v), and as before, let k(v)y,
be the maximal unramified subextension of k(v)/k. Denote by k(v)?*™ the maximal abelian totally
ramified extension of k(v) associated to w by Lubin-Tate theory. Since //k is abelian, the extension
Lk()7™/ k(v)*™ must be unramified. Hence, by Lemma 4.3, there exists a finite extension m of k(v)nr

such that m € 8gc(v)m/k(v)m C 510/k and m C k(v);*™. We deduce from Corollary 5.12 of [Yoshida 2008]
that

7T € Ningyupnrk) (M @) kK())) C (Noggkwy/ ko) (K @i k(0)) ) [ k' € £)).
This being true for every uniformizer 7 of k(v), we deduce that
k()™ C (Nuggk/kw (K @ck@)*) [k € &),),
and hence, by Lemma 3.4,
Ko (Ky) = (Nrkogk,/k, Ko (K' Q@ Ky)) | K' € & k). 0

4A2. Step 2: Computation of a Tate—Shafarevich group. The second step, which is slightly technical,
consists in computing the Tate—Shafarevich groups of some finitely generated free Galois modules over
K associated to the fields in &;. Poitou-Tate duality will then allow us to obtain a local-global principle
that will let us deduce Theorem 4.1 from Proposition 4.4.
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Proposition 4.5. Assume that C has a rational point, and let £ be a prime number. Fix a finite Galois
totally ramified extension l/k of degree £. Given K1, ..., K, in & i so that the fields K| and K> are
linearly disjoint over K, consider the Galois module T defined by the following exact sequence

0>Z—>Z[E/K]—T —0, (4-1)
where E == K| X - -+ x K,. Then II1*(K , f) is divisible.
Proof. Consider the following complex:

(K, 7) —2 w2k, ) @ UKy, T) —— 2 S (K Ko, T)

x ——— (Resg, /k (x), Resg, /k (x)) (4-2)
(x,y) ———— Resk, k,/k, (X)) —Resk, k,/k,(y).
We start by proving the following lemma:
Lemma 4.6. The morphism fy is injective.

Proof. Let K7 be the Galois closure of the composite of all the K;’s. By inflation-restriction, there is an
exact sequence

0—> H*(K7/K,T)— H*(K,T) > H*(Kz, T).

Take v € C (k) arational point. Since the extension K7 /K is obtained by base change from an extension kz
of k, we have the equalities Gal(Kz/K) = Gal(kz/k) = Gal(Kz,/K,). The previous inflation-restriction
exact sequence therefore induces a commutative diagram with exact lines:

0— H*(K7z/K,T) —— H*(K,T) —— H*(K7, T)

| | |

0 —— H*(K7.,/Ky, T) — H*(K,, T) —— H?*(K1.,, T)
in which the first vertical map is an isomorphism. We deduce that the restriction map
ker(H*(K,T) — H*(K,, T)) — ker(H*(Kz, T) — H*(Kz,5, T))
is injective. Hence so is the restriction map
Resk,/x : (K, T) — (K7, T)
as well as the restriction maps
Resg,/k : 2(K, T) — T*(K1, T), Resg,x (K, T) — T*(Ka, T),

since the former factors through these. O
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Now observe that the complex (4-2) fits in the following commutative diagram, in which the first and
second rows are obtained in the same way as the third:

0 0

W*(K,7) ——— %Ky, Z) ® *(K;, Z) ——— » (K Ky, Z)

s

2(K, Z[E/K]) —— (K, Z[E/K]) ® 2(K,, Z[E/K]) —— I2(K,K,, Z[E/K])  (4-3)

|

K, Hye—2L K, T) @ MKy, ) —— 2 112(K, Ko, T)

0 0

The second and third columns are exact since the exact sequence (4-1) splits over K|, K, and K1 K;. The
lines are all complexes. In the first one, the second arrow is surjective since the restriction map

(K, Z) — (K K>, Z)

is an isomorphism by Lemma 3.12 and C has a rational point. As for the second line, we have the
following lemma.

Lemma 4.7. The second line of diagram (4-3) is exact.

Proof. For 1 < a <r, write
K1 ®k Ky =1_[Loz,3a K, ®k Ky =1_[Mozy» Laﬂ ®Ka May =l_[Na,By8
B Y B

for some fields Lqg, My, and Ngg,s5. By Shapiro’s lemma, the second line of (4-3) can be identified with
the following complex

D, I* (Ko, 2)
I
Do s I (Lap, 2) © D, , 11 (Myy,, Z)
lg
@B 5.5 1> (Napys, 7)

where f is given by

(xo) > ((ResLa,g/Ka (xa))aﬂ , (ReSMay/KO( (xa))ay)a
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and g
((yaﬂ)a,ﬂ» (Zozy)a,y) = (ReSNaﬁya/Laﬁ (yaﬂ) - ResNaﬁya/Mw (Zay))aﬁyr%

Fix ((Yap)a.p> (Zay)a,y) € ker(g). Then

ReSNaﬂyg/Lalg ()’aﬂ) = ReSNaﬂyg/MaV (Z(X)/)

for all «, 8, y, 8. But the restrictions ResLaﬁ/Ka, ResMw/Ka, ResNaﬁyé/Laﬁ and ResNaﬁya/Mw are all iso-
morphisms by Lemma 3.12 and they fit into a commutative diagram:
ReSLaﬂ/Ka
1Ky, Z) 1%(Lyg, Z)
ReSMay/](aJ J/ReSNLUgVE/LU‘ﬂ
I (May , Z) ~————— II*(Nagys, 7)
CSNugy s/ May
We deduce that, for each «, there exists x, € HIZ(Ka, Z) such that
VB, Res, /K, (xo) =Yyap and Vy, Reswy,, /k, (Xg) = Zay-
In other words, ((yag)a,p, (Zay)a,y) € IM(f). O

With all the gathered information, a simple diagram chase in (4-3) shows that the morphism
(K, Z[E/K]) — (K, T)
is surjective. But as recalled at the end of Section 2, the group IT1>(K, Z[E /K1) is divisible. Hence so is
(K, 7). O
4A3. Step 3: Proof of Theorem 4.1. We can finally prove Theorem 4.1 by using Poitou—Tate duality.
Proof of Theorem 4.1. Take x € K»(K). By Proposition 4.4, we have

Ko(Ky) = (Nkogk, k, Ko (K' @k Ky)) | K' € E k)
for all v e CV, Hence we can find K1, ..., K, € &1k such that
x € ker(Ko(K)/(Nk,;/xk (Ko (K)) | 1 <i <)
- 1_[ Ko(Ky)/(Nkoxk,/k, Ko (Ki @k Ky)) | 1 <i <r)). (4-4)

veC®
Moreover, up to enlarging the family (K;);, we may and do assume that K| and K> are linearly disjoint.
Consider the étale K-algebra E := K| x --- x K, and the Galois module T defined by the following
exact sequence
0—>7—ZE/K]l—T —0.

Set T := Hom(f, Z)and T := T® Z(2). By Lemma 3.2, (4-4) can be rewritten as

x e (K, T).
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But, by Poitou-Tate duality, 13 (K, T) is dual to III%(K, f"), and by Proposition 4.5, the group 1% (K, f")
is divisible. We deduce that I[II3(K, T) = 0, and hence that

x € (N, k (Ko(K)) | 1 <i <r) C(Ngryg(Ka(K)) | K’ € Eji). 0
4B. Proof of Main Theorem 2. By combining Theorems 3.1 and 4.1, we can now settle the following
theorem, from which we will deduce Main Theorem 2.

Theorem 4.8. Let K be the function field of a smooth projective curve C defined over a p-adic field k.
Let 1/ k be a finite Galois extension and set L := K. Let Z be a proper K -variety. If s/ stands for the
number of (not necessarily distinct) prime factors of the ramification degree of |/ k, then the quotient

Ko (K)/{NL/k (Ka(L)), N2(Z/K))
iS iram(C) - xx (Z, E)ZS’/kH-torsionfor every coherent sheaf E on Z.

Proof. We first assume that C has a rational point, and we prove that
Ko(K)/{NL/k (Ka(L)), N2(Z/K))

is xx(Z, E )2s1/k+2_torsion for every coherent sheaf E on Z by induction on s;,4. The case s;/x =0
immediately follows from Theorem 3.1. We henceforth assume now that s;/x > 0. Let [, be the maximal
unramified subextension of //k and set Ly, := [, K. Theorem 3.1 ensures then that the quotient

K2 (K)/(NL,./xk Ka(Lnr)), N2(Z/K))

is xx (Z, E)>-torsion. Now, the extension /I, is Galois and totally ramified. Since finite extensions of
local fields are solvable, we can find a Galois totally ramified extension m /[, contained in / and of prime
degree €. Set M :=mK. By Theorem 4.1, we have

Ko(Lnr) = (Ngr/0,, Ko (K)) | K € Enyiy)-

But for each k" € 531 Sl the ramification degree of [k’ /k’ strictly divides that of //k. Hence, by induction,
the group
Ko(K")/(Nrkr k' (Ko(LK")), No(Z/K"))

is xx (Z, E)**-torsion for each K’ € &, /1.~ We deduce that
Ko(K)/{NL/k (Ka(L)), N2(Z/K))

is xx (Z, E)***+2_torsion, which finishes the induction.

We do not assume anymore that C has a rational point. Let &y, . .., k. be finite extensions of k over
which C acquires rational points and such that the g.c.d.’s of their ramification degrees is i;am (C). For each
i, let k; nr be the maximal unramified extension of k contained in k;, and set K; :=k; K and K; r :=kj nr K.
Theorem 3.1 ensures that the quotient

Ko (K)/(Nk; o/ k (K2(Kinr)), N2(Z/K))
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is xx (Z, E)*-torsion. Moreover, a restriction-corestriction argument shows that the quotient
Ka2(Kine) / Nk, /k; o (K2 (Ki))
is [k; : ki nr]-torsion. Since [k; : k; nr] is the ramification degree of k; /k, we deduce that

Ko(K)/(Nk,/k (K2(K1)), ..., Nk, k (K2(K})), N2(Z/K))

is iam(C) - xx (Z, E)?-torsion. But C has rational points over all the k;. Hence, by the first case, the
quotients

Ko (K;)/(Nrk; k; (K2(LK;)), N2(Z/K;))
are all xx (Z, E)*/**2-torsion. We deduce that
Kao(K)/(Nijk (Ko(L)), N2o(Z/K))
i iram(C) - xx (Z, E)*!+H_torsion. O
Applying this to the context of the C lz—property, we get the following result.

Corollary 4.9. Let K be the function field of a smooth projective curve C defined over a p-adic field
k. Then, for each n,d > 1 and for each hypersurface Z in P} of degree d with d < n, the quotient
Ko (K)/N2(Z/K) is killed by iam (C).

Proof. Let Z be a hypersurface in P of degree d with d < n. By Tsen’s theorem, the field k(C)is Cj.
Since d < n, we deduce that there exists a finite extension / of k such that Z(/K) # &. By Theorem 4.8,
the quotient

Ko(K)/{Nik/k Ka(IK)), N2(Z/K)) = Ko (K) /N2 (Z/K)

is iram(C) - xx (Z, Oz)>kT4 torsion. But since d < n, Theorem IIL.5.1 of [Hartshorne 1977] and the
exact sequence

0— Opn, (—d) — Opr. — 0,0z = 0,
where i : Z — P’ stands for the closed immersion, imply that
xk(Z, 0z) = xk P, Opr) — xx P, Opr (=d)) = 1.
Hence the quotient Ky (K)/N2(Z/K) i8S ipam(C)-torsion. Il

Main Theorem 2 can now be immediately deduced from the following corollary.

Corollary 4.10. Let K be the function field of a smooth projective curve C defined over a p-adic field k.
Assume that ;4 (C) = 1. Then, for each n,d > 1 and for each hypersurface Z in P of degree d with
d <n,we have Ny(Z/K) = Ky(K).

Remark 4.11. By Section 9.1 of [Bosch et al. 1990], the assumption that i,y (C) = 1 automatically holds
when C has an irreducible proper flat regular model whose special fiber has multiplicity 1.
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