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ABSTRACT. The series of Oberwolfach meetings on ‘Explicit methods in num-
ber theory’ brings together people attacking key problems in number theory
via techniques involving concrete or computable descriptions. Here, number
theory is interpreted broadly, including algebraic and analytic number theory,
Galois theory and inverse Galois problems, arithmetic of curves and higher-
dimensional varieties, zeta and L-functions and their special values, modular
forms and functions.

The 2021 meeting featured a seven-lecture minicourse on the distribution
of class groups and Selmer groups. The other talks covered a broad range
of topics in number theory ranging, for instance, from deterministic integer
factorisation to the inverse Galois problem, rational points, and integrality of
instanton numbers.
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Introduction by the Organizers

The workshop Fxplicit Methods in Number Theory, organised by Karim Belabas
(Bordeaux), Bjorn Poonen (Cambridge, MA), and Fernando Rodriguez Villegas
(Trieste) was run in a hybrid format due to the COVID 19 pandemic, with 14
participants at the institute and 42 participating remotely via Zoom from many
time zones in Europe, the US, and Oceania. This workshop is part of a long-
standing series of meetings whose goal is to present new methods and results on
concrete aspects of number theory. In several cases, this included algorithmic and
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experimental work, but the emphasis is on the implications for number theory.
Ten previous workshops on the topic have been held in Oberwolfach since 1999.

The programme consisted of a seven-lecture minicourse on arithmetic statistics
for class groups and Selmer groups, and twenty-two standalone lectures by par-
ticipants. Contributions ranging from deterministic integer factorisation to the
inverse Galois problem, rational points, and integrality of instanton numbers were
presented, for example. Those participating remotely socialized through events
hosted on the wonder.me platform.

Arithmetic statistics concerns itself with the distribution of arithmetic objects in
a family, ordered by some natural invariant. These include class groups of number
fields ordered by discriminants, and Selmer groups attached to elliptic curves or-
dered by the size of a Weierstrass equation or to twists of a fixed curve. Both are
finite, effectively computable, abelian groups classifying global obstructions and
are critical to understanding arithmetic problems like solving Diophantine equa-
tions or, equivalently, finding rational points on varieties. For instance, Selmer
groups are related to the existence of rational points on elliptic curves and allow
one to prove the weak Mordell-Weil theorem.

Starting from the “Cohen—Lenstra heuristics” (1983), proposing a probabilistic
model for the average behavior of class groups of quadratic fields, major conjectures
provide models for various such distributions and allow numerical predictions.
Since class groups and Selmer groups are finite abelian groups, one can write them
as the direct product of their p-Sylow subgroups and study the distribution of such
p-components, for instance, by computing their moments. The minicourse was
centered on Alexander Smith’s proofs that the 2-parts of quadratic class groups
and Selmer groups attached to twists of certain elliptic curves indeed followed
the conjectured distribution. One striking consequence (obtained by Koymans
and Pagano) concerns the distribution of discriminants d such that the negative
Pell equation 22 — dy? = —1 has a solution in integers = and y (Stevenhagen’s
conjecture).

Acknowledgement: The MFO and the workshop organizers would like to thank the
National Science Foundation for supporting the participation of junior researchers
in the workshop by the grant DMS-1641185, “US Junior Oberwolfach Fellows”.
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Abstracts

Problems, Conjectures and Theorems in Arithmetic Statistics
MANJUL BHARGAVA

We give an overview of some of the problems, conjectures, and known theorems
(and of some of the motivations, assumptions, and methods behind them) in the
subject of arithmetic statistics, with a focus on those relating to the distribu-
tion of class groups and Selmer groups. In particular, we describe the Cohen—
Lenstra heuristics for class groups (and their extensions due to Gerth, Martinet,
Malle, Karman, Bartel-Lenstra, and others) and the Poonen-Rains and B.-Kane—
Lenstra—Poonen—Rains heuristics for Selmer groups, and the various results in the
directions of these heuristics in works due to Davenport—Heilbronn, B., Fouvry—
Kliiners, Klagsbrun, Ho—Shankar—Varma, B.—Hanke—Shankar, Smith, Yu, Achter—
Pries, Hall, Ellenberg—Venkatesh—Westerland, Heath-Brown, Swinnerton-Dyer,
Kane, Klagsbrun—-Mazur—Rubin, B.—Shankar, B.-Ho, B.—Gross, Shankar—Wang,
Thorne, Romano—Thorne, Alpoge, B.-Shankar—Swaminathan, Milovic, Smith,
Chan—Koymans—Milovic-Pagano, Koymans—Pagano, Landesman, Feng—Landes-
man—Rains, Boston—Bush—Hajir, Liu—Wood—Zureick-Brown, Dummit—Voight, B.—
Varma, Bartel-Lenstra, Wang-Wood, Sawin, and more (as time permits). Many
of the works described in this survey will be expanded upon in forthcoming lectures
of this workshop.

Statistics of the Galois module structure of Mordell-Weil groups
ALEX BARTEL
(joint work with Adam Morgan)

The following question seems very natural, but has, to our knowledge, not been
considered until now. Fix a number field K, an elliptic curve F/K, a finite group
G, and a finitely generated Q[G]-module V. By the Jordan—Zassenhaus theorem,
there are only finitely many isomorphism classes of finitely generated full rank
Z|G)-lattices inside V. More precisely, there is a finite set £ of Z-free Z[G]-modules
such that every Z[G]-module L satisfying Q®z L =g V is isomorphic to a unique
element of £. Let (F,t) run over all pairs consisting of a Galois extension F' of K
an isomorphism ¢ between its Galois group and G, satisfying Q ®z E(F') Zgg) V,
where we may view E(F) as a Z[G]-module via the isomorphism ¢. Then how
often is E(F')/E(F)sors isomorphic to any given lattice in £L? Of course, to make
this question precise, we should order the family of pairs (F,¢) in some reasonable
way, e.g. by the ideal norm of the discriminant of F'/ K, or of the product of primes
of K that ramify in F (and the answer may well depend on the ordering).

In this project we consider the following special case: take K = Q, G to be
cyclic of order 2, E/Q to be an elliptic curve of rank 1, and V' to be free of rank
1 over Q[G]. In plain terms, we are letting F' run over all quadratic number fields
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over which F has rank 2. Each such F is isomorphic to Q(v/d) for a unique square-
free integer d, and we can just order our family by |d|. It is not hard to see that
L then consists of two elements: a free Z[G]-module of rank 1, which we will just
abbreviate to Z|G], and a direct sum of two submodules of Z-rank 1, which we
denote by 1 @ sign.

For technical reasons, we also assume that E/Q has full rational 2-torsion and
no cyclic 4 isogeny. Our first, perhaps at first surprising, result is the following.

Theorem 1. The proportion among fields F as just described of those for which
one has E(F)/E(F)iors = Z[G] is asymptotically 0.

It turns that there is a local obstruction to E(F')/E(F ) being isomorphic to
Z|G]: it can only happen if d is not divisible by any primes from a certain positive
density set. We therefore modify the question, by restricting the family to only
those F' that, in addition to the constraint that the rank of E(F') be 2, also satisfy
the appropriate local conditions.

In that restricted family, we give a precise conjecture for the proportions with
which Z[G] and 1 @ sign occur as E(F)/E(F)iors, which we both conjecture to
be positive. Our conjecture is closely analogous to Stevenhagen’s heuristic on the
solubility of the negative Pell equation. It can be summarised as follows:

e Let 6: E(Q) — H'(Q, E[2]) be the coboundary map associated with the
multiplication-by-2 Kummer sequence on FE. Then the local conditions
on d ensure that there is a Mordell-Weil generator P of E(Q) such that
§(P) € H'(Q, E[2]) = H'(Q, E4[2]) is contained in Sel*(E4/Q).

e We show that E(F)/E(F)tors = Z|G] if and only if there is a Mordell-Weil
generator P of E(Q) such that §(P) € Sel?(E,;/Q) is also the image of a
Mordell-Weil generator of E4(Q) under the “twisted” coboundary map dg4.

e We determine the proportions p, with which one has

dimg, (Sel*(E4/Q)/64(E4[2])) = 7

as d runs through our (thin!) family.

e We then conjecture that §(P) is a uniformly “random” non-trivial element
in that Fo-vector space. This leads to the prediction that the proportion
in the restricted family with which one has E(F)/E(F)ios = Z[G] is

asymptotically Z Pr
T

2r —1°

Remark 1. There is a lot of prior work on distributions of 2-Selmer groups in
quadratic twist families, but there are additional subtleties that we have to beware
of in our particular families: they are “thin” families, and by the first bullet
point above, they are presisely rigged in such a way as to throw off the 2-Selmer
distribution.

Remark 2. Somewhat surprisingly, our conjectured proportions turn out to be
rational numbers, in contrast to the proportion in Stevenhagen’s heuristic.
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Graded Lie Algebras and Selmer Groups
JACK A. THORNE

Bhargava and Shankar have proved that the average size of the m-Selmer group of
an elliptic curve over Q (these curves being ordered by the height of the coefficients
in a defining Weierstrass equation) is equal to o1(m) = 2y, k for each m =
2,3,4,5 [1-4]. In each case they introduce a pair (G, V') consisting of a reductive
group G and a representation V| both defined over Z. They relate the relevant
Selmer groups to the set G(Z)\V (Z) of integral orbits and then use the geometry
of numbers to get information about the number of orbits of bounded height,
therefore about the average size of the Selmer group of an elliptic curve.

Gross observed that the pairs (G, V') appearing in the papers can all be seen
as arising from stably graded Lie algebras [5]. A graded Lie algebra is a pair
(g,0), consisting of a Lie algebra g (say semisimple over Q) and homomorphism
0 : pm — Aut(g). The homomorphism ¢ determines a grading g = @;cz/mz 8i;
then go < g is a Lie subalgebra which acts on g;. Integrating gy to a reductive
group Go, we get a pair (Go, g1). The grading (g, 0) is said to be stable if moreover
there are stable vectors, i.e. elements in g; with closed orbit and finite stabiliser
under the action of Gj.

It is therefore natural to wonder whether stably graded Lie algebras can be used
to study the Selmer groups of other families of abelian varieties. Stably graded
Lie algebras have been classified by Reeder, Levy, Yu, and Gross [6]. A variety
of techniques have now been developed that can be used to prove theorems about
Selmer groups using these stably graded Lie algebras. These include theorems
concerning the average size of the 2-Selmer group of a Jacobian of a hyperelliptic
curve of arbitrary genus [7-9], the 3-Selmer group of the Jacobian of a genus 2
curve [10], the 2-Selmer group of the Jacobian of a non-hyperelliptic curves of
genus 3 [11], and the 2-Selmer groups of a family of (non-principally polarized)
Prym abelian surfaces [12].

The techniques developed by Bhargava and Shankar to study the geometry of
numbers generalise well to the context of an arbitrary stably graded Lie algebra
(g,0). More challenging is to find the relation between the rational and (in par-
ticular) integral orbits in (Go,g1) and the Selmer groups of a family of abelian
varieties. When g is simply laced, the family of abelian varieties seems to be, in
examples, the family of Jacobians of a versal deformation of a plane curve with
a unique simple singularity. This is in particular the case for the (unique) stable
Z/2Z-grading of such an algebra [13]. When g is not simply laced, one expects to
find a family of Pryms associated to a curves ‘with fixed symmetries’ (cf. [12]).

The most general construction available of rational orbits from rational points
of Jacobians relies upon the existence of an interesting functor from root lattices,
enriched with the data of a finite Heisenberg group, to graded Lie algebras [15].
The most general construction available of integral orbit representatives for Selmer
group elements (see [11]) relies upon the observation that the compactified Jaco-
bian of a versal G,,-deformation of a reduced plane curve is absolutely smooth
(i.e. smooth over Q, if not over the base of the deformation) [14].
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Several tantalising directions remain to be explored. For example, if (g,0) is a
stably Z/27Z-graded Lie algebra and G is a simply connected algebraic group with
Lie algebra g, one can consider the action of Gy = G?=! on the algebraic variety
G1={g€G|0(g) =g '} The geometric invariant theory of the pair (Go, G1)
has been studied by Richardson [17], and is very much analogous to the geometric
invariant theory of the pair (Go, g1). Moreover, there is a relation between Selmer
groups and rational orbits generalising that for the pair (Go, g1) [16]. We await
a theory of the geometry of numbers of such pairs (Go, G1) sufficient for further
applications to arithmetic statistics.
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2-descent for Bloch—Kato Selmer groups
NETAN DOGRA

Let X/Q be a hyperelliptic curve of genus g given by y? = f(z), where f € Q[z] is a
separable polynomial. Poonen and Schaefer [PS] showed how to relate the 2-Selmer
group of the Jacobian J of X to the arithmetic of the étale algebra Q[z]/(f(z)).
One application of this ‘field-theoretic’ characterisation is to bounding the rank r
of the Jacobian. If r < g, the Chabauty—Coleman method can be used to produce
a finite set X (Qp)1 C X(Qp) of p-adic points containing X (Q).

The subject of this talk was the problem of carrying out 2-descent to prove
upper bounds on the ranks of certain Bloch—-Kato Selmer groups associated to
certain geometric Galois representations of weight < —1. Unlike with abelian
varieties, conjecturally these ranks are, in a certain sense, ‘geometric’ rather than
‘arithmetic’ invariants [BK].

One motivation for this problem comes from the problem of computing the
set of rational points of hyperelliptic curves with » > ¢g. Minhyong Kim has
defined subsets X (Qp), C X(Q,) containing X (Q) which are finite whenever r
plus the sum of ranks of certain Bloch-Kato Selmer groups associated to Galois
representations of weight < —1 are less than some constant depending only on g.
The attraction of this approach is that the Bloch—-Kato conjectures imply that,
for any r, this inequality is eventually satisfied, and hence X (Q,)y is eventually
finite.

By “2-descent for H} (Gal(Q|Q), A%T»J)” we mean that we want to bound the
rank of H} (Gal(Q|Q),A%T».J) by computing the rank of a subgroup of H(Gal(Q|Q),
A2J[2]). Analogous to the classical case, to do this we relate H!(Gal(Q|Q), A2J[2])
to the subalgebra of Q[z,y, ﬁ]/(f(a:), f(y)) fixed by the involution swapping x
and y.

One interesting example where these methods can be applied is the genus 2,
rank 3 curve

(1) C:yP—y=2a"—u.

In [BMSTT], Bugeaud, Mignotte, Siksek and Tengely determined the integer val-
ued solutions to (1), using a combination of transcendence methods and Mordell-
Weil sieving. Using our 2-descent algorithm we prove rkH} (G, N*ThJac(C)) = 2
and determine C(Q).

The methods used for bounding the rank of H} (Gal(Q|Q), A%T»(J)) have been
applied to verify finiteness of X (Q3)s for a large number (> 1000) of the 7224 genus
2 rank 2 curves with a rational Weierstrass point on the LMFDB. By contrast,
only 29 of these curves satisfy the condition p(J) > 1 used in [BD] to guarantee
finiteness of X (Qp)2 when r = g.
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Restriction of scalars Chabauty applied to cyclic covers of
P!\ {0,1,00}
NICHOLAS TRIANTAFILLOU

Let K be a number field, let X/K be a curve with Jacobian J, and let p be a prime
of good reduction for X. Chabauty’s method is a p-adic technique that produces
a finite subset of X (K,) containing X (K) when rank J(K) < dimJ — 1. Given
a set S of finite places of K not containing p, after replacing J with a suitable
generalized Jacobian, one can also use Chabauty’s method to compute a finite set
containing the Ok g-points on an integral model of an affine curve.

If [K : Q] > 1, one can improve the rank-versus-dimension bound by applying
an analogue of Chabauty’s method to the restriction of scalars Resg /X . This
approach, called RoS Chabauty, first appears in [3] and is attributed to Wetherell.
RoS Chabauty produces a set X (K ®Q,)1 of p-adic points containing X (K') which
is ‘expected’ to be finite when rank J(K) < [K : Q](dim J — 1). Unfortunately,
this expectation fails when a (translate of a) subgroup scheme T' C J with T(K)
of ‘large’ rank intersects Resg /X in ‘large’ dimension. We call such subgroup
schemes subgroup obstructions. As a concrete example, [3] shows that if X is the
base change of a curve over k¥ C K for which X(k ® Q)1 is infinite, the RoS
Chabauty set X(K ® Qp); for the base change of X to K will also be infinite.
Similarly, [1] shows that if X (K ® Q,); is infinite and f : Y — X is a nonconstant
map of curves such that the K-points of the Prym variety are p-adically dense in
the Kp-points, Y (K ®Q))1 will be infinite. We call a subgroup obstruction defined
by iterating these constructions a BCP obstruction for base change + Prym.

Working in the context of S-integral points on affine curves, we show that when
q is sufficiently large and o € (’)IX{’ g is not a qth power, there are no subgroup
obstructions to RoS Chabauty applied to X, 4 := P! \ {z: 27 = a}. Let J, 4 be
the Jacobian of X, 4. The proof leverages the fact that splitting field of J, 4 is
nonabelian over K to prove a large gap between the rank and dimension of any
subtorus of Resp,. /zJa,q- The case of X; 4 is much subtler. When K is totally
real, for large ¢, one can prove X 4(Ok,g) is finite using classical Chabauty, but
if K contains a CM subfield, there is a BCP obstruction to RoS Chabatuy for
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X1,g- When K does not contain a CM subfield, we show that X; ; has no BCP
obstructions. See [4] for details.

As an application/motivation for our study, we note that the points on the
curves X, \ {0, 00} correspond exactly to the subset of (P! \ {0,1,00})(Ok.s) in
the same class of OIX(’ ¢ modulo gth powers as a~!. Poonen showed that these sets
can be computed using classical Chabauty when K = Q. While Poonen’s results
do not extend beyond K = Q (except for K totally real and a = 1), our work
provides evidence that RoS Chabauty could be used to compute the X, (Oxk, s)
when K does not contain a CM subfield. This suggests that RoS Chabauty plus
descent by cyclic covers gives an elementary p-adic algorithm to compute the set
(P!~ {0,1,00})(Ok,s), or equivalently the set of solutions to the S-unit equation
r+y=1forz,y€ O .

In future work, we hope to upgrade these results to a proof that RoS Chabauty
and descent can bound the set (P! \ {0,1,00})(Ok s) and to combine the p-adic
information from RoS Chabauty with other techniques to improve existing bounds
on the size of this set. It would also be interesting to extend the results presented
here to the case where K contains a CM-subfield, perhaps by performing a further
descent in order to compute (X7 4\ {0, 00})(Ok,s) and to implement the resulting
algorithm on a computer.
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Primes in very short intervals and arithmetic progressions
ANDREW GRANVILLE
(joint work with Allysa Lumley)

In 1792 Gauss predicted that “the density of primes around z is about ”. This

1
log x
suggests that in an interval of y integers,

Y

logz’

(1) m(z +y) — w(x) = #{Primes p € (z,z + y]} =

There are ¢(q) arithmetic progressions a (mod ¢) with (a,q) = 1. We guess that
the primes are roughly equi-distributed amongst these progressions, so that
1 =z

n(wig,0) = #{Primes p S vip=a (mod )} = S
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If x = qy then there are y integers in the progression so we expect

gy q,0) ~ —— Y
Y #(q) logq

when y = ¢°) since then log gy ~ logq. We simplify by letting ¢ be large and
prime so that ¢/¢(¢) = 1 and so we expect that

(2) m(qy; ¢, a) ~ e q
which is similar in structure to (1). These estimates make sense once y > (log z)!*"
(or y > (log ¢)' "), and heuristics suggest they should hold “100% of the time” in
these ranges.

In this talk we explore two questions: What happens when y is smaller? And
what are the extreme values in these ranges, that is the maximum and minimum
number of primes. We approach these questions through various heuristics and
test our conjectures against computational evidence.

In 1936 Cramér suggested a model based on Gauss’s observation: Let (Bp,)n>3
be independent random variables for which

1

Prob(B, = 1) " Togn’
ogn

with Prob(B, =0) =1

- logn

Then the distribution of w(x) can be modeled by

odt
Z B,, which has expectation / — +0(1)
3 logt

n<z

which is exactly what we expect from Riemann’s zeros, and indeed it suggests an
error term z'/2t°(1) which is equivalent to the Riemann Hypothesis. Similarly one
might hope to model the the distribution of m(X +y) — m(X) by >y, <x 4, Bn-
This is more-or-less a binomial distribution and suggests that there exists X &
(z,2z] for which m(X + y) — 7(X) = y whenever y < (logx)'~¢. However this is
clearly nonsense since half the integers in any interval are even. The problem is
that Cramér’s model does not take account of divisibility by small primes, so we
modify it to do so. The idea is to discard any integer which has a prime factor
< z (for some well-chosen z < y), and then suitably define the random variables
B,, for those n with no prime factor < z. This modified model does predict the
distribution of primes in arithmetic progressions, as suggested by the Generalized
Riemann Hypothesis, as well as Hardy and Littlewood’s prime k-tuplets conjecture
(neither of which followed from the original Cramér model).

If0<a; < - <ap <y are integers then there cannot be infinitely many n
such that

n+aq,...,n+ ag are all prime

if some prime p divides one of the n + a; for every n. If there is no such local
obstruction then a; < --- < ax is admissible and HARDY & LITTLEWOOD’S Prime
k-tuplets conjecture claims that there are infinitely many such prime k-tuples. We
let S(y) be the largest size k of an admissible set of length y.
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On the basis of some computational evidence, a careful (conjectural) study of
the range of uniformity of the prime k-tuplets conjecture, and a modification of
Cramér’s model, we predict that if y < (1 — ¢€) logx then

L max, (X +y) —7(X) = S(y),

and if y < (1 — €) log g with ¢ prime then
(m?glﬂ(qy;q,a) = S(y) or S(y) + 1.

We also predict that if p; =2 < py; =3 < ... is the sequence of prime numbers
then

max — pn > 2¢ 7 (log z)?
a:<pn§2wpn+1 DPn < ( g )

and that perhaps these are asymptotically equal, though the data is not too con-
vincing. Analogously we predict that if p(g,a) is the least prime = a (mod gq)
then

max p(q,a) 2 2¢7 7 (log ¢)*;

(a,9)=1
for prime ¢ and that perhaps these are asymptotically equal for almost all ¢, though
the constant will get as large as 4e~7 for rare ¢, twice the “typical value”. This
prediction is well backed-up by the data for the primes up to a million.
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Small Galois groups over Q and Q(¢)
TiM DOKCHITSER

The Inverse Galois Problem asks whether every finite group G occurs as a Galois
group over Q, and, stronger, over Q(t) with no constant subfields. The construc-
tive version of this problem also asks to produce polynomials with the right Galois
group. We discuss some old and new methods and new results, including realisa-
tions of some previously unknown groups, and families for all transitive groups of
degree < 16 over Q(¢) and all groups of order < 128 over Q.

The algorithms discussed in the talk have been implemented in the Magma
package available from

https://people.maths.bris.ac.uk/ matyd/InvGal/

together with a list of open problems on the computational aspects of the Inverse
Galois Problem.
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2°°-Selmer groups in quadratic twist families
ALEXANDER SMITH

In 1979, Goldfeld conjectured the following;:

Conjecture 1 ([2]). Given an elliptic curve E/Q with narrow Weierstrass form
y? =2+ azx + 0,

and given a nonzero integer d, take E® to be the elliptic curve over Q with narrow
Weierstrass form
E4:y? =2 + d*ax + d°b.
This curve is a quadratic twist of E, and is isomorphic to E over (@(\/3)
Then, forr >0,

. 4 B 1/2  for r=0
i #{d: 0<|d <N and rank(E?/Q)=r} e gorr=1

N—o00 2N
0 for r > 2.

We make progress on this conjecture by studying 2°°-Selmer groups. For an
elliptic curve E/Q, the 2°°-Selmer group is defined as the kernel

Sel’” E = ker (Hl(GQ, E2®]) - [[ H"(G., E[2*)) /%,) .

Here, Gg denotes the absolute Galois group of @, the product is over all places
v of Q, the group G, is the absolute Galois group for the local field Q,, and
#, denotes the Bloch—Kato set of local conditions [1]. Explicitly, #;, the set of
unramified classes at good primes for E besides 2, is 0 at bad primes besides 2,
and is something more complicated at 2.

Define the 2*-Selmer rank 7o (E) to be the maximal integer r so (Z/2Z)" is
a subgroup of Sel?” (E), and take 79 (E) to be the limit of the rox (E). Then
r90e (E) > rank(F), and it is conjectured that ree (E) = rank(F). Our main result
for elliptic curves is the following:

Theorem 2. Take E/Q to be an elliptic curve satisfying one of the technical
conditions enumerated at the start of Section 0.2. Then

1/2  for r=0
=141/2 forr=1

0 for r > 2.

i #{d: 0<|d <N and ro=~(E?/Q) =1}
Ngnoo 2N

0.1. Controlling 2-Selmer ranks. We prove Theorem 2 by finding the distribu-
tion of each 2F-Selmer rank in turn, starting with the 2-Selmer rank. Given two
primes p, ¢, we define a symbol [p, q] that generalizes the Legendre symbol. We
also define a class [p], which describes the splitting behavior of p in Q(E[2]).

Given positive squarefree integers d = p; ...p, and d’ = p} ...p.., we find that
the 2-Selmer groups of E¢ and E4" are isomorphic if [p;] = [p}] and [p, pi] = [P}, ']
for all i <, and if [p;, p;] = [p;, p)] for all i < j <r.
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Because of this proposition, it is convenient to restrict our attention to a grid
of twists. Fix r > 0 and classes o1,...,0., and choose disjoint sets of primes
X1,..., X, so all X lie in class o for £ < r. We say d lies in the grid X =
[y Xk if d=p1...p, for some p1 € X1,...,p, € X,.

We are also able to generalize the following result of Jutila to our definition of
symbols.

Proposition 3 ([3]). Given disjoint sets X1, Xo of primes, take H; = max(X7),
Hy; = max(Xs). Then

>3 <§> =C - HHy (BT + 17

pEX1 qEX2
where C is some absolute constant.

Our approach to controlling 2-Selmer groups is to carve the set of positive
squarefree integers less than a given H into a set of grids with negligible leftovers,
and then to control the 2-Selmer groups on each grid using a combination of our
generalization of Jutila’s proposition and the Chebotarev density theorem.

For any grid X, we can find a lower bound rg min(X, E) for r2(E) over X.
For some grids and some elliptic curves, this lower bound can be quite large [4].
However, in all cases, we can find an isogenous curve E’ to E S0 72 min (X, E') = 0;
this works just as well with the elliptic curve replaced by an abelian variety. This
trick allows us to prove the following coarse result.

Theorem 4. There is an absolute C > 0 so, for any abelian variety A/Q, we
have

Z exp(rank(A4)) < H - €Y’

d<H

for H >4 0, where g = dim A.

0.2. Higher Selmer groups. We need a finer result about the 2-Selmer group
to deal with 4-Selmer groups and higher. For elliptic curves, we have such a fine
result if

(1) E(Q)[2] = 0; or
(2) E(Q)[2] 2 Z/2Z and, writing ¢ : E — Ejy for the unique isogeny of degree
2 over Q, we have

Q(Eo[2]) #Q and  Q(Eo[2]) # Q(E[2]); or
(3) E(Q)[2] =2 (Z/2Z)* and E has no cyclic degree 4 isogeny defined over Q.

We will state our explicit result for the distribution of 5,74, 78,... for curves
obeying the first or third condition here. In the second case, the 2-Selmer group
is large for half of the twists of F/, and this complicates the distributional result.
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Definition 5. Given n > j > 0, take
PM(j|n)

to be the probability that a a uniformly selected alternating n x n matrix with
entries in Fy has kernel of rank exactly j. We also will define

. 1 . .
P (j|o0) = 5 Tim PAY(j| 20+ j)

Theorem 6. Suppose E/Q is an elliptic curve that fits into either the first or
third case mentioned above. Given k > 1 and any sequence of integers

rg>T4 > 2 1ok 20,

we have
lim #{d : 0< |d| < N, TQ(Ed) =T, ... Tok (Ed) = TQA:}

— PA(py, |T2k_1) CPAY (g |¢2,c_2) . -PA“(r4|r2) .PAlt(m\oo)-

These statistics correctly suggest that there is an alternating pairing on the
2-Selmer group of E whose kernel K has dimension r4(FE); that there is an alter-
nating pairing on K whose kernel has dimension rg(FE); etc. These pairings are
instances of the Cassels—Tate pairing. Once the 2-Selmer portion of the above
theorem has been established, the rest is proved by showing that these pairings
are equidistributed among alternating matrices.

Over the set of all twists d < H, it is not meaningful to ask for the Cassels—
Tate pairings of the curves E? be equidistributed, since we lack a method for
identifying the 2-Selmer groups throughout this family. However, by restricting
our scope to the set of twists in a grid X where all classes and symbols are fixed,
we enter a situation where the 2-Selmer groups are all isomorphic and where it
does make sense to ask if the Cassels—Tate pairings are equidistributed. With
enough assumptions, we are able to prove the equidistribution result, establishing
the theorem.

We finally will mention the exercise that started our sequence of lectures.

Definition 7. Given a group G acting on an abelian group M and a homo-
morphism x : G — {+1}, there is a unique G-module MX and isomorphism
BX . MX — M of abelian groups so

pX(om) = x(o)o X (m)

for all ¢ in G and m in M. This is known as the quadratic twist of the module
M.

For example, for any nonzero integer d, we may define x4 : Gg — {%1} so
xa(o) = o(v/d)/Vd for all o € Gg. Choose an elliptic curve E/Q. If we take
M=F (@), then we have

MXi = B (Q) .
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Exercise 8. Given n > 1 and H > 0, what is the smallest Gg-module N so that,
for any positive integer d less than H, there is an equivariant embedding

(Lz/7)*" — N?

e Forn =2, N = $Z/Z suffices, since yq(c) =1 mod 2.
e For n = 3, we can do no better than

N=(z/Z)e @ (3z/2)*,
d<H
d squarefree

which has dimension around %H . This sort of behavior continues for all
odd n.
e For n = 4, the module

N=(iz/2)o @ (32/2)*
p<H
p prime

suffices. This has dimension around H/log H by the prime number theo-
rem. Higher powers of two lead to similarly small dimensions for N.
This exercise leads us to the following heuristic for identifying arithmetic-statistical
problems that could plausibly be solved using methods like ours.

Heuristic 9. Given finite Gg modules M1, Ms, ... decorated with some local con-
ditions, we have hope that we can find the distribution of

Sel My, Sel Mo, ...

if
log #Nu
> i< log #M;
tends to 0, where Ny is the minimal Gg module containing M, ..., My as sub-
quotients.
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Effective height bounds for odd-degree totally real points on
some curves

LEVENT ALPOGE
My talk was on the following theorem.

Theorem. There is a finite-time algorithm (i.e. Turing machine which terminates
on all inputs) which, on input (K,C/K) with K/Q totally real of odd degree and
C/K a smooth projective hyperbolic curve which admits a map defined over K to
a Hilbert modular variety, outputs C(K).

Just for concreteness, what follows is an example application. The relevant fam-
ily of abelian varieties is the hypergeometric family corresponding to the triangle
group A(3,6,6) (which is, crucially, arithmetic).

Theorem. Let a € @X be totally real of odd degree (e.g. a = 1). Then: there is
a finite-time algorithm which, on input K with K/Q(a) totally real of odd degree,
outputs the finitely many pairs (x,y) with v,y € K and x5 + 4y> = a>.

In what remains we will describe the argument, keeping the ideas and also the
points which led to the hypotheses on the number fields and curves in considera-
tion, and dropping the usual mass of notation.

Parshin’s reduction of the Mordell conjecture to Shafarevich’s finiteness conjecture
for abelian varieties uses a construction of Kodaira to produce, for a smooth pro-
jective hyperbolic curve C'//K, a finite-to-one map C' — A, for some g € Z* (not
the genus of C/K), without loss of generality defined over K. Letting C/ox be
the minimal proper regular model of C/K, this extends to a map C — A, defined
over og,s once S is explicitly sufficiently large, and thus produces a finite-to-one
map C(K) = C(ok,s) = Ag(0k,s), the first equality by compactness (and since S
is explicitly sufficiently large).

Rather than use Kodaira’s family, we begin with curves mapping to a Hilbert
modular variety. Thus the same argument reduces us to considering S-integral K-
points on a Hilbert modular variety, and thus to considering abelian varieties A/ K
with 0 < Endg(A4) with rkz(0) = dim A (“of GLy(0)-type over K”) with good
reduction outside S, treating (o, K, S) as given. To effectivize Faltings’ argument,
we must find all such abelian varieties in finite time.

We do this by using potential modularity and a standard construction of motives
out of automorphic forms. This second point forces us to further impose that K
is totally real of odd degree (the first would only require X CM [1]).

So now let us describe how to find all A/K of GLy(0)-type over K with good
reduction outside S. Let us first explain how to find all such A/K which are mod-
ular over K. This means that one of the degree two L-functions of A (associated
to a A-adic Tate module T (A4)) matches the L-function of a parallel weight two
Hilbert modular eigencuspform, say f. It is standard (and due to Hida [3]) that
there is a quotient of the Jacobian of an explicit Shimura curve (depending on K
and S) which is also of GLa-type over K with a degree two L-function matching
L(s, f). So by Faltings’ proof of the Tate conjecture for endomorphisms of abelian
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varieties it follows that A/K is a K-isogeny factor of an explicit abelian variety
B/K (namely a bounded power of said Jacobian).

But then h(A) is explicitly bounded: B ~x A x A’ by Poincaré complete
reducibility, whence h(A) + h(A") = h(A x A’) <p(B),[k:q),dimB 1 by Masser-
Wiistholz [5] (Raynaud’s isogeny estimate would also suffice). But h(A4’) >
—dim A’ > — dim B by Bost, so h(A) <p(B),x,dim B 1-

So it remains to show that, given (o, K, S), we may compute in finite time a
finite set F of odd-degree totally real L/ K such that all relevant A/K are modular
over some L € F.

We first effectivize work of Dimitrov [2] to prove that, once Nmp >, kg 1
(explicit implied constant), the two-dimensional mod-p residual representation as-
sociated to an abelian variety A/K of GLa(0)-type over K with good reduction
outside S has large image (i.e. containing a conjugate of SLa(FF,)). So we may pick
an explicit such p and then produce the explicit finite set of residual representa-
tions that could possibly arise (Hermite-Minkowski finiteness). Writing p for one
such, following Taylor’s proof of his potenti%l modularity theorem it remains only
to produce! a totally real Galois extension L/K such that a particular subvariety
of projective space Xz — PjVK (a Hilbert modular variety with level structure

depending on p and another chosen auxiliary p’ # p) has Xp(z) # (). This can
be done by a finite-time algorithm: as Taylor proves, there is some such f// K by
a theorem of Moret-Bailly [6], so therefore e.g. a brute force search through all
totally real points of larger and larger height and degree will terminate in finite
time.

So we produce a finite list of totally real Galois extensions E/ K such that all
relevant A/K are modular over some E/ K in our list. Finally, as in Snowden’s
[7], by Langlands’ solvable descent for GLy [4], if A/K is modular over L then it
is modular over the odd-degree EH, where H C Gal(z/K) is a 2-Sylow subgroup
(thus solvable). This produces our desired F and we conclude.
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YWe are abbreviating a bit here: this is not quite the setup that arises in Taylor’s argument,
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— see Snowden’s [7] (particularly his proof of his Proposition 5.3.1) for the precise construction
which we follow).
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Integral points on punctured curves and punctured abelian varieties
SAMIR SIKSEK

1. A CONJECTURE

The talk is intended to give some evidence for the following conjecture.

Conjecture 1 (S.). Let X/Q be a hyperbolic curve, and let X be a model over Z.
Letn > 1. Then

X(Ok) = X(Z)
for 100% of primitive number fields K of degree n, when ordered by discriminant.

There are some weak results towards this conjecture for X = P! — {0,1, 00}
thanks to the efforts of Triantafillou [5] and others [1], [2], [3]. Our talk is based
on [4] and concerned with punctured curves of genus > 1.

Let C/Q be a smooth projective curve of genus > 1, and let J be the Jacobian
of C. Let Qo € C(Q), and consider the punctured curve C' — @¢. This is a curve
of Euler characteristic 1 — 2g < 0 and therefore hyperbolic. It is natural to study
the integral points on X using the Abel-Jacobi map

C—J, Q— [Q — Qol.

An integral point on C — g is sent via the Abel-Jacobi map to an integral point
on J — 0. In view of this we study integral points on abelian varieties punctured
at the origin.

2. A THEOREM FOR PUNCTURED ABELIAN VARIETIES

Theorem 2 (S.). Let ¢ be a rational prime. Let A be an abelian variety defined
over Q. Suppose that

(i) AQ) =0;

(i) There is p =1 (mod £) of good reduction for A such that (1 #A(F,).
Then (A —0)(Ok) =0 for 100% of cyclic degree £ number fields K .

Example 3. Let
C/Q : y*+ (x+ 1)y = 2° — 55 — 872 — 54a? — 162 — 2.

This is a curve of genus 2 with LMFDB label 8969.a. We let A = J be the Jacobian
of C. From the LMFDB we learn that A(Q) = 0. We checked that condition (ii) is
satisfied for all primes ¢ with the help of an algorithm of Dieulefait for checking
the surjectivity of mod ¢ representations of genus 2 Jacobians. From the theorem
we have the following conclusions.
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e Fix a prime £. Then (A — 0)(Ok) = 0 for 100% of cyclic degree £ number
fields K.

e Fix a prime £. Then (C' —0)(Ok) = §) for 100% of cyclic degree £ number
fields K.
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Low degree points and linear configurations
Borys KADETS
(joint work with Isabel Vogt)

Let k be a number field, and let X/k be a nice (smooth, proper, geometrically
irreducible) algebraic curve. The following natural question is an extension of
Mordell’s conjecture.

Question. Given an integer d and a nice curve X, is the number of degree d
points on X finite or infinite?

If the curve X is fixed and the number d is large, then having a single degree
d point is equivalent to having infinitely many of them (by Riemann-Roch and
Hilbert’s irreducibility). Therefore, the question has an answer in terms of the
index of the curve.

If we think of d as being fixed and allow X to vary, the question has a different
flavor.

Definition. The arithmetic degree of irrationality a.irrz X of a nice curve X over
a number field k is the minimal d such that X has infinitely many points of degree
d.

For example, if X is a degree d cover of P!, then pulling back rational points from
P! gives an infinite family of degree d points on X, and so a.irry X < d. Similarly,
the arithmetic irrationality is bounded by d for degree d covers of elliptic curves
of positive rank. Harris and Silverman [3] and Abramovich and Harris [1] showed
that the converse holds for d = 2 and d = 3 respectively, at least after extending
the base field. However Debarre and Fahlaoui [2] showed that for d > 4 curves
can have infinitely many degree d without being low degree covers of P! or elliptic
curves. The existence of these examples makes analyzing arithmetic irrationality
a challenging problem.
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In a work in progress, joint with Isabel Vogt, we developed a method for an-
alyzing arithmetic irrationality using geometry of subspace configurations. The
methods allow us to prove a number of new results.

Theorem 1 (K. - Vogt). Suppose a.irr X = d. Then one of the following holds:

(1) There exists a covering f : X — Y of degree m > 2 such that a.irrY =
d/m;
(2) The genus of X satisfies g < @ +1.

Note that in case (1) there is a clear reason for X to have infinitely many
degree d points: they can be obtained as pullbacks of low degree points on Y
under f. Theorem 1 is a generalization of the results of Harris-Silverman [3]
and Abramobich-Harris [1], who handled the cases d = 2 and d = 3 respectively.
Debarre and Fahlaoui [2] proved that for d > 4 there exists curves of genus @ +
1 that do not have maps of degree less than d to other curves; thus case 2 of
Theorem 1 does occur and the genus bound is optimal.

Theorem 1 is proved by attaching to every curve of arithmetic irrationality d
a certain discrete-geometric invariant: an algebraic family of linear configurations
in projective spaces. By carefully studying the combinatorics and geometry of
these configurations we can shed light on the geometry of low degree points. For
example, this invariant includes a sequence of numbers r;, i = 2,3, ... which de-
scribe dimensions of the relevant linear spaces. For the purposes of this abstract
the exact definition of r; does not matter, but the usefullness of these invariants
can be demonstrated by the following finer classification of curves of arithmetic
irrationality d.

Theorem 2 (K.-Vogt). Suppose X/k has arithmetic irrationality d. Then one of
the following holds:

(1) ro =1 and X is a degree d cover of an elliptic curve of positive rank;

(2) ro = 2, and there exists a covering f : X — Y of degree m > 2 such that
a.irrY =d/m;

(3) ro =2 and X is a curve of Debarre-Fahlaoui type' (see [2]);

(4) r2 > 2 and the genus of X satisfies g < wz(d—% + 2.

In particular, the construction of Debarre-Fahlaoui [2] can be naturally arrived
at by studying configurational invariants.
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A geometric approach to the Cohen-Lenstra heuristics
AARON LANDESMAN

It is well known to experts that moduli spaces exist whose integer points parame-
terize n-torsion elements in class groups of quadratic number fields. In particular,
counting points of bounded height on these spaces is tantamount to solving cases
of the Cohen-Lenstra heuristics. We explain why many of these moduli spaces
have the following relatively simple form: They are the quotient of the comple-
ment of a hypersurface in affine space by the action of an algebraic group. We will
also describe how this lets us view n-torsion in class groups of quadratic fields as
n-Selmer groups of singular genus 1 curves.

This investigation is motivated by the Cohen-Lenstra heuristics, which describe
the average number of n-torsion elements in class groups of quadratic number
fields. It is an important open question in arithmetic statistics to count the as-
ymptotic number of these n-torsion elements in quadratic fields.

A simple-to-state consequence of our approach is the following:

Theorem 1 Under the correspondence between quadratic forms and line bundles
on spectra of rings of integers of quadratic fields, a quadratic form ¢ corresponds
to an m-torsion line bundle if and only if there exists a degree n homogeneous
polynomial f := "7  t;2'y" "¢ € Z[z,y] whose resultant with ¢ is £1, where the
resultant is defined below in (1).

In fact, our approach gives a more precise parameterization of n-torsion elements
in quadratic fields, as detailed in [1, Theorem 1.3]. Namely, n-torsion elements in
class groups of varying quadratic extensions of Z are in bijection with Z points of
the quotient stack [U/G], with U and G defined as follows. Consider the affine
space A%Jr(nﬂ) parameterizing the coefficients (a, b, ¢), (to, - - ., tn), where a, b, c are
the coefficients of a quadratic form ¢ := ax? + bxy + cy? and ¢; are the coefficients
of a degree n binary form f:= """  t;z'y"~". Then, define U as the complement
of the hypersurface Res(q, f) = 0, where Res(q, f) denotes the resultant given as
the determinant of the matrix

a 0 0 to 0
b a 0 tl t()
c b 0 to t1
(1) (¢, f) . . |
1 Res(q, f) :=
0 0 0 th—2o tn—3
0 0 R a tn—l tn—Q
0 0 . b tn tnfl
0 0 --- ¢ 0 tn

The group G is most naturally realized as the automorphism group of the Hirze-
bruch surface Projp: (Op1 (2) @ Op1(n)). It can also be explicitly described as gen-
erated by the actions of G,,, GLa, G"~1, where A € G, acts by sending (q, f) —
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(A, Af). g € GLz acts by sending (q(2,y), f(2,9)) = gz - (al92. 9y), f (92, 9))
and (ag,...,an—2) € Gt sends (q, f) = (q, f + ZZZO? a;zty" 27 g).

It turns out there is a nearly equivalent description of the above quotient stack,
which we describe next. Let S denote the secant variety to the rational normal
curve in P", and let W C S denote the open subscheme where one removes the
rational normal curve. Then, then [U/G] can be identified with [WW/PGL], acting
as automorphisms of the rational normal curve, see [2, Proposition 6.1.1].

Given the above relatively simple moduli spaces, it is natural to ask whether

there is any way to use them to count n-torsion elements in class groups of qua-
dratic fields.

Question 2 Is it possible to use these moduli spaces to obtain bounds on the
asymptotic number of n-torsion elements in class groups of quadratic fields?

The above moduli spaces are in fact closely connected to Selmer groups of certain
singular genus 1 curves, or equivalently Selmer groups of tori which are the smooth
locus of these singular genus 1 curves. More precisely, suppose we start with a
degree 2 cover g : Spec Ox — SpecZ. One can then relate Cl(Ok)[n] to the
n-Selmer group of the relative dimension 1 torus g.G,,/G,, as in [1, Lemma 10.2].

Example 3 In the case that n = 3, the moduli space [U/G] described above
parameterizes G-orbits of pairs (g, f) where ¢ = ax?® + bxy + cy? and f = toa® +
tiz?y + taxy? + t3y>. Associated to this, one can form the singular genus 1 curve
given as the vanishing locus of zq + f = z(ax? + bxy + cy?) + (tox® + t122%y +
towy? + t3y3) in ]P’[QLy’z]. This is singular at at the point z = y = 0. By chasing
various cohomological exact sequences as in [1, Lemma 10.2], one can relate the
n-Selmer group of the relative Jacobian of this genus 1 curve to the n-torsion in
the class group of the quadratic extension whose discriminant is b — 4ac.

The above observation that class groups of quadratic fields can be described in
terms of Selmer groups of 1-dimensional tori suggests the following question.

Question 4 Can one create a unified set of heuristics which govern n-Selmer
groups of (not necessarily proper) algebraic groups that also imply the Cohen-
Lenstra-Martinet heuristics for class groups of number fields?
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On pairs of 17-congruent elliptic curves
ToMm FISHER

Elliptic curves E; and FEj are n-congruent if their n-torsion subgroups Fi[n] and
Es[n] are isomorphic as Galois modules. We say that a congruence is trivial if it
is arises from an isogeny (of degree coprime to n). Frey and Mazur conjectured
that for n sufficiently large there are no non-trivial n-congruences between elliptic
curves defined over the rationals. With the aim of refining their conjecture, we
look for examples with n as large as possible, concentrating on the case n is prime.

It is natural to classify congruences not just by their level n, but by their
power k, where an n-congruence has power k if it raises the Weil pairing to the
power k. We write Xg(n,k) for the curve parametrising all elliptic curves n-
congruent with power k to a given elliptic curve E, and Z(n, k) for the surface
parametrising all pairs of elliptic curves that are n-congruent with power k. Com-
posing a congruence with multiplication by an integer multiplies k by a square, so
when n is an odd prime, there are just two cases: if k is a quadratic residue mod n
then we say the congruence is symplectic, otherwise it is anti-symplectic.

Equations for Xg(7,1) and Xg(7,3), depending on the coefficients a and b of
a Weierstrass equation for F, were computed by Halberstadt and Kraus [HK] and
Poonen, Schaefer and Stoll [PSS]. From these it follows [C], [F2] that Z(7,1) is
rational, and Z(7,3) is birational to the elliptic K3-surface

y? = 2 + (4T* + 4T3 — 517% — 2T — 50)2” + (6T + 25)(52T% — 4T + 25)z.

Equations for X (11,1) and Xg(11,2) were computed by Fisher [F1]. From these
it follows [F2] that Z(11,1) is birational to the properly elliptic surface

V(T34 T)zy = 23— (4AT° 17T 43073 18T +4)2? +T? (2T —1)(3T*~7T+5) .

According to Kani and Schanz [KS], the surface Z(11,2) and all the surfaces
Z(n, k) for n > 13 are surfaces of general type. Equations for Z(11,2), Z(13,1)
and Z(13,2) were computed by Kumar [K] and Fisher [F3]. Each is a double cover
of a rational surface, where the rational surface is the quotient W(n, k) of Z(n, k)
by the involution that swaps over the two elliptic curves.

In [F4] we use invariant-theoretic arguments to compute the surfaces Z(17, k)
and W (17, k) as quotients of X(17) x X (17). In particular we find that W (17,1)
and W(17,3) are each birational to the elliptic K3-surface

Y 4+ (T +1)(T — 2)xy + T3y = 2® — 22

For each prime p < 17, the papers cited above show that there are infinitely
many non-trivial pairs of p-congruent elliptic curves, both symplectic and anti-
symplectic, and with infinitely many pairs of j-invariants. In contrast, searching
for rational points on Z(17,1) and Z(17, 3), we have only found two non-trivial 17-
congruences: one symplectic and one anti-symplectic. The anti-symplectic pair,
with conductors 3675 and 47775, was previously found by Cremona. The symplec-
tic pair, with conductors 279809270 and 3077901970, is new. We conjecture that
these examples (and their simultaneous quadratic twists) are the only non-trivial
pairs of p-congruent elliptic curves for p > 17.
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A further study of n-congruences for n composite is currently being made by
my PhD student Sam Frengley. In particular he has extended ideas of Halberstadt
[H] and Cremona and Freitas [CF] to give an example of an elliptic curve that is
non-trivially 48-congruent to one of its quadratic twists.

I would like to thank Noam Elkies, Bjorn Poonen, Will Sawin and Michael Stoll
for interesting discussions following my talk relating to the surfaces W (17,1) and
W(17,3), and the fact that these surfaces are birational.
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£-adic images of Galois for elliptic curves over Q
ANDREW V. SUTHERLAND
(joint work with Jeremy Rouse and David Zureick-Brown)

In joint work with Jeremy Rouse and David Zureick-Brown we obtain a conjec-
turally complete classification of the possible images of ¢-adic Galois representa-
tions attached to an elliptic curve E/Q without complex multiplication [4]. This
complements prior work of Rouse and Zureick-Brown, who determined the 2-adic
images in [3], and of Sutherland and Zywina, who determined the f-adic images
that arise for infinitely many Q-isomorphism classes of elliptic curves in [5].

We exploit previous results that determine the rational points on several of
the corresponding modular curves that we must consider; this notably includes
the recent work of Balakrishnan et al. who determined the rational points on
the modular curves X (13), X (13), X, (13) in [1,2]. This still leaves several
dozen modular curves whose rational points we must determine in order to obtain
a complete classification, and we introduce a number of new techniques for doing
S0.
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Aside from the ¢-adic images known to arise for infinitely many Q-isomorphism
classes of elliptic curves F/Q, we find only 22 exceptional images that arise for any
prime £ and any non-CM E/Q. We conjecture that this list of exceptional images is
complete, and show that any counterexamples must arise from unexpected rational
points on X (N) with N = 33,52,72,112 or a prime £ > 17, or one of two modular
curves of level 49 and genus 9.

This yields a fast algorithm that takes as input a non-CM elliptic curve E/Q and
outputs an open subgroup of GLy(Z) for each prime ¢ where the representation
pEe=: Gg = GL2(Z,) is nonsurjective. We have applied this algorithm to all of
the non-CM elliptic curves in the LMFDB, as well as the non-CM elliptic curves
in two larger databases that together contain approximately 380 million elliptic
curves over Q. We found no counterexamples to our conjecture.

A key ingredient to our work is a moduli-theoretic approach to counting IF-
rational points on modular curves Xgy. This allows us to quickly rule out Q-
rational points on modular curves that have no [Fp-rational points for some prime
p # €. This applies to 11 of the arithmetically maximal curves we must con-
sider, including one of genus 12 and one of genus 4 whose Jacobian has analytic
rank 4. This point-counting algorithm also allows us to explicitly determine (with
multiplicity) the weight-2 modular forms f whose corresponding modular abelian
varieties Ay appear as simple isogeny factors of the Jacobian of Xg, and in par-
ticular, to determine its analytic rank. Here we rely on a joint result with John
Voight that generalizes Ribet’s observation that simple abelian varieties attached
to weight-2 newforms on I'1(N) are of GLy-type; this extends Kolyvagin’s theo-
rem that analytic rank zero implies algebraic rank zero to isogeny factors of the
Jacobian of Xg.
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Recent progress on deterministic integer factorisation
DavibD HARVEY
(joint work with Markus Hittmeir)

We consider integer factorisation algorithms that are deterministic and whose
time complexity bounds have been rigorously established. These requirements
exclude many well-known factoring algorithms such as the Number Field Sieve
[CPO05, §6.2], the Elliptic Curve Method [Len87], rigorous randomised variants of
the class group approach [LP92], and quantum factoring algorithms [Sho94].
Unfortunately, all known rigorous deterministic algorithms for factoring an inte-
ger N run in fully exponential time, i.e., in time N¢+°() for some C' > 0. The first
improvement on the ancient trial division algorithm (C' = %) was Lehman’s C' = %
algorithm [Leh74]. (Is it unclear to this author whether Shanks’ slightly earlier
C = 1 algorithm [Sha71] was fully rigorous.) Shortly afterwards, Pollard [Pol74]

1
and Strassen [Str77] gave two closely related algorithms achieving C' = i = 0.25,
and somewhat later Coppersmith gave yet another algorithm [Cop96] achieving
_1
C=1
The exponent remained stuck at C' = % for over 40 years, until the very re-

cent breakthrough of Hittmeir [Hit21], who managed to push the exponent down
to C = % = 0.222.... The present author [Har20] subsequently simplified and
improved Hittmeir’s algorithm, achieving C = % = 0.2. Roughly speaking,
the new algorithms combine ideas from Lehman’s and Pollard’s algorithms men-
tioned above. The best current bit-complexity bound, established in joint work of

Hittmeir and the present author [HH21], is

N1/5 (10g N)16/5
(Taorv)

It seems likely that the power of log NV can be further improved.

We give a brief sketch of the new algorithms. Assume for simplicity the hardest
case, where N is a product of distinct primes p,q =< N'/2. Using the theory of
Diophantine approximation, there (usually) exist integers a,b < N'/10 such that

a B(l—i—e), e N5,
q

b

A brief calculation then shows that
ag+bp — [2VabN| =3 for some j < N/
Let o € (Z/NZ)*; then Fermat’s little theorem yields

QN F=12VabN] = o7 (mod p).

This may be regarded as a collision modulo p between two subsets of Z/NZ: the
“giant steps” a@Vt0—12VadN] ranging over a,b < N'/19 and the “baby steps” af

ranging over j < N'/5. We now form the polynomial

f(z) = (e — a®N+0-12YaN)) € (/N 7)),
a,b
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and evaluate it at the points z = o/ for j < N'/5. Computing the GCDs of these
values with IV enables us to discover the collision alluded to above, provided that
a has sufficiently large multiplicative order. This in turn reveals a and b, and then
immediately p and q.

To turn this sketch into a rigorous algorithm, there are several technical issues
to address, notably, dealing with the parenthetical “usually” in the paragraph
above, and deterministically finding an « of sufficiently large order. Both of these
problems admit satisfactory solutions.
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Quadratic Chabauty for modular curves
JENNIFER S. BALAKRISHNAN

The quadratic Chabauty method is the first step of Minhyong Kim’s nonabelian
extension [7-9] of the method of Chabauty—Coleman, which has been used to
determine rational points on certain curves. Recently, quadratic Chabauty has
been developed in a few directions in joint work with A. Besser, N. Dogra, J. S.
Miiller, J. Tuitman, and J. Vonk [2-5] and can be applied when the Mordell-Weil
rank r of the Jacobian of the curve is equal to the genus g and the Néron—Severi
rank of the Jacobian. The quadratic Chabauty method produces a finite set of
p-adic points containing X (Q), and this finite set is cut out using double p-adic
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integrals arising as solutions to p-adic differential equations described by p-adic
heights.

In recent joint work with N. Dogra, J. S. Miiller, J. Tuitman, and J. Vonk [6],
we have extended the quadratic Chabauty method to consider modular curves that
may have few known rational points or nontrivial local height contributions. We
describe a selection of modular curves where we have used quadratic Chabauty
to determine rational points: certain genus 2 and 3 curves arising from Mazur’s
Program B, including Xg,(13) (the last remaining modular curve of level 13™),
and various genus 2 and 3 curves in the family of Atkin—Lehner quotient curves
X (0), of prime level . We also note the recent work of N. Adzaga, V. Arul, L.
Beneish, M. Chen, S. Chidambaram, T. Keller, and B. Wen [1], where they have
determined rational points on the genus 4, 5, and 6 curves in the family X (¢) of
Atkin—Lehner quotient curves of prime level £.
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Idélic Approach in Enumerating Heisenberg Extensions
JURGEN KLUNERS
(joint work with Jiuya Wang)

Let ¢ be an odd prime and k& be a number field. Let G < Sp2 be a transitive
permutation group which can occur as a Galois group of a tower of fields L/F/k,
where the two extensions L/F and F'/k are Galois with cyclic group Cy. We will
call these groups generalized and twisted Heisenberg groups.

The goal of this talk is to prove the strong Malle conjecture for the asymptotics
of number fields with given Galois group G of the above mentioned type.

Let us first classify the possible Galois groups G. It is easy to see that those
groups are subgroups of the wreath product C; 1 C, = C§ x Cy. We denote the
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normal subgroup C§ by W, which we identify with the F,-vector space F5. Denote
by ¢ a generator of the quotient Cp and consider W as an Fy[H|-module. In order
to determine all possible groups G it is useful to compute all Fy[H]-submodules
Wy of W,. Since W, consists of one Jordan block, we see that there is exactly one
module W, of dimension d for all 1 < d < £. This gives rise to an exact sequence
of groups
1-Wyg—>G— H={o)—1.
In case that this sequence is split we call the resulting group H (¢, d) generalized
Heisenberg group. Up to isomorphism there is for d < £ only one non-split group
H (£, d) which we call twisted Heisenberg group. Note that these groups are abelian
for d = 1 and that H(¢,2) is the usual Heisenberg group of order ¢3.
In order to formulate our main result we introduce the counting function

Ni(G, X) := #{L/k : Gal(L/k) = G,Normy,q(dr ;i) < X}.

Theogem 1. Let k be a number field, ¢ be a prime number, and G = H(¢,d) or
G = H(¢,d) be a transitive subgroup of Spz. Then the strong Malle conjecture is
true, i.e. there exists a constant c(k,G) > 0 such that

Ni(G, X) ~ e(k, G) XD 1og(X)**E) for X — oo,
and the constants a(G) and b(k,G) are given as predicted by Malle (see [2,3]).

We remark that the cases d = 1 (abelian groups) and d = ¢ have been proved
before. In a first step we prove the corresponding statement for a fixed Cy-extension
F/k and we denote the corresponding counting function by

NF/k(H,X) = #{L/F : Gal(L/k) = H, Normk/Q(dL/k) S X}

Theorem 2. Let F/k be a Cy-extension and G = H({,d) or H({,d) for1 < d < {.
Then
Ng/i(G, X) ~ e(d, F) X 1og(X )™= for X — co.

We derive our main theorem by a summation using the method of Lemke Oliver,
Wang, and Wood [4]. In order to control the constants we bound the ¢-torsion of

ClFZ
Theorem 3 ([1]). Let F/k be an {-group-extension. Then
|Clp[€]| = Oc r(Normy, q(dp);)°) for all € > 0.

An important ingredient of the proof of Theorem 2 is the possibility to compute
the global Galois group of L/k by local computations. Let us denote the idele
class group of F' by Cp. Then Cy-extensions L/F are in bijection with p € CY. :=
Hom(Cr, Fy). Tt is easy to see that C% is an H-module and this action partitions
Cr into the blocks

Ir(p) = (F @k ky)* = HF‘E for p € P(k).
PBlp

Therefore the global object p € C). can be described by the local objects p, €
Ir(p)Y for all p € P(k). Note that our Galois group G is determined by d and the
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information if the exact sequence is split or not. The number d is the rank of p.
We get:

Theorem 4. For p € C), we have

rk(p) = I rk(pp) = maxrk(py),

where S := {PNk|P €S} and S C P(F) contains all ramified primes of F/k
and it is large enough to generate Clp.

We use this information to enumerate all p with rk(p) < d. Note that Sy is a
finite set. We fix one inert prime ideal py € P(k). The extension is non-split if
the corresponding Frobenius element lifts to an element of order ¢ which can be
easily checked.
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p-integrality of instanton numbers
FRITS BEUKERS
(joint work with Masha Vlasenko)

The motivation for this subject comes from the striking paper of Candelas, De la
Ossa, Green and Parkes [5] in the study of mirrorsymmetry of quintic threefolds
from 1991. Our short story starts with the differential operator

L=—0"+5%(0+1/5)(0+2/5)(0+3/5)(0 +4/5),
where 6 denotes t%. The unique holomorphic solution to L(y) = 0 is of hyperge-
ometric type and given by
|
F() = Z (5n)tn

)5
n>0 (n)

The equation L(y) = 0 has a unique basis of solutions of the form

1
Yo = Fo, y1 = Fologt + F1, y2 = §F010g2t+F1 logt + Fy,

1 1
Ys = 6F010g3t+ 5 b log®t + Fy logt + F3,

where Fy is given above and Fi, Fp, F5 € tQ[[t]]. Straightforward computation
shows that the coefficients of F} are certainly not integral. The surprise is that
q := texp(F1/Fy) € tZ[[t]]. The function ¢(t) is called the canonical coordinate.
It is a power series in ¢t. The inverse power series t(q) is called the mirror map.
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Using this inverse series one can rewrite the solutions y; as power series in ¢. In
particular,

1
ni/yo =logg, /o= log” g+ V(q)

for some V(q) € qQ[[g]]. Let 6, = qd—dq. Then K(q) := 1+062V is called the Yukawa
coupling for reasons coming from theoretical physics. In [5] the Yukawa coupling
is expanded as

Ang"

1— q" !

K(@=1+)

n>1

Motivated by arguments that come from mirrorsymmetry, Candelas et al conjec-

tured that the numbers a,, = 54,,/n® are integers which are equal to the (virtual)

number of degree n rational curves on a generic quintic threefold in P3. This is

predicted by mirror-symmetry theory from theoretical physics. The numbers a,,

are called instanton numbers. In particular their integrality has been an intriguing
riddle.

It turns out that integrality of instanton numbers also occurs experimentally
for a large number of related fourth order differential equation. With this in mind,
Almkvist, Van Enckevort, Van Straten and Zudilin [1] compiled a large collection
of so-called Calabi-Yau equations, which display instanton numbers which are
presumably p-integral for almost all primes p. It is suspected that all equations in
this list arise as Picard-Fuchs equations corresponding to a one parameter family
of Calabi-Yau threefolds. The quintic example of Candelas et al certainly belongs
to this class. For more background we like to refer to the excellent paper [6].

One of the approaches to p-integrality is to use Dwork’s methods in p-adic
cohomology. This was started by Jan Stienstra [8] with partial success and later
Kontsevich, Schwarz and Vologodsky [7],[9] laid out the ideas for a more complete
approach. Unfortunately it is hard to find a account of their work which does not
depend on certain assumptions.

In our work on so-called Dwork crystals, [2],[3],[4] we obtained as by-product an
approach which yields p-integrality for almost all primes p of instanton numbers
for a limited number of differential equations, including the quintic example. The
advantage of our method is its explicitness, using only p-adic expansions of rational
functions. Unfortunately this explicitness also sets limitations on the generality of
our results. The actual results will appear on arXiv in September 2021.
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Stable and regular models for X,s(p) and X (p)
BAs EDIXHOVEN
(joint work with Pierre Parent)

Our work on stable models of the modular curves in the title, over suitable ex-
tensions of Z,, has appeared in [3]. This talk reported on our work on regular
models, over the maximal unramified extension Z;"" of Z,. These results are still
being written up, and at this moment we are not yet completely happy with all
proofs and computations. The details will appear later.

Let p > 3 be a prime number. Let Y (p) be the modular curve over Q defined
by the property that for every Q-algebra A the set Y (p)(A) of A-valued points of
Y (p) is the set of isomorphism classes of (F/A, ¢) with E and elliptic curve over A
and ¢ an isomorphism of A-group schemes from (Z/pZ)? to E[p]. Then Y (p) is a
smooth affine curve over Q. Its compactification is denoted X (p).

The group G := GLy(F),) acts on X (p), and for each subgroup H of G we denote
the quotient by X (H). Let I'ys(p) be a cyclic subgroup of G' of order p? — 1, and
I'f(p) its normaliser in G (unique up to conjugation). Then X,s(p) is X (Tys(p))
and X,5(p) is X(T(p).

A well-known problem is to determine X (T}, (p))(Q). For p = 13 this was done
in [1], using the quadratic Chabauty method. For applying this method, or its
geometric variant of [2], one needs information on how X (T'f (p)) extends as a
curve over Z. Over Z[1/p] it extends as a smooth projective curve. A stable model
over Zp™[r], with 7" =1D/2 is decribed in [3]. The intertia group [(p2—1)/2 acts
on it, compatibly with its action on Z"" [r]. We get a regular model over Ly by
taking the quotient, and resolving its singularities. A curious, but not unexpected
fact (by analogy with the split Cartan case), is that all irreducible components
of the special fibre whose multiplicities are greater than 1 can be successively
contracted, so that the minimal regular model has reduced special fibre.

REFERENCES

[1] J. S. Balakrishnan, N. Dogra, J.S. Miiller, J. Tuitman and J. Vonk, Ezplicit Chabauty-Kim
for the Split Cartan Modular Curve of Level 13, Ann. of Math. 189 (2019), no. 3, 885-944.

[2] B. Edixhoven, G. Lido, Geometric quadratic Chabauty, J. Inst. Math. Jussieu (2021), 1-55.

[3] B. Edixhoven, P. Parent, Semistable reduction of modular curves associated with mazimal
subgroups in prime level, Doc. Math. 26 (2021), 231-269.



Explicit Methods in Number Theory 1839

Separation of periods of quartic surfaces
EMRE CAN SERTOZ
(joint work with Pierre Lairez)

Kontsevich—Zagier periods form a natural number system that extends the alge-
braic numbers by adding constants coming from geometry and physics. Because
there are countably many periods, one would expect to be able to compute effec-
tively in this number system. This would require an effective height function and
the ability to separate periods of bounded height, neither of which are currently
possible.

Jointly with Pierre Lairez (Inria, France) we determined an ezplicit height func-
tion to separate periods of quartic surfaces [LS20]. More precisely, given a smooth
quartic surface X = Z(f) C P? with 2-holomorphic differential w; and two topo-
logical cycles 71,72 € Ha(X(C),Z) we would like to check for the equality

(1) [uwf;[m“f-

Equivalently, we need to check if the period of v = ;3 — 75 vanishes,

(2) / wy = 0.
Y1—72

Let A(y) = (h-7)? — 44? be the discriminant of v where h € Hy(X,Z) is the
hyperplane class. Then, we give an effective bound e(f, A(v)) > 0 such that

(3) /~wa:0 or

By Lefschetz theorem on (1, 1)-cycles, the period f7 wy vanishes precisely when

fy Wf’ > e(/, Aly)).

~ is represented by algebraic curves on X. Moreover, the existence of an algebraic
cycle of discriminant A on X is an algebraic criterion on the coefficients of the
polynomial f. That is, there is a (Noether—Lefschetz) polynomial pa on the space
of quartics so that pa(f) = 0 precisely when X admits an algebraic cycle of
discriminant A.

To get bounds on the period integrals, we determined a height bound on the
coefficients of pa in terms of A. We used relative Hilbert schemes and their
explicit representation, combined with the theory of heights of multi-projective
varieties [DKS13], to bound the height of pa.

Our methods also give bounds on the degrees of pa that are exponential in A.
From the work of Maulik and Pandharipande [MP13], we know that degpa grows
at most polynomially in A. We suspect that using modular forms as in [Kud03]
one might be able to improve our height bounds for pa. This would make the
separation bounds e(f, A) not only effective but useful for practical computations
to check the equality of periods by approximation only.
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The negative Pell equation
PETER KOYMANS
(joint work with Carlo Pagano)

For fixed squarefree d > 0, consider the equation
Cy:2? —dy?> =1 to be solved in z,y € Z.

The curve Cy is known as Pell’s equation and already appears as the final part of
Archimedes’ cattle problem. Systematic study of Pell’s equation was undertaken
by the Indian mathematicians Brahmagupta and Bhaskara II. Their work led to
an algorithm to find non-trivial integral solutions of the above equation.

Here we are interested in the negative Pell equation, which is

(1) z? —dy? = —1 to be solved in x,y € Z.

It is not hard to see that the negative Pell equation is not always soluble over Z.
In fact, it follows from the Hasse-Minkowski theorem that

z? — dy? = —1 is soluble with z,y € Q <= d € D,

where D is the set of squarefree integers satisfying p | d = p # 3 mod 4. Here
we shall be concerned with the following question: how often is the negative Pell
equation soluble? More precisely, writing D~ for the set of squarefree integers d
for which equation (1) is soluble, what is the density

. #{deD :d< X}
lim ,
X—oo #{deD:d< X}

if it exists. Nagell conjectured in the 1930s that the above limit exists and lies in
the open interval (0,1). This was refined by Stevenhagen [11], who conjectured
that
lim #{deD :d< X}
X—oo #{d€D:d< X}

l-a, a= [[(1-27)~041942.
7 odd
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Fouvry and Kliiners [3] made substantial progress towards Stevenhagen’s conjec-
ture by proving that

. #{deD d<X} #ldeD d< X} 2
< liminf < lims <z
RN HdeD d< X} ~ yosd #{deD:d< X} —3

The lower bound was further improved by Fouvry and Kliiners [4] to 5a;/4. These
works rely on an estimation of certain character sums with some of the key ideas
going back to Heath-Brown [6]. The lower bound was improved once more in [1]
building on ideas of Smith [9].

From now on we write C17(K) for the narrow class group of a number field
K. A classical criterion for the solubility of equation (1) is that the element
(v/d) is trivial in C1T(Q(v/d)). Since the element (v/d) is 2-torsion, we proceed
by studying the 2-part of the class group CIT(Q(v/d))[2°°]. The p-parts of class
groups are conjecturally well-understood thanks to the work of Cohen—Lenstra [2]
for odd p, which was adapted to the case p = 2 by Gerth [5]. Recently, Smith [10]
showed that Gerth’s modification of the Cohen-Lenstra conjectures is correct.
Theorem 1 (Smith, 2017). We have for all finite, abelian 2-groups A

{K im. quadr. : |Dic| < X,20U(K)2%] = 4} [[2,(1—279)

[{K im. quadr. : [Dg| < X}| |[Aut(A)]

We adapt Smith’s work to the family of real quadratic fields Q(v/d) with d € D.
Since

X
Viog X
by classical work of Landau, one sees that we are in a thin subfamily of all real
quadratic fields. This subfamily is particularly difficult, since D ends up in the
error term when one would naively adapt Smith’s work.

To overcome these issues, we develop two novel reflection principles that re-
place Smith’s key algebraic result [10, Theorem 2.8]. These reflection principles
use earlier ideas of the authors [7], which describes the maximal unramified multi-
quadratic extension of a multiquadratic extension of Q. An application of Hilbert
reciprocity then gives the first reflection principle. A slightly weaker version of
this reflection principle can already be found in [8].

The second reflection principle is more specific to the Pell family. This reflection
principle ultimately also follows from an application of Hilbert reciprocity in a
multiquadratic extension of QQ, but uses in an essential way that the ramified
primes in this multiquadratic extension are all 1 modulo 4. The 2-cocycle to
which we apply Hilbert’s reciprocity is also of a more complicated nature. Once
these obstacles are overcome, the rest of the proof is a relatively straightforward
adaptation of Smith’s work. This leads to the following result
Theorem 2 (K.-Pagano, 2021). We have
. #{deD :d< X}
x5 #{deD:d< X}

i.e. Stevenhagen’s conjecture is true.

#{deD:d<X}~C-

1—a,
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Abelian varieties over 5 of prescribed order
KIRAN S. KEDLAYA

We study the question: under what conditions, and in what ways, can a given
positive integer m occur as the order of the group of F,-rational points of an
abelian variety A over F,? Recall that this order equals P(1) where P is the
Weil polynomial associated to A (the characteristic polynomial of Frobenius on
the ¢-adic Tate module for any prime £t ¢); by this plus the Honda—Tate theorem,
we can answer the original question via existence/nonexistence results about Weil
polynomials.

Using this point of view (and building on [2]), Howe—-Kedlaya [3] recently showed
that every positive integer occurs as the order of some (ordinary) abelian variety
over Fy. This work was then extended by van Bommel et al. [1] to show that for
fixed ¢, every sufficiently large positive integer (in a sense depending on ¢) occurs as
the order of some (ordinary, geometrically simple, principally polarizable) abelian
variety over [Fa.

We now restrict to simple abelian varieties, corresponding to irreducible Weil
polynomials. By refining the Weil bound (e.g., see [4]), one can show that for
q > 2, the number of simple abelian varieties over Fo of any fixed order is finite.
However, it has been known since work of Madan—Pal from the 1970s [6] that over
Fy there exist infinitely many simple abelian varieties of order 1.

In response to a question of Kadets, we show in [5] that for every positive
integer m, there exist infinitely many simple abelian varieties over Fo of order m.
The basic approach is constructive: we introduce a modification of the Madan—
Pal construction that, given a monic integer polynomial Q(z) = Z?:o a;z* with
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Q(2) = m with all complex roots in the disc |z| < v/2, produces a sequence of
WEeil polynomials corresponding to abelian varieties of order m. However, it is
not immediately clear how to add the simplicitly condition to this construction.
We do this by choosing the a; so that some of the resulting Weil polynomials are
nearly irreducible over Q,. For m even we can nearly always do this using the
nonadjacent binary representation (i.e., a; € {0,£1} and no two consecutive a; are
nonzero); for m odd we need a more restricted choice of the a;, whose existence is
established by a short computer calculation.
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The Second Moment of the Size of the 2-Selmer Group of
Elliptic Curves

ASHVIN A SWAMINATHAN
(joint work with Manjul Bhargava and Arul Shankar)

Recall that for an elliptic curve E/Q and a prime p, the p-Selmer group Sel,(E)
parametrizes isomorphism classes of locally soluble p-coverings of E. A key objec-
tive in arithmetic statistics is to determine the distribution of Sel,(E) as E varies
among all elliptic curves over Q. We have the following beautiful conjecture about
this distribution due to Poonen and Rains:

Conjecture 1 ([4, Conjecture 1.1(c)]). Let p be prime. When elliptic curves E/Q
are ordered by height, the m*™ moment of the size of Sel,(E) is [[1~,(p' + 1).

In the series of papers [1-3], Bhargava and Shankar develop a general technique
for counting integral orbits of coregular representations and use it to verify the
conjecture when m = 1 and n € {2,3,5}. The purpose of this talk is to discuss
the particularly difficult case where m = n = 2. Our main result is as follows:

Theorem 2. When elliptic curves over Q are ordered by height, the second mo-
ment of the size of the 2-Selmer group is at most 15.

In fact, we prove that Theorem 2 holds for any subfamily of elliptic curves
defined by very general infinite sets of congruence conditions, and further that the
bound of 15 is tight if one assumes a certain plausible tail estimate.
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A key ingredient in the proof of Theorem 2 is the computation of the average
size of the 2-Selmer group of the Jacobian of locally soluble genus-1 curves:

Theorem 3. When locally soluble genus-1 curves over Q are ordered by height,
the average size of the 2-Selmer group of the Jacobian is at most 6.

We also prove the following generalization of Theorem 3 to even-degree hyper-
elliptic curves of arbitrary genus:

Theorem 4. When hyperelliptic curves (resp., locally soluble hyperelliptic curves)
over Q of degree n = 2 (mod 4) (resp., n =0 (mod 4)) with squarefree discrimi-
nant are ordered by height, the average size of the 2-Selmer group of the Jacobian
15 at most 6.

To prove Theorems 2—-4, we apply an enhanced version of the parametrize-and-
count strategy developed by Bhargava and Shankar. This strategy consists of
two pieces: an algebraic piece, in which one parametrizes the objects of interest in
terms of rational orbits of a certain coregular representation and constructs integral
representatives for these orbits; and an analytic piece, in which one combines
geometry-of-numbers and sieve techniques to count these integral representatives.

On the algebraic side, a serious obstacle to parametrizing 2-Selmer groups of
non-monic hyperelliptic curves is that these curves are often insoluble. To deal with
this, we take a hyperelliptic curve of the form C: 22 = f(x,y), where f has even
degree n and leading coefficient fy # 0, and we simply manufacture a Q-rational
point by replacing C' with the curve C”: 22 = f™°%(z,y) := f3 ' x f(z, foy). The
monic (hence, soluble) curve C' is a twist of C' by Q(v/fo), and so the elements of
Sela(Jac(C)) can be realized as certain 2-coverings of Jac(C’). This leads to the
following key orbit construction:

Theorem 5. Let A := Y  xiyn—i, let f be a separable binary form of even
degree n over Z, and suppose C: 2> = f(x,y) is locally soluble if n = 0 (mod 4).
For some integer k = k(n) > 1, there is a natural injective map of sets taking
elements of Sela(Jac(C)) to (SLy,/u2)(Z)-orbits of pairs (A, B) of n-ary quadratic
forms over Z such that det(z A + yB) = f™°"(z, ky).

With notation as in Theorem 5, let Ry be the ring of global sections of the
subscheme of P}, cut out by f. To prove Theorem 5, we first prove that elements
of Sely(Jac(C)) correspond to square roots of the ideal class of the inverse different
of Ry. We then apply the following (loosely stated) parametrization result:

Theorem 6 (S., [5, Theorem 1]). Square roots of the class of the inverse different
of Ry naturally give rise to certain SLE (Z)-orbits of pairs (A, B) of n-ary quadratic
forms over Z such that det(zA + yB) = +f™°%(x,y).

A key feature of the orbit construction in Theorem 6 is that, at least when n = 4
or when f has squarefree discriminant, the image is defined by certain congruence
conditions modulo the leading coefficient f; of f, and not some higher power
thereof. An n-ary quadratic form B satisfying these congruence conditions is said
to be special at fo. When fy is squarefree or when f has squarefree discriminant,
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the condition of being special at fy is beautifully explicit: namely, B must have
rank <1 modulo fy.

Combining Theorem 5 with the orbit-counting techniques developed by Bhar-
gava and Shankar immediately yields the following result for families of hyperel-
liptic curves with fixed nonzero leading coefficient:

Theorem 7. When hyperelliptic curves (resp., locally soluble hyperelliptic curves)
over Q of degree n =2 (mod 4) (resp., n =0 (mod 4)) with fized nonzero leading
coefficient are ordered by height, the average size of the 2-Selmer group of the
Jacobian is at most 6.

Having established the parametrization, we must then estimate the number of
orbits having bounded height that arise from 2-Selmer elements. The key difficulty
here is that we must count orbits for a group acting on a family of increasingly
sparse subsets of a lattice. Indeed, taking n = 4 for simplicity and fixing a leading
coefficient fy # 0, observe that the set {f™°" : f(z,y) = for* + -+ -} has density
fo 6 in the set of all monic binary quartic forms. Hence, we expect the set of pairs
(A, B) such that det(zA+yB) = fm°(x,y) for some f(z,y) = for+--- to also
have density around f;® in the set of all (A, B).

The leading coefficient fy of f grows with the height of f. Concretely, if f has
height X, then the coefficients fy,..., f1 of f satisfy the following bounds:

X X
|f0|<<t_4’ |f1|<<t_2’ ol <X, |fs| <X, |fil <t'X,

where t > \‘73/ V2 is necessarily < X 1/ 4 for otherwise fy is forced to be 0. For
simplicity, we assume in what follows that ¢ = 1 (the number of points when ¢
is large is negligible, and the proof for small ¢ # 1 is nearly identical). Then the
monicization f™°" has coefficients 1, f1, fof2, fofs, f3 fa, which satisfy the bounds

Al < X, fofel < X2, |f5fs] < X3, |f5fa] < X%

Therefore, any lift (A, B) such that det(x A+yB) = f™°"(x, y) has an (SL4/p2)(Z)-
translate of the form (A, B’) such that the coefficients b}; of B’ are all bounded
by some constant times X, multiplied by some cuspidal coefficients that are eas-
ily bounded. Furthermore, the element B’, like f, satisfies congruence conditions
having density approximately f;° 6 (this density is exact when fy is squarefree).

Our task is now to determine, for each nonzero fy < X, an asymptotic for the
number of (SL4/u2)(Z)-orbits on pairs of the form (A, B), where the height of B
is bounded by X and B is special at fy. We must then sum this asymptotic over
fo- Heuristically, the total sum is given by

o Z fo—6X10 = X%,
fokX
which is exactly what we expect. However, there are several difficulties in turning
this heuristic into a proof. For instance, we need to keep precise control over the
error dependence on both X and fj, particularly when fj is around the size of X.
We achieve this for squarefree f; using twisted Poisson summation together with
a computation of the Fourier coefficients of the set of points special at fp (this
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shows that special points are equidistributed modulo fp). These equidistribution
methods are less readily available when fj is not squarefree, since the notion of
specialness is rather more complicated in this case. A related issue is that the
fundamental domains in which we count points are quite skewed when f; is small
relative to X. For forms f with leading coefficient fy, where fy has large powerful
part or is small relative to X, we simply bound the number of lifts; this suffices
because such fy appear rarely and hence contribute negligibly to the total.
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Distributions of unramified extensions of global fields
MELANIE MATCHETT WOOD
(joint work with Yuan Liu and David Zureick-Brown)

This talk presents the work in [LWZ19]. Every number field K has a maximal
unramified extension K", with Galois group Gal(K""/K) (whose abelianization
is the class group of K). Cohen, Lenstra, and Martinet [CL84, CM90] have given
conjectures of the distribution of the class groups of number fields, and it is natural
to ask then about the distribution Gal(K""/K).

For this work, we fix a finite group I' and consider the family of totally real
(split completely at infinity) T' extensions of Q or F,(¢), ordered by the norm
of the radical of their discriminant. We prove some results about the structure
of Gal(K*"/K) that motivate us to give a conjecture about the distribution of
Gal(K""/K) in our considered family, which we also conjecture in the function
field analog, where we can prove a result towards our conjectures.

Let K# be the maximal unramified extension of K that is split completely at all
places of K above oo and of order relatively prime to |I'| and the order of the roots
of unity in our base field (Q or F4(t)), and also prime to ¢ in the latter case. A I'-
group is a profinite group with a continuous action of I'. A I'-group G is admissible
if it is I-generated topologically by the elements {g~'v(g)lg € G,~ € T'} and is
of order prime to |I'|. We show that Gal(K#/K) is an admissible I'-group. We
construct a group F,,, the free admissible I'-group on n generators, by taking the
subgroup of the free profinite I'-group on yx; (for v € T' and 1 < i < n) generated
by elements of the form g~17y(g). Further, we will see that Gal(K# /K) has what
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we call Property F, i.e. for every prime p and every non-split central extension of
I"-groups

(1) 1= 7Z/pZ —G—G—1,

(where Z/pZ has trivial T'-action), any I'-equivariant surjection Gal(K#/K) — G
lifts to a I-equivariant surjection Gal(K#/K) — G (as long as p is one of the
primes that could possibly divide Gal(K#/K) by definition). We show that a
quotient of F,, has Property E if and only if it is F,, /[r~1v(r)],es~yer for some S.
We thus define a random group Xr,, :=F,,/[r~1y(r)];esyer, where S is random
from Haar measure on F7T1. We prove that these groups approach a limiting
distribution as n — oo, and conjecture that this is the distribution of Gal(K# /K)
for our families.

We give theorems in the function field case (as the size of the finite field goes
to infinity) that support these new conjectures. We let Dg denote the norm of
the radical of the ideal Disc(K/Fy(t)). Let Er(D,Fy(t)) be the set of isomorphism
classes of totally real I'-extensions of F,(t) with Dxg = D. We then have the
following theorem giving the moments of the distribution in a certain limit, and
moreover we show that our conjectured distribution has these same moments.

Theorem 1. Let I" be a finite group and H be a finite admissible T'-group. Then,

, i Znsy Lrenin ey | Sur (Gal(KF/K), H)
lim lim

O v Y |Br(@ By (@)
(g—1L,|H|)=1

= [ 1Sur (X, )ldur (X) = 1 BT
X
where in the limit q is always a prime power.

In particular, our distributions abelianize to the Cohen-Lenstra-Martinet dis-
tributions for class groups, and so our function field theorems prove (suitably
modified) versions of the Cohen-Lenstra-Martinet heuristics over function fields
as the size of the finite field goes to infinity. In particular, using the results of
W. Wang and the second author [WW21, Theorem 6.2, Proposition 6.6, Theorem
6.11] that the conjectured distribution of Cohen, Lenstra, and Martinet has these
same moments and that the moments determine a unique distribution, we have
the following corollary.

Corollary 2. Let pt|T'| be a prime and A a finite I'-module of order a power of
p such that A¥ = 1. Then

lim lim ZnSN |{K € Er(qn,Fq(t)ﬂCl@K [poo] ~ A}| _ c
e Eq(\zli;;:i Don<n [Er(q", Fq(t))] |A[[ Autr(A)]
q—1,p)=

where ¢ is a constant only depends on I and p, and Ok 1is the integral closure of
F,lt] in K.
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Using the work of Sawin [Saw20] on the non-abelian moment problem, one has
an analogous corollary for Gal(K# /K).
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Presentations of Galois groups of maximal extensions with
restricted ramification

YuaN Livu

In the previous work with Wood and Zureick-Brown [4], we construct a random
group model, which extends the Cohen—Lenstra heuristics and provides a predicted
distribution for a canonical quotient Gal(K#/K) of Galois groups of maximal
unramified extensions of K as K ranges over totally real I'-extensions of Q@ = Q
or F,(t). Let K# denote the maximal unramified extension of K that is split
completely at places of K over infinity and of order relatively prime to the number
of roots of unity in @, the size of I', and char@. Using the notation of pro-C
completions and free admissible group F,, defined in [4], our conjecture implies a
surprising phenomenon of the structure of Gal(K# /K that was not known before:
for any finite set C of finite I'-groups, the followings happen to K with probability
1
(1) the pro-C completion Gal(K# /K )¢ of the Galois group Gal(K# /K) is a
finite group, and moreover
(2) there exists some finite n such that Gal(K#/K)C is the quotient of F
by [r~*y(r)]reryer for some subset T of F¢ of cardinality n + 1, where
the symbol [r‘lfy(r)]reqwep denotes the I'-closed normal subgroup of F¢
generated by ry~1(r) for all 7 € T and v € T.

The statement in (2) is a very strong condition on Gal(K# /K) because it implies
that the deficiency (i.e. the difference between the minimal number of generators
and the minimal number of relations) of Gal(K# /K) has a bound depending only
on the order of T, if Gal(K#/K) is finitely generated.

In [2], we show that the conditions (1) and (2) both hold for all totally real
I'-extensions K/Q, which strongly supports that the random group model in [4] is
the right object to study.
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Theorem 1. [2] Let T, Q, C be as described as above. Then for a Galois extension
K/Q with Galois group T that is split completely over oo, we have the following
isomorphism of I'-groups
c
# c o Fi,
N R

for sufficiently large positive integer n and some set T consisting of n+ 1 elements
of FC.

The proof of the theorem is inspired by work [1] of Koch, which studies the min-
imal numbers of generators and relations for the p-class tower group of a global
field, and by the work [3] of Lubotzky, which establishes a method using group
cohomology to study the deficiency of finitely generated profinite groups. Ex-
plicitly, we first prove a formula relating the deficiency to the Galois cohomology
dimg, H*(Gs(K), A)"' — dimg, H*(Gs(K), A)" for all simple Gal(Kg/Q)-module
A, where Gs(K) is the Galois group of the maximal unramified-outside-S exten-
sion of K for a finite set S of primes of K. Then we define a group Bg(K, A),
which generalizes the group Bg(K) in Koch’s work, to bound the dimensions of
cohomology groups.

The methods developed in [2] can apply to many other interesting situations.
First of all, when I' = 1 and K = Q is a function field, Shusterman [5] showed that
Gy (K) admits a finite presentation in which the number of relations is exactly the
same as the number of generatros (which is called a balanced presentation), and
we prove the following analogous result in the number field case.

Theorem 2. [2] Let K be a number field and S a finite set of places of K. If
Gs(K) is topologically generated by n elements, then it admits a finite presentation
with n generators, in which the minimal number of relations is at most [K : Q] +n.

[2] also discusses the following two situations that are not considered in the
conjecture of Liu-Wood—Zureick: 1) letting K varies among I-extensions of Q
such that the decomposition subgroup at oo is a given Z/2Z-subgroup of I'; and 2)
allowing groups in the set C to contain groups of order not prime to the number of
roots of unity of ). In each of these two cases, we use our method to compute an
upper bound for the deficiency of Gy (K) at the pro-C level, and then show why
the conjecture of Liu—=Wood—Zureick doesn’t work in these two exceptional cases.
This computation of deficiencies also provides insights of how the random group
model should be modified in these two cases.
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Moments, Measures, and Non-Abelian Cohen-Lenstra
WILL SAWIN

This talk describes work which is part of the broad program to find the most
general possible version of the Cohen-Lenstra heuristics and to prove this, as much
as possible, in the function field setting. It in particular has relevance to work
of Liu, Wood, and Zurieck-Brown [5] discussed in Wood’s talk in this volume,
allowing us to deduce a stronger statement from their main geometric result.

In their original form [2], the Cohen-Lenstra heuristics predicted the distribution
of the class groups of quadratic fields, i.e. Z/2-extensions of Q. They were quickly
generalized in a number of directions (which this abstract is too short to explain)
In particular, one can, recalling the theorem of class field theory that the class
group is the abelianization of the Galois group of the maximal unramified ex-
tension, attempt to predict the distribution of the Galois group of the maximal
unramified extension, or some more tame quotient like its maximal pro-p quotient.
This direction has been investigated by many authors, e.g. [1].

Even in the original quadratic case [2], the Cohen-Lenstra heuristics can be
stated in two different ways:

(Measure) For G a finite abelian ¢-group,

lim [{K im. quad. | Disc(K) < X,Cl(K), = G}| _ 1 H(l by,
k=1

X —o0 [{K im. quad. | Disc(K) < X }| |[Aut(G)|

(Moments) For H a finite abelian ¢-group,
ZK im. quad. |Surj (Cl(K)Za H)'
lim Disc(K)<X -1
X—oo |[{K im. quad. | Disc(K) < X}|

It is a theorem of Ellenberg, Venkatesh, and Westerland [3, Proposition 8.3]
that (Moments) implies (Measures). This is useful, in their context, because they
prove [3, Theorem 8.8] the analogue of (Moments) in the function field context
in a certain limit, and therefore deduce the analogue of (Measures) statement in
their limit. In attempts to generalize Cohen-Lenstra, a more general implication
from Moments to Measures may be useful if we can calculate the moments in a
function field limit, or more simply if we are able to guess the moments (since they
have simpler formulas, they are likely to be easier to guess correctly), and then
use this to find the correct formula for the measure.

Thus, it would be useful to prove that moment convergence implies measure
convergence in as general a context as possible. In particular, in the non-abelian
context, Liu, Wood, and Zurieck-Brown proved moment convergence [5, Theorem
1.4] (albeit in a more restrictive limit than Ellenberg, Venkatesh, and Westerland)
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and conjectured measure convergence, so it would be useful to prove the implica-
tion in their setting. The main theorem of this work is exactly such a statement.

For I' a group and S a set of primes, define a I'-S-group to be a finite group,
with an action of I', whose order is a product of powers of primes in S.

Theorem 1. Let I' be a finite group and S a finite set of primes not dividing |T'|.
Let i be a measure on the set of isomorphism classes of finite I'-S-groups. Let
be a sequence of measures on the same set. Assume that, for each finite T'-S-group
H, we have

Jimn [ |Suie (X, )l (X) = [ Susie (X, H)du(X).
and
[ Suin(X. H)au(x) = 0(11°)
Then for every finite I'-S-group H we have
Jm g (H) = p(H).

This generalizes [1, Theorem 1.4] from the p-group case and [6] (which itself gen-
eralizes [3, Proposition 8.3]) from the abelian case.

The strategy of proof is to reduce the problem to a special case where calcula-
tions can be done explicitly (and in large part were already done in [4, Equation
(22)]). Specifically, noting that we have information about surjections X — H
and would like to understand when X is isomorphic to H, we observe that an
isomorphism is simply a surjection with trivial kernel.

We therefore define from each measure p; in the sequence, and our hopeful limit
i, anew measure 7 or yu, where the measure of a group K is the expectation of the
number of surjections from X to H with kernel K. We observe that the moments
of this new measure can be calculated as linear combinations of the moments of the
original measure. Furthermore, the probability of attaining H under the original
measure is proportional to the probability of attaining the trivial group under the
new measure, so it suffices to calculate only this probability.

Next we observe that, to test whether a group is trivial, it suffices to test
whether its quotient by the intersection of all its maximal proper normal invariant
subgroups is trivial, and so we can replace each group appearing by such a quo-
tient. This quotient is a product of finite simple groups. For powers of a single
finite simple group, we can express the probability that the group is trivial as a
linear combination of the moments by an exact identity, showing that moment con-
vergence implies measure convergence as long as the limits of the moments grow
slowly enough that this linear combination is convergent. We can handle the case
of products of finite simple groups inductively by repeating the case of powers of
a single finite simple group, as long as the number of isomorphism classes of finite
simple groups appearing is bounded. Using our bounds for the moments of the
original measures, we obtain suitable bounds for the moments of the transformed
measures, sufficient to show that the linear combination is indeed convergent.
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Infinite unramified extensions of number fields
FARSHID HAJIR
(joint work with Christian Maire, Ravi Ramakrishna)

We fix the following notation:

e p > 2 fixed prime
e K/Q of finite degree n, signature (r1,r3), discriminant disc(K)
The root discriminant of K is rdg := |disc(K)|'/™
0 =1 or 0 according as ¢, in K or not
u =71 + 719 — 1+ = the p-rank of the unit group (’)IX{
d = dimp, Clk /CIE. the p-rank of the p-class group of K
K = maximal unramified p-extension of K
Gy = Gal(Ky/K) = p-class tower group of K

The p-class tower group, or “pro-p fundamental group” Gy is a natural non-
abelian generalization of the p-class group. It was originally thought that all
p-class tower groups are finite. The following effective criterion, due to Golod and
Shafarevich as refined by Gaschutz and Vinberg, showed that this was not the
case: If d > 24 2v/u+ 1, then Gy is infinite.

Not much is known about the structure of infinite p-class tower groups. For
example, we don’t know a single example of an infinite Gy for which we have a
presentation. On the computational side, we mention:

Difficult Problem. Give an algorithm for computing Gy. [Say by giving a
presentation of it as a pro-p group].

(Presumably) Less Difficult Problem. Give an algorithm for determining
whether Gy is finite or not.

In this talk, I discussed three theorems in the spirit of explicit methods in number
theory (see [1] and [2] for more details).
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Theorem A. Suppose d > 2+ 2v/u+ 1. Then

(1) K admits an infinite unramified p-extension L/K in which all primes
split “almost completely,” (have finite residual degree). In other words,
all Frobenius elements in Gal(L/K) are torsion.

(2) K admits an infinite unramified p-extension M/K such that infinitely
many primes of K split completely in M /K.

Part (2) of the above theorem answers a question from Ihara’s 1983 paper [3]. The
analogue (with the same proof) holds in the function field case as well.

Theorem B. For every prime p > 2, there is a (solvable) finite extension K/Q
unramified outside {p, 00} such that K admits an infinite unramified p-extension.
Thus, there exists a sequence of number fields of p-power discriminant with bounded
root discriminant.

Remark. To replace {p, oo} with {p}, [in other words, to prove this theorem in
the realm of totally real fields], appears to be much more difficult. In particular,
for a small prime p, it is a challenge to locate a totally real number field unramified
outside p in which there are at least two primes above p.

Theorem C.

(1) There is an infinite tower of complex number fields whose root discrimi-
nants are bounded above by 78.5.

(2) There is an infinite tower of totally real number fields whose root discrim-
inants are bounded above by 857.6.

The proofs of all three theorems are based on a variation (“cutting of towers”)
on the standard application of the Golod-Shafarevich criterion for infinitude of a

pro-p group.
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