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A ma famille.

9 HOMME moderne, universel, c’est 'homme
L pressé, il n’a pas le temps, il est prisonnier
de la nécessité, il ne comprend pas qu’une chose
puisse ne pas étre utile ; il ne comprend pas non
plus que, dans le fond, c’est 'utile qui peut étre
un poids inutile, accablant. Si on ne comprend
pas 'utilité de I'inutile, 'inutilité de ’utile, on ne
comprend pas ’art.

Eugene TONESCO, Notes et contre-notes, 1962.
(Gallimard, Folio Essais, p. 211).






Abstract

We provide new explicit examples of lattice sphere packings in some dimensions that are
the densest known so far, using Kummer families of elliptic curves over global function
fields. For instance, in the paper [Let22], we get lattices of rank 54, 55, 162, 163, 486 and
487, which give the densest sphere packings known to this date.

In some cases, these families of elliptic curves have unbounded Mordell-Weil rank, and
using the Néron—Tate height on the Mordell-Weil group, one can obtain lattices in high-
dimensional euclidean spaces. In one case however, the rank of the curves happens to be
bounded and non-zero in the Kummer family of (isotrivial) elliptic curves. In any case,
these results rely on the explicit determination of the L-function of these curves, via Jacobi
sums. This allows, under certain assumptions, to obtain formulas for the (analytic) rank of
those curves.

Keywords: elliptic curves over global fields, L-functions of elliptic curves, Néron—Tate height,
function fields in positive characteristic, Jacobi sums, Mordell-Weil lattices, sphere packings,
kissing number.
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Résumé

Nous présentons de nouveaux exemples explicites de réseaux donnant lieu a des empilements
de spheres qui sont les plus denses connus jusqu’ici, dans certaines dimensions, en utilisant
des familles de Kummer de courbes elliptiques sur des corps de fonctions globaux. Par
exemple, dans article [Let22], nous obtenons des réseaux de rang 54, 55, 162, 163, 486 et
487, qui donnent les plus empilements de spheéres les plus denses connus a ce jour.

Dans certains cas, le rang de Mordell-Weil dans les familles de courbes elliptiques considérées
est non borné, et en utilisant la hauteur de Néron—Tate sur le groupe de Mordell-Weil, on
obtient des réseaux dans des espaces euclidens de grande dimension. A contrario, dans un
cas, le rang des courbes est en fait borné et non-nul dans la famille de Kummer de courbes
elliptiques (isotriviales). Dans tous les cas, ces résultats reposent sur la détermination
explicite de la fonction L de ces courbes, a I'aide de sommes de Jacobi. Cela permet, sous
certaines hypotheéses, d’obtenir des expressions pour le rang (analytique) de ces courbes.

Mots-clés : courbes elliptiques sur les corps globaux, fonctions L. de courbes elliptiques,
hauteur de Néron—Tate, corps de fonctions en caractéristique positive, sommes de Jacobi,
réseaux de Mordell-Weil, empilements de spheéres, nombre de contact.
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Introduction

Quand une curiosité intense anime une recherche, nous
avangons comme portés par des ailes impatientes. Ne
sommes-nous alors téméraire esquif aux voiles tendues
qui avidement laboure I'inépuisable océan ?

Alexandre GROTHENDIECK, En
guise de programme, pour le cours « Introduction a
la recherche », 1978/79

The main goals of this thesis are, on the one hand, to provide new explicit examples of
lattice sphere packings in some dimensions which are the densest known so far, and on the
other hand, to compute the analytic rank of some Kummer families of elliptic curves over
global function fields. Despite the appearance, these two aims (one in discrete geometry
and the other in arithmetic geometry) are actually related, which we are going to make
clearer in the following paragraphs.

While quadratic forms have been studied for several centuries, some aspects of their geometry
is still not well-understood. The typical question is to determine how the minimal non-zero
value of a real positive-definite quadratic form on Z" behaves with respect to its discriminant.
More precisely, a notable open problem is to determine the value of the Hermite constant
v in a given dimension n > 1, defined as

. min(¢(Z" ~ {0}))
Tn = sup{ disc(q)t/™

q : R™ — R positive-definite quadratic form },

where disc(g) denotes the discriminant of g. This supremum is finite, as shown by Charles
Hermite [Her50, p. 263] himself around 1847, and is in fact a maximum. However,
determining the exact value of =, is notoriously difficult, and has been solved only if
1 < n < 8orn =24, the latter case having been settled a few years ago by H. Cohn and A.
Kumar [CK04, CK09] using the help of a computer.

There is an equivalent formulation of the problem in terms of lattice sphere packings.
Namely, given a (full-rank) lattice L. C R™, we can consider a collection of non-overlapping
open euclidean balls of fixed radius, centered all the lattice points. The maximal possible
radius for the balls is #, where \;(L) is the L?-norm of a shortest non-zero vector in
L. In other words, we get a packing of balls (sometimes simply called sphere packing)
P={B+z : z € L} where B= B"(0,A1(L)/2) C R™ is the open euclidean ball of radius
A1(L)/2 centered at 0 and B + x denotes the translate by € R™. Let us denote by

vol (B™(0,A1(L)/2))
vol(R" /L)

(L) = €10,1]

the proportion (or so-called packing density) of the euclidean space covered by the balls
(that is, the ratio of the volume of the balls inside a fundamental parallelepiped P C R™ for

1



Introduction

R™/L by the volume of P). Then we have
Dy(n) :=sup{ D(L) : L C R" lattice } = vol(B"™)-27" . y"/2,

where vol(B™) denotes the Lebesgue measure of any open L2-ball of radius 1 in R™. Thereby,
we see that determining the maximal lattice packing density Dy(n) is equivalent to finding
the value of the Hermite constant ~,. We point out that this question is more specific and
quite different from the maximal density of an arbitrary packing of balls of equal radius (i.e.,
not necessarily coming from a lattice), where the exact answer is only known in dimensions
1, 2, 3, 8 and 24, the latter two cases being solved quite recently in [Vial7, CKM*17]. This
question was already asked in 1900 by David Hilbert as his 18th problem.

Apart from the specific dimensions {1,...,8} U {24} where the value Dy(n) and -, have
been determined exactly, very little is known on these constants. For instance, the best
known lower and upper bounds are exponentially far apart, when the dimension n goes to
infinity. Namely, Minkowski and Hlawka proved that Dy(n) > 2-27" for all n > 1, which
was subsequently improved by a linear factor by K. Ball in [Bal92] and further improved in
some dimensions in [Vanll, Venl3]. On the other hand, Kabatiansky—Levenshtein’s upper
bound [KL78, Corollary 2] behaves asymptotically as Dy(n) < 270-59905576-n(1+0(1)),

Most importantly, Minkowski—Hlawka lower bound does not give insights on which lattices
have a "large" sphere packing density, since this bound relies on an averaging argument (the
underlying probabilistic result being Siegel’s mean value theorem). It is actually difficult to
produce explicitly lattices that achieve this lower bound, as soon as the dimension becomes
large enough. As mentioned in [ACH 20, §3.1], « no explicit construction in dimension
2048 or greater has been shown to achieve the Minkowski—Hlawka bound ». Another source
confirms this lack of understanding, as [CS98, p. 16] shows: « We still do not know how to
construct packings that are as good as [Minkowski—Hlawka bound] ».

On the other hand, in dimensions n at most 1000, there are explicit lattices that reach this
lower bound, or even have a packing density much larger than 2 -27". For instance, Z™ has
better packing density than Minkowski-Hlawka bound up to dimension 10. The known
families of lattices which are "asymptotically good", i.e., with packing density of the form
2-an+o(n) for some 0 < a < 1 (as in [Tsf91]), are in general not very dense in low dimensions
and are not helpful to improve on the known lower bounds on packing density. The plot on
page 13 shows what are the best packings known so far up to dimension < 2048.

In this thesis, one of the goals will be to give new examples of lattice sphere packings (e.g.,
in dimensions 54, 55, 162, 163, 486, 487) for which the density is the best known so far, and
in particular, exceeds Minkowski-Hlawka lower bound. This is notable in view of the fact
that « we know very little about [the] range » of dimensions 80 to 4096, as pointed out by
N. Sloane in his 1998 ICM report [S1098]. Thus, even small improvements on Minkowski’s
bound are welcome.

Roughly speaking, our lattices will be constructed using the Néron—Tate height h on elliptic
curves E over global function fields like K = F,(¢). It is defined as h(P) := hrf n~2h(nP)
n——+00

where h(Q) is the degree of the x-coordinate of a rational point Q) € E(K), seen as a rational
map z(Q) : P — P! (we fix here a Weierstrass equation to get an embedding E «— P?). If
we consider the free abelian group of finite rank L := E(K)/E(K )iors, then h is a positive-
definite quadratic form on L ®z R so it gives a structure of lattice on L, the so-called

2



Introduction

Mordell-Weil lattice of E over K. This point of view initially originated from independent
works of N. Elkies [E1k94, EIk97, ElkO1] and T. Shioda [Shi91, Shi90] in the 1990s, where
lattice packings were obtained in some dimensions like 80, 104, 128, 256, 512; these packings
are still having the best known density in these dimensions, as of now.

In [Oes90, §3], J. Oesterlé explains how this interest for Mordell-Weil lattices began: in 1989,
M. Tsfasman asked in [Tsf91, §9, question 10] how to estimate the sphere packing density
of these lattices (and more generally he studied lattice packings coming from algebraic
geometry or number theory). More recently, the book [SS19] by Shioda and Schiitt got
published, providing us with a great reference on Mordell-Weil lattices'.

It is convenient to define a certain sublattice E(K)" of E(K), called the narrow Mordell-
Weil lattice, consisting of all the points P € E(K) such that, for every place v of K, the
reduction P, is a non-singular point of the reduction E, of £ modulo v.

We now summarize here the strategy used by Elkies in [Elk94] and the methods used
by Shioda in [Shi9l], to compute a lower bound on the the packing densities of their
Mordell-Weil lattices E(K ). This requires three steps:

® Determine the rank of F(K)°. In [Elk94], the computation of the rank relies on the fact
that F is a quadratic twist of a constant curve. Then one can use proposition 2.5.2 and
remark 2.4.1 stated later in this work. In [Shi91], the method to compute the rank uses
the fact that the so-called Lefschetz number of the elliptic surface & attached to E is
zero, as showed in [Shi86, corollary 4].

@ Get an upper bound on the covolume of E(K)°. In [Elk94], the L-function is computed
explicitly using proposition 2.5.3. Then the special value L*(E/K) allows to determine
the regulator Reg(E/K) = disc(E(K)) via the Birch-Swinnerton-Dyer formula (1.3.13).
In [Shi91, proposition 4.3, corollary 4.7], the strategy involves crystalline cohomology,
which also allows to get information on the Tate—Shafarevich group of F over K.

® Finally, get a lower bound on the minimal non-zero norm \;(E(K)?) in E(K)°?. In
[Elk94], an ad-hoc computation, using the fact that the characteristic is 2, shows that
the Néron—Tate height h equals the naive height, allowing to deduce directly a lower
bound on the minimal non-zero height. In [Shi91], Shioda uses his result which we will
state later as theorem 1.3.24.

Generally, we will work with the center packing density of a given lattice L < R"™, defined
by
§(L) :=vol(B™(0,1))" - D(L),

where D(L) €]0,1] is the density introduced earlier. More specifically, here is the result
obtained by Elkies (some of the terminology and notation will be defined in chapter 1):

Theorem 0.1 ([EIk94]). Let n > 1 be an integer and set ¢ = 2",k = Fp2. Let a:=0 if n
is odd, and if n is even, fix a € k* such that tryp,(a) = 1. Consider the elliptic curve
Tha:y?+y=2°+12""" 4 a over K := k(t). Then:

'Let us also mention the works [Shi08, Shi00] which deal with other lattices coming from algebraic geometry.
Moreover, in MAGMA [BCP97], there are commands like GeometricMordellWeillattice to compute
with some of these lattices.
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1. The rank of Ty, o over k(t) is v := 2q = 21, The L-function of I',, 4 is L(L;, o /k(t), T) =
(1 —¢*T)?? and the special value is L*(T, o /k(t)) = 1.

2. We have deg (Amin(T'no/K)) = 12[q/6] and f(T'y, o/K) = 2q + 4. As n — oo, Brumer’s
bound (theorem 2.2.6) is asymptotically achieved, and the Szpiro ratio (introduced in
definition 2.2.1) tends to 1.

3. The center packing density of the narrow Mordell-Weil lattice L,, , of I'y, o over K satisties
the following lower bound:
1 o 4\1?
R (ﬁ) ifn odd
§(Lna) =3 12

’ _a-4 (q+ 2\1? .
qg" 5 | —— if n even.
12

T
In particular, we have the asymptotic lower bound D(Ly, o) > r~120F°M) a5 the rank r
goes to infinity (equivalently, n — +00). J

Here is a table giving some values®. In ranks 128, 256, 512, 1024, these Mordell-Weil lattices
provide the densest known lattice sphere packings in their respective dimensions.

n 5 6 7 8 9 10 11 12
rk(Ly) 64 128 256 512 1024 2048 4096 8192
logo(6(Ln)) > | 24.718 97.403 294.807 797.123 2012.24 4871.88 11439.76  26286.87

e When n = 1, the rank is 7 = 4 and L, is homothetic to D4, with center density
d = 1/8. When n = 2, the rank is r = 8 and Ly, is homothetic to Es, with center
density 6 = 1/16.

o When n = 3, the 16-dimensional lattice L3 , has center density 6 = 1/16, and for n = 4,
the 32-dimensional lattice Ly , has center density § = (9/8)8.

Here is the result obtained by Shioda; we refer to remark 4.1.11 for more details (in particular
for a table of explicit values).

Theorem 0.2 ([Shi91]). For any prime p = —1 mod 6 and any odd integer e > 0, let E be
the elliptic curve given by y> = x3 + 1 + t*" 1 over K := F)2¢(t). Then the rank of E over
K equals r := 2p® — 2 and the center packing density of its narrow Mordell-Weil lattice is
lower-bounded by
((p° +1)/12)7" 1

pe(pe=5)/6

0(E(K)") >

Moreover, as ¢ — oo, Brumer’s bound (theorem 2.2.6) is asymptotically achieved, and the
Szpiro ratio (introduced in definition 2.2.1) tends to 1. J

This leads us to the second topic of interest that underlies this work. Apart from getting
better lower bounds on Hermite constants, another rich source of open problems is the
arithmetic of elliptic curves: while they have been studied for a long time, their rational

2For n € {9,10,11}, better lower bounds on the order of the Tate-Shafarevich group can improve the
lower bound on the packing density. See the (unproven) values given in [Elk94, p. 354].

4
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points are still not fully understood. For instance, it is a challenging task to compute the
Mordell-Weil rank of a given elliptic curve over Q in general (especially when the rank is
> 2). More generally, an important open problem is to know whether the rank of elliptic
curves over a fixed number field can be arbitrarily large.

By contrast, Tate and Shafarevich showed in [TS67] that for every odd prime p > 3 and
any R > 0, there is an (isotrivial) elliptic curve E over Fj(t) such that E(F,(t)) has rank
> R. Later on, many other examples of this phenomenon of unbounded rank have been
discovered, as the list from remark 1.3.47 will show. Let us simply cite some relevant works:
[Shi9l, Shi86, Ulm02, Ber08, BDS04, DO16].

In that setting, it makes sense to focus on elliptic curves over global function fields and
study the rank of their Mordell-Weil group, or rather their analytic rank, i.e., the order of
vanishing of the L-function at the "central point".

In this thesis, we will compute the L-function and thus the (analytic) rank of two families
of elliptic curves over k(t), where k is a finite field, namely:

o Eppp :y? =2+ bz +b't™ over k(t), where char(k) > 3
o By y? =2+ b+ V™ over k(t), where char(k) > 5.

These families were chosen based on a result of ours, stated as theorem A below, which
provides some sufficient conditions to get the best possible asymptotic behavior of the lower
bound on the packing density, among Mordell-Weil lattices.

Both curves Ey, p v and Ej, ; ;, are known to satisfy the Birch-Swinnerton-Dyer conjecture,
and the L-function can be expressed in terms of certain Jacobi sums (see theorems B and F
below for a precise statement), so the algebraic rank can be related to those exponential
sums occurring in the corresponding L-function. In the family F,, ;1 , some interesting
packings arise, especially in characteristic 3 and for m = 3™ 4+ 1, where the corresponding
narrow Mordell-Weil lattices are particularly dense. For instance, when n € {3,4,5} we
obtain packings with current record densities in dimensions 2 - 3" and 2 - 3" 4+ 1 (using
laminated lattices).

We will take this opportunity to compute the kissing number of one of these lattices (in
dimension 54), and point out some probabilistic methods to compute the corresponding
Gram matrix, thus showing that one can compute very explicitly these lattices. The
techniques used there are also useful to compute the Tate—Shafarevich group of some of the
curves Esn 14 in characteristic 3.

In the other family E;, ,,, (studied by Shioda over F,(t)), it turns out that the rank is
unbounded if and only if p = —1 (mod 3). When p =1 (mod 3), we will actually prove
that the rank over FFj2160(t) is a non-zero constant. This contrasts with the previously
known examples of Kummer families having bounded rank, as in [Ber12] and [Ulm07a, §5,
§6] because all of them had rank zero (we note that even though E, , ,, is isotrivial, is it
not a constant elliptic curve).
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Main results

We now review the main results of this thesis, before making them more detailed and
proving them in the following chapters.

In chapter 2, we will give sufficient conditions that ensure (conditionally on Birch—Swinnerton-
Dyer conjecture) that the narrow Mordell-Weil lattices of given elliptic curves have reason-
ably large packing density, from an asymptotic point of view, as in Elkies’ and Shioda’s
examples described in theorems 0.1 and 0.2 above (even though the asymptotic lower bound
is much worse than Minkowski-Hlawka’s bound). This also provides some conceptual
understanding as to why these two authors picked these specific families of elliptic curves.

Theorem A (Theorem 2.3.1). Consider a collection of elliptic curves {E;/Fq (t) : j > 1}
such that the degree f; of the conductor of Ej grows to +0o0 when j — oo (and q; are prime
powers). Let K; :=TFy,(t) and denote by L; the narrow Mordell-Weil lattice E;(K;)? of
E;/K;. Let r; be the (algebraic) rank of L; and let d; := deg(Amin(E;)) be the degree of
the minimal discriminant of E;/K;. Assume that:

1) The Birch-Swinnerton-Dyer conjecture 1.3.34 holds for the elliptic curves E;/K;.

2) There is a constant ¢y > 1 such that ¢; < fjCO for all j > 1 (i.e., the size of the fields of

constants grows at most polynomially with the conductor).

d.
3) The so-called Szpiro ratio o := o(Ej/K;) := f—] tends to 1 when j — oo.
J

4) The so-called Brumer’s bound is asymptotically sharp, i.e. the rank of Ej/K; satisfies

filog(g;) .
Ty o~ S j — 00).
T 2log(f) ( )
Then we have the following asymptotic lower bound on the packing density of L;, when the
rank r; goes to infinity:
D(L]) > rj—ﬁrj(l-i-o(l)).
This theorem easily follows from an upper bound on the Brauer—Siegel ratio

log(|II(E/K)| - Reg(E/K))

< 140(1)

(as the the degree of the discriminant goes to infinity), proved in [HP16]. There is one
subtlety: in the paper [HP16], the size ¢ of the field of constants is fixed, but we checked that
the result holds true even if we allow ¢ = ¢; to vary (as in the examples from [Elk94, Shidl}),
by making all the implicit constants as explicit as possible, in appendix A. The difficulty of
theorem A does not lie in the proof, but in the discovery of the suitable sufficient conditions
so that the desired conclusion holds. Likewise, a difficult part of theorem C below was to
discover which curves to take in order to possibly get interesting (i.e., with high density)
lattice packings; this is a place where theorem A was useful.

Several families satisfy the conditions from the above proposition, as the ones considered in
theorems 0.1 and 0.2 above; see also example 2.3.2.
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In chapter 3, we will prove the following results. First, we explicitly compute the L-function
of the curves Ep, pp : y> = 2 + bz + b't™ over k(t) (we point out that the statements
of theorem 3.1.3 and theorem B are equivalent by remark 1.4.18). In order to state the
result, let us introduce some notation, also used in the rest of this introduction (we refer to
section 1.4 for more details). Given a finite field k, we denote by k, C k its extension of
degree n > 1 and by kX its group of multiplicative characters. If k has odd characteristic,
we denote by A : k* — {£1} the Legendre symbol. Finally, given three multiplicative
characters x1, x2, X3 € lg;, we define the Jacobi sums as

J(x1,x2) = Z x1(%)xz2(1 — ), J(x1, X2, X3) = Z x1(@)x2(y)xs(1 — 2 — y).
z€k z,y€k

Theorem B (Theorem 3.1.3). Let k be a finite field of odd characteristic p, let m > 1 be
coprime to p and b,b' € k*. Set d := 4m/ gcd(2,m) and fix a generator v of k:;(d), where ¢
is the Euler totient function. Given r € Z/dZ, let u(r) be the multiplicative order of |k|
modulo de,r) and define the character

Xr k:(r) — C*,  u() — exp(2mir/d)
where vy (ry = Nk, 4 /ku(, (V) I8 a generator of k;(w") and N(-) denotes the norm map. Define

Z)dZ ~ G L) 2mZ if m is even and 6 { m
Z(m) = Z/dZ ~ (B Z/2mZ U 2827 /2mZ)  if m is even and 6 | m
Z)dZ ~ (2Z/AmZ I mZ/AmZ) if m is odd
(1—|k|T)* ifm is even and —b € k™ and b/ € k**?
(1+ |k|T)?  if m is even and —b € kX% and b/ & k*?
1—|k|?T?  if m is even and —b & k*2

1 if m is odd.

€m bt k(1) =

Finally, let us define the map

vt | BTy (6) == A (<)O(=BH2)- T (ks A, 62)-T(6,6%) £ 6 € K

n>1
Then the L-function of Ey, 31 is equal to

L(Emyb’b//k(t),T) = em,b,b’,k(T) . H (1 — OébJ,/(XT,)Tu(T)),
[r]ez(m)/(|k[)*

where [r| denotes the orbit of r € Z/dZ under the action of the multiplication by the powers
of |k| on Z/dZ. J

If m is chosen in a suitable way, one can compute explicitly the Jacobi sums appearing in
the coefficient o p () above, thanks to a result of Tate and Shafarevich from [TS67] (see
theorem 1.4.8). This allows us to get elliptic curves with arbitrarily large (analytic) ranks,
as asserted by the following corollary. We can actually get more precise formulas for the
rank in such cases (see corollary 3.1.14).
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Corollary A (Corollary 3.1.20). Fix any odd prime p and b,b" € F)S. Then the rank of Ey, p i
over [, (t) is unbounded as m > 1 varies. J

In characteristic 3, it turns out that an interesting phenomenon happens. The following
corollary of theorem B was originally given in our paper [Let22], where we proved it using
the basic fact that the map x — 2 + bz is additive in characteristic 3 (see subsection 3.1.7
for more details about this alternative proof).

Corollary B (Corollary 3.1.22). Let n > 1 be an integer and set ¢ = 3". Let b € F)* be
qg—1
any element such that b2 = (—=1)"T!. Let E = Esn1 1 be the elliptic curve given by

y? = 2% + bx + ¢3"+1. Then the L-function of E over F,2(t) is equal to L (E/F(t), T) =
(1 —¢*T)%3". In particular, the analytic rank of E over F2(t) is equal to 2 - 3™. J

From there, one can deduce a lower bound on the packing density of the corresponding
narrow Mordell-Weil lattices, as in [Let22].

Theorem C (Theorem 3.2.7). Let n > 1 be an integer, fix b € F5, such that b3"~1/2 =
(=1)"**, and set ¢ = 3", K = Fya(t). Let L}, , := E3ny11 (K) be the narrow Mordell-
Weil lattice of the elliptic curve Esny1 31 over K, i.e., the set of all rational points P €
Esni1 1 (K) such that the reduction P, is a non-singular point of the reduction Egn 11
modulo v, for every place v of K.

Then the rank of L}, , is 2- 3" and its center packing density satisfies the lower bound

ne1 3" o 3" Tr-1) 1
6( ;L,b) 2 (T) -3 ( 2 ) 2. ]

In particular, for n € {1, ..., 7}, we get the following values, gathered in the table below.

Best lattice packing

n  rank of L , log, (8(L1, ,)) > density known so far
) 6 logy (V/3/24) ~ —3.79248 ([ggg]);.%x)

2 18 log; (%) =~ ~3.962406 [Cs_jé]igzliix

3 54 logs (% ) = 1588002 (Elkies [Clsgi? p. xviii)
4 162 144.1852 [gg’gﬁ)]

5 486 741.1001 gjﬁ;

6 1458 3172.032 5’13231%26]
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In dimension 54, it equals the currently densest known sphere packings, and in dimensions
162, 486, it improves on the previously known packings; in other words, in these two
dimensions, the lattices from theorem C provide the densest sphere packings known so far.

Moreover, we use laminated lattices in proposition 3.2.22 to construct lattices L of rank 55,
163, 487 with center packing densities satisfying respectively

log,(0(L)) > 16.833, 145.88, 743.57.

These lattices thus provide the densest sphere packings known so far in their respective
dimensions. Let us also mention that some dense packings in ranks 150 and 306 are obtained
in example 3.2.3.

Moreover, we computed the kissing number of the 54-dimensional lattice found above (using
n = 3 in theorem C). The main point is to show that one can compute quite explicitly
with these lattices, at least with the help of a computer. Unfortunately, it is quite far from
being a record kissing number; already in dimension 48 there is a lattice with much larger
kissing number. The following result was obtained using SAGE [The21], and the code of the
corresponding programs is available at https://gitlab.com/gauthierleterrier/maths.

Computational theorem D (Computational theorem 3.3.1). The kissing number of the
54-dimensional lattice Lf , (from theorem C) is equal to 15309000 = 23 - 37 - 5% . 7. J

In this computational context, we were also interested in a method to determine the Gram
matrices of those lattices coming from the curves in characteristic 3 (and the lattices coming
from Elkies’ curves, defined in [Elk94], as well). We are not going to state a precise result
here, but we will explain in section 3.3 how this approach works. At least, let us mention
that we have found a Gram matrix for Lj ;, which therefore gives a very explicit description
of this Mordell-Weil lattice (see computational proposition 3.3.10). This relies on the fact
that the Tate-Shafarevich group of the curve y? = 23 + x + t2® over Fss(t) is trivial, which
is a result obtained in the final section of chapter 3.

Theorem E (theorem 3.4.1). If n € {1,2,3} and b € F3, is such that b"~1/2 = (—1)"+1
then the Tate-Shafarevich group of y? = % + bx + t3" 1 over Fsen (t) is trivial. J

This is proved using a 3-descent involving an inseparable isogeny, which required to use
Amitsur-Cech’s description of flat cohomology.

Finally, in chapter 4, we will prove the following results. We determine explicitly the
L-function of the curves E}, , , : y* = 2 +b+b't"™ over k(t). We state the result under the
hypothesis that |k| = 1 mod 3 for simplicity, but we obtained an analogous statement in the
case |k| = —1 mod 3 as well (see theorem 4.1.2 for the exact formulation and remark 1.4.18
which ensures that this formulation is indeed equivalent to theorem F below). We keep the
notation introduced before the statement of theorem B.

Theorem F (Theorem 4.1.2). Let k be a finite field of characteristic p > 5 such that
|k| = 1 mod 3, let b,b/ € k* and m > 1 be an integer coprime to p. Fix a generator
v € k;(m). For each r € Z/mZ, let u(r) be the multiplicative order of |k| modulo

_m
ged(m,r)?
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define the generator v, (,) := Nk¢(m)/ku<r) () of k:qf(r) and define the characters®

X

Xr ku(r) — C*, Yu(r) > exp(2mir/m),

Uy kqf(r) — C*, @) > exp(2mi/3).

Given € € {£1}, we define

W c(Xr) = Aty (0) - X (=0T - 2(=0) - T (U5, Xy Ak
X(m. o) Z/mZ ~ {0} if64m
’ Z/mZ~ {0,eg}  if 6| m.

Then we have

L(By, 0 /K1), T) = ] II (1= apy (x)T7)

ee{x1} [rleX (m,e)/(|k])*

where [r] denotes the orbit of r € Z/mZ under the action of the multiplication of the powers
of |k| on Z/mZ. J

Having in hand a concrete expression for the L-function, one can study the (analytic) rank
of the curves £}, ,,, over k(t). When the characteristic of k is p = —1 mod 3, we get a
family of unbounded rank, giving some interesting sphere packings from the corresponding
Mordell-Weil lattice as studied in [Shi91]. However, in characteristic p = 1 mod 3, the
situation is radically different, as the next statement shows.

Theorem G (Theorem 4.2.1). For any prime p = 1 (mod 3), for all b,b" € F< and all integers
m’ > 1 (not necessarily coprime to p), the rank of the elliptic curve E' := E3q,. 1 1 y? =
2% 4 b+ V1390 over Fyzie0(t) is equal to a non-zero constant, namely 68, which is also
equal the geometric rank (i.e., the rank of E' over F,(t)). J

In other words, this provides an example of an (isotrivial but non-trivial) elliptic curve
B0 4, With constant non-zero rank over k(t}/™) for every m > 1, where k := Fp21e0 and
p =1 (mod 3), which contrasts with previously known examples of Kummer families of
elliptic curves with bounded rank, where the rank is actually always 0. We mention that
one can also use theorem F to compute efficiently the analytic rank of some of these curves

E,, 1, for instance to gather data supporting conjecture 4.2.30.

The proof of theorem G relies on Stickelberger’s theorem, which tells us how the principal
ideal generated by a Jacobi sum (inside some ring of cyclotomic integers) factors into prime
ideals. This is related to the geometric rank of elliptic curves as follows. In general, the
analytic rank is twice the number of orbits [r] such that ai),b’,e(XT) is a positive integer
(using theorem F), hence fixed by the Galois group of some corresponding cyclotomic field.
We obtain an upper bound on the rank is only considering those [r] such that the ideal
generated by ay,;, (xr) is Galois-invariant (by considering only the ideal, we miss the
knowledge of the sign of the Jacobi sums, since we work only up to units of the ring of
cyclotomic integers). This is where Stickelberger’s theorem plays a role.

3We note that ¢, is a well-defined character of order 3 on k:(r),

so that 3 divides ki(r) for every r. Here ¢ is Euler totient function and N(-) denotes the norm map.

because we assumed that |k| = 1 mod 3,

10
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Let us also mention a side result, proved in chapter 2. It provides the analogue in
characteristic 2 of Tate-Shafarevich’s theorem from [T'S67] on unboundedness of rank of
families of isotrivial elliptic curves in odd characteristic. It is relevant also in the context of
sphere packings, as it uses Elkies’ curves considered in [Elk94] — the only difference being
the base field Fa(t) instead of F(¢). This fills a missing case in the table from [BDS04,
page 488] (namely the assumption that p must be odd in Tate—Shafarevich’s result can be
removed).

Theorem H (Theorem 2.5.1). Let n be an odd integer and consider the elliptic curve given
by the Weierstrass equation A, : y> +vy = z° +t> 1 over Fo(t).

Then the rank of A,, over Fan(t) equals 2. Moreover, if n = 1 or if n is an odd prime
number, then the rank of the finitely generated abelian group A,,(Fa(t)) is given by

rk A, (Fa(t)) = 2- <1+ 271;”) ,

Finally, let us mention that some other small results, not easily found explicitly in the
literature, are also written down in this work; for instance see propositions 1.1.6, 1.2.9
and 2.5.3.

Organization of the text

Overall, the chapters are essentially independent of each other (except the background
chapter 1 which is freely used in the other parts of the text).

In the first chapter, we review some standard tools and useful results about lattices
in section 1.1, packings in section 1.2, elliptic curves in section 1.3 (especially Shioda’s
lower bound on the minimal non-zero Néron—Tate height of points in the narrow Mordell-
Weil lattice stated as theorem 1.3.24) and character sums (especially Jacobi sums, Hasse—
Davenport lifting relation stated as theorem 1.4.7, Stickelberg’s theorem 1.4.22 and Tate—
Shafarevich theorem 1.4.8) in section 1.4.

In chapter 2, we study (a lower bound on) the packing density of (narrow) Mordell-Weil
lattices from an asymptotic point of view, that is, when the dimension goes to infinity.
First, in section 2.1, we give a general lower bound on the packing density, which relies on
the use of Birch—-Swinnerton-Dyer formula and Shioda’s theorem 1.3.24. Then we introduce
in section 2.2 some of the invariants needed to state theorem A, like Brauer—Siegel and
Szpiro ratios. After proving theorem A in section 2.3, we discuss some generalizations to
abelian varieties and to constant elliptic curves in section 2.4. Finally, in section 2.5, we
prove theorem H.

In chapter 3, we first prove theorem B, corollary A, corollary B in section 3.1. In section 3.2,
we prove theorem C. In section 3.3, we prove computational theorem D and explain how to
compute Gram matrices associated with our Mordell-Weil lattices in characteristic 3. We
end the chapter by proving theorem E in section 3.4.

In chapter 4, we prove theorem F in section 4.1, while in section 4.2 we give the proof of
theorem G.

1
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In chapter 5, we list some unanswered questions related to the various results discussed in
this thesis.

In appendix A, we give a detailed proof of theorem 2.2.4, to make sure that we can allow
the field of constants F, to vary. We simply follow the proof given in [HP16], but having in
mind that we shall make sure that the implicit constants do not depend on q.

For the convenience of the reader, some frequently used notation are gathered in a list of
symbols (list of notation) at the end of this document, on page 239. For completeness, let
us mention that:

o Given a set F, we denote its cardinality by |E| or by #F and by 1 its indicator function
(sometimes we may write 1,¢p for 1g(z)).

o We sometimes denote by 1,—, the Kronecker symbol d,, ,.
o Given a complex number z € C, its complex modulus is denoted by |z].
o Given an integer n > 1, we denote by ¢(n) := [(Z/nZ)*| the Euler totient function.

 Given two integers a,b > 1, we sometimes denote by (a,b) their greatest common divisor.

On the following page, a plot* shows what we know about the (lattice) sphere packing
density in dimensions < 2048. The density of a packing is always between 0 and 1, and
Minkowski-Hlawka lower bound tells us that there are lattices in dimension n with packing
density at least 27", which corresponds to log,(density)/dimension > —1.

The blue "top" curve is Cohn-Elkies” upper bound from [CE03] (theorem 1.2.25); the values
being taken from [ACHT 20, table 3.1]. The red "bottom" curve is Keith Ball’s lower bound
from [Bal92] (theorem 1.2.16). The "dots" in between correspond to lattices®.

“The data used to produce the graph is available at https://gitlab.com/gauthierleterrier/maths.

5(To be precise, some dots are lower bounds on the packing density of a certain lattice). We observe that some
dots form a line with slope 71—12. This is explained by theorem 2.3.1: we have W > 71—12 logrk(L;)
for some narrow Mordell-Weil lattices L;, and since the z-axis shows the dimension in an logarithmic

scale, we get a line of slope —1—12.
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Chapter 1
Background material

In this chapter, we give some useful material on lattice packings and on elliptic curves over
function fields, which we will need in the following chapters. Most of the notions gathered
in this chapter are classical and well-known, we review them only for convenience and
completeness.

1.1 - Lattices

1.1.1 General definitions

Definition 1.1.1. A lattice is a pair (L, (—, —)) where L is a free abelian group of finite rank
and (—, =)z : L x L — R is a symmetric Z-bilinear form such that! (— —); ®zR is positive-
definite (i.e., it is an inner product). In other words, the quadratic form ¢y, : © +— (x,z)r is
positive-definite on L ®yz R. a

Remark 1.1.2. 1. In the above definition, it is not sufficient to require the positive-definiteness
on L, i.e., (z,2) > 0 for every z € L \ {0}, because this only implies positive semi-
definiteness on L ®7 R. For instance, if we set L = Z + +/2Z C R then L is a free abelian
group of rank 2, but is not a discrete subgroup; the quadratic form ¢ : L — R,z > |z|?
is not positive definite on L ®z R (we have |m +nv2]? =0 = m=n=0if m,nc Z
but not if m,n € R).

2. Some authors do not demand the condition of positive-definiteness, in which case they
are using the terminology "non-degenerate lattice", or "indefinite lattice'. For instance,
the Néron—Severi lattice of an elliptic surface has signature (1, p — 1), by Hodge index
theorem (see [SS19, Theorem 4.14]). J

A morphism f: (L,{—,—)) = (L', (—, —)’) between two lattices is just an additive group
morphism preserving the bilinear forms. There is clearly a bijection between the set of
isomorphism classes of lattices of given rank n > 1 and the set of GL,,(Z)-equivalence
classes of positive-definite quadratic forms on Z":

. - positive-definite
{ lattices (L, (—, —)) of rank n }/ >~ o quadratic forms ¢ : Z" — R /GLn(Z)

One direction is obvious: given ¢ : Z" — R, we consider the lattice (Z",b,) where
be(x,y) == %(q(x—i—y) —q(z) —q(y)) for any z,y € Z™. Conversely, if (L, (—, —)) is a lattice
of rank n and ¢ : Z" — L is a group isomorphism, then we associate the positive-definite

'The R-linear map (—, =)z @z R : (L ®z R)? = L? ®z R — R is obtained from the universal property of
tensor products applied to the Z-bilinear map L? x R — R given by ((v,w),\) — X - (v,w) .
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quadratic form ¢ := g, o ¢. It is clear that the GL,(Z)-equivalence class of ¢ is independent
of ¢, and that the two maps we described are inverse of each other.

More importantly, we have a natural bijection relating lattices and discrete subgroups of
R™. First, it is known that a discrete subgroup L’ C R™ is a free abelian group of some
rank < n. When the rank equals n, we have L' = BZ"™ for some B € GL,(R). Therefore,
the map [B] — BZ"™ gives a bijection

QL (R)/ GLo (Z) s discrete additive subgroups —.D,.
L C R™ of rank n

Secondly, we have a bijection between the set of isometry classes of discrete subgroups of
rank n and the set of GL,,(Z)-equivalence classes of positive-definite quadratic forms:

(1.1.1)

positive-definite
n(R L,(R) <— . = &n
On(R)\ GLn(R) { quadratic forms ¢ : Z" — R } Q

which can be defined as follows. First, the set Q,, of positive-definite quadratic forms
q : Z" — R is in one-to-one correspondence with the cone Sym,‘: * of positive-definite
symmetric real n X n matrices: on the one hand, a quadratic form ¢ corresponds to its
Gram matrix with respect to the canonical basis of Z™, and on the other hand, given
G € Sym; T, we set ¢(z) := @Gz for all x € Z". (Note that the action of ¢ € GL,(Z) on
Q,, by pre-composition corresponds to the action g - A := ‘gAg on A € Sym; ).

Then we check that the map O, (R)\ GL, (R) — Sym, " given by [A] — "AA is bijective.
Only surjectivity requires a justification: one can argue either via Sylvester’s theorem on
signatures (law of inertia), or more concretely using Cholesky decomposition.

This finally shows that we have two bijections, whose composition is denoted by o:

o+ { lattices (L, (—,-)) of rank n } /= =5 Q,/GLa(Z) > On(R\D. (112)

Therefore, when talking about lattices, we may also refer to (isometry classes) of discrete
subgroups L < R™ of full rank in R™ (using the bijection o) — this may lead to a slight
abuse of terminology.

We also have the following identifications:

D,, ~ GL,(R)/ GL,(Z)
D,,/isometries ~ O, (R)\ GL,(R)/ GL,(Z)
D,,/homotheties ~ GL, (R)/ GL,(Z)R* ~ SL,(R)/SL,(Z) (1.1.3)

We explain how to get the bijection (1.1.3). First, the inclusion GL}(R) := {A
det(A) > 0} < GL,(R) induces a map j : GL;}(R)/SL,(Z) — GL,(R)/ GL,,(Z) which
is easily seen to be bijective (for the surjectivity, given A € GL,,(R) with det(A) < 0, we
have j([A - diag(—1,1,...,1)]) = [A]). Now, for all n > 1 we have a group isomorphism
GL(R) 2 SL,(R) x Rs. From this, (1.1.3) follows.

Definition 1.1.3. Let L — R be a lattice, seen as the isometry class o(L) of a discrete
subgroup of full rank in R™ via the bijection o defined in equation (1.1.2).
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1. Given an ordered Z-basis B = (b1, ..., b,) of L, the Gram matrix? G (L) attached to B
is the symmetric n x n-matrix with coefficients (b;, b;)r, for 1 <i,j < n. In other words,
Gg(L) = ‘Mg - Mg where Mp € GL, (R) is such that MpZ" is any representative of
the isometry class o(L).

2. The covolume of a lattice L is the Lebesgue measure of any fundamental parallelepiped of
R™/o(L). In other words if o(L) = [MZ"], then covol(L) = |det(M)]; this is independent
of the matrix M € GL,,(R) and of the choice of a representative MZ" of the isometry
class. We say that L is unimodular if covol(L) = 1.

The space of unimodular lattices will be denoted by X,, := SL,(R)/SL,(Z), in view of
(1.1.3).

3. The discriminant of L is the square of its covolume and is denoted by disc(L). Al-
ternatively, it is the determinant® of the Gram matrix attached to any basis of the
lattice.

4. The minimal norm of (L,{—,=)r) is A\ (L) := min{ ¢z (z)'/? : 2 € L~ {0}}. If o(L)
is the isometry class of some discrete subgroup L' C R™, then A;(L) = min{ ||v|, :
veL ~{0}}.

5. A minimal vector of L is a lattice point v € L such that qr(v)'/2 = X\{(L). The kissing
number k(L) of L is the number of minimal vectors.

6. The dual* of L — R" is LV = L* := {x € R" : (x,y)p € Z,Vy € L}. It is a lattice:
if L = BZ" for some B € GL,(R), then LY = ‘B~'Z". We say that L is self-dual if
L=L"VCR"

7. We say that L is integral if (—, —) takes values in Z on L x L, that is, L C LV.

We say that L is even if qr, takes values in 27 (this implies that L is integral). g

Remark 1.1.4. Here are some basic facts, which are easy to prove (see [Mar(2, proposition
1.3.7] for details; note that his definition of unimodularity includes integrality).

1. If L = BZ"™ is unimodular, then LY = ‘B=1Z" is also unimodular.

2. If L is integral, then [LY : L] = covol(L)/covol(L") = disc(L), since R"/LY = %%L.
More generally, if L C L’ then covol(L) = [L’ : L] covol(L').

3. A lattice L is self-dual if and only if it is integral and unimodular.

4. We note that if L C R" is integral, it does not mean that L C Z" or that the covolume is
an integer. For instance, if L is spanned by (a1, az), (b1, b2) € R? then the corresponding
quadratic form ||—||> : L — R is such that

In(ay,az) + m(by, b2)||2 =n%(a? + a3) + nm(2a1by + 2abs) + m?(b? + b3)

2The Gram matrix of a lattice is not unique, but is well-defined up to the action of GLy(Z) on the cone
Sym; Tt considered above.

3We prefer to not use the notation | det(L)| which could be either the determinant of a Z-basis of L, or the
determinant of a Gram matrix of L.

4Under the identification 8:V — V*,  B(v) : w — (v, w), where V = R", the dual lattice corresponds to
the set of linear forms on V that are integral on L, i.e., L* = 7' ({¢ € V* : Vz € L, ¢(x) € Z}).

17



1 - Background material

for all n,m € Z. In particular, if L := ((1,/3); (0,2v/3)), then the quadratic form takes
values in 27Z, so L is an even lattice, so is integral, but covol(L) = 2v/3 € Q. g

Here are some important examples of lattices. Namely, we define the following root lattices,
where n > 1 is an integer. Some of them, especially Eg, will reappear later on in our work
(see remarks 3.2.6 and 3.2.12).

Ap = { (@1, 1) €2 i+ a1 =0, disc(An) =7 +1
Dy :={(z1,.xn) EZ" : m1+ 4z, €2ZL}, disc(D,) =4

By :={(21,28) €Z2U (3 +2)° : 214+ a5 €22}, disc(Eg) =

Er = { (ml,...,mg) elby t x4+ +as= 0}7 diSC(E7) =2
E¢:={(z1,..,a8) €Eg : ;1 +ag=a2+ - +27 =0}, disc(Es) =

All these root lattices L listed above satisfy A;(L) = 2'/2. Note that the root system of
type B, generates a lattice isomorphic to Z™ and the root system of type C,, generates
a lattice isomorphic to D,,. See [CS98, Chapter 4, §6-§8] or [Mar02, chapter 4] for more
details about root lattices. Another important lattice is the Leech lattice Asy4, which is
given various definitions in [CS98, Chapter 24] or in [CS98, Theorem 3b), chapter 26, p.
526] (where it is easily defined using a Lorentzian space). Up to isometries, it is the unique
even unimodular lattice L C R?* such that A\ (L) = 2.

1.1.2 Minimal norm of random lattices

If we define the Hermite constant of a lattice L < R™ as y(L) := A1 (L)?/ disc(L)*/™, then
a major open problem, as mentioned in the introduction, is to determine the value of the
n-dimensional Hermite constant
Yn = sup y(L). (1.1.4)

L<R"

lattice
Equivalently, we are looking for unimodular lattices L having the largest possible A1 (L).
We explain in the following paragraphs how the moduli space X,, of unimodular lattices in
R” is endowed with a probability measure, and how it allows to say something about the
distribution of A1 (L).

Any left Haar measure on the locally compact group SL,,(R) is bi-invariant® and induces
an SL,, (R)-left-invariant measure on the quotient topological space X,, := SL,,(R)/SL,,(Z)
(see [Bou04], chap. VII, §2, corollary 2, page 44). It was shown by Siegel that the measure
of X, is finite (see [Morl5, theorem 7.0.1] for a modern exposition), and therefore we may
scale it to get a unique SL,, (R)-left-invariant probability measure p,, on X,,. In this way we
can consider the probability space (X,,, 1) and talk about random (unimodular) lattices.

Using this probabilistic point of view, we can state here a result, often referred to as
Gaussian heuristic, which gives the asymptotic behavior of the expected length of a shortest
non-zero vector in a random unimodular lattice, when the dimension goes to infinity. In
what follows, B™(0,1) denotes the L?-ball in R™ of radius 1 centered at 0.

5In fact, if A is the Lebesgue measure on R™, then w(E) == AX{tg : g € E,t € [0,1]}) defines a
2
bi-invariant measure on SL, (R) < R™ . See also [Bou04, chap. VII, §3, proposition 6, p. 68] for a proof
of unimodularity of SLy (R).
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Theorem 1.1.5 (Rogers). Consider the length of a shortest non-zero vector in a random
unimodular lattice as a random variable \1 : X,, — Rsy. When n — 400, its expected
value (taken over L € X,,, with respect to the probability measure y,,) behaves as

n

By, (@)= [ M@Ddun(L) ~ vol(B(0,1) 7~ [ J

Xn e
Proof. — See theorem 9 in [AEN]. The proof is based on a result of Rogers on higher
moments of L — |L N B\ {0} where B C R" is an origin-centered ball. He proved in
[Rogh6, theorem 3| that for any volume V' > 0, the distribution of |(L ~ {0}) N By/|, where
By C R” is the origin-centered ball of volume V and L € X, is random, converges weakly
to the Poisson distribution of mean V/2 as n — +oo0. |

We can also prove the following version, which gives a lower bound on \;(L) for a large
proportion of the unimodular lattices.

Proposition 1.1.6. For every € > 0 and all integers n > 0, there is a subset Y,, . C X,, of

measure ji,(Yy,) = 1 — § and such that for all L € Y,, . we have

A(L) = e/ vol(B™(0,1)) Y™ > €'/, /% >(1-¢)-, /2%; (1.15)

where the last inequality holds for all large enough n = ng(e) = lolg(gl(i)e). J

So for instance by taking € = 1072 and n > 1000, we get that 99 % of unimodular lattices
L in R™ have [[v|| > A (L) > 0.9954,/5% for all v € L ~ {0}.

The proof of the above proposition relies on the following important result:

Theorem 1.1.7 (Siegel mean value theorem, [Sie45]). For any compactly supported Riemann-
integrable function f : R™ — R we have

| @@ = [ s
Xn R»

where (L) :=>> e 0y f(2)- 5

Proof of proposition 1.1.6. — We can take f = 15 where B := B™(0,r) is some euclidean
ball. Then Siegel mean value theorem computes the average E[#(B N L~ {0})] of the
number of non-zero lattice points in B over all unimodular lattices L. Namely, it says that
this average is vol(B).

Let us take r > 0 such that vol(B) = € = 7" vol(B™(0, 1)), that is 7 = €'/ vol(B™(0,1)) /™.
Consider the discrete random variable Zp : L — #(B N L ~ {0}). Note that Zp only

takes even values because of the symmetry: © € L <= —x € L. Let us denote
P(Zg=k)=p,({L e X, : Zg(L)=k}) for any integer k > 0. Then we have

vol(B) =e=E[Zp] = Y KP(Zp=Kk)=> 2kP(Zp =2k) =Y 2kP(Zp = 2k)

k'>0 k>0 k>1

>2Y P(Zp =2k)=2(1-P(Zp =0)).
E>1
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Thus P(Zp = 0) > 1 — §. But note that Zp(L) = 0 <= B(0,r)NL = {0} <=
A1(L) = r. Thus we proved that we probability at least 1 — £, we have A\ (L) > r =
e'/"vol(B™(0,1))~1/™. The rest follows from Stirling’s approximation, see remark 1.2.13. 1

We give here a few computational remarks.

Remark 1.1.8. 1. It is surprisingly difficult to exhibit lattices achieving the lower bound
as in proposition 1.1.6, when the dimension n gets large (and for fixed ¢ > 0), see
remark 1.2.22 below for more details.

2. Given a lattice L C R™, where n is large, determining \;(L) or finding a minimal vector
is a difficult computational problem, known as the "shortest vector problem" or SVP,
which underlies some post-quantum cryptosystems like NTRU. All known algorithms to
compute A1 (L) (or (L)), e.g. Schnorr-Euchner or Kannan-Fincke-Pohst algorithms,
run in exponential time, i.e., the required number of bit operations grows exponentially
with the dimension n.

Given a lattice L — R", the LLL algorithm [LLL82, proposition 1.26] can find in
polynomial time a non-zero vector v € L such that [[v]|, < a"*A{(L) for any a >
/4/3 ~ 1.15470, which is exzponentially far from A\ (L).

To give some examples of current records, in [GNRI10, p. 259] the authors found a
shortest vector in a 110-dimensional lattice in 62 days, while [DSvW21, §7.3, table 1]
solved an approximate SVP on lattices in dimensions 155 to 180, with an error of at most
5 % within the expected value of A\;(L) given in theorem 1.1.5 — the 180-dimensional
case took 51 days. At any rate, this is very far from providing us with an explicit lattice
in dimension > 2048 which achieves Minkowski—Hlawka lower bound, as mentioned in
the introduction.

3. One strategy to determine -, for some fixed (large) dimension n > 0 would be to produce
unimodular lattices uniformly at random with respect to the probability measure u.,
introduced above. This is not obvious how to proceed, but it can be done (with an
error that can be made arbitrarily small) for instance using the work [GMO03, §1] on
equidistribution of Hecke points.

Then computing A; (L) for each such random L is quite long as mentioned in the previous
item, and in any case we would only expect to find a result as in theorem 1.1.5, which
does not necessarily tell us much about the Hermite constant ~,, itself.

4. A more "efficient" way to compute -, would be to run Voronoi’s algorithm as explained
in [Mar02, chapter 7]. It relies on Voronoi’s theorem [Mar(02, Theorem 3.4.6], which
characterizes extreme lattices, i.e., lattices at which (L) attains a local maximum,
with respect the euclidean topology on X,,. But going through all extreme lattices is
exponentially slow as the dimension increases; even in dimension 9, the algorithm has
been running for years but -y is still unknown. 4
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1.2 = Packings

1.2 - Packings

1.2.1 General notions

We review here some general results on packings, mostly to give a broader point of view
on certain questions in discrete geometry. In our setting, we will only consider packings
in some euclidean space R™ (endowed with the L?-norm ||-||,), where n > 1, even though
packings in compact spaces like Fy', an euclidean ball or a sphere can also be studied.

We denote by vol(-) the Lebesgue measure on R". Given z € R"™ and real numbers
r > 0,p > 1, we denote by B;}(x, r) the open LP-ball centered at x of radius r. When x =0
and r = 1, we simply denote the origin-centered unit ball by B). When p = 2, we generally
omit the subscript p.

Definition 1.2.1. 1. A body is a connected subset C' C R™ with non-empty interior and
compact closure.

2. A collection C of bodies in R is a packing if for every distinct sets E, E’ € C, the interiors
of ' and E’ are disjoint.

3. Given a body C' C R™, we define:

e a packing of C as a packing C consisting of isometric copies of C, i.e. there is a subset
F C Isom(R™, ||-||,) = R™ x O,(R) such that C = { f(C) : fe F}.

e a packing of translates of C as a packing C consisting only of translates of C'. In other
words, there is a subset T'C R™ such that C =C+ T :={C +z : z € T}, where
C+xz:={c+zx : ceC} is the Minkowski sum.

o a lattice packing of C as a packing { C' +t : t € T'} of translates of C' where T C R"
is a lattice.

4. A packing of a body C is periodic if it is a finite union of translates of a given lattice
packing of C.

5. Let B C R™ be a fixed body. If C is a countable collection of subsets of R"™, then we
define the density of C with respect to B as

D(C, B) := ZEE(;ZE’(IS; 15 <10, 00].

6. Fix a point o € R™ and a family C of subsets of R". We set

D(C) = limsup D(C, B™(x,7)), D(C) = liminf D(C, B™(xq,7)). (1.2.1)

r—+oo r—+00

If these two numbers coincide in [0, oo], then we call their common value the density of
the collection C, denoted by D(C).

7. Given a body C C R", we define the packing density D(C) of C, resp. the translative
packing density D (C), resp. the lattice packing density Dy(C') as:

D(C)= sup D(C), Dr(C) = sup D(C), D,(C) = sup D(C). .
C packing C packing C lattice
of C of translates of C packing of C'
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Remark 1.2.2. « Given a convex body C' C R", the definitions of D(C) and D(C) do not
depend on the choice of £y € R™ (see e.g., [CE03, appendix A, p. 708] and the references
therein). Moreover, if the convergence of D(C, B(zo,r)) to D(C) (as r — +00) is uniform
in xg € R”, then for any o € R™ and any convex body P C R” containing 0 in its
interior, we have

D(C) = limsup D(C,rP + o).
r—+oo
(see e.g., [CE03, appendix A, p. 708]), where rP := {rz : = € P}. Note that this is
wrong if 0 is in the boundary of P, as pointed out in [PA11, exercise 3.4].

e When C is an euclidean ball of radius » > 0, then a packing for C' is simply called a
sphere packing; it is characterized by the subset X C R"™ of centers of the balls, such
that || — y||, > 2r for any distinct points z # y € X. 4

As mentioned in [T617, p. 34], for d > 3, « all methods establishing the existence of dense
packings rely on the theory of lattices, thus providing the same lower bounds for D(C)
and Dp(C) as for Dy(C) ». This is for us a further motivation to specifically study lattice
packings, in which case the density admits an easy expression.

Proposition 1.2.3. Given a convex body C' C R™ and a lattice L C R™ such that C := {C +
x : x € L} is a packing, we have

— vol(C)
D(C) = =—"
(©) (©) covol(L)
where covol(L) is the Lebesgue measure of any fundamental parallelepiped of L. J
Proof. — See [Gru07, Corollary 30.1, p. 442] or [Mar02, Proposition 1.8.2]. [ |

Proposition 1.2.4. Let C C R™ be any convex body.

1. The packing density D(C') is attained by some packing, that is, D(C) is a maximum.

2. The lattice packing density Dy(C') is attained.

3. The translative packing density Dr(C) is attained.

4. The translative packing density Dy (C) is the supremum of D(C) over periodic packings
Cof C. |

Proof. — 1. See [Gro86, theorem §2, p. 186] applied to the full group G of isometries of
R", [ l2)-

2. See [Gru07, theorem 30.1] or [Oes90, corollaire, p. 382] when C' is an euclidean ball.
This is a consequence of Mahler’s compactness theorem.

3. See [Gro86, theorem §2, p. 186] applied to the group G = R™ of translations acting on
R™.

4. See for instance the argument given in [CE03, appendix A, p. 709] or [Rog64, theorem
1.7). n
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1.2 = Packings

Remark 1.2.5. It is not known whether, given a convex body C' C R™, Dp(C) is a mazimum
over periodic packings. Hans Zassenhaus conjectured that it is indeed a maximum, see
[Gru07, conjecture 30.2]. J

1.2.2 Lattice packings

For any lattice L C R™ and any centrally symmetric convex body C C R™ with compact
closure, we define the following invariants:

Definition 1.2.6. 1. The Minkowski functional® ||z, :=inf{s > 0 : z € sC}, for every
z € R".

2. The minimal norm of L with respect to C is A1 (C, L) := min{ ||z||, : z € L~ {0} }.

A1 (C, L)?

3. The Hermite constant of L with respect to C'is y(C, L) := covol( LY/

4. The center density of L with respect to C' is

(MG L)/2)"

—_9—n n/2
covol(L) 277 (G L)

d(C,L) =

5. The (packing) density of L with respect to C'is D(C, L) := 6(C, L) vol(C). 5

When C' = B™(0,1) is the unit origin-centered euclidean ball, we omit it from the notation;
for instance we set A1(L) := A1(B™(0,1), L), which is consistent with definition 1.1.3, 4).
The idea behind introducing A1 (C, L) is that given C' C R", we want to rescale L so that
the packing {C + 2 : 2 € L} is optimal in the sense that for any a > 1, the collection”
{aC +x : x € L} is not a packing. This is made precise in the following statement.

Proposition 1.2.7. Let C' C R™ be a convex body which is centrally symmetric around 0
(ie., C=—-C:={—x : € C}). Then

Dy(C)= sup D(C,L). J
Tattice

Proof. — Note that for any lattice L, {C +x : x € L} is a packing if and only if
LNint(2C) = {0} if and only if®* \;(C, L) > 2 (see [Gru07, Proposition 30.4]).

vol(C)
covol(L)
x € L} is a packing. For any such lattice L, if we rescale it to get the lattice L' :=

We know that Dy(C) is the supremum of over lattices L <— R"™ such that { C+x :

5Tt is sometimes referred to as Minkowski gauge. It is a norm on R™, and any norm can be obtained in
this way, see for instance [Sie89, Lecture I, Theorem 7].

"Here aC := {ac : ¢ € C'} C R™ denotes a homothetic copy of C.

8Let us explain the equivalence L Nint(D) = {0} <= Ai(D, L) > 1 for a centrally symmetric convex
body D. On the one hand, if LNint(D) = {0} then for any = € L \ {0}, we must have ||z||, > 1, because
sD C int(D) for any 0 < s < 1; thus A1(D, L) > 1. Conversely, if A1(D,L) > 1 and z € LNint(D) \ {0},
then Ba(x,e) C D for some € > 0. Then Az € D where X\ := 1 +¢- |z||;' > 1, so that ||z, < 1,
contradicting the hypothesis A1 (D, L) > 1.
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22\ (C, L) L, then {C + 2 : x € L'} is still a packing (and is "optimal" in the sense that
the translates of C' are touching). We have

vol(C) vol(C) vol(C)
= =D(C,L) > ———.
covol(L')  covol(L)(2\{(C, L)~1)» (G, L) covol(L)
Taking the supremum over L yields the claim. |

In particular, it follows? that D(C, L) < 1 for all centrally symmetric convex bodies C' and
every lattice L. It is convenient to normalize the lattice packing density as follows.

Definition 1.2.8. The center (lattice) density of a centrally symmetric convex body C' is

5¢(C) :=vol(C) ™' Dy(C) = sup 6(C,L). ;
Tarttee

We now say a few words about laminated lattices; we focus on the case of packings of
euclidean balls for simplicity. The idea is simple: given an n-dimensional lattice packing L,
one can create an (n + 1)-dimensional periodic packing of unit by translating copies of L in
R"*+1 and "stacking" them as closely as possible to still get a packing.

Proposition 1.2.9. Suppose that we have a sublattice L C L' of (finite) index N > 2 in a
lattice L' — R™ (we could have for instance L' = LY or L' = 1L). Let ag =0, ...,an—_1 € L’
be representatives of smallest length in each coset of the quotient L'/L (in particular
Na; € L for all i). Let S be the set of indices 1 < j < N — 1 such that ||a;||, < A1(L).
Assume that S # @ and define

— N2 — (a2 1/2
h = max (A (L) — flagl2) " >0,

N-1
Po:= |J ((L+a;) x (NhZ+ jh)) CR" x R = R".
j=0

Then the set P of open euclidean balls of equal radius %)\1(1)) centered at points of Py is a
periodic packing in R"*! and has density

D(P) = p(p) = 1

D(L).

Moreover, if L'/L is a cyclic group, then we may re-order the a;’s so that P is a lattice
packing. 4

Remark 1.2.10. In the above proposition, if S = @ happens (e.g., take L = 7Z x 2Z as an
index-2 sublattice of L' = Z x 47Z), then it just means that A;(L) = A1 (L’) and so L’ gives a
lattice packing in dimension n denser than L, since D(L') = D(L)[L : L'] by remark 1.1.4.2.
Thus we may take h = 0 and there is no need to go to an (n + 1)-dimensional space. g

9This also follows from Minkowski’s first theorem. If we let a := 2(covol(L)/vol(C))/™ and C’ := aC,
then vol(C’) = a™ vol(C) = 2™ covol(L), so there is some x € L N C’ \ {0} # @, which means that
A (C, L) < a, or equivalently D(C, L) < 1.
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Proof. — « We first show that P is indeed a packing. Observe that we have

Ve e L, Vj>0,VreZ~{0}, | (x+ajrh)|z> (L) (1.2.2)
————
ERn+!
Indeed, one has ||(z + aj,7h)||3 = ||z + a;||5 + 72h% > ||aj||2 + 2k because the a;’s

are representatives of shortest possible length in their coset. Now we have either
lajlly = A1(L), or j € S in which case ||aj\|§ + h% > A\ (L) holds anyway thanks to the
definition of h.

We want to show that for every P # Q € Py, we have |P—Q|, > Ai(L). Let
P:=(+a;i-h)and Q := (' + ag, k' - h) € Py C R"™! be two distinct points, where
0,0 € L and i', k' € Z are such that i/ =i (mod N), k" =k (mod N). We may write
(l+a;)) — (U’ +ax) =z +a; € L' for some unique z € L and 0 < j < N — 1. Now there
are two cases.

— If #/ = k', then we must have ¢ = k, which implies that j = 0. Thus ||P — Q||, =
|(z,0)||5 = A1(L) holds since x € L ~\ {0}.

— If i’ # K/, then we must have j # 0 and so we may use equation (1.2.2) to conclude
that ||P — Q| = A:1(L) holds in this case as well.

This means that the open balls of radius py := A\;(L)/2 centered at points of Py are
disjoint, i.e., P is a packing as claimed.

o The packing P is periodic; it is a (disjoint) union of N translates of the lattice sphere
packing with balls centered at points of L x NhZ. Therefore we may use proposition 1.2.3
to compute its density (since the Lebesgue measure is additive on finite disjoint unions):

PN (D)

D(P) = D(P) = vol(B"*(0, 1)) - covol(L)Nh ~ 2h

D(L).

¢ Note that we have
N-1

Po= U (L x NAZ) + (b, 1)
j=0
for any set {bg, ...,bny—_1} of representatives for L' /L — not necessarily of minimal length
in their coset — provided that b; = a; mod L for all j. If L’ /L is cyclic, say generated
by the class of some by € L, then we re-arrange the a;’s so that a; =4 -b; = b; mod L
for all i. Then P C R"*! is a lattice, generated by L x {0} and (b;,h) e R* x R. H

1.2.3 Packings of euclidean balls

We state here what is known about the densest sphere packings, in some dimensions. For
simplicity, from now on, we will denote Dy(n) := D;(B™(0,1)) and d¢(n) := §,(B™(0,1))
the lattice packing density (resp. center density) of L2-balls in R™. Similarly, we will use
the notations D(L) := D(B™(0,1), L) and 6(L) := §(B™(0,1), L) given a lattice L — R™.
Note that 6¢(n) = 27" - y1/?
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Proposition 1.2.11. The lattices A1, As, A3, Dy, D5, Eg, E7, Eg, Aoy maximize the density
of lattice packing of euclidean balls in their respective dimensions n € {1,2,...,8,24}, with
values of Dy(n) given in the table below. Moreover, up to similitudes (i.e., up to isometries
and homotheties), they are the unique such lattices.

In dimensions 1, 2, 3, 8, 24, these lattices also maximize the density of (arbitrary) packing
of balls. In dimensions 8 and 24 respectively, Es and Ay4 are the unique periodic packings

(up to similitudes) achieving the maximal packing density. J
n 1 2 3 4 5 6 7 8 24
o T 2 w2 w3 find wt w2
Dy(n) 1 2v3 V18 16 15v2 48V/3 105 384 127
~0.90689 ~0.74048 ~0.61685 ~0.46525 ~0.37294 ~0.29529 ~0.25366 ~0.00192
1 1 1 1 1 1 1 1
)z w3 W 5 & 1 1 !
Attained b
Y A1 A2 A3 D4 D5 E6 E7 ES A24

the lattice

Proof. — See the references given in [CK09, p. 1004] for the statements about the optimality
among lattices and the uniqueness (for dimensions 3 and 4, a modern proof is available
in [CS88, CS89, Theorem 6], and [Mar02, Theorem 6.2.1, Corollary 6.4.4, Theorem 6.5.4,

10°n < 8. We simply mention explicitly here the work

7), Theorem 6.6.1] for dimensions
[Bli35] which proves that Eg, E7, Es have the largest possible lattice packing density in

their respective dimensions.

For the statements about optimality and uniqueness among all packings, see [PA11, Corollary
3.4] for a modern proof in dimension 2 (the result being originally due to A. Thue and L.
Fejes T6th), [Hal05] in dimension 3, [Vial7] in dimension 8 and [CKM™17] in dimension 24.
It is also worth mentioning the Bourbaki seminars [Oes98, Oes19] for an overview of the
proofs in dimensions 3 and 8, 24 respectively. |

Remark 1.2.12. « The lattices A1 = \/27Z, Ay, A3, D4, D5, Eg, E7, Eg are laminated lattices,
see [CS98, chapter 6, theorem 2] for more details.

o In dimensions n € {3,4,5,6,7}, there are infinitely many non-similar periodic packings
achieving the maximal packing density of balls. This is because the optimal lattice L in
dimension n — 1 satisfies |LY /L| = disc(L) > 2 in each of those cases.

o In dimension 3, the lattice Az (similar to D3) is sometimes called the "face-centered cubic'
or fcc arrangement, while the "body-centered cubic" or bee arrangement (corresponding
to the lattice DY) has lower packing density. The "hexagonal close packing" (or hep) is a
periodic but non-lattice packing; see [CS98, p. 113-117].

o In dimension 9, there is an uncountable family of periodic packings (one of which being
a lattice packing) achieving the best known packing density, see [CS98, Preface p. xviiil.

10The optimality of Fs among lattice packings can be deduced from the optimality of E7, together with
Mordell’s inequality (proposition 1.2.17). Similarly, optimality of D4 can be deduced from the one of As.
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1.2 = Packings

Dimension 10 is the first one where the best known packing is not a lattice packing: it
is a periodic packing discovered by Marc Best, consisting of 40 translates of a lattice
packing (see [CS98, chapter 5, p. 140]).

o According to [CS98, p. 13], it is « a reasonable guess » that when n < 8, we should have
D(B™(0,1)) = Dy(n). But it was conjectured in [Rog64, p. 15] that D(n) > Dy(n) for
all large enough dimensions. ¥

Remark 1.2.13. For every real number p > 1, the Lebesgue measure of any LP-ball of radius
n —1
1 equals 2™ - F(l + %) . F(l + %) . In particular, when p = 2, we have I'(3/2) = @ SO

—1
that one gets vol(B™(0,1)) = /2 r(% + 1) ]

When n — 400, Stirling’s approximation yields vol(B™(0,1)) ~ (7n)~Y2 . (2me/n)"/?,

which implies in particular that'!

vol(B™(0, 1))M/™ ~ ,/%, log vol(B"(0, 1)) = — log(n) - (1 + o(1)
as n — 4oo. J

Remark 1.2.14. 1. It is known, from Voronoi’s theorem and a result of Korkine—Zolotareff,
that D,(B"(0,1)) is attained by an integral lattice. In particular, §,(B"(0,1))? is a
rational number. See [Mar02, Corollary 3.4.7].

2. From [Rogh6, theorem 3] (cited in theorem 1.1.5), one can deduce that the variables
L € X,, — vol[B"(0,A\1(L))] = M (L)"vol(B™(0,1)) = 2"D(L) converge weakly to an
exponential law Exp(1/2) with parameter 1/2 (i.e., mean 2), see for instance [AEN,
Corollary 4]. In particular, the expected value of the lattice sphere packing density
function L € X,, — D(L) is asymptotic to 27" - 2 as n — +o0.

Note that from proposition 1.1.6 we have D(L) > e-2~" for unimodular lattices L in a

subset of X, of measure at least 1 — 5.

3. There is a notion of "covering" of balls (or more generally of convex bodies), which is
somehow dual to the notion of "packing". The thinnest coverings of balls are only known
in dimensions 1 and 2, and the thinnest lattice coverings of euclidean balls are known in
dimensions n < 5, where A} is optimal. See [CS98, Table 1.1, p. 12]. g

1.2.4 Lower and upper bounds on the sphere packing density
1.2.4.1 Lower bounds

There is a general lower bound, valid not only for balls, but for any convex centrally
symmetric body, due to Minkowski and Hlawka. The proof relies on Siegel’s mean value
theorem 1.1.7, so this probabilistic argument does not tell us precisely which lattices achieve
a large packing density.

We also have an inequality vol(B™(0,1))V/™ > / % for every n > 1, which can be shown using refined
versions of Stirling’s approximation, see for instance [Mor10, Corollary 1].
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Theorem 1.2.15 (Minkowski—Hlawka theorem). Let n > 2. For any star-shaped (e.g.,
convex) and centrally symmetric body C C R™, we have Dy(C) = 2{(n) - 27". J

Proof. — See Siegel’s proof in [Sie89, Lecture XV, §7-8] or [PA11, Corollary 7.10]. [

This lower bound was further improved by a linear factor by Schmidt (see [PA11, p. 86]).
On the other hand, Venkatesh’s superlinear improvement in some'? dimensions, given in
[Ven13], is specific to L%-balls and does not apply to general convex centrally symmetric
bodies. The best known bound on Dy(n) valid in all dimensions is due to Keith Ball:

n—1
2n
In dimensions n > 8 divisible by 4, this was slightly improved by [Vanl1]. Let us mention

Theorem 1.2.16 ([Bal92]). For every n > 1, we have Dy(n) > 2((n)

]

here a useful result, the so-called Mordell’s inequality: given a lattice L — R™ and m < n,
one can get a lower bound on dy(m) in terms of 6(L). Some applications will be mentioned
in remark 3.2.4.

me1~ -2
Proposition 1.2.17 (Mordell). For alln > m > 2, we have §,(m) > (menég(n)T) el

Proof. — We simply apply [Mar02, Theorem 2.3.1], which is stated in terms of Hermite
n—1

constants, namely 4 - d,(n)%/™ = ~,, < v~ '. Tt follows that

=1 n(n—1)
So(n) = 272 < 27 (7YY = 97 (4 6y (m) /™) 20m=T)

= (27 Gy(m) )

which easily implies the claimed inequality. For the case m = n — 1, one can also refer to

n—2
[CS98, equation (19), chap. 6, p. 167], which reads d;(n — 1) = 18,(n) n [
Remark 1.2.18. Using laminated lattices, we see that we also have
1
de(n) > 5(5@(7& —1). (1.2.3)

Indeed, given a lattice L C R”~! with maximal density, let L’ C R™ be the lattice generated
by L x {0} C R™ and e, := (0, ...,0,A\1(L)). We have A\;(L’) = A1(L) and so
_ @)/ xaE) @)/t 1

duln) > 0(L) = covol(L/) 2 'covol(L)Al(L):i(S(L)'

There is an analogous result about lattice kissing numbers. Given any dimension n > 0,
let ky(n) :=sup{ k(L) : L — R™ lattice }; it is finite and we even have xy(n) < 2"+ —2
(see [BMP06, §2.4, p. 94]). Now we claim that k¢(n + 1) > k¢(n) + 2. Indeed, let L C R™
be a lattice with maximal kissing number #{z € L : |z| = M(L)} = ke(d). Let

12More specifically, it was proved that Dg(2 - ¢(m)) > m - 272%™ for all m > 1, where ¢ is Euler totient
function. This implies that for any ¢ < €7/2 ~ 0.8905 and any = > 1, we have D¢(n) > cnlog(log(n))2™",
wheren=2 J] (p—1)€{2,4,16,96,960, ...} is a sparse sequence of dimensions. (This was also

p<a prime

proved by other methods in [Moul7, Autl6]).
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L' ¢ R™! be the lattice generated by L and e, 41 := (0,...,0,A\1(L)) € R"*!. Then we
have A (L") = A\ (L) and

ken+1) > #{xzel :|z]|=ML)} = keln)+2. J

Remark 1.2.19. For L2-balls, Minkowski-Hlawka lower bound can be achieved asymptotically
by an odd (hence integral) unimodular lattice, and by an even unimodular lattice in
dimensions divisible by 8. The precise statements — originally proved by Conway and
Thompson — are given in [MH73, theorem I1.9.5, p. 46-47] or in [CS98, theorem 25,
chapter 7, p. 197].

On the other hand, the sphere packing density of any unimodular integral lattice L
in dimension n (which needs to be a multiple of 8 if the lattice is moreover even) is
asymptotically upper bounded by D(L) < 2"(@F°(1) where « := log, (y/me/24) ~ —0.74538,
see [RS98, theorem 1]. ;

Remark 1.2.20. In view of theorem 1.1.5, we note that Minkowski—Hlawka lower bound

1/n
from theorem 1.2.15 implies (using the identity A\i(L) = 2(%) covol(L)Y/™ and

remark 1.2.13) that for all n > 1, there exists a lattice L, C R™ of covolume 1 such that
A(Ly) = 27 vol(B™(0,1)) "4/ = /zi (1 + o(1)). (1.2.4)
Te

On the other hand, from theorem 1.2.23 below we know that for all lattices L C R™ we
have:
41-axLp

AM(L) € I covol(L)l/” (14 0(1)),

as n — 400, where 41 79KL ~ 1.743381. 3

Remark 1.2.21. The lower bounds given in theorems 1.2.15 and 1.2.16 is far from the truth in
low or medium dimensions. For instance, if we look at Z", it has unit covolume and A\ (Z") =
1, so it does better than the lower bound (1.2.4) if and only if 1 > 2'/™ vol(B"(0,1))~ /",
or equivalently vol(B™(0,1)) > 2, which happens if and only if n < 10. The root lattices
A, (if 2<n < 12) and D, (if 3 < n < 16) have a sphere packing density greater than the
lower bound in theorem 1.2.16.

In slightly higher dimensions n < 48, the densest known lattices, listed in [CS98, p. xix-xx,
p- 17], all have a packing density larger than Minkowski bound.

Some families of lattices have a packing density larger than Minkowski bound in medium
dimensions. We mention here Maurice Craig’s cyclotomic lattices defined in [CS98, Chapter
8, §6, §7.3c)] and its improvements as in'® [FIdD11]; they are the densest lattices known in
some dimensions 148 < n < 3000 such that n + 1 is prime ([CS98, Chapter 8, §6, p. 224]),
and they have greater density than Minkowski’s bound if n < 508.

13There are some typographic mistakes in table 1, p. 1442 of the cited paper: we found for instance
p2 = 64, u3 = 109, pa = 225, us = 551, ue = 1384.
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In some dimensions'* < 1024, the densest known lattice sphere packings are obtained using
Mordell-Weil lattices, initially studied in [E1k94, Shi91]. This is a motivation for our work:
we are going to investigate more of these lattices in the following chapters (see especially
theorem 3.2.7). We note that Elkies’ 64-dimensional lattice from [Elk94, Theorem 1, p.
352, for n = 5] (with log,(d) = 24.718) has been superseded by a denser lattice constructed
by G. Nebe in [Neb98] (with log,(d) = 25.36, see [CS9I8, page xx]), as mentioned in the
introduction of [Elk01].

Finally, let us point out that applying Mordell’s inequality (proposition 1.2.17) to some
dense lattice in dimension n can be used to improve Minkowski—Hlawka lower bound in
dimension n — 1, even though not in a very explicit way (see example 3.2.3). 4

Remark 1.2.22. On the other hand, when n is large enough, finding explicitly lattices
achieving the lower bound (1.2.4) is very challenging: Minkowski’s argument goes through
an averaging argument (over random lattices, using theorem 1.1.7), so it is not constructive,
and we have no idea how to produce some L,, with "large" A1 (L) as soon as n > 2048 (or
even > 1040), as mentioned in the introduction.

However, moreless explicit constructions (using number fields or algebraic curves) due
to Tsfasman in [Tsf91, Theorem 5.5, Theorem 6.2] yield lattices L], of covolume 1 (for
some sequence of dimensions n going to +00), that achieve D(L/) ~ 2~ n(1+o(1) for
some o > 0, for instance we can take o’ = 1.3888 (equivalently, A\;(L},) > ¢’\/n for some

¢ > 0 since \{(L) = 2(%)1” covol(L)*/™; compare this to proposition 1.1.6).
However, they do not give dense lattices in low or medium dimensions (e.g., when we apply
[Tsf91, Lemma 5.2] to the tower of curves (X,,/Fy2),>3 defined by Garcia and Stichtenoth in
[GS95a, theorem 2.10, proposition 3.1, remark 3.4] with ¢? = 9, we get lattices in dimensions
| X, (Fg2)|—1 € {77,221,653, ...} with a packing density much lower than Minkowski-Hlawka,

bound).

In fact, producing lattices L,, in an infinite sequence of dimensions satisfying D(L,,) ~
2—an(l+o(D) for some o > 0 — sometimes referred to as asymptotically good families — is

already hard. In comparison, Craig’s cyclotomic lattices L!! mentioned in the previous re-

mark 1.2.21 satisfy D(L") > n~leg(logn)(1/2+0(1) wwhich yields Ay (L") > nl/z_%(lﬂ’m).
Elkies or Shioda’s narrow Mordell-Weil lattices MW,, (see theorems 0.1 and 0.2) achieve
D(MW,,) > n~"(1/124+0(1) which yields A\;(MW,,) > n®/12(+2() for a suitable infinite
sequence of dimensions n. Let us also mention the asymptotic behavior of the packing
density of some root lattices: D(Z"™) ~ D(A,) ~ D(D,,) ~ n=3 Ao, J

1.2.4.2 Upper bounds

The only known upper bounds on Dy(n) (valid for all n > 1) are actually also upper bounds
on D(B™(0,1)), and they are all exponentially far from the best known lower bound valid
in all dimensions, given in theorem 1.2.16. Currently, the best known upper bound on
D(B™(0,1)) is due to Kabatiantsky and Levenshtein.

140n the other hand, in some dimensions 3332 < n < 4096, the paper [Chel3] exhibits lattices with larger
density than Shioda’s or Elkies’ Mordell-Weil lattices. But in that range of dimensions, all these lattice
packings are outperformed by Minkowski lower bound anyway.
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Theorem 1.2.23 ([KL78, Corollary 2, p. 13]). Let axr, := 0.59905576. Then as n — 400, one
has D(B™(0,1)) < 2-™(exuto(1)), )

Remark 1.2.24. Kabatiansky and Levenshtein actually proved that, when n — 400, we
have

V6 €lr /3,72, %logz [D(B™(0,1))] < log,(sin(8/2)) + Bicv.(6) + o(1),

Bt (6) = by (0) logy (b4 (8) — b_(0)logy(b_(68)),  bs(0) i= lj[n(“gf”

The optimal value of 8 which minimizes the right-hand side is about 6 ~ 1.0995124 ~
62.99° €] /3, /2], for which the right-hand side attains a value of ~ —0.59905576.

In the same paper [KL78], they also got an upper bound on the maximal kissing number
#(n) in dimension n, namely x(n) < 27(Bru(7/3)+0() "where By, (7/3) ~ 0.401413. Note
that Chabauty—Shannon-Wyner lower bound (which has the best known exponent so far)
reads r(n) > 270-2075=0(1))  The value s(n) is known for n € {1,2,3,4,8,24}.

The asymptotic behavior of the largest lattice kissing number k¢(n) in dimension n (intro-
duced in remark 1.2.18) is more difficult to study; it is only recently that an exponential
lower bound #y(n) > 27(0-021937=0(1)) has heen found in [V1419, Theorems 1.1 and 1.5]. The
value kg(n) is known for n € {1,...,8,9,24}. 5

Another central result giving an upper bound on the packing density, valid for centrally
symmetric convex bodies, was found by H. Cohn and N. Elkies. One of its notable features
is that it is sharp for the 8- and 24-dimensional euclidean balls (see [Vial7, CKM™17]).

Theorem 1.2.25 ([CE03, appendix B]). For all centrally symmetric convex bodies C C R™,

Dr(C) < App(C) := inf{ Voé(ffi)(é)(o) c fe ]:c}

we have

where (denoting by f the Fourier transform of f)

Fo = {f :R" — R Schwartz function‘f #£0, Ve & C, f(z) <0, Vte ]R”,f(t) € ]R>0}.

.

Remark 1.2.26. 1. The best known upper bounds for D(B"(0,1)) for 4 < n < 9 are given
in the recent work [CdLS22].

2. It is not know whether the limits lim log,[D(B"(0, 1))] and lim M

n—+oo n n—+00 n

(see [PBMO5, Problem 4, p. 50]), but they are probably both equal to 1 (see for instance
the last paragraph of [Venl3, p. 1629]).

exist

3. The asymptotics behavior of the linear programming bound App(B™(0,1)) as n — +00
has been conjectured in [ACHT 20, Conjecture 3.2]. If true, it would give the following
improvement on Kabatiantsky—Levenshtein upper bound: D(n) < 2~ (A to(M)n where
A = —1log,(e/(2m)) ~ 0.60440. J

1°1f f(O) = 0 then we set f(o)/f(o) = to0.
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1 - Background material

1.3 - Elliptic curves

1.3.1 General notions
We first review very standard material about elliptic curves.

In what follows, an algebraic variety X over a field K is a separated integral (i.e., reduced
and irreducible) scheme of finite type over K. We will denote by |X| the set of closed points
of X. A curve is an algebraic variety of dimension 1. A surface is an algebraic variety of
dimension 2. In the rest of this work, when ¢ is a power of prime number, we denote by F,
a finite field with ¢ elements (it is unique up to isomorphism), and we denote by K and
K®°P an algebraic and separable closures of a given field K (both are unique up to field
isomorphisms). We denote by P} the projective n-space over K.

Definition 1.3.1. Let K be a field. An elliptic curve over K is a pair'® (E,Og) where E
is a smooth projective geometrically'” irreducible algebraic curve over K of genus 1, and
Og € E(K) J

It is known from Riemann-Roch theorem that any such curve admits a closed embedding
as a smooth cubic curve in IP’%(, via a Weierstrass equation like Y227 + a1 XY Z 4+ a3Y Z? =
X3+ a9 X?Z + ay X Z? + agZ3. For simplicity, we will generally write the equation y? +
a1y + azy = =3 + asx? + asx + ag of the affine open subset of the elliptic curve given by
E~{[0:1:0]}. In that case, we take O = [0 : 1 : 0] to be the distinguished point, and we
will generally omit it from the notation (F, Op) for elliptic curves.

It is well-known that an elliptic curve is a commutative projective algebraic group, in other
words a 1-dimensional abelian variety, so that E(K’) is an abelian group for every field
extension K'/K.

We will mostly focus on the case where K is a global function field, which are somehow the
analogues'® of number fields in positive characteristic.

Definition 1.3.2. A global function field K is a field isomorphic to the function field k(C)
of some smooth projective geometrically'® irreducible curve C over a finite field k (note
that C' is uniquely determined by K, up to isomorphism, by [GW20, Theorem 15.21]). .

16The existence of the K-rational point O is essential: for every prime p > 3, X3 + pY> 4+ p223 =0
defines a smooth projective plane cubic curve over Q, so it has genus 1, but has no points over Q (not
even in Qp), so it is not an elliptic curve over Q. More relevant examples are given by non-trivial elements
of the Tate-Shafarevich group III of an elliptic curve, e.g., Selmer’s curve S : 3X2 +4Y2 +52% =0 in
the 3-torsion of III of its jacobian Jac(S) : X* +Y?® 43.4.52% = 0.

7 In fact, geometric irreducibility follows from the fact that E is smooth, irreducible and E(K) # o,
see [Pool7, Proposition 2.3.24] and [GW20, Exercise 6.20]. On the other hand, the projective line P§ ,
considered as a smooth irreducible (but not geometrically irreducible) curve of genus 0 over Spec(IFqLZ)
has no Fg4-rational point.

8For instance, both of these classes of fields are global fields: they are the fraction field of an infinite
integrally closed domain A of finite type over Z (as a ring) such that A/I is finite for any non-zero ideal
I 9 A. Equivalently, it is the fraction field of a finitely generated Z-algebra which is an integral domain
of Krull dimension 1 (see [Pool7, §1.1.3]).

9By [Liu06, corollary 2.14, p. 91], this ensures that k(C) N k*°P = k.
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There are several reasons for choosing global function fields as setting, instead of taking K
to be a number field:

o One reason is that the Néron—Tate height takes rational values (see remark 1.3.18), and
we have a very explicit lower bound on the minimal non-zero height of a point in the
Mordell-Weil lattice of E over K (see theorem 1.3.24).

e Another reason is that over function fields, the rank of elliptic curves happens to be
unbounded (see theorem 1.3.44), and this can yield high-dimensional lattice sphere packings,
while this is far from being known (and perhaps not even true) over number fields.

e Finally, it is more difficult to compute the L-function of an elliptic curve over a number
field, which is just a Dirichlet series, while over function fields it is a rational function (or
even a polynomial) in some variable T (see theorem 1.3.30). Also, much more is known
on the Birch—Swinnerton-Dyer conjecture over function fields compared to the situation
over number fields.

In the case where K = k(C) is a global function field, there are two "special" classes of
elliptic curves over K.

Definition 1.3.3. Let E be an elliptic curve over K = k(C'). We say that E is:

o constant if there is an elliptic curve Fy over k and an isomorphism Ey X k(C) = FE over

k(C).

o isotrivial (or potentially constant or split) if there is a finite extension K’/K such that
the base change E x g K’ is a constant elliptic curve over K’. Equivalently, its j-invariant

J(E) lies in k. J
Example 1.3.4. For instance, for every prime p > 5 and any a € F)S, both Ej : y?=23+a
and E7 : y?> = 23 + at® are constant curves over F,(t) (we actually have E; & Ey),
By :y? = 2% +t is isotrivial (we have Ey 2 Ej over F,('/)) but not constant (see [Sil08a,
proposition 111.3.1.b)]) and Es : y* = 2® + x + t is not isotrivial since j(F3) = 123 - ﬁ
does not lie in IF),. J

There are several invariants attached to an elliptic curve E over a field K. We already
mentioned briefly the j-invariant, which characterizes the K-isomorphism class of E (see
[Sil08a, III.1.4.b)]). We recall that the j-invariant of an elliptic curve E given (when
possible, e.g., if char(K) # 2,3) by a short Weierstrass equation y?> = 2% + ax + b is

4 3
j(B) = 123 . M;QW’ where the discriminant A(a,b) := —16(4a® + 27b%) does not
a

vanishes (see [Sil08a, IIL1.§1, p. 42] for the general definitions).

Now we turn to local invariants of F over K, i.e., which are defined used local data at each
place of K. We recall that a place of a global field K is a topological equivalence class of
non-trivial absolute values K — Rx.

Definition 1.3.5. We denote by Vi a set of representatives of all places of K, and by
V2 C Vi the subset of the non-archimedean absolute values (the "finite" places). Note
that when K has positive characteristic (i.e., is a global function field), all places are
non-archimedean (i.e., ultrametric). Given v € Vi we denote by K, the completion of K
with respect to v, and by Ok, C K, the valuation ring when v is non-archimedean. y
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For a global function field K = k(C'), the set Vx = V2 is in bijection with the set |C| of
closed points of C', which is itself in bijection with the set of Galois orbits of k-rational
points in C(k) (see [GW20, Proposition 5.4, Remark 15.23]): given a closed point z € |C],
the local ring O¢ , = O, is a discrete valuation ring (see [GW20, Proposition 11.39]), with
finite residue field F,, and valuation v, : k(C) — Z, which yields an ultrametric absolute
value? |- |, : s +— (#F,)~v=(5). The degree of a place, seen as a closed point x € |C|, is
defined as deg(x) := [F, : k] (the extension k < FF, is finite by [GW20, Proposition 3.33]).

Example 1.3.6. For instance, when C = P}, the places of k(C') = k(t) are of two types: on
the one hand, we have the closed point "at infinity" oo := [1 : 0] € P}, whose associated
valuation v. is given by*! —deg on k[t] C k(t). We have O,__ = k[t] and k,__ = k. All the
other places are the closed points of A}, which are given by irreducible monic polynomials
P over k and their "P-adic" valuation. J

In the context of number fields, we typically think of the non-archimedean places as prime
ideals (and then take products of these), while in the context of function fields, we think
of the places as closed points (and then take sums of these). In the latter case, by "sum"
of closed points, we simply mean a divisor??> D on the curve C' defined over a field k, i.e.,
a (formal) finite Z-linear combination D = > zejc| M - @ of closed points. Its degree is

deg(D) := 3", ¢|c| M [Fa : K]

We can now define the following quantities, attached to an elliptic curve E over a global
field K.

Definition 1.3.7. « Given a non-archimedean place v € V2, we define the reduction E, of
E modulo v as follows. We fix a minimal integral Weierstrass equation for E, of the
form Y?Z + a1,XYZ + a3,YZ? = X3 + a2, X?*Z + a4, X Z? + ag,,Z> for some a; ,
in the discrete valuation ring Ox,. We will denote by E, the plane projective curve
over IF,, defined by reducing the coefficients a; , modulo the maximal ideal of Ok, . The
isomorphism class of this (possibly singular) cubic projective curve E, does not depend
on the choice of a minimal integral Weierstrass model?*, and we have a 'reduction
modulo v" map E — E, coming from the reduction map P?(K) — P?(K,) — P%(F,)
(this follows from [Sil08a, proposition VIL.1.3 (b)]; see [Sil08b, VIL.2, p. 187]).

o The minimal discriminant Apin(E/K) is defined for number fields in [Sil08a, VIII.§]
and for function fields in [Sil08b, exercise 3.35]. As opposed to the discriminant attached
to a Weierstrass equation for E (which depends on the chosen equation, see [Sil08a,

20Some authors define, especially in the case of function fields in positive characteristic, |s| := exp(—vz(s)). This
has the effect of changing the height by the multiplicative constant log(#k) (see remark 1.3.17 below).

21The voo-valuation of a rational fraction f/g with f,g € k[t] and ged(f,g) = 1 is therefore deg(g) — deg(f) € Z.
It is not the degree of f/g seen as a rational map P! -5 P! (which is always non-negative), as done
in equation (1.3.1). Note that the place attached to v is called "place at infinity" even though it is a
non-archimedean place (for number fields, "infinite" places generally refer to the archimedean ones).

2230me authors define a divisor on C' as being a finite Z-linear combination of k-rational points (which
for us would be a divisor on C x k), in which case our definition of divisor would deserve the name of
"k-rational divisor" (i.e., Galois-invariant).

231t is important here to take a minimal integral Weierstrass model. For instance for any prime p > 3, the
smooth plane cubic projective curve XY (X —Y) = pZ3 is an elliptic curve over Q, and its reduction
mod p is not given by XY (X —Y) =01in IP’RQTP (this curve has 3p + 1 Fp-rational points!).
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1.3 — Elliptic curves

Table 3.1]), the minimal discriminant only depends on the isomorphism class of E over
K. In the case of function fields, we see Apin(E/K) as an effective divisor on C.

o Another important invariant is the conductor, defined in [Sil08b, IV.10] and [SilO8b,
exercise 3.36]. More specifically, for each non-archimedean place v of a global field K, one
can attach a sum of two non-negative integers f,(E/K) = ¢,(E/K) + §,(E/K) (which
is 0 if and only if F has good reduction at v), defined using the Galois action on some
l-adic Tate module of E. Here §, is called the wild part (or Swan conductor; it is 0 if
char(k) > 5) and ¢, € {0,1,2} is the tame part of the conductor. In the case of function
fields, we then define the conductor as the effective divisor {(E/K) := 3 ¢ (¢ f(E/K)-x
on C. We denote by f(E/K) its degree.

o We will need to use the Tamagawa numbers. Given a non-archimedean place v € V2,
we define ¢,(E/K) := [E(K,) : E(K,)°], where E(K,)" is the set of points P € E(K,)
such that their reduction P € E,(F,) is a non-singular point. See [Sil08b, Corollary
IV.9.2] for more details (in particular, for the fact that this index is finite). We have
cw(E/K) = 1 at every place v of good reduction for E. Thereby we may define the
integer ¢(E/K) := [] c,(E/K).

veVy

e Finally, an important object measuring the failure of the local-global principle for E-
torsors is the Tate—Shafarevich group. For each place (archimedean or not), we fix a
K-embedding 4, : 3P — K3°P of the separable closures, where K, is the completion of
K with respect to the absolute value induced by v. This induces a injective?* morphism

between the absolute Galois groups i}, : Gk, = Gal(Ki?/K,) — Gk := Gal(K*P/K),

using "conjugation' by ,. These are profinite groups, endowed with the Krull topology

(in particular they are compact, and in fact G, is finite when v is archimedean). In

any case, they act continuously on the discrete abelian groups E(K°P) and E(K®P)

respectively.

To this data, we can associate the Galois cohomology groups (by taking continuous
cocycles and coboundaries) and the restriction maps res, : H'(Gg, E(KP)) —
HY(Gg,, E(K*?)) — HY(Gk,, E(K:P)), which do not depend® on the choice of
the embedding i,,. This prompts us to introduce the Tate—Shafarevich group of E over
K as:

HI(E/K) = ker (H' (G, E() "2 T WY (G, BUG™)).

veEVEK

Remark 1.3.8. In practice, the conductor, the Tamagawa numbers, the reduction types

241t is not difficult to see that 4}, is well-defined, i.e., o(i, (K*°P)) C i, (K*°P) for any o € Gk, . Injectivity
of i, follows from Krasner’s lemma, which asserts that the subset K°® C K, is dense (for the topology
induced by the unique extension to K, of the absolute value ||, on K,), and the fact that any element
o € Gk, defines a continuous bijection of the topological Hausdorff (but not locally compact) field K3,
namely it acts by isometries on K;°F.

2’Two embeddings i., i, differ by multiplication by some g € G, which imply that (i,)* = gisg™*
are conjugate. Note that conjugation by g gives an isomorphism ¢4 : H := Gk, =N gHg !, Let
A= E(K°P) and ¢ : Gk — A be a l-cocycle. Then ¢’ := c|,g-1 0 ¢y : H — A is generally not a
1-cocycle, but g~'¢’ is. An easy computation (using the fact that ¢(¢g™') = —g~'c(g)) shows that g~ ¢’

and ¢|g are cohomologous, so they are equal as cohomology classes in H'(H, A).
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(good, additive, multiplicative) and other local invariants (e.g., the Kodaira symbols) can
be computed using Tate’s algorithm described in [Sil08b, IV.9, p. 364-369). g

Remark 1.3.9 (Elliptic surfaces). Elliptic curves over a function field k(C) are strongly
related to elliptic surfaces over C.

o More specifically, given an elliptic curve E over k(C) (where k is any perfect field), there
is, up to isomorphism, a unique pair (&, 7 : & — C) consisting of a surface & over k and
of a morphism & — C, such that:

— & is smooth over k, projective and geometrically irreducible,
— m:& — C'is a surjective morphism with generic fiber &, isomorphic to E over k.

— For any pair (&’,7" : & — C) satistying the above two properties, if f: & — &’ is
a birational morphism such that 7’ o f = &, then f is an isomorphism.

Its existence and uniqueness are given in [SS19, theorem 5.19], [Ulml11, Lecture 3,
Proposition 1.1] or in [SS10, §3.2]. See also [Ulm14a, proposition 2.1.1] (which mentions
that 7 : & — C is flat, with connected — but not necessarily irreducible or reduced
— fibers). In general, & can be constructed by resolving singularities of a "Weierstrass
model" of E.

We will say that & (together with the fibration ) is the elliptic surface associated to E
over k(C); it is the minimal regular model of E.

The Néron model £ of E is the smooth locus of 7 : & — C, i.e., £ — & is the open
(quasi-projective) subscheme obtained by removing from & the finite set of points z € &
that are singular in the fiber 7=1(7(x)) (see [Sil08b, theorem IV.6.1]).

For example, the elliptic surface attached to the elliptic curve E — P% given by X3 +
Y3+ 73 =tXY Z is the smooth?® surface & C P? x P! given by (see [SS19, example 5.7],
see also the remarks in [SilO8b, p. 200])

{([w:y:2],[to:t1]) € P2 x P! to(2® +y* + 2°) —tiayz = 0}.
A more delicate example is computed in [Ulm02, §3].

o There is a natural one-to-one correspondence between k(C')-rational points of E and
sections of 7w : & — C' defined over k (see [SS19, proposition 5.4] or [Sil08b, proposition
I11.3.10]) : given a section o : C — & of 7 (i.e., m o 0 = id¢), we attach the point
P = &,Nno(C). Conversely, we will denote by op the unique section corresponding to
P € E(k(C)) and we will denote by

(P) = O'p(O) cé&
its image. It is a smooth irreducible divisor on &, which is isomorphic to C.

o Almost all the fibers F, := 7~ 1(v) of © (above v € |C|) are elliptic curves. In general,
fibers are classified according to their Kodaira symbol (see [Sil08b, table 4.1, p. 365]).

26 In general, the construction from [Sil08b, p. 200] does not give a smooth surface. For instance, if we
consider the projective surface —Y2Z™72 4 X32™3 4 Z™ L T™ = 0 in P}, then it is singular at all
points of the form [X : Y : 0:0].
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We denote by m, the number of irreducible components of a fiber F, over k = F,,
counted without multiplicity (note that in general we have an equality m, > ¢,(E/K)
which is not always an inequality, compare the 3rd and 4th rows of table 4.1 in [Sil08b, p.
365]). See also [Ulml4a, §2.3] for the notion of multiplicity. We will denote by {©,; :

0 < i < my— 1} the set of irreducible components of F,, where ©, ¢ is the unique
irreducible component that intersects the zero section (O).

o We will denote by Div(&) the free abelian group of divisors (or 1-cycles) on &, generated
by closed irreducible curves C' C &. An element in Div(&) ®7 Q will be called a Q-divisor
(this will be used in proposition 1.3.26).

o Given a smooth projective surface S, we will denote by D - D’ the intersection product
of two divisors D, D" € Div(S) (see e.g., [SS19, §4.3]). It induces a symmetric bilinear
pairing Pic(S) x Pic(S) — Z and actually this descends to a bilinear map NS(S) x
NS(S) — Z where NS(S) denotes the Néron—Severi group of S (i.e., the intersection
product is invariant under algebraic equivalence and not only linear equivalence).

e Given a smooth projective surface S over a perfect field k, we define the Euler character-
istic as x(S) = Y.7_,(—1)" dimy H'(S, Og), using sheaf cohomology (see [SS19, §4.3, p.
63]).

We define the topological Euler number of a proper variety X as follows: we fix a prime
¢ # char(k) and set e(X) := 37,5 4(—1)" dimg, (HE, (X x1 &, Qr)) (see [SS19, §4.7, p. 70]
and [Dol72, §1] which will be needed in the proof of item 4 of proposition 1.3.26). 2

1.3.2 Heights and Mordell-Weil lattices

One of the most important results on the arithmetic of elliptic curves over global fields is
the following finiteness statement.

Theorem 1.3.10 (Mordell, Weil, Lang, Néron). Let E be an elliptic curve over a field K.
Then the abelian group E(K) of K-rational points, called the Mordell-Weil group of F
over K, is finitely generated in the following cases:

o K is a global field (i.e., a number field or a global function field),

o K =k(C) is a function field of some smooth projective geometrically irreducible curve
C over a field k, and E is non-constant. a

Proof. — For the first item, see [Sil08a, theorem VIIL.6.7] or [HS00, Theorem C.0.1] for
"modern proofs" over number fields and [Con06, corollary 7.2] or [Kah(6, corollaire 3] over
global function fields (the latter two references prove Lang—Néron theorem, which asserts in
particular that A(K) is finitely generated for any abelian variety A over a field K which is
finitely generated over its prime subfield). See [SilO8b, theorem II1.6.1] or [Con06, example
2.2, theorem 2.3] for the second item. For a sketch of the proof in the case of global function
fields, see remark 1.3.19 below. |

Definition 1.3.11. 1. Let K be a field as in the above theorem 1.3.10 and E be an elliptic
curve over K, so that E(K) = Z" & T for some unique integer r > 0 and a unique finite
abelian group T
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The integer r = dimg(E(K) ®z Q) is called the algebraic rank or Mordell-Weil rank of E
over K and is denoted rkz(E(K)) or rk(E(K)) or rk(E/K). The subgroup 7' — E(K)
is the torsion subgroup, which we will denote by E(K )tors-

2. If K = k(C) is any function field and FE is a non-constant elliptic curve over K, then the
geometric rank of E is defined as the Mordell-Weil rank of E over k(C). 5

When K is a global field, an important feature of the Mordell-Weil group F(K) is that it is
endowed with a quadratic form h : E(K) — R, which we now describe in the case of global
function fields (and it can somehow be used to prove theorem 1.3.10, see remark 1.3.19).

Given a Weierstrass equation for E < P2. over K = k(C), we have a degree-2 cover map
x: E — P! given by the x-coordinate®”. Moreover, any element f € k(C) \ k = k(C) \ k
determines a unique dominant rational map C --» P! over k (see [GW20, corollary 15.22]),
which has to be a surjective morphism since C' is a normal curve and P! is projective (see
[GW?20, propositions 15.5, 15.16]). Thus, its degree deg(f : C — P1) is well-defined. We
extend this definition to the constants by setting deg(a) := 0 for any a € k. Now, for every
P € E(k(C))~{Og}, we can see the element z(P) € P} (k(C))~{[1: 0]} = AL (k(C)) = k(C)
as a rational map C' --» P!. Following [Sil08b, II1.§4], we can therefore define the naive
height as?®

h: E(K) — Z;O
o {deg(x(P)) if P+#0Op (1.3.1)

0 else.

Remark 1.3.12. Note that for instance, when C' = P! and z(P) = % € k(t) for some

coprime polynomials a, b € k[t], then deg(x(P)) = max{deg(a),deg(h)} (see [Gall2, Lemma

8.1.9]). .
We then define the (canonical) Néron—Tate height as
h(P) := ngrfoon_2 -h(nP) € Rxg (1.3.2)

for every P € E(K) (see [Sil08b, theorem III.4.3.a), b)] — or [Sil08a, proposition VIIIL.9.1]
over number fields — for the existence of the limit). It is a quadratic form, such that
h(P) = 0 if and only if P € E(K )iors (see2? [Sil08b, theorem I11.4.3]). We can associate the
Z-bilinear pairing (—, —)nt : E(K) x E(K) — R given by

(P.Qnr =5 (P +Q) ~h(P) ~ h(@). (133)

2"For instance if E is given by Y2Z = X3 4+ aXZ? + bZ3 then we have a rational map z : X:Y:Z]—
[X : Z] well-defined on E ~\ {Op}. When X # 0 # Z, we have [X : Z] = [X?: ZX?] = [V?Z —aXZ? —
bZ3: ZX?| = [Y? —aXZ — bZ? : X?] which defines a rational map &’ : E --» P'. But actually we have
x =2a' : E — P! as morphisms, so that 2(Og) = [1: 0].

28To be precise, we should denote this height by hg/k, wheret: E < P? is the embedding given by a
Weierstrass equation. Indeed, the naive height is not invariant under base-change: if K = k(C) — K’ =
k(C"), then an element x € K gives raise to maps C — P! and ¢’ — C — P! which may not have the
same degree. Here we do not normalize by 1/[k(C') : k(t)].

2Tn part d) of [Sil08h, theorem 111.4.3], the author assumed that E is not constant over k(C), but here
we do not need this assumption. What matters is that for each B > 0, there are only finitely points of
height at most B, which is true when k is finite (see the end of remark 1.3.19 for the case C' = P').
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We note that & induces a quadratic form on E(K)/E(K )ies (that we still denote by h),
because we have h(P 4+ T) = h(P) for all P € E(K) and T € E(K )iors; equivalently, we
have (P,T)xt = 0 for all such points (if nT = Op for some n > 1 then n(P,T)xT =
<P, nT)NT = <P, OE'>NT = 0)

It follows (from the equivalence h(P) =0 <= P € E(K)io) that & is positive definite
on E(K)/E(K )tors. In fact, more is true: h is positive-definite on E(K) @z R (see [HS00,
Corollary B.5.4.1] or [Sil08a, Lemma VIIIL.9.5]). Henceforth, we can introduce the following
terminology.

Definition 1.3.13. Given an elliptic curve E over a global field K, the Mordell-Weil lattice
of E over K is the lattice given by the pair (E(K)/E(K)tors, ). g

The discriminant of the Mordell-Weil lattice of E over K is known as the regulator:
Definition 1.3.14. The regulator of an elliptic curve E over a global field K is defined as
Reg(E/K) = det (P, Pi)x1i<ijer) € Rso,

where {Pi, ..., P.} is any Z-basis of the free abelian group E(K)/E(K )iors (in particular®’,
we have Reg(E/K) = 1 if the rank is r = 0). 5

Here is the relation between the naive and the Néron—Tate heights; the following useful
result actually characterizes the Néron—Tate height.

Lemma 1.3.15. Let E be an elliptic curve over a global field K. Then:

1. The Néron-Tate and naive heights differ by a bounded function: h — h = O(1). In other
words, there is a constant C' > 0 such that for all P € E(K), we have |h(P) —h(P)| < C.

2. Moreover, h is the unique quadratic form on E(K) that is such that h — h is bounded.
More precisely, let d > 2 be a given integer, P € E(K) and h' : E(K) — R be a function
such that h'(d"P) = d*"hW (P) for allv > 0 and b/ — h is bounded on {d"P : r > 1}.
Then ' (P) = h(P). 4

Proof. — 1. See [Sil08Db, theorem II1.4.3.b)] when K is a function field (the statement
therein has a factor 4, which we do not have; see remark 1.3.17).

A~

2. Let C" > 0 be such that ‘h’(dTP) —h(d’"P)‘ < C' for all v > 0 and set C” =
max{C,C'} > 0, where C in as in the first item. Then for all integers r > 0 we
have

|A(P) — I (P)| =

h(P) — d’zrh’(dTP)‘

N

h(P) — d‘”h(d’“P)‘ +|d=2h(d"P) — d~¥ R (d" P)|
2-d7%"- 0" =0,

N

as r — oo, which shows that h/(P) = h(P) as desired. |

30This is not a "convention". An  x 7 real matrix is a map {1, ...,r}?> — R, so when r = 0 there is a unique
such matrix (the empty map), and its determinant is a sum over Bij(&) = {id} of an empty product, so
it equals 1.
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Remark 1.3.16. We briefly explain here why h : E(K) — Ry is a quadratic form. It is
equivalent to saying that h(Og) = 0 and for all Py, Py, P3 € E(K) we have h(—Py) = h(P;)
and

h(Py+Py+P3) — h(Py4Py) — h(Py+Ps) — h(Po+Ps) 4+ h(Py) + h(Py) + h(P5) = 0.  (1.3.4)

Indeed, (1.3.4) corresponds to the Z-bilinearity of (—, —)nT, and then using the properties
h(Og) = 0 and h(—P) = h(P) for all P € E(K), one can deduce that & is Z-homogeneous
of degree 2, i.e., h(nP) = n2h(P) for all n € Z, see [HS00, lemma A.7.2.6] (so in particular

— using n = 2 — one gets h(P) = (P, P)nT).

The facts that 2(Og) = 0 and h is even are obvious, while (1.3.4) can be proved "by hand"
as in [Sil08a, Theorem VIII.9.3] (or [Mil06, proposition IV.4.9]), but we can argue as in
[HS00, Theorem B.5.1] or [Ser89, §3.3, p. 35-36] via more conceptual arguments.

Namely, the theorem of the cube (see [EvdGM, theorems 2.5, 2.7], [Mum12, I1.§6, p. 52] or

[HS00, A.7.2.1]) implies that for any divisor D on E, the divisor > (=) Hlxx(D)
@#IC{1,2,3}
is a principal divisor on the variety E3, where 77 : E3 — E is the morphism (21, 29, x3)

> ier ;. This implies that > (=D)*# hpors is bounded as a function E(K)? — R
@#1C{1,2,3}

(see [HS00, theorem B.3.2]), where hp : E(K) — R is the height defined (up to a bounded

function) in [HS00, Theorem B.3.2]. From there, it readily follows that (1.3.4) holds (i.e.,
Y (=)™ #hom; = 0) by taking the ample basepoint-free divisor D = 2(Og) (for

G#IC{1,2,3}

which hp = h is the naive height, see [Ser89, §3.5, p. 39-40]: D provides a morphism

E — P(L(D)) = P! where L(D) is the Riemann—Roch space of D, of dimension 2) and

taking the limit defining A as in equation (1.3.2). 5

Remark 1.3.17. We point out that the heights are sometimes normalized in a different way.
The main properties of the canonical height h (quadratic form, positive-definite on the
torsion-free part, finiteness of the number of points of bounded height) are preserved under
scaling by positive real numbers. However, there is a unique normalization that can make
the BSD formula (1.3.13) and theorem 1.3.24 true.

« Some authors define the naive height as #'(P) :=  deg(z(P)) so their "canonical" height
R is half ours, i.e., h' = %ﬁ (or for instance in [Sil08b, Theorem II1.4.3], the naive height
is the same as ours but Silverman defined h’ with a factor % in front). But in general
they also define (P, Q)" := h/(P + Q) — I/(P) — I/(Q) (as in [Sil0O8b, Theorem II1.4.3.c)]
or [Sil08a, VIII.§9]), which is consistent with our definition of (—, —)nr.

For instance, in [Oes90], the height of a point P in a constant elliptic curve E over k(C')
is defined as h/(P) = deg(¢p), where ¢p : C' — E is defined in remark 2.4.1. But then
the regulator is defined with respect to the a pairing such that (P, P) = 2h/(P), so that
it coincides with the one we defined?!.

» In some cases, there is a factor log(#k) in the definition of the heights (see also the
footnote on page 34). For instance, in [Groll, Lecture 3, §2], in the case of constant

1
31 However, on page 388, we point out that there is a missing factor |k|12 deg(Amin) in his Birch-Swinnerton-
Dyer formula. (This does not affect the rest of his paper since the author is considering constant

curves).
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curves E/k(C'), the author defines (P, P)" = 2log(#k) deg(¢p : C — E) = log(#k)h(P)
(see remark 2.4.1 for the notations). See also remark 1.3.33.3. J

Remark 1.3.18. It is shown in [Sil08b, theorem II1.9.3] that when E is an elliptic curve over
a global function field K = k(C'), the Néron—Tate height takes values in Q, that is, we have
a map h E(K) — Q. (Depending on the normalization mentioned in remark 1.3.17, some
authors consider a height with values in log(#k) - Q C R; in any case the image is contained
in a 1-dimensional Q-vector space). We will actually give soon a stronger statement for a
certain sublattice of the Mordell-Weil lattice in theorem 1.3.24. This contrasts with the
situation over number fields, where the Néron—Tate height is typically expected to take
transcendental values. a

Remark 1.3.19. With the help of the canonical height, we can sketch the proof of theo-
rem 1.3.10 when E is any elliptic curve over K = k(t) and k is finite.

o First, we show that the quotient group E(K)/mE(K) is finite for every integer m >
1 which is coprime to char(K). For any finite Galois extension K'/K, the map
E(K)/mE(K) — E(K')/mE(K') is injective by [Sil08a, VIII.1.1.1], so we may as-
sume that E[m] C F(K), which implies ,,(K) C K* by Corollary I11.8.1.1 in [Sil08a]
and so E[m] = (Z/mZ)? = u?, as Galois modules. Since the multiplication-by-m map
[m] : E — E is surjective on K®®P-rational points (because m is coprime to char(K),

[EvdGM, corollaries 5.10, 5.11] apply), we obtain an injective morphism
E(K)/mE(K) — H' (G, E[m]) = (K*/K>*™)?, (1.3.5)

from the long exact sequence in Galois cohomology and Kummer isomorphism. Now, it
turns out that the image of the map (1.3.5) lies in K (S, m)?, where

K(S,m):={fe K*/K*™ : v(f)=0 (modm),Vv e VL~ S}

and S is a finite set of valuations on K (see [Sil08b, p. 194] for m = 2). Thus we
are left with proving that K(S,m) is a finite set, which is just a statement about
global fields (not about elliptic curves). In the case of function fields, one needs to
use the facts that the m-torsion of the class group of K = k(C) is finite (in general
CI(K)[m] = Pic’(C)[m] — (Z/mZ)?9 where g is the genus of the curve C) and the
obvious fact that O /O™ is finite, where Ox = Ok o := k.

o The second part of the proof involves heights. If S C A := E(K) is a finite set of points
whose classes modulo m generate E(K)/mE(K), then one can show (see VIIL.3.1 in
[Sil08a] or C.0.3 in [HS00]) that F(K) is generated by the set

S":={PeEK) : h(P)< max hQ)}.
It remains to check that there are only finitely many points with bounded Néron—Tate
height, or equivalently with bounded naive height (by lemma 1.3.15). For every B > 0
we have {P € E(K) : h(P)< B} Ca'({Q € K : deg(Q) < B}) where x : E — P!
is a degree-2 morphism and deg(Q) is described in remark 1.3.12. Now, the fibers of =
have size at most 2, and it is clear that there are only finitely many rational functions in
k(t) of degree < B (because k is finite). From this it follows that the above set S’ is
finite, as desired. y
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We now introduce a sublattice of (E(K)/E(K )tors, 1), which is very convenient because of
theorem 1.3.24 stated later, which gives an explicit lower bound on the A; of this sublattice.

Definition 1.3.20. Let F be an elliptic curve over a global field K. We define F(K)? C E(K)
to be the set of all the points P € E(K) such that for every non-archimedean place v
of K, the reduction P is a non-singular point on the reduction E, of a minimal integral
Weierstrass model E, of E at v. In other words, we have

E(K)":= () (B(K)NE(K,)°),

'UGV}%

using the notation F(K,)° from definition 1.3.7. J

It is known that E(K)? C E(K) is in fact a subgroup. This follows from the fact that
E(K,)° C E(K,) is a subgroup for all v € V2, see the proof of [Sil08a, proposition VIL.2.1]
(which uses the description of the group law on elliptic curves in terms of intersection of
lines with the cubic curve). Alternatively, one can use the fact that E(K,)° = £2(Of,) is a
subgroup inside &,(Ok,) = E(K,) where &, denotes the Néron model of E over K and &2
is the connected component of the neutral element (see [Sil08b, Remark IV.6.1.2, Exercise
4.25, Corollary 1V.9.2]). Then we may give the following definition.

Definition 1.3.21. The narrow Mordell-Weil lattice of E over K is the free abelian group
E(K)°/(E(K)° N E(K)ors) endowed with the quadratic form induced by h. 5

Remark 1.3.22. There are alternative definitions of the narrow Mordell-Weil lattice, in-
volving the elliptic surface & — C associated to C. See lemma I11.9.4 and remark 9.4.1 in
[Sil08b] or [SS19, §6.7]. In the latter reference, they define E(K)? as the set of all points
P € E(K) such that at each closed point v € |C], the section (P) C & intersects the
connected component of the fiber &, that meets the identity section (Og). J

Lemma 1.3.23. Let E be an elliptic over a global field K. Then the index [E(K) : E(K)°]
is finite and divides the product ¢(FE/K) = ][] c¢,(E/K) of the Tamagawa numbers. In

veVy
particular, the narrow Mordell-Weil lattice is a sublattice of the Mordell-Weil lattice which
has the same rank. |
Proof. — We first observe that there is an exact sequence of abelian groups

0 —— E(K)O — E(K) — ] E(Kv)/E(Kv)O.
veV2

which induces an injective group morphism E(K)/E(K)° — [] E(K,)/E(K,)?=:G. In
vevy
view of the properties of the Tamagawa numbers mentioned in definition 1.3.7, we know

that G is finite of order ¢(E/K) (recall that for all but finitely many places v, we have
cy(E/K) =1). Thus the index [E(K) : E(K)°] is indeed finite and divides ¢(E/K). W

Over global function fields K = k(C), the important features of the narrow Mordell-Weil
lattice are given by following result.
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1.3 — Elliptic curves

Theorem 1.3.24 (Shioda). Let E be an elliptic curve over a global function field K = k(C).
Then the narrow Mordell-Weil lattice is an even (hence integral) lattice: h(P) € 2Zsq for
all P € E(K)°. Moreover, for every P € E(K)? \ {0} one has

> deg (Amin(E/K))
h(P) > . .

In particular, if E has at least one place of bad reduction over K, then E(K)° is torsion-free,
so that (E(K)°, h) is a lattice with A (E(K)°) > (M)l/2 > 0. S

Proof. — See theorem 6.44, as well as theorem 6.24 and §5.12 (especially theorem 5.47 and
corollary 5.50), in the book®? [SS19]. For convenience, a sketch of the proof of Shioda’s
result is given after proposition 1.3.26 below (in particular, we check that the pairing (—, —)
defined in [SS19, Theorem 6.20] coincides with the Néron-Tate pairing (—, —)nr defined in
equation (1.3.3)).

Note that in [SS19, chapter 6], it is assumed that k is algebraically closed, so the lower
bound on A(P) in fact holds for any P € E(k(C))° ~ {0}. The fact that E(K)° is integral
is also proved in [Sil08b, Theorem II1.9.5.c)]. [ |

Remark 1.3.25. 1. In [SS19], all elliptic surfaces are assumed to have at least one singular
fiber (by convention 2.10, ibid.), i.e., E has always at least one place of bad reduc-
tion over K. If C' = P}, it suffices to assume that F is not constant to ensure that
deg (Anin(E/K)) > 0, see [Sprl3]. For a general curve C, assuming that an elliptic
curve E over k(C') is non-isotrivial is sufficient (any pole of the j-invariant — seen as a
rational map j : C — P! — is a place of bad reduction for E).

2. The lower bound from theorem 1.3.24 is not always attained. For instance, in [E1k97],
one takes K = k(t) with k = Fy12 and E : y? +y = 2% + ¢33 4 ag where ag € k is such
that try/g,(ag) = 1. Now, it is proved in [E1k97] that E(K) = E(K)? (on page 3) and
that A1 (E(K))? = 8 (on page 4), while we have § deg (Awin(E/K)) = 38 =6 (this then
gives a Mordell-Weil lattice E(K) homothetic to the Leech lattice). However, in many
examples we will treat, the lower bound will be sharp (see proposition 3.2.14).

3. For the full Mordell-Weil lattice E(K)/E(K )tors, see [SS19, Theorems 6.20, 6.24, Table
6.1] for an explicit description of the height pairing. It is not true that the height takes
values in the integers (see [SS19, Example 6.26] or the point @, in remark 3.2.21), but it
always takes values in O, as mentioned in remark 1.3.18. More specifically, let & — C be
the elliptic surface attached to E/K = k(C) as in remark 1.3.9, and denote by (P) C &
the (image of the) section attached to a rational point P € E(K). Then [SS19, theorem
6.24] states that

h(P) =2x(&) +2(P) - (0) = > 7(P) (1.3.6)
vevy

where 7, (P) € Q are certain rational numbers, such that ~,(P) = 0 if v is a place of
good reduction or if P € E(K)?. See [SS19, definition 6.23 and table 6.1, p. 127] for
more details. (Furthermore, by proposition 1.3.26 we have x(&) = 5 deg (Amin(E/K))).

321n convention 2.10 bid., it is assumed that E has at least a place of bad reduction, but the above lower
bound trivially holds without this assumption, for instance when E is a constant curve.
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4. Theorem 1.3.24 can be seen as a variation®® on a conjecture of Lang (over function

fields), which asserts that for any global field K, there is constant cx > 0 such that for
any non-torsion point P on any elliptic curve E over K, one has

. log (N g(Amin(E/K))) if K is a number field,
h(P) 2 CK -
deg (Amin(E/K)) if K is a function field.

See for instance [HS88], [GS95b, theorem 7, p. 79]3* or the proof of [HP16, proposition
7.6, p. 80] for some results towards this.

For an upper bound on A1 (E(K)) over number fields, see [Sil08a, Conjecture VIIL.10.2]. .

To finish this subsection, we explain some steps towards a proof of theorem 1.3.24. Here is

a quick overview that summarizes the key ingredients, where we use the notations from
remark 1.3.9.

1.

First, the Néron—Tate height is expressed in terms of an intersection product: E(P) =
—Dp - Dp, where Dp is a certain Q-divisor on the elliptic surface & — C attached to E,
involving the section (P) as well as other prime divisors, with the Euler characteristic
x(&) € Z appearing in some coefficient. In particular, the canonical height takes values

in Q.
The canonical bundle formula and adjunction formula will imply the following identity for

the self-intersection product of a section of a point P € E(K): (P)-(P) = —x(&). Using
the first step, it will give us the lower bound h(P) > 2x(&) for every P € E(K)° ~ {0}.

1
Finally, there is an identity x(&) = - deg(Apmin). Together with the step 2 above, this
allows to conclude the proof of theorem 1.3.24.

We now make these steps a bit more detailed, by stating the following results (and using

notations from remark 1.3.9).

Proposition 1.3.26. Let E be an elliptic curve over a global function field k(C) as in
definition 1.3.2.

1.

Assume that E is given by y? = 23 + Az + B and let P € E(K) be such that 2P # O
and xz(P),y(P) have no poles in common with A and B. Then

(P)-(0) = 3h(P).

2. There exists a map E(K) — Div(&) ®z Q denoted P — T'p such that

(a) The set { (P) —(0))-T'p : P € E(K)} C Q is finite.
(b) If P € E(K)" \ {O} then ((P) — (O))-Tp = 0.

33The point is that Shioda’s lower bound is valid for E(K)°, not for the full Mordell-Weil lattice, where

bad places will play a role (see e.g. [SS19, Table 6.1] for the local contributions to the height at places of
bad reduction).

34 As pointed out in [HP16, remark 1.18], an hypothesis of separability of the j-invariant is omitted from

the original statement, but is used in the proof.
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1.3 — Elliptic curves

(c) If we let Dp := (P) — (O) 4+ I'p, then the self-intersection product of Dp satisfies
“Dp-Dp = 2P)-(0) — (P — (O + ((P) - (0)) - Tp.
(d) The assignement (P,(Q) — —Dp - D¢ is bilinear on E(K) x E(K).
3. For all P € E(K), the self-intersection of the section (P) equals (P) - (P) = —x(&) (in
particular, it does not depend on P).

4. We have x(&) = 5e(&) and (&) = deg (Amin(E/K)). (In particular, deg (Amin(E/K))

is an integral multiple of 12). y

Before explaining how the proof of the above proposition 1.3.26 goes, we use it to deduce
Shioda’s lower bound on A (E(K)°).

Sketch of the proof of theorem 1.3.24. — « We first check that h(P) = —Dp - Dp for all
P € E(K), where Dp is as in item 2c above (we fix a choice of I'p). From items 2c
and 3 we have

—Dp-Dp =2x(&) +2(P) - (0)+ ((P) = (0)) - T'p
=2(P)-(0)+0O(1) by item 2a
=h(P)+O(1) by item 1.
Thus, using the bilinearity of (P,Q) — —Dp - Dg stated in item 2d, we see that

lemma 1.3.15 allows us to conclude that h(P) = —Dp - Dp. In particular, h(P) € Q for
all P € E(K).

e Now, if P € E(K)? \ {O} we have

h(P)=—Dp-Dp = 2x(<?) +2(P) - (0) by item 2b (1.3.7)
2x(&)
deg (Amin(E/K)) by item 4
6

where we used the fact that if P # O, then the sections (P) and (O) are distinct
irreducible curves on &, so their intersection product is non-negative. Hence we get the
desired lower bound. |

Proof of proposition 1.3.26. — 1. See [Sil08b, proof of theorem III1.9.3, p. 250] (it is as-
sumed that k is algebraically closed of characteristic 0, but the proof of this part does not
rely on these hypothesis). This is shown by writing (P)-(O) as a sum of local intersection
numbers, and relating each of them to the valuation of z(P) at the corresponding place.
(Note that [Sil08b, theorem II1.9.3] has a factor  in the last part of the statement; see
remark 1.3.17 above).

2. The map P +— I'p is not unique; one definition is given in [SilO8b, p. 247] using [Sil0O8b,
proposition II1.8.3], another one is given in [SS19, lemma 6.16]. In both cases, the
properties stated in proposition 1.3.26, item 2 hold: see [Sil08b, proof of theorem I11.9.3,
p. 248-249].

Namely, we can take I'p as the Q-divisor given by

Ip:i=—((P)-(0)+x(E)E + > o, Jpy € Div(€)®2Q,
v€E|C|
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_%
where, using the notations from remark 1.3.9, ©, = (0,1 Oy m,—1) is a vector
—
of irreducible divisors on &, Jp, := “((P)- Ov,i)1cicm. 1 18 a column-vector with

integral entries given by intersection products, and the Gram matrix A, is defined via

(Av>i,j = @v,i ' @U,j‘

3. This is [SS19, Corollary 5.45]. The proof relies on the adjunction formula (which allows
to compute the self-intersection product in terms of the canonical divisor class Kg of
the elliptic surface &, see [SS19, Theorem 4.11]) and on the canonical bundle formula
of Kodaira (which tells us more precisely what is K¢, see [SS19, Theorem 5.44]) — the
latter being specific to elliptic surfaces.

4. The first identity is proved as [SS19, Corollary 5.50]; it relies on Noether’s formula
(Riemann—Roch theorem for surfaces).

The second identity is given in [SS19, §5.12]. It is convenient to assume that k is
algebraically closed, so that all places v € |C| have degree 1. First, one can relate® the
Euler number of a fiber F,, of 7 : & — C above v € |C| to its number of components m,,.
Then a result of Dolgachev [Dol72] (based on work of Grothendieck) states that
(&)=Y (e(F) +d), (13.5)
ve|C|
where ¢, is the wild ramification part of the local conductor (as defined in [Sil08b, IV.10,
p. 380]; we have &, = 0 unless char(k) € {2,3}). Finally, using Ogg’s formula (see [SilO8b,
theorem IV.§11]), one can prove that e(F,) + &, = v(A) for all places v € V), by doing a

case-by-case analysis depending on whether v is a place of good, additive or multiplicative
reduction. All in all, this allows to conclude that e(&) = deg (Amin(E/K)). [

1.3.3 L-functions, ranks and Birch—Swinnerton-Dyer conjecture

An important tool to study some arithmetic invariants of an elliptic curve E over a global
field K is to look at its L-function L(E /K, s), whose special value at s = 1 contains a lot of
information, as the rank, at least conjecturally. We now recall how the L-function is defined.
In the sequel we assume that K = k(C) is a global function field as in definition 1.3.2.

Definition 1.3.27. Let E be an elliptic curve over K = k(C) and let k,, C k be the extension
of degree n over k.

1. For every place v € V2, define the integers

Ap(v,j) = [k + 1 — |Eu(k;)] o)
ay(E) = Ap(v,deg(v)) = [Fy| + 1 — [E,(Fy)|, :

where j > 1 is any integer multiple of deg(v) := [F, : k] (so in particular k; is an
extension of IF,,).

35For instance, if the fiber F, is multiplicative with Kodaira type I, where n > 2, then e(F,) = m.,, since
F, is given by "gluing" n copies of P! (see [Sil08b, theorem IV.8.2, p. 353]), so

e(In):e(|i|]P’l)— o= n-e(P)—n=2n—n=n=|(F)

i=1 n gluings
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1.3 — Elliptic curves

2. We define the local factor at v as

1 — a,(E)T98) 4 |k|des(v)72dee(v) if F has good reduction at v

L,(E/K,T):=
B/ ) {1 — a,(E)Te®) else.

3. The L-function of FE over K is defined as>%

L(E/K,T):= [] L.(E/K,T)"" € Z[T]. J

veVvy

Remark 1.3.28. 1. We explain how a,(F) behaves when v is a place of bad reduction
for E. Namely, a,(E) is equal 0 if E has additive reduction at v, and +1 if F has
multiplicative reduction at v, the sign depending on whether the reduction is split or
non-split multiplicative (this follows from proposition II1.2.5 in [Sil08a], see also section
2.10 in [Was08]); see also footnote 23 on page 34.

2. Over number fields, the L-function is rather defined as a function of a complex variable
s € C with Re(s) > 3/2 by taking the product of L,(E/K,N(p)~*)~! over all primes
v=p €V2. So it is not defined as a formal Laurent series in some variable 7. g

One can re-write the L-function as follows, by an elementary computation. This will be
very useful in the sequel.

Proposition 1.3.29. Let E be an elliptic curve over a global function field K = k(C'). Then
we have, using the notations from definition 1.3.27:

\T7
log L(E/K,T) = Z ( Z AE(vx,])>,.
721 \zeC(kj) J
where v, is the place corresponding to the closed point attached to the rational point x

(i.e., its Galois orbit under Gal(k/k)) and k; C k is the extension of degree j of k. 5

Proof. — This is [Gril6, Lemme 1.3.15], which is stated only for C' = P!, but the proof
immediately generalizes. |

In fact, we can say more about the L-function.

Theorem 1.3.30 (Grothendieck, Deligne, Raynaud). Let E be an elliptic curve over over a
global function field K = k(C') and let go = 0 be the genus of C. Then:

o The L-function L(E/K,T) is a rational function of T, i.e., L(E/K,T) € Q(T). Its
degree’” is D(E/K) := f(E/K) +2- (29c — 2).

e For any root a of L(E/K,T) and any complex embedding + : Q — C, the complex
modulus of t(a) is |t(a)] = (#k) 7L

36We explain what this infinite product of rational fractions means (see also [Lor96, VIIL.§4]). By taking
the Taylor expansion at T = 0, one can see that L, (E/K,T)"' € Z[T%#")] (the coefficients are integers
since L, (E/K,0) = 1). Then the product over v € V> makes sense (as a power series) because for all
n > 1, there are only finitely many places v of degree n.

3"Here we take deg = —vo0, where vso is the valuation described in example 1.3.6.
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e We have a functional equation
L(E/K,|k|72T7Y) = - (|k|T)"PE/X) . L(E/K,T), (1.3.10)
for some € € {£1}, where D(E/K) is as in the first item.

o If moreover E is non-constant, then L(E/K,T) € Z[T] is a polynomial with constant
term 1. J

Proof. — See [Groll, theorem 2.6 and appendix D (for char(k) > 5)] and [Ulm11, Lecture
1, Theorem 9.3 and Lecture 4, §1 (Theorems 1.3.3, 1.4.1) and §2]*® for modern expositions,
including the case of more general Galois representations (e.g., arising from abelian varieties).

The last item is proved by constructing, for any fixed prime ¢ # char(k), a certain finite-
dimensional Q;[G]-module V(E/K), where G := Gal(k/k) (coming from the first étale
cohomology group of some lisse f-adic sheaf on C' xj, k) such that L(E/K,T) = det[id —
TFr, ~ V(E/K)] € Q[T] is the "reciprocal" characteristic polynomial of the Frobenius
Frj, : @ — 2/*l acting on V/(E/K). See [Ulm11, lecture 4, theorem 1.3.3] for more details. M

Remark 1.3.31. 1. In particular, theorem 1.3.30 allows us to speak of the order of vanishing
of the L-function at any®” given value of T in C.

2. It is not too difficult to show that the L-function is a rational function, by relating it
to the zeta functions of the elliptic surface & attached to FE (as in remark 1.3.9) and of
the curve C. The details are given in [Ulm11, Lecture 3, §6] and [Shi92b, lemma 5, p.
105]. But this approach does not explain why the L-function is a polynomial when E is
non-constant; this fact requires étale cohomology to be proved.

3. If E = Ey xj k(C) is constant, then the L-function can be expressed in terms over the
zeta function of C' over k as
k| T \k|T> (1.311)
B B2
where 31, 32 € Q are such that the numerator of the zeta function Z(Ey/k, T) of Ey over
kis (1 —1T)(1 — B2T) (see [Oes90, §3.2, p. 391] and [Groll, equation (D.3)]; recall
that 3182 = |k|). We see that, as a ratio of two coprime polynomials of degree 4g and 4

L(E/K,T) = Z(C/k,ﬁlT)Z<C/k, 52T) = Z(C/k, )Z(C/k:,

respectively, the L-function has degree 4g — 4 as expected. g

We now recall what the Birch-Swinnerton-Dyer (BSD) conjecture is, and what is known
about it. Originally, it was stated for elliptic curves over @, but it was then generalized to
abelian varieties over any global field. We first introduce the following notations.

Definition 1.3.32. Let E be an elliptic curve over a global function field K.

deg(Amin(E/K))
1. The (exponential differential) height of F/K is H(E/K) := |k| 12

38Note that the equation (1.3.1) loc. cit. has some typographic misprints; it should read L(p,T) =
[1, det(1 — 79 Ry, | Vo)=L,

39Except possibly if E 2 Fy x, K is constant, in which case T € {(|k| - 1), (|k| - B2)~*, 87, 85 1} are
the 4 poles of L(E/K,T), where Bl_l, 52_1 are the 2 roots of the (numerator of the) zeta function of Eg
over k (see equation (1.3.11)).
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2. The analytic rank p(E/K) of E over K is the order of vanishing of L(E/K,T) at
T = |k|™", that is, p(E/K) := ordy_ -1 L(E/K,T).

3. The special value of the L-function of E/K is the non-zero rational number

L*(E/K) = ;L(")(E/K,T)‘

T=|k|-1
where p = p(E/K) and L(*) denotes the derivative of order p of the L-function. 5
Remark 1.3.33. 1. Because the L-function is a rational function in Q(T") by theorem 1.3.30,
L(E/K,T
we also have L*(E/K) = L(E/K.T) and this is a non-zero rational number.
(L= [K[T)P |y

2. From theorem 1.3.30 and equation (1.3.11) we deduce an upper bound on the analytic
rank:

(B/K) < 4g9¢c if F is constant (1.3.12)
P S\ A(E/K) +4gc — 4 else. o

We will see in theorem 1.3.35 that rk E(K) < p(E/K) always holds, so this also gives an
upper bound on the algebraic rank. When F is non-constant, this is actually a bound
on the geometric rank of E over k(C) (see definition 1.3.11), since the degree of the
conductor does not change under algebraic extensions of the field of constants.

3. We can consider the following complex-analytic version of the L-function: theorem 1.3.30
allows us to define
L(E/K,s) := L(E/K,[k[]"®)

for any s € C (we may get finitely many poles if F is constant, see footnote 39 on
page 48). Since 1 — |k|1 =% ~ log(|k]) - (s — 1) as s — 1, the leading term £*(E/K) in the
Taylor expansion of L(E/K, s) around s = 1 (that is, L(E/K,s) ~ L(E/K) - (s — 1)P)
satisfies L*(E/K) = log(|k|)’L*(E/K).

This is related to remark 1.3.17: if one uses the normalization ' := log(|k|) - h of the
Néron-Tate height then one uses the special value £*(E/K) instead of L*(E/K) in
the BSD formula given below, because the corresponding regulator is Reg'(E/K) :=
log(|k])" Reg(E/K) where r := rk E(K).

4. We have L*(E/K) € Qs (see [Gril6, remarque 1.3.13]) and p(E/K) € Zx( (this is clear
if E is not constant since L(E/K,T) is a polynomial in that case, and if F is constant
then one can use equations (1.3.11) and (2.4.5) and the Riemann hypothesis for curves
over finite fields). 4

The analytic rank of F/K, as the name suggests, is conjecturally related to the (algebraic)
rank of the Mordell-Weil group E(K) introduced in definition 1.3.11: in fact we expect them
to be equal, and the special value L*(E/K) to be related to many arithmetic invariants of
the elliptic curve. Here is the precise formulation of the conjecture, as given in*’ [Groll,
lecture 2, conjecture 2.10] (which includes the case of elliptic curves over number fields) or
[HP16, conjecture 2.2] for abelian varieties over function fields (see also subsection 2.4.2).

49Beware that both of these references normalize the Néron—Tate height so that it takes values in Q-log(#k),
see also remarks 1.3.17 and 1.3.33.
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Conjecture 1.3.34 (Birch, Swinnerton-Dyer). Let E be an elliptic curve over a global function
field K = k(C) as in definition 1.3.2. Let g¢ be the genus of C. Then the following statements
hold:

a) The algebraic rank of E over K is equal to the analytic rank of E over K. In other
words, the rank of the finitely generated abelian group E(K) is equal to the order of
vanishing of the L-function of E/K at T = |k|™!, i.e.,

tkz (E(K)) = . 0‘1;€(|171 L(E/K,T).
b) The Tate-Shafarevich group III(E/K) is finite and we have the following identity, called

the BSD formula (using notations from definitions 1.3.7 and 1.3.32):

[II(E/K)| - Reg(E/K) - ¢(E/K)
|E(K)sors|? - [k|oe =t - H(E/K)

L*(E/K) = (1.3.13)

While this conjecture remains widely open, many cases are known, for instance:
o The case where the elliptic curve E is isotrivial (see definition 1.3.3 and theorem 1.3.35).

o The case where F has a Weierstrass equation given by a sum of 4 monomials (see
theorem 1.3.40).

See also the works [Ber08, theorem 2.3] and [PU16, Corollary 3.1.4] for other proved cases
of conjecture 1.3.34. Let us also mention that one finds in [Groll, lecture 2, §5] an explicit
example where the BSD conjecture is verified.

The first important result towards the BSD conjecture can be stated as follows.

Theorem 1.3.35 (Artin, Tate, Milne). Let E be an elliptic curve over a global function field
K = k(C). Then:

1. The statements a) and b) in conjecture 1.3.34 are equivalent.

2. We always have the inequality rk(E(K)) < p(E/K) = ordp_jy-1+ L(E/K,T). (In
particular, conjecture 1.3.34 is true if the analytic rank of E over K is 0).

3. Assume that E is isotrivial. Then both statements of conjecture 1.3.34 are true. 3

Proof. — The first part is proved in [Mil75, theorem 8.1] (which assumes char(k) to be
odd, but using the work [11179] one can drop this condition), see also [Tat66b, KT03, Sch82]
and [Groll, theorem 3.1].

The second statement is originally proved in [Tat66b, proof of theorem 5.2, p. 436-437], see
also [Ulm11, lecture 3, theorem 8.1].

The third claim is proved in [Ulm11, lecture 3, §8] (see also [Mil68, theorem 3, p. 100] for
constant abelian varieties). Most of these results use the relation between conjecture 1.3.34
and Tate’s conjecture for the elliptic surface &. |
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Another important class of elliptic curves over k(t) for which the BSD conjecture 1.3.34 is
known is described as follows. Following the terminology of [SS19, §13.2.1.2] for surfaces
named after Jean Delsarte, we introduce the following notion.

Definition 1.3.36. Let K = k(t) be the function field of P}, where k is any field. A Delsarte
elliptic curve is an elliptic curve over K which is birational to the affine plane curve given
by g(X,Y) = 0 where

4
g=> ¢t XY € k[t][X,Y] C K[X,Y]
i=1

is a sum of exactly 4 monomials in ¢, X, Y (i.e., ¢; € k* for every i) such that the following
conditions are fulfilled:

o Welet M := maxi<i<a 2221 e;; and define e;4 := M—Z?zl ei; > 0 foreachi € {1,...,4}.
Then we require that for any j, there is some ¢ such that e;; = 0.

o We consider the 4 x 4 integer matrix A := (e;5)1<i,j<4. Then we require the image of
det(A) in k to be non-zero (when char(k) = p > 0, this means det(A4) # 0 (mod p)). .

Remark 1.3.37. We use this definition to match with [Shi86, SS19], but any g as above
satisfies "Shioda’s 4-monomial condition" in the terminology of [Ulm11, lecture 3, exercise
10.1]. .

Example 1.3.38. For instance, for any prime p > 5 and any integer m > 0 coprime to p,
the elliptic curves with (affine) Weierstrass equation

y2+$y:$3+tm, y2:$3+l‘+tm, y2:1}3+1+tm

over [F,,(t) are of Delsarte type, because the associated matrices A are respectively

0 0 2 m-2 0 0 2 m-=2 0 0 2 m-2
A 0 1 1 m-2 0 3 0 m—-3 0 3 0 m—-3

0 3 0 m-3]’ 010 m—-1]’ 0 00 m

m 0 0 0 m 0 0 0 m 0 0 0

and have determinant —m?,4m?,6m? respectively. Delsarte elliptic curves have been
classified in [Heill, Heil2]: there are 42 families of them. J

Remark 1.3.39. We explain that the k(#)-isomorphism class of a Delsarte elliptic curve F
"essentially" does not depend on the coefficients ¢y, ..., c4.

 More precisely, assume that F < P% is given as a plane projective curve E : §(X,Y, Z) =
2?21 ¢t X2y €is Z¢i4 = (), using the notations from definition 1.3.36 which ensures
that ¢ is a homogenous polynomial in K[X,Y, Z] (which has degree < 4 because E is
assumed to be an elliptic curve). Let Fj : Z?:l tein X2y eis ¢4 = (). Then we claim

that there is a commutative diagram

E—° R

| !

Spec(&(t)) —— Spec(k(t))
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where ¢ : F — FEj is an isomorphism and 1 is induced by an automorphism of E(t) of
the form ¢ — A\t for some \; € k.

First, the assumption det(A4) # 0 mod p certainly implies det(A) # 0 so that A € GL4(Q).
Write A~! = det(A) "' A’ for some integral matrix A’ = (aj;) € Myx4(Z). Then we can
find A\1,..., Ny € %™ such that

Vie {1,...,4},  APIASEPASENGH =t

Namely, let ¢} € k be such that c;det(A) =¢; ' and let \; = [T C'Ta;""; this implies

r=1

7 (3

4 4
.. 4 .al
[0 = [T e S oot < gt _
j=1 r=1

Now, the change of variables (t, X,Y, Z) — (A1t, Ao X, A\3Y, A4 Z) shows that E is isomor-
phic to E; over k(t) as desired.

» We point out however that £ and E; do not need to be isomorphic over k(t) if we do not
allow any automorphism of k(t): for instance take k = Fs, then F; : 4% = 2® + x + t has
j-invariant j(t) = i while E : y? = 2® + 2 + 2t has j-invariant =5 = j(2t) # j(t).
Nevertheless, the algebraic rank and the L-function of E and E; over k'(t) are equal,

where k' = k(A1, A2, A3, A\y) C k and ); are as above. In particular, the geometric rank
of E and FEj are equal (if they are non-constant). 5

Theorem 1.3.40 (Shioda). Let E be a Delsarte elliptic curve over k(t). The Birch—
Swinnerton-Dyer conjecture 1.3.34 is true. J

Proof. — See [Ulm11, lecture 1, theorem 12.4 and lecture 3, §10] or [Ulm07b, theorem 6.2]
for a more general statement about jacobians. The strategy is to show that the associated
elliptic surface & (as in remark 1.3.9) is dominated by a Fermat surface (via a morphism
that can be explicitly defined, see [Shi86, p. 421]), and then to apply Tate’s conjecture
which is known for Fermat surfaces (because they are dominated by a product of Fermat
curves). [

We also recall the following well-known facts.

Proposition 1.3.41. Let E, E' be two elliptic curves over a global function field K.

1. If E’ is isogenous to E over K, then they have the same L-function, i.e., L(E/K,T) =
L(E'/K,T) € Q(T). In particular, they have the same analytic rank.

2. If L,(E/K,T) = L,(E'/K,T) for all places v € V2 then E and E’ are isogenous over K.
3. The algebraic rank is also invariant under isogenies: if E’ is isogenous to E over K, then
tk E(K) =1k E'(K). J
Proof. — 1. One method is to see that an isogeny f : £ — E’ induces, for any prime
¢ f char(k) - deg(f), an isomorphism of Z,[Gk]-modules T;(E) = T;(E') := @E’[ﬁ”]

n
between the f-adic Tate modules. But the L-function of F is entirely determined by
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1.3 — Elliptic curves

Ty(E), so that isogenous curves must have equal L-functions, as explained in [Groll,
lecture 2, p. 13 and appendix C]. See also [Dok13, §3, p. 218-219] (in the case of number
fields) to see in particular why the local factors of the L-function at bad places v are
indeed given by the action of an arithmetic Frobenius Fr, € G on the inertia-invariant
subspace of Vy(E) := Ty(E) ®z, Qq.

2. This is due to Parshin, Zahrin (in characteristic # 2) and Mori; see [MB85, théoréme
XI1.2.5, p. 244] and apply ideas of Tate given in [Tat66a, §3, theorem 1] or in [EvdGM,
corollary 16.25]. (Over number fields, the statement of item 2 above is also true; this is
due to Faltings’ work on Mordell’s conjecture; see also [Sil93, theorem 3.3]).

3.If f: E — E’ is an isogeny of elliptic curves defined over a global field K, then
the group morphism E(K) — E'(K) is surjective with finite kernel. Hence the (non-
necessarily surjective) group morphism F(K) — E’(K) has finite kernel (say of size n),
and induces a morphism E(K)/E(K)tors = E'(K)/E'(K)tors which has to be injective
(if f(P) € E'(K)tors, say m- f(P) = Opr, then nm-P = Op so P € E(K)os). Therefore
rk E(K) < rk E'(K).

Applying the same reasoning to the dual isogeny f : E/ — E yields rk E (K) < rk E(K),
so we finally get the desired equality. |

Remark 1.3.42. In general, it is not true that if L(E/K,T) = L(E'/K,T) then the two
elliptic curves E and E’ are isogenous over K. While this is true over Q, it fails over Q(7)
(see the explicit example given in [Sil93, remark 3.4]) and also over global function fields,
even over the function field of P.

Already proposition 1.3.29 points out what goes wrong: the equality of L-functions only
gives that - cpip ) AE(vs,J) = Xsep(r ;) Apr(vs, J) holds for all j > 1, while being
isogenous means that Ag(v,deg(v)) = Ag/(v,deg(v)) for all places v € V2.

Here is an explicit example (see also remark 4.1.12): for any prime p = —1 (mod 12), if
we let ¢ = p" for some odd integer n > 0, then the curves Ej : y? = 22 + t9t! 41 and
Eyy :y? = 2% + 7 — t have the same L-function over F2(t), namely (1 — ¢27)?(@~ 1) but
they are not isogenous since they have different conductors: Es has good reduction at ¢t = 0,
while 11 does not. J

Proposition 1.3.43. Let E be a non-constant elliptic curve over a global field K = k(C)
(where k is a finite field). For each n > 1, let k,, C k be the extension of k of degree n.

By theorem 1.3.30, we may write the L-function of E as a polynomial L(E/k(C),T) =
[12,(1 — a;T) for some a; € Q. Then

D

L(E/kn(C),T) = [[(1 — o} T). 3

i=1

Proof. — This is stated in [Uln19, item (4), p. 1088]. Essentially, this relies on the fact
that L(E/K,T) is the "reciprocal" characteristic polynomial det[id — T - Fry ~ V(E/K)],
using the notations from the proof of theorem 1.3.30, and on the fact that Fry, = Frj. (For
a constant elliptic curve, this can be proved using equation (1.3.11) and the corresponding
fact for zeta functions). See also remark 4.2.10 for a more direct proof in some cases. W
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1.3.4 Families of elliptic curves with unbounded rank

We will be interested in Mordell-Weil lattices of large rank, to get sphere packings in
high-dimensional euclidean spaces. As mentioned in subsection 1.3.1, one reason to work
over a global function field K (of positive characteristic) is that the algebraic rank of elliptic
curves over K can be arbitrary large, as asserted by the following result.

Theorem 1.3.44 (Tate—Shafarevich, Ulmer). For every global function field K, the set of
Mordell-Weil ranks of elliptic curves over K is unbounded. More precisely, for every prime
p, if we set K =T, (t), then we have

sup{rk(E(K)) : E€ &} = +oo,

where & is either the set of (isomorphism classes of) isotrivial elliptic curves over K, or the
set of non-isotrivial elliptic curves over K. J

Proof. — For the isotrivial case when p # 2, see [T'S67, theorem 2], where it is shown
that, given a supersingular elliptic curve Ay over F,, the rank is unbounded among the
quadratic twists A, of A := Ay xr, F,(t) by quadratic extensions F,(Cy,)/F,(t) where C,
is a hyperelliptic curve given by an affine equation u? = t*"*! + 1 and n > 3 is an odd
prime. In fact, Tate and Shafarevich prove that rk[A, (F,(t))] = nn_p +p— 1. See also
[SS19, §13.3.1].

For the isotrivial case when p = 2, see our theorem H (= theorem 2.5.1) and its corollary 2.5.5.

For the non-isotrivial case, see [Ulm02, theorems 1.5, 9.2] where it is shown that for every
n > 1, the rank of the Delsarte elliptic curve

Ty y? +ay=a° - P+l

over Fp(t) is > p;—;l. [

The main source of elliptic curves with unbounded rank over k(¢) (where k is a finite field) is
obtained by base-change. This prompts us to introduce the following terminology, following
[Ulm19, §2.3].

Definition 1.3.45. Let k be a finite field and E be an elliptic curve over K = k(t).

1. Given a non-constant rational fraction b € K ~\ k, we denote by ¢, : K — K the unique
k-algebra endomorphism of K such that ¢,(t) = b(t) € K. It induces a scheme morphism
O, : Spec(K) — Spec(K') and we denote by E(b) the elliptic curve obtained as the fiber
product (the pull-back) E(b) := E Xk ¢, K as in the following cartesian diagram:

where the right-vertical arrow E — Spec(K) is the structural morphism.
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More concretely, if E < P2 is given by a Weierstrass equation f(X,Y,2) = f(¢t,X,Y,Z) =
0, where f € k[t, X,Y,Z] C K[X,Y, Z] is a homogeneous cubic polynomial*' over k(t),
then E(b) is defined by the affine Weierstrass equation f(b(t), X,Y,Z) = 0.

2. The Kummer family attached to F is the set of elliptic curves { E(#™) : m > 1} over
E(t).

3. The Artin-Schreier family attached to E is the set of elliptic curves { E(t7" — t)
m > 1} over k(t), where ¢ = |k|. 5

For instance, if E is the elliptic curve given by f(X,Y) =Y? — (X3 +1+¢) =0 then E(t™)
has a Weierstrass equation given by Y2 = X3 + 1 + ™ over k(t).

We state here some useful results. The first item allows us to think of Kummer families of
elliptic curves over k(t) as the base change of a fixed elliptic curve over a family of function
fields k(t'/™), as m > 1 varies (a similar result holds for Artin-Schreier families).

Proposition 1.3.46. Let E be an elliptic curve over k(t) where k is a finite field. For any
integer m > 0, we set E(,,) := E(t™) as in definition 1.3.45.

1. We have an isomorphism E(,,)(k(t)) = E(k(tY/™)) of abelian groups. In particular, if
m,m’ > 1 are integers such that m divides m/, then

I‘k(E(m/)) = I‘k(E(m)).

2. Consider the integer m = m’ - |k|® for some integer m’ coprime to |k| and e > 0. Then

rk E(m/)(k}(t)) =rk E(m)(k<t)) 4

Proof. — 1. To clarify the exposition we write b(t) = t™, we let K,, be the K-algebra
given by the ring morphism ¢, : K — K (i.e., K,, = K as a ring, and its K-algebra
structure is given by ¢ acting as t™ on 1k ) and let @, : Spec(K,,) — Spec(K) be the
corresponding scheme morphism. Define K/ := k(t'/™), which is a K-algebra via the
inclusion ¢ : K — K,,. Note that the morphism t tYm from K,, to K], defines a
K-algebra isomorphism (K, ¢p) = (K, ¢).

Now E(b) is an elliptic curve over K, and for any field extension L/K,,, we have a
group isomorphism Hompg, (Spec(L), E(b)) = Homg (Spec(L),E) = E(L), where we

consider Spec(L) — Spec(K,,) SN Spec(K) (see [GW20, equation (4.7.1)]). When we
take L = K,,, we find

E)(K) = Epy (K ) 2 BE(Kp, ) = E(K),,0) = E(k(t™)).
Finally, if m divides m’ then we clearly have an embedding of fields k(tl /m) < o /m/)7

so from the previous observation, we deduce the inequality rk(E(,,)) < rk(Eqy,)).

2. If char(k) = p then the Frobenius morphism ¢, : E,y — E(pf/)) is an isogeny for any

(m

f = 0. Moreover, when p/ = |k|¢ is a power of |k|, then E((f:f,)) and E(m) are isomorphic

11t is an elliptic curve since the discriminant A gy € k(t) = K of this Weierstrass equation for E(b) is
just Ag(b(t)) #0.
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over K. Thus E(,,) and E(,,) are isogenous, so that proposition 1.3.41 tells us that these
two curves have the same Mordell-Weil rank (as well as the same analytic rank). W

Remark 1.3.47. Many other cases of families of elliptic with unbounded rank over global
function fields have been discovered.

1. Shioda deals in [Shi9l, theorem 1.2] with an isotrivial family of Delsarte elliptic curves
with arbitrarily large geometric rank, i.e. Mordell-Weil rank over F,(t) (see defini-
tion 1.3.11). He showed that given a prime p = —1 (mod 6) and an odd integer n > 1,
the rank of

Topnir iy =2+ 1+ R
over Fpen(t) equals 2(p™ + 1) — 4 = 2p™ — 2.
(For the rank of I'y pn41 over [F,(¢), and for the case p =1 (mod 6), see theorem F and

theorem G).

Moreover, in [Shi86, remark 10], Shioda gives a non-isotrivial family of Delsarte elliptic
curves with unbounded geometric rank, namely given a prime p = —1 (mod 4) and an
odd integer n > 1, the rank of
&
F37,,7»T+1 syt =ad a4t 2

over F,(t) is p" —1if p=1 (mod 3) and is p" — 3 is p = —1 (mod 3).

(For the rank of F3 pnp1 over Fy(t), and for the cases p = 1 (mod 4) or p = 3, see
theorem B and corollary 3.1.20).

2. Elkies found in [Elk94, p. 347-348] an isotrivial family of Delsarte elliptic curves with
unbounded rank over Fy(t). Namely, for any odd integer n > 1, the curve

Tyongr:y® +y=a+"

has rank 271 over Fy2n (). This is an analogue in characteristic 2 (over the algebraic
closure) of the work [T'S67], since I'y ony1 is a quadratic twist of a constant supersingular
curve by the quadratic extension of F5(t) defined by the hyperelliptic curve u?+u = 2"+
See also [SS19, example 13.39].

(For the rank of I'y on 41 over Fy(t), see our theorem H).
3. In [Ulml4c, corollaries 4.3, 5.3], Ulmer proves that for any odd prime p, the rank of
Dsa:y* =a(z +1)(z +t9)

over F,,(t) is unbounded as d = p™ +1 and n > 1. See also [CHU13, Ulm14b, PU13] and
[Gril6, proposition 4.3.5].

4. In the work [Ulm07b, theorems 1.3, 4.7 and §9], Ulmer gives conditions to ensure that
elliptic curves (or more general L-functions) over global function fields have a large
analytic rank (see theorem 1.3.48 below). Concrete applications of these results are
given in [Ulm11, corollary 3.4.2] and also in [Gril6, proposition 5.3.5], where the rank is
unbounded in the family of Delsarte elliptic curves

Teq: v+ 3tlay +y = 23
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(with short Weierstrass equation y? = 23 + (3zt¢ 4 4)2, see [Gril6, lemme 5.2.3]).

. Lisa Berger gives in [Ber(08, theorem 4.1] other examples of families of (non-Delsarte)
elliptic curves with unbounded algebraic rank over global fields (see also [Ulm11, the-
orem 4.2.1]), by proving the BSD conjecture 1.3.34 for these curves and applying the
aforementioned result [Ulm07b, theorem 4.7] (stated as theorem 1.3.48 below). See also
[Gril6, remarque 8.1.1, §8.2.1, corollaire 8.3.13], where it is proved that for every prime
p = 5, the curves

Tra:y® = (x— 2t (22 + (1t — 4)x — 2639)
have unbounded rank over F,(t) as d > 1 varies over integers coprime to p (which also
follows from theorem 1.3.48).
This work is used in [Ulm13, theorem 8.1] (see also [Ulm11, lecture 5, §3]), where Ulmer
proves that for any prime p and any integer n > 1, if we let d = p™ + 1 then the rank of
I'sq: v+ xy + tdy =23 + tig?

(with short Weierstrass equation y? = (z + 4t%) (2% + z + 4t?), see [Gril6, §6.2.1]) has
rank d — 1 over F,(t) if p = 2 and geometric rank d — 2 if p > 2 (moreover, explicit
generators for a subgroup of finite index in the Mordell-Weil group are described, and
the Mordell-Weil lattice is described in [Ulm13, remark 8.10] as being homotethic to
Ay ® Ajy if p > 2). See also [Gril6, Proposition 6.3.4].

Moreover, by [Ulm11, lecture 5, §5], the geometric rank is also unbounded in the family
given over IF,(t), for any odd prime p, by

Fog: y? + 2tey = 23 — t2g.

. In [BDS04] and [DS07], Bouw, Diem and Scholten prove the existence of (isotrivial)
elliptic curves with large rank, which are quadratic twists of base change of a constant
ordinary elliptic curve.

. Griffon proved in [Gri20] that for every odd prime p, the rank of
Ti0a:y? =2(x* + 2 — 44%4)

over [F,(t) is unbounded as d > 1 ranges over integers coprime to p.

. All the examples above are Kummer families, obtained by base-changing a curve over
E(t) to k(t'/?). On the other hand, in the paper [GU20, proposition 8.4.1], it is proved
that the Artin—Schreier family of isotrivial Delsarte elliptic curves

Tipncy?=ad 417" —t (1.3.14)

has unbounded rank over F,(t) for every prime p = —1 mod 6, as n > 1 varies. See also
[PU16, corollary 2.7.3 and §§4.3, 6.4, 6.5] and [Gril9, corollary 4.8]: for any odd prime
p, the family

Tigpn i y° = (@ +1)(z + (7 —1)°)

has unbounded rank over F,(t) as n > 1 varies.
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9. Davis and Occhipinti show in [DO16, proposition 3.7] that, given a power ¢ of a prime
p = 5, the curve

tq+1 3

iz ge1: y2 + xy — y=2x

has rank ¢ over F2(t) if ¢ = 1 mod 3 and rank ¢ — 2 over F2(¢) if ¢ = 2 mod 3. See also
[Gril6, proposition 7.3.5].

Moreover, the paper [Occl2, theorem 2] provides, based on Lisa Berger’s work, for each
prime p, an example of elliptic curve E over F,(t) such that rk E(F,(t'/4)) > d for all d
coprime to p.

10. In [UlmO7b, §1, §7.11], it is proved in particular (by taking g = 1 in loc. cit.) that for
any prime p > 5, the Delsarte elliptic curve with affine equation y? = z* + 2 + t?" 1
has unbounded rank over F,(t) as n > 1 varies. A short Weierstrass equation for this
curve is

Tiga:y? =2+ (—4tDx + 7
where d = p™ + 1. g
Here is a result that ensures that some elliptic curves have large analytic rank.
Theorem 1.3.48 (Ulmer). Let E be an elliptic curve over K = k(t) where k is a finite field

with q elements. Let f(E/K) = f(E/K) — eo(E/K)[0: 1] — exo(E/K)[1 : 0] € Div(P!) be
the conductor of E where we remove the tame parts at the places 0,00 (see definition 1.3.7).

If deg(f'(E/K)) is odd, then there is a constant ¢ € Z such that for all n > 1, the analytic

rank of E over k(t'/9) is at least qul — ¢, where d :== ¢" + 1. J
Proof. — See [Ulm07b, theorem 4.7 and §9] and [Ulm11, theorem 3.1.1 and §3.3]. [

Remark 1.3.49. 1. If k is a field of characteristic 0 (for instance Q,Q, C), then the rank
of non-constant elliptic curves over K = k(¢) (which is finite by theorem 1.3.10) is not
known to be unbounded (despite some claims by A. I. Lapin, see [SS19, Remark 13.20]).
The largest known rank for an elliptic curve over Q(¢) is given by the isotrivial Delsarte
elliptic curve y? = 23 + 1 + 360 of Mordell-Weil rank 68, see [SS19, theorem 13.26] (for
a non-isotrivial curve, y? = 22 + x + 250 has the largest known rank over Q(t), namely
56, see [Shi86, corollary 9, p. 431]).

In fact, the rank of any Delsarte elliptic curve over k(t) is proved to be at most 68, when
char(k) = 0 (see [Heil2, theorem 1.2 and §6] or [Heill]).

We note that if the ranks of non-constant elliptic curves over Q(t) are unbounded, this
would imply that the ranks of elliptic curves over Q are unbounded, by Silverman’s
specialization theorem [Sil08b, theorem II1.11.4].

2. In view of the analogy between function fields and number fields, we may wonder whether
the rank of elliptic curves over a given number field should be bounded or not (which is,
as of now, a notorious open question). An interesting observation is made in [PPVW19,
remark 12.3.1]: all known families { E; : i > 1} of elliptic curves over F,(t) with
unbounded rank have the property that for all but finitely many ¢ > 1, the curve FE; is
defined over a proper subfield of Fy(t) (typically, F,(t?) or Fq(tqd —t) for some d > 1).
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We say that F is defined over a subfield F' C K if it is the base change of a curve Ey over
F,ie., F~ Eyxp K. In that case, we have j(F) € F; in other words, if j(E) does not
belong to a proper subfield of K then FE is not defined over a proper subfield. However,
the converse does not hold, because the j-invariant only characterizes an elliptic curve up
to K-isomorphism: for instance the curve E : y? = 23+t over k(t) (where char(k) # 2, 3)
has j-invariant 0, but E cannot be defined over k (but the base change of E to k(t/9)
can be defined over k).

In fact, if £ : y?> = 2% + Az + B is an elliptic curve over k(t) not defined over proper
subfield, where A, B € kl[t], then either A = 0 and B is a polynomial of degree 1 or
A73B? = f is a Mobius transformation (i.e., a non-constant ratio of two polynomials
of degree < 1). When f € k[t], this implies that A = f~1Q? B = £f~1Q? for some
Q € kl[t].

When € € {£1}, f(t) = t€ and Q(t) = ", we get the elliptic curves y? = z3 3 g ¢e+2r
which are not defined over a proper subfield of k(¢). These are the curves y? = x3+t"z+t™
for |2m — 3n| = 1 (which implies that ged(n,m) = 1 but not conversely) studied in
[Shi86, theorem 8], where it is proved that they have bounded rank over F,(t) for any
odd prime p.

In [PPVW19, §12.5], it is guessed that for any global function field K, the rank of elliptic
curves E/K not defined over a proper subfield of K is bounded.

3. It is proved in [Gri20, theorem 7.9] that for any odd prime p, every positive odd integer
occurs as the Mordell-Weil rank of some elliptic curve E over F,(t), provided that there
is a prime £ # 2, p such that p generates (Z/¢?Z)* (in fact, E can be taken of the form
y? = 23 + 12422 — 442z for some d > 0).

4. The examples of Kummer families from remark 1.3.47 exhibit elliptic curves E over k(t)
such that"® sup,s, rk E(k(t'/%)) = 400. The function field k(t'/¢) has genus 0. One
could look at the rank of E(k(C)) for more general curves. This is for instance done in
[Oes90, proposition 4, §3.3] in the case where FE is constant and C' is a Fermat curve.

5. The rank of families of abelian varieties (especially jacobians) has also been studied. For
instance, [Ulm07b, theorem 1.1, §7.1.1] provides families of simple abelian varieties of
any dimension g > 1 having arbitrarily large rank over [F,(t) for any prime p.

See also [UZ10] (where jacobians with large rank over function fields of characteristic 0
are found — but not families with unbounded rank!), or [Shi92a, §3], [BHP*20, Ulm13,
PU16, AGTT21].

6. One can point out some results about the "average" rank of elliptic curves, when ordered
by (some notion of) height. Despite results like theorem 1.3.48 or [UlmO07b, theorem
1.3] (which give many examples of families of elliptic curves with unbounded rank), the
average rank of elliptic curves over Fy(t) is finite. In fact, De Jong showed in [Jon02,
corollary 1.3] that the average rank of elliptic curves over Fy(t) is bounded above by
3 4+ O(1/q), improving Brumer’s bound of 2.3 (see [Bru92, theorem 7.11]). Moreover, it

“2We can mention that it is not too difficult to show that sup{rk F(L) : L/K finite} = +oco when
K = k(t) by taking successive quadratic extensions.
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is conjectured that for elliptic curves over Q or over Fy(t), the average rank is % See
also Brumer’s bound stated as theorem 2.2.6 in the next chapter. g

Remark 1.3.50. There are also examples of Kummer or Artin—Schreier families of elliptic
curves with bounded rank.

For Kummer families with bounded rank, see [Ulm07al:

e Theorem 4.5 states that a certain quadratic twist F of an ordinary constant elliptic
curve (base-changed to F,(t)) is such that the rank of E(F,(t'/%)) is bounded as d > 1
varies*3. However the rank is not explicitly given.

e Theorem 5.2 shows that the curve E; : y? 4+ 2y = 2% —t has rank 0 in a certain "Zs-tower"
of T, (t), given by F,(t'/*") where n > 1 varies and £ > 5 is a prime dividing p — 1.

e Theorem 6.2 proves that if p < 11 is prime, then there is a non-isotrivial elliptic curve FE
over T, () such that E(F,(t'/?)) has rank 0 for any d > 1 (so the parity condition on
the conductor in theorem 1.3.48 is not fulfilled for those E).

Moreover, Ulmer conjectured in [Ulm07a, §6.6] that there should be such examples for
any prime p. This was later proved by Lisa Berger in [Berl2, theorem 1.2].

As stated in theorem G, we found that the (isotrivial) elliptic curve By : y? = 2% + 1 +1¢
over F,(t), with p =1 (mod 6), has constant (hence bounded) non-zero rank over k(t'/4)
where k is a certain finite extension of F, and d > 1 is any integer.

For Artin—Schreier families, all known examples with bounded rank seem to actually have
rank 0; see [GU20] (curves Ej; defined in equation (1.3.14), for p = 1 (mod 6)), [Gd21,
Corollary 5.4] or [PU16, §6.2]. J

Remark 1.3.51. The work [Shi&6] allows to compute the geometric rank of Delsarte elliptic
surfaces. See remark 4.2.33. J

1.4 - Character sums

1.4.1 Generaldefintions and results on Gauss and Jacobi sums

We will be interested in computing explicitly the L-function of some elliptic curves, which
allows to determine the analytic rank of those curves. These computations will involve
character sums (mostly Jacobi sums), so we recall some facts above those exponential sums.
First we setup some notations used in the rest of this work.

Definition 1.4.1. Let & be a field.

1. A multiplicative character of k is a group morphism x : k* — @X. The set of multiplica-
tive characters on k forms a group, denoted by kX (this is the Pontryagin dual for the
discrete topology on k™). In particular, the set of characters on k™ of order divisible by
d is the d-torsion subgroup k* [d].

431t is assumed in [UlmO07a, theorem 4.5] that ged(d, p) = 1, but this is not necessary, see proposition 1.3.46.

60
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2. The trivial character 1 is the constant map k* — {1}.
3. Given x € E;, we set x(0) := 0 if x is non-trivial and 1(0) := 1.
4. If k is finite of odd characteristic, the Legendre symbol is the unique character of order 2

|k|—1
on k*, and is denoted by Ay. We have Ay(z) = t(z 2 ) for all z € k™, where ¢ denotes

the isomorphism k*[2] = {£1} 2 Z* c Q.

5. Given a finite extension k'/k, we denote by N/, : k' — £* the norm map and by
try s, k' — k the trace map.

6. If k is finite, then for every integer n > 1, we denote by k, C k its unique extension of
degree n.

7. For every integer n > 1, we write u, (k) := k*[n] for the subgroup of n-th roots of unity
in £ (it has order < n). We also define ¢, := exp(2mi/n) € Q — C, which is a primitive
n-th root of unity.

8. Given an element a € (Z/dZ)*, we denote by ord™ (¢ mod d) its (multiplicative) order
and by (Z/dZ)/{a)* the quotient set where the cyclic subgroup (a)* :={a’ : j € Z} <
(Z/dZ)* acts by multiplication on the set Z/dZ.

9. Given a real number z € R, we let {x}:= 2z — |z] € [0, 1] be the fractional part of z. .
Remark 1.4.2. When k < k' is a quadratic extension of finite fields of odd characteristic,
we do not have \g(z) = Ay () for all z € k, since Ay is trivial on k*.

On the other hand, if k < &’ is any extension of finite fields of odd characteristic, then
one has A\gr = Ag o Nyr/p, where Ny @ (k)% — E* denotes the norm map (indeed,
Ny /i is a surjective group morphism, so Ay o Ny, has order exactly 2). In particular,
A (2) = A (2) 4] for all z € k.

Let us mention that both the trace and norm maps are surjective and we have N/, (z) =
2F VI for all @ € k. 4

We can use characters to count solutions of simple equations over finite fields, as the
following standard results show.

Proposition 1.4.3. Let k be a finite field.

1. For all w € k and all integers d > 1, we have

#rek tt=w)= 3 x(w)

x€k>[d]

2. More generally, for every z,w € k™ and all integers n,m > 1, we have

1
ek "=z " —w)= oo 30 xEW ().
XX €RX
X‘ILX/‘IYL:]l
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3. Fix a prime power q and an integer n > 1 such that k = Fy». For all w € k, we have
#lrek : 2'—z=w}= Z Y(tryr, (w)), (1.4.1)
¢:F,—Q~

where the sum runs over all additive characters of F, (not of k). In particular, we have

Jr €k, 2! —r=w = trp, (w) =0. (1.4.2)

Proof. — 1. When w = 0, both sides are equal to 1 = 1(0) (since we set x(0) := 0 when
x # 1). When w # 0, the left-hand side is

{0 if w & Im(fy)
| ker(fa)| = |k*|/ITm(fa)|  if w € Im(fa),

where fy is the group morphism fg : k% — k*,z +— z% On the other hand, let
H :=1Im(fy) < G:=k*, so that we have

{xeG :xt=1}=H":={xeG : x|lgu=1} (1.4.3)

Let us denote by m : G — G/H the quotient morphism. It is known that the map

—

G/H — H* X + Yo is an isomorphism and consequently, we may rewrite the
right-hand side as

Z x(w) = Z X(w]) = |G/H| - Lyen = |ker(fa)| - Luen = #{z €k : 2® =w}.

x4=1 YGCT/T{

2. The proof is similar to the previous case. Consider the group G := k* x k* and the
group morphism ¢ : kX — G,t — (t",t™) as well as its image H := Im(¢). We have
(using the fact k™ /ker(¢) = H)

#{tek™ t" =2, 1" =w} = |ker(9)| - Lz, w)emm(e)
1
= B3 ’ |G/H| : ]1(2,117)5(1,1) mod H

where
HY={xeG : xlp=1}={xeCG : Yt kX, x(t",t™)=1}.

Note that there is an isomorphism G~ (lg; )2 where a pair (y,x’) of multiplicative
characters on k is mapped to the character (z,w) — x(z)x’(w). Under this isomorphism,
H* corresponds to the set of pairs (x, x') such that xy"x™ = 1, whence the claim.
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3. We first prove (1.4.2) (additive version of Hilbert 90 theorem), because it is equivalent to
(1.4.1). Indeed, from (1.4.2) we deduce that 7 — z = w has 0 solution if tr(w) # 0, and
has ¢ solutions otherwise (if it has at least one solution xg, then xo + « is a solution for
any « € ;). By orthogonality of characters, the same holds for DB, —Cx Y(tryr, (w)),
so the conclusion follows.

We actually prove a more general fact than (1.4.2). Namely, given any finite cyclic Galois
extension L/K of fields, given a generator o of Gal(L/K) and given w € L, we have

o(r) —x = w has a solution in L. <= try /gx(w) = 0. (1.4.4)

Here is a first (cohomological) proof. One has H"(Gal(L/K),(L,+)) = {0} for all r > 1
(even for non-cyclic extensions), and when G is a cyclic group acting on some G-module
A, then HY(G,A) = H; ' (G, A) :=ker(Y e 9)/(9a —a : a € A) (the latter group
comes from Tate cohomology), from which the equivalence (1.4.4) immediately follows.

We can also give a direct proof of (1.4.4). The implication = is clear, so assume that
trp/x(w) = 0. Define the map g : L — L,z +— o(z) — 2. It is a K-linear map, with
kernel ker(g) equal to K, since Gal(L/K) is generated by o. As we just noticed, we have
Im(g) C ker(try k).

Moreover, we have Im(try k) = K, ie., trp/x : L — K is surjective (indeed, by K-
linearity, proving surjectivity of the trace amounts to showing that try,x # 0; this is
in fact equivalent to L/K being separable). But then comparing K-dimensions, we
conclude that Im(g) = ker(trz k). Thus equations (1.4.2) and (1.4.4) hold. [ |

Remark 1.4.4. In proposition 1.4.3, the second item is indeed a generalization of the first
one because we may take z = w and n = m. Also, if we assume that n = m, then when
z # w, or when z = w is not an n-th power in k>, the sum Z X(2)x'(w) vanishes,

which can be checked directly: ox €kX
Y () Y vw)= Y k) Y o))
XEkX X' €kx XEkX X' =:x T REkX
(xx)"=1 (xx)"=1
=[k* k"] Z X(zw ™) yepxn
xekx
=[BT R Tperxon - Taeg. 2

Definition 1.4.5. Let k be a finite field of characteristic p and let x, x1,..., Xn : &% — @X
be multiplicative characters on k.

tr x
1. We define the Gauss sum of x as** G(x) := Z x(z) exp (QWiM).
k>

2. We define the Jacobi sum of x1, ..., xn as

J(Xl?"'an) = Z Xl(xl)Xn(xn) -
T1,...,Tn €K
r1+...+xn=1

“Here we view the algebraic closure of Q as the set of complex numbers which are algebraic over Q, so

tr T _
that exp <2ﬂiM) lies in Q.
p
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Note that G(x) is a sum over k*, not over k. When n = 1, we have J(x1) = x1(1) = 1.
When n = 3, we sometimes speak of "triple Jacobi sum". Here are some basic properties of
these sums.

Proposition 1.4.6. Let k be a finite field of characteristic p and let x, X1, .-, Xn € =

1. We have G(1) = —1 and if x # 1, then [(G(x))| = |k|'/? for any field embedding
1:Q—C.

2. If x; # 1 for all i, then we have

—Xn(—1)J(X15 s Xn—1) fx1-x2- - xn=1,
J(X15-Xn) = G(x1) - Glxn)

else.
G(Xl X2 'Xn)

n—1
In particular, if x1 - X2+ xn # 1 and x; # 1 for all i, then [t(J(X1,...,xn))| = k| 2~
for any embedding ¢ : Q — C. Moreover, if some of the characters x; are trivial but not
all, then J(x1,..., Xn) = 0.

3. We have G(x*) = G(x) and J(x},....;x2) = J(x1, .-, Xn) (hence, applied successively, we
have J(vFl A EY g
ave J(X1 s Xn) (X150 Xn))- -

Proof. — See [Coh07, §2.5.2, §2.5.3] or [BEW9S8, theorem 1.1.4] for the first two items. The
third item follows from the fact that x — P is a field automorphism of k and preserves the
trace map (i.e., try /g, (v) = try g, (zP) for all z € k). [

Note that when n = 2, the second item of proposition 1.4.6 yields*® J(x,x ') = —x(~1)
for any non-trivial x € k.

1.4.1.1 Hasse-Davenport and Tate—-Shafarevich theorems

An important fact is the following relation between the Gauss or Jacobi sums over various
extensions of a finite field.

Theorem 1.4.7 (Hasse-Davenport lifting relation). Let k be a finite field and, for every
n > 1, let k, C k be its extension of degree n. Let x,X1,...,Xm € k* be non-trivial
characters. Then we have:

—G(xoNg, /1) = (=G(X))",
J(x10 N, /k» s Xm © Nkn/k) = (—1)(n—1)(m—1)J(X1’ ey X)) |

Proof. — See [Coh07, theorem 3.7.4, corollary 3.7.5]. Note that the second identity follows
from the first, by proposition 1.4.6. One strategy to prove the first identity is to make
use of the Dirichlet L-function L(n,,T") (especially the fact that it is a polynomial in 7")
attached to a certain Dirichlet character 1, : kY, := (k[X]/(M(X)))™ 2 (k,+) x kX — C*
where M(X) = X? and n,([f]) = x(f(0)) - ¢(f'(0)/ f(0)) for all [f] € ky;, where ¢(z) :=
exp(2mi try, () /p) for all z € k. [ ]

45This can be proved directly: Note that the map z — —2— is injective from k ~ {1} to k&~ {—1} (indeed,

1—x

’ . . ’ / / ’ . .. . .
125 = 7= implies x — x2’ = 2’ — 2z’ so x = z’), thus is bijective and then we have, when x is not

trivial: J(x, X_l) = Zzek\{l} x(z(1 — :1:)_1) = Zm’ek\{—l} x(z') = —x(=1).
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The following crucial result computes explicitly some Gauss sums and Jacobi sums, in
particular giving a sufficient condition for a Jacobi sum to be equal to a positive integer.
This will be important to compute (as in corollary 3.1.14, for instance) the analytic rank of
some elliptic curves over k(t) whose L-function can be written (essentially) as a product
[I,(1 — a,T) where each «, is (related) to a Jacobi sum: the analytic rank is the number
of indices r such that a,. = |k| (which is a positive integer).

Theorem 1.4.8 (Tate—Shafarevich). Let ky/k be a quadratic extension of finite fields and
X € k) be non-trivial. Assume that the restriction x|,x = 1 is trivial. Then one has

G(x) = x(2)|k|, where z € ky is any non-zero element such that try, (z) = z + 2l = 0.

—

Consequently, if X1, ..., xm € k3 are non-trivial characters that are trivial on k* and such
that x1 - Xm # 1, then

m—1

J(X1;7Xm):|k2|T |

Proof. — See [T'S67, lemma, p. 918] or [Ulm02, lemma 8.3] (note that in the latter reference,
the Gauss sum is defined with a minus sign in front). Note that x(z) is independent of z,
since any two elements in k5 of trace 0 differ by some multiplicative constant in k* (the
kernel of the trace is 1-dimensional over k) and x is trivial on k*. The second claim about
Jacobi sums readily follows from the first part and from proposition 1.4.6. |

Remark 1.4.9. Assume that k is a finite field of odd cardinality ¢. If g generates the group
+1

q
k5, then the element 2 := ¢~ 2~ has trace 0 over k. Indeed, we have a chain of equivalences:
q+1 g+l ¢?—1  a(at1)
trp, k(2) =24+21=0 <= g2 =—g""2 =g 2 2

—=qg+1=¢-14+¢*4+¢ (mod¢*®—1) < 2(¢*—1)=0mod ¢° — 1.

1.4.2 Teichmiller character

Let k be a finite field. The groups k, are cyclic for any n > 1, and there is actually a way
to have a "compatible" family of generators, thanks to the Teichmiiller character. There
are several equivalent ways to define it. We start with the following observation.

Lemma 1.4.10. Let R be an integral domain (e.g., R = Z) with field of fractions K. Fix a
maximal ideal m < R. Denote by K an algebraic closure of K, and let R be the integral
closure of R in K. Then there exists a maximal ideal m < R above m (that is, m =mN R),
and for any such ideal, the quotient ring R/ is an algebraic closure R/m. J

Proof. — The existence of m follows from the "lying over" property for prime ideals applied
to the integral extension R C R and by using Zorn’s lemma.

Note that we have an injection R/m < R/ since m = m N R, and this extension is
algebraic. It remains to check that R/m is algebraically closed. Let F' € (R/m)[X] be a
polynomial, which we may assume to be monic. We can lift F' to some monic polynomial
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F € R[X]. Since K is algebraically closed, F splits over K, but we shall show that all roots
of F belong to R, and hence F splits completely over R/m.

Fix a root a € K of F. If we write F(z) = 2" + fo12" 1 + -+ + fix + fo, then
S := R[fo,.., fn_1] C R is finitely generated as R-module. Moreover, S[a] is finitely
generated as R-module, since a” = —(f,_1a" "t + -+ fia+ fo). Thus S[a] is finite over
R, and so is R[a], which implies that a € R is an algebraic integer over R as desired. W

In particular for R = Z and any*® maximal ideal P < Z (in the ring of algebraic integers
Z) above pZ, we have Z/P = TF,. Now we denote by np : Z — Z/P =T, the reduction
morphism. The main claim to construct the Teichmiiller character is the following lemma.

Lemma 1.4.11. Consider the subgroup

X

(P ::{xe@x :EmGZ,mmzl,gcd(m,p)zl} < Z

. . . >~ —X
Then 7p restricts to an isomorphism 7 p| MO u(p) — I, g

Definition 1.4.12. Given a prime p, we fix once and for all a maximal ideal P < Z above
p. The Teichmiiller character © = Op : EX — uP c @X is the inverse of the morphism
7rp|u<p> defined in lemma 1.4.11. 3

Proof of lemma 1.4.11. — « We first prove the surjectivity of 7|,w). We fix y € I[Tpx SO
that y € I, for some r > 1. If we set m = p” — 1, then ™ = 1. Since ged(m,p) =1, it
follows that y is a simple root of the polynomial 7 — 1 € F,,-[T]. There is a (unique
unramified) extension K, of Q, with residue field Ok, /p = F,r; in fact we may take
K, = Qu({pr—1). Applying Hensel’s lemma to it, we get an element x € K, such that
2" =1and 2 =y (mod p). Then z € puP) — 7" is a preimage of y under 7, showing
the claimed surjectivity.

e We now check the injectivity of 7|, . Assume that z belongs to the kernel, that is:
™ =1 for some integer m > 2 coprime to p and z =1 (mod P). We want to show that
xz = 1. We may write z = 1 + y for some y € P, and then

l=2"=Q0Q+y)"=14+my+---+y™ (1.4.5)

so that y(m + -+ +y™ 1) = 0. If y # 0, then we see that m can be expressed as sums
of powers of y, so m € P since P is an ideal and y € P. But then m € PNZ = pZ,
contradicting the fact that ged(m,p) = 1 7. Thus this forces y=0and z =1 as
desired. |

Remark 1.4.13. 1. The injectivity of wp fails on the p-th roots of unity. Namely, consider
Z[(p) C Z, and the prime ideal p = (1 — ;) which lies above p. Then ¢, # 1 but ¢, = 1
(mod p), so mp is not injective on .

46There are infinitely many such ideals, and the absolute Galois group Go of Q acts transitively on those;
see [Was97, Appendix §2, Lemma, p. 394]. Since Z C Z is integral, they both have the Krull dimension
1, so any non-zero prime ideal of Z is maximal.
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2. There are other ways to define the Teichmiiller character. Let k be a finite field with
q = p" elements.

o Following [Was97, chap. 6, p. 95|, if we fix a prime ideal p of (the ring of integers of)
Q(¢q—1) lying above p, then Z[(,—1]/p = F, = k and the (¢ — 1)-st roots of unity are
distinct modulo p (see [Was97, lemma 2.12] or [Coh07, lemma 3.6.1]), so this yields
an isomorphism k* — p,—1(Q) which is nothing but the restriction ©|x.

o Alternatively, one may use a purely p-adic approach: as before we let O, = Zp[(;—1]
be (the ring of Witt vectors of k or equivalently) the ring of integers of the unique
unramified extension K, of Q, with residue field O, /p = F, = k. For a = [z], € k*
we define the value’” w,(a) := lim,, o, 29", which is the unique (¢ — 1)-th root of
unity in O, such that wy(a) = a (mod p). We get a section wy : k* — py—1(Z) C OF
of mg : O — k*. One can check that O|x = wj.

e Finally, one can mention that given an integer m > 1 not divisible by some prime p,

if we let a prime p < Z[(,,] above p, then k := Z[(,,]/p has ¢ = p/ elements, where
k|

f =ord*(p mod m) and O, * is the m-th power residue symbol (or reciprocity

symbol), see e.g. [Coh07, definition 3.6.2, lemma 3.6.24]: it is the unique multiplicative
q—1

character Xp m : k% — pm(Z) of order m such that xp.(z) = = ™ (mod p) for
all x € Z[(;,] ~ p. In particular when m = ¢ — 1, we get ©(z) = x mod p for all
S Z[Cq—l] N p. a

Proposition 1.4.14. Let © : F,” < Q" be the Teichmiiller character. Let k D F, be a
finite field. Then ©|,x generates the cyclic group k> and there is a unique generator g of

k* such that ©(g) = exp (ﬁy‘)

Ll

More generally, if d divides |k*| then the restriction of © d to k* is a character of

order exactly d which generates k*[d], and its value on the generator g from above is
L3el .

07 d (g) = exp (%) ’

Proof. — The fact that ©|,x generates the cyclic group kX is proved in [Gril6, lemme

2.1.2]. The existence of an element g € k* such that ©(g) = exp (ﬁﬂﬂ) is clear since the

image of ©|;x is the subgroup p ;x| C Q”. Then g must be a generator of k> since its

271
[k>]

of such a g € k* is clear as © is injective. The rest of the statement of the proposition is

order is at least as large as the order of O(g) = exp ( ) which equals |k*|. Uniqueness

easily deduced from the previous claims. See also remark 1.4.18. |

1.4.2.1 Characters of order dividing d

It is convenient to introduce some notations in order to classify the characters of order
dividing d (namely the elements of ky [d]).

Definition 1.4.15. Let us fix a power ¢ of some prime p and an integer d > 1 coprime to q.

470ne easily shows that the sequence (27" ), is Cauchy (it suffices to check that |zq"Jrl —27"| > 0as
n — oo by the ultrametric property of O), so it converges in O, by completeness.
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1.

We define the map

Uga: ZJdL  —s T

rmodd +—— min{j;l . d|(qj—1)r}. (1.4.6)

Note that it is indeed well-defined on Z/dZ. In other words, ug q(r) is the cardinality
of the orbit r € Z/dZ under the action of the group (q) < (Z/dZ)* of powers of q by
multiplication on Z/dZ.

Given r € Z/dZ and an integer n € ug q(r)Z>o, we define the character

Q]qud’r : F;n — @X
(¢"—Dr
x +— Ox) d
Note that this definition does not make sense for every n € Z~, but only for those n which
are integer multiples of u, 4(r) because then we have w € Z (as proposition 1.4.16.3

will show). J

We state a few properties of ug 4 and Op ., 4, in the following two easy propositions.

Proposition 1.4.16. Let g and d > 1 be as in definition 1.4.15.

1.

For every r € Z/dZ, the value ug q(r) is equal to the multiplicative order of ¢ in the

X
group <Z/(dd )Z> . Here (d,r) denotes the gcd between d and r.

. We have u, 4(r) = ug,q(q’r) for all j € Z. (Note that q is invertible in Z/dZ so that ¢'r

makes sense even when j < 0).

. Givenr € Z)dZ and j > 1, we have d | 7+ (¢ — 1) <> uga(r) | j.
. Given an integer A > 1, we have #{r € Z/dZ : d| A-r} = gcd(d, A). In fact, we have
. d d
the equivalences d | A -r <— oA A ’7" = ddn ‘A. J

Proof. — We first prove item 4 and then the rest will follow.

4.

It suffices to check the first equivalence, because the second one follows by symmetry
(swap A and r), and it also follows that {r € Z/dZ : d| A-r} = ﬁz/dz. Now the

equivalence d | A-r <~ % ‘ r can be checked by considering the ¢-adic valuations

ged
vy for all primes ¢, which amounts to checking that ve(A) + ve(r) = ve(d) <= wve(r) =
ve(d) — min{we(A),ve(d)} for all primes ¢, which is clear (since v,(r) > 0).

. From item 4 we get d | 7+ (¢ — 1) <= ﬁ ‘ (¢7 — 1), so that u,4(r) is indeed the

multiplicative order of ¢ modulo 0 ddr).

3. This is clear from items 1 and 4.
2. This also follows from item 1, since ged(d, q) = 1. |
It is also useful to note that for all N > 1, we have u,~ 4(r) = ord (¢~ mod ﬁ) =

ged(N,uq a(r))

Ug.a () (recall that in for any element g of a finite group we have ord(gV) =

ord(g) ).

ged(N,ord(g))
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Proposition 1.4.17. Let q and d > 1 be as in definition 1.4.15. Fix r € Z/dZ.

1. Let n, N € ugq,q(r)Z. Assume n | N so that Fgn C F,~. Then we have
Q]FqN,d,T = H]Fqn7d,’l” o N]FqN/Fqn

—

2. Let n € uq,q(r)Z. The character g, 4, € Fyn has order exactly

3. Let k be a finite field. We have
I;n;[d] = {0k,.ar : v € Z/dZ such that uy 4(r) | n},

and consequently we have the equality of sets

LI Fd = || { O © 7€ uppa(r)Zoo }.

n>1 rez/dz

In particular, when |k| =1 (mod d), then uy 4(r) =1 for all v and

ki) = { O o Ne s 7 € Z/dZ} = { x o Np, i+ x € K¥[d] }.

d
(d,r)’

(1.4.8)

(1.4.9)

The second equality in item 3 is especially interesting: we can express an infinite union of
finite sets as a finite union of infinite sets of characters given by pre-composing with the
norm map of arbitrary finite extensions of k), which will be the key to get the rationality

of the L-function.

Proof. — 1. To ease the notation, let & = Fyn and write m = N/n € Z, so that k,, :=F,~
is the extension of k of degree m. The main point is to observe that the norm is given by

New@) = [ o@) =227 @I g O

ceGal(km /k)
for all x € k,,,. Thus we get

(¢ -1)r ¥ -1 (¢"~r

B () =O() @ =O()r 1

(¢"—r

= @(NFqN/Fqn (x)) d = H]Fqn d,r ( N[FqN JFqn (CE)) .

2. By proposition 1.4.14, there is a unique generator g of qun such that

9Fqn,d,r(9) = exp <q37ii1 e (qz - 1)) — exp (27;1'7").

Let A be the order of g, 4. Then exp (2’%’“)A = 1so that d | A-r and proposi-
tion 1.4.16.4 implies that A is a multiple of ﬁ. On the other hand, it is clear that

d
G]F(j,’fzi .. = 1 from the above equation, so we can conclude that A = ¢
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1 - Background material

3. The inclusion D in equation (1.4.8) follows from the previous item since 6y, 4, has order
exactly d/(d,r). Now we show that the sets on both sides of equation (1.4.8) have the
same cardinality. We know that k; [d] has cardinality ged(|k.%],d). On the other hand,
the characters 6y, 4, in the set on the right-hand side of (1.4.8) are pairwise distinct (as
it can be seen by evaluating them at a generator of k<, see proposition 1.4.14). Note that
this implies that the set on the right-hand side of equation (1.4.9) is indeed a disjoint
union. But now, we know from items 3 and 4 of proposition 1.4.16 that

#H{r € Z/dL : upyalr) [n} =4#{r € Z/dZ : d|#k -1} = ged(|k; ], d),

which concludes the proof. Finally, in the case |k| = 1 (mod d), one can use item 1 to
deduce the claimed description of k; [d]. |

Remark 1.4.18. We explain here a more concrete approach to proposition 1.4.17, which can
be important for computational reasons. Fix a finite field & and a "norm-compatible" family
of generators (V,)n>1 € [[,,>1 &, in the sense that for any n | N, we have v, = Ny /x, (Yv)-
Such families exist since the norm maps are surjective; in more conceptual terms, if E,, C kX
denotes the set of generators of k¢, then we have surjective® maps given by the (restriction
of the) norm Nr,, x : Exy — E, whenever n | N and then the projective limit of the inverse
system ((Ep)n>1, (Nrp, v )n|n)) is non-empty.

Fix an integer d > 2, an element r € Z/dZ and an integer n € u|x) 4(r)Z>0. Then we may

define a character 927“ dr € kn be setting

, 2m’7’)

Ok, a.r(7n) = exp ( g (1.4.10)

Note that 0; . has order exactly d/(d,r) (and it is well-defined because we assumed
n € u|,q(r)Z>o). Moreover, if n | N, then

Okn ar(ON) = Ok 0 () = 0%, s Niy /i, (V)

so that the same property as item 1 in proposition 1.4.17 is satisfied. Finally, (1.4.8)
also holds if we consider the characters ), . instead of 0, a.; the same proof applies.
Therefore, in most of the applications (especially in proposition 1.4.26), we could work with
the characters ), . instead of O, 4. 5

Remark 1.4.19. Let us mention that for any finite field & of odd characteristic, the Legendre
symbol can be written as Ay = 0 2,1. If 3 divides |k*| (i.e., |k| = 1 mod 3), then 0 3 11
are the two characters of order exactly 3 in k*. 3

48We use the fact that for every surjective morphism of cyclic groups Z/abZ — Z/aZ,[x] — [dz] (with
a,b > 1), any generator [h] € Z/aZ can be lifted to a generator of Z/abZ. First, we may assume that the
surjective morphism is given by a canonical quotient map, since ged(d, a) = 1. Without loss of generality
we can suppose that ged(a,b) = 1. Then we just use Chinese remainder theorem.

Concretely, in SAGE [The21], the command GF(q) .multiplicative_generator() can be used to get
norm-compatible families of generators. In practice (e.g., in proposition 1.4.26) we may assume that
n = u|p|,q4(r) divides ¢(d) for some fixed integer d > 1.
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1.4.2.2 Stickelberger’s theorem

It is clear that given a finite field £ and any multiplicative characters x1, ..., Xn € k% of order
dividing some integer D > 2 (for instance D = |k*|), the Jacobi sum J(x1, ..., xn) € Z[{p]
is an algebraic integer in the cyclotomic field Q(¢{p). An important question is to know how
the principal ideal generated by J(x1, ..., x»n) decomposes as a product of prime ideals. The
answer is given by Stickelberger theorem 1.4.22; stated below, which requires the following
notations.

Definition 1.4.20. Let us fix a prime p and a primitive D-root of unity {p, where D > 2 is
coprime to p. Fix a power ¢ = p°© of p.

1. We denote by p = PNZ[(p] the prime ideal of Z[{p] above p which is below the maximal
ideal P < Z used in definition 1.4.12. For any t € (Z/DZ)*, we define o; € Gal(Q((p)/Q)
to be the unique element such that o,((p) = 4.

2. We define the character
—X
Wg,p := O m D1 Fom — Q

where m := u, p(1) = ord” (¢ mod D).

3. Given a vector b = (by, ..., by) € (Z/DZ ~ {0})", we define

f—1 n+1 I
B(5) = Bo,p () :—Z(—HZ{ ”;f’})
=1

j=0
where b, 1 = — >0, b;, f > 1 is such that p/ = @4 (amed D) (that s, f = e -
ord* (¢ mod D)) and {z} is the fractional part of x as in definition 1.4.1. 2

Remark 1.4.21. 1. We note that w, p is a character of order exactly D on [quord(q mod p) DY
proposition 1.4.17.

2. Moreover, given an integer d > 1 coprime to q and r € Z/dZ, we set D := m SO
that n := ugq(r) = ug,p(1) by proposition 1.4.16.1. Then we find

(¢"=1)r (¢"—1)-r/ged(d,r) —— i
Ofndr=0 d =0 D = w[ﬁcg‘(d”"). (1.4.11)
3. It can be checked that B(b) is an integer (see [Gril6, remarque 3.3.4]). g

We are now ready to state how the principal ideal generated by a Jacobi sum decomposes
into a product of prime ideals.

Theorem 1.4.22 (Stickelberger). Let ¢ = p¢ be a power of a prime p, where e > 1. Let
D > 2 be coprime to p and let @ = (ay, ...,an) € (Z/DZ ~ {0})™ be such that y_;" ; a; # 0.
Then, using the notations from definition 1.4.20, we have

J(w(c;,lD7..., w;:'D)Z[CD] = H O-tfl(p>ﬁq>D(t.a) )
e/ D2)* /(p)*

Proof. — See [Gril6, théoréme 3.3.9] (the result is deduced, using proposition 1.4.6, from a
similar statement about Gauss sums; see also [BEW9S8, theorems 11.2.2, 11.2.3] or [Coh07,
proposition 3.6.10]). |
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Remark 1.4.23. We check that the product over [t] € (Z/DZ)* /(p)* appearing in theo-
rem 1.4.22 is well-defined in the sense that the factors do not depend on which representative
t € (Z/DZ)* we choose.

Namely, we have [, D(pg) = fq, D(I;) (this is clear since § is defined using a sum over
elements in (p) < (Z/DZ)*, repeated qoammea by times) and op(p) = p (because oy,
is the Frobenius element at p in Gal(Q((p)/Q); it actually generates the decomposition
subgroup at p which is the stabilizer of p under the action of the Galois group). 3

Stickelberger’s result will be important to us in the following way. In a nutshell, it
gives an upper bound on the geometric rank of some elliptic curves. If the L-function
of an elliptic curve E over a global function field K = k(C) is expressed as a product
L(E/K,T) = TT°_,
T = |k|~! amounts to counting how many a; are equal to |k|. All such «; are rational (and
conversely, if o; € Q then a; = £|k| by theorem 1.3.30), and thus the ideal (o;) < Z[(4—1]
is Galois-invariant (but not conversely; we miss roots of unity by passing to the ideal!). If

the a;’s are related to Jacobi sums, then we see that Stickelberger’s theorem 1.4.22 tells

(1 — a;T), then computing the order of vanishing of this L-function at

us how this principal ideal factors into prime ideals. For more details, see section 4.2 in
chapter 4.

1.4.3 Characters and L-functions

A general strategy to compute the L-function of an elliptic curve E over k(t) is to first try
to express it via character sums. Namely, we wish to find some integers d > 1, § | d and a
function (using the notations from definition 1.4.1)

a: |_|l%[d]—><c

n>1
satisfying some properties (stated in proposition 1.4.26) and such that

log L(E/k(t),T) ==Y ( AZA a(X))Tn. (1.4.12)

n
>
n2h ek (kL8]

Remark 1.4.24. We point out that it is not always possible to take « so that its image lies
in the maximal abelian extension Q*” = Q({,;n > 1) of Q (which would be reasonable to
have if « is defined in terms of character sums like Jacobi sums, for instance). Here is a
concrete example inspired by [Ulm07a, §6.5]. We take p =5,d = 3,k = F,, and we consider
the elliptic curve

Eriy?=a%+ % — D%+ @+ 1)t - 1)° (1.4.13)

over K = F,(t). The L-function of E over K is 3906257 —25007¢ —1507* —4T%+1 € Z[T]
which is an irreducible polynomial, and the Galois group of its splitting field is a non-abelian
group of order 16 (e.g., using MAGMA [BCP97]), so its roots cannot lie in some cyclotomic
field, in particular they cannot be sums of roots of unity. 3
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Remark 1.4.25. Assume that at each place v € Vi \ {vo} > |A}|, the elliptic curve F has
a minimal integral Weierstrass model of the form y? = f,(x,t) for some monic polynomial
fu(z,t) € K|t,z] of degree 3 in x. Then proposition 1.3.29 allows us to write

]OgL(E/K, T) = Z (AE(UOCHJ) - Z )\k](fv(x7t))>z;j

i1 z,tek;

If we have f,(z,t) = g,(z,t?) for some polynomials g, and some integer d > 1 coprime to
char(k) (independent of v), then we may use proposition 1.4.3 to get an expression of the
L-function as in equation (1.4.12). J

The following result, which is proved (with different notations) in [Gril6, Proposition 2.1.15],
will be essential to express the L-function L(E/k(t),T) of some elliptic curves E over k(t) as
a polynomial (as in theorem 1.3.30) with explicit roots, which will then allow to determine
the order of vanishing at T = |k| L.

Proposition 1.4.26. F'ix a finite field k and two integers d,d > 1 coprime to |k| such that
0 | d. Assume that we have a map

a: Lllg%[d]—ﬂc
n>1

satisfying the following two properties:

1. (Compatibility with the Frobenius morphism). For every n > 1 and every x € ky |d], one
has a(x) = a(x'*).

2. (Hasse—-Davenport relation). For every finite extensions L D F D k of k and any character
x € F*[d], we have a(x oNp p) = a(y) B,

Then the following identity holds in C[T7 :

Z ( Z 04<X)> % =- Z log (1 — 04(9ku<T),d,r)T“(T)>

n2l kX (kX 0] [F]€(Z/dZ~$2,/dZ) /(| k]) %

( 1.4.1 1)

where u(r) := ug| 4(r) is as in definition 1.4.15. The sum on the right-hand side runs over
the orbits of the action of the group (|k|)* < (Z/dZ)* of powers of |k| on Z/dZ ~ %Z/dZ
(note that d is coprime to |k| so |k| is invertible in Z/dZ). J

Proof. — We first point out that the right-hand side of equation (1.4.14) is well-defined.
Namely, we show that 1 + a(Qku(r),dﬂn)T“(”) is independent of the representative of the
orbit [r] = {|k)Y -r : j € Z} C Z/dZ. First of all, proposition 1.4.16.2 indicates that
u(r) = u(|[k’r) for any j € Z. While the character 0y, 4.» might depend on the choice of
a representative r, the value «(0y,,, q,») only depends on the orbit [r]. Indeed, it is clear

that O, ,,,.d.qr = 0 where ¢ := |k|. Then, from hypothesis 1 on «, one deduces that

u(r)7d7r7
O‘(ekmqn)vdaqﬁ) = O‘wk’u(v-):da“)

holds for every j € Z.
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Now we compute the series on the left-hand side of equation (1.4.14), mainly using proposi-
tion 1.4.17. First, notice that given ' € Z/§Z, we have

d d
Gry-ags) = a5

k)6 (r') = ord”™ (|k\ ) = ord”™ <|k\ mod

5
(6, 7")

and for each n € uy| 5(r')Z>o we have
kX|-r'/s kX|r'-%/d
9/{:”75,7‘/ :@‘ "l / :@l W“ 5/ :ekn,d,%T’

Therefore, the elements ' € Z/§7Z can be replaced by r = %r’ € gZ/dZ and we compute:

™ S
(X aw)i- X (X abua) (¥
n>1 xek [d]\k (6] r€Z/dZ~$72/dZ " n€ujk),a(r)Zso

Tu(r)~1/

Z Z Okry.odor W

r€Z/dZ~4$7/dzv=1

Tu(r)v
- Z Z eku(rwd"' Nku( ),,/ku( )) ( ) (**)

r€Z/dZ~47/dz v=1

Tu(r)~1/

= Z Z eku<r)dr W (<>)

r€Z/dZ~4$7/dzv=1

S S L

u\r) - v
r€z/dz~4z/dz |v=1 ( )

= Y ste(1-a,e)0) )

U
r€Z/dZ~$7/dZ

= — Z log (1 - a(Gkumydm)T“(’”))
[rle(z/dZ~4%27/dZ)/{|k|)

where the last step follows because uz) 4(r) is (by definition) the cardinality of the orbit

[r] of r € Z/dZ under the action of the powers of |k| on Z/dZ. Equality (%) uses proposi-

tion 1.4.17.3, (%*) uses proposition 1.4.17.1, (O) uses hypothesis 2 on «, and (A) uses the

identity log(1 —aT) = — > (aT)"/v. [
v>1

The following lemma determines explicitly the number of factors appearing in equa-
tion (1.4.14).

Lemma 1.4.27. Let a,n > 2 be two coprime integers, and let the cyclic group {(a)* C
(Z/nZ)* of powers of a act on the set Z/nZ. Then

1. The number of orbits for this action is equal to

|Z/nZ /0y 9(c)

ord (a mod e)

= [(Z/ez)* : {a)"].
eln eln

2. Moreover, we have ‘Z/(a—l— 1)Z/<a>X’ =g+ w where g := ged(a — 1,2) and
’Z/(a + 1)Z/<a2>><

____n
ord* (a mod n) *
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3. Assume that n = a’ 4 1 where ( is either some odd prime. Define g := gcd(a — 1,2).

Then
_ +a—|—1—g+aé—a
—9 2 2 ’

)Z/nZ/<a>><

Proof. — 1. First, note that the additive order of any element x € Z/nZ is a divisor e of n.
We claim that if the additive order of x equals ord™ (z mod n) = e, then the orbit of
has size | orb(z)| = ord” (a mod e) equal to the multiplicative order of a mod e. Then
the formula will immediately follow since given a group action G ~ X, the number of

orbits is |X/G| = X aex/a 1 = Caex/c Loea TA] = ZozeX Tom@)|

The orbit of  is {z, az, a®x, a®x, ...} C Z/nZ. Since ex =0 (mod n) and gord” (amede) —
1+ ea for some a € Z, we get a®4” (@ mod €)y: — 4 (mod n), so the orbit has size at most
ord* (a mod e). In fact we have

adz=2 (modn) < o/ —1=0 (mode) <= ord*(amode)]|j,

so this proves | orb(z)| = ord* (a mod ¢). (We note that e = so we can generalize

n
ged(z,n)”?
the proof of proposition 1.4.16.1 to conclude that |orb(z)| = ord™ (a mod e)).

2. Assume now that n = a + 1. Then a = —1 mod n implies that all the orbits have size 2,
except the orbits of x € Z/nZ such that x = —z,ie. x =0 or z = § if a is odd (i.e.,

g = 2). Thus, if a is even we have § + 1 orbits and if a is odd we have agl + 2 orbits,

which shows the claim.
The second identity is obvious: (a?) acts trivially on Z/(a+ 1)Z since a®> = 1 mod (a+1).

The last inequality follows from the fact that we have a reduction map (Z/nZ)* —
(Z/eZ)* for any divisor e | n, and this implies that ord*(a mod e) | ord™(a mod n).
Now it suffices to recall that }°,, ¢(e) = n.

3. We start with the case where ¢ is an odd prime. Consider the action Z ~ Z/nZ defined by
j-x:=d x for all j € Z. We have a’c = —z mod n for all x € Z/nZ (since n = a* + 1),
so a**r = z mod n, which implies that the action factors through Z/2(Z ~ Z/nZ.
In particular, all orbits have size dividing 2¢. Since £ is prime, the sizes are among
{1,2,¢,2¢}. Given k > 1, let

ar:=#{x € Z/nZ : a*zr =2 modn}, A =#{x € Z/nZ : |orb(z)| =k},
1
so that the number of orbits of size k is EAk. We have (by inclusion-exclusion principle)
Ar=a1, As=as—a1, Ar=ar—a1, Ay =ay—a—az+ai,

since £ is an odd prime. Moreover, define the endomorphism f : Z/nZ — Z/nZ by
f(z) = (a* — 1)z. We have
n n n

T #Im(f) [(@*—1Z+nZ:nZ] n/ged(n,ak —1) ged(n, a* — 1).

ar = # ker(f)

One concludes that

aé—

1
ay = ged(a® +1,q — 1) :gcd( 1 (a—1)+2,a—1> = ged(a —1,2),
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as = ged(al + 1,02 — 1) “ 2% ged (a(af;__ll(a2 -1 +1)+1,a* - 1) =a+1,

ag = ged(a® +1,a° — 1) = ged(a® +1,2) = ged(a — 1,2),
age = ged(a® +1,a% —1) = a* + 1.

Hence the total number of orbits is

A 1— -
’Z/nZ/<a>x‘: S ZhEog iy HTQ 404 a2£a7
ke{1,2,0,20}

where g := ged(a — 1,2) as desired.

(Note also that in general if a = ¢ is a prime power and ged(n,q) = 1, the number of
(g)*-orbits on Z/nZ is the number of irreducible factors of X™ —1 in [F,[X]: such a factor
corresponds to a Galois-orbit of an n-th root of unity in F*, and Gal(F,/F,) is generated

by Fry : x — 29 whose iterates are given by powers of ¢, namely Frg Tx xq]). |

1.4.4 Explicit Jacobi sums

We now give some examples where the hypothesis of Tate—Shafarevich’s theorem 1.4.8 are
fulfilled. To this end, we start with a small lemma.

Lemma 1.4.28. Let a > 2,v > 1 be integers and D be a divisor of a¥ + 1 (in particular,
ged(a, D) = 1). Assume that D > 3. Then:

1. The multiplicative order ord(a) := ord™ (a mod D) of a modulo D is even and

a"d@)/2 = 1 (mod D).

d
2. Moreover, ord(a) divides v and the ratio v is odd.
2 ord(a)/2
3. Finally, we have
aord(a) -1
— € Z.
D(a—1 - ’
Proof. — We prove the first two items simultaneously. Let us write ord(a) = 2a + € for

some a > 1 and € € {0,1}. Then
1= aord(a)-u _ (ay)2a+e = (_1)2a+e = (_1)6 (InOd D)

and since D > 3, this implies that e = 0, i.e. ord(a) is even.

Moreover, we know that a?” =1 (mod D), so the order of a divides 2v, which means that
v = au for some integer v; > 1. Let us write vy = 20/ + ¢ for some v/ > 0 and ¢ € {0,1}.
Then

1=a" = (e =1Y . ¢* (mod D
( ,

which means (again because D > 3) that ¢ = 1 and a® = a°"4®/2 = —1 (mod D) as

ord(a)
2

desired. This also proves that v = - vy for some odd integer v > 1.
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Finally let us check that % is an integer. From item 1, we know that ord(a) = 2« is
even and that a® = —1 (mod D). Now, we have
aord(a) -1 ord(a)—1 ) a 2 ' o @ '
——1 = Z a' = Za’ + Z a' = Zal +Z(—a’) =0 (mod D),
a= i=0 i=1 i=a+1 i=1 i=1
which confirms that % is an integer divisible by D. |

We get the following corollary.

Corollary 1.4.29. Let d > 1 be an integer and r € Z/dZ ~ {0} such that r # % if d is even.
Let k be a finite field. Assume that®® there is some integer v > 1 such that |k|" = —1
(mod d).

Then u(r) := w| 4(r) is even, so that k(. has a (unique) quadratic subfield. Moreover,
the restriction of the non-trivial character Hkum,d,r to this quadratic subfield is trivial. .

Proof. — « Since r # 0,d/2 mod d, we have D := (C[%T) > 3 and by proposition 1.4.16 we
have uy,4(r) = ord *(|k| mod D). Since k| = —1 mod d, we also have |k|” = —1 mod
D and so we may apply lemma 1.4.28, which asserts that u(r) := w)y .4(r) € 2Z is even
and that |k[*(")/2 +1 =0 (mod D). From proposition 1.4.16.4 we get

r (g ed/2 1 1) =0 (mod d). (1.4.15)

» We now prove that 6 := 0y, a., is trivial on k' Note also that 0, 4, is non-

(r)/2:
trivial on k), since  # 0 (mod d), by proposition 1.4.17.2. Now, there is a unique

generator g of ki(v’) such that 6(g) = exp(2mir/d) by proposition 1.4.14. Note that

. w(r)/24q
_gq +1 —

g : Nkwry/kuiry 2 (9) 15 @ generator of k:(r)/Z' We have

o
0(g') = exp (ﬂ(quw2 + 1)) =1 (1.4.16)

d
where the second equality follows from equation (1.4.15). This concludes the proof. H

We can generalize slightly the above results to get the following. The point is that we do
not assume that |k|* = —1 (mod d) but only p¥ = —1 (mod d) (for some v > 1).

Lemma 1.4.30. Let p be any prime, d,e > 1 be integers, set k = Fpe and let r € Z/dZ ~ {0}
such that v # d/2 if d is even. Set 6 := 0Oy, ., a,» Where u(r) := u a(r).

Assume that p¥ = —1 mod d for some integer v > 1. Then:

1. For any M > 2 there is a sign € € {£1} such that for any ay,...,ap € Z/ﬁz ~ {0}
satisfying a1 + - - - 4+ a,, # 0, we have

J(04,...,00M) = ¢ . |k|M-Dum/2,

Moreover, we may take e = +1 if M is odd.

49For instance, this is fulfilled if k = Fpe for some prime p and some odd integer e > 1 such that there is
some integer v’ > 1 satisfying p* = —1 (mod d).

77



1 - Background material

2. If k' C k is a subfield such that the degree ¢ := [k’ : Fp] is 0odd®", then the restriction of
0 to k' is trivial and the degree [k, : k'] is even. J

Proof. — 1. Here we may not be able®® to use the Tate-Shafarevich theorem 1.4.8 directly
on 6 (unless we assume that e divides v which implies |k|¥ = —1 mod d, in which case
corollary 1.4.29 applies). But we will use Tate—Shafarevich theorem 1.4.8 on a different
character and then apply the Hasse-Davenport relation (theorem 1.4.7).

Namely, we apply corollary 1.4.29 to k' = F, in order to get that u/(r) := u,4(r) is
even and 0’ := 0y, oy is trivial on the quadratic subfield of k;,m. Then so is §’% for
any 1 < ¢ < M. Note that none of the 6’% nor §’a1+1TaM are trivial on k;’(r) since

a; Z0# ay + -+ + a,, mod (JLT) and 6’ has order ﬁ. By theorem 1.4.8, we find

J(elal’ . 0/0,]\/[) — p(M—l)‘u/(r)/z

Now, we compute

d )_ e
(d,r) _gcd(e,up,d(r))

(Bu(ry : Fp] = e - uppa(r) = e-ord (pe mod “up(r). (1.4.17)

Hence k() is an extension of &/, o) of degree

e
n=— "-—.
ged(e, up,a(r))

Thus, theorem 1.4.7 together with proposition 1.4.17.1 yield

J(Q‘“, ”.70aM) — (_1>(n—1)(M—1)p(M—1)~n‘u/(r)/2 — (_1)(n—1)(M—1)|k|(M—1)~u(r)/2
(1.4.18)

which concludes the proof, by setting € := (—1)*~D(M=1) (which does not depend on
the a;’s).

2. Since k' = F) is a subfield of k = Fjc, we may write e = ¢ - ¢’ for some ¢/ > 1. By
proposition 1.4.14, there is a unique generator g € k:;f(T) such that 0(g) = exp(2mir/d).

Now, ¢" := Ny (g) = glkxmk/x' is a generator of k'* and

r- <pce'u(r) _ 1)

0(g') = exp(2miX), X = d-(pr—1)

so we want to prove that X € Z. Let a := p° and D := ﬁ; we have D > 3 in view of

the hypothesis on . We have
r ae' ord(ae/ mod D) _ |

X:(d,r)' D-(a—1)

50The character 6 does not need to be trivial on & if ¢ is even. For instance, if k = Fos and g is a generator of
k* such that 6k 3,1(g) = exp(2mi/3), then k" = FJ, is generated by g° and 0j3,1(g°) = exp(107i/3) # 1.

511t is always true that e - ug),a(r) is even (i.e., ky(,) has a quadratic subfield), but when 4 | e, it may not
be true that d | 7 - (|k|“(/2 + 1) which is needed for the triviality of @ over that quadratic subfield. For
instance, take p = 2,d = 3,7 = 1, |k| = p*: we have Ug,a(r) =1 and d { (p* +1).

78



1.4 — Character sums

¢’ord(a® mod D) _ 1 g an integer multiple of @°rd(@med D) _ 1 and

that ¥ = (p”)° = —1 mod D because ¢ is odd. Henceforth lemma 1.4.28 allows us to
conclude that X € Z as desired. Finally, from equation (1.4.17) and the fact that wu, q(r)
is even (as seen above), we deduce that e - uy) 4(r) = c- €' - u(r) is even. Since c is odd,

Now, observe that a

this means that [k, : k'] = €’ -u(r) is even, which finishes the proof. [ ]
We will also need the following generalization of corollary 1.4.29.

Lemma 1.4.31. Let d > 1 be an integer, let 6 | d be a divisor of d and let r € Z/dZ be such
that r is not a multiple of m and is a multiple of %. Let k =F, be a finite field with ¢
elements. Assume that there is some integer v > 1 such that ¢ = —1 (mod 96).

Then u(r) := uq,q(r) is even and

u(r)/2 = _ _d
q = -1 mod @

and the restriction of character Hku(r),dn" to k‘i(r)/2 is trivial. J

Proof. — The assumption implies that ¢ = —1 mod ¢’ where ¢’ := (5‘ST). Note that ¢’ > 3,
because ¢’ = 1 would give that 0 | r, and ¢’ = 2 would give that § is even and §/2 divides 7.

Both cases are excluded by hypothesis.

Then by lemma 1.4.28, we deduce that the multiplicative order ord™ (¢ mod ¢’) of ¢ mod ¢’ is
even. We claim that ¢’ divides (#%, from which we can easily conclude that ug q(r) = ord * (g
mod ﬁ) is even. As far as the divisibility is concerned, the hypothesis ensures that we

can write r = %7” for some integer ' > 1. Then d - (§,7) =d - (0, %7”) is a multiple of

d-(6,7") = (db,dr") = (dd,r6) = & - (d,r) (1.4.19)
and this is equivalent to saying that ¢’ = ﬁ divides ﬁ.

We now check that ¢*“("/2 = —1 mod %. First, observe that d/(d,r) divides ¢, as can
be seen from equation (1.4.19). The assumption ¢” = —1 mod § implies that ¢¥ = —

mod d’ where d' :=d/(d,r). Then we can apply lemma 1.4.28 to d’ (note that d’ > 3 since
we cannot have r € {0,d/2,d}). This ensures that - (¢“(")/2 +1) = 0 (mod d), which is
exactly what we needed in the proof of corollary 1.4.29 to check that 6, 4. is trivial on
Ky 2 (see equation (1.4.16)). [ ]
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Chapter 2
Packing density of Mordell-Weil lattices and

asymptotics

In this chapter, we first give a general lower bound on the sphere packing density of (narrow)
Mordell-Weil lattices of elliptic curves over global function fields like Fy(t) satisfying the
Birch—-Swinnerton-Dyer conjecture 1.3.34 (see proposition 2.1.1), which relies on Shioda’s
theorem 1.3.24.

Moreover, we analyze the asymptotic behavior of this lower bound as the rank goes to
infinity (see theorem 2.3.1). This requires an upper bound on the Brauer—Siegel ratio of
elliptic curves as given in [HP16]. As a result, we get sufficient conditions on a sequence of
elliptic curves (E,),>1 so that the packing density of the corresponding narrow Mordell-

Weil lattices (L;,)n>1 satisfies D(L,) > r;ﬁ(1+0(1)) where r,, is the rank of L,. This

includes the families studied by Elkies and Shioda in [E1k94] and [Shi91] respectively, hence
providing some conceptual explanation behind the choice of these curves to get "interesting'
sphere packings. In section 2.4, we mention how some of the ideas can be generalized to
abelian varieties, and to constant elliptic curves.

Finally, in section 2.5, we answer a natural question raised by the work [Elk94]: when n > 1
is odd, what is the rank of the elliptic curve y? +y = 2% + t2" 1 over Fa(t) (instead of
Fs2n(t) as done in the Elkies’” paper)? Even though the lower bound on the packing density
of the corresponding narrow Mordell-Weil lattices is asymptotically "as good as" the lattices
from [E1k94, Shi91], they do not give rise to very dense sphere packings in low dimensions.
In any case, these elliptic curves provides an explicit example of a family of isotrivial elliptic
curves in characteristic 2 with unbounded rank, in analogy with the work [T'S67] which
deals with isotrivial curves in odd characteristic.

We remind the reader that a list of symbols can be found at the end of this work, on
page 239.

2.1 - Lower bound on the packing density

We start by giving a general lower bound on the sphere packing density of narrow Mordell-
Weil lattices.
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2 — Packing density of Mordell-Weil lattices and asymptotics

Proposition 2.1.1. Let E be an elliptic curve over a global function field K = k(C') as in
definition 1.3.2. Let g be the genus of C' and r be the Mordell-Weil rank of E(K). Assume
that E/K satisfies the BSD conjecture 1.3.34.

Then the center (sphere packing) density of the narrow Mordell-Weil lattice
E(K)® C E(K) is bounded from below by

(deg(Amézw/K)))”?

C(EJK)V? - L (BJK)Y? - [B(K ione| - KT - H(E/K)'?

§(E(K)°) > (2.1.1)
Moreover, this lower bound is an equality if and only if the following equalities hold:

M(E(K)")? = édeg(Amin(E/K))7 (E/K)|=1,  [E(K):BE(K)"] =c(E/K).

-

Proof. — We apply BSD formula (item a) from conjecture 1.3.34) to get an upper bound
on the discriminant of E(K), by simply using the fact |III(E/K)| > 1:

Reg(B/K) < L*(E/K) - |E(K )ionl? - K~ H(E/K) - «(B/K)™".  (212)

From theorem 1.3.24, we have

(2.1.3)

deg (Bunl /10N
6

n(EEP) >

Now, using remark 1.1.4.2, the covolume of E(K)? is given by

covol (B(K)°) = [E(K) : E(K)°] - covol(E(K)) = [E(K) : E(K)°] - Reg(E/K)"/2.

Using lemma 1.3.23, together with equation (2.1.2), we deduce
covol (E(K)%) < e(E/K)Y? - L*(E/K)Y? - |E(K)ors| - [k|[9/27 Y2 - H(E/K)'/?

(Note that L*(E/K) > 0 by remark 1.3.33.4, so taking its square root makes sense).

Combining the above inequalities yields the claimed lower bound on §(E(K)?). The case
of equality is clearly attained exactly when the lower bounds (2.1.3), |III(F/K)| > 1 and
[E(K) : E(K)°] < ¢(E/K) (which are the only ones we used to get a lower bound on
S(E(K)?)) are all equalities. In general, the right-hand side of equation (2.1.1) can be
multiplied by |III(E/K)|'/? € Z,. [

Remark 2.1.2. Here is the strategy to compute the lower bound on ¢(E(K)°) from proposi-
tion 2.1.1.

@ Compute the L-function L(E/K,T) as explicitly as possible. This gives the analytic
rank, and also the algebraic rank (since E satisfies the BSD conjecture by assumption).
From this, we can also compute the special value L*(E/K).
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2.2 — Brauer—Siegel and Szpiro ratios, Brumer's bound

@ Using Tate’s algorithm (see [Sil08b, IV.9, p. 364-369]), one can compute deg (Amin (E/K))
(and hence H(E/K)) and ¢(E/K).

® It only remains to determine |E(K )ors|, which can be done in various ways (for instance
using the injectivity of reduction maps, see [Sil08a, VII.3.1(b)], or using a function field
analogue of Nagell-Lutz theorem [Sil08a, VIIL.7.2]). We mention another method in the
following proposition 2.1.3. ¥

Proposition 2.1.3. Let E be an elliptic curve over a global function field K with at least one
place of bad reduction (in particular', E is non-constant). Then |E(K )os|? divides ¢(E/K).
Moreover, there is an injective group morphism E(K )iors < [Toeve E(K,)/E(K,)°. .

Proof. — See [SS19, proposition 6.31] (where the authors use notations from §5.4, p. 87
ibid.; note in particular that their convention 5.10 corresponds to our hypothesis about bad
reduction) or [SS10, corollary 7.5] for the second claim. |

We also have the following uniform bound.

Proposition 2.1.4. Let g > 0 be an integer. Then there is a constant Ty > 0 such that for
every global function field K = k(C) where C' has genus g and every non-constant elliptic
curve E over K, one has |E(K )iors| < Ty. 4

Let us mention that when F is constant over k(C), we have E(K )iors = E(k) as mentioned
in remark 2.4.1; so it has size |k| + 1 — a for some a € Z such that |a| < 2|k|*/2.

Proof. — See [Lev68, theorem 1, p. 460] and [Ulm11, lecture 1, proposition 7.1] for the
case where F is non-isotrivial. The proof of [Ulm11, lecture 1, proposition 7.1] only relies
on the fact that F is non-constant. (Also, as pointed out in [Sch05] after the proof of
proposition 1.9, if E is isotrivial but not constant and if p = char(k), then the p-primary
part of E(K )iors (i-€., the p-Sylow subgroup) has size < 2).

See [McD18, McD19] for the full (finite) list of groups that occur as E(K )iors for some
non-isotrivial curve E/K, when K has genus 0 or 1: while the list might depend on char(k),
there is indeed an upper bound on |F (K )tors| that is independent of k.

See also [GS95b, theorem 13] for a bound that depends on the inseparability degree of
JE : C — Pl | |

2.2 - Brauer-Siegeland Szpiroratios, Brumer’'s bound

In order to study the asymptotic behavior of the lower bound from proposition 2.1.1 (as
the rank goes to infinity), we need some tools which we introduce now.

We first define two notions, following [HP16, definition 1.2 and §7.2, p. 80]

Definition 2.2.1. Let E be an elliptic curve over a global function field K. Assume that
f(E/K) > 0 (in particular F is non-constant).

1See also remark 1.3.25.
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2 — Packing density of Mordell-Weil lattices and asymptotics

1. The Szpiro ratio of E over K is the positive rational number

L dEg (Amln(E/K))
o(E/K) = FE/K)

2. Assume that HI(E/K) is finite. The Brauer—Siegel ratio of E over K is the non-negative

real number BS(E/ K log(|II(E/K)| - Reg(E/K))
(E/K) = log(H(E/K)) ' J

Observe that BS(E/K) is well-defined since the assumption f(E/K) > 0 implies that there
is at least one place of bad reduction for E, so that H(E/K) > 1 (thus log(H(E/K)) # 0).
Let us mention here some results about these invariants. First, we deal with the Szpiro
ratio.

Theorem 2.2.2 (Ogg, Pesenti—Szpiro). Let E be an elliptic curve over a global function
field K = k(C) such that f(E/K) > 0.

1. We have o(E/K) > 1 (or equivalently f(E/K) < deg (Amin(E/K))), with equality if
and only if for every place v € Vi, the reduction type of E at v has Kodaira symbol
10,11 or II.

2. Let g be the genus of C and let p¢ be the degree of inseparability of the j-invariant
jg : C — P! Assume that E is not constant if g = 0. Then we have the inequality
deg (Amin(E/K)) < 6p° - (f(E/K) + 29 — 2). ¥

Proof. — 1. The inequality follows from Ogg’s formula (see [Sil08b, IV.11.1, p. 389]), which
reads v(Anin(E/K)) = f, + my, — 1 > f,, where m,, > 1 is the number of irreducible
components, defined over k and counted without multiplicity, of the fiber of 7: & — C
over v (we use the notations from remark 1.3.9). The other claim is given in [Sil08b,
corollary IV.11.2, p. 396], see also [SilO8b, exercise 3.36, p. 287].

2. See [PS00, theorem 0.1] (this is an analogue over function fields of a famous conjecture
of Szpiro, itself related to the abc conjecture, see [Sil08a, VIIL.11]). |

Remark 2.2.3. The degree of inseparability of jg plays an essential role in the bound
from theorem 2.2.2.2, as the following example shows. We use Frobenius twists £ —
E®") (these are isogenies over K = F,(t), so the conductor is preserved). Let p = 31
so that the equations a® = —4 mod p, 32 = —27 mod p have a solution, for instance
(,) = (3,2), and 37! = 21,27 = 16 mod p. Define E,, : y?> = 2% + 21t"" z + 16. We

have j(E,) = 123 o = —123. 070 = ~193(:£)”". We have f(E,/K) = 5 while
deg(Anmin(E,/K)) ~ 3p™ as n — co. J

Now, we deal with some known results on the Brauer—Siegel ratio.

Theorem 2.2.4 (Hindry—Pacheco). Fix real numbers € > 0,cy > 1 and an integer g > 0.
Then there are constants Be g c,, B¢ ; ., > 0 such that for every global function field K = k(C)
where C' has genus g, and every elliptic curve E over K with finite Tate-Shafarevich group

and with f(E/K)® > |k| and f(E/K) > B g,,, we have
IUL(E/K)| Reg(E/K) < B 4, - H(E/K)'*.
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2.2 — Brauer—Siegel and Szpiro ratios, Brumer's bound

Therefore, if (E, /k,(Cp))n>1 is a sequence of elliptic curves with finite Tate-Shafarevich
groups such that lim,_,. H(FE,/K,) = 400, the genus of C,, stays bounded and |k,| <
f(En/Ky) for some absolute ¢y > 1, then we have

limsupBS(E,,/K,) < 1. J

n—-+o0o

Proof. — See [HP16, theorem 1.10 and its proof on page 54| for a statement where the
constant Bé, g.co actually might depend on ¢ (this is also why they do not assume explicitly
that the curves are non-constant). For safety, we make a detailed proof that allows K to

vary (with a fixed genus g), which can be found in the appendix A. |

Remark 2.2.5. 1. Corollary 1.13 and proposition 7.6 in [HP16] give a lower bound on the
Brauer—Siegel ratio: namely, for all ¢ > 0 and all global function fields K, there is
Ce x> 0 such that for all elliptic curves E over K with finite Tate-Shafarevich group,
we have

[II(E/K)| - Reg(E/K) > Reg(E/K) > Cc i - H(E/K)™,

which yields lim inf p BS(E/K) > 0, where the liminf is taken over the collection of elliptic
curves over K with finite Tate—Shafarevich group, ordered by increasing height H(E/K).
However, in all the known examples (given for instance in [HP16, Gril6, Gril7]), the
inequality limsup,,_,, .. BS(E,/K,) < 1 is an equality! As of now, there is no example
of families of elliptic curves where the limit of the Brauer—Siegel ratio is < 1, even though
such examples are believed to exist, according to [HP16, conjecture 1.7]. (We also note
that the results from [HP16] are actually more general: they hold for abelian varieties?).

2. Theorem 2.2.4 provides an analogue over function fields of Lang’s conjecture in [Lan83,
p. 159].

3. Theorem 2.2.4 may fail if we allow the genus to vary in an unbounded fashion. For
instance, [Oes90, proposition 4c)] gives an example of constant elliptic curves E,, over
Fp2(Xg41) (so H(E,) = 1) with |III(E,) Reg(E,)| — +00 as n — +o0o. Here the Fermat
curves X,y1 have genus going to infinity as ¢ — +o00. See the work [KTO08] and its
erratum. g

Another tool that we will need is a bound on the analytic rank of an elliptic curve in terms
of its conductor. Recall also that the Mordell-Weil rank is always bounded from above by
the analytic rank (theorem 1.3.35), that is: rk E(K) < p(E/K).

Theorem 2.2.6 (Brumer). Let K = F,(C) be a global function field and let gc be the genus
of the curve C. Then there are explicit constants Sk ,cx > 0 such that for any elliptic
curve E over K such that the degree fg of the conductor of E/K is > 1 (in particular, E
is non-constant), the analytic rank of E/K satisfies:

felog(q)?
log(fr)?(1 —q=1/2)

lo
S+ 1428 + 208D g(4)

2log(fr)

fE+49c —4

PEIR) S 108 (Fa)

og(q) +

2We note that the full generality of proposition 7.6 from [HP16] relies on some unpublished work (or work
in progress) of A. Pacheco and S. David (see page 80 ibid.).
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2 — Packing density of Mordell-Weil lattices and asymptotics

In particular, if q is fixed and fg — +00 we get

fe+49c —4 fe
p(E/K) < “oloa(fn) log(q) + Oq.c (k)gz(fE))- 5

Proof. — See [Bru92, proposition 6.9] (where it is assumed that p > 5 at the beginning
of §6, but the proof does not require this assumption) and [Paz22, lemma 3.1] (where the
result can be improved by noticing that ¢¥/? < fz - ¢'/? just after equation (11)). See also
[UlmO7b, §11].

More specifically, Brumer shows in [Bru92| (using Weil’s explicit formulas and some trigono-
metric polynomials as the Féjer kernel) that if we define the constants

Br = (29c +1)(1 —¢~H7!
4,8[( 4 451(

TR G- PR - - g )
then we have®
fe+49c —4 4q¥/? cK N
p(E/K) < % V(1 — g 1/7)2 + 14208k + v (2.2.1)

for every integer Y > 1. Observe that since ¢ > 2, we have S < 4gc+2 and cx < 48k (3+
2V2) +4(3v2 +4) = O(gc).

Let Y := Pigig)ﬁﬂ)w. We have Y > 1 (1$1nce fE > 2 by assumption) and ¥ < leé{qE)) +3=
logq(fE) + % so that ¢¥/2 < ¢'°8(p)+3 = fpq1/2. This yields the desired upper bound. W

Finally, the following result will be useful to get an upper bound the index of the narrow
Mordell-WEeil lattice in the full Mordell-Weil lattice.

Proposition 2.2.7. Let € > 0 and g > 0. Then there is a constant d(e,g) > 0 such that

for all elliptic curves E over any global function field K = k(C) where C has genus g and
deg (Amln(E/K>> > d(ea g)) we have

log(c(E/K)) < €elog(q) deg (Amin(E/K)) .
In particular, we have ¢(E/K) = o(H(E/K)) as deg (Apmin(F/K)) = +00. 5

Proof. — This is proven as [Gril6, théoreme 1.5.4]. More specifically, on page 82 ibid., one
has (given € > 0)

log(¢(F/K)) < max{; A (1_|_ log(5) log(10/¢) —I—loglog(A)}’

log(A) log(A)

where we set A := deg (Anin(F/K)) for simplicity. We now choose d = d(e,g) > 0 so that
12(g+1)- (log(w/ﬁ)tlzf a(R)) < eand 14 2281 < 210g(2) for all A > d. Tt follows that

),log(q) “A-12(g+ 1) -

log log(A) ™=
log(c(E/K)) < max{e- A -log(2),e- A-log(q)} < €-log(q) - deg (Amin(E/K))
as soon as deg (Anin(E/K)) > d(e, g) as desired. [

3This is obtained just before the statement of [Bru92, proposition 6.9], but there is possibly a typographic
error: it is written Sk instead of 28k in the sum (see also the proof of [Paz22, lemma 3.1] where there is
indeed 28k as well).
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2.3 - Asymptotic behavior of the lower bound

We are now ready to analyze how the lower bound from proposition 2.1.1 behaves in terms
of the rank of the Mordell-Weil lattice. We give sufficient conditions to get a "large" packing
density among packings obtained from narrow Mordell-Weil lattices.

Theorem 2.3.1 (Theorem A).  Consider a collection of elliptic curves { E;/K; : j > 1}
where K; = Iy, (Cj;) is the function field of a smooth projective geometrically irreducible
curve C; with bounded genus, and such that the degree f; := f(E;/K;) of the conductor
goes to +o0o when j — oo.

Denote by L; := E;(K;)° the narrow Mordell-Weil lattice of E;/K;. Let r; be the
(algebraic) rank of L; and let d; := deg (Anmin(E;j/K;)) be the degree of the minimal
discriminant of E;/K;.

Assume that:

1) The Birch-Swinnerton-Dyer conjecture 1.3.34 holds for the elliptic curves in the family
(in particular, the Tate-Shafarevich groups III(E;/K;) are finite).

2) There is a constant ¢ > 1 (independent of j) such that q; < f5° for all j > 1.

d.:
3) The Szpiro ratio o == o(E;/K;) = f—J tends to a finite value* o > 1 when j — oo.
J
4) The ratio between the rank of E;/K; and Brumer’s bound stays away from zero, that
is, there exists a constant (3 €]0, 1] such that

~ filog(q;)

ERa 2log(f;)

(4 = o0),

Then we have the following asymptotic lower bound as j — 4oco (hence the rank r; goes to
infinity):

log(3(Ly)) > (1+0(1)) - (r5108(r;) (5 — 122) + 3 los((TI(E, /K-

2 128
In particular when o = 1 and 3 = 1 (i.e., Brumer’s bound is asymptotically sharp®), we get

D(LJ) > T;TIQTJ‘(lJFO(l)).

Before proving this result, let us mention some examples of families of elliptic curves that
satisfy the conditions from the above theorem 2.3.1, showing that this result provides some
conceptual explanation as to why these families might be interesting for sphere packings.

Example 2.3.2. We use the notations from remark 1.3.47.

4We have o > 1 by theorem 2.2.2.1.
5This is a slight abuse of terminology: since we allow g; to vary, the main term of Brumer’s bound as in
theorem 2.2.6 may not be the one indicated in the last part of theorem 2.2.6.
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2 — Packing density of Mordell-Weil lattices and asymptotics

o In [E1k94], the isotrivial elliptic curves E,, := 'y on 1 over K,, :=F, (t) (where g, := 22"
and n > 1 is odd) have rank 2"! and satisfy deg (Amin(En/Ky)) = 12[2"/6] and
[(E,/K,) = 2" 4+ 4 (see theorem 0.1). We see that ¢, < f(E,/K,)? for all n > 1,
that Brumer’s bound is asymptotically achieved and that the Szpiro tends to 1 as
n — 4o00. Morevoer, these curves are isotrivial so they satisfy the Birch—Swinnerton-
Dyer conjecture 1.3.34 by theorem 1.3.35. See also remark 2.5.9.

o In [Shi91], the isotrivial elliptic curves E, :=I'y ;11 over K, := F2(t) (where p = —1
(mod 6) is prime) have rank 2p — 2 and satisfy deg (Amin(Ep/Kp)) = 2(p + 1) and
f(Ep/Kp) =2(p+1) (see proposition 4.1.4). Thus one checks easily that the 4 conditions
of theorem 2.3.1 are fulfilled, as p — 4o00.

e The family of non-isotrivial elliptic curves FS pn4+1 with arbitrarily large rank (from
2

)

remark 1.3.47), satisfies the conditions of theorem 2.3.1, as we will explain at the
beginning of section 3.2. g

Proof of theorem 2.3.1. — By definition 1.2.6, the center sphere packing density of the
lattice L; is
N (Mi(Ly)/2)"
5(L]) - 1/2 ]
[E5(K;) « L] - Reg(E;/K;)
for any j > 1. Using lemma 1.3.23 and theorem 1.3.24 as well as the identity [III(E;/K;)] -
Reg(E;/K;) = H(E;/K;)B5Fi/Ki)  we get

(d;/24)79/2 - |II(E; /K;)|"/?
(E;/K;)- H(E;/K;)BS(E;i/K;)/2

d(Lj) > (2.3.1)
C

which yields

BS(E;/K;) - d; _
T log((_b)

(2.3.2)

log(5(L;)) > " 1o ((32) + 3 loa(ITII(E;/K;)]) ~log(e(E;/K;)) -

Notice that when j — oo, the rank r;, the (degree of the) conductor f; and the minimal
discriminant d; all tend to infinity (because f; < d; from theorem 2.2.2.1 and by assumptions
2) and item 4)). Because of the condition 4) and the assumption 2) — which implies that
log(log(g;)) = o(log(f;j)) — we can express the degree f(E;) of the conductor of E;/K; in
terms of the rank 7;:

QT’J’ 10g<7“j)

i~ g log(q;)

(2.3.3)
Indeed, we have

log(r) ~ log(8) + log(f;) + loglog(g;) — log(2log f;) ~ log(f;) + loglog(g;) ~ log(f;)
B - filog(q;)

so that r; ~ from which equation (2.3.3) follows.

2log(rj)
Let us denote B := limsup BS(E;/K;). We know that B < 1 by theorem 2.2.4. Then,
Jj—+oo

using the fact that d; ~ o - f;, equation (2.3.2) becomes

l08(3(L;)) > (1-+ o(1) - (F1og (G Aem ) + § low(I(E /)
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2.3 = Asymptotic behavior of the lower bound

logle(B; /1) - 5B
= (1+0(1)) - (r;log(ry) (% _ ?2/80) + o(rj log(r;))
+ 5 Toa(|TII(E; /) — Toa(c(E; /K;)))
= (- o(1) - (rylog(ry) (5 — 755) + 5 oR(IIE/K)D), (2.

where we used the fact that loglog(g;) = o(log(r;)) in the second equality and proposi-
tion 2.2.7 in the third equality, which ensures that

log(c(Ej/K;)) = o(log(g;)d;) = o(o - log(q;) - f;) = o(o - 75 1log(r;)).

This concludes the proof of the main inequality of theorem 2.3.1, by using the inequality
B <1.

Moreover, if we now assume that 0 = 1 and 8 = 1, then the trivial bound |II(E;/K;)| > 1
yields

1 1
log(3(L;)) > (1 +0(1) - 1 1og(r;) (5 — 75)-
Recalling that D(L;) = vol(B"(0,1))6(L;) and using remark 1.2.13 (which tells us that
log vol(B"(0,1)) ~ —% log(r) as r — +00), we finally deduce

D(LJ) > Tj_ﬁrj(l"‘o(l)). [

Ly (140
Remark 2.3.3. 1. We note that the lower bound D(L;) > r; 1040 from theorem 2.3.1
is very far from Minkowski lower bound stated in theorem 1.2.15. In fact, any bound
on the form D(L]) > o™ for some a €]0, ;[ and some lattices L], < R" yields (by

remark 1.2.13, as n — +00)
, n n 1
logd(L;,) ~ 5 log(n) + log D(L,) > 3 log(n) + a-n = §n10g(n) (14 0(1)).

while we obtained log§(L;) > r;log(r;) - (1 + o(1)). Note that a family of lattices
L;, — R™ satisfying logd(L;,) ~ %log(n) - (1 4+ o(1)) does not necessarily achieve
Minkowski lower bound: we could have for instance log D(L!,) ~ anloglogn (as for
Craig’s lattices mentioned in remarks 1.2.21 and 1.2.22).

2. It is difficult to give a general asymptotic upper bound. First one would need an upper
bound on \; (E(K)?) (see [Sil08a, conjecture VIIL.10.2]) and also on III(E/K). Instead,
we may want to use some "trivial" upper bounds on the packing density to say something
about some invariants of elliptic curves with large ranks.

« For instance, if we have a family { E;/K : j > 1} of elliptic curves over K := Fy(t)
satisfying the 4 conditions of theorem 2.3.1, then we cannot have |III(E;/K)| ~
g7 7 (E)-(+e) for a constant 7 > Z. Indeed, if this was the case then theorem 2.3.1
would yield

log (E;(K)%) > (1-+ o(1)) - log(ry) (5 - 135+ 5 )
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2 — Packing density of Mordell-Weil lattices and asymptotics

But the obvious bound D(E;(K)") < 1 yields

1
log §(E;(K)%) < 57 log(7;)(1 + o(1)) (2.3.5)
by remark 1.2.13, so the above (asymptotic) inequality forces % > % - 135+ 17 which
means 7 < 75 as claimed.

 As mentioned in remark 2.3.6 below, Shioda found an example of a family {E;} with
B =0 =1 and such that, with e := 3, we have
1\ _ f(Ej)log(g))

log [II(E;/K;)| ~ r; 1og<7~j)é (1 - e) ~ e <1 - i) = f(Ej)log(qj)-ﬁ-

o Similarly, families of curves { E;/K; : j > 1} satisfying the 4 conditions of theo-
rem 2.3.1 must have a Brauer-Siegel ratio lower bounded by 0, i.e., BS(E;/K;) >
0 — o(1) as it follows from equations (2.3.4) and (2.3.5). Such a lower bound actually
holds for any family of abelian varities with conductor going to infinity, as shown in
[HP16, corollary 1.13].

3. It is likely that condition g; < fjCO in theorem 2.3.1 could be relaxed by using different

values of the parameter Y in the proof of Brumer’s bound (see theorem 2.2.6). J

Remark 2.3.4. The result of theorem 2.3.1 only tells us something about the asymptotics,
when the rank goes to infinity, so it does not ensure that we get "interesting" sphere packings
in low dimensions.

On the one hand, it might happen that the asymptotic of the (lower bound on the)
packing density D(L,,) of some Mordell-Weil lattices (Ly,),>1 of ranks r, is worse than
L’l" o
D(L,) =, 12 0 (1)), but some lattice L,, are quite dense. For instance, the family of
—3r o
lattices (Lyp. ;) from [Oes90] mentioned in remark 2.4.2 satisfies D(L, ) = 0 n(i (1)),
but for (p,n) € {(2,1),(3,1),(2,2)} we get respectively the D,, Coxeter-Todd and Leech

lattices.

On the other hand, even if the four sufficient conditions from theorem 2.3.1 are fulfilled, it
might not be true that in medium dimensions, the Mordell-Weil lattices are denser than
Minkowski-Hlawka lower bound. See remark 2.5.9 for an explicit example over Fa(t). .

Remark 2.3.5. All the families of elliptic curves in remark 1.3.47 have unbounded rank
(and for most of them Brumer’s bound from theorem 2.2.6 is asymptotically achieved as the
conductor grows to infinity). However, for most of these families, the Szpiro ratio tends to
an integer > 2 so that the lower bound on the packing density is not as good as for families
having a Szpiro ratio tending to 1, as theorem 2.3.1 tells us (this also applies to the family
I'1 pn41 considered in theorem 1.3.44: its Szpiro ratio tends to 2, so this seems to give a
negative answer to a question from [Ulm02, §1.9] which asks whether these curves give
dense packings). Notable exceptions are the families F27pn+1,f‘3,#,11472n+1 and I'1q pn
(see remark 4.1.12). ,

Remark 2.3.6. The size of the Tate—Shafarevich group is of great interest in view of the
asymptotic lower bound on §(E(K)°) from theorem 2.3.1.
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2.4 - Some generalizations

1. For instance, Shioda was able to prove a lower bound on |III(E/K)| for his family of
elliptic curves I'g p, : y? = 2% + 1 4+ t™ (given in remark 1.3.47.1) which is enough to
improve the lower bound log, 6(E(K)?) > Srlog(r) - (1+ o(1)), but not sufficient to get
1rlog(r). More specifically, [Shi91, proposition 4.3, corollary 4.6] imply that for every
odd integer e > 1 and all primes p = —1 (mod 6), if we let m = p° +1 and K := F2. (1),
then

(T, /)| > pHe=bmo

where ng := (2;2)°. This implies that

1083 8T (K)7) > o830 (5 - 35+ 577 (1= ¢ ) ) -1+ oL,

when p — oo (and e is fixed), where the rank of the (narrow) Mordell Weil lattice is
given by r = 2 (p° — 1) When e runs over the odd integers, then 54 65 (1 - g) is maximal
at e = 3, with value 7&5 = I3, and the lower bound on [III(I' /K| is actually sharp
(see [Shi9l, proposition 4.3, corollary 4.6]), as is the lower bound on the minimal norm
(see [Shi91, proposition 5.2]), so in this case we get log (T2, (K)°) ~ rlog(r)(3 — &5 +

o) = Zrlog(r) = 0.4182r log(r).

1
2. In general, it is known that |[III(E/K)| <. |k|f(E/K)(5 +o) when f(E/K) — oo (see
[HP16, corollary 1.17] and also [GS95b, theorem 15]). Examples of families with

1
log |II(E/K)| ~ log H(E/K) and log |III(E/K)| ~ log (\k|f(E/K)(Z+€)> are given in
[Gd21, theorem C, proposition 1.2, equation (2.3)], but the algebraic rank of those elliptic
curves is 0 (see proof of proposition 2.1, ibid.). 2

Remark 2.3.7. In remark 3.1.21 we will see an example where the Szpiro ratio is asymptotic
to 1, but Brumer’s bound does not seem to be achieved; the rank is only (at least) half of
Brumer’s upper bound.

More examples can be obtained as follows: as explained at the end of [Ulm07b, §11], the
lower bound on the analytic rank from theorem 1.3.48 is asymptotic to Brumer’s bound
(i.e., B =1 in the notations of theorem 2.3.1) if and only if deg(f'(E/K)) = 1, using the
notation from theorem 1.3.48. a

2.4 - Some generalizations

2.4.1 Mordell-Weil lattices of constant elliptic curves

We point out that theorem 2.3.1 does not apply to constant elliptic curves E over K, since
we require the degree of the conductor to go to infinity. In fact, we note that the lower bound
from proposition 2.1.1 in the case of a constant curve is trivial, since deg (Amin(E/K)) =0
The following remark gives some details about Mordell-Weil lattices of constant elliptic
curves, and especially how to get a non-trivial lower bound on A\;(E(K)) (observe that we
have F(K)? = E(K) if E is constant).
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2 — Packing density of Mordell-Weil lattices and asymptotics

Remark 2.4.1. Let E be a constant elliptic curve over a global function field K = k(C'), that
is, I is defined over k. We note that under this hypothesis, the elliptic surface & attached
to E (in remark 1.3.9) splits, i.e., & = C X E. The main properties of the Mordell-Weil
lattice of E over K are discussed in [Oes90], [Groll, Lecture 3, §2].

1. First we describe the abelian group E(K). There is a group isomorphism
(b : E(k}(C)) = Homk(C, E)7 P ¢P, (2.4.1)

described as follows. Given a point P = (z,y) € E(k(C)) we define the rational
map ¢p : t — (x(t),y(t)) which is actually a morphism C' — F since C and E are
smooth projective curves (see [GW20, proposition 15.5]). Under the isomorphism (2.4.1),
the torsion subgroup E(k(C))tors = E(k) is identified with the constant morphisms
cp:C — E,t+— P (see for instance [Ulm11, Lecture 1, Proposition 6.1]).

Moreover, we have a morphism f, : Hom(C, E) — Homay, (Jac(C), E) (where we
consider the category AV} of abelian varieties over k), given by the universal property
of the Albanese functor. In general, it has a finite cokernel, but when k is a finite field
(which is the case as k(C) is a global function field), there is® a divisor of degree 1 on C,
used to define an Abel-Jacobi map C' < Jac(C') which in turn can be used to show that
f+ is surjective. In other words, we get a short exact sequence

0 E(k) Homy(C, E) —— Homay, (Jac(C),E) —— 0 (2.4.2)
Pr—c¢p f— f.
(see [Ulm11, Lecture 2, Proposition 6.1] and [BDS04, §1]). This implies that
E(K)/E(K)tors = Homay, (Jac(C), E) (2.4.3)

and this free abelian group has rank at most g-rkz Endg(E) < 4g, where g is the genus of
C. In fact, if Jac(C) is isogenous to E” x [[;_; A; for some simple abelian varieties 4; not
isogenous to E, then F(K) has rank r - rky Endg(E) (see [EvdGM, exercise 1.4, p. 15]).
Moreover, if the numerator of the zeta function of C' over k is written as [[72,(1 — a;T)
and the numerator of the zeta function of E over k is denoted (1 — 51T)(1 — (=T,
then using Tate’s theorem from [Tat66a, theorem 1(a), p. 139], one finds (see [EvdGM,
corollary 16.23] or [Oes90, proposition 3]):

rk B(K) = #{ (i,5) € {1,...,2g} x {1,2} : a; = §; }. (2.4.4)

2. Secondly, we describe the Néron-Tate height. We claim that h(P) = h(P) = 2deg(¢p)
for any P € F(K) = Hom(C, E). The second equality is clear, since h(P) = deg(z o
¢p: C — PL) =2deg(¢pp) € 2Z>¢ (recall that the degree of a constant morphism is set
to be 0).

To show that the naive and the Néron—Tate heights coincide, it suffices, by lemma 1.3.15,
to show that the naive height, or the map deg : Hom(C, E) — Z, is a quadratic form.
This follows from [Ser89, Theorem p. 32] (and from [Sil08a, corollary I11.6.3] if C' is an

5This is a theorem of F. K. Schmidt, see [Lor96, Proposition VIIL6.2].
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elliptic curve); the reasoning is analogous to the one in remark 1.3.16. Namely, one can
show that for all f, g, h € Homy(C, E) we have

deg(f + g+ h) —deg(f +g) — deg(f + h) — deg(g + h) + deg(f) + deg(g) + deg(h) = 0.

Fix a line bundle L on E of positive degree. Then [EvdGM, Corollary 2.8] or [HS00,
corollary A.7.2.4] states that

(f+g+h)'Le(f+g) L' @(f+h)*L'@(g+h)*'L'® fFLOgLOM'L

is isomorphic to the trivial line bundle on C. Since deg(f*L) = deg(f)deg(L) holds
whenever C, E are curves, and since deg(L ® L’) = deg(L) + deg(L’), we get the desired
result.

To get a lower bound on the Néron—Tate height of ¢ : C'— E, one notices that whenever
one has finite subsets S C C(k),T C E(k) such that ¢(S) C T we have

#S
AT

(For instance, we may take S = X (k,),T = E(k,,) for some extension k, /k of degree n;
see [Gro90, corollary 11.12] for other examples). Indeed, we have

#T - deg(¢) = > deg(¢) = > #0'({Q}) =

QeT QET

deg(¢) >

. The L-function of E over K was described in equation (1.3.11) in terms of the zeta
functions of F and C over k:

2 ].—kZOéiT '
H 21 (1 = [klT/ ;)

L(E/K.T) 1—|k|T/ﬁJ> (0 [PT75;)

(2.4.5)

In view of equation (2.4.4), it follows that the analytic rank is actually equal to the
algebraic rank, p(F/K) = rk E(K), so that part a) of the BSD conjecture 1.3.34 is true.
Recalling that 152 = |k| and |E(k)| = (1 —51)(1 — f2), we find that H?Zl(l — |k|T/ ;) -
(1 —|k[*T/B;) = |E(k)|?/|k| and therefore

k i
L*(E/K) = |E|(k|)|2 T a- 2. (2.4.6)
’L?J
o #Bj

. In the end, using BSD formula (item b) of conjecture 1.3.34; it reads Reg(E/K) -
INI(E/K)| = L*(E/K) - |k|971 - |[E(K)|? in our case) and the fact E(K )iors = FE(k), we
find that the center density of the Mordell-Weil lattice L := (E(K)/E(K )ors; h) is
bounded below by

(X (k)|/21BE)])?

i\ 1/2
(1l 1 (1-3))
a; #B;

where 7 is the rank of F(K) and where k' D k is any finite extension.

(L) >

(2.4.7)

93



2 — Packing density of Mordell-Weil lattices and asymptotics

5. It is unclear how to study the asymptotic behavior of the lower bound (2.4.7) in terms of
the rank r, as r — +o00. This is because the rank is, as in equation (2.4.4), the number
the pairs (i, 7) such that «; = §; but relating it to the product over «; # f3; appearing
in (2.4.7) does not seem very easy. g

Remark 2.4.2. In [Oes90], Oesterlé used constant elliptic curves over a Fermat curve over
F,2 to get Mordell-Weil lattices (Lp n)n>1,p prime (S0me of them being homothetic to D4 or

lr . o
the Leech lattice), satisfying 6(Ly,) > r8 " o) here rn = 2p™(p™ — 1) is the rank of

3
—grn-(1 1 .
Lpn. In other words, D(Ly.,) =10 & () s n — 40, (In fact, using a lower bound

on |III(E/K)| for those curves given in [Gro90, proposition 14.10], one can improve this
asymptotic lower bound on the packing density; see also [Dum95]).

The idea was to use a mazimal curve C over k = g2, i.e., a curve with as many points as
allowed by Hasse-Weil bound | X (k)| < |k| + 1 + 2g|k|*/2. Instead, one could try to look at
families of curves achieving the so-called Drinfeld-Viadut bound such as the tower (C,)n>1
defined Garcia and Stichtenoth in [GS95a]. The difficulty to estimate the packing density
of E(k(C},)) is then to compute explicitly the zeta function of C,,, which is not known in
general, despite the work [MZ10]. J

2.4.2 Higher dimensional abelian varieties and jacobians

We mention here a few remarks about Mordell-Weil lattices of abelian varieties in general
(but these remarks do not lead to new results). Indeed, most of the theory explained in
section 1.3 can be generalized to abelian varieties A over a global function field K = k(C).

Remark 2.4.3. 1. The abelian group A(K) is finitely generated and there is an L-function
L(A/K,T) € Q(T) attached to the f-adic representation Gx — Autg,(Ve(A)) coming
from the Tate module, where ¢ # char(k) is any prime.

Moreover, the Birch-Swinnerton-Dyer conjecture can be formulated in this setting (see

[HP16, conjecture 2.2] or [KT03, Sch82]). Let p = p(A/K) be the analytic rank of A

over K, i.e., the order of vanishing of L(A/K,T) at T = |k|~!. Then it is conjectured

that rk A(K') = p(A/K), that the Tate—Shafarevich group III(A/K) is finite, and that
L¥W(A,1) [II(A/K)[ - Reg(A/K) - c(A/K)

L*(A/K., 1) := =
(4/K;1) o HA/K) - KT AR ) rore] - JAY (K )rora]

where:

o ¢(A/K) denotes the product of the Tamagawa numbers,
o AV is the dual abelian variety,

o g is the genus of C and d := dim(A),

o H(A/K) := [k|1°8@a/x) where wy ke = €4 (QY 0)s ¢+ A = C is the Néron model
and e4 : C — A the zero section of ¢ (see [HP16, definition 2.1]; in the case of an
elliptic curve A = E, it coincides with the definition 1.3.32 of H(E/K): by [GS95b,
lemma 5, p. 79] we have deg(wg/x) = x(&) and then we apply proposition 1.3.26.4),
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e Reg(A/K) := |det(((P;,Qj))1<i,j<r)| where Py, ..., P, is any Z-basis of A(K)/A(K )tors,
Q1, ..., Q. is any Z-basis of AV (K)/AY (K )iors and (—, —) : A(K) x AY(K) — Q is the
Néron-Tate pairing defined via the Poincaré line bundle P4 on A x AY (see [HS00,
theorems B.5.8 and A.7.3.4)), i.e.,

(=, =) A(K) x AV (K) — R, (a, %) — hasavp,(a, L) = haz(a).

The conjecture is known for isotrivial abelian varieties by [Mil68, theorem 3, p. 100 and
§4.(2), p. 103] and [KT03].

2. When A is a Jacobian, the height H(A/K) and the global Tamagawa number ¢(A/K) can
be computed using a generalization of Tate’s algorithm developed in [Dok21]. Moreover,
some examples of computations of L-functions L(A/K,T), as well as of the invariants
H(A/K) and ¢(A/K) can be found in [AGTT21, §2.3, §2.5, §4].

3. We can endow A(K) with several lattice structures using heights: by [HS00, proposition
B.5.3] (only stated for number fields), any ample symmetric divisor D on A induces a
quadratic form h4 p : A(K) — R which is positive-definite on A(K) ®zR. Then we may
define the bilinear pairing on A(K) by (P,Q)p := %(EAD(P—{—Q) —hap(P)—hap(@)).
The corresponding Gram matrix has determinant denoted by Regp(A/K).

According to” [AHP18, §2.3], it relates to the regulator Reg(A/K) defined above as
follows:

Regp(A/K) = [AY(K) : ®p(A(K))] - 27 AU - Reg(A/K), (24.8)

where ®p : A — AY,p— [t5D — D] is the polarization attached to D (and t, : A — A
is the translation by p).

When A = FE is an elliptic curve, the Néron—Tate height as defined in equation (1.3.2)
is associated to the ample symmetric divisor 2(Og) (see remark 1.3.16). We have
h= iLE’2(O) = QEE’(O) (see [Ser89, §3.5, p. 39-40]). Now, the polarization ® oy attached
to (O) has® degree 1 (this is a principal polarization), so the isomorphism Doy E— EY
over K ensures that the index is [EY(K) : ®)(E(K))] = 1. Thus

Regy(0)(E/K) = 2 P) Reg ) (E/K)
(L9 gk BIO) (1. 9=k E(K) . Reg(E/K)) = Reg(E/K),  (2.4.9)
so that the two definitions of regulator coincide when A = FE is an elliptic curve.

4. Let us discuss the case of jacobian varieties. If A = Jac(X) is the jacobian of a curve X
over k(C'), or more generally a principally polarized abelian variety (PPAV), then there
is an isogeny A — AV (in fact a polarization, so the isogeny is "coming from an ample
line bundle") of degree 1, so that we get an isomorphism A = AV; see [HS00, corollary
A.8.2.3]. In particular, we have |A(K)iors| = |AY (K )tors|-

“See also [HS00, remark F.4.1.3, p. 459], but there is probably a typographic error: the equality
hp(P) = (P,¢p(P))p should use the polarization ®p : A — AV (instead of the map ¢p : A — P(L(D)))
and we actually have hp(P) = 1(P,¢p(P))p, according to the proof of theorem B.5.8 (p. 208), ibid.

8In general, see [EvdGM, theorem 9.11]: the degree of ®p is the square of the Euler characteristic of
Oa(D). On a curve X, we have x(Ox (D)) =1 — g(X) + deg(D) by Riemann-Roch theorem.
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The BSD conjecture is known in the case of jacobians of certain plane curves defined by
a sum of exactly 4 monomials as in theorem 1.3.40, see [Ulm07b, theorem 6.2].

In the case of a jacobian A = Jac(X), the theta divisor © provides a principal polarization
Xo: A =3 A over K. Then the divisor © := © + [—1]*© is ample and symmetric and
can be used to get a Néron—Tate height on A, as in [HS00, Proof of theorem B.6.5, p.
216] or see [BG06, §9.4], which is a quadratic form hes : A(K) — R, positive-definite on
A(K) ®zR. When A = X = F is an elliptic curve, then © = (Og) and ©' = 2(Og) so
this corresponds to the Néron-Tate height as defined in equation (1.3.2).

5. Now that we have lattices (A(K), ha,p), the main question is how to get a lower bound
on the height of non-torsion points, analogous to Shioda’s theorem 1.3.24. To be short,
no such generalization is known as of now, but we mention some approaches.

In general, Lang—Silverman conjecture predicts (as in [Pazar, conjecture 4.1] over number
fields) that given a global function field K and an integer g > 1, there is a constant
¢(K, g) > 0 such that for any simple abelian variety A over K of dimension g, any ample
symmetric divisor D on A and any non-torsion point P € A(K), one has

ha,p(P) > c(K,g) -max{log, H(A/K),1}.
Some cases are known, as mentioned in [HP16, proof of proposition 7.6, p. 80].

However, one would need a very explicit (and optimal) expression for ¢(K,g). We
now assume that A = J := Jac(X) is the jacobian of some curve X over k. In
[Shi92a, theorem 2.4] and [Shi99a, theorem 7], Shioda found a generalization of the
formula fL(P) = —Dp - Dp given in proposition 1.3.26 and its proof. One would have
to check whether the height defined by Shioda coincides with the Néron—Tate height
;L‘]’@/ (as showed for elliptic curves in [Sil08b, I11.9.3, p. 247-248]). See also the works
[Shil5, Ngu00].

Also, it is worth working with the narrow Mordell-Weil sublattice J(K)° C J(K) as in
definition 1.3.20, where an explicit lower bound on the height may be easier to get (as in
theorem 1.3.24). It is defined in [Shi92a, Shi99a] in a slightly different way, but the two
definitions should be equivalent by an argument similar as [SS19, theorem 6.47]. In any
case, Shioda shows that (P, P) = —Dp - Dp for any P € J(K)° where Dp is a certain
divisor on a certain surface S — C with generic fiber X.

The difficulty in generalizing theorem 1.3.24 lies in the task of analyzing certain self-
intersection products on the surface S, as in item 3 of proposition 1.3.26, which relied
on the use of Kodaira’s canonical bundle formula which is specific to elliptic surfaces.

However, if S happens to be birational to a quotient F/T" of a Fermat surface F by
some finite group I', then one may use known facts on the intersection theory on F and
functorial properties of the intersection product (e.g., push-forward under F --» S) to
get information on Dp - Dp. 5

Remark 2.4.4. In the case of a constant abelian variety A over k(C), i.e. A= Ay x; K for
some abelian variety Ag over k, we should have A(k(C)) ~ Homy(C, A) and A(K )tors = A(k)
(indeed, if f : C — A is torsion, say N - f = 0, then Im(f) C A[N], but since A[N] is a
0-dimensional subvariety, this forces f to be constant). The height he is related to the

96



2.4 - Some generalizations

degree map on Homy(C, A) (or at least to the degree of the divisor f*©’ over C; see [Mil68,
§3, lemma 2] and [Kell4, Theorem 4.2.17]).

Moreover, if we let g be the genus of C' then similarly to remark 2.4.1, we have

-dim(A Q;
[TIH(A/K)| - Reg(A/K) = [k T (=)
1<i<2g J
1<j<2dim(A)
i 7B

where 3; are the roots of the characteristic polynomial of the Frobenius endomorphism of
A (see [Mil68, theorem 3] and [EvdGM, theorem 12.18]). J

Remark 2.4.5. Let us discuss how theorem 2.3.1 can be generalized to higher dimensional
abelian varieties A over a global function field K = k(C) where |k| = q.
« First, Brumer’s bound still holds, see [UIm07b, equation (11.2)]: we have
A/K)log(|k A/K
a0y < JALRD o ([AIE)
2log(f(A/K)) log”(f(A/K))

where f(A/K) is the degree of the conductor of A (seen as a divisor on the curve C).

« Secondly, the Brauer-Siegel ratio of a family of abelian varieties A;/K of fixed dimension

(here we fix K) such that f(A;/K) — +oo is upper-bounded by 1: limsup;_, , . BS(4;/K) <

1, as showed in [HP16, Ulm19].

o In general, we consider the higher-dimensional Szpiro ratio (assuming that A has at least
one place of bad reduction, i.e., f(A/K) > 0)
h(A/K)

U'(A/K)=7f(A/K),

where h(A/K) := log,(H(A/K)). Note that when A = FE is an elliptic curve we have
1

d(E/K) = ﬁdeg}ﬁ;‘/‘;{(f/m) = 50(E/K). By theorem 2.2.2.1, we have o/(E/K) > 15

for any elliptic curve E/K.

o Let us assume that for all ¢ > 1, we have a jacobian A; = J; := Jac(X;) of a curve
X; over K and that J; is simple (as an abelian variety). Consider the height ﬁ@/ as in
remark 2.4.3.4. By equation (2.4.9), this quadratic form hes on J;(K) has discriminant
equal to the regulator Reg(J;/K).

In view of Lang—Silverman conjecture mentioned in item 5 of remark 2.4.3, we assume
that he/(P) > ¢1 - h(J;/K) for all non-torsion points P € J;(K) and some constant
c1 > 0 independent of P.

Assume that:
— The conductor f; of J;/K goes to infinity as i — +oo0.
— The Birch-Swinnerton-Dyer conjecture holds for J;, for all ¢ > 1.
— Brumer’s bounded is asymptotically achieved, and the generalized Szpiro ratio tends

 Jilog(lk])

2Tos(f) 20d

to some ¢’ > 0. In other words, as ¢ — +00, we have r; := rk J;(K)

h(J;/K) ~ o fi.
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2 — Packing density of Mordell-Weil lattices and asymptotics

If we denote by r; the rank of J;(K), then we have, as in proof of theorem 2.3.1:

(/% - h(J/K)Y2/2)7 - |I(;/ K)[M?
H(J;/K)BSUi/K)/2

0(Ji(K)) >

so this gives

ClO',fi BS(JZ/K)

tog 6(:(K)) - (14 0(1)) > 5 -1og (211 4 Zog [0/ 7)| — 222 o g )
> % -lo (%W) + %log|IH(J,;/K)| —BS(J;/K) - o - r;log(r;)

> r;log(r;) - (% - a’).

2.5 - Isotrivial elliptic curves over Fy(¢) with arbi-
trarily large rank

In this section, we give an answer to a natural question raised by the work [E1k94] of Elkies,
where he considered Mordell-Weil lattices of the elliptic curves y? +y = x3 + ™ + a over
F,2(t) where ¢ = 2" (for any integer n > 1), m = ¢+ 1 = 2"+ 1 and finally a = 0 if n is
odd, while if n is even, a € F . is any element such that trg , /F,(a) = 1. The rank of these
lattices is 2"+1.

When n is odd, we may wonder what can be said about the Mordell-Weil lattice of
A, P +y=a+¢2 1! (2.5.1)

over [F5(t), instead of taking it over F2(¢)? In particular, does it give rise to some dense
sphere packings in low or medium dimensions?

We show that the rank still grows to infinity, but the answer to the latter question about
packings is mo, even though the lower bound on the packing density of A, (Fs(t)) is
asymptotically "as good as" the one for A, (Fo2x(t)) (at least if n is an odd prime). Namely,
using the notations from theorem 2.3.1, we have 0 = 1 and § = 1 which means that Brumer’s
bound is asymptotically sharp and the Szpiro ratios converge to 1 (see also remark 2.3.4).

We first determine the rank of A,, over Fy(t) in the following way.

Theorem 2.5.1 (Theorem H). Let n > 1 be an integer, and consider the elliptic curve A,
over Fy(t) given by the equation (2.5.1). Let k D Fy be a finite extension of odd degree
dividing n. Then the rank of the abelian group A, (k(t)) is given by

0 if n is even
2.

o(e) if n is odd.

rk A, (k(t)) = >
) ord”™ (k| mod e)

el(2"+1
e#1
In particular, we have rk A,,(Fon (t)) = 2" when n is odd, and when n = 1 or when n is an
odd prime, we have
on—1 _ 1)

rk A, (Fa(t)) = 2- (1 +—
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We first sketch the proof of theorem 2.5.1. Consider the unique smooth projective curves’

given by the affine equations
Ayt +y=2° Chiu?4u=2"t (2.5.2)
over Fy. There are two key properties:

o The first one is that A,, is a quadratic twist of A xp, Fo(t) over the quadratic extension
Fo(C!)/Fa(t) corresponding to the hyperelliptic degree-2 cover C!, — P! given by the
a-coordinate of a point of the hyperelliptic curve CJ, (see the proof of corollary 2.5.5).

 The second important fact is that the numerator Z;(A/Fy, T) = 1+ 2T? of the zeta func-
tion of A appears with high multiplicity (when n — +00) in the numerator Z;(C}, /Fo,T)
of the zeta function of C},. We will compute explicitly the zeta function of C}, over Fy
using Gauss sums. A classical result of Tate [Tat66a] will then allow us to conclude the
proof of theorem 2.5.1.

2.5.1 Quadratic twists

To make the above two items more precise, we mention a few (well-known) facts on quadratic
twists.
Proposition 2.5.2. Let K be a field and let E be an elliptic curve over K.

1. Assume that K is a field of characteristic # 2 and fix u € K* ~ K*2. If E has a
Weierstrass equation of the form E : y?> = f(x), then the curve E’ : uy? = f(z) over K is
a quadratic twist of' E over K’ := K (u'/?) and we have an isomorphism of Q-vector
spaces

E(K')®;Q =2 E(K)®,Q @ E'(K)®zQ. (2.5.3)

2. Assume that char(K) = 2. Fix an element d € K such that P(X) := X?+d'X+d € K[X]
is irreducible separable and let K’ = K[X]/(P(X)) = K(«), where a € K is a root of P.
If E is given by a Weierstrass equation E : y* + a1zy + asy = 23 + as2? + a4x + ag, then

E'y? +ayzy + azy = 2% + (ag + dd'"?a?)x® 4 agx + ag + dd'"%a3

is a quadratic twist of E over K’ and the isomorphism (2.5.3) also holds. 3

Proof. — 1. The extension K’ = K (u'/?)/K has degree 2, and its Galois group is generated
by an element o such that o(u'/?) = —u'/2. The map

g1 B(K') =5 B'(K'),  (2,y) — (z,u?y)

provides an isomorphism of algebraic curves E x g K' =2 E' x ¢ K’ over K’, so that E’
is indeed a quadratic twist of F.

9Existence and uniqueness (up to isomorphism) follow from [GW20, theorem 15.21]. Namely, there is a
unique smooth projective curve C!, such that Fo(Ch) 2 Fa(t)[u]/(u? +u — t2" ). Notice that in general
C!, will not be given by the projective closure of u? + u = 2"+ in P?, which is singular!

07f f(x) = 2® + asa? + aax + ag then E’ has a Weierstrass equation 4’2 = z'® + uasa’ + uasx’ + u3as,

by writing y =v"2 -y and z = v~ ! - 2.
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2 — Packing density of Mordell-Weil lattices and asymptotics

Now, consider the Q-vector space V := E(K') ®z Q, endowed with the action of the
Galois group Gal(K'/K) = (o). We can decompose V into eigenspaces for o. Indeed we
have 02 = idg, the eigenvalues of the Q-linear map induced by ¢ on V are —1 and +1,
and this yields

V=vrlevrTh

We have!! Vo=! = B(K) ®z Q. Moreover,

BE(K")"="! = {(z,y) € B(K") : 0+ (z,y) = —(z,9)}
={(z,y) € B(K") : (0(2),0(y)) = (z,—y)}

Notice that o(y) = —y <= o(u'/?y) = u'/?y <= u'/?y € K, so we deduce that
g(E(K")°="1) = F/(K). Finally, we conclude that the isomorphism (2.5.3) holds.

2. Let us deal with the case where K has characteristic 2. The extension K’/K has degree
2 with Galois group generated by an element o such that o(a) = a+d’. Note that d’ #£ 0
since P(X) is separable (by replacing X with d’X and d with d’~2d, we may assume
that d’ = 1). The map

g:E(K')— E'(K') (z,y) = (z,y + ad " (a1z + a3))

is an isomorphism which proves that E’ is a quadratic twist of E. Moreover, one easily
sees that

E(K="4 = {(z,y) € B(K') : (0(x),0(y)) = (z,y + a1z + az)}

from which it easily follows that g(E(K’)°=~ ') = E'(K). Once again, we obtain as
before a decomposition (2.5.3). [ |

The following result is a standard fact, but we include a proof here since it does not seem
easy to find a complete proof in the literature.

Proposition 2.5.3. Let K be a global function'? field and K'/K be a separable quadratic
extension. Let E be an elliptic curve over K. Then there is a unique (up to K-isomorphism)
quadratic twist E' /K of E over K' and we have

L(E/K',T) = L(E/K,T) - L(E'/K,T). .

Proof. — ¢ In general, we may write K’ = K(a) for some root « of an irreducible
polynomial P(X) = X? +d’'X +d € K[X] (this is due to the primitive element theorem,
since K'/K is separable). Without loss of generality, we may assume that P € Og[X].
When char(K) # 2, we may also assume that d’ = 0. When char(K) ¢ {2, 3}, [Sil08a,
proposition X.5.4] implies that E has a unique quadratic twist over K’. When char(K) €
{2,3} and j(F) # 0, we have Aut(FE) = {1} by [Sil08a, proposition A.1.2, p. 410],

1T his seems obvious, but if we replaced Q by S := Fo, this could become wrong (namely, if G := Z/2Z
acts on M := Z via multiplication by —1, then MY = {0} but G acts trivially on M ®7 S = Fs — here
we assume that G acts trivially on S, as it does on Q). The key here is that Q is torsion-free, so that
Tor%(—, Q) = 0 and the universal coefficient theorem applies since Z is a PID.

12 An analogous statement holds over number fields, in which case one has to work with the "complex-
analytic" L-function L(E/K, s).
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so that F has also a unique'® quadratic twist over K'. If char(K) = 2 and j(E) = 0,
then E can be defined over Fy and [KST17, proposition 3.1] implies that it has a unique
quadratic twist over K'. Finally, if char(K) = 3 and j(E) = 0, then E can be defined
over F3 and [KST17, proposition 2.1] implies once again that it has a unique quadratic
twist over K.

It follows that E’ is isomorphic over K to the curve described in proposition 2.5.2.

o Fix a prime ¢ # char(k) and denote by pr ¢ : Gx := Gal(K*P/K) — Autg,(Vi(E)) =
GL2(Qy) the f-adic Galois representation of E, and same for pg o. Denote by

X :Gg—Gal(K'/K) =2 {£1} C Q/ (2.5.4)
the quadratic character of kernel Gg/. We claim that we have an isomorphism

PE = PE DX, (2.5.5)
and we will explain in the next item that it implies the main claim of proposition 2.5.3.

Let S C V¥ be the union of the places ramified in K’, the places above the infinite
place vy, the places v where the Weierstrass equations defining E and E’ (given in
proposition 2.5.2) are not integral at v, and the places v for which the valuation of the
discriminants of the Weierstrass equations defining £ and E’ in proposition 2.5.2 is
positive (in particular, this includes the bad places for E and the bad places for E').
Note that S is a finite set. Moreover, the Weierstrass models for E, E’ as given in
proposition 2.5.2 are minimal integral at each v € S (since v(Ag) = v(Ag/) =0).

By [Lan91, lemma IV.4.4, p. 113], the isomorphism (2.5.5) holds once we prove that the
traces of Frobenius conjugacy classes Frob, C Gk, /I, at each v € S agree (where I, is
the inertia subgroup at v), which amounts to checking that

av(E/) = av(E) ’ X(FrObv) (2.5.6)

for all v € Vi \ S5, where a,(F) is defined in equation (1.3.9). Recall that for every
v € Vg S, we have

x(Frob,) =1 <= Frob, € Gg: <= Frob, |g» =idgs <= v splits in K'. (2.5.7)

Fix v € Vg~ S and let us show the equality (2.5.6). Since S contains the ramified places
of K'/K and since K'/K is quadratic, we know that either v is inert or (totally) split in
K'.

— Assume that v is split in K’. This means that P(X) splits modulo v, i.e., has roots in
F, = Ok /p,. Therefore, the reductions E, and FL are isomorphic over F,,, in view of
the proof fo proposition 2.5.2. Thus a,(E’) = a,(E) = a,(E) - x(Frob,), in view of
(2.5.7). This proves equation (2.5.6) in that case.

— Assume now that v is inert in K’.

13Namely, these twists are classified by the cohomology set H'(Gal(K'/K), Autg (E)) (which is a group
in that case), and it is just Hom(Z/2Z,Z/27) = 7./ 27.
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* Assume that char(K) # 2 (and d’ = 0). Then d is not a square modulo v, i.e., its
Legendre symbol is Ap, (d) = —1. Since E, E' are given by y? = f(z),y? = d~ ' f(x)
respectively which are minimal integral Weierstrass models at v, we compute:

av(E) +av(El> = |Fv| +1- |E(Fv>| + |Fv| +1- |E71/)(Fv)|
==Y A (f@) = D Ar (@' flx) =0

zel, zel,

which yields a,(E") = —a,(E) = a,(E)-x(Frob,), hence also proving equation (2.5.6)
in this case.

* Assume that char(K) = 2. By replacing a with d~'a, we may assume that
P(X)= X%+ X +d, ie., d =1. We know that P has no roots modulo v, since
v is inert, which is equivalent to saying trg, r,(d) # 0 by proposition 1.4.3.3. We
claim that

[Bo(Fo)| + [E(Fo)| = 2P (F.)| = 2(|F,| + 1) (25.8)

We pick z € F, and let A, := a1 + a3, By := 2 + a2 + asx + ag € Fy. In view
of the equation for E’ in proposition 2.5.2, we need to show

HyecF, : >+ Ay +B, =0} +#{yecF, : y* + Ayy+ B, +dA2 =0} =2.

If A, = 0 then this amounts to #{y € F, : y?> = B, } = 1 which is true since in a
finite field of characteristic 2, any element has a unique square root. If A, # 0, we
find that
#{yeF, : Y+ A y+B, =0 =#{yecF, : A;%(y*+A,y+B,)=0}
=#{yelF, : (ATl + ATy +A7?B, =0}
=#{y €F, : y*+y +A,°B, =0}
=21, az28,)=0

where the last equality comes from proposition 1.4.3.3. Similarly,
#{yeF, : Y+ Agy+ By +dAZ =0} =2- Livaz2B,+d)=0

Now, the trace down to Fy is either 0 or 1, and we know that tr(d) # 0 since v is
inert. From there, we deduce that equation (2.5.8) holds, which implies once again
that a,(E") = —ay,(E) = ay(E) - x(Frob,), which shows equation (2.5.6) in this case.

o Now we explain how equation (2.5.5) implies that L(E/K’,T) = L(E/K,T)L(E'/K,T)
(see also [UIm07b, §4.4]). In general, if we take a Galois representation p: G = G —
GL(W) for some finite-dimensional Qg-vector space W, where ¢ # char(k), we may
consider its restriction Res$ p to the normal subgroup H = Gal(K®®/K’) < G. Given
another Galois representation H — GL(V'), we always have

Ind$%(V @ ResG W) 2 (Ind$ V) @ W

and since Artin L-functions behave well with respect to induction (see [Neu99, proposition
VII.10.4]), this yields (using V = 1):

L(Res$ p,T) = L(Ind$ Res$ p, T) = L(Ind% (1 @ Res$ p), T) = L((Ind$ 1) @ p, T).
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Now, Ind% (V) has degree [G' : H]dim(V) = [K’ : K] since V = 1, and is actually
isomorphic to Q¢[G/H] = Q[Gal(K'/K)|. The subspace Qyidx C Q[Gal(K'/K)] is
the trivial subrepresentation, and we can decompose

QGal(K'/K)| =1 ¥,

where x is the quadratic character defined above in equation (2.5.4) (seen as one-

dimensional representation). Thus we get'? (using [Neu99, proposition VII.10.4]):

L(Resf; p,T) = L(1 & x) ® p, T) = L(p, T)L(p® X, T)

Now, if we take p = pg ¢ for some prime ¢ # p, it is known that L(pg ¢, T) = L(E/K,T)
and similarly L(pg ¢, T) = L(E'/K,T) (see [Groll, lecture 2, p. 13 and appendix C]
and [Dok13, §3, p. 218-219]). Thus the statement of the proposition indeed follows from
the isomorphism (2.5.5). |

Proposition 2.5.4. Let k be a finite field and Ey be an elliptic curve over k. Set K = k(t)
and consider the constant curve F := Ey X K over K. Choose a square-free polynomial
d(t) € k[t] — K and define the hyperelliptic curve Cy over k by an affine open subset (see
also footnote 9 on page 99) so that:

o Ifchar(k) # 2, then d € K* ~ K*? and Cy : y* = d(t).
o Ifchar(k) =2, then X% + X +d € K[X] is irreducible and Cy : y* + y = d(t).

Let g be the genus of Cy and let us write the numerators of the zeta functions of Cy and
Ey respectively as

Z1(Ca/k,T) = [[(1 — aiT),  Zi(Eo/k,T) = (1 — B1T)(1 — BaT).

i=1

Consider the quadratic twist E' of E over K' := K(Cy)/K as in proposition 2.5.2. Then
we have

tk B/ (k(t)) =tk E(k(Cq)) = #{ (i, j) € {1,...,2¢} x {1,2} : a; =5; } (2.5.9)

L(E'/k(t),T) = Z:(C, J1T) 21 (C, BT) = [ (1 — uBiT) (2.5.10)
1<i<2
1529
and BSD conjecture 1.3.34 holds for E’ over k(t). 5

Proof. — From the exact sequence (2.4.2), we know'® that F(K) has rank 0, since Jac(P!) =
0. Then we deduce from proposition 2.5.2 (especially the isomorphism (2.5.3)) that the
finitely generated abelian groups E(K’) and E’(K) have the same rank.

4More generally, given a finite Galois extension K'/K, we have L(E/K',T) = Hx L(pge ® x, T)4m0
where the product runs over the irreducible representations x of the Galois group. See also remark 3.1.25.

5In other words, the only morphisms P* — E are constant. This can be seen for separable morphisms
using Riemann-Hurwitz formula, since the genus of E is 1 and P! has genus 0. More generally, see
[EvdGM, corollary 1.7].
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Now, equation (2.4.4) implies that
tk B’ (k(t)) =tk E(K') = rk Homy, (Jac(Cy), E) = #{ (4,7) € {1,...,29} x {1,2} : a; = B; }.

It remains to compute the L-function of the quadratic twist £’ over K. The L-function of
E over K’ and over K are given by equations (1.3.11) and (2.4.5):

2 9,(1— |k|aiT/B))
H IkIT/ﬁJ) (1 —[kPT/B;)

The L-function of F/K is simpler, as the numerator is just equal to 1, since the genus
of K = k(t) = k(P') is 0. Since K'/K is a separable quadratic extension, we have
L(E/K',T)=L(E/K,T)L(E'/K,T) by proposition 2.5.3. Therefore, we obtain:

L(E/K',T)
L(E'/K,T)=————== [[ (1-IkleT/B;)= ][ (1-aBT),
L(E/K,1) L Z,
115]’ << 229 1153’ << 229

L(E/K',T

since 102 = |k|. In particular, we see that the analytic rank of E’ over K is equal to the
algebraic rank, so that (the "rank part" of) BSD conjecture 1.3.34 holds (this also follows
from (2.5.3) in proposition 2.5.2). |

An immediate consequence of theorem 2.5.1 is that the analogue of the main result of
[TS67] cited in theorem 1.3.44 holds in characteristic 2.

Corollary 2.5.5. The rank of isotrivial elliptic curves over Fy(t) is unbounded. J

Proof. — Thanks to theorem 2.5.1, the only thing left to prove is that the curves A,, over
Fy(t) are isotrivial. In fact, they are quadratic twists of constant curves. More precisely,
A, is a quadratic twist of A xp, Fa(t) over the quadratic extension Fo(C?,)/Fa(t), using the
notations of equation (2.5.2). This follows from proposition 2.5.2.2 with d := t*"*! € K :=
Fao(t) and a3 :=1,a1 = as = ag = ag := 0. [ |

2.5.2 Zeta function of some hyperelliptic curves

We now compute explicitly the zeta function'® of the hyperelliptic curves C/, in terms of
Gauss sums.

Proposition 2.5.6. Let m > 1 be any odd integer and C,, be the hyperelliptic curve defined
by the affine open subset u? 4+ u = t™ over Fy (see footnote 9 on page 99).

Then the zeta function of C,, over a finite extension k/Fy is given by
Z(Co /K, T) = (1 = T)(1 — |k|T))~" - I1 (14 GOy ) T,
[rle((Z/mz)~{0})/(|k|)*

where u(r) = | m(r) is as in definition 1.4.15. 5

1%The work [Kob91] contains an expression the zeta function of C, in terms of certain Jacobi sums, at
least when 2™ + 1 is prime. We found out that a similar computation is now given in [Waw21, §3],
where it is assumed that |k| =1 (mod m). Note also that Elkies showed in [Elk94, Proposition 1] that
Z1(Ch/Fyp, T) = (1 + qT)".
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Proof of proposition 2.5.6. — Let C2f be the affine plane curve u? +u = u? —u = t™ over
Fy. Then C,, is the unique smooth projective geometrically'” irreducible curve such that
Fo(C) = Fo(C2T). We note that Cy,, has a unique point at infinity, that is |C,, ~ C2| = 1,
and C,, has genus 251 since m is odd (see [Gall2, §10.1.1] or [GPS02, proposition 2]).

Now, for every j > 1, we compute

Con(kj)| = 1+ |Cof (k)| =1+ > #{uck; - v’ —u=t"}

tek‘j
=14+ Z Z w(trk]‘/]FQ (t™)) proposition 1.4.3.3
tek; we]f;
=1+ k| + > (1))
tek;
=1+ |k‘ | + Z Z )tr ( ) ) proposition 1.4.3.1
t'ek;
J xek. [m]
=1+ |kj] + Z (G(x) + x(0)) definition 1.4.5.1
xekj [m]

=1+lkl+ >, G-

o~

x€k [m]~{1}

Now, the map a : x — —G(x) satisfies the hypothesis of proposition 1.4.26 thanks to
theorem 1.4.7.1 and proposition 1.4.6.3. Thus we get

T3
10g(Z(C /K, T)) = Y |Cky)|—
jzl
T
= —log((1 =T)(1 = [K[T)) = > Z (— (X))
321 Ek [m]~{1}
= —log((1—T)(1 — |K|T)) + > log (1+ G0k, ma)TM),
[rle((z/mZ)~{0})/(|k])*
which concludes the proof. |

Let us deduce some consequences of proposition 2.5.6.

Corollary 2.5.7. Let n > 1 be an integer and set C}, := C,,, where m := 2" + 1. Then for
any finite extension k/Fy of degree dividing n, we have

Z(Cp/k,T) = (1= T)(1 — [k[T))~" - I1 (L4 (J/2T) em ).
(rl€(2/mZ)~{0})/(k]) "

Proof. — Using proposition 2.5.6, the identity for Z(CJ,/k,T) follows from theorem 1.4.8
and corollary 1.4.29, which can be applied since [k : F3] | n (namely, there is an integer

"Here C2 is smooth over Fo (the jacobian matrix reads V = [mt™ ™!, 1]), but it is not needed to get
3 is singular but it is birational to P*. However, smoothness
of C*F ensures that C2f embeds in Cn,, see [GW20, proposition 15.5]. See also footnote 9 on page 99.
Moreover, geometric irreducibility is discussed in footnote 17 on page 32.

a projective model. For instance, y?> = z
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2 — Packing density of Mordell-Weil lattices and asymptotics

v > 1 such that |k|Y = —1 (mod 2™ + 1)). This tells us that for all r € Z/mZ ~ {0}, u(r)

is even and we have ")
G(eku(r)vmvr) = eku(r),mﬂ“(z) ’ |k7| 2

u(r)
where z € k() is any non-zero element such that its trace to ky (/2 is zero, i.e., z+2z 2 = 0.

u(r)
We may take z = 1, since char(k) = 2, so that G(6k,,, m) = [k| 2 . This finishes the
proof. |

2.5.3 Proof of theorem 2.5.1

From there, we can prove theorem 2.5.1 (= theorem H).

Proof of theorem 2.5.1. — Since the curve A : y?+y = 23 satisfies | A(F3)| = 3, one deduces
that the numerator of its zeta function over Fy is Z1(A/Fa, T) = 14272 = (1—1,T)(1—B2T)
with 51 = Z\/E = —ﬂg = E (indeed, we have 5152 = 2 and |A(F2>| =2+1- (ﬂl + BQ))

In general, the numerator of the zeta function of A over k D Fy is (1 — BEkZFz]T)(l - Bg‘“FQ]T)
(see [Gril6, proposition 1.3.7] or [Lor96, lemma VIIL.5.7]), so

ZUART) = {1 + [K|T? if [k : Fa) is odd

(1 — (=1)7[k|Y/?T)? if [k : Fy] =: 2§ is even.
Let m := 2" +1. For all r € Z/mZ~ {0}, we know that w | ,,(r) is even by corollary 1.4.29:
indeed [k : Fy] divides n by assumption, so there is an integer v > 1 such that |k|* = —1
(mod m). Moreover, for every u € 27, the polynomial 1 + |k|T? divides 1+ (|k|*/2T)* in
Z|T) if and only u/2 is odd, in which case the factor 1 + |k|T? occurs with multiplicity 1 in
14 (Jk[V2T)w.

Assume now that [k : Fq] is odd. Then using proposition 2.5.4 (especially equation (2.5.9))
and corollary 2.5.7, we deduce that the rank of A,, over k(t) is (recall that m = 2" + 1)

rk A, (k(t)) =2 #{ [r] € (Z/mZ~ {0}) /<|k|>x : ”"“'Tm(r) is odd }
Using lemma 1.4.28 on D := m > 3, we see that W is always an odd integer. If n

is odd, then u(r)/2 is odd for any r. If n is even, then u(r)/2 is even for any r. Thus, we
find
0 if n is even

tk A, (k(t)) = {2_ ‘(Z/mZ\{O})/qux if n is odd.

Lemma 1.4.27.1 gives a general formula for the number of orbits of (|k|)* on Z/mZ, while
lemma 1.4.27.2 gives the case k = Fan.

Finally, when m = 2" + 1 and n is either an odd prime or n = 1, lemma 1.4.27.3 yields

2 2" — 2 on—1_ 1
=1+ - + —1=14+—
2 2n n

(Z/mZ ~ {0})/<2>><

and this concludes the proof. |
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Remark 2.5.8. Note that when [k : F3] = 2n (i.e., k = Fo2x) and n is odd, we recover the
result from [E1k94, p. 347-348] which asserts that tk A, (Foz« (t)) = 271,

Indeed, if we let k' = Fan then all the orbits of the multiplicative action of (2")* on
Z/(Q” +1)Z {0} have size 2 (see lemma 1.4.27), so corollary 2.5.7 implies that the

m—1

numerator of Z(C! /k',T) equals (1 + |k'|T?)" 2
Then the numerator of Z(C/, /k,T) equals

Z(CLIRT) = (1= IRV - (1 — (il [V227) T = (1 Wy,
Now, from equation (2.5.11) we have Z;(A/k,T) = (1 + |k’|T)? so proposition 2.5.4 yields
rk Ay, (Fozn (t)) =2 - (m — 1) = 2n*!
as claimed. g

Remark 2.5.9. We expand a bit on remark 2.3.4. The family { A,,/F2(t) : n > 1 odd prime }
satisfies the conditions of theorem 2.3.1. Namely, we have deg (Apin(An)) =2-2" + 8 and
f(A,) =2-2™ 44, so the Szpiro ratio tends to 1 as n — +oo. Moreover, from theorem 2.5.1,
we know that Brumer’s bound is asymptotically achieved:

2 2.2 log(?)  f(An)log(2)
rleAn(F2(8)) ~ n o 2-log(2n) | 2log f(An)

Therefore, the asymptotic lower bound on the packing density of A, (F2(t))° is the same as
for Elkies’ and Shioda’s examples from [E1k94, Shi91] (see theorems 0.1 and 0.2). However,
in low dimensions, we do not get sphere packing records. Assume that n is odd.

o Over Fy(t), for n = 11 we get a 188-dimensional lattice L with log, (L) > 16.05,
much worse than Minkowski—-Hlawka lower bound from theorem 1.2.15 (which reads
log, 0¢(188) > 142.88). For n = 13 we get a 632-dimensional lattice, for n = 9 we get a
60-dimensional lattice; both are very far from achieveing Minkowski bound.

o Let k' = Fyn. When n is odd, we have Zy(C, /K, T) = (1+2"T?)*>" = T[22y (1 - a;T)
as explained in remark 2.5.8, where g, = 2"! is the genus of C/. Moreover we
have Z1(A/K',T) = 1+ 2"T? =: (1 — B1)(1 — B2) by equation (2.5.11). We have
L(A,/Fan(t),T) = (1 — 22"T%)2" by equation (2.5.10). Then the special value of A,
over Fan (t) is

gn

L(AnfFr ()= T] -k = [[(+1) = 22 = 27",

o B #| k| J=1

(Compare this with L*(A,,/Fo2x(t)) = 1: changing the field of constants to a quadratic
subextension heavily changes the special value and the rank). Using proposition 2.1.1, if
we let L, := A, (Fan(t))" then we find:

— For n =7, the rank of L, is 128 and log, d(L,,) > 82.903.
— For n =9, the rank of L,, is 512 and log, §(L,,) > 749.623.
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2 — Packing density of Mordell-Weil lattices and asymptotics

The density exceeds Minkowski lower bound only when n = 7, but both densities are
smaller than the ones found by Elkies in [E1k94] (see theorem 0.1). J

Remark 2.5.10. Let k = Fo2n where n > 1 is odd and set ¢ = 2. We have A, (k(C))) =
A(k(C)) since A,, is a quadratic twist of A : y2 +y = 23 over k(C/). We find by
equation (1.3.11)

L(An/K(C},),T) = Z(C, [k, —qT)? = (@ -E—lq;)q(lT—ﬁ)— q;T))2

so A, (k(C!)) has rank 27", The special value at T = |k|~1 = ¢~ 2 is
1 2 '
L (A, Jk(C!) = ((1+q¢ H)(1+q) =
(AnfHO) = (1 + a0+ ) = L

and we can compute a lower bound on 0[A,,(k(C},))] by equation (2.4.7). For n = 1, we get

a 4-dimensional lattice with the same density as the root lattice Dy, but as soon as n > 3,
the lower bound is very far from beating Minkowski lower bound. g

2.5.4 Alternative proof of theorem 2.5.1

In this subsection, we give a slightly different computation of the zeta function of C, : u? +
u = t?"T1 when n = 1 or is an odd prime, which allows us to deduce the last equality of
theorem 2.5.1.

Proposition 2.5.11. Let n be an odd prime or n = 1, and r > 1 be an integer.

1. We have
2" +1 if r odd

= 2r+1+(_2)%+1 ifr even and [ntr orn=1]
2" +1— (—1)i2”+% if r even and [n | r and n > 1].

|C (Far)

2. Write n = 2n’ + 1. The numerator of the zeta function of C], over Fy is

Z1(C,,[F2,T) Hlﬂwlwmﬂ
where
1(2]+1)7r
=2 2, 0<j<n—1
an-1_1
d; =do:= Vji#mn dpr :=do+ 1 J
n—1
Observe that the degrees d; satisfy Z 2d; = 2g, = 2", where g, = 2"~! is the genus of
§=0

C!, (see the proof of proposition 2.5.6), since d,,» = 2"~1 — (n — 1)do.

Now, if we assume proposition 2.5.11, then the rank of A4,, over Fy(t) is 2d, (by propo-
sition 2.5.4), because from equation (2.5.11) we have Z;(A/Fy,T) = 1+ 2T7?% = (1 —
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2.5 — Isotrivial elliptic curves over Fy(t) with arbitrarily large rank

G1T)(1 — BoT) with 51 = ivV2 = —By. Now a,, = iv/2 = 1 occurs with multiplicity
dy in Zy(C] /Fs,T), and the same holds for @, = (2, so we obtain the last claim from
theorem 2.5.1.

It remains to prove proposition 2.5.11, which occupies the rest of this subsection. It is not
difficult to see that item (2) implies (1) in proposition 2.5.11, as we shall see here. The
converse is not obvious to prove directly, but it follows by uniqueness of the zeta function
given the number of points on all field extensions (by definition of the zeta function).
Afterwards, we will prove part (1) itself.

Proof of (2) = (1) in proposition 2.5.11. — If we assume (2) in proposition 2.5.11, then
we have |C) (For)| =27 +1 — Z?:_()l dj(aj +@;"). Almost all d; are equal to dy, except for

d,, so it makes sense to start with looking at the sum Z?;()l(ag +a;") = 2Re (Z?;ol a?).

Let ¢ = (y,r :=exp (%) We compute (using the notations from proposition 2.5.11):
n—1 n—1 . .
_ r(25 + 1)im
9-T/2 T S i
D_aj =2 exp ( o
j=0 Jj=0

n—1
_ (2t
1— (=1
D R ¢
n¢=n(-1)2n ifZ,=1 (< 2n|r)

ifG2,#1 (< 2n{r)

Notice that (2" = (—1)" was used in the last equality, and that this sum is 0 if r is even
and not divisible by n (since 1 — (—1)" = 0).

Now we have

D odj(aj+a;") =do Y (aj +a;") + (do + 1)(ap, +an")
7=0 j#n’

= 3

=do Y (af+a;") + (ap, + @) (%)
=0

J

o If r is even and n t r, then the above sum (%) simplifies to
do -0+ 223" + (=i)") = 27/2 . 2. (—=1)"/2,
ie., |C! (Fyr)| =27 +1—27/2.2.(=1)"/2 in that case, as wanted.
o If r is even and n | r, we immediately get
Ch(Far)| =27+ 1= 2772 (2dgn(~1)2n + 2+ (~1)"7?)
—9r 41— /A2 ) (— 1) 4 (—1)7/?)

— 2r + 1 . (_1)7‘/227‘/2+1 . 277,71.
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2 — Packing density of Mordell-Weil lattices and asymptotics

o If r is odd, then the sum (x) simplifies to

2Re (dog : 11__(_;2)) + 272 (i +_(—z')7“) = 4dy Re <1 —(42) =0,

where the last equality holds because |(| = 1 implies

¢ -8 ¢-C .
—E T hmer TR <t

Therefore |C),(For)| = 2" 4 1 in that case, as desired. [ |

Finally, we prove the first part of proposition 2.5.11, which we have seen to be equivalent
to the second statement.

Proof of (1) in proposition 2.5.11. — First of all, notice that C/, has a single point at infinity
(see the proof of proposition 2.5.6).

e Assume that r is odd. When @ is a prime power, we start by letting i : Iﬁ'é — IF(S
be the multiplicative map t + tV. Tts kernel has size d := ged(N,Q — 1). When
N=2"+1,n>1and Q = 2", where r is odd, we have d = ged(2" +1,2" — 1) = 1.
Indeed, we have 2" = —1 (mod d),2” = 1 (mod d). Then the order of 2 modulo d
divides ged(r, 2n) = ged(r,n) | n (since r is odd). Therefore —1 = 2" =1 mod d. Thus
d must divide 2, and since it is an odd integer, we conclude d = ged(2™ +1,2" — 1) = 1.

Therefore, 1 is injective and therefore surjective, so that

CL(Far)| =14 > #{yeFop : P +y=t>"T1 =14+ Y #{yeFy : y’+y=2z}.
teFyr z€For

Proposition 1.4.3.3 states that ¥y + y = y?> — y = 2 has a solution for y if and only if
tri,/r, (2) = 0, in which case there are exactly two solutions {y,y + 1}.

Hence, since the trace is surjective, we have |C/,(Far )| = 1+2| ker(tr)| = 14+2-2771 = 1427,
as claimed.

e For r = 2n, we can see that C/ (Fa2n) has 2¢> +1 =1+ ¢® — 2g,, - (—q) rational points,
where ¢ = 2" and g, = 2", as proved in [Elk94, proposition 1, p. 345]. This implies
that the numerator of the zeta function of C/, over F 2 is (14 ¢7')%9. Therefore, when
2n | r = 2nr’ (for some ' > 1), we have

29n
(O (Far)] = [Ch(F o)l = 2 +1= 3 (—g) =27 +1— g™ (—1)"
=1
=92 41— (_1)r/(2n)2n+r/2.

’

o Finally, assume that r = 2’ is even but not divisible by n. Proposition 1.4.3.3 states
that the equation 22 + z = b has a solution for z (in which case it has exactly two
solutions {z,z 4 1}) if and only if trg,, /r,(b) = 0. We have

Gl (Far)| =14 Y #{y€Far : > +y=1>"""}

teFor

10



2.5 — Isotrivial elliptic curves over Fy(t) with arbitrarily large rank

=1+ 2#{t € For : trg,, /(% ) =0}
For a € Fo, define
T(a) = Ty r(a) = #{t € Far : trp, p,(t* ) = a}.

We claim that if 7 is even and coprime to n (which is automatic if n is an odd prime or
n =1, as soon as n { ), then

T(0) —T(1) = (=2)/2*L. (2.5.12)
Since T'(0) + T'(1) = 2", we will get
|C! (For)| = 14 2T(0) = 1 + (T(0) + T(1)) + (T(0) — T(1)) = 1 4 2" + (—2)"/>+1,

as claimed in proposition 2.5.11.

Let us show equation (2.5.12), in order to conclude the proof. Define the additive
character
¢ o For — C*
o exp (Zltrg,, i, (x)) = (—1)Fr /5@

Then proposition 1.4.3 yields

TO)-T(1)= Y )= > d@x@= )Y GK

teFor zEFyr X:]F;T*)(CX X:]F;T%CX
N N

where G(x) denotes the Gauss sum attached to the multiplicative character x.
We are summing characters such that

N
so that x9 = 1, where g := ged(2™ + 1,2" — 1). The key point now is that g = 3. Indeed,
we can write a Bézout relation nu 4+ r’v = 1 (since n is an odd prime and n tr = 21/,
the case n = 1 also works), so the identities 2" = —1 mod ¢,2" = 1 mod g yield
22nutrTv — 4 =1 mod g, i.e. ¢g|3. One easily sees that in fact g = 3 : since n = 2k + 1
isodd, we have 2" +1=2-4F+1=2+4+1=0 mod3and 2" —1=4" —1=1-1=0
mod 3.

Therefore, if x5 denotes any of the two cubic characters of F5., then
T(0) = T(1) = G(1) + G(xs) + G(x3) = Glx3) + G(x3).

The explicit computation of those cubic Gauss sums in characteristic 2 is now possible,
either by using Hasse-Davenport relation (see remark 2.5.12), or by direct methods as in
[DS11, theorem 1, corollary 1]. Namely, we have G(x3) = G(x3) = —(—2)"/? (recall that
r is even in our case). This proves the result (2.5.12) about 7'(0) — 7'(1), and therefore
about |C] (Far)|. [ |
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Remark 2.5.12. We explain how the cubic Gauss sums can be sometimes computed using
the Hasse—Davenport relation. The key point is that if ¢ = 1 (mod m), then for every
s > 1, we have by the last equality of proposition 1.4.17.3

{(x€Fy : X" =1} ={x'oNg,. /5, : X" =1}

(notice that x” = 1 if and only if the order of x divides m). In particular, since 4 = 1
(mod 3), it suffices to describe cubic Gauss sums over Fy to determine those sums over
F4s == ]FQZS.

Now we compute the cubic Gauss sums explicitly. Write Fy = {0, 1, a,a+1} where a® = a+1.
Define a cubic character x : F; = (a) — C* by x(a) = exp(27i/3) =: (3. Recall that (3 +
(3 + 1 = 0. Define the additive character ¢ : Fy — C*, z > exp(mitrg, /5, (2)) = (—1)"®).
We can now evaluate

G(x) = Y x(@)d(@) = x(0)$(0) + x(Dw(l) + x(a)p(a) + x(a+1(a+1)

z€F,
=0+ 1+ G (<) + G (-]
—1- GG =1- (1=

Similarly, G(x?) = 2. Therefore, over Fy-, we have —Gp,. (x o Ng,, /r,) = (=Gr,(X))* =
(—2)® by Hasse-Davenport relation stated in theorem 1.4.7. J
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Chapter 3
The family y? = x® + bx + b't"

In this chapter, we study the Mordell-Weil lattices attached to the elliptic curves given by
y? = 23 + bz + b't™ over F,(t) for some odd prime power g, some b,b’ € Fy and m > 1.

In section 3.1, we first compute its L-function in terms of Jacobi sums (theorem 3.1.3) and
give some formulas for the rank (corollaries 3.1.14 and 3.1.16). In particular, we deduce in
corollary 3.1.20 that for any fixed odd prime p, the rank of these curves is unbounded as we
vary m (however, Brumer’s bound from theorem 2.2.6 seems to be asymptotically achieved
only if p = —1 mod 4). In characteristic 3, an alternative computation of the L-function is
given in corollary 3.1.22, using the fact that the map z + 22 + bz is additive.

In section 3.2, we study some dense sphere packings we can get from these Mordell-Weil
lattices (e.g., in dimensions 150 and 306 as in example 3.2.3). The curves in characteristic 3
provide lattices in dimensions 2-3™ = 54 ; 162 ; 486 (for n € {3,4,5}) which are the densest
known so far; see theorem 3.2.7. Using laminated lattices, we also get lattice packings in
dimensions 55, 163, 487, which are the densest known so far in their respective dimensions
(proposition 3.2.22).

In section 3.3, we focus on the 54-dimensional lattice mentioned in the previous paragraph
and discuss some computational aspects related to its kissing number and its Gram matrices.
We end the chapter by proving (in section 3.4) the triviality of the Tate-Shafarevich group
of the some of the above elliptic curves in characteristic 3.

As mentioned in remark 3.1.17, the geometric rank of these curves was computed in [Shi86,
remark 10], provided that the characteristic is p = —1 mod 4. Our method gives the rank
over F,(t) for any power of p, including when p = 1 mod 4, so the results we obtain are
more general.

Let k be a finite field of odd characteristic. For any integer m > 1 and any b,b’ € k* we let
Ep b be the elliptic curve over k(t) given by the Weierstrass equation

Eppy : Y?Z=X*+0XZ>+Vt"Z5 (3.0.1)
403

403 + 27b2t2m
only if char(k) = 3, in which case it has j-invariant equal to 0.

Its j-invariant is j(Ep, pp) = 123. so we see that E,, ; is isotrivial if and

This is a Delsarte elliptic curve as in definition 1.3.36 and example 1.3.38. In partic-
ular, Shioda’s theorem 1.3.40 ensures that E,,;; satisfies the Birch-Swinnerton-Dyer
conjecture 1.3.34 over k(t).
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3 — The family y? = x3 + bx + b't"™

When ¢ is a power of an odd prime, we also define the narrow Mordell-Weil lattice (see
definition 1.3.20)

L b g = Empp (Fy(t))°.

In the specific case where m = 3" + 1,q = 32", 0 = 1 and b € F}, satisfies b3 -1/2 =
(—1)"*! (for some integer n > 1), we will obtain some dense lattice sphere packings, denoted
L3, , for simplicity, in dimension 2 - 3": when n € {3,4,5}, they are currently the densest
known packings in their respective dimensions.

We remind the reader that a list of symbols can be found at the end of this work, on
page 239. In particular, we will use the notations from definitions 1.4.1, 1.4.5 and 1.4.15;
for instance k; denotes the extension of degree j > 1 of a finite field k.

3.1 - L-function of E,, ,

In view of the lower bound on the packing density of Mordell-Weil lattices given in
proposition 2.1.1, we need to compute the L-function of E,, ;5 as explicitly as possible (see
also remark 2.1.2). To give such a description, we introduce the following notations.

Definition 3.1.1. Given an integer m > 1, a finite field k£ and elements b,b’ € k*, we define

dm 2m  if m is even
d=d(m) = ——— =
ged(2,m) 4m  if m is odd
Z7)2mZ ~ FL)2mZ if m is even and 6 t m

Z(m) = Z/2mZ ~ (2Z/2mZ U 227/2mZ)  if m is even and 6 | m

Z/AmZ ~ (2Z/4AmZ U mZ/AmZ) if m is odd

(1 —|k|T)? if m is even and —b € kX2 and b’ € kX2
(1+ |k|T)? if m is even and —b € k*2 and b/ & k2

€m,bb k(1) = o2 e 2

1—|k|*T if m is even and —b & k>

1

if m is odd.

Finally, let us define the map

apy : || kX — C, app (0) = A, (=0)O(=0>0""2)- T (g, A\, 0%)-J(0,6%) if 0 € kX

n>1

n?

|

Remark 3.1.2. In general, we have Z(m) C Z/d(m)Z. Note that when 6 | m we have

Z(m):Z/QmZ\{O m zm . 3m 4m}.

PRy
When 6t m is even, we have Z(m) = Z/2mZ ~ {0,m/2,m,3m/2}. J

We now state the main result of this section, proved in subsection 3.1.3.
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3.1 = L-function of Ey, p b

Theorem 3.1.3 (theorem B). Let k be a finite field of odd characteristic and let Ey, 1,y be
the elliptic curve over k(t) as in equation (3.0.1). Assume that m is coprime to char(k).
Then, using the notations from definition 3.1.1, the L-function of E,, p p is

LB (K, T) = emppr (™) - T (1= o (B0 T°7)
[rlez(m)/(lk|)*

where u(r) = wy) 4(r) and Oy, 4. were introduced in definition 1.4.15. J

Remark 3.1.4. 1. When m is not coprime to p, one can use proposition 1.3.46 to compute
the L-function of E,, ;. More precisely, let v,(m) be the p-adic valuation of m and

vp (m)

set my = m/p"»("™). Let by,b, € k* be the unique elements such that by =0
and b} e _ b’ (recall that the p-th power Frobenius map is a bijection on k; when
b,b' € F) we may take by = b and b = b'). Then the Frobenius morphism Frf,”(m) :
Emy oy, — Empp is an isogeny over k(t), so the curves have the same L-function.

2. As we have explained at the beginning of the proof of proposition 1.4.26, the coeffi-
cient ap p(0k,,,,qa.r) appearing in theorem 3.1.3 does not depend on the choice of a
representative r of the orbit [r] € Z(m)/(|k])*. 5

3.1.1 Reduction types and local term at the infinite place

We start by analyzing the places of bad reduction of E,, ;1 ; this is a routine calculation
using Tate’s algorithm as in [Sil08b, IV.§9]. We use the notations from definition 1.3.7.

Proposition 3.1.5. Let k be a finite field of odd characteristic p > 3 and let E,, ;v be the
elliptic curve over k(t) as in equation (3.0.1). Assume that m is coprime' to p. Then the
places of bad reductions of E,, 1 are given by:

e The places v above A := 4b3+270*t>™ (there are none if p = 3), with f, = ¢, = v(A) = 1.
Moreover, (3.0.1) is a minimal integral Weierstrass model at v.

e The place at infinity v = oo if® 6 { m, in which case the reduction is of additive type.
Further, if we let © := 1/t € k(t), a := [m/6] and a = 6a — m then y'?> = 2"> + br®z’ +

b'762=™ js a minimal integral Weierstrass model at v = oo for Enpy, and

fo= (&)= 2a—1),  vw(A)= {M =12[m/6] —2m ifp>3

12a = 12[m/6] ifp=3.
The other local invariants at oo are given in the table below.
m=1mod6 || II" | f, =v(A) -8 ey =1

m=2mod6 || IV* | fo = v(A)—6 Cv={3 if V' is a square in k
1 otherwise
m=3mod6 || " | fo=v(A)—4 | co,=1+#{zeck :2>=—b)
|3 ifV is a square in k
“ {1 otherwise
m=5mod6 || II fo =v(A) ey =1

m=4mod6 || IV | f, =v(A)—2

LIf ged(m, p) > 1, then all bad places # oo are of multiplicative type with Kodaira symbol I,,.
2This also happens if p = 3, but in that case we must have 6 { m since we assumed ged(m,p) = 1.
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3 — The family y? = x3 + bx + b't"™

In particular, we have

deg (Amin(Em,b,b//k(t))) = 12[m/6—|a
2m if6 | m

J(Empp [K(t)) = {m +2 if6tm

and the Szpiro ratio o(Ey, » v /k(t)) tends to 1 as m — oc.

Moreover we always have c(En, » v /k(t)) € {1,2,3,4}. In fact, if 6 | m then c¢(Ep, pp /k(t)) =
1, while if m = 2,4 mod 6 and b’ is a square in k then

C(Em)b,bf/k’(t)) = 3. 4

Proof. — We prove the various claims simultaneously. For simplicity we write E = E,;, p /.
The discriminant of the Weierstrass equation (3.0.1) is —16A = —16(4b3 + 27b"2t%™).

o We first analyze the reduction type at a place v | A (we may see this valuation as an
irreducible polynomial over k). Since there are no such places if p = 3, we may assume
that p > 3 in this item. The assumption ged(m, p) = 1 ensures that A € klt] is separable,
so v(A) = 1 and this implies that F, has Kodaira type Iy, by table IV.4.1, p. 365 in
[Sil08b]. We can however be more precise by doing explicit computations.

Let m € Op1 ,, denote a uniformizer at v. The jacobian matrix of E reads
V=[-(BX?+bZ%) 2YZ Y?-2bXZ-3Vt"Z?

If we define s := —‘%tm, then 3s+b = 53> - A =0 (mod 7), so that V vanishes modulo

7 at the point [s: 0 : 1]. One easily checks that (5,0) € E, lies on the reduction modulo
7 of E, so it is a singular point. In other words, (0,0) is a singular point of the reduction
modulo 7 of

E': =@+l +r+s+tm=a4+3s2> +(35°+ 1)z + s> +s5+1t™.
—— —_———
=0 mod 7 =0 mod 7
Write aq, ag, as, aq, ag for the coefficients of this Weierstrass equation of E’ as in [Sil08b, p.
364]. From the table II1.3.1 in [Sil08a], we have A(E’) = A(FE), so we still have v(A) = 1.
Moreover, if we set by = 4ag = 125 = —18V'b~ 1™, we have 7 1 b2 so the reduction type is
I; according to Step 2 of [Sil08b, IV.§9, p. 366] so that f, = 1. Because v(A) =1 is odd,
we have ¢, = 1 in any case (whether we have split or non-split multiplicative reduction).

Moreover, this shows that y? = 23 + bz + b't™ is a minimal integral Weierstrass model
at v (see also [Sil08a, remark VII.1.1]).

e We now focus on the place at infinity v = oo (corresponding to [1 : 0] € P(k)). Let
7 =t"! € k(t) be a uniformizer of the discrete valuation ring Op: ,, and define

a:=[m/6] = min{a’ >0 : 6a’ —m > 0}.
The change of variables (z,y) = (7 2%, 7=3%’) shows that E has Weierstrass equation

E,: y?=2"+br* +t/nlem (3.1.1)
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3.1 = L-function of Ey, p b

which is integral at v. The associated discriminant is
Ay = —16 - (4b>'2® 4 270272 Ge=m))

We have 7 | A if and only if 6 f m or p = 3. Define « := 6a — m € {0,1,2,3,4,5}.
If p > 3, we have v(A) = 2-a < 12 so that equation (3.1.1) is a minimal integral
Weierstrass model at v = oo by [Sil08b, remark VIL.1.1]. If p = 3 then v(A) = 12a. We
have the following coefficients, as defined in [Sil08b, IV.9, p. 364]:

by =0, by = 2bm 49, bg = 4b' w8, by = —b2>78®

4a /. _6a—m fat s :
We also let a4 := bn**, ag := b'w . Now we distinguish several cases.

— Suppose that m = 0 mod 6. If p > 3 then 7 A, so E has good reduction Iy at v = oc.
(If p = 3 then ged(m, p) > 1 so we do not consider this case; the reduction type is IV
or IV*).

— From now on we suppose that 6 1 m, which means that &« = 6a —m > 0. Moreover, the
reduction modulo 7 of E is 4% = 23, so the only singular point is (0,0) € E,. Further,
we always have 7 | bo = 0 so we can proceed with step 4 of Tate algorithm as written
in [Sil08b, IV.9, p. 366].

Suppose that m = 5 mod 6 so o = 1. Then 7% { ag, so the reduction type is IT and
fo = v(A) and ¢, = 1. If we assume m # 5 mod 6, then 72 | ag and 7 | bg since
a=6a—m=>=>2anda>1.

— Suppose that m =4 mod 6 so a = 2. Then 73 { bg and the reduction type is IV with
fo = v(A) — 2. Moreover, the polynomial T? — 7~2ag = T? — b’ splits over F, = k if
and only if b’ is a (non-zero) square in k, if and only ¢, = 3. Otherwise ¢, = 1.

Now we assume that a > 3. Then 73 | bg and define the polynomial P(T) := T3 +
brrde2T + b'7*=3 as in [SilO8D, p. 367, step 6.

— Suppose that m = 3 mod 6, so a = 3 and p > 3 (since we assumed ged(m,p) = 1).
Then P has distinct roots in F, = k and so the reduction type is Io* with f, = v(A)—4
andc, =1+#{z €k : 23+ =0}.

Now we assume that o > 4. Then P has a triple root 7' = 0 modulo 7. Consider the
polynomial Q(Y) := Y2 — /w4,

— Suppose that m = 2 mod 6. Then @ has distinct roots modulo 7 in k so the reduction
type is IV* with f, = v(A) — 6. Moreover, ¢, = 3 if and only if b’ is a square in k,
otherwise ¢, = 1.

— Suppose finally that m = 1 mod 6. Then @ has a double root Y = 0 modulo 7, and
we conclude that the reduction type is IT* with f, = v(A) — 8 and ¢, = 1.

Moreover, in all those cases, this proves that (3.1.1) is a minimal integral Weierstrass
model (even when p = 3, provided that ged(m,p) = 1).

The other claims about deg (Anmin(E/Ek(t))), f(E/k(t)),c(E/k(t)) and the Szpiro ratio
immediately follow from the above analysis. |
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3 — The family y? = x3 + bx + b't"™

Coming back to the L-function, proposition 1.3.29 allows us to write
T'IL
10g L(Ep ppr [K(£), T) = > tm e (1

n>1

where (using the notations® from equation (1.3.9) in definition 1.3.27)

A b () = Z A (Embpr)

weP! (ky,)

= Y (Ful+ 11— [Brap)u(Fa))

weP (ky,)

Here we see the rational points w as places of k(t) by taking their Galois orbits. We mention
that while the notation does not make it explicit, the values a,, 44 (n) depend on the field
of constants k that we fixed.

For each n > 1, denote by
AEm,b,b/ (OO’ n) = |kn| +1-— |(Em,b,b’)oo(kn)| (3.1.2)

the local term at the place v = vo, = [1: 0] € P} (see example 1.3.6), as in equation (1.3.9).

From propositions 1.4.3 and 3.1.5 we get

ampp(n) = Ag, ,,, (00,n) — Z Z e, (@ + b +0't™) (3.1.3)
t€ky xE€k,

=Ag,, . Z S (X, 1 (3.1.4)
XGk [m]

where the sum runs over multiplicative characters x : kX — C* such that x™ = 1 and
where we set

Sh (X, n) = Z e, (22 + b +0'2)x(2). (3.1.5)

2,xE€kn

First, let us study the local term A,, (o0, ky,) at the place at infinity of k(¢).

Proposmon 3.1.6. Let n > 1. Let k be a finite field of odd characteristic, b,b' € k> and
> 1 be coprime to char(k).

o If6fm orif k" #1 (mod 3), then Ag, , , (co,n)=0.

e If6 | m and if |k|* =1 (mod 3), then

Ap, ,,(00,n) == > (=0 ), (1) (Ak, 1))

wek (3]
= —Ak, (—1) Z Y(=0") Mg, (b)) T (A, A1), 4
pekX B~ {1}

3There is a slight conflict of notation here (the use of the letter "a" twice), but it will not be harmful.
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3.1 = L-function of Ey, p b

Proof. — When 6 { m, the curve E,,;p has bad reduction of additive type at v = oo

according to proposition 3.1.5, so that Ag (00,n) =0 for all n > 1 by remark 1.3.28.

m,b,b’
When 6 | m, the curve E,, ; »» has good reduction at oo with minimal integral Weierstrass
model Fy, : y?> = 23 + br*™/%z 4+ b’ where 7 = 1/t is a uniformizer at co (thanks to
proposition 3.1.5). Denoting the Legendre symbol A, simply by A, we have

Ag,, ., (00,1) = |kn| +1 = [Eoo (kn)|

=— > A2 +V)
z€ky,

=— Z Z Az +b0)Y(2)
#€kn ek (3]

=- > Z M=V + V)w(=b'2)
ekn e

D w(=)A) TN, ).

Yek, [3]

Observe that
3if [k|" =1 (mod 3)

cd(3, |k)]) = ged(3, [k|" — 1) =

In particular, if [k[" = —1 (mod 3) then Ag, , ,(c0,n) =0. When [k[* =1 (mod 3), there
is a character 03 : kX — C* of order 3, and

(00,n) = L(=U)AW)J(A, 1) +05(=b)AD) T (X, 03) + 05 (= )AD) T (A, 65)
=0

= A(b') - (03(=b)J (A, 03) + 65(=b")J(X,63))
Finally, theorem 2.1.5 in [BEWOS] states that
X; ¥, x¢ non-trivial = J(x,¥) = x(=1)J(x 7L x) = ¢(=1)J(x T ¢)  (3.1.6)
and so J(\,\03) = AN(—1)J (65, \) = A(—1)J(62, \) which yields

—Agp

m,b,b’!

JAA03) + J(A, N03) = N(—1)(J (03, \) + J (03, N)). [ |

3.1.2 Expressing Sy (x,n) in terms of Jacobi sums

Throughout we let k£ be a finite field of odd characteristic. Given an integer n > 1 and
a multiplicative character x : kX — C*, we wish to express the character sum Sb,b/ (x,n)
defined in equation (3.1.5) in terms of well-known Jacobi sums (or Gauss sums).

We can perform an explicit computation if x? = 1.
Lemma 3.1.7. Let n > 1. We have Sy (1,n) = 0 and

Sb,pr My 1) = A,y (0) - 20K[™ - Ly oo (3.1.7)
Here 1,cg denotes the value of the indicator function of a set E at x. J
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3 — The family y? = x3 + bx + b't"™

Proof. — « We first treat the case where x = A. According to [Gril6, lemme 2.2.3], we

have
-1 ifd#0
Z)\z +d-2)= ifd#
= |kn] —1 ifd=0.

In particular, we get

Sop (Me,on) = D A, (V2% + 2(2® + ba))

2,xE€kn

= Ak, (V) - ( S (D)4 (k| = 1) (142 11_b€k;,2))

$Ek'n
b’ (23 4bx)#£0

= N (0« (= (ol =1 =241 epo) + Poal = 142 (k] = 1) Ty

= N, (0) - 20k]" 1y

e As for the case x = 1, we simply have

Spp(n)=>" > ANa®+br+bz)= ) 0=0. u

x€k, 2€kn x€ky

From now on, we can focus on the case where x? # 1, which means x # 1, g, . We will first
express Sy (x,n) (defined in equation (3.1.5)) in terms of another sum given as follows.
For a multiplicative character ¢ on k,,, we set

Co(th,n) = (a® + bx) (3.1.8)
r€ky

which we may call a "i-Jacobsthal sum".

Lemma 3.1.8. Let n > 1 and x € kn be such that x> # 1. Then the sums from
equations (3.1.5) and (3.1.8) satisfy the following identity (involving a Jacobi sum as given
in definition 1.4.5)

S (x:n) = X(=0""") T Ak X) - Co( Ak, X, 1) J

Proof. — In what follows, we will generally denote the Legendre symbol A\;, by A for
simplicity. The terms with z = 0 in Sy 4 (x, n) form the sum of the values of the non-trivial
character Ay over k), so this contributes nothing, since x # A. Then we may consider the
sum over the non-zero = € k,, and do a change of variables z = b’ 122’ to get

S (X, n) = Z Ak, (2% + bz + 22" ) x (22" )x (V')

2’ x€ky
x#0
=x(0'™) 3 ((W@X(-1) 3 A +b+2)x(=2)).
€k, 2 €ky,
z#0
When z? = —b, the inner sum over 2’ vanishes, since x # X (so that x\ is not trivial).

Therefore, we may assume that x? # —b and consider the elements o, = (b+ 2?)~! € kX
to get

X(=b")Sppr (x,n) = Z ((Ax) oy Z Mog(z? +b+ 2 ))x(—axz’)>

2E€kp,w2£0,—b 2'eky,
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3.1 = L-function of Ey, p b

= > ((Ax)(x?’ +bx) > A1 - Z)X(Z)>

€k, ,x2#£0,—b 2€ky,
= J(Mk ) Y ()@ + bx)
r€ky,
which gives the desired result. |

We now evaluate the character sums Cy(1),n) (defined in equation (3.1.8)) in terms of
Jacobi sums.

Proposition 3.1.9. Let n > 1 and v € k:X We have

Co(th,n) =1p(b) D O(=b)J(0,)) =1p(b) Y 6(=b).J(6,67).

0€ky, ock);
) 0*=y

In particular, if ¢ is an odd character, i.e. {)(—1) = —1, then Cy(1),n) = 0, because then
there is no character 6 such that 0% = 1, so the sum vanishes. J

Proof. — « If ¢)(—1) = —1 then by setting x = —2’ we obtain

Col,n) = Y (=" —ba') = (=1) Y o(a" +ba') = ~Cy(e,n)  (3.1.9)
z'ek z’'€k
so that Cp(1p,n) =0

e If 1)(—1) = 1 then by [Gril6, lemme 2.1.1], there is a character § € k,; such that 62 =
(and there are exactly two such characters, the other being OA). Then

Cy(v,n) = ) O(a?)p(a® + )

rE€Ly,

= > 0(s)¥(s +b)(1 + A, (s))
s€ky

e sV(bs' + b)(1 + Ag, (bs'))
s'€ky,

_ b) " 0(=s)u(s' + 1)(1 + A, (b))

s'€kn
= (b)6(~b) (Jw,w) + Ak (5T (6X 1))

which is indeed equal to the claimed formulas (the second formula is obtained by replacing

¥ by 62). n

We can now summarize the above results in order to express the coefficients a, (1) of
the L-function (as given in equation (3.1.4)) in terms of Jacobi sums. To this end, it is
convenient to introduce the following set of characters on k,°.

Definition 3.1.10. Given an integer n > 1, we let

X, (n) l;%[Qm] ~ (125[4] U 125[3]) if m is even
m\N) ‘= -
N (ks [2m] U kX [4])  if mis odd.
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Note that when m is even, the subgroup ks [3] is non-trivial if and only if 6 | m (which is
related to the condition we have in proposition 3.1.6).

Corollary 3.1.11. Let k be a finite field of odd characteristic and fix b,b’ € k*. Let m > 1
be an integer coprime to char(k). Then for all n > 1, the coefficient a, i (n) from
equation (3.1.4) can be expressed as

Am,b,b/ (7?,) = _)\kn(b/) ’ 2|k|n : ]l_bek;fﬂ * Lin even
ST ORI (ks M 02) - (0,67 B110)
0€X,(n)
where 1,, even €quals 1 if m is even and 0 otherwise. 4

Proof. — « The first step is to combine equation (3.1.4), lemmas 3.1.7 and 3.1.8, and propo-
sition 3.1.9. We find

ampy(n) = Ag, ,, (00,n)

- )\kn (b/) ' 2|k|n ' ]l—bekﬁfﬂ 1y even — Z Sb,b’ (X,’I”L),

—

x€kn Im]~ky [2]

—

and for all x € s [m] \ k» [2] we have

Spor (1) = X (=) T Ak x) - M, X)) DY 0(=b)J(6,67)
02=Xg,, X
- ¥ ((Akﬁ?)(—b'—lwukn,Akﬁ)-02(b>9<—b>J<9,92>)
2=, X
=X, (071 ) 0P N0 (=b) T (Mk, s Ak, 0°) - J(6,67).
02=Xy,, X

It is easy to check the following equality of sets of characters

X! (n):= {9 € l;n; s dx € /%, 0% = A, x, X" =1, # ]l} (3.1.11)
B I;n;[Qm] ~ 157%[4] if m is even (3.1.12)
kX [4m] ~ (kX[2m] UkX[4])  if m is odd. o

This allows to re-write the coefficients a, 4.1/ (n) as follows:

ampy (n) = Ag, ,,,(00,1) — Ak, (') - 2k|™ -1 Cperz? " Lin even
— i ( - 1 Z Hz(b’ 1 93 b)J (e, )\knaz)'Jw,eQ)- (3.1.13)

9eX! (n)

e The second step is to take care of the local term at infinity. In the above sum, none
of A, , Ak, 02,602 is trivial (since 0% # 1). On the other hand, the second Jacobi sum
J(0,0?) is a root of unity if and only if 3 = 1 by proposition 1.4.6 (since none of 6, 62
can be trivial). We now distinguish two cases.
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3.1 = L-function of Ey, p b

— Assume that 3 { m or that |k,| = —1 (mod 3). Then there is no character of
order 3 in X/ (n). In other words, in this case, we have X/ (n) = X,,(n) and
proposition 3.1.6 tells us that in this case we have A,, (00, ky,) = 0. Then we see
that equation (3.1.13) is exactly the same as equation (3.1.10).

— Assume that 3 | m and m is odd and [k,[ = 1 (mod 3). Then there is indeed
a character 03 € ky [m] of order 3, but y := 03\, satisfies x™ = X\, # 1, so
03 ¢ X! (n). In other words, in that case, we have X/ (n) = X,,(n) and furthermore
we have A,, p p (00, k) = 0 by proposition 3.1.6. Hence we see that equation (3.1.13)
is exactly the same as equation (3.1.10).

— Assume that 3 | m and m is even (equivalently 6 | m) and |k,| =1 (mod 3). Then
there is indeed a character 63 € k; [m] of order 3, and x := 65\, satisfies Y™ =1,
s0 03,051 € X! (n). The above sum (appearing in (3.1.13)) over the two terms
{63,05 "} C X! (n) reduces to, in view of proposition 1.4.6 (recall that 65 = 65'):

= N, (20T DT PO (=b) T (A, Ak, 07) - J(6,6%)

)

0e{6E"}
== A, (=) D PV TI (ks Ak, 0%) - (—0(—1))
0c{65}
Z 9(_b/) n’)\k 92)
0e{05"}

Furthermore, in this case we have by proposition 3.1.6:
AEm,b,b'<oo’n) = _)\kn(_b/) Z d)(_bl)‘](/\kna/\knw_l)'
ek [B]N{1}

Thereby we find

am’b7b/(n) = _)\k (b/) . 2|k|n -1

—bek)2 " 1 even

= A, (V) D (=00 ) T (Mk, s Ak, 0°) - T(6,67)
GEX L (n)
93¢n
which means that formula (3.1.10) holds, as claimed. |

Remark 3.1.12. Given a non-trivial character x € je* such that x2, x> # 1, proposition 1.4.6
gives
G(AR)G(AeX?) GG (X?)

G(x?) G T ) ’

I (e, Mex®) I (x, X2) =

3.1.3 Proof of theorem 3.1.3

Now that we have computed the coefficients ap (1) explicitly in terms of Jacobi sums,
we can apply proposition 1.4.26 to express the L-function of the elliptic curve Ey, p as a
rational function.
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3 — The family y? = x3 + bx + b't"™

Proof of theorem 3.1.3. — Let us check the two assumptions from proposition 1.4.26 on
the map oy, considered in definition 3.1.1. For simplicity, we will simply denote this map
by « in the sequel.

e Let n > 1 and @ € k. We want to prove that a(f) = a/(6/*!). Since b € k, we have
bl = b so 03(—b) = (6*)>(—b). Moreover, since |k| is odd we have /\‘kk;l = Ak, , SO that
proposition 1.4.6.3 yields

IOk Ak 02) = T N0 = T O M, - (01F)?).
The same holds for the other Jacobi sum occurring in (), so this proves the first needed
hypothesis.

o Let us fix two finite extensions L D F' D k and a character § on F'*. We wish to show that
a(@oNp/p) = a(0)F]1. We perform a direct computation, applying Hasse-Davenport
relation 1.4.7 (recalling that b € k so that Nz ,p(b) = blL*F] and using remark 1.4.2):

a(@oNpp) =AL(—1)0*(NL,p(=b)) - JAp o Np g, (Ap - 02) oNp ) - J(0 0N, 0% 0Ny /)
= (Ap(=D)E (b)) (1) (=T (A, Ap?) BT (<1) (=0 (0, 6%) 1T

Then a direct application of proposition 1.4.26 gives the result, in view of definition 3.1.10
and corollary 3.1.11, since

Tn
10g L(Ep b [k(t), T) = Y ampp(n
n>1
Am,b,b’ (n) = _)‘kn (b,) . 2|k|n : ]]-,bgk;fvz : ]]-'m even Z Qp b’ (0)

0eX (n)

We explain in detail how to compute the factor €, 5 1 (T") given by
/ n Tn
log(em7b7b/7k(T)) = — Z )\kn (b ) . 2‘k| . ]l—bek:f’?‘ . ]lm even - — -
n>1 n
o First, if m is odd then —\g, (V') - 2|k|™ -1
€mb k(1) = 1.

o From now on, we assume that m is even. If —b and b’ are both squares in k%, then

peRx? 1, even = 0 for all b,b",n so we get

k‘
toa(er (1) = 2 3 P g1 — iy,

n>1

o If —bis a square in £* and b’ is not a square in k>, then we split the sum according to
whether n is odd or even:

tog(er (7)) = -2 30 DT D) Y ()

n'>1 n’'>0

(|k|T)>+1
2n' +1

1+|k|T)

= log(1 — (|k|T)?) + 2arctanh(|k|T) = log(1 — (|k|T)2) + log (1 T

— log((1 + [KIT)?).
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3.1 = L-function of Ey, p b

o Finally, if —b is not a square in £*, then

’

T2n
10g(€m b k(1)) = =2 > |k|"™ -

2n/
n'>1

— log(1 — (JKIT)?).

This finishes the proof of theorem 3.1.3. |

Remark 3.1.13. We can make a sanity check about the degree of the L-function (as a
polynomial in T'), say in the case where m is even and 6 t m. On the one hand, it is equal to

24 Z Uk|,d(m) (T) = 2+F#(Z/2mZ~{0,m/2,m,3m/2}) = 2+(2m—4) =2m—2.
reZ(m)/(|kl)

On the other hand, it should be equal to f(E,, ) —4 by theorem 1.3.30. Since we assumed
6 1 m, we get from proposition 3.1.5 that f(E,, 4) = 2m + 2, which is consistent with our
computation. J

3.1.4 Explicit Jacobi sums and analytic rank

In view of theorem 3.1.3, we know that the analytic rank of E,, ; over k(t), i.e. the
order of vanishing of its L-function at 7" = |k|~!, is given by (using the notations from
definition 3.1.1)

P By (K1) = 0rd emppo(T) +#{[r] € Z(m)/{|K]) = vy (O, y.ar) = KTV}

T=|k|~
(3.1.14)

= o em b k(1) + #{[r] € Z(m) /(|k]) = oy (Ok,(,y.ar) € Roo }

The second equality follows because ayp (g, . . 4,) has complex modulus equal to |k “(T);
) u(r) @
see proposition 1.4.6 or theorem 1.3.30).

In some cases, all the coefficients oy 1y (0) are actually positive integers, which allows an
explicit formula for the rank of E,, 1.

Corollary 3.1.14. Let k be a finite field of odd characteristic p > 3 and fix b,b’ € k*. Let

m > 1 be an integer and set d = d(m) := % as in definition 3.1.1. Assume that:
1. Either |k|” = —1 mod d(m) for some integer v > 1 (in particular, m is coprime to |k|).
2. Or p¥ = —1 mod d(m) for some integer v > 1 and the degrees of b and b/ over I, are

both odd (that is, [F,(b,V’) : Fp] is odd).
Then the (algebraic) rank of E,, 1 (k(t)) is equal to

2 ifm is even and —b € kX2 and b/ € kX2
o(e) n 0 ifm iseven and —b € k*? and b ¢ k*-?
oldlon) ord™ (|k| mod e) 1 ifm is even and —b & k**2
efd.efom 0 ifm is odd.
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3 — The family y? = x3 + bx + b't"™

where

3 if m is even
2m  if m is odd

In particular when m is even, we have

2m —6
k Ep b (k(t)) > .
' o (k(D)) ord™ (k| mod 2m)

Proof. — As mentioned at the beginning of the chapter, theorem 1.3.40 ensures that E,,
satisfies the Birch—Swinnerton-Dyer conjecture 1.3.34, so the algebraic rank coincides with
the analytic rank.

Let us fix r € Z(m) C Z/d(m)Z and set u(r) := u 4(r). We have r # 0 and r # % mod d
(see remark 3.1.2). To ease the notation, let us write the Legendre symbol of k) as
A= Ag,(,, and set 0 := 0Ok, dr.

We check that none of A2, 02,63 is trivial. Recall from proposition 1.4.17 that  has order
exactly %. Since r € Z(m), it can be seen (using definition 3.1.1 and remark 3.1.2) that

ﬁ ¢ {2,3,4}. Tt follows that \6%,62, 63 #£ 1.

o In the case where |k|” = —1 (mod d), we may apply corollary 1.4.29, which ensures that
u(r) is even so that k() has a unique quadratic subfield k,(,/o (which contains k) and
also that the restriction of 6 to k() 2 is trivial.

Observe that the Legendre symbol A, (ry 18 trivial on ky () /2. In particular, the restrictions
of X\, \6? and 62 to k.o are all trivial.

Thus, the characters A, \@? and 6,02 satisfy the hypothesis of Tate-Shafarevich theo-
rem 1.4.8, which yields

. (0) = M(=)O(=b>0'"2) - J(\, \0?) - J(0,67) definition 3.1.1
=11 |k’u(r)|1/2 . |]{:u(r)|1/2 theorem 1.4.8
= ||

e In the case where hypothesis 2 holds, we rather apply lemma 1.4.30 to get
ayp (0) = A(=0)0(=0*0"2) - (£1) - [k /% - (£1) - [u(r |/
= |ku(r”

since 6 is trivial on k' := F,(b,0") by lemma 1.4.30 because this field has odd degree
over F,, and Ay
lemma 1.4.30.

is trivial on %’ since the degree [k, : k'] is even once again by

wu(r)

Thus from equation (3.1.14) and lemma 1.4.27 we deduce that

rk By p v (k(t)) = p(Em by /k(1))
= [20m) /iy

d (T 3.1.15
+T£|1;€|716m,b,b x(T) ( 5)
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3.1 = L-function of Ey, p b

Ze|2m m if m is even and 6 1’ m
etd
=2 eiam m if m is even and 6 | m
efd,e
Z eldm m if m is odd
ef2m,etd

2 if miseven and —b € kX2 and b/ € kX2
0 ifmisevenand —b € k2 and b/ & k*?
1 if mis even and —b & k*2
0

if m is odd.

For the last equality, note for instance that when m is even and 6 t m, then the additive
order of any r € Z/2mZ divides 4 if and only if r € %7Z/2mZ. Looking at the proof of
lemma 1.4.27 we see that we need the condition e { 4 in the above sum, since r € Z(m).
The other cases are treated in a similar way. (Observe also that when 6 { m is even and
e | 2m,e {4, then we automatically have e 1 3).

The last inequality follows from item 2 of lemma 1.4.27: when m is even, we have

(e) S dm) = ¢(1) — ¢(2) — ¢(3) — 6(4)
ord” (|k| mod e) ~ ord™ (k| mod d(m))

eld(m)
efd,etd,

Remark 3.1.15. Because d(m) is a multiple of 4 for any m > 1 (we keep the notations from
definition 3.1.1), the condition p¥ = —1 mod d(m) given in item 2 of corollary 3.1.14 forces
p=—1 (mod 4) and v to be odd. J

When p = —1 mod 4 is prime and e is odd, we can say more about the rank of I, ;5 over
2 (t), for instance if m = % (which is even) or if m = p%l and p® = 3 (mod 8) (so
that m is odd).

Corollary 3.1.16. Let p be a prime such that p = —1 (mod 4), e > 1 be an odd integer. Let
dm

m > 1 be an integer and set d = d(m) = RICRTE

Let bt/ € F. be any elements.

If p¢ = —1 (mod d), then we have
LB [Fye (6),T) = (1= pPeT) 201+ 21
so the rank of Ey, p 1 over Fze(t) is

2m—4 if6|m

2m — 2 if otherwise.

rk Em,b,b’ (sze (t)) = {

Moreover, the algebraic rank over F 2. (t) is equal to the geometric rank, and when m = %,
Brumer’s bound from theorem 2.2.6 is asymptotically attained as m — +oo. J
Proof. — We notice that (p?¢)* acts trivially on Z(m) C Z/d(m)Z since p¢ = —1 (mod d).

Note that b, b’ € . are necessarily both squares in Fpzc, so that €50 . (T') = (1—p2eT)?
if m is even and €m . F o (T) = 1 if m is odd. Observe that b,b" have odd degree over
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3 — The family y? = x3 + bx + b't"™

[F, since e is odd. By equations (3.1.14) and (3.1.15) and theorem 3.1.3, we know that
the L-function L(E,, pp /Fpee(t),T) is as displayed above. The rank rk Ey, p 1 (Fp2e (t)) is
therefore equal to

2 if miseven
2m —6 if m is even and 6 | m

2m —4 if m is even and 6 f m
{O if m is odd

dm — (2m+4)+2=2m—2 if mis odd.

Moreover, the same reasoning applies if we replace Fj2c(t) by k(t) for any finite extension
k O Fp2e, so the geometric rank is equal to rk E,, p p (Fp2e (¢)). This can be also be proved
by noticing (thanks to proposition 3.1.5) that rk Ey, by (Fp2e () = f(Empp) — 4, so that
the upper bound from equation (1.3.12) in remark 1.3.33 is an equality. Since the degree of
the conductor does not depend on the field of constants, the fact that this upper bound is
an equality shows that the geometric rank must also be equal to f(E, ) — 4.

Finally, Brumer’s bound indicates that

f(Em ) log(p*)

P+ O(1) =1k Epy i (Fp2e (t)) < 2108(f (B ) (14 0(1))
_ 2mlog(p*) oy _ 2e-plog(p)

so we see that this upper bound is asymptotically sharp (in the sense that the ratio between
the rank and Brumer’s upper bound tends to 1), as m — +oc. |

Remark 3.1.17. Corollary 3.1.16 generalizes and makes more precise a result stated in

[Shi86, remark 10]. Namely, Shioda showed (using other techniques) that if p = —1 mod 4
p+1
2

and e is odd, then the rank of y? = 23 4+ x 4 ¢ over F,(t) equals

p¢—3 if p=—1mod12
p¢—1 if p#Z —1 mod 12.

Indeed, m := pe;l isevensod(m)=p°+1and 6 |m < p°®=—-1 mod 12.

We showed that this rank is achieved over Fz.(t), which is an unproven claim in [Ulm02,
§1.8]. .

Example 3.1.18. When m is even, there are always the obvious solutions (0, +£t"/?) €
Empi(K) on y? = 23 + bz 4+ t™. We give here an example when m is odd, by taking p = 5,
m = pTH =3 and b = —1. We thus consider the curve

E=FE;_11:y°=2> -2+t over Fs(¢).

Notice that p = 1 mod 4 so that corollary 3.1.14 does not apply. However theorem 3.1.3 can
be used to get L(E/F5(t),T) = (5T)* + 1 = [Tes—14¢a(1 = 5¢T). From proposition 1.3.43
we find, for any n > 1:

L(E/Fs:.(t),T)= [ (1)),

(8=1¢4
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3.1 = L-function of Ey, p b

so the rank is 0 over Fsa(¢) and is 4 over Fzs(¢).

Can we even give an example of a point on E over K := Fgs(t)? Since the discriminant of
this Weierstrass equation is 3t% 4 4, Shioda’s theorem 1.3.24 indicates that any point in
the narrow Mordell-Weil lattice has height > deg(A)/6 = 1. We may then try to find an
integral point P = (z,y) € E(K) where z has degree 1, say z(t) = at + b. We want

23—+ = (a® + )13 + 3a%bt* + (3ab® — a)t +b° — b

to be a square in K, which can only happen if a® = —1, so we may set a = —1. We wish to
find b, ¢, d € F5s so that 3bt2 + (1 — 3b?)t + 0% — b = (ct + d)? = 2t + 2cdt + d>.

We find )

b= % =2¢%, 2cd=1-3(2%)?2, d>=1b%—b=(2c%)% 22
and since ¢ # 0 we get d = % from the second equation. Replaced in the third equation,
we get d? = % 8c® — 2¢2. This is an equation of degree 8 in ¢ over Fs, so it

has a solution in Fgs, hence there is a point P = (—t + 22, ct + %) in E(Fss(t)). o

Example 3.1.19. Corollary 3.1.14 predicts that y? = 2% 4+ 2 4 t7 has rank 2 over F3(t), since
p? = —1 mod d(m) where p := 3 and m := 7 (so d(m) = 28). Can we exhibit some rational
points? This can be done for instance using techniques described in section 3.3. We found
no integral points with deg(z(t)) < 14, and the rational point with the smallest deg(x) we
found is

po (A2t 241 209420 411 42
B ( t2 ’ t3 )
We also found the point

Q_ t18+t157t13+t12+t6+1 *t27+t18*t12+1

N ( 16 ’ 19 )

Using lemma 3.2.15 to be stated later, one can check that h(P) = h(P) = 6 and h(Q) =
h(Q) = 18. From this it can be shown that P, @ are linearly independent in F(K). Indeed,
if we had aP = bQ for some integers a,b then we would get (by taking the heights on both
sides) 6a? = 18b%, but /3 is irrational. J

3.1.5 Unbounded ranks

We explain here that the curves E,, 5 provide a Kummer family of (non-isotrivial if p > 3)
elliptic curves with unbounded rank over F,(t), for any odd prime p.

Corollary 3.1.20. Fix any odd prime p and b,b" € F)\. Then the rank in the Kummer family
{Empv /Fp(t);m > 1} is unbounded, that is

sup{tk Ep pp (Fp(t)) : m > 1} = +occ. )

Proof. — « Assume first that p = —1 mod 4. For any odd integer v > 1, consider the
even integer m,, := p;—ﬂ. Note that ord* (p mod 2m,,) divides 2v. Therefore, the last
inequality in corollary 3.1.14 yields

2m, —6 p”—5

kEm (IF > )
vk B, b0 (Fp (1)) 5 5
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3 — The family y? = x3 + bx + b't"™

which proves the claim in that case, by letting v — +00 (among odd integers).

o Suppose now that p = 1 mod 4 and let £ =IF,. Consider an even integer v > 1 and set
m =m, = p” + 1. We have d := d(m) = 2m; moreover m is even, 6 { m and m/2 is odd.
Recall from equation (3.1.14) that the analytic rank satisfies

P(Empy [k(t) = #{[r] € Z(m)/{k]) + ap Ok, ar) = K"}

While corollary 3.1.14 does not apply (as mentioned in remark 3.1.15), we claim that

at least roughly "half" of the classes [r] € Z(m)/(|k|)* are such that app (Ok,,,,d.m) =
|k |u(r),

We have p¥ = —1 (mod §) where § := d/2 = m divides d. Applying lemma 1.4.31, we
deduce that if r € Z/dZ ~{0,d/4,2d/4,3d/4} is even, then the restriction of Ok vy (m)
to ki(r) /2 is trivial. In particular, for all b,b’ € k>, we get from Tate-Shafarevich
theorem 1.4.8 that

ab,b’(eku(m,dﬂ’) = ‘ku(r)|
if r € Z(m) ~ {0,d/4,2d/4,3d/4} is even (since u(r) is even, A
k =T,). Thereby the analytic rank of E,, ;4 over k(t) is at least

is also trivial on

u(r)

P(Em, K1) > | 200 |, where Z/(m) := 22/2mZ ~ {0,m}.

The argument from lemma 1.4.27 shows that

(e)
ord™ (p mod e)

P(Erm, b /K1) =D

Imv
ef2
L3 6O g 6@ -1
2v 2v 2v
elm,
ef2
This can be made arbitrarily large as v — 400 (among even integers). |

Remark 3.1.21. 1. We point out that the parity condition stated in theorem 1.3.48 is
not satisfied here when p > 5, so that unboundedness of rank in the Kummer family
{Empp;m = 1} does not follow from this general result. Indeed, proposition 3.1.5
ensures that the conductor has even degree and the tame part at the place at infinity
€so = foo(Em,p,p) is also even (when p > 5), so that deg(f') is not odd, using the notation
from theorem 1.3.48.

2. We have seen in corollary 3.1.16 that Brumer’s bound is asymptotically sharp if p =
—1 mod 4. However, if p = 1 mod 4 it is not clear whether is it achieved; rather the
above argument only indicates that the rank only attains at least "half" of Brumer’s
bound:

D" (1 4 0(1)) < tk By, g0 (Fy () < LEmesttr) 108 ()

2w = 2log(f(Em, b))

Proving that Brumer’s bound is not asymptotically achieved would require to show that

-(1+0(1)) <

pV
7.

most of the coefficients ay i (6k,,,,,q4,r) are not positive integers when r € Z(m) is odd.
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3.1 = L-function of Ey, p b

This would yield an upper bound on the (analytic) rank. Detecting whether some power
of appr (k,(,.d,r) 1s an integer can be done using Stickelberger’s theorem 1.4.22. More
details will be given in chapter 4, see for instance lemma 4.2.11 (about another family of
curves, though). 5

3.1.6 Case of characteristic 3

We focus here on the case of a finite field k of characteristic 3 and assume that m = 3" + 1
for some integer n > 1 (so d(m) = 2m). We look at the elliptic curve E,, p : y? = 23 +
b + b't3" 1 over k(t). Notice that* we do not have 3 = —1 mod d(m) for some v > 1,
i.e., the conditions of corollary 3.1.14 are not fulfilled. However, we are going to show that
the L-function is of the form (1 — |k|T")? when k = F32» so that the analytic rank is "as
large as possible", using specifically the fact that the base field has characteristic 3. This
will then give dense sphere packings as studied in the next section 3.2.

More specifically, we prove that a consequence of theorem 3.1.3 is the following corollary.

We will also give an alternative and more direct proof in subsection 3.1.7.

Corollary 3.1.22 (corollary B). Let n > 1 be an integer and set ¢ = 3". Let b € < be any
o4zl

element such that® b 2 = (—1)"+1,

Then the L-function of the elliptic curve Esn1 3,1 over Fy2(t) is equal to
L (Bsny1p1/Fp(t), T) = (1 —¢*T)%%".
In particular, the analytic and algebraic ranks of Esn 13,1 over F2(t) are equal to 2-3™.

Proof. — « Note that m := 3" + 1 is even and 6 { m. We have d := d(m) = 2m from
definition 3.1.1. Let us write k := Fj2 = Fg2» and notice that —1 and b are squares in k*
(since b € F3,.). Observe that we have 32" —1 = (3" — 1) - m = 0 mod d which implies
that wg| q(r) = ord™ (k| mod %) =1 for any r € Z/dZ ~ {0}. From theorem 3.1.3,
we deduce

L(Emon k0. T) = (1=K - T (1= aa(bran)T),
[rleZ(m)/(|k[)*

a1 (0) = 0(—%) - T(Ae, s M, 02) - J(6,62) if 6 € kY.

where 0, 4 was introduced in definition 1.4.15.

Fix r € Z(m) = Z/2mZ ~ {0,m/2,m,3m/2}. We claim that oy 1(0k.q.) = |k| = ¢*> =
32n,

“Indeed, 2n is the multiplicative order of 3 modulo m = 3" + 1. If 3 = —1 (mod 2m), then 3% =1
(mod m) so that 2n divides 2v. Since —1 is not a square modulo 4 and m is even, v must be odd. Then
r:=v/n is an odd integer and 3" +1 = (3" + 1) 22;3(73”)’“ is the product of m by an odd integer, so
it cannot be 0 mod 2m.

5In other words, if n is odd, b is a square in IF;( (for instance b = 1), and if n is even, b € IF; is not a

square.
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e Observe that we cannot apply Tate—Shafarevich theorem 1.4.8 directly to compute the
Jacobi sum J (0 q4.r, szd,r) because the restriction of 0y 4., € k* to ]qu is mot trivial
when r is odd (using the notation from definition 1.4.12):

[k |-r Tz'((qz—ll)) ,a=1
_ 2 _ g+ _ ]
Ok,ar = O, *" =0O|, = 0|,

While ©971 is trivial on [, the above character is not when r is odd (its restriction to
[ is the Legendre symbol over F;). But this computation shows that 9,%7 a4 s trivial
over F.
o Set 0 := 0y 4, for simplicity. The key point is that when r € Z(m), we have J(,0?) =
2
% by proposition 1.4.6 and because k has characteristic 3, we have G(0) =
G(62) by proposition 1.4.6.3, and now G(6?) can be determined using Tate-Shafarevich
theorem 1.4.8.

Because r € Z(m) we have r # 0,m/2, m,3m/2 mod d so none of the characters Ay, 6, 6>

is trivial, and 63 is non-trivial since the order of @ is which divides d = 2m and
6 1 m. Then we find:

d
(rd)”

1 (Or.a.r) = 0(=b)> T (A, M) J (0, 6?)
G(\)G(M0%) G(0)G(6?)

=0(—b)>- GO . GO proposition 1.4.6

= 0(=b)*G(\)G (M%) proposition 1.4.6

=0(—=b)* - A (2)3™ - (M\0?)(2)3™ theorem 1.4.8
=0(=b)*- 6%(2)3*" (*)

where z € k£ is any non-zero element such that tryp (2) = 2 + 29 = 0.

o It remains to evaluate 6(—b)3 - #%(z). While the value §(z) might depend on z (such that
try,/r, (2) = 0), the value 62(z) does not, since we have seen above that 6 is trivial on
Fr.

q

— We claim that 6?(z) = (—1)". By proposition 1.4.14, let g be the generator of k*
qtl
such that 0(g) = exp (27”’"). According to remark 1.4.9 we may take z = g 2 .

Then we find, recalling that m = ¢ 4 1:

62(2) = exp (2 - W) — oxp (7”@;1“) — exp(rir) = (~1)".

— In order to determine §(—b), we let 8 € Z be an integer such that b = gla+15,
Such an integer always exists since b € F; and gt = N, JF, (g) generates the
multiplicative subgroup F of k*. We have

0(—b) = g(g% (q+1)6)

<2mr(‘1221 +(g+ 1),3)>

2m
= exp (m’r (% + ﬁ))
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which is always +1, and we have (recalling that ¢ = 3")

is odd and n i
0(=b) = (-1)" = (q%l +B—1)iseven <= f is odd and n is even, or
[ is even and n is odd.

o Allin all, we found that 6(—b)3 - 0%(z) = 1 if

is a non-square in F3,, and n is even, or
b is a non-square in F3, and n is even, o

b is a square in F3, and n is odd.

In both cases, we deduce from equation (x) that ap1(0k.q,-) = 3*" for all r, which is
what we wanted. This finally implies that the L-function of Esn i1 over Fszn(t) is
given by

L(Enmpa1/k(t),T) = (1— ]k;|T)2 (11— |k‘T>|Z(m)\
= (1 _ |k|T)2+(2m—4) — (1 o 32nT)2m_2
which means that the analytic rank of E,, ;1 over Fs2n () is equal to 2(m — 1) =2- 3",

if m = 3" +1 and Ap,, (b) = (—1)"*!. The algebraic rank is equal to the analytic rank
by theorem 1.3.40. This concludes the proof. |

Remark 3.1.23. Fix any sequence b, € F%, satisfying b®"~1/2 = (=1)"*! for all n > 1.
Then the family { Esny1p, ,1/Fs2.(t) : n > 1} attains Brumer’s bound from theorem 2.2.6
asymyptotically when n — +oc0. Indeed, we have (using proposition 3.1.5):

f(E3ni1p,.1) - log(3°")
2-log f(E3ni1,,1)

2-3"-2n-log(3)
210g(2 - 37)

p(E37r,+17b"71/F32n (t)) =2- 3n <

(1+0(1)) ~

Remark 3.1.24. We will see in proposition 3.4.3 that for any m > 1 coprime to 3 and
b € F3., the rank of E,, ;1 over Fszn(t) is an even integer (for every n > 1). 5

3.1.7 Alternative proof of corollary 3.1.22

In this subsection, we give an alternative proof to corollary 3.1.22. Throughout, we fix
an integer n > 1, an odd prime p, set ¢ = p",m = p" + 1,k = Fp2 and fix b € F such
that Ng, /g, (b) = (—=1)"*L. When p = 3, the sums of Legendre symbols appearing in
the L-function of E,, ;1 over Fp2(t) (as in remark 1.4.25 and equation (3.1.3)) can be
determined thanks to an auxiliary superelliptic curve over F, (see subsection 3.1.7.1), and
using the fact that x — zP + bz is an additive map in characteristic p (see lemmas 3.1.27
and 3.1.28). Moreover, the number of points over Fg 2 of this auxiliary superelliptic curve
can be computed essentially because its jacobian is isogenous to a power of a supersingular
elliptic curve.

The idea behind this approach was inspired by the work of N. Elkies [Elk94], where a
counting argument about hyperelliptic curves has been used. In our case, this will get
replaced by a superelliptic curve (see subsection 3.1.7.1). In both works, the elliptic curves
(over function fields of characteristic 2 and 3 respectively) are isotrivial. But in our case
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Esni1p1 is a cubic twist of a constant curve (see proposition 3.2.9), while the elliptic
curves studied in [Elk94] were quadratic twists of a constant curve, which allowed to use
proposition 2.5.3 to compute the L-function.

This alternative approach is useful because many of the steps can be performed in arbitrary
(odd) characteristic p. However, the case p = 3 is specifically related to elliptic curves;
in general one would need to work with jacobians of hyperelliptic curves of the form
y? = aP + bx + tP" 1 (see also remark 2.4.3).

Some of the content in this subsection has been published my paper [Let22].

Remark 3.1.25. In [Elk94], the method is slightly different, because quadratic twists are
being used. This does not seem to have an analogue in our setting: while we could consider
cubic twists of the L-functions of our elliptic curve, they do not correspond to the L-function
of cubic twists. Assume that b = b =1 and p = 3 for simplicity. We consider the (smooth
projective models of the) curves

Ey: =234z over Fg2
Bmai: y*=a°+a+t™ over F2(t)
C:ud+u=tm over g2

The field extension F' := F2(C) / K := F;(t) has degree 3, and is Galois, with cyclic
Galois group generated by the field automorphism w +— u + i, where i € Fy2 is a square
root of —1. The elliptic curve E is a cubic twist of Ey: they are isomorphic over F2(C)
(see proposition 3.2.9). Under the assumptions of corollary 3.1.22, the jacobian of C' is
supersingular: it is in fact isogenous to a power of Ey. Therefore, by remark 2.4.1, we have

rk Eo(F) = rk Hom(C, Ey) = rk(End(E)?() = 4 - 3.

Then we wish to decompose Ey(F) into eigenspaces for the Galois action, and ideally we
would have
Eo(F) = Eo(K) ® E(K) & E'(K),

where K = F2(t) and E’ is another cubic twist of Ey over F' (different from E), and finally
we would hopefully prove that rk E(K) = rk E'(K) = 2 - 3" (knowing that Fy(K) has rank
0). But this is not possible: Ey has only 2 twists over F.

Indeed, the set of isomorphism classes of elliptic curves over K which are isomorphic to
Ey over F is in one-to-one correspondence with the Galois cohomology set H'(Gal(F/K);
Autr(Ep)). But we have Autp(Ep) = Autr,(FEp) so the Galois action is trivial, and
Autr,, (Eo) is the dicyclic group Dicio of order 12. Therefore, H'(Gal(F/K); Autp(Ep)) is
in bijection with the 3-torsion part of Dicio up to conjugacy, and this set has 2 elements.
So the only corresponding twists are Fy and FE.

Alternatively, we can write L(E/F,T) =[], L(E/K, x,T) where x runs over the complex
characters of the Galois group of F//K, which is isomorphic to Z/3Z (see footnote 14 on
page 103). But those twisted L-functions do not correspond to L-functions of twists of Ey:
the local factors of the former may involve complex cubic roots of unity, while the latter
only involve integers. g
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3.1 = L-function of Ey, p b

We now explain the alternative proof of corollary 3.1.22. We start by re-using equation (3.1.3),
which reads

log L(Ep p.1/k(t)) = =Y Ry(n ] (3.1.16)
j=>1
where we define
Ry(n,j) == > i (m3 + bz + anH) : (3.1.17)
w,r€k;

Notice that we can discard the terms with w = [1 : 0] since we have Ag,, , (o0, j) = 0 for
every j > 1 by proposition 3.1.5

The strategy to evaluate those sums Ry(n, j) consists of two steps:

@ First, we will compute the number of points on a certain superelliptic curve Cy, p, given

by v3" 1 = u® + bu over k; for every j > 1, where b € F3, is chosen as in corollary 3.1.22.

® Secondly, we study the sums

op(jst) == Z Ay (2% + ba + 1), (3.1.18)
Cﬂekj

where ¢ € k; and j > 1 is any integer.

3.1.7.1 Number of points on the superelliptic curve C,,

We fix an odd prime number p and set k = Fp2». For any n > 1, let C’ be the affine curve
C’alcf coP T =P 4 bu, (3.1.19)

defined over Fy,», where b € F5.. Note that C2f ' is smooth.

There is a smooth projective irreducible curve C,, ; over Fp» (unique up to isomorphism)
such that its function field is the same as the one of C3%, (by [GW20, theorem 15.21]): in
fact C,, 4 is a superelliptic curve.

In this paragraph, we compute the zeta function of C, ; over Fj2n, which completes the
step ® announced above (by specializing to p = 3).

Proposition 3.1.26. Let n > 1 be an integer and let b € F. be such that Ng , /r, (b) =

n

br=1 = (=1)"*'. Then the zeta function of the superelliptic curve C, ; over k = F2n is

(1 + pnT)P=1»"
1 -=T)1 —p>T)

Z(Cuplk, T) =
In particular, for every r > 1, we have

|Cnp(kr)| =P +1—(p—1)-p" - (—p")".

L

It turns out that C,, ; has a unique point at infinity, defined over Fyn, so that |C,, 5(k')| =
|28 (k)| +1 for every finite extension k" of Fyn. Moreover, Cy, , has genus g(Cy ) = B3+ -p"

(see proposition 2 in [GPS02]).

The key point is that we will be able to deduce the number of points |C,, ,(k,)|, for all
r > 1, just from the computation of |C), 5(k)|. We start with an elementary fact.
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3 — The family y? = x3 + bx + b't"™

Lemma 3.1.27. Let p be an odd prime, n > 1 be an integer, set ¢ = p™ and let b € F;n be
any element such that

n

Nr,/r,(b) = bP=1 = (=1)"" (3.1.20)
Then all the roots of X? +bX € F,[X] belong to F,2 and we have

#{r€Fp : P +br eFl=p" =p-q. y

Proof. — Consider the maps f, g, : Fj2 — Fy2 defined by f : . +— 29—z and g, :  — 2P +bx.
The key point is that these maps are endomorphisms of the additive group (Fy2, ) seen as
vector space over I, and we can describe the set {x € F2 : 2P +bx € F,} as the kernel of
f o gp. Thereby, the proof essentially boils down to a basic argument of linear algebra. A
direct computation shows that f o g, = g, o f (using the fact that b € ).

The rank-nullity theorem yields
dim(ker(gp o f)) = dim(ker(f)) + dim(ker(gs) NIm(f)), (3.1.21)

where the dimensions are taken over IF),.

It is clear that dim(ker(f)) = n, since ¢ = p", and that ker(g) has dimension 1 since it
consists of roots in ]FT; of the separable polynomial X? 4 bX which has degree p, and all

those roots actually lie in F2. Indeed, if 27 = —bx then
" =1 P =1 (31.20) pi—1 a1
e s S
PE ) )t =

which implies that 29 = (1) = (—x)9 =z, i.e.,, v € Fp2 as claimed.

The above computation (3.1.22) also shows that any element z € ker(g,) satisfies 27" = —x,
so that f(x) = —2x, which shows that z € Im(f) (recall that p is odd, so —2 € F) is
invertible). In other words, we have ker(g,) NIm(f) = ker(gs). Finally we get dim(ker(f o
gp)) = dim(ker(gy o f)) = n + 1 from equation (3.1.21), which yields

#{x €Fp : 2P +bx € F,} = |ker(f o gp)| = p" 1,
which is what we wanted to prove. |
Proof of proposition 3.1.26. — We first compute |C), ;(k)|. The norm map
kX — T, v P cp =P T =

2n

T = p"+1. Furthermore, by lemma 3.1.27,

is a surjective morphism, with kernel of size

XP 4+ bX has p roots over k. Therefore, we get

Crp(B) =14p+(@"+1) Y #{uck : v’ +bu=w} (3.1.23)
wEF;n
=14+p+(@"+1)(#F{ueck : WP +buecF,n}—p)
:1+pn.pn+1
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3.1 = L-function of Ey, p b

where the last line follows from lemma 3.1.27.

We now consider C), ; as a curve over k = [Fj2n (instead of a curve over F,»). Let us write
{w; + 1< 75 <29(Cpyp)} for the reciprocal of the roots of the numerator (in Z[T]) of
zeta function Z(C), /k,T); in particular, they can be seen as complex numbers and their
modulus is known to be equal to |w;| = \/m = p". Thereby, Lefschetz trace formula tells
us that

QQ(Cn,b)
Crp(k) =k +1— > w;

j=1
(p—1)-p"
:1+p2n+1:p'p2n+1:p2n+17 Z wj,
=1

(p—1)-p"
which implies —(p — 1) - p?*" = 3 w;. Because the w; € C satisfy |w;| = p™, this forces
j=1
w; = —p™ for every j (e.g., by taking the real part of the latter sum). We conclude that for

every n > 1 and every r > 1 :

|Crp (k)| = [K]" +1—(p—1)p" - (=p")". u

3.1.7.2 Evaluating the sums o4 (j, 1)

This paragraph is devoted to the explicit computation of (a generalization of) the sums
op(4,t) defined in equation (3.1.18), as required by step @ above. Namely, for an odd prime
number p, an integer n > 1 and b € Fy, we define

op(J,t) == Z Ak, (2P + bz + t)

r€k;

where k :=F,2n,j > 1 and ¢t € k; (when p = 3, we recover the sums from equation (3.1.18)).

Lemma 3.1.28. Let n > 1 be an integer and fix b € Fyn such that Ng_, /g, (b) = (=1)"*1.
Let j > 1 be any integer. Consider the map gy j : kj — k; defined by gy j : x — 2P + bx.

Then for every t € k; we have :

oy () = {—(p—1)~(—p”)j ift € Im(gp.;)
’ (—p™) otherwise.

Proof. — Step 1 — The first key point here is to use again the fact that the map g ; is
additive, in order to deduce that oy(j,t) takes only two values (for fixed j,b and variable t).

Indeed, if we pick any zg € k;, then

au(jt) = > My (gei(@) +1) = Y M, (gs(2" +20) +1)

acEkj x’ekj
= 3 N, (96,(a") + guj(zo) +1) = (Gt + goj(x0)).
x’Ekj
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3 — The family y? = x3 + bx + b't"™

In other words, o,(j,t) only depends on the class of ¢ in the quotient additive group
k;/Im(gy, ;). Moreover, notice that for any a € F)* one has

ou(j,t) = D Ak, (gojlax’) +1) = > A, (ags;(2) +1)

wlek]' :L"Gk]'
=i (@) - oy(j, a7 1t) = oy (j, a7 1),
where the last equality holds because « is a square in [F2 and hence in k = Fp2n.

Since [k; : Im(gp,;)] = |ker(gp,;)| = p by lemma 3.1.27 (which can be applied since we
assumed N, /p (b) = (—1)"*!), we deduce that oy(j,) only takes (at most) two values,
for fixed j,b and variable t. The first value occurs when ¢ € Im(gp ;) in which case
op(43,t) = o5(4,0). Let us denote by o* the other value of oy(j,¢), which occurs when
t ¢ Im(gp ;). Observe that the value of o* can be deduced from the sum

. . i . ni (1. p—1,
> ou(,t) = [Im(gs;)| - 05(5,0) + (p*™ — |Im(gs;)]) - o™ = p*™ (pUb(J,O) + = >
tek;

because the left-hand side sum vanishes :

> o(iit) =D > A, (aP +br+1t) =0,

tek]‘ Iekj tek]‘

since all the inner sums are 0 (they are sums of a non-trivial multiplicative character over
the whole group — recall also that g, (0) = 0). Therefore o* = —p—ilab(j, 0), so it is enough
to determine the value of o3(3,0).

Step 2 — Now we compute the sum o,(7,0) = > A, (2P + bz).

zek;
The most conceptual (and easiest, or shortest) proof relies on the fact that if 7 : Y — X is
a surjective morphism between two smooth irreducible projective algebraic curves (or even
varieties) defined over a finite field, then the numerator of the zeta function of X divides
the one of Y in Z[T]. This can be argued using the Tate modules of the jacobians of these
curves, see for instance proposition 5 in [AP04].

In our case, we have the morphism

p"+1

m:Cpp — Hy (u,v)l—><u,v 2 )

where Hy, is the hyperelliptic curve given by y? = 2P +bx over F,n (we defined the morphism
on affine open subsets, but it extends uniquely to a morphism between the smooth projective
curves C), , — Hyp, by [GW20, proposition 15.5]). Being a non-constant morphism between
irreducible curves, m must be surjective.

The numerator of Z(Cp, p/Fpzn, T) is (1 + p"T)P~YP" by proposition 3.1.26. Therefore,
the numerator of Z(Hy/Fp2n,T) is (1 + p™T)P~! since Hp has genus p%l. Notice that H,
has a unique point at infinity. Thus we deduce from standard arguments that

1+ 9™ +04(,0) = [Hy(k;)| = 1+p°™ — (p—1)(—p"), (3.1.24)

which gives the claimed value for o,(j,0). Therefore, from step 1 we get the value o* =
(—p™)? and this finishes the proof. -
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3.1 = L-function of Ey, p b

Remark 3.1.29. When p = 3, it is possible to give more concrete and elementary (but
computationally longer) proofs of the identity o3(j,0) = —2 - (—3")7 from lemma 3.1.28,

via quartic Jacobi sums.

— A second proof of lemma 3.1.28 when p = 3 is based on [IR90, exercise 11, p. 170]. Let

Dy, be the affine quadric u? — v* = —4b = —b over Fsn. Let & be the elliptic curve
given by (the projective closure of) the affine equation y? = 2% + bx over Fz», where
N]an/]Fs (b) = AF;&" (b) = (_1)n+1'
The key here is to use the morphism of affine curves

o Dy, — &E~{[0:1:0]}

(w,v) — (z=1(u+2v?); y=vz=1v(u+v?))

and that the number of points of D, can be computed via quartic Jacobi sums. The
map ¢ is well-defined since y? = v?2? = 2(22 +b) = 23 + bx <= 1? =22 +b <
Fu+0?)? = F(W? 4+ 2u? +o?) + b = 2u? + 2 = u? 4 2u? + ot + b =
v* = u? + 4b. Moreover, ¢ is an isomorphism onto its image & \ {[0:1:0],[0:0: 1]},
the inverse being (z,y) — (22 — (y/z)? , y/z) (where x # 0).

Let a > 1 be any integer and set @ = 3"*. Now, by proposition 1.4.3 one has
Dy(Fo)l = > (1+Aeg(v' —40) =Q+ Y > x(w)A(w — 4b),
veFqg weFg x*=1
where x : Fé — C* runs over multiplicative characters of order dividing 4. Moreover,

Z X (w)A(w — 4b) = Z X (—4bw" )X (—4bw’ — 4b)

welg w'€Fq
= x(4D)Arg (—40) D x(—w)A(w' +1)
w’€Fg
= X (4b)Ar, (—4b) - J(x, A).
In short, we get
Do(FQ)| = @ + Aeg(—48) 3 x(4b) - J(x, A)- (3.1.25)

x*=1
— If n -« is odd, then there are only 2 characters ]Fé2 — C* of order dividing 4, namely
the trivial one and the Legendre symbol, because ged(|Fgl,4) = ged(3™* —1,4) = 2.
The above identity (3.1.25) then yields

Do(FQ)l = Q + Arg (—4b)Arg (40) - J(Arg, Arg) = @ — 1,

where we used the fact J(1,A) =0 and J(A, A) = —A(—1). (We see that the identity
Dy(Fq)| = Q — 1 actually holds for any Q = p™* and any b € F; such that n -« is
odd and p = —1 (mod 4)).

— If n -« is even, then there exists a character yy : Fg — C* of order exactly 4 (since 4
divides [F5| = 3™* — 1, as na is even). In particular, Xi = Aro-

From equation (3.1.25) we get (recall that J(1,\) = 0, so in the sum below, the term
for k = 0 vanishes):

3
Do (FQ)| = Q + Arg (—4b) D x5 (4b) - J(x4, A)
k=1
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3 — The family y? = x3 + bx + b't"™

= Q + g (—4) (A(40) - T\, N) +2Re(xa(4b) - T (xa, )
=-X(-1)

=Q — 1+ 2Xp,(—4b) Re(x4(4b) - J(x4,A)) (3.1.26)

When a - n = n is even, then x4(b)? = Ap,.(b) = —1 by assumption, so y4(4b) =
AFgn (2)xa(b) is purely imaginary. On the other hand, J(x4,A) is a real number.
Gxa) -G

G(xaA)
xaX = x5 ' have both order 4, and since p := 3 = —1 (mod 4), theorem 11.6.3 in
[BEWOS] yields

Indeed, we have J(x4, Apsn) = by proposition 1.4.6. Since x4 and

n _1+ (P"!’Sl)'”

G(xa) = Glxa\) =p™? - (-1)%

Moreover, it is well-known (see [BEW9S, theorem 11.5.4]) that G(Ag,,) = (—1)"~1Q/2i"
= —(—3)"/2 since p = 3 (mod 4) and n is even (here i € C denotes a square root of
—-1).

All in all, when « - n = n is even, equation (3.1.26) finally implies that

|Dy(Fan)| = 3" — 1+ 2)p,, (—4b) -0 = 3" — 1.

Finally, |&(Fq)| = |Dy(Fq)| + 2 yields |E(Fan)] = 3" —14+2-0+2 = 3" + 1 for
every n (even or odd). By Hasse-Weil theorem we can write the number of points as
1Ep(F3n)| = 3" + 1 — (t1 + to) with t1ty = 3" so t; = —ty = 3"/2i € C and therefore

|Ep(Fg2ns)| = 1+ 32" — 3"(i% 4 (—i)¥) = 1 + 32 — 2(—3"),
as we had in equation (3.1.24).

— The third and last proof of lemma 3.1.28, when p = 3 and n is even (and Ag,, (b) = —1),
is similar to the previous one, but is more enlightening about the appearance of the
quartic curve Dy, (or rather the character x4 of order 4), which seemed to be just a
clever trick.

The idea to compute T'(b) := 03(1,0) = erFSM A, (% 4+ bx) is to let b € F3, vary

(and then we will be able to deduce o(j,0) for all j > 1). We observe that for any
u € F3,, one has

T(b) = 0p(1,0) = Z M(uz')® + buz')

xz’ €F32n

= ANu?)oy-25(1,0) = Mu)T(u"2b)

In particular, we have T'(b) = T'(v*b) for every v € F5,, that is: T'(b) only depends on
the class of b in F3, /F§44, i.e. modulo the 4-th powers. If n is even, then this group has
size 4 (equal to the kernel of the endomorphism z — x* of F3).

We show that for every prime p = 3 (mod 4), every even integer n > 2 and every b € F.
such that Mg, (b) = —1, we have

S®) = Y A, (2 +bx) =0. (3.1.27)

z€F,n
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3.1 = L-function of Ey, p b

This is not the same as T'(b) because we are summing over Fs» and not over Fg2x, but
it will be sufficient, by Hasse-Weil theorem, to deduce® T'(b). Similarly to T'(b), we see
that S(b) = S(u*b) for every u € Ff. Then

> S(but)

/]\ ue]Fpn
5(0) =0

(" = 1)5(b)

=

Z Z M@+ br~2ut)

JJEF:n u€l,n

I—>

A(0) =0

33 3T AEPAL + b 2)x(2)

xe]}?:n z€Fpn x*=1

= Z Az) Z x(=b"1z?) Z X(—=bx22)A(1 + bz 22)

ver%,  xi=l €F,n
= > A=) Y x(=b'2)I(x, A)
xe]F:n x*=1

?iJ(X’Z,A)xE(—b*) >0 AR ()
k=0

z€F ),

n even = x4 exists‘

Now notice that

0 if k € {0,2
5 AHk(x)_{ o ke
reF, p"—1 ifke{l,3}
This yields
S)y=> JOA M=)
ke{1,3}

= 2Re (J(xa, A)xa(=b7")) = 2Re (J (x4, MXa(-b)),
which reminds us of equation (3.1.26). We conclude as before that S(b) = 0 since —b
is not a square in F,» by assumption (so that x4(—b) is purely imaginary), while the
Jacobi sum J(x4,A) is a real number. This terminates the proof. J

3.1.7.3 Conclusion of the proof

We are now in position to give a new proof of corollary 3.1.22.

Second proof of corollary 3.1.22. — Recall from equations (3.1.16) to (3.1.18) that we
have

TI n
logL(Em,b,l/k(t)) = _ZRb(n7])77 Rb(”?]) = Z O—b(jvws +1)‘ (3.1.28)

jz1 wek;

SIndeed, if S(b) = 0 then the elliptic curve A : y? = 2® + bz satisfies |A(Fpn)| = p™ + 1 — (o + B) where
a+8=0,a8=p" so that &« = —8 = ip"™/? and then T(b) = |A(Fp2n )| — P +1) = —(a?+p%) =2-3"
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For general odd prime p, assume that b € F. satisfies Nr,./F, (b) = (—1)"*1, define the set
Ty(n,j) = {w €k; : wP e Im(gb,j)},

where g, ; : k; — k; denotes the map = — 2P + br as in lemma 3.1.28. Recall that we
introduced the affine curve C’gff) coP "t = uP + bu in equation (3.1.19). Observe that all
the fibers of the map

szf)(kj) — T'y(n, j), (u,v) —> v

have size p since ker(gs ;) is 1-dimensional over F,, by lemma 3.1.27; it can be applied thanks
to our assumption on b. Thereby, we deduce from proposition 3.1.26 that

T, 7)] = ]19(|Cmb(kj)| -1 = ]1)(192’” (=1 p" (=p")). (3.1.29)

Therefore, using lemma 3.1.28 and the above expression (3.1.28) of Ry(n, j), we get

Ry(n,j) =—(p—1)- (=p") - [Tu(n, )] + (=p")" - (*™ = [Ty(n,J)])
= (=p")7 - (P* —p- |Ts(n,5)|)
Ly (1) (Y
=(p—1)-p"0T2) = (p—1)g" "%,

Finally, we conclude that

2T 7
— ZR;, (n j —(p— 1)qz (g - ) = (p—1)p"-log(1 — ¢*T). (3.1.30)

i>1 = I

We now specialize to the case where p = 3 so that ¢ = 3" and k = [F32». Notice that the

hypothesis in corollary 3.1.22 reads” b = = Np,. /r, (b) = (—1)"*!, in which case (3.1.28)
becomes L (B p1/Fp2(t), T) = (1 — ¢*T)P~DP" = (1 - ¢>T)?3", as desired. This finishes
the proof®. [

3.2 - Sphere packings from E, ;,

We are looking for some examples of elliptic curves satisfying the asymptotic conditions of
theorem 2.3.1 and it turns out that E,, 41 /Fpee(t) verifies” them if m = (p¢ +1)/2,p =
—1 mod 4 and e > 0 is odd. Indeed, as mentioned in proposition 3.1.5, the Szpiro ratio of
E,, » tends to 1 when m — +oo. Moreover, corollary 3.1.16 asserts that Brumer’s bound
is asymptotically attained (but probably not if p =1 mod 4, see remark 3.1.21).

"The norm map N : F}, — Fy = {+1} is surjective, so it gives a non-trivial character of order two: the
Legendre symbol.

8We see that one should expect the rank of the jacobian of y? = zP + bz + t*" 11 over Fp2n (t) to be
(p—1)-p" if Ng , jr, (b) = (—1)"*! (however a complete proof would require the analysis of the reduction
type at v = 00). See also remark 2.4.3.

9The cardinality of the field of constants satisfies q; := p2® ~ (2m)? ~ f(Em.p.pr)?, 50 we may take co := 2
in the statement of theorem 2.3.1.
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3.2.1 Casem = 2H

When m := L;'l, we compute the lower bound on the center density of the narrow

Mordell-Weil lattice Ly, pp.q Of Epy ppr over Fpoe(t).

Theorem 3.2.1. Let p be a prime number such that p = —1 (mod 4) and let e > 0 be an
¢+ 1
odd integer. Fix b,b/ € F). and set m = P+

as well as k := Fp2c. Then:
o The rank of the lattice Ly, p 1 p2e = Empp (k(t))? is given by
pe—1 ifp=1 (mod3), orp=3
T =
p¢—3 ifp=-1 (mod 3)

 The center sphere packing density of Ly, p 1 y2e (introduced in definition 1.2.6) satisfies

(D/24)"?
(Lm,b,br p2e) = c1/2 . pe:(D/12-1)

where
PP+l ifp=11 (mod 12),
—‘: p¢+5 ifp=7 (mod 12),
p°+9 ifp=3 (mod 12)

petl
12

1 ifp=-1 d 12
D = 12’7 CC_{ rp (mo )7

3 otherwise

.

Following the strategy sketched in remark 2.1.2, we first study the torsion subgroup of
B b (k(1))-

Lemma 3.2.2. Let p be an odd prime, b,V € IFT,X and m > 1 be an even integer coprime to

p. Then the abelian group Ey, v (Fp(t)) is torsion-free. 5

Proof. — From proposition 3.1.5, we know that ¢(E,, s /k(t)) € {1,3} for any finite
field k& D F,(b,b'); in particular this global Tamagawa number is square-free. Thanks
to proposition 2.1.3, we deduce that E,,; (k(t)) is torsion-free for all such k. Then
Epm b (Fy(t)) is torsion-free as well. |

Proof of theorem 3.2.1. — The result on the rank readily follows from corollary 3.1.16. The
lower bound on the center density comes from proposition 2.1.1. Indeed, corollary 3.1.16
ensures that the special value of the L-function is L*(E,, 4 /k(t)) = 1. Moreover, we
have just seen that E,, pp (k(t))tors is trivial. Finally D = deg (Amin(Em. b,y /k(t))) and
¢ = ¢(Em v /k(t)) have been determined in proposition 3.1.5. A direct computation then
yields the claimed inequality (notice that b’ € F,. is always a square in k = Fp2c). [ |

Example 3.2.3. The following table shows some dimensions for which the lattice above
has "interesting" center density. For simplicity we let L(p,e) := Lpet1)/2, 1, 1,p2 When
p = —1mod4 and e > 0 is odd. The last two columns compare our bound for r = 150
and r = 306 to the previously known results of Keith Ball [Bal92] (theorem 1.2.16 which
improves on Minkowski-Hlawka lower bound from theorem 1.2.15) and the improvements
of Craig’s lattices from [FIdD11] discussed in remark 1.2.21. Our values therefore seem to
be the best known lattice sphere packing densities in these two dimensions.
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3 — The family y? = x3 + bx + b't"™

[Bal92] | [FIdD11]
rank r | p | logyd(L(p,1)) > Si(n) > | Ge(n) >
2 3 logy(6(Az))
6 7 log,(0(Es))
8 11 log,(6(Es))
150 151 114.8796 97.758 | 114.6448
306 307 358.8224 345.18 | 357.5522

Here are a few other values:
rank r ‘ D ‘ log, 0(L(p, 1)) > rank ‘ D ‘ log, 6(L(p,1)) >

66 67 21.1808 162 163 131.0698
68 71 23.1399 164 167 134.2149
78 79 31.8717 176 179 151.033

80 83 34.044 188 191 168.3386
102 103 56.3817 198 199 182.6803
104 107 58.9044 248 251 261.2165
126 127 84.2649 356 359 449.2792
128 131 87.0694 416 419 562.7234
138 139 99.2616 464 467 657.25672

Moreover, L(3,5) has rank 242, log, §(L(3,5)) > 251.1816 and L(7,3) has rank 342 and
log, 6(L(7,3)) > 423.1044.

o Applying Mordell’s inequality from proposition 1.2.17 (with n = 72 > m = 66) to the even
unimodular 72-dimensional lattice with minimal norm 8'/2 found by G. Nebe in [Neb12]
gives log, 0¢(66) > 24.6338 > log, 0(L(67,1)). So our 66-dimensional lattice L(67,1) is
not the densest possible; however Mordell’s inequality does not provide explicitly a lattice
achieving the bound 24.6338.

We observe that L(67,1) is denser than the narrow Mordell-Weil lattice obtained from
[Shi9l, theorem 1.2] with m = 34,p = 101 (which has log,(d) ~ 18.220), and is also
denser than Craig’s lattice Aé? (which has log,(d) ~ 20.504; see [CS98, Chapter 8, §6,
§7.3¢)] and remark 1.2.21). But the improvement of Craig’s lattice given in [FIdD11]
satisfies log,(d) =~ 21.504, which is slightly better than what we found.

e In fact, most of the packing densities in the second table are superseded by applying
Mordell’s inequality to some Mordell-Weil lattices from [Shi91, theorem 1.2] or to some
improvement of Craig’s lattices from [FIdD11]. However, all the packing densities in the
second table are greater than the values obtained from Ball’s lower bound (theorem 1.2.16)
in their respective dimensions. J

Remark 3.2.4. We point out that one can use Mordell’s inequality (proposition 1.2.17) to
improve some of the packing densities obtained in [Shi9l, example 1.3] and remark 4.1.11
stated later, which are the best known so far in their respective dimensions.

o Using p =257, m = p+ 1 in [Shi9l, proposition 1.2] yields a 512-dimensional lattice with
log,(0) = 796.8875, and then Mordell’s inequality gives log, d¢(508) > 780.4962, much
better than the density of the 508-dimensional lattice L obtained using p = 509, m =
(p+ 1)/2 which satisfies log,(6(L)) ~ 745.6273.
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o In fact, [E1k94] exhibits a 512-dimensional lattice with log,(d) > 797.1237, which implies
log, 8¢(508) > 780.7287.

o Similarly, using p = 263, m = p+ 1 in [Shi91, proposition 1.2] yields a 524-dimensional
lattice with log,(d) = 822.6975, and then Mordell’s inequality gives log, d,(520) >
806.1962, improving by far the density of the 520-dimensional lattice L obtained using
p =521, m = (p+ 1)/2 which satisfies log,(d(L)) ~ 770.3712. J

3.2.1.1 Sharpness of the lower bound on the packing density of L, .1/ 4

We discuss here some results related to the equality case of the inequality on the packing
density of Ly, 1,4 given in theorem 3.2.1. Namely, proposition 2.1.1 states necessary and
sufficient conditions for the displayed lower bound on (L, p4.4) to be sharp. Two of them
are:

e The index of the narrow Mordell-Weil lattice in the full Mordell-Weil lattice equals the
global Tamagawa number.

o There is a point P € Ly, 44,4 With h(P) = L deg (Amin(Em b /Fq(t))) (ie., the lower

bound on the minimal non-zero height from Shioda’s theorem 1.3.24 is attained).

We fix a prime p = —1 mod 4 and an odd integer e > 0. We consider the even integer
m = EH and fix b, b € FX, let k = Fjee and K = k().

When p = —1 mod 12 then from proposition 3.1.5, we know that c¢(E,, 4 /K) = 1, so by
lemma 1.3.23 we must have [Ey, pp (K) : Eppp (K)°] =1 = ¢(Eppp/K). In other words,
the condition in the first item above is satisfied. We now check that the condition in the
second item is also fulfilled, when p = —1 mod 12 and b =" = 1.

Proposition 3.2.5. Let p,e,m, K be as above. Let € € {—i,0,i} where i € F,2 satisfies
i? = —1. For simplicity we denote by E = E,, 11 the elliptic curve y*> = 2° + x + t™ over
K.

1. The point P, := (¢,t™/?) € E(K) lies in the narrow Mordell-Weil lattice E(K)° c E(K),
if and only if 6 | m.

2. If m =0 (mod 6) (i.e., if p= —1 mod 12), then the NéronTate height of P. is h(P.) =
i3 = ¢ deg (Amin(E/K)).

3. In general, Q := Py — P, € E(K)® and when m = 2 (i.e., p = 3,e = 1), we have
Q) =2 = § deg (Amin(E/K)). -

Proof. — 1. At all (bad) places v above 4 + 27t*™  we know that ¢, = 1 according to
proposition 3.1.5. So we only need to study which points reduce to smooth points at the
bad place v = oo (with uniformizer 7 = t=1).

Let a := [m/6], so that the transformation

(x,y) = (ZE/ = t_2al‘7y/ = t_say) (3.2.1)
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3 — The family y? = x3 + bx + b't"™

gives a Weierstrass model y'? = /3 + 2/t =4 4+ ¢™~6¢ which is minimal integral at v = oo
by proposition 3.1.5. Now P, gets mapped to

When 6 { m, (0,0) is the unique singular point of the reduction E, : 72 = 7>. When
6 | m, the reduction is 7> = 7> + 1 (mod t~1), so this is smooth (because p # 3, since
otherwise m = 2 (mod 6)). We deduce that P, = (¢,t™/?) € E(K)° if and only if 6 | m.

2. This follows from proposition 5.1 in [Shi91], with y := [m/6] = m/6. The coefficients of
the Weierstrass equation of E satisfy the condition (5.2) ibid. (especially deg(4+27t*™) >
12(x — 1) because p # 3). For (x(t),y(t)) = (¢,t™/?), we have deg(z) < 2x, deg(y) = 3x,
so that

h(Pe) =2x +2(P.) - (0) =2y = édeg (Amin(E/K)) = %

by equation (1.3.7) and proposition 1.3.26.4, using notations from remark 1.3.9.

3. Consider the point
Q=P — P, = (—4tm — i 8itdm/2 3tm/2) € B(K).
Under the change of variables (3.2.1), the point @ is mapped to
Qoo 1= [(—4t™ —iyemm/2 ¢ (RigPm/2 — ggm/2)=dm 2, gpa=im/2]

If m = 2a (equivalently, m = 2,a = 1), the reduction of this point modulo ¢! is
[—4 : 8 : 1], and otherwise it is [0 : 1 : 0]. Both points are smooth on the reduction
E,, so that Q € E,,(F,2(t))° for every (even) m = (p® + 1)/2. Now the conditions
deg(xz) =m < 2x = 2[m/6],deg(y) = 3m/2 < 3x from proposition 5.1 in [Shi91] for the
point Q = (z(t),y(t)) are satisfied if and only if m = 2. In that case, the height of @ is
fL(Q) = 2x = 2. Therefore, the lower bound from theorem 1.3.24 is sharp, according to
the value deg (Apin(E/K)) = 12 in that case. [

Remark 3.2.6. The lower bound on the packing density displayed in the first table of
example 3.2.3 for p = 3,7,11 tell us that the Tate-Shafarevich group I of FE(,11)/21,1
over [F2(t) is trivial for these three primes. Indeed, using the optimality of A, Fg, Eg
among lattice packings stated in proposition 1.2.11, we must have equalities 6(L(3,1)) =
0(A2),0(L(7,1)) = 0(Es) and 6(L(11,1)) = 6(Eg), where L(p,1) := Lpi1)/2,1,1,p2 is as in
example 3.2.3. Then we conclude by using the last part of proposition 2.1.1. J

3.2.2 Case m = 3"+ 1: lattice packings in dimensions 2 - 3"
from characteristic 3

We now focus on the case where m = p™ + 1 and the characteristic is p = 3. The following
result appeared in my paper [Let22].

Theorem 3.2.7 (theorem C). Let n > 1 be an integer, set ¢ = 3™ and fix b € F3, such
that b 2 = (=1)"*1. Consider the narrow Mordell-Weil lattice L', b= Lany1p1,320 of
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3.2 — Sphere packings from Ep, p 5

y? = 2% 4+ bw + 3" +1 over Fson (t). Then the rank of L, , is 2 - 3" and its center density
satisfies the lower bound

n—1 A - e A §
6( ;z,b) 2 <T—) -3 ( 2 ) 2. a

In particular, for n € {1,..., 7}, we get the following values, gathered in the table below.

Best lattice packing

n  rank of L], , log, (0(L}, ) > density known so far
1 6 log, (V/3/24) ~ —3.79248 " gé]gg]);%x)

2 18 log, (¥7) = ~3.962406 [(5_938]7 9;42;)(

3 54 logs ( o ) = 1588002 e [5552?, p. xviii)
4 162 144.1852 {Sﬁ'gﬁ]

5 486 741.1001 53031825}

6 1458 3172.032 f’]fjg'%

We see that in dimension 54, we get the same density as the densest lattice packings of
balls known so far (in fact no construction is explained for the 54-dimensional lattice MWy
listed in [CS98], p. xx). Moreover, in dimensions 162 and 486, we improve the current
records. But in dimension 18, another construction achieves a higher packing density, and
in dimensions above 1458, non-constructive lower bounds (as in theorems 1.2.15 and 1.2.16)
are the best known so far. Observe that in dimension 6, we get the same density as the Fjg
lattice; see also remark 3.2.12.

Remark 3.2.8. By applying Mordell’s inequality (proposition 1.2.17) to the above lattices,
we get the following lower bounds for the maximal lattice packing densities in dimensions
52, 53, 160, 161, 484, 485:

n 52 53 160 161 484 485
logy(0¢(n)) > | 12.7525 14.2918 138.648 141.405 733.010 737.050

Before proving theorem 3.2.7, we first point out that in characteristic 3, the curves E,, 4
are isotrivial. The proof also gives information on the torsion subgroup of Ei, 4 1 (Fs2n (t)).

Proposition 3.2.9. Let k be a finite field of characteristic 3. Let m > 1 be an integer
coprime to 3. Let b,b/ € k*. Then the elliptic curve E,, 1 over K = k(t) is isotrivial.
More precisely, it is a cubic twist of the constant curve E' : y'? = /3 + ba' over k.

Moreover, the Mordell-Weil group E,, 3 (K) is torsion-free. J
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3 — The family y? = x3 + bx + b't"™

Proof. — The first statement is immediate from the change of variables y = 3/, 2 =2’ —u
where u € k(t) satisfies u® + bu = b't™ (this exactly defines the superelliptic curve from
subsection 3.1.7.1 when ¥’ = 1,m = 3" + 1). Indeed, if we consider the cubic extension

K’ := K(u) of K, with u € K as above, then we have an isomorphism
f : EI(K/) i Em,b,b’(K/)v (xlvy/) = (.’L‘/ - U'?y/)' (K)

One can also see that the j-invariant of E,, 1/ is 0, so it must be an isotrivial elliptic curve.

Finally, E,, 5 (K) is torsion-free directly follows from lemma 3.2.2 when m is even, but
we can provide an alternative argument anyway. We have E'(K')ors = E’'(k) by [Ulml1,
Proposition 6.1, lecture 1] (see also remark 2.4.1). Since 2’ — u ¢ K whenever 2’ € k, this
proves that E, p i (K )ors has to be trivial by the isomorphism (*). [ |

Remark 3.2.10. Let E := FEsni141, K = k(t) where k := Fz2n. From corollary 3.1.22,
we know the special value: L*(E/K) = 1. Moreover, we have deg (Anin(F/K)) =
12[(3" +1)/6] =2- (3" +3) and ¢(E/K) = 3 by proposition 3.1.5. From BSD formula (see
conjecture 1.3.34), we get

[I(E/K)| - Reg(E/K) = c(E/K)™" - | E(K)tors|* - k|7 - H(E/K)

3"43 n—
—3l.372n .32 g = 3n@ T -1 (3.2.2)

Moreover, we know that E(K)° is an integral lattice, so its discriminant is an integer, and
since [E(K) : E(K)°] = ¢(E/K) = 3 by proposition 3.2.14, it follows that Reg(E/K) €
3%Z>0. We will discuss the Tate-Shafarevich groups further in section 3.4. g

Proof of theorem 3.2.7. — For ease of notation, in what follows, we write K,, := Fg2a(t).
First of all, we notice that the rank of the lattice L;hb is equal to r = 2 - 3™. Indeed,
theorem 1.3.35 and proposition 3.2.9 imply that the BSD conjecture 1.3.34 is fulfilled (we
already knew this thanks to theorem 1.3.40, as mentioned at the beginning of the chapter).
In particular, the algebraic rank of Esnq 31 over K, agrees with the analytic rank, which
equals 2 - 3" by corollary 3.1.22.

In fact, corollary 3.1.22 also tells us that the special value of the L-function is equal to
1,1ie., L*(Esny1p1/Ky) = 1. Now we may apply proposition 2.1.1 using the values from
proposition 3.1.5 (see also remark 3.2.10) and the last statement of proposition 3.2.9 to
deduce the lower bound stated in theorem 3.2.7. This concludes the proof. |

Remark 3.2.11. We mention here that when n — 400, we have the asymptotic lower bound

logy(6(Ly, ) = 3" - n - logy(3) — ”'3;71 logy(3) + o(n - 3"™) from theorem 3.2.7. Because the

rank of L; , is r = 23", this reads

1 1
log3(6(L4,0)) > (5 = 15 ) 7108a(r) + ol logs(0)
which implies
D(L,,) > 2—1—12rlog2(r).(1+o(1)) — pr/12:(o(1)) (3.2.3)
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where D(L;, ;) € [0,1] is the packing density as introduced in definition 1.2.6. Although this
is far from attaining Minkowski—Hlawka lower bound > 27", we get the same asymptotic
density as in [E1k94, theorem 1] and [Shi91, equation (1.12)].

This observation actually follows from theorem 2.3.1, together with proposition 3.1.5 (which
asserts that the Szpiro ratio of our elliptic curves tends to 1 when the conductor goes to
infinity) and remark 3.1.23 (which shows that Brumer’s bound is asymptotically sharp). .

Remark 3.2.12. When n =1 and b = 1 (which is the only square in F3), theorem 3.2.7
provides a 6-dimensional lattice L} ; which has a sphere packing density greater than or
equal to the one of the Eg lattice. Since the latter is optimal among lattice packings by
proposition 1.2.11, we must actually have equality (L} ;) = 0(E¢). Then the last part of
proposition 2.1.1 tells us (in particular) that the Tate-Shafarevich group of Fy 11 : y* =

23 4z + 31 over Fya(t) is trivial: [III(Eyq 1/Fs2(t))] = 1. .

3.2.2.1 Discussion of the sharpness of the lower bound on the packing
density

In this paragraph, we shorty study some of the necessary conditions under which the
inequality in theorem C is actually an equality.

3"—1
Proposition 3.2.13. If n € {1,2,3} and b € FJ, is such that b 2 = (—1)"*!, then the
lower bound from theorem 3.2.7 on the packing density of L;L)b is an equality. Ny

Proof. — We have to check the three conditions stated at the end of proposition 2.1.1.
Consider the curve E := Ezn 41 over K := Fzan(t) so that L, , = E(K)°. The condition
M(B(K)?) = ¢ deg(Amin(E/K)) and [E(K) : E(K)°] = ¢(E/K) are given in the next
proposition 3.2.14, since n < 5. Finally, since n < 3, we will see later (in theorem 3.4.1)
that the Tate—Shafarevich group of E/K is trivial. This concludes the proof. |

Proposition 3.2.14. Let n > 1 be an integer and for a given element b € F3, such that
3"—1
b2 = (=1)"*', we consider the elliptic curve E := Esn1 1 over K := Fs2u(t). Then:

1. The index [E(K) : E(K)Y] is equal to ¢(E/K) = 3. In fact, if we let
Qu 1= (0.45"4D/2) € By 1,1 (Fs(t) — E(K)

then {—Q.,,0,Q,} is a set of representatives for E(K)/E(K)°.

2. If n <5, then there is some b € F3, as above such that there exists a point P, € E(K)°

> 1
such that h(Pn) = 6 dEg (Amm(E/K)) = 3n71 + 1. ¥

We start with a useful lemma, which works specifically in the case of characteristic 3.

Lemma 3.2.15. Let k be a finite field of characteristic 3, let b,b’ € k* and m > 1 be
an integer coprime to 3. Set K := k(t). Fix a point P = (x,y) € Ep, p (K) such that
deg(x1) > % + deg(xz), where x = x1/x9 € K is written as the ratio of two coprime
polynomials x1,x2 € k[t]. Then the naive and the canonical heights coincide at P, that is,

h(P) = h(P). s
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Proof. — The idea is to use lemma 1.3.15.2: it tells us that if A’ : E(K) — R is a function
such that h'(3"P) = 9"h/(P) for all » > 0 and A’ — h is bounded on {3"P : r > 0}, then
W (P) = h(P).

Since char(k) = 3, the multiplication-by-3 map on E,, j ; is given by
Q= (2.y) — 3Q = (52" + b= — bWy r(a) (.24

where r € K|[z] is a polynomial of degree 12, see lemma 3.2.16 below. If x = z1 /x5 € K
and deg(z1) > 3 + deg(z2) then
deg(b™*2% + b33 ™ — b= 10't™) = max{deg(z? + x(b"3t>™ — B3't™)), deg(z3)}
= 9max{deg(z;),deg(x2)}

which means that h(3P) = 9h(P) whenever P = (x,y) satisfies the condition given in the
statement.

Since x1(3P) = b~*z1(P)° + 22(P)°(b~40"3t3™ — b=1t™) has degree 9deg(z1(P)) and
29(3P) = x9(P)?, we get that the inequality
m m

so we may apply the same reasoning to 3P instead of P. By induction, we can conclude
that h(3"P) = 9"h(P) for all integers r > 0. Thus we may apply lemma 1.3.15 to the naive
height h : F(K) — R to get the conclusion. [

Lemma 3.2.16. Consider an elliptic curve y* = 23 + Ax + B =: f(x) over a field K of
characteristic 3 and fix Q = (zq,yq) € E(K)N\E[6]. Then the x and y-coordinates of 3Q) are

2(3Q) = A""a + A7'B* -~ A7'B,
y(3Q) = —A g - flzg)". 5

Proof. — This is a tedious but direct computation. Since @ ¢ E[2], we notice that ygo # 0
and yél = #QQ). By [Sil08a, p. 54], we find

A2

JT(QQ):xQ+%;

y(2Q) = — Qy(QQ)— 2 o
:y51-<A-(3:Q+ﬁQ))—x%+AxQ—B)

Yo 3 Adyg

A
= T 0D ) = v g
Since 2Q) # £@Q, we may set

y(2Q) — yq

hm L = Ao ) (L4 A flr) )
e 7(2Q) ~y(2Q) xg
' z(2Q) — zg
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and then

£(3Q) = A\ —2(2Q) — 2(Q) = N\ + xg — A% f(xg) ™"
= Ao f(xQ)? - (1+424% - faQ) 2+ A% f(zq) ™) + xq — A% f(xg) ™!
= A7 f(2Q)? — A7 f(xq) + A f(aQ) ™" + xq — A% f(xg)™! (3.2.5)
= A7 ah + A%} + BY) — A7 (2, + Az + B) + ¢
= A2, + A'B* — A7'B.

Finally, we compute

e (IQJFJ‘é;)) ~ra-(~wet fii&))
f(wo)- AT A
S G fira) ~ 7o)

so we find (for simplicity we denote f := f(zq),z == 2q,y = yqg)

y(3Q) = ~A-2(3Q) —v
UZY N A AT )~
g (A AR A
—(fyA™? (—z)+y—A-zy- 1)
= —A"%q - f(z0)" -

We also state a useful result which tells us more about points of integral Néron—Tate height.

Lemma 3.2.17. Let k be a finite field of characteristic 3, let b,b" € k™ and m > 1 be an even
integer coprime to 3. Set K := k(t) and E := E,, pr. Fix a point P = (z,y) € En pp (K)
such that h(P) € Z (e.g., h(P) = & deg (Apin(E/K))). Then:

1. The point P lies in the narrow Mordell-Weil lattice, i.e., P € E(K)°.

2. If h(P) = % deg (Apmin(E/K)) then both coordinates of P are polynomials, i.e., x,y € klt].

— 6
3. We have h(P) = h(P). ,
Proof. — 1. From equation (1.3.6) we have
A 1
h(P) = 5 deg (Amin(E/K)) +2(P) - (O) — Yo (P) - Lpgpx)o

where 7., (P) € {2,3} are the values given in [SS19, table 6.1, p. 127], depending
on whether E,, ; ;» has reduction type IV or IV* at the place at infinity co according
to proposition 3.1.5, since m = 2,4 mod 6. Because v (P) is never an integer, the
assumption h(P) € Z implies that P € E(K)°.

2. The above argument shows that if h(P) = 1 deg (Amin(E/K)) then we must have
(P) - (O) = 0. We prove that x,y € k[t]. First observe that it is enough to check that
either = or y is a polynomial because the relation y? = 23 + bz + bt and the fact that
k[t] is integrally closed will ensure that both z and y are polynomials. Inspecting the
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proof of [Sil08b, theorem II1.9.3, p. 250], the fact that (P) - (O) = 0 implies that =
cannot have a pole at any t € Al (that is, we must have v;(z) > 0). This forces = to be
a polynomial.

3. By lemma 3.2.15, the equality A(P) = h(P) holds as soon as deg(z1) > %+ deg(z2),
where z is written as a ratio z = i—; of two coprime polynomials z1, x5 € k[t]. Therefore
it is sufficient to prove that the equality deg(x1) < % +deg(x2) can never occur, provided
that h(P) € Z (we have a strict inequality since 31 m). For the sake of a contradiction,
assume that such an inequality holds. By equation (3.2.4), we have

z(3P) = A= b4z + (b33 — b Wt™) 1), 2o =2,
%)
Note that z1, 29 € k[t] are coprime since x1, 25 are, and using the assumption deg(x;) <
2+ deg(x2), we get deg(z1) = 3m + 9deg(z2) > % + deg(z2). In particular, we may
apply lemma 3.2.15 to the point 3P, which asserts that h(3P) = h(3P) = deg(z1) = 3m+
9deg(zz). Thus h(P) = §h(3P) = 2 + deg(x>) is not an integer (since ged(m,3) = 1),
so this yields a contradiction, which concludes the proof. |

It is worth mentioning an important consequence of lemma 3.2.17.

Corollary 3.2.18. We keep the notations k, b, b', m from lemma 3.2.17. Then the Néron—Tate
and naive heights coincide on the narrow Mordell-Weil lattice Ey, ppr (k(t))°. g

Proof. — This is immediate from the above lemma, recalling that the Néron—Tate height
takes integral values on the narrow Mordell-Weil lattice by theorem 1.3.24. |

Proof of proposition 3.2.14. — 1. First, we know from lemma 1.3.23 that [E(K) : EF(K)°]
must divide ¢(E/K) and we have ¢(E/K) = 3 by proposition 3.1.5, so the index
[E(K) : E(K)"] is either 1 or 3. We prove that the index cannot be equal to 1 by

noticing that the point Q,, does not belong to E(K)°. Indeed, if we set p := PTLGH],

then the point @, gets mapped to the point (Qy)eo = (0,3 F1/273#) on the minimal
integral Weierstrass model Eog : y? = 2 + bat ~* + 3" T1-61 of F at the place at infinity
(via the map (z,y) — (2t~ yt=3#)), as in proposition 3.1.5. Then (Q,)s modulo
t~1 is the singular point (0,0) of E,, (because m := 3™ + 1 is not a multiple of 6).
Therefore, Q,, ¢ E(K)?, as claimed. It follows that [E(K) : E(K)°] = 3 and therefore
{=Qn,0,Q,} is a set of representatives for E(K)/E(K)°.

2. We first exhibit those rational points P, explicitly, and then prove that they lie in the
narrow Mordell-Weil sublattice and finally explain how to compute their Néron—Tate
height. Some of these points can be found for instance using techniques described in
section 3.3.

— When n =1 and b = 1, there is the rational point of height 2
Py = (2, =t +t) € Eyp1(Fs(t)) — Eyp1(K).
— If n =2, let us write F32 = F3[X]/(X? — X — 1) and let 2z be the class of X in Fs..
One can take b := z since 23" ~1/2 = 24 = —1. There is a point of height 4:
Pyi=(t'+ e+ 12 =1, —t°+t* 2 — 2+ 1) € E19p1(F32(t)) < Ero,p,1(F32n (1))
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— If n =3 and b = 1, then there is a point of height 10 = 3"~! + 1:

Py= (0 +¢5 442, P 412 — ' 47T — 15 4+ #) € Bagp1(K)

— Ifn=4,let ¢=3", F2 2 F3[X]/(fs(X)) and z be the class of X, where fs = X® —
X%+ X% — X? — X — 1 € F3[X] is the Conway polynomial of degree 8 over F3. Let
b=t = N]qu /F, (z), which is a generator of Fy and in particular it is not a square
in Fy. Then the following rational point has height 28 = 341

P, = (tzs 1 BP2426 4 56424 4 52422 | 735,20 | p75,18 4 370,416
2B A2 pTII0 TS | 156 | 2044 | 60,2 g
_ 42 4 440 438 | 139,36 | p67,34 432 4 147430
1 pA9428 4 pTO424 4 70422 | 320 4 3418 | 36,16 414
+ 07112 4 OO 45700 + BB + 02T + ™) € Bgoyp1 (Fy(t)).

— If n =5 and b = 1, then there is a point' of height 82 = 37! + 1:

j- (tsz _4T6 4 468 _ 466 _ 464 | 460 4 458 | 456 _ 452 _ 448 4 446
§4 A2 B0 34 432 4 430 426 4 424 4 416 4 412 48y g2
$123 _ 4121 4 4119 4 117 4115 4 4113 _ 4105 4 4101 _ 499

1495 48T 4 485 L 481 46T 461 4 459 45T 455 | 451 L 445
A3 AL L gBT L yB3 431 2T 419 411 49 4T 43 t) € Eauapn (F3(t)).

It readily follows from'' lemma 3.2.15 that for each n < 5, we have h(P,) = h(P,) =
3+ 1eZ.

We check that for each n < 5, the point P, lies in the narrow Mordell-Weil sublattice
E(K)°, i.e., its reduction modulo the place at infinity is not the singular point (0,0) of
EL : y? = z3. This follows from lemma 3.2.17, but we give a direct argument. Recall
from equation (3.2.1) and proposition 3.1.5 that if we let m := 3" + 1 and a := [m/6]
then the transformation

(z,y) = (2" =tz y = t"")

gives a Weierstrass model E, : y/? = 2/3 + 2/t~%% 4+ ™52 which is minimal integral
at v = oco. If we are given a point P = (z,y) € F(K) such that z,y € Fs2.]t] are
polynomials with deg(x) = 2a,deg(y) = 3a, then the corresponding point (z’,y’) € Fus
is such that both z’ and gy’ have a non-zero constant term in ¢t~!, so their reduction
modulo ¢~! is not (0,0). In particular, this applies to the points Py, ..., Ps above. W

10Gee the file SAGE_computation_check_for_Proposition_3.2.14__2_.ipynb available at https://
gitlab.com/gauthierleterrier/maths.

1 One could also argue as in the proof of Proposition 5.1 of [Shi91] (even though the exact statement from
there does not directly apply in characteristic 3; one has to work with deg (Amin(E/K)) in equation
(5.2) ibid). The idea is to use equation (1.3.7), proposition 1.3.26.4 and the fact that P, € E(K)°, to
get h(P,) = + deg (Amin(E/K)) +2(Py) - (O) where, using notations from remark 1.3.9, & — P! is the
elliptic fibration attached to £ over K and (Pr),(O) C & are the sections corresponding to the rational
points P,,0 € E(K). Then [Shi9l, Proposition 5.1] gives a condition so that (P,) and (O) do not
intersect.
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Remark 3.2.19. Let E and K be as in proposition 3.2.14. For every @ € E(K), we have

h(Q) = 5h(3Q) |

Indeed, since [E(K) : E(K)°] = 3 by proposition 3.2.14, we know that 3Q € E(K)". Thus
by corollary 3.2.18 we have 94(Q) = h(3Q) = h(3Q), whence the above identity. 5

Remark 3.2.20. We keep the notations from proposition 3.2.14. If we fix an element
B € F, such that 2 = —b, then for every ¢ € {—f3,0, 3}, the six points (e, £¢t(3"+1)/2)
belong to E(K) ~ E(K)°, but this does not contradict the fact that E(K)° has index 3 in
E(K). For instance, we have (3,t3"T1/2) — (0,¢3"+1)/2) ¢ E(K)° (i.e. those two points
give the same element in the quotient E(K)/E(K)° = Z/3Z).

For instance, if n = 1 and b = 1, this difference is equal to Q' := (2t* + 23, 3t5). At v = oo,
it gets mapped to

(Q)oo = (2% +28t7%,8t%) = 267 + 26t : 8:¢7%] = [0: :0] = O~ mod ,

where 7 :=t~!. Therefore we have Q' € E(K) as claimed, since Q' reduces to a regular
point modulo all places v of K (at v # oo, F has good reduction, so this is obvious, and at
v = 00, it reduces the point at infinity mod 7, which is a smooth point). J

Remark 3.2.21. The densities of the narrow and the full Mordell-Weil lattices of Esn 141
over Fzen(t), denoted Lj,, and M, respectively, compare as follows. Define Q, :=
<O,t(3"+1)/2> as in proposition 3.2.14. One can show'? that E(Qn) =371 41— % Indeed,
by lemma 3.2.16 we }Alave x(362n) = b~ 43 —p~1#™ where m := 3" +1 so that lemma 3.2.15
applies. We find 9- h(Q,) = h(3Q,) = h(3Q,) = 3m, whence the result. Now, we have

(h(@n)/2/2)""
covol(My )

5(Mn,b) <

By proposition 3.2.14, we have [M,,; : L}, )] = 3 so we get

~ 37" _ 3" 3n
o (M h(Qn 3n14+1-2/3 2
Mgg. (L,)Z <3.<+l/) :3.(1_ ) .
5(L, ) (L) 3n-1 41 3n +3
Thus the narrow Mordell-Weil lattice L;hb is always denser than the full Mordell-Weil
lattice M, p, and the ratio of the densities tends to 3e72 ~ 0.406 as n — +o0. g

3.2.3 Laminated lattices

We now laminate the lattices obtained in theorem 3.2.7 to get sphere packings in dimension
2-3" + 1 for n < 5, using "holes" of the narrow Mordell-Weil lattices L;, , introduced in
theorem 3.2.7 (i.e., points in the euclidean space R?3" that are "far" from lattice points).

12This can also be proved using equation (1.3.6) and [SS19, Table 6.1, p. 127] and the fact that the
reduction of E3ni1,1 at v = oo has type IV (by proposition 3.1.5), via an argument similar as in
footnote 11 (namely one shows that the sections (Qr) and (O) do not intersect in the elliptic surface
& — P! attached to Esnii16,1).
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Proposition 3.2.22. For each n < 5, there is a lattice packing P, of euclidean balls in

N 1/2
dimension 2-3" +1 with center density at least 6(L}, ,) - 5 (3 ;3) , where L}, is a lattice

described in theorem 3.2.7. 4

We get the following values:

n dimension of P, log, (6(Pr)) =
1 7 —4

2 19 —3.669925
3 55 16.833472

4 163 145.88137

5 487 743.57141

To our knowledge, in dimensions 55, 163 and 487, the above lattices are the densest sphere
packings known so far.

Observe that the 7-dimensional lattice packing P; has a density at least as big as the one of
the E; root lattice. Since the latter maximizes the sphere packing density among lattices by
proposition 1.2.11, it follows that 6(P;) is equal to 2=*. In dimension 19, we get a density a
bit worse than the best known lattice packing which gives log, d¢(19) > —3.5 (see [CS98, p.
xix]).

Proof. — Let n € {1,...,5} and fix b € F}, such that bG"~1/2 = (—1)"+1. We apply
proposition 1.2.9 to the sublattice L;, , C M, of the full Mordell-Weil lattice M,, ; :=
E3n+17b’1(IF32n (t))

We know that {—Qn,0,Q,} are representatives for the quotient M, /L, ,, as proposi-
tion 3.2.14 shows and each of them has the smallest possible height in their coset. In fact,
we can see from equation (1.3.6) that any point QQ € M, ; satisfies

h(Q) > § e (Amin(F/K)) ~ 7(Q) - Tagry,,
where 75, (Q) = % is the value given in [SS19, table 6.1, p. 127], using the fact Esnyqp1
has bad additive reduction at the place at infinity oo, with Kodaira symbol IV as stated
in proposition 3.1.5. Since we assumed that n < 5, proposition 3.2.14 ensures that
A1 ( ;717)2 = 371 4 1, and from the equalities h(Q,) = A(—Qn) = 3" 1 +1 — 2 (see
remark 3.2.21), we get the value h = (%)1/2 introduced in proposition 1.2.9. Thus the open
balls of radius A; (L}, ,)/2 centered at the points of

Poi= Ll x3hZ U (Lhy+Qu) x BhZ+h) U (L, — Qn) x (3hZ — h)
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form a packing by proposition 1.2.9, which also tells us that P, is a lattice packing and not
only a periodic packing (since M, ;/L;, , is cyclic, of order 3). Moreover, one has

A (L n 1/2
3(Pa) = o ot = otk 3 (SF0) .

3.3 - Kissing numbers and Gram matrices

We now discuss some computational results regarding the narrow Mordell-Weil lattices
L;%b s R?3" we introduced in theorem 3.2.7. Some of these algorithmic aspects are useful
because they show that it is possible to work quite concretely with those lattices, for
instance by finding rational points on the corresponding elliptic curve E3n»13 1. Recall
that given n > 1 and b € F, such that bG"~1/2 = (—1)"*1 we consider the curve
Esni1p1:y? =2 +br + 3"+ over Faza(t) and the lattice Ly =FEsni1p1 (Fszn (t))o.
More specifically, with the help of the computer algebra system SAGE [The21], we can
determine the kissing number of our 54-dimensional lattice L3 ; which is the densest lattice
sphere packing known so far in R%%.

Computational theorem 3.3.1 (Computational theorem D). The kissing number of the
54-dimensional lattice Lf , is equal to x(Lj ) = 15309000 = 23 - 37 - 5% . 7. J

The proof is given in subsection 3.3.1.3; the SAGE code is available at https://gitlab.
com/gauthierleterrier/maths and can be tested on https://www.cocalc.com. This
value is not a record because in dimension 48, there is a lattice with kissing number
52416000 (see [CS98, p. xxii]), and we have k¢(d+ 1) > k¢(d) + 2 for every dimension d > 0
by remark 1.2.18. However, it is interesting to see that it is possible to compute the kissing
number of these Mordell-Weil lattices. It is also possible to do so with the Mordell-Weil
lattices in characteristic 2 from [E1k94, p. 360]: it is stated that the 64-dimensional lattice
has kissing number 89413632 (see remark 3.3.5).

3.3.1 Kissingnumber ofa54-dimensional Mordell-Weil lattice

Computing the kissing number can be done by producing minimal vectors in the lattice.
Thereby, a first step to compute (L5 ;) is to have a criterion to exhibit rational points on
the elliptic curve Eag 1,1 : y? = 23 + 2 + 2 over Fas(t).

Lemma 3.3.2. Let k be a finite field of prime characteristic p > 2 and fix b € k*. Let
z(t) = Z;l:o zjt) € k[t] be of degree d divisible by p. Then the following are equivalent:
1. There exists a polynomial s € k[t] such that z = sP + bs.

2. We have zg = s}, + bsg for some so € k and for every integer j > 1 coprime to p, we have

RG) e
fi=> (=) Pl Piy-r; =0 (3.3.1)
r=0

where R(j) := [log,(d/j)].
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3.3 = Kissing numbers and Gram matrices

Moreover, if 2) holds, then the polynomial s in 1) is uniquely determined by z up to an
additive constant in k, and for each j > 1 coprime to p its j-th coefficient is s; = b‘lzj.

Finally, an analogous statement holds for Laurent series z € k((t™1)): if 1) holds for some
s € k((t™')) then 2) holds. g

Note that pr;% =1+p+p*>+ - +p" and that R(j) = 0 whenever j > d/p, in which
case the equation reads b='z; = 0 (if ged(j, p) = 1), i.e., z; = 0, which is automatically true
when 7 > d.

d

jg) s;t7 so that

Proof. — « We first prove 1) = 2). Let us write s(t) =

d/p d
"+ bs =y (st 4 bsjt?) =) (sh, +bs;)t!
§=0 =0

where we set ;. := 0if j' ¢ Z or j' > d/p. Thus we get z; = s/, +bs; for all j > 0. In
particular, when j & pZ we get z; = bs;.

Let us fix some j > 1 coprime to p. Then we get successively

S? + bSpj = Zpj = Spj = bil(zpj - 3?) = bil(zpj - bipzé))

P . -1 PN _p=1l, . _p—p—1_p —p?—p—1_p°
Spj T 0Sp2j = zp2; == Sp2; = b (zp2; — 8,;) = b7 zp2; — b zp; b z
By induction on R > 0, we deduce
—ply oyt p —PPHp+1) 07 =0 T ) "
Sprj =b " zpr; — b Zyr-1; + b Z,r2; +b z;

(3.3.2)

When R = R(j) > log,(d/j) — 1 = log, (;%) we have p®(9)j > d/p which means that

s,r(); = 0, i.e., equation (3.3.1) holds.

o The converse 2) = 1) follows from the discussion above. Let z € k[t] be a polynomial
as in 2). The coefficient sq is given by assumption. Given j & pZ, we set s; := b~ 1z;.
If j > 1 is coprime to p, then we have to define s,-.; for all » > 1. This can be
done using equation (3.3.2) and the other equations displayed above; for instance
Spj = b~ ' (2p; — b7Pz). One can then check using (3.3.2) that z; = 8§, + bs; for every
j = 0 (not necessarily coprime to p), which proves that z = s? 4 bs.

Finally, note that a polynomial s € k[t] such that sP 4+ bs = z must be unique up to an
additive constant, because if s1, so are two such polynomials then (s1 —s2)? = —b(s1 — s2)
so taking degrees on both sides shows that s; — s5 must be constant.

o The proof of 1) = 2) from above immediately generalizes to the case of Laurent series

z = Z?:_Oo zjth € k((t™1)) and s € k((t71)). [ ]
Remark 3.3.3. When b = —1, the condition zg = s + bsg for some s( € k is equivalent to
tryr, (20) = 0 by proposition 1.4.3. See also lemma 3.1.27. J
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Recall from corollary 3.1.22 that the narrow Mordell-Weil lattice L ; = Eag1,1(F30(t))? of
E»s 1,1 has rank 54 and from proposition 3.2.14 that Ay (L5 ;)? = 3% 4+1 = 10. In other
words, we want to count the number of points P € Ly ; with h(P) = 10.

By lemma 3.2.17, all points P = (z,y) € Eag1,1(F36(t)) with Néron-Tate height 10 must
lie in the narrow Mordell-Weil lattice and both z,y are polynomials with deg(x) = h(P) =
h(P) = 10. Moreover, from the relation 42 = 23 + 2 + 3" ! and deg(z) = 3"~ + 1 we
deduce that deg(y) = # (for any n > 1); when n = 3 this implies that deg(y) = 15. In
other words, we want to compute

k(L5 ) = #{ (z,y) € Fso[t] x Fao[t] : deg(x) =10,y> =2 + 2 +1*° }. (3.3.3)

In what follows, we will denote k := F3e and E := Eg 1,1 for simplicity. We have |k| = 729
and it is not reasonable to do a naive "brute-force" approach to list all the solutions
as in equation (3.3.3) (e.g., the space of polynomials z(t) of degree 10 over k has size
|k|* > 3-103L, so running over x and checking whether x3 + x + 2% is a square in k[t] gives
an extremely inefficient strategy).

3.3.1.1 Polynomial equations in the coefficients y,

Instead, we will run over y € k[t] (despite having larger degree, namely 15) and check
for solutions in x thanks to lemma 3.3.2. Given y = Z;io y;t7 € k[t] of degree 15, we
are looking for polynomials x € k[t] of degree 10 such that (z,y) € E(k(t)). Consider
the polynomial z(t) := y? — t*® = Z?O:o zjt) of degree 30. By lemma 3.3.2, there is a
polynomial = € k[t] such that z = 23 + x if and only if the equations (3.3.1) are satisfied,
and zp = y2 = s3 + so for some sq € k.

We can express each coefficient z; in terms of the 16 unknowns y;. For instance,

2 2 2
230 = Y15, 220 = —Y14Y15, 228 = Y14 — Y13Y15 — 1, 226 = Y13 — Y12¥14 — Y11Y15-
(3.3.4)

Assume now that there is a polynomial x = Z;go z;t € k[t] with z = 2® + z. Lemma 3.3.2
gives us equations f; = 0 for each integer j > 1 coprime to 3. In particular, they tell us
that:

o Forevery j > 1 coprime to 3, we have z; = z;. This holds exactly when j € {1,2,4,5,7,8,
10,11, 13,14, 16, 17,19, 20, 22, 23, 25, 26, 28, 29}.
o In particular, for all j > 30/3 = 10 coprime to 3, we have z; = z; = 0. In other words,

we have

211 = 213 = 214 = 216 = 217 = 219 = 220 = 222 = 223 = Zo5 = 226 = Z2g = 229 = 0. (3.3.5)

e Moreover, lemma 3.3.2 will give us equations involving the 7 variables z1, 22, 24, 25, 27,
zg, 210 and the corresponding indices multiplied by powers of 3. (e.g., 23, 29, 227; %6, 218,
ete.)

e The polynomial x is necessarily unique up to an additive constant in k. More precisely,
there are exactly 3 solutions to the equation o® +« = 0 in F32 < k, so there are exactly
3 polynomials z(¢) such that 3 + z = z(t).
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Using equation (3.3.5) and remembering that ;5 # 0, we find successively:

229 = —y1ay15 =0 — Y14 =0

z28 = —y13Y15 — 1 =0 = Y13 = *y1_51

226 = yf; —y11y15 =0 == Y11 = Z/f53

225 = (—y10Yis + y12) /Y15 = 0 = Y10 = y12Y15

223 = —Ysy15 = 0 = 38 =0 (3.3.6)
222 = (—yryls — yiayls + youls + 1) /yis = 0 = Y7 =yr5 (—yi2uis + youls + 1)

220 = (—ysyis + 1)/us — Y5 =Yi5

210 = (—yayls + Yiayls + Yoyr2yis + yeyls — v12)/yis = ya = Y5 (Yi2yis + Yoy12U1s + Yeyis — Y12)

6 34,5 63
217 = (—y2y1s — yi2)/yls =0 = Y2 = —Y15 Y12

Moreover, from the equation z14 = 0 we can deduce that:

Y1 = Ui (—yiatls — Y2Ui0 + veyi2yis + ysyis + yhyts — yoyts — 1)

Z14 = 0
and from the equation z13 = 0 we can deduce that:

Yo = —yi5 2 (YTatts — Youiayls + YeYoyis + Ysyiayis — YoY12Yis — YeYis + yi2)
Z11 = 0.

From these computations, we see that we are left with 5 free variables, namely ys, ¥s, Y9, Y12,
y15 in k. This is still too large for a brute-force computation (we have |k|®> > 10'4). We

have not used the remaining 7 equations fi, fa, f4, f5, f7, fs, fio = 0 from lemma 3.3.2 yet.

In general, they are given as follows (but recall that we have set b:= 1 € F35 in our case):

- —12 — 2 - —12 -
bofi=200 —b328 +071220 — 0739227 b fo=25 b33+ 07122 b fi =210 b 32

-3.3 -3.3 -3.3 -3.3
b'f52215—b 25, b'f72221—b 27, b'f82224—b ZS, b'f10:Z30—b 210.

Since the coefficients z; can be expressed in terms of the y; (as in equation (3.3.4)), these
7 equations yield (complicated) polynomial equations in k[yg,yg,yg,ylg,ylig,l]. We may
assume that the degree in each variable is < |k| since each y; belongs to k and alfl = o
for all a € k. For instance we have fio = —yS + yive + vay3 + ysys + vivs + yoysy + y3sb°
which becomes

—54
fro =yt (38 — yisyiS + yeulayts — vouts + vyttt + vyttt
6,48 3.3 48 3.6 27 .6 30 , 3 33 6 12 3 15
+ YsY1s — Y3YoY1s — YoY12Y1s — YoUis T Y3Yis — Y12¥is — Yo¥is — 1)-
Therefore fio = 0 implies y3 - Urg + Vig = 0 where

Uo := yi2ui3 + Y3 — vayis, (3.3.7)
56 18,36 , .3 .9 42 045 , 3.3 3 45 , 6 .48 3.6 27 630 .6 12 3 15
Vio := Y15 — Y12¥15 t Ys¥12Y15 — YoUis + YsYoU12¥1s T+ YeU1s — YoY12Y1s — YoUts — Yro¥1s — YoUis — 1.

The point here is that U;g and Vi only depend on yg, 49, Y12, Y15 but not on y3. So we have
two disjoint cases:

® Either Ujp = 0, i.e., y32(y35u1s — yoyis + 1) = 0. This implies
Yo = y1s (Yiayls +1). (3.3.8)
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Substituting this value in the equation f; = 0 gives

ys - Ur + Ve =0
Uz := —yia9is — Yauis + Yiauis (3:3.9)

Vo= —ybouil — yeyis + Yayisyis + Yayiauis + yi2yis — vyts

Therefore:

o either Uy = (—43,0% — v6yTs + y12v15)° = 0, which determines yg uniquely. In this
case, the only free variables are y3, y12, Y15.

o or U; # 0 and we have a formula for y3 = —V; - U7 * so that y3 = (=Vz - U5 H)IkI/3,
In this case, the only free variables are yg, ¥12, Y15-

@ Or Uy # 0 so that y3 = —U;,' Vip which gives

L]
ys = (—=Uyg Vo) 3 (3.3.10)

In this case, the only free variables are yg, y9, y12, Y15-

3.3.1.2 Usingisometries toreduce the search space

We could possibly investigate more deeply the other equations f; = 0, but instead we use
symmetries to further reduce the search space, i.e., we make use of some automorphisms (=
isometries) of the lattice E(K)°.

Let us consider the curves Fqy; 31 over k(t) where ¢ = p",p := 3,n = 3,k := Fp2 and
b € F¢ satisfies Ng_ /g, (b) = (—1)""". First, the most obvious isometries are (z,y) — (2, —y)
and (x,y) — (z + B,y) where 83 + b3 = 0 (since b € Fsn, there are always 3 solutions
Bek= Fan).

Secondly, define ¢ : K — K to be the field automorphism of K = k(t) such that o(t) =t
and o(a) = a3 for all a € k. If b € FS (i.e., o(b) = b), then

fo: (2,y) = (o(x),0(y))

is a (surjective) isometry'® of E(K)?. Finally, the map

gt (@(t),y(D)) > (z(at), y(at)) (3:311)

is well-defined onto E(K)" provided that a?t! =1 (see remark 3.3.4 below) and this is an
isometry.

Note that f, : (x,y) — (o(x),0(y)) changes the y15-coefficient to y3s and g : (z(t),y(t)) —
(x(at),y(at)) changes it to a'®y;5. We check that these isometries preserve the non-
vanishing of the polynomials Uy and Uz (given in equations (3.3.7) and (3.3.9)) that define
the two cases ® and @ above. It is clear for the isometry f,, since o € Gal(k(t)/F3(t))
preserves polynomial functions of yg, yo, Y12, y15 € k. As for g, where a3 1 = a8 =1,
we (miraculously?) find that:

3Observe that Néron-Tate height is preserved under this map thanks to corollary 3.2.18.
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o We have Uy = 0 if and only if y,yfs — yoy?s + 1 = 0. Now, the action of g, on a
polynomial y() changes the coefficient y; into a’y;. We have

(0412912)2 : (0415y15)4 —ayy - (a15y15)5 +1= 084y%29115 - 0484y9y?5 +1

= Yialts — Youis + 1,
since 84 = 0 mod 28 and a28 = 1.

e We have U; = 0 if and only if —y3,y75 — ysyls + y12y15 = 0. We find

- (a12y12)3 : (0415?115)5 - 046?/6 : (a15y15)7 + a12y12 : al5y15
= _alny%y% - 0427?J6?JI5 + a111y12y15

=a ' (—yhyls — Yeyls + Yi2y1s)-

Let z be a generator of k*. Then ker(Nk/Fq) is a subgroup of k* of size ¢+ 1 = 28, generated
by 297! = 226, We want to use the isometries g, from equation (3.3.11), where a¢*! =1,
that is, a € ker(Ny /g, ). Recall that under gq, the coefficient 3,5 becomes a'®y;5. Now,
a +— a'? is a bijection of kX (because ged(15, |k*|) = ged(3- 5,23 - 7-13) = 1) and hence of
ker(Ny /g, ). Thereby, we may assume that y;5 = 2°* for some 0 < e15 < 26; this can be
achieved by applying g, for some o € (2%6) = ker(Ny/r, )-

Furthermore, the isometry (z,y) — (o(z),0(y)) allows us to assume without loss of
generality that e15 € {0,1,2,4,5,7,8,13,14,17}, because these 10 values from a complete
set of representatives'® for the action of the cyclic group (3)* < (Z/26Z)* on Z/26Z. This
leaves us with 10 values for y;5 (instead of ¢ — 1 = 728 initially).

Remark 3.3.4. More generally, given «, 3,7 € k and Dy, g(t) € k[t], we could define'® the
automorphism of F(k(t))

(2(1),y(®)) — (w(alt + 8)) + Dos(®) +7, ylalt+5)))
provided that

QT =1, AP 4 by = Dy s(t)? +bDy 5(t) = Bt + BIt. (3.3.12)

However we will not make use of these extra automorphisms. Notice that if Ng,_ /Fp(b) =
(—1)"*1, then for every j € k, there is some Dy, g(t) € k[t] such that Dy, g(t)P + bDy, 5(t) =

Y There are indeed 10 representatives, as lemma 1.4.27 shows.
SIndeed,
y(a(t+B))* = z(a(t + )" +b-z(alt + ) + (a(t + £))"""
z(a(t+ B)" +b-z(a(t+ B)) + " (t + B)(t7 + 57)
— a:(a(t +ﬁ))1) +b- x(a(t+ /B)) + aq+1(tq+1 +ﬂtq + ﬂqt + Bq+1)

and if we let £(t) := z(a(t + B)) + Dsp,5(t) + 7 then
EMP +bE) +77 = a(alt + B)7 +b-a(alt+ )+t + Dyp(t)’ +b-Dyp(t) + 7 +b7.

We see that the two expressions match if equation (3.3.12) is satisfied.
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3 — The family y? = x3 + bx + b't"™

Bt? 4+ B9t holds, as lemma 3.3.2 shows. Indeed, in the lemma, the only relevant equation is
for j =1, when R(j) = n and we get the condition

pn+1_1

(=1)% 18+ (—1)"b~ =1 BT =0.

Note that 5‘72 = 3 and we have

prtl_1

b (=) Pl =0 = 14 (=1)"b PP =0 = 14 (=1)"Ng, /g, (b)) =0

and the latter equation holds precisely because p = 3 is odd and Ng_p, (b) = (=1)"F'. .

3.3.1.3 Conclusion

We can now summarize the above discussion to explain the computation of the kissing
number (L3 ;). The SAGE program used for the computation is available at https://
gitlab.com/gauthierleterrier/maths.

Proof of computational theorem 3.3.1. — The general procedure for the computation of
r(L3,q) is as follows. Fix a generator g of k*. For each of the 10 integers e;5 € S :=
{0,1,2,4,5,7,8,13,14,17}, let y15 = g°*5 and loop over y12 € k: there are two disjoint cases
@ and @ to consider as above.

1. Either we use equation (3.3.8), in which case we solve a system of polynomial equations
in either y3 € k or in yg € k.

2. Or we use equation (3.3.10), in which case we solve a system of polynomial equations in
Yo, Yo € k.

For each solution, we get the 5 coefficients ys, ys, ¥9, Y12, Y15 and then we define vy, y1, Y2, Y4,
Ys, Y7, Ys, Y10, Y11, Y13, Y14 using the equations (3.3.6) and set y := Zjl-io y;t! € k[t]. We
check that y2 = s§ + so for some so € k. Then lemma 3.3.2 ensures that there are exactly
3 polynomials = € k[t] such that P = (z,y) € E(K)® has Néron-Tate height 10 (see also
discussion on page 158).

Let us say a few words about each case.

1. The first case only involves polynomial equations in 1 variable (either y3 or yg), so
SAGE [The21] only took 40 seconds to complete the search: only e;5 = 0 and ey = 13
have a non-zero number of solutions y(t¢), and both of them had 1458 solutions y(t),
corresponding to 3 - 1458 = 4374 minimal vectors (z(t),y(t)) in E(K)°. Thus, for each
multiple ey5 of 13, we have 1458 - 3 minimal points (z(t),y(t)) with y15 = g*>. Since
(¢> — 1)/13 = 56, we get in total 56 - 1458 - 3 = 244944 minimal vectors such that
equation (3.3.8) is satisfied.

2. The second case takes longer (roughly 28 minutes on SAGE [The21]) to list all the
corresponding y-coordinates with y;5 = ¢, distributed as follows:

e1s 0 1 2 4 ) 7 8 13 14 17
Number of y(t) | 6561 5832 8019 8019 8019 5832 5832 6561 5832 8019

Given an integer e € Z N [0,¢% — 1], its orbit of its class modulo 26 under the mul-
tiplicative action of the powers of 3 € (Z/26Z)* has a unique representative ejs in
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S =1{0,1,2,4,5,7,8,13,14,17}. Then the number of minimal vectors (z,y) € E(K)°
with y15 = ¢¢ is given by 3 times the number of y(t) corresponding to ej5 in the above
table.

This allows us to deduce that there are exactly 15064056 points (z,y) € E(K)? of
height 10 such that Ui (yg, Y12, y15) 7# 0 (see equations (3.3.8) and (3.3.10); it just means
Yo 7 Yis (Yiayts +1))-

All in all, the kissing number of L; ; = E(K)? is:

15064056 4 244944 = 15309000 = 2% -37 .53 . 7,

which concludes the proof. |

Y

Remark 3.3.5. A similar strategy can be used to determine the kissing number of Elkies
64-dimensional lattice obtained in [Elk94] as the narrow Mordell-Weil lattice MWgy4 of the
curve B : y? +y = 23 + 1971 over Fo(t) where n = 5,q = 2" = 32,Q = ¢*> = 1024,k = Fy,.
The minimal non-zero height is 12. Here we first fix z(t) = 231'2:0 z;t9 € k[t] with x12 # 0
and then check whether z(t) := x(t)® + t7*! can be written as y? + y, using lemma 3.3.2.
There is such a polynomial y such that (x(t),y(t)) € E(k(t)) if and only if try g, (z3) = 0
and for every odd integer j > 1, we have

X -

fj = Z%'I‘j =0.
r=0

where R(j) := |logy(d/j)|. For j =1,3,5,...,35 this yields:

2 4 1 2 4 2 4 2
232+216+28+z§+226+z:13 =0, z§+zs+z12—|—224:0, 25 + 279 + 220 = 0,
4 2 4 2 2 2
Z7+Zl4+228:()7 29+218+Z36:0’ Z11+222:0, Tty 219+Z38:0.

Note that z19 = ... = z35 = 0 and 233 = 0. Some of these equations force some relations
between the coefficients x;, as:

w6 = (1+ 2ioats) /2T
0
(3 + 1) /a3,
( 2
1

2o + woaty) /a3y = 0

T11

T9
Z7
5 = (wgxfy +xgann + wraty) [zl

w3 = (w5 + wraty + adrn + w52ty /2Ty
x1 = (

2 2 2 2 2 2
T3Ty + T7xg + T5X7g + T7T11 + 9039511)/3512

Then from fi7 = 0, one can express x4 in terms of xg, 19, 12. Moreover,

e If x19 # 0, the equation f1; = 0 implies that one can express xo in terms of xg, 19, T12-
Thus this leaves us with 4 free variables xg, zs, 10 and z12 € k (and 6 equations f1, f3, fs,
fr, fo, fi3 = 0, together with the condition try, /g, () = 0).

o If 219 = 0, then the equation fg = 0 gives a relation between xg, x2, Tg, T12.
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3 — The family y? = x3 + bx + b't"™

Let 0 : K — K be the field automorphism of K = K (t) such that o(t) =t and o(a) = a?
for all a € k. Let g be a generator of k*. Recall that & = F;> where ¢ = 2" and n = 5.

e

Using the isometry (z(t),y(t)) — (z(at),y(at)) where a?T! = 1, we may assume that a = g
with 0 < e < ¢ — 1. Using the isometry (z,y) — (o(z),0(y)), we may assume that e ranges
over the set {0,1,3,5,7,11,15} of 7 representatives of the action of the powers of 2 on
Z/(q —1)Z = Z/31Z.

The procedure is then as follows: for each e € {0,1,3,5,7,11,15}, we set z15 = ¢°2
and then we loop over x19 € k to solve a system of polynomial equations in xg,zg € k (if
x19 = 0, we also have the variables zo, z2) and one checks that the condition try /g, (z3) = 0
is indeed satisfied.

In total, using SAGE [The21], this gives us 85155840 minimal points (z,y) € E(K)? with
r10 # 0, 4249080 minimal vectors with 19 = 0 # xg, and 4356 - 2 = 8712 minimal vectors
with 10 = g — 0.

All in all, we conclude that the kissing number of MWg4 equals
8712 + 4249080 + 85155840 = 89413632,

which is indeed the result stated in [Elk94, p. 360]. J

Remark 3.3.6. The kissing number of some narrow Mordell-Weil lattices of the curves
y? = 23+ 1+t7"! (studied in [Shi91]) has been determined in [Neb98, p. 494 (after corollary
4.7)], using techniques from group theory. For instance when ¢ = p = 23 = —1 (mod 6),
the corresponding 44-dimensional lattice has kissing number 2708112, which seems to still
be the best known lattice kissing number (for non-lattice the best known is 2948552). |

3.3.2 Gram matrices

In what follows, we will also describe a probabilistic algorithm to compute the Gram
matrix of certain Mordell-Weil lattices. The computations rely on the specific shape of
the Weierstrass equation, namely, there is a "linear part" like y? + y in characteristic 2 and
23 + bx in characteristic 3 (in order to use lemma 3.3.2).

In general, computing the Gram matrix of a Mordell-Weil lattice (in a deterministic way)
seems to be a difficult task. In particular, it would allow to determine the regulator of
the elliptic curve, which is (by BSD formula from conjecture 1.3.34) very closely related to
determining the order of the Tate—Shafarevich group I of the curve.

3.3.2.1 General strategy

We give here an overview of the probabilistic algorithm. We consider a lattice L — L ®y
R = R", which we see as a free abelian group of rank n together with an inner product
(—,—) : L x L = R (in the case of narrow Mordell-Weil lattices, this inner product is
integer-valued).

1. The first step is to find n lattice points Py, ..., P, € L that are linearly independent over
R. In particular, they generate a full-rank sub-lattice Ly C L.
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Note that in the case of an integral lattice L, the equality covol(Lg) = [L : L] covol(L)
implies disc(L) divides disc(Lg) = [L : Lo]? disc(L).

2. The idea is that if we can produce random points @) in L N B for some origin-centered
ball B, then the probability that @) € Ly should behave like [L—ILO] (this can be made
precise by letting the radius of the ball go to infinity). Therefore, if Ly # L, then
the probability that among r random points ) € L N B at least one of them does not
liein Ly is 1 — [L : Ly]”™" > 1 — 27", For large enough r, this is means that with
very high probability we find a sublattice L; C L with covol(L;) < covol(Lg)/2 (see
subsection 3.3.2.3 for more details).

Detecting whether a point @ belongs to Lg is easy: it suffices to express @ as a (unique)
R-linear combination of Py, ..., P, and check whether all the coefficients are integers.

We keep producing random points to get sublattices L; C L with covol(L;) < covol(L;_1)/2.
This process has to stop since we have the lower bound covol(L;) > covol(L) for any
j. Eventually we get with very high probability a sublattice L;, C L with an explicit
Z-basis, and having the same covolume as L, which means that L;, = L. Then we can
compute a Gram matrix of L by using the basis of L.

3.3.2.2 Finding linearly independent points

One idea is to take random lattice points P;, Ps,... € L N B and successively compute the
Gram matrix of Byg :={P; : 1 <i<d} forde {1,2,3,..}. The rank of the Gram
matrix of d vectors in R™ equals the dimension of the space spanned by these vectors.

Assume that the Gram matrix of By 4—1 has non-zero determinant for some d > 2 (this is
the case for d = 2). This means that Py, ..., Py_1 are linearly independent over R (hence over
Z), see [Sil08b, Lemma II1.11.5]. Then we pick another point P; € L N B and if the Gram
matrix of By q := By ,q—1 U {Py} has zero determinant, then we discard Py and pick a new
point P;. We repeat the process until the Gram matrix of By 4 has non-zero determinant.
We continue like this until d = n = rk(L). This will give us a Z-basis By := By, of a
certain sublattice Ly C L of finite index.

Remark 3.3.7. It may happen that we can obtain linearly independent lattice points of
minimal length (i.e., lying in L NS where S is the sphere of radius A1 (L), instead of LN B
for some origin-centered ball B).

There are several related notions for a lattice L C R™:

1. The minimal vectors of L span R" as R-vector space, i.e., L is well-rounded.

2. The minimal vectors of L span L as a Z-module.

3. An arbitrary set of n minimal vectors of L which are R-linearly independent span L.
4. There is a Z-basis of L consisting of minimal vectors of L.

Here are some relations between these various properties.

o We always have 4) = 2) = 1). In dimension < 4, we have 1) = 2), i.e,, a
well-rounded lattice is generated (as an abelian group) by its minimal vectors. In fact,
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we even have 1) = 3) in dimension < 4, except if L is homothetic'® to Dy, see [Mar01,
théoréme 1.7, proposition 4.1] and [Mar02, §9.2, p. 329].

o The implication 1) = 2) is wrong in dimensions > 5. For instance, DY is spanned by
€1, ..., 64,05 := %(61 + ... + e5), where e; € R is the i-th vector of the canonical basis,
and has kissing number 10 with minimal norm 1 with minimal vectors being {+e;} (see
[CS98, p. 120]). Thus Dy is well-rounded, but the minimal vectors do not span Dy as
an abelian group. This argument fails for D), since in that case by := %(61 + ... teq)
has norm 1 and is among the minimal vectors!

o The implication 2) = 4) holds in dimensions n < 9, but not in dimension > 10 (see
[MS12, CS95]. 3

3.3.2.3 Reducing the covolume

Let L — R™ be a lattice and assume that we are given points Py, ..., P, € L which are
R-linearly independent (as explained in the above step). Let Lo C L be the sublattice
generated by the P;’s.

Given Q € L, let us write Q@ = Y_;" ; a; P; for some «; € R. By substracting some integer
multiple of P; if necessary, we get a (unique) point Q" = Y7 | o} P; where —1/2 < o, < 1/2
for all 7. Note that Q' = Q mod Lg. If Q' &€ Lo then there is some index r such that
al. # 0; we choose such an index r. We define

P Q ifi=r
P ifi#r

In other words, we replace P, by Q’'. We claim that { P/ : 1 <i<n} C L are linearly
independent vectors that span a sublattice Ly C L with covol(L;1) < covol(Lg)/2. We prove
both claims at once. Without loss of generality, we may assume that » = 1. By embedding
L into R™, we may consider the matrix whose columns are given by the P/, so that

covol(Ly) = |det(P] , P, ---,P))]

det(d "o Py, Py, P))
=1

Zai det(Pi y PQ, s ,Pn)

i=1
:|a1det(P1 ) PQ)"' 5P7’7z)‘

1
= || covol(Lg) < 3 covol(Ly)

In particular, we note that covol(L;) > 0 which means that the points P/ are linearly

independent.

1$The root lattice Dy can be generated by a1 = (1,1,0,0), a2 = (1,-1,0,0), a3 = (0,0,1,—1) and
as = (0,1,—1,0). The sublattice L generated by a1,a2,as and (0,0,1,1) has index 2 in D4 and is
generated by minimal vectors of Dy.
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Remark 3.3.8. For instance if r = 1, then we get two new lattices
I=72ZQ®ZP, & - - ®LP,, [1=72Q ®ZLP, & ---DLP,.

It is not necessarily true that they contain Ly = ZPy ®ZP, - - - ® ZP,,, unless oy = +1 € Z*.
Also, L does not contain or is not contained in L; in general, because Q = S P isa
sum that involves P; (since ay # 0 by our assumption that » = 1). Anyway if all P; and @
are minimal vectors, it follows that L; and L; are generated by minimal vectors, but L,
does not necessarily have a basis of minimal vectors (at least )’ might not be a minimal
vector). 5

In practice, we do not compute explicitly the points Q' but rather work with matrices. The
issue is that it can happen that @’ has very large norm, which is not convenient to work
with. First, the following easy fact tells us how to compute the coefficients a; of a point
Q@ € L in terms of a given basis of a sublattice L' C L.

Lemma 3.3.9. Let vy, ...,v, € R" be a basis and let G = ((v;,v;));,; be the corresponding
Gram matrix. Let w € R"™. Then

n
w = Zozjvj, a:=G 1 ((w,v)),. 5
j=1

Proof. — Since the v; form a basis of R", there are unique coefficients «; such that
w =37 ajv;. We have (w,v;) =37, a;{vj,v;) = 30; Gija; = (GA);. Inverting G yields
the conclusion. |

Now the procedure to compute a Gram matrix of L is as follows. By subsection 3.3.2.2, we
consider a basis By = { P; : 1 <i < n} of asublattice Ly C L with Gram matrix Gy. We
start by initializing a matrix A to the identity matrix: A := I,,x,. Using lemma 3.3.9, we
can compute the coefficients of a random point () € L with respect to this R-basis By.

If all the coefficients are integers, then Q € Ly so we discard the point. Otherwise we
consider Q' := Q mod Ly = > | o/} P;, with coefficients o between —1/2 and 1/2, and
one of these coefficients, say «., is non-zero.

Then we want to replace P, by @’ as explained before, to get a basis By of a new sublattice
L1, which has a certain matrix A; with respect to the basis By: it is the identity matrix
except that on the 7-th row we write the R-coefficients o of Q" with respect to By. We set
A+ A -A= Ay I,4xn = A;. The Gram matrix gets updated as G; = A1Gy tAl.

Continuing like this, we pick a random point Q2 € L and we get a matrix As, a sublattice
L, C L and update A <— Ay - A. Eventually, we get a sublattice L;, C L such that random
points () € L lie in L, with very high probability, which means that we should have
L;, = L. The final matrix A € GL,,(R) gives the new basis with respect to By and the final
Gram matrix is G = AGy ‘A (which is provably a Gram matrix for L;,). In fact, if we know
the covolume of L, we can check whether covol(L;,) = det(G)/? = covol(L), and in this
case we provably have L;, = L.

Finally, we can apply the LLL algorithm (on the level of the Gram matrix directly) to get a
"nicer" basis (with smaller coefficients).
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3.3.2.4 Results

We used the method described above to compute a Gram matrix attached to sublattices of

the 54-dimensional narrow Mordell-Weil lattice L3 ; introduced in theorem 3.2.7. Using

SAGE [The21], we obtain the following result

com/gauthierleterrier/maths.

//gitlab.

ilable at https

1S ava

the code i

)

)

F36(t) is well-rounded, i.e., there is a set of minimal vectors that spans

Computational proposition 3.3.10. The narrow Mordell-Weil lattice L} ; of E : y? = 23 +

z +t28 over K

the euclidean space L ®yz R.

Moreover, if' " |III(E/K)| =1 then L , is generated over Z by its minimal vectors and a

iven by

is gi

Gram matrix G
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Proof. — 1. We first have to produce 54 R-linearly independent minimal vectors in Lj ;,

that is, rational points (z,y) € E(K) with z,y € Fse[t] and deg(x) = 10.

"We will actually prove in theorem 3.4.1 that the Tate-Shafarevich group of E/K is indeed trivial. Here

we prefer to state this as an assumption to emphasize how it is used in the proof.

168


https://gitlab.com/gauthierleterrier/maths
https://gitlab.com/gauthierleterrier/maths

3.3 = Kissing numbers and Gram matrices

Given two elements y15 € k™, y12 € k, we may use identities (3.3.6), equation (3.3.10)
to solve a system of polynomial equations in g, y9 € k and for each solution yg, y9 we
can deduce coefficients yo, ..., y14 € k. Moreover, we check that y2 = s} + s for some
S0 € F36. Then we set y(t) := Z;io y;t/ € k[t] and there are exactly 3 polynomials z(t)
such that (z,y) € E(K); we choose one of them.

In this way, we can produce ("random") points in E(K) with Néron-Tate height 10.
Following subsection 3.3.2.2, we compute successive Gram matrices, until we get a
54-dimensional invertible matrix. Notice that the Néron—Tate height coincides with the
naive height by corollary 3.2.18, so one can easily compute the Gram matrices.

More specifically, the following 54 minimal vectors are linearly independent over R, given
by their z-coordinates as follows'®. We write F3s = F3[X]/(X® — X + X2 - X — 1)
so that the class g of X is a generator of FJ;. Then for each i € {0, ...,53}, we give a
list of 11 elements e; which are either the discrete logarithm of the j-th coefficient of
x(t) € Fs6t] in base g (i.e., z; = g), or e; is the empty string ”, in which case we set
x; := 0. For instance, when i = 0, we get the point with z-coordinate z(t) = t* 4 ¢® + ¢10.

0 [, 7, 0,7, L7, 7,0, 7, 0] 27 | [637, 91, 91, 546, 637, 637, 637, 637, 364, 91, 0]

1 [182, 0,7, 7,7, " " 0,7, 0] 28 | [285, 665, 44, 486, 438, 648, 530, 530, 120, 384, 486)
2 [, 390 )7 ,468,”,494] 29 | [180, 665, 44, 486, 438, 648, 530, 530, 120, 384, 486)
3 [182,’ 390, 7, 7, 7, 7, 7, 468, 7, 494] 30 | [650, 338, 189, 719, 4, 564, 90, 90, 581, 387, 486]

4 [32, 420, 532, 56, 0, 56, 448 448 588, 7, 252] 31 [332, 338, 189, 719, 4, 564, 90, 90, 581, 387, 486]

5 [140, 420, 532, 56, 0, 56, 448, 448, 588, ”,252] 32 | [497, 63, 243, 138, 547, 356, 202, 202, 125, 649, 486]
6 [”, ”, 52, 7, 7, 7, 7, 7, 208, 7, 260] 33 | [369, 63, 243, 138, 547, 356, 202, 202, 125, 649, 486]
7 [182, », 52, ”, », », ", » 208, ”, 260] 34 | [210, 282, 410, 318, 191, 672, 127, 127, 176, 164, 486]
8 [, ”,442 PP Y 676, 7, 26)] 35 | [434, 282, 410, 318, 191, 672, 127, 127, 176, 164, 486]
9 [182, 7, 442, », 7, », " » 676, ", 26] 36 | [520, 253, 377, 13, 122, 225, 245, 245, 255, 663, 486)
10 | [420, 532 140, 168 0, 168 616, 616, 308, ”, 28] 37 | [85, 253, 377, 13, 122, 225, 245, 245, 255, 663, 486]
11 [96, 532, 140, 168, 0, 168, 616, 616, 308, ”, 28] 38 | [695, 229, 235, 232, 628, 543, 16, 16, 120, 257, 486]
12 | [7, 7, 104, 7, 7, 7, 0,7 416 . 520] 39 | [401, 229, 235, 232, 628, 543, 16, 16, 120, 257, 486]
13 | [182, 7, 104, 7, 7, 7, , 416, 7, 520] 40 | [218, 139, 486, 675, 557, 462, 56, 56, 581, 282, 486]
14 | [, 494,“,“,”,”¢”,156,”,286] 41 [338, 139, 486, 675, 557, 462, 56, 56, 581, 282, 486]
15 | [182, 7, 494, », », », 7 7 156, ”, 286] 42 | [691, 272, 658, 727, 15, 154, 620, 620, 125, 317, 486]
6 | [, 364 91, 364 182 0, 0, 546, 637, 0] 43 | [457, 272, 658, 727, 15, 154, 620, 620, 125, 317, 486]
17 [182 ”, 364, 91, 364, 182, 0, 0, 546, 637, 0] 44 | [3, 462, 618, 315, 523, 341, 530, 530, 120, 319, 486]
18 | [, 364 364, 455, 546, 91, 91, 182, 182, 0] 45 | [202, 462, 618, 315, 523, 341, 530, 530, 120, 319, 486]
19 | [182, ”, 364, 364, 455, 546, 91, 91, 182, 182, 0] 46 | [605, 390, 122, 520, 197, 71, 363, 363, 176, 77, 486]
2 | [, 364 273, 364, 546, 0, 0, 182, 455, 0] 47 | [243, 390, 122, 520, 197, 71, 363, 363, 176, 77, 486]
21 [182 , 364, 273, 364, 546, 0, 0, 182, 455, 0] 48 | [237, 368, 218, 659, 343, 398, 363, 363, 176, 328, 486]
22 | o, 273 273, 182, 455, 455, 455, 455, 364, 273, 0] 49 | [418, 368, 218, 659, 343, 398, 363, 363, 176, 328, 486]
23 | [637, 273, 273, 182, 455, 455, 455, 455, 364, 273, 0] 50 | [198, 530, 306, 360, 70, 181, 473, 473, 255, 330, 486)
24 | [7, 7, 364, 364, 637, 182, 273, 273, 546, 546, 0] 51 [549, 530, 306, 360, 70, 181, 473, 473, 255, 330, 486]
25 | [182, ”, 364, 364, 637, 182, 273, 273, 546, 546, 0] 52 | [109, 265, 297, 27, 478, 437, 127, 127, 176, 577, 486]
26 | [0, 91, 91 546, 637, 637, 637, 637, 364, 91, 0] 53 | [31, 265, 297, 27, 478, 437, 127, 127, 176, 577, 486]

2. Using the method explained in subsection 3.3.2.3, one finds the Gram matrix GG displayed
above (within less than 15 seconds using SAGE [The21]), corresponding to a certain
sublattice Lj, C L5 ;. We have det(G) = 3%. On the other hand, equation (3.2.2) from
remark 3.2.10 ensures that

Reg(E/K) = 3% - |II(E/K)|™
Moreover, [E(K) : E(K)°] = 3 by proposition 3.2.14 and so disc(E(K)°) = 32 Reg(E/K)
= 3?°|UI(E/K)|~!. Thus, if the Tate-Shafarevich group of Eag 1.1 over Fss(t) is trivial,
then the sublattice L;, is actually equal to L'3,1 because they both have the same

covolume. Then G is a Gram matrix for Lg’l and, as explained in remark 3.3.8, the
lattice Lj, = L3 is generated by minimal vectors. |

Remark 3.3.11. 1. There is no obvious way to give very explicitly (in terms of rational
points) the points in the basis giving the above Gram matrix G. Indeed, the change-

18See the file Computation Gram matrix of L’_3, 1athttps://gitlab.com/gauthierleterrier/maths
for a computational proof that there are indeed linearly independent.
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3 — The family y? = x3 + bx + b't"™

of-basis matrix A has coefficients 1/1453 or 1/7 (the denominators are factors of the
determinant of the initial Gram matrix), and it seems difficult for instance to explicitly
divide a point in 7TE(K)? by 7.

2. Another interpretation of the above result is that the Tate-Shafarevich group of Eag 11
over Fgs(t) is trivial "with high probability", since random points @ € Lj ; lie with very
high probability in the sublattice L;, described at the end of the proof of computational
proposition 3.3.10.

3. We can apply the same ideas to the 64-dimensional Mordell-Weil lattice E(K)° attached
to y? +y = 23 + t33 over Fai0(t) given in [Elk94], since lemma 3.3.2 applies here as well.
After a few minutes of computation on SAGE, we end up with a Gram matrix G of
determinant 2°2. Note that [Elk94, Proposition 3] asserts that covol(E(K)?) = 2°%/2 =
226 (in this case the Tate-Shafarevich group is proved to be trivial), so in that case G is
provably a Gram matrix of E(K)°.

4. Observe that a lattice has not a unique Gram matrix, but two Gram matrices G, G’ are
GL, (Z)-congruent, i.e., G’ = UGU for some U € GL,(Z). J

3.4 - Computation of some Tate—-Shafarevich groups

In this final section, we discuss a method to study the Tate—Shafarevich group of the
elliptic curves E := Fny1 51 : y*> = 2° + bz + 3 7! over K := F32a(t) that appeared in
theorem 3.2.7, where n > 1 is any integer and b € F, satisfies 53" ~1)/2 = (=1)"*1. This
is done via "p-descent in characteristic p" (where p = 3), in analogy with the case p = 2
discussed in [E1k94]. There are other methods to study I, involving crystalline cohomology
(see [Shi9l, Dum95]); we will not explain this here.

More specifically, in this section we will prove the following statement.

Theorem 3.4.1 (theorem E). Ifn € {1,2,3} and b € F}, is such that (3" ~1/2 = (—1)"+1
then the Tate-Shafarevich group of y? = % + bx + 3" 1 over Faen (t) is trivial. J

From remark 3.2.10, we know that
II(E/K)| - Reg(E/K) = 33" ' ~1-1,

and Reg(E/K) € 3;Z. Thus |II(E/K)| divides 3n(" ' =D+ particular, II(E/K) is
a 3-group, i.e., it is equal to its 3-primary subgroup (equivalently, its 3-Sylow subgroup)
denoted by HI(E/K)[3%]. If HI(E/K) is non-trivial, then it must have an element of order
3; in other words we have

HI(E/K) = {1} < LI(E/K)[3] = {1}. (3.4.1)
When n € {1,2,3,4,5} we conclude that |III(E/K)| divides 3, 3%, 3% 3195 and 39! respec-

tively. Furthermore it is known that the order of the Tate—Shafarevich group of an elliptic
curve must be a square in Z (see [Sil08a, corollary C.17.2.1]), so when n = 1, we must have

ILI(E/K)| = 1.
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3.4 — Computation of some Tate—Shafarevich groups

Remark 3.4.2. In fact, when n = 1, the lower bound on the density of the 6-dimensional
lattice Fy1.1(F32(t))? agrees with the density of the root lattice Eg. By optimality of the
density of Eg among lattice sphere packings in dimension 6 (see proposition 1.2.11), we know
that the lower bound from theorem 3.2.7 must be sharp when n = 1. In particular we get
another (somehow indirect) proof that III(Ey4 1,1/F32(t)) is trivial, by proposition 2.1.1.

One approach to obtain upper bounds on |III(E/K)|, inspired from [Elk94], would be to
use a 3-descent argument.

Proposition 3.4.3. For an integer m > 1 coprime to 3 and n > 1, let k := Fa2n, fix b € F3,
and consider the elliptic curve Ep, 1 : y? = f(x) := 23 + bx +t™ over k(t). Let 8 € k be a
square root of —b~3. We may define a map

¢ : Em,b,l — Em,b,l
(r,y) — (=b7 a3 —b7 U™ By f(z) = (=b" 12> +t™), 8 y°)

where f(x) := 23 + bx + t™. Then:

(3.4.2)

1. The map ¢ is a well-defined K-isogeny of degree 3.

2. We have'® h(¢(P)) = 3h(P) for all P € Ey,1(k(t)) and ¢* = ¢ o ¢ = [—3] is the
multiplication by —3. In particular, if we consider the lattice L := Ey, 3 1(k(t)), then the
rank rk(L) is even and |L/¢(L)| = 3*K(F)/2, 5

Proof. — 1. In general, if we consider an elliptic curve of the form y? = 23 +asx+ag =: f(x)
over a field K of characteristic 3 (in particular as # 0 otherwise the curve would be
singular), and if we fix a square root 8 € K of —a;‘g then the K-morphism

o : FE — F

(€,y) — (—a7's® —alag, B y- f(z)) = (—a7'e® — alas, 8- 4°) (3.4.3)

is well-defined: we simply let 2’ := —a; 'z — a; 'ag and compute
By f@)? =—a;*f ()’
= —a; 32 + alx® + ad) = —a 32 — 2® — (a) ag)?
f(@') =2" + a2’ + as
= (—a; 2% —agtae)® + as(—az'a® — ajtag) + ag
-39 33 3

=—a; "z —ay ag—x°.

In our case, the well-defined morphism ¢ is given by:

H(X:Y:Z])=[-b'1X® b tmZ3 . gY? . 77

X :Y:Z)=[0:1:0] &= Z°=X*>=0 (3.4.4)
In particular, ¢ is an isogeny over k(t) of degree 3, since it is a morphism that maps

O :=1[0:1:0] to itself (the degree of ¢ is given by the degree in x of its first coordinate,
namely —b~ 123 — b=1t™ by [Gall2, lemma 9.6.13]).

9In other words, ¢ acts as a homothety of ratio (scaling factor) v/3: if we define the norm ||P|| := h(P)'/2,
then [|¢(P)|| = V3] P].
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2. We observe that ¢? = ¢ o ¢ is given by

$(o(x,y)) = (=07 1T — b~ 1™, B - 43)
(=7 (=b7 (@ ™))" =07 ™, B+ (By)°)
— (b_4($9 + t3m) _ b_ltm,ﬂ4y9)

Thanks to lemma 3.2.16 and in view of the equality 2 = —b~3, we conclude that
¢? = —[3] is the multiplication by —3.

From this, it follows that we have a chain of sublattices 3L = ¢(¢(L)) C ¢(L) C L, where
L := E,,4,1(k(t)). Moreover, the map L/¢(L) — ¢(L)/d(¢(L)) given by [x] — [p(x)] is
an isomorphism of abelian groups. Then [L : 3L] = 3'*(5) = [L : ¢(L)]? is a square, so
that the rank of L is even and |L/¢(L)| = 3™<(F)/2,

We finally check that h(¢(P)) = 3h(P) for all P € E(K). From remark 3.2.19, we have
to check that h(3¢(P)) = h(¢(3P)) = 3h(3P). Now, Q := 3P belongs to E(K)" so
by lemma 3.2.17 and the fact that % is integer-valued on E(K)° (see theorem 1.3.24),
we know that z(Q),y(Q) are both polynomials. Checking that h(¢(Q)) = 3h(Q) =
3deg(x(Q)) is now easy: since Q € E(K)?, we have deg(z(Q)) = h(Q) = h(Q) > T by
corollary 3.2.18, theorem 1.3.24, and proposition 3.1.5 so the first coordinate of ¢(Q),
given by —b~1(2(Q)3 + ™), has indeed degree deg(z(Q)3) = 3deg(x(Q)). [

Now let Gx = Gal(K*P/K) be the absolute Galois group of K. For simplicity, let us
denote III := III(F/K). Note that the K-isogeny ¢ induces a map in Galois cohomology

H'(¢) : H' (G, E(K*P)) — HY(Gg, E(K*P)). (3.4.5)

If we define II[¢] := III Nker(H'(¢)), then H'(¢) (co-)restricts to a map II[¢] — I[¢)].
Moreover, we have III[¢] C I[3]: if s € III satisfies H'(¢)(s) = 0 then —3s = 0 since
H'¢ o H'¢ = [-3] on HY(Gk, E(K®P)). In particular, if II1[3] is trivial then so is 1I1[¢)].

Conversely, if I1I[¢] is trivial and s € II[3] then —3s = H'¢(s') = 0 where s’ := H'¢(s) €

I1[¢] = {0}. Because s’ = 0 we deduce that s € III[¢] = {0}. In other words, III[3] is
trivial. In conclusion, we get, in view of (3.4.1):

MI(E/K) = {0} < LI(B/K)3] = {0} < WI(B/K)[$]={0}.  (3.16)

3.4.1 The need of flat cohomology

One issue however is that ¢ is not separable. In fact, E is supersingular, since for p := 3,
p—1
the coefficient of 2P~! = 22 in f(z) 2 = f(z) = 2® + bx + t™ is 0 (we apply [Sil08a,

theorem V.4.1]). Therefore E[3](K) = {O}. Since ¢ is a 3-isogeny, we have G := E[¢] :=
ker(¢) < F[3] and then the kernel of ¢ has no K-rational points (which implies that ¢ is
not separable by [Sil08a, theorem I11.4.10]).

Consequently, we can not apply the descent procedure as explained in [Sil08a, chapter X,
§4|. If ¢ was separable, then we would have an exact sequence

0 —— G(E*P) —— E(K*P) —2 E(K*P) —— 0. (3.4.7)
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which would yield a short exact sequence involving the Selmer group as central term:

0 — B(K)/¢(E(K)) — Sely(E/K) — TI(E/K)[¢] — 0.

In our case, inseparability of ¢ causes the triviality of the group G(K*°P), and the non-
surjectivity of ¢ on K®P-rational points of E (even though it is surjective on K-points).
Therefore, we do not have an exact sequence as in (3.4.7).

However, instead of using Galois-invariants and Galois cohomology, we can save the picture
by working with flat cohomology. Some relevant references are [Ulm91, Vol90, Kra77, Bro97]
and especially [Moh14, lemma 6.3.3]. More specifically, we consider the kernel G := ker(¢)
of ¢ as a group scheme: while it has no K-rational point, G is not trivial as a group scheme.

Now we let T := Spec(K) and consider G and E as group schemes over T'. In fact, they are
sheaves of abelian groups on T" with respect to the flat topology: for instance, GG is obviously
a presheaf (U — T') — G(U), and being representable by a scheme, it is actually a sheaf,
by [Mil80, Corollary I1.1.7, p. 52]. We point out that since K is a field, any morphism from
a non-empty scheme X to Spec(K) is faithfully flat ([GW20], p. 430).

It makes sense to speak of exact sequences of sheaves of abelian groups over T (in the flat
topology), and it turns out that given any isogeny ¢ : E — E’ between elliptic curves over
K we have an exact sequence of group schemes

¢

0 —— G =ker(¢p) —— E E’ 0. (3.4.8)

Indeed, by [EvdGM, proposition 5.2], any isogeny is necessarily flat, in which case [Mil80,
exercise 11.2.19, p. 67] ensures that ¢ induces a surjective morphism of flat sheaves®” on T.

It induces a long exact sequence in flat cohomology. Note that H) (T, A) = I'(T, A) =
A(T) = A(K) for any group scheme A over K, so we find:

0 — G(K) = {0} —-— B(K) —2— E'(K) 7

(3.4.9)

§
1, 1
[_) H%iat(T7 G) L()> Hfliat(T7 E) M H%]at(T7 E/) —

By a theorem of Grothendieck, if A is a smooth group scheme over T" = Spec(K) (for
instance A = F, but not A = G), then H},, (T, A) = H} (T, A) = H'(Gk, A(K*P)) (see
[Gro68, corollaire 11.9, p. 183, and p. 125] for the first isomorphism, while the second
isomorphism with Galois cohomology is given in [Mil80, example IT1.1.7, page 86]; see also
[Mil80, theorem II1.3.9]). Therefore, (3.4.9) induces a short exact sequence

0 —— B'(K)/o(E(K)) —— Hh (T, El¢]) 2% HY (G, B(K*P))[¢] — 0
(3.4.10)

where H'(G ., E(K®P))[¢] := ker(H'(¢)).

2OMoreover, by [EvdGM, proposition 5.6], ¢ is separable if and only if ¢ is étale, in which case ¢ defines a
surjective morphism of étale sheaves (i.e., sheaves of abelian groups on the étale site of T':= Spec(K)),
by [Mil80, exercise 11.2.19, p. 67].
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For any place v € Vi, we can use the same reasoning with 7;, = Spec(K,) to get short
exact sequences as in (3.4.10), which yield a commutative diagram

0 —— E'(K)/¢(E(K)) —— H}, (T, Bl¢]) — H(G, B(K*?))[¢] — 0

lfl J{fz J{fs
(5.) (H'1,)
0 — JIE'(Ky)/(E(K,) =5 ] Hp (T, El¢]) =" T] H (G, E(KP))[¢] — 0
veVk veVk veVK

(3.4.11)
Keer and T, := Spec(K,),
and fo is obtained using the canonical?! group morphisms H}, (Spec(K),ker(¢)) —
Hi%lat(spe(:(KU)a ker(gb))

This prompts to introduce the following group.

Here f3 is defined using the restriction maps Gi, — Gg,0 +— o

Definition 3.4.4. We define the ¢-Selmer group of E over K as the kernel of (H(1,))vevy 0 f2,
i.e.,

Sely(E/K) = ker (H}_lat(Spec(K),ker(qs)) N H Hl(GKU7E<K,iep))>

vEVEK
= [ ker (b, (Spec(K), ker(¢)) — H' (G, E(K3™))

veVi

= [ Sels(E/K,)

veEVK

Sely(E/K,) := {7 € Hy (Spec(K), ker(¢)) : 7 € Im(dy) C Hijy (Spec(k,), ker(9)) }.
All in all, we get a short exact sequence

0 —— E'(K)/$(B(K)) —2 Sely(E/K) 15 TI(E/K)[¢] —— 0 (3.4.12)
From equation (3.4.6) and the above exact sequence applied to the 3-isogeny ¢ : E — E

from proposition 3.4.3, we deduce that

HI(E/K) = {1} <= [B(K)/$(E(K))| = [Sely(B/K)|. (3.0.13)

Remark 3.4.5. The inequality |E(K)/¢(E(K))| < [Selg(E/K)| always holds. 5

3.4.2 Computing the descent map

Now, in order to understand better the ¢-Selmer group, we want first to determine Hi, (T, G)
where G = E[¢] = ker(¢),T = Spec(K) and then describe explicitly the boundary map
§: E(K)/¢(E(K)) — H},.(T,G) (appearing in (3.4.10)) as well as §, for all places v.

21Given the map 7 : X = Spec(K,) — Y = Spec(K) and any group scheme F on Y, we have functorial
maps Hi,, (Y, F) — Hi, (X, 7*F) extending the morphism on H® given by F(K) — F(K,) — see
[Mil80, remark III.1.6 c), p. 85].
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3.4.2.1 Kernel of ¢

In this paragraph, we find the structure of ker(¢) as a group scheme, where ¢ : E — E is
the inseparable 3-isogeny as in equation (3.4.3).

Remark 3.4.6. We will need to work with rational points of E over commutative K-algebras
R which are not necessarily fields. However, we will assume that their Picard group is trivial:
Pic(R) = {0}. The key fact is that under this assumption, the R-rational points of the
projective plane P? are easily described: P?(R) = L(R)/R* where L(R) is the set of triplets
(7,7,2) € R? such that the elements x,y, z € R generates the unit ideal (x,y,2) = R. See
[Sta23, Tag 0INE] (when Pic(R) = {0}, all line bundles on Spec(R) are trivial, so we get
the description of P?(R) as in [GW20, exercises 3.19, 4.6]).

In particular, given an embedding E < P% = Proj K[X,Y, Z], we get an inclusion E(R) —
P2(R), so we can write points P € F(R) using projective coordinates. J

Proposition 3.4.7. Let K be a field of characteristic 3 and E be an elliptic curve over
K given by y?> = 23 + asx + ag where ag € K and —ay € K is a square. Consider the
K-isogeny ¢ : E — FE defined in equation (3.4.3).

Then the kernel of ¢ (seen as a subgroup scheme of E) is isomorphic to the affine group
scheme a3 := Spec(K[u]/(u®)). More specifically, there is a unique isomorphism of group
schemes ¢ : ker(¢) — ag such that for any K-algebra R with Pic(R) = {0}, the values of ¢
on R-rational points are given by

v ker(¢)(R) —» as(R),  [X:Y:Z]— X/Y. s

Note that cg is non-reduced and that we have o, (L) ~ Homg_aig(K[z]/(2?), L) ~ {0} for
any field extension L/K.

Proof of proposition 3.4.7. — Let R be a K-algebra such that Pic(R) = 0. Then, letting
B € K be a square root of —a;g, we have

(ker(¢))(R) ={[X :Y : Z] € E(R) CP*(R) : [—a; " (X +acZ%) :BY®: 2% =10:1:0]}
={[X:Y:Z]€E(R)CP*R) : INER*,(X>+asZ®) =2Z>=0,8Y>=\}.

In particular we have X3 = Z3 = 0 for all [X : Y : Z] € (ker(¢))(R). For any R-rational
point [X : Y : Z] of ker(¢), we know that Y1 = A\713Y2 € R* is a unit, and that
(XY 13 =0, which ensures that XY ™! € a3(R), and thus ¢ is well-defined.

We need to study the group law on ker(¢). Note that if [X : Y : Z] =[X/Y :1:Z/Y] €
ker(¢)(R) then the equation of E yields Y2Z = a4 X Z? which implies Y222 = 0 (since
X3 =273 =0) and thus Y2Z = a4 X - 0 = 0 which finally we get Z = 0 (since Y is a unit in
R).

Now, we can add two points P =[x :1:0], P’ =[2/ : 1: 0] € ker(¢)(R) using the formulas
X§2), Y3(2), Z?(,Q) from [BL95, §5, p. 237-238], which give the addition law on elliptic curves
over any commutative ring with trivial Picard group. These formulas X§2), Y3(2), Z?(,Q) are
valid whenever the y-coordinate of P — P’ € ker(¢)(R) is non-zero, which is the case here
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since it is actually a unit in R as we have seen. An implementation?? on SAGE [The21] of
these formulas shows that P+ P’ = [z + 2’ : 1: 0] so that tg is indeed a group morphism.

Finally, tr is bijective: its inverse is given by s € as(R) — [s : 1 : 0]. It is also
straightforward to check that the isomorphisms ¢z are natural in R. The fact that these
maps ¢ induce a unique group-scheme morphism ¢ : ker(¢) — a3 (which is an isomorphism
with inverse induced by L}}l) follows from the next lemma 3.4.8, recalling that all local rings
have trivial Picard group. |

Lemma 3.4.8. Let K be a field and G, G’ be two finite group schemes over K. Assume
that for all local K-algebras R, we are given group morphisms g : G(R) — G'(R) which
are functorial in R.

Then there is a unique morphism ¢ : G — G’ of group schemes such that its values on
R-rational points is vg, for all local K-algebras R. J

Proof. — Let C be the category whose objects are finite disjoint union of affine schemes with
local underlying ring (and morphisms are given in the obvious way). By [Mill7, proposition
11.2], we know that G and G’ are objects of C. Now there is a unique way to extend our
functor to get morphisms g : G(S) — G'(S) for any S € |C| (simply by using the fact that
G([Ti~; Ri) 211, G(R;)). Then the claim basically follows from Yoneda’s lemma. W

3.4.2.2 Amitsur—-Cech cohomology

In order to describe explicitly the descent map ¢ : E(K)/¢(E(K)) — H},. (T, G) (appearing
in (3.4.10)), we need to study the group H},, (T, G) (where G = ker(¢), T = Spec(K)). By
proposition 3.4.7, we know that there is an isomorphism H'(¢) : Hj (T, G) — H,, (T, a3).
The key point is that flat cohomology groups Hi, (S, F) over an affine scheme Spec(R) can
be described very explicitly using the Amitsur-Cech chain complex, as defined in [Sha72,
chapter VI.§3, p. 204-210] or [Sha64, §2].

Given a commutative ring R, a sheaf of abelian group F on the flat site of Spec(R) and a
faithfully flat R-algebra S, we have an exact sequence, i.e., an (augmented) cochain complex:

0 — F(R) F(S) -2 F(592) 2L, F(593) 22,
where the tensor products are over R,
n+2 )
A= (1) Flesnpn) s F(SHOH) = F(5509) (3414
i=1

§®(n+1) —y  §®(nt2)
510 Q8 —r 510 Q1541 Q- Q sy

Ci,n .

(we only defined ¢; ,, on pure tensors but we can extend it to .S ®(n+1) by R-linearity). Note
that €; , are R-algebra homomorphisms®?, so that F(e; ,) makes sense.

228ee the file "Kernel of phi and explicit descent map.ipynb" available at https://gitlab.com/

gauthierleterrier/maths.
n+2
i=1
alternating sum of F(€i n).

23However, (_1)1'&_’”_“ is typically not a ring morphism; but A, is well-defined since it is an
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For instance, the case F = G, is discussed in [Mil80, proposition 1.2.18]: if R — S is a
faithfully flat morphism of rings, then the sequence of R-modules

0 R g Ao, ge2 S, ges B2, (3.4.15)
is exact. We can now introduce the relevant cohomology groups.

Definition 3.4.9. Let R — S be a faithfully flat ring morphism and let F be a sheaf of
abelian groups on the flat site of Spec(R). For each n > 1, we define the n-th Amistur—Cech
cohomology group as

H"(S/R,F) :=ker(A,)/Im(A,_1).

When n = 0, we set H'(S/R, F) := ker(A¢) = F(R). ;

The main theorem (see [Mil80, corollary III.2.10]) is that

Hijo (Spec(R), F) = lim H'(S/R, F) (3.4.16)

SeAlgF

where AlgF, denotes the directed set of faithfully flat R-algebras of finite type. In fact,
when R = K is a field, there is a final object in AlgF -, namely the algebraic closure K, so
we get (see [Sha72, theorem 42, p. 208] or rather [Sha64, theorem 1, p. 418])

H},(Spec(K), F) = H' (K /K, F). (3.4.17)
From here, we can give an explicit description of the cohomology group Hfllat(T, o) where

T = Spec(K) and K is a field of characteristic p > 0.

First, following [Mil80, p. 67 and p. 128], there is a short exact sequence of sheaves of
abelian groups for the flat topology on S:

0 ay G, —£5 G, 0 (3.4.18)

where F' is the Frobenius morphism which is given by G,(R) = R — R,s — sP for any
K-algebra R. This yields a long exact sequence, where K? := {zP : x € K } is the additive
subgroup of p-th powers in K:

0 — K/K? <2 H. (T, a,) — HL(T,G,) —— HL, (T,G,) — -
(3.4.19)

Since G, is smooth over S, we have — as discussed in subsection 3.4.1 — H}_. (T, G,) =
HL(T,G,) = HY(Gg, K°P) = {0} (this is the additive analogue of Hilbert 90 theorem), so
that Hi, (T, o) = K/KP. We are going to make explicit the following boundary map:

8: K/KP = H), (T, o) 2 HY(K /K, ). (3.4.20)
To this end, we start with some general considerations.
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® We show that Hj_ (7T, o) is a subgroup of K ®x K. First, for a general sheaf F as in
definition 3.4.9, we have

Ao = .7:(6171) —.7"(62,1) f(S) — .7:(S®2)
Apg=F(s—1®@s)—F(s—>s®1)

and

Ay = Flerp) — Flea2) + Flesa) : F(S9%) — F(S9?)
Al=F(s50s8—=10s05)-F(s®@s —»s010s)+F(s®@s —»s@s @1).

Note that when K = F,(t), then K ®f K is not reduced! It contains K (t'/?) @
K =2 K[X]/(X? —t) @k K = K[X]/((X —t'/P)P) and the class s of X — t'/P satisfies
sP =0 #s.

@ In the case where F = oy, we have

ker(A)) = (s®@ s € K@g K| (s@s)=0,1050s —s010s +505 ©1=0)
Im(Ag) ={1®s—s®1 :seK,s" =0} ={0}.

Thus we see that H'(K /K, ;) = ker(A;)/Im(A) is an additive subgroup of K @k K.

® In general, an exact sequence of commutative group schemes of finite type over K, say

0 AaL.p 20 0
induces an exact sequence of (co)chain complexes

0 —— C*(A) —— C*(B) —— C*(C) —— 0

where C*(A) = (C"(A),A,)r>0 and C"(A) == A(F®(T+1)) are defined in equation (3.4.14)
(see the proof of [Sha64, theorem 1, p. 418]). Concretely, we have a commutative diagram:

00— AR) il B(K) i C(K) ——— 0

|t Jo2 Jo¢

0 —— AR o K) 2 B(K 9 K) —2 C(K ®x K) —— 0

Ja2 Jo2 Jo¢

We want to describe the boundary map 8° : HO(K/K,C) — HY(K/K,A), using
"diagram-chasing". Let ¢ € HY(K/K,C) = C(K) = ker(A§). Let b € B(K) be such
that ~vo(b) = c¢. Then

1(AF (1) = AF (70(0)) = 0,

so that AF(b) € ker(y1) = Im(j31), say AF(b) = B1(a) for some a € A(K @k K). Tt
can be checked that a € ker(A7') and that the map c + [a] € ker(AIf‘)/Im(Aé) is
well-defined; this is the desired boundary map 9 := 9°.
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We can now compute the boundary map 0 introduced in equation (3.4.20).

Lemma 3.4.10. The boundary map can be expressed as follows:

9: K — H'(K/K,ap) CK®g K
c — 1/ (Pl

where ¢'/? € K denotes the unique p-th root of a given element ¢ € K. J

Proof. — Let us fix ¢ € K and set b := ¢'/? € K. Consider the exact sequence (3.4.18),
where we use the notations from item @ above:

0 - Ai=a, = B:=G, - C:=G, — 0.

The element a := AP () =1®b—b® 1 is easily seen to lie*! in a,(K @ K), because
a?=1®c—c®1=1®c—1®c=0since ¢c € K and the tensor product is over K. Now
the boundary map 0 is exactly given by ¢+ a = 1 ® ¢'/P — ¢'/P ® 1, as the discussion from
item @ above shows. |

3.4.2.3 Explicit descent map

Fix a field K of characteristic 3, let E be an elliptic curve over K defined by y? = 23+ a4z+ag
and let ¢ be the 3-isogeny introduced in equation (3.4.3). We can now give an explicit
description of the descent map 4 : E(K)/¢(E(K)) — H},, (Spec(K), ker(¢)) appearing in
(3.4.9).

We note that in [E1k94], there is an analogous situation in characteristic 2, where it is proved
(theorem 2, p. 355, ibid.) that the map E'(K') — K'/K'?,(x,y) + [z] is a group morphism,
where E' : y? +y = 2% + 12" t1, K’ = Fy2n(t) and n is odd. However, no explanation is
given in [Elk94] about how this descent map relates to the Tate-Shafarevich group. So our
discussion in the above subsections fills this gap.

Definition 3.4.11. We define the map ¢ : E(K) — K/K? as the composition ¢ :== 97! o
H'(1) 06, that is:

v _ 1 L M R
e: B(K) —— HY(K/K, ker(¢)) =% HY(K/K, a3) «2— K/K®
where 0, H (1) are as in (3.4.9) and @ is as in (3.4.20). Note that € is a group morphism,
where K2 denotes the additive subgroup of cubes in K. J
In what follows, we will denote by [z] = z mod K3 the class of an element z € K in the

quotient additive group K/K3.

Proposition 3.4.12. Fix a field K of characteristic 3, let E be an elliptic curve over K
defined by y* = 23 + a4z + ag and let ¢ be the 3-isogeny introduced in equation (3.4.3).
Assume that —ay4 is a square in K and that E[2](K) = {0}.

241n fact, a lies in ker(A1) as we would expect:

1(1®h)-10(b1) — (101b-b0181) + 191 -b®1®1=0.
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Then the map ¢ : E(K) — K/K? is given by (zp,yp) — [—a; yp] € K/K? on affine
K-rational points, and €([0 : 1 : 0]) = 0 mod K3. J

Remark 3.4.13. We will need to consider R-rational points of E where the ring R := K®@x K
has nilpotents (it is not reduced), but its Picard group is trivial, that is, Pic(R) = {0}.
Indeed, R is the direct limit of Ay, := K ®k L over finite extensions L/K. Then Pic(R) is
the direct limit of Pic(Ayz), and Ay, is a finite-dimensional K-algebra so it is a finite product
of artinian local rings, and thus its Picard group is trivial.

This allows to describe the R-rational points of E using projective coordinates as mentioned
in remark 3.4.6. 3

Proof of proposition 3.4.12. — We first describe the map ¢ using the discussion of item @
above, applied to the short exact sequence (3.4.8). Namely, ¢ sends a point P = [zp : yp :
1] € E(K) ~\ {0} to the (K ®x K)-rational point of ker(¢) < E given by

(P)=Q =1®20:10yg:101] —[zo®1:yp®1:1®1]
where Q = (zg,yq) € E(K) satisfies ¢(Q) = P (here we are also using remark 3.4.13).

This means —aZl(x% + ag) = zp and By% = yp (where § is a square root of —a;?), so
that x% = —asxp —ag € K.

In other words, we have

Q = Q1+ Qo, h=1®zg:1Q0yg:1®1], Qr=[rg®1:—yo®1:1®1].

Let us set

71 :=1Qxzg, 11 :=10yg, x2:=29®1L, Y:=—-yo®1.

We have 23 = 23 and since a4 is a square in K (so that 3 € K) we have y§ = —y3. We
claim that Q1 # Q.

Indeed, assume for a contradiction that Q1 = (2 so that x1 = 2. By the exactness
of (3.4.15) applied to R = K,S = K, it follows that z¢ € K. Then yé € K and
also we know that y% = B~ lyp € K since —ay is a square in K (so that 3 € K).
So in all cases yg € K (either it is 0 or otherwise write yo = y%yéQ), which implies
that yo = —y1. Since we assumed (1 = (2, we must have y, = y; = —y;, so that
2y = —y; = 0 € K @ K (recall that char(K) = 3).

Now because E[2](K) = {0} we have yo # 0 € K. Then y; is a unit in the ring
K@ K with inverse y; ! =1 ®y(51 and in particular y; # 0 € K ®x K, and this yields
a contradiction with the previous assertion. Therefore, we conclude that Q)1 # Q2 as
desired.

Now, we can apply the formulas X:gl),YS(l), Z:gl) from [BL95, §5, p. 236-237], which give
the addition of any two distinct points on E over any commutative ring with trivial Picard
group (which is the case of K @ K by remark 3.4.13). Using SAGE [The21], we find?°

Q' = [y2(za — 1) (11 — y2) — as(za — 1) 1 Y3 : 0] (3.4.21)

25Gee the file "Kernel of phi and explicit descent map.ipynb' available at https://gitlab.com/
gauthierleterrier/maths.
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By proposition 3.4.7 and lemma 3.4.10, we know that once we write the X /Y -coordinate of
Q as 1®@c'/3 — /3 ® 1 (for some ¢ € K), this means that the map ¢ : B(K) — K/K3 is
given by P+ [c].

The key point is that ¢ € K + Kyé C K: indeed from the equation yé = ng +asrg + ag
we have

rg = a4_1 . (yé — x% —ag) = a;lyé — aZl(q:?(’Q +ag) = aglyé + xp.
It follows that (recalling that zp and a; ' belong to K):

wy— a1 = (zp+ayyp) @1 -1@ (xp+aj'yy) =ay' (Yo © 1 - 1@ yp).

From now on, we assume that E[2](K) = {O}. In particular, yg # 0 since P € E(K) and
By% = yp, which means that y2_1 = —yél ® 1 is a unit in the ring K ® g K. Let us write

L:=yo®1, R=1®yo € K®x K

(the notation stands for "left" and 'right" respectively) and note that L? = R3 (since
yg’? = B~ lyp € K). We finally compute

5(Q/) = 2/2_2(152 —x1)(y1 — y2) — a4yz_3($2 - 161)2
=0 o @) - (n — 1) (WH @1 —1®y3)
—a (gt ) (B e 1 - 10 3)°
a;lL_Q(L+R)(L2 _ RQ) —|—a;1L_3(L2 _ R2)2
=a;'L™?(L* + RL* - R*L — R*) + a; '"L73(L* + L’R* + RY)
—a;' - (R-R’L™'+ L+ L 'R*+ L°R")
=a;' - (R+L+R)
=a;'(L—R)
= a;lyQ ®R1 —1® a;lyQ
=1®(—a3'ye) — (—a;'yg) ®1

recalling that 2 = —1 since char(K) = 3. Thus we find that we may take c!/% = —a; 'yq
which proves the claimed description of the map e. |

3.4.3 Selmer groups incharacteristic 3

We are now ready to compute the ¢-Selmer group of E over K (or more precisely, get
an upper bound on its size). In view of the definition 3.4.4 of Selmer groups and of the
description of the descent map

e=0"1oH'(1)od: B(K) = K/K®  (2,y) = [—a1’y]
from proposition 3.4.12, we introduce the following groups, where v € Vi:

Sy(B/K,)={z€ K/K? : z€Im(e,) = K,/K?} (3.4.22)
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Se(BE/K) = () S4(E/K,) — K/K?, (3.4.23)
veVi
where
62} = _ai c €yt E(Kv) — KU/KSv (xuy) = [y]

is (a normalization of) the descent map €, described in proposition 3.4.12 applied to K,
instead of K.

Since 9, H'(¢) and multiplication by —aj are isomorphisms, it follows that S,(E/K,) =
Selg(E/K,) and Sy(E/K) = Sely(E/K) as abelian groups.

Thanks to (3.4.11), one gets a commutative diagram?® | where ¢ := —aje : B(K) — K/K?:

0 —— B(K)/$(B(K)) —— K/K® —s B (G, B(K*P))[¢] — 0

lfl lfQ lf?,

0 — [1E(K)/G(EEK,) < 11 K,/k3 ) [ B (G, B(KE?))[6] — 0
vEVK veVik veVi

(3.4.24)
from which we deduce a short exact sequence as in (3.4.12):

0 —— E(K)/$(E(K)) —— Sy(E/K) L% TI(E/K)[¢] — 0.

Theorem 3.4.14. Let E : y?> = 23 + bw + ag over K := k(t) where k is a finite field of
characteristic 3. Assume that |k| > 3, that —b = 3? € k* is a square in k* and that
ae € k[t] is a polynomial of degree d coprime®” to 3. Let v € V.

1. If v is a finite place, then

Sy(E/K,) =Im(0, N K — K/K?), (3.4.25)
that is, any element [y] € Sy(E/K,) has a v-integral representative.
2. If v = vy = — deg, then we have an inclusion
deg(z) =d/2 and 2%-ag'=1 (modt ')
Sy(E/K,) C{ [2] € K/K? : or

0<deg(z) <d/2 and deg(z)=dmod3

Before proving the theorem, we state a few preliminary results.

Lemma 3.4.15. Let k be a field, fix R € K = k(t) and let P be a monic irreducible
polynomial in k[t], corresponding to a finite place vp. Then vo(R') 2 voo(R) + 1 and

R)—1 ifvp(R)#0ink
op(R) > 4 P E) Lop(R) #£0ink g1, (3.4.26)
vp(R) else
In fact, (3.4.26) holds for any R € K,,,. -

26Here we are using the fact that we have functorial morphisms Hp, (Spec(K), ker(¢)) —
H...(Spec(K,), ker(¢)), in the sense that they commute with the boundary maps 9 : K/K3 —
Hp,. (Spec(K), ker(¢)) and 8, : Ku/KS — Hj,,(Spec(K,), ker(¢)). We are also using the fact that
Amitsur-Cech cohomology is functorially isomorphic to the flat cohomology.

2"Note that the assumption E[2](K) = {0} from proposition 3.4.12 is satisfied in our case because
2% 4+ bz + ae = 0 cannot have a root = € K if ag is a polynomial of degree coprime to 3.
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Remark 3.4.16. The last claim of lemma 3.4.15 holds because the derivative map K —
K, f — f’ is continuous with respect to the v-adic topology, for any finite place v. In fact,
it is even uniformly continuous (so that it extends uniquely to a map K, — K,). Indeed,
we want to show that given any € > 0, there exists § > 0 such that for all f,g € K we
have |f —gl, <d = |f' — ¢'|, < e. This amounts to showing that for all N > 0 there
is M > 0 such that for all f,g € K, we have vp(f —g) > N = vp(f' —¢') = M. The
above lemma 3.4.15 precisely shows that we may take M := N — 1. a

Proof. — Write R = A/B where A, B € k[t]. Then R’ = % and

deg(R') < max{deg(A’'B),deg(AB")} — 2deg(B)
= deg(A) + deg(B) — 1 — 2deg(B) = deg(A) —deg(B) — 1
= deg(R) — 1.

Let us turn to the result about vp. First, notice that the displayed inequality holds if R is
a polynomial: if R = P¢- S for some e = vp(R) > 0 and some S € k[t] coprime to P, then
R =eP* 'S + P¢S so

-1 ife= R)#0in k
UP(-R/) > min{e 1 +’UP<€),6+’UP(S,)} > {6 116 UP( ) 7£ n (3.4.27)
(& else.

In fact, the first inequality is an equality, since either e = 0 € k and S’ = 0, or otherwise we
have vp(e) € {0,+00} so that vp(eP*™1S) # vp(P°S’).

Now let R = A/B for some coprime polynomials A, B € k[t]. Using the previous step for
polynomials, we get vp(R') = vp(A'B — AB') —2vp(B) > vp(A) +vp(B) — 1 —2vp(B) =
vp (R) —1. |

Example 3.4.17. If k = F5,S(t) = t> + 1 and P(t) = t then R(t) = t°(t> + 1) and
R'(t) =t (e(t* +1) +2t*) = et® 1 (t* 4+ 1) € Fa[t]. Therefore v,(R') = +oo0 if e is even and
v (R') = e—1if eis odd. If we work over F,[t] with p odd and p | e, then v;(R’) =e+1. |

We will also need the following three lemmas.

Lemma 3.4.18. Let k be a perfect field of characteristic p, set K = k(t) and denote by
KP the additive subgroup of p-th powers in K. Then the kernel of the derivative map
K — K,R+ R’ is exactly KP. In particular, if R € K has zero derivative R’ = 0, then
R € KP is a p-th power in K. J

Proof. — It is clear that any p-th power in K has a zero derivative. Conversely, let us
write R = P/Q for some coprime polynomials P, @Q € k[t] and assume that R’ = 0. Then
R = Z9=P9 — 0 implies that P'Q = PQ’. Then P divides P'Q and since ged(P, Q) = 1,
we get P | P/, which forces P’ = 0. Similarly, we get Q" = 0.

So we are left with proving the claim when R = Z?LO a;t* is a polynomial, which is easy: if
R = Zfio ia;t""1 = 0 then ia; = 0 for all 4, so we get a; = 0 for all indices 4 coprime to p.
Since k is perfect, a,; = b} € k is a p-th power for all j > 0, so that R = Z]LZ(/)ZJJ b?tjp is
clearly a p-th power in K. |
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Lemma 3.4.19. Let k be a finite field of characteristic p, let v be a finite place of K = k(t)
(corresponding to some monic irreducible polynomial P € k[t]) and fix x € K. Define
Oy = O, N K. Ifv(z') = 0 then x € O,y + KP, that is: up to adding a p-th power, x is
v-integral. 4
Proof. — Let us write © = 2o + Y0, Li for some x9 € Opypy, N = 0, f; € k[t] and
deg(f;) < deg(P) for all i, as it can be done by "partial fraction decomposition" (which

provides an explicit k-basis of k(t)) — note that possibly f; = 0.
o Claim 1: zj € Oyp)-

It is enough to show this for the elements of "the" k-basis of k(t) provided by partial
fraction decomposition. First, if 2o € k[t] then it is clear that vp(zf) > 0. Now let
us assume that zo = % where f € k[t],e > 1 and Q # P is irreducible (in particular,
vp(Q) = 0). Then 2 = b for some polynomial g € k[t]. Thus vp(zp) = vp(g) —
2evp(Q)=>0—-0=0.

o Claim 2: if we let s := Zf\le % then vp(s’) > 0 and s € K? is a p-th power.

If we had vp(s’) < 0 then, because vp(x() = 0 (by the previous claim), it would follow
that vp(2') = min{vp(s'),vp(z))} < 0, contradicting our assumption.

Now, let us write s = g% for some polynomial g € k[t]. Note that g = Zfil fiPN—i
is not divisible by P (as the term with ¢ = N shows), i.e., vp(g) = 0. Then using
equation (3.4.27) (applied to e := —N) and the remark thereafter we get:

vp(s’) =min{—N — 1+ vp(—N), —N +vp(¢')}.

Observe that —N —1+vp(—N) is either —N —1, in which case it is < =N +vp(g’) (since
g is a polynomial), or it is +00. So we get either vp(s') = =N —1 < 0 or vp(s') = +o0.
Since vp(s’) = 0, the only possibility is the latter, which means s’ = 0 and thus s € K?
(by lemma 3.4.18) as desired.

Combining those two claims immediately concludes the proof. |
Lemma 3.4.20. Let k be a finite field of characteristic p and fix y € K := k(t). Assume

that for every finite place v € V2, there is s, € K such that y — s € O, (i.e., up to adding
a p-th power in K, y is v-integral).

Then there is s € K such that y* := y — sP is a non-constant polynomial (this means that
y* € O, for every finite place v € V2, and that [y] = [y*] € K/KP; said differently [y] has a
representative which is a non-constant polynomial). J

Proof. — Let us write the partial fraction decomposition of y € K as

y:yo+ZZ];’jf

P j>1

(3.4.28)

where yo, fp; € k[t], P runs over monic irreducible polynomials, and deg(fp;) < deg(P)
for all j (and fp; = 0 for all but finitely many pairs P, j).
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Let @ be a monic irreducible polynomial, corresponding to a finite place vg. Let us write

Tug = Di>1 fgﬂ = & for some d > 1 and where Q { f = Y1, fit' € k[t]. Note that f

has degree < d - deg(Q).

By assumption, there is some s,, € K such that y — sf, € O,,. We may assume that
Svo = & for some e > 1and Qfg=Y1", g;t" € k[t] (up to adding some v¢-integral terms
to s, ). Note that g has degree < e - deg(Q).

Writing y = yo + rvq + 2_psg Tvp, We see that y —r,, is vg-integral. Then the element

s [ g°
—sP =2 _
Q vQ Qd Qp‘e

is vg-integral, which forces d =p-e and vo(f —g?) > p-e. If f —gP # 0 then

Ty

p-e-deg(Q) < deg(f—g7) < max{deg(f),pdeg(g)} < deg(Q) max{d, pe} ‘= p-e-deg(Q),

which is a contradiction. Thereby, we must have f = g” and consequently r,, € K? is a

p-th power.
Thus we get y = yo + Z Twg, We conclude that y = yo (mod KP) where yq is a polynomial.
Q
——
eKP
Since all elements in k£ are p-th powers, we may assume that y* := yg is non-constant, which
finishes the proof. |

We can now prove our result on the explicit description of the Selmer groups.
Proof of theorem 3.4.14. — 1. Let v be a finite place. Observe that because ag is a
polynomial, it is v-integral.

o C. Let us fix [y] € Sy(E/K,) C K/K3, which means that there is a point P =
(z,y) € E(K,) whose y-coordinate is the given element y € K. We want to show
that y € O, + K3 (i.e., there is some v-integral element y* € O, such that y = y*
mod K?3).

If v(y) > 0, then it is clear that y € O, N K. From now on, assume that v(y) < 0.
Then we have v(x) < 0 because otherwise y? = 23 + bz + ag would be v-integral.
Consequently,

0> 2v(y) = v(z® + bz + ag) = min{v(z® + bx),v(ag)} = 3v(x)

so there is z € Z¢ such that v(y) = 3z, v(z) =2z < 0.

Differentiating both sides of the equation of E yields 2yy’ = bx’ + ag. Therefore

v(y') = v(ba’ + ag) — v(y)
min{v(z"),v(ag)} — v(y) (3.4.29)
22—1-32=—2-120 by lemma 3.4.15 applied to z € K,

From lemma 3.4.19, it follows that y € O, + K3.
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e 2. Lety € O, := O,NK be v-integral. We prove the existence of a K,-rational point
P, = (x0,%0) € E(K,) whose y-coordinate is 3y € K such that yo =y (mod K3) (so
that €, (P,) = [y] € K/K3).

We claim that there are v-integral elements x1,y1 € O(,) such that y; =y mod K3
and 1 := y7 — (23 + bx1 + ag) = 0 mod m,,. From there we can check that that the
point?® (recall that —b = 32 € k*):

Py:=(zo, y1), where xg:=z1+f ) ©' > €0,
m2>=0

is a K,-rational point of E, since

w4 bzo +ag =23 + 2> (0BT + b+ 08 > (077" + ag

m>1 m2>=0
=af =8 > (0 ) b+ 6867 B+ Y (07 BT )Y +ag
m>=1 m>=1

=28 =8> (7' +br+n+b8 Y (7)Y +as

m2>1 m2=1
=3+ bxy +n+ag
=2 by definition of 7.

Proving the existence of z1,y; amounts to finding s,z; € F, := O,/m, such that
(y + 5%)2 = 23 + bry + ag. The change of variables z; = # 4 s> — 7'/3s (where the
reduction y € I, of y has a unique cube root since F,, is a finite field of characteristic
3) yields:

Y2+ 2ys® + 55 = (F+ 52 —7%)° + b (F+ 52 —7%s) + ag

which can be rewritten as a cubic plane affine curve C over F, in the variables s, Z:

—bs? + by'/%s = 7 4+ bF + ag — y>.

It is easy to see that this curve is non-singular. Therefore, its projective closure C' in
P%(F,) is an elliptic curve and so by the Hasse-Weil bound, we have

[C(E)| = [C(Fo)l =1 > [Fo| = 2[Fo|? + 1= 1= (JF,|'? - 1)> ~1>0

because we have |F,| > 4 (since we assumed |k| > 3 and |k| must be a power of 3).
Therefore this proves the existence of x1,1; € O, as desired.

2. We now consider the infinite place v = voo. Let (z,y) € E(K,) be such that y € K.
Recall that v, (ag) = —d < 0 is coprime to 3. We have

v(y?) = min{v(2® + bx),v(ag)}
B {—d if v(z® 4 bx) > —d,
B 3u(z) <0 else.

We split the analysis into 2 cases.

28Note that [n]v < 1 so that xo indeed converges in O,.
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o If v(y) = —d/2 then v(a® + bz) > —d (because otherwise v(y?) = 3v(z) = —d would
not be coprime to 3) so v(z) = —d/3. In fact, since d is coprime to 3 and v(zx) is an
integer, we must have a strict inequality v(x) > —d/3.

Therefore, we find

v(zdagt) > —d — (—d) =0
v(zagt) > —d/3 — (—d) >0

1 1

which implies that z3ag' = —bzag ' = 0 mod m, so (z° + bx)ag ' = (y*> — ag)ag' =0

and hence ‘ vlag ' = 1 mod m, | (and in particular ylag '€ O, is v-integral).

« Otherwise we assume that v(z3 + bx) < —d (so that v(y) < —$%), in which case
v(y) =: 3z < 0 is a multiple of 3 and v(z) = 2z. In particular v(z3 4 bx) = 62 < —d
so —3z > —4. From equation (3.4.29) we know that

v(y’) 2 min{v(z’), —d + 1} — v(y)
B {U(x’)—v(y) >22—-1-32=—2—-120 ifv(a)) < —-d+1,

(3.4.30)
—d+1—32>—d+1+%=—g+1 else.

Note that if v(z') < —d + 1, then we have an equality v(y') = —d + 1 — 3z.

From lemma 3.4.20 and part 1) of theorem 3.4.14, we know that y = y* + s3 for some
y* € k[t]\k,s € K. We may assume (without loss of generality) that the coefficient of
tJ in y* € k[t] vanishes if 3 | j, up to changing s. Since v (') = Voo ((y*)’) < 0, only
the second case can occur in (3.4.30), which means that deg(y’) = deg((y*)) < g -1,

and consequently | deg(y™) < 3| Moreover, we have

deg(y*) = —v(y*) = —v((y*)) +1=—(—d+1-32) + 1 =d + 32 = d mod 3.

(3.4.31)

In that case, observe that we have
v(y) = 3z = deg(y”) — d. (3.4.32)
Finally, it suffices to combine the various items to conclude the proof. |

We deduce the following consequence from theorem 3.4.14 and its proof.

Corollary 3.4.21. Let E : y? = 23 + bz + Ag be an elliptic curve over K := k(t) where k is
a finite field of characteristic 3. Assume that |k| > 3, that —b = 3% € k> is a square in k*
and that Ag € k[t] is a polynomial of degree d coprime to 3.

Then the Selmer group Sely(E/K) is contained in the image in K/K? of the set S(d) of
polynomials y € k[t] of degree D < d/2 such that:

o For every index j such that 3| j, the coeflicient y; of t in y vanishes, that is, y; = 0.
o If D < d/2 then D = d mod 3.
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o If D=d/2 then y*- Ag' =1 (mod t~1).

More precisely, the reduction map S(d) — K/K? is injective and its image contains
S¢(E/K) = Sely(E/K), which means that | Sel,(E/K)| < |S(d)]. J

Remark 3.4.22. If we take some element [z] € Sy(E/K) — K/K? where z € S(d) then
[2] € So(E/K,.) — K,_/K]_is equal to €, (P) = [y] for some P = (z,y) € E(K,_).
Let us write y = >, y;t € K, = k((t7™1)) and 2 = 3,2 2" € klt].

We have y = z + s3 for some s € K,,__ so that taking derivatives yields ¢’ = 2’ and so we
conclude that y; = z; for all indices j coprime to 3. 4

3.4.4 Conclusion on Tate-Shafarevich groups

We finally prove theorem 3.4.1.

Proof of theorem 3.4.1. — First of all, recall from equation (3.4.13) that the Tate-Shafarevich
group of E over K is trivial if and only if |E(K)/¢(E(K))| = |Sely(E/K)|. Thanks to
proposition 3.4.3.2 and since the Selmer group is a finite-dimensional F3-vector space (seen
as a subgroup of K/K3), we deduce that

_ rk(B(K))

II(E/K) = {0} <= dimg, Sels(E/K) 5

(3.4.33)
Under the hypothesis on b, we know that rk(E(K)) = 2 - 3™ by corollary 3.1.22. Also, note

that in each case the field of constants k = F32» has size > 3 so that the hypothesis from
theorem 3.4.14 is fulfilled.

1. Let n = 1. In that case, the statement was already proved (in two ways: using the
Es-lattice, or using the fact that |III| is always a square of an integer; see remark 3.4.2
and the discussion preceding it). We now give a third proof: first, d = 3" +1 =4 and
k =32 so S(d) = {ait + ast?® : a; € k,a3 = as } has size |k| -3 = 32"T1. Thus from
theorem 3.4.14 and remark 3.4.5 we get

rk(E(K))/2 = 3" = 3 < dimg, Sely(E/K) < dimg, (S(d)) = 2n + 1 = 3,
thus equality holds and consequently, we find that III(E/K) = {0} is trivial as claimed,
thanks to the equivalence (3.4.33).

2. Let n = 2. Then d = 3" + 1 = 10 so that S(d) = {ait + ast® + ast* + ast®
a; € k,a3 = as } has size |k|? - 3 = 3321 = 313, We get

rk(E(K))/2=3" =9 < dimp, Sely(E/K) < dimg,(S(d)) = 13,
which is not sharp, so we need further conditions on the elements of Sel,(E/K) to

conclude. For instance we cannot have as = a4 = 0 # ay since the degree (if < d/2 =5)
must be =d =1 (mod 3) by corollary 3.4.21.

By using the points (0, 4t%) € E(K) (which get mapped to £t° via ¢ = —aje : E(K) —
K/K3,(z,y) — [y]), we know that if [a1t + ast® + ast* + ast®] € Sy(E/K) then [ait +
ast? + aqtt] € Sy(E/K) because as € {£1,0} by the condition af = as.
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Let us take y* := a1t + ast? + aqt* € S(d) C k[t] such that [y*] € Sy(E/K) C K/K3.
Note that corollary 3.4.21 ensures that deg(y*) =d =1 (mod 3). We use remark 3.4.22
to get conditions on the coefficients a;, by distinguishing 2 cases:

e Assume that deg(y*) = 4. We have [y*] = [y] € K, /K3 _ for some P = (z,y) €
E(K,_). Moreover, equation (3.4.32) ensures that deg(y) = 6. Let us write y =
Z;’:_Oo y;t/ with y # 0. From remark 3.4.22, we know that y; = 0 whenever j < 0
is not divisible by 3.

Using lemma 3.3.2 applied to z := y* —t!* € K, = k((¢7')), we know that if
j >d/p=12/3 = 4is coprime to 3, then f; =0 (using the notation from this lemma).
This gives® ys = 0, yays = —1, yays = y3, which yields y» = y5° = —y3i. Using

remark 3.4.22, we deduce the relation as = —a3.

« Assume that deg(y*) = 1. We have [y*] = [y] € K, /K, _ for some P = (z,y) €
E(K,_). Moreover, by equation (3.4.32) we have deg(y) = —v(y) = d — deg(y*) = 9.
Let us write y =3, 9 y;t7 with yg # 0.

Using lemma 3.3.2 applied to z := y? — t1 we know that if j > d/p = 12/3 = 4
is coprime to 3, then f; = 0 (using the notation from this lemma). This gives
Ys = Y7 = y5 = Y4 = y2 = 0, so in particular yo = —y3 is also satisfied in this case.

All in all, we see that the Selmer group Sel,(E/K) injects in
S = {at + ast? + ast* + ast® : a; €k, ag =as, ag = —ai}

which is a space of cardinality |S'| = 3-|k|? = 317227 = 3% 50 we find dimp, Selys(E/K) <
dimp, (S’) = 9 and we can therefore conclude that III(E/K) is trivial by (3.4.33).

3. Let n = 3. Then d = 3™ 4+ 1 = 28 so that

Sely(E/K) < S(d) = {ait + ast® + ast* + ast® + art” + agt®+

+ a10t10 + a11t11 + a13t13 + (l14t14 ya; € k, CL:{’4 = a14}.

Let us find extra constraints on the coefficients a; of a polynomial y* := ait + ast? +
ast* +ast® +art" +agtd +arot' O+ a ittt +astP +aattt € S(d) € K whose class modulo
(K3,+) is in the Selmer group. Some steps are performed with SAGE [The21]; see the
files in the folder SAGE-Tate-Shafarevich-groups-in-characteristic-3 available at
https://gitlab.com/gauthierleterrier/maths.

As before, using the rational points (0, +t!%) € E(K), we may assume that a4 = 0.
Note that by corollary 3.4.21 we must have deg(y*) =d =1 (mod 3) (since we assumed
a1q4 = 0 so that deg(y*) < d/2), which implies that deg(y*) € {1,4,7,10,13}. In any
case, there is (z,y) € E(K,_ ) such that [y*] = [y] € K/K3. By equation (3.4.32), we
have vy (y) = — deg(y) = deg(y*) — 28. We distinguish several cases.

o When deg(y*) = 13, then deg(y) = 15. We get, from equation (3.3.6), y11 = —y35,ys =
0,y5 = —yi3, y2 = —y3,. Note also that y; = 0 for all j < 0 which are coprime to 3,
and y14 = 0. Further we get the following relations, using the fact that the element

29Gee the files in SAGE-Tate-Shafarevich-groups-in-characteristic-3 available at https://gitlab.
com/gauthierleterrier/maths.
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3 — The family y? = x3 + bx + b't"™

z = y* —t*® € K,__ satisfies z; = 0 for all j > d/p = 10 coprime to 3, thanks to
lemma 3.3.2:

Yis = —yi3 #0
Y12 = YioYis
_ 8 2 -3
Yo = (Y13 — Yio + Y7¥13) - Y13
(—y10Y5s + Yio + Yry10Y13 + Yayis) - Yis
—Z/%g + y%oyélgz - y7?f1)3 - yilo - ?ngfs + ?J4Z/10?J%3 + ylyiz) : ?Jl_?,5
16 3.8 9 10 5 . .3 3 3 -6
Y10Y13 T Y10Y13 — Y7Y10Y1s — YaYis + Y10 — Y7Y10Y13 + Yayryis + y1y10y13) “Yi3 -

Ye
Y3
Yo

=
=

We also have equations f; =0 for j € {1,2,4,5,7,8,10} using lemma 3.3.2. Let us
denote by f; the numerator of f; in k[y1, ..., y13] (i.e., we get rid of the possible powers
of 313 in the denominator). Using the above formulas for the y;’s when 3 | i, we get a
miraculously simple formula:

(—fs = fo-yds) + fio- vl = vio-wls- (—yf +0%7) = 0
from which it follows that either y;9 = 0 or y§ = b3y;. Using remark 3.4.22, we deduce
that the coefficients of y* also satisfy a1o - (a9 — b3a7) = 0.

e When deg(y*) = 10, then deg(y) = 18. Applying lemma 3.3.2 to z := y?> — % ¢
k((t71)) yields equations, from which we find y5 = ys = y11 = Y13 = Y14 = Y16 =
y17 = 0 together with y190 = —yfsl, Yo = yf83 = —y3, and

Y15 = y?"y%s
Y12 = Y2yls + yayis
_ 3.4 3 2
Yo = Y7Y1s — YaYrYis + Y1Yis
_ .45 2 3 3
Y6 = Y7¥Y1s + YaYis — Y1Y7Yis
_ .56 3 5 3
Y3 = Y7Y1s + YaYr Y13 — Y1Y4Yis-

Then the equation f1; = 0 from lemma 3.3.2 becomes y2y3s — yry3sh® = 0 so we get
again the relation y§ = b3y;. Using remark 3.4.22, we deduce that the coefficients of
y* also satisfy a2 = b3ay.

o When deg(y*) = 7, then deg(y) = 21. We know (since (y*)’ =y are equal derivatives,

or by remark 3.4.22) that y; = 0 for all j > 7 coprime to 3, and that y; = a7 # 0.

28

Moreover, using the equations from lemma 3.3.2 applied to z = y? — t?8, we get

y2 = y5 = 0. Moreover we find:

Yo = —y7

Yis = yays

yis = (—yi +yyr) - y7°

iz = (Y3 +y1yay7) -7

vo = (—yi — yiv3) - y7°
from which fi4 = 0 becomes —y8 + b> = 0 so again we get the relation (using
remark 3.4.22) a2 = b3ay.
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3.4 — Computation of some Tate—Shafarevich groups

o When deg(y*) = 4, then deg(y) = 24. Here we get y; = 0 for any j > 4 coprime to
3, so in particular ys = 0,511 = 0 = y13,y2 = 0 = y19 and y; = 0 (which implies
9 —p3
Yz yr).
o When deg(y*) = 1, then deg(y) = 27. Here we get y; = 0 for any j > 1 coprime to 3,

so the same equations as in the above item are still true.

All in all, we get an embedding of the Selmer group into a smaller subset®’ S’ of
polynomials:

Sel¢(E/K) — S/ =

3
14 aj; = —ays, ag =0,
i 3 _ — 0 . _ .9 _ _.3
E a;t! :aj €k, ajy=a1s, a; =0if 3] ; as=—als, az= —aj,
- 9 _ 13\ _
j=1 ayg - (a7 — b’ar) =

There are 9 possibilities®! for ay, 3 choices for a4, and all the other coefficients are

determined by ay,aq, a0, a13 € k. Thus |S’'| = 3|k|? - (|k| + (|k] —1)-9).
—

Henceforth, we obtain a10=0
a7 arbitrary

rk(E)/2 = 3" = 27 < dimp, Sels(E/K) < logs |S'| < 27.0948

which means dimg, Sely(E/K) = 27 = rk(E)/2. Thanks to (3.4.33), we conclude that
the Tate—Shafarevich group II(E/K) is trivial in that case as well! |

30Tdeally, it should embed into a subspace, but we are not sure whether the condition a2 = b3ar always
holds in the case where deg(y) = 15 (especially if aig = 0).

31In general, if an element b € F,. (for some odd prime p and some n > 1) satisfies Ng ,, /r, (b) = (-1t
then #{a € Fpen : a?’ =P a} = p®. Indeed, it suffices to show that any root a € F,, of the separable
polynomial X P x belongs to Fy2n, which can done following the proof of lemma 3.1.27.
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Chapter 4
The family y?> = x3 + b + b't™

In this chapter, we study how the rank of the elliptic curves y? = x3 4+ b+ b't™ over F(t)
behaves as we vary m > 1 and fix b,b" € F, where ¢ is a power of a prime p > 5. Interesting
sphere packings associated to the narrow Mordell-Weil lattice of these curves were obtained
in [Shi9l], when the characteristic is p = —1 mod 6. After computing the L-function of
these curves (theorem 4.1.2 from section 4.1) in terms of triple Jacobi sums, we can actually
recover the results from [Shi91] (see remark 4.1.11).

However, the case of characteristic p = 1 mod 6 was not discussed in the cited paper. We
show in section 4.2 (especially theorem 4.2.1) that under such a congruence condition on p,
the rank of the curves y? = 23 + b+ b't™ over F,(t) is uniformly bounded (by 68), and we
give more precise upper bounds in corollary 4.2.23. This is done by analyzing which Jacobi
sums (appearing in the L-function of these curves) are pure, i.e., some non-zero power is
an integer (see definition 4.2.5), using Stickelberger’s theorem 1.4.22. This gives us more
information about the geometric rank of these curves, which happens to be equal to the
rank of the curve over Fp2160(t) (see theorem 4.2.1).

Let k be a finite field of characteristic p > 5, let b,b' € k™ and m > 1 be an integer. Let
E,, 1 be the elliptic curve over k(t) given by the short (affine) Weierstrass equation

E oy iy’ =%+ b+ bt (4.0.1)

m

It is a Delsarte elliptic curve in the sense of definition 1.3.36, when m is coprime to char(k).

When k£ = [, has g elements, we consider the narrow Mordell-Weil lattice L;n,b’b,,q =
E], 4 (Fq(t)?. These lattices were considered for b = &' = 1 and some values of m, ¢ in

[Shiol].

The j-invariant of £}, ;, is 0. In particular, E}, ; ;, is isotrivial (but it is not trivial over
k(t), see remark 4.2.2). Moreover, the Birch-Swinnerton-Dyer conjecture 1.3.34 holds for
E;, v over k(t), either by theorem 1.3.35 (or by theorem 1.3.40 when m is coprime to
char(k)).

We remind the reader that a list of symbols can be found at the end of this work, on
page 239. In particular, we will use the notations from definitions 1.4.1, 1.4.5 and 1.4.15;
for instance k; denotes the extension of degree j > 1 of a finite field k.
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4 — The family y? = x3 + b + b't™

4.1 - L-function of E7, , ,,

We use the notation from section 1.4, especially definitions 1.4.1 and 1.4.12.

In order to state the main result about the L-function of E, , ,/, we introduce the following
notation.

— #h

Definition 4.1.1. 1. When 3 | #kJ, we let 15, € k[3] be the restriction of © 3 to kX,
where © denotes the Teichmiiller character. In other words, v¢_ has order exactly 3.
(We have v, = 0, 31, see also remark 1.4.19).

2. Assume that |k| = 1 mod 3, so that 1y exists for every s > 1. Given € € {£1}, we define
maps

O/b’b/’e : |_| és; — CX
s>1 (4.1.1)
X €S A ()X (=00 )g (D) T (P5,, X, Ak.)-

3. For e € {£1}, define

X(m,e) = Z/mZ ~ {0} if 64m
e Z/mZ~ {0,e%8} if 6] m. ’

An explicit expression of the L-function is now given in the following result, which will be
proved in subsection 4.1.2 in the case where |k| = 1 mod 3 and subsection 4.1.3 in the case
where |k| = —1 mod 3.

Theorem 4.1.2 (theorem F). Let k be a finite field of characteristic > 5, let b,b’ € k*
and m > 1 be an integer coprime to |k|. Let E, ,,, be the elliptic curve over k(t) as in
equation (4.0.1).

1. If |k| = 1 mod 3, then we have

L(E’:n,,b,b//k(t)v T) = H H (1 - ag,b/,e(eku(r),m,r)Tu(r))
ee{x1} [rleX (m,e)/(|k])*

where u(r) := k| (r) (see section 1.4), X (m, €), ay,,  are as in the above definition 4.1.1
and where [r] denotes the orbit of r € Z/mZ under the action of the multiplication of
the powers of |k| on Z/mZ.

2. If |[k| = —1 mod 3, then we have'

L(E"/’n’b’b,/k(t% T) = H (1 - ag,b/,l(ekQu(r)’myT‘)TZU(r))
[rleX (m,1)/(|k2])*

where? w(r) := wjj,| m (7). J

!'Notice that we have |kgy ()| = 1 mod 3 for all r, so that @by 1 Ok iy m,r) is well-defined (namely, the
character vy,, ., of order 3 on kay () = k;(r) does exist, where k' := k»).
*Note the difference with the case |k| = 1 mod 3 where we had set u(r) := w|,»(r) (and not u(r) :=

u|k2|,m(7n))'
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4.1 - L-function of E; , .,

Remark 4.1.3. 1. When m is not coprime to p := char(k), one may use the (proof of the)
second item of proposition 1.3.46 to determine the L-function of £}, over k(t). More
precisely, let v, (m) be the p-adic valuation of m and set m; := m/p’ (™). Let by, b} € k*
be the unique elements such that bf%(m) = b and b} ey (recall that the p-th power
Frobenius map is a bijection on k; when b,0" € F we may take by = b and b} = b').
Then the Frobenius morphism Frgp(m) DB by~ B is an isogeny over k(t), so

the curves have the same L-function. In particular (by proposition 1.3.41 or because
E,, .y satisfies BSD conjecture 1.3.34), they also have the same algebraic rank.

2. When [k| = 1 mod 3, the (analytic) rank of £}, over k(t) is always even. (This is not
true if |k| = —1 mod 3: when k = F5,m = 2,b =b' = 1, the rank is 1).

Indeed, observe that for every multiplicative character x, we have o, ,, _1(x) = a4 1 (X),
where - denotes the complex conjugation. Moreover, we have ekum,mm = eku(r>,m,—r
(and u(r) = u(—r)) and r € X(m,—-1) <= —r € X(m,1). Thus, we have
1 (Okyy mr) = |k[“(") (i.e., this index r € X (m,—1) has a contribution of +1
to the analytic rank) if and only if o}, 1 (Ok,(,)m.—r) = |k,

3. As we have explained at the beginning of the proof of proposition 1.4.26, the coeffi-
cient aj, s (0, (,,,m,r) appearing in theorem 4.1.2 does not depend on the choice of a
representative r of the orbit [r] € X (m,e€)/{|k])*. 5

4.1.1 Reduction types and local term at the infinite place

The places of bad reduction of E;m,%b/ are easily analyzed using Tate’s algorithm; the results
are actually already given in [Shi9l, lemma 3.1].

Proposition 4.1.4. Consider the elliptic curve E,, ., over k(t) as in equation (4.0.1).
Assume that m is coprime to char(k). Then the discriminant of the given Weierstrass
equation is —16 - 27(b't™ + b)?, and the bad places are given as follows.

o Atplacesv | (b't™+b), the reduction type of By, , is1L, so that ¢, = 1,v(A,) = 2, f, = 2.
Moreover equation (4.0.1) is a minimal integral Weierstrass model of £}, ,, at v.

e Atv=o00, let 7 :=t"1 and a := [m/6]. Then the change of variables (x,y) — (Z,9) =

2a

(w222, w3%y) gives a minimal integral Weierstrass model §j? = &3 + br®® + /752" at v.

Morever the reduction of E, ,, is:
— good if m =0 (mod 6).
— type II* if m =1 (mod 6), so ¢, = 1,v(A,) =10, f, = 2.
— type IV* if m =2 (mod 6), so v(A,) =8, f, =2 and ¢, = 3 if I/ is a square in k.

— type I§ if m =3 (mod 6), so v(A,) =6, f, =2 and ¢, = 4 if —b’ has 3 cube roots
in k.

— type IV if m = 4 (mod 6), so v(A,) =4, f, =2 and ¢, = 3 if V' is a square in k.
— type Il if m =5 (mod 6), so ¢, = 1,v(A,) =2, f, = 2.

o All other places v are of good reduction, so that ¢, =1 and f, = v(A,) = 0.
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4 — The family y? = x3 + b + b't™

In particular, the degree of the minimal discriminant is deg (Amin( bt/ k(t))) =2m+
2e = 12[m/6] and f(E}, ;; /k(t)) = 2m + 26, where € € {0,...,5} is such that e =6 —m
(mod 6), and § =0 if 6 | m and § = 1 otherwise. J

We state some more properties of F ,,, as given in Shioda’s paper [Shi91].

Proposition 4.1.5. Let E}, ,;, and k be as in proposition 4.1.4 (in particular, we assume
that ged(m, char(k)) = 1).

1. The curve E,, ,,, is isotrivial; in fact it has a constant sextic twist.

2. The torsion subgroup of E, . (k(t)) is trivial.

3. The index of the narrow Mordell-Weil lattice E,, , ,,(k(t))° in E}, . (k(t)) is equal to
Coo (B 10 /K(1))- ¥

Proof. — 1. We have already seen that £}, is isotrivial since its j-invariant is 0. If we

let u € k(t) be such that uS = b't™ + b then the change of variables (z,y) — (2' =
zu=?,y" = yu~?) shows that E ,,, is a sextic twist of the constant curve w® = 2% + 1.

2. This is [Shi91, proposition 3.7].
3. This is [Shi9l, corollary 4.7 and equation (3.5)]. [

Consider the local term at v = oo given by equation (1.3.9) (for any s > 1):

Apr /(OO, ks) = |ks| +1— |(E7In,b,b/)00(k8)|~

m,b,b

When 6 | m, it can be expressed via Jacobi sums (introduced in definition 1.4.5).

Proposition 4.1.6. Let m > 1 be coprime to char(k). Then for every s > 1, we have
Ap: (00,ks) =0if6{m, and if 6 | m we have

Ap (0o k) = =Ae (V) D D)) -

—

ek [3]~{1}

b,b’

Proof. — First, we note that the minimal integral Weierstrass model of E := E;mb’b, at oo
is y? = 23 4 br% 4+ ¥/ 702~ where 7 :=t~!, a := [m/6]. By proposition 4.1.4, we know
that E has additive reduction at oo if 6 4 m, and good reduction otherwise. In particular, if
6 1 m then we get A(oo, ks) = 0 for every s > 1.

When 6 | m, then the reduction E’_ is y? = 2® + b, which implies that
_ 3 /
Ap; (00, ks) = > Ak (@ + 1)

rE€ks

— Z Z\: Az + 0 )p(2")

/7
TR ek X [3)

=) ST,

pek[3]

Finally, we may run the sum over those characters ¢ that are non-trivial, since a Jacobi
sum involving exactly one trivial character is 0 by proposition 1.4.6. |
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4.1 - L-function of E; , .,

Let us assume that m is coprime to char(k). From proposition 4.1.4, we know that
equation (4.0.1) is a minimal integral model of E], ,,, at every place v # oo. Therefore,
proposition 1.3.29 yields

log L(Ey, b4/ k(t) Zcmbb/(s (4.1.2)
s>1
where ¢y, 1 () = Apr o (00, ks) — Z M, (@ + 0+ 0't™). (4.1.3)
. x,t€ks

We can express these coefficients ¢, 4 (s) in terms of Jacobi sums.

Proposition 4.1.7. Let k be a finite field of characteristic p > 5, fix b,b' € k™ and let m > 1
be coprime to p. Then for all integers s > 1 one has:

b (8) = =Mk (D) D X (=D ") (=D) T (x, 1, Ak,)- ¥

Xvn:]l:d}?)
X XPAFEL

Proof. — We first study the following sum (using proposition 1.4.3):

37 A (@ b+t = Z ST b+ V)X ( ()

x,t€ks xek/\[ ]z 2 Ekg

pekl (3]
' = —ba" 2 = b | > Z ST ON(=ba” 4 bbb 2" )x(—b2")ib(—ba")

xEk/\[ ]m 1z €kg

pekX[3]
o=aa =V = A () YD X TY(-b) S A=z 1 2)x(2)v(x)
X z,2€ks
x€k; [m]
Yek[3]
=X, (0) Y X (=0 THY(=b) T (x, ¥, Ak,)-
x€kZ [m]
Yekl[3]

Note that this sum is 0 if 3 t #k, because in that case ¥ has to be the trivial character
and the corresponding Jacobi sum vanishes. Moreover, we may run the sum over those
characters x, 1 that are non-trivial, since a Jacobi sum involving a trivial character and the
Legendre symbol (which is non-trivial) is 0 by proposition 1.4.6.

We note that when xyA = 1 and x,¢ # 1, then J(x, ¥, \e.) = —x(=1)J (¥, \.) by
proposition 1.4.6. If ¢ # 1, then 1 has order exactly 3, so that x = ¥»~!\ has order exactly
6 = lem(3,2) in which case we have 6 | m.

In other words, we have (using the identity y(—bb'"1) = ¢p"IA(—=bb'~!) when xA = 1)
M0 ) A (@ 00T

z,t€ks
= X )\ks(b)’l)\ks (3 +b+0t™) + > A0 A (@ b+ b
7"’—]1_ Xm:]l:w.?)
w X xw/\ﬂ P, xAL,xp =1
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4 — The family y? = x3 + b + b't™

= ) x0TI 068, Ak) = Tgim Y ABY (=) T (1, Ak,).-

X" =1=y> PP=1#y
X XYAFEL

Finally, we get (using the identity A(b'~1) = \(b'))

D M (@b FVET) = N () Y x (=0T (=b) T (x, ¥, A,

x,tEks szl:d)S
P XOXPAFEL
—Tgpm - >, AB)Y(=V)T (W, Ak,).
YB =11
Combining this with proposition 4.1.6 finishes the proof. |

4.1.2 Case|k| =1 (mod 3)

We now assume that |k| = 1 (mod 3). In this case, the character ¢_ of order 3 (from
definition 4.1.1) exists for every s > 1.

For every s > 1, we have from proposition 4.1.7:

Cmbpr () = Ak, () D > X(=b" )5 (=b) T (x, Y., Ak.)

ec{£1} x"=1
XFLXF Ak Uy

Z Z O[;J,b’,e(X)

ec{£1} XGk [m]

XALXANe Py ¢
using the notations from definition 4.1.1.

Now, the map ag’b,)e satisfies the two hypothesis from proposition 1.4.26, thanks to the-
orem 1.4.7 and proposition 1.4.6; this is very similar to the beginning of the proof of
theorem 3.1.3 on page 124. To check the first hypothesis, note that |k| is odd so )\‘kksl = Ak,
and |k| = 1 mod 3 implies (15 )I*¥l = ¢ | for all s > 1 and € € {£1}.

Using equation (4.1.2), the above expression for ¢, 4 (s) and proposition 1.4.26, we deduce
the result from theorem 4.1.2 in the case where |k| = 1 mod 3. Note that when 6 | m, the

character x := g, - 4, © € ks'[m] is the restriction to & of the character

x| (L_€ 3—2¢ x| €
olk: (3-5) = 6 =0lkls

where the last equality can be checked for the two cases e = +1 and € = —1 (recalling that
Ok 1 is trivial on kX). This is why we removed the element em/6 € Z/mZ in the definition
of X(m,€) when 6 | m, since the above expression of ¢, 51 (s) requires x # A, 9. €

4.1.3 Case|k| = -1 (mod 3)

We now assume that |k| = —1 (mod 3). In this case, we have ¢(s) =0 for all odd s > 1, by
proposition 4.1.7, since there is no character of order exactly 3 on k) for all odd s > 1. Let
k' = ko be the quadratic extension of k.
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4.1 - L-function of E; , .,

Remark 4.1.8. If |k| = —1 (mod 3), then for every s > 1, the characters Ay, and vy, are
trivial on k*. Since b,b" € k, we deduce that

a;),b’,e(X) = X(ibb/_l)‘](wz; » X )\kg )7
which implies that the L-function will depend at most on bb'~! and not on both b,b’. .

Thus if we set ¢;,, ;1 (5") = cmpp(25") for all s" > 1, we have, in view of equation (4.1.2):

’

T3 T25
log L(E, m,b, w/k),T) = Z Cm,b,b'(s)? = Z Clm,b,b/(sl)TS,-

s>1,5s=2s’ even s'>1

For all s’ > 1, we have by proposition 4.1.7

by (8) = Cmppr (28') = =M (b)) D x(=0THYE (S0 T (ks Ak,
ez}  x"=1
x#1, /\k/lw E/

Z Z a;;,b’,e(X)'

ec{£1} xM=1
ALY
s’

—

Here we consider the restriction of oy, . to the characters in k™ = kj:
Qe |_| k> — C*.
s>1
Therefore, if we write u(r) := u|k/‘7m(r), we get, following the proof of proposition 1.4.26:

log L(Epy 0 K0, 1) = Y ()= = 3 3 Y a0

5’21 ce{£1}s’>1 xm=1
XALY ¢
s/

’

TQS
Z Z Z aé,b',e(ek;,,m,r)TS,

ee{x1} reX(m,e) s'€u(r)Zso

V(T2u(r))11
2 2 2 bl )

ec{*1}reX(m,e)v=1

1
=3 Z Z log (1 — af,vb,’ (Qk/( m )TZU(T)).

ee{£1} [rleX (m,e)/(|IK'])

This yields the following intermediate result.

Lemma 4.1.9. Let k be a finite field of characteristic > 5 such that |k| = —1 (mod 3). Let
b, b € k* and m > 1 be coprime to char(k). Let k' = ko be the quadratic extension of k.
Then we have

L(E}, 4 /k(t), T)? = H H (1- ag,b’,e(ek;(,‘),m,r)TQu(T)) (4.1.4)

ee{£1} [rleX (m,e)/(|K])

where u(r) = wjr| m(r)- J
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4 — The family y? = x3 + b + b't™

We explain how to express the L-function itself and not just its square. Fix € € {£1}.

o First of all, for any finite extension F' of k' = ko and any character x € ﬁ, we get from
proposition 1.4.6

G(Wr)G(Ar)G(X)
GWHArX)

J(X: V5, Ar) = = J(%, Ar) - J(WEAF, X) (4.1.5)

whenever x # ¥z“Ap (and we have Y5 Ap # 1 anyway).

Since we assumed that |k| = —1 (mod 3), then we can apply Hasse-Davenport relation
and Tate-Shafarevich theorem 1.4.8 to study the Jacobi sum J (wzmm s Mk )y Where
u(r) = w|gs|,m(r). Consider the following field extensions:

ku('r’) C k2u(r)

U U
k C ko
We have
J(wiwr) ) )\k2u(,,)> = J(T/Jlecz o NkQu('r‘)/kQ’ Ak, © NkZu(T)/kZ) proposition 1.4.17
= _( - J(z/’legy /\kQ))u(T) theorem 1.4.7
= _(_|k|)u(r) theorem 1.4.8

where the last step uses Tate—Shafarevich lemma and the fact that the restrictions of
Y, Ak, to kX are both trivial (the triviality of ¢, on k* requires® the assumption
|k] = —1 (mod 3)). In particular, J(@/},@Qu(r),)\km(r)) is always an integer when |k| = —1
(mod 3), hence a real number, that is: it is invariant under complex conjugation.

o Secondly, we claim that if ¢ := |[k| = —1 (mod 3) then

T, Mg x) = T(Wf Mk, X°) (4.1.6)
for any character x : k. — C* of order dividing m (i.e., x € k/g;[m]), where g :=
(—¢)~! mod m (recall that we assume that ged(m, char(k)) = 1).

Indeed, we first note that y(z) = x~(z) = x99 (x) = x?(z?) for every x € k), since

s
g-q = —1 mod m. Moreover, we have \X? = A = \~! since ¢ is odd, and ¥7 = )1 since

¥ € kX has order 3 and ¢ = —1 mod 3. Therefore, (1)\)? = (1)°\)~! and hence

J (g Akyy x) = Z (¢Zg>\k;)71(1 —z)-X(z)

wek’,

- Z (¢I€c’5)\k;)(l —29) - x9(x7)
wek!,

= 3 Wi —a) @)
x' €k’

= J (Vi Aw X7)-

3Indeed, if |k| = —1 (mod 3), then the map kX — k* given by = — 23 is injective and hence surjective, so
that all elements of k are cubes, which implies that 1y, is trivial on k*.

200



4.1 - L-function of E; , .,

Observe that g, (—b) = 1 since b € k* and 1, is trivial on £* whenever |k| = —1 (mod 3).

—

As a result of the above two items, for every x € k.*[m] we get, using remark 4.1.8:

a;;,b/,e(X) = y(fbb’_l)J(zng’ )\kg) : W by equation (4.1.5)
= Xg((_bblil)q)J(lblifs, Akr) - J(¢;§;>\k;,><9) by equation (4.1.6)
= (X9) (since b,b’ € k*).

where g := (—¢)~' mod m and ¢ := [k|. Note also that aj,, _;(x) = @} 1(X), where
denotes the complex conjugation. Therefore, we get

H (1- O‘é,b’,fl(ek;(T‘),m,r)TQu(T))
[rleX (m,—1)/(IK"])
- H (1 a ag’b/’l(elzil(r>vm,r)T2u(r))
[rlE€X (m,=1)/Ik"])
- H (1 - Oé?,,b/’l(9;5’(”7%7’)]“2”(7"))
[r]€X (m,—1)/{|K'])
= I G- me)TO)

[rleX (m,—1)/{|k'|)

= H (1 - a§)7b/’1(Hk;‘(r/>7m,r/)T2U(T ))7
[r]eX (m,1)/(|k])

where u(z) = ug2 () and we have set ' := ¢~ 'r (mod m) in the last line. Note that
¢ ! = —1 (mod 6) (since q := |k| is odd and ¢ = —1 mod 3), so we have ¢~ ' X (m, —1) =
X(m,1).

Henceforth, from equation (4.1.4) we get

L(Ep, 4 [K(1), T)? = 11 (1- ag,b,vl(ek,( )7m’T)T2u(r))2
[rl€X (m,1)/(|k’])
Because the L-function has a constant coefficient equal to 1, we finally conclude
0.1 = T (a7
[rl€X (m,1)/(|k])

which finishes the proof of theorem 4.1.2 in the case |k| = —1 mod 3.

4.1.4 Some consequences and sphere packings

In characteristic p = 1 mod 3, we cannot apply Tate—Shafarevich theorem 1.4.8 to get large
analytic rank of E; ,,, over IF(t), since the character ¢, ., appearing in the L-function
(see theorem 4.1.2) is not trivial on k = F,. In fact, the rank will actually be bounded when
m > 1 varies, as we will show in theorem 4.2.1.

However, when k has characteristic p = —1 mod 3, we can recover Shioda’s result from
[Shi91, theorem 1.2].

Corollary 4.1.10. Let p > 5 be a prime and m > 1 be an integer coprime to p. Assume that
there is some integer v > 0 such that p* = —1 mod d(m) where d(m) := lem(6,m). Let
k =TFp20 and let b,b' € F.
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4 — The family y? = x3 + b + b't™

Then the (analytic) rank of E,, , ,, over k(t) equals

_J2m—4 if6|m
PZam—2 if6tm

and the L-function is L(E,, ,,//k(t)) = (1 — |k|T)?. In particular, the geometric rank of
E,, vy is equal to p. J

m,

Proof. — From theorem 4.1.2, using the fact that |k| = p* =1 mod 3, we know that the
analytic rank is

PEnau k) = 30 # {1 € X0m) [qig) + 0 Brugmr) = "7}
ec{£1}
where u(r) := ug| m(r) = 1 for all 7, since p* = —1 mod m.

Let k' :=F,» C k and fix r € X(m, €). The assumption implies that p* = —1 mod 3 so it
forces v to be odd (and p = —1 mod 6). By the second item of lemma 1.4.30 (applied to
d=m and ¢ = v), we know that if  # m/2 when m is even, then 0y ,, , is trivial on &', so
kam,,«(fbb’_l) = 1. If m is even and r = m/2, then 6y ,,, , = Ay is the Legendre symbol,
and b,0’ € k' are necessarily squares in k, so we also have that 0y, ., , is trivial on k' (so
Okm,»(—bV'~1) = 1) in that case. Moreover, we always have A\, (b) =1 since b € k'

Finally, since p* = —1 mod 3, any element of . is a cube in F,.; in particular —b is a
cube in k' and hence in k. Because v has order 3, it follows that Wy, is trivial on k’; in
particular ¢ (—b) = 1. Therefore we find

&y Okmr) = J(Wf 5 Okmr 5 Ae) = GOR) - GOkmyr) - G(Ak) - G(x) 7, (4.1.7)

where X 1= v, - Ok i - A is non-trivial since r # em/6 if 6 | m (recall that » € X (m,¢€)), so
we have been able to apply proposition 1.4.6. From the above discussion, we have seen that
the four characters 95, ; Ok m.» ; Ar and x are trivial on k’. Therefore, Tate-Shafarevich
theorem 1.4.8, together with (4.1.7), imply that aj, , (Ok,m) = |k| for all r € X(m,e).
Therefore, we find*

P(E, by /F(t) Z #X(m,e)

ec{£1}

since |k| = p?” = 1 mod m acts trivially (by multiplication) on Z/mZ. Therefore, we get
the claimed formula for the rank (recall also that £, , ,, satisfies the Birch-Swinnerton-
Dyer conjecture 1.3.34, so analytic and algebraic ranks agree).

The asserted expression of the L-function is also clear from here. Finally, the geometric rank
must be equal to r, as it can be seen by repeating the argument with any finite extension
k,, of k (the key point is that |k,| =1 mod lem(3,m)). Alternatively, one may argue using
the bound (1.3.12) from remark 1.3.33: we have p(E,, , . /k(t)) = f(E,, ) — 4, using
proposition 4.1.4. |

4Similarly, using theorem 4.1.2, we find p(E!, mbb [ Fpv |X m, 1)/<p2V | = |X(m,1)|.
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4.1 - L-function of E; , .,

Remark 4.1.11. We can recover some results from Shioda’s work [Shi91], and give more
computations for the packing densities of these Mordell-Weil lattices L,/,n’b’b/,pge, where
p® = —1 (mod lem(6,m)) and b,b’ € F,.. Note that p® = —1 mod 3 ensures that any
element in Fj. (for instance —b') has 3 cube roots, and moreover we know that b,
are squares in k := Fj2.. Thus the Tamagawa number cy of E}, ,;, at v = oo is as
indicated in proposition 4.1.4. From corollary 4.1.10 we know that L*(E}, ;. /k(t)) = 1
and proposition 4.1.5 ensures that E;, , ,/(k(t)) is torsion-free. Thus, by proposition 2.1.1,
we get a lower bound on the center packing density of L;n,b,b’,p% given by

(A/24)72
/2. || A/24-1/2

6( /I’n’b7b/’p2(i) =

where A := deg (Amin(E;n7b7b,/k:(t))) is given in proposition 4.1.4 and r :=rk(L], , 1/ o)
is given in corollary 4.1.10. In particular, when 6 | m, we get A = 2m,r =2m — 4,c5 = 1
so that
S s m12
m,b,b’,p2e) & p2e(m/12-1/2)"

When the rank r goes to infinity, the (non-normalized) packing density satisfies an asymptotic
lower bound

— L (1+0(1
D( ;n,sz’,er) >r 12( —+o( ))’

which is consistent with theorem 2.3.1, since by proposition 4.1.4 the Szpiro ratio of Eq/n’b’b,
tends to 1, and by corollary 4.1.10, Brumer’s bound is asymptotically achieved. It can be
improved in some cases using better lower bounds on the size of the Tate—Shafarevich group,
see remark 2.3.6.

Here are few examples of dense Mordell-Weil lattices L;mb’b/’p% where b,b" € F,., when p
is small and e = 1 (see also remark 3.5 in [Shi91]):

’ m ‘ p ‘ rk(LITn,b,b’,pz) ‘ 6(L;n,b,b’,p2€) ‘
2 2 ﬁ = §(Ap)
3 4 $ =6(Dy)
4 |11 6 a5 = 0(Fs)
6 | 5 8 15 = 0(Es)
5 |29 8 15 = 0(Es)
12 | 11 20 L < 6(Ag) = 1

When p = 17, m = 18, the 32-dimensional narrow Mordell-Weil lattice has center density
log,(d) = 1.184, a bit worse than the Quebbemann lattice Q32 which has log,(d) = 1.359.

Here is a table giving more examples of dense Mordell-Weil lattices L;n’b,b,’p% where
b,b e ]F;e. In some dimensions, they are the densest sphere packings known so far in their
respective dimensions if the rank is < 980 (in particular, they have a greater density than
Keith Ball’s lower bound from theorem 1.2.16; in dimensions 1004,1016 and 1040 they still
achieve a density greater than Minkowski’s lower bound from theorem 1.2.15).
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4 — The family y? = x3 + b + b't™

’ m ‘ D ‘ e ‘ rank ‘ log,(8) > ‘ ’ m ‘ D ‘ e ‘ rank ‘ log,(6) > ‘
21 41 |1 40 2.9273 210 | 419 | 1 | 416 562.7234
24 | 23 |1 4 8.4293 216 | 431 | 1 | 428 | 586.0599
30 | 29 | 1] 56 17.5821 222 | 443 | 1 | 440 | 609.5979
36 71 1 68 23.14 225 | 449 | 1 | 448 | 624.5446
38 | 113 |1 | 74 25.1586 228 | 227 | 1 | 452 | 670.4493
42 | 41 |1 80 40.1489 234 | 233 | 1| 464 | 695.3742
48 | 47 | 1| 92 53.1179 240 | 239 | 1 | 476 | 720.4851
54 | 53 | 1| 104 67.0127 252 | 251 | 1 | 500 771.2461
57 | 113 | 1 | 112 67.6464 258 | 257 | 1| 512 | 796.8875
60 | 59 | 1| 116 81.728 264 | 263 | 1 | 524 | 822.6976
63 5 | 3] 124 81.8269 270 | 269 | 1 | 536 | 848.6723
69 | 137 | 1| 136 96.6991 282 | 281 | 1| 560 | 901.1013
72 71 | 1| 140 | 113.3002 294 | 293 | 1 | 584 | 954.1469
80 | 239 | 1| 158 | 118.2773 312 | 311 | 1 | 620 | 1034.817
84 | 83 | 1| 164 | 147.3276 318 | 317 | 1| 632 | 1061.9892
87 | 173 | 1 | 172 | 144.9078 348 | 347 | 1 | 692 | 1199.8503
90 | 89 |1 | 176 | 165.1461 354 | 353 | 1| 704 | 1227.8059
96 | 191 | 1 | 188 | 168.3386 360 | 359 | 1| 716 | 1255.8843
99 | 197 | 1| 196 | 179.6185 384 | 383 | 1| 764 | 1369.3844
102 | 101 | 1 | 200 | 202.2149 390 | 389 | 1 | 776 | 1398.0466
108 | 107 | 1 | 212 | 221.4071 402 | 401 | 1 | 800 | 1455.7034
114 | 113 | 1 | 224 | 241.0047 420 | 419 | 1 | 836 | 1542.9947
126 | 5 | 3| 248 | 281.3317 432 | 431 | 1| 860 | 1601.7081
132 | 131 | 1 | 260 | 302.0242 444 | 443 | 1 | 884 | 1660.8235
138 | 137 | 1 | 272 | 323.0477 450 | 449 | 1 | 896 | 1690.5285
147 | 293 | 1 | 292 | 334.3288 462 | 461 | 1 | 920 | 1750.2265
150 | 149 | 1 | 296 | 366.0307 468 | 467 | 1 | 932 | 1780.217
168 | 167 | 1 | 332 | 432.6609 480 | 479 | 1| 956 | 1840.475
174 | 173 | 1 | 344 | 455.4031 492 | 491 | 1 | 980 | 1901.0946
180 | 179 | 1 | 356 | 478.3959 504 | 503 | 1 | 1004 | 1962.0669
192 1 191 | 1 | 380 | 525.0997 510 | 509 | 1 | 1016 | 1992.6828

1 1

198 | 197 392 | 548.7956 522 | 521 1040 | 2054.1686

4

Remark 4.1.12. The elliptic curves E : y? = 2% + t?" — ¢ over Fe.(t) from [GU20] have
narrow Mordell-Weil lattices with the same lower bound on the packing density as the
lattices Li. ;4 y2¢, When p® = —1mod 12 (and the same rank, namely 2(p® —1)).

Note that they are both sextic twists of the same constant curve (in particular both are
isotrivial), but it does not mean that those two curves are sextic twists of one another (they
are only twists of each other over a compositum LL’ where [L : K| = [L' : K] = 6). The
two curves £/ and Ej. ;1 are not isogenous over K since their conductors are different
(they do not have the same places of bad reduction, as v := t = 0 shows). However the
degree of the conductor is the same in both cases (namely 2(p® + 1)). -
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4.2 — Bounded ranks in characteristic p = 1 mod 3

4.2 - Bounded ranks in characteristic p = 1 mod 3

We have seen in corollary 4.1.10 that in given characteristic p = —1 mod 3, the rank of
E], 4 over” Fpee(t) (hence over Fy(t)) can get arbitrarily large as we vary m > 1. The
situation is not the same when p = 1 mod 3. In this section, we are going to prove the

following result (see subsection 4.2.3).

Theorem 4.2.1 (theorem G). For any finite field k of characteristic p=1 (mod 3), for all
b, b € k™ and all integers m > 1 (not necessarily coprime to p), the rank of the elliptic
curve E;n’byb, cy? =23+ b+ bt over ka160(t) is equal to its geometric rank and is at most
68 (where k, C k denotes the extension of degree n as in definition 1.4.1).

Moreover, if m is divisible by 360, then the rank of the elliptic curve E, , ,, over kaieo(t) is
equal to 68. a

Remark 4.2.2. « Equivalently, by proposition 1.3.46, this means that the curve y? = 23 +
b+ b't3% has rank 68 in the "Kummer family" of function fields Fzico (t!/ ™ for all
m’ > 1, whenever p = —1 mod 3.

e The geometric rank does not depend on the coefficients b, b’ by remark 1.3.39.

o To our knowledge, this is the first explicit example of an (isotrivial) elliptic curve with
constant non-zero rank on this Kummer family of function fields of positive characteristic.
At the end of [Ulm07a, §6.6], it was conjectured that for all primes p there are elliptic
curves® over F,(t) which have bounded Mordell-Weil ranks in the "tower" F,(t1/9). Tt
was proved for p € {2,3,5,7,11} in [Ulm07a, theorem 6.2] with (non-isotrivial) curves of
rank 0. The work [Berl2, theorem 1.2] seems to answer the conjecture from [Ulm07a,
§6.6], but here the (non-isotrivial) curves given in that work have rank 0.

e Note that theorem 4.2.1 involves the isotrivial elliptic curve E;%b,b/, which is not trivial
over k(t*/™), for any m > 1 coprime to char(k). Indeed, it is trivial if and only if there
is some u = § € k(t) such that 1+ t™ = u5, where f, g € k[t] are coprime. This yields
g%+ (14+t™) = f5 € k[t] so that for all non-zero prime ideals p < k[t], the p-adic valuation
of 1+ t™ is divisible by 6 and is non-negative. This means that 1 + ¢™ = u5 for a
polynomial u(t) € k[t]. Then taking derivatives on both sides yields 6uu’ = mt™~! so
that the only factors of u(t) are powers of ¢, i.e. u(t) = at? for some o € k* and d > 1.
But then the equality 1 + ™ = u(t)% does not hold (as evaluating at t = 0 shows). .

Remark 4.2.3. The work [Shi86, theorem 1] provides an algorithm to compute the geometric
rank of any Delsarte elliptic curve (see definitions 1.3.11 and 1.3.36), as we will explain
later in remark 4.2.33.

In particular, it is proved that y? = % + 1 + t™ has rank < 68 over C(t), and this is an
equality if and only if 360 | m; see [SS19, theorem 13.26] and [Heill, §4.1, p. 26]. This
holds also over F,(¢) provided that p = 1 mod lem(6,m) (see the works [Usu01, p. 65] and

SWhat matters here is the characteristic, not the size of the base field, which is p>¢ = +1 mod 3 here!

Non-isotriviality is probably assumed, or at the very least non-triviality over Fy,(t!/%) for any d > 0. If we
take B’ : y? = 2° + ¢ over F,(t), then E’ is isotrivial and not trivial, but it becomes trivial over k(t'/°),
so the rank is obviously bounded in the family of fields k(t'/™) (and the rank is 0 whenever 6 | m by
remark 2.4.1).
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4 — The family y? = x3 + b + b't™

[Usu00, Usu06, Usu08]; the point is that the sets B3(p) and B2 defined in [Shi86, equations
(2.7), (2.8)] are equal when p = 1 mod d, see also [Shi86, theorem 7]).

But for fixed p, the condition p = 1 mod lem(6,m) is quite restrictive since this leaves us
with finitely many m (while we want m > 1 to vary among all positive integers!). In some
sense, we will show that the condition p = 1 mod 3 suffices. Moreover, our approach allows
to study the (analytic) rank of E; ,,, over k(t) when k is a finite field, see corollary 4.2.23
(as opposed to when k is algebraically closed, which only gives the geometric rank). J

Remark 4.2.4. We point out that the parity condition in from theorem 1.3.48 is not satisfied
here, by proposition 4.1.4, which is indeed expected since the rank is bounded in the Kummer
family { £, ,//k(t) : m > 1} if char(k) = 1 mod 3. J

4.2.1 Pure Jacobi sums and geometric rank of elliptic curves

We start with the notion of pure exponential sum. Throughout, we fix a field embedding

Q= C.

Definition 4.2.5. 1. Given an integer n > 1, we say that a complex number z is pure of
degree n if z # 0 and 2" € R is a real number. We say that z is pure if it is pure of
degree n for some integer n > 1. (In particular, 22" is equal to the positive real number

|2*").

2. For a field K, we denote by peo(K) C K* the subgroup of all roots of unity and by
pn (K) := K*[n] < K* the subgroup of n-th roots of unity. When K = C or K = Q we
simply write poo and p,, respectively. g

Remark 4.2.6. If z € C is pure, then there exists some integer n > 1 such that (ﬁ)n €

STNR = {£1}, where S C C denotes the unit circle. This implies that z = {|z| where ( is

some (2n)-th root of unity. In particular, if the modulus |z| is an integer, then 22" = |z|?*"

is a positive integer. g

Lemma4.2.7. Let k be a finite field. Let E be a non-constant elliptic curve over k(t) which
satisfies the Birch-Swinnerton-Dyer conjecture 1.3.34 over k,(t) for any n > 1. Let us
write its L-function as L(E/k(t),T) = H]D:1(1 — w;T) where w; € Q is a |k|-Weil number
of weight 1, for each j € {1,...,D} (as allowed by theorem 1.3.30).
Define the set

P:={je{l,..,D} : w; pure}
and let N > 1 be an integer’ such that w]N € Z~¢ for each j € P.

Then the geometric rank of E over k(t) is given by

rky E(k(t)) = rkg E(kn(t)) = |P). X

Proof. — Since F is non-constant, the group F(k(t)) is finitely generated, and so there is
some integer M > 1 such that F(k(t)) = E(ka(t)). Let sp = lem(M, N)/N so that N - sg

"Such an integer exists since |w;| = |k| € Zso for all j, so that remark 4.2.6 applies.

206



4.2 — Bounded ranks in characteristic p = 1 mod 3

is a multiple of M; in particular we have E(k(t)) = E(kn.s,(t)) and hence rkyz E(k(t)) =
I‘kZ E(sto (t))

Let s > 1 be an arbitrary integer. Since the w;’s are |k|-Weil number of weight 1, for
each j € P we must have wé\"s = |k|N*¢. On the other hand, if j & P, then wj-v‘s # |k|Ns,
because wj; is not pure.

Since E/kn.s(t) satisfies the BSD conjecture, it follows that, using proposition 1.3.43:

rky E(kyns(t) = ord  L(E/kns(t),T) = |P).

T=|kns|™1
In particular, applying the above equality to s = sy and s = 1, we get
I‘kZ E(E(t)) = I‘kZ E(k:Nso (t)) = ’Pl = I‘kZ E(k‘N(t))

as desired. ]

In some cases, we can say a bit better, as the next lemma explains.

Lemma 4.2.8. Let k be a finite field and E be a non-constant elliptic curve over k(t) which
satisfies the Birch—Swinnerton-Dyer conjecture 1.3.34. Assume that the L-function takes

the form
D/

L(E/k®),T) =[] = a(r)T™™)

r=1

for some a(r) € Q, some integers u(r) > 1 and some D' > 1, (note that we have |a(r)| =
|k|“") for all ). Let P = {r € {1,...,D'} : a(r) is pure} and for all r € P, fix an integer
M(r) > 1 such that a(r)™") € Z-, . Let N > 1 is an integer such that

N

Vr € P, M (r) ’m

(4.2.1)

Then the rank of E over kn(t) equals ), . pgcd(N,u(r)). In particular, if N > 1 satisfies
Vr e P, M(r) - u(r) | N, (4.2.2)

then the geometric rank is equal to the rank of E over ky (t), which is equal to ), pu(r).

We first explicitly write the L-function of the base change:

Lemma 4.2.9. Assume that the L-function of an elliptic curve E over k(t) takes the form

D’

L(E/k(#),T) = [[(1 = a(r)T*")

r=1
for some parameters a(r) € C,u(r) € Z>y. Then for all N > 1 we have

o al ur) | ed(Nu(r))
L(E/kn(t),T) = H (1 — afr)scd@u(r)) TecdV,u(r)) ) ) |

r=1
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Proof. — Let us write a(r) = |a(r)[e?(") for some unique 8(r) € [0, 2] so that

D’ u(r) i)
LK@, T) = [ 1[0 - la(r)[#T e ) ¢ T)
r=1j=1

where () := exp(2mi/u(r)). Therefore proposition 1.3.43 yields

D’ u(r) N iNO(r)
L(E/ky(6),T) = [ [T = a0 e =0T ¢ 2T).
r=1j=1
Note that (ﬁr) is a primitive root of unity of order u/(r) := %, so we get

_u(r)
D’ gcd(u(r),N) N _ iNO(r)

(E/]CN H H (1 — ‘a( )|u(r)e u(r) CN]T)ng(U(T)7N)'
Finally, note that
_N_ iNO(r) N/ ged(u(r),N) iNO(r)/ ged(u(r),N)
la(r)| vt e ulr) = |a(r)| )/ sed(w(r),N) . ¢ ulr)/ ged(u(r),N)
1 i@N(T‘)

= |ay ()| W)/ Eed@lr)N) . ¢ ulr)/ ged(u(),N)

N
where ay(r) = a(r)ed®):.N) and Oy(r) := Wl\fu(r))ﬁ(r). Set Curry = (o =
exp (2#@%) which is a primitive u/(r)-th root of unity. We finally get
u'(r) 0N (1)
L(E/kn(t) H H (1—Jan(r |"(T)e LAY S

r=1 j=1

D’

H 1 — an(r)T" (r))ng(u(T) N)
since an (1) = |an (r)] - €V which gives the claimed identity. [

Proof of lemma 4.2.8. — For every integer H > 1, the analytic rank over kg (t) is given
by the order of vanishing of L(E/kg(t),T) at T = |kg |~ = |k|=H. Moreover, observe that
for any integers ¢, v > 1, the polynomial 1 — (¢T")? vanishes with order 1 at 7' = ¢!, while

(1 — ¢T)" vanishes with multiplicity v (just take derivatives with respect to T').
Let N > 1 be such that (4.2.1) holds, and let H = ¢- N > 1 be a multiple of N. Note that

(Hf(r)) (CN u(r)) is a multiple of (CN?CNU(T)) = (N’]J(T)), hence a multiple of M (r), for any
r € P. From lemma 4.2.9, we know that the analytic rank of F over kg (t) is

124 _H u(r)
p(E/ku(t) = ged(H,u(r)) - L (a(r) Hu0) = |k | Hu))).

We can run the above sum over r € P, because when r ¢ P, no non-zero power of a(r) can
be an integer. Since % is a multiple of M(r) for all r € P, and a(r)M (") = |f|u(r)-M(7)
we get

p(E/kg(t) chdHu

reP
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In particular, if N is a multiple of u(r) for any r € P (i.e., it satisfies (4.2.2)), then the rank
of E over k..n(t) equals ) cpu(r) for any ¢ > 1, so it is equal to the geometric rank of
E. |

Remark 4.2.10. In the specific cases of the curves Ey, 1 and E}, ; ,, we consider, one can
prove lemma 4.2.9 in a different way, using the Hasse-Davenport relation from theorem 1.4.7
(and without using proposition 1.3.43).

Assume that there is some subset X (d) C Z/dZ (for some d > 1) such that for every finite
extension k'/k, the L-function is written as

EmmT = I (1-alk, a)T0),
[rleX (d)/(Ik'[)*

o~

where u(r) := wj,q4(r) and a : |],5, kn — C is a map satisfying the 2 conditions from
proposition 1.4.26. The above formula applied to ky(t) yields

LEkN®),T) = ] (1 - a(ek;/m,d,r)TUI(T))
[rleXx(d)/(Ik'])

where k' := kn and

W (1) = g q(r) = ord (k’l od " ) _ )

(d,r))  (Nyu(r))
Therefore £/, = k_~.u()_ is an extension of &,y of degree —~ . By proposition 1.4.17
w(r) N () (N,u(r))
and by property 2 of « in proposition 1.4.26, we deduce that
L(E/kN(t)7 T) = H (1 N a(eku(r)vdv"') (Nﬁf(r» TU/(T))
[rleX (d)/(|k'])
N u(r)
= (1l T TE )

[rleX(d)/(|K'])

N u(r) \ (Nyu(r))
= H (1 — Ok, () ,dr) TP T(N,u<r>>)
[rleX (d)/ k]

where the last step follows because, if we let ¢ = |k|, then the (g)-orbit of each r € X (d)
splits into ged(N,u(r)) (¢™)-orbits. Indeed,

Ug,a(r) B # orb g (r)

— o

T (Nouga(m) — (Nouga(r))

# Orb<qN> (T) = #{7", quv q2N7"7 } == UqN’d(’I“)

In view of lemma 4.2.7 and of the fact that the L-function of Ev’n’byb, is expressed in terms
of Jacobi sums (by theorem 4.1.2), it makes sense to study when those sums are pure. This
is possible thanks to Stickelberger’s theorem 1.4.22. We recall from definition 1.4.1 that
{z} € [0, 1] denotes the fractional part of a real number z.

A statement for Gauss sums analogous to the next lemma is given in [Aok12, proposition
4.4], [Aok04, 2.3], and in [Aok97, proposition 3.1] for Jacobi sums (but the proof is not
self-contained there and not as complete as ours).
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4 — The family y? = x3 + b + b't™

Lemma 4.2.11. Let k = F, be a finite field where ¢ = p® for some prime p and some
e > 1. Let n > 1,D > 2 be integers® such that gcd(D,p) = 1 and n is odd. Let
a = (ai,...,an) € (Z/DZ ~ {0})" be such that an1 = —Y . a; # 0. Consider the
character wq p on kord(q mod D) of order m as in definition 1.4.20 and define the map

B (Z/DZ)* —Z, t— Byp(t-a)

where we use the notations from definition 1.4.20.

Consider the Jacobi sum J := J(wg'p, ...,wy'p) as an algebraic integer in Z[(p]. Then the
following are equivalent:

1. The algebraic number J is pure.

. The ideal (J) < Z[(p] is Galois-invariant (under the action of Gal(Q((p)/Q)).
. The ideal (J) < Z[(p] is invariant under complex conjugation.

The map (' is a constant map.

. We have '(t) = p/(—t) for all t € (Z/DZ)*

S A W N

. We have 5'(t) = w forallt € (Z/DZ)*, where f > 1 is such that p/ = gord” (amod D)
Equivalently,

1n+1
Vt € (Z/DZ)*, )+ f= ZZ{ —teai }: f-lntl) (4.2.3)

7=0 i=1 2

|

Remark 4.2.12. When n = 3, equation (4.2.3) is exactly the condition that defines the set
Bi(p) given in [Shi9l, equation (2.8)]. See also remark 4.2.33 for more details. J

Proof. — We prove the following implications:

1 = 2. Since Y ;" ; a; # 0 # a; for all 4, we can apply proposition 1.4.6 to deduce that
|J| = Q"=1/2 where Q := g°rd@™mod D) Note that |.J| € Q since we assumed n to be odd.
If J is pure, then J = ( - |J| for some root of unity ¢ = J - |J|~ € Z[(p]*, which means
that we have an equality of ideals (J) = (|J|) < Z[(p]. Since |J] is rational, it is clear that
(J) is Galois-invariant.

2 — 3. Immediate.

8This integer D has nothing to do with the degrees D or D’ of the L-functions considered in lemmas 4.2.7
to 4.2.9.
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4.2 — Bounded ranks in characteristic p = 1 mod 3

2 < 4. For each t € (Z/DZ)*, we denote by o; € Gal(Q({p)/Q) the unique element
such that o4({p) = ¢}. From Stickelberger’s theorem 1.4.22, we know that we have a prime
factorization

(J) = II a1 (p)? O
1€/ DE)* /(p)*

where p < Z[(p] is the prime ideal above p as in definition 1.4.20. For every s € (Z/DZ)*
we have

as((J)) = II o1 (p)?®
[tle(z/DZ)* /{p)*

= 11 g1 ()P = I1 o (p)? ),

[tle(zZ/DZ)* /(p)* [t']e(Z/DZ)* /{p)*

where the last equality follows by setting ¢’ := s~!t. We know that (J) is Galois-invariant
if and only if 04((J)) = (J) for all s € (Z/DZ)*. The uniqueness of the decomposition into
prime ideals forces the equality 5'(t) = 8'(s~'t) for every s,t € (Z/DZ)*. Tt follows 3’ is a
constant map if and only if (J) is Galois-invariant.

3 <= 5. Invariance under complex conjugation means that we take s = —1 in the above
computation (since o_ is the complex conjugation). This exactly means that '(t) = 8'(—t)
for all ¢.

4 = 5. Immediate.
5 = 6. Recall from definition 1.4.20 that for all ¢, we have
n+1
ta; -
FO=3 (14 > =5
7=0

where f := e -ord*(¢ mod D). The key fact is that for every z € R \ Z, we have
{—z}=1—{a}. Since (p,D) =1,t € (Z/DZ)* and a; # 0 mod D for all 4, we know that
_t“Tj'pJ is never an integer. Thus, we find

’t)zjz:%( 1+7§(1{wl pj})):fﬂf (n+1)— Z“il{

7=0 i=1

1n+4+1
o) ZZ{

7=0 =1
=f-(n=1)=pF'(-t).
. _ . . . _ f(n—-1)
By assumption, we have 8'(—t) = 3'(t), which implies that f'(t) = ~~5—.

"}

6 = 4. Immediate.

6 = 1. We know that |J| = Q"~1/2 where Q := ¢°*4@amod D) — pf  Now the ideal
generated by Q("~1/2 in Z[(p] is ( ) (=D/2 = (py . p,)F(*=D/2 where p; are the primes
above p. The assumption on A’ implies that the ideals (J) = (Q™~1/2) coincide, which
means that J = u - Q"~1/2 for some unit u € Z[(p]*. Since n is odd, Q~D/2 € Q.
Moreover, for any o € Gal(Q((p)/Q) we have |o(J)] = Q" V/2 which means that
|o(u)| = 1. By Kronecker’s theorem (see [Coh07, Proposition 3.3.9]), it follows that u must
be a root of unity, which in turn implies that J is pure, as desired. |

AN



4 — The family y? = x3 + b + b't™

We will need the following result, which is an analogue of Lemma 6, p. 246 in [Eva81] for
Jacobi sums. It tells us which power of a pure Jacobi sum gives a positive integer.

Lemma 4.2.13. Let k = F,c be a finite field where p is some prime and e > 1 is an integer.
Let n > 1 be an odd integer and x1,...,Xn : k* — Q({p)* be non-trivial characters of
order dividing some integer D > 1. Assume that the product x1 --- X, iS non-trivial.

Set N := ged (w%,p —1). If the Jacobi sum J(X1, ..., Xn) Is pure, then

J(X1s s X)) 2N = || (PN,

Proof. — « Define J' := W“le .ess Xn), wWhich is a complex number of modulus 1,
since x1 -+ xn # 1 (see proposition 1.4.6). If the Jacobi sum J(x1, ..., X») is pure, then
J' is a root of unity by remark 4.2.6. Note that |k|(*~1)/2 € Z since n is odd. This
implies that J’ belongs to Q({p) N o, since all characters x; have order dividing D.
The only roots of unity in Q(Cp) are pap/ ged(2,0) C H2p, by [Coh07, Corollary 3.5.12].
In particular, J' € usp / ged(2,0) Which precisely means that

, 2D
J'8ed(2.D) — 1, (4.2.4)

o Finally, we check that J’2(P—1) = 1, which is equivalent to J'?? = J’2. Since p and D are
necessarily coprime, we consider the field automorphism o, € Gal(Q({p)/Q) such that
op(¢) = ¢P for any D-th root of unity ¢ € pp. In particular, by equation (4.2.4) we can
consider J'? € up, which yields

op(J?) = J?P. (4.2.5)

On the other hand, we compute (similarly to proposition 1.4.6.3)

op(J(X1, - xn)) = Y, op(xa(@1) - xn(wn))

T1,...,xn €k

Tyt tan=1

= Y xa@)P e xa(za)?

Z1,...,xn €k
T1+tra=1

T1,...,n €k

T1 b, =1
where the last equality follows because the Frobenius automorphism induces a bijection
of the set {(z1,...,2,) € k" : 21+ --- 4+ x, = 1}. This computation shows that
op(J"?) = J"2. Together with equation (4.2.5), we get the desired equality J"?P = J'2.

All in all, we combine the identities J?®~1 = 1 and J'?P/2d2D) = 1 to deduce
J'2ged(p=1.D0/(2.D)) — 1 which concludes the proof. |
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4.2 — Bounded ranks in characteristic p = 1 mod 3

4.2.2 Purity of triple Jacobi sums with a cubic character and
the Legendre symbol

Assume that k is a finite field of characteristic p = 1 mod 3. We are going to determine for
which integers m the Jacobi sums of the form?

Jk:mﬂ" = J(ek‘u(,«),mﬂ" ) @Z)ku(r) 3 /\k‘u(r)) (—12())

(appearing in theorem 4.1.2) are pure.

Definition 4.2.14. We define a set of 34 rational numbers and a set of 11 integers:
S={1,1 2131238452585 115 1111

247 247 247 247 307 30?7 307 30’ 60’ 60’ 60? 60’ 60’ 60’ 60’ 60
M = {2,3,4,5,6,9,12, 18,24, 30, 60}. .

We note that the least common multiple of the integers m € M is 360 = 23 -32 .5, and that

M is exactly the set of denominators of the elements in S.

When the characteristic of k£ is p = 1 mod 3, we can determine exactly which Jacobi sums
Jk,m,r (introduced in (4.2.6)) are pure. The goal of this subsection is to show the following
assertion.

Proposition 4.2.15. Let k be a finite field of characteristic p = 1 mod 3. Let m > 1 be
coprime to p and fix r € {1,...,m — 1} such that r # m/6 if 6 | m. Then:

Jim,r is pure  ifand only if remS:={m-z : z €S}

In particular, if Jy p, » is pure then mSNZ # &, som € MZ :={zy : x € M,y € Z} and
the order % of the character O, ., m,» belongs to M. J

The roadmap will be as displayed in the following dependency graph.

lemma 4.2.11 lemma 4.2.21 lemma 4.2.22
lemma 4.2.17 proposition 4.2.18 corollary 4.2.20Hproposition 4.2.15]

We first start with some notations; we recall that {7} € [0, 1] denotes the fractional part of

any real number x.
Definition 4.2.16. 1. Define the map g : R®> — R by

g(x1, x0, ) == {z1} + {2} +{xs} + {—I1 — I — I3}'

2. Given an integer d > 1, ¢ € {£1}, a € Z/dZ and z € Z, we set

Gaela,x) = glax/d,ex/3,2/2) :{?}—I—{?}—F{;}—l—{—z . (a~|— % + g)} g

90bserve that the assumption p = 1 mod 3 ensures that 3 divides |k;<r) [, so that the character ¢ of order

3 on k;(T) indeed exists.
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4 — The family y? = x3 + b + b't™

The following easy result is very useful.
Lemma 4.2.17. 1. Given real numbers 0 < x1,z9, 23 < 1 such that xixex3 > 0 we have

faot+r3<land 0< o1 <1 —20— 23
ifaot+rs<landxzy >1—x9 — 23

1
( )=
g\r1,22,T3) =
2 ifwrot+axz3>land0< a1 <2 — 29— 23
3

if xo +x3>1and x1 > 2 — x5 — T3.

2. If6| d and = € Z is coprime to d, then

1 imeemOdGand{%a}gézl_%_%
2 ifr=emod6 and{2e}>1
Guslor) = * ! 3 S S )
2 11”:105—-frrlodGaHd{%l}g622_5_g
3 jfxzfemod6and{%1}>%
|
Proof. — 1. This is an immediate case-by-case verification.

2. Since z is coprime to d and 6 | d, we may write © = 6t1 + to for some tg € {+1} and
t;1 € Z. Then we get

1
{#t=3
if z=1mod6
if z = —1 mod 6.

so the result follows from the first item. The other cases are analyzed in a similar

way. |
The following result is the place where we use the hypothesis p = 1 mod 3.

Proposition 4.2.18. Let g be a power of a prime p = 1 mod 3 and let d > 1 be an integer
coprime to q and suppose that 6 | d. Let v := ord” (¢ mod d) and write ¢* = p/ for some

—

integer f > 1. Consider the character w := wqq € F. of order d as in definition 1.4.20. Let
a € Z/dZ ~ {0} and € € {£1}.

Then the Jacobi sum J := J(w®,w 3, w%?) is pure if and only if

Vt e (Z)dZ)*, Gacla,t)=2. (4.2.8)
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4.2 — Bounded ranks in characteristic p = 1 mod 3

Proof. — From lemma 4.2.11, we know that J is pure if and only if equation (4.2.3) holds
(for any —t € (Z/dZ)*) for the odd integer n = 3, which means that for every t € (Z/dZ)*

one has:
f-1 . . . . . .
tap’ tedp’ /3 tdp? /2 tap?  tep?  tpT |\
Z({ d }’L{ d }Jr{ d }+{_d_3_2}> -
7=0
-1
=) Gacla,tp)) = w =2f. (4.2.9)
§=0

It is clear that if (4.2.8) holds true, then (4.2.9) holds as well.

Let us show the converse by the contrapositive. Namely, let us suppose that (4.2.8) is not
verified, i.e., there is some ty € (Z/dZ)* such that Gg(a,ty) # 2. We are going to show
that (4.2.9) is not fulfilled for ¢t € (Z/dZ)*.

Up to replacing to by —to, we may assume that Gg¢(a,to) = 1 in view of lemma 4.2.17. Now,
the assumption p = 1 mod 6 (observe that p is necessarily odd) implies that Gy c(a,top’) €
{1,2} for all j (again by lemma 4.2.17), since top’ = € mod 6. But then the equality (4.2.9)
cannot be true for ¢y because

f-1 f-1
> Gaelatop’) =1+ Gaela,top’) <14+2(f —1) =2f -1,

§=0 j=1
which concludes the proof. |
Remark 4.2.19. The condition (4.2.8) is exactly the one that defines the set B3 in [Shi86,
equation (2.7)]. See remark 4.2.33 for more details. 5
We now consider the case ¢ = +1.
Corollary 4.2.20. Let k be a finite field of characteristic p = 1 mod 3 and let m > 1 be

coprime to p. Let r € X(m,1) and set d = lem(6, m). Then the Jacobi sum Jy y, , from
equation (4.2.6) is pure if and only if

Vt € (Z/dZ)*, t=1mod6 — {tmr} > (4.2.10)

=

Proof. — The basic idea in order to apply proposition 4.2.18 is to express the three characters

Oky(py,m,ry ¥ and A € ki(r) as powers of a single character of order d := lem(6, m). However,
such a character might be defined only over an extension of k), but then one can use
Hasse—Davenport theorem 1.4.7 to conclude.

Let us first introduce some notations for convenience:

6
= |k := ord™ dd =—.
g:= k. = ord(gmodd), =
Observe that d := lem(6,m) = % = c¢-m. Consider the character w :=wy 4 € l;j; of

order d as in definition 1.4.20.
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4 — The family y? = x3 + b + b't™

o We claim that Ji ,, , is pure if and only if J(wr'c,wd/3,wd/2) is pure. In fact, we shall
prove that
v
J(w" e, w3 wi?) = ,:(Z?r, (4.2.11)

from which the claim immediately follows.

We first check that k, is an extension of k(). By definition we have

u(r) = ugm(r) = ord™ (q mod (mn?r)>

and we have a group morphism (Z/dZ)* — (Z/ (nT—T)Z) " which shows that u(r) must
divide v = ord™ (¢ mod d).

By proposition 1.4.17, we have

ekv,mﬂ" = 9ku(1')7m7T o Nkv/ku(r)
and similarly ¢k, = ¥, © Nk, k., and Ag, = Mg, © Ni, /g, ,, (see remark 1.4.19).
Hence, Hasse-Davenport lifting relation from theorem 1.4.7 implies that

v

J(Ok,mrs Vkys Ak,) = J,f(mr)r (4.2.12)

Now, we observe that (see also equation (1.4.11))

|&5|-r |k |-cor
ekv,m,r =00 m =0 d

. cr
= Wq,d

where O denotes the restriction of the Teichmiiller character ]FT;X - Q" to kx. It is
d d

also clear that v, = w; g and A\ = wq§ 4 (which is the unique character of order 2).
Consequently, we see that equation (4.2.12) is exactly the same as equation (4.2.11).

e By proposition 4.2.18, we know that J(w”'c,wd/‘g,wdﬂ) is pure if and only if for all
t € (Z/dZ)*, we have Gg1(r - ¢,t) = 2. By considering —¢ instead of ¢, lemma 4.2.17
tells us that this is equivalent to

1
trel _ Jtr -
=151
for all t € (Z/dZ)* such that t = 1 mod 6. This concludes the proof. [

We will need the following "technical" lemma.

Lemma 4.2.21. Let m > 1 be an integer. Let r € Z/mZ and d := lem(6,m). Define
r m
, Mo =

To =

(r,m) (r,m)’

1. Assume that my > 6 and [ro = 1 mod 3 or 31 mg]. Then (4.2.10) is not satisfied, i.e.,

there is an integer t = 1 mod 6, coprime to d such that {%} < %.
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4.2 — Bounded ranks in characteristic p = 1 mod 3

2. Assume that 3 | mg and ro = —1 mod 3. Then we have an equivalence:

JteZ,t=1mod6, ged(t,d) =1, {LT’} <

m

=

| =

< W €Z,t' =—1mod ged(myg,6), ged(t',mg) =1, {T':O} <
Proof. — In what follows, we denote by m; the product of the primes p | d = lem(6,m)
such that p { mg. Note that ged(mg, mq) = 1.

1. First, we observe that rg is coprime to mg. Using the Chinese remainder theorem, we
find some integer ¢ such that

t =ry* mod my
t =1 modm;.

We have {%} = tng = m%) < %, since mg > 6. Moreover, t is coprime to mgy and
mq and hence to d as well. Finally, we check that ¢ = 1 mod 6. To this end, set
g = ged(6,mg) € {1,2,3,6}. Our assumption implies that either 7o = 1 mod 3 or 3 1 myg

in which case g € {1, 2}.
o If g =1, then 6 | my so we simply use the fact that ¢ = 1 mod m;.

o If g = 2, then rg must be odd (it is coprime to my), so that we have t = 1 mod 2.
Furthermore, we have 3 | m; which implies that ¢ = 1 mod 3. Consequently, we have
t =1 mod 6.

e If g=3, thent = 7“0_1 = 1 mod 3. Moreover, 2 | my, which implies that ¢t = 1 mod 2,
so the conclusion holds here as well.

e If g = 6, then rg = 1 mod 3. Since r( is coprime to myg, it must be odd. Thus we
must have ¢ = 75 ' = 1 mod 6 in that case.

2. = : Suppose that there exists some ¢ € Z as in the "left-hand side" of the equivalence.
We define ¢’ :=t - ry, which clearly satisfies {%} = {%} < %.
Note that rg and mg are coprime. Moreover, by assumption, we know that ¢ is coprime
to d hence to mg. Therefore ¢’ is coprime to my.

Finally, we check that ¢’ = —1 mod ged(mg,6). Since 3 | mg, we know that g :=
ged(mg,6) € {3,6}. If ¢ = 3, then we clearly have ¢’ = trg = —1 mod g since ry =
—1 mod 3 by assumption. If g = 6, then myq is even and because rq is coprime to mg,
this ensures that rg is odd, so we must have rg = —1 mod 6. This shows t' = —1 mod g
in that case as well.

< : Conversely, let us suppose that there exists some ¢’ € Z as in the "right-hand side"
of the equivalence. By the Chinese remainder theorem, there is some ¢ € Z such that

{t = t'r5 " mod mg

t =-1 modmy,

where we use the notations m; from item 1 above.
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mo mo 6
mq, so it is coprime to d. Let g := ged(mg,6) € {3,6}. If ¢ = 3, then we know
that ¢t = (—1) - (—1) = 1 mod 3. But we must have 2 | my, so t must be odd since
= —1 mod my. Henceforth, we get ¢ = 1 mod 6 in this case. Finally, if g = 6 then we
directly get ¢ = 1 mod 6 (since 79 = —1 mod 6 because ry must be odd in that case). W

We clearly have {%} = {”—0} = {t/ } < 1. Moreover, t is coprime to mg and to

The following result is crucial for the rest; it determines the order mg of the characters x
such that the Jacobi sum J(yx, 1, A) is pure over fields of characteristic p = 1 mod 6.

Lemma 4.2.22. Let mg > 1 be an integer. The following statements are equivalent:

a) For all integers t € Z coprime to mg such that t = —1 mod ged(myg,6), we have
i
b) mo € M = {2,3,4,5,6,9,12, 18,24, 30, 60}. |

Proof. — « We prove that a) implies b). There are 3 cases.

— First, if ged(mg,6) = 1 or ged(mg,6) = 2, then we may take ¢ = 1 in a), to get
moy < 6t = 6, that is mg € {2,3,4,5} (note that my = 1 does not work since
{t/mo} = 0 in that case).

— If ged(mo,6) = 3 then we may take ¢ = 2 in a) to get mo < 6t = 12, so that
mo € {3,9}

— Finally, assume that ged(mg, 6) = 6. If ged(mg, 5) = 1, then we may take t =5 =
—1mod 6 in a) to get mo < 30 so that mg € {6,12,18,24}.

Otherwise, gcd(mg,5) = 5 which implies that 30 | mg. Property a) implies that if

p< s a prime such that p = —1 (mod 6) then p divides mg. Let us define the

ratio m’ := mg/ H p; where p;1 =5 < py < ... < pg are all the prime divisors of my

such that p; = 1 (mod 6) for every i. Note that we must have 6 | m’, R > 1 (and
m' may have some prime factors p = —1 mod 6).

—1
Define ¢’ := 6 - H p; + pr > 0. Note that ¢’ = pr = —1 mod 6, so there exists a
=1

prime factor ¢ | t’ such that ¢ = —1 mod 6. Moreover ¢ is coprime to mg, otherwise ¢
would have to be equal to p; for some ¢ (since ¢ would be a prime factor of mg such
that ¢ = —1 mod 6), which is impossible: it is quite clear that p; does not divide ¢’
for any 4. Thus assumption a) implies that ¢ > 2. Consequently, we get

R-1 / R
m
t'=6- Hpi+PR zt > FHP@' > sz'~ (4.2.13)
=1 i=1 i=1

We now claim that R = 1. If we assume that R > 2, then dividing both sides of
R—1
(4.2.13) by [I pi = p1 =5 yields

e i
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4.2 — Bounded ranks in characteristic p = 1 mod 3

Thus pr < 1—25, and because pgr = —1 (mod 6) we find pp = 5 which is a contradiction
since pr = ps > p1 = 5. Therefore we get R = 1.

On the other hand, if mg > 90 then p := 11 < 15 < % is such that p = —1 mod 6
and so hypothesis a) would tell us that p | my, Wthh would mean that R >
(with po = 11). This is impossible by the observation we just made. Therefore, we
conclude that mg € {30,60} which finishes the proof of a) = b).

o To prove that b) implies a), we simply check that for each my € M, any integer
1 <t < 20 coprime to mg must satisfy ¢ £ —1 mod ged(mg,6). This is an easy

6
computation.
If 1 < mg < 6, then there are no integer ¢ such that 1 <t < %2, so this is clear. If

mo € {6,9,12,18, 24,30}, then the only integer ¢ € [1, %] coprime to mg is t = 1 and
we indeed have ¢ #Z —1 mod ged(mo,6). Finally, if m = 60, the only integers ¢ € [1, 2]
coprime to mg are t = 1 and t = 7, which satisfy ¢ # —1 mod 6. This concludes the
proof. |

Proof of proposition 4.2.15. — By corollary 4.2.20, we know that the Jacobi sum Jj ,, »
(from equation (4.2.6)) is pure if and only if (4.2.10) holds. All we have to do is to check

that the latter condition is equivalent to » € mS. Let us define ry = (mr—r), mo = (V;”—T)

o If mg < 6, then because we assumed 0 < r < m, we must have (recalling that ro and mq
are coprime)

r_ro _f11213123415)
2°3'3°4°4’5°5'5°5°6’6 !

m N mo
If = eS8~ {%}, then for any t € Z coprime to m (hence coprime to mg), we know that
I js not an integer so we get {%} > > % In particular, (4.2.10) holds which means
that Jg - is pure. Conversely, if Ji ,, » is pure then in particular by setting ¢ =1 in
(4.2.10), we see that = € S; \ {4} whenever mg < 6.

(Notice that removing 1/6 from S; is exactly asking that r # m/6 when 6 | m, which is
ensured by having r € X(m, 1) as in definition 4.1.1).

o Let us assume now that mg > 6. If 7o = 1 mod 3 or if 3 { mg, then Jj ,, , is not pure in
view of corollary 4.2.20 and lemma 4.2.21.

Conversely, we show that if vy # 1 mod 3 and if 3 | mg, then Ji,, , is pure if and
only if r € mS. Because ged(rg,mg) = 1, we must have rg = —1 mod 3. Thus by
lemma 4.2.21 and lemma 4.2.22, we know that J ., » is pure if and only if mg € M =
{2,3,4,5,6,9,12,18,24,30,60}. Since mgy > 6 and rg = —1 mod 3 is coprime to my, this
tells us that - = 7%) belongs to

2 5 8 5 5 11 17 5 11 17 23 11 17 23 29 11 17 23 29 41 47 53 59

97979712 12’ 187 187 187 247 247 247 242 307 30’ 307 30? 602 60’ 60’ 60’ 60’ 60’ 60’ 60

All in all, we conclude that Jy ., is pure if and only if =~ € S U Sy \ {%} = S, which
exactly means that » € mS. This finishes the proof. |

219



4 — The family y? = x3 + b + b't™

4.2.3 Rankof the curves E,, ,, incharacteristic p =1 mod 3

In our case, the L-function of £}, is expressed in terms of Jacobi sums so we get the
following expression for its geometric rank.

Corollary 4.2.23. Let k be a finite field of characteristic p = 1 mod 3. Let b,b’ € k> and
m > 1 be coprime to p. Then:

1. We have an upper bound on the rank:

kB, k(1) < 2-#{ [ € X(m, )/ (k) : {5} e s}

2. The geometric rank vk E},, , . (k(t)) is equal to
2-#{rexm) :{sles} = 2.znms|,

where X (m,1) C Z/mZ is as in definition 4.1.1 and S C Q is a 34-element set defined in
definition 4.2.14. In particular, when m is coprime to 30 = 2-3 -5, the geometric rank of
E! o is 0. 4

m,

Remark 4.2.24. As explained at the beginning of the proof of proposition 1.4.26, the Jacobi
sum Ji p,,» (from equation (4.2.6)) does not depend on a representative r € X (m,1) of
[r] € X(m,1)/(|k|). One can check also that the condition { } € S does not depend on
the representative (the point is that when m/ ged(r, m) > 6, the numerator r/ ged(r, m) is
= —1 mod 3, while we have |k| =1 mod 3).

Moreover, if [k| = 1 mod m, then the upper bound on rk £, ; , (k(t)) from item 1 matches
the geometric rank, but it does not mean that the geometric rank is achieved over k(t) (i.e.,
is equal to tk B, ;1 (k(t))). 5

Proof. — 1. By theorem 4.1.2 and since |k| = 1 mod 3, we know that the analytic rank is

(B [R®) = 2 #{ )€ Xm0 [y af iy (O mr) = K7}

ec{x1}
=2'#{W€ X(m1) [k)) + @ Oryymr) = [R*0 ) @210

where
ag,b’,l(gkum,mw) = A(b) ’ Hku(r),mw(_bb/il) ’ wku(r)(_b) ’ Jk,m,r

and Ji m,,, was introduced in equation (4.2.6) (as noted in remark 4.1.3 the rank is
always even if |k| =1 mod 3). If ay | (Ok,(,),m,r) i3 @ (positive) integer, then it is clear
that Jy ., is pure (since these two quantities only differ by roots of unity given by the
values of some characters), so we have an upper bound

P(Ep, py/R(t) <2- #{ [r] € X(m, 1)/<|]<;‘> ¢ Jk,m,r IS pure }

Now the conclusion readily follows from proposition 4.2.15.
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2. This follows from the above discussion, together with lemma 4.2.8. Indeed, using
proposition 1.4.16, the geometric rank is equal to

2. Y ugm( = 2 YL
reX(m,1)/(|k|) reX(m,1)
Jk,m,r is pure Ji,m,r is pure

Finally, when m is coprime to 30, the set mS C Q does not contain any integer, so the
geometric rank is 0. |

We get an analogue of the result cited in [SS19, theorem 13.26] over C(t).

Corollary 4.2.25. Let k be a finite field of characteristic p = 1 mod 3 and b,b’ € k*. Then
the map
Z>0 AN pZ — Z?O, m —— rk E’Zn,b,b' (E(t))

is 360-periodic, and achieves its maximum of 68 exactly at the multiples m of 360.

In particular, for any b,b" € k* and any m > 1 we have rk E},, , ,, (k(t)) < 68. g

Proof. — We simply apply the second part of corollary 4.2.23 and the following lemma.

Lemma 4.2.26. Let S C Qs be a finite set of positive rational numbers and let N
be the least common multiple of the denominators of elements of S. Then the map
fs 1 Zso — Zso,m — |ZNmS| is N-periodic and attains its maximum whenever m is
a multiple of N, in which case fs(m) = |S|. 5

The proof of the lemma is immediate, since NS C Z. Moreover, note that fs(m) = 0
whenever m is coprime to N.

Applying the lemma to the set S from definition 4.2.14, we have N = 360 = 23 - 32 - 5, and
so the rank of E} , ,, over k(t) is at most 2|S| = 68, and this upper bound is an equality
when m is a multiple of 360.

As for the last claim, it is clear that {rk £}, ; ,/(k(t)) : m > 1,ged(m,p) =1} is bounded
(by 68). Moreover, when p | m, we may apply remark 4.1.3 to the elliptic curve E}, ;
over k(t) to conclude that its rank is the same as the rank of E;m,bl,b/l for some by,b] € k>,

where my :=m/p"»(™). So the rank E/, , ,, is also bounded by 68. u

Example 4.2.27. For p = 7 = 1 mod 3, corollary 4.2.23 tells us that the rank of E;n,b,b’ :
y? = 2% + b+ V't™ over F;(t) is at most 28 for all b,b' € F¥ and all m > 1 (not necessarily
coprime to 7, thanks to remark 4.1.3), since the rank is at most 2 - |mS N R| where
R C {1,....,m — 1} is a set of representatives of X(m,1)/(|k|), and |mS N R| attains its
maximum when m is a multiple of 360 (as the lemma 4.2.26 showed).

More precisely, we get the following upper bounds for specific values of m (and any
bt/ € F):

m
rk E;n,b,b’ (F7(t)) <

DN | DN
AN
DN | Ot

9 10 11 12 60 360
6 4 0 12 20 28

| =
>~ o
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We now prove the main result of this section.

Proof of theorem 4.2.1. — We are going to use lemmas 4.2.8 and 4.2.13 together with our
knowledge of which Jacobi sums (appearing in the L-function of E, /) are pure, thanks
to proposition 4.2.15.

e We first prove the general statement, when m is coprime to p. Define P,, := Z N'mS,
which is exactly the set of r € {1,...,m — 1} such that aj ;1 (0k,,,m.-) (or equivalently
Jk,m,r) is pure by proposition 4.2.15. For each r € P,,, let N(r) > 1 be an integer such

N(r)
that J; .

By lemma 4. 2.13, we may take

N(r) := ged (lcm ((Tf’:n),ﬁ) , 2(p — 1))

Indeed, the character 0y, m,» has order # (see proposition 1.4.17), ¢y, ., has order
6)

is a positive real number, where Jj ., , is the Jacobi sum from equation (4.2.6).

3 and the Legendre symbol has order 2, so overall these orders divide D := lem(-2~

(r;m)?
(which is an even integer).

Using again this information about the orders of the characters, we know that

m
ag’b,J(ﬁku(r)’m,r)M(T) € R.y where M(r):=lcm (N(r),6, W>

From lemma 4.2.8 and theorem 4.1.2, we know that the geometric rank is achieved over
kp(t) as soon as H > 1 satisfies

Vr € Pp, M(r) - upg,m(r) | H. (4.2.15)
We claim that H := 2160 always works. First, N(r) certainly divides lem ((T ) 6) so

M (r) divides lem ((T m)76) as well. Furthermore, u(r) = ord *(|k| mod " ) divides
the value of the Carmichael function'® (-2

). Consequently, (4.2.15) follows as soon

(m,r)
as we have
Vr e Py, lem(m,., 6) - XN(m,.) | H (4.2.16)

gl

We know that if r € P,, = ZN'mS then = = T/(T ™) ¢ 8 s0 m, € M (we recall that
={2,3,4,5,6,9,12,18,24,30,60}, as in dcﬁn1t10n4 2.14). Thereby, to ensure (4.2.16),

it sufﬁceb to check that

where m, :=

vm' € M, lem(m/,6) - X(m') | H. (4.2.17)

It takes now an easy computation to verify that H := 2160 = 2% - 3% . 5 is the smallest
integer satisfying (4.2.17), since it is the least common multiple of lem(m’, 6) - A(m’) as
m’ varies in M.

e When m = 360m’ for some m’ > 1 is coprime to p then corollary 4.2.25 asserts that
E36om: »p has geometric rank equal to 68.

10We use the standard notation ), even though it conflicts with our notation of the Legendre symbol, since
it will cause no harm.
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« When p | m, we may use remark 4.1.3 to conclude that the rank of E3q,, ;5 over kaieo(t)
is the same as the rank of EéGOml,bl,b’l over koieo(t), for some by, 0] € k* and where

my :=m/p*»"™). Thus the geometric rank Ejg,, ,, is also 68. [

Remark 4.2.28. The statement of theorem 4.2.1 can be improved (or refined) in several
ways.

1. We know that the geometric rank is attained over ky(t) as soon as H satisfies (4.2.15).
For instance, when p = 7 = 1 mod 3 and m = 3, we find that H = 6 works, so the
geometric rank (which equals 4) of y* = 2% + b + bt? is attained over F,s(¢). One can
show that this is optimal when b = 3,0’ = 2 in the sense that the rank over Fy; () is not
equal to the geometric rank if j < 6 (in which case the rank over Fr;(t) is actually 0).

2. If b is a 6-th power in £ and & = —b (e.g., b = 1,b' = —1) then b is a square, —b is
a cube and —bb'~" =1 so that aj 1 (Bk,,).m.r) = Jkm.r (the latter Jacobi sum being
defined in equation (4.2.6)).

In that case, we may replace M (r) by N(r) in equation (4.2.15), that is, if H is a multiple
of N(7) - wjp|,m(r) for all r € P, := Z N'mS, then the geometric rank of £, , ,, is equal
to the rank over kg (t). For instance when p = 7,m = 360, the geometric rank of E;, ; _;
is achieved over Fpuaa(2).

It can be checked that H = 720 always works. In fact, if b is a 6-th power in k™ and
b' = —b (and k has characteristic = 1 mod 3), then for any m > 1 the geometric rank of
E], 4 is equal to the rank over k (t) for some divisor H of 720 = 2*-32 - 5. (The point
is that one only needs to check primes p = char(k) modulo 360, since N (r) only depends
on the class of p modulo m/(m,r), which divides 360 when r € P,,).

3. On the other hand, if —bV’~! generates k>, then the factor Qku(r),mﬂr(—bb’_l) (appearing

in a4 1 (Ok,,,,m,)) is a primitive root of unity of order so it is pure of rather

m
"large" degree. It could happen that the Jacobi sum Jj ., » iz(sm;;;)re of large degree as well
(this could occur for instance if o, ;, 1 (0k,(,),m,) is an integer). But in general we could
expect the rank of E, ,,, over k(t) to be quite small (typically 0), if —bb’~" generates
k>, and we could expect the geometric rank is achieved over ky(t) with N < 2160 being
quite "large".

t360

4. Let us give some examples. When p = 19, then E3g,; _; : yP=a3+1- attains its

geometric rank over [Fs6(t).

When p = 1801 = 1 mod 360, then E3q,, _; achieves its geometric rank over IFpeo(t).
The geometric rank of Ef ; _; :y* = 2* 41 —1° is 8 and is achieved over F s (t). These
results can be obtained via explicit computations (using SAGE [The21]) of the Jacobi
sums involved in the L-function of E}, ; _; given in theorem 4.1.2. 3

4.2.4 Various comments

Remark 4.2.29. Our upper bounds on the analytic rank of £}, ,;, only take into account
the purity of the coefficients a(r) := ay, 4 1 (0k,(,,,m.») that appear in the L-function as in
theorem 4.1.2.
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A more refined analysis is required to get better control on the (analytic) rank, which is
given by equation (4.2.14) in terms of the number of those coefficients «(r) that are equal
to a positive integer (which is necessarily |k|“(") by remark 4.2.6), instead of just having a
power being equal to a positive integer — which is what purity means.

Let us assume that b = 1,0/ = —1 as in remark 4.2.28.2, so that a(r) = Jgm., (see
equation (4.2.6)). This assumption simplifies the analysis, since very often the rank depends
on b, b’ in some rather erratic manner and it seems difficult to get exact formulas for any
choice of the parameters.

In general, we have Jj , » € Z[(p] where D := lem(6, m/ ged(m,r)). Given a finite field &
of characteristic p = 1 mod 3 and m > 1 coprime to p, we want to understand for which
r € Z/mZ the triple Jacobi sum Jj ,,, » is a positive integer. There are two directions:

o We can try to study or compute explicitly Jacobi sum of the form J(x!,, x3, x2) where
X2, X3, Xm : kX — C* are characters of order 2,3, m respectively over some finite
extension k, of k. Up to replacing m by m, we may assume that m € M because

otherwise this sum is not pure, by proposition 4.2.15 (recall that we work in characteristic

p = 1 mod 3 and that M was introduced in definition 4.2.14).

When m € {2,3,4,5,6,12,24}, [BEW9S, chapter 3] gives explicit computations of some
Jacobi sums and there are some indications for the case m = 18 (hence we get also the
case m = 9 by using x3g), and m = 30,m = 60 in [BEW9S, exercise 14, p. 149 and
notes on p. 150-151]. However, it seems quite involved and tedious to work with these
results. Moreover, these results are stated exclusively over F,, and not general'! F, (in
other words, they assume that p = 1 mod m). See [BE79] for the exact evaluation and
determination of some Jacobi sums over F..

 Another approach is to say that at the very least, J , , must be a rational number (so we
"forget" about its sign), which means that it is fixed by the Galois group Gal(Q(¢p)/Q)
(in contrast, recall that from lemma 4.2.11 that purity means that the ideal generated
by Jk,m,r is fixed by the Galois group). In general, we may study the abelian extension
Q(Jk,m,r)/Q generated by this triple Jacobi sum. Some works in this direction have been
published: [Aok96, theorem 0.3, remark 6.6], [Hos22, Mik95]; for Jacobi sums where all
the characters are the same (which does not apply to our case), see [OK93, 0G93, Ono93J;
for double Jacobi sums, see [Yok64, Lemma 2, p. 147] or [Aki96]. J

In view of experimental data gathered and patterns'? observed for a few primes p and some
integers m, we formulate the following open problem, which refines corollary 4.2.25.

Conjecture 4.2.30. For every finite field k of characteristic p =1 mod 3 and all b,b’ € k™,
the map
Z>0 AN pZ — Z}O, m +—» rk E;n,b,b’ (k(t))

is periodic, with a period that divides 360 = 23 - 32 . 5. In particular, there is a constant
7 = Tppy = 0 such that the rank of Ejg,,. ;, (k(t)) is equal to r, for all m’ > 1.

Tf needed we may assume that p = 1 (mod 360), e.g., p = 1801, so that all the characters of order
me M =1{2,3,4,5,6,9,12,18,24,30,60} can be defined over F.

123ee thefileq = 7 - List or table of analytic ranks (conjecture 4.2.30).pdf available at https:
//gitlab.com/gauthierleterrier/maths.
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Furthermore, for each such finite field k, there are b,' € k* such that rgpp > 0 is
non-zero. J

Notice that theorem 4.2.1 proves the case where b,V € IF; and k = F,~, where N is any
integer multiple of 2160, in which case 144 = 68 > 0.

Remark 4.2.31. Let us introduce the following terminology.

Definition 4.2.32. Let k be a field and F be a non-constant elliptic curve over k(£). A
finite extension k’/k is called:

1. a splitting field of E/k(t) if E(K'(t)) = E(k(t)).

2. a geometric field for E/k(t) if tky E(K'(t)) = rkz E(k(t)). (In that case, we also say
that the geometric rank is attained or achieved over £'(t)).

In other words, the index of E(k’(t)) in E(k(t)) is 1 or finite, respectively. 5

It was shown in [Usu01] that for the values of m given in the table below, there is some
prime p such that k = I, is a splitting field for B, |, : y* = 2% —=1+¢" /F,(t). In fact, we
have p =1 (mod m) in all the given cases. No such prime is known for m = 60, although
there is probably one (in characteristic 0, more precisely over Q(t), see [Shi99b]).

m| 9 12 18 24 30
p | 433 397 433 1801 25261

il

Remark 4.2.33. We briefly explain how to apply [Shi86] to get the geometric rank of £y, ,
over k(t) where k is any (algebraically closed) field of characteristic p > 0 with p # 2,3; we
may assume that b = b’ = 1 by remark 1.3.39. The algorithm starts with the projective
surface'® —Y22m=2 4 X37m=3 4 Zm + T™ = () over k. This gives us the matrix

0 2 0 m-2

30 0 m-3
A=

0 0 O m

0 0 m 0

as in definition 1.3.36 (see also example 1.3.38). Following the notations from [Shi86] we
have: § = %y, d = (et — 6m% — jemn(6, m). We define

0 2m' c-2m/
3m’ 0 c¢—3m

0 0 0

0 0 c

LA:{[ao,al,ag,—ao—al—ag}B : aiEZ/dZ}, B =

S o0 O O

We easily see that L4 is Z/dZ-spanned by 3 elements:

Ly = {ep:=(0,2m,—2m',0),e; := (3m’,0,—-3m’,0),e2 := (0,0, —¢, c)).

13 As noticed in footnote 26 on page 36, this is a singular surface.
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Note that e; = —e; since 6m’ =d =0 € Z/dZ. We further introduce (as in [Shi86])

Ag:={v e (Z/dZ)* : v; #0,Vi}
3 ord(p)—
By(p) := {v €Aq Ve (Z/dZ)*)> Y {t” vi }: 2ord(p) } ifp>0 (4218)
i=0 i—0
; J
Ba(0) := {v €Ay : Vte (Z/dZ) X,Z{ } } (4.2.19)

=0
where ord(p) = ord™ (p mod d) and we assumed that ged(d,p) = 1. Then Shioda’s main
result in [Shi86] states that rk(E}, , , /k(t)) = by — A — t where

bo=2m—2,t=2 if 6| m

=|Lan(Ag~ By(p))| and {b2:12[m/61—2,t=12—2(m—6lm/6J) if 64 m.

Simplifying these expressions, we find:

2m—4—-X  if 6| m,

I'kE,:n /Et =
( bb/()) {2m—2—)\ else.

By analyzing the elements in L4 N Ay, it can be checked that
A=2-#{re{l,..m—1}~{m/6} : (3m/,2m',—5m’ —rc,rc) & Bq(p) }.

(when 6 1 m, we necessarily have r ¢ {m/6} since a is an integer).

It is easily seen that the condition (3m/,2m’,—5m’ — re,re) € Bgy(p) is tantamount to
equation (4.2.9) (with d := lem(6,m), ¢ :== p and a :=1 - ¢).

If p=1 (mod d), then we have By(p) = B4(0), but proposition 4.2.18 shows that this is
actually the case if we simply assume p =1 (mod 6). Consequently, for any p =1 (mod 6),
we have rk(E}, | 1 /Fp(t)) = rk(E}, ;,/k(t)) where k is any algebraically closed field of
characteristic 0. J

Remark 4.2.34. By proposition 4.1.5, the group E;, ,,,(k(t)) is torsion-free, so it is not
clear how to use a descent procedure to get upper bounds on the rank (as in [Sil08a, chapter
X], where there is the crucial assumption that E[M] C E(K) for some integer M > 1). .
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Chapter 5
Further directions

I have questions to all your answers.

Woody ALLEN

We conclude this text by gathering here some questions that arose from this work, which could

be of some interest but that we did not have time to investigate. See also conjecture 4.2.30.

1.

All the examples of Mordell-Weil lattices we have studied are coming from elliptic curves
over k(t), i.e., the function field of P1. Can we obtain anything interesting by looking at
non-constant elliptic curves over k(C'), where C' has genus > 07

The case of constant curves E over k(C') was discussed in remark 2.4.1. However the
asymptotic behavior on the lower bound on the packing density has not been analyzed:
what could be obtained here?

. In [Oes90, §3.4] and [Tsf91, §9, question 10], it is explicitly asked what packings one

can obtain from narrow Mordell-Weil lattices A(K)? of higher dimensional jacobians or
abelian varieties A over global function fields K. We pointed out in remark 2.4.3 that
the main obstacle here is to get an (explicit) analogue of Shioda’s theorem 1.3.24 on the
minimal non-zero height on A(K)°.

. We mostly looked at Kummer families of elliptic curves, as in definition 1.3.45. We

mentioned in remark 4.1.12 that the Artin-Schreier family y? = z3 4+t —t gives packings
with the same (lower bound on the) sphere packing density as the ones from [Shi91].

Can we find some other examples of Artin—Schreier families giving interesting sphere
packings?

For fixed n > 0, let B :={b € F3n : Np,, /r,(b) = (—1)"*'}. When b varies in B, are
the curves Fsniq1p1 : y% = 2° + bx + 3" 7! isogenous over Fszn (t) (they have the same
L-function by corollary 3.1.22 but see remark 1.3.42)7 Are the corresponding narrow
Mordell-Weil lattices isometric (= isomorphic)?

More generally, when do two elliptic curves E, E’ over K have isomorphic Mordell-Weil
lattices? For instance, when p® = —1 mod 12, the narrow Mordell-Weil lattices of the
curves y? = 2% 4+ t?° —t from [GU20] have the same rank and the same (lower bound
on the) packing density as Shioda’s curves E .., in [Shi91] (these curves are not
isogenous; see remark 4.1.12). Are these lattices isometric? Or do they have the same
theta functions?

As a related question, one could implement some algorithms to determine whether two
elliptic curves over a global function field are isogenous. The work [AW22, Corollary 0.8]
seems to be relevant here.
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D.

10.

11.

12.

13.

Is the lower bound on A (E(K)°) from theorem 1.3.24 attained in the case of Elkies’
curves I'y ony; from remark 1.3.47 (when n > 5 is odd), or in the case of the curves
FEs3n 111 when n > 5 and Ny, /r, (b) = (—1)"*! as discussed in subsection 3.2.2.1 and
proposition 3.2.147

Is there a more efficient way to compute the kissing number of the Mordell-Weil lattices
Lsn 1 p.1,32» than the method given in section 3.3 (the same question was asked in [Elk01,
§5] for the characteristic 2 family)? For instance, what is the asymptotic behaviour (as
n — 400) of K(Lgni1,p,1,320)7

It is worth investigating this problem because the exponential rate of lattice kissing
numbers has only been shown quite recently, by Vladut [V1a19].

As a related question, we do not know if there is a Z-basis of minimal vectors of the 54-
dimensional lattice Lgn_y1 4 1,32» whenn = 3 and b = 1. Computational proposition 3.3.10,
together with theorem 3.4.1, tells us that this lattice is generated (over Z) by its minimal
vectors, though (there are more than 15 millions of them by computational theorem 3.3.1).

Can we compute the Tate-Shafarevich group of some of the curves E3. ., ;; in charac-
teristic 3 when n > 3, as done for n < 3 in section 3.47 The technique used there only
provides an upper bound on a certain subgroup II[¢] of the Tate-Shafarevich group (and
getting better bounds may require the use of a computer as in the proof of theorem 3.4.1
for n = 3).

One could generalize the construction of the laminated lattices given in propositions 1.2.9
and 3.2.22 to get new sphere packings in dimensions d + 2,d + 3, ... (where d = 2-3")

Theorem 4.2.1 provides, for each prime p = 1 mod 3, an isotrivial elliptic curve with
bounded non-zero ranks in the family of fields Fp(tl/ ™), m > 1. Are there such examples
in characteristic p Z 1 mod 37 Are there examples of non-isotrivial elliptic curves with
bounded non-zero rank in such a Kummer family of function fields?

Similarly, in [GU20], there is an example of an Artin—Schreier family with bounded rank,
where the rank is actually constantly zero. Is there an example of Artin—Schreier family
of elliptic curves over global function fields with bounded but non-zero ranks?

One could apply Stickelberger’s theorem 1.4.22 to the family 3% = 23 4+ x + ™ when p =
1 mod 4 to see if indeed Brumer’s bound is not attained, as mentioned in remark 3.1.21.

For any finite field k£ and any integer R > 0, is there an elliptic curve E over k(t) such
that F(k(t)) has rank R? Odd ranks were obtained in [Gri20] under some conditions
somehow similar to Artin’s conjecture on primitive roots, see remark 1.3.49.

As mentioned in remark 1.3.49, it was suggested in [PPVW19, §12.5] that elliptic curves
E/k(t) not defined over a proper subfield have bounded rank. One could try to investigate
some examples (beyond the one given in remark 1.3.49).

Is there a finite field k£ and an elliptic curve E over k(t) such that E(k(t'/™)) has
bounded rank but E(k(t'/™)) does not, as n ranges over positive integers coprime to

the characteristic of k (i.e., we have unbounded geometric rank but bounded algebraic
rank)?
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Further directions

14. Here are various questions related to the notions of splitting field introduced in re-
mark 4.2.31.

(a) Given a finite field k, is it true that

rk E(k(t)) =tk E(k(t)) = E(k(t)) —— E(k(t)).

(b) Given a field k£ and m > 1, is it true that

rk E(k(t)) = tk E(k(tY™)) = E(k(t)) —— E(k(tY/™)).

(c) Given two algebraically closed fields K C L, is it true that

rk E(K(t)) =k BE(L(t)) = E(K(t)) — E(L(t)).

We point out that if F is an elliptic curve over K and K C K’ is a finite extension of
global fields such that F(K) and E(K') have the same rank and the same torsion, it
does not mean that the inclusion E(K) C E(K') is an equality (we just have a subgroup
of finite index).

For instance, consider K = Q, K’ = Q(i) and E/Q given by the minimal model y* = 23 +
22 +4 (a short Weierstrass equation is y? = 23 —4322+190080; this is the curve with labels
112.a2 and 392.1-al from the database [LMF22]). The Mordell-Weil groups E(Q) and
E(Q(4)) both happen to be isomorphic to Z/27Z x Z, but P := (—2i,2i+2) € E(Q(4)) ~
E(Q), so we definitely do not have an equality E(Q) = E(Q(¢)). In fact, this point P
generates the torsion-free part of E(Q(7)), while @ := (0,2) = 2P + (-2,0) € E(Q)
generates the torsion-free part of E(Q). Here the torsion of both groups is generated by
(—2,0).
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Appendix A
Proof of the upper bound on the Brauer-Siegel

ratio

In this appendix, we provide a detailed version (with explicit constants) of the proof of the
upper bound on the Brauer—Siegel ratio BS(E/K) < 14 o(1) from [HP16], as stated in
theorem 2.2.4. We do not claim originality here; the goal is only to make sure that we can
safely remove the dependency on ¢ := |k| (the cardinality of the field of constants).

In what follows, we will use the "complex-analytic" version of the L-function L(E/K,s) :=
L(E/K,T = q—*) as in remark 1.3.33; in particular we have L*(E/K) = log(q)"L*(E/K)
where 7 is the (analytic) rank of E/K. We point out that in [HP16, Remark 2.5], the
regulator is defined using the pairing log(q) - (—, —)n1 (see remark 1.3.17), where log denotes
the natural logarithm (in base e). In particular, the Brauer—Siegel ratio of E/K as defined

in [HP16] is equal to BS(E/K) + % (using our notation from definition 2.2.1).

The general idea in [HP16] to get an upper bound on the Brauer—Siegel ratio can be

described in five steps (we use the notations from theorem 2.2.4):

1. Get "easy" upper bounds on |log(L(E/K, s))|, from Euler product and from Weil conjec-
tures, where Re(s) = 1+ p or Re(s) = 3/2 + p with p €]0,1/3[. See proposition A.4.

2. Apply Phragmen-Lindeléf principle on the strip {s € C : 1+ p < Re(s) < 2+ p}, where
p €]0,1/3[ (proposition A.5). In particular, we get an upper bound on |log(L(E/K, s))|
for Re(s) =1+ 2p.

3. Use the functional equation of L(E/K, s) to get an upper bound on |log(L(E/K, s))|
for Re(s) = 1 —2p. Then apply Phragmen—Lindel6f theorem again, on a strip containing
s = 1. See proposition A.6.

4. Cauchy integral formula together with Brumer’s bound provide an upper bound on
|C*(E/K)| (proposition A.7).

5. Finally, BSD formula (from conjecture 1.3.34) gives the desired result (theorem 2.2.4).

We start by writing the zeta function of K = k(C) as

Qk(q™?)
(1=g*)(1—q¢"*)

Ck(s) =

2g
where Q (T) = [[ (1 — a;T) € Z[T] has degree 2g, and |a;| = ¢'/? for every j. We have

j=1
an easy estimate:

Lemma A.1. Let s € C with 0 = Re(s) €]1,2[. Then
3-2%
o—1"

€ (s)] <
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A — Proof of the upper bound on the Brauer—Siegel ratio

We could replace the constant 3 in the numerator by any real number ¢ > max{Gp: (2); ﬁ}
= max{8/3,2/In(2)} = 2/1In(2) ~ 2.885.

Proof of lemma A.1. — To begin with, we have

29
Qu (g )| =[] 11 —aja | < (1+¢"277)% < 2%,
j=1

since 1/2 —0 <1 -0 <0.

Thus it is sufficient to show that

1 _ 3
(I—g ) (1—¢g'=%)] " o-1

Recall that |1 — ¢~ 5| 2|1 —|¢ °||=1—-¢ 7 >0, so that

|Gy (8)] = [Cpr (s)] = ‘

1
(1—=gq¢9)(1—-q¢')

IGp1(s)] <

Therefore we want to show o — 1 < 3(1 — ¢~ 7)(1 — ¢' =) for every o €]1,2], i.e.
3(1—2)(1—gz)+In(z)/In(¢) +1>0
for every z = ¢=° €]q~2, ¢ [. Since In(q) > 0, this is equivalent to show that
fq(z) :=3In(q)(1 — 2)(1 — qz) + In(qx) > 0
is non-negative on J¢=2, ¢~ ![. This follows from the three easy facts listed below:

o Firstly, f,(¢7!) = 0 is clear.

o Secondly, we have f,(¢g72) > 0. Indeed, since ¢ > 2, we get

fol@®) =In(q)-B(L—¢ *)(1—-q ") —1)
>In(g)-(31—-27%)(1—-27") - 1)

zln(q)-(?:-g—l) > 0.

e Thirdly, we check that fé(q_l) < 0. Indeed, we have

1
folw) = 3In(a)(2qz —q —1) + —,
and using the inequality ¢ > 2 again, we obtain

filgh)=3I(q)(1—q)+q=(1—q)(3In(g) —1) +1
< —BlIn(g) —1)+1=2-3In(q) <2-3In(2) <0.

Notice that f;(z) = g(z)/x, where g is a convex quadratic function of x. Let a,b € R be
the two zeros of f; and note that we have a < ¢~ ! < b by the third observation fé(q’l) <0
above.

232



A — Proof of the upper bound on the Brauer—Siegel ratio

— If f}(¢7?) > 0, then f, is increasing on |¢~2,a] and is decreasing on [a,q'[, so that
f4(z) = 0 holds true for every x € [¢72,¢7 ], since f,(¢7%) > 0= f,(¢ ).

— If fl(¢7?) <0, then f, is decreasing on [¢~2,¢~'], so that f, is non-negative on this
interval, because f,(¢72) > 0= f,(¢71).

In all cases, we have f, > 0 over |¢g~2,¢™![, as desired. [ |
Moreover, recall that if E/K is non-constant, then by theorem 1.3.30, we can write the
L-function as a polynomial

Dp/x

L(E/K,s) = H (1—-B547°) (A1)

j=1

for every s € C, where |3;| = ¢ for every j. On the other hand, the Euler product

L(E/K,s) H H —ay, g, %)t (A.2)

ve|C| j=1

(valid whenever Re(s) > 3/2), satisfies' |a, ;| < % gy = qio8(v),

Equations (A.1) and (A.2) yield the upper bounds given respectively in lemmas A.3 and
A2

Lemma A.2. If 0 = Re(s) > 3/2, then
IL(E/K,8)| < (o —1/2* and [log(L(E/K, )| < 2d log(Cx (0 —1/2)).

Proof. — The first inequality follows from the second one, so it is sufficient to prove the
second inequality. From (A.2), we have log(L(E/K,s)) = =3, >, log(1l — ay, jq, *). Recall
that if |z| < 1, then

D | R 1R ) R

n>1

|1n<1—z>|=|—2 2

n>1

. _ 1/2—0o
Since |a,,;q, *| < @/

|log(L(E/K, s) ZZ—log (1 —lav,jlq, )
ZZ—log 1 —ql/2 ) Z2dlog((1 —qi/Q"’)’l)

:2dlog(§K(a—l/2)). |

< 1, we get

Lemma A.3. Let s € C with o := Re(s) > 1. Then

|log(L(E/K,s))| < Dg/x|log(l —¢" 7). .

!For all places v of good reduction for E, we have an equality |a,, ;| = q1/2.
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A — Proof of the upper bound on the Brauer—Siegel ratio

Proof. — By equations (A.1) and (A.3), we have

D
[log L(E/K, )| <) |log(1 — Biq )|

j=1

D

2“082(1—61 7)| = Dg/k|log(1—¢" 7). L

.
—_

We can now prove lemma 7.2 from [HP16].
Proposition A.4. Set 3:=3-2%9. Let p €]0,1/5].
o If o :=Re(s) € [1+ p,3/2], then
| log(L(E/ K 5))| < 2Dk |log(p)]
o Ifo:=Re(s) € [3/2+ p, 2|, then

[log(L(E/ K s))| < 4[log(p)]- .

Proof. — The first part readily follows from lemma A.3 and from the inequalities

1 1
log(1—¢' 7)< 2log ( —— ) < 2log | = ) = 2|1 .
log(1 ¢~ < 2log () < 210z () = 2|log(o)

the first one being valid if ¢ > 2 and o €]1, 3].
The second part follows from lemmas A.1 and A.2: if o €]3/2 + p, 2 then

. 929

llog(L(E/K, $))| < 2 log(Cx(0—1/2)) < 2log (3 2

) — 2(10g(3:227)+ | log(p) ) < 4/ log(p)!.

We now deduce lemma 7.3 from [HP16].

1loglog D
Proposition A.5. Set 3 := 3229, Assume that Dy > 9 and that p = ~ 0o ZE/K o
2 log Dg/k
1/B. Define 7 := 2p.
Then for every t € R, we have

. loglog(Dg/ k)
log(L(E/K,1 t))| <12D _— J
|log(L(E/K, 1+~ +it))] E/K log D/

Proof. — Consider the strip S := {s € C : 1+ p < Re(s) < % + p}. We apply

Phragmen-Lindeléf theorem to? l;g{i((#_’i)) over this strip, where we know the bounds on

E/K

the boundaries thanks to proposition A.4. Then for every p €]0,1/8],v € [p,p + %] and
every t € R, one has

. 1-2(
log(L(E/K, 1+~ +it)| < 4Dy 37" log(p)|. (A4)
ZNotice that when s = 14y + it then |D1 2s=1=p)) = ]E/i(ﬂ’*p).
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A — Proof of the upper bound on the Brauer—Siegel ratio

}log log Dp/k
p < 1/8, the upper bound (A.4) yields

Define p := €]0,1/2], and set v := 2p € [p,p + 3]. Since we assume that

|log(L(E/K, 147 + it))| < 4Dy 2| log(p)|

loglogDE/K

log D
=4Dp/k - Dg o

loglog Dk
log| ——
Dg/k
———|logloglog(D — loglog(D — log(2
logDE/K| og log log( E/K) og log( E/K) og(2)|

3D
<4 E/K

IOgDE/K

=4

loglog(DEg k),
where the last inequality holds if D g > 9. |

We now use the functional equation for L(E/K, s) to get an upper bound on the vertical
line Re(s) =1 — p, and then another application of Phragmen—Lindel6f principle will imply
the following result.

Proposition A.6. There exists a constant Dy > 0 (depending on g but not on q) such that
whenever Dg i > Do, we have

loglog(Dg k)
L(E/K,s)| < Dy p—2 2 ZEIK) (13 ,
£(B/K.5) exp< i 13 + ogla)
log log(D
for every s € 8" where S’ :={s€C : 1 —y < Re(s) <14~} and v := w. 4
IOgDE/K

Proof. — The functional equation of £L(E/K,s) is L(E/K,2 —s) = ¢~ VPe/x L(E/K, s)
by theorem 1.3.30. In particular,

LE/K,1—~—it)=L(E/K,2— (147 +it)) = £¢0TPe/x L(B/K 1+~ + it)

Using proposition A.5, we deduce that when Dp/ g is large enough (D x — 00), we have
the inequality

loglog(D
llog L(E/ 51— — it) < Dy BBLE) (13 1 105
IOg DE/K
log log(D
for every t € R, where v := w.
IOg DE/K

Combining this upper bound with the one obtained in proposition A.5, we deduce from
Phragmen-Lindel6f principle that the above inequality holds true whenever 1 — v — it is
replaced by s € S’. This terminates the proof. |

We can now derive an upper bound for the derivatives of L(E/K,s) at s = 1 using Cauchy

integral formulas, and Brumer’s bound from theorem 2.2.6. This corresponds to theorem
7.5 in [HP16].
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A — Proof of the upper bound on the Brauer—Siegel ratio

Proposition A.7. There exists a constant ¢; > 0 (depending on g and the constant ¢y given
in the statement of theorem 2.2.4, but does not depend on q) such that

loglog(fe/K)

log|L*(E/K)| <
810 /) < oy L

(13 + ¢1 log(q)). .

Proof. — Let C be the circle of center 1 and radius ~y as in proposition A.6, and r be the
analytic rank of E/K. Then Cauchy integral formula

LONE/K 1) 1 L(E/K,?)
== gy
r! 27t Jo (z — 1)r+t

yields

LO)N(E/K, 1)

r!

-, E/K. 7).
y gleaglﬁ( /K, z)|

L*(E/K)| = < -length(C) -7~ max |£(B/K, 2)

By Brumer’s theorem 2.2.6 and since we assume that g < fg)/ > We have

fE/k +49c —4 cofe/x log(q) log(fr/K) crcolog(fe/K)
2108 (f ) I Yoafmp2— 2172 T 2R o)
Je/x +49c —4 co - fe/xlog(q)
2oaerm) D Toa(feym) (1 —2 172 T OoslD)
r fr/x10g(q) (A.5)
log(fr/K) :

for some ¢} > 0 which depends on g, ¢y but not on gq.

Since C is contained in the strip ', proposition A.6 implies that if fg,x is large enough,
then

ILA(E/K)| < (bg(DE/K)> exp (DE/KWD’”’()O?»Hog(q)))

log log Dg/k log Dg/k
fe/K log(q) loglog(Dp) )
<exp |- =—=——"""loglogD + D ——————2(13 + log(q .

Thus, since Dg/x ~ fg/kx (by theorem 1.3.30, as g is fixed), we get

loglog(fE/K)

log |[L*(E/K)| < fE/K log [,

(13 4 c1log(q)),

where ¢; := 1+ ¢}. This concludes the proof. [

Finally, we are able and ready to prove the upper bound on the Brauer—Siegel ratio, as
stated in theorem 2.2.4.

Proof of theorem 2.2.4. — By theorem 1.3.35, all elliptic curves E/K in the statement
satisfy the BSD formula.
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A — Proof of the upper bound on the Brauer—Siegel ratio

Fix € > 0. On the one hand, we have |E(K )iors|? < O(1) by proposition 2.1.4, where the
implicit constant depends only on g (note that we assumed that f(E/K)® > q = |k|, so
this forces E/K to be non-constant). On the other hand, ¢,(E/K) > 1 for every place v,
so BSD formula leads to

[LI(E/K)| - Reg(E/K) < L*(E/K) - ¢°~" - H(E/K).

As mentioned in remark 1.3.33, we have L*(E/K) = log(q) "L*(E/K) where r is the rank
of E/K. When g > 2, we have L*(E/K) < L*(E/K) since log(q) > 1. When ¢ = 2, we
have log(q) ™! > 1 so equation (A.5) yields

, JE/K1og(2)

(log(q)~")" = exp[r - (—loglog(q))] < exp <01 (—log log(2))>

log(fE/K)
Let us set ¢}, := ¢} - 712571(3;(2) > 0 and ¢y := max{c), 1} (which does not depend on q).
Thus in all cases we have (log(q)™!)" < exp (c2 - ngc(}jf%)

Since fr/x < deg (Amin(£/K)) by theorem 2.2.2, we get

) log log fE/K

&L €-deg (Amin(F/K)),
e o 8 (Auwin(B/K)

E/K

as fp/x — +oo. Thereby, proposition A.7 gives, when fg,/x — oc:

[II(E/K)| - Reg(E/K) <4 H(E/K) - ¢"~" -log(q) ™"

loglog(fr/x)

log fr/K 13+ log(q))>

Te/K )
log(fe/K)

loglog(fe/x)
+ €Xp fE/Kilog fE/K

< H(E/K)'t exp(cs - e fa/K)

-exp [€ - deg (Amin(E/K)) (13 + ¢1 log(q))]
< H(EJK)'™ - H(E/K)w0© . H(E/K)mm < (3+er loa(@)
< H(E/K) - H(E/K)©(1H12c2108(2) 7" +13108(2) " +e)

) <fE/K

<, H(E/K)'™€ - exp (02 :

(1341 log(q))>

The third inequality comes from the fact that 1°1g0 l;(gtgt) — 0 and @ when t — +o0.

In other words, we proved that for every € > 0, there are some B 4 ¢, Bé,g@ > 0 such that
JE/K 2 Be g,c, implies

[UI(E/K)| - Reg(E/K) < B 4., - H(E/K)'™,

for every E/K as in the statement of the theorem, which finishes the proof. |
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