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Introduction

Let F, be a finite field of characteristic p > 5 and set K = Fy(t). Let E
be a nonisotrivial elliptic curve over K and let III denote its Tate-Shafarevich
group. It is conjectured that III is a finite group. In general, this conjecture
is still widely open. However, under the assumption that |III| is finite, Gold-
feld and Szpiro were able to prove an upper bound on the order of III, in the
case of function fields. Let N := ¢esN(E) and H := ¢(1/12)deg Amin(E)  where
N(E), Apin(E) € Div(P!) are respectively the conductor and the minimal dis-
criminant of E. The bound found by Goldfeld and Szpiro is the following (see
[GS95)):

Theorem (Goldfeld-Szpiro). In the above setting, assume that III is finite
and that j(E) is not a p-th power. For all ¢ > 0, there exist constants ¢, ¢’ > 0,
depending only on ¢ and ¢, such that:

|H_I| < C-N1/2+E, (1)

and
|| < ¢ - H'fe, 2)

By the Szpiro inequality, we have H < N'/2 so (1) follows from (2). The
question now arises whether these bounds are optimal for finite III. We will
prove that this is the case for (2), by examining a certain family of nonisotrivial
elliptic curves. We also get an improved optimal version of (1) for this specific
family.

For any integer a > 1, let p,(t) = t4" —t and we define the elliptic curve E,
over K by the following Weierstrass model:

B, y? =2 4 pa(t)a? — 2. (3)

We denote the Tate-Shafarevich group of E, by III(E,) and we will show that for
all a > 1, III(E,) is a finite group (see Corollary 4.6), hence we have an infinite
family of elliptic curves over K for which |III| < co holds. We now also know
that the Goldfeld-Szpiro bound holds. The main result will be to improve this
upper bound for E,, and to show that the improved bound is almost optimal
by proving the corresponding lower bound. This can be summarised in the
following theorem:

Theorem A. Let K =TF,(t) be of characteristic at least 5, and for any integer
a > 1, let E,/K be the elliptic curve defined by (3) and set N, := gdegNe,
where N, is the conductor of E,. For all ¢ > 0, there exist constants c1,cs > 0,
depending only on ¢ and g, such that for all a > 1, we have:

¢ - NYA=¢ <|UI(E,)| < e - N/AHe.

As a corollary, we will also get the following bounds of |III(E,)| in terms
of H(E,):

Theorem B. In the setting of Theorem A, set H(E,) := ¢(1/12) deg Amin(Fa)
where Apin(EF,) is the minimal discriminant of E,. For all € > 0, there exist
constants ¢}, ¢, > 0 depending only on ¢ and ¢, such that for all @ > 1, we have:
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¢ H(E,)' ™ <|UI(E,)| < c- H(E,)'.

It follows from Theorem B that the Goldfeld-Szpiro bound is essentially optimal,
in the sense that the exponent 1 in (2) is the best possible (it cannot be replaced
by a smaller number).

We will now give an outline of the proof of Theorem A. We first focus on finding
an explicit expression for the L-function L(E,,T) of E,. The main tool in
finding the expression will be a certain relation between character sums. Define
P,(a) to be the set of nonzero, finite places v of K with degree d, dividing a.
We will find for all v € P,(a) certain algebraic integers g(v), a(v) and o’ (v) (see
Definitions 1.21 and 1.26 for more details), such that the L-function of E, is
given by:

L(E,T)= [[ (1-a@g@)T)(1-d ()gw)T™)eZ[T]. (4
vEPy(a)

Defining the special value L*(E,) := L(E,,q" '), we will deduce from this ex-
pression that L*(E,) # 0, or in other words ordp_,-1L(E,,T) = 0. It is
a result of Tate that for the rank of the Mordell-Weil group of E,, we have
0 < rank Fo(K) < ordr—,~1L(E,,T), so in particular rank E,(K) = 0 as well.
From this, we deduce that the full BSD conjecture holds for the curves F, and
hence that the Tate-Shafarevich group III(E,) is finite (see section 4 for more
details).

To find bounds on the order of III(E,), we first deduce from the BSD conjecture
and a computation of the torsion and Tamagawa number of F,, the following
relation:

log L*(E.) _ log|II(E,)| 1

= - = 1 — )
log N, ogN, 1 tol)asa—oeo (5)
and then continue by finding upper and lower bounds for %. By proving

a bound for the size of P;(a), we find that there exists a constant Cy > 0, such
that for all ¢ > 1:
log L*(Ea) _ C2

logN, ~— a (6)

Finding a lower bound requires more work. For every place v € P,(a), we will
prove the existence of an angle 6, € (0,7) \ {w/2} from the computation of the
L-function, such that we have the following bound for all a > 1:

log L*(Ea) < [Py(a)] 1
log N, ~ log N, |P,(a)]

Z —log(sin? 6, cos?0,) | . (7)

vEP;(a)

The first factor of the right hand side of this inequality can easily be seen to be
lkf;# = O(1/a), as a — oo. The remainder of the proof is focused on proving
that the second factor has a limit as a — oco. Hence there exists a constant

C71 > 0, such that for all ¢ > 1, we have:



_C1_logL(E.)

a — logN, ()

Combining equation (5) with the bounds found in (6) and (8) will then conclude
the proof of Theorem A.

We also give a short outline of this thesis: In section 1 we recall the relevant
definitions and results on elliptic curves and characters, as well as introducing
quadratic Gauss sums and Kloosterman sums with some classical results. In
section 2 we will compute some invariants of the family F,, including the j-
invariant, the conductor and the minimal discriminant. We also compute the
Tamagawa number of F, and the torsion subgroup of F(K). Section 3 will be
completely dedicated to computing the L-function, and in section 4 we deduce
several corollaries from the explicit expression, including the finiteness of III(E,)

and the fact that the full BSD conjecture holds. In section 5 we will prove the
log L* (Eq)

g N, from which we will deduce proofs for Theorems A

desired bounds on
and B in section 6.






1 Background

We let F, be a finite field of characteristic p > 5 with ¢ elements and write
K = F,(t). Throughout, we fix an algebraic closure F,/F, and for any n > 1
let Fy» be the unique subfield of E with ¢" elements. We also fix a primitive
p-th root of unity ¢, and embeddings Q((,) < Q and Q < C. When algebraic
integers are considered as complex numbers, it is always implicitly under these
embeddings.

The next two sections are inspired by Ulmer’s Park City lecture notes ([Ulm11]).
The reader can confer these notes or [Sil09] for more details.

1.1 Places of K

Consider the projective line P* over F, and note that K = F,(¢t) = F,(P!). We
let a place v of K be an orbit of the Galois action of Gal(F,/F,) on P*(F,). Since
Gal(F,/F,) is topologically generated by the Frobenius morphism Fr,: @ ~ 29,
a place v of K is given by v = {FrZ(P) : j > 1}, for some point P € P}(F,).
Note that P! has exactly one point at infinity, which is Fg-rational, and we will
denote the place to which this point belongs with co. All the other places v of
K are called finite places of K, and it is a classical fact that there is a bijection
between the finite places of K, and the set {B € F,[t] : B monic, irreducible},
and we denote with B, € F,[t] the monic irreducible polynomial corresponding
to a place v of K (see for example [Ulml1l, Lect. 1.2]). We set d, to be the
degree of a place v of K. In particular, we have d, = deg B,,.

We associate the residue field F(v) := Fy[t]/(B,) to a finite place v of K of
degree d,,. Note that F(v)/F, is a field extension of degree d,,. Similarly, for the
place oo of K, we set F(co) = F, (as oo is a place of degree 1). For any place v
of K, we set K, to be the completion of K at v.

1.2 Elliptic curves over K

We use mostly the definitions as in [Ulm11, Lect. 1]. An elliptic curve over K
is a smooth cubic plane curve, given by a Weierstrass model of the form:

Y2Z 4+ a1 XYZ +asYZ?% = X3 + au X% Z 4+ as X Z? + ag Z°, (1.1)

with a1, ...,a6 € K. Let O be the K-rational point (0:1:0). Setting z = X/Z
and y = Y/Z, we can also give the Weierstrass model in affine form:

v + arzy + asy = 2° + asx? + agx + ag. (1.2)

Note that O is the only point of E at infinity, in the plane “Z = 0”. The
quantities b, ..., bs, ¢4, ¢, A and j are defined as in [Sil09, II1.1]. All Weierstrass
models that can be obtained from a given model by a change of variables of the
form:

= v’z +ry=udy +ulsa’ +t,

with u,r, s,t € K, u # 0, are said to define the same elliptic curve over K. We
now define the following:
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Definition 1.1. Let F be an elliptic curve over K.

(1) We say that F is constant if E can be defined by a Weierstrass model (1.1),
with a; € F, for all 7.

(2) We say that E is isotrivial if there exists a finite extension K’ of K, such
that F becomes constant over K.

(3) We say that F is nonisotrivial if it is not isotrivial.

Note that [Ulm11, Rem. 1.1.5] states that E is isotrivial, if and only if j(E) € F,.

We let E(K) be the set of K-rational points of E. It is a classical fact that E(K)
becomes a group under the “chord and tangent” addition (see for example [Sil09,
Ch. II1.2, Prop.2.2.(f)]. Lang and Néron both proved the following analogue of
the classical Mordell-Weil theorem ([Ulm11, Lect. 1, Th. 5.1]):

Theorem 1.2. Let K =Fy(t) and E an elliptic curve over K. Then E(K) is
a finitely generated abelian group.

In particular, the torsion subgroup E(K )ors C E(K) is finite.

Definition 1.3. For a finite place v of K of degree d,, let B, € F,[t] be
the corresponding monic irreducible polynomial of degree d,,. We then define
ord,: K* — Z, by ord,(f) := ordp, (f), for all f € K, where ordp, denotes the
multiplicity of B, in f. For v = oo, we define ords: K* — Z by ordo(f) =
—deg f, for all f € K. Furthermore, for any place v of K, we set ord,(0) = occ.

Definition 1.4. Let v be a place of K and E an elliptic curve over K, given by a
Weierstrass model (1.1). We say that the model is integral at v, if ord,(a;) > 0,
for all 3.

Note that from an elliptic curve E over K given Weierstrass model, and any
place v of K, we can always we can always find a model for F that is integral at
v, by applying a change of variables as in [Sil09, Ch. III.1], with the formulas
from [Sil09, Ch. III.1, Table 3.1]. Note that ord, A > 0 for an integral model at
v, so there are models where this valuation is minimal.

Definition 1.5. Let E be an elliptic curve over K and v any place of K. A
minimal integral model of E at v is an integral model of F at v, such that ord, A
is minimal among all integral models of E. We set A, (F) to be the discriminant
of a minimal integral model at v.

Definition 1.6. Let E be an elliptic curve over K. We define the minimal
discriminant Amin(E) of E to be:

Amin(E) :=Y_ord,A,(E) - (v) € Div(P"),

where the sum runs over all the places v of K. This is indeed a divisor, as

there are only finitely many places with ord,A,(E) > 0. We set H(E) :=
q(1/12) degAmm(E)'

10



1.2 Elliptic curves over K

Let v be any place of K, and choose a minimal integral model model of E at v:
y2 +a1ry +asy = z3 + agx2 + asx + ag.

Let 7 € v, and @; € F(v) be the reduction modulo v, obtained by substituting ¢
with 7 and let (E), be the cubic plane curve defined by:

y2 + axy + asy = x° + Gox? + Gy + ag. (1.3)

We call (E), the reduction of E at v. If ord,(A,(E)) = 0, (1. 3) describes an
elliptic curve over F(v). However, if ord,(A,(F)) > 1, then (E )T is singular.
We use this to define the following:

Definition 1.7. Let E be an elliptic curve over K, and v be any place of K.
Then:

(1) If (E), is a smooth cubic, i.e. an elliptic curve, we say that E has good
reduction at v.

(2) If (E), is a nodal cubic, we say that E has multiplicative reduction at v. If
the tangent lines at the node are rational over F(v) we say that the reduction
is split multiplicative, otherwise we say the reduction is non-split multiplica-
tive.

(3) If (E)T is a cuspidal cubic, we say that E has additive reduction.

If E has either multiplicative or additive reduction at v, we say that E has bad
reduction at v. In the case of bad reduction at v, write Fys(IF(v)) for the set of
non-singular F(v)-rational points of (E),. Then, we define:

Eo(K,) :={P € E(K,) : P € Eps(F(v))} (1.4)
Definition 1.8. Let E be an elliptic curve over K. For a place v of K, we set:

0, if E has good reduction at v
ny(F) =< 1, if E has multiplicative reduction at v
2, if E has additive reduction at v

Furthermore, we define the conductor of E to be:

Z ny(E ) € Div(Ph),

where the sum runs over all the places v of K. N(FE) is indeed a divisor, as
there are only finitely many places of bad reduction. We set N(E) := ¢leg V()

We also define the Tamagawa number of an elliptic curve E:

Definition 1.9. Let E be an elliptic curve over K, and v any place of K and
let K, be the completion of K at v. We define:

co(E) = #(E(Ky)/ Eo(Kyv)),

11
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and the Tamagawa number 7(E) of E as the following product over all places
v of E:

7(B) = [ eo(B).

This is well-defined, as ¢, (E) = 1 for all places of good reduction and there are
only finitely many places of bad reduction.

The next object we want to introduce is the L-function of E. For any place v
of K, define:

a,(E) = q% + 1 — #(E),(F(v)). (1.5)

In the case of bad reduction, the number of points of (E)T(F(v)) is known
exactly, hence we get:

q%8? + 1 — #(E).(F(v)) ,if E has good reduction at v

ay(E) = 1 , if F has split multiplicative reduction at v
v -1 , if E/ has non-split multiplicative reduction at v
0 , if F has additive reduction at v
(1.6)

Then we define the L-function L(E,T) of E as the following Euler product:

LET) = [] (1 =a(BE)T +¢*T**)" - J] (1 —au(B)T™)". (1.7)
good v bad v

In [Ulm11, Lect. 1.9], the classical Hasse-Weil bound is stated: for all places v
of K, we have

lau(B)] < 2/

This bound implies that the Euler product in (4.3) converges for all T' with
|T| < ¢~3/2. Furthermore, [Ulm11, Lect 1, Th. 9.3] states that for nonisotrivial
elliptic curves, L(FE,T) is actually a polynomial in Z[T.

Finally, we give a definition of the Tate-Shafarevich group. Fix a separable
closure K*° of K, and for any place v of K, fix a separable closure K;°P of K,,.
Set G := Gal(K®°P/K), and for any place v, set Gk, := Gal(K$°?/K,). Then
we define the Tate-Shafarevich group of E over K, to be:

III(E) := ker <H1(GK, E(K*P)) — HHl(GKv,E(Kﬁep))> , (1.8)

v

where the H' are the Galois cohomology groups. We only study the order of
the Tate-Shafarevich group, hence no introduction into Galois cohomology is
given. For more details on this topic, the reader may refer to [Ser97]. Note that
III(E) is conjectured to be finite, but this is not known in general.

12
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1.3 Characters

This section follows topics on characters as discussed in [LN97, Ch. 5]. Some
slight changes in the definitions and notations were made, mostly for notational
convenience and we only use the specific characters we are interested in. The
results of [LN97] remain true

When we consider a finite field F of characteristic p, we actually have two
interesting abelian groups: the additive group F and the multiplicative group F*.
For both of these, we define characters we are interested in.

Definition 1.10. Let F be a finite field of characteristic p. We define an
additive character of F to be a group homomorphism ¢: F — Q((,)*. We call
the character ¢¥: F — Q((,)* with ¢(x) = 1 for all € F the trivial additive
character of F. All other additive characters are called nontrivial.

Remark 1.11. For the finite field I, note that the following map is a nontrivial
additive character:

Yg: Fy = QG) e G 1o, (1.9)

which can be seen by noting that Try ,r, : F; — F) is additive and surjective.
We call 9, the standard additive character of F,. For any finite extension
Fyn /F,, we write

g 1= 1Pg 0 TrJFq" /Fq* Fon — Q)"

which is a nontrivial character of Fyn (see [LN97, (5.7)]). We call ¢4 the
standard additive character of Fyn.

Remark 1.12. Let n > 1 and 8 € Fgn. Define the map ¢g: Fgn — Q((p)* by
Ya(x) = Ygn (Bz) for all x € Fyn. Then it can be easily seen that g is also an
additive character on Fy», which is trival if and only if 8 = 0.

Definition 1.13. For any finite field IF of characteristic p, we define the quadratic
character \: F* — {£1} by

_ 1, if z is a square in F
) { —1, otherwise

Remark 1.14. The quadratic character is an example of a multiplicative char-
acter of F: it is the unique nontrivial homomorphism x: F* — {£1} for which
x%(z) = 1 holds for all z € F* (see [LN97, Ex. 5.10]). For any winite extension
Fyn /Fq, we will write Ag» and A4 for the quadratic characters of Fgn and Fy re-
spectively. Note that Aj oNp _,, 5, : Fon — {%1} is also a group homomorphism
of order exactly 2 (as N, /r, is multiplicative and surjective), but since Agn is
the unique map with this property, we actually have Agn = Ag o Ng_,, /5, -

Remark 1.15. For any finite field F of characteristic p, we extend the quadratic
character \: F* — {+1} to all of F, by setting A(0) = 0.

1.3.1 Gauss sums

Definition 1.16. Let F be a finite field of characteristic p, ¥ an additive char-
acter and A the quadratic character of F. We define the quadratic Gauss sum

13
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GIF()HQZ}) as
Gr(\,¥) == Y A@)i(x) € Q(¢p)-

ceF*

Remark 1.17. We can actually let this sum run over all of F, if A is extended
as in Remark 1.15. Also, note that we normalize our Gauss sums with a minus
sign, contrary to the classical definition in [LN97, Ch. 5.2].

Lemma 1.18. Let F be a finite field of characteristic p, A the quadratic char-
acter and 1 the trivial character on F. Then:

Proof. Note that the Gauss sum now reduces to:
Gr(\¥) == > A@)
e~

and this sum vanishes, which is a classical fact that holds for all nontrivial
characters (see [LN97, Thm. 5.4]). O

Lemma 1.19. Let n > 1 and let 3 € F.. Define 1g as in Remark 1.12. Let
Agn be the quadratic character on Fyn. Then we have:

GJFqn ()‘q”7 ¢5) = )‘q" (ﬁ) ) GFqn ()‘q”qu")

Proof. By writing out the Gauss sum, we find:

Grpn (Agn 1) = = D Agn(@)us(2)

zeF;n

== 3 A (B)Agn ()00 (B2)

xEF;n
= =2 (B) D Agn(B)ihgn ()
z€Fn
= )\q" (B) . G]Fqn ()\q” ) wq")a

where the last line follows from the fact that S attains all values of Fy. as =
runs through F7., because 3 # 0.

O
We also have the Hasse-Davenport relation:

Theorem 1.20 (Hasse-Davenport). Let m > 1, let ¢ be an additive char-
acter and Agm be the quadratic character of Fym. Then for all finite extensions
Fyn /Fgm, we have:

G]Fqn (Agm 0 N]Fqn JFqm > Yo TTIFqn /qunL) = G]qu (Agm, w)"/m-
For a proof of this theorem, see [LN97, Th. 5.14]. Using this, we actually get a

relation which will be useful in the computation of the L-function in section 3.
For that, we consider the following value:

14



1.3 Characters

Definition 1.21. Let n > 1 and let 3 € ... We write dg for the degree of 3
over Fy, and A 4, for the quadratic character on F a,. Then we define:

g(ﬁ) = /\qu (ﬁ)Gquﬁ (Aqdﬁ‘ ) d)qdﬁ)

The importance of this definition will become clear later, but for now we prove
some facts about it.

Proposition 1.22. Letn >1 and § € ]F;‘n.
(i) We have Agn(B) - Gr, (Agn, togn) = g(B)™/ %,

(i1) For all o € {B, 59, ...,Bqdﬁfl} we have g(a) = g(B). In other words, the
value of g(B) is constant along the Galois orbit of B.

(iii) Seeing g(B) as a complex number in the complex embedding, we have
9(B) = q?9/2e%% for some 05 € {55 : k € Z}

Proof. We prove the parts separately:

(i) Since 8 € Fgn, we have dg|n. Note that we have ¢ = wqdﬁ o TrFqn/quB

and A\gn = )\qu o Np, . /F a5 by definition. In particular, we have:

d 2d (n/dg)d n
Ni, /i 4, (B) = 77877 oo BT = g/,

as Bqdﬂ = (. Combining this with the result of Theorem 1.20, we find:

)\qn (ﬂ) . G]Fqn ()\qn7 qu) :)\qdﬁ (¢] N]Fqn /]quﬂ (ﬁ) .
GFqn ()\qdﬂ o N]Fqn /quﬁ ) wqdﬁ o TrFqn /]quﬁ )
=Ags (ﬁn/dﬂ) Gquﬁ (Agas > Ygas yr
=g(B)" %,

where on the last line we used the fact that A 4, is multiplicative.

(i) Note that since ¢ is odd, we have A a5 (27) = (A a5 (2))? = A a5 (@) for
all x € IF*d , so in particular we have )\ g (BY) = )\ 425 (B)- Also note that
dg = dgq, hence we now easily find g(ﬁq) 9(8

we get g(8) = g(89) = ---g(897 ).

(iii) There exist an explicit formula for the value of a quadratic Gauss sum. A
proof of this classical fact can be found in [LN97, Th. 5.15]. Our statement
is a direct consequence of this formula.

). Applymg this repeatedly,

15
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1.3.2 Kloosterman sums

Definition 1.23. Let F be a finite field, & € F* and ¢ a nontrivial additive
character of F. We define the Kloosterman sum Klp(); «) as

Kls(50 Zw(x—&— )

xzelF~*

We first prove two elementary properties about Kloosterman sums in specific
cases of F and .

Lemma 1.24. Letn > 1 and let o € F;n. Then:

(i) Let B € Fy. and define the nontrivial additive character 1g: Fgn — Q((p)”
by Yp(x) = Ygn (Bx) for all x € Fyn, as in Remark 1.12. Then we have:

Klp,. (Vg5 @) = K, (¢gn; a5?).
(i) For any j > 1, we have:
Klg, . (Ygn; ) = Kl (Ygn; aqj).
Proof. We prove the two parts separately:

(i) For x € [y, write y := Sz, and note that y takes all values of F., as =
runs over F7.., because 3 # 0. Using this, we get:

K, (Pp;0) == > g (a:+ z) —— 3 Y (Bsc+ 5)

mEJF;" :cE]F*,,L
ﬁ2
= X e (Bt ) == S e v+
:cE]F;n yE]F* Yy

= Klg,, (Ygn; %)

(ii) Note that 1gn = 1pg0Trg, , /5, and that for any z € F}., we have Try_, /r, (z) =
Trg,. sk, (x?). Using this, we find:

«
Kl (Ygn; ) = — Z Vg © Trr . /F, <x + x>

z€Fyn
a q
~- % wot, (5+2)
zeFn
ol
= — Z Ygn (ajq + xq) = Klp,» (thgm; ),
zE]F;n

where the last equality follows as z7 attains all values of Fy., as x runs
through Fy.

O

16



1.3 Characters

Similar to the Hasse-Davenport theorem in the case of Gauss sums, there is a
relation on Kloosterman sums which we will use to define certain values.

Theorem 1.25. Let m > 1, a € Fy and ¢: Fgm — Q(&)* be any nontrivial
additive character of Fgm. Then there exist two algebraic integers Klp, ,, (¢; @)
and klqum (¢; @), which are uniquely determined by Fym, 1 and o up to permu-
tation, such that for all finite extensions Fyn /Fym, we have:

Klg, . (¢ 0 Trg, 0 /5, m 5 @) = Klg, 0 (¥50)"/™ + Kl (15.0)"/™.

A proof of this theorem can be found in [LN97, Th. 5.43]. We will use it for
the following definition:

Definition 1.26. Let n > 1 and let 8 € F. of degree dg. Then we define
{(B), 0/ (B} = {Kle , (gt =), Kl (0005~}
for the pair klqudﬁ ('(/)qdﬁ ; —B3?) and kll’quﬁ ('(/Jqdﬂ ; —(?%) as in Theorem 1.25.
Proposition 1.27. Letn > 1 and 8 € F.. Then:
(i) We have Klg,, (1hgn; —5%) = a(B)™ e 4 of (B)"/ds .

(ii) For ally € {57, ..., 8 '}, we have {a(y),o/(7)} = {a(B), o/ (B)}. s0
the values of a(B) and &/ (B) are constant along the Galois orbit of B, up
to permuting with each other.

(iii) We have |a(B)| = |/ (B)| = ¢*#/? and (B) and o/ (B) are complex conju-
gates, when seen as complex numbers in the embedding into C.

Proof. For (i), note that ¢ = 'l/)qdﬁ o Trg .. /¥ " and the result then follows

immediately from Theorem 1.25. For part (i7), note that for any j and 8’ = 5qj,
we have dg = dg and using Lemma 1.24.(ii), we find

Kl]quﬁ/ (¢qd/3’ 5 _(B/)Q) = Kqudﬁ (¢qd5 ) _62)7

and hence {a(y),a/(7)} = {a(B8),a/(8)}. The first statement of part (iiz) is
[LN97, Th. 5.44], and the second statement is actually part of [LN97, Th.5.43]
O

We also need a result on bounds of the absolute value of Kloosterman sums.

Proposition 1.28. For anyn > 1 and § € Fy., we have:

0 < [Klg, . (gn; —52)] < 2¢"2.
Proof. Note that the second inequality is exactly [vdGvdV91, Cor. (3.2)], and
for the first inequality, we use a similar argument. Let (¢, — 1) be the unique

prime ideal of Q((,) lying over p, and note that (p) = ({, — 1)?~* (this is a well
known fact about the decomposition of p in Q((,). For a proof of this fact, see
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1 Background

for example [IR90, Prop. 13.2.7]). Since 14~ takes values in {(g :7=0,..,p—1},
we have for all 2 € F}, that gn (2 — #2/2) =1 mod (¢, — 1). Hence:

2
Klg, . (thgn; —6%) = - Z Pgr (m - ﬁ) =—(¢"-1)=1 mod (¢, —1).

x
o:E]F;n

In particular, we cannot have Klg,_,, ({)¢n; -B%) =0. O
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2 The family E,

For an integer a > 1, we consider the following elliptic curve over K = F,(¢):
E,:y? =2% 4 p,(t)2? — z, (2.1)

where g, (t) = 9" —t. From this Weierstrass model and straightforward com-
putations, we deduce the following table of quantities for E,, as found in [Sil09,
IIL.1].

quantity ‘ value H quantity ‘ value
bo 494 (1) c1 16(pq(t)? + 3)
by -2 6 | —32(20a(t)® + 9pa(t)) (2.2)
be 0 A 16(pq(t)? + 4)
. 256(pa(t)?+3)°
s -1 J RO

Note that j does not depend on the model of E,, and since j ¢ F,, we see that
FE, is nonisotrivial.

2.1 Reductions

For the computation of the L-function, we need to reduce E, modulo the places
of K and determine minimal integral models at those places.

First we consider the finite places of K, so let v be a place of K with v # co of
degree d,. We can identify v with a monic irreducible polynomial B, in F,[t]
of degree d,. For a point 7 € v (i.e. a root 7 € E of B,), we consider the
reduction (Eg),, of (a minimal model at v of) E, modulo v, by substituting
t with 7. To v, we associate the residue field F(v) := F,[t]/(B,), which is an
extension of F, of degree d,. For a general (not necessarily finite) place v of K,
we consider A, (E,), which is the discriminant of a minimal integral model of
FE, at v. These definitions can also be found in section 1.

It is clear that (Eva)T is an elliptic curve if ord, (Av (Ea)) =0, as we then have
Ay (E,;) # 0 mod v. So, in that case E, has good reduction at v. In the
other case, when ord,(A,(E,)) > 0, E, has bad reduction at v. We compute
the places of bad reductions and the reduction types explicitly, in the following
proposition:

Proposition 2.1. The following two statements hold:

(i) We have the following reductions of E, modulo the places v of K. Note
that for a finite place v # oo, we denote by B, € Fy[t] the corresponding
monic irreducible polynomial.

place v ‘ Kodaira symbol ‘ reduction
Byt pa(t)® +4 Iy good 53
By | pa(t)* +4 5L multiplicative (23)
00 Iiga additive

(ii) For a finite place v of K such that B, | p.(t)? + 4, a minimimal integral
model of E, at v is given by (2.1).
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2 The family E,

In order to prove Proposition 2.1, we first need the following lemma.

Lemma 2.2. The polynomial p,(t)* + 4 € F,[t] is square-free.

Proof. Write f(t) = pa(t)? +4 = 24" — 2t9"T1 442 4 4. Tts derivative is
() = 2¢2%9" =1 — 2(q® 4+ 1)t9" + 2t = —2t9" + 2t. Then a direct computation
yields that:

1 1

Zf) + =) f () =1,

O+ Sou0) )
(note that we used that ¢ is not a power of 2), hence f(t) and f’(t) are coprime
in F,[t], which implies that f(¢) is square-free. O

Now we have the tools we need to prove Proposition 2.1.

Proof of Proposition 2.1. We prove the two parts at the same time, where (i)
will follow from our computation of Kodaira symbol at the finite places of bad
reduction. We separate the three cases:

e Let v be a finite place of K, and suppose that B, { pq(t)?> +4. Then
B, t A and thus ord,A = 0. As we saw before, we have good reduction
in this case, hence Kodaira symbol Ij.

e Now suppose that B, | p.(t)? + 4. Note that (2.1) is an integral model of
E, at v. By Lemma 2.2 we know that g, (t)? + 4 is square-free, hence B,
only occurs once as an irreducible factor of g, (t)?+4, from which it is also
clear that ord,(A) = 1, where A is the discriminant of model (2.2) of E,.
Since a change of variables could only change ord, (A) by a multiple of 12,
we know that (2.1) actually is a minimal integral model. Furthermore, if
we rewrite the j-invariant to be:

. 16%(pa(t)? +3)° (A —16)°
T T6(pat)2+4) A

we see that the numerator does not vanish modulo v, and hence j has a
simple pole at v. Now referencing table 4.1 in [Sil94, IV.9], we see that this
specific behavior of the orders of A and j at v only happens for reduction
type I.

e Finally we consider the case v = co. This place corresponds to the element
u:=1/t € K, so we first have to make an integral model at v. Note that
we can rewrite (2.1) to:

y? =2+ (1/u —1/u)z® — z.

Multiplying both sides by u%"*+6 and making the substitutions z/ =
uw" Tz and v = uE gives us the following integral model of E, at

V!

y/2 — 43 + (1/uqa _ 1/u)uq“+1x/2 _ u2q“+2x/

122002, (2‘4)

=2” — p(uw)a? —u

20



2.2 Conductor and minimal discriminant of E,

The corresponding quantities defined in [Sil09, III.1] for this model be-

come:
quantity value
b/2 _4pa ((lu)
bl —2q 29" +2
b 0 (2.5)
by —qy e+
A’ 16 (pa(u)2 + 4u2‘1a+2> ulte 4

Now we follow Tate’s algorithm as described in [Sil94, IV.9] with © = u, to
determine the reduction type. Note that our model is such that « | A" and
that the singular point of the reduction E; at oo is at (0,0). Furthermore,
we note (in this order) that u|bs, u?|ag, u®|bg and u®|bg. That leaves us in
step 6 of the algorithm, for which we note that we already have ulay, as,
u?|as, ay and u?|ag. Hence, we are left to study the factorisation of

P(T):=T3+ (1 —u? " HT? —'T

in the residue field of oo, i.e F, (00 is a place of degree 1). Note that we
have:
PT)=T*+T*=T*T+1),

so P(T) has one double root, and one single root in the residue field. This
means that the algorithm stops at step 7, and that we have reduction type
I, with

n = orde(A") — 6 = (4¢" + 6) — 6 = 4q¢°

and model (2.4) is minimal integral at co.

2.2 Conductor and minimal discriminant of F,
It is convenient to introduce the following notation:

Notation 2.3. As we explained in section 1, we can identify a finite place v
of K with a monic irreducible polynomial B, € F[t], and for any polynomial
P € F,[t], we write v|P if B,|P, or in other words ord,(P) > 0. Note that we
only define v|P for v # oc.

By our computation of the reductions of F, at the different places and the
definition of the conductor N, € Div(P!) of E,, we find:

Na=2-(c0)+ ) 1 (v). (2.6)

v|A

To compute the degree of N,, we use the following lemma:

Zdegv = 2¢°.

v|A

Lemma 2.4. We have:
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2 The family E,

Proof. By combining the explicit expression for A from (2.2) and Lemma 2.2,
we see that we can write:

A=16]] B
v|A

Now note that for all places in the product we have degv = deg B,,, and by
comparing with deg A = 2¢“, we find the desired result. O

Now for the degree of the conductor of E,, we get the following:

Proposition 2.5. We have deg N, = 2(q® + 1).

Proof. This follows directly by taking the degree of (2.6), which is Z-linear,
using Lemma 2.4 and by noting that deg(co) = 1. O

In the same way we find an expression for Ay, (E,) € Div(P!). Using table 4.1
from [Sil94, IV.9], we find that for v # oo with v | A that ord,(A,(E,)) = 1,
and for v = oo, we find ord (A’) = 4¢* +6, with A’ as in (2.5). Hence we have:

Amin(Ea) = (44" +6) - (00) + > 1+ (v), (2.7)
v|A

and in the same way as for the conductor, we find:

Proposition 2.6. We have deg Anin(Fq) = 6(¢* + 1).
Proof. This is completely analogous to the proof of Proposition 2.5. O

Recall that we defined N, := ¢3eNe and H(E,) := ¢(1/1?) deg Amin(Ea) | 50 we
now get the following:

Corollary 2.7. We have N, = ¢*"tV) and H(E,) = ¢"9"t1V/2. Note that the
exponents are both integers. Furthermore, we find:

logH(E,) q¢*+1 1 1

- logq — =
log N, g 084 2(¢*+1)logqg 4

2.3 Tamagawa number and torsion of £,

For a place v of K, we let K, be the the completion of K at v, and we define
co(Eq) = #(E.(Ky)/(Eq)o(Ky)) and recall that we defined the Tamagawa
number of E, over K to be the product of ¢, over all places of K:

T(Ea) =[] co(Ea). (2.8)

We use this definition and the results on reductions from section 2.1 to compute
the Tamagawa number of F,.

Proposition 2.8. The Tamagawa number of E, is given by 7(E,) = 4.
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2.3 'Tamagawa number and torsion of E,

Proof. Using the reduction types we found in (2.3), and looking at table 4.1 of
[Sil94, Ch. IV.9], we find the following values:

place v | ¢y(Ea)
vlpa(t)? +4 1
v | pa(t)? +4 1 7
00 4

and combining this with (2.8), we easily see that 7(F,) is equal to 4. O

We know that the torsion subgroup of E,(K) is finite, and we can actually
compute it explicitly

Proposition 2.9. The torsion subgroup E,(K)iors C Eq(K) is isomorphic to
Z./27. and it is generated by the point (0,0).

Proof. For short-hand notation, we will write T := E, (K )tors. Since Ej is given

by the short Weierstrass model (2.1), we know that a point (z,y) € E,(K) is
2-torsion, if and only if y = 0. Hence we are looking for solutions of the equation

z(z% + pa(t)z — 1) =0,

which are exactly given by the following: ¢ = 0, z1 = (—@q(t)++/0a(t)? +4)/2
and 9 = (—pa(t) — /9a(t)? +4)/2. Hence the 2-torsion of E,(K) is given by:

Ea(E)[Q] = {Ov (070)7 ('rlv O)v (mQ’ O)}a

and note that K(z1) = K(x2) = K(1/pa(t)?2 +4), which has degree 2 over K
because p,(t) + 4 is square-free (see Lemma 2.2), and hence (z1,0) and (z2,0)
are not K-rational, so:

T[2] = {0, (0,0)} = Z/27Z.

The next step is to examine T'[p>]. If we have a nontrivial element z € T[p"]
for some k, then [p*~!]a € T[p] is also nontrivial, hence if T'[p>°] # 0, then also
T[p] # 0. From [Ulml1l, Lect. 1, Prop. 7.3] we then know that j(E,) € KP.
However, from (2.2) we see that

_ 256(pa(t)? +3)°

J(Ea) 0a(t)? +4

and we easily see that the numerator is not a p-th power. Hence in fact
we have T[p™] = 0. Let T" := {P € E.(K)tors : ord(P) coprime with p}.
We now know that 7" = T. Note that E, has reduction type I} ., and let
G([},) be as in [SS10, Par. 7.2], and from [SS10, Lem. 7.3] we know that
G(I},..) = (Z/2Z)*. Furthermore, from [SS10, Lem. 7.8], we have an injec-
tion T" < G(I;,.) = (Z/2Z)?. Since T = T and T[2] = Z/2Z, we must have
T =~ 7,/27Z, which concludes our proof. O

23






3 The L-function

In this section we will compute the L-function of E, over K. We start with
setting up some notation and definitions.

Definition 3.1. Define
P,(a) := {B € F,[t] : B monic, irreducible and deg(B)l|a} \ {t},

where we also identify the elements of P,(a) with finite places v # 0 of K with
degree dividing a. Recall that for v € P,(a), we have that g(8) and {a(8), ¢/ (8)}
are the same for any 8 € v, by Propositions 1.22.(ii) and 1.27.(ii). Hence we

can set g(v) := g(f) and {a(v),d/(v)} := {a(B),/(8)} for any S € v.
The main result of this section is:

Theorem 3.2. The L-function L(E,,T) is given by:

L(E,T) = [[ (1-a@g@)T™)(1 - (v)g(v)T") € Z[T]
vEPy(a)

3.1 Preliminary lemmas

We first state two lemmas that we will use in the computation of the L-function.
For any n > 1 and 7 € Fyn U {o0}, define

Aalr,q") = ¢" + 1= |(Ea), (Fyn)] (3.1)

where (E’;)T denotes the reduction of (a minimal integral model at v) of FE,,
modulo the place v to which 7 belongs.

Lemma 3.3. For the L-function of E,, we have the following:
o0 " Tn
log(L(E., D)= | > Aulrg")| —. (32)
n=1 \ 7€FnU{oco}
Lemma 3.4. Letn > 1 and z € Fyn. Then we have:

{r€Fentpalr) =2l = 3 ¢p(B2)

BE]an ﬂ]Fqn

Proofs of these lemmas can be found in [Gril8, Lem. 3.5] and [Gril8, Lem. 2.4]
respectively.

3.2 Proof of Theorem 3.2

Note that (E';)T is a cubic plane curve over the residue field F(v) of K at v,
which is not necessarily smooth. To compute the values of A,, we use the
following lemma:
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3 The L-function

Lemma 3.5. Let n > 1. We distinguish between two cases:

(i) Let 7 € Fyn and let v be the finite place of K to which T belongs. Then
we have an affine model (Eq)r : y* = fr(x), with fr(z) = 2% + pq(T)2? —
x. Let Agn: Fyn — C* be the quadratic multiplicative character of Fyn,
extended with A(0) := 0. Then we have:

Aa(mq") == > Afr(2)).

z€Fn
(i) We have Ay(c0,q™) = 0.

Proof. Note that for (i), we saw in Lemma 2.1, y? = 23+, (t)z?—2 is a minimal
integral model at all finite places v, hence we can pick f,(z) = 2+ pq(7)2% — .
Then we use the following counting argument for the number of points on (E,):

|(Bo)-(Fy)

=14+ > HyeFg :¢? = fr(a)}]

z€Fn

=1+ Z (1 +)\q"(f‘r(m)))

z€Fn

=14+q"+ Y Ap(fr(@),
z€F n
where we also counted the point at infinity on (E\;)T7 which is F(v)-rational,
and hence also Fgn-rational. The second equality follows from the fact that
Agn (@) = Lif a € F}, is a square, giving two solutions, Agn(a) = —1if a € F}.
is not a square, so no solutions, and Ay»(0) = 0, giving 1 solution. Using the
definition of A, (7, "), we then find:

Aa(T7 qn) = qn + 1 _’(,ETI)T(FQ")

==Y Aplfr(@)

z€Fyn

Now for (i¢), note that F, has additive reduction at 7 = 0o, hence E’ := (E;)T
has a cusp over the residue field F(v), so exactly one singular point P, which
is F(v)-rational, hence also Fyn-rational. The set of non-singular F,»-rational
points E'(Fgn )ns of E' forms a group, for which it is known that E'(Fgn )ns = Ff.
(for a proof, see [Sil09, Prop. I11.2.5] ). Note that E'(Fgn) = E'(Fyn)ns U {P},
and hence |E'(Fyn)| = |[Fgn|4+1 = ¢" +1, from which we get A,(c0,¢") =0. O

Since A,(00,¢™) = 0, we ignore the term with 7 = oco. Using the result from
Lemma 3.5.(i), we find the following for the coefficients of the series in (3.2):

- Z Au(r,q") = Z Z Agn (2% 4 pa(T)2? — )

TEFn 2€Fyn TEF n

Z Z A (2% 4+ 222 —2) - {7 € Fyn : (1) = 2}| = ().

z€F n z€Fyn
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3.2 Proof of Theorem 3.2

Putting M, (8) := Zremqn > Agr (234222 —2)14n (B2) and using Lemma 3.4,

z€Fgn 7*4
we find:

(x) = Z Z Z A (2% 4 222 — 2)hgn (B2) | = Z My, (B).

BEF aNFgn \@EF,n 2E€Fn BEF aNFyn

We can write M]Fq" (8) as the product of a Kloosterman sum and a Gauss sum,
for which we use the results from section 1.3.

Lemma 3.6. Letn > 1 and 8 € Fgn. Then we have:

.32 . n n " .
M]Fq" (ﬂ) = { Kqun (’L/)qn, B ) )\8 (B)GFQ" ()‘q 7¢q ) : z;g ig

Proof. Write g : Fgn — C* for the additive character on Fy», defined by
Yp(2) = Ygn (Bz) for all z € Fy.. We can rewrite the expression of Mg, (8) as
follows:

Mi,(B)= 3 3 Ap(a® + 22® — 2)dgn (82)

T€F n 2€Fn

=2 X An@d - as()

IE]F;n z€F4n

— Z Agn (22) Z Agn(z + 2 — 27 )g(2)

IE]F:;n ZE]Fqn

S Arwuly+a! —a)

IEFZn yEFgn

< > v —96)> : < > Aq"(y)%bﬁ(y))

xE]F;n yEF n

Now the case when 8 = 0 is clear, as then 13 becomes the trivial additive
character of F n, hence the second factor vanishes (see Lemma 1.18). For 5 # 0,
the result now follows from the definitions of quadratic Gauss and Kloosterman
sums and applying Lemmas 1.19 and 1.24.(ii). O

This is a very useful result, as we saw in section 1.3 how to write the factors
of Mg, () in terms of g(3), a(B) and o'(3). Note that Mg, (3)(0) = 0 for all
n > 1, so removing this term and applying Propositions 1.22.(i) and 1.27.(i),
and further rewriting, we get:
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3 The L-function

Z M. (B) =

n
ﬂe (]an ﬂFqn )\{O}

S [Kire Wi =69 [ (8)G, O )]

n
Be(FgaNFgn)\{0}

mn

(a(B)™ % + o' (B)™ %) g(B)™/ s —

BE(FyanFyn)\{0} "

SIS ey @ @]
n=1 \ BE(F,anF,m)\{0}
deg
(a(B)g(B)™ + (o' (5)g(B)™

BEF; mz>:1|: g g j| mdﬁ

L[ @@eBT™)" | (@ (B)g(B)T)"

— +
> 5 los [(1 - a(8)a(8) T )1 — o (B)g(B)T)]
BEF*,

Note that by Propositions 1.22.(ii) and 1.27.(ii), a(8),a/(8) and g(5) are all

constant along the Galois orbit {3, 89, ...,Bqdﬁ_l} of B € Fy.. The Galois orbit
of such 3 is exactly the place v of 5 in F4a, which corresponds to a unique monic
polynomial B,,, with degree dg which divides a. Hence grouping the dg terms
in the above sum belonging to the same place as 8, and writing a(v), ¢/ (v) and
g(v) for their respective values of (), a’(8) and g(3), we find:

log(L(Ea, T) = > Tog [(1 = a()g(@)T™)(1 - o' ()g(u)T™)]

vEPy(a)

where Py(a) := {B € F,[t] : B monic, irreducible and deg(B)|a} \ {t}. Finally,
exponentiating both sides, we find the expression of the L-function:

L(E,T)= [ (1-a@g@T")(1-a'(v)g(v)T") (3-3)
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4 Consequences of the L-function

4.1 The special value

Define the special value of E, to be L*(E,) := L(E,,q~!). Now that we have
an explicit expression for the L-function, we get the following:

(E)= ] <1 - O‘(“)g(”)> (1 - a/(“)g(”)> cQ, (4.1)

dy dy
vEPy(a) q 1

where we use the fact that L(E,,T) is a polynomial over Z to see that L*(E,)
lies in Q. We are interested in whether L*(E,) is zero or not. We first introduce
the following notation.

Definition 4.1. Let v € P,(a). Recalling the results from Proposition 1.27, we
can choose a(v) to have non-negative imaginary part and o'(v) be its complex
conjugate. We can then define 6, € [0, 7] to be such that a(v) = ¢%/2e* and
a/(v) _ qdv/267i01,'

Similarly, using Proposition 1.22.(iii) we define v, € {0,7/2, 7, 37/2} to be such
that g(v) = g% /2e'¥>.

Using this, we can rewrite (4.1) as

(B =[] (1 - e“%*@v)) (1 - e“%*ev)) . (4.2)

VEPy(a)
The result about the order of vanishing of L(E,,T) at ¢~ ' is stated in the
following Proposition:

Proposition 4.2. We have L*(E,) > 0, and hence ordy—,-1 L(E,,T) = 0.

Proof. We will first prove that all the factors in (4.2) are nonzero, from which
we conclude that L*(E,) # 0. For this it suffices to prove that for any v, we
have ¢, + 0, ¢ 2nZ. This is automatically satisfied if 6, ¢ {0,7/2, 7} for any
v € Py(a). Let S € v be arbitrary and note that {a(8),a'(8)} = {a(v),d'(v)}.
If 6, € {0, 7}, then Theorem 1.25 would imply that:

Klg ., (¥ —5%)] = |a(B) + o/ (B)] = 2¢"/2,
and similarly if 6, = 7/2, we would get
[Kle ,, (55 =5%)| = |a(B) + o/ (8)| = 0,

which are both in contradiction with Proposition 1.28 , and hence 6,, ¢ {0, 7/2, 7},
so indeed L*(E,) # 0.

Recall the definition of the L-function of E,:

L(E,,T)= [[ (1=au(Ba)T™ +q™T**)7 - [] (1-ay(E)T")™". (4.3)
good v bad v

Recall that for all places v of K, we have the Hasse-Weil bound:

lay(E,)| < 2/q™. (4.4)
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4 Consequences of the L-function

This bound implies that the Euler product in (4.3) converges for all T' with
IT| < ¢~3/2. Furthermore, for all real T with |T| < ¢~3/2 and all places v of K
of good reduction, we have:

1—CLU(EQ)Td"+qd”T2d" > 1_(2qd1)/2).q—3d71/2+qduq_3d1) — 1_2q—d,,+q—2d,,
=(1-q¢™)?2>0 (45)

and for all places v of K of bad reduction, we have |av(Ea)| < 1, and hence:

1 —ay(E)T% >1—¢3%/2 >0, (4.6)

Now, for all T € R with |T| < ¢~3/? we know (4.3) converges, and it is a
product of positive factors, hence L(E,,T) > 0 for all T € (—q~3/2,¢73/?).
Also, from [Ulm11, Lect 1. Thm. 9.3], we know that the zeros of L(FE,,T) all
have absolute value ¢~ *, hence there are no zeros of L(E,,T) on [¢~3/2,¢71), so
L(E,,T) > 0 for all T € (—q~3/2,¢~"). Hence by continuity of T+ L(E,,T),
L*(E,) > 0. O

4.2 The BSD conjecture

In general, the BSD conjecture is still an open problem, but there are special
cases for which it has been proved. In particular, we will use the following
theorem:

Theorem 4.3 (rank 0 BSD). Let E/K be a nonisotrivial elliptic curve. As-
sume that L*(E) # 0. Then:

(i) rank E(K) = 0.
(i) UI(E) is finite.
(i) We have the following expression for the special value:

_|U(E/K)| 7(E)-q
H(E) |E(K)tor5|2'

L*(E) (4.7)
Sketch of the proof. We only give a sketch of the proof. More details can be
found in [Ulm11, Lect. 1, Th. 12.1]. Tate proved the following:

0 < rank E(K) < ordy—,-1 L(E,T).

By the assumption L*(E) # 0, we have ordy—,—:L(E,T) = 0, hence also
rank F(K) = 0. Later, Kato and Trihan proved that equality between rank F(K)
and ordy—,-1 L(E, T) is equivalent to III(E) being finite and also that (4.7) holds
in that case. O

Corollary 4.4. Let K = F,(t) with char(K) > 5. For any integer a > 1, let
E,/K be the elliptic curve as defined in (2.1). Then Theorem 4.3 holds for E,.

Proof. As we saw in Proposition 4.2, we have L*(E,) # 0 and we proved in

section 2 that E, is nonisotrivial. Hence the results of the theorem hold for
E,. O
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4.3 Relation between bounds on L*(E,) and |III(E,)|

In particular, we get the following results:

Corollary 4.5. rank E,(K) =0, and hence Eo(K) = Eq(K )tors = Z/27Z.

Proof. This is a direct consequence of Corollary 4.4 and Proposition 2.9. O
Corollary 4.6. The Tate-Shafarevich group UI(E,) of E,/K 1is finite.

4.3 Relation between bounds on L*(E,) and |III(E,)|

We can now use the expression from Theorem 4.3.(iii) to relate bounds on
L*(E,) with bounds on |III(E,)|. For this, it is actually more useful to rewrite
(4.7) slightly. Recall that we defined N, = ¢%°8Ve. Then from (4.7), we get:

log L*(E,) _ log |UI(E,)|  log(r(E.)q) log H(E,) log | Eo(K)tors|?

= 4.8
log N, log N, log N, log N, log N, (48)
which we can make more explicit with the following proposition:
Proposition 4.7. We have:
log L*(E, log |III( E, 1
0g L' (Fa) = og |I(E, )| ——+4+0(1), as a — oc. (4.9)

log N, log N, 4
Proof. As we saw in Corollary 2.7, we have:

log H(E,) 1

log N, 4

Furthermore, since log N, = 2(¢* + 1)log ¢ and from Propositions 2.8 and 2.9
it follows that log(7(E,)q) < log(4q) and log |Ey(K )iors|? < log4 respectively,
both other terms are o(1) as a — oc. O
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5 Bounds on the special value

In this section we will find upper and lower bounds on L*(E,), which we will
then be able to relate to bounds on |III(E,)| using Proposition 4.7. First, we
will slightly rewrite (4.2). Let v € Py(a) with 6, € [0,7] as in Proposition
1.25.(iii), and ¢, € {0,7/2,7,37/2} as in Proposition 1.20.(iii). Consider the
occuring term of v in (4.2):

(1 —e™vel®) (1 —e¥ve ) =1 — e (2co0s6,) 4 ¥V,

and define F,: [0, 7] — R by F,(6) := 1—e¥*(2cos §) +e**¥+. From Proposition
4.2, we know that L*(FE,) > 0, so |L*(E,)| = L*(E,) and we can write:

L*(Ea): H |Fv(9v)| (5'1)

vEP,(a)

Since v, can attain only 4 different values, we list the possible values of F,(6)
for all 6 € [0, 7] explicitly:

Yy | F,(0)
0 | 2—2cosf
5 —2icosf (5.2)
T | 2+ 2cosf
37” 2i cos

5.1 Upper bound

The main result of this section is as follows:

Theorem 5.1. Let N, := q38No . There exists a constant cq > 0 depending
only on q, such that for all a > 1:
log L*(E,) < G

logN, ~ a’

We will get this upper bound by bounding each factor in (5.1) and the number
of factors. Note that from (5.2) we easily get |F,(6,)| < 4, independently of
the value of ,. For the number of terms, we need to bound |P,(a)| (recall
that Py(a) = {B € F,[t] : B monic, irreducible, deg(B)|a} \ {t}). First, we
define my(n) := #{B € F,[t] : B monic irreducible of degree n}, and we use the
following result:

Lemma 5.2. For alln > 1, we have my(n) = 4 O(q"/?), where the implicit

n
constant depends only on q, and can be chosen to be at most 2.

Proof. Note that the affine curve Al has exactly ¢" F,n-rational points. If we
group these by places, we get the following:

q" = d-#{v finite place of K : degv =d} = d-7,(d), (5.3)
d|n d|n

where we used the correspondence between finite places of K of degree d and
monic irreducible polynomials of Fg[t] of degree d. Now let u: N — N be the
Mébius function. By the Mdbius inverion formula, we find from (5.3):
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5 Bounds on the special value

nmg(n) = pn/d)g* =q" + > p(n/d)g’
d|n
| d<n
and hence:

n/2
E:q 12: 4 &:(f) "
n q—1 n ’
d|n d=1
d<n

Tq(n)

from which the desired result follows and it can be easily seen that the constant
can be chosen to be ¢/(¢ — 1). O

A bound on |P,;(a)| is now easily deduced

Lemma 5.3. We have |P,(a)| = % + O(q¥/?) as a — oo, where the implicit
constant depends only on q.

Proof. Rewrite |P,(a)| (for a > 2) as follows:

P = ¥ ) + () = D = 3 (L4 06") + (0 - 1)

_ 1 a/2 kN n/2
o +O0(@¥*) + Z <n +O(q )) +0(1), asa = o©
nla
2<n<a/2
and for the remaining sum term, we find:
q”IL a/2 q"L 2q
1.0 n/2 < 1.0 n/2 < A0 a/4
> (% o) = (% +owm) <o (- wown
2<n<a/2
= (’)(qa/z), as a — 00
and hence (5.4) actually reduces to:
[Py(a)] = %=+ 0(¢"/?), as a > .
O

We now have enough tools to prove Theorem 5.1.

Proof of Theorem 5.1. Using (5.1) and the fact that |F,(6,)] < 4, we get:

log L*(E,) 1 log 4
log | F), P, .
e gy 3 IR0 < )
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5.2 Lower bound

Recall that deg N, = 2(¢® + 1), and hence log N, = 2(¢* + 1) log gq. Combining
this with Lemma 5.3, we get

log L*(E,) < log 4 s +(9(q“/2
log N, ~ 2(¢*+1)logg a

IA

log 4 —a
% +0(qg"?)

< G
T a

i

for some ¢, > 0 depending only on g. O

5.2 Lower bound

First we give a lower bound on the terms |F,(6,)| appearing in (5.1).

Lemma 5.4. Let v € Py(a). Then for all 6 € [0, 7], we have
|F,(0)| > sin? @ cos? 0,
and sin? 0, cos? 0, > 0.

Proof. The second part follows from the fact that sin” 6, cos? 6, = 0, if and only
if 0, € {0,7/2,7}, but as we saw in the proof of Proposition 4.2, this is not
possible.

For the first part, note that |F, ()| is either of the following options:
2(1 —cosf) ,ife, =0
|F,(0)] = 2|cos 6| ,if ¥, € {7/2,37/2} .
2(14cosb) ,ifp,=m

Define G: [0,7] — R by G(6) := 2min{l — cos6,|cosf|,1 + cosf}, and note
that |F,(8)] > G(6) for all 6 € [0, 7]. Note that:

2(1 —cosf) ,if 0 € [0,7/3]
G(0) = 2|cos | ,if 0 € [7/3,27/3]
2(1+cosf) ,if 0 € [2n/3,7]

We will prove that G(6) > sin® § cos? f on all three of the intervals. Note that
for 6 € [7/3,2m/3] we get:

cos? fsin? 0 < cos? 0 < |cos @] < 2|cosf| = G(0).

Note that the maps G and 6 — sin? f cos? § are both symmetric around § = /2,
so we prove the desired inequality on [0,7/3], from which the inequality on
[27/3, 7] will follow from symmetry. Note that G(0) = sin?0cos?0 = 0, and
furthermore, we have:

d—dg 2 —2cosf —sin?fcos?h| = 2sinf — (251n900839+251n390059)

= 2sinf — 2sinf cos 6 (cos2 0 + sin? 0)
= 2sinf(1 — cos @),
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5 Bounds on the special value

and for all 6 € [0,7/3], we have 2sinf(1 — cos @) > 0, so indeed the inequality
G(8) > sin f cos? § holds on [0, 7/3], hence also on [27/3, 7] and hence on all of
[0, 7]. O

Now we define the function w: [0,7] — R by:

o 0 ,if 0 € {0,7/2,7}
w(f) := { —log(sin® @ cos? @) , otherwise (5:5)
Let v € Py(a). Since |F,(8,)| > 0, log |F,(6,)| is well-defined and from Lemma
5.4 it follows that
—log(|F(0,)]) < w(6y).

Using this and (5.1), we get the following;:

log L*(E,) 1 | P,y (a)] 1
- = —log |F,(6,)] < : 0y
logN, _ log N, ve;a) o8| Fu(60) < 0N 1P, (a)] UG;G) w(fh)

(5.6)

and finding a lower bound for % is equivalent to finding an upper bound

for (5.6). As we saw in the proof of Theorem 5.1, we have:

[Py(a)l _
e N, O (1/a), as a — oo, (5.7)

so it remains to examine the second factor of the right hand side of (5.6). We
introduce the following notation:

Definition 5.5. Let f: [0, 7] — R be a function. Then for any a > 1, we define:
1
Avg(f.a) = prsr D f(6).

q(a)| vEPy(a)

The main result of the remainder of this section is the following:

Theorem 5.6. There exists a constant C € R, such that:

a—r 00

Avg(w,a) — C. (5.8)

This theorem will provide us with the desired lower bound:

Corollary 5.7. There exists a constant c;, > 0 depending only on g, such that
for all a > 1 we have:

' log L*(E,
_ G log L7 (Ea) (5.9)
a log N,
Proof. This follows directly by combining (5.6), (5.7) and (5.8). O

To prove Theorem 5.6, we use the two theorems below. First we introduce
another new notation:
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5.2 Lower bound

Definition 5.8. Let g: [0, 7] — R be a function, and write

T 2
/ g:i= / g(0) - =sin?04de, (5.10)
ST 0 0
whenever this integral is well-defined. In this integral, g is said to be integrated

with respect to the Sato-Tate measure.

Theorem 5.9 (Griffon). There exists a constant ¢, > 0, depending only on
q, such that for all continuously differentiable functions g: [0,7] — R, we have:

a1/2 ™
g‘ SCq‘ﬁ‘/ lg' ()| dt, as a — oo. (5.11)
q° 0

Avg(g,a) — /

ST

Theorem 5.10 (Griffon). There exists a constant y, > 0 depending only on
p, such that for all a > 1 and v € Py(a), we have:

(i) 0, > (¢*)"
(i) m—= 0, > (")~
(iii) |7/2 = 0u] > (¢*)

Proofs of Theorems 5.9 and 5.10 can be found in [Gril8, Thm 5.6] and [Gril8,
Thm. 4.1] respectively.

5.2.1 Proof of Theorem 5.6

As in Theorem 5.9 we are going to compare Avg(w, a) to an integral, which will
give us the constant C € R:

Lemma 5.11. Let w: [0,7] — R be as in (5.5). There exists a real number

C € R, such that
/ w=C. (5.12)
ST

i other words: the integral converges.

Proof. Define the function ¢: [0, 7] — R by 6 — — log(sin? § cos? §) sin? §. Note
that ¢ is symmetric around 7/2. Furthermore, ¢ is continuous on [0,7/2),
hence locally integrable on [0,7/2). Now, around 7/2, the Taylor expansion of
© is given by:

2log(x — 7/2) + (x — 7/2)%(—2log(z — 1/2) — 4/3) + O ((x - 77/2)4) :

which is locally integrable around /2, hence ¢ is integrable on [0, 7/2], and by
symmetry on all of [0, 7]. Hence [q w converges. O

Remark 5.12. One can actually compute the integral in Lemma 5.11, to get
C =log16.
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5 Bounds on the special value

However, we cannot apply Theorem 5.9 directly to w, as w is not continuous. To
fix this, we will multiply w with a smoothing function. Choose a non-decreasing
continuously differentiable function gg: [0,1] — R, such that:

0, ifzel0,1/3]
go(w) = { 1, ifze(2/3,1] (5.13)

and define the following smoothing functions:

Definition 5.13. Let € € (0,1) and define the continuously differentiable func-
tion g.: [0,7/2] = R by:

go(z/e) ,if 2 €0, €]
ge(x) = 1 Jifax €le,m/2 — €]
go((m/2—2)/e) ,ifxzen/2—¢em/2
and extend g. to a continuously differentiable function on [0, 7], by setting
ge(z) = g.(x — 7/2), for all x € [7/2, 7.

Using this, we define for any e € (0,7/4) the function w,: [0,7] — R by
we(0) := w(0)g:(0), for all 8 € [0, x]. (5.14)

Note that w, is a continuously differentiable function, and we have w.(6) = w(0)
forall € [e,7/2—¢|U[n/24¢,m—e]. Also, note that both w and g. are periodic
with period 7/2, and on the interval [0, 7/2], they are both symmetric around
/4. Hence, w, is also periodic with period /2, and symmetric around 7 /4.

We use the triangle inequality to get the following bound:

‘Avg(w,a) —/ w’ < |Avg(w,a) — Avg(wg,a)| +
ST

Avg(wg,a)—/ We

ST

Lol o

for which we will bound the 3 terms on the right hand side separately.

+

Proposition 5.14. Let v, be as in Theorem 5.10. Then we have for all
0 < e < min{(¢*) ", 7/4}:

|Avg(w,a) — Avg(we,a)| = 0. (5.16)
Proof. Note that by the choice of €, we have for all v € P,(a) that 6, € [e,7/2—
glU[r/2+ e, m — €]. Hence for all v, we have w(f,) = w.(6,), and hence:
|Avg(w, a) — Avg(we, a)| =|Avg(w — we,a)| =0
O

We will need to bound sin and cos. Since these functions are both concave on
the interval [0, /2], we get the following linear bounds for all 6 € [0, 7/2]:
20
sinf > —,
T
2(r/2—0)

™

(5.17)
cosf >
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5.2 Lower bound

For the second and third term of (5.15), we will first prove the following lemma:

Lemma 5.15. For e € (0,7/4), we have:
/ |wL(0)|d8 = O(logel).
0

Proof. Note that since w, is symmetric around z = w/4, and periodic with
period /2 the same is also true for |w’|. Using this, we can write:

T /4 € /4
/was(e)ydezzxfo ]wE(G)‘d9:4</O ]w8(9)|d9—|—/6 ]w8(9)|d9>,

(5.18)
and we will bound both integrals on the right hand side separately. Note that
we have:

Wl (0)] =g:(0)w'(6) +w(0)gz(0)| <|w'(6)] + w(6)]g.(0)] (5.19)

and we will find upper bounds for the different factors on the right hand side.
To bound [g.(6)|, note that on the interval [0,7/4], we have by construction
of g.:

con ) Lah(0/e) L if 0 €0,€]
95(9)—{ goo ) ,ifGe[E,;/‘ﬂ

Denote with [|gg e 1= maxgefo,1) |95 (x)]. Then we get:

0.6)] < { ol i£0c0.) (5.20)

Now we find an upper bound for w(6). Note that by (5.17), we have for all
6 € (0,7/4]: (sinf)~' < Z and (cosd) ™! < 3075—gy- Hence for all 6 € (0,7/4],
we have:

™ i

2
w(f) = 2log((sin 6 cos 0)*1) < 2log (40(71_2_9)> < 2log <9) , (5.21)

where for the last inequality we used that 7/2 — 6 > 7/4. Using this, we get:

/:w(e)de < —2/0510g (i) do = -2 [Hlog (i) —er = O(elloge]).

0
(5.22)
For the final factor [w’(f)|, note that we have:
inf cosd sin? @ — cos? 0 cos 20
gy — o (SR _o _ 9
w'(6) <cos€ sin 0 sin 0 cos sinfcosf )’
and combining this with (5.17), we find for 6 € (0,7 /4]:
2 2 72 2m
") < < = < = :
WO < Ggeoss S 20p0 = %2 —6) = 6 (5:23)
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5 Bounds on the special value

where we again used that 7/2 — 6 > 7 /4.

Now that we have bounds for all factors, we will find upper bounds for the
integrals in (5.18). For the first integral, note that w.(#) = 0 for § € [0,£/3],
hence w.(#) = 0 for 6 € (0,¢/3), and we get using (5.19):

/yw |d0—/ ! ( )|dag/;|w/<o>|de+/;w(a)|g;(e)|da. (5.24)

From (5.23) we get for all 6 € [¢/3,¢] that |w'(6)] <
(5.20) and (5.22), we find for (5.24):

5 € / € A
/yw;(e)ydeg/ 7 49 + %/ w(®) a0 = 6+ 191 0 coge
0 o € € 0 <
= O(logel|). (5.25)

(5271:%) = 9% Combined with

For the second integral of the right hand side of (5.18), note that |g.(0)| = 0 for
all § € [e,7/4]. Then from (5.19) and (5.23) it follows that:

/4 x/4 /g
/E |wl(0)|d6 < /E [w'(0)]do < /6 ) dg = 27r(10g — —loge)
= (’)(| logel). (5.26)
Now combining (5.18) with (5.25) and (5.26), concludes our proof. O
Proposition 5.16. Let ¢ € (0,7/4). Then we have the following bound:

Avg(ws,a)f/ We
ST

Proof. Since w,: [0,7] — R is continuously differentiable, we can apply The-
orem 5.9. Combining this with the result of Lemma 5.15, we get the desired
bound. O

al/2
=0 W|10g5| , as a — 00. (5.27)

Proposition 5.17. Let ¢ € (0,e). Then we have the following bound:

ST ST

Proof. We can bound the third term of (5.15) as follows:

= O(ellogel). (5.28)

/STw_/gTw6 - /STw_wf = / |w(6) (6)] sin*(0) d6
<2 [a-g@u@ - % / ”/4<1 ~ 4:(6))w(6) 0
=2 [wwa.
T Jo

where we used the fact that w — w, is symmetric around « = 7/4 and periodic
with period 7/2. We also used that g.(0) = 1 for § € [¢,7/4]. Using (5.22) from
the proof of Lemma 5.15 now concludes our proof. O
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5.2 Lower bound

Proof of Theorem 5.6. Let C' = fST w be as in Lemma 5.11 and +, be as in The-
orem 5.10. Choose v > max{~,, 1/4} and set € = (¢*)~". In particular, we then
have 0 < £ < min{n/4,(¢*)~ "}, so we can use the results from Propositions

5.14, 5.16 and 5.17. Hence:

|Avg(w,a) — Avg(w.,a)| =0,

Q172
=0 W“ng , as a — 00.,

‘Avg(we,a)/ We

S

T
/ w a / wE
ST ST

Then from (5.15) and noting that ¢ = (¢%)~7 < ¢~%/*, we get:

= O(ellogel).

al/?

1
|Avg(w,a) = C| =0+0 <qa/4 -ay log(q)> +0 (qm -ay log(q))

03/2 a 03/2
:O<qa/4>+0<qm> :(9<qa/4 , as a — 00,

and hence we have Avg(w,a) = C, as a — 0. O
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6 Conclusion

Let IF; be a finite field of characteristic p > 5 with ¢ elements, and write K :=
F,(t). For any integer a > 1, let p,(t) = 7" — ¢ and we define the elliptic curve
E, over K by the following Weierstrass model:

E,:y? =2+ pa(t)x2 — . (6.1)

Let N, be the conductor of E,, and we define N, := ¢3¢¢Na_ Then by Proposi-
tion 2.5, we have N, = ¢2(¢"+1),

In section 4.1 we saw that the BSD conjecture holds for F,, and hence the
Tate-Shafarevich group III(E,) of E, is finite. We can even give a bound on
|I_H(Ea)‘ First note that with the combination of the upper bound found in
Theorem 5.1 and the lower bound found in Corollary 5.7, we have:

log L*(E,)

<o(1 . 2
A <o(l), asa — (6.2)

In Proposition 4.7 we found the following relation:

log L*(E.) _ log|II(E,)| 1

= - - 1 . 6.3
log N, log N, 4+O( ) as a— 00 (6:3)
and combining (6.2) and (6.3) gives:
log|IIT(E, 1
Ogl{og](\fa)’_>4’ as a — 0. (6.4)

With this, our main result follows:

Theorem 6.1. Let K = F,(t) be of characteristic at least 5, and for any integer
a>1, let E,/K be the elliptic curve defined by (6.1) and set N, := qlesNo
where N is the conductor of E,. Then for all € > 0, there exist constants
c1,c2 > 0, depending only on € and q, such that for all a > 1, we have:

c1 - NJ/47 <|II(E,)| < co - NY/FE.

Let H(E,) := q(1/12)deg Amin(Ea) - Corollary 2.7 states log H(E,)/log N, = 1/4,
hence H(E,) = N;/AL, from which we now deduce:

Corollary 6.2. Let K = F.(t) be of characteristic at least 5, and for any
integer a > 1, let E,/K be the elliptic curve defined by (6.1) and consider
H(E,) := ¢/ deg Amin(Ea) where Awyin(FE,) is the minimal discriminant of
E,. Then for all ¢ > 0, there exist constants ¢|,ch, > 0, depending only on &
and q, such that for all a > 1, we have:

- H(E,)' ™ <|UI(E,)| < ¢ - H(E,)'™**.
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