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1 Introduction
This paper considers the elliptic curve given by

E360 : y2 = .’E3 + t360 + 1.
It is a result from Shioda [Shi92| that the rank of F3g0 over Q(¢) is equal to 68. This is the highest rank
elliptic curve over a function field of characteristic 0 that we know of. In this paper we determine the
rank of Esgo over the field it is defined on, Q(t).

We assume the result, rank E360(Q(t)) = 68. We use a vectorspace decomposition to obtain elliptic

curves with polynomial coefficients of lower degree, the sum of whose ranks equal the rank of FEs60(Q(2)).

We determine the ranks of rational elliptic surfaces, over Q(t),F,(t), and Q(t). The last subsection
considers the rank of a K3 surface over F,,(¢) and Q(¢). With this information we conclude the rank of

E360(Q(t))-

2 Background

2.1 Algebraic Geometry

Here we briefly review some basic algebraic geometry, from Algebraic Geometry [Har77] Chapter I and
The Arithmetic of Elliptic Curves [Sil09] Chapters I and II.

Definition 2.1. An affine algebraic variety is an irreducible closed subset of A™ with the induced
topology. A projective algebraic variety is an irreducible set in P™ with the induced topology.

We take algebraic curves to be projective varieties of dimension one.

Definition 2.2. A function f:Y — k is regular at a point P € Y if there is an open neighbourhood
U with P € U C Y, and polynomials g,h € A := k[, ..., 2], such that h is nowhere zero on U, and
f=g/h on U. We say that f is regular on Y if it is regular at every point of Y.

Definition 2.3. Let k be an algebraically closed field. If X and Y are two varieties, a morphism
¢ : X — Y is a continuous map such that for every open set V' C Y, and for every regular function
f:V — k, the function fo¢: ¢~1(V) — k is regular.

Definition 2.4. If Y is a variety, we define the function field K(Y') of Y as follows. An element of
K(Y) is an equivalence class of pairs < U, f > where U is a nonempty open subset of Y, f is a regular
function on U, and where we identify two pairs < U, f > and < V, g > if f = g on U N V. The elements
of K(Y) are called rational functions on Y.

Theorem 2.1. Let ¢ : C; — Cy be a morphism of curves. Then ¢ is either constant or surjective.
Proof. See [Sil09] Theorem 11.2.3. O
We state Corollary 1.6.12 from [Har77], as it will prove relevant.

Theorem 2.2. The following three categories are equivalent:
(i) quasi-projective curves, and dominant rational maps;
(ii) function fields of dimension 1 over k, and k-homomorphisms.
(#ii) nonsingular projective curves, and dominant morphisms;

The formal versions of the following definitions require background that is generally not important
for the purposes of this paper. Thus we shall give simplified and hopefully more intuitive definitions.

Definition 2.5. The fibre over a point y € Y, of a morphism f : X — Y, is the preimage of the

singleton set,
F ) = {z: fl2) =y}

Definition 2.6. The genus of an algebraic variety is a nonnegative integer which is invariant under
birational equivalence.



2.2 Elliptic Curves

This paper analyses a particular elliptic curve and the rank of its group. The following background is a
summary of the relevant parts of [Sil09] Chapter III.

Definition 2.7. An elliptic curve is a smooth projective curve of genus 1 equipped with a chosen
point on it.

We usually study elliptic curves by their Weierstrass equations, of the form
Y2Z 4+ XYZ 4+ a3sYZ? = X3 + a9 X?Z + ay X Z? + ag Z°.
For convenience we will write the Weierstrass equation using non-homogeneous coordinates,
E:y® 4+ a1zy + asy = 2° + asz® + asx + ag.

For the purposes of this paper we will be working over fields of characteristic not 2 or 3, which allows us
to put any elliptic curve into what is a called short Weierstrass form,

y? = 2%+ Az + B.
Let us set some notation. Considering an elliptic curve F and a field K, when we write,
E/K,
we are referring to the curve E being defined over K, meaning the coefficients a; € K. When we write,
E(K),

we are referring to the set of points on E, whose coordinates are elements of K. The set F(K) forms a
group. The identity element of the group is the ‘chosen point’ the elliptic curve is equipped with. This
is the projective point at infinity, that is, the point on every vertical line at which they all intersect. In
homogeneous coordinates we write it as [0: 1 : 0]. We will denote it by O.

The addition of two points P and @ on an elliptic curve E is defined as follows. The line through P
and @ will intersect E at a third point which we reflect across the axis of symmetry of £. This reflection
is what we define to be P+ (). The inverse of a point P will be its reflection across the axis of symmetry.
For E in short Weierstrass form, the axis of symmetry will be the z-axis. Thus a point P = (z,y) on FE
will have inverse, —P = (z, —y).

Theorem 2.3. Let E/K be an elliptic curve. The group law on E defines morphisms,
+:ExE—FE —EFE—> F
(P1, P2) = P1 + P, P~ —P.

In this paper we will be considering elliptic curves defined over function fields, and as such cannot
be visualised the same as a curve with coefficients over some subset of R. Let K be a number field, that
is, a finite degree extension of Q. Let E/K be an elliptic curve.

Theorem 2.4 (Mordell-Weil). The group E(K) is finitely generated.

It follows immediately from the fundamental theorem of finitely generated abelian groups that
ER)2Z" XZ/QZ X ... x L] qnZ

for some powers of primes ¢q; = p;j . The finite part is called the torsion. In this paper we are concerned
with determining 7, known as the Mordell-Weil rank, or just the rank of the group E(K).
Let us define some quantities which will be relevant for the study of these curves.

Definition 2.8. The discriminant A of an elliptic curve in short Weierstrass form is given by,
A = —16(4A% +27B?).
We require that A # 0, as this is equivalent to the curve being nonsingular.

It is natural to study maps between elliptic curves that preserve the identity element.



Definition 2.9. Let E; and E5 be elliptic curves. An isogeny from E; to Es is a morphism
¢: E1 — Ey satisfying ¢(0) = O.

Two elliptic curves E; and Fs are isogenous if there is an isogeny from E; to Es with ¢(E;) # {O}.
When both elliptic curves E7, Es, and the map itself, ¢, are defined over a field K, we call ¢ a K-isogeny.

Theorem implies that either
¢(E1) = {0} or ¢(E1) = EQ.

Theorem II1.4.8 of [Sil09] tells us that any isogeny is a group homomorphism, and Corollary 111.4.9
tells us its kernel is finite when ¢ is not the zero map. Isomorphisms of elliptic curves are given by
bijective isogenies. Consider elliptic curves in short Weierstrass form, over a field K with char # 2,3.
Proposition IT1.1.4(b) of [Sil09] tells us a map is an isomorphism of elliptic curves if and only if it is a
change of coordinates of the form

==X
r=u?2" and y=1u’y forsomeuecK .

Example 2.1 (Multiplication by m). We call the addition of a point P to itself m € Zs( times, a
‘multiplication’ by m. Consider the map,
[m]: E—FE
P — mP.
We extend this idea to all m € Z, for negative m defining [m](P) = [|m|](—=P), and putting [0](P) = O.

Theorem [2.3| allows us to conclude by induction that this map is a morphism. Since [m](Q) = O for any
m, it must also be an isogeny.

As all isogenies are morphisms, they can be written as rational maps of the form

(my)H(m(m,y) hl(:my))’

92(w,y) " ha(,y)
where g1, g2, h1, ho are polynomials with coefficients in the field K which E is defined over. We can

assume without loss of generality that the numerators and denominators are coprime. By isogenies
being group homomorphisms, for equations in short Weierstrass form we must have,

(91(967 —y) (e, —y)) _ (m(fmy) hl(%y))'

92(z,—y) ha(z,—y) g2(z,y) ha(z,y)

This implies g; and g do not depend on y, and that Zlgizg y?gg for some coprime polynomials

f1, fo. Thus we may write any arbitrary nonzero isogeny as a map of the form

0@  HE)
0 (g )

Definition 2.10. The degree of an isogeny ¢, is given by,

deg ¢ = [K(x) : K(Z;Ei;)]

Theorem 2.5. Let f : Ey — E> be an isogeny of degree m. Then there exists a unique isogeny,
f: Ey — Ey, called the dual isogeny, such that f o f = [m)].

Proof. See [Sil09] section I11.6. O

Theorem 2.6. For two elliptic curves Ey, Es, if there exists a K-isogeny f : E1 — Es, then FE1(K) and
E5(K) have the same rank.

Proof. By f being an isogeny, it must have finite kernel. This implies f is injective on the torsionfree
part, hence r(Fy(K)) > r(E1(K)). By Theorem |2 we know there exists f, the dual isogeny of f. Thus
the reverse holds, r(E;(K)) > r(F2(K)), and we conclude r(E1(K)) = r(Ey(K)). O



Example 2.2 (Quadratic Twist). Let L := K(v/d) be a quadratic field extension with d € K*. We
shall consider an elliptic curve defined over K,

E:y* =24+ Az + B.
The map (z,y) — (z,V/dy) defines an L-isogeny. This gives us the isogenous curve
E':dy? =2® + Az + B.

By Theorem we know rank (E(L)) = rank (E'(L)). We can put this back into short Weierstrass
form by multiplying across by d* and making another change of coordinates (a K-isogeny),

d*y? = d*x® + d* Az + d*B,
(d*y)? = (dz)® + d*A(dz) + d°B,
E'y? =23+ d®Ax’ + d®B.
E’ is called the quadratic twist of E.

Lemma 2.7.
rank (E(L)) = rank (E(K)) + rank (E'(K))

Proof. This proof works by vectorspace decomposition, a method which we will study in greater detail
in the next section.

Every quadratic extension is Galois. Let us consider Gal(L/K). We know it is cyclic of order 2, and
is generated by some element 7 which sends vd — —v/d.

By E(L) being an abelian group, it is also a Z-module. We can also consider Q to be a Z-module,
and their tensor product E(L) ®z Q results in another Z-module. We have for any P € E(L), r € Q,
and n € Z, that

(nP)@r=P® (nr)=n(Par).
Suppose P is a torsion point of order n. Then for any element of P @ r € E(L) ®z Q, by r € Q, we can
write 7 = n.-. Then we have,

P®r:P®n£:nP®£:O®£:0(P®T)
n n n

This shows that tensoring with Q sends all torsion points of F(L) to zero. Thus the dimension of the
vectorspace V := E(L) ®z Q is the rank of the group E(L).

We shall consider the action of the Galois group on this vectorspace. The Galois group acts trivially
on the elements of E(K)®zQ =: V. The only other way the Galois group can act is by sending points
to their inverse, 7(P) = —P. We shall call the subspace consisting of points tensor a rational, which
are acted upon in this way, V~. Let us consider an arbitrary element of P @ r € V~. To consider
the coordinates of P without r we need to remember we will regain any torsion points which were sent
to zero by the tensoring. However, we will see in Section 3.3 that the curves which we deal with are
torsion-free, so this need not concern us regarding this paper. We write the following for P = (z,y),

(r(z),7(y)) = (z,—y) mod torsion.

Thus we are looking for coordinates satisfying « € K, y = av/d for a € K. The L-isogeny given in the
above example gives us a curve with only points of this form. Thus we conclude V=~ = E'(K) ®z Q.
The dimension of V is exactly the rank of E(L), and the dimensions of V*, V= are rank (E(K)) and
rank (E’(K)) respectively. O

Example 2.3 (Frobenius Endomorphism). Let K be a field of positive characteristic p. Let ¢ = p” and
let E/K be an elliptic curve. We define the curve E(@ /K by raising the coefficients of the equation for
E to the power g. Define the Frobenius morphism ¢, by,
¢q: E— B@
(z,y) = (29,y%).
Note the qth power map K — K is a homomorphism, so we have,
A(ED) = 4(A7)3 4 27(B)? = (44%)7 + (27B?)1 = A(E)?.

This tells us the equation for E(9) is nonsingular and thus E(9 is an elliptic curve.

Now let K = F,. Then the gth power map on K is the identity, so E@ = E. Furthermore @q is an
endomorphism of F, called the Frobenius endomorphism. The set of points fixed by ¢, is exactly
the group E(F,).



2.3 Elliptic Surfaces

This section is a summary of relevant parts of Elliptic Surfaces [SS10].

Definition 2.11. Let C be a smooth projective curve over k = k. An elliptic surface S over C is a
smooth projective surface S with an elliptic fibration over C| i.e. a surjective morphism

f:85—=0C,

such that,

1) almost all fibres are smooth curves of genus 1,

2) the morphism f is ‘minimal’, meaning; for S’ smooth, with f’ satisfying 1), there exists no finite
morphism g of degree less than or equal to 2 such that the following diagram commutes.

Suppose we have an elliptic curve E over the function field k(C) of a curve C. The Kodaira Néron
model describes how to associate an elliptic surface S — C over k to E whose generic fibre returns
exactly to E. The model is unique; there is a one-to-one correspondence between elliptic surfaces over
C' modulo isomorphism, and elliptic curves over k(C') modulo isomorphism,

{elliptic surfaces/C'}/ = < {elliptic curves/k(C)}/ = .

Any E/k(C) gives rise to a unique elliptic surface with generic fibre E. Any elliptic surface f : S — C
gives rise to a unique E/k(C).

Definition 2.12. Consider an elliptic curve E/k(t) with discriminant A. We say that an elliptic curve E
is in minimal Weierstrass form if all of its coefficients are in k[t] and there does not exist a polynomial
u with deg(u) > 1, such that

u'? | A.

Definition 2.13. Consider an elliptic surface given by f : S — C. We have a rational elliptic surface
if the function field k(S) is isomorphic to the rational function field in two variables, k(t1,t2).

Lemma 2.8. The Kodaira-Néron model of an elliptic curve over k(t) in minimal Weierstrass form
E :y? =234+ Az + B, corresponds to a rational elliptic surface if and only if A and B are not both

constants, and
deg(A) <4, and deg(B) <6.

In the previous section, we saw the Mordell-Weil theorem, Theorem [2:4] This is an important result
that does not apply to the curves we are studying as they are defined over function fields, not number
fields. Luckily, it was generalized to function fields.

Theorem 2.9 (Mordell-Weil Theorem for Function Fields). Let £ — C be an elliptic surface defined
over a field k, and let E/K be the corresponding elliptic curve over the function field K = k(C). If
E 2 Ey x C for any elliptic curve Ey/k, then E(K) is a finitely generated abelian group.

Proof. See [Sil94], Chapter IIL6. O

For the most part, in this paper we consider the function field k(¢) of the projective line. In Section
4.2 we will utilize function fields over other curves.



3 Rank over Q(t)

3.1 Rank bounds and equalities
For the following results, we will consider elliptic curves given by an equation
E:y® =’ +g(t),

for polynomials g(t) with coefficients in a field k, so the curve is defined over the function field K := k(t).
Denote by

ri(9(t))
the rank of E over the field K, i.e. rank E(K). For the rank to be finite, we require that g(¢) is not a
constant times a sixth power in k(t), see Theorem [2.9

Lemma 3.1.
rie(g(t) = rr(tg(t))

Proof. Multiply the equation of the original curve by ¢,

0 y? =153 115 (1),

(t°y)* = (t°2)° + ().
Using the change of coordinates n = 3y, & = t2x, we get an isomorphic curve

n” =& +1%(1).

We conclude this curve has the same rank. O

Lemma 3.2.
rr (" + ") > rgc(t + t0)

Proof. Let K = k(t), and consider a field extension L = K(s) D K with s = ¢. We have that
rL(s" + ™) = r (" + ")
because L = k(s) and K = k(t). By s™ =t we have that
rL(s" 4 s") = rp(t* + ).
Finally, we have that the group F(L) must be the same size or bigger than E(K). Thus we can write
rr (4 17) > e (1 4 t0),

and we conclude that
i (" +170) > gt +t0).

Lemma 3.3.
ri(g(t*") = rrc(g(t")) + rr (tg(t))
Proof. To begin let us take a quadratic extension of K = k(t). Let L = K(s) with s*> = t. The quadratic
twist of E : y? = x3 + g(t") is given by
B ty? = 2% 4+ g(t™)
If we multiply across by ¢2,
t4y2 — t31,3 + tSQ(tn)
(£Py)* = (t2)” + t3g(t")
by an admissible change of coordinates, n = t?y, £ = tz, we get an isogenous curve
=€+ g(t").
Note that 77(g(t")) = r.(9(s*")) = rx (g(t*")). We can now apply Lemma [2.7]
rank E(L) = rank E(K) + rank E'(K).
We conclude that (
rr(g(t™)) = rr(9(t")) +r(®g(t")
ric(9(t*") = ri(g(t")) + rrc(g(t™)).



3.2 Vectorspace Decomposition

The following result is from [Mei99)], section 2, ‘Linear algebra as a tool for decomposition’. It will
hopefully shed some light on the proof of Lemma [2.7]

Consider a field k containing a primitive sixth root of unity, (s € k. Let E/k(t) be an elliptic curve
of the form y? = 23 + f(¢5), where f is a nonconstant polynomial in k(t) with f(0) # 0. We can tensor
this E(k(t)) with Q to obtain a Q vectorspace,

V= Bk(t) 2 Q.

The dimension of this vectorspace is equal to the rank of E(k(¢)). In fact this Q-vectorspace turns out
to be a Q((g)-vectorspace. We can see this by defining

¢ E(k(t) ®Q— E(k(t) ®Q
(x(t),y(0) @ = Go - (2(t),y(t) @1 = (GG (t), GGy(t) ® 1.
We see that ¢° is identity. Thus we have a Q((g) structure on V by
(a+bls)-P:=a-P+b-¢(P),Ya,b,c Q,P € V.
Now we define a field automorphism of k(t),

O k(1) = k(D)
t— Cﬁt.

This automorphism has order 6. Considering k() over the fixed field of this automorphism,
k(t) D k(t)<*> = {z € k(t) : ®(z) = z},

one obtains a Galois extension with Galois group < ® >. This means this extension has degree 6. We
can see that any rational function in k(t) of the form f(t%) will be fixed by ®. We can write

k(t5) C k(t)<®~.
Let us put t® = s. Clearly, [k(t) : k(s)] = 6. By the tower law, we must have
k() - ()] = [K(2) = (<] [B(H)<®> : K(s)] = 6.

This implies [k(t)<®> : k(s)] = 1, so we must have k(t)<®> = k(s).
Now we extend ® to V, creating a Q((g)-linear automorphism of order 6,

O:Ek(t) ®Q— E(k(t) ®Q
(@), y(1)) @ 7= (P(t), Py(t)) @ 7.

The following corollary of Maschke’s theorem from representation theory is now employed, see Lemma
2.2 of [Mei99).

Lemma 3.4. Let ¥ be a linear map of finite order acting on a finite dimensional vectorspace. Further-
more suppose W has all its eigenvalues rational. Then ¥ is diagonalizable.

® is order 6, so we must have that for any eigenvalue A\, ®°(P @ r) = AS(P®r) = P®r, so the six
eigenvalues of ® are {Qé}ogigs. These are all in Q((g), thus ® is diagonalizable and V' is spanned by the
eigenspaces,
V=&V

This means the dimension of V is equal to the sum of the dimensions of these eigenspaces. We can
identify each of these eigenspaces with a new elliptic curve FE;/k(s),

By =23 + 5" f(s).

This also tells us that rank FE(k(t)) = ), rank E;(k(s)). Each curve E;(k(s)) is related to the eigenspace
with eigenvalue gg—% We will prove two cases as examples, the rest follow similarly.



i = 2 Consider the curve Ej : y? = 23 + 52 f(s) over the field k(t),
u(I%)? = 2(t%) + 2 ().

We want to find a map that will take points from this curve to points on our original curve over k(s),
y(t%)? = x(t5)% + f(5). Write

t12(y<t6)>2 _ t12(x(t6))3 +t12f(t6).

t6 4

The map

composed with ¢ will give us

6 6
(aGot) w(Got) > (@20 2D
We also have that
Go - (x(t),y(t)) = ¢* (x(t), y(1)) = (G (t), y(1))-
We see that there is an 1som0rphlsm between Es(k(s)) ® Q and V.
i =5 Consider the curve Es : y? = 2% + s° f(s) over the field k(t),

)
y(t°)? = () + 0 £ (t°).

In the same way as before we write,

30 (YAON2 502N | 504006
RC e
We have
(ﬂc((cﬁt)6) y((Cat)G)) (C o(t°) C3,11(15‘5)) :¢(x(t6) y(t6)) _ C( 2(t%) y(tG))
(C6t)™0 7 (Ct) 1B 67410 > >6 415 10 > 415 6\ 7410 " 415 )
We see that there is an isomorphism between Es5(k(s)) ® Q and V,.
This allows us to state the following result.

Theorem 3.5. For an elliptic curve E(k(t)) of the form y? = 23 + f(t%), where f is a nonconstant
polynomial with f(0) # 0, we can write

rank E(k Z rank E;(

for BE; 1 y? = 2% + i f(1).
This immediately gives us
TK(tBGO + 1) _ ’I"K(t60 + 1) + TK(t61 + t) + ’I"K(t62 + t2) + TK(tGB + tB) + T’K(t64 + t4) + T‘K(t65 + t5)

for any field K := k(t) with (s € k. We apply another vectorspace decomposition to the first term in
this sum.

Pt +1) = r (0 1) F e (B ) F e (2 2) e (B3 1) F e (P 1) e (815 7))
Take the first term in this sum as an example.
Example 3.1. Lemma [3.3| allows us to write
Tt +1) =r(t® + 1) + e (t +3).
Lemma allows us to multiply by powers of t5, giving us
rre(t® + %) = r (20 + ¢1°).

Lemma [3.2] gives us a bound,
K (7 +11°) > gt + 1%).
We can thus write
rr (0 +1) > r(® 4+ 1) + e (tt +3).

These methods are applied repeatedly and further examples of their application can be found in
[Boo23]and [CMT00]. We arrive at the following collection of lower bounds.
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T 45 63 ¢

Figure 1: Diagram of constituent ranks.

2 4 12

In the above diagram, each node represents an elliptic curve y? = 23 + g(¢), and is denoted by g(t).
From the results we have proven, we can say that the rank of each curve is given by the sum of the ranks
of each curve it connects to with an arrow. The rank of a curve is bounded below by the rank of the
curve to which it is connected by a double headed arrow. The curves for which g(t) has degree less than
or equal to 6 have been outlined in grey as these curves will be of note in the next section.

Some notes:

*This curve is decomposed into three by a method entirely analogous to the decomposition in two
and six which are already proven. See Theorem

**This will turn out to be the only curve with deg(g) > 6 whose rank is non-zero. In Section we
will determine the rank of this curve over Q(t).

***In this case, we could remove a factor of 10 from the exponents in order to find a lower bound
of 7(t? + t). However, by removing a factor of 5, we are left with a lower bound of r(¢t* + t?) which is
greater than 7(¢? +t) and thus more helpful.
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3.3 Counting Multiplicities

Theorem 3.6. Consider an algebraically closed field k = k, K = k(t). Let E be an elliptic curve of the
form E : y? = 23 + g(t), with g(t) a polynomial in K. If g has degree < 6, is nonconstant, and not a
power of 6, we have that
ri(g(t) =8 =) (my —2),
vER
where R C P1(K) is the set of zeroes of the discriminant of E, and m, denotes the multiplicity of the
zero v in the discriminant.

Proof. This result follows from Corollary 6.7 of [SS19]. It states

p(S) = rank (E(K)) +2+ Y (j, — 1),
vER

where S is the Kodaira-Néron model of E, p(S) is the Picard number of this surface, and j, is the
number of irreducible components of the fibre F,.

As we have seen in Lemma the surface is a rational elliptic surface if and only if deg(g(t)) < 6
for a curve in minimal Weierstrass form. By Proposition 7.1 of [SS19|, the Picard number of a rational
elliptic surface is 10. Thus we can write

ri(g(t) =8~ (jo— 1)

vER

As we can see from Table 15.1 of [Sil09], all fibre types bar Iy and I,, have one less irreducible component
than the multiplicity of their zero in the discriminant. For further discussion of why we do not encounter
these two types of fibres in the surfaces we study, see Appendix This gives us the easier to work
with formula,

rc(g(t) =8 = (m, —2).

vER

Example 3.2. Let us now apply this theorem. Take for example the curve
Ey3: y2 =23+t 3.
The discriminant of this curve is given by
A =432 (t* +1%)* = —432 - 1% - (t + 1)

Here we can identify a zero of multiplicity 6 at t = 0, and another of multiplicity 2 at ¢t = —1. We want
to check if the point at infinity is also a zero of this discriminant, thus we make the change of coordinates
n=4%,&=%,s=1. This gives us a new curve, n* = & + s + 5%, with discriminant

Ay =432 (s + %)% = 432 s* - (1 + 5)2

Here we see a zero at s = —1 of multiplicity 2, and equivalent to ¢ = —1, which we have already accounted
for. Another zero is revealed to us at s = 0 corresponding to ¢ = oo, and it has multiplicity 4. We can
apply Theorem [3.6] to find the rank of E, 3,

re(tt 1) =8 - (4+0+2) =2.

The rest of these rank calculations follow the same procedure, so the results have been collected in
Figure When listing the zeroes, only one of the n zeroes of each t"™ 4 1 is listed, as they all have
multiplicity 2 and thus have no bearing on the final rank calculation.

Remark. Tt is worth noting here that every curve y? = 3 + g(t) appearing in Figure [2| has some zero of
its discriminant with multiplicity 2, meaning each curve is related to an elliptic surface which has a type
II fibre. This implies the curves are torsion-free. This is Lemma 4.2 of [Mei99], and we will sketch its
proof here.

We can see in, for example, Table 15.1 of [Sil09], ‘A table of reduction types’, that the desingularized
Kodaira-Néron model of an elliptic curve, 30(@), at a fibre of type II, is isomorphic to the additive
group QF, which is torsion-free. We also have that £(Q)/£°(Q) is the trivial group (0). We know that
£(Q)/E%Q) = E(Q(t))/Eo(Q(t)) = (0), thus we conclude that E(Q(t)) is torsion-free.
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H g(t) A /27 As/27 v m,  rank H

P+l (E+1)?2 s(1+8°)2 (5,00 2,2 8
43 5t +1)?2  sf(1+s)? 0,-1,00 6,2,4
S+t 2P +1)2 (1+s°)2 0, —Cs 2,2
B+12 tHt+1)? 5(1+s)? 0,—-1,00 4,2,6
5+ (1 +13)? s2(1+s%)2  0,4,00 6,22
2 2 +1)?2 sf(145%)2 0,400 4,2,4
B+t 22 +1)2 S(1+s%)?  0,i,00  2,2,6

(t s4( ) 2,2,4

( s2( ) 2,2,2

( s%( ) 4,2,2

4+t t? 20,—-C3,00
B+t 2P +1)?2 s2(1+sH? 0,Vi, 00
B 4+t2 B +1)2 214532 0,—C3,00

SO0 O RN 0N

Figure 2: Multiplicities

Summing these ranks gives us a bound of rg,) (t°% + 1) > 52 + g,y (t'" +1t). We have the means
to find 7, (t'* +¢), via Shioda’s algorithm[Shi92], and in fact it turns out to be exactly 16, telling us
750 (8% +1) > 68. We know that rg ;) (t°°°+1) is indeed 68. This implies that those ranks which we did
not include in our sum must be equal to 0. The ranks we have calculated above, as well as r@(t)(tu +1)

are the only ranks contributing to that of E3gp over Q(#).
Theorem holds for any base field containing a primitive sixth root of unity, thus we know all of

the relations in Figure (1] hold over Q({s,t). Consider that Q((s,t) C Q(¢), thus E(Q({s,t)) C E(Q(t)),
so we must have that

rank E(Q((s,t)) < rank E(Q(2)).
If rank E(Q(t)) = 0, it follows that rank E(Q((s,t)) = 0.

4 Rank over Q(t)

4.1 Injectivity, Finite Fields, and Magma

We have that over Q((g, ), the relations in Figure [1| hold, and thus only 11 surfaces have nonzero rank
contributing to the rank of F3gp. However, our question is, what is the rank of Fsgy over Q(¢)? The
following result simplifies our problem.

Lemma 4.1. Let g(t) € K* be such that the elliptic curve E : y?> = 23 + g(t) has rx(g(t)) < co. Put
L := K((), for {s a primitive sixth root of unity. Then we have that

oty - [ra®) it KL
2rg(g(t)) otherwise.
Proof. In complex form (g = HF, meaning we can write K((g) = K(v/—3). We have a quadratic

extension, and so can apply Lemma We take the quadratic twist of E : y? = 2% + g(t) given by
E'y? =23 —27¢g(t).

We have that r1(g(t)) = rx(g(t)) + rx(—27¢(t)). To finish the proof we note that the following isogeny,

(£.) (y2 +g(t) y(a® — 8g(t)))

22 23
tells us that rx(g(t)) = rx(—27g(t)). Thus we have that r1(g(t)) = 2rx(g(1)). O

This result tells us that the relations in Figure [1| hold even over Q(¢). The curves which have rank 0
over Q(¢g,t) will also have rank 0 over Q(t). Solving the rest of our problem amounts to computing the
ranks of the 10 rational elliptic surfaces, and the K3 surface, over Q(¢). Reduction modulo a suitable
prime p will be helpful for this.
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Theorem 4.2. Consider an elliptic curve E, with Kodaira Néron model that has a singular fibre. We
have that
rank E(Q(t)) < rank E(F,(t))

whenever p is such that the number of irreducible components in the fibres of the corresponding elliptic
surfaces over Q and I, is the same.

Proof. We begin by considering Proposition 6.2 of |[Lui07]. This paper goes into detail out of the scope
of this project, but the following result is highly relevant for us. This proposition considers an ‘integral
scheme’ S, and its base changes, S = S@, S = Sz, which are smooth projective surfaces over Qand F,
respectively. It says there are natural injective homomorphisms

NS(S) ®zQ — NS(S) @z Q — H(S,Q;)(1)

of finite-dimensional vectorspaces over (Q;. Remark 6.3 of the same paper points out that this implies
rank NS(S) < rank NS(S).

The rank of the Néron-Severi group of S, rank NS(S), is exactly the Picard number of S, p(S). Recall
the proof of Theorem 3.5, in which we state Corollary 6.7 of [SS19],

p(S) = rank E(K —|—2+Z
vER
By the above, we can write

rankE —|—2+Z <rankE —|—2+Zh -1
vER veT

where j, for v € R are the number of irreducible components of the fibres over v of the surface over Q,
and h, for v € T considers the surface over E. Thus, for a p under the assumptions in the statement,
we have that

rank E(Q(t)) < rank E(F,(t)).

Since reduction mod p as a map between Néron-Severi groups NS(£/Q) — NS(E/F,) is injective, the
inequality for the ranks of the corresponding Mordell-Weil groups is a consequence,

rank F(Q(t)) < rank E(F,(t)).
O

Calculating ranks of rational elliptic surfaces over finite fields is achievable in Magma, and we do so
in the following manner.

Example 4.1. Consider the elliptic curve E5q : y? = 2% + ¢° + 1 over F7(t). We can examine it in
Magma.

p:=7;

k:=GF (p);

K<t>:=FunctionField (k) ;
E50:=EllipticCurve([K!0, K!(t"5+1)]1);
MordellWeilGroup (E50) ;

This input into Magma will output :

Abelian Group of order 1

This tells us that this surface is isomorphic to the trivial group, and thus has rank 0 over F7.

Remark. We chose the prime 7 in this example because it is the smallest prime for which we are guaran-
teed good reduction. All the surfaces we see in our argument have good reduction at any prime p > 5,
because the multiplicities of the zeroes of their discriminants does not change after reduction modulo p.
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[ 9@ () Fu@ |
t*+1 Ordl Ordl
43 =72 =7
o+t Ordl Ordl
trt? =77 =7
t°+t> Ordl =77
tr 12 Ordl =77
t*+t Ordl =77
t4t Ordl =17
4+t Ordl =7*
' +t2 Ordl =17

Figure 3: Mordell-Weil Group structures

We can easily repeat this for each of our curves and over other finite fields. Some results have been
collected in Figure

Remark. Tt is interesting to note here that we only see even ranks over F;(¢) as F7 contains a primitive
sixth root of unity, this follows from Lemma [4.1

These results only give us upper bounds for the ranks of these curves, so the curves given by constant
coefficients t* + 3 and 3 + ¢ could have rank 0 or 1. We can see that the point (—t,t?) satisfies

(t2)? = (—t)3 + t* 413,
and (—t,t) satisfies

(1) = (=t)° + > + 2,
allowing us to conclude the ranks of these curves are both exactly 1.

This gives us a new upper bound, rank Ess0(Q(t)) = 2 + rg)(t'! + t). Using Lemma we can
write roey (t1! 4+ 1) < %r@(t)(tu +t) = 8. We conclude this subsection with

rank Fs60(Q(¢)) < 10.

4.2 The K3-Surface
So far the methods we have applied have not helped us in calculating the rank of Ey; 1(Q(%)),

Ell,l : y2 = IEB + tll +t.

To tackle this we shall apply the method used in Example 5.1.8 of [Boo23]. We again want to bound
the rank of E11 1(Fp(t)) for some prime p such that E111(Q(¢)) — Ev1,1(Fp(¢)) is injective. Let us begin
with a finite field ¥ = F7. As in Bootsma’s thesis, we put s equal to our constant coefficient. We could
define the curve,

Ci1: s8 =11 +t,

and put K := k(C) the function field of this curve. However the genus of this curve is 25, which is too
high for the computations we wish to carry out. Thus, in a method analogous to that of Lemma [3.1] we
multiply our constant coefficient by ¢~% to obtain an elliptic curve with the same rank,

Es 5:y>=a®+1>+175.
In order to have polynomial coefficients, we define a new variable v = ¢t + ¢t ~'. This gives us
E:y? =2+ u’ — 5u® + 5u.

We want to find the rank of this curve over k(t), rather than k(u). We note that k(t) D k(u). The relation
between v and ¢ can be given by the quadratic equation ¢ — ut 4+ 1, which has roots ¢ = utvur—d V;L‘l. We

see that k(t) = k(u, vu? — 4). We have a quadratic extension and can apply Lemma Our quadratic
twist will be given by multiplying our constant coefficient by (u? — 4)3,

B y? =23 4 (u? — 4)3(w® - 5u® + 5u).

14



Thus we have that the rank of E(k(t)) is given by
Ty (U® — 5u® + 5u) = 1y (u® — 5u® 4 5u) + 7y (0 — 4)3 (u® — 5u® + 5u)).

We now need to determine the rank of a rational elliptic surface, and a K3 surface over k(u). Using the
same Magma code given in Example [£.1] we find that

Th(u) (u® — 5u® + 5u) = 0.

For the rest of this section we focus on determining ry(,)((u? — 4)3(u® — 5u® 4 5u)). This is also a K3
surface, so we continue our attempt to apply the method used in Example 5.1.8 of [Boo23|. Let us define
the curve,

C: 5% = (u? —4)3(u® — 5u® + 5u).

Remark. As we saw in Theorem there exists an equivalence of categories between;
(1) Curves over k, and rational maps.
(2) Function fields over k, and field automorphisms that restrict to identity on k.
(3) Curves over k that are projective, smooth, and geometrically irreducible, and morphisms.
This C we have defined is a member of the first category, but its Jacobian and its L-polynomial are

only defined for its equivalent, which we denote by C, in the third category. Furthermore, due to this

equivalence of categories, k(C) = k(C).
Theorem 4.3. Let E be an elliptic curve over k. We have a canonical morphism
E(K) = Mor,(C, E),

where Mory, denotes the group of morphisms over k. Under this isomorphism, E(K )ior injects into the
subgroup of constant morphisms.

Corollary 4.4. Suppose C has genus g(C) > 1. Then
rank E(K) = rank Homy(JacC, E).

For the proofs of the above theorem and corollary, see Theorem 5.1.2 and Corollary 5.1.3 of [Boo23],
as the details are outside the scope of this project.

We put E in this form as follows. Over K = k(C), our curve E' : y? = 2%+ (u? —4)3 (u® — 5u® + 5u) is
the same as y? = 22+ s5. A change of coordinates gives us n? = £ + 1. These two curves are isomorphic
over K. Call the latter elliptic curve over the base field k, Fy. Now we can write,

E'(K) = Eo(K)
E'(K) = Mory(C, Ey),
rank F'(K) = rank Homy(JacC, Ep).

1%

The following result is due to Tate|Tat66].

Theorem 4.5. Let A and B be abelian varieties over a finite field k, and let fa and fg be the charac-
teristic polynomials of their Frobenius endomorphisms relative to k. Then

rank Homy,(A, B) = r(fa, fB),

where r(fa, fg) is defined as follows. Factor fs = [[P*") and fp = [[P"") into a product of
irreducibles over Q. Then

r(fa.f5) = 3 a(P)b(P)deg(P).

P

In order to find the characteristic polynomials of the Frobenius endomorphisms relative to k, we can
use L-polynomials, which Magma helps us with. We state some facts about L-polynomials.

Lemma 4.6. Let Lo denote the L-polynomial of C, xc denote the characteristic polynomial of the
Frobenius endomorphism on JacC, and g the genus of C. Then we have the following,

Le(T) = T*xc(1/T).
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Theorem 4.7. Let C be a smooth geometrically irreducible curve of genus g > 1 defined over F,. Denote
by Lo (T), the L-polynomial of C'. Then

(i) Lo is of the form

Lo(T) =ap + a1 T + ... + ag, T,

with a; € Z for 0 < i < 2g.

(i) ap = 1, a2y = q¢ and azg—; = ¢ ‘a; for 0 <i<g.

(iii) Lo factors over C as

29

Le(T) = T[( - o),

i=1
where we can arrange the a; so that ogq0, = q for all1 < i < g.
If we denote for any integer r > 1, N, := #C(F,r) and S, := N, — (¢" + 1), then we also have
(iv) No=q" +1-37 af.
(v) Lastly, for 1 <i < q we have
ia; = Siag + S;—1a1 + ... + S 1.
Proof. See Section 5.1 of [Sti09)]. O

Example 4.2. Let us compute the L-polynomial of Ey over F7. We have that Ej is an elliptic curve, and
thus has genus 1. This tells us our L-polynomial will have degree 2. Furthermore, we know as = p =7,
and ag = 1. It remains to find aq, for which we know

ar = Siag, S1=#(Eo(Fp)) — (p+1),

— a1 = #(Eo(Fy)) - 8.

There are 12 points in Fy(F7). As this elliptic curve is simple and this finite field relatively small this
can be computed by hand, but for larger calculations of this sort we can use :

p :=7;

k := GF(p);

EO := EllipticCurve([k!0,k!1]);
#Points (EO) ;

We find the L-polynomial Lg,(T) = 7T? + 4T + 1. We can also find this directly using Magma.

p :=7;

k := GF(p);

EO := EllipticCurve([k!0,k!1]);
LPolynomial (EO) ;

This gives us the characteristic polynomial,
XEo(T) = T? +4T + 7.

It remains to determine the L-polynomial of C over F;. This curve has genus 13, thus we will have
a degree 26 polynomial. Let us compute N, and S, for as many values of r as Magma can help us with.
We do so using the following command.

#Places (K, r)

We write P, for the number returned. We have put K := F7(C). This command outputs the number of
Galois orbits of points in C'(IF7), consisting of precisely r points. We then have that

N, = #(O(F7T)) - Ze - Pe.

elr

Example 4.3. We find the following : P, =8, P, = 69, P, = 547.
This data tells us that Ny = #C(Fra) =8+ 2-69 + 4 - 547 = 2334.
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We use this method to find P, N,, and C, for as high as Magma can compute for us.

[rl ™ [ 2 | N [5]
] 7 8 8§ | 0
2| 49 69 | 146 | 96
30 343 | 112 | 344 | 0
4| 2401 | 547 | 2334 | —68
5| 16807 | 3360 | 16808 | 0
6 | 117649 | 19563 | 117860 | 210
7 | 823543 | 117648 | 823544 | 0

We now apply part (v) of Theorem

ia; = S;a0 + S;_1a1 + ... + St
a1 = S1a9 =0
2as = Ssag + S1a; =96 + 0 = 96
3as = Ssag + S2a1 + S1as =0
day = Syap + Ssay + Szaz + S1az = —68 4 4608 = 4540
Sas = Ssag + Sia; + Szas + Szaz + S1as =0
6ag = Sgag + Ssaq + Ssas + Szaz + Ssaqs + Si1as = 210 — 3264 + 108960 = 105906
Tary = Syag + Sgay + Ssas + Siaz + Ssagq + Seas + S1ag =0

We use these results and part (ii) of Theorem to fill in the following coefficients.

il e [le] e Ji] a Ji] a |
0 1 7 0 14 7 a1, 21 0

1 0 8 as 15| 7%-a1p || 22| 79-1135

2 48 9 ag 16| 7™-ap |23 0

3 0 10 aio 17 74 - ag 24 711 -48

4 1135 11 a1 18| 7°-ag 25 0

5 0 12 a2 19 0 26 713

6| 17651 13 a3 20 | 77 - 17651

It remains to compute six coefficients. We take these coefficients, ag = a,a9 = b,a19 = ¢,a11 = d,a12 =
e,a13 = f, to be variables. Let us consider the L-polynomials (of the smooth, projective, geometrically
irreducible equivalents) of the lower genus curves,

Cy: 8% = (u? — 4)3(u® — 5u® + bu),
Cs: 8% = (u? —4)*(u® — 5u® + 5u).
Magma computes these to be,
Loy (T) = 343T°% + 77T + 1177 + 1,
Loy (T) = 24017 + 88275 + 1757 + 1872 4- 1.

We state Theorem 5 of [Bla+16|, known as the Kleiman-Serre theorem.

Theorem 4.8. If there is a separable morphism of curves C — C', defined over F,, then Lo/ (T') divides
Lo (T).

A morphism f: X — Y over K is said to be separable if K(X) is a separable extension of K(Y).
We see that the following morphisms are separable and defined over F for char(F,) # 2, 3:

O—)CQ

(u,s) = (u,0 := 83),

C—)Cg

(u, s) — (u, 7 := s°).
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We know that both Lc, and Lc, must divide Lg. By Lemma we must also have that x¢, and
Xc, divide xco. We find the following characteristic polynomials,

Xy (T) =T + 11T* + 7772 + 343

Xcy (T) = T® + 18T° + 175T* + 88272 + 2401.

These are two coprime polynomials, which implies x¢, - X¢, also divides x . Reducing the characteristic

polynomial of €' modulo XCs - XCs, glves us

(391*%b - 29*%d + 165)*$.1713 + (-2825%a + 391xc - 22*e + 165339560)*$.1712

+ (8514%b - 401*d - 13662)*$.1711 + (-76158%a + 8857*c - 450%e +
5500609579)*$.1710 + (102193*b - 4536%d - 277361)*$.1°9 + (-990311x*a +
99792xc - 4536%e + 80924527523)*$.1°8 + (766458*%b - 31752*d - 2888550)*$.1°7
+ (-8426285*a + 766458%c - 31752%e + 742491265775)*$.17°6 + (3988747*b -
154350*d - 15473759)*$.1°5 + (-47039706%a + 3988747*c - 154350%e +
4350983109193)*$.174 + (13311144*b - 487403*d - 45983952)*$.1°3 +
(-166691826+a + 13311144*c - 487403*e + 16086548095933)*$.172 + (23882747%*Db
- 823543*d - 16470860)*$.1 - 322005313*a + 23882747*c - 823543%e +
32779089198989

These coeflicients should each be zero as the polynomial is reduced modulo a divisor. Finding a, b, ¢, d, e, f
amounts to solving this linear system. One way to do this in Magma is to define a scheme and find the
points in it. We do so as follows.

A<a,b,c,d,e,f> := AffineSpace(Rationals(),6);

S := Scheme(A, [(391%b - 29*%d + f),(-2825*%a + 391*c - 22xe + 165339560),
(8514*b - 401*d),(-76158*a + 8857*c - 450*e + 5500609579),
(102193*b - 4536%*d), (-990311*a + 99792xc - 4536%*e +
80924527523) , (766458+b - 31752%d) , (-8426285%a + 766458*c -
31752%e + T742491265775),(3988747*b - 154350%d) , (-47039706*a
+ 3988747+c - 154350%e + 4350983109193), (13311144*b -
487403*d) , (-166691826*a + 13311144*c - 487403%e +
16086548095933) , (23882747*b - 823543*d), - 322005313*a +
23882747*c - 823543%e + 32779089198989]) ;

Points(S);

We get :
{@ (204493, 0, 1907045, 0, 15150065, 0) @}

Thus we have computed our characteristic polynomial to be
xa(T) = T2 +48T%* + 1135722 + 1765172 4 20449378 + 19070457 + 151500657* + 7 - 151500657 *2

+73.19070457° + 75 . 2044937°% + 77 - 176517° + 7° - 1135T* + 71 . 4872 + 713,

To conclude our investigation, we apply Theorem Factorizing x(7") into irreducibles over Q
gives us

x&(T) = (T*+7)(T? =T+ 7 (T*+T+7)*(T* = TT? +49)(T* +4T2 +49)(T* + 772 +49)(T* +11T% +49)

We see that it has no common factors with xg,(T) = T? + 4T + 7, and conclude that rank E'(K) = 0.
We have now that rank E'(k(u)) < rank E’'(k(C)) = 0, implying we have rank E’(k(u)) = 0. This allows

us to conclude that
rk(t)(u5 — 5u3 4 5u) = 0,

which means 7, (t'1 + 1) = 0. As we've already seen, having rank zero over F7(t) implies we have rank
zero over Q(t), so we can also write r@(t)(t” +t) = 0. This was the last relevant rank we needed to

compute to conclude that
rank E360(Q()) = 2.
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A Appendix
A.1 Fibre Types

Tate’s algorithm, as outlined in [SS10], considers curves in the form
y2 =z + a2x2 + aqx + ag.

If ¢ { ag, the curve is said to have multiplicative reduction. If t | aq, the curve is said to have additive
reduction. As t will always divide 0, we conclude the curves we study have additive reduction.

In the proof of Theorem we state that our claim holds because we do not encounter type Iy or
type I, fibres. Chapter C.16 of [Sil09] states the exponent of the conductor of E at v, for a field of
characteristic # 2, 3, is given by

0 if F has good reduction at v,
fv =141 if E has multiplicative reduction at v,
2 if E has additive reduction at v.

We can see from Table C.15.1 of [Sil09], fibres of type Iy and I,, are the only singular fibres for which
fv # 2, meaning they do not have additive reduction. Hence we know we will not deal with them in our
study of curves in the form y? = 23 + g(¢).

A.2 Decomposition in Three

Theorem A.1l. Consider a field k containing a primitive third root of unity w. For an elliptic curve
E :y? =23+ f(t%), where f is a nonconstant polynomial with f(0) # 0, we can write

rank E(k(t)) = rank Eo(k(t)) + rank Eo(k(t)) + rank E4(k(t))
for E; 1 y? = a3 + ' f(1).
Proof. We again consider V := E(K) ® Q. By defining,

¢: BQ)®2Q— EQ()®Q
(@(t),y(t)) = w(x(t),y(t)) := (wz(t), y(t)),

we see that we have a Q(w) structure on V' by
(a+bw)-v:i=a-P+b-¢(P),Va,be QP V.
Define the k(t) automorphism

D k(t) — k(t)
t— wt.

In the same way as in Section 3.2, We see that k(t)<®> = k(s) with s = ¢3. The three eigenvalues
of ® extended to V as a Q(w)-linear automorphism of order 3 are 1,w,w?. Consider the elliptic curve

Ey i y? = 23 + 52 f(s) over k(t),
y(t)? = a(£°)° + (%),

( ) 2—t6( . ) O3,

If we apply ® to coordinates of the form (w(tf), ylt )) we find,

(x((wt)3) y((wt)3)) _ (wx(t?’) y(t3)) ::w(w(t‘"’) y(t‘"’)).

(wt)?2 7 (wt)? 27 43 27 ¢

We see this coordinate transformation defines an isomorphism between FE2(k(t)) and V,,. The other
isomorphisms follow similarly. O
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A.3 Curves with Degree 3 Coefficients

In certain situations the following method can be applied to find ranks over Q(¢). Andrew Bremner’s
paper ‘Some simple elliptic surfaces of genus 0’ outlines a method to explicitly determine the rank of
surfaces in the form we are considering, with degree g(t) < 3. We have no surfaces given by g with
degree less than 3, so only the first theorem of this paper is relevant to us.

We consider curves of the form y? = 23 + g(t), with g(t) a squarefree degree 3 polynomial in Q(t).
Translating and scaling g will leave us with a curve of the same rank. (??) For a polynomial ¢(t) =

azt® + ast? + ait + ag, the translation ¢ — (¢ — 51723) will remove the 2nd power term,
2 3
as 3 a3 2a5 ai1as
t——):at—(——a)t+ - + ag.
g( 3as 3 3as ! 27a3  3as 0

Sending t +— «t for some a € Q* will give us a curve of the same rank. Why. We also allow
multiplication of the polynomial by a 6th power, g(t) — B%g(t), 3 € Q*. This is because we can always
make a change of coordinates of the form ¢ = 32z, = B3y. If two polynomials are related by a series of
these operations we write g ~ h. We cite Theorem 1.1 of [Bre91].

Theorem A.2. For a polynomial g(t) as described above, the rank r of the curve E : y?> = 23 + g(t) is,
i) r =2 if and only if one of the following :
a) g~ —t34+16
b) IN€Q st g~ —t3+ 3N+ 1)t + (515 + 5At3 — 2)
it) r =1 if and only if IX € Q with one of the following :
a) g~ —t3+ X2 2\ ¢ Q%3
b) g~ —t>4+32 N+ 1)t + (A% + 10X — 2),2) ¢ Q<3
¢) g~ AP — IAZ(A 4+ 1)t + A2(8A% — 200 — 1)/108, A ¢ Q=3
d) g~ M5 — 3X2(\ + 1)t + A2(8X2 — 20\ — 1)/4, A ¢ Q>3
e) g~ —t3+ 22X+ 1)t — (A2 + 10X — 2)/27,2) ¢ Q<3
f) g~ M3 —432)2 ) ¢ Q*3
g) g~ A2 +16A2, )\ ¢ Q*3
h) g~ —t3 —27A2,2\ ¢ Q%3
it1) r =0 if and only if g is not equivalent to any of the above forms.

Example A.1. Consider the curve
E:y2 :Z‘3+t3+t2.

As we have already computed, its rank over Q(¢) is 2. Thus its rank over Q(¢) must be 1 or 0. Let us

determine this. First we take a translation t +— t — 3% to eliminate the degree 2 term. This gives us
(t 1)3+(t 1)2—t3 Ly 2
3 3/ 3021
Then we send ¢ — —t and obtain ) 5
TS T
+ 3 + 27

After some trial and error, we check to see if this equation is of the form (e), and find :
1 1
—=-(2\+1) = A=0
3 =32 +1)

1,5 2
Furthermore, 2\ = 0 ¢ Q*3. Thus we conclude that the rank is 1.

It is considerably more involved to show that the polynomial does not fit any of the defined cases
and thus has rank 0, but it can be done for the curve

E:y?=a34+13+t,

allowing us to conclude it has rank 0.
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