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LOWER BOUNDS OF THE CANONICAL HEIGHT ON
QUADRATIC TWISTS OF ELLIPTIC CURVES

TADAHISA NARA

ABSTRACT. We compute a lower bound of the canonical
height on quadratic twists of elliptic curves over Q. Also, we
show a simple method for constructing families of quadratic
twists with an explicit rational point. Using the above lower
bound, we show that the explicit rational point is primitive
as an element of the Mordell-Weil group.

1. Introduction. The canonical height on an elliptic curve over a
number field is a non-negative real-valued function on the curve. It is
a tool for studying arithmetic of elliptic curves. In studies using the
canonical height, it is often useful to estimate its value numerically.

It is known that, for every elliptic curve, there exists a positive
lower bound of the canonical heights of non-torsion rational points
([7])- There is also an algorithm which computes a lower bound for
a given elliptic curve ([3, 12]).

In the paper [4, Proposition 8.3], Duquesne gave an explicit lower
bound of the canonical heights of rational points on a certain family
of elliptic curves. The family consists of quartic twists of the elliptic
curve y?> = 3 — x. Similarly, Fujita and the author gave an explicit
lower bound on a family consisting of sextic twists of the elliptic curve
y? = 2% + 1 ([5]). Both results are used to show that a set of explicit

points is a part of a basis of the Mordell-Weil group.

In this paper, we give an explicit lower bound for a family consisting
of quadratic twists of an elliptic curve. There is already a non-explicit
bound ([8, Exercise 8.16]) given by a different method from ours (see
Remark 1.2). Making the bound explicit enables us to study explicitly
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the behavior of a certain family of the quadratic twists of an elliptic
curve. For example, we can prove Theorem 1.4 below.

Our lower bound is obtained by using the decomposition of the
canonical height into the local heights, and they are estimated by the
combination of Cohen’s algorithm ([1, Algorithm 7.5.7]) and Tate’s
theorem ([10, Theorem 4.1]). Each lower bound in [4, 5] is essentially
for twists of a single curve. Moreover, by the simplicity of the Weier-
strass equations, the estimates of the non-archimedean part of the local
height were available by ad hoc arguments. However, in this paper, we
give a lower bound for quadratic twists of an arbitrary curve, and more
systematic argument is required.

Our main results are as follows.

Theorem 1.1. Let E/Q be an elliptic curve and Ep/Q the quadratic
twist of E/Q by a square-free integer D. If P € Ep(Q) is not a 2-
torsion point, then we have the following lower bound of the canonical
height of P,

1 S e )
h(P) > =log|D| + —1

1 WE/Q )
=1 — —log|D

+80’%r‘96%|WQ
1 dnmi 3

= 5 log iz = 7 log2,

where j4M s the denominator of the j-invariant of E (if jg = 0, then

put j%“m = 1), Dg/q is the minimal discriminant of E/Q, wn gnd
min

Wi are periods of a minimal Weierstrass equation of E/Q such that
Wit > 0 Im(wii) > 0 and Re(wiin /witit) =0 or —1/2,

WP (D> 0)
21m(w§m“) (D <0, DE/Q < 0)
and q = exp(2miwHHin /wmin),

Remark 1.2. We have ;\L(P) > (1/8)log |D| 4+ O(1) by [8, Exercise
8.16 (c¢)]. The proof does not use the (Néron) local height functions.
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Remark 1.3. All the quantities in the bound in the theorem (i.e.,
j%nm, Dg /g, wg/q and q), do not depend on the choice of a Weierstrass
equation of E/Q.

The value of the canonical height is always non-negative and so,
unless |D| is sufficiently large, this bound is trivial. But the bound is
suited for seeing a behavior of a family of elliptic curves. Indeed, using
Theorem 1.1, we can show the following theorem.

Theorem 1.4. Lett € Z, D(t) = t5+4t*+30t3+5t>+54t+245, Ep the
elliptic curve defined by y?> = x®>+2D(t)x2+163D(t)?x+2205D(t)? and
P the point (D(t)(t*+2t24+12t), D(t)?(t>+t+3)) on Ep. We assume
that D(t) is square-free. Then Ep(Q) does not have torsion points
if [t| > 31 and P is a primitive point if |t| > 54485. In particular,
Ep(Q) ~ (P) if rank Ep(Q) = 1 and |t| > 54485.

Remark 1.5. This family of quadratic twists is an example given by
the method described in Section 4. For many other families given by
the method, we can show similar results. Without the assumption that
D(t) is square-free, at least it is true that the set of integers ¢ such that
P is primitive has density 1 due to [6, Theorem 1].

The organization of this paper is as follows. In Section 2, we review
the notions of the canonical height and the local height function. In
Section 3, we compute the local height functions by using Cohen’s
algorithm and Tate’s theorem to prove Theorem 1.1. In Section 4,
we introduce a method of constructing families of quadratic twists. In
Section 5, we prove Theorem 1.4, which is a consequence for an example
given by the method in Section 4.

2. Preliminaries. For the Weierstrass equation y? + ayxy + asy =
2% + as2? + agx + ag, by by,bs,bg and c4,cg we denote the usual
quantities defined in [8, Chapter III.1]. We use the notation [u, r, s, ]
for a transformation of Weierstrass equations given by the substitution
x = ulr 471,y = udy +u?sz +t. (For details see also [8, Chapter
IIL1).)
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For an elliptic curve E/Q we denote the Mordell-Weil group and its
m-torsion subgroup by F(Q) and E(Q)[m], respectively. We denote
the j-invariant of E by jg.

First, we recall the definition of the canonical height of elliptic
curves. Let E/Q be an elliptic curve and P = (z,y) € FE(Q) with
x =n/d and ged(n,d) = 1. Then the naive height h(P) is defined by
max{log |n|,log|d|} and the canonical height i(P) is defined by

n(P) _ L P2P)

2 n—oo 4n

It is known that the canonical height is decomposed to the sum
of functions, called the (Néron) local height functions. We use the
decomposition for computations of the canonical heights. The local
height function A, is defined by the following theorem.

Theorem 2.1 (Néron, Tate [11, Chapter VI, Theorem 1.1]). Let K
be a number field, v a place and K, its completion with respect to the
absolute value | - |,, and put v(-) = —log| - |,. Let E/K be the elliptic
curve defined by y? + a1xy + asy = x> + asx? + asx + ag. Then there
exists a unique function A, : E(K,)\ O — R which has the following
three properties.

(i) For all P € E(K,) with 2P # O,
A (2P) = 40, (P) + v(2y(P) + a12(P) + a3) — %v(A).
(ii) The limit hmpﬁdo (Ao(P) + (1/2)v(z(P))) exists.

(iil) A, is continuous on E(K,) \ {O} and bounded on any v-adic
open subset of E(K,) disjoint from O.

Remark 2.2. There is an alternative definition of the local height
function, which is given by removing —(1/4)v(A) from the right-hand
side of the property (i) (e.g., [9, page 341]). Let p, be the alternative
local height function. Then we have the equality

1
EU(A).

Though pu, depends on the choice of a Weierstrass equation, A, is
independent of the choice ([11, Chapter VI, Theorem 1.1 (b)]).

Av:,uv“i’
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References [10, 11] define the local height function as \,. References
[1, 9] define the local height function as p,.

Now, if K = Q, we have the decomposition

(2.1) hPy= > MNE)= Y (P

p:prime,co p:prime,co

3. Uniform lower bound on quadratic twists. In this section
we compute a lower bound of the canonical height on quadratic twists
of elliptic curves. We use the decomposition (2.1).

Let C'/Q be an elliptic curve defined by
(3.1) C/Q:y* + arxy + azy = 2° + axx® + asx + ag.

Definition 3.1. The quadratic twist of C' by a square-free integer D
is the elliptic curve defined by

Cp/Q:y* + a1y + azy

4 2
D3—1
R

D-1 D? -1
(3.2) =a’+ (a2D +af )1‘2 + <G4D2 +ara3 )x

+agD? + a3

Remark 3.2. The definition of Cp/Q is independent of the choice of
a Weierstrass equation of C'/Q. Indeed, the equation of the quadratic
twist of the equation given by transforming (3.1) by [u, 7, s, ] is identical
with the equation given by transforming (3.2) by [u,rD,s,t + a;r(l —
D) /2] (see [2, Proposition 4.3.2 (e)]).

Remark 3.3. If a; = ag = 0, then we have
Cp/Q:y* =a® + ayDa* + ayD*x + agD?,
which is a familiar form.
Lemma 3.4. Let C be an elliptic curve over Q. Then, for the
Weierstrass equation of the curve, we can choose one in the form

y? = 2% + az? + bx + ¢ (a,b,c € Z) with the discriminant 212mDC/Q
(m = 0,1), where D¢ q is the minimal discriminant of C/Q.
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Proof. Let y? 4+ a12y + asy = x> + asx? + asx + ag (a; € Z) be
a minimal Weierstrass equation of C/Q, that is, an equation which is
minimal at every p prime. Then the discriminant of this equation is
DC/Q.
By the substitution y — y — (a12 + a3)/2, we have
by be

by
y'=a'+ ot ot

where b; are the usual quantities of the Weierstrass equation and they
are integral. Through the substitution, the discriminant does not
change.
Next, by the substitution x — (272™)xz, y — (273™)y, we have
b b b
y: =+ (22’”)123:2 + (24’")54:5 + (26’")26.

It suffices to choose m = 0 or 1 in order to make all the coefficients of
this equation be integral. By the substitution, the discriminant changes
to 212meC/Q. O

The canonical height is independent of the choice of a Weierstrass
equation, and so by Remark 3.2, for a proof of Theorem 1.1, we may
choose the equation of E/Q and Ep/Q as follows.

(3.3) E/Q:y? = 23 + aga® + asx + ag (a2, a4, a6 € Z),
(3.4) Ep/Q: y? = 23 4+ ayDx® + ay D’z + agD3.

We denote the discriminants of these equations by A, Ap, respectively.
By Lemma 3.4, we may also assume

A=2""Dpqo (m=0,1),

where D /q is the minimal discriminant of £/Q.

Rational points on an elliptic curve defined by a Weierstrass equation
can always be expressed as (a/6%, 3/6%), where o, 3,6 € Z, § > 0 and
ged(a,d) = ged(B,6) = 1. So let Q = (a/6?,8/6%) € Ep(Q)[2] with
the condition.

We first compute the archimedean part, that is, As(Q), by using [1,
Algorithm 7.5.7].
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Throughout the paper, we define periods of an elliptic curve as are
computed by [1, Algorithm 7.4.7], which depend on the choice of a
Weierstrass equation. By wi, ws and wi™®, wi" we denote the periods
of (3.3) and of its minimal equation, respectively. Then we can easily
verify w; = 27w wy = 27MWIN (;m = 0,1). Further, if we let
w1,p be the period of (3.4), then by straightforward computations, we
have the following lemma.

Lemma 3.5.

wy|D|~Y/? (D >0)
wi,p = Im(wp)|D|72 (D < 0,A > 0)
2Im(wy)|D|71/? (D < 0,A <0)

The estimate of the archimedean part is as follows.

Lemma 3.6. Let Q = (o/6%,3/6%) € Ep(Q) \ Ep(Q)[2]. Then

1 Lo (1—gh)® 1. |wee
> —log|D| + — log ~—— 0 4 " log |—=L2
Aoo(Q) 2 ¢ log | D] + o5 log il +glog|——
3 1 5
(3.5) — 7 logd + Jlog |8 — = log [Dp g

1
— Zlog? - 510g|D|,

where q = exp(2miws/w1), Dgjq is the minimal discriminant of E/Q
and )
nin (D > 0)
WE/Q = Im(wglin.) (D<0,A>0)
2Im(wi™) (D < 0,A <0).

Remark 3.7. It is convenient for us to divide the term of log |D] as
above for later computations.

Proof. By [1, Algorithm 7.5.7], Lemma 3.5 and the trivial bound

0] <1/(1—lql),
1 1 B\ wip
21 2 ;
+8 Og‘(&’) 2m

Ap
q
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1 1
— 7 log 0] — = log|Ap|
212Dy o DS| 1

1
flg

3310

B2 2 Mwg/qg
86 27| D|1/2

1
- - log 0] — — log 22Dy o D)

11
710g|D|+ log‘| ZIngl
1 WE/Q 3
21 2 log [2™
+ L1og %' 2 log 2]
1. |B] 5 1
+110g 53 —%log|DE/@|—§log|D|
1 (1 —la?®
> ~log|D| + — log ~——=—
> g log|D| + o5 log il
1 WE/Q 3
21 — Zlog?
T8 Ty ' 1%
1 p
+log |55 log |Dg/ql| — 5 log | D O

Remark 3.8. Note that we cannot use [1, Algorithm 7.5.7] for 2-
torsion points.

Next we estimate the non-archimedean part of the canonical height.
For this purpose, we use [10, Theorem 4.1] and [11, Chapter VI,
Theorem 4.1].

Definition 3.9. For a Weierstrass equation E : 3% + aj2y + azy =
23 4 ax2? + aux + ag, we define polynomials of x,y as follows.
Yo(x,y) = 32° + 2027 + ag — a1y,
Va(z,y) =2y + a1z + as,
1/13(35, y) = 3%4 —+ bQI’B + 3b4$€2 —+ 3b6(13 + bg.

We also put
vp(+) = ord,(-) logp(= —log | - |p).
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Remark 3.10. vy and 3 are known as the division polynomials of
elliptic curves. We use 3 in the proof of Lemma 5.2.

Theorem 3.11 ([11, Ch. VI, Theorem 4.1]). Let E/Q be an elliptic
curve defined by a Weierstrass equation y? + a1xy + asy = x> + agx? +
asx + ag with p-integral coefficients (i.e. ordy(a;) > 0). If P € E(Q)
satisfies ord, (1o (P)) < 0 or ordy(¢2(P)) <0, then

A(P) = 5 ma{ey(a(P) 1), 0} + T up(4),

where A is the discriminant of the equation.

Computing 9,12 for (3.4) and denoting them by o p, 2. p, we
have
Yo, (x,y) = 32% + 2a9Dx + as D?,
Y2,0(2,y) = 2y.
In the following consideration, we fix a square-free integer D and a

rational point Q = (« /62, 8/6%) € Ep(Q). First for D and Q we divide
the set of primes into several subsets.

Definition 3.12. Let  be the set of all the rational primes. For @
and D, we put

St={pe® p|d p#2},

ST ={pe® pté, p#2}

Tr={pe ptd plB p#2},

T™={peptd, ptB, p#2}

Ut ={pe pts p|B p|D, p#2},

U™ ={pe; ptd, p| B, ptD, p#2}

Remark 3.13. Note that

Q=StuT - uUTUU U{2}.
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Lemma 3.14. Ifp€ STUT™ and Q = (a/5?,8/53) € Ep(Q), then

A(@) > 1y(8) + 505(D) + 750y (D).

2

Proof. In this case, ord,(2,p(Q)) = ord,(28/6%) < 0. So @ reduces
modulo p to a nonsingular point. Now, by [11, Ch. VI, Theorem 4.1]

A(Q) = 5 max{~uy(a/6?), 0} + 150,(D°A)

1Up(D)

> vp(6) + 5

1
159 (Pr/a)- O
Lemma 3.15. Ifp e Ut and Q = (a/62,8/53) € Ep(Q), then

1 1

Ap(Q) > ——wvp(B) + 5”1)

1 max{v, (jz'),0}.

(D)~ 5

Proof. Using [10, Theorem 4.1], we have
1
Ap(Q) = imax{ vp(a/(52) 0} — max{vp(]}; ),0}
1
= L max{v, (71,0
Next, we have

g 3

5 " 5 54+“4Dﬁ+“6D’
since @ € Ep(Q). So p | «, since p | f and p | D. Then
ord,((a?/8%) + aaD(a?/6*) + ayD?*(a/6%) + agD?) > 3. On the other
hand, ord,(3?/4°%) is even, and so ord,(5?) > 4 and ord,(3) > 2.
Therefore, we have

1

—+ CLQD

1 . 2
Ap(Q) + va(ﬂ) 2 Y max{v, (jz'),0} + 1 logp
1 . 1
= =55 max{vy(jg"), 0} + 505(D),
since D is square-free. O

Lemma 3.16. Ifpc U~ and Q = (a/5?,8/5°) € Ep(Q), then

(@) > —i max{vp(jgl), 0}.
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Proof. Using [10, Theorem 4.1], we have

A(@) > 5 max{—v,(a/5%), 0} — 5 max{u,(j5),0}

1 -
= — o max{u,(j51), 0} o

Lemma 3.17. If p = 2, then

—ggmaxlrp (5,0} — 1(8) + 3v(D) (214, 2| D)
M@ 2 ]~ max{v, (7,0} (215, 21 D)
0(0) + 05(D) + 15D 0) (2]9).

Proof. 1f 2 | 6, then 2 1 8 and so ords (12, p(Q)) = orda(23/83) < 0
Then @ reduces modulo 2 to a nonsingular point, and so

1 1

Ap(Q) = v,(8) + iv;v(D) + EUP(A)
> 0y(6) + 3up(D) + 155D ).

Next assume 2 1 §. If @ reduces modulo 2 to a nonsingular point,
then we have the same bound as above. So we assume @ reduces to a
singular point. If 2 | D, then 2 | o and so 2 | 8. Therefore, again by
the same argument as that in the proof of Lemma 3.15, we obtain

1Up(D)-

A(@) > — 5 max{y (75,0} — 1p(8) +

If 24 D, then by using [10, Theorem 4.1], we have

Ap(Q) > — 214 max{vp(]]; ),0}.

These two lower bounds are clearly less than

1 1
svp(D) +

vp(9) + 2 2P

up(DE/q)- O

We now finish the proof of Theorem 1.1.
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Proof of Theorem 1.1. By (2.1) and Lemma 3.6,

> 1 (1—lq))® WE/Q
h(P) > =log|D —1 — 4+ =1
(P) > 5 log|D| + = log i + S log |2
3 1
1 logd + 1 log |8 — log DE/ql
3 1
—110g2—§log|D|+ E A (Q)
p:prime

If 246 and 2 | D, then by Lemmas 3.14-3.17,

Z )‘p(Q): Z )‘p(Q)‘f' Z Ap(Q Z Ap(Q) + Az( Q)

p:prime peESTUT— peU+ peU—
1 1
> 3 (9 + 500)+ 50 <DE/@>)
peESTUT—
1 1 1 .1
b (- g+ (D) - g maxt(s),0)
pEUTU{2}
+ Z < max{vp(]E ),0})
peU~—
1 1
= D> w®+) 30D+ Y. 5%(Ds)
pld, p#2 p|D piB, p#2
1
+ Z ( 47);0(5))
pts, p|D, plp
+ Z < max{vp(]E ),0})
pts, plB

1 1
210g5+§log|D|+O— Zlog|ﬁ\

= Y gy max{y (). 0

p|De/qg
If 216 and 21 D, then by Lemmas 3.14-3.17,
YooM@= D M+ D M@+ D M@ Q)

p:prime peSTUT— peUT peU~—
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> Z <vp(5) + %%(D) + 112”13(7)15/@))
peESTUT—
£ 3 (- o+ JolD) - etz 0) )
peU+ 47" 9P 24 e )
. <_ 214max{u,,(j;),0})
peU~U{2}
BTOESY %vp(D) +> %”P(DE/@)
p|é p|D ptB
P£2 p#2 P72
() (i
ptd pfo
p|D plB
B
PF2

1 1
210g5+§10g|D|+0—110g|ﬁ|

1 .
- Z 21 max{v,(jz"),0}.
plPr/q

If 2 | §, then by seeing the decomposition as

Z )‘p(Q) = Z )‘p(Q)+ Z )‘p(Q)‘f' Z AP(Q)v

p:prime peStuT-uU{2} peU+ peU~—

we have the same bound by a similar computation.

Therefore,

oo ] R
h(P) > = log|D 1
(P)2 glog|D] + 35 lox =

1. |wee| 3 1
-1 — —logd + -1

+80g’ 277‘ 1 09+ 7 log|f]
5 3 1

1 1
+logd + 510g|D| — Zlog\m
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=Y g max{uEh),0)

1o (1—q)®
log |D| + — log ——F——
it gy

WE/Q
2

1
- Z 21 max{v,(j5'),0} — log2 O
pIDE/Q

‘ - *10g DE /ol

Corollary 3.18. Let Ep be the elliptic curve defined by y?> = 2% +
2Dx? +163D%z + 2205D3 (D > 0) and Q € Ep(Q) \ Ep(Q)[2]. Then

o~

1
h(Q) > 5 log D —2.5744.

Proof. Let E/Q be the elliptic curve defined by
(3.6) y* = 2% + 227 + 1632 + 2205.

Then, by using PARI/GP v.2.3.4, we have A = —2%32133193, jp =
285397337213731973, w; = 1.04995090---, ¢ = —0.10978666 - - -

Since the discriminant is twelfth power-free, the equation (3.6) is min-
imal, and so wg/g = w1, PE/g = A. By Theorem 1.1 with the values
we have the bound. ]

4. Families of quadratic twists. In this section we describe a
method to construct families of quadratic twists of elliptic curves with
an explicit point.

Let f € Q[t] be a monic irreducible cubic polynomial (therefore with
no multiple roots), F' € Q[t] a polynomial such that F' = mf for some
m € Q and « a root of f. The minimal polynomial of F(«) over Q is a
cubic polynomial, which is denoted by fi. Then f; o F'(¢) has the factor
£(£)2, since froF(a) = 0 and [d(fy o F)]/(d) () = F{(F(a))F'(a) = 0.
Therefore, there exists a polynomial D € Q[t] such that D(t)f(t)? =
fi(F(t)). So we obtain a family of the quadratic twists D(t)y? = fi(x)
with a rational point (F'(¢), f(t)).
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For example, if
f=t3+1t+3, F=1t' 42t +12t,
we have

fi =3+ 2t% 4 163t + 2205,
D=1+ 4¢t*+30t3+ 5t +54¢ + 245.

In general, we can obtain f; and D explicitly as follows.

Lemma 4.1. Let A, B € Q, f =t3+ At+ B and F = t* + 2At> + 4Bt.
Then the polynomials fi and D as above are as follows.

fi =1 +2A%2 + A(A® +18B%)t + B?(243 + 27B?),
D =15+ 4At* + 10Bt® + 5A%> + 18ABt + 243 + 27B>.

In particular, disc(fy) = B2disc(f)?, where we denote discriminants
of polynomials by disc(-).

Proof. If we write f(t) = (t — a1)(t — a2)(t — as3), then
fi(t) = (t = Fon))(t — F(a2))(t — F(as)).
Since
F(a1) + Flag) + F(as),
F(on)F(az) + F(az)F(az) + F(as)F(a),
F(on)F(az2)F(as)
are all symmetric polynomials of «a;, s, as, they are polynomials of

a1+ as + as (=0), ajas + asas + azay (= A) and ajazas (= —B).
Indeed, we can verify that

F(a1) + F(ag) + F(az) = —2A%

F(ay)F(ag) + F(ag)F(az) + F(az)F(ar) = A(A +18B?),

F(oy)F(ag)F(a3) = —B?*(2A% + 27B?). O
5. An example. In this section, we consider a family of quadratic

twists of an elliptic curve. The family in the following lemma is
constructed by the method described in Section 4.
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Lemma 5.1. Lett € Z, D(t) = t5 + 4t* + 30t3 + 5t + 54t + 245, Ep
the elliptic curve defined by y? = x> +2D(t)x*+163D(t)%x +2205D(t)3
and P the point (D(t)(t* +2t2 +12t), D(t)?(t> +t +3)) on Ep. Then

5 1
Aoo(P) < 6 log D(t) + 0.6089 — 12 log|Ap].

Proof. We fix an integer ¢. For the computation of A\ (P), we use
Tate’s series ([9, Theorem 1.2]). For this purpose, we transform the
Weierstrass equation by the substitution « — = — 30D(¢). This yields
the equation

(5.1) y? = 2® — 88D(t)x* + 2743D(t)%x — 27885D(t)?,

and P corresponds to the point (D(t)(t* + 2¢% + 12t + 30), D(t)(#3 +
t +3)). We denote them by E7, and P’, respectively. Now A (P) on
Ep equals Ao (P’) on E, (Remark 2.2). Note that the discriminant
does not change through the transformation.

The polynomial 23 — 8822 + 27432z — 27885 has only one real root,
which we denote by ¢, and its approximate value is 20.55166--- . So
the only real root of 23 —88D(t)x2 +2743D(t)%x —27885D(t)3 is cD(t),
and so we have z(Q) > 20.55166D(t) > 0 for @ € E(R) (it is easy to
see that D(t) > 0 for t € R). So Ao (P’) is computable by using Tate’s
series, as follows.

o0

1 1 1 . 1
Aoo(P') = S log o(P)] + 5 3" =7 log 2(2°P)| - - Tog|Ap|
=0

where b; p are usual quantities of (5.1) and

bs,p 2bs.p bs.p

- x(P’)2 ac(P’)?’ x(P’)4'

z(P) =1

Note that z(Q) > 0 for any @ € E,(R), since z(Q) satisfies the equality
2(Q)2(Q)* = ¥2(Q)*z(2Q).
By elementary calculus, we can compute the bounds of the series as
follows.
z(P') 4+ 2% 412t + 30

0< = < 3.37933.
D(t)5/3 (6 + 4t* 4 3013 + 5t + b4t + 245)2/3
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So

1 5 1 5
5 loga(P') < ¢ log D(t) + 5 log(3.37933) <  log D(t) + 0.6089.

For any point @ € EL(R), if we put v = x(Q)/D(t), then u >
20.55166 as mentioned above. So

HQ)=1- byp  2bsp bs.p

(@) =2(Q)P  =(Q)*
5486 223080 2291471
- - - <1

u? us ud
Therefore,
0o 1 .
Z yrEa log z(2'P") < 0. O
i=0

Lemma 5.2. We consider the situation of Lemma 5.1, and assume
that D(t) is square-free. Then we have

1 1
Y. A(P) < —5logD(t) + 5 log |Ap|.

p:prime

Proof. To ease the notation, we write D(¢) = D. Since the discrim-
inant of Ep is Ap = DSA = —D%.2%3213319 and D is square-free,
the equation defining Ep is minimal. Since P is an integral point,
Ap(P) — (1/12)v,(Ap) is not positive for every p by [9, Theorem 5.2].
(Note that the paper defines the local height function as p, in Re-
mark 2.2.) So we have

) (3P = () ) < > (3lP) - fya0)).

To estimate the right-hand side we use [9, Theorem 5.2]. Computing
the division polynomials of Ep we have

o = 2y,

V3 = 32 + day Da® + 6a4D*2? + 12a6 Dz + (4agag — a3) D,
as =2,  ay =163,  ag=2205.
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Ep has the additive reduction at p dividing D. If p | D, then
ord, (2(P)) > 2 and ord,(¢3(P)) > 4 and so we have

4 1
Ap(P) < _§10gp+ EU;D(AD)

or

2 1
Ap(P) < _gIng'f‘ EU;D(AD)

by [9, Theorem 5.2]. In any case, A, (P) < —(1/2)log p+(1/12)v,(Ap),
and so

> (A,,(P) - 112@,,(AD)> <M (— ;logp> = —%logD. 0

p|D p|D

Lemmas 5.1 and 5.2 imply the following proposition.

Proposition 5.3. In the situation of Lemma 5.2, we have

~ 1
h(P) < 3 log D(t) + 0.6089.

We now finish the proof of Theorem 1.4.

Proof of Theorem 1.4. The polynomial 23 + 222 + 163z + 2205 does
not have rational roots, and neither does z® + 2D(t)x? + 163D(t)%x +
2205D(t)3. Therefore, Ep(Q) does not have 2-torsion points. Further,
if |t| > 31, then E(P) > ( for any rational point by Corollary 3.18, and
so Ep(Q) does not have any torsion points. By elementary calculus,

we have
(1/3)1og D(t) 4+ 0.6089 <4

(1/8)log D(t) — 2.5744 ~

for |t| > 54485. Therefore, by the property of canonical height, there
does not exist a point R such that P = mR (|m| > 2). O
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