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Abstract

Triangles with integer length sides and integer area are known as Heron triangles. Tak-
ing rescaling freedom into account, one can apply the same name when all sides and the
area are rational numbers. A perfect triangle is a Heron triangle with all three medians
being rational, and it is a longstanding conjecture that no such triangle exists. However,
Buchholz and Rathbun showed that there are infinitely many Heron triangles with two
rational medians, an infinite subset of which are associated with rational points on an
elliptic curve E(Q) with Mordell-Weil group Z x Z /27, and they observed a con-
nection with a pair of Somos-5 sequences. Here we make the latter connection more
precise by providing explicit formulae for the integer side lengths, the two rational
medians, and the area in this infinite family of Heron triangles. The proof uses a com-
bined approach to Somos-5 sequences and associated Quispel-Roberts—Thompson
(QRT) maps in the plane, from several different viewpoints: complex analysis, real
dynamics, and reduction modulo a prime.

Keywords Heron triangle - Somos sequence - Elliptic function - QRT map
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1 Introduction

The formula

A=/s(s—a)(s —b)(s —c) (1.1
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for the area of a triangle with sides (a, b, ¢), where

a+b+c
2

is the semiperimeter, is attributed to Heron of Alexandria. If (a, b, ¢) is a triple of
positive integers and the area A is also an integer, then this is called a Heron triangle.
More generally, due to rescaling freedom, we say that a triangle is Heron whenever the
side lengths and the area are all rational numbers. A method for enumerating Heron

triangles was given by Schubert in [44], but a parametric formula equivalent to
p>+r’ q> +r’ > = pg)(p +q)
a= , b=——, ¢c= % ,
p q pPq

(1.2)

for p,q,r € Q and area A = rc € Q was already known to Brahmagupta in the 7th
century A.D. [10]. Any Pythagorean triple gives a right-angled Heron triangle, while
the triangle with integer side lengths (5,5, 6) and area 12 arising from the choice
p = ¢q = 1, r = 2 in Brahmagupta’s formula is the simplest isosceles Heron triangle
(in the sense of having the smallest value of a + b + ¢), and the simplest example of a
Heron triangle that is neither right-angled nor isosceles has side lengths (15, 13, 14)
and area 84, being obtained by taking p = 3, g = 4, r = 6 in the same formula. There
are numerous Diophantine problems concerning Heron triangles, many of which are
related to the theory of elliptic curves [13, 23, 30, 52].

It is an old problem to answer the question as to whether there exists a perfect
triangle: one with integer sides, medians, and area; or equivalently, is there a Heron
triangle with three rational medians? The expectation is that there is no such triangle,
but to prove it seems very difficult, and it is remarked in [26] that despite incorrect
“proofs” in the literature, the problem remains open. One of the first incorrect argu-
ments is implicit in Schubert’s work [44], where he claimed to present a complete
parametrization of Heron triangles with one of the medians being rational, and used
this to argue that Heron triangles with two rational medians are impossible. However,
his proposed parametrization was incomplete, and Schubert’s oversight was pointed
out by Dickson [10] and in the PhD thesis of Buchholz [6], who initially found the case
(73, 51, 26) with area 420 and two rational medians, of lengths 375 and 977 respectively,
as well as a small number of other examples—see Table 1, in which each triangle is
represented (up to scale) by an integer triple with ged(a, b, c) = 1.

Henceforth we denote the medians that bisect sides a, b, ¢ by k, €, m, respectively,
so that

1

k? = Z 2b* +2¢* — a?),
1

02 = i 2c? + 24> — b?),

1
m? = 2 (2a® +2b* — ), (1.3)
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1426 A.N.W. Hone

Fig.1 Triangle with one labelled median

and label the angles adjacent to the median k as in Fig. 1. Then the area of the triangle
satisfies A = bksina = cksinff = %ak sin y, and, following [44], it is helpful to
consider the half-angle cotangents

M = cot(a/2), P =cot(B/2), X =cot(y/2), (1.4)

which we will refer to as the Schubert parameters, using the same nomenclature
and notation as in [7]. Up to rescaling, these three parameters completely determine
the triangle; clearly they are not independent, but as shown by Schubert they satisfy
the equation

1 1 1
M——=P——+4+2[X—-——). 1.5
. P+( X) (1.5)

Upon rewriting the latter as 2M P(X* — 1) + MX(P*> — 1) — PX(M?* — 1) = 0, we
see that this defines an affine quartic surface in three dimensions, which we call the
Schubert surface. The Schubert parameters are given in terms of the area, side lengths
and the median k by the formulae

M= 4A
 4bk 4+ a? —3b% — 2’
4A
P = , 1.6
dck + a? — b — 3¢? (16)
. 4A
" 2ak —b? + 2’

which follow from the half-angle identity cot («/2) = sin« /(1 —cos «) and the cosine
rule, while the ratios of side lengths are given in terms of the Schubert parameters by

a_2X+XH b _ M+M 17
c P+P1' 7 ¢ P+PU '

In view of the formulae (1.6), for a Heron triangle with rational median k the
corresponding Schubert parameters are rational, and conversely, if (M, P, X) € Q% is
a rational point on the Schubert surface (1.5), then the triangle is Heron with (at least)
one rational median. Strictly speaking, we require positive rational solutions, since
the half-angle cotangents must be positive, but the surface (1.5) admits the obvious
involutions M - —M~L P - —p~L X - —X~1 as well as (M, P, X) —

@ Springer



1427

Heron triangles with two rational medians and Somos-5...

08009SP8ILYILETT T/SET98888T 6LT660SLIT 190£929% L¥S9THI6ET +98659THHT S
0TE0LY809€H9S81 T/SOLSYRYE L8HP1E91 L10LTT61 1¥9$950C 8099187C -
078188989LL81 TUEYIE8E STLIYI1 19€520T 1LY9L61 TET88TT —_—
0991 THEETHT T/6S01SLE T/ETS]T0T 95+0¢61 629581 SL9ETSI 14
0091€6£T LE61T T/68S¢€ SSIST 918¢€1 6LL8T €
08T869SL TLLIIT 10011 LSTIT 16L11 v8eYI o
0r0TH0T LS91 T/SL6L €L9€¢ 89¢t 874! *
(014439 T/cey LS 162 L8 979 z
oz T/L6 T/se 9T s €L I

\Y 7 Y 2 q » u

SUBIPOW [BUOTEI OM] [JIM SI[SURLI) UOISH ISo[[ews oy, | d|qel

pringer

As



1428 A.N.W. Hone

M -l p-ly ’1), so if one of the coordinates is negative it can be replaced by minus
its reciprocal, while all three coordinates can simultaneously be replaced by their
reciprocals, and we shall exploit this freedom in what follows. The inherent subtlety
in the problem of characterizing Heron triangles with one rational median, to which
Schubert gave an incomplete solution, can be seen from the fact that the Schubert
surface admits three different elliptic fibrations, obtained by fixing the value of any
one of the parameters. For instance, setting M = M, € P'(Q) gives the cubic curve
2P(X* — 1)+ X(P? — 1) + CPX = 0, where the constant C = 1/Mg — Mo; so
for generic values of C the fibre is an elliptic curve, with j-invariant (C* 4 40C? +
208)3 /(16(C*4-40C 21 144)), and each (finite) element of the group of rational points
on the curve corresponds to a Heron triangle with one rational median.

For a Heron triangle with two rational medians k, ¢, there are two associated rational
points on the Schubert surface, namely the point (M,, P,, X,) associated with the
median k bisecting side a, as given by the formulae (1.6), and the point (M}, Py, Xp)
associated with the median £ bisecting side b, given by the same formulae but replacing
a— b,b— c,c — aand k — £. As well as satisfying the equation (1.5), these two
sets of Schubert parameters must be related by the compatibility conditions

2Xa+ X PP Mg+ MY 20X+ XD
P+ P! My+M,'" P+ P! My+ Mt

(1.8)

corresponding to the ratios of the side lengths as in (1.7). Thus the problem of finding
a Heron triangle with two rational medians is equivalent to finding a pair of positive
rational points on the Schubert surface (1.5), subject to the pair of constraints (1.8).
The angles «, 8 as in Fig. 1 must also satisfy o 4+ < 7, so this imposes the additional
requirements

arccot(M,) + arccot(P,) < %, arccot (Mp) + arccot(Pp) < % (1.9)

but once a pair of compatible positive triples has been found, these requirements
can always be satisfied by applying (M, Py, X,) — (M7 ', P X 1) and/or
(Mp, Pp, Xp) — (M, l, Pb_l, Xb_l) if necessary, since these transformations leave
the constraints (1.8) invariant.

There is another approach to the problem, based on the formulae

a="1(—20% —0¢*> +20p —p> +6 + 1),

b="T(0%+200> — 0> +20¢ — ¢ + 1), (1.10)

c=T(O% — 00> + 07 + 206 +¢7 + 0 — ),
found by Buchholz [6], which provide a rational parametrization of triangles with
two rational medians k, £, where 6, ¢ are rational numbers (constrained suitably to
ensure positivity), and the parameter T € Q allows for the arbitrary choice of scale.

Conversely, 6, ¢ € QQ can be written as functions of the (ratios of) side lengths, given
by

@ Springer
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c—a=+2¢ b—c+t2k
0=—F7——, ¢p=—7—, (1.11)
2s 2s

with s = %(a + b + ¢) being the semiperimeter, as before.

Hence an efficient method to search for Heron triangles with two rational medians
is to run through the rational parameters 6, ¢, ordered by height, and check whether the
corresponding value of A is a rational number. More precisely, given § = R/S € Q
written as a fraction in lowest terms, its naive heightis H (¢) = max (| R|, |S|), and pairs
(0, ¢) € Q? can be enumerated in order of increasing height H = max (H@®), H(¢)),
so fixing the scale T = 1in (1.10), the side lengths (a, b, ¢) of triangles with two ratio-
nal medians can be calculated from this parametrization for each pair of parameters
with H = 1,2, 3, ... and then it can be checked from Heron’s formula (1.1) whether
s(s —a)(s — b)(s — c) is a perfect square, corresponding to the area being rational.
(This method leads to duplicate triangles related to one another by different values
of the scaling T, but still seems more efficient than finding Heron triangles with one
rational median and then checking whether a second median is rational.)

The latter method was implemented by Buchholz and Rathbun, initially working
independently (an independent search was also carried out by Kemnitz), yielding the
first six rows in Table 1. In [7] they observed remarkable properties of certain triangles
in the latter table, with respect to their Schubert parameters, which are shown in Table
2: for the rows labelled by an integer n = 1,2, 3, ..., the factorizations are related,
and in particular the parameter M}, in row n is minus the reciprocal of the parameter
P, inrow n + 1 (see Table 3 for details of the factorizations). The triangles labelled by
asterisks do not seem to fit into any obvious pattern, but their observations on the other
triangles (corresponding ton = 1, ..., 5 in Tables 1 and 2) led them to suggest that
these examples should extend to an infinite family of triangles labelled by a positive
integer n, with a conjectured factorization of the Schubert parameters as

Snv18p 5T
My = — 20
Sn Th+ Tn+2
Sn+1Sn+2T+1 7,
P, = — n+19n+24n+14n42 . (1.12)
SnSn+3 T, Tn+3
(=Dl SnS,%+2Tn+3
X, =2 e A
Sn+3TnTn+2
Sn+lSn+4Tn+lTn+4
My = ;
Sn+ZSn+3Tn+2Tn+3
S,%+25n+3Tn+4
Pp= — (1.13)
SntaTl o Tt
X, = 21" Sn+1 Tn+2T

SpaSnaTugr’
where (S;,) and (7,) are integer sequences given by
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1430 AN.W.Hone

(S): 1,1,1,2,3,5,11,37,83,274, ..., (1.14)
and
(T,,): 0,1,-1,1,1,-7,8,—1,—-57,391, ..., (1.15)

(the terms above are listed starting from the index n = 0). These are Somos sequences,
of the kind introduced in [46]. More specifically, they are both Somos-5 sequences:
(Sy) is generated by the fifth order quadratic recurrence

Snt5Sn = SpaSnt1 + Sn3Snao (1.16)

(see [40]); the sequence is usually generated starting from five initial 1s, but here we
have indexed it so that it extends symmetrically to negative n, with S_,, = S,,. As
we shall see, the sequence (7},) is closely related to (S,): it is generated by the same
fifth order recurrence (1.16), and extends backwards in an antisymmetric fashion, so
that 7_,, = —T,; it is also a divisibility sequence, having the property that 7, | 75,
whenever n | m. (It is almost an elliptic divisibility sequence in the sense of [55], but
the terms with even/odd index satisfy different relations of order four.) Henceforth
we shall refer to the sequence of triangles corresponding to the pairs of Schubert
parameters (1.12) and (1.13) as the main sequence.

Despite being provided with a theta function formula for the Somos-5 sequence
(Sn) by Elkies [15], Buchholz and Rathbun were unable to use this to prove that the
Schubert parameters for this proposed infinite family of Heron triangles with two
rational medians are given by the factorizations (1.12) and (1.13). Nevertheless, they
were able to make further progress by plotting the coordinates of the sequence of
parameters (6, ¢) given by (1.11) (with both signs taken as +) corresponding to these
triangles, which were empirically found to lie on one of five birationally equivalent
curves Ci_s5 of genus one, repeating in the pattern C», C1, C4, C3, €2, €1, C5 with
period 7, the simplest such curve being the biquadratic cubic

Cs: 0% — 0> +0¢p+20 —2¢ — 1 =0. (1.17)
Over Q, this is birationally equivalent to the elliptic curve
y2+xy=x3+x2—2x, (1.18)

which has Mordell-Weil group Z x Z /27, the same curve corresponding to the theta
function formula for the Somos-5 sequence (1.14) found by Elkies [15]. In a subsequent
paper [8], Buchholz and Rathbun proved the following result.

Theorem 1.1 Every rational point (6, ¢) on the genus one curve Cy4 given by (1.17),
with) <0 < 1,0 < ¢ < 1,20+ ¢ > 1 corresponds to a Heron triangle with two
rational medians.

In subsequent work [3], they considered the full set of discrete symmetries of the
problem in terms of the parameters a, b, c, k, £, including sign changes, e.g.a — —a,
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1432 A.N.W. Hone

Table 3 Prime factors of the first few Schubert parameters in the main sequence

n M, P, Xa My, P, Xp
3 2 2
0 0 0 0 -5 -3 3
1 22 2 23 5.7 22.3.7 7
3 3 23 5 35
2 2.32 _23 32.7 _2t 23.32.5 25
° 5.7 25 3.5.7 711 3211
3 _35 3.5.7 25.52 3-37 52.11 372
2.72 24.11 72.11 23.5.7.11 23.72.37 2.52.37
4 5.112 _23.5.7.11 _3.112 _3.5.7-19-83 _3-112.19.37 27.3.5.19
26.3.7 3-37 27.37 23.11.37 26.83 7-112.83
5 7-11.372 23.11.37 2.3.5.19.372 24.11.17.23.137 17-23-372.83 11-17-23
235 3.5-7-19-83 783 3-19-37-83 2-3-19-137 25.372.137

b — —b,etc., as well as allowed permutations, such as the reflection symmetry a <> b,
k <> € (equivalent to changing the orientation of the triangle), and showed that, under
the action of this group on the pairs (0, ¢), they obtained points on a total of eight
isomorphic curves C;_g corresponding to triangles in the main sequence; yet the four
sporadic triangles, labelled with asterisks in Tables 1 and 2, do not give points on
these curves, and we do not know if there are formulae analogous to (1.12) and (1.13)
for these sporadic cases. More recent work on this problem has consisted of proving
that all of the Heron triangles in the main sequence, corresponding to rational points
on one of these eight curves, have exactly two rational medians, so none of them are
perfect triangles [9, 31, 32]. However, until now, many of Buchholz and Rathbun’s
original observations about this sequence have lacked an explanation.

In considering this problem afresh, we observed an elegant factorization pattern
for the semiperimeter s, the quantities s — a, s — b, s — ¢, which we refer to as the
reduced lengths, and hence also for the area A of the triangles in the main sequence
(see Table 4), and we found that they could be written in terms of the two Somos-5
sequences. This led us not only to a proof of the formulae (1.12) and (1.13) for the
Schubert parameters, but also to explicit expressions for the lengths of the sides, the
two rational medians, and the area, as well as an explanation for the period 7 cycles
of curves in the (6, ¢) plane. Our main result is the following

Theorem 1.2 For each integer n > 1, the terms in the pair of Somos-5 sequences
(1.14) and (1.15) provide a Heron triangle with two rational medians, having integer
side lengths given by

a = |Sn+1 S3+2Sn+3Tn+2 + Sr2lSn+1 Tn+3Tn2+4 s
b=|SiSus1TusaTy — T T 2 Tug3Snaal. (1.19)

3 3
¢ = |Tus1 T2 Tut3Sn42 — Snt18m10Sn+3Tn 42

’
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1434 A.N.W. Hone

with ged(a, b, ¢) = 1, rational median lengths

)

k= |SutaTusa(Tu Ty Tasz — SuSiyy Snt2)

€= | SuT(Tus2Ty 3 Tuia — Sut2Sys3Snt4)

(1.20)

3

and area
A= | Sn Sn+l S,%+2Sn+3 Sn+4Tn Tn+l Tnz.l,_zTn+3 Th+4 | . (L.21)

A brief outline of the paper is as follows. The next section is devoted to Somos-5
sequences and Quispel-Roberts—Thompson (QRT) maps: we rapidly review the nec-
essary analytical fomulae from [27], in terms of Weierstrass functions, which are a
key ingredient in our main argument, and prove some determinantal identities con-
necting the sequences (1.14) and (1.15), before presenting simple preliminary results
on initial value problems and their reduction modulo a prime that will be needed later.
We then connect the two Somos-5 sequences with two different orbits of a QRT map
in the plane, both of which lie on the same biquadratic curve that is isomorphic to
(1.17), and with a single orbit of a QRT map on another curve related by a 2-isogeny.
Section 3 contains the main results of the paper, leading to the proof of Theorem 1.2:
the central result is Theorem 3.3, which is proved by writing the two sets of Schubert
parameters (with signs) in terms of elliptic functions and using analytic arguments to
verify that they lie on the Schubert surface as well as satisfying the constraints (1.8).
However, in order to show that all the signs can be consistently removed by elementary
transformations to end up with positive solutions of Schubert’s equation, we need to
consider the pattern of signs in the sequence (1.15), which turns out to have period 14,
as a consequence of the real dynamics of one of the QRT orbits, which moves around
certain segments of a curve with period 7 (see Lemma 3.4); the latter pattern controls
all the signs in the problem, and incidentally explains one of Buchholz and Rathbun’s
empirical observations on curves in the (8, ¢) plane (Theorem 3.7). The section ends
with a complete description of the periodic dynamics of the QRT maps and associated
Somos-5 sequences over finite fields, combining and extending various results in the
literature [33-35, 43, 47, 51], which is required to analyse the common divisors of
the side lengths. In Sect. 4 we briefly discuss how geometrical arguments, namely
Brahmagupta’s construction, and a formula of Schubert for the tangents of half-angles
in Heron triangles, lead to some additional identities between the Schubert parameters
and other quantities involved. The final section contains our conclusions.

2 Somos-5 sequences and QRT maps
Somos sequences are generated by quadratic recurrences of the form
ka

TitNTy = Z G Tt N—j Tntj 2.1
j=1

@ Springer
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where & are coefficients. They encompass elliptic divisibility sequences in number
theory, and as such can be regarded as nonlinear generalizations of Fibonacci, Lucas,
or other linear recurrence sequences [16, 55]. If there are precisely two or three mono-
mials on the right-hand side, then they are of the right shape to be generated from a
cluster algebra [18] or an LP algebra [36], providing one of the original examples of
the Laurent phenomenon [19, 22]. In addition, these special types of Somos recur-
rences can be obtained as reductions of integrable partial difference equations on a
three-dimensional lattice, namely the discrete Hirota equation [28] or Miwa’s equation
[17], which are also known by other names: bilinear discrete KP/BKP, or the octa-
hedron/cube recurrences. They also appear in the context of supersymmetric gauge
theories and dimer models [4, 14, 24].

The rest of this section is devoted to presenting geometric, analytic, algebraic and
arithmetic results about Somos-5 sequences, corresponding to the particular case N =
5of(2.1), as well as associated birational maps of the plane studied by Quispel, Roberts
and Thompson (QRT maps).

2.1 Geometric, analytic and algebraic properties of Somos-5 sequences

The general Somos-5 recurrence is
Th+5Th = a TutdTntr1 + B Tnp3Tut2. (2.2)

We take C as the ambient field, considering all sequences as complex-valued, but
for suitable choices of the initial values and the coefficients &, ,3 the recurrence
produces integer sequences such as (1.14). One way to see this is to observe that
the recurrence (2.2) has the Laurent property, as it arises from mutations in a
cluster algebra [20], meaning that the iterates lie in the Laurent polynomial ring
Zla, B, !, tlﬂ, tzil, r3i1, rfl]. Hence if all initial values are £1 and the coeffi-
cients &, 5 are integers then 7, € Z for all n. However, as shown in [29], due to
the connection with the arithmetic of elliptic curves, a much stronger version of the
Laurent property holds for this recurrence, and there are many more ways in which
it can produce integer sequences. The geometrical structure of Somos-5 sequences is
based on the following result.

Lemma 2.1 The recurrence (2.2) has two independent conserved quantities (first inte-
grals), invariant under shifting n — n + 1, namely

2 2 2

~ TnTn+d ~ T T T ~ Tn4+1Tn+3

7= ntn +a < n+1 + n+2 + n+3 + n+1tn+ (2.3)
Tn+1Tn+3 TnTn+2 Tn+1Tn+3 Tn+2Tn+4 TnTn+4

and

TnTh+3 Tn+1Tn+4 Tn+1Tn+2 Tn+2Tn+3 T2

e n tn43 n+1tn+ ~ n+1th+ n+2tn+ o +2

J = + +oe< + >+ﬁ T (24)
Tn+1Tn+2 Tn+2Tn+3 TnTn+3 Tn+1Tn+4 TnTn+4
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These two quantities are built from a 2-invariant, given by

~ .2
~ TyTpa4tart
K, = —n+2’ 2.5)
Tn+1Tn+3

whose value repeats with period 2, so that K nt2 = Ky, with
T=K,+Kuy1, a&J+B=K.Kny1.

Proof Applying (2.2) twice shows that K, satisfies

2 2

~ T T ~ T T, ~ ~

~ n+1 n+3 n+1tn43

Kn+1=(x( + >+ﬂ—, Knyo =Ky,
TnTn+2 Tn+2Tn+4 TnTn+4

so the value of K, repeats with period 2, from which it is an immediate consequence
that the sum K + Kn+1 =T and product K Kn+l =al+ B define two independent
invariants 7, J, which are given by (2.3) and (2.4), respectively. O

Remark 2.2 By clearing the denominator in (2.5), it follows that t,, satisfies the Somos-
4 relation

% 2
TutaThn = Ky Tog3Thel — A T, n42>

with one of the coefficients depending on the parity of 7.

Geometrically, iteration of the Somos-5 recurrence (2.2) is equivalent to iterating
the birational map
aut + fun
(0, 71, T2, 73, T4) > | T1, T2, T3, T4, — (2.6)
0

in C>, and the existence of these two conserved quantities means that generic orbits lie
on three-dimensional level sets given by fixed values of T, 7. However, the invariant
T will not play a very significant role in what follows. The quantity J is much more

important, because it leads to the connection with elliptic curves: indeed, setting

Tn+3Tn

U, =
Tn4+2Tn+1

and comparing with (2.4) shows that, for fixed 7 , the pairs (U, U,+1) in the plane lie
on the biquadratic cubic curve defined by

UnUpni1(Un 4 Uni1) + @Uy 4 Uny1) — TUUps1 + B =0, 2.7)

which (for generic values of &, , J ) has genus one. The latter curve is birationally
equivalent to an elliptic curve in Weierstrass form (equation (2.9) below), and this is
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what lies behind the analytic formula for the terms of a Somos-5 sequence obtained
in [27], and described as follows.

Theorem 2.3 The general solution of (2.2) can be written in the form
2
= AL B 2 6 (29 + n), 2.8)

where the £ subscripts apply for even/odd n, respectively, and o (z) = o (z; g2, g3) is
the Weierstrass sigma function associated with the elliptic curve

y?=4x} — gox — g3 (2.9)
with invariants defined by
g =123%2—2J, g3=40 — gk —i* (2.10)
in terms of the quantities
L~ -1 (T?
— 5 T\1/4 -
=B +al', x—3ﬁ2(4 +a) @.11)

The solution corresponds to a sequence of points (Po + n® on the curve (2.9), where
the znltzalp()znt fPo = (9 (20), & "(z0)) is arbitrary, and at each step it is translated by
= (p ), P'Kk)) = (A [1). The other parameters appearing in (2.8) are

i

_ —4
o2 oK), (2.12)

/J,:

and A4, A_, By, B_ which are arbitrary up to the constraint that

% R (2.13)

Remark 2.4 From the above result, the general solution of (2.2) is given by fixing
the seven parameters A4, A_, B4, k, 20, g2, g3 (with B_ given by (2.13) in terms
of By, k, g2, g3), corresponding to the fact that the initial value problem for (2.2) is
specified by a total of 7 = 54-2 parameters (five adjacent initial values, 1o, . . ., 74 say,
plus the two coefficients &, ). Moreover, for generic initial values and coefficients,
the initial value problem can be solved explicitly by using the relations (2.11) and
(2.10) to obtain the curve (2.9) from the values of &, /3 and the conserved quantity J
as in (2.4); thereafter « and zo are found by evaluating elliptic integrals, and A4, B+
can then be determined in terms of the initial values and values of the sigma function
involving these arguments. We carry this out in detail below for the sequences (1.14)
and (1.15).
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For what follows it is helpful to introduce another sequence (a,) associated with
any solution (2.8) of Somos-5, referred to as the companion EDS (elliptic divisibility
sequence) in [29], which is defined by the analytic formula

o (nk)

G

(2.14)

al‘l

The sequence of terms a, can be used to describe Somos relations of higher order
satisfied by 7,,, which are summarized in the following way.

Theorem 2.5 The terms of the companion EDS (2.14) satisfy the Somos-4 recurrence
_ 2 ~ 2
Apt4dpy = U7 Ap438p4] — XA, 0, (2.15)

and they can be written as polynomials in i, &, B with integer coefficients, beginning
with

@): 0,1, — i, &, i, — & — i*B, pa@® + 2 + i*p), —a® — i*p@® — .
— B (2a® + @ BB + 3 + i), ...

A general Somos-5 sequence satisfies infinitely many higher Somos relations of odd
order with coefficients determined by its companion EDS (2.14), namely

A Ty 2j+1Tn = AjAj 41 Tnt j12Tntj—1 — Aj— 1242 Tnt j+1Tntj- (2.16)

Proof The description of the terms of the companion EDS as polynomials in /i, &, B
which are generated by a Somos-4 recurrence was given in [29]. A proof of the higher
Somos relations (2.16) was provided in [27] (see also [53]). O

Remark 2.6 When [i, &, E € Z, the companion EDS is an integer sequence, so it is a
bona fide elliptic divisibility sequence in the sense of [55]. For j = 0, 1 the relation
(2.16) is just a tautology, while for j = 2 it is equivalent to (2.2) with coefficients
ad=a3=00Ck)/o k), = —as/ar = — o) 2o (4k)/o(2k).

Having described the general case, in the rest of this section the formula (2.8) and
the other results on Somos-5 sequences given above will be specialized to the particular
sequences (1.14) and (1.15).

Proposition 2.7 The terms of the sequence (1.14) are given by the formula

a(w)_lBjLLn/zjuL"/szo(w + nk), for n even,
Sy = —1pln/2] nj2)? (2.17)
ocw+kx)" "B o(w+nk), forn odd,

with parameters given by

121 845

[2261/4:@/(K), Xzizp(/()’ H=—=—,883=———-,
12./6 72 1296+/6

(2.18)
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and u = —o (k)%

g W@ o ocw-K0) (2.19)
= olw+2)" T o (w+k)’ '

where the numerical value

k ~ — 1.052799817 (2.20)

determines the point P = (A, ft) on the Weierstrass curve (2.9) with these values of
the invariants g, g3, and the initial point Py = (9 (20), §'(z0)) is 2-torsion, that is

=0, p= 9 (w) =0, (2.21)

5
12/6
where w is a half-period, which can be taken as the sum of real and imaginary half-
periods w1, wy:

w=w+wy, o~ 1.849876692, w; ~ 1.524280920i. (2.22)

Proof This sequence was presented as an example in [27]: the coefficients in (1.16) are
o= ,3 = 1, while the values of the conserved quantities (2.3) and (2.4) are given by
T=1J= 5, leading to the parameter values (2.18). The formulae in [27, Theorem 2.7]
then show that zg = w corresponds to a 2-torsion point on the curve in this case, and
the numerical values of k and w are determined from (2.18) and (2.21) by evaluating
elliptic integrals. O

From a purely algebraic point of view, it would seem more natural to apply a homo-
thety so that everything is defined over Q, i.e. rescale all the coordinates, Weierstrass
functions and invariants by suitable powers of i = 6!/% in order to work with the
Weierstrass cubic

121 845
E: y2=4x3—Ex+ﬁ; (2.23)

the expressions corresponding to this form of the curve are presented in [27]. However,
the analytic calculations in the sequel are easier to carry out with the choice of scale
as in (2.18).

Remark 2.8 The relation (2.13) between the ratio of the quantities in (2.19) can be
verified by using the elliptic function identity

o +2)0—K)  9'K) (@/(zo) — so’(x)) 210 5o

o) o (z0)o(zo +K) 2 \pk)—pk) 2 7
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which is valid for any zo, . Upon setting zop = w, the left-hand side of the above
identity is

o(@+2k)o(w—k) _ _M,13;7 (2.25)
o(K)ro(w)o(w+ k) B,
while the right-hand side is
60/(K.) 6/!)/((1)) _ 60/(16) + KQ//(K) _ 61/4 _ 61/4 + 5 _ 1
2 \p@ -9 2 - 2\ )2

1246 12v6

where above we have substituted the values from (2.18) and (2.21), as well as J=
9" (k) = 5.

Proposition 2.9 The terms of the sequence of (1.15) can be written in the form

o(k)™ BL(" /2] utn= n/2J? a(nlc) for n odd,
T = VA=D1 ety (2.26)
—oQk)"'BY wlo=D21 5 (i), for n even,
where
Bi=p, B_=-u% (2.27)
with @ = —o (k)% and the same value of « as in Proposition 2.7.

Proof For the second sequence ( (1.15), again we have @ = ﬂ =1, whlle the conserved
quantity (2.3) takes the value T =7, and (2.4) has the same value J = 5. The fact
that the values of «, ,8 , J coincide with those for (1.14) means that the two sequences
are very closely related. Since 7p = O, it is convenient to specify the initial value

problem with 77, ..., Ts, in order to apply the general formula (2.8); effectively this
corresponds to shifting the index by 1 and changing the parity. The result (2.26) then
follows. o

Writing the terms of the sequence (7},) in the analytic form (2.26) will be useful for
comparing it with the terms of (S,) in the sequel, but disguises the fact that, up to a
rescaling of terms with even/odd index, (1.15) coincides with the companion EDS for
(1.14), as defined by (2.14) above. Indeed, a simpler way to write the terms of (1.15)
is as

a, = o (nk) /o ()", for n odd,

1

I = = | n?
L la, = o(nk)/o k)", forn even.

(2.28)

By virtue of its being the companion EDS of (S,,), rescaled according to the parity of ,
the sequence (7},) satisfies many identities that intertwine it with (1.14), as illustrated
by the following result.
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Proposition 2.10 The terms of the sequences (1.14) and (1.15) satisfy the determinan-
tal identities

Su—1To SnTh Sntj—17T;
Snyj1T-; Sp+jT—j+1 Sut2j-1T0 | =0
Sntj+1T-j—2  Spyjr2T—j—1 Spt2j+1T-2

and

T,1To T, Thtj—1T;
Tyyj—1T-; ThijT-j+1 Tut2j-1T0 | =0,
Tiyj+1T-j—2 Thyjt2T-j—1 Thy2j+17T2

for all j,n € 7. More generally, in each of the infinite matrices with entries
(Sna2i4jT-2i4j), (Tng2i+jT-2i4j) for (i, j) € 72, the determinant of any minor
of size 3 x 3 or above vanishes for alln € Z.

Proof Expanding out each of the 3 x 3 determinants above, noting that Tp = 0, 7] = 1
and 7_,, = —T,, and removing a common factor leads to Somos-type relations in n
(for fixed j), that is

112Sn+2j+150 = TjTjw1Sn+j+2Sn+j-1 = Tj—1Tj+28n+j 4180+ (229)
and
W' LThioj1 T = TiTj1 Tht j42Tovj—1 — Tj1Tj2Tny jr1 To -

The first identity follows directly from (2.16), upon replacing t; — S; and a; — T;,
since by (2.28) the sequence (7},) is the companion EDS of (S§,,) up to rescaling terms
of opposite parity, and only products of pairs of even/odd index appear. The second
identity follows in the same way, by replacing 7; — 7; and a; — T; in (2.16),
since up to parity the sequence (7},) is its own companion EDS. The more general
statement about vanishing determinants of 3 x 3 minors follows by making the same
replacements in the infinite matrix with (7, j) entries (a_; 1 Ty42i+ ;). For example,

when n = 0 the rows of (S, 12i+;T—2i+;) withi =0, ..., 4 include the entries
-2 1 -1 0 1 -1 2 3
7 -1 —1 1 -2 0 5 —11
1 -8 14 -3 =5 11 —-37 0
—782 171 5 —88 259 -83 —274 1217

13645 5005 —14467 4731 274 —-9736 43127 —22833

and one of the vanishing minors that does not correspond to a quadratic (Somos-type)
relation, but rather is cubic in 7, is

—1 1 2

14 -5 =37 |=0.
—14467 274 43127
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The determinant of any 3 x 3 minor of (a_p; 4 Ty+42i+ ;) has the form

A-2i+j Tn+2i+j A_2i+j" Tn42i+j' A2+ " Tn42i+j"
D = la gj4j tny2ir+j  @—2i/+j Tnt2i'+j' 320+ j" Tnt2i'+j"
A0 j Tn2i"+j  A=2i4j T i)/ A—2i"4 j Tpg2i"+ "

The 7; terms appearing in each column have indices i with the same parity, so from
the formula (2.8) it follows that there is a common factor of A4 that can be removed
from each column; then effectively we can ignore these prefactors (equivalently, by
a gauge transformation the even/odd index terms can always be rescaled separately
so that AL — 1). For convenience, we introduce the notation o; = o ({«) for any
¢ € C,and letn = n + zo/k, so that upon substituting from (2.8) and (2.14) we find

Fin

Fij Fijyr
By" Cij 02+ Oiit2i+j B " Cijr0-2itj Oit2itj By" Cijr 0-2itjr Oiit2itj”

Fy; . o

j il il

D BO Ci’j O—_2i'+j Oii+2i'+j B, C,‘rj/ O_2i'+j" Oji42i'+j’ B, Ci’j” O_2i'+j" On42i'+j" |°
o

i i 'y
By ' Cirjogingjoiitainyj By Cinjrogimyj Gigaingjr By 7 Cinjr 0_giny jr Giyiny jr

where Ci; = (=)o, ™, By = (<2 + j)? + 4100 +2i + /2% Fy =
l(n+2i+j)/2], and By = B+, B| = B+, B = B4, according to the parity of
n+2i+j,n+2i+j,n+2i+ j” respectively. Depending on the parities of the latter
quantities, a case by case analysis shows that the rows and columns can be rescaled
appropriately so that the terms depending on powers of B, an overall sign, and the
powers of o1 = o (k) can be removed. The analysis relies on various identities for the
exponents E;;; for instance, if n 4 2i 4+ j and n + 2i + j’ have the same parity then
Eij+ Eyj = Ejj+ E;jr, butif they have opposite parity this is not the case and it is
necessary to use (2.13) to balance the powers of o7 that appear. This gives an overall

Fij Fi’j’ Ft”j” . . .
factor of C;;Cyy jCin jn By B;" ' B, in front, and what remains is

O0-2i+j On+2i+j O0_2i+j On+2i+j O0-2i+j" On42i+j"

Do | 0 irgj Oigirgj  O-2i'+j Oag2i'+j'  O-2i'+j" Ojig2i'+j"
U—Zi”-‘rj O—ﬁ+2i”+j U_zi//_,’_j/ O'l’_l-‘r2i”+j’ O——Zi”-‘rj” O—ﬁ+2i”+j”
1

O0_2i"+j Oj42i'+j

Dyw DNE
Dsw Dsg

tl

where in the last step we have used Dodgson condensation [11] to expand the 3 x 3
determinant in terms of its 2 x 2 connected minors. In particular, using the standard
three-term relation for the Weierstrass sigma function (see e.g. §20.53 in [56]) we
have

O0—2i+j Op+2i+j O_2i+j" On+2i+j’

Dyw =
O2i'+j On42i'+j  O=2i'+j On42i'+)’

= 07142i+2i’02i—2i'Ofi+ j+'0 '~ j 5

and similar calculations for the NE, SW and SE minors, together with the fact that
o is an odd function, yield
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D « DywDsg — DNeDsw
= Oj42i+2i'02i—2i' O+ j+j' O j'—j X Oj42i’42i" O2i' —2i" Oy j/ 4 jr O j — jt
— O—ﬁ+2i+2i/0'2i/_2iU’—H_j/_,’_j//(jj//_j/ X Ur_l+2i’+2i”UZi”—Zi/O'ﬁ+j+j’Uj’—j = 0,

as required. Since any of the larger minors can be expanded in terms of 3 x 3 minors,
these all vanish as well. O

Remark 2.11 The vanishing of the analogous 3 x 3 determinants involving the original
Somos-5 sequence (1.14) is proved in [38].

2.2 Arithmetical properties of Somos-5 sequences

We now consider arithmetical properties of these Somos-5 sequences that will be
needed in the sequel. The following result concerning (1.14) is well known; the original
proof is attributed to Bergman [22].

Lemma 2.12 Any five adjacent terms in the sequences (1.14) and (1.15) are pairwise
coprime, that is, ged(S;, Sj) = 1 = ged(T;, Tj) for |i — j| < 5.

Proof The proof is by induction. Each of the sequences is a solution of the recurrence

Tn+5Tn = Tn+4Tn+1 + Th+3Tn+2, (2.30)

and in both cases the statement is clearly true for the first five terms, indexed by
n =1,...,5. So if we suppose the inductive hypothesis that t,, 7,41, ..., Tn+4 are
pairwise coprime, and assume that some prime p is a common factor of 7,45 and
Tu+1, then we see from the recurrence that p | 7,437,+2, wWhich contradicts the fact
that gcd (7,41, Tht+2) = 1 = ged(T+1, Th+3), and similar contradictions arise from
assuming that p is a common factor of 7,45 and one of 7,42, Ty+3, Tnt4. O

Remark 2.13 Pairwise coprimeness of adjacent terms is a feature of clusters of Lau-
rent polynomials in cluster algebras [18], and more generally in various birational
difference equations with the Laurent property [35], where essentially the same argu-
ment applies. For the original Somos-5 sequence (1.14), Robinson actually proved the
stronger statement that gcd(S;, S;) = 1 for |i — j| < 5 [43], but this statement is not
quite true for the sequence (1.15), because 7 is a common factor of all the terms T5;.

Robinson used elementary methods to prove the periodicity of Somos-4 and Somos-
5 sequences modulo any positive integer, for the case of coefficients @ = § = 1 with
all the rational initial data being units in the corresponding residue ring, and made
conjectures about the periods modulo a prime or a prime power. Using the connection
with elliptic curves, several of these conjectures were proved in the thesis of Swart
[47], who also considered the case of general coefficients in (2.2), and some of these
results were further strengthened by van der Kamp [51]. To begin with, we would
like to adapt Robinson’s arguments to a slightly more general class of initial data, and
consider periodicity modulo a prime, which is the case of most interest for us; the
extension to prime powers and more general moduli is quite straightforward.
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It is convenient to formulate conditions on the initial data in terms of the p-adic
norm |- |,. There is a wealth of literature on rational maps of the projective line P! over
Qp [45], and p-adic analysis is extremely useful for understanding suitable notions of
good/bad reduction modulo a prime for maps over Q. For nonlinear systems in higher
dimensions, results are rather more sparse, although the authors of [34] have proposed
a definition of (almost) good reduction for birational maps, and used local analysis
in Q, to probe the singularity structure of certain maps in the plane. Here we will
treat only the most relevant case of the recurrence (2.30), which is equivalent to the
birational map
747 + fsfz) 231)

(t0, 71, T2, T3, T4) > (n, 0, 13, T4, .
0

in five dimensions; this avoids having to specify additional conditions on the coeffi-
cients, but essentially the same periodicity statements hold for (2.2) if we require that
bothof &, B € Z p» With at least one of them being a p-adic unit. Since the choice of
where to start indexing the sequence is arbitrary, the initial value problem for (2.30)
will be specified either by the values (7o, 1, 12, 73, T4) Or (11, T2, T3, T4, T5).

Definition 2.14 For a prime p, an initial value problem for (2.30) over Q is
said to be well-balanced modp if it is specified by either (zo, 71, T2, T3, T4) OF
(t1, 172,13, T4, T5) € QS such that four adjacent initial values are p-adic units, so
IT1lp = |2lp = |73]p = |Talp = 1, and

ltati + 1372lp < Tlp <1, T #0, (2.32)

where 1, = 10 or 75 accordingly.

Theorem 2.15 For any prime p, if an initial value problem for (2.30) is well-balanced
mod p, then the rational Somos-5 sequence (t,) is defined for all n € 7Z, as is the
reduced sequence (t, mod p), which is periodic in n.

Proof Starting from non-zero initial values, the birational map (2.31) can be iterated
both forwards, to obtain t, € Q for n > 0, and backwards (using the inverse map) to
obtain the terms with negative indices, provided that a singularity does not appear, i.e.
unless a zero term appears in the sequence. However, it is still possible to continue the
sequence beyond a zero (in either direction) by making use of the Laurent property:
we will perform the analysis for iterating forwards, and then the result for the reverse
direction follows from the symmetry of the recurrence (2.30) under sending n — —n.
Suppose that, for some n, there are five non-zero terms 7, Ty+1, Tn+2, Tn+3> Tn+ds
followed by 7,45 = 0, which occurs when

IndTntl (2.33)

Tn+3Tn42

The main point is that, due to the Laurent phenomenon [19], all subsequent terms (and
also all previous terms) can be written as Laurent polynomials in these five non-zero
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terms, with integer coefficients—in fact, it has even been proved that the coefficients
=S B S S RS | ] for

are positive integers [25, 37], sowe have 7,4 ; € Z>0[rjE s Tt Tug2s Tnss Tngd
all j € Z.Hence therational sequenceis defined foralln € Z, simply by evaluating this
sequence of Laurent polynomials at any five adjacent non-zero values—in particular,
evaluating them at the five well-balanced initial values.

For the reduction mod p, some further analysis is helpful. If all the initial val-
ues are p-adic units (the case considered by Robinson), then their reduction mod p
defines an initial value problem for (2.31) as a birational map F5, — F>; a singu-
larity may be reached under iteration over I, if for some n the five non-zero terms
7, mod p, ..., Ty+4 mod p are followed by 7,45 mod p = 0, but nevertheless the
sequence is still defined for all n € Z by evaluating the reduction mod p of the Lau-
rent polynomials, belonging to the ring ]Fp[ril, rlil, rzil, ‘L’3:t1, tfl] (which can be
evaluated on any set of five adjacent non-zero values in [F';). Now if a zero term never
appears in the sequence (7, mod p), there are only (p — 1) possible quintuples in
(]F;)5 , so by the pigeonhole principle the sequence is periodic and this provides a crude
upper bound on the period. However, if a zero appears somewhere, which is certainly
the case for a rational initial value problem with either |7p|, < 1 or |75, < 1 appear-
ing before/after four adjacent units, then the continuation of the sequence needs a
more careful treatment. Note that, in either of these cases, the well-balanced condition
(2.32) implies

T5Tg = 17471 + 1372 with |75], <1 or |7, <1,

respectively, since in the first case the above relation defines t5 that appears after the
five initial data, and in the second case it defines 1y that precedes it; but it may happen
that both 7o mod p = 0 and s mod p = 0O (as in the example of the sequence (1.15)
for p = 7). So we consider a more general setting where we have four adjacent non-
zero values 7,41, . .., To44 subject to the condition (2.33) holding in I, followed by
Tp+5 = € = 0 mod p, and preceded by t,, which is a p-adic integer, but may or may
not be a unit; this covers both the case of a zero appearing under iteration in IF,, and
(up to reversing the direction of iteration) the case where one of the initial values is a
non-unit. Thus, by iterating and then reducing mod p, we find

—1 _ -1 .
Tn+6 = Tn+1(Tn+377n+4 + Thp2€) = Tp41Tn+3Tn+4;
_ —1(.2
Tut7 = (1 Tns2) " (TryaTusd + (T2 Tugs + o1 Tugd) €)
—1(.2 2\ _ —-1.2 .
= (Tug1Ta42) " (T3 Tt + 0 €7) = (T Tns2) T T3 Tatds
-1 2 —1 2y -1 2 .
Tnt8 = (Tnt1Tn+2) Tn43Tp4a + Ty Tnta € + O(€7) = (Tn1Tng2) ™ Tnt3 7448
-2 _—1 2 2
Tut9 = Ty 1 Tan Tnt3(TrgaTatd + (TngdTas1 + TugaTag2) €) + O(€7)
_ -2 _—1_3 2y _ -2 _—1 _3 .
=T, 1T aTh3Tnra + O(€7) =1, 57, T, 3Tntds
-3 _-2 2 -1
Tn+10 = Tn_Hfn+2":n+3fn+4(fn+3fn+4 €+ Tn+2)(fn+4fn+l + Tu+3Tnt2) + O(€)

-3 _-2 .3 2 — -3 _-2.3 2
T T2 T3 TnraTn + 0(€) =T, 0T, 57, 3T, aTn- (2.34)
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The cancellation of € from the denominator appearing in t,41¢ is precisely what
yields the Laurent property, and the reduction mod p gives four adjacent units 7,,1¢,
Th+7, Tnts, Tnt9, followed by 1,410 which is a p-adic integer (and is a unit whenever
T, 18); indeed, we have

[Tn49Tn+6 + Tnt8Tnt7lp = |Tutslpltutiolp < |Tut10lp < max(|tulp, [Taaslp) < 1,

so this is well-balanced (and the first inequality is strict) unless it happens that 7,419 =
0 holds in Q. Nevertheless, by shifting indices up by 5, the above calculation shows

that one can write the next four terms Ty411, - - - » Tn+14 as polynomials in 1,410 with
-1
coefficients in Z[t n+6, n+7, Tyig n+9] SO for instance T,411 = T, +61,1+3r,,+9 +
O (Ty+10), while at the fifth step we find
-3
Th+15 = T 46 n+7 n+8 +9Tn+5 + O(Tn+10)- (2.35)

Hence by induction any well-balanced initial value problem determines a rational
sequence (1) consisting of p-adic integers, so the entire sequence (T, mod p),cz is
well-defined in I ,, and by the pigeonhole principle it is periodic. O

Remark 2.16 In the sequence (1.15), (Tp, ..., T4) = (0, 1, —1, 1, 1) does not provide
well-balanced initial data for any prime p, due to the initial zero, which leaves the value
of Ts undetermined. In contrast, (71, ..., T4) = (1, —1, 1, 1, —7) is well-balanced for
any p, in particular for p = 7, and comparing with (2.34) and (2.35) it is clear that
T5; mod 7 = O for all j, as asserted in the previous remark (although the actual period
of the sequence mod 7 is 20 [43]). As another example, the initial data (tq, ..., 75) =
(1, —1, 1, 8,49) is not well-balanced mod 2 because 74 is not a unit, nor is it well-
balanced mod 7 because it fails the condition (2.32) on the norm; indeed, 7p = 1/7,
and in fact the corresponding rational sequence does not admit reduction modulo either
of these primes, as it has growing powers of 2 and 7 appearing as denominators. (The
growth of both Archimedean and non-Archimedean valuations for Somos-4 sequences
is described in [50], and these results are relevant here because it is known that the
even/odd index terms in a Somos-5 sequence each define a Somos-4, as shown in
[27], where asymptotic results were obtained in the Archimedean case.) Yet one more
example is (71, ...,75) = (1, —1, 1,8, —7), which is well-balanced mod 7 and for
all other primes except mod 2; however, an interesting feature of the fact that the fifth
termis not a 7-adic unitis that, although the initial values satisfy T; mod 7 = T; mod 7
for j = 1,...,5, the two sequences have a different reduction mod 7 because e.g.
79 = —1 # 0(mod 7), and this phenomenon does not arise in the case that all the
initial values are units.

For the proof of Theorem 1.2 in the next section, we will need the following result
about the particular sequences (1.14) and (1.15).

Proposition 2.17 For the Somos-5 sequences (1.14) and (1.15),

S, mod2 =0 iff n=3(mod6), T, mod 2 =0 iff n=0(mod6),
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and both these reduced sequences mod 2 have period 6, while
S, mod3 =0 iff n=4(mod38), T, mod 3 =0 iff n=0(mod8),

where both reduced sequences mod 2 have period 16. Furthermore, for every prime
p there are infinitely many n such that T,, mod p = 0.

Proof Theinitial values (Sp, . .., S4) give (So mod 2, ..., S4 mod 2) = (1,1, 1,0, 1),
so these are not well-balanced mod 2. By shifting back one or two steps and starting
with S_; or S_» we can get something well-balanced, and use the method of reduction
of Laurent polynomials, as in the proof of Theorem 2.15. However, instead we will
apply Proposition 2.10, making use of the fact that the sequence (S,) satisfies the
Somos-7 relation

Sn4780 = — Su5Sn12 + 7S 14Sn43,

given by the case j = 3 of (2.29), and (7},) satisfies the same recurrence. So if we take
(1,1,1,0, 1) as initial values in [F», we can iterate (1.16) three times to extend the
sequenceto 1,1, 1,0, 1, 1, 1, 1, then use the Somos-7 recurrence, which taken mod 2
gives S;+75n = Sp+5Sn+2 + Sn+4S,+3, and iterate it twice to extend the sequence
tol,1,1,0,1,1, 1, 1, 1, 0, before finally applying the original Somos-5 relation once
more to append another 1 at the end of this, so that after a total of six steps we
have returned to the same initial values (1, 1, 1, 0, 1). Hence the period is 6, with a
zero appearing precisely when n = 3 (mod 6), and the same pattern is repeated in
(T,, mod 2) except it is shifted back three steps. Taken mod 3, (So, . .., S4) provides
well-balanced initial data, but we can proceed in the same way as for p = 2. Working
in [F3, starting from (1, 1, 1,2, 0) we apply the Somos-5 recurrence three times to
append the terms 2, 2, 1, 2 to the sequence, then apply the Somos-7 relation taken
mod 3, which gives S,+7S, = 2S,4551+2 + Sn+4S,+43, joining a 1 to the end of the
sequence, and next we can apply Somos-5 seven more times before hitting the problem
of division by zero, which adds the terms 2, 2, 0, 2, 1, 1, 1, before another application
of Somos-7 yields an extra 1, so that finally using Somos-5 again three more times we
find that we have appended the 16 terms

2,2,1,2,1,2,2,0,2,1,1,1,1,1,2,0.

The last five terms above are the initial values we started with, so the period is 16, and
the zero terms appear whenn = 4 (mod 8). For the sequence (7}, mod 3) the situation
is almost identical, but the repeating pattern is

1,2,1,1,2,2,2,0,1,1,1,2,2,1, 2,0,
with zero terms appearing when n = 0 (mod 8). Now if we consider any prime p, we
have already noted that (1, —1, 1, 1, —7) provides well-balanced initial data for (7},),

and since 7p = 0 and the sequence mod p is periodic by Theorem 2.15, it follows
that p is a divisor of infinitely many terms. O
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Remark 2.18 From the point of view of Theorem 2.15, there is nothing special about the
primes 2 and 3. However, a fuller understanding of the periods in Somos-5 sequences
is reached from the connection with the underlying elliptic curve, and here it turns
out that 2 and 3 (along with 17) are primes of bad reduction, so in this sense they are
special. In particular, some additional explanation for the values of the periods will
be offered in the next section, in terms of the finite field dynamics of associated QRT
maps, which we now introduce.

2.3 QRT maps from Somos-5 sequences

QRT maps, named after Quispel, Roberts and Thompson, are an 18-parameter family
of birational maps of the plane that were introduced in [41] in order to unify various
functional equations and maps appearing in statistical mechanics, dynamical systems
and discrete soliton theory [42]. They are integrable maps in the sense of [5, 39,
54], having an invariant symplectic form and a conserved quantity, and can be defined
intrinsically starting from families of plane biquadratic curves, with associated elliptic
fibrations of rational surfaces [12, 49]. The Somos-5 sequences (1.14) and (1.15) both
generate particular orbits of the same QRT map, which is obtained by considering the
ratios
Sn—25n+1 Th—2Tht1

_ Ly, = 22=2inl 2.36
tn Sn—l Sn o Tn—l Tn ( )

These two sets of rational numbers both satisfy the same rational recurrence relation
of order two, that is

1 1

Upiip—1 =1+ —, vppvp—1 =1+ —, (2.37)
Up Un

and the conserved quantity (2.4) for Somos-5 can be rewritten in terms of these ratios,

leading to a conserved quantity for the rational recurrence in the form

~ 1 1 1
J=up+up1+—+ + : (2.38)

Un Up—1 UpUp—1

with the initial conditions ug = u; = 1 giving J = 5 in this case. (The other
conserved quantity (2.3) cannot be reduced to a function of these ratios.) In other
words, the sequence of points (U, V) = (un, un+1) lies on the cubic plane curve

C: UV+UV?—5UV+U+V+1=0, (2.39)

and the same is true for the sequence of points (U, V) = (vn, vy+1); see Fig. 2 for
a plot of the real curve in R2 The curve (2.39) is just (2.7) with the particular values
a=p4=1, J = 5 for the coefficients: it is symmetric and biquadratic, so it admits
the simple involutions

U, V) = (V,U), g (U, V) = (UYL V), (2.40)
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-10 % 10

-10

Fig.2 The Somos-5 curve (2.39)

Table 5 The first few rational numbers in the sequences (2.36) and (2.41)

n 0 1 2 3 4 5 6 7 8 9

Uun 1 1 2 3 3 B u 4s 3014 45029
Un oo S 0 -1 7 -8 = -3 318 — s
fn 00 1 -1 2 3 7% % —37 ,g% %

where the horizontal switch ¢, is obtained by intersecting the curve with a horizontal
line and replacing each point (U, V) with the other point of intersection (U T, V), which
from Vieta’s formula for the product of the roots of a quadratic is given by UU" =
1 4+ 1/V. Thus we see that the rational recurrence (2.37) corresponds to a symmetric
QRT map, being given by the composition ¢ = to¢j of these two involutions, which
sends (u,—1, u,) — (up, u,+1); and although so far it has been defined only on one
particular curve, it lifts to a birational map of the plane by taking the pencil of curves
obtained by replacing 5 — J in (2.39). Moreover, by construction each orbit of ¢
lies on one of these curves, which generically has genus one, and corresponds to a
sequence of points Py + nP (where + denotes addition in the group law of the curve)
(Table 5).
In what follows, an important role will be played by the ratio

S,
fn =

il 241
T (2.41)

which turns out to lead to a QRT map on a different biquadratic curve, related to (2.39)
by a 2-isogeny.

@ Springer



1450 AN.W.Hone

Proposition 2.19 The ratio of the two Somos-5 sequences, given by (2.41), can be
written as

P { — ®(nk)/D2k), forn even, 042
O (nk)/d(k), forn odd,
where
o= JEt@e™ (2.43)

o(w)o(2)

withn = ¢ (w) being the Weierstrass zeta function evaluated at the half-period w of the
curve (2.9) with invariants as in (2.18). The sequence of ratios satisfies the recurrence

_Ja+ /e - fH.  forn even,
fot1fom1 = U+ 212/(1— f2), forn odd, (2.44)

and forall j € Zthe points (W, Z) = (f2j+1, f2}) lie on the biquadratic plane curve
(1—=WHZ2+3WZ+2W?+1=0, (2.45)

corresponding to an orbit of a QRT map associated with this curve.

Proof We begin by recalling some of the properties of the function ®(z), which is
well known as a solution of the simplest case of Lamé’s equation, in the form of a
Schrodinger equation with an elliptic potential, i.e. it satisfies the differential equation
@’ (z) — 26 (z) ®(z) = g (w) ®(z). From the quasiperiodicity of the sigma function
it follows that ®(z) is an odd function, and it is periodic with respect to the period 2w
but acquires a minus sign when shifted by the real/imaginary periods 2w;, 2w;; we
record these properties, and its behaviour under a shift by w, as follows:

e

0 ()20 (7)] (2.46)
P(z+2w) =D(2), Plz+2wj)= —P(), for j=1,2.

P(—2)= —P(z), Pz+w) =

Using the fact that ® is odd, together with the standard identity

o(w+z)o(w —2z)
o(w)?o(z)?

=p ) —p W), (2.47)

valid for any z, w € C (away from poles), it is apparent that

D(2)* = p2) — p (), (2.48)

and since g2, g3 and g (w) as in (2.18) and (2.21) are all real, ®(z) ~ 1/zasz — O,
and ® has no real zeros, it follows that ®(z) is real-valued for z € R, with ®(z) > 0
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for 0 < z < 2wy and ®(z) < 0 for —2w; < z < 0. Then since, from (2.20), « is
negative and —2w; < 2k < 0, this allows us to compute

2
Q) = =V k) —p) = —6%,

| (2.49)
PQK) = —vp Q) —p) = -7,

where we have used the values of the g function in (2.18) and (2.21), as well as the
fact that

(k) = (,{)_&_ (K)_ai_j_i_i
P =R a0t ~ P TR T TR T e

which follows from (2.47) together with the appropriate expressions for the terms of
the companion EDS (a,,) defined by (2.14). Now for even n = 2k we can calculate
the ratio (2.41) using (2.17) and (2.26), to find

BX 1Ko nk + w)o 2k B kB_o(2
B* ' n*=D%g (nk) o (w) - iz
and then note that from (2.19) we may write
O'(K)4€7277K 672)716 6*277’( ok
B+ = — = — = — = —¢e S
o (2k) D (2k) ay®(2k) nd(2k)
taking the value of ®(2«) as in (2.49), with 1 = 6lf , s0 by (2.27) the expression in
round brackets with exponent k above is By w?e?™ /B_ = 1, while the ratio appearing
to the right of the round brackets is B_o (2«x)/u = — it = 1/®(2k), thus indeed this
yields f,, = — ®(nk)/ P (2k) for even n, as required. Similarly, for odd n = 2k + 1
we find
s BXo(nk + w)o (k)  ®(nk) (Bez'”( )k
e E_’;o(m{)a(/{ +w) D) §+ '
but then by (2.13) and (2.27) we see that B_e?" /B, = — uB,e*™ /u = 1, so this

reduces to the required formula in (2.42) when n is odd. Then to obtain the recur-
rence (2.44), let us write f, = C+® (n«) for appropriate constants C+ depending on
the parity of n, as in (2.42), so that the left-hand side of the recurrence is given by
fot1fn—1 = Ci@(nk + k) ®(nk — k) for even/odd n respectively. Hence, by substi-
tuting the appropriate ratios of sigma functions and applying (2.47) to the numerator
and denominator, this gives

22 o (nk + 0)* (9 (k) — p (k + w))

Jnv1foo1 = o (n1)? ( (k) — (1))
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-4 -2 -0 8 6 4 2 0 2 4 6 8 10 12 1416

10

Fig.3 The curve (2.45) in the (W, Z) plane intersecting the horizontal line Z = 3 in two points

The function g (z + w) is an even elliptic function of order two with double poles
at z = wmod A, where A = 201Z@2w,7Z is the period lattice of the curve (2.9)
with invariants g», g3 as in (2.18), hence it can be written in the form o (z + w) =
(A'9 (2)+B") /(9 (z) — g (w)) for suitable constants A’, B’, and the leading (constant)
term in the Taylor expansion at z = 0 gives A’ = g (w); the value of B’ can be fixed
from the O(z?) term in the expansion, or by using the addition formula for the g
function, but will not be needed here. Thus, for another constant B”, we may write

()2 + B D)) 5 (PK)2CIAf2+ B
@2 = @) T (@) —C1fD)

Sat1 fao1 = C3@(nk)? (

Using the fact that C;. = — ®(2«)~!, C_ = ®(x)~! and the values fj = —f> = 1,
f3 = 2, we immediately find B” = %(D(K)4 from the n = 2 case of this relation,
and this fixes the recurrence in the form (2.44) for even/odd n respectively. If we start
from the pencil of biquadratic curves (1 — W2)Z> + TWZ +2W2 +1 = 0, with
arbitrary parameter f, then the horizontal switch ¢, : (W, Z) — wt z) corresponds
to the formula (2.44) for even n, which sends (f2;-1, f2;) = (f2j+1, f2j), and the
vertical switch i, : (W, Z) — (W, ZT) corresponds to the case of odd n, which sends
(f2j+1, f2j) = (f2j+1, f2j+2), while the composition of these two involutions is a
QRT map of general type, 9gr7 = 1y oly. The initial values f; = — f> = 1 fix the
value J = 3, giving an orbit that lies on the curve (2.45), which is illustrated in Fig.
3, showing the horizontal line for the switch 7, : (2, 3) +— (—%, 3) corresponding to
n =41in (2.44). O

@ Springer



Heron triangles with two rational medians and Somos-5... 1453

Proposition 2.20 There is a 2-isogeny relating the the curve (2.45) to (2.39).

Proof The 2-isogeny relating the curve (2.45) to (2.39), or equivalently to the corre-
sponding Weierstrass curve (2.9), can be seen in various ways. First of all, note that
the function ®(z) is not an elliptic function with respect to the original period lattice
A, which is generated by the periods 2w and 2w», but it is elliptic with respect to the
lattice generated by 2w and 4wy; so if we set T = w;/w and start with the normalized
lattice with generators 1, 7, then the new lattice has generators 1, 27, and the overall
effect is the period doubling 7 + 27, corresponding to what is known classically as
the Landen transformation (see [56, Chapter XXII], or [1] and references). At the level
of the curves, this can be seen by computing p, the cross-ratio of the three roots of the
cubic in (2.23) together with oo, which allows the j-invariant to be calculated as

. 256(p* —p+ D3P 11°
o pXe—-Dr 612

(2.50)

Then for the new curve related by the Landen transformation, we have that

o WP

SRR

gives (an appropriate choice of) the value of the cross-ratio of the roots of the quartic
in the equation

72 = 8W* +5W? — 4, (2.51)
which is birationally equivalent to (2.45) via the transformation

= 3W+y
T 2(1 = w2y’

from which one finds the j-invariant

o 256((p*)2 — p* +1)3 _ 16(p% + 14p + 1)3 _ 46268279
(p*)2(p* — 1)2 p(p —D? 46818

Another indirect check is provided by verifying that the corresponding Hauptmoduls
x = 1728/j,y = 1728/ j* are the coordinates of a point on the modular curve

1953125x%y® — 187500x%y? (x + y) + 375xy(16x> — 4027xy + 16y?)
— 64(x + y) (x> + 1487xy + y?) + 110592xy = 0.

These checks all confirm that there is a 2-isogeny over C, but to establish this over Q
we provide a direct transformation of coordinates, given by the formulae

3
=W oy =(1-WHWZ+ 3 w2, (2.52)
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which transforms (2.45) to the cubic
4(y*)? =8(x*) +5(x™)* —4x*,

and after shifting x* — x* — 5/24 and rescaling x* and y* by suitable powers of 2
this is seen to be equivalent to (2.23). O

Remark 2.21 The primes appearing in the factorization of the denominator of (2.50),

612 = 22.32.17, are the primes of bad reduction, which we will return to at the end
of the next section.

3 Proof of main results

In order to prove our main theorem, we must first show that there is an infinite sequence
of pairs of positive points (M, P,, X4), (Mp, Py, Xp) lying on the Schubert surface
(1.5), so that

Ma_Ma_l :Pa_Pa_l"l‘z(Xa_Xa_]), (3.1
My— My =P, — P, +2(Xp — X)), 3.2)

and these sets of Schubert parameters are compatible in the sense that

2X,+ XY P+ P!

a
<= = —=-, (3.3)
Py + Py My+ M, c
M,+M' 20X+ X, b a4
Pg +Pa_l Mb_’_Mh_l C’ .

which serves as the definition of the ratios a/c, b/c, and hence (up to scale) defines
the associated Heron triangle with two rational medians. As the main initial step, we
begin by giving a proof of the empirical observation of Buchholz and Rathbun in [7]
that there is an infinite sequence of Schubert parameters with signs, given in terms
of the two Somos-5 sequences by (1.12) and (1.13), or equivalently in terms of the
rational sequences (u,), (v,) and (f;;) by

2 2
1 1 n
My, = — M Pon= ———\ Xgp=20D i M (3.5)
fn Upn42VUn+2 Jn3
f2 2fn+3 _r St
Mb,n = Up43VUn43, Pb,n = — n—i-—’ Xh,n = 2( b 2n— (3.6)
Snta fn+2fn+4

Having proved that these formulae give points on the Schubert surface satisfying the
necessary constraints, we will then show that the pattern of signs varies coherently
with n in such a way that replacing any negative parameter by minus its reciprocal
will preserve the constraints and hence provide, for each n, two compatible sets of
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positive Schubert parameters. Then finally we will be able to verify the formulae for
a,b,c,k,fand A in Theorem 1.2.

Before tackling the Schubert parameters with signs, we introduce the sequence of
quantities

= 2 2
Sn = — n+BSn+4Tn Th+1,

ap = — Sn+2Tn+l Tn3+2Tn+3, (.7)

3
bn = Si1+1S;1+ZSn+3ZI+27
- 2 2
Cn = Sy Su+1Tn+3 Tn+47

which we will refer to as the signed lengths. After taking absolute values, for each n
there is an equality of sets of positive numbers:

{ISnls lanl, [bnl, |Cnl} = {s, s —a,s —b,s —c}.
When n = 1 the choice of signs in (3.7) ensures that 51, ay, by and & are all positive,
and coincide with s, s — a, s — b and s — ¢, respectively (see Table 6), but it turns
out that in general the signed lengths correspond to a permutation of the latter four

quantities with signs, in a pattern that repeats with period 14. Nevertheless, the pattern
of permutations and signs respects the linear relation

s=G—a)+(—b)+ (s —rc)
that holds between their associated positive counterparts.
Lemma 3.1 The signed lengths (3.7) satisfy
Sp=ap + by + ¢y (3.8)
foralln € 7.

Proof The equation (3.8) is a degree 6 linear relation between products of terms of the
Somos sequences (S,,) and (7},), but has a different form compared with the identities
for minors proved in Proposition 2.10. Upon rearranging and dividing both sides by
a,, it can be rewritten as

(3.9)

fn+l + fn+3fnz+4)

f2
- fn+1fnz+2fn+3 = (Un+2vn+3)2 ( -
fn+2

The latter identity relates the rational sequences (v,) and (f;;) corresponding to par-
ticular orbits of the two different QRT maps (2.37) and (2.44); alternatively, it could
be written in terms of (u,) and (f;,), since the ratio u, /v, can be expressed in terms
of the f,. It is equivalent to an identity between elliptic functions, since f;, is given
by the formula (2.42), and v, is given by a ratio of Somos-5 terms as in (2.36), which
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are themselves given in analytic form by (2.26). Hence, in order to prove it, we set
z = (n + 2)«k, so that the left-hand side above can be written as

PP+ )P R) —p (@)

! D (k)2 P (2k)?2

: (3.10)

while the right-hand side is given by

i (2) — 9 (26))? D (z + o)
e ()2 P (k) P(2k) (3.11)
(P —K)(P(z—26) — (@) + Pz + k) (P (2 + 26) — P (0)),

where we have used (2.47) to simplify the ratio of sigma functions in v,42v,43,
together with (2.48) and the expression for the reciprocal of @ in (2.46). Both (3.10)
and (3.11) are even elliptic functions of z, so to verify their equality it is sufficient
to check that they have poles in the same places with the same singular part of the
Laurent expansion around each pole, and agree at one finite value, since their difference
is then an elliptic function without poles and therefore constant, and if they take the
same finite value somewhere then this constant must be 0. The left-hand side has
double poles for z = O mod A, and for z — 0 we have ®(z — ¥)P(z + k) =
— ®(k)* + 0(z%) and w ) = 1/z2 + 0(z?), so its Laurent expansion around the
origin is ®(2k)"2/z% + 0(1). On the right-hand side, note that

D(z £ 1) (9 (2 £ 26) — p (@) = £ D) (P (2) — () + C'z+ 0D,

where C' = (@' (k) (9 2x) — p (@) + D (k) ' (2x)), so the sum of these two terms
gives an odd function with Taylor expansion 2C’z+ O (z?) at the origin, while ® (w) =
0 and we have ®(z + w) = ®'(w)z + O(z%). Hence to leading order, the expansion
of the right-hand side around z = 0is C/z% + O(1), where

C— 26710 (w)? 14 (D' (k) (9 (26) — o () + D (k) ' (2K)) D' (w)
N @ (k) D(2k) ’

Now from (2.48) it follows that 2&®' = ', so &' (k) = %p’(/c)/CID(K), while putting
®(z) = 1/z 4+ O(z) as z — 0 into the identity ®(2)®(z + w) = —e"?0 (w) 2 gives
@' (w) = — "0 (w) 2. Thus we have
a1 _
CO2)* = — 2<I>(2K)M4<§ D ()2 (1) (2 (26) — o () + so/(zfc))

= (AP 26D (0) 7 - 2a77),
using (2.48) to replace the (¢ (2k) — g (w)) term inside the lar~ge brackets, together
with o' (k) = fi and p'(2x) = 0 (4k) /0 (2k)* = as/a) = — B/ii® = — > from

the formulae for the companion EDS, with 8 = 1 in this case. Then substituting in
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fi = 6!/% and the values of ® in (2.49) gives

2=1,

2 1/\/6)_
Co(2k) _6(—2/\/6

so the singular parts of the Laurent expansions as z — 0 are the same on each side
of (3.9). Then (3.10) has poles at precisely two other places, namely simple poles for
7z = £k mod A with residues

D (2x) (0 (k) — p ()
D (k)2 P (2k)?2

=Fo21) 7},

respectively, while in (3.11) we see simple poles at the same places, with the residues
being

e 1t (9 (k) — 9 (260))* D(Fx + @) (p (k) — (@)

@ (k) D (2)
2
im0 - peorew?  S(GE nr)
® (k)2 D (2) I Y PSS

i.e. equal to = F®(2k) ", the same as for (3.10). The expression (3.11) also contains
the terms g (zF2«) with double poles at z = £2x mod A, but these poles are
cancelled by the prefactor (o (z) — (2k))? which has double zeros at these points;
and there is also the term @ (z + w) which gives a simple pole for z = v mod A, but
the factor that appears after it, evaluated at z = w, yields

P(w — k)9 (@ = 26) — p (@) + P(w + k) (P (@ + 2«) — p (@)
= (P +w) — Pk —w)(p 2k + w) — p(w) =0,

from the periodicity of ® and g under shifts by 2w and the fact that these are odd/even
functions, respectively, so this simple pole is cancelled by a zero. The values n =
—4, -3, -2, —1,0 are all singular cases of (3.9), due to the presence of the term
fo = oo: these give the values of z corresponding to the poles, together with the
removable singularities at z = =2«; but it is easy to check directly that (3.8) is
satisfied for these values of n. The first nonsingular value is n = 1, which corresponds
to setting z = 3k, and from the values in Table 5 it is straightforward to check that the
left-hand side and the right-hand side of (3.9) are both equal to 13 in this case. Hence
the functions (3.10) and (3.11) coincide, and the result follows. O

It appears that we have to prove four identities for the two sets of Schubert parame-
ters with signs: two copies of the equation for the Schubert surface, and two constraints
between the two sets of parameters. Moreover, (3.3) and (3.4) each contain two equal-
ities, so upon replacing the ratios a/c and b/c by appropriate combinations of signed
lengths, this gives a further two identities that must be verified. However, there is a
symmetry to the problem which cuts the amount of work down by half.
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Lemma 3.2 Under the involution n — — n — 4, the Schubert parameters with signs
transform as

Ma,—n—4 = Pb,n» Pa,—n—4 = - 1/Mb,n» Xa,—n—4 = 1/Xb,n’ (312)

and the signed lengths transform as

S—n-4=0Cn, Aep—a= —0an, byg4= —by, Cp-g4=235,. (3.13)

Proof As already noted previously, the sequences (1.14) and (1.15) extend to alln € Z
in a way that is respectively symmetric/antisymmetric about n = 0, so that

S p=2Su Ton= —T,.

For the corresponding rational sequences defined by (2.36) and (2.41), this implies
immediately that

Ul—p =Up, Viep =Un, fon= — fu,

and then for n — —n — 4 it follows from (3.5) and (3.6) that the Schubert parameters
transform according to (3.12). For the signed lengths, we have

Sona=—S 182,12, 4T 3= —Sup1Sp(=Tu1a)* (= Tpy3) =,
and similarly for the other three. O

Now starting from the Schubert equation (3.1) for (M,, P,, X,;) and replacing
My — Py, Py — —M; ' X, — X, ' gives P— P ' = =M, '+ M +2(X, ' — X)),
which is just a rearrangement of (3.2), and if at the same time we replace P, — M,,
My, — — P!, X, — X! thenitis clear that these two copies of Schubert’s equation
are switched. Similarly, applying this involution to the first equality in (3.3) gives the
first equality in (3.4), up to an overall minus sign, and vice versa. Furthermore, we can
apply this symmetry to the second equality in (3.3) by interpreting the right-hand side
suitably in terms of the signed lengths, so that (omitting the index n) we may write

= : (3.14)

and then applying the involution to the Schubert parameters on the left, as well as
s — ¢,a — —a, ¢ — s on the right, this becomes
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but then applying the first equality in (3.4) together with Lemma 3.1, this implies

2Xp+ X, 5—b
Ko+ %) _5-6 (3.15)
My, + M, §-¢

which is just the second equality in (3.4), with the right-hand side written in terms
of the signed lengths. Hence we see that for the the Schubert parameters with signs
and the signed lengths, the involution n — — n — 4 interchanges the two copies of
Schubert’s equation, and the two pairs of equalities given by the constraints (3.3) and
(3.4), so it is equivalent to switching a <> b in each triangle. Thus it is sufficient to
prove (3.1) and the two equalities in (3.3) for all integer values of n, and the other
relations follow by symmetry.

Theorem 3.3 The two sets of Schubert parameters with signs, thatis (Mg n, Pg.ny Xa.n),
(Mp.n, Pons Xp.n) given by (3.5) and (3.6), satisfy the relations (3.1), (3.2), (3.3) and
(3.4) for all n € Z, where the quantities on the right-hand sides of (3.3) and (3.4)
should be interpreted in terms of the signed lengths as

Su — an Sn — by

and ——,

Sp— Cp Sp — Cn

respectively.

Proof From (3.5) we may set z = (n + 2)x and write

My, = —CiC_7®(z — )P (2)*P(z — 2k + ),
P Tt e 0 LA 0 LA DL A B P
’ o(z—2kt+w)o(z+k+w)o(z—2k)o(z+«)

Xan =271CLCI' 70z — 26) @(2)* (2 + ¢ + w),

for even/odd n, respectively, where we have used (2.46) with the same notation as in
the proof of Proposition (2.19), and for convenience we have written the residue of
d(z)latz = —was

1) 2: lim (Z+U))
v ¢ Vo= m —2

(3.17)

namely the multiplier that appears when the reciprocal of @ is replaced by the same
function shifted by w. The above formula for P, , is a consequence of (2.17) and
(2.26), which imply that

3 _(ﬁ) 151 0@ =2k tw)o(z+ Kk + )
"7\ By 0(z—K+w)o(z+ w)
, :(E> 111 0z —26)0 (2 + &)
"B o(z—Kk)o(2)

:F

@ Springer



Heron triangles with two rational medians and Somos-5... 1461

for even/odd n, and the prefactors in brackets cancel in the product u, v, due to (2.13)
and (2.27). From these expressions, we see that M, , has poles at z = 0, k, 2k +
modulo the period lattice A, while M a ,ll has poles at z = w, k +w, 2k, P, , has poles
atz = —«, —k + w, 2k, 2k + w, while Paf,} has polesatz =0, w, k, k + w, and X,
has poles at z = 0, 2k, 2, —« + w, while Xa_,ll has poles at z = w, 2k + w, —«. Then
to verify that (Mg ., Pa.n, Xa.n) satisfies (3.1) for all n, it is sufficient to check that the
two sides of the equation define the same elliptic functions of z, by checking that they
agree in the singular parts of their Laurent expansions around the poles at all these
places, and at one finite value. This is equivalent to saying that the formulae (3.16)
define an analytic embedding of the elliptic curve in the Schubert surface, and this does
not depend on the parity of n because the expressions for M, , and P, , are manifestly
the same for even/odd n, while for the coefficient in front of the z-dependent part of
the formula for X, , we find the identity %C}rC “l=2c3 C;l, that is equivalent to
(C+/C_)4 = (<I>(K)/d>(2/<))4 = 4, which follows from (2.49). To show that these
parameter triples satisfy (3.1), it is convenient to rewrite the equation, collecting the
terms as

(Mg —2Xan) + X, — M) = Pay — Py (3.18)

The first bracketed expression on the left-hand side above is given as a function of z
by

F(z) = () '@ 2x) '@ (2)%G(2),

where

G(2) = 7(P(z — k) P(z — 2 + @) +2P(z — 2) P(z + & + )
_ ®(z—«) 2¢(z—ZK)
T d(z - 26) Dz +«)’

and around z = 0 we have ®(z)? = 1/z2 4+ O(1) and

G(z) = < e L, CD(_ZK)>

®(—2) ®(x)
D' (—k) D(—k) D' (—2k) ' (—2k) O (—2k) D' (k)
+ — 2 -2
<<D(—2K) d(—2k)? D (k) (k)2 )
+0@,

so from (2.49) we see that G(0) = 0, and as z — 0, G(z) = C*z + O(z?), with

C* = @' (1) (— P26) " +2026) P (k) 72) + @' (26) (2P (k)" + D (k) P (2k)?)
= —v2i!

using ' (2x) = %5{/(2/{)/(13(2/() and the values of ® (k), ® (2«) and &' (2«) as before.
Hence F(z) has a simple pole at z = 0 with residue —@(K)_1d>(2/c)_1\/§[f1 =
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— ft = — 6!/4, while on the right-hand side of (3.18), —Paf,} also has a simple pole
there with residue

5 0(=2k + w)o(k +w)o (—2k)0o (k)
H* o(—k +w)o(w)o(—k)

s

but using the oddness of the sigma function and its quasiperiodicity, e.g. o (k + @) =
—e?™ g (k — w), we may rewrite this residue as o (2«)>®(2«) = —f by (2.12),
so these two residues agree. Now a calculation of the effect of shifting the argument
in the Schubert parameters by w shows that, because the expressions for M, and X,
are both quartic in ® with prefactors F+C+ C_y, respectively, they satisfy M, ,(z +
®) = (C4C_P)* 7 * Man()™' = @) 2P (26) 27 *Man(z)~", and similarly
Xan(z+ow) = CI>(K)_ZQD(ZK)_Z)?_ZXa,n(z)_l. However, by (2.48) we see that

-2 . (z+ a))2 2 2
Y- = lim =— = 7 1
mrop(z) —plo) '@  6p(w? -5

and the quasiperiodicity of the sigma function implies that P, is unchanged under
shifting by this half-period. So overall, using (2.49) once more, we find

Ma,n(z)_l = - a,n(z + w),
Pa,n(Z) = Pa,n(Z+w)» (3.19)
Xa,n(z)_l = - Xa,n(z + Cl))
In particular, if we consider simple poles at z = —w, this implies that the residue of the

second set of bracketed terms on the left-hand side of (3.18) is also equal to — &, and
is the same as the residue of the term —Paf,ll on the right-hand side. Next we consider
z = k, and verify that both M, ,, on the left-hand side and —Pa_,,} on the right-hand
side of (3.18) have the same residue i there. Also, at z = —«x — w, we see that the

residue at the simple pole in —2X, , is given by

—2C,C_7P(=3k —)P(—k —w)> = =272 D(k) 0 2k) ' D BK)7!
_ i~—4 —4 -1 _ E
= f3u Q)T DP(2k)T = >

and this is balanced by res P, ,|;=—«—w, for which we find the same value

_p 0(k)o2Kk)o(k + w)o 2k + w) ) U(K)ZCT(zK)zd)(K)(I)(ZK)
o Bk)o(w)o Bk + w) K o (3k)2®(3k)
a3 ®(2k) i
T a2
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Using (3.19), we see that the total residue at the simple pole at z = 2« on the left-hand
side of (3.18) comes from the combination — MJ,:; — 2X, ., being given by

—CoC_7P(k + ) P2k + w)? —2C1C_7P(2K)> DBk + )

=

=7 2D) I PQ2i) T H20(0) TR f5 L = >

and we find the same value for res P, ,|;=2, on the right-hand side. The fact that the
residues balance at the other poles at places congruent to z = k + @, —k, 2k + @
modulo A then follows immediately from the symmetry (3.19), and it is easy to see
that the set of finite Schubert parameters (4, %, %) for n = 1, corresponding to the
value z = 3k, is a point on the Schubert surface, so this completes the verification
that (3.18) holds as an identity between elliptic functions of z, and in particular shows
that (3.1) is satisfied for all n, and thus by the preceding lemma the second sequence
of Schubert parameters satisfies (3.2) as well.
Now to prove the first of the equalities in (3.3), we rewrite it as

2(Xan + Xgn) (Mon + My ) = (Pan+ Pin) (Pon + Py ), (3:20)

where by Lemma 3.2 we see that the analytic expressions for My, " Py y, Xp.n are

obtained by replacing z — —z in the formulae for — Pa ns Man, X, n, respectively,
so from (3.16) we find
My, = wWo(z—k+w)o(z+2k+w)o(z+2k)o(z —«) 7
’ o(z+K+w)o(z+wo(2)oz+k)
Popn= —CiC_7®(z+ 1) D(2)* Pz + 2« + w), (3.21)
Xpp= —CiC_7D@EZ+K) Pz +w) Pz — 2k + ).

On each side of the relation (3.20), there are poles at all the same values of z that
were considered in the case of (3.1), as well as at points congruent to z = — 2« and
7z = — 2k — w modulo A. At z = 0, there are poles of order 3 on each side, so that
we should have 2X, M}, ~ P, Pa_l, so we need to show that

2(Xam + O@) My + My 1) = (Pow + OGD) (Pt + Pan).

where the terms M, n, P, ., are corrections of O(z), giving a term with a simple pole
when they are multlphed by the triple pole in the first bracket on the left/right-hand side,
respectively. The expansion around the triple pole is rather arduous, but the problem
of showing that the two sides balance can be simplified by noting that, from (3.1) we
have (omitting index n) Pa_l =2X, — M, + O(z), which we can use to replace the
first term in the second bracket on the right above, and similarly in the second bracket
on the left we can use M, = P, — 2)(,;1 + O(z) from (3.2), so that at leading order,
the balancing of the two sides is equivalent to 2X,(Pp — 2X;]) ~ P,(2X, — M,),
and we can cancel the term 2X, P, from each side. This may look like the problem
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has become more difficult, because we are left with a leading order pole of order 4 on
each side, but in fact the singular terms that remain require that, as z — 0,

2Xan(—2X; 5 +2M; ) ~ Pyn(— Man +2Pan). (3.22)

where all omltted terms are O(1), and the corrections inside each bracket above,
namely 2M and 2P, , are both O(z). It turns out that, due to (3.21), the leading
term on the left hand side of (3.22) is an even function, namely

—4Xan Xy = —4X00(2) Xan(—2) = —4HCLC)* () F(2),

where, using the standard result that any even elliptic function is given by a rational
function of g (z) [56], we have

D(z 4+ 2k) D(z — 2k)
P(z+Kk)P(z—«)
_ <‘D(2K)>2 (@) —p&)(pE) —pCk+w) 1

F(z) =

= —(1 62 I9) 4 )
(k) () —pRr)(p() —pk+w)) 2( +Cz7+ 0(2"))

Then, using p (z) =1 /22 + 0(122 as z — 0 and the addition formula for the Weier-
strass g function, the coefficient C is found to be

C=p@2K) —pk)+ ok + o) — 9k + o)

1 1
=2(p(20) —p () + ; 9 (1) /(9 (k) — p (@) — 2 0262 /(9 (26) — o (0))?
a1 9\ L (g(29 S\ 1o g ~-4<17_5)2>
=2 (12 12)+4 /(“ (12 12)) A ST I
:0’

so that the leading order part on the left is

—4(C4C PR F(z) = —4(C1C ) 9 (R) — 9 (@) F(2)
= —2(C:C (124 = 2p @)/ + O(1))(1 + 0(2)Y),

while on the right the leading term is another even function, that is

_Ma,nPb,n = — a,n(Z)Ma n(=2)
D (2)* ) (9 2) — p(@)?
= C,C)yY =—=—-((C,Cy ———
—(CLCo)? 7o (C+Co) T+ 0Gh)

which gives the same even order singular terms as appear on the left. Thus, for the
poles at z = 0, it remains to check that the residues balance on each side, i.e. for the
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remaining correction terms in (3.22) we must have 4X, , M, ,i ~ 2Py Py n, which is
a consequence of

limM, (2)/z = lim P, ,(z)/z and 1im4X, ,(z)z* = lim2Pp ,(2) 2%
z—0 ’ z—0 z—0 z—0

the first limit follows from (3.21), and the second is the identity 4C . C_ & (—2k) /P (k) =
—2C+C_d(k)/D(2«). Having verified z = 0, there is an analogous balance of order
3 poles at z = w, which follows immediately by applying the symmetry (3.19) to
(3.20). For the balance at z = «, note that X, and P} are both regular there, and we
find Xy (k) =2 = Ppp (x)~L, so to balance the simple poles on each side of (3.20)
requires 2M,’ I~ Pafl, and similar calculations to those done previously show that
there is the same residue — & on each side of this relation. At z = —« there are simple
poles in X;l, My, P,, Py, so their reciprocals have simple zeros, and we must verify
2Xa_}le,n = P4, Ppn + O(1) by checking that the double poles balance and the
residues are the same on each side. Both ®(z 4-«) and 1/0 (z + k) have leading order
expansions of the form (z + ) 4+ O ((z + k)) in the neighbourhood of z = —«, so
we can write

2xt = KO L o ti) = F(—K><L + L rog Feol ) +0( +#)
an = 0 . = P dz g )z=—« 4 s
where F(z) = —2C.C_p2®(z — 2k) ' ®(z) 2 is regular as z — —«, and write

leading order expansions of My, ,,, Py, Ppn of exactly the same form but with F
replaced by appropriate regular functions in each case. So at leading order (the coeffi-
cient of the double pole) we have to verify that the product of the two regular functions
on the left equals the product of the two regular functions on the right, evaluated at
7z = —k, and once this is done the residues are verified by checking that the sum of
the logarithmic derivatives of the two regular functions on each side takes the same
value on each side. Now at leading order a short calculation shows that

o 2Xan 1
lim — = — = lim s
2=~k Py, 2 >k Mpy

Pa,n

while by calculating the logarithmic derivative terms on each side, we require that

d (XN L d o Pag
lim — log — ) = lim —log| —— ),
—>—kdz Py 2>~k dz My
leading to a relation involving the Weierstrass zeta function, namely

®'(3k) 5 d' (k)
dGc) | D)

=60k — ) +Gk) — 20 (k — w) = {(k + w) — 38 (k).

Then using the fact that diz log ®(z) = ¢(z4+w) —¢(z) — ¢ (w) and the quasiperiodicity
relation ¢ (z+2w) = ¢(2) +2¢(w), this rearranges to yield the identity ¢ (3x) + ¢ (k) +
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4¢(w) — 4¢ (k + w) = 0, which is verified by rewriting it as
(CBr) = ¢(2k) — ¢(k)) + (£ (26) — 28 (k) — 4L (k + @) — (k) — ¢ (@)
_1 <[@’(2x) — p’(x)) . 1 (p”('c)) B 2((@’(@ — so’(w))
2\ p2k) —p ) 2\ ' (k) p (k) — p(w)
1 T "] 1 (674(29/12)% — 121/144
~2 (/1—2(17/12 - 29/12)> "2 < i )

)
A2(29/12 — 5/12)

as required, where we used a standard identity for the zeta function, as well as " (k) =
66 (k)% — % g2. At z = 2« there are simple poles on each side of (3.20), coming from
the terms X, P, and we have to verify 2X o, (Mp.n + M, }) ~ Pan(Pon + P, )
but 2X, and P, both have residue (/2 at this point, and for the regular part we find
the same factor of —13/6 on each side, as z = 2k corresponds to setting n = 0, giving
Mp o = uzvz = —3/2, which is the reciprocal of P, o = —f22f3/f4 = —2/3, so
overall the residues are the same. Similarly, at z = —2« there is a balance of simple
poles with 2M;,£(Xa,n +X;L) ~ Pb__,} (Pyn+ Paf,l), where both 2Mb_1 and Pb_1 have
residue /i, and for the corresponding value n = —4, we have X, 4 =3/2 = Pafi4,
giving the same overall multiplier 13/6 on each side. The balances of poles at the
other points congruent to +« + w, =2« + o follow from the symmetry (3.19), and it
is easy to check that (3.20) is satisfied for n = 1, so this verifies that it holds as an
identity of elliptic functions for all z, hence in particular is true for all n € Z; the first
equality in (3.4) is then given for free, due to Lemma 3.2.

Finally, to verify the second equality in (3.3), we can use Lemma 3.1 to rewrite it
in the form

B —
(_—” - 1>(Pb,n +P) = <f—” - 1)(Mb,n + M), (3.23)

an dn
and then we can substitute in

2 S Jar3fivaVaiatrs
= _.fn+l.fn+2fn+3a - =
n an Jn+2

I
| S

, (3.24)

Q1

and express it as yet another identity between elliptic functions of z = (n 4+ 2)x. On
each side, we find there are poles at places congruent to the points z = 0, w, £, £k +
o, —2k, —2k + w modulo A. Moreover, under a shift by the half-period w it follows
from (3.19) and (3.21) that M}, , — My , and Pp ,, — —ber}, while a short calculation
using (3.24) shows that by /an — an /l;n and s, /a, - —cp /15,1, hence overall the
relation (3.23) is invariant under this transformation, and therefore it is sufficient to
verify the balance of poles at the real values z = 0, +«, —2«, and also check that
the identity holds at one other point where it is finite-valued, conveniently chosen as
z = 2k. So the proof can be completed in the same way as for the other identities,
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by checking expansions in z, but we now prefer to use a slightly different method
which, though formally equivalent, is more arithmetical in nature and easier to apply.
Note that the values of z to be checked correspond to taking n = —4, —3, =2, —1, 0,
and each place where there is a pole indicates the presence of Ty = 0 appearing as
a denominator; so at leading order we set 7y = €, replace all the other quantities
with their finite values determined by ratios of non-zero terms from the sequences
(Sn), (Ty,), and consider Laurent expansions in €, recovering the appropriate singular
behaviour when € — 0. In particular, we need to replace fo = So/To — 1/€,v_1 =
T 3To/(T2T-1) = €,v9 =T 2T /(T1To) = —1/e,v; =TT /(ToT) — 1/e,
vy = ToT3/(T1T,) — —e, while all other occurrences of f,, u, and v, that arise,
determining the terms that appear in the identity (3.23), correspond to finite and non-
zero values, which can be substituted directly. For n = 0, using the values of M g
and Py ¢ as before, we see that both sides of the identity are finite and take the value
13/6. When n = —1 we find simple poles on each side of (3.23), with the balance

L fiwiv)? B 1) M};l_]

_f0f12f2(Pb,—l + thil) ~ ( i

in the limit ¢ — 0, where we replace fy — €|, Mb_l_1 = (uov)~ ! —» —%e_l

and vivy — —1, so substituting in P, 1 = 1/2 and the other finite values of f1 =
I, f» = —1, f3 = 2 yields the same residue —5/2 as the coefficient of ¢! on
each side. The balance for n = —4 is similar, with simple poles on each side, since
S_a/a_s = fo1v2,(fov-D?/f2 > —1, M1;1_4 = 1/(u_yv_y) —> e 1, be14 =
—fo/(f_lfzz) — €1, so from b_4/a_4s = —2 we find the same residue —1 on
each side of the balance (5_4/51_4 + 1)P;,_,i4 ~ (S_a/a—4 — l)M,:1_4. For the cases
of n = —3, —2, where each side of (3.23) has double poles, and poles of order 4,
respectively, this simple analysis of leading order terms is only sufficient to balance
the two leading terms in each case. To balance the poles of lower order (i.e. the residues
on each side when n = —3, and the remaining singular terms at order 6_3, 6_2, e !
when n = —2) it is necessary to calculate higher corrections. If we treat € as a local
parameter around the point (oo, 1) on the curve (2.45), and fix fy = €~ ! then from
the equation of the curve we find the points ( f11, fo) with expansions

30021, o,
frr=El4Sex T 43 4o

and subsequently we obtain

fﬂ—:F1+leq:Eez+le3+-~-
2 8 2 '
either by using the curve or from the map (2.44). Similarly we can obtain v_; =
G_%62+"',UO :E_1+%+"',Ul — _6_1+%+...,u0 — 1+E+,
u; = 1 — €+ ---, and further higher corrections to these other terms that appear
in (3.23) when n = —3, —2, using the equation for the curve (2.39) and/or the map
(2.37), and in this way the remaining balances of poles on each side of (3.23) are
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checked. Once again, there is no need to verify the second equality in (3.4), because
of Lemma 3.2. O

In order to understand how the signs of the quantities (3.5) and (3.6) change with
n, we need the following result.

Lemma3.4 For n > 1 the signs of the terms in the Somos-5 sequence (1), as in
(1.15), repeat in the pattern

+-++-+-—+-——+—-+ (3.25)
with period 14.

Proof The periodic sign pattern for the integer sequence (1.15), as above, consists of a
block of 7 followed by the same block of 7 but with all the signs reversed, and can be
deduced by induction from the signs of the associated sequence of rational numbers
v, defined by the right-hand relation in (2.36), which for n > 3 repeat the pattern

-+ —+—+- (3.26)

with period 7 (cf. Table 5). Indeed, given 71 = —T, = T3 = 1, the pattern (3.25)
follows from (3.26) by writing T,,+1 = v, 1, T,,—1/T,—>. So it remains to prove the
period 7 sign pattern of the rational sequence (v;,), which is achieved by considering
the corresponding orbit in R? of the QRT map defined by (2.37), that is

g: (U, V) (V, U1+ VThH). (3.27)

As described above, the orbit lies on the (real) curve (2.39) in the (U, V') plane, shown
in Fig. 3. The real curve has four connected components, of which only the part in
the positive quadrant is compact, but this particular orbit lies outside the positive
quadrant, being restricted to the three unbounded components; in contrast, the orbit
corresponding to the sequence (u,) is given by ratios of the terms of the Somos-
5 sequence (1.14), which are all positive, and hence lies on the compact oval. The
relevant properties of the orbit corresponding to (v, ) are not so easy to see from Fig.
3, which is drawn to scale, so in Fig. 4 we have produced a more schematic drawing
of the real curve (2.39) which highlights the essential features. From

dv. 22UV +VI-5V+1
du U420V —-5U +1°

by taking the resultant of the numerator of the above with the equation of the curve
we see that the points with horizontal slope have U values given by the four real roots
of the quartic U* 4 2U3 — 7U? — 2U + 7. In particular, there is a local maximum at
the point P with coordinates

(—%(«/EJr 1+ 154+6v2), =1 (2v2 -5+ 21 - 12«6)) ~ (—3.63019, 0.08211)
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V

Fig.4 Qualitative sketch of the Somos-5 curve (2.39)

and a local minimum at the point Qg with coordinates

(3 (V2= 1-V15-6v2). 1 (2V2+5+/21 + 12V2)) ~ (~1.06909, 6.99523);

the other two stationary points lie on the compact oval. Then we consider the orbit of the
map (3.27) starting from the point (P§ = (v3, v4) = (—1, 7), and it will be convenient
to introduce the notation P = (v, vu11), P = ¢"(Pp) and Q,, = ¢"(Qo) forn € Z,
as well as letting m denote the segment of the real curve (2.39) connecting the
points Q; and Py, and taking APy to mean the part of the curve with asymptote A
starting from the point P, where we may have A = U (the U axis), V (the V axis)
or L (the line U + V = 5). The asymptotes as well as the points Py, Qp and some of
their images/preimages under the QRT map are shown in Fig. 4. With this notation,
for the first 7 iterates we have P35 € QoP_, Py € Q1P_y, P € QPy, Pf € VP,
Pi e LP,, S UP;, Ps e W, where P5 = (0, —1). Under the action of the
QRT map ¢, which is given by the composition of the two involutions ¢;, and ¢ as in
(2.40), we have that (P3P4) C 1(Q1P3) = QoP_», while p(QP_2) = Q;P_; and
9(Q1P_1) = BPo. Also, 9(Po) C VP1, 9(VP1) = LP2, (LP2) = UP3, and
e(UP3) = P5P4. Thus it follows by induction that P; 3 € QoP_p, Py 4 € 9Py,
Pr s € WPy, Ph o € VP Pr ;€ LPy, Ph g € UPs, Py € P3Py holds for all
n = 0. The pattern of signs of the coordinates in these seven consecutive regions is
(=), (+, ), (—, +), (+, =), (—, +), (+, —), (—, —), which gives the sign pattern
(3.26) for the rational sequence (v;), as required. O

Since S,, > 0 for all n, the sign pattern of the sequence ( f;) is clearly the same as
(3.25), consisting of two blocks of 7 that differ by an overall sign, so sgn(f,4+7) =
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— sgn(f,) (where sgn denotes the sign function). Four of the Schubert parameters
with signs are given by monomials in the f,, with a homogeneous degree that is even
(2 or —2), hence their sign pattern repeats with period 7, and the other two have a
sign that is determined by the sequence (v,), also varying with period 7. As for the
signed lengths, their signs are determined by (7},), so they each have a pattern that
varies with period 14, also made up of two blocks of 7 related by a sign flip. This can
be summarized by the following statement.

Corollary 3.5 The Schubert parameters with signs (Ma n, Pan, Xan), Mpn, Pony Xbn)
display five distinct combinations of signs, which for n > 1 repeat in a sequence with
period 1, beginning with

n=1:H,+,+),+, +,4),
n=2:,—+), (- +, ),
n=3:(—+4), (+ +, ),
=4:(+,—, ), (= —, ), (3.28)
n=>5:(+,+ +), (+, +, +),
n=6:(,—+),(— +,+).
n="7:(—+,4), (- —, 4.

The signed lengths repeat the following sign patterns forn > 1:

Sy t+t-—+-++-++—-—+—-—
o 3.29
by +—d——F——F—++—, (3.29)
Gt —F——F——F—++—+.

We are now ready to prove most of the statements in Theorem 1.2. For the cases
n = 1 or 5 (mod 7), both triples of Schubert parameters given by (3.5) and (3.6) are
positive and satisfy the constraints, so they produce a Heron triangle with two rational
medians and integer sides (a, b, ¢) whose ratios are given by

En_an bn+5n b En_bn_5n+an

— - - - - - =
Sp — Cn a, + b, c Sn — Cn an + by

and by (3.29) the signed lengths are either all positive (when n = 1, 12 (mod 14)) or
all negative (whenn = 5, 8§ (mod 14)),sowecanseta = +(by+¢n), b = £(Cph+an),
¢ = +(@ay, + by) accordingly, which verifies the formulae (1.19) for the side lengths.
Moreover, it follows that the semiperimeter is s = £(a, + b, + &) = £5,, and the
reduced lengths are s —a = +a,, s —b = £b,, s —c = ¢y, so the expression (1.21)
for the area follows immediately from Heron’s formula. When n = 2 or 6 (mod 7),
we need to replace P, — —P,; ! and M, — —M b in order to have two triples
of positive coordinates of points on the Schubert surface, but this change of signs is
compatible with the two constraints, in the sense that it introduces an overall minus
sign on both sides of the first equality in each of (3.3) and (3.4), so that the side ratios
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of the corresponding Heron triangle with two rational medians are given by

a
C

5 — dn by+¢cn b So—by  Cutay

Sp — Cn ﬁn—i—l;n’ c Sn — Cn apn +l;n'

For these values of n, from (3.29) we see that a,, and by, are both positive, and 5, and ¢,
are both negative, or vice versa, so we can take integer side lengths a = :F(En +cn),
b = F(Cy + an), ¢ = +(a, + by), which verifies (1.19), while in this case the
semiperimeter and reduced lengths are permutations (up to sign) of the signed lengths,
as (depending on the value of » mod 14) we have s = F¢,,s —a = :i:l;n, s—b = *a,,
s — ¢ = Fs,, which confirms the area formula (1.21). The analysis of the other three
combinations of signs in (3.28) proceeds similarly. For the case of n = 3 (mod7)
only the second constraint (3.4) acquires an overall minus sign when the negative
Schubert parameters M,, X are replaced by —M L —Xb_l, and we find s = :Flgn,
s—a = *c¢,,5—b = F5,, s —c = £a, (according to whethern = 3 or 10 (mod 14)).
When n = 4 (mod 7), the replacements P, — —Pa’l, X4 — —X;l, My — —M_l,
Py, — —P, ! result in an overall change of sign in the second constraint only, as the
signs in (3.28) and (3.29) are the exact opposite of those in the previous case, so we
haves = +b,,s—a = FCp,§—b = £5,,5—c = Fa,. Finally, whenn = 0 (mod 7),
replacing M, — —Ma_l, My — —M; ', P, —> —Pb_1 again only introduces a minus
sign in the second constraint, and we also find s = :I:l;n, s —a=Fcy, s —b==s5,,
s —c = Fay, inthis case. Thus in each case we have a pair of positive triples of Schubert
parameters satisfying the necessary constraints. If we further require that these should
correspond to the half-angle cotangents of appropriate angles in the triangle (cf. Fig.
1), then it may be necessary to apply one or both of the transformations

(Mg, P, Xa) — (M, P7Y XY, (M, Py, X) — (MY, P XY,
(3.30)

in order to satisfy the conditions (1.9).

Having shown that the Schubert parameters with signs in the main sequence for
n > 1 can be consistently transformed to a set of positive Schubert parameters, thus
providing a sequence of Heron triangles with two rational medians k, ¢, whose integer
sides (a, b, c) and area A are given by the formulae in Theorem 1.2, it remains to
verify the expressions (1.20) for the medians, and also show that gcd(a, b,c) = 1,
which requires a bit more work. We begin by defining signed median lengths, given
by

- 1
kn = 2 Sn+4Tn+4(TnTn2+1Tn+2 - S"SI%HS”*'Z)’
(3.31)

- 1
Ly = E Su Ty (Sn+25n2+3sn+4 - Tn+2T,,2+3 Tn+4)7

where the overall signs have been chosen so that these initially coincide with the
positive median lengths, i.e. whenn = 1 we have k = k; = 35/2, ¢ = £ = 97/2.
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In order to show that these quantities agree with the median lengths up to a sign, we
need to prove that k, satisfies a signed version of one of the identities in (1.6), and
that £, satisfies a signed version of one of the analogous identities for £, obtained by
replacinga — b, b — ¢, ¢ — a and k — £ on the right-hand side of each formula.
We start by picking the middle identity for P = P,, which becomes

. 4A,
4(Sp — En)kn + G — @n)? — (5p — bp)? = 3G — €)%

Pan (3.32)

obtained by setting P, — P, , on the left-hand side, and replacing a, b, ¢ and k by
their signed versions on the right-hand side, as well as inserting the signed area

An = SuSut1Sys2Sn+3SnaTnTns1 Ty T3 Trsa

in the numerator. As for £, the direct analogue of the first identity in (1.6) is

. 4A
© 4cl 4+ b% =3¢ —a?’

My

but instead, for reasons that will shortly become clear, we would like to use another
expression for M}, namely

_4c£—laz—i-3c2—|—a2
b = A 5

where the latter is seen to be equivalent to the former due to the relation 16A% =
16¢20% — (b% — 3¢2 — a?)2, which follows from Heron’s formula and the expression
for £2 in (1.3). So as the signed analogue of the latter identity for M}, we take

. 4(5, — En)ln — (5 — En)z Z 3G, — ) + Gy — 5,1)2_ (333)
n

Lemma 3.6 The signed median lengths ky, €, given by (3.31) satisfy the relations
(3.32) and (3.33) for alln € Z.

Proof To begin with, we rewrite (3.32) as

prl = 46— CnYkn + (G — an)jm— Go = bu)? =3Gn =8 534
n

and consider the symmetry n — —n — 4, as in Lemma 3.2. On the left-hand side we
have Pafl_n_ 4 = — My, while on the right we use the transformations (3.13) together
with the linear relation (3.8), as well as kep_a =L, and A_,_4 = A, to see that (up
to an overall minus sign on both sides), the relation (3.34) is transformed to (3.33).
Therefore it will be sufficient to prove the above relation involving k, alone, and we

can proceed as in the proofs of Lemma 3.1 and Theorem 3.3, by substituting in the
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analytic formulae for each of the terms and regarding it as an identity between elliptic
functions of z = (n 4+ 2)«k, so that the left-hand side has simple poles at the places
7=0,w,k, k+o mod A. However, we also wish to exploit the additional symmetry
under shifting by the half-period w, as we have P, , — P, , under this symmetry,
and using the results of our previous calculations we see that overall the right-hand
side of (3.34) is also left invariant by this transformation. Thus it is sufficient to check
only the poles at z = 0, x as well as one other value where the relation is finite, and
the case n = 1 (corresponding to z = 3«) where P, | = 2/3 is readily verified. Then
since we only have residues at two simple poles to check, corresponding to the values
n = —2, —1, we can use the simplified method with a local parameter €, as at the end
of the proof of Theorem 3.3. Using (3.5) and (3.8) we can rewrite (3.34) as

- - _ 2 ~\2 =\ 2
a(t+2) s (1) - (1+2) -3 (1+2)

4N, /a2

— Up42Up42 =

(3.35)

On the right-hand side above we can make use of the expressions (3.24), as well as

Cnfan = — fnzfn+lvg+2v1%+3/fn+2
and
ki fn+4vn+2v,2l+3(1 - fnfn2+1fn+2) Ap 2 2
a = - 2frin > c_l_,% = fnfn+1fn+3fn+4vn+2vn+3'
Now when n = —2, at leading order on the left-hand side we have —ugvg ~ e 1

while on the right-hand side the leading order in the denominator is 4A_» /5132 ~
4¢=*. In the numerator, 5_2/&_2 ~ €% and 12_2/51_2 ~ %6_3, hence the first term
gives the leading order contribution 4(1 + b_s /Ez_z)l;_z Ja—o ~ 2¢7, but for the
difference of squares that follows we need a correction at next-to-leading order, so
that from s_p/a_, = €3+ %6_2 +---,Cc0/an = €3 — %6_2 + --- we find
(5_2/a_» — 1)* — (C_n/a_s + 1)®> ~ 2¢7, and the final term —3(1 + b_»/a_»)?
gives a lower order contribution at O (¢ ~*); thus overall at leading order the right-hand
side gives (273 +2¢79) / (4e*) = e as required. When n = —2, the left-hand
side is —ujv; ~ —e~!, while the denominator of the right-hand side is A_ /&31 ~
8¢~!, and the numerator contains the terms 5_1/07_1 ~ e 1 12_1/51_1 ~ —e L
S—1/a—1 ~ —4,c_1/a—1 ~ —e~L 5o that overall these combine to give (—4e2 —
€72 —3e72 / BeH= —elat leading order, in agreement with the left-hand side.
Note also that for the values n = —4, —3 and 0, the left-hand side is finite while the
other side has removable singularities: some of the terms in the numerator/denominator
on the right-hand side of (3.35) are singular, but overall these cancel to give a finite
value in the limit € — 0; so the relation holds as an identity between elliptic functions
of z = (n + 2)«, and in particular for all n € Z. m]
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Given that k,, satisfies (3.32), for each n we can compare this with the corresponding
positive Schubert parameter P, > 0, given by

B 4A _4ck —a* +b* 4 3¢?
T dck +a?—b2—3c2 4A ’

Py

where we use either the first or the second rational expression above involving a, b, c, k
and A, according to whether P, , = :I:P;H, determined by n mod 7 as in Corollary
3.5. Now sgn(A,) = sgn(T, T;4+1Ty+3Tn+4), which repeats the pattern

Ap: 44+ ——+++

with period 7, while our previous analysis also showed that, for each n, 5, — ¢, =
sgn (s, — ¢,) ¢, where the sign pattern is

Sn—Cnt Attt —+—++-—

with period 14. For the cases n = 1, 2, 5, 6, 0 (mod 7) we see that A,, = A, and then
according to whether P, , > O(whenn = 1,5,0)or P, ,, < O(whenn = 2, 6) we can
directly compare the right-hand side of (3.32) with either the first formula for P, above,
or compare — Paf,l with the second formula above, respectively; then since the squared
terms can always be identified, that is a’ = (s, — c"z,,)2 etc., we have ck = (5, — 5n)1€n
in the first case, giving ky = sgn(s, —c,) k,butck = — (5, — &)k, in the second case,
giving ky, = —sgn(s, —¢,) k. However, the cases n = 3,4 (mod 7), when A,, = —A,
are different because in those cases we need to apply the first of the transformations
in (3.30) to ensure that (1.9) holds. So for n = 3 (mod7) that means comparing
Paf,} with the second formula for P, above, yielding ky = —sgn(s, — ¢,) k, and for
n = 4 (mod 7) it requires that — P, ,, should be compared with the first formula for
P, hence k, = sgn(s, — ¢,) k. Thus overall we see that k,, is related to the median
length k by an overall sign, which varies with period 14 in the following pattern:

i E e i S (3.36)

Similarly, £, is equal to the median length £ up to a sign with pattern

R e e e e (3.37)

and this verifies that the formulae (1.20) hold.

Based on computer experiments, it was observed in [7] that for the triangles in the
main sequence, the pairs (6, ¢) corresponding to the parametrization (1.10), given by
(1.11) with + signs in both equations, cycle through one of five isomorphic plane
curves in a pattern that repeats with period 7. Applying the symmetry a <> b, k < £,
one obtains an alternative pair of parameters

c—b+2k
2s

a—c—+ 20

6= , = 5o (3.38)
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and Buchholz and Rathbun noted that these pairs cycle with period 7 through the
same set of curves but in a different order, namely Cy, C;, C3, C4, €1, C2, C5. A more
detailed study of the allowed discrete symmetries in [9] showed that by applying
appropriate permutations of a, b, ¢, k, £ and changes of sign, one could also obtain
pairs of coordinates on three more (isomorphic) curves Cg, €7, Cs. However, until now
there was no explanation for the period 7 behaviour with respect to the index n in the
main sequence, which we provide here.

Theorem 3.7 Forn > 1, the rational parameters

c—a-+2¢ _b—c+2k
a+b+c’ T a+b+c

corresponding to the main sequence of Heron triangles with sides (a, b, ¢) and medians
k, £ lie on one of five birationally equivalent plane curves of genus one, which repeat
in a pattern with period 7. The same is true for any such sequence of parameters
obtained from these by the action of the discrete symmetry group that leaves the
equations 4k*> = 2b> + 2¢? — a?, 4% = 2¢* + 2a* — b? invariant.

Proof We begin by considering the pair of quantities

anp —cp + 24, Cn — by + 2k,
0 = ———, n = = ’
25y, 25y
obtained by replacing a, b, c, k, £ by their signed counterparts s, — a,, 5, — by, ...
etc. For n = 1 this coincides with 6, ¢. Moreover, from the analytic parametrization
of the two Somos-5 sequences, this gives a pair of independent elliptic functions of
z = (n 4+ 2) k. Then by a standard result in the theory of elliptic functions, the pairs
(6,, ¢n) lie on a plane curve C of genus one, which is birationally equivalent to the
original elliptic curve (this follows from the Riemann—Roch theorem, but there is also
an explicit classical method for constructing the equation of C, based on the expressions
for 0, ¢, in terms of g, &’ [2]). Under the change n — n + 1, the original pair (9, ¢)
corresponds to a different pair of elliptic functions, because each term a, b, ... that
appears is related to 5, — d,, 5, — by, ... by a sign which changes with n; so the
pair of coordinates for the next value of n will lie on a different curve, C* say. Now
all of these signs repeat with period 14, but in each block of 7 the signs are flipped
with respect to the previous block, and only the ratio of terms appears in 8, ¢, so their
overall pattern of signs repeats with period 7, hence there are at most 7 different curves
repeating with this period. However, a closer examination of (3.29), (3.36) and (3.37)
reveals that there are really only 5 different pairs of functions appearing in each block
of 7, because all the signs for n = 1 (mod 7) and n = 5 (mod 7) are the opposite of
each other, and similarly for n = 2 (mod 7) and n = 6 (mod 7). The same argument
applies to any pair (6, ¢) obtained from this one by the action of the discrete symmetry
group. O

In order to show that the side lengths given by (1.19) have greatest common divisor
1 for all n > 1, it is necessary to reconsider the orbits of the QRT map ¢ defined by
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(3.27), associated with the rational sequences (i,), (v,), and examine their reduction
modulo a prime p, which corresponds to considering the map over the finite field I ,.
(For a detailed treatment of QRT maps over finite fields, see [33].) A general QRT map
(over any field) is a birational map ¢: P! x P! — P! x P! given by a composition of
two involutions, and as already mentioned, each orbit lies on a curve belonging to a
pencil of biquadratic curves in the plane; generic curves € have genus one, and the
orbit gives a sequence of points Py + nP € €, with each iteration of ¢ corresponding
to addition of the point P in the group law of the curve. For the particular case at hand,
the curve is given by (2.39), which has identiAty elerrlgnt O = (00, 00), and ¢ in (2.40)
is the elliptic involution that sends any point P — —®P. Under the QRT map ¢ = toty,
P = (00, 0) is the point being added at each step, and the orbit corresponding to the
Somos-5 sequence (1.14) via (2.36) is

(pn(u07 Ml) = (unv un—H) = (]’ 1) +nj)v (339)

where the initial point ’330 = (ug,uy) = (1,1) € € is 2-torsion, while the orbit
associated with the other sequence (1.15) is

¢" (v, v1) = (Vn, Up41) = n?P, (3.40)

with initial point O = (vg, v1) = (00, 00).

The above description is valid over C or any subfield where the orbit is defined, in
particular over Q, in which case P is an infinite order element in the MQrdell—Weil
group of the curve C(Q), which is generated by P and the 2-torsion point Py = (1, 1).
Under reduction mod p the same description holds provided that p is a prime of
good reduction, so that the curve C(FF)) is non-singular, with the main difference
being that now the curve has finitely many points satisfying the Hasse—Weil bound
[p+1—#C(F))| < 2,/p, so P has some finite order which we denote by ord, (P).
Hence it follows that both orbits (3.39) and (3.40) over I, are periodic with the same
period ord , (P).

For primes of bad reduction, which in this case are 2,3 and 17, the situation is
slightly more complicated. For the primes p = 2, 3, we find that the singular curve
C(F,) is reducible, since —5mod 2 = — 5mod 3 = 1, so in both cases we can
factorize (2.39) as

UV+hHWU+VvV+1)=0. (3.41)

When p = 2, the two orbits (u,, up+1) and (v,, v,+1) are the same up to a shift of
starting point, repeating the sequence

(00, 00), (00,0), (0,1), (1,1), (1,0), (0, c0)

with period 6 = 2 x (2+1), corresponding to the fact that each (genus zero) irreducible
component of (3.41) is isomorphic to Pl(Fz), so contains 3 points, and the orbit
alternates between points on each component, i.e. (oo, 0), (1, 1), (0,00) e {UV+1 =
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0} and (00, 00), (0, 1), (1,0) € {U+V +1 = 0}. Similarly, when p = 3 both orbits
have period 8 = 2 x (3 4 1), repeating the sequence

(00,00), (00,0), (0,2), (2, 1), (1, 1), (1,2), (2,0), (0, 00),

which again alternates between the two irreducible components of the curve (3.41).
For p = 17, the curve (2.39) is irreducible and singular: this is a case of non-split
multiplicative reduction [48], so it has genus zero and contains #C(F7) = p+2 = 19
points, and after removing the singular point (5, 5), C(IF17) \ { (5, 5) } has the structure
of an abelian group of order 18. The two orbits both have period 9, corresponding to
the two cosets of the cyclic subgroup of order 9 generated by P; the coordinates of the
points in these two orbits can be read off from Table 7, which also includes part of the
associated periodic sequence ( f, mod 17) (of period 18).

Although it is not essential to our main argument, we can now offer a brief expla-
nation for how the periods modulo a prime arise for the corresponding Somos-5
sequences. Setting + = ord,(P) and working mod p, from the relation u,;, = u,
we have

Sn72+t Sn+1+t _ Sn—2 Sn+1

Sn—l+t Sn+t N Sn—l Sn

for all n, and clearly the period of the Somos-5 sequence must be a multiple of .
(We will write everything for the sequence (S,), but the same treatment applies to
(T,,) or any other Somos-5 sequence.) Somos-5 sequences have a 3-parameter group
of gauge transformations which leave the ratios u,, and hence the recurrence (1.16),
unchanged: one can replace S,, — A% (B*)" S, i.e. rescale all even/odd index terms
by an arbitrary non-zero scalar A%, and rescale each term by the powers of another
arbitrary quantity B* # 0; this symmetry group has a natural interpretation in terms
of the quiver that defines the associated cluster algebra [21]. Hence we see that S,, and
Sn+: should be related by a gauge transformation of this kind.

Proposition 3.8 Under shifting by t = per(u, mod p), the period of the associated
ORT map, the Somos-5 sequence reduced mod p satisfies

Swtt = AL(BY)'S,, A%, ALB*,(B")’ €T, (3.42)
for even/odd n, respectively, where A%, A* , B* are constants independent of n.
Proof To prove this gauge transformation formula directly, define the ratio r, =
Sn+t/Sn, and observe that u,+; = u, for all n implies that r,12/r, = rp43/rm+1 =
Fntd/Tnt2 = Fugs5/Tne3 = (B*)? say, a constant in IF; independent of n, and this
can be solved separately for even/odd n to give r, = AZL(B*)", where A% = ro,

A*B*=r| € F; (assuming none of the terms in these ratios is zero). O

Corollary 3.9 Let t be the order of the point P € C(F ) if p is a prime of good reduction
(or equivalently, the period of (u, mod p), appropriately reinterpreted in the case of
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bad reduction). Then the period of the Somos-5 sequence mod p is a multiple of t,
given by

per(S, mod p) = £*t < 2(p — Dt, (3.43)

where (up to a possible factor of 2) €* denotes the lowest common multiple of
ord, ((B*)?) and/or the orders in ]F; of one or two other combinations of A* , A* , B¥,
depending on the parity of t.

Proof Iterating the quasiperiodicity relation (3.42) j times when ¢ is even yields
Sutjr = (A )](B )"J'H](J /2 Sy,
for even/odd n, so requiring S, j; = S, for all n imposes the conditions
(BHY =1, (A} = (A*B*) = (B*) UV =41, (3.44)

where the choice of j satisfying the first condition for a given B* fixes the sign on the
right. Then £* is the smallest positive value of j that satisfies all these conditions. An
odd value of £* is only possible in the case that (B*)2, A% and A* B* are all quadratic
non-residues in IF;, in which case only the plus sign can occur on the right-hand side
above, and

" lcm(ord (A ), ord (A*B ), ord ((B ) ))
but otherwise there must be an even €*|lcm(0rd (A7), ord,(A* *),ordp((B*)z)),

where it may be possible to divide out some factors of 2 from the first two terms,
depending on the orders of these elements. For odd #, iterating (3.42) j times produces

Suvsi = Al Flan Elgeypivii-ve g,

and then by requiring S, j; = S, forall n, in the case of odd j (exploiting the freedom
to replace B* — —B* and A* — —A* simultaneously) this leads to

A¥ =AY, (B*) =(A*)) =1 = * =lem (ord,(A%), ord,(B¥)),
corresponding to a situation where K 0= K1 and all the terms satisfy the same Somos-
4 recurrence (cf. equation (2.5) and [53]). For an even value of j with ¢ odd, we find
instead

(B¥) =1, (A%A*B*)I/2 = (B*1-1G-i2 =,

so now, given the values of (B*)? and A% A* B*, the smallest possible value of j/2
can be found, yielding

¢* = 2lem (ord, (A% A* B¥), ord,((B*)%)). (3.45)
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The upper bound on the period comes from Fermat’s little theorem. O

An advantage of the relation (3.42) is that it allows the period of the Somos-5 sequence
to be computed from (3.43) without calculating so many terms: in general it is sufficient
to find the minimum ¢ such that (uo, u1) = (u;, us41), giving ¢t = ord,(P), which
requires the ¢ + 5 adjacent terms S_», ..., S;42, and then A%, B* can be obtained
from the ratios S;/So, Sr+1/S1 and S;4+2/S> (provided SoS1S2 # 0, otherwise one
of the ratios S;—1/S_1, St—2/S—» can be used instead). For example, in the case
of the sequence (1.14) taken mod 23, we find that (u, mod 23) repeats the pattern
1, 1,2, 13,20, 3, 20, 13, 2 with period 9, so t = ordy3(P) = 9 which is odd, while
A% = S9/Sp mod 23 = Sj9/S; mod 23 = 21 and S11/S2 mod 23 = 20, thus we
find (B*)? = 20/21 = 13 = 6% in Fp3, and taking B* = 6 gives A* =21/6 = 15 #
A% then ordp3(13) = 11 and ord3(21 x 15x6) = ord»3(21%) = 11, so £* = 22 by
(3.45), hence per (S, mod 23) = 9x22 = 198, in agreement with the value found
by Robinson in [43]. As another example, for the sequence (1.15) taken mod 61, the
corresponding terms (v, mod 61) have a repeating pattern

00, 00, 0,60,7,25,12,34,11,32,2,1,1,2,32,11,34,12,25,7,60,0

with even period t = 22, and from the terms 1, 1 in the middle it is apparent that
this is the same as the orbit (u, mod 61) but shifted; thus from 7>;/7—-1 mod 61 =
14 = A* (B*)™, T»3/Ty mod 61 = 60 = A* B*, Tr4/T>» mod 61 = 14 = A% (B*)?
we find A* = 13 = 142, A* = 48 = 147!, B* = 14 in Fg, and ordg; (14) = 6,
so £* divides lcm (ord61 (1471, ordg (143), orde; (142)) = 6, the smallest value of j
satisfying all the requirements in (3.44), hence the period of the sequence (7;,, mod 61)
is 22 x 6 = 132, and this is the same as the period of the original Somos-5 sequence
(S, mod 61) as found in [43].
We are now ready to finish off the proof of the main theorem.

Lemma 3.10 Foralln € 7Z, the terms of the sequences (1.14) and (1.15) with the same
index are coprime, that is

gcd(S,, Ty) = 1.

Proof Suppose that for some n the terms S, and 7,, have a common divisor. Then for
the reduced sequences in ), it follows that S, = 0 = T,,, and so u, = up41 = 00 =
vy = Up41. If p is a prime of good reduction for the curve C given by (2.39), then in the
group law of C€(IF,) this implies that (1, 1) +nP = O = nP, which is a contradiction.
If p is a prime of bad reduction, then we have p = 2,3 or 17,and p =2 or p = 3 are
impossible by Proposition 2.17, while Table 7 shows that 17 is never a divisor of S,,,
since the sequence (#,, mod 17) has period 9 and remains finite. O

Proposition 3.11 For all n € 7Z, the signed lengths satisfy ged(a,,, by, cn) = 1.

Proof Fi{st of all, note that from Lemma 3.1 we have gcd(En,Ezn,En,En) =
gcd(ay, by, ¢,,). Up to an overall sign, each of the signed lengths is a degree six
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Table 7 The analogue of Table 5 in the finite field Fy7

n 0 1 2 3 4 5 6 7 8 9
Up 1 1 2 10 15 6 15 10 2 1
Un o) 00 0 16 7 11 7 16 0 o)
fn o0 1 16 2 3 9 12 14 6 o0
monomial in the two sets of five adjacent values S, ..., Syyaand T,, ..., T;,14. Now

suppose that a prime p is a divisor of ¢,. If p | S, then by Lemma 2.12 it cannot divide
Sn+1, Sng2 or Sp43, so if it divides b, then it must divide T,+2, thus (by Lemma 2.12
again) it is coprime to Sy,+3, Sp+4, T, and T4 1, hence it cannot divide s,,. Similarly, if
p | T,+4 and it is a divisor of a, then, by the same lemma, it is coprime to T,41, T2
and T,,43, so it must divide 5,42, but in that case again it is coprime to 5,. Applying
the same lemma once more, we see that if p|S,4+1 then p | by, so if p s, as well
then it must divide either 7, or T},+1, but the first case is impossible because p must
also divide a, by (3.8), yet it has to be coprime to S,+42, Tn+1, Tn+2, Th43; so this
leaves the second case, which requires p | gcd(S,+1, T+1), contradicting Lemma
3.10. Finally, if p | T,+3 then an analogous argument leads to p | gcd (Sp+3, Th+3),
another contradiction. O

The formulae (1.19) imply that ged (a, b, ¢) = ged (b + G, En + G, dn + by), and
any prime divisor of the latter three linear combinations of the signed lengths must
be a divisor of 2a,, = (¢, + a,) + (a, + l;n) — (l;n + ¢n), and similarly of 2b, and
2¢,, so by the above proposition the only possible common divisor of (a, b, c) is 2,
but Proposition 2.17 shows that precisely one of by, + ¢, ¢ + @n, dn + by is even (cf.
Table 6), so ged(a, b, c) = 1 and this completes the proof of Theorem 1.2.

4 Brahmagupta angles and geometrical identities

By virtue of the fact that there is a 2-isogeny relating the curves (2.39) and (2.45),
there are infinitely many identities between elements of the associated function fields,
which correspond to relations between terms of the sequences ( f;;) and (v, ), or equiv-
alently (u,), since u,, = vy, fu—2 fu+1/(fn—1fu). Here we present some identities that
arise naturally from the geometry of Heron triangles, which in particular leads to an
appealing way to represent and visualize the triangles in the main sequence.

We begin by considering Brahmagupta’s construction of rational Heron triangles,
which is based on concatenating two rational Pythagorean right triangles with a com-
mon height of length 2r, where a, b are the hypotenuses of the two triangles. So if
d, e are the bases of the two triangles, then we have

4r2—|—d2:a2, 4r2+€2=b2, i(die)ZCv (41)
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where the choice of sign inside the bracket above depends on whether the two triangles
are joined back-to-back along their height, or are overlapping, and in the latter case
there is an overall sign outside depending on which of d or e is the larger.

The case of two overlapping right triangles with d > e is the situation relevant to
the triangle for n = 1 in the main sequence, and we denote the acute angles at the
base of each triangle by v, V3, respectively. These two angles completely determine
the Heron triangle, up to scale, and we will refer to them as the Brahmagupta angles.
Then upon comparing with Fig. 1 it is clear that

Yo=m—B—Y, szﬂ—]//‘FOt/,

with P, = cot(B/2), X, = cot(y/2) as before, and M, = cot(a'/2), Xp =
cot(y’/2). So from 2r = asiny, = bsinyy and trigonometric identities we can
write

(Pa + Xa)(PaXa - 1) —b (Mb - Xb)(MbXb + 1)
(P2+D(XZ+1) (M} + 1)(X; + 1)

, 4.2)

while we have ¢ = d — e with d = acos,, e = bcos ¥, and then we reproduce
Brahmagupta’s formulae (1.2) by taking

r
p:acosz(ﬁ%) q:bsin2<y 2a>'

Once again we can rewrite the trigonometric functions in terms of the appropriate
Schubert parameters, to obtain

P (PuXa—1) g (Mp—Xp)?
a  (PZ+DXZ2+1)" b (M} +DXP+1)

(4.3)

The above formulae have been written with the appropriate sign choices for the
(73, 51, 26) triangle, which has Brahmagupta parameters p = 49/13, g = 588/13,
r = 210/13. However, each of the lengths and Schubert parameters in the two different
expressions for r in (4.3) can now be replaced by their signed counterparts, imme-
diately yielding another relation, which is equivalent to an identity between elliptic
functions.

Theorem 4.1 For all n € Z the identity

(8, — ay) sin 1//a,n = (5 — 571) sin 1pb,n
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R 04 20402 0 02 o4
-0.41
\

(a) Plot of (sina,n,sinvy ) (b) 3D plot of (sinta,n,sin Yy n, un)

Fig.5 500 points on the orbit of the Brahmagupta angles for the main sequence

holds for the signed Brahmagupta angles W4 n, ¥b n, which are defined in terms of the
Schubert parameters with signs by

(Pan + Xan)(PanXapn — 1)
(P2, +D(XZ,+1
Mpy — Xp ) (Mp n Xpp + 1)

M}, +D(X;,+1)

)

SinYgp =
4.4)

sinyp , =

The advantage of using these angles (which are allowed to be negative) instead of
the actual positive acute angles is that their sines are given by fixed rational functions
of the Schubert parameters, hence they define the same functions on the curve for
all n. By the same argument as in the proof of Theorem 3.7, this means that the
pairs (sin ¥,_,, sin ¥ ,) lie on an algebraic curve that is birationally equivalent to C.
The sequence of pairs of sines of (signed) Brahmagupta angles forn = 1, ..., 500
is plotted in Fig. 5a, which shows that this plane curve has self-intersections, while
in Fig. 5b this is lifted to 3D by plotting the corresponding value of u,, as a third
component, showing a space curve without self-intersections.

As one more example of using elementary geometry to derive identities between
elliptic functions, we start from a formula for the tangent of the bisected angle opposite
side a, which is given on the first page of Schubert’s monograph [44], and in our
notation reads

(a+ﬂ> (s —b)s —¢)
tan = .
2 A

Theorem 4.2 The squares of the coordinates of the points on the orbit of the QRT map
¢ associated with the sequence (1.15) are given as rational functions of five adjacent
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Table 8 Prime factors of the Schubert parameters in the sporadic cases

n M, P, Xa My, Py Xp
" 23.7.13 17 24.3 3.7-11 11-13-17 17
3-17 7-13 22.5.13 22.3.5.7 5-11
. 32.5.31 22.5.31 32.7 3-7-17 3.5.17-19 3:19-31
22.7.17 32.17 5-17 5-19 23.7.31 24.5.17
s 22-19.47 32.11-17-47 2.7-11-47 24.32.7.17.23 2.7-11-17-19 5-11-19-23
32.11.23 23.7.19.23 17-19-23 5-11-19-97 5-23.97 25.32.97

wwews 22.3.17-43.59  23.3.5.13.23.43  19.23.41.43  19.23.41-43  11-19-41.59 7.19-43.59
5.11-13-19-23 T1-19.41.59  5.11-13-17-59 23.3.7.11.59 7-17-23-43  25.3.11.17.23

Table 9 Prime factors of the semiperimeter, reduced side lengths and area in the sporadic cases

n s s—a s—b s—c A

*3.7.13-17 23.52.17 3.7-13 23.112 23.3.5.7-11-13-17

w - 23.7.192 23.36 52.7.31 172.31 23.33.5.7.17-19-31

sk 23.32.112.192 25.32.52.7.17 232.472 7-17-97% 24.32.5.7.11-17-19-23-47.97

ik 17.232.592 52.72.132.41 24.3.112.432 24.3.17-19%-41 2*.3.5-7-11-13-17-19-23-41-43-59

quantities f, by

2 3 3 2
V2. = i1 ago T Jnva V2. = JosoSuys = In
+2 = v Un3 = :
4 fua3(f2 = fag2fara) " Sar1(FRa + fafus2)

4.5)

Proof In terms of the Schubert parameters, the tangent of the bisected angle for the
nth triangle is (Py.n + Ma.n)/(Pa.nMa n — 1), while the right-hand side can be written
in terms of ratios of S, and 7,, terms, and ultimately as f, f,+1 fu+2/ fn+4, so that
this becomes an identity for signed quantities. Then substituting for the Schubert
parameters from (3.5) and writing everything in terms of f;, and vj,, this produces the
formula

1 _ Jn+2fns3 U,z+2 +1
- 2 2 ’
Jnva frtzfn+3 Uny2 — fn+1fr?+2

the right-hand side above is a Mobius transformation of vﬁ 400 which is inverted to

obtain the first expression in (4.5). An analogous calculation starting from the corre-
sponding formula for the tangent of the bisected angle opposite side b produces the

; 2
second expression for v, 5. O

Remark 4.3 In principle one can use repeated application of the recurrence (2.44)
in (4.5) to eliminate fy44, fu+3, fu+2 and write v,42, v,43 as rational functions of
fn» fo+1 only, then use (2.45) to simplify the resulting formulae; this would be a
rather tedious way to verify the 2-isogeny given by (2.52) in terms of these pairs of
coordinates. Since it involves the product (v;,42 vn+3)2, substituting for the latter with
(4.5) and applying the same method provides an alternative proof of the identity (3.9),
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which is equivalent to the linear relation (3.8) for the signed lengths, although from
the point of view of the logical progression of the paper this is a somewhat circular
argument, since Lemma 3.1 was one of the key steps in showing that the quantities f;,
describe the geometry of the main sequence of Heron triangles as claimed.

5 Conclusions

We have proved all the empirical observations on the infinite sequence of Heron
triangles with two rational medians found by Buchholz and Rathbun in [7], and this
led us to explicit formulae for the side lengths, rational medians and the area in terms
of the Somos-5 sequences (1.14) and (1.15). The crux of our proof was to view the
underlying elliptic curve as a complex torus, and construct an analytic embedding of
this torus in the Schubert surface, such that the required algebraic identities for the two
sets of Schubert parameters are valid for all complex values of the argument, and in
particular at an infinite discrete set of points corresponding to the indices n € Z. The
indices n > 1 provide infinitely many distinct triangles, while under the involution
n — —n — 4 the indices n < 0 correspond to the same set of triangles repeated with
reversed orientation via the symmetry a <> b, together with a finite number of singular
values.

It would also be possible to prove Theorem 3.3 by purely algebraic means, using
(2.44) and the 2-isogeny (2.52), but this would require extensive amounts of computer
algebra, without providing much insight into the problem. Our hope was that the
analytical approach would give a better understanding of the structure of the triangles
in the main sequence, and suggest whether this might allow the sporadic solutions to
be extended to other infinite families, perhaps by writing them in terms of different
Somos sequences, as well as possibly shedding some light on the harder problem of
showing why no perfect triangle exists. However, the detailed features of the solutions
in the main sequence appear to rely on specific arithmetical properties of the group
of rational points on the curve C, and even the particular numerical values of the
coordinates of the two generators, and we have been unable to generalize this to
produce one or more other infinite families. Nevertheless, the prime factors of the
Schubert parameters and reduced lengths for the sporadic triangles (see Tables 8 and
9) give tantalizing hints that there might be other families that these solutions could
belong to, only with a different structure compared with the main sequence. A more
extensive computer search, and the discovery of more new solutions, would provide
further evidence in this direction, or otherwise suggest that these four solutions are
truly sporadic.
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