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QUADRATIC DIOPHANTINE EQUATIONS
WITH APPLICATIONS TO QUARTIC EQUATIONS

AJAI CHOUDHRY

ABSTRACT. In this paper, we first show that, under cer-
tain conditions, the solution of a single quadratic diophan-
tine equation in four variables Q(z1, z2, 3, x4) = 0 can be
expressed in terms of bilinear forms in four parameters. We
use this result to establish a necessary, though not sufficient,
condition for the solvability of the simultaneous quadratic
diophantine equations

Qj(x1, w2, x3, z4) =0, j=1, 2,

and give a method of obtaining their complete solution. In
general, when these two equations have a rational solution,
they represent an elliptic curve, but we show that there
are several cases in which their complete solution may be
expressed by a finite number of parametric solutions and/or
a finite number of primitive integer solutions. Finally, we
relate the solutions of the quartic equation

y2 =t + a1t3 + a2t2 +ast+ aq

to the solutions of a pair of quadratic diophantine equations,
and thereby obtain new formulae for deriving rational solu-
tions of the aforementioned quartic equation starting from
one or two known solutions.

1. Introduction. In this paper, we study the solutions of the single
quadratic diophantine equation,

(1.1) Q(xl, To, I3, .584) ZO7

as well as solutions of a pair of simultaneous quadratic diophantine
equations,

(12) Qj(xh T2, T3, 1‘4) - Oa J: 17 27
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where
Q(‘Tla X2, T3, $4) and Qj(xla X2, I3, IL‘4), j: 17 27

are quadratic forms with rational coefficients in four variables x;,
i =1,2,3,4. We also consider the application of these solutions to
the quartic diophantine equation,

(1.3) y? = t* + ait® + ast® + ast + ay,

where the coefficients a;, ¢ = 1, 2, 3, 4, are rational numbers.

The usual method of solving equation (1.1), as described in [1, page
432], consists of first finding a single numerical solution, and then using
it to obtain the complete solution. This complete solution is obtained
in terms of polynomials of degree 2 in three parameters. There are very
few equations of type (1.1) for which the existing literature gives the
complete solution in terms of bilinear forms in four parameters (see,
for instance, [2, page 15]). We show that the complete solution of the
quadratic diophantine equation (1.1) can be expressed, under certain
conditions, in terms of bilinear forms in four variables. For instance,
the complete solution of the diophantine equation,

(1.4) 27023 + 762129 + 1522123 — 1625 — 482923 — 3523 + 327 = 0,
may be expressed as,

x1 = 4dpm—2qn, xo = (117p—+4q)m + (2p — 65q)n,

1.
(15) r3 = —(72p+2¢)m — (p—40¢)n, x4 = 2gm —pn,

where p, g, m, n, are arbitrary parameters.

In fact, in Section 2, we obtain a necessary and sufficient condition
for the solution of an equation of type (1.1) to be expressed in terms
of bilinear forms and give a method of obtaining such solutions.

In Section 3, we obtain a necessary condition for the solvability of
the simultaneous equations (1.2) and give a method of obtaining their
complete solution when this condition is satisfied. It is well-known
that, in general, when the two equations have a rational solution, they
represent an elliptic curve. We show, however, that there are numerous
cases when the complete solution of these equations may be given by
one or more parametric solutions and they may have, in addition, a
finite number of primitive solutions. As an example, the complete
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solution of the simultaneous diophantine equations,

3 — 923 — 23 + 427 = 0,
(1.6) 32? — 30x 29 — 42103 — 973 — 122973
—7x§ + 122324 + 41‘3 = 0,

is given by two parametric solutions, a linear solution, namely,
(1.7) x1 = 2m, x9 =2n, x3 = —2m, x4 = —3n,

and a solution of degree 3,

xy = 6m2n — 108mn? + 270n3,

zo = 2m?® —8m2n + 18mn2 — 36n3,
(1.8) _ 2 2 3

r3 = 30m°n — 36mn~ + 270n°,

z4s = 3m®—12m2n + 63mn? + 54n3,

where m, n are arbitrary parameters.

In Section 4, we derive formulae giving new solutions of the quartic
equation (1.3) starting from one or two known solutions. While there
is a vast amount of literature dealing with equation (1.3), the formulae
given in Section 4 do not seem to have been obtained earlier. The
solutions of (1.3) obtained by these formulae are much simpler than
those obtained by existing methods.

With respect to the solutions of homogeneous diophantine equations
of type (1.1) or (1.2), we note that the existence of any rational solution

(mlv T2, T3, {174) = (ala a2, (3, a4)
implies that
(Il, To, I3, I4) = (k’O&hk a9, ]CO[3, kOé4), k S Q\{O}

is also a rational solution, and all such solutions will be considered
equivalent. This equivalence class of solutions will be considered as a
single solution of the equation(s) under consideration.

2. The diophantine equation Q(zi, x2, x3, z4) = 0. In this
section, we first prove a preliminary lemma regarding the diophantine
equation

(2.1) almf + agscg + a3x§ + a4:ci =0,
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and then prove a theorem that gives a necessary and sufficient condition
for the complete solution of this equation to be expressed in terms of
bilinear forms in four parameters. We also obtain this bilinear solution
explicitly when this condition is satisfied. Next, we prove two theorems
that give conditions for the existence of bilinear solutions of the general
quadratic equation (1.1) and show how such solutions can be obtained.
We also give a couple of examples of bilinear solutions of quadratic
equations.

2.1. Bilinear solutions of the equation Q(z1, z2, x3, x4) =0.
Lemma 2.1. If a;, i = 1, 2, 3, 4, are nonzero rational numbers such
that ayasazay is a perfect square, the diophantine equation

(2.2) a123 + apwi + azri +aqxi =0

has a montrivial solution in integers if and only if the diophantine
equation

(2.3) a1y; + asys +azy; =0

has a nontrivial solution in integers.

Proof. If ajazazas = k%, k € Q\ {0}, and equation (2.2) has a
nontrivial solution in integers, two of the coefficients a; must be positive
and two must be negative. We assume without loss of generality that a;
and as are positive and a3 and a4 are negative. If v; = oy, 1 =1, 2, 3, 4,
is a nontrivial solution of (2.2), we write

B1 = ax(kasay + arazaqas),
(24) ﬂg = al(ka1a4 — (lgagagag),
B3 = alag(a3a§ + as0?).

We note that 83 # 0 since the relation 83 = 0 would imply that both a3
and a4 are 0, and hence, both a; and as must also be 0, contradicting
the fact that x; = «; is a nontrivial solution of (2.2). Now, on using
the relation aiasasas = k2, we get

alﬁf—l—agﬁ%—i—agﬂg = a%agag(agag+a4ai)(a1a?+a2a§+a3a§+a4ai)
=0.

It follows that y; = f;, ¢ = 1, 2, 3, is a nontrivial solution of (2.3).
Conversely, if y; = 8;, ¢ = 1, 2,3, is a given nontrivial solution
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of (2.3), a nontrivial solution of (2.2) is given by (z1, 22, T3, T4) =
(81, B2, B3, 0). This completes the proof. O

Theorem 2.2. Ifa;, i =1, 2, 3, 4, are nonzero rational numbers, the
complete solution of a solvable equation of type (2.2) can be expressed
in terms of bilinear forms in four parameters if and only if ajasazay
is a perfect square. If ajasasay = k% and x; = oy, i = 1,2, 3, 4, is
a nontrivial solution of equation (2.2) such that aza3 + asa3 # 0, this
complete bilinear solution of (2.2) is given by
x1 = (a1a301 a3 + kasay)ajazsagpr
— (agazazaz — kayay)aiazasps
- (CLQCLgOézOég — ka1a4)a1a2a4qr
— (a1azor a3 + kasay)aiasgs,
(2.5) o = (agazasag — ka1a4)a%a4pr
+ (arasaras + kagsay)ayasaysps
+ (a1azaras + kasay)ajasasqr
— (azazanas — karag)arazaags,
T3 = —a1a2a4(a3a§ + a4ai)(a1pr + asqs),
T4 = —arazk(azai + asa’)(ps — qr),
where p, q, v and s are arbitrary parameters.

Alternatively, if y; = Bi, i = 1, 2, 3, is a solution of equation (2.3)
such that B3 # 0, the complete bilinear solution of (2.2) may be written
as follows:

z1 = aa(a1B1p + a2B2q)r — azas(—PFap + £19)s,

Ty = aras(—Lop + B1q)r + as(a1 fip + a2P2q)s,
(2.6)

x3 = —aaPB3(arpr+ azqs),

ry = kpBs(qr—ps)

where, as before, p, q, v and s are arbitrary parameters.

Proof. If ajasazay = k%, k # 0, and equation (2.2) is solvable, it
follows from Lemma 2.1 that equation (2.3) necessarily has a nontrivial
solution, and we may take this solution as y; = 5;, ¢ = 1, 2, 3, with
B3 # 0. We will now obtain the complete solution of (2.2) by using the
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linear transformation given by

(2.7)
a1a4ﬁ1 —a2a451 a2a4ﬁ2 a2a452 X1
—a1a4f2  asasfB2  arasfr arasBi| | Xo
T1 To Xz X4 =
[ @2 a5 ] —a1a4f03 —a20403 0 0 X3
0 0 —k‘ﬁg, kﬁ?, X4

As the determinant of the matrix of this linear transformation works
out to 4kajagaiB3(a18? + azf3), which is not zero since 83 # 0, the
linear transformation (2.7) is invertible. Applying this transformation,
equation (2.2) becomes

as{(a1 X1 — a2 X2)? + a1az(Xs3 + X4)*)Ha1 67 + a2f33)
(28) +{a%a3a4X12 + 2a1a2a3a4X1X2 + a§a3a4X22
+k?(X3 — X4)?} B3 = 0.

Using the relations 33 = —(a18% + a283)as (which is a consequence
of y; = Bi, i = 1, 2, 3, being a solution of (2.3)), and k? = ajasazay,
equation (2.8) reduces to

(2.9) —dayazas(ai B + a283)(X1X2 — X3X4) =0,

where we note that 4ajasas(a18? + a283) # 0. Thus, we get X1 Xo —
X3X,4 =0, and as is well-known [3, page 69], the complete solution of
this equation is given by

(210) Xl = pr, X2 =4qs, X3 = ps, X4 =4qr.

With these values of X;, the complete solution of (2.2) is given by
(2.7). This is a bilinear solution which is given explicitly by (2.6). If
x; = a4, i =1, 2, 3, is a nontrivial solution of equation (2.2) such that
aza3+asa3 # 0, we may take the values of 3;, i = 1, 2, 3, as defined by
(2.4) and, substituting these values in (2.6), we get the bilinear solution
(2.5).

We will now prove that, if equation (2.2) has a bilinear solution in
four parameters, then a;asaszay must necessarily be a perfect square. If
equation (2.2) has such a bilinear solution, it also has a linear solution
in terms of two independent parameters, and therefore, without loss of
generality, we may take x; and x5 as arbitrary and write this solution
as

r3 = fir1 + fora and x4 = f3x1 + fax2,
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where f;, i = 1, 2, 3, 4, are rational numbers. We note that both f;
and fo cannot be 0. Substituting these values of 3 and x4 in (2.2), we
get

(a1 + ffas + fias)x? 4 (2f1f2as + 2f3 faas) w122

2.11
( ) +(as + f2asz + flaq)z2 = 0.

Since (2.11) is identically true for all values of x; and x2, the coefficients
of 22, x129 and 3 in (2.11) must be 0, and we thus get three equations
which can be solved for a1, as and as. If f; and fo are both nonzero,
the values of a1, as and a3 lead to the relation

(2.12) arazasas = ai(fifs — fof3)?f5 f1 /(ST 13)-

If f1 = 0, then for equation (2.11) to be identically satisfied for all z;
and z2, we must necessarily also have f; = 0 and we then get

2 2
a; = —f3aa, az = —fyas,
so that
202 2 2
arazasas = f5 fiazaj.
Similarly, if fo = 0, we get f3 =0, a1 = —fZas, as = —fZa4 and so

202 2 2

aiazazas = fi frazay.
Thus, in all cases, ajasazay is a perfect square. This completes the
proof. O

Theorem 2.3. If Q(x1, x2, x3, T4) is a quadratic form, with rational
coefficients, in four independent variables x1, T3, x3, T4, the matriz of
the form Q(xz;) is A, and the diophantine equation

(2.13) Q(z1, 22, x3, 74) =0,

has a solution in integers, the complete solution of (2.13) can be
expressed in terms of bilinear forms in four variables if and only if
the determinant |A| is a nonzero perfect square.

Proof. Tt is well-known that any rational quadratic form in n vari-
ables can be reduced by an invertible rational linear transformation to
a diagonal form. Denoting the column vectors

{xh T2, T3, .’,E4} and {ylv Y2, Y3, y4}
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by X and Y, respectively, the transpose of any matrix M by M’, and
the invertible linear transformation that reduces the quadratic form
Q(x1, x2, x3, 14) to a diagonal form by X = PY, we have |P| # 0, and

(2.14) P'AP =diag [a1 a2 a3 a4,

where a; € Q\ {0} (since the form Q(z1, x2, 3, 24) has four indepen-
dent variables), while equation (2.13) reduces to the equation

(2.15) ary; + asys + asys + aayi = 0.
It follows from (2.14) that |P’| - |A| - |P| = aiagasas, and so,
(2.16) ‘P‘Q . |A| = a1020a304.

If the diophantine equation (2.13) is solvable, its complete solution
can be expressed in terms of bilinear forms in four variables if and
only if the complete solution of equation (2.15) can be so expressed.
By Theorem 2.2, this is possible if and only if ajasasas is a nonzero
perfect square, and the theorem now follows readily from (2.16). O

A bilinear solution of equation (2.13) may be obtained by reducing
it, using a suitable linear transformation X = PY, to an equation of
type (2.15), obtaining a bilinear solution of (2.15) by Theorem 2.2, and
finally using the relations X = PY.

We note en passant that it follows from (2.16) that |A| = 0 if and
only if the form Q(z1, x2, x3, 4) has fewer than four independent
variables. When |A] = 0, at least one of the a; must be 0. If
only one of the four rational numbers a; is 0, then equation (2.15),
and so also equation (2.13), cannot have a linear solution in two
independent parameters. If two of these four numbers, say as and
ayg, are 0 and —ajag is a perfect square, it is readily seen that both
equation (2.15) and equation (2.13) have a linear solution in three
independent parameters, and the same is true if three of the four
numbers a; are 0.

We now prove a theorem which shows that, even under the weaker
assumption that equation (2.13) has a solution in linear forms in two
variables, it is true that |A| is a nonzero perfect square.

Theorem 2.4. If Q(x1, x2, x3, T4) is a quadratic form, with rational
coefficients, in four independent variables x1, x3, T3, T4, the matrix
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of the form Q(z;) is A and the diophantine equation (2.13) has a
solution in terms of linear forms in two independent variables, then
|A] is a nonzero perfect square and the complete solution of (2.13) can
be expressed in terms of bilinear forms in four variables.

Proof. As in Theorem 2.3, we apply an invertible linear transforma-
tion X = PY to reduce equation (2.13) to the diagonal form (2.15),
and further, we have |P|? - |A| = ajazazay. Equation (2.15) will also
have a solution in terms of linear forms in two independent variables,
and since we have already shown in the last part of the proof of Theo-
rem 2.2 that, in such a situation, ajasasas must be a nonzero perfect
square, it follows that |A| = ajasaszas|P|~2 must also be a nonzero
perfect square. It now follows from Theorem 2.3 that the complete
solution of (2.13) can be expressed in terms of bilinear forms in four
variables. ]

2.2. Two numerical examples. We now give two numerical exam-
ples illustrating the application of the results of subsection 2.1. As a
simple example, we consider the quadratic equation

(2.17) o3 — x5 — 23 + 423 =0,

which has a solution (z1, 9, x3, 4) = (1, 0, 1, 0), and the product
aiasazay is a perfect square, namely 36, so the conditions of Theo-
rem 2.2 are satisfied. Using (2.5) and replacing r and s, respectively,
by m/18 and n/18, respectively, we obtain the following complete so-
lution of (2.17):

2pm + 18¢qn, To = 2pn+2qm,
—2pm + 18qn, x4 = —3pn+ 3gm,

T1
T3

(2.18)

where p, ¢, m and n are arbitrary parameters.

As a second example, we consider equation (1.4), which has a
solution (x1, xe, 3, x4) = (0, 2, —1, —1), and the determinant of its
matrix A works out to 36, which is a perfect square. Applying the
linear transformation,

T1 =Y1 — Y2+ ¥s, To = 31y; — 29y, + 26ys3,

2.19
(2.19) z3 = —19y1 + 18y2 — 16ys, T4 = Ya,
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reduces equation (1.4) to the diagonal form,
(2.20) Yt +2u5 — 6y3 — 3yi =0.

Equation (2.20) has a solution (y1, y2, y3, ¥4) = (1, 1, 0, 1) and, ap-
plying Theorem 2.2, we get a bilinear solution of (2.20) which, on sub-
stituting r = —m/18,s = —n /36, may be written as follows:

y1 = (2p+2q)m + (p — 2g)n,
Y2 = (=p+2¢)m + (p+ ¢)n,
Y3 = pm +qn,

Y4 = —pn + 2qm,

(2.21)

where p, ¢, m and n are arbitrary parameters. Now, using the relations
(2.19), we get the bilinear solution (1.5) of equation (1.4).

We note here that the complete solution of equation (1.4), obtained
by the usual method as described in [1, page 432], is as follows:

1 = 16pg + 26pr,

(2.29) zo = B540p® + 152pq + 304pr — 16¢> — 70gr — 7012,
x3 = —270p% — 76pq — 152pr + 16¢> + 64qr + 61r2,
x4 = —270p% — 76pq — 152pr + 16¢> + 48¢r + 35r2,

where p, ¢ and r are arbitrary parameters. The bilinear solution (1.5) is
also a complete solution and is clearly much simpler than the complete
solution (2.22).

3. A necessary condition for the solvability of a pair of
quadratic equations. In this section, we consider the solvability of a
pair of simultaneous quadratic diophantine equations in four variables.
Naturally, each of the two equations must be individually solvable for
otherwise, the question of their having a common solution does not
arise. We first prove a theorem that gives a necessary, although not
sufficient, condition for the solvability of such equations, and then we
describe a method of obtaining all integer solutions when this condition
is satisfied.
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Theorem 3.1. A necessary condition that the simultaneous equations
in four independent variables,

(3.1) Q1(z1, 2, 3, 4) = O,
(3.2) Q2(w1, 22, 3, 14) = 0,

have a nontrivial solution in integers is that there exists a nontrivial
solution in integers of the quartic equation,

(33) 772 = f(gl, 52) = ‘A(gla 52)|7
where A(&1, &) is the matriz of the quadratic form

&Q1(x1, 2, 3, T4) + LQ2(w1, T2, T3, T4).

Further, a necessary condition that there exist at least two distinct
solutions of the simultaneous equations (3.1) and (3.2) is that there
exists an integer solution of equation (3.3) with n # 0.

Proof. Any rational solution (&1, &2, 1) of (3.3) implies the existence
of an integer solution (k¢y, k&z, kn) for a suitably chosen value of k,
and hence, wherever required, it suffices to prove just the existence of
a rational solution of (3.3).

We will first show that, when the simultaneous quadratic equations
(3.1) and (3.2) have two distinct integer solutions, then (3.3) has a
solution in integers with i # 0. Let A;, 7 = 1, 2, be the respective
matrices of the quadratic forms Q;(z;), j = 1, 2. If either of the
determinants | A;|, say |A;|is a nonzero perfect square, say 77, a rational
solution of equation (3.3) is given by (&1, &2, 1) = (1, 0, 71).

Next we assume that neither |A;| nor |As| is a perfect square. If
(z1, T2, T3, T1) = (a1, @2, a3, a4)
and

(z1, 2, T3, Ta) = (B1, Ba, B3, Ba)
are two integer solutions of equations (3.1) and (3.2), we substitute
(3.4) i =a;m-+Bin, 1=1, 2, 3, 4,
into the equation

(35) lel(I17 T2, I3, x4)+§2Q2(zla x2, T3, 'I4) :Oa



780 AJAI CHOUDHRY

whence we obtain the equation
(3.6) mn (& hy + &2hs) = 0,

where both h; and hs are determined by «;, ¢ = 1,2, 3,4, and
Bi, i = 1,2,3,4. We note that both h; and hs must be nonzero
since either h; being 0 would imply that (3.4) is a linear solution in
two independent parameters m and n of the corresponding equation
Qj(z1, x2, 3, 4) = 0, and, in view of Theorem 2.4, the corresponding
determinant |A;| must be a nonzero perfect square contradicting our
assumption. Taking & = —hy and & = h;, we observe that a linear
solution of equation (3.5) in terms of two independent parameters m
and n is given by (3.4), and hence it follows from Theorem 2.4 that,
with these values of ¢;, j = 1, 2, the determinant A(&, &2) must be a
nonzero perfect square, that is, the diophantine equation (3.3) has a
nontrivial solution with n # 0.

We will now consider the case when the simultaneous equations (3.1)
and (3.2) have just one solution in integers, say

(.731, T2, I3, .'134) = (Oél, 2, a3, 044),

where we assume without loss of generality that ay # 0. By the
invertible linear transformation defined by

T1=Y1 +0o1Ys, T2 =Y2+ Q2Ys, T3 =Y3+ A3Y4, T4 = 04Y4,
we transform these two equations to the corresponding equations
Qi(y1, Y2, Y3, ya) =0, j=1,2,
which have just one solution, namely,

(yla Y2, Ys, y4) = (Oa Oa Oa 1);

and hence, the two quadratic forms Q; (yi), =1, 2 may be written as
follows:

Qll(ylv Y2, Y3, y4) = y4L1(y15 Y2, y?)) + Q3(y17 Y2, y3)?

(3.7)
Q5(y1, Y2, y3, ya) = yaLo(y1, y2, y3) + Qa(y1, Y2, y3),

where L;(y1, y2, y3), J = 1, 2, are linear forms, and Q;(y1, y2, ¥3),
j = 3, 4, are quadratic forms respectively, in the variables y1, ys2, y3.
There are now two possibilities:
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(i) If the two linear forms L;(yi, y2, y3), j = 1,2, are linearly
dependent, there exist nonzero integers hi, ho such that

hiL1(y1, y2, y3) + haLa(y1, y2, y3) =0,

and so the quadratic form

hiQ) (Y1, Y2, Y3, Ya) + haQ5(y1, Y2, Y3, Ya)

does not contain y, and therefore has at most three independent
variables. Thus, the determinant of the matrix of this quadratic form
must be 0, and hence the determinant of the matrix of the quadratic
form

h1Q1(z1, w2, 3, T4) + haQ2(21, T2, T3, 24)

is also 0. Thus, |A(h1, he)| = 0, and (&1, &2, n) = (h1, he, 0) is a
nontrivial solution of equation (3.3).

(i) If the two linear forms L;(y1, Y2, ¥3), 5 = 1, 2, are linearly
independent, we choose a suitable arbitrary third form Ls3(y1, y2, y3)
such that the three forms L;(y1, y2, ¥3), j = 1,2, 3, are linearly
independent, and apply the invertible linear transformation defined by
Li(yi, y2,y3) = 2, j = 1,2,3, and ys = 24 to the two quadratic
forms Q}(yi), j = 1, 2, , to get corresponding quadratic forms Q7 (2;),
7 =1, 2, which may be written as follows:

(3.8)
QV(z) = 2421+ a12? + 223 + azz2 + aszo23 + asz1 23 + agz1 22,

,2/(2’1) = Z422 +b12% +b22§ +b32§ +b42223 +b52123 +b62122,

where the coefficients a;, b;, j = 1,...,6, can be effectively computed.
The two equations @7 (z;) = 0, j = 1, 2, necessarily have just one
solution in integers, namely,

(Zlv 22, Z3, Z4) = (07 07 O’ 1)3
and hence both a3 and b3 cannot be 0.
Next we consider the equation
b3Q7 (z:) — asQy (z) = 0.

On substituting zo = z; and cancelling out the factor z;, this equa-
tion reduces to a linear equation and hence the equation bsQY(z;) —
a3Q%(z;) = 0 has a linear solution in two independent parameters. It
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follows that the corresponding equation

b3Q1 (i) — azQ2(x;) =0

also has a linear solution in two independent parameters, and hence
by Theorem 2.4, the determinant of the matrix of the quadratic
form b3Q1(z;) — asQ2(z;) must be a nonzero perfect square. Thus,
|A(bs, —as3)| is a nonzero perfect square and hence equation (3.3) has
a nontrivial solution.

Thus, even when the simultaneous equations (3.1) and (3.2) have

a single solution in integers, the diophantine equation (3.3) has a
nontrivial solution in integers. This completes the proof of the theorem.
O

It is interesting to note that the simultaneous equations (3.1) and
(3.2) may essentially have just one numerical solution, while the corre-
sponding equation (3.3) has infinitely many solutions. As an example,
the two equations,

Q1(w1, w2, w3, 4) = X102 — 2324 =0,
(3.9) Qa(w1, 22, T3, T4) = (71— 322)2 + (21 — x3)2
+(-T1 - 1'4)2 = Oa

have only one solution, namely (x1, z2, 3, z4) = (1, 1, 1, 1), while the
determinant

|A(&1, &)| = &1 (&1 + 26) (&1 — 6£2) /16,

and hence equation (3.3) is easily seen to have infinitely many solutions.

We have noted earlier that the condition of Theorem 3.1 is not
sufficient for the solvability of the two equations. This is illustrated
by the two equations,

Qi(z1, 2, x3, T4) = T1T9 —x324 =0,
(3.10) Q2(z1, 22, T3, 74) = (21— 22)%+ (21 — 73)2
+(Tz1 — 24)%? =0,

which clearly do not have a nontrivial solution in integers even though
both are individually solvable, the determinant

|A(&1, &)] = (&F — 43¢, — 204€3€3 — 96€,£3) /16,
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and equation (3.3) has infinitely many solutions, two of them being
(&1, &, n)=(0, 1, 0) and (&, &2, n) = (54, 2, 549).

3.1. A method of solving a pair of simultaneous diophantine
equations in four variables. We will now use Theorem 3.1 to
determine the solvability of a given pair of simultaneous diophantine
equations (3.1) and (3.2) and show that the complete solution of these
equations may be obtained by solving the equivalent system consisting
of either (3.1) or (3.2) and the equation

(311) 51@1(1’17 T2, T3, x4)+£2Q2(xla T2, T3, fE4) :Oa

for appropriately chosen &; and &s.

As before, let A(&1, §2) be the matrix of the quadratic form
&1Q1(x;) +E&Q2(x;). We now consider the solvability of equation (3.3).
If it has no nontrivial solutions in integers, it follows from Theorem 3.1
that the pair of equations (3.1) and (3.2) has no nontrivial solutions.
As an example, when

Qi(z;) = af+223—a3—af,

(3.12)
Q2(z;) = 722+ 4xix9 + 1423 — 623 + 27374 — 877,

both the equations Q;(z;) = 0, j = 1, 2, individually have infinitely
many solutions, but

A1, &2)| = 32(€7 + 14616 + 4763)°,

and so equation (3.3) does not have any nontrivial solutions. Hence,
these simultaneous equations are not solvable.

When equation (3.3) is solvable, we will choose a suitable integer
solution of (3.3), solve the corresponding equation (3.11) and use this
solution to obtain the complete solution of equations (3.1) and (3.2).
During this process, we may need to solve quartic equations of the type

(3.13) 772 = 0054 + 0153 + 0252 + c3& + ¢y,

where ¢;, 7 = 1,...,4, are rational numbers. While there is no algorithm
that will give a numerical solution of an equation of type (3.13) in every
case, such a solution can often be found using programs such as APECS.



784 AJAI CHOUDHRY

The following two subsections, based on reducibility of the quar-
tic form |A(&1, &2)], discuss the method further and give illustrative
examples.

3.1.1. The determinant |A({, &)| has a linear factor. In this
case, it is simplest to choose integer values of & and & such that
|A(&1, &) = 0 so that equation (3.11) has fewer than four independent
variables. We now apply an invertible linear transformation X = PY
to reduce this equation to the diagonal form (2.15), where one or more
of the coefficients a; must be zero. We obtain the complete solution
of this equation (including its trivial solutions!), determine the values
of x;, 1 = 1,...,4, by using the relations X = PY, substitute these
values in (3.1) (or in (3.2)) and solve the resulting equation to obtain
the complete solution of the simultaneous equations (3.1) and (3.2).

There are several possibilities depending on the solvability of the
reduced equation (2.15). We give four examples illustrating different
types of solutions that can be obtained.

For the simultaneous equations,

(3.14) Qi(zi) = af+5a3 —Adwgxy — 323+ 2257 = 0,
. Q2(z;) = x% + 31’% — 2x9x4 — 21':2,) + xi = 0,
we have

|A(&, &) = — (&1 + &) (26 + &) (3¢ + 26),
201 (i) — 3Q2(zi) = —(z1 + @2 — z4)(T1 — T2 + 24),

and the complete solution is given by

z1 = (m? —n?), zy = 2mn, x5 = (M?> +n?), x4 = (M? + 2mn — n?),

and

1 = (m? —n?), zy = 2mn, x3 = (M*+n?), 24 = —(m* —2mn —n?),

where m and n are arbitrary parameters.
As a second example, for the simultaneous equations,
Q1(z;) = 23 4 544w 129 — 3202123 — 272
(3.15) + 320x9x4 — 23 + 32022 = 0,



we have

|A(&1, &)] = 320(&1 + 2£2)(299&; + 599€2) (976, + 193&,)3,

(z1, 2, x3, x4) = (3, 4, 5, —2) and the two parametric solutions

Z1
Z2
z3
Ty

and

il
T2
xs3
Ty

QUADRATIC DIOPHANTINE EQUATIONS

Q2 (z;) = 22 + 1088z 25 — 640173 — 5523

+ 6402924 — 73 + 64023 = 0,

2Q1 (x;) — Q2(x;) = x] + a3 — a3,

and the complete solution is given by the single numerical solution

—119m* — 480m®n — 350m3n? + 25n?,

120m* + 200m3n + 120m2n? + 200mn3,

169m* + 480m3n + 450m?n? + 25n4,

—155m* — 186m3n + 300m?n? + 70mn® — 25n4,

—119m* — 480m3n — 350m3n? + 25n?,

120m* + 200m3n + 120m?n? + 200mn?,
169m* + 480m>n + 450m?n? + 25n*,
35m?* — 14m3n — 420m2n? — 270mn3 + 25n?,

where, as before, m and n are arbitrary parameters.

As a third example, for the simultaneous equations,

(3.16)

Q1(z4)
Q1 (i)

m% + 41'% + 8xox3 + 8xoxy
+523 + 162374 + 823

23:% + 5x§ + 8xox3 + 8oy
+4x3 + 162374 + 823

= O’

= 0,

785

we obtain just four solutions, namely (+2, 0, 2, —1) and (%2, 0, 2,—3).

Finally, the pair of quadratic equations,

(3.17)

Q1(z:)
Q2(x5)

x% + Gx% + 22923 + 162074
—43:% + 8x3T4 + 1658421

21’% + 71'% + 221?21’3 + ].6(1?2334
—523 + 8x3wq + 1627

have infinitely many solutions that are given by

T :4(62_1)7 1‘2:8§, I3:4(§2+1)7 1”4:—52—451‘:277—1,

Il
o
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where ¢ and 7 are related by
(3.18) =8+ e+

Equation (3.18) represents an elliptic curve of rank 1 with a point
of infinite order being given by (¢, ) = (=1, 1). We can thus find
infinitely many solutions of (3.18) and hence also of the above pair of
quadratic equations.

3.1.2. The determinant |A({;, &2)| does not have a linear factor.
In this case, we take & = &£ and replace n by néf when (3.3)
reduces to an equation of type (3.13) and we have to determine its
solvability. If (3.3) has no integer solutions, Theorem 3.1 ensures that
the simultaneous equations (3.1) and (3.2) have no integer solutions. If
(3.3) has an integer solution, we choose integer values of £; and & such
that |A(&1, &)| is a perfect square, and obtain the complete solution of
equation (3.11) in terms of bilinear forms. On substituting this solution
in (3.1), we get a parametrized quadratic equation whose solvability
depends on the solvability of another quartic equation of type (3.13).
We thus determine the solvability of the simultaneous equations (3.1)
and (3.2) and obtain their complete solution.

As an example, we consider the simultaneous equations,

Q1(x;) = 23— 923 — 2% + 423 = 0,
(3.19) Q2(zi)

3:5% —30x120 — 4123 — 9:5%
—12x923 — 7:c§ + 12x324 + 4x§ = 0.

This is the pair of equations (1.6) mentioned in the introduction. Here,

|A(€1, &)| = 36(&F + 661& + 2083)2,

and so any linear combination of the two equations has a bilinear
solution. We note that the equation Qi(x;) = 0 is the same as
equation (2.17), and its solution is given by (2.18). On substituting
the values of z; given by (2.18) in Q2(z;) = 0 and solving the resulting
equation, we obtain the complete solution of equations (3.19), as given
by (1.7) and (1.8).
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As a second example, we consider the two simultaneous equations,

Q1(x;)) = 627 —4dry39 + 42973 — 362914
—bx? — 273 = 0,
(320) Qa(x;) = 1122 — 8xyx9 + 423 + 81273
—T2x9x4 — 93:% — 63xi = 0.

Here, we get
|A(&1, &)| = 9828¢1 + 7833685 & +234360£165 + 31161661 €5 +155268¢5,

and taking (&1, &2) = (2, —1) makes |A(&;, &2)| a perfect square so that
the equation 2Q1 (x;) — Q2(z;) = 0 has a bilinear solution which is given
by

x1 = 6pm + 6gn, xo = —3pm + 3gn, x3 = 6gm + 6pn, x4 = 2gm — 2pn.

On substituting these values of z; in either of the two equations (3.20),
we get the quadratic equation

(2p* + pq — 2¢>)m” + (—2p” + 2pq — ¢*)mn + (—2p* + 2pq + ¢*)n* = 0,

which has a rational solution if and only if p, ¢ are chosen such that
the discriminant 20p* — 16p3q — 24p%q¢® + 8pq® + 9¢* becomes a perfect
square. We thus obtain the following solution of the simultaneous
equations (3.20):

r1 = 1263+ 1262 4+ 18¢ + 6n€ — 24,
To = —6&3+ 182 + 3¢ —3n¢ — 12,
x3 = 243 4 24€2 — 36€ + 61+ 6,
gy = -8 4+4E+2n42,

where ¢ and 7 are related by n? = 206* — 16£3 — 24£2 + 8¢ + 9. This
last quartic equation represents an elliptic curve of rank 3, three points

of infinite order being
15
(57 77) - (2a 2)7

(& n)= (—;g)
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and

14 4897

We thus get infinitely many solutions of equations (3.20), the solu-
tion arising from the first of the aforementioned three points being
(Il, To, T3, SE4) = (6, 21, —24, —16)
As a final example, we consider the simultaneous equations,
Q1(z;) = 23 — 22120 — 925 + 322 — dwzwy + 1127 = 0,

3.21
(3:21) Qa2(z;) = 623 — 2129 + 25 — 15235 — 2w324 — 1127 = 0,

both of which individually have infinitely many solutions. Here we get

A6, &)l = -0t asagtea (T )eied- (250 et vou,

and taking & = 4, & = 3 makes |A(&1, &)| a perfect square so that
the equation 4Q1(z;) + 3Q2(x;) = 0 has a bilinear solution, which is
given by

r1 = 12pm + 4qn,
T9 = 8pm — 4qn,
r3 = bgm + bpn,
x4 = —5gm + 15pn.

On substituting these values of z; in either of the two equations (3.21),
we get the quadratic equation

(75¢ — 104p*)m? — 166pgmn + (375p* — 16¢°)n? = 0,

which has a rational solution if and only if p, ¢ are chosen such that
the discriminant 400(390p* —229p%¢% +12¢*) becomes a perfect square.
It is readily established by elementary congruence considerations that
this discriminant can never become a perfect square for integer values
of p and ¢. Thus, the simultaneous equations (3.21) do not have any
integer solutions.

4. Applications to quartic diophantine equations. We will
now use bilinear solutions of quadratic diophantine equations to obtain
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rational solutions of the quartic diophantine equation
(4.1) y? = t* + a1t® + ast® + ast + au,

where the coefficients a;, © = 1, 2, 3, 4, are rational numbers. This
equation represents a quartic model of an elliptic curve and has been
studied extensively. Various methods of finding rational solutions of
this equation are discussed in [1, pages 639-644] and [2, pages 69—
70, 77-78]. However, explicit formulae have not been published for
deriving new rational solutions of (4.1) starting from one or two known
solutions of this equation. The reason for this seems to be that the
existing methods lead to cumbersome formulae.

In subsection 4.1, we prove a theorem that gives formulae by which
new rational solutions of (4.1) may be obtained starting from either
a single rational solution of (4.1) or from two such solutions. In
subsection 4.2, we will show these formulae generate rational solutions
of (4.1) that are much simpler than the solutions obtained by existing
methods. Finally, in subsection 4.3, we show that, when two solutions
of the more general quartic equation

(4.2) y? = aot* + a1t® + ast? + ast + au,

are known, we can still use the theorem of subsection 4.1 to find new
rational solutions of (4.2). As in the case of equation (4.1), these
solutions are also much simpler than the ones obtained by existing
methods.

4.1. Rational solutions of the equation y? = t* + a;t3 + ast® +
ast + ay.

Theorem 4.1. If (t1, y1) is any rational solution of equation (4.1) with
11 # 0, a new rational solution of (4.1) is given by (t11, y11), where

(4.3)
t11 = {—4(263 + 2a1t; + az)y? + 4(2t1 + art? — asty — 2a4)y;

+ (43 + 3a1t? + 2a9t; + az)?}
X [4y1{(4t1 + al)yl + 425:1)) + 3(1125% + 2ast1 + ag}}il,
Y11 = {6498 + (12813 4 64a1t; — 1647 + 64az)y> + (320t + 320a,t3
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+ (96a3 + 64a)t7 + 64(araz — az)ty — 16aiaz + 16a3)y}
+ 8(4t3 + 3a1t? + 2aqty + a3)(16t3 + 12a,t3 + 3ait,
+ ayag — 2a3)ys — 2(4t1 + a1)(4t3 + 3a1t3 + 2asty + as)3y
— (483 + 3a1t3 + 2aaty + a3)*}
x [dyr {(4t1 + a1)yr + 413 + 3a1t? + 2aqty +az}] 2,

provided that
{(4t1 + al)yl + 415? + 30411% + 2a2t1 + a3} # 0.

Further, if (t1, y1) and (t2, y2) are two rational solutions of equa-
tion (4.1) with t1 # ta, a new rational solution of (4.1) is given by

(ti2, y12), where

(4.4)
tiz = {=2y1y2 + 2(t1 — t2)(tay1 — taye) + a1 (ts + t2)tats
+ 2agt1ty + az(ty + to) + 2ay + 2(t3 — tity +13)t1ts}
x {(ty — t2)(2y1 — 2y2 + ax(tr — t2) + 267 — 2t3)} 1,
yi2 = [—(y1 — y2)* = (t1 — t2){(4t1 + ar)yr — (42 + a1)y2} (1 — y2)?
— (t1 — t2)*{(2t1 + 2t2 + a1) (y7 — y3) — 4(t1 — t2)y1y2}
+ (t1 — t2)3{(4t1 + a1) (13 + 21ty + 3t3 + arty + 2a1ts + az)y
— (4ty + 1) (313 + 21ty + 13 + 2a1t1 + arts + az)ys}
+ (t1 — t2) (13 + 2t1to + 3t3 4 a1ty + 2a1ts + az)
X (3t2 4 2t1ty 4+ t3 + 2a1ty + ayts + as)]
x {(t1 —t2)(2y1 — 2y + a1 (t — t2) + 263 — 2t2)} 72,

provided that {2y, — 2y + a1 (t; — to) + 2t7 — 22} # 0.

Proof. If (t1, y1) is a solution of (4.1), we have
as =y; — (11 + a1t} + aati + asty),

and, with this value of a4, it is readily verified using a symbolic
computation software such as MAPLE that (¢11, y11) is a solution of
(4.1). Similarly, if (¢1, y1) and (2, y2) are two solutions of equation
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(4.1), we solve the relations

i = t; +ait] + aot? +agt; +as, i=1, 2,
for a3, a4 and, using these values of a3, a4, it is readily verified by
MAPLE that (¢12, y12) is a solution of (4.1).

While direct computation suffices to prove the theorem, the following
more elaborate proof gives a genesis of the formulae (4.3) and (4.4).

We will first derive the formulae (4.4) that give a new solution of
(4.1) starting from two known rational solutions of this equation.

We make an initial assumption that the coefficients a; satisfy the
condition a‘;’ — 4aias + 4az # 0. We will now establish a relationship
between the rational solutions of equation (4.1) and the solutions of
the simultaneous quadratic diophantine equations given below:

(4.5) Q1(x) = xf + leg + Coxax3 + To2Xy + C3T3T4 + 04%21 =0,

(4.6) Q2(wi) = z172 — 2374 = 0,
where the values of ¢, j =1, 2, 3, 4, are given below:

c1 = (a} —4ay)/16,

2 = —(a} —4ajaz + 4a3)/16,
(47) 3 = —a1/2,

cs = 4(a} —4a?as + 8ajaz — 16ay) /(a3 — 4ayas + 4az)?.

Let (a1, a9, as, aq) be an arbitrary rational solution of the si-
multaneous equations (4.5) and (4.6), and let [aq, @z, ag, aa), writ-
ten briefly as @, denote the equivalence class of all rational solutions
(kaq, kag, kas, kay), where k € Q\ {0}. Let S be the set of all equiv-
alence classes [a, a9, as, ag], where oy # 0, and let T be the set of all
rational solutions (t1, y1) of equation (4.1). We will show that there is
a one-to-one correspondence between the sets S and T'.

Let @ be any arbitrary element of S. We define a mapping ¢ : S — T
as follows:

¢(@) = (to, Yo),

where

to — (a‘;’ —4ajaz+4az)as+8aiay
- 16y ?

(4.8)

_ (a? —4ajaz+4a3){32a1 04— (af —4aias +4a3)a§ —8ajasas}
Yo = 25603 :
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We note that the mapping ¢ is well-defined since it is easily seen
that the values of t; and yy are independent of the scalar factor k.
We will now show that (to, yo) is indeed a solution of equation (4.1).
Since @ € S, we have Q1(a;) = 0 as well as Q2(a;) = 0, and, on
eliminating a3 from these two relations, we find that aq, aso, oy satisfy
the condition f(a1, aa, ay) = 0, where
flan, az, ay) = (a3 — 4aras + 4a3)? 03 — 16(a’ — 4ajay + 4as)azal

— (64a] — 256a%ay + 512a1a3 — 1024a4)a’
— (a} — 4ajay + 4a3)?(a3a? — 8ayasay

— dajay + 16a3)ay.
Now, using the values of (¢, yo) given by (4.8), we find that

yg — (té + altg + Gth + astg + a4) = f(Oq, a9, 054)/(10240(2) =0.

This shows that (fg, yo) is a solution of equation (4.1) and hence
p@) eT.

Next, let (¢1, y1) be any arbitrary element of T. We define a mapping
Y : T — S as follows:

w(th yl) = [517 ﬁ?? 637 54]7

where
= 4((1‘;’ —4daqas + 40,3)(275% +tia1 + 2y1),
(4 9) Ba = —8(&? —4aqiag + 4a3)(2t1 + al),
’ ﬂg = 732(2t% + t1a1 + 2y1)(2t1 =+ al),
By = (a3 —4dajas + 4as3)?.

We will now show that [S1, B2, 83, B4] € S. Tt is readily verified that
Q1(B;) = 0. Further, with the above values of 3;, we get

Qg(ﬁz) = 64(&‘;’ — 4a1a2 + 4&3)2{y§ - (tzll + alt“;' + agt% + a3t1 + a4)}
=0.

Thus, (81, B2, B3, B4) is a solution of the simultaneous equations (4.5)
and (4.6). Finally, we note that, in view of our initial assumption,
B4 # 0. This proves that

[B1, B2, B3, Ba] €S.
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With the above definitions of the mappings ¢ and 1, it is readily
established that, for any (t1, y1) € T, we have ¢(¢(t1, y1)) = (t1, y1),
and for any @ € S, we have ¥ (¢(a@)) = @. We have thus established a
one-to-one correspondence between the two sets S and 7.

Now, let (¢1, y1) and (2, y2) be any two distinct elements of T' such
that ¢ # to. Further, let

w(th yl) = [517 527 637 54]

and

w(t27 y2> = [’717 Y2, V3, 74]7

so that (81, B2, B3, B4) and (71, Y2, ¥3, 74) are two distinct solutions
of the simultaneous equations (4.5) and (4.6). Thus, we have

Qj(ﬂla ﬁ27 ﬁ3a 54) :07 .7: 13 2;

as well as
Qj(’)/la Y25 V3, 74) = 07 j: 1, 2.

The values of 3;, i = 1, 2, 3, 4, are given by (4.9), while the values
of v;, i =1, 2, 3, 4, are given by analogous relations with ¢1, y; being
replaced by ts3, ys, respectively.

We now consider the quadratic equation
(4.10) Q1(z1, x2, T3, T4) +1Q2(71, T2, T3, T4) =0,

where t is some rational number. It is readily verified that the
determinant |A| of the matrix of the quadratic form Q1 (z;) + tQ2(x;)
is

tt + a1t3 + a2t2 + ast + a4.

We will now use the solutions (81, 82, B3, S4) and (71, Y2, V3, Ya) of
equations (4.5) and (4.6) to find a value of ¢ for which equation (4.10)
has a solution in terms of linear forms in two independent variables.
By Theorem 2.4, this value of ¢ will make the determinant |A| a perfect
square, and we will thus obtain a solution of equation (4.1).

We make the following substitution in equation (4.10):

z1 = fim+mn, z2 = fam+yan,

4.11
( ) r3 = fzm+y3n, x4 = Bam+yn.
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Since Q;(B;) =0, j = 1,2 and also Q;(v;) = 0, j = 1, 2, equation
(4.10) reduces to

{(Brv2 + Boy1 — B3va — Baya)t +281m1
(4.12) +(2¢1B2 + 283 + Ba)v2 + (c2B2 + c384)73
+(Ba + 383 + 2¢484) Y4} mn = 0.

We now choose a value of ¢ such that equation (4.12) is satisfied.
We find, using the values of §;,~;, and the values of the coefficients c;,
j=1,2,3,4, given by (4.7), that it is possible to choose such a value
of t when

{201 — 2y2 + ar (b1 — to) + 21 — 265} #0;

and that this value of ¢ is given by t12, as defined by (4.4). Thus,
when ¢ = t12, a solution of (4.10) is given by (4.11) in terms of two
independent linear parameters m and n. It follows from Theorem 2.4
that the determinant of the matrix of the quadratic form Q1(z;) +
tQQ(I’i)7 that iS,

t + a1t3 + a2t2 + ast + ay

must be a perfect square. Thus, ¢ = t15 gives a rational solution of
(4.1).

Using the value of ¢15 obtained above, the corresponding value of
y12 given by (4.4) was obtained by direct computation using MAPLE.

We now consider the quartic equation (4.1), when the coefficients a;
are such that a? —4ayia9 4+ 4a3z = 0, so that our initial assumption does
not hold. In this case, we make a change of variable by replacing ¢ by
t + m, where the value of m is suitably chosen such that coefficients
of the transformed quartic equation do not satisfy the condition a3 —
4ajas+4az = 0. We then use the known solutions (¢1, y1) and (t2, y2) of
equation (4.1) to find corresponding known solutions of the transformed
quartic equation, and use them by applying the formula just found,
in order to find a new rational solution of the transformed quartic
equation, eventually obtaining a new solution of the original quartic
equation (4.1). This new solution is given by (t12, y12), so that the
formulae (4.4) hold even when a3 —4ajas+4az = 0. The only condition
is that

(t1 — t2){2y1 — 2y2 + a1 (t1 — t2) + 2t — 23} # 0.



QUADRATIC DIOPHANTINE EQUATIONS 795

To obtain formulae (4.3), we consider the value of ¢12 given by (4.4)
as a continuous function of ¢5 while ¢; and y; are fixed. We found
that limy, ¢, t12 = t11, where the value of ¢;; is given by (4.3). Direct
computation now confirms that ¢ = ¢1; indeed gives a rational solution
of (4.1) and also yields the value of y11 as given by (4.3). This completes
the proof. |

Corollary 4.2. The quartic function of t given by
(t —a1)(t — a)(t* + ast + ay)

becomes a perfect square if we take t = (a1as —4)/(a1 + ag + as).

This follows immediately from (4.4) by taking (¢1, y1) = (a1, 0) and
(t2, y2) = (agz, 0) as the two known solutions.

Corollary 4.3. The quartic function of t given by
(t —a1)(t — a2)(t* + ast + ag) +m?

becomes a perfect square if we take t = (ayag — 2m —4)/(a1 + a2 + as).

As in the case of Corollary 4.2, this follows immediately from (4.4)
by taking (¢1, y1) = (a1, m) and (t2, y2) = (a2, m) as the two known
solutions.

We note that the formulae (4.4) are symmetric with respect to the
two solutions (¢1, y1) and (2, y2) and so interchanging these solutions
in formulae (4.4) does not yield a new solution. Further, since the
existence of any solution (1, y1) of equation (4.1) automatically implies
the existence of the solution (t1, —y1), we can choose either sign for y;
and yo in (4.3) and (4.4) and, in general, obtain two new solutions
of (4.1) starting from a single known solution and four new solutions
starting from two known solutions. There are, of course, examples when
we get fewer solutions, or in exceptional situations, no new solutions.

4.2. A comparison with existing methods. We will now compare
the results of Theorem 4.1 with the existing methods of obtaining
rational solutions of equation (4.1).
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Fermat gave a procedure (as quoted by Dickson [1, page 639]) of
finding a rational solution of (4.1) under fairly general conditions as
well as of finding a new rational solution of (4.2), starting from a known
solution. The procedure can often, though not always, be repeated
any number of times to obtain infinitely many solutions of (4.1). The
solution of (4.1) obtained by Fermat’s method is given by a rational
function of the coefficients a; with the numerator being a polynomial
of degree 4 in a; and the denominator being a polynomial of degree 3
in a;. Therefore, repetitions of the process rapidly generate rational
solutions of great height.

Mordell [2, page 70], gives a substitution based on two known
rational solutions (¢1, y1) and (¢2, y2) of (4.2), and this yields several
new solutions of (4.2). While the resulting new rational solutions are
not given explicitly, they can be worked out using a software such as
MAPLE and are given by rational functions of (¢1, y1) and (2, y2). For
any given quartic equation of type (4.1), if we take to = O(t1), Mordell’s
method gives one set of solutions in which the numerator is of order
t7, while the denominator is of order #§, and another set of solutions in
which the numerator is of O(#i7), while the denominator is of O(#1°).

We can also apply a birational transformation to the quartic equa-
tion (4.1) to transform it to a cubic equation (see [2, page 77]), ob-
tain two rational solutions of this cubic equation corresponding to two
known solutions of (4.1), use these two solutions to obtain another ra-
tional solution of the cubic equation and, finally, find the corresponding
solution of (4.1) by using the birational transformation. This leads to
very complicated formulae where, again, assuming that to = O(t1), we
find that the numerator of the new solution is of the order of #7, while
the denominator is of order of t§.

As compared to the above, for any given quartic equation of type
(4.1), if we take to = O(t;), the numerator of the solution (4.4) given
by Theorem 4.1 is of order ¢}, while the denominator is of order #3.

We now consider a numerical example. The quartic equation
(4.13) y? =t* —7t3 — 3t 4 48t — 35,
has the solutions

(t, y) = (1, £2) and (¢, y) = (2, £3).
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On applying formulae (4.4) to these solutions, we get four values of
t that make the right-hand side of (4.13) a perfect square, namely,
18, —30/11, 58/9 and —22/3, while applying formulae (4.3) to the
known solutions individually, we get four additional such values of ¢,
namely, 1001/152, —729/248, —121/39 and 421/57. As a comparison,
we now find the values of ¢ that make the right-hand side of (4.13) a
perfect square by various other methods. Direct application of Fermat’s
method gives t = —5961/344, while using the known solutions and
applying other classical methods as discussed in [1, pages 639-640], we
obtain the following values of ¢: 221/97, 141/65, 142/109 and 70/61.
Repetition of the procedures yields solutions of greater height.

The substitution mentioned by Mordell leads to the following values

f¢:
© 1002 2202 169 1201 1547585 52238

4257 2009’ 1127 520 ' 829473 61093

For a further comparison, we used the software APECS to determine
rational solutions of (4.1). First, we reduced the quartic equation (4.1),
by a birational transformation, to the Weierstrass minimal form,

(4.14) Y2 = X% 199X — 29.

Equation (4.14) represents an elliptic curve of rank 4, a basis for
this elliptic curve being given by the four points P; = (—1,13),
Py, = (-5,29), P = (—13,19) and P, = (15,19). The four values of ¢
corresponding to these four points are as follows: 70/61, 6/7, 142/109
and 18, while the four values of ¢ corresponding to the points 2P;, i =
1, 2, 3, 4, are as follows: 877941/130585, 11365/377, —2703129/708263
and —21785/4807. Adding two of the four points P; at a time, we get six
new points on the elliptic curve (4.14), and the values of ¢ corresponding
to these six points are as follows:

223 5961 7401 2287 55 141
317 3447 41127 6807 24’ 65 °

On observing all the solutions obtained by various methods, it
seems to be quite clear that the solutions obtained by the formulae
of Theorem 4.1 compare very well with the existing methods. The
comparison is even better when the coefficients a; of the quartic
function are given in parametric terms, and one or two solutions of
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(4.1) are known, for then the formulae of Theorem 4.1 easily give new
solutions of lower degree as compared to other methods.

4.3. Rational solutions of the equation y? = agt* + a;t> + ast? +
ast + a4. We now show that it is possible to use Theorem 4.1, even in
the case of the more general quartic equation (4.2), provided we know
two solutions (¢1, y1) and (t2, y2) of (4.2) such that ¢; # to. In fact, on
substituting t = s 4+ t1 in (4.2), we get

y2 = bos4 + bls?’ + b282 + bzs + y%,

where the coefficients b; are determined by the coefficients a; and ¢4,
and now the further substitutions y = yY/r?, s = 1/r, yield an
equation of the type

2 _ .4 3 2
Y =7r"+c1r° + cor® 4+ c3r + ¢y,

for which we can readily find a solution corresponding to the known
solution (¢, y2) of (4.2). We have thus transformed equation (4.2) to
an equation of type (4.1) with a known solution and can now apply the
theorem. We illustrate the method by an example.

Consider the equation,
(4.15) y* = 2t* + 3t + 72 — 207t + 379,

for which two known solutions are (2, 7) and (3, 8). The substitution
t = s + 2 reduces the equation to

(4.16) y? = 25* + 1953 + 735% — 795 + 49,

and the further substitutions y = 7Y/r?, s = 1/r, yield the quartic
equation

(4.17) Y2 =7 — (79/49)r + (73/49)r* + (19/49)r + 2/49.

A solution of the quartic equation (4.17), corresponding to the known
solution (3, 8) of equation (4.15) is (1, 8/7), and now, using formula
(4.3), we get two solutions of (4.17), leading to two solutions of (4.15)
given by ¢ = 122/17 and t = 1754/809.

Following the classical method, after obtaining equation (4.16), we
would write
y=17—(79/14)s + (8067/2744)s%,



QUADRATIC DIOPHANTINE EQUATIONS 799

so that the constant term and the coefficients of s and s?> on both
sides become equal, and this gives a solution of (4.16) with s =
9582440/1219937, and we finally get a solution of (4.16) given by
t = 12022314/1219937.

This example shows that, even in the case of the more general equa-
tion (4.2), applying Theorem 4.1 yields simpler solutions as compared
to the classical methods.

REFERENCES

1. L.E. Dickson, History of theory of numbers, Volume 2, Chelsea Publishing
Company, New York, 1992.

2. L.J. Mordell, Diophantine equations, Academic Press, London, 1969.

3. W. Sierpinski, Elementary theory of numbers, PWN-Polish Scientific Pub-
lishers, Warszawa, 1987.

13/4 A, CLAY SQUARE, LUCKNOW 226001, INDIA
Email address: ajaic203@yahoo.com



