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UNITS GENERATING THE RING OF INTEGERS OF
COMPLEX CUBIC FIELDS

ROBERT F. TICHY AND VOLKER ZIEGLER

ABSTRACT. All purely cubic fields such that their maximal order
is generated by its units are determined.

1. INTRODUCTION

In 1954 Zelinsky [15] showed that, if V' is a vector space over a
division ring D, then every linear transformation can be written as
the sum of two automorphisms unless dimV = 1 and D is the field
of two elements. Later many authors investigated similar problems for
various classes of rings. This gives raise to the following definition (see
Goldsmith, Pabst and Scott [6]).

Definition 1. Let R be a ring (with identity). An element r is called
k-good if r = ey + -+ -+ ey, with ey, ... e, € R*. If every element of R
15 k-good we call also the ring k-good.

The unit sum number u(R) is defined as min{k : R is k — good}.
If the minimum does not exist but the units generate R additively we
set u(R) = w. If the units do not generate R we set u(R) = oo.

For some historic information on this topic and several examples we
refer to recent papers of Ashrafi and Vamos [1], and Vamos [14].

Endomorphism rings have been studied in great detail and also some
other classes of rings were investigated from this point of view. Which
rings of integers are k-good has been investigated by Ashrafi and Vamos
[1]. In particular, they proved that the ring of integers of quadratic
fields, complex cubic fields and cyclotomic fields Q((yv), with N > 1,
are not k-good for any integer k. Jarden and Narkiewicz [9] proved
that every finitely generated integral domain of characteristic zero has
unit sum number w or co. In other words, they proved that no ring of
integers has finite unit sum number. However, the question which rings
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of integers are generated by their units remains. In case of quadratic
fields Belcher [2] and Ashrafi and Vamos [1] answered independently
this question.

Similar questions arose in 1964 when Jacobson [8] asked which num-
ber fields K have the property that all algebraic integers of K can be
written as the sum of distinct units. Let us denote by U the set of
number fields that have this property. Jacobson [8] proved that the
number fields Q(v/2) and Q(v/5) are members of U. Some years later
Sliwa. [12] proved that these two fields are the only quadratic fields with
this property. Moreover Sliwa showed that there is no field of the form
Q(+/d) that lies in U. Criteria for which a number field lies in I were
given by Belcher [2, 3]. In particular Belcher [3] proved that K € U
if 2 is the sum of two distinct units and the ring of integers of K is
generated by its units. By an application of this criterium Belcher [3]
characterized all cubic number fields with negative discriminant that
lie in U.

The aim of this paper is to consider which rings of integers of complex
cubic fields, in particular purely cubic fields, are generated by their
units.

Theorem 1. Let X3 — BX — C be an irreducible polynomial having
a complex root, and let o be any root of the polynomial, possibly not
complex. Let O = Z[a]. Then O is generated by its units if and only
if there exists a solution (X,Y") to the Diophantine equation

X34+ BXY? - CY3 =41,

such that there is a unit of Z[a] of the form Z + Xa + Y a? with Z an
nteger.

This theorem together with results of Delaunay [5] and Nagell [10]
yields:

Corollary 1. Let d be a cube-free integer and K = Q(v/d) the cor-
responding purely cubic field. Then the order Z[\S’/E] 1s generated by

its units, i.e. there exist €1,€9 € Z[\S’/E]* such that €; and €3 generate
Z[V/d), if and only if d = a® + 1 with a € Z.

As our main result we will establish the following theorem.

Theorem 2. Let d be a cube-free integer and let Oq4 be the mazximal
order of Q(v/d). The ring Oy is generated by its units if and only if
d is square-free, d 2 £1 mod 9 and d = a® £ 1 for some integer a or
d = 28.
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Since in general Q(\“Q’/E) has no integral power basis the proof of
Theorem 2 is far from being straight forward.

2. THE QUADRATIC CASE REVISED

The aim of this section is to present the basic ideas for the proofs of
our results. For this purpose we start with the quadratic case and give
a simple proof of the result due to Ashrafi and Vamos [1], Theorems 7
and 8.

Proposition 1. Let d € Z be square free, then O = Z[\/EZ] 15 generated
by its units, if and only if d = a®> £ 1 for a € Z.

Before we prove Proposition 1. We want to state and prove following
helpful lemma.

Lemma 1. If € is a unit of some number field K with deg K = d and
some powers of € generate the additive group of integers (or some order
of K ) then then also 1,¢, ..., et

Proof. It is enough to show that the Z-module generated by 1, ¢, ..., %!

contains €* for all k € Z. This is easy to see since € is an algebraic
integer, and we have € = ay + aje + ---ag_1€¥"! with a;, € Z, with

1=0,1,...,d — 1. Now by induction we see that every positive power
of € is a linear combination of 1,¢,...e%"! with integral coefficients.
Similarly we can express € !, ¢72, ... as integral linear combinations of
Le, ... e 1. O

Proof of Proposition 1. Assume €;,e5 € O generate O. Then also 1
and e generate O, where € is the fundamental unit of @. Therefore we
may assume without loss of generality that 1 and e generate O. Let
¢ = +y/d, then the statement that 1 and e generate @ is equivalent
to (1,0) and (x,y) generate the lattice Z*, hence y = +1. Since € is a
unit we have 22 — dy? = £1 and therefore 22 —d = +1 or d = F1 + 2°.
This shows one direction.

Now let us assume d = a?+1. Every unit ¢ = z+yv/d € O fulfills the
equation z2 — dy* = 22 — (a® £ 1)y* = 1 with mixed signs. Obviously
one solution is z = a and y = 1. Since (1,0) and (a, 1) generate Z?
also 1 and € = a + v/d generate O. U

Proposition 2. Let d € Z be square-free. Then the ring of integers of
Q(\/a) is generated by its units if and only if the following holds:
d=a?+£1, d#1 mod 4,
d=a%+4, d=1 mod 4.
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Proof. Use the same method as above where v/d is replaced by #g in
the case of d = 1 mod 4. Note that the ring of integers is generated

by 1 and vd if d 21 mod 4 and by 1 and %a, otherwise. O

3. THE GENERAL CUBIC CASE

This section is devoted to the proof of Theorem 1 and Corollary 1.
Proof of Theorem 1. Since we assume that Q(a) has a complex em-
bedding into C the complex numbers the unit structure of Z[a] is very
simple. By Dirichlet’s unit theorem we know Z[a]* = ((, €), where ( is
some root of unity and € is the fundamental unit. Since Q(«) is of de-
gree 3, the root of unity ¢ can only have degree 1 or 3. Since ¢(n) = 3
has no solution, ¢ is of degree 1, hence ( = —1.

With €1, €3, €3 also €1, €y, £e3 generate Z[a]. Thus we may assume
€1 = €, ey = " and €5 = € with ki, ko, k3 € Z. Therefore we may
assume by Lemma 1 that 1, ¢, €? generate Z|[a].

Let us write € = a 4 ba + ca? then a short computation shows that

a:= = Ci=
A A

7 Y 7 #ﬁ
e = a* + 2bcC +(2ab + 2beB + ¢*C)a + (b* + 2ac + *B)a?

=qa + ba + éa’.

Therefore the vectors (1,0,0), (a,b,c) and (a, b, ¢) generate the lattice
73, i.e. det M = +1 with

1 00
M:alzc
a b ¢

A short computation shows
det M =bé —be = b* — b? B — C = =1,

and € has the desired form.

The other direction is quite easy. Assume € = a + ba + ca? has the
properties described in Theorem 1 then the the vectors (1,0, 0), (a, b, ¢)
and (a,b,¢) generate Z3, where €2 = @ + ba + ¢a?. Hence 1,¢ and €
generate Z|[a]. O

Next we prove Corollary 1. We apply Theorem 1 with B =0, C'=d
and put o = v/d. Hence O = Z[a] is generated by its units if and only
if there is a unit € € O of the form € = a + ba + ca?, with a,b,c € Z
such that b — dc® = +1. By a theorem of Delaunay [5] we know that
the equation X2 — dY? = +1 has at most one solution beside except
the trivial solution X = £1 and Y = 0. Moreover, Delaunay showed



UNITS GENERATING THE RING OF INTEGERS 5

that for a solution (X,Y) to X® — dY?® = 1 the quantity X + v/dY is
a fundamental unit. Assuming, b*> — dc® = 1 we have by the proof of
Theorem 1 that the fundamental unit satisfies € = 4(a 4 bv/d + ¢v/d).
On the other hand by Delaunay [5] € = £(b+ év/d), where (b, é) is the
non-trivial solution to X3 — dY?3 = 1. If (b, ¢) is a non-trivial solution
then we get a contradiction, therefore b = +1 and ¢ = 0. Hence we see
that € = a + v/d. This yields a® + d = +1 or equivalently d = a® £ 1
for some integer a. O

4. PURELY CUBIC FIELDS OF THE FIRST KIND

The next two sections are devoted to the proof of Theorem 2.

At the beginning of the proof of Theorem 2, we remind the well
known fact (e.g. see [4, section 6.4.3]) that if d = ab?® with a,b € Z
square-free and coprime, then O, is generated by 1, vab? and v/a2b if
d # +1 mod 9 and by %(1+am+bm% Vab? and v/a2b otherwise.
In the case where d is square-free and d # £1 mod 9, Corollary 1 yields
Theorem 2.

Let us consider now the case d # +£1 mod 9 and b # 1. In view of
Lemma 1, we assume that there exists a unit e = X + Y v/ab? + Zv/a2b
such that {1,¢,¢?} generates Oy. Since

(1) € =X2+42abYZ + (aZ? +2XY)Vab? + (bY? + 2X Z)V a2b,
we have to investigate the equation det M = +1, where

1 0 0
M = X Y A
X24+2abYZ aZ?+2XY bWY?+42XZ

Therefore (Y, Z) has to be a solution to the Diophantine equation
(2) by —az® = £1.

It is obvious that with {1, ¢, €2} also {1, ¢!, e 2} generates the algebraic
integers (see Lemma 1). Since

el =(X?—abYZ) + (aZ* — XY )Vab? + (bY? — X Z)Va2b

also (aZ? — XY,bY? — XZ) is a solution to (2). By a theorem of
Delaunay [5] and Nagell [10] we know that (2) has at most one solution
with Y > 0. Suppose (Y, Z) is such a solution, we have aZ*>—~ XY = +Y
and bY? — XZ = +7. Note that the signs for Y and Z must be the
same. Eliminating X from these equations yields bY3 —aZ3 = 0 which
is a contradiction. Note that YZ # 0, since b # 1 and a # 1.
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5. PURELY CUBIC FIELDS OF THE SECOND KIND

Now the situation is more cornplicated. Since ab? = +1 mod 9 we
have ¢ = 1 mod 3 and a = +b mod 9. Let a = eb mod 9 with
e € {:I:l} Then with $(1 + av/ab® + bv/a2b),vVab? and va2b also
1, Vab? and 3(1 + Vab? + ev/a2b) is an integral basis. Therefore we

write

- - - ) 1 3/ b2 3/ 2}
e= X+ VVa + 2Va = ¢ + nVa@b+ (— a3+6 =

hence

X=¢6+4¢/3, Y=n+(/3, Z=e(/3.

Moreover, let X = 3X,Y = 3Y and Z = 3Z. We can express €2 in the
new basis and obtain

N

(52 bt ,e(2ab—b) — 1 N 2nce(al’)?)— b)) N

A

Ve

<—ebn +t @ b + 260 + 27;(—) Vab?+

3ebn? +g b+2§<+2dmg) ~(1+ Vab? + eVa2b).

Therefore we have to investigate the equation det M = +1, with

1 0 0
M:=¢ n ¢

/NS

S 3

This yields the equation

eb(3n+¢)° — a® =
which is equivalent to
(3) bY? —aZ? = €9,

where e; € {£1}. With {1,¢, €%} also {1,e!, e} generates O . There-
fore with (Y, Z) also (“Z25XY, bYZgXZ) € Z x Z is a solution to the
Diophantine equation

(4) by? — az® = £9.
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Let us assume (“ZQEXY, ngXZ) fulfills (4) with €/9 on the right side,

where ¢} € {£1}. As above we see that the two solutions
n (CLZ2 - XY b?-XZ

3 ’ 3
are distinct since otherwise
aZ* — XY = 43Y, bY? — X7 =432.

These two equations imply £9 = bY3 — aZ3 = 0, £6Y Z depending on
the signs. However each of these cases is impossible since X,Y, Z € Z.
Note that 3|Z and 3|Y is impossible, since otherwise both Y and Z are
divisible by 3 and this implies 27]9, a contradiction.

On the other hand a famous result due to Siegel [11] tells us that
there is at most one solution to

) and  + (Y, 2)

laz™ —by"| < ¢
if
‘ab’n/2—1 > /\nCQn—27
with

n

pn
In our case this yields |ab] > 1.356 - 10'3. However, by this estimate
too much cases remain to be checked individually. So we have to refine
this method.
Now we take into account that € is a unit. Therefore we find

(5) X3 4+ ab’Y? + a®bZ% — 3abXY Z = €27,

with e; € {£1}. Let us assume a > 10. Since bY® — aZ? = 49 and
Z # 0 we see that Y and Z have the same sign. Without loss of
generality we may assume that Y, Z > 0. Moreover we may assume
that |¢] < 1. Since

Y Vab? + ZVa2b > Vab(/a + Vb) > 3Vab > 3
> [3¢| = | X + Y Vab? + ZVa2b|,

we have X < 0.

Let us compute the asymptotics of X and Y in terms of Z and
of X and Z in terms of Y. Since we need exact error terms we
use the so called L-notation (cf. [7]). This notations allows us to
keep track of how large the constants of the usual O-terms get. The
L-notation is defined as follows: For two functions g¢(ti,...,t;) and
h(|t1],. .., |tx]) and positive numbers uy, . .., up we write g(tq, ..., t;) =
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Loy w(R(|ta], o te]) i Jg(tr, .. te)| < h(Jta],-. -, |tx]) for all
ty,...,tr with absolute value at least uq, ..., u; respectively. Note that
all the following computations have been performed with Mathematica®
5.0.1.

First we compute Y in terms of Z:

aZ3 +e9 3eiv/a/b  93/a/
Y:{’/—b = Z3/a/b+ —= 225 0(1/2°)

For further computations we need an L-term instead of an O-term. Let

/a/b v/ a/b
T =Za/b+ M +11 a/

2257

Y~ =Za/b+ \/_ TR

a2Z5
Computations show
— (b(Y1)? —aZ® —e19)(b(Y)? —aZ® — €,9) =

(1771561 — 395307¢* — 263538¢;¢* — 14520¢*
+ 39204e1¢° + 38475¢° + 11610e: (" + 360¢%) /(a'*Z%),

where ¢ = aZ3. This quantity is positive if ¢ > 28.66, in particular if
a>29 and Z > 1. This shows

6)  Y(a,b,Z)= Z\/_+3€1—m+L2911<113/b>.

72 275

Similarly we obtain

(1)  Zla,b,Y) =Y /bla+ sesvba + Log1a <11 ‘/b/_“> .

bY? b2y
Now let us compute X. Remember that

(8) p=bY? —aZ® —e,9=0,
(9) po = XP 4 ab®Y? +a*bZ® — 3abXY Z — €227 = 0.

We compute the Groebner basis of the ideal generated by p; and ps
with respect to the lexicographic term order such that X < Z < Y.
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The first component of the Groebner basis is
p3 :=729ab’e; — 6561a%b%ey + 19683abe; — 19683ey + 243a%b* X3

— 1458abeye2 X + 2187X% + 27abe; X°® — 81e2.X° + X?

+ 486a*b*Z° — 2916a°b*e1e2Z° + 4374a°bZ°

— 135a°b%*e1 X°Z° — 324a”bes X Z° + 6a°bX°Z°

+108a°b’e; Z° — 324a*b* e 2° — 15a" 0> X Z° + 8a°b* Z°.
Since p3 is a polynomial of degree 3 in terms of X3, it has either 1 or 3
real roots. Because p3 comes from a Groebner basis with lexicographic
order the solutions of p3 for some fixed Z are the same as those of po
with (Y, Z) a fixed solution to p;, with the same Z. Since the constant
term is positive (remember Y, Z > 1 and a > 10) either all roots of py
are negative or only one is negative. The fact that the coefficient of X?
of py is zero shows that not all three roots can be negative. Therefore
we deduce that there is exactly one negative root of p3 for positive Z.

If we compute the asymptotics of the solutions to ps in terms of Z we
find that one asymptotic has the form

s~ 3 —3abe; 6+ 9abe;(abe; — 1) 6
—2ZVa*b+ aA/312/3 72 + al0/3p5/3 75 +O0(1/Z7).
Indeed this is the desired approximation to X. Let us compute
2295825127%a%8p36 4 . ..
790460330 )
where the rest of the numerator is a polynomial of lower degree (in
each variable) and

Xt =—-22Va2b +

—p3(XH, Z)ps(X~,Z) =

3 — 3abey 6 + 9ab(ab + 1)

GA3p2/3 72 10357375
_ s—— 3 — 3abe; 6 + 9ab(ab + 1)
X7 =-22Va?b+ GABNBZ2 T °T 10353 75

Since the numerator is positive for a > 41, b > 1 and Z > 1, we deduce
(10)

3 3 — 3abey
X(CL, b, Z) = —27Va%b + W + L41,1,1 (2

6 + 9ab(ab + 1)
4 10/3p5/3 75

Similarly we obtain
(11)

b
X(a,b,Y) = —2¥ Vab? 4 o500

a2/3p4/3Yy2

6 + 9ab(ab + 1
+ Lsiga (2 ( )>

a5/3p10/3Yy’5

Because of the form of the L-terms we assume from now on a > 51,
b>1,Y >4 and Z > 1.
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If we substitute (6) and (10) in “ZQ%, and (7) and (11) in —byggxz
we obtain

(12)
aZ? - XY 3e; 1 3 3e;
Vi=——""=aZ’+— — -
3 Wtz T azh @bz
. 40 . 4 N 6 . 29 . 12 . 29
51,1,1 3CLZ4 a3b224 a2bZ4 a2z7 a4bZZ7 CL3bZ7 )
and
(13)
bY? - XZ 3e 1 3 3e
Z=20 T8 gy 2 :
3 Y @y ovi T Ry
. 40 N 4 N 6 N 29 N 12 N 29
P BYT T a2yt T a?Yd T YT a?bYT  abfYT)

respectively. Note that 7/ = bY? + R;, where R, is small if Y, a, b are
large. Remember that we assume Y > 4,a > 51 and b > 1. In the case
of (13) we see that |Ry| < 0.822. Since Z’ is an integer also R; has
to be an integer, hence R; = 0 and Z’' = bY2. Similar, if we assume
Z >4,a>51 and b > 1 we obtain Y/ = aZ? + Ry, with |Ry| < 0.757.
Hence Ry = 0 and Y/ = aZ% If Z = 2 then Y’ = aZ? + ¢13/2 + R3.
From (12) we compute |Rs| < 0.031 if @ > 51 and b > 1. But this
implies that Y’ is not an integer and we have a contradiction. In the
case of Z =1 we find Y’ = a + 3e; + Ry, with |Ry| < 0.355 if a > 51
and b > 1, hence Y’ = a + 3e;. Since (Y’,Z’) is a solution to (4) and
Y’ =a+ 3e; and Z' = bY? we obtain
(14)
bla+3e1)* —a(bY?)—9¢| = a’b+9a’be; +27ab+27be; — e —ab’Y® = 0
and therefore b[9. Since ab® = +£1 mod 9 we find b = 1. Now (14) has
the following form:

a® 4 9a’e; + 27a + 27e; — 9¢} — aY® = 0.

This is a|18 or a|36. Since we assume a > 51 we have a contradiction.

Now, if we assume Y > 4,a > 51 and b > 1, then we have Y’ = aZ?
and Z' = bY?. Moreover, we obtain ba®>Z® — ab®Y'® = £9, hence bal9,
which is again a contradiction to a > 51.

6. SMALL a

We still have to consider the case a < 50 or Y < 3. In this section
we want to exclude the case a < 50. Since ab?> = +£1 mod 9 we have
a=1 mod 3and b= 4+a mod 9. Since we assume a and b square-free,
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ged(a,b) = 1 and a > b > 1, there are only finitely many possibilities
left for the pair (a,b).

For all possible pairs (a,b) we will solve the Diophantine equation
bY3 — aZ3 = 49 with Z > 0. If an equation has more than two solu-
tions, the quantity d = ab?® is a possible candidate to fulfill Theorem 2.
In particular we prove the following lemma.

Lemma 2. Let 0 < b < a € Z, a < 50, a and b square-free and
ged(a,b) = 1, with ab* = +£1 mod 9, then (a,b) € P with

P ={(46, 37), (46, 35), (46, 19), (46, 17), (46, 1), (43, 38), (43, 34),
(43,29), (43,11), (43,7), (43,2), (37, 35), (37, 26), (37, 17),
(37,10), (37, 1), (34,29), (34, 11), (34, 7), (31, 23), (31, 22),
(31,14), (31,13), (31,5), (22, 13), (22,5), (19, 17), (19, 10),
(19,1), (13,5), (10,1), (7,2)}.

Moreover all solutions (Y,Z) € Z x 7 to by> — az® = +9 with Z > 0
and (a,b) € P are listed in table 1.

TABLE 1. Solutions (Y, Z) to by® — az® = +9, with Z > 0.

Y| Z

46 | 37
43 | 34
31|22
311 5
22|13
19| 10
10| 1

el i
e e e AN

-3

N}
1

—_

Proof. The first part of the lemma is clear. The second part of the
lemma is due to a computation in PARI [13]. In particular we solved
all Thue equations of the form

Y"? —ab’Z = (bY)? — ab®Z% = 9b?,

with (a,b) € P and only considered solutions (Y’, Z) such that b|Y”.
Indeed all solutions have this property. The computation took only a
few seconds on a common work station. U

Lemma 2 tells us that the only candidate is d = 7 - 22 = 28. From
(5) we obtain e = 1 and X = —1. Hence ¢ = n = 0 and ( = —1.
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Therefore e = —3(1 4 V28 — v/98) and € = —3 4 V/28. Since (1,6, :=
V28, 0y = %(1 +v/28 — v/98)) is a Z-basis of Oyg, we have € = —f, and
€2 = #; — 3. Moreover we have

M:=

1 0 0\ /1 1
0 0 —1 0, | = ¢
31 0 0, ¢

Since det M = 1 also 1,¢,€? is a Z-basis of Oy and therefore Oy is
generated by its units.

7. THE CASEY =1

We are left to check the case Y < 3. Since 31Y we have to consider
the cases Y = 1 and Y = 2. Because of the section above we may
assume a > 51. First we consider the case Y = 1. From (3) we get

b—aZ® =49

or 73 = %. Since @ > b and a > 51 we deduce Z =1 and a = b — 0.
If we substitute this in (5) we obtain

81b + 270 + 20> — 27ey — 276X — 302X 4+ X3 = 0.
If we put X =& + b and n = b we obtain
—27ey + &3 + 81y — 276" + 3¢ = 0,

hence 3|¢’. If we put £ = 3¢ we get the Diophantine equation

(15) —er + &+ 3n =3+ =0.
If we solve (15) for n we obtain
£ — ey 6 —9+e (1)
R e . s +0(=
Tmreoxas . it Te &

c-s-s-afl).

ieif £ > 9thenn = —¢ —3. But n = —¢ — 3 yields 6§ = 9 +
es. Since £ € Z, this is a contradiction. So we compute for each &
with —8 < ¢ < 8 the quantity 7. In the case of e = 1 we find the
solutions (&,n) = (1,0), (2, —7), (4,—9) and in the case of e; = —1 we
find (¢,n7) = (—3,0),(1,-2),(—3,—9). Note that n = b > 0. None of

these solutions yields a proper b.
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8. THE CASE Y =2

Now we discuss the case Y = 2, this is 8 — aZ% = +9 or Z3 =
(80 F 9)/a. Since 80 F 9 is odd also Z must be odd. Since a > 51
we also have Y > Z > 0, hence Z = 1. Therefore a = 8b + 9e; with
ey ==x1. If weput Y =2, 7 =1 and a = 8b + 9¢; into (5) we get

128b% — 27ey + 216b%e; + 81b — 482X — 5dbe; X + X2 = 0.

If we use the transformation indicated by X = ¢ + 4b and b = 17, we
get

—27ey + £ + 81 — 5de1'n + 12670 = 0.
Note that 3|¢’, hence we put £ = 3¢ and obtain
(16) —eg 4 &% + 3 — Ges&n + 467 = 0.
We solve (16) for n and obtain

53—62 f 361 3 862_961—]—0(1)

T=7 42 Gec+3 4 8 8¢ 322

. f 361 1 . 2€+3€1 i
() = )

We see that n cannot be an integer if £ > 6. So we compute for each
¢ with —6 < ¢ < 6 the quantity n. We find that the only integral
solutions are

(6777) = (370)7 (67 _1) if €1 = €3 = 1:
(6;77) = (_370)7 (Sa _2) if €1 = —€y = ]-a
(5,7]) = (3,0), (—3,2) lf €1 = —€2 = —1,
(&,n) =(-3,0),(—6,1) if e; =€y =—1.
So we are reduced to b=2 and e; = —1 or b=1 and e; = —1. Hence

a =7 or a = —1. Thus the only proper pair is (a,b) = (7,2), which
has been found above.
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