ACTA ARITHMETICA
XCVL4 (2001)

The (ABC) Conjecture and the radical index of integers
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Pauro RiBENBOIM (Kingston, ON)

1. Introduction. In my papers [4], [5] I have derived many consequences
of the (ABC') Conjecture concerning powerful numbers and almost powerful
numbers. In the present paper I introduce the concept of power index of a
non-zero integer and I extend and sharpen the earlier results. This time
the statements are about integers with power index satisfying appropriate
conditions.

(1.1) The radical of a non-zero integer n is, by definition,

rad(n) = H D
pln
(product of the distinct primes p which divide n). In particular rad(1) =
rad(—1) = 1 and rad(—n) = rad(n) for every n # 0.

(1.2) Let k£ > 2. A non-zero integer n is said to be k-powerful when
the following property is satisfied: if p is a prime which divides n then p*
divides n.

If 2 < k < h every h-powerful number is also k-powerful. The integers
1, —1 are k-powerful for every k > 2. A 2-powerful number is simply called
a powerful number.

Let k > 2. Every non-zero integer n may be written in a unique way in the
form n = wg(n)n’, where wy(n) is a k-powerful number, ged(wg(n),n’) =1
and if a prime p divides n’ then p* does not divide n’. The integer wy(n)
is called the k-powerful part of n. If k = 2 we simply write w(n) and call it
the powerful part of n.

The next concept was introduced in [5].

(1.3) Let k£ > 2. A non-zero integer n is said to be almost k-powerful if
rad(m)]* < |nl.
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390 P. Ribenboim

If 2 < k < h every almost h-powerful number is also almost k-powerful.
Every k-powerful is almost k-powerful, but the converse is not true. For
example, if p < ¢ are prime numbers then p*~1¢**! is almost k-powerful
but not k-powerful.

Now we introduce the radical index of an integer.

(1.4) Let n be an integer, n # 0,1, —1. The radical index v(n) of n is,

by definition, given by the relation
[rad(n)]"") = |n].

By convention the radical index of 1, —1is v(1) = v(—1) = 00. Sov(n) > 1
for every non-zero integer n.

If |n| > 1 then n is square-free if and only if v(n) = 1. Also, n is almost
k-powerful (where k > 2) if and only if v(n) > k.

We gather below some easy statements about the radical index.

(1.5) (1) Let k > 1 be an integer. Then v(n*) = kv(n) for all n with
In| > 1.

(2) For |n| > 1, v(n) is either an integer or an irrational number.

(3) If p is a prime and ptn then

1

v(np) =v(n) — (v(n) — 1)m7

where r =rad(n). So if v(n) # 1 then v(np) < v(n).
(4) If s|r =rad(n) then v(ns) = v(n) + log s/logr and for k > 1:
v(nr®) = v(n) + k.
Proof. It suffices to prove the statements for positive integers m, n.
(1) This is trivial.
(2) If v(n) = k/h (with positive integers k, h), we show that h divides
k. We have [rad(n)]*/" = n so [rad(n)]* = n". Let p be a prime dividing n,
and let e > 1 be such that p®|n, but p*T*{n. Then p* = p¢", so h divides k.
(3) We assume that p{r. Then

- log(np) _ v(n) + logp/logr
log(rp) 1+ logp/logr
— I/(TL) _ [V(n) — 1] (1ng/10g 7').

1+ logp/logr
So if v(n) > 1 then v(np) < v(n).
(4) Let s|r =rad(n). Then

1 1
) = B0 () 4 B2
ogr ogr

v(np

It follows that v(nr) = v(n) + 1 and by induction on k > 1, v(nr*) =
v(n)+k. m
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The next result is a consequence of the following well-known conjecture:

(1.6) CONJECTURE OF ALGEBRAIC INDEPENDENCE OF LOGARITHMS. If
P1, ..., Pk are distinct primes then the set {logp1,...,logpy} is algebraically
independent over Q.

This conjecture is a special case of a more embracing conjecture formu-
lated by Schanuel (see [1]).
(1.7) If v(n) = v(m) is not an integer then |n| = |m|.

Proof. Without loss of generality we assume m,n > 1. Let v(n) =
v(m) = «, where « is not an integer. We show that r = rad(n) is equal to
s =rad(m). Assume that p is a prime such that p|r but pts. Let n = pn’
with e > 1, ptn/. Then

elogp+logn’  logm
logp +log(r/p)  logs '

Hence

log p(elog s — logm) = log(r/p) logm — logn’ log s.
But v(m) = logm/logs = « is not an integer, so elog s — logm # 0. Hence
log p belongs to the field generated by log p1,...,log px, where p1,...,pr are
the prime factors of mn’, so each p; # p. This contradicts Conjecture (1.6).
So r| s and by symmetry r = s. Hence logm =logn and m =n. =

The set {v(n) | n > 1} is a countable subset of the set of real numbers
«a > 1. It contains all integers k > 1. Moreover

(1.8) (1) If 1 < a < B there exists n such that « < v(n) < .
(2) For every a > 1 there exists a sequence of positive integers (n;)i>1

with v(ny) > v(ng) > ... and lim;_,» v(n;) = a.
(3) For every a > 1 there exists a sequence of positive integers (n;)i>1
such that v(n1) < v(ng) < ... and lim; . v(n;) = a.

Proof. (1) Let p # 2 be a prime such that

log p
<1+log2>(ﬂ—a) > 1.

So there exists an integer h such that

log p log p
(a—l)(l—l— log2> <h< (6—1)<1+ 10g2>.

So
h B hlog2  log(2"'p)
1 +logp/log2 log(2p)  log(2p)
(the last inequality checked in a similar way).
(2) and (3). These are trivial consequences of (1). m

a<l+ = v(2"p) < B
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We introduce the following notation. For all & > 1 let N, = {n | v(n) >
at. If k is an integer and k > 2 then Ny, is the set of all almost k-powerful
integers.

For the convenience of the reader, we state the (ABC) Conjecture as it
will be used in this paper.

(1.9) THE (ABC) CONJECTURE. For every € > 0, there exists K > 0,
depending on €, such that if A, B, C are non-zero coprime integers such
that A+ B+ C =0 then

max{|A|, |B|,|C|} < K[rad(ABC)]'**.

In the conjecture there is no suggestion of an explicit expression for K
as a function of &.

2. The equations Az +By+Cz=0and Ar+By=C.Let 0 < § <1,
let R, S, T be positive coprime square-free integers. Let

H = {(z,y,2) | z,y, z are non-zero coprime integers, 1/v(z) + 1/v(y) +
1/v(z) < 1 — 4, there exist non-zero integers A, B, C such that
rad(A) | R,rad(B) | S,rad(C) |T and Az + By + Cz = 0}.
(2.1) THEOREM. If the (ABC') Conjecture is true then H is a finite set.
Proof. Let
Hy =A{(2,y,2) € H [ || = |y], [2[},
Hy ={(z,y,2) € H [ |y| = ||, [2]},
Hy ={(z,y,2) € H[|z] = |2[, [yl}-
So
H = H, UH,U Hs.

We show that H; is a finite set. Let (z,y, 2) € Hi, so there exist A, B,C # 0
with rad(A) | R, rad(B) | S, rad(C) | T and Az + By + Cz = 0. We note that
Az, By, C'z are non-zero coprime integers.

Let 0 < e < §/(1 —9). By the (ABC) Conjecture there exists K > 0,
depending on €, such that

2| < |Az| < Krite
where
r =rad(Az - By - Cz) < RST -rad(x) - rad(y) - rad(z)
= RST . ml/v(w)’yyl/v(y)‘z‘l/v(Z)

< RST - || /@) F1v@H1/vE) < RG]

Thus |z| < K'|z| =90+ where K’ = K(RST)*=.
We note that (1—9)(1+¢) < 1. Therefore |x| remains bounded and since
lyl,|z| < |z| then H; is a finite set. Similarly, Hy, H3 are finite sets. m
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We indicate two types of corollaries. First we spell out the case where the
coefficients A, B, C' are given. In the second corollary we discuss solutions
in powerful numbers z, vy, z

(2.2) COROLLARY. Let A, B, C' be non-zero coprime integers, let 0 < 6 <

1. The set H = {(x,y,2) | x,y,z are non-zero coprime integers, 1/v(x) +
1/v(y) +1/v(z) <1—06 and Ax + By + Cz = 0} is finite.

The next corollary was proved in Ribenboim [4]:

(2.3) COROLLARY. Let R, S, T' be positive coprime square-free integers.
Let J ={(x,y,2) | x,y, z are non-zero coprime integers, there exist integers
l,m,n > 2 such that x s l-powerful, y is m-powerful, z is n-powerful,
1/l+1/m+1/n < 1 and there exist non-zero integers A, B, C' such that
rad(A) | R, rad(B) | S, rad(C) | T and Az + By+Cz = 0}. Then J is a finite
set.

Proof. It is easy to see that there exists u < 1 such that if 1/I+1/m+
1/n < 1 then 1/l 4+ 1/m + 1/n < p (see Ribenboim [4] for details). Let
§ = 1 — p. Next, with the above notations, [rad(z)]! < |z, so | < v(z),
similarly, m < v(y) and n < v(z). Thus J C H, hence J is a finite set. m

We may give an equivalent formulation of the above corollary in terms
of the following set J*.

Let J* be the set of all (z,y, z,l,m,n) where z,y, z,l,m,n are as indi-
cated in the definition of J. The mapping (z,y, z,l,m,n) € J* — (z,y,2) €
J is surjective. Now, we observe that for each non-zero integer ¢ there are
at most finitely many k& > 2 such that t is k-powerful. Therefore J is a finite
set if and only if J* is a finite set.

We prove now a similar result for the equation Ax + By = C.

Let R, S, T be positive square-free coprime integers, let 0 < § < 1
and let d > 1. Consider the set H' = {(z,y) | =,y are non-zero integers,
ged(z,y) | dy, 1/v(z) + 1/v(y) < 1 — 0 and there exist non-zero integers A,
B, C such that rad(A) | R, rad(B) | S, rad(C) | T and Az + By = C}.

(2.4) THEOREM. If the (ABC) Conjecture is true then H' is a finite set.

Proof. Let H] = {(z,y) € H' | |z| > |y|}, and H) = {(x,y) € H' |
ly| > |z|}, so H' = Hj U HS. We show that Hj is a finite set. Let (x,y) € Hj
and let Ax + By = C with A, B, C as indicated. Let e = ged(z,y) so e|d
and AZ, BY ; are non-zero coprime integers.

Let 0 < e < /(1 —9); by the (ABC) Conjecture there exists K > 0,
depending on €, such that

2]  |Az|

K 1+e
d e
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where

r = rad (% : % : %) < RST rad(x) - rad(y)

= RST|z|*@) . |y|V/"W) < RST|x|'/ V@ +1/YW) < RST|2|* 9.

Let K’ = Kd(RST)'*¢ so |z| < K'|z|(1=0)0+e),
But (1 —9)(1+¢) <1, so |z| remains bounded; since |y| < |z| then Hj
is a finite set. Similarly, H} is a finite set. m

We give now an immediate corollary.

(2.5) COROLLARY. Let 0 < ¢ < 1, let A, B, C' be non-zero coprime
integers. Then the set J = {(z,y) | z,y # 0, 1/v(z)+1/v(y) <1—46 and
Az + By = C'} is finite.

Proof. For each divisor d of C, the set J; = {(x,y) € J | ged(x,y) = d}
is finite. So J is also finite. =

(2.6) COROLLARY. Let o, 3 > 1 be such that 1/a+ 1/ < 1, let T be
a square-free positive integer and let d > 1. Then the sets I = {x € N, |
there exists C # 0 such that rad(C) | T, ged(z,C)|d and x £ C € Ng} are
finite.

Proof. We consider the sets H, = {(z,y) | z € No, y € Ng, rad(C) | T,
ged(z,C) | d and = £ C = y}. We have v(z) > a, v(y) > 3; taking A = 1,
B = —1, since ged(z, y) | d by the theorem the sets H', are finite. Therefore,
11 are finite sets. m

We proved the following very special case in [4]:

(2.7) COROLLARY. Let T be a square-free positive integer, let d > 1.
Then there exist only finitely many 3-powerful (resp. powerful) integers x
such that there exists C' # 0,z with rad(C) | T, ged(xz,C) | d and such that
x+C is a powerful (resp. a 3-powerful) integer. In particular there are only
finitely many 3-powerful (resp. powerful) integers x such that x £ 1 is a
powerful (resp. a 3-powerful) integer.

No proof of this last assertion is known, without appealing to the (ABC)
Conjecture.
Here is another consequence of (2.6):

(2.8) COROLLARY. Let T be a positive square-free integer, let d > 1 and
let o, 3 > 1 such that 1/(2a) +1/8 < 1. Then the set L' = {x € N, | there
exists C # 0, rad(C) | T, ged(z, C) |d and both x + C and x — C € Ng} is
finite.
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Proof. Let x € L’. Then v(2?) > 2a, also rad(C?) = rad(C) | T and
22 — C? € Nj: indeed,

rad(z2—C?) < rad(z—C)-rad(z+C) < (z—C)YP(24+0)Y/P = (42— C?)V/5.

Since 1/(2a)+1/ < 1 this shows that 22 € I_ as defined in (2.6). Therefore
L’ is a finite set. m

The following special case was proved in [4]:

(2.9) COROLLARY. Let T be a positive square-free integer, let d > 1. Then
there exist only finitely many triples (x — c,x,x + ¢) of powerful numbers,
where 0 < ¢ < x, ged(z, ¢) | d, rad(c) | T

More special statements are the following:

(2.10) WEAKER ERDOS’ CONJECTURE. There are at most finitely many
triples of consecutive powerful numbers.

(2.11) ERDOS’ CONJECTURE. Three consecutive integers cannot all be
powerful.

The weaker Erdés’ Conjecture has not been proved without appealing
to the (ABC) Conjecture, while Erdds’ Conjecture has not been proved to
be a consequence of the (ABC) Conjecture.

Furthermore, we note the following corollary.

Let 0 < § < 1,let S = {s1,s2,...}, where each s; is a real number, s; > 1
and 1/s; +1/s;41 <1 —06.

(2.12) COROLLARY. Let 1 <ny < ng < ... be a sequence of integers such
that v(n;) > s; for alli > 1. Then

hm (ni—l—l — TLI) = Q.
— 00

Proof. By (2.5), for every k > 1 the set I = {(z,y) | x,y > 0, 1/v(z) +
1/v(y) <1—46 and x — y < k} is finite.

In particular, the subset {(n;1+1,7n;) | ni41 —n; < k} is finite. This proves
that llmz_,oo(nl+1 — nl) = 00. n

A special case is the following:

(2.13) COROLLARY. Let S = {s1,52,...} where each s; is an integer,
s; > 2 but two consecutive integers s;, si+1 (for any i > 1) are not both
equal to 2. Let 1 < ny < ng < ... be a sequence of integers such that n; is
si-powerful. Then lim;_, o (n;11 — n;) = oo.

The following conjecture was formulated by Pillai (see Ribenboim [3]):

(2.14) PiLLAT’S CONJECTURE. Let 1 < nj < ng < ... be the sequence of
all integers which are proper powers. Then lim;_ o (n;41 — n;) = 0.
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Pillai’s Conjecture is included in the last corollary, after remarking that
there are only finitely many squares with bounded difference.

Let R, S, T be positive square-free coprime integers, let M > 1, let
H = {y > 0 | there exist z > 0, non-zero integers A, B, C, such that
ged(z,y) = 1, v(x) > 2, 2/y? < M, rad(A) | R, rad(B) | S, rad(C) | T and
Ax + By? = C}.

We note that if |B/A|,|C/A| < M/2 then z/y* < M. Indeed

r B¢ 1 (¢

y2 Al Al 2~ A
S0

y B C

<1242 <M

= |zl +[] <

(2.15) THEOREM. Let R, S, T, M and H be as indicated above. We
assume that the (ABC') Conjecture is true.

(1) For everye > 0 and o > 1 there exists K > 0 (depending on R, S, T,
M, e, a) such that if y € H, y > K and y; |y, with y1 € Ng, then y; < y°.
(2) The set of integers y € H having a factor y; € N, such that y1 > y°,
s finite.
Proof. (1) Let
(1= 1/a)e
44 (1+1/a)e’
we observe that 0 < 0 < (o —1)/(a+1).
Let y € H, so there exist x, A, B, C, as indicated in the definition of

H. We note that Az, By, C are coprime. By the (ABC') Conjecture there
exists K1 > 0 such that |Bly? < K;7'T° where

r =rad(Az - By? - C) < rad(ABC) - rad(z) - rad(y?)
< RSTzY"® rad(y).
By hypothesis, x = 5 -y? < My?. Therefore

y? < |Bly? < Ko[y*/"™) rad(y)]"

where Ky = [RSTM]**°.
Let y = y1y2 with y1 € N,, so v(y1) > a. We have rad(y) < rad(y1) - y2

< yi/o‘ - 12. Hence

1/v 1 1/v 1 1+1
Y2ys < Kolyy/"W T oy @IS < oy e 21140,

Let e =2—(14+1/a)(1+6) soe > 0since 6 < (o« —1)/(aw+1). Thus
ye < Koy Let K3 = K3/, so y1 < Ksy?/e.
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A simple calculation shows that 2§/e < e. Let f = 1/(¢ —2d/e) and
K = K?]f so K depends on R, S, T, M, €, a. If y > K then y'/f > K3. So
Y <y°.

(2) This follows at once from (1). m

The following corollary was proved by Ribenboim and Walsh [6]:

(2.16) COROLLARY. Let A, B, C be non-zero coprime integers. For ev-
ery € > 0 there exist only finitely many integers y > 0 with the following
properties:

(1) There exists x > 0 with ged(x,y) = 1 such that Az + By? = C.

(2) The powerful part w(y) of y satisfies w(y) > y°.

In particular there are only finitely many powerful integers y satisfy-
ing (1).

Proof. We apply the theorem, replacing by 2, so v(2?) > 2; we have
22 /y? bounded and y; = w(y) € Na. If y satisfies (1) and it is powerful
then w(y) = y > y°, so y belongs to the finite set of integers, which also
satisfy (2). m

3. Values of polynomials. To begin we mention the following conjec-
ture of Langevin [2]:

(3.1) LANGEVIN’S CONJECTURE (L). Let f € Z[X] with degree d > 2
and no multiple root. For every € > 0 there exist ng, K > 0 (depending on
g, f) such that if x > ng then f(z) # 0 and rad(f(z)) > Kxd=17¢,

Langevin proved:

(3.2) THEOREM. If the (ABC) Conjecture is true then the Conjecture
(L) is true.

Let f be a primitive polynomial of Z[X] with degree d > 2. Let g € Z[X]
be the product of all primitive irreducible polynomials p € Z[X] such that
p| f but p?1 f. Let deg(g) = e. We assume that e > 2; let a > d/(e — 1) > 1.
Let R be a positive square-free integer and let

T = {z > 0| there exist a > 0 such that rad(a) | R,

and z € N, such that f(z) = az}.

(3.3) THEOREM. If the Conjecture (L) is true then T is a finite set.

Proof. Let 0 < e < (ae —d — o) /(v + 1). There exists ng > 0 such that
if # > ng then |f(z)] < z%*¢. By the Conjecture (L) there exist n; > ng
and K > 0 such that if z > n; then f(z) # 0 and rad(g(z)) > Kz 1=,
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Let x € T, x > ny. Since g(x) divides f(x) then
rad(g(z)) < rad(f(z)) =rad(az) < Rrad(z)

— RV < RIVE) () V) = R(f())VY P

< Rap(d+9)/v() < ppld+e)/a,
So

gelmemdte)/e - R/K.
But
ae—a—ac—d—c=ae—(d+a)—(a+1)e>0.

This shows that x remains bounded so T is a finite set. m

The following special case was proved by Walsh [9]:

(3.4) Let f € Z[X] be a polynomial without multiple roots. If deg(f) > 3
then the set {x > 0| f(x) is powerful} is finite. If deg(f) = 2 then the set
{z > 0] f(x) is 3-powerful} is finite.

Proof. We apply the theorem with R = 1 and d = e. If d > 3 then
a = 2 satisfies the required condition; if d = 2 then o = 3 satisfies the
condition. m

We shall require the following facts about the location of zeros of poly-
nomials.

If f € Z[X], the height of f, denoted by H(f), is the maximum of the
absolute values of its coefficients. The length of f, denoted by L(f), is the
number of its non-zero monomials.

(3.5) If f(x) =0 then |x| < H(f) + 1.

Proof. We may assume that |z| > 1. Let f(X) = aoX™+... 4 am_1X+
A, with m > 1, ag # 0. If f(z) = 0 then

2| < |agz™| = |a1z™ ! + .+ a1+ an|
< H()le™ " 4 O]
L(f) _1
— m—L(f) |z
hence
L(f) 1
L < geple =1
Hence
|| L) — 1
2| =1 < H(f) ——z7— < H(f) =

B
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Now we consider certain families of polynomials. Let A > 1 and a > 1.
Let F4 o be the set of all f(X) = aX™ + g(X) € Z[X], with H(f) < A,
a>1,deg(g)=k>1and m—12>a(k+2).

(3.6) THEOREM. Assuming that the (ABC') Conjecture is true, given
A, a as above and given v > a/(a—1) the set V.= {f(z) | f € Fa,,
|z| > A+ 1 and f(z) € Ny} is finite.

Proof. Let f(z) € Ny. Since |z| > A+ 1, H(f) > H(g), then f(z) #0
and g(z) # 0. Let

d = ged(f(x), ax™, g(x)).
Let 0 < e < (ay—a—7)/(a+7). By the (ABC) Conjecture there exists
K > 0 such that

f f ¢
7@l WG _ gyoe
where
r =rad (f<dm) 'aa; gg))
< rad(£(@)) - Alel - 2L <)) Al - o).
We have
k !:rl’““ -1 k+1
lg(z)] < A(]x| +...-|—|33|+1):A|x’7_1<]:c| )
Next

[f(@)| = laz™ + g(2)| = alz|™ — |g(x)]
> (A+ D)z = |zM > Al > J2
since m—1 > k+41. Hence |z| < |f(x)|"/(™=D and |g(x)| < | f(x)|FE+D/(m=1),
Therefore
|f ()] < K'|f ()]
where
K' =K.A'"*

and
ﬁ:(%—k 1 n k+1)(1+5)

m—1 m-—1

= <l+m>(l+s)§ <%+$>(1+5)<1.

v m-—1

The upper bound for 3 is independent of z, f. Thus | f(z)| remains bounded,
showing that the set V is finite. m

We illustrate with some corollaries.
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(3.7) COROLLARY. The set {a™ +a%+1€ Nyjp |2 > 1,k > 1,4m >
13k + 30} is finite.

Proof. Let A =1, a = 13/4. Then m —1 > a(k + 2), so f(X) =
Xm+XF+1 € Fyqo.Sincey = 3/2 > af(a — 1), the set {z™+a"+1 € Ny, |
x>1,k>1,4m > 13k + 30} is finite. m

In particular {z™ +x + 1 € N3 /o | © > 1, m > 11} is finite. Also
{fa™ +a? £1€ N3 | x> 1, m > 14} is finite.
The following special case is already in [4]:

(3.8) (1) The set {x™ £ x £ 1 powerful | x > 1, 4m > 9k + 22} is finite.
(2) The set {z™ +a* £ 1 3-powerful | x > 1, 8m > 13k + 34} is finite.

Proof. (1) We take « =9/4,s0 vy =2 > a/(a—1). We have m — 1 >
(9/4)(k+2); by the theorem, there are only finitely many powerful numbers
™ + 2P + 1, with 4m > 9k + 22.

(2) We take a = 13/8soy =3 > a/(aw—1). Then m—1 > (13/8)(k+2).
By the theorem there exist only finitely many 3-powerful numbers 2™ 4+2%+1
with 8m > 13k 4+ 34. =

In particular, {z"+x+1 powerful | m > 8} is finite, and {#"*+2+1 which
are 3-powerful | m > 6} is finite. The set {z™ & 22 + 1 powerful | m > 10}
is finite. The set {2 4 22 4 1 which are 3-powerful | m > 8} is finite.

4. Consequences for binary recurrences. In this section we give
some consequences of the (ABC) Conjecture for binary recurrences.

Let P, Q be non-zero integers with P > 0 and assume that D = P? —
4Q # 0. Let U,, = U, (P, Q) and V,, = V,,(P, Q) be defined as follows:

Uy=0, Uy=1, U,=PUy1—QU, o forn>2

and
Vo=2, V1=P, V,=PV,_1—QV,_o forn>2.

The roots of f(X)=X?—-PX+Q are a=(P +vD)/2, 6=(P —/D)/2,
soa+3=P,af=Q,a—p3=+D.

We note the following well-known facts:

(4.1) U, = (o™ = ") /(a — B), V, = a™ + " and V,;2 — DU? = 4Q" for
each n > 0.

In the special case when P = @Q + 1 (so @Q # %1, since P,Q, D # 0) we
have D=(Q -1 a=Q,8=1U,=(Q"-1)/(Q—-1), V, =Q" + 1.

We shall henceforth assume that ged(P, Q) = 1 and D > 0. Then «,

are real numbers, o > (3, & > 0 (since P > 0). Moreover 8 > 0 if and only
if@>0.
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(4.2) LEMMA. (1) If Q > 0 then
D < V?/U2 < P2
(2) If Q@ < 0 then
P?<V?/U2 < D*/P°.
Proof. (1) Let @ >0s00 < 3 < a and

Vo oo a4 pr o (e/B)"+ 1
A e G oyl
Let F(t) = (€' +1)/(¢ — 1) where t > 0, £ = a/3 > 1. Then F'(t) < 0
SO
Vi a/B+1
U—nﬁ(a—ﬂ) a/B—1 a+pB=P
and . X .
o> =) fim 1S —a 5= VD,
Thus

D < V?/U2 < P2
(2) Let @ < 0so 8 <0; from 0 < P =a+ g it follows that |3] < a.

e v (/13" + (-1)
W a ny (1)
0.~ VG
If n is even, we obtain as before (with £ = «/|3| > 1)

e o/fl+1_D

and

m L
> (ot J8) - Jim TRl =0 =6 =VD,

D < V?/U2 < D*/P2

If n is odd, we obtain as before

qm

SO

Vi a/lﬁl—l_ Al —
ey, et _ -

SO

P?<V?/U2 < D*/P°.
Hence for all n > 1,

P> <V2/U?< D*/P* m



402 P. Ribenboim

(4.3) THEOREM. Let P, Q be as before, let € > 0 and o > 1. Assuming
that the (ABC') Conjecture is true, we have:

(1) The set G = {U,, | n > 1 and there exists u € N, such that u | U,
and u > U} is finite.

(2) The set H = {V,, | n > 1 and there exists v € N, such that v |V,
and v > V<E} is finite.

Proof. To begin we recall that d,, = gcd(U,,V,,) =1 or 2 (for n > 1).
Let D;={n>1|d, =i} fori=1,2.

(1) We consider two cases:

FIRST CASE: n € Dy. If Pis even, let Z,, =V,,/2, A= D/4, E =1. If
Pisodd, let Z, =V,,, A= D, E =4. Then in both cases

Z; — AU} = EQ".

We shall apply Theorem (2.15) with R =1, S =rad(4), T = rad(EQ).
In both cases R, S, T are positive coprime square-free integers.
Let GV ={U, € G| d, =1}. If U, € GV then by Lemma (4.2),

V_3< P2 if Q >0,
Uz ~ | D?/P? ifQ <0,

so there exists My > 1 such that Zﬁ/Uﬁ < M. Then GW is contained in
the set Y7 = {y > 0 | there exists x > 0 with ged(z,y) = 1, 22/y? < M, and
there exist non-zero integers A, B, C with rad(A) | R, rad(B) | S, rad(C) | T
and Ax? + By? = C}. Indeed, for each y = U,, we take 2 = Z,, A = 1,
B=A, C=EQ". By (2.15), Y1 is a finite set, so G is also a finite set.
SECOND CASE: n € Dy. Let V! =V, /2, U, = U, /2,50 V>~ DU!? = Q".
Let R =1, S =rad(D), T = rad(Q) so R, S, T are positive coprime
square-free integers. Let G2 = {U,, € G | d,, = 2}. If U,, € G® then by
Lemma (4.2),
Vi _ Ve _ [P if @ >0,
vz Uz~ {D?/P2 if Q <0,
so there exists My > 1 such that V2 /U/?> < M,. Therefore the set {U,, /2 |
U, € G@1} is contained in Yo ={y > 0 | there exists z > 0 with ged(x, y) =1,
22 /y? < My and there exist non-zero integers A, B, C such that rad(A) | R,
rad(B)| S, rad(C) | T and Az? + By? = C}. Indeed, for y = U, /2 we take
x=V,/2,A=1,B= D, C = Q". By Theorem (2.15) the set Y3 is finite,
so G is also finite.
(2) The proof is similar. We require that by Lemma (4.2),

U_5< 1/D  ifQ >0,
V2 = | 1/P? ifQ <0,

so in both cases U2/V2 < 1. m
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(4.4) COROLLARY. Let P, @ be as above.

(1) For each o > 1 there are only finitely many terms U, € N, and
V., € N,.
(2) There are only finitely many terms U,, V,, which are powerful.

The above statement (2) is already in the paper [6] by Ribenboim and
Walsh.

The next result concerns families of binary recurrences.

(4.5) THEOREM. Let R be a positive square-free integer, let o > 1. If the
(ABC) Conjecture is true, the set So, = {(x,m) |z >2,m >3+1/(a — 1),
(™ —=1)/(x — 1) = az, where rad(a) | R, z € N, } is finite.

Proof. Let 0 <e < (a—1)%/(2a% —1). If (z,m) € S,, we write

™ =1

" = p— (x—1)+1.

By the (ABC') Conjecture, there exists K > 0 such that 2™ < Krl™¢ where
™ =1

r—1

r =rad <xm (x — 1)) = rad(z™ - az - (x — 1)) < 22RzY/“.

Hence
xm72(1+a) < KRlJrsZ(lJrs)/a < KR1+E(CLZ)(1+€)/OC.

From 2z™~1 > (2™ —1)/(z — 1) < az it follows that
(az)(m—2(1+5))/(m—1) <az> (m—2(1+¢))/(m+1)

2 2

< KR (az)+e)/

So
(az)m=20+)/(m=1) — K/(q2)F9)/@ where K’ = 2K R'™*=,
We show that [m — 2(1 +¢)]a > (m — 1)(1 +¢). It suffices to show that
Ba—-2)(a—1—¢)>2a—-1)(a—1)(1+¢)
or equivalently
(Ba — 2)a > (202 — 1)(1 +¢).
But this is true, since
3a? — 2a (a—1)?
e SO A S
2a2—1  2a2-1 °
This shows that az = (" — 1)/(z — 1) remains bounded, showing that
the set S, is finite. =m
In particular, Sy = {(z,m) |z > 2, m >4, (z™ —1)/(z — 1) = az, with
rad(a) | R, z € N2} is a finite set.
As a corollary, we have:
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4.6) COROLLARY. Let R, a be as above.

(

(1) For each x > 2 the set {m > 2 | (™ —1)/(x —1) = az with
rad(a) | R and z € N, } is finite.

(2) For each m > 4 the set {x > 2 | (™ —=1)/(x —1) = az with
rad(a) | R and z € N, } is finite.

The following very special case is found in Shorey’s paper [8]:

(4.7) COROLLARY. The set S = {(z,m) |z >2,m >3, (2™ —1)/(x — 1)
is a power} is finite.

Proof. By the preceding result, the set {(x,m) € S | m > 4} is finite.
We show that the set of integers = such that (22 —1)/(z — 1) = 22 +2+1 =
a®, where a > 2, k > 2, is also finite.

Since the roots of X2 4 X +1 = 0 are simple, by the theorem of Schinzel
and Tijdeman [7], there are only finitely many integers z? + x + 1 of the
form a* with @ > 2 and k > 3. Finally, if 22 + 2 + 1 = a® with a > 2, then
= (=14 /1 —4(1 —a?))/2. Since x is an integer we then have 4a® — 3 =
b2. So a = 1, x = —1, which has been excluded. This concludes the proof. m
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