ON THE PRIME FACTORS OF THE ITERATES OF THE RAMANUJAN
—-FUNCTION

FLORIAN LUCA, SIBUSISO MABASO AND PANTELIMON STANICA

ABSTRACT. In this paper, for a positive integer n > 1, we look at the size and prime factors
of the iterates of the Ramanujan 7 function applied to n.

1. INTRODUCTION

The Ramanujan 7-function 7(n) is given as the coefficient of ¢" in the expansion

g [J(1 =" =D r(n)g",
k=1

n>1

where ¢ = exp(2mz), with z in the complex upper half plane. It is well-known that 7 is
a multiplicative function. That is, 7(1) = 1 and 7(mn) = 7(m)7(n) holds for all coprime
positive integers m,n. Further,

(") = 7(p)T (™)

In addition, |7(p)| < 2p'*/? holds for all primes p. In particular,

—p"'7(p") holds for all primes p >2 and integers a>0. (1)

aa—i—l _ ﬁa+1
7(p*) = L2——2  holds forall a>1,
ap = Bp
where a, 3, are the roots of the quadratic polynomial 22 —7(p)z +p'!. Since its discriminant
(ap — Bp)? = 7(p)? — 4p™! is negative, it follows that a,, 3, are complex conjugates.

In this paper, we look at the dynamical system obtained by iteratively applying 7 to a
positive integer n. There are two obstructions to doing so. The first obvious one is 7(n) is
negative for some n. For example, 7(2) = —24. To deal with this, we extend 7 to negative
numbers by putting 7(n) := 7(|n|) for any nonzero integer n. A second more subtle obstruction
appears if 7(n) = 0 for some n. It is a conjecture of Lehmer that 7(n) # 0 for all n. This has
not yet been proved. If it is false, then there exists a prime p such that 7(p) = 0. We have
the following lemma.

Lemma 1. Assume that the Lehmer conjecture is false, namely that 7(n) = 0 for some integer
n. Then for every prime q, there exist ay such that 7(1(¢%)) = 0.

To deal with this situation, we can also put, by definition 7(0) := 0. One obvious question
to ask is what happens with 7(*)(n) = 7 (7(--- (7(n)) - --)) (the composition of T with itself,
k times) for positive integers k and n. We conjecture that the set

Orb,(n) :={r®(n) : k> 0} (2)
is infinite for all n > 1. In what follows we give some support to this conjecture. For a positive

integer m let P(m) be the largest prime factor of m.
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Proposition 1. Assume the Lehmer conjecture holds. Then for integers k > 1 and n even,
we have P(F)(n)) > 3k 4+ 2.

In particular, if the set Orb,(n) contains an even element and the Lehmer conjecture holds,
then Orb;(n) is infinite. It remains to look at the situation when Orb,(n) contains only odd
numbers. The smallest odd number (in absolute value) is 1. We have the following proposition.

Proposition 2. If |7(n)| =1, then n = 1.

From now on, we assume that n > 1, so |7(n)| > 1 and that 7(n) is odd. It is then well-
known that n is a perfect square. Computations suggest that in this case |7(n)| is much larger
than n. If this was true for all perfect squares n > 1, then in case Orb,(n) contains only odd
numbers, the numbers

2
nl, e, PP, ..
would form a strictly increasing sequence, so in particular Orb,(n) would also be infinite. We

cannot prove that this is indeed so, but we can almost prove it (up to finitely many putative
exceptions) under the abc-conjecture.

Proposition 3. Assume the abc-conjecture and the Lehmer conjecture. There exists ng such
that if n > ny is a perfect square, then |T(n)| > n. In particular, if Orb.(n) contains only odd
numbers, then Orb;(n) is infinite.

Further, let n be such that Orb,(n) has at least cardinality k£ + 1 and assume the Lehmer
conjecture. Put

OrbT(”a k) = {‘n‘7 ‘T(n)‘v SRR ‘T(k) (77/)‘},

and assume that the elements in the above set are all distinct and nonzero. We ask whether
we can say something about the prime factors of the above numbers. Let

P(Orb,(n,k)) := max{P(m),m € Orb.(n,k)}.
We have the following result.

Proposition 4. Assume k > 1 is an integer. If the Lehmer conjecture holds and Orb,(n, k)
has cardinality k + 1, then

P(Orb,(n,k)) > log(k/2). (3)

Next, let S = {p1,...,ps} be a finite set of odd primes arranged increasingly and let P = pj
be the largest. We ask whether it is possible to compute the cardinality of the set of n such
that

7(n) = £p{* ---pi*  for some integer exponents ay,...,as. (4)

By the multiplicativity of the function 7, it suffices to compute the number of solutions of the
form p® for some odd prime p and even positive integer a. If this number is denoted by €2,
then clearly the total number of solutions of is at most 2.

Proposition 5. The number of solutions n = p* with a prime p and a positive even integer

a to the equation is at most max{P,11}6500(s+4)

Taking S = {3,5,7}, we have s = 3, P = 7 so equation has at most 1149590 solutions
of the form n = p® for an odd prime p and a positive even integer a. We end up with a
computational result showing that in fact there is no such solution.

Proposition 6. There is no n > 1 such that 7(n) is odd and P(t(n)) < 10.
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This last result shows that in Proposition [5, the bound max{P, 11} can be replaced by P.
Indeed, either P > 11, in which case the maximum is P, or P < 10, in which case there is no
solution to equation so the stated inequality holds anyway.

Our paper is much inspired by [I3] where the authors have studied the set of positive
integers n such that n | 7(n) and on the way they derived congruences for the 7-function such
as 7(1000n) = 0 (mod 64000) which holds for all positive integers n. The size of 7(n) for odd
n has also been studied in [14].

Independently, Balakrishnan, Craig and Ono showed in [I] that, for n > 1, 7(n) ¢
{£1,+3,+5,+£7,£691}, which was further generalized in [2] (by the same authors along with
Tsai) to additionally exclude 7(n) ¢ {£13,£17, —19, £23, £37}. Under the Generalized Rie-
mann Hypothesis, it was also shown in [2] that

1
T(n) & {£l : 41 <L <97, <5> =—-1}u{-11,-29, -31, —41, —59, =61, =71, =79, —89},
where (—) is the Legendre symbol.

2. PROOFS

2.1. Proof of Lemma |1} Assume 7(n) = 0 for some n. Then there is a prime p with
7(p) = 0. For ¢ = p, we take a; = 2. Then 7(p?) = (7(p))? — p** = —p'!. Since 11 is odd,
7(p'!) is an integer multiple of 7(p), so it is zero. Hence, 7(7(p?)) = 0. Assume next that
q # p. In particular, we may assume that 7(¢) # 0. The sequence {7(¢%)}q>0 is the shift of a
Lucas sequence. Namely, recall that by putting g, 3, for the roots of the quadratic

% — T(q)x + q', (5)

we have ) .
a+ a
ay %  — Bq
7(¢*) =
g — By

Further, the ratio ay/3, is not a root of unity. Indeed, assume it is. Then since it is also a
quadratic number, it follows that it is a root of unity of orders one of 1,2,3,4,6. It is not
possible that a,/8, = 1, since the discriminant 7(g)? — 4¢"! of the quadratic () is negative
so ag and 3, are complex non-real and they are conjugates. It is also not possible that
aq/Bq = —1, since we have assumed that 7(q) = ag + B, # 0. Thus, the order is one of 3,4, 6.
Since

aa—i—l _ ﬁa—&-l
T(qa) — q q ,
g — Bq
it follows that 7(¢%) = 0 for some a € {2,3,5}. However,
2 a; — B, 2 2 2 11
7(¢7) = 1 q:aq+aqﬁq+5q:T(Q) —q;
g — By
ot _ gl
7(¢*) = L=t =(ag+By)(op +8]) = 7(0)(7(¢)* — 2¢");
aq — By
5 0‘2 - 52 2 2v( .2 2
7(¢°) = =By (g + By)(ag + agBy + By) (g — agBa + B7)

= 7(@)((9)* - ¢")(r(a)* = 3¢™),
so we see that if one of the above expressions is zero but 7(q) # 0, it follows that one of
7(q)? — bq'! is zero for some b € {1,2,3}. This is impossible for b = 1 and for b € {2,3}



4 F. LUCA, S. MABASO AND P. STANICA

it implies that ¢ = b. So, ¢ € {2,3}. However, one checks that as/B2 is not a root of
unity of order 4 and that as3/f3 is not a root of unity of order 6. Hence, {7(¢%)}a>0 is
almost a Lucas sequence, except that it might be that 7(¢) and ¢!! are not coprime. Put
d = ged(7(q),¢"') > 1. Thus, d = ¢*. For ¢ = 2, we have 7(2) = —24, so d = 8 and
A= 3. For ¢ = 3, we have 7(3) = 252 = 22.32.7 s0d = 9 and A = 2. For ¢ > 5, since
IT(q)| < 2¢™/2, it follows that ¢* < |7(q)| < 2¢'Y/? < ¢%, so X € {1,2,3,4,5}. Then writing
(’anfsq) = (aq/q)\aﬁq/q)\)a we have

a+1 a+1
a a ’7‘1 B 5(1
m(¢") = [ L—L—|.

Further, (A4, d,) are the roots of the quadratic 22 — (7(q)/¢")z + ¢'*=%* and 7(q)/¢* and

¢"'=2* are coprime and Yq/0q = g/ Bq is not a root of unity. Thus,

7(¢%) = ¢ ug(a+ 1),
where {uy(m)}m>0 is the Lucas sequence of roots (v4,d,). Now let again p be such that
7(p) = 0. Let b, be the order of appearance of p in the sequence {uy(m)}m>0. This is the
smallest positive integer k such that p | uy(k), which exists since p and ¢ are coprime so the
last coefficient of the characteristic equation for {u,(m)}m>0 which is ¢*1=2* is coprime to
2 il .
p. It is known that b, divides p — e, where e = (T(p)p) and <> is the Legendre

q q
symbol. Write

ug(bp) = p"Pmy,
where v, > 1 and m,, is coprime to p. Let
o bp %f vp=1 (mod 2);
P pb, if 1v,=0 (mod 2).
Since
ug(pbp) = p
for some integer m;, coprime to p, it follows that the exponent of p in w,(c,) is exactly

pp = 2|vp/2] 4+ 1 so it is odd. Now compute
T(qcp_l) = q)‘(cp_l)uq(cp) — q)‘(cp_l)pMPMp’

Verlm/p

where M, € {my, m;,} is coprime to p. Thus, by multiplicativity,
7(r(¢7 ) = r(p")r (VM)

and 7(p#r) is a multiple of 7(p) since p, is odd, so in particular 7(7(¢°»~*) = 0. This proves
the lemma with a, := ¢, — 1. O

2.2. Proof of Proposition For a prime p we put v,(m) for the exponent of p in the
factorization of m. We use the fact that vo(7(n)) > 3v2(n) (see Lemma 2.1 in [11]). Thus, if
va(n) > 1, then vy(7(n)) > 3 and by induction on k we get that vo(7*=1(n)) > 351, Write
|7~ (n)| = 2%, where a > 35! and b is odd. We look at the sequence {7(2™)}m>0. With
the notation from the proof of Lemma I, we have (ag,fB2) = 4 (=3 +v/—119,3 — /—119).
Next, d = ged(7(2),2M) = 23, s0 (12,02) = ((—3 + /—119)/2, (-3 — \/=119)/2). Further,

,Ym-i-l _ 5m+1
T(2™) = 23mu2(’m +1), where wus(m+1)= 2 00 "2

Y2 — 02
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So, for us,
78 (n) = 7(|7* D (n)]) = 7(29) = 2%%s(a + 1)7(b),

where a+1 > 38=1 4+ 1. The sequence {ua(m)}m>0 is a Lucas sequence. Thus, by a celebrated
result of Bilu, Hanrot and Voutier [5], ug(m) has a primitive prime factor for m > 31. This is
a prime p which does not divide ug(¢) for any positive integer £ < m and does not divide the
discriminant —119 = —7 x 17 either. This prime p has the property that p = +1 (mod m).
In particular, p > m — 1. Applying this to our situation, we get that ug(a + 1) is divisible
by a prime p > a > 3! provided a + 1 > 31. This last inequality holds for & > 5 since
a > 31, For smaller values of k, we list uz(m) for all m € {2,...,30} and check that us(m)
has a primitive prime factor for all such values of m (note that us(m) is odd for all m > 1).
Thus, 7 (n) is indeed divisible by a prime p > 3! for all k > 1. If k > 3, neither 3#~1
nor 3*71 4+ 1 can be primes so p > 3*~1 4+ 2. Thus, it suffices to prove that the inequality
p > 31 + 2 also holds for k = 1,2. For k = 1, 2, since n is even (so, a > 1), it follows that
the desired inequalities hold if P(7(2%)) > 3 for all a > 1 and P(7(2%)) > 5 for all a > 3. But
these are equivalent to the fact that P(uz(a + 1)) > 3 for all @ > 1 and P(u2(a + 1)) > 5
for all a > 3, which are consequences of the fact that the odd number uz(m) has primitive
divisors for all m > 2 together with the fact that ua(2) = —3. O

Remark. Stewart [16] showed that P(uz(n)) > nexp(logn/(104loglogn)) holds once n >
ng. With this result, we get that in fact the inequality P(7*)(n)) > 35=1exp(k/(104log k))
holds under the same assumptions (that n is even and that the Lehmer conjecture holds) once
k > ko is sufficiently large.

2.3. Proof of Proposition Since 7(n) is odd, we may assume that n is an odd square.
By the multiplicative property of 7, it follows that we can reduce the problem at a prime
power p?||n. Then 7(p®) = £1 and a is even. If @ = 2, then 7(p?) = 7(p)? — p''. Thus, we
get 22 — y!!' = +1 with (x,%) := (7(p),p), and this has no positive integer solutions (z,y)
since, from the solution of Catalan’s problem by Mihailescu [12] we know that 3% and 2? are
the only consecutive perfect powers. Thus, a > 4. Further, p and 7(p) are coprime for if not
then p | 7(p?) for all a > 1, which is impossible. Thus,

a+1 _ pa+l
« By

(p*) = up(a +1) = L = +1.

ap — fp

Since 7(p) and p are coprime it follows that the above equation signals u,(a + 1) as a
member of a Lucas sequence without primitive divisors. Note that ¢« + 1 > 5 is odd.
These are classified in Table 1 in [5]. If (ap,Bp) = e((u + Vv)/2,(u — /v)/2), where
e € {*1} and u, = (o — B))/(ap — Bp) does not have a primitive divisor for some n > 5,
which is odd, then n € {5,7,13}. Further, if b < 0, then for n = 5 we have (a,b) €
{(1,-7), (2,-40), (1,-11), (1,-15), (12,-76), (12,—1364)}, while if n = 7,13 then (a,b) €
{(1,-7), (1,-19)}. However, for us, a = £7(p) and b = 7(p)? — 4p*!. Thus, we get a cer-
tain number of equations for p'' which we check that they have no convenient solution. For
example, (a,b) = (1,—7) gives 7(p) = £1, -7 = 7(p)? — 4p*! = 1 — 4p*, s0 4p't = 8, a
contradiction. O

2.4. Proof of Proposition [3. We start by analysing 7(p®) for odd primes p and even expo-
nents a. It turns out that if @ is sufficiently large, then |7(p®)| > p?*.

Lemma 2. If a > 10'6 is even, then |7(p®)| > p®.
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Proof. We look again at the sequence {7(p®)}s>0. Let d := ged(7(p),p'!). In the proof of

Lemma we saw that if d > 1, then d = p* for some \ € {1,2,3,4,5}. Then it is easy to
prove by induction on a, via the recurrence formula

T(pa+2) — T(p)T(paJrl) _ pllT(pa), valid for all «a > 0,

that p* | 7(p®). Thus, if A > 3, then |7(p®)| > p** > p** holds for all positive integers a. If
A = 2, then p?® | 7(p®) for all @ > 1. Further, putting (v, d,) := (ap/p?, Bp/p?) we get

7(p®) = p**up(a+1) forall a>1,

where u,, is the Lucas sequence as in Lemma [l Thus, |7(p®)| = p** leads to up(a + 1) = £1.
If a = 2, we get

1 =up(3) = 'Yg + pop + ‘513 = (9 +0p)* =Wy = (r(0)/p°)* =",
which leads to the integer solution (z,y) := (7(p)/p?, p) to the Diophantine equation
z? — y7 = =1,

which does not exist by Mihailescu’s result [I12]. If a > 4, we get again that u,(a + 1) is a
member of a Lucas sequence without primitive divisors and an investigation of Table 1 in [5],
as in the proof of Proposition [2] does not lead to any solutions. Thus, we may assume that
A € {0,1}. Write again (yp,6p) := (ap/p*, Bp/p"). Then we have

,ya-i-l o 5a+1
T(pa) _ p)\aup(a + 1) :p/\a p p )
T~ Op
Thus,
log|7(p")| = Aalogp + (a + 1) log |6, ] + log (7p/d,) " — 1| = log |7 — G-
We need a lower bound for log |7(p®)|. Since |y, — 0| < 2|6,| = 2p'/?>7, we get
log |7(p®)| > Aalog p+alog |, —log 2+log|(v,/5,)* ! — 1| > 5.5alog p—log 2+log [n* ™ — 1],

where 7 := 7, /8,. We need a lower bound for [n*** — 1|. Corollary 4.2 in [6] shows that if we
write D and h(n) for the degree and logarithmic height of n, respectively, then the inequality

log [n**! — 1] > =102 D*(h(n) + 1) log(a + 2)

holds (since |n| = 1). A better (sharper) inequality can be found in Lemma 5 in [I7]. For us,
D =2 and the minimal polynomial of v,/ is

YpOp(T = p/0p) (T — Op/p) = ('Ypdp)xQ - ('Yz + 5£)$ + (9pp),

and both 7 and its conjugate 77 = n~! have absolute value 1, so

h(n) = %IOg(’Ypdp) = (11;2)\> logp < 5.5logp.
Thus,
log [7%tt — 1] > —10'2 x 24(5.51logp + 1) log(a + 2) > —6.5 x 2* x 102 log plog(a + 2).
Hence,
log |[T(p*)| > log p <5.5a — 6.5 x 2% x 10" log(a + 2) — Ei;) > 2alog p,

where the last inequality holds for all a > 10'6. g
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So, we got that |7(p®)| > p?® holds for all primes p > 3 and all a > 10'6. Here, we did not
need the abc-conjecture. We use the abc-conjecture to deal with the low range a € [2,101°].
Let us recall the abc-conjecture. For a nonzero integer m let

N(m):=]]p,
plm
be the algebraic radical of m.

Conjecture 1. For every € > 0, there exists a constant C' := C; such that for all nonzero
coprime integers a,b, c with a + b = ¢, we have

max{‘a’7 ’b’7 ’C’} < CEN(abc)1+8'
In fact, we will use the following consequence of it which is Theorem 5 in [9].

Theorem 1. Assume that the abc-conjecture is true. Suppose that f(x,y) € Z[x,y] is homo-
geneous without repeated factors. Fix ¢ > 0. Then for any coprime integers n,m

N(f(m,n)) > ¢f max{|m|, [n|}48) 27,
The constant cy. depends on f and ¢.
We next prove the following statement.

Lemma 3. The abc-conjecture implies that for all even a € [2,10'%] except for a = 6, the
inequality |T(p®)| > p** holds for p > P, sufficiently large. For a = 6, the abc-conjecture
implies that |T(p®)| > p” holds for all p > P sufficiently large.

Proof. We start with a = 2. Then 7(p®) = 7(p)? —p'* = p?*(2? — p''=2}), where we put again
p* = ged(7(p), p'!), and x1 := 7(p)/p*. Recall that we only consider the case A € {0,1}. If
I7(p?)| < p*, we then get that |22 — p'!=2} < p?=2*. Consider the abc-equation a + b = ¢,
where a := z?, b := —p''=2\. Then || < p?*™*, a, b, c are coprime and max{]al, |b|, ||} =
b] = pt1=2*. We get

p11—2)\ <. N(abc)l—l—e <. (\x1|p4_2)‘)1+6 <. (2p10.5—3)\)1+€,

where we used the fact that |z1| = |7(p)|/p* < 2p>5~*. Choosing e := 0.01, we get that
p < 1. Thus, p < P, is bounded for a = 2.
Assume next that a € [4,10'9] is even. Then

(") = p™upla+1) = P Fo(yp, 6p),
where
Xa+1 - Ya+1

X-Y
The polynomial Fi,(X,Y) is symmetric in X and Y so it is of the form G,(S, P) for some
polynomial G, € Z[x,y], where we put S := X +Y, P:= XY. In addition, as a polynomial in
S it is concentrated only in even monomials. This can be seen by simultaneously changing the
signs of X and Y (so, replacing (X,Y") by (=X, —Y")). This does not change F,(X,Y) since
a is even and does not change P but changes the sign of S. Thus, G,(S,P) = G,(—S, P)
so G4(S,P) = H,(S? P) for some polynomial H,(z,y) € Z[z,y]. The polynomial H, is
homogenous of degree a/2. Let a = 4. Then one checks that
Hy(S? P)=S*—3PS? + P? = (8> - 3P/2)? — (5/4)P%.

So, assume that |7(p?)| < p®. Then putting again x1 := 7(p)/p*, we get

()] = P Fa(p,6p)| = 5 Ha(ad, )] = p(af - 3p11-2/2)2 — (5/)p211- V)]

F,(X,)Y) = =Xy X ly ...y xyelyye
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We thus get that

|(2$% - 3p1172)\)2 _ 5p2(1172/\)’ < 4p874/\.
We apply the abc-conjecture to the equation a + b = ¢, where a := (22?7 — 3pll*2)‘)2 and
b := —5p*(11=2Y) " The greatest common divisor D of these two numbers is either 1 or 5

because p does not divide a since p does not divide x1. Thus, applying the abc—conjecture to
the equation ay + by = ¢1, where a1 :=a/D, by :=b/D, we get

p2(11—2>\) < max{]a1|, |b1|, ‘Cl‘} <. N(abc)l—f—a < (11p11—2>\x (5p)x(4p8—)\))1+5 < p(20—3)\)(1+a)

and taking € := 0.01, we get again that p < P; (both when A =0 and A = 1).
Now assume that a > 6. Then H,(x,y) has degree a/2 > 3. We apply Theorem (1] to it to
infer that

|7_(pa)| _ pAa|Fa(’7p, 5;0)‘ _ p)‘a|Ha(x%,pH_2)‘| >>a,s p)\a(pll—ZA)a/2—2—s >>a,s p5‘5a—11(2+8)+2>\(2+6).

We want that |7(p®)| > p?*. This will be so if

cH, 7‘gpf).Sa— 11(24¢)+2A(1+4¢) > p2a7

where cp, . is the constant that comes from Theorem (I} This works for a > 8 since we can
take € := 0.01, and we see that it is enough that

~1/(3.5a—(2.01x11)
P> Ch,.0.01 = P,

and the denominator of the exponent of cp, 0.01 is positive for a > 8. It also works for a = 6
and A = 1, but it fails for a = 6 and A = 0, since then 3.5a + 2\(2 + ) = 21 < 11(2 + &).
However, for a = 6, we can replace the lower bound |7(p®)| > p?® by |7(p?)| > p'®*. This
works if 4a > 11(2 + €) and this is satisfied with a = 6 and € = 0.01. Thus, for a = 6, we get

~1/(24-2.01x11)
p > CHe.0.01 = P,

which is what we wanted. O

We are now ready to finish the proof of Proposition

Proof of Proposition |3l For each a € [2,10'9], we let P, be such that if |7(p®)| > p'®* then

p < P,. Let
ng := H P;.

2<a<1016
2|a

Let n > ng be an odd square. Write n = nyny where ged(ny,n2) = 1, and ny is built up of
prime powers p% such that |7(p®)| < p!5%. Then a, < 10'6 and p < P,,. In particular,

1/3

ny < ng < n'/3, so ng > n?3. Thus, since |7(p®)| > p'>% for all prime powers p® dividing

ng, we get
T(n T(n2)| >ny” > (n T =n

which completes the proof. O
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2.5. Proof of Proposition We may assume that k£ > 10 otherwise the left-hand side
of is smaller than 2 and the inequality trivially holds by Proposition If among the
elements of

L:={n,7(n),... ,T(Lk/zj)(n)} (6)
there is an even number, then with m := 7(l¥/2)) (n), we have that m is even and Proposition
shows that

P(r®)(n)) = P(r*=1k/2D () > 3k=R/21=1 Lo > 3k/271 L 9 5 og(k/2) for k> 10,

and therefore P(Orb,(n,k)) > P(m) > log(k/2). Thus, we may assume that all numbers in
list L given at @ are odd. We look at prime powers p®, where p®||s for some number s from
list @ Let w be the number of such primes p and P be the largest. Then p’s are odd, a’s
are even. Further, by the Primitive Divisor Theorem and Table 1 in [5], each of uy,(a + 1) for
a > 4, contains a primitive prime factor ¢ which does not divide u,(b+ 1) for any even b < a.
This together with the fact that |7(p?)| = p**u,(3) and |u,(3)| > 1 is coprime to p, shows
that for a fixed p, there can be at most w values of a. This shows that

k/2 <#L <w” = @ 108w < oPo P

where we use p; < p2 < --- for the sequence of all prime numbers and the fact that P > p, >
wlogw (see (3.12) in [I5]). Hence, P > log(k/2), as we wanted. O

2.6. Proof of Proposition For technical reasons, we enlarge S and adjoin the primes
2,5,11 to it. So, we work with s but in the final answer we need to replace s by s + 3. We
write
Ls = {xp{*---ps* 1 a; € L}.

We want to count the solutions (p,a) where p is an odd prime and a is an even integer to
T(p*) € Z%. Since 7(p®) = p*up(a + 1) and uy(m) has primitive divisors for all even m > 4
(and |up(2)| > 1 is coprime to p), it follows that a can take at most s values and the largest
one satisfies a +1 < P—1,s0a+ 1 < P — 2, since a is even and P is odd. Thus, there are
at most P? values of the form 7(p®) with p € S. From now on, we assume that p ¢ S. In
particular, p{ 7(p). Observe that

aa+1 o 5;4—1

) = wa+ 1) =

Let ¢ := P(a+ 1) and then

(a+1)/avq _ (platl)/a\q
o[t 5
(o) = (( L b )up<<a+ 1/9)
A

P p
éaJrl)/q’ ﬂéaJrl)/q)

, we have that
7(p*) = Fg—1(an, B1)up((a +1)/q),
so we deduce that Fy_q(a, 81) € Z§. If ¢ = 3, then
Fy(on, B1) = af + anpy + B = S — Py,

where S := a1+ 31 and P := o 31. Since P; = p'(@t1)/4, we get with (x,y) = (Shp(aﬂ)/q)
that

Thus, putting (a1, 81) = («

22—yt ez, (7)
If ¢ = 5, then
Fy(ar, Br) = (a1 + B1)* = 3(e1B1) (a1 + B1)* + a1y = (S§ — 3Py /2)* — 5PF /4.



10 F. LUCA, S. MABASO AND P. STANICA

Multiplying both sides above by 4 x 519, we get
4 x 510F5(ay, 1) = (5°(25% — 3P)))* — 51 PR
Since P; = p'1(¢t)/4 we can take (z,y) := (5° x (287 — 3P;), 5p*(¢*1/4) and get that
4 x 50 F5(ay, B1) = 2? —y! € Z§,. (8)
Next, assume that ¢ > 7. We then have
Fyi(an, B1) = Hy1(S7, P1),

and H,_(x,y) is a homogeneous polynomial of degree (¢ —1)/2 > 3 which is irreducible (the
polynomial H,_;(x,1) is of degree ¢(q)/2 = (¢ —1)/2 and any of its roots spans the maximal
real subfield of the cyclotomic field Q(e?™/9)). Thus, we get

Hoy () € 23, (©)

Any solution (z,y) of or @D which is convenient for us must have y = p(@+1)/¢, which a
power of a prime p. Since ¢ is known, so is a. Any solution (z,y) of which is convenient
for us must have y = 5p2(@t1)/4_ g0 again p and then a are known. Thus, it suffices to count
the number of such solutions. For (7)) and (8]), we write

2?2 =yt 4 A,
where A = £pi* - p%. In the case of , we must also allow factors of 4 x 50, which is why
we enlarged S to contain 2 and 5. We may reduce a; modulo 22 such as to write them as
a; = 22b;+r; where r; € {0,1,...,21}. Then we get that putting z := Hlepgi, A =11, p
and 2’ := x/2', ' :=y/2%, we have

$/2 — ylll +A/ (10)

The number of choices of A’ is at most 2 x 22°. Note that (2/,y') € Z%. Further, knowing y’
we determine y uniquely since p is not in S. For each one of these, by Theorem 1 in [§], the
number of solutions is at most

7112(4+93)h(]L)2
where L is some extension of Q containing three of the roots of fa(y) := y'!' + A’ and
h(L) is its class number. The above bound is valid provided that all primes dividing the
discriminant of fa/(y) are in S, which is why we incorporated 11 into S. We can take L
to be the field Q(AM/11, 2m/11) where AV/1 is the real 11th root of A’. The absolute
values of the discriminant of K; := Q(A’Y/™) is at most (11|4’))™ and of the discriminant
of Ky := Q(e%i/n) is at most 11", and the degrees of both fields are at most 11. So, the
discriminant Ap, of I (which is the compositum of K;, for ¢ = 1,2) is in absolute value at
most

)

(11A’)“2 % 11112 < (112A/)112 < (P22s+2)112 _ P2><112(1ls+1).
Thus,
IAL| < P2><112(1ls+1). (11)
From inequalities (3.6) and (3.7) in [4], we have that
h(L) < 5|AL|Y2(log |AL )1 =172,

We show that the right—hand side above is smaller that the right—hand side of . Indeed,
for that all we have to show is that

5(2 x 112(11s + 1) log P)(1*~1/2 < p1P*(1ls+1)
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Since 5 < (112)/2, we have that
5(2 x 112(11s + 1) log P)M*~1/2 < (2 x 11%(11s + 1) log P)'*°,
so taking 112 roots, it suffices to show that
2 x 11%(11s + 1)log P < P+l

Since P > 2log P, it suffices to show that P''* > 112(11s + 1), which is implied by P* >
(x4 1)? with x = 11s, and further by, 2* > (x + 1)3, and this does indeed hold for all x > 11.
Thus,
h(L) < P2><112(115+1)
so the number of solutions of is at most
112(4+9s) 4x112(11s+1) 112 (44+9s+4-+44s) _ pl112(53s+8)
7 x P <P =P ,

where we use the fact that P > 7 (because 11 has been incorporated into S). This is for a
fixed A’ and there are at most 2 x 22% = 25! x 11° < (1/2)P?® such equations for each of
a = 2,4, which gives us a number of possibilities for p at most

p2stl o P112(533+8) _ pb64155+969

Now we fix ¢ > 7. In this case, we have the equation
qul(xvy) € Z*S

This is a Thue-Mahler equation of degree (¢ —1)/2 > 3 and H,_;(z,y) is irreducible. The
number of equivalence classes of solutions (z,y) € (Z%)? (where by equivalence classes we
mean that (z,y) = (2/,y/) if (x,y) = X', y’) for some X € Z%) is, by a result of Evertse [7],
at most
(5% 10%(g — 1)/2)* < (10"P)* < P®.

Our solutions for which y is a power of a prime p not in S are in inequivalent classes. Thus,
the above bound bounds the acceptable number of primes p. This is for a ¢ fixed and ¢ < P.
Each of these determines p and then we need to multiply by another factor of P to account
for the number of possibilities for a. Thus, the total number is at most

P(P8s+1 +P6435s+969) + Ps < P6500(S+1).

Now we replace s by s+4 (we need to add 3 for the primes 2, 5,11 and another 1 for the place
at infinity which is always incorporated in both the results from [7] and []]), and we get the
desired result. O

2.7. Proof of Proposition [6} By the multiplicativity of 7, it suffices to show that there
is no prime odd p and even positive integer a such that P(r(p®)) < 7. We write again
d := ged(7(p), p"') = p* and
7(p") = P upla+1).

Then {u,(m)}m>1 is a Lucas sequence. If a > 8, then, since P(u,(a + 1)) < 7, we conclude
that u,(a + 1) has no primitive divisors. As we saw, there are only finitely many possibilities
for (a,~p,0p) and they can all be read from Table 1 in [5] as in the proof of Proposition
This gives no solutions. Assume next that ¢ = 6. Then P(uy(7)) < 7. Hence the largest
prime factor of u,(7) is either at most 5 (smaller than 7 and incongruent to +1 modulo 7),
or 7. But if 7 | u,(7), then 7 must divide the discriminant of the sequence (which is the same
as the discriminant (7, — 8,)? of the characteristic polynomial) and such primes do not qualify
as primitive primes, so these instances also appear in Table 1 in [5]. Similarly, if @ = 4, then
up(a + 1) = upy(5). The only primes which can divide uy(q), with a prime ¢ are either ¢ itself



12 F. LUCA, S. MABASO AND P. STANICA

(if ¢ divides the discriminant of the sequence) or primes which are congruent to +1 modulo g.
Thus, the only possibility is that u,(5) is a power of 5, so again u,(5) has no primitive prime
factors and the possibilities can be read off from Table 1 in [5]. It remains to consider the
case a = 2. Since each of 7(32), 7(52), 7(7?) has a prime factor larger than 7, it follows that
p > 11. Further, p{ 7(p). Now

() = 7(p)* — p!' = £3°5"7°

We use congruences with the Ramanujan function to get information on the exponents a, b, c.
Here are the congruences that we use. In what follows, ox(n) is the sum of the kth powers of
the divisors of n.

(i) 7(n) = nog(n) if n=0,1,2,4 (mod 7);

(i) 7(n) = n"3%071(n) (mod 53) if n #Z 0 (mod 5);

(iii) 7(n) = n %% 931(n) (mod 3%) if n =1 (mod 3).
Assume now that ¢ > 1. In particular, p'' = 7(p)? (mod 7), so p is a quadratic residue
modulo 7. Thus, we can apply congruence (i) above to n = p? to get that

0=71(p?) (mod7)=p’og(p?) (mod 7)=p*(1+p” +p'®) (mod7)=3p* (mod?7),

since p? =1 (mod 7). Hence, p = 7, a contradiction. Thus, ¢ = 0.

Assume next that b > 1. We use the congruence (ii) above for n = p?. Note also that since
pt = 7(p)? (mod 5), we get that p is a quadratic residue modulo 5. Thus, p? = 1 (mod 5).
By (ii) above for n = p?, we get

Ogz1(p?) (mod 5) =1+p™ +p'*? (mod 5)=2+p (mod 5),

so p = 3 (mod 5), which contradicts the fact that p is a quadratic residue modulo 5. Thus,
b=0.
Thus, the only possibility is

0=p~

T(p)2 _pll — :|:3a,

and a # 0 since, otherwise we get again the Catalan equation. Hence, a > 1. Next, since
p'! = 7(p)? (mod 3), it follows that p = 1 (mod 3) so p> =1 (mod 9) and p> +p+1=3
(mod 9). We now apply (iii) to n = p? to get that

+3* = 7(p?) (mod 3%) = p~ 51551 (p%) (mod 3%) = p~ P01 4 p'* + p*¥?)  (mod 3°).
Since p? = 1 (mod 9), we get that 1 4+ p'?! 4 p?*32 =1 + p+ p? (mod 9) = 3 (mod 9). So,
in the above congruence, we get

+3% = 3p~ 1220 (mod 9),

which shows that a = 1 and £1 = p~!?20 (mod 3). Since p =1 (mod 3), we deduce that the
sign is +. Hence, we get the equation

T(p*) =7(p)* —p" = 3.

With (z,y) := (7(p),p), we get
z? — 3=y (12)

This can be reduced to one of several Thue equations. Indeed, the left—-hand side factors in
the Euclidean ring Z[v/3] as (z — v/3)(x + v/3), and the two factors = + /3 and = — /3 are
coprime since x is even. Thus, y = (a+ bv/3)(a — by/3) for some integers a, b and (a + by/3)™
is associated to one of x & /3. Up to changing b to —b, we may assume that (a + byv/3)!! is
associated to = + /3. Thus,

x4+ V3 = (a+bv3)!,
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where ¢ is a unit. All units in Z[v/3] are of the form +(2 + v/3)* for some integer k. We may
reduce k£ modulo 11, so replace k by 11k + r, where r € {0,1,...,10} and replace a + bv3
by (a + bv/3)(2 4+ v/3)*0. Thus, we get

z4+V3==+(a+b/3)'"(2+V3)" forsome re{0,1,...,10}.
Conjugating and eliminating x, we get

(a+bv3)"(2+V3)" — (a —bV3)' (2 - V3)"
2v/3

These are the Thue equations. For example, for r = 2, we get

= +£3.

+3 = da'' + 774 + 660a°b? + 3465023 + 118804 b* + 29106a°b° + 498964°b°
+ 62370a*b" + 53460a°b® + 31185a%b” + 10692ab'® + 17015

At any rate, equation (and several others of the type 22 — D = y" for various D € [1, 100]
and various exponents n > 3) have been solved in Carlos Barros’ Ph.D. dissertation [3]. The
only integer solutions are (x,y) = (£2,1), which are not convenient for us. This completes
the proof. O

2.8. Comments. One may wonder what happens if the Lehmer conjecture is false. Then
we believe that for most n, 72 (n) = 0, and we provide some heuristics below. Indeed, it
is known that there is a constant ¢ > 0 such that on a set of n of asymptotic density 1,
7(n) is a multiple of all prime powers p* < ¢;logn/loglogn. This was done in Proposition
1 in [I0] for the nth coefficient of the modular form associated to an elliptic curve over Q
without complex multiplication and the same argument works with the Ramanujan function
7(n). Let p be such that 7(p) = 0 and for each prime ¢ let a4 be the minimal positive integer
such that 7(¢%) is divisible by p and the exponent v,(7(¢%)) is odd. By the arguments from
Lemma (I} we have that a, + 1 is either the order of appearance of p in the Lucas sequence
{ug(m)}m>0, which we denote by £,(q), or ply(q). Note that £,(q) is at most ¢+ 1. Let a4(n)
be the exponent of ¢ in the factorization of 7(n). From what we have said, this is at least
as large as [(1/logq)log(cilogn/loglogn)| for most n. If a4,(n) + 1 is an odd multiple of
aq + 1, then 7(¢% ™) is an integer multiple of 7(¢%), so it is zero. So, we need to look at the
situation when a4(n) + 1 is not an odd multiple of a, + 1. Let us assume that a,(n) behaves
like a random large number with respect to being in a certain residue class modulo 2(a, +1).
Thus, let us assume that the probability that a,(n) + 1 is not an odd multiple of a4 + 1 is
1—1/(2(aqg+ 1)) and let us assume that these probabilities are independent as ¢ ranges over
small primes different than p. Then the probability that 7(7(n)) is not zero would therefore

be at most
=

2<g<clogn/loglogn

2#p
and since the sum
1 1 1 1 1
;Q(Gﬁl) ZP;E(Q) pzq:qul
q#p q#p

is divergent, it follows that the product shown at ([13) tends to 0 with n.
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