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ABSTRACT. Let b > 1 be a fixed positive integer. We study the distribution
of pseudoprimes to base b in certain linear recurrence sequences. We prove,
in effective form, that most terms of these sequences are not pseudoprimes to
base b.

1. INTRODUCTION

1.1. Motivation. Let b > 2 be an integer. Recall that a pseudoprime to base
b is a composite positive integer m such that the congruence b™ = b (mod m)
holds. The question of the distribution of pseudoprimes in certain sequences of
positive integers has received some interest lately. For example, van der Poorten and
Rotkiewicz show that any arithmetic progression ¢ mod d with a and d coprime
contains infinitely many pseudoprimes to base b; see [9] for details. Pseudoprime to
base b values of the Fibonacci numbers, polynomials and the Euler function have
been studied in [7], while pseudoprime Cullen and Woodall numbers are analyzed
in [8]. In a recent paper, the authors jointly with Cojocaru, fixed an elliptic curve
E defined over Q and studied the primes p such that the reductions of E modulo p
are base b pseudoprimes (see [2]).

Note that Fibonacci Cullen and Woodall numbers as well as polynomials, are all
examples of linearly recurrence sequences. In this paper, we continue this program
and look at the presence of pseudoprimes in linear recurrence sequences of certain
general types. One application of our results is an upper bound on the number of
pseudoprimes amongst the numbers of Fy»-rational points on a given elliptic curve
over a finite field F, of ¢ elements for n < x.

1.2. The set up. Let u = (un)n>0 be a linear recurrence sequence of integers
satisfying a homogeneous linear recurrence relation

Uptk = Q1 Untk—1 + * F+ Ap—1Unt1 + QlUn , n=12,...,
with the characteristic polynomial
P(X)=XF —a, XF a1 X — a, € ZIX).
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We assume, without loss of generality, that ag # 0. It is then well-known that

m
Up, = Z Ai(n)ag,
i=1

where a1, ..., a,, are the distinct roots of ¥(X), of multiplicities o1,..., 0, re-
spectively, and A;(X) are polynomials of degrees o; — 1 for i = 1,...,m, with
coefficients in K = Q[ay, ..., am].

We recall that aq,...,«,, are also called the characteristic roots. Further, as-

sume that (u,)n>0 is nondegenerate, namely that «;/c; is not a root of 1 for any
1 <i<j<m. Itis well-known that there exist only finitely many n such that
un = 0 (see, for example, [10] for a bound on the number of such n). From now on,
we may assume that n > ng is large so that u, # 0.

We refer to [4] for these and other known facts about linear recurrence sequences.

In this paper, we study the number N, ,(z) of positive integers n < x such that
Uy, is a base b pseudoprime where the sequence u = (uy,)n >0 satisfies one additional
condition.

1.3. Divisibility sequences. Throughout the paper, we always assume that the
sequence (uy)n>0 is a divisibility sequence, that is, w,, | u, whenever m | n.

By the main result in [1] (see also [3] for a more general result), we know that
Uy, | Wy, where (wy,)n>0 is a recurrence whose general term has the shape

s n— R
(1) wy, =an™ || 22—
! H Bj =

for some constants a € K, integer A > 0, and algebraic integers 3;,v; for j =
1,...,s such that §;/v; is not a root of unity for any j = 1,...,s. An immediate
consequence of this representation is that

(2) Uup = n"ou,,

where (vy,),>0 is a linear recurrence sequence having only simple roots and ho > 0
is some integer. It is also clear that the sequence (v,,),>0 is of order at most k.

Note also that hg = 0 if and only if the characteristic polynomial ¥(X) of
(un)n>0 has no multiple roots.

1.4. Examples. Let (F,),>0 be the Fibonacci sequence given by Fy =0, F; =1
and F, 4o = Fy41+F), for alln > 0. It is well-known that the sequence (F},)n>0 is a
divisibility sequence. In fact, F,, = w,, where (wy,)n>0 is given by formula (1) with
s =1 and (1,7 are the golden section and its conjugate. In particular, it follows
from our general results, that the set of n such that Fj, is a base b pseudoprime
is of asymptotic density zero. As we have mentioned, this is already proved in [7].
The same remarks apply to the Pell sequence (P, )n>0 given by P, =0, P, =1 and
P13 =2P,11 + P, for all n > 0. Our results show that even the product F,, P, is
a base b pseudoprime only for a set of n of asymptotic density zero.

The Cullen and Woodall numbers, denoted C,, and D,,, respectively, are given by
C,, =n2"+1and D, = n2"—1 for all n > 1. The sequences (Cy,)n>0 and (Dy,)n>0
are ternary recurrent of common characteristic polynomial )(X) = (X —1)?(X —2).
However, none of them is a divisibility sequence so our general result does not apply
to this sequence. However, using different arguments, it has been shown in [8] that
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the set of n such that C), or D,, is a base b pseudoprime is of asymptotic density
zZero.

The sequence of values of the Euler functions (¢(n)),>1 is a divisibility sequence
because ¢(m) | p(n) for all m | n, but it is not linearly recurrent. Nevertheless,
it is shown in [7] that the set of n such that ¢(n) is a base b pseudoprime is of
asymptotic density zero.

Let ¢ be a prime power and let E be an ordinary elliptic curve defined over
a finite field of ¢ elements F,. Let m(n) be the number of points on E defined
over Fyn. Then both sequences (m(n)),>1 and (m(n)/m(1)),>1 are divisibility
sequences. Indeed, m(n) = (7 — 1)(7" — 1), where 7 and 7 are the two eigenvalues
of the Frobenius. In the non-supersingular case, we know that 7/7 is not a root
of 1 (see, for example, [6, Lemma 5]), therefore our results show that each one of
the numbers m(n) and m(n)/m(1) is a base b pseudoprime only for a set of n of
asymptotic density zero. This compliments the results of [2], where it is shown
that for a fixed elliptic curve E over Q, under some natural assumptions, the set of
primes p such that the reductions of E modulo p are base b pseudoprimes forms a
subset of primes of relative density zero (in the set of all primes).

1.5. Notation. Throughout this paper, for any positive real number = and any
integer ¢ > 1, we write log, xz for the function defined inductively by log; z =
max{lnz, 1}, where Inz is the natural logarithm of z, and log, z = log; (log,_; x)
for £ > 1. When ¢ = 1, we omit the subscript in order to simplify the notation;
however, we continue to assume that logz > 1 for any x > 0.

We use the Landau symbol O and the Vinogradov symbols < and >> with their
usual meanings, with the understanding that any implied constants depend on our
data such as the sequence (uy,)n>0 and the number b. We recall that the notations
A< B, B>» Aand A = O(B) are all equivalent to the fact that there exists a
constant ¢ such that the inequality |A| < ¢B holds for all sufficiently large values
of the input.

We always use the letters p and ¢ to denote prime numbers, while m and n
always denote positive integers.

1.6. Congruences with linear recurrence sequences. We make use of the
following bound from [11] (see also [4, Theorem 5.11]).

Lemma 1. Let m > 2 be an integer coprime to infinitely many elements of a
nondegenerate linear recurrence sequence (Wy)n>o of order k. Then for any integer
N > 1 the number R(N,m) of solutions of the congruence

u(n) =0 (mod m), 0<n<N -1,
satisfies the bound
R(N,m) < C(k)(N/logm + 1),
where C(k) depends only on k.

2. MAIN RESULTS

2.1. Characteristic polynomial with multiple roots. Here we consider the
case when hg > 0 in the representation (2).
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Theorem 2. Assume that a nondegenerate linear recurrence sequence (Un)n>0 18
a divisibility sequence. If hg > 0 in the representation (2), then

1 1
Nou(a) < zlogy wlogg -
log x

Proof. We let x be large and set
(3)  w= (logx)? y = x'/(k+2) and z = exp (241og, xlogs x) .

For a prime number p coprime to b we let ¢(p) denote the multiplicative order of b
modulo a prime p. We let Q be the set of primes p € [z,y] with ¢(p) < p'/3. Tt is
shown in the proof of Theorem 1 in [8] that

1 1
(4) Z];<<7zl/3<<l'
peEQ

For an integer m we write P(m) for the largest prime divisor of m with the con-
vention that P(0) = P(£1) = 1. For a prime p we put g, = P(t(p)).

We define R as the set of primes p € [y, 2]\ Q with ¢, < w. Clearly, each prime
p € R has the property that p— 1 has a divisor d > y'/3 with P(d) < w. Therefore,

PIELTED SIEED DI

PER y'/3<d<z p<d®
P(d)<w p=1 (mod d)

The arguments used in the proof of Theorem 2 in [8] lead easily to the bound

(5) Zl«M:L

(log w)/6
PER p z

We let P be the set of primes p € [z,y]\ (QUR). We let € be the set of positive
integers n < x which do not have a divisor p € P.
By the Brun sieve inequality (see Theorem 2.2 in [5]), we have

1
#e <[] (1—).
peEP p
Using (4) and (5), we obtain

(6) #e<z [] (1—;).

PE[2,y]

By Mertens’s formula (see [12] for a better error term) for a positive real number ¢

we have
1 1
bt p 0g

Applying this with ¢ = y and ¢t = z and dividing the two relations obtained in this
way we get, by estimate (6),
log 2z

(7) #E <y

We now let A/ be the set of positive integers n < x which are not in £. Each
positive integer n € N has a prime factor p € P. To get an upper bound on #N,




PSEUDOPRIMES IN CERTAIN LINEAR RECURRENCES 129

it suffices, for every p € P, to count the number M, ,(x,p) of m < x/p such that
n =mp € N and the congruence

b —b=0 (mod uy,)
holds. Since hg > 0, we see that
plnlu, b7 —1).
Clearly, if z is large enough, then
(8) ged(gp, axbD) =1

for all p € P, where we recall that a; = (0) is the constant term of the char-
acteristic polynomial (X)) of the sequence (uy)n>0, and D is the product of the
discriminants of the irreducible factors of 1. Since p | b*»~! — 1, we get

4 | t(p) | un — 1 =n"ov, — 1.
Since g, | p— 1 and n = mp, we derive that
(9) m" vy, =1 (mod gp).

The classical theory of linear recurrence sequences (see [4]) implies that under the
condition (8) the sequence (Upm)m>1 Whose order is at most k is purely periodic
modulo g, with some period T}, < q]’,f — 1. Furthermore, we also have the divisibility

k
v=1
which in turn implies that

(10) ged(Tp, gp) = 1.

Thus, if we write m = r + T}, s with some integers r and s such that 0 < r < T}, and
0 < s < z/pTy, then (9) implies that

(r+Tps) v, =1 (mod ).

Thanks to the condition (10), we see that the last congruence tells us that s belongs
to at most hg arithmetic progressions modulo ¢,. Namely, this is a polynomial
congruence for s modulo g, of degree exactly hg since p does not divide its leading
term T)'9v,.. Thus, s may take at most ho(z/(pT,qp) + 1) possible values in the
interval [0, z/pT}), leading to the bound

T
11 My (z,p gTh< +1).
(11) balp) < Tyho (

Notice that due to our choice of parameters,
k k k
pTpap < pgptt <p"P <y =

Hence, the bound (11) simplifies to

x
My y(z,p) < —.
Pap
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Using (7), we obtain

log z 1
Now@) < HE+D Myulap) oo +ay —
8y 5 pap

peP
logz = 1 logz logyy
A e ) e + =22 )
logy w P logy w
Recalling the choice of w, y and z from (3), we obtain the desired result. O

2.2. Characteristic polynomial without multiple roots. Here, we consider
the case when hg = 0 in the representation (2) and get a slightly weaker result than
in Theorem 2.

Theorem 3. Assume that a nodegenerate linear recurrence sequence (Up)n>0 S @
divisibility sequence. If hg = 0 in the representation (2), then

Npou(z) €

Proof. We let again x be large and we now set

12 w = exp logs ), y:xl/(k”), z=-exp |124/log, xlogs x ) .
2 2 3

We redefine the sets of primes P, Q, R as well as the sets of integers £, N as in the
proof of Theorem 2 but with the current choice of parameters w, y and z. Since
we still have that

z — 00 and 2 /6logw(jog) )2 =1,

as  — 00, the bound (7) holds for our new choice of parameters as well.
To estimate M, ,,(z,p), we note that congruence (9) now becomes

(13) Upm =1 (mod ¢p)
Note also that that u,, = v,, for n = 1,2, ..., because hg = 0.

We now apply the bound of Lemma 1 to estimate the number of solutions of
the congruence (13) with the linear recurrence sequence (uy, — 1),>0, whose roots

are now of,...,of and 1. We note that if of,..., o} are not roots of unity, then
Lemma 1 applies directly. Otherwise, if one of them is a root of unity p then all
its conjugates must also be among «of,...,a}. However, since there are no roots

of unity among ai/aj for 1 < ¢ < j < m, then p = £1. Thus, u,, = w, + Ap"
where (wy,)n>0 is a linear recurrence sequence which has no roots of unity among
it characteristic roots and their ratios. Thus, (u2np — 1)n>0 and (wz2p41)p — L)nz0
are nondegenerate linear recurrence sequences to which Lemma 1 applies.

Therefore,
x

+ 1K .
ploggp plog gy
Once again, recalling estimate (7), we obtain

log 2z 1
Nowl@) < #E+ Y Myu(ep) apes +a ) —
e ogy = plogyy

1 1 1 1
< ogz Z<<x(ogz+og2y).
Woep P

Mb7u(w7p) <<

xlogy log logy logw

Recalling our choice of w, y and z from (12), we obtain the desired result. ]
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