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FIBONACCI SEQUENCES IN i TH POWER RESIDUES

YoucHAN CHUNG, EUNYOOL JANG, JINSEO PARK', AND SANGHOON
PARK

ABSTRACT. In this paper, we find all the prime numbers p that
satisfy the following statement. If a positive integer k is a divisor of
p — 1, then there is a sequence consisting of all k-th power residues
modulo p, satisfying the recurrence equation of the Fibonacci se-
quence modulo p.

1. Introduction

Let us consider of the sequence (1,4,5,9,3). This sequence, consists
of all of the quadratic residues modulo 11, satisfies the definition of the
Fibonacci sequence with modulo 11, that is

1+4=5 (mod11l), 44+5=9 (mod 11),
5+9=3 (mod1l), 9+3=1 (mod 11).

In addition, the sequence (1,24,25,20,16,7,23) includes all of the 4th
power residues modulo 29, and likewise this sequence satisfies the defini-
tion of Fibonacci sequence with respect to modulo 29. In [1], Alexandru
Gica proved the following Theorem.

THEOREM 1.1. If p > 2 is a prime number, there exists a sequence
(an)n>0 such that apyo = ant1 + an, (mod p) for any positive integer n,
an is periodic modulo p with period % and

{anylgng 5 }:{b2|b€JFp}
if and only if
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1. p=1,4 (mod 5) and
1

_ p— _p-1 _ 1+v5 _1-v5
2. ord a = 5= orord 3 = 5=, where a = =5~ and 3 = ~5>.

In the above theorem, F is the multiplicative group of the field of
the residues modulo p and @, is the class of a,, modulo p. Then it is
natural to ask the following problem.

PrROBLEM 1.1. Let p > 2 be a prime number and k be a positive
integer with k | p — 1. What are the conditions of the prime number p
which satisfies the following statement?

There exists a sequence (ap)p>1 such that api2 = apt1 + an (mod p)
for any positive integer n, a,, is periodic modulo p with period p%l and

{@\neN}:{bk\beF;},
where [y is reduced residue system by p.

This problem is the conjecture of A. Gica in [1]. In this paper, we
prove the following theorem which is the answer of the conjecture.

THEOREM 1.2. Let n be the positive integer and p > 2 be a prime
number except 5. There exists a sequence (ap)p>1 such that a,yo =
an+1 + an (mod p), a, is periodic modulo p with period % and

{%|1§n§p;1}={bk|bem}

if and only if the prime number p satisfies the following conditions.
1. p=+1 (mod 5)

2. orda:p%lorordﬁzp%l,whereazl‘k—g‘/gandﬁzl%/g.

This theorem can be considered as a generalization of the Theorem
1.1. In Theorem 1.2, if (%) = 1, then there exists a positive integer
m < % such that m? = 5 (mod p). We denote m = /5. If p = +1
(mod 5) and ord a = % orord 3 = %, then two roots of the equation

2 —r—1=0
are ¥ = # Hence, a? = a + 1 (mod p) and 82 = B+ 1 (mod p).
In the case of ord a = %, if we define a,, =a", then the sequence a,,
safisfies the congrunece equation
an+2 = apt1 +a, (mod p).

At this point, let us prove the following lemma.
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LEMMA 1.3. If ord 7 | %, then ~y is kth power residue of modulo p.
Proof. Let g be the primitive root of modulo p. Then, we can denote
v=g¢° (mod p).

Because 7% =1 (mod p), we have
c(p=1)
g & =1 (mod p).
It follows that k | ¢, so 7y is kth power residue of modulo p. O

By Lemma 1.3, the sequence (a,) exists as a, = «o”. In the case
of ord § = p%l, the sequence (a,) exists as a, = 8". Replacing the

sequence (ap)n>1 with the sequence (bn = Z—’;) - which has the same
nz

properties as the initial one, we can suppose that a; =1l and as = x # 1
(mod p). On the other hand, the proof of the first statement, p = +1
(mod 5), is similar to the proof in the previous papers(see [1, p.69] and
[2, p.157]), because k is a divisor of p—1 and the period of the sequence
(an) is a divisor of p — 1.

2. The case k =1 (mod 2).

Because the first statement of the theorem has been proved, we prove
the second statement of the theorem when k = 1(mod2). Because a; = 1
and ag =z # 1 (mod p), we have

(2.1) ant+2 = F, + xF,11 (mod p)

for all positive integers n, where (F},) is the Fibonacci sequence.

LEMMA 2.1. If2| 221 and o =1 (mod p), then
1

dfg=——.
orord 3 k

Proof. Let us denote d = ord a in F;. Because o' =1 (mod p),
we have

orda:p

p—1
—— =1d
k

for some positive integer [. If [ = 1, then we have proved the theorem.
Let us suppose now that [ > 2. From formula (2.1), it follows that

Fot2q=F, (mod p)
for any positive integer n and that

An42d = Qn (mOd p)
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for any positive n. Because the period of the sequence a, is %, it
follows that 2d > % = Ild. Therefore,
p—1
[=2 d d=——.
an o

If d =0 (mod 2), then from formula (2.1) it follows that
F.iqg=F, (modp)

for any positive integer n and that
Uptd = an,  (mod p)

for any positive n. Thus, the period of the sequence a,, would be smaller
than d = %, which is a contradiction, because the period of the se-
quence a,, is %. Therefore, d is odd. Now, we show that ord § = p—;l.

Let us denote d; = ord 8 in F),. We have

_ 1\ * 1
(2.2) B = (-) =— =1 (modp)
@ a k
and so d; divides %. We have
1) 2% 1
1= 8% — <_a> = (mod p)

and so a?? =1 (mod p) and d divides 2d;. Because d is odd, it follows
that d divides d; and from (2.2), it follows that d; divides %. We
deduce that d; = 2;; ord; = %. Ifdy = %, then

di
1=p8% = (—1> 1 =—-1 (mod p),

o ah

which is a contradiction. Therefore, we obtain

-1
dy = pT — ord B
and we have the desired result. O
Now, we show the second statement of the theorem when k = 1

(mod 2).

Proof. By Lemma 2.1, it is sufficient to show that o =1 (mod p).
Let us denote ¢ = %. From formula (2.1), it follows that

1 1 1
(2.3) F. = 7 <atc - atc) 7 (oztc — a(k_t)c) (mod p)
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and
(2.4)

1 1 1 e
Frop1 = ﬁ <atc+1 4 atc+1> = ﬁ (atc-i-l + k1) 1) (mod p)

for any integer ¢ such that 1 <t <k —1.
Because the sequence (a;),,~; modulo p has period ¢, we have

(25) Tr = a9 = at/C+2 = Ft/c + th/C-f—l (mOd p)

for any positive integer t'.
From formulas (2.3), (2.4) and (2.5), it follows that

(k—1z= (Fie + ©Fiet1)

N
—_

o~
Il
_ =

>
| |

=Y (Fie + Flp—gye + ©Fics1 + 2F(j_p)es1)

x> o~
m‘\ I
U

K (atcfl+atc+1_i_a(kft)cfl_i_a(kft)chl)

V5

> o~

w‘\ I

[E
Ut

_ " (atc i a(k—t)c)

e ﬂ-
|
—

(2.6) = oz (mod p).

“
Il
—

Let us suppose that a® # 1 (mod p). Because o' —1 =0 (mod p),
we have

(a®—1) (a(k_l)c +ak2e i pagt 1) =0 (mod p)

and it follows that Zf;ol o' = 0 (mod p). Substituting in equation
(2.6), we obtain

(k—1)z=—x (mod p).
Because 0 < k < p and  Z 0 (mod p), this leads to a contradiction.

Therefore, we proved that a® =1 (mod p) and we finished the proof of
the theorem when £ =1 (mod 2). O
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3. The case k=0 (mod 2).

Let us suppose k = 2!q, where t is a positive integer and ¢ is an odd
number. Before proving the theorem, we prove the following lemma.

LEMMA 3.1. If2! | p— 1, then

p—1

a2T =1 (mod p).

—1
Proof. We first show that if 2t | p—1 and ar? =1 (mod p), then
p—1

a2t'-1 =1 (mod p). Suppose QT T = = —1 (mod p). Then we have

p—1 1
Fpoa =— (azt’—l - ) =0 (mod p).

This means

1 o1 1 1 1
F o = (o' +—r— | =< (a+=]=—-1 (modp
2t T B ( Oﬂf/ﬂ“) VB < 0‘) ( )
Hence,
x—ag_ap1+_Fp1+pr1+1E—x (mod p).

ot’—1 ot/ —1 ot’—1
It follows that x = 0 (mod p), which is a contradiction. Therefore, we
p—1 , p—1
have a2’-1 = 1 (mod p) when 2! | p — 1 and a2'-2 = 1 (mod p).
Z1
Because o1 =1 (mod p), we get a2 T =1 (mod p) when 2¢ | p — 1.
L]

We can show that o' ¢ = 1 (mod p) in a simliar way as when k =1
(mod 2). Now, we show the second statement of the theorem when £ is
an even.

Proof. (1) The case p =1 (mod 2/*1).

By Lemma 3.1, we have apT;l =1 (mod p), and we obtain T =1
(mod p). The proof of the second statement is finished by Lemma 2.1
because £ kl is an even number.

(2) The case p = 2! +1 (mod 2t+1).

-1 p—1
By Lemma 3.1, we have a2 T =1 (mod p), and we obtain o' =

+1 (mod p). If Qs =1 (mod p), then

1 ( p=1 1 ) 1 <1+1> 2
F =—(a? +——|=—%|—5]=— (modp)
\[ athl \/g o 2t \/
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and
1 Pl 1 1 fa?=1\ 1
o 2 o 2
This means
2

T=a9 = ap-1

=Fp1 +aF 1ot =
= T—
2T T e BT

Hence,

2 1++5

5-1 2
Therefore, a3 = z,a3 =1+ 2 =1+ a = o* (mod p) and we deduce

that a, = o™ (mod p) for any positive integer n by using mathematical

induction. From the condition of the hypothesis, it follows that ord o =
p=1
=

If o5 = —1 (mod p), then

1 - 1 1 /141 2
Fp_1:<ozp2fl+ p1>z< :—1)5— (mod p)

7 p=1
2 o 2t

x = =a (mod p).

2

S

and

1 Pl 1 1 fa?2-1\ _ 1
This means
2 1

V5 V5

r = a2 = a/pQ—t1+2 = Fp;tl +.’L’Fp,;:r2t =

Hence,

2 1-5

= — = = d p).

e =5 =6 (modp
Therefore, ay = x,a3 = 1+ 2 =1+ 8 = 2 (mod p) and we deduce
that a, = ™ (mod p) for any positive integer n by using mathematical
induction. From the condition of the hypothesis, it follows that ord g =
%. Hence, we have the desired result. O

REMARK 3.2. For k = 3 and p = 139, there exists a sequence (ap)p>1
with initial terms a1 = 1,a9 = 76 which satisfies the definition of Fi-
bonacci sequence with modulo 139 and (a,,) is periodic modulo 139 with
period % = 46 and

{@n |1<n<46} ={b* [beF;},

where F is reduced residue system by p.
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