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ON A CLASS OF TERNARY CYCLOTOMIC POLYNOMIALS

BIN ZHANG AND YU ZHOU

ABSTRACT. A cyclotomic polynomial ®,,(z) is said to be ternary if n =
pgr for three distinct odd primes p < g < r. Let A(n) be the largest
absolute value of the coefficients of &, (x). If A(n) = 1 we say that &, (x)
is flat. In this paper, we classify all flat ternary cyclotomic polynomials
Dpgr(x) in the case ¢ = £1 (mod p) and 4r = £1 (mod pq).

1. Introduction

Let
¢

n
bua)= [ @—e) =) aln g’
k=1
(k,n)=1
be the n-th cyclotomic polynomial, where ¢ is the Euler totient function. It
can be shown that a(n, j) € Z. Let
A(n) = max{la(n, j)| | 0 < j < ¢(n)}
denote the largest absolute value of the coefficients of ®,,(z). If A(n) =1 we
say that @, (z) is flat. It turns out that for the purpose of determining A(n),
it suffices to consider squarefree and odd integers n. Clearly, if n has at most
two distinct odd prime factors, then A(n) = 1.
However, the coefficients of ternary cyclotomic polynomials @4, (x), where
p < g < rare odd primes, become much more complicated, such as a(3-5:7,7) =
—2and a(5-7-11,119) = —3. The investigation about the coefficients of ternary
cyclotomic polynomials have a long history and there are many references on
this subject, see, for instance, [1-17, 19, 20, 21, 23, 24]. One interesting open
problem involving this topic is to give a complete characterization of all flat
ternary cyclotomic polynomials, but this appears very difficult. Throughout
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this paper, we assume that p < ¢ < r are odd primes (unless otherwise speci-
fied).

In 1978, Beiter [5] classified all flat cyclotomic polynomials of the form
@34 (). More precisely,

Proposition 1.1 (Beiter). Let 3 < ¢ <1 be primes such that r = (wq £ 1)/h,
1 <h <(q—1)/2. Then A(3qr) = 1 if and only if one of these conditions
holds: (1) w=0 and h+q¢=0 (mod 3) or (2) h=0 and w+r =0 (mod 3).

Currently, we know several families of flat ternary cyclotomic polynomials.
In 2006, Bachman [2] showed that

(1.1) Alpgr)=1ifp>5 g=—-1 (modp) and r=1 (mod pq).

This first established the existence of an infinite family of flat ternary cyclo-
tomic polynomials. A generalization of (1.1) was later obtained by Flanagan
[12] who showed A(pgr) = 1if p > 5, ¢ = +1 (mod p) and r = £1 (mod pq).
In 2007, Kaplan [17] improved on these results by proving that

(1.2) A(pgr) =1if r=+1 (mod pq).

In 2012, Elder [11] (arXiv:1207.5811v1) reproved (1.2) and derived the fol-
lowing result: Let p < ¢ < r be odd primes and w a positive integer such that
r = 4w (mod pg), p=1 (mod w) and ¢ =1 (mod wp). Then A(pqr) = 1.

In 2010, Ji [16] showed that in the case 2r = +1 (mod pq), A(pgr) = 1 if
and only if p=3 and ¢ =1 (mod 3).

In this paper, we classify all flat ternary cyclotomic polynomials ®,4,(x) in
the case ¢ = £1 (mod p) and 4r = £1 (mod pq). That is,

Theorem 1.2. Let p < q < r be odd primes such that ¢ = £1 (mod p) and
4r = £1 (mod pq). Then A(pgr) = 1 if and only if one of these conditions
holds:

(1) p=3,¢>7and ¢g=—1 (mod 3) or

(2)p=5,¢>11 and ¢ =1 (mod 5).

2. Some lemmas
To prove Theorem 1.2, several lemmas will be useful. First we have
Lemma 2.1. Let p < q be odd primes and s, t be positive integers such that
pq+1=ps+qt. Put ®pq(z) = ngf) a(pq,j)a’, then

1 if j=up+uvq for some0<u<s—1 0<v<t—1;
-1 ifj=up+vg+1 for some0<u<gqg—s—1,
0<v<p—-t—1;

0 otherwise.

a(pg, j) =

Proof. For a proof see e.g. Lam and Leung [18] or Thangadurai [22]. O
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The next two lemmas, due to Kaplan [17], play an important role in our
proof.

Lemma 2.2 (Kaplan). Let ®,,(x) = Z it a(m )l and p < q < r be odd

primes. Let n > 0 be an integer and f(i) be the unique value 0 < f(i) <pg—1
such that

(2.1) rf(i)+i=n (mod pq).
(1) Then
p—1 q+p—1
> alpg, 1) = > alpa, (7).
1=0 Jj=q
(2) Set
. ~ Jalpg,l) ifrl<m
a*(pa,1) = {0 otherwise.
Then
p—1 q+p—1
a(pqr,n) =Y _a*(pg, f(i)) = Y a*(pg, F(7)).
i=0 Jj=q

Lemma 2.3 (Kaplan). Let p < g < r be odd primes. Then for any prime
s> q such that s = +r (mod pq), A(pqr) = A(pgs).

3. Proof of Theorem 1.2

By Lemma 2.3, it suffices to consider primes r such that 4r = 1 (mod pq).
The proof will be split into the following three parts.

3.1.p>T.

We will use Lemma 2.2 to specify a coefficient a(pgr,n) which has absolute
value greater than one. Our first goal here is to show that:

Fact 1. Let 7 < p < q < r be primes such that ¢ = 1 (mod p) and 4r = 1
(mod pq).
(1) If p=1 (mod 4), then a(pgr,pqr +pr —5qr +q+r+1) =
(2) If p=3 (mod 4), then a(pgr,pgr —5qr +q+r+1) =2.
Proof. Let g =kp+ 1. Then pg+1=p-(¢—k)+ ¢q-1 and we can write the
conclusion of Lemma 2.1 as
(3.1)
1 if j=upforsome 0 <u<qg—k—1;
alpg,j)=4 -1 ifj=up+vg+lforsome0<u<k—-1 0<v<p-—2;
0 otherwise.

Let n = pgr + pr — 5qr + q + r + 1. By substituting n into congruence
1) pbq p 5q q 1 ituting n i g
and usin < f(z) < pg—1, we have
2.1 d using 0 ) 1 h

(3.2) fi)=pg+p—q—4i+5
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for0<i<p—1land g <i<qg+p—1. Then one readily verifies that
rf(0)>--->rf(p—1)>rf(q) >n>rfl¢g+1)>--->rf(g+p—1).

Thus it follows from Lemma 2.2(2) that

p—1

=—> alpq, f(q+J))-

J

j=1

(3.3) a(pgr,n)

Let 1 < j <p-—1. Then f(q+j) = —4j Z 0 (mod p). Hence, by (3.1),
a(pq, f(g+ 7)) # 1 and the quantity a(pq, f(g+ j)) takes on one of two values:
0, —1.

Note that p = 1 (mod 4). Now we claim that a(pg, f(¢+ 7)) = —1 if and
onlyiszlorj:#.

If a(pg, f(g+7)) = —1, according to (3.1), then there must exist 0 < u < k—1
and 0 < v < p — 2 such that

(3.4) flg+37) =up+vg+1.
By using (3.2) and taking (3.4) modulo ¢, we have
(3.5) up—p+4j—4=0 (mod q).

FromO0<wu<k—land1l<j<p-—1, weinfer that —¢ < up—p+4j—4 < 2q,
and thus, by (3.5), up—p+4j—4 =0 or ¢q. Since p =1 (mod 4), we have
j=1Lifup—p+4j—4=0;and j = 3p+5 Jifup—p+4j—4=q.

Conversely, if j = 1, then f(¢g+ 1) = p+ (p —5)g + 1, and thus, by (3.1),
a(pg, f(q+1)) = —1; if j = 225 then f(q+ 222) = (k—2)p+ (p— 6)g + 1,
and, by (3.1) again, a(pq, f(q+ Bpff’)) = —1, as desired.

Hence, combining our claim with (3.3) gives a(pgr,n) = 2.

(2) Let n = pgr — 5qr + q + r + 1. Proceeding as before, applying n to
congruence (2.1), we have

(3.6) fi)=pg—q—4i+5
for0<i<p—1andg<i<q+p—1. This yields

rf(0)>-->rf(p=1)>rflg) >n>rf(g+1) > >rflg+p—1).
So, by Lemma 2.2(2),

p—1
(3.7) a(pgr,n) = = a(pq, f(q+ 7))
j=1

Let 1 <j<p—1. Then f(¢+j) = —4j Z 0 (mod p), and thus, in view of

(3-1), alpg, f(g+ 7)) =0 or —1.
Note that p = 3 (mod 4). Now we claim that a(pq, f(¢+ j)) = —1 if and

0n1y1f]florj*pi5
If a(pq, f(g +j)) = —1, by (3.1), then

(3.8) flg+j) =up+vg+1,
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where 0 <u < k—1and 0 <v < p—2. By using (3.6) and taking (3.8) modulo
q, we have
up+4j—4=0 (mod q).

Since 0 <u<k—1and 1<j<p-—1, we deduce that 0 < up+4j — 4 < 3q,
and therefore up +4j —4 =0, g or 2q. If up+ 45 —4 = 2q, then 2j —3 =0
(mod p) and thus j = %. While this gives u = 2k — 2, a contradiction to
0<wu<k-—1. It is easy to prove that if up+4j —4 = ¢, then j = p+5 ; and if
up+47 —4 =0, then j = 1.

On the other hand, if j = 1 then f(¢+1) = (p —5)¢ + 1, and by (3.1),
alpg, f(g+1)) = —1;if j = 22, then f(q+ %) =(k—-1Dp+(p—06)g+1and
thus a(pg, f(q+ pTJ“E’) =—1, as clalmed.

Consequently, by (3.7), we get a(pgr,n) = 2. O

Next we prove that:

Fact 2. Let 7 < p < g < r be primes such that ¢ = —1 (mod p) and 4r = 1
(mod pg).

(1) If p=1 (mod 4), then a(pgr,3qr + q + 3p— 3) 9

(2) If p=3 (mod 4) and p > 7, thena(pqrpr+3qr+q+p p=3y _ 9.

(3) If p="1, then a(Tqr,3qr + 7r + 1) = 2.

Proof. Let g =kp—1. Then pg+1=p-k+¢q-(p—1). Similarly, we rewrite
the conclusion of Lemma 2.1 in the form
(3.9)
1 if j=up+vgforsome0<u<k—1 0<v<p—2;
a(pg,j) =4 -1 ifj=up+1forsome0<u<qg—k—1;
0 otherwise.
(1) Note that p =1 (mod 4). Let n = 3¢r + ¢+ 3p . By using (2.1) and
0 < f(i) < pg—1, we have
(3.10) f@)=3p+T7¢—4i—3
for0 <i<p-—1land ¢ <i<qg+p-—1. We then infer that rf(i) > n
whenever ¢ € {0,1,...,p—1}U{q,q+1,...,q+ 3”4_7}, and rf(i) < n whenever
ie{qg+32, ... qg+p—1}. From Lemma 2.2(2), we derive that

(3.11) a(pgr, n) Z a(pq, f(q + 7))-

Since f(q + 3p73) = 3¢q and f(q +p—1) = (k—1)p+2q, by (3.9), we have
alpg, f(q+ 2= 3)) =a(pg, f(¢g+p—1)) = 1. Then Eq. (3.11) becomes

p—2

a(pgr,n) = —=2— Y alpg, f(q+ 5))-

. 3p+1
T2
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Now we claim that a(pg, f(¢+ j)) = 0 for all % <j<p-—2. Since f(¢+

J)=—4j—6%1 (mod p), a(pg, f(g+j)) # —1 by (3.9). If a(pg, f(¢+j)) = 1,
according to (3.9), there must exist 0 < u < k—1 and 0 < v < p — 2 such that

(3.12) flg+7) = up +vq.
By using (3.10) and taking (3.12) modulo ¢, we infer that
(3.13) up—3p+4j+3=0 (mod gq).

But the conditions 0 <u <k —1 and % <j<p-—2imply
O<up—3p+45j+3<aq.

This is a contradiction to (3.13) and proves our claim. Therefore a(pgr,n) =
—2.

(2) Note that p =3 (mod 4). Let n = pr+3qr+q+ pT_3. Using congruence
(2.1), we get

(3.14) f(i)=2p+7q—4i—3,

where 0 <i < p—1and g <i<g+p—1. It can easily be verified that rf(i) > n
whenever i € {0,1,...,pfl}U{q,qul,...,qu’%?}, and rf(i) < n whenever
1€ {qg+ pT_3, ...,q+p—1}. In particular, on noting that f(q+ pT_3) =p+3q
and f(¢+p—1) = (k—2)p+ 2q, we infer from (3.9) that a(pq, f(¢+ prg)) =
a(pq, f(¢g+p—1)) =1. So, by Lemma 2.2(2),

(3.15) a(pqr,n) = =2— Y a(pg, f(q+7))-

. 1
j=2tt

Now we claim that a(pg, f(¢ + j)) = 0 for all pTH < j < p-—2. Since
flg+j) = —4j—6 # 1 (mod p), by (3.9), we have a(pq, f(q +j)) # —1. If
a(pq, f(g+ 7)) =1, then there exist 0 <u < k—1and 0 < v < p—2 such that
f(g+7) = up+vq. By using (3.14) and taking this equality modulo ¢, we have

(3.16) up—2p+45+3=0 (mod q).

Dueto0 <u < k—1and % <j<p-—2,wehave —q < up—2p-+4j+3 < 2q,
and thus, by (3.16), up — 2p+ 45 + 3 = 0 or ¢. It is straightforward to verify
that both of these two cases are impossible. Hence we prove our claim and
infer that a(pgr,n) = —2.

(3) Let n = 3qr + 7r + 1. By using rf(i) + ¢ = n (mod 7q), we obtain
fli)=3q—4i+11for 0 <i<6;and f(¢g+j) =6g—4j+11for 0 <j <6. So

rf(q) > >rf(g+6)>rf(0)>n>rf(1)>--->rf(6).

Note that f(1) = 7+ 3¢ and f(6) = (k —2)7 + 2¢. By (3.9), it can easily be
checked that a(7¢, f(1)) = a(7q, f(6)) = 1 and a(7q, f(i)) = 0 for i = 2,3,4,5.
Then it follows from Lemma 2.2(2) that a(7gr,n) = 2. O
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3.2. p=3.

Let 3 < ¢ < r be primes such that 4r = 1 (mod 3¢). The aim is to show
that A(3¢r) =1 if and only if ¢ > 7 and ¢ = —1 (mod 3).

Indeed, considering Proposition 1.1 with h = 4, we obtain that for ¢ > 11
and 4r =1 (mod 3¢q), A(3¢gr) =1 if and only if ¢ = —1 (mod 3).

It remains to consider ¢ = 5 and ¢ = 7. Note that 4-19 = 1 (mod 3 - 5)
and 4-37 = 1 (mod 3 - 7). By using the PARI/GP system or [1], we have
A(3-5-19) = A(3-7-37) = 2. In view of Lemma 2.3, we infer that A(3-5-r) = 2
when 4r =1 (mod 3-5) and A(3-7-r) =2 when 4r =1 (mod 3-7).

3.3. p=>5.

(1) Let 5 < ¢ < r be primes such that ¢ = —1 (mod 5) and 4r =1 (mod 5¢q).
We will prove

a(bqr,2qr 4+ 3) = 2.

Let n = 2qr + 3. By using 7f(i) + ¢ = n (mod 5q), we deduce that f(i) =
2g—4i+12for 0 <i<4and f(¢+j)=3¢—4j+12for 0 < j <4. So

(B.17) rf(q) > - >rflg+4) >rf(0) >rf(1)>rf(2) >n>rf(3) >rf(4).

Let ¢ = 5k — 1. Then f(3) = 2¢ and f(4) = (k — 1)5 4+ ¢. By using Lemma
2.1, we have a(5q, f(3)) = a(5q, f(4)) = 1. Tt follows from Lemma 2.2(2) and
(3.17) that a(5qr,n) = 2.

(2) Let 5 < ¢ < 7 be primes such that ¢ =1 (mod 5) and 4r =1 (mod 5q).
The purpose is to show that

2 if g =11;
(8.18) Aldar) = {1 otherwise.

Observe that 4-179 =1 (mod 5-11). By using the PARI/GP system or [1],
we have A(5-11-179) = 2. So, by Lemma 2.3, A(5-11-r) = 2 for primes r
with 4r =1 (mod 5- 11).

Now it remains to show A(5¢r) = 1 in the case ¢ > 11, ¢ = 1 (mod 5) and
4r =1 (mod 5¢). Note that Lemma 2.2 yields

4 q+4

(819)  alarn) =Y a"(5¢. /() Z( (50, £(2))).

=0

where f(i) =r~!(n —1i) (mod 5q), 0 < f(i) < 5¢ — 1, and

(3.20) a*(5q, f(i)) =

otherwise.

{a<5q, F@) i rf@) <n
0
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Let s = % and ¢t = 1. Then 5¢ + 1 = 5s + ¢t. Applying Lemma 2.1 for
these p < q, s, t, we get

1 if f(i)=0 (mod 5) and 0 < f(i) <4q —4;
-1 if f(i))=1 (mod 5)and 1< f(i) < q—5;
) -1 if f(i)=2 (mod5) and ¢+ 1 < f(i) < 2¢ — 5;
(B8:21) aGa. 7= 1 44 =3 (mod 5) and 20+ 1 < £(i) < 3g— 5:
-1 if f(i)=4 (mod 5) and 3¢+ 1 < f(i) < 4q — 5;
0 otherwise.

For simplicity, we will write ay(;) := a(5¢, f(i)) in the rest of this paper if there
are no confusion arising from doing so.

For any given n € [0, (5¢gr)], the value of f(i) is uniquely defined, since
rf(i) + ¢ =n (mod 5¢) and we have

f(@) = f(0)+g (mod 5¢),
f(1)=f(0)—4 (mod 5q), f(q+1)5f(0)+qf4 (mod 5¢),
(3.22) f(2)=f(0)—8 (mod5q), f(g+2)=f(0)+q—8 (mod 5q),
f(3)=f(0) =12 (mod 5¢q), f(g+3)=f(0)+q¢—12 (mod 5q),
f(4)=f(0)—16 (mod 5q), f(¢+4)=f(0)+q¢—16 (mod 5q).

In order to use (3.19) and (3.20), we need to determine for which 4, r f (i) < n.
Now according to the value of f(0), we give the following tables. The first row
of each table is the inequality about rf (i) for i € {0,1,2,3,4,¢,9+1,¢+ 2,9+
3,q +4}. The values of ay(;) are obtained by using (3.21) and (3.22).

In the following tables, let f(0) be the unique integer such that 0 < £(0) < 4

and f(0) = £(0) (mod 5).
TaBLE 1. 0< f(0) <3

rf(1) >7rf(2) >rf(3) >rf(4) >rflg) >rflg+1) >rflg+2)>rflg+3)>rflg+4) >rf(0)
SO) Jarq) | are) | a5 | ar@ | —0r@) | =0+ | —rg+2) | —Of(q3) | —Of(g+a) a0
0 0 0 0 0 0 0 0 0 ) 1
1 0 0 0 0 1 0 0 -1 1 1
2 0 0 0 0 0 0 1 1 0 0
3 0 0 0 0 0 ] 1 0 0 0

TABLE 2. 4 < f(0) <7

rf(2) >rf@3) >7rf(4) >rflq) >rflg+1)>rflg+2) >rflg+3)>rflg+4)>rf(0)>rf(1)

SO) | are) | aps) | apa) | =) | —Opg+1) | —Opg2) | —Of(q+s) | —Grg+a) | G ar@)
4 0 0 0 -1 0 0 0 0 0 1
5 0 0 0 0 1 0 0 —1 1 —1
6 0 0 0 1 0 0 —1 1 —1 0
7 0 0 0 0 0 -1 1 0 0 0
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TaBLE 3. 8 < f(0) <11

1919

G DB BT R 3 B { e E (R X BT {0 B (O EXi )
) | as) | apw) | =059) | =0sq41) | ~0fGa49) | ~0piat3) | =Os(g40) | Gp(0) | G0 4(2)
8§10 ] 0 0 -1 0 0 0 0] 0 1
910 | 0| -1 0 1 0 0 0| 1 1
0] 0] 0] 0 1 0 0 1| 1 | 1 0
m] o0 1 0 0 1 T | 1] 0 0
TaBLE 4. 12 < f(0) <15
rfl) >rflg) >rfla+1)>rflg+2) >rflg+3)>rflg+4) >rf(0) >rf(l) >rf(2) >1f(3)
10) | a5 | ~50q) | ~0sigsn) | ~Osg+2) | ~050+) | ~Os(q) | O510) | G01) | pc2) a53)
210 ] 0 0 -1 0 0 0] 00 1
3]0 ] 0 1 0 1 0 0] 0|1 1
] 0| -1 0 1 0 0 0 | 1 | -1 0
0] 0 I 0 0 B I T S I 0
TABLE 5. 16 < f(0) <¢g—1
| rf@>rfla+)>rflg+2) > rflg+3) > rfla+4) >rf0) > rf(1) > rf(2) > rf(3) > rf(4)
FO) | ~05(9) | ~Op(g1) | =0stq42) | =O5(at3) | =Op(qta) | 40) | %01) | G02) | Op03) a5(4)
0] 0 1 0 0 1 | 1 [ -1] 00 0
1] 1 0 0 -1 0 | 1] 000 1
2| 0 0 1 0 1 0] 0] 0|1 1
31 0 1 0 1 0 010 | 1|1 0
1] -1 0 0 0 0 |1 [ -1]0 0
TABLE 6. ¢ < f(0) < g+ 12
rflg) > H‘( D>rflg+2)>rflg+3)>rflg+4) >rf0) >rf(1) >rf(2) >rf@B) >rf(4)
FO) | =astq) | =05qt1) | =0sat2) | =0r043) | =0p(e14) | %) | 350 | 952) | 053) af(4)
g 0 0 0 - 0 0] 0] 0 0 1
g+1] 1 0 1 0 T | 1] 0|0 |1 =)
g+2 ] 0 1 0 I 0 0| 0 | 1 | -1 0
g+3 | -1 0 I 0 0 0| 1 | -1 0 0
g+1] 0 0 0 0 T [ 1 0] 0 0 0
g+5| 0 1 0 -1 0 0 | =1 ] 0 | 0 1
g6 | 1 0 1 0 T =1 0] 0|1 =
g+7] 0 -1 0 1 0 0| 0 | 1 | -1 0
g+8 | -1 0 0 0 0 0| 1] 0 | 0 0
g+9] 0 0 1 0 110 | -1 0 0
g+10] 0 1 0 1 0 0 | 1] 0 ] 0 i
g1 1 0 1 0 T | 1] 0] 0 | 1 1
g+12] 0 1 0 0 0 0] 0] 1| 0 0
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TABLE 7. ¢+ 13 < f(0) <2¢—1
| rf@>rfla+)>rfla+2) > rflg+3) > rfla+4) >rf0) > rf(1) > rf(2) > rf(3) > rf(4)
10) | ~agtg) | ~asigen) | ~0sq2) | ~0500+3) | ~Opiqra) | 40 | G0 | 90 | 4e3) a5()
0] 0 0 1 0 1 | 1[0 -1]0 0
1 0 1 0 -1 0 0 | -1 00 1
7 | 1 0 1 0 0 | 1] 0 ] 0|1 0
31 0 1 0 0 1 0010 1
1 0 0 1 0 0|1 ] 0 |1 0
TABLE 8. 2¢ < f(0) <2¢g+12
rfl@) >rfla+1)>rflg+2) >rflg+3)>rflg+4) >rf0) >rf(l) >rf(2) >rfB3) >rf(4)
F0) | =ayq) | =05(qt1) | =0f(qt2) | =Of(qe3) | =Of(ata) | G50 | ¢01) | 952) | 93) a5(4)
2 | 0 0 - 0 0 0 00 |1 0
2+1] 1 1 0 0 T | 1,0 |10 1
2q+2| -1 0 0 1 0 0] 1] 0] 1 0
2+3 | 0 0 1 0 T | 10 | 1|0 0
2q+d| 0 0 0 1 0 0] 0] 00 I
245 ] 0 1 -1 0 0 0 | -1 0 |1 0
216 1 1 0 0 T | -1, 0 |10 =
2+7 | -1 0 0 I 0 0| 1] 0| 1 0
2q+8| 0 0 0 0 T | 1000 0
2949 | 0 0 1 ) 0 0] 0 | =1]0 1
P ESUIND 1 = 0 0 0| 1] 0 |1 0
ESTRIE! 1 0 0 T 1] 0] 10 1
2112 | -1 0 0 0 0 0 1] 00 0
TABLE 9. 2¢+13 < f(0) <3¢ —1
_ rf@>rfla+)>rfla+2) >rflg+3) > rfla+4) >rf0) > rf(1) > rf(2) > rf(3) > rf(4)
FO0) | ~apq) | =0sgrn) | ~0f(a42) | ~0piqrs) | ~Ostgra) | G0) | G | Gea) | Gf) 454
0] 0 0 0 1 1 | 100 |1 0
1 0 0 1 -1 0 0|0 -1]0 1
7 0 I 1 0 0 0 | 1] 0 | 1 0
3 | 1 1 0 0 0 |10 10 0
1] -1 0 0 0 1 0|1 ]0]o0 -1
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TABLE 10. 3¢ < f(0) < 3¢g+ 12

rfl@) >rflg+1) >rf(g+2) > rf(g+3) > rflg+4) > rf(0) > rf(1) > rf(2) > rf(3) > rf(4)

FO) | =apq) | ~Asq1) | ~05(g42) | =05(g+3) | ~Osgra) | O5(0) | G5 | O5) | O53) as(4)
3¢ 0 -1 0 0 0 0 [0 [t o 0
3¢+1] 0 0 0 0 1 1] 1 0 -1
3¢+2 | 0 0 1 -1 110 [0 [T 0
3¢+3 | 0 0 1 -1 0 0 [0 [-1]0 1
S E I 0 -1 0 0 0 o0 [0 |1 0
3¢+5 | 0 0 0 0 0 0 [ 11 [0 0
316 0 0 0 1 1] 100 -1
3¢+7] 0 0 0 1 -1 T 001 0
3¢+8 | 0 0 0 1 0 0 0 [0 ]0 1
3¢+9 | 0 0 0 0 0 0 [0 [ 1] 1 0
3¢+10] 0 0 0 0 0 [ -1 1[0 0
3¢+1L] 0 0 0 0 1 1] 100 -1
3¢+12] 0 0 0 0 -1 1 o]o]o 0

TABLE 11. 3¢+ 13 < f(0) <4q—1

_ rf@>rflgt ) >rfla+2) >rflg+3) >rflg+4) >rf(0) >rf(1) >rf(2) > rf(3) > rf(4)
FO) | ~aq) | =05e) | =0pera) | =07(g+3) | =Os(ara) | G5@) | O51) | G5) | 453) as@)
0] 0 0 0 0 0 1 1000 —1
T ] 0 0 0 0 0 0] 0 0|1 1
2 | 0 0 0 0 0 0 o [ -1 1 0
31 0 0 0 0 0 0 [ 1] 10 0
1] 0 0 0 0 0 11 [0 |0 0

TABLE 12. 4¢ < f(0) <4¢+3

rflg+1) >rflg+2)>7rflg+3)>rflg+4)>rf(0)>rf(1) >rf(2) >rf(3) >rf(4) >rf(g)
FO) | =0pgen) | —Op(g42) | =05(+3) | —Cgra) | G | Gr) | O | O3 | G —05(g)
1q 0 0 0 0 0 101070 -1
Ig+1] 0 0 0 0 0 0 0] 0|1 1
Ig+2] 0 0 0 0 00 0 -1]1 0
dg+3] 0 0 0 0 00 1] 1T ]o0 0

TABLE 13. 4¢+4 < f(0) <4q+7

rflg+2) >rflg+3)>rflg+4) >rf(0) >rf(1) >rf(2) > rfB) > rf(4) > rflg) > rflg+1)

SO0) | —apgen) | =05e3) | =0pgen) | Gr0) | Oy | Gre) | Or) | Gra) | =) —Gf(g+1)
dgrd] 0 0 0 0 0 1] 00 0 ]
Ig+r5] 0 0 0 0 0] 000 1 1
Ig+6] 0 0 0 0 0] 00 1] 1 0
dg+7] 0 0 0 00 ] 0| a1 0 0
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TABLE 14. 4¢+8 < f(0) < 4q+ 11

rflg+3)>rflg+4)>rf(0) >rf(1) >rf(2) >rf(3) >rf(4) >rflg) >rflg+1) >rf(g+2)
fO) | —apges) | —0rrn | 90 | 00) |0 | 05 | G | —Gq) | —0fg+) —0f(g+2)
Ig+38 0 0 0 0 0 1o 1
19 0 0 00 00 o0 0 1 1
gri0] 0 0 0 0] 0] 0] 0] -1 1 0
gr11] 0 0 00 00 1] 1 0 0

TaBLE 15. 4g+ 12 < f(0) < 4¢+ 15

rflg+4)>rf0)>rf(1)>rf(2)>rf(3)>rf(4)>rf(q) >rflg+1)>rflg+2)>rflg+3)
JO) | =aygia | ap©) | ar@ | O | 0@ | G | =0 |~ | ~0sgr2) —0f(g+3)
g+12] 0 00 001 0 0 0 .}
G+13] 0 000100 0 0 I 1
Lt1d] 0 0001070 0 -1 1 0
Ig+15] 0 0 0 000 -1 1 0 0

TABLE 16. 4q + 16 < f(0) < 5q — 1

O >rfO) >rf@R)>rfB) > rfA) > rflg) >rflg+ 1) >rflg+2) > rflg+3) >rflg+4)
fO) Laro) | arq) | are) | are) | G | =05 | —0r+1) | —0f+2) | —Ofg+3) —Gf(g+a)

0 0 00 0710 1 0 0 0 1

T 10 1] 0] 0010 0 0 0 T 1

2 0 010 00 0 0 T 1 0

370 010 00 0 ] 1 0 0

i 0 o010 00 1 1 0 0 0

Let ¥ ={0,1,2,3,4,¢,¢+ 1, +2,¢+3,q +4}.

(I) If rf (i) > n holds for all « € 3, by Lemma 2.2(2), we have a(5¢r,n) = 0;

(IT) If r f(4) < n holds for all i € ¥, by Lemma 2.2, we also obtain a(5qr,n) =
0.

Otherwise, there must exist two neighboring symbols rf(¢1) and rf({2) in
the first row of the corresponding table such that

rf(l) >n>rf(ls).

If0 <y <4 (or g <ty <qg+4), the value of a(5gr,n) is given by computing
the sum of values from ay(s,) (or —ags(,)) to the end of the relevant row. Let
us illustrate it with the following examples:

Example 3.1. Let ¢ = 31, r = 349 and n = 1396. Then a(5qr,n) = 1.

Proof. Note that 4r = 1 (mod 5¢) and n = 1396. By using rf(0) = n
(mod 5¢), we have f(0) = 4. According to (3.22) and Table 2, we obtain

rf(2)>rf(3)>rf(4) >rf(q)>--->rf(¢g+4) >n>rf(0)>rf(l),
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namely, {1 = ¢+ 4 and ¢ = 0. Then a(5gr,n) is equal to the sum of the values
from ay(gy to the end of the third row in Table 2. That is

a(5qr,n):af(0)+af(1) =0+1=1. 0
Example 3.2. Let ¢ = 61, r = 229 and n = 47009. Then a(5¢r,n) = —1.
Proof. It is clear that 4r = 1 (mod 5¢). By using rf(0) = n (mod 5¢q), we

have f(0) = 156. So 2¢+ 13 < f(0) <3¢ —1and 1 = f(0) = f(0) (mod 5).
According to (3.22) and Table 9, we have

rf(q) > rf(g+1) > rf(g+2) > n > rf(g+3) > rf(g+4) > rf(0) > --- > rf(4),

namely, /1 = ¢+ 2 and ¢ = ¢+ 3. Then a(5gr,n) is equal to the sum of the
values from —ay(,43) to the end of the fourth row in Table 9. So we obtain

a(5qr,n) = (1) +0+0+0+ (=1)+0+1=—1. 0

It is a routine matter to check that the sum of values, from anywhere to the
end of the row in all tables, is equal to —1, 0 or 1. Hence, a(5¢r,n) € {—1,0,1}
for all n € [0,¢(5¢r)]. That is to say, A(5¢gr) = 1 in the case where ¢ > 11,
g=1 (mod 5) and 4r =1 (mod 5¢). This establishes the validity of (3.18).

Finally, the proof of Theorem 1.2 is completed by using what we have proved
and Lemma 2.3.
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