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ABSTRACT: Research into sums involving floor or ceiling functions has been a popular focus in number theory. This
paper investigates formulas for sums of the type 2221 F (pq—k), where F represents either the floor or ceiling function, and
D, q are coprime integers. Generalizing from Palatsang et al’s work in 2021, we could derive explicit simple formulas,

verify their uniqueness, and identify certain conditions of p and q under which these formulas are invalid.
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INTRODUCTION

Given x € R, we define the floor function of x, denoted
by | x|, as the largest integer less than or equal to x.
We also define the ceiling function of x, denoted by
[x] as the smallest integer greater than or equal to x.
It is useful in number theory to study the formula for
the sum of floor functions. For instance, a proof of the
law of quadratic reciprocity [1] by Eisenstein requires
a lemma which states that given an odd prime p and
an odd integer a with p } a, the Legendre symbol can
be computed by the equation

p
p-1

-3

k=1

where

In Apostol’s book [2], there is an exercise asking to
show that for all g € {1,2,...,7}, there exists b de-
pending on g such that

YHE R B

for every n € N. Palatsang et al [3] showed that for all
n,geN,and r €{0,1,...,q—1} with r =n (mod q),

- k|_ nn+2—q)—r(2—q+r)
;{qJ_ 2q '

They also proved (1) by choosing b = 2—q and com-
paring each modulo class. Moreover, they also showed
that b must be equal to 2—q. Additionally, if ¢ € N such
that g = 8, then the formula does not exist for infinitely
many n € N.

At the end of the paper, they left a question for
generalizing the results to the sum of the form

ZF(p—k). 2)
=) q

In this case, the denominator is a rational number,
which includes both positive and negative, instead of
only a natural number, and F is the floor or ceiling
function. Pongsriiam’s book [4] proposes some iden-
tities related to these sums. For example, if p,q,s € N
with p < q, then

2] 5 (2] 3 |t

k=1 1<k<®

In this paper, we study the identities for the sum of
the form (2), where p € N, q € Z\{0}, and gcd(p,q) =
1. We can find such simple formulas for the sums
similar to the previous paper and can find several con-
ditions that make the formulas not exist. For instance,
in the case where F is the floor function, ¢ = 3, and
r<{1,2,4,57,8,10,11,13,14,16,17,19}, the sum is
equal to the formula

for all n € N. Moreover, if p = (1/2|q] + /g +1)?

or p < (4/2|q] — +/Iq| + 1)?, then the formula does not
work for infinitely many n € N.

PRELIMINARIES

In this section, we introduce some identities regarding
floor and ceiling functions that could help us prove the
main results.
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Lemma 1 ([5]) Let p,q € N. Then,

‘”{ J (p—1)(g—1)+scd(p,q)—1
pan 2

1

Lemma 2 ([5]) Let x € R and n € Z. Then,

. _[Hxl xez
@ [=x]=—Ix]= { (x]+1), x¢Z.
(i) |x+n]l=[x]+n

Next, we wish to extend Lemma 1 for the ceiling
function and q € Z\{0}.

Lemma 3 Let p € N and q € Z\{0} with ged(p,q) = 1.
Then,

-1

Iy

and

{ J= (p+1)2(q+1)’ q<-1,

"p_k—‘ B (P+1)2(q—1)’
- —1 1
q (p )2(q+ )’

:&M

qg=1
<

e} —1.

Proof: First, we consider the sum of the floor function
for ¢ < —1. Note that |g| = —q, ged(p, q) = ged(p, Iq)),
and pk/q ¢ Z for k € {1,...,|q| —1}. By Lemma 2, we

(2

|
k=1 k=1
(@D )

_ (= 1)2(q+1)+
_(p+1D(q+1)
=

Next, we consider the sum of the ceiling function. By
Lemma 2, we obtain

'Z'_‘J%k'%@%wo

+1

k=1
(r— 1)(q 1)+q 1 q>1
B w, 051
(P71§q+1) , q <-1
as desired. O

Lemma 4 Let n € NU {0}, p €N, and q € Z\{0} with
ged(p,q) = 1. Suppose that n = r (mod |q|) and r €

{0,1,...,|g|—1}. Then,
ZHI{P_"J _
i—o b 4
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and

"P’"]
E(n(rr ) 5[], o
P n+p+q+1) (r+p+qﬂ))+zk 0[pk] gs—1.

Proof : First, we consider the sum of the floor function.
If |g| =1, then r =0 and

Z”:{ ) J pzk pn(n+1)

2q
{ ; (n(nrg 2“) (g s [ § L a=1

- —q—1 k

% (n(n+p g ) r(r+p » ))+Zk=0“q J’ =-L
If n < |q|, then r = n. It is easy to see that the right-
hand side is equal to the sum of the floor function for
every case of q. So, we assume that 2 < |q| < n. By
the division algorithm, there exists a unique s € N such
that n =s|q| + r. Then,

NI’U

n slgl=1 slgl+r
b BN ED I bl B
k=o - 4 mo L4 St 4

By Lemma 2, the first term on the right-hand side of
) is

t=0 u=1
s—1

lgl—1 s—1
—1)t
=5 plalClgl=1) [EJ)JJM .
= q q 1 =

u

_1) L lq

_ Plallal=1 <5~ . ¢ {_
q = q

For the second term of (3), by Lemma 2, we have

slql+r r r

k 1
Z {p JzzlpSIqler_lszlql(H )S+le_lJ'
k=g - 4 - 1 4 q =04

Summing all the terms and using Lemma 1, we obtain

S Iql(r+1)
S |-t
=t 4 2

lgl-1

SN DI

pq .2 (2r+1)p—q+1 pl
_ |5 +(—)S+Zlo|_ J,q>1
qs—

B2 ((2r+1)p a— 1) +3 0|_P_J
7 |

—1.
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Substituting s = (n—r)/|q|, we have
n ‘p_kJ
25
) () [ ], 1
g 1)(%)+Z?=ol as—
:{z%(n ok ) 2 )43 5 ] a2
RAGEHNARE) S H LR

Next, we consider the sum of the ceiling function. By
Lemma 2, we obtain

[
A/_\

+
2
+

.a|'1 ..m|"U

//\\V

k=0

_ [l s |- 1
(& (ol =) (e =)o 2o [ ) a2

~ zp;q n(n+p+z—1 _r (r+p+q—1))+zlr:0|'%1‘|’ 0>1

| F (2 ) (e ) )T [ 2 ] g <1

Thus, the proof is complete. m]

Lemma 5 Let F be the floor or ceiling function, p € N,
q<€Z\{0} withq#0, and a, 3,7,a,b,c € Rwith a,c #
0. Suppose that A € N is an infinite set and

+b)?
24 4y =F p(an—
an“+fBn+y "
for every n € A. Then,
plan+b)*  (2an+p)?
qc - 4a

for every n € A.

Proof: We will only prove the case that F is the floor
function on R. Assume that

p(an+b)? J

an2+/3’n+y={
qc

for all n € A. Hence, for all n € A, we have

2
pa- -

2pab b2
an2+ﬁn+y:q—n + P9 B
c

=6,
qc qc

with 6, € [0,1). We divide (4) by n? and take n — 00,

where n € A. Hence, a = pa?/(qc). This implies

2pab b2

P P2 g (5)
qc qc

pn+y=

for all n € A. We divide (5) by n and take n — oo,
where n € A to obtain 3 = 2pab/(qc). Hence,

(e ae)
qc q2c2 4pa2)  4a’

3
Thus, we have
+b)? 2 2pab b2
plan+b)® _pa® , 2pab  pb”
qc qc qc qc
2 2 2
= an + Ijn + ﬁ M
4a
as desired. The case that F is the ceiling function can
be proven analogously. O

MAIN RESULTS

In this section, we state the results regarding the
formula for the sum of the form

(%)

where F is the floor or ceiling function, p €N, q €
Z\{0}, and gcd(p,q) = 1. Before stating them, we

deﬁne
{ ’
£ =
]-)

Additionally, let G be the floor or ceiling function.

F is the floor function
F is the ceiling function.

Theorem 1 Let p € N and q € Z\{0} with gcd(p,q) =
1,a, b,ceRandc#0.
(1) If g = 1 and there exists an infinite set A € N such

that ,
& pkY p(an+b)
;F(?) N G( cq )

for every n € A, then
2
plan+b)y” _p (2n+
cq 8q

for every n € A.
(ii) If ¢ < —1 and there exists an infinite set A C N such

that . ,
S)-e(5) o
- 4

¢q

6)

p+e(g—1))
-

for every n € A, then
p(an+b)?

=2 (Zn +
cq 8q

for every n € A.

p+s(q+1))2

Proof: We will only prove (i) with the case that F is the
floor function. Let n € A. By Lemma 4, we can write
the left-hand side of (6) as

n

Tl e R )

1
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where n = r (mod q) and y, € R is bounded. By
Lemma 5, set

a=L and [ :p——q+1.
2 2q
We have
plan+b)y’ _ (2(p/Qon+((p—q+1)/(29))
qc 4(p/(29))
— 1\2
e (2 +274 )
8q p
The other cases can be proven analogously. m]

Theorem 2 Let p € Nand q € Z\{0} with ged(p,q)=1.
@ Ifq=1and

2 pk\ [ p(@2n+b)?
;F(7)_G( 8q )

for infinitely many n €N, then b = (p+¢e(q—1))/p.
(i) Ifgs—land

n 2
ZF(p_k) _ G(p(2n+b) )
& g 8q
for infinitely many n €N, then b = (p+¢e(q+1))/p.

Proof: The idea of this proof is based on [3]. We will
only show (i) with the case that F is the floor function.
By Lemma 4,

e )

k=1
| pk
2]
- 4
—q+1
=£n2+£(li)n+yn,
2q 2q p

where n = r (mod q) and y, € R is bounded. By
Lemma 5, set

+1
a=£ and f=— (p d )
2q 2q p
We have
2n+ b)>? —q+1)?
p(2n+b) :ﬂ(zn#’ q+ )
8q 8q p

for infinitely many n € N. Thus, there exist n;,n, € N

with n; # n, such that
—q+1 —q+1)?
b4 =4 (LD (27001
b b
—q+1 —q+1)?
4n2b+b2:4(%)n2+(%) .
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This implies b = (p —q + 1)/p. The other cases can be
proven analogously. a
Theorem 1 and Theorem 2 verify the uniqueness for
the formulas of the sums.

Theorem 3 Let p € N and q € Z\{0} with gcd(p,q) =
1. Then, for every a,b,c € R with ¢ # 0, there are
infinitely many n € N such that each of the following
holds.

(i) Ifqg=1, then
n B 2'
ZF(p—k);é p(an+b) .
= \q qc

(i) Ifq<—1, then

< pk plan+b)?
()|

Proof: We will first prove (i) with the case that F is
the floor function. Assume on the contrary that there
are a, b, ¢ € R with ¢ # 0 such that the inequality holds
for finitely many n € N. By Theorem 1, there exists a
sufficiently large N € N such that

[ 2]-[ & (anr 2t

for n = N. There are two cases to consider.
Case q = 2. We choose m € N such that m = N and
m=q—1 (mod q). By Lemma 4, we have

m(pm+p q+1)—(q—1)'

gl%kJ: _2q

Note that
m 2

[3(2 LPa+l q+” Z[ J [q 1, (- q+1)}
8q P 8pq
Since g = 2

-1 —q+1)? -1

il RV Tt B

2q 8pq 2q

Thus,

52512

k=1

ek

8q p

Hence, we arrive at a contradiction.
Case q = 1. It is easy to see that

pn(n+1) = p 9 pn(n+1)
———= =) |pk]l=|=(2n+1)* |=——+
5 = 2ulpkl=[Gn? | = 555

Hi

Note that 0 =[p/8] > 1, since p € N. Here, we also
arrive at a contradiction.
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Next, we will prove (i) for the case that F is the
ceiling function. We may follow a similar logic by
using a proof by contradiction. There are two cases
to consider.

Case p # q—1. We choose m € N such that m > N
and m=q—1 (mod q). By Lemma 4, we have

i[p_kw:m(pm+p+q—1)+(q—1)
Pl 2q
Note that
_ 2 m _ _1)2
[L(Zm#&l) FZV—“%LHM}
8q p —'l q 2q 8pq
m _ 2
:Z[p_k}{(p q+1) w
— q 8pq
Thus,
_ 2 m m
[2 (e 22021 | S 2] 0 ST
8¢ p = 4 =t 4

Hence, we arrive at a contradiction.
Case p =q—1. So, g = 2. We choose m € N such
that m 2 N and m =0 (mod q). By Lemma 4, we have

g[p?k"z m(pm+2[;+q—1).
Thus,
omes |-
SR

k=1

since 0 < (p+q—1)2/(8pq) = p/(2(p+1)) < 1. Here,
we also arrive at a contradiction.

To prove (ii), we may proceed with a similar logic
as in the proof of (i). For instance, when F is the
floor function, we separate the problem into two cases:
p#lql—1 and p =|q|—1. We first suppose for
contradiction that the inequality holds for only a finite
number of n. For p # |q| — 1, we choose a sufficiently
large m such that m = |q| — 1 (mod |q|) to create a
contradiction. In the other case, we choose m such
that m =0 (mod |g|). |

Theorem 3 restricts whether the formula should
involve the ceiling or floor function depending on F
and q. For example, when F is the floor function and
q > 0, the formula must involve the floor function by
Theorem 3(i).

Theorem 4 Let p € N and q € Z\{0} such that p =
(v2lg] + v/Igl +1)* or p < (v/2Iq] = /Igl +1)* and
ged(p,q) = 1. Then, for every a,b,c € N, there exist
infinitely many n € N such that each of the following
holds.

(@) Ifq=1, then
- k
>r(2)
= 4
(i) If g < —1, then

- p_k [ p(an+ b)? ]
;F(q);é |

p(an+ b)?
qc

Proof: We first prove (i) for the case that F is the
floor function. Assume on the contrary that there are
a, b, c € R with ¢ # 0 such that the inequality holds for
finitely many n € N. By Theorem 1, there exists N € N
such that

+b)? —q+1)?
pan )=£(2n+P q )
qc 8q p

for n = N. We choose m € N such that m = N and
m=q—1 (mod q). Then, by Lemma 3 and Lemma 4,
we have

i{p_kJ: m(pm+p—qg+1)—(g—1)

P 2q
However,
_ 2 m —1)2
|2 (om EEL2Y | 3| 2| 0|
8q p 'l gq 8pq

Since p > (1/2q + /g +1)? or p < (/29— /q+1)?,
we have (p +q—1)?/(8pq) = 1. Hence, we arrive at a
contradiction.

Next, we will prove (i) for the case that F is the
ceiling function. We may follow a similar logic by using
a proof by contradiction. Then, we choose m € N such
that m 2 N and m = 0 (mod ¢q). By Lemma 3 and
Lemma 4,

i[p_szm(pmww—l)
=l 4 29
However,
_ 2 m _1)2
|2 (oms XY S [2E] | 0|
8q p 'l q 8pq

As (p+q—1)?/(8pq) = 1, we arrive at a contradiction.
To prove (ii), we may proceed with a similar logic
as in the proof of (i). When F is the floor or ceiling
function, we choose a large enough m such that m =
0 (mod |q|) or m = |q| — 1 (mod |q|), respectively, to
create a contradiction. |
Theorem 4 finds a bound for p depending on g
which makes the formulas not hold. This is very
helpful when finding all p € N for each q € Z\{0} that
make the formulas hold as we only need to consider a
finite number of candidates of p. The theorem below
provides all pairs (p,q) with 1 < |g| < 8 where the
formulas hold for every n € N in the four cases.
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Theorem 5 Let p € N, q € Z\{0}, and ged(p,q) = 1.
Then, the formulas

n P pra—2
21 e
D

= 4 8q (2”+p+++1)21’

hold for every n € N when (p, |q|) are given in the table
below.

Q
iy

lql p

11 2 3 4 5 6 7

21 3 5 7 9 11 13

311 2 4 5 7 8 10 11 13 14 16 17 19

41 3 7 9 11 13 15 17 19 21 25

5|1 2 3 4 8 9 12 13 14 16 17 18
19 21 22 23 26 27 28 31

6|1 5 11 17 25 31 37

711 2 3 5 6 10 12 13 17 18 19 23 24
25 26 30 31 32 33 36 37 39 43

83 5 13 19 21 27 29 35 37 43

Proof: The idea of this proof is straightforward. We
will only prove the case for the sum of the floor
function where p = 3 and q = 4 as an example. That
is, we wish to show that

255 ®

for every n € N. By Lemma 4, we can re-write the left-
hand side of (8) as

21550

2)+Z{3kJ

3%, n=0 (mod4)

= 3”27_3, n=1,3 (mod4)
3”2T74, n=2 (mod 4).

Now, consider the right-hand side of (8). By the
division algorithm, there are four cases to consider.
If n =0 (mod 4), that means n = 4{ for some { €

N. So ) ) )
lBLJ:F(‘“f) J:“z:ﬂ_
8 8 8

If n =1 (mod 4), that means n = 4{ + 1 for some
{eN. So

{ﬁJ:[S(M—H)Z

3n2-3

J:6€2+3€=
8 8

If n =2 (mod 4), that means n = 4{ + 2 for some
{eN. So

2 2 2__
{BLJ:{—“““Z) J=6£2+6E+1=3n a3
8 8 8
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If n =3 (mod 4), that means n = 4{ + 3 for some
¢ eN. So

2 2 2_
{?’LJz{Mszﬂ%Jﬁ:Sn 2
8 8 8

By comparing the four cases, we can see that (8) holds
for every n € N. O

As a remark, it is not guaranteed that if q is in the
given bound, then the formulas hold. For instance, let
p,q € N with ged(p,q) = 1, it is not always true that
there exist a, b, c € R with ¢ # 0 such that

Z":{%J#{p(an+b)2J

P ac

for finitely many n € N when p € ((/2q — v/q + 1),
(v/2q + 4/q+1)?). For example, if (p,q) = (5,4), it is
easy to see that 5 € ((2v/2— +/5)?,(2v2 + v/5)?), but

the formula does not hold for infinitely many neN.

The interval ((+/2]q] — +/Iq|+1)?, 2|q| +

v/Igl+1)?) gets larger as |q| increases. Hence, it is not
practical to find all p that make the formulas hold for
a large |q|. Instead, we will give some criteria for the
formulas not to hold. In fact, if p = +1 (mod |q|), |q| =
8, and gcd(p,q) = 1, then the formulas are not valid.
Before we show our result, we need the following
lemma.

Lemma 6 Let p € N, q € Z\{—1,0,1} such that
gcd(p,q) = 1. Suppose that r € {1,...,|q| —1}.
(i) Ifg=2and p =1 (mod q), then

S| pk | (p—=Dr(r+1)
;{?J N 2q and

Zr:[p_k": (p—1)21;1(r+1)+r

=t 4

(i) Ifqg= 2 and p =—1 (mod q), then

C| Pk | _ (A Dr(r+1)
;l?J— 2 r and
V[Pk]_ e+ Dr(r+1)
;[J‘ 2q '

(iii) Ifq <—2and p=1 (mod |q|), then

ook |Z = Drer+1)
;l?J— 2 r and
o[k =Dr(r+1)

Z[?W_ 2¢

k=1
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(iv) If g < —2 and p =—1 (mod |q|), then
- {ka (p+Dr(r+1)
Z — |=————= and
P 2q
Zr:[pk" (p+Dr(r+1)
—|=—————4r
= 4 2q

Proof: For (i), by the division algorithm, there exists
s € N such that p =sq+ 1. By using Lemma 2 and
plugging in s = (p —1)/q, we have

NI EREEDWE I
_(=1r(r+1)

| k
2q +;[EJ

T r

IS RO

k=1
v Shrk)
2q =4
Now, |k/q]=0and[k/q]=1foralll <k <rsincel <
k <r<q—1. So, we obtain (i). For (ii), by the division
algorithm, there exists t € N such that p = tq—1. By
using Lemma 2 and plugging in t = (p+1)/q, we have

]

k=1
:(p+1)r(r+1)+ - {_EJ’

2q =L q
and
[ pk - . k
ORI
=w+i[l],
2q =l q
Now, |— k/qJ——l and [—k/q]=0forall 1<k <r

since 1 < k <r <qg—1. So, we obtain (ii). To prove

(iii) and (iv), we may use (i) and (ii) together with

Lemma 2. O
Now we can tackle our problem.

Theorem 6 Let p € Nand q € Z\{0} with gcd(p,q)=1.
Suppose that |q| = 8 and p = 1 (mod |q|). Then, for
every a, b,c €N, there exist infinitely many n € N such
that each of the following holds.

(i) Ifq=1, then

: pk p(an+b)?
;F(?) ? { qc J

7
(i) Ifq<-—1, then
n 2
ZF(p_k)#[p(an+b) -‘
=\ q qc

Proof: If p & ((+/2lql—+/1al + 1)%, (v/2lg|+ /1] + 1)*),

then the statement holds by Theorem 4. So, we will
only consider p that lie in this interval. We first prove
(i) for the case that F is the floor function. Assume on
the contrary that there are a, b,c € R with ¢ # 0 such
that the inequality holds for a finite number of n € N.
By Theorem 1, there exists N € N such that

+b)? —q+1)?
plan+b) p(z LP=a )
qc 8q P

_4n(pn+p—q+1) N (p—q+1)°
8q 8pq

for n = N. There are two cases to consider.
Case q is even. Let m = N such that m = (q—2)/2
(mod ¢q). By Lemma 4 and Lemma 6, we have

217

k=1
(4=2)/2
—q+1\ q—2(q—2 p—q+1 k
G s el IO
2q p 212 p = La
_ Am(pm+p—q+1)—(q—2)(pg—29+2)  (p—1)(q—2)
8q 8
_4m(pm+p—q+1)+(g—2)*
= 5 .

Thus,

HEtS I
8q p
| pk
:ZV—FVP
=t d
Since g = 8, we have

p e ((v29—+vq— 1% (vV2q+/q+1)*) € (1,(g—1)%).

So,

—q+ 1)2—p(q—2)2J
8pq '

—p(q—2)+(p—q+1)?
8pq

<0.

This implies

GBS 12

1

Hence, we arrive at a contradiction.
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Case q is odd. Let m = N such that m = (¢ —1)/2
(mod q). By Lemma 4 and Lemma 6, we have

5| % |- 2 2)

(g=1)/2
g—1l(g—1 p—g+1 pk
2 (2+ p ))+;[qJ
_ 4m(pm+p—q+1)—(g—1)(pg+p—2q+2)
8q
L =D -1)(g+1)
8q
_ 4m(pm+p—q+1)+(g—1)(q—3)
8q '

Thus,

—q+1)?
F(zm&”
8q p

_~No| ek, | (e—g+1)*—p(g—1)(g—3)
_;{ q Jﬂ 8pq J

Since q = 9, we have
pe((v2q—Vq+1)%(V2q+Vq+1)?)
c ((q—l)(x/q+1—\/q—3)2 (q—l)(\/q+1+\/q—3)2)
c 7 , 2 )
So,

2

(p—g+1) —p(q—l)(q—S)<0
8pq

This implies

omr

Here, we also arrive at a contradiction.

Next, we will prove (i) for the case that F is the
ceiling function. We may follow a similar logic by
using a proof by contradiction. There are two cases
to consider.

Case q is even. We consider m = N such that m =
q/2 (mod q). By Lemma 4 and Lemma 6, we have

52
- ) 41 S

215l

k=1

k=0
_ 4m(pmiptq—1)—q(pg+2p+29—2) (p—1)q(q+2)t4q”
8q 8q
_4m(pm+p+q—1)+¢*
= > .

www.scienceasia.org

ScienceAsia 51 (4): 2025: ID 2025058

Thus,

L;Lq(z pt+q— 1)J 2[%1 {p+q8117312—qu

Since g = 8, we have

p € (vV2q—+/q+1)% (vV2q++/q+1)*) € (1,(g—1)).

So,
(p+q—17—pg® _
8pq
This implies

—1\2
{£(2m+p—+q ) J
8q p

Hence, we arrive at a contradiction.
Case g is odd. We consider m = N such that m =
(q—1)/2 (mod q). By Lemma 4 and Lemma 6, we have

S [2] £ (e 207)
(1) () S T

_ 4m(pm+p+q—1)—(qg—1)(pg+p+29—2)

ST

k=1 k=1

8q
L 0=Da-Da+D)  a-
8q 2
_4mlpm+p+q—1D+q¢*—1

8q

_N[pkT, | ra—1—p(@®—1)
_Z[q1 { 8pq J

Since q = 9, we have

pe((v29—vq+1)%(V2q+/q+1)»)
C((q—l)( g+ 1—+/q=3)" (q—l)(\/q+1+«/q—3)2)
c : .

4 >

So,
_12_ 2_1
(p+q—1)"—p(q )<0
8pq

This implies

R IDY R

k=1

Here, we also arrive at a contradiction.
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To prove (ii), we may proceed with a similar logic
as in the proof of (i). When F is the floor function,
we choose a sufficiently large m such that m = |q|/2
(mod |g]) or m = (|q| —1)/2 (mod |q|) when g is even
or odd, respectively, to create a contradiction. When
F is the ceiling function, we choose a large enough m
such that m = (|g| —2)/2 (mod |q|) or m = (|q|—1)/2
(mod |g|) when q is even or odd, respectively, to create
a contradiction. O

Theorem 7 Let p € N and q € Z\{0} with gcd(p,q) =
1. Suppose that |q| = 8 and p =—1 (mod |q|). Then, for
every a, b,c €N, there exist infinitely many n € N such
that each of the following holds.

@) Ifq=1, then

pk p(an+b)2J
R
—1, then
pk p(an+b)2—‘
(%)
Proof: If p & ((v/2lql—+/1a] + 1)%, (v/2]g]++/]q| + 1)),

then the statement holds by Theorem 4. So, we will
only consider p that lie in this interval. We will first
prove (i) for the case that F is the floor function.
Assume on the contrary that there are a, b,c € R with
¢ # 0 such that the inequality holds for a finite number
of n € N. By Theorem 1, there exists N € N such that

(i) Ifg<

2 _ 1 2
plan+b)* p (2 LP—at )
qc  8q p
_4n(pn+p—q+1)+(p—q+1)2
8q 8pq

for n = N. There are two cases to consider.
Case q is even. Let m = N such that m = q/2
(mod q). Then, by Lemma 4 and Lemma 6, we have

S5 ()
(552l

k=1
__ 4m(pm+p—q+1)—q(pg+2p—2q+2)
= 5
+ (p+1)(g+2)—4q
8
_4m(pm+p—q+1)—g?
= % )

Therefore,

S RS

Since g = 8, we have

_ 2
(p—q+1) a
8pq 8

This implies

Hence, we arrive at a contradiction.
Case q is odd. Let m = N such that m = (q—1)/2
(mod q). Then, by Lemma 4 and Lemma 6, we have

e

_q—1(q—1+p—q+1))+("‘z”/zlp_kJ
2 \ 2 p =

_ 4m(pm+p—q+1)—(q—1)(pg+p—2q+2)

8q
L+ =1)(g+1) g-1
8q 2
_ 4m(pmtp—g+1)—(¢"~1)

8q

Hence,

e (e |
-2 |

Since q = 9, we have

(p—q+1) ¢’—1_¢’°—1

8pq 8q 8q

> 1.

This implies

Here, we also arrive at a contradiction.

Next, we will prove (i) for the case that F is the
ceiling function. We may follow a similar logic by
using a proof by contradiction. There are two cases
to consider.

Case q is even. We consider m = N such that m =

www.scienceasia.org
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(g—2)/2 (mod q). By Lemma 4 and Lemma 6, we have
2= E ()
— |=——|m\m+—-
'l q 2q p
_ _ _ (q=2)/2
() L A
2 2 p k= | 94

_ 4m(pm+p+q—1)—(q—2)(pg+29—2)
8q

+(p+1)8(q—2)
_4m(pm+p+q—1)—(q—2)
- 5 .

—1\2
F(zmll”
8q P

m —_1)2 _2)2
:Z[p_kw%(pﬂ 1) +p(q J
=t 4

8pq

By expansion, we can see that

(p+q—17+p(@=2* _p g 1 1 1 g1

8pq 8¢ 8p 8pq 4q 4p 8 4

Note that p = ¢—1 since p = —1 (mod q) and p € N.
If ¢ =8, then p = 7 and so

(P+q—1+p@=2)" _p 49

8pq 64 64p

If g = 10, then

P21
32

+q—1)*+p(g—2)? 1 1 1
(prq=1"+p(@=2)" , p (1, 1 1,5,
8pq 8¢ p 8pg 4q

This implies

+q—1)?2 [ pk [ pk
|2 (me P Y |5 Y = 32
8q p =l q =l q
Hence, we arrive at a contradiction.

Case q is odd. We consider m = N such that m =
(g—1)/2 (mod q). By Lemma 4 and Lemma 6, we have

2= g ()
= m|m+
'l q 2q p
(g-1)/2
) Y
2 2 p P
_ 4m(pm+p+q—1)—(g—1)(pg+p+29—2)
8q
N (p+1(g—1)(g+1)
8q

_ 4mpm+p+q—1)—(g—-1)(g—3)
8q '
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Thus,

+q—-1)?
F(ZM&H
8q p

-3 [P_k%[(p+q—1)2+p(q—1)(q—3)J_
=1 4

8pq
By expansion, we can see that

(p+q—174p(g-1)(g=3) _p ¢ 1 1 1 g1
8pq 8q 8p 8pq 8q 4p 8 4

Note that p = q—1 since p = —1 (mod q) and q € N.
If g =9, then p = 8 and so

(p+q-11+p@-1¢=3) _p 8 8
8pq 72

—+-=1.
9p 9

If ¢ = 11, then

+q—1)*+p(g—1)(¢—3 1 1
(p+q—1)+plg-1(¢=3)  p 9 1 1 9 .
8pq 8¢ 8p 8pq 8q 8

This implies

+q—1)?
F@m&”
8q P

Here, we also arrive at a contradiction.

To prove (ii), we may proceed with a similar logic
as in the proof of (i). When F is the floor function, we
choose a sufficiently large m such that m = (|q| —2)/2
(mod |g]) or m = (]q|—1)/2 (mod |g|) when ¢ is even
or odd, respectively, to create a contradiction. When
F is the ceiling function, we choose a large enough
m such that m = |q|/2 (mod |g]) or m = (|q| —1)/2
(mod |q|) when q is even or odd, respectively, to create
a contradiction. O

-$[ -5

k=1

DISCUSSION AND CONCLUSION

In this work, we proposed how the simple formulas
for the sum of the floor or the ceiling function must
look like in Theorem 1, Theorem 2, and Theorem 3.
Then we discovered a bound for p depending on g that
makes the formula not hold for infinitely many n € N
as presented in Theorem 4. We listed the pairs (p,q)
with 1 < |q| < 8 that make the formulas hold for all
n € N as shown in Theorem 5. Lastly, we showed that
the formula does not hold when p = £1 (mod |q|) and
|g| = 8 in Theorem 6 and Theorem 7.

For suggestions in future research, based on the
last two theorems, we predict that for every p € N and
q € Z\{0}, there exists p, € Z, where r € {0, 1,...,|q|—
1}, such that if p = r (mod |q|) and |q| = p,, then
the formulas do not exist for infinitely many n € N.
It might also be possible to generalize the results for
a sum with irrational denominators (for example, by
considering continued fractions).
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