AIMS Mathematics, 9(2): 3788-3797.
DOI: 10.3934/math.2024186
ATMS Mathematics Received: 24 November 2023
Revised: 31 December 2023
Accepted: 05 January 2024
http://www.aimspress.com/journal/Math Published: 10 January 2024

Research article

Distribution of values of Hardy sums over Chebyshev polynomials

Jiankang Wang, Zhefeng Xu* and Minmin Jia
Research Center for Number Theory and Its Applications, Northwest University, Xi’an 710127, China

* Correspondence: Email: zfxu@nwu.edu.cn.

Abstract: This paper mainly studied the distribution of values of Hardy sums involving Chebyshev
polynomials. By using the method of analysis and the arithmetic properties of Hardy sums and
Chebyshev polynomials of the first kind, we obtained a sharp asymptotic formula for the hybrid mean
value of Hardy sums S5(%, g) involving Chebyshev polynomials of the first kind. In addition, we also
gave the value of Hardy sums S (%, ¢) and S 3(h, g) involving Chebyshev polynomials. Finally, we found
the reciprocal formulas of S;(%, g) and S4(h, g) involving Chebyshev polynomials of the first kind.
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1. Introduction

Let g be an integer with ¢ > 0. For any integer &, we have Dedekind sums s(, )

=2 ()(7)

x—[x] -1, if xisnotan integer;
(x) = { 2

where

0, if x is an integer,

[x] is the largest integer not exceeding x. The Dedekind sums, named after Richard Dedekind himself,
are finite sums of products of the sawtooth functions. They arise in the functional equation resulting
from the action of the Dedekind eta function under modular groups (see [1,3]). Dedekind sums have
been found in applications in the analytic number theory, topology, and other branches of mathematics.
Many scholars gave the various interesting properties of Dedekind sums (see [5, 16]), the most famous
of which is the reciprocal formula of Dedekind sums

R+g+1 1

s(h,q) + s(q, h) = Thq 2
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where £, g are two positive integers such that (4, q) = 1.
Hardy sums analogue to the Dedekind sums are defined by

g i 4 hi ]
Sthg) =y (-4, Sihg) = Y (-1l ((é))
i=1 i=1

Lo i\ (R “ i
Sa2hg) = Y (=1) ((—)) ((—)) S3(hq) = ) (=1 ((—))

i=1 )\ 4 - q

'\ : I o [hi ]
Sath.q) = Y (DI, S5t = Y -1y 1) ((é))

i=1 i=1

Hardy sums play important roles in the transformation formula of the logarithm of the classical theta
function [4] and they are closely connected with Dedekind sums [17]. Many scholars studied the mean
square value of Hardy sums (see [13, 19]). Many scholars also considered the connection between
Hardy sums and some famous sums. Guo et al. [12] and Peng and Zhang [15] gave some identities
involving certain Hardy sums and Kloosterman sums. Dagl [6] studied a computational problem of
the mean values involving certain Hardy sums and two-term exponential sums. Further, Dagh and
Sever [7] and Tian and Wang [18] considered the mean value of generalized Hardy sums weighted by
Kloosterman sums.

For any integer n > 0, Chebyshev polynomials of the first kind 7',(x) and Chebyshev polynomials of
the second kind U, (x) are defined by Th(x) = 1, T1(x) = x and T,,42(x) = 2xT 11 (x) — T, (x), Up(x) = 1,
Ui(x) = 2x, and U, ,»(x) = 2xU,1(x) = U,(x). Leta = x+ Vx*—1and 8 = x — Vx? -1, and we
know that

[5]

ik D!

n
r 25)-20
2 25 G —ar Y

1
To(x) = (" + ") =

and

U ( ) 1 ( n+1 ﬁn+l) [Zg]:( l)k (n — k)! (2 )(VZ—Zk)

p(X) = ——(@"" - = 1) —————(2x .
a—p e k!(n —2k)!

Many authors have studied the elementary properties of Chebyshev polynomials and obtained a series
of interesting conclusions (see [2,9, 14,20]). Guan and Li [11] studied the problem of asymptotic
analysis of the mean value involving Dedekind sums and Chebyshev polynomials of the first kind, and
they obtained

Z S(T (%), Trps1(x))

m<N m

_2x—3 1

1
N+ —=|2x-3-Vx2=-1+C(x)+—|-InN +O(1)
12 12 X

where

[ee)

1
CO) = 2 T T

n=1
The distribution of values in Dedekind-type sums, such as Dedekind sums and Hardy sums
involving the second-order linear recurrence polynomials, is an intriguing area of study, offering
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insights into the behavior and properties of these mathematical objects (see [8,21]). Understanding
the distribution of these values is crucial for various applications in number theory and analysis. In
this paper, we delve into the investigation of the distribution of values in Hardy sums, focusing on
Chebyshev polynomials of the first kind. By leveraging the method of analysis and exploiting the
arithmetic properties of Hardy sums and Chebyshev polynomials, we aim to provide a comprehensive
understanding of the distribution patterns and establish precise formulas for hybrid mean values and
other relevant quantities. This research contributes to the broader understanding of the interplay
between Hardy sums and Chebyshev polynomials, shedding light on their intricate properties and
applications in mathematical analysis.

First, we give a sharp asymptotic formula for the mean value of Hardy sums S5(%, ¢) involving
Chebyshev polynomials of the first kind.

Theorem 1.1. Let N > 2 be an integer. For any odd integer x > 3, we have

3 S5 ) _ N, (x— 1 Cw

. o )-lnN+O(1)

m<N

where C(x) = Yot 1

n=1 Tn(x)T)Hl(X) )

Remark. By using the same methods as used in this paper, for any real number 1 < s < 2, we also have

2—s
Z Ss(Tm(X), Tm+l(x)) — N + g(s — l) + 0(1)

m’ 22-1)

m<N

where {(s) denotes the Riemann zeta function. If s = 2, then we have

Z S5(T(x), Ty (x)) _ In N + O0(1).

2
m<N m 2

From Lemma 2.4, we know that S 5(7,,(x), T,,+1(x)) ~ m when m is large, so when s > 1, the asymptotic

formula does not reflect the effect of 3", m

We also give the values of S (h, g) with Chebyshev polynomials.
Theorem 1.2. Let m be a nonnegative integer. For any positive integer x, we have
S(Un(x), Upy1(x)) =m+ 1.
Note. Taking x = 1 in Theorem 1.2, we have U,,(1) =m+ land S(m+ 1,m+2) =m+ 1.
Theorem 1.3. Let m be a nonnegative integer. For any even integer x > 2, we have
S(T(x), Tpp1(x)) =m + 1.

Note. Taking x = 2 in Theorem 1.3, we have 75(2) = 26, T4(2) = 97, and T5(2) = 362. We also know
that §(26,97) = 4 and S(97,362) = 5.

Moreover, we have the value of S;(h,¢g) involving Chebyshev polynomials of the first kind
as follows:
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Theorem 1.4. Let m be a nonnegative integer. For any odd integer x > 3, we have

_ L-x, ,2=x_ T
83 (2T (%), Tpu1 (x)) = 2 “m+ 4 - 4T (f()x)

where 2 satisfies 22 =1 (mod Ty (x)).

Finally, we also have the reciprocal formulas of S;(h,q) and S4(h,q) involving Chebyshev
polynomials of the first kind by using Theorem 1.4.

Theorem 1.5. Let m be a nonnegative integer. For any odd integer x > 3, we have
Tywn(x)  Twx)  Cm+Dx-1)
S3(T,(x), T, -S5(T, Y. = - - .
3 (Tn(%), Tine1 (%)) = S 3 (Tr1 (X)), Tpu()) T ) AT >
Theorem 1.6. Let m be a nonnegative integer. For any odd integer x > 3, we have

S 4 (Tn(x), Tyus1 (%)) = S 4 (Tys1 (%), Tiu(x)) = 2m + D(x — D).

Note. Taking x = 3, we have T:(3) = 3, T,(3) = 17, T5(3) = 99, T4(3) = 577, and T5(3) =

3363. We also know that $3(27,17) = =2, §5(850,99) = -3, §3(28611,577) = -2, §5(3,17) =

10°6.(17,99) = =17 §,(99,577) = -2 §,(3,17) = 4, S4(17,99) = 6, $4(99,577) = 8, and

17 99 > ~577 0
S§4(577,3363) = 10. From Theorem 1.6 and the fact that S4 (T, 2(x), Tns1(x)) = =S4 (T,,(x), T)i1(x)),

we have Corollary 1.7 as follows:

Corollary 1.7. For any nonnegative integer m, we have
S4(Tn(3), Try1(3)) = 2m + 2.
From Corollary 1.7 and Lemma 2.3, we also give the following corollary:

Corollary 1.8. For any nonnegative integer m, we have
S5 (T T (3) = 5 == 570
By using similar methods as used in this paper, we can also consider Dedekind-type sums
involving the second-order linear recurrence polynomials, for example, Fibonacci polynomials, Lucas
polynomials, Pell polynomials, etc. Fibonacci polynomials F,(x) are defined by Fy(x) =0, Fi(x) =1,
and F,,1(x) = xF,(x) + F,_1(x) for any positive integer n. We have the following result:

Theorem 1.9. For any positive integer n and any even integer x > 2, we have
S (Fop-1(x), Fou(x)) = 1, S(Fa,(x), F2,11(x)) = 0.
For Bessel polynomials, which are defined by yo(x) = 1, yi(x) = x+1, and y,,1(x) = 2n+1)xy,(x)+
Vn-1(x), we can get the following result similar to Theorem 1.4:

Theorem 1.10. For any nonnegative integer n and any even integer x > 2, we have

where 2 satisfies 22 =1 (mod Vi1 (X)).

Remark. Restricted by Lemma 2.1, we can draw results similar to Theorems 1.4—1.6 for Hardy sums
involving the second-order linear recurrence polynomials when the values of these polynomials are
odd integers, and it is easy to obtain results similar to Theorems 1.5 and 1.6 for Hardy sums involving
Bessel polynomials from Theorem 1.10.
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2. Some lemmas

To prove theorems, we need the following several lemmas.
Lemma 2.1. Let h,q > 0 be odd integers with (h,q) = 1, then we have

g+1 h+1 P+q¢+4 1
h A [ B
S( 2 ’q)*'s( 2 ¢ 24hg 4

and 3
s(h,2q) + s (2h.q) + s (2h. q) = 35 (h. q)

where h satisfies hh = 1 (mod q).
Proof. See Theorem 1 and Lemma 2 of [10]. O
Lemma 2.2. Let h,q > 0 be integers with (h,q) = 1, then we have
Ss(h,q) = 2s(h,q) — 4s5(2h, q), if qisodd,
S4(h,q) = —4s(h,q) + 8s(h,2q), if hisodd.
Proof. See [17]. O

Lemma 2.3. Let h, g be positive integers with (h,q) = 1. If h + q is odd, then we have
S(h,q) +S(gq,h) =1,

if h + q is even, then we have

1 1
h h)==——:
SS( aq)+S5(q’ ) D) 2hq,

and if q is odd, then we have
h
255(h,q) —Sa(g, ) = 1 - .

Proof. See [17]. O
Lemma 2.4. Let m be a positive integer. For any odd integer x > 3, we have

x—1

1 +« 1
S S(T(), Topa1 (X)) = §;Tn(xm+1 S5t

S

Proof. From the recursive formula of Chebyshev polynomials of the first kind, if x > 3 is any odd

integer, then we have that 7),,(x) is an odd integer. According to the recursive formula of 7,,(x) and the
properties of the greatest common divisor of (7,,1(x), T,,42(x)), we also have

(Tons1(x), T2 (%)) = (Tys1(X), 2XT 1 (x) = T (X))
(Tm+] (.X'), Tm(x))

o= (T (x), To(x))

=1.
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From Lemma 2.3, we obtain

LS S
2 Tu(0) T ()

1
S5(Tn(x), Thi1(x) + S5(Tys1(x), Th(x)) = 2

and it is obvious that

S5(Tne1(x), Ty(x)) = S5Q2xTn(x) = Tn1 (%), Tu(x)) = =S 5(Ty-1 (%), Ty (x)),

S 5(To(x), T1(x)) = S5(1, %) = _x2 .
X
Thus,

m

[S 5(Tu(), Tt (9) = S 5(Tot (0, Tue)] = ) |
=1 n=1

1
2

n

and

Ss(Tm(x), Tinr1(x)) = S 5(To(x), T1(x)) =

(Y

1 i 1
2 =1 Tn(-x)Tn+1(-x) ‘
In summary, we have

1 1 R
2L T (0T (x)  2x

Ss(Tm(x), Tins1 (X)) =

S

Lemma 2.5. Let N > 3 be an integer, then for any integer x > 2, we have

1 & 1
> - Z‘ T = CWInN + 00

m<N n=
where C(x) = )
Proof. See [11].

[+] 1
n=1 Tn(x)TrH—l (X) ’

3. Proofs of theorems

Now, we prove our theorems by using the above lemmas.

Proof of Theorem 1.1. Combining Lemmas 2.4 and 2.5, we see that

S s(T(x), Trps1 () 1 1 © 1 x—1 1
Z : m 1 :Z‘li_’;\/%g;T,,()C)T,,Jrl(x)+ 2x ZZ

m<N m<N m<N
N C(v) x—1
=3 > InN + 7 InN + O(1)
N [(x-1 C()
=5 ( PRl ) InN + O(1).

1 ¢ 1
2 Z} T (0T 11 (1)

O
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Proof of Theorems 1.2 and 1.3. Similar to the proof of Lemma 2.4, for any nonnegative integer m from
the recursive formula of Chebyshev polynomials of the second kind, we have that U, (x) is an odd
integer and U,,,,1(x) is an even integer for any positive integer x. We also have

(Unms1(0), Upa(x)) = (Ups1(%), 2xU 11 (x) = Up(x))
= (Up1(0), Up(x)) = -+ = (Ui (x), Up(x))
=1.

From Lemma 2.3, we obtain

S(Un(x), Ups1 (%)) + S (Ups1(x), Un(x))
= S (Un(x), Ups1(x)) = S (Up-1(x), Un(x)) = 1

and we know that
S(Uo(x),Ui(x)) =S5(1,2x) = 1.

Thus,
S(Un(x), Upps1(x))

= Z [S (Un(x), Ups1(x)) = S (Un—1(x), Up(x)] + S (Uo(x), U (x))

n=1

=m+ 1.

This proves Theorem 1.2.
Similarly, we also have Theorem 1.3. O

Proof of Theorem 1.4. For any odd integer x > 3, from the proof of Lemma 2.4 we have that 7,,(x) is
an odd integer and (7, (x), T,,+1(x)) = 1. By Lemma 2.1, we can get

Tn+1(x) +1
S —
2

T 1
T,(%), Tn+1(x>) s (% Tt (), To()

TP+ TP +4 1

24T, ()T (x) 4’

then we have
T, +1
S (% Tm(x)’ Tm+1(x))

T,(x)? + T (x)> +4 Ti(x)+ 1 m
2 24T ()T oy (X) ”( 2 TO(X)’Tl(x))_Z

n=1

Tn(x) T,,_l(x) 1 1 1 x—3
,,Z‘ {24Tn+1(x) - 24Tn(x)} "5 Z:; T o (x) S22 + —=m

T, +1Z’": 1 +x2+4 1+x—3
C 24T, (x) 6 S T, e (x)  24x 4 12

m. 3.1
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From Lemma 2.1 of [11]:

T m
w1 3 _
127,00 12 & T,(0T,0 ()

1 x—-3 2x-3
+ + +
12x 12 12

S(T(x), Tyi1(x)) =

m.

Using the fact that s(h, g) = s(h, ¢), where h satisfies #h = 1 (mod ¢), we have

(Tm+l(x) +1
S _—

ST, Tm+1<x)) = s (2T (), T ().

Let 2 x (3.2) subtract (3.1), then we have

_ T, 1 x-2
25 (10 T () = 5 (T, Ty () = s + S + 2=

By Lemma 2.2, we can write

83 (2T(x0), Ty1 () = =2 (25 (T(x), Tyi1 (1)) = § (2T (X), T (1))
According to (3.3), we have Theorem 1.4.

Proof of Theorems 1.5 and 1.6. Combining Lemmas 2.1 and 2.2, we see that

S4(h,q) — 28 3(h,q) = —4s(h, q) + 8s(h,2q) — 2(2s(h, q) — 4s(2h, q))
= —8s(h, q) + 8s(h,2q) + 8s(2h, q)
= —8s(h, g) + 8(3s(h, ) — s(2h, q))
= 165s(h, ) — 8s(2h, q)
= —455(2h, q).

According to Theorem 1.4 and Lemma 2.3, we can get

Tw(x)

S4 (Tm(x), Tm+l(-x)) - 2S3 (Tm(x)’ Tm+l(x)) - T, 1(X)

+2x—Dm+x-2,

Ty(x)
Tm+1 (X)

283 (Tn(x), Ty (X)) = S 4 (Ty1 (), Typ(x)) = 1 =

and
Tm+l (X)

T(x)

283 (Tins1 (%), Tin(x)) = S 4 (T3 (%), i1 (x)) = 1 =
then we immediately have
S 4 (T(x), Trn1(x)) = S 4 (Tys1(x), Tr(x)) = Cm + 1)(x — 1)
and

T () T @m+Dx-1)
2T0(®) 2T (%) 2

S3 (Tm(x)’ Tm+1(x)) =383 (Tm+l(x)’ Tm(-x)) =

(3.2)

(3.3)

O
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4. Conclusions

Hardy sums play important roles in analytic number theory and it is of interest to study the properties
of Hardy sums. Generally speaking, it is difficult to give explicit formulas for the values of Hardy sums,
especially when (h, g) is large. Therefore, we want to give as many of the values of Hardy sums as
possible in special cases, such as Hardy sums involving polynomials. In this paper, we obtained an
explicit asymptotic formula for the mean value of S5(7,,(x), T,,+1(x)). Moreover, we also found the
values of S (T,,(x), Tys1(%); S(Up(x), Upi1(x); and S3(T,(x), Trns1(x)). These results are useful for
understanding the behavior and properties of Hardy sums. For example, for any integers x > 0 and
m > 0, we have

S(Un(x), Ups1(x)) =m+ 1.

If we know the values of Chebyshev polynomials of the second kind U,,(x) and U,,,(x), then we can
immediately find the values of Hardy sums S (U, (x), U,+1(x)). Many scholars also considered the
properties of generalized Hardy sums (see [7, 18]). In the future, we hope to study the values of
generalized Hardy sums involving Chebyshev polynomials by using similar methods as used in
this paper.
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