AIMS Mathematics, 11(1): 1954-1967.
DOI:10.3934/math.2026081
ATMS Mathematics Received: 01 December 2025

Revised: 06 January 2026

Accepted: 13 January 2026
https://www.aimspress.com/journal/Math Published: 21 January 2026

Research article

Gauss sums over some subsets

Xiaoying Liu and Zhefeng Xu*
Research Center for Number Theory and Its Applications, Northwest University, Xi’an 710127, China

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

Abstract: Let g > 3 be an integer, y a non-principal character modulo ¢, and A, B, H < g with
(u,q) = 1 and (v,q) = 1. In this paper, by combining estimates for general Kloosterman sums and
Gauss sums with properties of trigonometric sums, we derive nontrivial bounds for Gauss sums over
the sets N(n, q), h,,(A, B, H), and 8(n, q) N 1, (A, B, H), where

Nn,q)={a€Z|(a,q) =1, nta+a},

and
hyw(A,B,H) ={a € Z|(a,q) = 1,ab=1mod q,1 <a <A,1 <b < B,|ua—-vb|l < H}.
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1. Introduction

1.1. Motivation and background

For any Dirichlet character y modulo g, the classical Gauss sums are defined by

q
G(m, x) = Zx(a)e(%), (1.1)

a=1
where e(y) = e*™. Various properties of G(m, y) can be found in standard texts on analytic number
theory; see, for example, [8]. Perhaps the most famous properties of G(m,y) are the following
identities:

Gm,x") =x (m)t(x") and [T = Vg,

where y* is a primitive character modulo ¢, y* is the conjugate character of x*, and 7(y*) = G(1, x*).
If y is a nonprimitive character modulo ¢, then the value distribution of 7(y) is very irregular; in fact,
it can even be zero. The properties of G(m, y) have been generalized by many scholars (see [12, 17]).
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When a € [N + 1, N + H], the sum (1.1) takes the form

N+H

> X(a)e(%). (1.2)

a=N+1

By extending his well-known work on character sums, Burgess [1-3] obtained several estimates
for (1.2).
For an integer a with (a, g) = 1, we denote by a the multiplicative inverse of @ modulo g. Put

Nn,q)={a€Z|(a,q) =1, nta+al

The elements of N(n, g) are called the generalized Lehmer numbers modulo ¢g. In the special case
n = 2, we have 8(2, g) = N(q), the set of classical Lehmer numbers. Let [N(g)| denote the cardinality
of the set N(g). D. H. Lehmer asked us to find |N(p)| or at least to say something nontrivial about it for
an odd prime p (see Problem F12 of [4]). W. P. Zhang [15, 16] obtained several asymptotic estimates
for |[N(p)| and |[N(g)|. The classical problem has been generalized by many scholars (see [6,10,11,18]).

Han and Zhang [5] obtained an upper bound estimate of the character sums over classical Lehmer

numbers as
p-1

Dox@= > x@ < p"w’p,

N =1
acN (@) 2{6(1a+[1)

where y is an arbitrary non-principal character modulo an odd prime p. Later, Ma, Chen, Qin, and
Zhang [7] extended the result of [5] by studying the character sums over NX(7, ).

In contrast to these works, which are devoted to character sums, the present paper turns to the study
of Gauss sums over the set 8(n, ¢), namely,

ma
> ()

aeX(n,g) q

Using estimates for Gauss sums, together with properties of trigonometric sums, we obtain the
following result.

1.2. Main results

Theorem 1.1. Let g > 3 be an integer and n > 2 be a fixed integer with (n,q) = 1. For any non-
principal character y modulo g, we obtain

Z X(a)e(@) < ng'?d’(q)log*q.
aeN(n,q) q

On the other hand, let A = A(q) < ¢, B=B(q) < ¢q,(u,q) = 1,(v,q) = 1,and H = H(q) < g. Define
huw(A.B.H) ={a€Z|(a.q)=1,ab=1mod ¢.1 <a<A,1<b<Bua-vb| <H].

It directly generalizes the set of so-called H-flat numbers modulo ¢, which was studied extensively by
Xi and Yi [13] and the references therein. Moreover, Ren, He, and Zhang [9] dealt with general partial
Gauss sums over the set 71, (A, B, H).
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The present paper extends earlier work in two directions. We first derive nontrivial bounds for
Gauss sums over 7,,,(A, B, H) with weights u and v. We then study Gauss sums over the intersection
N(n, g) Nh, (A, B, H), which has not been considered before. More precisely, we consider Gauss sums

of the form
S x@e(™%)  and S @)
actiy, ,(A,B,H) q aeN(n,q)Nhy,(A,B,H) g

and our aim is to prove nontrivial upper bounds for these sums. Our main results may now be stated as
follows.

Theorem 1.2. Let g > 3 be an integer and ) a non-principal Dirichlet character modulo q. Then,

ma 1(umABd(q)logH vBd(qg)logqglog H
X(a)e(7) < d(q)qé( qf CREE A A L A

+ log’ q),
a€hy,(A,B,H) q

which is uniformly nontrivial for any positive integer m such that m < q%.

Remark 1.3. The restriction m < q''* is imposed to ensure nontriviality. The bound holds for all m, but
its leading term depends linearly on m. A comparison with the trivial bound shows that the estimate is
nontrivial only when m < g'/?.

In addition, in the special case u = v = 1, Theorem 1.2 coincides with the corresponding result
in [9]. Similarly, we obtain the following result.

Theorem 1.4. Let g > 3 be an integer, n > 2 a fixed integer with (n,q) = 1, and y a non-principal
Dirichlet character modulo q. Then,

ma 1 (umABd(q)logH vBd(q)logqglog H
)((a)e(?) < nd(q)qé( qg S Leg

+log’ q),
aEN(1,q) Vg (A,B,H) q

which is uniformly nontrivial for any positive integer m such that m < q%.

1.3. Notations
The following notations will be used throughout this paper:

e ¢(x) = exp(2mix) = ™™,

e (a,b) denotes the greatest common divisor of a and b;

e f <« gmeans |f]| < cg for some unspecified positive constant c;

e #(q) and d(q) denote the Euler function and divisor function, respectively; u(q) denotes the
Mobius function;

max{a, b} denotes the greatest number among a, b;

min{a, b} denotes the least number among a, b;

{x} denotes the fractional part of x, and (x) = min{{x}, 1 — {x}};

X denotes the multiplicative inverse of x modulo ¢; and

e Y denotes the sum restricted to a reduced residue system mod g.
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2. Preliminaries

Lemma 2.1. Let Q,n,t,r be integers with Q > max{2,n} and t > 0. Define h(r,t;n) = Y._, a’e(g).
Then, we have

nr+l .
| = L5400, Q|
hr.tm) « o ifQ 1,
sin(’LQS)
where s = min{r, Q —r} with1 <r<Q-1.
Proof. See Lemma 3 of [14]. O

We need the following lemma by Xi and Yi; see [13, Lemma 1].
Lemma 2.2. Let g be a positive integer. Then, we have
1 1
Ky (m, n, @)l < g2 (m,n, q)>d(q),

where K\ (m,n,q) = 3, mod 4 )((a)e(%*"‘_‘) is the general Kloosterman sum.

Lemma 2.3. Let g > 3 be an integer, and let y, be Dirichlet characters modulo q such that y # ¥
and yx = Y. Then, we have the estimate

D, Crixn Gy < 6@ 4" (1, 9" ()" d(g).

¢ mod ¢
Yo
y#EX
Proof. See Lemma 3 of [7]. O
Lemma 2.4. Let0 < p < % X0, X1, - - . » Xx be a sequence of real numbers such that
(X — xp) 2 p, Xk F Xy,
and (xo) = min{{x;), ..., {x;)}. Then, we have
51
Z — < pllog(K +1).
=i (xi)
Proof. See Lemma 2 of Chapter 5.1 in [8]. m|

Lemma 2.5. Let g > 3 be an integer, x be a character modulo g, n > 2 be a fixed integer with (n, q) = 1,
and [ be an integer with 1 < [ < n. Then, we have

q q
> 3 (B ) < oo @ o
b=1

a=1
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Proof. The exponential sums can be separated into two parts depending only on a and b, respectively,
which allows us to rewrite the double sum as

q q
Z Z )((a)e ma ((a + b)l)
q ’
Z (@e(™2 (%Z)Z e(%). 2.1
=1

Note that

Then, by (2.1), we obtain

iji}«m4%ﬁ4w;mﬂ
S ALy

b=1 a
1

IENTLAYAN Sl r,n,q)
72 e(;)( 2 G(r,)()e(ﬁ e 1), 22

where
- l (r—m)
fullrin ) = 1= = 45)a).
Applying the upper bound
1
IG(r,x)| < q2(r, q),

we have

e PR L N L B X))

l
r=1 %) -1 r=1 ‘

(2.3)

Letu=r—-m (mod ¢g), 1 <u<g-1,then

(r,q) (u+m,q)
2.4
Z|(1 wmy Z|e(1 | (2.4)
q

We group the terms according to the value d = (u + m, g). For each such d | g, write u = dt — m with
1 <t <gq/dand |e(x) — 1| = 2|sin(mx)| < (x), and we obtain

(u+m q) _ ;
Z|e(1 1y |‘Zd Z <1_d%m>- (2.5)

dlq 1<t<g/d \n
(t,q/d)=1
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Applying the Mobius inversion, the inner sum of (2.5) becomes

Diuto iy

Klq/d 1<q/(kd)

The points
tkd —m 1

q n
form an arithmetic progression with spacing kd/q

X =

kd kd
Xy = Xg;) = —(ti—t)) > —,
(=) = (=) >
then by Lemma 2.4, we obtain
1 q
— —logg.
oy i T
It follows from (2.4)—(2.7) that

Z 4 le(L (ﬁ) 1] <) d), %k’gq < qd*(q)loggq.
q

dlg  kq/d

Combining (2.2), (2.3), and (2.8), we obtain

q q
3 xtwe ";a) ((a;b) ) < q'"¢(9)d*(g)1ogg.
a=1 b=1

This completes the proof of Lemma 2.5.

3. Proof of Theorem 1.1

In this section, we complete the proof of Theorem 1.1. By the definition of N(n, g), we obtain

> )

aeN(n,q)
q
- (™)~ 3 ()
a=1 a=1
n|(a+a)
- Zq]»c(a)e Z Z x@e(™
a=1 a=1 b=1

n|(a+b),ab=1 mod ¢

q
= > x@e(™ q M > Z Zx(aw(ab)e )

Yymodqg a=1 b=1
n|(a+b)

(2.6)

2.7)

(2.8)
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Yymodg a=1 b=1 =1
q q n

@) - n¢<q) > > ZX(“WW e((a;b)l)

Yymod g a=1 b=1 =1
Y#ho
v#EY

(a+b)l
i, 3 v ()

=1 a=1 b=1

(a+b)l
a2, 3 T ()

=1 a=1 b=1
=51-8,-83-54. (3.1)

q g q ( bl
Z x(a)e ";a n¢(q) Z Z Z X(a)lp(ab)e Ze( a+ )
q

We now proceed to estimate S ;.

2

al bl
. M wmio;iq;] Zl xv@e(™ Z Wby e—)

Y#o
bEY
'} ary al ma
n¢(q) wmzo;lq;: ; r; G(ri,x)e( — 7)e(;)e(7)
Y#o
bEY
q q-1
X lZG(rQ,w)e( _ @) (ﬂ)
b=1 q =1 n
1 n q-1
) Wwéq;;G(rl )(l//);G(r2 )
Yo
Y#EY
q l (ry —m) 4q I r
X QZ:; e((; - q )a) ; e((Z - E)b)
n g-1 g-1

> Z G(s + m, x)G(r>, ¥)

n¢(Q)q Yymodgqg [=1 s=1 n=
VESVN)
v#EY
S el(E = D)) D ef(E- )
a=1 n q b= n C[
1

-2 -)eC-2)-1
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XD Gls+m) G v).
¥ mod ¢

Y#Yo
YEr

Then, from Lemma 2.3, we have

< @) TS Je(t-2) - le(t-2) -1

Similar to (2.8), we have

g9-1 1/2
(s+m,q)
% < qd*(g)logg.
= Je(5 = 3) -1
Combining (3.2) and (3.3), we obtain
d(q)

1/2 d5

S2<nzp ¢d(@)log g = ng " d(g)log’ .

Now, we estimate S 3. By Lemma 2.5, we have

1
S3 < "D q'*¢(q)d*(q)log g = nq'*d*(g) logq.

Similarly, we obtain the estimate

S4 < ng'?d*(q)logg.

Combining (3.1) and (3.4)—(3.6), we complete the proof of Theorem 1.1.

4. Proof of Theorem 1.2

1 o d(@)g" (s + m,q)' 2 (r2, 9)'d(q)
W) -

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

From the orthogonality relation for character sums modulo ¢ and the definition of 7, ,(A, B, H), we

have

5 o)

achy,y(A,B.H)

’ ma
=2, 2, X@d(T)
t<H a<A, b<B q
ua—vb=t mod g

ab=1 mod g
= - Z Z Z (a)e( ) (M)
az%*’rzifq '
- — ’ (m+us+r)a—(vs—w)b)
% Z Z rC Z Z —Wd
c<A r<q d<B w<q
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:_ZZZ —gK(mﬂtHr —vs +w; q) h(=r,0; A) h(-w, 0; B).

rw<q s<q t<H
Then, we obtain

2

aehy,(A,B,H)

:_ZZ - = K(m+us —vs; q) h(—q,0;A) h(—q,0; B)

q s<q t<H

+—ZZZ ——K(m+us+r —vs; q) h(-r,0; A) h(—q,0; B)

r<g-1 s<q t<H

+_ Z ZZ ——K(m+us —vs + w; q) h(—q,0;A) h(-w, 0; B)

q w<g—-1 s<q t<H

+_ Z ZZ ——K(m+us+r—vs+w q) h(-r,0; A) h(-w, 0; B)

q rw<q-1 s<q t<H

=T1+ T2+ T3+ 74 “1)
First, we estimate 7. By Lemmas 2.1 and 2.2, we have

T < me - }|KX<m +us, ~vs; @)l |h(~g, 0; A)l (g, 0; B)|

s<q

< HABq™"?d(q) Z (m + us,q)"* + ABg~**d(q) Z

s<q/H q/H<s<g-1

Z (m+ us,q/)l/2 = Zd”z Z 1

s<q/H dlq s<q/H
d|(m-+us)

< Z d‘/2 d dzl) < md(q) + H qud(q)
dlg

(m + us, q)'"?
- )

Note the estimates

and

(m + us, q)'"? 1
2. = A )

q/H<s<q-1 dlq q/H<s<g-1
us=—m mod d

= Zd”z%logH < ud(q)log H.

dlq

Then, we have
T < uABg"?d*(g)log H + mABq>"*d*(¢). (4.2)

Now, we estimate 7. It follows from Lemmas 2.1 and 2.2 that

Th < — Z > min( H, 5 YK Gm + us + 1, —vs: @l (=7, 0; A)| Ir(~g, 0; B)

r<g-1 s<q
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) 1
< HBq™"d(g) Z Z (m+us +r,—vs, g)'/* w
r<q-1 s<q/H sl q
1/2
3 (m+us +r,—vs,q) 1
Bg ) ), ), 5 [sin(D)]

r<g-1 q/H<s$q—l

< HBq™ 3/zd(q) Z Z (m+us+r,—vs, 61)1/2

r<q-1 v<q/H
_ 12
(m+us+r,—vs,q)

B Y -

r<qg-1  gq/H<s<g-1

Z Z(m+us+r—vs q)l/2

r<q-1 s<q/H

DD DI

dlq s<q/H r<g-1
dlvs r=—(m+us) mod d

< Zaﬂ/zCI(V ,d) Z %

diq r<g-1
r=—(m+us) mod d

(v,d) 1o _
Zdl/Zq gq < vH 1qd((])10gq,

dig

s

Combine

and

Z 1 (m+us +r,-vs,q)'"?

r
r<g-1 gq/H<s<g-1 §

1
DYDY Y
r
dlq q/H<s<q— 1 r<g-1
dlvs r:—(m+us) mod d

< Zdl/zlogq Z

diq q/H<s<q— 18
dlvs

< logg Z d—l/ZM log H
dlq
< vd(q)log Hlogg.
Then, we have
T> < vBg '?d*(q)log Hlog q.
Similarly, we get the estimate
T3 < vAqg"*d*(q)logg.

Next, we consider 74. By Lemmas 2.1 and 2.2, we have

Ts < g7 "%d(q) Z Z m1n 5 }(m +us+r,w-—vs,q)

r,w<g—1 s<q

AIMS Mathematics

1/2

1

1

S0 (ZO) | <in(EY
| sin(Z)] [sin(Z2)

4.3)

4.4)
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1
< Hq_”zd(q) Z " Z (m+us+r,w—vs, q)l/2

r,w<g—1 s<q/H
1 (m+us+r,w—vs,q)'/?
1/2 B B
OV ; -
r,w<g-1 q/H<s<g-1

By the estimates

Z %Z(m+us+r,w—vs,q)1/2:2dl/2Z Z %Z%

rw<q-1 s<q/H dlq s<q/H r<q-1 w<g-1
dim+us+r  dlw—vs

1 1
< Z d Z Z dt — (m + us) Z vs +dt

d s<g/H m+us+1 mtus+q—1 1=vs g g=1-vs
lg q/ PR <<= <<t

< H'qd(¢g)log? q,

and
_ 1/2
N R D
rw<q—-1 w q/H<s<g-1 § dlq q/H<s<q-1 § r<q-1 r w<g-1 w
dim+us+r  dlw—vs
DD YD W e S I
— ’
dlq q/H<s<q-1 § mrus+l g MrUstg-l dt (m + l/lS) Lovs oy gmlovs vs +dt
d =" 4 d ="
< d(q) log3 q,
we have

T4 < q*d*(g)log’ g. 4.5)

By (4.1)—(4.5), we complete the proof of Theorem 1.2.
5. Proof of Theorem 1.4

From the orthogonality relation for character sums modulo ¢ and the definition of N(n, ¢), we have

X(a)e(%)
aeN(n,q)Nhy,,(A,B,H) q
= > @)= D x@e(=)
aeh,,(A,B,H) aei;ll,,l?g‘:—,(%l‘l) 9
= Ml - Mz. (51)

By Theorem 1.2, we obtain

umABd(q)log H N vBd(q)logglog H
2

M <« qéd(q)( .

+log’ q). (5.2)
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Then, we estimate M.

M, = % Z Z (@) Z e((a J;lb)l)e(@)
t<H a<A,b<B =1 q
ua—vb=t mod g,ab=1 mod q

_ ZZ Z X(a)e((m+us;a—vsb) - e((a-;b)l)

RN -
= Z; ; UZ%;% )((a)e((m + us;a - VSb)
zz <““-‘°>;sz ) (e
ZZ (——— );;((é—%@

= ZZZ ZK(m+us+rw—vsq)h(lq nr,0,A)h(lg — nw,0, B).

rw<q s<q t<H

Similarly, following the proof of Theorem 1.2, we obtain

umABd(q)log H vBa’(q) logglog H N 10g3 q)

Mo < nd(@a’ ‘
g q

(5.3)
Then, by (5.1)—(5.3), we complete the proof of Theorem 1.4.
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