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ON THE »-TH HYPER-KLOOSTERMAN SUMS AND A
PROBLEM OF D. H. LEHMER

ZHANG TIANPING AND XUE XIFENG

ABSTRACT. For any integer k > 2, let P(c,k + 1; ¢) be the number of all
k+ 1-tuples with positive integer coordinates (a1, a2, ..., ak41) such that
1<a; <gq (ai,q) =1, ataz a1 = ¢ (modgq) and 2 1 (a1 + a2 +

<o 4agt1), and E(c,k+1;q9) = P(c,k+1;q) — @. The main purpose
of this paper is using the properties of Gauss sums, primitive characters
and the mean value theorems of Dirichlet L-functions to study the hybrid
mean value of the r-th hyper-Kloosterman sums Kl(h,k + 1,7;¢q) and
E(c,k +1;q), and give an interesting mean value formula.

1. Introduction

Let ¢ > 3 and ¢ be two integers with (¢,q) = 1. For each integer a with
1 <a<qand (a,q) = 1, we know that there exists one and only one b with
1 <b < g such that ab = ¢ (mod q). Let

M<C7k;Q): Z

where Zlgzl denotes the summation over all a such that (a,q) = 1. In [17],
W. Zhang used the estimates for Kloosterman sums and trigonometric sums
to obtain a sharp asymptotic formula for M (c, k; ), and proved that for any
positive integer k, we have the asymptotic formula

(2k+1—;(k+1)¢(@q% +0 (45" 2 (q)n?q) |

where ¢(q) is the Euler function, and d(q) is the divisor function.

(0.1) M(c,k;q) =
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734 ZHANG TIANPING AND XUE XIFENG

For any fixed positive integer ¢ with (¢,q) = 1, let
1
N(e,159) = M(e,15q) — ~¢(a)q —qu 1-p
plg

where Hp‘ 4 denotes the product over all distinct prime divisors of q. W. Zhang
[19] proved that

(p+1)* 1

q
4Ingqg
1 3 3 p(p2+1)  pia—l 2+1 p3 o[
E: (c,15q) *qé || Jr T3 ~+0 (¢ exp ming) )’

r=llq

which shows that the error term in (0.1) is the best possible.

Let P(c;q) be the number of cases in which a and a are of opposite parity.
For any odd prime p, D. H. Lehmer [3] asked us to find P(1;p) or at least to
say something nontrivial about it. In [16], W. Zhang proved that

1
(0.2) P(1;9) = 56(q) + O (g2d*(q) In’ ) .
2
Following the spirit of [19], [21] defined the error term
1
E(e;q) = Me;q) = 50(a),
and obtained that

31
ZEQCp fp —i—O( p( np)).
Inlnp
This proves the error terms in (0.2) is also the best possible.

Moreover, W. Zhang [20] found that there exists some interesting connec-
tions between the error terms E(c; ¢) and the classical Kloosterman sums:

iy (mb—i—nb)
K(m,n;q) Ze ,

b=1
where e(y) = ™ and obtained the hybrid mean value formula as
- 1
0.3 K (de,1 1— ——— | +0 (g2
09 X Bleakiot = o] (1 55ty) 0 (),

pllq
where € is any fixed positive number. Note that here on the left hand side the
term is of the size O(¢**¢). The result in (0.3) shows that this term indeed
has an average size of O(q), and there is no significant cancellation occurred
in this weighted sum. This is opposite to the standard belief that a sum of
Kloosterman sums (without weighting by those error terms) of the type

K(mvn;Q)
2
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should exhibit cancellation. Linnik [5] and Selberg [11] have conjectured that

Z K(m,n;q) ~ 0 @)

q<z q

for every € > 0. This conjecture is still unproven, but Kuznetsov [4] has proved
that it is true for € > %. For the details, see the excellent paper of Goldfeld
and Sarnak [2], or Patterson [10] and references therein.

In reference [8], Mordell introduced the hyper-Kloosterman sums as follow-
ing:

q q q
/ / / a1 +as+---+a.+h-aia--q
Kl(h,k—i—l;q)zZZ---Ze(l 2 k 1642 k>.
a1:1a2:1 akzl

q

About the hyper-Kloosterman sums, many scholars had studied about it be-
fore. Applications of the hyper-Kloosterman sums were found in the estimation
of Fourier coefficients of Maass forms [1] and the work on Selberg’s eigenvalue
conjecture [7]. On the other hand, Smith [12] had built some interesting con-
nections between the hyper-Kloosterman sums and the Heibronn sums. And Ye
[14] found certain identities between the hyper-Kloosterman sums and the two-
term exponential sums, which are in turn deduced from generalized Davenport-
Hasse identities of Gauss sums.

Similarly, Zhang and the first author [15] defined the r-th hyper-Kloosterman
sums as following:

q q q

/ / I A r r h-a’ab---a’
Ki(hk+1mq) =YY > e<a1+a2+ +a;+ i a’“),

a1=1as=1 ap=1

and built some interesting connections between the r-th hyper-Kloosterman
sums and the hyper Cochrane sums.

Let P(c,k + 1;q) be the number of all (k + 1)-tuples with positive integer
coordinates (a1, as,...,ar+1) such that 1 <a; <gq, (a;,q) =1, araz- - ax+1 =
¢ (mod g) and 21 (a1 + a2 + -+ + ag41). That is,

q q q
Plek+Lig) =3 3 - 3 1

a1:1 a2:1 ak+1:1
ajaz---agr1=c (mod q)
2f(a1+az+---+akt1)

In [6], Liu Huaning defined the error term as
¢*(q)
2 )
and proved that for any odd number ¢ > 3 and integer k& > 2, we have

E(c,k+1;9) = P(e,k + 1;q) —

q
' 5 (=4)*d"¢(q) P -1 ;

c=1 pllg



736 ZHANG TIANPING AND XUE XIFENG

It is obvious that Ki(h,k+1,7r;q) = Ki(h,k+1;q) ifd, =r =1 (mod ¢(q)),
so we suppose that d. = r — ¢(q) [ﬁ} > 1. In this paper, we shall use the
properties of Gauss sums, primitive characters and the mean value theorems
of Dirichlet L-functions to study the hybrid mean value of the r-th hyper-
Kloosterman sums Ki(h,k + 1,7;q) and E(c, k + 1;¢), and give an interesting
mean value formula. That is, we shall prove the following:

Theorem. Let ¢ > 3 be an odd number. Then for any positive integers r, k
with d, =1 — ¢(q) [ﬁ} > 1, we have the asymptotic formula
(0.4)

¢ —k 1
; E(e,k+1;Q)KI(2 ¢,k +1,759) = 7Tk+1 k?-ﬂ) H ( 7)> +0 (d7,qk+2+e)'
Remark. If we bound the left hand side by estimation of individual terms, we
can use the bounds for the r-th hyper-Kloosterman sums |Kl(§kc, k+1,7m;q9)| =
O((k + 1)g2 7€) and the error term |E(c, k + 1,q)| = O(q*T¢). This will give
us a bound for the left hand side O(¢**1+€), which is about the same as the
bound in the theorem. This confirmed that the bound for the error term is
best possible, and there is no major cancellation on the left side of (0.4).

Taking ¢ = p and k£ = 1 in Theorem respectively, we may immediately
deduce the following

Corollary 1. Let p > 3 be a prime. Then for any positive integers r, k with
dr =1 — ¢(p) [ (’“p)} > 1, we have

p—l L (—4)kph+1 rls
Corollary 2. Let ¢ > 3 be an odd number. Then for any positive integer r
with dr =r — ¢(q) [(z)(q)} > 1, we have

Zq (¢, 2; ) Kl(3e, 2, q) = 4"7?( )H (1 - p(pl_n) +0 (drq%+€).

=1 rllg

2. Some lemmas

To complete the proof of Theorem, we need the following several lemmas.
Since the classical Gauss sums is defined as

Gl g zx (%),

and 7(x) = G(1, x), we have the following:
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Lemma 1. For any positive integer q, let x be a non-primitive character mod-
ulo q and x4 < X;«- If (n,q) > 1, we have

G(n,x)

_ { X" (ﬁ) X" (q*(‘,ﬂ,q)) 7 (q*(‘th)) ¢(q)g" (ﬁ) ), i ¢ = Gl
0, F4 7 Gy

where p(n) is the Méobius function and g1 is the greatest divisor of q that has
the same prime factors as q*.
If (n,q) = 1, then we have

G(n, x) =X"(n)x" <q> p (q> T(x")-

Proof. See [9]. O

Lemma 2. Let x be a character modulo q, generated by the primitive character
Xm modulo m. Then we have the identity

700 = xm (=) 1 () 7(xm).

m m
Proof. See Lemma 1.3 of [9)]. O

Lemma 3. Let ¢ > 3 be an odd number and k be a positive integer. Then for
any positive integer ¢ with (¢,q) = 1, we have the identity

. . . k+1
Bleh+1i0) = oo X (@ (-2 (ZG(HX)> ’

x mod ¢ n=1

x(=1)=-1
where x denotes a Dirichlet character modulo q with x(—1) = —1.

Proof. This is Lemma 1 of [6]. Since the paper is still in press, we state it out.
From the orthogonality relation for character modulo ¢ we have

q q q
1 ! / / a1 +anteta
P(C7k+1,q) = 5 Z Z e Z (1 _ (71) 1+taz+-+ k,+1)
a1=1az=1 ap+1=1
ajaz---app1=c (mod q)
k( q q q
BREDIPIED N
= — — — _1)1 2 k+1
2 2 a1:1a2:1 ak+1:1

ajaz--ar+1=c (mod gq)
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Now if x(—1) =1, then

> (=1'x() =0,

b=1
while if x(—1) = —1, then
q (¢—1)/2
D =Dxb) =2x(2) > x(b).
b=1 b=1

From [13] we also know that for any odd character x mod ¢, we have

q (g—1)/2
(1=2x(2) Y _ex(o) =x(2)g > x(o).

On the other hand, if xy(—1) = —1, then

1 b1 1<
> a0 (2-3) = om0

Thus we may immediately obtain

Blek+1ig) =~ Y X© [Wzax(a)l

k q a k
——o5 X XO0-2@) [ (q;)]

x mod g¢q La=1
x(—1)=-1
r k+1
2k _ ka1 ! a
-2 waa-aer S ((4)
q x mod g¢q La=1 q
x(—1)=-1
Note that
1 <= sin(2
((x)) = - T; sin ;m:v)7 sine = — (e“ e_”“) ,
therefore

I
| L
g
«Q
;
=
|
«Q
3
=
I
3L
M8
Q
“3
=
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So from the above we have

ok o k+1
E(c,k+1;q):W§H21)¢(q) > xle)(1—2x(2) ’““(z_:l ) :

x mod gq
x(=1)=-1

This proves Lemma 3. U

Lemma 4. Let g and r be integers with ¢ > 2 and (r,q) = 1, x be a Dirichlet
character modulo q. Then we have the identities

o= Y w(d)ew

x mod g d|(g,r—1)
and
=Y @ (%),
d
dlq
where Z*x mod ¢ denotes the summation over all primitive characters modulo

q and J(q) denotes the number of primitive characters modulo q.

Proof. This is Lemma 3 of [18]. O

Lemma 5. For any positive integers q,r, let d, = r — ¢(q) [@] > 1 and x1
be a d,th-order character modulo q. Then for any character x modulo q, we

have the identities
q

Z hKIl(h,k+1,1;q) = 7°1(x)

h=1
and
k
q dr—1
STRMEh E+1,7:9) = 7(X) [ 7(0) + > T(Xx
h=1 j=1
Proof. This is Lemma 4 of [15]. O

Lemma 6. For any positive integers r and ¢ > 3 with d,, = r—¢(q) [¢(q)] > 1,

let ¢ = wv, where (u,v) =1, u be a square-full number or uw =1, v be a square-
free number, x1 be a d.th-order character modulo q. Then we have

\Ifl — Z Z . Z (71d)k¢7(d1) cee f;l(dk.»,.l)ﬂ(dl) RPN /L(dk+1) Z* X (dl . dk+1)

d
dlv di|% dit1ly k+1 x mod ud
x(=1)=-1

ud a dr—1q/ud—1 ud lud + m
XLk+1(1,Xf)Zx(a)e (@) Z Z X3 (lud +m)x(m)e ( )

a=1 j=1 1=0 m=1 q

< gtrEte
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. (ud)*p(dy) -+ S(dpsr)pa(d) - - p(disr) S
d;gg di- - digg Z X (di - dgy1)

di|

x mod wud
x(-1)=-1

ud d.—1q/ud—1 ud
QDY e () XS 3wt myx(me ()
a=1

j=1 I1=0 m=1 q

ale

<<qk+%+5, w=12,...,k+1

Proof. Here we only prove the first estimate. Similarly, we can get another
estimate.

Let 7441(n) denote the (k+1)-th divisor function (i.e., the number of positive
integer solutions of the equation nins---ng+1 = n). Then for any parameter
N > ud and non-principal character xy modulo ud, applying Abel’s identity we

have
= x(n)T )T, Ay, x
Lk+1 — ZX k1(n Z X (1) Trt1( )+/ (y2X)dy,
n—1 1<n<N N Y

where A(y,X) = > n<n<y X(M)Tkt+1(n). Using Lemma 4 in [22] and Cauchy
inequality, we have B

1/2

S A< [swd) Y TAWR) P | <y 202 ).

x mod ud x mod ud
x(=1)=-1 x(=1)=-1

Hence we have

dr—1q/ud—1 ud

ud)” 1) 1 1) 1
DD (ud)"¢(d1) Z(dm Ju(dy) dk+)z S o (tud+m)

diy1
dlv di|%  depal3 + j=1 1=0 m=1

e (w) uzde (%) Z* X (mdy - - dy41) x(am) /OO M;Y)dy

q a=1 x mod wud N Yy
x(—=1)=-1
1— g +e 3/2
<qu+2+e/wi Z 1Ay, %)| dy<<qu+2+e/ooy 2F €¢/(Q)dy
™ 2 b ™ 2
JN Y x mod g N Yy
x(-1)=-1
d,.q“%*e
< TN

Combining the above we can get

— ud— ud
o, :ZZ Z (Ud)k¢(d1)"'jl(c.llf.+1) p(dy) - p(drgr) Z Z Z (lud + m)

d
dlo % dgial? k1 j=1 1=0 m=1
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e <lud + m) f: . (am) Z Tht1(n) Z* S (nmds i) x(am) + O <qk+§+e>
—_— | — —_— 1oy ) = | -
q a=1 ud 1<n<N n x mod ud N
x(=1)=-1

Note that for any integer a with (a,q) = 1, from Lemma 4 we have

S x=5 ¥ - x-1)x@

X mod g x mod g
x(=1)=-1
1 * 1 *
=5 Z X(a)_§ Z x(—a)
Xx mod q x mod g
1 q 1 q
=5 > w(Hew -5 X u(t)e)
s s
s|(g,a—1) sl(g,a+1)
Therefore

dr—1q/ud—1 ud

U= 3N S ) o) o)) pldin) YD D (ud £ m)

dlv di]%  dis1ld j=1 1=0 m=1
lud +m\ <2 N (n) d
U m am Tr+1(n [
el —— el— — — ) o(s
( q )az::l <ud>nz::1nd1---dk+1 s%i “(S)¢()
ndy--dpy1=a(s)
1 d.—1q/ud—1 ud v
320 2 (wd)e(dy) - dldi)n(dr) - pldisn) YD Y (lud +m)
dlv dily  degal j=1 1=0 m=1

() ST ) St ()

dk+] s|ud
o qk+%+e
O
d.—1q/ud=1 ud

ndy-dyr1=—a(s)
— %Z Z Z (ud)*(dy) -+ @(dprr)p(dr) - - (i) Z Z Z

dv di|3 drald =1 1=0 m=1
ud N

; lud+m r(La(lud 4+ m) Trt1(n) ud

J ud o+1

xxlaudm)e(T)ze( . Sl s (1)
a=1 n=1 s|lud
’ Z (ud)*(d ?(dy41) Z #(s Z (Is + )"
d\v dl\d dit1]g slud 1§lSNd1”S’d}c+1

Do D (wd) o) dlde) D b(s) Y (s—a)T

d\v di]g dt1]g s|lud 1<Z<N’il“:dk+1

qk+ +e
+0 NW
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d.—1 gq
1
= 52 Do Y (wd) o) $ldrs)uldr) - pldign) DD xd (b < )
dlv di]y dit1]g j=1 b=1
ud

- Me(ﬂ>2u(ﬂ)¢(s)

q

a=1 slud
dy-drsila
k14 gtrate
+O (¢ N + 0 | T s

where we have used the estimate 7341(n) < n
Now taking N = ¢>2"" on the above, and note that the identity J(u) =
¢*(u)/u if u is a square-full number, we can immediately obtain the following

U= S Y ) T ud)oldn) Sl () i)

dlv dilg  dipalg

ud d.—1
y Z/ Trt1 (a/dy - dgs1) Z G(1+ av/d Xj) +0 (qk+1+e)
a=1 a J=1 o
di---dgt1la

<IN ST wd) I (ud)g(dy) - Bldiia)

dlv dl\% drt1lg
-1

XZ Trt1 (a/dy -+ dis1) Z | G(1+ av/d, X1) | +O( k+1+e)

a

a=1 j=1
ud
1 1 d .
<Y N D (wd I (ud)(dh) - Gldiia)drg? Y (*7/@ +0 (¢
dlv di|% deg1]y a=1
Ldgzt Y N DT (wd) () fldiin) Y Z S40(d)
dlv il il la \s\l+au/d

< dqu+%+ev
where we have used the properties of Gauss sums that
G(1+av/d, )| < (14 av/d, q) PERN

in the case that x! is not principal character modulo q. This completes the
proof of Lemma 6. (]

3. Proof of Theorem

In this section, we shall complete the proof of Theorem. Let g > 3 be an
odd number. Then for any positive integers r, k with d, = r — ¢(q) [ﬁ} >1
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and any character x mod ¢, we have

(C)Kl(ikc, k+1,7;9)

MQ

a
Il
—

HMQ

q q q 2 —r
Z Z ZY <a1+a2 otap+2c- a1a2~'ak>

CL2 ak+1—1 c=1 q

k
dr— ]
X2 X)+ D, () |
Jj=1

Hence from Lemma 3 we may have

(0.5)
q
S Bk + L)K@ ek +1,r59)
c=1
(—2)* 5 k1 g G x) o
= e S I XOEIE ¢k + 1) | (- 20@) YD "
x mod ¢ Le=1 n=1

x(—1)=-1

k
—2)k d,.—1 . o . k+1
= Gt > ()2 (r<x>+ > T(Xx{)) (Z e )
x mod gq =1
x(=1)=-1

q
=3 Ele.k+ Lo KiE e k+ 159)

c=1

3
\l
Q
SRS
=
S~
kol
*

x mod g
x(-1)=-1

k(—2) _ Yo+t ok (x = -
targg 2 @@= | 2 ol | {2

x mod g
x(=1)=-1

dr—1 - k41
k+1¢ ch > <x<2>2>’““f“+1<x>(2 T(xx@) (Z G(ZX)>
1 !
=" B(ek+ L)K@ ¢,k + 1:q) + Ey + s,
c=1

k!
t)ltl

We now let ¢ = uv, where (u,v) =1, u be a square-full number or u =1, v
be a square-free number. Note that x* (%) I (%) = 0 if and only if m = ud,

where C’,€ = Goom
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where d | v. So from Lemma 1, Lemma 2 and Lemma 3 we have

K2 e () (= eman)
E=—— Y me-2" e Y e | (D
(7”) ¢(q) x mod ¢ j=1 n=1 n
x(=1)=-1

S I ORY

d\v x mod wud

x(=1)=-1
‘“”X(dﬁl)u(dﬁl)ﬂx)L(l,x))k“ (w )
x (g:d o (1) ; (Xxi

ukdk dq) - dldgrr)pl(dy) - - - pldy
k+1¢ ZZ Z Z $(dy) (Z(,IH Jpldy) - - - pldit1)

d\v di]g diy1|4 x mod ud 1 k+1

x(-1)=-1
k+1 ud o d,—1q/ud—1
kE+1 —w k—w+1 =, k+1

((—2) +w§x (2)(~2) >  X(dy - - s )L (1, X ;x(a e(ud> DI

ud

; lud+m

X Z X3 (lud + m)x(m)e ( . ) ,

m=1

where we have used the identities that

(o ). s (5) = (g Y wtan. ot =0 () otan)

¥(3) =%

and
T()T(X) = —m,
where x* is a primitive character modulo m and x(—1) = —1. So from Lemma 6
we have the estimate
(0.6) Ey < dygFtate.

Using the similar method of proving Lemma 6, we may obtain the following
estimate

(0.7) By < d,g"tate.

Therefore from (0.3), (0.4) and (0.5), we may immediately obtain
q

Z E(c,k+ l;q)Kl(fkc,k‘ +1,759)

c=1

-3

c=1

- CLEEOT (1 21 ) + 0 (aa ).

pllq

~

Q
~

E(e,k+ L) KI@ e,k +1;9) + O (dqu%ﬂ)
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