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1. Introduction and main results

Let g be an odd integer and ¢ be a fixed integer with ¢ > 3, (¢,q) = 1. Forany 1 <a < ¢, (a,q) =1,
there exists a unique integer b € [1, g) that satisties (b,q) = 1 and ab = c(mod ¢g). If a and b have
different parity, then we call a a D. H. Lehmer number. Furthermore, let r(g) denote the number of D.
H. Lehmer numbers. The classical problem of D. H. Lehmer numbers is saying something nontrivial
about r(g) when ¢ = 1.

Zhang’s pioneering works [23,24] implied that

rg) = @ +0(q2d*(g)log’ q).
where ¢, d are Euler’s function and divisor function, respectively. U = O(V) means |U| < ¢V for some
constant ¢ > 0.

From then on, many authors generalized the D. H. Lehmer problem from various directions (see [1,
3,5-7,9,10,14,16,19-22] and references therein).

In 2010, Lu and Yi [11] used circle method and proved that for every sufficiently large integer N, it
can be expressed as the sum of three D. H. Lehmer numbers a € £’'(g) with

Y(@)={aeZ:a>0,(a,q)=1,nfa+arl,
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satisfies 1 < a. < g and aa, = c(mod ¢g). Denoting R’'(N) the number of ways in which N can be
represented as the sum of three D. H. Lehmer numbers, for a sufficiently large integer ¢, N > ¢*log g
and 2 1 (¢, N) they obtained

where n > 2 is a fixed integer, g, ¢ are two integers with ¢ > n > 2 and (n,q) = (c,q) = 1, a.

N? 1\’ ¢3 1
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Also in 2010, Shparlinski and Winterhof [17] proved that a sufficiently large integer also can be
expressed as the sum of two such numbers under some natural restrictions and that

1\’ 1 2
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qi

holds for an odd integer g or (&, g) is even. Here, R”(N) denotes the number of ways in which N can
be represented as the sum of two D. H. Lehmer numbers.

It seems interesting to see whether the same results hold for a more general number set. In this
paper, we prove that for a sufficiently large integer N, it can also be represented as the sum of three
more general D. H. Lehmer numbers a € £(g) under some mild restrictions. £(g) is defined as follows:
Let n > 2 be a fixed integer, m > 1 be a positive integer and ¢, ¢ be two integers satisfying ¢ > n and
(c,q) = (n,q) = 1. Denote that

Lg)={aeZ:a>0,(a,q)=1,nta+b},

where b is the unique integer 1 < b < ¢ satisfying a”b = c(mod q).
The new ingredient of our method is deriving a sharp upper bound for the so-called “k-th

Kloosterman sum” defined as .
+ (an + bi*
S(a,b;q) = e(—)
2

n=1
where ¢ and k are two positive integers, Y.’ means the sum over integers co-prime to g and e(x) = e*™*,
Let R(N) denote the number of ways in which N can be represented as the sum of three D. H.
Lehmer numbers a € £(g), then we give the main theorem.

Theorem 1. Let N be an integer that satisfies N > q* log g and 2 1 (g, N), € be a small enough positive
real number, then for a sufficiently large integer g and m < q% we have
N 1) §
2 n) ¢

where w(q) denotes the number of different prime factors of q.

A(g.N) + O (min {(m + 1)**©, ¢°| N>q > d*(g)log’q).
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Corollary 1. If we take m = 1 in Lehmer numbers set £(q), then L(q) and &' (q) will represent the same
set and Theorem I implies

R(N) =

N2 3

(i —) TXD 5 g )+ 0 (NqHd gog).
nl ¢

which is almost the original result of Lu and Yi’s in 2010.

Remark 1. It is worthy of pointing out that the circle method is not applicable for the problem where
N is the sum of two such generalized D. H. Lehmer numbers. Meanwhile for the method in [17], we
need a better upper bound for

q-1
) (fg ;) g €. f(0.800) € ZL),

(@, g(\)) 1

which still goes beyond the reach of our ability.
2. Some lemmas

The following lemmas are needed for proving theorems.

Lemma 1. Let k and g be two positive integers and € be a small enough positive real number. Let
S(a, b; q) be defined as above, then

1S (a.b; )| < min {(k + 1™, ¢} (. b,q)* "

Proof. We state Lemma 4 in [4] and follow roughly the same approach. First, suppose ¢ = rs with
(r,s) = 1. By the “reciprocity” formula

s5 + r7 = 1(mod q),
where s, 7 satisfies 55 = 1(mod r), rr = 1(mod s), respectively. Applying additive multiplicity for the
exponential function
(an+bﬁk) (a§n+bﬁk) (a7n+bﬁk)
el——|=e e
q r s

wheren = sx+ryand 1 <x<r,1 <y<s, (x,r) =1, (y,s) =1, it leads to

Sa.b: C])—Z Z (asx+bsx )e(ar_”y:bﬁk)

x=1 y=1

=S (as, bs; r)S (ar, br; s). (D)

We need discuss the following cases:
(I) g = p: Prime moduli case. One can verify that Lemma 1 is correct by Moreno and Moreno [13].
It is also a special form of the Bombieri-Weil bound [2], which states

1S (a, b; @)| < (k + 1)(a, b, p)* p'/?, )
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provided that ‘”k;# is not in the shape of h”(x) — h(x), where h(x) € E,[x] and Fp is the algebraic
closure of F,,. Suppose not and let

et b fr0)  f)
P TONTe)

with f(x), g(x) € F,[x] and (f(x), g(x)) = 1. Further, we get
g"(x) | x

obtained from
g’ () (ax*! +b) = 2 (f7(x) - ¢ (0 f ().
This is impossible if p > k, by comparing the degrees of both sides from above. If p < k, the validity
of (2) is trivial.
(I) g = pP: Prime power moduli case with § > 1. Without losing generality, we assume that
(a,b, p) = 1. Lemmas 12.2 and 12.3 in [8] tell us that for S (a, b; g) we have

o g0y
S (a.b; p*) = p* e( ) 3)
( ) Z pZQ
¢’ ()=0( mod p@)
3 8
S (Cl, b; p20+1) = p“ Z e (p2a+1 ) Gp(y), (4)
g (y)EOy(:nllod )
where .
ay +
8y = e

p h 2 ’ -a
Gp(y):Ze( M)z +§ Mp Z)’

z=1
with h(y) = £,
Note that g’(y) = = Zk;fkk ! , and h(y) = bk(k;yl#. For last part we focus on the solutions for the
congruence equation g’(y) = 0 (mod p®) with (y, p) = 1.
2« For 8 = 2a where @ > 1. The congruence equation above reduces to

3ay"™! — bk = 0(mod p?). (5)

If (b, p) = p, it leads to (a, p) = 1. From the properties of indices, one can verify that (5) has no
solution. Next, we assume (b, p) = 1. If pP||k with 1 < < «, then (5) has at most k + 1 solutions when
PPlla. For (p,k) = 1, (a, p) = 1, the number of solutions for (5) is still k + 1. We derive that

1S (a.b: p™)| < (k + D)p® if (@, b, p) = 1. (6)

" For B = 2a + 1 where @ > 1. First, from the case 8 = 2a, one can check that if (b, p) = p,
the sum in (4) vanishes. Supposing (b, p) = 1 and recalling the results of Chapter 3 in [8], we know
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if p 4 2h(y) holds, then |G ,(y)| < p'/?. Therefore, if p # k,k + 1 (otherwise, p | bk(k + 1)y**? implies
p | k(k + 1)b, a contradiction), we have |G,(y)] < p'?. Hence, |S (a,b;pz"”)l < (k + 1)p™*'2, as
there are at most (k + 1) solutions to (5). If p | k or p | k + 1, we know that |G,(y)| < k + 1 and
1S (a.bs p**')| < (k + 1)%p.

In summary, we get

S (a,b; p20+1)| < (k+ 1)?p™2if (a,b,p) = 1. (7)
Combining (1), (2), (6) and (7), we come to the conclusion that
1S (a,b; )| < (k + 1)**P(a, b, q)'/*q'.
From Lemma 1 in [18] and Lemma 2 in [15] we know that
S(a,b;q) < (a,b,q)1q**,

then Lemma 1 is proved. O

Lemma 2. Let g > 2, m be integers and y(n) be Dirichlet character of modulo q, then we have

N ! ]
Glm.x) = x(De (’%) <q(m,q).
m=1

Proof. See Lemma 2 in [12]. m]

Lemma 3. Let g, ¢ be integers satisfying (c,q) = 1 and m be a positive integer. For ki, k, € Z, we have

>\ XOG ki, x™) G (koo x) < min {om + 179, ¢} $lq)g* (ka, ),

x mod g
XEX()
XM Exq

where y denotes Dirichlet character of modulo q.

Proof. From the definition of Gauss sum and Lemma 1, we obtain

q , k q , k
D) TGk Gan = 3] F0 ) xoe(r) X woe(F)
= t=1

x mod g x mod g
q q
r (ks + kot
=Z 2 ( = 2) > R ™
s=1 t=1 x mod g
1 1, kis + kot
Y D e[
s=1 =1
sMt=c( mod q)

—5(0) Z (kls + k5" )
< min {(m + )% ¢ }gb(q)q% (k1,kac, q)
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< min {(m + 1)2@, qE} ¢(9)q* (k2 q) .

On the other hand, from the property of Ramanujan sum we know that

0 0\ _ q q 2 o I P 1
G(kl’)‘)G(kz’)()_ﬂ((kl,q))ﬂ((kz,q))(p(q)d) ((kl’fI))(ﬁ (("2"1))

2 (kl»CI)(kz»CI) ( q ) ( q )
<O Nw.o)\©a

< (ki, q) (ky, q) d*(q),

and when y" = yo,
_ 1
X ()G (ki, x0) G (ka, x) < ¢(q)q*(k2, q)

holds, then Lemma 3 can be obtained from the above results. O

Lemma 4. Assuming g, N are as described in Theorem 1 and a = s/r + z, where

1
1<r<t=N/q,0<s<r-1,(rs) =1, |z < —,
rt

we have
1()$(g) .
h) + O ((JzZIN + Drd(g)), ;
S et = | g9 ;e@ )+ O (N + Drd(@). ifrlq
(et O ((|zIN + Drd(g)), ifrtq.
Proof. Proof. See Lemma 5 in [11]. O

Lemma 5. Assuming g, m and N are as described in the Theorem 1 and « satisfies Lemma 4, then we

have
1\ u(r)g(g) <
[1-3) e e
+0 (min {on + 179, ¢} Nq 2 d*(g) logq) . if 7| g:
O (min{(m + 1749, ¢\ Ng*d*(q)logq).  ifr ¥ q,
where S (@) is defined below.

S(a) =

Proof. From the proof of Lemma 6 in [11], we can easily obtain

1 ’
S(a) = (1 - ;) ZS;V e(aa) - E(@) + O (Ng™'d(g)).
where

E(a) :@ > xte) Z (Z Y"(@e (a (£ + a))] (Z Y(b)e (éb)] .

x mod g I=1 \a<N b<q
X#X0
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If ¥ # xo and Y # xo, we have

. 1 < o [—ak
x"(a)=— E G(k, x )e(—)-
q “— q

Therefore, by using the above formula, E(a) can be transformed to the form in Lemma 3.

Using the proof of Lemma 6 in [11], when y™ # x,, we can further obtain
E(e) < min{(m + 1)*?, ¢°| Ng"*d*(g) log q.

When y" = yo, we have

B@ = ;@)Z/e(aa)ZX(b)ie(““; b))

X"=xo as<N b<q 1=
1 _ ’
- Z §705) Z e(aa) Z Xx(D)
¢(CI) X"=x0 a<N b<q
b=-a( mod q)
1 ’
—— N 70 > elaay(-a)
$(q) X;m ;V
mN
<KLK——r.
P(q)

In summary, we obtain
1 ’
S(a) = (1 - —) D elaa) + O (min {om + 1), ¢} Ng* d*(g) log q).
n as<N

Combining with Lemma 4, Lemma 5 follows immediately.
3. Proof of theorem

First, from circle method we let

1
R(N) := Z 1= f S3(@)e(-aN)da,
e

where

S(a) = Z e(aa).

a<N,acL(q)

Taking T = N/q, we further get

1-1
R(N) = f S3(a)e(—aN)da.

T
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For using circle method, we write

1
mh_LJtJL—;;;+;

Va 0<s<r-1
lq P

where 0 < s <r—1,(s,r) =1 and 1 < r < 7. Clearly, when 7 > ¢glog g for a sufficiently large integer
g, we can see that the intervals in 9, are pairwise disjoint.
If @ € M,, there exists integers r and s such that
s 1
o = —| < —,
roorT
where 0 < s<r<t,(s,r)=1andr{gq.

Thus, we have
R(N) = R((N) + Ry(N),

and now we just need to estimate R;(N) fori = 1, 2.
Note that (A + B> = A’ + O (|A2B| + |B3|). Therefore, Lemma 5 implies that for @ € I,

3
; 1P (@) (0
s (17) FGY (tho e(Zh))

1
rnin(N2 z |2)m1n{(m+ 1)>@_ 4 }Nq 2dz(q)logq)

1
¢ (¢2(r)
+ 0 (min {(m +1)%@ ¢4 }N3q_%d6(q)log3q) .

From the proof of Theorem in [11] for the principal part of R,(N), this leads to

RN)=1[ S N)d ;ﬁ —aN)d
1()fm1 (a)e(a)aZZf (@e(-aN)da

g 05t

H@) © ur) AL IR
—(1-- | e(-zN)d
( ) - ;qug(r) )L[;e@))e(z)z

+0(min f(n + D9, ¢ Ng~2d*(g)log’q)
Nz(l___) ¢*(q)

2 n g
+0(min{(m + 1), ¢ N°g 2 d"(g)log’q),

A(g,N)

where

1
0w = 3 g0 ) = [(1- oo (-wa)

rlg Plg
1 1
Tl 1L
Jlx (VJVpgk (p-1y°
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with G(N, y) as Gauss sum and y as Dirichlet character modulo g.
For @ € M,, which also means r 1 g, from Lemma 5 we obtain

S (@) < min{(m + 1)*?, ¢°| Ng2d*(g) log q.
Noting that
1
f 1S (@)Pda < f 1S (@)Pda < Z 1 <N,
E; 0

a<N,ael(q)
we get
1
R>(N) < min {(m + 1)2@, qf} N*q2d*(g)logg.

Consequently, we obtain

N 1V 69

A(g,N) + O (min {(m + D*?, ¢} N?q"*d*(g)log'q)
which completes the proof.
4. Conclusions

The main result of this paper was to prove that a sufficiently large integer can always be represented
as the sum of three generalized D. H. Lehmer numbers. We used the elementary methods, the properties
of the exponential sums and the circle method to give an asymptotic formula.
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