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A NEW SUMS AND ITS RECIPROCITY THEOREM
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Abstract. The main purpose of this paper is introduced a new sums analogous to Dedekind sums,
then using the analytic method and the properties of Dirichlet L-functions to study the arithmet-
ical properties of this sums, and give an interesting reciprocity theorem for it.
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1. INTRODUCTION

For a positive integer k and an arbitrary integer 4, the classical Dedekind sums

S(h,k) is defined by
s = ((D)((5))

a=1
where
1 . . .
[x] =5 if x is not an integer
if x is an integer.

() = {g_

The various arithmetical properties of S(h,k) were investigated by many authors,
one of the most important results (see Tom M. Apostol [2] or L. Carlitz [3]) is its
reciprocity theorem. That is, for all positive integers k& and g with (h,q) = 1, we
have the identity

4+q¢2+1 1

The other properties of S(%,q) can also be found in [2], [3], [4], [6], [7] [8] and
[9]. But we think that the formula (1.1) is very important and interesting, because
from it we can compute the value of S(%,q) by S(q,h), providing (h,q) = 1.
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In this paper, we introduce a new sums C(%,q) as follows:

a, h
C(h,q) = Z cot (M) cot (E)

a=1 q q

where Y denotes the summation over all a such that (a,q) = 1, (h,q) = 1 and
cot(x) = cos(x)/sin(x). We also provide C(h,q) = 0, if g|h.

This sums looks very similar to Dedekind sums, so we think that it must have some
similar properties with Dedekind sums. Based on this reason, we use the analytic
method and the properties of Dirichlet L-functions to study the reciprocity properties
of C(h,k), and obtain an interesting reciprocity theorem. That is, we shall prove the
following:

Theorem 1. For any integers h > 1 and g > 1 with (h,q) = 1, we have the reci-
procity formula

e

1 1
C—IZC(h,dHZZC(q,d): 30 :

dlg dlh
where Z denotes the summation over all divisors d of q.
dlq
Theorem 2. For any square-full number q, we have the identity
q , q , B 1 1
5SS K@ 1:9)K (b, 1:9) Clab.q) = ~-¢%-¢2(@) ]| (1 T ;),

3
a=1p=1 plg

q —
/(mu+nu .
where K(m,n;q) = E e (—) is the Kloostermann sums, e(y) = e>™', l_[
q
u=l pla
denotes the product over all distinct prime divisors p of q, and u-u =1 mod gq.

Note that C(h,1) = C(g,1) = 0, so from our Theorem 1 we may immediately
deduce the following:

Corollary 1. For any odd primes p and q with p # ¢, we have the reciprocity
Sformula

Cp.a)  C4.p) _p+q*+1_
q P 3pq

1.

2. SOME LEMMAS

In this section, we shall give some lemmas which are necessary in the proof of our
theorems. First we have the following:



A NEW SUMS AND ITS RECIPROCITY THEOREM 813

Lemma 1. Let g > 2 be an integer, and let y be any Dirichlet character mod ¢
with x(—1) = —1. Then we have the identity

q
L,y = %Zw)cot(%),
r=1

where L(1, x) denotes Dirichlet L-function corresponding to y mod q.

Lemma 2. Let g > 3 be an integer, then for any integer h with (h,q) = 1, we have
the identity

1 d? _ )
S(h,q)—n—zq%d)(d) > AMWILA 0P,

x mod d
x(=D=-1
where y runs through the Dirichlet characters mod d with y(—1) = —1.

Proof. The proofs of Lemma 1 and Lemma 2 can be found in [8]. ([l

Lemma 3. Let g > 3 be an integer, then for any integer h with (h,q) = 1, we have
the identity

4 2
C<h,q)=% S amIL P

x mod g
x(=D=-1

q
b
Proof. For any integer a with (a,q) = 1, note that Z x(b)cot (n—) =0 if
q

b=1
x(—=1) =1, from Lemma 1 and the orthogonality of characters mod ¢ we have

q
Z 2@L(1,y) = Z X(a) (%Zx(i’)cot(%))

x mod g x mod ¢ =

x(=D=-1 -
q
== ) 7@ (Z x(r)cot(”_r)) _ @) _Cot(ﬂ)'
2q)(modq r=1 q 2q q
or :
ma q _
) L, %) 2.1
co ( q) 6@ X%q x(@)L(1, x) @1

x(=D=-1
Then from the definition of C(/,q), (2.1) and the orthogonality of characters mod ¢
we have the identity

q

C(h,q) = Z/cot (@) cot (n_a)

a=1 q q
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4q2 q _ _
=g L 2 X t@h@Li L)
q X1 mod g x2modqg a=1
X (=D)=—1x2(-1)=-1
S L= 2 miLapP
= X ,X = X ?X .
2 2
*p(q) xmod g w2¢(q) ot
x(=D=-1 x(—=1)=-1
This proves Lemma 3. g

Lemma 4. Let g > 3 be a square-full number. Then we have the identity

* 7% $3(9) 1
E L, 2=——| | I+—1.
X mod g e 12 q2 | ( +P)
plq
x(=D)=-1

*
where Z denotes the summation over all primitive odd characters mod q.
x mod g
x(=1)=-1
Proof. The proof of Lemma 4 can be found in [8]. ]

Lemma 5. Let q be a square-full number. Then for any non-primitive character
x mod g, we have the identity

q
(=Y e (C—l) =0.
a=1 q

Proof. Ttis clear that Gauss sums |t ()| is a multiplicative function of mod ¢ (see
references [1] and [5]), so without loss of generality, we can assume ¢ = p%, where
p be aprime and o > 2. Now if y is a non-primitive character mod p%, then it is also
a character mod p®~!. So from the properties of the trigonometric sums we know
that for any positive integers g > 2 and integer n with (n,q) = 1, we have the identity

g—1
un
De (—) =0. (2.2)
u=0 q

From (2.2) and the definition of the reduce residue system modulo p* we have

a—1

p“ p-1r a—1
(=) x@e (%) =Y ) xwp+v)e (w)
a=1 p u=0 v=1 p
p_lpa_; u v P v L u
= —4— )= — —)=o.
;; X(v)e(p+p“) ;X(v)e(p“)uzoe(p)

This proves Lemma 5. O
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3. PROOF OF THEOREMS
In this section, we shall complete the proof of our theorems.
Proof of Theorem 1. For any positive integers 7 > 1 and ¢ > 1 with (h,q) =1,

note that C(h,1) =0 and (h,d) = 1 for all d|g. So from Lemma 3 and Lemma 2 we
have

—ch d)=— Z¢() Yo ML P =4S(hg). G

d|q x mod d
x(=1D)=-1

Similarly, using the method of proving (3.1) we can also deduce that

—§jC(q, )= 2h§j¢() > x@IL(1L P =4S(q.h). (32
d|h x mod d
x(=1)=-1

Combining (1.1), (3.1) and (3.2) we may immediately deduce the reciprocity formula

Z+h%+1
—ZC(h d)+ - ZC(q dy=Sthq+Sqn=L"""11
3qh
EIT d|h
This proves Theorem 1. g

Proof of Theorem 2. If g is a square-full number and y is not a primitive character
mod ¢, then from Lemma 5 we know that 7(y) = 0. If y is a primitive character

mod ¢, then |7())|?> = g. Note that the identities t2(¥) = ( )()2 and

Z 1(@)K(a,1:q) = Z Z y(@ e (L) — oy Z 2we (L) = (),
q ‘]

a=1 u=1a=1

from Lemma 3 and Lemma 4 we have

q q
> > " K(a.1:q)K(b. 1:q) C(ab.q)
a=1 bh=1
2
= % > Z 1@K(a.1; q)Z TBK (D 1:q)| L(1, )

xmodg a=1
x(—=D=-1

4q2 2 2= 2
_m Z ™(x) -G - |L(1, x)|

x mod g
x(=1)=-1
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4q2 *
= 2@ D k(oL P
q x mod g
x(=D)=-1
4q* 7% ¢°(9) ( 1) 1 5 1
= R I+—)==-¢%9¢ (4)'1_[(1+—)-
2 12 2 1_[ 3
72¢(q) g P ola p
This completes the proof of Theorem 2. g
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