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Abstract

In this paper, we find some identities for sums with quadratic and higher-order ex-
pressions involving the Legendre symbol. Some of these identities generalize identities
recently obtained by Karaivanov and Vassilev.
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1 Introduction

Let a be an integer and p be an odd prime. The well-known Legendre symbol, denoted by
(%), is defined by

0, ifpla;
a
(—) =11, if a is a quadratic residue modulo p;

—1, if a is a quadratic nonresidue modulo p.

Introduced by Legendre [10], the Legendre symbol is a convenient formalism for discussing
quadratic residues. Using the Legendre symbol, we can easily state the classical “quadratic
reciprocity law” , which was first formulated by Euler and Legendre. Besides this formulation,
Legendre also partially proved the law.

The first complete proof of the law was given by Gauss [3]. Gauss was extremely proud of
his proof, and he called it the Theorema Aureum (the golden theorem). In his whole lifetime,
Gauss provided a total of eight proofs, out of which only six are published. There are over
a hundred proofs of the law now in existence.

An efficient algorithm to compute the Legendre symbol has been discussed by Bach and
Shallit [2, Thm. 5.9.3, p. 113]. There are several generalizations of the Legendre symbol now
in the literature. The Jacobi symbol is one of them. Almost all the generalizations of the
quadratic reciprocity law may be found in the textbook by Lemmermeyer [11].

Since the Legendre symbol is a multiplicative character on Z/pZ, this symbol is exten-
sively used in counting the number of solutions of an equation with coefficients in a finite
field by introducing the notion of Jacobi sums, as can be seen, for example, in the textbook
by Ireland and Rosen [6] .

In this paper, we consider certain sums involving Legendre symbol with linear, quadratic,
and higher-order expressions. Sums involving linear expressions in the Legendre symbol can
be easily evaluated, and may be found in textbooks such as [5, 6], mostly as an exercise.
The sum involving a quadratic expression was evaluated by Hua [5, Thm. 8.2, p. 174] in a
particular case. We evaluate two sums in Section 2.

Finding estimates of sums involving the Legendre symbol has been a main topic of re-
search in the twentieth century. Some of the work on estimates of sums may be found in the
work of several authors [4, 7, 9, 12, 13, 14, 15]. In a recent work, Wright [15, Thm. 9.1, p.
213, Thm. 9.2, p. 214] estimated both the complete Weil sum and incomplete Weil sum.

Evaluating the sums of higher-order expressions involving the Legendre symbol is quite
challenging. We find certain sums of higher-order expressions in Section 3. To the best of
our knowledge, these sums are new and have not appeared before. Some of our identities
generalize the identities recently obtained by Karaivanov and Vassilev [8]. The identities
obtained by Karaivanov and Vassilev [8] are basically the main motivation of the paper.
Sums considered in Theorem 4 and Theorem 9 are also motivated by an exercise [6, Exercise
28, p. 107].



The definitions and properties are used in this paper related to the Legendre symbol may
be found in any introductory number theory textbook.

2 Preliminary results

Theorem 1. Let a, b, and c be integers, and let p be an odd prime. Then
pzl(a€2+b€+c> BEG! if pt (b — dac);
prt p (&)p—1), ifpl 0~ dac).

Proof. Let S be the required sum to be calculated. Let p | a. Then

o G <b£+c> |
=0 p

Clearly, the numbers bf + ¢, where ¢ varies from 0 to p — 1, form a complete residue system
modulo p, if b 0 (mod p). Hence, S =0 = —(2). Next let p{a. Then

a
p

o (%) (2) :2:; (4a2e2 +4pabe+4ac) _ (g) :Z; ((2a€+b)2 ; (4ac — b2)) |

Since p 1 2a, the set of integers 2af + b, where ¢ varies from 0 to p — 1, forms a complete set

of residues modulo p. Thus
g <g> pi (zu (4ac—b2)) |
p) = P

Now let p | (4ac — b*). Then

p—1 ) 12 p—1 2 p—1
) Q) - E)-Goo
P/ = p P/ \P p =1 p
It remains to consider the case p{ (4dac — b?). Taking the summation modulo p and putting
k = (4ac — b?), we get

a\ 22/ + k a\ = p-1 a) — p-1
S = <_> ( ) = (_) d(P+k)E = (_) Y (P+k)=  (mod p).
P/ = p P/ = P73
Putting x = %1 and using the binomial theorem, we can write
0\ o= [T
S = (E) Z Z (r) k¥ (mod p).
=1 r=0
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Rearranging the sum, we get

S = (g) z; <(f> kx—rgﬂ) (mod p).

To calculate the sum >, ¢>" modulo p, we use the following sum, which is a simple exercise
in [1, Exercise 7, Chapter 10],

—1 - 07 if (p - 1) J[ n,

where n > 1.

Since 2r < p—1, Y7 ¢ = =1, only if 2r = p—1, Le, r = ’%1 and 0 otherwise.

Therefore, in our main summation, all terms are zero except for r = x. Thus,

= (%) (mod p).

Now, since each term in the summation S, is either —1 or 0 or 1, the value of S lies between
—p and p. If (¢) = —1, then S is either 1 or —p 4+ 1. We have

(R

Since 2 = (—£)?> = (p — £)* (mod p),

p—1
2

= ()G 2 (5)

The above identity proves that if p t k, then S is odd. But —p + 1 is even. Therefore,
S # —p+ 1, consequently, S = 1. A similar argument would show that S = —1, when
(3) = 1. Hence, in both the cases
S = (9> .
p

This completes the proof of the theorem. m

We obtain Lemma 1 of Karaivanov and Vassilev [8] and a theorem of Hua [5, Thm. 8.2,
p. 174] as special cases of the above theorem as follows:

Corollary 2. For integers b and ¢ with p1b,

p—1
bl
< + c) 0
=0 p




Proof. Setting a =0 (mod p) in Theorem 1, we get the result. O
Corollary 3. Let p > 2 and b* —4c # 0 (mod p). Then

zp:(KQerM—c) _
— :

/=1

Proof. Setting a = 1 in Theorem 1, we get the corollary. m

3 Main results

Theorem 4. Let p be an odd prime and ¢ be an integer. Then

Lgcd(p— 1,n) J

2 p—1 —1 —1
e VG R R U
_1 o _ 2_ c 2 ged(p—1,n) , /) 67
p (f + C) _ kgl (kgcappill,n)) fp)(
0 D -1, if p|lcandn=0 (mod 2);
0, ifplcandn=1 (mod 2).

Proof. Let S be the required sum to be calculated. Then

—_

.
S=>» ("+ c)]%1 (mod p).

0

pfl gn
S = <—) mod p.
=0 \P

G — f;é(%)zp—l, if n=0 (mod 2);
N Zg;é(ﬁ) =0, if n =1 (mod 2).

~
Il

If p| e, then

Hence,

Now let p 1 ¢. Then taking the summation limits from ¢ = 1 to £ = p and using the binomial
theorem, we can write

r 2 p—1 _—
S = ( 2 )c<2_r)€"7" (mod p).
f=1 r=0 "
Rearranging the sum, we get
p=1
2 p;]_ - p
S = Z (( 7% )0(2_7”)26"’”) (mod p).
r=0 /=1



The value of the sum ) _)_, " modulo pis —1 if (p — 1) | nr and 0 otherwise, for » > 1. For
r = 0, the value modulo p is clearly 0. Thus

r<pzl

S75 p;l -
S=-— Z ( i )c<2_r) (mod p).

r>1, (p—1)|nr

If (p —1) | nr, then m | 7. Therefore, the possible values of r are km, where k
is an integer satisfying 1 < k < LW—MJ. So, we have
Lng(p;Ln)J p;l p—1 p—1
S=— Z ( 2 )c(z—kgm(p—l,n)) (mod p).
k=1 ged(p—1,n)
This completes the proof. m

Theorem 5. Let £(a,b,c) = f;g(a%rTf’e”)é. Then

2 @) £(a,b,c)=b (mod p).

Proof. Clearly,

p—1 32
2@( ) £(a.b. o) (2a€—|—b + (4ac b))2a€
p p

((2a£+b)2+(4ac—b2)) 20l + b) —bZ( (2al + b)?

p

"?TT
==l

3 p(%w—b%).

Since the set of integers 2af + b forms a complete set of residues,

% (%) £(a,b,c) = i (EQ + (dac = ¥) > (- bz ( + (dac - bZ)) (mod p).

p

By Theorem 1,

)_l

p—

(ﬁ @M—wvz_l(mﬂm_

7 p

Il
o

This gives

p—1
2a (p) a,b,c) = ( 4ac_b2))€+bE§(1,0,4ac—b2)+b (mod p). (1)
=0



Note that

p—1 o 12 p
£(1,0,4ac — b%) :Z€+4ac b) 5282 + (dac — b2))"= ¢ (mod p).
=

(=1

Hence, using the binomial theorem, we get

2

p—1
£(1,0,4ac — b*) = ZZ ( ; ) (4ac — b*)(3 Bt ) p2r+1 (mod p).

(=1 r=0
Thus, rearranging the terms, we get

p—1

Fa p—1 L P
£(1,0,4ac — b*) = Z (( i )(4@0 — ) ZEQTH) (mod p).

r=0 /=1

The sum Y j_, /**! is equal to —1 modulo pif (p—1) | (2r+1) and 0 otherwise. But p—1
is even and 2r + 1 is odd. Therefore, (p — 1) { (2r + 1) and the sum > 7_, /*"*1 is equal to
0 modulo p for all values of r. Therefore,

£(1,0,4ac — bv*) =0 (mod p).

Using this in (1), we get

2 (%) £(a,b,c)=b (mod p).

Corollary 6. We have &(ka, kb, kc) = ( )(a, b, c) for all integers k.
Proof. Follows directly from the above theorem. O]

Remark 7. As a consequence of the above theorem, we get that £(a, b, ¢) is the unique solution
of the congruence 2a(%)z = b (mod p).

Theorem 8. Let

S(a,b,c) =

M

i (M + bl + c)

=0
and m be a positive integer. Then

m—1 2
&(a, b+ 2ma, m*a +mb + c) = £(a, b, c) —|—pz (%) —mS(a,b,c).
r=0



Proof. The proof is by induction on m. We have

1

fla,b+2a,a+b+c) = 1

al b+2a€+(a+b+c))

TIM
»—to

> ((+1)—S(a,b,c)

~
|

0

I
M@

¢ — S(a,b,c)

(-
_ (a£+1 +b(0+1) +
(

al +b€—|—c>

ESTEES
Il
— =

_ (M) (+p (f) — S(a,b,c)
—o p p
— f(ab)+p (];) — S(a.bic).

So the basis step, m = 1, is satisfied. Now let the identity hold for m — 1; we prove it for m.
Let B=b+2(m—1)a and C = (m — 1)%a + (m — 1)b+ ¢. Then

£(a, b+ 2ma, m*a +mb +c) = &(a, B+ 2a,a + B+ C) =£(a, B,C) +p (%) —S(a,B,C).

Using the induction hypothesis on £(a, B, C'), we can write

m—2 2 b
£(a,b+2ma,m*a+mb+c) = &(a,b,c) —|—pz (%

> ) — (m - 1)S(a, b, c)

+p((m—1)2a+(m—1)b+c> ~ S(a,B.C)

p

We have 4aC' — B? = 4ac — b?. Hence, by Theorem 1, S(a,b,c) = S(a, B,C). This implies
that
L (rfa+rb+c
¢(a, b+ 2ma, m*a +mb+c) = £(a,b,c) +p Z (—> —mS(a,b,c).
p
r=0

This completes the proof of the theorem. m

Theorem 9. Let p be an odd prime and ¢, n > 1, and k > 1 be integers. Then, modulo p,
we have

_ BN (B :
SV Digspy ()T iete 1

—1, ifplcand(p—1)| (n(55)+k);
=0 0, ifplcand (p—1)1(n(5) + k).



Proof. Let n denote the required sum to be calculated. If p | ¢, then the sum reduces to

—

p—

)Tk (mod p).

3
Il

~

I

0

This is equal to 0 if (p — 1) t (n(%1) + k), and —1 otherwise. Next let p { c. Proceeding in
the same way as in the proof of Theorem 4, we obtain

% p—1 L p
— 2 (B5=—r) nr+k
n = TEO ( . )c 2 ;Zl 14 (mod p).

The sum > )_, ¢ "% modulo p is equal to 0 when (p— 1) f (nr+ k), and —1 otherwise. Thus

polN
n= - Z ( i >C(2T) (mod p).

0<r<(p—1)/2
(p=D)(nr+k)
Corollary 10. Ifn is even and k is odd, then
n =0 (mod p).

Proof. Since the given conditions imply that nr 4 k is odd, there does not exist r such that
(p—1) | (nr+ k). Therefore, by Theorem 9, we have n =0 (mod p). O

As another corollary, we obtain [8, Claim 1] in a special case, when a = 1.
Corollary 11. For odd primes p, the quantity S,(1,b) is divisible by p.

Proof. The proof follows from the above theorem by taking n =1 =k and ¢ = 0. m
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