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CHARACTER SUMS ANALOGUE OF KLOOSTERMAN SUMS
ON NORM GROUP

Ceprees C. C. Cymu xapakrepiB, aHajior cym KJiiocrepmaHa Ha HOPMOBUX
rpynax. Posrisnarorcs cymm xapakrepis, KoTpi € anasoramu cym Kitocrepmana Ha HOp-
MOBHUX I'pylax y Kbl Ifiyux raycoBux uuces. OTpuMani HeTpuBiaIbHI OI[IHKY €KCITOHEHIi-
AJILHUX CYM Ta CyM XapaKTepiB 110 MOJYJIIO P, Ijle P — HPOCTe PalioHaIbHE YHCI0, P = 3
(mod 4).

Kuaro4yoBi ciioBa: cymu xapakrepis, cymu Kitocrepmana, HOpMOBI IpyIiu.

CepreeB C. C. Cymmbl XapakTepoB, aHajsior cymm KiiocrepmaHa Ha HOp-
MEHHBIX Ipymnmnax. PaccMaTprBaloTCs CyMMBI XapaKTEPOB, SIBJISIOIIIECH aHAJIOTAMU CYMM
Kiocrepmana Ha HOPMEHHBIX I'PYIIAX B KOJIBIIE IEIBIX I'ayCCOBBIX duces. [loydennr HeTpU-
BUAJIbHDBIE OLIEHKU IKCIIOHEHIMAIbHBIX CYMM W CyMM XapaKTe€pPOB MO MOIYJIO p'', rae p —
IPOCTOE PAIMOHAJIBHOE IuCI0, p = 3 (mod 4).

KuaroueBrble cjioBa: CyMMbI XapakTepoB, cymma Kiocrepmana, HOpMEHHBIE TDYIIIIHL.

Sergeev S. S. Character sums analogue of Kloosterman sums on norm group.
We consider character sums, analogue of Kloosterman sums over norm group in the ring of
Guassian integers. We obtain non-trivial estimation of exponential sums and character sums
modulo p™, where p — prime number, p = 3 (mod 4).
Key words: character sums, Kloosterman sums, norm group.

INTRODUCTION. Let x and ¢ be multiplicative and additive characters of finite
field k; with ¢ = p™ elements. Usually consider three type sums

> x(f(@), > x(f@), X x(f(@)elg(x)),

z€V Cky (L‘EVC]C; JJEVij;

where f(x),g(x) are polynomials or rational functions, which respectively call expo-
nential sum, character sum and mixed sum. When V' = k, (resp. k), that sums call
complete exponential sum, complete character sum and complete mixed sum (resp.).
Otherwise, such sums call incomplete sums. Sometimes as V' consider a subgroup k,
(or k7, resp.). Prove by A. Weil [7] the Riemann Hypothesis for algebraic curves over
finite field give leave to arrive at non-trivial bounds for mentioned above complete
sums. In particular, for f(z) = ax + bx~ 1,2 € ky, A. Weil [7] proved uniprovable
bound for Kloosterman sum

K(a,b;q) := Z X (az +ba7t) << q7?. (1)

z€ky

Similar results may be obtain for mentioned above sums over the ring of residue
classes (mod ¢) in Z ( [2,5,6]). Our goal is construction of non-trivial estimates for
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character sums analogue of Kloosterman sums on norm group in the ring of residue
classed (mod q) of the Gaussian integers.

NoTATION. We standardize some notation to be used throughout this paper.
Lower case Roman (or Greek, respectively) letters usually denote rational (or Gaus-
sian, respectively) integers; in particular, m, n, k are positive integers and p is always a
rational prime p = 3 (mod 4). We also define a norm on Q(i) into Q by N(a) = |a?|.
For the sake of convenience, we denote by G the set of the Gaussian integers. Let
Z4 ( or G respectively) denote the ring of residue classes modulo ¢ and Zy (or G%
respectively) denote the multiplicative group in Z, (or G,). If x € G} we write 2~
for the multiplicative inverse of x (mod ¢), i.e. x7! is Gaussian integer satisfying
zz~! =1 (mod ¢). We denote by k, a finite field with ¢ elements, ¢ = p”, p a prime.
For a finite set X, | X| denotes its cardinality. By f << g, or f = O(g) for z € X,
where X is an arbitrary set on which f,g are defined, we mean synonymously that
there exists a constant C' > 0 such that |f(z)| < Cg(z) for all z € X. The ”implied
constant”may depend on the some parameters which are always specified or clear in
context. As usual, ged(a,b) or (a,b) stand for the greatest common divisor of a and
b, where a,b € Z (or G). Though Z[z] (or G[z]) we denote the polynomial ring over
Z (or G). For a € Z (or a € G) it stands vp(a) (or vp(e)) if p™»(a) | a,p**(a + 1) t a.
Moreover, Y. means the summation under the condition C is defined additionally,

5(C)

and ey () := ™.

AUXILIARY ARGUMENTS. Before starting out study of character sums several
lemmas will be used in the sequal.
Let us denote by Ey, the following subgroup in G'.

Ep :={x€G}n:N(x)=1 (mod p™)}. (2)

The subgroup E;, we will call the norm group in GJn.
m—1

Lemma 1. The norm group E,, is a cyclic group of order (p+ 1)p

Let u + iv be a generating element of E,,. Then

(u+ )Pt =14 p?xo + ipyo, o, Yo € Z,
To + 2:’/8 =0 (mOd p)a <x07p) = (y07p)) = 17
and also for any t = 4,5,...,p" ! — 1, we have modulo p™

Re(u+iv)PTDt = Ag + Ayt + - + Ay t™ 1,
Im(u +iv)®P*Vt = By + Byt + -+« 4 By, _1t™ 1,

where
Ag =1 (mod p?), By =0 (mod p?),
Ay = p?(z + 343 (mod p?),  Bi = pyo (mod p?),
Ay = —1p?y¢ (mod p?), By =0 (mod p?),
A; = B; =0 (mod p?), j=3,4,...,m—1.
Denote
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An arbitrary element from F,, has unique representation w = (u + iv) PtV Thus

m—1
w = (u+iv)PTVHR = N " (4;(k) +iB;(k)) ¢/ (mod p™). (3)
§=0
It is clear
A;(k) = Aju(k) — Bju(k),
Corollary 1. For k=1,2,...,p, we have

(u(k),p) = (v(k),p) =1, if k # 2E,
u(0) = 1,0(0) = 0, u(P3h) =0 (mod p), (B5+,p) =1,
moreover, for k # pTH

Ao(k) =u(k), Bo(k)=wv(k) (mod p),
pll Ai(k), pllBi(k), p*|l A2(k), p*|| Ba(k);

and
Al (0) = Oa Bl (U) = P¥%o (mOd p4), p2 || AQ(O)a BZ(O) 0 (mOd pS),
Ao (H+) =0 (mod p), (Bo (B5),p) =1,
pllAy(351), b2 1By (B5), P 14a (35, B (25) = 0 (mod p);

Aj(k) = Bj(k) =0 (mod p®), k=0,1,....p,j > 3.
For the proof of Lemma 1 and its Corollary see [6] (Lemma 2).

Lemma 2. Let f(z),g(x) be polynomials over G,
flx) = Zijj,G(x) = ZBjxj,r,s >3,
j=1 j=1

and, moreover, let

Then

2%pm+%up(A2) if vp(A2) <m,vp(Ar) = vp(A2);

0 if vp(A1) < vp(A2);
<
p>" if vp(Ag) = m;

Z epm (Re(f(z) +az™'))| < 215 p™, (5)
z€Gim

where Io is the number of solutions of the congruence over G}

Aju? — By =0 (mod p).
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The assertion of this Lemma it is well-known (see, for example, [6], Lemma 3).

Lemma 3. Let k, be a finite field and let x be a non-trivial multiplicative char-
acter of ky of order d > 1. Suppose [ € kqlx] has m distinct roots and f is not a
perfect d-th power (modp). Then we have

S X(f@)| < (m—1)g” (6)
z€kg
(See [4], Ch. 2C°, p. 43).

Lemma 4. ( [6], Lemma 1) Let p = 3 (mod 4) be a prime, n > 3 be a positive
integer, U, = {1 +pu:uée Gpnfl} be the subgroup of G,n. Then for any character
chi of the group Gy, there exists a polynomial f(n) with coefficients from G

fu) =u+aw?+---+ay 1p" T N=n+ S +1,
p+1

such that we have
X(1+ pu) = epn-1, (Re(Af(u))),
where A € G;n,l depends only on chi, and the coefficients satisfy the inequalities

vplag) = k—vp(k)—1, k=23,...,N—1

Proof. It is well-known that the multiplicative group G} is a cyclic group.
We may select a generator g of G} in such a way that gpzf1 = 1+pui,us € Gj.
Then, using the continuation of p-adic valuation for @ to Q(4), and stating one-to-one
correspondence between (1 + pu;)* and

k’(k’—l)(k‘—no—l)

k(k—-1
1+ kpuy + p2u§ 7( ) + p"+"°u?+"° —
0°

2

=14 pug

for any k € Gpn-1, where ng = [ﬁ} + 1, we conclude that the multiplicative group

U, and additive group G,n-1 are isomorphic (see [1] Ch. IV, 3.2, p. 375-376). Let kg
be such that (1 + pu)*® =1+ p (mod p"). Then gy = g* is also a generatic element

of G}.
Denote
u? 2 U’ n—1
f(“):“—p?‘ﬂo §—~--(modp ).
Consequently

fu) = u4au® + -+ any_1u™¥ ! (mod p" 1),
where N =n + [%} +1,a, = (—1)k+1¥ (mod p"~ 1), k=23,...,N—1.

Define A from the congruence
Af(1) = ko (mod p™1).

It is clear that A € G;n,l.
Therefore we deduce that the transformation G,n-1 — C given by

L+pu — epn-1(Re(Au)), A € Gjas

defines a character of the group U,.
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Remark. Lemma 4 was proved in [6] but here we give more detailed proof.

Corollary 2. Let ¢ = p™,p = 3 (mod 4) and x by a non-trivial character of
Grm of order d > 1. Suppose F(x) € Gym[x] of a degree n. Then we have

m
2

> x(F(x)| <2%(n—1)p™ (7)

z€Gpm

Proof. For m =1 the assertion of Corollary follows from Lemma 3.

Let m > 1. Using the representation z = xo(1 + pz1),20 € Gy, 21 € Gpm-1 for
x € Gpm and also Lemmas 2 and 4 we successively go into a case m = 1,q = p so
that Lemma 3 gives the assertion of Corollary 2.

MaiIN RESULTS. Description of elements E,, (see L. 1 for m > 2) and Lemmas 2
and 3 allow us to obtain Lemma 3 results and Corollary 2 for the character sums on
nor subgroup E,, for the linear-inverse functions ax + Sz =1, a, 3 are fixed from Gpm.

Let x be a non-trivial character of G}... Consider the sum

Sl B En) = Y x(az+Bz7"), a,f € Gyn. (8)

zEE,,

This sum we will call character sum analogue of Kloosterman sum over a norm
group.
Theorem 1. Under conditions above we have next estimation

ploq

Sy (05 85 Em)| = ) x(wo(k) Y epm1(Colk) + Cr(k)t + Co(k)t? +...)| <cp?
k

t=0

with the absolute constant c.

Proof. The case m = 1 was studied by Li [2].
Let m > 1. By the representation (3) we can write

x(w) = x(wo)x (1 + pw1)

where
wo = Ao(k) + ZBo(k), (WO,p) = ].,
Wy =wy? ((A’l(k) +iB (k) t + pmg (A% (k) +iBj(k)) ta‘) 7 (9)
’ (AL (K)BY(k),p) = 1, (By(k),p) =1,
Al(k) = S A;(k), Bj(k) = 5Bj(k)

if k£0,p+ 1, and

ifk=0orp+1.
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Without restricting the generality we will suppose that o, 8 € Zpm,ie. o = a, =
b. Then a straightforward computation gives

X(1+ pwi) = epm-1 (Co(k) + C1(k)t + Co(k)t* + Cs(k)t* +...)

where Ca(k) =0 (mod p), Cj(k) =0 (mod p?),j > 3, and v,(C2(k)) > v, (C1(k)) for
all k=0,1,...,p unless O(1) values of k when v,(C1(k)) > v,(Ca(k)) = 1.
Thus by application of Lemma 2 we obtain

Sy(036: )| =
= [ExeoE) T e (Colk) + Crlb)e+ Cak)e? +..)| < ep (10)

with the absolute constant c. This completes our proof of Theorem 1.
In 2001 Ping Xi [3] studied the sum

2
K(xg)= Y |Sx(mn;q)
m,n€lyq
and proved the following statement:
l l
Let ¢ be a positive integer, ¢ = [] p?j and x be character modg, x = [] x;j, x is

j=1 j=1
character modp;j, and also x;(—1) =1,7 =1,...,0. Then for 8 { ¢ the inequality

79 (9) < K(x.q) < 2'q¢%(q)

holds.
We will consider an analogue of K (x, q) for character sum over F(q) with a non-
trivial character x, where

E(q) ={weGy: Nw)=1 (mod q)}.

More exactly, we will consider only case ¢ = p™,p = 3 (mod 4), since a general case
may be study by analogy.
Theorem 2. Let x be an even non-trivial multiplicative character of G (i. e.
x(—=1) =1). Then the following equality
K(x,p™) =2(p + 1)(p* — 1)p*™~?

holds
Proof. We have

Se(@,BEn) = Y xlaz+pz7 )= Y x(1)D 1

2€Em VE€Gm  x € B,
axr + Bx~t =~ (mod p™)

Hence,

K(x, En) = Z ‘Sx(avﬂ§Em)|2 = Z x(71)x(72) Z 1, (11)

a,ﬁEGpm ’Yla'YZeG;m S(C)
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72

where
C: {x,y € By, B € Gy
First, let m = 1. The system of the congruences (in «, 5) modulo p

{ ar+ Bz t=my

cox+ Bz =y1,ay + By~ =72 (mod p™)} .

ay+ By~ =7
is a solvable system if (22 — y?) | (xy1 — y7y2). With this provision system under

consideration has exactly
1 ifx ;‘éy (mod p),

N(ged(2® — %, p)) = { N(p) if 2?2 =y? (mod p),

solutions.
Thus we infer
K(x,E1)=> N(©) Y x(r)x(r) Y 1, (12)
lp 71,72€G} S(C)
where
z,y € By : 2% = y? (mod 6), 271 = y7y2 (mod §),
gcd(125275)—1 ’
Now, if § = 1 then 3. 1 = |E;|*>. Consequently, the contribution of a summand
5(C)
with 6 = 1 is equal
B Y x(n)x(r2) =0.

Y1,72€G)

Further, for 6 = p we obtain the contribution

Np) > x(m)x(r) Y 1=2|E|N@D)$(p) =2(p+ 1)p*(p* - 1)
’Yh’YzEGS S(C)
where
C- T y7EE1 1 Ey’}/27.’1725y2 (mOd p)a
o (2. 2) = ’
5(v) denote the Euler’s totient function in G.
So,
K(x,Er) =2(p + 1)p*(p* — 1). (13)

Let m > 1. By an analogue with relation (12) we have

K(X,Em):ZN(p”) Z X(72) Z 1
5(0)

v=0 Y1572 GG;

where -1
ar+pr =" m

C:Rz,y€e Ep,a,B8€ G, : 4 mod .

{ Yy B ay + By 1 — ( P )}
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So we have B
KOGEm) =Y+ +> => +> +>
v=0 v=1 v=m 0 1 2
Now,

Yo= > xO)x(e)me®-1)? |Em|® = 0;

Y1:72€Ghm

1 (14)
2= y; NPY) X x(n)x(e) ( > 1+ X 1) ,

=i

N72€GEm S(C)  S(Ch)
where
Ci:{z,y€ Ep,v =72,y =vm,r =y (mod p”)},
Ch Az, y € Em,x =72,y = —71,2 = —y (mod p¥)}.
Hence,
m—1
21 = 2 NE) > X()X(2)NE™) + 32 x()X()NP™T) ¢ =
v=1 Y1,72€Gm Y1,72€Ghm
Y1=72(p™) Nn=—72(p")
m—1
= 2N(p™) - x(7) S x(1+p”d) =
v=1 y1€G}, €G m—v
met (15)
= 2N(p™) x(L+p“0) > x(m)=0,
v=1 6601,)771,—1/ Y1E€GHv

NE™) X x(m)x(e) > 1=NE™)EE™)[En| =

71,72€Gm a=£8(p™)
n=7:2(p"™) afEEn (16)

= 2 2(p2 - 1)(p+1).

22

As a consequently (14)-(16) we have
K(x,p™) =2(p + 1)(p* = )p*™ % (17)

The result of Theorem 2 shows that the upper bound for individual sum S(«, 8; x)
is optimal bound in certain sense.
By the similar method may be investigated close sum

KE(a76’X) = Z ‘S(O&,/B,X”Q

a,BEE,

ConcLUsION. We obtain a non-trivial estimation of exponential sums and char-
acter sums which are analogue of Kloosterman sums over norm group in the ring of
Guassian integers. Described proof method can be used for estimation of sums in close
forms.
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