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Abstract

Here we derive a recursive formula for even-power moments of Kloosterman sums or equivalently for
power moments of two-dimensional Kloosterman sums. This is done by using the Pless power-moment
identity and an explicit expression of the Gauss sum for Sp(4, q).
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1. Introduction

Let x; be the canonical additive character of the finite field F;, with g = 2", and let m
be a positive integer.
The m-dimensional Kloosterman [7] sum K, (a) is given by

Kn@=Kn(iia)= Y, b+ +xn+ax; - x,") (@eF.

xl,...,xmeFj;

In particular, if m =1, then Kj(a) := K(a) is called the Kloosterman sum. The
Kloosterman [5] sum was introduced in 1926 to give an estimate for the Fourier
coefficients of modular forms.

Let i be a nonnegative integer, and let

MK = Z Kp(a)

*
aqu

denote the ~th moment of the m-dimensional Kloosterman sum K, (a). Furthermore,
MK {’ is simply denoted by MK”. The power moments of Kloosterman sums over
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finite fields of characteristic 2 have been studied in an estimate for the Kloosterman
sums and have been used in solving a variety of problems from coding theory.

Carlitz obtained M K" for h < 4 in [1], and Moisio computed M K in [11]. Lately,
Moisio [9] evaluated M K h for h <10, by connecting moments of Kloosterman sums
and the frequencies of weights in the binary Zetterberg code of length ¢ + 1, which
were known by the work of Schoof and Van der Vlugt in [12].

In this paper, we adopt Moisio’s idea to show the following theorem giving a
recursive formula for the even-power moments of Kloosterman sums. To do that, we
construct the codes C(Sp(4, g)) associated with finite symplectic groups Sp(4, g),
and express the power moments in terms of the frequencies of weights in the code. We
could construct the codes C(Sp(2, q)) associated with Sp(2, g) = SL(2, g) and get a
recursive formula producing power moments of Kloosterman sums. But this case has
been treated already in [4].

Thanks to the previous result on the explicit expression of ‘Gauss sum’ for the
symplectic groups (see [3]), we can represent the weight of each codeword in the dual
CL(Sp(4, q)) of C(Sp(4, q¢)) in terms of two-dimensional Kloosterman sums. Then
we get the following recursive formula from the Pless power-moment identity.

THEOREM 1.1. For any positive integer h, the even-power moments MK*" of the
Kloosterman sum K (a) are given by

h—1

. h o .

q4hMK2h — Z(_l)l+h+l <l)(N _ q7 + q5)h71q4lMK21
i=0

min{N,h} ) h N —i
+q (—=DF*Ci Y " ns(h, t)zh—’< ~ t>.

i=0 =i N
Here
N =ISpt )l =4¢*(@*> = D" = D), (1.1)
and S(h, t) indicates the Stirling number of the second kind given by
St = i(—l)ff(t)ﬂ'. (12)
t! = j

In addition, {Ci}lN: o denotes the weight distribution of the code C = C(Sp(4, q))
given by
@ —q°-q ng
c,-=Z( > I1 ( ) (1.3)
) pers Vg

where ng = G* K B +4¢° —q7 — q° — ¢° and the sum runs over all the set
of nonnegative integers {vg}ger, satisfying Zﬂqu vg =1 and Zﬂqu vgB =0 (an
identity in I, ).

We obtain an alternative recursive formula from Carlitz [2, Theorem 2.6].
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COROLLARY 1.2. For any positive integer h, we have the following recursive formula
for the moments M Ké’ of the two-dimensional Kloosterman sums,

h—1
. h o .
i=0

min{N,h} N —i
+q Y (DG Zt'S(h 12" ’(N t)
i=0 t=i -

where C; is the weight distribution of the code C = C(Sp(4, q)) given by (1.3), and
S(h, t) indicates the Stirling number of the second kind given by (1.2).

2. Preliminaries

The following notation will be used throughout this paper:

D) g=2"(r €Z>0);
(i) Sp(2n, q) = the symplectic group over I, defined by
(g€ GLCn, q)|'gg =T} withJ =[ § ];

(i) N=g" [T'_;(¢% — 1) the order of Sp(2n, );

(iv) Tr(g) = the matrix trace for g € Sp(2n, q);

V) tr(x)=x+x>+---+ x2" the trace function Fy — Fa;
(vi) x1(x) = (—=1)"™ the canonical additive character of Fy;
(vii) xq(x) = x1(ax) an additive character of I, (a € ).

Let g1, g2, ..., gy be a fixed ordering of the elements in Sp(4, g). Let C =
C(Sp(4, q)) be the binary linear code of length N defined by

C={ueF) |u-v=0},
where v = (Tr(gy), ..., Tr(gn)) € IFfIV.
THEOREM 2.1 (Delsarte [8]). Let B be a linear code over Fy, then
(B |s,)" = tr(B).
From Delsarte’s theorem, the next result follows immediately.

THEOREM 2.2. The dual C*+ = C*+(Sp(4, q)) of C = C(Sp(4, q)) is given by

= {c(@) = (tr(aTr(g1)), - . ., tr(aTr(gn))) | a € Fy).
We need the next theorem about the Gauss sum for Sp(2n, g).

THEOREM 2.3 (Kim [3]). For any nontrivial additive character x,(a € ]FZ) of Fy,
the Gauss sum over Sp(2n, q)

Y Xa(Tr(g)

g€Sp(2n,q)
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is given by

[(n—2r+2)/2]

[n/2] r
2_ n i _ _
qn 1 E qr(r+1) |:r] | |(q21 1_ 1) E qlK(Xaa l)n 2r4+2-21
r=0 q i=1

=1
-1
x Y [l@" -1
v=1

where the innermost sum is over all integers ji, ..., ji—1 satisfying 21 —3 < j; <
n—2r=121-5<p<j—-2,....,1<jic1<ji2—2
Here, for integers n, r with O <r < n, the q-binomial coefficients are given by

r—1
n n—i i
H =[l@"~7 = /@~ -n.
q j=0

We need the case, n = 2, of Theorem 2.3.
COROLLARY 2.4. For any a € F%,
_ 4 . 1\2 3
Y xa(Tr(@) = ¢ K (xa; > +q° — g} @.1)
8eSp(4.q)
The following result is easy to verify.
LEMMA 2.5. Foranya € ]FZ, the Kloosterman sum K (xq; 1) is equal to K (x1; a).

THEOREM 2.6 (Carlitz [2]).
Ka(x1; @) = K (x1; 2)* — q.
So, from Lemma 2.5 and Theorem 2.6, we have the following alternative description
of (2.1).
COROLLARY 2.7. For any a € F,

> xa(Tr(@) = ¢* K (x1: > + ¢° — q) 22)
8€Sp(4.q)

= ¢"{K2(x15 @) + ¢°). (2.3)
PROPOSITION 2.8. For 8 € F%,
> x(=ap) Y. xiaTryg) 2.4)
aelg geSp(4.q)

8 _ 7 _ 4 .
)¢ —q9 —q ifB=0,
_{QSK(Xl;,B_l)—CI7—CI4 if B#0. 23)
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PROOF. Using (2.3), (2.4) is equal to

g* Y x(=ap){Ka(xi: a) + %)

aEF;
=q¢* Y xi(=ap)Ka(xi: @) +4" Y x1(~ap)
aeFZ ae]FZ
=¢"1> x=ap) D i +x +ax1_1x2_1)} +q7{ > xi(—ap) - 1}
ae]F; xl,xzeIFj aclfy
=¢" Y e+ Y nEarg! - ﬂ))} +q" Y xi(=ap)—4q’
X1 ,xzeF(’; aEFZ acly
=q¢*1 > x@+x) Y n@G =) - D xi@ +x2)}
xl,)cgeIFj; acly xl,xzeIF;;
+q" Y xi(-ap)—q’
aclfy
=q4{q > xiG+x)+ (—1)3} +q" Y xi(-ap)—q’
x1,x2€Fy aclF,
xflxglzﬂ
Z{qg—q7—q4 if =0, -
K B —q" —q* ifp#0.
PROPOSITION 2.9. Letng =|{g € Sp(4, q) | Tr(g) = B}, for each B € F,. Then
nﬁ=:q9—q6—q5 if =0,
gMKGa: B +4° —q° —q* —q) ifB#0.
PROOF.
anp= > > xa(Tr )X (h)
geSp(4,q) acl,
=Y XuB Y. xa(Trg)
acl, geSp4,q)
=ISp4 I+ D) XaB D xa(Trg).
acly gesSp(4,q)
Our results now follow from (1.1) and (2.5). O

The following corollary is immediate from the above proposition.

COROLLARY 2.10. Tr: Sp(4, q) — F, is surjective.
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PROOF. From Proposition 2.9 and using the Weil bound |K (x1; )| <2.,/q(a € IFZ),
we see that

ng=\{ge€Sp@,q)|Tr(g) =B} >0 forall B eF,. O

THEOREM 2.11. W :F, — CL(Sp(4, q)) with V(a) = c(a) is an F,-linear isomor-
phism.

PROOF. It is F-linear and surjective. Let a be in Ker W. Then tr(aTr(g)) = 0, for all
g € Sp(4, q). In view of Corollary 2.10, tr(ap) =0, for all B € IF,. Since the trace
map tr : F;, — I3 is surjective, a = 0. O

PROPOSITION 2.12. Fora € IF;, the Hamming weight of the codeword

c(a) = (tr(@Tr(g1)). . . ., tr(aTr(gn)))
is given by
w(c(@) = 3(N — ¢"{K(x1; ) + ¢° — q)) (2.6)
= 1N — ¢*{K2(x15 @) + ¢°)). 2.7)
PROOF.

N
w(c(a) = % D (= (=1reTrie)
i=]

1

N
= E(N - ; X1(aTr(gi))>- O

Our results now follow from (1.1) and (2.2)—(2.3).

3. Proof of main results

THEOREM 3.1 (Pless Power Moment Identity [8]). Let B be a g-ary [n,k] code, and
let B; (respectively BI.J- ) denote the number of codewords of weight i in B (respectively
in BL). Then, forh =0,1, ...,

n min{n,h} _ h In—i
D i"Bi= ) (=B ) 11S(h.H)g" (g - 1)"’( )
i=0 i=0

t=i n—t

where S(h, t) denotes the Stirling number of the second kind defined by

t
Sthony =~ Z(—l)’—f(.)jh.
! j
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THEOREM 3.2 (Lachaud and Wolfman [6]). Letq = 2", withr > 2. Then the range R
of K(x1; a), as a varies over F}, is given by

R={teZ]||t]| <2/q,t=—1(mod4)}.

In addition, each value t € R is attained exactly H (12 — q) times, where H(d) is the
Kronecker class number of d.

Letu=(uy,...,un) € ]Fflv, with vg 1s in the coordinate places where Tr(g;) = 8,
for each B € F,. Then we see from the definition of the code C = C(Sp(4, q)) that
u is a codeword with weight i if and only if g vg =i and } gcp vgp =0 (an
identity in Fy). As there are []4cp, (Zﬁ) many such codewords with weight i, we
obtain the following theorem.

THEOREM 3.3. Let {Ci}lN:O be the weight distribution of the code C = C(Sp(4, q)).
Then, for0 <i <N,

o Z <q9 - q5> 1_[ (n,3> G.1)

Vo peis Vg

where ng = gHK (x1; BY 4+ ¢° — ¢° — 4% — q) and the sum runs over all the sets
of nonnegative integers {vg}ger, satisfying Zﬁqu vg =i and Zﬁqu vgp =0.

COROLLARY 3.4. Assume that r > 2, and that {Ci}zNzo is the weight distribution of
the code C = C(Sp(4, q)). Then, forQ <i <N,

mo mg
=Y. [] [] :
l (V0> - (Vﬂ)
ltll<2yq  K(Ga:p~NH=t
with t=—1(mod 4)

where

mo=no=q" —q°—q°,

and
mi=q*qg’ —q’—q> —q+0),
forallt € Z satisfying |t| <2,/q, and t = —1(mod 4).
We are now ready to prove Theorem 1.1, which is the main result of this paper.

PROOF OF THEOREM 1.1. We apply the Pless power moment identity with B =
CL(Sp(4, ). Then, with {C;}Y | the weight distribution of C*(Sp(4, ¢)), we have

N min{N,h} h N —i

e i r—t -
2:, Cit= E : (=D'C; § t1S(h, )2 ( ) (3.2)
=0 i=0 l =i N—t1
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The left-hand side of (3.2) is given by

N
X:ihCl-L = Z w(c(a))h (By Theorem 2.11)
i=0

£3
aeIFq

1
=5 2 (N ="Kzl +4° —q)" By ()

*
aqu

1 (R Cw
i=0

i

i

1 | b=l T o |
= S (=D"g" MK + Z(—l)’( )(N —q’ + ) g MK
i=0

On the other hand, the right-hand side of (3.2) is given by

q min{N,h} ' h i N —i
- —-1'C; t1S(h, )21 )
o ; (-1 ; (h, 1) (N_t)

Here the frequencies C; of codewords with weight i in C = C(Sp(4, ¢)) are given
by (3.1).
Now, Corollary 1.2 follows from (2.7).
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