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Abstract. In this paper, we construct a binary linear code connected with the Klooster-
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generating the power moments 2-dimensional Kloosterman sum, equivalently that ge-
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1. Introduction

Let ¢ be a nontrivial additive character of the finite field FF, with ¢ = p" elements
(p a prime), and let m be a positive integer. Then the m-dimensional Kloosterman
sum K,,(¢;a)([10]) is defined by

En(ia)= > dlar+-+am+aoy-a,)) (a€F}).

at,...,am€FY

In particular, if m = 1, then K;(;a) is simply denoted by K (1;a), and is called
the Kloosterman sum. For this, we have the Weil bound(cf. [10])

(L1) K (\a)| < 2v4.

The Kloosterman sum was introduced in 1926([8]) to give an estimate for the
Fourier coefficients of modular forms.

!'The work was supported by National Foundation of Korea Grant funded by the Korean
Government (2009-0072514).
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For each nonnegative integer h, we denote by M K,, ()" the h-th moment of
the m-dimensional Kloosterman sum K,,(1;a), i.e.,

ME ()" = 3 Koulta)",

aEFZ

If ¢ = X is the canonical additive character of F,, then M K,,(\)" will be simply
denoted by M K" . If further m = 1, for brevity, M K} will be indicated by M K".

Explicit computations on power moments of Kloosterman sums were initiated
in the paper [13] of Salié in 1931, where it is shown that for any odd prime g,

MK" = ¢M_y — (g — )" 4 2(=1)"1 (R > 1).

Here My = 0, and for h € Z~,

h

M, = ){(al,...,ah) c (F;)hyi@j —1= Zaj-l}‘.

For ¢ = p odd prime, Salié obtained M K*, M K?, MK?, M K*in that same paper
by determining My, My, Ms.

From now on, let us assume that ¢ = 2". Carlitz [1] evaluated M K" for h < 4.
Moisio was able to find explicit expressions of M K" for h < 10 (cf. [12]). This was
done, via Pless power moment identity, 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 Vlugt in [14].

In [5], for both n, ¢ powers of two, a binary linear code C'(SL(n, ¢)) associated
with the finite special linear group SL(n, q) was constructed in order to produce a
recursive formula for the power moments of multi-dimensional Kloosterman sums
in terms of the frequencies of weights in that code. On the other hand, in [6], for ¢ a
power of three, two infinite families of ternary linear codes associated with double
cosets in the symplectic group Sp(2n,q) were constructed in order to generate
infinite families of recursive formulas for the power moments of Kloosterman sums
with square arguments and for the even power moments of those in terms of the
frequencies of weights in those codes.

In this paper, we will utilize one simple identity connecting the Klooster-
man sum for GL(2,q) and the ordinary Kloosterman sum (cf. (2.3)). Then we
will be able to produce a recursive formula generating the power moments of
2-dimensional Kloosterman sums, equivalently that generating the even power
moments of Kloosterman sums. To do that, we construct a binary linear code
connected with the Kloosterman sum for GL(2, q).

Theorem 1.1 of the following (cf. (1.2)-(1.4)) is the main result of this paper.
Henceforth, we agree that the binomial coefficient (Z) =0,ifa>bora<0.

Theorem 1.1 Let ¢ =2". Then we have the following:
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(a) Forr > 2, and h =1,2, ...,

h—1
A _
MK} =Y (1) (z) (¢* —2¢* — ¢+ 1)" "M K]}
1=0
(1.2) min{N.h) " N
1-h _1\h+i. ] h—t -
+q Z (-1) C]Zt.S(h,t)Q (N_t),
=0 t=j
(b) Forr >2, and h=1,2, ...,
h—1 L
ME?h — Z(_1>h+l+1 <1) (¢* — 2¢% + 1) MK?
1=0
(13) min{N,h} h N _ i
+q'™" Y (=M Zt!S(h,t)T‘t(N ‘i)
J=0 t=j

where N = |GL(2,q)| = qlq — 1)(¢* — 1), and {C;}}, is the weight distribution
of C(GL(2,q)) given by

myo my .
0/ \t<2yq, t=—1(4) K\ B-1)=t N P
with the sum running over all the sets of nonnegative integers {vg}ger, satisfying

Zug:j and Zuﬁﬁz(),

BEF, BeF,
mo=q(2¢* —2¢—1) and my=q(¢* —2¢—1+1),

for all integers t satisfying |t| < 2,/q and t = —1(mod 4).
In addition, S(h,t) is the Stirling number of the second kind given by

(1.5) S(h,t) = %Z(—nt—j C)jh

2. Preliminaries
Throughout this paper, the following notations will be used:
q = 2T (71 E Z>0),
F, = the finite field with ¢ elements,
tr(zr) =z +2°+ -+ 2% the trace function F, — F,

M) = (=1)"® the canonical additive character of F,.

Then any nontrivial additive character ¢ of I, is given by ¢ (x) = A(ax), for a
unique a € F.
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For any nontrivial additive character ¢ of F, and a € F}, the Kloosterman
sum K ,q) (¥ a) for GL(t, q) is defined as

Korwg@Wia) = Y (Trg+aTrg™).

g€GL(t,q)

Observe that, for t = 1,Kqra,¢)(1¥;a) denotes the Kloosterman sum K (v; a).
In [4], it is shown that Kgp,q) (1; a) satisfies the following recursive relation:
for integers t > 2, a € Fq

(2.1) Korig (W a)=¢"" Kar@-19 ;) K (; a)+¢* (¢ =1) Kapp-2.q)(4; a),
where we understand that Kqro,q)(¢;a) = 1.
Theorem 2.1 ([2]) For the canonical additive character A of Fy, and a € F},
(2.2) Ky(X\;a) = K(\a)® —q.

Our paper will be based on the t = 2 case of the identity in (2.1).
Proposition 2.2 For the canonical additive character A of F,, we have:
(2.3) Karpg(ha) = ¢K(\a)’ +¢*(q —1) = ¢Ka(X;a) + ¢,

Proposition 2.3 ([7]) For n = 2° (s € Z>q), A the canonical additive character
of Fy, and a € Fy,

(2.4) K\ a") = K(\;a).

Remark 2.4 In fact, (2.4) holds more generally for multi-dimensional Klooster-
man sums. For n = 2° (s € Zxo), A the canonical additive character of F,, a € F;,
and any positive integer m,

(2.5) KA a") = KA a).

The order of the general linear group GL(n,q) is given by

n—1 n

(2.6) g =@~ ) =adD [(@ ~ 1)
Jj=0 j=1

3. Construction of codes

Let

(3.1) N = |GL(2,q)| = q(¢ — 1)(¢* = 1).

Here we will construct a binary linear code C' of length N connected with the
Kloosterman sum for GL(2, q).
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Let g1,...,gn be a fixed ordering of the elements in GL(2,q), and let v =
(Trgi+Trg™5....Trgy+Trgy~") € F)'. The binary linear code C' = C(GL(2,q))
is defined as

(3.2) C={uecF) |u-v=0}

The following Delsarte’s theorem is well-known.

Theorem 3.1 ([11]) Let B be a linear code over F,. Then (Blg,)* = tr(B™).

In view of this theorem, the dual C+ of C' is given by

(3.3) C*+ = {cla) = (tr(a(Trgi +Trgi ™)), ..., tr(a(Trgy + Trgy ™)) | a € F,}.
The following estimate is very coarse but will serve for our purpose.

Lemma 3.2 For any a € F}, and ¢ any nontrivial additive character of Fy,

| KGLn,g (s a)| < |GL(n,q)|, forn>2 and q >4, and
|Karag(¥;a)| <|GL(1,q)|, forq>8.

Proof. For n=1, this is trivial, since 2,/q < ¢—1, for ¢ > 8. For n=2, from (2.1)

(3.4)

(3.5) Kereo(¥;a) = aK (¢¥;a)* + ¢*(g - 1),
and hence from (1.1) and (3.5), for ¢ > 4,
(3.6) [Kereo(Wia)| < ¢*+3¢° <qlg—1)(¢" — 1) = |GL(2,q)|-

For n = 3, from (2.1),
(37)  Kereo(¥ia) = ¢’ Kereq (¥ a)K($ia) + ¢'(¢* — 1)K (;a),
and hence from (1.1), (3.6), and (4.6), for ¢ > 4,
Korsa(Wia)l <203 (@ = 1)(20 = 1) < ¢*(a = 1)@ = 1)@ — 1) = [GL(3.q)|

Assume now that n > 4 and that (3.4) holds for all integers less than n and greater
than and equal to 2, for ¢ > 4. Then, from (1.1), (2.1), and (2.6), and for g > 4,

KLy ()] < g q+2x/_Hq—1 <q@ [ -1 <|GL(n,q)|. =
=1 7j=1

Remark 3.3 It was shown in [3,Theorem 2] that, for any nontrivial additive
character ¢ of F; and a € I},

Keroa(bia®) = 3 w<a<Trg+Trg1>>=<—1>”q<’5>2m Wi,

g€GL(n,q) J=0

where w, @ are complex numbers, depending on v and a, with |w|=|w|=,/g. Thus
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12 [
| Karm,g (5 a®)| < g2 H :
q

and, in particular, we get

2
|KGL(2 q) 107 Z |:2:| q + 3)

Proposition 3.4 The map F, — C*+ (a + c(a)) is an Fy-linear isomorphism for
q =>4

Proof. The map is clearly Fao-linear and surjective. Let a be in the kernel of the
map. Then tr(a(Trg + Trg~')) = 0, for all g € GL(2,q). Suppose that a # 0.
Then, on the one hand,

GL2.q)l = > (=nredotte) = 5 Aa(Trg+Trg™))
(3 8) g€GL(2,q) g€GL(2,q)
= > MIrg+aTrg™) (9 —a'g) = Karpg(A;a®).
9eGL(2,9)
As g > 4, (3.8) is on the other hand strictly less than |GL(2,q)| by Lemma 3.2.
This is a contradiction. So we must have a = 0. n

Remark 3.5 (a) If ¢ = 2, one checks easily that the kernel of the map Fy — C*
18 ]FQ.

(b) The fact that the map in Proposition 3.4 is injective follows also from
(1.1) and (3.11), since they imply that n(5) > 0, for all 3, provided that ¢ > 4.

Proposition 3.6 (/7)) Let A be the canonical additive character of F,, m € Z~y,

B eF,. Then
(K1 (X B7) + (1), if B#0,
(3.9) %F: AN—=aB)Kpn(X;a) = {( Dyt N
with the convention Ko(\; 71) = A(B71).
Let
(3.10) n(B) = {g € GL(2,9)|Trg + Trg~" = B}|.

Then, with N as in (3.1),
qn(B) =N+ 32 M=) Xyecrig Malrg+Trg™))

acFy

=N+ > A(—aﬁ)KGL(Q,q)(A;a2)

=N+ % AM—af)(gKa(N; 0?) + ¢°)(cf.(2.3))
=N+g¢ %IF M—af)Ka(X;0?) + ¢° % AM—ap)
=N-+gq %)F*A(—aﬁ)f(z(k;a) +q¢° g*k(—aﬁ) (cf. (2.5)).

Now, from Proposition 3.6, we obtain the following.
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Proposition 3.7 Let n(3) be as in (3.10). Then we have

n(8) = {q<q2 ~20— 1+ KB, iff#0.

3.11
(3.11) q(2¢* — 2q — 1), if 3 =0.

4. Power moments of 2-dimensional Kloosterman sums

In this section, we will be able to find, via Pless power moment identity, a recursive
formula for the power moments of 2-dimensional Kloosterman sums or equivalently
for the even power moments of Kloosterman sums in terms of the frequencies of

weights in C' = C(GL(2,q)).

Theorem 4.1 (Pless power moment identity): Let B be a g-ary [n, k| code, and
let B; (resp. Bit) denote the number of codewords of weight i in B (resp. in Bt).
Then, for h=10,1,2, ...,

n min{n,h} h .
) . _ _i(n—7
(4.1) Y i"Bi= Y (=1YBf Y t1S(ht)d" (g - 1) ]<n ~ t),
=0 =0 =

where S(h,t) is the Stirling number of the second kind defined in (1.5).

From now on, we will assume that ¢ > 4 (i.e., r > 2), so that every codeword
in C(GL(2,q))* can be written as c(a), for a unique a € F, (cf. Proposition 3.4).
This also allows one to use Theorem 4.5.

Lemma 4.2 Let c(a)=(tr(a(Trgi+Trgi ")), ...,tr(a(Trgyn+Trgy=1)))€C(GL(2,q))*,
for a € F;. Then the Hamming weight w(c(a)) can be expressed as follows:

(1.2 wlela)) = gale* — 20 +1~ K(x;a))
(4.3) = %CI(QS —2¢° —q+1— Ky(X;a)).
Proof.
w(e(a) = 53 _(1 = (-
==(N= Y Ma(Trg+Trg™)))
9€GL(2,9)
=—(N - Z MTrg+a*Trg™))
9€GL(2,9)

(N — KGL(Z,q)()\; a2))
(N —qK(Xa)® —¢*(q—1)) (cf(2.3), (2.4))

q(q® —2¢° + 1 = K(\;a)?) (cf.(3.1))

N RN RN RN~ N~ N~ N

q(¢* —2¢> — g+ 1— Ky(X\;a)) (cf.(2.2)).
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u
Let u = (uq,...,uy) € FY, with vg 1’s in the coordinate places where Trg; +
Trg;~* = B, for each 8 € F,. Then we see from the definition of the code

C(GL(2,q)) (cf. (3.2)) that u is a codeword with weight j if and only if > vz =j
€T,

and Y vgf =0 (an identity in F;). As there are [] (”lff )) many such codewords
BEF, BEF,
with weight j, we obtain the following result.

Proposition 4.3 Let {C;}}., be the weight distribution of C(GL(2,q)), where
C; denotes the frequency of the codewords with weight j in C. Then

(4.4) o= (")

BeF,

where the sum runs over all the sets of nonnegative integers {vg}ser, (0 < vg <
n(B)), satisfying

(4.5) Z vg=j and Z vl = 0.

BEF, BEF,

Corollary 4.4 Let {C;}IL, be the weight distribution of C(GL(2,q)). Then we
have:

Cj = Cnj
for all j, with 0 < j < N.
Proof. Under the replacements vg — n(3)—vg, for each 5 € [, the first equation
in (4.5) is changed to N — j, while the second one in (4.5) and the summands in

(4.4) are left unchanged. Here the second sum in (4.5) is left unchanged, since

> n(B)5 =0, as one can see by using the explicit expression of n(3) in (3.11).m
B€F,

Theorem 4.5 ([9]) Let ¢ = 2", with r > 2. Then the range R of K(X\;a), as a
varies over IFZ, s given by

R={teZ]||t| <2yq, t=—1(mod 4)}.

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

Now, we get the following formula in (4.6), by applying the formula in (4.4)
to C(GL(2,q)), using the explicit values of n(/) in (3.11) and taking Theorem 4.5
into consideration.

Theorem 4.6 Let {C;}}., be the weight distribution of C(GL(2,q)). Then

(4.6) =Y (T()O) I1 I1 . (mt> (j=0,..,N),

<2/, t=—1(4) K(\p-! Vs
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where the sum is over all the sets of nonnegative integers {vs}ger, satisfying

dYvg=7jand ) vzf =0,

B€F, B€F,

mo = q(2¢>° —2¢—1), and my=q(q> —2q—1+1),
for all integers t satisfying |t| < 2,/q and t = —1(mod 4).
We now apply the Pless power moment identity in (4.1) to C(GL(2,q))*,
in order to obtain the results in Theorem 1.1 (cf. (1.2)-(1.4)) about recursive

formulas.
Then the left hand side of that identity in (4.1) is equal to

(4.7) 3 w(e(a)),

acky

with the w(c(a)) given either by (4.2) or by (4.3).
Using the expression of w(c(a)) in (4.3), (4.7) is

(g)h > (@ =2¢° — g+ 1= Kx(X;a)

ackFy

(4.9 (T () -2 = g 1/ Haxco)

aEIF; =0

— (g)h Xh:(—l)l (7) (¢ —2¢* —q+1)"'MKj,.

Equivalently, using the expression of w(c(a)) in (4.2), (4.7) is

(4.9) (g)h h (~1)! (?) (¢ — 24> + DMK,
=0

On the other hand, the right hand side of the identity in (4.1) is

min{N,h} h N —
(4.10) q Z (—1)jCth!S(h,t)2t<N_‘Z>.
j=0 t=j

Our main results in Theorem 1.1 (cf. (1.2)-(1.4)) now follow by equating (4.8)
and (4.10), and (4.9) and (4.10). Also, one has to separate the term corresponding
to l = h in (4.8) and (4.9), and note dimp,C(GL(2,q)) =r.

Note here that, in view of (2.2), obtaining power moments of 2-dimensional
Kloosterman sums is equivalent to getting even power moments of Kloosterman
sums.
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