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ABSTRACT. In this article, we present a beautiful connection between Hadamard matrices and exponential
sums of quadratic symmetric polynomials over Galois fields. This connection appears when the recursive
nature of these sequences is analyzed. We calculate the spectrum for the Hadamard matrices that dominate
these recurrences. The eigenvalues depend on the Legendre symbol and the quadratic Gauss sum over finite
field extensions. In particular, these formulas allow us to calculate closed formulas for the exponential sums
over Galois field of quadratic symmetric polynomials. Finally, in the particular case of finite extensions of
the binary field, we show that the corresponding Hadamard matrix is a permutation away from a classical
construction of these matrices.

1. INTRODUCTION

Boolean functions are functions from the vector space Fy to Fo where Fo represents the binary field.
Applications of these beautiful combinatorial objects to computer science fields such as coding theory, cryp-
tography and information theory have made them a source of active research. Moreover, due to memory
restrictions of current technology efficient implementations of these functions is an area of special interest.
Efficient implementations, in the most general sense, is a very hard problem. However, some classes like the
class of symmetric Boolean functions and the class of rotation symmetric Boolean functions are excellent
candidates for efficient implementations. These functions are part of ongoing research.

In some applications related to cryptography it is important for Boolean functions to be balanced. A
balanced Boolean function is one for which the number of zeros and the number of ones are equal in its
truth table. Let F(X) be a Boolean function. List the elements of 3 in lexicographic order and label them
as xo = (0,0,---,0), x; = (0,0,---,1) and so on. The vector (F(xg), F(x1), -, F(x2n,-1)) is called the
truth table of F. Balancedness of Boolean functions are usually studied from the point of view of Hamming
weights or from the point of view of exponential sums.

The Hamming weight of a Boolean function F, usually denoted by wt(F'), is the number of 1’s in the
truth table of F. Thus, a Boolean function F is balanced if and only if wt(F) = 2"~!. Weights of symmetric
Boolean functions are somewhat understood. For instance, it is known since the 90’s that weights of sym-
metric Boolean functions are linear recursive with integer coefficients [4, 5]. On the other hand, the study of
weights of rotations symmetric Boolean functions is becoming an active area of research [3, 13, 15, 27, 28].
Similar to the symmetric case, it had been observed that weights of cubic rotation symmetric Boolean func-
tions are linear recursive [3, 13]. This prompted the question if the same holds for any degree. An answer
was given by Cusick [12] when he showed that weights of any rotation symmetric Boolean function satisfy
linear recurrences with integer coefficients.

The exponential sum of an n-variable Boolean function F'(X) is defined as

(1.1) S(F)= > (-1)Ft.

xE]F;"

Observe that a Boolean function F(X) is balanced if and only if S(F) = 0. This point of view is also a very
active area of research. For some examples, please refer to [5-7, 9, 11, 19, 21, 24]. Moreover, both point of
views are equivalent and are linked by the equation

2" — S(F
(1.2) wi(F) = 2 =5
2
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Cusick’s result about the linear recursive behavior of exponential sums of rotation symmetric Boolean
functions was generalized in [8] to the general setting of exponential sums over finite fields. Consider the
Galois field I, where ¢ = p” with p prime and r > 1. The exponential sum over F, of a function F : F; — F,
is given by

(1.3) Se. (F) = Z 62;i1‘rFq/Fp(F(x)),

x€Fy

where i = v/—1 and Trg, /p, represents the field trace from F, to ). In [8] it was proved that exponential
sums over Galois fields of rotation symmetric polynomials are also linear recurrent with integer coefficients.
Therefore, the recursive nature of these sequences is not special to the binary field.

The authors of [8] also proved that exponential sums over Galois fields of symmetric polynomials are
linear recurrent with integer coefficients. Moreover, a beautiful relation between Hadamard matrices and
exponential sums of quadratic symmetric polynomials over the prime fields F,, (p prime) was found. This
link is the main focus of this article where we show that the same holds true when quadratic symmetric
polynomials are considered over any Galois fields Fj,.

The connection to Hadamard matrices emerges when the problem of finding linear recurrences for these
exponential sums is considered. This sounds technical, but in reality, once the proper framework is estab-
lished, it is a very straight forward problem. In fact, the main idea to find such recurrences is to transform
the problem into a linear system and to compute an annihilator for the matrix associated to it. An annihi-
lator for a matrix A is simply a polynomial p(X) satisfied by A, i.e. a polynomial p(X) for which p(A) = 0.
The characteristic polynomial of A is such an example. We show that the matrices that dominates the
recurrences associated to quadratic symmetric polynomials over any Galois field are all Hadamard matrices.
Moreover, previous constructions of Hadamard matrices re-emerge when the equivalent class of the matrix
associated to quadratic symmetric polynomials is considered.

As just mentioned, in this article we show that the matrices that dominate the linear recursive nature
of exponential sums of quadratic symmetric polynomials over F, are all Hadamard (regardless of ¢). In the
particular case when ¢ is odd we compute the eigenvalues and eigenvectors for the corresponding Hadamard
matrices. These formulas depend on the Legendre symbol and quadratic Gauss sum over [F,. Moreover,
these formulas for the eigenvalues allow us to compute closed formulas for the corresponding exponential
sums.

This paper is divided as follows. Next section is a short survey of Hadamard matrices. This survey is
included for completeness purposes. The expert reader may skip it. Some preliminaries and examples that
expose the relation between Hadamard matrices and exponential sums of quadratic symmetric polynomials
are the subject of Section 3. In the fourth and final section we showed that the matrices related to the
recursions considered in this article are indeed Hadamard. We also compute the spectrum for these matrices
when ¢ is odd and provide closed formulas for their corresponding exponential sums. These closed formulas
depend on the Legendre symbol and the quadratic Gauss sum. These behavior is in line with the classical
results in number theory where Gauss sums appear (naturally) in the general theory of exponential sums.
However, as far we know, this is a new result. Finally, in the particular case of finite extensions of the binary
field, we show that the corresponding Hadamard matrix is a permutation away from a classical construction
of these matrices.

2. HADAMARD MATRICES: A SHORT SURVEY

Hadamard matrices, named after the great mathematician Jacques Hadamard, are fascinating combina-
torial objects with applications to many scientific areas. Some examples include statistics, modern commu-
nications systems, error-correcting codes and cryptography. In the particular case of error-correcting codes,
they are an important ingredient in the famous Reed-Muller code and Walsh-Hadamard code.

One of the most appealing aspects of Hadamard matrices is the simplicity of its formal definition: a square
matrix H of order n is a Hadamard matriz if all its entries are either 1 or —1 and it satisfies

(2.1) HHT =nI,,
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where I, is the n X n identity matrix. Some simple examples of Hadamard matrices are

1 1 1 1

1 1 -1 1 -1 1

22) (O (a ) D
1 -1 -1 1

Up to equivalence, these are the three smallest examples. Two Hadamard matrices H and H’ are said
to be equivalent if H' can be obtained from H by interchanging rows or columns, or by multiplying rows or
columns by —1. Up to equivalence, there is a unique Hadamard matrix of orders 1, 2, 4, 8, and 12. There are
5 inequivalent matrices of order 16. In contrast, there are millions (13,710,027 to be exact) of inequivalent
matrices of order 32 [18]. See sequence A007299 in [25].

There exist no n x n Hadamard matrices for n ¢ {1,2,4k |k € N}. In fact, it has been conjectured that
a Hadamard matrix of order n exists if and only if n = 1,2, 4k for k£ a natural number. This is known as
Hadamard’s Conjecture. Tt remains an open question, but it is widely believed to be true.

Omne of the earliest champions of Hadamard matrices (and perhaps, the first one) was James Joseph
Sylvester. In [29] (1867), Sylvester provided a construction of a Hadamard matrix of order 2" for every
non-negative integer r. Let H be a Hadamard matrix of order n. He noticed that the partition matrix

(2.3) ( o )

is also Hadamard. Therefore, defining H; = (1) and applying (2.3) repeatedly lead to the construction of
the Hadamard matrix

_ H2r—1 Hzr—l
(2.4) Har = ( —Hyro1 Hoyrn )

In fact, the three examples in (2.2) are just Hy, Hy and Hy.

Sylvester’s construction can be written in terms of Kronecker products. If A and B are matrices, their
Kronecker product A® B is the matrix M constructed by replacing each entry A; ; in A by A; ;B. Therefore,
in terms of Kronecker products, Sylvester’s construction is

(2.5) Hyr = Hy @ Hyr1.

Sylvester’s construction has been generalized. Specifically, if H,,, H,, are Hadamard matrices of orders n
and m (resp.), then their Kronecker product H,, ® H,, is an Hadamard matrix of order nm. See [26] for
more information.

The existence of Hadamard matrices for orders different than a power of two was established by Hadamard
[16] when he constructed Hadamard matrices of order 12 and 20. Other constructions of Hadamard matrices
include the famous Paley Construction [23] and Williamson Construction [31]. In fact, the literature of
Hadamard matrices and their constructions is quite extensive. Some examples are [2, 10, 17, 20, 30]. The
smallest order of the form 4k for which a Hadamard matrix cannot be constructed by a combination of
known methods and for which no Hadamard matrix is known is 668.

There are various ways to generalize the concept of Hadamard matrices. The one that we use in this
article is the concept of complex Hadamard Matrices. An n x n matrix H is called a complex Hadamard
matriz if all its entries H;; are complex numbers with |H;;| =1 (unimodularity) and

(2.6) HA' =nl,,

where H represents the matrix obtained by complex conjugation of all entries of H.

One of the most notable differences between complex Hadamard matrices and real Hadamard matrices
is their existence. While the order n of a real Hadamard matrix is necessarily 1,2 or 4m, with m a natural
number, complex Hadamard matrices exist for any natural n. The classical example is the n x n Discrete
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Fourier Transform matriz W, (DFT), which is defined by

1 1 1 1 cee 1
1 w w? w3 e wnt
1 1 w2 wt w0 . w2(n71)
(2.7) W, = % 1 W Wb W0 Ww3=1) ,
1 wn! w2(n71) wS(nfl) . w(nfl)(nfl)

where w = €2™/" is a primitive nth root of unity. Observe that if F}, = /nW,, then
(2.8) EF, =nl,.

Thus, F,, is a complex Hadamard matrix of order n.
Two complex Hadamard matrices H and H' are called equivalent if there exist diagonal unitary matrices
Dy and D5 and permutation matrices P; and P, such that

(2.9) H' = D,P HP,D;.

An n x n complex Hadamard matrix is called dephased when its first column and first row are 1 and 17
(resp.) where 1 is the column vector of dimension n whose entries are all 1’s. For example, the rescaled
Discrete Fourier Transform matrix F,, is dephased. Every complex Hadamard matrix is equivalent to a
dephased one. This is actually very simple to see if the Hadamard matrix H has first row equal to 17. Given
an n x n complex Hadamard matrix H = (H;;) whose first row is equal to 17, define Deph(H) as

(2.10) Deph(H) =Dy - H,
where
1 0 0 0
0 Hy; 0 0
-1
(2.11) Dy=|0 0 Hs 0
0 0 0o - H!

Observe that the result of this matrix multiplication is equal to the matrix obtained from H by multiplying
each row of H by the inverse of its first entry. Clearly, Deph(H) is dephased and
J— o .
(2.12) Deph(H) - Deph(H) = Dy-H-H D
= Dy-nl, Dy =nl,.
Thus, Deph(H) is complex Hadamard and, according to definition (2.9), equivalent to H.

Remark 2.1. Following what is now a “not so good” habit in the culture of mathematicians, we abuse
notation Deph(H). For now on we use Deph(H) to represent a dephased Hadamard matrix for which H is
equivalent to, even though we defined Deph(H) for Hadamard matrices with first row equal to 17,

In the next section we expose a connection between Hadamard matrices and exponential sums of quadratic
symmetric polynomials over Galois fields. This relationship flourishes when the recursive nature of this
sequences is explored.

3. A CONNECTION TO HADAMARD MATRICES

As mentioned in the introduction, we present a beautiful relation between Hadamard matrices and ex-
ponential sums of quadratic symmetric polynomials over Galois fields. Let e, denotes the elementary
symmetric polynomial in n variables of degree k. This polynomial is formed by adding together all distinct
products of k distinct variables. For example,

(3.1) e13 = X1Xo X3 + X1 X4 X3 4+ Xo X4 X3 + X1 X0 Xy
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Consider the Galois field F, where ¢ = p" with p prime and r > 1. Recall that the exponential sum of a
function F': Fy — F is defined by

(3.2) S]Fq(F) - Z e%Trgq/F,,(F(x)),

xeFy

where Try_/p, represents the field trace function from Fy to F,. The field trace function can be explicitly
defined as

r—1
(3.3) Trp, /r, (o) = Z o,
i=0

with arithmetic done in F,,.

Similar to the Boolean case, a function F' : Fy — F, is balanced if its values are uniformly distributed.
That is, if I takes each value of F, exactly ¢"~! times. As in the case of Boolean functions, if a function
F :Fy — F, is balanced, then Sp, (F) is 0. The converse is not necessarily true, however it holds if ¢ = p.
In [8], Castro, Chapman, Medina and Septlveda showed that exponential sums of elementary symmetric
polynomials and linear combinations of them are linear recurrent with integer coefficients. In principle, this
implies that exponential sums of this type of functions can be computed rapidly.

The argument presented in [8] is actually quite simple: find a recursive generating set for Sg, (€,x). That
is, find a set of sequences

{{al(n)}7 {G'Q(n)}’ T 7{a5(n)}}7

such that for some integer [,
Sk, (enk) =D ¢j-aj(n—1)
j=1

where c;’s are constants, and, for each 1 < jo < s and every n, one has
S
ajo(n) =Y djy ;- aj(n—1),
=1

where dj, ;’s are constant. Once this is done, then to find a linear recurrence satisfied by {Sr, (en,x)}, it is
enough to find an annihilating polynomial Q(X) for the matrix A = (d;;). A polynomial Q(X) is said to be
an annihilating polynomial for a n x n matrix A if Q(A) = O, where O represents the n X n matrix whose
entries are all 0. Note that the sequence {Sg, (e, )} will satisfy the linear recurrence with characteristic
polynomial Q(X) because it is a linear combination of the {a;(n)}.

Let us illustrate the problem with a detailed example.

Example 3.1. Consider the irreducible polynomial f(X) = X3 + X + 1 in F3[X]. Make the identification
(3.4) Fs = F[X]/(f(X)),

and let o = [X], i.e. « is the equivalence class of X. This implies that a® = o + 1. Now order Fg using the
lexicographic order, that is,

(3.5) Fgs = {O,l,a,a+1,a2,a2+1,az+a,a2—|—a+1}
= {Bo, B, B2, B3, Ba, Bs, B, Br}-

Consider the sequence {Sr, (€,,2)}. Observe that if we let X,, assume the value 3;, then e,, » gets transformed
to

(3.6) en-12+Bj€en11.

Thus, letting X,, assume all values in the field leads to
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(37) S]Fs (6"72) — Z (71)Trm8/w2 (en,2(x))

xelfg

= i Z (_1)Tr]1<‘8/]l“2(eny2(£1"”’fn_l’ﬂj))

j=0 (x17"' 13571—1)61[“;71

7
= Z (,1)T\YF8/1F2(€n71,2(x)+ﬁjen71,1(x))
J=0 xeFp—!
7
= ZSFg(enfl,Q"'ﬂjenfl,l)
=0

Define ag, (n) = Sry(en,2+Bj€n,1). Observe that if we show that every {ag, (n)} satisfies a common linear
recurrence, then {Sg,(e,,2)} will satisfy such recurrence.

Consider the polynomial e, 2 + fie,,1. As before, letting X,, assume the value 3; transforms e, o + Bien 1
into

(3.8) en—12+ (B + Bj)en—11+ BiB;.
Therefore, letting X,, assume all values in the field leads to
7
(3.9) ag(n) =y (1) Pag g (n —1).
j=0

Using the values
(3.10) Trs, /r, (8;) = 0, for j =0,2,4,6
Tr]Fs/]Fz (Bj) = 17 fOI’ J = 17 3) 57 77

equation (3.9) can be written in matrix form as

ag,(n) 11 1 1 1 1 1 1 ag,(n —1)

ag, (n) -11 -1 1 -1 1 -1 1 ag,(n —1)

ag,(n) 11 1 1 -1 -1 -1 -1 ag,(n —1)

(3.11) ag(n) | _| -1 1 -1 1 1 -1 1 -1 ag,(n —1)
’ ag,(n) 11 -1 -1 1 1 -1 -1 ag,(n —1)
ag,(n) -1 1 -1 -1 1 1 -1 ags(n —1)

age(n) 11 -1 -1 -1 -1 1 1 agg(n —1)

ag,(n) -1 1 -1 1 -1 -1 1 ag,(n —1)

Denote by Mg the matrix in (3.11). If we wish to find a linear recurrence with constant coeflicients satisfied
by {Sr;(en,2)}, then it is enough to find an annihilating polynomial for Mg. That is because every {ags, (n)}
will satisfy the linear recurrence whose characteristic polynomial is given by this annihilating polynomial.

A simple, but perhaps tedious, calculation shows that the minimal polynomial of My is gg(X) = X* + 64.
Thus, {Sr,(€en2)} satisfies the linear recurrence whose characteristic polynomial is ¢s(X). Explicitly, if we
define

(3.12) ro = Spi(ez2) =38
zs = Srg(es2) =0
ry = Spy(es2) =—64
x5 = Srs(es2) = —512
r, = —064x,_4, forn>6,

then Sg,(€n,2) = 5. In fact, using this recurrence we know that the first few values of {Sg,(€n,2)}n>2 are
8,0, —64,—512,—-512,0,4096, 32768, 32768, 0, —262144, - - - .

This calculation is done almost instantly. For example, using an old computer (whose features are not top
of the art) from one of the authors, it took 0.116 seconds to calculate Sg,(€50000,2) Which is a number with
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22,578 digits. Also, this recurrence implies that e, 2 is balanced over Fg if and only if n = 4m — 1 for m a
positive integer. This coincides with a conjecture given in [1]. This concludes the example.

In [8], the sequence {Sr, (€, 2)}, for p prime, was studied in some details. In particular, it was observed
that this sequence is linear recurrent and that its recursive nature is dominated by the matrix

1 1 1 1 1
2(p—1)wi 27 4mi 2(p—2)7i
e 7 1 er er e »
2x2(p—2)mi 2x2(p—1)mi Ari 2x2(p—3)mi
e I3 e P 1 e r ... e )
(3'13) Mp = 2x3(p—3)wi 2x3(p—2)wi 2x3(p—1)wi 2x2(p—3)wi
e P e P e P 1 e »
2(p—1)mi 2x2(p—1)mi 2x3(p—1)mi 2x4(p—1)mi
e » e P e P e P S 1

The matrix M, turns out to be a very interesting mathematical object. First, it can be obtained from the
p x p Fourier Discrete Transform Matrix by replacing its j-row r; by RTCJ_l(rj), where RT'C' is the rotate
through carry function

(314) RTC(Cll, ag, - aan) = (Cln, a1,a2,- - aan—l)

and RTC™ represents m iterations of RT'C'. Second, its eigenvalues are given by
-2 a2
A= (p) g(L;p)¢,

where (%) is the Legendre symbol, g(a;p) is the quadratic Gauss sum mod p, s = (p—1)/2, and ¢ = e>™/P,
And third, the matrix M, is complex Hadamard.

The fact that all the matrices associated to {Sr,(€n2)} for p prime are Hadamard leads to question if
this holds for matrices associated to {Sr,(en,2)} when ¢ is a power of a prime. In order to try to answer
this, let us revisit Mg, the matrix in Example 3.1. The reader can check using her favorite computer algebra
system that this matrix is indeed real Hadamard. Of course, there is, up to equivalence, only one Hadamard
matrix of order 8. This means that the Sylvester matrix Hg and Mg are equivalent. Indeed, Deph(Mg) can
be constructed from Hg by applying the permutation o = (18)(27)(34)(56) to the columns of Hs.

Notation 3.2. Let A be an n X n matrix and let ¢ € S, where S, represents the symmetric group of
n symbols. The expression o(A) represents the matrix that can be constructed from A by applying the
permutation o to its columns.

Let us do another example to see if the pattern continues.

Example 3.3. Construct Fig by identifying
(3.15) Fi6 = Fo[X]/(f(X)),
where f(X) = X* 4+ X + 1 in Fy[X] is irreducible. Let o = [X], then a* = a + 1. Order Fy4 using the
lexicographic order, that is,
(3.16) Fie = {0,l,a,a+1,0% - ,0°+a®+a+1}
= {Bo, b1, B2, B3, Bas -+, Bus}-

Consider the sequence {Sr,,(€,,2)} and proceed as in Example 3.1. This process produces a matrix Mg of
order 16 with entries +1. As in the previous example, the matrix Mg turns out to be (real) Hadamard. It
was mentioned in the previous section that there are 5 inequivalent Hadamard matrices of order 16, one of
them being the Sylvester matrix Hig. It is natural to ask to which of these 5 matrices our Hadamard matrix
is equivalent to. The answer is to the Sylvester matrix Hig! Indeed, Deph(Mig) can be constructed from
His by applying the permutation

o= (1151079 16)(2 8)(3 11 12)(5 13 14).
to the columns of Hig. In other words, Deph(Mig) = o(Hig).

Another example, but with ¢ odd.
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Example 3.4. Similar to Example 3.1, the identification Fg = F3[X]/(f(X)), where f(X) = X2 + 1 is
irreducible in F3[X] produces the matrix

1 1 1 1 1 1 1 1 1
2im 2im 2im 2im 2im 2im
e s 1 e '3 e’s 1 e s es 1 e 3
2im 2im 2im 2im 2im 2im
e’s N 1 e’s e s 1 e’s e 3 1
2im 2im 2im 2im 2im 2im
e~ 3 e 3 e '3 1 1 1 es es es
2im 2im 2im 2im 2im 2im
My = 1 B e’s e’s 1 e~3 e 3 e’s 1
2im _ 2w 2irw _ 2w _ 2im 2irw
1 e’s e '3 e’s e s 1 e 1 es
2im 2im 2im 2im 2im 2im
e 3 e 3 e s es es es 1 1 1
_ 2im 2im _ 2w 2irw 2irw _ 2w
1 3 e’s e 3 e’s 1 es 1 e s
i _ 2im _ 2im i i _ 2w
1 e’s e~ 3 e s 1 e’s es e s 1

It can be verified that this matrix is indeed complex Hadamard. Moreover, its eigenvalues are all of the
form —g(1;3)2¢% where b € Fs3, g(a; p) is the quadratic Gauss sum mod p and (3 = e2™/3_ Thus, a behavior
similar to the one for Sf, (en,2) seems to hold for ¢ = p”. This is explored in the next section where a formula
for the eigenvalues of M, when ¢ is odd is provided.

The reader is encouraged to experiment and convince herself that all matrices M,,’s associated to {S]Fq (en2)},
for ¢ = p", appear to be complex Hadamard. Moreover, in the case when ¢ = 2" is a power of 2, the matrix
seems to be real Hadamard and its dephased form is a permutation of the columns of the Sylvester matrix
Hyr. Think of this as if the dephased form of our matrix is a “permutation away” from the Sylvester matrix.
In the next section we prove these facts.

4. THE RECURSIVE NATURE OF QUADRATIC SYMMETRIC POLYNOMIALS AND HADAMARD MATRICES

In this section we prove the assertions presented in the previous section. That is, all matrices M,’s
associated to {Sr, (en2)} are complex Hadamard and in the case when ¢ = 27, the produced matrix is
equivalent to Har because its Deph(Mar) is a permutation away from it. We also find explicit formulas for
the eigenvalues of our matrices, which in turns allows us to provide closed formulas for Sg, (€, 2).

Let € F,; be a primitive element, that is, F, = {0, 1, «, a? .-+ a?7?}. Similar to Example 3.1, one has
q—2
. Fq €n2)= g \En—1, g \En—1, J n—1,1)-
(4.1) Sp,(€n2) = Sp,(e 12)""25]1?(6 1,2 +ale )
=0

Therefore, if we define

(4.2) ag(n) = Sg,(en2 + Ben,1), for BTy,
then
(4.3) Se,(en2) = Y ag(n—1).

BEF,

Thus, the recursive nature of {Sr, (€,,2)} is dominated by the sequences {ag(n)}. Again, similar to Example
3.1, one has

27,
(4.4) ay(n) =Y e TPas(n—1),
BEF,

where Tr = Trp_/p, is the field trace. Therefore, if we let
ao(n)
a1(n)
aa(n)

(4.5) a(n) = aqz(n) )

aaq;Z (n)

then (4.4) can be written as a(n) = M, - a(n — 1) for a suitable matrix M,.
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Theorem 4.1. Let g = p" with p prime. The matriz M, is a ¢ X g complex Hadamard matriz.

Proof. Define A\g(z) = x 4+ 8. Then the matrix M, is given by

Ro(q)
Ri(q)
(46) M= | Rl
Roﬂ_Q(Q)
where Rg(q), for g € [Fy, is the row vector
(4.7) Rp(r) = ( TN 5(0)  EETr(BA-(1)  ZETx(BA-p(@) | SEETr(BA-g(a®"?)) ) .

The row Ry(q) is simply the row vector whose entries are all 1 because Tr(0) = 0. Now, for any a € F,,
we have

(4.8) Ha €F, : Tr(a) =a}| =¢ "

This, together with the fact that the function a/A_,;(X) is a permutation of F,, implies that in row R, (q)
with j > 0, each number in the set

{1762;i764;i7"' aew}
appears the same amount of times. It is clear that
(4.9) Ro(q) - Ro(g) = ¢

R.i(q) - Rai(q) = ¢, for j>0.

Also, if j > 0, then
(4.10) Ro(q) + Rai(q) =0,
because, as mentioned before, all entries of Rg(g) are 1’s and each number in the set

{1 2mi  dmi M}

,E€ P ,E P, € P

appears the same amount of times in R,;(q).
Suppose now that 0 <[,j < ¢ — 2 and [ # j. The linearity of the field trace function implies

(4.11) Ro(q) Rai(q) = Z o (Tr(a! A_ L1 (B)=Tr(a’ A_,; (8)))

BEF,
_ Z;;iTr(alA,az(ﬁ)—aM,aj(5))

BEF,

However, note that if f : F, — I, is defined as

(4.12) F(X) =a' Ao (X) — adA_oi (X),

then

(4.13) f(X) = oA (X)—aIA_oi(X)

= (X —a)—ad(X - )
(ol — o)X +a® — ¥,
But « is a primitive element of F, and [ # j, therefore f(X) is injective. This implies that

(4,14) Ral(Q) R, (q) _ Z ez;i”[‘r(al)_az (B)—a?x__;(B))
B€F,

Z BT

v€F,

However, as mentioned before, for any a € IF,, one has

(4.15) Ha €F, : Tr(a) =a}| =¢" "
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Thus,

(4.16) Ra(q) Ras(q) = Y ev ™0
v€F,

p—1
2migj
_ r—1 E -5 —
= q e r = 07
=0

because e2™/? is a root of 1 + X + X2 + .- + XP~!. Equations (4.9), (4.10) and (4.16) imply

(4.17) MM, =ql,
where I, is the ¢ x g identity matrix. Thus, M, is Hadamard. This concludes the proof. ]

In [8], a beautiful formula for the eigenvalues of M, was established. Their formula included the number-
theoretical quadratic Gauss sum mod p and the Legendre symbol. In particular, they show the following
theorem.

Theorem 4.2. [8, Th. 5.4] Let C(p) be set of eigenvalues of M, were p is an odd prime. Let ¢, = ¢*™V/P.
Then X € C(p) if and only if

-2 —sa?
(@15) A= (22 st
where g(a;p) is the quadratic Gauss sum mod p and s = (p — 1)/2. In particular, |C(p)| = (p+1)/2.

Moreover, in the proof of Theorem 4.2, the authors of [8] showed that M, is diagonalizable. A consequence
of this, and which was not stated in [8], is the following result.

Theorem 4.3. Let p be an odd prime. Let

-2 —sa?
(1.19) nw) = (2 attng ™
for 1 <j<(p+1)/2 be all the different eigenvalues in C(p). Then,
(p+1)/2
(4.20) Se,(en2) = Y. ¢N(P)"
j=1

sna2

p) g(L;p)"G

(p+1)/2 »
> e

j=1
for some suitable constants c;(p).

Proof. Since the matrix M), is diagonalizable, then the polynomial

(p+1)/2

mX)= 1] X =Xp)

j=1
is the minimal polynomial for M,. But then the sequence {Sr,(€e,2)} satisfies the linear recurrence whose

characteristic polynomial is p,,(X). The result now follows from the theory of linear recurrences. O

It is natural to ask if something similar happens for the matrices M,. As mentioned in the previous
section (see Example 3.4), the eigenvalues of My are all of the form —g(1;3)2¢} where b € F3, g(a;p) is the
quadratic Gauss sum mod p and (5 = e2™/3. A similar calculation implies that the eigenvalues of Mys are
all of the form —g(1;5)2¢? and the ones for My; and Mja5 are of the form

() sas3Pet and () a5,

respectively. In fact, we have the following result.
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Theorem 4.4. Suppose that ¢ = p” with p odd prime and r > 1. Let C(q) be the eigenvalues of M,. Let
¢p = e¥™/P. Then \ € C(q) if and only if

2

(4.21) Ailg) = (%q)g(l;Fq)Cﬁ

(-t <pz>rg(1;p)réi,

where j € Fp, g(a;Fy) and g(a;p) are the quadratic Gauss sum in Fy and F), (resp.), and (—2/Fy) and
(—2/p) are the Legendre’s symbol in F, and Fy, (resp.). In particular, |C(q)| = p.

Proof. Let Fq = {ag, 1, ,aq-1} with ag = 0. Let Tr = Trg_;p,. We will prove that the \;(¢)’s are all
the eigenvalues of M, by finding their corresponding eigenvectors.
Define v, (¢) as the column vector whose k entry, for 0 < k < ¢ —1, is

sTr((akfaa)Q)

Cp :
The j entry of M,v,, (¢) is

~1
S Tr(aj (k=) +sTr((an—aa)?)
.G -
k=0

However, observe that

(4.22) Tr (e (ar — o)) + sTr ((a — @a)?) = Tr (o (e — o) + s(o — aa)?)
=Tr (ajak - oz? + sai — 25aqap + sai)
=Tr (—2sajak + 230[? + sai — 2saq 0 + saZ)
=Tr (s(oz;€ —a, —aj)?+ Soz? - 2$aaaj) .

This implies that the j entry of Myv,, () is

—1
Tr(s(ak—aa—oej)2+sa§—2$aaaj> Tr(s(ozj —aa)Q—sai>

Cp = Q(SJ]Fq)CP
0

2

>
Il

r{(—s 2
Observe that this is g(s;IB‘q)CpT (=sa2) times the j entry in v, (g). Therefore, v,, (¢) is an eigenvector with
eigenvalue
Tr 75042 S Tr 75(12 —2 —sTr ocg
9(5:Fq)Gp ( ) = <IF) 9(1;Fg)Gp ( ) = (IF) 9(1;F4)Cp ( )
q q
The claim that the eigenvalues of M, are all of the form

(%2) 9(LFg) G = (=1)"" (;2) g(;p)7¢h, forb e,

q

follows from the fact that the function f : F, — F, given by f(a,) = —sTr(a,) is surjective and the classical
formulas

a a " r—1 r
(4.23) — == and g(LFy) = (-1)"""g(L;p)"

F, p

The linear independence of the vectors v,,(q), for 0 < a < ¢ — 1 (see next proposition) completes the
proof. O

In order for the proof of Theorem 4.4 to be complete, we need to show that the vectors v,, (q), for
0 < a < ¢q—1, are linearly independent. However, this is a consequence of the following (beautiful) result.

—T
Proposition 4.5. The matriz A,, whose a-th row is given by Va, (@), is compler Hadamard, i.e. A Ay =
ql, where I, is the ¢ X q identity matriz. In particular, the vectors vy, (q), for 0 < a < ¢ —1, are linearly
independent.



12 FRANCIS N. CASTRO AND LUIS A. MEDINA
Proof. Let Tr = Try_/p,. By definition,
—sTr((co—a;)? —sTr((a1—aj)? —sTr((g—1—aj)?
onzj(q)T<<;D ( o )5< ( ' ) 7C ( Y ))

P ) D

It is clear that
-7
UO(J‘ (Q)T : va]’ (q) = q
On the other hand, suppose that 0 < k,7 < ¢— 1 and k # j. Then,
—1
T STr( (am—a )2 —sTr (amfaj)2
v @7 @) = 3 g em ) )

m

=}

I
= o

K sTr(2(aj7ak)am+ai7a?)‘
= Cp

m

I
o

However, the function f(X) = 2s(a; — )X + o — o is a bijection of F,. Thus,

q—1

T sTr(2(a; —og)am+ai—a?
v @) @) = Y g el)
m=0
= Y g¥=o
BEF,
We conclude that A, is complex Hadamard. O

Observe that Theorem 4.4 and Proposition 4.5 imply that, for ¢ = p” with p odd prime and r > 1, the
minimal polynomial for the sequence {Sr,(en2)} is

In particular, we have the following corollary.

Corollary 4.6. Let g = p" with p odd prime and r > 1. Then,

p—1
(4.24) Sr,(€n2) = ch(Q))\j(Q)n
=0

p—1 —9 n ]
= > ¢a) <Fq> g(LFy)" G

=0

J -

(5) ssE) ot

q j=0

for some suitable constants c;j(q). Moreover, the constants c;j(q)’s depend on the A\i(q)’s and the values
S]Fq(gmg) fOTm: 2737... 7p+1

Proof. The first claim is consequence of Theorem 4.4, Proposition 4.5 and the theory of linear recurrences.
The second claim follows by solving the linear system

M(@? M@ o Apea(e)? co(q) Sr, (€2,2)
Xo(q)? Mg o Apoa(e)? c1(q) B Sr,(e32)
M@ M@ A@ )\ el St (eps1.2)

In practice, the calculation of the values Sg, (e 2) for m =2,3,---,p+ 1 might not be an easy task.
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Example 4.7. Consider Fg = F3[X]/(X? +1). Let a = [X]. Observe that

—2
() =1 and g(1;F,) =3.
Fs

Therefore,

Using the values

S]Fg (6 ) 9
S]F9 (63,2) = 27
Sp,(€42) = 243,

and solving the corresponding linear system we find

We conclude that
(4.25) Sea(ens) = 3" (542

2im(n+2) 2im(2n41)
3 + 2e 3 )

(4.26)

B 3™ n=0,2 mod3
3"t n=1 mod 3.

A similar argument produces the identities

(4.27) SIFQS (en,Q) — ( 1 ngn— 1 (%ts)m +6e3(2n;3)m +66(4n-§1)i7r + 6e (sngmﬂ B 1)
_ nZ1l modbH
- ”H n=1 mod 5.
Spyr(€n2) = (1) ”32(3” b 4e6”<4” D) 4 9esin(8n=5) 32)
( 31\[ n=0 mod3
= 31\[ s n=1 mod3
31\[ n=2 mod 3.
Srg, (€n2) = (—1)"3x9"" 1 (1063 i(2nt1) 4 10eFildn—1) _ 7)

=9 n#1 mod3
(=9 n=1 mod 3.

Note that in all these examples Sk, (€y,2) # 0 for every n. This is evidence of a conjecture presented in [1].

Example 4.8. The value of Sy, (e, 2) is given by

(4.28) Skyr (€n,2) = oG + CIAT + €25,
where
A=) = (D) e
o =3y = (22N = Sk (€3.0) (A + M) + Srye (€02)

Au® (A = Anal) (A = )
and [a] represents the unique integer [ € {0, 1,2} such that ¢ =1 mod 3.

Theorem 4.4 and Corollary 4.6 do not apply when ¢ even. However, not everything is lost for that case.
In the previous section we observed that if ¢ is even, then the matrix Deph(M,) seems to be a permutation
away from the Sylvester matrix.

Theorem 4.9. Deph(Msr) is a permutation away from the Sylvester matriz Hor.
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Proof. Let ¢ = p" with p a prime and r a positive integer. Let f : F, — C be a function and set ¢, = >7/P.
The Walsh transform of f, denoted by f, is defined by

(4.29) fla)y=">" F(B)¢G?,
BeF,

where Tr = Trp_ /p, (see [22] for more details). Let a € F, be a primitive element, that is, F, =
{0,1,a,02,--- ,a?72}. The Walsh transform can be written in matrix form as

A Tr(0-0) Tr(0-1) Tr(0-«) Tr(0-a972)

]i(O) Z;\r 1-0 CZ')I‘r 1-1 C?I‘r 1 ij 1.a972 1(0)

Jf(l) Cp 0 Cp - Cp (1) Cpr( “ _2) f(1)
(4.30) f(a) _ C;;Fr(a.o) C:;)I‘r(a-l) C[’)I‘r(a-oz) L C;)H(a.aq ) f(a)

f(ozq_Q) I”)I‘r(a;”2<0) C;I‘r(a:*’2~l) Er(a;’z-a) . Cgr(a"’.z-aq”) flat™?)

The matrix in equation (4.30) is known as the Walsh Transform Matriz and it is usually denoted by W,. The
careful reader probably noticed that this is the same notation used for the Discrete Fourier Matrix. That
is because the Walsh Transform matrix of order ¢ for ¢ prime coincides (upon rescaling) with the Fourier
Transform Matrix of the same order.

It is known that when g = 2", W, is equal, up to a permutation of columns, to the matrix obtained by
letting W1 = (1),

1 1
(4.31) W = ( 1 -1 )
WQT - WQ ® Wgr—l .

Observe that if o = (12), then Wy = o(Hz). Moreover,

1 1 1 1 1 1 1 1

-1 1 -1 1 1 -1 1 -1

(432) H4 = 1 1 1 1 and W4 = 1 1 -1 -1
1 -1 -1 1 1 -1 -1 1

Thus, if o = (14)(23), then Wy = o(H,). In general, if o is the permutation
o= (12722 —1)---(2t 2771 1),

then War = o(Har). Therefore, the Walsh transform matrix War- is a permutation away from the Sylvester
matrix Hor (in fact, in other contexts, the Walsh transform matrix Wa- is the Sylvester matrix).

Let us revisit our matrix M,. Observe that if we index our matrix by the elements of Fy, then the (3,7)
entry of M, is

(4.33) e I BAs (M) = (Tr(BA-(N) (rrBa=m,

This implies that the (8,v) entry of Deph(Mj) is

(4.34) CpTr(B/\—ﬁ(v)) . C;TY(BA—ﬁ(U)) _ CEY(BA—;a(V))*TY(ﬁk—ﬁ(O))
CpTr(B/\—ﬁ(v)—B/\—a(O))
CEY(B('Y—ﬁ)—ﬁ(O—B))
CpTr(Bv).

In other words, Deph(M,) = W,. This implies that Deph(Masr) is a permutation away from Hyr. This
concludes the proof. |



QUADRATIC SYMMETRIC POLYNOMIALS AND HADAMARD MATRICES 15

5. CONCLUDING REMARKS

We show that the recursive behavior of exponential sums of quadratic symmetric polynomials over Galois
fields are dominated by Hadamard matrices. We also computed the spectrum of such matrices when working
over finite fields extensions of IF,, for p odd prime. This result allowed us to provide closed formulas for the
corresponding exponential sums. It would be nice if similar results can be found for the associated matrices
of symmetric polynomials of higher degree.
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