L

View metadata, citation and similar papers at core.ac.uk brought to you byf/\i CORE

provided by Elsevier - Publisher Connector

Available online at www.sciencedirect.com

o . . . FINITE FIELDS
*»” ScienceDirect AND THEIR
APPLICATIONS

W e
ELSEVIER Finite Fields and Their Applications 14 (2008) 124-131

http://www.elsevier.com/locate/ffa

On the parity of the number of irreducible factors
of self-reciprocal polynomials over finite fields

Omran Ahmadi®, Gerardo Vega >*

& Department of Combinatorics and Optimization, University of Waterloo, Waterloo, Ontario, Canada N2L 3G1
Y Direccién General de Servicios de Computo Académico, Universidad Nacional Auténoma de México,
04510 México D.F., Mexico

Received 24 March 2006; revised 7 September 2006
Available online 24 October 2006

Communicated by Gary L. Mullen

Abstract

Using the Stickelberger—Swan theorem, the parity of the number of irreducible factors of a self-reciprocal
even-degree polynomial over a finite field will be hereby characterized. It will be shown that in the case of
binary fields such a characterization can be presented in terms of the exponents of the monomials of the
self-reciprocal polynomial.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Let F; denote the finite field of order g, where g is a prime power, and let F;[x] denote the
ring of all polynomials over F, in the variable x. For f(x), a polynomial of degree m over F,
whose constant term is nonzero, its reciprocal is the polynomial f*(x) = x™ f(1/x) of degree m
over IF,. A polynomial f(x) is called self-reciprocal if f*(x) = f(x). The reciprocal of an irre-
ducible polynomial is also irreducible. The roots of the reciprocal polynomial are the reciprocals
of the roots of the original polynomial, and hence, any self-reciprocal irreducible monic polyno-
mial (srim) of degree > 1 must have even degree, say 2n.
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Self-reciprocal irreducible polynomials over finite fields have been studied by many authors.
In [3], Carlitz obtained the number of srim polynomials of degree 2n over a finite field for every n
using L-functions. In [4], Cohen obtained the same result by a simpler method. In [10], Var-
shamov and Garakov studied the construction of srim polynomials over binary fields. In [7],
Meyn generalized Varshamov and Garakov’s work and also gave a simpler proof of Carlitz’s
result. In [11], Yucas and Mullen classified srim polynomials based on their orders. In [11] and
[1], the weight of srim polynomials was studied. There are many other related papers in the lit-
erature. In this paper we study the parity of the number of irreducible factors of self-reciprocal
monic (srm) polynomials of even degree and we show that this number can be easily determined.
Since every srm polynomial whose number of irreducible factors is even is certainly reducible,
our result enables one to show easily that some families of srm polynomials are reducible.

2. Preliminary results

We will begin this section by recalling the discriminant and the resultant of polynomials over
a field. For a more detailed treatment see, for example, [2,6].

Let K be a field, and let F(x) € K[x] be a polynomial of degree s > 2 with leading coeffi-
cient a. Then the discriminant, Disc(F'), of F(x) is defined by

Disc(F) = a® 2 l—[(xi —xj)%

i<j

where xg, x1, ..., xg—1 are the roots of F(x) in some extension of K. Although Disc(F) is de-
fined in terms of the elements of an extension of K, it is actually an element of K itself. There is
an alternative formulation of Disc(F'), given below, which is very helpful for the computation of
the discriminant of a polynomial.

Let G(x) € K[x] and suppose F(x) =a[[{—(x — x;) and G(x) = b]]’Zy(x — y;), where
a,b e K and xo, X1, ...,Xs—1, Y0, Y1, ---, Yi—1 are in some extension of K. Then the resultant,
Res(F, G), of F(x) and G(x) is

t—1 s—1

Res(F,G) = (=1)"b* [ [ Flyp=d' [[ G (1)

j=0 i=0

The following statements are immediate from the definition of the resultant of two polynomi-
als.

Corollary 1. If F is as above, and G1, G2, G3, R € K[x], then:

(i) Res(F, —x) = F(0).
(i) Res(F,G1Gy) =Res(F, Gi)Res(F, G)).
(iii) Res(F, G3F + R) =a'Res(F, R), where | = deg(G3 F + R) — deg(R) and deg(-) denotes
the degree of a polynomial.

Corollary 2. If F is as above, and F' € K[x] is the derivative of F, then

sis—1)

Disc(F) = (—1)" z _a 'Res(F, F'). ()
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The next lemma directly follows from the two previous corollaries.

Lemma 3. [5] Let F be as above and suppose, furthermore that a =1, F(0) # 0 and c € K.
Then

s(s—1)
2

Disc(F) = (—1)" 2z F(0)"'Res(F,xF' — cF).

The following results, called the Stickelberger and Stickelberger—Swan theorems, respec-
tively, are our main tools for determining the parity of the number of irreducible factors of a
polynomial over a finite field.

Theorem 4. [8] Suppose that the s-degree polynomial f(x) € Fy[x], where q is an odd prime
power, is the product of r pairwise distinct irreducible polynomials over Fy. Then r = s (mod 2)
if and only if, Disc(f) is a square in Fy.

Theorem 5. [8,9] Suppose that the s-degree polynomial f(x) € Fa[x] is the product of r pairwise
distinct irreducible polynomials over Fy and, let F(x) € Z[x] be any monic lift of f(x) to the
integers. Then Disc(F) =1 or 5 (mod 8), and more importantly, r = s (mod 2) if and only if,
Disc(F) =1 (mod 8).

If s is even and Disc(F) =1 (mod 8), then Theorem 5 asserts that f(x) has an even number
of irreducible factors and therefore is reducible over [F». Thus one can find necessary conditions
for the irreducibility of f(x) by computing Disc(F) modulo 8.

3. The main results

We start with the following lemma which is probably well known but we include its proof for
the sake of completeness.

Lemma 6. Let K be a field and let F(x) € K[x] be a self-reciprocal polynomial of degree 2n.
Then, for some G(x) € K[x] of degree n, we have

F(x):x"G(x +x_1). 3)

Proof. Let F(x) = 21‘220 a;x' € K[x] be a self-reciprocal polynomial of degree 27. Since F(x)

is self-reciprocal, we have az,_; = a; fori =0, 1, ..., 2n. From this we have
n—1
F(x)=a,x" + Zai (xz"_’ + x’),
i=0
and hence

F(x)=x" <an + ) anj(x/ + x_j)>.

j=1
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Now let Fp(x) =1 and F;(x) = x/ 4 x7J for j > 1. We claim that, for j > 0, there exists
G(x) € K[x] such that F; (x) Gi(x+ x~1). The claim is trivial for j = 0, 1. On the other
hand, we have

j—1
'+ =2 T Y B R, “)
1=0
for some by, b1, ...,bj_1 € K. Thus the claim follows from Eq. (4) by induction. Finally if we

let
n
G)=an+ Y an;G;(x),
j=1

we obtain Eq. (3). O

Remark. When F(x) is a self-reciprocal polynomial of degree 2n + 1, similar arguments can be
used to show that there exists a degree n polynomial G (x) € K[x] so that

F(x)=(x+ Dx"G(x +x71).

Now let F(x) and G(x) be as in Lemma 6 and let xq, ..., x,_1, xo_l, ...,xn__l1 be the roots

of F(x) in some extension of K. For simplicity, assume that a>, = ag = 1. Using Lemma 3 with
¢ = n and using the fact that the roots of F(x) are nonzero, we have

Disc(F) = (—1)" Res(F, (x2 — l)x"_lG’(x +x_l)),
where G’ is the derivative of G. Thus using Corollary 1
Disc(F) = (—1)" Res(F, x> — 1) Res(F,x"~'G'(x + x71)).
Applying Eq. (1), Res(F, x> — 1) = F(1) F(—1) and if we let H =x"~!G'(x + x~!), then

n—1

Res(F, H) = [ [!"'G'(xi +x; Hxl "G (x7 +x)
i=0

= <:E[j G’ (xi +xl-_l)>2.

Comparing the right-hand side of the above equation with Eqgs. (1) and (2), and using the fact
that the roots of G (x) are precisely xq —i—xa] , X1 +xf1, ces Xp—1 X, 11 we see that Res(F, H) =
Disc(G)?2. Thus

Disc(F) = (—=1)" F(1) F(—1) Disc(G)>. (5)

We are now able to present our main results. Applying Theorem 4 and using the above identity
we have the following:
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Theorem 7. Let f(x) be a srm polynomial of degree 2n over ¥, having r pairwise distinct
irreducible factors over Fy. Then r is an even number if and only if, (—1)" f(1) f(—=1) is a
square in .

For binary polynomials, since the coefficients are 0 or 1, we can relate the parity of the number
of irreducible factors of a polynomial to its monomials, as follows:
A self-reciprocal binary polynomial f(x) of degree 2n can be written as

f(x) =ax" + Z(xe‘ +x2”_e"),

i=1

where each ¢; is an integer such that 0 <e¢; <n fori =2,3,...,u,e; =0anda € F. If a =0,
then f(1) =0 and f(x) is reducible and hence it is not interesting to study the parity of the
number of irreducible factors of such polynomials. Thus we assume that a = 1 and

S =" 4 3o (42, ©

i=1

Now let v be the number of i, i =1, 2, ..., u, for which the exponent ¢; is an odd number. We
have the following theorem.

Theorem 8. Let f(x), u and v be as above and assume that f(x) has r pairwise distinct irre-
ducible factors over F,. Then r = v + nu (mod 2).

Proof. Let F(x) be a self-reciprocal lift of f(x) to the integers where the coefficients of F(x) are
0 or 1. Now, applying Theorem 5 and using Eq. (5), we conclude that Disc(G) is an odd number,
and therefore, 4r + 1= (—1)"F (1) F(—1) (mod 8). Clearly, F (1) =2u + 1 and F(—1) =2u +
(=" — 4v. Thus the claim follows from the fact that if n is even, then (—1)"F(1)F(—1) =
—4v+1=4(v + nu) + 1 (mod 8) and, on the other hand, if n is odd then (—1)"F(1)F(—1) =
dv—u?)+1=4@+nu)+1(mod8). O

Now it is natural to ask whether the above two theorems are valid if f(x) has repeated irre-
ducible factors. In fact this is the case and the rest of this section is devoted to its proof. First we
give the proof for binary srm polynomials and then we sketch the proof for srm polynomials over
finite fields of odd characteristic. We need the following lemma:

Lemma 9. Let f(x) € Fa[x] be as in Eq. (6). Then f(x) = fi(x)--- fp(x) where
@ fix) =x" + Z?ilxeif + x2i—eij ¢ Falx], e;j is an integer, 0 < e;j < nj for j =
L2,...,pandi=2,...,uj,e;;=0for j=1,..., p, and

(ii) f;(x) has pairwise distinct irreducible factors.

Equivalently, f(x) has a factorization into srm polynomials of even degree, where each srm
factor has pairwise distinct irreducible factors over F, and does not have 1 as a root.
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Proof. Using Lemma 6, there exists an n-degree polynomial g(x) € Fp[x] such that f(x) =
x"g(x +x~1). Nowlet g(x) = g1(x) -+ gp(x), where each g;(x) is an irreducible polynomial of
degree n; over IFp. If we let f;(x) =x"/g;(x + x~1), then fx) = fi(x)--- fp(x) where each
fj(x) is an srm polynomial of degree 2n; which is either irreducible or is the product of two
distinct polynomials which are reciprocal of one another. We have f;(1) # 0 since otherwise
we would have f(1) = 0. Therefore, each f;(x) is of the required form and this finishes the
proof. O

Now we are ready to state the generalization of Theorem 8.

Theorem 10. Let f(x) be in the form given in Eq. (6), v be the number of i, i =1,2,...,u, for
which the exponent e; is an odd number, and let r be the number of irreducible factors (counted
with multiplicity) of f(x). Then r = v 4+ nu (mod 2).

Proof. Using Theorem 8 and Lemma 9 we just need to prove the following claim:

Claim. Let a(x) = x* + Y1 x% + x¥~% and b(x) = x' + Y {* x% + x*=b having r, and
1y irreducible factors, respectively, and let ¢(x) = a(x)b(x) = x*T + Z;‘;l x4 x26+D—ci
Suppose that v,, vp and v, are the numbers related to the odd exponents of a(x), b(x) and c(x)
as v was related to odd exponents of f(x) after Eq. (6). Also assume that the theorem is true
for a(x) and b(x) or equivalently ro, = v, + su, (mod 2) and rp = vp + tup (mod 2). Then,
ra+rp=v.+ (s + u, (mod 2).

One might try to prove the above claim by computing c¢(x) and keeping track of its exponents,
but this seems rather cumbersome. We can instead lift the polynomials to the integers and prove
the claim.

Let A(x), B(x) and C(x) be the self-reciprocal lifts of the polynomials a(x), b(x) and c(x)
to the integers where the coefficients of A(x), B(x) and C(x) are 0 or 1. It follows from the
proof of Theorem 8 that 4(v, + su,) + 1= (—1)*A(1)A(—1) (mod 8) and 4(vp + tup) + 1 =
(—=D'B(1)B(—1) (mod 8). Thus, since the theorem is true for polynomials a(x) and b(x), then
dry +1=(—=1)*A(1)A(=1) (mod 8) and 4r, + 1 = (—1)’ B(1) B(—1) (mod 8). Using similar
arguments we see that in order to prove that the theorem is true for c¢(x), we need to prove that
A(ry +rp) +1=(=1)*TC(1)C(—1) (mod 8). Now we have

Arg+rp)+1=@ra+ D)@+ 1)
= (—1)*"A(1)A(=1)B(1)B(—1) (mod 8).
Hence, using the above equation we just need to show that
c(HCc(-=H=AMA(-DB(1)B(—=1) (mod38). @)

Now let D(x) = A(x)B(x) — C(x). Then since A(x)B(x) and C(x) reduced modulo 2 result
in the same polynomial over F», we have D(x) = 2E(x), where E(x) is a polynomial over the
integers. On the other hand, since A(x), B(x) and C(x) are self-reciprocal, it follows that

Ue
E@x)=wx"t 43 "y (xfi 4 x20H07S), (8)

i=1
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where w, w;’s and f;’s are integer numbers, and 0 < f; <s+¢ fori =1,2,...,u,. We have
A(DB(1)=C(1)+2E() and A(—1)B(—1) =C(—1) +2E(—1), thus

A(MBMA(-DB(=1) =C()HC(=1) +2(X),

where X =2E(1)E(—1) + E(1)C(—1) + E(—1)C(1). Hence, in order to prove Eq. (7), we
need to show that X is divisible by 4. Now, observe that E(1) = w + 22?;1 w;, E(—1) =
w(—1) +23%  wi (=%, C(1) =2uc + 1 and C(—1) =2u, + (—1)**" — 4v... Thus

2E(1)E(—1)=2o0dd(w) (mod4) and
C(—1)=C({)+2o0dd(s +1) (mod4),

where “odd” is the integer functions from Z into {0, 1}, such that odd(x) = 1 if and only if, x is
an odd number. Considering the two previous congruences, we have

X =2o0dd(w) + C(1)(E(1) + E(=1)) + 2E(1) 0dd(s +¢) (mod 4).

The integer X is now clearly divisible by 4, since C(1) is an odd number, E(1) + E(—1) =
2wodd(s +t+ 1) (mod 4) and 2E(1) =2odd(w) (mod 4). O

Using the above theorem we can show that some families of reciprocal polynomials are always
reducible. The following result is of this flavor.

Corollary 11. Let m > 1 be an integer. If m is odd or if m is even with m =0 or 6 (mod 8), then
fx)=14+x4+x24+x3 4+ x""1 4 x™ is reducible over F».

When F, is of odd characteristic we have the following generalization of Theorem 7.

Theorem 12. Let f(x) be an srm polynomial of degree 2n over ¥, having r irreducible factors
(counted with multiplicity) over Iy, and suppose that f(1) f(—1) # 0. Then r is an even number
ifand only if, (=1)" f(1) f(=1) is a square in F,.

Proof. Similar to Lemma 9, we can prove that if /(1) f(—1) # 0, then f(x) can be factored
into srm polynomials, where each srm factor has pairwise distinct irreducible factors. Then us-
ing the same arguments as in the proof of the previous theorem, we just need to show that if
Theorem 12 is true for a(x) and b(x), being of degrees 2s and 2t and having r, and r}, irre-
ducible factors, respectively, then it is also true for a(x)b(x) having r, + rp irreducible factors.
But this claim is pretty straightforward, unlike the case for the binary field. We can prove the
claim in four different cases depending on the parities of r, and r. First suppose that r, and r},
are odd numbers. Then (—1)*a(1)a(—1) and (—1)'b(1)b(—1) are not squares in F,, and thus
(=D a()b(1)a(—1)b(—1) is a square in IF,. Now the claim follows in this case since 7, + 15
is an even number. Other cases follow similarly. O
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