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Preface

This volume represents the refereed proceedings of the 7th International Con-
ference on Finite Fields and Applications (F,7) held during May 5-9,
2003, in Toulouse, France. The conference was hosted by the Pierre Baudis Con-
gress Center, downtown, and held at the excellent conference facility. This event
continued a series of biennial international conferences on Finite Fields and Ap-
plications, following earlier meetings at the University of Nevada at Las Vegas
(USA) in August 1991 and August 1993, the University of Glasgow (UK) in
July 1995, the University of Waterloo (Canada) in August 1997, the Univer-
sity of Augsburg (Germany) in August 1999, and the Universidad Auténoma
Metropolitana-Iztapalapa, in Oaxaca (Mexico) in 2001.

The Organizing Committee of Fy7 consisted of Claude Carlet (INRIA, Paris,
France), Dieter Jungnickel (University of Augsburg, Germany), Gary Mullen
(Pennsylvania State University, USA), Harald Niederreiter (National University
of Singapore, Singapore), Alain Poli, Chair (Paul Sabatier University, Toulouse,
France), Henning Stichtenoth (Essen University, Germany), and Horacio Tapia-
Recillas (Universidad Auténoma Metropolitan-Iztapalapa, Mexico).

The program of the conference consisted of four full days and one half day
of sessions, with eight invited plenary talks, and close to 60 contributed talks.

Finite fields have an inherently fascinating structure and they are impor-
tant tools in discrete mathematics. Their applications range from combinatorial
design theory, finite geometries, and algebraic geometry to coding theory, cryp-
tology, and scientific computing. A particularly fruitful aspect is the interplay
between theory and applications which has led to many new perspectives in
research on finite fields. This interplay has been a dominant theme in earlier
F; conferences and was very much in evidence at Fyr. Applied or applications-
oriented topics accounted for a significant part of the program.

These proceedings reflect the wide variety of topics represented at the con-
ference. Most invited talks and a good proportion of the contributed talks
are on permanent record here. All contributed talks were screened before the
conference and all full papers were carefully refereed. We would like to take
this opportunity to thank the members of the Organizing Committee and all
referees who helped in these tasks. These colleagues contributed enormously to
the quality of the conference presentations and to guaranteeing high standards
for these proceedings.

We greatly appreciate the generous financial support received for the confe-
rence. A fair portion of the funds was provided from the AAECC Lab. (Applied
Algebra and Error Correcting Codes) of Alain Poli.
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VI Preface

Regarding the present proceedings, we thank very much Prof. Yves Soulet
(Irsame, Paul Sabatier University, Toulouse, France) for his remarkable work in
arranging the proceedings volume. We also thank Alfred Hofmann of Springer-
Verlag who gave us the opportunity to publish this volume with a top publisher
and in an attractive form. Working with him and Anna Kramer at Springer-
Verlag has been a pleasure.

Finally, we are pleased to confirm that the F; series will continue with Fgs in
Puerto Rico in August 2005. We expect another lively and stimulating meeting
there, which should, like the previous conferences, serve as an important meeting
place for theoretical as well as applied aspects of finite fields. We hope to see
you there!

December 2003 Gary L. Mullen
Alain Poli
Henning Stichtenoth
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On the Autocorrelation of Cyclotomic
Generators

Wilfried Meidl'! and Arne Winterhof*:2

! Temasek Laboratories
National University of Singapore

10 Kent Ridge Crescent
Singapore 119260
tslmwOnus.edu.sg

2 Johann Radon Institute for Computational and Applied Mathematics,
Austrian Academy of Sciences, ¢/o Johannes Kepler University Linz,
Altenbergerstrafie 69, 4040 Linz, Austria.
arne.winterhof@oeaw.ac.at

Abstract. We extend a result of Ding and Helleseth on the autocor-
relation of a cyclotomic generator in several ways. We define and ana-
lyze cyclotomic generators of arbitrary orders and over arbitrary finite
fields, and we consider two, in general, different definitions of autocorrela-
tion. Cyclotomic generators are closely related to the discrete logarithm.
Hence, the results of this paper do not only describe interesting crypto-
graphic properties of cyclotomic generators and their generalizations but
also desirable features of the discrete logarithm.

1 Introduction

Let (s,) be a g-periodic sequence over the residue class ring Z,. The autocorre-
lation of (s,,) is the complex-valued function defined by

q—1

1 s —s
Adlat) = Y oey ™ 1<t<g-, (M)

n=0

where g4 = €2™V=1/d_ The autocorrelation measures the amount of similarity
between the sequence (s,,) and a shift of (s, ) by t positions. If (s,) is a random
sequence over Zg of period g then |A4(q, t)| can be expected to be quite small for
all values 1 <t < g — 1. The security of many cryptographic systems depends
upon the generation of pseudorandom, i.e., unpredictable quantities and a low
autocorrelation is a desirable feature for pseudorandom sequences.

Let ¢ be a prime power, v a primitive element of the finite field F, of ¢
elements, and d > 1 a divisor of ¢ — 1. The cyclotomic classes of order d give a
partition of Fy := F, \ {0} defined by

Dy:={y":0<i<(¢—1)/d—1} and D;:=~'Dy, 1<j<d-—1.

G. Mullen, A. Poli and H. Stichtenoth (Eds.): Fq7 2003, LNCS 2948, pp. 1-11, 2003.
© Springer-Verlag Berlin Heidelberg 2003



2 Wilfried Meidl and Arne Winterhof

We order the elements of Fy = {£o,&1,...,&4—1} in the following way,

§n=n1P1 +n2fa + ...+ 0.0
if
n:n1+n2p+"'+n’rpr_l7 OgnlynQa"'anTSp_lv
where ¢ = p”, p is the characteristic of Fy, and {1, B2,...,5,} is a basis of F,
over [F,,. We consider the g-periodic sequence (s,) over Zg defined by

" 0,if n=0,

and s,4q = Sp, n > 0. For r = 1 this sequence is called cyclotomic generator of
order d. In this case the autocorrelation is

Aalp,t) = (-1+es+e;77)/p, (3)

ift € D; and —1 € D;. See [8, Theorem 5] (see also [4, Chapter 10.3]) for a proof
of the case d = 3. For r > 1 we prove an upper bound on |[A4(q,t)| of the order
of magnitude ¢—1/2 log(p)"~! in Section 3, where the implied constant depends
on 7 only.

Although this result is weaker it is also of high interest because of the close
relation of the sequence (s,,) to the discrete logarithm in F,. The discrete loga-
rithm (or index) ind, (¢) of an element & € F is the unique integer [ with § =+
and 0 <[ < g — 2. With the convention ind (0) := ¢ — 1 we have

sp =indy ¢(&n), 0<n<g-—1,

where ind, q(£) denotes the residue class of ind,(§) modulo d. Many crypto-
graphic systems as the Diffie-Hellman key exchange depend on the intractability
and unpredictability of the discrete logarithm (see e.g. [20]).

Moreover, we introduce a slight modification of the autocorrelation which
might be better suited for the sequences (s,) when r > 1 and coincides with (1)

when r =1,
qg—1

1 -
AJ(g.t) == ey® ™™, 0<t<g-1, (4)
n=0
where n @t := k if and only if &, + & = &. Now the analogue of (3) for A% (¢, t)
holds true. We prove this result in Section 2. We also consider the sequences
(8n) defined by
Sp i=1ndy 1, (€,), 0<n<g-—1, (5)

and Sp1q = Sp, n > 0, where m is not a divisor of ¢ — 1. We reduce this general
case to some extent to the case of divisors of ¢ — 1. For the most interesting
partial case m = q we get

21 27+ 3
AP (q,1)] < i AT (g, t)] <
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and 5
s _ _
1Aq(g: 1) < 7 +|Ag-1(q. )] = O(g~/*log(p)" ).

Finally in Section 4, we prove similar results for parts of the period, i.e.,
upper bounds on the aperiodic autocorrelation.

2 Exact Autocorrelation Values

In this section we prove (3) in the following slightly more general form. Although
the result is known [9, Theorem 7] we are not aware of a reference for the following
short proof and present it here for completeness.

Theorem 1. Let g be a prime power and d > 1 be a divisor of ¢ — 1. For a
sequence of the form (2) and AS (g,t) defined by (4) we have

AZ(g ) = (-1+ey+e,7)/a,
ngt € Dj and —1 € D;.
Proof. By definition we have

q—1 q—1
qAEiB((Lt) — § :EZ'rL®t78'rL — Ejd + E;l—] + E E(Sinﬂatfsn.
n=0 n=1

n@t£0
Verify that
xa(én) =ey", 1<n<qg-1,

is a nontrivial multiplicative character of Fy. We use the convention x4(0) := 0.
Thus with [11, Lemma 7.3.7] we have

qg—1 qg—1
7T =3 xalén + &)X (&) = -1,
0 n=0
where we used &, = & + & O

3 Bounds on the Autocorrelation for Arbitrary Finite
Fields

In this section we establish upper bounds on the autocorrelation A4(g,t) for a
sequence of the form (2) over arbitrary finite fields. In the case of a prime field
Theorem 1 yields the exact value.

Theorem 2. Let q be a prime power and d > 1 be a divisor of ¢ — 1. For a
sequence of the form (2) we have the following upper bound on the autocorrelation

Ad(Qat)a 1/2 1
|Aa(g,t)] = O(g 2(ogp)™™"), 1<t<q-—1,

where the implied constant depends on v only.
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Proof. For 0 <t,n <q—1let

1

t=ti+top+...+6p Y 0<t,to,....tp <p—1,

and

n=ni+nep+...+np" L, 0<ni,ne,...,n.<p-—1,
be the p-adic expansions of ¢ and n, respectively. Put w; := 0 and define for
1 <1 < r recursively

179 0, otherwise.

Then we have

n+t=z14+2p+...+2zp" Y, 0<z,20,...,2. <p—1,
with

zi=t;+n; +w; —wipp, 1<i<r
and
fn-l—t = En +§t + w,

where

r
=2

Note that for fixed ¢ we have at most 2"~! possible choices for w and the sets

P, = {fngﬂrq . £n+t:£n+€t +w}

define a partition of IF,. For fixed ws, ...,

in the form

P,

where

and

w, € {0,1} the set P, can be written

s
at+y uiB  0<u; <kj—1j=1,...,rp,
j=1

p—(tj+wj), wjt1 =0, 1<j<r,

t; +wj,
b,

wj+1:17 1Sj<7’,
j=n.
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Now the autocorrelation of (s;,) can be estimated,

q|ACqa(g,1)] (6)

<243 xalE+ G )+ D D (xal€ + & +w) = xal€ +E)xg " (€)

£eFy, w#0EEP,

<3+ (D] xalé+ &+ O]+ | D xal+ &) (©)

w#0 £eP, £EP,

With the method of Polya and Vinogradov and Weil’s bound (see [6,27-30]) we
can prove that the absolute values of the inner sums are smaller than

2¢"/(1 + log(p))"~". (7)
Hence, we have
Aa(g, 1) < (3+4(2"7" = 1)¢"/*(1 + log(p)" ") /g (8)

and the result follows. For the convenience of the reader we add the most impor-
tant steps for the deduction of the upper bound (7). For more details we refer
to [6,27-30]. From

Xa(€ + & +w)xg ' ( qudcwwxd )Y (€ -Q)

CeF, nefy

we get

> xal€+&+w)xg'(©)

§eP,

<30 I3 G Q)| | 3 wne)

nelfq |(EFy §EP,

1/22 Z?/”?ﬁ

nekf, (£€P,

by Weil’s Theorem, where 1 denotes the additive canonical character of IF,. Now
we have

1
5 w6 = T1| S v <pHmm( )

£EP, Jj=1|u;=0

if Tr(nB,) = 0, where Tr denotes the absolute trace of F,. Otherwise this sum
vanishes since k, = p. Now the mapping 1 — (Tr(nS1),...,Tr(nG,)) is a bijec-
tion. Hence, we get

r—1
S Y v <pr[(k o5 ) <o T10s e
u=1 j=1

nel,y |E€Py
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which yields the desired upper bound. O

Remark: Equation (6) can be easily modified to give an exact relation between
Ad(q7 t) and A? (qv t)a

Ad(q7 t) = A?(q7 t)

%% e =l YT (al€ &+ w) — xalE+HEONTHE) | -

w#0E€EP,

if & € D;, =1 € D;, and §;—+ € Dy. For r = 1 both values coincide and (8)
yields the better bound O(g~1).

Defining the sequence (2) we presupposed that the modulus d is a divisor of
g — 1. Now we drop this condition and consider the sequences (s,,) defined by
(5) over Z,, for an arbitrary integer m. For several moduli m that are close to a
sufficiently large divisor d of ¢ — 1, we can establish nontrivial upper bounds on
the autocorrelation A,,(q,t) of the corresponding sequence.

Corollary 1. Let m > 1 be an integer. Then we have

A (0] < min Zm—dle=1) 3

d 1
Ia=1) md q

and

|A ( )|< min 27T|m_d|(q_1)

dl(a—1) md
d>1

+0(q~*log(p)" ),

where the implied constant depends on r only.

Proof. We write e(u) = e2™V=1* ¢ C for real u and ey, (u) = e(u/k) for an integer
k. We have for x with |z| < ¢ — 1,

0 < ‘f B g‘ Im — dII:vl m —dl(g—1)
—ld m dm dm
Since
le(u) — 1| = 2|sin(7u)| < 27w|u|  for real u,
we have ) J )
em(z) — eafw)| < 212 _dﬁ‘fq s
Hence,
q—
Q‘A Z sn—i—t — Sn

Z e (indy (&nye) —indy (€n)) — eq(indy (&nye) — ind (€n)))
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_|_

q—1 ‘

Z €q (ind'y (§n+t ) - ind'y (gn ))
n=0

<q (mm _Wi'l(q -, IAd(q,t>l>

and

A% (g,1)| =

1]
- Z em(SnGBt - Sn)
q n=0

< 2wlm —d|(g — 1)

A% (gt
md +| d(Q7 )|7

respectively. Now the result follows from the previous theorems. O

4 Aperiodic Autocorrelation

In the previous sections we restricted ourselves to autocorrelations over the full
period. Similar results for parts of the period are also cryptographically impor-
tant and reflect local randomness. Actually for the generation of stream ciphers
only a small part of the periodic sequence is used. The aperiodic autocorrelations
AA%(g,t,u,v) and AA4(q,t,u,v), 0 <u < v <q-—1, can be defined by

1 o _
AAZ (g tu,v) ==Y e T 1<t <q—1,

n=u

and
v

1 _
AAd ‘Ltauav = €SW,+t Sna 1 S t S q— 17
(@.tuv)i==> <

n=u

respectively. The character sum bounds of [22,29, 31] yield nontrivial results on
the aperiodic autocorrelations. For finite prime fields and fixed ¢ the estimates
of [3] can also be applied but the implied constant depends on t. See also [21]
for an improvement. Without any restrictions on ¢ and ¢ we get the following
result.

Theorem 3. Let g be a prime power and d > 1 be a divisor of ¢ — 1. For a
sequence of the form (2) and for 0 <u <wv < g —1 we have

AA7(g,t,u,v) = O(g ?logg), 1<t<q-1,
where the implied constant is absolute.

Proof. We have

gl AAT (q,t,u,0) <24 D xalén +&)xg ' (&n)| < 2+ 2¢"2(1 + logq)

n=u
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by [29, Theorem 3]. O

We can also prove an analog for AA,(q,t,u,v).

Theorem 4. Let g be a prime power and d > 1 be a divisor of ¢ — 1. For a
sequence of the form (2) and for 0 <u < v < q—1 we have

AA4(g,t,u,v) = O(g~*(logp)"), 1<t<q-1,
where the implied constant depends on r only.

Proof. We may assume r > 2. As in the proof of Theorem 2 we can express
AA,(g,t,u,v) in terms of character sums of the form

D xal€+ & +w)xg ' (9),

§EF,

where
PL - Pu N {§7u§u+17 e 751)}-
We split P/, in 2r — 1 boxes,

/
Viw = {&n € P|ni = vi,nig1 = Vi1, -y My = Uy M1 <051 — 1},
/
Uiw={&n € PN = Ui, Nig1 = Uig1, ..., N = Up, N1 > U1 + 1},
fort=3,4,...,r,
/
Voo = {&n € PlIng =v2,n3 =v3,...,0p = Uy},

Usw = {&n € PlIng = ug,n3 = us, ..., ny = u},

and
R,={& € Plu,+1<n, <v.—1}.

Now each character sum over V; ,,, U; .,, and R,,, respectively, can be estimated
by
2¢'/*(log p)"

and the result follows. O

5 Final Remarks

The cyclotomic numbers (i, j)q of order d are defined by
(i,)a=|(Di+1)ND;|, 0<ij<d—1.

(For a monograph on cyclotomic numbers see [1].) The proof of [8, Theorem 5]
for A3(q,t) depends on the knowledge of the cyclotomic numbers of order 3. It
can be extended to Ag(g,t) whenever the cyclotomic numbers of order d are
known. In particular for d = 2 and ¢ = p a prime Theorem 1 follows already
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from the result of [23] (see also [28]). Here, we used the observation that the
result does not depend on the knowledge of the cyclotomic numbers.

In contrast to Theorem 2 the result of Theorem 1 does not depend on the
special choice of the ordering &,, n =0,1,...,¢ — 1, of the elements of F,.

Besides the autocorrelation, the linear complexity and the linear complexity
profile are important measures for the randomness of sequences. For » = 1 and
d a prime divisor of ¢ — 1 in [7, 8] exact values for the linear complexity of the
sequence (2) have been provided. In [18] lower bounds on the linear complexity
of the sequence (2) for the general case were deduced. For lower bounds on the
linear complexity profile see [12,24, 25, 32]. Related sequences over F4, where d
is a prime power divisor of ¢ — 1, were investigated in [5].

The autocorrelation of similar sequences was determined in [14,17,26]. The
generalized Sidelniikov sequences (o,,) are the ¢ — 1 periodic sequences defined by

on=xa(v"=1), n=0,1,...,¢—2.
Equivalently, we can define ¢ — 1 periodic sequences (s,) over Zg by
sp =ind, 4(v"* —1), n=0,1,...,9—2.

First results on the linear complexity of these sequences in the binary case can be
found in [10, 13]. Although Sideliikov sequences and the sequences investigated
in this paper look very similar at first glance, the latter sequences have some
advantages. For large p and r > 1 we have two nice pseudorandom properties,
Theorems 1 and 2, and the ordering &,,, n = 0, 1,...,g—1, can be faster generated
than the ordering v — 1, n=0,1,...,q — 2.

Theorem 2 yields nontrivial bounds only if the characteristic p is sufficiently
large. Theorem 1 indicates that we have also good randomness properties in the
case of small characteristic. However for some special choices of ¢ our method also
yields nontrivial bounds on A4(q,t) in the case of small characteristic p, where
if p = 2 the sets P, are cosets of subgroups and a slightly better estimation can
be performed involving some results of [29,30]. It remains a challenging open
problem to find a nontrivial upper bound on A4(q, t) for small characteristic and
all t, as well.

The lower bounds on the linear complexity profile and the upper bounds on
the autocorrelation confirm that the cyclotomic generator has good randomness
properties. Because of the close relation of the sequence (2) to the discrete log-
arithm in [F; the good randomness properties also support the assumption of
the intractability and unpredictability of the discrete logarithm, and thus of the
hardness of the discrete logarithm problem.

Although for several cryptographic applications just the cases ¢ = p and
q = 2" are important also the case that ¢ = p” with small » > 1 and large p
has gained increasing interest. In particular the elliptic curve discrete logarithm
problem (see e.g. [2,19]) and the XTR discrete logarithm problem (see [15,16])
can be reduced to the discrete logarithm problem in a finite extension field.
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Abstract. We examine the structure of the Weierstrass semigroup of an
m-tuple of points on a smooth, projective, absolutely irreducible curve
X over a finite field IF. A criteria is given for determining a minimal
subset of semigroup elements which generate such a semigroup where
2<m <|TIF | Forall 2 <m < g+ 1, we determine the Weierstrass
semigroup of any m-tuple of collinear IF 2-rational points on a Hermitian
curve y? +y = ¢4

1 Introduction

Let X be a smooth, projective, absolutely irreducible curve of genus g > 1 over
a finite field IF. Let IF(X) denote the field of rational functions on X defined
over IF. The divisor of a rational function f € IF(X) will be denoted by (f) and
the divisor of poles of f will be denoted by (f)oo-

Given m distinct IF-rational points Pi,..., P, on X, the Weierstrass semi-
group H(Py,...,P,,) of the m-tuple (Py,..., P,,) is defined by

H(Py,...,Py) = {(al,...,am) e INg' : 3f € IF(X) with (f)eo :ZaiPi},
i=1

and the Weierstrass gap set G(Py, ..., Py,) of the m-tuple (P, ..., P,,) is defined
by
G(Pi,...,Py) =N\ H(Py,...Py),

where INg := IN U {0} denotes the set of nonnegative integers. If m = 1, the
Weierstrass gap set is the classically studied gap sequence. In [1], the authors
generalized the notion of the semigroup of a point to the semigroup of a pair of
points on a curve. This study was carried on by S. J. Kim [7] and M. Homma [5].
The Weierstrass gap set of an m-tuple of points where m > 2 has been examined
by E. Ballico and Kim [2], and more recently, by C. Carvalho and F. Torres [3].
Weierstrass gap sets play an interesting role in the construction and analysis
of algebraic geometry codes (see [4], [9], [6], [3]). While | G(Py) |= g for any
F-rational point P; on X, the cardinality of the set G(Px,..., Py) where m > 2
depends on the choice of points Py, ..., Py, [1]. However, any pair of IF j2-rational

G. Mullen, A. Poli and H. Stichtenoth (Eds.): Fq7 2003, LNCS 2948, pp. 12-24, 2003.
© Springer-Verlag Berlin Heidelberg 2003
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points on a Hermitian curve y? + y = 297! has the same Weierstrass semigroup
[9]. The analogous result does not hold for triples of IF j2-rational points on a
Hermitian curve [10].

In this paper, we consider the notion of a minimal generating subset of a
Weierstrass semigroup of an m-tuple of points on an arbitrary (smooth, projec-
tive, absolutely irreducible) curve over a finite field IF. In Section 2, we discuss
properties of minimal elements of the Weierstrass semigroup. This section con-
cludes with a useful characterization of the elements of the minimal generating
set of the Weierstrass semigroup of an m-tuple of points for 2 < m < |IF|.
An interesting application of this is found in Section 3 where we see that any
m-tuple of collinear IF .-rational points on a Hermitian curve y? +y = zt!
has the same Weierstrass semigroup. In addition, we determine this Weierstrass
semigroup and its minimal generating set.

2 Results for Arbitrary Curves

Let X be a smooth, projective, absolutely irreducible curve of genus g > 1
over a finite field IF. Fix m distinct IF-rational points Pi,..., P, on X, where
2<m < |F|. For 1 <l<m,set H := H(Py,...,P). Define a partial order <
on ING" by (n1,...,7m) < (p1,...,Pm) if and only if n; < p; for all ¢, 1 <i < m.
It is convenient to collect here two results from [3] that will be used in this
section.

Lemma 1. [3] If (n1,...,nm), (P1,...,Ppm) € Hy and nj = p; for some j,
1 < j < m, then there exists q = (q1,-..,qm) € Hy, whose coordinates satisfy
the following properties:

1. ¢; = max(n;,p;) for i # j and n; # p;.
2. q; <n; fori#j and n; = p;.
3. g5 =n; =0 orq; <n;.

Lemma 2. [3] Suppose that there exists i, 1 < i < m, such that (ny,...,ny) is
a minimal element of the set {p € Hy, : p; = n;} with respect to <. If n; >0
and n; >0 for some j, 1 < j <m, j #1i, thenn; € G(F;).

Proposition 3. Let n € IN™. Then n is minimal in {p € Hy, : p; = n;} with
respect to = for some i, 1 < i < m, if and only if n is minimal in the set
{p € Hy, : p; = n;} with respect to = for all i, 1 <i < m.

Proof. Suppose n € IN™ is minimal in {p € H,, : p; = n;} with respect to < for
some i, 1 < i < m. Without loss of generality, we may assume that ¢ = 1. Suppose
there exists j, 2 < j < m, such that n is not minimal in {p € H,, : p; = n;}.
Then there exists v € H,, such that v < n, v # n, and v; = n;. Note that
v1 < ny as otherwise v € {p € H,, : p1 = n1} contradicting the minimality of n.
Applying Lemma 1, we see that there exists q € H,, with ¢1 = nq, ¢; <nj, and
qgi <m;foralll<i<m.Thus,q Xn,q#n,andq€ {p € Hy : p1 = n1}.
This contradicts the minimality of n € {p € H,, : p1 = n1}. Thus, n is minimal
in{peH, :pj=n,}foralj 1<j<m.
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Using these ideas, we set out to describe a subset of H,, that generates the
entire semigroup H,,. To begin, set I';" = H(P;), the Weierstrass semigroup of
the point P;. For 2 <[ < m, define

I := {n € N': n is minimal in {p € H; : p; = n;} for some i,1 < i <I}.

The notion of I, is due to Kim [7]. As an immediate consequence of Proposi-
tion 3 and Lemma 2, we obtain the following result.

Lemma 4. For2 <[ <m, Fl+§G(P1)><~~~><G(PZ).

Using Fl+, we will now describe a subset I of H; for 1 <[ < m. First, set
I =TI = H(P)). For 2 <1 < m, define
r.=r+ulmne INb : (R4, .- -, m4,) € T} for some {i1, ... im} = {1,...,m} .
! such that i; < --- <4 and n;,, =---=n;, =0

Clearly, I}, is completely determined by {I}" : 1 <1< m}.

Example 5. Consider the curve defined by 3® +vy = 22 over Fgy. Let P, = Py,
denote the point at infinity and P, = Py denote the common zero of x and y.
It is well known that the Weierstrass gap set of the point Py (and P) is

1 2 3 4 5 6 7
10 11 12 13 14 15
19 20 21 22 23

28 29 30 31

37 38 39

46 47

55

Equivalently, the Weierstrass semigroup of the point P; is the additive subsemi-
group of INy generated by 8 and 9; that is, H(P1) = (8,9) := {8a+9b: a,b € INy}.
Hence, It = (8,9). According to [9],

(1,55),(2,47), (3,39), (4,31), (5,23), (6,15), (7,7), (10, 46),
(11,38), (12, 30), (13,22), (14, 14), (15, 6), (19, 37), (20, 29),
(21,21), (22,13), (23,5), (28, 28), (29, 20), (30, 12), (31, 4),
(37,19), (38,11), (39, 3), (46, 10), (47, 2), (55, 1)

rf =

Then
Iy =TIy U{(n,0),(0,n) :n € (8,9)}.

We will show that I}, generates H,, by taking least upper bounds. Given
uy,...,u € IN{", define the least upper bound of uy,...,u by

lub{uy,...,m} = (max{u1,,...,uy },...,max{uy, ,...,u,, }) € IN(*

In [7], Kim proved that Hy = {lub{uj,uz} € INj : uj,uz € I;}. To obtain a
similar result for H,, where m > 3, we use the next fact which follows immedi-
ately from [3].
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Proposition 6. Suppose that 1 < | < m < |IF| and uy,...,w € H,,. Then
lub{uy,...,m} € H,,.

Proof. Let qz :=lub{uy,us}. For 3 <i <, define q; := lub{q;_1, w; }. Accord-
ing to [3], q2 € H,,,. Repeated application gives q; € H,, for all i € {2,...,1}.
This completes the proof as lub{uy,...,wm} = q € H,,.

Theorem 7. If 1 <m < |IF|, then
Hy, ={lub{uy,...,um} € NJ' :uy,...,um € I }.

Proof. The fact that {lub{us,...,um} € N’ : uy,...,um € Iy} € H,, follows
from Proposition 6.

Suppose n € H,, \ I,. Without loss of generality, we may assume that
n € IN™. (Otherwise, (n;,,...n;) € IN' for some {i1,...,im} = {1,...,m}

such that ¢y < --- < 4; and n;,,, = -+ = n;,, = 0, and the same argument
applies to (n;,,...n;)). Then, according to Proposition 3, n is not minimal in
{p € Hy, : pi = n;} for any i, 1 < i < m. Hence, there exists w; € I, with
u;; = ng, wy = n, and u; # n for each i, 1 < ¢ < m. Then n = lub{uy,...,um},

completing the proof.

According to Theorem 7 and the definition of I5,,, the Weierstrass semigroup
H,, is completely determined by {Fl+ : 1 <1 < m}. We conclude this section
with a useful characterization of elements of the sets Fl+, 1 <1 < m.Todo this, it
is helpful to consider dimensions of certain divisors. For a divisor D on X defined
over IF, let L(D) denote the set of rational functions f € IF(X) with divisor
(f) = —D together with the zero function. Then L(D) is a finite dimensional
vector space over IF. Let [(D) denote the dimension of the vector space L(D)
over IF. The Riemann-Roch Theorem states that [(D) = deg D+1—g+I(K —D),
where K is any canonical divisor on X. This gives a characterization of elements
of the Weierstrass semigroup of an m-tuple (P, ..., Py, ) according to dimensions
of divisors supported by the points P, ..., P,. This is an easy generalization of
a lemma due to Kim [7].

Lemma 8. For (ai,...,q,) € IN™, the following are equivalent:
(i) (a1y...,am) € H(P1y..., Pp).
(@) 13072, i) = 1((ay — )Py + 3000 5 00P) + 1 for all j, 1< j <m.

Proposition 9. Let 1 <1 <m <|IF | and n € IN'. Then n € Fl+ if and only

ifn e H and Z(Z§':1<”j - 1)P;) = Ul((nk — 1)P, + Zé.:l’j;ék n;P;) for all k,
1<k<I.

Proof. Suppose n € I}, If 1(22:1(”]‘ —1)P;) #l((ng — 1)Py + Zézl,j;ﬁk n;P;)
for some k, 1 < k <[, then there exists v € H; with v < n, vy < ng — 1, and
vy = ny for some t, 1 <t <. Thils contradicts the assumption thatln is minimal
in{p € H;:pr =ne}. Thus, IG5, (ny —1)P) = U((ne — 1) P+ 3251 j2 75 F5)
forall k, 1 <k <L
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Suppose n € H; and l(Zézl(nj —1)P;) =1((nk —1)Py +Z;:17j¢k n; P;) for
all k, 1 < k <. This implies

l 1 l
L <(n1 1P+ anj> =L (Z(nj - 1)Pj> =L|(u—-1P+ Y n;P
j=2 Jj=1 S
j=1
itk
for all k, 1 < k <1, as L(X'_ (nj — 1)P;) € L((nk — 1)Pe+ X5y oy 1 Pp).
Ifn ¢ Fﬁ', then there exists u € H; with u1 = ny, u < n, and u # n. In
particular, ug < ng forlsome k, 2 < k <. Thus, there exists a rationall function
f € L((nk — 1) Py + 351 ju, i Py) such that f ¢ L((n1 — 1) P14+ 30,y n; Pj),
which is a contradiction.

3 Computation of H(Py,..., P,,) for Collinear Points
Py,...,P,, on a Hermitian Curve

In this section, we restrict our attention to the curve X defined by y?+y = z9+!
over IF 2. Given a,b € IF ;> with b9+4b = a9t let P, denote the common zero of
z—aand y—b. Fix a € IF ;2. Then there are exactly ¢ elements ba, ..., bs41 € Fp2
such that bg +b; = a9t!, Set P, =P, P,= Pab27P3 = Pab37 Ceey Pq+1 = Pabq+1~
For1<m <q+1,let H,, := H(Py,...,Py). We set out to determine I, for
alll1<m<qg+1.

Notice that the divisors of x — a and y are given by

q+1
(w_a):ZPabi_qPoo and (y) = (g + 1)(Poo — Po)-

It will also be useful to consider functions hgp, = y — b; — a?(x — a) where
2 <i < g+ 1. Note that the divisor of hgp, is given by

(hab,) = (g + 1) (Pab;, — Peo)

(see [8]). Using the functions x and y and the fact that X is a curve of genus

q(qgl), one can check H(Py) = (g,q + 1) and that the Weierstrass gap set G(P;)

is

1 2 - q—2 q—1
(g+1)+1 (g+1D)+2 - (qg+1)+(¢g—2)

@-3)@+D)+1(g-3)gr1)+2
(¢—2)(g+1)+1

In fact, the above set is the Weierstrass gap set of any IF 2-rational point on X.
Given o € G(P) where P is any IF 2-rational point, a can be written uniquely



Weierstrass Semigroup of an m-tuple of Collinear Points on an Hermitian Curve 17

asa = (t—j)(g+1)+j with 1 <j <t <q— 1. Here, j denotes the column
containing « and t denotes the diagonal containing « in the above diagram.
From above, I'tt = H(P) = (¢,q + 1). According to [9, Theorem 3.7],

. . . . 1§j§t1 t2§q—1
I = - 1 - 1 : e e
= {4+ Em S

To describe I’ 7‘,’; for 3 < m < ¢+ 1, we must set up some notation. Given
1<m<qg+1,t=(t1,...,tm) € N and j € IN, define

Yoi = ((tr =) g+ 1) +4, (2 =) g+ 1)+ 4,..., (tm —§) (g + 1) +j) € INg".
Notice that if 1 < j <t; <g—1forall 1 <i<m, then
Yi,j € G(P1) X G(P3) x -+ X G(Pp,).

We next show that certain ¢ ; form a generating set for the Weierstrass semi-
group H,,.

Theorem 10. Let a € IF2 and Py = Py, Po = Py, P3 = Papy, ..., Pyp1 =
Pup,.y be g+ 1 distinct IF 2-rational points on the Hermitian curve X defined
byy! +y=att For2<m<q+1,

FJr{,.),tyj.Zﬁlti:q+(m_l)(j_l), }

m "1<j<t;<qg—1foralll1<i<m
In particular, the Weierstrass semigroup H(Py,..., P,,) is generated by

nE]NB":(nil,...nil):'yw-EI“ZJr and n;,, = =mn;, =0
for some [ € IN and {é1,...,%m} ={1,...,m} ’

Proof. We begin by setting up some notation. For 2 <m < ¢+ 1, set

St b

Sm::{%’j: 1<j<t;<qg—lforalll<i<m
For each 2 < i < g+ 1, let h; := hap, € IFg2(X) be as above so that
(hi) = (¢+1)P; = (¢ +1)P1.

Given v := (v1,...,vm) € Z™, let v = (v;,,...,v;) € N where i) < --- < i
and v; > 0 if and only if ¢ = 4, for some 1 < r < [; that is, vT is the vector
formed from v by deleting each coordinate of v containing a negative or zero
entry.

We will prove that I} = S, by induction on m. By [9, Theorem 3.7],

F2+:{7(t1,t2),j:t1+t2:q+j_171§,j§t17t2Sq_l}:S%

which settles the case where m = 2. We now proceed by induction on m > 3.
Assume that I;" = S holds for all 2 <1 <m — 1.
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First, we claim that S,, C I'}. Let v¢,; € Sy,. Then

(v —a)s=I+L m ] '
(hgz—j+1hgs—j+1 ) = 2 (=Dt ) )P

=1

Hence, vt,; € Hp,.
In order to show that ~¢; € I}, it suffices to prove that -~ ; is minimal in

{p€Hy:p1=(t1 —j)(g+1)+j}. Suppose 7¢,; is not minimal in

{peHy,:pr=t1—5)(g+1)+j}

Then there exists u € Hy, with uq = (t1 —7)(g+ 1) + 7, u = v¢ 5, and u # v¢ ;.
Let f € IF2(X) be such that (f)oo = w1 P1 + -+ + Uy Pp. Without loss of
generality, we may assume that u,, < (t,m, — j)(¢+ 1) +j as u # ~¢; gives
u; < (t; —3)(g+ 1)+ j for some 2 < i < m and a similar argument holds if
2 <1 <m— 1. Hence,

U = (tm — )¢ +1)+j—Fk
for some k > 1. There are two cases to consider:

(1) j > k.
(2)j <k

Case (1): Suppose j > k. Then

(fhlp (@ —a)™%) = ((t1+tm—j—k>(q+1)+k)P1+Z_j max{u;—(j—k),0} P;.

Therefore,
V= ((tl +im _.] - k)(Q + 1) + k,’U27. e 7’Um71) € Hmfla

where v; = max{u; — (j — k),0} for 2 <i <m — 1. Set

W = Y (b +tm—joto—j+ 14kt —4k, e b1 —j+k), k-

Clearly,
v X w.

Note that
W E Sp_1

since 1 4+t — Aty —j+14+k+ X0t —j+k) =g+ (m—2)(k - 1),
k<tyo—j+l4tk<to<qg-lasj—hk>0k<t;—jt+hk<t;<gq—1
for3<i<m-—1,and k < j <t; +t, —j < q—1 (otherwise, E;iglti <
(m—2)(j — 1) < (m —2)j). By the induction hypothesis, S,,_; = I;"_,, and so

m—1

w E F;:;_l.
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By Proposition 3, w is minimal in {p € Hy,—1 : p1 = (t1 +tm—7—k)(g+1)+k}.
This leads to a contradiction as

VE{pEHm—l1P1:(t1+tm*j7k)(qu1)+k}a
v <w, and
vV #W.

Case (2): Suppose j < k. Then

m—1

(fhie ) o = (B +tm = 20) (@ + 1) + )P+ Y wPs

=2

which implies that
V= ((tl +tm _j _J)(Q+ 1) +j7u2a te. 7um—1) S Hm—l-

Note that there exists 7, 2 < ¢ < m — 1, such that t; < ¢ — 1 since otherwise
2j <ty +tm =q+(m—1)(j —1) — (m —2)(¢ — 1) implies that 0 < 2 —m
contradicting the assumption that m > 3. We may assume that ¢ = 2 as a similar
argument holds in the case 2 < ¢ < m — 1. Set

W= Y (t1+tm—g,ta+1,ts.tm—1),5"

Clearly,
v X w.

Also note that
wE Sn_1

since ty + by —j+ta+ 1+ =g+ (m—2)(j—1), j<ts+1<g—1as
to<q—1,7<t;<qgq—1for3<i<m-—1,and j <t;+t, —j <qg—1. By the
induction hypothesis, S,,—1 = F;fl, and so

well |

By Proposition 3, w is minimal in {p € Hy,—1 : p1 = (b1 +tm—J—7)(¢+1)+j}.
This leads to a contradiction as

ve{peEHy 1:p1=(t1+tm—j—J)lg+1)+j},
v <w, and

v # W.

Since both cases (1) and (2) yield a contradiction, it must be the case that
~¢,; is minimal in {p € Hy, : p1 = (61 — j)(¢+ 1) + 5}
Therefore, by the definition of I';}, we have that ~¢ ; € I,;. This completes
the proof of the claim that
Sm C I

Next, we will show that I} C S,,.
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Suppose not; that is, suppose that there exists n € I)) \ S,,. Then there
exists f € IF;2(X) with pole divisor (f)ee =n1 P + -+ + 1y, Ppy. By Lemma 4,

nel CGP)xG(P) x - x G(Py).
Thus,

n= ((tl _jl)(Q+ 1) +jlv(t2 _jQ)(q+ 1) +j27-'-7(tm _jm)(Q+ 1) +.7m)

where 1 < j;, <t; <g—1forall 1 <i<m.

Without loss of generality, we may assume that j,, = max{j; : 2 < i < m}
as a similar argument holds if j, = max{j; : 2 <7 < m} for some 2 <r <m-—1.
Then

m—1

(PRl e = (1 + (b = Jim + D@+ 1))Pr 4+ Y i,

=2

which implies that (nq + (tm — jm +1)(¢+1), 19, ..., Mm_1) € Hy—1. Then there
exists u € I,,_1 such that

u j (n1 + (tm —jm + 1)(q—|— 1),n2,...,nm_1)

and us = no = (tg —jg)(q-‘r 1) +jo. If u3 < nq, then (ul, ey U —1, 0) =< n which
contradicts the minimality of n in {p € H,, : po = na}. Thus, u; > ny > 0. By
the induction hypothesis,

+_ _t
u’ =y(r,,..1)5 €5 =1

for some [, 2 <1 < m — 1, and some (T},,...,T;,) and j' satisfying 1 < j' <
T, <g—1forl1<r<!and ZileiT =q¢+ (-1 —-1).

Hence, there exists an index set {i1,...,im-1} = {1,...,m — 1} such that
1 <ip < -+ <1 and

{(Tu—jl)(q+1)+j’ if1<r<lI
0

Wi = fl+r1<r<m-—1

Since u; > nq > 0, 93 = 1. Similarly, i = 2 because us = ny # 0. Since
(T — ") g+ 1) + 5" = ui, =uz = (t2 — j2) (¢ + 1) + ja

implies that (¢+1) | (j' — j2), we must have that j' = jo as —(¢—1) < j' —ja2 <
q — 1. In addition, Ty = t5. As a result,

+ _
U =Y (1,12, Ty, T4 ) G2

w _{(Tir—j2)((I+1)+j2 if1<r<i
R ] ifl+1<r<m-1’
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T1+T2+n3+' . +ﬂl = q—|—(l—1)(]2—1), andjg S TiT S q—l for all 1 S T S l.
At this point, we separate the remainder of the proof into two cases:

(1) ur = (tm — Jm +1)(g+1) >0
(2) 1 = (tm — Jm +1)(¢+1) <0

Case (1): Suppose u1 — (tm, — Jm +1)(¢+ 1) > 0.
Since q + 11 ja, it follows that u; — (£ — jm + 1)(g +1) > 0. Set

V= (U1 — (tm —Jm +1)(g+ 1), u2,u3, . . ., Up—1, (tm — Jm +J2 — J2) (@ + 1) + j2).

Notice that v < n since u1 < ny+ (t —jm +1)(g+1), u; <n; for 2 <i <m-—1,
and ja < jp, = max{j; : 2 <i < m}. We claim that vt € S;,1. To see this, it is
helpful to express vT as

+ _
V=Y (T —tm+im—1,T2,Tig o, Tiy st —jm+j2) 2 -

Tt is easy to see that Ty —t,+Jjm—14+To+Ti+- - -+ 15, +tm—Jm+i2 = ¢+(j2—1),
Ty — (tm —Jm) =1 <Th <qg—1,40 <T;, <g—1for 2 <r <1, and
j2 S tm_jm+j2 S tm S q_l aSjZ S]m Ile_tm+]m_1 <j27 then
up — (tm — Jm + )¢+ 1) = (Th — j2 — (b — Jm + 1)) (¢ + 1) + j2 < 0 which is
not the case.

Thus, jo < T1 — t;y + jm — 1, establishing the claim that v € S;;1. Since
Siy1 C FlJfH C H.1, it follows that v € I,, € H,,. Now, v <nand n € I}
force n = v as otherwise n is not minimal in {p € H,, : po = na}. Hence,
l+1=mand n=v=vt €S, which is a contradiction.

Case (2): Suppose that uy — (tm — jm + 1)(¢+ 1) < 0.

There are two subcases to consider:

(a) j1 < ti1.
(b) j1 = t1.

Subcase (a): Suppose j; < t1. Set
vi= ((ti—jitje—1—j2)(g+1)+j2,u2, ..., um—1, (T1 —t1 +j1—j2) (g +1) +j2).

Notice that v <n and v # n since (t1 —j1 —1)(¢+ 1) +j2 < (b1 —j1)(¢+ 1) <
(t1 —Jj1)(g+ 1)+ 71, u; <njfor2<i<m-—1,and uy < (ty, — Jm + 1)(g+ 1)
implies that 77 — jo < t,;, — Jym which leads to (17 —t1 4+ j1 — j2)(g+ 1) + jo <
(tmn — Jm) (@ + 1) + jm as j2 < jm. The fact that j; < t; gives v € N We
claim that v € Sj; 1. To see this, it is helpful to express v as
vt = o .
- 7(t1—]1+32—17T27Ti3>~-7Til,Tl —ti+j1),J2°

It is easy to see that t; — 51 +jo — 1+ T+ T + -+ T3, +T1 — 81 + j1 =
q+1(j2—1),52<T;, <q—1for2<r <1, jo <ty —ji+j2—1asji <ty,and
Ty — (t1 — j1) < g — 1. In order to conclude that v € Sy, it only remains to
show that t1 —j1+j2—1 < g—1 and jo < Tj —t1+ 1. It suffices to show that jo <
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T} —t1+ 71 since this implies that jo < g—(t1—j1) and so t1 —j1+ja—1 < ¢g—1.

If jg >T—1t +j1, then (Tl 7]2)((]4’ 1) < (tl 7]1)((]4’ 1) +]1 7‘]'2, Contradicting

the fact that u; > n1. Hence, jo < Ty —t1+j1 and vt € ;11 C Flﬁ_l CHiq It

follows that v € H,, and so v € {p € H,, : p» = n2}. This yields a contradiction

as n is minimal in {p € H,, : p2 = na}, concluding the proof in this subcase.
Subcase (b): Suppose that j; = t1. Set

Vi= (07u23 ey Um—1, (Tl - JZ)(q + 1) +]2)

Then v < nand v # n since 0 < ny, u; < n; for 2 <i < m—1, and u; <
(tm —Jm+1)(¢g+1) implies Ty — jo < ty, — Jm which means (T7 — j2)(g+1)+j2 <
(tm - jm)(q + 1) + Jm a8 J2 < jm-

It is easy to see that vt € Sy as Y\ T, = ¢+ (I — 1)(ja — 1) and ja <
T;, <qg—1forall 1 <r <1l As before, it follows that v € H,,, and v € {p €
H,, : p2 = na}. Since v # n, this contradicts the minimality of n in the set
{p € Hy, : p2 = na}, concluding the proof in this subcase.

Since both cases (1) and (2) yield a contradiction, it must be the case that no
such n exists. Hence, I\ \ S,, = 0. This establishes that I} C S,,, concluding
the proof that I} = S,,.

To illustrate Theorem 10, we provide an example.

Ezample 11. As in Example 5, consider the curve X defined by y® +y = 2% over
Fgy = IFo(w) where w® +w* +w? +w+1=0.

Let Pl :P007 P2 :P007 P3 :P017 P4 :P0w9~ Since Fl = <8,9> and F2+ is
described in Example 5, to determine H(Py, Py, P3) it only remains to find I ;L .
By Theorem 10, I';7 =

(1,1,46), (1,10,37), (1,19, 28), (1,28,19), (1,37,10), (1,46, 1),
2,2,38),(2,11,29), (2,20, 20), (2,29,11), (2,38,2),
3,3,30), (3,12,21), (3,21,12), (3, 30, 3),
4,4,22),(4,13,13), (4,22, 4),

5,5,14), (5,14,5), (6,6,6),

10,1,37), (10,10,28), (10,19, 19), (10,28, 10), (10, 37, 1),
11,2,29), (11,11,20), (11,20, 11), (11, 29, 2),

12,3,21), (12,12,12), (12,21, 3),

13,4,13), (13,13, 4),

14,5, )7

1 ), (19,10,19), (19,19, 10), (19,28, 1),

[N}
CTDOO\]O@OO[\DJ-‘O@»&OJM)-‘O"
N WRN R W O N
—ON = W R =N N O = NN W

8
0),(20,11,11), (20,20, 2),
)7 (217 1273)’

[\

2
)

9), (28,10, 10), (28,19, 1),
1),(29,11,2),
)
0
)
)

[\)

w

), (37,10,1),

N
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To find H(Py, P, P3, Py), we only need to apply Theorem 10 to see that I} =

(1,1,1,37),(1,1,10,28), (1,1,19,19), (1,1, 28, 10), (1,1,37,1), (1, 10, 1, 28),
(1,10,10,19), (1,10, 19, 10), (1,10, 28,1), (1,19, 1, 19), (1, 19, 10, 10), (1, 19, 19, 1),
(1,28,1,10), (1,28,10,1), (1,37,1,1),

(2,2,2,29), (2,2, 11 20) 2,2,20,11),(2,2,29,2), (2,11,2,20), (2, 11,11, 11),
(2,11 20, 2),(2 20,2,11),(2,20,11 2), (2 29,2,2),

(3,3,3,21),(3,3,12,12), (3,3, 21,3), (3,12, 3,12), (3,12, 12,3), (3, 21, 3, 3),
(4,4,4,13), (4,4,13,4), (4,13, 4, 4),

(5,5,5,5),

(10,1,1,28), (10,1, 10, 19), (10, 1, 19, 10), (10, 1,28, 1), (10, 10, 1, 19), (10, 10, 10, 10)
(10,10,19,1), (10,19, 1,10), (10,19, 10, 1), (10,28, 1, 1),

(11,2,2,20), (11,2,11,11),(11,2,20,2), (11,11,2, 11), (11,11, 11, 2), (11, 20, 2, 2),
(12,3,3,12), (12,3,12,3), (12, 12, 3, 3),

(13,4,4,4),

(19,1,1,19), (19,1, 10, 10), (19, 1,19, 1), (19, 10, 1, 10), (19, 10, 10, 1), (19, 19, 1, 1),
(20,2,2,11), (20,2,11,2), (20, 11,2, 2),

(21,3,3,3),

(28,1,1,10), (28,1,10,1), (28,10,1,1),

(29,2,2,2),

(37,1,1,1)

Similarly, one can use Theorem 10 to find F5+, Fg‘, F7+, F8+, and Fg"’.
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Abstract. A Generalized Galois Ring (GGR) S is a finite nonassocia-
tive ring with identity of characteristic p™, for a prime number p, such
that its top-factor S = S/pS is a finite semifield. It is well known that
if S is an associative Galois Ring (GR) then the set S* = S\ pS is a
finite multiplicative abelian group. This group is cyclic if and only if S
is either a finite field, or a residual integer ring of odd characteristic or
the ring Z4. A GGR is called top-associative if S is a finite field. In this
paper we study the conditions for a top-associative not associative GGR
S to be cyclic.

1 Introduction

1.1 Generalized Galois Rings and Finite Semifields

Classical (associative) Galois Rings (GR) have been extensively studied in the
literature [5,7,15-18, 20|, and several applications of these rings to coding the-
ory and cryptography have been considered [8-13,18]. A GR is an associative
and commutative ring with identity, and it is uniquely determined by its char-
acteristic p” and its cardinality p"™. Moreover, for any natural numbers r and
n and for any prime number p there exists a unique, up to isomorphism, GR
S of characteristic p™ and cardinality p™. It is denoted by GR(p™,p") [15, 20].
In [2] the notion of Generalized Galois Ring (GGR) was introduced and defined
as a finite not necessarily associative ring S with identity such that the set of
all its zero divisors has the form pS for a natural number p. Many properties of
associative Galois Rings, related to characteristic, cardinality and ideal lattice
structure are preserved by the new definition.

A finite nonassociative ring D is called a finite semifield if the set D* = D\ {0}
is closed under the multiplication and it is a loop, i.e. D is a finite ring with
identity such that for any pair of elements a,b € D, a # 0, there exists a unique
solution of the equation ax = b (resp. za = b). The characteristic of a finite
semifield D is a prime number p, its associative-commutative centre P = Z(D)
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is a finite field of ¢ = p° elements (¢ € IN), and D is a P-algebra of dimension
d, for a natural number d. If D is associative then it is a finite field (d = 1),
whereas if it is not associative then d > 3 [1, 6].

Finite semifields appear in a natural way in the study of GGR: a finite nonas-
sociative ring .S with identity is a GGR if and only if there exist a natural number
n and a prime number p such that the characteristic of S is p™ and the top-factor
S = S/pS is a finite semifield [2]. If S has p? elements then the set of nonzero
divisors S* = S\ pS of a GGR S is a loop of cardinality (p? — 1)(p?)"~ . In [2]
we proved that for any finite semifield D of characteristic p and for any natural
number n there exists a (not necessarily unique) GGR S of characteristic p™ and
top-factor S = S/pS isomorphic to D. We will denote the class of GGR of char-
acteristic p™ and with a given finite semifield D as quotient ring by GGR(D, p™).
The case D = GF(p?) a finite field is especially interesting, and rings in the class
GGR(GF(p%),p™) are called top-associative.

1.2 Multiplicative Structure of Galois Rings

One of the main tools in the study of a GR S is the Teichmiiller coordinate
set (TCS). Tt is a subset of S, closed under the multiplication and isomorphic
to the multiplicative semigroup of the finite field S = S/pS under the natural
epimorphism S — S. Any associative GR S = GR(q",p") (¢ = p") contains a
unique subset I'(S) with this property: I'(S) = {a € S | a? = a}; it induces a
p-adic decomposition S = I'(S) + pI'(S) + ... + p"~1I'(S) [15, 16,18, 20]. Many
properties of the GR can be obtained from the existence of the TCS and the
mentioned p-adic decomposition, for instance, the full description of the lattice
of Galois subrings or the structure of the group of automorphisms of S.

Moreover, given a Galois Ring S = GR(¢",p") (¢ = p"), the multiplicative
structure of the group of units S* = S\ pS can be obtained using the existence
of the TCS. The group S* is abelian of cardinality (¢ — 1)¢"~ !, and it can be
decomposed as a direct sum of the multiplicative group I'(S)* = I'(S) \ {0} and
the p-group e + pS = {e + ps | s € S}, where e denotes the identity of S. The
first group is cyclic of cardinality ¢ — 1, whereas the second one decomposes as
a direct sum of cyclic groups [20]:

a0 e i
e+pS’£ Cp 1 X XCp 1 X ?fp>2,
Co X Con—2 X Cyn-1x 71 xCyn if p = 2.

Hence S* is cyclic if and only if S is a finite field (n = 1), or a residual integer
ring of odd characteristic (p > 2,7 = 1) or the ring Z4 (p =n=2,r =1).

1.3 Multiplicative Structure of Finite Semifields and Generalized
Galois Rings

The structure of the multiplicative loop of nonzero elements D* = D \ {0} of
an arbitrary finite semifield D has not been described up to now. In [23], G.P.
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Wene introduced the notion of right primitive semifield as a finite semifield D
having an element w (a right primitive element) that generates D*, that is, D*
consists of all right principal powers of w: D* = {w? | i = 0,...,#D — 2},
where if e is the identity of the semifield, the (right) principal powers of an
arbitrary element a are defined by: a® =e, Vi € N: o'tV =a? xa. If D is
a right primitive semifield of cardinality p? then the set {e,w,w?, ..., w% D} is
a basis of D over Z,. The notion of left primitive semifield can be defined in
the obvious way. Wene proved that some important classes of finite semifields
are right primitive, and conjectured that any finite semifield is right primitive,
i.e. it possesses a right primitive element [23,24]. Recently, LF. Rda [21] has
proved that the answer to this conjecture is negative. There exists a semifield of
32 elements that is neither right nor left primitive. Nevertheless, there are many
semifields for which assertion of the conjecture remains true [21].

In [3] the existence of Teichmiiller Coordinate Sets in GGR S whose top-
factor S is a right (or left) primitive semifield was considered. It was proved that
the existence of a TCS in a GGR guarantees its associativity. This fact suggests
that the study of the multiplicative structure of an arbitrary nonassociative GGR
will not follow the lines of the associative case.

In this paper we study the cyclic condition of a GGR S, i.e. we look for
conditions for the loop S* = S\ pS to be generated by a single element « € S*.
First we will consider right cyclic GGR, when there exists an element « such
that the set of all its right principal powers is the set S* of nonzero elements of S.
Then we will consider right-left cyclic top-associative GGR, when there exists an
element « such that the set of all elements generated from « by multiplications
on the right or on the left by « is the set S* of nonzero elements of S. In our
study, properties of matrices over GR and finite fields will be extensively used,
together with maximal order matrices over finite fields. So, most of the problems
will be eventually reduced to the study of properties of matrices over finite fields.
In particular, a result on conjugates of a matrix by powers of a maximal order
matrix, that has its own interest, is included.

2 Right Cyclic GGR

In what follows ring will mean nonassociative ring [22], and D will denote a finite
semifield of characteristic p and cardinality p?. Furthermore, S € GGR(D,p")
will denote a GGR of characteristic p” and top-factor S isomorphic to D. The
centre of a ring T is the subring:

Z(T)={a €T |VbceT: (ab)e=a(bc) = b(ac) , ab=ba}.

The subring R generated by the identity e of S is contained in the centre of S
and is a Galois Ring GR(p",p") = Z,» (notice that R = R/pR = Z, and
that S is an R-vector space of dimension d). It was proved in [2] that S is a
free module of rank d over R, and a subset {z1,...,24} C S is an R-basis of S
if and only if {Z7,...,Z4} C S is an R-basis of S. Let us fix an R-basis of S,
B= {xl,...,xd} - S.
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In this section we shall introduce and study the concepts of right and left
order of an element.

Definition 1. Let « be an element of the loop S* = S\pS. Then the right order
of v is the smallest natural number k such that o = e, and it will be denoted
by ord.(a). The left order of o, ord;(«), is defined in an analogous way. The
GGR S is called right (resp. left) cyclic if there exists an element o € S* such
that ord,(a)) = |S*| (resp. ord;(a) = |S*|).

Notice that the right and left order of an element are well defined because
S* is a finite loop. If S is an associative GGR, i.e. a GR, the right order of an
element « coincides with the left order, and it is the order of the multiplicative
subgroup generated by «. Therefore S is right (left) cyclic if and only if the
group S* is cyclic. In the nonassociative case the situation is rather different.
The right order of an element @ € S* can be smaller than the cardinality of
the subloop generated by «, that contains elements obtained by finitely many
multiplications of the element o with any possible arrangement of brackets.

To study the right order of an element o € S* we will consider the linear
transformation R, : S — S, given by R,(z) = xza. This map is a bijection
and induces a permutation of the set S*. The order of this permutation will be
denoted by T'(R,,). Clearly ord,(«) divides T(R,,), since ord,.(«) is the length of
the cycle containing « in the permutation induced by R,. The linear transfor-
mation R, has a matrix A € GL(d, R) with respect to the basis B fixed above.
Since T(R,) = T(A) (the order of the matrix A), the study of the right order of
o will use properties of matrices over the ring ZZ,». The following properties of
matrices over associative Galois Rings were proved by A.A. Nechaev in [19].

Theorem 1. If R = Zyn, d is a natural number and A € GL(d,R), then
T(4) < (p* — .

A matriz A € GL(d, R) whose order satisfies T(A) = (p? — 1)p"~1 is called
maximal order matrix.

For any A € My(R), d X d-matrix over the ring R, we shall denote by a the
matrix over R = R/pR = Z,, given by a;; = A;; for any 4,5 € {1,...,d}. Given
at in the set R@ of all column vectors of length d over R, o will denote its
image in the ring ZZ 1()‘1). Any matrix A € GL(d, R) induces a permutation ¢4 in
R (pa(zt) = Az'). The next result characterizes maximal order matrices in
GL(d,R).

Theorem 2. Let R = Z,» and let d be a natural number (d > 2 in the case
p=2,n>2). The matrix A € GL(d, R) is a mazimal order matriz if and only
if it has the form

A= A.(E+pH(A.)),

where A, € GL(d, R) is a matriz of order p* — 1, E is the identity matriz and
H(x) € R[x] is a polynomial of degree less than d satisfying

0+ Hx) € Z,lal,
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and, if p =2 < n, satisfying

e+ Hx),
where e is the identity of R and H(z) denotes the image of Hl|x] in the ring
Zylx]. In such a case, the matriv a = a, € GL(d, Z,) is a mazimal order
matriz (T(a) = p? — 1) and for any vector a* € R such that o) € Z}(,d) is
not the vector 0, the length of the cycle containing al in the permutation o4 is
(! = 1)p" .

Remark 1. If a € GL(d, Z,) is a maximal order matrix then its characteristic
polynomial is an irreducible polynomial of degree d over ZZ, whose roots are
primitive elements of the field GF(p?).

Proposition 1. Let A € GL(d,R) (R = Zy») be a matriz such that T(a) =
p?—1. The matriz B € My(R) commutes with A if and only if B is a polynomial
in A.

Now we can easily get the following corollaries concerning the right order of
elements in a GGR.

Corollary 1. IfS € GGR(D,p"), |D| = p® and a € S* is an arbitrary element,
then ord,(a) < (p? — 1)p"~t. Furthermore, ord,(a) = (p? — 1)p"~! if and only
if T(Ro) = (p? — 1)p™~1. In this case D is a right primitive semifield.

An element « satisfying the equality ord, (o) = (p?—1)p" 1 is called maximal
right order element.

Corollary 2. Let S € GGR(D,p"™) be a GGR. Then S is right cyclic if and
only if S is a cyclic associative GGR or a right primitive semifield.

A non right cyclic ring S € GGR(D,p"™) may contain elements of maximal
right order. According to Corollary 1 this is only possible if D is a right primitive
semifield. The following result guarantees the existence of maximal right order
elements in S when D is a right primitive semifield of odd characteristic.

Proposition 2. Let S € GGR(D,p") be a GGR with D a right primitive semi-
field of odd characteristic. Then S contains an element of maximal right order.

Proof. Let w € D* be aright primitive element of the semifield D, i.e. ord,(w) =
p? — 1 where |D| = p?, and take o € S* such that @ = w. If R = Z,n is
the subring of S generated by the identity then R = R/pR = Z,. Since C =
{e,w,w?, ..., wi Y} is a Z -basis of D we have that B = {e, a, o, .. at b}
is an R-basis of S. Let us denote by A € GL(d, R) the matrix of the linear
transformation R, with respect to B. Then the matrix a € GL(d, Z)) is the
coordinate matrix of the linear transformation R, with respect to C and, since
ord,(w) = p?—1, we have that T'(a) = p?—1 and so p?—1 | T(A) | (p?—1)p"~1. If
T(A) = (p?—1)p"~! then, by Corollary 1, the element « is an element of maximal
right order (p? — 1)p"~1.

Otherwise, T(A) = (p? — 1)p', where t < n — 1. Since a?” = a we have
that 4 = AP (E + pC) for some matrix C, since A is invertible. So the matrix
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pC commutes with A. By Proposition 1, pC = pQ(A) for some Q(z) € RJx].
Furthermore, T(Apdt) = p?—1, and we will denote Ar™ by A.. Using the equality
A=A (E+pQ(A)) it is not difficult to prove that pQ(A) = pQ’'(A,) for some
polynomial @'(x) € Rx], and so A = A,(F + pQ’(A.)). Since the characteristic
polynomial of A, has degree d we can assume that the degree of Q' is smaller
than d.

Since T'(A) # (p? —1)p"~!, according to Theorem 2, we have that Q’(z) = 0.
Now consider an element A\ € R such that X is not equal to 0. The matrix of the
linear transformation Ry with respect to B is equal to AE and commutes with A.
The matrix of the linear transformation Ry(eqpr) = Ra +PRax = Ra(E +pR))
with respect to B is

A(E 4 pAE) = A.(E + pQ'(AL))(E + pAE)

= A (E +p(Q'(AL) + AE) + p*AQ'(A.)).

Then the polynomial Q”(z) = Q'(z) + A + pAQ’(z)€ R|x] satisfies Q”(z) # 0.
By Theorem 2, A(E 4 pAE) is a maximal order matrix and, by Corollary 1,
a(e + pAe) is an element of maximal right order (p@ — 1)p"~1.

In view of this result we can conclude that many GGR S have a maximal
right order element «, but the set of all right principal powers of o may not
exhaust the loop S*. In the following section we will consider the case when
S* coincides with the set of elements generated from « by multiplications on
the right and on the left by a. We will restrict ourselves to the top-associative
case, i.e. we will assume that the top-factor S is a finite field (right-left cyclic
top-associative GGR).

3 Right-Left Cyclic Top-Associative GGR

The study of the problem of the right-left cyclic condition of top-associative GGR
can be divided in two different parts. Firstly we will prove that it suffices to solve
the problem for GGR of small characteristic. Then we will find a solution of the
problem in the case of small characteristic, translating the problem to another
one of matrices over finite fields. In the process we will obtain an interesting
result on the conjugates of a matrix by the powers of a maximal order matrix
(always matrices over finite fields).

3.1 Lifting Property of the Right-Left Cyclic Condition

Definition 2. Let S € GGR(GF(p?),p™) be a top-associative GGR with iden-
tity e and let o € S*. Consider the group RL, generated by the maps R, L, :
S — S, given by Ry(xz) = xa and Lo(z) = ax. Then the set RL,(e) =
{C(e) | C € RL,} is a subset of S* containing o and the identity. We will
say that S is right-left cyclic if there exists an element o € S* such that @ is a
primitive element of GF(p?) and RL,(e) = S*.
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Definition 3. Let S € GGR(D,p™) (n > 1) be a (not necessarily top-associa-
tive) GGR. We define the critical factor of S by the following way:

- S/p®Sifp>2orn=2,
it 8/23S ifp=2<n

Notice that the critical factor of a GGR is also a GGR. The characteristic
of S, is p? or 23, depending on its definition. Our aim is to prove that a top-
associative GGR of odd characteristic is right-left cyclic if and only if its critical
factor is right-left cyclic, that is, the right-left cyclic condition can be lifted from
the critical factor.

In what follows we will use the following notation: if & and (§ are elements in
a GGR S such that o = B+ p'y for a v € S and ¢t € IN, then we will write a=p.

o

Lemma 1. Let S € GGR(GF(p?),p"™) be a top-associative GGR with identity
e and let o € S* such that @ is a primitive element of GF(p?). If H € RL,
satisfies the condition H(e)=e then H(B)=p for any element 3 € S.

P P

Proof. Since S is a top-associative GGR the maps Ry, Ly, : GF(p?) — GF(p?),

given by R, (z) = az and Lo (z) = Ta, are the same. Hence, the map H :

GF(p*) — GF(p%), given by H(z) = H(x), is equal to (R,)" for a natural
number h. Then, since (R,)" = Rz, the condition H(e)=e implies @" = €, that
P

is, p? — 1 divides h, and so H = Id. Therefore H(3)=0 for any element 3 € S.
P

Definition 4. Let S € GGR(D,p") be a GGR (not necessarily top-associative).
A subset I' C S is called a coordinate set if |I'| = |D| and ' ={a|a € '} = D.

Given a coordinate set I' C S it is not difficult to prove that for any element
B € S there exist unique elements o, 31, ..., Bn—1 € I such that 8 = By +pB1 +
<o+ 4 p"13,_1. Furthermore, 3 € S* if and only if By # 0 [3].

Lemma 2. Let S € GGR(GF(p?),p") be a top-associative GGR with identity
e and let o € S* be an element such that @ is a primitive element of GF(p?).
Then S* = RLy(e) if and only if for any r € {0,...,p% — 2} and for any t <n
there exists an element C{,; € RL, such that C{ ,(e) =, + pta”.

P

Proof. The condition is necessary, since the set of elements {e + pta”) | r €

{0,... ,pt — 2},t < n} is contained in S*. So, let us assume that the condition

of the theorem holds. Since @ is a primitive element of GF(p?) the set I' =

{0,¢, a, oa?, .. ,apd*Q)} is a coordinate set of S. We shall prove, by induction

on t, that for any elements Bg,...,08,-1 € I such that By # 0, there exists

B; € RL, such that Bi(e)=f8 = fo +pb + -+ +p" '8,_1. In the case t = 1,
P

since 3y = a”) for some r € {0,...,p? — 2}, the map B; = (R,)" € RL,, verifies
Bi(e)=0. Let us now suppose that there exists By € RL, such that Bi(e)=0.
p p?
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Then there exists v; € I' such that B;(e) = Bo+pbLt- + 1By + Pl
o

If vy = (B take By = Byy1. Otherwise there exists s € {O,...,pd — 2} such
that a®) = B; — ;. We consider the map B; ', then B; '(a®)=a" for some
P

r € {0,...,p% — 2} and, by hypothesis, there exists C{, 1 € RLq such that
Cfiq(e) ileertof). Now the map By11 = BiCy, € RL, verifies Byyi(e) = .
P P

F1
Finally, if we consider B,, € RL,, then B, (e) = 8 and so S* = RL,/(e).

Given S € GGR(D,p") (n > 1) we shall denote by~ : S — S.,;; the canonical
epimorphism from S onto its critical factor S¢,;;.

Proposition 3. Let S € GGR(GF(p?),p™) (n > 1) be a top-associative GGR
of odd characteristic with identity e, and let o € S* be an element such that @ is

a primitive element of GF(p?). Then S* = RL,(e) if and only if S, = R/L;_(/e).

Proof. 1t is clear that if S* = RL,(e) then S,

crit T
that S% ., = RLy(e). In view of the previous lemma it is enough to prove that

for any r € {0,...,p?—2} and for any ¢ < n there exists an element Cii 1 € RL,
such that C7,,(e) = e +pta”). Let r € {0,...,p% — 2}, since S¥.;;, = RLu(e)
e

RLa(e). Now let us assume

there exists C5 € RL, such that Cg(e)se + poﬂ“). So there exists v € I' =

{0,e,0,0?), ... ,apd_Q)} such that C%(e ) e+ pa”) + p?~. According to Lemma
1 the congruence Cg(ﬁ) =0+ p¥s holds for any element 3 € I' (for suitable

vg € I'). Let us prove by induction that for any natural number k£ > 2 the
following equations are true:

k
(C5)*(e)=e + kpa™ + kpy + <2>p27ar>

P
and
(C5)F (@) =™ + kpyan-
p
Indeed:
(C3)%(e €)503(e +pa”) +p 7) e+ 2pa”) + p*(27 + Var)
and

(C3)*(a”) )pE2 C5(a™ + pygn )pE2 o 4 20y

So, if the congruences are true for k then:

k
(505 e+ ke + ki + () )

k+1
e+ (k+ Dpa™ + (k+1)p?y + < 9 )p%m
e
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and
(C5F T (a™)=Cp (0" + kpyan)=a”) + (K + 1)pyon-
P P
When k = p we have: (Cg)p(e)pzse + p?a™ and (Cg)”(of))pz2 o). Finally, we can
prove by induction that for any ¢ > 2 the equality (C5)?" " (e) =+ pla”)

holds. The case t = 2 is true, as we have justlproved. If the congruence holds
P
for ¢ then there exists # € I" such that (C3)? (e) = e + pta”) + pt+1 3. Notice
o

that (C5)P" (a)=a", so:

> )

=

(CHP'(e) = (CH)P(e) =,((C)" )P~ e +pla”) +p1p)

p

L(C3)P )p_2(€+2pta)+2pt+1ﬁ)z _
' i+2 pt+2

e+ pt+1ar) + pt+25

+H|

= e+ ptlan).
pt+2

The result follows from Lemma 2 taking C{,, = (Cz)

This result shows that if the critical factor of a top-associative GGR S is
right-left cyclic, so is the ring S. Whether a similar property holds when the
characteristic of S is even is an open problem.

Next we shall study the problem of the right-left cyclic condition of top-
associative GGR. of characteristic p?.

3.2 Right-Left Cyclic Condition of Top-Associative GGR of
Characteristic p?

In this section S € GGR(GF(p?), p?) will be a top-associative GGR of charac-
teristic p? and o € S* will be an element such that @ is a primitive element of
GF(p?), so the right order of the element « is equal to p? — 1 or (p? — 1)p.
If R = Z,> is the subring of S generated by the identity e, then the set
B = {e,a,...,a® P} is an R-basis of S. We shall denote by A € GL(d, R)
the matrix of the linear transformation R, : S — S with respect to B. Since
T(A) = (p? — 1) or T(A) = (p* — 1)p, according to Theorem 2, there exists a
polynomial H(x) € R[z] of degree less than d such that A = A, (FE + pH(A))
where A, € GL(d, R) is a matrix of order p¢—1 (if T(A) = p?—1 take H(x) = 0).
Notice that A, = AP" and pH(A) = pH(A.), since the characteristic of S is p?.
So AP~ = E — pH(A,) = E — pH(A). On the other hand, since Ry = Ly, the
matrix of the linear transformation L, with respect to B is equal to A(E + pB)
for some B € M4(R), since A is invertible. For any element 3 € S we shall denote
by 8+ € R the coordinate vector of 3 in the basis B. We shall denote by By
the image of 4! in ZZ(,d) under the natural epimorphism 7 : R — R/pR = Z,,.
Given a matrix C' € My(R) we will denote by ¢ € My(Z,) the image of C' under
m. In particular, the image of the matrix H(A) will be denoted by h(a). The
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next result presents a matrix characterization of right-left cyclic top-associative
GGR.

Proposition 4. The set RL,(e) is equal to S* if and only if the set of vectors
W = {h(a)e;,{a'ba e }rem} C Zz(gd) is a Z,-generator system of Zéd).

Proof. In terms of matrices with respect to the basis B, the elements in RL, are
given by
{A"(E +pB)... A"~ (E + pB)A™ | k,t; € No}
k—1
={A'+sp) A"BA"" | s €{0,1},k,1,r; € No}

i=0
since the characteristic of S is p?. Let us assume that RL,(e) = S* then, in
view of Lemma 2, for any r € {0,...,p? — 2} there exists C5 € RL, such that
C5(e) = e+ pa™. If the matrix associated to Cj is A' + sp Zf;ol ATi BAl=T
(k,1,7; € INp), then the following equality holds:

k-1
(e +pa)t = (Al + sz A“’BA“”) et

i=0
So
€ = alei
and, since T'(a) = p? — 1, we have that | = (p? — 1)t, for some natural number
t. Then Al = AP~V = (E — pH(A))* = E — ptH(A) and pA! = pE, so:

k—1
(6+pa7ﬂ))l = (E_ptH(A) + ps (ZATZBA—T,>> €l.

i=0
Therefore
al = ( Za“bcf“ —th(a )) el.
Since
{a] [re{0,....p" = 2}} = ZP\ {0},

the set of vectors W is a ZZ,-generator system of Z}(,d).
Reciprocally, let » € {0,...,p% — 2}, then there exists natural numbers

5,805+ ++,8pd_g €10,...,p— 1} such that
p?—2
oz? = —sh(a)e; + Z sia'ba” e
t=0

since W is a ZZ,-generator system of Z;d). Consider the following element of
RL,:

T = (R La)*Ra(R;'La)* Ra ... (R La)*v—2 Ry R 1 (=1,
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Then the matrix of T" with respect to B has the form:

p?—2
C=E+p|-sH(A)+ Z s;A'BAT |
t=0

so Cel = (e +pa™)t and T(e) = e + pa™).

According to this proposition it is necessary to study the Z7,-vector subspace
generated by the elements of the form {a~*ba’e| };e, that is, to study conjugates
of a given matrix over a finite field by powers of a maximal order matrix. So we
have reduced our original problem of right-left cyclic top-associative GGR to a
problem of matrices over finite fields. In order to provide a solution we need to
prove the following Lemma.

Lemma 3. Let L = GF(p?) be the finite field of p elements, let « € L be a
primitive element and let fi(z) € Zp[x] be the minimal polynomial over ZZ,, of

the element o = € L (where i € {1,...,d — 1}). Then Zp(api_l) =L, and
filw) # f3(x) if i # j.

Proof. We need to prove that the degree of f;(x) is d, so let us assume that the de-

gree of f;(z) is t < d. Then, since t | d, we have that t < ‘21 and the multiplicative

der of the element o'~ divides p’—1. But ord(a? —1) = —2=L__ — p'-1
oraer o e element «v wvliaes p . ut or (a = (pd—l,pi—_l) = p(d,i),l

1

)
and, since (d,i) | d and i < d, we have that (d,7) < g. So ord(oz”z_l) | pt —1
implies that p¢ — 1 | (p(®%) — 1)(pt — 1) < (p% — 1)(p% —1) =p? - 2% 41, a
contradiction. Therefore the degree of f;(x) is d.

Let us now assume that for some 1 < i < j < d — 1 the equality f;(z) =
f;(x) holds. Then there exists 1 < s < d — 1 such that (o ~})?" = o’ 71| ie.
(p' — 1)p* = p? — 1 (mod p? — 1). Since i < (d —2) and s < d — 1 we have that
i+ s < 2d — 3. We have two different possibilities: i +s < d or i + s = d+ k with
0<k<s<d-1.

Ifi+s <dthen0 < (pP —1)p* = p'*t*—p* < p?—1.Since 0 < p! —1 < p?—1
and (p' — 1)p* = p/ — 1 (mod p? — 1), we have that (p° — 1)p* = p/ — 1, i.e. p
divides 1, a contradiction.

Ifi+s=d+kwith0<k<s<d-—1then (pi —1)p* = pi**s —p* =
pE —p* = (p? = )p* + (p* —p*), ie. (p' —1)p* = p* —p* (mod p? —1). Hence
P —1=(p'—1)p* = pF—p* = p?—p*+p*—1 (mod p?—1). Since 1 < p* < p* < p?
and 0 < p/ — 1 < p? — 1, we conclude that p? — 1 = p? — p* + p¥ — 1. Therefore
pl =p —p* +pF = pF(p?=* — p*=F + 1) and p divides 1, a contradiction.

Now we can prove the following theorem.

Theorem 3. Let K = Z, and let d be a natural number greater than 2. If
A€ GL(d,K) and B € My(K) are matrices such that T(A) = p? — 1, and e
denotes the vector (1,0, ...,0)}, then the K -vector subspace of K@ generated by
the vectors {A"*BAtel }ie has dimension less than or equal to 1 if B commutes
with A, and d otherwise.
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Proof. If B commutes with A it is clear that the dimension is, at most, equal to
1. Let us suppose that B does not commute with A. Notice that it is enough to
prove the result when A is a companion matrix of the form

00...0 fo
10...0 fi
S =010 fo
00...1 fys
where the roots of f(z) = 2% — f4_12¢7 1 — ... — fix — fo € K[z] are prim-
itive elements of L = GF(p?). Indeed, if A is a maximal order matrix then
{et, Aet ... A% el} is a K-basis of K and so there exists C' € GL(d, K)
such that C~1AC = Sy, for some f(x) € K[z]. It is not difficult to see that
dimg ({A~*BAel }yew) = d if and only if d = dimK({S;t(C_lBC)S;el}t@N),
since Cel = AFel for some natural number k and so

dimp ({A7"'BA'e! }en) = dimg ({A- R BATFel ) o)
= dimg ({A7H(CS;'CTNB(CSFC™ ) A e Yiew)
= dimg ({(A7*C)S;1(CT'BC)Ste' hew) = dimg ({S;1(C7'BC)Shet be).

Therefore, let us assume that A = Sy, take a € L such that f(a) = 0 and
consider the following matrices in GL(d, L):

1 « o L. ad-1 a0... 0

1 a? o ... qld-brp 0Oa?... O
P=1|. . . . . , D= .

1aP" ™ o2" ™ qld=DptT! 00 .. a""

Tt is not difficult to check that PAP~! = D. If we set PBP~! = C and z! =
Pel = (1,...,1)} we have that A~*BAte! = P~Y(D~*CD!)z! for any natural
number ¢. Then it is clear that

dimg ({A7'BA'e Y iew) = dimg ({DT'OD x! }ien).

We shall prove that this dimension is equal to d.
Since B does not commute with A, then the matrix C' does not commute
with D and so it is not a diagonal matrix. Therefore there exists some Cj; # 0

(k # j). We shaldl associate, to a polynomial \(z) = Zfng Azt € Klz], the
matrix My = Y72\, D~*CD". Since \(z) € K|[z] we have:
CrA(1) CioMaP~1)  CisA(@”’ ™) ... CraM(e?’ 1)
CaM@™P)  CoA(1)  CasA@?7P) ... Coah(a?" ' 7P)

My = )

Cdl)\(al_pdil) Cdg)\(ap_pd71> Cd3)\(04p2_pd71) - Cdd)\(l)
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C11A(1) CraA(aP~1) .. Cigh(a?" 1)
Co M@ =12 CyuA(1)P ... CogA(a?” 1P

1

CaMaP= 12" CgpA(aP”~1)P"" Caar(1)P"

Now we shall use the notation of the previous lemma. For any i € {1,...,d—
1} consider the polynomial:

d-1
Fi(x) = (@ = 1) [ f;(2) € K[a].
=1
i
By Lemma 3, any element g(z) in the ideal (F;(x)) verifies that g(ozpj’l) =0if

j€{0,...,d—1} with j # i, and the set {g(a? ~1) | g(z) € (Fi(z))} is equal to
L. Now consider a polynomial p(x) € (F;(z)) with i = j — k (mod d), then:

0... 0 Cl(,H,l)/,L(O[pi_I) 0 ‘ ... 0
T
0... Cup(ar =1)p""" 0 0 .0

The k-th row of the matrix M,, has the form:

1

(0,...,0, C’kju(ozpi_l)pF ,0,...,0)

and
k—1

(0,...,0, C’kj,u(api*l)p ,0,...,0)zt = C’kj,u(ozpi*l)p
Therefore the set
7 k—1
{(07 .0, ijﬂ(ap —1)[) 0,0 O)xl | /1/(1') € (Fl(m))}

k—1

is equal to L. But this is the set of all possible elements in the k-th coordinate of
the K-linear combinations of {D~!C D'z!};ci, so dimg ({D~*C D'zl } o) = d.

As a corollary to this theorem we can give an answer to our problem of
right-left cyclic top-associative GGR.

Corollary 3. Let S € GGR(GF(p?),p") (n > 1) be a top-associative not asso-
ciative GGR, char S = 22 or odd, and let « € S* be an element such that @ is
a primitive element of GF(p?). Then S* = RLy(e) if and only if Ry # Lq.

Proof. If S* = RL,(e) then it is clear that Ry # Ly, in view of Corollary
2. On the other hand, if Ry # Lo then Ly, = Ro(E 4 pyp) such that 3 # 0.
If © commutes with R, then, by Proposition 1,it is a polynomial in R,, so

p(e) = a®) # 0 for some s € IN and, therefore, @ = La(e) = Ra(E+pyp)(e)za+
P

pat | a contradiction. Therefore @ does not commute with R,. According to
Propositions 3 and 4 and Theorem 3, we conclude that S* = RL,(e).
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Corollary 4. Let S € GGR(GF(p®),p™) (n > 1) be a top-associative not asso-
ciative GGR, char S = 22 or odd. Then S is right-left cyclic if and only if Seri
18 not commutative.

Proof. If S is right-left cyclic then, by Corollary 3, S..;+ is not commutative.
Reciprocally, let us assume that S..;+ is not commutative. Using a refinement
of the normal basis theorem (Theorem 2.40 [14]) there exists a ZZ,-basis of
GF(p?), {z1,...,24}, consisting of primitive elements of GF(p?). Taking ele-
ments «i,...,aq € S* such that a; = z; (for i € {1,...,d}), the set B =
{ai,...,aq} is a Zyn-basis of S. Moreover, since S;,;; is not commutative,

there exists i € {1,...,d} such that E; #+ LA,:, and we can apply the previous
corollary to conclude that S is right-left cyclic.

We have shown that a top-associative GGR S is right-left cyclic if and only
if the critical factor ring of S is not commutative. Following similar techniques
and, in particular, using Theorem 3, it is possible to characterize cyclic GGR
whose top-factor is a right primitive finite semifield by the fact that its critical
factor ring is not associative [4].
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Abstract. We improve an algorithm originally due to Chudnovsky and
Chudnovsky for computing one selected term in a linear recurrent se-
quence with polynomial coefficients. Using baby-steps / giant-steps tech-
niques, the nth term in such a sequence can be computed in time pro-
portional to 4/n, instead of n for a naive approach.

As an intermediate result, we give a fast algorithm for computing the
values taken by an univariate polynomial P on an arithmetic progression,
taking as input the values of P on a translate on this progression.

We apply these results to the computation of the Cartier-Manin operator
of a hyperelliptic curve. If the base field has characteristic p, this enables
us to reduce the complexity of this computation by a factor of order ,/p.
We treat a practical example, where the base field is an extension of
degree 3 of the prime field with p = 23?2 — 5 elements.

1 Introduction

In this paper, we investigate some complexity questions related to linear re-
current sequences. Specifically, we concentrate on recurrences with polynomial
coefficients; our main focus is on the complexity of computing one selected term
in such a recurrence.

A well-known particular case is that of recurrences with constant coefficients,
where the nth term can be computed with a complexity that is logarithmic in n,
using binary powering techniques.

In the general case, there is a significant gap, as for the time being no algo-
rithm with complexity polynomial in log(n) is known. Yet, in [10], Chudnovsky
and Chudnovsky proposed an algorithm that allows to compute one selected
term in such a sequence without computing all intermediate ones. This algo-
rithm appears as a generalization of those of Pollard [23] and Strassen [30] for
integer factorization; using baby-steps / giant-steps techniques, it requires a
number of operations which is roughly linear in y/n to compute the nth term in
the sequence.
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Our main contribution is an improvement of the algorithm of [10]; for sim-
plicity, we only give the details in the case when all coefficients are polynomials
of degree 1, as the study in the general case would follow in the same manner.
The complexity of our algorithm is still (roughly) linear in /n; Chudnovsky and
Chudnovsky actually suggested that this bound might be essentially optimal. We
improve the time and space complexities by factors that are logarithmic in n; in
practice, this is far from negligible, since in the application detailed below, n has
order 232, A precise comparison with Chudnovsky and Chudnovsky’s algorithm
is made in Section 3.

Along the way, we also consider a question of basic polynomial arithmetic:
given the values taken by a univariate polynomial P on a set of points, how fast
can we compute the values taken by P on a translate of this set of points? An ob-
vious solution is to make use of fast interpolation and evaluation techniques, but
we show that one can do better when the evaluation points form an arithmetic
sequence.

Computing the Cartier-Manin operator. Our initial motivation is an appli-
cation to point-counting procedures in hyperelliptic curve cryptography, related
to the computation of the Cartier-Manin operator of curves over finite fields. We
now present these matters in more detail.

The Cartier-Manin operator of a curve defined over a finite field, together
with the Hasse-Witt matrix, are useful tools to study the arithmetic properties of
the Jacobian of that curve. Indeed, the supersingularity, and more generally the
p-rank, can be read from the invariants of the Hasse-Witt matrix. In the case of
hyperelliptic curves, this matrix was used in [13,21] as part of a point-counting
procedure for cryptographic-oriented applications.

Indeed, thanks to a result of Manin, computing the Cartier-Manin operator
gives the coefficients of the Zeta function modulo p; this partial information
can then be completed by some other algorithms. However, in [13] and [21],
the method used to compute the Hasse-Witt matrix has a complexity which is
essentially linear in p.

It turns out that one can do better. The entries of the Hasse-Witt matrix of
a hyperelliptic curve y? = f(x) defined over a finite field of characteristic p are
coefficients of the polynomial h = f®~=1/2 5o they satisfy a linear recurrence
with rational function coefficients. Using our results on linear recurrences, this
remark yields an algorithm to compute the Hasse-Witt matrix whose complexity
now grows like ,/p, up to logarithmic factors, instead of p.

We demonstrate the interest of these techniques by a point-counting example,
for a curve of genus 2 defined over a finite field whose characteristic just fits in one
32-bit machine word; this kind of fields have an interest for efficiency reasons [3].

Note finally that other point-counting algorithms, such as the p-adic methods
used in Kedlaya’s algorithm [18], also provide efficient point-counting procedures
in small characteristic, but their complexity remains at least linear in p [12]. On
the other hand, Kedlaya’s algorithm outputs the whole Zeta function and should
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be preferred if available. Therefore, the range of application of our algorithm is
when the characteristic is too large for Kedlaya’s algorithm to be run.

Organization of the paper. We start in Section 2 with our algorithm for
shifting a polynomial given by its values on some evaluation points. This building
block is used in Section 3 to describe our improvement on Chudnovsky and
Chudnovsky’s algorithm. In Section 4 we apply these results to the computation
of the Cartier-Manin operator of a hyperelliptic curve. We conclude in Section 5
with a numerical example.

Notation. In what follows, we give complexity estimates in terms of number
of base ring operations (additions, subtractions, multiplications and inversions
of unit elements) and of storage requirements; this last quantity is measured
in terms of number of elements in the ring. We pay particular attention to
polynomial and matrix multiplications and use the following notation.

— Let R be a commutative ring; we suppose that R is unitary, its unit element
being denoted by 1g, or simply 1. Let ¢ be the map N — R sending n to
n-1lgp =1g+---+1g (n times); the map ¢ extends to a map Z — R. When
the context is clear, we simply denote the ring element ¢(n) by n.

— We denote by M : N — N a function that represents the complexity of
univariate polynomial multiplication, i.e. such that over any ring R, the
product of two degree d polynomials can be computed within M(d) base
ring operations. Using the algorithms of [25,24,8], M(d) can be taken in
O(dlog(d) log(log(d))).

We suppose that the function M verifies the inequality M(dy) + M(dz) <
M(dy + dg) for all positive integers dy and ds; in particular, the inequality
M(d) < 2M(2d) holds for all d > 1. On the other hand, we make the
(natural) hypothesis that M(ed) € O(M(d)) for all ¢ > 1.

We also assume that the product of two degree d polynomials can be com-
puted in space O(d); this is the case for all classical algorithms, such as naive,
Karatsuba and Schénhage-Strassen multiplications.

— We let w be a real number such that for every commutative ring R, all n X n
matrices over R can be multiplied within O(n*) operations in R. The clas-
sical multiplication algorithm gives w = 3. Using Strassen’s algorithm [29],
we can take w = log,(7) ~ 2.81. We assume that the product of two n x n
matrices can be computed in space O(n?), which is the case for classical as
well as Strassen’s multiplications.

In the sequel, we need the following classical result on polynomial arithmetic
over R. The earliest references we are aware of are [22, 4], see [31] for a detailed
account. We also refer to [6] for a solution that is in the same complexity class,
but where the constant hidden in the O( ) notation is actually smaller than that
in [31].
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Multipoint evaluation. If P is a polynomial of degree d in R[X] and rg, ..., 74
are points in R, then the values P(ry),..., P(ry) can be computed using
O(M(d)log(d)) operations in R and O(dlog(d)) space.

2 Shifting Evaluation Values

In this section, we address a particular case of the question of shifting evaluation
values of a polynomial. The question reads as follows: Let P be a polynomial of
degree d in R[X], where R is a commutative unitary ring. Let a and rg, ..., rq be
in R. Given P(rg),...,P(rq), how fast can we compute P(ro+a),...,P(rq+a)?

A reasonable condition for this question to make sense is that all differences
r; — 14, 1 # j, are units in R; otherwise, uniqueness of the answer might be lost.
Under this assumption, using fast interpolation and fast multipoint evaluation,
the problem can be answered within O(M(d)log(d)) operations in R. We now
show that the cost reduces to M(2d)+O(d) operations in R, in the particular case
when rg,...,rq are in arithmetic progression, so we gain a logarithmic factor.

Our solution reduces to the multiplication of two suitable polynomials of
degree at most 2d; O(d) additional operations come from additional pre- and
post-processing operations. As mentioned in Section 1, all operations made below
on integer values actually take place in R.

The algorithm underlying Proposition 1 is given in Figure 1; we use the
notation coeff(Q, k) to denote the coefficient of degree k of a polynomial Q. We
stress the fact that the polynomial P is not part of the input of our algorithm.

Input P(0),...,P(d) and a in R
Output P(a),...,P(a+d)

— Compute

1

5(0,d) = [[ (=), 6(i,d) = i 1d) i=1....d

j=1
d a+k
(aOd):jl;[O(a—g) (akd):mA(a,k—l,d) k=1,...,d
— Let o
Md S = ;)a Xi, Q = PS.
— Return the sequence A(a 0,d)-coeff(Q,d), ..., Ala,d,d)-coeff(Q, 2d).

Fig. 1. Shifting evaluation values
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Proposition 1 Let R be a commutative ring with unity, and d € N such that
.,d are units in R. Let P be in R[X] of degree d, such that the sequence

is known. Let a be in R, such that a — d,...,a + d are units in R. Then the

sequence
P(a),...,P(a+d)

can be computed within M(2d) + O(d) base ring operations, using space O(d).

PROOF. Our assumption on R enables to write the Lagrange interpolation for-

mula:
d

J O,J#(X_j)
Z; o psli—4)

From now on, we denote by &(i,d) the denominator []* i=0,j2i(t —J) and by P,
the ratio P(4)/0(i,d).

First note that all 6(i,d),i = 0,...,d, can be computed in O(d) operations
in R. Indeed, computing the first value 6(0,d) = H?Zl(—j) takes d multiplica-
tions. Then for ¢ = 1,...,d, §(i,d) can be deduced from 6(i — 1,d) for two ring
operations using the formula

§(i,d) = 5(i—1,d),

i
i—d—1
so their inductive computation requires O(d) multiplications as well. Thus the

sequence P;,i = 0,...,d, can be computed in admissible time and space 0(d)
from the input sequence P(i). Accordingly, we rewrite the above formula as

s T

=0 j=0,j#i

o

For kin O,...,d, let us evaluate P at a + k:

d d
Pla+k)=Y P [] (a+k-3j).
=0 j=0,5#1
Using our assumption on a, we can complete each product by the missing factor
a-+k—1:

(a+k—j) d 4. 1
pas =S R e ) (SPopis
(1)
Just as we introduced the sequence (%, d) above, we now introduce the sequence
A(a, k,d) defined by A(a,k,d) = H?ZO(a + k — j). In a parallel manner, we



Linear Recurrences and Cartier-Manin Operator on Hyperelliptic Curves 45

deduce that all A(a,k,d),k=0,...,d can be computed in time and space O(d),
using the formulas:

a+k

d - -
Ala, 0, at+k—d—1

(a—1j (a,k,d) = Aa, k —1,d).

':j&

Jj=0

Let us denote Qp = P(a + k)/A(a, k,d). We now show that knowing P;,i =
0,...,d, we can compute Qx,k = 0,...,d in M(2d) base ring operations and
space O(d); this is enough to conclude, by the above reasoning.

Using the coefficients A(a, k, d), Equation (1) reads

d
Z a—|—k—z @)

=0

Let P and S be the polynomials:

N - 2d 1 _
Pzzgaxa S:Z%;;:EX%

then by Equation (2), for k = 0,...,d, Q is the coefficient of degree k + d in
the product PS. This concludes the proof. O

We will conclude this section by an immediate corollary of this proposition;
we first give a few comments.

— An alternative O(M(d)) algorithm which does not require any inversibility
hypotheses can be designed in the special case when a = d+ 1. The key fact
is that for any degree d polynomial P, the sequence P(0), P(1),... is linearly
recurrent, of characteristic polynomial Q(X) = (1 — X))+, Thus, if the first
terms P(0),..., P(d) are known, the next d+1 terms P(d+1),..., P(2d+1)
can be recovered in O(M(d)) using the algorithm in [27, Theorem 3.1].

— The general case when the evaluation points form an arbitrary arithmetic
progression reduces to the case treated in the above proposition. Indeed,
suppose that rg,...,rq form an arithmetic progression of difference §, that
P(rg),...,P(rq) are known and that we want to compute the values P(r¢ +
a),...,P(rq+ a), where a € R is divisible by d. Introducing the polynomial
Q(X) = P(6X 4 rg), we are under the hypotheses of the above proposition,
and it suffices to determine the shifted evaluation values of @ by a/d.

— The reader may note the similarity of our problem with the question of
computing the Taylor expansion of a given polynomial P at a given point
in R. The algorithm of [2] solves this question with a complexity of M(d) +
O(d) operations in R and space O(d). The complexity results are thus quite
similar; it turns out that analogous generating series techniques are used in
that algorithm.
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— In [15], an operation called middle product is defined: Given a ring R, and

A, B in R[X] of respective degrees d and 2d, write AB = Cy + C; X4+ +
Co X212 with all C; of degree at most d; then the middle product of A
and B is the polynomial Cy. This is precisely what is needed in the above
algorithm.
Up to considering the reciprocal polynomial of A, the middle product by A
can be seen as the transpose of the map of multiplication by A. General
program transformation techniques [7, 15] then show that it can be computed
in time M(d) + O(d), but with a possible loss in space complexity. In [6], it
is shown how to keep the same space complexity, at the cost of a constant
increase in time complexity. Managing both requirements remains an open
question, already stated in [17, Problem 6.

Corollary 1 Let R be a commutative ring with unity, and d € N such that
1,...,2d + 1 are units in R. Let P be a degree d polynomial in R[X] such that
the sequence

P(0),...,P(d)

1s known. For any s in N, the sequence
P(0), P(2°%),...,P(2°d)
can be computed in time s M(2d) + O(sd) € O(s M(d)) and space O(d).

PROOF. For any s € N, let us denote by Ps(X) the polynomial P(2°X). We
prove by induction that all values Pg(0),..., Ps(d) can be computed in time
s M(2d) + O(sd) and space O(d), which is enough to conclude. The case s = 0 is
obvious, as there is nothing to compute. Suppose then that Ps(0),..., Ps(d) can
be computed in time s M(2d)+O(sd) and using O(d) temporary space allocation.

Under our assumption on R, Proposition 1 shows that the values Ps(d +
1),...,Ps(2d + 1) can be computed in time M(2d) + O(d), using again O(d)
temporary space allocation. The values P,(0), P5(2),..., Ps(2d) coincide with
Ps11(0), Ps11(1),. .., Psy1(d), so the corollary is proved. O

3 Computing one Selected Term of a Linear Sequence

In this section, we recall and improve the complexity of an algorithm due to
Chudnovsky and Chudnovsky [10] for computing selected terms of linear recur-
rent sequences with polynomial coefficients. The results of the previous section
are used as a basic subroutine for these questions.

As in the previous section, R is a commutative ring with unity. Let A be a
n X n matrix of polynomials in R[X]. For simplicity, in what follows, we only
treat the case of degree 1 polynomials, since this is what is needed in the sequel.
Nevertheless, all results extend mutatis mutandis to arbitrary degree.

For r in R, we denote by A(r) the matrix over R obtained by specializing all
coefficients of A at r. In particular, for k in N, A(k - 1) is simply denoted by
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A(k), following the convention used up to now. Given a vector of initial conditions
Uy = [uq,...,u,)t € R" and given k in N, we consider the question of computing
the kth term of the linear sequence defined by the relation U; = A(i)U;—1 for
i > 0, that is, the product

Uy = A(k)A(k — 1) - A(1)Up.

For simplicity, we write
k
Uk = <H AU)) Uo,
i=1

performing all successive matrix products, i = 1,...,k, on the left side. We use
this convention hereafter.

In the particular case when A is a matrix of constant polynomials, and taking
only the dependence on k into account, the binary powering method gives a time
complexity of order O(log(k)) base ring operations.

In the general case, the naive solution consists in evaluating all matrices
A(7) and performing all products. With respect to k only, the complexity of this
approach is of order O(k) base ring operations. In [10], Chudnovsky and Chud-
novsky propose an algorithm that reduces this cost to essentially O(\/E) We
first recall the main lines of this algorithm; we then present some improvements
in both time and space complexities.

The algorithm of Chudnovsky and Chudnovsky. The original algorithm
uses baby-step / giant-step techniques, so for simplicity we assume that k is a
square in N. Let C' be the n x n matrix over R[X] defined by

Vi
C=JJAXx+9),

i=1

where A(X + i) denotes the matrix A with all polynomials evaluated at X + 4.
By assumption on A, the entries of C' have degree at most vk. For r in R, we
denote by C(r) the matrix C' with all entries evaluated at r. Then the requested
output Uy can be obtained by the equation

VE—1
Uk = HC(J'\/E) Uo. (3)

=0

Here are the main steps of the algorithm underlying Equation (3), originally
due to [10].

Baby steps. The “baby steps” part of the algorithm consists in computing the
polynomial matrix C. In [10], this is done within O(n*M(v/k)) base ring
operations, as products of polynomial matrices with entries of degree O(\/E)
are required.
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Giant steps. In the second part the matrix C is evaluated on the arithmetic
progression 0, vk, 2Vk, ..., (Vk — 1)k and the value of Uy, is obtained us-
ing Equation (3). Using fast evaluation techniques, all evaluations are done
within O(n? M(v'k)log(k)) base ring operations, while performing the vk
successive matrix-vector products in Equation (3) adds a negligible cost of
O(n?*Vk) operations in R.

Summing all the above costs gives an overall complexity bound of
O(n*M(Vk) +n? M(Vk) log(k))

base ring operations for computing a selected term of a linear sequence. Due
to the use of fast evaluation algorithms in degree vk, the space complexity is
O(n*Vk + Vklog(k)).

In the particular case when A is the 1 x 1 matrix [X], the question reduces to
the computation of Hle 7 in the ring R. For this specific problem, note that the
ideas presented above were already used in [23, 30], for the purpose of factoring
integers.

Avoiding multiplications of polynomial matrices. In what follows, we
show how to avoid the multiplication of polynomial matrices, and reduce the
cost of the above algorithm to O(n* vk +n? M(v'k)log(k)) base ring operations,
storing only O(n?vk) elements of R.

Our improvements are obtained through a modification of the baby steps
phase; the underlying idea is to work with the values taken by the polynomial
matrices instead of their representation on the monomial basis. This idea is
encapsulated in the following proposition.

Proposition 2 Let A be a nxn matriz with entries in R[X], of degree at most 1.
Let N > 1 be an integer and let C be the n x n matriz over R[X] defined by

N
C=]JAx+i).

=1

Then one can compute all scalar matrices C(0),C(1),...,C(N) within O(n“N)
operations in R and with a memory requirement of O(n?>N) elements in R.

PRrROOF. We first compute the scalar matrices [A(1), A(2),..., A(2N)]. Since all
entries of A are linear in X, the complexity of this preliminary step is O(n?N),
both in time and space.

Then, we construct the matrices (C})o<j<n and (C7)o<j<n, which are de-
fined as follows: we let C{) and C{j equal the identity matrix I,, and we recursively
define

Ci = AN+j)C;_; for1<j<N,
Cl=C/ AN —j+1)for1<j<N.
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Explicitly, for 0 < j < N, we have
C; =AN+j4)---AN+1)

and
O = A(N) - AN~ +1),
thus
Cn_j=A(N)---A(j +1).
Computing all the scalar matrices (C}) and (C7') requires 2N matrix multiplica-

tions with entries in R; their cost is bounded by O(n® N) in time and by O(n?N)
in space. Lastly, the formula

C(j) = AN +j)--- AN+ DAN)--- A +1) = CjCx_;, 0<j< N
enables to recover C(0),C(1),...,C(N) in time O(n*N) and space O(n?N). O

From this proposition, we deduce the following corollary, which shows how
to compute the scalar matrices used in the giant steps.

Corollary 2 Let A and C be polynomial matrices as in Proposition 2. If the
elements 1,...,2N 4+ 1 are units in R, then for any integer s > 1, the sequence

C(0),C(2°),...,C(2°5(N — 1))

can be computed using O(n* N+n%s M(N)) operations in R and O(n?>N) memory
space.

PROOF. This is an immediate consequence of Proposition 2 and Corollary 1. [J

The above corollary enables us to perform the “giant steps” phase of Chud-
novsky and Chudnovsky’s algorithm in the special case when N = 2°%; this yields
the 4°th term in the recurrent sequence. Using this intermediate result, the fol-
lowing theorem shows how to compute the kth term, for arbitrary k, using the
4-adic expansion of k.

Theorem 1 Let A be a n X n matriz with linear entries in R[X] and let Uy be
in R™. Suppose that (U;) is the sequence of elements in R™ defined by the linear
recurrence

Uiy1 = A(Z + I)UZ‘, for all i > 0.
Let k > 0 be an integer and suppose that 1,.. ., 2(\/%1 + 1 are units in R. Then
the vector Uy, can be computed within O(n‘”\/E +n? M(\/E) log(k)) operations
in R and using memory space O(n*Vk).

The proof of Theorem 1 is divided in two steps. We begin by proving the
proposition in the particular case when k is a power of 4, then we treat the
general case.
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The case k is a power of 4. Let us suppose that N = 2% and k = N2,
so that & = 4% With this choice of k, Corollary 2 shows that the values
C(0),C(N),...,C((N — 1)N) can be computed within the required time and
space complexities. Then we go on to the giant step phase described at the be-
ginning of the section, and summarized in Equation (3). It consists in performing
Vk successive matrix-vector products, which has a cost in both time and space

of O(n?*Vk).

The general case. We now consider the general case. Let k = Zf:o k4" be
the 4-adic expansion of k, with k; € {0,1,2,3} for all i. Given any t, we will
denote by [k]? the integer Zf;é 4'k;. Using this notation, we define a sequence

(Vi)o<i<s as follows: we let V = Up and, for 0 <t < s we set
Vier = A([K]" +4k:) - - A([K]" + 1)V3, (4)

It is easy to verify that Vs;1 = Uy. Therefore, it suffices to compute the se-
quence (V;) within the desired complexities.

Supposing that the term V; has been determined, we estimate the cost of
computing the next term Vi, 1. If k; is zero, we have nothing to do. Otherwise,
we let V) = Vi, and, for 1 < j < ky, we let AD)(X) = A (X + [k]! +4L(j — 1)).
Then we define Vt(_f_)l by

Vi = ADAY - ADQVITY, =1k

By Equation (4), we have Vtﬁtl = Vi41. Thus, passing from V; to V41 amounts
to computing k; selected terms of a linear recurrence of the special form treated
in the previous paragraph. Using the complexity result therein and the fact that
all k; are bounded by 3, the total cost of the general case is thus

O (i (nw2t + n’t M(2t))> =0 (n“’QS +n?s <zs: M(2t)>> .

t=0 t=0

Using the fact that 2° < VE < 251 and the assumptions on the func-
tion M, we easily deduce that the whole complexity fits into the bound O (n“’ Vi+
n? M(\/E) log(k)), as claimed. Similar considerations also yield the bound con-
cerning the memory requirements. This concludes the proof of Theorem 1.

Comments. The question of a lower time bound for computing Uy is still
open. The simpler question of reducing the cost to O(n“’\/E +n?M (\/E)) base
ring operations, that is gaining a logarithmic factor, already raises challenging
problems.

As the above paragraphs reveal, this improvement could be obtained by an-
swering the following question: Let P be a polynomial of degree d in R[X].
Given r in R, how fast can we compute P(0), P(r),..., P(rd) from the data of
P(0),P(1),...,P(d)? A complexity of order O(M(d)) would immediately give
the improved bound mentioned above. We leave it as an open question.
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4 The Cartier-Manin Operator on Hyperelliptic Curves

We finally show how to apply the above results to the computation of the Cartier-
Manin operator, and start by reviewing some known facts on this operator.

Let C be a hyperelliptic curve of genus g defined over the finite field F,q
with p? elements, where p is the characteristic of F,a. We suppose that p > 2
and that the equation of C is of the form y* = f(z), where f € F,4[X] is a monic
squarefree polynomial of degree 2g+ 1. The generalization to hyperelliptic curves
of the Hasse invariant for elliptic curves is the so-called Hasse-Witt matrix, which
is defined as follows:

Definition 1 Let hy, be the coefficient of degree k in the polynomial f®—1)/2.
The Hasse-Witt matriz is the g X g matriz with coefficients in F,a given by

H = (hip—j)i<ij<q-

This matrix was introduced in [16]; in a suitable basis, it represents the op-
erator on differential forms that was introduced by Cartier in [9]. Manin then
showed in [20] that this matrix is strongly related to the action of the Frobe-
nius endomorphism on the p-torsion part of the Jacobian of C. The article [33]
provides a complete survey about those facts; they can be summarized by the
following theorem:

Theorem 2 (Manin) LetC be a hyperelliptic curve of genus g defined over Fa.

Let H be the Hasse-Witt matriz of C and let Hy = HH®). ~H(”d_1), where
the notation H9 means element-wise raising to the power q. Let k(t) be the
characteristic polynomial of the matriz H, and let x(t) be the characteristic
polynomial of the Frobenius endomorphism of the Jacobian of C. Then

x(t) = (=1)t9k(t) mod p.

This result provides a quick method to compute the characteristic polyno-
mial of the Frobenius endomorphism and hence the group order of the Jacobian
of C modulo p, when p is not too large. Combined with a Schoof-like algorithm
and / or a baby-step / giant-step algorithm, it can lead to a full point-counting
algorithm, in particular for genus 2 curves, as was demonstrated in [13,21].

The obvious solution consists in expanding the product f®~1/2. Using bal-
anced multiplications, and taking all products modulo X9 this can be done in
O(M(gp)) base field operations, whence a time complexity within O(M(p)), if g
is kept constant. In what follows, regarding the dependence in p only, we show
how to obtain a complexity of O(M(,/p)log(p)) base field operations, using the
results of the previous sections.

We will make the assumption that the constant term of f is not zero. Note
that if it is zero, the problem is actually simpler: writing f = X f1, the coefficient
of degree ip—7j in f®~1)/2 is the coefficient of degree ip—j —(p—1)/2 in fl(pfl)/?
Hence we can work with a polynomial of degree 2¢ instead of 2¢g + 1 and the
required degrees are slightly less.
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Furthermore, for technical reasons, we assume that g < p. This is not a true
restriction since for g > p, all the coefficients of f®~1/2 up to degree glp—1)
are needed to fill in the matrix H.

Introduction of a linear recurrent sequence. In [11], Flajolet and Salvy
already treat the question of computing a selected coefficient in a high power of
some given polynomial, as an answer to a SIGSAM challenge. The key point
of their approach is that h = f(P~1/2 gatisfies the following first-order linear
differential equation

Fh - p%lf’h — 0.

From this, we deduce that the coefficients of h satisfy a linear recurrence of
order 2g 4+ 1, with coefficients that are rational functions of degree 1.
Explicitly, let us denote by hy, the coefficient of degree k of the polynomial h,

and for convenience, set hy = 0 for £ < 0. Similarly, the coefficient of degree k
of f is denoted by fr. From the above differential equation, for all £ in Z, we
deduce that -

g .

Z <k+ 1- (p—;l)z) fihgy1—; = 0.

i=0
We set Uy, = [hi—2g, hk—2g+1, - - -, hi]", and let A(k) be the (29 + 1) x (29 + 1)
companion matrix:

0 1 0 - 0
0 0o 1 - 0
A(k) =
0 0 0 . 1
Fao11(QotD(p—1)/2=(k=29-1)) . . . ... Sillp=1)/2=k+1)
f()k fok
The initial vector Uy = [0, ...,0, fép_l)m]t can be computed using binary pow-

ering techniques in O(log(p)) base field operations; then for k& > 0, we have
Ui+1 = A(k 4+ 1)Ug. Thus, to answer our specific question, it suffices to note
that the vector Uy, ; gives the coefficients h;,—; for j =1,..., g that form the
ith row of the Hasse-Witt matrix of C.

Yet, Theorem 1 cannot be directly applied to this sequence, because A(k)
has entries that are rational functions, not polynomials. Though the algorithm
could be adapted to handle the case of rational functions, we rather use the very
specific form of the matrix A(k), so only a small modification is necessary. Let
us define a new sequence Vj, by the relation

Vi = ¥R\,
Then, this sequence is linearly generated and we have Vi1 = B(k+ 1)V}, where

B(k) = fokA(k).
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Therefore, the entries of the matrix B(k) are polynomials of degree at most 1.
Note also that the denominators f§k! satisfy the recurrence relation

Tk + 1) = (fo(k + 1)) - (FERY).

Thus, we will compute separately, first V,—1, Vop—1,... Vgp—1 and then the de-
nominators f£~ (p — 1),..., f& (gp — ).

To this effect, we proceed iteratively. Let us for instance detail the com-
putation of the sequence Vj_1,Vap_1,... Vyp—1. Knowing Vy, we compute V,_;

using Theorem 1. Then we shift all entries of B by p, so another application of

Theorem 1 yields Va,_1. Iterating g times, we obtain V,_1, Vop_1,... Vyp_1 as re-
quested; the same techniques are used to compute 2" (p—1)!,..., f& " (gp—1)..
Then the vectors Up_1,Usp—1,...Ugp—1 are deduced from
1
U, = — V.
T

Lifting to characteristic zero. A difficulty arises from the fact that the char-
acteristic is too small compared to the degrees we are aiming to, so p! is zero
in F,a. The workaround is to do computations in the unramified extension K
of Q, of degree d, whose residue class field is F,«. The ring of integers of K
will be denoted by Of; any element of Ok can be reduced modulo p to give
an element of IF,,a. On the other hand, K has characteristic 0, so p is invertible
in K.

We consider an arbitrary lift of f to Og[X]. The reformulation in terms of
linear recurrent sequence made in the above paragraph can be performed over K;
the coefficients of f(P~1/2 are computed as elements of K and then projected
back onto IF,,«. This is possible, as they all belong to Og.

Using the iteration described above, we separately compute the values in K
of the vectors Vj,_; and the denominators fi* ' (ip—1)!, for i = 1,...,g. To this
effect, we apply g times the result given in Theorem 1; this requires to perform

O (g + g*M(y/p) log(p)) ,

operations in K and to store O(g2\/;5) elements of K.

Computing at fixed precision. Of course, we do not want to compute in
the field K at arbitrary precision: for our purposes, it suffices to truncate all
computations modulo a suitable power of p. To evaluate the required precision
of the computation, we need to check when the algorithm operates a division
by p. .

To compute the vectors Vj,_; and the denominators 8”_1(2';0 — 1), for i =
1,...,g, we use Theorem 1. This requires that all integers up to 2[,/p] + 1 are
invertible, which holds as soon as p > 11.

Then, for all ¢ = 1,...,g, to deduce U;,—1 from V;,_1, we need to divide
by fép _1(ip — 1)!. The element fy is a unit in O, so the only problem comes



54 Alin Bostan, Pierrick Gaudry and Eric Schost

from the factorial term. With our assumption that g < p, we have ¢ < p and
then the p-adic valuation of (ip — 1)! is exactly ¢ — 1. Therefore the worst case is
i = g, for which we have to divide by p9~'. Hence computing the vectors Vip—1
modulo pY is enough to know the vectors U;,—; modulo p, and then to deduce
the Hasse-Witt matrix.

Overall complexity. Storing an element of Ok /p?Oxk requires O(dglog(p))
bits, and multiplying two such elements can be done with O(M(dglog(p))) bit-
operations. From the results of Section 3, we then deduce the following theorem
on the complexity of computing the Hasse-Witt matrix.

Theorem 3 Let p a prime, d > 1 and C a hyperelliptic curve defined over I
by the equation y* = f(z), with f of degree 2g + 1. Then, assuming g < p, one
can compute the Hasse- Witt matriz of C with a complexity of

O ((9“*" Vb + g°M(V/p) log(p)) M(dglog(p)))
bit-operations and O (dg\/p log(p)) storage.

The matrix H by itself gives some information on the curve C, for instance
H is invertible if and only if the Jacobian of C is ordinary [33, Corollary 2.3].
However, as stated in Theorem 2, the matrix H, and in particular its char-
acteristic polynomial x(¢) tell much more and are required if the final goal is
point-counting. Thus, we finally concentrate on the cost of computing the char-
acteristic polynomial of H.

The matrix H is the “norm” of H and as such can be computed with a
binary powering algorithm. For simplicity, we assume that d is a power of 2,
then denoting

o, —ga®.. g,

)

we have ‘
g
Hﬂ',i+1 = Hﬂ',i ' (H'lr,i)(p ) .
Hence the computation of H, ;1 from H;, costs one matrix multiplication
and 2' matrix conjugations. A matrix conjugation consists in raising all the
entries to the power p, therefore it costs O(g?log(p)) operations in F,a. The
matrix we need to compute is Hy = Hp 1og,(a)- Hence the cost of computing H is

O (dg”log(p) + g* log(d))

operations in [F,«. The general case where d is not a power of 2 is handled by
adjusting the recursive step according to the binary expansion of d and yields
the same complexity up to a constant factor.

The cost of the characteristic polynomial computation is bounded by the cost
of a matrix multiplication [19] and is therefore negligible compared to the other
costs.

If we are interested only in the complexity in p and d, i.e. if we assume that
the genus is fixed, we get a time complexity for computing x(¢) mod p in

O ((M(yvp) + d) M(dlog(p)) log(p)) -
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Case of large genus. In case of large genus, the algorithm of Theorem 1 is
asymptotically not the fastest. In this paragraph, we assume that the function M
is essentially linear and we do not take into account the logarithmic factors;
adding appropriate epsilons in the exponents would yield a rigorous analysis.
The cost in bit-operations of Theorem 3 is at least g4\/13d whereas the cost of
the naive algorithm is linear in gpd. If g > p'/%, then g*\/p > gp, and therefore
the naive algorithm is faster.

5 Point-Counting Numerical Example

We have implemented our algorithm using Shoup’s NTL C++ library [26]. NTL
does not provide any arithmetic of local fields or rings, but allows to work in
finite extensions of rings of the form Z/p9Z, as long as no division by p occur;
the divisions by p are well isolated in the algorithm, so we could handle them
separately. Furthermore, NTL multiplies polynomials defined over this kind of
structure using an asymptotically fast FFT-based algorithm.

To illustrate that our method can be used as a tool in point-counting al-
gorithms, we have computed the Zeta function of a (randomly chosen) genus 2
curve defined over Fs, with p = 232 — 5. Such a Jacobian has therefore about
2192 elements and should be suitable for cryptographic use if the group order
has a large prime factor. Note that previous computations were limited to p of
order 2% [21].

The characteristic polynomial y of the Frobenius endomorphism was com-
puted modulo p in 3 hours and 41 minutes, using 1 GB of memory, on an AMD
Athlon MP 2200+. Then we used the Schoof-like algorithms of [13] and [14] to
compute x modulo 128 x 9 x 5 x 7, and finally we used the modified baby-step
/ giant-step algorithm of [21] to finish the computation. These other parts were
implemented in Magma [5] and were performed in about 15 days of computation
on an Alpha EV67 at 667 MHz. We stress that this computation was meant as an
illustration of the possible use of our method, so little time was spent optimizing
our code. In particular, the Schoof-like part and the final baby-step / giant-step
computations are done using a generic code that is not optimized for extension
fields.

Numerical data. The irreducible polynomial P(t) that was used to define F s
as B [f)/(P(1)) is

13+ 1346614179t% + 35155193041 + 3426487663.
The curve C has equation y? = f(x) where f is given by

fz) = 2° + (2697017539¢2 + 1482222818t + 3214703725)a3+
(67667354612 + 3607548185t + 1833957986) 22+
(1596634951¢2 + 3203023469t + 2440208439)x+
299436123312 + 3327339023t + 862341251.
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Then the polynomial characteristic x(7') of the Frobenius endomorphism is given
by T% — 5173 + 5912 — p2s1:T + pb, where

s1 = 332906835893875, s9 = 142011235215638946167187570235.

The group order of the Jacobian is then

6277101691541605395917785080771825883860189465813625993977
= 3% x 13 x 67 x 639679 x 417268068727536370810010172344236025455933953139.

This number has a large prime factor of size 2'8, therefore that curve is
cryptographically secure.

Measure of the complexity in p. To check the practical asymptotic be-
haviour of our algorithm, we ran our implementation on a genus 2 curve defined
over F,s with p = 23* — 41. We performed only the Cartier-Manin step, and not
the full point-counting algorithm. As the characteristic is about 4 times larger
than in the previous example, a complexity linear in ,/p means a runtime multi-
plied by about 2. On the same computer, the runtime is 8 hours and 48 minutes.
Hence the ratio of the runtimes is about 2.39. The defect of linearity can be
explained by taking into account the logarithmic factors. Assuming that M(n) is
O(nlog(n)log(log(n))), and neglecting the multi-logarithmic factors, the com-
plexity announced in Theorem 3 is in O(,/p(log(p))?). With this estimate, the
expected ratio between the runtimes becomes about 2.40, that is very close to
the measure. This validates our analysis.

6 Conclusion

In this paper, we have presented an improvement of an algorithm by Chudnovsky
and Chudnovsky to compute selected terms in a linear sequence with polynomial
coefficients. This algorithm is then applied to the computation of the Cartier-
Manin operator of hyperelliptic curves, thus leading to improvements in the
point-counting problems that occur in cryptography.

This strategy extends readily to curves of the form y" = f(x) with r > 2, for
which the Hasse-Witt matrix has a similar form. For more general curves, Mike
Zieve pointed to us the work of Stohr and Voloch [28] that gives formulas that
still fit in our context in some cases.

Finally, Mike Zieve pointed out to us the work of Wan [32] that relates Nieder-
reiter’s polynomial factorization algorithm to the computation of the Cartier-
Manin operator of some variety. The link with our work is not immediate, as
that variety has dimension zero. Nevertheless, this remains intriguing, especially
if we think of Pollard-Strassen’s integer factoring algorithm as a particular case
of Chudnovsky and Chudnovsky’s algorithm.
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Abstract. In a recent paper, Tsaban and Vishne [4] introduce linear
transformation shift registers (TSRs) which generate sequences by an
entire word with each iteration. The authors recently [1] proved that over
F2, irreducible TSRs occur in pairs. Now the results are generalized and
extended for arbitrary finite fields. This aids in the search for irreducible
TSRs.

1 Introduction

Linear feedback shift registers (LFSRs) play an important role in engineering
for the implementation of sequences over finite fields; see Golomb [3]. LFSRs
generate a single bit with each iteration. Recently, Tsaban and Vishne [4] intro-
duced linear transformation shift registers (TSRs) which produce an entire word
with each iteration by utilizing word-oriented operations. A linear transforma-
tion of order m (the word size) is combined with a LFSR of order n to create the
TSR over the finite field IF,. For certain choices, the resulting TSR has primitive
characteristic polynomial, and hence maximal order ¢”" — 1. Finding irreducible
TSRs is the first step towards finding primitive TSRs.

In a recent paper [1], the authors note the existence of pairs of character-
istic polynomials of LFSRs that have the same irreducibility behavior for all
possible transformations that form TSRs over Fo. All LFSRs with characteristic
polynomial divisible by x + 1 exhibit this property. A simple formula allows the
computation of the pair of such a LFSR. The individual factors of the LFSRs,
along with the order n, determine the pair.

This phenomenon is now generalized and expanded over Fy. A much richer
pairing and (¢ — 1)-tupling pattern emerges. Several nuances appear which are
masked in the Fy case. Every LFSR is a member of a (¢—1)-tuple and those with
linear factors are also paired in other, more interesting ways. Explicit formulas
are given for the calculation of pairs and (¢ — 1)-tuples and the development
as n grows is explored. Finally, the role of individual divisors of the LFSRs
is examined. Several examples of this pattern are provided. Computationally,
this allows for time savings in the search for irreducible TSRs. However, the
applications of TSRs and their pairs are not the focus of this article. Please refer
to [4] and [1] for such explanations.

* The first author was supported by an NSERC Undergraduate Student Research
Award. The second author was supported by NSERC under grant number 238757.

G. Mullen, A. Poli and H. Stichtenoth (Eds.): Fq7 2003, LNCS 2948, pp. 59-68, 2003.
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2 Preliminaries

A sequence sg, 51, . . ., of elements from F satisfies a linear feedback shift register
(LFSR) S = (ag,a1,...,an-1),a0 # 0, of order n if

Sp4t = QoSt + A1S¢41 + -+ + An—1Sp4t—1

for all t = 0,1,.... We associate S with the polynomial fs(z) = a,_ 12" ! +
-+ -+ ag. Unless otherwise specified, fg is assumed to always have degree strictly
less than n in this paper. These LFSRs generate a single new element with each
iteration.

Tsaban and Vishne describe a transformation shift register (TSR) which gen-
erates an entire word v,, of m elements of F, with each iteration. For the n words
g, VU1,...,V,_1 and for linear transformation T" of order m,

vp, = T(agvo + a1v1 4+ + + ap—1Un_1).

Scalar multiplication and vector addition are used in this computation. We now
cite some important results about TSRs.

Proposition 1. (3.1 in [{]) Let T be a linear transformation of Fy* with char-
acteristic polynomial fr(z), and S = (ag,a1,...,an—1) € F5,a9 # 0. Then the
characteristic polynomial of the TSR (T, S) is
) = st pr (125 )
z) = fs(x — .
r ) = I 7

The TSR has a maximal period of ¢™"™ — 1 if, and only if, its characteristic

polynomial is primitive.

Proposition 2. (4.1 in [4]) Let Fym be the splitting field of fr(z). Let o be
a root of fr(z) in Fym. Then fip sy (x) is irreducible over Fy if, and only if,
2" — afs(z) is irreducible over Fym.

In an earlier paper [1], the authors investigated pairs of LFSRs. The LFSRs
S1 and S form a pair whenever they form irreducible TSRs with exactly the
same linear transformations fr(x). The corresponding polynomials fg, and fs,
are also said to be a pair. It was further shown that over Fs, the polynomial
fs,(x) is paired with

fo, (@) = (@ + 1)" fs, <xj—1> .

Furthermore, as the order of the LFSR increases to n’ = n + t, we have (z +
1) fs, (7) is paired with (z + 1)~ fg, (). Finally, if

fsi (@) = (@ +1)%pi* (z) - - pr7 (),

then
f,5‘2 (1‘) = (3; + l)nfaofm degpi—--—an, ngprqfl (JU) . qgr (ZE)
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where ¢;(z) = (x + 1)de8Pip, (ZLH) In this paper we generalize these results to
F,.

Finally, we also require linear fractional transformations as described by
Fitzgerald [2]. For

ab

M= [cd

] € GL(2,q),

we define

ar +b
cr+d
M - f(z) = (cx + d)* f(M - 2) where k = deg f.

M- -x =

We note that this is an inverse action since N - (M - f) = (MN) - f.

3 Pairing of LFSRs over F,

Pairing of LFSRs is found by computing TSRs for many LFSRs and linear
transformations, and by checking for irreducibility and primitivity. Examples of
this kind of test are given in Tables 1, 2, and 3. Irreducible linear transformations
of orders m = 2 over F5 are listed in Table 1. The coefficients of the characteristic
polynomials are listed with the least significant coefficient on the left. Hence,
the eighth entry represents 4 4+ 3z + x2. Table 2 lists all LFSRs of order n = 2
over 5 in a similar fashion, and indicates which linear transformations produce
irreducible (‘T") TSRs. If the resulting TSR is also primitive, a ‘P’ replaces the
‘I’. The numbers at the top of each column refer to the linear transformations
in Table 1. Table 3 is similar, though it lists all LFSRs of order n = 3.

Note that many rows have non-blank entries (I or P) in the same coordinates.
For example, rows 5, 12, 16, and 17 of Table 2 and rows 5, 8, 18, 19, 33, 51, 70,
and 96 of Table 3. This phenomenon is mathematically justified in the following
subsections.

3.1 Pairing of LFSRs of Fixed Order

Let fs be the polynomial associated with the LFSR S. The next theorem shows
that every fs is paired with each polynomial in a set of order ¢ — 1 (called a
trivial pairing) as well as being paired with one polynomial for each distinct
linear factor of fg (called a non-trivial pairing). A polynomial trivially paired
with one non-trivially paired with fg is itself non-trivially paired with fs.

Theorem 1. Over F,, the polynomial fs(x) with degree < n is paired with
(cx+d)"fs (C;ﬂ), where d € F; and ¢ = 0 (a trivial pair) or 1/c is a root of
fs(x) (a non-trivial pair).
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Table 1. Characteristic Polynomials of Irreducible Transformations of Degree m = 2
over 5

201(6 |421
301|7 [331

1
2
3|111(8 |431
4
5

NolN BB BEN I e

211(9 (141
321{10|241

Table 2. Irreducibility /Primitivity of TSRs for n = 2 over Fs

1212345678910
1/10IT PP P P
2120 PP P P
3130 IT PP P P
4 40IT PP P P
5|11 ITPPI I
612111 I PI IPpP
7311 IP PII
8 141 1 IPITP
9112 I IPIIP
1012 2|]I IP PII
11132 I PI IP
12142 IITPPI 1
13]1 3| 1 IPITIP
1412 3|1 IP PII
1533]I I PI IP
1643 IIPPI 1
17114 ITPPI 1
18|124(I I PI IP
19|34(I IP PII
2014 4| 1 IPIIP
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Table 3. Irreducibility /Primitivity of TSRs for n = 3 over F5

1z2%12345678910 1z2%12345678910 1z2%12345678910
1100 ITIIIIITI|35331PPI P PIIP|68[41 3PP PPI II1P
220 0 ITIIIIITI |[36/431 I P Pleg (12 3[PPI P PIIP
3300 ITIIIII I |[37]14 1 PP 70 22 3|P 1P
4140 0 ITIIIIII|38241PP PP IPJ71(323 I P P
511 0[P 1P 3934 1P P P72]42 3| P P P
621 0[P P I 40044 1| PI P|73]133[PPIPPIP I
7131 0[P P I 4110 2| P1I I 74 123 3|P P I
841 0P 1P 4220 2| P P P 75133 3 P P I
9120 P P I 43[30 2 |P P P |76 |43 3| P P P
1022 0| PI P |[44/40 2P 77114 3|P P P
1132 0| P1I P 4511 2[PP PP IP|78]24 3 1P P
12142 0| P P I 4621 2| P11 P934 3] P P I
13]13 0| P1I P (47|31 2 PP 8044 3[PPIP IPI P
1423 0| P P i 48(41 2 [P P P81]10 4| P P P
1533 0| P P I 49(12 2| P P P 82 (20 4|P 1 1
1643 0| PI P |[50[2 2 2 I P P|831]30 4| PI I
1714 0[P P I 5132 2 [P P 84 |40 4|P P P
18(24 0[P 1P 5242 2[PPI1 P PIIPI|85[11 4] P P I
1934 0|P IP 5313 2| P P P 86 (21 4|P P P
204 4 0P P I 542 3 2 P P I 87 (31 4PPIP IPI P
2110 1P P P |[55(33 2 |P P 88 |41 4 1P P
2220 1| PI I 56(43 2[PPIPPIP I 89 12 4 P P I
23(30 1P I 1 57114 2[PPIP P P|90[22 4PPIPPIP I
2440 1| P P P 5824 2| P P I 91 32 4| P P P
25(11 1 IP P (59|13 4 2 P P92 (42 4P P I
2621 1[PPIP IPI P |60j44 2P P P |93 ]13 4 I P P
27031 1P P P |[61[10 3P 94 (23 4PPI P PIIP
2841 1| P P I 6220 3P P Pl951(33 4| P P P
2912 1P P I 6330 3| P P P 96 |43 4|P 1P
3022 1| P P P 6440 3| P1I I 97 |14 4| P1 P
3132 1[PPIPPIP I 65(11 3P 3 P (98 [24 4P P P
32042 1 P P I 6621 3 PP 99 34 4/PP PPI IIP
3313 1P 1P 6731 3| P1I P |[100]4 4 4 PP I
3423 1| P P P
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Proof. Let a € Fygm be a root of an irreducible polynomial fr of degree m, and
suppose =" — afs(x) is reducible over Fym with root 8 € Fymt, k& < n. For

M = E 0] d # 0, the inverse of M exists. Define § = M~ - 3. Then 3 =M -§

and we have
A" —afs(B) = (M-6)" —afs(M-§) =0.

Therefore,

(cd+d) <65—|-d> —(cd+d)"afs (C(S—Fd) =0.

Hence 2™ — a(cx + d)" fs (mfm) is reducible.

X
cx+d
Define pn = M - v. Then since v cannot be —d/c, we have the both equalities:

Similarly, suppose z" — a(cx + d)" fs ( ) has a root v € Fymr, k < n.

= ater+drgs () =0

(cvld)n f5< +d>”"afs(u)o.

) is irreducible.

Thus 2™ — afs(x) is irreducible iff 2" — a(cz + d)™ fs (cwid
It remains to show that (cx+d)" fs (cx+

of order n by showing that zero is not a root and it has degree strictly less than
n. The first fact follows easily from fs(0) # 0 and d # 0 since

d) corresponds to a legitimate LFSR,

<m+@m(

) Zal (cx +d)"

0+ d)"”
0+ ss (5
The second fact follows from

(cx+d)"fs <

n d> =z"(ap—1c+ -+ a7+ apc™)

+ {some polynomial of degree < n}

1
=z"c"f <c> + {some polynomial of degree < n}.

The 2™ term disappears whenever c is as specified. |
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The trivial case ¢ = 0 always occurs. Every LFSR fg is paired with every
member of the (¢ — 1)-tuple {d" fs(%) : d € F}}. Since

firsy () = fs(x)" fr (fj(l))

is the characteristic polynomial of a TSR involving fg, the family of TSRs of
the trivial (¢ — 1)-tuple is found by direct substitution

X

firsn(@) =d™ s ()

More generally, the family of TSRs of all pairs of fg is also found by substi-
tution

mn z
f(”T,SH)(fC) = (cx +d)™" fi1.s) <ca: n d>
=M - f{T,S)(‘r)a

where ¢ and d are as specified in Theorem 1.

An example of a trivial (¢ — 1)-tuple is lines 33, 51, 70, and 96 of Table 3.
The thirty-third LESR of Table 3 is fs, = 1 + 3z + 2% For n = 3 and ¢ = 0,
fs, = d® + 3d*z + dx?. Hence,

fs, =3+ 2z + 227
fss =2+ 2z + 322
fs, =4+ 3z + 422,

and these are the LF'SRs in rows 51, 70, and 96. A non-trivial pair of the fifty-first
LFSR of Table 3 is

fS5 = (3$+2)3f52 (3:61‘4-2)

=33z +2)* + 23z + 2)%r + 2(3z + 2)2?
=4+

which is the eighth row of that table. We already noted these are paired in
the comment before Subsection 3.1. The other pairs may be found in a similar
fashion.

All of these examples of paired fs have the extra property that fir g,y is
primitive if and only if f7 g,y is primitive. This does not hold in general. For an
example, refer to lines 5 and 23 from Table V of [1].
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3.2 Pairing of LFSRs as the Order Varies

The pairs of fg, for order n determine the pairs of larger order n+¢. The previous
theorem tells us that for fs, = (cz + d)"fs, (#d)

2t afs, (z) is irreducible,

n—+t _ n—+t L P .
S alex +d)" " fs, (cx = d) is irreducible,
& 2" — a(cx + d)' fs, () is irreducible.
That is, we have the following theorem.

Theorem 2. The LFSR fs, () is paired with (cx + d) fs,(z) for LESR order
n =n+t.

For example, since for n = 3, fs, = 3+ 2z + 22% € F5[x] has non-trivial pair

x
=Bz +2)3 =44z,
fss = Bz + )f52<3x+2> +x
Theorem 2 implies that for n = 5, fg, has pair

3z +2)%fs, = (3x +2)*(4 + x) = 1 + 2z + 322 + 4a®.

3.3 Factors of the Polynomial Pairs
Pairs of LFSRs can be determined by examining the individual factors of the

polynomials fg, () = pi*(z)---pi~(x), where the p; are irreducible over F,.
Quite simply, the pair of fg, () is

fsa(@) = (co + PP (Cxi—d) e (Cxi—d)

= (Cl' —+ d)nfal degp1—--—ar, dEgprq‘fl (ZE) e qﬁ"‘ (.’L’)

where g;(a) = (e + )i, (2
That is, fs, may be factored, the individual divisors replaced with their pairs
and then an appropriate power of (cx + d) inserted. This yields fs,.
In particular, the linear polynomial p(x) = x — 1/¢ has pair

mm:«m+@( z _1>:_¢

) is the pair of p;.

cx+d ¢ c

Hence, the degree of the pair of the composite fs(z) having p(z) =2 —1/cas a
factor will have degree less than n. All other (monic) irreducible factors p; will
have pair g; of the same degree.
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For example, consider the polynomial

fs(x) = 2® + 62 + 2% +42® + 22+ 6
= (2% + 62% + 52 + 3)(2? + 2)(x + 1) over Fy.

For ¢ = 6 and n = 7, it has pairs for all 1 < d < 6,

fs,(z) = (62 + d) (42> + 5dz? + 3d*x + 3d*)(32? + 3dx + 2d°)(d)
= 2d25 + 6d%2° + 2d%2* + 4d*2? + 6d°22 + 2d5x + 6d”.

Whence
fs, (x) = 22°% 4+ 62° 4 22* + 423 + 62 + 22+ 6
fs,(x) = 4a® 4+ 32° 4 22* + 2% +- 32° + 22 + 5
fss(x) = 62° + 525 + 52t + 223 + 222 + 22 4+ 4
fsi(x) = 28 + 52° 4+ 22 + 223 + 522 + 22 + 3
fs.(x) = 32°% 4+ 32° 4+ 52* + 2® 4+ 42® + 22 + 2
fse(x) = 52 4+ 62° 4 52t + 423 + 2% 4 22 + 1

form a (g — 1)-tuple which are trivially related to each other, but individually,
each of them is a non-trivial pair of fs.

4 Conclusion

Further examination of tables similar to those provided here may yield new
interesting results. Perhaps different linear fractional transformations, say for
b # 0, of the LFSRs lead to other connections.

In his paper, Fitzgerald [2] counts the number of polynomials which remain
invariant under the action of the matrix M. His techniques are not immediately

applicable in our case because (cz +d)" fs, (C;’ﬁ) # M- fs, asn > deg fs,. As

well, when considering the characteristic polynomial fi7 gy of the TSR and its
pair f<’T’ sy = M- fir sy, not all transformations M are applied to all polynomials
f of degree mn. M is only applied to those polynomials which represent a TSR.
That is, an application of Fitzgerald’s methods here would count extraneous
invariant polynomials. An example of such an invariant polynomial is fg = 2*—1
for ¢ = 5, n = 5. Tables (similar to 2 and 3) containing examples of invariant
polynomials were not provided as they would be too large or too simple. For
instance, if 1/c¢ is a root of invariant fg, then

fs(@) = (ca+1)" fs ( d ) |

cr+1

Plugging in 1/c shows that 1/(2¢) is also a root (unless p, the characteristic,
equals 2). Plugging in 1/(2¢) shows that 1/(3¢) is a root and so on. Thus fg
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has roots 1/(kc) for 1 < k < p. In particular, deg fs > p — 1. An explicit
characterization of these invariant fg would be helpful.

Nevertheless, transformation shift registers may be found efficiently by tar-
geting LFSRs with linear factors (and hence non-trivial pairs). Multiple irre-
ducible TSRs are thus found for the computational price of one.

Acknowledgement. The authors wish to thank the referee for a careful reading
of the manuscript and many helpful comments which improved the clarity of this

paper.
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Abstract. The relationship between two concepts measuring structural
properties of pseudorandom numbers, namely the linear complexity pro-
file and the lattice profile, is investigated. In particular an explicit for-
mula expressing the lattice profile in terms of the linear complexity profile
(and vice versa) can be provided once the interrelation is known in cer-
tain points. Moreover an intrinsic characterization of lattice profiles is
established.

1 Introduction and Basic Facts

Pseudorandom numbers (PRN) generated by linear congruences as introduced
by Lehmer [8], though still very popular and widely used, comprise severe defi-
ciencies that make them improper in many applications as for instance in quasi-
Monte Carlo methods (cf. [12]). One particularly undesirable feature of these
PRN is their coarse lattice structure. Marsaglia [9] proposed a lattice test for
arbitrary nonlinear congruential generators modulo a prime. This test was in-
vestigated and enhanced by several authors, e. g., [5,15-17].

Recently, in joint work with A. Winterhof [2, 3], we extended a generalized
version of Marsaglia’s lattice test for sequences over finite fields to segments of
sequences (7,,) over an arbitrary field K: For given s > 0 and N > 2 we say that
(1) passes the s-dimensional N-lattice test if the vectors {n —n [1<n <
N — s} span K¢, where

n, = (nnann+1v e 77]n+sfl)a 0<n<N-—s.

If (n,) passes the s-dimensional N-lattice test then it passes all s’-dimensional
N-lattice tests for s’ < s and if (7,,) fails the s-dimensional N-lattice test then
it fails all s’-dimensional N-lattice tests for s’ > s. The greatest s such that (n,)
satisfies the s-dimensional N-lattice test is called the Nth lattice level of (ny,)
(or the lattice profile of (n,) at N) and is denoted by S((n,), N). Additionally
we define S((1,),0) = S((nn),1) := 0. The sequence (S((n,), N))n>o is called
the lattice profile of (ny,).

Another quality measure appraising the intrinsic structure of PRN is given
by the linear complexity: The Nth linear complexity L((n,), N), N > 1, is the
least order L of a linear recurrence relation over K

MntL = QoNp +1Mpy1 + .-+ @p—1Mptr—1, 0<n<N-L-1,

G. Mullen, A. Poli and H. Stichtenoth (Eds.): Fq7 2003, LNCS 2948, pp. 69-78, 2003.
© Springer-Verlag Berlin Heidelberg 2003
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which is satisfied by the first N terms of (7,,) (with the additional conventions
that L((n,), N) = 0if the first N terms of (n,,) are all 0 and L((n,), N) = N if the
first N —1 terms are 0 and the Nth term of (7,,) is nonzero). Moreover we define
L((1,),0) := 0. The linear complexity profile is the sequence (L((n,), N))n>0
and the linear complexity L(n,) is defined as

L(nn) = ]SvlgL((nn),N)-

The linear complexity and the linear complexity profile are important crypto-
graphic characteristics of sequences (see e.g. [1,11,19]). A low linear complexity
of a generator has turned out to be undesirable for more traditional applications
in Monte Carlo methods as well (see e.g. [6,12-14]).

In the following we will use a more compact notation and mostly write L(N)
and S(N) instead of L((n,), N) and S((n,), V), respectively, when it is not nec-
essary to stress the role of a particular sequence (7,,) and merely the properties
of S and L as functions in N are of interest.

In the remaining part of Sect. 1 we will recall some results on the linear
complexity and the lattice profile which will be used later on.

The following proposition (cf. [7, Theorem 6.7.4], [10], or [18]) describes the
step-growth of the linear complexity profile.

Proposition 1. (i) If L(N) > N/2 then
L(N +1)=L(N).
(ii) If L(N) < N/2, then
L(N+1)=L(N) or L(N+1)=N+1—-L(N).
Next we list some basic properties of the lattice profile ([2, Proposition 4]).

Proposition 2. (i) S(N) < S(N+1) <S(N)+1.
(i) S(V) < N/2.

As the main result of [2] the following relation between lattice profile and linear
complexity profile for arbitrary sequences is proved.

Theorem 1. We have either
S(N) =min{L(N),N+1—L(N)}

" S(N) = min{L(N), N + 1 — L(N)} — 1.
In case L(N) = N+1—L(N), i.e., L(N) = (N +1)/2, there is a definite value
for S(N), namely

S(N)=min{L(N),N+1—-L(N)} -1=(N—-1)/2.

Furthermore in [2] an example is given which shows that all four possibilities
S(N) = L(N) —1,L(N),N — L(N),N + 1 — L(N) in Theorem 1 occur.
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2 Relationship Between Lattice Profile and Linear
Complexity Profile

From the point of view of applications Theorem 1 can be interpreted as say-
ing that the linear complexity profile and the lattice profile provide essentially
equivalent quality measures for the intrinsic structure of a sequence.

In this paper we continue with the objective to decide which of the four values
in Theorem 1 is assumed by S(N) and we try to find out what is the dynamic
behind that governs the relationship between S(N) and L(N).

A partial result in this direction is [2, Proposition 5,6 and 10].

Proposition 3. If L := L(N) < N/2 and
il = Q0Nn + Q1lpy1 + ...+ oL 1ngr-1, 0<n<N-L-1, (1)

is the linear recurrence relation of least order satisfied by the first N terms of
(7n), then L(N) —1 < S(N) < L(N) and

S(N) = L(N) -1

if and only if
Qg +o1+ ...+ 1 =1.

Remark 1. A sequence (n,) satisfies a recurrence relation (1) with ag + a3 +
...+ ar_1 = 1if and only if every additively shifted sequence (1, + a), a € K,
satisfies the same recurrence.

Next we prove some preparatory results.

Lemma 1. If S(N — 1) = S(N) then
L(N)<S(N-1)+1.

Proof. Put s := S(N). We consider the following matrix:

m—"No N2—" s NIN—s—1 — NIN—s—2
2 — M T NIN—s —TIN—s—1
A= :
Ns —MNs—1 - NN—-2 —7IN-3
Ns+1—MNs -+ NN—2—1NN-3 7"NN-1—TN-2

The assumption S(N —1) = s means that the rank of the first s rows of A equals
s, thus the first s rows of A are linearly independent. Since s = S(NNV) the rank
of A is also s. Thus the last row of A is a linear combination of the first s rows
and there exist «g,...,as;—1 € K such that

Ns+14n — Ns+n = aO(n1+n - nn) +...+ asfl(nsan - 7]sfl+n)
forn=0,1,...,N — s — 2. Rearranging the last equation to
Nst14n = —07n + (@0 — @1)Nnt1 + .o+ (52 = Qs 1)Ns— 140 + (Qs—1 + D)5ty

we see that L(N) <s+1=S(N —-1)+ 1. |
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Chiefly we will use the last result in the following form.
Lemma 2. If L(N) > (N +1)/2 then

S(N) = S(N —1) + 1.

Proof. L(N) > (N + 1)/2 implies L(N) > S(N —1) + 1 (due to S(N —1) <
(N —1)/2, Proposition 2 (ii)). By Lemma 1 we obtain S(N) > S(N — 1) and
Proposition 2 (i) yields S(N) = S(N —1) + 1. O

Lemma 3. Let N be even. If S(N —1) = N/2 -1 and S(N —2) < N/2 -1
then S(N) = N/2.
Proof. We consider the matrix
m — "o M2 —m --7Nj2 —7IN/2—1
g—| m-m :

nN/2 —7N/2—1 0 " TIN—-1 —T]N-2

Let A’ denote the matrix consisting of the first N/2 — 1 rows of A and let A”
consist of the first N/2 — 1 columns of A’. Our assumptions can be interpreted
as follows:

(i) S(N —1) = N/2 — 1 means that the rows of A" are linearly independent,
i.e., the rank of A’ is N/2 — 1.

(ii) S(N —2) < N/2 — 1 implies det A” = 0, hence, say the i-th row of A",
1 <4< N/2-1,is a linear combination of the remaining rows of A”.

Performing the corresponding row-transformation with A we obtain

m—"o M2 =" - 7NNj2 —1IN/2—1

det A = det 0 o 0 @ (< i-th row)
NN/2 —7NNj2—1 0 NIN—-1 —TIN-2
m —"o 0 TINj2—1 —TINj2-2
— 4+ - det Ni—1 —"Ti—2 - 1IN/2+i—-3 — TIN/2+i—4
MNi+1 — T - NIN/2+i—1 — TIN/2+4i—2
NN/2 —1NIN/j2—1 " NIN-2 —7IN-3

Due to (i) we have a # 0. The transpose of the matrix B appearing in the last
step arises from A’ by deleting the i-th column which is linearly dependent from
the remaining columns (see (ii) and note that A” is symmetric). Thus the rank of
B is equal to the rank of A’ which is N/2—1 and hence det B # 0. Consequently
det A # 0 and S(N) = N/2. O



Lattice and Linear Complexity Profiles of Pseudorandom Number Sequences 73

Lemma 4. If L(N) = N/2 and S(N) = N/2 — 1 then S(N —2) = N/2 — 1.

Proof. If L(N) = N/2 then L(N — 1) = N/2 (Proposition 1) and S(N —1) =
N/2 —1 (second part of Theorem 1).

Assuming S(N —2) < N/2—1 Lemma 3 yields S(N) = N/2, a contradiction.
Hence S(N —2) > N/2 — 1 and since S(N —2) < S(N — 1) = N/2 — 1 we infer
S(N —2)=N/2—1. O

Now we are in a position to give a full answer to the question to which extent
the linear complexity profile determines the lattice profile.

Theorem 2. Assume L(N1) = Ny/2, L(N2) = No/2, N1 < Ny and there is no
N with Ny < N < Ny and L(N) = N/2. Then S(N) is completely determined
by S(N1) for all N with Ny < N < Ni. In particular one of the following two
cases occurs:

1. If S(N) = L(Ny) then

S(v) = { MIn{E(N), N+ 1= LN)} N S N < N, =2
TAN/2-1 N=N,—1 :

2. If S(N1) = L(Ny1) — 1 then
S(N) = min{L(N), N + 1~ L(N)} =1, Ni <N <Np—1.
Additionally in case 2. we have S(Nz) = Ny /2.

Proof. An immediate application of Proposition 1 to our assumptions results in
(V) Ny/2, Ny <N <(N+N2)/2-1
| Ny/2, (N1 +No)/2< N <N, '

According to Theorem 1 we have either S(N7) = N1/2 or S(N1) = N1/2 — 1.
S(N1) = Ni/2: Since L(N) does not increase for N between N; and (N; +
N3)/2—1, the unique (see e. g. [2, Lemma 3]) linear recurrence relation of minimal
length satisfied by the first N terms of (n,,) persists for N € [Ny, (N1+N2)/2—1].
Due to Proposition 3 also S(NN) is constant in this interval. For N € [(Ny +
N3)/2, Ny — 2] Lemma 2 ensures that S(IN) increases by 1 in each step. This
matches exactly with the provided formula. For N = Ny — 1 we have L(N) =
(N +1)/2 and thus S(N) = (N —1)/2 follows by the second part of Theorem 1.
S(N1) = Ny/2 —1: For N < N < Ny — 1 the same arguments as in the
first case apply. It remains to prove S(Nz) = N3/2. Since L(N3) = Ny/2 we
have either S(Nz) = Ny/2 or S(N3) = N2/2 —1 (Theorem 1). Assume S(Nz2) =
N3/2—1, then Lemma 4 implies S(Ny—2) = No/2—1. However, we have already
proved that S(Ny —2) = min{Ny — 2, Ny — 2+ 1 — N3/2} =1 = Ny/2 -2, a
contradiction. O
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Corollary 1. Let (L(N))n>o be the linear complexity profile of some sequence
and Ng = 0 < Ny < Ny... the sequence of all K with L(K) = K/2. Then the
lattice profile (S(N))n>o of this sequence can be computed from (L(N))n>o pro-
vided the values S(N;) € {L(N;), L(N;)—1} are known for alli > 1. These values
obey the following relation: If S(N;) = L(N;) — 1 for some i then S(N;y1) =
L(Nit1).

Proof. The corollary follows immediately from Theorem 2 for all N with NV < N;
for some i. If there is a largest K with L(K) = K/2 then L(N) = K/2 for all
N > K and thus S(N) = S(K) by Proposition 3. O

In the following figures the progression of L(N) and S(N) for Ny < N < Nj in
case 1. and 2. is demonstrated.

Ad 1.:
— s
G—o L(N)
1 N
% g/ 2
N1
2
> N
N1 % No

Ad 2.:
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N, w No

In case 1. we indicated by the question mark that there are two possible values
for S(N3), namely No/2 or N2/2 — 1. The following examples show that both
cases occur.

Ezample 1. 1. We consider the sequence
(nn) =(0,1,1,0,-1,0,2,2).

The first 5 terms fulfill the relation 7,12 = —ny, + Nn41, the whole sequence

satisfies 1,44 = M — Nnt2 + Mnts and we obtain the following values for L
and S:

N |[2]3]|4|5]|6]7|8
L(N)[2]2]2]2[4[4]4
S(V[[1[1[2]2[3[3[3

With N7 =4 and Ny = 8 we have S(N;) =L
2. We consider the sequence

—~

Nl) and S(NQ) = L(NQ) — 1.

(nn) = (07 1,1,0,-1,0,1, 1)

The only thing changed in comparison to the example before is that the
whole sequence now satisfies 7,44 = 1, — n+1 and we obtain

N ||2]3]4]5[6]|7|8
L(N)[|2]2][2]2[4][4]4
S(N)[[1]1]2]2]3]3]4

So in this case we have S(N;) = L(N7) and S(N2) = L(N3).

We point out another consequence of Theorem 2 which will turn out as an
important feature of the lattice profile.
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Corollary 2. Let (S(N))n>o be the lattice profile of a sequence and N1 < Na
two consecutive numbers K with the property S(K) = K/2. Then we have for
all N € [Nl,NQ]

S(N) = max{Nl/Q,N — N2/2}

Proof. The assertion follows directly from Lemma 4 and Theorem 2 if one consid-
ers the two possible cases occurring there and how these cases can be connected.
O

In other words Corollary 2 means: when the lattice profile S(IV) starts to in-
crease, it steadily increases until it meets the upper bound N/2.

Conversely to what we stated in Theorem 2 we can also compute the linear
complexity profile in terms of the lattice profile.

Theorem 3. Suppose S(N1) = N1/2, S(N2) = N2/2, N1 < Na, and there is no
N with Ny < N < Ny and S(N) = N /2. Then L(N) is completely determined
by S(N2) for all Ny < N < Ns. In particular, one of the following holds true:

1. If L(N2) = S(N) then

L(N) = Ni/2+1, Ny < N <(Ny+ Ns)/2
o N2/2, (N1+N2)/2<NSN2 ’

2. If L(N3) = S(N,) + 1 then

L(N)_ ]\71/27 N1<N§(N1+N2)/2
o N2/2+1, (N1+N2)/2<N§N2 ’

Additionally we have L(N1) = N1/2 in the second case. In the first case L(Ny)
is either N1/2 or N1/2 + 1.

The proof utilizes Theorem 2 and some basic properties of the linear complex-
ity /lattice profile and is omitted here.

3 Intrinsic Description of Lattice Profiles

We have proved several properties of the lattice profile of a sequence. Now we
show that some of them characterize lattice profiles among all functions on the
nonnegative integers Ng.

Theorem 4. Let S : Ny — Ny be a function on the nonnegative integers. Then
S(N) is the lattice profile S((n,), N) of some sequence (n,,) in the field K if and

only if

(i) S(N) < N/2,

(ii)) S(N) < S(N+1)<S(N)+1,
(iii) if s =S(IV) < S(N + 1) then

S(N+1)<...<S@2N-s)=N —s.
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Proof. Proposition 2 and Corollary 2 show that the conditions (i)-(iii) are nec-
essary.

Now we show the sufficiency. (i) implies that S(0)
We choose 1y = 1o if S(2) = 0 and n; # ng if S(
suppose 7, - - ., N—1 have been chosen and S((n,),1
(v

=85(1)=0and 5(2) <

2) = 1, respectively. NOW
) = ( ) for 0 <7 < N.

If S(N) = N/2 then by (i) and (ii)) S(N + 1) N/2 and whatever ny is

we obtain S((n,), N +1) = S(N + 1). Also, if S 1) < S(N) < N/2 we

can choose ny arbitrarily to result in S(N + 1) = S(N) + 1 (by (iii)) and

S((mn), N +1) = S((nn), N) + 1 (by Corollary 2).

Thus we may assume that S(N—1) = S(N) =: s < N/2 and we have to show
that we can choose ny such that S((n,), N+1) =sor S((n,), N+1) =s+1: If
s =0 then ng = ... = nny_1 and obviously 7y can be chosen properly. For s > 0
we consider the (s 4+ 1) x (N — s) matrix

Mm—"N0 M2—M """ NN-—s—1 " "NMN—-s—2TN-s —TIN—s—1

2 — M

A = .
Ns — Ns—1 """ NIN-2 —1N-3 NIN-1 —"IN-2
Ns+1 —Ns * " NN—-1 —TIN-2 NIN —7IN-1

Firstly we focus on the first s rows of A and denote this matrix with B. Since
S((nn), N) = s the rank of B is s, due to S((n,), N — 1) = s the last column of
B is a linear combination of the first N — s —1 columns. This means that among
the first N — s — 1 columns of B there are s which are linearly independent, say
those with indices i1, ..., .

Now let C be the matrix consisting of the columns of A with indices iy, ...,
and N —s,i.e, Cisa (s+1)x (s+ 1) matrix. We compute det C by means of
expansion by minors with the last column and obtain

detC' = (ny — nn-1)a + 03,

where o« # 0 and «, 3 only depend on 7g,...,ny—1 and not on ny. Thus for
all but one choice of ny we have det C # 0 so that the rank of A is s + 1 and
consequently S((n,), N +1) =s+ 1.

On the other hand consider the first N —s—1 columns of A. S((n,), N—1) =
S((nn), N) = s means that the last row of this matrix is a linear combination of
the first s rows. So by choosing 1y accordingly, also the last row of A depends
on the first S rows of A and for this choice of ny we have S((n,), N +1) =s
This completes the proof. a

In [4] the results derived here are used to compute counting functions and ex-
pected values of the lattice profile at N for sequences in finite fields.

Acknowledgments. Research supported by the Austrian Science Fund FWF un-
der grant No. S8312.
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Abstract. Every symplectic spread of PG(3,q), or equivalently every
ovoid of Q(4,q), is shown to give a certain family of permutation poly-
nomials of GF(q) and conversely. This leads to an algebraic proof of
the existence of the Tits-Liineburg spread of W(22h+1) and the Ree-Tits
spread of W(32h+1), as well as to a new family of low-degree permutation
polynomials over GF(32"+1).

Let PG(3,q) denote the projective space of three dimensions over GF(q). A
spread of PG(3,q) is a partition of the points of the space into lines. A spread
is called symplectic if every line of the spread is totally isotropic with respect
to a fixed non-degenerate alternating form. Explicitly, the points of PG(3,q)
are equivalence classes of nonzero vectors (xg,z1,Z2,23) over GF(q) modulo
multiplication by GF(g)*. Since all non-degenerate alternating forms on PG(3, q)
are equivalent (cf. [9, p. 587] or [12, p. 69]), we may use the form

((9607%1,%2,%3), (y07y1a y27y3)) = ToYs — T3Yo — T1Y2 + Y122. (1)

Then a symplectic spread is a partition of the points of PG(3,¢) into lines such
that (P, @) = 0 for any points P, Q lying on the same line of the spread.

Symplectic spreads are equivalent to other objects. A symplectic spread is
a spread of the generalised quadrangle W (q) (sometimes denoted as Sp(4,q)),
whose points are the points of PG(3,¢q) and whose lines are the totally isotropic
lines with respect to a non-degenerate alternating form. By the Klein corre-
spondence (see for example [4], [12, pp. 189] or [15]), a spread of W(q) gives
an ovoid of the generalised quadrangle Q(4, q) (sometimes denoted O(5,¢)) and
vice-versa.

Let S be a spread of PG(3,q). There are ¢° + ¢* + ¢ + 1 points in PG(3,q),
and each line contains g+ 1 points. Since S is a partition of the points of PG(3, q)
into lines, it contains exactly ¢+ 1 lines. The group PGL(4, q) acts transitively

* Supported in part by the Ministerio de Ciencia y Tecnologia, Espana.

G. Mullen, A. Poli and H. Stichtenoth (Eds.): Fq7 2003, LNCS 2948, pp. 79-88, 2003.
© Springer-Verlag Berlin Heidelberg 2003
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on the lines of PG(3,q), so let us assume that S contains the line /., which we
define as

((0,0,0,1),(0,0,1,0)).

The plane Xy = 0 contains /., so each of the other ¢ lines of the spread contains
precisely one of the ¢? points {((0,1,z,y)) | x,y € GF(q)}. The plane X; = 0
also contains I, so the other ¢? lines of the spread are given by two functions
f and g such that

S =l U{{(0,1,2,9), (1,0, f(2,9), 9(x,9)) | x,y € GF(q)}.

The spread condition is satisfied if and only if for each a € GF(q) the plane
X, = aXj is partitioned by the lines of the spread. These planes contain /., and
meet the other lines of S in the points

{{(1,a,02 + f(z,y),ay + g(z,y))) | z,y € GF(q)}.

Hence the spread condition is satisfied if and only if

(z,y) = (ax + f(z,9),ay + g(=,y))

is a permutation of GF(q)? for all a € GF(q).

We are interested here in symplectic spreads. The line [, is totally isotropic
with respect to the form (1). The other lines of the spread are totally isotropic
with respect to the form (1) if and only if for all  and y € GF(q)

((07 1,.1‘,]]), (1,0,f(x,y),g(x,y)) =~Yy—- f(xvy)

is zero. Hence

S =l U{{(0,1,2,y),(1,0,~y,g(x,y)) | z,y € GF(q)}

will be a symplectic spread if and only if

(z,y) = (ax —y,ay + g(z,y)) (2)

is a permutation of GF(g)? for all a € GF(q). Now make the substitution b =
ar — y to see that this is equivalent to x — a(ax — b) + g(z,ax — b) being a
permutation of GF(q) for all a,b € GF(q), which is equivalent to x — g(x,ax —
b) + a’x being a permutation of GF(q) for all a,b € GF(q).

Although merely an observation, this fact seems not to have been noted
before, and as we shall see it can be quite useful. So let us formulate this in a
theorem.

Theorem 1. The set of totally isotopic lines

loo U {<(Oa la x;l/)v (la 07 —y’g(%y))) | x,y € GF(Q)}
is a (symplectic) spread if and only if
z+— g(z,ax — b) + a’x

is a permutation of GF(q) for all a,b € GF(q). [ |
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Symplectic spreads of PG(3,q) are rare. All the known examples are given
in Table 1 which comes from [11]. In particular, the regular spreads are those for
which the polynomial g(z,y) has total degree 1. The main result in [3] implies
that when ¢ is prime, symplectic spreads of PG(3,q) are regular.

name g(z,y) q restrictions
regular —nx odd n non-square
Kantor [8] —nz® odd | n non-square, alq
Thas-Payne [14] —nz — (n"tx)/? —y'/3| 3" |n non-square, h > 2
Penttila-Williams [11] —z¥ — g8 3°

Ree-Tits slice [§] —gotd e g2htl a=+/3q
regular cx+y even Trqa(c) =1
Tits-Liineburg [15] ot 4y 22h+1 a=+/2q

Table 1. The known examples of symplectic spreads of PG(3,q)

Note that from any of the examples in the table we could make many other
equivalent symplectic spreads and that the function g(x,y) will not in general
have such a nice form. For instance, all the examples in the table give spreads
S that contain the line [

<(07 ]‘7 07 0)7 (]" 07 07 0)>'
The linear map 7 that switches Xy and X3 and switches X; and Xs preserves

the form (1) but swiches I, and [. The other ¢> — 1 lines in S are mapped to
the lines

{<(y,$, 170)’ (g(w,y), _yvo’ 1)) | x,y € GF(Q>7 (m’y) 7é (070)}

by 7. Writing these lines as the spans of their points on the planes Xy = 0 and
X7 =0, these lines are

{((0,1,u,0), (1,0, —v, *7”» | 2,y € GF(q), (z,y) # (0,0)},

where
 g(z,y)
U= ——
zg(z,y) +y
and
R
zg(z,y) +y?

(When y = 0 we interpret —vz/y to be 1/g(x,0).) Now one would have to
calculate —vz/y in terms of w and v to deduce the function g(x,y) for the
spread 7(8). For an explicit example of this, consider the Kantor spread S over
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GF(27) with g(z,y) = —nx3, where n® —n = —1. The function g(u,v) for 7(S)
is
nu2 ot 1 nBul9 18 1 n2ulTu 4 pd 0010 1 18,5512 1 12,3,

A polynomial h in one variable over GF(q) is called additive if h(z + u) =
h(z) + h(u) for all z,u € GF(q). In case g(z,y) = h1(x) + ho(y) with h; and he
being additive polynomials, the symplectic spread corresponds to a translation
ovoid of Q(4, q), which in turn comes from a semifield flock of the quadratic cone
in PG(3,q). This has been the subject matter of a number of articles, see for
example [1], [2] or [10]. The classification of such examples is an open problem
whose solution would be of much interest. The partial classification in [2] implies
that if there are any further examples over GF(p") then p < 4h% — 8h + 2.
Theorem 1 in this case reads: The polynomial g(x,y) = hi(x) + ha(y) will give a
symplectic spread if and only if hy () +ho(az) +a?x is a permutation polynomial
for all a € GF(q), or equivalently hi(z) + ha(ax) + a®x has no zeros in GF(q)*
for all a € GF(q).

The two examples where g(x,y) is not of this form are the Tits-Liineburg
spread and the Ree-Tits spread.

Let us first check the Tits-Liineburg example, where o = 1/2¢. In this case

g(x,ax — b) + a*x = T 4 (ax)® — b + a’x.

So we should have that 2! + (az)® + a®x is a permutation polynomial for all
a € GF(q), which is easy to see since this polynomial is (z+a®)**! +a®2. Note
that composing permutation polynomials with permutation polynomials gives
permutation polynomials so it is enough to check that z®t! is a permutation
polynomial, which it is since (2/+! 4+ 1,22"+1 — 1) = 1.

Now we come to the interesting Ree-Tits slice example, g(z,y) = —x22T3 -y~
where ¢ = 32"*! and o = 1/3¢. This spread was discovered by Kantor [8] as an
ovoid of Q(4,q). It is the slice of the Ree-Tits ovoid of Q(6,q). It provides us
with an interesting class of permutation polynomials, namely, the polynomials
fa(z) :==b* — (9(z, ax — b) + a’z),

falz) = 22973 4 (ax)* — a’x.

The polynomial f, is remarkable in that it is a permutation polynomial over
GF(q) whose degree is approximately ,/q. There are only a handful of known
permutation polynomials with such a low degree. The bulk of these examples are
exceptional polynomials, namely polynomials over GF'(¢q) which permute GF'(¢")
for infinitely many values n. However, we will show below that f, is not ex-
ceptional, so long as @ > 3 and a # 0. There are also some non-exceptional
permutation polynomials of degree approximately ,/q in case ¢ is a square or a
power of 2. However, our example is the first for which ¢ is an odd nonsquare.

It follows from [8] and Theorem 1 that f, is a permutation polynomial.
Conversely we now give a direct proof that f, is a permutation polynomial,
which (along with Theorem 1) gives a new proof that the Ree-Tits examples are
in fact symplectic spreads. Our proof that f, is a permutation polynomial uses
the method of Hans Dobbertin [5].
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Theorem 2. Let ¢ = 32"+ and let o = \/3q. For all a € GF(q) the polynomial
fa(z) == 22%3 4 (ax)® — a®x is a permutation polynomial over GF(q).

Proof. If f,(x) is a permutation polynomial then so is (@3 f,(x/¢) for any
¢ € GF(q)*, and the latter polynomial equals f,ca+1(z). Since (a+1,¢—1) = 2, it
follows that if f, is a permutation polynomial then so is f,¢2 for any ¢ € GF(q)*.
Thus it suffices to verify the theorem for a single nonzero square a, a single
nonsquare a, and the value @ = 0 (in which case the theorem is trivial). Since
—1 is a non-square in GF(3%"*1) we can assume from now on that a? = 1.

Suppose that f, is not a permutation polynomial. Let x,y be distinct ele-
ments of GF(q) such that f,(x) = f,(y) = d. The equations f,(x) = d and
fa(2)* = d* give

2?3 Lar® —x =d (3)

a3 agd — 2% = d°. (4)

By viewing these equations as low-degree polynomials in % whose coefficients
are low-degree polynomials in x, we can solve for ¢ as a low-degree rational
function in z. Namely, multiplying (3) by 2%*3 and then subtracting (4) gives

az?ot3 — ot a2 = dg® T3 — 4%, (5)
multiplying (3) by a and subtracting (5) gives
z*(z* + da?) = ax + da — ax® + d*. (6)

This expresses * as a low-degree rational function in z, so long as x ¢ {0, —d}.
For later use we record this equation in the form F(z®,z) = 0 where

F(T,U) :=U*T 4+ dU>T — aU — da + aU® — d*.

Note that 2 and y are not both in {0, —d}, for if so then d = f,(0) = 0 so
r = y = 0, contradiction. Thus, by swapping = and y if necessary, we may
assume z ¢ {0, —d}.

Solving for z¢ in (6) and substituting into (3) gives a low-degree polynomial
satisfied by x:

(az + da — ax® + d*)* + a(z + d)(ax + da — az® + d) = (22 + dzx)>.
By expanding this equation we get
(d%a — d®)x® — 2 +dx — d* +d** = 0. (7)

Next we handle the cases y = 0 and y = —d. If y = 0 then d = f,(y) = 0 and
(7) implies = 0, contradiction. If y = —d then the analogue of (6) with y in
place of z says that d* = —ad?, so d**~% =1 and since (¢ — 1,2a — 6) = 2 that
d?> =1 and hence a = —1. Then equation (7) simplifies to dz(z + d)? = 0. Since
d = 0 implies z = 0 we have = € {0, —d}, again a contradiction.
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Hence we may assume y ¢ {0, —d}, and moreover we may assume d # 0 and
d® # —d“a. We can also assume that d® # d%a. For, if d* = d“a then d**~6 =1
and again since (¢ — 1,2 — 6) = 2 that d> = 1 and hence a = 1. Then equation
(7) simplifies to x(z + d) = 0, a contradiction.

In particular, equation (7) remains valid if we substitute y for . Thus = and
y are roots of the polynomial

P(t) == (d%a — d*)t> — * +dt — d* + d**. (8)

We express the roots of 1(t) in terms of z. Since ¥ (z) = 0, we know that t — x
is a factor of 1(t): in fact, writing A := d%a — d*, we have

Y(t)/(t — x) = At® + (Az — 1)t + (A2® + d — z). (9)
The discriminant of this quadratic polynomial is
§:=(Ar —1)? — A(A2® +d —2) =1 — Az + d).

If § =0 then x = —d+ 1/A and y = (Az — 1)/A = —d which we have already
excluded, so assume from now on that § # 0.
Substituting d = 2213 + az® — x we find that

A= —$6a+9 + ax3a+6 _ axl}a —ax® — .273

and
5 _ (1,405-&-6 _ ax3a+3 +x2a + ama+3 _ 1)2
Thus putting v = 26 — qz3e+3 4 22 4 23 — 1, we can write the roots

of ¥(t)/(t — x) as

it o gp?etl 4o 4o
1-304+3 + aan +a

yi=a—(Vo+1)/A=

and

x3a+7 _ ax2oz+4 _ $a+3 + anrl + a:r4 —a

Y2 =+ (Vo —1)/A = 23046 _ gp2a13 4 go { qg8
Now one can verify that F(y%,y1) = 0 and F(y¢,y2) = 0. But we know that
F(y*,y) =0 and y € {y1,y2}. Since y1 # yo, this implies F(T,y) = 0 has more
than one root. But this is a linear polynomial in T, a contradiction. |
Recall that a polynomial f over GF(q) is called exceptional if it permutes
GF(q"™) for infinitely many n. We now show that, except in some special cases, f,
is not exceptional. Our proof relies on the classification of monodromy groups of
indecomposable exceptional polynomials, due to Fried, Guralnick, and Saxl [6].
A polynomial is indecomposable if it is not the composition of two polynomials
of lower degree.

Lemma 1. When o > 3 and a # 0, f,(z) is indecomposable.
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Proof. The derivative of f, is f, = —a?, which is a nonzero constant. If
fa(z) = g(h(z)) then —a? = f!(x) = ¢’(h(x))Rh'(x), so both g’ and k' are nonzero
constants. Thus g(z) = u(23) + cx and h(x) = v(2®) + dz for some polynomials
u and v and nonzero constants ¢ and d. Since the degree of f, is not divisible
by 9, either g or h has degree not divisible by 3, and hence must have degree 1.
Thus f, is indecomposable. |

Theorem 3. When o > 3 and a # 0, f,(x) is not exceptional.

Proof. This follows directly from the preceeding lemma and [6, Theorems 13.6
and 14.1], according to which there is no indecomposable exceptional polynomial
of degree 2av + 3 over a finite field of characteristic 3. |

In all the examples in Table 1 the polynomial g is of the form g(z,y) =
hi(x)+ ha(y). In Glynn [7] such a polynomial g(z,y) with this property is called
separable. Every known example of a symplectic spread of PG(3, q) is equivalent
to a symplectic spread with g(z,y) separable. In the examples not only is the
polynomial g(z,y) = hi(x) + ha(y) separable but ha(y) = Cy°, where y — 37 is
an automorphism of GF(q). We can classify these examples in the case when ¢
is even using Glynn’s Hering classification of inversive planes [7].

Theorem 4. Let q be even. If g(x,y) = hi(x) + Cy° is a separable polynomial
that gives a symplectic spread of PG(3,q) then the spread is either a regular
spread or a Tits-Lineburg spread.

Proof. If C' = 0 then Theorem 1 implies hi(z) + a?z is a permutation poly-
nomial for all a € GF(q). Let x and y be distinct elements of GF(q), and put
d = (h1(z) + h1(y))/(x + y). Then hy(x) + dx = hi(y) + dy, so the polynomial
hi(x) 4 dz is not a permutation polynomial, a contradiction.

Now assume that C # 0. Put z = hy(x) + Cy° and rewrite this as y =
C~1z1/7 —C=1hy(x)Y/°. Define the function s(z, z) := C~12Y/7 — C~ hy(z)'/7.
Then g(z,y) = z if and only if s(x, z) = y. We have already seen in equation (2)
that g(z,y) will give a symplectic spread if and only if

(z,y) = (ax —y,ay + g(z,y))

is a permuatation of GF(q)?. This is equivalent to the condition that for all

(z,y) # (u,0)
(az —y,ay +g(z,y)) # (au —v,av + g(u,v))

for all @ € GF(q). If these pairs were equal then eliminating a this gives the
condition that for all (z,y) # (u,v)

(y—v)?+ (. —u)(g(z,y) — g(u,v)) #0.

Now put z = g(z,y) so that s(x, z) =y, and put w = g(u,v) so that s(u,w) = v.
Then we have that (z,z) # (u,w)

(s(z,2) — s(u,w))? + (x — u)(z — w) # 0.
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When ¢ is even this is exactly the polynomial condition on such a polynomial
s(z, z) that Glynn studies in [7] and that he classifies as coming from either a
regular spread or a Tits-Liineburg spread. |

When g is odd we can use Thas’ classification of flocks of the quadratic cone
in PG(3,q) whose planes are incident with a common point from [13] to prove
the following theorem. We realise that for many readers familiar with flocks and
semifield flocks the next theorem is immediate, but we include a proof for those
readers who may not be.

Theorem 5. Let g be odd. If g(x,y) = h1(x) is a separable polynomial that gives
a symplectic spread of PG(3,q) then the spread is either a regular spread or a
Kantor spread.

Proof.
Consider the set of ¢ planes of PG(3,q)

{Xo + hl(l‘)Xl +2X3=0 ‘ T e GF(q)}

We claim that any two of these planes intersect in a line which is disjoint from
the degenerate quadric X; X3 = X2. Indeed take two planes coordinatised by
and y,  # y. Then the points in their intersection (2o, 21, 22, 23) satisfy (hq(x)—
hi(y))z1 + (x —y)z3 = 0, and the points which also lie on the degenerate quadric
satisfy

(hi(z) — hi(y))z7 + (x — y)z5 = 0.

If z; # 0 then hy(x)+(22/21)2 is not a permutation polynomial, a contradiction.
If 27 = 0 then zo = 0 and 2y = —z23 = —yz3. But  # y implies that z3 = 0
and zg = 0 which is nonsense. We have shown that the set of planes form a flock
of the quadratic cone in PG(3,q). Moreover all these planes are incident with
(0,0,1,0). By a theorem of Thas [13] this flock is either linear or of Kantor type.
In other words, the spread is either regular or Kantor. [ |

In general the permutation polynomial condition from Theorem 1 requires
the existence of ¢? permutation polynomials, one for each pair (a,b) € GF(q)?.
If g(z,y) = hi(x)+ha(y) and ha(y) is additive then Theorem 1 simplifies to: The
polynomial g(z,y) = hi(x) + ha(y) will give a symplectic spread if and only if
fa(2) := hy(x)+hy(ax)+a’x is a permutation polynomial for all a € GF(q). This
condition only requires the existence of ¢ permutation polynomials. Moreover as
we saw in the proof of Theorem 2, if the non-zero terms in h; and hy have
suitable degrees, many of these permutation polynomials may be equivalent.

Let us investigate this further. We define a set of polynomials {f,(z) | a €
GF(q)} to be of class A if there exists a ¢ and d such that

fa(bz) = b" fopa ()

for all b9~/ = 1 and a and = € GF(q). Now we can lessen the condition in
Theorem 1 for A < g — 1.
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name q |A (¢g—1,Ad)+1
regular odd |1 1

Kantor odd [1|(¢g—1,(a=1)/2)+1
Thas-Payne 3. q
Penttila-Williams| 3° |11 23

Ree-Tits slice g2h+ll g 3

regular even | 1 1
Tits-Liineburg Q2h+1) 2

Table 2. The class A of the known examples of symplectic spreads of PG(3,q)

Theorem 6. Let the set of q polynomials {f.(z) | a € GF(q)}, where f,(x) =
hi(x) + he(az) + a®x and hy is additive, be of class A. The f, is a permutation
polynomial for all a € GF(q) if and only if f, is a permutation polynomial for
a=0anda =c¢€", foralll <r < (¢—1,Ad), where € is a fized primitive
element.

Proof. Write a = ™4~ 144470 where ny < (¢ — 1, Ad). Now choose b such
that b? = g7mla-1.Ad), [ |

In Table 2 we have listed the class for the known examples and the quantity
(¢ —1, Ad) + 1, the number of permutation polynomials that need to be checked
in each case. Inspired by this table we used the mathematical package GAP to
look at polynomials over GF(q), ¢ = p”, of the form g(x,y) = Dxz' + Cy° for
all o a power of p and D and C elements of GF(q) where the corresponding set
of polynomials {f,(z) | a € GF(q)} is of class A with A small. An exhaustive
search was carried out for A < 23 and ¢ < 672 = 4489, A = 2 and ¢ < 3% = 6561,
A =1 and g < 3° = 19683. No new examples of symplectic spreads were found.
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Abstract. In this paper, we survey old and new results about random
univariate polynomials over a finite field F,. We are interested in three
aspects: (1) the decomposition of a random polynomial in terms of its
irreducible factors, (2) the usage of random polynomials in algorithms,
and (3) the average-case analysis of algorithms that use polynomials over
finite fields.

1 Introduction

Let Fy be a finite field. Along this paper we only consider univariate monic
polynomials over F,. We are interested in three aspects:

1. how is a random polynomial in terms of its irreducible factors?
2. random polynomials in algorithms, and
3. average-case analysis of algorithms that use polynomials over finite fields.

It is well-known (and we will see it later) that a polynomial of degree n is
irreducible with probability close to 1/n. Can we say something more about the
behavior of a random polynomial? For example,

— how many irreducible factors should we expect in a random polynomial?

— how often will it be squarefree?

— what is the expected largest (smallest) degree among its irreducible factors?
and the second largest one?

— how is the degree distribution among its irreducible factors?

— how often a polynomial is m-smooth (all irreducible factors of degree smaller
or equal to m)?

— how often are two polynomials m-smooth and coprime?

— and so on.

Random polynomials over finite fields are used in many algorithms. For exam-
ple, Rabin [63] proposes a randomized algorithm for finding irreducible polyno-
mials (see also [3]). The index calculus method for computing discrete logarithms
in finite fields also takes polynomials at random [7, 16, 57].

* The author was funded by NSERC grant number 238757.

G. Mullen, A. Poli and H. Stichtenoth (Eds.): Fq7 2003, LNCS 2948, pp. 89-108, 2003.
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Moreover, average-case analysis of algorithms that deal with polynomials over
finite fields can be obtained by counting polynomials with particular properties.
Thus, properties of random polynomials like the ones stated above can be used
to explain the behavior of algorithms. Typical areas where these studies can be
used are:

— irreducibility tests for polynomials,
— polynomial factorization, and
— discrete logarithm problem.

Flajolet, Gourdon, and Panario [25] give a framework that can be system-
atically employed to explain the most important features of these algorithms.
This framework has two basic components: generating functions to express the
properties of interest for the analysis of the algorithm and asymptotic analysis
when exact estimations are not possible. In our case, this generic methodology
closely relates finite fields and their applications to combinatorics and analytic
number theory.

1.1 Outline of the Paper

We present the basic framework in Section 2. First, we introduce the two com-
ponents of this method: generating functions and asymptotic analysis. Then, we
give some simple examples of its usage (number of squarefree polynomials, av-
erage number of irreducible factors, and number of irreducible factors of a fixed
degree).

The algorithmic applications form the second part of this paper. Irreducibil-
ity tests are discussed in Section 3; polynomial factorization algorithms are com-
mented in Section 4; and cryptographic applications are presented in Section 5.

Finally, as a summary of the results, a simplified picture of a random poly-
nomial and a list of open problems are stated in Section 6.

We consider the natural measure of cost, that is, operations in the field [,
of coefficients of the polynomials. Unless specified otherwise, asymptotic results
are considered for n, the degree of the polynomial, tending to infinity. We do
not mention here the cost of doing arithmetic in finite fields; see [37] or [41], for
example.

This paper is an extended transcription of the author’s invited talk at the
7th Finite Fields and their Applications Conference.

2 Basic Framework

We extensively use a methodology that belongs to the realm of “analytic combi-
natorics”, and it has been successfully used in analyzing algorithms; see [27, 64].
Although this framework is more general, we focus only on polynomials over a
finite field Fy; see [25] for more details.
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2.1 Generating Functions

Let P(z) and Q(z) be the generating functions of polynomials and squarefree
polynomials over F,, respectively. [For simplicity, we consider only monic poly-
nomials.] The coefficient Q,, = [2"]Q(z) equals the number of monic squarefree
polynomials of degree n, and the coefficient P,, = [2"] P(z) represents the number
of monic polynomials of degree n. These generating functions can be obtained
by considering an enumerator of a fixed irreducible factor of degree k

L zh 422

This enumerator counts the number of times, 0,1,2,..., that this particular
irreducible factor appears in a polynomial. Let I be the number of monic ir-
reducible polynomials over F, of degree k (we avoid carrying the finite field in
this notation since in this paper it will be always F,). Then, considering the I},
irreducible factors of degree k, and varying on k, we obtain (distributively) the
generating function of polynomials over F,

Iy
_ ko 2k I _ 1
Pz) =[] 0 +2*+2% 4 —H(m) :
E>1 E>1
Since P, is ¢", we have P(z) = (1 — qz)~ !, and we conclude that

P(z):H<1_lzk>Ik:1_1qz. (1)

E>1

Let I(z) be the generating function of irreducible polynomials, that is, I(z) =
ZkZI I1.z". The last equation implicitly determines I,,. Indeed, from

1 o]
= 1— k) Ie
¢ (1=2%)""",
k=1

we get

ok
log LI Z(Ik) log(1 — 2%)~1 = Z I(k )

1—qz
q k>1 k>1

Expanding the logarithm and equating coefficients we get
ﬁ o In/k
T

Finally, Moebius inversion formula gives the classical relation

1
I, = - Zﬂ(k)qn/k.
k|n
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An important consequence for algorithms that use polynomials over finite fields

is that
n n/2
I, =4 +O<—q )

n n

and hence, a fraction very close to 1/n of the polynomials of degree n over F, is
irreducible.

2.2 Asymptotic Analysis

Generating functions encode exact information in their coefficients. In many
cases, the extraction of the coefficients from a generating function is a difficult
task. Fortunately, there are powerful methods that allow us to determine the
asymptotic form of the coefficients of complicated generating functions directly
from their singularities. In particular, it is well-known that the behavior near a
dominant positive singularity (one with the smallest modulus) is an important
source of coeflicient asymptotics.

These methods give conditions under which the asymptotic behavior of the
coeflicients can be determined using a local asymptotic expansion near a dom-
inant singularity. In other words, these methods give conditions for which the
following implication is valid

f(z) ~o(z) = [2"]f(2) ~ [z"]o(2),

where f(z) is the generating function to be studied and o(z) is its approximation
near the singularity.

Most of the generating functions f(z) of interest here are singular at z = 1/q
with an isolated singularity of algebraic-logarithmic type. In these cases, we can
apply the following result from [26].

Theorem 1. Let f(z) be a function analytic in a domain
v
D= {z: |2] < 21, [ Arg(= — /) > & —<},

where z1 > 1/q and € are positive real numbers. Let k > 0 be any integer, and o
a real number with o #0,—1,—2,.... If in a neighborhood of z =1/q, f(z) has
an expansion of the form

1 1 \"
1) = o (lox =2 ) (ot )

then the coefficients satisfy, asymptotically,

Ju

oa—

I(a)

["1f(z) = ¢" (logn)* (1 + o(1)). (3)
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We often find generating functions of the form p(z)f(z) in which p(z) is a
polynomial and f(z) satisfies the condition of Theorem 1. In such cases, if
h(z) = p(2)f(z), then

a—1

[2"]h(=) = q"p(1/) = (log m)* (1 + 0(1)). (4)
(a)
The translation from Equation (2) to Equation (3) or (4) is achieved by the
so-called transfer lemmas that require analytic continuation of f(z) outside its
circle of convergence. Such a condition is usually verified by inspection.
However, there are some situations in which generating functions do not sat-
isfy the hypothesis of Theorem 1. For instance, some of the generating functions
in Section 5 have a natural boundary at |z| = 1 (each point at the unit circle
is singular), so analytic continuation is not possible. This is a situation similar
to the partition generating function. We use saddle point method in these cases.
All asymptotic enumeration methods required in this paper are explained in the
excellent presentations by Odlyzko [58] and by Flajolet and Sedgewick [27].

2.3 Examples

We now derive, as a first example, the number of squarefree polynomials over
F,. This result was first proven by Carlitz [11]. Using an enumerator as above,

we have ;
Q) =[] (1+24",

k>1

an expression for which it is not so easy to extract coefficients. In this case, a
much simpler method can be employed. By considering the multiplicity of its
irreducible factors, each polynomial f factors as f = st2, where s is squarefree
and t is an arbitrary polynomial. We thus have

and hence,
P(z 1—gz?
P(z2) 1-—gqz
We immediately have
Qn - qn - qn_la n Z 2a (5)

with @, = ¢" for n = 0,1. This means that, for n > 2, the proportion of
squarefree polynomials is 1 — 1/g, or in other words, for large finite fields F,
most polynomials are squarefree.

As a second example, let us consider the study of the expected number of
irreducible factors of a random polynomial. In this type of questions we need an
extension of the method to take care of what we call “parameters” of the prob-
lem. This implies in stating a bivariate generating function in the variables z and
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u such that z counts polynomials, and u counts the parameter of interest. In our
example, let A(z,u) be the bivariate generating function counting polynomials
of degree n with k irreducible factors, that is, the coefficient [z"u*]A(z,u) rep-
resents the number of polynomials of degree n with k irreducible factors. Using
the method above, we have

Az,u) = H(1+uz Loyl . )= H(l —uzk)_lk_
k=1 E>1

Averages and standard deviations are obtained by taking successive derivatives
of the bivariate generating function with respect to the parameter u, and then
setting u = 1 (see, for example, [64]):

[271]814(;2,71) . [ ]8 ,42)(: kD) - [Zn] BAégz,u) - [Zn] aAéth,u) .
FUAGL)  FUAGD A\ EAG

In our case, differentiating two times, putting v = 1 and applying asymptotic
analysis give that the average number of irreducible factors is asymptotic to logn
with a standard deviation of /logn. Indeed, much more is known about this
parameter since it is one of the most widely studied with respect to polynomials
over finite fields.

Theorem 2. Let (2, be a random variable counting the number of irreducible
factors of a random polynomial of degree n over Fy, where each factor is counted
with its order of multiplicity.

1. The mean value of (2, is asymptotic to logn + O(1).
2. The variance of 2, is asymptotic to logn + O(1).
3. For any two real constants A\ < p,

Pr{logn+/\\/logn<!2 <10gn+/h/logn / 2

4. The distribution of §2, admits exponential tails.
5. A local limit theorem holds.

Remarks:

1. The average number of irreducible factors of a random polynomial of degree
n appears in [6], Ex. 3.6. Then, it also appears in [52], Ex. 4.6.2.5, and with
more details in [28, 50, 55].

2. The variance is sketched in [28], and is given with more terms in [50]. The
latter also covers the case of distinct factors.

3. For any two real constants A\ < p, if

Pr{logn+>\\/logn<(2 <logn+u\/logn / et /2q¢,

then it is said that (2, satisfies a central limit theorem, or that a Gaussian
limit distribution holds. The existence of this limit distribution provides
information on the distribution near the mean value. The central limit for
2, is in [28], Corollary 1.
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4. Exponential tails essentially indicate that large deviations from the mean
value are unlikely. In the case of the number of irreducible factors of random
polynomials, exponential tails are proven in [29].

5. Local limit theorems basically deal with density functions. They are studied
in depth in [4, 5]. For our particular case, the local limit theorem holds as a
consequence of the results in [36].

As a final example, let us consider the number of irreducible factors of fixed
degree in a random polynomial. The number of linear factors, that is the number
of roots, of a random polynomial seems to be first studied by Zsigmondy [68]
for the prime field case; Knopfmacher and Knopfmacher [49] present a detailed
analysis including variance. The case of polynomials with no roots is interesting
when studying the distinct values that a polynomial can take. This is related to
permutation polynomials and was studied by Uchiyama [66]; see also [15].

The generating function of polynomials with no linear factors is

Iy
1 1 L1 4
H(l—z’“) _1—qz(1 ?) _1—qz(1 2"

k>2

It is not difficult to extract coefficients from this generating function since it is
a convolution of two simple generating functions. If we prefer to use singularity
analysis, we obtain that, for large n, the number of polynomials of degree n
with no irreducible factors of degree 1 is asymptotic to ¢" (1 —1/¢)9. This means
that the probability of obtaining one such polynomial tends to 1/e = 0.3678. ..
when ¢ grows (computer experiments show that for ¢ > 11 this is already a good
approximation). In other words, “most” polynomials are reducible and have at
least one irreducible factor of degree 1!

In general, the number of irreducible factors of a specified degree d in poly-
nomials of degree n was studied by Williams [67]. A detailed analysis including
variance and “distinct irreducibles” case appears in [50].

3 Irreducibility Tests for Polynomials

Rabin [63] presents a probabilistic algorithm for constructing irreducible poly-
nomials over finite fields. The central idea is to take polynomials at random and
test them for irreducibility. Since the proportion of irreducible polynomials of
degree n (over any finite field) is close to 1/n, we expect to find an irreducible
polynomial after approximately n tries.

In order that this works we need an irreducibility test. Rabin derives an algo-
rithm for testing the irreducibility of a polynomial from the following theorem.

Theorem 3. Let py,...,pr be the distinct prime divisors of n, and denote
n/p; = n;, for 1 < i < k. A polynomial f € Fylx] of degree n is irreducible
in Fy[x] if and only if ged(f, 7" —x mod f) =1, for 1 <i <k, and f divides
A
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Rabin’s algorithm simply computes the above geds one by one. Since 27" —
x € Fylz] is the product of all monic irreducible polynomials over F, of degree
dividing n; (see Theorem 4 below), each ged tests the existence of irreducible
factors in f of several degrees. A polynomial is discarded when one gcd is different
from 1. Hence, the analysis of Rabin’s algorithm can be carried out by studying
the number of polynomials with irreducible factors belonging to a set 7 but
not belonging to a set S (7 would be the set of degrees being tested in step 4,
while & would be the set of degrees already tested in the previous steps of the
algorithm). The corresponding generating function is

TR

jeT jeSUT

Now, the set of degrees being checked at step ¢ of the algorithm depends on
the divisors of nq,ng,...,n;—1, where n; = n/p; is as stated in Theorem 3.
Extracting coefficients here is, essentially, an impossible task (the possible cases
are when n is prime or product of two primes, see [59]). A delicate asymptotic
analysis provides uniform results [59].

Variants for the computation of 4" — 2 mod f have been presented in [42]
and in [35]. These variants are analyzed in a similar way.

Soon after Rabin gives his algorithm, Ben-Or [3] proposes an algorithm based
on the following theorem (for example, see Theorem 3.20 of [53]).

Theorem 4. For i > 1, the polynomial 29—z € F,lx] is the product of all
monic irreducible polynomials in F,[x] whose degrees divides i.

We should point out that both Gauss and Galois suggested using this theorem as
a step for factoring polynomials (see [41] and the references therein for a historic
account).

Ben-Or’s algorithm tests the irreducibility of a polynomial by searching for
irreducible factors degree by degree. Since the mean number of irreducible factors
of degree k of a random polynomial of degree n approaches 1/k as n tends to
infinity [50], if the polynomial is reducible, Ben-Or’s algorithm quickly discards
it. Moreover, since the degrees of the polynomials involved in the geds are smaller
than in Rabin’s algorithm, these geds are less expensive.

In order to analyze this algorithm, we have to study the probability that a
random polynomial of degree n contains no irreducible factors of degree up to
a certain value m (such polynomials are sometimes called m-rough). Car [10]
gives estimates for m-roughness that depend on the Buchstab function for m
large with respect to n, say m > ¢; nloglogn/logn. On the other extreme, Gao
and Panario [35] show that for m small with respect to n, say m < ¢z logn, the
estimate e~7/m holds, where v is Euler’s constant. The Buchstab function is the
unique continuous solution of the difference-differential equation

ww(u) =1 1<u<?,

’

(uw(u))=ww—1) u>2.
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It was introduced by Buchstab [9] when studying the analogous problem for
integer numbers, that is, numbers with no small prime factors. Much is known
about this function. For example, it is known that the Buchstab function quickly
tends to e77 = 0.56416. .. (see Fig. 1).

I
Buchstab — _|

e -

0.95
0.9
0.85
0.8
0.75
0.7
0.65
0.6

0.55

0.5

1 1.5 2 2.5 3 3.5 4

Fig. 1. The relation between the Buchstab function and e™” in the interval [1,4].

The study of the probability that a random polynomial is m-rough for the
complete range 1 < m < n, is given by Panario and Richmond [60]. The estimates
are in terms of the Buchstab function when m — oo. When m is fixed singularity
analysis is applied.

Theorem 5. The smallest degree S,, among the irreducible factors of a random
polynomial of degree n over F, satisfies

Pr(S, >m) = %w (%) +0 (max{%, logn}> ,

mn
when m tends to infinity with n.

Using Theorem 5 it is not difficult to prove that the expected smallest degree
among the irreducible factors of a random polynomial is asymptotic to e~ logn.
More general, the expected rth smallest degree among the irreducible factors of
a random polynomial is asymptotic to e~ 7 log" n/r!.

These studies generalize to the size of the smallest components in random
decomposable structures [61,62]. The results include limit distributions and local
theorems for the size of the rth smallest component of an object of size n.
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Expectation, variance and higher moments of the rth smallest component are
also derived. The results apply to several combinatorial structures in the exp-log
class for both labelled and unlabelled objects. This class of combinatorial objects
includes permutations, polynomials over finite fields, 2-regular graphs, random
mappings (functional digraphs), random mappings patterns, arithmetical semi-
groups, etc; see [61] for details and references.

Similar generic results for this class of objects but for the number of irre-
ducible components have been developed by Flajolet and Soria [28,29]. The size
of the largest components in random decomposable structures have been carried
out by Gourdon [43, 44].

4 Factorization of Polynomials over Finite Fields

Factoring polynomials is a fundamental task with many applications, and has
been largely studied; see Chapter 14 of [37] or [41] for recent surveys.

There exists a general factorization algorithm (that Knuth [52] calls “folk-
lore”) that works in three stages:

ERF elimination of repeated factors replaces a polynomial by a squarefree one
which contains all the irreducible factors of the original polynomial with
exponents reduced to 1;

DDF distinct-degree factorization splits a squarefree polynomial into a product
of polynomials whose irreducible factors have all the same degree;

EDF equal-degree factorization factors a polynomial whose irreducible factors
have the same degree.

We do not include the algorithms in this paper [37,41]. We observe that the
first stage of this process is normally done by means of the so-called squarefree
factorization but for simplicity we consider ERF here. In any case, this is not
the crucial stage of the algorithm as we will see later.

We only state the main features of the analysis of each stage; for the complete
details see the paper by Flajolet, Gourdon and Panario [25].

We start by considering the elimination of repeated factors. By Equation 5
most polynomials are squarefree. If we call “nonsquarefree part” the factor that
remains after dividing the polynomial by the result of computing ERF, it is not
difficult to prove that the nonsquarefree part is expected to be constant. Indeed,
the bivariate generating function counting the total degree of the nonsquarefree
part is

k

Iy
k 2k 2_3k _ .
E>1 E>1

By differentiating with respect to u, setting v = 1 and applying singularity
analysis, we obtain the mean degree of the non-squarefree part

kI,
quz 2k _ &
k21q —q
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and we have N, ~ 1/¢ when ¢ — co. Combining this information with the cost
of each step of the algorithm, one shows that ERF accounts, essentially, for one
gcd computation.

The distinct-degree factorization (DDF) follows immediately from Theo-
rem 4: check factors of the polynomial f by computing ged(z? — z, f) for
1 =1,2,...; if a ged is different from 1, remove this factor from f and con-
tinue iterating. This procedure factors f into factors that contain one or more
irreducible factors of the same degree. We stop this procedure when i > n/2:
the remaining factor is either 1 or irreducible.

A natural idea is the “early abort” strategy: stop the iteration of DDF when
2i exceeds the degree of the remaining factor. The analysis of the early abort
strategy requires information on the largest and second largest expected degree of
irreducible factors of a random polynomial. Naturally, the Dickman function [17,
18] appears in these estimates since it models the analogous problem for integer
numbers. A technical analysis [25, 43] provides an expected largest degree tending
to c1n where ¢ = 0.62432... is precisely Golomb’s constant [23] that models
the expected largest length among the cycles of a random permutation. The
second largest irreducible factor has expected degree con where co = 0.20958. . .,
where a generalized Dickman function plays an important role. As in the case
of the smallest components already commented, all results generalize to other
decomposable combinatorial structures [43, 44].

The global saving of the early abort rule is of 36%, and the expected cost of
DDF dominates the whole factorization process. This gives a firm justification
to a fact that was known from a worst-case perspective.

DDF does not completely factor a polynomial that has different factors of
same degree. We have the following theorem [25,51].

Theorem 6. 1. The probability that DDF yields the complete factorization is

asymptotic to
I
Cq = H <1+ k i 1) (1 _q_k)lka
k>1 q

where cg = 0.6656 ..., cos57 = 0.5618..., coo =77 =0.5614....

2. The number of degree values for which there is more than one irreducible
factor in the polynomial produced by DDF has an average that is asymptotic
to the constant

—k
S (e )

k>1

3. The degree of the part of the polynomial that remains to be factored by the
EDF algorithm has expectation logn + O(1), and standard deviation of ap-
prozimately \/n.

Finally, the factorization problem is reduced to factoring polynomials that
have all their irreducible factors of the same (known) degree (EDF). The fastest
algorithms for this task are randomized. Indeed, it is not known a deterministic
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polynomial time algorithm for this stage of the factorization process. One such
algorithm would yield a deterministic polynomial time algorithm for the whole
factoring problem, a well-known open problem [2, 22, 31].

The analysis of EDF is an interesting combination of a recursive partitioning
problem akin to digital trees (better known as “tries”) with estimates on the
degree of irreducible factors of random polynomials.

On the other hand, Theorem 6 implies that EDF is executed less than 50%
of the times and with a total degree of roughly logn. Since the cost of these
algorithms heavily depends on the degree of the polynomial in the input, we
can conclude that the cost of the EDF stage is computationally small though it
cannot be completely discarded.

Factorization algorithms of the 1990’s involve the analysis of irreducible fac-
tors whose degrees lie in intervals [42, 47, 65]. These algorithms split the interval
[1,n] into parts. For each subinterval, the product of all irreducible factors of
the original polynomial whose degree lies in that interval is computed. Using
Theorem 4, a gcd computation determines if the polynomial contains irreducible
factors in the subinterval. For each subinterval with more than one irreducible
factor the standard DDF algorithm is applied to compute the distinct-degree
factorization.

The analysis of these algorithms requires information on how irreducible
factors are distributed among its parts, given a partition of [1,n]. For example,
the probability of no interval with more than one irreducible factor, the average
number of factors in one subinterval, and so on, provide useful information and
the methodology presented here seems amenable to this problem.

When factoring random polynomials, polynomially growing interval sizes
seem to be a good option for the partition. An example of polynomially growing
interval size is the quadratic partition: [1,1],[2,4],[5, 9], [10, 16],. ... We expect
to have a decreasing number of irreducible factors as their degrees increase, and
hence, polynomially growing interval size partitions seem to distribute the fac-
tors in a more balanced fashion. Preliminary results show that this is the case.
Using this information, von zur Gathen and Gerhard [40] provide algorithms
for factoring very large degree random polynomials over Fy. For example, their
algorithm factors a random polynomial of degree about 250000 in one day of
CPU time.

5 Cryptographic Applications

Let g be a generator of the multiplicative group of F,. For any element h € F,,
h # 0, there exists an integer x, 0 < x < ¢ — 2, such that h = g*. We call = the
discrete logarithm of h in the base g.

A fundamental task in cryptography is the discrete logarithm problem: find
a computationally feasible algorithm to compute the discrete logarithm of h,
for any h € Fy, h # 0. Indeed, the security of many public-key cryptosystems
depends on the assumption that finding discrete logarithms is hard, at least for
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certain groups. For instance, the security of the following cryptographic applica-
tions depends on the current inability to solve the discrete logarithm problem ef-
ficiently: Diffie-Hellman key exchange scheme [19], El Gamal’s cryptosystem [21],
and pseudorandom bit generators [8, 32].

We observe that this problem can be defined over any group. However, in
this paper, we restrict ourselves to the case of discrete logarithm problem over
Fan. We view the elements in Faon as polynomials of degree n over Fy. We point
out that all results in this section apply to F,, where ¢ = p™, p is a small prime
and n is large, but for practical reasons we only consider p = 2.

The breakthrough in the computation of discrete logarithms in such groups
was the development of the index calculus method. Odlyzko [57] provides an ex-
cellent account of this problem. The method consists of two parts: a construction
of a large database of logarithms, and the computation of individual logarithms.
Let S be a set of irreducible polynomials over F,, where p is the characteristic
of F,.

1) Choose an integer s in [1, g—1] uniformly at random, and form the polynomial
h = ¢g® (mod f),degh < n. Check if h factors completely into irreducibles
over the set S. If not, discard it and iterate. If it does, say h =[], g ver(h)
record the congruence

s = Z ey(h)log, v (mod g —1).
veS

Repeat the above steps until “slightly more” than #S congruences are ob-
tained. Then solve the system to determine log, v for all v € S.

2) Let h* be the element whose logarithm we want to compute. Choose an
integer s in [1,¢ — 1] uniformly at random and form the polynomial h =
h*g® (mod f),degh < n. Check if h factors completely into irreducibles over
the set S. If not, discard it and iterate. If it does, say h = [],.g ver ()
compute the required discrete logarithm as

log, h* = —s+ Z ey(h)log, v (mod g —1).
veES

There are many variations of this “basic” version; see [57] for details. Nor-
mally, S is the set of irreducible polynomials of degree smaller or equal to m,
the so-called m-smooth polynomials. Since we repeat the search until we find an
m~smooth polynomial, the analysis of the index calculus method requires infor-
mation on the number of polynomials that are m-smooth. Using the methodol-
ogy described in this paper, Odlyzko [57] obtains the generating function of the
number N,(m;n) of monic polynomials over F, of degree n which are m-smooth:

Sm(2) =Y Ny(min) 2" = ﬁ (1 _12k>1

n>0 k=1

For the cryptographical applications, m tends to infinity with n. More precisely,
we have m = y/nlogn/v/2log2; see [57]. Hence, singularity analysis does not
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apply since we have a natural boundary in |z| = 1 and analytic continuation is
not possible. Odlyzko uses the saddle point method for deriving an asymptotic
estimation for the numbers N,(m;n) as n — oo, uniformly for m in the range
nl/100 <y < p99/100 [Actually, his results hold for n® < m < n'=% where
d> 0]

Blake et al. propose a variant of the index calculus method over Fan. This
variant is known as the Waterloo algorithm [7,57]. It improves the running time
of the method by introducing a heuristic argument that makes its analysis not
rigorous.

The central idea is to change the search of one m-smooth polynomial of
degree n by two m-smooth polynomials of degree at most (n —1)/2.

0) Set A to 0.

1) If degh(x) < m and h(z) = [[; hi(2)*, then log, h(z) = ), e;log, hi(x)
mod (¢ — 1), and stop.

2) Generate a random integer a; set A to A+ a and h(x) to h(x)g(z)*. Apply
the extended Euclidean algorithm to h(z) and f(z) to obtain polynomials
t(z)h(xz) = r(x) (mod f(z)), with degr(z),degt(x ) (n—1)/2.

3) Factor t(z) = [],pi(x)% and r(z) = I1; pi(z x)%. If degpi(z) < m and
degpj(xz) < m for all ¢,j, then compute the required discrete logarithm

as
log, h( Z djlog, p;(x Z dilog, pi(z) — A,

and stop. Otherwise, return to 2.

The correctness of the method is based on the known fact that if we apply the
extended Euclidean algorithm to h(x) and f(x), then there exist two polynomials
r(z) and t(x) both of degree smaller or equal to (n — 1)/2 such that t(z)h(z) =
r(z) (mod f(x)); see [7].

It is not difficult to check that the polynomials r(z),t(z) of degree < (n —
1)/2 can be taken as relatively prime polynomials. Then, for the analysis of the
running time of the algorithm, we have to estimate the probability that two
random monic polynomials of degree < (n —1)/2 are relatively prime, and that
they decompose into irreducible polynomials with degree < m.

Let P(m;(n—1)/2) be the probability that a polynomial of degree (n —1)/2
is m-smooth, and P(m;(n — 1)/2,(n — 1)/2) be the probability that a pair of
polynomials each of degree (n — 1)/2 is m-smooth. Blake et al. approximate this
probability by the probability that each polynomial r(z) and ¢(z) has degree
about (n — 1)/2 and that each polynomial factors into irreducibles of degree
< m independently of the other. They show experimental data validating this
heuristic argument.

Drmota and Panario [20] provide a rigorous proof of this heuristic. Let
Ny(m;ni,n2) denote the number of coprime pairs of monic polynomials f and g
over F, of degrees n, and ny, respectively, which are m-smooth. The generating
function F),(z,w) of interest here is

Fo(z,w) = Z Ny(m;ng,ng) zMw”

ni,m2>0
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Considering an enumerator of an irreducible factor of degree k that counts the
presence of the factor in one of the polynomials f or g but not in both, we have

L+ 2F 4227 b+

Varying on the possible Ij irreducible factors of degree k we have

(1+zk+z%+~--+wk+w2k+~-~)Ik

s

Fo(z,w) =

=~
Il
-

=1

< 1— kb ))’k _ Sun(2)Sm(w)

(1—2F)(1 —wk Sm(zZLJ)

k=1

Now a bivariate saddle point argument similar to Odlyzo’s provides the following
theorem (see [20]).

Theorem 7. Let 6 > 0 be given. Then we have, uniformly for m,ni,ny — o0
with n‘f <m< ni_‘s and ng <m< n%_(s,

1
Ny(myng,ng) ~ (1 — a) Ny(m;ng)Ng(m;ng).

In other words, Blake et al. approximation is correct in asymptotic terms, and we
provide a precise estimation for this relation. The results generalize to provide
estimates for the probability that two random monic polynomials of degree at
most (n — 1)/2 are relatively prime and m-smooth.

The basic index calculus method works with a set S formed for m-smooth
polynomials. Another possibility is to use a non-smooth factor base. Garefalakis
and Panario [38,39] propose a different factor base: all irreducible polynomials
with degree in an interval between msy and m;. The required generating function
is a simple generalization of the m-smooth generating function, and again, saddle
point method is needed for the asymptotic approximation.

The theoretical estimation is as good as the one for the standard base. As
in the smooth case, there is no much freedom for the upper limit m; of the
interval: m; behaves exactly as m in the basic version. However, the lower limit
mg remains a free variable which can be chosen (almost) at will; see the details
in [39].

The running time of the algorithm is again dominated by the first stage.
This is when a tradeoff takes place regarding the size of the factor base: large
#5S means small number of repetitions (until a useful congruence is found), but
many such congruences are needed for the system to be solvable.

In practical terms, there is a tradeoff associated to ms. The influence of the
parameter ms is considered experimentally [38], however more computational
studies are needed to draw some conclusions about the best ms and this variant.

The generalized factor base also applies to the Waterloo and the Copper-
smith [16] variants. Moreover, Odlyzko [57] describes other variants. These al-
gorithms use clever algebraic manipulations to compute polynomials of “low”
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degree, which are subsequently factored. The computation of these polynomials
is completely independent of the factor base. Therefore, a different factor base
like the one proposed is “compatible” with all the variants.

Finally, we should mention that the analysis of Coppersmith’s algorithm [16]
and the related Adleman’s function field sieve algorithm [1] are still open prob-
lems. Here the main problem to study is the distribution of very sparse irre-
ducible polynomials; see [33].

6 Conclusions

We surveyed on a methodology for counting properties of random polynomi-
als over finite fields. This general framework is based on generating functions
and asymptotic analysis. It does not only allow the study of properties of ran-
dom polynomials but also provides precise average-case analysis of polynomial
algorithms. Moreover, we show the relation between properties of random poly-
nomials over finite fields and properties of random decomposable combinatorial
structures.

A simplified picture of a random polynomial over a finite field is as follows:

— it is irreducible with probability tending to 0 as n — oo;

— it contains log n number of irreducible factors (concentrated);

— it has ¢yn expected kth largest degree irreducible factor (¢; = 0.62432...
and ¢z = 0.20958 . . .);

— it has e~ 7logn and e~ 7 log? n/2 expected first and second smallest degree
irreducible factors (not concentrated).

There are other polynomial problems where this methodology has not been
fully employed yet. One example is finding roots of a polynomial. This problem
can be considered as a variation of factoring polynomials, but there are methods
especially tailored for this task (see the references in [37,41]). The methodology
presented here together with results similar to the ones in [25] should provide
analysis for these algorithms.

Other important problems are polynomial gcd computations, and fast algo-
rithms for polynomial multiplication (a la Karatsuba) and for “repeated squar-
ing” (also called “binary powering” or “square and multiply”) methods. For the
ged problem, some results are in [30,48, 54]. The analysis of repeated squaring
algorithm seems to follow from the recent work of Grabner et al. [46] for the
analysis of the similar problem of computing linear combinations of points in an
elliptic curve. Karatsuba’s algorithm has been less studied than the other prob-
lems. However, the analysis of mergesort algorithm in Flajolet and Golin [24]
may serve as a starting point for the study of Karatsuba’s algorithm since both
algorithms have a similar recursive structure.

There are other algebraic related problems that are even less understood
from an average-case perspective. There has been no analysis of the polyno-
mial factorization algorithms based on linear algebra due to Berlekamp [6] and
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Niederreiter [56]. It is not clear how to use the methodology of this paper to
analyze those algorithms.

Solving sparse linear systems of equations over finite fields is another funda-
mental problem that has not been deeply studied from this perspective. This is
an important task, for example, for the index calculus method [57].

Finally, it would be interesting to have a similar methodology to the one pre-
sented here for studying properties of random polynomials in several variables.
This problem has been studied by Carlitz [12,13], Cohen [14] and Hayes [45].
The only average-case analysis of an algorithm for factoring bivariate polynomi-
als that we know is due to Gao and Lauder [34]. However, there seems to be no
generic methodology for analyzing algorithms for the factorization, irreducibility
test, and so on, of polynomials over finite fields in several variables.

Acknowledgment. The author would like to thank his co-authors. It has been
a privilege to work with them.
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Abstract. We consider the rank polynomial of a matroid and some
well-known applications to graphs and linear codes. We compare rank
polynomials with two-variable zeta functions for algebraic curves. This
leads us to normalize the rank polynomial and to extend it to a rational
rank function. As applications to linear codes we mention: A formulation
of Greene’s theorem similar to an identity for zeta functions of curves
first found by Deninger, the definition of a class of generating functions
for support weight enumerators, and a relation for algebraic-geometric
codes between the matroid of a code and the two-variable zeta function
of a curve.

1 Introduction

Matroids were introduced by Whitney to generalize the abstract properties of
linear dependence. In the next section we will give the general definition of a
matroid. For a special case, let E = {1,2,... ,n} be a finite set that labels a list
S = (x1,x2,...,x,) of vectors in a vector space V. The matroid on E is defined
as the collection of all subsets of E of full rank. Various problems involving S
can be solved in terms of the matroid without reference to other properties of S.
We are mainly interested in those problems that can be solved in terms of the
rank polynomial of the matroid. The rank polynomial enumerates the number of
subsets of E of given size and rank. Such problems include among others graph
coloring problems, where S is the set of columns in the vertex-edge incidence
matrix of a graph, weight distribution problems, where S is the set of columns
of a generator matrix of a linear code, and decision problems for combinatorial
games. They are the subject of Sections 2-4. These sections can be seen as an
introduction to matroids: we give the basic definitions and collect basic results.
We also mention some problems that can not be solved in terms of the rank
polynomial.

In Sections 5-8, we study zeta functions for algebraic curves and their connec-
tion with matroids. Section 5 deals with the problem of enumerating divisors of
given degree and dimension on a given curve over a finite field. Its formal solution
is given by the two-variable zeta function of Pellikaan. VanderGeer and Schoof
reformulated this zeta function for number fields. Section 6 describes Deninger’s
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transformation that relates the two zeta functions. In Section 7, we define a
two-variable zeta function for linear codes that describes the Hamming weight
distribution of a linear code over its base field and over all finite extensions of the
base field. It is similar to the Pellikaan two-variable zeta function of an algebraic
curve. In Section 8, we rewrite the rank polynomial of a matroid as a normalized
rank function. It is similar to the vanderGeer-Schoof two-variable zeta function
in its version for curves. Under Deninger’s transformation, the normalized rank
function of a matroid becomes the two-variable zeta function of a matroid. The
normalized rank function of a matroid does not reveal the parameters of the
matroid (its size and its rank, or for a code its length and its dimension). For a
given choice of parameters it gives the same information as the rank polynomial.
The uniform matroid of rank k£ on F = {1,2,... ,n} has as subsets of full rank
all subsets of size at most k. For all n and k the normalized rank function is

(1—zy)
(1-2z)(1-y)
The zeta function of the uniform matroid is

1
(1-T)1—ul)

=4l tr+lty+yi 4.

Sections 9-12 describe some applications of the connection between zeta func-
tions and matroids. In Section 9, we show that for linear codes Deninger’s trans-
formation is equivalent to Greene’s theorem. Section 10 describes a decomposi-
tion of the zeta function. The decomposition is used in Section 11 to describe a
class of generating functions for support weight enumerators. In Section 12, we
relate the matroid of an algebraic-geometric code to the two-variable zeta func-
tion of a curve. We recover a lower bound of Munuera for the weight hierarchy
of an algebraic geometric code.

Reference texts for matroids are [41], [2§]. The latter book does not discuss
rank polynomials. A good survey on the rank polynomial and its applications
is [7]. The books [6], [16] on graph theory have excellent chapters on the rank
polynomial. Reference texts for algebraic curves over finite fields are [24], [33],
and for coding theory [38], [23].

2 Matroids

A matroid M = (E,Z) consists of a finite set E and a collection Z of subsets of
FE called independent sets such that

(I1) 0 e

(12) IfheZand I, C I, then I, € 7.

(I3) if I, Is € T such that |I5] < |I;| then there exists e € I} — Iy such that
LU {6} el
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For vectors ey, es,... , e, in some vector space V we obtain a matroid on the
set £ ={1,2...,n} by taking for Z the collection of all subsets of E that cor-
respond to independent vectors. In particular, for a given matrix, we can define
the matroid of its columns. The matroid of a graph is defined as the matroid
of its vertex-edge incidence matrix. The matroid of a linear code is defined as
the matroid of its generator matrix. Both cases will be treated in more detail in
the next two sections. On the other hand not all matroids are representable by
vectors in some vector space.

The axiom (I3) guarantees that all maximal independent subsets I C A of a
given subset A C F have the same size, so that we can talk about the rank r(A)
of a subset A. A maximal independent subset I C F is called a basis. Clearly,
a matroid on F is determined by the collection B of all bases. A collection B of
subsets of E defines the bases for a matroid if and only if [28, Corollary 1.2.5]

(B1) B is non-empty.
(B2) if By, By € B such that e € By — By then there exists ¢/ € By — By such
that (B1 —e)U{e'} € B.

Under the same conditions, for bases By, Bo and for e € B; — By, we can use
axiom (I3) to extend {e} to a basis of the form (B2 — ¢’) U e. Combination of
this simple result with (B2) shows that B* = {E — B : B € B} is the collection
of bases for a matroid M* = (E,Z*) called the dual matroid of M.

The non-Pappus matroid is defined on E = {1,2,3,4,5,6,7,8,9} with bases
all 3-sets except the eight 3-sets of collinear points in Figure 1. For some time it
was thought to be the smallest possible example of a nonrepresentable matroid
till Vamos gave an example on eight points. The Vamos matroid is defined on F =
{1,2,3,4,5,6,7,8} with bases all 4-sets except {1, 2, 3,4}, {1,2,5,6}, {1,2,7,8},

(3,4,5,6), {3,4,7,8).
] Vv 3
7 ‘ 9

4 6
5

Figure 1: Non-Pappus matroid.

A subset A C E is called closed if r(AUz) = r(A) + 1 for all x € E — A.
A hyperplane H is a maximal proper closed set. It has rank r(H) = r(F) — 1.
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Closed sets are also called flats and all flats can be obtained as intersection of

hyperplanes [28, Theorem 1.7.8]. A matroid on E is determined by the collection

‘H of all hyperplanes. A collection H of subsets of E defines the hyperplanes for

a matroid if and only if |28 Proposition 2.1.18]

(H1) E¢ H.

(H1) No proper subset of a hyperplane is a hyperplane.

(H2) For distinct Hy,Hy € H and = ¢ H; U Hs there exists Hz € H that
contains Hy N Hy and x.

For a subset A C E we define the degree |A| and the rank r(A) of the subset,
where

r(A) =max{|I|: I C A, I € T}.

We also consider the corank and the nullity of a subset.

r(E) —r(A4) (corank),
|A| —r(A) (nullity).

In general, the corank and nullity are nonnegative integers. They satisfy the
duality, for A = F — A [28| Proposition 2.1.9],

r(E) —r(A) = |A] = r"(4).

The rank polynomial (or Whitney polynomial, or corank-nullity polynomial) is
defined as

Wzy) = 3 arE)-r()ylal-r(a),
ACE

So that the dual matroid M* of M has W*(x,y) = W (y, x). In this paper we are
particularly interested in properties of a matroid that can be studied through
its rank polynomial. We give two theorems by Edmonds that show that the
natural packing and covering problem for a matroid can be decided from its
rank polynomial [41], Section 8.4].

Theorem 1 (Packing problem). [15] A matroid M on the set E has k dis-
joint bases if and only if, for all subsets A C E,

k- (r(E) - r(4)) < |4].

Theorem 2 (Covering problem). [15] A matroid M on the set E can be
covered by k independent sets if and only if, for all subsets A C E,

k-r(A) > |A].

The reference [7] discusses in detail various other applications of the rank
polynomial. We include an example from [7] of two matroids with the same
rank polynomial (Figure 2). They differ in many other aspects, for example they
have different lattice of flats. The matroid on the left has three hyperplanes of
size 2 (namely {2,5},{3,5},{4,5}), whereas the matroid on the right has two
hyperplanes of size 2 ({1,4}, {3,5}).
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{6,7} {6,7}

2 3 4

Figure 2: Non-isomorphic matroids with the same rank polynomial.

3 Graphs

Through work of Tutte and others there have been important contributions from
graph theory to matroid theory and vice versa. In the previous section we de-
fined the matroid of a graph as the matroid of its vertex-edge incidence matrix
D. For a directed graph the entry D, . takes value —1 if the edge e originates
in v, +1 if it arrives at v, and value 0 if it does neither or both. Edges of an
undirected graph can be signed arbitrarily with no effect on the matroid.

An equivalent definition of this matroid can be given in terms of circuits or
minimal dependent sets. Thus C' C F is a circuit if

r(C) < |C| and forall z € C :r(C —z) = |C — 2.
In dual terms, for C = E — C,
r*(C) < r*(E), andforall z ¢ C:r*(CUz) =1r"(E).

In other words, a circuit is the complement of a hyperplane in the dual matroid.
And a matroid on F is determined by the collection C of its circuits. A collection
C of subsets of E defines the circuits for a matroid if and only if [28] Corollary
1.1.5]

(C1) D¢cC.

(C1) No proper subset of a circuit is a circuit.

(C2) For distinct Cy,Cs € C and z € Cy N Cy there exists C3 € C contained in
Cl U CQ — 2.

The matroid defined by the circuits of a graph is called the cycle matroid of the
graph. The dual matroid is called the cocycle matroid of the graph. A connected
planar graph G and its dual G* can be given orientations such that D* DT = 0.
The matroids defined with D and D*, respectively, are thus in duality and cor-
respond to the cycle matroid and the cocycle matroid of the graph G.
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The incidence matrix D represents the boundary operator 0 : C; — Cy from
the space of 1-chains, defined on edges, to the space of 0-chains, defined on
vertices. The boundary operator maps the edge e = (v_,v4) to de = vy —v_.
Let 0C1 be the image of C; in Cj. For a subset A of the edge set E, we consider
the restriction 9|4 : C1(A) — 9C;. The complex

~~~%0%Cl(A)8|HAaC'1%0%~~

has nontrivial homology groups of dimensions h;(A) = dim Ker 9|4 = |A| —
rank 0|4 and hg(A) = dim Coker 9|A = rank d — rank J|A. Thus the rank
polynomial for a graph gives information about the homology of the various
boundary operators defined on subgraphs.

We give two problems on graphs that have a solution in terms of the rank
polynomial of the corresponding matroid. A flow mod m in a connected graph
is the assignment x of a nonzero integer residue mod m to each edge such that
Dz = 0. The number of flows mod m (of nowhere zero 1-cycles) on a connected
graph G is [7, Proposition 6.3.4.]

(~DIEV I (-1, —m)

An m-coloring of a connected graph is the assignment y of an integer residue
mod m to each vertex such that D'y is nonzero on each edge. The number
of m-colorings (of nowhere zero 1-coboundaries) on a connected graph is [7
Proposition 6.3.1.]

m(=D)VI=W (=m, —1)

The following game on matroids is described in [27] as a variation of Shan-
non’s switching game for graphs [41] Section 19.4]. Obviously, no basis is con-
tained in a hyperplane. Therefore every basis has non-trivial intersection with
every circuit in the dual matroid. Players B and C take turns picking an element
from the underlying set £ = {1,2,... ,n} of the matroid. Player B wins if he
conquers a basis for the matroid. Player C' wins if he conquers a circuit for the
dual matroid. The game has precisely one winner. The following are equivalent
27, [15].

(1) Player C plays first and player B can win against all possible strategies of

C.
(2) The matroid M has two disjoint bases.

The second (global) condition can be verified with the (local) conditions
of Edmonds packing theorem in the previous section. And the existence of a
winning strategy for B is revealed by the rank polynomial of the matroid.

The matroid of a graph describes certain properties of the edges in the graph,
but in general does not determine the spectrum of a graph or properties related
to the spectrum. A trivial example is given by the two graphs in Figure 3. They
have the same matroid, but have different spectrum (the spectrum of Chung’s



Combinatorics of the Two-Variable Zeta Function 115

Laplacian [§] is (0,1/2,3/2,2) and (0,1,1,2), respectively). Clearly they have
different diameter. The two graphs in Figure 4 also have the same matroid (in
fact with the given orientation their incidence matrices have the same row space),
but have different spectrum (the spectrum of Chung’s Laplacian is (0, 2/3,4/3, 2)
and (0,1,1,2), respectively).

€2
€1 €9 €3

€1 €3

Figure 3: Non-isomorphic graphs with the same matroid.

€1 €1
63 . 64 63 . 66
€6 €4

Figure 4: Non-isomorphic graphs with the same matroid.

The number of cycles (or closed backtrackless tail-less paths) of given length
differs for the two graphs. The Ihara zeta function is a generating function for
the number of cycles and using Bass’s generalization it can be computed as [5],
[19],

(1—u?)X
det(1 — Au + Qu?)’

Z(X,u) =

where x = |V| — | E| is the Euler characteristic, A is the adjacency matrix, and
Q@ is a diagonal matrix with entries the vertex degrees minus one.

4 Linear Codes

A finite sequence of n points in projective space, not all contained in one hyper-
plane, becomes a matroid with the natural definitions for the degree and rank
of a subsequence of points. The matroid definition of a hyperplane as a maximal
proper closed subset of {1,2,... ,n} applies. But we also have the collection of
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hyperplanes of the projective space. The properties of the first type of hyper-
planes are described by the lattice of flats of the matroid. The rank polynomial
of the matroid in general does not give full information about the number of such
hyperplanes. On the other hand the number of hyperplanes in projective space
over a finite field depends only on the size of the field and the dimension of the
projective space. The theorem by Greene below shows that the rank polynomial
of a matroid of n points gives the number of projective hyperplanes that contain
precisely a of the n points, for any given a = 0,1,... ,n. This makes the rank
polynomial an important invariant for linear codes.

A linear code is a subspace of the space of all n letter words over a finite
field F of q elements. After choosing generators for the subspace, the code can be
described as the row space of a matrix G of full rank called the generator matriz.
The matroid M (C) of a linear code C' is defined as the matroid associated to its
generator matrix. The matroid M (C*) of the dual code equals the dual matroid
M(C)* of the code.

Assuming that the code has no zero columns in its generator matrix the
columns of the matrix define points in projective space. The generator matrix
defines a natural ¢ — 1 to 1 map from nonzero codewords to the hyperplanes
of the projective space. The Hamming weight distribution of the code gives
the number of codewords of given Hamming weight. Equivalently, it gives the
number of hyperplanes that contain a given number of points. Let

Az, y) =D A"y’
1=0

be the Hamming weight enumerator for the linear code. Greene’s theorem relates
the weight enumerator of a code to the rank polynomial of its matroid [17].

Az, y) @ Ty
gk =WV )
(x —y)*y -y oy
In particular, for the number A,, of words with n nonzero coordinates we find
Ap = ()W (=g, —1).

This is similar to the expression for the number of nowhere zero 1-coboundaries
in the graph coloring problem. For a linear code over the field of two elements,
we have the useful evaluation [31], [20], [7] (with incorrect sign)

W(_27 _2) _ (_1)n(_2)dim CﬂCl.

There are other properties of a linear code that can not be obtained from
the matroid structure alone. Examples are coset weight enumerators and the
covering radius. The following two codes over the field of five elements have the
same matroid.

100]024 100|033
Ci=1010|402 Co=1010|303
0011]240 001]330
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In each case, a subset of {1,2,3,4,5,6} is independent if it is of size at most three
and different from {2,3,4},{1,3,5},{1,2,6}. The two codes are not equivalent.
Any six letter word is at Hamming distance at most 2 from the second code.
But the word 111000 is at distance 3 from the first code.

Binary codes are completely determined by their matroid. For a code is de-
termined by its Pliicker coordinates and the Pliicker coordinate corresponding
to a full minor is 1 if the columns in the minor are a basis for the matroid and 0
otherwise. On the other hand, inequivalent binary codes can have the same rank
polynomial. The following two codes are the smallest pair that we could find.

1000|11000(01101
o — 0100010011100
17100100010 |10111
0001000100011
1000|11000(01101
ol — 0100|0100 |11111
2710010|0010|10101
0001(0001|00011

5 Special Divisors on Curves

Let X/F be an algebraic curve (projective, non-singular, absolutely irreducible)
over a finite field F of ¢ elements. Let g denote the genus of the curve and let K
denote a canonical divisor. Let h = |Pico(X)| be the number of distinct divisor
classes on X of given degree. Riemann-Roch gives, for the dimension [(D) of the
linear space L(D) = {f € F(X) : (f) + D > 0} U {0},

I(D) — (K — D) =degD+1—g.

A divisor E on X is special if both [(E) > 0 and I(K — E) > 0. On the set
of special divisors £ of a curve we have the natural degree map |E| = deg E.
We define the rank of a special divisor as the number of independent linear
conditions that it imposes on the canonical linear system.

r(E)=UK)-l(K—-E)

For FE a finite sum of points this definition agrees with the rank of the set of
points embedded in projective space with the canonical embedding. Although
this definition of degree and rank does not make the set of special divisors a
matroid, we find that several notions that were introduced for matroids, such as
corank, nullity and rank polynomial, are very useful in describing properties of
special divisors. For the corank and nullity of a special divisor we find

r(K)—r(E) =K —E)—1, |E|-r(E)=I(E)-1.

In particular corank and nullity are in duality if we define the complement of E in
K to be the special divisor K — E. It is easily verified that for Py +Po+-- -+ P, ~
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K, the definition of degree and rank define a matroid on the set of special divisors
0 < E < Pi+Py+---+P, (see also Section[12)). The matroid has rank polynomial

W(x,y) — le(K—E)—lyl(E)—l

The matroid is the union of two disjoint bases. The easy directions in Theorems
[ and [Z (with k& = 2) then imply

2(K—E)—1)<deg(K — F) and 2({(K)—Il(K — E)) > degE,

respectively. Thus Clifford’s theorem arises as a special case of the packing
and covering theorems for matroids. For an arbitrary special divisor F, and
for a sufficiently large base field F, we can always find Py, Ps, ... , P, such that
0<KEL<P+P+---+P, ~K.

Let h°(D) = dim H°(X, O(D)) and h'(D) = dim H' (X, O(D)) be the coho-
mological dimensions for the line bundle associated to the divisor D. To describe
the dimensions for all divisors, we write the two-variable vanderGeer-Schoof zeta
function [37, Section 8] as a rank function

0 1
WO (2, y) th (D) 1 (D)
[D]

The summation is over divisor classes [D]. The decomposition in [37, Section 8]
yields

2g—2

WGS<.’IJ y Z Z l‘hoy nt + Z h.’I}Z+1 g+zhy—z 1+g
=0 deg[D]=1 i>2g—2 <0
2g—2

=Y ¥ xh°y1+h—+h yq (1)

=0 deg[D]=i

A different decomposition with a finite term that sums over special divisors only
is presented in Section [0

6 Zeta Functions for Curves

We make the connection between rank polynomials and zeta functions. Let a;
be the number of effective divisors of degree 7 on X. With Riemann-Roch,

W0 for i < 0.
Y A (¢t —1)/(g—1), fori>2g—2.

—(g+1)a;—1 +qa;—2 = 0. (2)
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Define the Hasse-Weil zeta function as the generating function
T)=> aT"
i>0
Let p; = a; — (¢ + 1)a;—1 + qa;—2. With (@), the zeta function can be written as
the rational function
P(T)
A —T)(1—qT)

Pellikaan [30] defines a two-variable zeta function as the power series

Z(T) = P(T) = po +P1T+~-~+P29T2‘q~

(D) _1q

Z2(Tu) =Y L ies?,
u—1
(D]
and gives a decomposition
(u—1)Z(T,u)
2g—2
_ Z Z ul(D)TdegD + Z huerl gTz Z hTz
=0 deg[D]=1 i>2g—2 i>0

The summation is over divisor classes [D]. For a base field F of ¢ elements and
for u = ¢, it agrees with the Hasse-Weil zeta function: Z(T,q) = Z(T). The
vanderGeer-Schoof zeta function gives a generalization to number fields. In the
version for curves it is defined as

CGS (s,1) quhO(D)+th (D)
(D]

We use it in the form

0 p1
WGS x y th yh

So that (“9(s,t) = W9(¢*,¢"). Deninger [10, Proposition 2.1] establishes the
relation

(u—1)T9Z(T,u) = WS (uT, T7). (4)
The short proof uses that the two sides agree termwise for the decompositions

(@ and (B). For later use, we write the left side as

(u— 1T 9Z(T,u)
2g—2

Z Z ThO h1+ Z h itl—g )Ti+1fg. (5)

1=0 deg[D]=1 i>29—2
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Ezample 1. The hyperelliptic curve
2+
2 +z+1
over the field of two elements is of genus two with special divisor classes: the
zero class, the classes of the five rational points, and the canonical class (Figure
5). It has two-variable zeta function
1+ (@ —u)T + (9 —3u)T? + (4u — u?)T? 4+ u?T*
N (1-T)(1 —ul)

Yty =

Z(T,u)

4 14
3 14
2 14 1

Figure 5: Number of divisor classes with given h%, h! (Example [II).

7 Zeta Functions for Linear Codes

In the previous section we saw that the rank polynomial is defined naturally for
a curve and that it is related to the zeta function of the curve. The zeta function
of a curve is the generating function for the number of effective divisors. In this
section we define the zeta function of a linear code as the generating function
for the normalized binomial moments of the code.

Let C be a linear code of length n over the finite field F of ¢ elements. For
a subset S C {1,2,...,n} let Cs be the subcode of C of words with support on
S. Let kg denote the dimension of Cg.

o, for 0 <|S| < d.
ST k= (n—19]), forn—d*t<|S|<n.

The number of nonzero words in Cg counted up to multiplication by scalars is
given by (¢¥s —1)/(q —1). Let
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The B} are called the binomial moments of the code. As in [34], we have

g0 for 0 <i < d.
@ =1/ (e 1), forn—d-<i<n
Let b; = Bé-&-i/(dii) be the normalized binomial moment. Extend the definition
of b; to all i € Z, by setting
b, = 07 for ¢ < 0.
o (¢itdtk— — 1) /(¢ —1), fori>n—d—d*.

Define the zeta function as the generating function
Z(T) = bT". (6)
i>0
Fori ¢ {0,1,...,n—d—d*+2},
bi — (g + 1)bi—1 + gbi—2 = 0. (7)

Let p; = b; — (¢ + 1)bi—1 + gb;—o. With (@), the zeta function can be written as
the rational function

P(T)
(1-T)(1—qT)’
P(T) = po + p1T + - +pn+2_d_dLTn+2ididL.

Z(T) = where

For the one-variable zeta function,
(q _ 1)Tk+d—nZ(T)

1 4 : ,
_ Z — (qks _ l)TH-k—n + Z(qz+k—n _ 1)Tz+k—n.
i=0 z) |S|=i i>n
Define the two-variable zeta function for linear codes by replacing ¢ with the

variable u. Then

P(T,u)
Z(Tu) = ——F——"—
T = G=ha e
is a rational function with degy P(T,u) =n+2 —d — d*+, and
(u— )T Z(T, )
“ 1

— - (uks _ 1)Ti+k7n + Z(ui+k7n _ 1)Ti+kfn. (8)

(n
=0 \1% |S|=1 i>n
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The above form is convenient as a definition, but obviously it can be sharpened
to get a smaller finite term.
(u — )T Z(T, )

n+2—d—d*
1

_ Z L Z (uks o 1)Ti+kfn + Z (uiJrkfn N 1)Ti+k7n. (9)

i=0 (7) |S|=i i>nt2—d—dt

Ezample 2. The formally self-dual binary code

1000|1100

C = 0100]0110
“ 100100011
0001|1001

has as non-generic column sets: |S| = 3 and kg = 1 (4 times), |S| =4 and kg =1
(25 times), and |S| = 5 and ks = 2 (4 times) (See Figure 6). The two-variable
zeta function is

11+ @ —u)T+(9-3u)T?+ (4u —u?)T? + u>T*

Z(Tu) = 13 1 —T)(1—uT)
4|1
3|8
2 |28 4

1 52 25 4

0 | 45 52 28 8 1

0 1 2 3 4

Figure 6: Number of coordinate subsets with given corank, nullity (Example [2]).

8 Normalized Rank Functions

For an algebraic curve we have the zeta function Z(7T,u) and the rank function
WES(x,y). Equation (#) provides the transformation

(u—1D)T*"9Z(T,u) = W (uT, T7") (10)
For a linear code of length n and dimension k we will show that

(u — V)THTZ(T,u) = W,F (uT, T7Y), (11)
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for
Wi () = Waleyg) + e+ L
e e 11—z 1—y’
and
Wh(r,y) = . 1 Z g =r(A)y | Al=r(A)

Thus Equation (I0) for curves holds for linear codes if we normalize the rank
polynomial of the linear code and add infinite tails. We call W,, the normalized
rank polynomial of a matroid and W, the normalized rank function of a matroid.
For a general matroid, the length n and dimension k of a code should be replaced
with the size n and the rank & of the matroid The rank polynomial

Z o ylAl=7(4)

for a linear code is defined with the matroid of the columns G of a generator
matrix. For a subset S C G with complement A, let h° = 7(G) — r(A) and
h' =|A] —r(A). We rewrite the left side of ([I) starting from the expression in
B). With kg = dim(Cg) = r(G) —r(A) and |A| —r(A) = |4| — r(G) + r(G) —
r(A)=n—|S|—k+ks,

(u — 1)TE*T4="Z(T, u)
Z Z Tho—h1 +Z itk—n _ 1)Ti+k—n. (12)
|S\ 4 i>n
Thus
(u—l)T’“*d’"Z(T u)
Z Z UT —1)h1 + Z(U:T)H—k_n _ ZT'H-]C—TL’
|S‘ i i>n >0

(uT)kJrl kan
1—ul  1-T1

=W, (uT, T~ ") +
=W,F(uT,T).

Equation (I2)) generalizes the definition of the zeta function Z (T, u) in (§) to
matroids. A priori the zeta function has an interpretation only for representable
matroids, as generating function for weight distributions. With this definition,
([ holds more generally for matroids. Note that to the minimum distance d
of a code corresponds more generally the size of the smallest cocircuit d of a
matroid. In dual terms, n — d is the size of the largest hyperplane in a matroid.
The genus g in (I0) has as corresponding matroid parameter the maximal corank
of a cocircuit, or by duality the maximal nullity of a hyperplane.

g=max{r*(E)—r*(C):CeC*}=(n—k)—(d—1).
g=max{|H|—r(H): HeH}=(n—-d)—(k—-1).
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Standard terminology refers to circuits of size one as loops and to cocircuits
of size one as bridges or isthmuses. A linear code is without bridges if and only
if d > 1 and without loops if and only if d* > 1.

Theorem 3. Let M be a matroid without bridges of size n and rank k with
normalized rank polynomial W, (x,y). The average normalized rank polynomial
for the n restricted matroids of size n — 1 is Wy(x,y) — y"~*. The normalized
rank function W (z,y) of a matroid equals the average normalized rank function
of its restricted matroids of size n — 1.

Proof. The second claim is immediate from the first. The matroids restricted to
n — 1 elements have the same rank as the original matroid. The contribution of
a subset A with |A| < n is the same for the original and for the averaged rank
polynomial. The unique set A of size |A| = n contributes y"~* to the original
rank polynomial and 0 to the averaged rank polynomial.

A uniform matroid of size n and rank k has

1—2ay
(1—z)(1—y)’
-7 B 1
(1—uT)1-T-Y) (1 -T)(1—uT)

W, (2,y) =

Z(T,u) =

9 Greene’s Theorem

The zeta function of a code was defined in Section [ in terms of its binomial
moments, that is to say in terms of its weight enumerator. The significant finite
term in the rank function is defined in terms of the rank polynomial of the code.
Thus (L) yields a relation between the weight enumerator of a code and its rank
polynomial. We show that the relation is Greene’s theorem.

First we relate the weight enumerator of a code to its binomial moments.
The proof is short and well-known. Let B'(z,y) = Y1, B}2" "y’ be an enu-
merator for the binomial moments. For a weight enumerator A(z,y) = a” +
(¢ — 1)AY(z,y), we claim that B!(z,y) = Al(x + y,y). The support of a code-
word of weight ¢ contributes one to B1 for each subset S of size j that con-
tains the support. So that le- => (” Z)A17 and Bl(z,y) = A'(z +y,v). Let

B(z,y) = (x+y)" + (¢ —1)B"(z,y) = Az +y,y). Let
N=y % - (13)
=0 (Z

Define Al (z,y), By (z,y), BL(x,y) in the same way. From the definition of the
zeta function,

(¢—1)Z(T)T%=BL(1,T) (mod T™*).
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With (1),

W, T-HT"* = B(1,T) (mod T™1). (14)
Adding
_ _(Tfl)nkarl _ B
"Ny )=1/0-17)

to both sides gives an equality among polynomials of degree n.
Wy (qT, T-HT" % = B,(1,7T) (15)

The normalization on both sides is the same at each coefficient of 7% and the
relation holds if we replace W,, and B,, with W and B, respectively. We find

Bla.y) =y MW, ) (16)

Finally A(x 4+ y,y) = B(x,y) gives Greene’s theorem.

Awy) oy oy
gk = W)
(x —y)ty -y oy
The purpose of the above proof is to make the relation between (1) and Greene’s
theorem explicit. Relation (I6), that provides the connection, has a direct and

much shorter proof. Let C! be the number of S C {1,2,... ,n} with |S| =i and
ks = dim(Cgs) = I. Then

I _ .
1$y)zz;cf(éllxn—zyz7 chll n— lZ

On the other hand, let S have complement A in G. As in the previous section,
we use the rank polynomial

y) = 3@ @A) Al
A
with 7(G) —r(A) = ks and |[A] —r(A) =n —|S| — k + ks.

Wie,) =y 3 3 Cla)'y™
i !

And (19)) follows. By using (I%)) we find a normalized version of Greene’s theorem.
For A(x 4+ y,y) = B(x,y) homogeneous of degree n,

T

An(l, —
1-T

)= B,(1,T)(1—-T) (mod T"1).

As in [12],

gt 1+t

A (LA + )T =w,
L+ 0" = Wl =

YA+ E (mod 7).
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In another form, using ([I4)),
AL (L )L+ )

— ot @ 1 4 p)Ftdt1=nm—k—d d gn—d+1 1
=W (2 )+ (mo ). (17)

Theorem 4 ([11]). Let C be a linear code of length n with minimum distance
d > 2. The expression AL(1,t)(1 + )4~ modulo t"~4+1 is the same for the
code and for the average over its n punctured codes (obtained by restriction of
the code to n — 1 coordinates).

Proof. Apply Theorem [3 to the right side of ([{I).

10 Decomposition of Zeta Functions

The decomposition of W& in (@) and of Z(T,u) in (@) uses as finite term a
summation over all divisor classes of degree 0 < [D] < 2g—2. This decomposition
goes back to Weil [40] and is followed in [24], [33]. Duursma [14} Lemma 5] and
vanderGeer-Schoof [37, Section 2] use a different decomposition. Two properties
of divisors ensure that W&9(z, ) is a rational function.

(W1) The exponents h°(D) and h'(D) are nonnegative, such that for almost
all [D] either h® =0 or ! = 0.

(W2) The number of [D] with given difference h® — h! is constant and equal to
h.

Starting from these properties, we define as finite term

" 0 1 0_p1 0 1 1_30
Wia,y)= Y @y =" )+ Y @y ).
hO>h1 h1>hO

As in [37], divisors with h® = h! in 3" are counted with multiplicity 1/2.
WS (,y) = Wo(a,y)+ a4 3y
hO>h1 R1>hO
1—2xy
(1-z)1-y)
The tail in W (z,y) assumes that all h divisor classes of a given degree are

non-special. The finite term W*(z,y) contains the necessary corrections for the
special divisors. The same decomposition applied to Z(T,u) yields

=Wz, y) +h

ho
2(Tu) = YL pntentea
)
hom u—1
h! h®—n!
3 L R R % v " o1
u—1 u—1
hO>h1 hO>h1

Th°7h1+g71.
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After collecting the variables uT, 71

(w-1)T"9Z(Tu) = Y ' T (uT T’LO) n

hO<hl
i Z/ (uT)hO (Tfhl _ (uT)*hl) T Z/ (UT)h(th _ ph=h!
hO>R1 hO>h!
=W (T, T7).

And we recover [I0). As in [14], we define Z*(T,u) via

hT9

Z(T,u) = Z*(T,’LL) + m

(18)
So that Z*(T,u) is a polynomial with contributions by special divisors only. The
decomposition is compatible with the decomposition of W (z,y),

(u— V)T 9Z*(u,T) = W*(uT,T™").

Conditions (W1) and (W2) hold for the normalized rank function W, of a
matroid, for h = 1. And the above decomposition carries through. For a matroid
we find

Wi o) = Wiew) + gy
Z(Tvu) = Z*(Tvu) + ma

for polynomials W) (x,y) and Z*(T, u), such that W is the normalization of the

polynomial
— 1 _ 0
Z gh"=h ((xy) — Z yh " ((zy)h —1).
RO>h1>0 R1>h0>0

11 Support Weights

With a linear code is associated a second family of weight enumerators, the so
called support weight enumerators. They first appeared in [2I] and [I8]. They
became object of intense study after Wei described an application to cryptog-
raphy [39]. For an overview of results we refer to the paper by Tsfasman and
Vladuts [34]. The papers [I3], [3] make a connection with matroids. A linear
subspace D C C has support

Supp(D) = {i: Jv € D,v; # 0}.

The support weight of D is [Supp(D)| (also called effective length or generalized
Hamming weight). The j-th support weight enumerator is defined as

Al(z,y) = Z g 1Supp(D)] [Supp(D \_ZAJ =iy

DCC, dim D=j
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For the weight enumerator A(z,y) of the code, we find A(x,y) = A%(z,y) + (¢ —
1)Al(z,y). The support weight enumerators are determined by the rank polyno-
mial of the matroid of the code. But there is no immediate analogue of Greene’s
theorem and unlike the usual weight enumerators, support weight enumerators
can in general not be obtained as the evaluation of the rank polynomial with
suitable arguments. But they can be written as a linear combination of such
evaluations. For this we need to consider the linear codes C(™ that are gener-
ated by the code C' but have their coefficients in the extension field Fyn. Klove
[22, Lemma 4] gives for the weight enumerator of C'(™),

m

A(CT) (@, y) = [ml; A (2, ).

=0

where [m]; = (¢ —1)(¢™—q) -+ (¢ — ¢’ ). Let A(™) (2, y) be the first support
weight enumerator for the code C™. That is, A(CU™)(z,y) = 2™ + (¢™ —
1)A™) (2, 7). The above relation becomes

m

[l AT (2, y) = Y [m]; 4 (2, y). (19)

j=1

The relation appears in [2I]. Theorem 3.6 [34] is similar but lacks the factor
[m]; = (¢™ — 1). The relation is invertible so that A’(x,y) can be expressed as
a linear combination of AM (z,7),..., A9 (z,y).

Let C! be the number of S C {1,2,... ,n} with kg = dim(Cg) = [ and |S| = i.
The Gaussian coeflicient

H ) [ R C A
ily (@ =D(¢ —q) (¢ =g

gives the number of j-dimensional subspaces in a [-dimensional vector space over

F,. For the code C™) we define binomial moments Bi(m).

i |S|=i qm
_ chll [ﬂ gyl = ZBZ_(m)xn—iyi.
il qm i

Then B™(z,y) = A (z + y,y). For the support weights, define binomial
moments B! via

By = 3|5 e

i |S|=i
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Then BY(z,y) = A/(z + y,y). As in [3], Equation (I9) now follows from the
relation for Gaussian coefficients

[mhmqm —gmo1 = g[m}j BL

The left side is the number of nonzero row vectors of length { over Fym. The
right side is the number of nonzero m xI-matrices over F, counted by their rank j.

The zeta function Z(T') of a linear code was defined in (@) as the generating
function for the normalized binomial moments.

7

[ﬂifﬂdwawwmfﬁ=(®“%=3ﬁzﬂu

In general, for a code C'™) over the extension field F » we have
[T"=Z(T,q™)(y + 2T)" = B™ (z,y).

The decomposition [m]; B (z,y) = Z;.n:l[m]ij(%y) implies the existence
of generating functions Z;(7T") with

(mh Z(T,q™) =Y _[m]; Z;(T), (20)
j=1
(T4 Z;(T)(y + 2T)" = B’ (x, ). (21)

To describe Z;(T) we make use of (I§). For the polynomial part, let

(w=1)Z"(Tou) =) _[ul; Z}(T), (22)
j=1

where [u]; = (u—1)(u—q) -~ (u—¢’~'). So that the right side gives the Newton
decomposition of the polynomial (v — 1)Z*(T,u) considered as polynomial of

degree g in u with respect to the sequence (1,q,¢?, ... ,qu’l). For the rational
part, let
l Ti-1
G;(T) = { ] T = : (23)
! ;yq (1-T)A—=¢T)---(1—¢'T)

be a generating function for the Gaussian coefficients. Then

[m]1

(1—T)1—qu Z

j=1

Adding the two contributions yields



130 Iwan M. Duursma

Theorem 5. The generating function Z;(T) for the j-th support weights, as
defined by (21)), can be written as

Z;(T) = ZX(T) + hT9G4(T)  (h=1,g=n+1—k—d)

for a polynomial Z(T) as in (Z2) and for G;(T) as in (Z3). For j > g+, Z3(T)
vanishes.

Ezample 3. The first order Reed-Muller code [16, 5, 8] has

1 3 15 5 1
Z5(Tu) = — + T4 2724 2734 —ypt
(Tow) = ot il Tl t T + 3¢

Zi(T) + (u = 2) Z5(T).

Its dual, the second order Reed-Muller code [16,11, 4], has
1 5 15 3 1
75(T - ity o 9 T2 2 2T3 - 3T4
Tw) = g+l T T g
Z{(T) + (u—2) Z3(T) + (u—2)(u—4) Z5(T)

+ (u—2)(u—4)(u—8) Z;(T).

The g+ polynomials Z;(T),... ,Z5.(T) determine Z(T,u) and thus the

weight distribution of C™ for all m > 1. But some of the Z7(T) may be
redundant.

Theorem 6. The two-variable zeta function Z(T,w) is determined by its values
foru=gq,...,q*, or equivalently by Z;(T),... ,Z;(T), where

A = max{h® : [z""y""|W (x,y) # 0} < min{g,g"}.
In particular, for a linear code A = max{ks : |S| =n — k}.

Proof. Let A\ be minimal such that for all elements in the matroid either the
corank or the nullity is at most A. Then W (z,y) can be obtained from its eval-
uations on A distinct hyperbolas xy = ¢1, 42, - - . , qx.

The problem of how many weight distributions determine all remaining weight
distributions is posed in [21]. That paper suggests a solution that is one weaker
than the proposition. Also, the solution depends on an unproved condition. The
condition always holds and a minor modification strengthens the solution by
one, so that it agrees with the Theorem. In Example B, A\ = 1.

The r-th minimum support weight d,.(C) of the code C' is defined as
d(C) = min{|Supp(D)| : dim D = r} = min{|S| : ks =r}.
Wei gives a relation for the weight hierarchy of a code and its dual [39].

{1,2,... ,n}={d.(C):r=1,... k}
U{n+1—-d.(CY)y:r=1,...,n—k}. (24)
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In terms of the rank polynomial of the code
d-(C) =min{n —k+r —s: [z"y’|We(x,y) # 0}. (25)

In Figure 7, the minimum support weights correspond to the k£ horizontal steps
in the path of length n from the closed dot to the open dot. The minimum
support weights of the dual code correspond to the n — k vertical steps of the
same path in the opposite direction. This proves (24]).

N9
/ /
¥
n—=k
A
g
2 A 3 )
1 ' L db-1
- ©
0 gt
0 1 2 k

Figure 7: Rank polynomial of a code and its weight hierarchy.
S N 9

e s/
hl A A D

4

9
9 A
1
Y
(¢,
0 Y
o 1 2 .. h?

Figure 8: Rank polynomial of a curve and its gonality sequence.
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n—=k
dr —r
1 <—>dffl
0
O 1 T‘ e .« .. k

Figure 9: Rank polynomial and r—th support weights.

n—=k
dif —t
t - >
n—k—s
0
0 1 k

Figure 10: Rank polynomial and Hamming weights up to s.

Figure 9 indicates the part of the rank polynomial that is needed to enumerate
the support weights of subspaces of dimension at least r in a code. Figure 10
indicates the part of the rank polynomial that is needed to enumerate words of
weight at most s in a code. The part of the rank polynomial that enumerates
the words of weight at most s enumerates the support weights of dimension ¢ in
the dual code for k — (dff —t) <t — (n —k — s), or for d;(C*) > n — s.

12 Algebraic-Geometric Codes

Let X be a curve, D a divisor and P=(Py, Ps, ... , P,) a list of n rational points
on the curve. The code C(D,P) is the image of L(D) under evaluation in P.
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The rank polynomial of the code is

Welz,y)= > ay"

BEC{12,...,n}

where h? and h! are the corank and nullity of a subset, respectively. Define the
geometric rank polynomial of the code as

Wy(e,y)= ) 2@y @)
0<E<Pi+-+Py
We establish the relation between W and Wx. The dimension of the code and
its dual are
k=1UD) =D~ (Pi+--+PF)), k"=i(D—(Pi+---+P,))—iD).
Let a =I(D— (P, +---+P,)) and a* = i(D) be the abundance of the code and
its dual, respectively [29]. With
h(E)=k— ((D)-1I(D - E))=1(D—-E) —a,
h'(E) = |E| = ((D) = (D - E)) =i(D - E) —a™,
we find
Wi (z,y) = 2" We(z,y). (26)

The gonality sequence {v;} of a curve is defined with vz = min{deg F' : [(F') > t}.
Figure 8 shows the relation between the rank function of a curve and its gonality
sequence. Combination of (26) with (25) yields Munuera’s lower bound for the
r-th Hamming distance d,. of a code in terms of the gonality sequence of a curve
[25], [42]. With r —s = h® —h! =k — |E|,
d.(C) =min{n — |[E|: I(D —E)=r+aandi(D — E) = s+ a*},

>min{n — |E|: (D — E) =r+ a},

>n—deg D+ Yrya-
Next, consider a family of codes C; = C,Cs, ... ,C} defined with inequivalent
divisors D1 = D, Ds, ... , Dy, of the same degree 2g —2 < deg(D) < n. All codes
have a = a* = 0.

n

i h
Sl =3 gy X LCE O
i=1

j=0 \Jj 0<E<pi=l
degE =3
n
_ Z Z LMD=E) i(D-E)
J=0 deg[E]=j

I
g
HN
3
QQ&
3

deg D—n<deg[F]<deg D
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The last summation is over all divisor classes with degree in the given range.
The range includes the interval 0 < deg[F] < 2¢g — 2. Adding

k+1 n—k+1 deg D+2—g n—deg D+g
[ —pt +nY
1—2 1—-y 1—= 1—y
to the equation yields
h
D Wik (wy) = W (2, y). (27)
i=1

Theorem 7. Let Cy,... ,Cy be codes defined with inequivalent divisors of the
same degree 2g — 2 < deg D < n. The two-variable zeta function of the h linear
codes and the two-variable zeta function of the curve satisfy

h
> 199D 2, (T, u) = Z(T,u)
i=1

Proof. This follows from 27) with ([0) and (). Note that the Goppa bound
for codes gives g(C;) =n+1—-k—-d<g.
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Constructions of Mutually Unbiased Bases
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Abstract. Two orthonormal bases B and B’ of a d-dimensional complex
inner-product space are called mutually unbiased if and only if |(b|b')|* =
1/d holds for all b € B and ¥’ € B’. The size of any set containing
pairwise mutually unbiased bases of C? cannot exceed d + 1. If d is a
power of a prime, then extremal sets containing d 4+ 1 mutually unbiased
bases are known to exist. We give a simplified proof of this fact based
on the estimation of exponential sums. We discuss conjectures and open
problems concerning the maximal number of mutually unbiased bases
for arbitrary dimensions.

Key words: Quantum cryptography, quantum state estimation, Weil
sums, finite fields, Galois rings.

1 Motivation

The notion of mutually unbiased bases emerged in the literature of quantum
mechanics in 1960 in the works of Schwinger [18]. Two orthonormal bases B and
B’ of the vector space C? are called mutually unbiased if and only if |(b |V’ )|? =
1/d holds for all b € B and all ¥ € B’; here (b|l') denotes the standard
hermitian inner product on the complex vector space C? that is anti-linear in the
first argument and linear in the second, (b|b') = b'b’. Schwinger realized that no
information can be retrieved when a quantum system which is prepared in a basis
state from B’ is measured with respect to the basis B. A striking application
is the protocol by Bennett and Brassard [5] which exploits this observation to
distribute secret keys over a public channel in an information-theoretically secure
way (see also [4]).

Any collection of pairwise mutually unbiased bases of C? has cardinality
d+ 1 or less, see [3,11,13,15,22]. Extremal sets attaining this bound are of
considerable interest. Ivanovi¢ showed that the density matrix of an ensemble
of d-dimensional quantum systems can be completely reconstructed from the
statistics of measurements with respect to d + 1 mutually unbiased bases [14].
Furthermore, he showed that the density matrix cannot be reconstructed from
the statistics of fewer measurements.

G. Mullen, A. Poli and H. Stichtenoth (Eds.): Fq7 2003, LNCS 2948, pp. 137-144, 2003.
© Springer-Verlag Berlin Heidelberg 2003
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Let N(d) denote the maximum cardinality of any set containing pairwise
mutually unbiased bases of C?. It is known that N(d) = d + 1 holds when
d is a prime power, see (3,14, 22]. We derive a simplified proof of this result,
which takes advantage of Weil-type exponential sums. We present two different
constructions—both based on Weil sums over finite fields—in the case of odd
prime power dimensions. We exploit exponential sums over Galois rings in the
case of even prime power dimensions. If the dimension d is not a prime power,
then the exact value of N(d) is not known. We discuss lower bounds, conjectures,
and open problems in the fourth section.

2 0Odd Prime Powers

Let Fy be a finite field with ¢ elements which has odd characteristic p. Denote
the absolute trace from F, to the prime field F,, by tr(-). Each nonzero element
x € IF, defines a non-trivial additive character F, — C* by

y o @)

where w, = exp(27i/p) is a primitive p-th root of unity. All non-trivial additive
characters are of this form.

Lemma 1 (Weil sums). Let F, be a finite field of odd characteristic and x
a non-trivial additive character of F,. Let p(X) € Fy[X] be a polynomial of
degree 2. Then

> x(p(@)| = va.

z€elF,

We refer to [17, Theorem 5.37] or [7, p. 313] for a proof. We will use this lemma
in the following constructions of mutually unbiased bases.

Convention. In the following, we will tacitly assume that the elements of IF,
are listed in some fixed order, and this order will be used whenever an object
indexed by elements of F, appears.

We begin with a historical curiosity. Schwinger introduced the concept of
mutually unbiased bases in 1960. However, he did not construct extremal sets
of mutually unbiased bases, except in low dimensions, and no further progress
was made during the next twenty years. Alltop constructed in 1980 complex
sequences with low correlation for spread spectrum radar and communication
applications [1]. It turns out that the sequences given by Alltop provide p + 1
mutually unbiased bases in dimension p, for all primes p > 5. Unfortunately,
Alltop was not aware of his contribution to quantum physics, and his work was
not noticed until recently. Our first construction generalizes the Alltop sequences
to prime power dimensions.
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Theorem 1. Let F, be a finite field of characteristic p > 5. Let B, denote the
set of vectors

1
B = {bxa |\ €F,}, bra = — (w;r((k+a)s+x(k+a)))

Vi

The standard basis and the sets B, with a € Fy, form an extremal set of ¢+ 1
mutually unbiased bases of the vector space C4.

keF,

Proof. Notice that B, is an orthonormal basis because

1
brn) = — Z w;r((k—n)(kw))_
k€T,

<bn,o¢

Indeed, the right hand side equals 0 when x # A because the argument k + «
ranges through all values of F;; and equals 1 when k = A.

Note that all components of the sequence by have absolute value 1/,/q,
hence the basis B, and the standard basis are mutually unbiased, for any o € .

By computing the inner product (b, o|bx g)| for o # 3, we see that the terms
cubic in k£ cancel out and, moreover, that the exponent is given by the trace of
a quadratic polynomial in k. By Lemma 1 the inner product evaluates to ¢~ /2,
hence B, and Bg are mutually unbiased. O

Remark 1. A remarkable feature of the previous construction is that knowledge
of one basis B,, is sufficient because shifting the indices by adding a field element
yields the other bases. The construction does not work in characteristic 2 and
3 because in these cases the sets B, and Bg, with a # (3, are not mutually
unbiased.

Ivanovié gave a fresh impetus to the field in 1981 with his seminal paper [14].
Among other things, he gave explicit constructions of p + 1 mutually unbiased
bases of CP, for p a prime. His construction was later generalized in the influential
paper by Wootters and Fields [22], who gave the first proof of the following
theorem. This proof was recently rephrased by Chaturvedi [9], and an alternate
proof was given by Bandyopadhyay et al. [3]. We give a particularly short proof
by taking advantage of Weil sums.

Theorem 2. Let Fy be a finite field with odd characteristic p. Denote by B, =
{va.p | b € Fy} the set of vectors given by

_—1/2(, tr(az®+bzx)
Yab =4 (wp )xem‘q'

The standard basis and the sets B,, with a € Fy, form an extremal set of g+ 1
mutually unbiased bases of C1.

Proof. By definition

(Waplvea)] = |~ 3 whllemaa®+(@-vo)| (1)
z€elF,
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Suppose that a = ¢. The right hand side evaluates to 1 if b = d, and to 0 if b # d.
This proves that B, is an orthonormal basis. The coeflicients of the vector v, 3
have absolute value ¢~'/2, hence B, is mutually unbiased with the standard
basis. On the other hand, if a # ¢, then the right hand side evaluates to ¢~ /2 by
Lemma 1, which proves that the bases B, and B, are mutually unbiased. O

Ezample 1. In dimension 3, this construction yields the bases

BO = {UO,OaU0717’UO,2} = { 3_1/2(1a 17 1), 3_1/2(1,(4}3,&)?2)), 3_1/2(1,w§,w3)},
Bl - {vl,Oavl,hUl,Q} = { 371/2(17‘*}37“}3)7 371/2(]%(‘0%7 1)7 371/2(17 17w§)}a
By = {v2,0,v2,1,v22} = { 371/2(1701%70032,)» 3712(Lws, 1), 37Y2(1,1,ws)},

which form together with the standard basis four mutually unbiased bases.

3 Even Prime Powers

We showed in the last section that extremal sets of ¢+ 1 mutually unbiased bases
exist in dimension ¢ if ¢ is a power of an odd prime. In this section we treat the
case when ¢ is a power of two. We cannot use Weil sums because Lemma 1 does
not apply in even characteristics. However, it turns out that exponential sums
over a finite Galois ring can serve as a substitute.

We recall some elementary facts about finite Galois rings, see [20] for more
details. Let Z4 denote the residue class ring of integers modulo 4. Denote by (2)
the ideal generated by 2 in Z4[z]. A monic polynomial h(z) € Z4[z] is called
basic primitive if and only if its image in Z4[z]/(2) = Z2[x] under the canonical
map is a primitive polynomial in Zs[z]. Let h(z) be a monic basic primitive
polynomial of degree n. The ring GR(4,n) = Z4[z]/(h(z)) is called the Galois
ring of degree n over Zy.

The construction ensures that GR(4,n) has 4™ elements. The element £ =
x + (h(z)) is of order 2" — 1. Any element r € GR(4,n) can be uniquely written
in the form r = a4 2b, where a,b € T, = {0,1,£, ..., £2"~2}. This representation
in terms of the Teichmiiller set 7, is convenient, since it allows us to characterize
the units of GR(4,n) as the elements a + 2b with a # 0.

The automorphism o: GR(4,n) — GR(4, n) defined by o(a + 2b) = a? + 2b*
is called the Frobenius automorphism. This map leaves the elements of the prime
ring Z, fixed. All automorphisms of GR(4,n) are of the form o* for some integer
k > 0. The trace map tr: GR(4,n) — Z4 is defined by tr(z) = Zk 0 oF(z).

Lemma 2. Keep the notation as above. The exponential sum I': GR(4,n) — C
defined by I'(r) =3 1. exp(% tr(rx)) satisfies

0 ifr e 27,, r#0,
|T(r)| = 2™ ifr=0,
V2™  otherwise.
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The above lemma is proved in [8, Lemma 3], see also [23]. This lemma will be
crucial in the next construction of mutually unbiased bases.

Theorem 3. Let GR(4,n) be a finite Galois ring with Teichmiiller set T,,. For
a € 7, denote by M, = {vq | b € T,,} the set of vectors given by

Vap = 27"/? (exp (mtr(a + 2b)x>> .
4 zeT,

n

The standard basis and the sets M, with a € T,,, form an extremal set of 2" 4+ 1
mutually unbiased bases of C2".

Proof. By definition,

|<va,b|va”b’>‘ = 50
n

> exp (247” tr ((a' —a) +2(b' — b))x)

zeT,

If both vectors belong to the same basis, i.e., when a = o/, then Lemma 2 shows
that the right hand side evaluates to 0 in case b # b’, and to 1 in case b = ¥'.
This shows that M, is an orthonormal basis.

If the vectors belong to different bases, i.e., when a # a/, then Lemma 2
shows that |(vep|ve s )| = 2-"/2 hence M, and M, are mutually unbiased.
The entries of the vectors v, have absolute value 2-n/ 2. thus the standard
basis and M, are mutually unbiased for all a € GR(4,n). O

Ezxample 2. We illustrate this construction by deriving five mutually unbiased
bases in C%. In this case, the Galois ring GR(4,2) = Z4[z]/{x? + x + 1) with
16 elements is the basis of the construction. The Teichmiiller set is given by
7o = {0,1,3¢ + 3,£}. Recall that an element of GR(4,2) can be represented in
the form a + 2b with a,b € 7. By definition, tr(a + 2b) = a + 2b + a® + 2b°.
Computing the basis vectors yields

M, ={i@1, 1, 1, 1), 3(1,1,-1,-1), (1, -1,-1,1), £(1,-1,1,-1) },
My ={i(1,-1,—i,—0), 2(1, -1, 4, 9),3(1, 1, i,—9), 3(1, 1,—i, 4)},
Mseys = {5(1,—i 1)7%(17_1 i, 1), 501, 4, 4,-1), 5(1, i,—i, 1)},
M :{%(1,—2 —i, —1),%(17—1 i, 1), 3(1, 4, i,—1), (1, i,—i, 1)}.

These four bases and the standard basis form an extremal set of five mutually
unbiased bases of C*.

4 Non Prime Powers

In the previous two sections, we established that the number N(d) of mutually
unbiased bases in dimension d attains the maximal possible value, N(d) = d+1,
when d is a prime power. In contrast, the exact value of N(d) is not known for



142 Andreas Klappenecker and Martin Rotteler

any dimension d which is divisible by at least two distinct primes, not even in
small dimensions such as d = 6.

The problem to determine N(d) is similar to the combinatorial problem to
determine the number M (d) of mutually orthogonal Latin squares of size d x d.
The number M (d) is exactly known for prime powers but not in general when
d is divisible by at least two distinct primes, see [6,16] for more details. Lower
bounds on the number of mutually orthogonal Latin squares can be obtained
with the help of a lemma by MacNeish. Our next result formulates a similar
statement for the number N(d) of mutually unbiased bases.

Lemma 3. Let d = pi'---p% be a factorization of d into distinct primes p;.
Then
N(d) = min {N(p{*), N(p3*), ..., N(p;")}-

Proof. We denote the minimum by m = min; N(p;*). Choose m mutually unbi-
ased bases Bgl), ceey B%,) of CP*, for all i in the range 1 < i < r. Then

(BV®..@B" :k=1,...,m}
is a set of m mutually unbiased bases of C¢. O

An easily memorable form of the above lemma is N(nm) > min{N(n), N(m)}
for all m,n > 2. A simple consequence is that N(d) > 3 for all dimensions d > 2,
that is, in each dimension there are at least three mutually unbiased bases.

Many researchers in the quantum physics community seem to be under the
impression that N(d) = d + 1 for all integers d > 2. However, there is some
numerical evidence that considerably fewer mutually unbiased bases might be
possible if the dimension is not a prime power. In fact, a conjecture by Zauner
on the existence of affine quantum designs implies that N(6) = 3 rather than
N(6) =7, see [24].

Congecture 1 (Zauner). The number of mutually unbiased bases in dimension 6
is given by N(6) = 3.

Apparently, Zauner did considerable numerical computations to bolster his con-
jecture. Our computational experiments indicate that N(d) is in general smaller
than d + 1 when d is not a prime power.

Problem 1. Does N(d) = d+1 hold for any dimension d > 2 that is not a prime
power?

Another interesting problem concerns lower bounds on N(d). Recall that for
mutually orthogonal Latin squares, M (d) — oo for d — oo, as shown by Chowla,
Erdés, and Strauss [10]. It is natural to ask whether a similar property holds for
the number of mutually unbiased bases:

Problem 2. Does N(d) — oo for d — oo hold?

More constructions of mutually unbiased bases are needed to prove such a result.
A result similar to Wilson’s theorem on the number of mutually orthogonal Latin
squares [21] would be particularly interesting.
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5 Conclusions

Mutually unbiased bases are basic primitives in quantum information theory.
They have applications in quantum cryptography and the design of optimal
measurements. It is known that in dimension d at most d + 1 mutually unbiased
bases can exist. In this paper, we gave a simplified proof of the fact that d + 1
mutually unbiased bases exist in C? when d is a prime power.

Specifically, we were able to generalize the construction by Alltop to powers
of a prime p > 5. Elementary estimates of Weil sums allowed us to derive a
particularly short proof of a theorem by Wootters and Fields. For dimensions d =
2" we took advantage of known properties of exponential sums over GR(4,n)
to obtain extremal sets of mutually unbiased bases.

An open problem is to determine the maximal number of mutually unbiased
bases when the dimension is not a prime power. We derived an elementary lower
bound for abritrary dimensions and discussed some conjectures and open prob-
lems. Finally, we recommend the mean king’s problem [2,12,19] as an enjoyable
application of mutually unbiased bases.
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Abstract. This paper presents a new construction of matrices with no
singular square submatrix. This construction allows designing erasure
codes over finite fied with fast encoding and decoding algorithms.

1 Systematic MDS Erasure Codes

It is well known that a [n, k, d]-error correcting code is Maximum Distance Sep-
arable (MDS) if and only if its k& X n-generator matrix does not contain any
singular k x k-square submatrix [1, p. 319, Cor. 3|. Similarly, a MDS code is sys-
tematic if and only if its generator matrix has the form (I;|R), where Ij is the
k X k-identity matrix and R is a (k X (n — k))-matrix such that any r x r-square
submatrix is nonsingular [1, p. 321, Th. 8], for r < k.

It should be noted that systematic MDS codes built from this property (i.e.
from the matrix R) are used in practical computer communications to cope with
losses of data packets [2].

Cauchy matrices are generally used to build matrices over finite fields whose
any square submatrix is non-singular [3]. A r x r-Cauchy matrix is defined as
(aiibj );;io where (ai)::_& and (bj);;é’ are given vectors of (IF;)". Such a matrix
is nonsingular if and only if the elements a;, i = 1, ..., r are distinct, the elements
bj, 7 =1,...,r are distinct and a; +b; # 0, 1 <4 < j < j. It can be easily
verified that any submatrix of a Cauchy matrix is a Cauchy matrix, and then
any square submatrix of a nonsingular Cauchy matrix is nonsingular. It should
be noted that the Vandermonde matrices defined over finite field can contain
singular square submatrices [1, p. 323, Problem 7].

2 A New Class of Matrices with No Singular Square
Submatrices

Theorem 1. Let us denote by A and B two r X r-matrices of rank r over a given
field such that any r x r-submatriz of the r x 2r-matriz (A|B) has a rank r. Then,
the matriz A1 B is such that any of its square submatrices is nonsingular.

G. Mullen, A. Poli and H. Stichtenoth (Eds.): Fq7 2003, LNCS 2948, pp. 145-147, 2003.
© Springer-Verlag Berlin Heidelberg 2003
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Proof. Let us denote by W the 7 x 2r-matrix (A|B). The product A=W is of the
form (I,|C), where C = A~ B. Since, by construction, any r x r-submatrix of
W is nonsingular then any r x r-submatrix of the product A~'W is nonsingular.

By combining [1, p. 319, Cor. 3] and [1, p. 321, Th. 8], it can be stated
that a 7 x 2r-matrix on the form [I.|C] whose any r x r-matrix is nonsingular
is necessarily such that C' does not contain any ' X r’-singular submatrix for
7/ < r. This concludes the proof.

Note that it can be verified that these matrices are not Cauchy matrices. Let
us give a counterexample. Let us work in the field IF5 and let us consider the

matrices A and B respectively equal to 1 ; and ;) i . Then, the product
24 11 43
—1 . _ o .
A~ x B is equal to (4 1> X <3 4> = <2 3) . From the definition of Cauchy

matrices, it can be easily verified that this product cannot be a Cauchy matrix.

The construction was presented with square matrices, but it can be general-
ized when A is a k X k-matrix and B is a k X (n — k) matrix. One can then build
a k X (n— k) matrix , for any ”suitable” n (n > k), whose any square submatrix
is nonsingular. Such matrix can be directly used to build the generator matrix
of a systematic MDS codes (see Section 1).

3 Application of this Construction to Build Fast Erasure
Codes

In order to apply this construction to design efficient erasure codes for computer
communications, one must consider matrices for which there exist fast matrix-
vector multiplication and fast inversion algorithms. The Vandermonde matrices
have these properties. These matrices are defined from a vector of r distinct

. T
elements (ay,...,a,) of (IF,)" as (ag_l). -
ij=

The determinant of this matrix is equal to [[, ., ;<,.(a; — a;).

As recalled in Section 1, the Vandermonde matrices defined over finite field
contains singular square submatrices [1, p. 323, Problem 7]. An upper bound
of the number of singular submatrices of Vandermonde matrices is given in [4].
Then, these matrices cannot be directly used to design systematic erasure codes.

However, they can be used in our construction. Indeed, let us define the
k x k-matrix A as the Vandermonde matrix V(aq,...,ax), where (aq,...,ax)
is a vector of k distinct elements of IF,. Let us now define the k x (n — k)-matrix

B = (b”) such that b; ; = 8%, where ((1, ..., n—k) is a vector
P )i=1, k=1, on—k ’ 7

of n — k distinct elements of IF, and such that «; # §;, for any i =1,...,k and
any j = 1,...,n—k. It can be easily verified that A and B verify the conditions
given in Theorem 1. These matrices can therefore be used to design a systematic
MDS erasure code.

To optimize this construction, we make the assumption that k is a divisor of
q—1 and we suggest to take the vector (av, ..., ax) equal to (1,a,a?,...,aF" 1),
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where o is an element of IF, of order k. The corresponding Vandermonde matrix
is then denoted by V' («). This choice has two objectives. First, the inversion of A
is direct since (V(a))~! = + x V(a™'). Then, the matrix-vector multiplication
with V(a) (and V(a™!)) can be performed in O(k log k) operations by using Fast

Fourier Transform (FFT). The general term of the product IT = V(a)™! x B is

-1 1-b%
then T = k X 10, /o

Let us now describe the coding and the decoding algorithms and evaluate
their complexities. As explained in Section 1, the generator matrix of the code
is G = (Ix|R), where I}, is the k x k-identity matrix and R is the constructed
matrix.

The coding operation consists simply in multiplying the information vector
u by the matrix G. It should be first noted that the generator matrix can be
factorized into the form G = 1V (a) x [V (a™!)| B]. The coding is done by multi-
plying u and V («), then by multiplying the resulting vector and [V (a~1!)|B]. The
first vector-matrix multiplication can be processed in O(klogk) operations by
using FFT. Since the matrix [V (a~1)| B] can be considered as the k first rows of

the n x n-matrix V(1,a=',...,a=* =D 3, .. B, ), the second matrix-vector
multiplication can be performed in O(nlogn) if FFT can be used (i.e. if the set
{1,a7t ... ca~ =D g , Bn—k} can be expressed as the first n powers of an

element of IF, of order n) and in O(nlog®n) otherwise [5].

The first step of the decoding consists in considering the k x k-submatrix
of G corresponding to the k received symbols. This matrix is then inverted
and multiplied by the received vector to obtain the information vector. Since
any k x k-submatrix of G can be considered as the product of two Vandermonde
matrices, the decoding complexity is O(k log? k) operations for the inversion and
O(klog® k) for the matrix-vector multiplication [5]. It should be noted that, in
all the cases, the presented complexities are better than the coding and decoding
complexities of erasure codes constructed from Cauchy matrices, even when FFT
can not be used (i.e. when k and n cannot be chosen accordingly).
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Abstract. We construct a tower of function fields Fy C Fy C ... over
a finite field such that every place of every F; ramifies in the tower
and lim genus(F;)/[F; : Fo] < oo. We also construct a tower in which
every place ramifies and lim Ng, /[F; : Fy] > 0, where N, is the num-
ber of degree-1 places of F;. These towers answer questions posed by
Stichtenoth at Fq7.

1 Introduction

Let ¢ be a prime power, and let F; be a finite field of size q. By a function field
over Fy, we mean a finitely generated extension K/F, of transcendence degree 1
in which F, is algebraically closed. By an extension of function fields K' /K, we
mean a finite separable extension such that K and K’ are function fields over the
same ;. Let gx be the genus of K. Let Ng be the number of degree-1 places
of K (the number of F,-rational points on the corresponding curve). A tower of
function fields over I, is a sequence of extensions of such function fields

Ko CKi CKyC...

such that g; := gk, — o0 as i — 0. Define N; = Nk, and d; = [K; : K.
Since N;/d; is decreasing while (¢g; —1)/d; is increasing (Hurwitz), lim N; /d; and
lim g;/d; exist. (The latter can be co.)

The Weil bound Nk < g + 1+ 2g5/q implies

lim N;/g; < 2./4.
This was improved by Drinfeld and Vladut [4] (following Thara [19]) to
lim N;/g; < +/q—1.
* Supported in part by NSF grant DMS-0301280 and a Packard Fellowship.
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Thara also showed that, for any square ¢, there are towers of Shimura curves with
lim N;/g; = \/q—1 [15-19]. Subsequent authors have given further constructions
of ‘asymptotically good’ towers, i.e., towers with lim N;/g; > 0 [1-3,5-14, 20~
31, 33-36].

Every known asymptotically good tower has two special properties: there is
some place of some K; which splits completely in the tower, and there are only
finitely many places of Ky which ramify in the tower. (We say that a place of K
splits completely in the tower if it splits completely in K;/K; for every j > i. We
say that a place of Kq ramifies in the tower if there exists ¢ such that it ramifies
in K;/Kjy.) But it is difficult to study asymptotically good towers directly since
one must control both the genus and the number of rational places. With this
as motivation, Stichtenoth posed the following two questions in his talk at Fq7
(the Seventh International Conference on Finite Fields and Their Applications):

Question 1. If lim N;/d; > 0, must some K; have a place that splits completely
in the tower?

Question 2. If lim g;/d; < oo, must only finitely many places of Ky ramify in
the tower?

Our Theorems 1 and 2 imply negative answers to these two questions. Call
a tower Ky C Ky C ... of function fields over I, everywhere ramified if for each
place P of each K;, there exists j > ¢ such that P ramifies in K,;/K;.

Theorem 1. Given a function field Ky over F, with a rational place, there
exists an everywhere ramified tower Ko C Ky C ... such that lim N;/d; > 0.

Theorem 2. Given a function field Ky over F,, there exists an everywhere ram-
ified tower Ko C K1 C ... such that lim g;/d; < oco.

2 Proof of Theorem 1

Lemma 1. Let K be a function field over Fy. Then there is a nontrivial exten-
sion K'/K in which all rational places of K split completely.

Proof. Weak approximation (or Riemann-Roch) gives f € K* having a zero at
each rational place of K and a simple pole at some other place of K. Adjoin a
root of y? —y = f to obtain K’. Then K'/K is totally ramified above the simple
pole of f, so K’ is another function field over F, and [K': K] =¢ > 1.

Lemma 2. Let K be a function field over Fy with Nx > 0, and let P be a place
of K. For any € > 0, there is an extension L/K such that N /N > (1 —¢)[L:
K] and P ramifies in L/ K.

Proof. We first reduce to the case where 1/Nk < e. Repeated application of
Lemma 1 yields K’/K such that 1/([K’ : K]Ng) < € and all rational places of
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K split completely. Then N+ = [K’ : K|N. Pick a place P’ of K’ above P. If
we could find L/K' satisfying the conditions of the lemma for (K’, P’), then

N _ Ny Ng
Nx Ny Ng

>1-e)L: KK :K]=(1-¢)L: K]

so L/ K would work for (K, P). Thus, renaming K’ as K, we may assume 1/Ng <
E.

Weak approximation gives f € K* having a simple pole at P and zeros at
all rational places not equal to P. Adjoin a root of y? —y = f to obtain L.
Then P ramifies in L/K, but all other rational places of K split completely, so
Np > (Ng —1)q. Thus N /Ng > q(1 —1/Ng) > [L: K](1 —¢).

Proof (Proof of Theorem 1). Fix a sequence of positive numbers ¢, — 0 such
that [T -_;(1 — &,,,) converges to a positive number. In our proof we will apply
Lemma 2 infinitely often, using €; in the first application, €5 in the second
application, and so on.

Let Py, Py, ... be an enumeration of the places of Ky (of all degrees). Given
K;, we construct K;; in stages so that all places of K; lying above Py, ..., P;
ramify in K;11/K;. Namely, if Q1,...,Q  are all the places of K; lying above
Py, ..., P;, we set K; o = K, and then for j =1,...,7 in turn, apply Lemma 2
with the first unused ¢, to find K; ;/K; j_1 in which some place of K; ;_1 above
Qj ramifies and NKZ] /J\/v](i’j_1 > (1*5m)[Ki,j : Ki,j—l}' Finally, set Ki+1 = KT'J‘

If R is a place of some K, then R lies over some P; of Ky. By construction,
for all ¢ > max{j,r}, all places of K; above R ramify in K;;1/K;. Thus R is
ramified in K;41/K,.

The inequality in Lemma 2 guarantees that the value of N/d for K, ; is
at least 1 — ¢, times the value of N/d for K;; 1. Thus N;/d; is at least

(ngM(l - 5m)) No/dy, if M is the number of applications of Lemma 2 used

in the construction up to K;. Since No/dy > 0 and []~_,(1 — &,,,) converges,
the decreasing sequence N;/d; is bounded below by

oo
(H (1 — Em)> No/do,
m=1

which is positive. So N;/d; has a positive limit. Finally, N; — oo implies g; — 00.

Remark 1. A slight modification of the argument shows that, given K, we can
construct an everywhere ramified tower in which N;/d; converges to any pre-
scribed value less than Ny. This is because weak approximation lets us prescribe
the ramification and splitting of any finite number of places at each step.

3 Proof of Theorem 2

Let p be the characteristic of F,.
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Lemma 3. Let K be a function field over F, of genus > 1, and let P be a place
of K. Then there exist unramified extensions K'/K of arbitrarily high genus
such that for some place Q of K' lying over P, the residue field extension for
Q/P is trivial.

Proof. Let C be the smooth, projective, geometrically integral curve with func-
tion field K. Let J be the Jacobian of C'. There exists a degree-1 divisor D on
C [32, V.1.11]. Use D to identify C with a closed subvariety of J.

The place P corresponds to a Galois conjugacy class of points in C(F,),
where Fgs is the residue field. Choose Py in this conjugacy class. Choose n €
Z~o such that n = 1 (mod p - #J(F,r)). Then the multiplication-by-n map
[n]: J — J is étale, and maps Py to itself. Let C' = [n]71C, so C" is an étale
cover of C. Then C’ corresponds to a function field K’ that is unramified over
K. Also Py € C'(F,s) represents a place Q of K’ lying over P, having the same
residue field as P. By choosing n large, we can make gx as large as desired, by
the Hurwitz formula.

Lemma 4. Let K be a function field over Fy of genus > 1, let P be a place of
K, and let € > 0. Then there exists an extension L/K with (g;, —1)/(gx — 1) <
(1+¢)[L : K] such that P ramifies in L/K.

Proof. Let f be the degree of P over F,. For an unramified extension K'/K, we
have (gr» —1)/(9x — 1) = [K' : K] by Hurwitz. By applying Lemma 3, we may
replace (K, P) by some (K’,Q) in order to assume that gx is arbitrarily large,
without changing f.

When g is sufficiently large, an easy estimate (e.g. cf. [32, V.2.10]) based
on the Weil bounds implies there exist places @, Q' of K of degrees d,d + f
respectively, where d is the smallest integer > ,/gx and not equal to f. Choose
a prime ¢ { p - #G, where G is the group of degree-zero divisor classes of K.
Then every element of G, and in particular [Q' — @ — P], is divisible by /.
Thus, there exists a divisor D of degree 0 and an element h of K such that
(h)=Q' —Q —P —(D. Let L = K(h'/*), so [L : K] = £. Hurwitz gives

291 =2 =129k —2) + (= 1)((d + [) + d+ f),

SO

gr, — 1 €—1<d+f

gk — 1

_ gr=+ _ —1/2
T Klgn =1 7 ) = 10l

The O(gg(l/Z) term will be < ¢ if gx is sufficiently large.

Proof (Proof of Theorem 2). Given Ky, let K1 /Kj be an extension with ¢g; > 1.
Just as Lemma 2 let us prove Theorem 1, Lemma 4 now lets us construct an
everywhere ramified tower K1 C Ko C ... such that at the ith step the value of
(gi—1)/d; increases by a factor at most 1+¢; for a prescribed €; > 0. By choosing
g; so that [[(1+¢;) converges, we obtain such a tower with lim(g; — 1)/d; < oc.
Since d; — oo, this limit equals lim g;/d;.
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Question

Can one combine Theorems 1 and 27 In particular, does there exist an everywhere
ramified tower in which both lim N;/d; > 0 and lim g;/d; < co?
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On the Construction of Some Towers over Finite
Fields

Jorg Wulftange

Universitat Essen
Germany

Abstract. The explicit construction of towers with many rational places
plays a key role for the construction of asymptotically good algebraic
geometric codes. One way of explicitly constructing towers is given by
defining them recursively via a single equation. In this paper we discuss
conditions on the defining equation to give towers with many rational
places and introduce a new family of such towers.

1 Introduction

Throughout the whole paper, let f(x,y) be an absolutely irreducible polynomial

over IF, with deg, f =:m > 1. We call a field 7 := Uy>F} recursively defined

by f(z,y) if Fo := F4(xo) is the rational function field and Fj := Fj_1(zx)

where f(xg_1,2z) = 0. If Fj,_1 # F, and IF, is the exact constant field for all

k >0, and g(Fi) > 1 for some k > 0, we call 7 a tower. In the first part of the

paper, we are interested in conditions on f(z,y) to define recursively a tower.
A tower 7 is called asymptotically good if

N(Fy)

MT) = Ji, 9(Fk)

)

where N (Fj) denotes the number of IF,-rational places of Fj, and g(F}) denotes
the genus of Fy. The value A(7) is called the limit of 7. The construction of
asymptotically good towers is of general interest, and in particular it is motivated
from coding theory (cf. e.g. [7], [2]). In this paper we are only considering towers
with Fj11/F) tame. Thus all extensions considered are tame. In the second
section we prove some facts about a family of recursively defined towers given
by an equation of the type

Y™ = a(w +b)™ + ¢ with a,b,c € I and (m, q) = 1.

Among these so-called Fermat towers, there are some asymptotically good ones
(cf. e.g. [3]).

In the third section we discuss a (finite) family of new asymptotically good
towers with the property that all F}, are unramified over F for k > 2. In general,
we call relatively unramified the towers that are unramified above some field F;.

G. Mullen, A. Poli and H. Stichtenoth (Eds.): Fq7 2003, LNCS 2948, pp. 154-165, 2003.
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2 On the Construction of Towers

Let F =T, (z,y) be an algebraic function field with f(z,y) = 0. For elements
p,v € P :=TF, U {oo} we write v « y if there is a place Q C F with z(Q) = v
and y(Q) = p. We define the sets

M = {a cPliPe P (5 With 2(P) = o is ramified in

F/IFq(l') of index m} (1)

and

N = {a cPlQ e Py () with y(Q) = a has at least one

place above in F', which is ramified of index e (2)
with ged(e,m) > 1}.

For y € KU {0} (K =T, or K = TF,), we define P, to be the place P of
K (x0) with 2o(P,) = p. By Op, we denote the valuation ring of a place P,,.

Theorem 1. Suppose there exists a sequence (ju;)i>o i P\ N with ug € M\N,
such that f(z,y) is integral over Op, —and i1 < p; for alli > 0. Then, f(z,y)
defines recursively a tower T .

Proof. Let I, be an algebraic closure of IF,,. First we consider the field 7 recur-
sively defined over IF, (i.e. Fy = IF,(z0)). Inductively we prove the claim that
for each field Fj, there is at least one place which is ramified in Fj4; of index
m. Then, it follows from the degree formula that [Fj41 : Fi] = m.

The claim is true for Fy, because the place P € IPp, with zo(P) = po is
totally ramified in Fj. Now, suppose the claim is true for 0 < ¢ < k. Since
tit1 — p; for all 0 <4 < k and the polynomial f(xg,x1) is integral over Op,,:
it follows from the theorem of Kummer (cf. [6, II1.3.7]), that there exists a place
P € Pp, with 2;(P) = pr—; for 0 < i < k. As z;(P) := pr—; ¢ N and the
tower is recursively defined, the place P NIF,(z;) is unramified or ramified with
index e satisfying ged(m,e) = 1 in IF,(2;—1, x;). Thus, repeated application of
Abhyankar’s lemma (cf. [6, II1.8.9]) yields that P is unramified or ramified with
index e satisfying ged(e,m) = 1 over P N 1Fy(zy). Since zx(P) = po € M, the
place PNIF,(z)) is ramified in IF,(xg, 2541) of index m. Again by Abhyankar’s
lemma, there exists a place P’ of Fy(zg41), which is ramified of index m over P
(cf. Figure 1).

Now, let Fy = IF (o). Then, IF, is the exact constant field for all Fy, as there
is a place of Fj which is totally ramified in Fj1q but constant field extensions
are unramified.

The theorem above relies essentially on the existence of a totally ramified
place in each step of the recursive construction. Obviously, its proof does not
work for recursively defined towers which are unramified after a few steps. In
the situation of such relatively unramified towers, we can prove a result for the
construction of towers by guaranteeing the existence of an inert place in each
step.
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Ty = Mk T1 = fk—1 Tp—2 = U2 Tk—1 = M1 T = Mo

Fig. 1. Ramification index of a place P € IPp,

Theorem 2. Let ' = TFy(xo,21) be a function field with defining equation
f(wo,21) = 0. Suppose there is an Fy-rational place P € P, (., with the
following properties:

(*) P is completely splitting in F, and there is a place P'|P, P’ € Pp, with
x1(P") = zo(P).
(**) For some n > 1, there is a finite sequence (1t;)o<i<n With pn, = xo(P), such
that piy1 < i, the place P, := @Q of Fy has only one totally inert extension
in F', and the places P,, of Fy are completely splitting for 1 <i <n in F.

Then, f(x,y) defines recursively a tower T = Ug>oF}), where the field extensions
Fyq1/Fy satisfy:

1. [Fk+1 :Fk] =m.
2. IF, is the exact constant field of Fj41.
3. Fyt1 has an ¥ -rational place Qr1 with xp11(Qr+1) = 2o(Q) = fo-

Proof. We prove the theorem by induction on k. For k = 0 all the claims above
follow from the assumptions.

Let the claims be true for k¥ — 1. By induction it follows from (3), that
there exists an IF,-rational place Q € IPp, with x;(Qr) = x0(Q). We define
R := Qi NIFy(zx). Then it follows from assumption (*x), that there is only one
place R’ over R in IF,(zk, xk4+1), which is inert of index f(R'|R) = m. Now,
choose a place Q above Q in Fy(zk4+1). The place Q lies above R’, because
R’ is the only extension of R in IFy(zk,2g+1). Thus, we have degQ > m and
[Frt1 : Fx] = m by the degree formula.
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Since pn, = xo(P) and zo(P) <« xo(P), by assumption (*), we can extend
the sequence (pi)o<i<n by elements pin41 = xo(P), fint2 = xo(P), ... and the
sequence keeps the property pr4+1 < pr. We choose the first k + 2 elements
of the possibly extended sequence. Since [Fji1 : Fj] = m for all 0 < j < k
and the places P,, are completely splitting by assumption (xx), we obtain by
repeated application of [6, II1.8.4] a place Qi1 with x;(Qrt1) = fikt+1—i for
1=0,...,k+ 1. In particular, we have xx4+1(Qx+1) = 20(Q)-

The second claim is a consequence of the fact, that the IF,-rational places
P,, for i > 0 are totally splitting and [Fj11 : Fy] = m.

3 On Fermat Towers

In this section we consider tame towers of the following type.
Definition 1. A tower F recursively defined by equation

Y™ =a(z+b)"™ + c with a,b,c € IF, and ged(m,q) =1 (3)
is said to be a tower of Fermat type or a Fermat tower.

The discussion of these towers is motivated from the fact, that some among
them are asymptotically good (cf. e.g. [3]). For some parameters it is only known
that the corresponding equation yields an asymptotically good tower, provided
the equation defines recursively a tower in the first place.

Theorem 3. Equation (3) defines recursively a tower F, if and only if a,b,c €
F.
q

Proof. First, we consider the case a,b,c € IF;. We want to apply Theorem 1.
Let F := IFy(z,y) be defined by Equation (3). Then, F/IF,(z) is a Kummer
extension. Exactly the zeroes P, of x — « with a(a 4+ )™ + ¢ = 0 are ramified,
each of index m. Thus, with the notation from section 1, we have M = {«a €
IF,|a(a + b)™ + ¢ = 0}. The extension F/IF,(y) is a Kummer extension, too.
Exactly the zeroes Qg of y — 3, where ™ — ¢ = 0, are ramified, each of index
m. Thus, we obtain N := {8 € IF,|3™ = c}.
Next, we want to prove the following claim.
Claim. For each d € I, with d # c, there is a u € I, with

a(p+0)" +c=dand u™ # c.

Once we have proved the claim, we can choose elements (y;);>0 with 1o € M\ N,
a(priv1 +0)™ +c = pi* and pf, # c. Equation (3) is integral over all places P
which are different from the pole of the function x. Thus, Equation (3) defines
recursively a tower by Theorem 1.

Proof of the claim. The two polynomials

o(T) :== (T +b)™ +a ' (c—d) € F,[T]
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and -
U(T):=T" —ce [T

are monic and separable (as ¢ # 0 and ¢ # d). Since
o(T)=T™ +mbT™ ' + ...

and b # 0, we have ¢(T) @ (T). As degp(T) = deg ¥(T), there exists a u € T,
with p(u) = 0 and ¥(u) # 0. This proves the claim.

Now, let abc = 0. If a = 0 or ¢ = 0, it is obvious that Equation (3) does not
define recursively a tower. Thus, assume the equation

y™ = azx™ + ¢ with a,c € IF; and (m,q) =1
defines recursively a tower F := Ug>oF}, over IF‘q. Then, [F : F,—1] > 1 for all
k > 0. We have Fy, = Fy_1(xx), where
e =afrt + (14+a+ad®+...+a" He
Thus, [F) : Fy—1] =1 for k = char IF, if a = 1, and for k = ord(a), if a # 1.
Now, we have the following corollary.

Corollary 1. Letl be a power of a prime and let ¢ = 1" with r > 2. Then the
equation

y @D/ — g 4 )V e with a,c € T} and b € IF,, 4)
defines an asymptotically good Fermat tower F over IFy, and its limit satisfies

2
A > —.
)z =5
Proof. By Theorem 3, Equation (4) defines recursively a tower. Now the corollary
follows from [3, Proposition 3.6].

Remark:

1. If ab™+c¢=0,m = (¢—1)/(l—1), it has already been known, that Equation
(4) defines a tower. If ¢ = [? it has already been proved by Thomas and
Ozbudak (cf. [5]).

2. In the case ab™ +c¢=0,m = (¢ —1)/(l — 1), it can be proved that \(F) =

2/(q—2) (cf. [8]).

Only for few choices of the parameters a, b, ¢ and m it has been proved that
Fermat equations define recursively asymptotically good towers. For most choices
of the parameters it is not known, whether the resulting towers are asymptot-
ically good or not (over appropriately chosen constant fields). For towers with
ab™+c = 0 the ramification locus is infinite in many cases. Here, the ramification
locus Vg, (7) of a tower T over Fj is defined as usual:

Vi, (T) :={P € IPp,| There is an ¢ € IN such that P ramifies in F;/Fy}.
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In order to prove this result we need the following polynomial identity, which
was first found by Lenstra (cf. [4]). Since we need a slightly different form, we
give the proof as well.

Lemma 1. Let T be a recursively defined tower with defining equation
y™ = g(x) € IFy[z] where degg(x) =m and ged(m,q) = 1.

Moreover, let g(x) = x%g,(x) with g1(0) # 0 and ged(d,m) = 1. Suppose the
tower T has finite ramification locus Vg, (T). We define T := {a™|Py € Vi, (T)}
and t = |T.

Then we have

ma™ ! [ (9(2) — @) = a2¢/(2) [[ =™ - o), (5)

a€eT aeT

where a is the leading coefficient of g(x) and g'(x) is the formal derivative of
9(x).

Proof. We define Vo := {Py} and Vi1 = {Po € P (4,)| Thereisa Py €
Vi with f(a) = ™ }. First, we prove Vg, (7) = Ug>0Vk. The inclusion Vg, (7) C
Uk>0 Vi follows from the recursive definition of 7. In order to prove the reverse
inclusion, we use induction on k. Vy C Vg, (7) follows from Kummer theory, as
ged(d, m) = 1. Now, suppose Up<i<i Vi C Vg, (7). Let Py € Viy1. By definition
of Vit1, there is a 3 € Iy, with ™ = g(a) and Pz € Vj. It follows from the
theorem of Kummer (cf. [6, II1.3.7]), that there is a place R of Fi, which lies
above P, and the zero P of z; — 3 in IF,(z1). Due to the induction hypothess,
there is a place Q € IPp, with e(Q|Pg) > 1 for some j € IN. Since 7 is recursively
defined, there is a place Q in IF q(@1,22,...,2j41) over the zero Pof z; — (G in
IF, (1) with e(Q|P) > 1. Since ged(d,m) = 1, the place Q is totally ramified in
Fy(zq,.. (El)/IF (1,...,2;) for all I > j. In particular, there exists an [ € IN,
such that e(Qi|P) Xe(R|15). Again from the theorem of Kummer, there exists
a place S € Pr, with S|R and S|Qj. From Abhyankar’s lemma, we obtain
e(S|R) > 1. Thus, e(S|Pg) > 1.

Next, we show that the left hand side of Equation (5) divides the right hand
side. Let 3 € IF,, be a zero of the left hand side. If 3 = 0, 3 is a zero of the right
hand side of multiplicity at least m, because Py € Vg, (7). If 5 # 0, there is a
P, € Vg, (T) with y™ = g(f). Thus, Pg € Vg, (7) due to the first part of the
proof, and [ is a zero of the right hand side. The multiplicity of 8 in g(z) — v is
exceeding the multiplicity of the zero G in ¢’(x) at most by one.

Comparison of the degrees and the leading coefficients in Equation (5) proves
the lemma.

Theorem 4. Let F be a Fermat tower in characteristic p recursively defined by
y™ =alx +b)™ + ¢ with m > 2 and ab™ + ¢ = 0.

If the ramification locus Vg, (F) is finite, we have (t — 1)m = —1 (mod p),
where t := [{a™|Py € Vg, (F)}.
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Proof. Due to lemma 1 we have
™" 1H (z+b)™ —|—c—a):at(w+b)m_1n(w
acT aeT

W.lo.g. we can assume b = 1 carrying out the transformation #; = b~ la;.
Therefore, we obtain

c— Oé

(+1) HC’ﬁaeT z+ 1) + =z HoséaeT( —a)

< llesaer(@™ +ma™ Z‘ AmTtl4 Syt
m C (]

Hesaer(a™ +ma™ 2 tma 414 £2)

= gt=bm+1 4 (Zo;ﬁaeT —a) g=AmH L (-1t [losaer oz
Comparing the coefficients (at the exponent (t — 1)m) yields
(t—1)ym=-1 (mod p)
(as(t—2)m+1<(t—1)m).

4 On Relatively Unramified Towers

Let ¢ # 2,3 be a prime power and m = ¢ — 1. Moreover, let

K- Fgn f g=0 (mod4)org=3 (mod4)
IFpm ifg=1 (mod 4).

We discuss recursively defined towers 7 = U;>oF; over K with defining
equation
m xm

=1-—. 6

Y EEET (6)

Remark: In case ¢ = 2,3 one easily sees that Equation (6) does not define
recursively a tower.

First, we want to use Theorem 2 in order to prove that Equation (6) defines

recursively towers over specific constant fields.

Proposition 1. The equation

3
3 X

y:1+m (7)

defines recursively a tower T := U;>oF; over IFys.

Proof. Let a be a fixed primitive element of IF4. Let P be a zero of 3+ +1 in
Fy. Then P splits completely in the extension Fy /Fy and we denote by P’ Q1 and
Q2 the places of F; above P. They satisfy: x1(P’) = xo(P), 1(Q1) = axo(P)
and z1(Q2) = a?xo(P). Setting j11 = xo(P) and pg = o>x¢(P) we have p11 + po
and, moreover, that g is a root of 3 + axg + 1 = 0. One checks that the place
P,, of Fy is totally inert in F; and now the proposition follows from Theorem
2.
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Remark: Equation (7) coincides with an equation for a Shimura tower given
by Elkies (cf. [1, eq. 49,50]).

Using Theorem 2 we can prove for small prime powers, that Equation (6)
defines towers. The results are listed in the tables below. The left column gives
the size ¢ of the constant field IF;. The zeroes of the polynomial in the second
column are totally inert and can be used as places P,, from condition (*) in
Theorem 2. The third column gives the length (n 4+ 1) of a shortest sequence
(1 )o<k<n between a place from condition (x) and a zero from the second column.
In all the discussed examples, Theorem 2 guarantees that Equation (6) defines
recursively a tower.

q || inert zeroes ||length of the seq. (u)
5 2+ 4z +2 2
7 2 + 22" + 620 + 5% + 27 + 22 3
+22° + 2% 4+ 323 + 222 + 6

11 22 +5r+1 2
13]] 270 + 2219 4 2218 4 4217 4 2216 3

+421 + 42™ 4 5213 + 10212 + 102!

+6210 4+ 722 + 828 + 927 + 528 4 22°

+72% 4+ 1023 + 82% + Tz + 11

q || inert zeroes ||1ength of the seq. (uk)
4 A | 2
8 2+t 22+ +1 2
1620 + 207 + 2% + 212 1 211 1 710 B
2% + 28+ 27+ 20+ 1
32 202+t 2?41 2
64 |22 + 250 - 290 + 299 + 221 1 718 B

417 15 g1l 4 210 4 40 4 8
8+t + a4 41

128 e+ 2+ +1 2

256|122 + 210 + 21® + 216 + 214 4 213 2

+all + 28 + 2t + 2% +1

In the following, we suppose that Equation (6) defines recursively a tower
T = UkZOFk~

Next, we want to show, that the towers defined by Equation (6) are unram-
ified after a few steps.

Lemma 2. Let F := K(x,y) be defined by Equation (6).

1. Over K(z) exactly the zeroes of x — o, € Iy \ {1}, and the pole of x are
ramified in F', each of index m.

2. Over K(y) exactly the zeroes of y — o, € Ty, are ramified in I, each of
index m.
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Proof. The extensions F//K (x) and F/K (y) are Kummer extensions. Thus, the
claims follow from (note that m = ¢ —1)
e A o A R o WY z \"
v (x —1)m B x—1) °

Proposition 2. Let T be defined recursively by Equation (6).

1. T is unramified over Fy, i.e. F,/Fy is unramified for all n > 2.
2. In F5/Fy exactly the places of Fy over the place Py satisfying xo(Py) = 1 are
ramified, each of index m.

Proof. First, we prove (2). Let @ € IPg, be a place which is ramified in F5.
Then, P := Q N K(z1) ramifies in K (21, 22). Assume z;(P) = a € IF; \ {1}.
Then, P ramifies in F; of index m, and due to Abhyankar’s lemma the place @
is unramified in F5. Thus, P is a pole of x1. Then, again by Abhyankar’s lemma,
the place @ is ramified in F5/F; of index m. The poles of 1 in Fj are exactly
the places over the zero of xg — 1.

Assume there is a place Q € IPp, which is ramified in 7. Then, @ has an
extension R € IPp; for some j > 2, such that R ramifies in F}j;;. Analogous to
the first part of the proof, we see that R is a pole of x;. Then, z;_1(R) =1
and by Abhyankar’s lemma the place R is unramified in Fj;q (since j > 2), a
contradiction (cf. Figure 2).

Tj—2 Tj1 = 1 Zj = OO Tjy1 = 0

Fig. 2. Ramification of a place R € P,

Corollary 2. The genus of F» defined by Equation (6) is equal to

(m—2)(m—1)(m+1)
5 .

g(F) =
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Proof. The claim follows from the Hurwitz genus formula.

A tower 7 = Up>oF} is called completely splitting, if there is an algebraic
function field F' C 7, such that at least one place of F' is completely splitting in
all F, O F (cf. [3]).

Proposition 3. The tower T defined by Equation (6) is completely splitting
over K. More precisely: Let Q) be a place in Fy over an IFy-rational place of Fy.
Then, the place Q) is completely splitting in T/ Fy.

Proof. First, we will investigate the places over P, € IPp, in F3 (o € IF;U{o0}).
In order to do so, we distinguish the possible cases and suppose that 2 fg:

L. Let a € IF \ {1} or @ = co. There is exactly one totally ramified IF';-rational
place P’ in Fy over P, with z1(P’) = 0. The place P’ splits completely in
F, into different IF,-rational places Q in F> with z2(Q) € IF; (due to the
theorem of Kummer, cf. [6, II1.3.7]). Since F3/F5 is Galois, each of the places
@ splits in F3 into IF m-rational places (cf. Proposition 2 and the degree
formula).

2. Let a = 1. We are substituting z := z1(z¢o — 1). Then we have F} = Fy(z)
and

M=al a4+ +1=—1 (mod P).

It follows, that P, splits into IF ;2-rational places P’ in F', all of them having
x1 as a simple pole. Over each place P’ there is exactly one totally ramified
place @ in F, (cf. Proposition 2). Each of these places @ splits into IF -
rational places in F3 (due to the theorem of Kummer).

3. Now, let @ = 0. The place P, splits into IF,-rational places P’ in Fy with
x1(P'") = g € IF, and vp (21 — ) = m. First, we consider the case 8 # 1.
Then, the place P’ splits in F5 into IFgm-rational places (with z2(Q) = 0),
which splits into IF,m-rational places in F3. Now, we consider the case 8 = 1.
The place P’ splits into IF 2-rational places in F5. Since F3/F; is Galois, these
places split into IF 2m-rational places Q' in F3. Because of the definition of
K we have to prove, that the places Q' are IFm-rational, if g =3 (mod 4).
To this end, let Q' € P, with 20(Q’) = 0,21(Q’") = 1,22(Q") = oo and
z3(Q") = 0. We use the notation z = z + O(nQ’), if vg/(z — ) > n holds.
Let a € IF 2 < IFym with o™ = —1. Then, we have

axo

T'=1+t", wheret =
T + ¢, where vo—1’
thus ;1 = 1—t™+#*m+0(3mQ’) and (21 —1)"! = =t~ (1+t"+0(2mQ")).
As

(r1 — D)™ = (=t + 2" + O(3mQ))™ — 1 — ™,

we have moreover

($1 — 1):62

~ =1—t"+*" + O0(3mQ’)
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(as q # 3). We obtain

a — at™ + at*™ 4+ O(3mQ’)

(371 — 1) =—at™"+ O((_m + 1)Q )7

To =

and (22 —1)71 = —a~ 1™ + O((m + 1)Q’). Now,

ol = (2—14+1)" " 14 (22—14+1)™ 24+ 0(—=m(m+3)Q")

(12_1)7n
= —(w;l) - —(ml nz + OBmQ’).

This gives
TN /
(t) = a1+ 0@Q).

—a~! is an m-th power in IFm, if and only if « is an m-th power in IFgm.

We have a? = —a and a?° = a, which means o = (—1)’a. Now, « is an
m-th power in IFym, if there is a 8 € IFym with 8™ = a. As (=1)(=1)% =

m_i

a 1T = (39"~ we obtain that £ is in Fyn if and only if g =3 (mod 4).

The case 2|q is analogous; since 1 = —1 (mod 2) all the places are com-
pletely splitting over IF ym.

Now, let k > 3 and Q'|P, be a K-rational place in Fj. Then, we have
zp—2(Q") € T, U {0}, and the place Q' N K(zk_2,xk_1,2) is completely
splitting (over K) in K (xx—2,Tx—1, Tk, Ti+1), which follows from the discussion
above. Due to [6, 111.8.4] the place Q' is completely splitting in Fj11.

Corollary 3. In the tower T /K there are at least 2m?* + m places of Fy com-
pletely splitting in Fy,/Fy for all k > 2.

Theorem 5. Let T be a relatively unramified recursively defined tower over IF ;.
Let F < T be a function field, such that T /F' is unramified. Then we have:

t
NT) > Q(F)i_l’

where t is the number of places of F which are completely splitting.

Proof. The claim follows directly from the Hurwitz genus formula and the defi-
nition of A(7") (cf. [3, Theorem 2.24]).

Theorem 6. Suppose that Equation (6) defines recursively a tower T over the
finite field K. Then its limit satisfies:

dm + 2
>
MT) 2 m2 —2m—1

Proof. The claim follows from Theorem 5, from Corollary 3 and Corollary 2.
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Abstract. Let C be the primitive ternary BCH code of length 3™ — 1
with designed distance 0. It is shown that, when 6 = 8, then the covering
radius of C is 7 whenever m > 20 and m is even, and when § = 14, then
the covering radius of C is 13 whenever m > 46. The technique involves
Galois-theoretic criteria on the splitting of polynomials over finite fields.

1 The Problem

Let ¢ = 3™ and C = C(m, d) be the primitive ternary (narrow sense) BCH code
of length ¢—1 with designed distance 6. We consider here only the case § = 3t—1.
For this it has been shown by Kaipainen ([9], Theorem 3.0.1) that the covering
radius p of C is at most § whenever g > qg, where ¢y depends only on §. On the
other hand it follows from the “Supercode Lemma” (cf. [2]) that p > 6 — 1 for
sufficiently large q.

In this paper we identify two situations where p attains this lower bound for
an infinite range of ¢ exceeding an explicit value.

Theorem 1.

(i) Suppose § = 8. Then the covering radius of C is T whenever m > 20 and
m s even.
(ii) Suppose § = 14. Then the covering radius of C is 13 whenever m > 46.

To prove this it is necessary to modify significantly a method that was originally
used by the second author in [4] to establish the corresponding results about the
covering radius of binary primitive BCH codes.

We remark that with the given small values of t it is convenient to settle
certain problems by explicit calculations, e.g. with Maple. We have in hand,
however, a study of the whole problem for designed distance 6 = 3t — 1 and
0 = 3t for general ¢t that avoids the use of a computer.

2 Algebraic Formulation

The first step of the method is the transformation of the coding theoretical
problem into one of the splitting of a certain polynomial over F,. This part is
analogous to the procedure in the binary case [4]. We describe it rather briefly.

G. Mullen, A. Poli and H. Stichtenoth (Eds.): Fq7 2003, LNCS 2948, pp. 166-180, 2003.
© Springer-Verlag Berlin Heidelberg 2003
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We start from an idea that goes back to Helleseth [8]: to prove p <6 —1 =
3t — 2 it suffices to show that for any choice of ay € F, (1 < k < 3t —2, 31k)
the system of equations

€11 +teax2  + ... FE3t—2T3—2 = a1
2

2 2 _
€17y + €015 + o E3t2T5_o = a2

3t—2 3t—2
€1y + £2a5

+...+ 53%2@?3 = a3t—2
has a solution (e1,...,€3;_2), (%1,-..,Z3¢_2) € ]thfz.

To fill the “gaps” for 3|k in the system we add redundant equations of the
same form with as; := a? (j =1,...,t = 1). Although there is freedom in the
choice of the g;, in view of subsequent manipulations we fix ¢; := 1 for all
i=1,...,3t — 2. Then, by replacing all x; with x; — a;, it can be assumed that
ay = 0. Writing o, := ¥ +--- + 2%, _,, we may abbreviate the system (1) to

] or=ar (k=1,....,3t—2), a;=0. \ (2)

Now let a fixed system (2) be given. Let s denote the k-th elementary
symmetric polynomial in xq,...,Z3;_2, So := 1, 0p := 1. Newton’s identities
imply that a solution to (2) satisfies

k—1
1
S = z (—1)kil71 ak—1 81, 1<k <3t-2, 3k, (3)
1=0
with s = sg(21,...,23:—2). Conversely it is evident that if we start from ar-
bitrary elements ss,...,s3—3 € F, and use (3) and s; := a3 = 0 to define
51,82, 54,...,83t—2 € Fy recursively, then the roots of the polynomial
3t—2
flz) = Z (—1)'5; 287270 € F,[z]
i=0

in the algebraic closure F, of F, form a solution to (2). Hence it suffices if for
any choice of ay € F, (31k), a1 =0, we manage to find sg,...,s3_3 € F, such
that f(x) splits completely over F.

We re-write f(z) expressing the sy for which 3tk in terms of the s; for which
3|k. Set Ag := 1 and define recursively for k =1,...,3t — 2,

if 3|k ,

>
I
—

Ak =

Enl e

(—1)’67[71 ap_1 Ay, if 3J[k

I
=
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(This transition from aq,...,as—2 to Ag,..., As;_o is reversible; we can there-
fore assume that (2) is given in the latter form. Also note that A; = 0.) Then,
from (3),

Lk/3]

> Apsuss,  forall 1<k <3t—2

Substituting this into f(z) and rearranging terms, we finally arrive at

t—1
= > (DFss[a¥ 72 4 220D L% + g0 L6N], (@)
k=0
where g@l), (_2) =0, and, for d = 0,. -2,
d . .
g¢(10)( ) — Z(_l)d+1A3d—3i+4 231 ,
i=0
d . .
97 (@) =3 (1) Agg_siy22®
i=0

are polynomials of degree at most 3d.

The task is now to show for t = 3,5 that for any choice of A, € F, (1 <
kE<3t—2,31k), Ay =0, we can find s3,...,s3,—3 € Fy such that (4) splits
completely over Fy. Note that we can assume at least one of the A is non-zero
(otherwise choose s3,...,s3:—3 = 0). For notational convenience we replace the
s for odd k and the Asyy; for even k with their negatives; thus (4) simplifies

to
t—1

@) = 3 s [ 4 220,60 + g% @)] )

where the explicit forms of the relevant polynomials géo), 951 ) are:

gy (@) = Au,

950) (2%) = Aga® + A7,

g (2%) = Aga® + Agz® + Ay,

géo) (23) = Ayx® + Aza® + Ajga® + Ags,
gy (@) = Az,

97 (2%) = Asa® + A5,

952) (23) = Aga® + Asa® + Ag,

gi(f) (23) = Agx® + A2 + Agazd + Ay .

In the next section we state the necessary auxiliary results for our proof of
Theorem 1, along with some terminology and notation.
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3 Sufficient Criteria

Throughout this section let fy, fi € F4[z] be monic polynomials with n :=
deg fo > deg f1 > 2 and fo/fi € Fy(23), and let F,(z) = fo(z) + ufi(z),
with u an indeterminate. Denote by G the Galois group of F, over F,(u) and
by G the Galois group of F,, over F (u) (sometimes called the “geometric” and
“arithmetic” monodromy group, respectively), viewed as permutation groups on
the roots of F,. Then always G C G.

Lemma 1.  Suppose G = G. Then there exists an a € F, such that F, splits

completely over F, provided q > [(n — 2) - n!]%.

Proof. [5], Lemma 5.1 plus remark on p. 325.

Let K be a field. A polynomial g € K[z] will be called simple if all its
factors over its splitting field have multiplicity 1 except for exactly one which
has multiplicity 2.

A rational function g/h with g,h € K[z] is called (functionally) decompos-
able over K if there exist rational functions Q = @Q1/Q2, R = R;/Rs with
Q1,Q2, R1, Ry € K[z], ged(Q1,Q2) = ged(R1, R2) = 1, such that g(z)/h(z) =
Q(R(x)) and neither @ nor R is a linear fraction. If g/h is not decomposable it
is called indecomposable.

Suppose g/h is decomposable with decomposition as above. Write w; :=
deg Q; and p; := deg R; (i = 1,2). If deg g > deg h, it is always possible to
arrange that

x
2 — - QUAW) ()
with ¢ € K, Q1,Q2, Ry, Re monic, w; > 1, p1 > 1, w; > wa, p1 > p2. Unless oth-
erwise mentioned, assume all decompositions in this paper have been normalised
in this way.
Writing out (6), we obtain

glx) _ B3 (x) - Qi(Ba(2)/Ra(x)) )
h(z) Ry (x) - [R3* () - Qa(R(2)/Ra(2))]

where the numerator and the expression in square brackets on the right-hand side
are polynomials. Suppose g and h are co-prime, then we can equate numerators
and denominators and conclude

deg g = wip1, deg h = (w1 - UJQ),Oz + wap1; (8)

in particular, g/h must then be indecomposable whenever deg g is prime or
deg h = 1.

We return to Lemma 1 and give sufficient conditions for G = G. Let S, A,
denote the symmetric group and alternating group, respectively, of order n.
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Lemma 2.  Suppose F, satisfies all of the following conditions:

(i) fo and fi are co-prime,
(i) fo/f1 is indecomposable over Fy,
(iii) Fp is simple for some § € Fy.

Then G =G =S,.

Proof. [5], Lemma 3.1.—In combination with (i), (ii) implies that G is a primitive
group and (iii) that G contains a transposition. This suffices to give G = S,,. O

If F é’ is identically zero (irrespective of the choice of 3) then it is impossible
to establish condition (iii). In characteristic 2 an alternative is to require that
deg fo —deg fi = 2 and f; be square-free, which again yields a transposition in
G. Though this remains true in the ternary case, it is not helpful in the situation
of Sect. 2, because the degrees of the summands of (5) corresponding with the s
decrease in steps of three. Instead we use the following criterion, writing A, for
the discriminant of F,,(x) as a polynomial in x over F,(u).

Lemma 3.  Suppose F, satisfies all of the following conditions:

(i) fo and fi1 are co-prime,

(i) fo/f1 is indecomposable over F,

(iii) deg fo — deg f1 = 3 and f1 has no factor of multiplicity divisible by 3,

(iv) Ay is either a non-square in Fy(u) (“situation S”) or a square in Fq(u)
( “situation A”).

Then G = G, and this group is equal to S,, (in “situation S”) or A, (in “situa-
tion A7).

Proof. As before, (i) and (ii) ensure that G is a primitive group. From (iii)
we obtain a 3-cycle in G (from ramification “at infinity”; see [5], Sect. 4, with
e, = e,(00) = 3 at the beginning of the second paragraph on p. 330). Therefore
A, C G. Now (iv) implies that either S, =G C G C S, or A, CG C G C A,.

O

Our strategy for a proof of Theorem 1 will now be as follows. Express the
polynomial f(z) as Fy(x) = fo(z) + ufi(z), u € F;, where fo or fi depends
on a parameter v € Fy, and then show that v can be chosen in a way that the
conditions of Lemma 2 or Lemma 3 are satisfied. This is usually achieved by
showing that the number of v, even in Fq, for which one of the conditions is
NOT satisfied is (much) smaller than g. Then Lemma 1 applies and proves the
existence of a suitable choice of u for which f(z) splits completely, as well as
(with n = 3t — 2) the explicit lower bounds for a sufficient size of ¢ stated in
Theorem 1.
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4 Designed Distance Eight

This is equivalent to taking ¢ = 3, and we have the choice of s3 and sg. Put
s3:=wu and s¢ := uv with u € Fy, v € Fy. Then f(z) = F,(z) = fo(z) + ufi(z)
with

fo(z) = 27+ Agx® + Aya® + Asx® + Aq,

filz) = 2* + Ax2? vz + Ay

Distinguish four cases as follows.

(1) A4 and A7 are not both zero, As and A, are not both zero.
(2) A4 and A7 are not both zero, As = A4 = 0.

(3) Ay =A7;=0, Ay #0.

(4) Ay=A;=A4,=0.

We show that in all cases v € F; can be found such that Lemma 3 applies.

Case (1). Suppose v is such that fo and f; have a common root v € E]. By
assumption v # 0, so fi1(y) = 0 determines v = —(y* 4+ A2y? + A4)/y € F,
uniquely. Since there are at most seven non-zero roots of fj in Fq, there are at
most seven values v in F, for which fo and f; are not co-prime. Exclude these
from further consideration.

Indecomposability of fo/f1 is clear (for all remaining v) because deg fo = 7
is prime.

To establish condition (iii) of Lemma 3 we show that with few exceptions f;
is square-free. Suppose fi has a repeated root v in F,. Then

fiy) = Y+ Ay oy + Ay = 0, (9)
() =7 —Ayy+v =0 (10)

Taking (9) —v-(10), one obtains —Ayy? + A4 = 0, which implies A5 # 0. Solving
for v and substituting in (10) we see that there are at most two values of v,
namely ++/A4/As (As — Ag/As), for which f; is not square-free and which we
exclude.

Finally, Maple was used to compute A;, a polynomial in u of degree < 5. If
Ay # 0 then the coefficient of u®, as a polynomial in v, has leading term —ASv°.
This is non-zero provided we avoid v = 0, so that in this case A, is a non-square
in F,(u). Otherwise, if A2 = 0 but A5 # 0, we must have A4 # 0; then the
coefficient of u® in A, is A3 A2 # 0 and A, is again a non-square in F,(u). Finally,
if Ay = A5 = 0 (whence again A, # 0), then A, = —A3 (A0 + A7)3u® — AS, so
that if we avoid v = — A7 /A4, then once more A, is a non-square in Fy(u).

In summary, all four conditions of Lemma 3 hold for all but at most ten
values v € Fy.

Case (2). In this case A; # 0. Choose v = 0 (any other choice of v would lead
to a root of multiplicity three in f;). Then fo(z) = 27 + Asz? + A7, fi(z) = 2*
and the conditions (i)—(iii) of Lemma 3 are clearly satisfied.
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By Maple, A, = A3 A3u? + A2 A2u+ AL A7 — AS. If A5 # 0 then the discrim-
inant of A, as a polynomial in u over F, is A3A? # 0, hence A, is a non-square
in Fy(u). If A5 = 0 then A, = —AS; this is a square in F,(u) exactly if —1 is
a square in F,, i.e. exactly if m is even. (This is where the restriction on m is
vital.)

Case (3). Here fo(z) and f1(z) have always a common factor . Work instead
with f§(x) := fo(z)/z = 25+ Asz* + Asz and f5(z) == fi(z) /2 = 2° + Az +v.
(Lemma 1 can be applied to a polynomial of lower degree than fy, and if F(x) :=
fo (@) + ufi(x) splits then so does F,(x) = = - F*(z). Henceforth we omit the
asterisks.)

Obviously one has to avoid v = 0 to make fo and f; co-prime. Apart from
that we see, adapting the argument from Case (1), that at most five more values
of v € F, (given by the non-zero roots of f) have to be excluded for co-primality.

Suppose fo/f1 is decomposable. From (8), only two types of decomposition
can occur: (wy,ws, p1,p2) = (2,1,3,0) or (3,0,2,1). In the first case put Q1 (z) :=
2?2 + Ar + B, Qa(x) :== z + C, Ri(z) = 2% + D2? + Ex + F. Comparing
Q2(Ri(2)) = 23 + D2? + Ex + F + C with fi(z) = 23 + Ayz + v implies D = 0
and E = Ay # 0. But then from the quadratic coefficients of Q1 (R (x)) and fo(x)
we find AD + E? — DF = 0, a contradiction. Hence this type of decomposition
cannot occur. Similarly, in the second case we would have to have fi(r) = R3(z),
hence A; = 0, which is also a contradiction. Therefore fy/f1 is indecomposable
(regardless of v).

As f{(x) = A2 # 0, f1 is square-free for all v € F,.

Finally, A, = —A3(As + Agv)3u® — AS. Avoiding v = —A5/As makes A, a
non-square in Fy(u), so that again all conditions of Lemma 3 are satisfied for a
suitable choice of v.

Case (4). Again choose v = 0 and divide fo(z) and f;(z) by their common
factor 2%, Then fy(z) = 2° + As and fi(x) = x2. These obviously satisfy con-
ditions (i)-(iii) of Lemma 3, and A, = —A} is a square in F,(u) provided m is
even. This completes the proof of part (i) of Theorem 1.

5 Designed Distance Fourteen

Now t = 5, and we have the choice of s3, sg, Sg and s15.
We distinguish three cases. If Ag, ..., A1g are not all zero, let j € {1,2,3} be

minimal such that As;_; and As;;; are not both zero, and put As;_; =: Cq,
Asjt1 =: Cpy. The three cases are
(I) AQZ...:Al():O,

(I1) Cogs” # Cagl”,
(II1) Cogéz) = C29§0)-

Case (I). Choose s3:=u € F;. (All other s3;, are understood to be zero.)
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If Aj3 # 0 then fo(z) = 2 + Aj122 + Az and fi(x) = 219, whereas if
A3 = 0 (then Aj; # 0) we divide out the common factor 22 and work with
fo(z) = 21 + Aj; and fi(z) = 28. In both cases conditions (i)—(iii) of Lemma 3
are obviously satisfied, fy being each time of prime degree.

To establish condition (iv), we used Maple to study the discriminants. Con-
sider first the situation where A3 # 0. If A;; = 0 then A, = Aj3, a square in
F,(u). Otherwise, if A1 is non-zero, the discriminant of A, as a polynomial in
uis A?L A3, # 0, therefore A, is a non-square in F,(u). Finally, in the situation
where A3 = 0 we have A, = A{Y, again a square in F,(u). Hence in all cases
Lemma 3 applies.

Case (II). In this case (only) we use Lemma 2.

First observe that under the assumption of this case one of the coefficients
Ais, Aio, - .., Azj+1 = Cp must be non-zero, i.e. géo) #0.If Cho =0= A3, fix
with j < [ < 4 such that As;41 # 0 and put w := 1. Otherwise, if one of Cy, A3
is non-zero, put w := 0 (then the choice of [ will be irrelevant).

Now choose s12-3; = u € Fy, s12-3 = w (ignore this if w = 0) and
s12 :=v € Fy. Then f(z) = F\,(z) = fo(z) + ufi(z) with

folw) = a** + 2297 (1) + g (%) +
+ w3t 4+ waQI(E)l (23) + wgl(g)1 (23) + vz,

fl(x) = g3+l + 02.1'2 + Cy,

where the w-terms in fo(z) are present if and only if Cy = A3 = 0.

(i) Co-primality. By construction, one of fy,f1 has a non-zero constant term
(Asi4+1 being the constant term of g{f)l), hence z is not a common factor of
fo(z) and fi(x). Argue as in Case (1) of Sect. 4; since deg f; = 35 + 1 < 10,
at most ten values v € F, have to be excluded to ensure that f;, and f; are
co-prime.

(ii) Indecomposability. This follows immediately from deg fo = 13.

(iii) Simplicity of Fg for a suitable 3 € F,. We employ three steps.

STEP 1. We show that for all but a bounded number of v there exists 3 € F,
such that Fj3 has a repeated factor.

Suppose v € F, is such that Fj is square-free for all 3 € F;. Then the system

Fy(x)

fol@) + ufa(x) = 0,
@)+ ufi(@) = 0 (i

has no solution (u,x) = (8,7) € F; x Fy.

Now consider E(x) := fl(x)fi(z) — fo(x)fi(x). A root v of E(zx) such that
f1(v) # 0 would imply a solution to (11) by putting 8 := —f{(v)/f1 (7). Hence
every root of E must also be a root of the fixed polynomial f{. As deg f{ = 3j
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and E turns out to be of degree 11 or less, this limits the number of possible

choices for E by
(11 N 33) < 167960 .
3j

Since every choice of E' admits at most one value of v, this is also the maximal
number of values v we have to exclude from F, to guarantee the existence of an
F3 with a repeated factor.

STEP 2. We show that, except for few v, the polynomial Fjg has no factor of
multiplicity greater than two.

Assume that v € F, is such that Fg(z) has a root vy of multiplicity > 3.
Observe first that if v+ = 0 then 0 = Fé(v) = v, i.e. by avoiding v = 0 we can

assume that v # 0 and henceforth divide by ~. Furthermore, 7 satisfies both
fo(@) fi(z) = fo(z) fi(z) = 0 (12)

and
o (@) fi(z) = fo(@)fi(x) = 0 . (13)
By evaluating their left-hand sides, (12) becomes

x3j+29§2) (:r?’) + wx3j+zgl(i)l<x3) . 02x14 . w021,3l+2 + C’Ox12 .
- Comg§2)(x3) + wCO:cgl(E)l (z3) — x?’jgéo)(a:?’) - w:L‘Sjgl(E)l (x3) + (14)
+ 02379:())0)(1?3) + ngacgl(g)l (%) + v(=Co2® + Cy) = 0
and (13) becomes
—2%7 Mg (2%) - Cogs? () — wa® g2 (a%) — wCogi?, () +

13 (0),..3 3141 0) (.3 _ (15)
+ Cox™ + Cags ' (°) + wCazx +wCag, () +vCy = 0 .

Suppose Co = 0. Then (15) says that v is a root of a polynomial of degree at
most 7 + 35 and independent of v, and (14) says that v determines a unique v.
Therefore we have to exclude at most sixteen values v € [F; to make sure that
Fg has no triple or higher factor.

Otherwise, if Cy # 0, we can eliminate v from (14) and (15) to obtain

1 2 0 2 0
e 1@ [ Coal? (@) = Cog ) + wl(Cog?a°) ~ Cog ) | = 0.
The polynomial in square brackets is a fixed polynomial of degree < 6, not
identically zero, of which v must be a root (as f1(y) = 0 would contradict co-
primality). By (14) we see again that v determines a unique v, so that in this
case we have to discard no more than six values of v.

STEP 3. We show that for most v the polynomial Fg has no more than one re-
peated factor and is therefore simple. The following argument bears comparison
with [5], pp. 341-342, “Proof of (D)”.
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We retain the notation E(z) for f)(z)f1(z) — fo(x)fi(x). Assume that v, o
are distinct multiple roots of Fjg. Then Fg(vy;) = Fjj(v:) =0 (i = 1,2), and this
also implies E(y;) = 0 ( = 1,2). Now, E(z) is equal to hi(z) — vD(z) with
D(z) := Coz?® — Cy and

hi(z) = x3j+2g§2) (%) + wx3j+2gl(i)1(x3) — Cox™ — wChzd+2 4 Cyz!2? —

- C()xgég)(;v?’) + wCoz? — wC()xgl(i)l(x ) — BJQ(O)( %) —
— wa® g% (%) + Cowg (29) + wCrwg”) (%) .
Solve the equation E(x) = 0 for v and put v = hy(x)/D(x) =: Hy(z). Then

substitute this expression for v into fo to find fo(z)/fi(x) = ho(z)/D(x) =:

ha(a) = 2268 (2%) = o (2) + w |22 (%) - g% (7]

As in [5], for any rational function p(z) = ¢1(z)/p2(z) € F,(z) we write

BW(X,Y) — @1(X)902(3;:<;1(Y)802(X) c Fq[X7Y] .

One readily verifies that By, (X,Y) and By, (X,Y) have total degree at most
15 and 15 — 3j, respectively, and that (X,Y) = (71,72) is a solution to

BH1(XaY) = BHZ(X?Y) =0

that determines a unique v = Hy(v1) = Hi(72). If By, and By, are co-prime, it
follows now from Bezout’s theorem [7] that the number of such pairs (y1,72), and
hence the number of values v we have to exclude, is bounded by 15- (15 — 3j5) <
180. Therefore, what remains to be shown is that By, and By, indeed satisfy
the condition of being co-prime. By Lemma 4 of [3], or by [6], it suffices to show
that H; and Hs do not decompose a functions of the same non-linear rational
function.

Suppose Cy = 0. Then hy has linear coefficient Ca(A13 + wAsi41) # 0,
therefore z (but not #?) cancels from Hj (), so that its denominator has degree 1,
which implies that H; is indecomposable.

Next suppose Cy # 0, Co = 0. Then Hs is a polynomial of degree 12 — 3j.
For j = 3 this is prime. For j = 1 the only possible decomposition type in terms
of the degrees (w1,ws, p1,p2) is (3,0,3,0), and for j = 2 it could be (3,0,2,0)
or (2,0,3,0). All of these can be ruled out “by hand” (i.e. assuming an explicit
decomposition and comparing coefficients, similarly to Case (3) of Sect. 4). Hence
H> is indecomposable.

Finally suppose CoCy # 0. Assume first that Hy is in lowest terms. Then
for j =1 and j = 3 we get indecomposability because deg hs is prime, and for
J = 2 the only possible decomposition types are (w1, wa, p1,p2) = (4,0,2,1) or
(2,1,4,0), both of which can again be eliminated by explicit discussion. Next
assume a linear factor cancels from H;. Then we get indecomposability from
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degree 1 of the denominator. Finally assume that Cy2? — Cjy divides ha(z). Note
that w = 0 (because Cy # 0) and

hi(z) = —2'? (Cox® — Cy) + 2* ho(x) + xL(z®)

where L(z3) := C g(o)( 3) — Cogéz)(x?’) is not identically zero by assumption.
From
2?L(a®) = (Coa? — Co) g8 (a®) — Cohal(x)

it is clear that Cyx? — Cj divides L(z3) and hence also hy (x). Moreover, as L(z3)
is a polynomial in 23, we must in fact have (Coz? —Cp)? | L(23). For j = 2, 3 this
already yields a contradiction, since in these cases deg L(z3) < 3. For j =1,

k

L(:EB) = 03 (021' 00)3 with k := CyA7; — CpAs € F; . (16)

Performing the division of hs(x) by Cox? — Cj, we obtain

Hy(z) = 2% + ﬁx(; —_z* + terms of lower degree,

Cy C2

which can only decompose as Q(R(x)) with deg @ = deg R = 3. Now H;(z) =
—212 + 23 Hy(x) + wL(2®) /(Cox? — Cp) is in fact of degree < 9, and the z”-term
has coefficient —k/C%. If Hy(x) = P(R(z)), with R as above and deg P < 3,
then clearly the coefficient of 27 is zero, i.e. k = 0 in contradiction to (16).
Therefore H; cannot decompose as a function of the same function as Hy. This

completes the third step of (iii) and thereby Case (II).

Case (III). If one of Ajg, A13 is non-zero put w := 0. In the situation A9 =
A1z = 0 proceed as follows: put w := 0 if also Ay = Ay = 0 (i.e. géo) =0
identically, which is possible in this case); otherwise choose | € {1,2} such that
Asj41 # 0 and put w := 1.

Now choose s3 := u € Fy, s12-3, = w (ignore this if w = 0) and sy := uw
with v € Fy. Then f(z) = ( ) = fo(z) + ufi(z) with

f()(x) _ +x2g(2)(x3) +g§0)(x3) +w$3l+1 +wx291(2)1( 3) _|_,wgl(g)1(x3)7
filz) = 20+ 228 (23) + g8 (%) + v

(0

In the special case g3 ) = 0 cancel a factor  and work with

fo(z) = a2+ 2g{ (%), fi(@) = &+ 2 (@) + v .

In all cases we aim to establish the conditions of Lemma 3.

(i) Co-primality. In the situation where 93 75 0 we have arranged that x is not a
common factor of fy and f;. By the usual argument, excluding at most thirteen
values v from I, ensures co-primality.
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In the case g:(f) = 0 we have to avoid v = 0 and up to eleven other values

v e Fy.

(ii) Indecomposability. If géo) # 0 we have deg fo = 13 prime.

The situation for géo) = 0 is more complicated. From (8), there are six possi-
ble decomposition types (w1,ws, p1, p2), namely (3,0,4,3), (2,1,6,3), (3,2,4,1),
(4,3,3,0), (4,1,3,2) and (6,3,2,1). The first four can be ruled out “by hand” as
above. For the remaining two equate denominators in (7) to find that R3(z) | f1(x)
and also R3(z)| f{(z) = Asa® + Asz® + As € Fy[z®]. Hence R(z) divides a
fixed quadratic polynomial in F,[z] and can have at most two roots. Moreover,
Ro(x)| fi(z) —xfi(x) = (x+v/?)?, so we must have v = —° where v is a root
of Ra(x). This leaves us with at most two values of v which need to be excluded
to ensure indecomposability.

(iii) No factor of multiplicity divisible by 3. We show indeed that f; is square-free
for all but a small number of v. Clearly, if this is shown for f; in its original
meaning, this covers also the case where f; is reduced by a factor x. Suppose
v € F, is a double root of fi. Then it satisfies both

fi(@) = @ 4+ 229P (%) + g3 (&%) + vz = 0 (17)

and
fi@) = a° —agy” (@) +v = 0. (18)
From (18) we get v = —a° + zg{® (%), which in (17) gives —22¢{¥ (2%) +
géo) (#3) = 0. This means v is a root of a fixed polynomial of degree at most 8

that is not identically zero. Consequently there are at most eight simultaneous
solutions to (17) and (18), each of which determines a unique v. Excluding these
values of v makes f; square-free.

(iv) Discriminant. This is deferred to the next and final section.

6 S,or A,?

The outstanding new feature of the ternary case, in comparison to the binary
case [4], is the appearance of the alternating group A,, as the common Galois
group G = G. We have already seen situations—Case (2) with A5 = 0 and
Case (4) in Sect. 4, and Case (I) in Sect. 5 with one of Ayy, A;3 zero—where
this is genuinely the case (i.e. no matter which of the possible v we choose). On
the other hand, the use of Lemma 2 in Case (II), the “most general” case, in
Sect. 5 means that here we are automatically always in “situation S”. The overall
impression is that “situation S” is the standard case, but “situation A” inevitably
occurs in some exceptional situations. This will be confirmed by Case (III) of
Sect. 5, which we are now going to complete with the analysis of the discriminant
A, (criterion (iv) of Lemma 3). Recall that Case (III) imposes relationships
between the Ay.
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To this end we use the following lemma, an elementary proof of which we
include in a forthcoming paper on the general problem. In terms of ramification
theory it exploits the relationship between the “different” and derivative, as
in [1], Chap. 1, Prop. 6.

Lemma 4. Let fo, f1 and F, be as in Sect. 3, f := fo/f1. Assume that fo
and f1 are co-prime. Write the part of E(x) = fi(z)f1(x) — fo(z)f1(z) that is

co-prime to fi as
T

H(x -B))% (B eF,) .

Then the discriminant A, of F,(x) is equal to
c- H(u — f(B;)% with a constant c € Fy .
j=1

Suppose, in our situation, that o is a common root of E and f;. Then
fola) fi(a) = 0 and, since fo(a) # 0, o must be a repeated root of f1. As we
have already arranged in part (iii) that such roots do not exist, we can assume
that E is co-prime to f;. By Lemma 4 this means that all its factors contribute
to the degree of A, in u. Hence to prove that A, is a non-square in Fy(u) it
suffices to show that the degree of E(x) is odd.

Consider first the situation where géo) # 0. Then Cy # 0, 91(2) = nggo)
(i = 0, . 73) with C := CQ/CO, and

E(z) = (C’:E2 -1)- Alg(xg +v) + vx?’géo) (x3)

If j = 1 then E(z) is of degree 9 or 11 provided we avoid v = —A13/Cy. If
j =3 then Ajg = Cy # 0, hence w = 0, and E(x) reduces to (Cz? — 1)(A132° +
vA19x® + vA;3), which is either of degree 9 or 11 (if A;3 # 0), or of degree 3 or
5 (if A13 = 0 and we avoid v = 0). It remains j = 2. Then either w = 1 with
l=1,orw=0, and

E(z) = (Cx*—1)- [A13x9 + (vA7 —wAig)a® + vAr® + (vA3 —|—va7)} .

This is of degree 9 or 11 if A;3 # 0.
From now on suppose Aj3 = 0 (still in the case j = 2). Then

E(z) = (Cgc2 —-1)- [(UA7 — wAlo)mﬁ + vAz® + vaﬂ

is of degree 8 whenever v # 0 (note that A7 = Cy # 0 and one of w, Ay is zero).
In this case we can try to show that A, has a factor of odd multiplicity. Closer
inspection reveals four possibilities to examine as follows.

(a) A7 # 0, all other Ay are zero.

(b) A7, A1g # 0, all other Ay are zero.

(¢) As, A7 # 0, all other Ay, are zero.

(d) As, A7, A1p # 0 (then also Ag = A5 A19/A7 # 0), all other Ay are zero.



(a)

(b)

The Covering Radius of Some Primitive Ternary BCH codes 179

Here fo(z) = 23 4+27 + A72%4+ A7, fi(x) = 2%+ A72® 4-v2. Maple calculates
A, = v0 A48 which is a square in F,(u)—once again we find ourselves in
“situation A”.

Here fo(7) = 2134+ A725+ Aj02® and fi(x) = 219+ A72® +va+ Ag. We have
E(r) = —vA7x3(2® + Ajp/A7); this has triple roots 0 and o := ¢/—A10/A7.
As £(0) = 0, the root 0 contributes a factor u® to A, by Lemma 4. Hence,
to show that A, is a non-square in F,(u), it suffices that f(a) # 0. Indeed,
one finds fo(a) = a3 # 0.

Here fo(z) = (25 4+ 1)fo(x) and fi(z) = 23 fo(x) + va with fo(z) := 27 +
Asx? + A7, BE(x) = vAs(z? — A7/As) (2% + 1) has roots +a, where a :=
\A7/As, and +8, where 8 := /—1. One finds fo(3) = fo(—8) = 0, so
that &3 together contribute u® to A,. Therefore, to show that A, is a non-
square in F,(u), it suffices that f(—a) # f(a). It is easily checked that the
choice v = A%/As5 is permissible (that is, conditions (i)—(iii) of Lemma 3
are satisfied and f; is square-free). With this, fi(a) = o!® = fi(—a) and
fo(—a) — fola) = a® +a” = aT(A2/A3 + 1), so that indeed f(—a) # f(a)
whenever A5 # —A;. If, however, As = —A7, then the same choice of v
becomes — A7, and Maple finds A, = v5A12u8, a square in F,(u) (“situation
A7 at least for this particular v).

»n

Here fo(x) = 23 fa(x) and fi(x) = fa(z) + vz with fo(z) = 210 + Az2® +
A7I3 + A8x2 + AlO- E(I) = ’UA5.T3(932 - A7/A5)(933 + Alo/A7) has roots 0,
+a with a := /A7/As5, and B := {/—A19/A7. One finds fo(0) = 0 and
fo(B) = B3 # 0, so 0 contributes u3 to A,, and 3 contributes a triple factor
different from u3. Therefore A, is a non-square in F,(u), unless exactly one
of f(£a) coincides with 0 and the other with f(5).

To study the latter possibility, assume without loss of generality that f(a) =
0 and f(—a) = f(B). One calculates

f(B) = )\2/\J1r - with A\; = 312, Xy := 37,
and, using f(«a) =0,
f(*OL) = /\:\j_ v with )\3 = 7055147, )\4 = 042A7

Then f(8) = f(—a) if and only if (A7 — A3)v = AaA3 — A1 Ay. Clearly, if
A3 # A1 this can be avoided by a suitable change of v.

It remains to examine the situation for A3 = A;. Then we have also \{A4 =
A2 A3, which is equivalent to 8 = —a, and from A3 = Ay we further deduce
A; = —a’. Let ¢ denote a square root of A7 and 7 a square root of As such
that a = ¢/n (i.e. f(¢/n) =0). Then €2 = A7 = —"/n", i.e. n7 = —&°, and
this relation allows us to write our coefficients as

3 3
€ Az

As =17, Ar=¢, Ads=5y =2, ™ Ayg = —n' =A% .
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Now, with the help of Maple, and using n” = —&°

Am — [(?’]1211477710641)34*77868’02)11,47

2
_ (7714521)3 + 7712561)2)u3 + 7716{_:4,1)2,“12] —

, one determines

- [(Agv4 — A2 A203 + AR AL )yt — ,
— (AL A3 4+ ASA3?)ud 4+ ABAZv*u?] " |
a square in Fg(u). This is another remarkable sporadic appearance of “sit-

uation A”. (For an example where this actually occurs, take A5 = A7 =1
and Ag = AlO = —1)

Finally, we have to consider the case géo) = 0. Then E(z) = (A11 +vAz)2® +

vA52% + vAga® + vAy. If j = 1 avoid v = —Aj; /Ay to obtain deg E = 9,
and if j = 3 then the degree of F is 3 or 9, according to whether Aj; is zero
or not. So suppose j = 2. Then deg F = 9 if A;; = 0. For A;; # 0 we have
E(x) = vAsz3(2® + Ag/As). This has always the triple root 0, which, as fo(0) =
0, contributes u® to A,. The second triple root of E is o := ¢/—Ag/As. Only
when Ag = 0 do the roots coincide and we find A, = v6AL%uS (“situation A”).
Otherwise fo(a) = a'? # 0 and A, is a non-square in F,(u).

With this the proof of Theorem 1 is complete.
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The Gray Map on GR(p?,n) and Repeated-Root
Cyclic Codes
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Abstract. It is shown that the Gray map on Z;z, where p is a prime
and n a positive integer, yields the same result as an appropriate exten-
sion of the well-known “(u|u+v)-construction”. It is also shown that, up
to a permutation, which is a generalization of Nechaev’s permutation,
the Gray image of certain ZZ,2-codes of length n constructed from IF,-
cyclic codes of length n are IF,-cyclic codes of length pn with multiple
roots. These results generalize some of those appearing in [21]. Examples
are given in order to illustrate the ideas.

1 Introduction

If n is a positive integer and ZZ4 is the ring of integers modulo 4, it follows from
their definitions that the Gray map on ZZ} and the “(u|u + v)-construction”
yields the same result (cf. §3.1). Furthermore if C; and Cs are binary cyclic
codes of length n with generating polynomials g; and g;gs respectively, where
g1 and go are coprime divisors of ' — 1, n odd, then, up to a permutation,
the “(u|u 4 v)-construction” of these cyclic codes is the same as the repeated-
root binary cyclic code of length 2n with generator polynomial g?g,, a problem
treated in [21] (see also [2]). The purpose of this note is to show that the same
kind of results are valid for the case of the Gray map & defined on ZZ}, the ring
of integers modulo p?, where p is a prime and an appropriate extension of the
“(u|u + v)-construction”. Let C; =< g1g2---¢; >, for i = 1,2, ..., p, be IF-cyclic
codes of length n, where the polynomials g; are monic pairwise coprime divisors
of ™ — 1, with (n,p) = 1. Then, up to a permutation which is a generalization of
Nechaev’s permutation (cf. §2), it is shown that the Gray map image $(D) of a
Z ,2-code D of length n constructed from the cyclic codes C’s, is a repeated-root
IF,-cyclic code of length pn whose generating polynomial is obtained from those
polynomials generating the cyclic codes C; (see §4 for details). Some examples
are given in order to illustrate the ideas. The ring ZZ,> plays an important
role in other contexts, for instance in the construction of partial and relative
difference sets in the Galois ring GR(p?, m) and related results (cf. [5], [15]). In
the description of the Kerdock code over this Galois ring ([20]) and nonlinear
p-ary sequences ([11]).
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The problem of repeated-root binary cyclic codes has been discussed in [21],
[2], [10]. If C; and Cy are binary codes the construction Cy 4+ 2C has been used
recently in [4] to express the Gray images of (free) cyclic codes over the ring
Fy + ulFy. Also in [14] the same construction is used to study cyclic self-dual
codes over the ring ZZ, and in [3] where the codes C} and C5 are the Reed-Muller
codes RM (r,m) and RM(m —r—1,m) for 0 <r < mT’l, respectively, to study
type II codes over the ring ZZ,. In [22] the same construction is used to describe
some families of ZZ4-cyclic codes.

The paper is organized as follows: in the next section a generalization of
Nechaev’s permutation ([13], [23]) which will be useful in the rest of the paper
is given. In Section 3, well-known facts about the “(u|u+ v)-construction”, Gray
map and repeated-root cyclic codes in the binary case are recalled. In Section
4, the main results are presented and some examples are provided in the last
section.

2 The p-Permutation

For an odd positive integer n let the permutation o be defined on the set
{0,1,2,....2n—1}as o = (1,n+1)(3,n+3) - - - (2i+1,n+2i4+1) - - - (n—2,2n—2),
where the elements 0, 2,4, ..., 2n—1 are invariant under o, induces a permutation
II on the cartesian product IF%” in the following way. If

2n
u= (U'Oa Uy, "'aun71|una Un4-1, "'au2n71) € ]F2
then

IT(0) = (Ug(0), Uo(1)s -+ Uo(n—1)s [Uo(n)> Yo(nt1)s - Yo (2n—1))-

This permutation on IF2", called Nechaev’s permutation (cf. [13]), has been
used by several authors in determining properties of binary and quaternary codes

(23], [9], [16], [18]).

For a prime p and any positive integer n such that p < n, let Ny, be the set

{0 1 2 p R |
n n+1 n+2 n+p e 2n—1

2n 2n+1 n+2 -+ 2n4p -+ 3n-—1

(p—.l)n(p—l.)n—l—l(p—l)n+2-:-(p—l)n+p-:-np;1}.

Observe that this array has n columns numbered 0, 1,2, 3, ...,n—1 and p rows
numbered 0,1,2,...,p — 1. We define the permutation o on the set N, as the
composition (product), i.e., ¢ = g¢ - - - 0,—1 of the following p-cycles o; given on
each column of the above arrangement as:

— 0 = identity if = 0 mod p

- Uj = (ja (])Pn+j7 (2J>Pn+]? ceey ((p_ 1)])Pn+j)7 fOI‘j = 1a27 -“ap_ 1 Where
(s)p means reduction of s modulo p
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— om =0;if m=jmodp, for j =0,1,2,....,p—1

This permutation induces a permutation II on the cartesian product IF;” in
the following way. If

— np
u= (uo,ul, ey un_1|un,un+1, ey UQn_1| cee ‘u(p—l)’ruu(p—l)n-‘rl? ...,u,m_l) € ]Fp

then the vector IT(u) with np coordinates is the concatenation of the consecutive
rows of the following arrangement:

U (0) Ug(1) o Ug(n—1)

Us(n Ug(n+1 o Ug(2n—1
(w) = ™ (k) Uoan)

Uo((p—1)n) Uo((p—1)n+1) =" Uo(np—1)

This permutation on IF)” will be called the “p-permutation” and it will be
used in the next section to describe some properties of the Gray map image of
codes defined over the ring ZZ 2. The permutation I has also been considered in
[9]. Observe that if p = 2 the p-permutation is precisely Nechaev’s permutation.

3 Gray Map, “(u|u 4 v)-Construction” and Cyclic Codes:
the Binary Case

In this section some facts about the “(u|u + v)-construction”, the classical Gray
map, i.e., over Z,, and repeated-root binary cyclic codes are recalled. To be
more precise, it is shown that if C; and Cy are two binary cyclic codes of length
n, D =Cy+2C) = {ca +2c1 € Z}, ¢; € C;} and P is the Gray map on Z}
then (D) is the same as the well-known “(u|u + v)-construction” on certain
subsets of IF5 associated to Cy and Cs. It is also shown that the code obtained
by applying the 2-permutation to the “(u|u 4 v)-construction”, or equivalently,
to the Gray map image ®(D) of the code D, is a repeated-root binary cyclic code
of length 2n whose generator is given in terms of the generators of the codes C
and Cj. The problem of repeated-root cyclic codes was treated in [21] (see also
[2]). In the next section, this construction is generalized to IF,-codes, a relation
with a suitable “(u|u 4 v)-construction” and the generalized Gray map on the
Galois ring GR(p?, m) are given.

3.1 The “(u|u 4 v)-Construction” and the Gray Map

We first recall the “(u|u + v)-construction” ([12], page 76). Let U and V be two
(non-empty) subsets of the cartesian product R™, where R is a finite (commu-

tative) ring and m is a positive integer. The “(u|u + v)-construction” on U and
V is the subset I'(U,V) = (U|U + V) of R*™ given by:

{(uju+v):uelU veV}={(up. s Um—1|tio + V0, ey Um—1 + Vm—1)}
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where u = (ug, ..., ttm—1) € U, v.= (vg,..-;0m—1) € V and the bar means
concatenation.

Observe that if R = IF,, a finite field with ¢ elements, if U is a [m,r,d]-
IF, lincar code and V is also a [m,s, A]-IF, linear code, then (U|U + V) is a
[2m,r + s,d = min{26, A\}]-TF, linear code ([12]).

We recall the definition of the Gray map on ZZ)", where ZZ, is the ring of
integers modulo 4 and n is a positive integer (cf. [7]). First observe that any
element a € ZZ4 can be expressed as a = ro(a) + 2r1(a), its binary expansion,
where 79(a), 1 (a) are in IFy. The Gray map ¢ : ZZ, — TF3 is given by &(a) =
(ri(a),r1(a) + ro(a)). This map can be extended to ZZ} in the natural way
(coordinate-wise): if a = (ag, a1, ..., an—1) € Z7, then,

¢ . Zy — T3,
is given by:
&(a) = (r1(ag), ...,r1(an—-1)|r1(ag) ®ro(ag), ..., r1(an-1) ® rolan—1)).

It is well-known that @ is a bijective isometry with respect to the Lee metric
on Z7% and the Hamming metric on IF3" ([7]).

Let
Ry = {(7‘0(1}0),7“0(’()1), ...,To(’l)n_l)) S ]Fg V= (Uo,vl, ~-~7'Un—1) S ZZ}

and let
R1 = {(r1(vo),r1(v1), ;71 (vn—-1)) €F5 : v = (vo,v1,...,0n-1) € Z} }.

From the above definitions it follows that the “(u|u+ v)-construction”, (Ry|R1 +
Ry) on the sets Ry and Ry, is precisely the image of the Gray map on Z7}, i.e.:

O(Zy) = (Ra|R1 + Ro).

In particular, if C7 and Cy are two binary codes of length n, then the code
D =0Cy+2C; = {a +2b = (ao + 2[)0, vy Qp—1 + 2bn_1> ra = (CL(), ...,an_l) S
Cy,b = (bo,...,bn—1) € C1} C ZZ} is such that its Gray map image &(D) is
@(D) = <01|C1 + CQ)

It follows that @(D) is a IFap-linear code.

3.2 The Gray Map and Cyclic Codes

Let n be an odd positive integer, 2™ — 1 = fi(x)fa(z)--- fr(x), with each f;(x)
monic irreducible and pairwise coprime. If ¢1(z) = fi(z) - fx(z), g2(x) =
fe+1(x) -+ - fs(x), which are coprime, let C; =< g1(z) >, Co =< g1(x)g2(z) >
be the ideals in IFs[z]/(z™ — 1) generated by g1(z) and g1 (x)g2(x) respectively,
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i.e., cyclic codes of length n. In [21] it is shown that the repeated-root cyclic
code C' =< g1(z)2g2(z) >C Fa[z]/(2?™ — 1) is equivalent, up to a permutation
on the coordinates, to the linear code (C1|Cy + C2). Hence the cyclic code C
is equivalent to the Gray map image @(D) of the code D = Cy + 2C, C Z}.
Observe that in this case Cy C Cf.

It is easy to see that the permutation that takes the binary linear code ®(D)
to the linear (cyclic) code C is precisely Nechaev’s permutation, introduced in §2.
In fact, in [21] it is shown that if a(z) € C; and b(z) € Cs then the polynomial

w(z) = (2" = Da(x) + b(x) + (2" — 1be(z?)

is an element of the ideal C' =< g;(x)?g2(x) >C Fa[z]/(2?" — 1), where b.(z?),
the even part of b(x), is such that b(x) = b.(z?) + zb,(2?). If a(z) = ap + a1z +

vt ap_12" 1t and b(x) = by + by + -+ + b,_12" 7L, it is easy to see that the
vector w associated to the polynomial w(z) is the concatenation of the rows of
the following arrangement:

ap, a1+b17 az, a3+b37"'7 anp—1,
ap+bo, a1, ax+by, az -, ap_1+buoy

Applying Nechaev’s permutation to the vector w, that is, the 2-permutation
IT as introduced in §2, we obtain:

ag, ay, az, as ) ) an—1,
ag +bo, a1 + b1, a2 +ba, a3 +b3, -, an_1+b, 1
which is precisely the element (aja + b) of (C1|Cy + Cs), where a = (ag, ay, ...

,ap—1) and b = (bg, by, ...,b,_1). Since the Gray map is bijective, by dimension
arguments it follows that II(C) = (C1|Cy + C2) = &(D); i.e.,

C =1 '(®(D)).
We observe that any binary cyclic code of length 2n arises in this way. In fact

if O’ =< ¢/(z) >C Fa[x]/(x®" — 1) is an ideal, where ¢’(x) is a monic divisor of
(z*" = 1), then since 2" — 1 = fi(2) fa() -+ fr(2), filz) # fi(z), 0 <45 <,

with each f;(z) monic irreducible over Fy[x], we have 22" — 1 = (2" — 1) =

fi(@)f3(x) - f2(x). Thus ¢'(x) has the form f7 (z) - f2 () fj, (%) -+ fi. () =
a(x)?b(x), where a(x) and b(z) are binary rnonlc coprime divisors of ™ — 1. Let
Ci =<a(x) >, Cy =< b(z) >
then the above argument shows that
I(C") = (C1]Cy + C).

According to [23], a ZZ4-cyclic code M of length n can be thought of as a
principal ideal M =< g(z) > of Z4[z]/(z™ — 1), where g(z) = a(z)[b(z) + 2]
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and a(z), b(x) are coprime factors of ™ — 1 in Z,[z]. Then M; =< a(x) >
and My =< &(x)g(x) >, where “g” means reduction modulo 2, are binary cyclic
codes of length n, which may be called the “projections” of M on IFy[z]/(z™—1).
Observe that My C M;. It would be interesting to give conditions on the cyclic
code M under which it could be obtained from its projections, i.e., from the
binary cyclic codes M7 and My via the My + 2M; construction as described
above. If IT and @ are as above, it would be also interesting to give conditions
on M such that IT-1(#(M)) =< a?(z)b(z) >. In [22] the authors deal partially
with this question.

4 The Gray Map, “(u|u + v)-Construction” and Cyclic
Codes over Z .

Let p be a prime. In order to avoid confusion in the rest of the paper, “+” will
denote the sum operation in the ring ZZ,2 and “®,” will denote the sum in the
finite field IF',,. In this section it is shown that if n is a positive integer such that
(p,n) = 1, then the Gray map @ on Z,5. is the same as a suitable generalization
of the “(ulu + v)-construction”. Furthermore if Cp, ..., C; are IFp-cyclic codes of
length n and D = (Cp @y -+ - @y C2) +pC1 C Z 2 then, up to the p-permutation
introduced in Section 2, the Gray map image ¢(D) is the same as a repeated-root
IF,-cyclic code C of length pn. The generator of this code is given in terms of
the generators of the codes C;, i = 1,2, ..., p (for p = 2 this problem was treated
in [21] and [2]).

4.1 The Gray Map on Z7, and “(u|u + v)-Construction”

We show first that if p is a prime and n a positive integer such that (p,n) =1,
the (generalized) Gray map on Z» and a version of the “(u|u+v)-construction”
yields the same result.

Recall that any element v € ZZ > has the p-adic expansion: u = ro(u)+r (u)p,
where r;(u) € IF),.

Ifu= (UO7’U,1, ...7un,1) € Zgz let:
ro(u) = (ro(uo),m0(u1), -, To(Un—1)), r1(0) = (r1(uo), r1(u1), ., 71 (Un-1))-
Identifying IF)” with p copies of IF};, the (generalized) Gray map
Q: Zyp — )P
is defined as:
P(a) = (ri(a), r1(a) @p (p — Dro(a),ri(a) Gp (p — 2)ro(a), ..., r1(a) Gp ro(a))

where the sum and the products (p — i)ro(a), with ¢ = 1,2, ..., p, are taken in
IF,. The above definition of the Gray map is equivalent to the one given in [6]
(see also [9], [17]). In any case the Gray map is injective.
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Let the homogeneous weight, wtyom, on Z > be defined by

0 ifa=0,
U)thom(a’> =3P ifa € prz \ {O}a Vace sza
(p—1) otherwise

and, for a € ZZ2, the value wipom(a) € Z is taken as the sum of the homo-
geneous weight of its components. The homogeneous metric, dnom, is given by
Ohom(a,b) = wipem(a—Db) for alla,b € Z;z. Let 0y denote the usual Hamming
distance on IF)*. Then we have (cf. [7], [6], [1], [16]):

Theorem 1. The Gray map @ is an isometry between (Z 2, 6nom) and (IF)P, dpr).
For (non-empty) subsets Uy,...,U, of IF}], a natural generalization of the
“(ulu + v)-construction” is the following subset I'(Uy, ..., Up) of IF}™ given by:
(Ui|Ur @p (p = D)V @p -+ @p Upl| -+ U1 By [U2 ©p -+ - By Up]
where means concatenation. A typical element of this set has the form:

(u(l)\u(l) ®p (p— 1)[u(2) Dp -+ Dp u(P)Hu(l) Dp (p — 2)[11(2) Dp @ u(p)]| .
u® Oy [u(2) Bp - DBy U_(P)])7

(L|77

where ut) = (uéj),ugj), ...,uq(lj)) eU;, for j=1,2,..,p.

Let C;, i = 1,2,...,p be IF-linear codes of length n and let D = (C, &,
Cp1 ®p -+ ®p Cz) +pCy C Z>. A typical element v = (vo, v1, ..., 0n—-1) € D
has the form v; = (agp) EBpa(p_l)@p' . ~€Bpa§2))+pa§1), where (a(()j), ...,a;jll) € Cj,

i

forj=1,2,...,pand i=0,1,....,n — 1.

Thus if at) = (a(()j)7 ...7ag21) € Cjfor j=1,2,...,p, we can write

v = (a(P) Dp a(Pfl) Gy By a(2)) —|—pa(1).

If v = (vg,v1,...,0n—1) € D is as described above, from the definition of the
Gray map it follows that:

d(v) = (aW]a® @y (p — 1)[a® Sp - By a®)]
|a(1) Dp (p — 2)[3(2) Dp - Dy a(p)” e |a(1) Dy [a(Z) Op - Dy a(p)]
££|77

means concatenation and at) = (a(()j),a(lj) o ), for j=1,2,....,p.

seeey gy 1

where

The Gray map image, ¢(D), of the ZZ,2-code D as given above is precisely the
“(ulu+v)-construction” I'(Ch, ..., C,) on the codes C;, i.e., 8(D) = I'(Ch, ..., Cp).
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4.2 The Gray Map and Cyclic Codes

In this section, assuming each C; is an IF,-cyclic code, it is shown that by
applying the inverse of the p-permutation IT introduced in §2 to the Gray image
D(D) of the Z 2-code D as defined above, an IF,-repeated-root cyclic code C
of length np is obtained. The generator of this cyclic code C' is given in terms of
the generators of the cyclic codes C;.

Let p be a prime and let n be a positive integer such that (p,n) = 1 with
p < n. Let g1,92, ..., gp € IFp[z] be different monic pairwise coprime divisors of
2" —1 and let C; =< g1g2---g; > for j = 1,2,...,p be the IF,-cyclic codes of
length n generated by the polynomial g1g2 - - - g;; i.e., they are ideals in the ring
R(p,n) = F,fa]/(a" - 1).

It will be shown that the cyclic code C, i.e., the ideal of R(p,np) generated
by the polynomial g¥¢h~" - -g2_19p is precisely II~H(H(D)), where D = (C), &,
-+ @, C) + pCy and I~ is the inverse of the p-permutation IT introduced in
§2. In order to prove this, it will be shown that the codeword

Hﬁl(@(v)) =1 (a(1)|a(1) &y (p— 1)[a(2) Dp -+ Dp a(p)”
a® Dy (p— 2)[3_(2) Dp - By a(p)H o |a(1) Oy [a(2) Dyp - Dy a®

is equal to the vector associated to a polynomial in the ideal
-1
C=<gigs - gp_19p >

We first observe that any element a(z) = ag + a1z + x4 -+ ap_qz™ Tl
of R(p,n) can be written as:

a(x) = a® (zP) + xa(l)(xp) 4ot xp—la(p—l)(xp)
where _
a(J)(l‘p) =a; +ajipr? + -+ aj+ptxpt b e
for j=0,1,2,...,p—1 and j + ps < deg a(z).

Let n be as above, let n = r mod p, with 1 < r < p—1 and let 7 be a
positive integer such that ry = —1 mod p, i.e., v = —r~! mod p. Associated to
the polynomial a(z), let

p—1
a(gj) = Z a(j)(xp)xj“’”(j’)’)p
7=0

be an element of IF,[z], where (j7), is the reduction of jy modulo p.

Since all non-constant monomials of @(z) have exponents divisible by p then
a(z) = (a(z))? for some a(x) € TF,[z].

Proposition 1. With the notation as above,

a(x) = a(z) mod (z™ — 1).
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Proof. The proof follows immediately by observing that

p—1

a(x) — alx) = Y () (@)l ) (") ~ 1)

Jj=0

and
P R (xn 7 1)(x(m71)n + x(mf2)n N 1)

for any integer m > 1.

From the previous Proposition it follows that if f(x) is any irreducible factor
of ™ — 1 and f(x)|a(z), then f(x)P|a(x).

If the expression for @(z) given above is written as a(x) = Zf;ol A (x)z™
where ng < ny < --- < n,_1 (increasing powers of x), it can be seen that for
any i = 0,1,...,p — 2 the difference n; — n;y1 is a multiple of p. If n = 1 mod p,
n; —n;y+1 = kp for the same positive integer k and for all i = 0,1,...,p — 2, i.e.,
the difference n; — n;y1 is a constant multiple of p. In this case it is easier to
control the powers of x in the operations which involve the expression for a(x).
For simplicity, from now on it will be assumed that n = 1 mod p. In this case
v = —1 mod p, i.e., we can take v = p — 1. From the arguments given below
it is easy to see that if n = r mod p, with the appropriate modifications the
same results are obtained. Let C; for i = 1,2,...,p and C be the IF,-cyclic codes
introduced above.

If a;(z) € C;, for i = 1,2,...,p, let

ai(z) = al” (2P) + zalV (2P) + - 4 2P 1PV (2)

i i
and consider the corresponding polynomials

p—1

a;(z) = Z[a§j>(xp)xj]mn<jv)p

=0

as described above. Let
p
w(z) = (x™ — )P~ lay (x) + (2" — 1)P~ 22" ZE]- (z).
j=2

Proposition 2. With the notation as above, the polynomial w(x) is an element
of the ideal C' =< g{gh™" -+ g2_1g, >.

Proof. First observe that since g; divides ™ — 1 then ¢ ~1 divides (z™ —1)P~1
and since a; € Cy, by Proposition 1, g; divides @;. So, ¢} divides the first term
of w(z). Also, ¢* ?|(z" — 1)?~2 and from the fact that a; € C; it follows that
g1la;, implying that ¢} divides each one of the other terms of w(x). Thus g}
divides w(z). Since g;|(z™ — 1) and a; € C; =< g1g2---g; >, by Proposition
1, a similar argument as above shows that for j = 2,3,...,p — 1, gf_j'H divides
each term of w(z), proving the assertion.
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The next step is to show that the polynomial w(z), or equivalently, the vector
w of IF}? associated to the polynomial w(x), has the form IT~!(#(v)) for some
veD.

In order to do so we find the vector w corresponding to the polynomial w(x).
First observe that over the field IF}, the following identity holds:

-1
(yi 1)p _ . p—1 p—2 _ X - op—j—1
o1 Yty +otyFl=(@-1> jy :
j=1

In particular we have:
p—1
(xn _ 1)p—2 — ijn(p—j—l)_
j=1

For any b(z) = by + byz + -+ + b,_12""1 € R(p,n), let B(b,n) be the
arrangement with p rows and n columns, where if s = j mod p,and 0 < s < n—1,
its s—th column is the transpose of the following p-tuple:

( S s+n «« s+rm -+ s+(p—1)n )
(p=3)bj (p—d—1)bj - (p—j—r)bj -+ (p—Jj—(p—1))b;

where the boldface entries indicate the position in the arrangement and the
terms (p — t) are reduced modulo p.

Let b(x) be the corresponding polynomial associated to b(z) as defined above.
Then, by reducing modulo zP™ — 1, it is easily seen that the vector w(b) corre-
sponding to the polynomial b(x)z™ (2™ — 1)P~2 is the concatenation of the rows
of the arrangement B(b, n).

If w(z) = (2" — )P~ 1@y (x) + (2™ — 1)P~ 22" > ¥ _paj(x), it follows from the
above observation that the vector associated to the term (2" —1)P~2z" Z?:g a;(z)

is the sum of the vectors w(az), ..., w(ap).

It is also easily seen that if a; (z) = aél) —&-agl)x—i—- a4 -+a£21x”_1,
the vector w(ay) associated to the polynomial (z" —1)P~1a; (z), that is, the first
term in the expression of w(x), is the vector of length pn divided into p blocks
of length n, each block having the form:

1) @ 1
(aé ),a(l ), ...,a,(ﬁl), ...,af%)l).

Summarizing, the vector w associated to the polynomial w(x) is the vector

w(ar) +w(az) + -+ w(ap).

For 0 < j < p — 1 the action of the p-permutation II on the j-column of
the arrangement B(b,n) is just shifting-down j-places, and if ¢t = j mod p, the
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action of I on the t-column is the same as the action on the j-column. Thus we
conclude that

II(w) = &(v)
where v = (a® @, a® V) @, -~ @, a®) + pa® with a@) = (a§’,a{",...,a!7 )

9 Yn—1
(4)
1

and a}’’ are the coefficients of the polynomial a¥/)(z) € Cj, for j = 1,2, ..., p.

If p; =deg(g;) and m = Y_"_ (p—i+1)p;, it is easy to see that the cardinality
of D and the cardinality of C' are the same and both are equal to p"?~". From
the fact that the Gray map IT is injective we conclude that IT(C) = &(D), i.e.,

C = II"Y®(D)).

5 Examples
In order to illustrate the results presented in the previous section, some examples
are provided. The first example is given with certain detail.
Example 1. In this example we take p = 3 and n = 4.
The Gray map on Z3. and “(u|u + v)-construction”

First we show that the generalized Gray map on ZZ §2 and the generalization
of the “(ulu + v)-construction” given previously yields the same result.

If Uy, Uy, Us are (non-empty) subsets of IF3 the generalization of the “(u|u -+
v)-construction” on these subsets is the subset I'(Uy,Us, Us) of (IF3)% = IF3?
given as:

F(Ul,U27U3) = {(111|111 +2(ll2 +ll3)‘111 +ll2 +ll3), u;j (S UZ}

(where the bar “|” means concatenation).

Recall that any element u € Z32 can be expressed as u = 7o(u) + 3r1(u)
with 7;(u) € Fs. If u = (ug,...,u3) € Z3 let 7o(u) = (ro(uo), ..., 70(u3)) and
ri(u) = (r1(up), ..., 71 (u3)). Identifying IF3* with 3 copies of I3, the Gray map
b : Zz» — 3% is defined as:

P(u) = (ri(u)[ri(u) S3 2ro(u)[r1(u) Ss ro(u)).
Let
V = {v = (vo,v1,02,v3) € Z32 :v; = (¢; D3 b;) + 3a;; ai,bi,c; € Fz}.
From the above definition of the Gray map on Zgz it follows that:
P(v) = (ala®s 2(b @3 c)la®s (b @3 c))

where a = (ag, a1, az,a3), b = (bg, b1, b2, b3), ¢ = (co, 1,2, ¢3) are in ]F;f. Hence
&(V) = I'(Ry, Ra, R3), where R; = Z3..



192 Horacio Tapia-Recillas

If C1, Cy, C5 are ternary linear codes of length n =4, let D = (C3 @3 C2) +
3C; C Zgz. A typical element v = (v, v1,v2,v3) € D has the form v; = (¢; D3
bi) + 3a, ie., ro(v;) = ¢; @3 b; and r1(v;) = a; where a = (ag, a1, az2,a3) € C1,
b = (bo,bl,bg,bg) € Oy and ¢ = (00,01,02,03) € (3 with ci,b;,a; € TF3, for
i =0,1,2,3. Therefore, v = (c @3 b) + 3a.

From the above observations it follows that $(D) is the “(u|u+v)-construction”
I'(Cy,C5,C3) on the codes C;, that is,

?(D) = I'(Cy,Co, C3).

Thus the Gray map on Z3s and the generalized “(u|u + v)-construction” as
introduced above give the same result.

The Gray map and cyclic codes

Let R(3,4) = F3[z]/(z* — 1) and let 2* — 1 = gy 9293 where g1 = (2 — 1),
g2 = (¥ — 2), g3 = (22 + 1) are irreducible elements of F3[z]. Let C; =< g1 >,
Co =< g192 >, O3 =< g19293 > be the IFs-cyclic codes of length 4 generated by
the corresponding polynomials, i.e., they are ideals in the ring R(3,4).

It will be shown that the ideal C of R(3,12) = F3[x]/(z'? — 1) generated
by the polynomial g3g3gs is equal, up to the inverse of the 3-permutation IT
as introduced in Section 2, to the Gray map image ®(D) of the code D =
(C5 @3 Ca) + 301, ie., C =< gig3g3 >= I~ H(®(D)).

In order to do so it will first be shown that for any element v = (c@®zb)+3a €

D the codeword I1-1(®(v)) = I *(ala®3 2(b @3 c)|la®s (b @3 c)) corresponds
to an element of the ideal < g3g3g3 >.

Any polynomial a(x) = ag + a1z + azz? + azz® € R(3,4) can be written as
(remember that p = 3 and n = 4):

a(z) = a(o)(x3) + xa(l)(xB) + an(Q)(x3)
where
a(2®) = ag + agz®, oV (2*) = a1, a®(2%) = ay.

Since n =4 =1 mod 3, let
a(x) = a9 (2®) + 22a® (&%) + 220D (23) = (ap + asz®) + a2’ + ay2°.

Observe that @(x) = a(z) mod (z* — 1) and each non-constant monomial of
@(z) has degree multiple of 3, and @(z) = a(x)? for some polynomial a(z) €
R(3,4). In particular if f(z) is an irreducible factor of (z* — 1) which divides
a(z) then f(z)? divides a(x).

Let a(z) = ap+air+azx?®+aza® € O, b(x) = by+b1x+byx?+bsz® € Cy and
c(r) = co+crz+ cox? 4 c32® € Cs and consider the corresponding polynomials
a(x), b(x), ¢(z) as defined above. Let

w(z) = (z* —1)%a(x) + 2 (z* — 1)[b(z) + &(z)].
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We claim that the vector w associated to the polynomial w(x) is equivalent, up
to the inverse of the 3-permutation, to the codeword

P(v) = (ala®@s2(b®zc)lads (bdsc))

where a = (ag, a1, az,as), b = (b, b1,ba,b3), ¢ = (o, c1, 2, c3) are in F.
First observe that reducing modulo 22 — 1:
(x* — 1)%a(x) = a(x) + a*a(x) + 28%a(z) =
ag+a1x + a2x2 + a3m3 + a0x4 + a1x5 + asx
+a3x7 + aoxs + alx‘g + agxlo + agxll

and the corresponding vector is

(a()a ai, az, a3|a03 ai,az,az|aop, ai, az, a3)'

Also, it is easy to see that
ozt — Db(z) = —brx + box? — bz + b1a® — b3a"boz® — byz!® 4 byz!!
corresponds to the vector
(0, =b1, b2,0| — by, b1, 0, —bs|bg, 0, —ba, b3)
and
2tz — 1)e(z) = —c12 + co2® — cort + c12° — 327 cpa® — cpx?® 4 gzt
is associated to the vector
(0, —c1,¢2,0| — co, 1,0, —c3|co, 0, —ca, c3).

Therefore the vector w associated to the polynomial w(x) is the successive con-
catenation of the rows of the following arrangement

ao ar —by—craz+bs+c as
ao—b0—60a1+b1+61 a a3—b3—C3
a0+b0+60 aiq a27b2702a3+b3+03

Applying the 3-permutation IT as introduced in §2 to the vector w, we obtain
ao aj a as
II(w) = [ ao —bo —coar —by —c1ag — by —ca a3 — bz —c3
agp+bg+coar+by+cpas+by+coas+bs+cs

which is precisely the element

&(v) = (ala®s 2(b B3 c)|lads b dsc)
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where v = (c @3 b) + 3a.

From the fact that a(z) € C1, b(z) € Cq, c(x) € Cs, for each polynomial
v(x) € Tslz], ¥(z) = v(x) mod (z* — 1) and F(z) is the third power of a
polynomial, it follows that w(z) is an element of the ideal C =< gig2g3 >. If
pi =deg(g;), i = 1,2,3 and t = 3p; + 2p2 + ps3, the cardinality of C and D are
the same and equal to 3'27%. Since the Gray map is injective we conclude that:

C =1 Y(®(D)).

Example 2. In this case we take p =5 and n = 11.

Let R(5,11) = IF5[z]/(z!! — 1). Any element a(x) = ag + a12 + - - - + agz® +
aror? of R(5,11) can be written as

a(z) = a9 (z%) + aV (%) z + P (®)2? + a® (2°)2® + o (2°)2?
where

a9 (2%) = ag + asz® + a1pz'®, aM(2®) = a1 + agz®, a® (2°) = ay + a7z®,
a®) (2%) = az + agz®, a® (2°) = a4 + agz®.

Since n = 1 mod p, let

6(1‘) — a(o)(xs) + [a(l)(:v5)x}xn(4) + [a(2)(:105)x2]x11(3)
+[a(3)(x5)x3}m11(2) 4 [a(4)($5)x4]x11(1).

Let g1,92,93,94,95 € Fs[x] be different pairwise coprime divisors of the

polynomial z'* — 1 and let C; =< g1go---g; > fori = 1,2,....5 be the ideals of
R(5,11) generated by the corresponding polynomials. For a;(x) = aéz) + agl)x +

e a%)xlo € C; let
w(z) =ay(z) (2™ — D + [@z(z) + - - - + a5 (2)] (@' — 1)3z!,
The arrangement B(a¥), 11) for j = 2,...,5 has the form:

0 1 2 3 4 5 6 7 8 9 10
0 4a§j) 3agj) 2a§j) aij) 0 4aéj) 3agj) Qaéj) agj) 0
11 12 13 14 15 16 17 18 19 20 21
4a8j) 3agj) 2agj) aéj) 0 4aéj) 3aéj) Qagj) aéj) 0 4a%)
22 23 24 25 26 27 28 29 30 31 32
Saéj) 2agj) aéj) 0 4aflj) 3aéj) 2aéj) a(7j) 0 4aéj) BQ%)
33 34 35 36 37 38 39 40 41 42 43
Qaéj) a(lj) 0 4aéj) Saij) Qaéj) aéj) 0 4aéj) 3aéj) QQ%)
44 45 46 47 48 49 50 51 52 53 54
agj) 0 4a§j) 3a§j) 2a4(1j) a(sj) 0 4a(7j) 3a§j) Zaéj) a(lj('))
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The vector w(a;) associated to the polynomial @;(x)z' (2! —1)3 is the (succes-
sive) concatenation of the rows of the arrangement B(a?),11). Recall that the
boldface entries indicate the coordinate position.

The vector w(a;) associated to the polynomial @ (x)(z'* — 1)* has length
55 and is divided into 5 blocks of length 11. The entries of each one of these

blocks are the coefficients of the polynomial a;(x), i.e., each block has the form

e 1
(aé ),ag ), ...,ago)).

Summarizing, the vector associated to the polynomial w(z) as defined above
is:
w = w(a) + w(az) + w(as) + w(ayq).

If IT is the 5-permutation as introduced in §2, it is easily seen that IT(w) =
®(a) where a = (a® @5a@ @523 @5a?)+521) and a@) = (af’,a{,...,al?) )
are the coefficients of the polynomial a¥)(z) € Cj, for j =1,2,...,5.

As it was shown, the polynomial w(z) is an element of the ideal, that is, of
the cyclic code C =< ¢3g39393gs > in the ring R(5,55) = Fs[z]/(z%° — 1). In
this case the cardinalities of D and C' are both equal to 575~ (5P1+4p2+3ps+2pa+ps)
where p; =deg(g;). Since the Gray map @ is injective we conclude that

C =1 (®(D)).

Conclusion. For any prime p the Gray map can be defined on the ZZ .-
module ZZ7», and, following the ideas presented in [21], it is shown that the
Gray map image of a code built from IFj-cyclic codes C; of length n, is a cyclic
code of length pn with multiple roots, whose generator is given in terms of the
generators of the codes C;’s. Some examples were provided to illustrate the ideas.
It should be noted that the construction of the code D = (C), @, - - - ®p C2) +pCh
from the codes C;’s could give more information. For instance, if p = 2 and
Ci = Czl it would be interesting to describe the ZZ4-code D = C5 + 202L and
give some of its properties.

Acknowledgment. The author would like to thank the referees for their
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1 Introduction

Given a positive integer n, any root of a primitive polynomial ™ + a;z" ! +
.-+ 4+ a, over the finite field F, of ¢ elements (where g is a power of a prime
p) is a primitive (generating) element of the extension Fyn, by definition having
multiplicative order ¢ — 1. For many purposes it is valuable to be assured of
the existence of a primitive polynomial with a proportion of its coefficients pre-
scribed (e.g., with many of the coefficients zero). Results are known guaranteeing
the existence of a primitive polynomial of degree n over I, with a fixed number
m of the “first” coefficients a1, ..., a,, prescribed, where 1 < m < 3. See [1],
[11], [7], [9], [10], [6], [3], [14] : some relevant facts are summarised at the end
of this Introduction. Further results apply, for sufficiently large ¢ (dependent on
n), for a varying number of prescribed coefficients: thus, it is known that up to
the first |2 | coefficients can be specified, see [8], [15]. Moreover, whereas the
natural approach to such problems (working within the fields themselves) means
introducing a restriction that the characteristic p should exceed m, recently Fan
and Han [4], [5], [6] have shown how to eliminate such restrictions in problems
of this nature by working p-adically and in Galois rings based upon F,. Never-
theless, as formulated thus far, results of the latter type — wherein a proportion
of the coefficients are specified — have little validity when F, (i.e., g) is small.
In particular, they say nothing in the important case of the binary field Fo. In
this connection there is the result of Shparlinski [16], this time significant for
sufficiently large n (in an unspecified manner), which established the existence
of a primitive polynomial over Fy of weight % 4 o(n).

The purposes of this paper are to give a streamlined exposition of the Fan-
Han method and to derive some unconditional results effective even for small
fields. Key features are the application of estimates of Winnie Li [13] for mixed
character sums with polynomial arguments over Galois rings and a sieving tech-
nique. The first main conclusion is that, for any n, there exists a primitive binary
polynomial with one quarter of its coefficients prescribed.

Theorem 1. Given arbitrary positive integers n and m < 7, there exists a

primitive binary polynomial f(x) = 2" + a1z 1 + -+ + ap_12 + 1 € Fa[x] with
either the first m coefficients a1, . . ., an, or the last m coefficients ap—m, .- ., an—1
prescribed in advance (as 0’s or 1s).

G. Mullen, A. Poli and H. Stichtenoth (Eds.): Fq7 2003, LNCS 2948, pp. 197-214, 2003.
© Springer-Verlag Berlin Heidelberg 2003
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Through consideration of the reciprocal polynomial f*(z) := z™f(1/x) of
f(x) , it suffices to prove Theorem 1 when it is the first m coeflicients that are
prescribed.

For ternary polynomials (¢ = 3), we prove unconditionally that one can
specify up to one third of the first or last coefficients of a primitive polynomial.

Theorem 2. Given arbitrary positive integers n and m < %, there exists a
primitive ternary polynomial f(z) = z" + a1z~ ' + -+ + ap_qx + (1) €
Fs[xz] with either the first m coefficients aq,...,am or the last m coefficients
An—mm,y - -+, an_1 prescribed in advance.

The constant term in a primitive ternary polynomial is necessarily (—1)"71.
Again by consideration of the (monic) reciprocal polynomial f*(z) :=
(—=1)""ta" f(1/x), it suffices to prove Theorem 2 when it is the first m coefficients
that are prescribed.

As ¢ increases one could specify a larger proportion (up to one half), but
we are content with the general result which follows. The single exception (with
qg=4, n=3, m=1) was recorded already in [1].

Theorem 3. Given a prime power q > 3 and arbitrary positive integers n and
m < %, there exists a primitive polynomial x™ + a1z '+ +a, € F,[z] with
the first m coefficients aq, ..., a., prescribed in advance, with the exception that
there is mo primitive cubic over Fy with zero first coefficient.

The declared emphasis of this study is on “small” fields, because it is these
that come nearest to testing the above theorems. Therefore we provide a com-
plete analysis for fields F, with ¢ < 5. Of course, the techniques are valid for all
values of ¢ and n and we indicate how the proof flows in general. The difficulties
are more organisational than actual. Nevertheless, for values of ¢ < 13, there
are some cases which have to established by direct computation: for example,
n = 12 when ¢ = 13. Note that there is a reasonable expectation that, with
some further calculation, Theorem 1 may be “upgraded” to yield the equivalent
result to Theorem 2.

To complete this introduction, we explain how Theorems 1, 2 and 3 follow
from known results in most cases for n < 12. First, the author’s study [1] of
primitive polynomials with prescribed trace yields the results for n <7 (¢ = 2)
and n < 5 (¢ > 2). Next, Fan and Han [6] have shown that, for arbitrary
q, there is a primitive polynomial of every degree n > 8, with the first three
coefficients prescribed (though most of the details of the calculations in the cases
that have to be settled by direct computation have been suppressed). For ¢ odd,
these calculations are confirmed in detail in [14], where, with a few possible
exceptions, all degrees n > 7 are dealt with. This yields Theorem 1 for n < 15
and Theorems 2 and 3 for 8 < n < 11. Earlier, for odd ¢, Han had shown the
existence of primitive polynomials with two prescribed coefficients for n > 7 and,
more recently, Cohen and Mills [3] have clarified this working and extended it,
in great detail, to cover the cases n = 5, 6. Thus, our conclusions are established
for n < 11 when ¢ is odd. For ¢ > 4 even, it is not clear that Theorem 3 has been
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covered when n = 6 or 7, though from [7] and [9], it seems there is a primitive
polynomial with arbitrary second coefficient. In conclusion, when ¢ is odd we
can assume forthwith that n > 12. When ¢ (> 4) is even, we shall also make
brief reference to the cases of n =6, 7.

2 Symmetric Functions and Power Sums in p-adic Rings

For a general field F, let f(z) be an irreducible monic polynomial of degree n in
F[z] with (complete set of) roots &1, ..., &, in a suitable splitting field. Then (up
to sign), the coefficients are the symmetric functions of its roots: more precisely,
flx) =a" — ozt + 092" 2 — ... 4+ (=1)"0,, where o; is the i-th symmetric
function. The basic idea is to connect the values of the symmetric functions with
those of sums of powers of the roots, which are easier to handle. Hence, for each
1=1,2,3,..., define s; := 2?21 f;-: by symmetry, for each i, s; € F. By repeated
application of Newton’s identities, which take the form

— r—1 _
rar—Jr7131_0r7252+"'+(_1) Sr, T_lw"vn»

for a given m < n, evidently the values of si,...,s,, are determined (uniquely)
by those of o1,...,0,,. On the other hand, although Newton’s identities (as
stated) hold in fields of arbitrary characteristic, the converse statement, namely,
that the values of 01, ...,0,, are determined by those of s1,..., s, holds only
in fields whose characteristic is zero or exceeds m. The conclusion is that, in
order to develop this principle for application to an arbitrary finite field Iy, it
is necessary to transfer the argument to a ring of higher (prime-power) charac-
teristic (a Galois ring), or even characteristic 0 (a p-adic ring or field). This is
the motivation behind the discussion which follows. In it, ¢ = p*, p prime, is a
given prime power and n is a given positive integer.

Let Q, be the p-adic field (i.e., the completion of the rational field with
respect to the usual p-adic metric). Its ring of integers is, of course, closed under
division by integers (€ Z) indivisible by p. Also, let K, be the splitting field
(in Cp , the usual completion of the algebraic closure of Q) of the polynomial
z4" — x over Qp. Define I3, to be the set of roots of this polynomial — the
Teichmiiller points of K,,. Clearly, its non-zero elements form a cyclic group of
order ¢" — 1. Indeed, K,, is the unique unramified extension of K; of degree n.
Let R,, denote the ring of integers of K,,. Then I, C R,, = {> ;= vip", Vi € [0}
Moreover, R, is a local ring with unique maximal ideal pR,, and R,,/pR,, = Fgn.

Now, let e be a positive integer. Define I, . to be the set of classes of elements
of I',, that are congruent mod p€, i.e., 1 and -2 are in the same class if y; — 2 €
p°R,. In this context, retain the notation 7 for the class containing . Then
4" =~ for v € I',... Passing to classes modp® of elements of R, yields a
ring (Galois ring) Ry, = {Zf;& YDy ¥i € Tne} =2 Ry /p°Ry, so that R, . has
cardinality ¢"¢. Note that, for each e > 1, R,, ./pRy,. = Fyn also. Observe too
that R, 1 = I},1, which can be identified with F,». Conversely, each v € I5, 1
yields a unique lift (also denoted by 7) to every I, . and ultimately to I, itself.
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Of course, an element of (multiplicative) order r (a divisor of ¢" —1) in I, ; lifts
to an element of the same order in each I, . and in I,. In particular, a primitive
element (a generator or element of order ¢™ — 1) lifts to a primitive element in
each case.

Next, we consider objects relating to the extension Fyn /F,. Of course K7 is a
subfield of K,,, with I'1 . € I7, ¢, and R,, 1 a subring of R,, .. Similar relationships
apply to the Galois rings. Further, note that the Galois group of K, /K; is
isomorphic to that of Fyn/F,, being cyclic of order n and generated by the
Frobenius automorphism 7,,, where 7,,(y) = ~9, v € I},. More generally, on
Ry a(Xico i) = Yoo idp® (where each v; € I,). This induces a ring
homomorphism 7, on R, . such that Tn(Zf;Ol yipt) = Zf;é v:9p* (where now
each vy, € I,¢).

Recall that over F, (and so over Ry 1)), 29" — 2 is the product of all monic
irreducible polynomials of degree a divisor of n. A typical monic irreducible
polynomial f(z) of degree d (a divisor of n) in Rj ;[x] has the form

d—1 d

fl@)=(@ =M@= (z =" )=2—o@? "+ + (-1, (2.1)
where v € I, 1 and each o € It 1 = Ry ;. The polynomial f lifts to a (unique)
irreducible polynomial of degree d over each R; . and over R; having the same
form, except that v is the corresponding lifted element of Iy . or I7. But note
that, in general, the coefficients ¢; in (2.1) lie in Ry ¢ (or R;), but may not be
in I, (or I). From the above, the order of the polynomial f (which equals
the order of any of its roots) or any of its lifts has the same value (a divisor of
q" — 1). In particular, f is primitive if it is irreducible of degree n and has order
q™ — 1: this holds if and only if any of its lifts are primitive.

For any v € I, define its trace (over Ry) as Tn(y) == v+ n(y) + -+ +
7 1(y) = v 447+ ---+~7 " € Ry. Further, if 7 is defined as the genera-
tor of Gal(K,/Q,) such that 7% = 7,,, where ¢ = p*, then evidently T}, (v")(=
To(7(7)) = 7(T (7)), v € I, Tt follows that T}, (77" ) = (T (7)) ,j = 0,1,2,3, .. ..
A trace function T,, with similar properties is induced on I, ..

Next, let v € I, be the root of a lifted irreducible polynomial f(z) € Ry[z].
Later we impose conditions to ensure «y is primitive: for the moment it suffices
that f has degree m. Thus, (2.1) holds with d = n. Here o; denotes the i-th
symmetric function of the roots v,7%,...,~7? ~!. Employing the trace notation,
we have that s;, the sum of the i-th powers of the roots of f, is given by s; =
T.(v") € R;. Of course, each s; depends only on f and not on the specific
root y: moreover, all this translates to the expansion of f as a polynomial in
Ry [z]. Take m < n. Whereas, as we indicated earlier, knowledge of s1,..., s,
(for flz] € Fylz] or Ry 1[x]) is generally insufficient to determine o1, ..., 0y, the
latter can be obtained from suitable information about si,...,s,, for the lift of
f to R, or indeed to R, . for sufficiently large e. This is the key to the major
advance of [4], [5] .

We proceed to work with a lifted irreducible polynomial f of degree n in
Ry [z] and eventually its reduction to R; ., with e to be chosen. From now on, we
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shall reserve the letter t for a positive integer indivisible by p. Note from above
that, for any such ¢, the value of s;,: for any i > 0 is already determined by s,
and is given by sﬁ” := 7%(s¢). So to specify {s1,...,8m}, say, it suffices to know
the values of {s; : t < m}. Next, for any ¢, write s; = Z;io 9e507, ge5 € I,

whence sy) = Z;io gﬁ ;-pj . Since each positive integer | has a unique expression
in the form [ = tp/, then any “s-component” gt,j is uniquely associated with the
integer tp?. The following lemma is the replacement for Newton’s identities in
the general context. In its statement, a = bmod p for a,b € R; is interpreted to
mean that a = b as members of Ry ;.

Lemma 1. Let v € I}, be the root of an irreducible polynomial f(x) € Ry[z] of
degree n as above. Suppose m < n. Write m =Tp’, pt T, J > 0. Then

J
Om = (—1)m_1g§1)J + P,,_1 mod p,
where P,,_1 is a polynomial function over Z of the members of {g; : tp’ < m}.

Proof. The reciprocal polynomial to f is

n—1
ff(x):=1—o0x+o0a?+ -+ (=1)"0p2™ = H(l —~y7z) € Ry[z].
3=0

Now f*(z) € Ry[x] can be regarded as an (infinite) formal power series over Kj.
Invoking the expansion of f* in terms of the exponential power series function
expx over K; (see [12], Ch IV), we have a formal identity

P ptt
00 00 P —i ptp’
~ITTT e |- 22)
t=1 j=0 i=0
ptt

It is automatic that the net coefficient of any power of z in the expression
(2.2) is in Ry: all contributions to the coefficient which apparently lie in K; \ R,
must cancel.

Now (—1)"0,, is the coefficient of ™ in (2.2) and derives solely from the
expansion of terms with ¢p’ < m. Further, for the value of ¢,, mod p we need
restrict consideration to terms with ¢ < j. (This is because, if [ := j —¢ > 1,
then in the formal power series expansion of exp(cp'x), ¢ € Ry, the coefficient
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Crplr ) . r ,
of 2" lies in pRy, since the power of p dividing r!is |~ | + | 5 | +--- <71.)
p p

The remaining terms involve only s-components g; ; with tp! < m. In partic-
ular, the expansion (modp) of the term in (2.2) with ¢ = T, j = J begins
J J

P p
g g . . .
exp(f%xm +-)=1- LS ym 4 ... This series also appears in the full

expansion of (2.2): all other contributions (modp) to the coefficient of =™ ef-
fectively involve (a Z-polynomial in) s-components g; ; with ¢tp’ < m — 1. This
completes the proof.

Given m < n as in Lemma 1, define, for each t < m, the integer e, > 1 by
the inequalities tp®*~! < m < tp°. Set e := e;; thus e; < e for all t < m. The
application which follows relates to lifts of irreducible polynomials to R; . for
this choice of e.

Corollary 4. Suppose m < n and A C Ri.[x] is a set of lifted irreducible
polynomials of degree n with the property that, given any prescribed set {a; €
Ry, : t < m}, there exists a polynomial in A for which p°~ s, = p° “a; for
all t < m. Then, there exists an irreducible polynomial f(x) € Ry 1[x] whose lift
is in A and whose first m coefficients are arbitrary specified values in R; ;.

Proof. Call the value of tp’ of an s-component its rank. The given assump-
tions can be summarised by saying that there is a polynomial in A with its
s-components of rank < m prescribed. Since there is a unique s-component of
each rank, the total number of prescribed s-components is exactly m. Equiva-
lently, >, ., e =m.

Suppose that two members of A are such that their s-components of rank < m
do not all coincide (mod p), and let | = ¢;p?t, where 1 <[ < m, be the smallest

rank where there is disagreement. Then the corresponding values of gfl J’le mod p
are different, and, by Lemma 1, the corresponding values of o; mod p also are
different. Thus, there is bijection between the set of ¢"™ possible values of the
s-components of polynomials in A of rank < m and the ¢™ possible values of
the first m coefficients (mod p) of such polynomials. The result follows.

3 Estimates of Primitive Elements with Specified Traces

From now on, assume the prime power ¢ = p¥, the integers m < n and e and, for
each t < m, the further integers e; are as in Corollary 4. By that result, we have
to show that there exists a primitive v € I, . for which the traces p*~“s, =
T, (p®~¢~') = p*~“a; € Ry for an arbitrary given set {a; € Ry, : t <m}.

We proceed to describe a standard expression for the characteristic function
for a primitive element (generator) of a cyclic group in terms its multiplicative
characters x, starting with Iy , = F7... Let f;;e(% Fy.) denote the group of mul-
tiplicative characters of I, .. With x € r e is an associated character over the
set of non-zero Teichmdiller points I, that extends to a character with conductor
1 over K, itself, see [13], Section 5.
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Indeed, we consider a more general set than the one of merely primitive
elements. Let @ be any divisor of ¢ — 1. An element v of I'  is called Q-free
d| @ implies d = 1. In particular, v is primitive if and only

'I’L e
ify=ad aecl nyes
if it is ¢"™ — 1-free.
For any d|¢™ — 1, write x4 for a typical character in ;'{ . of order d. Thus
X1 is the trivial character. We employ a useful “integral” notation for weighted

sums; namely, for d| ¢" — 1, set

[ z“jzd,

dQ dQ

where ¢ and p denote the functions of Euler and Mobius respectively and the
inner sum runs over all ¢(d) characters of order d. (Observe that only square-free
divisors d have any influence.) Then the characteristic function for the subset of
Q-free elements of I, . is

W@/ Xa(Y), V€ e, (3.1)
dlQ
where 6(Q) := % = o p . (1—171).

To deal with the trace conditions, we also need the additive characters of
R;, . The canonical additive character 1, is defined by

We write ¢ for 91y the canonical character on Ry .. Thus, for § € Ry, ¢, ¥(n)(§) =
(T, (€)). Every additive character on R; . has the form ,, for some o € Ry,
where 1, (§) = ¥ (af) for all £ € Ry .. A key property (summing values of ¢ over
a subring Ry ./, ¢/ < e) is that, for £ € Ry,

Z b(p { ¢ if&E=0 modpe/ (3.2)

0 otherwise.
a€ER; .

Let a; € Ry, It follows from (3.2) that the characteristic function of the set
of elements « in I, . for which p®~¢s,(y") (= T,,(p*~“+')) assumes the value
pe%ay € Ry ¢ is

— D 0T AT () — ar)). (3.3)

aGRl et

Assume that, as in Corollary 4, {a; € Ri., : t < m} are given, and that
Q| g™ — 1. Define N(Q) to be number of Q-free elements in I, . with p*~°ts; =
p°~“a; € Ry, as at the head of this section. Employing the characteristic
functions (3.1) and (3.3), we shall express N(Q) in terms of (mixed additive
and multiplicative) character sums with polynomial arguments. To formulate
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the underlying estimate (taken from [13], e.g., Corollaries 3.1 and 6.1), note
that a polynomial h(z) € R, [z] has a p-adic expansion of the form h(z) =
ho(z)+h1(x)p+- - -+he1(x)p°!, where, for j = 0,1,...e—1, h; is a polynomial
(of degree dj, say) with coefficients in I, ., Then the weighted degree Dy, of h is
defined by Dy, := max(dop®~t,d1p*=2,...,de_1).

Lemma 2. Suppose that h(z) in R, .[x] contains no monomial of degree divis-
ible by p. Then

Y Y (h(N)] < (Dn =gk,

YED N e

Further, if x 1s a non-trwial multiplicative character of I ., then

> Py (h()x(9)| < Dig?.

YEL Y e

The key estimate is the following extension of inequality (6) of [5]. In it, for
any positive integer I, we use 6(I) to denote the ratio @, and W(l) = 2«0
for the number of square-free divisors of I, where w(l) is the number of distinct
primes dividing .

Proposition 5. Suppose that m < n/2 and e is as used in Corollary 4. Assume
that {a; € R1e, : t < m} are given. Suppose that Q| q" — 1. Then, the number
of Q-free elements in R, . with prescribed p°~ s, € Ry . (as described above)
satisfies the bound

N(@Q) 2 0(Q){g" ™ = (L= ¢ ™)(mW(Q) — 1)g%} (3.4)
0(@Q{q" ™ — W(Q)mg*}. (3.5)

Proof. By (3.1) and (3.3) and the fact (noted in the proof of Corollary 4) that
> t<m € =m, we have

N =6Q) Y / ) [[{ Y o “aTulr’) — )

YEIn e alQ t<m | ar€R1 .,

ZG(Q)/d Z ¢( pe Efatat)s(w(n)axd)a (36)

lQ {at€Ry ¢y : t<m}

where

S(¥(nys Xa) Z Yy (h(7))xa (7).

YED N e

x) = E pe_Etatxta

t<m

and
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a polynomial in Ry .[z].

Now evidently, when h is the zero polynomial , i.e., a; (€ R1.,) = 0 for all
t <m, then S(¥(n), xa) = ¢" —1 when d = 1 and is 0 for d > 1. For all other sets
{a € Ry, : t <m}, by the convention on ¢, h satisfies the restriction of Lemma
2. Moreover , the weighted degree of the typical monomial p*~“a;a' € Ry . of h
is at most tp®~! < m. Accordingly, D;, < m. Thus, by Lemma 2, the absolute
value of the contribution to the right side of (3.6) of the terms with h # 0 is
bounded above by

(@™ —1)g% {m -1+ (W(Q) — hm} = ¢% (¢" — 1)(mW(Q) — 1),

because there are ¢(d) characters x4 for each d| Q. We conclude that (3.4) holds
and (3.5) follows.

We remark that improvements in the bound (3.5) are possible — evidently,
some of the polynomials h have less than maximal weighted degree, and also
more careful summing over one of the a; is feasible — but (3.5) suffices for our
purposes here. Taking Q) = ¢™ — 1, we deduce the following conditional version
of Theorems 1, 2 and 3.

Corollary 6. Given a prime power q and arbitrary positive integers n and
m < g, there exists a primitive polynomial " + a1z '+ -+ a, € F,[z] with
the first m coefficients a1, ..., a,, prescribed in advance whenever

g2 > mW(g" - 1). (3.7

4 Primitive Binary Polynomials
We now suppose ¢ = 2 and m = | 2]. Then (3.7) certainly holds whenever

9% > g, wi=w(@" —1). (4.1)

Of course, a slightly weaker condition suffices when n is indivisible by 4. For
larger n it is convenient to employ the following numerical fact.

Lemma 3. Suppose that w > 25. Then w < .

Proof. Let P(r) denote the product of the first r odd primes. Then, by calculation
(MAPLE), the inequality

P(r) > 2%, r>25, (4.2)

holds for r = 25, the 25-th odd prime being 101. Inequality (4.2) is then evident
by induction on r, since higher further primes exceed 2° = 32.
Granted w > 25, suppose that actually w > %. From (4.2),

2" —1<2% 1< Plw) <2"—1,

a contradiction. The result follows.
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Since the function 27/2° — £ is increasing for z > 60 and positive for z =

90, it follows from (4.1) that, provided w < 2 and n > 90, then Theorem 1
holds for this value of n. Indeed, by Lemma 3, the inequality w < % does hold
whenever w > 25 (so that automatically n > 125). We conclude that Theorem 1
is established except when w < 24 and n < 5w < 120.

In fact, for n < 120, w < 12 with equality when n = 72, 84, 96, 108. With
this bound for w, it suffices that 2"/* > 1024n, which holds for n > 65. Similarly,
for 60 < n < 64, w < 11 and for 49 < n <59, w < 8 and (4.1) holds in these
ranges. But the inequality is false for values of n such as 48 (w = 9), 40 (w =7)
and 36 (w = 8).

To deal with most smaller values of n, we apply a sieving technique (effective
for all prime power values of ¢) which yields a criterion which, when s = 1,
reduces to Corollary 6.

Lemma 4. Given a prime power q and arbitrary positive integers n, write the
product of the distinct primes in q" — 1 as lpy...ps, for some divisor | and

distinct primes p1,...,ps. For any m < 3, there erists a primitive polynomial
"+ a1z + -+ a, € Fylz] with the first m coefficients ay, . .., an, prescribed
i advance whenever
n_m s—1
q2 > mW (l) 5 +2], (4.3)
° 1
where 6 :=1 —
Di

i=1
Proof. As noted already only the actual primes dividing ¢ — 1 are significant.
Observe also that W (lp;) = 2W (1) and 6(Ip;) = 0(1)(1 — p%), i=1,...,s. With
the notation of Proposition 5, an elementary sieving argument (see [3]) yields

N(q" -1) (ZNlpl> (s—=1)N()
=6N(l) + (Z[N(lpl ( pl) N(l )

i=1

zwmg%WSM— lm@—> m}

1=
since

1 n
NG - (1= ) V)| < 00ma (¥ )~ W),
by the argument of Proposition 5 applied to terms involving characters of order
dp;, where d|l. Because W (lp;) = 2W (l), the result follows.

In the binary case, for n < 48, we attempt to apply Lemma 4 with ¢ =
2, m = | %] and (usually) | = 3. Table 1 shows that the condition is satisfied
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for a sample of (the most delicate) values of n > 21 (where the displayed dec-
imals have been truncated). Here (and later) we use A to denote the quantity

W <s—1

of the parameters.

The conclusion from such working is that for 21 < n < 48, only the value
n = 24 fails the condition of Lemma 4 with [ = 3. Here m = 6, p1...ps =
5.7-13-17-241, § = .5172 and the left and right sides of the condition are 64
and 116.7, respectively. There are similar failures for n = 18 and 16. The result
holds easily by Corollary 6 for n = 19, 17 since 2" —1 is a Mersenne prime. Recall
from Section 1, that we can assume n > 16.

+ 2) appearing in the right side of (4.3) for the appropriate values

’n‘m‘l‘ P1---Ds ‘ 1) ‘ A ‘q%’m‘
48(12(3|5-7-13-17-97-241 - 257 - 673|.5015|382.9| 4096
40(10|3| 5-11-17-31-41-61681 |.5936(208.4| 1024
36|93 5-7-13-19-37-73-109 |.4776|263.7| 512
3073 7-11-31-151-331 .7243(105.8| 256
28|73 5-29-43-113-127 .7255|112.8| 128
25|16 |1 31-601-1801 .9655| 24.5 | 90.5
22513 23 -89 -683 9438/ 41.1 | 64
211511 7-127-337 .8463| 21.8 | 45.2

Table 1: Sieving table for ¢ = 2

The final step in the binary case was to use MAPLE 6 to print out 64 primitive
binary polynomials of degree 24 with each possible choice of its first 6 coefficients.
For n = 20, 32 primitive polynomials with all choices of the first 5 coefficients,
and for n = 18 or 16, 16 polynomials with all choices of the first 4 coefficients were
similarly obtained. To summarise the outcome we shall, in this paper, use the
term “weight r” to describe a polynomial with (at most) r non-zero coefficients
amongst those of (non-specified, non-constant) monomials z°, 1 < i < n — m.
Here, in every case it sufficed to look at weight 2 polynomials. This completes
the proof of Theorem 1.

5 Primitive Ternary Polynomials

n

We next suppose ¢ = 3 and m = LéJ Then (3.7) certainly holds whenever
n n
36 /2% > gy W= w(3" —1). (5.1)

Of course, a slightly weaker condition suffices when n is indivisible by 3. The
following lemma is the counterpart of are Lemma 3.

Lemma 5. Suppose that w > 65. Then w < ﬁ”.
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Proof. This proceeds as for Lemma 3, but based (instead of on (4.2)) on the
inequality

P(r) > 3% 1> 65,

where now P(r) denotes the product of the first r primes (# 3). Note that the
65-th such prime is 317, which exceeds 3*17.

By (5.1) and Lemma 5, Theorem 2 holds unless w < 64 and n < 4.17w <
267 provided 3”/6/2"/4‘17 > %. This last inequality holds for all n > 266. In
summary, we may suppose n < 266.

For 72 < n < 266, it is not necessary to find the complete factorisation of
3" — 1. For MAPLE has an “easy” factorisation option which quickly finds all
prime factors < 10° (and many larger prime factors). From this it follows that,
in place of Lemma 5, we have the stronger fact that w < % for 48 < n < 266.
Since 37/6 / on/5 > % for n > 72, we conclude that Theorem 2 holds any value of
n > 72.

For most values of n in the range 14 < n < 71, application of Lemma 4
(using [ = 2) is successful, as indicated in the Table 2 which features a selection
of values in the range (including all the most delicate cases).

’n‘m‘ P1..-DPs ‘ 0 ‘ A ‘qgfm‘
48|16(5-7-13-17-41-73-97- 577 - 769 - 6481|.4628|752.7| 6561
36(12| 5-7-13-19-37-73-757-530713  |.4855|396.0| 729
30(10{ 5-7-11-13-31-37-61-271-4561 |.6367|228.4| 243
279 13-109 - 151 - 433 - 757 - 8209 .9101]115.1|140.2
25| 8 11-29-8951 - 391151 .9089| 67.2 | 140.2
22| 7 23-67-661 - 3851 .9398| 72.6 | 81
20| 6 5-11-61-1181 .6918] 76.0 | 81
19| 6 1597 - 363889 .9993] 36.0 | 46.7
17/ 5 1871 - 34511 99431 30.0 | 46.7
14| 4 547 - 1093 99721 24.0 | 27

Table 2: Sieving table for ¢ = 3

Since we may take n > 12, the only values of n not covered so far are those
in the set S := {24, 21,18, 16, 15, 13, 12}. MAPLE 6 was used to find relevant
primitive polynomials for each n € S and each choice of first {%J coefficients. In
every case a weight 2 primitive polynomial sufficed, except that, when n = 12,
one weight 4 polynomial (x'? + 210 — 2% + 23 — 22 — 2 — 1) was needed. This
completes the proof of Theorem 2.
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6 Primitive Polynomials over F,

Now we consider the first case of Theorem 3 and take ¢ =4 and m = L%J
Then (3.7) certainly holds whenever

25w > g W= w(d® —1). (6.1)

Of course, a slightly weaker condition suffices when n is indivisible by 3. The
following lemma now tales the place of Lemma 3.

Lemma 6. Suppose that w > 63. Then w < ﬁ.

Proof. This time use the numerical inequality
P(r) > 432" 1 > 63,

where here P(r) denotes the product of the first 7 odd primes. Note that the
63-rd such prime is 311, which exceeds 432°.

By (6.1) and Lemma 6, Theorem 3 holds with ¢ = 4, w < 62 and n <
3.29w < 204 provided 2% "5 > n This last inequality holds for all n > 208.
In summary, we may suppose n < 207.

Using MAPLE’s “easy” factorisation option, we find that, in place of Lemma
6, we have the stronger fact that w < % for 48 < n < 207. Since 27/12 > % for
n > 48, we conclude that Theorem 2 holds for any value of n > 49. Again, for
most values of n in the range 13 < n < 48, application of Lemma 4 (using | = 3)
is successful. Table 3 features a selection of values in the range (including all the
most delicate cases) for which success occurs.

[n]m] p1-.-Ps [ 0 [ A ¢ "]
36(12|5-7-13-17-19-37-73-109 - 241 - 433 - 38737|.4123|692.9| 4096
30{10 5-7-11-13-31-41-61-151-331-1321 |.4058|483.4| 1024
24|18 5-7-13-17-97-241 - 257 - 673 .5015(255.3| 256
20| 6 5-11-17-31-41-61681 .5936{125.0| 256
16| 5 51725765537 7372/ 60.6 | 64
14} 4 5-29-43-113-127 7255/ 60.1 | 64

Table 3: Sieving table for ¢ = 4

In Table 3, observe that inequality (4) is just satisfied when n = 24. From
Section 1, there remain the values n = 18, 15, 12 and 6 to verify directly. Because
the base field Fy is non-prime we adopted a different strategy in using MAPLE.
We selected a primitive element 7 of Fgn = Fs2. by specifying it as a root
of a fixed primitive polynomial of degree 2n over F,. Then, we took powers
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v4i>1, (i,4" — 1) = 1 with i odd, and calculated the m-tuple of elements in
F, comprising the first m symmetric functions of the conjugates of v* over Fy
(effectively, the first m coefficients of the minimal polynomial of 4*). Every time
we found such an m-tuple we also calculated the conjugate m-tuple over Fy,
since this is associated with the conjugate primitive polynomial, having v?* as a
root. This process ceased once a primitive polynomial associated with each of the
4™ choices of first m coefficients (and their conjugates) had been identified. The
(odd) value of i reached by this stage is denoted by 4,,. The results are displayed
in Table 4. In particular, the computation for the case in which n = 18, m =6
took several days to complete and and was the longest undertaken.

n|m| 4™ fy(x) im
6/2] 16 2@ +z'+xz+1 | 163
12141256 [22* + 2% + 25 + = + 1] 4601
15]5[1024]z3 + 25 + 2* + = + 1[13201
18] 6 [4096 230+ 11 88147

Table 4: Values of i, for ¢ = 4.

7 Primitive Polynomials over Fy

Next we take ¢ = 5 and continue to denote L%J by m. Certainly, holds whenever
n
3 )

The following lemma is now relevant.

56 /2% > w=w(5" —1). (7.1)

Lemma 7. Now let P(r) denote the product of the first r primes (excluding 5).
Then
P(r) > 528287 > 63.

Lemma 8. Suppose that w > 63. Then w < ﬁnzg.

Proof. This time use the numerical inequality
P(r) > 528287 r > 63.

where here P(r) denotes the product of the first  primes (3 5). Note that the
63-rd such prime is 311, which exceeds 52-328,

By (7.1) and Lemma 8, Theorem 3 with ¢ = 5, w < 62 and n < 2.828w < 176

provided, 25 5% > ﬁ. This last inequality holds for all n > 176. In summary,

we may suppose n < 175.
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By MAPLE’s “easy” factorisation option, we find that, in place of Lemma
8, we have the stronger fact that w < 27” for 36 < n < 175 (with equality when

n = 42). Since 5"/12/22"/7 > n for n > 36, we conclude that Theorem 2 holds

for any value of n > 36. Again, for most values of n in the range 13 < n < 35,
application of Lemma 4 (using ! = 2) is successful. Table 5 features a selection
of values in the range (including all the most delicate cases) for which success
occurs.

’n\m\ P1---Ps \ 1) \ A \q%_m‘
30({10|3-7-11-31-61-71-181-521-1741 - 7621|.3620(537.2| 3125
24|18 3.7-13-31-313-601 - 390001 .4097|266.2| 625
20| 6 3-11-13-41-71-521-9161 .4583|181.0| 625
16| 5 3-13-17-313-114897 5276/ 95.8 | 125
14| 4 3-29-449-19531 - 127 .6299| 54.1 | 125

Table 5: Sieving table for ¢ =5

Indeed, the only values of n > 12 (as we may assume) not covered so far are
those in § := {18, 15, 12}. Finally, MAPLE was used to find relevant weight 2
primitive polynomials for each n € S and each choice of first | % | coefficients as
in Section 5.

8 Primitive Polynomials over Larger Fields

From now on, assume g > 7. As will be evident from the preceding sections, the
most delicate cases occur when n is small (for example, n = 12). As remarked
already, the difficulties for larger n are largely organisational in character. As
noted in Section 1, we can assume n > 12 (except when ¢ (> 4) is even, in which
case we should also check n =6 and 7).

We start by showing that Corollary 6 applies when w := w(g"™ — 1) is suffi-
ciently large. In practice, this means w > 1547.

Lemma 9. Suppose that the positive integer M is such that w(M) > 1547. Then

2w(M) ~ pfis

2

Proof. The 1547-th prime is 12983. By calculation, the product P := H 712

1<12983
(over all primes [ < 12983) is less than 0.91. Since 12983'/12 > 2.2 > 2 it is

evident that
2w(M)

2
s = 1 m =P <t
UM

and the lemma follows.
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To apply Lemma 9, suppose that w := w(g™—1) > 1547. Then (3.7) is satisfied

n . x
whenever ¢"/'? > 3 By considering its logarithm, the function ¢*/'* — = is

increasing for > 12 and positive for z = 12 (indeed positive for z = 6)
provided g > 4. So Theorem 3 holds in this circumstance.

We can therefore assume w < 1546 (and n < 12 - 1546 = 18552). To reduce
rapidly the range of possible values for w, temporarily set w; = 1546. Apply the
sieving inequality as follows. Let [ be the product of the smallest r (distinct)
primes in ¢" — 1, where, in the first instance, r is taken to have the value 10.
(This means of course that it is assumed that r < w < w;.) Thus, in the

notation of Lemma 4, s = w —r < 59 = wy; — r (initially sg = 1536) and
w1 1
6>dp:=1— Z T where [; is the i-th prime. In particular, with the specific
i=rt1 !
-1
values above dyp = 0.02267 (truncating). Set Ay := 2" (80 +2>. Then
0
clearly (4.3) is satisfied whenever
n 6
q> (g AO) " (8.1)

Again by differentiation, it is evident that ¢/ — 3 Ay is increasing for n >

12 (q > 2). Therefore, set qo := 2v/Ay (i.e., the right side of (8.1) when n = 12).
Indeed, with the initial values shown we have ¢y = 16653.6. We conclude that
(4.3) holds (under the above conditions) whenever ¢ > go and we may henceforth
assume that ¢ < |go|. Now suppose that, for an appropriate choice of ws (where,
in the first instance, we select wy = 120), we have wo < w < w;. Then, with
P(j) denoting the product of the first j primes we have

n> [logp(wl)" < FogP(wl)—‘ -
log g log| o]

As the final act of this first round evaluate ¢*, defined as the right side of (8.1)

when n = ng. Indeed, ¢* = 6.836. It follows that (4.3) holds (and so Theorem 3

is valid) whenever ¢ > ¢* and w > wy. In particular, the above figures establish
Theorem 3 whenever w > wy = 120.

[wi[r]so ] 0 | q |o]ws]no] ¢* |
1546|10|1536|.02267(16653.6| |120(66(6.836
119 15| 114 |.12910] 335.1 53 |40(6.854
52 | 4] 48 [.20068| 122.9 40 (33(6.914
39 | 3| 36 [.12170| 96.2 (89|26 |20(18.05
39 | 3| 36 [.12170 17] 26 |32 6.66
25 | 3] 22 [.23051| 54.5 [53|20 |16|22.36
25 | 3| 22 |.23051 19|20 |21]11.53
25 [ 3| 22 |.23051 11| 20 |26| 7.57
25 |3 22 |.23051 7120 |32|5.38
19 | 2| 17 |.10455| 49.8

Table 6: Sieving table for large ¢
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The outcome of Table 6 is that Theorem 3 is established, except possibly for
q one of the 19 prime powers with 7 < ¢ < 49 and w < 19. Indeed, at this last
stage (with r = 2), by amending Jy to take into account the fact that ¢" — 1 is
indivisible by the characteristic p, we can assume that w < 15 and ¢ < 31. Even
then, if we take n > 22 when ¢ = 7 and n > 18 (instead of the calculated value of
ng), we can guarantee that (4.3) holds. For the pairs, (¢,n), 7 < ¢ <31, n <21
or 17 that remain, by obtaining the factorisation of ¢ — 1, we find that most
satisfy either the basic criterion (6) or the sieve inequality (4.3) with [ = 2 or
3, according as ¢ is odd or even, respectively. For example,the latter is satisfied
when ¢ = 8 and n = 6. The pairs (¢,n), n > 12 (allowing also n = 6 when
q is even) that survive to be checked directly are thereby found to be (g,12)
for 7 < q < 13. Here, for the prime values ¢ = 7, 11, 13, for each choice of
first 4 coefficients (28561 choices in the final case), we hunted successfully (as
in Sections 4, 5 and 7) until a primitive polynomial of degree 12 was found
with weight 2 (for ¢ = 7) and weight 1 for ¢ = 11 and 13 (except for a single
weight 2 case #12 — 4219 — 528 + 22 4+ 22 + 2 when ¢ = 11). For ¢ = 9, we
took powers ~*, (i, 9'2 — 1) = 1 with i odd, of a primitive element ~y of F324
(a root of 24 + x'3 4 2% — 1), until all 4-tuples of first 4 coefficients and their
conjugates had been accounted for (as in Section 6). In similar notation to that
used there, we obtained i, = 136103. Finally, for ¢ = 8, the same primitive
element of Fy24 was used as in Section 6. On this occasion, every time a new
4-tuple of first coefficients is obtained, two further conjugates are also accounted
for. In this way, we obtained i,, = 91901. Interestingly, some 4-tuples in Fy are
the last to emerge in the search, namely (0,1,0,0) (¢ = 56423); (1,1,1,0) (i =
61267); (1,0,1,1) (: = 75151); (0,0,0,1) (¢ = 91901). This completes the proof
of Theorem 3.
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Abstract. The design of large classes of highly nonlinear resilient vecto-
rial functions (mappings from F3 into F3*, also called S-boxes) is needed
for iterated block ciphers and for pseudo-random generators with mul-
tiple output. In this paper, we recall the diverse known constructions
of such S-boxes, and we show that those which provide good candidate
functions are, in fact, all in the same class. This class corresponds to a
generalization of a well known construction due to Maiorana and Mac-
Farland. We study in detail this construction and we specify it to obtain
good S-boxes. In a second part, we generalize to S-boxes the notion of
covering sequence. We show that this generalization has the same prop-
erties as for Boolean functions, and that it has nice additional properties
of stability. We study how this notion can be used to design attacks, and
we explain why some functions, including the elements of the new class,
cannot be involved in the construction of iterated block ciphers.

1 Introduction

Cryptographic encryption schemes are divided into two main classes: blocks ci-
phers and stream ciphers. Block ciphers, as DES or AES, are the compositions
of several rounds. Each round involves vectorial functions from the binary vector
space FJ into the vector space F5*, also called S-boxes or (n, m)-functions (the
parameters n and m of (n, m)-functions used in block ciphers are often chosen
to be equal). To protect these cryptosystems from attacks (such as linear [31]
or differential attacks [2]) these (n,m)-functions must have, in general, a high
algebraic degree and a high nonlinearity.

Pseudo-random generators in stream ciphers involve a Boolean function to com-
bine the outputs of several linear feedback shift registers or to filter the contents
of a single one. To speed up the encryption and decryption of these stream ci-
phers, one can try to replace respectively the Boolean combining - or filtering -
function by a vectorial one. To prevent some kind of attacks called fast correla-
tion attacks against stream ciphers, the functions involved, Boolean or vectorial,
must have a high algebraic degree and a high nonlinearity. Moreover, in the par-
ticular case of stream ciphers with combining generator, they must also satisfy

G. Mullen, A. Poli and H. Stichtenoth (Eds.): Fq7 2003, LNCS 2948, pp. 215-248, 2003.
© Springer-Verlag Berlin Heidelberg 2003
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another property called high resiliency. In addition to fast correlation attacks,
algebraic attacks, based on the low degree approximation/decomposition, have
been introduced (see [15,21]) against all these systems involving either Boolean
or vectorial functions as cryptographic primitives. Among the classical criteria
(algebraic degree, nonlinearity and resiliency) only the degree seems related to
the resistance of a cryptosystem against algebraic attacks; and it is still neces-
sary to define all new relevant criteria.

The construction of highly nonlinear balanced vectorial functions (resp., the
construction of highly nonlinear resilient vectorial functions) is needed to de-
sign secure block ciphers or stream ciphers with filtering multi-output generator
(resp. secure stream ciphers with combination multi-output generator). More-
over, the class of functions constructed for any given nonlinearity and any given
resiliency order, must be sufficiently large to allow cryptographers to choose
functions satisfying additional criteria more specific to the implementation.

We will show that all known constructions of highly nonlinear (n, m)-functions
(resilient or not) can be obtained as special cases of a single general construc-
tion. This construction is a generalization to the vectorial case of the Maiorana-
MacFarland construction. We recall the known facts about this construction,
giving a general construction including all the previous constructions introduced
in [23, 25,29, 34]. We show that, for m > n/2, this construction does not allow to
design directly resilient highly nonlinear (n, m)-functions, and we give a way to
use vectorial Maiorana-MacFarland functions to design, by concatenation, such
(n, m)-functions with parameters satisfying m > n/2. This is the only known
primary construction of a large set of resilient highly nonlinear (n, m)-functions
with m > n/2.

In a second part, we generalize to vectorial functions the notion of covering
sequences introduced in [11] and we explain how some covering sequences could
be used to attack iterated block ciphers. We show that Maiorana-MacFarland
functions extended by concatenation admit covering sequences which can be used
to attack iterated block ciphers involving them in the round functions, when the
round key is introduced by addition (which is the most usual way of introducing
it).

2 Notation and Preliminaries

We will have to distinguish in the whole paper between the additions of integers
in R, denoted by + and )_,, and the additions mod 2, denoted by @ and ,.
For simplicity and because there will be no ambiguity, we will denote by + the
addition of vectors of F} (words) and of elements of fields Fon with n > 1.

We call (n, m)-function any mapping F from F% into F5*. If m equals 1, then
the function is called Boolean and we will denote by B,, the set of all Boolean
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functions defined on 3.

Denoting the all-zero vector by 0, we call support of F' and we denote by Supp F
the set {x € F§/F (z) # 0}. Let #E denote the cardinality of any set E. An
(n, m)-function F is said to be balanced if every element of y € F}* admits the
same number 2"~ ™ of pre-images by F, that is #{x € F}; F(z) =y} =2""".

To every (n,m)-function F', we associate the m-tuple (f1, -, fm) of Boolean
functions on F, called the coordinate functions of F', such that we have F(z) =

(fl(x)ﬂ 7fm(x))

Every (n,m)-function F admits a unique representation as a polynomial over
F5* in n binary variables of the form:

F(xy, - ,x,) = @ aIHaci, ar € F3'.

IC{1n} el

This representation is called the algebraic normal form (AN.F.) of F. We will
call (algebraic) degree of F' and denote by deg F' the degree of its A.N.F. It equals
the maximum algebraic degree of its coordinate functions or more generally of
the linear combinations of its coordinate functions. But a low minimum degree
of the nonzero linear combinations of the coordinate functions of F' can be used
to cryptanalyse a system. So we also define a second notion of degree which will
be called minimum degree, defined by

deg,,(F') = min deg(v-F).
veFy

To make easier the study of the properties of F', we classically introduce the
sign function yr of F defined as xp(z,v) = (=1)""F@® (if F is Boolean, the sign
function is defined by xp(z) = (=1)F®).

For any numerical function ¢ on F5, the discrete Fourier transform of ¢, denoted
by @, is a bijective transformation defined by @(u) = Zme]Fg px)(=1)"*, u €
F2. It satisfies the following relation

b= 2"p. (1)

The Fourier transform of the sign function of a Boolean function f (that we will
call Walsh transform of f) is the integer valued function Y7y, defined on F% by
the formula:

)/(?(U) = Z (71)f(96)+u-m _ Z (71)]‘(1)@71490 ) (2)

zeFy zeFy

More generally, if F is an (n,m)-function, then its Walsh transform, Y, is
defined on Fy x F5* by the formula:

T (0,0) = Gop(w) = 3 (1) PO+, )

z€Fy
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Every numerical function ¢ satisfies Parseval’s relation

Y Fw=2" ) P, (4)

u€Fy u€Fy

and in the case of the Walsh transform of an (n,m)-function F, this relation
becomes:
Vo e FY, Y Xpt(u,v) = 22" (5)

ueFy

We recall now the definition of the convolutional product between two numerical
functions ¢ and ¥ on F5. It is denoted by ¢ ® ¢ and defined on F5 by:

(p@)(2)= Y ¢la)¢(z+a). (6)

acFy

A well-known fact is that the Fourier transform of ¢ ® 9 equals the product of
© and 1, that is:

PRY=oxY. (7)
Another useful tool for studying a function F' is the notion of derivative. The
derivative of F' with respect to a vector a € F} is the (n, m)-function D, F : x —

F(2)+4 F(z+a). The derivatives play an important role in cryptography, related
to the differential attack [2].

The nonlinearity of a function F' is one of the parameters which quantify, from
the viewpoint of the Hamming distance, the level of confusion put in the system
by the function (another such parameter is the degree). The nonlinearity of a
vectorial function F' is defined as the minimum Hamming distance between the
nonzero linear combinations of the coordinate functions of F' and the set of all
affine functions. Cryptographic functions used in stream or block ciphers must
have high nonlinearities to prevent these systems from linear attacks (see [1, 6,
16,22, 31, 33]).

For every (n,m)-function F, the nonlinearity Ng and the Walsh transform xp
satisfy the relation:
1

Np=2""1_-2 max
2 u€Fy weRy*

X (u,0) . (8)

Because of Parseval’s relation (5), Ng is upper bounded by 27~ — 27/2=1 for
every (n,m)-function F. If n is even and m < %, then this bound is tight
(see [34]). The functions achieving it are called bent. Chabaud and Vaude-
nay proved in [12] that the nonlinearity Nz is also upper bounded by 2771 —

%\/3 X 2n —2— 2%. This bound equals 2! — 27/2=1 if and only

if m = n — 1 and it is better than 2"~ — 27%/2=1 if and only if m > n. If
m = n (the only case of tightness), then Chabaud Vaudenay’s bound implies
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that the maximum possible nonlinearity of any (n,n)-function is upper bounded
by 271 — 2”7 . The functions achieving this nonlinearity are called almost bent
and exist only when n is odd. In the other cases (when m = n and n is even
or when m < n < 2m), the maximum values achieved by the nonlinearity are

unknown.

We note that (n, m)-functions are used in fault-tolerant distributed computing,
quantum cryptography key distribution and random sequence generation for
stream cipherss. To resist divide-and-conquer attacks, these functions have to
be balanced and to stay balanced if any ¢ of the inputs are fixed (where ¢ is
an integer as large as possible). This property is called t-resiliency, and we call
resiliency order of a balanced function the maximum value of such ¢. Resiliency
can be characterized by means of the Fourier transform :

Proposition 1. [4, 42] An (n,m)-function F is t-resilient if and only if its
Walsh transform satisfies Xr(u,v) = 0 for every pair (u,v) € FZ x FJ* such
that v # 0 and wy (u) < t, where wy denotes the Hamming weight.

Remark 1.

1. A function is balanced if and only if it is O-resilient, that is: x¥#(0,v) = 0 for
any non-zero vector v € FJ*,

2. If G is a t-resilient (n,m)-function and P is a permutation on F5*, then the
resiliency order of the (n,m)-function F' = P o G is at least ¢.

According to Proposition 1, an (n, m)-function F is ¢-resilient if and only if every
nonzero linear combination of its coordinates, denoted by v - F' where v belongs
to F**, is t-resilient. On the other hand, as observed by Camion and Canteaut
in [4], an (n, m)-function F is t-resilient if and only if for every balanced Boolean
function g € B,,, the Boolean function g o F' is also t-resilient.

We will call (n, m,t)-function an (n,m)-function which is ¢-resilient.

In the sequel we will need the next well known proposition, introduced by
Rothaus in 1976 (see [37]) to define a simple iterative construction of bent func-
tions and which has been generalized some years after to design highly nonlinear
resilient functions.

Proposition 2. Let G and H be respectively an (r, m,t1)-function and an (n —
r,m,ta)-function. Then the (n,m)-function F defined by F(x,y) = G(z)+ H(y)
is (t1 + ta + 1)-resilient and its nonlinearity equals

11 Y _
2» - = max |XG(U7U)XH(U/3U)|7
2 (u,u’)EFE XFy ~ " weFy*

which is lower bounded by 2"~! — 1 (2" — 2Ng) (2" — 2Ny).
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Proof. For every pair (u,u’) of F5 x F3™" and for every nonzero vector v of F5*,
we have:

)G((u, u/)’ U) _ Z(w,y)ng><]F;L”'(_1)1).G(r)+vhH(y)+u‘r+u -y

= (Saeay (1777 (g (1) 07)

= Xa (u, v)Xa (u',v).

We deduce that Xr((u,u’),v) is nonzero if and only if ¢ (u,v) and Yz (v, v)
are nonzero: this implies that F' is (¢1 + t2 4+ 1)-resilient. By applying Equation
(8), we obtain the nonlinearity of F.

3 Maiorana-MacFarland Functions

3.1 Boolean Case

In [5], Camion, Carlet, Charpin and Sendrier introduce a modification of the
construction of Maiorana and MacFarland of bent functions (given in [19, 32])
whose elements, viewed as binary vectors of length 2", are the concatenations of
affine functions.

Definition 1. [5] The class M, is the set of Boolean functions f of the form:

fon(z,y)=2-9(y)©h(y) , 9)

where r and s are any positive integers such that r + s = n, ¢ is any function
from F5 into F5 and h is any Boolean function on IF3.

A function fyp € M, is t-resilient if and only if, for every vector u € F5 of
Hamming weight lower than or equal to t, either the set ¢~! (u) is empty or
the function y € F§ — h(y) @ u’ - y is balanced on ¢! (u) for every vector
u’ € F§ of Hamming weight at most ¢ —wg (u). Indeed, as shown in [5], for every
u € Fj and every v/ € F3, we have xy, , (u,u/) = 2" Zy@,l(u)(—l)h(y)*‘“/'y
since every (affine) function x — fy 1 (z,y) Du-x du' -y either is constant or is
balanced and contributes then for 0 in the sum 3, cpr  cns (—1)fon(@y)Surdu’y
A sufficient condition for fy, being t-resilient is that every element in ¢(F3)
has Hamming weight strictly greater than ¢. This condition does not involve the
function h. Another sufficient condition is that every element in ¢(F§) has weight
at least ¢t and that, if it has weight ¢, then it admits two inverse images y; and
y2 by ¢, and that h(y1) = 0, h(y2) = 1. The nonlinearity of a Boolean function
fon : FoxFs > Fyin M, equals 2" —2""1  max | Z (=1)rw)+u"y|
(u,u’)€Fy xF —
yEP™! (u)
When ¢ is injective (resp. takes exactly two times each value of Im ¢), then this
nonlinearity equals 2"~ — 2"=1 (resp. 2"~ — 2"). Also, as proved in [9, 39], the
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nonlinearity of every Boolean function f, j defined as in Equation (9) satisfies

2" = 2 max (#67 (w) < Ny, <
ucts

gn—1 _gr=1 ’V max#d)l(u)—‘ . (10)

u€lFy

If every element in ¢(IF5) has Hamming weight strictly greater than k (fy 5 is
then t-resilient with ¢ > k), then Ny, , satisfies also the following relation [9]

n—1 r—1 28/2
Np, 2077 =270 | e | . (11)

Yickr (§)

The functions fg p such that the Hamming weight wg (¢(y)) is strictly greater
than ¢ for every vector y € 5 can be viewed as the concatenations of ¢-resilient
affine Boolean functions. More generally, the concatenation of any t-resilient
functions produces also t-resilient functions (this property has been used for in-
stance in [38]).

3.2 Multiple-Output Case

The design of resilient vectorial functions by generalizing the construction of
Maiorana and MacFarland is natural. One can find a first reference of such a
construction in a paper by Nyberg [34] published in 1991. This technique has
been used later by Kurosawa et al. [28], Johansson and Pasalic [25], Pasalic
and Maitra [29] or more recently (presented as a new technique) by Gupta and
Sarkar [23] to produce functions having high resiliency and high nonlinearity.
However, a general study of vectorial Maiorana-MacFarland functions has never
been done. The aim of this section is to recall what can be said about these func-
tions by simply extending the properties of the Maiorana-MacFarland Boolean
functions to the multi-output case. As a direct consequence of this study, we
will show that all the constructions of vectorial Maiorana-MacFarland functions
presented in the references cited above belong to a unique class.

The construction of ¢-resilient linear functions is easy: Stinson [40] considered
the equivalence between linear resilient functions and what he called large sets
of orthogonal arrays and the works of Delsarte [17,18], in which is studied the
relationship between orthogonal arrays and codes, can then be used to straight-
forwardly establish the connection between linear ¢-resilient functions and linear
codes. The main result of these characterizations is that there exists a linear
(n,m, t)-function if and only if there exists a set of 2™ disjoint binary arrays of
dimensions 2"~™ x n, such that in any ¢ columns of the arrays, every one of the
2! elements of % occurs in exaclty 2"~ rows and no two rows are identical or
equivalently if and only if there exists a linear [n,m,t + 1] code (i.e. a subspace



222 Claude Carlet and Emmanuel Prouff

of F4 of dimension m whose nonzero elements have Hamming weights greater
than or equal to ¢t + 1).

We will focus more particularly in this paper on the definition of resilient linear
functions from linear codes. Let us first recall that the generator matrix of a
linear [n, k,d] code C is the matrix G such that every element x of C' can be
written in the form w x G, where u is a k-dimensional vector. In [14], Chor et
al. state the following proposition, which is a direct consequence of the works of
Delsarte [17,18] and of the characterization of linear ¢-resilient functions with
orthogonal arrays established by Camion et al. [5] for the Boolean case and by
Stinson [40] for the vectorial one.

Proposition 3. Let G be a generating matriz for an [n,k,d] linear code C.
Define L : T} + F% by the rule L(x) = z x GT, where GT is the transpose of G.
Then L is an (n,k,d — 1)-function.

Remark 2. Proposition 3 is still trivially true if L is affine instead of linear, that
is L(z) = 2 x G* + a, where a is a vector of F5.

Notice that the construction of ¢-resilient functions in Proposition 3 can be gener-
alized by considering some nonlinear codes of length n (subsets of F}) whose dual
distance d' is greater than or equal to ¢ + 1 (see [41,8]). The dual distance of a
code C' of length n is the smallest positive integer ¢ such that the coefficient of the
monomial X" ™'Y in the polynomial >, (X +Y)rwa@ty) (X —y)ws (@ty)
is nonzero (when the code is linear, the dual distance is equal to the minimum
Hamming distance of the dual code).

Since one has, with Proposition 3, a simple way to design t-resilient vecto-
rial affine functions, it is natural to generalize the construction of Maiorana-
MacFarland by concatenating affine vectorial functions as we did for Boolean
functions.

Definition 2. The class My, ., is the set of (n,m)-functions F which can be
written in the form:

e11(y) - pim(y)

F(x,y) =x % + H(y), (z,y) € F§ x F3 (12)

sm.(y) - somé(y)

where v and s are two positive integers satisfying r + s = n, H is any (s,m)-
Junction and, for every index i < r and every indexr j < m, wi; is a Boolean
function on F§ .

We will call Maiorana-MacFarland’s vectorial function any function which can
be written as in Equation (12). We recalled above that the concatenation of ¢-
resilient functions is still ¢-resilient. Hence, due to Proposition 3, if the transpose
matrix of the matrix involved in Relation (12) is the generator matrix of a linear
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r,m, d]-code for every vector y ranging over F3, then the (n, m)-function F is
2
(d — 1)-resilient.

Any function F belonging to M,, ,,, can be written in the form:

F(x,y) = (@ zipn(y) ® hi(y), ..., @xmm(y) @ hm(y)> (13)

where H = (hy, ..., h).

After denoting, for every i < m, by ¢; the (s,r)-function which admits the
Boolean functions 1, ..., @; for coordinate functions, we can rewrite Retation
(13) as :

Fz,y)=(z-d1(y) @ha(y), - 2 dm(y) ® hm(y)) - (14)

Remark 3. Relation (14) is a simple generalization of the construction of bent
(n, m)-functions from Boolean Maiorana-MacFarland’s functions which has been
proposed by Nyberg in [34] and restated by Chabaud and Vaudenay in [12].

As a direct consequence of Proposition 3 for instance, we have:

Corollary 1. Let n, m, r and s be three integers such that n =r +s. Let F' be
an (n,m)-function in My, n, such that, for everyy € F5, the family (¢;(y)),<,, s
a basis of an m-dimensional subspace of F5 having t+ 1 for minimum Hamming
weight, then F is at least t-resilient.

Remark 4. Notice that a t-resilient (n, m)-function F' € M,, ,, cannot be de-
signed applying Corollary 1 when m is strictly larger than r, since in this case,
it is impossible to design m vectors ¢1(y), ..., ¢m(y) of F5 which are linearly
independent.

According to the facts about the Walsh transform of the Boolean Maiorana-
MacFarland functions recalled in Section 3.1, the coefficients of the Walsh trans-
form of the (n, m)-functions F' belonging to M,, ,, (where n = r + s) take the

form )
Xr((uu'),0) =27 > (—1)vH@rey, (15)

YEE, v

where (u,u’) is a pair in F} x F5, v is an element of F5** and E,, ,, denotes the
set {y € F3; 370 vidi(y) = u}.

Remark 5. Let fi, ..., fm denote the m coordinate functions of an (r + s, m)-
function F' defined as in Relation (14) (i.e. fi(x,y) = z-¢:(y)®hi(y), i = 1, ...,m).
By using the known properties of Boolean Maiorana-MacFarland functions, we
obtain straightforwardly that F' is t-resilient if and only if, for every v € FJ**
and for every pair (u,u’) € F4 x F5 of Hamming weight lower than or equal to
t, one of the two following conditions is satisfied:

1. the set E, , is empty,
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2. the Boolean function y € F§ — v - H(y) ® v’ - y is balanced on E, ,,.

However, because the vector v is involved in these two conditions, this character-
ization is not easy to use for designing resilient Maiorana MacFarland’s vectorial
functions.

Due to Relations (8) and (15), the nonlinearity Ny of any function F' € M,, .,
(where n = r 4 s) defined as in Relation (14) satisfies

Np =212t max S (- H@EYE (1)

u,u’)EFL xF3 weFm*
( )EF xF3, 2 YEE, »

Because of the vector v € F5** involved in Relation (16), the construction of a
highly nonlinear Maiorana-MacFarland vectorial function is more difficult than
in the Boolean case. In the next proposition, we give the upper bound and the
lower bound on the nonlinearity of Maiorana-MacFarland functions, which come
directly from Relations (10) and (11).

Proposition 4. Let F' be an (n,m)-function defined as in (14). Then, the non-
linearity Ng of F satisfies

o=l _or=1  max E,,) <N
u€Fy veFy* (# u,v) =F

<gn—l_or-t E,.|. (7
- { uEFrgI,lgé{F;"*# u’v—‘ (17)

Assume that, for every element y, the space spanned by the vectors ¢1(y), ...,
dm(y) admits m for dimension and has a minimum Hamming weight strictly
greater than k (so that F is t-resilient with t > k). Then, we have

9s/2
Np<onl_or-t|__ = |, (18)

Pizkr (7)

Proof. By definition of the nonlinearity of F', we have Nr equal to min,epy+ Ny. .
Hence, we have Np = N,,.r for some nonzero vg. We deduce Np > 27~ —
2"t maxyepy very (#Fu,0), according to the lower bound in Relation (10).

If the inequality Np < 271 —27—1 [\/maxueyg,veyg* #E, ] was not satisfied,
there would exist a nonzero vector v such that N,.rp < Np, according to the
upper bound in Relation (10); a contradiction.

Inequality (18) is a direct consequence of Inequality (11).

In the following proposition, we specify the functions ¢; in order to obtain func-
tions whose nonlinearity can be easily computed.

Proposition 5. Let F' be an (n, m)-function defined as in Equation (14).
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1. If, for every vector v € F5*, the (s,r)-function y — Y., vi$;(y) is injec-
tive, then F admits 2"~! — 27=1 for nonlinearity.

2. If, for every vector v € F5**, the (s,r)-function y — Y .. vi¢;(y) takes
exactly two times each value of the image set (let us say in the sequel that
such function is two-to-one), then F admits 2"~ — 2" for nonlinearity.

Proof. If all the functions y — .., v;¢;(y) are injective (resp. take exactly
two times each value of the image set) when v is a nonzero vector of F3", then
all the sets E,, ,, as defined in Equation (15) are empty or reduced to a singleton
(resp. to a pair). We deduce that the maximum achieved by |Xr| on F} x F5**
equals 2" (resp. 2"t1) and, according to Equation (8), we conclude that Np
equals 2"~ — 271 (vesp. 2771 — 27).

Remark 6. The injectivity (resp. the two-to-one property) of the (s, r)-functions
Y= D iem Vidi(y) (v # 0) implies s <7 (resp. s < r + 1).

The aim of the following Lemma, proposed by Johansson and Pasalic, is to give
a way to specify the vectorial functions ¢1, ..., ¢,, to ensure that their nonzero
linear combinations satisfy the first hypothesis of Proposition 5.

Lemma 1. [25] Let C be a binary linear [r, m,t+1] code (m <) and let cq, ...,
cm be a basis of C. Let a be a primitive element in the finite field Fom and let Ly
be the linear function from Fam into C defined by Ly (312, a;a™') =31 ac;.
Define m — 1 funtions L;, i = 2,...,m, such that for every 0 < k < 2™ — 2,
Li(a®) = Li(a**"=1). Then, for every vector v € FJ**, the function z € Fom
St vili(2) is a bijection from Fom into C.

Proof. Since cy, ..., ¢y is a basis, L; is a bijection. For every vector v € F§* and
every element z of Fom, we have

m

Z ’UiLi(Z) = L1 ((Z UiOéi_l) Z)

The vector v being nonzero, the element 2221 v;0~ ! is nonzero. Hence, the

function z € Fom — >0 v;L;(2) is a bijection.

Remark 7. Note that, more generally, if 31,..., 8, is a basis of Fom, and if Lg
is a linear isomorphism between Fom and C, then the functions L;(z) = Lo(8;2),
i =1,...,m, have also the property that, for every vector v € FJ**, the function
z € Fom — > v;Li(2) is a bijection from Fom into C.

Since we have L1(0) = L2(0) = ... = L;,(0) = 0, the functions Ly, ..., Ly, do not
satisfy the hypothesis of Corollary 1 (i.e. the vectors Lq(2), ...., L;y(z) are not
linearly independent for every z € Fam ). A solution to derive a family of vectorial
functions satisfying the hypothesis of Corollary 1 and one of the two conditions
of Proposition 5 is then to right-compose the functions L; with a same injective
- or two-to-one - function 7 from I3 into IF5,.. Then, for every nonzero vector
v € F5**, the function y € F§ — >, v;L;[w(y)] is injective - or two-to-one -
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from F§ into C*.

For any m-tuple (L1, ..., L,,) of linear functions from Fom into an [r,m,t + 1]
code defined as in Lemma 1, and for any function 7 from Fj into .., Relation
(12) can be rewritten

biyom(y) -+ limom(y)
grl © 7T(y) U grm o W(y)

where H is any (s, m)-function and ¢;; denotes the j-th coordinate function of L;.

As we show in the following proposition (which is a more general presentation of
the results obtained by Johansson and Pasalic in [25], who considered only the
case 7 injective), the nonlinearity and the resiliency of (n,m)-functions defined
as in (19) can be easily computed for every function = from Fj into F3,.. It can
be high if 7 is injective or two-to-one.

Proposition 6. Let C' be a linear [r,m,t + 1] code and let Ly, ..., L, be m
functions defined as in Lemma 1 with respect to C. Let s be any integer, let
be any function from F5 into F5.. and let H be any (s, m)-function. Then, the
(r + s,m)-function F' defined with respect to the functions L1, ..., Ly,, 7 and H
as in (19) admits at least t for resiliency order and its nonlinearity satisfies:

Np =2rts=1 _gr—1 max > (= HOEY o (20)
2€F%, ,u’ € XF5,veF™
yen—i(z)

If 7 is injective, then s must be strictly lower than m and Np equals 277571 —
or—1,

If m is two-to-one, then s must be lower than or equal to m and Ng equals
2T+S—1 _ 21”'

Proof. For every nonzero vector v € F3' and every vector y € F3, the linear
combination Y_i", v;[L; om](y) belongs to the [r, m,t+1] code C and is nonzero,
since 7(y) never equals zero. We deduce that the vectors Lq[m(y)], ..., Lm[m(y)]
form a basis of C, which implies, according to Corollary 1, that F is at least
t-resilient.

On the other hand, let « be a primitive element of Fom and let z denote the
vector m(y). For every nonzero vector v € FJ' and every vector u € C* the

equation
m m
ZviLi(z) =1 (Z viza’_1> =u
i=1 i=1

admits exactly one solution 2 in F3,., since L; is a bijection from F%,. into C*.
Hence, we deduce that E, ., = {y € F5; >.I", v;Li[r(y)] = u} equals 7 *(z)
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and then, according to Relation (16), we obtain (20). As a direct consequence
of Proposition 5, we deduce the nonlinearity of F' for the case 7 injective or
two-to-one.

Let F be an (r + s, m)-function defined as in (19) with an injective (resp. two-
to-one) function 7. Since s must be lower than or equal to r in Proposition 6,
we deduce that the smaller is the difference r — s = 2r —n > 0, the larger is the
nonlinearity, 27=1 — 271 (resp. 2"~1 —27), of F. Hence, if we want to construct
functions based on Lemma 1 and having the best tradeoff between nonlinearity
and resiliency, then we have at the same time to maximize the distance t + 1
of the [r,m,t + 1] code and to minimize the value of r (which is greater than
or equal to n/2). In what follows we give a first construction of resilient highly
nonlinear mappings (already described but in more particular ways in [12, 23,
25,29, 34]; Johansson and Pasalic [25] or Maitra and Pasalic [29] only consider
7 as an injective function, whereas Nyberg [34], as Chabaud and Vaudenay in
[12], focus on the design of bent functions and Gupta and Sarkar consider only
one very specific function 7 as shown in Proposition 7).

Construction 1

Given two integers m and r (m < r), construct an [r, m, t+ 1]-code C such that ¢
is as large as possible (Brouwer gives in [3] a precise overview of the known codes
and of the known bounds on the parameters of these codes). Then, define m linear
functions L1, ..., L,, from Fom into C as in Lemma 1, or as in the remark which
follows it. Choose an integer s strictly lower than m (resp. lower than or equal
to m) and define an injective (resp. two-to-one) function = from F$ into F3...
Choose any (s, m)-function H and denote r 4+ s by n, then the (n, m)-function
F whose coordinate functions are defined by f;(z,y) = x - [L; o 7] (y) ® hi(y) is
t-resilient and admits 2"~1 — 27! (resp. 2"~! — 27) for nonlinearity.

Remark 8. In Construction 1, the parameters r, m and s must satisfy either the
relation s < m < r if 7 is injective or the relation s < m < r if 7 is two-to-one.
And the smaller is r > n/2, the larger is the nonlinearity.

Johansson and Pasalic use in [25] a second construction based on Lemma 1 and
involving a family of nonintersecting codes, that is a family of codes having the
same parameters (same length, same dimension and same minimum distance)
and whose pairwise intersection is always reduced to the null vector. In what
follows, we give a formalization of this construction and we improve it by con-
sidering not only injective functions but also two-to-one ones.

Construction 2

Let (Cj), <y be a family of N nonintersecting [r,m,t 4 1] codes. For every

code C}, define a family (ng ]> of linear functions as in Lemma 1. Let
1<i<m

s be the greatest integer lower than or equal to logy(N x (2™ — 1)) (resp. to
logy (N x (2™ — 1)) + 1). Let (E;), ., be a partition of F§ such that #FE; <
2m — 1, for i = 1,..., N (due to the choice of s, such partitions can always be
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defined). Define a function 7 from F§ into F3. whose restriction to each E;,
i = 1,...,N, is injective (resp. two-to-one). Choose any (s, m)-function H and
let n denote the sum r+s, then the (n, m)-function F' whose coordinate functions
are defined by

fies) = - | D205, ) x [ oml(y) | @ hul),

where, for every j < N, g, denotes the indicator function of the set £; (defined
by 6g;(y) = 1if y € E; and dp,(y) = 0 otherwise), is at least t-resilient and
admits 271 —2"~! (resp. 2"~ —2") for nonlinearity (the codes have been chosen
having a pairwise intersection reduced to {0} in order to ensure the injectivity
(resp. the two-to-one property) of the functions y — Zjvzl o, (y) x [LEJ] om|(y),
i=1,...,m).

In Construction 2, the value s can be larger than or equal to m. Clearly, the
smaller is the value m and the easier is the definition of a large set of nonin-
tersecting [r,m,t + 1] codes (Johansson and Pasalic give in [25] a lower bound
on the cardinality of such a family of codes related to the parameters r, m and
t). Notice that, when m is close to r and ¢ is high, it is sometimes possible
to define a unique [r,m,t 4+ 1] code whereas it becomes impossible to define
more than one nonintersecting code (in these cases, Construction 2 does not im-
prove Construction 1, since the family of nonintersecting codes is reduced to one
element). Johansson and Pasalic give in [25] numerical examples of ¢-resilient
(n, m)-functions defined with Construction 2 for an injective function 7, whose
nonlinearity is strictly better than the nonlinearity of any (n,m)-function de-
signed as in Construction 1 for the same parameters n and ¢. However, this
construction is often worse than Construction 1 for large resiliency orders. In-
deed, in order to define N nonintersecting [r, m, t+ 1] codes in F%, the parameter
r must be clearly greater than or equal to N x m, whereas the parameter ¢
satisfies ¢ < m. Hence, the (r + s, m)-functions designed should be defined in a
vector space of cardinality at least 2Vt in order to have a resiliency order equal
to t. Moreover, the difference r — s, that we want to minimize is lower bounded
by N x m —log,(N x (2™ — 1)) (resp. N x m — log,(N x (2™ — 1)) — 1), that
is approximatively by (N — 1) x m — log,(N), and this lower bound increases
quickly with N (i.e. with the numbers of nonintersecting codes considered).

3.3 Other Constructions of Highly Nonlinear Resilient
Vectorial Functions, Based on the Same Principle as the
Maiorana-MacFarland Construction

Two constructions of highly nonlinear resilient vectorial functions respectively
based on elliptic curves theory and on the trace of some power functions z — 2%
on finite fields, have been designed respectively by Cheon [13] and by Nyberg
[34-36] (see also Khoo, Gong [26]). However, it is still an open problem to design
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highly nonlinear functions with high algebraic degree and high resiliency order
with Cheon’s method. On the other hand, the number of functions which can
be designed by Nyberg and Cheon’s methods are very small and the resiliency
of the designed functions is difficult to study.

In fact, there exist actually only two main constructions of a large set of resilient
highly nonlinear mappings: the Maiorana-MacFarland construction recalled in
Section 3.2 and a second one proposed by Zhang and Zheng in [43, 44]. Zhang and
Zheng’s construction consists in the composition of a linear resilient (n,m,t)-
function with a highly nonlinear permutation on F5* and it is based on the second
part of Remark 1. Since it assumes the existence of a previously defined highly
nonlinear function, it is a secondary construction.

Construction 3 [44] Let L be a linear surjective (n, m,t)-function and let G be
an (m, k)-function whose nonlinearity is denoted by N¢. Then the (n, k)-function
F = G o L is t-resilient, admits 2"~™Ng for nonlinearity (where Ng denotes
the nonlinearity of G) and its degree is the same as that of G.

Remark 9. In [23], Gupta and Sarkar modified the Zhang, Zheng Construction
3 to design nonlinear functions with degree d > m. The first construction of
highly nonlinear (n,m)-functions with algebraic degree strictly greater than m
was obtained by Cheon in [13] by combining linear codes with inverse linear
functions on finite field. But Gupta and Sarkar achieved this in an easier way by
simply dropping some output bits in functions defined as in Construction 3.

Clearly, the nonlinearity of an (n,m,t)-function F' = G o L constructed using
Construction 3 is maximal if the nonlinearity of G is maximal. Hence, if G is a
permutation, then due to Chabaud-Vaudenay’s bound recalled in section 2, the
nonlinearity Nz of F is upper bounded by 27~ (2m~! o5 )y =2t _on- 3 ,
this bound being tight if and only if m is odd and G is almost bent. In [44], tak-
ing for function G the inverse function = + x~! on the finite Field Fom studied
by Nyberg in [36], Zhang and Zheng obtained ¢-resilient functions having a non-
linearity greater than or equal to 2"~ — 2"~™/2 and having m — 1 for algebraic

degree.

The linear (n, m)-functions involved in the construction of Zhang and Zheng in-
troduce a weakness which could be used to attack a system implementing them
as cryptographic functions (for instance, it has been proved in [10] that their
unrestricted nonlinearity is null and then, that this kind of functions cannot be
used as a multi-output combination function in stream ciphers). However, this
drawback can be avoided by concatenating such functions (obtained through
Construction 3). Recall indeed that the concatenation of t-resilient functions
is t-resilient. And a good nonlinearity can be obtained by concatenating func-
tions with disjoint Walsh supports. We obtain this way a modified Maiorana-
MacFarland’s construction.
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All the other primary constructions presented in [25,28,29,35] are based on
Construction 1. As we show in what follows, the recent construction of (n,m,t)-
functions defined by Gupta and Sarkar and presented as better than the pre-
viously known constructions are also obtained as a particular application of
Construction 1 and is a secondary construction, since it assumes the existence of
previously defined highly nonlinear functions. Les us recall Gupta and Sarkar’s
Construction.

Proposition 7. [23] Let C be an [r,m,t+ 1]-linear code and let Ly, ..., L, be
m linear functions defined as in Lemma 1 with respect to C' and with a primitive
element a of Fom. Let s be an integer strictly lower than m and, for any integer
p, denote v + s + p by n. Define a function T from F§ into Fi. by 7(y) =
a21§i£sy7‘2171, then, for any (p,m)-function H, the (n,m)-function F' whose
coordinate functions f; are defined by fi(x,y,y') = x - [L; o 7](y) & hi(y') is
t-resilient and admits 2"~ — 2771 (2P — 2Ny for nonlinearity.

In Proposition 7, let 7 denote the function defined from F§ x F% into F3.. by
m(y,y’) = 7(y). On the other hand, let H' be the (s + p, m)-function defined by
H'(y,y’) = H(y'). Then, the coordinate functions of the function F defined in
Proposition 7 can be rewritten f;(z, (y,y’)) = - [Lio7|(y,y’) ® hi(y,y’). Thus,
the functions defined by Gupta and Sarkar belong to M, ,,, and are particular
cases of Relation (19). The resiliency of the constructed functions is clearly a
direct consequence of Lemma 1 and one can already notice that Proposition 7
remains true if one assumes that the function 7 is any injective or two-to-one
function (in this case the value s in Proposition 7 can be equal to m) instead of

the function y € F§ — aXigica 427 Applying Equation (20) to F, one obtains

Np = orts+p=1 _gr—1 max E (_1)v‘H/(y7y’)+u/~y+u”‘y/ )
zelem,vE]Fg"*
(u,u'’)€Fg xFh yer—1(z)

For every z € Fam, we have 77 1(2) = 771(2) x F, if z € 7(F3) and 7 () = 0
otherwise. Since 7 is injective (resp. two-to-one) from F§ into F3.., we deduce
that Eyeﬂ,l(z)(—l)”ﬂ (wy)+tuty+u™y" can be rewritten

Z (_1)u"y Z(_l)vH(y’Hu”-y/,

yeT1(2) y'€Fy

which implies Np = 2" 5tP~1 _27=1(2P 9Ny (vesp. Np = 2" T*tP~1 _9r(2P —
2Ng)).

3.4 Vectorial Maiorana-MacFarland (n, m)-Functions with m > n/2

Due to Remark 8 the construction of balanced highly nonlinear (n, m)-functions
inside of M,, ,,, cannot be easily done using Corollary 1 and Proposition 5 when
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m is strictly greater than n/2. The construction of Zhang and Zheng does not
provide full satisfaction as we recalled in Section 3.3, and its modification by
concatenating such functions extends the value of n and, in practice, makes m
smaller than n/2. Hence, there is a need for a primary construction of highly
nonlinear resilient (n, m)-functions such that m > n/2.

Definition 3. We denote by M, ,, the set of functions F' defined from a product
space F§ = FL x F5 into a space F' and which can be written in the form

F(l‘,y) = (F/($7y)7T(y))’ (21)

where F' is an (r + s,p)-function belonging to M,4s, (p is an integer strictly
lower than m) and is defined as in (12), and T is any (s, m — p)-function.
According to Relation (15), the Walsh transform Y7 of F' satisfies the relation
X (), (v,0) =27 Y~ (1) @ Tty (22)
YEE, v
We deduce the following proposition.

Proposition 8. Let F' be an element of My, . defined as in Equation (21).
Then, the nonlinearity of F' is upper bounded by 2" Np. Moreover, if the set E,, ,
has cardinality lower than or equal to 2 for every nonzero vector v € F5 and
every vector w € Fy, and if s > 1, then Np equals 2" Nrp.

Proof. Let n denote the sum r 4+ s. Due to Equation (8), we have

max IxT(u',v")| = 2° — 2N
w €F5,v' €FyP"
and 1
Np=2""1__ XF ! M.
- 3w B eap- PO, (0, 01)
‘We have
o / ! o / /
JOEE IXF((u,u'), (v,0"))] > Jmax IXF((u,u’), (0,0))]
(v,0)EFG* v/ eFyt TP
=27 max IxT(u',0")]
w €F3 v’ €FG~P"
and, hence,
n—1 1 o / /
Np =2 ‘XF((’U,,U),(’U,’U)”

- = max
2 (u,u’)€Fy, (v, )EFP*

<gn—t_gr-t max
u’GIFS,U’G]FZL*p*

xt(u',v")| = 2"Nr.

If the set F, , has cardinality lower than or equal to 2 for every nonzero vector
v € FY and every vector u € F%, then Equation (22) implies that |xz| takes
its values in the set {0,2",2""1}. Hence, the maximum value of |Xz| under the
condition v # 0 is lower than or equal to 2" times the maximum value of |X7/|.
Thus NF = QTNT.



232 Claude Carlet and Emmanuel Prouff

A direct consequence of Relation (22) is

Proposition 9. Let F' be an element of My, .. defined with respect to an
(r + s,p)-function F' and an (s,m — p,t')-function T as in Equation (21). If
F' satisfies the hypothesis of Corollary 1 (i.e. the family (¢i(y));<, is a basis
of a p-dimensional subspace of F% having t + 1 for minimum Hamming weight)
for some integer t, then the resiliency order of F' is greater than or equal to

min(¢,t').

Proposition 9 provides a secondary construction, because it uses a function T’
(supposed to be highly resilient and to have high nonlinearity). Obviously, T’ can
be constructed according to the same principle as F. This leads to the following
construction of (n,n)-functions (it would be also a simple matter to describe a
construction of (n, m)-functions with m # n), obtained by applying recursively
Proposition 9 with successive values of p equal to n/2, n/4, and so on.

Construction 4

Let k, n and n’ be three integers such that n = 2¥n/. Let P be a permu-
tation on Fg' and let Fi, i = 0,1,...,k — 1, be balanced (g7, 577 )-functions
designed as in Construction 1 (due to Lemma 1 such functions can always be
defined). Then, the (n,n)-function F = (Fy, Fy, ..., Fy_1, P) is balanced, admits
on/24n/4+..4n/2" N for nonlinearity and its minimum algebraic degree deg,, is
lower bounded by

min (deg,, (Fo),deg,, (F1), ..., deg,, (Fx—1),deg,,(P))

(which is upper bounded by n’).

4 Covering Sequences of Vectorial Functions

4.1 The Boolean Case

In [11], is introduced the notion of covering sequence of Boolean functions.

Definition 4. [11] A covering sequence of a function f : F} — Fy is any real-

valued function ¢ on F5 such that the real summation Z w(a)D,f is equal to
a€lFy

a constant function p. The value of p is called the level of this sequence. If p # 0,

then we say that the covering sequence is non-trivial.

Notice that, for every z € Fy, the sum ZaeF’; p(a)Do f(x) equals 31 ¢,y P(a)
and that, if it is constant, then the sum ZDa,f(x):o ©(a) is also constant. This
will lead us to a natural generalization to (n, m)-functions. Before that, we re-
call in the next proposition the complete characterization given in [11] of the
balancedness of Boolean functions by means of their covering sequences.
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Proposition 10. [11] Any Boolean function f on F} is balanced if and only if
it admits at least one non-trivial covering sequence. The same covering sequence
— the constant sequence 1 — can be taken for all balanced functions. The level of
this sequence with respect to any balanced function equals 277,

The relevance of the notion of covering sequence to the study of Boolean func-
tions is shown in [11], by characterizing it by means of the Walsh transform
and by giving complete characterizations of the correlation-immunity and of
the resiliency of Boolean functions with respect to their covering sequences (see
generalizations in Theorem 2 and Corollary 2).

4.2 The Multiple Output Case

In the following definition, we extend the notion of covering sequence to the case
of (n, m)-functions.

Definition 5. We call covering sequence of an (n,m)-function F, a pair of
functions (v,v) from, respectively, F3 and F5* into R, such that:

VieF; W eEFS, Y pla)=v(). (23)
a€FY; D, F(x)=b

Remark 10. A covering sequence (p, 1) of an (n,m)-function F satisfies the
relation

F#Supp Y < #Supp @.

Indeed, let « be an element of Fy. For every b in F5*, we denote by A(x)
the set {a € Supp ¢; D F(z) = b}. According to Relation (23), if a vector
b € FJ* belongs to Supp 1 then, for every x € FJ, the set Ap(z) is nonempty. By
definition of covering sequences, for every x of Fy, the family (Ay(2))pesupp « 1S
a partition of a subset of Supp ¢ and we conclude that the cardinality of the set
Supp ¢ is greater than or equal to the cardinality of the set Supp .

The natural generalization of the notion of non-trivial covering sequence will
appear below. To use the properties of the Walsh transform, we will need the
following lemma.

Lemma 2. Let F' be an (n,m)-function. A pair of numerical functions @, ¥
from, respectively, F§ and F5" into R is a covering sequence of F' if and only if,
for every vector v € F§'*, we have

~

§0®XF('er) = 1/}(’0) XF(';U)v (24)

where xr(-,v) denotes the function x +— xp(x,v) = (—1)"F®),
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Proof. Relation (23) is equivalent to the fact that the functions
b Z o(a)
a€Fy; D, F(z)=b

and b — 9(b) are equal. Since two numerical functions are equal to each other
if and only if their Fourier transforms are equal to each other, Relation (23) is
equivalent to:

Vo e B, Vo € Fg, > o(a)(—1)"PF@ = 3" g(b)(-1)"?,

a€Fy beFy
that is to,
Yo €FP*, Vo €F, Y p(a)(—1)"FE+e) = (—1)"F@)g(o),
acFy

or equivalently,

~

Yo € F o @ xr(-,v) = ¥(v) xr (-, v).
Remark 11. By summing up Relation (23) with b ranging over F5*, we deduce
3(0) = 4(0).
The following theorem generalizes Proposition 10 and leads to a natural defini-
tion of non-trivial covering sequence of vectorial functions.

Theorem 1. An (n,m)-function F is balanced if and only if it admits at least
one covering sequence (p,) satisfying @(v) # ©(0) for every monzero vector
v of F5*. Any balanced (n,m)-function F admits the pair of constant functions
(1,2™=™) for covering sequence.

Proof. Assume that (p,1) is a covering sequence of F', then Equation (24) is
satisfied:

Yo € FY'", Vo € FY, [0 @ xr(-,v)](z) = 2Z(U) XF (7, v).

Summing up with = ranging over Fg, that is, computing the values at 0 of the
Fourier transform of both sides of this functional equality, and using Relation
(7), we obtain:

~

Vv € F3'", 8(0)XF(0,v) = 1(v)Xr (0,v),

that is, (3(0)—%(v))X7(0,v) = 0 for every nonzero vector v € FI*. If 3(0) —(v)
is nonzero for every v € F5**, then the function v — Xg (0,v) is null on FJ**,
which implies that F is balanced (see Remark 1).

Conversely, if F' is balanced, then, for every pair (b, z) € F* x F}, the cardinality
of the set {a € Fy; D, F(x) = b} is constant equaling 2"~ since the equation
D,F(z) = b is equivalent to F(x +a) = b+ F(x). Let ¢ : Fy — R and ¢ :
F3* — R be respectively the constant function x +— 1 and the constant function
y — 2"~ then the pair (i, 1) is a covering sequence of F' satisfying the relation

12)\(11) =0+# 12)\(0) = p(0) = 2"~™ for every element v of F§**.
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Definition 6. A covering sequence (p,1) of an (n,m)-function F is said to be
non-trivial if 1/1( ) never equals p(0) (that is 1/)( )) when v ranges over FJ'*.

Thus, according to Theorem 1, an (n, m)-function F' is balanced if and only it
admits a non-trivial covering sequence.

Remark 12. If ¢ is a function from F3* into R, then we have zZ(v) # zZ(O) for
every element v of F** if and only if the support of ¢ has rank m (i.e. spans
the whole vector space F3"). Indeed, we have

Yo €FP, d() £ 9(0) = Vo e (F)), Y WD) #0

beFy be(vt)©

and, since ¥(b) > 0, Vb € F3*, this relation is equivalent to saying that the
support of ¢ is not included in a linear hyperplane of F5*.

To illustrate the fact that, in Theorem 1, the condition that the covering sequence
is non-trivial is actually necessary, we give in the next proposition an example
of an unbalanced function having a trivial covering sequence.

Proposition 11. Let F be a balanced (n, m)-function admitting (v,v) for cov-
ering sequence. Define an (n,m+1)-function F* by F*(x) = (F(x),0). Let ¢* be
real function on Ty such that 7,//1\*(111, ey Unt1) = 1]1\(1)1, ey Un) Af (U1, 0oy U) #
0 and 12:(0, 1) = 1;:(0,0) = 1}\(0) Then F* admits (@,v*) for trivial covering
sequence.

Proof. For every vector x € FJ and every nonzero vector (vi, ..., Upm,Um+1) of
anﬂ, we have, after denoting (vy, ..., vy) by v,

[0 ® xi (- (0, 0me)))(@) = 3 (@) (<) FED = 0.8 xp (- 0)](@),
ackFy

since the (m + 1)-th coordinate function of F™* is null. The pair (¢, 1) being
a covering sequence for F', the convolutional product [p ® xr(-,v)](x) equals
zZ(v) xr(z,v) if v # 0 and equals $(0) = zZ(O) if v = 0. Notice that, if v equals
0, then v, 11 = 1 since (v, vm41) # 0. If v differs from 0, then we have:

0 @ X+ (5 (0, 0m41)) = B(0) XP (-, 0) = * (0, 0m41)XF+ (5 (0, 0m41) -

Otherwise, if v equals 0, then we showed that ¢ ® x g« (-, (v, 1)) equals $(0), that
is z/ZJ; (0,1), by construction of ¥*. Hence, Equation (24) being satisfied by the
function X+ and the pair (¢, ¥*), we deduce that (¢, %*) is a covering sequence
of F* and, since 17): (0,1) equals $(0), this covering sequence is trivial.

As we proved in Theorem 1, the same covering sequence (1,2"~™) can be taken
for every balanced (n, m)-function. Finding a second covering sequence is a dif-
ficult problem in the general case. We show in the following proposition that
the elements of M,, ,, which satisfy the hypothesis of Corollary 1, admit several
covering sequences.
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Proposition 12. Let F' be an (n,m)-function derived from the (s,r)-functions
1, - yOm and the (s,m)-function H as in Equation (14). If the vectors ¢1(y),
weey O (y) are linearly independent for every y € T, then F admits the pair
(Or5x {0}, 2"~™) for covering sequence.

Proof. For every pair (z,y) € Fy x F3, the function a +— D, 0 F'(2,y) from
F% into F5* admits the Boolean functions a — a - ¢1(y), ... , a — a- ¢, (y) for
coordinate functions. This implies that the function a +— D, 0)F (z,¥) is a linear
(r,m)-function and, since the vectors ¢1(y), ...,0m (y) are assumed to be linearly
independent for every y € F3, then this linear function is balanced for every
y € F5. Hence, each element b € F}* has the same number, 2", of pre-images
by the function a — D4 0)F(x,y) for any pair (z,y) € Fj x F§ and we conclude
that

V(z,y) € F} x F3,Vb € FY', S Gmqoy(ad) =27
(a,a’)€FG XF5
D(q,qFl@y)=b
In the following theorem, we generalize to a vectorial function F' the characteriza-

tion, given in [11], of its covering sequences by means of their Fourier transforms
and of the Walsh support of F'.

Theorem 2. Let F be an (n,m)-function and let (¢,) be any pair of real-
valued functions respectively defined on ¥y and on F5'. Then, F admits (¢, )
for covering sequence if and only if, for every pair (u,v) belonging to Supp Xr,

we have $(u) = 1 (v).

Proof. The proof is very similar to the proof of Theorem 1: the pair (¢, ) is a
covering sequence of F' if and only if Relation (24) is satisfied; due to the bijec-
tivity of the Fourier transform, for every nonzero vector v € F5*, the functions

o~

Y() xr(-,v) and ¢ ® xp(-,v) are equal if and only if their Fourier transforms
on F% are equal. Thus, according to Relation (7), the pair (¢, ) is a covering
sequence of F' if and only if

Yo e B, Yu € Fy, $(u)Xr(u,v) = 9 (v) {7 (u,0),

that is, if and only if
((u,v) € Supp Xr and v # 0) = ((ﬁ(u) = ’(Z)\(U)) .

Moreover, if v = 0, then Xr(u,0) equals 0 for every nonzero vector u € Fy and
equals 2" if u = 0. Since $(0) = 1(0), we obtain ((u,0) € Supp xr) = p(u) =
1(0) and we conclude that (¢, ) is a covering sequence of F if and only if

Y(u,v) € Supp X5, P(u) = 0(v).

Corollary 2. Let F be an (n,m)-function admitting (p,v) for covering se-
quence. If the sets @ ({u € FY/wg(u) < t}) and »(FY™) are disjoint, then F
is t-resilient.
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Remark 15. As in [11], a converse of Corollary 2 can be proven.

As a consequence of Theorem 2, we also deduce a property valid for a large class
of functions including all balanced functions.

Corollary 3. Let F' be an (n,m)-function and let (o, ) be a covering sequence
for F. Assume that the functions ¢ and v are, respectively, different from the
zero function on FY and different from the zero function on F3™*, then:
1. For every vector u € FYy, there exists v € F3*™ such that X (u,v) =0,
2. For every vector v € F5', there exists a vector u € FY such that xp(u,v) = 0.

Proof. 1. Suppose that there exists a vector u € F¥ such that Yz (u,v) # 0,
Vo € F5**. Then, the set {u} xF5** being included in Supp X, we have, according
to Theorem 2, R

Vv € F3'", ¢p(v) = §(u).

Due to the inverse formula, this implies that (b) equals 0 for every nonzero
vector b, which contradicts the hypothesis on .

2. Suppose that there exists a vector v € FJ* such that Yz (u,v) # 0, Vu € F3.
Then, the set F5 x{v} being included in Supp X, we have, according to Theorem
2

)

Vu € FY, 3(u) = 1(v).

Due to the inverse formula, this implies that ¢(a) equals 0 for every vector
a € Fy, which contradicts hypothesis on .

Remark 14. We excluded the case v = 0 in the first assumption of Corollary
3 since this value gives no information about the function F'. Indeed, for any
(n,m)-function F', we have xr(u,0) = 0 if v # 0 and Xr(u,0) = 2" if u = 0,
and the first assumption is trivially true for every nonzero vector u if we accept
v =0.

Due to Corollary 3, if an (n,m)-function F' admits a covering sequence (@, )
such that v is not the zero function on F5**, then for every vector u € F%, there
exists a nonzero linear combination ZZ <m Vi fi of its coordinate functions whose
sum with the Boolean linear function z ~ u - z is balanced. This is true in
particular for any balanced function F, since, if (p, 1)) is non-trivial, then ¢ has
this property.

4.3 Stability of Covering Sequences

In this section, we show that one can deduce, in some cases, a covering sequence
of a function, either defined by composition or by concatenation, from covering
sequences of the functions involved in the definition of the function. We show
that this property is particularly relevant for the study of covering sequences of
the elements of Mj, ,, and that it implies, for instance, that some permutations
inside of My, ,,, cannot be used as a round function in an iterated block cipher

(we will explain why in Section 5).
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Proposition 13. Let F : F} — FJ* and G : F* — Fk be two functions ad-
mitting respectively (¢,v) and (,0) for covering sequences. Then, (p,0) is a
covering sequence of G o F'.

Proof. For every pair (z,a) € F§ x Fy, we have, denoting D, F(x) by b:
D,|G o Fl(z) = G(F(z)) + G(F(z + a)) = G(F(z)) + G(F(z) + b) =

(DyG)(F (x))-

Thus, for every pair (z,c) € F§ x F§, we have:

> ¢ (a) = > > ()

a€FY Dy [GoF|(x)=c beFT ,(DyG)(F(x))=c \a€FY,D,F(x)=b

For every pair (z,b) € F§ x FJ*, we have Zang,Da,F(m):b ¢ (a) =1 (b) and thus,
we get,

> ¢ (a) = > b ().

a€FY Dy [GoF|(xz)=c beF,(DyG)(F(x))=c

Let y denote F(x), then:

> ¢ (a) = Yoo w0

a€Fy, Dy [GoF](z)=c beFy, DyGly)=c

Since (¢, 0) is a covering sequence of G, the sum ZbeF;",DbG(y):c¢(b) takes

constant value 6 (c) for every pair (y,c) € F3* x F5 and we deduce

Vo € FY, Ve € FE, > ©(a)=0(c).
a€FY,DaGoF (xz)=c

Remark 15. In particular, if a function ' admits two covering sequences (¢1, 1)
and (p2,12) such that ¥ = ¢, then the function F o F' admits (¢1,12) for
covering sequence.

One can easily check that the (r+s, m+k)-function F' obtained by concatenating
the outputs of an (r, m)-function H having (p, 1) for covering sequence with the
outputs of an independent (s, k)-function T having (¢’,v’) for covering sequence,
defined by F(x,y) = (H(z),T(y)), admits (¢”, ") for covering sequence, where
¢ (a,a") = p(a)p’(a’) and " (b,0") = (b)Y’ (). When the inputs of H and T
are not independent, it is generally not easy to deduce a covering sequence of F’
from those of H and T'. The aim of the following proposition is to introduce a
condition on the covering sequences of H and of T" ensuring that the computation
of a covering sequence of I is feasible. We will see in Corollary 4, that the
hypothesis of this proposition, which seem to be very strong, are satisfied by the
elements of M, ..
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Proposition 14. Let F’ be an (r + s,p)-function and let T be an (s,m — p)
function admitting a covering sequence (¢',1)"). Assume that there exists ¢ :
F; x F5 — R and ¢ : F5 — R such that, for every ' € Supp ¢ C F3,
F' admits (p(-,a’),v) for covering sequence. Let ¢” and ¢ be the real-valued
functions respectively defined on Fy x F5 and on FY x Fy'™? by ¢"(a,a’) =
ola,a )¢’ (a') and by " (b,b') = (b)Y (b'). Then, the function F defined by
F(x,y) = (F'(x,y),T(y)) admits (", 4" for covering sequence.

Proof. For every pair (x,y) € F§ x F5 and for every element (a,a’) € Ff x F5, we
have Dq a0 F(2,y) = (Do F'(7,y), Do T(y)). Then, for every pair (z,y) €
F; x F5 and for every element (b,0') € F5 x F5' 7, we have

> ¢(a,d')¢' (a) = Yo elaa)g(d)

(a,a’) EFG XFS, (a,a’) € FL x F§,
D(q,q") F(@y)=(bb") D(g,ayF'(z,y) = b,
D,/ T(y) =b'

and the right-hand side can be rewritten

> ) > plad)

a’e]Fg, a€Fy,
DT (y)=b D(a,ar)F'(@y)=b

Since, for every a’ € Supp ¢, F' admits (p(-,a’),%) for covering sequence, we
deduce that Z o(a,a’) equals ¥(b).

a€Fy,
D(aya,>F’(z,y):b

This implies

(a,a’)€F} xF, a’ €F3,
D(a,ar)Fl@y)=(b,b") D,/ T(y)=b’

The function T" admitting (¢’,4’) for covering sequence, the right-hand side of
Equation (25) equals 9 (b)y’(b') and the result follows.

Remark 16. Every (s,m — p)-function T admits clearly (dg,d0) for trivial cov-
ering sequence. Consequently, if F’ admits (¢(+,0),) for non-trivial covering
sequence, then F admits (¢(+, 0),1) x dg) for non-trivial covering sequence, where
1 X g denotes the function (b,b) — 1h(b) x do(b').

We argued in Section 3.4 that there is a need for a construction providing a
large set of balanced highly nonlinear (n, m)-functions with m > n/2 (and more
particularly of balanced highly nonlinear permutations), and we proposed a nat-
ural extension, that we called M7, ,,, of the Maiorana-MacFarland construction
to design such a set. In the following corollary, we show that, as a direct conse-
quence of Proposition 12 and Proposition 14, the elements of M7, , admit very

particular covering sequences.
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Corollary 4. Let I' be an (r + s,m)-function belonging to My, and de-
fined by F(z,y) = (F'(x,y),T(y)), where F’ belongs to M,+,, and satisfies
the hypothesis of Proposition 12, and T is an (s,m — p)-function. Then F ad-
mits the pair (Opyx{o},2" P 5ng{0}) for covering sequence. If p equals v and
m—p equals s (F is therefore an (r+ s,r + s)-function), then F admits the pair
(F5x {0} OFyx {0}) for covering sequence.

Proof. Trivially, T admits (¢’,9’) = (do,d0) for covering sequence. According
to Proposition 12, the function I € M, , admits the pair (dg;x(0},2"7) =
(0r5 <3 (+,0),2"7P) for covering sequence. This last covering sequence can be
rewritten (o(-,0),%) and, hence, due to Proposition 14, F' admits the pair of
functions (dpyx {0}, 2" "Pdrrx 10}) for covering sequence.

5 Discriminators and Covering Sequences

5.1 On the Notion of Discriminator in Last-Round Attacks

To define an iterated block cipher in a formal way, we consider a family (Fy)rex
of (n,n)-functions, indexed by a value k € KL where K is called the round key
space. The encryption function of the iterated block cipher with block size n,
with R rounds and with round function Fy, is defined by:

0 = F, (x@'*l)) for 1 <i <R, (26)
where z(? is the plaintext and z(*) is the ciphertext.

The vector (k1,...,kg) is called the key and its coordinates are the round keys.
The round keys may be derived from a unique master key which is shorter than
the concatenation of all the round keys.

Most known or chosen plaintext attacks on iterated block ciphers (linear at-
tacks [30], differential attacks [2,7] or interpolations attacks [24] for instance)
are divide-and-conquer techniques that find one round key after another in as-
cending order. Because these attacks try to recover the last-round key first, they
are called last-round attacks. In a last-round attack, one considers the reduced ci-
pher, i.e., the cipher obtained by removing the final round of the original cipher.
The reduced cipher corresponds to the function:

Gr-1=Gy,...kp_1) = Frp_y ©...0 F,. (27)

The key point in a last-round attack is to be able to distinguish the reduced
cipher from a random permutation for all possible values of the first (R — 1)
round keys ki, ..., kr_1. Some information on kg can be recovered by applying
a discriminator to a subset of all functions Hj, defined by Hy, (x(o)) =F, ! (x(R))
where k ranges over the set of all possible values of k. Notice that, in differential
and linear attacks, the discriminator is not exactly used as a black box since it
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is combined with a more subtle approach to recover the last-round key. But it
is always possible to use a discriminator more or less as a black box, that is, as
an algorithm saying whether a given candidate key round can be accepted or not.

If the guessed k matches the actual last-round key kg, then F, ! inverts the last
encryption round and Hj corresponds to the reduced cipher, that is, to Gr_1.
On the other hand, when k is a wrong guess, we get:

Hk:FlgloFkROFkR,lo---oFkl :FgloFkROGR,1 .

Since it essentially corresponds to the reduced cipher followed by two more en-
cryption rounds, this function is supposed to act like a random permutation.
This assumption is called the hypothesis of wrong-key randomization.

A discriminator of a subset of all the permutations is defined as follows:

Definition 7. [7] Let P,, denote the set of all permutations of FY and let F be
a subset of P,,. A discriminator for F with respect to a subset {xg,...,zN} of
Y is a function
D: (FHNT o F,
®o,---»yn) = D (o, -, yn)

for which there exists € > 0 such that |Pric,7 [D (f (x0),...,f(zn)) =1] —
Prrc,p, [D (7 (x0),...,7(xn)) = 1]| is greater than e, where ™ €r Pp, (resp.
f €r F) means that w (resp. f) is a randomly chosen permutation of F% (resp.
randomly chosen in F).

When the discriminator is involved in a last-round attack, the vectors =z, ...,
xn are the N + 1 ciphertexts corresponding to N + 1 chosen plaintexts (notice
that, in the majority of last-round attacks, the plaintexts are supposed to be
chosen in order to reveal a property of the reduced cipher that can be used to
define a discriminator). The vectors yo, ... , yn designate the values F,;l(xo), e
F,;l(xN), k € IC, and the functions f € F denote the functions F,;R17 where kg
is an element of a subset of K (as small as possible) containing the last-round
key used to cipher the plaintexts x;, i =0, ..., N.

Now the existence of a discriminator D for the family of reduced ciphers,

G={Gx,K = (ki,...,kr—1) € K"}

with respect to a set {xz,...,xn} leads to a last-round attack. The discrimina-
tor D should satisfy the hypothesis of fized-key equivalence, i.e., it should return
the same value for almost all reduced ciphers in G.

In 1987, Evertse [20] introduces the notion of linear structure of vectorial func-
tions and shows how linear structures can be used to define a discriminator
in a last-round attack. Many attacks have been designed by generalizing the
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notion of linear structure. In particular, Canteaut and Videau [7] used a dis-
criminator based on the notion of higher-order differential of vectorial functions,
introduced by Knudsen (see [27]) as a generalization of the linear structures,
and they succeeded in efficiently using this discriminator in last-round attacks
against some iterated block ciphers: suppose that a reduced cipher Gr_1 of
an R-round iterated block cipher admits a higher-order differential of order
N’ that is, an N’-dimensional space E such that, for every x € F}  we have
DrpGr-1(x) =) .cp Gr-1(z +¢) = 0, then a discriminator can be defined by

D: (F3)N Fy

28

(y()a"'?yN)'_)D(yOw"vyN) ( )

where N equals 2V and where D(yo,...,yn) equals 1 if Zfio (yo + yi) =
Zfio y; = 0 and equals 0 otherwise.

More generally, one can define a discriminator if there exists a set (not neces-
sarily a space) V and a vector ¢ such that the reduced cipher Gr_; satisfies
DyGr-1(x) =), cy Gr-1(x+v) = c for every x € F3. The pair (V, ¢) is called
a higher-order structure.

The order of a higher-order differential can be proved to be related to the degree
and to the nonlinearity of the vectorial functions (this is not the case of higher-
order structures) and it is possible to prove that some reduced ciphers can be
efficiently attacked using higher-order differentials. The notion of higher-order
structure has never been used before (except for #V = 1) to mount an attack on
a cryptosystem because it is generally impossible to determine whether a given
reduced cipher admits higher-order structures or not (if it is not a higher-order
differential).

5.2 A Discriminator Using Covering Sequences

If a reduced cipher G, ... k,_,) defined as in Equation (27) with respect to
the (n,n)-functions Fy,, ..., Fg,_, admits a same covering sequence (¢, 1) for
every choice of keys (k1,--- ,kg—1), then one can define a discriminator D in the
following way:

D: (Fp)N+L F,

(yO?"'ayN)'_)D(yo,...7yN) (29)

where N denotes the cardinality of the set Supp ¢ = {a1, -+ ,an} and D is
defined by

D(yo, -+ ,yn) = 1 <= Vb € Supp ¢, > pla;) = ().

1<i<N,
a; ESupp ¢, yo+y;=b

Indeed, let g, z1, ..., x5 be the N+1 ciphertexts corresponding to the plaintexts
¥, T +ai, ..., T+ ay, where x can be any plaintext in F3. Since Gy, ... kp_,)
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admits a same covering sequence (i, 1)) for every choice of key (k1,--- ,kr—1),
then, for every choice of key (k1,---,kr—_1), we have
Vb € Supp ¥, > plai) =w(b).  (30)
1<i<N,
le,»-»,kR,l(mH’le,-«-,kR,l(”H’ai):b
In a last-round attack, the vectors yo, ..., yn in Relation (29) can be respec-

tively defined as the values of F} '(z¢), ..., F}, '(zn). Hence, if the guessed
round key k equals kg, then Fk_l(mo), Fk_l(zl), ey Fk_l(zN) equal respectively
Gryoo k1 (@), Giy oo kn (@ +a1), ..., Giy oo kn, (@ + an) and Relation (30)
can be rewritten as

Vb € Supp b, > p(ai) = p(b).

1<i<N,
a; €ESupp ¢, yo+y;=>b

We deduce that if yg, ..., yny are respectively defined as the values of F,:l(aco), e
F; '(xy) and if the guessed key k equals the round key kg, then D(yo, -+ ,yn) =
1.

In many cryptosystems (like in AES or in DES) the round keys are introduced
by addition and the round functions Fy,, 1 <14 < R, are defined with respect to
a unique function F by Fy,(z) = F(x + k;).

In Theorem 1, we established the relationship between the existence of a covering
sequence of a function F' and the balancedness of this function. Let (F}), o, be a
family of R (n,n)-functions and let G, ... k,_, denote the function Fj, ,o---o
F},, . Assume that each function Fj, admits a same covering sequence (p;, 1);) for
every choice of round key k; € IC and that, for every index ¢« < R — 1, we have
©; = @it1. Then, according to Proposition 13, the function Gy, ... x,_, admits
the same covering sequence (@g,¥r—1) for any choice of key (ki,- - ,kr—1,kR).

Remark 17.

1. In order to be used in a cryptographic design, the (n, n)-functions Fj, are nec-
essarily balanced, therefore they admit at least one covering sequence. Moreover,
if the round keys are introduced by addition and if there exists one of them, &/,
such that Fys admits a covering sequence (¢, %), then, for every other round key
k € K, the pair (¢,v) is still a covering sequence of F. Indeed, if the round
key is introduced by addition, then there exists an (n,n)-function F' such that
for every k € KK C F3 and for every vector x € F3, we have Fy(x) = F(z + k).
Since Fy admits (¢, ) for covering sequence, then it satisfies Relation (23) for
every vector z € F%, which implies that F' satisfies also Relation (23) for every
vector x + k' € FZ, that is, for every vector € Fy. We deduce that F, as all
the functions Fy, : ¢ — F(x + k), admits also (¢, ) for covering sequence.

2. Let F be an (n,n)-function and, for every k € F3, denote by Fj, the (n,n)-
function z — F(x+k) (i.e. we assume that the round-key is introduced by addi-
tion). According to the remark above, if F' admits the pairs (¢, ) and (v, ) for
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covering sequences, then, for any (R — 1)-tuple (k1, ..., kr—1), the functions Fj,,
woy Fip_, admit the pairs (¢,1) and (¢, ¢) for covering sequences. Hence, for
any (R — 1)-tuple (k1,..,kr—1), these round functions satisfy the hypothesis of
Proposition 13 and the function Gy, .. k,_, defined as in Equation (27) admits
(p,v) and (¢, ¢) for covering sequences.

In the next corollary, we give examples of functions satisfying the hypothesis of
the second part of the remark above.

Corollary 5. Let F be a permutation on Fy = F5 x F5 defined by F(x,y) =
(F'(x,y), P(y)) where F' is an (r+s,r)-function belonging to M,y , and where
P is a permutation on F5. If IC is included in Fy and if the round functions Fy,
of a R-round iterated block cipher are defined by Fy(x,y) = F(x + k() y +
kD) where k = (K, k) € KC, then the reduced cipher Gy, ... k,_, admits
(OF5x {0} OFy x {0}) for covering sequence.

Proof. According to Corollary 4, the pair (0;x{o},0r;x{0}) is a covering se-
quence of F'. Since the round keys k are introduced by addition (i.e. we have
Fw) gy (T,y) = F(x+k®) y+ kW) the pair (Fz % {0}, OF5 x {0} ) IS & covering
sequence of all the functions F}, for every choice of round key k = (k(X), k().
After applying Proposition 13 to the round functions Fi,, ... , Fk,_,, where
(k1,...;kr—1) is any (R — 1)-tuple of K, we deduce that the reduced cipher
Gy, kp_, admits (8psx {0}, 0y {0}) for covering sequence.

Remark 18. The existence of a discriminator derived from covering sequences
implies the definition of a new discriminator derived from a higher-order struc-
ture. Indeed, if an (n, m)-function G admits (¢, ) for covering sequence, then it
admits a higher-order structure (V, ¢) such that V= {a € F}; ¢(a) =1 mod 2}
and ¢ = ZbeIF;" (¥(b) mod 2) x b, since one can always reduce modulo 2 the
summations in (23) to obtain a higher-order structure. However, since cover-
ing sequences give more information about the function than the higher-order
structures defined from them as above, a discriminator using covering sequences
is more efficient than a discriminator derived from the corresponding higher
structures.

5.3 On a Generalization of Covering Sequences of Vectorial
Functions

Due to Proposition 18, the discrimination derived from covering sequences does
not allow us to attack reduced ciphers which could not be attacked by using
higher-order structures. A solution to design an attack on these functions which
would work when no higher-order structure exists, would be to search for a
generalization of covering sequences which still has a good behavior for the com-
position and the concatenation of vectorial functions. In what follows, we give a
way to generalize the notion of covering sequence of vectorial functions.
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Definition 8. Let F' be a function from Fy into Fy'. We call generalized cov-
ering sequence of F any pair of functions (&, W) from, respectively, (IFQ)2 and
Im F xF3, into R such that:

Vo eFy, WeF, Y ¢r(a) =tp@m) () (31)
a€FY, Do F(x)=b

where o (a) and VYp,)(b) denote ¢(x,a) and W(F(x),b), respectively.

Remark 19. Any injective (n, m)-function F admits the generalized covering se-
quence (®,¥) where & is the constant function (z,a) € F4* — 1 and where
VU (F(z),b) denotes the cardinality of {a € F}; D, F(z) = b}.

Proposition 15. Let F : F3 — F5 and G : F§ — FJ be two functions admitting
respectively (®,0) and (0,¥) for generalized covering sequences. Then, ($,¥)
is a generalized covering sequence of Go F'.

Proof. The proof is similar to that of Proposition 13.

Now, a discriminator can be derived from a generalized covering sequence of a
round function F' in a similar way as for covering sequences. Clearly, this new
discriminator does not necessarily imply a second one involving higher-order
structures. Such a discriminator will be efficient if the number of functions v,

which are different and the cardinality of the set UerFZ; Supp @, are small.
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Abstract. Let f € Fgy[z] where F; is a finite field of characteristic p.
Wan et al discovered a lower bound for the value set of f in terms of
an invariant uq(f) associated to the polynomial f. We define a notion
of ug-sharp subsets of F, and discuss related problems. We show how
the notion of ug-sharp sets may be used to give yet another proof of the
classical Cauchy-Davenport theorem.

1 Introduction

In the Fq7 conference the author discussed a new proof of the Cauchy-Davenport
theorem using ideas related to value sets of polynomials over finite fields, see
[2]. The following problem (which is not discussed in [2]) arose during these
investigations.

Let Fy be the finite field of ¢ = p” elements, where p is a prime and r is a
positive integer. The prime field of characteristic p is denoted by F,,.

Definition 1. Let f(x1,---,2,) € Fylz1, - ,2,]. The value set V(f) of f is
defined by V(f) = {f(ay, - ,an) : (a1, - ,an) € Fy}. In other words V (f) is
the range of f. We also define uq(f) to be the smallest positive integer i such
that Z(m,m,an)EFg flag, -+ ,an)" # 0. If such an i does not exist then set

Note that in the above definition u,(f) = oo if any of the variables x; do not
appear in the expression for f. To avoid confusion we may assume that all the
variables x; appear in the expression for f.

In [5] Wan et al. found a lower bound for the cardinality of the value set
of a single variable polynomial f(z) in terms of uy(f). In [2] their theorem was
generalised to the multivariable case as follows. Note that in [5] and [2] the
authors use the notation wu, instead of u4 for this invariant.

Theorem 1. Let f € Fylz1, 22, -+ , 2] and let V(f) be the value set of f. Let
uq(f) be defined as in 1. If uy(f) < oo then

V(NI = ug(f) +1.

The results above are not enough to give a direct proof of the classical
Cauchy-Davenport theorem whose statement follows after the following defi-
nition.

G. Mullen, A. Poli and H. Stichtenoth (Eds.): Fq7 2003, LNCS 2948, pp. 249-253, 2003.
© Springer-Verlag Berlin Heidelberg 2003
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Definition 2. Let A and B be nonempty subsets of a field F. The sumset A+ B
1s defined by

A+B={a+b:a€ Aandbe B}. (1)

The following is the classical Cauchy-Davenport theorem which has numerous
applications in additive number theory (see [4] for example).

Theorem 2. Let A, B be nonempty subsets of Fy,. Then
A+ B| > min{p, || + [B| - 1}.

In [2] we prove a more general version of the above theorem in the case of
arbitrary fields, see also [1]. Here we introduce the notion of u4-sharp sets. This
gives yet another proof of the classical Cauchy-Davenport theorem.

2 ug-sharp sets

Definition 3. Let f € F,[z]. We define f to be ug-sharp if V(f) = ua(f) + 1.
If A is a nonempty subset of Fy we define A to be a uy-sharp subset of F if
there exists a polynomial f € Fy[x] such that f is ug-sharp and V(f) = A.

It follows from the Hermite Dickson criterion (see [3, page 349]) that if f is
a permutation polynomial then uq(f) = ¢ — 1. Hence permutation polynomials
are uq sharp.

Since ug(z™) = (n‘fqill) and V(z") = (n({;jl) + 1, hence monomials are u,-

sharp.

In [5] value sets of polynomials of the form g,(x) = SL‘T(ZC% +a) where d|g—1
and (r,q—1) = 1, are discussed at length. Thus it is well understood when such
polynomials are u,-sharp.

It appears that ug-sharp sets have not been investigated earlier. We can state
the following.

Proposition 1.
1) ¥ is ug-sharp.
2)If ACF, and |A| =2 then A is ugy-sharp.
3)If ACF,, q#3 and |A] = ¢— 1 then A is not ug-sharp.

Proof. Statement 1) is obvious since permutation polynomials are ug-sharp.
The proofs of 2) and 3) follow easily from Proposition 2 below. O

Definition 4. Let A = {a1, - ,ax} C F, with |A| = K. Let f € F,[z] such
that V(f) = A. For 1 <i < K, we let m; = |f*(a;)| = {a € Fy : f(a) = a;}|.
We call M(f) ={m; :i=1,--- K} the set of multiplicities of f.

Note that different sets of multiplicities give rise to different polynomials with
the same value set A. Now let A be a ug-sharp subset of Fy with |A| = K, and
let f € F,[z] such that V(f) = A and |A| = uy(f) + 1. Let {mq,--- ,mx} be
the set of multiplicities of f. The following proposition follows directly from the
definition of u4(f) and the discussion above.
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Proposition 2. Let A C F, with |A| = K > 1. Then A is a uq-sharp subset of
F, if and only if there exists positive integers mq,--- ,mg with Y m; = q such
that m; satisfies the following system of linear equations in Fy.

my+ma+---+mg =0 (2)

aimi +aomsg +---+agmg =0

K-1 K—1
a; T mi+ay; mg+- +aK mK—ﬂ,

where 3 # 0.

Discussion. Note that the matrix of coefﬁcients in the above system is the
Vandermonde matrix whose ij-th entry is (a] ) for 1 <i,57 < K. The determi-
nant of the Vandermonde matrix is [, j( — a;), which is nonzero since the a;
are distinct. Hence the system has a unique solution in F,. If this solution lies
in the prime field F,, then we can find positive integers representing the residue
classes and determine if the condition Y m,; = ¢ holds in the ring of integers Z.

We have seen in Proposition 1 that subsets of cardinality ¢ — 1 are not u,-
sharp. We now give a nontrivial example of subsets of a prime field that are not
ug-sharp.

Example. Let p > 5. We use least positive integers to represent the residue
classes in F,. Let ¢ be any positive integer such that 2 < ¢ < 1’2;1. Consider
A ={l,e,p—c,p— 1} C F,. Then one can check that (mq,mo, mz,ms) =
(¢,p—1,1,p — ¢) gives the unique solution of the following system of equations
in Fp,. (Uniqueness follows from the discussion above).

mi1+meo+mg+my =0
mi+ceme+(p—c)ms+ (p—1)my =0
mi +c*my + (p—c)?*ms+ (p—1)%*my =0
my + ma + (p — ¢)*ma + (p — 1)°my = 3,

where 3 = 2¢(1 — ¢?) # 0 (mod p). Note that Y m; = 2p in the ring of integers
Z. Tt is easy to check that > m,; = 2p in the ring of integers, for all nonzero j.
Hence from Proposition 2, A is not a u,-sharp subset of F,,.

One can however show the following for prime fields F,,.

Theorem 3. Let A C F, such that |A] > 1 and let ¢ = p* > p. Then A is a u,-
sharp subset of F,.
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Proof: We prove it Let A = {ay, -+ ,ax }. Let (mq,--- ,my) be the unique
solution of the following system of equations in F,.

my+mg+ -+ mg =0

aimi +asmos+---+agmg =0

K-1 K-1

K-1
a; my+ay;  mg+---+ap mi =1

First observe that all the m; have to be nonzero. Otherwise, without loss of
generality assume that m; = 0. Then the first K — 1 equations form a system
of homogeneous equations in the remaining K — 1 variables mo,--- ,mg. The
coefficient matrix of this system is a Vandermonde matrix with determinant
H2Si<j§K(aj — a;). The determinant is nonzero since the a; are distinct. But
then the homogeneous system must have only the zero solution. This contradicts
the last equation.

We use least positive integer representatives for the m;. If Y- m; = rp < ¢ in
the ring of integers Z, where r is a positive integer such that p < rp < K(p—1),
we replace the positive integer representing the residue class mj by the positive
integer ¢ — rp +my. Then ), m; = ¢, and the proof is complete by Proposition
2.0

Theorem 3 can be used to give a new proof of the classical Cauchy-Davenport
theorem (Theorem 2) which is true for prime fields. For another proof, see [4]
for example. As noted earlier the methods in [2] gives a more general version of
the theorem.

Proof of Theorem 2: We can assume that |A| > 1 and |B| > 1. Also note
that if A and B are subsets of F,, such that |A|+|B| > p then A((a— B) # ¢ for
each o € F,. Hence |[A+B| = p in this case. So we may assume that |A|+|B| < p.
Let ¢ = p?. By Theorem 3, we can find f,g € Fy[z] such that V(f) = A and
V(g) = B with |A| = uy(f) + 1 and |B| = u4(g) + 1. Consider the polynomial
Mz,y) = f(z) + g(y) € Fqlz,y]. Note that V(h) = A + B. Using the binomial
theorem we get

S )N = 3 ],V—j', S U@ Y ).

(@.y)€F? i+5=N """ zeF, veF,

From the definition of the invariant u, it follows that }° g (f (z))" = 0 for
i < ug(f)and Zyqu(g(y))j =0 for j < uq(g). Since uqy(f)+uq(g) = |A|+|B|—
2 < p—2, hence % # 0 (mod p). It follows that ug(h) = ue(f)+uq(9g)-
From Theorem 1 we have |[A + B| = V(h) > ug(h) + 1 = ug(f) +uq(g) +1 =
|A| + |B| — 1. This proves the theorem. O
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We conclude with the following problem.

Problem: Study the structure of u,-sharp subsets of prime and prime power
fields. Find suitable conditions for a set to be a u4-sharp subset of a finite field.
Find new families of polynomials which are u,-sharp. Find suitable conditions
for a polynomial to be u,-sharp.

Acknowledgments: I thank Gary Mullen and the referee for several helpful
comments and suggestions.
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Abstract. In this paper we study permutations of finite fields F, that
decompose as products of cycles of the same length, and are obtained us-
ing monomials 2* € Fy[z]. We give the necessary and sufficient conditions
on the exponent ¢ to obtain such permutations. We also present formulas
for counting the number of this type of permutations. An application to
the construction of encoders for turbo codes is also discussed.

1 Introduction

Consider F, the finite field with ¢ elements. It is well known that the function
7 : F, — F, defined by 7(z) = 2 produces a permutation of the elements
in Fy if and only if ged(i,q — 1) = 1. Polynomials that produce permutations
are called permutation polynomials. We are interested in permutations of F,
that decompose in cycles of the same length and are obtained using monomials
2z . When 0, 1 and -1 are the only elements fixed by the permutation, these
monomials have been characterized in [6]. Here, we characterize the monomials
that produce permutations of F, that decompose in cycles of the same length
and have any set of fixed elements. We also present formulas for counting the
number of such monomials.

Applications of this type of permutations to the construction of encoders
for turbo codes are being studied by the authors. Data obtained by Corrada-
Bravo [2] suggests that the relation between the length of the cycles in the cyclic
decomposition of the permutation and the length of the cycle of the convolutional
code in the turbo code affects the performance of the code. In Section 4 we discuss
the application of monomial permutations with cycles of the same length to turbo
codes.

We first review some notation and present some results that will be used in
the rest of the paper.

* This work was supported in part by the ADVANCE Institutional Transformation
Program, NSF Grant SBE-0123654, and by the PR Space Grant IDEAS-ER Pro-
gram, Grant NAGP5-40091.
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2 Preliminaries from Number Theory

Some of the following concepts and results are well known and can be found in
almost any text in number theory. The other results are very easy to prove.

From now on p is a prime number, ¢ is a power of a prime and n, k,l,j,h
are positive integers. The Euler function, ¢(n), denotes the number of positive
integers not exceeding n that are relatively prime to n.

One of the most used concepts in this paper is the order of an element.
The order of an integer ¢ modulo n is the smallest positive integer j such that
i =1 (mod n) and it will be denoted by j = ord,,(i).

Lemma 1. Ifi=b (mod pl), then iP = bP (mod pl‘H) forall 1> 1.
Lemma 2. Let j = ordy (i). Then j = ordy+i(i) or jp = ordy+i(i).

Proposition 1. j = ord, (i) and j|(p — 1) if and only if j = ordy (i) for all
1<I<k.

Lemma 3. Let p = ordy:(i) for some k > 2. Then either 2 = p = ordy (i)
for 2<I<Ek or i=1 (modpl) for 1<I<k.

Lemma 4. Let j = ords(i), j = ord;(i) and ged(s,l) = 1. Then j = ordg (7).
Lemma 5. Let j = ords(i), i =1 (mod 1) and ged(s,l) = 1. Then j = ordg(i).

On Section 3.1 we will give formulas to count the number of permutation
monomials z* € Fy[z] that decompose in cycles of the same length j. The next
results will be helpful.

Proposition 2. Let p be an odd prime and suppose that j|¢ (p™). Then, there
are ¢(j) incongruent elements of order j modulo p™.

Proposition 3. The incongruent solutions of x> =1 (mod 2’“) are:

+1, £(1+2F1) if k>3
+1 if k=2
1 if k=1.

3 Cycles of the Same Length

The cycle structure of permutation monomials z* € F[z] was studied by Ah-
mad in [1]. The cycle structure for more general polynomials, specifically Dickson
polynomials, was studied by Lidl and Mullen in [4]. Here, we present the nec-
essary and sufficient conditions on the exponent ¢ to obtain permutations of F,
that decompose in cycles of the same length. We will use the following result
proven in [1].
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Theorem 1. The permutation of F, given by x* has a cycle of length j if and
only if j = ord (i), where t|(¢ —1). The number N; of such cycles is

ij:gcd(q—l,ij—l)— Z sNs .

slj,s<g

We say that a permutation has cycles of the same length j if the permuta-
tion decomposes in cycles of length j or 1. The next theorem characterizes the
permutation monomials with this property.

Theorem 2. Let q — 1 = pgop]fl ---pkr. The permutation of F, given by z'

has cycles of the same length j if and only if one of the following holds for each
l=0,---,r:

1. i=1 (mod pf’)

2. j= ordp;cl (7) and j| (p — 1)

3. j= ordp;cl (1), ky > 2 and j =,

Proof. (<=)Ifi=1 (mod pfl) for all I = 0,1,---,r, then z° is the identity
permutation. Suppose that 1 < j = ord, (¢) for some of the I’s and i =
1 (mod p;“) for the other. Proposition 1 and Lemma 3 guaranty that j =
ordp;c(i) or i =1 (modpf) for all [ = 0,1,--- ,r and 1 < k < k;. Now, if
t|(¢ — 1), then by Lemmas 4 and 5, we have that, j = ord:(i) or i =1 (mod t).
Hence, by Theorem 1, all the cycles have length j or 1.

(=) Suppose that all the cycles have the same length j. Then, by Theorem
1,5 =ord,(i) or i =1 (modt) for all ¢t that divides ¢g—1. This holds in particular
for t = pfl, [ =0,1,---,7. We only have to prove that, if j = Opokl (7) then

1

il —=1) or j=pi, ki > 2.

Suppose that 1 # j = Opok,l (0). If k; = 1 then j| (p; — 1) and we are done.

]
If k; >2and j f(pi — 1), then Proposition 1 implies that j # ordp;c (i) for some
k < ki. Let s be the largest one such that j # ordp; (i). Then i =1 (mod pj)
because otherwise, by Theorem 1, there would be a cycle of length different from
j. By Lemma 1, #* =1 (mod pf“). But j = ordps+1(i) implies that j|p; and
L

hence j = p;. O

The next results consider the special cases where 0,1 or 0,1, —1 are the only
elements fixed by the permutation. These results were first presented on [6] but
the proofs there did not use Theorem 1.

It is clear that 0 and 1 are always fixed by the permutation 2*. Fixed elements
are the same as cycles of length 1, so, by Theorem 1, an element is fixed if and
only if i = 1 (mod t), where t|(q— 1). Note that —1 is a fixed element if and only
if i =1 (mod 2). Hence, 0,1, —1 are the only elements fixed by the permutation
if and only if i Z 1 (mod t) for any ¢t # 2 such that ¢|(¢ — 1).

We first consider g being such that 4 does not divide ¢ — 1.
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Theorem 3. Let g —1 = plgop’fl ~opfr. po =2, kg = 0,1. The permutation of

F, given by x* decomposes in cycles with the same length j and 0,1,—1 or 0,1
are the only fixed elements if and only if j = ordpkl (i) and j| (p1 — 1) for p; # 2.
1

Proof. (=) Suppose that all the cycles have length j and 0,1, —1 or 0, 1 are the
only fixed elements. Then j = ordpf (i) for p; # 2, k < k; and, by Proposition 1,
il (e —1).

(«<=) Suppose that j = O?"dpkl (¢) and j| (p — 1) for p; # 2. Then, Theorem

l

2 implies that all the cycles have the same length j. Also, Proposition 1 implies
that j = ord,.(i), h < ki, p; # 2. Hence i # 1 (mod t) for any t|(q — 1),¢ # 2
and the only possible fixed elements are 0,1, —1. O

In the case where 4 divides ¢ — 1 there are only two monomials that give
permutations that decompose in cycles of the same length and have 0,1, —1 as
the only fixed elements. Also, the length of the cycles on such permutations is
always 2.

Theorem 4. Letq—1= plgoplfl - pFr where po = 2, ko > 2. The permutation

of F, given by z* decomposes in cycles of the same length j and 0,1,—1 are

the only fized elements if and only if j = ordpk, (1) for pp # 2, j = ordyn(i) for
1

2§h§k(], and]:2

Proof. By the arguments given before Theorem 3, 0,1, —1 are the only fixed
elements if and only if ¢ # 1 (mod pf) for p; #2, h < k;, and for pg =2, 2 <
h < ky. Since j| (po — 1) would imply that j = 1, the result now follows applying
Theorem 2. a

Corollary 1. Letq—1 = plgoplf‘ --pPrwhere pg = 2, ko > 2. The permutation
of F, given by ' decomposes in cycles of the same length j and 0,1, —1 are the
only fixed elements if and only if j =2 andi=q—2 ori = "2;3.

Proof. By Proposition 3, for kg > 2, 2 = ordyk, (i) if and only if ¢ = —1 or
i =+ (14271 (mod 2*). But 2 = ordy(i) if and only if i = —1 or i =
—1 — 2ko—1 (mod Qko).

Then, by the previous theorem and Proposition 3, we have cycles of the
same length j and 0,1, —1 are the only fixed elements if and only if ¢ = —1 or

i=—1—2ko—1 (mod 2’“0), and i = —1 (mod pfl). Hence, there are only two

i’s such that the permutation z* decomposes in cycles of the same length j = 2
and have 0,1, —1 as the only fixed elements. Noting that % + 1 4 2k0—1 =
2ko (p’fl...p’;r-f-l) & )

———5——= = 2"s, for some s € Z, we get that i = —1 (mod ¢ — 1) and

q—3

i 5> (mod q — 1) are the only solutions. O

Corollary 2. Let ¢ — 1 = 4pr1 ---pFr. The permutation of F, given by x'
decomposes in cycles of the same length j and 0,1, —1 are the only fized elements
if and only if j =2 and i = q — 2.
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Proof. By arguments similar to those given in the previous proof, the only ¢
such that 2* gives a permutation with cycles of the same length j = 2 and have
0,1, —1 as the only fixed elements is ¢ = —1 (mod g — 1). O

3.1 Counting the Number of Permutation Monomials that
Decompose in Cycles of the Same Length

In this section we give formulas for counting the number of permutation mono-
mials that decompose in cycles of the same length j. To do this, we define a
bijection between the set of all the i such that =’ decompose in cycles of the
same length j and another set. Let ¢ — 1 = plg"plfl . -p’ﬁT, and define

U; = {z |z is a permutation of F, that decomposes in cycles of length j} .

and

Wj = {(IUO, Wy, - 7w7') ‘ Wy € Z;D’:L"’ .] = Ordpﬁn (wn) for ]| (pn - 1) 5
or j =ord . (wy,) for k, > 2 and j = p,, or w, =1 (mod pﬁ")}

Lemma 6. Let ¢ — 1 = pgop’fl --pFrand U; and W; be defined as above. Let

fj :U; — W; be defined by f;(i) = (wo, w1, -+ ,w,), where i = wy, (mod pfl")
for 0 <n <r. Then f; is a bijection.

Proof. Note that by Theorem 2, if 2° decomposes in cycles of length j if and
only if for each 0 < n < r, we have that j = Ordpii" (2) for j|(pn —1), or j =
ord, . (i) for k, > 2 and j = p,, ori=1 (mod pkr). Since i = w,, (mod pfr)
for 0 < n <r we have that f; (U;) C W;.

To see that f; is onto, let (wg, w1, ,w,) € W;. We need to find ¢ such that
2* decomposes in cycles of length j and i = w, (mod pﬁ) for 0 <n <r. By the
definition of W; and Theorem 2, we just have to find a solution to the system

i=wo (mod pko

i=w; (mod pt

= U;T (mod pffr)

The Chinese Remainder Theorem guaranties that there is a unique solution
modulo ¢ — 1 = pgop]fl oephe a
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Theorem 5. Let g — 1 = p’goplfl ---p¥r. Then, the number of permutations x'

of Fy with cycles of the same length j # 1 is

117 Gopk) -1, (1)

n=0

where, for p, odd,

L+o() i jl(pn—1)

Fpi) =3 1+00G) if j=pn and ky, >2 (2)
1 otherwise,
and, for p, =2,
4 if j=2, k>3
FG2%) =2 if j=2 k=2 (3)
1 if j=2, k=1, or j>2 .

Proof. From the previous lemma we have that counting the z? with cycles of
length j is the same as counting the elements in W;. For each 0 < n < r, we
have to count the number f (j, pf;l) of elements in Zpﬁn of order 1, or of order
§ if j| (pn — 1) or j = p,. Formula 1 give us the number of all possible z* with
cycles of length j; we subtract 1 for the case where i = 1 (mod g — 1), that is
when all the elements are fixed.

By Proposition 2, there are ¢(j) elements of order j and one element con-
gruent to 1 in Zpﬁn for each p,, odd. This give us (2). For the case p, =2 and
j > 2, by Theorem 2, one must have that i = 1 (mod 2’“) and hence f (j, Qk) =1
for j > 2. The other cases on (3) follow from Proposition 3. O

Now consider the case where the permutation z* has cycles of length j and
0,1, —1 are the only elements fixed by the permutation. This case is of particular
interest for the application to turbo codes as we will explain in the next section.

Corollary 2 says that, when ¢ — 1 = 4p* ... pFr_ the only permutation z* €
F,[z] that decomposes in cycles of the same length and has 0,1, —1 as the only
fixed elements is 2972, For the case when ¢ — 1 = 2kplf1 --pkr k> 2, Corollary
1 give us two permutation monomials with this property: z9-2 and z*7 . The
following proposition give us the number of monomials with this property for
the other cases.

Proposition 4. Let g —1 = plgplfl oopkr k= 0,1. The number of monomials
zt € Fylz] with cycles of length j and have 0,1 or 0,1,—1 as the only fized
elements is ¢(5)" if j| (pn — 1) for all 1 <n <r, and 0 otherwise.

Proof. By Theorem 3, z* has cycles of length j and 0,1 or 0,1, —1 are the only
fixed elements only if j| (p, — 1) for all 1 < n < r. Suppose that j| (p, — 1) for
all 1 <n <r. As in in Lemma 6, we can construct a bijection between the set
of monomials z that decompose in cycles of length j and have 0,1 or 0,1, —1
as the only fixed elements and the set
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W, = {(wth,... swr) | wn € Zyrn, j = ord . (wn)}

Again, counting the number of such monomials is the same as counting the
number of elements in ;. Hence, by Proposition 2, there are ¢(j)” monomials
z' € Fy[z] that have cycles of length j and have 0,1 or 0,1, —1 as the only fixed
elements. O

4 Application to Turbo Codes

Error control codes are used in digital communication systems to protect in-
formation from errors that might occur during transmission. Turbo codes are
specially suitable for satellite communication systems since they provide error
control performance with a good reduction in the transmitter power levels.

One of the main components of a turbo encoder is the interleaver, which per-
mutes the information symbols. The current practice to construct interleavers
is to choose them randomly. The fact that these interleavers are found by com-
puter search implies that they have to be stored in memory. Although good
performance can be obtained with this type of construction, it is bad for imple-
mentation as well as for performance analysis. To avoid this problem, researchers
have considered deterministic constructions that can be generated on the fly and
that perform as well as random interleavers.

Most of the known methods for constructing interleavers algebraically do not
produce interleavers that perform well. Some of the properties associated to the
interleaver that are important to obtain “good” turbo encoders are the spreading
and the dispersion factors. An article by Takeshita and Costello [7] as well as
data obtained by Corrada-Bravo [2] suggested that another important property
of an interleaver is the length of the cycles in the cyclic decomposition of the
permutation in relation to the length of the cycle of the convolutional code in
the turbo code.

We are constructing interleavers using permutation monomials that give per-
mutations with a fixed length of cycles and studying the spreading and dispersion
properties as well as the performance of the codes. In particular, we are studying
permutations that only fix 0, 1, —1 because, usually, permutations with few fixed
elements have good dispersion. Also, it is very simple to construct monomials
z' € Fy[r] that give permutations that decompose in cycles of the same length j
and only fix 0,1, —1: if 4/(¢ — 1) and j = 2, 2972 and 2“3 are the only choices;
for g —1=pkph .- pkr k' =0,1and j| (p, — 1) for all 1 < n < r, we only have
to find ¢ such that

i=1 (mod?2)

1= w; (mod p’fl

i= u;r (mod p’ﬁr)
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The proof of the Chinese Remainder Theorem gives an easy way to construct
these ’s.

Our simulations show that although our interleavers do not have better dis-
persion or spreading than random interleavers, interleavers with certain length
of the cycles perform as well or better than them. More details on this can be
found on [3]

Graphs with large girth have been used for the construction of regular and
irregular low density parity check (LDPC) codes and recently, in [8] the author
derived interleavers for turbo codes from graphs which have large girth. The girth
(the length of the shortest cycle) of the turbo code graph, captures the relation
between the cycle length of interleavers and the cycle length of the convolutional
codes. We are carrying further studies on this relation in an attempt to answer
the question as to which other parameters are necessary to established how
an interleaver is going to perform. With this approach, we hope to be able to
predict the performance of a turbo code with a particular interleaver, based
on the cycle length of the convolutional code and the cycle structure of the
interleaver. This would remove of the analysis (up to a degree) the painstaking
and time consuming task of simulation.
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