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SUBWORD COMPLEXITY AND LAURENT SERIES WITH
COEFFICIENTS IN A FINITE FIELD

ALINA FIRICEL

ABSTRACT. Decimal expansions of classical constants such as /2, 7 and
¢(3) have long been a source of difficult questions. In the case of Laurent
series with coefficients in a finite field, where no carry-over difficulties
appear, the situation seems to be simplified and drastically different.
On the other hand, Carlitz introduced analogs of real numbers such as
m, e or ((3). Hence, it became reasonable to enquire how “complex” the
Laurent representation of these “numbers” is.

In this paper we prove that the inverse of Carlitz’s analog of 7, Il4,
has in general a linear complexity, except in the case ¢ = 2, when the
complexity is quadratic. In particular, this implies the transcendence of
II2 over Fo(T'). In the second part, we consider the classes of Laurent
series of at most polynomial complexity and of zero entropy. We show
that these satisfy some nice closure properties.

1. INTRODUCTION AND MOTIVATIONS

A long standing open question concerns the digits of the real number
m = 3.14159---. The decimal expansion of 7 has been calculated to bil-
lions of digits and unfortunately, there are no evident patterns occurring.
Actually, for any b > 2, the b-ary expansion of 7 looks like a random se-
quence (see for instance [10]). More concretely, it is widely believed that
is normal, meaning that all blocks of digits of equal length occur in the b-ary
representation of m with the same frequency, but current knowledge on this
point is scarce.

A usual way to describe the disorder of an infinite sequence a = agajas - - -
is to compute its subword complexity, which is the function that associates
to each positive integer m the number p(a,m) of distinct blocks of length
m occurring in the word a. Let a be a real number and let a be the rep-
resentation of « in an integral base b > 2. The complexity function of « is
defined as follows:

p(a, b, m) = p(a, m),
for any positive integer m.

Notice that m being normal would imply that its complexity must be
maximal, that is p(m,b,m) = b™. In this direction, similar questions have
been asked about other well-known constants like e, log 2, ¢(3) or v/2 and

it is widely believed that the following conjecture is true.
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Conjecture 1.1. Let o be one of the classical constants: w, e, log2, ((3)
and /2. The complezity of the real number « satisfies:

p(aa b7 m) = bm7

for every positive integer m and every base b > 2.

We mention that in all this paper we will use Landau’s notations. We
write f(m) = O(g(m)) if there exist positive real numbers ki, ko, ng such
that, for every n > ng we have

kalg(n)| < |f(n)| < k2lg(n)].

We write also f(m) = O(g(m)) if there exist two positive real numbers k, ng
such that, for every n > ng we have:

[f(n)] < Klg(n)].

If v is a rational real number then p(a,b,m) = O(1), for every integer
b > 2. Moreover, there is a classical theorem of Morse and Hedlund [28]
which states that an infinite sequence a = (ay)n>0 is eventually periodic if
and only if p(a,m) is bounded. If not, the complexity function is strictly
increasing. In particular,

(1) pla,m) >m+1,

for every nonnegative integer m.

A sequence which saturates the inequality above is called a Sturmian
sequence (see the original papers of Morse and Hedlund [28, 29]).

According to this theorem, an irrational real number o has a complexity
function which satisfies p(a, b,m) > m + 1, for every m € N. Concerning
irrational algebraic numbers, the main result known to date in this direction
is due to Adamczewski and Bugeaud [3]. These authors proved that the
complexity of an irrational algebraic real number « satisfies

lim M = +o00,

m—00 m
for any base b > 2.

For more details about complexity of algebraic real numbers, see [3, 4].
For classical transcendental constants, there is a more ambiguous situation
and, to the best of our knowledge, the only result that improves the bound
following from Inequality (1) was recently proved in [1]. It concerns the real
number e and some other exponential periods. More precisely, Adamczewski
showed that if £ is an irrational real number whose irrational exponent
w(&) = 2, then

lim p(&,b,m) — m = +oo,
m—o0

for any base b > 2.

The present paper is motivated by this type of questions, but asked for
Laurent series with coefficients in a finite field. In the sequel we will denote
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respectively by F,(T), F,[[T~!]] and F,((T1)) the field of rational functions,
the ring of formal series and the field of Laurent series over the finite field
Fy, g being a power of a prime number p.

Let us also recall the well-known analogy between integers, rationals and
real numbers on one side, and polynomials, rationals functions, and Laurent
series with coefficients in a finite field, on the other side. Notice that, the
coefficients in I, play the role of “digits” in the basis given by the powers
of the indeterminate T. There is still a main difference: in the case of real
numbers, it is hard to control carry-overs when we add or multiply whereas
in the case of power series over a finite field, this difficulty disappear.

By analogy with the real numbers, the complexity of a Laurent series is
defined as the subword complexity of its sequence of coefficients. Again, the
theorem of Morse and Hedlund gives a complete description of the ratio-
nal Laurent series; more precisely, they are the Laurent series of bounded
complexity. Hence, most interesting questions concern irrational series.

There is a remarkable theorem of Christol [18] which describes precisely
the algebraic Laurent series over Fy(T') as follows. Let f(T) =>_, -, a,T™"
be a Laurent series with coefficients in F,. Then f is algebraic over F,(T)
if, and only if, the sequence of coefficients (a,)n>0 is p-automatic.

For more references on automatic sequences, see for example [8]. Fur-
thermore, Cobham proved that the subword complexity of an automatic
sequence is at most linear [20]. Hence, an easy consequence of those two
results is the following.

Theorem 1.1. Let f € F,((T71)) algebraic over Fy(T). Then we have:
p(f,m) = O(m).

The reciprocal is obviously not true, since there are uncountable many
Laurent series with linear complexity. In contrast with real numbers, the
situation is thus clarified in the case of algebraic Laurent series. Also, notice
that Conjecture 1.1 and Theorem 1.1 point out the fact that the situations
in F,((T~1)) and in R appear to be completely opposite.

On the other hand, Carlitz introduced [21] functions in positive charac-
teristic by analogy with the number 7, the Riemann ( function, the usual
exponential and the logarithm function. Many of these were shown to be
transcendental over F (T (see [22, 26, 33, 34, 35]). In the present paper we
focus on the analog of 7, denoted, for each ¢, by II;, and we prove that its
inverse has a “low” complexity. More precisely, we will prove in Section 3
the following results.

Theorem 1.2. Let ¢ = 2. The complexity of the inverse of 11, satisfies:
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Theorem 1.3. Let g > 3. The complexity of the inverse of 11, satisfies:

1
D <H—q,m> = 0O(m).
Since any algebraic series has a linear complexity (by Theorem 1.1), the
following corollary yields.

Corollary 1.1. Iy is transcendental over Fo(T).

The transcendence of II; over Fy(T") was first proved by Wade in 1941
(see [34]) using an analog of a classical method of transcendence in zero
characteristic. Another proof was given by Yu in 1991 (see [35]), using the
theory of Drinfeld modules. Then, de Mathan and Cherif, in 1993 (see [22]),
using tools from Diophantine approximation, proved a more general result,
but in particular their result implied the transcendence of II,.

Christol’s theorem has also been used as a combinatorial criterion in or-
der to prove the transcendence of II,. This is what is usually called an
“automatic proof”. The non-automaticity and also the transcendence, was
first obtained by Allouche, in [6], via the so-called g-kernel. Notice that our
proof of transcendence here is based also by Christol’s theorem, but we ob-
tain the non-automaticity of Iy over Fo(7T') as a consequence of the subword
complexity.

Furthermore, motivated by Theorems 1.2, 1.3 and by Conjecture 1.1, we
consider the classes of Laurent series of at most polynomial complexity P
and of zero entropy Z (see Section 4), which seem to be good candidates
to enjoy some nice closure properties. In particular, we prove the following
theorem.

Theorem 1.4. P and Z are vector spaces over Fy(T').

Another motivation of this work is the article [11] of Beals and Thakur.
These authors proposed a classification of Laurent series in function of their
space or time complexity. This complexity is in fact a characteristic of the
(Turing) machine that computes the coefficient a;, if f(T) = >, a; 77"
They showed that some classes of Laurent series have good algebraic prop-
erties (for instance, the class of Laurent series corresponding to any de-
terministic space class at least linear form a field). They also place some
Carlitz’s analogs in the computational hierarchy.

This paper is organized as follows. Some definitions and basic notions
on combinatorics on words and Laurent series are recalled in Section 2.
Section 3 is devoted to the study of the Carlitz’s analog of m; we prove
Theorems 1.2 and 1.3. In Section 4 we study some closure properties of
Laurent series of “low” complexity (addition, Hadamard product, derivative,
Cartier operator) and we prove Theorem 1.4; in particular, this provides a
criterion of linear independence over Fy(T") for two Laurent series in function
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of their complexity. Finally, we conclude in Section 5 with some remarks
concerning the complexity of the Cauchy product of two Laurent series,
which seems to be a more difficult problem.

2. TERMINOLOGIES AND BASIC NOTIONS

In this section, we briefly recall some definitions and well-known results
from combinatorics on words. Moreover, we recall some basic notions on
algebraic Laurent series.

A word is a finite, as well as infinite, sequence of symbols (or letters)
belonging to a nonempty set A, called alphabet. We usually denote words
by juxtaposition of theirs symbols.

Given an alphabet A, we denote by A* := Ui":OAk the set of finite words
over A. Let V := agaq - - - apm—1 € A*. Then the integer m is the length of V'
and is denoted by |V|. The word of length 0 is the empty word, usually de-
noted by €. We also denote by A™ the set of all finite words of length m and
by AN the set of all infinite words over A. We typically use the uppercase
italic letters X,Y, Z, U, V, W to represent elements of A*. We also use bold
lowercase letters a, b, c,d, e, f to represent infinite words. The elements of
A are usually denoted by lowercase letters a, b, c,-- - .

We say that V' is a factor (or subword) of a finite word U if there exist
some finite words A, B, possibly empty such that U = AV B and we denote
it by V< U. Otherwise, V £ U. We say that X is a prefix of U, and we
denote by X <, U if there exists Y such that U = XY. We say that Y is
a suffiz of U, and we denote by Y <, U if there exists X such that U = XY

Also, we say that a finite word V' is a factor (or subword) of an infi-
nite word a = (ap)p>0 if there exists a nonnegative integer j such that
V =ajajq1---ajpm—1. The integer j is called an occurence of V.

Let U, V,W be three finite words over A, V possibly empty. We denote:
(U, V,W):={AVB, A<, U, B <, W, A, B possibly empty},

and
i(U,V,W)" :={AVB, A <, U, B <, W, A, B nonempty}.

If n is a nonnegative integer, we denote by U™ := UU ---U. We denote
—

n times

also U := UU ---, that is U concatenated (with itself) infinitely many
times. An infinite word a is periodic if there exists a finite word V' such

that a = V°°. An infinite word is eventually periodic if there exist two finite
words U and V such that a = UV,
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The fundamental operation on words is concatenation. Notice that A*,
together with concatenation, form the free monoid over A, whose neutral
element is the empty word e.

2.1. Subword complexity. Let a be an infinite word over A. As already
mentioned in Introduction, the subword complexity of a is the function that
associates to each m € N the number p(a,m) defined as follows:

p(a,m) = Card{(a;,ajt1,...,aj4m-1), j € N}.

For any word a, p(a,0) = 1 since, by convention, the unique word of
length 0 is the empty word .

For example, let us consider the infinite word a = aaa - - -, the concate-
nation of a letter a infinitely many times. It is obvious that p(a,m) =1 for
any m € N. More generally, if a is eventually periodic, then its complexity
function is bounded.

On the other side, let us consider the infinite word of Champernowne
over the alphabet {0,1,2,3,...,9}, a := 0123456789101112- - - . Notice that
p(a,m) = 10" for every positive integer m.

More generally, one can easily prove that for every m € N and for every
word a over the alphabet A, we have the following;:

1 <p(a,m) < (card A)™.

We give now an important tool we shall use in general, in order to obtain
a bound of the subword complexity function (for a proof see for example

[8]):
Lemma 2.1. Let a be an infinite word over an alphabet A. We have the
following properties:

e p(a,m) < p(a,m+1) <card A-p(a,m), for every integer m > 0;
e p(a,m+n) < pla,m)p(a,n), for all integers m,n > 0.

Let F, be the finite field with ¢ elements, where ¢ is a power of a prime
number p.

In this paper, we are interested in Laurent series with coefficients in F,,.
Let ng € N and consider the Laurent series:

Let m be a nonnegative integer. We define the complezity of f, denoted by
p(f,m), as being equal to the complexity of the infinite word a = (ay)n>0-
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2.2. Topological entropy. Let a be an infinite word over an alphabet A.
The (topological) entropy of a is defined as follows:
I
h(a) = lim log p(a, m) m)
m—00 m

The limit exists as an easy consequence of the following property: p(a,n+
m) < p(a,n)p(a,m), for every m,n > 0 (which is the second part of the
Lemma 2.1). If the base of the logarithm is the cardinality of the alphabet
then:

0<h(a) <1

Notice that, by definition, the “simpler” the sequence is, the smaller its en-
tropy is.

Let ng € N and consider the Laurent series

+o0
FT) = Y anT " €F((T7).

n=-—ng

We define the entropy of f, denoted by h(f), as being equal to the entropy
of the infinite word a = (ay)n>0.

2.3. Morphisms. Let A (respectively B) be an alphabet and let A* (re-
spectively B*) be the corresponding free monoid. A morphism o is a map
from A* to B* such that o(UV) = o(U)o (V) for all words U,V € A*. Since
the concatenation is preserved, it is then possible to define a morphism on
A.

If A = B we can iterate the application of 0. Hence, if a € A, 0°(a) = a,
oi(a) = o(c"1(a)), for every i > 1.

Let o : A — A be a morphism. The set A*UAYN is endowed with a natural
topology. Roughly, two words are close if they have a long common prefix.
We can thus extend the action of a morphism by continuity to A* U AN,
Then, a word a € A" is a fized point of a morphism o if o(a) = a.

A morphism ¢ is prolongable on a € A if 0(a) = az, for some x € AT :=
A*\{e}. If o is prolongable then the sequence (0*(a))i>o converges to the
infinite word: 0 (a) = lim; .o, 0'(a) = azo(x)o?(x)o>(x) - - -.

Example 2.1. The Fibonacci word f = 0100101001001 --- is an example
of an infinite word generated by iterating the morphism: o(0) = 01 and
o(1) = 0. More precisely, f = ¢>°(0) is the unique fixed point of o.

The order of growth of a letter x is the function |o™(z)|, for n > 0. In
general, this function is bounded or, if not, is growing asymptotically like
the function n%b?. A morphism is said to be polynomially diverging if there
exists b > 1 such that, for any letter x, the order of growth of z is n%b”
and a; > 1 for some x. A morphism is exponentially diverging if every letter
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x has the order of growth n%b? with b, > 1 and not all b, are equal. For
more details the reader may refer to [30].

A morphism o is said to be uniform of length m > 2 if |g(x)| = m. Notice
that a word generated by an uniform morphism of length m is m-automatic
(see for example [20]). In particular, its complexity is O(1) if the word is
eventually periodic; otherwise, it is ©(m).

For more about the complexity function of words generated by morphisms
there is a classical theorem of Pansiot [30] that characterizes the asymptotic
behavior of factor complexity of words obtained by iterating a morphism.

2.4. Algebraic Laurent series. A Laurent series f(1) =%, , a,T™" €
F,((T71)) is said to be algebraic over the field F,(T') if there exist an integer
d > 1 and polynomials Ay(T), A1 (T),...,Aq(T), with coefficients in F, and
not all zero, such that:

Ag+ ALf +---+ Agfi=0.

Otherwise, f is transcendental over Fy(T").
Let us now give an example of Laurent series algebraic over the field of
rational functions.

Example 2.2. Let us consider the formal series f(T) = > o T™" €
F3[[T1]] where ¢ := (¢;)n>0 is the Cantor sequence defined as follows:

1 if (n)3 contains only 0 and 2;
Cp —
" 0 if (n)s contains the letter 1.

Here (n)3 denotes the expansion in base 3 of n. By definition, we get that
C3n = Cn = C3pt2 and c3py1 = 0, for all n € N.

We have:
f(T) = Z c3nT_3n + Z C3n+1T_3n_1 + Z 03n+2T_3n_2
n>0 n>0 n>0
e
n>0 n>0
Hence,

F(T) = f(T%) + T2 £(T°)
and, since we are in characteristic 3, we obtain that f satisfies the following
equation:
(1+T%)f4T)-T%=0.
Thus f is an algebraic Laurent series.
Notice also that, the infinite sequence c is 3-automatic, as predicted by
Christol’s theorem, and in particular the complexity of c satisfies:

p(c,m) = O(m).
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3. AN ANALOGUE OF II

In 1935, Carlitz [21] introduced for function fields in positive character-
istic an analog of the exponential function defined over Co,, which is the
completion of the algebraic closure of F,((T~1)) (this is the natural ana-
logue of the complex numbers field). In order to get good properties in
parallel with the complex exponential, the resulting analogue, z — ec(z),
satisfies:

ec(0) =0, d/dz(ec(2)) =1 and ec(Tz) = Tec(2) + ec(2)7.

This is what we call the Carlitz exponential and the action v — Tu +
u? leads to the definition of the Carlitz F,[T]-module, which is in fact a
particular case of Drinfeld module. The Carlitz exponential, ec(z), may be
defined by the following infinite product:

z
ec(z) =z H (1-—=)
a€F [T}, a0 all,
where
_ s 1 -1
Iy = (=T)« H <1 B TqJ_1>
j=1

Since e* = 1 if and only if z € 27iZ and since ec(z) was constructed by
analogy such that ec(z) = 0 if and only if z € II,F,[T] (in other words the

kernel of ec(z) is II,Fy[T]), we get a good analogue II, of 27i. In order to
obtain a good analogue of the real number 7, we take its one unit part and

hence we obtain:
e 1 -1
o, =[] (1 —~ qu_1> :
j=1

For more details about analogs given by the theory of Carlitz modules,
and in particular about the exponential function or its fundamental period
I1,, we refer the reader to the monographs [26, 33].

If we look for the Laurent series expansion of II;, then we obtain that

[oe} 1 —1
o, =[] (1 - W) => a, 77",

J=1 n>0

where a,, is defined as the number of partitions of n whose parts take values
in I ={¢’ —1,j > 1}, taken modulo p.

To compute the complexity of II,, we would like to find a closed formula
or some recurrence relations for the sequence of partitions (ay)n,>0. This
question seems quite difficult and we are not able to solve it at this moment.

However, it was shown in [6] that the inverse of II, has the following
simple Laurent series expansion:
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ﬁ( Xo- 1> Zp”Xn

j=1
where the sequence p, = (p(n))n>0 is defined as follows:
(2)
1if n = 0;
pn = 4 (=1)@47 if there exists a set J C N* such that n = dies (¢ —1);
0 if there is no set J C N* such that n =3, ; (¢ —1).

We mention that if such a decomposition exists, it is unique.

In the rest of this section we will prove Theorem 1.2 and 1.3.

1. Proof of Theorem 1.2. In this part we study the sequence po =
2 )n>0, defined by the formula (2) in the case where ¢ = 2. More precisely:
)
@ _ {1 if n =0 or if there exists J C N* such that n =3, (27 —1);

3.
(p
3

Pn 0 otherwise.

In order to lighten the notations, in the rest of this subsection we set
2
P =Py so that py = popipa -+
For every n > 1, we denote by W, the factor of po that occurs between
positions 27 — 1 and 2"+! — 2, that is:
Wn = pPon_1 - Pontl_g.

We also set Wy := 1. Observe that |W,| = 2".
With these notations the infinite word po can be factorized as:

po=_1 10 110011011000 - - = WoW Wy ---
NN NN
Wo Wi Wsy Ws

In order to compute the complexity function of po, we need the following
lemmas.

Lemma 3.1. Let n and k be two positive integers such that: k < 2" — 1.
Then k can be written as »;c; (2) —1) if and only if k + (2" — 1) can be

written as ) i (28 — 1), where I and J are finite subsets of N*.

Remark 3.1. This is equivalent to say that ax = 1 if and only if agy(on_1) =
1.

Proof. The first part is pretty obvious. If k=3, ; (27 — 1), then:
k+@—1)=> @-D+@-1)= Y (2-1.
jed jeJu{n}

For the second part, let suppose that k+ (2" —1) = 3", ., (2° — 1). We prove
that k& can be also represented in this erm. More precisely, we show that
n € I and consequently k=3 ;.\ 3 (2 = 1).
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Notice that I cannot contain any index greater than n since k < 2™ — 1.
We argue by contradiction and we assume that I does not contain n. Then
Yicr (28 —1) < 2" — 1 since

n—1
- @ -D=202""-1)-(n-1)=2"-n-1<2" -1
iel =1

Hence, if n does not belong to I, then k + (2" — 1) < 2" — 1 which is
absurd. Consequently, n belongs to I and thus k = _,.p\(,y 2 —1). O

Lemma 3.2. For every n > 2 we have W, = 1W1Ws--- W, _10.

Proof. Clearly, the word W,, begins with 1 because pon_1 = 1. The word
W, ends with 0 since the last letter is pyn+1_5 = 0. To explain the structure
of W,,, we split the word W, into subwords as follows:

Wy = pan—y Pern-1)+@2-1)P(2n—1)+(22-2) P(2n—1)+(22—1) """ P(2n—1)+(23-2)

! wy w4

o PEn—1)4(2n-1-1) " " P(2n—1)+(2n—2) Pont+1_2 -
( )+( ) ( )+( )

w! 0

n—1
Since by Lemma 3.1 pon_1y1x = pg for & < 2" — 1, we obtain that
W! =W, for1 <i<n-—1. O

Since the subword W,, ends with 0, we can define U,, by W,, := U,0, for
every n > 1. Thus, U; =1, U = 110.

Lemma 3.3. For every n > 1, we have Uy, = U,U,0.
Proof. By Lemma 3.2, U, = 1W W5 ---W,,_1 for all n > 2. Consequently:

Upny1 =1W Wo - - Wy Wy, =UW,, =U, U,0.
W,
Un n

O

Lemma 3.4. For every n > 2, there exists a word Z, such that W, =
1Z,10™ and O™ 4 Z,, (in other words W, ends with exactly n zeros and Z,
does not contain blocks of 0 of length larger than n — 1). This is equivalent
to say that U, = 1Z,10"! and 0" 4 Z,.

Proof. We argue by induction on n.

For n > 2, Wy = 1100 ends with two zeros and obviously there are no
other zeros.

We assume that W,, ends with n zeros and does not contain other block
of zeros of length greater than n—1. We show this statement holds for n+1.
By Lemma 3.3

Wn—‘,—l == Un+10 - UnUnOO
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As U, ends exactly with n — 1 zeros (by induction hypothesis), then
W, 41 ends also by n + 1 zeros. Since we have that U, = 12,10""! and
0" 4 Z, then W41 = 12,10""112,10"100 = 12,,10"!, when Z,,; :=
Z,10""1Z,,. Since 0" & Z,,, then 0" &4 Z, 1. This completes the proof.

O

Lemma 3.5. For every n > 1, let A, := {U20F, k > 1}. Then py € AL.

Proof. Let n > 1. By definition of W,, and U, and by Lemma 3.2, the
infinite word po can be factorized as:

(4) p2 = Wwiwy.--W,_1 U,0 Un+10 Un+20 BRI
NN~
Un W”l Wn+1 Wn+2

We prove that for every positive integer k, there exist a positive integer
r and ki, ko, ..., k. € N* such that:
(5) Upsr = U0MU20% ... U20kr

We argue by induction on k. For k = 1, we have U, = U, U,0 = U20.
We suppose that the relation (5) is true for k£ and we show it for k + 1. By
Lemma 3.3:

Upsitr = UpirUpnir0 = U20MU20%2 ... U200k U207 U207 - . U200+
By equality (4), this ends the proof. O

Fix m € N. Then, there is a unique integer n such that:
(6) 2l <m < 2m,

Lemma 3.6. Let m € N. All distinct words of length m of pa occur in the
prefix:

P =WoWy - Wp,.

Proof. Let m,n be some positive integer satisfying 6.
We show that all distinct words of length m occur in the prefix

P, =WW Wy .- - Wy_ W, --- Wy, =U, U,0U,U,00 U,U,,0U,U,000 - - - W,,;
~N —_—
Wn Wn+1 Wn+2

the second identity follows by Lemmas 3.2 and 3.3.

Notice that we have to consider all the words till W,,, because the word
0™ first occurs in W,,.

Also, by Lemma 3.4 and using the identity (5), W; ends with U,,U,,0°="+1,
for every i > n+ 1. Consequently, all the words U,U,0%, 0 <k <m—n+1
are factors of P,,.

Moreover, notice that if B, := {U,U,0%,0 < k < m —n + 1}, then
P,, € B}. This follows from Lemmas 3.5 and 3.4 (there are no blocks of
zeros of length greater than m in WoWy --- W,,).
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After the occurrence of W,,, it is not possible to see new different subwords
of length m. Indeed, suppose that there exists a word F' of length m that
occur in Wy, 1 1Wy1oWi, 13-+ and does not occur in P,,. Then, by Lemma
3.5 and by the remark above, F' must occur in the words U,0"U,, with
k > m —n+ 1. But since U, ends with n — 1 zeros (by Lemma 3.4), F'
must be equal to 0™ or 0°P;, where i > m —n+ 2 and P; <, Uy, or F must
occur in U,. But all these words already occur in P,,. This contradicts our
assumption. U

3.1.1. An upper bound for p(H%,m). In this part we prove the following
result.

Proposition 3.1.
(m —logm)(m + logm + 2)
2

Proof. In order to find all different factors of length m that occur in po, it
suffices, by Lemmas 3.5 and 3.6, to consider factors appearing in the word
U,U, and in the sets i(U,, 0%, U,), where 1 < k < m —n.

+ 2m.

p(p27m) <

In the word U,U,, we can find at most |U,| distinct words of length m.
Since |Uy,| = 2" — 1 and 2"~ < m < 27, the number of factors of length m
that occur in U,U,, is at most 2", so at most 2m.

Also, it is not difficult to see that |z’(Un, 0", Un)‘ NA™ <m—k+1. The
total number of subwords occurring in all these sets, for 1 < k < m —n, is
less than or equal to:

m—n

(m—k+1)=(m+1)(m—n)—
k=1

(m—n)(m—n—kl).
2

Counting all these words and using the fact that 2"~! < m < 27, we
obtain that:

(m—n)(m+n+1) - (m —logm)(m +logm + 2)
2 2
as claimed. O

p(p2,m) < 2m + +2m

3.1.2. A lower bound for p(Hiz, m). In this part we prove the following result.

Proposition 3.2.

(m —logm)(m — logm + 1)

p(p2,m) > 5 .

Proof. By Lemma 3.6, we have to look for distinct words of length m occur-
ring in W, W41 -+ Wpy,.

In order to prove this proposition, we use the final blocks of 0 from each
W;. These blocks are increasing (as we have shown in Lemma 3.4). First,




hal-00447118, version 1 - 14 Jan 2010

14 ALINA FIRICEL

in the word W,, we find for the first time the word of length m: 0™.

In the set i(W,,—1,¢, Wy,), we find two distinct words of length m that
cannot be seen before (10™~! and 0™~ '1) since there are no other words
containing blocks of zeros of length m — 1 in i(Wy, e, Wy11), for k < m — 1.

More generally, fix k£ such that n <k <m — 2. Since
WiiWii1 = 12,108 12,1107,
Wi, Wit

in i(Wy,e, Wiy1) we find m — k 4+ 1 words of length m of form ay0% 3.
More precisely, the words we count here are the following: Sy_k—_110F,
Sim—i—210F1, S, _x_310%1T7,..., S10F1T,,_1_o, OF1T,,_1_1, where S; <4 Z
and T; <p Ziy1, |Si| = |T;| = 1, for every integer i, 1 <i <m —k — 1.

All these words cannot be seen before, that is in i(Ws, e, Wy41), for s < k,
since there are no blocks of zeros of length k before the word Wy, (according
to Lemma 3.4). Also, in i(Ws,e, Wy41), for s > k, we focus on the words
as0°Bs and hence they are different from all the words seen before (because
k < s).

Consequently, the total number of subwords of length m of form a;0% s
considered before, is equal to

1424, f(mon41)=montDlm=n+2)

2
Since 21 < m < 2" we obtain the desired lower bound. O
Proof of Theorem 1.2. It follows from Propositions 3.1 and 3.2. O

A consequence of Theorem 1.2 and Theorem 1.1 is the following result of
transcendence.

Corollary 3.1. Let K be a finite field and (pg))nzo the sequence defined in
(8). Let us consider the associated formal series over K :

F(T) =) pPT " e KT
n>0

Then f is transcendental over K(T').

Notice that, if K = Fy then the formal series f coincide with 1/II; and
hence Corollary 3.1 implies Corollary 1.1.

Remark 3.2. In [7], the authors proved that the sequence ps is the fixed
point of the morphism o defined by ¢(1) = 110 and ¢(0) = 0.
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In an unpublished note [5], Allouche showed that the complexity of the
sequence po satisfies, for all m > 1, the following inequality:

p(p2, m) > Cmlogm,
for some strictly positive constant C.

3.2. Proof of Theorem 1.3. In this part we study the sequence p, =

(p%q))nzo defined by the formula (2) in the case where ¢ > 3. In the following,
we will consider the case ¢ = p™, where p > 3.

Proposition 3.3. Let ¢ > 3. For every positive integer m:
p(pg:m) < (2¢ +4)m +2q — 3.

In particular, this proves the Theorem 1.3. Indeed, we do not have to
find a lower bound for the complexity function, as the sequence p, is not
eventually periodic (see Remark 3.5) and thus, by the inequality (1) we have
that:

p(pQ7m) 2 m+ 17

for any m > 0.

In order to lighten the notations, we set in the sequel p,, := pS{Z) so that

Pg = popP1p2 - - -
For every n > 1, we denote by W), the factor of p, defined in the following

manner:
Wn = Pgn—1 - 'pqn+1_2.

Let us fix Wy :=09"2=00---0 and ag := g — 2. Thus Wy = 0.
2
e
In other words, W), is the factor of p, occurring between positions ¢" — 1
and ¢"*1 — 2. Notice that |W,| = ¢"(¢ — 1).

With these notations the infinite word p, may be factorized as follows:

pg=100---0(=1)00---0(—1)---00100- - - 0(—1)00- - - .

Wo Wi Wa

In the following, we prove some lemmas that we use in order to bound
from above the complexity function of p,.

Lemma 3.7. Let k and n be two positive integers such that:
ke [2(¢"—1),¢"T —2].

Then there is no set J C N* such that k =3, ; (¢ —1). In other words,
pr = 0.
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Proof. We argue by contradiction and we assume that there exists a set J
such that k = ZjeJ (¢ —1). Since k < ¢"T! — 1, then obviously .J must be
a subset of {1,2,3,...,n}. Consequently

k=Y (-1 <> (¢ —1).
jeJ j=1
Then

! <2("—1) <k
_/”L pe—
q—1 !

which is absurd. (]

k<> (¢ -1)=¢2
j=1

Lemma 3.8. Let k and n be two positive integers such that: k < ¢" — 1.
Then k can be written as >jes (@ —1) if and only if k+ (¢" — 1) can be
written as Zjel (¢ — 1), where I and J are finite subsets of N*. Moreover,
JU{n}=1.

Remark 3.3. This is equivalent to say that py = —pp4(gn_1) for k and n
two positive integers such that k& < ¢" — 1.

Proof. The proof is similar to that of Lemma 3.1 (just replace 2 by ¢). O

If W =ajay---a; € {0,1,—1} then set W= (—a1)(—az) - (—ayp).
Lemma 3.9. For every n > 1 we have the following:
Wy = (~1)WoW, - - W, _10%
with oy, = (@™t — 1) — 2(¢" — 1).

Proof. Obviously, the word W,, begins with —1 since p;n_; = —1. In order
to prove the relation above it suffices to split W,, into subwords as follows:

Wi = Pq”l—l %,;.QW—1>+(q—1>P(qn—1>+(q2—2) P(gn—1)+(>~1) " Plq"—1)+(q3—2)
- 0

Wi €

Pl =D =D T Pan =D+ (=) P2 =) " P2

Wy 1 oen
Since pign_1)+k = —Pk, for every k < ¢" — 1 (by Lemma 3.8), we obtain

that W/ =W, for 0 <i <n — 1. Lemma 3.10 ends the proof. O

Since the subword W,, ends with 0%, we can define U,, as prefix of W,
such that W, := U, 0%, for every n > 1. Notice that |U,| = ¢" — 1.

Lemma 3.10. For every n > 1, we have Up41 = Unl/];Oa”.
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Proof. By Lemma 3.9, U,, = (—1)W//\0W/71 e I/I//n: Consequently:
Unt+1 = (—1)%1/1/71 te W;/W; = Unm = Unﬁ:zoan-

Un

O

Remark 3.4. Since ¢ > 3 we have «,, > |U,| for every n > 1. Moreover
(omn)n>1 1s a positive and increasing sequence.

Lemma 3.11. For every n > 1, let A, = {Un,[/];,Oai,z' > n}. Then
p, € AN,
Proof. Let n > 1. By definition of W), and U, the infinite word p, can be

factorized as:
pg = 1WoWy - Wy g W, Wiyq - -
Vn
By Lemma 3.9, since U, = (—1)1/1//\01/1//\1 W;L\l then the prefix V,, = U
Also, Wyi1 = Un(/],:Oa"O‘””H, Wiy = U, U, 00 T, U, 0% +an+1+an+2
Keeping on this procedure, W,, can be written as a concatenation of U,,

U, and 0%, ¢ > n. More precisely, p, can be written in the following man-
ner:

pq — Un Unoan UnUnOan+an+1 UnUnOan UnUnoan+an+1+an+2 ..
——
Wa Wh1 W2

O

Proof of Proposition 3.3. Let m € N. Then there exists a unique positive
integer n, such that:
-1 <m<qg"—1.

By Lemma 3.11 and the Remark 3.4, between the words U,, and (7; (when
they do not occur consecutively), there are only blocks of zeros of length
greater than «,, > |U,| = ¢" — 1 and thus greater than m. Hence all dis-
tinct factors of length m appear in the following words: U, Un, U Uy, 07U,
0%n Un, U,0%" and U 0%n.

In U, U, we may find at most |Unﬁ;| —m+1=2|U,| — m + 1 factors
at length m. In U;Un we may find at most m — 1 new different factors of
length m. More precisely, they form the set z([/];, e, Up)™

In 09U, (respectively Oo‘"ﬁ;, U, 0%, U;OO‘") we may find at most m (re-
spectively m — 1) new different factors (they belong to i(0%", e, U, )t U{0™},
respectively (0%, €, (/],:)Jr, i(Up,g,0% )" and i((/],:,s,OO‘")JF).
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Consequently, the number of such subwords is at most 2|U,| + 4m — 3.
Since U, = q" —1=¢q(¢" ' —1) +¢—1 < gm + q¢ — 1 we obtain that:

p(pg,m) <2(gm+q—1) +4m —3 < (2¢+ 4)m + 2q — 3.
O

Remark 3.5. It is not difficult to prove that p, is not eventually periodic.
Indeed, recall that p, = WoW W5 ---. Using Theorem 3.9 and the Remark
3.4,

(7) py = A0 A0 . A00 -

where A;, i > 1, are finite words such that A4; # 0/4il and (l3)i>1 is a strictly
increasing sequence.

Remark 3.6. This part concerns the case where g > 3. If the characteristic
of the field is 2, that is, if ¢ = 2", where n > 2, then, in the proof we have that
—1 = 1, but the structure of p, remain the same. We will have certainly
a lower complexity, but p, is still on the form (7), and thus p(p,, m) <
(2 +4)m +2q — 3.

4. CLOSURE PROPERTIES OF TWO CLASSES OF LAURENT SERIES

It is natural to classify Laurent series in function of their complexity. In
this section we study some closure properties for the following classes:

P = {f € F,((T™")), there exists K such that p(f,m) = O(m’)}

and, more generally,
Z={f eF,((T™")), such that h(f)=0}.

Clearly, P C Z. We recall that h is the topological entropy defined in
Section 2.

We have already seen, in Theorem 1.1, that the algebraic Laurent series
belong to P and Z. Also, by Theorem 1.2 and 1.3, iq belongs to P. Hence,
P, and more generally Z, seem to be two important objects of interest for
this classification.

The main result we will prove in this section is Theorem 1.4.

In the second part, we will prove the stability of P and Z under Hadamard
product, formal derivative and Cartier operator.
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4.1. Proof of Theorem 1.4. The proof of Theorem 1.4 is a straightforward
consequence of Propositions 4.1 and 4.3 below.

Proposition 4.1. Let f and g be two Laurent series belonging to F,((T1)).
Then, for every integer m > 1, we have:

p(f,m)
p(g,m)

Proof. Let f(T) := Ziz_il a;T~" and ¢g(T) := Ziz—ig b T~ iy,i9 € N.

<p(f +g,m) <p(f,m)p(g,m).

By definition of the complexity of Laurent series (see Section (2.1)), for
every m € N:
p(f(T) + g(T)7 m) = p(z a1, m)a
i>0
where ¢; := (a; + b;) € F,. Thus we may suppose that

f(1) = ZaiT_i and ¢g(7T) := Z b T~
i>0 i>0
We denote by a := (ai)izo, b= (bi)izo and c := (Ci)izo.

For the sake of simplicity, throughout this part, we set x(m) := p(f, m)
and y(m) := p(g,m). Let Lpn = {U1,Uz,...,Upimy} (vesp. Lgm =
{Va, Va, ..., Vyam) }) be the set of different factors of length m of the sequence
of coefficients of f (respectively of g). As the sequence of coefficients of the
Laurent series f 4+ g is obtained by the termwise addition of the sequence of
coefficients of f and the sequence of coefficients of g, we deduce that:

£f+g,m - {Uz + ‘/ja 1<:< $(m), 1< < y(m)}

where Ly 4., is the set of all distinct factors of length m occurring in c,
and where the sum of two words with the same length A = a; - --a,, and
B =10by---b,, is defined as

A+ B= (a1 +0b1) - (am +bn)
(each sum being considered over [F;). Consequently, p(f+g,m) < p(f,m)p(g, m).

We shall prove now the first inequality using Dirichlet’s principle.
Notice that if x(m) < y(m) the inequality is obvious.

Assume now that z(m) > y(m). Remark that if we extract x(m) sub-
words of length m from b, there is at least one word which appears at least

Wm)

y(m)

—‘ times.

For every fixed m, there exist exactly x(m) different factors of a. The
subwords of ¢ will be obtained adding factors of length m of a with factors
of length m of b.

Consider all distinct factors of length m of a: Uy, Ua, . .., Uy ), that occur
in positions i1, 49, . .., iy, . Looking in the same positions in b, we have z(m)
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factors of length m belonging to Ly ,,. Since x(m) > y(m), by the previous
remark, there is one word W which occur at least EEEH times in b.

Since we have U; + W # U; + W if U; # Uj, the conclusion follows
immediately. U

Remark 4.1. In fact, the first inequality may also be easily obtained from
the second one, but we chose here to give a more intuitive proof. Indeed,
if we denote f := hy + ha, g := —hg, where hy,hy € F,((T1)), the first
relation follows immediately, since p(hg, m) = p(—ha, m), for any m € N.

Remark 4.2. If f € F,((T')) and a € F,[T] then, obviously, there exists
a constant C' (depending on the degree of the polynomial a) such that, for
any m € N,

p(f +a,m) <p(f,m)+C.

Remark 4.3. Related to Proposition 4.1, one can naturally ask if it is
possible to saturate the inequalities in Proposition 4.1. By Remark 4.1, it
suffices to show that this is possible for one inequality. In the sequel, we
construct two explicit examples of Laurent series of linear complexity such
that their sum has quadratic complexity.

Let a and B be two irrational numbers such that 1, a and 3 are linearly
independent over Q. For any i € {a, 8} we consider the following rotations:

R :T' - T! z— {z+i},

where T! is the circle R/Z, identified to the interval [0, 1).
We may partition T! in two intervals I and I}, delimited by 0 and 1 — i.
We denote by v; the coding function:

(z) = 0 ifxel?;
VAT ifzell
We define a := (ap)n>0 such that, for any n > 0,
an = Va(RG(0)) = va({na})
and b := (ay)n>0 such that, for any n > 0,

bn = v3(R5(0)) = vs({nf}).

Let us consider f(T) = 3, 5oanT™" and g(T) = > 500 T™" be two
elements of F3((T~!)). We will prove that, for any m € N, we have:
(8) p(f +g,m) = p(f,m)p(g,m).

We thus provide an example of two infinite words whose sum has a maximal
complexity, in view of Proposition 4.1.

A sequence of form (v(Rp(z)))n>0 is a particular case of rotation se-
quences. It is not difficult to see that the complexity of the sequence a
satisfies p(a,m) = m + 1 for any m € N and hence a is Sturmian. For
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a complete proof, the reader may consult the monograph [31], but also the
original paper of Morse and Hedlund [28], where they prove that every Stur-
mian sequence is a rotation sequence.

Let m € N. Let
Lam ={U1,Uz,...,Upns1}
and respectively
Lo ={V1i,Va, ..., Vipsa }

be the set of distinct factors of length m that occur in a, respectively in b.
In order to prove the relation (8), we show that

(9) Lartm = {Ui+V; 1 <ij <m+1},

Let I := [0,1). It is well-known (see for example Proposition 6.1.7 in
[31]) that, using the definition of the sequence a (respectively of b), we can
split I in m + 1 intervals of positive length Ji, Jo, ..., Jyt1 (respectively
Ly, Lo, ..., Ly41) corresponding to Uy, Us, . . ., Up,41 (respectively Vi, Vs, . ..
such that:

{na} € Ji if and only if anap41 - apntm—1 = Uk

(respectively {nfg} € Ly if and only if b,by41 - bptm—1 = Vi)

In other words, {na} € Ji (resp. {nB} € Ly) if and only if the factor Uy
(resp.Vy) occurs in a (resp. b) at the position n.

Now we use the well-known Kronecker’s theorem which asserts that the
sequence of fractional parts ({na},{nB}),>o is dense in the square [0,1)?
since by assumption 1, o and S are linearly independent over Q.

In particular, this implies that, for any pair (i,5) € {0,1,...,m + 1},
there exists a positive integer n such that ({na},{nB8}) € J; x L. This is
equivalently to say that, for any pair of factors (U;, V}) € Lam X Lp m, there
exists n such that U; = anapy1 - - antm—1 and Vi = bpbpi1 -+ - bppm—1. This
proves Equality (9) and more precisely, since we are in characteristic 3, we
have the following equality:

Card Latb,m = Card La - Card Ly, ,, = (M + 1)2.

We point out the following consequence of Proposition 4.1.

) Vm+1)

Corollary 4.1. Let fi, f2,..., fi € F,(T~Y)). Then for every m € N and

for every integer © € [1;1] we have the following:

plfi,m) < < ,
[ p(fsm) = PULE Rt fim) < ggzp(f]’m)'
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Notice that these inequalities can be saturated, just generalizing the con-
struction above (choose [ Sturmian sequences of irrational slopes aq, as, . .., ay,
such that 1, a1, aq,...,q are linearly independent over Q).

We shall prove next that the sets P and Z are closed under multiplication
by rationals. Let us begin with a particular case, that is the multiplication
by a polynomial.

Proposition 4.2. Let b(T) € F,[T] and f(T) € F,((T~')). Then there is a
positive constant M (depending only on b(T)), such that for all m € N:

p(bf,m) < M p(f,m).

Proof. Let
b(T) :=bgT" +byT" '+ -+ b, € F [T
and
@)= > a T €F((T7)), ig €N,
i>—i
Then

-1
b(T)f(T) =b(T) Z a; T + ZaiT_i

(10) z:_—lzo i>0
= b(T) ( > aiT_i> +0(T) [ > aT™
i=—i0 i>0

Now, the product

BT aT™) =T (b + 0T + 0T + -+ b,T ) aT ™)
>0 >0

=T ¢ T7)

720

(11)
where the sequence ¢ := (¢;);>0 is defined as follows:

o= boaj+b1aj_1+"'+bjao ifj<r
J b(](lj + blaj_l + -+ braj_r if j >

According to definition of complexity (see Section 2.1) and to relations
(10) and (11), for every m € N, we have

p W FT),m)=p [ oD al™)m|=p| O T7)m

i>0 j>r

Our aim is to count the number of words of form cjc;i1 - ¢j4m—1, when
j > r. By definition of ¢, we notice that for j > r these words depend only
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ON @j_r@j_p41 - Ajym—1 and of b, by, - , b, which are fixed. The number
of words aj_,aj_ry1---@j4m—1 is exactly p(f,m + r). By Lemma 2.1 we
obtain:

p(fym +7) < p(f,)p(fym) = Mp(f,m),
where M = p(f,r). More precisely, we may bound up M by ¢", since this is
the number of all possible words of length r over an alphabet of ¢ letters. [

Proposition 4.3. Letr(T') € Fo(T) and f(T) = 3,5, anT ™" € F,((T71)).

Then for every m € N, there is a positive constant M, depending only on r
and ngy, such that:

p(rf,m) < Mp(f,m).
Proof. Let f(T) = > 5 4 a;T~" € F,((T7')), ip € N and m € N. By
Proposition 4.1, we have:

-1
p(r(T)F(T),m) < p <r<T>< ) aiT—mm) p [0 @), m

i=—io i>0

Proposition 4.2 implies that

—1
D <7‘(T)( Z a,-T_i),m> <R

i=—ip
where R does not depend on m. Thus, we may assume that f(7) =
ZZZO a; T,

The proof of Proposition 4.3 is decomposed into five steps.

Step 1. Since r(T") € Fy(T"), the sequence of coefficients of r is eventually
periodic. Thus, there exist two positive integers S and L and two polyno-
mials p; € F,[T] (with degree equal to S — 1) et po € F,[T] (with degree
equal to L — 1) such that r may be written as follows:

P(T) p(T) | p2AT)

= Q) ~ 751 T stE1 (A+TF T2 4,
Hence
(12)
r(MFT) = %Pl(T)f(T) +p2(T)#f(T)(1 +TE4T )
9(T) h(T)
= faT7
n>0

Let us denote by d = (d(n))n>0 the sequence of coefficients of g(7") and
by € = (en)n>0 the sequence of coefficients of h(T"). Clearly f := (f,)n>0 is
such that f, = d,, + e,, for every n € N.
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Fix m € N. Our aim is to bound from above p(f,m). First, assume that
m is a multiple of L. More precisely, we set m = kL, where k € N.

In order to bound the complexity of f, we will consider separately the
sequences e and d.

Step 2. We study now the sequence e, defined in (12).
In order to describe the sequence e, we shall study first the product

FOA+TE+T724 ) = O S a T (AT T2 ) = T
i>0 §>0

Expanding this product, it is not difficult to see that: ¢; = a; if I < L and
Cor+l =0 +appr + -+ agry, for k>1land 0<I < L —1.

By definition of ¢,,, n € N, we can easily obtain:
Cp+L — Cn = Qn4L-
Consequently, for all s € N:
(13) CntsL — Cn = OnsL + Qpy(s—1)L + T QnyL-

Our goal is now to study the subwords of ¢ with length m = kL.

Let 7 > 0 and let cjcjtr1cj42- - ¢j4xr—1 be a finite factor of length m =
kL. Using identity (13), we may split the factor above in k words of length
L as follows:

CjCj4+1Cj42 - CjtkL—1 = CjCj+1 "+ Cj+L—1 Cj+LCj+L+1 """ Cj42L—1 """

D1 D2
<+ Cjp(k—1)LCj+(k—1)L+1 """ Cj+kL—1

Dy,
where the words D;, 2 < ¢ < k depend only on D; and a. More precisely,

we have:

Dy = (¢cj + ajrr)(cj41 + ajrr41) - (¢jrr—1 + ajpar—1)

Dy = (¢j +ajir+ -+ ajyg-1r)(cr1 + ajrre1 + -+ ajrg-1)ny1)
(Cjgr—1+ ajyor—1+ -+ + ajprr—1)-

Consequently, the word cjcj1¢j12- - ¢jrm—1 depends only on Dy, which
is a factor of length L, determined by r(7T’), and on the word ajyr, - - - a4 k-1,
factor of length kL — L = m — L of a.

Now, let us return to the sequence e. We recall that

—n_ p2(T) —j
(14) D el ™ = g 2T
n>0 >0
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Using a similar argument as in the proof of Proposition 4.2 and using the
identity (14), a factor of the form ejeji1---ejym—1, j € N, depends only on
the coefficients of pp, which are fixed, and on ¢;_p41---¢j—1¢j - Cjitm—1.
Hence, the number of distinct factors of the form eje; 1 ---ej1,m—1 depends
only on the number of distinct factors of the form a;1a;542- - a4 -1y and
on the number of factors of length L that occur in c.

Step 3. We describe now the sequence d, defined in (12).

Doing the same proof as for Proposition 4.2, we obtain that the number
of words d; - - - dj4m—1, when j € N, depends only on the coefficients of p1,
which are fixed, and on the number of distinct factors a;_g41---a; - aj4m—1.

Step 4. We now give an upper bound for the complexity of f, when m is
a multiple of L.

According to steps 2 and 3, the number of distinct factors of the form
fifj+1-- fj+m—1, 7 € N, depends on the number of distinct factors of form
Aj—54+10j42 " - Gj+m—1 and on the number of factors of length L that occur
in c.

Consequently,

p(rfv m) é p(fvm + S — 1)qL7

and by Lemma 2.1

p(fvm + S - 1) S p(fam)p(fas - 1) S qs_lp(fvm)'
Finally,
p(rf,m) < ¢"*>=p(f,m).

Step 5. We now give an upper bound for the complexity of f, when m is
not a multiple of L.

In this case, let us suppose that m = kL+1,1 <[ < L—1. Using Lemma
2.1 and according to Step 4:

p(rf,m) p(rf,kL+1) <p(rf,kL)p(rf, 1) <p(rf,kL)p(rf, L —1)
q“p(rf.kL) < ¢¥ T 2p(f,m).

IN

O

4.1.1. A criterion for linear independence of Laurent series. As a conse-
quence of Theorem 1.4, we give a criterion of linear independence over Fy(T)
for two Laurent series in function of their complexity.

Proposition 4.4. Let f,g € F,((T™1)) be two irrational Laurent series such
that:

i PUm)
m—o0 p(g,m)

Then f and g are linearly independent over the field Fy(T').



hal-00447118, version 1 - 14 Jan 2010

26 ALINA FIRICEL

Proof. We argue by contradiction. Assume there exist polynomials A(T),
B(T), C(T') over F,, not all zeros, such that:

A(T)f(T) + B(T)y(T) + C(T) =

Next use the fact that addition with a rational function and multiplication
by a rational function do not increase the asymptotic order of complexity.
Indeed, since A(T') # 0 because g(T') ¢ Fy(T"), we would have
cr) _ B(T)
T =— T).
£+ S = i 90
However, Propositions 4.1 and 4.3 would imply that the complexity of the
left-hand side of this inequality is asymptotically larger than the one of the
right-hand side. O

Let us now give an example of two Laurent series linearly independent
over Fy(T"). Their sequences of coefficients are generated by non-uniform
morphisms and we study their subword complexity in function of the order
of growth of letters, using a classical result of Pansiot [30]. Notice that, the
following sequences are non-automatic and hence, the associated Laurent
series are transcendental over F,(T').

Example 4.1. Consider the infinite word a = 000100010001110---; a =
(an)n>0 = 0°°(0) where (0) = 0001 and o(1) = 11. If we look to the
order of growth of 0 and 1 we have that |0"(0)] = 3" + 5 -2""% and
|o™(1)| = 2™. Hence, the morphism o is exponentially diverging (see the Sec-
tion (2.3)). Consequently, by Pansiot’s theorem mentioned above, p(a,m) =
©(mlogm).

Consider next b = 010110101111010---; b = (by)n>0 = ¢°°(0), where
¢(0) = 0101 and ¢(1) = 11. It is not difficult to see that ¢ is polynomially
diverging (see Section (2.3)) since |¢™(0)| = (n + 1)2" and |¢(1)"| = 2". By
Pansiot’s theorem, p(b, m) = ©(mloglogm).

Now we consider the formal series whose coefficients are the sequences
generated by the morphisms above:

_ 1 1 1 _
ZanT"— tm T gt € Rl 8
n>0

and

_ 11 1 _1
=D T ™" =gt g g o € Rl
n>0

Since lim,,— 0 p(f,m)/p(g, m) = +00, Proposition 4.4 implies that f and g
are linearly independent over F (7).

4.2. Other closure properties. In this section we prove that the classes
P and Z are closed under a number of actions such as: Hadamard product,
formal derivative and Cartier operator.
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4.2.1. Hadamard product. Let f(T):=3%" < , ap /T " g(T) =3 s ,, bsT7"
be two Laurent series in F,((771)). The Hadamard product of f and g is
defined as follows:

foOg= Z anb, T~ ™.
n>—min(ni,n2)

As in the case of addition of two Laurent series (see Proposition 4.1) one
can easily obtain the following.

Proposition 4.5. Let f and g be two Laurent series belonging to Fq((T_l)).
Then, for every m € N, we have:

p(f,m)
p(g,m)

The proof is similar to the one of Proposition 4.1. The details are left to
the reader.

<p(f ®g,m) <p(f,m)p(g,m).

4.2.2. Formal derivative. As an easy application of Proposition 4.5, we present
here the following result. First, let us recall the definition of the formal de-
rivative.

Definition 4.1. Let ng € N and consider the Laurent series: f(T) =
:;io_no anT™™ € F,((TY)). The formal derivative of f is defined as fol-
lows: .
o

()= > (=n mod planT~ " € Fo((T™)).

n=-ng
We prove then the following result.
Proposition 4.6. Let f(T) € F,(T")) and k be a positive integer. If f*)

is the derivative of order k of f, then there exists a positive constant M,
such that, for all m € N, we have:

p(f*),m) < M p(f,m).

Proof. The derivative of order k of f is almost the Hadamard product of the
series by a rational function. By definition of p(f, m), we may suppose that
f(T) =3 50T € F,[[T7!]]. Then:

FET) =Y ((-n)(-n=1)- (—n—k+Da,) T F =T bpa, 77",
n>k n>k

where b, := (—n)(—n —1)---(—n — k+ 1) mod p. Since byi, = by, the
sequence (by)n>0 is periodic of period p. Hence, let us denote by g(7T') the
series whose coefficients are precisely given by (by)n>0. Thus there exists a
positive constant M such that:

p(g,m) < M.
By Proposition 4.5,

p(f*,m) < p(g,m)p(f,m) < Mp(f,m),
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which completes the proof. O

4.2.3. Cartier’s operators. In the fields of positive characteristic, there is a
natural operator, the so-called “Cartier operator” that plays an important
role in many problems in algebraic geometry and arithmetic in positive char-
acteristic [16, 17, 23, 32]. In particular, if we consider the field of Laurent
series with coefficients in F,, we have the following definition.

Definition 4.2. Let f(T) = Y jsoa T € F[[T7Y] and 0 < r < q. The
Cartier operator A, is a linear transformation such that:

AT(Z aiT_i) = Z aqH_TT_i.
120 120

The classes P and Z are closed under this operator. More precisely, we
prove the following result.

Proposition 4.7. Let f(T) € F,[[TY]] and 0 < r < q. Then there is M
such that, for every m € N we have the following:

p(Ar(f),m) < qp(f, m)".
Proof. Let a := (an)n>0 be the sequence of coefficients of f and m € N. In
order to compute p(A,.(f), m), we have to look at factors of the form
Agj+rQqj+q+r " Qgj+(m—1)g+r>

for all 7 € N. But these only depend on factors of the form

Agj+rQqj+r+1 " Qg4 (m—1)q+r-

Using Lemma 2.1, we obtain that:

p(Ar(f),m) < p(f,(m—1)g+1) < gp(f,m—1)7 < qp(f,m)7.

5. CAUCHY PRODUCT OF LAURENT SERIES

In the previous section, we proved that P and Z are vector space over
F,(T). This raises naturally the question whether or not these classes form
a ring; i.e., are they closed under the usual Cauchy product? There are
actually some particular cases of Laurent series with low complexity whose
product still belongs to P. In this section we discuss the case of automatic
Laurent series. However, we are not able to prove whether P or Z are or
not rings or fields.
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5.1. Products of automatic Laurent series. A particular case of Lau-
rent series stable by multiplication is the class of k-automatic series, k being
a positive integer:

Auty, = {f(T) = Z a, 7" €Fe((T™")), a = (an)n>0is k-automatic}.
n>0

Since any k-automatic sequence has at most a linear complexity, Auty C
P. A theorem of Allouche and Shallit [9] states that the set Auty, is a ring.

In particular, this implies that, if f and g belong to Auty, then p(fg,m) =
O(m). Notice also that, in the case where k is a power of p, the characteristic
of the field F,((T~1)), the result follows from Christol’s theorem.

Remark 5.1. However, we do not know whether or not this property is
still true if we replace Auty by Ug>2Aut,. More precisely, if we consider two
Laurent series f,g € (Ug>2Aut;) we do not know if the product fg is still
in P. The next subsection gives a particular example of two Laurent series
belonging to (Ug>2Auty) and such that the product fg is still in P.

5.1.1. Some lacunary automatic Laurent series. We consider now some par-
ticular examples of lacunary series. More precisely, we focus on the product

of series of form:
FT) =Y T~ e F((T7h).
n>0
It is not difficult to prove that p(f,m) = O(m). The reader may refer to
[25] for more general results concerning the complexity of lacunary series.
The fact that the complexity of f is linear is implied also by the fact that
f € Aut,. Notice also that f is transcendental over F,(T') if ¢ is not a power
of d. This is an easy consequence of Christol’s theorem and a theorem of
Cobham [19].
In this section we will prove the following result.

Theorem 5.1. Let d and e be two multiplicatively independent positive in-
tegers (thcit is }zgg is irrational) and let f(T) = >, T~ and g(T) =
Ym0 ™ be two Laurent series in F,((T71)). Then:

p(fg,m) = O(m").

Remark 5.2. The series f and g are linearly independent over F,(7"). More
generally, any two irrational Laurent series, d-automatic and respectively
e-automatic, where d and e are two multiplicatively independent positive
integers, are linearly independent over F,(7"). This follows by a Cobham’s
theorem.

Let us denote by h(T') := f(T)g(T). Then h(T) = >_,~qanT™" where
the sequence a = (ay)n>0 is defined as follows:

an := (the number of pairs (k,1) € N? that verify n = d* +¢€!) mod p.
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The main clue of the proof is the following consequence of the theory of
S-unit equations (see [2] for a proof).

Lemma 5.1. Let d and e be two multiplicatively independent positive in-
tegers. There is a finite number of solutions (ki,ka,l1,1l2) € N*, ki # ko,
l1 # lo, that satisfy the equation:

dFr 4 et = gk2 4 el2,

Obviously, we have the following consequence concerning the sequence
a — (an)nzoi

Corollary 5.1. There exists a positive integer N such that, for everyn > N
we have a, € {0,1}. Moreover, a, =1 if and only if there exists one unique
pair (k,1) € N? such that n = d* + €.

We prove now the Theorem 5.1. For the sake of simplicity, we consider
d =2 and e = 3, but the proof is exactly the same in the general case.

Proof. Let b := (by,)p>2 and ¢ := (¢, )n>2 be the sequences defined as follows:

b 1 if there exists a pair (k,1) € N? such that n = 2% + 3!, 2+ > 3l
" 1 0 otherwise,

. 1 if there exists a pair (k,1) € N? such that n = 2% + 3!, 28 < 3!,
"1 0 otherwise.

Let us denote by h(T') :== >, <o by, T~ " and resp. ho(T) =) <oy T"
the series associated to b and c. Using Corollary 5.1, there exists a poly-
nomial P € F,[T], with degree less than N, such that h can be written as
follows:

hMT) = hi(T) + ho(T) + P(T).
By Remark 4.2, there is C' € R such that, for any m € N:
p(h,m) < p(hy + ha,m) + C.

In the sequel, we will show that p(hy,m) = p(ha, m) = O(m?). Theorem 5.1
will then follow by Proposition 4.1.

We study now the subword complexity of the sequence of coefficients
b := (by)n>2. The proof is similar to the proofs of Theorems 1.2 and 1.3.
The complexity of the sequence ¢ can be treated in essentially the same way
as for b.

Step 1. For all n > 1, we denote by W, the factor of b that occurs
between positions 2" + 1 and 2"*!, that is:

Wn = b2n+30 b2n+2b2n+31 tee b2n+1 .

We also set W := 1.
Observe that |V, | = 2™.
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With these notations the infinite word b can be factorized as:

(15) b=_1 10 101010100000 --- = WoW Wy - .
N~ NN
Wo Wi Wo Ws

Step 2. Let n > 1 and m,, be the greatest integer such that 2" 4 3" <
27+ This is equivalently to say that m,, is such that

" 4 3Mn < gntl on 4 gmatl

Notice also that m,, = n|logs2].
With these notations we have (for n > 5):

W, = 1010°1---10% - .. 10%mn 105",

where a; =2-371 —1, for 1 <i < m,, and B, = 2" — 3™ > 0.

Let us denote by U,, the prefix of W, such that W,, := U,0°.

Notice that (my,)n>0 is an increasing sequence. Hence (o, )n>0 is in-
creasing. Consequently, U, <, Up4+1 and more generally, U,, <, W;, for
every ¢ > n + 1.

Step 3. Let M € N. Our aim is to bound from above the number of
distinct factors of length M occurring in b. In order to do this, we will show
that there exists an integer N such that all these factors occur in

WoWq - Wi
or in the set

Ay :={Z € AM; Z is of the form 0’ P or 0°10’ P, P <p Un,1,7>0,}.

Let N = [logy(M + 1)] + 3. Doing a simple computation we obtain that
Q> M. Notice also that, for any ¢ > N we have

o, > M.
This follows since (ayy,, )n>0 is an increasing sequence.

Let V be a factor of length M of b. Suppose that V' does not occur in the
prefix WoW; --- Wy, Then, by (15), V must occur in WyWpy 41 ---. Hence,
V must appear in some W;, for i > N 4+ 1, or in UiZNi(W,-,E, Wit1).

Let us suppose that V' occurs in UizN i(Wi,e,Wiy1). Since W; ends with
0%m: 10, with am; > M, and since W,y begins with Uy and |Uy| =
3M™N +1 > M, we have that

AM i ( U i(Wi,e, Wit1)) C Ag.
i>N

Hence, if V' occurs in UizNi(W,-,s, Wit1) then V € A,.
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Let us suppose now that V' occurs in some W;, for ¢ > N +1. By definition
of W; and «;, for i« > N 4 1 and by the fact that we have:

W; = 1010°1 - - 10%mN 10%mN+1 ... 109 105 = Upn0@mn+1 ... 10%m: 105,

By assumption, V' does not occur in WyW7i - - - Wi; hence V' cannot occur
in Uy which by definition is a prefix of Wy . Consequently, V must be of
the form 0710%, r,s > 0. Indeed, since o, > M, all blocks of zeros that
follow after Uy (and before the last digit 1 in W;) are all longer than M.
But the words of form 0710°%, r, s > 0 belong also to Ay.

Hence, we proved that if V' does not occur in the prefix WoWi --- Wy,
then V belongs to Ay, as desired.

Step 4. In the previous step we showed that all distinct factors of length
M occur in the prefix WoWi --- Wiy or in the set Ayp.
Since

[WoW, - Wi| = §:2f—2N+1

and since N = [logy(M +1)] 4+ 3 we have that:
2N+1 _ 1 S 210g2(M+1)+5 _ 1 — 32M + 31’

and the number of distinct factors that occur in WyWi--- Wy is less or
equal to 32M + 31.
Also, by an easy computation, we obtain that the cardinality of the set
AO is )
M 3M
Card A() = 7 + 7
Finally, p(b,m) = p(h;,m) = O(m?). In the same manner, one could
prove that p(hg,m) = O(m?). This achieves the proof of Theorem 5.1, in

view of Proposition 4.1. O
5.2. A more difficult case. Set
T)=1+2> T ¢ 1), ¢ >3.
n>1

The function O(T') is related to the classical Jacobi theta function. The
sequence of coefficients of §(T') corresponds to the characteristic sequence of
squares and one can easily prove that:

p(8,m) = ©(m?)
In particular this implies the transcendence of §(T") over Fy(T), for any
g > 3. Notice that this implies the transcendence over Q(T') of the same
Laurent series but viewed as an element of Q((T~1)).

Since 0(T) € P, it would be interesting to know whether or not 6%(T)
belongs also to P. Notice that
= Z ro(n)T™"

n>1
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where ra(n) is the number of representations of n as sum of two squares of
integers mod p.

In the rich bibliography concerning Jacobi theta function (see for instance
[24, 27]), there is the following well-known formula:

ra(n) = 4(di(n) — da(n)) mod p
where d;(n) denotes the number of divisors of n congruent to ¢ modulo 4,
for each i € {1, 3}.

In particular, by an easy consequence of Fermat’s 2-squares theorem we
can deduce that r2(n) = 0 if n is a prime of the form 4k + 3 and ra(n) =8
mod p if n is a prime of the form 4k + 1.

More generally, if

n=2p0ps? - pggy? - q),

where p; =1 [4] et ¢; = 3 [4] then

ro(n) = 0 if there exists an odd 3; in the decomposition of n;
2 4(ar +1)(ag +1)--- (ap +1) mod p if all §; are even.

Using these properties, we may easily deduce that ra(n) is a multiplica-
tive function of n. Recall that we would like to study the subword complex-
ity of 72(n),>0, that is the number of distinct factors of form r9(j)re(j +
1)---ro(j+m—1), when j € N. Hence, it would be useful to describe some
additive properties of r3(n),>0; for instance, it would be interesting to find
some relations between r3(j + N) and r9(j), for some positive integers j, N.
This seems to be a rather difficult question about which we are not able to
say anything conclusive.

6. CONCLUSION

It would be also interesting to investigate the following general question.

Is it true that Carlitz’s analogs of classical constants all have a “low”
complezity (i.e., polynomial or subexponential)?

The first clue in this direction are the examples provided by Theorems 1.1,
1.2 and 1.3. Notice also that a positive answer would reinforce the differences

between R and Fy((771)) as hinted in our introduction. When investigating
these problems, we need, in general, the Laurent series expansions of such
functions. In this context, one has to mention the work of Berth'ig)% [12,
13, 14, 15], where some Laurent series expansions of Carlitz’s functions are
described.

When a Laurent series has a “low” complexity, the combinatorial struc-
ture of its sequence of coefficients is rich and this can be used to derive
some interesting Diophantine properties. Using this principle, bounds for
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irrationality measures can be obtained for elements of the class of Laurent
series with at most linear complexity.
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