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B-EXPANSION OF p-ADIC NUMBERS WITH
PISOT-CHABAUTY BASES

MARWA GHORBEL, RIM GHORBEL AND MOHAMED HBAIB

ABSTRACT. The aim of this paper is to study some arithmetic prop-
erties about the finiteness and the periodicity of the S-expansion of p-adic
numbers. We prove that if the S-expansion of unity or rationals verifies
some conditions then § is a Pisot-Chabauty number.

1. INTRODUCTION

The ([-expansion is a representation of real numbers in an arbitrary non-
integer base S > 1. The notion of the S-expansion was historically introduced
in 1957 by A. Rényi [7]. Since then, several researchers have been interested in
studying arithmetic, diophantine and ergodic properties of this S-expansion.

Let 8 be a real number such that g > 1. Similarly to the case of integral
bases, it is possible to define the S-expansion of a real number z € [0,1]
as the sequence (z;);>1 with values in {0,1,...,[3]} produced by the j-
transformation T : z — Sz (mod 1) as follows :

foralli > 1, z; = [BTé_l(x)], and so x = Z %
i>1

Let us mention that an expansion of real number is finite if (2;);>1 is even-
tually 0. It is periodic if p > 1 and m > 1 exists and verifying x = Zi4p,
for all k > m. The sets of real numbers in € [0, 1] with periodic S-expansions
and finite S-expansions are respectively denoted by Per(8) and Fin(f).

These sets have been extensively investigated during the last fifty years
especially with their relationship with Pisot and Salem numbers, so there
are many important results along these lines. For instance, C. Frougny and
B. Solomyak have proved in [4] that if N C Fin(8), then § is a Pisot number
(an algebraic integer > 1 whose conjugates have modulus strictly less than
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one) or a Salem number (an algebraic integer > 1 with conjugates having
modulus < 1 and at least one of them has a modulus equal to 1). Later,
S. Akiyama has improved this previous result by showing in [1] that 8 can
only be a Pisot number. In the same direction, C. Frougny and B. Solomyak
[4] have determined the real having a finite S-expansion for a specific family
of Pisot numbers in the following theorem:

THEOREM 1.1. Let 8 be the positive oot of the polynomial P(X) = X™ —
X" = X™ 2 — o —ay, a4, €EZ, and a1 > as > -+ > ay > 0. Then B
is a Pisot number and dg(1) = aiaz ... .

Moreover, periodic S-expansions appeared in several works and afforded
interesting results. As an example, it was shown by an easy argument that
Per(B8) C Q(B)N[0,1) for every real number § > 1 (where Q(/5) is the small-
est field which contains Q and (). Later, in [9] K. Schmidt has enhanced
this result by proving that if 5 is a Pisot number, then Per(3)=Q(5)N|0,1).
In particular, periodic S-expansion of rationals has also interested many re-
searchers, among them K. Schmidt who has proved the following theorem
in [9]:

THEOREM 1.2. Let 8 be a real number > 1. If QN [0,1[C Per(fB), then
[ is either a Pisot or a Salem number.

Furthermore, the S-expansion of 1 plays an important role in the study
of the classification of algebraic numbers g > 1. Let us recall that numbers
8 such that their S-expansion of 1 is ultimately periodic are called Parry
numbers and those such that their S-expansion of 1 is finite are called simple
Parry numbers. These families of numbers were introduced by W. Parry
in [6], its elements were initially called S-numbers and it is easy to check that
these elements are algebraic integers. Many works have been devoted to the
study of these numbers such as F. Bassino who has studied the cubic simple
beta-numbers and all the numbers having finite or periodic S-expansion in
the Pisot cubic case. Particularly, she showed the following theorem [2].

THEOREM 1.3. If B is a cubic simple beta-number, then B is a Pisot
number.

Besides, concerning the degree 4, D. Boyd has proved in [3] the following:

THEOREM 1.4. If 5 is a Salem number of degree 4, then B is a beta-
number.

But, it is clear that there is not a full characterization of Parry numbers or
simple Parry numbers. So, we conclude that the finiteness and the periodicity
of the pB-expansion of unity is a very important problem but still largely open
until now.

The objective of this paper is on the one hand to investigate the analogous
of the notion of Parry numbers in the p-adic field in order to detect whether
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(8 is a Pisot Chabauty number and on the other hand to give a variant of
K. Schmidt’s theorem (Theorem 1.2) in the field of p-adic numbers.

The present paper is organized as follows: In Section 2, we define @, the
field of p-adic numbers and we review some basic properties and notations
necessary in our work. In Section 3, we introduce the S-expansion algorithm
for p-adic numbers and we give the suitable definition of S-p-adic numbers as
well as the analogous to S-numbers in the real case. The last section is firstly
devoted to characterize the S-expansion of p-adic numbers. Secondly, we prove
that if § is a S-p-adic number, then § a Pisot-Chabauty number. Finally, we
provide a variant of Theorem 1.2 about the periodicity of S-expansions of
rationals.

2. FIELD OF p-ADIC NUMBERS

In order to introduce @@, in an harmonious way, we start by presenting
the following sets.

Let p be a prime and A, = {mp", m,n € Z} = Z[%}. Recall that

e A, C Qis a principal ring.

e The unit group of A, is {+p*, k € Z}.

e The field of fractions of A, is Q.

Particularly, we denote by A’), = A, N[0,1). Now, let us define the p-adic
valuation:

vt A, — ZU{oco}

RN max{n € Z : p" divides x} %f x #0,
00 if x =0,

which fulfills the following properties:
* vp(0) = o0,
o vy(zy) = vp(2) + vp(y),
vp(2 +y) = min{vp(z), vp(y)} with vy(z + y) = min{v,(z), vp(y)}, if
vp(x) # vp(y).-
Then v,(.) is an exponential valuation on A,. Consequently, the p-adic abso-
lute value |.|, is defined by

2], = p~r®) if ¢ £ 0,
P71 0 if z=0.

Thus |.|, is a non Archimedean absolute value on A, which verifies the strict
triangular inequality

|+ ylp < max{fzlp, |y[,} with

|2+ ylp = max{lalp, [ylp} i 2], # [ylp.
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Let |.|oo be the Archimedean absolute value. So |z|, and |z|s satisfy the
following product formula

H |z|, =1 forall z € Q\ {0},

peEPU{c0}

where P denote the set of primes.
Now, the completion of A, with respect to |.|, is the field of p-adic numbers
Qp, therefore we have

ZC A, CcQCQ,.

We mention that each element z € Q, (z # 0) admits a unique p-adic expan-
sion of the form

T = Z xnp", such that ng € Z, xp, #0 and z, € {0,...,p—1} (%)

n=ngo

From expansions of the form mentioned in (%), we will use the notation
L= ...P2P1P0-P—-1---Png-

DEFINITION 2.1. Each z € Q, of the form mentioned above in (x) has a
unique Artin decomposition

z = [z]p + {z}p
where

[z]p, = Z zpp" and {z}, = Z Tpp".
n>0 n<0
The number [x], € Z, is called p-adic integer part and {z}, € A, N[0,1) is
called p-adic fractional part of x.

o0
Moreover, we can also extend v, in Q, as follows: If = = > z,p",
n=ngo

where ng € Z, zn, #0, x, € {0,...,p — 1}, we define v,(z) by:

ng ifx#0
“P(”“"):{ 0 ifxiO.

Furthermore, Q, is equivalent to the fraction field of the p-adic integers Z,,
where

Zp = {z € Qp;lz[, < 1}.
Therefore, it easily follows that
Z=A,NZ,={x€Ap;|z|, <1} and pZ, = {z € Qp;|z|, < 1}.

Now, we aim to define the Pisot-Chabauty numbers as the analogous to Pisot
numbers in the real case. For this, we need some definitions.
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DEFINITION 2.2. An element « is called algebraic over A,, if there is a
polynomial

P(z) = a0+ a1z + -+ + apz” € Apla] with a, # 0 and P(a) = 0.

If P is irreducible over Ay, then P is called a minimal polynomial of a. In
addition, if a, = p* for some k € Z, then o is an algebraic integer. As p* is a
unit of A,, we can assume without loss of generality, that a, = 1. If ag = pki
for some k' € 7Z, then « is called an algebraic unit.

It turns out that algebraic elements over Q are not necessarily contained
in Qp. In our context, we will only need that |.|, can be extended uniquely
from Q,, to all of its algebraic extensions. This follows from the next theorem,
which holds generally in non-archimedean fields.

THEOREM 2.3 ([5], Chapter II, Theorem 4.8). Let K be a field which is
complete with respect to |.| and L/K be an algebraic extension of degree m.
Then |.| has a unique extension to L defined by : || = %/|Np k()| and L
is complete with respect to this extension.

REMARK 2.4. In what follows, for an algebraic element  over A, we
will denote by [(1,...,8, the non-Archimedean conjugates of 5 and by
Bn+1,---,02n the Archimedean conjugates of S (the complex roots of the
minimal polynomial of f3).

Finally, we reach to give the definition of Pisot-Chabauty numbers.

DEFINITION 2.5. A Pisot-Chabauty number (for short PC number) is a
p-adic number 8 € Qp, such that

B1 = B is an algebraic integer over Ay,

|B1]p > 1 for one non-Archimedean conjugate of 3,

|Bilp <1 for all non-Archimedean conjugates 3;, i € {2,...,n} of 5,
|Biloo < 1 for all Archimedean conjugates 5;, i € {n+1,...,2n} of .

Let us define the following set.

DEFINITION 2.6. &, = {(r1,..,7n) € R™ : 2" + rpa™ b + .. + 1
has only complex roots v € C with |y| < 1}

DEFINITION 2.7. Let 8 € Q, with |B], > 1 an algebraic number of degree
n and P(z) = apa"™ + apn_12" 1 + ... + ag € Ay[z] is its minimal polynomial.
If (ag, ..., ap) € &, we write B € E,,.

3. [-EXPANSION IN THE FIELD Q,

Similarly to the classical S-expansions for the real numbers, we introduce
the SB-expansions for p-adic numbers. For this, let 5 € Q, with |5, > 1 and
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x € Z,. A representation in base § (or S-representation) of z is a sequence
(di)i>1, d; € A’y = Ay N [0,1), such that
d;
xr = —_—.
i>1 A

A particular, S-representation of x is called the S-expansion of x and noted
by dg(xz) = (d;)i>1 with values in Ag, = [0,1)N{x € A, : |z], < |B]p}
produced by the g-transformation T" : Z,, — Z,,, which is given by the mapping
z > [Bz]p. For k >0, let us define

T°(z) =2 and T*(z) =T(T* (z)).
So, d, = {BT* ()}, for all k& > 1.

An equivalent definition of the S-expansion can be obtained by using a
greedy algorithm. This algorithm proceeds as follows :

ro =a; dip = {fri—1}p, and rp = |Bri_1], forallk>1.

The S-expansion of x will be noted as dg(z) = (di)g>1-

Now, let € Q, with |z|, > 1. Thus there is a unique k¥ € N such that
BIE < ||, < |BET1. We can represent « by shifting dg(3~* V) by k digits
to the left. Therefore, if dg(z) = 0 @ didads ..., then dg(8z) = di @ dads . . ..

Thereby, if dg(z) = didads ... di ® diy1dit2 . ... We denote x by

z = [zls +{z}s
with
. d;
[2lg= > dif" and {z}s= > i
1<i<k i>k+1
The number [z]g is called a p-adic S-integer part of x and the number {z}gs
is called a p-adic S-fractional part of x.

Moreover, we mention that dg(x) is finite if and only if there is a k > 0
with T%(z) = 0, dg(x) is ultimately periodic if and only if there is some
smallest n > 0 (the pre-period length) and s > 1 (the period length) when
T 8(x) = T"(x), namely the period length. In a special case, where n = 0,
ds(x) is purely periodic.

Afterwards, we will use the following notations :

Fin(B) ={z € Z, : dg(x) is finite} and
Per(8) ={z € Z, : dg(x) is eventually periodic}.

Hence, it is easy to check that
Fin(B) C Per(f).

Through the use of the previous sets and the PC' numbers, K. Scheicher,
V. F. Sirvent and P. Surer established the following theorem ([8]):

THEOREM 3.1. Let 8 be a PC number. Then Per(5) = Q(8) NZ,.
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Furthermore, analogously to the notion of S-numbers in the real case we
define the 8-p-adic numbers in Q,, as follows:

DEFINITION 3.2. Let 8 € Q, where |B], > 1. B is called a B-p-adic
number if 1 € Per(f) and is called a simple B-p-adic number if 1 € Fin(B).
4. RESULTS
Before giving our main theorems, we begin by the following lemmas:

LEMMA 4.1. Let § € Q, where |B|, > 1 and (a;)i>1 is a B-representation
of x. Then dg(z) = (a;)i>1 if and only if |a;|, < |Blp, for all i > 1.

PROOF. The necessary condition is trivial. For the sufficient condi-
tion, by assumption we have (a;);>1 is a S-representation of = and |a;|, <
|B]p, foralli>1, so

r=3 5

7,>1
If we multiply by 5, we get

x—al—i—zﬂ

i>2

As |Z = 1’ < 1 and a; € A’,, we obtain that a; = {fz},. Put now
i>2
ro = x. We have

pr—ay = Zﬁ

i>2
and if we multiply again by [, we get
B(Bx — aq) —a2+z

>3

ﬁz

Since | Z

5 B 2| <1 and as € A'), we get ag = {fr1}, where ry = Sz —a;.

Therefore7 it’s clear that the sequence (ag)y>1 verifies the recurrent condition

ro =a; ap = {Brr—1}p and 7 = [Bri_1]p,

which implies that d@(l‘) = (ai)izy
0

LEMMA 4.2. Let r € Q. Let f € Q, with |B], > 1 and v a conjugate of
B such that |y, > 1. If r = 3 axB~% where (ay)r>1 is a periodic sequence,
k>1

thenr =Y apy™*.
k>1



124 M. GHORBEL, R. GHORBEL AND M. HBAIB

PROOF. By assumption, we have r € Q and r = Y a;37* where (a)r>1
k>1

is a periodic sequence. So (ar)k>1 = @1...QpGpi1--Optrs With ap # apis.
Hence, we get

& % G Opts

r=gto gttt g
L apgr Ap+s 1 app Ap+s

+E(ﬂp+1 4+ 4 5p+s)+ ﬁ28(ﬂp+1 4+ ﬁp+s)+”.

Therefore
o ap api1 Qpts 1 1 1
r_ﬁ+.--+@+(ﬁp+l +”'+BP+S)(1+§+@+ﬁ+'”)’

which implies that

_a ap Ap+1 Ap+s 1
T_FJF'”JFEHWH+"'+BP+5)(17L)'

Thus, for every conjugate v of 3, we have

@ ap Gp+1 Opts 1
r=—+-+ -+ +o )( )-
+1 + _ 1
v PP YTl = 5
Now, for every conjugate v of 8 such that ||, > 1,we obtain
pss 11 1

Consequently, we reach to our result by getting the following equality

a a a
r:71+..._|_l_|_(p+1_|_...+ +--0).

'717 71)-&-1 fyp-&-s )( + ;

M % Gt Opts
T_'y—’_ +'yp+’yp+1+ +7p+s
i(“?“ aP“) 1 (aP“ GP“)
o fyp+1 fyp+s 723 7p+1 fyp+s

d

In the previous sections, we have seen that the S-expansion of 1 play a
crucial role in the study of the algebraicity of real numbers and in the notion
of beta numbers . This motivates as to study this notion in the field of p-adic
numbers. For this, we begin by the following theorem:

THEOREM 4.3. Let § € Q, with |8|, > 1 such that 8 € E,. If 8 is a
B-p-adic number, then B is a PC number.

PrROOF. We assume that § is a S-p-adic number and

dg(l) =0eay..a50511--Gstr-

1=5" %
25

Therefore,
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More precisely,

L= Gk g g
- %*""L%JFZZE+"'+;ii:+%(1_%_
i A e B
= G RGN

which involves that 3 is an algebraic integer. (1)

125
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Our purpose now is to prove that all the non-Archimedean conjugates
have an absolute value less or equal to 1. For this, assume contrary and let a
be a non-Archimedean conjugate of 8 such that |a|, > 1. Then, by Lemma

4.2 we get
1=y %
= o
i>1
Thereby, we have
1 1 1 1
0 = a(G - ) taalg — )+
1 1
= D ailg - =)
i>1 g
(5- ) a1+ Y aikia,9)
= - a1 ai b\ Qo )
B a i>2
L1
_p et 1 11
where F;(a, 5) = T 1 ~ gt +Bi_2a+"'+ai—l’
8«
1 1
On the one hand, since (B — —)#0, then
!

a + ZaiFi(oz,ﬁ) =0.

i>1

(k).

1 1
On the other hand, as |E|p <1and |—|, <1, we obtain
et

1 1

for all ¢ > 2.
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Moreover, through Lemma 4.1, we get |a;|, < |3, for all i > 1. Then
|aiFi(a, B)lp < lalp < [Blp, foralli>2,

which yields that
‘Zaz i, B)lp < |Blp-

i>2
Since |a1|p = |8]p, we infer that

la1 + Zaz i, B)lp = laxlp = |Blp,
i>1

which is in contradiction with (%%). Therefore, we get that all the non-
Archimedean conjugates have an absolute value less or equal to 1. (2)

Finally, by (1), (2) and under the assumption of the theorem that § € E,,,
we deduce that 3 is a PC number. O

From the previous Theorem, we display this immediate consequence:

COROLLARY 4.4. Let § € Q, with |B|, > 1 such that B € E,. If B is a
simple B-p-adic-number, then 8 is a PC number.

It is natural now to give our final result which is a variant of Theorem
1.2.

THEOREM 4.5. Let 8 € Q, with |B], > 1 and 5 € E,. If QN (pZ,) C
Per(B), then B is a PC number.
PRrROOF. Since QN (pZy,) C Per(f3), then in particular we have

ay As41 Qstr As41 Gstr

p = 7+...+7S+ S+1+...+ S+T+ S+T+1+...+ S+2T+...

B ps B p p p
a1 As+1 Astr 1 ai Qs

= F+. +E+ﬂ3+1+...+53+T+@(17E7.“7§)
a1 a’é As41 Ag4r 1

= —+- + ot RS S
ﬂ 55 (5s+1 ﬂerr )( ﬂr 527" )

- 4 Gs | (Gstl | Dsir 1

= 5t +ﬂs+(55+1+ +BS+T)(1—B—£)’

which involves that § is an algebraic integer. (1)

Our objective now is to prove that all the non-Archimedean conjugates
have an absolute value less or equal to 1. For this, assume contrary and let v
be a non-Archimedean conjugate of 8 such that |y|, > 1. We aim at deriving
a contradiction.

By the density of Q in Qp, there exists for all integer m > 3 a rational

r € Q such that |r — which implies that » € Q N (pZ,) and

gr T pmet
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dg(r) = (r;)i>1 with r; =1, and r, = 0 for k = 2,...,m—1. Therefore, dg(r)
is periodic and as ||, > 1, we obtain according to Lemma 4.2,

ro= gy mpst

k>m

4 Z iy,

k>m

which involves that

B =y =Dy =87

p
k>m

Now, on the one hand we have 1_1>I_I‘rl (S (v ¥—=B7F)) = 0 (as the rest of a
m o0 k

>m
convergent series) and on the other hand we have |3~!—~~1|, > 0. Therefore,
a contradiction is achieved, which means that that all the non-Archimedean
conjugates have an absolute value less or equal to 1. (2)

Finally, From (1), (2) and under the assumption of the theorem § € E,,
we conclude that § is a PC number and the proof of our theorem is reached.
0
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B-razvoj p-adskih brojeva s Pisot-Chabautyjevim bazama

M. Ghorbel, R. Ghorbel and M. Hbaib

SAZETAK. Cilj ovog ¢lanka je proucavanje nekih aritmetickih
svojstava o konacnosti i periodi¢nosti S-razvoja p-adskih brojeva.
Dokazujemo da ako S-razvoj jedinice ili racionalnih brojeva zado-
voljava neke uvjete, onda je 8 Pisot-Chabautyjev broj.
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