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Abstract

In this paper, we give the value of the approximation exponent of the
hyperquadratic power series satisfying the equation

Cx'—AxX1-1=0

where v > 2 is a power of a prime number p, A and C are nonzero polyno-
mials over a finite field K of characteristic p and deg A > deg C. Further, we
exhibit explicitly its continued fraction expansion when C divides A.

1 Introduction

Let p be a given prime number and K be a finite field of characteristic p. We
denote by K[X] the ring of polynomials with coefficients in K and K(X) the field
of fractions of K[X]. Let K((X~ 1)) be the field of formal power series:

K(X ) ={a=) wX : np€Z and u; €K}
i<ng
Let « = ZuiXi be any formal power series, we define its polynomial part,
denoted [a], by [a] := ZuiXi. If « # 0, then the degree of « is deg(a) =
i>0
sup{i : u; # 0} and deg(0) = —oco. Thus, we define the not archimedean

absolute value over K((X~1)) by |a| = |X|98(®) where |X| > 1,and [0| = 0.
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There is a strong analogy between the classical construction of the field of real
numbers and the field of power series which we are considering here. The role of
{+1}, Z, Q and R are played by K*, K[X], K(X) and K((X~!)). Asin the classi-
cal context of real numbers, we have a continued fraction algorithm in K((X~1)).
Ifa € K((X71)) we can write

=g+ ——F—= [ag,a1,az, .. .]
a1—|—

1
a, + —

where a; € K[X]. The a; are called the partial quotients and we have dega; > 0
for i > 0. This continued fraction is finite if and only if « € K(X). We define
two sequences of polynomial (P,) and (Qn) by Py = a9, Qo = 1, Py = apa; + 1,
Q1 = a; and for any n > 2,

Py =ayPy_1+Py—2, Qun=0,Qp-1+ Qn-2.

P,
Q—n = [ag,a1,az...,a,] is called the nth—convergent of « and we have
n
PyQu-1— P,_1Qn = (—1)""1. Further, we have the following important equality
P, _ _
o= 2 = lawal QA ()
n

One of the basic question in Diophantine approximation is how the irrational
elements of K((X™!)) can be approximated by rational elements. Our aim is to
study the irrationality exponent of power series that are algebraic over the field
of rational functions. In order to measure the quality of rational approximation,
we introduce the following notation and definition. Let a be an irrational element
of K((X~1)).

For all real numbers u, we define

B(a, ) = liminf |Q|¥|Qa — P|
Q|00

where P and Q run over polynomials in K[X] with Q # 0. Now the approxima-
tion exponent of « is defined by

v(a) =sup{p € R: B(a, ) < oo}.

P,
Note that if —~ is a convergent to a then the equality (x) gives that

n

deg Qn+1 )

|Quat — Py| = |Qn|_( degQn

Since the best rational approximation to « are its convergents, with the above
notation, we have

deg Qri1

deg a1 )
deg Qx

Y dega;”

1<i<k

v(a) = limsup( ) =1+ limsup(
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It is clear that the approximation exponent can be determined when the contin-
ued fraction of the element is explicitly known. Since |Qna — P,| < |Qu| 71, for
all irrational « € K((X~!)) we have v(a) > 1. Furthermore Mahler’s version of
Liouville’s Theorem says that if « € K((X~1)) is algebraic over K(X) of degree
n > 1then B(a,n — 1) # 0. Consequently, for & € K((X~!)) algebraic over K(X)
of degree n > 1 we have v(a) € [1,n —1].

We say that « € K((X 1)) is badly approximable by rational elements, which is
equivalent to saying that « admits bounded partial quotients if v(a) = 1 and
B(a,1) # 0. We also say that « € K((X~!)) is well approximable by ratio-
nales, which is equivalent to saying that & admits unbounded partial quotients
if v(o) > 1. The reader who is interested in a survey on the different contribu-
tions to this topic and for full references can consult for example [2], [9] and [[10],
Chap. 9].

We define now a specific class of power series noted by H, which is called the
class of hyperquadratic. It contains the irrational elements « in K((X 1)), satis-
tying an algebraic equation of the form

Ax"+ B
_ el 1.1
X Cx"+ D (L.1)

where A,B,C,D € K[X] and r = pt, t > 0. A famous example of well approx-
imable element in IF,((X™!)) is given by K. Mahler [3] in 1949, which belongs to
H, and satisfies the algebraic equation & = X! + aF.

It gradually became apparent that the elements of class H deserve special consid-
eration.

Rational approximation of elements of class H has been studied also by ]. Voloch
[11] and more deeply by B. de Mathan [4]. They could show that if the partial
quotients in the continued fraction expansion of such elements « are unbounded,
then v(x) > 1. By the work of B.de Mathan [4], we know moreover that for el-
ements of class H, the approximation exponent v(a) is a rational number and
B(a,v(a)) # 0,00. The possibility of describing the two subsets of H, formed
on the one hand by badly approximable elements and on the other hand by well
approximable elements remain open.

Now we will show how it is possible in some cases to compute the approxima-
tion exponent for an algebraic element, without knowing the whole continued
fraction. This will be possible if this approximation exponent is large enough,
that is to say not close to 1. A. Lasjaunias [2] has given applications to algebraic
elements which are of class H and also to others which are not. The basic idea in
the following result is due to J. Voloch [11]. We state below an improved version
derived from B. de Mathan [5].

Theorem 1.1. Let « € K((X™1)). Assume that there is a sequence (P, Qy)n>0, with
Py, Qn € K[X], satisfying the following conditions:

(1) There are two real constants A > 0 et u > 1, such that

|Qn| = AQy—1|¥* and |Qu| > |Qpn-1| for all n > 1.
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ere are two real constants p > 0 an >1+4 , such that
2) Th / p>0andy>1 h th
P, _
la — —| = p|Qu|™" for all n>0.
Qn

Then we have v(x) = vy — 1. Further, if gcd(Py, Qn) = 1 for n > 0, we have
B(a,v(a)) = p, and if the sequence (gcd (P, Qn))n>0 is bounded then B(a,v(x)) #

0, 0.
In this work, we consider an irreducible equation of the form
Cx'—Ax1—1=0 (1)

where r > 2 is a power of p, A and C are nonzero polynomial with coefficients
in K such that deg A > degC. Note that the case C € K* was studied by W.
Schmidt (see [9]. p 158). This equation has a unique solution of strictly positive

degree, furthermore, if we note by « this solution then [a] = [E] (see [8]. p 243).

Note that the equation (1) satisfied by « can be written as x = Ax"/(Cx" — 1), so
« is an hyperquadratic power series and its approximation exponent belongs to
[1,r—1].

We are interested on computing the approximation exponent of a. Further, we
describe its continued fraction expansion when C divides A. For this, we recall
the following notations. Let P,/Q, € K(X) such that P,/Qy := [a1,az,...,4x].
For all x € K(X), we will note

[[a1,a2,...,a,), x] = P 1
Qn x
We state now a basic and technical Lemma concerning continued fractions. The
idea involved in this Lemma appears for the first time in works of M. Mendes
France [6] on finite continued fraction in the context of real numbers.

Lemma 1.2. Let ay, ..., a,,x € Fy(X). We have the following equality:

HallaZ/ oo /an]/x} - [a11a2/ oo ,ﬂn,]/]/ where ]/ — (_1)’1_1Q772x - Qn—lerl'
Particularly we have

2 1

[[a1,a2], x] = [a1,a2,y], where y = —ay*x — a5 .

The proof of this Lemma can be found in Lasjaunias’s paper [1].

2 Results

Theorem 1.1 allows us to compute the approximation exponent of well approx-
imable formal series. We obtain as application of this Theorem, interesting results
for the approximation exponent of the solution of the equation (1) by giving a
precise value of the exponent.
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Theorem 2.1. Let a be the irrational solution of equation (1) such that gcd(A,C) = 1.
Suppose that |«| = |C|° with s > L Then

r—r—1

1 s2(r2=r)
SsrL and B(a,v(w)) = |C|” 5

v(e) =

Proof.
We consider the following sequence: Py = A, Qo = Cand forn > 1

P, = AP,

Qn=CP;_1+ Qj_1.
Then foralln > 0:

P, An’ AP, 4 [Alla" Q)1 — Pial

X — — = = =
= 5 i CTT Iy
1 Pn—l
a1 "0,y
We show by recursion that for all n > 0:
P, N ot D IR s V [ ¥ Py | n
o ——| =|C —1 |« r—1 XN — — r
| o, C| || | QO|
. . Py " A| |A| 1 then |a Py
simce — = = — —= = — en _ = —
Qo C |CI[C]a]” |C|]a| =) Qo
1|7 |a| 7" (1), S0
’[X _ & _ |C| = 1 ’[X’_r +f:12r+1 _ ’C’_sr”+2+r”’t1172sr+sfl

Secondly, wehaveforalln > 1Q, = CP!_;+ Q! ,andsince |P,_1| = |C]*|Qy_1]
then

[Qul = ICI"* Q"
Again by recursion we show that

(s+1)r ”*1—sr 1

Q] = €T 1Qol™ = [
So we obtain foralln > 0:
Pn _sr+1
(X J— e C S+1 2.2
o, = | | (2.2)

vr ’thensr—i_1
r—yr—1 s+1

We can verifies that if s >

> 1+ +/r. Hence by Theo-

rem 1.1 we conclude that v(a) = S(Sr_: 11). Further, since gcd(A,C) = 1 then
s2(r2—r
gcd(Py, Qn) = 1foralln > 0and so B(a,v(a)) = |C|™ = ). u

Note that, in this Theorem, the condition |x| = |C|° together with s >
are obtained if (r — /r —1)deg A > (r — 1) degC.

oV
r

r—yr—1
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Example 2.1. Let « € F5((X 1)) be the irrational solution of strictly positive degree of
the equation:

(X? —2)a’ + X°a* —1=0.
V5 12

We have || = |X]? = |X? —2|%. Since§ > —————, then we get that v(«) = =

27 5-4y5-1

Now, we will see the case when C divides A. For this case, we will give explic-
itly the continued fraction expansion for the solution of the equation (1). Know-
ing all the partial quotients of the solution of (1), we can compute the exact value
of its approximation exponent.

Theorem 2.2. Let « be the irrational solution of the equation (1). Assume that C divides
A. Then

X = [QO/"' ’an’...]
where ag = A/C and for all n > 0:
azn = (—1)"ay,
. _ —Cao_la; if n is even,
2L —al JagC if nis odd.
Furthermore, v(a) = r — 1.
Proof. It is clear that if C divides A then the first partial quotient of « is

1
ap = A/Cand a = ag + o If « is a solution of (1) then we have
1

, o _aprg +1

T TATcCa C

C
Then Ca” = apaq + 1. So Cajy + i apa1 + 1. This implies that
1
apn}

[[Ca(r)_l, —a], c

| =

then, from Lemma 1.2, we obtain that [Cag_l, —ap,a3] = a1. Hence a; = Ca6_1

apay 1
(since deg CaS_1 > 0)and a = —ag and a3 = — a%Cl + a0 We apply again the
_Crarz—r 1
same reasoning and we obtain a3 = ——2— + — — —— Hence
ayC ag  aoCaj
12 12
a3 = [[-C" 1a6 r 1,a0],—a0Ca§] =[-C" 1a6 r 1,a0,oc5]
with
_aCay; 1 C 1

o5 5 — 4 .
ay ap ap ap
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2_,_
We getaz = —C"a) 7", ay = ag. Further
C C 1 _ C 1
w5 = ah k= G
ap apls ap apls ap
So .
apn
r—1 0%37 r—1
5 = [[—Cﬂo ’ aO]/ C ] - [_Cao /_aO/[X7]/
) A 1 _
with a7y = —2—3 + —. Then a5 = —Cay, 1 46 = —ay. Further
HOC ap
ak 1 1 2 3_2
3 —r—=1_r—r*—r—1 7
ny = ———=+ — — = ||-C a ag|, —agCuay| =
a0C  ap  apCu, l 0 /0], —a0Caxy]
r2—r—1_r3—r2—r—1
Soay = —C’ —r—lag r r—1’ ag = ay and
apCay 1 C , 1
g = ———%— — — = —a3 — —.
ay ap ap ap
_Cc, 1 C
Cag b oag | apal
Then again
— [[Car1 aois Ca !
k9 = H ag ao]’ C ] - [ ay /_aO/“ll]/
—al
with a9 = Cag_l,alo = —gp and a;y = —2 + —
LZ()C ap
2_,_
a1l = _Cr_lﬂg ’ 1, a1y = dg, SO one.

In general by an easy recurrences on k > 1, we obtain:

BDk4+1 = {

ay = (—1)kay,

—Cao_laz if k is even;
—ai/aOC if k is odd.

517

, a0, (9]

This gives that

We come now to compute the approximation exponent of a. Set u,, = degay,

A = degag and y = deg C. So we have for k > 1
Uy = A
and

y [ (r—=DA+pu ifkiseven;
2T g — A~y ifkis odd.

Note that we will obtain this approximation exponent by computing
lim sup( L )
Y, U

0<i<n—1
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and for this, we will follow [[9]. p 158] fairly closely.

We have for odd k,

Uppr1 = A = — =D+ u( =2~ —r —1) when 21| (k4-1).

For a given n, n +1 = 2! with t > 0. We have that

Uy = A =t — =)t A 1) =
(r—2)rt+1 (r—2)rt-141
AT T
g ) )

and

iyt U = AT T ) (T ) =

rt—r ri=1—

ME=) + p(=—=2).

Therefore as n runs through the numbers ' — 1(t = 1,2,...), then

lim sup( tn )=r—2
Y, U
0<i<n-1
and thenv(a) =14+r—-2=r—1. u

We conclude this work by giving a sufficient condition on A and C to obtain
a solution & of (1) with v(a) > 1, without giving the exact value of v(«). In fact,
in [[7]. p 403], it has been proved that if an hyperquadratic element satisfying
an equation of the type (1.1) (with AD — BC = A), has a partial quotient other

than the first with degree > deigAl then it will have unbounded partial quotients.

According to the equation (1), we have deg A = deg A.

Theorem 2.3. Let « be the irrational solution of (1). Suppose that there exist H and

A
D e K[X] such that DA — H'C = 1and |H| = |E] Suppose moreover that

deg([%] —H) < (r;(f)fdf;gfl . Then « admits unbounded partial quotients.

A
Proof. Let [E] = S then |H| = |S| = |a|. We have:
- D - e - oty
D' 'Car+1 D' |D|[Clla]"  |DJIC H'
Consider thata = S+ u1 X '+ upX2+...andS— H=T.

-
|

@ S+wmX 4. HAT+wX '+...
H H B H
- o T - r
Soif T # 0 then |1 — ﬁ| = H[ Consequently, since [DA| = |H"C| then
H 1 |1 1 |T)
- -

= _ '
D" [CIID[[H["  |DJ*[A]
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(r—2)deg A
)

deg A —rdegT > deijlq. So we conclude that # admits unbounded partial quo-

Since deg T < then there exists a partial quotient of a of degree

tients.

Now if T = 0. Suppose that u; # 0 then |1 —

® :
—| . So we obtain :

1
H' — [X]"[H]

P
D~ DRIXTIAT

A
Hence, there exists a partial quotient of a of degree deg A +r > (ieig T
So we conclude that « admits unbounded partial quotients. n

Example 2.2. Let Let a be the irrational solution of the equation (1) with K = TFs,
r=23,A=X*"+2X?+1and C = X3. Then a admits unbounded partial quotients.

A
For this example, there exists H = [E] = X and D = X? + 1 such that

DA — H3C = 1, so by the previous Theorem we conclude that « admits un-
bounded partial quotients.
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