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Abstract

Multidimensional continued fractions (MCFs) were introduced by Jacobi and Perron to
obtain periodic representations for algebraic irrationals, analogous to the case of simple con-
tinued fractions and quadratic irrationals. Continued fractions have been studied in the field
of p—adic numbers Q,. MCFs have also been recently introduced in Qp, including in particular
a p—adic Jacobi—Perron algorithm. In this paper, we address two of the main features of this
algorithm, namely its finiteness and periodicity. Regarding the finiteness of the p—adic Jacobi-
Perron algorithm, our results are obtained by exploiting properties of some auxiliary integer
sequences. It is known that a finite p—adic MCF represents Q-linearly dependent numbers.
However, we see that the converse is not always true and we prove that in this case infinitely
many partial quotients of the MCF have p—adic valuations equal to —1. Finally, we show that
a periodic MCF of dimension m converges to an algebraic irrational of degree less or equal
than m + 1; for the case m = 2, we are able to give some more detailed results.

Keywords: continued fractions, finiteness, Jacobi—Perron algorithm, multidimensional continued
fractions, p—adic numbers, periodicity
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1 Introduction

Multidimensional continued fractions (MCFs) were introduced by Jacobi [20] to answer a question
that had originally been posed by Hermite [19], namely the existence of an algorithm defined
over the real numbers that eventually becomes periodic when it processes algebraic irrationalities.
In other words, Hermite asked for a generalization of the classical continued fraction algorithm
that produces a periodic expansion if and only if the input is a quadratic irrational. The Jacobi
algorithm deals with cubic irrationals and it was generalized to higher dimensions by Perron [28].
However, the Jacobi-Perron algorithm does not solve the Hermite problem because it has not been
proven that it eventually becomes periodic when processing algebraic irrationals. Nevertheless,
many studies have been conducted on MCFs and their modifications; see, for example, [1], [2], [5],
[13], [14], [18], [21], [24], [25], [32], [33], [34].

One-dimensional continued fractions over the p—adic numbers started to be studied in the 1970s
[7], [30], [31]. From these studies, it appeared difficult to find an algorithm working on the p-adic
numbers that produces continued fractions which have the same properties that hold true over
the real numbers (i.e., concerning approximation, finiteness and periodicity). In particular, no
algorithm was found that provides a periodic expansion for all quadratic irrationalities. Continued
fractions over the p—adic numbers have also been recently studied; see, for example, [3], [4], [8], [9],
[17], [22], [23], [27], [29], [35], [36].

Motivated by the research, in [26] the authors started the study of MCF's in Q,, and provided
some results about convergence and finiteness. In particular, they gave a sufficient condition of
the partial quotients of a MCF that ensures the convergence in Q,. Moreover, they presented
an algorithm that terminates in finitely many steps when rational numbers are processed. The
scope of that work was to introduce the subject and provide some general properties. However,
the terminating input of this algorithm was not fully characterized and the periodicity properties
were not studied. This paper represents a continuation of the previous work and it extends the
investigation in these two directions. In particular, in Section 2, we fix the notation and we



show some properties that can also be of general interest for MCF's. Section 3 is devoted to the
finiteness of the p-adic Jacobi—Perron algorithm. It also provides some results that improve on those
presented in the previous paper [26] and which show some differences with the real case. Indeed,
it is known that the real Jacobi-Perron algorithm in dimension 2 detects rational dependence (i.e.
it terminates in finitely many steps if and only if it processes rational linearly dependent inputs).
We show however that this is not always true in QQ, and we also prove that in this case infinitely
many partial quotients of the MCF have p—adic valuations equal to —1. This allows us to give a
condition that ensures the finiteness of the p—adic Jacobi—Perron algorithm in any dimension in
terms of the p—adic valuation of its partial quotients.

In Section 4, we study the periodicity of MCFs in ;. Specifically, we introduce the characteristic
polynomial related to a purely periodic p—adic MCF and we see that, as in the real case, it admits
a p—adic dominant root that generates a field containing the limits of the given MCF. We deduce
that a periodic MCF of dimension m converges to algebraic irrationalities of a degree less than or
equal to m + 1, as in the real case. A further investigation of the characteristic polynomial allows
us to characterize some cases where the degree is exactly m + 1. We conclude our work with a
conjecture that, if proven true, would give a characterization of the MCFs arising by applying the
p-adic Jacobi-Perron algorithm to m-tuples consisting of Q-linear dependent numbers.

2 Preliminaries and notation

The classical Jacobi—-Perron algorithm processes an m—tuple of real numbers ag = (a(()l), . ,ozgm)

and represents them by means of an m—tuple of integer sequences (a(!), ..., a(™)) = ((aS}’)nzO, cey (a,(lm))nzo)

(finite or infinite) determined by the following iterative equations:

aV = [ag)], i=1,...,m,
it = %
o™ _ gim n=0,1,2,.. (1)
i—1 i—1
T el S P
Ay - — Gy

The integer numbers an ) and the real numbers a,(f )7 fori=1,...m and n € N, are called partial
quotients and complete quotients, respectively. The sequences of the partial quotients represent

the starting vector ay by means of the equations

(@)

i— i— @ .
al ™ =alTV =2 m
Fnt1 n=0,1,2,.. (2)
m) _ m), 1
an ' =ap  + m
anJrl

which produce objects that generalize the classical continued fractions and are usually called mul-
tidimensional continued fractions (MCFs).

The Jacobi-Perron algorithm has been translated into the p-adic field in [26], substantially by
replacing in (1) the floor function by the Browkin s-function defined below. We define the set

1 PP
—2[Yn(-2D).
d M 2°2
Definition 1. The Browkin s-function s : Q, — Y is defined by
0 .
s(a) = Z xip’,
j=k

for every ac € Qp, written as o = Z]Oik z;p) with k,x; € Z and x; € (—g, g) .

The p-adic Jacobi—Perron algorithm processes an m—tuple of p-adic numbers g = (aél), ey a(()m))



by the following iterative rules

agf) :s(as))

N S
e —a (3)
& _ O ) eny o D —al TV
Api = 0hq '(an — Qn ) = T ) 1=2,....m
Qp ~ — an

for n = 0,1,2,.... Equations (3) define a p-adic MCF [(aél), agl), U T (aém), agm), ...)] rep-
resenting the initial m—tuple e by the relations (2). The partial quotients satisfy the following

conditions:
\ag)\ > 1 ()
0P < 1Y), i=2,...,m

for any n > 1, where |-| denotes the p-adic norm. Moreover, for any n > 1, we have that

‘agll)‘zlasbl”’ and fori=2,-~-am

(@) - (%)
L] — ‘ 5
o] {Oifaﬁf)<1 ?

ol < lag)].

Remark 1. Conditions (4) ensure the convergence of a MCF in Qp, even if it is not obtained
by a specific algorithm. In other words, given a sequence of partial quotients satisfying (4), the
corresponding MCF' converges to a m—tuple of p—adic numbers, see [26].

As with the real case, the n—th convergents of a multidimensional continued fraction are defined
by

. AW
Q1(’LZ) = (m+1) i
A,
fori=1,...,m and n € N, where
A(fz = 0ij, Ag) = agz)’ AS) = Z agzj)ASlj + AE:)—m—l (6)
j=1
fori=1,....m+1,j=1,...,m and any n > 1, where §;; is the Kronecker delta. It can be
proved by induction that for every n > 1 and i = 1,...,m, we have
o oA, a0, 4 kol VAD,, -
© o aPAmY oA et AD

We can also use the following matrices for evaluating numerators and denominators of the conver-
gents:

aV 10 ... 0
a? 01 0
A, = : Do . n=0 (8)
™ 0 0 1
1 0 0 0
Indeed, if we put
1 1 1
A7(12) A£L2—)1 R A'ELanL
o | Al Al Al
mb1) D) (e
AGTD AU DG

we have

Bn=Bn_1A, = AgAr ... Ay, det B, = (1)),

We recall some properties proved in [26].



Proposition 1. With the notation above, we have that

(m (1
)= H jaj,”|
for anyn > 1.
Proposition 2. Given the sequences (Véi))nz,m, i=1,...,m, defined by
VO = AD — af) agD)
we have that

1. lim [V =0

n—-+oo
i m+1 (),
2. Vi) =y aﬁf)v,ﬁjj
3. Zerl %J V(l) —
Finally, we prove the following propositions that will be useful in the next sections.

Proposition 3. Forn > 1, we have that

m+1 ) n
Z QS)A;T;H) = H otV
i=1 j=1

Proof. We proceed by induction on n. If n = 1 the left-hand side is equal to all)A(mH) g ),

For n > 1, we can use the inductive hypothesis and write

n—1 m—+1

(1 (m+1
Haj - E :an 1 n—1—1
=1

=A™y Q+Za A,
1 (i+1) 1
= Ay 2+Z< )Ai{"ﬁi
a
@ am1) g o em (0N )
1 m m m
= Za’ An 1— 1+An7m72)+z (1) An 1—14
( +1 (’L+1) +1)
= A, +Z< ) n—1—i
1
_ () g(m+1) (i+1) 4(m+1)
= g (o s o)
n

m+1 (
_ (1) m+1
- (1) Z A :
proving the claim. O
Proposition 4. Fori=1,...,m and n € N we have that
n+1
A <P
A9 < E,

where | - | denotes the Euclidean norm.



Proof. We prove the claim by induction. For n =0,

p.

AD| g0 < P
|4p” | lag” | <27

forn <m 4 , . ,
AD =aMAD 44 aMAD 4 g

By the inductive hypothesis, and \ag) |oo < & for every k,

n+1 n 2 2 n n+1
@i P P poop_p (Pl p_p
|45 oo < Ry u -l -] +5 <5

For n > m, we have that
AD = WAD oy gm A0 40

n—m—1°

Again by the inductive hypothesis, and since |a,(f)|oo < & for every k,

AP |0 < %ﬂ +p£ +oot pnzﬁz +pn;m = annH) (p:_—11> +pn27m < pn;.
O
Proposition 5. Given the MCF [(agl),agl), S T (a(()m),agm), )]
a) every minor of B, is a polynomial in Z[algi),i =1,...,m, j=0,...n] and each monomial

has the form
ACoC . .. Cpy

where A € Z and c; =1 or ¢; :ay) for somei=1,...m.

b) The summand )\aél) e ag) does not appear in any principal minor of B, except for the 1 x 1
manor obtained by removing all rows and columns indexed by 2, ..., m~+1; in this case A = £1.

Proof.

a) We prove the claim by induction on n. For n = 0, we have B,, = Ay and the claim immediately
follows. Suppose now that the statement holds for n and consider B, ;. Let M be a square
submatrix of By,41. If M = B,,41, then det(M) = +1 and we are done. So we suppose some rows
and columns missing in M. If M does not contain the first column, then M is a square submatrix
of B, and the result holds by inductive hypothesis. Therefore, we suppose that M contains the
first column of B,, 1, which is

(e
m
AnJrl o an+1An + an+1An71 +.o+ an+1An7m+1 + An—m (9)
A ) el oA A, A
The determinant of M is the sum, for i = 1,...,m + 1, of the determinants of all matrices M,

where M; is obtained from M by replacing the first column with a subvector of

A(l)

n+1l—1
A(Q_g

n+1—1
an+1 .

mi1
A

(to get uniform notation, we put aémﬂ) = 1, for every k € N ). We then see that either two

columus of M; are proportional, so that det(M;) = 0, or det(M;) = ﬁ:afﬁrl det (M) where M/ is a
submatrix of B,,. Thus, the claim holds by the inductive hypothesis.
b) Let M be the square submatrix obtained from B5,, by removing all rows and columns indexed



by I C{1,...,m+ 1}, and suppose that the summand )\a(()l) .. a%l) appears in M. Hence, by a),

M must contain the first column of B,,, so that it must contain also the first row. Moreover, since
det(B,) = £1, at least one row and the corresponding column are missing. We argue again by
induction on n. If n = 0, then the last row must miss, (otherwise det(M) € {1,0}) so that the
last column must miss too; the row indexed by m has the form (aém), 0,...,0) and this implies
that it must miss, unless m = 1, so that column m is missing and so on. Thus, it follows that
I=2...,m+1, A =1. Now suppose that the result holds for 5,,. The first column of B,
being as in (9), we deduce by a) that )\a(()l) ...a% must be a summand of det(My), where M is
obtained from M by replacing the first column by a subvector of

We then see that the second column (and the second row) must miss in M (otherwise det(M) = 0).
Therefore det(M7) = agllll det(M7) where Mj is a square submatrix of B,, giving rise to a principal

minor. Since )\aél) ...aY is a summand in det(M7), by the inductive hypothesis I = {2,...,m+1}
and A = 1.
O

3 On the finiteness of the p—adic Jacobi—Perron algorithm

The following results concerning the finiteness property of the p-adic Jacobi—Perron algorithm were
proved in [26].

Proposition 6. If the p—adic Jacobi—Perron algorithm stops in a finite number of steps when
processing the m—tuple (a(l), ceey a(m)) € Qy', then 1, a® . al™ are Q-linearly dependent.
Proposition 7. For an input (agl), ceey aém)) € Q™, the p—adic Jacobi—Perron algorithm termi-
nates in a finite number of steps.

Thus, a full characterization of the input vectors giving rise to a finite Jacobi—Perron expansion
is still missing in the p—adic case. On the other hand, the fact that the classical real Jacobi—Perron
algorithm stops in a finite number of steps if and only if 1,a(?, ... a("™) are Q-linearly dependent
is well established for m = 2, whereas it is known to be false for m > 3, see [32, Theorem 44]
and [11, 12]. Counterexamples in the latter case are provided by m-tuples of algebraic numbers
belonging to a finite extension of Q of degree < m + 1 and giving rise to a periodic MCF. This
shows that the finiteness and the periodicity of the Jacobi—Perron algorithm are interrelated.

In this section we shall assume that 1,a(), ..., a(™ are linearly dependent over Q. We will
associate to each linear dependence relation a sequence of integers (S,)n>0, which will be useful
in the investigation of the finiteness of the p—adic Jacobi—Perron algorithm. In the case m = 2, we
shall provide a condition that must be satisfied by the partial quotients of an infinite p-adic MCF
converging to («, ), when 1,a, 8 are Q-linearly dependent. We shall show in the next section
that, unlike the real case, for m = 2 there exist some input vectors a such that 1,a®, ... a(™

are Q-linearly dependent but their p-adic Jacobi-Perron expansion is periodic.
(1) (m)

Let us consider ag = (o 7, ..., ) € Q' and assume that there is a linear dependence relation
xlaél) 4.+ xmagm) + ZTma1 =0 (10)

with 21,...,2m+1 € Z coprime. We associate to it the sequence
Sp =21 AV 4+ 2 AT 4 g AT (11)

for any n > —m, where Agf ) are the numerators and denominators of the convergents of the MCF
of oy defined by (6). It is straightforward to see that the following identities hold:



Sna,(ll) + ...+ Sn,mﬂa;’”) 4+ Sp_m =0, for any n > 0; (12)
S, = aSzlSn,l 4+ .+ agl”i)lSn,m +Sn_m_1, for any n > 1; (13)
Sy = (ag_)1 - agll_)l)Sn,l +...+ (asl"_L)1 - aglnz)l)Sn,m, for any n > 1; (14)
S, = len(i)l + ...+ me,le), for any n > —m + 1. (15)
Sh 1
i I (16)
Sn—m SUm'+1

where the superscript T' denotes transposition.

Proposition 8. Given the sequence (Sp)n>—m defined by (11), we have that S, € Z, for any
n > —m and the g.c.d. of Sn,...,Sh—m is a power of p. Moreover,

1Sl < max {18}

so that if the MCF for (aél), cee oz(()m)) is infinite, then
nginoo Sy =0 in Q,.
i 1 .
Proof. By definition S,, € Z |—|, for any n > —m, and S_,,11,...S9 € Z. Then, using formula
p
(14), and observing that vp(agf)_l — ag)_l) >0, for i = 1,...,m, where v,(-) is the p-adic valuation,
we get S, € Z. The assertion about the g.c.d. is easily proved by induction, using formula (13).
Since |a£f) - a8)| < 1, from (14), we have that

< (1) _ ) e
Sul < max (o) —afllIS, ) < max (15w

Finally, by Proposition 2 and formula (15) we see that lim,, 4o Sp, = 0 in Q,. O]
An immediate consequence of Proposition 8 is the following

Corollary 1. Forn > 0, write n = gm + 1 with ¢,r € Z and 0 < r < m; then v,(S,) > ¢q. In
particular vy(Sy,) > [%] for every n > 0.

Proposition 8 and Corollary 1 describe the behaviour of the sequence (S,,) with respect to the
p-adic norm. We study now its behaviour with respect to the euclidean norm. We start by a
general result.

Proposition 9. Let (T),)n>—m be any sequence in R satisfying

Tn = y%l)Tn—l +...+ yﬁlm)Tn—m + Tn—m—la n > 1

where (y,(ll))nzl7 R (yy(,m))nzl are sequences of elements in Y; then
T,
lim — =0
n—-+oo pt
n R.

Proof. We have

& 1 Tnfl i Tn72 1 Tnfm 1 Tnfmfl
pn - 2 pn—l - 2p pn—2 ~ me—l pn—m - pm+1 pn—m—l -
S Kp max { ‘ Tn:i 7 Tn:; e Tn:m , Tn:m:i } ’
pr - pr - pr—m - pr—m -




1 1,41
where K, = W—i_ §Zk:0 o < 1. Therefore

Tmfl
’ pnz— 1

T

m

7
p

T,
"

goeeey
oo

< K;*Q max {
(e ]

7|TO|OO}
0o

and the claim follows. O

o

Corollary 2. For the sequence (Sp)n>—m+1, we have

. Sn
lim —=0
n—+oo p
in R.
Proof. By formula (13), the sequence (Sy,)n>—m satisfies the hypothesis of Proposition 9. O

Using the properties stated above, we now establish a partial converse to Proposition 6. The
case (a(()l), e aém)) € Q™ is managed by Proposition 7, so that we can assume (aél), R oz((Jm)) €

Q' \ Q™. Notice that in the case m = 2 the sequence S,, depends only on (a(()l), a(()z)) € Qf,.

S,
Proposition 10. Assume that the sequence —: has bounded denominators. Thus there exist
p

k € Z such that v,(S,) > n+ k, for every n. Then the Jacobi—Perron algorithm stops in finitely

many steps when processing the input (aél), RN a((Jm)).

S
Proof. Assume that the Jacobi-Perron algorithm does not stop. Put z, = p* —:, then z, € Z and
p

the sequence (z,) tends to 0 in the euclidean norm, by Corollary 2. It follows that z, (and hence
Sy) is 0 for n > 0, and this is impossible by formula (12). O

The following theorem is the main result of this section. To get uniform notation, we shall put
(m+1) _ (m+1) _
am, = ay =1 for every n.

IO

Theorem 1. Assume that 1,5, .., are Q-linearly dependent and

vp(a)) —vp(afl) 2 j -1 (17)

for3=3,...,m+1 and any n sufficiently large, then the Jacobi—Perron algorithm stops in finitely

many steps when processing the input (aél), RN a((Jm)).

Notice that the condition vp(ag)) - u,,(aS})) > 1 is always true by conditions (4).

Proof. By formula (12) we get

Sn__Snm1 ) Snm_(m).
pn pn—l n pn_m n
where )
J
() — ¥

for j =1,...,m. By equations (4), (5) and hypotheses (17) we have vp(%(g)) > 0 for n sufficiently
large. Therefore v, (%) > min {vp (%) s Up (i}l:lﬂj)} for n sufficiently large, so that

Up (g—ﬁ) > K for some K € Z. We then conclude by Proposition 10. O
In the case m = 2, Theorem 1 assumes the following simple form.

Corollary 3. For m = 2, if 1,a(()1),a82) are linearly dependent over Q and the p-adic Jacobi—
(1)) _

Perron algorithm does not stop, then vy(an’) = —1 for infinitely many n € N.



In the next section we shall present some examples where the hypotheses of Corollary 3 are
satisfied.

Remark 2. In the real case, for m = 2, the Jacobi—Perron algorithm detects rational dependence
because the sequences (Vn(l)) and (Vysz)) are bounded with respect to the euclidean norm. In fact,
this implies that the set of triples (Sy, Sn—1,Sn—2) is finite and the corresponding MCF is finite or
periodic. Moreover, it is possible to show that a periodic expansion can not occur and the Jacobi—
Perron algorithm stops when processing two real numbers a, B such that 1,c, 8 are Q-linearly
dependent, see [32] for details. In the p-adic case, the sequences (Vn(z)) are bounded (because they
approach zero in Q,, see Proposition 2); but the above argument does not apply, because the p-
adic norm is non-archimedean. However, considering that v,(S,) > & by Corollary 1, it would be

interesting to focus on the sequence of integers . When this sequence is bounded with respect

n
pn/2
to the euclidean norm, it is possible to argue similarly to the real case and deduce the finiteness of
the p-adic Jacobi—Perron algorithm.

4 On the characteristic polynomial of periodic multidimen-
sional continued fractions

The classical Jacobi—Perron algorithm was introduced over the real numbers with the aim of
providing periodic representations for algebraic irrationalities. However, the problem regarding
the periodicity of MCFs is still open; it is not known if every algebraic irrational of degree m + 1
belongs to a real input vector of lenght m such that the Jacobi—Perron algorithm is eventually
periodic. On the contrary, periodic MCFs have been fully studied over the real numbers. Indeed,
it is known that a periodic MCF represents real numbers belonging to an algebraic number field
of degree less or equal than m + 1, see [6] for a survey on this topic. For m = 2, Coleman [10] also
gave a criterion for establishing when a periodic MCF converges to cubic irrationalities.

In this section, we start the study of the periodicity for p-adic MCFs. In particular, we shall
see that, analogous to the real case, a periodic p-adic m-dimensional MCF represents algebraic
irrationalities of degree less or equal than m + 1.

Let us consider a purely periodic MCF of period N:

1 m 1 1 m m
(ag ),...,oz(() )) = [(a(() ),...,ag\,)_1> e (a(() ),...,agv_)lﬂ , (18)
ie., a,(fj_N = a,(f) for every k € Nand i = 1,...,m. By (2), we also have a,(;)_N = a,(f) for every

keNandi=1,...,m, so that, by (7),

1 i i .
a(z) _ Oé(() )Ag\zf)fl +.ot a(()m)A%/)fm + AS\Z/)fmfl (19)
o - m m m ™ .
AT L4 U ACTED L ()

n— —m—1

We define the matrix

1 1 1
N-1
A AL AR
M = BN—l _ Aj _ N-1 N 2 N 1
j=0 . N . .
m+1 m—+1 m—+1
AR A AR,

whose characteristic polynomial P(X) will be also called the characteristic polynomial of the
periodic MCF (18). From equation (19), we have that

aél) g
M| = (oD AREY P AR e AR AT

a(() Q
1 1



Moreover, by Proposition 3 we know that Zﬁtl a%)Ag\Tf'il) = agl) e ag\}) and, from «

we have that

1 1
0 _ 0,

ozél) oD

M = oV ...a(l)_ :
a(()m) 0 N-1 a(m)

1 1

Therefore p := aél) e 045\})_1 is an eigenvalue of M. The following theorems will show that u is

the p-adic dominant eigenvalue, that is the root of P(X) greatest in p-adic norm. Moreover, the
algebraic properties of the limits of the periodic MCF (18) are strictly related to p. Note that
considering purely periodic MCF's is not a loss of generality, because the field generated by the
n-th complete quotients of a MCF coincides with that generated by the entries of the input vector.

Theorem 2. Given the purely periodic MCF

) = [ () ()]

and its characteristic polynomial P(X), then u = aél) . 045\}),1 18 the greatest root in p-adic norm.

~(1)
an

Proof. We put a%l) == for any n > 0, where k,, > 0 (in fact k,, > 0, for n > 0). We define the
p n

number k£ = kg + ... + kxy_1 and the matrix

M ="M= A Ay

where
al’  pko0 0 aV 0 0 0
prial® 0 ph 0 0 0 0 0
Al =phiA; = : L= (mod p).
pkiagm) 0 0 pki 0 0 0 0
M0 o 0 0 0 0 0
Therefore W W
Va0 o 0
0 00 ... 0
M = : Lo (mod p). (20)
0 0 0 ... 0
0 00 ... 0

Let Q(X) be the characteristic polynomial of M’, ) is an eigenvalue of M if and only if p*) is an
eigenvalue of M’. Tf Ay,..., A\jpa1 are the eigenvalues of M, then

m+1 m—+1 . X
Q) = [T -0 = T (5= a) =pmeop ()
=1 i=1

so that
1

P(X) = WQ(ka).
From (20) we have that
QxX)=x"(x—al"...ay ;) (mod p).

Thus
Q(X) = XML L5 XM 4 46

with

5mzd(()l)...d§\})71 (mod p), 6; =0 (modp) fori=0,...,m—1, o = +pFm+),

10



It follows that

1

_ k
Pu(X) = WQ(P X)
1 o
_ pk(m+1) (pk(m+1)Xm+1 + (Smpkam +. o+ 5iplsz +..+ 50)
—X“””+§ﬂxm+ +——ﬁ——xh+ +1
B pk Tl ph(ma1—d)

= X" LA X™ 4 4y,
where
%:% fori=0,...,m, (v ==£1).
Now we put p; = v,(d;) for ¢ = 1,...,m and observe that
m =0, p;>0fori=1,... m—1, po=k(m+1).

We also notice that

N—-1
() = vplal” . ..alY ) = Y wplal
1=0

vup(7i) = vp(8i) — k(m+1—1)
=p;i+ik—(m+ 1)k fori=0,...,m
In order to prove that u is the greatest root in p-adic norm, we study the Newton polygon of P(X)
(see [16]). The line, in the real plane, passing through the points (i,v,(v;)) and (m + 1,0) has
equation
vp(72)

— 1 21
), (21)

for any ¢ = 1,...,m — 1. We shall denote by s; the slope of this line. From the fact that

y:

vp (i) = pi —k(m+1—14) and p; = v,(6;) > 0,

we get
Up(%‘) - i k> —k,
m+1—12 m+4+1—1
i.e., the point in the real plane with coordinates (m, v, (vm)) = (m, —k) lies strictly under the line
(21), forany i =1,...,m — 1.

Thus, the Newton polygon associated to the polynomial P(X) has slopes (s1,..., 8 ), which
is a strictly increasing sequence, where the last slope s,, is equal to k. Hence, the claim of the
theorem follows from [16, Theorem 6.4.7] and the fact that the sequence of slopes (s1, ..., Sm) is
strictly increasing.

O
Theorem 3. Given a purely periodic MCF

el = [ ) o (7 )]

let u be the greatest root in p-adic norm of its characteristic polynomial. Then
1 m
a) Q) = Qo af"™)

b) g Q

Proof.

a) Certainly u € Q(a(()l),...,agm)), since pu = a(()l). a%) ;- Conversely, by Theorem 2, the
nullspace of By_1 — pil;ny1 in Q(u)? is 1-dimensional (where I,,,;1 is the (m+1) x (m+1) identity
matrix). Therefore, it is generated by a vector 8 = (5, .. .,BmH) with entries in Q(u), which

must be proportional to (a(()l), . (m) ,1). Tt follows that (¥ = = €Q(p) fori=1,...,m.
b) Assume that p € Q, then a(l) .. af{" € Q. But in this case the MCF corresponding to
(04(()1), .. aém)) is finite by [26, Theorem 5], so that it cannot be periodic. O

11



From the previous theorems we deduce that a periodic MCF converges to a m—tuple of algebraic
irrationalities of degree less or equal than m + 1, belonging to the field generated over Q by the
the root greatest in p-adic norm of the characteristic polynomial. When the latter is irreducible,
then they generate a field of degree m + 1.

We now investigate in more detail the roots of the characteristic polynomial. In particular we focus
onm = 2.

Lemma 1. Let P(X) = X" 4y, X™ 4 4y X +(—=1)"WNV+D+1 pe the characteristic polynomial

of a purely periodic MCF (aél), . ,aém)) = [(a(()l), e ,ag\lf)_l) e (a(()m)’ - 7CL§\7L_)1)} . Then
a) every y; is a polynomial in Z[ay),i =1,...,m, j=0,...N —1] and each monomial has the
form Acocr...cy—1 where A€ Z and c; =1 orc; = ay) for somei=1,...,m;

1 1
O...f

b) the monomial a 1 appears only in Y.

Proof. Let us observe that any coefficient ~; is the sum of the principal minors of the matrix By_1
of order m +1 — 14, for i = 1,...,m. Hence the thesis follows from Proposition 5.
O

Theorem 4. Given a purely periodic MCF

1 m 1 1 m m
(aé),...,aé )): [(aé),...,ag,)_g,...,(aé ),...,agv_)lﬂ,

every root of its characteristic polynomial has p-adic norm less than 1, except for the root greatest
in p-adic norm = oz(()l) e ag\l,)_l.

Proof. Let P(X) = X™ ' 474, X™ + ...+ 1 X + (—1)™N+D+1! he the characteristic polynomial
of the given MCF. By Lemma 1 and |a£11)| > 1, |a§ll)\ > |a$lj)| forn e Ny j=2....m+1,
we have |v;] < \a(()l) e as\}ll , for any ¢ = 1,...,m. Moreover, this inequality becomes equality
if and only if i = m. If A\; = p, Ag,..., \x are the roots of P(X) with p-adic norm > 1, then
Vmtl-k = |p| = \agl) . --ag\}ll . Recalling that ~p,41_% is also the k-th elementary symmetric
function of the roots, this implies £ = 1 and the thesis follows. O

Theorem 5. Let z be a complex root of the characteristic polynomial P(X) of a purely periodic
MCF [(a(()l), ey ag\l,)_1> sy <a(()m), . ,ag\y,n_)lﬂ . Then
|Z|oo < pN'

Proof. By Gershgorin theorem [15] there esists a row j =1,...,m + 1 in M such that

=AY o< Y AR e
k=1,....m+1, k#j

In particular
m+1 m—+1

) 1 B
[2loo < D 1AR oo < 5 D0 PN
k=1 k=1

by Proposition 4. Moreover,

1 1 m 1 pmtl

—k+1 N—m k N—m N
52.P =P pr=5p T —————<p .
3 2 T =

O

The previous theorems can be used to give some further information about the algebraic prop-
erties of the values of a periodic MCF. We firstly consider the case N = 1.

Proposition 11. The characteristic polynomial of a purely periodic MCF with period N =1 does
not have any rational root. In particular when m = 2 it is irreducible over Q, and the limits of the
MCF generate a cubic field.

12



Proof. Let z be a rational root of the characteristic polynomial; by the rational root theorem it
must be (up to a sign) a power of p. By Theorem 3 b), we know that z # u, and this implies that
vp(2) > 1 by Theorem 4. But |z|s < p by Theorem 5, a contradiction. O

In general, a rational root of a MCF with period of length N must satisfy |z|,c < p" and
vp(z) > 1, so that for the rational root theorem it must be of the kind :I:p’“7 with £ < N — 1. The
next proposition gives a necessary condition for the existence of such a root, in the case m = 2
and N = 2.

Proposition 12. Let us consider the purely periodic MCF [(ao,al) , (bo,bl)], Then its charac-
teristic polynomial P(X) is irreducible over Q unless the following condition is verified, possibly
interchanging the indices 0 and 1:

e ag is of the form i% +w with w € Z, |w|eo < p?;l,w #0; and

o cither vy(a1p + 1) = vy(ar) + 1 (which implies vy(b1) = vp(a1) + 1,v,(by) =0)

or ay is of the form i% +u with u € Z, |u| < %,u £ 0;

in the latter case one between by and by is zero and the other one is equal to —wu £ p.

Proof. Write

(22)

P(X)=X?+pX?+ymX —1,
then
Y2 = —(apar + by + b1), 71 = bibyp —ag — a1
so that
PX)=X(X —bo)(X —b1) — (apX + 1)(a1 X + 1).
We put k1 = —vp(a1), k2 = —vp(az), k = k1 + ko. By Theorems 4 and 5 the only possible rational
roots of P(X) are +p. So assume

P(&p) = £p(Ep — bo)(£p — b1) — (faop + 1)(Faip + 1) = 0. (23)

Notice that the valuation of the first summand is > —k + 3 and that of the second summand is

> —k + 2. Therefore, the valuation of the second summand must be > —k + 3. This implies that

at least one between ag and aq, say ag, must satisfy v(xagp + 1) > —ko + 1, that is agp = F1
p—1

(mod p). Since ap € Y this implies ag = :F% +w with w € Z, lw|s < %5~ and (23) becomes

+ (£p —bo)(E£p — b1) —w(+ap+ 1) =0. (24)

We have that w # 0, otherwise one between by and b; should be equal to +p, which is a contra-
diction because by, b; € ).

The right-hand side of (24) has valuation > —k; +1; and v,(£p —bg) > 0, v,(E£p —b1) > —k; + 1.
If the valuation of the right side is exactly —k; + 1 then it must be v(by) = 0,v(b1) = —k1 +1. On
the other hand, if the valuation of the right side is > —k; + 1 then a;p = F1 (mod p). As above
this implies ag = :F% +u with u € Z, Ju|o < p—;l, u # 0 and (24) becomes

£ (£p — bo)(£p — b1) — wup = 0. (25)

This implies that one between by and b; is 0, the other one (say b;) has valuation 0, and satisfies
+p — b; = wu. O

The following proposition will be useful to provide numerical examples.

Proposition 13. Let us consider the purely periodic 2-dimensional MCF («, §) = [(m) , (bo, ... ,bN_l)]
and suppose that its characteristic polynomial P(X) is reducible. Let z = +p* be the (unique) ra-

tional root of P(X), then the 1-dimensional eigenspace L C Q® of the transpose of Byx_1 associated

to z coincides with the space L' of rational vectors (z,y,z) such that za + yB+ z = 0.

Proof. Notice firstly that the space £ is one-dimensional, because Theorem 3 and the reducibility
of P(X) imply that [Q(«, 8) : Q] = 2. Therefore there is a linear dependence relation

T+ B+ a3 =0

with coprime x1, o, 23 € Z, and (1, 2, x3) generates L'. Since any = a, By = 3, by property (12)
of the sequence (5,,) defined by (11), the vector (Sn, Sn—1,Sn—2) must be a rational multiple of
(21,2, x3); then by (15) (x0,y0,20) is an eigenvector associated to a rational eigenvalue, so that
it belongs to L. O

13



Example 1. Condition (22) is essential. Consider the following examples.

e For p =25, the periodic MCF (o, B) = [(%, 15—1> , (1,72)} has characteristic polynomial

119
P(X):X?’—gXQ—X—l

and

6 1
PX)=(X-5)(X*-—=X+-).
()= (x -5) (x* - X+ 5
Moreover by using Proposition 13 we find the linear dependence relation between o, 8 and 1:

200+ 56+ 4 =0.

e For p =3, the periodic MCF (o, ) = [(%) , (m)] has characteristic polynomial

19 7 8 1
P(X):X3—§X2—§X—1:(X—3) <X2+9X+3).

and
6a+36+2=0.

e For p =3, the periodic MCF (o, ) = [(%, 19—3) , (E)} has characteristic polynomial

62 16 19 1
PX)=X3- =X?-"X-1=(X-3)[X?2+=Xx+=].
(X) 27 9 ( )< +27 +3

The linear dependence relation between v, 8,1 is the same as in the previous case:

6a+36+2=0.

The above examples also provide Q-linearly dependent numbers having a periodic (hence not

finite) expansion by the p-adic Jacobi-Perron algorithm.
At the present time we were not able to find examples of m-tuples of Q-linearly dependent p-adic
numbers whose MCF is infinite and not periodic. Therefore, we state the following

Conjecture 1. Let a = (a(l), ceey a(m)) € Q" be such that 1, a® . al™ are Q-linearly depen-
dent. Then the p-adic Jacobi-Perron algorithm for o is finite or periodic.
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