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Abstract. The renormalization group method has been developed to investigate p-adic
g-state Potts models on the Cayley tree of order k. This method is closely related to the
examination of dynamical behavior of the p-adic Potts—Bethe mapping which depends
on the parameters ¢, k. In Mukhamedov and Khakimov [Chaotic behavior of the p-adic
Potts—Behte mapping. Discrete Contin. Dyn. Syst. 38 (2018), 231-245], we have considered
the case when ¢ is not divisible by p and, under some conditions, it was established that
the mapping is conjugate to the full shift on «,, symbols (here k), is the greatest common
factor of k and p — 1). The present paper is a continuation of the forementioned paper,
but here we investigate the case when g is divisible by p and k is arbitrary. We are able
to fully describe the dynamical behavior of the p-adic Potts—Bethe mapping by means of
a Markov partition. Moreover, the existence of a Julia set is established, over which the
mapping exhibits a chaotic behavior. We point out that a similar result is not known in the
case of real numbers (with rigorous proofs).
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1. Introduction
The presentpaper is a continuation of [35], where we have started to investigate the chaotic
behavior of the Potts—Bethe mapping over the p-adic field (here p is some prime number).
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Note that the mapping is governed by

Ox +q—1 )"

has = (St

(1.1)

where k,q € N and |6 — 1|, < 1. In [35], we have considered the case when ¢ is not
divisible by p, that is, |g|, = 1. In that setting, under some conditions, we were able
to prove that fy 4« is conjugate to the full shift on «, symbols (here «, is the greatest
common factor (GCF) of k and p — 1). In the current paper, we are going to study the
same Potts—Bethe mapping when g is divisible by p, that is |g|, < 1. It is known that
the thermodynamic behavior of the central site of the Potts model with nearest-neighbor
interactions on a Cayley tree is reduced to the recursive system which is given by (1.1).
The existence of at least two non-trivial p-adic Gibbs measures indicates that the phase
transition may exist. This is closely connected to the chaotic behavior of the associated
dynamical system [12, 16, 17, 23, 26, 27]. Therefore, it is important to investigate the
chaotic properties of (1.1).

We stress that the Potts—Ising mapping is a particular case of the Potts—Bethe mapping,
which can be obtained from (1.1) by putting g = 2. Recently, in [30, 34] under some
condition, a Julia set of the Potts—Ising mapping was described, and it was shown that
restricted to its Julia set, the Potts—Ising mapping is conjugate to a full shift. Therefore,
it is natural to consider the Potts—Bethe mapping for ¢ > 3 with |g|, <1 and k > 2. In
[43], all fixed points of fy 4« were found when k = 2 and |¢|, < 1. Then, using these fixed
points, the dynamics of (1.1) whenever k = 2 and |g|, < 1 was investigated in [11, 31, 32].
Recently in [1, 44], the Potts—Bethe mapping was studied for the case k = 3 and |g|, < 1.
In the present paper, we are going to consider a more general case, that is, arbitrary k > 2
and |g|, < 1. To formulate our main result, let us recall some necessary notions.

It is easy to notice that the function (1.1) is defined on Q), \ {x©°)}, where x(®) =2 —
g — 0. For the sake of convenience, we write Dom(fp 1) := Qp \ {x(®}. Let us denote

00
Px(oo) = U fQT;,k(x(oo)).
n=1

One can see that the set P, is at most countable, and could be empty for some k, g
and 6 (see §3). If it is not empty, then for any xo € P, (), there exists an n > 1 such that
after n-times, we will ‘lose’ that point.

For a given mapping f on Q,, we denote by Fix(f) the set of all fixed points of f,
that is,

Fix(f) = {x € Qp : f(x) = x).
Let f be an analytic function and x© e Fix(f). We define
d
A= —fF(xO).
1)

The fixed point x@ is called attractive if 0 < |A|, < 1, indifferent if |x|, = 1, and
repelling if |A|, > 1.

https://doi.org/10.1017/etds.2021.96 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2021.96

Chaotic behavior of the p-adic Potts—Bethe mapping Il 3435

For an attractive fixed point x© of f, its basin of attraction is defined by
A" ={x ey lim ") =2},
where f" = fo fo---o f.
The main result orlé the present paper is given in the following theorem.

THEOREM L.1. Letp >3,k >2,|q|, < 1,10 — 1|, < 1, and x§ = 1. Then the dynamical
structure of the system (Qp, fo 4.x) is described as follows.
(A) Iflklp < g+ 6 — 1|p, then Fix(fp.q.k) = {x3} and

A(xg) = Dom(fp 4.1)-

(B) Assume that |k|p > |q+0—1|, and |0 —1], < |q|%. Then there exists a
non-empty set J 7, e Dom( fp4.k) \ Py which is invariant with respect to fy 4k
and

A(xg) = Dom(fo,g.6) \ (Pyoo U Jf,, 1)

Moreover, if k), is the GCF of k and p — 1, then the following hold:
(B1) ifkp =1, then there exists xs € Fix(fgqk) such that x, # x; and fgon =

{x*};
(B2)  ifip =2, then (Jy, ;> foqks |- |p) is topologically conjugate to the full shift
dynamics on K symbols.

Remark 1.2. It is worth pointing out that, in the present paper, the condition |0 — 1|, <
|q|?, is assumed to get essential estimations and calculations to prove the main result. The
results of a recent paper [1] show that such a condition could be loosened to |6 — 1|, <
|g|p, but only for the case k = 3 where explicit expressions of the fixed points of the
function fy 4« have essentially been used to get more exact estimations. However, in this
paper, we are able to prove the chaoticity of the Potts—Bethe mapping for arbitrary values of
k (under the condition |0 — 1], < |g |%) and moreover, we are not even using the existence
of the fixed points. Once we have proved that the Potts—Bethe mapping is conjugate to a
full shift, then one concludes the existence of the fixed points. Roughly speaking, we are
constructing (explicitly) a Markov partition of the mapping (1.1) which allows us to prove
the main result of the current paper. However, the results of [1] indicate that the chaoticity
of the function (1.1) could be obtained even in the case of |¢|> < |6 — 1|, < |gqlp, but this
will be a topic for another work. Here, it is better to emphasize that the results are valid
when p > 3. The case p = 2 is considered pathological in the p-adic analysis (see for
example [10]). Indeed, in [1], it was established that when p = 2 and k = 3, the function
(1.1) does not have chaotic behavior. For general values of k, owing to huge calculations
and numerous technical issues, this case could be investigated elsewhere.

Remark 1.3. In [41, 42], the authors established that the function (1.1) may have at least
one fixed point and, moreover, they found a necessary condition (that is g is divisible by
p) for the existence of more than one fixed point. Therefore, the following conjecture was
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formulated: Let k € N, g € pN, and |0 — 1|, < 1, then the function (1.1) has at least two
fixed points. The formulated Theorem 1.1(A) shows that the mentioned conjecture is not
always true.

We stress that, in the p-adic setting, owing to the lack of a convex structure of the set
of p-adic Gibbs measures, it was quite difficult to constitute a phase transition with some
features of the set of p-adic Gibbs measures. However, Theorem 1.1(B2) yields that the set
of p-adic Gibbs measures is huge which is a priori not clear (see [24, 42]). Moreover, the
method of the present work allows one to find lots of periodic p-adic Gibbs measures for
the p-adic Potts model. Furthermore, Theorem 1.1(B) together with the results of [29, 33]
will open new perspectives in investigations of generalized p-adic self-similar sets.

On one hand, our results shed some light on the question of the investigation of
dynamics of rational functions in the p-adic analysis, because a global dynamical structure
of rational maps on QQ, remains unclear. Some particular rational functions have been
considered in [4, 5, 7, 8, 10, 13-15, 18, 21, 39]. On the other hand, the obtained results
may have potential applications in the cryptography to build pseudo-random codes (see [2,
3, 37, 45]). We point out that some p-adic chaotic dynamical systems have been studied in
[9, 45].

2. Preliminaries

2.1. p-adic numbers. Let QQ be the field of rational numbers. For a fixed prime number
p. every rational number x # 0 can be represented in the form x = p"2*, where r, n € 7Z,
m is a positive integer, and n and m are relatively prime with p: (p,n) =1, (p, m) = 1.
The p-adic norm of x is given by

x|, = p~" forx #0,
P 0 forx = 0.

This norm is non-Archimedean and satisfies the so-called strong triangle inequality

Ix 4+ ylp < max{|x|p, [y]p}.

The completion of Q@ with respect to the p-adic norm defines the p-adic field Q,. Any
p-adic number x # 0 can be uniquely represented in the canonical form

¥ = pordp(x)(xo +x1p+ X2p2 +-0), 2.1)

where ord,(x) € Z and the integers x; satisfy: 0 < x; < p — 1, xo # 0. In this case,
|x|p — p—ordpx.

Recall that Q,, is not an ordered field. So, we may compare two p-adic numbers only
with respect to their p-adic norms.

In what follows, to simplify our calculations, we are going to introduce new symbols ‘O’
and ‘o’ (roughly speaking, these symbols replace the notation ‘mod p*” without noticing
the power of k). Namely, for a given p-adic number x, by O[x], we mean a p-adic number
with the norm p~°"» ™) that is, |x|p, =[O (x)|p. By o[x], we mean a p-adic number with a
norm strictly less than p‘ordp(x), that is, [o(x)|, < |x]|,. For instance, if x =1 — p + pz,
we can write x — 1 + p = o[p], x — 1 = o[1], or x = O[1]. The symbols O[-] and o[ -]
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will make our work easier when we need to calculate the p-adic norm of p-adic numbers.
It is easy to see that y = O[x] if and only if x = O[y].
We give some basic properties of O[-] and o[-], which will be used later on.

LEMMA 2.1. Let x, y € Qp. Then the following statements hold.

(1)  OI[x]10[y] = Olxyl.

(2) xOl[yl = Olxyl, Olylx = Ol[xyl.
(3)  Olx]olyl = olxyl.

(4) olxlo[y] = olxyl.

S) xoly] = olxy]l, olylx = o[xy].

(6) Ify #0, then O[x]/O[y]l = O[x/yl.
(7) Ify #0, then olx]/O[y] = olx/y].

For eacha € Q,, r > 0, we denote
Bi(a)={xeQp:|x—al, <r}

We recall that Z, = {x € Q, : |x], < 1} and Z}, = {x € Q : |x|, = 1} are the set of all
p-adic integers and p-adic units, respectively.
The following result is well known as Hensel’s lemma.

LEMMA 2.2. [6, 22] Let F(x) be a polynomial whose coefficients are p-adic integers. Let
x* be a p-adic integer such that for some i > 0,

F(x*) =0 (mod p**"), F'(x*) =0 (mod p'), F'(x*)#0 (mod p'*!).
Then F(x) has a p-adic integer root x, such that x, = x*(mod pH'l).

The p-adic exponential is defined by

o0 xn
expy(x) = ) T
n=0
which converges for every x € B »—1/-1 (0). Denote
Ep={xeQp:lx—1], < p~ /=y,
This set is the range of the p-adic exponential function. The following fact is well known.

LEMMA 2.3. [40] The set £, has the following properties.
(@) &p is a group under multiplication.
(b) Ifa, b e &), then the following are true:

1

1
= =2 = p:z
_b 29 p b b — 27 b
|Cl |p< {1’ p#Z, |Cl+ |I7 {1’ p;ﬁQ

(¢) Ifa € &), then there is an element h € Bp_l/(,,_1>(0) such that a = exp,, (h).
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LEMMA 2.4. Let k > 2 and «, B € £,. Then there exists a unique y € 1+ pZ, such
that
k—1
> kTl = ky. (2.2)
j=0

Moreover, if p # 2, then y € &p.

Remark 2.5. We notice that Lemma 2.4 has been proved in [35] for p # 2. The proof of
the case p = 2 is similar to that one. We notice that this lemma plays a crucial role in our
further investigations. Especially, we will often use the fact y € &£,.

COROLLARY 2.6. Letk € N. Then
ok — BX = k(a — B) + olk(a — B)] foralla, B € E,.

Proof. Leta, B € £,. By Lemma 2.4,
k—1
Y o =k k(y = 1),
j=0
where y — 1 = o[1].
Hence, Lemma 2.1 implies
k—1
of —pt=@-p) ) oI
j=0
=kla—=p)+kl@—-py -1
=k(a — p) + Olk(a — B)lo[1]
=k(a — p) + olk(x — )],

which is the required relation. O

Remark 2.7. In our further investigations, we mainly use Corollary 2.6 in the following
form. Namely, for k € N,

of —1=k(@—1)+olk(@—1)] foralla € &,. (2.3)

We notice that a monomial equation x* = a over Q, has been studied in [36, 38]. In
our further investigations, we only need the following special case of that equation.

THEOREM 2.8. [36] Let p > 3 and a € £p. Then the following statements hold:
i) iflklp < la — 1), then the polynomial x* — a has no root;
(i) if |klp > |la —1]|p, then for every & € {y € F) : yk = a(mod p)}, the polynomial

xX — a has a unique root in By (&).

Here IF ), stands for the ring of integers modulo p.

Remark 2.9. Thanks to Theorem 2.8, for every a € £, with |a — 1|, < |k|,, the equation

x¥ = a has a single root belonging to £ p» which is called the principal kth root and denoted
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by &/a. In what follows, the symbol /a (for a € £,) always means the principal kth root
of a. Therefore, for |a — 1|, < |k|p, all solutions of the monomial equation x* = a have
the following form: x; = & &/a, where & = 1 and ¥/a is a principal kth root of a.

2.2. p-adic subshift. Let f : X — Q, be a map from a compact open set X of QQ,, into
Qp. We assume that (i) f_l(X) C X; (i1)) X = UjesB,(aj) can be written as a finite
disjoint union of balls of centers a; and of the same radius r such that for each j € I,
there is an integer 7; € Z such that

[f(x) = fO)Ip=pYIx —ylp, x,y € Br(a)). (2.4)

For such a map f, define its Julia set by

[e¢)
Jr=)f"X). (2.5)
n=0
It is clear that f_l(Jf) = Jy and then f(Jy) C Jy. The triple (X, J¢, f) is called a
p-adic weak repeller if all T; in (2.4) are non-negative, but at least one is positive. We call
it a p-adic repeller if all T; in (2.4) are positive. For any i € I, we let

Ii:={jel:B(a;)N f(Br(ai)) # 2} ={j €l:Br(a;) C f(Br(a;))}

(the second equality holds because of the expansiveness of the ultrametric property). Then
define a matrix A = (a;;)1x1, called incidence matrix, as follows:

PN L A
Y 0 ifjél.

If A is irreducible, we say that (X, Jr, f) is transitive. Here the irreducibility of A means

l.(}") > 0, where a"™

that for any pair (i, j) € I x I, there is a positive integer m such that a i

is the entry of the matrix A™.
Given I and the irreducible incidence matrix A as above, we denote

A ={(xrz0: xk €1, Axxpyy =1, k> 0},

which is the corresponding subshift space, and let ¢ be the shift transformation on X 4. We
equip X4 with a metric d depending on the dynamics, which is defined as follows. First,
fori, j €1, i # j,letk(i, j) be the integer such that |a; — aj|, = p <D Ttis clear that
k(i, j) <log,(r). By the ultrametric inequality,

|x —ylp =lai —ajlp, i #j forallx € By(a;), forall y € B,(a;).

For x = (x0, x1,...,%Xp,...) € Zgand y = (Yo, Y15+ . Vn, - - .) € L4, define
T T T T T g, —k (X, Yn) :
dre =P 0 %fn #0,
‘ p(x0.y0) ifn=0

where n = n(x, y) =min{i > 0: x; # y;}. It is clear that d defines the same topology
as the classical metric which is defined by d(x, y) = p "),
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THEOREM 2.10. [9] Let (X, Jy, f) be a transitive p-adic weak repeller with incidence
matrix A. Then the dynamics (J¢, f, | - |p) is isometrically conjugate to the shift dynamics
(X4,0.,dyp).

3. Proof of Theorem 1.1: part (A)
In what follows, we always assume that p > 3 and |g|, < 1. To prove Theorem 1.1(A), we
need the following auxiliary lemma.

LEMMA 3.1. Let p >3 andk e N. Ifa € £y and |a — 1|, > |k|), then |xk—a|,, > la —
1|p for any x € Q).

Proof. Take an arbitrary a € £, such that |a — 1|, > |k|,. We distinguish three cases.
Case x & Zf,. Then we immediately get [x* — 1|, = 1. From |a — 1], < 1, using the
strong triangle inequality, one has |x* — alp > 1. This yields that |xk — alp > la—1|p.
Case x € £,. Then noting |x — 1|, < 1, owing to Corollary 2.6, we obtain |xk — 1], <
|k|p. The last one together with |a — 1], > |k|, implies |xk — alp =la —1]p.
Case x € Z*[‘, \ &p. In this case, x has the following canonical form:

x=xo+x1-pHx-pP4o--,

where 2 <xg<p—1and 0 <x; <p—1, i >1. Then (x/xg) € Sp. According to
Remark 2.7,

X

k
<—> — 1= Olk(x — x0)] = o[k].
X0
Consequently, |x* — x’(§|p < |k|p, which yields |xk — 1, = |x’5 — 1],. Now we need to
check two subcases, |x10‘ — 1], =1and |x15 — 1], < 1, separately.

Suppose that |xéc — 1], = 1. Then, owing to |a — 1|, < 1, one has |x§ —al,=1.
Hence, |xk —alp > la—1]p.

Let us assume that |x6‘ — 1], < 1. For convenience, let us write k = mp*, where
s > 1 and (m, p) = 1. Then noting xé’ = xo(mod p), from XM =1 (mod p), we obtain
|xg' — 1|p < 1. Thanks to Remark 2.7, one finds

P —1=p e — D) +olp* (g — D],

which yields |x’(§ — 1], < |k|,. Hence, from |a — 1|, > |k|, it follows that |x§ —al, =
la — 1],. Consequently, [k — alp = la — 1|,. This completes the proof. O]

Remark 3.2. We notice that the set P () is empty if ||, < |g +6 — 1|,. Indeed, from
x(®) ¢ &,, where x®) =2—4—0 and x> — 1|, > |k|p, owing to Lemma 3.1, we
infer that

| £y @) = x> [x — 1], foralln € N, forall x € Dom(fyq.k)-

Hence, noting x () # 1, we can conclude that P () = .
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Let us define

Ox +q—1
= 3.1
800 = g3 3.1)
In our further investigations, we use the following simple property of the function gg ,:
@—-DHx-1
- l=— 3.2
804 (%) P (3.2)
We notice that fy 4k (x) = (804 (x))¥ for any x € Dom( fy 4 ). Itis clear that the function
fo.q.x has a fixed point x; = 1.

Proof of Theorem 1.1: (A). Let |k|, < |q + 6 — 1], and denote
Ki={xeQp:lx—1], <lg+06 —1],},
Ky={xeQp:lx—=1l,=|x=24+qg+6|p}.

First, we show that fp,x(x) € K1 UK for any x ¢ Ky U K>. Then we prove that
Jo,4k(x) € Ky for any x € K. Finally, we show that fe"qk(x) — 1 forany x € K.
Indeed, let x ¢ K1 U K3. From |g + 60 — 1], < 1, owing to Lemma 3.1,

|fo.qh(x) =2+q +0[p =g +0—1]p,

which is equivalent to either |fy,x(x) —1|p <lg+6 —1|p or |fogi(x)—1]p, =
[ fo.4k(x) — 2+ q + 0] ,. This yields that fy ;% (x) € K1 U K>.
Now assume that x € K. Then by (3.2),

804(x) =1 =(0 —1)0[1] = O[6 — 1] = o[1]
which means gy, (x) € £,. Then thanks to Remark 2.7,

|f0,q,k(x) - 1|p < |k|p~

The last one together with |k|, < |g +6 — 1|, implies |fy4x(x) — 1|, < |g +60 — 1],
and hence fy 41 (x) € K.
Finally, we suppose that x € K. It then follows from (3.2) that

0—1D(x—1
8o.q(x) — 1= (0[q+)+1]) = (6 — Do[1] = o[6 — 1] = o1].
This again means gg 4 (x) € £,. By Remark 2.7,
k(@ — D(x — 1)}
g+6—-1 |

Noting |g + 60 — 1|, > k(0 — 1)|p, from the last one,

Joqh(x) — 1= 0[

|fo.qx(x) = 1lp < [x = 1]p.

Hence,
" 1
|f9,q,k(x) - l|p = le - llp’

which yields f' 4 «(x) = lasn — oo. This completes the proof. O
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4. Proof of Theorem 1.1: the first part of (B)
In this section, we are going to study the dynamics of fy ,x when |6 — 1], < P&l p and
lglp < lk|p. In what follows, the following auxiliary fact is needed.

PROPOSITION 4.1. Let p >3 and |0 — 1|, < |qlp < |k|p. If x € Dom(fy4x) With |x —
24q+0|p, > 10 — 1|, then fg”’q,k(x) — lasn — oo.

Proof. First, we notice that |[x —2+¢q + 0], > |0 — 1|, implies |x — 1 +¢q|, > |0 —
1|p.Owing to |6 — 1|, < |g]|p, we are going to consider two cases: (1) |[x — 1 +¢|p > gl
and (ii) [0 — 1], < |x — 1 +ql, < lql,.

Case (i). Let |x —1+4gqlp = |qlp. This means that either x € Bjg,(1) or |x —
1+g¢ql|p, =|x —1],. First, we show that the condition |x —1+¢|, =[x — 1|, yields
Jo.q.k(x) € Bjg,(1). Furthermore, we establish that fe"’q,k(x) — 1 forany x € By, (1).

Let us pick x € Q, such that [x — 1 +¢|, = |x — 1],. Then |g|, < |x — 1],. Keeping
inmind 6 — 1 = o[q], one finds & — 1 = o[x — 1 4+ ¢g] and

x+0+qg—2=0[x—1+¢q]l=0O[x—1].

So, by (3.2),

() 1—w_ of11 =
80q) =1 =51 = olqlO[1] = olq].

Because |k|, < 1, owing to Remark 2.7, we obtain | fy 4 x (x) — 1], < |g|p, which implies

Jo.q.4(x) € Bjg), (1).
Now let us suppose that x € Bjg|,(1). Then by (3.2),

—1 —1
$0q() — 1= O[qq]+(xo[q] ! - O[qg)[cq] ol — 1) = olx — 1)

Hence, again thanks to Remark 2.7, one has | fy 4« (x) — 1], < |x — 1], which yields

1
|f0”’q’k(x)— |, < F|x— 1], foralln e N.

So, fe’”q’k(x) — lasn — oo.
Case (ii). Let |0 — 1], < [x =1+ ¢lp < |g|p. Then
olx —1+4]0[q]

8oq(x) — 1= Oh—1+q o[1]10[q] = olq].

Again, Remark 2.7 yields | fp 4 x (x) — 1], < |q|p. Hence, by (i), we have f;’q’k(x) — las
n — oo. This completes the proof. O

COROLLARY 4.2. Let p >3 and |0 — 1|, < |qlp < |klp. If |[x — 14+ qlp = |qlp, then
fg"’q’k(x) — lasn — oo.

Proof. Let |x —1+qlp, > 1qlp. By |0 — 1|, < |g|, and the strong triangle inequality,
one finds [x — 2 + g + 6, > |6 — 1],. Hence, the last one owing to Proposition 4.1 yields
fen’q’k(x) — 1. O
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LEMMA 4.3. Let p >3 and |0 — 1|, < |qlp < |klp. If Ix =2+ q +0]p < g0 — 1)},
then fg"’q’k(x) — lasn — oo.

Proof. Take arbitrary x € Dom( fy 4 «) such that [x —2+¢g + 60|, < |g(0 — 1)|,. Then

bx +q—-1 _9_(61+9—1)(9—1)_ Olg(60 — 1] Olq® —1)]
x+qg+6-2 xX+qg+6-2 o[lg(@ — 1] olg(@ — D]’
which yields |fpqx(x)|p > 1. Hence, |fpgx(x) —2+g+06], > |60 —1],. Then by
Proposition 4.1, we obtain the desired assertion. O]

Our aim is to construct a set X C Dom(fy k) for which a triple (X, Jg, . fo,gk) is
a transitive p-adic repeller. Thanks to Proposition 4.1 and Lemma 4.3, the required set X
should be a subset of the following set:

Y={xeU: |g@—Dlp <|foqux)—2+q+0], <10 —1],},

where

U= U Bigo-1),2—q —0+n® —1)).

neQp:
lglp=<Inlp=1

One can see that for |g|, < |n], < 1, we have x;, € Y if and only if
Xp=2—q—60+n0—1)+0[qg — 1],
4.1
g0 = Dlp < |foquley) =2+ +6] , <16 —1],.

Remark 4.4. We notice that if for |g|, < |n|, < 1 one of the assumptions of (4.1) does
not hold, then féfq’k(x,,) — lasn — oo.

Now we are going to find a necessary condition for n € QQ, which yields (4.1).

PROPOSITION 4.5. Let p > 3, k|, > |ql|p and |6 — 1], < |q2|p. Assume that for n € Q)
with |q|p < Inlp < 1, (4.1) holds. Then the following statements are true:

(1) IfInlp = Iqlp, then (n — g)/m* =1+ o[1];

@) IfInlp > Iqlp, thenn =k — (((k — 1)g)/2) + (((k — 1)(k — 2)g%)/6k) + olq].

Proof. Assume that (4.1) holds. Then

JogkGxy) =2—qg+60+0[0—1]1=1-¢q +olgl =1+o0o[l]. 4.2)

(1) Let [n], = |qlp- By (4.2), one finds

k

(1 _4 + W) =14 o[l]. (4.3)

n n
Noting [0 — 1], < |g|p, we obtain ((n — 1)(6 —1))/n = o[1]. Plugging the last one

into (4.3),
n—q g

(T + 0[1]) =1+o[1]. 4.4)
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Finally, keeping in mind |k|, < 1, from (4.4),

k
<u) =1+o[l].
n

(2y) Let Inlp > |glp. First, let us assume that |k|, < [n — k|,. Then, using the strong
triangle inequality, we can easily check

% # 1+ o[l]. (4.5)
From |6 — 1], < |¢?|, and |g|, < [nlp.
80.g(ry) =1~ % + olgl.
Keeping in mind fy 4« (x;) = (86,4 (x;))*, by (2.3),

k k
foqule) =1 - 761 + 0[7‘]}. (4.6)

Plugging (4.5) into (4.6) yields

f@,q,k(xn) —1# —q +olql,

but it contracts to fy 4 x(xy) — 1 + g = o[g]. This means that |n|, > |g|, and (4.1) hold
only for [n — k[, < |k|p.

So, suppose |n — k|, < |k|p, which implies ||, = |k|,. Now we prove our assertion
by contradiction. Suppose in contrary,

(k—=1gq (k=1 =2
2 6k

= 1qlp- 4.7)

‘n—k-l—
P

Noting |g|, < |k|, < 1, we then can easily check the following:

(k—1)q

——| =lalp

=

k-D&=2g"| _
6k ,

These inequalities together with (4.7) yield

k—=1Dg (k=1 —2)q"
2 6k

= max{|n —klp, lqlp}. (4.8)
p

‘n—k-l—

Owingto |6 — 1], < |q2|p and ||, = |k|,, we have

k
frasta = (1 - 4+ @000
1 n

p sl
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k 2
(-3 ]
n k
g o= (k=n\"\* | [4*
=(1-2 L7 _
(=i (%)) %]

= (k=n\"  (k—Dqg*> (k- Dk-2)¢q> q°
:1_q2< k ) LT ok? +0[7]

n=0
_ q (k—1)gq (k—1)k—2)q>
_l_quE(” e 6k >
[ee] k— n 2
X (5) +ol%) (49)
n=2

We calculate the norm of ¢ Zf,iz((k —n)/k)". Keeping in mind | — k|, < |k|,, by
the strong triangle inequality,

o
k—=n\" q(k —n)?
A =|1— " | . 4.10
()] -1 *10
n=2 p P
So, we need to calculate the norm of (¢ (k — 1)?)/k*. One can see that
(k —n)*
' T < |n—klp < max{ln —k|p, lq|p}
p
The last inequality together with (4.10) yields
&°] n
k—n q
aY (— )| <|=| -max{ln—klplqlp). (4.11)
k k
n=2 p 14

Then by (4.8) and (4.11), using the strong triangle inequality, one finds

q (k—1g (k—1)(k—2)q> = (k=n\"
‘E("_kJr 2 6k >_q,§(7>

~max{|n —k|p, lqlp}.

p

From the last equality,

q (k—1g (k—1k—2)q> S (k—n\"
‘E(”_k+ 2 6k >_q,§<7>

Hence, plugging (4.12) into (4.9) and noting |k|, < 1, one finds

2
>4 4
- Ik,

| fo.quCen) =1+ qlp = 1g%p
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which together with |6 — 1], < |q2|,, implies | foqk(xy) —2+qg +06|p > 10 —1|p,
which contradicts (4.1). This means that if for ||, > |g],, (4.1) holds, then

(k—Dgq (k= 1D(k—2)q>

n=k— > + ok + olql. |

Remark 4.6. One can see that if ||, = |g|, and ((n — q)/n)k € &Ep, then ((n —g)/n) €
Z;‘, \ &p. This means that there exists a root of unity & # 1 such that (n —g)/n =
& 4+ o[1], which yields n =¢q/(1 — &) 4+ o[gq]. Without loss of generality for & =1,
we put n =k — (((k—1)g)/2) + (((k — 1) (k — 2)q?)/6k) + olq]. Consequently, we
have found a relation between all roots of unity and all n € Q, for which (4.1)
holds.

Let us denote
Sol,(x = 1) ={& e Z} : £¥ = 1), k) = card(Sol,(x* — 1)),

where card(A) is the cardinality of a set A.
We point out that k, is the number of solutions of the equation x* = 1 in Q,,. From
the results of [38], we infer that «, is the GCF of k and p — 1. Therefore, it is clear that

1 <kp =<k
For a given & € Sol,,(x* — 1), i € {1,...,«,}, we define
k —2)q>
1—q+(k—1)(1—%+%)(6—1) if g =1,
xg, = (4.13)
2g-0+—2L -1 if £ o1,
1-§
and
Kp
X=JB@Gz). r=1g@ -1, (4.14)

i=1
By construction, the set X is a subset of £, \ {1}.
Thanks to Remark 4.4, as a corollary of Proposition 4.5, we can formulate the following
result which describes the basin of attraction of xj = 1.
PROPOSITION 4.7. Let p > 3 and |k|p, > |q|p. If |0 — 1], < |q2|p, then
lim fg' (x) =1 forallx € Dom(fo,q4) \ X.
n—o0 ~ 1

The next result shows that the set X (given by (4.14)) consists of disjoint balls.

LEMMA 4.8. Let p >3 and |0 — 1|, < 1¢°|, < |k?|,. If x¢, is given by (4.13) and r =
lq(© — Dl p, then B, (xg;) N By (xg;) = S ifi # J.
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Proof. Let xg and x¢; be given by (4.13), where i # j. We consider two cases.
Case & =1 and &; # 1. Then from (4.13),

B (k—Dg (k=Dk-2q> ¢
xgi—x;/.—<k— B + ok _1_§j>(6_1)

= (k+olkD(® —1)

= O[k(@® — D],

which implies that |xg, — xg;[, > |q(6 — 1)[,. Hence, B, (xg,) N By (xg;) = <.
Case & # 1 and §; # 1. In this case,

& —£)g@—1) _ O[1lg0 — 1)
— , = - = =0 9—1,
B T RS Ty Ry o] 2@ =Dl

which means |xg — x¢, [, = r. Hence, we infer that B, (xz) N B, (xg;) = &. O

To prove the first part of (B) of Theorem 1.1, we define the following set:
o0
g =) JogkX). (4.15)
n=1

Remark 4.9. In [36], we have considered the following function over Q, (p > 3):

bx — ¢
x—d

k

Tped(x) = ( > , bye,de&,, c#bd.

It was proved that the mapping f, .4 has exactly «, + 1 fixed points belonging to &£, if
d=1-b+cand|b— 1|, < |c — 1[5 < k|3 (see [36, Theorem 4.5]). One can see that if
onetakesb =6,c=1—¢,andd =2 — g — 0, then the function f} . 4 reduces to fy 4 k.
So, as a corollary of the mentioned result and noting that Fix(fp 4x) N (Q, \ X) = {1}, we
conclude that if |6 — 1], < |q|%, < |k|%, then fo.4.x has exactly k, fixed points belonging
to X. This yields Jy, , # @ for [0 — 1], < |q|%, < |k|%,. Moreover, we may check that
for every i € {1,2, ..., kp}, there exists a unique fixed point of fy 4 in B, (xg) (see
Proposition 5.5).

Proof of Theorem 1.1: (B). By Proposition 4.7, the set P ) can not belong to
Dom( fg 4x) \ X. Then P,y C X. According to the construction of Ity x (see (4.15)),
we conclude that J fo.ak NP, = J. However, owing to Remark 4.9, the set J foqik
is not empty and by the construction, it is invariant with respect to fy 4. Then
for any x ¢ Jfg’q’k UP, ), there exists a number m > 1 such that fg”fq’k(x) g X.
Hence, owing to Proposition 4.7, we infer that fg' .k (x) = 1 as n — oo. The proof is
complete. O

5. Proof of Theorem 1.1: parts (Bl) and (B2)
In the following, we need some auxiliary facts.
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LEMMA 5.1. Let p >3 and |k|, > |gq|p. Then for any a € quz|p(1 — q), the equation

xK = a has a unique solution x,, on € p- Moreover, this solution satisfies

— Dg? ~ Dk — 203 2
o142 k=Da” k= Dk mzzﬁ%}

5.1
k 2k2 6k3 -1

Proof. Letl|k|, > |q|p anda € B, qz‘p( 1 — g). For convenience, we use the canonical form
of a:

a=1+ap +ap™ 4+
We note that k|, > p~'. Letus put x, = 1 and define a sequence {x,+;—1}>1 as follows:

k
a—x ..
Xngr = Tnpt + (5.2)

First, by induction, let us show that x, 1,1 € &, forany n > 1. Itis clear that x; € £, and,
therefore, we assume that x, 4,1 € £, for some n > 1. Then, owing to Remark 2.7, we
obtain

Xy = 1= k@ugim1 = D + olk(r—1 — D,
which is equivalent to
W1 = Hp < [Klp-

The last inequality together with |a — 1], < |k|, implies that |x,4; — Xy 4s—1]p < L.
Consequently, from x, 4,1 € &, we find x,,; € £,. Hence, x4, € £, forany n > 1.
Owing to Corollary 2.6, by (5.2), we have

k k
Xt = Xpgr—1 = k(xntr — Xnte—1) + olk(xntr — Xpr—1)]
k
=a—x,,,_| tola—xpi—1],

which means

k k
|xn+t _alp < |xn+t—l _a|l7'

Hence, there exists a number g > 1 such that
Xk 4 —alp < |@— 1?2,
Now, let us consider a polynomial F(x) = x* — a. It is easy to check that
|F' Congr—Dlp = klp,  and  [FQongre—Dlp < @ = D]
So by k2| p > la— 12| p and Hensel’s lemma, we conclude that /" has a root x, such that
s = Xngrr—11p < 1@ = D]

From x,,1;—1 € £p, we infer that x, € £,. The uniqueness of the solution on &,
immediately follows from Remark 2.7.

https://doi.org/10.1017/etds.2021.96 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2021.96

Chaotic behavior of the p-adic Potts—Bethe mapping Il 3449

Suppose that x, € £, is a solution of x¥ —a = 0. Let us show that it can be represented
by (5.1). It can be checked that x, has the following form:

X, =1— % ta,. (5.3)

where oy = o[q/k]. Indeed, because x, € £,, there exists y, € pZ, such that x, can
be represented as follows: x, = 1 + y, + o[y«]. Then by Remark 2.7, we have x,’: =
1 + kyy + olky,]. By assumption, a =1 —¢q + o[qz]. Hence, we obtain the following
implications:

xif—a:O — ky*—{—q:o[q] — y*z_g+0|:2:|

k k
== x*zl—%+0|:%i|.

Furthermore, from (5.3), one finds

k(k —1 2

ktk—1(k—2)( ¢ T4
PR ]

k- Dg*> (k= Dk —2)q> q°
% 6k2 +0[ ]

Plugging a = 1 — g + o[¢?] into the last equality,

(k—1g* (k—1)k—2)q* 9>
koy + — =o|—|.
2k 6k?2 k
Hence,
(k—1g*  (*k—Dk-24q>  [q?
e TR 6k3 tola |
Putting the last one into (5.3) yields (5.1), which completes the proof. O

Remark 5.2. 'We point out that in [38], the existence of solutions of the equation x*¥ = a

on Z; has been obtained, but an advantage of Lemma 5.1 is that it provides the uniqueness
of solution in £, with an explicit expression which is essential in our investigation.

On the set X (see (4.14)), the mapping fy 4« has exactly «, inverse branches:

_(g+0-2&x—q+1

hi(x) = ,
A 0 —&dx
where Sik =1,iefl,...,kp} and \k/f, as before, is a principal root of x € X (see

Remark 2.9).
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PROPOSITION 5.3. Let p > 3 and k|, > |q|,. If 10 — 1], < |g?|p, then
hi(X) C By(xg). (5.4)

Proof. Let x € X. We consider two cases: § = 1 and & # 1.
Case & = 1. In this case, we have

h,'(x)—x&

@+ -2Yx—q+1 q | (k—=2)q*

= T —(1—q+(k—1)<1—§+T>(9—1))
_ O =D@+0 -1+ &= *k=Dg)/2) + (k= Dk~ 2)q?)/6k))(¥/x — 6))

60— x

(0= D(g+ (k= (k= Dg)/2) + (k = 1)(k —2)g*)/6k))(¥/x — 1) + 0lg?])
B 1— ¥x +olg?] '

(5.5)

However, owing to Lemma 5.1,

Y T B GtV et (R Vs +0[q2]

— 5.6
k 2k2 + 6k3 k2 (>6)

Furthermore, keeping in mind |g|, < |k|,, we can easily check the following:
(k—=Dq | (k=Dk—2)q*\ , 7’
k — —1)=o|—|. 5.7
q+ ( >+ ok WVx—1=o r (5.7
Plugging (5.6), (5.7) into (5.5), one has
_ (6 —1)olg*/k]
Olq/k]

This means 4;(x) € B,(xg). The arbitrariness of x € X yields (5.4).
Case & # 1. Then,

0 —2)&Hx —qg+1
(B —=D(g—(0q/(1 =&)) + Exq/(1 = &) +6 — 1)
N 0 —14+1—¢&x
_ 0 —1D(g—(g/(1—=§&)) + (§iq/(1 —&)) +olg])
N o[1]

hi(x) — xg = (0 — Dolg] = olq(6 — D].

_ (8 —Dolg]
T 0[]

= olq(® — D].

The last one implies h;(x) € B,(xg;). Again, owing to the arbitrariness of x € X, we
obtain (5.4). O]
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COROLLARY 5.4. Let p > 3 and |kl, > |qlp. If 160 — 1], < |q2|p and X is the set given

by (4.14), then the following statements hold:
() S X) CX;

() Br(xg) C foqu(By(xe)) foranyi, j € (1,... kp).

PROPOSITION 5.5. Let p > 3, |k|p > |glp. If |0 — 1], < |q2|p and X is the set given by

(4.14), then the following statements hold:
(@) if& =1, then

_ _ lax=»lp
[fo.06(X) — fo.quDMIp = k(6 — 1),
(b) if& # 1, then
. _ k=,
|f9’q’k(x) f@,q,k(y)'ﬁ - Iq(e _ l)lp
Proof. (a) Recall that for & =1,
(k —2)¢*
Xg; :1—q+(k_1)(1_%+Tq

Thus for x € B, (xg;), by (3.2), we have

forany x,y € B, (xg); (5.8)

forany x,y € Br(xg). 5.9

(0 = D(=q +olg)

8oq(x) — 1=

>(9— 1).

1]

T k@@ —=1) +olk(®—1D]

This means gg 4 (x) € £,. Then, owing to Corollary 2.6, for any x, y € B, (xg,),

[ fo.q.6(X) = fo.quO)|p = k(go.4(x) — 80,4V p- (5.10)

However,

@—-D@+6—-Dx—y)

g@,q(x) — 80,4 ) =

x=24+g+60)(y—24qg+0)

Olg(0 — DI(x —y)

T k(O — 1) +olk(® — D)2

_ Olglx —y)
T O[k20 - D]’

Plugging the last one into (5.10) implies (5.8).
(b) Recall that for &; # 1,

i

Then for x € B, (xg,;),
@—-Dx—-1

Xg =2—q—60+

g —1
1-&

(0 — D) (=g +olqD

goq(x) =1+
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So, |g6,4(x)|p = 1. Moreover, (go,4(x)/80,4(y)) € £, forany x, y € B, (xg,). Then, owing
to Corollary 2.6,

[ fo.q.6 () — foquOIp = 1k(go.4(x) — go.,4VN]p- (5.11)
However, from

O—-—D@+6—-Dx—y)
x—=24+qg+0)(y—2+q+0)

_ 0lg(@ — DI(x - )
((@® = 1)/(1 = &) +0lg(®@ — DI

_ (x—y)
Olgq® — 1]

and (5.11), we arrive at (5.9). O

80.q(x) — go,q(y) =

Proof of Theorem 1.1. (B1) Assume that x¥ = I has only one solution. Then the set X
given by (4.14) consists of only one ball B, (x1), where

xi=1—-qg+ (k- 1)<1 - %)(9 =D, r=1q0—=Dlp.
By the proof for the case (B),

A(xg) = Dom(fo,g4) \ (Jf5 .4 U Preo),

where x; = 1, and Jy, , is given by (4.15). By Proposition 5.5, for any x, y € B, (x1), we
have

| fo.0k(X) = foquMlp > P2Ix — Vlps

which implies that |Jg, .| < 1. Thanks to Remark 4.9, we have Jy, , # @. Because
Iy il < 1, onehas Jy, = {xi}, where x, € Fix(fg,gk) N Ep \ {1D.

(B2) Assume that x* = 1 has kp (kp > 2) solutions. Consider the set X defined by
(4.14). Then according to Corollary 5.4(i) and Proposition 5.5, the triple (X, J foqks Jo.q.4)
is a p-adic repeller. Owing to Corollary 5.4(ii), the corresponding incidence matrix A has
dimension kj, X k, and can be written as follows:

This means that the triple (X, Jg, . fo,qk) is transitive. Hence, Theorem 2.10 implies that
the dynamics (Jg, ., fo.q.k | - |p) 1s topologically conjugate to the full shift dynamics on
Kk p symbols. O
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A. Appendix

A.l. p-adic measure. Let (X, BB) be a measurable space, where B is an algebra of subsets
X. A function u : B — Q) is said to be a p-adic measure if forany Ay, ..., A, C B such
that A; N A; = @ (i # j), the equality holds

n n
u( U A,») =) (A
j=1 j=1

A p-adic measure is called a probability measure if 1(X) = 1. A p-adic probability

measure (. is called bounded if sup{|it(A)|, : A € B} < oco. For more detailed information
about p-adic measures, we refer to [19-21].

A.2. Cayley tree. Let Fﬁ = (V, L) be a semi-infinite Cayley tree of order k > 1 with
the root x* (whose each vertex has exactly k + 1 edges, except for the root x°, which has
k edges). Here, V is the set of vertices and L is the set of edges. The vertices x and y
are called nearest neighbors and they are denoted by I = (x, y) if there exists an edge
connecting them. A collection of the pairs (x, x1), . .., (xg—1, ¥) is called a path from the
point x to the point y. The distance d(x, y), x, y € V, on the Cayley tree, is the length of
the shortest path from x to y.

n
Wo={xeVIdoexD=n), Vo= |JWn Li={=@yeLlxyeV
m=0

The set of direct successors of x is defined by
Sx)={ye Wy :dx,y) =1}, xeW,.

Observe that any vertex x has k direct successors.

A.3. p-adic quasi-Gibbs measure. In this section, we recall the definition of p-adic
quasi-Gibbs measure (see [25]).

Let ¢ >2 and ® ={1,2,...,q}. Here, ® is called a state space and is assigned
to the vertices of the tree I‘ﬁ = (V, A). A configuration o on V is then defined as a
function x € V — o(x) € ®; in a similar manner, one defines configurations o,, and @
on V,, and W,. The set of all configurations on V (respectively V,;, W,) coincides with
Q = @Y (respectively Qy, = @Y, Qy, = ®"). One can see that Qy, = Qy, |, x
Qw,. Using this, for given configurations o,_1 € Qy,_, and w € Qw,, we define their
concatenation by

op—1(x) ifx € V,_y,

(On-1V@)x) = {a)(x) ifx e W,.

Itis clear that 0,1 V @ € Qy,.
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The Hamiltonian of the p-adic Potts model on Qy, is

Hy0)=J Y Sso0: (A1)
(x,y)€Ln

where J € B(0, p~'/(?=D) is a coupling constant and d;j is the Kroneker’s symbol.

A construction of a generalized p-adic quasi-Gibbs measure corresponding to the model
is given below.

Assume that h: V \ {x©@} — QF is a mapping, that is, hy = (h1.x, b, - - - s hg)s
where iy € Q, (i € ®)andx € V' \ {x©@}. Given n € N, we consider a p-adic probabil-
ity measure “1(1”;); on Qy, defined by

1
u (o) = —w exp, {Hy (@)} [ hows- (A.2)
n

xeW,

Here, 0 € Qy,, and Z,(Ih) is the corresponding normalizing factor

ZW = 3" exp,Hi0)} [ hoon- (A3)

0EQy, xeW,

We are interested in the construction of an infinite volume distribution with given

finite-dimensional distributions. More exactly, we would like to find a p-adic probability

measure up on $2 which is compatible with the given ones Ml(l") , that is,

pun({fo € Q:oly, =o,}) = /Ll(l")(an) forallo, € Qy,, n e N. (A4)
We say that the p-adic probability distributions (A.2) are compatible if for alln > 1 and
o€ dVn1;
> mOuerve) = u' -, (A5)
a)ESZWn

This condition, according to the Kolmogorov extension theorem (see [20]), implies the
existence of a unique p-adic measure up defined on 2 with a required condition (A.4).
Such a measure uy, is said to be a generalized p-adic Gibbs measure corresponding to the
model [25, 26]. If one has h, € £, forallx € V' \ {x(O)}, then the corresponding measure
WU is called a p-adic Gibbs measure (see [41]).

By QG(H), we denote the set of all generalized p-adic Gibbs measures associated
with functions h = {h,, x € V}. If there are at least two distinct generalized p-adic Gibbs
measures such that at least one of them is unbounded, then we say that a phase transition
occurs.

The following statement describes conditions on h, guaranteeing compatibility of
().

THEOREM A.l. [25] The measures ul(]n), n=1,2,... (see (A.2)) associated with the
g-state Potts model (A.1) satisfy the compatibility condition (A.S) if and only if for any
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n € N, the following equation holds:

hy= ] Fy.0). (A.6)
YES(x)
Here and below, a vector h= (ﬁ], e, fzq_l) € Q%_] is defined by a vector h =
(h1, ha, . . ., hy) € Q% as follows:
~ h;
hi=—, i=1,2...,q—1 (A7)
hq

and the mapping F : (@?,_1 xQp — Q%_l is defined by F(x;0)= (Fi1(x;0),...,
Fy_1(x; 0)) with

g—1
O—Dxi+Y xj+1
=1

Fi(x;0) = p 4 . x={x}eQ), i=12....9-1 (A8)
ij'—i-e
j=1
Let us first observe thattheset (1, ..., 1, A, 1,..., 1) m=1,...,qg — 1) isinvariant
—

for the equation (A.6). Therefore, in anlat follows, we restrict ourselves to one of such
vectors, letus say (h, 1,...,1).

In [32], to establish the phase transition, we considered translation-invariant (that is,
h = {hx}xev\{xo} such that h, =h, for all x, y) solutions of (A.6). Then the equation
(A.6) is reduced to the following one:

h = fo.qk(h), (A9)

where fy 4« is given by (1.1).

Hence, to establish the existence of the phase transition, when k = 2, we showed in
[41] that (A.9) has three non-trivial solutions if ¢ is divisible by p. Note that the full
description of all solutions of the last equation has been carried out in [43] when k = 2.
Certain periodic points of fy 4 x have been carried out in [1, 28, 31].
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