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M. A. RASULOVA

WEAKLY PERIODIC GIBBS MEASURES FOR THE POTTS-SOS
MODEL ON A CAYLEY TREE OF ORDER TWO

In this paper we consider Potts-SOS model, with spin values 0, 1, 2, on the Cayley
tree of order two. We study the weakly periodic Gibbs measures for this model, with
respect to normal subgroup of two index of the group representation of a Cayley tree.

1. INTRODUCTION

One of the central problems in the theory of Gibbs measures (GMs) is to describe
infinite-volume (or limiting) GMs corresponding to a given Hamiltonian. However, a
complete analysis of the set of limiting GMs for a specific Hamiltonian is often a difficult
problem (see [3, 14, 19, 20]).

In this paper we consider model with nearest neighbour interactions on a Cayley tree
(CT). Models on a CT were discussed in Refs. [1, 2, 3,4, 6, 7, 8,9, 15, 16, 17, 18, 19].

In [2] all translation-invariant GMs for the Potts model on the CT are described. In
[17] periodic GMs, in [7, 8] weakly periodic GMs for the Potts model are studied. In [1]
translation-invariant GMs and in [19] periodic GMs for the SOS model on the CT are
studied. Weakly periodic GMs for the Ising model in [6, 9, 18], for the Potts model on
the CT in [7, 8] are studied.

The model considered in this paper (Potts-SOS model) is a generalization of the Potts
and SOS (solid-on-solid) models. In [5] some translation-invariant GMs for the Potts-
SOS model on the CT of order k > 2 are studied, in [10] all translation-invariant GMs
for the Potts-SOS model on the CT of order k¥ = 2 and in [I1, 12] periodic GMs are
studied, but weakly periodic GMs for this model on the CT were not studied yet. In this
paper we study weakly periodic GMs for this model on the CT of order k = 2. We prove
that under the considered condition, all weakly periodic Gibbs measures with respect to
all two-index normal subgroup are translation-invariant.

2. NOTATIONS

2.1. Cayley tree. The Cayley tree I'* (see, e.g., [13], [15]) of order k > 1 is an infinite

tree, i.e., a graph without cycles, from each vertex of which exactly k + 1 edges issue.

Let T* = (V, L,i), where V is the set of vertices of I'*) L is the set of edges of I'* and

i is the incidence function associating each edge | € L with its endpoints z,y € V. If

i(l) = {z,y}, then x and y are called nearest neighboring vertices, and we write | = (x, y).
The distance d(x,y),x,y € V on the Cayley tree is defined by the formula

d(z,y) = min{d | 3x = xo,z1, ..., X4—1, 24 = y € Vsuch that

<$0,.131>, ceey <.’L‘d_1,.’L‘d>}.
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For the fixed 2° € V we set
Wo,={zxecV]| dx,2°)=n},V, ={z V| dx,2°) <n},
Ly ={l=(zy) e L|x,yeVn}

It is known (see [13]) that there exists a one-to-one correspondence between the set
V' of vertices of the Cayley tree of order £ > 1 and the group Gy, of the free products of
k+1 cyclic groups {e,a;}, i = 1, ..., k+1 of the second order (i.e. a? = e, ai_l = a;) with
generators ai, ag, ..., Ag4+1.

For each x € Gy, let Si(x) denote the set of all neighbors of « and S(x) denote the
set of all direct successors of z, i.e.,

Si(x) ={y € Gr : (z,9)}
and
S(x)={y € Wot1: (z,y)},x € Wy,
where (z,y) means that the vertex x and y are nearest neighbors.
Let {z;} = Si(z)\ S(x). Note that | S(z°) |= k + 1 and for all z # 2° | S(z) |=
k,xeV.

2.2. The model and a system of functional equations.  Here we shall give main
definitions and facts about the model. Consider the model, where the spin takes values
in the set ® = {0,1,2,...,m}, m > 1. For A C V a spin configuration o4 on A is defined
as a function x € A+ g4(x) € ®; the set of all configurations coincides with Q4 = ®4.
Denote Q = Qy and o = oy

The Hamiltonian of the Potts-SOS model with nearest-neighbor interactions has the
form

(1) Ho)=-J Y |o@) —c)| =1y > So@ow:
(z,y)€L (z,y)€L

where J, J, € R are nonzero coupling constants.
Let h : ¢ = hy = (hoz, hig, s hmz) € R™*1 be a real vector-valued function of

x € V. We take into consideration the probability distributions u(™ on ®"» for given
n=1,2,... defined by

2) W o) = Z exp (= BH(on) + 3 o)),
zeW,

where o,, € ®¥» and the partition function Z,, can be expressed as follows:

Zn(Gn) = Y. exp(—=BHGW)+ D ha)a)

TnEDPVn zeW,,
We say that the probability distributions ;™ are compatible if ¥n > 1 and 0,1 € ®V»-1:
(3) Z M(n) (Un—l V wn) = M(n_l) (Un—l)a
wp EOWn

here (an_l \Y] wn) € ®Y» is the concatenation of 0,1 and w,,.

Definition 2.1. If probability distribution x(™) on ®"» holds the equality (3), then, by
the Kolmogorov extension theorem, there exists a unique probability measure p on the
measurable space (®V, F), where F is the sigma-algebra generated by the cylinder sets
of ®V, such that for all n and o,, € ®"»,

w(fo €Y o lv,= 0u}) = u (o).

This measure p is called a splitting Gibbs measure (SGM) corresponding to the
Hamiltonian H and a boundary condition function h : x + h, for all  # 2°.
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The next theorem expresses the requirement on function h that the distributions
p™ (0,,) hold the compatibility conditions.

Theorem 2.1. [5] Defined as in (2) the probability distributions p™ (s,),n = 1,2, ...,
satisfy the compatibility condition if and only if

(4) hy= Y F(hy,m,0,r)
yeS(z)

is satisfied for any x € V' \ {2}, where

() 0 =exp(JB), r=exp(Jpf)

and also B = 1/T is the inverse temperature. Here h} represents the vector (hg, —
hmzy Pig — Rmzy ooy Rm—1,2 — R z) and the vector function F(.,m,8,r): R™ — R™ is
defined as follows

F(h,m,0,r) = (Fo(h,m,&r), Fi(h,m,0,r), ...,Fm,l(h7m,9,7‘))
where

1—1 i . . i .
Z 7 9\2 J\T&,J €h-7 om 17,6,,”,
(6) }i(h7ma97r) =1In : Omfl ;
E ; Gm—iydmjiehi 4

7=0
h = (ho, hl, ceey hm_l),i == O, 1, 2, ey M — 1.

)

Namely, for any collection of functions satisfying the functional equation (4) there
exists a unique splitting Gibbs measure, the correspondence being one-to-one.

Let Gx/K = {Ky, K;..., K,_1} factor group, where K is a normal subgroup of index
r>1.

Definition 2.2. A collection of vectors h = {hy € R™ : © € Gj} is said to be K-
periodic, if h, = h; for x € K; for all x € Gi. A Gp-periodic collections is said to be
translation-invariant.

Definition 2.3. A collection of vectors h = {h, € R™ : © € Gj} is said to be K-
weakly periodic, if hy = h;; for ) € K; and x € K; for any = € G.

Definition 2.4. A Gibbs measure p is called K-(weakly) periodic, if it corresponds to
the K-(weakly) periodic collection of h. A Gj-periodic measure is said to be translation-
invariant.

Note that in [10, 5] translation-invariant splitting Gibbs measures, in [11, 12] periodic
Gibbs measures for the Potts-SOS model are studied. Our aim is to describe a set of
weakly periodic Gibbs measures for the Potts-SOS model on the Cayley tree of order
two.

2.3. Weakly periodic SGMs. Let
Hya={x€Gy: wa(ai) is an even number},
i€EA
where ) £ A C N, = {1,2,3, ...,k + 1}, and w,(a;) is the number of letters a; in a word

x € Gy. Note that Hy4 is a normal subgroup of the Gy, (see [13]). We consider a quotient
group Gy /Ha = {Ha,Gy \ Ha}, where

Gy \Ha={2z€Gy: wa(ai) is an odd number}.
i€A

By (4), the H4-weakly periodic collection h, has the following form
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hoo, if .%"LGHA, T € Hy,

h01, if x,LGHAy xEGk\HA,
hio, if $¢€Gk\HA, x € Hy,
hi1, if x¢€Gk\HA, wGGk\HA.

Clarify that a weakly periodic Gibbs measure depends to a normal subgroup, i.e.
relying on the selection of the normal subgroup, different weakly periodic Gibbs measures
are found. The set of weakly periodic Gibbs measures also includes the set of periodic
(in particular translation-invariant) Gibbs measures.

Let Ggf) be the subgroup in Gy consisting of all words of even length, i.e. G,(f) =

{r € Gy :| | is even}. Clearly, fo) is a normal subgroup of index 2 (see [13]). If
| A|=Fk+1, where | A | is the number of elements of the set A, i.e. A = Ny, then the
concept of weakly periodicity coincides with ordinary periodicity. Therefore, we consider

A C Ny such that A # Ny, i.e. Hy # G,(f).

3. MAIN RESULTS

Theorem 3.1. Let k =2,| A|= 1,7 = 6%. Then all Ha-weakly periodic Gibbs measures
for the Potts-SOS model are translation-invariant.

Theorem 3.2. Let k= 2,| A |=2,7 = 02. Then all H s-weakly periodic Gibbs measures
for the Potts-SOS model are translation-invariant.

4. PROOFS

Proof. (Proof of Theorem 3.1.) We consider the case | A |= 1 and a quotient group
Gk/HA = {HA,Gk \ HA}, where

Hy ={z € Gj : wy(a;) is an even number},

G\ Ha = {z € Gj : wz(a;) is an odd number}.

Let k = 2,m = 2. Then for H4-weakly periodic collection (7) from (4) we have the
following system of equations:

hoo = F(hoo, 6‘,7‘) + F(h()l, 6‘,7‘),
(8) h01 = 2F(h11,9,7‘),

hio = 2F (hoo, 0,7),

h11 = F(hlo, 9,7”) + F(hll, 9,7”),

where h;; = (h(l) h@)) and

iy 0 'Vig

,

rexpht? +0exph® + 02 OexphY +rexphl? +0

i %] J 3

Fhig, 0,r) = ( In M @ " M ®) '
02exph;;’ +0exph;;’ +r  02exph;;’ +0exph;; +r
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From (8), we have the following system of equations

T
h3) =n

h{) =21

h =2

1

wY) =2In
2

h{2 =21
1

pY =1

2
A2 =1

rexph —|—9exph00 + 62

rexph —|—9exph01 —1—92

92exph )+9exph 9
9exph( +rexph

. 1) 2)
02 exp hO + fexp hO% o

0 exp h(1 + rexp h(2 + 60

02 exp h&)) + fexp h(()%) +7r
T exp hﬁ) + fexp h ) 462
02 exp hgl) + fexp hg? +r
0 exp hgll + rexp hgzl +6
92€Xph(1 +9€xph 1) T
T €Xp hoo + 0 exp hoo + 02

92exph —|—Gexph?
Gexpho0 +7‘exph2

02 exp h( ) 4 9exp héo) +r
rexph —|—9exph10—i—92

n o)
62 exp hg; +Hexph01 +r

rexph +9€xph11 + 62

6’2exph1 U +9exph1 2y
GeXph% —|—rexph% +6

92exph )+9exph Dy
Hexphgl —|—rexph11 +6

02 exp h%) + fexp h%) +7r

92exph )+Hexph2)+r

Let 7 = 2. Since the general analysis of the system of equations (9) is very compli-
cated, we solve it under the condition 7 = §2. Then the system of equations (9) have the
following form:

(10)

h) =1n

62 exph —|—9exph(()% + 62

6‘ exph +Hexph2)+92

62 exp hg + fexp h(()% + 02
0 exphly + 0% exphly) + 6

92exph —i—Hexth)—&—@Q7
thxph01 +02exph + 0

(2)
o =1n 62 exp h(()}))l—i— 0 exp h(()%)Q—l— 62 92 exp h )+ fexp h(z) +62
) — o1 DA FOepLY + 07
02 exp h' %) 1 Oexp h(2) 162
h((n) _oln Hexph11 + 62 exph11 +6
62 exp h(l) + Oexp h(21 +62
pY = 21 P - 0exphly + :
02 exp hél) + fexp h(()%) + 62
h%) ol 0 exp h&) + 02 exp h(()%) + 40
92exph( ) | oexph( ) 1 g2’
JRCORE Hzexphlo —I—Gexph + 62 9 exph11 +Hexph2)+92
1 92€Xph( —|—96Xph ) 1 g2 92exph —i—@exphf)—&—QQ7
hﬁ) o Hexph( +926Xph2) +6 Hexph( +926xph121) +6

92exph —|—9€xph ) 1 g2

From (10) we obtain:

62 exp hgll) + fexp h:ﬁ) +62
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hY) =In1+mn1=0,
GeXph(()o) +2

0 exp h(()21) +2

(1) exp h(()%) + 26 exp h(()zl) + 26
hyy =2In1 =0,
h(2) — 9l Gexp h(2)

01 —

h{Y) =21 =0,

fexp hézo) +2
exp hé%) +20°
MY =In1+In1=0,

0 exp h(z) +2
exp h(2) + 26

2
h3 =2

0 exp h(2) +2

h? =n .
H exph(2) + 260

2 .
Denoting t; = exp hoo)a = exp h01 = exp hu) ,t4 = €exp hgl), wheret; > 0,2 = 1,4,
we get:
t1 = Ot1+2 . Oto+2
L= %420 " #4200
2
_ [ 6tat2
tr = <t4+29) )
(12) 2
_ [ 6t1+2
ts = <t1+29) )
ty = Ot3+2 . Oty +2
4= 15420 T t4+20°

In the system of equations (12), we put the expression of ¢s in the second equation
into the first equation, the expression of ¢3 in the third equation into the fourth equation,
and we have the following system of equations with respect to the variables ¢; and t4:

oty +2)2
0t142 0(t44+29) +2

t1 =
1 FE () e
( 3) 9(et1+2)2+2
t4 _ t]+20 4 . 0t4+2'
(1) v 0

We simplify each equation of the system of equations (13):

t1(t1 4 20) (014 + 2)% + 260(t4 + 26)?) —

2(ts + 26)?

(14) ta(ts + 20

( )

—(6t1 + 2)(0(6t4 +2)> + )
( (0t +2)% + 20(t, +20)%)—
( )

—(0ts + 2)(0(0t1 + 2)% + 2(t1 + 26)?)

In the system of equations (14), we subtract the second equation from the first equation
and divide the expression on the left side of the resulting equation into multipliers:

(15) (t1 —ta) - (0%t — 20°t; + 467, + 661, + 1060° + 8)t4+
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+2(50%t; + 4ty + 80" — 46° + 267 + 126)) = 0.

From (15) we have the following cases:

(16) ty =1t
or

—2(503t + 4ty + 860* — 403 + 2602 + 120)

17 ty = )
(17) 4 04t — 203t + 402t; + 60t + 1003 + 8

First, we consider case (16). Substituting (16) into the first equation of (14), simpli-
fying, and then factoring, we get:

(18) 9((9 +2)t1 + 40 + 2) (ti’ + (=02 + 40)t7 + (467 — 40)t; — 4) = 0.

Considering 8 > 0 and ¢; > 0, from the equation (18) we get the following equation:

(19) 3 4+ (=607 4 40)13 + (40* — 40)t; — 4 = 0.

The solutions of equation (19) characterize the TISGMs for the Potts-SOS model on
a second-order Cayley tree. This equation was studied in Lemma 3 of [10].

Now we consider case (17). Substituting (17) into the second equation of (14) and
simplifying, we have the following equation with respect to the variable t;:

(05 —46° +460* +160° — 8602 4+ 20 + 16)t1 + (207 — 90° + 86° + 520" — 420° + 280% + 960)t}
+(—246° + 900° — 606* + 15602)t7 + (—3207 + 966° — 12865 — 280* + 1920% — 1126?

(20) —960)t; — 6460° 4 640° — 160" — 1360° + 326% — 320 — 64 = 0.

We determine the signs of the coefficients of the polynomial in equation (20):

N Coeft. Sign of coeff.

1 0% — 40° + 407 + 166° — 86% + 20 + 16 +

2 207 — 905 + 86° + 520 — 4263 + 2867 + 960 +

3 —246% + 906° — 600* + 15662 +,if 6 <40.,
—,if0 >0,

4 [ —3207 + 9605 — 12860° — 2860% + 1926° — 11262 — 960 —

5 —646% + 640° — 160% — 1366° + 3262 — 320 — 64 —

where 0, ~ 3.165136214.

The number of sign exchanges of the coefficients of that polynomial is equal to one in
arbitrary theta. Therefore, according to Descartes’ theorem, equation (20) has at most
one positive solution. Suppose equation (20) has one positive solution. Let us denote
this positive solution of the equation (20) by A;. Let the corresponding solutions be as
follows: tz = Bl,t;), = C17t4 = Dl.

We assume that Dy > 0. Note that in the system of equations (12), variables ¢; and
ts, to and t3 are mutually symmetric. Therefore, since (A, By,Ci, D) is a solution
of the system of equations (12), it follows that (D;,C1, By, A1) is also a solution. But
according to the Descartes’ theorem D; < 0. It contradicts our assumption.

Therefore, the system of equations (12) does not have mutually unequal positive so-
lutions. From this we get the proof of Theorem 3.1. (I
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Proof. (Proof of Theorem 3.2.) We consider the case k = 2,m = 2,| A |= 2. For
H s-weakly periodic collection (7) from (4) we have the following system of equations:

hoo = 2F(h017977’),
hor = F(hlo, 9,7“) + F(hll, 9,7‘),
hio = F(hoo, 9,7“) + F(hol, 9,7“),
h11 = 2F(h10,9,r),

(21)

where h;; = (h(l) h,; 2)) and

1] ? 1]

rexph +Gexph2)+92 Hexph( )—i—rexph +6
F(hig, 0,r) = { In o @ ! ) (2)
02 exp h;;” + Oexp h;; +r 02 exph;; +0exph;; +1

From (21), we have the following system of equations:

7 exp h(l) + O exp h(2) —|— 92

62 exp Y + 6 exp hly
Hexph( —l—rexph( —1—9

62 exp hgl + fexp h((n) +r

hS) =2In

h$ =2

B _q T exp h%) + fexp h(l? + 62 r exp h + 0 exp h(2) + 62
=In
o 02 exp hgl) + fexp hgz) +r 92 exp h ) 4 0 exp h(%) +r
2) Gexph(1 —|—7"exph(2 + 60 Gexph( —|—Texph + 60
hyy =In +1

il )
exp + Oexp exp + 0exp +r
(22) 62 h( )+ 0 h%(} 62 hl) 6 h( )
h(l)—l rexph —|—9exph(2 + 62 nrexph —|—0€xph +92
92exph —|—(9exph9 92exph +9€Xph 2 4y
9exph —|—rexph N HeXph(()1 —|—7’exph(2 +6
92exph +Gexph )+r 92exph +Gexph )+r
rexphly) + O exp h(z) —|—t92
02 exp h(?) + O exp h(s))
Gexph +7“exph 2
02 exp h( + O exp h10 T+

2
hgo) =1In

pY =21

2
h{2 =21

At arbitrary values of § and r, h(l) = h(l) h%) = hﬁ) = 0 satisfies the system of
equations (22). Therefore, we have the followmg system of equations:

M) _ gpy O hy + 26 |
02+ 0exphD +r
h( ) _ g XD h%) + 20 T exp hgl) + 20
(23) 02 + eex%))hgg ey Hex%) W2 gy
thO) _ TP hoo + 260 o T exp h01 + 20
92+0exph0)+7° 92+6’exph(()21)+r
hﬁ) _ ol " XP h(ﬁ) +20 '
02 + 0exphl? +r

In the equation (23), we introduce the following notations:

(2 (2)

t1 = exp hé%), to = exp h01),t3 =exphyy,ts = exp h( )



88 M. A. RASULOVA
Then from the system of equations (23) we get the following system of equations:
2
_ t2426
th = <9+0t+) :

to = rt3+260 . rta+26
2 = 9230ts+r  0240tstr’

ta = rt1+260 . rto+26
37 02X0ti+r 0240ty +r

2
_ rt3+26
ty = (92+0t3+r> :

Let 7 = 02. After several substitutions and simplifications in the (24), we obtain the
following equations with respect to the variable ¢3:

(25) <t3 2(20 4 1)

s )(t§+9(49)t§+49(9 1)t34> =0
or
(012 + 20" + 120" + 3467 + 800° + 12807 + 1446° + 1360° + 1120* + 646° + 166°)t5

+(360™ + 11260 + 5686° 4 12166° + 178407 + 19526 + 14806° 4 9286* + 4806°
+16007 + 320)t5 + (1602 + 480" + 11966'° + 32400° + 82400° + 1087267
+75046° + 59200° + 43680* + 15046° + 5766 + 2560)t3 + (9600 + 30726'°

+177600° + 254726% 4 1888007 + 222720° + 163200° + 51200 + 44800° + 21766>
+128)13 + (2560" + 11520" + 210560"° + 2688007 + 226400° + 4156807 + 288646°
+107200° + 142080* 4 60166° + 57662 + 10240)t3 + (138240*! 4 1331200 4 133120°

+348166° + 2105607 + 120320° + 198400° + 71680* + 19200° + 25600% + 1280)t3

1409662 4 20480 4 307200 + 11776607 + 51200° 4 435207 + 90246° + 29446°

(26) +17920* + 21760° + 25602 = 0.
Since € > 0 and t3 > 0, from equation (25) we get the following equation:
(27) 3+ 0(4—0)t5 +40(0 — 1)tz —4 = 0.

The solutions of equation (27) characterize the TISGMs for the Potts-SOS model on a
second-order Cayley tree. This equation was studied in Lemma 3 of [10].

Now we are interested in the solutions of equation (26). It is easy to see that all
the coefficients of the polynomial in (26) are positive. The number of sign exchanges of
the coefficients of the polynomial in (26) is zero. Therefore, according to the Descartes’
theorem, this expression does not have a positive solution.

Combining above results, we have the proof of Theorem 3.2. O

Remark 4.1. Let k = 2,| A |= 3. Then all H4-weakly periodic Gibbs measures for the

Potts-SOS model are H 4-periodic, i.e. Géz)—periodic. These Gibbs measures are studied
in [11].

In summary, the all weakly periodic Gibbs measures with respect to the normal sub-
group of two index under the condition r = 62 on the Cayley tree of order two are studied
completely.

Remark 4.2. From Theorems 3.1 and 3.2, we have seen that under the condition r = 62,
all weakly periodic Gibbs measures with respect to the normal subgroup of two index
coincide with translation-invariant Gibbs measures. The issue of extremality or non-
extremality of these measures was studied in [10].
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