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ABSTRACT The paper deals with the problem of constructing kernels of Hammerstein-type equations whose
positive solutions are not unique. This problem arises from the theory of Gibbs measures, and each positive
solution of the equation corresponds to one translation-invariant Gibbs measure. Also, the problem of finding
kernels for which the number of positive solutions to the equation is greater than one is equivalent to the
problem of finding models which has phase transition. In these articles, the number of solutions corresponding
to the constructed kernels does not exceed 3, and in turn, it only gives us a chance to check the existence
of phase transitions. The constructed kernels in this paper are more general than the kernels in the above-
mentioned papers and except for checking phase transitions, it allows us to classify the set of Gibbs measures.
KEYWORDS Generalized SOS model, spin values, Cayley tree, gradient Gibbs measure, periodic boundary
law
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1. Introduction

The Hammerstein equation covers a large variety of areas and is of much interest to a wide audience due to the
fact that it has applications in numerous areas. Several problems arise in differential equations (ordinary and partial),
for instance, elliptic boundary value problems whose linear parts possess Green’s function can be transformed into the
Hammerstein integral equations. Equations of the Hammerstein type play a crucial role in the theory of optimal control
systems and in automation and network theory (see e.g., [1]).

The Hammerstein equation is a mathematical model that describes the response of a system to an input signal. It is
commonly used in control systems engineering and signal processing.

Let G(u(t)) represent the static nonlinearity component of the system, which is a function of the input signal, and
H (u(t)) represent the dynamic linear component of the system, which is a linear function of the input signal. Then the
equation is typically represented as: y(t) = G(u(t)) + H (u(t)), where y(t) and u(t) represent the output and input signal
to the system at time .

The Hammerstein equation allows one modeling of systems that exhibit both linear and nonlinear behavior, making
it useful in various applications.

In statistical mechanics, the Gibbs measure is a probability distribution that describes the equilibrium state of a
system. It is commonly used to describe systems with countable spin values, where the spins can take on a finite or
countably infinite number of discrete values. However, there are also models with uncountable spin values, where the
spins can take uncountably many values, such as in continuous spin systems. In these cases, the Gibbs measure needs to
be adapted to handle the uncountable nature of the spin values.

The definition of the Gibbs measure for models with uncountable spin values often involves considering the Hamil-
tonian or energy function that governs the system. The Gibbs measure assigns a probability to each spin configuration
based on its energy, such that spin configurations with lower energy have higher probabilities.

Specifically, for a given spin configuration, the probability assigned by the Gibbs measure is proportional to the expo-
nential of the negative energy of that configuration. The proportionality constant is chosen such that the total probability
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assigned by the Gibbs measure sums to 1 over all possible spin configurations. Note that all the above-mentioned and
additional information can be found in References [2-4].

In recent years, increasing attention was given to models with a uncountable many spin values on particle systems
(especially, the Cayley tree). By this time, models with four interactions with the set of spin values [0, 1] were considered,
and the following results were achieved: In [5] splitting Gibbs measures on the Cayley tree of order &k are described
by solutions to a special nonlinear integral equation of Hammerstain’s type. The existence of positive solutions to the
nonlinear integral equation of Hammerstain’s type and a sufficient condition of the uniqueness of the equation given
in [6]. Also, in [7-10], results on non-uniqueness of positive solutions to the equation with non-degenerate kernels are
given and for the case of degenerate kernel can be seen in [11,12]. Finally, in [13,14] translation-invariant Gibbs measures
for models with four competing interactions are described by solutions to the Lyapunov integral equation. In this paper,
we construct more general kernels which gives us a chance to check the existence of phase transitions and to classify the
set of Gibbs measures.

2. Special equation of Hammerstein type

Let 2 be a set. A nonlinear integral equation of Hammerstein type on €2 is one of the form

ulz) + /Q K, 9) (i(y))dy = h(z) @1

where dy stands for a o — finite measure on the measure space {2; the mappings [ and K are measurable on €2 and ) x
respectively, f is a real-valued function defined on R and is in general nonlinear and % is given function on 2. If we define
the operator A by

Avte) = [ Kl y)ot)dy, 22)
Q
and Ny to be the Nemystkii operator associated with f :
Nyl(z) = f(i(x)) 2.3)

then integral equation (2.1) can be transformed to functional equation form as follows:
I+ AN =0, 2.4)

where without the loss of generality, we have taken i = 0 (see detail in [15]).
We consider a special equation of Hammerstein type, i.e.

1
| K@iy = 1), ke, 2.5)
0

Here and below, K : [0,1]* — (0, +00).

Actually, the last equation is very sufficient in the Gibbs measure theory. In the present paper, we give short infor-
mation about relation between the last equation and the Gibbs measures. Detailed information can be found in refer-
ences [5, 8].

Let ' = (V, L) be a Cayley tree and we consider models where the spin takes values in the set [0, 1], and is assigned
to the vertices of the tree. For A C V' a configuration o4 on A is an arbitrary function o4 : A — [0,1]. For J € R\ {0}
and € : (u,v) € [0,1]% = &, € R we define a Hamiltonian

H(U) =-J Z gd(z)a(y)v (2.6)

(z,y)€L

which is the generalization of some classic models such as Ising, Potts, .... Here and below, the notation (x, y) means the
nearest neighbor vertices.

Let h(t,x) := hi, (t,z) € [0,1] x V be real mapping of z € V' \ {2°}, where 2° is a root of the tree. Now, we
define the family of probability measures {(™)}, ey on Qy , ie.,

u(n) (Un) = Z’rjl exp <_BH(UH) + Z ho(r),z) ) 2.7
zeW,
Here, as before, 0, : € V;, — o(z) and Z,, is the partition function.
If the family of probability measures { p(™ }nen is compatible then by Kolmogorov’s extension theorem, there exists
a unique measure 1 on Qy such that u ({o|y, = 0,,}) = u™(0,) for all n € N. The measure y is called splitting Gibbs
measure corresponding to Hamiltonian (2.6)
The following result describes a new condition which is equivalent to the condition of compatibility.
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Proposition 1. [5] The probability distributions 1i\™ (c,,), n = 1,2, .., in (2.7) are compatible iff for any z € V \ {2°}
the following equation holds:

H fo exp(JBEtw) (U,y)du'
yeS(z) eXP(Jﬁfou)f(u,y)du

Here, and below f(t,x) = exp(hi,z — hoz), t € [0,1] and du = A(du) is the Lebesgue measure.

(2.8)

Let f(t, z) do not depend on the vertices of the Cayley tree. Then the last equation (2.8) has strongly positive solution
if and only if the equation (2.5) has strongly positive solution in Mo = {f € C*[0,1] : f(0) = 1}, where C*[0,1] is
the set of all positive continuous functions on [0, 1] (see [6]).

1 2
Let f (3) =y (3) = ¢ and denote that

. ].- B 1‘

ft) ifte |02 g(l—t) ifte 0,z

12 12

p1(t) =% ¢ ift e 33 and @o(t)=<c ift e 33
. (2 ] ' fo

g(t) ifte 5,1 fa—¢) ifte 5,1

1 2
Also, for fy (3) =¢ () = ¢1, we define functions:

3
. [ 1] [ 1]
filu) ifue 0,§ g1(l—uw), ifue 0,§
: (12 . 12
Yi(u) =< ifue §’§ and Yo(u) = < ¢, ifue §’§
(2] . (2 ]
gi(u) ifue g,l fil—w), ifue 5,1
By using these functions, we define a degenerate kernel:
K(t,u) = @1(8)¢hr (u) + pa(t)tba (u). (2.9)
Then equation (2.5) can be written as
1
(0 = [(@r(6001(0) + pa(®)ba(w) (). 2.10)
0
Namely,
1 1
£ =) [ wr) W +¢2(t) [ val)fHwdta) = £
0 0
Put
1 1
¢ = [nrtwiw,  Ca= [l
0 0
Consequently, by taking into account f(¢) = C¢1(t) + Capa(t), we obtain
1
;= /zpi(u)(cm(u) + Copa(u))idu, i€ {1,2).
0
The last equality is equivalent to
[k k k k—1 k k
C = Cl a1 + Cl Cooy +.... + CQ kg1
0 1 k
2.11)
k k k k—1 k k
Cy = 02 a1 + 02 Ciag  +.... + ) Cl Oy -
0 1
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Here and below,
1 1 1

o = [, az= [ vi(el @esdu, .. ar = [ ik (W)
0 0 0
1 1 1

B = /z/Jg(u)go’f(u)du, By = /wg(u)gp’ffl(u)apg(u)du, e Bra1 = /z/Jg(u)gogH(u)du. (2.12)
0 0

0

C
Let 2 = —, then the system of equations (2.11) can be written as
2

k k k k
alxk + agxk_l + aggck_2 + ... + apr + Qi1
0 1 2 k—1 k
€r =
k k k k k
a1k + opxk—1 4+ oap_1xkF2 4+ .+ QT + oy
1 2 k—1 k
Namely,
k k k
Qr(z) := STRE LA ay — ar | 28+ ..
1 0
k k k
.+ o — ap | — Akt 1- (2.13)
k k—1 k

Now, we can conclude the following result:

Proposition 2. Finding positive solutions of equation (2.5) with the kernel (2.9) is equivalent to finding positive roots of
the polynomial Qp.(x).

In the next sections, we consider the positive roots of the polynomial Qx(x) in special cases.

3. Solutions to the equation (2.5) with the kernel (2.9) for the case k = 2.

In this section, we study positive solutions to equation (2.5) with the kernel (2.9) for the case k = 2.
Let k = 2 then the system of equations (2.11) can be rewritten as

Ci = 012Ct1 +2C1Cha9 + 022&3
(3.1

Cy = C?2B1 4+ 20,Co B 4 C2 3.

By (2.12) and the construction of kernel one obtains:

V)

1

o = /wl(U)W?(U)d(U) = jfl(U)fQ(U)d(U) +/0102d(U) +/191(U)92(U)du =

3

0 :
= [ 01— w1 —wdw) + [ erdw) + [ 0020 —wdu= [ Pa(u)GBu)d(n) = bs
/ o] /
Similarly,
1 1 2 1
s = / b1 () (1) oo () () = / f1(w) Fw)g (1 — w)d(u) + / e1cPd(u) + / g1 (w)g(u) f(1 — w)du =
0 0 1 2
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and
a3 = / b () g () () = / Fr(w)g*(1 — u)d(u) + / ercd(u) + [ g (w) 20— u)d(u) =
0 0 1 2
- / 011 — u) £ (u)d(u) + / ercd(u) + / £1(1 — u)g?(u)d(u) = / ()G (w)d(u) = .
0 1 2 0
Hence,

ay = B3, az =2, az=p. (3.2)

C
By taking into account z = Fl and the equality (2.13), we have
2

Q2(z) = azx® + (200 — ag)z? + (o — 2a2)z — a3 = 0.
Thus, we obtain
Q2(z) = (z — 1) (azz® + (a3 + 2a3 — a1)x + a3) = 0.
Put
D = (20,2 —a) — a3)(2a2 —ay + 3&3).

It is easy to check a; + ag > 2as. Therefore, the sign of D is the same as the sign of the expression a; — 2as — 3as.
Proposition 3. Let k = 2 and K (t,u) be the kernel which defined in (2.9). Then the following statements hold:

(1) Ifa1 < 2as + 3as then there is unique positive solution of (2.10);

(2) If a1 = 2as + 3ag then there are exactly two positive solutions of (2.10);

3) If a1 > 2a9 + 3as then there are exactly three positive solutions of (2.10).
In the language of Gibbs measure theory, we obtain:

Theorem 1. Let k = 2 and K (t,u) be the function of the Hamiltonian (2.6). Then the following assignments hold:

(1) If a1 < 2as + 3as then there is unique translation-invariant Gibbs measure of the model (2.6);
(2) If a1 = 2as + 3as then there are exactly two translation-invariant Gibbs measures of the model (2.6);

(3) If a1 > 2as + 3as then there are exactly three translation-invariant Gibbs measures of the model (2.6).

4. Solutions to the equation (2.5) with the kernel (2.9) for the case k = 3.

Now, we consider positive solutions to equation (2.5) with the kernel (2.9) for the case £k = 3. Then the system of
equations (2.11) can be written as

Ci = 013041 + 301202042 + 301022043 + CSO@

4.1)
Cy = 0?51 + 30120252 + 30102253 + 05’54
and
1 3 2 1
ar= [ hr(w)gi(wdw) = [ fi(w) fPu)du+ [ er’du+ [ gi(u)g®(u)du = Ba.
/ [ oo |
Analogously,
1 : 2 1
ag = [ P1(w)ei(w)pa(u)du = [ fi(u)f*(u)g(l —u)du+ [ crc’du+t [ gi(u)g?(u)f(1 - u)du = B3,
/ / [

wN

ci®du+ [ gi(u)g(u) f2(1 —u)du = Ba,

W= Wl
[*S]%

as = [ i weuidu = [ AP0 - udu+
0

Wi
=

AW —w)du+ [ ercdu+ | gi(uw)f3(1 —u)du = Bi.

2
N
|
—
<
=
=
~—
RS
W
£
x
IS
|
o\w\»—‘
mp\w‘w
wm\)_‘
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As a result, one obtains
ap =Py, as =3, az=LP, as=p1. 4.2)
Consequently, the polynomial, which is defined in (2.13), is

Q3(x) = auz® + (3az — )z + (a1 — 3az)z — ay = 0.
Namely,
Qs(z) = (z — 1)(z + 1) (uz® + (3as — a1)z + ay) = 0.
The discriminant of the polynomial agz? + (Baz — a1)x + ay is
D := (Bas — a1 — 20i4)(3ag — aq + 2ay4).
Proposition 4. Let k = 3 and K (t,u) be the kernel which defined in (2.9). Then the following statements hold:
(1) If |3as — a1| > 2ay then there is unique positive solution of (2.10);
(2) If |3as — 1| = 2«4 then there are exactly two positive solutions of (2.10);
(3) If |3as — a1| < 2ay then there are exactly three positive solutions of (2.10).
In the language of Gibbs measure theory, we can conclude the following theorem.
Theorem 2. Put k = 3 and K (t,w) is the function of the Hamiltonian (2.6). Then the following assignments hold:
(1) If |3as — a1| > 2ay then there is unique translation-invariant Gibbs measure of the model (2.6);
(2) If |3as — 1| = 2« then there are exactly two translation-invariant Gibbs measures of the model (2.6);

(3) If |3as — a1| < 2«4 then there are exactly three translation-invariant Gibbs measures of the model (2.6).

5. Solutions to the equation (2.5) with the kernel (2.9) for the case k = 4.

In the Gibbs measure theory, it is more interesting to construct Hamiltonian which has more than three translation-
invariant Gibbs measures. In this section, we show that the Hamiltonian which corresponds to our kernel has more than
three Gibbs measures. For the case k = 4, the system of equations (2.11) can be written as

Cy = Clog +4C3Chas 4+ 6C2C203 + 4C,Caay + Chass

Cy = Cf +4C5Co By + 6C2C2Bs 4 4C1C3 34 + C4 Bs

and
o1 = [t @du = [ A du+ [ ecdu+ [ gwgwdu = s,
/ / ot ]
1 : 2 1
= [ G eadu = [ fi() fPa)g(l —wdu+ [ enctdu+ [ gi(wg @) F(1 - u)du = fa,
/ / [rctues ]
a5 = / b (1) 2 (10) g2 ur) s = / F1 () ()P (1 — u)du + / erctdu + / 01 ()6 () f2(1 — u)du = B,
0 0 1 2
ay = [ Y1(w)er(w)e(uw)du= [ fi(u)f(u)g*(1 —uw)du+ [ erctdu+ [ gi(w)g(u)f>(1 —u)du = Ba,
/ / o]
1 3 2 1
as = [ hi(wpz(w)du= [ fi(u)g"(1 —w)du+ [ erctdu+ [ gi(u)f*(1—u)du = pi.
/ / [rctues ]
Hence,

oy =fB5, ap =P34, az=P0s as=p0, as=/p. 5.D

C
By taking into account z = 61 and the equality (5.1), one obtains
2

Qu(x) = asz® + (4ay — o)z + (6o — o)z + (4o — 63)x? + (a1 — day)z — a5 = 0.
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Namely,
Qa(z) = (x — 1)(a5x4 + (a5 + 4oy — )2 + (a5 + 4ag — ag + 6ag — 4ag)z® + (as + 4oy — o)z + a5) =0.
After short calculations, we have (for x #£ 1)

Q4(x
acz(;()l) = asy® + (a5 + 4oy — 1)y + (doy — a5 — a1 + 63 — o),

1
where y = x + —. The discriminant of the right hand side of the last equality is
x

D= (045 + 4oy — 041)2 — 40(5(4044 — a5 — a1 + 6ag — 4&2).
Thus, we can give the following result:

Proposition 5. Let k = 4 and f((t, u) be the kernel which defined in (2.9). Then the following statements hold:
(1) If (a5 + 4oy — a1)? < das(day — as — ag + 6ag — 4ay) then there is unique positive solution of (2.10);

) If (s +4ay — a1)2 = das(day — a5 — oy + 6ag — 4daw) then there are at most three positive solutions of (2.10);

(3) If (as 4+ 4oy — a1)? > 4as(day — as — ag + 6as — 4ay) then there are at most five positive solutions of (2.10).
In the Gibbs measure theory, we obtain the following theorem.

Theorem 3. Put k = 4 and let K (t,u) be the function of the Hamiltonian (2.6). Then the following assignments hold:

(1) If (s +4ay —a1)? < das(doy — as — oy +6as — 4ay) then there is unique translation-invariant Gibbs measure
of the model (2.6);

() If (a5 + 4oy — 1)? = 4as(day — as — oy + 6as — 4aw) then there are at most three translation-invariant Gibbs
measures of the model (2.6);

(3) If (as + 4oy — a1)? > das(doy — s — ay + 6ais — 4ay) then there are at most five translation-invariant Gibbs
measures of the model (2.6).

6. Conclusion

The central concept in understanding phase transitions on the Cayley trees is the notion of cluster decomposition. In
the absence of phase transitions, there is a unique Gibbs measure that describes the equilibrium behavior of the system.
However, in the presence of a phase transition, multiple Gibbs measures can coexist. The existence of multiple Gibbs
measures is often associated with the breaking of symmetry in the system. This symmetry breaking can manifest itself in
different ways, such as the appearance of multiple stable states or the coexistence of different phases (e.g. [3]).

Mathematically, the presence of multiple Gibbs measures can be established by studying the behavior of the system
under different boundary conditions or by considering the behavior of relevant observables. The occurrence of non-
uniqueness in the limit of large system size indicates the existence of phase transitions and the coexistence of multiple
Gibbs measures. Also, the properties of the different Gibbs measures can also provide insights into the nature of the phase
transition. For example, the entropy of the Gibbs measures can exhibit non-analytic behavior or the correlation length
may diverge at the critical point (see [2] and [4]).

In short, the existence of multiple Gibbs measures is closely related to the presence of phase transitions on the Cayley
trees. These phase transitions are characterized by breaking of symmetry and the coexistence of different equilibrium
states. The identification and characterization of different Gibbs measures play a crucial role in understanding the critical
phenomenon and the behavior of the system near the phase transition point. In this paper, we showed that under certain
conditions (see Theorems 1,2,3) there exist multiple Gibbs measures of the model (2.6) (this model is a generalization of
Ising, Potts, SOS, ...) on the Cayley trees of order two, three and four.

Now, we will give short information about the novelty of our paper. Firstly, in [5], authors consider the model (2.6)
on the Cayley trees and prove that there is not any phase transition on the Cayley tree of order £ = 1. For the case
k > 2, models in which phase transitions exist are constructed in [8] and the generalization of the constructed model is
studied in [7,9]. In [6], the problem of finding translation-invariant (periodic with period two) Gibbs measures of the
model (2.6) was reduced to finding positive fixed points of the nonlinear operator of Hammerstein type and the problem
of the existence of fixed points of this operator considered in [10, 15, 16] ( [13, 14]). But, from the Gibbs measure theory,
it is interesting to study fixed points of the nonlinear operator of the Hammerstein type with degenerate kernel and all the
above works corresponding to non-degenerate kernels. Then works for degenerate kernels considered in [11] and [12] but
in these papers, the fixed point of the operator with the degenerate kernel does not correspond to any Gibbs measure. In
the present paper, each fixed point of the operator with a degenerate kernel is corresponding to one Gibbs measure.
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