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The optimization problem of the well-known minority game model
is studied by methods of statistical physics. The problem is re-
duced to the study of the ground state of some effective system
with continuous spin described by a replica Hamiltonian with ran-
dom parameters. With the use of the central limit theorem of
probability theory, the representations of the distribution function
for parameters of the Hamiltonian are obtained, and the transi-
tion to the Gauss distribution in the case of large P is realized.
Within approximations 1RSB and 2RSB in the replica method,
the dependence of the minimum of the quantity under study on
the parameter « is determined. It is shown that, in the region of
applicability, the proposed method gives a less value of the mini-
mum than that obtained in the cited works.

1. Introduction

As is well known [1-3], the application of methods and
approaches of the statistical physics of disordered sys-
tems allowed one to obtain a number of important results
concerning the classical optimization problems in studies
of operations, models of neuron networks, and a num-
ber of other systems. In the last years, a trend named
econophysics [4], where the methods and approaches of
statistical physics are used in the simulation of economic
systems, is developed. In particular, the physicists pro-
posed several models for the description of financial and
share markets [4,5]. We will pay attention to the minor-
ity game model which was studied in [6-12]. This model
concerns with diverse studies. But here, we will consider
an optimization problem arisen in the model. The foun-
dations of the model are presented in the literature quite
completely (see, e.g., [11]), so we mention them briefly.
In the minority game, a market is modeled by the
game interaction of N agents. At every time moment ¢,
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the i-th agent (i = 1,..., N) realizes an action a,(t) =1
(purchase) or a;(t) = —1 (sale). The gain of the i-th
agent u;(t) with regard for the actions of all agents is
determined by the formula

ui(t) = —ai(t) A(t), where A(t) = > a;(t). (1)

i=1

Formula (1) models the interaction between agents on
the market in terms of the global quantity A(¢). It is
obvious that, at every time moment, all agents on the
market can be divided into two groups by the chosen
action (purchase or sale). The definition (1) yields the
minority rule: the winner is an agent who belongs to
the minority. The gained action of the agent who is in
minority can be written in the form a;(t) = —sign(A(t)),
and his/her gain is equal to |A(t)|. Respectively, the ac-
tion of an agent in majority is a;(t) = sign(A(t)), and
his/her loss is —|A(t)|). The total gain of all agents is
>, u; = —A? and is always negative. All agents have
access to the common information which is described at
the time moment ¢ by an integer u(t) =1,..., P. Since
the behavior of agents affects the market, this action is
denoted by A*(®)(t). Generally, there exist 2 strategies,
but we assume that each agent chooses only .S ones from
the total amount. Let the action of the i-th agent, who
follows the strategy s and uses the information u(t), be
al; (in the stationary case, the time variable ¢ is omit-
ted). We consider that the number P is rather large, of
the same order as N, and the value of & = P/N is finite
as N — oo and P — oo. The quantity p is described by
a certain distribution p* regardless of each time step (in
what follows, we take p* = 1/P). In the model, it is also
given that the actions of agents ag’i for each time step
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are random and independent with the probabilities

Plat; = +1) = P(at; = ~1) =

52

i1=1,...,N,s=1,...,5 u=1,...,P.

For the analysis of a game, we introduce the mixed
strategies (see, e.g., [13]) that are characterized by the
probabilities, with which the i-th agent uses a given
strategy (the condition ) ms; = 1 is satisfied). The
set of variables 7, ; determines the phase space of the
model [11]. In this space, the mean values of quantities
are defined as follows:

N S
(A =3 > meadl,. (2)

i=1 s=1

In works [9-11], the collective properties of the model
are described with the use of the quantity

o ip (i Sr ) ®)

i=1 s=1

which determines fluctuations (2). It was also estab-
lished [11] that (3) possesses properties of the Hamilto-
nian of a system. In the case where H = 0, the game is
symmetric, i.e. (A*) =0 for Vi (2), and the mean gain
is zero, according to the above-written. But if H > 0,
then the game is asymmetric (the symmetry of the ac-
tions of agents concerning the purchase and the sale is
broken). Hence, there exists u, for which (A4*) > 0), and
the gained strategy is realized.

In the above-cited works, the minimum of (3) was
studied on the set of variables {7, ;}. The investigation
of the minimum is reduced to the calculation of the “free
energy” of a system which is described by Hamiltonian
(3) at “zero temperature” or at the unbounded reciprocal
temperature  — oo. Since (3) depends on the actions
of players a’s‘,i, the derivation of substantive results re-
quires to average over all possible actions of agents agﬂ-.
As a result, we are faced with a problem of the the-
ory of disordered systems with “frozen” disorder which
is solved within the method of replicas. In works [6-12],
the asymptotically exact solution was obtained for the
minimum of (3) as N, P — oo with P/N = o ~ 1. This
solution describes a phase transition with the symmetry
breaking at the point o, ~ 0.3374. In other words, H =0
for a < a., and H > 0 for a > .. Since the parameter
« is connected with the quantity P that is a measure of
information, the mentioned solution is also interpreted
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as the influence of information on a market. Namely,
if no information is available, then the market is char-
acterized by the complete equilibrium. The presence of
information breaks the equilibrium on the market, i.e.,
the gained strategy exists.

The asymptotic solution was obtained in [9-11] with
the use of the expansion in the parameter ~ /P which is
considered small for large values of P. In fact, a relation
of the type

cos(\/gx) ~ exp(f%:f) 4)

was applied. In work [14], it was noted that approxi-
mation (4) is valid for finite values of 3 and cannot be
substantiated at § — oo. In addition, the mentioned so-
lution involves some contradiction. In particular, the
quantity x = 6(Q — q)/« diverges for the obtained solu-
tion as a — a.. The divergence is obviously related to
the fact that Q@ # gas 8 — o (0 < @Q,q¢ < 1). At
the same time, the quantity ﬂzi’s Ts,iTs,i ~ X IS con-
sidered to be bounded in the input relations at the use
of approximation (4).

In this connection, a procedure of construction of the
asymptotic solution which is based on ideas of the limit
theorems of probability theory [17] was considered in
[14]. In particular, the transition to the Gauss vari-
ables (distributed by the normal law) was realized in
the limit P — oo for a sum of random variables of the
form % >, (- ). As aresult, the study of the minimum
of (3) is reduced to the study of the ground state of the
Hamiltonian with parameters distributed by the Gauss
law. The calculations executed in the approximation of
symmetric replicas have revealed different dependences
of (3) on the parameter « as compared with the litera-
ture data [9-11].

In the present work, we will construct the distribu-
tion function (characteristic function) for parameters of
the Hamiltonian and carry out more successively the
limit transition to the Gauss approximation. We will
also study the ground state of the Hamiltonian with the
replica symmetry breaking on one (1RSB) and two steps
(2RSB) [15].

2. Gauss Approximation

As was noted above, the problem consists in the determi-
nation of the minimum of the Hamiltonian H on the set
of variables {7, ;}. To this end, we define the partition
function of the system as

Z(f3) = Sp, exp(—BH (7)),
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where [ is the “reciprocal temperature”, Sp, stands for
the integration over the variables 7, ; € [0, 1] with regard
for the condition ) m,; =1 for each i =1,..., N:

/Hmw.u (5)

Sp,. (.

The notation H(w) indicates the dependence on the
probabilities of mixed strategies {ms;}. Like the study
of a ground state of physical systems (see, e.g., [16]),
the determination of the minimum can be reduced to
the study of the ground state of the Hamiltonian at the
“zero temperature”. As a result, we obtain the relation

T B—oo

min H(7w) = — lim %an(ﬁ). (6)

After the averaging of (6) over all possible actions of

u .
players ag ;, we obtain

H = (min H(m)), = — lim

T HOOB

= (I Z(B)). (7)

For simplicity, we consider the case with two states S = 2
[11] and represent (3) in the form of a Hamiltonian given
on the set of variables m; with random parameters [14].
The parameters of the Hamiltonian are sums (over the
index p) of independent random quantities. For large
values of P ~ N, the parameters are random values
that are approximately set by the Gauss distribution ac-
cording to the limit theorems of probability theory [17].
Thus, we can pass from the averaging of the partition
function (7) over distributions of the quantities af; to
the averaging over the Gauss distributions of parameters
of the Hamiltonian. After the obvious transformations,
Hamiltonian (3) can be written in the form

H= Co+Zd7r Y Jimm Y ki (8)
1<j i#£]
where we introduced the notation

G- p (L)

K2

- i B2
dz_ 4P Z‘u:(aif)

ij P E azf j+7

Z:I:_alz:l:a21' (9)

After the substitution of (8) in (7), it is easy to see that
(Co)a = N/2. The remaining terms in (8) have the struc-
ture of the Hamiltonian of a system with continuous spin
(m; € [-1,1],i=1,...,N). We note that formula (8)
contains no approximations and is only another form of
Hamiltonian (3). We now pass to the normalized param-
eters {dz, Jii 5, and klj} whose mean values and variances
are equal to 0 and 1, respectively. We have

S NCTIREE

\/» Z Jljmﬂj

1<J

\F > kijm. (10)

i#]

The normalized quantities are connected with the previ-
ous ones (9) by the relations

~ 1/ d . T . ko
di = 5 (—= Jij = 2L k= —L 11

3 (T 1) iy = k= (1)
We now introduce the distribution function ¥(d, J, k)

for parameters (11) and represent the relation for the
minimum of (7) in the form

H= N hm 7<an(ﬂ))

3~ m (12)

where

1
:/Hd;i exp(—(H).
R

The calculation of the distribution function ¥(d, J, k)
(its characteristic function) is given in Appendix A,
where it is shown that the function ¥(d, J, k) in the prin-
cipal order in the parameter 1/ VP tends to the Gauss
distribution function (A.11). With the use of (A.11), the
averaging in (12) within the method of replicas can be
performed in the closed form, which gives the asymptot-
ically exact solution.

3. Method of Replicas

In the method of replicas [3, 15], we set

(I Z(8)) = lim = (Z(8)"}y.

n—0n

(13)
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As is known, the averaging in (13) is carried out for
integer n, and then the analytic continuation for real
n is realized. As a result, the minimum of (7) can be
written in the form

H = 5~ lim 1 lim — ! In(Z(8)")w.

The partition function of the system of n replicas is given
by the formula

Z(B)" = Sp, exp(—BH™),

where the Hamiltonian of the system is as follows:

o =)

1,a

(15)

z<Ja

b ( > kit ) (16)

i#j,a

where the index a numbers replicas.
the notation

Sp,.(...)= /H d%(. ).

In (15), we used

(17)

After the averaging of the partition function of the sys-
tem of n replicas (15) with the Gauss distribution, we
obtain

(Z(8)")w = Sppexp (~BH" — BHY), (18)
where the following notation is introduced:
Zm :
g _ BN o)
2T - ()
2
(> mene) (19)
1<J a
The component of the Hamiltonian, Hl(m)7 (19) de-
scribes the effective interaction between replicas. The

first term in (19) can be omitted, since its contribution ~
NY. The further calculations consist in the factorization
of integrals by the variables of particles. By introducing
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the overlapping matrix for replicas Qab = ﬁ 7T“7rb
we write Hi(g? (19) in the form
1(117;) - Z Q Z Qab (20)

Using the substitution P = aN for 8 — /a3, we obtain
the following formula for the minimum:

N
=5 ﬁg¢w£%n

After the above transformations, the partition function
for n replicas takes the form

In Z(B)™. (21)

Z(8)™ = Sp, exp(~pHS" — BH), (22)
where
Ay = Y2 S,
1(r’1rfc) - Z Q \/N Z Qab . (23)
a,b

Formula (23) determines the components of the effective
Hamiltonian after the averaging over the Gauss distribu-
tion. The dependence on the parameter « is given only
by the term H(g"). By analogy with spin systems, it can
be interpreted as the one-site anisotropy. Formulas (23)
and (21) imply also that the quantity H depends mono-
tonically on . As « decreases, the second component in
(21) increases due to the factor 1/y/a, which causes the
decrease of H. At some «g, H becomes zero. Thus, we
consider that approximation (23) is suitable for a > ay.
By using the integral transformation

o0
1 1.2
=—— [ dze 2% €**
V2T /
— 00

we linearize the component ~ @2, in (22) and factorize
the partition function (22) by the variables of particles.
As a result, we obtain the representation of the partition
function in the space of replica variables as

2(5)" = L [ DQesp(NO(Q)) (24)
where we denote
_ ﬂ _ anb
L_<\@) ’DQ_Q Nors
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2

B(Q) =~ D Qi+ Zi(Q),

a,b

/ d
~ [T 5 exvt@i@).

-1 @
1(Q) = —6? > omat % > QuTam+

a a,b

(25)

+%2 (za: Tra)Q.

In the limit N — oo, we calculate the integrals in (24)
by the Laplace method and obtain

Z(8)" = exp(NPext(Q)),

where @ is the extreme value which is determined from
the steady-state equations

90(Q) _
aQab

The content of the averaging in (27) is given by the for-
mula

(26)

0— Qab = <7ra7Tb>7r~

(27)

d7ra

(...)

Q). (28)

As a result, the minimum of the quantity H is as follows:

N N
H=2+ ﬁgﬂ“&oiﬁ(’*ZQ - 7lnzl<Q))

(29)

It is obvious that the factor L in (24) gives no contri-
bution in the limit n — 0. Thus, formula (29) presents
a solution of the problem within the method of replicas.
The further calculations consist in a specific choice of the
overlapping matrix Q In the approximation of symmet-
ric replicas (RS) that was considered in [14], the matrix
Q is set in the form

_JQ a=;
C?ab{q7 a;«éb

The approximations with the replica symmetry break-
ing, 1IRSB and 2RSB, are considered in Appendices B
and C.
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4. Solution at 3 — oo

4.1. Approximation 1RSB

The general relations of approximation 1RSB for V 3 are
given in Appendix B. Let us consider the limit for H
as [ — oo. We introduce the quantities x = 5(Q — q1)
and x1 = B(¢1 — ¢) which are named susceptibilities, by
analogy with spin systems. First, we consider the case
where these quantities are bounded as § — oo. By per-
forming the subsequent transformations of the variable
z1 — VBVI+q/\/x17 and z1 — 2z — z, we represent

quantities (B.6) in the form

V1 d 1
Zl f + / 21 —6 2<;lq (Zl _ Z)Q)Zl ,
\/B 1+ q r le 1+ q 2 m
e

1
o(m) = —?WQ + 5)(772 +/1+qgmz. (30)
It is easy to see that, as § — oo,
V14 1+
M exp [—B q(zl — z)2] — (21 — 2). (31)

AV 27TX1 2X1
This implies that, at the substitution of (31) in formulas
(B.7) and (B.8), the integrals over the variable z; are cal-
culated explicitly, and we obtain approximation RS [14].
Obviously, it is a consequence of the assumption that the
quantity x1 = B(q1 — q) is bounded as § — co. In other
words, in the case where § — oo, we have that ¢ — g,
and, respectively, approximation 1RSB passes into RS
(see also the remarks in Appendices B and C). We note
that this property of approximation 1RSB was also in-
dicated in [20, 21], where it was observed at numerical
calculations.

Solutions different from approximation RS arise if we
set the dependence m = mg/f for the parameter m.
Then the quantity Ag = ¢ — ¢ is finite as 3 — oo.
At the next step, we will calculate the asymptotics of
the quantity Z; (B.6). In formulas (B.7), (B.8), and
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(B.11), we perform preliminarily the successive change
of variables:

21
—, %1 — 21 —%.

Aq

z
z— —, 21 —

1+¢

As a result, we obtain

2= [ G exn(80(m).

1
o(m) = —@w2 + —x7m 4 72,

2 2 (32)

As 8 — o0, the integral over w can be calculated by the
Laplace method. The maximum of ¢(r) is attained at
the point

-1, if 21 < —2zo,

Tmax = § 21/%0, 1f —20 < 21 < 20, (33)
1, if 21 > 20,

20 =Va—x.

Respectively, for Z; and Z;, we obtain

Zl = eXp(m0¢max)7 Zl = <eXp(m0¢max)>zl7

where
—20/2 — 21, if 1 < —20,

bmax = | 21/(220),  if —20 < 21 < 20, (34)
72’0/24’2’1, if z1 > zp.

After simple algebraic transformations in the limit g —
00, we get
H/N = 2+ L _x(Ag + g) + moAg(Ag + 29)
) 1/a X\2qg g MoLg(Agq q
1 1
_77<ln<emo¢max>m>z .

Vamg

On the basis of (B.8) and (B.11), we obtain the system
of equations for the parameters y, Aq, ¢, and my:

(35)

- 1 <em0¢max oo 7Tmax>z1
/1 + q <em0¢max>zl B ’

2 e"¢0¢max>Z1

<em0¢max >

Z1

Ag+q= )z
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<7Tmaxem0 Pmax > gl

Ag=(—F 5" )e
(emodmax)2 /2

1 1,
ZAQ(AQ +2q) + m—%ﬂn(e 0fmax) )z

1 ).,

mo <em0¢max>zl

), =0. (36)

The averaging over the variables z and z; is determined
by the formulas

o0

dz
(... = / mexp

(—ﬁ) (.,

_(Zl‘z)z)(...).

TA; (37)

T dz
(T :4 \/mexp(

We studied the system of equations (36) numerically. In
order to compare with the results of RS [14], we consider
the dependence of Aq on «. It turns out that nonzero
values of Aq are observed in the region where the param-
eter a < 1.32. Moreover, Ag decreases monotonically to
zero, as « increases. As was noted above, this approxi-
mation is not suitable in the region, where the parameter
a < 1.32, since H < 0. In turn, the results of 1RSB at
Aq — 0 coincide with those in the approximation of
symmetric replicas, which is indicated in Appendix B.
This circumstance can be also illustrated in the follow-
ing way. As Aq — 0, the distribution function for the
variable z; in (37) tends to the J-function

1 (21 — 2)?

V2mAq exp(— 2Aq

and the integration in formulas (35) and (36) over the
variable z; is performed explicitly, and we arrive at ap-
proximation RS [14]. Hence, at o 2 1.32, the results of
approximations 1RSB and RS are practically identical.
In this case, the value H = 0 is attained at ay ~ 1.345
(Figure, curve I1).

) — (21 — 2),

4.2. Approximation 2RSB

By analogy with approximation 1RSB, we now change
the variables m; — my /8, ma — ma/B. The susceptibil-
ity x = B(Q—gz2) is bounded as 8 — oo. We now define
the variables Aq; = ¢1 —q and Ags = g2 —¢q; and perform
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0.25 2
H
0.20
0.15
0.10 1
0.05
0.00 T T T T T T T T T T 1
1,3/ 14 15 16 1.7 18 ¢

Curve 1 — dependence of H on the parameter «; the curve crosses
the axis at the point ag =~ 1.345. Curve 2 — segment of the corre-
sponding function by work [11]

the following changes in the relations of approximation
2RSB (formulas (C.4), (C.5), (C.6), and (C.8)):

21 %)

z
2o 21 T T, B2 T e,
Aq Aq

1+¢

21— R —ky,2— 22— Z21.

After these transformations, we obtain the minimum of
‘H in the form

[t

HIN = = +

5 4\f [2x(Aq1 + Ags + g)+

+maAga(2A¢1 + Ago + q) + miAgi (Agr + 2q)]—

1
_Tm71<ln Zn)z - (38)
Formulas (C.5) take the form
/ d
2= (25" 2 a Za= [ G explBo(m),
1
o(m) = —?ﬂ'z + %Xﬂz + 7. (39)
86

In this case, the averaging over the variables z; and 25
is realized with the Gauss functions
(22 — 21)? ) (

() —/&ex (_
A \/27TAQ2 P 2Aq2

(21— 2)°

QAql )(. ’ -)7

and the averaging over z is carried out by the first for-
mula in (37). The subsequent scheme of calculations is
the same as for approximation 1RSB. First, we calculate
the asymptotics of the integral over m (quantity Z5 in
(39)). As a result, we obtain

dz
(T :_4 \/TqueXp(_

my

Zl =~ <<exp(m2¢max)>z2 >217 Z2

By comparing formulas (32) and (39), it is easy to see
that @max is set by the same formula, as in (34), only
with the change z; — 2. In this case, myax 1S also de-
termined by formula (33) with the analogous change
z1 — #3. Eventually on the basis of Egs. (C.6) and (C.8)
in the limit 8 — oo, we get the system of equations for
the parameters x, Aga, Aq1,q, m1, and mo:

<6Xp (m2 ¢max) > 2o

1 1 d oL
<7 <<em2¢>max Tmax >22 <em2 Pmax >z"272

1+4+¢ A dzo >Zl>z’

Agp+Aq +q=

L2 mao M2 dmax) 77 L
Z <<7Tmaxe max>22 <6 max>22

:< >Zl>27

m1_o

1 ™
Ag+q= <Z<<7Tmaxem2¢max>§2 <€mz¢mx>z22 )21 )z

1 my_
q= <<(Z<<Wmaxem2¢max>@ <em2¢max>222

>Zl)2>z, (40)

1
ZAql(Afh +2q) + mf%ﬂn(Zl))

1 1 m =L m
. Z<<e 2¢max>z22 In(e 2¢>max>22>Z1>z =0,

(41)

1
ZAQQ(AQQ +2Aq1 + 29)+
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L1 s ,
+ m% <Z <<em2¢max>222 1n<e"12¢max>z2 >21 >Z -
1,1 mLg
_ o Z 6m2 Pmax > 222 <€m2 Gmax ¢max>zQ > 2 >Z — 0.

(42)

According to the input positions of the method of repli-
cas [15], the condition mq/my < 1 is also satisfied.

The numerical solution indicates that the parameter
Ags decreases monotonically with increase in « and be-
comes 0 at a ~ 0.84. As shown in Appendix C for
Age — 0, approximation 2RSB passes into 1RSB. This
can be observe in such a way. In formulas (38) and (40),
we perform the substitution

(22 — 21)?

Ay ) — (22 — 21).

1

oL exp(—
Then the integration over the variable z5 can be carried
out explicitly, and we arrive at approximation 1RSB.
Hence, for a 2 0.84, the results coincide with those in
approximation 1RSB considered in the previous section.

By summarizing, we note that, in the region of ap-
plicability of the Gauss approximation a > oy (op =
1.345), the results with approximation RS [14] are cor-
roborated, ag being slightly increased. The numerical
studies reveal that approximation 2RSB tends to 1RSB,
and approximation 1RSB goes to RS, as the parameter
« increases. Obviously, such a behavior is caused by
the domination of the term ﬁén)
Hamiltonian (23) at o ~ 1.

In this connection, we note the following. We define
the Gauss field

in the effective replica

1
hi=—= > kj
VN 3

with (h;) = 0, (h?) = 1. Then the effective Hamiltonian
(16) can be written in the equivalent form,

H™ %Zw;ﬂ + Y \‘;%wgw; +V/N/PY hir .

i<j,a i,a

(43)

After the substitution P = aN, we write Hamiltonian
(43) in the form

HW)/\f%@ZWg%Z j%wgwngthg. (44)

i<j,a
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Hamiltonian (44) can be considered as an analog to the
Ghatak—Sherrington Hamiltonian [22-24| for a system
with continuous spin 7 = 1 in Gauss fields h;. As far as
we know, no works, where the ground state of the Hamil-
tonian corresponding to (44) was studied, are available.
We note that the ground state of a system with the the
Ghatak—Sherrington Hamiltonian for the spin S =1,

H=— ZJi,jSiSj + DZSZ‘,
i i

was studied in work [24] with the Gauss distribution of
interactions J; ; ((Ji ;) =0, (J7;) = J/N). It is worth
noting that the dependence of the free energy on the pa-
rameter D/J manifests a characteristic monotonic be-
havior like that in Figure (curve I).

5. Conclusions

In the present work, we have considered the problem
of minimization within the minority game model in the
Gauss approximation. The transition from the averag-
ing over discrete variables to that over continuous Gauss
variables in the limit of large N and P and for bounded
« = P/N is realized. In this case, the optimization
problem is reduced to the study for the ground state of
the system, whose Hamiltonian includes parameters dis-
tributed by the Gauss law. In the proposed approach, as
was noted in Introduction, there is no expansion in the
parameter 3/P that was used in the literature sources.
Since the Gauss distribution of parameters of Hamilto-
nian (A.11) is the limiting one for P > 1, this imposes
restrictions on the applicability of results in the region of
variation of the parameter «. In our case, we determined
the domain of applicability of the approximation by val-
ues of the parameter «, for which H > 0. The numerical
calculations indicate that, in this region, it is sufficient
to restrict ourselves by approximation RS, which is re-
lated to the structure of the effective Hamiltonian (16).
By summarizing, we note that though it is impossible to
compare our results and those of works [6, 7, 9-11] for
a < 1.345, the Gauss approximation gives significantly
less values of H (see Figure) for o« > 1.345. The improve-
ment of the method, according to the central limit the-
orem, can be realized by the construction of asymptotic
expansions for the Gauss distribution function (see, e.g.,
[17]), which is a complicated computational problem and
requires the further studies.
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APPENDICES

A. Distribution Function for Parameters
of the Hamiltonian

The parameters of Hamiltonian (10) depend on the variables

at

i 8= (1,2). We perform the transition from the averaging of

some function ®(d, J, k) of parameters (11) over the variables at,
to the averaging with the distribution function of these parameters
with the help of the relation

(®(d, J, k))a = (/DdDJDk\IJ(d, J, k)®(d, J, k), (A1)

where ¥(d, J, k) = (§(d— d)6(J —J)s(k — I;)>a has the sense of the
probability density for the variables {d;}, {J;;}, {ki;}. In formula
(A.1), we introduced the definitions of the product of differentials

Dd = H dd;, DJ = [ dJij, Dk = ][ dki;
i<j i#£]

and d-functions
§(d —d)s(J — J)s(k — k) =

—Had —d;) [[ 6(Ji5 = Jig) [ [ 6(kij — kaj)
i<j i#]
In the standard way (see, e.g., [17]), the characteristic function is

defined as

ey, z,z) = / DdDJDkDIY(d, J, k) x

x exp(iyd + izJ 4 ixk) = (exp(iyd + izJ + ixk))a, (A.2)
where
yd = Z yid;, zJ = Z zijJij, vk = Z Tijkij . (A.3)

i<j i#]

In the exponential function in (A.2), the content of notations is
given by formulas (A.3), but it is necessary to replace the quan-
tities {d;}, {Ji;}, and {ki;} by (11). The characteristic function
(A.2) is factorized by the index p. As a result, we get

ey, z,7) = p1(y,2,2)",
(A.4)

Index 1 in (A.4) indicates that a single term from the sum over p
should be taken in the relevant formulas determining d, J, and k.
In particular,

— > yia1a2,:/VP, 231 +xki =) a;Bi,
i i

Z aj—zij + \/» Z Aj+Tij-

J(>1) J(#9)
We recall that the variables a;4 are defined in (9). To factorize the
terms in (A.4) by index ¢ of particles, we use the integral identity

F(; ai_B;) = // d;iv )F(; uiBi>7

where we introduced the notation uv = Y, u;vs, va_ = >, via;—.
After simple transformations, we obtain

ng(y,Z,fE) = /duHF]-(u,y,z,x),
J

p1(y,z,z) = (exp(iyal +izJq + 'iqu)a.

yal =

(A.5)

exp(—iuv) exp(iva_
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Fi(u,y,2,x) = 1[exp(zL 1) cos (2w )8 (uj)+
+% exp(—iL;) exp(—2iw?)6(u; + 1/VP)+
+% exp(—iLy) exp(2iw?)3(uj — 1/VP)], (A.6)
where
;= ,TD Wi= > wizig, wf =Y i (A7)

i(<9) i(#£5)

Formulas (A.6) and (A.4) set an exact representation of the char-
acteristic function. In the limit of large P within the given pro-
cedure [17], we should take principal terms of the expansion of
¢1(y,z,x) in 1/P. This can be easily made, by expanding the
function d(u; & 1/v/P) in a series in 1/v/P at the first step. In
particular, we obtain

Fj(U,y,Z,X) ~ Fj()(ll,y,Z,X)—i-
1
7Fj2(u7y7z7x)7

1
+—=Fji1(u,y,z,x) + (A.8)

VP 2P
where
1
Fjo(u,y,z,x) = 5 [exp(iL;) cos(2wf) +exp(—iLj) COS(QUJJZ-)](S(UJ‘)7
F- — 1 i L in(2w? 6/ .
1(0,3,2,%) = — L exp(~iLy) sin(2))5(u5),
1 )
Fja(u,y,z,x) = 5 exp(—iL;) cos(2w?)8" (uy). (A.9)
The primes in (A.9) mean the derivatives of §-functions. In the

presence of J-functions, the integrals over the variables u; are sim-
ply taken after the substitution of (A.8) in (A.6). At the next
step, we expand the factors exp(%iL;) in degrees of 1/V/P. As a
result, we obtain
1

e1(y, 2, w)~1—fZ 2_7 4= 55 D T

4 2P ~—

<J i#]
Respectively, for the characteristic function (A.4) in the limit P —
oo, we get

1

p(y,z,x) =~ exp(—i (y2 +2z2 + x2)>. (A.10)

Performing the Fourier transformation of the characteristic func-
tion (A.10), we obtain the asymptotics of the distribution function
for parameters of the Hamiltonian \Il(d, J, k):

+ 2
Hr 2d ZE[J
><H exp

Z¢J

v(d, J, k)= exp(— JZZJ)

r

kfj). (A.11)

B. Approximation 1IRSB
Approximation 1RSB determines the replica symmetry breaking

(approximation RS) on a single step (see, e.g., [3, 15]). In this
approximation, the overlapping matrix @ is set in the form

Q, ifa=b;

Qab=194q, ifla—>bl>m; (B.1)

q1, ifla—0b <m,
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where m is the number of replicas in a group at the division of n
into n/m groups. The numbers m and n/m are set as integers. It
follows from definition (B.1) that if the indices of the matrix Qgp
belong to the same group, then Q. = g; if they belong to different
groups, we have Q.5 = ¢1. Relation (B.1) can be also written in
the matrix form as

Q=@Q-a)in+ (a1 — ) n ® Em +qEy. (B.2)

The matrices I and E are, respectively, the identity matrix and
a matrix, whose elements are equal to 1 (the index indicates the
matrix order). In formula (B.2), we used also the definition of a
direct product of matrices [19], which allows us to obtain

Q% =n{(Q — ) + m(¢} — ¢}, (B.3)
a,b
> maQabm = (Q — 1) > ma + q(z 7Ta>2+
a,b a a
n/m
+(g1 —q) Z(Z 7ra> ) (B.4)
k=1 acAyg

where Ay in (B.4) stands for the collection of replicas belonging
to the k-th group. The subsequent transformations are typical of
the method of replicas (see [3, 15]). Therefore, we give them quite
briefly. Let us substitute formulas (B.3) and (B.4) in the general
relations (24), (27), and (29). We perform the factorization by
replica variables in the calculation of Z1(Q) in (25) with the help
of the integral transformation

1 oo
1.2
= — dze 2% %%
Vor /
— 00

After a number of transformations, Z1(Q) can be written in the
form

oo
dz
71Q) = | L exp(=22/2)7V™, B.5
Q= [ e (B.5)
—0o0
where
T d
21 2 om
Zy = exp(—=z1/2)Z1",
1 / NeT xp(—21/2)Z]
— 00
1 J ﬁ
- T
71 = ?e 5 71' ?(qul)ﬁ2)><
X exp( ﬂ\/l + gmz) exp(BVq1 — qmz1). (B.6)
Passing to the limit n — 0 in (29), we obtain
N
o= 2 + (g — ¢2)) —
4\Fﬂ n B((Q* = a?) + mlaf — q%))
N 1 1 7 d
i i exp(—22/2)In Z;. (B.7)

——— lim —
Vam g—oo B ) 271
— 00
The quantity (B.7) depends on the parameters @, g, g1, and m, the
equations for which can be obtained by the simple differentiation

of (B.7) and on the basis of the general steady-state equation (27).
Simple calculations yield
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Zm 2
g= <<<<7r>~77m1 >21> > ) (B.8)
<Z1 )Zl z
The averaging in (B.8) over the variables z and z; is realized by
the formulas

(o= rexp( 22/2) (...), (B.9)
dzy 2
oz exp (—271/2) (...), (B.10)
and
1 1d
— ~1/12exp(ﬁ<p(7r))(...). (B.11)

Equating the derivative of (B.7) with respect to the parameter m
to zero, we get the equation for m:

1 , 11 /{Z7InZ4)z, _
L s m6< Zam > 0 (B

Jointly, the system of equations (B.8), (B.11) and formula (B.7)
yield a solution of the problem in approximation 1RSB. It follows
from the above formulas that, for g1 = ¢, approximation 1RSB
transits into the approximation of symmetric replicas [3, 14].

1
Zﬁ(‘l% - 112) +—

C. Approximation 2RSB

In approximation 2RSB ([15]), the overlapping matrix for replicas
is set in the form

Q=@
®Em, + qEn, (C.1)
where mj and msg determine, respectively, the number of replicas
in a group at the division of n replicas into groups and m; replicas
into m1/mo groups. In this case, m1, ma, and m1/msa are consid-
ered integers. The sense of the remaining notations was indicated

above. Substituting matrix (C.1) in the general relations (25) and
(29), we obtain

—q2)In + (g2 — q1)me ® Emy (1 — q)meGB

Q2 =n{(Q* - ¢3) + ma(a3 — 7)) + mui(d} — 4°)}, (C.2)
n/mso
> maQabmo = (Q — q2) ZW +l—a) ), ( > 7Ta)
a,b ka=1 a€Ay,
n/m
+a—a) Y < > 7Ta)2+q(z77a)27 (C.3)

k1=1 a€Ay,

where Ay, and A, in (C.3) stand for the collections of repli-
cas belonging to the relevant groups. Like the case of 1RSB, the
subsequent transformations consist in the factorization by replica
variables at the calculation of Z1(Q) (29). The logic of calculations
is the same as that for IRSB. After the necessary transformations,
we obtain

1
HIN = 5+ /5 Am A(Q — ) + maa} — ab)+

+mi(qf — q°) — —= Lz, (C.4)
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where

my

1
2 X - d
2= (25 5 ) e = [ T explBe(m),
1

otm) =~ Y22 4 Biq grey

Va2 — qimza + Va1 — qrz + /1 + grz. (C.5)
The free energy is a function of the parameters Q, g2, q1, g, m1, and
mg which can be easily determined from the general steady-state
equations (27). In particular,

Q= <Zil<<<7r2>25"2>22 ZPHIE ),
1 - oy e —1
@ = (- (P25 B )
1 . . 212
LA ENC A N R
1 - o e —1
0= (UM 25y (25T e ). (C.6)

The averaging over the variables z,z1, and z2 in formulas (C.5)
and (C.6) is carried out with the Gauss function, as in for-
mula (B.9).
are obtained by the differentiation of (C.4) with respect to mq
and mo:

The equations for the parameters m; and mo

3 1
Z(Q% —q°) + B3 (In(Z1))=—

L (L zmayms e —0 a1
B ) ) 0)= = 0, ()

1 1 72 % 7m2
R ) o (e (2 M)
1,1y o=t

S (R (2 e = 0. (©5)

mo 72
‘We iote 1that all formulas are written prior to the transition to the
limit 8 — oo. It follows from the structure of the above-presented
solution that approximation 2RSB passes to 1RSB for g2 = ¢1
and, respectively, to RS for g2 = ¢1 and q1 = gq.
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TAYCCOBE HABJIN?KEHHSA B OTITUMI3AIIIIHIN
SAJTAYI MOAEJII I'P1 V MEHIIIOCTI

B.C. Sniwescvrudi
Pezmowme

Meromamu crarucTudHOl (DI3UKM JTOCTII?KEHO ONTUMI3aliiiHy 3a-
Jady y Bimowmiit momesi rpu y menmocri. Onrumizaniiiny samady
3BEJIEHO JI0 BUBYEHHSI OCHOBHOI'O CTaHy PEIIiYHOIO raMiJIbTOHiaHa
3 BUITAJKOBUMHU IIapaMeTpaMu JAesiKol e(DeKTUBHOI CHCTEMHU 3 Helle-
PEPBHHUM CIiHOM. BHKOPHCTOBYIOYH i€l IEHTPAJIBHAX IPAHUYHUX
TeopeM Teopil IMOBIpHOCTEH, OTPUMAHO IPEACTABJICHHS NIt (DyH-
KIiil po3nonisy mapaMeTrpiB raMisibToHiaHa i BUKOHAHO IIepexis 10
rayCcCcoBOr0 PO3INOALLY y BUIAAKY Benukux P. 3acrocoByioum Ha-
6amxkennss 1RSB ta 2RSB B meTozi perutik, orpuMaHo 3a/1€KHICTb
MiHIMyMy JIOCJII?KyBaHOI BeJIMYUHU BiJ rmapamerpa «. [lokasano,
o B 00JIacTi 3aCTOCOBHOCTI 3aIIPOIIOHOBAHUN METOJ, JIa€ MEHIIL
3Ha4YeHHs MiHIMyMYy, Hi>k B OpHUTiHAJIBHUX POOOTAaX.
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