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Abstract

In this paper, we study the mathematical structures of the linear response
relation based on Plefka’s expansion and the cluster variation method in terms
of the perturbation expansion, and we show how this linear response relation
approximates the correlation functions of the specified system. Moreover, by
comparing the perturbation expansions of the correlation functions estimated
by the linear response relation based on these approximation methods with
exact perturbative forms of the correlation functions, we are able to explain
why the approximate techniques using the linear response relation work well.

PACS numbers: 02.30.Mv, 02.50.—r, 02.50.Tt, 05.20.—y, 75.10.Nr, 84.35.+i,
87.10.+¢, 89.70.+c

1. Introduction

Random spin models are regarded as probabilistic models in which each pair of random
variables interacts with each other. In this model, each node has a random variable (it is
often called a spin variable), and some pairs of nodes are connected by links. These links
represent interactions between random variables. In recent years, this kind of model and
associated theories have been employed not only in statistical mechanics but also in some
areas of information science [1, 2]. Since this kind of model has a complicated structure,
using it for real applications requires reducing computational complexity. Mean-field theory
(MFT) is a well-known theory to be used to avoid such problems. Thus, investigations of the
MFT are important in information science as well as in statistical mechanics [1].

Plefka’s expansion is one of the most important methods of the MFT [3]. Indeed, it is
utilized to resolve problems in machine learning and other applications [2]. This method can
be used to systematically obtain a perturbation from naive mean-field approximations and
obtain the averages of each node with any order of approximation. Note that the average of
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node means the average of the random variable at the node. Hence, the Thouless—Anderson—
Palmer (TAP) equation [4, 5] and its higher-order approximations can be obtained within
this method. The average of the node is one of the most basic and important variables in
statistics. Therefore, Plefka’s expansion is used for a wide range of problems. Besides the
average of the node, the correlation function, or the covariant, is also an important variable
in statistics. For instance, the correlation functions are employed in the learning algorithm of
Boltzmann machines [6]. However, understanding how the correlation functions are calculated
by using Plefka’s expansion is nontrivial. Kappen and Rodriguez applied the linear response
relation (LRR) to Plefka’s expansion to calculate the correlation functions [7]. The correlation
functions calculated by their method are approximate values, and it is well known that the
accuracy is good [7-9]. The object of this work is to find why their method leads to good
results. In order to investigate this, we need to examine the mathematical structure of the LRR
based on Plefka’s expansion.

The cluster variation method (CVM) is another one of the most important methods in
the MFT [11]. In this method, the entropies of some of the sets of nodes are introduced
such that one node entropies, two nodes entropies, etc, are regarded as the entropies of basic
clusters. The entropy of a specified system is expressed approximately in terms of a linear
combination of the entropies of these basic clusters. This method can be used to systematically
obtain the mean-field and the Bethe approximations for a specified system. The CVM can
treat the correlation functions within specified basic clusters, but the correlation functions
between random variables on distant nodes are not taken into account directly in this method.
Tanaka applied the LRR to the CVM and calculated the correlation functions between random
variables on distant nodes and he showed that his method can quite accurately estimate such
correlation functions in his numerical experiments [14]. Welling and Teh also applied the LRR
to the Bethe approximation [13]. The Bethe approximation can estimate not only the averages
of single nodes but also the correlation functions between random variables on neighboring
pairs of nodes. In their numerical experiments, these authors compared the approximate
accuracy of the correlation functions between random variables on neighboring pairs of nodes
estimated by the LRR by using the Bethe approximation with those estimated only by the
Bethe approximation and they concluded that the correlation functions estimated by the LRR
based on the Bethe approximation are more precise than the other ones. In this paper, we are
also interested in the mathematical structure of the LRR based on the CVM, and we want to
find why it leads to good results.

Hence, the purpose of this paper is to examine the mathematical structure of the LRR
based on Plefka’s expansion and on the CVM to show why the LRR works well. In section 2,
we outline Plefka’s expansion and the approximate technique based on the LRR (we call this
technique an approximate LRR in the present paper). In section 3, we show the exact form
of the correlation functions using Plefka’s expansion. In section 4, we see the mathematical
structure of the LRR based on Plefka’s expansion and compare it with the exact form given
in section 3. In section 5, we consider the mathematical structure of the LRR based on the
Bethe approximation and compare it with the exact form given in section 3. We provide some
concluding remarks in section 6.

2. Plefka’s expansion and the linear response theorem

Consider a graph consisting of N nodes. Each node is labeled by i € {1,2,..., N}, and a
binary random variable (or a spin variable) S; € {1} is assigned to a node i, and some pair
of the nodes are connected to each other by links. This system can be regarded as an Ising
spin system. Each pair of nodes i and j interacts with each other by a weighted link which
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is denoted by J;;, and h; acts on node i. Note that J;; is symmetric for its index: J;; = Jj;
and J; = 0. In statistical mechanics, these parameters {J;;} and {Ah;} are called exchange
interactions and external fields, respectively. The Hamiltonian H determining energy for each
configuration of random variables S = {S}, S,, ..., Sy} is given by

H(S h.J)==> hiSi— > J;S:S;. (1)
i @)

The summation in the first term of equation (1) is taken over all nodes and the summation

in the second term of equation (1) is taken over all distinct pairs of nodes. The notation (i)

denotes the pair of nodes i and j. h and J denote a set of external fields /; and exchange

interactions J;;, respectively; and they are given. The Helmholtz free energy for the system

specified by the Hamiltonian 7 is

1
F(h,J,p)=—ZIn > exp (—BH(S. h, J)), 2)
S

where f is the inverse temperature and ) _ ¢ denotes the summation taken over all configurations
of random variables: » g = ¢ _4 D 5 _yj - D5, —u- We want to calculate the averages
of §; at the thermal equilibrium state: (S;) = —dF (h,J, B)/dh; = Y ¢ Sip(S), where
(-) denotes the average with respect to the Boltzmann distribution of the Hamiltonian :
p(S) o exp (—BH(S, h, J)). However, it is difficult to calculate these averages exactly
because of computational complexity. Thus, we need to employ an approximation method.

2.1. Plefka’s expansion

Plefka presented an effective method specifically for this kind of problem which is called
Plefka’s expansion [3] and that we now outline it briefly. Plefka introduced a parameter « into
Hamiltonian (1) as follows:

HS h.J @) ==Y hiSi—a) J;SS;. 3)
i @)
Then he introduced the Gibbs free energy G, which is obtained by the Legendre transform of

the Helmholtz free energy determined by H. Note that the Helmholtz free energy determined
by H is

F(h,J,B,a) = —% In ) exp(—BH(S. h., J. ). 4)
S

Inthecaseof« =1, F = FsinceH = H. And by defining m; asm; = —8?(h, J, B,a)/0h;,
the Gibbs free energy is obtained as follows:

G(m, J,,B,a):f(h, J,/3,a)+Zh[(m, J, B, a)m;, 5

where m = {m, m», ..., my}. This is the Legendre transform of the Helmholtz free energy
in equation (4). Note that {m;} can be regarded as a set of independent variables, on which
h; depends on equation (5), i.e., h; = h;(m, J, B, «). It follows, then, that by expanding the
Gibbs free energy G with respect to «, one gets the following series:

o0 O[”
Gim, J, p,e) = G(m, B,0)+ 3 —-gu(m, J. ), ©6)
n=1 "
where for n > 1 we define
a"G(m, J, B, o)
o a=0
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This expansion is called Plefka’s expansion. Since g, is O(Ji';), this expansion can be
regarded as the perturbation expansion with respect to weighted links {J;;}. The coefficients
of the expansion up to fourth order are given explicitly as follows [12, 15]:

1 1+I’I’li 1+m,~ 1—m,~ l—m,-
G(m, B,0) = 3 Z ( S+ —— I — ) , (8)
gim, J, p) == Jymm;, ©)
()]
g(m, J,f)=—B) J; )(1 = m3), (10)

@j)

gs(m, J. B) = =48> > Jimim;(1—m})(1 — m?)
(i)

=682y Jij T (1 —mP) (1 = m3) (1 = m}), (11)
(ijk)
ga(m. J. ) = =28 JH(1 —m?)(1 = m3)(15mim3 — 3m} — 3m3 — 1)

@y
— 4883 Y " Jij (1 — m?) (1 = m3) (1 — my)

(@ijk)

X (Jijmimj + Jjem jmy + Jyimpm;)

=248 Y Jipddudi (1= m) (1 =m3) (1 = mp) (1 = m7), (12)
(ijkl)

where Z([ 1 and D k1) denote that the summation should be taken over all distinct 3- and
4-node clusters, respectively. By setting « = 1, the Hamiltonian H is equivalent to the
original Hamiltonian H, and equation (6) yields the true Gibbs free energy. Using one of
the properties of the Legendre transform, i.e., dG(m, J, 8, «)/dm; = h;(m, J, B, «), one
obtains self-consistent equations to determine {m;} at @ = 1:

=tanhﬁ(hi+2%w). (13)

am,-
n=1

Note that m; determined by equation (13) is expected to be equal to the average of S;:
m; = (S;).

There are infinite terms in equation (6) thus, in practical, one approximates them by finite
terms:

|
G(m, J, B, 1)~ Gu(m, J, B, 1) = G(m, ,0)+ Y _ -g(m, J, B), (14)
k=1 "
where G,(m, J, ,1) is the nth-order approximation of G(m, J, B,1). Since g, is
O(J}), G, is regarded as an approximation neglecting terms of O(J//*") in the true Gibbs
free energy. Under this approximation, {m;} are determined by the following self-consistent
equations:

anhf}(h +Z . ag"(m J. ﬂ)) (15)

One regards m; determined by equatlon (15) as the nth-order approximation of (S;).



The mathematical structure of the approximate linear response relation 9997

For instance, the first-order approximation specified by G, leads to the naive mean-
field approximation, and the second-order approximation specified by G, leads to the TAP
approximation. Hence, Plefka’s expansion can systematically derive the mean-field, the TAP
or higher-order approximations of the system [3, 12, 15].

2.2. The approximate LRR

In the framework of Plefka’s expansion, one can calculate the average of the random variables
of the system with any order of approximation. However, it is nontrivial to consider how the
correlation functions (S;S;) are obtained within this framework. Kappen and several authors
calculated the correlation functions approximately by applying the LRR to Plefka’s expansion
[7-9]. The differentiation of the Helmholtz free energy in equation (2) with respect to /; and
h j is

*F(h,J,

ﬁ = —B((5:S)) — (S)(S}) = —xi)- (16)

We now introduce the matrices x and A whose elements ij are y;; and A;;, respectively. A;;
is defined by

3°G(m, J, B, 1)

A
I Bmiamj

a7

The matrices x and A are each other’s inverse, i.e., x = A~ . This is the property of the

Legendre transform [7, 8]. Therefore, one can calculate a correlation function (S;S;) by the
relation

(SiS;) = lXij*'(Si)(Sj) = l[A_l]ij‘*'mimjv (18)
B p
where [A71]; ; is the element ij of the inverse of the matrix A and {m;} are determined by
equation (13). If one considers all the terms in equation (6), the last equality in equation (18)
is true. The relationship expressed by equation (18) is known as the LRR.
To obtain the correlation functions approximately, the matrix A is replaced by the matrix
A™ _whose element ij is defined by

w _ 9°Gu(m, J, B, 1)

A =
Y Bmiamj

; 19)

where G,(m, J, B, 1) is the nth-order approximation of G(m, J, 8, 1). Thus, one obtains

mfy), which is the nth-order approximation of the correlation function by using the LRR,

defined by

1
m" = —XI.(;) +mim;, (20)

ij 8
where Xif/l'i) is the element ij of the matrix x("), which is the inverse of the matrix A™, i.e.,
x™ = (A™)~!, and {m;} are determined by equation (15). To distinguish equation (20) from
equation (18), we call equation (20) an approximate LRR. Although the approximate LRR

does not hold exactly, it can be assumed to hold approximately: (S;S;) ~ mf;’) However, it
is not clear how equation (20) approximates true correlation functions.
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3. Exact expanded form of correlation functions

In this section, we show the exact perturbative form of the correlation functions using Plefka’s
expansion as given in section 2. The parameters {J;;} are independent variables of both
’I‘:(h, J, B,a) and G(m, J, B, @), and both are the Legendre transform of each other. It
is the basic property of the Legendre transform that the derivatives of F(h, J, B,a) and
G(m, J, B, a) with respect to such kind of variables as {J;;} (sometimes these variables
are called passive variables) are equivalent. In fact, this property is confirmed easily by
differentiating equation (5) with respect to J;;:

F F
BG(m’J’ﬁ’a)za (thvﬂra)+Za (h,J,,B,a)a_hk-'_ ahk

—Emy
J:; aJ;;i P dohy 0J;; P 3Jij
dF (h, J, B,
— M’ 1)
0J;;
where we use the relation m; = —Bf(h, J, B, «)/dh;. This equation holds for any value of
«. Thus, setting @ = 1, we obtain
oF(h, J, aG(m, J, B, 1
(h,J.p) _ 9G(m. J.p.1) )
3.],‘]‘ 8],‘]‘
Since dF (h, J, B)/0J;; = —(S;S;), using equation (6), equation (22) yields
(55) =~ Gm.p.0) - 23 Lo m. 1. p)
ivj) = T m,p, I —&\m, J,
=T 07, — m®
0 51 (m,J, B) (23)
= 5 —, &n mv ) .
8J,-j 1 I’l’g

This is the exact expanded form of the correlation functions. Using equations (23) and
(9)—(12), we can express the explicit form of the present expansion as follows:

(8;S;) =mimj+BJij(1—m7) (1 —m3) + 287 TJimim; (1 — m?)(1 — m3)
+B7(1=m}) (1 =m3) > Tuedii (1 = my)
k

B

+ (1- m?)(l — m?)(lSm%m? —3m? — 3m3 -1)

+43 Jigmim (1 —m7) (1 —m3) Y T dii (1 — my)
k
+2/33(1 — mlz)(l — m?) Z ijJkimk(l — mi)(ijmj + Jk,-m,-)

k
B0 =) (12 Y g = mi) (1) +O(). 2%
kti 1]

where {m;} are determined by equation (13), i.e., m; = (S;). The summation ), i refers to
the summation taken over all the nodes except node i.
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If there is no link between nodes i and j, the correlation function between random variables
Si and S; is

(Si8;) = mimj+ B (1= m7) (1 =m3) Y Jidii (1 — my)
k
+283(1 = m?) (1 =m3) Y JjeJiimie(1 = m3) (Jjm j + Jim;)

k
(1= m?) (1= ) 33 i~ m) (1 =) + O(F). @25)
k#i 1#]

which can be obtained by setting J;; = 0 in equation (24). Equation (25) expresses the
dependence between non-connecting nodes.

The framework of the (approximate) LRR is widely employed to calculate correlations
in several scientific areas besides physics [10]. However, the exact series expression of the
correlation functions on each system is not always obtained specifically as in this section.
Therefore, to clarify the property of the approximate LRR analytically, we suggest that it is
important to compare the correlation functions estimated by the approximate LRR with the
exact series expression of the correlation functions where their exact series expression can
be obtained specifically. Thus, in the following section, we will examine the mathematical
structures of the approximate LRR expressed by equation (20) in terms of the perturbation
expansion and will compare them with equation (24).

4. The mathematical structure of the approximate LRR

In this section, we examine the mathematical structures of the approximate LRR in terms
of the perturbation expansion with respect to weighted links J;; and clarify the reasons why
the approximate LRR in equation (20) can be expected to be a good approximation of the
correlation functions. We expand the right-hand side of equation (20) atn = l and n = 2
with respect to weighted links J;; and compare them with the exact form in equation (24).

4.1. The first-order approximation of the approximate LRR
The correlation function using the first-order approximation of the approximate LRR is

1
ml(]l) = Exi(jl) + m;img;, (26)
where {m;} are determined by equation (15) with n = 1; that is to say, the naive mean-field
equation. Since

22Gi(m, J, B 1) &
dm;om B(1 —m?)

i

A = — g 27

Xi(j-l), which is the element i j of the matrix x(!, is expanded as follows:

X =B I =m) (1 =m2) + B3 (1 —m) (1= m3) > Tyedii (1 = my)
k

B m?) (1= m?) Y i (1 m) (1 - mf) < O(). 28

ko1
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where i # j, and

xi' = B(1—m)+p Zfz (1—m
—m?)* > Z Jidida (1= m2) (1 —m?) + O(J}). (29)
ik

From equations (26), (28) and (29) the correlation function using the first-order approximation
of the approximate LRR yields

m) =mm;+ I (1—m)(1—m3) + B> (1 —m?) (1 = m3) > TuJii(1 = mf)
k

B =) (=) Y3 i1~ m) (1 =)+ O(F)  GO)
k 1

and

) = e T
+/33 1 —mj) ZZJiijkai(l —mi)(l —my) +O(Jij‘)
Tk

= 1+0(s2). 3D

When comparing equation (24) with equation (30), we immediately find that up to the first-
order terms both have the same form. It can be explained as follows: G(m, J, §, 1) can be
identified with G (m, J, B, 1) in a system where the terms of O(J;%) can be neglected because,

in such a case, AE}) = Ajj, Xi(jl) = x;j. From equation (24), (S;S;) = mim; + BJ;;(1 —
.2) (1 - 2.) + (’)(J -2.) and, therefore, the correlation function obtained by using the first-order
approximation of the approximate LRR must be m(l) =m;m;+BJ;; (1 m; )(1 m= ) + O(Jz)
It should be noted that m(l) has some contrlbutlons of the hlgher-order terms in

equation (24). Although G, neglects the contribution of the terms of (9(] 2) j ) includes
partial higher-order terms higher than the terms of (O(J;;) in equation (24) (compare
equations (24) with (30)). Indeed, the third term of equation (30) corresponds to the fourth
term of equation (24), and the fourth term of equation (30) includes the eighth term of equation
(24). This suggests that some higher-order terms in m( ) originate from the lower-order terms
in G;. This is an important characteristic of the approx1mate LRR. Although we expect that
(1) (S2> =1, m(l) generally differs from 1 by the contribution of the terms of (9( 3)

D and the

In the case of this approximation, we can calculate the general terms of m,;;",

result is as follows (see appendix A):

(1)—mm1+:3-]u(1_ )(1_’"3)4'(1_’"1'2)(1_ Z g Z Jiis Jisiy + -+ i j

n=1 01,02,.00sip

x(1=m;)(1=m})-- (1 —m]). (32)

i ir in
This correlation function includes the contribution of the terms which are dominant in the case
of the Hopfield model [15], and these terms can be expected to appear among the higher-order
terms in equation (24).

Since it is difficult to estimate the contribution of the higher order terms of m D for general
cases, as an example, we will explain it briefly with the simple case as follows. We consider
the system where all pair of nodes are connected, i.e., the full-connected graph, and all J;;’s
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and h;’s take the constant values: J;; = J/N and h; = h. It is one of the simplest mean-field
models. From uniformity of the system, averages (S;) for all i should take the same value and,
thus, we write (S;) = (S) for all i. Moreover, m; for all i determined by the naive mean-field
equations should also take the same value and, thus, we write m; = m for all i. In this case,
for large N, (S;S;) in equation (24) obtained by Plefka’s expansion and m(l) in equation (30)
obtained by the approximate LRR up to the presented orders are reduced to

J 2J2 2]2
<Sij>=<S>2+%<1 ($)%)% + ﬁ (A= (9 + ﬁ —— (1= (5%?
373 3 3J3
+ %(1 - <S>2)2(15<S>4 —6(8)* — 1)+ ’fvz (921 = (8)%)°
53 3
=M+ OB (33)
and
w_, 2, BJ ﬂ2 J? ﬂ3 J3

m) =m +W(1 —m?)?+ (1—m?)?+ (1 —m>*+0(B*JY, (34)
respectively. When comparing equations (33) and (34), we find that mfjl) includes the
contribution of only the terms of O(1) and O(1/N) in equation (33), and omits those of
O(1/N?) therein. Except the terms of O(1), i.e., the first terms of equations (33) and (34),
the terms of O(1/N) are the most dominant and are expected to play an important role for
large N. This simple example suggests that m( ) treats the significant terms effectively. This
argument is not always valid in general cases, but we think that the situation is similar for the
systems where variances of the distribution of the external interactions are small.

Diagonal elements of the approximate LRR, mfll ) in equation (31), up to the presented
order are reduced to

ﬂZ J2 /33 J3
mP =1+ —m®+ 1 —mD* + 0B Y, (35)
12 N N

for the above simple system. If the difference between (S) and m is very small, the terms
of O(1) and O(1/N) in equation (34) are almost corresponding to those in equation (33).
Therefore, mfjl) is almost corresponding to (S;S;) up to O(1/N) in high-temperature regions.
While, the difference between 1 and mf,l ) keeps O(1/N) at any m within (—1, 1). It may be
said that the approximation of (S;S;) and <Si2>(= 1) is qualitatively different in the presented
method. Identifying the reason why such a difference arises is one of our future objectives.

4.2. The second-order approximation of the approximate LRR

The correlation function using the second-order approximation of the approximate LRR is

1
(2) (2)
mg;; _,BX” +mmj, (36)
where {m;} are determined by equation (15) with n = 2, which is the TAP equation. Since
@ 92
A = Gy(m,J, B, 1
Y dm;om 2( A D

1
:iIB(Tm?)_Jij""BXk:Jik(l_m%) 8ij = Jij = 2B mim;, 37)
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by expanding )(i(jz) , which is the element ij of the matrix x® defined as the inverse of the

matrix A®, in a similar way to the previous section and using equation (36), we obtain the
correlation function when using the second-order approximation of the approximate LRR as
follows:

(2) =m;m; +ﬁJ,]( ,2)(1 — m?) +2,32J5-mimj(1 — mlz)(l —m?)
+82(1—m?)(1 —m’;’.)ZijJk,-(l —m?)

+2p%(1 —m?)(1 —m? ZJ,ka,mk(l —m2)(Jem j + Jim;)

+B (1 —m?)(1 = m?) Z > Tiedia i (1= mg) (1 — my)

ki 4]
— B3I (1 = m2) (1 —m2)* +O(J1) (38)
and
m =1+ 31 =m?)’ Y3 Jidu (1 = m?)(1 — m3)
J# ki
+48%m; (1 —m Z Smi(1—m?)+0(J})
—1+0(2). (39)

A comparison of equations (24) with (38) shows that up to the second-order both have the
same form, and m@ has contributions of some higher-order terms than (’)( .2) in equation

(24) (compare equations (24) with (38)). m(z) takes the contributions of higher-order terms

M @

in equation (24) into account more precise than m;; . Therefore, m;;" can be expected to

accommodate complex situations better than m Moreover from equatron (39), m ) is not
equal to 1 as a result of the contribution of the terms of O( J)

From the above arguments presented in this section, we found that the correlation
functions estimated by the approximate LRR have contributions of some higher-order terms
than terms taken into account in G,,. For instance, in spite of neglecting the terms of (’)(Jl%.) in

Gy, f}) , which is calculated by using G, has contributions of some of the terms of O(J73) in

equation (24). Similarly, in spite of neglecting terms of O(J;}) in G,, m ), which is calculated
by using G, has contributions of some of the terms of O (13) inequation (24) Itis an important
property of the approximate LRR. This property is the reason why the approximate LRR can
be assumed to be a good approximation of the correlation functions.

5. Correlation functions estimated by the Bethe approximation and by the
approximate LRR

In this section, we compare the correlation functions estimated by the Bethe approximation in
the CVM with those obtained by the approximate LRR. The Bethe approximation can estimate
not only the average of the random variables on each of the nodes but also the correlation
functions between two distinct random variables on each neighboring pair of nodes. The
Bethe approximation regards the correlation function between S; and S; as

gij = COth(Z,BJ,'j)(l — \/1 — (1 — miz — mjz)tanhz(Z,BJ,-j) — 2m,-mjtanh(2,31,»j)), (40)
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where &;; denotes the correlation function estimated by the Bethe approximation, and {m; } are
determined by the Bethe approximation [16]. It is well known that the Bethe approximation
gives exact results when the system is regarded as a tree. By expanding &;; with respect to J;;,
we obtain the following series:

Sij =m;m; +,3]l'j(l — m,z)(l — m?) +2ﬁ2]§m,~mj(l — mlz)(l — m?)
373
3 L(1=mi)(1 = m3)(15mim3 — 3m} —3m3 — 1) + O(J3). (41)

It is known that the Bethe—Gibbs free energy includes only the contributions of the
mean-field entropies and the contributions of neighboring pair of nodes in Plefka’s expansion
(equations (8)—(10) and the first term of equations (11) and (12)) [16]. Thus, the Bethe—Gibbs
free energy is

1 1+ m; 14+ m; 1 —m; 1 —m;
GB<m,J,ﬂ)=EXij( P )-%Jijmim,

SR -m) -, .——Z Jmim (1= m?) (1 = m3)

@y @)

B’ 4 2 5
— = T = m) (1= m3)(15mim} = 3m} = 3m% — 1)+ O(J7).  (42)
@)
The explicit derivation of G in equation (42) is given in appendix B.
To apply the framework of the approximate LRR in equation (20) to equation (42), it is
possible to express the correlation function as

1

B B

mi = ﬂxi(j)+m,-mj, (43)
where m B denotes the correlation function estimated by the approximate LRR based on the
Bethe approx1mat1on and i& ) denotes element i j of amatrix which is the inverse of the matrix
A® whose element ij is defined by

AB = 0 G J
7 == a B(ma 1ﬂ)

H ami mj

1
= m 'BZ (l—mk +4ﬂz Smimy(1 — my)?

28777
— Jij = 2BJmim; — 3 /

(1=3m})(1 = 3m3) +O(J5). (44)
Expanding Xi(jB) with respect to the weighted links {J;;} and using equation (43), we obtain
mgf) =m;ym; + ﬂJij(l — mlz)(l — mi) +2ﬂ2‘]5»mimj(1 — mlz)(l — mi)
+B7(1=m}) (1 =m3) > Ty dij (1 — m3)
k

33
+ﬂJij
3

(1—m?)(1 = m3)(15mim3 — 3m} —3m; — 1)
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+283(1 = m?) (1 =m3) Y Judigmi(1 = mi) (Jumi + Jgjm ) + O(J5)
k

+B (1 =m}) (1 =m3) > > Tudiadyy(1 = mp) (1 = m}) (45)
k£j 1
and
(B) 1+:33 I ZZ‘II}J}kal —m?)(l —mi)+(9(.]3-)
A kA
=1+0(J;}). (46)

From equation (41), one finds that &;; only includes the contributions of neighboring pairs
of nodes. In contrast, ml(j ) includes a wider range of contributions of nodes including some
loops. This is an important point when considering the approximate accuracies of both &;; and
m@) Welling and Teh compared the approximate accuracies of both approximations in their

numerlcal experiment and concluded that the correlation function estimated by m(J ) is more

precise than &;; for neighboring pair of nodes [13]. Therefore, we found that a wide range of
contributions of nodes play an important role in achieving approximate accuracy.
For non-neighboring pair of nodes i and j, &§;; = m;m , while

m®

mi® = mom; + 20— md) (1 = m2) 3 Gy (1 = m)
k
+283(1—=m7) (1= m3) > Jucdigme(1 = mg) (Juum; + Jijm)
k

+B (1 =m}) (1 =m3) > > Tududj(1 = mp) (1 =m]) + O(J1). (47
k#j i

For non-neighboring pairs of nodes, &;; does not take the dependence between S; and §; into
account, while mgf) does. Tanaka combined the CVM and the LRR to calculate the correlation
functions within the framework of the CVM, and his numerical experiments showed that his
method provides good estimates of the correlation function between random variables on
distant nodes [14]. The fact that m(]B) takes the dependence of non-neighboring pairs of nodes
into account explains why Tanaka’s method gives good results. Although his formulations
used a more general framework of the CVM than the Bethe approximation [14], we are of the
opinion that his method works well essentially because it conforms to the principles discussed
in this section.

Using the framework of the cavity method, Montanari and Rizzo added the contributions
of higher-order correlation functions to the Bethe approximation to compute loop corrections
[17]. They employed the approximate LRR to estimate correlation functions, and thus the
lowest-order the correlatlon functions called ‘two-point correlation functions’ in their paper
correspond to m( ij s Since m(jB includes the contributions of some loops, it can be expected
that the contributions of the correlation functions work effectively to compute loop corrections
in their method.

6. Concluding remarks
In the present paper, we showed the exact form of the correlation functions in terms of the

perturbation expansion with respect to weighted links and the mathematical structure of
the approximate LRR by using the naive mean-field approximation, the TAP equation and the
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Bethe approximation. A comparison of the correlation functions of the exact expansions with
those of the approximate LRR showed that they have similar forms in higher-order terms. This
means that the approximate LRR can effectively consider effects of surrounding nodes. We
found that these similarities make the approximate LRR a good approximation. Moreover,
we have explained that the approximate LRR is effective when used in the CVM because
the approximate LRR for the CVM can treat higher-order correlations which are not treated
directly by the CVM only.

Remark that the effectiveness of the approximate LRR argued in the present paper assumes
that the approximate accuracy of {m;} is good. For instance, the exact expanded forms of
the correlation functions obtained by Plefka’s expansion in equation (24) provide the exact
correlation functions when {m;} take exact values. Thus, higher-order correlations treated by
the approximate LRR should behave effectively when {m;} take values close to exact values.
If the approximate accuracy of {m;} is poor, the approximate LRR cannot be guaranteed to
provide a good approximation. We discussed the contributions of the higher-order terms of the
first-order approximate LRR using a simple system in section 4.1. However, for more complex
systems, the contributions of the higher-order terms are anticipated to be more complex and
the effectiveness of terms omitted in the approximate LRR may be significant. To clarify the
effectiveness of the approximate LRR for more complex systems, this will be the object of our
future work.
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Appendix A. Derivation of equation (32)

In this appendix, we show the derivation of equation (32). To expand x" with respect to J;;
s, we obtain the following series:

SUNINUIINS SE5 DETH D

it " G g O

(1)

--0J;, Jiviv o iy (A.D

=0

From equation (27), if all J;;’s are equal to zero, i.e., J = 0, we get
xPlyzo = (A g = diag (B(1 — m}), ..., B(1 —m3)) = DD, (A.2)

Since the element k/ of the matrix 9 A" /0Jij is —8;; 1 which is Kronecker’s delta defined as
follows

1 ((ij) and (kl) represent the same link)
Sijk = ) (A.3)
0 (otherwise),
we obtain the first-order terms of equation (A.1):
ox"V -y m? o =y D(l) D“) (A.4)
0T X5, X '
Gjpy I 1T=0 an it J=0 an Jivs
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The second-order terms of equation (A.1) are

EDIPIET I DIPIEL Ll el
T (i) o) “jzajlzn J=0 (l]/])(l?]?) "J‘ 8‘11212
o
Ly 3 oA ptAl
L) o) i iy
9AD
= (_1)2 Z Z D(l) D(l) D(])7 (A.5)

@1 1) (i2)2) ”j' 12J2

since all elements of the matrix 92A" /0J;ijoJy are zero. The third-order terms of
equation (A.1) are

33 (1)

Z DB Dy A 075500010000 |

() (22) (i33)

AD 54D 54O
—(—1)} D(l) DO DO
=02 2, TRy

(i1 j1) (2 )2) (i3)3) Jivj hh '3J3

DD, (A.6)

All terms of the higher-order derivatives above the second-order vanish. Therefore, we obtain
the nth-order terms of equation (A.1) as follows:

DD o
(i) (injn) a‘]iljl T a‘linj,z

3A(l) BA(”

— Y Y o2 po A po poldpa - (ag)
aJn,l i), o7,
@) ) i

Therefore, we obtain the expanding form of the matrix x!) as follows:

= 540 340
XV =DV 4y (=1 Yy > D<1> C po?A o padAT po

n=1 (@i1j1) (in jn) lljl aJiij in Jn

X Jivji - i (A.8)

Using equation (A.8), we obtain equation (32).

Appendix B. Derivation of G g in equation (42)

The Bethe—Helmbholtz free energy is given by

FB(h’J’ﬁ)Z_Zhimi—ZJij&j Z(l—zl) Z 1+Sm’ 1+Sm’

@) Si==+1
1 Z Z 1+ Simi + Sjmj + S,‘ij,'j In 1+ Simi + Sjmj + S,‘Sjsij

T3 4 4
'B @ij) Si,Sj==+1

’

(B.1)

where m; and &;; are determined so as to satisfy d Fg/0m; = dFp/0§;; = 0 and z; is defined
as the number of neighbors of node i. m; and &;; are regarded as functions of h, J and B.
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Note that 0 Fp/ 8& ; = 0 leads to equation (40). To apply equation (41) into F, we obtain

Fy(h. J. ) = ZZ 1+Sm, 1+Sm,_2hml ZJl]mmj

i §==*1 @)

Z]ZI— )(1—m .——Z Smim (1= m?) (1 —m?)

(t/) ()]

ZJ“ (1 =m})(1 = m3)(15mim% = 3m? —3m’ — 1) + O(J;). (B.2)

(l/)
The above calculations are discussed particularly in [16]. To obtain the Bethe—Gibbs free
energy (42), we employ equation (B.2) instead of equation (B.1).
Since 0 Fg/dm; = 0 and {m;} are functions of h,
8 FB 8 FB Bmk

_— i+ — = —m,;. B3
on, " — 3y o, m (B.3)

Therefore, we obtain the Bethe—Gibbs free energy, which is the Legendre transform of the
Bethe—Helmholtz free energy (B.2), as follows:

Gy(m,J,B)=Fy+ Y him;. (B.4)
This leads to the expression of G 5 in equation (42).
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