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Percolation Thresholds of the Fortuin-Kasteleyn Cluster
for the Edwards-Anderson Ising Model on Complex Networks

—— Analytical Results on the Nishimori Line —
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We analytically show the percolation thresholds of the Fortuin-Kasteleyn cluster for the
Edwards-Anderson Ising model on random graphs with arbitrary degree distributions. The
results on the Nishimori line are shown. We obtain the results for the +.J model, the diluted
+J model, and the Gaussian model, by applying an extension of a criterion for the random
graphs with arbitrary degree distributions. The results for the infinite-range +J model and
the Sherrington-Kirkpatrick model are also shown.

Subject Index: 041
§1. Introduction

The study of complex networks has recently been carried out, and the study of
spin models on the complex networks is important.)) As an example of such a spin
model, we study in this article spin models on random graphs with arbitrary degree
distributions. The behavior of spins on a no growing network is investigated.

We investigate the Edwards-Anderson Ising model?) as an Ising spin-glass model.
The understanding of the Edwards-Anderson Ising models on random graphs and
on the Bethe lattice is still incomplete.)-3):4 In this article, the +J model, the
diluted £J model, and the Gaussian model for the Edwards-Anderson Ising model
are investigated. For those models, there is a special line, called the Nishimori line, on
the phase diagram for the exchange interactions and the temperature. The internal
energy, the upper bound of the specific heat, and so forth are exactly calculated
on the Nishimori line.?)® The location of the multicritical point for the Edwards-
Anderson Ising model on the square lattice is conjectured, and it is shown that the
conjectured value is in good agreement with other numerical estimates.'® In this
article, the results on the Nishimori line are shown.

There is a case where a percolation transition of networks occurs. A network
is divided into many networks by deleting some of its nodes and/or links. We call
this transition ‘the percolation transition of network’ in this article. There is also a
case where a percolation transition of clusters occurs. A cluster consists of fictitious
bonds. The bond is put between spins. One of the clusters becomes a giant compo-
nent when a cluster is percolated. We call this transition ‘the percolation transition
of clusters’, and discuss the percolation transition of a cluster on a complex network.

In this article, the percolation transition of the Fortuin-Kasteleyn (FK) cluster is
investigated. The FK cluster has the FK representation.'!)!2) In the ferromagnetic
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400 C. Yamaguchi

Ising model, the percolation transition point agrees with the phase transition point.
The agreement is described in Ref. 13). Powerful Monte Carlo methods using the
FK cluster have been proposed.!®) 18 The Edwards-Anderson Ising model has a
conflict in the interactions: the percolation transition point disagrees with the phase
transition point. There are numerous approaches for resolving the disagreement by
extending the FK representation.'® On the other hand, it was pointed out by de
Arcangelis et al. that the correct understanding of the percolation phenomenon of
the FK cluster in the Edwards-Anderson Ising model is important since a dynamical
transition occurs at a temperature very close to the percolation temperature, and
the dynamical transition and percolation transition are related to a transition for a
signal propagating between spins.2?) The dynamical transition is characterized by a
parameter called the Hamming distance or damage.%) In this article, the percolation
threshold is analytically found.

The study of random graphs with arbitrary degree distributions has been carried
out in Ref. 21). Our results are obtained by applying an extension of a criterion?2)-24)
for random graphs with arbitrary degree distributions. The results for the infinite-
range +J model and the Sherrington-Kirkpatrick (SK) model?®) are also shown.

This article is organized as follows. First in §2, a complex network model and
the Edwards-Anderson Ising model are described. Next in §3, the FK cluster is
explained. After elucidating a criterion for the percolation of a cluster in §4, we will
find in §5 the percolation thresholds for the +J model and the diluted +J model.
The result for the Gaussian model is shown in §6. The final section is devoted to a
summary.

§2. A complex network model and the Edwards-Anderson Ising model

A network consists of nodes and links. A link connects nodes. In this article,
as a complex network model, random graphs with arbitrary degree distributions are
investigated. The network has no correlation between nodes. The node degree, k, is
given with a distribution p(k). The links are randomly connected between nodes.

We define a variable b(i, j), where b(i, j) is one when nodes i and j are connected
by a link. b(i, j) is zero when nodes i and j are not connected by a link. The degree
k(i) of node i is given by

() = 37 b(isd) (21)

The coordination number (the average of the node degree for links), (k)y, is given
by

1 N
(k) = 5 D) 22)

where ()y is the average over the entire network. N is the number of nodes. The
average of the square of the node degree for links, (k?)y, is given by

N ,
()5 = 5 DK (2:3)
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Fig. 1. Relation between the aspect a and the model on the network.

We define 2 (k)
N
o= (2-4)
where a represents an aspect of the network.

Figure 1 shows the relation between the aspect a and the model on the network.
The network is almost a complete graph when a is close to zero, and the model on
the network is almost an infinite-range model. The model on the network is the
infinite-range model when (k)y = N —1, (k?)y = (N —1)?, and a = 2/(N —1). The
network consists of many cycle graphs when the coordination number (k)y is two.
The model on the network consists of many chain models when (k) is two. In the
Erdés-Rényi (ER) random graph model and in the Gilbert model, the distribution of
node degree is the Poisson distribution.) The ER random graph model is a network
model wherein the network consists of a fixed number of nodes and a fixed number
of links, and the links are randomly connected between the nodes. The Gilbert
model is a network model wherein the link between nodes is connected with a given
probability. In the ER random graph model and in the Gilbert model, (k) = 1 and
(k*)y = (k)N ((k)n + 1) = 2 when a is one.

The Hamiltonian for the Edwards-Anderson Ising model, H, is given by

H=—) Ji;SiS;, (2:5)

(6,3)
where (i, ) denotes nearest-neighbor pairs, S; denotes the state of the spin at node
1, and S; = £1. J; ; is the strength of the exchange interaction between spins. The
value of J; ; is given by the distribution P(J; ;). The £J model, the diluted +.J

model, and the Gaussian model are given by specific P(J; ;).
For the +.J model, the distribution P&+/)(.J;;) is given by

P(iJ)(JiJ) = péji,j7j + (1 - p) 5Ji,j,_=]7 (2'6)

where J > 0. p is the probability that the interaction is ferromagnetic (J; ; = J).
1 — p is the probability that the interaction is antiferromagnetic (J; ; = —J).
For the diluted +J model, the distribution P(P*/)(.J; ;) is given by

P(D:I:J)(Jm,) — p(;Ji,jJ + q(SJm.,,J + T(SJM,O ) (2:7)

where J > 0 and p+ g+ r = 1. p is the probability that the interaction is ferro-
magnetic (J;; = J). ¢ is the probability that the interaction is antiferromagnetic
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402 C. Yamaguchi

(Jij = —J). r is the probability that the interaction is diluted (J;; = 0). This
model is the +J model when r = 0.
For the Gaussian model, the distribution P(Ga“SSian)(Jm) is given by

1
P(Gaussw,n)(J ,j) — e—(Ji,j_J0)2/2J2 . (28)

The average of J; ; is given by [J; j]r = Jo, where []g is the random configuration
average. The variance of J; ; is given by [Jgj]R — i )% = J2

To calculate thermodynamic quantities, a gauge transformation® 926 wherein
the transformation is performed by
Jij = Jijoioj,  Si— Sioi (2:9)

is used, where o; = +1. It is known that the gauge transformation has no effect
on thermodynamic quantities.2®) Following the gauge transformation, the H part
becomes H — H and the P(J; ;) part becomes P(J; ;) — P(J; joio;).

§3. The Fortuin-Kasteleyn cluster

The bond for the FK cluster is put between spins with probability Prk (S;, S;, Jij)-

The value of Prk depends on the interaction between spins and the states of spins.
We call the bond the FK bond in this article. Ppg(S;, S;, Jij) is given byQO)

PFK(Si7 Sj, Jij) -1— e_BJijSiSj_IB|Ji]" 7 (3.1)

where ( is the inverse temperature and § = 1/kgT. kp is the Boltzmann con-
stant and T is the temperature. By connecting the FK bonds, the FK clusters are
generated. By the gauge transformation, the Prg part becomes Prx — Prk.
Figure 2 shows a conceptual diagram of a network and an FK cluster. Three
nodes, six links, three spins, an FK bond, and an FK cluster are depicted. Spins are
aligned on each node. The percolation of the FK cluster is discussed in this article.

FK cluster L

\ Link Node

Fig. 2. Network and FK cluster. Three nodes, six links, three spins, an FK bond, and an FK cluster
are depicted. Spins are aligned on each node. The percolation of the FK cluster is discussed in
this article.

FK bond Spin +
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The thermodynamic quantity of the FK bond put between the spins on nodes %
and jv [<bFK(Z7])>T]Ra is given by

[(brk (i, 7)) 1] R = [(Prk(Sis Sj, Jij))T]R , (3-2)

where ()7 is the thermal average. The thermodynamic quantity of the node degree
for FK bonds at node 4, [(krk(i))7]|R, is given by

(ke (i)rlr = [ Y. Pex(Si, S, Jig))rlg - (3:3)
{51b(i,5)=1}
The thermodynamic quantity of the square of the node degree for FK bonds at node
i, [(kpx (1)) 7] R, is given by

(kR () rlr=[[{ > Pek(Si 8, i)
{31b(3,5)=1} {i|b(i,1)=1}
x Prk (Si, St, Jig) (1 — d5.)
+ Y Pek(Si S5 Jig)) R (34)
{5lb(i.5)=1}
The thermodynamic quantity of the node degree for FK bonds, [(krk)7]R, is given
by

N
1 .
[{krc)T]R = & Z[(k‘FK(mT]R- (3:5)
The thermodynamic quantity of the square of the node degree for FK bonds, [(ky)7]r;
is given by
L
[(kfx) 7] R = N > [k ())rlr- (3-6)

i
§4. A criterion for percolation of clusters

The percolation of the random graphs with arbitrary degree distributions occurs
when22)-24)
(F)n = 2(k)w - (41)

Equation (4-1) is the inequality when the network is percolated. Equation (4-1) is
the equality when the network is at the percolation transition point. The criterion
(Eq. (4-1)) is true for a sufficiently large number of nodes. Equation (4-1) is derived
by Molly and Reed,??) Cohen et al.,2) and Newman et al.29

From Eq. (4-1), the network is percolated when a < 1 and the network is at the
percolation transition point when a = 1. The network is unpercolated when a > 1.
Therefore, the percolation of clusters is investigated for 0 < a < 1.

When links and/or nodes are randomly diluted on the random graphs with
arbitrary degree distributions, the criterion (Eq. (4-1)) is applicable to the diluted
network.23) The percolation problem for the diluted network can be regarded as
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404 C. Yamaguchi

the random-bond percolation problem. We define the bond states as the graph G.
We define the node degree for random bonds at node i as krandombond(G, 7). The
random bonds are randomly put on the links, and the links are randomly connected
between the nodes. The criterion of the percolation of clusters for the random-bond
percolation problem is given by

1 N2 ,
N Z k?andom bond(G¢ Z) > N Z krandombond(Gv Z) : (42)

In what follows, a criterion of the percolation of clusters for spin models is
conjectured on the basis of the above discussion.

We consider a case that the magnitude of a bond does not depend on the degree
k(7). The bond is a bond put between spins and includes the FK bond. We define
a variable for the inverse temperature as p(/3). We set

)-
0<p(B)<1. (4-3)

We consider a case that [(bhona(i,7))7] R, [(kbond(?))7]rs and [(kZ _4(i))7]Rr are re-
spectively written as

[(bbona (i, 4))7]R = P(B) (4-4)
[(kbona (2))7]R = p(B) k(i) , (4:5)
[(Kpona(i))7]R = p°(8) k(0)[k(5) — 1]
+ p(B) k(i) - (4-6)
In this case, it is implied that the bias for k(7) does not appear in the statistical results
of the bonds. Therefore, we describe the case that [(bpond(Z,7))7]Rs [(kbond(?))7] R,

and [(kZ, 4(1))7|r are respectively written as Eqs. (4-4), (4-5), and (4:6) as the case
that the magnitude of the bond does not depend on k(7).

When the magnitude of the bond does not depend on k(i), as an extension of
Eq. (4-2), we conjecture

% Z k%ond({S]‘}, {Jj,l}7 G, Z) > % Z kbond({Sj}a {J]}l}v G, 7’) . (4'7)

Since the magnitude of the bond does not depend on k(i), the bonds are randomly
put on links, and the links are randomly connected between nodes. {S;} is a subset
of spin states. {J;;} is a subset of exchange interactions. kponda({S;},{Jj1},G,1%)
is the node degree for bonds at node ¢ in the graph G that is compatible with
{S;} and {J;;}. Equation (4-2) is true for a sufficiently large number of nodes.
Therefore, Eq. (4-7) may also be true for a sufficiently large number of nodes when
the magnitude of the bond does not depend on k(7). By using Eq. (4-7), we obtain
a conjectured criterion of the percolation of clusters for spin models as

[<kk2)ond>T]R > 2[<kbond>T]R . (48)

Equation (4-8) is the inequality when the cluster is percolated. Equation (4-8) is the
equality when the cluster is at the percolation transition point. Equation (4-8) gives
the percolation threshold of the clusters.
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§5. The +J model and the diluted +J model

By using Eq. (2+6), the distribution P&/ (.J; ;) is written as

BpJi,;
pEJ) Ji __ e Ji:=+J 5.1
( :J) 2 COSh(IBPJ) Y 5] Y ( )
where fp is given by®) )
p
Bp = ﬁ ln (5-2)

When the value of 8p is consistent with the value of the inverse temperature (3, the
line on the phase diagram obtained using Eq. (5-2) is called the Nishimori line. By
using the gauge transformation, the distribution P&/ )(Ji,j) part becomes

Tis) = [2 cosh(BpJ) N

Z{g‘} €BP Z(i,]’) Ji,jO'in
2N[2 cosh(BpJ)|NB

where Np is the number of nearest-neighbor pairs in the whole system.

By using Egs. (2:9), (3-1), (3-2), and (5-3), when 8 = (p, the thermodynamic

quantity of the FK bond put between the spins on nodes i and 7, [(bpk (7, j))7 ](iJ),

is obtained as
[(brk (4, 7)) = > ] P*0m)
{Ji,m} (Lm)
sy P51, Jog) P m S
s ¢t e

_ 1
2N[2 cosh(BpJ)|NB

XY PRK(Si, S Jig) €7 2 TS

(5-3)

{Jm} {80}
= tanh(BpJ) . (5-4)
By using Egs. (2:9), (3-1), (3-3), and (5-3), when 8 = (p, the thermodynamic
quantity of the node degree for FK bonds at node 1, [(kFK(i»T]gJ), is obtained as
[(kex (D) 7157 = tanh(BpJ) k(D). (55)
By using Egs. (29), (3-1), (3-4), and (5-3), when 8 = [p, the thermodynamic

quantity of the square of the node degree for FK bonds at node i, [(kZ (z’))T]g[J),

is obtained as

[(k2x (0))7] ") = tanh?(Bp.J) k(i) k(i) — 1]
+ tanh(8pJ) k(i) . (5-6)

¥20Z Iudy 0g uo 1senb Aq 2686G8L/66€/S/vZ L/81oe/did/woo dno-olwepeoe)/:sdyy wouy papeojumoq



406 C. Yamaguchi

We set
P (Bp) = tanh(Bp.J). (57)
Equations (5-4), (5-5), (5-6), and (5-7) are formulated as Eqgs. (4-4), (4-5), and
(4-6). Therefore, the magnitude of the FK bond does not depend on k(7). By
using Egs. (3:5), (3:6), (4-8), (5-5), and (5-6), we obtain

2(k) N
(k)N

Equation (5-8) is the inequality when the FK cluster is percolated. Equation (5-8)
is the equality when the FK cluster is at the percolation transition point.

From Egs. (4-3) and (5-7), there is the percolation transition point for 0 < fp <
oo. From Eq. (5-8), there is the percolation transition point for 0 < a < 1. By using
Egs. (5-2) and (5-8), the probability p(*/) that the interaction is ferromagnetic is
obtained as

1 — exp(~20pJ) > (58)

1
P(i‘]) ~95_4 (5:9)

at the percolation transition point. By using Eqs. (5-2) and (5-9), the percolation

TI(DiJ)

transition temperature is obtained as

kg lnlfla ( )

2
TI(DiJ) J

Figure 3 shows the percolation threshold of the FK cluster for the £J model.
Figure 3(a) shows the relation between the aspect a and the probability p(*7). Equa-
tion (5-9) is used for showing Fig. 3(a). Figure 3(b) shows the relation between the

aspect a and the percolation transition temperature T},i‘]). Equation (5-10) is used
for showing Fig. 3(b). J/kp is set to 1.

For the ferromagnetic Ising model on the same network, the phase transition
temperature T éFerro) ig27),28)

J 2
T(Ferro) L 5.11
¢ kpIn ﬁ ( )
TI(DiJ) (Eq. (5-10)) coincides with TéFerro).
The complete graph is considered as a ~ 0. We set (k)y = N — 1, (k*)y =
(N -1)%, a =2/(N —1), and J — J/v/N. From the settings, the model on the
network becomes the infinite-range +J model. By using Eq. (5-9), the probability

pIRET) that the interaction is ferromagnetic is obtained as

N -1 1
(RtJs) _ V=1 1 5.19
P 2N —2) 2 (5:12)
for a sufficiently large number of nodes at the percolation transition point. By using

T}(DIRiJ)

Eq. (5-10), the percolation transition temperature is obtained as

(IR+.J) J 2 J
T = — —VN 513
P kB\/Nln(leﬁ) kp ( )
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Fig. 3. Percolation threshold of the FK cluster for the +J model. (a) Relation between the aspect
a and the probability p™*7). (b) Relation between the aspect a and the percolation transition
¢ () .
emperature T ~. J/kp is set to 1.

for a sufficiently large number of nodes.

In Ref. 19), the percolation transition temperature of the FK cluster for the
infinite-range +.J model is derived by using the analytical solution of the SK model.
The percolation transition temperature of the FK cluster for the infinite-range +.J
model obtained in this article agrees with the result for a single-replica case in
Ref. 19). Therefore, we were able to confirm that our result is exact at this extremal
point.

We consider the case for a = 1. By using Eq. (5-9), we obtain p = 1. By using
Eq. (5-10), we obtain Tp = 0. From Eq. (4-1), the network is at the percolation
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transition point. From p = 1, the exchange interaction is only the ferromagnetic
interaction. From Tp = 0, all the spins are parallel. From p = 1 and Tp = 0, we
obtain Ppg = 1 for all nearest-neighbor pairs. Therefore, the FK cluster and the
network are at the percolation transition point. We were able to confirm that our
result is exact at this extremal point.
By using Eq. (2:7), the distribution PPF))(J;;) for the diluted +.J model is
written as SO i
P(DiJ)(Ji,j) _ e P “i,j PJij

: 514
BRI 48T || 4 B I2=BpT (5:14)

where ﬁg) and (p are respectively?)

2 _ 1 Pq 1 P
o = iy /2 5p—71n\/g. (5:15)

This model becomes the +J model when r» = 0. In what follows, the result for r # 0
is only described since the result for the +J model is described above. By using the
gauge transformation, the distribution P(P+/ )(Jiu’) part becomes

(2) 2 .
eBp’ iy Jig PP Xi gy Ji

pOEN ]y _
g ( ’l,]) (eﬁg)J2+BPJ + 1 + eﬂg)JQ_ﬁpj)NB

2
Do} € B Ci) T8 Ly Jisi0
o
-

: 5-16
ON (85 T2HBPT 4 1 4 By J2~PrJ\Np (5:16)

By using Egs. (2-9), (3-1), (3-2), and (5-16), when § = Bp, the thermodynamic

quantity of the FK bond put between the spins on nodes i and 7, [(bFK(i,j»T]g)iJ),

is obtained as
[ork (i, )7l = S0 T PP (i)
{Jl,m} <l1m>
>y Pre (S5, S5, Jij) €7 2ott.m) JimSiSm
X
E{Sl} eﬁP Z(l,m) Jl,mSlSm
B 1
o (2) 72 (2) 72 _
2N(6BP J +,8PJ+ 1 +€ﬁp J ,GPJ)NB

X Z Z Prx(Si, S, Jij)

{Jm} {51}
% B8 X imy Ten B X1,y Jim StSm
= (1 —r)tanh(B8pJ). (5-17)
By using Egs. (2:9), (3-1), (3-3), and (5-14), when § = (p, the thermodynamic

quantity of the node degree for FK bonds at node i, [(krk (i))T]giJ), is obtained as

[(kek (1))7)PF7) = (1 — r) tanh(BpJ) k(5) . (5-18)
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By using Egs. (2:9), (3-1), (3-4), and (5-14), when § = (p, the thermodynamic

quantity of the square of the node degree for FK bonds at node i, [(k%K(i»T]g)iJ),

is obtained as

[(k2rc (D) 7] %" = (1= )2 tanh®(Bp.J) k(i) k(i) — 1]
+ (1 — ) tanh(BpJ) k(3) . (5-19)
We set,
pPED(Bp) = (1 — ) tanh(BpJ) . (5-20)

Equations (5-17), (5-18), (5-19), and (5-20) are formulated as Egs. (4-4), (4-5), and
(4-6). Therefore, the magnitude of the FK bond does not depend on k(i). By using
Egs. (3-5), (3-6), (4-8), (5-18), and (5-19), we obtain

2(1 —r)(1 — e=26r7)
1+e20p) 4+ (1 —r)(1—e2PpPJ)

> (5-21)
Equation (5-21) is the inequality when the FK cluster is percolated. Equation (5-21)
is the equality when the FK cluster is at the percolation transition point.

From Egs. (4-3) and (5-20), there is the percolation transition point for r # 1
and 0 < Op < oo. By using Eq. (5-21), we obtain

2—-a)(l1—=r)—a
2—a)(l—=r)+a

> e 20P7 >0, (5-22)

By using the left-hand and right-hand sides of Eq. (5-22), we obtain

1—r> .
2—a

(5-23)

When Eq. (5-23) is satisfied, there is the percolation transition point.
By using Egs. (5-15) and (5-21), the probability p(P*”) that the interaction is
ferromagnetic is obtained as

o+ _ 2—a)d-7r)+a 594
b 22— a)(1—1) (5:24)
at the percolation transition point. By using Egs. (5-15) and (5-24), the percolation
o (D+J) . .
transition temperature 17, is obtained as
J 2
i S A S (5-25)
(2—a)(1—r)+
k5 In o=l —a

§6. The Gaussian model

The distribution P(Gaussian)(.1..) for the Gaussian model is given in Eq. (2-8).

We setd)
Jo
= ﬁ :

Bp (6-1)
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410 C. Yamaguchi

When the value of Gp is consistent with the value of the inverse temperature 3, the
line on the phase diagram obtained using Eq. (6-1) is called the Nishimori line. By
using the gauge transformation, the distribution P&/ )(Jz-,j) part becomes

1 NpJg
H P(Gausman)((]l]) _ —e 277 J2 DRI +J2 22 (i.4)
(i) (2n%) %
NpJ2
s ﬁ 6 2}?]2 - J2 Z(’L ]) +J2 Z (2,5) ‘]'b ,jOi0j . (62)
(2mJ?) 2

By using Egs. (2-9), (3-1), (3-2), (6-1), and (6-2), when § = (p, the ther-
modynamic quantity of the FK bond put between the spins on nodes i and j,
(Gaussian) .
[(brx (4, 7)) 7] 5 , is obtained as

[<bFK(7J ])> (Gaussmn) / / H dJlm H P Gauss1an m)

(I,m)

E{Sl} PFK(SZ7S], Jl ]) ”BP Z(l m) Jl mSlSm
E{S}eﬁpzum y Ji,mS1Sm

1 i

- 2N(27TJ2)NB/2€ 272
X/ / HdJlmZPFK SZaSjvJZ])
(I,m) {Si1}

X e =2 m) 2]2 2 8P 31 my Jim S1Sm
= erf(BpJ/V?2), (6-3)

where erf(z) is the error function of x. By using Egs. (2:9), (3-1), (3-3), (6-1), and
(6-2), when 3 = (p, the thermodynamic quantity of the node degree for FK bonds

at node 1, [(kFK(i»T]g{GaUSSian), is obtained as

[(kxc (8)) 7] 57 = exf(8pJ/V2) k(i) (6-4)
By using Egs. (2-9), (3-1), (3-4), (6-1), and (6-2), when 8 = (p, the thermodynamic

(Gaussian)

quantity of the square of the node degree for FK bonds at node 7, [(ki, (i))7]j ,
is obtained as

[k (0)) 7] ™" = [erf(BpJ/V2) 2k (i) k(i) — 1]
+ erf(BpJ/V2) k(i) . (6:5)
We set .
p(Gau551an) (BP) — erf(ﬁpJ/\/i) ' (66)

Equations (6-3), (6-4), (6-5), and (6:6) are formulated as Eqs. (4-4), (4-5), and
(4-6). Therefore, the magnitude of the FK bond does not depend on k(i). By
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using Egs. (3:5), (3:6), (4-8), (6:4), and (6-5), we obtain

2erf(BpJ/V2) S 2(k)n
erf(BpJ/v2) +1 — (E%)N

Equation (6-7) is the inequality when the FK cluster is percolated. Equation (6-7)
is the equality when the FK cluster is at the percolation transition point.

From Egs. (4-3) and (6-6), there is the percolation transition point for 0 < fp <
oo. From Eq. (6-7), there is the percolation transition point for 0 < a < 1. We
approximate the error function erf(x) by

(6-7)

erf(z) ~ \/1 — exp(—4z2 /7). (6-8)
By using Egs. (6-1), (6-7), and (6-8), Jo/J is obtained as

—a)2
o _ T 29

J 2 4(1—a) (6:9)

at the percolation transition point. By using Eqs. (6:1) and (6-9), the percolation

transition temperature TI(DGauSSian) is obtained as
Gy - L 1 (6:10)
kg [z

Do
—
B

2l
=
I

&

Figure 4 shows the percolation threshold of the FK cluster for the Gaussian
model. Figure 4(a) shows the relation between the aspect a and Jy/J. Equation (6-9)
is used for showing Fig. 4(a). Figure 4(b) shows the relation between the aspect a
and the percolation transition temperature TI(;GauSSIan). Equation (6-10) is used for
showing Fig. 4(b). J/kp is set to 1.

The complete graph is considered as a ~ 0. We set (k)y = N — 1, (k*)y =
(N-1)2, a=2/(N—1), Jo — Jo/N, and J — J//N. From the settings, the model
on the network becomes the SK model.?®) By using Eq. (6:9), Jo/.J is obtained as

Jo TN 1 T
O ™ ) = [ 6-11
J \/2 n( +N2—4N+3>_’ oN (6-11)

for a sufficiently large number of nodes at the percolation transition point. By using

Eq. (6-10), the percolation transition temperature TI(;SK) is obtained as

(SK) J 1

T -
: kB N 1
%1ﬂ<1+m>
J [2N
= 6-12
el Ve (6-12)

for a sufficiently large number of nodes.
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Fig. 4. Percolation threshold of the FK cluster for the Gaussian model. (a) Relation between the

aspect a and Jo/J. (b) Relation between the aspect a and the percolation transition temperature
T(Gaussian) T/kr i
5 . J/kp is set to 1.

We consider the case for a = 1. By using Eq. (6-9), we obtain Jy/J = oo. By
using Eq. (6-10), we obtain Tp = 0. From Eq. (4-1), the network is at the percolation
transition point. From Jy/J = oo, the exchange interaction is only the ferromagnetic
interaction. From Tp = 0, all the spins are parallel. From Jy/J = 0o and Tp = 0,
we obtain Ppg = 1 for all nearest-neighbor pairs. Therefore, the FK cluster and the
network are at the percolation transition point. We were able to confirm that our
result is exact at this extremal point.

In the result for the Gaussian model, an approximate formula for the error
function, Eq. (6-8), is used. In the result for the Gaussian model, it is necessary for
the more precise estimation of the percolation threshold that the error function in
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Eq. (6-7) is numerically estimated.
§7. Summary

In this article, the £J Ising model, the diluted 4+J Ising model, and the Gaussian
Ising model on random graphs with artibary degree distributions were investigated.

The values of [(brk(i,7))7]r, [(krx(D))TlR, [(kfk())T]R, [(kFK)T]R, and
[(k3i)7]Rr on the Nishimori line were shown. They are quantities for the FK bonds,
and are exact even on a finite number of nodes.

It is known that the internal energy, the upper bound of the specific heat, and
so forth are exactly calculated on the Nishimori line without the dependence of the
network (lattice).5)’9) In this article, it was realized that, as a property on the
Nishimori line, the magnitude of the FK bond does not depend on the degree k(7).

The percolation thresholds of the FK cluster were shown. We used a conjectured
criterion (Eq. (4-8)) to obtain the thresholds. We were able to confirm that our
results are exact at several extremal points. Therefore, our entire set of results may
be exact.
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