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Abstract

We study the stochastic parallel dynamics of Ising spin systems defined on
finitely connected directed random graphs with arbitrary degree distributions,
using generating functional analysis. For fully asymmetric graphs the dynamics
of the system can be completely solved, due to the asymptotic absence of loops.
For arbitrary graph symmetry, we solve the dynamics exactly for the first few
time steps, and we construct approximate stationary solutions.

PACS numbers: 75.10.Nr, 05.20.—y, 64.60.Cn

1. Introduction

Problems defined on finitely connected (partially) random graphs have been studied intensively
in various fields of science. Examples from physics are models of spin glasses and related
magnetic systems [1-10]. A second field is information theory and computer science,
where calculations involving finitely connected random graphs emerge in the context of
error correcting codes [11-18], lossy data compression [19-26], CDMA multi-user detection
[27-29] and combinatorial optimization [30—34]. In biology and the social and economical
sciences one finds processes on finitely connected random graphs in the context of neural
[35, 36] as well as proteomic and gene regulation networks, and small world models [37-40].
In all these fields, techniques of statistical mechanics have been decisive in making progress.
The initial focus of research has been on establishing the equilibrium properties of processes on
finitely connected random graphs, mainly by applying replica theory and the cavity method. In
a second wave also the dynamical properties of processes on finitely connected random graphs
have begun to be investigated in detail, see e.g. [41-50]. In real-world applications involving
finitely connected random graphs, there are many situations in which it is essential that
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dynamical properties be understood quantitatively, and this is especially true for technological
applications, such as the decoding of error correcting codes and the detection dynamics of
CDMA multi-user detectors, and for biological information processing systems where the
absence of detailed balance rules out equilibrium methods.

In most of the problems described above, the dynamical variables and their interactions
are represented as nodes and edges of finitely connected graphs, respectively. The simplest
such graphs are Poissonian ones, i.e. sparse Erdos—Rényi graphs with a Poissonnian degree
distribution in the thermodynamic limit. However, the broad spectrum of problems to be
understood demands dynamical techniques that are able to treat more general random graph
ensembles. The dynamics of processes on graphs drawn from ensembles with arbitrary
degree distributions have so far been studied using dynamical replica theory [45, 48] and the
cavity method [50]. One particular dynamical formalism, which enjoys the appeal of full
exactness (if it applies), is the generating functional method of De Dominicis [51]. This
method was first used by Hatchett et al to investigate the parallel dynamics of bond-disordered
Ising spin systems on finitely connected random graphs [44], but their study was limited to
finitely connected Poissonian random graphs. In information theoretic problems and modeling
real-world systems, there are many examples which are characterized by finitely connected
random graphs with specific degree distributions. For example, a power-law distribution
is often utilized to discuss ‘small-world’ networks. In the framework of error correcting
codes, a one-point distribution and specific (complex) degree distributions which give higher
performance are applied.

In this paper we generalize the analysis of [44]: we use generating functional techniques
to analyze the parallel stochastic dynamics of Ising spin models defined on finitely connected
random graphs, which are drawn from ensembles in which the degree distributions can be
chosen arbitrarily (including a power-low distribution, a one-point distribution and so on).
We first derive general dynamical order parameter equations, which give a transparent exact
description of collective processes in finitely connected Ising systems. We then consider the
simplest case of fully asymmetric finitely connected random graphs. Here the theory acquires
a simple form due to the absence of the loops, and the dynamics becomes very simple. Away
from fully asymmetric graphs, we calculate the first few time steps exactly, and construct (for
fully symmetric graphs) approximate equilibrium solutions. To confirm the validity of our
theory, we present numerical results for some typical conditions and typical graph ensembles;
although our theory can handle arbitrary degree distributions, our examples are mostly regular
random graphs (for simplicity).

2. Model definitions

Let us consider a system of N Ising-type spins placed on the edges of a finitely connected
directed random graph with an as yet arbitrary degree distribution. The dynamics are given
by a Markov process which represents synchronous stochastic spin alignment to local fields.
The probability P,(o) of finding the microscopic state o = (o7, ..., oy) € {—1, 1}V at time
t can be written as

Pi(o) = Z W_ilolo'1P—i (o)), ey

oe(—1,1}¥

Wi_ilolo'] =

1

2

N (o . t—
Boihi(@ 1—1)

. 2cosh[Bh;(o’,t — 1)]
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where h; (o, t) are local fields, defined as

N
1
h: I T+ 0 ().
(o0 =2 cijlijoj + 60 (3)
J#
They involve a connectivity matrix ¢ = {c;;} € {0, 1}*¥, whose entries specify which spins
interact, and define a (generally directed) random graph. The parameters 6;(¢) € R are time-
dependent external fields, and ¢ > 0. The bond strengths J;; are symmetric, i.e. J;; = Jj;,
and are drawn independently from a bond distribution p(J). We define the degree k; of node
i (i.e. the number of links to the node i) as
N
k,’ = Z Ci j (4)
j=1
(this would often be called the ‘in-degree’). The entries of the matrix ¢ are chosen randomly
according to the following connectivity distribution, in which all N degrees k; are constrained:

(T T3 pleipblesilei)) (T 8y o)

A Wy [T Peipp@ileiD) (T 8w o)) ©
where

. c c

bleij) = NSCUJ + (1 - N)(SC”'O’ (6)

. c c

P(cjilcij) = €8¢jyc,; + (1 — &) |:N6€j,,1 + (1 - N)fsc,-;,o} (7N

(with the Kronecker symbol §,,, = 1 if m = n, and §,,, = 0 otherwise). All k; are randomly
and independently drawn from a given degree distribution p(k), with >, kp(k) = ¢, so
c = limy_, ﬁ Z,N=1 Z?’zl c;j. This procedure generates an ensemble of random graphs,
with a prescribed degree distribution p(k) and a parameter ¢ that controls the symmetry of
the graph. For ¢ = 1, the connectivity becomes symmetric. In the remainder of this paper we
will write averages over the bond variables {J;;} as (---); = f dJp(J)(---) and averages over
both the microscopic graph and bond variables, i.e. over {c;;, J;;} as [

3. Generating functional analysis

3.1. The disorder-averaged generating functional

We follow the approach of [44], but apply it to the present generalized spin model. We assume
that the macroscopic behavior of our system depends only on the statistical properties of the
disorder. The joint distribution of any trajectory o (0), ..., o(t,) is given by products of the
individual transition probabilities of the Markov chain:
ty—1
Pl (0)..... o)) = polo©)] [ ] Wio@ + Die®)], ®)
=0
where po[o(0)] represents the initial conditions. The generating functional Z[)] for the
process is now defined as [51]

N ty
2yl = <exp [—i D> Wi (r)D ©)

i=1 t=0
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where (- - -) denotes averaging over the microscopic process, namely
(= D e Y ple(0), .., o)), (10)
cOel-1,1}V  ol)e(~1,1)¥

and 9 = (¥;(¢)) denote the generating fields. We isolate the local fields at all stages by
inserting appropriate integrals over integral representations of the Dirac delta function:

N t,—1

l—/{dhdh}nnexp ih; (t) h(t)——Zc,jJ,JUj(t) 6.0 ||, (1)

i=1 t=0 J#i

where {dh dfl,} H; ) ]_[’”‘_l[dh (1) dh; (t)/2m]. The generating functional then takes the
form

. N -l
Z[p] = / {dhdh} ) >~ polo(©)lexp | —~ Z > ki) Zc,,J,,a,(t)
o) o(ty,) i=1 t=0 JF#I
N tn—1
X 1_[ 1_[ eiljli(T)[hi(f)_ei(t)]_h//i(I)Ui(f)"'ﬁai(“'l)hi(Z)_IHZCOSh[Ighi(Z)]' (12)
i=1 1=0
Hereafter, we will change our notation from o(f) = (o(t),...,on(t)) (the N-spin

configuration at time 7) to o; = (0;(0), ..., 0i(t,)) (the path taken from ¢ = Otot = t,
by spin 7). Similarly, we define single-site paths for external, local and conjugate fields,
namely 0, = (6;(0), ..., 6;(tx)), hi = (h;(0), ..., hi (1)), etc.

Using the integral form of the Kronecker delta to represent the degree constraints

2 dw,
8k,,zl,-\,:]€i/ = A ﬁexp 1w; ki — ZCU (13)

the term in (12) containing the disorder {c;;, J;;} becomes

. N tw—
exp ——ZZI@([)ZCULJGJ(I)
i=1 t=0 J#
dw; c L&
! lwl, . 77(a,h+a hi)—i(witw))
(1‘[/ >exp[2NZ’ (e
i=1 j=1
+(1—e)e torhimion 4 (] — gyedorhiziony o 2),}, (14)

where Z. denotes the normalization constant of the connectivity distribution p(c) in (5),
ie. Z. = ), (]_[lN:1 H?; f)(cij)ﬁ(cji|cij))(]_[f\/=1 (Ski,Zf’:lc,/)' Details on the calculation
of (14) can be found in appendix A. To achieve site factorization we choose factorized
homogeneous initial conditions, i.e. po[a(0)] = ]_[i polo; (0)], and we introduce the following
order parameter functions:

N
. 1 P
Po,h)=— 8,,8h—h,), 15
(o, h) N; 08 ) (15)
1 & 4
Q(o, h) = 5 ;ag,g,a(h — hy)e o, (16)
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It should be noted that one could also have used the order parameter function R(o, ﬁ, w) =
% Z,N:1 80,(,,.8(/9, — fli)é(a) — w;) to achieve site factorization in the generating functional.
The reason for us to work with (15) and (16) is that the latter will have transparent
physical interpretations. We determine the initial state o;(0) according to the distribution
polo: (0)] = %[1 + 0;(0)m(0)], where m(0) denotes the initial magnetization. To introduce
the two-order parameter functions in the generating functional, we use the integral form of
Dirac’s delta function and insert

. . .. R A
1:/{deP}exp [1N20:/th(o-,h) (P(o', h)—ﬁgaa.afa(h—hi))}, (17)
1 N
1:/{deQ}exp [iN;/dfz O(o, h) <Q(a, h) — N;(sma(ﬁ—ﬁi)e—iwf)]

(18)

where {dP df’} = ]_[aﬁ[dP (o, ﬁ)df’(o’, ﬁ)N/Zn], and we choose the equivalent definition
for the short-hand {dQ dQ}. We then have

ZYp] = zl /dePdeQ} NwIP.P.0.0 (19)
where
A A c(e—=2)
VP, P, 0, Of1 = — —Z/dhdh A(o, h; o', R+ LI{P, 0, 6)]
+iZ/dfz P(a,ﬁ)P(a,ﬁ)+iZ/dﬁQ(a,ﬁ) Q(o, h) (20)

with
Ao, hyo' B) = 0(0. h)Q(0', ) (e et @hro Ry,
+P(o, h) Q' A) (1 — e) e Ty,
+Q(o, hyP(a' R (1 —e)e c7 My, )

and

ty— dh(t) dh(t) elh([)[h(t) 0; (1)1+Bo (t+1)h(r)
L[{P Q 0}] = ZIHZPO[G(O)]/< 2 cosh[Bh(1)] )

_iP(o.h (_1) PN £k
xe T —=—[0(o, " (22)
In the above expressions we have neglected those terms that will vanish for N — oo, and
we have removed the now redundant generating fields 1. Upon applying the law of large

numbers, the term L[{Is, Q, 6}] simplifies to

00 tm—1 ~ ih
o B ‘m dh(t) dh(l) elh(f)[h(l)—@(f)]ﬂSo’(H'])h(l)
L[{P, Q, 0}] —gp(k)ln;Po[a(O)]/<H o 2 cosh[Bh(t)] )
A ~ —. k
x e 1P@.h) G kl') [O(a, b)) (23)

Functional extremization of W[{P, f’, 0, Q}] with respect to the kernels P, 13, Q and Q, i.e.
working out the equations §W/§P = §W /6P = §W/5Q = 5¥/6Q = 0, gives the following
functional saddle-point equations:
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P h)y=icy /dfz’Q(a’, RH((1 —¢) e#*’fl/)ﬁ (24)
P(a' . B) =" p(k)(8s.s8(h — Br))os. (25)
k=0

0.y =ic) f dh' P’ R)((1 —e)e 7o),

+ic)y / AR (o, R)get @R o h) | (26)
VN 8008 (h — )
Q@' ,h)=) kp(l){ —5——5—) 27)
k2=1: < —iQ(a, h) >0.k

with a measure (- - -)g ¢, which is defined as

>, [dh f(o, h)M; (o, h|O)

f;, — — =
V@ Wos = =5 Mo o)

; (28)

i () [h(t)—6(1)1+Ba (t+1)h(t)

- " rdh(t) e
1P(a h) k
M(o, h|0) = [—iQ(a, A) ] polo (0)] | | / 2 cosh Bh(0)] .29

Performing an inverse Fourier transformation of P (o, fz) and Q(o, fz) gives, respectively,

P(o|0) = f dhe M p(o. ) = Z P(K)(85.0)040' > (30)

0(c10') = f dhe " Q0. h) = ka(k)( (31)

—i Q (0' h) >0+9/

The order parameter P(co|@’) is the disorder-averaged probability of finding a single-spin
trajectory o with modified external fields @ + 6’ (consisting of the original external fields 6
and the supplement 8’). We will consider the meaning of the order parameter Q(c|0’) later.
The present situation is similar to that in the related studies [41, 44]. In terms of P(o|6") and
Q(o|0"), the order parameter functions P (o, k) and O (o, k) can be rewritten as

P(o,h) =ic(1 —¢) (32)
O(o, h) =ic(1 —¢) ;(e_%]"/ﬁP(a’IO))J +ice ;<e_ij”"i’Q (cr’ %a->>] ) (33)

Here we have also used the fact that P(o|0’) and Q(o|@’) are both normalized with respect
to summation over o, a property which is demonstrated in the next section.
After substituting (32), (33) into (30), (31) and integrating over h, we finally arrive at the

following compact closed-form equations:
o0 k
1
P(o|0) = k dJ, p(J, -J 1—¢)P 0
(c160) ;p()<]jf B z);[8Q(UZC w)+( £)P(a| )D

ol exp (Bo(r+ D[0@) +0'(1) + L Y5 Juou(0)])
x polo(0)] ¢
pote ,l_! 2cosh (B[0() +0'(1) + L S5, Jeoe (1))

(34)
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Ly )+<1 8)P(0el0)])

§ [G(O)]zi_[ exp (Bo (t + 1)[9(t) +0' () + L Y5 Jeoe(0)])
Po —o 2cosh (ﬂ[@(t) +0'(t) + E lel Jeae(l‘)])

o0

Q6= k—p(k+1) (1"[ /dfe P Z [8Q (Ue

k=0

(35)

The equation for the order parameter P(c|@’) contains the degree distribution in its bare form
p(k). The equation for Q(c|@’), on the other hand, involves the deformed degree measure
k” = p(k +1). This is the only difference between the two expressions. These above two
equatlons are closed and exact and completely general; they cannot be simplified further
without making specific parameter choices or assumptions.

In the case of the Poissonian graph [44], the result looks like being represented in terms
of only the local field distribution. However, in general both the local field and the cavity
field are needed to represent the macroscopic dynamics. In the next section, we discuss the
meaning of equations (34) and (35) in detail.

3.2. Physical meaning of order parameter functions and interpretation of closed-form
equations

Starting from (15) and (16) and using manipulations similar to those used in deriving (22), we
can infer the physical meaning of P(o|6’) and Q(o’|0’) at the saddle point. This gives

P(010)|sadaie = (P(]0")). , (36)

0,—0;+6'

2 |

0(a10)saaaie = (Q(c]0")). ; (37)

k —ki—1,0;—0;+6'

= I

N
E a'cr‘ *
N
E aa’,

where the brackets (- - -), denote evaluation of the argument for the microscopic process (1),

ie.

[{dPdP dQ dQ}eNvIP-P.0.01(. .
[{dP dP dQdQ}eNvilr.P.0.01

Details on the derivation of (36), (37) can be found in appendix B. We may now conclude that
Q(o|0’) represents the disorder-averaged probability of finding a single-spin trajectory o in
the system from which one site is removed randomly, and in which the external field paths of
spins i previously connected to the removed site are modified to 8; + 8'. Similarly, P(co|0")
represents the disorder-averaged probability of finding a single-spin trajectory o in the system
in which the external field paths of a randomly drawn site are modified to 8; + 8’ (without
removing sites).

Our present general equations (34), (35) have a clearer interpretation than those obtained
for strictly Poissonian graphs [44]; in the latter graphs the distinction between (36) and (37)
is invisible as a consequence of the property & “=p(k+1) = p(k) of the Poissonian degree
distribution. To calculate the probability of a smgle site path o, a random number & is firstly
drawn from the degree distribution p(k). This parameter k denotes the number of sites that
contribute to the field at the central site. All k associated spin paths of the attached sites
oy, ..., 0 are sampled from their respective distributions eQ(o-e | %Jm’) +(1—&)P(0¢|0),
which depend on the central site’s path o. By definition, each site £ contributes to the field of
the central site. Hence with the probability ¢ the central site will contribute %J[O’ to the field

() = (38)

7
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£Q(o1|L)10)
+(1—¢)P(o1]0)

. ‘ eQ(as]¢Js0)
+(1—¢)P(02|0) 78 +(1—¢)P(o3|0)

Figure 1. Illustration of the interpretation of our closed-form order parameter equations, showing
how the measure for the spin paths o of a central site with three incoming links is related to
the measures of the connected sites under modified conditions. Each connected site has, with
probability &, an incoming link from the central site. For N — 0o our graphs are locally tree-like;
hence the three sites i = 1, 2, 3 are mutually correlated only via the central site.

paths of site ¢, hence the term ¢ Q(O’[ | %JZ a') in the path measure for ¢; with the probability
1 — ¢ the central site will not contribute to the fields of site £, hence the term (1—¢) P (o¢|0)
in the path measure for £. This process makes it possible to take into account dynamically
the effective retarded self-interaction induced by connection symmetry. Figure 1 shows a
schematic illustration of this interpretation.

Equations (36) and (37) show explicitly that the order parameters P(o|0") and Q(o|0") are
normalized, i.e. ), P(c|@) = 1and ) Q(c|0") = 1. We have used this property to derive
(32) and (33). In the special case of Poissonian graphs, i.e. graphs with p(k) = e~ck/k!, the
degree distribution obeys

k+1
C

pk+1) = p(k) (39)

and hence one always has P(c|0’) = Q(o|6'). As a consequence our two closed-form order
parameter equations reduce to a single closed equation:

0 ok k
P(o|0) = Z e k'C ( /ng p(Je) Z [eP(o¢]|Lo)+ (1—8)P(ag|0)]>
k=0 ' =1 oy

=0 h(ﬂle(l) 9/(1)4‘— E 0 JZUE(I))

(40)

and we thereby recover the results of [44].

4. Fully asymmetric connectivity

4.1. The reduced theory

We first consider the case of fully asymmetric connectivity, i.e. ¢ = 0. Here the situation is
mathematically almost identical to that case of the Poissonian graph [44]. Equation (34) once
more closes in terms of P(o|0), and we find

8
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00 k
P(al0) =) p(k) (1"[ f dJe pJ Y P(Uz|0)>
k=0 (=1 o

% polo (O] ’ﬁ exp (Bo(t+D[0()+1 Y4_, Jeou(1)])
0
o 2cosh (B[oN)+1 Y5, Jeou(®)])
Summing both sides of (41) over o, except for the entry o (¢ + 1), leads us to single-time spin
probabilities P (o (¢ + 1)]0), which are marginal probabilities of the full path measure P (c|0):

(41)

oo k
Pa+DI0)=> pk |[] / dJe p(J) Y P(or(1)]0)
(=1

k=0 ou(t)

L XP (Bo(t+D[0O)+1 Y5, Jeoe()])
2cosh (B[0()+1 Y5, Jeoe)])

It should be noted that the probabilities P (o (£+1)|0) depend only on P (o (¢)|0), for any ¢. This
means that there is no effective retarded self-interaction, i.e. there is no effective short loop in
the graph with fully asymmetric connectivity. Using the following two general identities:

(42)

P(o(1)|0) = 5[1 + 0 (®)m(1)] (43)
P(o(1),a(t)]0) = %[l +m()o@)+m(tNo()+ Ct, o (o ()], (44)

both the effective single spin magnetization m(¢t) = (o (¢)) and the covariances C(t,t") =
(o (t)o (¢')) can then be written as closed-form iterative expressions respectively:

00 k 1 1 k
mt+1) = Z p(k) <]_[ Z§[1+agm(t)]> <tanh <,B [e(mz Z Jm{|)> . (45)
k=0 Ji

=1 oy e=1 /1y, T

o0 k
cae+1t'+)=> pk)([]D %[1 +m(t)op +m(t)o] + C(t,t)0y0}]

k=0 =100

k k
X <tanh (ﬂ |:9(t) + % Z Je(fz:|) tanh (,3 |:9(t) + % Z JN(/:|>> ’
=1 =1 Jiseenrdi

..... )

from (42), with m(0) following from the initial conditions. Figure 2 shows a comparison
between theory and numerical simulations with respect to the time evolution of the
magnetization m(t) on a regular asymmetric sparse graph (¢ = 0) with the degree distribution
p(k) = 8k .. The theoretical results are in excellent agreement with the numerical simulations.
When taking the limit of ¢ — oo, the internal fields v () = %ZLI Jyog simplify to
e (1) = (J)ym(¢). In this limit we therefore have

m(t + 1) = tanh(B[O(¢) + (J) ;m(2)]), A7
Ccit,t)=m@®)m@). (48)

In the absence of external fields, i.e. for 6(¢) = 0, a P— F transition occurs at 8 = ., which
is given by B.(J); = 1. This situation is identical to that described in [44].
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Figure 2. Comparison between theory and numerical simulations with respect to the time evolution
of the magnetization m (¢) on a asymmetric (¢ = 0) finitely connected random graph with a degree
distribution p(k) = & . and zero external fields 6 (t) = 0. The initial magnetization is m(0) = 0.4.
Squares: theoretical results for ¢ = 3, 8 = 3 and n € {0.4, 0.8}. Circles: simulation results for
N = 10° spins (averaged over ten runs).

4.2. Time evolution and phase diagrams

We here specialize further and consider the physics described by the ¢ = 0 equations (45),
(46) for the case of having binary random bonds:

pUN =3 +mEU = D)+ 3(A=m)8(J + ), (49)
with n € [—1, 1]. For such bond statistics the iterative equation (45) for the magnetization
reduces to

() k r k—r
me+D =3 pk)> ('}f) (1 * '72’"0)) <1 - me> tanh (,3 [e(z) + g(Zr - k):|> .
k=0 r=0

(50)

For zero external fields, i.e. 6(t) = O for all ¢, and assuming that a stationary state exists,
the stationary state magnetizations are given as the solutions of the fixed-point equation
m = F(m), with

e k r k—r
Fm)=Y pk))_ <];> <1 +2”m) <1 _277'”) tanh (M) . 1)
k=0 r=0

The map F(m) is anti-symmetric, and hence always has the trivial fixed point m = 0. This
fixed point is unique for small 1, whereas for larger n non-trivial fixed points bifurcate
(provided the inverse temperature S is sufficiently large), marking a transition P — F from a
paramagnetic to a ferro-magnetic state. To determine whether this transition is continuous,
and if so find the critical value 7., we can expand F (m) in powers of m, giving

00 k 0 k

k\ 2r —k JQ2r —k 1 k

P = Y pi 3 (£) 25 | L= S S p 3 ()
k=0 r=0 k=0 r=0

Qr — k)(4r? — dkr + k* — 3k +2) |:/3J(2r—k)}
X tanh
C

o +0Omd). (52)

10
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Figure 3. Phase diagram in the (1, 1/(8J)) plane of the +J random bond model on a asymmetric
(¢ = 0) sparse graph with the degree distribution p(k) = &k . and zero external fields 6(¢) = 0.
Solid lines: P — F transition lines for ¢ € {3, 10, 30, 60}. Dashed line: P — F transition line at
1/(BJ) = n corresponding to ¢ = oo.

The cubic term can be confirmed to be non-positive. Therefore, there is no evidence for a
discontinuous transition, and the critical value 7, can be obtained as

o0 k
ey Pk Y (’r‘) z
k=0 r=0

In a similar way we can inspect the existence and location of a spin-glass phase. Putting
m(t) = 0 and O(t) = O in (46), one finds that the time-translation invariant covariance
q = lim;_ o lim,, o, C(¢ + 7, t) {is} given as the solutions of ¢ = G(g), with

G(q)_Zp(k) ]‘[Z [1+00,q] tanh|: Zag]tanh[ﬁjz ] (54)

llaéo'é (=1

h[gl(% —k)} = 1. (53)

It can be confirmed that G(0) = 0, G(¢) < 1 and d>G(q)/dg? > 0 for ¢ € [0, 1]. Hence
G(g) < q for g € (0, 1]. Since ¢ = G(g) has no non-trivial solutions, no spin-glass phase
exists for ¢ = 0. Figure 2 shows a comparison between theory and numerical simulations
with respect to the time evolution of the magnetization m () on a regular asymmetric sparse
graph (¢ = 0) with the degree distribution p(k) = d; . and zero external fields 6(¢) = O.
The theoretical results are in excellent agreement with the numerical simulations. Figure 3
shows the resulting phase diagram in the (1, 1/8J) plane, for the example of a regular sparse
graph with the degree distribution p(k) = & . and zero external fields 6(¢) = 0. For nonzero
temperatures, the ¢ = 2 regular sparse graph has only a paramagnetic phase (with a zero
temperature P — F transition only for n = 1).

5. Arbitrary connectivity symmetry

5.1. Numerical solution for short times

Equations (34) and (35) are closed and exact, but highly non-trivial, and it is not obvious that
they can be simplified further. However, if the bond distribution is of the form (49), the space
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Figure 4. Comparison between theory and numerical simulations with respect to the time evolution
of the magnetization m(¢) on a symmetric (¢ = 1) finitely connected random graph with a degree
distribution p(k) = & .. The initial magnetization is m(0) = 0.4. Squares: theoretical results for
¢ =23,8=3andn = 0.4. Circles: simulation results for N = 10° spins (averaged over ten runs).

on which our equations are defined at least becomes finite dimensional. In that particular case
we can achieve closure for the following reduced order parameters:

P(o) = P(c10), Q(olo) = Q (0

J

- 0-/> ) (55)
C

since from equations (34), (35) one can extract

P(o) = Zp(k)(]"[z 1+nu]ZaQ(ama)+<1—s)P(cn)J)

= 11’[

L exp (Bo(r+ D[O) + Lo (1) + Y5, o))

x polo(0)] , (56)
’ ,1_! 2cosh (ﬂ[@(t) + L0 + X, no)])
Q(olo’) = Z —p<k+ 1)(]"[ Z 1+w]2 £Q(o|To) + (1 — e)P(Ue)]>
k=0 =1 1=
tn— T~/
% polo(O)] 1_[ exp (/30(1‘ + 1)[9(t) + [0’ () + Zz=1 'L'(gO'g(t)]) ’ 57)

s 2cosh (B[6(0) + L[o"(t) + Y4, Teoe()])

with o’ € {—1, 1}'». Equations (56) and (57) can be solved numerically by iteration. The
reduced order parameter function P (o) is the disorder-averaged probability of finding a single-

spin trajectory o = (0(0),...,0(¢),...,0(t,)) with zero external fields. Therefore, the
magnetization is given by
m(t) = _o(t)P(0). (58)

Figure 4 shows a comparison between theory and numerical simulations with respect to the
time evolution of the magnetization m (¢) on a regular symmetric sparse graph, i.e. ¢ = 1 and
the degree distribution is p(k) = & .. The theoretical results are in good agreement with the
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numerical simulations. In the case ¢ = 1, the numerical analysis in fact simplifies slightly:
since (57) no longer involves P(o), one can first solve (57) for Q(o|o”), and then substitute
the solution into (56) to obtain P(o).

5.2. Approximate stationary solutions for fully symmetric connectivity

We next consider approximate stationary solutions of our macroscopic equations. Detailed
balance holds only for ¢ = 1. Since we here discuss dynamics with parallel updates, the
equilibrium state for ¢ = 1 does not have a Boltzmann form but involves Peretto’s pseudo-
Hamiltonian [52]. In the equilibrium state initial conditions are required to be irrelevant;
therefore, we may shift the initial and final times to —oo and oo, respectively. We also choose
zero external fields, 8(¢) = 0. To find approximate stationary solutions, we propose the
following ansatz:

PO (t+D)[h+6'(1)]
(o10) / ( )Uzcosh(ﬁ[hw/(t)]) e
ePo (t+D)[h+6'(1)]

2cosh(B[h +6'(1)])’

0w1o) = [ anom ] (60)

where P(h) denotes an effective local field distribution, and Q(4) denotes an effective cavity
field distribution [4]. Substituting this ansatz into the right-hand sides of (34) and (35) results
for large c in (see appendix C for details)

o0 k
P(cl6) = / dh{Zp(k)(]‘[ / dhy sziJUe)Q(M))
=1

k=0

k
X S(h - % > tanh™' |:(tanh ,3hg)<tanh ﬁ%)])}
=1

B t+DI+0/ ()]

x U 2 cosh(Blh + 6/ ()] 61
o) k 1 k
0(al0) = f dh{Z —plk 1)(]"[ / dhe dJ, i)(Jz)Q(hz))
k=0 =1
k
x 8<h — % ; tanh ™ |:(tanh ,Bhg)<tanh %)D}
Bo (t+1)[h+0/(1)]
° (62)

x H 2 cosh(Blh +6'()])

Comparing (61), (59) to (62), (60) then implies the following relationships for the effective
field distributions P (k) and Q(h):

=) k
P =3 po(T [ aheas pumem )
k=0 (=1
k
X(S(h — % Z tanh™! |:(tanh ,Bhg)<tanh %")D (63)
(=1

13
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o0

k+1 ¢
o =Yy %p(k + 1)(1"[ / dh, dJ, i?(Je)Q(hz)>
=1

k=0
k
X 8(h — % Z tanh ™! [(tanh ,Bhg)<tanh ﬂ%)]) (64)
=1

Equation (64) has a closed form with respect to Q(h); its solution is substituted into (63) to
generate P (h). In the special case of Poissonian graphs, i.e. p(k) = e~“c*/k!, we observe
that P(h) = Q(h), and we therefore have just one closed equation:

—c .k
P =Y =

k=0

k
(]‘[ [ aneas ﬁ(Je)P(he))
=1

k
x 8<h — % > tanh™! [(tanh ﬂhg> (tanh %)D (65)
=1

We thereby recover for Poissonnian graphs the result of [44], which is, in turn, identical
to the replica symmetric equilibrium solution of the sequential dynamics version of the
model addressed here [5]. In [35], it has been shown that one expects the replica symmetric
equilibrium solutions of sequential and parallel dynamics to be identical.

6. Discussion

In this paper, we have applied the generating functional analysis technique to the dynamics
of Ising spin models on a finitely connected random graph with arbitrary degree distributions,
following the footsteps of [44] (which was limited to Poissonnian degree distributions). We
have first derived general exact equations to represent the dynamical properties of the system
in the infinite size limit. The introduction of arbitrary degree distributions was found to give
us very clear and intuitive interpretations of the macroscopic dynamics of finitely connected
Ising systems, in terms of macroscopic path probability distributions involving the evolution
of both the actual local field and the cavity field. We have already applied our theory to
error-correcting codes [49]. We next aim to apply the theory to other problems in the field of
information theory, as well as generalize it to include more complicated local field definitions
which will enable it to be used for the analysis of the dynamics of gene regulation systems.
Especially in the latter systems, where the graphs concerned are finitely connected and directed
but where the degree distributions are known to be far from Poissonnian, the ability to study
dynamics macroscopically for arbitrary degree distributions is vital.
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Appendix A. Calculation of the disorder average

We here calculate the disorder average. The term containing the disorder, which is the left-hand
side of (14), becomes

N t,—1

exp[_é 21: ZO:h (t)gcujzzaj(f)]
i t j#i
- _Z(HHP(CU)p(CJ,Ic,,)/d],,p(JU)
i=1 j>i

=1
X exp[—é Z[fli(l)ciﬂijﬂj(l) + flj(f)cjifjiffi(f)]])
=0

N

([ S ol (- )

1

(1_[ / doy 4, ,)<m—[<2 plepesle)
i=1 j>i ‘cij,Cji

tm—1

J A A .
X exp|:—1; Z[h,-(t)c,-jaj(t) + hj(l)Cj[O‘[([)] — 1(a),-c,»j + a)jcj,-):|>1>.

=0
‘We then have (14).

Appendix B. Derivation of the physical meaning of our order parameters

The physical meaning of the order parameter functions can be inferred by evaluating (36)
and (37). We first present the outline of the derivation of the physical meaning of Q(o|6").
Equation (37) becomes

000" |saaaie = (Q(]6))s
_ [4PAPAQUOIN OO e Y Y b, e
[{dP dP dQd O} eNV¥IlP.P.0.01

—1
= [/{dp dPdQd0} eN‘I’“”’Q’Q”]

N
1 5 A1 NOIP.P.0.0)]
x [N;/{dePdeQ}e

N
{ (Z/dh dh, /da) e“kipi(oj, hj, hj,8;, w,))}
j=1
X /dfz e_ie/'f’SG,,,lS(ﬁ - ﬂi)e_i”’], (B.1)
where p; (o, h;, hi, 0;, »;) and QUP, P, 0, 0}) are defined as follows:
1 —iP(ai,h) o=i0(0; hy)e
pl(o-lvhl’hlvel’wl) (2]_[)[”1_'_1 €

15



J. Phys. A: Math. Theor. 42 (2009) 415001 K Mimura and A C C Coolen

= i (0 [y (=6, (01+Bo (14D (1)

x poloi(O)] g 2cosh[Bhi ()] (B.2)

QUP, P, 0,00 = %(8 —2)+%ZZ/dﬁdﬁ’A(a,fz; o' )

+iZ/dﬁ[ﬁ(a,ﬁ)P(a, h)+ Q(co, h)Q(o, h)). (B.3)

The term in (B.1) that involves w-integrations can be evaluated as follows:
N

{ (Z / dh; dh; dw; e fp,(a,,h,,h,,o,,w,)ﬂ / dhe s, , 5(h — hy)e i

j=1
N
:{ (Z/dh dh; do; el fp,(a,,h,,h,,o,,w,)>}

J#i
x Y [ a0 i 8146 )00

N

{ <Z/dh dh; doj el fp/(a'j,hj,hj,e,,a)j))}

j=1

ki—ki—1,0,—0,+0'
(B.4)

Substituting (B.4) into (B.1) then gives us (37). Equation (36) can be obtained in a similar
way, since the difference is just the absence of the factor e 7,

Appendix C. Derivation of approximate stationary solutions

Equations (61) and (62) are obtained following the reasoning in [44]. We first derive (61),
using two specific identities. The first applies to o € {—1, 1}:

cosh[B(a + bo)] = AePB, (C.1)
with
1 cosh[B(a + b)]
A= h +b h —Db)], B=—In———. C.2
Vcosh[B(a +b)] cosh[B(a — b)] 25 " coshlA@ —b)] (C2)

The second identity holds for o € {—1, 0, 1} and any function f(o):

f(0) = CePPopET, (C€.3)
with
Lo L FFED
C = 1(0), D=—In F=—In—F-—-—". C4
7O 2"’ %" Fo7 €4

We abbreviate [, [3 Y, -+ £ ()] = (f(0))o and substitute the ansatz (60) into the right-
hand side of (34) with ¢ = 1, which gives

eBo t+D[h+6' ()] )

P(ol6') = Z p(k)<<]‘[ f dJe p(Jo) / dh Q(h) H cosh(BlA +60/(1)])

y 1_[ exp (Bo (1 + [0/ (1) + ; lel JgO’[([)])>
S 2cosh (B[O + LY JeoeD)]) o
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oo k
=3 po (1"[ [asipto [an Q(h)> {1"[
k=0 =1 t

B+ (O-X4_, Bl }

k
szl Ay

y 1_[<exp (B ZIE:I o[he+ 2o (1 k— D+o(r+ 1)}])> (C.5)
. 2cosh (B0 (1) + % oot Jeoe]) P
00 k Ck ; e%ﬁEk,r
= > pto(TT [ s puo [[anem)(IT%E)
k=0 (=1 t 1_[(3:1 Ay
x 1_[ eﬁa(t+1)[9(l‘)*25:| By+% Dy o+ 3 Dy aa+ 3 Frpo (1—1)] (C.6)

t
eﬁa(t+l)[h+0’(t)]

oo k
= dh{ P(k)< / dhedJ, ﬁ(Jz)Q(hz)) ,
/ ; !:[1 U 2cosh (B[ +0'(1)])
k k 1
x 8<h B % Zfe tanh B.J, + i Zln cosh (ﬂ[hz + c‘]l]))}
=1

28 = cosh(Blh, — %fz])

e,Bo*(t+1)[h+9/(t)]

o0 k
— [an]> pik dhy dJ, p(J0)Q(h
f {ZP( )Q]/ edJe DR ”) U 2 cosh(Blh +6')])

k=0
k
x 8<h — % > tanh™! |:(tanh Bhy) (tanh %)D} (C.7)
=1

where we have put

Ay = \/cosh (ﬁ |:h4 + %JJ) cosh (,3 |:hg — %J{D, (C.8)

1 coh(pfho+ L))
T 28" cosh(Blh — L))

Co < exp (,3 Z]Lf:l Gﬁhf) >
“ " \2cosh Blo®) + 135 Jeoe]) loy..or

( exp(B Y4, oelhi+2Ji])

1 2cosh(BLO/(1)+1 S%_, J, )(r ..... o
Diy = = In PO 2y S O (C.11)
28 ( exp(B Y iy oelhe—2Je])

2cosh(B[6"(D+1 Y5, Jeor]) ><T| seees O

B,

; (€9

(C.10)

.....

( exp(B Xty oelhe+2Je]) > ( exp(B Yt oelhe—2Je)) )
1 2cosh(B[6"(D+1 Yh_, Jeae]) lo1, o\ 2 cosh(Blo" (1)+1 Y5 Jyoe]) 1o
Ek’, = —1In

2B < exp(B Y4, ovhe) )2
2cosh(B[6"(D+L b, Juoe]) 101,00

(C.12)

To obtain (C.5) and (C.6) we have used (C.1) and (C.3), respectively. Equation (62) can be
derived in the same way.
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