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From random point processes to hierarchical cavity master equations for stochastic dynamics
of disordered systems in random graphs: Ising models and epidemics
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We start from the theory of random point processes to derive n-point coupled master equations describing
the continuous dynamics of discrete variables in random graphs. These equations constitute a hierarchical set
of approximations that generalize and improve the cavity master equation (CME), a recently obtained closure
for the usual master equation representing the dynamics. Our derivation clarifies some of the hypotheses and
approximations that originally led to the CME, considered now as the first order of a more general technique. We
tested the scheme in the dynamics of three models defined over diluted graphs: the Ising ferromagnet, the Viana-
Bray spin-glass, and the susceptible-infectious-susceptible model for epidemics. In the first two, the equations
perform similarly to the best-known approaches in literature. In the latter, they outperform the well-known pair

quenched mean-field approximation.
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I. INTRODUCTION

Emissions from a radioactive source, time series of electri-
cal energy in a nerve fiber, the instants of arrival of customers
in a queue, and the flips of a spin due to thermal activation
are all examples of random processes that occur in such short
intervals of time that can be classified as punctual. Sometimes
the distinction between point processes and other stochastic
processes is hard to define. For example, any stochastic pro-
cess in continuous time in which the sample paths are step
functions is associated with a point process, also any process
with a discrete state space where a time of entry into a state
occurs randomly.

The theory of random point processes (TRPP) [1,2]
provides a formal and practical background to study and
understand these and similar random collections of point oc-
currences. Usually, it is a matter of taste of the researchers
or convenient for the research to attain, or not, the TRPP to
approach a specific problem.

In this paper, we study the continuous dynamics of a sys-
tem of discrete interacting variables. The model systems of
interest can be viewed as a multivariate and multidimensional
random point process. Alternatively, the dynamics of each
variable can be considered as a random point process itself.
We will show that starting from the TRPP it is possible to
write hierarchical masterlike equations for any group of vari-
ables in the system.

An attempt in this direction was proposed a few years ago
through the adaptation of dynamic message-passing equations
from discrete-time to continuous-time dynamics. It landed
first in the field of epidemics propagation [3,4] without a
general formulation but with good results. Later, Ref. [5]
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proposed a closure for the master equation that exploited the
TRPP. The core of this method is a differential equation for
the cavity conditional probability densities: the cavity mas-
ter equation (CME). This approach has proven to be very
general as it has been applied to several models in graphs
with finite connectivity like the Ising ferromagnet, the random
field Ising model and the Viana-Bray spin-glass model [5], the
ferromagnetic p-spin under Glauber dynamics [6], and, more
recently, also the dynamics of a focused search algorithm to
solve the random K-satisfiability (K-SAT) problem in the case
with K = 3 [7]. In this paper, we generalize the CME derived
in Ref. [5], providing master equations for the probability
densities of any group of connected variables.

We concentrate on the continuous-time dynamics of
discrete-spin variables. They can be described by a mas-
ter equation for the probability density of the states of the
system [8,9]. But to fully solve this master equation is a
cumbersome task and results have been elusive, except for
special cases. For example, the Sherrington-Kirkpatrick (SK)
model in its nonsymmetric version has received preferential
attention among the fully connected family [10,11], and the
exact solution for parallel and asynchronous dynamics of the
dilute fully asymmetric neural network model dates back to
1987 [12].

We provide here a general alternative solution that im-
proves the approach presented in Ref. [5]. Although it is
devised for single instances, it does not prevent its use to ob-
tain global information. One can always numerically average
the results of the integration of the single-instance equations.
On the other hand, in Ref. [13] the CME equations were
used as the starting point in the derivation of an average case
description for the dynamics of the Ising ferromagnet, in this
case defined on Erdos-Renyi random graphs.

To compute averaged quantities, one of the greatest
advances in the field is the dynamical replica theory
(DRT), introduced in Ref. [14]. This approach permits the
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derivation of average case equations for the probabilities of
some macroscopic observables in fully connected [14,15]
and diluted [16,17] graphs. In practice, DRT successfully
reduces the dimensionality of the system, making the prob-
lem tractable. However, it also assumes that the microscopic
probability distribution function is a constant within a sub-
space with a finite number of order parameters, something
that has been put into question on specific models [18,19]
and is not necessarily true for general nonequilibrium
situations.

Another relevant approach to these problems is the scheme
of analytical approximations introduced in Refs. [20,21] for
the description of the dynamics of local search algorithms.
In Ref. [22], this methodology is revisited and consolidated,
also showing its equivalence to DRT under the assumption
of replica symmetry. Due to its successful combination of
accuracy and simplicity, we will come back to this scheme
as a reference for evaluating our numerical results.

This paper contributes to the settlement of the dynamic
cavity method as a general tool to study the continuous-time
dynamics of discrete-spin models. A brief description of the
theory of RPP is given in Sec. II. Section III presents our
hierarchical system of corrections to the original equations
derived in Ref. [5] and used in Refs. [6,7,13]. They are numer-
ically tested in Sec. IV. We do not intend either to compare
these directly with DRT, whose numerics we consider ap-
preciably harder in this kind of graph, nor to give a better
description of the dynamics of average quantities. Instead,
we use the equivalent but simpler approximation schemes in
Ref. [22] as a theoretical and numeric reference and as a proxy
to the comparison with DRT.

Unlike the two approaches previously described, our
method gives information about local probability distributions
and can be straightforwardly used to study problems that
are intrinsically out of equilibrium [7], i.e., where detailed
balance is not conserved. As an example, Sec. IV C is devoted
to the exploration of susceptible-infectious-susceptible (SIS)
model for epidemics. Finally, Sec. V contains the conclusions
of our paper.

II. RANDOM POINT PROCESSES

To facilitate the reading of Sec. III, we take a brief tour
into the TRPP, which we will use to parametrize probability
distributions of spin histories. After some basic definitions and
for completeness, we will refer in Sec. IT A to the simple case
of an independent binary variable that randomly changes its
state. There, we will use the random point processes formal-
ism to derive a master equation for the variable’s dynamics,
and we will show how to extend this to the case of many
interacting variables.

The core object of random point processes are spin tra-
jectories or histories. For binary spin variables o = +£1, a
specific history that starts with o(f)) = 09 and ends with
o (t) = o is parametrized by the number of spin flips, the time
in which they occur and the initial state of the system. Thus,
we are in the presence of a random point process [1,2] where
the probability measure may be denoted as

Q' (X) = Qs(to, t1, ..., Iy, t]o (tg) = 0p). (1)

Equation (1) represents the probability density of having a
trajectory with s jumps at (¢;, t; + dt), ..., (t;, t; + dt;). When
we need to highlight that the final time of the spin history is
t, we may write X as X (¢). Seeking simplicity, in almost all
equations we will not write the conditioning of all dynamic
quantities on a given initial condition [for example, in (1) we
have o (ty) = oy].

The probability density Q(X) fulfills the following normal-
ization relation:

1=) 0X)= Z/ dn/ dn...
X s=0 V10 iz

J

s—1

dts Q‘Y([()v I, oy Ly, t|0(t0) = 00)~

(@)

The sum Z; in Eq. (2) goes over all histories that occur be-
tween fy and ¢, starting with o (fy) = oy. It is explicitly written
on the right-hand side as a sum Y .- of time integrals. Each
term of that sum corresponds to histories that have exactly s
jumps, and the integrals account for all the possible jumping
times tq, ta, ..., L.

Instantaneous magnitudes can be written as marginals of
Q' (X). For example,

Plo)= Y QX), 3)

Xl|o(t)=0

where the sum Z;(la(t):a goes over all the histories X (¢)

such that o(#) = o and can be written similarly as Z} [see
Eq. (2)]. In what follows, we will use the symbol Z;Ia as a
shortening of > XloE)=o" . . '

As we will show, some properties of the time evolution of

magnitudes like P'(o) can be obtained by working directly
over Q' (X).

A. From random point processes to master equations

Master equations are a common instrument in the study of
continuous-time dynamics. As a proof of the validity of the
random point process approach, we will show its equivalence
with the formulation of master equations in two examples:
the time evolution of a single noninteracting variable and the
dynamics of N-interacting spins. Through the derivations, the
reader will become familiar with properties and procedures
that will be used in Sec. III.

1. Single variable
The master equation for the time evolution a single spin
without interactions reads

dP'(o) t 4
T = —r(@)P'(@) + r(=0)P (~0). )

where r(o') is the transition rate between the states o and —o.

To derive Eq. (4) from the TRPP, we will differentiate (3).
Differentiation in this context should be handled carefully
since increasing ¢ means we are changing the sample space
itself. Instead of using calculus rules to differentiate, we use
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the definition of derivative as the limit of the incremental ratio:
dP' (o) . Pt (o) = Pl(0)
= lim .

5
dt At—0 At )
For the sake of the discussion in the next sections, let us write down the calculations in detail.
Let us say that the final state of the trajectory X is X (#) = o. Then the probability density Q' (X) can take the form [1,2]
Qt X) = r(UO)e*r(Uo)(tl*to)r(_go)e*r(*an)(tz*h) L r(_a)efr(fo')(fvftx—l)efr(o')(t*ff)' (6)

The right-hand side of Eq. (6) is the probability density of the waiting times of the history X : [#o, t] — {1, —1}, whose jumps
occur at (¢, by, ..., ), with rates r(o).

Now we will write P'T4' (o) as the marginalization of Q"*2/(X) and then expand to first order in Az. Explicitly writing that
marginalization as in Eq. (2):

t+At t+At t+At
P2 (o) = Z / dty / dt, . .. f dt, 0" (X). (7)
s fo n

(28]

Here, the sum on the right-hand side goes over all the values of the number of jumps (denoted as s) such that X () = o.
Now we must keep only the order At term in (7). Let us expand first O'*2/(X) and leave the rest untouched. Equation (6) can
be rearranged as

s t+At
0 (X) = []‘[ r(cr(tl)):| exp {—/ r(o(r))dr}, (8)

=1 fo

where the jumps in the history X occur at the times #;, with/ = 1,2, ..., s.

In (8), the probability of having the last jump in the interval [¢, ¢ + At] is r(—o )At and, more generally, the probability
of occurrence of n jumps is proportional to (Ar)". Therefore, when Ar goes to zero, with probability 1 there are no jumps in
[z, 4+ Atr] and none of the times #; belongs to that interval.

We can then expand the exponential in (8) and write

Q1+AT(X) = |:l_[ V(O’(t[))] exp {— /t r(a(r))dr}[l —r(o)At] + o(At),

=1 fo
O (X) = Q'X)[1 — r(o)At] + o(Ab). 9)

On the other hand, the sum of iterated integrals in (7) is of order (Af)* by itself. However, for each integral we have the
property ftL+At dt = fz: dr + ftHA[ dt, and we can write

t+At t+At t+At t t t t t t+At
Z/ dt1/ dtz.../ thZ/ dtI/dtg.../ dt5+2/ dn/dzz.../ dt, +o(At).  (10)
fo 1 15 Iy n ts—1 s fo 1 t

s 51 s

The first term of the right-hand side of (10) is an operator over the space of the histories that occur in the interval [#, ¢]. It can
be safely applied to the expansion (9) of the probability density Q'*4/(X) to give a contribution of order oA = 0(1),

IO:Z/ dtlf dtz.../ dt,0'(X) = P'(0), (i

and a contribution of order O(At):
t 1 t
L=~ Z/ dt, / d .. f di,0'(X) r(o)At = —P'(0) r(o)At. (12)
s 4] 4] t—1

Together, Iy + I; represent the probability density of having o (t) = o and no jumps in [¢, t 4+ At].

In the second sum of (10), we have an operator that acts over the space where all jumps, except the last one, took place in
[70, t], and the last jump occurs in [¢, ¢ + At]. Therefore, we can obtain a second contribution of order O(At) by applying this
operator to the probability density Q of having only one jump in [¢, # + At]. Remembering the parametrization (8) and expanding
in powers of At:

' ' s—1 - t+At A
L=>Y" /t dr ... /t dtsl[]_[ r(o(tl)):|e_f‘0’(a(f))dr /t dty r(o(ty))e” i e
K 0 5—2 =1
t t s—1 . ;
b= (Z/ d, / dts_l[l_[ r(a(t,))]e‘ffo re ’)(r(—o)At)Jro(At). (13)
s I li=2 =1
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In (13) we have used that, to fulfill the condition o (t) = o, the last jump must happen from —o to o, with rate r(—o ). The
sum inside parenthesis in the equation now goes over all histories that end with o (¢) = —o, and therefore is equal to P'(—o).
Thus I, = P'(—0o) r(—o)At + o(At) represents the probability density of having o (t) = —o and only one jump in [¢, ¢ + At].

Putting all this together:

P (@) =1+ 1 + L+ o(At), P (o) =P(0)— P'(0)r(0)At + P'(—0) r(—o)At + o(At). (14)

By subtracting P’ (o) from both sides of (14), dividing by Az and taking the limit Ar — 0, we obtain the desired result (4):

dP!
dia) —r(o)P'(0) 4+ r(—=o)P' (o).
2. Multiple variables
In this case, where we have the time evolution of the N-interacting spins 6 = {0y, ..., ox}, the master equation is
dP'(3) s e
= ;[ri(U)P (&) — ri(F[1P (K], (15)
where F;[o'] is an operator that transforms the state ¢ = {07, ..., 0;, ..., oy} into the state Fi[¢] = {01, ..., =0}, ..., on}, and r;(5)

is the transition rate between ¢ and F;[5].
Similarly as in (3), the probability density P'(&) is given by

t
P'G)=> 0'X), (16)
X
where X = {X1, ..., Xy} is the vector of the histories of all spins.

Now we must differentiate (16) similarly as with (3):

dP'(3) . PA(G) — P'(5)
= lim .
dt At—0 At

a7

The set of individual histories of N-interacting spins, Q" (X), can be written as a product of probability densities CDZ(XaD?\(,)
of the history X, with the histories of all the other spins X\a fixed [23]:

N
Q' (X1, Xp. ... Xy) = [ [ @4 Xi1X0). (18)
i=1
Each <I>§.(Xi|)?\i) can be parametrized like in (8) [1,2]:
Si t
dLUXG|X) = |:1_[ ri(5(fl,)):| exp {—/ ri(&(f))df}- (19)
li=1 fo

As before, we will write P'*27(5) as the marginalization of Q/+2(X) and then expand to first order in Az. Explicitly writing
that marginalization as in (7):

t+At t+At t+At .
P (G) = ZZ Z[]‘[ / dti f dt .. / dt;}QHA’(Xl,XZ,...,XN). (20)

=0 s,=! sy=0 si—1
To expand Q'+ (X) requires expanding each ®§+A’ (X,-|)?\i), which is almost the same we did in (9):
DU IX) = B{XGIX\) [1 — ri(5(1)) Ar] + o(At). @n
Thus,
N
ONE) =[x, QM) = H LX) [ —ArY rk(om)} +o(At),

i=1 i=1 k=1

N
0 (X) = Q’()?)[l — At Zrk(c?(t))} +o(AD). (22)

k=1
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Similarly, as with (11) and (12), we will use (22) to get two contributions of order O(1) and O(At), respectively:

00 00 N t t
h=Y..> []‘[/ dt{.../ d,;'}Qr(;z) — P'(5), (23)
51=0 fo B

SN:() i=1

oo oo N t t N N
L= (ZZ [ /df{~~-/_ dtﬁ}Q’@)) (—Atzrk(c?(t))>, Iy = —P'(5) At Zrk(ﬁ(t)). (24)
170 f1 k=1

s1=0 sy=0 Li=

k=1

As in (10), we can split the sum of iterated integrals on the right-hand side of (20) to get O(At) contributions. The latter is
an operator that acts over the space of the histories where one and only one spin jumps in [t, t + At]. The rest is a calculation

essentially equal to the one in (13):

k=1 51=0 sy=0 Lizk V%0

=1

N
h =) P EI5]) nFl& @) Ar.

t t t t
dt{...f di! /dt{‘.../ drf | T eiexix)
1 ) fy—2 itk

Skfl
" [1_[ n(@ (W} ¢ oM L (RIS (DAL + o(AD),

(25)
k=1
Finally, the expansion of P'*2!(5) gives
PGy =1y + I + b + o(At),
N N
PHAG) = P'(5) — At ZPt@)"k(a) + At ZPI(Fk[(?])Vk(Fk[ﬁ]) + o(Ar), (26)

k=1

and using (17) we obtain the usual master equation [1] for a
set of N-interacting spins (15):
dP'(3)
dt

N
= - Z[n(ﬁ)P’(ﬁ) — ri(FBIGDP'(FIGD].  (27)
i=1
Unfortunately, to solve (27), even numerically, is in general
a very difficult task because the densities P'(G) are high
dimensional objects.

III. HIERARCHICAL CAVITY MASTER EQUATIONS

This section contains the main analytical contribution of
our paper. We will exploit techniques similar to the ones
presented above to write down a set of closed differential
equations for the stochastic dynamics of discrete variables in
arandom graph. We generalize a closure presented in Ref. [5]
substituting an uncontrolled approximation by new equations
derived from first principles through the TRPP.

To simplify the reading, this section is divided in five
subsections. In Sec. III A, we introduce the dynamic cavity
method to study systems defined over treelike graphs. In
Sec. III B, we use that formulation to write the local prob-
ability densities sitting on any group of connected nodes
in terms of dynamic cavity messages. Then we derive the
known local master equations for those probability densities.
In Sec. I C, we repeat the same procedure to obtain anal-
ogous equations for cavity probability densities. A general
approximated method for closing these equations is presented
and discussed in Sec. III D. There, we show how these closed
dynamic equations can be organized in a system of hierarchi-
cal approximations.

k=1

(
A. Treelike architecture and cavity messages

In this subsection, we will introduce the dynamic cavity
messages for treelike graphs. Now, every spin o; interacts only
with the spins sitting in its neighborhood: o;; (the symbol 9i
denotes the set of nodes in the neighborhood of 7). Therefore,
our stochastic process involves flipping rates r; that depend
only on o; and oy;.

In this scenario, it is possible to separate the spins into two
disconnected networks just by removing a single connection
between two nodes. We first select a spin, say i, and rewrite
Eq. (18) following the treelike structure around it:

Q' (X1, ..., Xn) = ®XilX) [ | [@’k(mxak) I1

kedi meadk\i

x (@fk(xmmam) ]‘[ )] (28)

ledm\k

Those are the only spins that directly interact with i and
therefore we adapted the previous notation of the & probabil-
ity densities. The symbol Xj; represents the set of histories
of the nodes in di. Furthermore, let G;:) be the subgraph
expanded from the site £ after removing the link (ik). Let us
define {X};; as the set of histories related to the spins included
in G,(C’) except for X;. Now we can express (28) as

Q' (Xi, ..., Xn) = Di(Xi|Xai) l_[ My (Xi, Xi, (X Yio). - (29)
keoi

Here Mj; is just a shortening for the expression inside
brackets. Marginalizing Q on all histories except X;, Xj;,
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we get

Q' (Xi, Xai) = Pi(Xi|X5:) l—[ Wi oy Xe|X). (30)
kedi
The new functions M}H(ki)(XHX,-), called dynamic cavity
messages, are the marginals:

t
Moy XelX) = My (X, X, (X D). 31
(X Yik

It can be shown that p} (xi)(Xk|X;) can be properly normal-
ized to one, and it is convenient to do so. Each cavity message
has the interpretation of the probability density of history Xj
given X; fixed.

If we now take two neighbors, i and j, and make a similar
reasoning, we conclude that their marginal probability density
can be written as

o' (X;, Xj) = Miﬁ(ij)(Xi |Xj)l'Ltj—>(ji)(Xj|Xi)- (32)

These cavity messages can be parametrized as other similar
dynamical quantities [see Egs. (6) and (19)]:

— (Mg
Wi iy XilXj) = Mis iy (Xi, X, o) € Sy Hid

— [27d
X dies(ijy(Xi, Xy, t1)e i i

— [ \d
X e X Ais i) (X, X, tg)e i Y, (33)

only that now the jumps occur with unknown rates
Ais(ij)(Xi, Xj, 1), which in general are functions of the full
histories X; and X; taken from #q to ¢.

Then, as in (21) we can expand @ and u to order At (for
the latter, see Appendix B):

DA (X1 X50)
= ®LX;|Xp:) [1 — ri(0i(t), 05i(1)) At] + o(Ar),  (34)

Wt (XilX))
= i 7Kl X)) [1 = hiaij)(Xi, X5, ) At] + o(At). (35)

Equations (31)—(35) were already present in Ref. [5], but
they will also be at the basis of our derivation. They will be
exploited below to write a more general set of equations than
the ones presented in Ref. [5].

B. Equations for local probability densities

In this subsection, we further explore the connection be-
tween the TRPP and masterlike equations, now exploiting
a message-passing formalism usually found when studying
problems in treelike graphs. Although the final equation to be
obtained can be deduced using simpler techniques, we believe
that the approach presented here has a pedagogical value and
will clarify the methodology used in Sec. III C to obtain more
original results.

By eliminating a group of connected nodes from a treelike
graph, we always divide it into several treelike subgraphs. We
illustrate this in the top-left panel of Fig. 1. There, we colored
in gray the subtrees obtained after removing the white nodes
in the center. As we learned in Sec. III A, if we marginalize the
full distribution Q' (X) over all the histories in these gray sub-

graphs, we obtain the probability density of the set of histories
corresponding to the connected group we have selected.

Therefore, if we denote the central node in the top-left
panel of Fig. 1 by i, and remembering the steps from (28)
to (30), we have

Ql (Xconnected set) = Z Qt (X )a

Xgmy nodes

Q' (Xi, Xpi) = ©;(Xi|Xa:) l_[ s ey X1 X2). (36)
keai

This procedure can be easily generalized to write any local
probability density of the histories of a connected set of nodes.
We just have to recognize inner and outer nodes: the first ones
have all their neighbors belonging to the connected set and the
second ones have at least one neighbor outside the connected
set. The top-right and the bottom-left panels of Fig. 1 show
examples of connected sets. In each case, we have a group of
inner nodes (in white) and a group of outer nodes (in black).

The probability density of a connected set is always a
marginal of the full probability density. However, to avoid a
more involved analysis, we will separate the connected sets
into two categories. A connected set is of the first kind when
all its outer nodes have only one neighbor inside the set, and
is of the second kind when at least one outer node has more
than one neighbor inside the set. This distinction is important
because in the first case we can directly write the correspond-
ing probability density as a product of local weights ® and
dynamic cavity messages ©. We must simply include a local
weight for each inner node and a cavity message for each outer
node.

For example, the probability density corresponding to the
connected set in the top-right panel of Fig. 1 is

Qt ()?connected set) = Z Qt ()?)v

X, gray nodes

O' (Xi, Xoi, Xow\is Xoni)

= d)i'(Xi|X3i)|: l_[ d)in(Xm|X8m)j|Mtj_>(j,’)(Xj|Xi)

medi\j

x[ [ u;%(nk)(xaxk)}[ I1 u;%(n,)(mxz)},

nedk\i nedl\i
(37)

where j, k, [ € di. A representation of this product of @ and
w functions is shown in the bottom-right panel of Fig. 1.

Connected sets of the second kind do not require a different
treatment. Fortunately, we can always add nodes to convert
these into sets of the first kind. For example, we can transform
the bottom-left panel of Fig. 1 into the top-right panel just
by adding node /; to the connected set. Then we can simply
compute a

t
' (Xi, Xoi, Xownir Xp,) = ZQ’ (X, Xoi, Xoxvi» X1, X1,). (38)
Thus, the probability density of any set of the second kind
can be written as a marginal of the probability density of a set
of the first kind just like (38) is written in terms of (37).
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FIG. 1. (a) Selection of a connected set with four nodes (white) from a treelike graph. The full graph is divided in six treelike subgraphs
(gray nodes). (b) Dividing a connected set with eight nodes in two groups: inner (white) and outer nodes (black). This is a connected set of the
first kind, because every outer node has only one neighbor inside the set. (c) Connected set with seven nodes. According to our classification,
the connected set is of the second kind because node / has two neighbors, i and /,, which belong to the set. (d) Local weights and cavity
messages present in the probability densities related to the connected set shown in top-right panel.

To derive a differential equation for the time evolution of
any instantaneous local probability density P’, we should con-
centrate on connected sets of the first kind. To fix ideas, let us
work with such a connected set containing » inner nodes and
m outer nodes. We will say that the sets Z = {ij, ip, ..., iy}
and O = {0y, 02, ..., 0,} contain the inner and outer nodes,
respectively. Furthermore, we can define a function ¢ : O —
T that gives, for every outer node oy, the corresponding inner
node ¢ (o). Let us use the notation ¢(0;) = ¢y to simplify the
writing of the following equations.

The instantaneous probability density can be written as

t

Y ) 0o X, (39)

X716z Xoldo |

P'(3p,01) =

m
ALY Yy | | t !
Q (X(97 XI) - [ lu“ok—ﬂﬂk [ )\'Ok—”ﬂk

n m
0" (Xo, Xr) = 0'Xo. Xp) — At Y 7l []‘[ [T

=1 k=1

where 67 and G are the vectors of the instantaneous states of
the inner and outer nodes, respectively, and }?I and )?o are the
corresponding vectors of the histories of those nodes. On the
other hand,

0 (Xo, X1)= |:l_[ lj“ok*)(o;‘(ﬁk) X,]k iXWf :| |:1_[ @), |X[),k :|

k=1
(40)

where

Now we need to expand (39) to order Az. As in Sec. ITA
we can write an order At expression for Q' +A (X0, X7). Re-
membering (34) and (35), we have

1]+ 0(At)j| [l—[ @ [1—rf At]+ O(At):|,

k=1

:| |:1_[ <I>§k:| At Z )LUI—WI |:1_[ Mi}k—ﬂﬂk:| |:1_[ d)?k:| ’ 4D
k=1 k=1 k=1
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Included
these

FIG. 2. This figure illustrates what happens when we apply the relation (46) to Eq. (47) in the particular case of the connected set of the
right panels of Fig. 1. We took the outer node k, (see Fig. 1) as o;. After including a new local weight @}, and two new messages Mm» r, and

My —k,» WE end up having the probability density of a bigger connected set that includes all neighbors of k,.

where we have shortened our notation as follows:
t — t t — t
q)ik (Xik }Xa"k) = cbl'k’ 'u’0k—>(0k<ﬂk)(X0k |X’k) = Mok_)(ﬂk ’
rik (Uik (t)v Gai/\v (t)) = rfk ’ )\-Ok—>(0k(pk)(X0k ’ Xl/‘ ’ ) - A’;A—)(pk

Similarly as before, there are three contributions to the expansion of (39) to order At:

t t
=YY 0o X1)=P(Go,b1),

XolGo Xzl6z

1

Xol60 Xz|67 =1

s £ [ i)t 5 [ Jine

I=1 o160 Xz|F,[51] =1 Xo|F, 601 Xz|57

In Appendix B [see Eq. (B12)], we derive the identity

t
! 1 t
i—j M’z—)] z :ri (I)i 1_[ Mg

Xoi\j kedi\j

)Lt
which leads to

m m
|:1_[ M;Aﬁwij:l_[q) j| o—>¢ T Hu’zkﬁtﬂk |:l_[CI> i| =91 H’Ll—ﬂﬁ/’
k=1

k;zél

e[t ot [ 2 2o T

— Xa,,, \¢; k€301\(p1
k£l

m t m n
t 2 t t t t
|:1_[ H’okazpk:| |:1_[ q) i| o=@ Z ro, l_[ I’Lok%tpk |:1_[ ¢ik] q)ol |: 1_[ Mk%01:| .
k=1 Xoop\g k=1 k=1 kedo\gi
k#l

(42)

(43)

(44)

(45)

(46)

(47)

(48)

Now, what does the product [[];—, ,u’ok%w][nz | @ 1D [eraa,\q;, I’Lk—m/] on the right-hand side of (48) stand for? As in

ksl

the example of Fig. 2, we took (47) and removed the factor A;, g, ., -

054303-8

Then, we included a local weight, @ , and a group



FROM RANDOM POINT PROCESSES TO HIERARCHICAL ...

PHYSICAL REVIEW E 104, 054303 (2021)

of cavity messages ufc_wl. Therefore, in (48) we have all the local weights and cavity messages that appear in the probability
density of a bigger connected set, which now includes all the neighbors of o;.

Equation (48) transforms into

|:l_[ Mi’k—”ﬂk:| |:l_[ Cl)i.k:| )\'i’l—ﬂﬂl
k=1

k=1

Thus, we can rewrite (44) and (45) to get

I

Xol6o X216z | 1=!

n

t

= > 7 O (Xsopg» Xo. X1). (49)

X901 \¢p

t t n m t
—At Y D A Ro. XD+ Y D Q(Xsong Ko, Xx) |

=1 Xa”l\‘!’l

m
I = —At Zr,, (03 021, ) P' (G 57) + Z Z Yoy (Gors T30y )P (Gaopgs G0 57) | (50)

=1

[=1 030)\¢,

n t t m t t
L=AY Y 3 HoFo. XD+ Ay Y 3 0o Xo. K1),

I=1 X560 Xz|F, 151]

n

I=1 X |F, 601 Xz|57

12 = At Z}’,’I(—O’,’,, GQ[I)PI (5'(9, El[6I]) + Z Z rD[(_Uols 030,)Pt(630,\w,v Fo, [60]7 aI) B (51)

=1

I=1 030\g,

where we have returned to the longer notation for the rates r} [see Eq. (42)].

Putting (43), (50), and (51) together:
Pt (5o, 67) = Ip+ 1) + L + o(At),

n

Pt (G0, 61) = P'(Go, 51)—AIZ[V5, (03, 031, )P (B0, 61)—ri (=03, 09;,) P (G0, F; [57]) ]

=1

m m
— At Z Z To, (O’(,[, Uao,)Pt(Uao,\w,» 0o, 5’1) + At Z Z ri,(—ail, Uai,)Pt(UE)a,\(p,a F(,,[5o], 5’1) + o(At),

I=1 0j0)\¢,

and, finally,

n

dP'(Go,07)

dt P

I=1 0h0\g,

(52)

- Z [ri1 (O'ilv Uai,)Pt(a(Dv aI) - ri/ (_Ui/a O—al})Pt (6'07 El [6'1-])]

m
- Z Z [rul (G(),v Tjo, )Pt (Uaa,\w,, 60’ 61) — Ty, (_0()[7 Uaol)Pl (030,\¢19 Fol [60]3 5:I)] (53)

=1 Tooy\g;

Equation (53) is like a master equation for the combined
set of variables {G¢, 67}, but it has a very peculiar structure.
The first sum represents the contribution to the derivative
due to flipping rates of spins sitting at inner nodes, and the
second and third lines are the contribution related to outer
nodes. Precisely, there we can notice that the time derivative of
P' (G0, 67) depends on probability densities defined over big-
ger connected sets: P’ (0y,,\y,, 50, 57). This means that this is
not a closed system of equations, and we need to complement
it with other relations to obtain the time dependence of its
variables.

Summarizing, in this subsection we presented a general
method to obtain the exact differential equation of any lo-
cal probability density for a treelike graph exploiting the
TRPP. As we already mentioned, this equation can be derived
through much simpler procedures and in more general con-

(

texts (see Appendix A for an example). However, we believe
that the technique introduced here, and, in particular, the use
of functions that act as messages may clarify the path to be
followed in the next section.

C. Equations for cavity probability densities

To proceed further, it is necessary to find a way to close
the set of equations (53). To do this, we need to first intro-
duce a new set of masterlike equations. They will represent
CMEs to be solved separately. With them, we may write
P'(0900\g» 00, 07) in terms of the quantities P' (G, 57) (see
below), therefore closing the full system.

We start from the idea that, in a treelike graph, any local
probability density Q of the histories of a connected set can
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FIG. 3. This figure illustrates the relation between probability densities Q (left panel) and cavity probability densities ¢ (right panel) defined
over connected sets. In this case, ¢ is obtained by removing the cavity message u';_,;, and we say that g is defined in the cavity where X; is

fixed.

be written as

0 (Xo, X1)= []‘[ 1 (orpn) Ko, 1 X, } []‘[ @ (X, 1Xs, }
) (54)

or as a marginal of this kind of expressions. The densities O
are defined over the space of all possible configurations of the
N-vector X of nodes histories.

On the other hand, we may introduce a cavity probability
density, ¢, defined over a reduced space where we partially
or completely fix some of the histories. Thus, Q and g are
fundamentally different.

Here, we will deal only with cavity probability densities
which are defined over connected sets. As in the previous
subsection, we can focus on connected sets of the first kind
without any loss in generality. The reduction of the config-
uration space that gives birth to a cavity treatment occurs in
this case by fixing the history of one outer node. We can write
one of those ¢ densities in terms of local weights and cavity
messages from a probability density Q just by removing the
cavity messages wu corresponding to the fixed outer node. For
example,

q (XO\OI’ Xz || Xo,)
1_[ MDk"(OklPA) X0k|X¢k |:1_[¢' |Xf)l1< :| (55)

;e

It is possible to show that the quantities on the left-hand
side of (55) can be properly normalized to one, and the rela-

J

I (6@\01" o1 H Xo.f) =

tion (55) can be interpreted as an identity only in that case.
We will use that interpretation in what follows without loss of
generality.

We say that ¢' ()?o\o],)?z || X,) is defined in the cavity
where X, is fixed, which is represented by the symbol ||.
Figure 3 illustrates this idea by revisiting a particular example
shown in the previous subsection.

Let us clarify a bit more the meaning of a cavity relation,
in opposition to a conventional conditional relation. Consider
a simple stochastic process with two random variables A and
B. There, an example of conditional cavity probability density
is p'(a || b) and the analogous conventional conditional prob-
ability density reads P’ (a|b). We have used the notation a and
b for some specific values of the variables A and B.

Notice that we used two different symbols to represent
conditional and cavity relations: | and ||, respectively. We
remark that these are conceptually different. In this example,
the conventional conditional probability density P’(a|b) is a
measure of the set of configurations with A(¢) = a restricted
to the subspace where B(¢) = b. However, this magnitude is
defined in a stochastic process where A and B can take any
of its possible values in the full configuration space. On the
other hand, a cavity condition p'(a|| b) is a modification to
our stochastic problem whose realizations are now defined on
a configuration space where B(t) = b in all cases. If that is
not clear, a look back to (55) shows that a cavity density is a
result of removing the probabilistic weight that corresponds
to the fixed variable (B in this case). The question about
what might be happening with B at time ¢ is simply not
asked.

With this in mind, we can go on without derivation. By
marginalizing (55), we get instantaneous cavity probability
densities,

Z Z (XKoo, Xz | X)), (56)

Xov; 150\, X716z

whose time differentiation is analogous to what we did in the previous subsection. We will have n terms like the ones in the first
line of (53) and m — 1 terms like the ones in the second and third lines of the same equation, only that now everything is defined

in the cavity where X, is fixed.
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Thus, proceeding as in Sec. III B it is easy to verify that

dp (Gov,. 57 | %) <&
\Oii’t % = - Z [ri1 (Uila Uai[)pt (8(9\0/-, 81 || XOJ-) - ri[(_ai17 Uai[) pz (60\0/‘7 E[ [81] H X()/)]

=1

m
- Z Z [rol (00,5 Uao,)Pt (Uaol\tp/’ 8O\Oj7 o1 H Xoj) —Fo (=0, 080,)pt (6801\¢1 s Fo [5'(9\0j]7 o1 ” Xoj)]-
=1 Tdo)\g,

1#]
(57

As (53), Eq. (57) is exact in treelike graphs. However, none of them can be analytically or numerically solved. Equations (53)
and (57) contain expressions for the time derivatives of densities P’ (6o, 67) and p’(c’r’o\aj, o7 || X,,), but these expressions are
not closed on the same variables. They both depend on probability densities defined over bigger sets of nodes.

D. Closure and hierarchical approximations

Although cavity probability densities are defined over configuration spaces which are fundamentally different than the full
configuration space of all histories, we can use them to give a closure to equations like (53).
First, let us make a Markovian approximation in Eq. (56) by substituting the full history X, by its final state o, :

dp (Gor,..57 || o, "
p’(ao\oéhaz | o) =— Z [7i,(0i, 03i) P (Bono, 61 || 00,) — 11/ (=03. 03i) P (Bone,s Fiy[67]|00,) ]
=1

m
- Z Z [ra, (Ua, s 0301) Pt (030,\<p, s 5’(9\01., 81 || Goj) — Ty, (_Uo, s 0301) Pl (Uao,\@, Fol [60\0j]’ 81 H O(Jj)]~
I=1 Too)\g;

1#]
(58)

Equation (58) gives the time derivative of a probability density p'(Go\,,, 07 || 0,,) that can be defined over any connected set
in the graph. Its first two lines represent the contribution to the derivative due to flipping rates of spins sitting at inner nodes, and
the last two lines correspond to the contribution related to outer nodes (except for o,,,). As in (53), this equation is not closed.
Densities like p' (030,\¢,» 80\0/, oz || 0,,) are defined over connected sets which include more nodes than 2 (6@\,,/., oz || 0o, )-
Again, we need closure relations for (58).

1. First-order closures

It is useful at this time to revisit the closure presented in Ref. [5], considered now as the simplest approximation we can make
to equations like (58). Indeed, the CME in Ref. [5] is written for the cavity densities p/(o; || o), each one involving only two
spins. Following (58), the equation for this variables reads

dp' (i || o))
% = Z {ri(o, 09i) P' (09 j» 07 || 0)) — ri(—0i, 037) P (09irj, —0i || 0)}. (59

Oai\j

To close (59), we need to write p (095, 0; || 0;) in terms of p'(o; || 0;). To do so in a transparent way, we first make a small
detour.

Similarly as in Sec. III C, consider the simple case of a stochastic process with three random variables A, B, and C. There, an
example of conditional cavity probability density reads

, Pabllc)
A= B:b C= =,
P (A=adl I c) B0

where a, b, and c are values of the variables A, B, and C. Again, notice that we used two different symbols to represent conditional
and cavity relations: | and ||, respectively. Following the language we used in Sec. III C, we say that the density (60) is a measure
of the set of configurations with A(¢) = a restricted to the subspace where B(t) = b of a stochastic process whose realizations
always have C(t) = c.

Now, we can write the exact relation:

(60)

P (o9, 01 || 0)) = p'(o9ajloi || o) p'(oi || 0)). (61)
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In Ref. [5], this relation is approximated by

P(oanj, 0ill o)) = p'(oanjloi | o)) ploi || o)) =~ H P oxlloy) | Pl (o |l o). (62)
kedi\j

The substitution in (62) can be interpreted as a series of changes made to p(oy, jlo; || o;). First, the cavity relation with
o, is dropped to get p'(osnjlo; || ;) & p'(0sn jlo;). Then, the conditional relation with o; is substituted by a cavity relation
P (oanjloy) = pP'(oan; || ;). These approximations increase their accuracy when the correlations between oy, 0; and o;
decrease [5].

Completely dropping the dependence on o; looks more drastic than replacing |o; by || o;, but we must notice that node j is
farther apart from any node in 9i \ j than node i, thus, 0y, ; should be less correlated with o; than with o;. Finally, it is easy to
see that p(oy,\; || o) can be exactly factorized to get (62), and we obtain the CME as presented in [5]:

dp'(oill o))

== _{nnow| [] Pexlion|p@illop —ri=aiom| [T Fecll—o) |F(=aillopt.  (©3)

Tdi\j kedi\j kedi\j
In Refs. [5-7,13] these kinds of equations are integrated together with

dP'(o;
> : 1i(01 o3 [1‘[ P o ||oi)] P (03) — —ri(—03, o) {]‘[ P Il — a»} P’(—m)}, (64)

Tyi kedi kedi

where a similar factorization is used:

P' (051, 07) = P'(03il0i)P' (07) ~ p'(03: || 07) P (07) = |:1_[ P (o ||O'i)j| P'(oy). (65)
kedi

Although these equations had proven their utility in previous works, we can go beyond Eq. (63) by directly obtaining the time
dependence of the probability densities p’(0: j, 0; || 0;). These are defined over a larger connected sets, and according to the
general equation (58) its time derivative can be written as

dp' (oanj. 0ill o)
dt

= —ri(0i, 09;) p'(Oairj» 0 |1 0}) + ri(—0i, 09;) p' (0o j» —0i || 0)

- Z Z {ri(o1, 091) P'(Oannis Oanj» 0i || 0)) — ri(—oy, o91) p' (oo, Filoan 1, 0 [l o))} (66)

ledi\j oani

Again, we need to close these equations introducing some relation between the probability densities p' (o31\;, 03\, 0i || 75)
and p' (03, j, 0 || ;). We can always concentrate on conditional cavity densities, which allow us to write

P (ooni, oanj» 01 || ) = Pl(oaniloanj. 0i 1| 0;) p'(0anj. 0 1] 0)). (67)

As before, we can take p'(oyni|osn j, 07 1| 0;) and drop the dependence on o;. As all nodes in 9i \ j, except for [, are at
the same distance from any node in 9/ \ i than node j, the corresponding spins will be in average equally correlated with oy
than o;. Let us also drop the conventional conditional dependence on these nodes to get the relation p'(oynloai j, 0i || o) =
P (o9niloy, o). This procedure is now more accurate than with (63), because we are neglecting correlations associated with
nodes which are farther apart in the graph.

Then, we replace the conventional conditional relation with o; by a cavity relation to obtain

P (oani, o1 1] 07)

2 !
P (Oanilogij, 0i |l 0) = p'(oanilo || 07) = . (68)
Vo ! ! X, P or |l o)

With this, we have closed (66) through approximations for conditional cavity probability densities.
Equations (66) and (68) must also be combined with differential equations for the probability densities P'. In this case, we
can use, for example,:

dP' (03, 07) , :
- —ri(0i, 03i) P'(04i, 0:) + 1i(—0i, 0;) P (03, —07)
=YY {ruor o) P (@anilon || 1) P (04i, 01) — r1(—=07, 031) P (Ganil — 01 | 03) P (Filoi], o)}, (69)

ledi oani

which involves essentially the same approximations than (69):

P'(oyni, 03i, 07) = P (oo1i|09i, 01) P (091, 07) = Pl (oaniloy ||y ) P (09i, 07). (70)
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(a) (b)

FIG. 4. A cavity probability density p’ (Gone;s oz || 0,;) is defined over a general connected set. This figure illustrates the classification of
these sets according to the distance between the outer nodes and the origin o;. (a) The maximum distance is d = 3. Thus, the set belongs to
class CS-3. In this example, all distances are not equal. (b) Every outer node is at a distance d = 3 from o;. Thus, the set is rCS-3 and belongs
to CS-3.

The performance of the set of equations (66)—(70) that we call in the following CME-2 will outperform the CME as presented
in Ref. [5] [see Egs. (63) and (64)]. This is illustrated below in Sec. IV.

2. General closure

Although we gave an initial idea of how to use the dynamic cavity method to obtain closed systems of differential equations
for local probability densities, our goal is to provide a general method that works for any equation like (57). This requires some
sense of structure and order that should facilitate the reader’s comprehension. We will move among connected sets of the first
kind (see Fig. 1) to establish a hierarchy using the concept of distance within the graph.

We can find a path that connects every pair of nodes in a connected set. Furthermore, for each pair there is always a path with
minimum length, and we can define a distance between nodes as the length of that minimal path. The distance d(k, [) between
nodes k and [, with k # [, is then a positive integer.

From this, we can classify the connected set {O \ 0, Z, 0;} according to the distances between the node o; (the origin) and
all the outer nodes O \ 0;. When the maximum distance max,,con,; {d(0j, 0;)} is equal to the integer Z, we will say that the
connected set is in the class CS-Z. If all the outer nodes (except o;) are at the same distance from o;,i.e., if d(0}, 0;) = d(0}, 0f)
for all ox, 0; € O\ 0j, we will say that the connected set is regular and use the notation rCS-Z to refer to that specific set. Of
course, every rCS-Z belongs to the class CS-Z. Figure 4 illustrates this classification.

In this context, we can use the notation

pt(go\oj, 5‘1 “ O‘oj) = pt(a'z, 5"2,1, ey 5‘2, 5‘1 “ O‘oj) = pt(a‘z, 5’271, ey 5’2, 0i; “ O‘Oj), (71)
where i; is the inner node connected to o;.

In (71), the vector &, (1 < z < Z) contains the spins oy such that d(k, 0;) = z, with the condition that k € O or k € Z. The
cavity probability density in (71) is defined over a connected set that belongs to the class CS-Z, which we will represent with the
symbol p' (CS-Z). To simplify our language, we will simply say that all p'(CS-Z) are in CS-Z.

Using our new notation (71), the cavity probability densities in the last two lines of (58), which are in CS-(Z + 1), can be
rewritten as

pt (Uavl\fﬂl’ 60\0/7 &I | UOj) = pt (8Z+1’ 623 82—1’ ceey 62’ Gij ” GUj)» (72)

where Gz is exactly the same than o\, -
Notice that every p' (CS-Z) is a marginal of a cavity probability density defined over the corresponding regular set rCS-Z (see
left panels of Fig. 4). In view of all this, what we need to write is a system of equations like

dp' (rCS-Z)
dt

which in our case is equivalent to find a relation p'(CS-(Z+1)) = f[p' (CS-2)].
With this classification of connected sets according, essentially, to their size, we are ready to find that f[-] function. Let us
write

= F[p (rCS-2)], (73)

t= |z P (6241.67..... 03, | 00,)
p (GZ+] |UZ, s Ul/ H U()j) p[(a_z, o O‘i/_ || O_oj) ( )
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If the distance Z + 1 is large compared to the system’s correlation length, we can assume that the fact of having fixed the
value of 0, at time ¢ is irrelevant for the state 0741 on the left-hand side of (73):

pt (6‘2+] }52, ..

Following the same reasoning, we can drop all the spins in {7, ..

(= -
., 0y H aaj) ~p (UZ_H|UZ, ..

., 82, 0;). (75)

., 02} whose distance to the nodes in 67 is larger than

Z. We have already done this kind of approximation when writing the equations for p'(o; ||o;) and p’ (o34, 0; ||0}); here we

are just generalizing. The remaining spins {621, 0y, . .
in l'j.

., 85, 0;;} are defined over a connected set of the class CS-Z, with origin

Furthermore, when the spatial correlation between 6,4, and o, is low, we can make the approximation [5]

Pt (5‘2+1|5£, ..

L) 6’2/7 aij) ~ pt(6-Z+1|5-éi K]

5 o) = P (6241,65,....6; | o)) a6)
T WG

Notice that the distance between i; and the nodes related to 67 is equal to Z, so we are assuming that the correlation decays

noticeably at that distance.
From (75) and (76), we have

p/(az+1,5'é,...,5’2/‘0'i)
(6741187, ...,0: || 0,.) ~ / 77
P (UZ+1| Zs ij ” f’/) Z&ZH pt(a’.z+l,6_zl’ o 762, H O'i,»)’ ( )
and the probability densities (72) become
Pt(52+1, Gzyenns Oi; | Uo,-) = Pt(52+1|5z, -e o5 Oj; | Uo,) Pt (52, -5 Oj; || Uo_,-),
p’(&ZH, 6‘2, <509 | O‘,'v)

‘(G 07y -« O, )~ J (57, ..., 0, ). 78
PGz 320 | on) 1 (A R Gz, | o) 78)

Thus, we have managed to write the function f[p'(CS-Z)]
that gives any cavity probability density in CS-(Z+ 1) in
terms of several densities in CS-Z. This constitutes a closure
for (58), and we can now numerically solve these equations.

It is important to say that after solving for p’ (CS-Z), we can
compute all the cavity probability densities in CS-1, CS-2,...,
CS-(Z-1) as its marginals.

As for (53), we can write P'(0y,,\p,» 00, G7) in terms of
P'(Go, 67) and a cavity probability density whose value we
can obtain from the numerical integration of (58) with the
relation (78). We do

P'(030,\g 80, 67) = P' (0300 |80, 57) P' (G0, 57),
P'(040\p1» 80, 67) X P (09000118000, 57 |00,) P (G0, 57).
(79)

Here we changed the conditional probability density
P'(090\p, |80, 07) by a conditional cavity density. Never-
theless, we introduced the cavity condition by fixing only
the spin o,. Again, this substitution should be accurate
when the distance between o; and the nodes in do; \ ¢
is large enough compared with correlation length. Finally,
Egs. (58), (74), (78), and (79) give a closure to the differential
Eq. (53) and we are ready to numerically obtain the time
dependence of system’s observables.

It is important to say that our closure relations could be
used in several ways, but the key point will always be how to
choose the distance Z at which we neglect correlations and
substitute conventional conditional relations by conditional
cavity relations. This distance will be the parameter that de-
fines what we will call a level of approximation.

Summarizing, we define a level of approximation through
the differential equations for the cavity probability densi-

(

ties (58). If we write them for densities p'(CS-Z), we say that
we are in the Zth level of approximation. Within this context,
Egs. (63) and (64) constitute a first-level approximation and
we will say they are in the level CME-1. On the other hand,
Egs. (66)—(70) are in the second level, which is CME-2.

IV. NUMERICAL RESULTS

The information about the nature of the interactions and the
local dynamics goes into the spin-flip rates r;(o;, 03;), which
of course depend on the graph’s structure. Here, we will work
over two families of diluted random graphs which are locally
treelike: Erdos-Renyi [24] and random regular graphs.

In practice, once interactions are set, we select an initial
condition for all probability densities (P and p"), and the in-
tegration of the equations gives the full P’ and p'. In Sec. IV A,
we will explore the numerical differences obtained with first
and second levels of approximation, CME-1 and CME-2, into
two well-known spin models from statistical mechanics, the
Ising ferromagnet and the Viana-Bray spin-glass, both defined
over Erdos-Renyi graphs. In Sec. IV B, we compare CME-2
and CME-3 with the dynamical independent neighbor approx-
imation (DINA) presented in Ref. [22] for the dynamics of
the Ising ferromagnet. Finally, in Sec. IV C we also contrast
the results of CME-2, with the ones of pair quenched mean-
field approximation for the dynamics of the SIS model for
epidemics [25,26].

A. First and second levels of approximation

One of the traditional forms that theorists choose for
the spin flipping probabilities per time unit is Glauber’s
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(d)

FIG. 5. Dynamics of the Ising ferromagnet according to kinetic Monte Carlo simulations (points), and the integration of equations in levels
CME-1 (thick lines) and CME-2 (dashed lines). In all cases, an initially fully magnetized system evolves in time in contact with a heat bath
at a given temperature. Calculations were done for Erdos-Renyi graphs of size N = 5000 with mean connectivity ¢ = 3. (a) Time evolution
of system’s magnetization [see Eq. (83)]. (b) Time evolution of the error (84) between local magnetizations predicted by CME-1, 2, and the
results of kinetic Monte Carlo simulations. (c) Time evolution of system’s energy density [see Eq. (85)]. (d) Time evolution of the error (86)

written for the expected values of local energy terms.
rule [8]:

ri(oi, 0y;) = %|:1 — o; tanh <ﬂ Z.IkiO'k + ﬁh,)] (80)

kedi

As usual, the spin variables o; can take the values o; = +1.
The interaction between each pair of connected spins (o;, 0;)
is encoded in the couplings parameters J;; = &1 and can be
either satisfied (J;jo;0; = 1) or unsatisfied (J;jo;,0; = —1). On
the other hand, the 4; are local fields that we will set here to
zero. The parameter 8 is the inverse of the temperature 7T .

We can then write

ri(oi, o) = ri(c;, u;) = A[1 — tanh(B(c; — 2uy))],  (81)

where c; is spin’s connectivity and we can use the Kronecker’s
delta to write

Ui = (07, 09) = Y 81, —or0r- (82)
kedi

When the number u; of unsatisfied interactions between i
and its neighbors is large, there is a high probability that o;
changes to —o; [see Eq. (81)].

Let us assume we have an Erdos-Renyi graph with N
nodes, and in every node a spin variable. The corresponding
ferromagnetic Ising model is the result of setting J;; =1 for
all the connected pairs (i, j). With this definition and with the
rules (81) we can make kinetic Monte Carlo simulations of the
system’s dynamics.

Figure 5 shows results of these simulations alongside the
semianalytical output of our dynamic cavity method in the
first (CME-1) and second (CME-2) levels of approximation.
These results were obtained by integrating Eqs. (63), (64),
and (66)—(70), respectively. In all cases, the initial condition
is a configuration with all spins pointing up. Top-left panel
contains the time evolution of the system’s magnetization
[Eq. (83)], while top-right panel illustrates the correspond-
ing error for the local magnetization [Eq. (84)] between a
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theoretical approach and the simulation (MC):

1< 1 <
m(t) = — o P'(o)=— ) m(t), (83)
N N
i=1 o i=1

N

% 3 (M) - mMCm)’, (84

i=1

sm™M() =

The behavior depicted in the top-left panel is typical of
ferromagnets. A transition between two regimes occurs at
some Ty = (arctanh[1/c])~! [27] (when the average connec-
tivity is ¢ = 3, we have Ty = 2.89). In the thermodynamic
limit, the spin’s up-down symmetry is broken, steady-state
magnetization is zero for high temperatures (T > T¢), and at
low temperatures (T < T¢) we have nonzero magnetization
for all times.

Both levels of approximation, CME-1 and CME-2, give
a good qualitative and quantitative description of the mag-
netization obtained from the simulations, especially at the
steady state. This is not surprising. In the cases where the
steady state is governed by a Boltzmann distribution,
the long-time limit of our dynamical scheme is equivalent to
the traditional equilibrium cavity method [13]. This means
that on the ferromagnet we will get the well-known be-
lief propagation (BP) solutions by integrating our dynamical
equations for long enough. At treelike networks, which here
implies taking the thermodynamic limit, the fixed point of BP
is the exact solution of the problem. Finite-size effects are
responsible for the discrepancies between the steady state of
our equations and the simulations.

The results of CME-2 are particularly accurate, in the
steady state and in the transient. The top-right panel of Fig. 5
shows CME-2 reproduces local magnetizations mMC(¢) also
quite well, with errors of order 107> — 1072,

The bottom-left panel of Fig. 5 shows the time evolution of
the ferromagnet’s energy density,

e(t) = —% Z Z ZPZ(Ui, oj)ijoio; = % Zeij(l)v
i#j o 0 i#j

(85)
which is a measure of how many unsatisfied interactions are
in the system. Again, our dynamic cavity method gives very
accurate results, even for the expected values of local energy
terms ¢;;(t). The bottom-right panel of Fig. 5 shows the time
evolution of the local error,

1
sy = | 32 D (el — )’ (86)
i#j
|
dP'(o,u)

dt
K—-1

where M is the number of connected pairs (i, j). This error
remains of order 1072 — 1072 for all times.

Another way of choosing the couplings is to draw each
one from the bimodal distribution d(J;;) = 1/26(J;; — 1) +
1/28(J;j 4+ 1). In this model, also defined over Erdos-Renyi
random graphs, we have a transition to a spin-glass phase at
a finite temperature Tsg. As correlations play an important
role when temperature decreases, we know that the approx-
imations we made in Sec. III D cannot be as accurate as with
the ferromagnet.

Figure 6 shows results for this model in a graph
with ¢ =3, where the transition temperature is Tsg =
(arctanh[/T/c])~" &~ 1.52 [28]. As expected, below Tsg the
description is not as successful as for the ferromagnetic case.
However, it still holds that CME-2 performs better than CME-
1. In the top-right panel, we see that for 0 < ¢ < 100 the
errors are on a scale of 10~!, which is one order higher
than what we saw in the ferromagnet. Furthermore, even with
the approximation CME-2, the error seems to monotonically
increase with time.

However, our theoretical description of the simulations
is noticeably improved just by going up one level in our
hierarchical approximations. Not only errors for local magne-
tizations are appreciably smaller with level CME-2 than with
CME-1. If we look at the bottom panels of the figure, we see
how this second level of approximation already gives a good
description of the average e(¢) even at very low temperatures
like T = 0.25 < Tsg. However, this result might be mislead-
ing because the errors for the expected values of local energy
terms are still of order 10!,

Results in Figs. 5 and 6 indicate that the performance of the
approach used in Refs. [5-7,13] (in CME-1) is significantly
improved just by using the next level of approximation. It is
important to say that the integration of equations in the second
level, although very accurate, does not take high effort, con-
sidering the capabilities of present-day personal computers,
not to mention high-performance computers.

B. Comparison with other theoretical approaches

The hierarchical system of approximations introduced for
the study of stochastic local search algorithms [20,21] and
systematized in Ref. [22] combines theoretical simplicity with
numerical accuracy in a variety of traditional models from
statistical mechanics. Here, we will compare our theoretical
approach with the DINA, which constitutes the second level
of the scheme presented in Ref. [22].

In the case of an Ising ferromagnet with Glauber rates (81)
defined over random regular graphs, where every node has K
neighbors, the DINA works with the exact equation:

= —r(K,u)P'(o,u)+r(K,K —u)P' (-0, K — u)

— Z(K — W) r(K, u )P (o, )[P'(u|o,o,u) — P'(u— 1o, o, u)]

u'=0
K—1

=D WD KA+ D) P (o d + DIP (u— 1], —o. 1) — P(ulo, —o, )], (87)

w'=0
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FIG. 6. Dynamics of the Viana-Bray spin glass according to kinetic Monte Carlo simulations (points), and the integration of equations
in levels CME-1 (thick lines) and CME-2 (dashed lines). In all cases, an initially fully magnetized system evolves in time in contact with a
heat bath at a given temperature. Calculations were done for Erdos-Renyi graphs of size N = 1000 with mean connectivity ¢ = 3. (a) Time
evolution of system’s magnetization [see Eq. (83)]. (b) Time evolution of the error (84) between local magnetizations predicted by CME-1,
2, and the results of kinetic Monte Carlo simulations. (c) Time evolution of system’s energy density [see Eq. (85)]. (d) Time evolution of the

error (86) written for the expected values of local energy terms.

together with the closure relations [22]:

(K — )P (0, 1)

Pl(ilo,0,0) ~ - ) (88)
YK —u)P(o,u)

. i+ 1P (o, 0+ 1

Palo., —o. iy~ BEDPO 2+ D (89)

o Pi(o,u)
Here, r(K,u) =ri(ci=K,u; =u) [see Eq. (81)] and
P'(o, u) is the probability density of having a node with spin o
and u unsatisfied interactions with its neighbors. The variable
u is an integer between zero and K. This can be written in
terms of the densities P! (o;, 03;) as
N
Pt(aa u) = Nh—?go < ]v Z Z ZPéK(N)(Ui’ Gai)ao,a,
i=1

i=1 o; 0y

X 83, o 00 K—2u D (N)s (90)

where £x(N) is the ensemble of random regular graphs with
connectivity K and size N, and dy , is a Kronecker delta eval-
uated at (x, y). The symbol < - >, (v represents an average
over this ensemble, with proper probabilistic weights.

We can similarly define the probability density
13’(0, o', it, ') of having a connected pair (o,0’) with i
and #' unsatisfied interactions with their other neighbors,
respectively. In this case, i1, i’ are integers between zero and
K — 1. The magnitude P (ii|o, o', i) that we have in (87) is
the conditional probability density:

Plao, o', i) = Plo, o', &)
T Y Po, 0 b, i)

oD

The closure relation used in DINA can be derived starting
from the assumptions of the dynamical replica approach under
a replica symmetry ansatz [22]. This explains why DINA
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FIG. 7. Comparison between the dynamics of the Ising ferromagnet defined at random regular graphs according to kinetic Monte Carlo
simulations (points), the integration of the DINA (thin-dashed lines), and equations in the levels CME-1 (thick lines), CME-2 (dashed lines),
and CME-3 (dashed-dotted lines). In all cases, an initially fully magnetized system with mean connectivity K = 3 evolves in time in contact
with a heat bath at a given temperature. KMC calculations were done for a random regular graph of size N = 10000. (a) The main and the
inserted graphics show the time evolution of system’s magnetization [see Eq. (83)]. The first one compares the different levels of approximation
of our dynamic cavity method with the DINA and displays results for 7 = 1.75, 1.82, 2.0 (from top to bottom). The latter compares the DINA
with the results of kinetic Monte Carlo simulations and displays results for T = 1.5, 1.75, 1.82, 2.0 (from top to bottom). (b) The main graphic
shows the absolute difference Am between the average magnetizations predicted by the DINA and by different levels of approximation of the
dynamic cavity method. All curves correspond to 7 = 2.0. The inserted graphic compares the DINA with kinetic Monte Carlo using the same
Am parameter, whose behavior is displayed for 7 = 1.82, 1.75, 1.5, 2.0 (from top to bottom).

gives very accurate results in models where detailed balance
holds. In this case, it is more likely that the microscopic
probability distribution function is a constant within a sub-
space with a finite number of order parameters. Indeed, we
know that in those models the condition is satisfied at least at
equilibrium.

The inserted plot on the left panel of Fig. 7 shows very
good agreement between the average magnetizations pre-
dicted by the DINA and the KMC simulations for the Ising
ferromagnet defined over random regular graphs. This is
complemented by the inserted plot on the right panel. It is
important to notice that the DINA is not written for single
instances and, therefore, it cannot give local information. This
means that Eq. (84) is not applicable here and we need to
define a new error. The simplest one is the absolute difference
between the average magnetizations, a parameter that we call
Am (in contrast to §m).

In the inserted plot of the right panel of Fig. 7, Am is
of order 10~ for all times. This speaks very well of the
DINA’s accuracy when predicting the behavior of the average
magnetization, even at finite size systems (in this case N =
10 000).

We already said in Sec. IV A that in the thermodynamic
limit, our dynamical cavity method gives the correct solution
for the equilibrium of the ferromagnet in random graphs,
where it is equivalent to the equilibrium cavity method [13].
Coolen et al. established the convergence of DRT under
replica symmetry to the standard equilibrium replica sym-

metric solution [14]. Therefore, the steady state of the DINA
and our equations must be equivalent under the conditions
described above.

As can be seen, (87) is an average over the graph en-
semble of the differential equation for P'(o;, 03;), which has
the form (53). Therefore, closure relations (88) and (89) are
equivalent to our closure relation (70) in the sense that both
are approximations for the same kind of conditional proba-
bilities. Actually, they both drop the information about the
number of unsatisfied relations #’. An important difference is
in the fact that the first ones are written for the average case
probability densities, while the latter is written for the single
instance.

However, for our dynamic cavity method, all sites become
equivalent at random regular graphs with homogeneous initial
conditions. In that case, all probability densities defined over
connected sets with the same structure follow the same dif-
ferential equations. We can drop information about the local
structure of the graph. As we show in Appendix C, we can
forget the irrelevant details of, let us say, P’ (o}, 0p;). All the
combinations of o;, o, with the same value of o; and the
same number of unsatisfied interactions between this spin
and its neighborhood will have the same probability density
Pl(o =01, u= Zkeai(sﬁkﬁm)'

We are easily able to write average case equations (see
Appendix C) for several levels of approximation, as the den-
sity (90) can be directly written as P' (o, u) = (¥)P(c, ).
Here we present one of the equations we used to get the time
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dependence of the densities at (90)

dP' (o, u) .
dt

= —r(K,u)P' (o, u) +r(K,K —u)P' (=0, K — u)(K —u) (r(K,u) )00 P'(0,u) + (u+ 1) (r(K,t)) 6.4

xP(o,u+1)—u(r(K.u)) oo P (o, u)+K—u+1)(r(K,u'))gq P(o,0—1), (92)

where we have assumed that 1 <u < K — 1 and used the
averages (r(K,u'))s.o = Zf,;(l) r(K,u)p'(Wl|o || o’). The
equations for u = 0, K are easily obtained from (92) by sup-
pressing its second or third line, respectively.

Equation (92) is analogous to (87) not only because they
both give the time derivative of the same quantities but also
because they have similar structures. The main difference is
that we have made the approximation

P o, u)P' (o, o,u)~ P'(o,u)p' (|0, o)
~P(o,u)p'(dlo’ [|o).  (93)

The closure (93) works as a substitution drawn from
our dynamic cavity method for the conditional probabilities
P'('|6’, o, u). The densities p'(itlo || ') can be obtained
from our cavity treatment (see Appendix C). On the other
hand, closures (88) and (89) of DINA are the substitutions
for P'(u'|o’, o, u) that correspond to the assumptions of DRT.

The main panels of Fig. 7 show a comparison between
approximations in the first, second, and third levels of our
dynamic cavity method and the DINA. Each level is defined
by the approximation we use to obtain the cavity probability
densities p' (éi|lo || o). As the level increases, our method pre-
dicts a time dependence of the magnetization which is closer
to what is obtained from DINA. This means that our cavity
closure on the densities ' (it|o || o) becomes similar to the
DRT-like closures (88) and (89), which work very well in this
case.

C. Susceptible-infectious-susceptible model for epidemics

The propagation of an epidemic is a relevant issue present
in various scenarios. Problems like the dissemination of a
disease within a population [29] or the spreading of a com-
puter virus or rumors over a network [30] are studied by
numerous scientists all over the world. We do not have to
explain the significance that the global COVID-19 pandemic
has brought nowadays to the development of theoretical tools
for understanding epidemic outbreaks [31].

There are a vast variety of models for epidemic processes.
Since the seminal work by Kermack and McKendric [32]
about the susceptible-infectious-recovered (SIR) model, we
are used to seeing compartment models whose main idea is
to divide the population into several groups. Each one of
those groups is assumed to be homogeneous, in the sense
that all individuals interact with rules that depend on which
group they belong to. However, this does not necessarily mean
that all of members of a compartment are equivalent. The
dynamics, for example, can be defined over a specific contact
network. Here, we will concentrate on the SIS model defined
over random regular graphs.

The standard SIS uses two compartments (states) x; = 0 =
susceptible, or x; = 1 = infectious and is the simplest model

(

for recurrent transmissible diseases. The epidemic is thus a
continuous-time stochastic process with only two admitted
transitions. An infectious node transmits the disease to each
one of its neighbors with rate 8 and recovers with rate u, as
represented in Fig. 8. The ratio A = 8/, known as spreading
rate, is commonly used as the control parameter of the model.

Such stochastic process can be described by a master equa-
tion like (27), where the relevant quantities are probability
densities over discrete variables: P’ (¥). This allows us to apply
our dynamic cavity method here, and, as said before, we only
have to adapt the rates:

rii, Xor) = B0 D Xk + 181 (94)
kedi

The probability per time unit that x; changes its value,
ri(xi, x5;), 1s equal to « when node i is infectious (x; = 1), and
is equal to B times the number of infected neighbors of i when
the node is occupied by a susceptible individual (x; = 0). This
corresponds with our description of the model.

The dynamics of SIS on random networks has motivated
abundant literature. One of the most successful theoretical
approaches in this scenario is known as quenched mean-field
(QMF) theory [33,34], which allows calculating the epidemics
threshold by complementing the master equation with some
suitable factorization. The most accurate version of QMF is
pair quenched mean field (PQMF), or pair-based mean-field.
This approximation considers pair correlations and has been
intensively investigated lately [35,36] with very good results.

The PQMF equations read

dp;
L —ppi+BY o= Vi) (95)
jeai
and
dy) — Vi
= T2 B Bt )+ B
pi — Vij
X D (=) + B D (o — V),
kedi\j PRI e
(96)
S I
;]
I — I
I M

° — °0

FIG. 8. Allowed transitions in SIS compartment model on
networks.
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FIG. 9. Dynamics of the SIS model for epidemics according to kinetic Monte Carlo simulations (points), the integration of PQMF (dashed
lines), and equations in the first (CME-1, thick lines) and second (CME-2, thin lines) levels of our dynamic cavity method. Calculations were
done for § = 0.4 and u = 0.25, 0.4, 0.5, 0.6 (that in the figure correspond to A = 1.6, 1.0, 0.8, 0.67). In all cases, the infection started in one
node of a random regular graph of size N = 1000 with connectivity K = 3.(a), (b) Time evolution of system’s average p(t) = ﬁ > pi).
(c), (d) Time evolution of the local error [computed analogously to (84)] between these semianalytical methods and kinetic Monte Carlo

simulations.

where p;(t) = le_ X; PI(X,') and wij(t) = in ij x,-ij’
(xi, X;).

An extensive comparison with equations in the first level
of approximation of our dynamic cavity method [see (63)
and (64)] has been already carried out in Ref. [37]. As shown
there, PQMF gives more accurate predictions for the sys-
tem’s observables. Left panels of Fig. 9 illustrate this for the
particular case of an epidemic outbreak that begins with a
single infectious individual in a random regular graph of size
N = 1000 and connectivity K = 3. Although the steady state
seems to be similarly predicted, PQMF performs indisputably
better at the transient regime than the equations in CME-1.
The corresponding maximum local errors, depicted in the
bottom-left panel, are approximately four times bigger for the
latter than for PQMF.

The right panels of Fig. 9 compare kinetic Monte Carlo
simulations with PQMF results and the numeric integration of

our dynamic cavity equations at the second level of approx-
imation. Equations (66)—(70) give a very good description
of the simulated epidemic outbreak. The bottom-right panel
shows that its maximum local errors are of the same order as
PQMFs, and for A < 1.0 is clear that our cavity method gives
even preciser predictions for the steady-state probability den-
sities. This is also observable in the top-right panel of the fig-
ure, which illustrates the time dependence of the average of p;
over all sites. There we can also see that PQMF does not cap-
ture the transient regime appreciably better than our approach.

Thus, the second level of our dynamic cavity method out-
performs PQMF at least in describing the propagation of
epidemics through a random regular graph. Nevertheless, we
expect the same to happen in other families of random net-
works, like Erdos-Renyi graphs. As PQMF is currently the
state-of-the-art among mean-field approximations for the SIS
dynamics [35,36], this is a very relevant result.
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V. CONCLUSIONS

We derived, using the TRPP, a hierarchical scheme of
CME:s directly applicable to the continuous-time dynamics
of systems with discrete variables. We carefully described
the approximations made at each level of the scheme and
explained their significance, pointing to the system’s cor-
relation length as the parameter defining the accuracy of
the approximation. Our scheme clarifies some of the con-
tents and approximations made in recent literature about
CMEs [5-7,13].

We performed numerical tests at different levels of the
approximation in spin and epidemic models. For spin mod-
els, the accuracy of the technique is comparable with the
ones obtained with well-known successful methods like dy-
namic independent neighbor approximation and DRT, and
improves as we increase the level of approximation. Studying
the SIS model for epidemics, we show that our equations give
better predictions for the stationary state of the epidemics
than the widely used PQMF approximation, and, depending
on the parameters, can also perform better in the transient
regime.
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dP'(os)
dt

I'ES:I’I,’=Q

+ Z Z[—ri(Ui,Gai)Pt(Gs,Un,-)+Vi(—Ui,Gai)Pt(E'(Us),Un,-)]-

i€S:ini#D O,

This is exact for any single spin-flip dynamics, not neces-
sarily on treelike graphs, and for any subset of variables S,
and gives back (53) with § = O U Z, the variables in Z being
those with n; = @.

APPENDIX B: CONNECTING CAVITY MESSAGES
WITH INSTANTANEOUS MAGNITUDES

For completeness, let us reproduce the derivation of
Eq. (46) that appears in Ref. [5].

If we marginalize (30) on Xj; (;,j; and combine the result
with (32), we get a cavity message passing equation:

> Xl [ thes g Xl X,

(X} kedi\j kedi\j

Mis(ij)(X”Xj) =
(BI)
where X;(¢) is the history of spin i to time ¢. To simplify

the notation, we will sometimes write u;_,;; for the cavity
conditional message.

APPENDIX A: SIMPLE DERIVATION OF THE EQUATION
FOR LOCAL PROBABILITY DENSITIES

Equation (53) can be obtained through procedures much
simpler than the one used in Sec. III B.

Let S be a subset of the set of nodes of the system
{1, ..., N}. The notation og stands for the configuration of the
variables in S. Assume an arbitrary single spin-flip dynamics,
with the rate of flipping of the ith variable depending on o;
and on o;;, which defines 9i, i.e.,

dP'(5)
dt

N
= Y [—1i(0i, 03:))P' (&) + ri(—0y, 03 )P' (Fi(3))].
i=1
(A1)

Consider now the marginal distribution of the variables
in S,

P'(a5) =Y _ P'(0s,73),

a3

(A2)

with S the variables not in S.

When we do this marginalization on the right-hand side of
the full master equations, three cases occur:

(1) Ifi ¢ S, the two terms compensate by flipping o; in the
mute index of summation oy.

(2) If i € S and 9i C S, the marginalization goes through
r; and only acts on P’, which gives the marginal distribution.

(3) If i € S and 3iN§ = n; # @, one only marginalizes
over the variables in S \ n;, where n; has been defined as the
set of neighbors of i which are not in S.

This leads immediately to

= Y [=ri0i, 03)P' (05) + 1i(—0;, 03:)P' (Fi(05))]

(A3)

We have learned that probability densities in the random
point processes formulation can be written as [see Eq. (33)]

5
M:’a(ij)(Xilxj) = 1_[ Ai—’(ij)(Xi’ Xjs tlf)
li=1

t
—exp{/ )Li*)(ij)(Xi,Xj,T)dT}. (BZ)
4]

Changing indexes accordingly, we can use the same
parametrization for the other cavity messages in the update
equation.

The interaction term ®%(X;|X,;) can be interpreted as the
probability density of X; conditioned on the histories of spins
in 9i:

Si
D[(X;|X5i) = [ [ riloilt), 00i(t1))

=1

X exp {—/ ri(o[(r),oai(r))dr}. (B3)

fo
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Here, r; is the real jumping rate of i. Under a Markov
assumption this is an instantaneous quantity, meaning that at
time 7 it depends only on the values of ¢;(7), 05;(7).

The trace on the right hand side of (B1) can be written in
more detail. Let F' be the argument of the sum:

[t0,7]
Y F(X Xoit)

(Xe}.kedi\j

[n [t [ a
{sk}.kedi\j Lk=1

In all equations, s; will be the number of jumps of the history
of spin k.

If we write (B1) for every pair (i, j) in the network, we get
a system of coupled equations. Having these functions, we
could describe all the dynamics of the system. However, (B1)
is a very involved expression and we need to transform it to a
more tractable one. With that objective, we will differentiate
both sides of (B1).

Differentiation in this context should be handled carefully
since increasing ¢ means we are changing the sample space
itself. Therefore, it is safer to use the definition of differentia-
tion for both sides of Eq. (B1). We will compute the limit:

R CGIXG) — ey (XGIX)
lim .
At—0 At

/k rfk}F(X,-,Xai, 1.

(B4)

(BS)
J

Si
Al
wittn = [ Trmap@)exp {—

li=1 fo

A very important question arises at this point. What is
the relation of (X;(t + At), X;(t + At)) and (X;(¢), X;(¢))?
Or, in other words, what happens in the interval (¢, ¢ 4+ Atr)?
The answer is important because expressions for uﬁiﬁ.’j) are
different whether we consider there can be jumps in the small
At interval or not. The first thing that makes sense to impose
is that histories must agree up to time ¢. In (¢, ¢ + At) we can
have several combinations.

An implicit assumption throughout all this theory is that
on an infinitesimal interval only two things can happen to a
spin: it can stay on its current state or make one and only one
jump to the opposite orientation. Two or more jumps are not
allowed. Considering this, we have four cases to analyze:

(1) There are s;,s; jumps in (fo,?) and neither i nor j
jumps in (¢,¢ 4+ At). This occurs with a probability (1 —
AiAD)(1 — )\,jAt).

(2) There are s;, s; jumps in (f, t) and i XOR j jumps in
(¢,t + At). This occurs with a probability (1 — A;At)(A;At)
or (I — A;At)(A;At). These are two cases in one.

(3) There are s;, s; jumps in (fo, ) and both i and j jumps
in (,7 + At). This has a probability of A;A;Az?.

When At goes to zero, from the previous analysis we con-
clude that the derivative should be computed, with probability
1, using the first option, where histories for i and j have no
jumps in the interval of length At.

To differentiate the left hand side of (B1) we can use the
parametrization (B2):

t+At
/ )\iﬁ(i_j)(f)df}v

Si '
fiﬁ?j) = [1 = A j(0)At] l_[ Aisijy (1) exp {— / )Lie(i,j)(f)df} + o(At),
li=1 fo
it = 1= ki ap (AL @i, ) + o(A1). (B6)
[
Then, with probability 1, the time derivative of the left- interest are in the interval [#y, ¢ + At]. The expression
hand side of equation (B1) is equal to —A;_, (1) M:»(ij)-
To calculate the derivative of the right-hand side of (B1), lro. L+ 8]
we should compute Z F(Xi, Xyi, t + At) (B8)
(X, ),kedi\j

A
lim Zgl;kt-'l_ceé]z\] F(X;, X5, t + At) —
At—0 At

H’i—> ij
(]). (B7)

Let us focus on the first term of the numerator in the pre-
vious expression. It can be expanded to the first order in Az.
It is important to remember that At appears in the integration
limits as well as in the integrand F. In addition, we should
keep in mind that all jumps for X; and X; must occur before
t. This restriction, however, does not apply to the histories Xj
for kin di \ j.

The expansion of (B7) can be explained as follows. First,
let us remember that F' is the joint probability of X; and {X;}
with k € i\ j, conditioned on X;. All histories in the term of

is the marginalization of the mentioned joint probability dis-
tribution. The previous sum, to order A¢, has two main
contributions. One comes from summing over {X;} with all
X having no jumps in [t, t + At]:

F(X;, X, r)il - [Z M (1) + ri(t)} Ar}.
k

(B9)

[t0,1]

a= 3

(Xi}.kedi\j

The other considers all the possibilities of having one of
the X; with a jump in the interval of length At:

[t0,1]

B=Y" Y F(Xi Xpi hisair()AL.

ko (Xc)kedi\j

(B10)
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9 o cs3
Qo

FIG. 10. The cavity probability density p'(ii,, 03, i1, 01 || 09) is
defined over a connected set in CS-3. This figure illustrates meaning
of each one of the variables ii», 0, i, 01, and oy.

Then,
[to,t+At]
Z F(X;, Xpi, t + At) = A+ B+ o(At).
(Xe}.kedi\j

(B11)

Putting all together, we see that B cancels out with the A
part of A, and the remaining term of order 1 is p;_ (;j)(X;(?)|
X (1)), which cancels when inserted in the limit expression.

The final outcome of this differentiation process is

Nis ) [Xis X, ] w5 (XilX)
[t0,1]

= > riloit). 0;(t), 09 j(OIF (Xi, Xi 1), (B12)
Xk} kedi\j |

dp'(osij, 0i Il })
dt

We can now marginalize the right-hand side of the above
equation over all the histories of the spins k € di \ j by keep-
ing the configuration of these spins at the last time ¢ fixed. The
result reads

Nies iy (Xis X 1) i 1) (Xl X))

= Z ri(oi(t), 0(t), oan ;) P (oainj» Xi 1| X)),

Odi\j

(B13)

where we introduced the function p as the marginalization of
the function F over all the spin histories of the neighbors of
i except j, with the configuration at the final time fixed. Note
that the notation oy; ;(¢) is equivalent to {0y (¢)}k € di \ j and
that in p above appears again explicitly the conditional nature
of the probability distribution F'.

Equation (B13) represents the differential dynamic
message-passing update equation obtained by differentiat-
ing (B1) in time. It connects the derivative of the dynamic
message uﬁﬁ(m, and so the jumping rate A;_,;;(¢) of spin i
in the cavity used to parametrize the message in (B2), with
the transition rate of the same spin 7;(0;(t), 0;(t), i\ j(¢)) at
time ¢.

APPENDIX C: AVERAGE DYNAMIC CAVITY EQUATIONS
IN RANDOM REGULAR GRAPHS

Whenever we have initial conditions independent of the
site and homogeneous node connectivity, the equations of our
dynamic cavity method acquire a spatial symmetry that will
allow us to reduce them to a few average case equations. Let
us show this through an example.

We will start with Eq. (66):

= —ri(01, 09;) P' (Oanj» 0 || 0;) + ri(—01, 09;) P' (0o j» —0i || 0}) — Z Z{VI(UI, Oa1)

1€di\j oani

x pl(oanilor | 07) p'(oanj, 0i || 0) — ri(—0y, 091) Pl (oanil — o1 || 07) P (Filoan 1, 0i Il o))} (C1)

In a random regular graph with connectivity K, a spatial symmetry results from choosing an initial condition for
P (031\j, 0i || ;) which does not depend on i and j. In that case, the equation governing the time evolution of p' (03, 0; || 7;)
will not depend on the values of i, j for any time. We can write a single equation for all sites:

dp(@.o|lo') _
dt

—r(K, it +86,—5) P01, 0 || 0") + r(K, K — it = 85, —o) P'(K — 1, —0 || )

— (K -1
—(K—1 —ﬁ)Z( y )r(K, W {p'Wlo llo) p'@a,o |l o) = p'| — o llo) p'(a+ 1,0 || o)}

w'=0

AK71 K—-1 ’ teot toA ’ too! 7o l
—MZ< >r(K,u){p(uI—0IIU)p(u,UIIG)—P(MIO"IIU)P(M—I,GIIO“)}. (C2)

u/
u'=0

In (C2), regardless of the site where they are defined, the probability densities depend only on two connected spin variables,
o and ¢/, and on the number i = 0, ..., K — 1 of unsatisfied interactions that o has with its neighbors other than ¢’. The sum in
the fourth and fifth lines takes into account that # unsatisfied interactions, all of which contribute equally to the derivative. The
same happens with the second and third lines and the contribution of the remaining (K — 1 — i) satisfied interactions.

So far, we have not defined new probability densities, we just redenoted p' (o3, ;, i || ;) into p/(it, o || o) after realizing
that the values of sites i and j where irrelevant due to spatial symmetry, and that it was not important to keep track of all
the combinations of o0y, ;, we needed only to record the number of unsatisfied # interactions between 03, ; and o;. Now, we

will introduce the total densities p' (&I, o || 67) = (Kgl) p' (&, o || o), noticing that these are analogous to the average probability
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densities in (90). Actually, exactly as before, we have

N
oo . 1
pollo)= Am L DX P @i 0i 11 67) 866,807 0, 8o 00K —1-20 D Ec(N)» (C3)

i=1 jedi oi o 0p\j

where £x (V) is the ensemble of random regular graphs with connectivity K and size N. The symbol < - 3>, (v) represents an
average over this ensemble, with proper probabilistic weights.
The differential equation for this average probability densities is

dﬁt(lft, o || OJ) N Al A / A N A~ /
B (K, i+ 8, o) p(it,o||0") + (K. K —it =85 o) p(K =11, =0 |[07)

— (K =1 =) (r(K,u))o,s P(@1,0 |0 )+ @+ 1) (r(K,u)) o0 P'(@+ 1,00
—a{r(K,u)) oo p'(@,0|[0") + (K =) (r(K,u) )o o p'@— 1,0l 0"), (C4)

where we have written the averages (r(K, u') )00 = Zf;(l) r(K,u) p'(W|o || o’). The conditional cavity probability densities
in (C4) are

P00

Pl o) = e (C5)
Equations (C4) and (C5) form a closed system that can be numerically integrated. This must be complemented with
dP' (o, u) A A
—Q - —r(K,u)P' (o, u)+r(K,K —u)P'(—o,K —u)
— (K —w) (r(K,u'))o.0 P'(0,u) + (4 1) (r(K,t)) 6.6 P'(0,u+1)
—u(r(K, 1)) =g P'(0,0) + (K —u+1) (r(K,u))o0 P'(0, 0= 1), (C6)

which can be derived similarly.
To finish writing the equations of the levels of approximation shown Fig. 7 in the main text, we still need to address the first
and third levels: CME-1 and CME-3. In the first case, we start with Egs. (63) and (64)

dp i j t t ! !
P_(f;““f) =Y o on| [ Ploclion|p:illop —ri(—oiom| [] Pocll—on |p(=aillopt. (€D
! Py kedi\j kei\j
dP'(o; / ¢ ! g
Doy {r,(ai, o) []‘[ P (o ||o,-)} P (03) ~ ri(~01,00) []‘[ Pl - m)} P (—m)}- ()
oyi kedi keai

It is easy to see that the average case versions of this equations at random regular graphs with homogeneous initial conditions
are

A , K—1
% = - MZ:%{V(K’ U + 85— ) p(—al0) [p(e o) (o || ') — r(K U + 85.60)
x [plo| — o) [p(—a| — ) p (—a || o)}, (C9)
dP' (o) K
—— == _{r& i) [p(=olo)l" [p(olo ) P'(o) — (K, u) [plo| = )" [p(—o| = ) P(=o)}.  (CI0)

uw'=0

Equations (C9) and (C10) also form a closed system and its numerical integration is shown in Fig. 7 of the main text. The
equations in the third level of approximation, CME-3, whose results appear also in that figure, require some extra work.

Our probability densities are now p' (&, 02, @11, o1 || 09), which are defined over the connected sets illustrated in the bottom-
left panel of Fig. 4. The spins oy, o1, and o, are marked in Fig. 10. The integer ii,, which goes from zero to K — 1, represents the
number of unsatisfied interactions between o, and its neighbors, without counting o. Finally, the integer i, which goes from
zero to K — 2, is the number of unsatisfied interactions between o and its neighbors, without counting oy and o5.

As we learned with (58), the exact equations for this densities are

dp' (i, o3, iy, 01 || 00)
dt

—F(K, ﬁl + 600,—71 + 802,—571 )Pt(flz, 02, ﬁl’ Ol ” GO)

+ V(Kv K — ﬁl - 800,—(r| - 602,—0.)17[(122; 02, K—-2- '21» —0] || UO)

—r(K, ity + 80,,—5,) P (12, 02, 1, 01 || 00)+7(K, K — i) —80,,—6,) p'(K — 1 — lip, —00, 11, 07 || 00)
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K-1
K—-1 . . . .
- (K—z—ﬁl)Z( y )V(K, u) (P (uyliia, 02, 1, o1 |l0o) p' (@2, 02, i, o1 || 09)
u; =0 1

— Py ip, 0, 1y + 1, 0 ||00) Pl (flz, 02, 1y + 1, 07 || 00)}
K-l

— i ( y )V(K, WP (u)lita, 02, iy, 01 ||0o) p' (B2, 02, @11, 071 || 00)
T 1
u;=0

- pt(u/]|ﬁ25 02, ﬁ] - 15 o1 ||60)pt(ﬁ27 02, ﬁl - 15 [eh] || UO)}

K—-1
. K-1 S S
—<K—1—u2>2< y )r<1<,u;>{p’(u;|u2,az,u1,al ll60) P/ (@12, 02, i1, 01 || 5)
2

/
u,=0

— P Uyl + 1, 00, i1y, 01 ||00) p' (i1, + 1, 02, @11, 07 || 00)}

K-1
K—1 ~ . 5
— iy o )rK u) (P Wi, 0, i1y, 01 [|oo) p(ila, 02, 01y, 07 || 00)
u
2

-
u,=0

— Pty — 1, 09, i1y, 01 [|00) p' (12 — 1, 02, Ty, 07 || 00)}- (C11)

Unlike what we have seen before, our variables are not defined over regular connected sets #CS-3 (see Fig. 10). We need a
slightly different closure, or more specifically, two new closures. These are necessary because the time derivative of densities in
CS-3 that appears in (C11) involves probability densities defined over connected sets in CS-4.

The first approximation targets the conditional cavity probability densities that appear in lines 5-8 of (C11) and reduces them
to densities of the form p' (i1, 02, ity, o1 || 09):

Py, o1, 01,01 ||log)

- : (C12)
Zu/ pt(u/$ U]v ulv Gl ||00)

ptSAT(u,1|ﬁ27 02, i’?la o3] ||UO) ~

pt(ulla —0y, ﬁls o1 ||UO)
Yo P, —or, iy, o ||og)

Punsar(W |2, 02, i1y, 01 [|0g) ~ (C13)

The left panel of Fig. 11 illustrates Egs. (C12) and (C13). There, the integer u; =0, ..., K — 1 represents the number of
unsatisfied interactions related to a specific neighbor of o; which can either have the same value of o; [Eq. (C12)] or the
opposite value —o; [Eq. (C13)]. On the other hand, i#; = 0, ..., K — 2 is the number of unsatisfied interactions between o and
its neighbors other than oj and the one mentioned in the previous sentence (this means that ii; includes the interaction with
07). Notice that we have dropped the dependency on the number of unsatisfied relations i, because the spins involved in that
interactions (except ;) are at a distance d = 4 > 3 from the ones involved in u].

FIG. 11. Illustration of the approximations (C12)—(C15) applied to conditional cavity probability densities. These are necessary because
the time derivative (C11) involves probability densities defined over connected sets in CS-4. In each panel, the nodes not colored in gray belong
to such connected sets, and we have to drop the dependency on some of them to give closure to (C11).
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The second approximation targets the conditional cavity probability densities that appear in lines from 9-12 of (C11):

PsarUsliia, 02, 11, 01 ||og) ~

Punsar (@ |itz, 03, 11, 01 [|og) ~

Py, 02,112, 03 ||01) (C14)

Zu’ pt(u/a 627 ﬁZa 02 ”0—1),

Py, —02, i, 02 ||0))
Zu’ pt(u/5 —02, 17{2, (o) ||O.|)

(C15)

The right panel of Fig. 11 illustrates the meaning of this equations. We will not give more details because they are very similar

to what we said about (C14) and (C15).

From this point, it is easy to derive equations for the averages p' (i1, 02, iy, 01 || 09), which together with the averages of
closure relations (C12)—(C15) form a system that we can numerically integrate to obtain the results in Fig. 7.
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