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We describe the effect of power-law initial distributions of clusters on ordinary percolation and its
generalizations, specifically, models of explosive percolation processes based on local optimization. These
aggregation processes were shown to exhibit continuous phase transitions if the evolution starts from a set of
disconnected nodes. Since the critical exponents of the order parameter in explosive percolation transitions
turned out to be very small, these transitions were first believed to be discontinuous. In this article we analyze
the evolution starting from clusters of nodes whose sizes are distributed according to a power law. We show that
these initial distributions change dramatically the position and order of the phase transitions in these problems.
We find a particular initial power-law distribution producing a peculiar effect on explosive percolation, namely,
before the emergence of the percolation cluster, the system is in a “critical phase” with an infinite generalized
susceptibility. This critical phase is absent in ordinary percolation models with any power-law initial conditions.
The transition from the critical phase is an infinite-order phase transition, which resembles the scenario of
the Berezinskii-Kosterlitz-Thouless phase transition. We obtain the critical singularity of susceptibility at this
peculiar infinite-order transition in explosive percolation. It turns out that susceptibility in this situation does not

obey the Curie-Weiss law.
DOI: 10.1103/PhysRevE.91.032140

I. INTRODUCTION

The percolation transition is the key phase transition
occurring in disordered systems including disordered lattices
and random networks [1-4]. The gradual increase in the
number of links in a network or lattice leads to the growth
of clusters of connected nodes and eventually to the formation
of a percolation cluster (giant connected component) at the
percolation threshold. This phase transition was studied in de-
tail and understood to be continuous in all disordered systems
which were explored. Recently a new class of irreversible
percolation processes, so-called “explosive percolation,” was
introduced [5], where new links are added to the system
using metropolis-like algorithms. Although these processes
directly generalize ordinary percolation, they demonstrate a
set of features remarkably distinct from those of ordinary
percolation. The unusual properties of this kind of percolation
led to the initial reports based on simulations [5—13] that these
processes show discontinuous transitions. Solving the problem
analytically, we have shown that the explosive percolation
transitions are actually continuous [14]. The critical exponent
of the percolation cluster size of these transitions is so
small that in simulations of finite systems they can be easily
perceived as discontinuous [14,15]. This conclusion was
supported by subsequent works by physicists [16-19] and
mathematicians [20].

In our previous work [21] we developed the scaling theory
of explosive percolation phase transitions for a wide range
of models, explaining the continuous nature of the transitions
and their unusual features. We obtained the full set of relevant
critical exponents and scaling functions in the typical situation,
in which evolution starts from isolated nodes or clusters
with a sufficiently rapidly decaying size distribution. In our
papers [14,15,21] we employ the following model of explosive
percolation, at which the number of nodes N is fixed and links
are added one by one. At each step we choose two sets of m
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random nodes, from each set we select the node that is in the
smallest of m clusters, and then we add a new link between
these two nodes.

In the present article we show that the explosive percolation
transition, as well as ordinary percolation, strongly depends
on the initial conditions of the process. In particular, slowly
decaying initial cluster size distributions can change crucially
the nature of these transitions. The effects are interesting and
add much to our understanding of explosive percolation and
other generalizations of ordinary percolation. So in the present
article we explore in detail the effect of initial conditions on
the percolation transitions in systems including ordinary and
explosive percolation models. We consider power-law initial
cluster size distributions with exponent ¥, and for different
values of the exponent find a spectrum of distinct critical
behaviors. Here we introduce the initial cluster size distribution
exponent T in contrast to the critical cluster size distribution
exponent traditionally denoted by 7. Because of the power-law
critical distribution we expect that power-law initial conditions
produce interesting effects. We indicate the range of 7 where
the transition point coincides with the initial moment of
the process, 7. = 0. In particular, for ordinary percolation, if
T = 3, the percolation cluster emerges as S ~ exp(—const/?),
where S is the relative size of this cluster. In contrast, for
explosive percolation, we find that there exists a value of
at which the phase transition turns out to be of infinite order
and occurs at ¢, > 0. In this situation, the system at ¢ < . is
in the “critical phase” with divergent susceptibility. We also
find susceptibility at ¢ > 7. for any m and show that its critical
exponent is nontraditional, differing from the Curie-Weiss law.
The main results of the paper are listed in Table I.

The paper is organized in the following way. Section II
outlines our results and methods. In Sec. III we consider the
effect of power-law initial conditions on ordinary percolation
(m = 1), which is the simplest particular case of the more
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TABLE I. Summary of results. The initial distribution P(s,t = 0) ~ s'7%, ¥ > 2, S is the relative size of the
percolation cluster, and y is the susceptibility. At ¥ = 2 4 1/(2m — 1), we list only the most singular factor of S.

T<24+1/2m—1)

F=2+1/2m—1)

£>241/2m—1)

m=1
=0 =0 >0
P(s,0) ~ s 7 P(s,0) ~ s 7 P(s,t.) ~ s/
S ~th S ~ exp(—const/t) S~ (t—t)
B=(F-2)/3-19) - B=1
x~t! X~ x~lt—t|™
m>1
t.=0 t.>0 t. >0
P(s,0) ~ s' 7 P(s,t) ~ s TIn*s P(s,t.) ~ s
S ~ tP S ~ exp[—const/(t — t.)"] S~ (@t—t)
B = ]—(Zmr:lz)(f—Z) H= A(Zmil)—l T=2~ B~ e 2]
x~t X~ =) ifr > 1, x~ =™

x =oift <t.

general model analyzed in this work. In Sec. IV we study the
effect of initial conditions on the explosive percolation model
(m > 2), which turns out to be principally different from the
caseof m = 1.

II. RESULTS

To help the reader let us outline the main results of this
article. We use the following set of models. At each time step
add a new link connecting two nodes to the network of N
nodes by the following rule. At each step sample twice: (i)
Choose m > 1 nodes uniformly at random and compare the
clusters to which these nodes belong—select the node within
the smallest of these clusters; (ii) similarly choose the second
sampling of m nodes and, again, as in (i), select the node
belonging to the smallest of the m clusters; and (iii) add a
link between the two selected nodes, thus merging the two
smallest clusters. The resulting process is described by the
time-dependent probability P(s,t) that a randomly chosen
node belongs to a finite cluster of size s, where the time
t = L/N, where L is the number of added links (number of
steps of the process). We assume that N is infinite. Then this
aggregation process is described by the evolution equation

AP(s,t)

o =32 00—, =250(s0, (1)
u=I1

where Q(s,?) is the probability that a cluster chosen to merge

is of size s. This probability is expressed in terms of P(s,?). In

particular, when m = 1, the distribution Q(s,?) coincides with

P(s,t), and the model is reduced to ordinary percolation.

We focus on the effect of slowly decaying initial distribu-
tions P(s,t = 0), namely, power laws P(s,0) = aos'~%, which
can produce 7. = 0 or, in the case of explosive percolation, a
critical phase. Using the evolution equation, (1), we analyze
the Taylor expansion P(s,t) = P(s,0) + A(s)t + Ayt> + - -+
and obtain the scaling form of the distribution P(s,t) =
s17% f(st'/?). We obtain the relation between the scaling
function f(x) and the size of the percolation cluster § ~ ¢5.
We demonstrate that when the exponent § is an integer,
there are two contributions to S. The first is the well-known

contribution determined by the scaling part of P(s,?) (see, for
example, the book [2]). However, there is a second, analytic,
contribution that was not considered in Ref. [2]. In particular,
the exponent 8 is 1 for ordinary percolation with rapidly
decaying P(s,0). In this standard case, it is the combination
of these two contributions S(¢) = const(|t — .| + t — t.) that
produces S(¢t < t.) = 0 and the proper dependence S(¢ > t.).

In Table I, we present a summary of the main results
of this article. The top half of the table lists the critical
behaviors of the ordinary percolation model, m = 1, for
different T > 2. The values ¥ > 3 result in a percolation phase
transition at f. > 0 with standard critical exponents. On the
other hand, at 2 < ¥ < 3 the percolation cluster emerges at
t = 0 with critical exponents given in terms of 7. In the
marginal case of ¥ =3 we observe an infinite-order phase
transition with a singularity S ~ exp(—const/¢). This set of
the critical singularities of S for m = 1 agrees with those
obtained in Ref. [22]. Interestingly, the susceptibility y =
(syp =D, sP(s) obeys the Curie-Weiss law x ~ (r — )~}
in all the considered situations except at T = 3, when y ~ 172
(note that ¥ < 3 gives 7. = 0).

The bottom half of Table I presents our results for
explosive percolation, m > 1. For these m, an infinite-order
phase transition occurs when ¥ =2+ 1/(2m — 1) at ¢, > 0.
Before 7. the system is in the critical phase, in which the
susceptibility [21] diverges, while in the percolation phase
the critical behavior of susceptibility x (¢t > z.) differs from
the Curie-Weiss law. We find that the size distribution of
clusters at the point of the infinite-order phase transition is
P(s,t.) ~ s'~TIn* 5. We obtain the exponent A close to 1
solving the evolution equation numerically.

Finally, we obtain a general relation between the suscepti-
bility and the size of the percolation cluster close to the critical
point,

_.malnS
=2

(@)

This simple relation is valid for all models and initial
conditions considered in this work. The detailed derivations
of these analytical results are given in subsequent sections.
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III. EFFECT OF INITIAL CONDITIONS IN ORDINARY
PERCOLATION (m = 1)

In the case of m =1, our process is actually ordinary
percolation, that s, at each step we choose two nodes uniformly
at random and interconnect them. This can be treated as
an aggregation process in which at each step two clusters,
chosen with probabilities proportional to their sizes, merge.
This process is described by the probability distribution P(s,t)
that a randomly selected node belongs to a cluster of size s at
moment ¢ (each step increases time ¢ by 1/N) . In the infinite
system, the evolution of this distribution is described by the
Smoluchowski equation [23,24],

OP(s,1)
ar

s—1
s Z P(u,t)P(s —u,t) — 2sP(s,t), (3)
u=1

for a given initial distribution P(s,t = 0). Defining the
generating function p(z,t) as

p(z.t) =Y P(s,)Z', 4)

s=1
we can rewrite Eq. (3) in terms of p and analyze the resulting
partial differential equation,

dp(z.t) _ L 0p(z,1)

1— ,t , 5
5 [1— p(z,0)] 3inz )

whose solution p(z,t) can be obtained from
Inz =2t(1 — p) + g(p), (6)

where the function g(p) is determined by initial conditions.

Let us find this function. Our results will be completely
determined by the asymptotic of the initial distribution. An
initial cluster size distribution with a power-law tail, i.e.,
P(s) = aps'~T for large s, leads to the singularity of the
generating function

p() = p@) =) P —2)=apy 5" 712"
s=1 s

=ao(—1nz)f—2f dx x'"7F(1 —e™)
0

= —al'2—%)(~Inz) 2 )

atz = 1.

We find the function g(p), replacing the left-hand side
of Eq. (6) with Eq. (7) and putting p(1) =1, since § =
1 — p(1) = 0att = 0. Then Eq. (6) becomes

IL—p

1/(E-2)
wats)

which is valid when z — 1. Puttingz =1land 1 — p = S we

get
1/(2-2)
us=(-— 5 . ©)
a2 —7)

Equation (9) has two solutions: the trivial one, S =0, and a
nontrivial solution,

S =) PE D [—qr 2 — )]0, (10)

lnz=2t(1—p)—(
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If £ >3, then I'(2 — ¥) > 0, and Eq. (9) has only one real
solution, S = 0, showing that the transition does not occur at
t. = 0 for this range of 7. In this case, to find a real solution
S > Ofort > ¢, > 0 we must also consider the analytic terms
omitted in Eq. (7). For the range 2 < ¥ < 3, we have I'(2 —
7) < 0 and the solution, (10), is real and positive, that is,

S = BtT-2/G-D (11

for small 7, and B = 27=2/G-9 [—qT"'(2 — £)]"/3~9_ There-
fore, if T < 3, the transition occurs at the initial moment. Note
that for T < 3, the first moment of the initial distribution
diverges. For ordinary percolation this moment has the
meaning of susceptibility [2], and its divergence indicates that
the point + = 0 is indeed the critical point. We consider the
case of T = 3 separately in Sec. III B.

It is easy to see that the distribution P(s,?) is an analytic
function of ¢. (i) The initial distribution P(s,0) has no
divergencies at any s. (ii) Let us, for a moment, assume that
P(s,t) has singularity ¢® with noninteger ¢ at ¢ = 0. Then the
lowest noninteger power on the left-hand side of Eq. (3)is ?~!,
while on the right-hand side the lowest noninteger power is %,
which shows that the assumption was not correct. Then we
can write the Taylor expansion of the function P(s,) around
t=0:

P(s,t) = Ao(s) + A1(8)f + Aa(s)t> + As(s)> +--- . (12)

The first term in expansion (12) is the initial distribution,
Ao(s) = P(s,0). The coefficient of the second term, A;(s),
is the first derivative 9, P(s,t = 0), A,(s) is the second
derivative (1/ 2)8,2P(s,t =0), and so on. Then, given an
initial distribution P(s,0), we can find the coefficients A;(s)
sequentially differentiating both sides of Eq. (3). We analyze
these coefficients in different ranges of 7.

The remainder of this section is organized in the following
way. In Sec. III A we consider the case of T < 3. In this region,
we derive the scaling of the distribution P(s,f) containing a
scaling function. We obtain the relation between the analytical
features of this scaling function and the singularity of the
relative size S of the percolation cluster at # = 0. In Sec. III B
we consider the case of T = 3. We show that in this situation
all the derivatives of S(z) with respect to ¢ are 0 at t = 0 and
derive the respective scaling function. In Sec. III C we analyze
the singularity of the susceptibility of this problem and its
relation with the percolation cluster size S.

A. The caseof T <3

Let us first consider the case of T < 3 and derive the scaling
of the distribution P(s,) and the critical singularity of the
percolation cluster size.

1. Scaling of P(s,t)

We consider initial configurations without a percolation
cluster, so Y Ao(s)=1. We find the coefficients A,(s), n>0,
using the identity 8" P(s,r = 0) = A,(s)n! and Eq. (3). For
the second coefficient we have

s—1

Ai(s)=s Z Ag(u)Ap(s —u) — 25 Ap(s). (13)

u=1
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The sum )
the integral a3s~2* fol dx [x(1 — x)]'~F for large s, because
it diverges at both limit 0 and limit 1. So, following our work
[21], we rewrite Eq. (13) as

Ao(u)Ao(s — u) cannot be directly reduced to

u<s

s—1
Ar(s) =5 Y [Ao(u)—Ao()] [Ao(s—u)—Ao(s)]
u=1
s—1
— s(s—D[Ao($)]” +240(s) D Ag(u) — 25 Ag(s)
u=1
s—1
=5 [Ao()—Ag($)] [Ao(s—u)—Ag(s)]

u=1

— s6—D[Ao) = 2540() Y Agw),  (14)

u=s

where we took into account the normalization condition
Y, Ao(s) = 1. For large s, the sums in Eq. (14) can be already
reduced to integrals, which converge at both limits, and Ag(s)
can be replaced by ags!~%. Then we get

1
Ai(s) = als* 2f[ dx[x'"7T =1 -0 —1]

o
—a§s4 x_ 2a§s472T/ dx x'7F
1

,re-o° , s
- = T 1
a r4—2¢° 9 (15

where we have introduced the coefficient a;.

The case of T = 5/2 is special. For this ¥ the coefficient
a; in Eq. (15) is 0, and A; decays more rapidly than s*~2.
To find the asymptotics of A; in this situation, we must take
into account the higher-order terms that were neglected when
passing from the sums in Eq. (14) to the integrals of Eq. (15).
In general, we estimate the difference of the respective integral
and sum with arbitrary exponents ¥ and ¢,

) /S du [ufw—sfw][(s—u)f‘p—s*‘ﬁ]
0

-5 Z[u -5

s =) =571 = O™,

(16)

where we assume that 0 < ,¢p < 2. In particular, for A,
we have ¥ = ¢ = T — 1. Then, when ¥ = 5/2, the large s
asymptotics of A; is

Als) o —s' T ox —s732 if  F=175)2. (17)

In Appendix A we calculate the asymptotics of A,(s):

,2I(2— z)3 13z
A Zaj——— = L. 18

2(s) Zap 3r 6 31_) =as (18)
For the particular values T = 7/3 and 8/3 the coefficient a, =
0. To find the asymptotic behavior of A, in these cases it is
necessary to consider higher-order terms that were neglected
when passing from Eq. (A2) to Eq. (A3), similarly to how we
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treated A,. This analysis gives
—s¥ T oc—s713 i

x —s~43 if

rn
Il

As(s)

7/3,
g (19)

/3.

These calculations can be repeated for the next terms of
expansion, (12), and in general we find that the nth term

_s4—2r

N
I

An(s) = a,s' TG0 (20)
for large s. In Appendix B, we obtain the general expression

~\n+1
o = [2610F(2—T~)] . 21
2l [(n+DE-D)l(n+1)!

Note that this expression generalizes the results for a; and

ay, Egs. (15) and (18), respectively. The coefficients a, are

expressed in terms of ayp and ¥ and become O for ¥ =3 —

1/(n+1). For this £, the coefficient A, (s) decays as s ~!~1/(1+1),

Equation (20) enables us to write the Taylor expansion of
P(s,t) in the form

o0
P(s.t) 25" a, (8P =51 f(st 107D (22)
n=0

The function f(x) is the scaling function of the problem. This
function is only analytic at O for ¥ = 5/2 when coefficients a,
are O for odd n. In general, for 2 < ¥ < 3, f(x) is represented
as the series

f(x) =ap+aix® + ax* +azx* ..., (23)

where
oc=3-1. (24)

Let us estimate the radius of convergence x,. of this series.

Expansion (12) is a convergent series for r < r,

An(s) gl—T+n(G-17)

~st73, 25
Ars1(5) : (22

r = lim

SI— T+ DG—D)

Then series (23) is convergent for st'/G~9 =x < x,. =
srl/G=0) ~ 1.

Let us consider, for example, the particular case where
¥ = 5/2. In this case the scaling function, after substituting
Eq. (21) into Eq. (23), reproduces the known result for the
mean-field percolation transition at 7. > 0 [1]:

4ymox

f(x) = ao Z = age ¥ (26)

Note that when ¥ = 5/2 the coefficients a, in series of Eq. (23)
with odd n are 0. If we set ag to 1/ V27 in Eq. (26), we arrive
at the known form f(x) = exp(—2x)/ /27 for the percolation
process starting from isolated nodes [1]. Figure 1 shows scaling
functions for several values of 7.

2. Relation between the singularity of S
and the scaling function f(x)

The relative size of the percolation cluster S near 7. is
independent of the details of distribution P(s,?.) in the region
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FIG. 1. (Color online) Scaling function f(x) calculated using the
first 1000 terms in the series, (23), for ay = 1 /\/ﬂ and different
values of #. Inset: f(x) is shown as a function of x’ = s3~7¢,
where 0 = 3 — . In this representation the function f is analytic
at the origin, where its derivative at the origin changes signs when ¥
crosses 5/2.

of small s (nonscaling region). This enables us to use the
scaling form of distribution P(s,?), Eq. (22), to recover
expression (11) for S(z) near t.. To this end we start from
the definition of S:

S=1- Z P(s,1),

= 1= (Ag(s) + A1)t + Ap()* + ). (27)

At t = 0 the relative size of the percolation cluster S = 0,
which implies Y Ag(s) = 1, and so we can write

==Y 1"B,, (28)

n>1

which is the Taylor expansion of S at 0 with the coefficients

By =) Aus). (29

InEq. (28), the coefficients B, o< Y s'~7"G~%) They div-
erge if T<3 —1/(n+ 1) and converge if >3 — 1/(n + 1).
[Recall that at T = 3—1/(n+1) the coefficient a, becomes 0
and asymptotics of A,(s) decay as s~!~1/+D ] For any # < 3
the coefficients B, are infinite for n > 8, where

_T=2
EE
The divergence of these coefficients in the Taylor series,
(28), indicates the singularity of S at t = 0. We extract this
singularity from series (28) in the following way. We divide

thesum_ ., B,t" intotwoparts, ), . But" + >, _ . Byt".
Here

(30)

= 8] €2y

denotes the largest integer smaller than or equal to 8. In
the second part we replace A, with their asymptotic forms,
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namely,

Z B,t" — Z Zanslfwanatn

1<n<n* n>n* s
_ Z Z(A (5) — aps 1- ‘L'thw)
" — a, !
Z B, Z 1-% Z (st /a)na
1<n<n* n>n*
_ ZS—Z Z 0[(Stl/a)na
Z Byt" — Z =% (51 1/). (32)
1<n<n*

Here we have used the fact, following from Eq. (16), that the
deviations from the asymptotics A, (s) — a,s' =73~ are of
the order of s'~¥+=DG=% for Jarge 5. The function f*(x) is
a new scaling function obtained from f(x) by subtracting the
first n* + 1 terms of its expansion over x°,

frx) = ce—apx™, (33)

o =3 — 7. In particular, if £ = 5/2,then 8 = 1, a; = 0, and
so f*(x) = f(x) — ao.

In Appendix B we find >  A,(s) = B, employing the
generating functions approach:

f(x) —ap —ax’ —

0 if n<§,
B, = { -ZlalCool ¢, — g, (34)
o0 if n>g.

Therefore the first sum on the right-hand side of Eq. (32) is O,
except when B is an integer, equal to n*, and the sum is B,«?.
Thus, the singularity of the size of the percolation cluster is

=D s ) = By,
s

x -2/ [/ dx x"7Tf(x) + Bn*} . (35
0

Note that the integral |~ dx x'~7 f*(x) converges at the lower
limit because we have subtracted from f(x) all terms leading to
divergence, see Eq. (33). Recalling that o0 = 3 — %, we arrive
at the same singularity, § = Bt®=2/G3=9 asin Eq. (11):

B = 2(5—2)/(3—1')[ a2 — )]1/(3 7)

= —/ dx x'7T f*(x) — By (36)
0

The first term on the right-hand side of Eq. (35) is the singular
contribution from the scaling behavior P(s,t) = s'=7 f(st!/?).
The second term on the right-hand side of Eq. (35) is nonzero
only when 8 = (¥ — 2)/(3 — ) is an integer and equal to n*.
The contribution of this term comes from the finite-s region,
—B,« ~ ZS s~I=V@* D g0 it is not included in the scaling
function f*(x). This term is an analytic contribution to S at
T=3—-1/(n+1),n=[1...00],including T = 5/2.

Let us consider briefly the ordinary percolation model
(m = 1) with an initial distribution P(s,f) decaying more
rapidly than s~2. Then the transition takes place at . > 0,
and the critical distribution P(s,t.) = aos'~* witht = 5/2.1In
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this situation, the Taylor expansion of P(s,) around ¢ = ¢, has
coefficients a, given by Eq. (21) with 5/2 substituted for 7.
As aresult, the scaling form of the distribution P(s,?) is

P(s,t) = ags 32 ars—i) (37)

for ¢ approaching ¢, from above and below, where the scaling
function is f(x) = ao exp(—4na5x) in both phases. To obtain
this result we simply replace T with 5/2 and ¢ with ¢t — ¢, in
Egs. (22) and (26). Making the same replacements in Eq. (35),
we get

S = —ap Zs_3/2(e‘4”“3‘(’_’”)2—1) — (1—1:)By
s

o0
~ —|t—tc|a0f dxx*»*/z(e*“””éhl) — (t—t.)B;

0
Sdral(|t —t.| +t —t). (38)
Note that according to Eq. (34), for ¥ =5/2, the coeffi-
cient B; = [;° dx x~¥2(e=#7%* —1) = —4ma?. This equation

describes S in both phases, giving S =0 for t < ¢ and
S =8aln(t —t.)fort > t.

When 8 = (r —2)/o is a noninteger, only the scaling
region contributes to the singularity of the percolation cluster
size,

o0
S|t — tc|ﬁ/ dx x'77 f*(x).
0

In this situation, as noted in Ref. [2], the scaling function
f*(x) must be different below and above f.. Namely, in the
phase ¢ > ¢, the scaling function integral

foo dx x'7T f*(x) = —B,

0
while in the phase ¢ < ¢, the integral

o0
/ dxx'"Tf*x)=0
0

to comply with S = 0. Consequently the scaling function
f(x)= f*&x)+ag+ -+ a,»x° must have a maximum
f(Xmax>0) > f(0) in the phase ¢t < 7. [2]. This asymmetry
of the scaling function is observed, for example, for ordinary
percolation at dimension d < 6 [25] and for explosive perco-
lation [6,14,21]. In these examples, 0 < § < 1. On the other
hand, when g is an integer, the nonscaling region additionally
contributes to the singularity of S. This contribution, which
is important, in particular, for ordinary percolation above the
upper critical dimension 6 where 8 = 1, was not considered in
the book [2]. Thanks to the nonscaling contribution B; (¢ — t..)
to S, f(x) is the same monotonically decreasing function in
both phases in this situation; see Eqs. (37) and (38).

B. The case of T =3

Now we show that in the case of T = 3 all derivatives of
S(¢) with respect to ¢ are 0 at + = 0 and then we find the
respective scaling function. In this situation the singularity of
the generating function p(z,0) at z = 1 differs from that in
Eq. (7), namely,

1 = p(z,0) = —ao(l — z)In(1 — 2). (39)
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The inverse function is

mexz_1x_ 1P (40)
n = - = .
c=s apIn(1 — p)
The right-hand side of this expression gives the function g(p)
in Eq. (6). Using Egs. (6) and (40) we write the equation for
the generating function p(z,f) near z = 1 as follows:
l—p
Inz =2t(1 - p) + ——. 41
apIn(1 — p)

At z = 1 this equation gives the relative size of the percolation
cluster for small 7:

S ~ g~ 1/Gal), (42)

Therefore, if T = 3, the transition occurs at the initial moment,
and all the derivatives of S are 0 at t = 0, so the percolation
transition is infinite order.

1. Scaling of P(s,t)

In the case of T =3, instead of Egs. (20) and (21) for
7 < 3, we derive the general asymptotic expression for the
coefficients A, (s):

An(s) = 2"(n+1)a s (Ins)" (43)

(see Appendix C for the derivation). Within the radius of
convergence of the series, (12), this expression gives the
following scaling form of the distribution P(s,?):

P(s,t) = s 2f (tlns), (44)
where
F(x) = ap(l — 2apx)"2. (45)

The function f(x) plays the role of a scaling function,
which is represented by the Taylor series, (43), for ¢ up to
the radius of convergence, t < r = 1/(2ag Ins). Surprisingly,
in contrast to the case of ¥ < 3, the scaling function for
7 = 3 diverges approaching x,. = 1/(2ap) from below. This
divergence requires interpretation, since the distribution
P(s,t) itself cannot be divergent at any cluster size, including
s = exp[(2apt)~"']. In general, for t < r,

lim P(s,t)sf’1 - f(x), (46)

where x is a scaling variable such as |t — #.|s? or |t — ¢.|Ins.
If the scaling function converges everywhere in the range of
x between 0 and oo, then the curves P(s,f)s?~! vs x will
collapse into f(x) at sufficiently large s. In the case of T = 3
the curves P(s,t)sT~! vs x tend to f(x) when s — oo in the
region x < x,. (see Fig. 2). These curves have a maximum
near x = 1/(2ap). As shown in Fig. 2, the height of this
maximum increases, and the difference between P(s,t)s? and
f(tIns) decreases, as s grows. Note that the curves in Fig. 2
tend to f(¢t1lns) only for #Ilns < 1/(2ap); above this point
they tend to 0.

In the case of ¥ =3 we cannot formulate a relation
similar to Eq. (35) between the scaling function f(x) and
the singularity of S(z) at 0. All the coefficients B, in the
series S(t) = — Z@] B,t" are 0, which indicates an infinitely
smooth singularity of S(z) at 0.
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FIG. 2. (Color online) Numerical solution of the evolution
equation, (3), for s < 10° with the initial condition P(s,0) = aps 2,
where ag = ¢(2)7!. Solid lines: P(s,t)s> vs tIns curves for the
cluster sizes s indicated by the numbers in the plot. Dashed line:
Scaling function from Eq. (45), f(¢Ins) = ao/(1 — 2apt In s). Inset:
Highlight of the small-7 In s region, in which the curves depicted here

approach f(t Ins).

C. The singularity of susceptibility

Let us find the singularity of the susceptibility and its
relation to the percolation cluster size S. In mean-field models,
near the critical point, the susceptibility typically follows the
Curie-Weiss law x ~ |t —t.|7!. It is easy to see that this is
the case for the ordinary percolation model if the exponent
of the initial cluster size distribution ¥ # 3. In ordinary
percolation the susceptibility is the average cluster size to
which a uniformly randomly chosen node belongs [2], namely,

X =(s)p =) sPEs).

s

(47)

For m =1 the singularities of x and S can be related in the
following way. Summing both sides of Eq. (3) over s gives
s
a
In the case of T < 3 the percolation cluster size S has a power-
law singularity with exponent 8 = (¥ — 2)/(3 — ©), Eq. (11),
thus

28(s)p =2Sx. (48)

18IS _ £-2 -
T2 9 23-1)

X (49)

for small 7.

At T =3, we obtain an anomalous singularity of the
susceptibility which diverges at r =0, x(r=0)~ ) s
Substituting S ~ ¢~/ [Eq. (42)] into Eq. (48) we find

_13InsS _ 1f2
T2 9t da

X (50)

)

differing from the Curie-Weiss law. Note that when 7 > 3, the
initial susceptibility does not diverge, and the transition occurs
at t, > 0 with standard exponents. When 7 < 3, the initial
susceptibility diverges, the transition occurs at 7, = 0, and the
susceptibility demonstrates the standard behavior, x ~ ¢~
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IV. EFFECT OF INITIAL CONDITIONS
ON EXPLOSIVE PERCOLATION (m > 1)

In this section we extend the analysis made in the previous
section for m =1 to m > 1. We consider the following
explosive percolation model [14,15,21]. Evolution starts from
a given distribution of clusters. At each step, we choose at
random two sets of m nodes. Then the node in the smallest
cluster of each set is selected, and these two nodes are
interconnected. The evolution equation for an arbitrary m takes
the form

619

s—1
dP(s,t
8(: ) =g HX_; Ow,t)Q(s—u,t) — 25 Q(s,1),
where Q(s,t) is the probability that a chosen node sits in a

cluster of size s. The relation between Q(s) and P(s) is
s—1 mn s m
0(s) = [1 = P(u):| - [1 = P(u):|
u=1 u=1
s m—1
= mP(s) [1 — ZP(M):| ,
u=1

where the latter approximate equality takes place at large
s [21]. In the phase with the percolation cluster, this rela-
tion between distribution P(s,t) and distribution Q(s,t) is
simplified:

(52)

0(s) = mS" 1 P(s). (53)

Then we can write the partial differential equation for the
generating function p(z,?) defined in Eq. (4) for any m:

dp e dp

— = =2[SOP" " Vm*(1-p) — m(m—1)S(®)] ——.
ot dlnz
This partial differential equation can be solved by apply-
ing the hodograph transformation [21], which leads to the

equation

', dlnz
dt =Inz
0 at’

_ / dr' 20"V [ (1—p)
0

(54)

—m(m—1S)] + g(p), (55)

where the function g(p) is determined by the initial conditions.
Similarly to Eq. (8), we have

1—p 1/(5—2)
#p) == (_GOF(Z - f)) '

At z = 1, the generating function p(1,1) = 1 — S(¢), so

(56)

0 = 2m2S(1) f dr'[SE) "D — 2(m?—m) f dr'[S(t)Pm!
0 0

_ [_ S(1) i|l/(f_2) ) (57)
agl’'(2—7)
One can see that
S = Bt? (58)
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is a nontrivial solution of Eq. (5§7) with
T—2

P =T om =2’

(59)

and

7 DG

B=[—aor(2_f)]ﬂ/<f2)[2,”(r 2)[1+(m~ D(E 2)]} .
GB-0p

(60)

In Ref. [21] we introduced the generalized susceptibility
for these explosive percolation models. The susceptibility x
is introduced in terms of the probability c, that two nodes
selected by our algorithm belong to the same cluster:

_ X g _ L sQO) o
=4+ _NXS: 70) + 52, 61)

In particular, when m = 1, this susceptibility is reduced to
the standard one for ordinary percolation x = (s)p [2]. In
Ref. [21] we showed that the susceptibility is divergent at
t = 0 if the exponent of the initial cluster size distribution
T<241/@2m —1). For T > 2+ 1/(2m — 1) the transition
occurs at f, > 0, with the critical exponents and scaling
functions calculated in Refs. [15,21]. If T <2+ 1/2m — 1),
the size of the percolation cluster follows the power law § =
Bt#, with 8 and B given by Eqs. (59) and (60), respectively.
Here the case of T =2 + 1/(2m — 1) for m > 1 distinguishes
itself significantly from that for m = 1. In the next subsection
we show that an infinite-order percolation transition takes
place at ¢, exceeding O when ¥ =2 4 1/(2m — 1) and m > 1.

The remainder of this section is organized in the following
way. In Sec. IV A we consider theregion 7 < 2+ 1/(2m — 1).
For this range of T we derive the scaling form of the distribution
P(s,t) and relate the scaling function and the singularity of S.
In Sec. IV B we consider the case where T =2+ 1/2m — 1)
and show that in this situation we have an infinite-order phase
transition. Next we derive scaling functions for this problem
and the singularity of the relative size of the percolation cluster
S. Finally, in Sec. IVC we find the critical singularity of
susceptibility.

A. Thecaseof T <2+ 1/2m —1)

Let us first consider the region ¥ < 2 4 1/(2m — 1), derive
the scaling form of the distribution P(s,t), and obtain the
critical singularity of the percolation cluster size.

1. Scaling of P(s,t)

For m > 1, the coefficients A,(s) of the Taylor expansion
of P(s,t), Eq. (12), can be calculated in a similar way to the
case where m = 1. Using Eq. (51) at t = 0 we write

s—1
Ai(s)=s Z O,0)Q(s—u,0) — 25 Q(s,0)

u=1
s—1

=5 Z [Q(u,0) — O(s,0)] [Q(s—u,0) — O(s,0)]

u=1

— s(s — 1)Q(s,0)*> — 25 Q(5,0) Z Q0u,0), (62)

u=s

PHYSICAL REVIEW E 91, 032140 (2015)

where we have used the normalization condition ) * . Q(s,0) =
1. The asymptotics of Q(s,0) are obtained by substituting the
power-law initial distribution P(s,0) = Ag(s) = aps' 7 into
Eq. (52):

(f_z)m—l ’

m=1 m@=t)-1
Q(s,0) = mAo(s) Z Ag(u) =mag ———, (63)
Then the asymptotics of A; is

2m(2—7) o) -
AI(S) =m ag, m[—l — 2\/1 dxxm(z_r)_l

1
+ / dx [xm(Zf)1—1][(1—x)'"(2f)1—1]i|
0

— a]SZm(fo)’ (64)

where
_ad"m’T[=m(% —2))?
T F=2) 2 [=2m(E - 2)]
For ¥ = 2 + 1/(2m) the coefficient a; becomes 0, and we need
to find the next term. This term can be obtained by taking into
account the next-to-leading-order term in the expansion on the
right-hand side of Eq. (62) in powers of s. For this sake we use
Eq. (16). In this way, when a; = 0, we get the asymptotics of
Ai(s) oc sMCOTL = §73/2,

Repeating the procedure for the next coefficients A, (s) we
find that the nth coefficient has the power-law asymptotics

An(s) = a,s' T, (66)

(65)

a

where the exponent
o=1-0Cm—-1)(% -2) (67)

for any m. We express the prefactors a,, in terms of m, ¥, and
agp, similar to a;. For instance, for a, and a3 we find

_ 2a3m_lm2F[l—m(f—Z)]3F[2—(3m—1)(f—2)]
T (F =2 T 2—2m(F=2)IT[1—(4m—1)(F—2)]

a (68)

48" AT 1-m(E 21T [3—(5m—2)(E-2)]

T 3(F—2)m AT 2—(6m—2)(T—2) T [2—2m(t —2)]?

I2—@m — 1)(F-2)]

TB3—(5m — 2)(z—2)]
[1—(4m—1)(F—2)]"[2—2m(F—2)]

T T — )T B—@m—1)7-2)] )

as

x [F[Z—(Sm - 1)(%-2)](

— (m—l)(f—2)F[—m(f—2)]i|. (69)

Whenm > 1, we have to derive expressions for the coefficients
a, individually, unlike the general expression, (21), for all @, in
the case of m = 1. Each coefficient a,,-y becomes O when ¥ =
2 4+ n/[n(2m—1)+1]. In this case, the resulting asymptotics
of A, (s) decay as s~ ~[#m=D+11/[n@m=D+1]

The sums ) " A,>1(s) = B, in the equations for A,>,(s),
are obtained by the generating function approach explained in
Appendix B in detail for m = 1. We find the singularity

pn(2) = a,T[2—F+no|(1—z)"*" (70)
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by differentiating the evolution equation, (51), and relation
(52). The value of B, = p, (1) diverges or converges depending
on T, similarly to the case of m = 1,

0 if
a, P[2—T+n{1—Cm—1)(f-2)}] if
00 if

B, =

(71)
where 8 = (7 —2)/[1 — 2m — 1)(T — 2)].
The function P(s,t) can be written in the scaling form:

P(s,8) = s F Za,, (s78)" = s'7F f(58/°). (72)
n=0

Here we used the asymptotic behavior of the coefficients A, (s).
In the vicinity of x = 0, the expansion of the function f(x) is

f(x) = ao+aix® + ax® +azx* ..., (73)

where 0 = 1—(2m—1)(£—2) and the coefficients a, are given
by Eqgs. (65), (68), (69), etc. The scaling function and S are
interrelated in the same way as in Eq. (35) from Sec. IIT A,

o0
g _gE-v/o [/ dx x"7T () + Bn*il , (74)
0

where 0 =1 —-Q2m — 1)(f —-2), B =( —2)/o, and n* =
LB]. The function f*(x)= f(x)— ), @x"" as in
Eq. (33). The constant

B, = Z Ap(8) = ppe(1) = a,o T2 — T + n*0)

is nonzero only when S is an integer, 8 = | 8] = n*; see
Eq. (71).

B. Thecaseof T =2+ 1/2m —1)

Let us consider the case where ¥ =2+ 1/(2m — 1) and
show that in this situation we have an infinite-order phase
transition. When m > 1, the coefficients A, in the case where
7 =24 1/(2m — 1) have exactly the same form, (66), as for
T <2+ 1/(2m — 1). This coincidence is due to the convergent
convolution integral in Eq. (64) for A and similar integrals for
A, -1. This is in contrast to m = 1, ¥ = 3, where we have the
coefficients A, ~ s~2 (Ins)" with logarithmic factors unlike
A, ~ s'7T for m = 1, ¥ < 3 (see Sec. III B). Recall that
these logarithms emerged due to the divergent convolution
integral in Eq. (15) for A; at T = 3 and similar integrals for
A,~1. In this respect, there is a principal difference between
m =1 and m > 1. Below we show that form > 1 and T =
24 1/(2m — 1) an infinite-order percolation transition takes
place atz, > 0.

1. Expansion of P(s,t)att =0

When ¥ =2+ 1/(2m — 1), we have the exponent o = 0,
so the coefficients A,(s) o« s!~% for all n; see Eq. (66).
Consequently the asymptotics of the cluster size distribution
is

o
P(S,t) o~ S*Zm/(mel) Zantn — S*Zm/(mel)f(t)' (75)
n=0

PHYSICAL REVIEW E 91, 032140 (2015)

Substituting ¥ — 2 = 1/(2m — 1) into Egs. (65), (68), (69),
etc., we find the general expression for the coefficients a,,
aol'[n+1/2m—1)]
" AT /2m—1)]
2mlag2m—DP"'T[(m—1)/2m—1D]*\"
* ( TR2(n—1)/2m—1)] ) ’

(76)
and so
00 £\ /a=2m)
f@)= X_;ant” =ap (1—;> ; 77

where

L Cm—D'""T[2(m—1)/2m—1)]

78
2a" ' mT[(m—1)/(2m—1)]? 78)

The function f () diverges att = r. Figure 3 demonstrates how
the P(s,t)s*"/@"=1 ys t curves approach f(t) in the region
t < r as s approaches infinity.

Substituting Eq. (75) into Eq. (52), we obtain the asymp-
totics of the distribution Q(s,?):

Q(S,l) o~ m(zm_l)mflf(t)msflfm/(mel).

The first moment of this distribution,

(o =D sQ(s,0) ~ f(By" Y 57/,

is divergent in the interval 0 < ¢ < r. Note that also (s)p =
F@O)Y, s7Y@m=Dand x ~ f()*"~1 > s~ are divergent in
this interval. Summing both sides of Eq. (51) over s. we get
Al 28" (s) (719)
— = $)o-

ot e

Due to the divergence of (s) o, the only solution of this equation
in the interval ¢+ < r is S = 0. Thus we have a phase without
percolation and with divergent susceptibility, which enables us
to call this phase “critical.” Below we show that the percolation

0.6 T

0.4
o
2
&
0.2
2
10
3
104 10
O PRI R R P AN PR B SR S
0 0.05 0.1 0.15 0.2

t

FIG. 3. (Color online) Numerical solution of the evolution equa-
tion, (51), form = 2 and s < 10° with the initial condition P(s,0) =
aps~*3, where ag = ¢(4/3)7". Solid lines: P(s,t)s** vs t curves for
the cluster sizes s indicated by the numbers in the plot. Dashed line:
The function f(¢) in Eq. (77).
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threshold ¢, of this transition is exactly r. For r > r, we show
in Appendix F that the moments (s)o and (s) p are finite.

2. Scaling of P(s,t)at t,

For t < 1. the function f(¢) is convergent, and for large
s the curves P(s,t)s?"/®m=1 collapse into the function f(z)
(see Fig. 3). The value of P(s,t.)s*"/>"=D approaches infinity
as s — 0o. Our numerical results (Fig. 4) indicate that
P(s,t.)s¥"/@m=D orows linearly with In s for sufficiently large
s.In the range s € [1 ... 10°], however, it may be difficult to
distinguish different slowly varying functions, such as powers
of logarithm. Therefore, we cannot exclude the possibility that
the solid-line asymptotics follows a law (In s)* with exponent
A close to but different from 1.

In Appendix D we obtain the scaling form of P(s,?) near
le,

P(s,t) = C(Ins)*s~2"/@m=D 1C(Ins)** V(¢ —1.)], (80)

where C is aconstant, A > 1/(2m—1), and f(x) is the function
defined in Eq. (77). Then the critical distribution P(s,t = t.)
behaves as

P(s,t.) = apC(Ins)ts—2m/Gm=D 81
for large s. Recall that P(s,0) = ags~2"/Cm=D),

0.5 —~
(a) m=2 //
04 F
;/2 F ////
DN B ///
03 — ///
) — 0.23+0.0241n s
02 PETEEETIT | Lol Lol IR |
10 10' 107 10° 10* 10°
S
0.25 _
| (b) m=3 ///,/
gvj 02 I~ /////
E ////
L1 S — 0.151+0.0088 In s
| | L | |
10" 10' 107 10° 10* 10°
S

FIG. 4. Logarithmic contribution to the asymptotics of P(s,z.)
for (a) m =2 and (b) m = 3. Solid lines: P(s,t.)s¥"/?"=V for
s from 1 to 10° found numerically from the evolution equations
with the initial condition P(s,0) = aos~2"/?"=1 where ay = {[2m/
(2m — 1)]7". Dashed lines: Straight lines presented for reference.
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3. Critical behavior of S

In Appendix E we derive the critical singularity of the
percolation cluster size S,

S ~ exp(—ds™"), (82)
where § =t —t. > 0,

1

Taem—D—-1 (83)

u

and d is a constant,

m@Bm—2)[A—1/2m—1)]'+3m=D 1/[1-22m—1)]
(84)
Note that A cannot be smaller than 1/(2m — 1).

C. The singularity of susceptibility

Let us we find the critical singularity of susceptibility.
The critical behavior of x is determined by large s. In
the region in which § > 0, i.e., t > t,, we can substitute
Q(s) = mS™ ' P(s), Eq. (53), into Eq. (61), which gives

X ; m2s2m—2 ZSP(S,I) — m2S2m—2<S>P (85)
N

close to ¢.. Summing Eq. (51) over s gives

3 . N -
— =28 ZsQ(s,t) = 2mS¥ " (s) p. (86)

Combining the last two equations we, finally, get

.~ m3S molnS
X=9%s%9r 2 o

This remarkably general formula relates the critical singulari-
ties of the susceptibility and the percolation cluster size in all
situations listed in Table I. These situations include the finite-
and infinite-order continuous phase transitions.

For # <2+ 1/(2m—1), when S = Bt?, this equation
ensures that the susceptibility has the following singularity:

(87)

2

Form > 1 and ¥ = 2 4 1/(2m—1) the susceptibility is diver-
gent below ¢., while above ¢, it has a power-law singularity,

12

X (88)

x>~ ﬂpﬂ

> )
which we obtained by substituting Eq. (82) into Eq. (87).
Figure 5 presents the susceptibility of the infinite-order
percolation transitions for ¥ =2+ 1/(2m—1). We obtain
the solid curves in this figure inserting the numerical so-
lution of 10° evolution equations into the expression x =
> sQO(s,t)?/ P(s,t). The dashed lines are the power laws in
Egs. (50) and (89) form = 1 andm > 1, respectively. Form =
2 and 3 we used the value of © = 1/(2m — 2) corresponding to
the asymptotic distribution P(s,t.) ~ s~2"/@m=Dlns, which

is observed in Fig. 4.

(89)
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10°E L

10" 10°
(-t
c

FIG. 5. Critical behavior of the susceptibility x for (a) m=1,
(b) m=2, and (¢c) m =3. Solid lines: Numerical solution
of 10° evolution equations with the initial condition P(s,0) =
Z[2m/(2m—1)]"'s72m/@m=D Dashed lines: (a) power law in Eq. (50);
(b), (c) power law in Eq. (89) assuming pu = 1/(2m —2), and
C = 0.024 and 0.0088 for m = 2 and 3, respectively.

V. CONCLUSIONS

In this article we have explored the impact of the initial
cluster size distribution in a set of models generalizing ordi-
nary percolation. Specifically, we have focused on explosive
percolation models, but our approach could be applied to a
much wider range of generalized percolation models that can
be reduced to various aggregation processes. In particular, we
have considered initial cluster size distributions, for which
the percolation phase transition turned out to be remarkably
different from that for the evolution started from isolated
nodes [14,15,21]. Our results are summarized in Table 1. We
have found the special values of the exponent ¥ of the initial

PHYSICAL REVIEW E 91, 032140 (2015)

cluster size distribution s ~%, namely, £ = 2 + 1/(2m — 1), for
which the percolation cluster emerges continuously, with all
derivatives 0. For ordinary percolation, m = 1, this singularity
is at ¢ = 0, and the susceptibility diverges as ¢ 2 in contrast to
the Curie-Weiss law typical of mean-field theories including
various percolation problems, in which the evolution starts
from isolated nodes. We have found that for explosive
percolation, m > 1, the situation is even more interesting.
When T =2+ 1/2m — 1), (i) the phase transition occurs
at t. > 0; (il) the transition is continuous, of infinite order;
(iii) the phase 0 <t <t is critical in the sense that the
generalized susceptibility diverges at any ¢ < ?., and the size
distribution of clusters has the same asymptotics s ¢ in the
entire critical phase; (iv) the susceptibility diverges above the
transition with a critical exponent different from 1; and (v) the
size distribution of clusters at 7. is the same power law but
with an additional logarithmic factor (see Table I). Finally, in
the special case where ¥ = 2 4 1/(2m — 1), we have obtained
unusual scaling for both ordinary and explosive percolation.
Note that, counterintuitively, in the case of explosive per-
colation, for this special value of ¥ the power-law critical
singularity of the generalized susceptibility is accompanied by
astrong divergence of the moments (s) p and (s) o at the critical
point, (s)p ~ (s)zQ ~ expl[const(t — 7.)"*] (see Appendix F).
We studied the range ¥ > 2, in which the initial distribution
P(s,0) ~ s'~7 is normalizable and the average cluster size
is finite. In the case of ¥ < 2 and m = 1 it was found that
S > 0)=1/[22].

The infinite-order singularity for the percolation cluster at
t =0 was found in Refs. [22,26] in aggregation processes
with power-law kernels [23,27] instead of our power-law
initial distribution of clusters for ordinary percolation. This
singularity at O was also observed in epidemic models and
percolation problems in equilibrium scale-free networks with
the degree distribution P(q) ~ ¢~ [3,28,29].

The critical phase and the infinite-order phase transition re-
semble the Berezinskii-Kosterlitz-Thouless transition [30,31],
which was observed in numerous systems at a lower critical
dimension. In addition, these singularities were observed
in heterogeneous one-dimensional systems with long-range
interactions [32,33], in various growing networks [34-39],
and in percolation on hierarchical and nonamenable graphs
[40-42]. Interestingly, in these growing networks, the critical
distributions of finite cluster sizes also had factors with powers
of logarithms [35,36].

In conclusion, we have found that initial conditions can have
a dramatic effect on the scenario of percolation transition and
its various generalizations. For particular initial distributions
of clusters in the case of explosive percolation, we revealed a
continuous phase transition of infinite-order singularity, which
resembles the Berezinskii-Kosterlitz-Thouless transition. We
suggest that our findings are valid for a wide range of
generalizations of percolation, in particular, for explosive
percolation models with power-law kernels.
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APPENDIX A: CALCULATION OF THE COEFFICIENT
Ay(s) FORm =1AND T <3

Let us derive expression (18) for the coefficient A,(s) of
expansion (12) of P(s,t) in the case of ordinary percolation.
We differentiate both sides of Eq. (3) with respect to ¢ and
replace 8,(’)P(s,t)|,:0 with A;(s)i!. In this way we get

s—1

As(s) =5 ) A1) Ag(s—ut) = sA(s).

u=1

(AL)

Rearranging this equation in order to cancel divergencies, we
write

s—1
Ax(s) =5 [A1(u) — A1()] [Ao(s—u) — Ao(s)]

u=1

—s(s — DA($)A1(s) = sA1(s) Y Ao(u)

u=s

s—1
+5A0(s) ) A1),

u=1

(A2)

Similarly to Ay, let us replace the sums over u in Eq. (A2)
with convergent integrals. The first and second sums on the
right-hand side of this relation can be directly replaced by
the respective integrals. So we have to analyze only the third
sum. For this sum, there are three possibilities: (i) if T < 5/2,
then the asymptotics of A;(#) have the exponent 4 — 27 >
—1; (i) if ¥ > 5/2, then the exponent 4 — 2% < —1; and
(iii) if ¥ = 5/2, then the coefficient a; from Eq. (15) is 0,
and A;(s) decays as s~3/? [see Eq. (17)]. In the first case
the sum ) __ A;(u) can be directly replaced with an integral
convergent at the lower limit. In the second and third cases this
sum must be first replaced with > - Aj(u) — D ouss Ar(w).
The sum Y2, Aj(u) is a finite constant and ), A;(u)
can be replaced with a convergent integral. Substituting the
asymptotics of Ap and A}, we obtain

1
As(s) = agars" " / dx [x*72 — 1][(1—-x)""7 = 1]
0
~ ~ 00 ~
—apars’ ¥ — agays" 3T / dx x'F
1

1
+0(5/2—%)apa;s"F / dx x* " +0(F—5/2)aps*°
0

x [Z Ay(u) — a1s5_2ffloodx x“—”], (A3)
u=1

where the step function 6(x) is defined here as 8(x < 0) =
0 and O(x > 0) = 1. When 7 > 5/2, the fourth term on the
right-hand side of this equation is 0, and in the last term,
the sum )", A;(u) = O (see Appendix B). When 7 = 5/2, the
coefficient a; = 0, and so the asymptotics of A,(s) is given as
aps*™"Y", Ai(u). As we show in Appendix B, in this special
case the sum Zu Ai(u) is finite [see Eq. (B7)]. As aresult, for
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any T < 3, we have

L 2rQ=2)

A2(s) = 35637

(A4)

APPENDIX B: GENERATING FUNCTION APPROACH
FOR ORDINARY PERCOLATION (m = 1)

Using generating functions, we obtain ) " A, (s) for differ-
ent exponents T and the general expression for the coefficients
a,. Let us consider the generating functions of the coefficients
A, (s) in series (12), that is,

(@) = 2 Ans). (B1)

We obtain the generating function p,(z) in terms of py(z),
multiplying both sides of the evolution equation, (13), by z°
and summing over s,

s—1
p1(z) =2 Z |:Z Z'uAow)z’ " Aog(s—u) — zssAo(s):|

s u=1

=2 2'sAg(s) [Z 2 Ao(u) — 1]

= 3 -(po(z) — 1)%.

Here weused > > _ fu)f(s—u)=>_ f(s)>_, fu).

The function py(z) is the generating function of the initial
distribution P(s,0) = Ay(s). For apowerlaw P(s,0) = aps' %
the singular behavior of py(z) at z =1 is given by Eq. (7),
which we reproduce here for the sake of clarity:

(B2)

1 — po(2) = —agl'(2 — ) (—Inz)" 2. (B3)

Inserting this result into Eq. (B2) we find the singularity of

pi(z)atz = 1:
p1(2) = —2a2T Q2 — )X(F —2)(1 — ). (B4)

Differentiating both sides of the evolution equation with
respect to ¢, and combining with Egs. (B2) and (B3), we
express the function p,(z) as

pa(2) =y 2 Ao(s) Y 2 uAi(w)
+ Y TA) Y T udow) = Y sAi(s)

2 3
= galnz[alnz(pO(Z) - 1)7]

=2a3T2 - 0)%(F —2)(3T —T)(1 — 2 5. (BY)
In a similar way, for a general n, we obtain
. 2%aqM T2 — Ty I (n 4+ DG - 7) — 1]
n(Z) = ~
p (n+ DIT[(n + D2 — )]
x (1 — Z)(n+1)(f—3)+1' (B6)
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The sums B, = Zs A,(s) are equal to the value of the
generating function p,(z) at z = 1. Then according to Eq. (B6),

0 if n<§,
B, = _% if n=8, (B7)
o0 if n>g,

where B8 =(f —2)/(3— %) is defined by the condition
1-t4+B83—-17)=—-1.

Equation (B6) can be used to find the general form of
the prefactors a, in the asymptotics of A,(s). We obtain
the singular contribution to p,(z) near z = 1 by inserting the
respective power law A, (s) = a,s'~*"? into Eq. (B1):

on(2) = a,T[(n + 13 — 7) — 1](1 — )" TEH 1 (BY)
Comparing Egs. (B8) and (B6) we readily get

_ Rare-r
T 2T+ DR — D)l + D!

(B9)

n

APPENDIX C: CALCULATION OF COEFFICIENTS
A,(s) FORm =1AND 7 =3

For the particular case of m = 1 and ¥ = 3 we calculate
the asymptotics of the coefficients A, (s), which differ from
those in Sec. III A for ¥ < 3. The difference follows from the
divergence of the convolution integrals of Eqgs. (15) and (A3),
etc., for the coefficients A;(s), A>(s), etc., when ¥ = 3. The ar-
guments of these integrals diverge at the upper and lower limits
as (1—x)~! and x !, respectively. To remove these divergences
we must subtract one extra term to each factor of the convolu-
tion argument. For A1, instead of Eqgs. (14) and (15), we write

s—1

Ai(s)=s Z[Ao(u) — aos_2 — 2aos_3(s —u)]
u=1
X [Ao(s — u) — aos’2 — 2a0s’3u]

s—1

—4a§s—5 Zu(s —u)— aé(s —1s3
u=1

s—1 s—1

— 4a§s’4 Z u + 4dags ™2 Z uAo(u)

u=1 u=1
s—1
+2aps " Z Ao(u) — 25 Ag(s)

u=1
1
= a(z)s_Z/ dx{[x 2 —=1-=2(1—-x)]
0

X [(1—x)"2—1—2x]—4x(1 —x) — 4x} —als™?

s—1

o]
—2a(2)s’2/ dx x* +4a3s’22u’1. (C1)
1 u=1
Since Y, _ u~! = Ins the last term decays as s> Ins, while

the others decay as s 2. Then, for large enough s, we obtain
Ai(s) = 4als % Ins. (C2)

We obtain the asymptotics of the other coefficients A,(s) in a
similar way. The A, found by this procedure have the general
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expression

An(s) = 2"(n+1)af s (Ins)". (C3)

APPENDIX D: EXPANSION OF P(s,t) AT ¢, > 0
FORm > 1AND # = 2 + 1/2m—1)

Let us obtain the scaling form of P(s,?) near the critical
pointz, > Ointhecaseofm > land T =2 + 1/(2m—1). Our
numerical solution of exact evolution equations shows that
the asymptotics of the distribution P(s,z.) differs from a pure
power law by a factor In* s with A close to 1 (see Fig. 4 and
Appendix E). Then at ¢, we have

P(s,t.) = apC(Ins)-s ™2/ @m=D, (D1)

where C is a constant.

By the same method as in Secs. IIl A, I[II B, IV A, and IV B,
we obtain the expansion of P(s,t) around ¢, starting from the
distribution P(s,z.) in Eq. (D1). The resulting asymptotics of
the coefficient A,, is

An(s) Z a,[CInsy e =Dy mem/@n=b (D)

with prefactors a, given by Eq. (76). The series with these
coefficients gives

P(s,t) = C(Ins)*s=2/Cm=D £1(r — t){C(Ins)*}*" '], (D3)

where f(x) is the function from Eq. (77). This scaling form
is similar to Eq. (44) for m = 1, ¥ = 3; that is, a logarithmic
factor of s appears in the argument of the scaling function. The
difference, however, is that for m = 1 we have ¢, = 0, while
form > 1 we have 7. > 0.

APPENDIX E: PERCOLATION CLUSTER SIZE
SINGULARITY AT ¢, > 0FORm > 1AND ¥ =2+ 1/2m-1)

In this Appendix, we show, for m > 1 and 7T =2+
1/(2m—1), that an infinite-order percolation transition takes
place at the critical point ¢, = r given by Eq. (78). When
t < t.,the percolation clusteris absent, S = 0. Letus obtain the
critical singularity of S(# > #.) and relate it to the asymptotics
of P(s,t.).

Figure 4 shows that at 7. the asymptotics of P(s,?.) differs
from the initial power-law one by a factor

P(s.t)

a0572m/(2mfl) :

H(s) = (ED)

For the sake of brevity we do not indicate that the function
H (s) depends on m. Substituting P(s,t.) = H(s)ags ~>"/@m=1
into Eq. (7) (this equation is valid for any m), we find
the asymptotic function near z = 1 at the critical point, i.e.,
p(aite) = X, P(s.10)2",

1= p(zt)
=ap )y (1 —2)H(s)s 2"/ D

00 —
= ap(—In z)‘/(z"’*“/ dx(1—e™)H (1_’“) —2m/@m=1)
0 nzg

=~ _qol[—1/Q2m — D]H (1 ! ) (—Ino)Ven-D (E2)

nzg
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Here we assumed that H (s) grows with s more slowly than any
power law, which means that H(—x/Inz)/H(—1/Inz) — 1
when z — 1.

The inverse function of the singularity of p(z,?.) is the the
initial condition for solving the differential equation, (54), in
the phase with S > 0. Inverting Eq. (E2) we get

2m—1
E3
)

att = t.. With this initial condition, the solution of Eq. (54) at
z=11is

Inz = — < p—1
aol'[—1/(2m — D]H[(1 — p)!=2m

< —S(t) >2m—1
aol'[—=1/2m—DIH[S(t)! 2]
=2m>*S(t) / dr'S(t'y?" 2= 2(m*—m) / dr'S(t'y*" !

(E4)
for ¢ approaching ¢, from above.
Let us introduce the function
D(t) = —In S(z). (ES)

For small ¢ — 7. the integrals in Eq. (E4) can be calculated by
changing the integration variable to nD(t") = x, where n =
2m — 2 and 2m — 1 for the first and the second integrals on
the right-hand side of Eq. (E4), respectively:

/ dt’ S’ =/ dt’ exp[—nD(t")]

-

o ax\ !
= — dx (—) exp(—x)
/r:D(z) ar’

-1 00
_ <nala)t(t)) /nD([) dx exp(—x)

(DO
——<n o ) S@ty". (E6)

12

Note that the lower limit of the integral in this equation
nD(t) — oo when t approaches 7. Substituting Eq. (E6) into
Eq. (E4) we obtain
H[S(t)!72mm-! _ @m—1)(m—1)dD(t)
{—aoT[—1/Q2m—1)]}1=2m mQ3m —2) at
(E7)

Our numerical solution of exact evolution equations
(Fig. 4) shows that at the critical point, P(s,z.) ~ s'~%In"s,
where the exponent A was found to be close to 1. This
asymptotics implies that

H(x) = C(nx)", (E8)

for large x, where C is a constant. Inserting this expression
into Eq. (E7) we obtain the differential equation

oD __m(3m—2){—aocr[—1/(2m—1)]}2m—‘

i prem=1)
ot (m—1)(2m—1)1=+@n=1) ’

(E9)
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for —InS = D. With the initial condition S(¢.) =0 the
solution of this equation is

S ~ exp(—ds™"), (E10)
where
= ! (E11)
F=sem—n-1
and d is a constant,
1 3m —2)(m — 1)~} e
J— m(3m —2)(m — 1) . ED)
2m — 1 \ u{—aoCI'[—1/Q2m — 1)]}1-2m

The values of p from 0 to oo correspond to the exponent A,
respectively, from oo to 1/(2m—1). The latter is the lower
bound for A.

APPENDIX F: FIRST MOMENTS OF DISTRIBUTIONS
P(s,t) AND Q(s,t)

In this Appendix we find the singularities of the first
moments of the distributions P(s,t) and Q(s,?), (s) p and (s) o,
respectively, using the results from the previous sections. For
m = 1 the distribution Q(s,t) = P(s,t),andso (s)p = (s)p =
x. In the region T < 3, according to Eq. (49), we have

L =2
(s)p=(s)o = ml ) (FI)
while for ¥ = 3, Eq. (50) gives
~ 1 5
(S>P=<S>Q=Ef . (F2)

For m > 1 we find the singularities of (s)p and (s)o by
inserting the previously obtained singularity of the relative
size of the percolation cluster S into Eqgs. (86) and (79),
respectively. For < 2+41/(2m—1) the power law S = Bt#,
Eq. (58), results in the first moments

B2(1=m)
(s)p = —— PPl (F3)

and

B m
(s)o = Tt“*m)ﬁ*‘, (F4)

where B and B are given by Egs. (59) and (60), respectively.
Form > 1and ¥ = 241/(2m—1), the infinite-order transition
occurs at ¢, > 0 with the singularity S ~ exp(—dé~*). This
critical behavior leads to the following singularities of the first
moments,

(s)p ~ exp[2d(m — 1)8 "] (F5)

and
(s)o ~ expld(m — 1)67"], (F6)

for t > ., where the exponent p and the constant d are
given by Eqgs. (83) and (84), respectively. In this situation the
first moments (s)p and (s)o exhibit exponential divergences
approaching 7. from above. In the “critical phase,” t < f., the
moments (s)p and (s) o and the susceptibility x are divergent
(see Sec. IV B).
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