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Power-law behavior in a cascade process with stopping events: A solvable model
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The present paper proposes a stochastic model to be solved analytically, and a power-law-like distribution is
derived. This model is formulated based on a cascade fracture with the additional effect that each fragment at
each stage of a cascade ceases fracture with a certain probability. When the probability is constant, the exponent
of the power-law cumulative distribution lies between —1 and 0, depending not only on the probability but the
distribution of fracture points. Whereas, when the probability depends on the size of a fragment, the exponent is
less than —1, irrespective of the distribution of fracture points. The applicability of our model is also discussed.
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I. INTRODUCTION

A power-law distribution is found ubiquitously, ranging
from physical systems, such as critical phenomena in phase
transitions, aggregation, fracture, and earthquakes, to eco-
nomic systems, such as distributions of income and sales,
and price fluctuations [1]. A lot of physical approaches, such
as fractal growth [2], self-organized criticality [3], and the
“rich get richer” mechanism [4], have derived power-law
distributions in various systems, but our understanding of
power laws is still insufficient in view of their diversity. In the
present paper, we propose a simple stochastic model which
is analytically solvable and produces a power-law distribu-
tion. The model incorporates two elements: a multiplicative
stochastic cascade process and random stopping.

Fracture is one of the most typical phenomena deeply
related to a power law. A number of experiments have
confirmed that fragment size distributions mainly follow power
laws [5-7]. Theoretically, various models have attempted to
derive power-law distributions [8—11], but there seems to be
no decisive model which simply and analytically explains
a power-law distribution of fragment sizes without using
specific breaking mechanisms. Fracture phenomena have
offered us many interesting properties and behaviors, not only
a power-law distribution of fragment sizes. For example, the
shattering transition occurs when fragmentation of smaller
fragments becomes increasingly fast and a finite fraction of
mass falls into a dust phase of zero-size fragments [12]; also,
the damage-fragmentation transition observed in collisional
fragmentation yields scaling relations similar in percolation
theory [13].

Before we introduce our model, we briefly refer to a simple
multiplicative stochastic process, using a model of cascade
fracture [14]. In this model, one rod of length L breaks into
two fragments at a randomly chosen point, and each of the two
fragments again breaks into two subfragments, and so on [see
Fig. 1(a)]. The length of one of the fragments after the nth stage
of fracture is expressed as &, - - - §, L, where £1,&,, ... &, are
random numbers between 0 and 1. This process is referred to
as “multiplicative,” because the length of a fragment is given
by multiplying the previous length by &;. The fragment size
distribution in this case is not a power-law distribution but a
lognormal one, which is proved by the central limit theorem
for logé;.

1539-3755/2012/85(1)/011145(5)

011145-1

PACS number(s): 02.50.—r, 46.50.4a, 05.40.—a

II. MODEL AND ANALYSIS

Our model proposed in this paper also starts with one rod
of length L, and fragments repeatedly break into two subfrag-
ments. A fracture point is given by a random number & € (0,1)
drawn from a probability density function g(£). The difference
from the above simple multiplicative model is that each
fragment ceases fracture with probability p, which we call the
“stopping probability” [see Fig. 1(b)]. Whether each fragment
stops fracture or not is determined independently; once a frag-
ment ceases fracture, it never restarts fracture any more, and we
call such a fragment “inactive.” Previously, a similar stochastic
model of cascade fracture adopting a random-stopping event
has been proposed in Ref. [15], but their analyses treat only a
simple situation where g(£) = 1 in our notation. In this paper,
we solve the model for a general probability density g(&).
Furthermore, we consider the two cases: (i) p is constant, and
(i1) p depends on the length of a fragment.

Case I (p is constant). We focus on the cumulative number
Ny (x) of fragments, which represents the expected number of
the inactive fragments larger than x. Ny (x) can be computed
as follows. With probability p, the initial rod ceases fracture;
one fragment (i.e., the initial rod itself) is larger than x.
With probability 1 — p, by contrast, the initial rod breaks
into two fragments at a random point given by &; each of
the two fragments can experience further fracture, and these
subfracture processes are both similar to the whole process.
Hence, the expected number of the fragments larger than x
in this case is given by Ngy(x) + N—g(x). By taking into
account that the fracture point £ is drawn from a distribution
g, Ny (x) satisfies the following equation:

1
Ni(x)=px1+(1- p)/o {NeL(x) + Na—g)r(x)}g(6)d§.
)

If we rescale our length scale by a factor «(>0) and
observe fracture processes, the length of the initial rod is
«a L in the new scale, and the cumulative number Ny (x) turns
to Nyr(ax). Hence, a scaling relation N,y (ox) = Np(x) or
Nyp(x) = Np(x/a) is satisfied. Using this relation to convert
all subscripts in Eq. (1) into L, and introducing

Np(x) = Np(x)+

—2 2
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FIG. 1. (Color online) (a) The simple model of cascade fracture,
where the fragments at each stage break into two subfragments.
The resulting fragment size distribution is a lognormal one. (b) Our
proposed model, which is different from (a) in that each fragment
ceases fracture with probability p.

in order to eliminate the inhomogeneous term “p” at the right-
hand side of Eq. (1), we obtain a homogeneous equation of N :

_ L /x . X
Nr(x)=(1 - ,0)/ {NL <—) + Ng <—> } g(&)d§.
0 & 1-§& )

We assume a power-law form Ny (x) = Cx~#, where C and
B(>0) are both independent of x. Then, we have

1
(1 —p)/o (EF 4 (1= £)F)g(&)dt = 1. @)

The exponent f is determined by this equation; hence f
generally depends on both p and g. The coefficient C is
determined from Eq. (2) by considering N.(L) = p with
Ni(L)=CL™# as
_ 2p(1 —p) Lh
1-2p
Eventually, the complete solution is
2p(1 — p)Lﬂxf’B P
1-2p 1-2p

-8
_ 7 _o(E) -
—1_2p{2(1 p)(L) 1},

coupled with Eq. (4) for determination of 8. Note that Ny (x)
is an exact power law of x, but N is not exactly because of
the presence of the second term “—1.” Nonetheless, N (x)
can be approximated by a power law if the second term is
negligible, i.e., 2(1 — p) > (x/L)?, or if x is sufficiently
smaller than L and p is also small.

In above calculation, we postulate the power-law form
Np(x) = Cx~P, but the validity of this hypothesis is not
obvious at first sight. First of all, the uniqueness of solutions
of an integral equation (3) is not quite evident, and other types
of solutions may exist. We prove in the Appendix that Eq. (3)
can admit only power-law solutions.

The solution S of Eq. (4) cannot be expressed explicitly
for a general probability density g. Now, we provide three
examples of calculations of 8. The simplest instance is g(§) =

Ni(x) =
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8(& — 1/2), where § is the Dirac § function. In other words,
the fracture points are always at the middle of the fragments.
Equation (4) in this case is reduced to

1\#
2(1 = p) (5) =1,

and the solution is 8 = 1 4 log(1 — p)/log 2.

In the second example, the fracture point is distributed
uniformly over each fragment, i.e., g(§) = 1 forall £ € (0,1).
Equation (4) becomes

! 1
_ B _£)\8 — )

(1=p) [ 1"+ (1 =84 =20 = p) i = 1.
and the solutionis 8 = 1 — 2p, which reproduces the previous
result in Ref. [15].

The third example is g(&) = 6&(1 — &). (The coefficient
“6” comes from the normalization fol g(&)dé =1.) Also in
this case, we can calculate 8 explicitly as

4 VA —48p -5
="

which is a completely untrivial result.

In the above three examples, two limiting values 8 ' 1
as p (0 and B \(0 as p / 1/2 can be easily obtained in
common. Since S is a decreasing function with respect to p
in these examples, we conclude that the reasonable ranges are
0<pB <1land 0 < p < 1/2. Moreover, the same constraints
for  and p can be derived for a general g(£). Indeed, the
relations lim, o8 =1 and lim, ;> B = 0 and monotonity
of B with respect to p hold in a general g.
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FIG. 2. (Color online) Numerical results of cumulative number
Ny(x)for L = land p = 0.1,0.2,0.3, and 0.4, generated by counting
only the inactive fragments, and averaging 1000 samples each. Each
straight line indicates the corresponding N, that follows an exact
power law. The fracture points are (a) at the middle of the fragments
g(&) = 8(¢ — 1/2), and (b) distributed uniformly g(§) = 1.
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Here, we show the results of a numerical check of N; in
Fig. 2. The parameters are L = 1, and p = 0.1,0.2,0.3,0.4.
The probability density g for the fracture points are g(§) =
6(§ —1/2) in (a) and g(§) =1 in (b). Each sample of the
calculations was performed until all the active fragments
became smaller than 10~%, and we counted only the inactive
fragments, and each data set in the figure is the average of 1000
samples. An exact power law N; is also shown with a solid
line. Power laws fail in larger fragment sizes, as mentioned
above.

Case Il (p depends on a fragment size). It is noted that
the above model provides only 8 < 1. However, in real
experiments of fracture, some results correspond to 8 > 1
[5,16]. Here we propose a modification of the above model in
order to realize 8 > 1 by treating the stopping probability as
a function of a fragment size. In particular, we give here the
stopping probability of a fragment of size £ as

VY
p(0) = iZ) '

S s
VAN

A
N o)

)

where A is a characteristic length and y > 0 is a constant.
The stopping probability (5) represents an effect that smaller
fragments have more difficulty experiencing further fracture.
Obviously, a fragment becomes inactive whenever its size
becomes smaller than A; hence the parameter A is the lower
bound of the fragment sizes. We employ the assumption A < L
in the following analysis.

As in Case I, the cumulative number N, ; (x), including two
parameters L and A this time, plays an important role. In the
same way as Eq. (1), Ny, satisfies the following equation:

Npa(x)

1
={l- ,O(L)}/0 {NeLs () + Na-gr,.(x)}g(E)dE + p(L)

A 14 1
p-()) [

A Y
+ Na-g)p2(x)}g(§)dE + (z)

1
>~ /0 {Nepa(x) + Na—gypa(x)}g(§)dE, (6)
() W
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where we used the approximation A/L ~ 0. (the symbol “~”
is used only in this sense.)

A scaling relation Ny o, (ax) = N, (x)is again obtained.
Moreover, by the definition of the cumulative number,

L L A\
Vet = [ pemar= [7(%) v,

where v(£)d{ is the average number of active fragments whose
lengths are within [£,£ + d¢). Thus, another scaling relation
Np.ap(x) = a¥Np ,(x) is derived for x > A and o > 0. We
guess a power-law form Ny ;(x) = Cx~#, and substitute into
Eq. (6) together with the above two scaling relations, which
yields

1
/0 (EPY + (1 — &P 7)g(6)dE = 1.

Since the normalization fol g(&)dé = 1 holds, the solution is
B=1+y. B >1is attained because y > 0. A remarkable
point is that the exponent B8 = 1+ y is universal over any
probability density g governing the fracture points. (Compare
this with the case of a constant stopping probability, where
depends on g.)

The coefficient C is AYL, derived from the consis-
tency of two expressions Ny ,(L) = CL™# = CL="*7) and
Np (L) = p(L) = (A/L)". Finally, the complete solution is
expressed as

A y X —(1+y)
NL,,\(x)z)Lny(HV):(Z) <Z> ) (7)

The calculation is based on x >> X; consequently, this solution
breaks down if x < A.

Numerical confirmation is shown in Fig. 3, where we set
L =1 and A = 107°. The numerically obtained cumulative
numbers clearly lie on the power-law solutions (solid lines)
over a wide range of larger fragment sizes. Also, the data
points deviate from the power laws in a fragment size close to
or less than A, as expected theoretically.

III. DISCUSSION

One can straightforwardly extend the model so that each
fragment breaks into n subfragments at a single fracture, where
n can be either a fixed or random number. A fragment size
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FIG. 3. (Color online) Numerical results of N, for L = 1. The parameter values of the stopping probability are A = 10~ and y = 0.5,1,
and 1.5. Each data set was generated by averaging 1000 samples. Solid lines indicate the corresponding solutions (7). The probability densities
for the fracture points are, respectively, g(§) = §(§ — 1/2) in (a), and g(§) = 1 in (b).
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distribution in this case is again like a power law; the exponent
B is less than 1 under a constant stopping probability, and
B =1+ y(>1) under the stopping probability as in Eq. (5). A
special case like the Sierpinski fractal is found in Refs. [17,18]
without pointing out the sensitivity of B against g.

Now we discuss the relevance and applicability to other
systems. As described in Sec. I, the natural distribution related
to a multiplicative process is a lognormal distribution. Thus,
some additional “tricks” are needed to generate a power law
from a multiplicative process, such as a reset event [19],
additive noise [20], and a boundary constraint [21]. The trick
for a power law in our models is random stopping. Moreover,
our model is related to a stochastic branching process [22]. In
fact, in the case where the stopping probability is constant p,
the “genealogical tree” of the fragments is simply a kind of
the Galton-Watson branching process, in the sense that each
fragment at each stage of a cascade has either two “children”
of subfragments with probability p or no children with 1 — p.
Such a stochastic process has been investigated exhaustively,
but we stress that a stochastic branching process alone is not
associated with a power-law distribution.

For clarity, we formulate and analyze the model in terms
of the fracture of a rod. However, we require neither the
properties of materials nor specific breaking mechanisms;
hence, the model is not limited to the fracture of materials in a
narrow sense. For instance, at the simplest level, a power-law
distribution of income, often referred to as the Pareto distri-
bution [23], can be thought as the consequence of hierarchical
partitioning of profit or wealth, and a power-law distribution
of file sizes [24] is caused by the partitioning of bulk data.

It has been pointed out that a lognormal distribution can be
confused easily with a power-law distribution [25]. Our result
gives one theoretical basis for their connection; the difference
is whether the stopping probability exists or not. Some
experiments also have shown that the two types of distributions
can possess a common origin. In fact, a fragment size
distribution qualitatively changes according to impact energy
[26] (or falling height [27]): it exhibits a lognormal distribution
under lower energy, and a power-law distribution under higher
energy. We can roughly explain the experiments as follows. Let
us consider that the stopping probability is given by Eq. (5),
where the cumulative number follows a power law as in Eq. (7).
In the low-impact-energy limit, a fracture process corresponds
to a cascade limited to the first several stages, where most
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fragments are far larger than X, so p(£) >~ 0 holds. This is
almost equivalent to the simple multiplicative process free
from stopping events [Fig. 1(a)]; therefore, the fragment size
distribution in this limit becomes rather like a lognormal
distribution.
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APPENDIX: THE VALIDITY OF A POWER-LAW
SOLUTION OF EQ. (3)

_ We prove here that Eq. (3) has only a power-law solution
Ny (x) = Cx~#. First, Eq. (3) changes to

1N, (2 N, (==
(1—p>f0{ 1) L(l‘s)}g@)ds:l

Np(x) Np(x)

by dividing both sides by Ny (x). The left-hand side is a
function of L and x, whereas the right-hand side is a constant.
Hence, N (x/&)/N.(x) depends only on & in reality, and
we set ®(§) := Np(x)/NL(x/§). Equivalently, we can write
Nip(xy) = Np(x)®(y), and also Np(xy) = Np(y)P(x) by in-
terchanging x and y. Then, we have N (x)®(y) = N.(¥)P(x)
for any x and y, which concludes ®(x) = ¢N, (x) for some
constant c. (To be precise, ¢ is a function of L.) Finally, a
closed relation

Ni(xy) = cNL(x)NL(y)

is obtained. By differentiating with respect to y and then
putting y = 1, we have a differential equation

xNp(x) = eN (DN (x),

whose solution is a power law Ny (x) = Cx~#, where C and
B:=—cN 7 (1) are constants. As in the main part of the paper,
the coefficient C is determined by a boundary condition,
and the exponent 8 by Eq. (4). In conclusion, the integral
equation (3) with the boundary condition Ny (L) = p has the
unique power-law solution shown here.

[1] M. Buchanan, Ubiquity: Why Catastrophes Happen (Three
Rivers Press, New York, 2000).

[2] T. Vicsek, Fractal Growth Phenomena (World Scientific,
Singapore, 1992).

[3] P. Bak, How Nature Works: The Science of Self-Organized
Criticality (Copernicus, New York, 1999).

[4] A.-L. Barabasi, Linked: The New Science of Networks (Perseus,
Cambridge, 2002).

[5] L. Oddershede, P. Dimon, and J. Bohr, Phys. Rev. Lett. 71, 3107
(1993).

[6] F. Wittel, F. Kun, H. J. Herrmann, and B. H. Kroplin, Phys. Rev.
Lett. 93, 035504 (2004).

[7] H. Katsuragi, H. Honjo, and S. Ihara, Phys. Rev. Lett. 95, 095503
(2005).
[8] J.J. Gilvarry and B. H. Bergstrom, J. Appl. Phys. 32,400 (1961).
[9] Z. Cheng and S. Redner, Phys. Rev. Lett. 60, 2450 (1988).
[10] A. Z. Mekjian, Phys. Rev. Lett. 64, 2125 (1990).
[11] M. Marsili and Y.-C. Zhang, Phys. Rev. Lett. 77, 3577 (1996).
[12] E. D. McGrady and R. M. Ziff, Phys. Rev. Lett. 58, 892 (1987).
[13] F. Kun and H. J. Herrmann, Phys. Rev. E 59, 2623 (1999).
[14] M. Matsushita and K. Sumida, Bull. Facul. Sci. Eng. Chuo Univ.
31, 69 (1988).
[15] P. L. Krapivsky, I. Grosse, and E. Ben-Naim, Phys. Rev. E 61,
R993 (2000).

011145-4


http://dx.doi.org/10.1103/PhysRevLett.71.3107
http://dx.doi.org/10.1103/PhysRevLett.71.3107
http://dx.doi.org/10.1103/PhysRevLett.93.035504
http://dx.doi.org/10.1103/PhysRevLett.93.035504
http://dx.doi.org/10.1103/PhysRevLett.95.095503
http://dx.doi.org/10.1103/PhysRevLett.95.095503
http://dx.doi.org/10.1063/1.1736017
http://dx.doi.org/10.1103/PhysRevLett.60.2450
http://dx.doi.org/10.1103/PhysRevLett.64.2125
http://dx.doi.org/10.1103/PhysRevLett.77.3577
http://dx.doi.org/10.1103/PhysRevLett.58.892
http://dx.doi.org/10.1103/PhysRevE.59.2623
http://dx.doi.org/10.1103/PhysRevE.61.R993
http://dx.doi.org/10.1103/PhysRevE.61.R993

POWER-LAW BEHAVIOR IN A CASCADE PROCESS WITH ...

[16] P. F. Mastinu et al., Phys. Rev. Lett. 76, 2646 (1996).

[17] M. Matsushita, J. Phys. Soc. Jpn. 54, 857 (1985).

[18] T. Kadono and M. Arakawa, Phys. Rev. E 65, 035107(R) (2002).

[19] S. C. Manrubia and D. H. Zanette, Phys. Rev. E 59, 4945 (1999).

[20] H. Takayasu, A.-H. Sato, and M. Takayasu, Phys. Rev. Lett. 79,
966 (1997).

[21] M. Levy and S. Solomon, Int. J. Mod. Phys. C 7, 745 (1996).

[22] T. E. Harris, The Theory of Branching Processes (Springer,
Berlin, 1963).

PHYSICAL REVIEW E 85, 011145 (2012)

[23] V. Pareto, Cours d’Economie Politique, edited by F. Pichou,
Vol. 2 (University of Lausanne Press, Lausanne, 1897).

[24] M. Crovella and A. Bestavros, IEEE/ACM Trans. Networking
5, 835 (1997).

[25] Y. Malevergne, V. Pisarenko, and D. Sornette, Phys. Rev. E 83,
036111 (2011).

[26] H. Katsuragi, D. Sugino, and H. Honjo, Phys. Rev. E 70,
065103(R) (2004).

[27] T. Ishii and M. Matsushita, J. Phys. Soc. Jpn. 61, 3474 (1992).

011145-5


http://dx.doi.org/10.1103/PhysRevLett.76.2646
http://dx.doi.org/10.1143/JPSJ.54.857
http://dx.doi.org/10.1103/PhysRevE.65.035107
http://dx.doi.org/10.1103/PhysRevE.59.4945
http://dx.doi.org/10.1103/PhysRevLett.79.966
http://dx.doi.org/10.1103/PhysRevLett.79.966
http://dx.doi.org/10.1142/S0129183196000624
http://dx.doi.org/10.1109/90.650143
http://dx.doi.org/10.1109/90.650143
http://dx.doi.org/10.1103/PhysRevE.83.036111
http://dx.doi.org/10.1103/PhysRevE.83.036111
http://dx.doi.org/10.1103/PhysRevE.70.065103
http://dx.doi.org/10.1103/PhysRevE.70.065103
http://dx.doi.org/10.1143/JPSJ.61.3474

