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Abstract

This paper is devoted to the analysis of the time-continuous branching random walks in a
random medium. Similar models are used in statistical physics, chemical kinetics, and population
genetics. In the last twenty years, several limit theorems have been obtained for such processes.
However, these theorems have some limitations, and the investigation of branching random walks
on finite times seems impossible. This paper presents algorithms for the simulation of branching
random walks in a random medium based on the Monte Carlo method. We obtained numerical
estimations for models with various assumptions about the field structure, in particular for different
branching potentials.
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1. Introduction

Problems related to the intermittency in a random medium seem to have been first considered
by Zeldovich et al in [1]. These problems were generalized and developed in two fundamental works
by Gértner and Molchanov in |2, 3]. In these works Gértner and Molchanov strictly formalized the
concept of intermittency and developed tools for studying the Anderson operator. These tools, in
turn, make it possible to prove limit theorems for homogeneous branchind random walks (BRW) in
a random medium, were done by Albeverio et al in [4]. This paper is currently the most complete
and detailed analysis of BRW in a homogeneous random medium. An arising continuation of the
results for the case of an non-homogeneous field was made in [5]. In addition we should mention a
short course of lectures on random media by Molchanov [6], in which the main results of the theory
of random media are presented in a concise form.

The structure of paper is as follows. In Section 2 we describe the model of BRW in both
homogeneous and non-homogeneous case, as well as in both random and non-random medium. In
Section 3 we present the previously obtasined auxiliary results and limit theorems. In Section 4
we explain the concept of intermittency and its empirical aproximations. Finally, in Section 5 we
present the results of simulations of BRW with various initial conditions.
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2. Branching random walks in non-random and random medium

2.1. Non-random medium

Let us consider a evolving system of particles on a multidimensional lattice Z¢, z € N. Particles
can walk between points of the lattice and we assume that the probability of the jump from a point
z € Z%to a point y € Z%¢ during the small time & is equal to

a(z,y) - h+o(h)

A random walk is assumed to be symmetric: a(z,y) = a(y, z); homogeneous in space: a(x,y) =
a(0,y — ) =: a(y — x); regular: 3 a(z) = —a(0); and irreducible: every point 2 € Z¢ is reachable.
z#0
At first we assume homogeniity of branching medium. I.e., we assume the evolution of a
particle at the point y during small time h consists of three opportunities. The particle can die
with probability by(y) - h + o(h), where by(y) = 0. The particle can split into two particles with
probability ba(y) - h + o(h), where ba(y) > 0. Nothing happens with the particle with probability
14+b1(y) - h + o(h), where b1 (y) < 0.
Let us assume for simplicity that at the initial moment of time there is exactly one particle on
the lattice located at the point . We combine walking and branching processes as follows. During
small time h the evolution of a particle consists of several opportunities:

. The particle can die with probability by(y) - h + o(h), where by(y) > 0;

)

1
2. The particle can split into two particles with probability bs(y) - h 4+ o(h), where ba(y) = 0
3. The particle can jump to the point y + z with probability a(z) - h + o(h), where a(z) > 0;
4

. Nothing happens with the particle with probability 14 b1(y)-h+a(0)-h+o(h), where by (y) < 0,
a(0) < 0.

We will describe this system via the number of particles at time ¢ at point y denoted by 1 (y).
We consider also the total population size s := Zy pt(y). This variables, in turn, will be studied
in terms of their moments:

mn(t, 2, y) = Eypi (y)
Ma(t, 2) = By

We can abandon the assumption of the homogeneity of the medium. That is, assume that a
branching process is possible only at a finite number of points. For simplicity, we assume that there
is one such point and that it is located at the origin. For the models described above, a wide range
of results was obtained, an overview of which can be found, for example, in [7].

2.2. Random medium
In a random medium the branching is governed by a pair of random variables (bg,by) =
(bo(y,w), ba(y,w)),y € Z%. We assume that pairs (bg(y,w),ba(y,w)) are spatially i.i.d. Variable

d
w € Q, where Q = (Ri)z represents sample realizations of field (by(y,w), ba2(y,w)). We consider
branching takes place on a "frozen” medium, i.e. in a fixed medium realization w. In a random
medium the evolution of a particle at the point y during small time A consists of several opportu-
nities:

1. The particle can die with probability bo(y,w) - h + o(h), where by(y,w) = 0
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2. The particle can split into two particles with probability ba(y,w) - h + o(h), where be(y,w) = 0

3. The particle can jump to the point y + z with probability a(z) - h + o(h), where a(z) > 0

4. Nothing happens with the particle with probability 1 + b1(y,w) + a(0,w) - h + o(h), where
b1(y) < 0,a(0) < 0.

We again assume that at the initial moment of time there is exactly one particle on the lattice
located at the point x.
We introduce a random potential as

V(y7w) = bQ(ya w) - bo(y,W)

Let us fix a medium realization w. We denote by pu¢(y,w) the number of particles at time ¢ at
point y, and consider also the total population size u; := Zy e (y, w).

For every n € N the "quenched” moments are introduced as:

mh(t,x,y,w) = mb(t,z,y) = [Epi (y)]";

my (t,z,w) = mp (¢, 2) = [Epg]”

We denote by () the expectation with respect to the medium probability measure.
For every n € N the "annealed” moments are determined as:

(miy (t, 2, 9));
(mi(t,x))
We introduce the "quenched” generating functions as follows:
F(z:t, @, y,w) = F(z:t,x,y) := EYe W)
F(z;t,z,w) = F(z;t,x) == EZe *H

Functions F'(z;t,z,y) and F'(z;t, x) satisfy the Skorohod equation for generating functions, see,
e.g. [Albeverio et al, 2000]:

OF = AF + (by(x)F —bg) - (F — 1) (1)

with the initial conditions:
F(20,2,y) = e *v®:

F(z;0,z) =¢"*

From the equation (1) one can derive moments equations:

Oymp = Amy, + V(x)mn + b2(x)gn [m1> ) mn—l] (2)

with the initial conditions:

mn(077y) :5:!/()7 mn(oa) = 17
where g1 = 0 and
n—1
Gn M1, .. ,mp_1] := Z < 7; ) mMiMy—i, for n > 2.
i=1

For the first moments, equations (2) take a simple form:

om1 = Amy + V(x)my
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3. Feynman—Kac representation and limit theorems

Before proceeding to the description of limit theorems, we need a Feynman—Kac representation.
For more information about its derivation, see [4]. Let us consider general equation for random

fields:

Ou(t,x) = »Au(t,z) + V(z,w)u(t, x),
u(0, ) = up(x) 3)

i v ) -
Let V(z,w) be i.i.d. such that <m) < 00, where Iny (z) := max(In(z), 1).

Iny ug(x)

Tl < 1. Under these conditions equation (3) has unique non-negative solution,

Let limsup
|z|—00
which admits the Feynman—Kac representation:

t
V(zs,w)ds
u(t,z) = Ey eOf ug (z¢) |

where z; is underlying random walk.

Recall that
omy = Amy + V(x)my

with the initial conditions

1

ml(ov'ay) :5y(')§ m1<07 )

Then we can apply the Feynman-Kac representation and obtain:

t
V(zs,w)ds
mi(t, z,y) =Eq e{ dy(xt)

t
JV(zs,w)ds
mi(t,x) =E; |eo -1

Assume that

. t
tlggo In (ePVt) 0-

Then for the annealed moments (mq (¢, x,y)) and (mq(¢,x)) it can be shown that:

(o) _
t—oo In (ePV't)
In (mh,
nimt)

t—oo In <eant>
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4. The intermittency

Given two functions f, g : Ry — R, we will write f < g if g(t) — f(t) — o0 as t — oc.
Let {n(t, x); T € Zd} be a family of non-negative spatially homogeneous random fields and

Ap(t) =In(n(t,0)P) < oo, t>0,peN

The random fields {n(t,z);x € Z%} are called intermittent Gértner and Molchanov [2] if they
are ergodic and
Aa(t As(t
22()<< 33()<<... (4)

Note that if so-called Lyapunov exponents A\, = tlim Ai’ét),p € N exist for some g > 1, and
— 00

M(t) <

A1 < % < % < ..., then condition (2) will be met.

Intermittency means that as ¢ — oo the main contribution to each moment function is carried
by higher and higher and more and more widely spaced "peaks” of the random field.

Let for simplicity consider (m}), and assume that potential has the Weibull-type tails:

: _ — a2
ZEIJrnoo(l FV(Z)) € )
where a > 1, ¢ > 0.
In this case based on the previous theorem one can derive the following:
1 P a
lim H<T1> =C.pa1

t—00 to—1

Then we can observe that
In (m?)

p t—00 t:B

—C.pra

my
Therefore, the sequence of A

is strictly increasing as function of p, which, in turn, implies the
intermittency of (m}). The same result is valid for (m}), where n € N.

5. Simulation

For the simulation, we used the R 3.5.1 data analysis environment. Parallel programming with
47 cores was used. A simple one-dimensional random walk was considered. The intensity ag for
all models is assumed to be -1. That is, the particle waits for an exponential time, and then
moves equally likely to one of the neighboring points. The simulated BRW have the potential to
experience an exponential explosion [7]. Therefore, the simulation of the process does not take
place over a finite period of time, but until there are 1000 particles on the lattice at the same time.
In addition, an exponential approximation was used: as long as at least 90% of the models has at
least one particle but less than 1000 particles, the remaining exploded 10% are imputed using a
generalized linear regression of the logarithm of the number of particles on time. The coefficient of
determination of such imputation was 90%.

3Jiech 1oKa cuuTaercsi. byner Tpu BapuaHTa MOjeNiell B HEOJHOPO/IHBIX Cpe/laxX: Hec/IydaiiHast
cpeja, ciayvaiinas ¢ BefOY/IIOBCKMM XBOCTOM, C/IyYaiiHasi ¢ TPOWHBIM SKCIIOHEHITHAIBLHBIM XBOCTOM.
st OTHOPOJTHOM CPEJIbI MPOCTO CKAXKYy, UTO BCE TO K€ CaMOE.

t‘ITO HE CcJe/IaHO: MO2KHO JI IIPpUAYyMaTb CTaTUCTUYECCKUI CHOCO6 OIICHKM HepeMe}Kael\/IOCTI/I?
Yrobbl He TIa3aMu Ha TPAOUKH CMOTPETD.
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6. Conclusion
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