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Abstract. The homogeneous branching process with migration and continuous time is studied. The gen-
erating function of the process is obtained. Limit theorem for subcritical branching process with migration
is found.
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1 Introduction

Branching processes are mathematical models of many physical, chemical, biological, ge-
netic, demographic, and other processes. Since third-party factors often exist, there is a
need to study different modifications of this process. Among them are branching processes
with immigration, emigration, or a combination of two processes, namely processes with
migration for the case of discrete and continuous time.

An important feature of the branching process is the generating function. In the classical
case, for processes with continuous time, it is obtained from the differential equation.

In the case of the branching process with immigration, the derivation of the differential
equation and finding its solution is shown in [8], where the process is defined as a process
with two types of particles.

In the case of the process of emigration, Formanov Sh. K. and Kaverin S. V. found the
form of a differential equation, and the solution of this equation without detailed inference
is shown in [4], [5].

The main results for branching processes with discrete time and different regimes of
immigration and emigration are described in [13].

* Corresponding author

K. M. Yakymyshyn
Lviv Polytechnic National University, Lviv, Ukraine
E-mail: yakymyshyn_hrystyna@ukr.net

I.B. Bazylevych
Ivan Franko National University of Lviv, Lviv, Ukraine
E-mail: i_bazylevych@yahoo.com

S.A. Aliyev

Institute of Mathematics and Mechanics of NAS of Azerbaijan, Baku, Azerbaijan
Institute of Control Systems of NAS of Azerbaijan, Baku, Azerbaijan

E-mail: soltanaliyev@yahoo.com



2 Theorems for branching processes with migration

The case of a branched process with migration and continuous time is considered in [3],
[7], [10], [6], [1]. Chen A. Y. and Renshaw E. [3] have considered a case of the process
which large immigration, i.e. the sum of immigration rates is infinite; excessively high pop-
ulation levels are avoided by allowing the carrying capacity of the system to be controlled
by mass emigration. Also in 2000, Rahimov I. and Al-Sabah W.S. [7] considered a family
of independent, equally distributed with continuous Markov branching processes. The mi-
gration was determined as follows: the particles first immigrate and stay in the population
for some time, and then emigrate.

The limit distribution theorem for the classical branching process with continuous time
is proved in [9].

In this article we consider a more general model of the branching processes with mi-
gration and continuous time [12]. Immigration, emigration, and evolution occur at random
moments of time and are determined by the intensity of the transition probabilities. The
form of a generating function for a branching process with migration and continuous time
and the Kolmogorov system of equations held for the transition probabilities of the process
are found in [12]. The limit theorems for the number of emigrated particles for a homo-
geneous branching process with continuous time, emigration one particle, and immigration
are proved in [2].

Also, we obtain the form of a generating function and prove the limit distribution theo-
rem for the classical branching process with continuous time and migration. Distribution of
the number of emigrating particles and its limiting distribution has been found.

2 Description of a branching process model with migration and continuous time
Consider a Markov branching process with one type of particles and migration pu(t), t €

[0, 00). Let p(t) denote the number of particles at the time ¢ € [0, 00).
We suppose, that at the time t = 0, the process starts with one particle, in the system

1(0) = 1. 2.1

The process u(t), t € [0, 00) then At — 0 is given by transition probabilities

P{u(t + At) = jlu(t) = i} =

(14 qoAt + o( At), 1=7=0;

q; At + o( At), i=0,7=12..;

m
(po + >_ m) At + o(At), i=1j=0;

=1
14+ (go+ro+p1)At+o(At), i=1,7=1;
(pj + qj—1) At + o(At), it=1,7=2,.

—m . . 2.2)

YAt + o( At) 1<i<m,j=0;
=i
(po + 1) At + 0o( At), 1=2,3,.,j=1—1;
T‘i_jAt + O(At), 1=2,3,..,]<t—1;
1+ (qo+ro+ip1)At + o(At), i =2,3,...,i = j;
(’ipj_i+1 + q]‘_i)At + O(At), 1=2,3,..,1<7;
o(At), in other cases,

where m is a fixed integer, and py, qx, r, satisfy the conditions

pk207k7é17p1<07 Zpkzoa
k=0
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o
QRzovk%ov q0<072qk207
k=0

Note, that py, (k = 0, 1, ...) is the intensity of reproduction particle, q; (k = 0,1, ...) is
the intensity of immigration, and 7, (n = 0, m) is the intensity of emigration.
We introduce the following notation,

o0
=3 Pu(t) = n}s"
n=0
[e.9]
= ansn, ls| <1, seC,
e}
=Y qus", Is| <1, s€C,

m
= Zrns*", 0<|s] <1.
n=0

Let ¥ (t, s) is the generating function of a branching process with continuous time (with-
out migration) ([8], page 24).
The process j(t) has the following conditions.

Theorem 2.1 [12] The generating function u(t) satisfies the differential equation,

OF(t, 0
P09 — 1) 28D 4 g(orie,s)
3 Pute) =) zrks +Zm> S Pl —n)sti(s), @3
n=0 n=m+1
with the initial condition
F(0,s) = s. (2.4)

Theorem 2.2 [12] The Kolmogorov system of equations holds for the process u(t), t €
[0, 00)

[ APUO=0} — Pty = 0}go + P{u(t) = 1}po + ,ﬁl Pty =4} icrj’
- i=
n+1
M Z P{M( ) _ k’}qn—k + kz:l k;P{M(t) = k’}anrlfk"f’ (2.5

n+m

+ > P{u(t) =k}rg—n, n>1.
\ k=n
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3 Generation function of a branching process with migration and continuous time

In this section, we find a generation function of the branching process with migration. The
method of generating functions is widely used in the study of processes with continuous
time, because in some cases it can be found in the form of its generating, and then calculate
the corresponding probabilities of the process are calculated. The generating function of the
process will uniquely determine the distribution of the process and the limiting behavior of
the process.

Theorem 3.1 The equation (2.3) with initial condition (2.4) has the solution

_ [ (9(F () 4 (F (a5)))du
F(t,s) = F(t, s)eof !

m t m
~ t—zx ol ol
+ Z/P{u(x) =n} Z r(l — F7F(t — 2, 8))elo 9 (ws)tr(F(ws))dug, = (3 1)
n=07 k=n

which is unique in the class of continuous-differentiated functions in the interval A(e) =
{s:s€le1],0<e <1}

Proof. Consider the differential equation for the generation function of the process 1(t)

oF'(t,s) 0F(t,s)
S = 1) T 4 g(s)F (k)
m n—1 m e’
+ Z P{u(t) =n} <s” Z s R 4 Z rk> + Z P{u(t) =n}s"r(s).
n=0 k=0 k=n n=m-+1
We represent it in the form,
OF(t,s) 0F(t,s)
o (S)T +9(s)F(t,s) +r(s)F(t,s)
+ 30 L) =0} Y (1= 5.
n=0 k=n
We get the equation of characteristics,
E(t,s)(g(s) +7(s)) + EOP{u(t) =n} kZ re(l = snF)
We find the first integrals of this equation.
Consider
ds
dt = ———
f(s)
and we get
t=— [ e (3.2)

(u)

0
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Thus,

S

du
f(u)
0
The functions P{p(t) = n},n = 0,1, ... can be determined from the Kolmogorov equa-
tion system (2.5) the only possible way — satisfying the condition of regularity P{u(t) <

oo} =1,Vt € (0,+00), and Theorems 15, 16 ([11], page 71)
Consider the equation

aFéi, Y Bt s)(gls) + () + S Pl = n} Y (1 — ),
n=0

Ci=t+

Find the solution of the corresponding homogeneous equation,

OF(%,S) = F(t,s)(g(s) +r(s)).
Since o
oF(t,s) . =
T f(F(t,s))
and 7
AR(s)
f(ﬁ(t, s)) 7

where F (t, s) is the generating function branching process with continuous time (without
migration), we get the general solution of the homogeneous equation

f(g(F(u 5))+T(F(u s)))du

F( ) Cyed
The method of variation of parameters is obtained
t t—x . .
s e ~ [ (9(F(w,8))+r(F(u,s)))du
F(t,s) = Z/P{u(@«) =n} Y (1= F"H(t—x,5))e dz.
n=07 k=n

Finally, the general solution of the nonhomogeneous equation is written, as

t

J(g(F(u,s))+r(F(u,s)))du

F(t,s) = Caed +
t—x
f (9(F (u,8))+r(F(u,s)))du
+Z/P{,u —n}Zrk (1—F" %t —x,s))ed dzx.
n=07
Thus, we get

— [(9(F(u,5))+7(F (u.s)))du
Cy=F(t,s)e © ! —Z/P{,u

0 dze

= ke [ (g(F(u5))+r(F(u,s)))du *ft(g(ﬁ(u,S))JrT(ﬁ(u,S)))du
1—-F""(t—uxs) e 0 :



6 Theorems for branching processes with migration

Thus, according to ([14] page 97), we obtain

S t

m t
V(t+0 %):F(t,s)eoﬂ( ) () —ZO/P{M —n}Zm

t—x

~ ~ t ~ ~
~ (9(F(ws))+r(F(u,s))du = [(g(F(u,8))+r(F(u,s)))du
x(l—F”k(x s))eof ’ dxe Ofg ,

where V() is any continuously differentiable function.
Therefore, the generation function of the process 1i(¢) becomes

F(t,s):V<t+ Sf( )> o

(9(F (w,8))+7(F (us)))du
+Z/P{,u —n}Zrk<1—F" Bt -z, 8)>€g dz,

nOO

(u,8))+r(F (u s)))du

where V'(-) is any continuously differentiable function.
Since it is the initial condition, we obtain

“(fw)=

1
du f(g F(u,1)+r(F(u,1))) m
F(t,1 (t+/(u> +Z/P{M
0

If s =1, we get

0
m 0B 1) 1 (Fu1))d I d
~ g(F(u r(F(u u u
erk<1—F" k(t—x,l))eo V<t—i—/(u>
k=n 0
Thus,

S
U —
V()=
(3.3)
Suppose, that immigration and emigration don’t occur, so g(s) = 0 and r(s) = 0 then

we get
G+/f > F(65)

Clearly, that the function F (t, s) also satisfies (3.3). Hence (3.1) follows.
Prove uniqueness. We suppose, that two solutions F (¢, s) and F»(t, s) exist. Consider
their difference
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Fo(t,s) = Fi(t,s) — Fa(t, s).

Since the function F(t,s) is known and independent of the process 1(t), the functions
g(s) and r(s) are defined, and the probabilities P{u(t) = n}, n = 0,1, ... are uniquely
determined from the Kolmogorov equation (2.5). Hence, we get that |Fy(t,s)| = 0.

The theorem proved.

4 Limiting theorem for a subcritical branching process with continuous time and
migration

In this section, we consider the subcritical branching process and find limiting distribution.
oo
Theorem 4.1 If ag = f'(1) < 0, a1 = ¢'(1) < 00, a2 = (1) < oo and [ Mp(z)dr <
0
o0, then limiting distribution pu(t) exists
Jim P{u(t) = n} = Py

Proof. Taking into account ([8], page 222).
We know that a generating function of a branching process with migration has the form,

t o~ o~
- (9B () (Fu5))du
Fit.s) = P(t, s)eb

t—x A N
S (9(F(u,8))+r(F(u,s)))du
0 dzx.

+ Z/P{,u(a:) =n} Z ri(l — ﬁ”*k(t —x,8))e
n=07 k=n

In the case of a subcritical process ag < 0, a; < 00, ag < 0.
Prove that limit exists

o)

lim F(t.5) = expq [ (9(Flu,) +r(F(u,s)))du
0
o0 t—x
Ui Ui ~ [ (9(F(u,8))+r(F(u,s)))du
—i—Z/P{,u(a:):n}Zrk(l—F” Rt —x,5))ed dx,
n=0 0 k=n

moreover, the convergence is uniform on |s| < 1.
We need to show that improper integral is the limit

/ (9(F(u, 3)) + r(F(u, 5)))du, @)
0
> / Plu(a) = n} S ra(l— B — e s O )
n=0 0 k=n

uniform convergence on |s| < 1, s # 0.
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Since |g(s)| < a1|s — 1|, |r(s)| < az|s — 1| and | F(u, s) — 1| < e®¥|s — 1], then
|9(F (1, 8)) +r(F(u, 5))| < (a1 + ag)e™"|s — 1] < 2(a1 + az)e™™.

Thus, there is uniform convergence of the integral (4.1) on sin |s| < 1, s # 0.
Thus, there is a limiting distribution with the generation function

ZPkS = exp{/ )+ 7(F(u,s)))du}
m % m - 0P u,s))+r(F(u,s)))du
+Z/P{,u(x) :n}ZTk(l—F Ft —x,5))ed dzx.
n=07 k=n

We differentiate the improper integrals by s

o [ (B ) + (P, 5)))

w
0\8

_ / <dg<ﬁ< .8))  dr(E( >>> OF (u;5) ,
J dF (u, s) dF (u, s) s
From the equation for the generation function m?éu ) — #( )3F(“ ) we get
7<dg(ﬁ(u, s)  dr(F(u, s))> OF (u,s) du
= + =
dF(u,s) dF(u,s) ou  f(s)

Clearly, that
tll)lgog(F(tvS)) = 07 ,}E?OT(F(t’ S)) = 07

uniformly on |s| < 1 and F(0, s) = s [8].
Convergence is also uniform across by |s| < 1, s # 0 in

i 9 (t:5) +r(F(t,5))
{—00 f(s)

therefore differentiation by the parameter integral (4.1) is legal.

Note, that the limit distribution of stationary, that is, a generation function satisfies the
OF(t,s) __ 0.
S =

=0,

partial differential equation if we substitute
Let’s now consider (4.2)

(B () (Fus)))

hmZ/P{u —n}Zrk 1—F”k ,8))e 0 dz
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aj+tag

m t m
< lim Z/nP{u(x) =n} Z 7ol (1 — ﬁ”*k(t —x,8))e ol 5= g
n=07 k=n

t—o00

Let P{£(t) > 0} > 0. For the subcritical process F(t, s) increases by s, so F(t,s) > s
where Vs € (0,1), so where s € [sg, 1)

1 1 1
= < -=-<—.
F(t,s) s So

Thus, we get

t

m m
. - Sk 2ﬂ1;ra2
s > [ o(uta) = ) Y- rol(1 = Fhe = o, ) ol
n=07 k=n
t o m 9 yartay
i = lag|
< Jim / D nPlu(e) =n} ) Irol e ol do
o n=0 k=n
t m
2 ay+ag
i lag]
<tli>I&/ZM,u(x)(m n 1)]r0]‘80|me ol dx
o n=0
2 aj+ag 7
<m(m+1)\r0|| ‘me lao] /Mp(x)dw<oo
S0
0

The theorem is proved.

5 Distribution of the number of emigrating particles

In this section, we find the distribution of the number of emigrating particles and its limiting
distribution.

Let 71, 72, 73, ... is independent, identically distributed random variables that determine
the intervals between particle transformations in the system. Therefore, the first transfor-
mation of particles in the system took place at the moment 7, the second transformation of
particles in the system is 71 + 79 etc.

We also introduce random variables 61, 62, 03, ... that are defined as follows

0p=0,01=71,0=11+79, ..., Oy =71+ ... + T, ....

Let p(t) is determines the number of transformations in the system up to the time ¢. Note
that p(t) is a random process.

Let the random process v/(t) determine the number of particles j(t) that have emigrated
before the time .

Given the previous notation it is easy to see that

V(t) =I/0+I/1—|—l/2—|-...—|-l/p(t), (51)

where vy, (k = 1, ..., p(t)) — the number of particles that emigrated during the k-th trans-
formation in the system. Since at the initial moment in the process u(t) there can be no
emigration of particles, so the initial distribution of the process v/(t)

v(0) =19 =0.
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Define the distribution of the process v/(t).

Note that at the first distribution of random variables should be determined as v, (k =
1,...,p(t)). Also v (k = 1, ..., p(t)) — are independent of each other and depend only on
the value of p(0x—_1).

Let 1(6k—1), then vy, (k = 1, ..., p(t)) has the following distribution

—incasem < n
— 0 particles with probability ro At + o( At),
— 1 particles with probability 1 At 4+ o( At),
— 2 particles with probability ro At + o( At),
— n — 1 particles with probability 7,1 At + o( At),
— n particles with probability Y ;" r; At + o( At).
—incasem <n
— 0 particles with probability ro At + o( At),
1 particles with probability 71 At + o( At),
2 particles with probability ro At + o( At),

m — 1 particles with probability r,,,—1 At 4+ o( At),
m particles with probability 7, At + o( At).

Thus, the distribution is given for the process v(t) by the following transient probabilities,

P{u(t+ At) = j | v(t) = i, ult) = n} =

roAt + o( At), 1= 7;
rj—i At + o(At), 1< j<i+mn;

- Yo riAt +o(At), j =i+ n; m > n;
- o(At), in other cases;
rj—iAt +o(At), i < j <i+my
{ o(At), in other cases; m < n.

Theorem 5.1 Let v(t) is the number of particles that emigrated during the time period [0, t]
from the process ju(t), then at t — oo

lim P{W < z|p(t) > 0} = \/12?/_9; e_édt.

Proof. Let 6;, — is the moment of the k-th jump, and then the probability of emigration
is equal to

t—o00

rjAt+o(At), n>m;
. — y P e — 2 P m
Plujyr = jlu(t) =n,0; =t} =7} = > rAt 4 o(At), n > m.
l=n
Let By, is the event when j particles are emigrating during the k-th transformation. Then
T’Tj
~T0 —qo —P1
First, we assume that the number of particles in the system is not zero. Let t — oo.
It shows that the number of transformations also approaches oco. This obvious because
the probability that an arbitrary particle will not have been transformed by the time ¢ is

equal to eP'?. The probability that all particles will not have been transformed by the time
t is equal to €"P1! assuming that there were n particles in the system. In this case, there

P{Bji} =
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should be no immigration and emigration of particles, so the corresponding probability is
equal to e("P1+20+70)t For ¢ — oo get that e("P1T90+70)t _ (),

Consider the case when the number of particles in the system is zero. Consider the case
when the number of particles in the system is zero. Since it is possible to get out of the
zero state due to the immigration of particles, the probability that the transformation will
not take place is e?’. In case t — oo it is obtained that e%! — 0.

It follows that the number of transformations in the system p(t) for ¢ — 0 approaches
00.

Show that the conditions of Lyapunov’s theorem are hold for vy, (k = 1, ..., p(t)) using
the representations v/(t) (5.1) is hold:

1. My, < o0, k=1,2,3,....
m
M‘I/k —MVk|3
2. lim *=! =0,

n
where B,, = Y. Duvy. Note that vy (k = 1, ..., p(t)) are independent with a known distri-
k=1
bution.
Consider the mathematical expectation v, k = 1,2, ...

n

n > griAt 4+ o(At), n > m;

. . =0

Mug =3 jP{m =3} =1 1
§=0 JriAt +n 370 v At + o(At), n < m.

7=0

Since the number of particles that emigrated during the k-th transformation in the system
can increase from 0 to m and accordingly, after k transformations can emigrate from O to
mk particles, then Mvy, < mk. Condition 1 holds.

Show that condition 2 also holds.

Obviously,

My, < m.

Here it is obtained that
e — Mug| <m = |y, — My <m?® = M|y, — My <m?.
Therefore,
n
ZM!yk — Muy|® < nm?.
k=1
Let o2 = mkin Dy, > 0.
Then,

3 _ - o 23 2\3 __ 3.3
Bn_< > My Myk|> > (Vno?)3 = (vVn)3o®.

k=1

So,

nt

lim ——=—= =0.

noe (/)P0

The theorem is proved.
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Conclusions.

This article investigates a more general model of the process than in [3], [7], [10], [6],
[1]. The form of the generating function has been found. The limit theorem for the sub-
critical branching process with migration has been proved. Distribution of the number of
emigrating particles and its limiting distribution has been found.
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