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DIFFERENTIAL AND INTEGRAL EQUATIONS

FOR JUMP RANDOM MOTIONS
UDC 519.21

A. O. POGORUI AND R. M. RODRIGUEZ-DAGNINO

ABSTRACT. In this paper we obtain a differential equation for the characteristic func-
tion of random jump motion on the line, where the direction alternations and ran-
dom jumps occur according to the renewal epochs of the Erlang distribution. We
also study random jump motion in higher dimensions and we obtain a renewal-type
equation for the characteristic function of the process. In the 3-dimensional case we
obtain the telegraph-type differential equation for jump random motion, where the
direction alternations and random jumps occur according to the renewal epochs of
the Erlang-2 distribution.

1. INTRODUCTION

In the years of 1951 and 1956 Goldstein and Kac solved the problem of a one-
dimensional random motion driven by a Poisson process, i.e., defined by the movement of
a particle at a constant velocity v traveling in some direction a random distance drawn
from an exponential distribution. After that, the particle change to the opposite di-
rection under the same stochastic conditions. The problem can be seen as a random
motion governed by a switching Poisson process with alternating directions and having
exponentially distributed sojourn times. Goldstein and Kac found that the solution of
this problem satisfies the one-dimensional telegraph-type equation, which is similar to
the Heaviside telegraph equation for wave propagation in transmission lines. Namely,

0%f (t,) 0 2 0% f (t,x)
(1) T+2>\af(t,l')—1) W’
and it is called the Goldstein—Kac telegraph equation. Many variations of this basic idea
have been approached by many researchers worldwide, and in this paper we are devoted
to the important case of the jump telegraph process on a line and in higher dimensions.
The one-dimensional jump telegraph process, which is a generalization of the telegraph
process, was introduced and studied (including its applications in financial market theory)
by Ratanov [1l 2] 3], and Ratanov and Melnikov [4]. Some limit theorems for the jump
telegraph process on a line were studied by Di Crescenzo and Martinucci [5]. The jump
telegraph process with random jumps was introduced and studied by Di Crescenzo and
Tuliano [6]. Some previous results regarding Erlang distributions in the telegraph process
context can be found in [, B @], random motions in multidimensional spaces [10] [IT],
connections between random motion and partial differential equations in physics [12], and
recent results on jump-telegraph processes governed by alternating fractional Poisson
process [I3]. Other recent results find the telegraph equation as a proper model of
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physical absorption problems with partially reflecting boundaries, of run-and-tumble
particles in one space dimension [I4].

In this paper we obtain differential equations for the one-dimensional jump telegraph
process in case of Erlang distributed switching times for velocities, and arbitrary dis-
tributed random jumps. We also study the jump telegraph process in R", n > 1, and we
obtain the Volterra integral equation of convolution type for the characteristic function
of the process. As a particular case, we consider a differential equation for the jump
process in R? and study its solution.

2. THE ERLANG JUMP TELEGRAPH PROCESS ON A LINE

Let us consider the random motion of a particle on the line described in the following
manner: the particle moves according to one of two velocities ¢ > 0 or —v < 0. Starting
from the point zp € R the particle moves with velocity ¢ during the random time
71 =&\ + -+ &\, n > 1, where &, is exponentially distributed with rate A; > 0.
Then, the particle jumps a random length n; and continues its motion with velocity —v
during the random time 7o = &,,, +---+§,,,, m > 1, where §,, is exponential distributed
with rate pu; > 0. Furthermore, the particle jumps a random length 7 and moves
with velocity ¢ a random time 73, and so on. It is assumed that random variables
{nl,TIQ,gAi,fu‘j,i =1,...,n,5=1,... ,m} are mutually independent. Thus, during the

random times 7y 4 T3 4 75 -+ -, the particle has velocity ¢ whereas during the random
times 7o 4 Ty 4 T - - - has velocity —uv.

The motion of this particle can be described by using theory of random evolutions in
the following form: Denote by (t), ¢ > 0, the alternating semi-Markov process on the
phase (or state) space T' = {1, 2}, with sojourn time 7; at state ¢ € T', and with transition
probabilities matrix of the embedded Markov chain

0 1
o ( 01 ) .
Thus, the alternating renewal process ¢(t), t > 0 can be written in the equivalent
expression
fo<t< 1,
ile <t< T+ 79,

ile+T2§t<’Tl+T2+’Tg,
it +mnt+m<t<n+--+74,

N = N

2.1. Description of the random evolution y(t). Denote by y(t), t > 0, the position
of the particle at time ¢.
Let us introduce the following function C; on T'

c, ify=1,
—v, ify=2.

(2) Ci(y) = {

Thus, the process y(t) is a random evolution in the semi-Markov medium (t) satis-
fying the following equation [I5]

t v(t)

3) yt) w0+ [ CL@ ) dst Y om,

0 k=1
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where v(t) is the number of renewal events of 1(t), and 7 has the same distribution as n;
for odd k, and 7, has the same distribution as 7y for even k. In addition, the random
variables 71, 72, ... are mutually independent.

Lemma 1. P(v(t) < o0) =1 for each t > 0.

Proof. Tt is enough to show that for each t > 0, P (v(t) > ) — 0 as ¢ — +oo. Since
P (v(t) > z) is monotonically decreasing with respect to x, then it is enough to prove
that P (v(t) > 2r) > 0as N 3> r — oo.

Firstly, we should notice that if 6 is exponential distributed with parameter A,
{0k, k € N}, then for any ¢ > 0 we have

-« /\t)n Y
Z@k<t —l—z — 0, r — 0.

=0

It is easily Verlﬁed that

P(v(t)>2r)="P (im < t)

k=1
<P(m4m+ 411 <t)+P(re+m+ 4712 <t)

(1) (3) (2r—-1)
< Z (00 + 60+ -+ 080 <)
Z ( +~'~+9£27,T)§t)—>0 as r — 00.
Here we have used the fact that 79,1 = Z?Zl 9&?71), Top = Z 91(31), 1>1. O

Now, let us show that the evolution y(t) can be represented as an evolution driven
by a Markov process. Denote by £(t), ¢ > 0, a Markov chain in the phase space
E={1,2....,n,n+1,...,n+m} with the infinitesimal operator @ = ¢ [P — I|, where
g = diag (A1, A2, ..., Ay f1, - -+, fhn) and P is the following (n 4+ m) x (n 4+ m) transition
probabilities matrix

010 ...0
00 1 0
P=llpijll = | - : :
000 1
100 0

We assume that P (£(0) =1) = 1.
Let us introduce the following function C' on

(i) = c, %fzi:l,...,n
—v, ifi=n+1,...,n+m

and consider the equation

t n(t)
(4) :C(t):xo—l—/ C(E(s) ds+ Y ag, >0,
0 k=1
where n(t) is the number of renewal events of £(t), and Qppy(k—1)m, k¥ = 1,2,..., has
the same distribution as 71, and Qgm+trn, £ = 1,2,..., has the same distribution as 7s,

and o = 0 in other cases. We suppose that there exist the probability density functions
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(pdf) gn,(y), i = 1,2, and we assume g,,(y) = d(y) for a; = 0, where 0 (+) is the delta
function.

Eq. @) describes a random evolution in Markov media £(t), t > 0. In addition, it is
easily verified that P (y(¢t) = z(t)) = 1 for each ¢t > 0. Thus, we reduce the semi-Markov
case described by Eq. (@) to the Markov case described by Eq. ().

In the rest of this paper we will study the process x(t), t > 0, which is described by
Eq. @), and we will consider the two-component process ((t) = (z(t),&(t)) in the phase
space Z = R x E, where R = (—o0, +0), E={1,...,n,n+1,...,n+m}.

It is well-known [I5] [I6] that the process ((t) = (x(t),£(t)) has the following infinites-
imal operator

Ap(,i) = O, 1) 5w, 0) 4 A (Pole, i) — ole, ) + Aog(a i), i€ B,

where ¢(z,17) is a differential function with respect to z € R for all ¢ € E and such that
there exists f 9o, W) (x+y,j) dy for any x € R, i € E, Pp(x,i) = ZJEE pijp (x,7)
and the operator Ay is of the following form, for i = n or ¢ = n + m,

Aol =X [ s [ gui0) oo +.0) ol dy

JjEE

and for other 7 € E
App(z,1) = 0.

Let us write the operator A in more detail:

Ap (2,1) = e (2,1) + X1 (p(22) — 0 (2, 1),

Ap (2,2) = 0 (2,2) + Xa (p (23) ~ 0 (2,2),

Ap (2,m) = ex-0 (5,7) + Ao (0 (2,7 + 1) — 2 (2,1))

oo
+ /\n/ I (W)@ (x +y,n+1) dy,
— 00

o
Ap (z,n+1) = —vro(z,n+ 1) +m (e (z,n+2) —¢(z,n+1),

Ap (am4m) = 0o (am )+ g ( (2, 1) = 20 (2, -+ m)

+ um/ Ins (W)@ (x +y,1) dy.

Consider
ftx k)de =P{x <z(t) <z+dx,&(t) =k}, ke k.
The function f (t,z, k) satisfies the Kolmogorov backward equation

(5) W:A]“(t,l‘,k%

with the initial condition (similarly to the initial conditions stated in Chapter 2 of [I7])

> (0,2, k) = 6(x).

keE



JUMP RANDOM MOTIONS 237

2.2. Using characteristic functions to solve the PDEs. Passing in Eq. (@) into
characteristic functions

Hy, (t,w) = / el f (t,z, k) dz,

we obtain
Mla—(?“’) = —iweH, (t,w) + M (Ha (t,w) — Hy (t,w)),
8H2T(tt’w) = —iwcHs (t,w) + A2 (Hs (t,w) — Ha (t,w)),
M"T(f’m = —iweH, (t,w) + A (Hoy1 (t,w) = 2H, (t,w))
(6) + MGy (—w) Hipa (t,w),
M{%t(t’w = wvHpi1 (t,w) + p1 (Hny (8 w) — Hoya (8 w))
8Hn++t(tw = iwvHpim (t,w) + pim (H1 (£, w) = 2Hp 4 (£, )

+ umﬁnz (—(U) H,y (t, w) .
Let us write Eq. (@) in the matrix form
MH (t,w) =0,

where H (t,w) = (Hy (t,w), Hy (t,w), ..., Hytm (t,w))T and the matrix M is as follows

2 +iwe+ M\ -\ 0 - 0

0 %—l—iwc—l-/\g —Ay - 0

M = , . o :
~m = Hann, (—w) s 0 - =2,

Consider the function H (t,w) = S.07" H; (t,w). Tt is easily seen that H (t,w) is the
characteristic function of f (¢,z), where f (¢t,z) = Z?ﬁm (t,z,i). The function f (¢, x)
is the pdf of the position z(t), of the particle at time t¢.

Theorem 1. The function H (t,w) satisfies the following differential equation

n—1 m—1

0 . 0

H (a +@wc+)\k> H <8t @wv—l—ul)

k=1 =1
(7) X g—i-iwc—i-?)\ g—iwv—l-? H (t,w)

ot n ot Hm )
m
_(1+gm( ))(1+9n2 HA H/LJ

Proof. Tt is well-known [8] that H (t,w) satisfies the equation

(8) (det (M)) H (t,w) =0,
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where det (M) is the determinant of the matrix M. It is easily verified that

det (M H (at—l—zwc—l—/\k)H(%—iwv—l—ul)

k=1 =1

O

Consider the case where ¢ = v, n = m, \; = u; = A. In this case Eq. (@) has the
following form
02 ) "o i)
—= +2A A’ —— +4X AN ) H (t
) <8t2+ 8t+w >+ ) (8t2+ 8t+w 2+ ) (t,w)
= (14 Gy (=) (1 + Gy (—w)) X" H (t,w) = 0.
Without loss of generality, we assume that P (£(0) = 1) = 1, i.e., the particle starts
moving with velocity ¢. Therefore, H (0,w) = Hy (0,w) = 1. It follows from the first and
the last equations of the set of Eqs. (Bl) that (all derivatives are taken with respect to t)

H'(0,w) = Hy (0,w) + H, ., (0,w) = —iwe + Agy, (—w) .
Similarly we can calculate H™ (0,w) for any n € N.
Now, the pdf f (¢,x) can be obtained through the inverse Fourier transform applied
to Eq. [@). Hence,

LN a? et 0 L, , .

+ )\2”/ (gny (=2 +u) + g, (2 + 1) = gpytony (2 + ) f (L, u) du=0,

—o0
with initial conditions f (0,z) =6 (x), f' (0,z) = —cd’ (x) + Agy, (—) and so on, where
0? 0 2 0 2\
(at2+ nd ol 2+/\)
is a formal m-times product of the differential operator
0? 0 , 07
2 - 2
o TP e T
and it is assumed that (9%/0t2)™ = 9?™ /ot?™.

3. EXAMPLES

3.1. Exponential case. In case where n = 1 Eq. (@) can be written in the following

form
0? 0 9 . .
(10) ETe) + 4/\at—|—w +4X — (14 Gy, (—w)) A+ §p, (—w)) | H (t,w) =0,
with the initial conditions H (0,w) = 1, H' (0,w) = —iwc + Agy, (—w).
By solving Eq. ([I{), we obtain the characteristic function
2X\ —iwe + MGy, (—w
Aw)

H (t,w) = e 2M (cosh (A(w)t) + ) sinh (A(w)t)> ,
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where A(w \/)\2 (1+ Gy (~w) + grm(_w) + g (~w) §n2(—w)) —w?c?.

3.2. Erlang-2 case. In the case n = 2 Eq. (@) can be written in the following form
0? 0 0? 0
2 2 - 4 2 2 4 2
<8t2+ A+’ +/\><8t2+ Ao —I—wc+)\> (t,w)
= X (14 Gy, (~w)) (L + Gy, () H (t,w) =0,
with the initial conditions H (0,w) = H; (0,w) = 1;
0H (0,w) 0H; (0,w) n 0H, (0,w)

= —iwc + Agy, (—w),

ot - ot ot
PH (0,w)  82Hy (0,w) 8*Hs(0,w)  92Hy (0,w)
Ot2 - o2 Ot2 o2

= —w?c® — N+ A%G,, (—w) — 2iwcAgy, (—w),
O*H(0,w) 0°Hy(0,w)  0°Hy(0,w)  8°Hs(0,w)  9°Hy(0,w)
o o ot o’ ot
= 6icA\’wa,, (—w) — 3c*Aw? Gy, (—w) + 3icA*w
+ A% (G (=) +5Gn, (—w) +3) Fic%w.

Thus, the characteristic function is given by
H (t,w) = e 3A/2 (C1 cosh (A(w)t) + Cacosh (B(w)t)
+ Cssinh (A(w)t) + Cy sinh (B(w)t)),

where

Alw) = \/L - 4>\\/)\2 (1 + Ggny (@) + Gy (=) + Gy (=) Gy (—w)) + 2072,

B(w) = \/L + 4>\\/)\2 (1 + Ggny (@) + Gy (=) + Gy (=) Gy (—w)) + 2072,

where L = X2 — 4w?c?, and the coefficients C;, i = 1,2, 3,4 can be calculated by using
initial conditions.

4. THE JUMP TELEGRAPH PROCESS IN R"

Let us consider the following renewal process £(t) = max{m > 0: 7, <t}, t > 0,
where 7,,, = ZZ;O 0, 0 = 0and 6, > 0, £k = 1, 2,..., are i.i.d. random variables
with cdf G(¢) and corresponding pdf ¢(t) = %G(t). Suppose that a particle starting
from (0,0,...,0) € R, at t = 0, continues its motion with an absolute velocity v along

a direction ﬁén), where ﬁén) = (x1,22,...,%,) is a random vector in R™ uniformly
distributed on the unit sphere

in {(53175527-"737”):$%+$§+~-~+xi:1}_

At instant 7 the particle changes its direction to 7(1") and jumps by a random vec-
tor ?1, where 75"), (()") and F1 € R"™ are independent. Then, at time 75 the particle
changes its direction to 7; and jumps by Fz, Where 7&"), 75"’, 7(()”), ?1 and ?2
are independent, and so on. We assume that all 7 , 4 =0,1,2,..., are identically
distributed and all ? i=1,2,... are identically distributed and radial (isotropic).
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Denoting by =z )(t) t > 0, the particle position at time ¢, then we have
£(t
(1) z{uml ~ 7o) + B v (- Tew)

Here we have assumed ijl =0.

Consider ¢ (t,a) = E[exp{itv (3, 7(()"))}], where a = || @/||. We should notice that
the function ¢ (¢, ) is well-known [J] and is of the following form

(12) p(ta) =

—2 -

(oztv)nT

ny Jn=2 (atv)
() o=

Theorem 2. The characteristic function

H(t,a) =E [eitv(ﬁ,?(n)(t))} , t>0,

is a solution of the following integral Volterra equation of a convolution type

18)  H0)=(1-G0)e o)+ es(@) [ 900w a) H -0 du
Proof. Tt follows from Eq. (II) that
1 (t,0) =€ [exp {i (@, ?(")< 0)}]
[exp{ ( )}1{91 > t}} +E [exp{ (ﬁ 7“%))}1{91 < t}}
o {3 (7, 070) 110, > 1]
TE [exp{ ( w0, + B+ Se + v (- Tg(t)))}l{el < t}]
— (- ] / g [T ot (0w a

where
(1)
Se=2° (1 (0 -7+ B).
j=2

and

O

Denote by f,, (t, 7) the pdf of the particle position at time ¢. By using the n-dimension
inverse Fourier transform F~! with respect to a, we get f,, (t, @) = F ' (H (t,a)).

5. THE JUMP TELEGRAPH PROCESS IN R?

Let us consider the three dimension case, that is n = 3 and ¢ (¢, @) = sin («tv) /(atv).
For Erlang-2 distribution g(t) = A2te=*1{t > 0}, we have

in (atv)
H (¢ — — At b\ —At S (a
(t,2) = (7 + Ate™) atv

2 ¢
+ As (@) / e Msin (quv)H (t — u, a) du.
av 0
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By denoting h (t,a) = H (t,a) e, we obtain

sin (atv A2 «
( )Jr ©8

(14) h(t,a) = (14 At) (@) /0 sin (a (t — u) v)h (u, @) du.

atv v

By differentiating twice Eq. ([Id]), we have

0? 9 9 19 sin (atv) — atvcos (atv)
(15) @h (t,a) + (a?v® — XN (a)) b (t,0) =2 3y
with initial conditions 5
= 1 — =
h(0,a) =1, 8th (0,0) = A,
which can be obtained directly from Eq. (I4).
By solving Eq. ([[3) with the initial conditions, we obtain
H(t,a) = e Mh(t,a)
_ sin (atv) oM sin (At) JyY
ot A
+ |In av— A + (Si(t(A—aw)) = Si(t(A+ awv)))sin(At)
av+ A
+ (Ci(t (A —av)) — Ci(t (A + aw)))cos (At) Me‘”
2Aav ’
where A = \/a?v? — X4 (a), Si(z) =[5 Sint(t) dt, Ci(z) = v+ In(z) + [; Cos(t —L dt,

and v is the Euler—Mascheroni constant.
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