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ON THE LIMIT DISTRIBUTION FUNCTION OF
THE VALUE OF A DIFFUSION SEMI-MARKOV
PROCESS ON INTERVAL WITH UNATTAINABLE
BOUNDARIES

B. P. Harlamov™™* UDC 519.2

A diffusion semi-Markov process on a finite interval with unattainable boundaries is considered.
It is assumed that unattainable property is not connected with process stop in the interval. A limit
theorem for alternating renewal processes is applied to derive the limit distribution function of the
diffusion process. Bibliography: 8 titles

1. A DIFFUSION SEMI-MARKOV PROCESS

Let C be the standard metric space of continuous functions £ defined on the interval [0, c0)
with values in R (sample trajectories of the process), F the standard sigma-algebra of subsets
of C, and P a probability measure on F. A continuous random process of the general form
X is completely characterized by the triple (C,F, P), where in some cases it is convenient to
consider a consistent set of probability measures rather than a single probability measure.

Let X; (t > 0) be a function with parameter ¢ on C, defined by the equality X;(£) = £(¢) (one-
coordinate projection of the trajectory), and let 6; be a shift operator on C, where 6;(¢) € C
and Xs(0:(€)) = £(t + s) for all s > 0. We also consider the class 7 of measurable mappings
7, where 0 < 7(£) < oo (random moments of time admitting infinite values) for all £ as well
as the class Ty of Markov moments (times) defined in the standard way.

Let 7 € T. On the set {7 < 0o}, we define a functional X, and an operator 6, with random
parameter, where

Xr(€) =X, )(&),  67(8) =076 (8)-
Let foo f1 = fa(f1) (superposition of two functions). On the set

{m1 <00, 00, <0},

we can write
Ory 007 = b7y (6r,) = 972(071)(97'1) = O,

where
3 =7 + 172(07,) = T1+70.

This is the so-called shift addition defined on the set 71 < co. Note that the operation + is
associative but not commutative.
Thus,

0, i, =0r00..

T1472
Then
97.1_5_”'_5_% =0, 0...00,. (1)

In what follows, we put X, = X (7), assuming that both of these functions are random (depend

on §).
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Let (P;), z €R, be a family of probability measures on F such that P,(S)=P,(X(0)=z, S)
for all z and any set S € F. We assume that this family is measurable with respect to the
parameter x.

A Markov moment 71 is called a regeneration moment of the family of measures (P,) (z € R)
if for all z, any F; -measurable function f;, and any F-measurable function fy, we have

Ey(f1-(f200r); 11 <00, 2007 <o0) = Ey(f1 Ex(r)(fo; 2 < 00); 71 < 00),

where F is the standard sigma-algebra of events (sets) “preceding” the moment 7y, and
E.(f; S) is the integral of the function f on the set S over the measure P, .

For continuous semi-Markov processes, the moments of the first exit from open sets play a
special role. Let A = (a,b), where a < b. Denote by oa the moment of the first exit of the
process X from the set A. It is known (see [1, p. 194]) that oa is a Markov moment with
respect to natural filtering.

A continuous semi-Markov process is a process given by a family of measures (P,) such that
the Markov moment o is a regeneration moment for any A.

Put

ga(\,z) = E, (exp(—Xoa), oa <oo, X(oa)=a),
ha(A\,z) = E; (exp(—Aoa), oa <oo, X(oa)=0).

These are the so-called semi-Markov transition generating functions. It is known (see [2]) that
the system of these functions defines a semi-Markov process.

Let Ay = (¢,d) and A = (a,b), where Ay C A and z € A;. From the definition of a
continuous semi-Markov process, it follows that the system of two equations below is satisfied:

QA()\; x) = gA, ()‘7 a:)gA()\, C) + ha, ()‘7 IL’)QA()\, d)? (2)
hA()\,a;) = gAl()\,x)hA()\,C) + hAl()\,x)hA()\,d). (3)

A continuous semi-Markov process is called a diffusion semi-Markov process on the interval
A if each of these functions satisfies the differential equation

S+ A@Y ~ BO, 2y =0 @

with boundary values
gA()‘7 CL) = hA()‘a b) = 17 gA()‘a b) = hA()‘7 CL) =0.

In this equation, A(z) is a continuously differentiable function, B(A, x) is a positive function
continuous on the second argument, nondecreasing, continuously differentiable on the first
argument, and having a completely monotone partial derivative on the first argument. The
reason for this definition and, in particular, the property that the coefficient A(z) is indepen-
dent of A, follows from the properties of the Laplace transform (see [2, pp. 159-163]).

When A = 0, equation (4) becomes the equation

1
2u" + A(z)u' — B(0,x)u = 0,

where the solution does not depend on A. It is known (see, e.g., [3, p. 15]) that the case
B(0,z) = 0 relates to a Markov diffusion process without break. The same property is also
true for a semi-Markov diffusion process without infinite constancy interval (i.e., without
stopping “forever”). This property follows from [4, formula (18)].

The boundary a of the interval (a,b) is said to be regular for a continuous semi-Markov
process if

Pm(O'(a,b) < OO,X(O‘(a,b)) = a) >0
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for all z € (a,b). The boundary a of the interval (a,b) is said to be unattainable for a
continuous semi-Markov process if

PZ(J(a,b) < 09, X(J(a,b)) = CL) =0

for all x € (a,b). The regularity and unattainability of the right boundary of the interval (a,b)
are defined similarly.

We are interested in a diffusion semi-Markov process with values on the interval (ag, by) for
which both bounds are unattainable.

The conditions of unattainability of the boundaries of the value interval of a diffusion semi-
Markov process whose transient derivative functions are given by the differential equation (4)
without the summand B(A,x)u were considered in [5]. Necessary and sufficient conditions
for unattainability in terms of the coefficient A(x) were obtained there. However, the limit
distribution was not considered in that paper.

2. ALTERNATING RECOVERY PROCESS

To find the limit (as ¢ — oo) distribution, we use the results of recovery theory.

The recovery process is a random piecewise constant process Z with nondecreasing trajec-
tories for which the interval lengths between jumps are mutually independent positive random
variables (independence is understood with respect to some probability measure P).

An alternating recovery process X () is a recovery process for which all odd intervals between
jumps have the same distribution F} and all even intervals between jumps have the same
distribution F,, where, in general, F; # F (the names odd and even are defined according
to the sequence of jump points of a piecewise constant process Z) (see, e.g., [6]). We use the
following theorem of the theory of alternating recovery processes.

Theorem 1. The limit as t — oo of the probability that X (t) belongs to the even interval of
constancy of this process is equal to py, where
p1= mi +mo’

and my1 and my are the expectations of the lengths of the odd and even intervals, respectively.

The proof is given in [6, p. 98].

Let agp < a < b < by, and let (A,)72, be a sequence of intervals, where A,, C (ao, bg) and
the boundaries of the last interval are unreachable and every interior point of the interval is
regular. This sequence gives rise to a set of nondecreasing sequences (717')52;, 1 < k < n
points on the time axis, where

T =op,, TP =T040n,.,,
whence
T,? = UAk+UAk+1+ ...Fop,-
Also put T,ff_l =0.
Let (t,) be an arbitrary sequence of numbers (¢, € R). Consider the set of sequences of
random variables (S}')}_;, where
S =tkon, + Spy1 0004, -
Also put S}, = 0.
It follows that
n
Sy = Z tm OA,, OeTénfl,
m=k
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and hence

ST =tion, + Z tkon, o 49le71
k=2
Let A, = (ap,b) if n is odd, and A,, = (a, by) if n is even.
Condition A. For any interval A, where A C (ag,bp) and A # (ag,bo), and for any = € A,
we have Pp(oa < o00) =1 and Pp(0(4,p,) < 00) = 0.

From this condition and the definition of unattainability of the boundaries of the interval
(ao, bp), it follows that X7p = b with P,-probability one if n is odd, and X7p = a if n is even.

Furthermore, from Condition A, it follows that P, (7}’ < co) = 1foralln > land1 <k < n,
and therefore E,(f; T)' < 00) = E.(f).

Lemma 1. Let a be initial point of the process X on the interval (ag,by) with unreach-
able boundaries. If Condition A is satisfied, then for any n > 2, the random variables
T} TE T}, ... TP —TP "t are mutually independent random variables with respect to the mea-
sure P,.

Proof. To simplify the notation, throughout the proof of the lemma, we put

Th = 0A,s Br =07, Op =trTs,

and omit the symbol “o” between operators where it is undoubted.
In these notation, we have

Sy = or + Sii1 Bk,

where T! = 71, TY = 0, and 6, is the identity transformation operator (i.e., fp(¢) = &).
By the method of inverse mathematical induction, we obtain

S = Z O (5)
m=k

From the condition A, it follows that
Eq(exp(iST); T~ < 00) = Eq(exp(iSY)),
where i = /-1 (imaginary unit).
By the semi-Markov property of the process, we obtain
Eq(exp(iSY)) = Eq(exp(i¢1)) Ep(exp(iS3)).

Since a constant function (e.g., f = 1) is measurable with respect to any sigma-algebra, we
have

Ey(exp(iS3)) = Eu(exp(iS561)).

Consequently,

Eqo(exp(iST)) = Eoexp(id1))Ea(exp(iS351))
Ea(eXp(Z¢l))Ea(exp(i¢2/81))Ea(exp(i¢3182/81) ce Ea(exp(i(bnlgn—l .- /81))
= Eq(exp(i¢1))Ea(exp(ig2br) Ea(exp(igzbr2) . . . Ea(exp(z'¢n9Tln_1))

(exp(

= E,(exp ztlTl))Ea(exp(itgrgﬁT})Ea(exp(it37'39T12) . ..Ea(exp(itnTnQTlnfl)).
On the other hand,
ST =tim + t2729T11 + t37'39T12 4+ 4 tnTnQTln_l.
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From here and from the well-known theorem on multivariate characteristic functions (see, for
example, [7, p. 304]), it follows that the random variables

T1, ’7’29T11, 7'39T12, .. .Tnngn—l

are mutually independent random variables with respect to the measure P,.
From the definition of T7* and the associative property of the operation +, it follows that
T — Tln_1 = TneTinfl, where n > 1.

The lemma is proved. U

From Lemma 1, it follows that the point process Z = Z(a,b) defined by the sequence
of points T7* on the time axis is an alternating recovery process with distribution functions
Fi(t) = Pa(0(q9,5) < t) on odd intervals and Fy(t) = Py(0(q) < t) on even intervals.

3. LIMIT DISTRIBUTION FUNCTION

Put

lsp)(x) = Ex(oi,p), 06,8)) <00, X(ogg)=09),
ms,p)(7) = Ee(oip), 0@6p) <00, X(ogg)=8),

where § < z < .

Let ag < a < b < by, and let Ny(a,b) be the event {at time ¢, the random variable X; does
not belong to the interval (b, by) of the alternating recovery process corresponding to the pair
of points {a,b}}. From this definition, we see that the event Ny(a,b) is equal to the event
{X: € (ap,b)}. Hence, according to Theorem 1, we have

M(ag,b) (a’)

lim P,(X; € (ap,b)) = .
t—o0 ( ! ( 0 )) l(a,bo)(b)+m(ao,b)(a)

It follows that on the interval (a,bp) this fraction, as a function of b, is nondecreasing and
tends to one as b — by.

Let ap < ¢ < a < by, and let My(c,a) be the event {at time ¢, the random variable X; does
not belong to the interval (ag, ¢) of the alternating recovery process corresponding to the pair
of points {c,a}}. From this definition, we see that the event M;(c,a) is equal to the event
{X: € (¢,by)}. Hence, according to Theorem 1, we have

l(c b )((I)
lim P,(X; € (¢,by)) = 0 .
t—o0 a( ! ( )) l(c,bo)(a) +m(a0,a)(c)
It follows that on the interval (ap,a) this fraction, as a function of ¢, is nondecreasing and
tends to one as ¢ — ag.
As a result, we have proved the following theorem.

Theorem 2. If Condition A is satisfied, then the diffusion semi-Markov process X (t) with
probability measure P, on a finite interval (ag,by) has the following distribution functional as
t— 00:

m(a())a)x) .
(a2, bo)+m(ag,a,z) 0 ¢ € (@bo)
Ko(#) = lim Pu(X(t) € (a0, v)) =
t—o00 m(ag, v, a) i e (a.a)

l(ZE, a, b0)+m(a07 Zz, a)
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3.1. On calculating mathematical expectations. From the definition of transition de-
rivative functions, it follows that there exist distribution functions Ga(t|z) and Ha(t|x) such
that

o

ga(hz) = / e MAGA(t] 2),

0
00

ha(\ x) = /e—”dHA(t | z).
0

By the uniform continuity of the functions ga (A, z) and ha(A, z) over A and in view of these
integral representations, the derivatives of them over A can be obtained as the result of differ-
entiation under the integrals

[ga (N, )] / e MdGa(t|x),
0

ha(h 2)]s = / (—t)eMdHA(t | ).
0

Setting A = 0 and A = (a,b), we obtain the equations
ZA(‘T) = _[QA()‘ax)]/,\:m
ma(®) = —[ha(h 2o
Our next task is to use the equation

1
2u” + A(x)u’ — B\, z)u =0

to find the expectations included in the definition of the distribution function K,(z).

Differentiating the terms of this differential equation by A, changing the order of differen-
tiation by x and A, and setting A = 0, we obtain a differential equation with respect to the
variable z for the function Ia(x),

In(z)" +2A(x) Ia(z) + 2B\, 2)]5_0 9a(0,2) — 2B(0, ) Ia(z) = 0.
The last summand on the left-hand side of this equation is zero, because the process under

consideration has no infinite constant interval (see above). It is also known (see, [2, p. 172])
that BS\(O, x) > 0 for a nondegenerate continuous semi-Markov process. Hence

In(z)" 4+ 2A(z)la (2)" + 2B (0, 7)]ga (0,2) = 0. (6)
Similarly, we obtain the second equation
ma(z)" + 2A(z)ma(x)" + 2B5(0,2)ha(0,2) = 0. (7)

Thus, we have two second-order differential equations of the form
yi +2A(@)y; +vi(z) =0 (i=1,2),
where
y1(z) = 2B4(0,2)ga(0,2) > 0,
y2(z) = 2B4(0,2)ha (0, ) > 0.
Put z; = y}. As a result, we obtain two first order differential equations
2+ 2A(z)z; +i(x) =0 (1=1,2).
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The solutions of these equations can be written in explicit form (see, e.g., [8, p. 35]). On the
interval (a,b), the solution of such an equation can be represented as

T

zdx):e_FW)<%Qﬁ—E/WAUechﬁ), (8)

[

xT

where ap < ¢ < by and F(z) = [ 2A(t) dt, and also we used the identity

jﬂﬂﬁz—jﬂﬂﬁ

For each of these equations, we can write down two boundary representations of their
solutions with respect to the interval A = (a,b).

Condition B. According to the intuitive notion of an interval with regular boundaries for a
and b, we define

m(a,b) (a) = m(mb)(b) = O, l(a,b) (a) = l(a,b)(b) =0.

Keeping in mind the convergence of a to ag, we represent the function ma(x) in terms of
the left end of the interval. If z > a, then

T

a

where
Fy(x) = /2A(t) dt.
Next, we have ,
My (5) = C + [ miy (o) o

where from Condition B it follows that the arbitrary constant C' is zero. Thus,
Yy T
Map)(Y) = /e_F“(r) (m’(mb) (a) — /yg(t)ep"(t) dt) dzx.
a a
For a final representation of m,)(y) in terms of the coefficients of the original differential
equation, only the value of m’(mb) (a) is missing.
Let y = b. Then from Condition B, it follows
b -1 b T

m/(a,b)(a) = (/e—Fa(w) dm) /e_F“(r)/’yg(t)eFa(t) dt dzx.

a a a

The desired representation of the expectation of m,) () is obtained.
On the other hand,

b
(@) = 21(x) = @1 )+ [y ()eft® at |
(a,b) (a,b)
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T

where Fy,(z) = [2A(t) dt. Hence
b

b
o (@) =C = [ Uy (t)dt

Applying Condition B twice, we obtain C' = 0 and
b b b

—1
"o (b) = — e (@) gy e @) [~ (0)ef® dt da.
(a,b)

a a x

The desired representation of the expectation of I(, ) () is obtained.

We have found a representation of the function K, (z) in terms of expectations of the times of
the first exit from finite intervals, one of whose boundaries is unattainable. These expectations
are found as limits from the expectations on intervals with regular boundaries found above.

Translated by I. Ponomarenko.
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