DIFFUSION PROCESSES IN ONE DIMENSION

BY
WILLIAM FELLER()

1. Introduction. We consider the so-called backward equation of diffusion
theory

a2 d
1.1) u(t, x) = Qu(t, x), Q = a(x) s + b(x);c

in a finite or infinite interval 7; <x <r,. Recently [2] the theory of semi-
groups of transformations was used to formulate the integration problem
and to define the notion of lateral conditions. It will now be shown that the
semi-groups constructed in [2] permit us to describe the totality of all sto-
chastic processes connected with (1.1). To each there corresponds a forward,
or Fokker-Planck, equation. It reduces only in simplest cases to the familiar
“adjoint”

(1.2) = Q%(¢, x) 9*—i{a()i+b( )-}
. v, = Q¥u(¢, x), = xdxA x) ¢,

but the general Fokker-Planck equation is not a differential equation,

The present paper consists of two almost independent parts. Its main
purpose is a probabilistic discussion of the general diffusion process in one
dimension. An informal description of such processes is given in §2, which
may be read independently of this introduction.

First it is necessary to give a strict definition of the notion of a diffusion
process obeying (1.1). This is done in §3 in a formal way convenient for the
application of semi-group theory. To each diffusion process there corresponds
a semi-group of transformations. In [2] we investigated the totality of all
such semi-groups transforming functions which are continuous in [ry, 72] into
functions of the same type. In §4 it is shown that each such semi-group yields
a diffusion process. However, as is shown in §13, the semi-group associated
with a diffusion process may transform a continuous function into a function
which is discontinuous at the boundaries. It is for this reason that the semi-
groups constructed in [2] yield the most general diffusion process in the
open interval (71, 2), but not in [y, r;]. For the description of the latter, a
rather obvious generalization of the construction of [2] is required.

In §5 the probabilistic background of diffusion processes is discussed. Prob-

Received by the editors May 9, 1953.
(*) Research connected with an Office of Ordnance Research Project at Princeton Univer-
sity, OOR Contract No. DA-36-034-OR D-640.

1



2 WILLIAM FELLER [July

ably it soon will be possible to define diffusion processes as Markov processes
with continuous path functions. Even the present discussion makes it clear
why it is unavoidable to start with the backward equation although the for-
ward equation is intuitively and physically more natural.

These preparations are not required for a formal understanding of the
following, and main, part of the paper (at least if manipulations with Laplace
‘transforms are accepted at face value).

In the probabilistic part we make the (unproved but safe) assumption
that the path functions X (¢) (“the position of the particle at time ¢”) are
continuous except, perhaps, at the boundaries (which may be at infinity(?)).
There exists then a well-defined probability that a path, starting at x, will
reach a point p, without first crossing p;.

In §6 these first passage probabilities are derived from the familiar renewal
principle. For points in the interior they are the same for all processes obeying
(1.1). In other words, (1.1) determines a class of processes which are not dis-
tinguishable as long as no boundary is reached.

Now the interval (71, 7o) may be finite or infinite, and the diffusion equa-
tion (1.1) may be singular in the sense that the coefficients may be un-
bounded or may vanish near 7;. Accordingly, the first passage probabilities
lead to a classification of accesstble and tnaccessible boundaries.

With this notion we can proceed to the main purpose of the paper,
namely a probabilistic derivation and description of the diffusion processes con-
nected with (1.1). An informal summary is given in the next section.-

2. Qualitative description of the processes. In order that there exist one
and only one process satisfying (1.1) it is necessary and sufficient that both
boundaries be inaccessible; that is, the probability that either boundary be
reached within a finite time interval must be zero. A typical example is
Ui=Uzp in (— o, + o),

If at least one boundary is accessible, then there are infinitely many
processes obeying (1.1). A typical example is the case where 7; is finite and
a(x) and b(x) are continuous at r; with a(r;) #0.

The “absorbing barrier” process is defined by the rule that the process
terminates at the moment when a boundary is reached.

Next simplest is the instantaneous return process, which is analogous to a
denumerable Markov chain process discussed by Doob [1]. In this process,
whenever the boundary 7; is reached, an instantaneous return into the in-
terior is effected and the process starts afresh (independently of the past
history) from a point x; which is a random variable with distribution func-
tion p;(x). In other words, if X(s)—r; as s—¢—, then one puts by definition
X (t) =x;, where '

(%) This is done only for the purpose of a probabilistic interpretation of the quantities
which appear in the formulas derived in [2]. If this interpretation is granted, the main part of
the paper (described in §2) becomes independent of the preceding.
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2.1) Pr {X,‘ = x} = pi(%), n<zx<rs.

The process now starts from scratch.

More generally, there may be a finite sojourn time associated with each
boundary, that is, one may have X (s) =r; for a finite time interval t Ss <¢t+ T.
The Markovian character of the process requires that T be a random variable
with

(2.2) Pr {T >t} = exp (—t/o)

where o; is a positive constant. (The limiting cases ¢;=0 and o;= © cor-
respond to the instantaneous return process and the absorbing barrier process,
respectively.) Moreover, T must be independent of the past. We define now
the following set of rules for the

ELEMENTARY RETURN PROCESS. If at time t the boundary r; is reached(3),
then X (s)=r; for t<s<t+ T where T is a random variable independent of the
past and distributed according to (2.2). At time t+ T a jump occurs to a point
x; in the interior or to the boundary(*) ry according to the rule

Pr{X(t+ T) = re} = pins
Pr{n<Xt+T7T) =z} =rpi(),
and the process starts from scratch. Here
(2.9) pnt+ ppt+ i1,

pi=0, 7,20, 0;20; and pj(x) are monotonic functions with p;(x)—0 as x—r;
and p;(x)—1 as x—r,.

(The difference between the two sides in (2.4) accounts for the possibility
of the process terminating or, in physical language, of masses disappearing.)

It should be noticed that the absorbing barrier process and the instan-
taneous return process take place on the open interval (71, r;); whereas the
elementary return process involves the two boundaries as well. (The elastic
and reflecting barrier processes below are also processes in (71, 72).)

In §9 we construct the Laplace transforms of the transition probabilities
of such a process from probabilistic considerations. In abstract terminology,
they represent the resolvent of a semi-group, and they can be identified with a
class of resolvents constructed in [2].

While the elementary return process obeys the backward diffusion equa-
tion (1.1), the corresponding Fokker-Planck equation is not (1.2). It has been
derived in [2], and in §10 it is shown that its obvious physical interpretation

(2.3)

®) Le. if X(s)—rjas s—t— and r <X(s) <72 for t—e<s<t.

(*) The possibility of a transition from 7; to itself is introduced in order to arrive formally
at the most general boundary condition of [2]. A simple calculation shows that the same set
of rules can be reformulated with px=0 and a modified mean sojourn time ox. The correspond-
ing boundary conditions are analytically equivalent to ours.
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essentially restates our probabilistic definition of the process.

We come next to a class of processes associated in classical diffusion
theory with elastic or reflecting barriers. A direct description of the properties
of the path functions X(¢) of such processes and their behavior near the
boundaries is very desirable. It represents an unsolved problem even in the
simple case of #;=u,,. (The term “reflecting” with its implication of velocities
is misleading.)

The elementary return process represents the most general diffusion proc-
ess in (ry, 75) except if at least one boundary is regular in the sense of [2].
In this case we obtain analogues to the classical elastic and reflecting barrier
processes by a direct passage to the limit from an instantaneous return process.
When the boundary 7; is reached, with probability 1 —7; we let the process
terminate, and with probability 7; we let it recommence from a point p; near
r;. (In other words, p;(x) has mass one concentrated at p;) We now let
pj—r; and at the same time 7;—1 in such a way as to keep certain absorption
probabilities constant (cf. §11).

If the boundary 7; is regular, this limiting procedure is shown to lead to
the class of processes which, in the terminology of [2], depend on regular
Green functions. For them, and only for them, does the true Fokker-Planck
equation reduce to (1.2). This limiting procedure sheds some new light on the
elastic barrier processes, but does not give a measure-theoretic description of
the path functions near the boundaries.

For the elastic barrier process one can again define the probabilities that
the process terminates at a boundary r;, but this event must now be dis-
tinguished from the event of reaching the boundary.

The most general diffusion process associated with semi-groups (cf. [2]) is
now obtained by starting from an elastic barrier process and superimposing
on it the elementary return process in the same way as we have before done
with the absorbing barrier process. In other words, when the elastic barrier
process in itself would terminate at r;, we let the process recommence ac-
cording to the set of rules described above.

We can calculate the Laplace transforms of all these processes directly.
In this way we get a new, and independent, derivation of all the resolvents of the
semi-groups constructed in [2]. However, we require the results of [2] for
the derivation of the Fokker-Planck equations and of the boundary condi-
tions. Moreover, only the semi-group methods of [2] give us the assurance
that we have obtained all diffusion processes of a well-defined class. In par-
ticular, the diffusion processes constructed in §12 represent the most general
type of diffusion process in the open interval (ry, rs). For the closed interval we
have no such complete result, since the associated semi-group may take a
continuous function into a discontinuous one. The nature of the most general
process appears clear enough (§13), and explicit formulas for the transition
probabilities can easily be calculated by the procedure of §9. However, we
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shall not go through the formalities of this derivation nor do we give a formal
proof that we are actually dealing with the most general process.

3. Definitions. We shall be concerned with Markovian processes on an
interval E which may be finite or infinite, open, half-open, or closed. The
end points of E will be denoted by r; and 7, where — © <7, <r; < . Let X ()
represent the path function of the process. We assume that a transition prob-
ability
(3.1) P, x;7,T) = Pr {X(s) ET| X(t) = «}

s defined for all x € E, all Borel sets ' CE, and 0<t<t< . We do not require
that E has assigned probability one, that is, we permit that

(3.2) P(t, x; 7, E) = 1.

The difference between the two sides is the probability that the path func-
tions with X (f) =« are defined only in a subinterval of [¢, 7]. We assume that
the transition probabilities are stationary, that is

3.3) P, x;7,T) = P(r—t, x, 1),
with P(¢, x, I') defined for all ¢>0.

For simplicity(®) we introduce the continuity requirement that for each
xEE and each neighborhood T' of x

3.9 P(, x, T)—1, tlo.

The Markovian character of the process requires the validity of the
Chapman-Kolmogorov identity

(3.5) .m+&nm=fpagwwu%m
E

for ¢, s >0. Conversely, suppose that P(¢,y,T') is, for fixed I', Borel measurable
in both ¢t and x and, for fixed (¢, x), a probability measure on the Borel set of E,
and also that (3.5) holds. Then P(¢, x, I') can serve as the transition probabil-
ity of a Markovian process in [ri, 72]. All probability relations in the space
of path functions X(¢) are then essentially uniquely determined(®) by the
knowledge of P(¢, x, I') and the initial probability distribution

(3.6) u(T) = Pr {X(0) € T}.

In particular

(3.7 PdeEP%ifMMW@nD=VQH
E

(%) For weak continuity properties which always hold cf. [3]. In the present case (3.4)
actually follows from the assumed form of the infinitesimal generator.
(%) For the qualification “essentially” cf. Doob, Stochastic processes, New York, Wiley, 1953.
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Note. If E=[r,, r;] the event X (t) =7; may have a positive probability. Even
if E=(r1, r2), the range of X(f) may coincide with [r;, 7;] but the event
X (¢) =r; will have probability zero for each fixed t. When we refer to a process
in the open interval, we refer to the transition probabilities, and only in this
wide sense to X(¢).

The terminology is not well established, and we shall use the term
“process” also to denote the whole class of individual processes with the
same transition probabilities P(¢, x, I') and arbitrary initial distributions.

In diffusion theory one usually starts from the assumption that P(¢, x, I')
has a probability density p(¢, x, ¥) which for fixed y satisfies the backward
equation (1.1). (Cf. §5.) Now the concept of integrating (1.1) as suggested
by the semi-group theory leads to a definition of diffusion processes more
adapted to our purposes. It is slightly more general, but the main advantage
is a considerable simplification of the analytical apparatus.

In effect, the application of semi-group theory to differential equations
amounts to a justification of formal operations with Laplace transforms.
Classically, the function

(3.8) utt, ) = [ PG5, dy)

is supposed to represent the appropriate solution of (1.1) which reduces to
f(x) as t—0. Its Laplace transform

3.9) F(x) = fwe‘“u(t, x)dt, x>0,

is supposed to be a solution of the ordinary differential equation
(3.10) NF(x) — QF(x) = f(x), r<ax<r,

In order to avoid further explanations and discussions which are ir-
relevant to the present paper, we shall start with these properties as our
basic definition. This procedure is not elegant, but is simplest for our pur-
poses (and becomes more acceptable when translated into semi-group lan-
guage).

DEFINITION. A Markovian process on E will be said to obey (1.1) if it pos-
sesses transition probabilities satisfying (3.4) and (3.5), and if for every funclion
f whick is continuous and bounded on E the Laplace transforms (3.9) satisfy
(3.10)("). :

A process will be said to be of the diffusion type if it obeys some equation of
the form (1.1).

(") Note that if E is closed, we require f to be continuous at the end points, but (3.10)
puts a restriction only in the interior. This makes it possible that F(x) becomes discontinuous
at the end points even if f is continuous.
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(A more satisfactory definition will be proposed in §5.)

For simplicity we shall from now on assume that for ry <x <r, the functions
a(x), a'(x), b(x) are defined and continuous, a(x) >0. Note that a(x) and b(x)
need not be bounded, and that it is permissible that a(x)—0 as x—r;.

[Note. The preceding definition is sufficient for our purposes, but some
readers may wish to see its connection with general semi-group theory and
with [2]. To explain this we now anticipate the notations of the following
section. The continuity requirement (3.4) implies that for f&EC, with the no-
tations of §4,

(3.11) Tif(x) = f(%) (h—0+4)

for each x (74, 72) (not necessarily for the boundaries), the convergence being
bounded. Unfortunately, in [2] the traditional strong (uniform) continuity
was required. Now only the contraction of the semi-group to its range space
is strongly continuous, and this circumstance necessitated the clumsy ref-
erences to the range space in [2]. The above definition would have resulted
in greater simplicity and elegance.

With the new continuity requirement it is natural also to modify the
usual definition of the infinitesimal generator (for a more general and more
systematic approach cf. [3]). If for some FEC and each x&(ry, 75) one has

TWF —

(3.12) ———h—F— (x) — &(x) (2 €0

the convergence being bounded, then we put ®=0QF. The operator Q thus
defined will now be called infinitesimal generator of the semi-group. In the
Hille-Yosida theory uniform convergence is required, but no difficulties
arise. For every fEC the Laplace transform (3.9) is in the domain of @ and
satisfies

(3.13) \F — QF = f;

for given f this equation has only one solution, and the totality of functions
for which QF is defined is thus identical with the totality of solutions of
(3.13).

Our definition of a dtﬁ’uswn process now amounts to reqmrmg that the
infinitesimal generator Q be a contraction of the operator Q (that is, if QF is
defined, then so is QF and QF = QF, but it is possible that QFE C without F
being of the form (3.9)).

Of course, not every solution of (3.10) defines a semi-group. The totality
of solutions with this property has been constructed in [2]; in fact, the argu-
ments of [2] remain valid with the new definition of infinitesimal generator,
and the formulations become simpler. However, we can appeal directly to the
theorems in [2] as they stand since every semi-group with our continuity
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property is strongly continuous in its range space and thus satisfies the condi-
tions imposed in [2].]

4. Diffusion processes as semi-groups. Let B be the Banach space of
bounded Borel measurable functions on E with ”f" =sup I f(x)|. Let f&€B
and consider (3.8). For each fixed ¢>0 we have %(t, x) €B and ||4| =||f]|. If
we put

(4.1) u(t, x) = T4f(x)

then T is a linear operator from B to B which (1) preserves positivity, (2)
has norm “T;” =1, and (3) has the semi-group property T'¢;,=T:T,. The last
assertion is a direct consequence of (3.5). The three properties are expressed
in the statement that the transformations {T:} form a contraction sems-
group from B to B.

Every Markov process on E thus defines a contraction semi-group from
B to B. In [2] we have considered such semi-groups subjected to the restric-
tion that they are continuity preserving, that is, that T.f is continuous
whenever f is continuous. In this case it is useless to admit discontinuous
functions and it is preferable to consider {T:} as a semi-group from C to C
where C is the subspace of functions f which are continuous in the closed(®?)
interval r,=x<r,.

F/’e want now to show that each such semi-group defines a Markov process
on [ry, r2].

LeMMA. Let {T,} be a contraction semi-group from C to C such that for each
fixed x the function T, f(x) is continuous in t. Then for each t>0 there exists a
kernel P(t, x, T') which for fixed x is a probability measure on the Borel sets T'.
For fixed T this kernel is Borel measurable in t and x. Finally

ro+
4.2) 1) = [ J0)PG % d).

Note that the semi-group property implies the validity of the Chapman-
Kolmogorov equation (3.5).

Proof. Consider the adjoint semi-group to T in the following way. If
w(T') is any measure on the Borel sets I' in [ry, 75] the transform Tu is the
uniquely defined measure with which

ro+ rot
*.9) [ rawans) = [ wantiso)

for all fE€C. Let (") equal 1 or 0 according as x is, or is not, a point of T'.
Put

(®) Even if E is open we require that f(x) tends to finite limits as x—r;. This looks likean
essential restriction, but it will be shown in §13 that it can be removed and does no harm.
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4.4 P(t, 2, T) = T¥ul(T).

The fact that T# is positivity preserving and “ T#|| <1 implies that P(¢, x, T")
is a probability measure for each fixed ¢ and x. When the definition (4.4) is
inserted in (4.3) one sees that (4.2) holds for all f&€C. Finally, if T" is an
interval and xp(x) its characteristic function, then there exists a sequence

f2&C such that f, | xr. Then

ro+
(4.5) P(t, x, T) = lim P(t, x, dy)fa().
n—wo ri—

For each n theright sideis continuous in tand in x, and this guarantees the re-
quired measurability properties of P(¢, x, I') for all T'.

Now in [2] the equation (3.10) for the Laplace transforms appears as
basic requirement for the resolvents. The strong continuity property of the
semi-groups used in [2] obviously implies (3.4) and we have thus

THEOREM 1. Each semi-group from C to C constructed in [2] defines a dif-
fusion process obeying (1.1).

As will be shown in §13, the converse is true only for diffusion processes
in the open interval (ry, 7;). For a diffusion process in [r;, 7;] it is possible
that f& C but that u(¢, x) is not continuous in [ry, 75].

5. The probabilistic interpretation. As is well known, the backward equa-
tion (1.1) has first been derived from probabilistic considerations by Kolmo-
gorov [7]. He showed also that under strong additional conditions the
Fokker-Planck equation in the special form (1.2) must hold. Kolmogorov’s
conditions were relaxed in [4]. The principal step towards generalization was
the introduction of the so-called Lindeberg condition which requires that for
each fixed x and ¢>0

5.1) fl P9 = o0
y—z|>e

as t—0. This, of course, is a strengthening of the continuity condition (3.4).
It is easily seen that a condition of the Lindeberg type is necessary for the
continuity of the path functions.
On the other hand, it has been shown recently [5] that under very mild
differentiability conditions the Lindeberg condition(®) alone suffices to derive

() The abstract formulation is as follows. Let {T:} be a semi-group from C to C. The
“Lindeberg condition” requires that if f and g agree in a neighborhood of xo then (T¥(f—g)) (xo)
=0(f), t—0. Let Qo be the infinitesimal generator. The differentiability condition mentioned
in the text requires that the Laplace transforms (3.9) be twice differentiable whenever f"&C.
The theorem states that under these two conditions and if { T} is a contraction semi-group, Qo
must be a contraction of an operator Q of the form (1.1) with a term c¢(x)I added—except for the
occurrence of singular points where Q is of a different form. This theorem characterizes the
parabolic differential equations.
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the backward equation (1.1). This is at present the most general derivation
of (1.1).

The as yet not completely attained aim of the present method of attack
is to define diffusion processes as those Markovian processes for which the path
Sfunctions X (t) are continuous with probability one as long as they are in the
interior of the basic interval E (that is, a discontinuity may occur when a
boundary is reached). This definition carries over to locally compact topo-
logical spaces.

That all our diffusion processes have this property has apparently never
been proved rigorously, but may be assumed with impunity. It is also
safe to assume that the continuity of X (f) implies that the corresponding
transition probabilities define a contraction semi-group which satisfies the
“Lindeberg condition” of the preceding footnote.

This condition expresses essentially that the infinitesimal generator (2o
is of a local character.

Now the local character of Q, and the continuity of X (¢) are topological
properties, whereas a continuous change of the scale may change differenti-
able functions into nondifferentiable ones. Hence 2, need not be a differential
operator. However, the surmise is that in each case the semi-group induces a
scale on the x-axis such that the functions in the domain D({,) become twice
differentiable and Q, the contraction of a differential operator(!?).

Even though the program is as yet unattained, the annoying difference
between the forward and backward equations has become understandable.
A Markovian process is, essentially, a semi-group in the Banach space of
measures. However, not every contraction semi-group on measures defines a
Markovian process, whereas each contraction semi-group from C to C does.
Only the backward equation refers to semi-groups in C and this explains why
only the backward equation can be derived from simple probabilistic condi-
tions.

The corresponding forward equations are much more complicated. They
will now be derived probabilistically, but only under the assumption that
X (#) is continuous with probability one.

6. First passage times. We consider a diffusion process obeying (1.1) with
the coefficients satisfying the conditions stated at the end of §3. As explained
in §5 we shall from now on suppose that the path function X (¢) is continuous
with probability one as long as 7, < X (¢) <r: (so far no conditions are imposed
for the case that a boundary is reached).

DEFINITION. Let 7, <p1<p;<r; be fixed. For any X (t) with p <X (0) =x <p.
we define the random variable Tx as the moment when for the first time X (t) =p1

(1%) Essential parts of the proof have been obtained by S. Leader and the author. When
proved, the statement will generalize the result described in footnote 9. It now appears possible
to generalize the differential equation (1.1) and to reformulate all the results of [2] in a topo-
logically invariant form.
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or X (&) =p:. We put
6.1) A(t, x:ps, p1) = Pr {Tx < t, X(Tx) = p2| X(0) = =},
(6.2) A(t, %3 p1, p2) = Pr {Tx < t, X(Tx) = ;| X(0) = «}.

The corresponding Laplace transforms will be called £(x; ps, p1) and E(x; p1, p2).
Thus

L

(6.3) &(w; p2y p1) =f eMA(L, x; py, p1)dt (> 0).
0

In words, A (¢, x; ps, p1) is the probability that a path starting from the
position x will within time ¢ reach p, without previously passing through p;.
Such probabilities occur in the theory of ruin. In physical language
A(t, x; p2, p1) is the probability that a first passage through ps occurs before time
t when an absorbing barrier is placed at p,. Even under the present general
conditions one has the familiar

THEOREM 2. Putting z(x) =£(x; p2, p1) one has A\z—Q2=0, and 2(x) is the
only solution of this equation with 2(py) =0 and 2(p:) =N"1. This solution is
monotone.

Before proving this theorem we shall consider some implications. We in-
terpret “the event that the boundary r; has been reached at time ¢ from the
interior” (1!) as a verbal description of X (s)—r; as s—¢—0.

As a corollary of Theorem 2 we shall derive the following results.

THEOREM 3. Let X(0)=x, with r1<x <ry. The probability that r; will be
reached within finite time from the interior is positive if and only if all solutions
of \3—Qz=0 remain bounded as z—r; (\>0).

Thus the probability in question is zero for all x or for no x. This justifies
the

DEFINITION. The boundary r; will be called accessible if and only if there is
a positive probability that it will be reached from the interior within a finite
time(1?) (for all X(0) =x).

Thus 7; is accessible if and only if all solutions of Az— Qz=0 are bounded
near r;, Comparing this with the criteria of [2, p. 488], we see that 7; is ac-
cessible if it is either a regular or an exit boundary.

THEOREM 4. Suppose that r: is accessible. Then (a) If r is inaccessible,
there exists one and only one bounded solution 2(x) of Az —Qz=0 with z(x)—\"!
as x—r,.

This solution is positive and monotonic. Let A(t, x) be the probability that

(1) Later on we shall consider instantaneous transitions from 7; to 7x.
(12) Cf. footnote 13.
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re will be reached before time t assuming that the starting position is X (0) =x.
Then

(6.4) z2(x) = fwe““A(t, x)dt.

(b) If r1 s accessible there exists one and only one solution of A\z—Qz=0
with z(x)—0 as x—ry and 2(x)—\"! as x—ry. It is monotonic and for it (6.4)
holds provided that A (L, x) is interpreted as the probability that r, will be reached
before time t and before ry is reached. (If ry is accessible, then there exist many
processes obeying (1.1) with different probabilities of reaching r,.)

From Theorem 4 it will be easy to derive the following analogues of classical
results concerning probabilities of ruin.

THEOREM 5. Let rs be accessible and let D(x) =A (o, x) be the probability of
ultimate absorption at re. Then ®(x) is the smallest positive solution of a®’'(x)
+0P’' =0 with (x)—1 as x—r».

More explicitly: If 7, is an accessible boundary, then ®(x) is the strictly
increasing solution with ®(r;) =0, ®(r;) =1. The same holds true whenever

(6.5) exp {— f:o -%ds}

is integrable over (r1, xo). Otherwise ®(x) =1. This case arises if 7; is an en-
trance boundary, and may arise if 7, is a natural boundary(!3).

Note. By the same method one can prove that in the case of two accessible
boundaries the expected duration

6.6) W) = f "1, 2

is finite and characterized as the unique solution of ay’’+&)/'= —1 with
Y(r1) =y(r2) =0. However, if , is inaccessible, the boundary condition ¥/(r;) =0
can not be imposed, and it can happen that y¥(x) is finite but unbounded,
and also that it is infinite for all x.

7. Proofs. We start with a few preliminaries. Let

(7.1) I(x, T) =f e MP(t, x, T)dt, A>0,
0

and

(%) [Footnote added September 1953.] Doob has discovered the possibility that for a
natural boundary r there may be a positive probability that X (f)—n as ¢—« even though r;
cannot be reached in finite time. This explains the possibility that ®<1 even though r, is in-
accessible.
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(7.2) F) = [ S, ay).
E
This is defined for all bounded measurable f, and agrees with the definition
(3.9). Hence, at least when f is continuous, we have by definition
(7.3) \F — QF = f.

To solve (7.3) for F we require the fact proved by Hille (cf. [2, p. 483])
that there exist two solutions & and &; of

(7.4) N—-Q=0
satisfying the conditions
(7.5) ax) !, &@*T, £=0 forr, < z < r,
In terms of two such solutions we construct the classical Green function
f <z =y <ry

(7.6) K(, 5) = {Ez(x)m(y) orn<zxsy<r

£1(x)n2(y) forrn<ysx<r
where

£(y)
(7.7 7i(y) = :

E()E () — 5 EG)
It is known that

(7.8) PG = [ K sy

is a solution of (7.3). If it is unique, then a comparison of (7.2) and (7.8)
shows that

(7.9) I(x, T) = fr K(x, y)dy.

Now the difference of any two admissible solutions of (7.3) is a bounded
solution of (7.4). On the other hand, every solution of (7.4) is a linear com-
bination of £ and &. As each §; is bounded near one boundary, we conclude
that (7.4) has a bounded solution only if either & or & is bounded. Inde-
pendently of the choice of £ and & we can therefore state:

(a) If both £ and & are unbounded, then the Laplace transform II(x, I')
of the transition probabilities is uniquely determined by (7.3).

(b) If, say, & is bounded but & unbounded, then necessarily

(7.10) M%D=Lwa®+&w%®-
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(c) 1f both & and &, are bounded, then

Here the ®;(T") are measures on the Borel sets and depend on A, but not on .
The most general form of these ®; was the main topic of [2], but for the
present proof we require no special knowledge about &;.

Proof of Theorem 2. Let 7;<x<p<r; and let

(7.12) H(, x; p) = Pr {Max X(s) > p| X(0) = =}
st

be the probability distribution of the first passage time from x to p. Then, if
T is any set in (p, 72), the event X (¢) ET' can occur only if the first passage
has occurred at some time s<{. Thus (always assuming the continuity of
X(®)

(7.13) Pt %, T) = fotP(t — s, p, IVd,H(s, x; p).

For the corresponding Laplace transform

(7.14) £(x5 p) = f:e—“H(t, x; p)di x>0,
this means

(7.15) T(x, T) = NI(p, T)(x; p).

Now a glance at (7.9)—(7.11) shows that for any fixed set I'C(p, 72) and x<p
the function II(x, I') reduces to a linear combination of §; and &, and hence
to a solution of (7.4). Therefore:

E(x; p) s a solution of (7.4) and £(x; p)—N"1 as x—p.

Note that £(x; p) depends on the individual process and cannot be de-
termined without knowing the boundary conditions.

Now let p; <x <p. and define the first passage transform £(x; p;) in obvious
analogy with (7.14). The first passage from « to p; can take place either before
or after a first passage from x to p;. This consideration leads to a relation
which, translated into the language of Laplace transforms, reads

(7.16) £(x; p2) = E(x; p2, p1) + NE(x; pu, p2) - £(p1; p2)
with £(x; p2, p1) defined in (6.3). Similarly
(7.17) £(x; p1) = E(%; py, p2) + M(%; p2, B1)E(p2; p1)-

We have here two linear equations for the two unknowns £(x; p1, p2) and
£(x; p2, p1). From the very definition (7.14) we have 0=£(p;; p;) <A\~! and
therefore the determinant of the system does not vanish. Hence
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E(x; p2) — ME(py, p2)é(%; p1) .
1 — N%(p1; p2)&(p2; p1)

Remembering that £(p;; p;) =A~! we find
(7.19) lim £(x; pe, p1) = 0, lim £(x; p2, p1) = N7,

z—p; TPy

(7.18) £(x; p2, P1) =

and £(x; pe, p1), being a linear combination of two solutions of (7.4), is itself
a solution of (7.4). These conditions determine £(x; ps, p1) uniquely, and
Theorem 2 is proved.

Proof of Theorems 3 and 4. Let £;(x) be two solutions of (7.4) satisfying
the boundary conditions (7.5). From Theorem 2 we have

Ex(2)E1(p1) — Ex(®)E2(p1)
£2(p2)€1(p1) — Ez(Pl)El(Pz)}
Suppose first that &(x) T © as x] 71. Since £(x) is positive and non-

decreasing, £(x) remains bounded, and the ratio £(x)/&1(x) tends to zero.
Hence in this case

(o1 < x < pa).

(7.20) E(x; p2, 1) = N

£a(x)

7.21 li ; P2, P1) = .
( ) P:f:l E(x P2 p) x52(‘72)
Next, if £(x) T £1(r)) < as x| 71, then
(7.22) £ (x) = E(2)Ei(r1) — Ea(x)Ea(r1)
is a solution of (7.4) and

T Ol
(7'23) plllil:l E(xv P2, pl) - xs,"(,)2)

Note that £*(x) is obviously nondecreasing, and £*(x)—0 as x—r;. Moreover,
if £2(x) T £2(re) < © as x—r,, then £* has a finite limit and all solutions of (7.4)
remain bounded near 7,. Hence, as p;—r, either each of the right-hand
members in (7.21) and (7.23) tends to zero, or each tends to a monotone solu-
tion of (7.4) which tends to A\—! as x—,.

Proof of Theorem 5. Put &(x) =Az(x). Then

(7.24) &(x) =f°°e‘“d¢A(t, x)

and hence(™) £\(x) T ®(x) as M| 0. Solving the differential equation Qu=f
and substituting » =f=§, gives an integral equation for &, which shows that

(1) Alternatively, this can be seen directly from A(E\—&)—Q(E\—&)=(@—N)E (>N)
which shows (since &, >0) that £ —&, can have no negative minimum. If r, is accessible, then
£ —&, vanishes at both ends. If 7, is inaccessible the result follows by approximation.
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£ 1 ® implies that Q® exists and QP =lim Q& =1im A, =0. Clearly ®(rp) =1
since £x(x) T 1 as x—7,. Suppose now that the integral (6.5) diverges as x—ry.
Then ®=1 is the only solution of Q=0 with ®(r;) =1. On the other hand,
if the integral (6.5) converges, there exists exactly one solution of Qu=0
with #(r)) =0, u(rs) =1. From Q(u—£) = —\§,. <0 it is seen that the function
u—=§& can have no minimum. Since it vanishes at x=r,, 7, it follows that
E(x) =u(x), whence ®(x) Su(x). The inequality would require ® to assume
negative values, and this proves the theorem.

8. The absorbing barrier process. Consider a process obeying (1.1) and
assume, as before, that the path functions X(f) are continuous.

DEFINITION. Using the random variable Tx of the definition of §6 we define
the absorbing barrier process('®) corresponding to our process and (p1, pz) as the
process of the path functions Xaps(t) defined by

_ X(t) foft é TX’
(8.1) Xem(t) = {X(Tx) fort = Tx

with the obvious probability relations induced by the original process.
We shall refer to T'x as the absorption time. With the notation of §6 we have

(8.2) Pr {Tx <t} = At %; p1, p2) + AL, 5 p2, pr).

THEOREM 6(*). Let Pas(t, x, I') be the transition probability of the ab-
sorbing barrier process and Ilans(x, T') its Laplace transform (7.1). With the
notations of §6 we have(!?) for r1 <p1<x <p:<r2

abs(, p1) = £(%; p1, p2),
Habs(xr P2) = s(x; P2, ﬁl)'
For any Borel set I' C(p1, p2) we have

(8.3)

(8.4) Mape(x, T) = fr K(x, y)dy

where K(x, y) is the Green function (cf. (7.6)) of \u— Qu=f formed by means
of two solutions & and & of N —QE=0 satisfying the boundary conditions

(8.5) £1(p1) = 0, £2(p2) = 0.
Proof. Clearly, (8.3) is only a restatement of Theorem 2. From this

(%) By (8.1) the absorbing barrier process is defined in the closed interval [p1, p2]. If we
let Xabs(t) be undefined for t= T'x we get the corresponding process for the open interval.

(1) This theorem restates a well known fact. Also the renewal method for the proof is
familiar. Both theorem and proof are (under slightly different hypotheses) found in a recent
paper by Darling and Siegert [0]. (This paper reached the author after completion of the
present manuscript.)

(1) In (8.3) and similar formulas later on the letters p or 7 are used not only to denote a
number, but also for the set consisting of the single point p or .
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theorem one has also that for p; <x <y <pa

Ei(x
(8.6) &x; 9, p1) = )‘Ef(y)) :
Again, the renewal argument used in (7.15) shows that for I'C(y, p2) one has
(8.7 Maps(%, T) = M(%; 3, p1)TTane(y, T)
ol
Thus
(8.8) avs(%, T) = £1(2)-F(T)

where F(T') is independent of A. This relation holds only for sets I' C (x, p2),
but a similar relation holds for sets I'C (p1, ). The theorem now follows on
comparing this result with the general form of the transition probabilities
given in (7.11).

DEFINITION. We shall say the transition probabilities of a process are defined
by a Green function if for ri<x<ry and I'C(r1, r2) the corresponding Laplace
transform Il(x, T') is of the form (8.4) where K(x, v) is a regular Green func-
tion(*8).

Note that no restriction is placed on the transitions II(x, p;) and II(p;, T').

THEOREM 7. (a) If both r1 and r, are tnaccessible, then as p;—ry and ps—sr,
the transition probabilities of the absorbing barrier process for (p1, p2) converge
to transition probabilities in (r1, re) which are defined by the unique regular Green
Sfunction for (r1, rs). In this case there exists one and only one process in (r1, r2)
obeying (1.1).

(b) If ry 4s inaccessible but ry accessible, convergence takes place to transition
probabilities defined by that regular Green function which is formed by means of
a solution with £(x) | 0 as x—rs.

(c) If r1 and re are accessible, then limiting transition probabilities exist and
are defined by that regular Green function which is formed by means of solutions
&i(x) with £(x) | 0 as x—r;.

This theorem extends the notion of absorbing barrier processes to in-
tervals (r;, r2) with accessible boundaries.

Proof. In the proof of Theorem 3 (§7) it has been shown that as p;—r;
and p,—7. the solutions £(x; p1, p2) and &(x; ps, p1) tend to certain limits. Using
these limiting forms the theorem becomes trivial.

It follows in particular that whenever both r, and r; are accessible there exists

(*8) Cf. (7.6). The notion of regular Green function was introduced in [2] and refers to
Green functions formed by means of solutions satisfying the monotonicity conditions (7.5).
The restriction to regular Green functions is essential for the validity of some of our statements.
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an absorbing barrier process in (r1, r2) obeying (1.1).

The relevant statements concerning the boundary conditions and the
Fokker-Planck equations are contained in Theorem 10, as the limiting case
C,'=0.

Note on the corresponding denmsities. It would be pleasing to assert
that the transition probabilities of the last theorem are determined by
densities p(¢, x, ), and that the latter satisfy both the backward equation

(8.9) Pt %, y) = a(®)paa(ty %, y) + b(2)p.(t, %, y)
and the forward equation
(8.10) put, %, 9) = [a(p(t, %, 9) oy — [6(N2(, %, )],

When both boundaries are inaccessible, (¢, x, ¥) should be uniquely de-
termined by either of these equations; if 7; is accessible, one should expect
that for (8.9) the boundary condition p(¢, x, ¥)—0 as x—r; must be imposed;
in the case of (8.10) the corresponding boundary condition is

(8.11) a(y) exp [— Il b(y)a—1<y>dy] 2t % 3) =0

as y—r;.

These assertions are contained in known results about differential equa-
tions provided that both boundaries are regular and that more stringent
conditions on a(x) and b(x) are imposed. Unfortunately, the theory of semi-
groups leads directly only to a slightly weaker result. We should prove that
for fixed x, y

(8.12) K(x, y) = fwe"“p(t, x, y)di
0

where p(¢, x, ¥) has a bounded derivative with respect to ¢. Actually it ap-
pears that without deeper analysis one can assert only that(*?)

(8.13) K(x, y) = fwe‘“V(dt, x, ¥)

where V is a nondecreasing function of ¢.
Now we have seen that for x <z<y
£(x)

(8.14) K(x, y) = —E(—ZS- K(z, ).

Here the second factor on the right is of the form (8.13), while the first

(1) (8.13) is a direct consequence of the Bernstein-Hausdorff-Widder theorem (cf. [8])
and the well known property of resolvents according to which (—1)#d*K(x, y)/d\*=n!
- Kay (%, 9) 20 where K, denotes the iterated kernels; cf. [6, p. 99].
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factor is the Laplace transform of the first passage time from x through z.
But the convolution of two monotonic functions will be continuous, or dif-
ferentiable, whenever one of the two components has this property. It follows
therefore that if p(¢, 2, y) is, for a fixed z, y, a continuous (differentiable)
function of ¢, then the same is true for any x, 2. Moreover, (8.14) shows that
for the density p(¢, x, y) to satisfy (8.9) it is necessary and sufficient that the
first passage time density be a solution of the backward equation (1.1). The
duality principle of [2] permits us to translate these assertions into cor-
responding statements referring to p(¢, x, ¥) as function of ¢ and y, and to
(8.10) instead of (8.9).

Accordingly, to prove the opening surmise of this note it would suffice to
prove that for fixed x <z the ratio £(x)/£(z) is the Laplace transform of a
differentiable function or, alternatively, that this is true of K(x, x). It seems
plausible that this is provable by the methods of the general theory. Un-
fortunately, the author sees at present only a method of proof which is based
on laborious estimates. This does not seem natural, in particular since under
slightly stronger conditions the facts are known. Moreover, the assertion
would improve only the aesthetical appeal and simplify some formulations,
without being essential.

9. The elementary return process. We now proceed to calculate the transi-
tion probabilities of the process defined in §2. For definiteness we assume for
the time being that both boundaries are accessible, and ¢:>0, 02>0. The
starting position X (0) =x is assumed to be the interior (ry, 72).

(a) The probability that up to time ¢ no transitions from a boundary have
occurred and that X (¢) =7, (i.e. the first boundary to be reached is r;, and
the first sojourn time has not expired) is

t
9.1) f dA(t — s, x5 11, Fo) €707
0

where A (¢, x; r1, 72) is the distribution function of the absorption time de-
fined in (6.1). For the corresponding Laplace transforms (6.3) we introduce
the notations

(9.2) £i(w) = E(w; 71, 7o), Ea(x) = E(w; 1o, 71).
Then (9.1) has the Laplace transform

9.3 N () ——
©-3) N e

(b) At the expiration of the sojourn time a “jump” occurs. The prob-
abilities that it takes X (¢) to the interior, to 71, or to 7,, are 71, P, P12, respec-
tively. The probability density that this jump occurs at time £ is the expression
(9.1) multiplied by o7
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(c) Let P™ (¢, x,T') be the probability that up to time ¢ exactly # “jumps”
occur and that X(¢) ET'. Let II™(x, IT') be’the corresponding Laplace trans-
form. Then

9.4 IO (x, T) = Ias(x, T),

provided T is a set in the interior. If I" reduces to a boundary point then, as
shown under (a),

(9.5) OO (x, 7;) = Ni(x)

oj
1 + XU,‘

(d) The probability density that the nth jump occurs at 7; and at time ¢
is P (¢, x, r;)-0; ', It has the Laplace transform

(9.6) Te-D(x, r))o7L.

(e) If the nth jump occurs at 7; at time s, then for every set I'C(r, 72)
.7 Pr (X(6+) €T} = = [ dpily).

Therefore the probability that X (¢t+s)&I' and that no further absorption
has taken place is

r2
(9.6) w7 Pt 3,1 i),
r1
For the corresponding Laplace transform we introduce the abbreviation(??)

9.9) UAT) = 15 f " Haa(y, T)dpi().

1

Thus for T'C(ry, 72)

(9.10) o (x, T) = i M=D(x, 7;)o57U ().

i=1

(f) If at any time a jump takes place at r;, the probability density that
it leads into the interior and then, after a time ¢, to a first absorption at r;
has the Laplace transform

(9.11) Nrij = M f " £(2)dpi(a).

() From (d) and (f) we conclude

2 ‘ 0’,‘
(9.12) ™ (x, r;) = Z =D (g, r.-)a‘.-“{ﬁ;,- + )vr;i} —_—
i 14 No;

(2% In comparing our formulas with those of [2], put U;(T)=/rQ;(x)dx where Q;(x) is
the density defined in (21.14).
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For convenience of writing we introduce the matrix notation

o1 0
(9.13) p=(pii)y, w=(m;), 6= .
0 o
For row and column matrices we write
x
(9.14) [x,] = x:’ [xi]’ = %1 %2.

Now (9.12) takes on the form
0.15)  [I™(x 7)) = [M0D(x, )6 {p + M} {I + re}
where I is the identity matrix. By definition we have

(9.16) N( T) = 3 Tz, T).

n=0

Thus, using (9.5) and (9.15), we get

[0z, 7)) = METT +20)1 3 ({p + M} {I+ 1} )

n=0
(9.17) = Me T+ 26T = {p + M+ Ne}) .
For abbreviation put(??)
(9.18) R=T+X—p—M)L
Then (9.17) reduces to
(9.19) [O(x, 7)) = N[&;]'Rs.

Having thus I (x, 7;) we get II(x, ') from (9.16) and (9.10). For I'C(ry, 2)
we get

(9.20) (%, T) = Maus(x, I) + METVR[UAD) ]
Finally, for completeness we give the corresponding expressions for the

case where the process starts at a boundary. The argument which led to
(9.19) shows that

(9.21) (M(r;, 7;)) = Ra,
and this is also evident from (9.19). Similarly, for T'C (1, 72)
(9.22) [(r, T)] = R[ULT)},

as is again clear from (9.20).

(2") The proof that R exists is given in [2, p. 512]. It should have been mentioned there
that the proof would formally break down if ms=0;=7;=0 and pi=1. However, that case is
impossible since it would reduce a lateral condition to 0=0.
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In (9.19)—(9.22) we have now expressions for all the transition probabilities.
The very derivation shows that they have the necessary properties like posi-
tivity and that they determine a process obeying (1.1).

We observe that our process is a special case of the one treated in [2, §21].
If one puts there 73 =m,=0, the formulas agree with ours. The new deriva-
tion is more direct, but we still must refer to [2] for the derivation of the
lateral condition and the proof that they determine the process.

Summing up we have

THEOREM 8. If both boundaries are accessible, then there exists exactly one
diffusion process in [ri, r;] obeying (1.1) and having the properties of the “ele-
mentary return process” described in §2. If, and only if, o1=0,=0 the process
takes place in the open interval (ry, rs). The solutions of (1.1) corresponding to
our process are characterized by the two lateral conditions

(1 = pu)u(t, r1) — prau(t, 72) = Tlf " u(t, y)dpi(y) — o1Qu(t, r1),

(9.23) ;
— pau(t, 1) + (1 — pao)u(t, r2) = TZf u(t, ¥)dpa(y) — a2Qu(t, r2).

T1

Note. For lucidity of exposition we have been assuming that both bound-
aries are accessible. The starting point was the absorbing barrier process de-
fined in the open interval (71, 72). The new process plays in the closed interval
[r1, 72], unless either oy or o, vanishes (in which case the corresponding
boundary is excluded).

If both 7, and 7, are inaccessible, then no return process is possible. If 7,
is 1naccessible and r; accessible, the above construction applies except that no
returns can occur from r;.

10. The corresponding Fokker-Planck equations. If u(I') is the prob-
ability distribution for the initial point X(0), then the distribution of the
position X (¢) is given by (3.7). Consider now in particular the transition
probabilities of the elementary return process determined by (9.20). The set
functions U;(T") are defined in (9.8) and (9.9). As explained in §8, the dis-
tribution with the Laplace transform U;(T") has a density, and the same is then
true of our transition probability. We can therefore write

(10.1) Vi T) = frv(t, y)dy, T C (ry, r2),
(10.2) V¢, r;) = Vi(b).

In §§18 and 22 of [2] we have studied, in the Banach space of measures,
the semi-group which is the adjoint to the semi-group from C to C cor-
responding to the process of §9. The following theorem is a restatement of
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these results in terms of differential equations(?2).

THEOREM 9. (a) In the process of Theorem 8 let the mean sojourn times o;
be positive. Then

(10.3) a(x)v,(t, x) — b(x)v(t, x) = P,(¢, x)

exists and is of bounded variation. For every set I'C(r1, r3) one has(*?)

9 T1 T2
(10.4) gfr‘v(t, x)dx = frdz{@u(t, x) + 0—1 V() pa(x) + - Vz(t)Pz(x)}

and
1 —_—
(10.5) Vi) = — 22y + 22 vy + 0.0, 1),
o1 a2
1 —

(10.6) viy = 22 v - 2222 v — e, )

5% [}
where
(10.7) ®,(¢, r;) = lim &,(¢, x).

z—71j

(b) If o1=02=0 put Vi(t) = Vo(t) =0 and (10.4) is to be replaced(*) by
d
(10.8) prv(t' x)dx = frdz{ ®,(t, %) + 11®.(, r)p1(%) — T2Bu(t, 72)pa(x) |

(c) These equations are the Fokker-Planck (or forward) equations of our
process. Depending on the nature of the boundaries(?®) r;, they either determine
the process uniquely, or one or two boundary conditions of the form (8.11) are
satisfied and characterize the process.

Physical interpretation. Let T' = (p1, p2) be an interval contained in (ry, 72).

(®) In order not to obscure a simple situation, the formulation of the theorem avoids an
explicit reference to the fact (described at the end of §8) that the existence and the necessary
regularity properties of the density v(¢, x) have been proved in [2] explicitly only for the case
when the initial distribution u(T) is sufficiently smooth (that is, belongs to the range of the
resolvent). For an arbitrary initial distribution the theorem has been completely proved only
under slightly more stringent conditions on the coefficients e¢(x) and b(x).

(®) Note that in the case 7,=72=0 equation (10.4) reduces to the classical differential
equation (1.2). If $1(x) and pa(x) are differentiable, the integrals in (10.4) may be omitted and
we still have a differential equation.

(*) Similarly, if o1 =0 and o2 >0 the term &, V;(¢) in (10.4) and (10.6) is to be replaced by
CP,,(t, fl)'

(®) No lateral conditions are required if r; are “exit” boundaries. If r; is a “regular”
boundary, a lateral condition is required. In [2, §22] both boundaries are supposed to be
regular. The modification for exit boundaries is contained in §16 of [2].
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The left side of (10.4) represents the rate of change of the mass in I'. On the
right the term ®,(¢, p2) — P, (¢, p1) represents the net flux through the bound-
aries into T'. The term 7;V;(t) { p(p2) — p(p1) }aj ! expresses that a direct flow
takes place into I' from the boundary 7; The flow of mass V;({) at the
boundaries is described as follows. The boundary 7, loses mass at the rate
(1 —pu)or! times the instantaneous mass (exponential decay). Of this mass
the proportion pi/(1 —pu) flows to rs, and 71/(1 —pu) into the interior. On
the other hand, r, gains mass at a rate py0; ' Va(t) from r;, and at a rate
®,(t, r1) through a continuous influx from the interior. For our particular
process this gain can be shown to be positive. Thus the Fokker-Planck equa-
tions give a restatement in physical terms of the original probabilistic de-
scription of the process in §2.

The case 0;=0 means that no mass can accumulate at 7; and the return
to the interior, if it takes place, is instantaneous. Therefore the flow into T’
is no longer proportional to V;(¢) but to the instantaneous flux at the bound-
ary.

11. The elastic barrier process.

DEFINITION. The boundary r; is regular if the functions

(11.1) W(x) = exp {—fzb(s)a—l(s)ds} and !

a(x)W(x)

are integrable in some (and therefore every) neighborhood of ;.

According to [2, p. 516] every regular boundary is accessible, but an “exit”
boundary is accessible without being regular. For the understanding it is
preferable to express the regularity as a condition on the functions &; and 7;
of (7.5) and (7.7) by means of which the Green function is formed: r; s
regular if and only if £j(x) is bounded and ;(y) is integrable in (ry, r2).

Our purpose is now to derive the classical elastic barrier process by a
passage to the limit from a diffusion process in (71, 72), obeying (1.1). This
process is defined as the following modification of the absorbing barrier
process:

(11.2) When the boundary r; is reached there is probability 7;=0 of an in-
stantaneous transfer to the point p; in the interior, and probability 1 —7; that the
process terminates.

In the return process thus described let «y; be the probability that a path
starting at p; will be absorbed at ;.

For simplicity, we shall assume that both boundaries are regular and
shall study the following

Passage to the limit. We let p;—r; and at the same time T;—1 in such a way
that the probability vv; <1 remains constant(%®). (There is no harm in putting,
say, T1=0 and letting only 7.—1.)

(%) The same result would be obtained if instead of v; one keeps constant the expected
duration of the time to the ultimate absorption at 7;.
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(a) We start by calculating v;. Put
(11.3) m@=fwwa
1

Then aF""4+bF' =0 and by Theorem 5 the probability, in the absorbing barrier
process, that a path starting at p, will terminate at r; is F(ps)/F(rs). Accord-
ingly

_ F(ps) - Flpa)\ ™
(11.4) vy = oo a- ”)E{” F(rz)} .

For abbreviation put ‘
(11.5) 62 = {F(rs) — F(ps)} /F(r).
Then from (11.4)

F
(11.6) | gy FOD
1—7. F(Pz)
and thus
1 —_
(11.7) im — =",
py—rT 02 1 - Y2

A similar calculation applies to 7;.

(b) In the notations of §9 our return process is characterized by ¢;=0,
$:;=0, while p;(x) is a unitary distribution function with the jump at p;.
The process is restricted to the interior of (r;, r2) and its transition prob-
abilities are given in (9.20). In the present case we have

(11.8) R=(I— M)
where the matrix ¢ is defined (cf. (9.11)) by

(11.9) i = 7iki(ps). _

The set function U;(T") is defined in (9.9). If I'C(p1, p2) it is easily seen that
(11.10) Uy(T) = 7iéa2(p) Hi(T), Us(T) = 72k1(p2) Ha(T)

with

(11.10a) HyT) = f lgn(y)dy-

Since p;—7;, it is clear that it suffices to consider sets I'C(ps, p2) so that we
may use (11.10). We now proceed to investigate the asymptotic behavior of
(11.9) and (11.10).
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(c) We recall that £(x) is a nondecreasing solution of Aé— Q& =0 with
£(r1) =0, £(r2) =\1. From [2] we know (formula (20.2) after eliminating the
restriction a(x)=1) that for regular boundaries the quantities

(11.11) wij = (—1)i lim W—(%)£i(x)
z—»r;

exist, and form a symmetric, nonsingular matrix o.
Now, for example,

Il

1—1"22

1 — moNEa(pg) =1 — 12 + Tz)\f £x(x)dx
(11.12) b

1 - T2 + )\Tzf " {wzg + o(l)}W(x)dx.

Using (11.5) and (11.7) we get from this

1'—1'22

(11 . 13) — C2 + Awae.

2

To simplify the writing put

01 0 C1 0
(11.14) 0= ), c= )
0 02 0 Co,

Then (11.13) and its analogues can be combined into the matrix equation

(11.15) 0-1(I — ) > ¢ + Ao
The same calculation applied to (11.10) yields
(11.16) 071U i(T') = — wiH«(T).
Hence

(11.17)  R[U;] = (I — =)"0071[U;] = — (c + M) [H(T) Jwrs.
Thus
(11.18) (%, I) — Maps(%, T) — wi2[£;]'(c + Mo) 1 [HL(T)].

Now the right side can be obtained from the resolvent (21.12) of [2] by
the specialization o;=0;=0, (1—m;)m;"!=c¢;. (It should be noted that our
solutions 7;(x) in terms of which H;(T') is defined in (11.10a) differ from the
corresponding solutions 7;(x) introduced in [2, formula (20.3)] by a factor
—wie~! as can be seen by comparing the Green function (20.9) of [2] and (7.6)
above.) We therefore need no further verification that the right side of
(11.18) really represents transition probabilities.
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This proves that part of the following theorem which refers to the back-
ward equation (1.1). The statements concerning the Fokker-Planck equa-
tion are a consequence of Theorem 9. We have thus :

THEOREM 10. Our limiting process leads to a diffusion process in the open
interval (r1, r2) which obeys (1.1). The corresponding Fokker-Planck equation is
given by (1.2). The solutions of (1.1) are in this case characterized by the lateral
conditions '

(11.19) cu(t, x) = (—1)7 1 lim W (x)u.(t, x)
and those of (1.2) by K
(11.20) ¢ lim W(x)a(x)v(t, x) = (—1)i®,(¢, x:)

(¢f. (10.3) and (11.1)).

For ¢;=0 the boundary r; becomes “reflecting,” for ¢;— the process re-
verts into the absorbing barrier process. (The limiting boundary conditions
remain correct.)

It is clear that the resulting formulas do not depend on the assumption
that both boundaries are regular: one elastic barrier can be combined with
any other type at the other end. However, if 7, is inaccessible, then the prob-
abilityof absorption at 7, may beidentically one for all p, and the mean duration
of the absorbing barrier process may be infinite for all p. In this case, there-
fore, one needs a new interpretation for v;, but one may get it trivially by a
new passage to the limit.

12. The general process induced by semi-groups in C[r,, 7.]. The elas-
tic barrier process takes place in the open interval E=(r;, r2). One has
P(t, x, E)—0 as t— o, except when both boundaries are reflecting (¢;=0),
or when one boundary is inaccessible and the other reflecting. If P(¢, x, E)—0
there is probability one that the process terminates either at r; or 7, and we
speak again of an “absorption.” Note, however, that the boundary r; can be
reached without an absorption taking place. In fact, the process can start from
a boundary(*¥").

It is now possible to superimpose the elementary return process described
in §2 to any elastic barrier process in the same way as we have superimposed
it to the absorbing barrier process. An alternative way, requiring no new
calculations, consists in a direct passage to the limit. For that purpose we
replace (11.2) by the following conditions.

(*7) Let £}(x) denote the Laplace transform of the probability that an absorption occurs at
r; before time ¢, given that X(0) =x. If both boundaries are regular, it can be shown without
difficulties that the £F(x) are solutions of A¢— Q=0 satisfying the four boundary
conditions  Ef(r) +£3 (r) =£1(ra) +£(r) =\, aff(n) —limz.,, W x)E'(x) =0, caff(r2)
+lime.r, Wl(x)£Y (x) =0. In particular, £ (r1+) is the (positive) probability of an absorption
at rz given that the process starts at 7;.
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(12.1) Consider an elementary return process in whick r; has a mean sojourn
time €,0;. When a jump from r; occurs, it leads with probability e;pi; to r; with
probability 1 —e; to the point p;, and with probability er; to a random point of
(r1, 7o) with probability distribution p;(x). Here pu+pi+7:<1. We effect the
same passage to the limit ;—0, p;—r; as described in §11.

It is not necessary to repeat the calculations since a simple inspection
shows that the only change is that the term ¢; is replaced by another expres-
sion which equally remains unaffected by the passage to the limit. Assuming
both boundaries to be regular, the procedure of §11 shows that the transition
probabilities of the limiting process are determined by

(12.2) (%, T) = Haa(x, T) — wih[£:(2) 'R [cr H(D) ] + [U(D)]}
with U;(T) defined in (9.9), H;(T) in (11.10a), and(*®)

(12.3) R={I—p+4 X — M+ Alo}L
Furthermore

(12.4) [M(x, 7:))" = — wi[£i(2)]'Rs,

(12.5) [(r;, D] = — waR{ [ H(D)] + [U(D)]},
(12.6) I(7;, rx) = — w12R4.

If only 7, is regular, ¢;* must be replaced by 0, and if 7, is inaccessible,
one has to put pu=pr=r1=061=0.

It has been shown in [2] that in the case ¢,;5%0 the Fokker-Planck equation
is still given by (10.4)—(10.6) but that the boundary conditions
(12.7) ¢ciVi()) = o;lim &,(¢, x)

=715

must be added. On the other hand, the lateral conditions (9.23) for
the backward equation are changed by the addition of the term
—¢; lim (—1)W—(x)u.(¢, x) to the right-hand member of the ith equation.

13. The most general process.

THEOREM 11. The process with transition probabilities (12.2)—(12.6) repre-
sents the most gemeral diffusion process in [ri, r2| with the property that the
associated semi-group (4.2) transforms each fE C|ry, 72| into a function which is
again continuous in [r1, r2|. However, there exist diffusion processes without the
last property.

Proof. The first assertion can be verified by comparing the formulas

(28) In trying to verify that this result agrees with the equivalent for the resolvent given in
(22.2) of [2] one should put ¢c;=(1 —;)/m; and observe the following change in notations: The
quantities pij, 7i, oi of [2] correspond to pij(1 —m:), 7:(1—m:), and o:s(1 —m) in the present
notations. Furthermore, the solutions 7;(x) of [2] are the same as —wi2m;(x) in the present no-
tation.
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(12.3)—(12.6) with the resolvent of the most general contraction semi-group
from C to C given in [2, (21.12)]. To substantiate the last assertion consider
the

ExAMPLE. Let Pas(2, x, I') be the transition probability of the process cor-
responding to #;=%,, in E=(0, ) with an absorbing barrier at x=0. We
now stipulate that if x=0 is reached at time ¢, then with probability 1/2 we
shall have X (v) =0 for 7=¢, while with probability 1/2 the process termi-
nates. In other words, we put

P(t, 2, T) = Pus(t, %, T) for T C (0, ),

P(4,0,T) =0,

P(t, 2,0) = (1/2){1 — Pus(t, %, E)},  P(4,0,0) = 1.
Then

wlt, ) = [ Pawalt, 5 d3)f(3) + (/2 {1 = Pawalt, % E)}1(0)
o+
— (1/2)£(0) as x —> 0+
while u(¢, 0) =£(0). '

THEOREM 12. The transition probabilities of the most gemeral diffusion
process in the open interval (ry, r2) are given by (12.2) with o1=0,=0. The cor-
responding Fokker-Planck equation is (10.8), subjected to the lateral conditions

(13.1) [¥il'e — p) + [(=D)i@.(t, r)] =0
where ¥, is defined in (10.3) and
(13.2) ¢i = lim W(x)a(x)v(¢, x)

with W(x) given in (11.1).

The interesting feature is that although the boundaries 7; are excluded,
the lateral conditions (13.1) include the terms p,; which correspond to
passages from(??) 7, to ;.

Proof. We have seen that the Laplace transform F of (4.1) satisfies
(7.3). If f is continuous in (ry, 73) and if f(x) approaches limits as x—;, then
the same is true of F. This follows [2, Theorem 13.1] and the fact that the
bounded solutions of Né— QE=0 (if they exist) approach limits as x—7;. The
Hille-Yosida theorem now implies that our semi-group takes C into C. The
most general diffusion process in (71, 72) is therefore among those constructed
in §12, and it is obvious that o;=0¢2=0 is necessary and sufficient for the

() They account for events such as X(f)—>r as i—to— and X(£)—r; as t—to+, with X ()
undefined.
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process to be restricted to the open interval. The lateral condition (13.1) is
not explicitly derived in [2], but is obtained by a calculation analogous to
that given on p. 514.

To return to diffusion processes in the closed interval, let C* denote the
subspace of B consisting of those f(x) (r1<x=<r,) which are continuous for
r1<x <7, and approach finite limits as x—r; (these limits need not coincide
with f(r;)). Using the definition of the infinitesimal generator proposed in
[3] it is easily seen that for a process obeying (1.1) the semi-group (4.1) trans-
forms C* into itself, that is, that f&C implies T,f&C. Using the methods of
[2], it is possible to construct the totality of contraction semi-groups from C*
to C* and then to choose among them those which correspond to a stochastic
process (that is, where the adjoint semi-group transforms measures into
measures).

It is to be expected that the most general diffusion process in [ry, 72] is
obtained by superimposing an elementary return process to any process in
(r1, 72) in which there is a positive probability (and therefore certainty) that
the process will terminate after a finite time(*®). The existence of such proc-
esses can be proved, and their transition probabilities can be obtained, by a
straightforward generalization of the arguments of §9. However, the proof
that this leads to the most general diffusion process seems to require a lengthy
argument.
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