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1. Introduction. The usual methods for numerically computing
the solution of a partial differential equation consist in replacing the
differential operators by difference operators which approximate them,
and taking the solution of the resulting difference equation as an ap-
proximation to the solution of the original equation. The question of
convergence then arises; that is, when will a sequence of difference
equations have the property that their solutions converge to the solution
of a given differential equation ? We treat this question in an operator-
theoretic fashion, and our discussion has much in common with that of
Lax and Richtmyer [17], as is pointed out in more detail below. The
reader is referred to the bibliography of [17] for a list of the principal
papers dealing with this question of convergence.

Our discussion will be limited to the initial value problem (Cauchy
problem) for linear equations in the form

1.1) %u(t, @) = Qult, z) : (0, x) = f(x)

in which 2 is linear and constant in time. Here ¢ is a non-negative
real variable, and x is a point in some space S. Equation (1.1) is form-
ally of parabolic type, but, as is shown in [14, Chap. XX], the initial
value problem for hyperbolic equations can also be put into this form.
Lateral conditions (i.e., boundary conditions such as are needed for the
heat equation on a finite interval) are considered to be incorporated into
the definition of 2 as restrictions on its domain [8, 17].

The process of setting up a sequence of finite difference approxi-
mations to (1.1) may be described in the following general terms. For
each n, take a positive number %, and a set S, © S whose points form
a suitable grid. The solution to the nth approximating equation is de-
fined inductively, for ¢ an integral multiple of 4, and = a point of S,
by the following system of equations :!

1 Sometimes only the space variable is made discrete, so that u, is defined by a finite
set of simultaneous differential equations (cf. {13, p. 233]). Theorem 5.2 can be applied
to this situation just as Theorem 5.3 can be applied to the case in which the time variable
is made discrete and the u, are defined by (1.2).
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887



888 H. F. TROTTER

(1.2) (ke + Dy @) = Tyt @) k=0,1,2, -
un(oy .’I)) = fn(x)

where T, is a linear operator and f, is a function defined on S, which
suitably approximates f. For example, f, may be simply the restriction
of fto S,. (Other possible ways of defining f, are discussed in § 2.)
It will be convenient to extend the definition of %, to all ¢ by setting

(1.3) Un(t, @) = Un(lchn, @) fOr khy < t < (k + L), .

In some numerical methods, the relation between the values of wu, at
steps & and k + 1 is given by a set of simultaneous linear equations,
so that T, is defined implicitly rather than by explicit formulae; the
particular way in which T, may be defined will be irrelevant to our
discussion.

If the operators 2, defined by
(1.4) 2n = (T, — I)

converge to 2 in some suitable sence, then (1.2) converges formally to
(1.1) as n — oo, and it is plausible that under certain conditions the
functions u, will converge to the solution of (1.1).

It was observed by von Neumann [20] that a system like (1.2) may
be unstable in the sense that small errors in the initial data may lead
to errors in u,(t) which become unbounded as 7% —> c. The definitions
of stability given in the literature vary slightly in detail. We adopt
essentially the same definition as that used in [17]. We suppose that
the space of functions on S, is normed as a Banach space. (Examples
of how such a norm may be defined are given in §2.) Then the norm
of T, as an operator on this space is defined. We shall say that the
system (1.2) is stable if

(1.5) I T% 1l = Me *n

for some constants K and M independent of n and k. The simpler
condition |[T,]| £1 is satisfied in many applications, and clearly implies
(1.5).2

Although it is possible to find an example of an unstable system
whose solutions converge to the correct result if the approximating
functions f, are appropriately chosen [18], Lax and Richtmyer [17] have
shown that in general an unstable system cannot converge. On the
other hand, they have shown that stability, together with some reasonable

2 It should be pointed out that we are concerned only with the behaviour of the exact
solutions of (1.2). In actual computation the effect of round-off errors must be considered,
and the situation becomes more complicated.
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assumptions on the limiting behaviour of the 2,, is sufficient to imply
convergence. Our main result is very similar ; however, our hypotheses
differ in two respects from those of [17].

In the first place, we do not require that the limit function » and
the approximating functions u, all belong to the same Banach space.
Frequently, the T, arise most naturally as operators on functions which
are defined only at a grid of points in the space S. In most practical
applications the T, can be modified so as to become operators on func-
tions defined on the whole space, and this is assumed in [17]. Such
modification, however, is usually unnatural, and in the case of random
walks and diffusion processes which we discuss in §6 it is not neces-
sarily possible. Consequently it seems worth while to eliminate this
assumption. We introduce the notion of an approximating sequence of
Banach spaces and define associated concepts of convergence of vectors
and operators. Section 2 is devoted to setting up the definitions and
giving examples ; it also includes some lemmas on the convergence of
operators. Section 3 contains some remarks on the adjoint spaces of an
approximating sequence which have application in §6. Kantorovich [16]
uses a similar sort of approximation of one Banach space by another,
but requires the approximating space to be isomorphic to a subspace
of the approximated space. This requirement is unnecessarily restrictive
for our purposes.

To explain the second difference, we must describe more precisely
what we mean by a solution of (1.1). We give an abstract formulation
in terms of a semi-group of operators [14, chap. 20; 15]. Let X be some
suitable Banach space of functions on S, and let 2 be a linear operator
on X. Suppose that 2 is densely defined and has the property that
for every f in its domain there exists a unique function u(¢, z) satisying

(1.6) (i) ult, ) and aitu(t, @) are in X for all ¢ =0

(ii) a%u(t,x) — Qu(t, z) for t =0

(iii) Ju(t, @) —f(@)|l->0as t—>0
(iv) flu@2) | = Mllf@)ll for 0=t =1
Where M is a constant independent of f. Then for each ¢, setting
(1.7) [T@)f 1) = u(t, )

defines an operator on the domain of £. Since 2 is densely defined,
T(t) (which is bounded by 1 + M**') can be extended to all of X by
continuity. The operators 7'(t) then form a semi-group with Q as
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infinitesimal generator, which is (hypothesis (iii)) strongly continuous at
the origin. The conditions (1.6) express the requirement that the initial
value problem (1.1) be ¢ well-posed ’ [cf. 17].

In [17] it is assumed that an operator £ is given which leads to a
well-posed problem, and the operators £, are required to satisfy a con-
sistency condition which may be translated into our terminology as
follows :

There exists a dense set of functions f such that || (2, — QTE)f ||
tends to zero uniformly for ¢ restricted to a bounded interval.
Our condition is that lim @, be densely defined, and that for some

N~r00

positive 2, lim (1 — 2,) have a dense range. (The precise meaning we

N0

attach to “‘limit of a sequence of operators’’ is given in §2.) It is
part of our conclusion that the operator to which the 2, converge gives
rise to a well-posed problem. Although our condition appears to be quite
different from that of Lax and Richtmyer, we have found no example
in which we could show that one condition was satisfied and the other
was not. Our condition seems to be easier to verify in the case of the
applications made in § 6.

Our proof of convergence is based on the relation between a semi-
group and its resolvent which is made explicit in the Hille-Yosida
theorem [14, 22]. In §4 we develop the relevant facts in a form con-
venient for our discussion. All the results in this section are well-
known ; the proof of Theorem 4.1, however, is new.

Section 5 is concerned with the convergence problem proper, and
the theorems of this section represent the principal results of the paper.

In §6 we consider in some detail the convergence of random walks
to one-dimensional diffusion processes, and discuss several examples.

This paper is based on a thesis submitted to the Department of
Mathematics of Princeton University in June 1956. I wish to thank
Professor W. Feller for his guidance in the writing of the thesis, and
the National Research Council of Canada for fellowship support during
the academic year 1955-56.

2. Approximating sequences of Banach spaces. Let X be a Banach
gpace. A sequence of Banach spaces {X,} together with a sequence of

linear maps P,: X — X, is called a sequence® of Banach spaces approximat-
ng X if

3 We could equally well define a system of Banach spaces approximating X using an
arbitrary directed set as index set. The proofs of all the main theorems of this paper
require only trivial changes of language to adapt them to the more general situation. Un-
less X is assumed to be separable, it is necessary to use nets in discussing some of the
properties of the adjoint approximating sequence (§ 3).
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(2.1) Pl <1
and
(2.2) lim || P.f]l = ||f|| for every fe X .

Condition (2.2) obviously implies that in some sense the maps P, become
isomorphisms ‘‘in the limit’’. The following lemma gives a precise
expression to this idea.

LEMMA 2.1. Let X' be any finite-dimensional subspace of X, and
let Q, be the restriction of P, to X'. Then @, is one-to-one if m is suf-
JSictently large, and lim || Q'] = 1.

n—co

Proof. Take any ¢ > 0, and let {f;} be a finite set of vectors of
unit length in X’ such that the e¢-neighbourhoods of the f; cover the
unit sphere in X'. Now take N sufficiently large that for all n = N,
max,(|| ;|| = | P.fil) <e. Then for any ¢ on the unit sphere in X',
| Pugil > 1 — 2e¢ for all n = N. Hence Q, is one-to-one and

1=l =l =0 —297.

We now define convergence for sequences of vectors and operators.
We shall use the following terminology and notation. By ¢ operator
on X’ we shall mean ‘‘ linear transformation defined on a linear subset
of X and taking values in X”’. If A is an operator on X, the linear
subset of X on which A is defined is the domain of A, written D(A).
The range of A, denoted by R(A), is the linear subset consisting of all
g € X for which there exists an fe D(4) with ¢ = Af. If A and B are
two operators such than D(4A) c D(B) and Af = Bf for all fe B(4)
then we call B an extension of A and write 4 ¢ B. The identity
operator on any space will be denoted by I.

A sequence {f,}, where f, € X,, converges to fe X if lim|| f, —P,f ||=0.
It is easy to see that (2.2) implies that a sequence cannot converge to
more than one fe X. A sequence is convergent if there exists an
fe X to which it converges; we call f the limit of {f,} and write
S =limf,.

n—oo

The Zimit of a sequence of operators {A,}, where A, is an operator
on X,, is the operator on X whose domain consists of those fe X for
which {A4,P,f} converges and whose value for such an f is lim A,P,f.

7n~>00

ExXAMPLES.
(1) Let X be an arbitrary Banach space, and for every = let
X,=X and P,=1. Then the convergence of vectors is ordinary
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convergence, and convergence of operators is the usual strong conver-
gence. Lemmas 2.2, 2.3, and 2.4 below then become results on the
strong convergence of operators.

(2) Let X be the space of bounded continuous functions on some
topological space S, with the uniform norm. For each =, let S, be a
subset of S and let X, be some Banach space of functions on S, (with
the uniform norm) which contains all the restrictions of elements of X.
For fe X, define P,f to be the restriction of f to S,. (Note that there
is no requirement that the projection P, map X onto X,.) Condition
(2.1) is obviously satisfied, and if the sets S, become dense in S in the
sense that every open set U C S contains points of S, for n sufficiently
large, then (2.2) is also satisfied. In this case {f,} converges to f if
and only if

lim sup | ful@) — f(@)| = 0.

(8) Let S be a region of Euclidean space with Lebesgue measure,
and let X be L?(S). For each n, let S be partitioned into measureable
sets S, ;, each with finite measure m,, > 0. Let X, be the subspace of
X consisting of functions constant on the S,,. For f e X, define P,f to

have the value m;_‘tg S,: f(x)dx. Condition (2.1) is always satisfied. If

each partition is a refinement of the preceding one, and if the partitions
become sufficiently fine in the sense that the Borel field generated by the
collection of all the S, ; contains all Borel-measureable subsets of S, then
(2.2) will be satisfied. It is clear that a similar procedure can be followed
to get an approximating sequence to the L*-space over any measure space.
Essentially this type of approximation (with p = 2) has been used by
Douglas [4].

The following lemmas will be needed for later use. Lemma 2.2 is
a generalization of the Banach-Steinhaus lemma [1, p. 79], and Lemma
2.3 similarly generalizes an obvious fact about the strong convergence
of operators. Lemma 2.4 is a more special result which is used in the
proof of Theorem 5.2.

LEMMA 2.2. For each n, let A, be an operator on X,, with domain
all of X,. If there ewists a constant M such that || A, || £ M for all n,
and iof A = lim A, is densely defined, then A is defined on all of X and

N0

Al = M.

Proof. By hypothesis, for any fe X it is possible find a sequence
{f?} converging to f, with every f7in D(A). This, by definition, means
that for each f7 there exists a g’ € X such that
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|A,P,f* — P,g’|l >0 as » - . For any ¢, ,
llg" = ¢’ Il = lim || Po(g" — &)l
= lim [| A,P.(f* — ) |l

sMlst—=s0.

Since the f* form a convergent sequence, it follows that the ¢* form a
Cauchy sequence and consequently have a limit g. Now

The first and last terms on the right may be made arbitrarily small by
taking ¢ sufficiently large, independent of n, and the middle term goes
to zero as n— «. Hence Af is defined and equal to g. It is obvious
that || A || = M.

LEMMA 2.8. Let {4,} be a sequence of operators satisfying the
hypotheses of Lemma 2.2, and converging to A. For each n, let B, be
an operator on X, and let B =lim B,. Then AB C lim A,B,.

N—ro0 n-»o

Proof. Suppose f e D(AB). Then
P,ABf — A,B,P.f = (P,ABf — A,P,Bf) + A,(P,B — B,P,)f.
The first term on the right tends to zero because 4 = lim A,. The

n-—»o00

second term on the right is dominated in norm by M || P,Bf — B,P,f ||
and this tends to zero because f € D(AB) < D(B).

COROLLARY. Let {A,} be a sequence of operators satisfying the
hypotheses of Lemma 2.2 and converging to A. Then for any positive
anteger k, lim At = AF,

LEMMA 2.4. For each n, let A, be an operator on X, with an in-
verse B, defined on all of X,. Suppose that || B, || £ M for all n, and
that both the domain and range of A =lim A, are dense in X. Then

N—>00

B =1lim B, is defined on all of X, and has a dense range. B has an

n—>o00

inverse if and only if A has a closed extension, and then B~ is the
closure of A.

Proof. Consider an arbitrary g € R(4), g = Af.
Then

”BnPng_"Pnf“: “Bn(Png'—AnPnf)“ gM“Png'—‘AnPan'



894 H. F. TROTTER

Since g = lim A,P,f, the term on the right goes to zero, and conse-

n—roo

quently B,P,g — f. Since R(A) is dense, it follows from Lemma 2.2
that B=1im B, is defined on all of X. Since Bg=f if g=Af,

n—roo

BA c 1. Hence R(B) D> D(A4) and is dense in X.

If B! exists it is a closed operator because B is closed; since BA C I,
it is an extension of A. Conversely, suppose A has a closed exten-
sion A’. Then, since B is bounded, A’B is a closed extension of AB.
But for g = Af e R(4), we have ABg = AB(Af) = A(BA)f = Af =g,
so that AB coincides with I on a dense set. Hence A'B = I; therefore
B has an inverse, and A’ is an extension of it. This is true for any
closed extension of A4, and consequently B-! is the closure of A.

3. Adjoint spaces. If {X,} is a sequence approximating X, with
associated projection operators P,, then the adjoint spaces X¥ are con-
nected with X} by the adjoint operators P%: X} — X*. Condition (2.1)
of course implies that ||P}|| < 1. Condition (2.2) clearly should imply that
in some sense the images of the P} become dense in X* in the limit.
This is not generally true in terms of the norm topology on X*—it is
easy to give an example in which the union of the images of the P} is
nowhere dense in X* with respect to this topology. It is more appropriate
to consider the weak topology [1] (often called the weak* topology) on
X*. For any f* e X*, f}, +++, fn € X, and ¢ >0 we write V x(fi, « -+, fi; €)
for the set {g* e X*: | f*(f))—¢*(f) | <e4=1,2, ---,m}. The collection
of the ‘‘cubical neighourhoods”’ forms a base for the neighbourhoods
of f* in the weak topology.

LEMMA 3.1. Let f* be any element of X* and V = V x(fy, « =+, fn; €)
a cubical neighbourhood of it. Then for all sufficiently large n, there
exists an fXe Xk, with | SN2 /*l| and f¥P,e V.2

Proof. Let X' be the subspace of X spanned by fi, ---, fn, and as
in Lemma 2.1, let @, be the restriction of P, to X'. Let f* be the
restriction of f* to X’. Let n be sufficiently large that Q' exists, and
define f¥ = f*Q;*. It follows directly from the definitions that f}P,f,=
SF*(f;) for any one of the f,, so that frP,e V. Since ||Q;'||— 1, the
condition on the norm of f} is satisfied for sufficiently large =.

If {f¥*} is a net with f¥ e X;{‘a for each «, we say that {fX} con-
verges weakly to f* if n,— « and {fiP,.} converges weakly to f*.
The net {f}} is said to be bounded if ||} || is bounded uniformly with

¢+ We write adjoint operators on the right when applied to a vector (dropping the “‘star’’
since the position of the operator indicates that it is the adjoint).
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respect to «.

From Lemma 3.1 we obtain at once the proposition: for every
f*e X* there exists a bounded net {f}} with ffe X . which converges
weakly to it. To construct such a net, let the index set consist of the
cubical neighbourhoods of f*, ordered by inclusion. For each such
neighbourhood «, we can pick an f}* eX;‘fw,nw > ¢! (where ¢ is the
positive number used to define the cubical neighbourhood «), with
Nfall=2llf*Il and fiP, e a. This net converges to f*. If X is
separable there exists a uniformly bounded sequence {f¥} with ffe X%
which converges weakly to f*. To show this, let f}, f,, - -+ be a sequence
which is dense in X, and let X, be the subspace of X spanned by the
first m vectors of the sequence. Using the construction of Lemma 3.1
we can define N,, inductively so that N,,., > N,, and for N,, £ n < N,,..
there exists an f¥ e X} with ||fFX Il Z 2l /*|l and f}P.f, = F*(f,) for
2 < m. Then ||f}P,|| is uniformly bounded and lim f}P,f; = f*(f;) for

n—rco

all the f,. Hence by a theorem of Banach [1, Theorem 2 of Chapter
71, {f¥P,} converges weakly to f*.

For each n let B, be an operator on X;. The weak limit of the
sequence {B,} is defined to be an operator B on X*, with domain con-
sisting of all f* e X* such that for every bounded net (f}} with
f*e X;‘a which converges weakly to f*, the net /f ;“Bnmin} converges
weakly to a unique limit. For f* e D(B), f*B is defined to be this
limit.

LEMMA 3.2. For each n let A, be a bounded operator on X, with
domain all of X,, and suppose that A = lim A, is defined on all of X.
Then the adjoint operators A} converge weakly to A*.

Proof. Take any f*e X*, and let {f*} be any bounded net converg-
ing to it weakly. We must show that for every fe X. {f¥A4, P..f}
converges to f*Af. We have

f::Aannwf—f*Af:f;k(Aannw - PnaA)f + (f::in _f*)Af .

The first term on the right goes to zero because n,—> o, A =1lim 4,,

Nn—>00

and the f* are uniformly bounded. The second term on the right goes
to zero because 'f}} converges weakly to f™.

4. Semi-groups and resolvents. Throughout this section we shall
be dealing with a fixed Banach space X. Convergence of operators is
to be interpreted as strong convergence.

A (one-parameter) semi-group of operators is a family {T'(¢)} of
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bounded operators on X, ¢ ranging over the non-negative real numbers,
which satisfies the relation

4.1) Tt +s)=T@)T(s) t,s =0,

with 7'(0) defined to be I. We shall consider only semi-groups for which
4.2) lim T(¢) = 1

and

(4.8) T <M allt

for some constant M. Semi-groups satisfying (4.2) and (4.3) will be
called proper.®

The operator
(4.4) Q =lim ¢3(T@) — I)

is the infinitesimal generator of the semi-group and is always closed and
densely defined. One has g = 2f if and only if

(4.5) T@®)f = f + S:T(s)g ds .

For every 1 > 0 there is a bounded operator

(4.6) JO) = (A — Q) = S“’e-MT(t) dt .
0

The family {J(2)} is called the resolvent family of T(t). The operators
J(2) satisfy the relations

(4.7) J(2) — J(p) = (2 — D)JI(Q)J ()
(4.8) || nIm() || < M A>0,m=1,2 ¢-.
(4.9) lim AJ(2) =1 .

A—o0

A family of operators satisfying (4.7) will be called a resolvent family,
and one which satisfies (4.8) and (4.9) as well, a proper resolvent family.

If {J(2)} is a resolvent family it is clear that any f annihilated by
one of the J(1) is annihilated by all of them, and also that R(J(1)) is
independent of A. These remarks, together with (4.9), show that the
operators of & proper resolvent family are one-to-one transformations with

5 Condition (4.3) is not a serious restriction. If a semi-group satisfies (4.2) then || 7'() ||
must be bounded for ¢ near zero. It is then well-known [14] that || T(¢) || < MeKt for
some K, so that the closely related semi-group 7V(t) = e-EKtTY(t) will be proper. We use
this trick in proving Theorems 5.2 and 5.3.
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dense range. Hence for each 1, {J(1)}~! is a densely defined operator.
It is easy to show from (4.7) that

(4.10) 2=2—{J)}?

is independent of A; we call it the infinitestimal generator associated with
the resolvent family {J(2)}.

A proper semi-group is uniquely determined by its resolvent family.
Suppose {T'(¢)} and {T"(t)} are two proper semi-groups with the same
resolvent family {J(1)}. For any fe X, f* e X* 'the function f*(J(2)f)
will be the Laplace transform of both f*(7T(¢)f) and f(ZI"(t)f). The
classical uniqueness theorem for the Laplace transform [21, p. 63] then
implies the identity of the last two functions (since both are bounded
and continuous), and since f and f* are arbitrary it follows that T(t)=
T'(t). This fact shows that {J(2)} is the resolvent family of the semi-
group 7'(¢) if and only if the operator 2 defined by (4.10) is the same
as that defined by (4.4).

The question still remains as to whether every proper resolvent
family is the resolvent family of some proper semi-group. The Hille-
Yosida theorem [14, 22] provides an affirmative answer. Our next
theorem gives an expression for the semi-group in terms of the re-
solvent. (cf. [14, p. 234]; the proof given there depends on the Post-
Widder inversion formula for the Laplace transform.)

THEOREM 4.1. Let {J(2)} be a proper resolvent family. Then the
operators

T(t) = lim {1J(2)} t=0
A—oo

are defined on all of X and form a proper semi-group which has {J(1)}
as its resolvent family.
We first prove several lemmas.

LEMMA 4.1 Let A and B be two operators which commute and have
the property that || A ||, || B' || £ M for all positive integers 1.
Then, for any f,

| (A" — B")f | =nM* || (A — B)f || .
Proof. Since A and B commute
(m—myzgm+WM—mﬂ

The right hand side contains n terms, each with norm less than or equal
to M*|| (A — B)f .
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LEMMA 4.2, For any f e D(2) (where 2 is defined by (4.10))
H@J@) — DIl S 2 MI 211
Proof. This follows from (4.8) since for f e D(2),
(4.11) QJQA) - Df =J)2f.
LEMMA 4.3. For any f e D(2)
H{2J(2) — @2JEHPLA I < @)= ME || 2711
Proof. Note that
(4.12) J(Q) — J22) = AJ(2)J(22)
is a special case of (4.7). Now

W — QUE))f = AWJQ) —D)f — (24(22) + I)24J(21) — I)f

= J()2F — (20J(22) + DJ@)QS by (4.11)
= {J(2) — J(22) — 2T @)} 2F

= J2){2J() — 22T (22)} 2F by (4.12)
= J@O){AJ() — I — 22J(22) + [} 2f

= JEN){JQ) — J@)} 2 by (4.11)
= WJ(DTE)PF by (4.12) .

The conclusion follows from this identity and (4.8).

Proof of Theorem 4.1. Let r be an arbitrary positive number which
will be assumed fixed throughout the following discussion. Write r, as
an abbreviation for 2%r. Define

(4.13) T(n, t) = {r,J(r,)} = .
From the definition we have

T(n + 1, t) = {27"»'](27'”)} [2e7,1
= {2r,J(2r,)} al*?
where ¢ = [2¢tr,] — 2[tr,] = 0 or 1. Thus
T(n + 1, t)f — T(n, t)f = {2r,J(2r,) = ({2r,J(2r,)}: — I)f
+ (2r T @r) Y — {r, I} )

Estimating the first term on the right by Lemma 4.2 and the second
term by Lemmas 4.1 and 4.3, we obtain, for f e D(£2*),
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4.14) [{T(n+m, ) =T, YIS = S IHT (v + k+ 1, ¢) — Tn + k&, £)}1 ||

m=1
>
k=0
oo
>
k=0

IA

ro2T M M| QF || + ML 2D
s 2 (M2 1+ M | 27 1) -

Since the right-hand side goes to zero as m — oo, the vectors T(n,t)f
form a Cauchy sequence and therefore converge. It should be remarked
that the convergence is uniform over every bounded t-interval. D(£2?)
is dense in X since it includes R(J*(1)), and the latter is dense because
of (4.9). From (4.8), ||T(n,1) || = M for all n. Hence, by the Banach-
Steinhaus theorem

(4.15) T(t) = lim T(n,t)

is everywhere defined and satisfies (4.3). Taking » =0 in (4.14) and
letting m — <, we obtain the estimate

(4.16) H{rJ (@)} = TSN = 20 (M Q1| + eM ] 27l

for any f e D(2%).
For any n,

T(n, s + 1) — T(n, s)T(n, t) = T(n, s)T(n, )({r.J(r,)} ¢ — 1),

where ¢ = [r,(s + t)] — [r,s] — [r,t] = 0 or 1.
Consequently (Lemma 4.2)

(4.17) H{T(n, s + ) — T(n, s)T(n, O} 1 || = v’ M || 21 ||

for any f e D(2). Taking the limit as n — o in (4.17) shows that the
operators defined by (4.15) satisfy (4.1) on a dense subset of X, and
hence on all of X, by continuity.

From Lemmas 4.1 and 4.2 we get

(4.18) H{T(n, t) — I}l < v [ml]M° [ QF 1| S tMP )L QS

This inequality must hold also in the limit and shows that lim T'(¢)f = f
t=0

for all f in the dense set D(£2). By the Banach-Steinhaus theorem it
follows that the operators defined by (4.15) satisfy (4.2).

This completes the proof that the operators 7'(¢f) which we have
constructed form a proper semi-group. The construction, however, de-
pended on the choice of a number », and we still have to show that
the result is independent of this choice. We shall show that the semi-
group has the given family {J(2)} as its resolvent family, and since the
resolvent family of a semi-group determines it uniquely, it will follow
that the result of our construction is independent of r.
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We show that {T'(f)} has the original {J(1)} as resolvent family by
demonstrating that the operator 2 defined by (4.10) is the infinitesimal
generator of the semi-group as defined by (4.4). Suppose f € D(2) and
g = 2f. For convenience, let ¢ be such that r,t is an integer for
sufficiently large n. Such values of ¢ are dense in the line. Then

(70,9985 = [ .10 o ds
=t "z (o ()} 2.F

— Z (1 ()T (1) 2.f
+ 14 2f — T(n, )RS}
= 5" )y ) — 1)

+ rH{Qf — T(n, )2}
= T(n, t)f —f + rz"{Qf — T(n, )21} .

Letting n— o we obtain formula (4.5). (Passage to the limit under
the integral sign is justified since T(n, t)f converges uniformly on every
bounded ¢-interval.) The number ¢ was any one of a dense set, and by
continuity, (4.5) must in fact hold for all ¢. This shows that g = Qf
with Q defined by (4.4), and the proof of Theorem 4.1 is complete.

5. Convergence of Semi-groups. Throughout this section {X,} will
be a sequence of Banach spaces approximating X, with associated pro-
jections P,. We shall use the notational convention that vectors with
subscript n are elements of X,, and operators with subscript »n are
operators on X,; vectors and operators without subscript will be as-
sociated with X.

A sequence of semi-groups {T,(¢)} or resolvent families {J(2)} will
be said to be wuniformly proper if each member of the sequence is
proper, and the constant M in conditions (4.8) or (4.8) may be taken
independent of n.

THEOREM 5.1. Let {T,(t)} be a uniformly proper sequence of semi-
groups, and {J,(2)} the sequence of associated resolvent families. Then
of the operators J(2) =lim J,(2) form a proper resolvent family, the

sequence {T,(t)} converges to T(t), the proper semi-group having {J(1)} as
resolvent family.

Proof. Since the T,(t) are uniformly bounded, it will be sufficient,
by Lemma 2.2, to prove that T,(t)f converges to T'(¢)f for a set of f
which is dense in X. It has already been remarked (in the paragraph
following (4.9)) that any operator in a proper resolvent family has a
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dense range. By similar considerations it is easy to show that the
square of any operator in a proper resolvent family has a dense range.
Hence we need only consider f such that f = J*(¢)g for some g and g.
Define ¢, = P,g and f, = Ji(#)g,. Letting 2, be the infinitesimal gener-
ator of T,(t) we have

(5.1) 1 2.5 11 = [[(edu(p) — DJu(#)g ||
SpeMADilg IS M+ Digll=K

and

(5.2) N 2nfoll = 1l (1o(1r) — I)gn |l
SM+D)llgll=M+1)7llgll =K

for some sufficiently large constant K ; we also have || 21|, || || < K.
Now

P,T#t)f — T t)P,.f = P(T(t) — {rJ(@)}')f
+ P {rd(r)} " — {rd (1)} IR, f
+ {r L) P — fa)
+ ({r ) = T,
+ To(O)(Sn — Puf).

Applying (4.16), (56.1), (5.2) and the uniform boundedness of the 7,(?),
this yields

I P T@)S — Tn@)P.f | < 4 K(M + ¢M*) + 2M || P.f — fu |
+ | Po{rd ()} f — {r ()} IR

For any fixed r, the last two terms go to zero as n — oo, because f,— f
and {rJ(r)}* = lim {rJ,(r)}* for any fixed k. Thus

lim sup || PBT(@)f — T.()PuS || = 4r7 K(M + tM) .

Since r may be taken arbitrarily large it follows that T(f)f = lim
T.@®)P,f.

LemMMA 5.1, Let {J. (1)} be a uniformly prover scquence of resolvent
Samilies, such that for some positive p, lim J (#) is densely defined and

has a dense range. Then for every 2, J(A) = lim J,() 4s defined on all

n—>o0

of X, and {J()} is a prover resolvent family.

Proof. That J(x) is everywhere defined follows immediately from
Lemma 2.2, To show that lim J,(1) is everywhere defined we make
N->00
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use of the relation [14, p. 119]
(5.3) T — ) = 30
k=1

where, provided that {v| < g, the series converges in the uniform
operator norm, uniformly in n. This follows from the formula

Tolie = ¥) = IR () + ST )

which is easily derived from (4.7) by induction on m, condition (4.8),
and the assumption that the J,(1) are uniformly proper. For each £,
lim J%(p) is everywhere defined, by the corollary to Lemma 2.3, and

n->o00

the uniform convergence of (5.3) implies that lim J,(2) is everywhere

Nn—o0

defined for 2¢ > 1> 0. Repetition of the argument, replacing g by,
say, 3¢/2, shows the convergence of {J,(2)} for 32 > 1 > 0. By further
repetitions of the argument it can be shown that J(1) = lim J,(2) is

everywhere defined for all 2 > 0. Relation (4.7) holds for each %, and
by Lemma 2.3 it continues to hold in the limit. Condition (4.8) is
clearly satisfied by every J(1). To complete the proof it is only neces-
sary to demonstrate (4.9). Since any f e R(J(¢)) is in D(2), where 2
is defined by (4.10), it follows from Lemma 4.2 that (4.9) holds on
R(J(#2)), which is dense by hypothesis. Since the operators 21J(1) are
uniformly bounded, the conclusion follows by the Banach-Steinhaus
theorem.

THEOREM 5.2. Let {T,(t)} be a sequence of semi-groups satisfying
(4.2) and the stability condition

N Ta(@) = || = Me™

where M and K are independent of n and t. Let 2, be the infinitesimal
generator of T,(t) and define 2 =lim 2,.

n—>co

Suppose that

(i) 0 4s densely defined

(ii) Sfor some 2 > K, R(A — Q) is dense in X.
Then the closure of 2 is the infinitesimal generator of a semi-group T(t)
which satisfies (4.2), and T(t) = 1;3)10 T.(t).

Proof. Define T,(t) = e *T,(t) and 2, = 2, — K. Then 2, is the
infinitesimal generator of T7,(f) and the semi-groups T,(¢) from a uniform-
ly proper sequence. Also 2’ =1lim @, is densely defined and R(2 — K — &)

n—>00

is dense in X, The sequence J,(2 — K) = (4 — K — Q,)"! is uniformly
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bounded, From Lemma 2.4 it follows that J'(1 — K) is everywhere
defined and has a dense range. By Lemma 5.1, the operators J'(1) =
lim J,(2) form a proper resolvent family, which by Theorem 5.1 is the

n—roo

resolvent family of a semi-group 7"(¢) such that 77(¢) = lim T',(¢). Since

J’(2) has an inverse, this inverse (by Lemma 2.4) is the closure of
A— K —, and it follows that the closure of £’ is the infinitesimal
generator of 7"(¢). The results stated for 7'(¢) follow immediately from
what we have proved about 7"(¢).

LEMMA 5.2. Let h be a given positive number, and T an operator
such that || T% || < M for all n. Then Q = (T — I) is the infinitesimal
generator of a semi-group S(t) such that || S(t)|| =< M.

Proof. Define

S(E) = Sk )@EQ) = =7 S (k D) (th- 1Ty

k=0 k=0

That @ is the infinitesimal generator of S(¢) can be verified by term-
by-term differentiation of the first expression given. From the second
expression we obtain

S@) || < e i (e )" (A=Y M < M.

LemmA 5.3. Let h, T, 2 and S(t) be as in Lemma 5.2. For a fixed
t, let k= [th™']. Then for any f,

N S@S — TN = MG 21+ 21

Proof. Iteration of (4.5) gives

S(h)f = f + S:S(t)ﬂf dt

=+ hOf + S:SZS(t)Q{f dtds
—Tf S:SZS(t)QZf dids .
Hence || S(2)f — T/ |} = $2° || 2°f|l. By Lemma 4.1
| S(kh)F — T < 3MPkR? || F || < 30kt || °F ||
when k=[th']. Also
1 S@)S —S(ER)SN = | S(kh) {S(t — k) — I}F || < RM* || 2F || .

THEOREM 5.3. Let {h,} be a sequence of positive numbers converging
to zero, and {T,} & sequence of operators satisfying the stability condition
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NTE | = Me

where M and K are constants independent of n and k. Let Q,=h;(T,—1I)
and define 2 = lim Q,,. Suppose that

n—roo

(i) 0 4s densely defined
(ii) for some X > K, R(2 — Q) is dense in X,

Then the closure of 2 is the infinitesimal generator of a semi-group
T(t) and

T(¢) = lim T.[th; | .

n—>oo

Proof. Define T, = e %"T,, so that forany k, ||T;|| £ M. Then

D =hi (T, — 1) = e "0, —h;*(1 — e %)
and
.Q/:HHIQ;L:Q—K.

Hence 2’ is densely defined and R(2 — K — ') is dense. Let S,(¢) be the
semi-group generated by 0,. Lemma 5.2 shows that the hypotheses of
Theorem 5.2 are satisfied and hence there is a proper semi-group 77(f)
= lim S,(¢), with infinitesimal generator the closure of 2’. For a fixed

n—co

t, define k, = [th,;']. We shall gshow that lim 7T*» = T'(¢). As in the

N-—>oco

proof of Theorem 5.1 it suffices to show that 7"(¢)f = lim T';»P,f for f

n—>o0

of the form f = J¥2)g for some ¢ and 2. Define f,=J%(1)P,g; then as
in the proof of Theorem 5.1 there exists a constant C such that || 231, I,
| 2.7l £ C for all n. Then

1 Sa(®) — T2)P,f || £ Su(@) (Pt — f) |l
+ 1 (Sa(®) — To) 1l
s=2M\||f. — PS || + R MPC(E + 1) .
Since f, = f and %, — 0 this shows that

lim TP, f = lim S,(t)P.f = T'(¢) .

n-»c0

Hence
lim T% = lim e®"* T kn = eX¢T"(t) ,

which is a semi-group 7'(t) with the closure of 2" + K = as infini-
tesimal generator.

6. Random walks and diffusion processes. Throughout this section,
S will denote either the compactified real line [— co, ], or some closed
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subinterval of it. Let S’ be any Borel subset of S, and suppose that
for every x € S’ a positive Borel measure g, is given such that

(1) m(S)=1
(i) p(S—=8)=0
(iii) p,(A) is a Borel function of « for every Borel set A.

We consider a particle which executes a random walk in the fol-
lowing way. Let % be a positive constant. If the particle is at a point
x € S at time kh (k a non-negative integer) then it remains at « during
the interval [k%, (k + 1)h) and at time (k + 1)2 *‘ jumps ”’ so that the
probability that it goes to any Borel set 4 is z,(4). (If 2(S) < 1 then
the particle disappears with probability 1 — #,(S) .) The number 4 is
the basic time-interval of the random walk, and the measures g, are
the one-step transition probability distributions. The set S’ is the suppori
of the random walk. If a probability distribution » on S’ for the initial
position of the particle is fixed, then the random walk gives rise to
what is essentially a discrete parameter Markov process with stationary
transition probabilities. For rigorous definition and further details [3,
p. 190 ff.] may be consulted.

For any bounded Borel function f on S’, the random walk deter-
mines a new function T'f defined by setting

@@ = | @) d) aes.

Condition (iii) implies that 7f is again a Borel function. The one-step
transition operator T is obviously linear and positivity preserving. The
space of bounded Borel functions on S’ is a Banach space under the
norm || f|| = sup |f(2) ], and || T || =< 1 relative to this norm. The adjoint

transformation may be considered as acting on the Borel measures on
S’, and for any such measure v, »T is given by

(T)A) = STxA d

where A is an arbitrary Borel set and y, is its characteristic function.
If v is a probability measure giving the distribution of the initial posi-
tion of the particle then »T™ is the distribution for its position after k
jumps [ef. 3, p. 191]. Thus a random walk is completely characterized
by its support, its basic time-interval, and its one-step transition oper-
ator, and we may speak of ‘‘the random walk {S', A, T'}".

A diffusion process (with stationary transition probabilities) on S is
characterized by giving for each z e S and ¢t > 0 a measure p,, such
that g, (S) <1, which is to be interpreted as the probability distribution
for the position at time s + ¢ of a particle which is at & at time s, To



906 H. F. TROTTER

begin with, it is necessary to have g, (A) a Borel function of x for
every ¢ and every Borel set A [3, p. 255]. Then a family of operators
T(t) on the space of bounded Borel functions can be defined by setting

T(OF (@) = | () dptslt) -

As in the case of a random walk, we may consider the adjoint trans-
formation ; for » a Borel measure on S

CTONA) = (TO1s s

for every Borel set 4. If v gives the distribution for the initial position
of the particle then »7(¢) gives the distribution for its position at time
t. The further conditions which the measures p,, must satisfy are
most easily expressed in terms of the operators 7'(t), which we call the
transition operators of the process. In the first place, we impose the
condition that p,, be a continuous function of & with respect to the
weak topology on the measures; this is equivalent to requiring that
T(t)f be continuous when f is continuous (ef. [11]). Secondly, we would
like to require that for any continuous f, 7'(¢)f converge uniformly to
S as t > 0, but certain processes (those with absorbing barriers) do not
satisfy this condition. One or both end-points of S may be absorbing
barriers ; intuitively speaking, an end-point is an absorbing barrier if a
diffusing particle disappears immediately when it reaches that point.
In such a case, the range of T(t) contains only functions which vanish
at the absorbing barrier(s). Throughout the rest of this section, let X
be the Banach space of continuous functions on S which vanish at those
end-points which are absorbing barriers for the diffusion process under
consideration. We shall require that T(¢)f converge uniformly to f as
t— 0 for all fe X. For the process to have the Markov property, the
operators 7'(t) must have the semi-group property (4.1). It is obvious
that || T'(¢) || £ 1. The conditions imposed so far may be summarized as:
The operators T'(f) form a proper semi-group of operators on the
space X.
Finally, in order to restrict attention to diffusion processes rather than
more general types of Markov process, we suppose that
The infinitesimal generator of the semi-group 7(¢) is a restriction
of an operator of the form

d d
6.1 o= % %
(6.1) dm dx
where m is a strictly increasing function of z.
It has been shown by Feller [10, 11] that all one-dimensional diffusion
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processes satisfying certain regularity conditions have associated semi-
groups whose infinitesimal generators can be put into the required form
by a suitable choice for the coordinate function z.

Suppose that for each n a random walk {S,, h,, T,,} is given, and
that a diffusion process with transition semi-group 7'(f) is also given.
We shall say that the sequence of random walks converges to the dif-
fusion process if

(i) For every probability measure v on S, there exists a sequence
of probability measures v, converging weakly to it, with the support
of v, contained in S,.

(ii) For every such sequence v,, and every ¢ > 0, the probability
distribution for the position at time ¢ of a particle starting with initial
distribution v, and executing the nth random walk converges weakly
to the probability distribution at time ¢ for the position of a particle
starting with initial distribution v and following the diffusion process.
The weak convergence referred to above is weak convergence relative to
the space X.

Now let X, be the Banach space of bounded Borel functions on S,,
and define P, : X — X, by taking P,f to be the restriction of f to S,
for any f ¢ X. Suppose that the S, become dense in S, as in Example
2, §2; then the X, form a sequence of Banach spaces approximating
X. The adjoint space to X consists of the Borel measures on S (with
the exception of measures giving non-zero mass to end-points which
are absorbing barriers). The Borel measures with support included in
S, may be considered as elements of X}, and for any such measure
Vny YaPn = v,. It is clear that condition (i) will be satisfied. Condition
(ii) may be restated as follows. For any sequence of probability meas-
ures v, converging weakly to v, »,T,[**z1 converges weakly to »T(t).
Thus as a direct consequence of the definition of weak limit in § 3, (ii)
will be satisfied if 7*(¢) is the weak limit of Txun;'l Finally, appealing
to Lemma 3.2, we obtain the following sufficient condition for con-
vergence.

In order that a sequence of random walks converge to a diffusion
process as described above, it is sufficient that the S, become dense
in S and that T(¢) = lim T,
Our subsequent discussion will be directed to giving conditions under
which this criterion holds.

The simplest example is the convergence of the symmetric random
walk to Brownian motion [6, Chap. 14]. Let S be the real line. The
standard Brownian motion process is obtained by taking
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o) = | @rtytexp{— Lo oy} au.

The nth symmetric random walk has the integral multiples of n~* for
support, and basic time-interval A, = n~%. For x ¢ S,,

p, = ; (@ + n-Y) + %B(w — 0,

where d(x) denotes the measure giving unit weight to the point 2.

The convergence in this case follows immediately from a special
case of the central limit theorem (namely, the normal approximation
to the binomial distribution). From more general versions of the central
limit theorem it may be shown that many different random walks con-
verge to Brownian motion. The precise form of the one-step transition
probability distributions is largely irrelevant ; essentially all that matters
is the behaviour of the mean displacements and mean square displace-
ments. Our goal is to establish similar results for the more general
diffusion processes described above.

Before giving our next set of definitions, we must fix some nota-
tional conventions. Assuming that some definite diffusion process is
under discussion, we normalize the function m occurring in (6.1) so that
it is continuous on the right in the interior of S and continuous (possibly

b
with values + o) at the end-points. The expressiong fdm denotes the

integral over the half-open interval (a, b] if @ < b, and the negative of
the integral over (b, a] if @ > b. The derivatives of functions in D(RQ)
may have simple discontinuities at the discontinuities of m [ef. 10], and
we use f'(x) to denote always the right-hand derivative of f at x.

The necessary and sufficient conditions for the central limit theorem
[5] involve truncated means and variances of the distributions concerned,
rather than the actual means and variances (which need not exist).
Let C be a covering of S by intervals, and for every x € S define C,
to be the union of those elements of C which contain x. Then for a
random walk with transition probabilities x, we introduce the following
functions, defined for all x in the support of the random walk.
The residual probability at x is

(6'2) Pg(w) = lu:c(S - Cx) .
The truncated mass defect at x is

(6.3) (@) =1 — p(C,) .

The truncated mean displacement at x is
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(6.4) K@) = | -2 dn).
The (generalized) truncated mean square displacement at x is
(6.5) @) = |, v a0
where

0.y) = | {m(u) — m(@)} du

i the solution of Qv =1 which satisfies the conditions v(x) = v,(x) = 0.°
For functions in D(2) we obtain the ¢ Taylor expansion ’’

6.6)  Fly) =F@)+ S:f’(u) du
= f(@) + (y — 2)f (@) + SZS:Qf(w) dm(w) du
= F(@) + (y — D) (@) + 0@)Rf(@) + E@, )

where E(x, y) is an error term whose absolute value does not exceed
the oscillation of ©2f on the interval (z,y). Putting this estimate to-
gether with the definitions (6.2) — (6.5), we obtain

) Tfa) = | fwdmw) + | £@) duw

= f(@) + s%(@)2f (@) — ¢°(x)f (x)
+ k@) () + s°(x)E(x)
+ O@°(x) ||f 1D

where | E(x) | does not exceed the oscillation of 2f on the interval C,.

A family of coverings will be said to contain arbitrarily fine mem-
bers if it contains a refinement of every finite covering of S by open
intervals.

Suppose a diffusion process with transition semi-group 7'(¢) and a
sequence of random walks {S,, &, T,} are given and that the space X
and the approximating sequence X,, P, are defined as described above.
Define 2, = »;{(T, — I).

LEMMA 6.1. Suppose that there exists a family of coverings contain-
ing arbitrarily fine members such that for every covering C in the family

¢ In the case of Brownian motion, m(x) = 2z, v.(y) = (x — y)* and sC(x) is the usual
truncated mean square displacement. The remark that the definitions given above furnish
the appropriate generalization is due to W. Feller.



910 H. F. TROTTER

() = o(h,) and si(x) = O(h,), uniformly for x€ S, as n—> o.” Then
for any f e D(RQ),

g
N> 00 ben

= lim sup &;'| — qi(@)f () + kS(2)f"(x) + (s5(x) — 2, )0 () | .

n—>o00 TES

Froof. The functions in X are continuous on a compact set ; hence
Qf in particular is uniformly continuous. For any ¢ > 0, there is a
covering C in the postulated family which is sufficiently fine that the
oscillation of Qf on any C, is less then ¢. Then for any z e S,, (6.7)
gives

(6.8) LuPuf(x) — 2f () = ha'{— (@) (@) + ki(@)S' ()
+ (s5(x) — k) 2f (x) + O(esi(x) + pi() £ 1D} .

From the assumptions, the last term on the right is O(¢), uniformly in
n, and since ¢ is arbitrary, the conclusion follows.

In order to apply Theorem 5.3 to show that lim 70" = T(t) we

n->00

must show that lim Q,P,f = 2f for sufficiently many functions f. Aec-

n—>oo

cording to the definition, this means that we must show that

lim sup | 2,P.f(x) — 2f(x)|=0.

n—eo €S,

We shall in all cases assume the following

Condition A. There exists a family of coverings such that the
hypotheses of Lemma 6.1 are satisfied, and such that

(1) ga(x) = o(hy,)
(i) ki(x) = o(h,)
(iii) s3(x) = Ay + o(hn)
as n — oo, uniformly for « bounded away from the end-points of S.

We remark that since f and 2f are bounded for any f e D(2) while f
is bounded except perhaps near the end-points of S, these conditions
imply that

(6.9) —qa(@)f () + k@) (2) + (s2(@) — ka)2S = o(ha)

for any f € D(Q2), uniformly for x bounded away from the end-points
of S.

7 The first assumption is essentially the Lindeberg condition [9], strengthened by the
requirement of uniformity, and implies that lim £, is of local character.

n—oo
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The conditions to be imposed on ¢, k¥, and s near the boundaries
are more complicated and will depend on the boundary conditions used
to define 2 as a contraction of Q'. The classification of types of bound-
aries and possible boundary conditions has been given in [8], and justifi-
cation for the assertions made in what follows regarding the behaviour
of the solutions of the homogeneous equation (1 — Q2)u =0 is to be
found there. In [8] a different canonical form for the operator £’ is
used, so that the statements require some translation to fit our situation;
[19] contains a summary of what we need in terms of the present nota-
tion. For simplicity, we shall consider only boundary conditions under
which 2 is of local character at the end-points of S as well as in the
interior. This restriction rules out any interaction between the bound-
aries of the sort described in [8] and they can be considered separately.
We shall discuss in detail only the left-hand boundary. The modifications
necessary to deal with the right-hand boundary will be obvious.

Since T'(¢) is a proper semi-group, the resolvent (1 — Q)~' is defined
on all of X. (From here on we take 1 to have some fixed positive
value.) Let Y be the linear subset of X consisting of all functions
which are constant in some neighbourhood of each end-point. Suppose
g€ Y has the value ¢ in a neighbourhood of an end-point, and let
S=(@ — Q2)'g. Then (2 — 2)(f — ¢2™') = g — ¢ = 0 on this neighbourhood.
Hence in this neighbourhood, f has the form

(6.10) S(w) = bu(x) + constant

where b is some constant and u is the solution (unique up to a constant
multiple) of (2 — 2')u = 0 which satisfies the boundary condition for £
at the end-point in question.

LEMMA 6.2. Let 2 be the restriction of Q2 to those functions in D(2)
which are of the form (6.10) in some ~ne’ighbourhoocl of each boundary.
Then Q2 is densely defined, and R(2 — Q) is dense in X.

Proof. It is clear that O is densely defined. From the remarks
preceding the lemma, R(2 — 2) D Y which is dense in X.

Let » denote the left-hand end-point of S. We first consider the
case where r is a natural boundary, so that no additional boundary
condition may be imposed. The functions u(z), ¥'(x), and Qu(x) all tend
to zero as x approaches ». Hence for f € D(!§), f and 2f tend to zero
as x> 7r. Then if

Condition B.1. For every covering of the family postulated in
condition A
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9n(@) = o(hn)

ku@) = O(hy,)

sa(@) = O(h,)
uniformly in some neighbourhood of 7,

is satisfied, it is clear that for every f e D(.(:)) and every &> 0, there
exists a neighbourhood N of 7 such that

(6.11) lim supg hit| — @4(x)f(x) + K@).f () + (s5(x) — h)2f () | S €.

n-eo TEN NS

In the case of an ewxit boundary, we shall suppose that the absorb-
ing barrier condition f(r) =0 is imposed. Then the functions u(x) and
Qu(x) vanish at r, while «/(2) is continuous at » and has a finite non-
zero value there. Since f(r) =0, any fe D(2) is a multiple of w in
some neighbourhood of ». At an exit boundary, = is finite and we may
integrate to obtain

f@)=f(r)+ @ —7)f(r)+ox—7r).
Making use of this and the continuity of f and Qf, we see that if

Condition B.2. For every covering of the family postulated in
Condition A

(1) (@ —7)gi(®) = Oh,)
(ii) ka(x) = O(h,)
(1ii) sa(@) = O(h,)
(iv) —(@ — r)as(@) + ki) = o(h,)
uniformly in some neighbourhood of 7,

is satisfied, then for any f e D(2) and ¢ > 0 there exists a neighbourhood
of 7 on which (6.11) holds.

At an entrance boundary r is infinite while m is finite. The func-
tion » has the property that u'(r) = 0. Hence for fe D(2), f(r) =0,
and integrating with respect to m yields

S(@) = {m(x) — m(r)}2f(r) + o(m(x) — m(r)) .
Using this it is easy to see that

Condition B.8. For every covering of the family postulated in
Condition A

(1) {m(@) — m(r)} k(@) = C(h)
(ii) s°(x) = O(ha)
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(iii) {m(@) — m(r)} k() + si(x) — h, = o(h,)
(iv) q5(®) = o(h,)
uniformly in a neighbourhood of 7,

implies (6.11) for some neighbourhood N.

At a regular boundary, m and r are both finite, and the boundary
condition is of the form

(6.12) alf(r) +bf' (r) +cf(r)=0
where a, b, and ¢ are constants, not all zero. For fe D(2) we have
Qf (@) = 25 (r) + o(1)
and by integrating obtain
F(@) = () + {m(@) — m@)}2f (r) + o(m(x) — m(r))
and
f@) = f(r) + (@ — 7)) + v (@) (r) + o(v,(2)) -

Under these circumstances, the following condition is sufficient to give
the conclusion (6.11) for any ¢ > 0 and any f € D(2).

Condition B.4. For every covering of the family postulated in
condition A

(i) vAx)gn(x) = O(hy)
(ii) {m(x) — m(r)}ki(@) = Oh,)
(iii) sa(@) = O(h,)

(iv) e{ki@) — (x — r)gi(@)} + ban(x) = o(ha)
(v) a{ki(@) — (@ — r)aa(@)}
—b{sY(x) — hn + {m(x) — m(r)} k(@) — v, (®)qu@)} = o(hn)
(vi) e{si(@) — by + {m(@) — m(r)} k(@) — v(@)g: (@)}
+ agi(x) = o(ha) ,
omitting (vi) if a =b = 0.

The last three conditions are of course not independent, and if neither
a,b, nor ¢ is zero any two of them imply the third. Condition (vi) can
be omitted if @ = b = 0 because this is the absorbing barrier condition and

hence for f e D(2),f(r) = 2f(r) = 0.
Putting all these results together, we obtain as the final result

THEOREM 6.1. If a diffusion process and a sequence of random walks
are such that
(i) The supports S, become dense in S and
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(ii) Condition A and the appropriate conditions from among B.1,
B.2, B.3, B.4, and their analogues for the right-hand boundary
are satisfied

then the random walks converge to the diffusion process.

Proof. For any ¢ >0 and any fe D(f)) the conditions imposed
near the boundaries imply the existence of neighbourhoods of the bound-
aries on which (6.11) holds. Taken with Condition A and Lemma 6.1,
this implies that for fe D(Q), lim Q,P.f = 2f. Hence, from Lemma

6.2, lim Q, is densely defined an?l%:l — lim 2, has a dense range. Since

the gﬁzrators T, are all bounded by 1, n’fﬁeorem 5.3 applies to give the
desired conclusion.

For our first example we shall take Brownian motion on the half-
line [0, o], for which there is a regular boundary at the origin and a
natural boundary at infinity. Let {4,} be a sequence of positive num-
bers converging to zero, and define d, = &}>. Consider a sequence of
random walks, with the nth walk having a basic time interval %, and
support S, consisting of the non-negative integral multiples of d,. Away
from the origin take the ordinary symmetric random walk with

1 1
n— 25 )+ o — d,
= 0w+ do) + ) O — d)

for x € S,, x #+ 0. The behaviour at the origin will, of course depend
on the boundary condition to be imposed on the diffusion process. As
the family of coverings required in condition A we shall take the family
of all finite coverings of [0, ] by open intervals. Since d,— 0 it is
easy to see that for any fixed covering, for sufficiently large n, pi(x)=
() = k5(x) = 0 and s%(x) = A, for all ze S,, x = 0. Thus Condition A
is satisfied, and so is Condition B.1 at the natural boundary. Further-
more, whatever condition of type B.4 is imposed at the regular boundary,
it will automatically be satisfied in any neignbourhood of that boundary
except at the origin itself. At the origin the Conditions B.4 reduce to

(1) s%(0) = Oh,)
(ii) ¢k3(0) + bg7(0) = o(hy)
(iii) ak2(0) — b{s%(0) — Zn} = o(hn)
(iv) ¢{si(0) — Zn} + ag7(0) = o(hy)
where (iv) can be omitted in the absorbing barrier case.

In order to obtain convergence to the absorbing barrier process, it
is sufficient that no particle which reaches the origin returns to the
interior of the interval (i.e., once a particle is at the origin, it either
stays there or disappears). In this case, k5(0) = s(0) = 0, and since in
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the absorbing barrier process @ = b = 0 and condition (iv) can be omitted,
the conditions are satisfied.

It is slightly more complicated to obtain a sequence of random
walks converging to a diffusion process with an elastic barrier condition
a=0,b=1, ¢c= —a (which by taking o« = 0 specializes to the reflecting
barrier condition). It can be done by letting a particle reaching the
origin be ‘‘reflected’’ to the point d, with probability (1 + ad,)™' and
disappear with probability ad,(1+ad,)-*. This gives ¢%(0) = ad.(1+ad,)™},
k5(0) =d (2 + ad,)?, and s5(0) = d(1 + ad,)"'. Remembering that di=h.,
it easy to verify that the conditions given above are satisfied.

As a further variation of Brownian motion, let us consider the dif-
fusion process on [— o, ] defined by taking

mlx] = 22 — 1 x <0
=2+ 1 x=0.

This is known to give a Brownian motion process modified by the in-
troduction of a ‘‘delay >’ at the origin so that the set of times for which
a particle is at the origin is a nowhere-dense set of positive Lebesgue
measure. We shall show that this process is the limit of symmetric
random walks, modified so that a particle at the origin has probability
1 — d, of staying there at the next jump, and probability d./2 of jump-
ing to each of its neighbours. (We use 4, and d, with the same meaning
as in the previous example). As before, we have ¢(x) = k%x) = 0 for
all e S,, while si[x] = h, for all & #+ 0. Noting that v (y) = y* for
y =0, and v(y) =9y* + 2|y| for y < 0, we obtain

§5(0) = du(d; + dn)
= b+ & = by + o) -

The boundaries are both natural and Conditions A and B.1 can obviously
be satisfied by taking the required family of coverings to consist of all
finite coverings of the line.

As a final example, in which it is not so evident a prior:i what the
appropriate boundary conditions are, we consider the limiting behaviour
of a sequence of random walks encountered in genetic theory. These
processes are discussed in [7, p. 232 ff.] and their genetic interpretation
is described there. We have made some inessential changes in notation
for purposes of convenience.

The processes take place on the interval 0 =y =1. (We use y as
coordinate to reserve x for the natural scale used to express £’ in the
form (6.1).) The nth random walk has basic time-interval A, = n~!
and support the integer multiples of »~'. The one-step transition
probabilities are
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(6-13) My = g,d(ﬁ)pﬁyqﬁ'f(ym)
so that
T.f(y) = kZo D% 4 (W)

where y, = kn Y, Dy =1 — @, =yl —rn"Y) + (1 — y)sn~!, and r and s
are non-negative constants.

It is easy to check that the formal limit of the operators 2, =
n(T, — I) is the differential operator

(6.14) o = ;ya — YD + {5 — (r + 8y} D

where D denotes differentiation with respect to y.! The natural scale
x, and the monotone function m needed to express Q' in the form (6.1)
may be taken as [10, formula 4.2]

(6.15) o(y) = Sj/f_zs(l — ) dz

m(y) = 2Sv/ 251 — 2y tdz .
1/2

The nature of the boundary at y = 0 depends on the value of s; the
nature of the boundary at y = 1 depends similarly on the value of r.
We shall discuss only the left-hand boundary in detail, since there is
obviously a complete symmetry. Checking with the criteria given in
[8] or [19], we see that the boundary at y = 0 is an exit boundary if
s = 0, a regular boundary if 0 < 2s < 1, and an entrance boundary if
2s > 1.

It would presumably be possible to show that the sequence of
random walks under consideration satisfies our Condition A and the
appropriate conditions at the boundary, but the functions # and m are
not elementary, and it would be complicated to obtain satisfactory
estimates for the mean displacements, etc. We shall instead make
direct use of Lemma 6.2 and Theorem 5.3.

We assert that ¢f f has a continuous second derivative on the closed
wnterval [0, 1] them lim Q,f = Q'f. To prove this, observe first that for

the constant function 1, for g(y) = y, and for A(y) = »*, simple calcula-
tions from the elementary formulas for the mean and variance of a
binomial distribution give

8 Goldberg [12] discusses the solutions of the equation 8f/dt = 2'f under various
boundary conditions.
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01=0=01
2,9(y) =8 — (r + s)y = L9(y)

Quh(y) = (1 + 28)y — (1 + 2 + 28 + O(n™?)
= Qh(y) + O(nY) .

It is also easy to verify (for instance, by estimates obtained from the
normal approximation to the binomial distribution) that for any ¢> 0,

) = | e = o)
|z-y|>e

uniformly in y. Then using a second-order Taylor expansion, any f with
a continuous second derivative can be approximated over the interval
(y —¢,y+¢) by a linear combination of 1, g, and % so that the error
at z is less than (y — 2)’E, where E, is the maximum oscillation of D*f
on any interval of length 2¢. Estimating f by such a linear combination,
we obtain

2.0 () = 2F(y) + O(n™" + E;) + npy(y) .

Since E. can be made arbitrarily small by suitable choice of ¢ and for
each such choice np;(y) = o(1), our assertion holds as stated.

We shall complete the proof that the random walks (6.13) converge
to a diffusion process associated with the operator (6.14) by showing
that (if a suitable boundary condition is imposed in the regular boundary

case) all functions in D(.é), where Q is defined as in Lemma 6.2, have
continuous second derivatives on the closed interval. Then we shall
have lim 2, densely defined and R(2 — lim £,) dense, so that Theorem

5.8 will apply to give the desired conclusion. Of course, every f € D(2')
has a continuous second derivative on the open interval, but since the
coefficient of D? in Q' vanishes at the end-points, the continuity of Q'f
on [0, 1] does not imply the continuity of D*f there.

The homogeneous equation (1 — Q)u = 0 may be put into the form
of the standard hypergeometric equation

y1 — p)u'(y) + {¢ — (@ + b + Dy} (y) — abu = 0 by determing a, b,
and ¢ from the equations

c = 2s
a-+bdb+1=2r+2s
ab = 21.

The solutions of this equation are given in terms of hypergeometric
functions in section 2.3.1 of [2], whose notation we adopt. In the case
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of a non-regular boundary there is a unique solution which is bounded
at 0. This solution is

=yFla—c+ 1,0 —c+1;2;¥9)
for the exit boundary case, ¢ = 2s = 0, and
u = F(a, b; ¢; v)

for the entrance boundary case, ¢ = 23 > 1. Since the hypergeometric
function is analytic at the origin, it has a continuous second derivative
there.

In the case of a regular boundary, 0 < ¢ = 2s < 1, there are two
independent solutions which are bounded at 0, namely

u, = Fla, b; ¢; ¥)
and
Uy =yFla—c+1 b—c+1 2—cy).

We now impose the reflecting barrier condition, df/dx—0 as z— 0.
From (6.15)

47— 41 — "D
dx

and it is easily verified that du,/dxz — 0 at the boundary, but that du,/dz
does not. Thus solutions of the homogeneous equation which satisfy
the boundary condition imposed are multiples of %, and have a con-
tinuous second derivative at 0.
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