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0. Introduction

K. It6’s idea of constructing Markov processes from Poisson point processes is
a powerful tool in various fields of probability theory and has many applications.
One of them is a simple proof of Lévy’s downcrossing theorem for Brownian motion:
Let {B(f); t=0} be a one-dimensional standard Brownian motion starting at 0 and
¢(1) be its local time at x=0; '

0.1) (1) =lim, . o (4&)! S; lcoo(B)ds as..

For ¢>0, =0, define
(0.2) d/(t)=the number of times that the reflecting Brownian motion |B(-)| crosses

down from x=¢ to 0 by time 1.

If we apply Itd’s idea, we easily see that d (¢~ !(1)) is a Poisson process with intensity
2/e, and from the strong law of large numbers we have the well-known Lévy’s down-
crossing theorem (see [14]);

(0.3) lim,_ ed (1)=2¢(1), 1=0, a.s..

Furthermore, if we apply the CLT (central limit theorem) instead of the law of large
numbers, we have

Theorem 0.1. ([7])
d(0)=(ed (1) —2¢(1)]\/2¢ -2 B(¢(1)) as e¢—0
where B(-) is an independent copy of B(-). ‘ '

Here, -2, denotes the weak (i.e. narrow) convergence of the distributions on
the function space D=D([0, o)) (see section 1 for details). Of couse the only thing
that needs proof in Theorem 0.1 is the independence of B(-) and ¢(-), and in [7] the
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author proved it using F. Knight’s representation theorem for continuous martin-
gales and did not use It6’s method explicitly. However, the idea of [7] widely
depends on a Stroock lemma which gives a continuous martingale approximation to
d(-), and cannot be applied to similar problems for other interesting functionals of
Brownian excursions considered by [t6-McKean [6]. In the present article we
return to Ito’s approach and give another proof of Theorem 0.1 as a special case of
a CLT for Poisson point processes. The merit of this approach is that the independ-
ence of B(-) and ¢(-) can be understood from the well-known theorem for processes
with independent increments (i.e., if (x(t), y(t)) is a vector-valued Lévy process, if
x( -) is continuous and if y(-) is a jump process then x(-) and y(-) are automatically
independent). Using this method we can also prove CLT’s for limit theorems for
Brownian excursion intervals: Define

(0.4) n(1)=the number of the excursion intervals in [0, t] of length=e¢,
(0.5) &.(r)=the total length of the excursion intervals in [0, 1] of length <e.
Then it is well known that

(0.6) lim,.o /me2 (0 =2(1), 120, a.s.,

0.7) lim,_o /m/2e E(1)=2¢(1), 120, a.s.,

(see page 43 of 1t6-McKean [6] and Ikeda-Watanabe [5]). For these two theorems
we can prove the following as special cases of a CLT for Poisson point processes.

Theorem 0.2. As ¢—0,
1) ={/me2 n (1) = 2¢(1)}[(27e) 1+ 2 B(p(1))

where B(¢(1)) is the same as before.

Theorem 0.3. As -0,
En={n[2e & (1)—2¢(1)} [(2me[9)"/* —2—, B(¢p(1))

where B(d(1)) is the same as before.

We now explain the contents of this paper. In section | we give a quick review
of some fundamental notations and facts of the Skorohod function space D. Basi-
cally we shall follow Billingsley [1] and Lindvall [10] but we shall also state some
fundamental facts which are well known but, as far as the author knows, have not
stated explicitly. In section 2, we prove a CLT for processcs of the form X ,(1)=
Z(A71(1) where (Z;( ), A,(-)), A>0 arc vector-valued Lévy processes. (Notice that
d,, 1, &, are typical examples.) Our theorem itself is an easy consequence of well-
known results for Lévy processes. However, it should be emphasized that the inde-
pendence of B(-) and ¢(-) in Theorems 0.1-0.3 will turn out to depend deeply on
the fact that B(-) is continuous. In section 3, we apply the theorem in section 2 to
the case where the process X,(-) in question is based on a Poisson point processes.
This theorem will be applied to Brownian excursions in section 4 and Theorems 0.1-
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0.3 will also be proved. In section 5, we consider a discrete-time version of the
theorem in section 2. Here the processes in question become sums of random num-
ber of i.i.d.(independent, identically distributed) random variables. This kind of
problems has been studied by a number of authors. However, they were concerned
only with one-dimensional marginal distributions, and here we shall consider the
convergence in the function space for a special but the most interesting case of
Kesten’s result in [9], which was studied in connection with the occupation time
problem for Markov chains. In the last section, we give an extension to multi-
dimensional cases, and we shall see that the three Brownian motions B(-)’s appear-
ing in Theorems 0.1-0.3 are mutually independent.

1. Preliminaries from Skorohod’s function space

For T>0and d=1, 2,..., we denote by D [0, T]=D([0, T]— R*) the space of
all right-continuous R4-valued functions on [0, T] having left-limits. D‘[0, c0)=
D([0, c0)—>R¥) can bc defined in a similar way. We endow D@[0, T] with
Skorohod's J,-topology. Thercfore, w,(-)e D'¥[0, T] converges to we D@[0, T]
if and only if there exist strictly increasing, continuous functions {4,(+)},, on [0, T]
with 4,(0)=0, 4,(T)= T such that

(1 I) Iirnn—»o:; Sup0§t§T {Iwn()‘n(t)) - W(t)l + l'ln(t) - tl} =0.

It is well known that there exists a metric on D)[0, T] compatible with this con-
vergence and that with respect to this metric D(“)[0, T] becomes a complete separable
metric space (see Billingsley [1]). The topology of D0, o) (we often denote this
space by D@ for simplicity) is defined as follows. We say that w,(-)e D converges
to w(-)e D™ if and only if there exist strictly increasing continuous functions {4,(-)}
on [0, oo) with 2,(0)=0, 4,(00)=00 such that, for every T>0, (1.1) holds. This
convergence was introduced by C. Stone [11], and Lindvall [10] showed that this
convergence is compatible with a metric with which D) becomes a complete separable
metric space. [10] also proved that w, converges to w in D if and only if rpow,
converges rpow in D0, T] for every continuity point Tof w(-). Here, ryow denotes
the function in DM[0, T] which is identical to w on [0, T]. (When there is no
confusion, we shall simply write w rather than rpow in the rest of this paper.) There-
fore, {w;} =D is a convergent series if and only if so it is in D([0, T,] for every k,
where {T,},-,,,, . is some sequence tending to infinity (but depending on {w;}).
Indeed, if {w;} is a convergent series, then choose {T,} from the continuity points of
the limit w(-). Conversely, if {w;} is convergent to w*)(.)e D[0, T,] for every
k, then wc can find a function we D'**) such that w*'(f)=w(t) on [0, T,) (but
wi(T,)# w(Ty) in general unless w is continuous at t=T,). It is not difficult to show
that w; converges to w in D', which proves the assertion. This observation leads
us to.

Lemma 1.1. A subset K< D@ is relatively compact if there exists {Tk} tendiﬁg
to infinity such that K (precisely, ry oK) is relatively compact in D[0, T,] for



524 Yuji Kasahara
every k.

By relatively compact we mean that the closure of the set is compact. Since
D' and D¥[0, T] are Polish spaces, a set K is relatively compact if and only if every
sequence in K contains a convergent subsequence. The reader should notice that
the converse of Lemma 1.1 is false. Here is a counter-example;

Example 1.2. Let A=[I, co)U {00} be the one-point compactification of
[1, o0). Define for ae[1, o), w(t)=1 if 1€[0, o) and =0 if te[a, o), and let
wy(t)=1 identically. Then clearly {w,} converges in D® to w, if and only if {a}
converges to «. Therefore, {w,},.r is @ compact set in D). However, for every
T>2, this set (precisely, {rrow,}) is not relatively compact in D@[0, T] because
{Wr_(1;,}; does not contain any convergent series.

Let X,(-), A>0 and X(-) be stochastic processes with sample paths in D).
By X,(-)-2sX(-), A—» o0 we denote the weak (narrow) convergence of distributions
in D,  We can also define convergence in distribution in D40, T], and we shall
denote it by X,(-)-2-X(-) in D@[0, T] as A—o0. Since D) and D@[0, T] are
Polish spaces, these convergences can be realized by almost everywhere convergences
without changing the law of each process (see Skorohod [12] or page 9 of Ikeda-
Watanabe [5]). Let Ty consist of those t in [0, o) for which P[X(f)=X(t—)]=1.
The complement of Ty in [0, 0o) is at most countable. We say that X() is stochasti-
cally continuous if Ty coinsides with [0, c0). By X,(-){fd- X(.), A»00 we mean
that the convergence in law of (X ,(t,), X (t3),..., Xa(t) to (X(t,), X(t3),-.., X(t)
for arbitrary k=1, 2,... and {t,,..., t;} in Ty. It should be noted that we do not
require the convergence of all finite-dimensional marginal distributions. Clearly,
X;—2, X holds if and only if

(1.2) X, L4 X
and
(1.3) the laws {P,}; of {X,}, form a tight family.

Of course these notations and facts can be translated to D¥[0, T] in the obvious
manner. For the definition of tightness see page 7 of [5]. It is well known that
tightness is equivalent to relative-compactness for probabilities on D) or D[O0,
T]. We shall use the following lemma repeatedly in this paper implicitly or ex-
plicitly.

Lemma 1.3. (i) If there exists {T }, (— o) such that the laws {1"’,1},1 of
{X,}; form a tight family on D[0, T,], then it is also tight in D@ = D®[0, o0).
(ii) If there exists {T}&- | (—o0) such that X,~2,X on D'9[0, T,] for every k, then
X=X in D,

Proof. 1t suffices to prove only (i). By assumption, for every ¢>0 we can
choose a compactum K, , in D@[0, T,] such that

(1.4) sup Prrl[K > 1—¢/2%,
2
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where the restriction operator ry is the same as before. Let
K.=Nx, "?iKg,k- Then, clearly P,[K,]>1—e¢. It remains to prove that K, has
compact closure. However, it is proved in Lemma 1.1. '

Remarks. (i) Precisely speaking, the assertion of the above lemma should be
written as follows: If the laws {P,r7!K,,} form a tight family in the space of all
probabilities in (D“[0, T,]1, %o,1,;) then {P,} is tight in the space of all probabilities
in D@, However, the author believes that there will be no confusion.

(i) The converse of Lemma 1.3 (ii) is true. However, the converse of Lemma 1.3
(i) is false. A counter-example can easily be found in view of Example 1.2. (A
relevant result can be found in Corollary in section 4 of [10]. However, P (and
hence T,) in the statement seems to be undefined, and the author could not understand
his assertion.)

(iii) The proof of Theorem 3 of [10] also proves Lemma 1.3 (ii).

We next remark on another topology on D™ (or D[0, T]). Since D can
be identified with the product space D' x D) x ... x D' we can also consider the
product topology come from J-topology of D(). For simplicity, we shall call it
the product topology. These two topologies are the same if restricted on the space of
continuous functions but, in general, the product topology is weaker than the ordinary
J;-topology in D@, Indeed, w;=(w;(9)i_, converges to w=(w'?), in the product
topology if and only if w{? converges to w® in DV for every g, by definition.
However, it is known that w; converges to w in D) if and only if (w;, {) converges
to (w, &) for every & e R4, where (-, -) denotes the usual inner product of R (see
Appendix (A.26) and (A.28) of Holly-Stroock [4]). However, in the present paper,
we consider only the cases where all coodinates except one of the limiting processes
are continuous with probability one. In these cases one can easily see that the
convergences in these two topologies are equivalent to each other. Therefore we
shall not distinguish these two in the rest of this article: When we need to prove
tightness of measures, we use the product topology and the conclusion may be stated
in D@-topology. However, this abuse of terms will cause no confusion in the
problems we are concerned with.

Finally we explain a notation. Throughout, inverse function (or process) of a
nonnegative, nondecreasing function ¢(t), 1=0 will always defined by ¢~ '(f)=
inf {s: ¢(s)>1}. Therefore, ¢='(t), if defined, is assumed to be right-continuous.

2. A limit theorem for Lévy processes

A stochastic process {X(1); 120} with sample paths in D'¥) is called a d-dimen-
sional Lévy process if it has independent increments and is stochastically continuous.
It is well known that the law of a temporally homogeneous Lévy process is completely
determined by its characteristic function E[exp i£X(1)], if X(0)=0. Using the
independent-increment property, we see that the convergence of all finite-dimensional
distributions is equivalent to the convergence of the characteristic functions. Fur-
thermore, Skorohod [13] proved that this also implies the convergence in law in
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D0, T] (and therefore, in D¢ = D [0, o0)).

Theorem 2.1. Let (A;(-), B,(-)), A>0 be temporally homogeneous 2-dimen-
sional Lévy provess starting at (0, 0) such that A,(-) is nondecreasing with proba-
bility one. Suppose

(2.1) lim,_, . E[exp {i¢B;(1)}]=e"%2, feR
and
(2.2) lim, ., E[exp { —sA,(1)}]=exp [c— S: (1 —e=snyn(du)],

for s>0, where n(du) is a measure on (0, o) such that

(2.3) g: min {1, u}n(du) < oo

and

(2.4) c<0 or g: n(du)= co.

Then,

(2.5) B;(A7'(t) =25 B(A™'(1)) as A— o

where A~!(-) is the inverse process of temporally homogeneous Lévy process A(t)
© g

with Laplace transform expr{c—S (1 —e)n(du)} and B(-) is a standard
0

Brownian motion independent of A(-).

Proof. Let A(-) and B(-) be the processes in (2.5). Observe that (2.1) and
(2.2) imply B,—2, B and 4,2, A, respectively. Therefore the laws of (4,(-), B,(-))
form a tight family (apply Lemma 1.3 (i) with T,=k). Clearly we see that any
limiting process (A(-), B(-)) does not have fixed points of discontinuity and hence
is a temporally homogeneous Lévy process and that 4 and B are identical in law to A
and to B, respectively. However, since B is continuous a.s., it is independent of
increasing process 4 (consider the Lévy-Ito6 decomposition of B+ 4). This proves
that

(2.6) (A;(+), B)(+) —5 (A(+), B(+)) as /7 — 0.

By the Skorohod theorem we stated in section 1, we can realize the convergence in
(2.6) by an almost everywherc convergence. Since there is no confusion, we assume
that (4,(-), B;(-)) itself converges to (A(-), B(-))a.s. to avoid complicated notations.
Since A(-) is strictly increasing by assumption (2.4), A=!(-) is continuous a.s.. Now
we can choose {t,(-)}, such that 4,(t,(-)) and 7,(-) converge to A(-) and t(f)=t
uniformly on every finite intervals a.s.. This proves that the inverse process of
A, (t;), which can be defined by the strong law of large numbers, converges to A~!
uniformly on every finite intervals. From this it follows that 4;' converges to A~!
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in D, (The reader should notice that if nondecreasing functions converge to a
continuous function on a set which is dense in [0, o) then the convergence is uniform
on every finite interval.) However, since the limit process is continuous, this con-
vergence also implies the uniform convergence on every finite intervals a.s.. Now
it is easy to see that B;(A4;!) converges to B(A~!) uniformly on every compact interval,
which proves the assertion.

The reader should observe that in Theorem 2.1 the independence of A(-) and
B(-) widely depends on the assumption that B(-) is a Brownian motion and that the
condition (2.4) played an essential roll to prove the weak convergence in D("-topology
instead of that of all finite-dimensional marginal distributions since inverse processes
are involved. '

We next consider the case where (4,(), B;,(1)), 4> 0 are of the form ((v(4))~ LA(AL),
(1/\,/7)2(/11)) for a fixed Lévy process (A(1), Z(t)) and for a suitable normalization v(%)
tending to oo as A goes to oo. Clearly, (2.1) is satisfied if

2.7) E[Z(1)]=0 and E[Z(1)*]=1.

(2.2) holds if A(1) belongs to the domain of attraction of one-sided stable law of
index & (0<a<1). We can state this condition using the Lévy measure of A(1). We
have

(2.8) E[e 4 =exp (=1 | (1 -~ ()} 5>0
for a Radon measure n(du) on (0, o) such that

2.9) [ min (1. uln(di <oo.

It is easy to see that (2.2) holds if and only if

(2.10) S[V co)n(du)~ 1A{r(1 —o)x*L(x)} as x—

for 0<a<1 and a slowly varying L(x). Here a(x)~ b(x) as x— oo denotes that the
ratio converges to | as x—oo0. If (2.10) holds then letting v(x) be the asymptotic
inverse of u(x)=x*L(x) (i.e., u(v(x)) ~v(u(x)) ~x as x—o0), we have

(1/o(A)A(At) £4:5 A (1) as A — ©
or equivalently,
(1) Au(A)t) L9, A1) as A —s 0O
where A4,(t) is the one-sided‘stable process such that
E[exp (—sA ()] =e"""

(cf. page 446 of Feller [3] replacing L(x) by 1/L(x) and p by 1 —a). Therefore, by
Theorem 2.1, we have
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Theorem 2.2. Let (A(t), Z(t)), t=0 be temporally homogeneous Lévy process
satisfying (2.7) and (2.10). Then,

V(J“L(l))‘l/ZZ(A"l().t)) —2, B(4,(1) as A— 0

where £, is the inverse process of the one-sided stable process with Laplace transform
e™'s* and B(-) is a Brownian motion starting at 0 which is independent of ¢,

Proof. Observe that the inverse process of (1/v(A)A(A) is (1/A)A~(v(A)1).
Since u(v(A)) ~ A, the assertion is clear from the above argument. -

Remark 2.3. From the relationship between the stable law and the Mittag-
Leffler function (see page 453 of [3]), it follows that

E[exp {s€,()}]1= X0 (st*)*/[(1 + ka), se R and that
E[exp {sB(£ ()} ]= 320 (s2t*[2)%/T(1 + ko), s€ R for 1=0.

3. A CLT for Poisson point processes

We refer to the textbook of lkeda-Watanabe [5] for the definition of Poisson
point processes and throughout we shall use the notation and terminology of [5].
Therefore, we shall only explain a few notations which are necessary to state our
theorem.

Let (Q, #, P) be a complete probability space with a right-continuous increasing
family (#,),»0 of sub-o-fields of &# each containing all P-null sets. Let n(dx) be a
o-finite measure on a measurable space (X, #y). By p we denote a stationary
(&,)-Poisson point processes on (0, c0)x X with characteristic measure n(dx).
Therefore, the counting measure N (dtdx) is a Poisson random measure such that
E[N(dtdx)]=dtn(dx). For Ue &, such that n(U)<oo we define a martingale
N (1, U) by

(3.1) N (1, U)=N ([0, 1x U)—tn(U).

We now state our theorem. Let {g,(x), 2> 0} be measurable functions on X satisfy-
ing

(3.2) lim, .., Sx g (x)n(dx)=1

and

(3.3) lim, ., S g,(x)?n(dx)=0.
{x:]ga(x)|>8}

for every 6>0.
A sufficient condition for (3.2) is

(3.4) ]iml_.wSIQ,l(x)l“‘n(dx):O for some  &>0.
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Define
(3.5) B,(1)= SJ Sx g,(0N (d1 dx).

The right-hand side of (3.5) is the stochastic integral with respect N p defined in (3.1),
and if g,(x) is integrable with respect to n(dx), (3.5) can be written as

(3.6) B,(1)= S: Sx g,(0N (dt dx)—t Sx g,(x) n(dx).

Theorem 3.1. Suppose (3.2) and (3.3) (or (3.4)) are satisfied. Let f(x)=0 be
a measurable function on X. We further assume

(3.7) S: min {1, f(x)}n(dx)< oo
and
(3.8) n{x: f(x)>0}=o0.

Define A(t)=g;+ Sxf(x)N,,(dx ds). Then,

B, (A7) -2 B(A™'(t)) as i — ©
where B(-) is a standard Brownian motion independent of A(-).

Proof. Applying It6’s formula (see page 66 of [5]) and taking expectations, we
obtain

E[exp iB(1)]
—1+E[ ' texp i&(B,9)+ 9,00~ exp iEB,(5)
0JX
—i&expiéB,(s)- gl(x)}n(dx)dx_J

=1 +S; E[exp iéB,(s)]ds Sx (exp ilg (x)—1—iég,(x))n(dx).
Consequently, we have,
(3.9) E[exp iB,(1)]

—exp {t{ (expicgi0—1-icg,omaxn}.
X

Observe that from (3.2) and (3.3) it follows that
(3.10) lim,., | (exp i€g,(x) =1~ &g (0n(dx) = —(1/2)¢2,
Indeed, by (3.2) it suffices to prove

GA1)  lim, S (exp g0 =1 = iEg,(0)+ 3-£2,()? J(d) =0,
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However, for every § >0, the left-hand side is less than or equal to

limsup, .., SX <eXP i€g,—1— itgﬁ% é’g%)n(dx)
. 2 ,

+ lim sup, ., Sx—v (exp ikg,—1— iég;_+% C{qﬁ)n(dx)

A4

< lim sup, ..., SX (£3/6)1g (X)) *n(dx)
+ lim sup;_, Sx—v €2g1(x)*n(dx)

< lim sup,_..,. (£%/6) Sgl(x)zn(dx)+0

=¢35/6,

where X;={x:|g(x) <6}, 6>0.

Since 6>0 is arbitrary, we have (3.11) by letting —0. Therefore (3.9) combined
with (3.10) implies that (2.1) of Theorem 2.1 is satisfied. We can also prove in a
similar way that

E[e~s4(]=exp {t S (e7sfx) — l)n(d.\')}, s>0.

This implies that the Lévy measure of A(-) is n(f(x) e du). Since (A(-), By(-)) is a
temporally homogeneous Lévy process, our assertion follows from Theorem 2.1.

Similarly, it follows from Theorem 2.2 that

Theorem 3.2. Let f(x)=0 and g(x) satisfy

Sg(x)zn(tl.\')= l

and
(3.12) n{x: f(x)=u} ~1{r(l —a)u*L(u)} as u—> oo
Jor a (O<a< 1) and slowly varying L(u).
Define

Z(n= S;+ S g(N (ds dx)
and

t+

A= | N (ds dv).

Then,

(J2L(N)~"2Z(A™ V(M) —2> B(4(-)) as A— oo,
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where B(¢,) is the same as in Theorem 2.2.

4. Applications to Brownian excursions

Let us start with construction of a Brownian motion and its functionals ¢(t),
d (1), n(t) and &,(r) defined in section 0 using a Poisson point process. As in the
previous section, we refer to the textbook of lkeda-Watanabe [5] for details.

Let #°* (or # ~) be the totality of all continuous functions w: [0, c0)—R such
that w(0)=0 and there exists a(w)>0 such that if 0<t<a(w) then w(t)>0 (resp.
w(f)<0), and if 1=a(w) then w(r)=0. Then it is known that there exists o-finite
measures n* and n~ on #°* and on # - such that

nt({w: w(t))e A,,..., w(t,) € A})

=S K(ty, x)dx, S pota—ty, x4, xz)dng
Ay Az

A3

SA POt =t 1s Xk 15> XA,
where K(t, x)=(2/nt?)'/2|x| exp (— x2/21), t>0, xeR and po%, x, y)={exp-
(—(x—y)?/21)—exp (—(x+y)?/21)}/\/2nt. Let n be the o-finite measure on # =

# * U~ such that n|# ' £=n%. The reader should notice that #~ and w correspond
to X and x in the previous section. Define

(4.1) B(r)=g'“'” S w(t— A(s— )N (ds dw)
0 I 4

where ¢() is the inverse process of

4.2) A()= S(’: Sr (WIN (ds dw).

Here, N, denotes the counting measure of the Poisson point process p with character-
istic measure n. Then B(r), t=0 is a standard Brownian motion having ¢(¢) as its
local time at x=0. (Therefore this notation is not in conflict with B(-) in the previous
sections.) We also have

4.3) n({w: . mayé ) w(t)|>u})=2/u
(4.4) n({w: s(w)=u})=2,/2[nu, u>0
and

(4.5) E[e~sA®]=exp (—24/25), s>0,

(see Ikeda-Watanabe [5] pp. 123-131). By (4.4) we have
(4.6) S( awn(dw) = /85

4.7 S( ) o(w)2n(dw)=(83/9m)/2.
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Now define for ¢>0,

(4'8) gl,e(w)=(8/2)1/21[mnxrlw(l)lge)(w)
(4'9) gZ.E(W)=(n6/8)l/4]{a(\v)gt:)(w)
(4.10) | 93,(w)=(971/883)14a(W)1, 1 (1) <y (W) .

Then we have,
(g1 mmtaw =@ =212,

S G2, (win(dw) = (8/ne) 1+ = 2/(2me) /4,
and
S G5, (wn(dw)=(T2/me)! 1 =2)(2me/9) 4.

By (4.3)-(4.7), we also have that each of g ;.:(j=1, 2, 3) satisfies the assumptions of
Theorem 3.1 as e=1/A—0. Thus it follows that

@.11) S:“” SY 4,0 (ds dw)

= ("] 100N (s dw)—90) { 9,00
0 ¥

—2, B(¢(-)) as £—0,

where B is an independent copy of B.
One the other hand, keeping in mind that ¢(-) is continuous a.s., we easily see

(4.12) } _ S:(')_ Sr g1, (WN (ds dw)d (1)

¢()+
< So gy g1, (W)N (ds dw).

where d, is the same as in Theorem 0.1. Applying Theorem 3.1 with a(w) in place
of f(x), we see that the right side of (4.12), converges to B(¢(f)). On the other hand
the difference of the left and the right side of (4.12) is less than or equal to

SUPo<sso(r) |BLs)—B(s—)|, t<T,

where Be(t)=g gl,e(w)ﬁ Ads dw). However, this clearly converges to 0 in distribu-
&

tion because B,(f) converges to a Brownian motion which is continuous. Therefore,
we have proved that d,(-) itself converges to B(¢(-)), which completes the proof of
Theorem 0.1. Theorems 0.2 and 0.3 can be proved in a similar way from (4.11).

As another example of Theorem 3.1, we next consider the occupation-time
problem for Brownian motions. Let V(x), x € R be a bounded measurable function
vanishing outside a compact set. Define
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g(w)= §:‘”’ V(w(s))ds.

Then it is not difficult to see

V:S g(w)n(dw)=2gw V(u)du
b & -0

and

@13 = gonw)

- SS: (Sf’ V(u)du)zdt +8 ﬁ, (S'_, V(u)du)zdt.

Let A(t) be as in (4.2). By (4.4) all assuptions of Theorem 3.2 are satisfied with
L(u)=1//8. Thus we have

ATVAZ(AY(AD) —25 (VD8 V2B(£5(1)) as A—s o0,

However, 871/4B(£,,,(-)) is equivalent in law to B(¢(-)). Therefore, we have the
following well-known theorem due to Papanicolaou-Stroock-Varadhan (see page
137 of [5]).

Theorem 4.1.

14 BO V(B,)du—2 Sww V(x)dx- ¢(:)]

—2, (VYV2B(P(1) as A—s 0
where B(@) is the same as in Theorem 0.1.

Proof. The only thing to be proven is that the error term converges to 0.
However, this can be proved in a similar way as in the proof of Theorem 0.1.

For more general theorems for occupation-times of Markov processes, see [2]
and [8].

5. Sums of random number of i.i.d. random variables

Let {(X;, 7;);:j=1,2,...} be R2-valued independent, identically distributed
random variables. Notice that we assume that X; (or 1;) is independent of {X,,
Ty,ees Xj_1s Tj— ¢} but that X; is not necessarily independent of 7;, We further
assume

(5.1) E[X,]=0, E[X?]=1
and
(5.2) P(z,20)=1.

Define T(f)=T(t, w), t=0 by
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k if 1+ -+ St<tit+14
(5.3) T(f)=

0 if t<t,.
Thus T(1) is the inverse process of

(5.4) ‘ S =Tt e

Recall that 7, belongs to the domain of attraction of a stable law of index o (0<a < 1)
if and only if

(5.5) P(t,>x)~1{I(1—a)x*L(x)} as x—> c©
for slowly varying L, ahd if (5.5) holds, then. V
(5.6) ' S(A)Jv(L) L4 A() as A — o0,

where v(1) is the (asymptotic) inverse of u(4)=A4*L(1) and A,(-) is the stable process
with Laplace transform e~s** as before. (See page 448 of Feller [3]. The reader
should notice that L(x) of [3] plays the roll of the reciprocal of L(x) in (5.5).) Now
by an easy modification of the proof of Theorem 2.2, we have

Theorem 5.1. Suppose (5.1),(5.2) and (5.5) are satisfied for 0<a <1, dnd define
T(t) by (5.3). Then

T(At)
QL)) 2°S X, 2, B((H) as A—s oo
Jj=1
where B(1,(1)) is the same as in Theorem 2.2.

We next apply this theorem for occupation-time problems of Markov chains.
Consider a recurrent, irreducible Markov chain Yy, Y}, Y.... with a denumerable
state space, say Z={0, +1, +2,...}, and k-step transition probability Pff} Let
N(0)=0, N(j)=min {k>N(j—1): Y,=0}, j=1,2,3,.... Thus N(k) is the time of
k* visit to 0. Define 7;=N(j)—N(j—1), for j=1, 2,... and T(f)=min {k: N(k)>
t}. Let V(j), jeZ be a function vanishing outside a finite set and we define the
occupation-time process by &(1)=3 ;<, V(Y;). Then &(¢) is approximately equal to
AW =X ;<1 X; where X ;=3 nii-1ysk<ngy-1 V(Yi). Tt is well known that V=
Eo[X,] and (V) =Eo[X}]— V? are finite. By the strong Markov property, we see
that {(t,, X,); k=1, 2,...} are independent and identically distributed. If

(5.7 Se o2k Py ~(1—2)*L(1/(1—2)) as z— 1—
for some slowly varying L(-), then we have
(5.8) Py(ty>n)~1/{(1—a)n*L(n)} as n— oo.
Indeed, since

20 2Po(Ye=0)={(1—2) X0 z*Po(r, > K},

(5.7) and (5.8) are equivalent to each other in view of the Tauberian theorem (see
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page 447 of Feller [3]). Thus we have from Theorem 5.1 the following;

Theolem 5.2. Suppose (5.7) is satisfied. Then
(L)L, 50 V(Y) = VTOD)
—2, JXVOB(4(1) as i—s oo,
where B(£,(-)) is the same as in Theorem 2.2.

For the proof that the error term is negligible, see section 4. As we mensioned
in section 0, this kind of problems has been studied by many authors, and Theorem
5.2 is a functional-version of a theorem in [9] by Kesten. The constants f and {f)
are also given in [9]. Another way to compute these constants is also given in [8]:
As we have seen in Remark 2.3, E[B(4(1))*]=1/T(1+ka). Therefore, {f) can
be obtained by computing the second moment of 3 ;<, V(Y;). For details see [8].

As an example, let us consider the simplest random walk {Y;} on Z={0, +1,
+2,...}. Let V(j) be a function on Z vanishing outside a finite set. Then it is well
known that 3%, z*P§y=(1—22)""/2. Therefore, (5.7) is satisfied with «=1/2 and
L(1)=1/{/2. By Theorem 5.2, we have, as -0,

ATUVALY i< VY — VT(it)} —2» \/<_V>2-1/43(51/2(t)) .
where V=2 3, V(j) and (V>=4 3,7 (P + Tie; POVG) = Z; V() = =2 54,
li—jIVGWV ()= Z,; V()2 (P()=V(0)— X, V(k) if j=0and V() otherwise). This
result is a functional-version of Dobrusin’s theorem ([15]). To find the constants
¥ and (V), compute the first and the second moments using

ShoPYL~2[n k'? as k— o
and

6. Multi-dimensional case

In section 2 we considered the limiting process of B,(A3'(t)) when (A4,(-), B,(-)),
A>0 are temporally homogeneous Lévy processes such that 4; and B; converge to an
increasing process and to a Brownian motion, respectively. However, all ideas we
used there can be applied to more general cases where B,(-), A>0 are vector-valued
and converge to a Gaussian process.

Theorem 6.1. Let (A,(-), BV(+),..., B{4(-)), A>0 be temporally homogeneous
(d +1)-dimensional Lévy process such that A,(-) is nonnegative and nondecreasing
with probability one for every A>0. Assume that there exists a d xd matrix Q=
(Q1) such that ' )

©.1) lim, ., E[exp i X &BO(1)]=exp —2(&, 09),
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for every E=T(&y,..., ) e RY,
and

(6.2) lim, ... E[exp —sA,(1)] =exp |:c —S: a —e's“)n(du):l, $>0

where n(du) is a Radon measure on (0, o) with

(6.3) S: min {1, u}n(du) < oo
and

(6.4) c<0 or S: n(du)=co.
Then,

(6.5 (B (A7'(1))...., BY(45'(1)
—25 (XWI(A(1)),..., XD(A71(1)))
where A=1(t) is the same as in Theorem 2.1 and X =(X"),..., X9 is a R%valued

Gaussian process with covariance matrix E[X ()X ®)(s)]=Q; min {t, s} and is
independent of A(-).

Proof. This theorem can be proved by a slight modification of the proof of
Theorem 2.1. The details are omitted.

Theorem 6.2. Let p be a Poisson point process with characteristic measure
n(dx) as in section 3. Suppose measurable functions gi¥'(x) (k=1, 2,..., d) defined
on X satisfy

©6) fim, | 090990 =0 €R). 15, kd

and

6.7) liml_.wg g¥(x)2n(dx) =0
tx:g{¥(x)| >}

for every 6>0and k=1,..., d.
Define

Z&“’=S;+ ngﬂ"’(x) N,(dsdx), k=1,2,...,d.

Then, as /— o0,
(Z{O(A~N (D)., ZE(A~Y(2)))
—2, (XO(AY(D), .., XD(AY(E)))

where (XV(.),..., X@¥(.)) is a Gaussian process with covariance matrix (Qj)-
min {t, s} and A~'(-) is the same as in Theorem 3.1 and (XV(.),..., X((.)) is
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independent of A(-).
Proof. The proof can be carried out in a similar way as in section 3. The

only thing we need to prove is that (6.7) implies

Ly 9:(x)*n(dx) =0
{x:]ga(x)| >}

for every linear combination g,(x) of {g5(x)},. However, this can be easily seen by
the following lemma.

Lemma 6.3. Let g,(x), A>0 be measurable functions on X such that

(6.8) lim sup,_, o, Sx g(x)?n(dx)< co.

Then,

(6.9) lim sup,.. S g92(x)?n(dx)=0
. {x:]ga(x)]|>d)

holds if and only if

(6.10) lim, .. SEA g,(0)2n(dx)=0
fof‘arbit‘rary {E,} = By such that 5111p n(Ei)< 0.

o Proof. .Assume'(6.9). Then we have

[, axmun=

+ S
Eantlga(x)|s6} Ean{lgalx)|>6}

§62n(E,1)+S g.(x)2u(dx), §>0.
{lga(x)|>6}

Letting A— oo and then letting 6—0+, we have (6.10). Suppose (6.10) is satisfied.
Since (6.8) implies that n{x: |g,(x)|>d} is bounded for every 6>0, (6.9) follows
immediately from (6.10).

As an example of Theorem 6.2, let us consider g; (w), j=1, 2, 3 defined in
(3.9)-(3.11). Then we have
lim sup,-o [ {410 (¥)g2,.(w)n(dw)
<lim sup,..q (¢/2)"/3(ne/8)/4n{w: a(w) Z e}
=lim sup,_q (8/2)1/2(ne/8) /42(2/me)1/? =0.

Therefore it is easy to see that (6.6) is satisfied with (Rj)=1(), where I(® denotes
the identity matrix of dimension 3. (6.7) is already seen in section 3.” Thus we have,

Theorem 6.4. Let d,, /i, and &, be as in Theorems 0.1-0.3. Then, as ¢} 0,
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where (By(-), By(-), B5(+)) is a three-dimensional standard Brownian motion
starting at 0 and ¢(-) is the local time at 0 of a one-dimensional standard Brownian
motion independent of (B,(-), B,(+), B3(+))-

Added in Proof

In the proof of Theorem 3.1, we proved directly that B,(t) converges to a
Brownian motion. However, this fact can also be proven as a special case of CLT
for semimartingales studied by a number of authors (see eg. Liptser-Shiryayev [16]).
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