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ABSTRACT. — We study renormalized self-intersection local times
Yn(Ha; ) for Lévy processes, where the n-fold multiple points are weighted
by the translate u, of an arbitrary measure . General sufficient conditions
are provided which insure that <, (u.;t) is a.s. jointly continuous in z
and t. Our proof involves a new Doob-Meyer type decomposition of
Yn(pz;t) as the difference of a martingale and a lower order renormalized
self-intersection local time. © Elsevier, Paris

RESUME. — Nous étudions pour certains processus de Lévy les temps
locaux d’auto-intersection renormalisés 7, (u.;t) définis en affectant aux
points de multiplicit€ n un poids donné par la translatée p, une mesure
. Nous donnons des conditions suffisantes pour la continuité de -, (u.;t)
comme fonction du couple (z,t). La preuve utilise une décomposition de
Doob-Meyer nouvelle de v, (u,;t) comme différence d’une martingale et
d’un temps local d’intersection renormalisé d’ordre inférieur. © Elsevier,
Paris
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144 J. ROSEN
1. INTRODUCTION

The object of this paper is to establish the almost sure joint continuity
of renormalized intersection local times for multiple self-intersections of
a large class of Lévy processes in R? including the symmetric stable
processes in the plane. This builds on our work in [14] which dealt with
intersection local times weighted by Lebesgue measure, and on our work
in [12] which dealt with continuity in the spatial variable only. Our main
technical tools are the Isomorphism Theorem for renormalized intersection
local times developed in [12] and a Doob-Meyer type decomposition for
renormalized intersection local times in terms of a martingale and a lower
order renormalized intersection local time. .

Intersection local times “measure” the amount of self-intersections of a
stochastic process, say, X (t) € R?. To define the n—fold intersection local
time, the natural approach is to set

(1.1) Qp (st d lef

//0<t1< <tos<t) fe(X(t1) — )

er (t;) = X(tj—1))dty -+ dt, du(z)
=2

where f. is an approximate §—function at zero, and take the limit as ¢ — 0.
Intuitively, this gives a measure of the set of times (¢1,...,t,) such that

X(t)=-=X(tn) ==,

where the “n-multiple points” z € R? are weighted by the measure p.
However, in general, this limit does not exist because of the effect of
the integral in the neighborhood of the diagonal. The method used to
compensate for this is called renormalization. One subtracts from ., ((u,t)
terms involving lower order intersections oy ((y,t) for k£ < n, in such a
way that a finite limit results. This was originally done by Varadhan [15]
for double intersections of Brownian motion in the plane with u taken to
be Lebesgue measure. Varadhan’s work stimulated a large body of research
which is summarized by Dynkin in [4]. Renormalized intersection local
times have turned out to be the right tool for the solution of certain
“classical” problems such as the asymptotic expansion of the area of the
Wiener and stable sausage in the plane and fluctuations of the range of stable
random walks. (See Le Gall [7, 6], Le Gall-Rosen [9] and Rosen [13]). For
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JOINT CONTINUITY AND DOOB-MEYER DECOMPOSITION 145

a clear account of progress concerning Brownian intersection local times
up to 1990 see Le Gall’s lecture notes [8]. For more recent results see Bass
and Khoshnevisan [1], Rosen [14] and Marcus and Rosen [12].

Let (2, F(t), X (t), P*) be a symmetric Lévy processes in R?, d = 1,2
with transition density p:(z,y) = pi(z — y) and 1-potential density
u!(z,y) = ul(z — y). Since intersection local times are trivial for processes
which have an actual local time we only consider Lévy processes for which
u!(0) = oco. The results obtained in this paper are valid for a large class
of radially symmetric Lévy processes which we say are in Class B. This
class contains the symmetric stable processes and many processes in their
domains of attraction. Class B is defined later in this section, see (1.15).

We will take the function f, appearing in (1.1) to be a smooth approximate
identity. That is, f.(y) is a smooth positive symmetric function on
(y,e) € R x (0,1] with support in the ball of radius € and such that
[ fely)dy = 1.

For a Lévy processes X (t) € R and measure p on R? let

R S il [0
k=0

where u!(0) = [ fe(y)u'(y) dy. Heuristically, one may think of v, (u;t)
as

13)  melwit) = [ /{ ey X))
H {fe(X(t;) — X(tj-1)) — 6(t; — tj—1)uc(0)}

dty - dt, du(z),

where 6(-) is the ‘6-function’. This formulation compensates for the
difficulties caused when various of the ¢; are close to each other. We set

(1.4) Yo (p5t) = lm ys (43 1)

whenever the limit exists in L?(PY), and refer to +y,, (u;t) as a renormalized
intersection local time. For any measure p on R? and z € R, we let p,
denote the translation of p by z. The main goal of this paper is to study
the a.s. continuity of {7y, (u.;t); (z,t) € R? x R, }.
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146 J. ROSEN

Since we are dealing with processes which do not hit points, one cannot
talk about the amount of ‘multiple time’ spent at a point z. However, if u
is concentrated near the origin, v, (uz;t) relates to the the ‘n-multiple time’
spent near z, and hence {v,(u.;t); (z,t) € R? x R,} can be thought of
as an analogue of the local time process {L?; (z,t) € R% x Ry}.

We will obtain a sufficient condition for a.s. continuity of
{¥n(pz;t); (z,t) € R? x Ry} in terms of a Gaussian chaos process which
we now define. Known results about continuity of Gaussian chaos processes
then allow us to provide concrete sufficient conditions for the a.s. continuity
of {vn(z;t); (z,t) € R x Ry}

We use G™ to denote the class of positive measures p for which

(L5) / / (u(z, )™ du() du(y) < oo,

It should be understood that when we say p € G™, that this is with respect
to the 1-potential u'(z,y) of some given Lévy process.

Let {Gyc; (z,6) € R x (0,1]} be the mean zero Gaussian process
with covariance

E(GyiGa o) = / / Wy — ¥ e - y) (e — ) dydy.

It is easily checked that the right hand side is positive definite on
(Rd x (0, 1])2. Now let G (1) z,¢5 - - - , G(2n),z,c denote 2n independent copies
of Gyg..

For (v1,...,vs,) € (R*)?™ and p € G?" define the decoupled Gaussian
chaos Gan,dec,u(V1, ... ,v2,) as the € — 0 limit of

2n
(16)  Ganesnelosseoe0an) = [ [[Gparo, o duto).
j=1

It is easily checked that this limit exists in L*(Pg,, ..Gan,)

where Fg,,,. .G, denotes probability with respect to G, ..., G(2n).
G2n,dec,u(V1, - - -, V2) has mean zero and for p,v € G?™ we have
(1'7) EG(I):---1G(2n) (G2n,dec,u(vl’ v ’v2n)G2n,dec,V(w1a s 7w2n))

=//ijlul(x+vj,y+wj)du(w)dﬂ(y)-

For details see [11].
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JOINT CONTINUITY AND DOOB-MEYER DECOMPOSITION 147

We can now state our main result on a.s. continuity of renormalized
intersection local times.

THEOREM 1. — Let 11 € G*". If {Gan dec,u(v); v € (R?)?"} is continuous
a.s. then {v,(uz;t); (z,t) € RY x Ry} is continuous a.s.

With v = (vq,...,v9,), w = (wy,...,ws,) and u € G2*, let us define
the metric on (R%)?"

(1.8)
(v, w)

def 2.\ 1/2
= (EG(I),.‘.,G(gn) ({G2n,dec,p(v1, e »'U2n)_G2n,dec,y(w17 v aw2n)} ))

om 1/2
= (2 /((ul(x,y))2" - Hul(a: + v,y + 'wj)> du(x) du(y)) .

i=1

A well known result about the a.s. continuity of Gaussian chaos processes
allows us to state the following criteria for the a.s. continuity of renormalized
intersection local times in terms of the metric 7(v,w) defined in (1.8). Let
N.(B,e€) be the minimum number of balls of radius e, in the metric 7,
that covers B, the unit ball in (R?)?". log N,(B,-) is called the metric
entropy of B with respect to 7.

THEOREM 2. — Let p € G*". If
(1.9) / (log N, (B,€))" de < oo
0

then {vn(pz;t); (z,t) € R% x Ry} is continuous a.s.

Theorem 4 of [11] describes simple concrete conditions which
guarantee (1.9) and hence the as. continuity of {v,(us;t); (z,t) €
R x R.}.

An important technical tool for proving Theorem 1 and an interesting
result in its own right is a Doob-Meyer type decomposition for renormalized
intersection local times. If 4 is a measure on R¢ with bounded potential
Up, and L} denotes the continuous additive functional with potential
E*(L) = Up(x), it is easily seen using additivity and the Markov
property that

(1.10) E*(LE | Fy) = LY + Un(X (t))

or equivalently Up(X (t)) = M,— LY where M; = E*(L* | F,). This is the
Doob-Meyer decomposition for the potential Uy (X (¢)). This decomposition
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148 J. ROSEN

has proven very useful in constructing and analyzing continuous additive
functionals. We present an analogue of the Doob-Meyer decomposition
related to the renormalized self-intersection local time ~y,(u;t). We note
that ~,(u;t) is not increasing in t. In fact, v,(u;t) is defined so that
[ e tE=(7,(p;t)) dt = 0. (This can be seen by first replacing . (y;t) by
Yn,e(p; t) and then passing to the limit).

Let Y (¢) denote our Lévy process X (t) killed at an independent mean-1
exponential time A. For our next theorem, the renormalized intersection
local times 7 (u; ) will be defined for the process Y (t) in place of X (%),
and we write vy (u) in place of i (u;00).

Before presenting our general theorem, we first describe our results in
the simplest case, n = 2. Let 7}’ be the random additive measure-valued
process defined by

(1.11) == [ LAY (s)) Lt

for A C R?. Our next theorem will imply the following analogue of the
Doob-Meyer decomposition U u(Y (t)) = M, — L

(1.12) U'nl (Y (1)) = My = v2(ps, t).

Here M, is the martingale E®(vo(p) |F:) and U} (Y (t)) = f(f u (Y (t) -

Y (s)) dL* is the potential of the random measure 7',

We now describe the general case. We use hg(y) =4 h(y — z) for any
function h. Let u? - 4 denote, as usual, the measure obtained by multiplying
p(dz) by ul(z). We will see that under the conditions of Theorem 1, we
can find an a.s. continuous version of {vn_1(ul - p;t); (v,t) € R4 x Ry},
Using such a version we define

def
(1.13) Y-1(Uy () * 15 ) = o1 (uy - 158) lo=y (2)-

We also make the convention that ~o(u;t) = ao(p;t) = ||, the total
mass of p.

THEOREM 3. — Under the conditions of Theorem 1, for each t > 0 and
y € R?

(1.14) EY (4 ()| Fe) = pn5t) + yno1(uy ey - 38)-

Let us point out that in the special case of Brownian motion in the plane,
with  taken to be Lebesgue measure, the decomposition (1.14) together
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JOINT CONTINUITY AND DOOB-MEYER DECOMPOSITION 149

with an exact description of the martingale as a stochastic integral was
obtained by Bertoin [2] for n = 2 and by Bass and Khoshnevisan [1] for
general n. Bertoin showed, in addition, that ,(u, t) has zero quadratic
variation. This guarantees that the decomposition is unique, and gives an
intrinsic characterization of y,(u, t) which does not involve any limiting
proceedure. The extent to which this can be generalized to other processes,
other measures and higher order renormalized intersection local times
Yn(p, t) is still an open question.
* * *

We now describe the Lévy processes in Class B. We say that a strongly
symmetric Lévy process belongs to Class B if it is radially symmetric, its
Lévy exponent () is regularly varying as |A\| — oo, its transition density
pe(r) is bounded outside any neighborhood of the origin 7 = 0 uniformly
in ¢, and, if pgj ) (r) denotes the j’th derivative of p,(r) with respect to r,
then for any j = 1,... we can find C; < oo such that

(1.15) b (2r)| < Cjpy(r) /7!

for all ¢,r. In addition, we assume that [ |z|°u!(z)dz < oo for some
B > 0. For this, it suffices that [ |z|°p,(z)dz < oo for some ¢t > 0, and in
particular this last condition is satisfied if X (¢) is in the domain of attraction
of some stable process. It is readily checked that Class B is contained in
the Class A of [12]. It is also easily checked that (1.15) holds for Brownian
motion, and hence, using subordination, for the symmetric stable processes.
We caution the reader that our Class A and Class B differ from those which
appear in earlier classifications of Lévy processes, .e.g. [5].

Assume now that g € G?" and define f5.(y) := fs(y — z). The
Cauchy-Schwarz inequality says that for any a,b € R¢

116) [ [ (o) dna() o) < [ [ (022,)”" dis) dty)

so that
1) [ [ (@) @@ dtw < [ [ @)™ e du)

where p® = p* fs = p(fs.)dz. (Here we use the notation fsz) =
[ f5,2(y) du(y)). It is easy to check that for each § > 0, u® has a bounded
density. Since [ u!(z)dz =1 and by assumption u!(z) is bounded outside
any neighborhood of the origin, we have that (u!(z))?" is integrable
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150 J. ROSEN

outside any neighborhood of the origin, and consequently (1.17) implies
that u!(x) € L*(R%,dz). The following Lemma will then follow from a
straightforward modification of [14]. :

LEMMA 1. — Let ju € G2 Then forany 0 < k < n
n—k
{'Yk(H u,l,j -uz;t); (z,v,t,6) € R* x (RY)"* x Ry x (0, l]}
Jj=1

is continuous a.s.

The only point which requires verification is that u'(z) satisfies
the conditions of [14]. The basic condition of [14] is that u!(z) €
L?>*~1(R% dz). The fact that in our case we actually have u'(z) €
L?"(R%,dx) gives us plenty of ‘room to maneuver’ and allows us to
readily check all the other conditions of [14].

Lemma 1 does not say that the continuity is uniform in §, a fact which
would basically imply the conclusion of Theorem 1. An important ingredient
in our proof of Theorem 1 will be to show that the continuity in Lemma 1
is actually uniform in §.

2. JOINT CONTINUITY

Proof of Theorem 1. — We will prove this theorem when, in the definition
of vn(u;t), (1.1) and (1.2), our Lévy process X (t) has been replaced by
Y (t), which is X (¢) killed at an independent mean-1 exponential time .
Fubini’s theorem will then yield our theorem for X ().

Set u® = p * fs. Our proof consists of two steps. We first show that
Yn(pd;t) converges a.s. locally uniformly in (z,t) € R? x R} as § — 0,
and then we identify the limit, which is a.s. continuous by Lemma 1, with
Yo (i3 t)-

We begin with an overview of our first step. For facts about the
Wick power chaos : G?" : (u) see [12]. Under the conditions of
our Theorem it follows from Theorem 3 of [11] that the Wick power
chaos process {: G®" : (u.); ¢ € R?} is continuous a.s. Hence, as.,
[+ G*™ : (uy)fs(x — y)dy converges to : G** : (u,) locally uniformly
inz € R as § — 0. It will follow from the Isomorphism Theorem,
Theorem 4.1 of [12], that as. v,(18) — n(ps) locally uniformly in
z € R% as § — 0, (see (3.6)-(3.7)). Using martingale techniques we will
be able to show that EY(vy,(u8)| F:) converges a.s. locally uniformly in
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JOINT CONTINUITY AND DOOB-MEYER DECOMPOSITION 151

(x,t) € Rx Ry as § — 0 for each y € R% If, instead of E¥ (7, (ud)| Fb),
we could show that v, (8 ; t) converges a.s., the proof of our first step would
then be complete. Although EY(v,(ul)| F;) is not the same as «, (ué;t),
they differ by a term of lower order, as shown by the following Lemma,
and we will be able to complete our argument by induction. The following
Lemma, which is proven in section 6, is a special case of Theorem 3.

LEMMA 2. — Let y € G**. Then for any 0 < k < m, t > 0, § > 0,
and y € R?

n—k n—k n—k
EY (’Yk <H%,ui) | ]:t)=’7k (Huij 1o t)+’)’k—1 (u%f(t) Hui, Mo t) .

i=1 j=1 Jj=1

We can now give the details of our proof that v, (u8;t) converges a.s.
locally uniformly in (z,t) € R? x Ry as § — 0. If S is a subset of
Euclidean space we will say that {Z.(z); (¢,z) € (0,1] x S} converges
rationally locally uniformly on S as € — 0 if for any compact K € S,
Z(x) converges uniformly in z € K as e — 0 when restricted to dyadic
rational z, e. The following Lemma is proven in section 3.

LEMMA 3. — Let p € G*™. If {Gan dec,u(v); v € (RY)?™} is continuous
a.s. then for each 0 < k < n,

n—k

Hu %)IE)

converges a.s. rationally locally uniformly in (z,v,t) € R* x (R*)™* x R,
as § — 0.

M, v,1) = B (7(

We claim that ~;([]""F Uy, - ué;t) converges a.s. locally uniformly in
j=1 z

(z,v,t,6) € R? x (R)"*k X Ry as § — 0 for each 0 < k < n. The
case k = n is precisely our assertion that v, (u8;t) converges a.s. locally
uniformly in (z,t) € R* x R, as § — 0. We argue inductively on k.
Assume that our claim has been proven with k replaced by k£ — 1. Then by
Lemmas 2 and 3 we have that v, ([];Z; u -ud;t) converges a.s. rationally
locally uniformly in (z,v,t,6) € R?¢ x (Rd)" k' x Ry as § — 0 for each
0 <k < n, and Lemma 1 now allows us the remove the qualification
‘rationally’. Our induction will be completed once we prove the £ = 0
case, which is the £ = 0 case of the following Lemma. This Lemma, which
is proven in section 4, will be used again, at that time for all values of k,
in the proof of Lemma 3. We note the convention that : G° : (u) = |ul,
the total mass of pu.

Vol. 35, n° 2-1999.



152 J. ROSEN

LEMMA 4. — Let p € G**. If {Gan dec,u(v); v € (RY)?™} is continuous
a.s. then {: G** : (T} lku1 - Ug); (z,v) € R x (RY"*} is continuous
a.s. for each 0 < k < n. Furthermore

(2.1) sgp/ (ul(z,y))nd,u(a:) < 0.

The proof of our Theorem will then be completed by the following
Lemma which is proven in section 5.

LEMMA 5. — Let pp € G?™. If {Gan dec,u(v); v € (RY)?"} is continuous
a.s. then

Y (i t) = lim v (1S5 8)
5§—0

in L?>(P?) for any z € R

3. MARTINGALE CONVERGENCE

Proof of Lemma 3.
We will use Lemma 4. To use this lemma we claim that in L2, for
each 0 < k£ < n,

(3.1) :sz:(i:[fu},j-ug)=/ G* (Hu ;@)fm(y)dy

The simple argument needed to establish our claim will be used repeatedly
below, so for ease of exposition we isolate it as the following lemma.

LEMMA 6. — Let {Z(x,€,6); (z,6,6) € R? x [0,1]?} be a stochastic
process such that

() Z(z,€,8) = [ Z(y,¢€,0) fs..(y) dy in L? for each (x,6) € R?x]0,1]

and € > 0.
If
@ii) lime_o Z(z,¢€,6) = Z(x,0,8) in L* uniformly in x € R* for each
6 € [0,1] then
62 209 = [20.00f.0)dy o

If in addition
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(i) {Z(z,0,6); z € R%} is a.s. continuous for each & € [0,1]

then, a.s.,

33)  {Z(z,0,6);z € R"} = {/Z(y,O,O)fa,m(y) dy; z € R"}.

To prove this lemma simply apply (ii) to (i) to obtain (3.2) for each
z € RY seperately, and then (3.3) follows from (iii).

To establish our claim (3.1) we apply Lemma 6 to

Z(z,¢,6) =: G (Hu )

Here : G2* : (u) = [ : GZ% : du(y). Condition (i) follows from the
definitions and (ii) follows from the fact that {T]}_; Ful oud;x e RY s
bounded in G%* for all § € [0,1]. To see this we use the multiple Holder
inequality

(3.4)

[ = TT w0, ) i) (v

< { / / (u'(y — ¢)*" dpug(y) dui(y’)}k/n
1:1{ [ [ or adw )
{// (y —¥)*" dp’(y) du(y }k/nn k{/(u (y))"dui(y)}Z/n

and then use (1.17) and (2.1) to see that this is bounded uniformly in all
parameters. This proves (3.1).

Lemma 4 shows that [ : G% : (H;:lk Uy, - by)fo.0(y) dy converges
as. to : G?F : (H;’;lk Uy, - piz) as & — 0 locally uniformly in
(z,v) € (RY)"~**1. Let B(m) C (R*)'*"~* denote the ball of radius
m and let D C (R4)*"=* D C x(0,1]® be countable dense subsets.
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154 J. ROSEN

Using (3.1) we have that for any m,n > 0 we can find € > 0 such that

(3.5)
n—k n—k
oy (e st) e (T )2
(z,v)€B(m)ND j=1 =1
(6,6")€(0,e)ND
Let p(dz) = wu'(z)dr which is easily seen to be in G' using

ul(z) € L*(dz). We will use the abbreviation ¢, = H;’;lk u,,. Recalling

from Lemma 1 the a.s continuity of v (¢, - #), and using the notation of
the Isomorphism Theorem, Theorem 4.1 of [12], we have that

(36) k! E® sup |7k(¢v : ;Lg) - "Yk(d)v : /J'g )l
(z,v)€B(m)
(6,6")€(0,¢]

— K EP sup  |ye(Bo - 1d) — (g - 1)
(z,v)€B(m)ND
(6,6")€(0,e)ND

= E° sup |Ck(o - 12) = Li(po - 1)
(z,v)€B(m)ND
(6,6")€(0,e]nD

AN

= E*( sup | ( ) ,
(z,v)€B(m)ND z§=:0 i) 2k=i
(6,6')€(0,elnD

Eo{(Lox - GHE0 )y - ) = (Lix - G270 (g, - ) )
AN
oo a5 ()

(z,w)€EB(m)ND
(6,6")€(0,e]ND

[(£x = G200 ) (g - i) = (Lix : G207 (- i)}

In the third equality we used the fact that
Ec{(Lix : G*E=D 1) (¢, - pb)} = 0 for all 0 < i < k.

It is easy to check that we can choose £ > 0 such that, with f(z) = |z|™"
on RY, we have f(z)- dz € G'. Then, using our hypothesis that
[ |z|Pu(z) dz < oo for some B > 0, we can choose p > 1 sufficiently
large, such that with 1/¢ = 1 — 1/p we have
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JOINT CONTINUITY AND DOOB-MEYER DECOMPOSITION 155

EP({f(X(N)}~V7)
= E*(|X(\)|*4/?)

= / / |z + y|"/Put (z) dz dp(y)
=//|x+y|”q/”u1(x)u1(y)d:cdy< 0.

Hence, using Holder’s inequality and then the Isomorphism Theorem,
Theorem 4.1 of [12] and (3.5), we see that (3.6)

(3.7)

R\ 1
<c Eng( sup |Z<l>27_7

(z,v)eB(m)ND 4
(6,6")€(0,eJnD

{(£ox: @09 (6, - )~ (L0 6249 )6, - JEFX O}

1
=cx{ Ea( sup |G :(¢y-pd)
2 (z,v)€B(m)ND
(6,6")€(0,eJnD
’ 1/p
—:G* (¢ - 15 )PG,Gy. dw)}
<ecn.

In the last step we used the equivalence of moments for a Gaussian chaos,
see [10], section 3.2. We note that the Isomorphism Theorem, Theorem 4.1
of [12] is stated for p with compact support and f bounded, uniformly
continuous and integrable, but the extension to our p, f is immediate.

Fix y € By(m/4), the ball of radius m/4 in R?. For any y' € By(m/4)
we have

(3.8)
EY sup k(P - 18) = Ye(o - )]
(x,v)EB(Mm/4)
0<6,6'<e
= FEY sup Ve (Poty—y 'Mfg+y—y’) = Ve (Poty—y '“iﬂ/—y’)l
(z,)EB(m/4)
0<6,6'<e
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< EY sup  |yi(do - 18) — (o - 12 )]
(a,0)€B(m)
0<6,6'<e

Using this, (3.6) and (3.7) we see that for any y € Bay(m/4)

(3.9) EY sup | ve(Bo - 1) — (o - 13
(2,0)€B(m/4)
0<6,6'<e

<cEf|  sup  |ye(do - pS) — ve(do - 3]
(2,0)€B(m)
0<6,6'<e

<en.
This says that for any y € Bg(m/4)

(3.10) E¥ sup {Mk(ui,v,oo)—Mk(uil,v,OO)} <en.
(,0)€B(m/4)
0<8,6'<e

Since for any finite sets F' C B(m/4) and F. C (0, €] we have that

(3.11) sup {Mk(ufc,v,t) - Mk(ui/,v,t)}
(z,v)EF
6,6'€F.

is a right continuous submartingale in ¢, we have from (3.10) that

(312) EY sup Ssup Mk(:u’:écavat) - Mk(p’g,vvat)} < cy.
t>0 (z,v)eF
5,6'€F.

with ¢ independent of the finite sets F, F.. By monotone convergence this
holds also if we take F,F, to be all rational elements in B(m/4),(0,¢]
respectively. This proves that for each 0 < k < n we have that M ( pl,v,t)
converges a.s. rationally locally uniformly in (z,v,t) € RYx (R)"*x R,
as & — 0 and completes the proof of Lemma 3.
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4. CONTINUITY OF CHAOSES

Proof of Lemma 4. — Let us first show that {: G?* : (H;;lk Uy, -
te); (z,v) € R* x (RY)"*} is a.s. locally bounded for each 0 < k < n.
For any 0 < k < n set

(4.1)
(Gak,decX : G? tnpodee) (Wi, -y Wok; V1, -, Uni)
2k n—k
= y_{%/HG(i),z+wi,e H {G%2k+j),$+vj,€ - E(G%2k+j),z+vj,e)} d,u,((L')
=1 j=1
and
(42) (G2k,dec X Ln—k,dec)u(wla ceey Wogy V1, .., vn—k)

2k n—k

L ' Pe,ztv;

= 21—13(1)/1—‘! G(z)yw+wiyf 1_[1 L(j) du(ll»‘)
i= 1=

where L(”j) = L'(’j)’oo, Jj=1,...,n—k, denote the (total) CAF’s with Revuz
measure v built up from independent copies Y(;)(-) of Y'(-). We will often
write w = (w1, ...,ws),v = (v1,...,Vn_k). It is easy to check that the
limit in (4.1) exists in L?(dPg), and by induction on 0 < k < n, using the
Isomorphism Theorem, see Theorem 4.3 of [12], it is easy to show that the
limit in (4.2) exists in L?( dPg x dP?), uniformly in (w,v) € (R?)"**,
for each 1 € G?*. Here, P?* is the product measure for the processes
Y1)(-);- -, Yin-k)(:), each with initial measure p( dz) = u'(z) dz. By the
assumption of our Lemma and Theorem 5 of [11] we have that {(Gax gec X :
G? tp_kdec)u(w,v); (w,v) € (RY)™**} is continuous a.s., so that an easy
application of the Isomorphism Theorem, using the ideas of the previous
section, shows that {(Gakdec X Ln—k,dec)u(w,v); (w,v) € (RH)™F} is
continuous a.s. and that for any m

(43) || sup  |(Gakdec X Ln—kdec)u(w,v)||l2,6xL
(w,v)€B(m)
< C” sup I(GZk,decX es 3n—k,dec)u(wvv)| HZ,G <0
(w,v)€B(m)

where B(m) now denotes the ball of radius m in (R?)"t* and
Il - ll2,c> Il - ll2,axz denote respectively the norms for L2?(dPg) and
L*(dPg x dPr--P),
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Thus, if we set
2k n—k
Fs(w,v) = [] fo(ws) ] fs(v5)
i=1 j=1

we see that for each fixed § > O,

(44) (G2k dec X Ln—k dec)u * F&(wv U)
def / (Gatdee X Lt dec)u(ws0") Fs(w — w0 — v) do’ d!

is continuous a.s. and, for § sufficiently small,

(4.5) || sup  |(Gak,dec X Ln—k.dec)u * Fs(w,v)||l2,6xL
(w,v)€B(m/2)
<l sup  |(Gakdec X Ln—tdec)u(w,v)||l2,axL-
(w,v)€B(m)

Furthermore, since the L? limit in (4.2) is uniform in*(w,v) € (RY)"**,
we have from Lemma 6 applied to

(4.6) Z((w,v),¢€,06)

2k
= / (H {/G(i)’x+w;,€f8,w+wi(wz) dw:}
=1

n_k P!
H {/L(]‘;  footo; (V) dv;-}) du(z)

that

(47) {(sz dec X Ln k dec) * Fg(’w U) : (w 1)) (S (Rd)n+k}

{/ HG@)»M“& H LG du(a); (w,v) € (Rd)n+k}

Here we used the fact that both sides are a.s. continuous in (w, v) € (R%)"**
which follows easily since we are assuming that f5 is smooth.
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Since

(4'8) (/HG(z),z+w,,6 H Lf;)m-'-% dﬂ' CL‘))
= [ TG0 wrene TT 0o+ ) o)
i=1 =1

using translation invariance as in the previous section we have that

(4.9)

sup
(w,v)€B(m/8)

2k n—k
/ [ G0 etwis [[ U fs(z+ v;) du(a)
=1 j=1
2k n—k p
§,24+v
(fiewm i ),
Pé,z+v;
/HG(i)yaﬁwué H L(]) T du(z) ) .
Pé,xtv;
/HG(z),z+w,,6 H L(J) * d/,l,(:l:) )
Ps,x vj
/HG(Z )sz+w;,8 H L(J) i d (:L'
2,GXL

=c| sup |(G2k,dec X Ln—k,dec)u * Fs(w,v)||l2,exL-
(w,v)€B(m/2)

2,G

sup
(w,v)€B(m/8)

<

sup F < sup
|lw|<m/8 lv|<m/8

<c

sup E”""”’( sup
Jlw|<m/8 lv|[<m/4

2,G

<ec

(w, v)EB(m/2)

Hence by (4.5) we have that

(4.10) sup

/HG(Z)@-HUH H Ut fs(z +v;) du(z)
(w,v)€B(m/8)

<c|| sup |(Gakdec X Ln—k,dec)p,(wav)l ll2,exL < o0.
(w,v)€B(m) :

In the case of k£ = 0 our last inequality together with (4.3) says that

(4.11) sup /HU fs(z + vj) dp(z)

veB(m/8)

<cll sup |(: G ingec)u(®)] |l2,¢ < 00

vEB(m)
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By assumption, u'(z) is continuous for z # 0, hence [[;_, U' fs(x+v;) —
[T-,uy,(z) as § — O for each z ¢ {v1,...,va}. Since pu € g™ is
necessarily non-atomic, Fatou’s Lemma applied to (4.11) now gives

(4.12)

sup /Huij (z)dp(z) < c|| sup |(: G? indec)u(V)] |l2,6 < 00.
veB(m/8)J iy vEB(m)

This shows that : G° : ([T}—, uy, - #z) = [ I[j=; us, () du(z) is locally
“uniformly bounded, and continuity is proven similarly.

Using now the stationarity of G together with (4.12), we have that for
any y € R?

(4.13) sup /Hu},} (z) dpy(z)
veEB(m/8) j=1
<cll sup |(: G* tndec)u, (W) Il
veEB(m
=c|l sup |(: G* tnaec)u(v)] ll2,¢ < oo
vEB(m)

In particular this implies (2.1).
Now consider the case of & > 1. Let ¢, = H;:lk u,l,j. As in (3.4) we
have that ¢, - 4 € G?*, and applying Lemma 6 to

(4.14) Z((w,v),¢€,06)

= / (};[1 {/G(i),w-i—w;,ef&,:c-f-wi(w;)dw;}
nI;If {/Ulfe(U;)fs,z+vj (v;)dv;-}) dp(x)

we see that
(4.15) Gak,dec,p.-u * Fs(w,v)
wef / G2k,dec,¢u:~#(wl)F5(w —w'v— UI) dw' dv'

2k n—k
= /H Giyatwes || U fs(a +v;) dp(z)
=1 j=1
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in L?(dPg) for each (w,v) € (R%)"**. Hence, for any finite D C
B(m/8) C (R*)"*k, by (4.10) we have that

(4.16) || sup |Gakdec.-u * Fs(w,v)|ll2,c
(w,v)€D
< sup  |(Gakdec X Lo—kdec)u(w,v)||l2,6xL-
(w,v)€B(m)

As noted, ¢, - p € G?* and in fact, as a function of v, is continuous
in G% as follows from the proof of Lemma 3.1 of [12]. Hence
{Gak dec,p,-u(w) ; (w,v) € (RY)"*} is continuous in L?( dPg). Therefore

/ Gak,dec,p. . * Fs(w,v) = Gakdec,g,-u(W)

in L*(dPg) for fixed w, v, hence a.s for w,v in any finite D C B(m/8).
This shows that

(4.17) || sup |G 2k, dec,d,-u(W)] |2,

(w,v)€

<| sup [(G2k,dec X Lk dec) u(w,v)] ||2,axL < 00.
(w,v)€B(m)

By the Monotone Convergence Theorem this will also hold if we take D to
be any countable dense set in B(m/8). Since {Gax dec,¢,u(w); (w,v) €
(R%)"**} is continuous in L2, we can assume that we are dealing with
a separable version. Because of separability we can replace D in (4.17)
by B(m/8). This shows that G gec,4,.,(w) is bounded uniformly in
(w,v) € B(m/8) a.s. Then, Theorem 3 of [11] shows that : G** : (¢, - )
is bounded uniformly in (z,v) € B(m/16) a.s. The result on continuity is
treated similarly. This completes the proof of lemma 4.

5. L? CONVERGENCE

Proof of Lemma 5.

LEMMA 7. — If u € G?™ satisfies (2.1), then for each t € R, and y € R?
the limit

Po(pyi 8) = lm v e (py; 1)

exists in L*(P®), uniformly in y € R% and {v,(uy;t);y € R} is
continuous L*(P®).
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Using this Lemma we can apply Lemma 6 to Z(z,€,8) = vn.(u8;t)
to see that v,,(u;t) = [ Yn(py;t) fs.(y) dy in L?(P?). The continuity of
{Yn(1y;t); y € R?} in L2(P*) now implies that v, (k3;t) — Va(p;1t) in
L?(P?). This completes the proof of Lemma 5.

Proof of Lemma 7. — This proof is meant to be read in conjunction
with [12], on which we rely for ideas and notation. Using ¢;(x) to denote
transition density and semigroup of our killed process, we find the following
analogue of (5.24) of [12]:

(5.1)

Ez(anhﬂ (,LI/; t)anzﬁz (V; t))

ni+nz c(p) c(p—1)
_Z// H qtp(”';&*(p)"'Zys(m1_378(17 1)~ Z Ys(p—1),5)

ses? Moty po =1

H dt, H H fe.(Yi,5) dyi du(z1) dv(z2)

=1 j=1

where S is the set of mappings
s:{1,...,n1 +n2} — {1,2}

such that |s71(i)] = n;, 4 = 1,2 and ¢(p) = |{m < p|s(m) = s(p)}|,
1 < p < n1 + na. By convention we set z,0) = = and ¢(0) = 0.

Let us analyze the changes which occur in (5.1) when we replace one of
the factors, say o, ., (1, ), by (") (ul, (0))* tny —ky e (115 t). As in [12]
we see that

(5.2)
B ) W 0 s s 119)

ny+ngz
- > >/ 0w 1l
D1C{2,....,n1} s€8p, {E<31 tp<t} 1eD, p=1
|D1|=k1 (S(P)yc(P))ﬁf(l,Dl)
c(p) c(p—1)
qt, (Ts(p) + Z Ys(p).j — Ts(p—1)~ Z Ys(p—1),5)
Jj=1 Jj=1
(s(p),3)¢(1,D1) (s(p—1),4)¢(1,D1)
2 n;
IT dto TT T fei (9i.3) dys.; du(@r) du(zs)
De i=1j=1
peDS
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where Sp, is the subset of S such that D; = {p| (s(p), c(p)) € (1,Dy)} C

Bg. Using the notational convention that §(s) ds designates the probability
measure which places unit mass at s = 0, we can rewrite this as

(53) Eil?(( )(u (0))klan1—k1,€1(:u'vt)anz,eg(yvt))
= > X / / S oso l_llul(ys(p>,c(p))5(tp)

D1 C{2,..,n1} s€Sp,

|D1 I k1
ni+ng c(p)
II 0@+ Y. Yo
p=1 j=1
(s(p)c(»)) ¢(1,D1) (s(p),7)€(1,D1)

c(p—1)

= Ts(p-1) — Z Ys(p—1),5)

=1
(s(p— 1)7])95(1 Dy)

H dt H H fe: (Wi ) dyi j dp(zr) dv(z2).

i=1j=1

Arguing once more as in [12], this leads to

(5. 4)
®(Yryer (15 1) Yy (V3 1))

=) / / <o I {2 Wee) = 4 Weo),c))8(tp) Ry oy }

SES pEB;
c(p) c(p—-1)
II «. (ws(p>+zys(p>,y Ts(p—1) — Z Ys(p—1),5)
peBe
H dt, Her (yw)dyw d/‘(ml)d’/(x2)
=1 j=1

where R, is the operator which acts on a function of the variable y by
setting y equal to 0. If now D, = I — R, where I denotes the identity
operator, we can write our last equation as
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(5.5)
E® ('Yn €1 ,tL, t)’yn 62(’/ t))

=y / / {qt,,(ys(m,c(p)) — U (Ya(p),er))O(tp) }

seS th<t} PEB

+ Ul(ys(p),c(p))5(tp)Dys<p>,c(p>)

c(p) c(p—1)
H e, (Ts(p) + Zys(P)J Ts(p—1) — Z Ys(p—1),5)
pEDB¢ J=1
H dt, H H fei(Yi5) dyi j dp(z1) dv(z2)
=1 j=1

=> > / / T {9 Wstw).e) = 4 Usto),e))8(tn) }

s€S ACB, (D tr<t} pea
H “1(yS(p)YC(p))6(tp)Dys(p>,c(p>
pEBs;—A
c(p) c(p—1)
II « (ﬁvs<p>+2ys(p),1 Ts(p-1) = Z Ys(p—1),5)
PEBS

H dt, H H fei(Yi3) dys j dp(w1) dv(z2)

i=1j=1

2% e

s€S ACB,

H {ae, Ws),c0)) — U Ys(p),c))8(tp) } dtp

BE tp} PEA
1
H U (ys(P)7C(P))Dys(p),c(p) H qtp ("L‘s(p)
pEBs;—A PEB¢

<(p) c(p—1)

+ Z Ys(p)i — Ts(p—-1) ~ Z Ys(p—1),3)

H dt H H fei(Yi5) dysj du(z1) dv(z2).

i=1j=1

/{ZAtpSt—Z

When we compare this with the analysis in [12] we see that the main
new element comes from the inner integral involving A. In order to handle
this, we now show
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LEMMA 8

(5.6) | / H {26, Ys0),e()) = 0 (Ys(0),0(0)) 8 (t) } it

pEA
<o [T aoa) .

Proof of Lemma 8. - Set Q7 = [ q5(0) ds. We note that Qr is regularly
varying at T' = 0 (we include the possibility that Qr is slowly varying)
and Qr / u'(0) = oo as T\, 0. Let us analyze

(5.7)
/{ZF <1} ]Hl (i w)o(t) = i (us)}y
= Z (—1)IBI/ . H(It, Y5) H U (y])é(t )H dt;
BC{1,...,k} j: t;<T} jeB jeBe
= —1)Bl () dh 0,
= _1)Bl
= BQZL;,,C}( 1) (/{ZjEB . qut (y;) dt; ) (/ch qt, (y;) dt; )
- -1 v (y;) d
Bg{;”k}( ) /{Z T Hq (y;) dt;
=/( Z (—1)|B|1T(B)(f)) Hqtj(yj)dt
BC{1,...,k} =1

where T(B) = {(t1,...,tx) | Xjept; < T} and & = (ty,...,t). Thus
k

5.8 ’U,1 § 6 ) — 9t \Yj dt]'

(5.8) '/{z;M}E{ ©)6(t5) — i, () } ;|

k
<[I ¥ 0@ a0

BC{1,...,k}
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and it suffices to bound this last integral over sets
C(A) = {(t1,...,tx)|t; < T if and only if j € A}

for all A C {1,...,k}.
Since ¢ € C(A) implies that

Z PO Z(—l)lBllT(B)(f),

BC{1,...,k} BCA

and if t; > T we can integrate f;o qt; (0) dt; = Qr, we see that it suffices
to show that

k
69 [ 1 X 0ae@ [a0d <c@),

T BC{1,..,k} J=1

where Dy = C({1,...,k}) = nk_,{t|t; < T}. Furthermore, by
symmetry, it suffices to show that

k
(5.10) Y (0Pl @) ] @, 0)dt <C@Qn)"

{t:<...<tx<T} BC{1,...,k} =

Note that if t; > T'/(2n), (5.10) follows immediately as above using the
regular variation of Q7 which implies that Q7/2,) < CQr. Hence, we
need only show

k
611 e coen) X (D@ Lo ©d <C(@n)"

t1<T/(2n)  BC{1,...,k} j=1
Observe that
oo F)Prmm@® = Y (DM (e @) - Iraoan ),
BC{1,...,k} AC{2,....k}

hence we are reduced to proving (5.11) with integration restricted to sets
of the form D(A) = {(tl,...,tk) | lT(A)(D - 1T(AU{1})(E) # 0}, ie.
D(A) = {(t1,. .., tr) | 2 ati < T, X aupyti > T} and clearly we must
have A # 0. Let m denote the largest index in A. Then, if A" = A — {m},
we have

(5.12) T—th—tlgtmgT—‘th.

JeEA' JEA’
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Furthermore, since °,,;,¢; > T implies that ¢, > T/n, we have
from (5.12) that

T/n <T- Z tj,
JEA
while ¢; < T/(2n) then implies that
(5.13) T/(20) <T =) t;—ty.
jeA!

Using the regular variation of Q7 once more we bound

k
Ga) | I«

mstm+l S"'Stk ]=m+1

k oo
< 1 [ a®d<0@,) "< o@n ™

j=m+417tm

We can then bound the dt,, integral by using (5.13) and the regular
variation of ¢, (0) to obtain

(5.15) / TRt o) din

T_ZjeA' ti—t
<t sup gt,,(0)
T=) e ti—tStnST=37 4
< Ct19r(0).

On the other hand, the dt; - - - dt,,_; integral is bounded as in (5.14)

m—1

(5.16) / IT o, 0 dt; < C(Qu)™

15t < Stm1 o

and using (5.15) and (5.16) and the regular variation of ¢, (0) we see that
we can bound (5.11) by

(5.17) (@)™ qr(0) / _ 8(Q)" a0 dy

< C(Qr)* ™qr(0) (Qe)™ "t dty

< 0(Qr)* ™ gr(0)T(Qr)™!
< C(Qr)*.

Vol. 35, n® 2-1999.



168 J. ROSEN

The second inequality follows from the fact that (Q)™ " is regularly
varying at ¢t = 0 of index > —1. To see this, let 3 be the index of regular
variation of . This implies that u!(z) is regularly varying at z = 0
of index 8 — d. As we saw in the introduction, G" non-empty implies
ul(z) € L**(R?, dz), so that 2n(B—d) < d and therefore 2n(8/d—1) < 1.
The use of polar coordinates together with the standard Tauberian Theorem,
Theorem 1.7.1 of [3], shows that ¢,(0) is regularly varying of index —3/d,
hence Q, is regularly varying of index 1 — §/d. Since m — 1 < 2n, our
claim is established. This completes the proof of Lemma 8.

We now return to (5.5). Assume first that A = B;, so that, using (5.7)
with Tg. =t — ) p. t, we have the integral

(5.18)
/ / ( / ( > (—1)|A|1T35(A)(f)) 11 qtp(ys(p),c(p))dtp)
{ZBg tpst} Ang pGBS
c(p) c(p—1)
H qtp (xs(p) + Zys(p) ] .’L's(p 1) - Z ys(p 1) ])

PEB;S

H dtp H H fei(yi ) dyi j dp(zy) dv(z2).

Be i=1j=1

This differs from the integral

(5.19) / /{ 5 e ( / (Z(—l)lAllTBg(A)@) 11 Qtp(O)dtp>

ACB, pEB,
c(p) c(p-1)
II « (ws(p>+zys(p),] Ts(p-1) Z Ys(p-1),5)

p€EB;

H dt, H H fe: (i j) dys j du(z1) dv(z2)

=1 j=1

by a sum of terms similar to (5.18), in each of which the product
[Les, @, (Ys(p),c(p)) has some of the of the y,(,) (p)’s replaced by 0, and
one factor at, (Ys(p),c(»)) Teplaced by the difference g1, (0) — g, (Ys(p),c(r))-
Using once again polar coordinates together with the standard Tauberian
Theorem, Theorem 1.7.1 of [3], we have that
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(5.20) 10:(0) — qe(y)] < / L — el v gy
<yl / Iple=® dp

<o al0)

where ¢(t) is regularly varying of index 1/3 at ¢ = 0. (Actually, the precise
index of ¢(t) will not be important for us).

We have seen above that (Q,)?"~! is integrable at s = 0, so that we
can find a function h(s) < 1, slowly varying at s = 0, with A(s) \, 0
as s \, 0 and such that

(5.21) / C(O(s)P 1 ds < oo

0
with
A = [ )i

Interpolating between (1.13) and the tr1v1al bound |g:(0) — ¢:(y)| < ¢:+(0)
we have

o yl)
h(o(®)

More precisely, if |y| < ¢(t) use the bound |y|/#(t) < Ch(|y|)/h(é(t))
which follows from |y|/h(|y|) < Cd(t)/h(¢p(t)) and the fact that z/h(z)
is regularly varying of index 1, while if ¢(t) < |y| use the bound

1 < R(|yl)/h(e(2)). i
Using the analysis of Lemma 8 we find that the difference between (5.18)
and (5.19) can be bounded by integrals of the form

(523)  h(lel) / /{z @=Ly
Bgt”st B;

c(p)’ c(p—-1)

IT « ws<p>+zys<p>a Ts(p—1) — Z Ys(p—1),5)

PEBS

H dt H H féi(yi,j) dyi,j dM(ZEl) dI/(.’Ez)

1=1j=1

(5.22) lg:(0) — ()| < C 4:(0)-
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where € = max(e1, €2). If 3 5. t, < t/2, we bound (5.23) by

(5.24)
_ <(p) c(p—1)
Ch(lfl)(Q(t/2))'BS'/ [ ' @etr)+ D st01=Tso-1)= Y Ystp-1),5)
pEB? 7j=1 j=1

2 n
LTI fe (i) dys.; ds(s) dv(as)

i=1j=1

which converges to 0 as €1,€e; — 0. On the other hand, if ). t, > t/2,
then we can find p' € B{ with t,, > t/(4n). We bound the g,
factor in (5.23) by ¢, (0), integrate over t,; > t/(4n), and in this way
bound (5.23) by a similar integral in which we have one extra power of é
but have eliminated the ¢;, factor. This can be continued, and eventually
shows that (5.23) converges to 0 as €;,e; — 0. We will briefly describe
how to handle the last step in the ‘worst-case scenario’.

(5.25) /0 (é(t—s))zn_lqs(m) ds
t/2 - t
- / (Q(t — )" Lqu(z) ds + / (¢ — )" gu(x) ds
0 t/2

< (Q(t/2))*"ul (z) + Qt/z(O)/O (Q(s))** " ds
< c(u'(z) +1)

where we used (5.21). This analysis also shows that (5.19) converges as
€1,€2 — 0.

We now return to the general case of (5.5) in which B, — A # 0. We
rely heavily on the proof of Lemma 3.4 and 3.5 of [12]. As in that paper,
if |Bs — A| > 2, we write out all but two of the D differences. If B, — A
contains some p’s with s(p) = 1 and some with s(p) = 2, we must be
careful to retain one D difference for some p with s(p) = 1, and one for
some p with s(p) = 2. Again expanding as in [12], we can assume that
the D differences are now attached to one or two ¢;, factors with p € Bg.
We then use the basic assumptions of Class B processes (1.15), to bound
our integral in terms of an integral which resembles the A = B, case

-of (5.5), except that on the one hand the divergent u'(ys(y),c(p)) factors for
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p € B; — A have now been replaced with factors that converge to 0 as
€1, €2 — 0, while on the other hand we introduce a new factor ¢(z; — z2)
which has no effect on convergence of the du(z;) dv(z2) integral. Then
using Lemma 8 as above we bound the remaining integral, showing that
in fact any term in (5.5) with B, — A # 0 converges to 0 as €;,e3 — 0.
This completes the proof of Lemma 7

6. A DOOB-MEYER TYPE DECOMPOSITION

For any n > 2, let
(61)  An-re(pst)

-/ Fon (X (0) [T £(X(t5) - X(t1)
{05t <ot 1 <t} =2

UM (X(t) = X(tn—1))dty -+ dtn_y du(z)

and
(6.2) Thnore(pst)
_Z 1)k<” 2) (ul(0))* Ap——1,e(1s3 1)

lj = X(t—1)) U (X () = X (tn—k-1))

dtl e dtn—k—l d,u(:r)

The following essentially combinatoric Lemma is the key to proving
Lemma 2 and Theorem 3.

LEMMA 9

(6.3) EY(Yn, ()| Fe) = Yne(pt5t) + Trn (5 t)
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Proof of Lemma 9. — It will help clarify the proof if we let the €’s in (1.1)
vary from factor to factor. Thus we introduce

def
(6.4) Q.6 (p5t) =

//{0<t <o <tn <t} fe‘(X(tl)- - ) H fe; (X (t5) — X(tj-1))
J dty--- dt, du(:v)

and the related approximate renormalized intersection local time

(6.5) Verrmen ity = Y (=DM ] vl (0)ae epe (151)

AC{2,...,n} j€A
where for any set A = {i1,...,ik} C {2,...,n} weletes = (€;,,...,¢€;,)

and A° will refer to the complement of A with respect to {2,...,n}. We
let [(A) = # denote the largest element in A

Similarly, for n > 2, we introduce

(6-6)c,....cn (i)

//O<t <eotn_1<t} fel’z(X(tl)) 1:[ fei (X(tj) - X(tj—l))

Ulfen (X(t) - X(tn_l)) dtl v dtn_l d,u(:c)

and

(6.7)
| D (7329

= z (—1)|A|(H@j(o))AEl,uc,en(u;t)
1}

AC{2,...,n— JEA
= 3 1>'A'(Hu‘ <o>) / / faraX(82))
Ag{z,...,n-1} jEA {0t <ty 4y St}

H fe, (X (t5) = X(j-1))U" fe, (X () = X (tiary)) dbr - - dbicac) dp(z)

JEA°
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where, naturally, A is taken with respect to {2,...,n — 1}. We also set
(63) Balit) = [ U 1,(X() - ) du(o).

In the following, X denotes an independent copy of X, and E™ denotes
expectation with respect to X starting at w. From the definition (6.4) of
Qe ... (1) we see that

i=0 {0<t1 <ot <t <ty <<t}
k

fra(X () [ fe, (X (t5) = X(tj-0)) dty - - - dty du(z)| F)
j=2

k 1
-3 / /{ ety Foe KD TL A (X (1) - X(1,-0)

. =2
Ey{ IT 7X@ - X(t-0))

Jj=i+1

ft} dty--- dty du(z)

k %
-3 / / sty T X T C6C0) = X (50

j=it2

k
EX(t){fE - X(tz—l—l _ t) )) H fej(j(;(t]- — t) - X(tj—l - t))}

1°°" dtk du(a:)

k 7
=3 / /{ ety KO T2 (X (6) = X521

k
Ulffiﬂ(X(t) - X(tz))( H uij (0)) dty--- dt; du(m‘)

j=i+2

k
----- :U'v t) + Z Ael,.‘.,e +1(,LL, H ’U:ij (0)

j=it2

Consequently, adopting the notation that for any set B = {ji,..., Jik} C
{2,...,n} we let B; = (j1,.--,ji1,5i), and B' = (ji, jis1,---,jk), We
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have

(610) Eu(’)’ﬂ,..,,en(u)lft)
= Z (_1)|AI H Uij (O)Ey(aely@xc (/‘l’)‘ft)

AC{2,...n} jeA
= > D ]Ju
AC{2,...,n} jea
|A°]
X Q Gepenc (18) + D Acpene (i) [T e, (0)
=0 jEAc i+
= Yer,eos€n (Hy t) + Z (—l)lAI
AC{2,...,n}
|A°]
X H uij (O) ZA€17€A°i("'L;t) H u:j (O)
jEA 1=0 jeAc,i+1

= Yer,oen (3 1)

+ Z (_1)|B°n{2,...,1(3)—1}| H uij(O)

BC{2,...,n} jEBeN{2,...,[(B)—1}
Yoo M T ug(0) pAe s (st)-
A2 C{l(B)+1,...,n} j=l(B)+1

Since 3 ,cp(—=1)14! = 0 for any nonempty set D, we see that in the
last display B will not contribute unless we have I(B) = n. We can then
rewrite the sum in (6.10) as

1) Y (pEneen il T wl(0) | A (i)

BC{2,...,n} j€EBN{2,...,n—1}
I(B)=n
SID SRR 1 CC) P
AC{2,...,n—1} JEA

= I‘el,...,en (/l,, t)

This completes the proof of Lemma 9.
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Proof of Lemma 2. — Let

(6.12)
Fn 1 e(’U’ﬂé’t)
:2=22 ( 2) (U:(O))k//{ogtlg...tn_k_lgt} feyz(X(tl))
—k—

H (X (1) = X(tj-))ul (v = X(taog-)) dby - dbniy dps*(a)

An easy modification of [14] shows that I',_; .(v; u;t) converges a.s.
locally uniformly in v € R? to ,,_;(u} - 4®;t) as € — 0. By Lemma 9

this implies Lemma 2 for & = n. The general case follows by replacing n
in Lemma 9 by k£ and p by H]_lku ud.

Proof of Theorem 3. — This now follows easily from Lemma 2 on letting
6 — 0 and using the proof of Theorem 1.
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