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1 Introduction and statement of results

This paper is a contribution to the study of the fractal nature of the intersection local time
measure 4, the natural Hausdorff measure on the intersection of independent Brownian paths in
3-space and in the plane. We investigate the notions of average densities and density distributions
of 1 and particularly point out the striking difference between the spatial and the planar case. In
this section we motivate these notions in a general context and embed our results in this context,
leaving the precise definition and properties of intersection local time to the next section.

An important role for the fine geometry of fractal measures u is played by the behaviour, as
r } 0, of the functions
w(B(z,r))

o(r)

where B(z,r) is the open ball centred in z of radius r and ¢ : (0,e) — (0,00) is a suitably
chosen gauge function. For a smooth measure, for example a measure p absolutely continuous
with respect to the surface measure on an m-submanifold, this function converges for the gauge
function ¢(r) = r™, as r — 0, for p-almost every x to a nonzero limit. Conversely, a measure p
where we encounter such a convergence has strong regularity properties, see [PM95]|. Hence the
fluctuations of this function are a means to describe the irregularities of a measure p.

dy:r—

For the random measures appearing in the study of nonsmooth stochastic processes, like for
example occupation measures and local times, typically, there is no gauge function ¢ such that
the function dy(r) converges to a nonzero limit as r | 0 for all  on a set of positive measure.
It is, however, of interest to find a gauge function ¢ such that limsup, ,dy(r) is positive and
finite, as this allows to compare y to the ¥-Hausdorff measure. Similarly, a gauge function 6 such
that liminf, | dg(r) is positive and finite allows a comparison of y and the #-packing measure.
See [JT86] for a survey of such results and methods for measures p arising in the context of
stochastic processes. These results refer to the behaviour of r — u(B(x,r)) along certain extreme
sequences 1, | 0, which asymptotically describe its lower and upper hull. It is natural to try
and describe the oscillation between the lower and upper hull and also find a suitable average
value for p(B(z,r)). A first step in this direction is the investigation of the average densities
introduced by Bedford and Fisher in [BF92], see also [KF97] for an introduction.

For certain fractal measures Bedford and Fisher observed that, although d,(r) does not con-
verge to a nonnegative limit, it is possible to define a generalized limit using classical summation
techniques of Hardy and Riesz. This generalized limit defines an interesting parameter, which
is closely related to Mandelbrot’s concept of fractal lacunarity (see e.g. [BM95]). This pa-
rameter may be used to compare the lacunarity (or mass density) of different fractals with the
same dimension gauge, see [LL94] or [KF97] for explicit calculations. Bedford and Fisher used
logarithmic averaging of order two to define the average densities of order two of u at x as

L[ (B ) dr
7 |

I
e10 log(1/e o(r) r

For many fractal measures this limit was shown to exist for gauge functions of the type ¢(r) = r°.
Examples include Hausdorff measures on deterministic and random self-similar sets, mixing
repellers or occupation measures of stable processes, see [BF92], [PZ94], [KF92] and [FX95]. We
remark that average densities were also used to characterize geometric regularity of sets, see
[F'S95], [JM96], [PM97], or symmetry properties of measures, see [M98a], [MP98].




Our first result shows that for the intersection local time measure on the intersection of two
Brownian paths in 3-space an average density of order two may be defined using such a gauge
function.

Theorem 1.1 Suppose p is the intersection local time of two independent Brownian paths in
R3 started at arbitrary points and running for unit time. Define the gauge function ¢(r) = r.
Then, with probability one, the average density of order two with respect to ¢ exists at p-almost
every x and we have

1 Yw(B(z,r)) dr 4
i/ =3 1)

T
el0 log(1/e

In the next theorem we show that for the intersection local time measure f, of p independent
Brownian motions in the plane the behaviour of the average densities is different from the
behaviour observed in the cases above, namely the average density of order two fails to exist
for any gauge function. In this case it is natural to use logarithmic averaging of higher order.
Following [BF92]| we define the average density of order three at x by

i 1 /1/8 pp(B(z, 7)) dr
el0 loglog(1/e) J. @p(r) 7 log(1l/r)’

There is a hierarchy in the notions of average densities: The existence of average densities of
order two implies the existence of average densities of order three with the same value, see e.g.
[BF92]. With the choice of a gauge function ¢,(r) involving a logarithmic correction we get a
positive convergence result for the average densities of order three.

Theorem 1.2 Suppose i, is the intersection local time of p independent Brownian paths in R?
started at arbitrary points and running for unit time. Then, with probability one,

(a) for every gauge function at p,-almost every x the average density of order two fails to exist,

(b) for the gauge function ¢,(r) = r?rllog(1/r)/7|P the average density of order three with
respect to ), exists at p,-almost every x and we have

] 1 1/e pp(B(z, 7)) dr o
lslf(r)l loglog(l/s)/s op(r)  rlog(l/r) 2 (2)

Remarks:

e It is not hard to see that both our theorems hold irrespective of the choice of the finite
(and in the first case even infinite) running times of the Brownian motions.

e In the case of occupation measure of a Brownian path similar results hold, in the case of
dimensions larger than three this was proved in [FX95] and in the planar case in [M98b].

e A heuristic explanation for the non-existence of the order-two densities for j, is that the
spectrum of the oscillations of u,(B(z,r)) contains smaller frequencies than in the case
of 3-space, a fact which is due to the longer range of dependence of the random variables
pp(B(z, 7)) in the planar case.



In order to get a finer picture of the oscillation of pu(B(z,r)) around r and p,(B(z,r)) around
r?m[log(1/r)/m]P we study, for fixed Brownian paths, the distributions of u(B(z,r))/¢(r) for a
natural random choice of r. This leads us to the notion of density distributions, or lacunarity
distributions, due also to [BF92]. For a fixed measure p the density distribution of order n of
at x is the asymptotic distribution as T' — oo of

u(B(z,1/ exp™ D (X)))
o(1/exp~1(X))

where X is uniformly distributed on (0,T") and exp(”) denotes the nth iterate of the exponential

function. A simple substitution confirms that the density distributions of order two are the limit
distributions as € | 0 of

L /15 dr
log(1/e) J.

and the density distributions of order three are the limits of

1 /1/8(5 dr
loglog(1/e) J. 14} log(1/r)

where 47,y stands for the point mass in a. A straightforward modification of the proof of
Theorem 1.1 shows that for the intersection local time measure in 3-space, with probability
one, the density distribution of order two with respect to ¢(r) = r exists at p-almost every
x and equals the distribution of the total intersection local time of two independent two-sided
Brownian motions in the unit ball. In the planar case we get an interesting almost-sure limit
theorem.

Theorem 1.3 Suppose ji, is the intersection local time of p independent Brownian paths in the
plane started at arbitrary points and running for unit time. For the gauge function pp(r) =
r?r(log(1/r)/m|P the density distribution of order three exists at pi,-almost every x and equals
the distribution of the product of p independently with parameter two gamma—distributed random
variables. More explicitly,

1 1/e
lim ——— . ce~% da; .
EIJI:BI log(log(l/g)) /6 6{% r log 1/7’ / / (5{(11 ap} Ha da; (3)

Remarks:

e The corresponding result for the case of occupation measure was obtained in [M98b].

e As in Theorem 1.2(a) it may be shown that for the intersection local time measure in the
plane, with probability one, the density distribution of order two fails to exist.

e Our theorem shows that, for almost every z, the function r — p,(B(x,r)) oscillates around
the gauge functions ¢, () in such a way that for “most” scales the ratio p,(B(z,1))/¢p(r) is
bounded away from 0 and oo and hence this gauge function describes the typical behaviour
of pp(B(x,r)). To make this more explicit recall the definition of logarithmic densities.



The logarithmic density of order two, resp. three, of a set N C (0, 00) is the value of the
limit

1 1 dr 1 1/e dr
lim ———— 1 — Dlim ———— 1 _
210 log(l/s)/s N (") r P loglog(l/s)/s N (") rlog(1/r)’

if it exists. For the intersection local time of two independent Brownian paths in R?, with
probability one, for every € > 0 there are 0 < ¢ < C' < oo such that, for py-almost every «x,
we have

c-r<u(B(z,r)<C-r

for all r outside a set N of logarithmic density of order two smaller than €. For the
intersection local time of p independent Brownian paths in the plane, with probability
one, for every € > 0 there are 0 < ¢ < C' < 0o such that, for y-almost every z, we have

c- r2(log(1/7'))p < pp(B(z,r)) < C - 7'2(10g(1/7'))p

for all r outside a set N of logarithmic density of order three smaller than €. These
statements are immediate from the existence of the density distributions upon recalling
Prohorov’s Theorem: Weak compactness of a family of probability distributions implies
uniform tightness of the family.

e The gauge functions ¢(r) = r and ¢, (r) = r?[log(1/r)]P in the previous remark should be
compared to the gauge functions governing the limsup-behaviour of the density functions
(and thus the dimension gauge) obtained by Le Gall [LG87]. These are in the case of two
Brownian motions in space

p(r) =r - [loglog(1/r)]?

and in the case of p Brownian motions in the plane

Pp(r) = r? - [log(1/7) logloglog(1/r)]P.

The gauge functions for the liminf-behaviour seem to be unknown for p > 1, see Section 6.

The idea common to the proofs of our theorems is to reduce the problem first to the study
of the intersection local time of independent Brownian paths at a common starting point, say
the origin. To do this we introduce a Palm distribution associated with the intersection local
time (Theorem 3.1) and then derive a 0-1 law (Theorem 3.2) — a technique suitable for the
study of intersection local time in all dimensions. The problem at the origin is then dealt with
by means of the ergodic scaling flow (Section 4), in the case of Brownian paths in space, and
by means of an approximation of the intersection local times by crossing numbers, in the case
of planar paths (Section 5). Some of these methods have been used in [M98b] in the case
of occupation measures, but we believe that the full strength of these methods, in particular
the Palm distribution technique, becomes only apparent in the study of the more complicated
intersection local times.

The paper is organized as follows: In the next section we give a precise definition and collect some
facts about intersection local times. In Section 3 we introduce the Palm distribution associated
with the intersection local time. The following section contains the proofs of our theorems in
the case of Brownian paths in space and in Section 5 we treat the case of Brownian paths in the
plane. Section 6 contains some open questions.



2 Intersection local time as canonical measure on the inter-
section of Brownian paths

We consider a family of p > 2 independent two-sided Brownian motions B!,. .., B? in R? with
B} =z1,...,BE = x,. Let

Ca={fR— R?,  fis continuous and f(0) = 0},

equipped with the standard Wiener measure W on the o—algebra B(Cy) generated by the cylinder
subsets of Cy. We conveniently assume the motions to be the coordinate processes on the space
Q= C’?p with F = B(Cq)®? and Py = W®P, so that for every vector = (z1,...,x,) of initial
points z; € R% and w = (Wi, ... ,wp) € N the p independent Brownian motions in R? with initial
points x; are represented by x + w or, more precisely, Bz = z; + wi(s).

For all time vectors S = (S1,...,Sp) and T = (T4, ... ,Tp) with —oo < S; < T; < oo we study
the set

B[Sy, T!] N---NBPS,, T = {z eR?: 2 :Btl1 :---:pr for some t; € [SZ-,TZ-]}

of intersections of the Brownian paths. By classical results of Dvoretzky, Erdos, Kakutani and
Taylor these intersections are nonempty with positive probability if and only if either d = 2
and p is arbitrary or d = 3 and p = 2. In these cases Dynkin [ED81] and Geman, Horowitz
and Rosen [GH84| have constructed canonical random measures ug on this set. We follow the
construction of [GH84], see also [LG86]. There is a Borel set Qy C Q with Py(€Q) = 1, such
that, for every w € Qg, every initial vector z = (z1,...,2z4), and all S and T, there is a family
{Ay 1 y € (RYP~1} of finite measures Ay = Ay[z + w] on [[¥_,[S;, T;] with the following two
properties:

(i) the mapping y — A, is continuous with respect to the vague topology on the space M(RP)
of locally finite measures on RP,

(ii) for all Borel functions g : (RY)P~! — [0, 00] and f : [[5_,[Si, T;] — [0, oc],

T Ty
/ o sty sp) (B — B2, ... BY — BE)ds,...ds; :/ 9(y) [/fdxy} dy.
S Sp Rd(p—1)

The above properties imply that

(iii) A, is supported by the set
P
Ay = {(81, R ,Sp) € H[SzaTz] : ;1 — ng =Y1,... ,ng__ll — ng = yp_l} ,
i=1

(iv) for all Borel functions f : [[2_,[S;, T;] — [0, oc],

T T,
/ f(sl,...,sp)dsp...dslz/ [/fd)\yi| dy.
S1 Sp Rd(p—1)



Note that (ii7) follows from (i) by choosing g. to be a nonnegative function supported by B(y, ¢)
with [ g-(x) dz = 1. For every continuous function f with support disjoint from A, the integral
vanishes as € | 0 and hence ), is supported by A,. (iv) follows from (i7) by letting g = 1.

By these properties the image measure ug = ug [z + w] of Ao under the mapping (t1,...,tp) —
Btl1 is a finite measure supported by the intersections of the Brownian paths, which we call the
intersection local time of the p Brownian paths. We remark that many authors reserve the term
intersection local time for the family {\,} itself.
Properties (i) and (i) imply that, for all y € (R%)?~! and f nonnegative and continuous, the
mapping w — [ fdA\y[w + z] may be defined as a limit of measurable mappings and hence the
mapping

A (0, FNQ) — M(RP), w = A\y[w + ]
into the space M(RRP) of locally finite measures, with the Borel structure induced by the vague
topology, is measurable. This also implies measurability of the mapping

M : (Qo, FN Q) — M(RY) | w s phfw +2].

Alternative characterizations show that the intersection local time is indeed a canonical measure
on the intersection of the paths. For example, Le Gall has given a description in terms of the
volume of Wiener sausages. Fix time vectors S and 7" and define the Wiener sausage St as

Sl =84S, T)[z+w] = {y eR?: inf{|Bl —y| : $;<s<Tj} < 5} . (4)

Define a finite measure p¢ on R%, in the case d = 3 and p = 2 by

1
B4 = Gy I (sg ns2n A) , (5)
and in the case d = 2 by
€ log(1/€)\* 2/ 1
pE(A) = (288 K(Ssm---msg’ﬂA). (6)
0

Le Gall has shown in [LG86] that % can be characterized by

[ taut =i [ o (7)
€l0
for all f: R — R continuous and bounded, where convergence holds in probability and in the

Li-sense for any 1 < ¢ < oco. This implies that there is a sequence ¢, | 0 such that pu*» converges
almost surely to ug on the space M(R?).

The most interesting characterization given by Le Gall in [LG87] shows that ug may be defined
intrinsically as a constant multiple of the 1-Hausdorff measure on the random set B[Sy, T1] N
---N BP[Sy, Ty, in the case of two spatial Brownian motions for the gauge function

Y(r) = rlloglog(1/r)]?
and in the case of p planar Brownian motions for
Pp(r) = r2[log(1/r) logloglog(1/7)]?.

Although we are not explicitly using this characterization in our proofs, it is our main motivation
for studying intersection local times.



3 Palm distributions associated with intersection local times

In this section we suppose that either d = 2 and p > 2 is an arbitrary integer or d = 3 and
p = 2. Here we refer to u = p[z + w] = p{[z + w] as the intersection local time measure of p
independent Brownian motions started at time 0 in arbitrary points z1, ... ,z, and running for
unit time.

We now address the problem of reducing the investigation of the local geometry of the
intersection local time measure at almost every point to an investigation of the intersection
local time measure at a single typical point. The main difficulty in this reduction lies in the
fact that the typical tuples (t1,...,t,) with Btl1 = ... = pr cannot be realized as stopping
times and therefore the strong Markov property cannot be applied. We use the idea of Palm
distributions to overcome this difficulty. Palm distributions are also a common tool in other
branches of probability such as queuing theory or point processes, see [OK83] for a general
reference and [UZ88], [PZ94], [MP98] for applications in fractal geometry.

Definition: Denote by M(R?) the Polish space of all locally finite Borel measures on R?
equipped with the vague topology and by ¢? the Lebesgue measure on R%. A stationary quasi-
distribution is a o-finite measure @ on M(R?) that is invariant with respect to the mapping 7%
given by T"v(A) = v(u+ A). The intensity of @ is the number A = [ v(B) Q(dv)/¢%(B), which,
by stationarity, is independent of the choice of a Borel set B of positive and finite Lebesgue
measure. With every stationary quasi-distribution @ of finite intensity A we associate the Palm
distribution P, which is the probability distribution defined by

PO = 5y | ) vt Q(av). (8)

for all Borel sets M C M(Rd). Note that, by stationarity, this definition does not depend on
the choice of a Borel set B C R? of positive and finite Lebesgue measure. It is easy to see that
P is the unique probability distribution such that

A / / G (v, u) du P(dv) — / / G(T", ) v(du) Q(dv), )
for every measurable G : M(R%) x R% — [0, oc].

Theorem 3.1 Suppose that either d =2 and p > 2 is an arbitrary integer or d = 3 and p = 2.
Denote,

o for every x = (z1,...,xp) with z; € RY, by P, the probability distribution on M(R?)
defined by P,(M) = Po{ulz + w] € M} for M C M(R?) Borel, i.e. the distribution of
the intersection local times p of p independent Brownian motions in RY started in = and
running for unit time,

e by Q the o-finite measure on M(R?) given by Q(M) = [ P,(M \{¢}) dz for all Borel sets
M C M(R?), where ¢ denotes the zero measure,



e by P the probability distribution on M(R?) defined by

/ / Py ug((y M} dyy - - - dy, for M C M(R?) Borel,

where S(y) = (y1 — 1,...,yp — 1) and T(y) = (y1,...,Yp). In other words, P is the

distribution of the intersection local times ug((;:)) for an independent family Yi,...,Y, of
uniformly distributed random wvariables on [0, 1], which are independent of the Brownian
motions.

Then P is the Palm distribution associated with Q).
Proof: Let us first check that Q is indeed o-finite. For this purpose let M, = {v € M(R9) :

v(B(0,n)) > 0}. Observe that M(R%) = (J°°, M,, U{¢} and recall the definition of the Wiener
sausage from (4) to obtain

QM) = /R  Polule + (B, m) > 0} da

< / 04(Sh) -+ - £%(SP) Po(dw)

<€d(B(0, 1)))”1@{ ﬁ <012a§1 lwi(s)] —i—n)d} < 0.

i=

IN

Hence Q is o-finite. To show the Palm property of P fix a function G : M(R?) x R? — [0, o0].
For u € R? and z = (21, ... ,z,) € RPd we simply write x +u for the vector (z1+u, ... ,z,+u).
Observe that T"u[z + w] = p[er — u + w|. Hence, recalling the notation t = (t1,... ,%p),

/ / G(1v,u) v(du) Q(dv)
/de/ / ule —u+ul, ) ple + w](du)} Po(dw) dz

_ / / /G (il = 21 = wn(t1) + ], 21 + w1 (1)) Aol + w](d8)] Po(dw) dar
Rpd

For t = (t1,...,ty) € [S;, TP we write w(t) = (wi(t1),...,wp(tp)). By property (iii) of the
family A, for every 1 <i < p and Ao[z + w]-almost every t,

xr1 + wl(tl) =x; + wi(ti) ,
and hence the last expression equals

/de/ [/G@[w —w(t)],z1+ Wl(tl)) Aol + w](dt) | Po(dw) de .

Observe that A\y[z + w] = Ay(y)[w], where

y(fL’) = (yl +:I:2 — X1y ;yp—l +:I:p _.’pr_l) .



Hence we may substitute y = (za—x1,...,2,—xp—1) for (x2,... ,x,) and obtain, using Fubini’s
Theorem and property (iv) of Ay,

/de / [ / G(“[w —w(t)], z1+ Wl(tl)) Ao[z + w](dt)} Po(dw) da
JL L L 6o =0l wnen)) Afultan)] dy de Po(a)

//Rd [/01 , ./Olg(u[w —w(s)], z1 +w1(sl)) dsp...dsl} dz1 Po(dw) .

Observe now that, for s1,. .., sy fixed, the distribution of the process w;(t) —w;(s;) and w;(t —s;)

under Py coincide. Hence the distribution of pfw—w(s)] and g !) coincide for y; = 1 —s;. Using

again Fubini’s Theorem and substitutions v = z; + wi(s1) and y; = 1 — s,

//R/ / w($)], o1+ wi(51)) dsp .. dsa ] da Po(d)
_/ // /Rd pleo = w(s)], ) du] Bo(dw) ds, ... dsy

_ / /// (1), ) ] Bo(dw) dy ..y

_ / /]R Gl ) du P(d).

Altogether, we have shown that

/ / G (T, ) vldu) Q(dv) = / /]R G, w) du P(d).

Plugging G(v,u) = 1p(u) into this formula also gives

= W(B) //13 V):ﬁ//wlg(u)dup(dy):l.

Hence we have verified formula (9), identifying P as the Palm distribution of Q. O

The Palm distribution P is the principal tool in the proof of the following theorem, which
includes a 0-1 law.

Theorem 3.2 Consider a Borel set M C M(R?) x R? with the properties

e if (11,2) € M and there are vs € M(R?) and ¢ > 0 with vy = vy on B(z,¢), then
(Vg, .’IZ) € M,

o if (v,x) € M, then (T v,z —u) € M for all u € RY,

Suppose X = (X1,...,Xp) is an arbitrary random vector with X;w] < 0 and Y = (Y1,...,Y})

is an arbitrary random vector with Y;[w] > 0. Denote by fi[w] the intersection local time with
respect to the time domain [[}_,[X;,Yi]. Then the condition

IP’O{w . (fw],0) € M} >0

10



implies that, for every choice x of initial points,

ng{u : (u,y) € M for p-almost every point y} =1.

We prepare the proof of this proposition by verifying a formula of Mecke [JM67], see also [UZ88],
which characterizes every Palm distribution P.

Lemma 3.3 Let P be the Palm distribution associated with a stationary random measure @ of
finite intensity. Then, for every Borel function G : M(R?) x R? — [0, 00], we have

// v, ) v(du) P(dv) = // ) v(du) P(dv) . (10)

Proof: Using first (8) and then (9) we infer that, for every G : M(R%) x R% — [0, o] Borel,

/ / ) v(du) P(dv)
_ MlB / / / G(T" v, —u) T"u(du) v(dv) Q(dv)
- =@ B / / / G(T", v — u) v(dv) v(du) Q(dv)
- 7 B ///B G ) Tv{dv) v{du) Q(dv)
_ W / /R d /B Gloww) vldv) du P(d)
_ / / G, u) v(du) P(dv) .

Proof of Theorem 3.2: In the proof we consider the product space Q; =  x [0, 1]? endowed
with the product measure P; = Py ® ¢P, where ¢ is the uniform distribution on [0, 1] and Py is
as before. We denote the elements of Q; by (w, y) and define a family of p independent Brownian
motions on our space by Bi(w) = w;(s). A random measure y, which is distributed according to
our Palm distribution P, and a random measure fi, as in the theorem, are realized on our space
Q) as

O

plw,y] = pg ) w] and filw] = py i fw]

For the first step, assume that Po{w : (i[w],0) € M} > 0. We note that, as the set {0} is a
polar set for each of our p independent Brownian paths, for every § > 0, there exists a (random)
e > 0 such that none of the w; intersects B(0, ) in the time interval (4, Y;[w]) and (X;[w], —0).
As the condition (fi[w],0) € M depends only on the behaviour of the intersection local time in
an arbitrarily small neighbourhood of the origin, we infer from Blumenthal’s 0-1-law that

Pofw : (flw],0)€ M} =

11



By the same argument as above there is a random £ > 0 such that the random measures pfw, y]
and fijw] coincide on the ball B(0,¢) and we infer that

Pl{(w,y) t (plw,y],0) € M} =

As plw,y] is Palm distributed we may apply (10) to the function G(v,u) =1 — 1p/(v, u). From
the second property of M we know that G(v,0) = G(T"v, —u) = 0, for every u, and hence

// Uy, ) v(du) P(dv) // (v,0) v(du) P(dv) = 0.

(10) implies that [ [ G(v,u) v(du)P(dv) =0, i.e.
P{u : (u,u) € M for p-almost every u} =1. (11)

We now distinguish two cases: In the first case the given initial points x1, ..., z, coincide. Then
we can obviously assume that this point is the origin. Let § > 0. We may choose € > 0 so small
that, with probability exceeding 1 — 4, the paths {B? : —e <t <0}and {B? : 1-¢ <t <1} do
not hit the path Es := {B} : § <t <1—§}. This event implies that around every u € Ej there
is a small neighbourhood on which the measures p|w, y] coincide for every value of y € [1—¢, 1]P.
Recall that the event (u,u) € M depends only on the behaviour of p in an arbitrarily small
neighbourhood of u. From (11) and the independence of y and the Brownian motions w we thus
infer that for the intersection local time p on the time interval [0, 1]? we have

ng{u : (p,u) € M for p-almost all u € E(;} >1-46.

Letting ¢ | 0 implies the statement in the first case.

In the case that not all initial points are identical we may assume that x; # z3. We apply (8)
and infer from (11) that

Q({u : (u,u) € M for p-almost all u}c) =0.

Hence the conclusion of the proposition holds for all initial vectors = (x1,...,xp) outside a
set N C R% of Lebesgue measure zero. We now find, for every § > 0, some € > 0 such that,
with probability larger than 1 — §, the paths {B} : 0 <t <e}and {B} : 1 <t <1+¢}
do not intersect the path {B? : 0 <t < 1+¢}. As Py-almost surely (BL,...,B?) ¢ N, our
conclusion holds for the intersection local time measure of the Brownian motions with respect
to the interval [e,1 4 €]P, which coincides with probability at least 1 — ¢ with the intersection
local time measure with respect to the interval [0, 1]P. As § > 0 was arbitrary, we infer that

ng{u : (u,y) € M for p-almost every point y} =1,

as required to complete the proof. O

Remarks:
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e In the remainder of this paper we shall apply Theorem 3.2 to the following Borel subsets
of M(R?) x R,

(p, ) + 1 ! )/:u(B(a:T))ﬁ:a}’

el0 log(1/e

ey 1 Y uw(B(x,r)) dr . .
(B, x) - lgﬁ)l Tog(1/2) /6 o) T fails to ex1st},
(

{
{
M) — {(M’x):l ;[/euB(w,T)) dr ):a}’
{
{

cl0 loglog(1/e) o(r)  rlog(l/r

1 ! dr
ST )
(1, ) gg)l log(l/s)/s 5{ u(ggir))} s
1 1/e dr
@ itm— L[ UE—
(1, @) e10 loglog(l/a)/s {u(li((fsr))} rlog(1/r) 7

e In the case d = 3, p = 2 and 1 = x2 a more direct approach to the reduction problem,
which is inspired by the technique of [LG92], is possible. We believe that this approach is
also related to the concept of Palm distributions, yet the precise nature of this relation is
unclear. The interested reader may contact N.-R. Shieh for a manuscript on this approach.

4 Proofs for intersections of Brownian paths in space

In this section we complete the proof of Theorem 1.1. Throughout the proof we will rely on the
transience of Brownian motion in R3. We may define the last exit times

Xi(r)jw] =inf{t <0 : w;(t) € B(0,r)} and Y;(r)[w] = sup{t > 0 : w;(t) € B(0,r)}.

We define X (r) = (X1(r), Xa(r)) and Y (r) = (Yi(r), Ya(r)) with associated random measures
f(r)[w] as in Theorem 3.2. By Theorem 3.2 it suffices to show that, for M = My(4/),

IP’O{w €Q: (A(1)w],0) € M} ~1. (12)

For this purpose we introduce a group of scaling operators as follows. For every a > 0 and w € Q
or w € C3, we set

(Agw)(t) = t>0. (13)

Recall the definition of Qg from Section 2. Let w € Qg and a > 0. We claim that, for every pair
S = (51,852), T = (T1,T») of time vectors and every initial vector x = (1, z2) there is a family
{\ylr + Aqw]} satisfying the conditions (i) and (i7). Indeed, we pick the measures Ay[w] with
respect to the time vectors aS = (aSi,aS2) and aT' = (aTh, aT), and we choose

1

Aylz + Aqw] (M) NG

AaylVaz + w](aM) for every Borel set M C [S1, Th] x [S2, T3] -

13



The continuity (7) is clearly satisfied and (i7) follows from the following scaling argument. For
all Borel functions g : R? — [0, 00] and f : [Sy, T1] x [S2, Ts] — [0, oq],

[ a0) [ $rt) M fo + Auel(dtr ) dy

R3

\/La /IR3 g(y) /f(tl/a’ t2/a) )‘\/Ey[\/a-’lf + W](dtl, dtg) dy
= % o 9(y/Va) /f(tl/a, ta/a) Ay[vVax + w](dty, dtz) dy

_ %/Q;TI /QZQ F(s1/a, s2/a) g((w1(81) +vazy) — (w2(s2) + \/Earg)) dsy ds,

Va

Ty Ty
— / f(s1,82) g((Aawl(sl) + 1) — (Agwa(s2) + .’172)) dso dsy .
S1 So

We can therefore define the intersection local times fi(r)[Ayw] for all w € Qp and a > 0.
Observing that the last exit times satisfy

Xi(r)[Aqw] = inf {s <0: |wi(as)| = \/57'} = a ' X;(Var)[w]

and
Y;(r)[Aqw] = sup {s >0: |wi(as)| = \/ar} — Yy (var) ],

we get the following scaling property
A [A](B(0, 7)) = o[w] ({(atl,atg) L Agwi(ty) € B(O,r)})
Nol] ({(s1,52) : wils1) € B0, van)})

(var)[w](B(0, Var)). (14)

Sl=5l=5l-

We define
Q' ={f :[0,00) > R, fis monotonically increasing and f(0) =0}
and denote by F’ the o-algebra generated by the cylinder sets. We now let

Q= {w € Q) . thereis a > 0 such that A,w € QO} D Q.

This set is obviously a A-invariant set of full measure. Recall that A-invariance means that
w €  implies A,w € Q for every a > 0. It is clear that r — fi(r)[w](B(0,r)) is monotonically
increasing for all w € ; and hence, for every w € Qy, the function H(w] : r — fi(r)[w](B(0,r))
defines an element of ©'. Moreover, the mapping H : (21, F1) — (€, F') is measurable, where
F1 denotes the restriction of F to ;. Define a probability distribution P’ on (€', ) as the
distribution of the random function H, or more precisely, let

P'(A) =Po({w € Qo : Hw] € A}) , for Ae F'.

14



We now introduce a second group of scaling operators. For every a > 0 and f € €/, we set

(Aaf)r) =L %f”,

r>0. (15)

We also set

Ts = A Te=A

exp(s)> —0o0 < § < 0.

exp(s)»
(14) implies that .
Ag(Hw) = H(Aw) .

This is the flow—homomorphism property, as it has been termed in [BF92, p119]. By definition,
Ts = Aexp(s) I8 @ measure-preserving flow on (01, F1,Pp). It is well known that this flow is
ergodic (in fact, this is the ergodicity of the Ornstein-Uhlenbeck stationary process). Hence, by
the above flow—homomorphism, 75 = Acyp(s) is also an ergodic flow on (€', 7', P'). By Birkhoff’s
Ergodic Theorem, for P’-almost all f,

1 R
lim — / F(7_sf)ds = E'F, (16)
R Jo

whenever F € L'(P'), where E’ denotes expectation with respect to P’. We define F(f) =
f(1), f € €Y. Then

EF = [ F(OP() = [ FHL)Podo) = EHQ).
’ Qo

This value may be explicitly calculated using the formula for the total intersection local time in
the unit ball for two one-sided Brownian motions starting at the origin and running till infinity,
see [LG87, (2.c)]. Observe that in our case we have to add the contributions of the intersection
local times of 4 pairs of one-sided Brownian motions.

B =4 [ (GO = [ ody=1,

J— y —
B(0,1) w2 B(0,1) |yl? 0
where G(z,y) = m is the potential kernel. Altogether we get, Pg-almost surely,
lim — /1 ALBOr) dr 1 [RH(E?) o 4
0 log(1/e) J. r r  Rooo R Jy e /2 7’

which is (12) and hence we obtain Theorem 1.1 by applying Theorem 3.2 to the set My(4/7).

To obtain the statement about the density distributions it suffices, by Theorem 3.2 applied to
the set Lo(y) with the appropriate choice of 7, to consider the limit

. 1 ! dr
lim — O . —.
1o log(1/e) J. {u(l) w 5B(O,r))} r

We choose F)\(f) = exp(—Af(1)) in (16) and get, Po-almost surely, for all rational A > 0,

1 1 dr 1 R
lim — — \u(B Z—lim = | F\(f,)ds=FEF,
ity o7 / exp{ = Ni(BO,7)/r} = lim - /O \(Fa) ds

R—o0
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and by monotonicity this follows for all positive A. The continuity theorem for Laplace
transforms now finishes the proof of the convergence of the density distributions of order two
in the case of 3-space.

Remark: The method in this section has also been used “dually” to prove a certain growth
condition of Brownian intersection points in [NS97].

5 Proofs for intersections of Brownian paths in the plane

The arguments used in this section are quite natural extensions of the arguments used in [M98b)]
in the case of occupation measure. We let X = (X,...,X,) and Y = (¥1,...,Y}) be given by
the hitting times

Xiw] = sup {t <0 : |wi(t)] = 1} and Y;w| = inf {t >0 |wi(t)] = 1}.

In order to prove Theorem 1.2 it remains to verify the condition of Theorem 3.2 for the measures
fi coming from this choice of X and Y and the set M = M3(2P).

For the moment fix a number b > 0 and define a,, = e . We define the crossing numbers

Ni(n) as the number of downward crossings of the interval (a,, a,—1) performed by the process
X, = |B{| for t > 0 before it first reaches the level 1. Analogously define the crossing numbers
Ni(n) as the number of downcrossings of (a,,a,_1) for the process X; = |B%,| for t > 0. The
next lemma collects the necessary facts about the behaviour of the crossing numbers.

Lemma 5.1 (i) Po-almost surely, for all (k1,. .., k,) € {1,2}7,

1N 1 N () N ()

lim =1.
n—oo logn = m mpP
(ii) Po-almost surely,
1 s Ni (m) - N}, (m)
lim — Z M kp fails to exist,
n—oo N mP
m=1
where the (second) summation is with respect to all (k1,...,kp) € {1,2}P.

(7ii) Po-almost surely,
n

1 1
A logn mzzl L (m) fmi<i<p, 1<5<2))

00 00 p 2 . )
- /O /O Of (ais1<i<p,1<j<2)} HHe_aj daj .

i=1j=1

Proof: This may be proved using the arguments in [M98b]. There it is shown that, for all
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(k1,...,kp) €{1,2}’, 1 <i<pand k>0,

lim E lez (m) =1land lim E N, !
Jim B{ = = 1 and i B exp (= a¥ (m)/m) } = 3
By independence this shows that (i) holds in expectation. By Lemma 3.5 in [M98b], for all
[ >m >0, wehave [(m—1) < E{N’i( m)N. Z( )} < 2ml and

m BN eE{NO}
27 B{NmNop

—
|
|
v

Using independence and taking p-th powers we get, for some constant C > 0,

m>E{ f:lNlii(m)}E{ f:lNlii(l)}

1-5; > : : >1-C- ?
E{ » N (m)N};i(l)}
From this we infer that, for some constants C}, > 0 and D,, > 0,
n 1 P n n
1 1 Ny, (m)---Ng (m) panle) 1 m _ C
Vi { — P } < — < P d 17
o logn £=m mp ~ (logn)? Z:”Z;nml I ~ logn o (17)
Nk (m) 2 = =M
P

Now we argue as in [M98b]. From (17), Chebyshev’s Inequality and the Borel-Cantelli Lemma
we infer that (i) holds for the subsequence nj, = exp(k?). The monotonicity of the sum, together
with the fact that limg_,o log(ng41)/log(nk) = 1, then yield (i) for any sequence. For (ii) we
observe that, if the expression converged, the limit would necessarily be equal to 2P by (i) and
the consistency of the averaging procedures. As we know from [M98b, Lemma 3.5] that the
third moments of the expression in (ii) are bounded, this would imply that the variance (18)
converges to 0, a contradiction to (18). Finally, to prove (ii7), we recall from Lemma 4.1 in
[M98b] that, for all fixed &; ; > 0,

B exp (- N m)/m) B exp(win N OO}

E{ exp(—ri, N, (m) /m) exp(—ri N (O/D ) L

and we may argue as in the proof of (i) to get, for all rational x; ; > 0,

n

. 1 i(
nlgrololognz_e)(p{ ZZHWN } HHI—H@”
m=1 i=1 j=1
The continuity theorem for Laplace transforms now implies (i3i). U
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In the next lemma we describe the approximation of the intersection local time of small balls
by means of the crossing numbers, which follows from the results of [LG87]. The idea of ap-
proximating occupation measure of planar Brownian motion in small balls by crossing numbers
appeared already in [DR63]. It was first used for intersection local times in [LG87].

For every 0 < r < 1 we denote by A(r, e?) the expected mass of B(0,r) induced by the intersec-
tion local time of p independent Brownian paths started at independent uniformly distributed
points on the unit sphere and stopped at their first hitting time of the sphere of radius €.

Lemma 5.2 P;-almost surely,

[L(B(O,an)) = A(1,€") ZHNk ) +o(nfa?) , as n — oo, (19)
where summation is with respect to all (ki,. .., k,) € {1,2}P.

Proof: Observe that we are dealing with altogether 2p Brownian motions { B} };>¢ and {B*, }+>0
for i = 1,...,p. Contributions to the intersection local time fi[w] come from the (altogether
2P) p-tuples of paths with differing superscripts and fi[w] is the sum of the contributions of
these p-tuples. Hence it suffices for our proof to consider a single such tuple, say {Bf}tzo for
i=1,...,p, and let aw] = py ' [w].

The following inequality is proved in [LG87, Lemma 7] for the case b = log 2, it can be generalized
to arbitrary b > 0 without further effort: For some C' > 0 we have

E{ (%%“")) — AL, eb)ﬁN}(n))4} <C-n¥?,

It follows that

> { (H2l - aa [0 ) <o

n= =1

from which we infer that, Pg-almost surely,

(B0, an)) b 1T Mi(n) _

and the desired result follows, as explained in the beginning, by summing the 2P contributions
of this form. O

Lemma 5.3 For all 0 < r < 1 we have A(r,e?) = r?r - (b/7)P.

Proof: We use the Wiener sausage approximation. By S we denote the unit sphere and by o
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the uniform distribution on S. In this proof we denote by Z;[z + w] the first hitting times of the
sphere of radius e’ by the Brownian motions z + w and denote the Wiener sausages by

Siw, x] = {y€R2 :inf{|B! —y| : Ogngi[a:—i—w]}Ss}.

For all 0 < r < 1, the formulae on p.115 of [LG87] show that

A(r,eb) = /SP l;ﬁ)l (M)pE{K2 (Ssl[w, z]N...NSPw,z] N B(0, r))}dap(arl, Ce s Zp)

s

- LS, Howe st ajira. ..o

= // Hbe“ y) dydoP(xy,...,xp),
SrJB(0,r) ;

where
1 _
Gp(r,y) = —log (73/‘)
™ lz -y

denotes the Green function for the Laplace equation with boundary value zero on the circle of
radius eb. To evaluate the integral, we differentiate

0 1[0 1 — |e2by|? 1
, 1 _ — - == J A
e Gb(wz, y) do(z;) = / 55 108 (\e x; —e y\) do(z;) = /S P do(z;) =

using the Poisson integral formula in the last step. Hence [ Gy(xs,y) do(x;) = b/7 for every
y € B(0,7) and we conclude that

A(r, e /B(Or H/Gb zi,y) do(z;) dy = r?m - (b/70)P,

for all 0 < r < 1 and, letting » — 1, also for r = 1. O

Putting together the previous lemmas we achieve the following approximation.

Lemma 5.4 Let § > 0. Then we can find an arbitrarily small b > 0 such that for a, = e~
and the corresponding crossing numbers {N;(n)}n>1 there is, P1-almost surely, an integer N
such that, for all ap+1 <r < a, andn > N,

(B0, r))
(1_5[n+1 ZHNk (n+1)— e log( L ) S 1+5[ ZHNk +4],

where summation is with respect to all (ki,. .., k,) € {1,2}P.

Proof: Let 6 > 0 and fix b > 0 such that e?® < 14 ¢ and e 2 > 1 —§. By Lemmas 5.2 and 5.3
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we find, Pg-almost surely, an integer N such that, for all n > N,
a(B(0,ay)) ‘
(bn/m)Pa2m Z H

We conclude that, whenever a1 < r < ay, then

(B0, r)) op A(B(0, an)) ( )
<e?  ———= < (149) - N .
P (log(L/r)/mp = Gnjmypade = 0T 2 H i
Analogously, we can prove the reverse estimate and we are done. U

To finish the proof of Theorem 1.2, we choose, for given § > 0, b as in Lemma 5.4 and pick for
small € > 0 the index n such that a, 41 < e < a,. Using Lemma 5.1(i) we get, Pp-almost surely,

. 1 Ve (B0, r)) dr
o S e Tog(1/2) / r2r(log(1/r)/m)P rlog(1/r)

_ 1 i / A(B(0,7)) dr
msup ———————<
= iR loglog(1/an) & Ja,, r%(log(l/r)/w)p rlog(1/r)

< nli_)r&i();g(z ZH )+6§2P~(1+6)+5.

Analogously, we get, Py-almost surely,
1/e (B
hminf;/ A(B(0,)) o (1-s)—5s.
10 loglog(1/e) r2n(log(1/r)/m)P rlog(1/r) —

As 6 > 0 was arbitrary, the hypothesis of Theorem 3.2 and hence the result of Theorem 1.2(b)
follows.

To show that the average densities of order two fail to exist, we argue by contradiction. Assuming
that, for some vector x of initial points, the probability is positive that there is a set of positive
measure such that the average density of order two exists for all points from this set, we may
infer from Theorem 3.2 for the set M = Mg that

IP’O{w L (W], 0) € M} ~0.

In other words, the average density of order two of fi[w] at 0 exists almost surely. By our previous
result and the consistency of averaging procedures this average density must be equal to 2P and
in particular it must be deterministic. We use the approximation of Lemma 5.4 and the fact
that, due to scaling, the distribution of the crossing numbers is independent of the choice of
b > 0 to infer that, Py-almost surely,

L= N7y Vi (m)
1 _ _ M 7 9P
Jm 25 > M= ==
m=1 i=1
where summation is with respect to all (ki,...,kp) € {1,2}P. This is a contradiction to

Lemma 5.1(ii) and hence the proof of Theorem 1.2 is complete.
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Finally, in order to prove Theorem 1.3, it suffices, by applying Theorem 3.2 to the set L3(7), to
consider the limit

1/e

. 1 dr

lim ———— ) S

10 loglog(1/e) J. { LA } rlog(1l/r)’
og

Using essentially the same line of argument as above, we apply the approximation given in
Lemma 5.4 and infer from the third part of Lemma 5.1(ii) that, P-almost surely,

1 1/e
lim ——————— 5 . 5 da.
=10 loglog(l/a)/s (o] rlog 1/r / / {Tap akp}Hﬂe ’

i=1j5=1

We finally observe, from a substitution a; = ai + a}, that

/0/0 O alj-af }HHe " da —/ / Oas- ap}Haz " das,

i=1j5=1

which is the distribution of the product of p independent gamma(2)-distributed random vari-
ables. This finishes the proof of Theorem 1.3.

6 Open problems and remarks

e As mentioned in the introduction, the lower density behaviour of the density functions
of the intersection local time measures seems to be unknown. It would be interesting to
compare a gauge function 6, such that

pip(B(z

0 < liminf 222222722 7))
rl0 Hp(’f')
with the gauge functions 1), for the upper hull behaviour and the gauge functions ¢, for
the average behaviour of r — p,(B(x,r)). However, results of Le Gall and Taylor [LT87]
on the occupation measure case p = 1 strongly suggest that for the intersection local time
of p independent Brownian paths in the plane no such gauge function 6, exists. In this
case it would be interesting to see an integral test as in [LT87].

< oo for p,-almost every z,

e In this paper we concentrate on the fractal geometry of the intersections of independent
paths. Perhaps the more interesting object is the set of multiple points of a single Brownian
path. The questions raised in this paper, however, do not make sense in this context, as
the canonical measure on this set, the self-intersection local time, is not a locally finite
measure. It is unclear how the lacunarity of such a set can be studied.
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