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Abstract

Let W denote d-dimensional Brownian motion. We find an explicit
formula for the essential supremum of Hausdorff dimension of W(E)N F,
where £ C (0,00) and F C R? are arbitrary nonrandom compact sets.
Our formula is related intimately to the thermal capacity of Watson
(1978). We prove also that when d > 2, our formula can be described
in terms of the Hausdorff dimension of E x F', where E x F' is viewed as
a subspace of space time.
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1 Introduction

Let W := {W(¢)}+>0 denote a standard d-dimensional Brownian motion, where
d > 1. The principle aim of this paper is to describe the Hausdorff dimension
dim,, (W(E) N F) of the random intersection set W (E) N F, where E and F'
are compact subsets of (0,00) and RY, respectively. This endeavor solves what
appears to be an old problem in the folklore of Brownian motion.

In general, the Hausdorff dimension of W (E) N F is a random variable, and
hence we seek only to compute the L>(P)-norm of that Hausdorff dimension.
The following example—due to Gregory Lawler—highlights the preceding as-
sertion: Consider d =1, and set £ := {1} U[2,3] and F := [1,2]. Also consider
the two events

A ={1<W) <2, W(2,3)Nn[1.2] = 2},

Ay = (W) ¢ [1,9], W(2.3]) € [1,2]). (-
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Evidently A; and A, are disjoint; and each has positive probability. However,
dim, (W(E)N F) =0 on Ay, whereas dim, (W (E)NF) =1 on Ay. Therefore,
dim,, (W(E) N F) is nonconstant, as asserted.

Our first result describes our contribution in the case that d > 2. In order to
describe that contribution let us define ¢ to be the parabolic metric on “space
time” R4 x R%; that is,

o((s,a); (t,)) s=max (|t = 5|2, [l =y ) - (1:2)

The metric space S := (R, x R%, p) is also called space time, and Hausdorff
dimension of the compact set F x F—viewed as a set in S—is denoted by
dim, (E x F'; o). That is, dim, (E x F'; 9) is the largest value of s > 0 for which
lime 0 inf 3777 [o-diam(E; x Fj)|* is infinite, where the infimum is taken over
all closed covers {E; x F;}22, of B x F with o-diam(E; x Fj) < ¢, and “p-
diam(A)” denotes the diameter of the space-time set A, as measured by the
metric o.

Theorem 1.1. If d > 2, then

Jditm,, (W(E) O F)l| ey = dim,, (E x F; 0) — d, (13)
where “dim,; A < 0” means “A = &.” Display (1.3) continues to hold ford =1,
provided that ‘=7 is replaced by “<.”

The following example shows that (1.3) does not always hold for d = 1:
Consider E :=[0,1] and F := {0}. Then, a computation on the side shows that
dim, (W(E)N F) =0 a.s., whereas dim, (F x F ;) —d = 1.

The following result gives a suitable [though quite complicated] formula that
is valid for all dimensions, including d = 1.

Theorem 1.2. In general, the following is valid:

i, (W(E) NPy =sup {05 b .0 <oofs (1)

where P(E x F) denotes the collection of all compactly-supported probability
measures on £ X F, and

e e llz—yl?/(2t—s|) dsd dd r
= t . .

Theorems 1.1 and 1.2 are the main results of this paper. But it seems
natural that we say a few words about when W (E)N F is nonvoid with positive
probability, simply because when P{W(E) N F = @} = 1, there is no point in
computing the Hausdorff dimension of W(E) N F!

According to a theorem of Doob [3], W(FE) intersects F' with positive prob-
ability if and only if E' x F' has positive thermal capacity in the sense of Watson



[19, 20]. Doob’s result combined with Theorem 3 of Taylor and Watson [18]
tells us the following: If
dim, (E x F';0) > d, (1.6)

then W(E) N F is nonvoid with positive probability; but if dim, (E x F';p) <
d then W(E) N F = & almost surely. Kaufman and Wu [9] contain related
results. And our Theorem 1.1 states that [the essential sup of] the Hausdorff
dimension of W(E) N F is the slack in the Taylor-Watson condition (1.6) for
the nontriviality of W(E) N F.

The following yields another interpretation of the assertion that £ x F has
positive thermal capacity, and relates one of the energy forms that appear in
Theorem 1.2, namely &gy, to the present context.

Proposition 1.3. P{W (E)NF # @} > 0 if and only if there exists a probability
measure i on E x F such that Ey(p) < oo.

Theorems 1.1 and 1.2 both proceed by checking to see whether or not W (E)N
F [and a close variant of it] intersect a sufficiently-thin random set. This socalled
“codimension idea” has been used with great success in other situations as well
[5, 12, 15, 17]. To the best of our knowledge, the broad utility of this method—
using fractal percolation sets as the [thin] testing random sets—was pointed out
first by Yuval Peres [14].

Throughout this paper we adopt the following notation: For all integers
k > 1 and for every z = (z1,...,2) € R¥, ||z and |z| respectively define the
£2 and ¢! norms of z. That is,

)1/2

ol = (2 + - + i and  [2] == |21| + - o fag]. (1.7)

After a brief derivation of Proposition 1.3, Theorems 1.1 and 1.2 are proved
in reverse order, since the latter is significantly harder to prove.

2 Proof of Proposition 1.3

It is possible to prove this proposition from first principles, but we only know of
one such proof; and it is quite long. Instead, we opt for a short argument that
rests on quite-deep facts about the general theory of Markov processes.

We can assume, without loss of too much generality, that E C [1,2]. Tt is
not difficult to adapt the ensuing proof to the general setting where E is an
arbitrary compact subset of (0, 00).

Consider the Doob process D := {D(t)};¢[0,2), Wwhere

D(t) = (t, W (2)). (2.1)

The process D is a [degenerate] two-dimensional diffusion indexed by the time
interval [0, 2]; it is also a quite nice Hunt process. In addition, we might note
that the probability that we want is the hitting probability of E x F' by D; that
is,

P{W(E)NF # @} =P{D(t) € E x F for some t € [0,2]}. (2.2)



Because of translation invariance, it is easy to see that the 0-potential of D

is described by
e llzl?/(2t)

u(t,$ = W

L(0,00) (1), (2.3)

for every (t,z) € [0,2]xR%. That is, for all bounded Borel-measurable functions
f:0,2] x R* = Ry,

E/O f(D(t))dt:/[M}XRd £t 2)u(t, 2) dt da. (2.4)

Therefore, the O-potential U of a Borel measure p on Ry x R? is!

() (s .y) = / ul(t — s,y — ) p(dt dz)

e—\lw—y\|2/(2(t—8))
:/ @i smz M)

According to Watson [19, Lemma 4], E x F has positive thermal capacity if and
only if there exists a probability measure p on E x F' such that Up is a bounded
function on Ry x R?. When combined with Doob’s theorem [3], the preceding
leads us to the following dichotomy:

(2.5)

PWE)NF#0}>0 < inf sup Up < 0. (2.6)
HEP(EXF) [0,2] xR4

The natural dual process to D is D = {ﬁ(ﬁ)}te[o’g], where
D(t):=(2—t,W(2)—W(2-1)). (2.7)

Since D and D have the same finite-dimensional distributions, they are “locally
symmetric” in the sense of Orey [16]. Therefore, Exercise (1.26) of Blumenthal
and Getoor [2, p. 265] tells us that for every compact set K C [0,2] x R? we
have the “maximum principle” on K; that is,

sup Up =supUp, (2.8)
[0,2] xR K

valid for every finite Borel measure p on K. For more details, see the subsequent
paper [1] by Blumenthal and Getoor.

If 4 € P(K) for some compact set K C [0,2]xR?, then $&(p) < [(Up)dp <
Eo(p) and [(Up)dp < supg Up. Therefore, it suffices to prove that

inf /(UV) dv<oco = inf sup Uv < oo, (2.9)
vEP(EXF) veEP(EXF) [0,2] x R4

IThese are the thermal potentials of Watson [20]. But Watson uses A in place of %A, and
hence obtains 4(t — s) in place of 2(t — s) in (2.5).



the other direction being trivial. One can obtain this from the general theory of
Markov processes as well, but here is a more efficient argument: If [(Uv)dv <
oo for some v € P(E x F), then thanks to Lusin’s theorem we can find a compact
set K in E x F such that: (i) v(K) > 0; and (ii) Uv is uniformly continuous
on K. Let v/ denote the restriction of v to K, normalized to have mass one.
According to the maximum principle,

sup Uv =supUr < supUv < oo. (2.10)
[0,2] xR K v(K) K
This completes the proof because v/ is a probability measure on E x F. O

3 Proof of Theorem 1.2

Here and throughout,
By(e) i ={yeR*: |z —y|| < ¢} (3.1)

denotes the radius-e ball about z € R?. Also, define v4 to be the volume of
By(1); that is,
2. d/2
= 3.2
YT r(d)2) (32)
Recall that ¢ ~— W (t) defines a Brownian motion in R?, and consider the
following for all €, > 0 and = € R%:

o—llzl?/20)
pi(x) == Wl(o,oo)(t)' (3.3)

[The seemingly-innocuous indicator function plays an important role in the se-
quel; this form of the heat kernel appears earlier in the original papers by
Watson [20, 19].] Recall that P(U) denotes the collection of all Borel proba-
bility measures that are supported on a compact subset of U. Then whenever
p € P(R, x RY), its thermal [or heat] energy is defined by & (u). The thermal
capacity of the set £ x F' is then defined by

1
Co(E x F) := inf & 3.4
B xF)= | it 0] (3.4
where inf @ := 0o and 1/0c0 := 0.

Independently of W, we introduce N isotropic stable processes {X @)N

j=1
each with index o € (0,2]. We assume that the X7)’s are totally independent
from one another, as well as the process W, and all take their values in R?. We
assume also that X .. XV have right-continuous sample paths with left-
limits. This assumption can be—and will be—made without incurring any real
loss in generality. Finally, our normalization of the processes X, ... XV ig
described as follows:

E {exp {ig : X“>(1)H —e 6172 forall1 << Nand€cRe  (3.5)



Define the corresponding additive stable process X, = {Xa(t)}teRf as

N
Xo():=> XW(ty) forall t:=(t,....ty) eRY. (3.6
k=1

Also, define C, to be the capacity corresponding to the energy form (1.5). That
is, for all compact sets U C R x R% and v > 0,

-1
¢ = | int e0] (37)

Theorem 3.1. If d > aN, then
p {W(E) N X (RY)NF # @} S0 = Couan(ExXF)>0. (3.8)
Here and in the sequel, A denotes the closure of A.

Remark 3.2. It can be proved that the same result continues to hold even if
we remove the closure sign. We will not delve into this here because we do not
need the said refinement. O

We can now apply Theorem 3.1 to prove Theorem 1.2. Theorem 3.1 will be
established subsequently.

Proof of Theorem 1.2. Suppose a € (0,2] and N € Z, are chosen such that
d > aN. If X, denotes an N-parameter additive stable process R% whose
index is « € (0, 2], then [10, Example 2, p. 4306]

codim X,(RY) = d — aN. (3.9)

This means that the closure of X, (R%) will intersect any nonrandom Borel set
G C RY with dim, (G) > d — aN, whereas any G with dim,, (G) < d —aN does
not intersect the closure of X, (RY).

Define

A= : inf . 1
sup {’y >0 Mepl(nExF) Ey(p) < oo} (3.10)

If d— aN < A, then Cqy_on(E x F) > 0. Therefore, it follows from Theorem
3.1 and (3.9) that if P{W(E) N F # @} > 0, then

d—aN <A = P{dim, ( W(E)NF)>d—aN}>0. (3.11)
Similarly,
d—aN>A = dim, W(E)NF)<d-—aN almost surely. (3.12)
Because d — aN € (0,d) is arbitrary, (3.11) implies that

| dimy, (W(E) N F)| ey > A when P{W(E)NF #2}>0. (3.13)



This is half of the theorem.

Similarly, if A > 0, then (3.12) implies that || dim, (W (E) N F)| 5@y < A.
Thus, it remains to investigate the case A = 0. But in this case, we see that
no matter how we choose o € (0,2] and N € Zy to make d — aN > 0, we
necessarily have

XoRY)NW(E)NF =2  almost surely. (3.14)

Therefore, it follows from (3.9) that dim, (W (E) N F) < d — aN almost surely.
Because we can choose d — aN to be as small as we wish, this proves the
theorem. O

4 Proof of Theorem 3.1

Our proof of Theorem 3.1 is divided into separate parts. We begin by developing
a requisite result in harmonic analysis. Then, we develop some facts about
additive Lévy processes. After that, we prove Theorem 3.1 in two separate
parts.

4.1 Isoperimetry

Recall that a function x : R® — Ry is tempered if is measurable and

/ L dz < o0 for some m > 0. (4.1)
re (L4 [lz])™

A function & : R — R is said to be positive definite if it is tempered and for

all rapidly-decreasing test functions ¢ : R® — R,

/ L [ dy o(w)s@ - y)oty) 20 (42)

We make heavy use of the following result of Foondun and Khoshnevisan [4,
Corollary 3.7]; for a weaker version see [11, Theorem 5.2].

Lemma 4.1. If s : R" — R is positive definite and lower semicontinuous,
then for all finite Borel measures i1 on R",

J[ e —nusuan = o [ selp©Pa @y

Lemma 4.1 implies two “isoperimetric inequalities,” that are stated below
as Propositions 4.2 and 4.4. Recall that a finite Borel measure v on R¢ is said
to be positive definite if 7(£) > 0 for all ¢ € R

Proposition 4.2. Suppose x : R* — R is a lower semicontinuous positive-
definite function such that k(0) = co. Suppose v and o are two positive definite
probability measures on R that satisfy the following:



1. k and kv are uniformly continuous on every compact subset of {x € R? :
|zl > n} for each n > 0; and

2. (1,z) = (pr x 0)(x) is uniformly continuous on every compact subset of
{(t,z) e Ry x RT: t A|jz|| > n} for each n > 0.

Then, for all finite Borel measures i on Ry x R4,

/ / (Pp—s) * 0) (@ — 1) 1) (& — ) p(dt dz) p(ds dy)

(4.4)
< //p|t_s|(x —y)k(z —y) p(dt dz) p(ds dy).

Remark 4.3. The very same proof shows the following slight enhancement:
Suppose the conditions of Proposition 4.2 are met. If o1 and oo share the prop-
erties of o in Proposition 4.2 and &1(€) < 69(&) for all € € RY, then for all
finite Borel measures i on R x RY,

[ - o0te = ) v) (o~ ) ulat o) (s dy)
< //(P|tfs| * 09)(x — y)r(z — y) p(dt dz) p(ds dy).

Proposition 4.2 is this in the case that oy := dy. Analogous result holds for
positive definite probability measures 14 and vo which satisfy 1 (€) < () for
all £ € R%.

(4.5)

Proof. Throughout this proof, we choose and fix € > 0.
Without loss of generality, we may and will assume that

[ - = vt~ ) it o) (s dy) < oo (4.6)

for there is nothing to prove, otherwise.

Because pj;_| is positive definite for every nonnegative ¢ # s, so are pj;_ *o
and k*v. Products of positive-definite functions are positive definite themselves.
Therefore, for fixed ¢ > s, Lemma 4.1 applies, and tells us that for all Borel
probability measures p on R?, and for all nonnegative t # s,

/ / (Plr—s) * 0)(@ — 1) (5% 1) (& — ) p(dz) p(dy)

1

4.7
:*/ e | d¢ eI 25 () ()0 (€)]pE — O o
(2m)%d [ra Rd

Because the preceding is valid also when o = v = §y, and since 0 < 5(€),(§) <
1 for all £ € R%, it follows that for all nonnegative ¢ # s,

/ / (Ple—s) * 0)(& — 1) (5 % ) (& — ) plde) p(dy)

(4.8)
< / / Plo—si (7 — ¥)r(z — y) p(dz) pldy).



This inequality continues to holds when p is a finite Borel measure on R%, by
scaling. Thus, thanks to Tonelli’s theorem, the proposition is valid whenever
wu(dt dz) = A(dt)p(dx) for two finite Borel measures A and p, respectively defined
on R, and R

Now let us consider an compactly-supported finite measure p on Ry x R4,
For all n > 0 define

Gn) = {(t,s,z,y) € (Ry)* x (RY)?: [t —s| Az —yll = n}. (4.9)

It suffices to prove that for all n > 0,

/ / (Ppr—s) * ) (& — 1) (% 1) (& — ) p(dt dz) u(ds dy)
() (4.10)

: //g(n) Pli—s|(z = y)s(z — y) p(dt dz) p(ds dy).

This is so, because k(0) = oo and (4.6) readily tell us that p x p does not charge
{(t.s,2.9) € (Re)? x R)?: w=y}; (4.11)

and therefore,

im [ B #0) @ = )52~ ) () ()

= //S# (Plt—s * o) (@ — y) (5 * v)(x — y) p(dt dz) p(ds dy) (4.12)
rH#yY

- / / (Ppr—s) * 0)(@ — ) (% 1) (@ — ) u(dt dz) p(ds dy).

And similarly,

lim i—s|(x —y)k(z — dtdz) pu(dsd
ity [ e~ (e o)t aa) s ) -

= //pltfsl(l“ —y)k(r — y) p(dt dz) p(ds dy).

And the proposition follows.

Next we verify (4.10) to finish the proof.

One can check directly that G(n)Nsupp(px u) is compact, and both mappings
(t,s,z,y) = (P—sxo)(z—y)(kxv)(z—y) and (¢, s,z ,y) = pji—s) (z—y)K(z—Y)
are uniformly continuous on G(n) Nsupp(p X ).

We can find finite Borel measures {A;}32,—on Ry —and {p;}32,—on R*—
such that p is the weak limit of puy := Zévzl(Aj x p;) as N — oo. The already-

proved portion of this proposition implies that for all n > 0 and N > 1,

/ / (Phr—s) *0)(@ — 1)+ 1) (& — ) (At ) v (ds y)

< //g(n) Pli—s|(x — y)r(z —y) pn(dt dz) py (ds dy).



Let N 1 oo to deduce (4.10) and hence the proposition. O

Proposition 4.4. Suppose k : R — R is a lower semicontinuous positive-
definite function. Suppose v and o are two positive definite probability measures,
respectively on R and R?, that satisfy the following:

1. k and k xv are uniformly continuous on every compact subset of {x € R :
|lz|| > n} for each n > 0; and

2. (1,z) = (pr x 0)(x) is uniformly continuous on every compact subset of
{(t,x) €e Ry x R4 : t,||z|| > n} for each n > 0.

Then, for all finite Borel measures i on Ry x R4,

L//}pu,s.*a)@c—zﬁ(n*zo(s—-w;wdtdx>u<dsdy>

(4.15)
< [ pu-ae = v)n(s — ) u(at de) s ).

Proof. Tt suffices to prove the proposition in the case that
p(dsdz) = A(ds)p(dz), (4.16)

for finite Borel measures A and p, respectively on R, and R%. See, for instance,
the argument beginning with (4.9) in the proof of Proposition 4.2. We shall
extend the definition A so that it is a finite Borel measure on all of R in the
usual way: If A C R is Borel measurable, then A(A) := A\(ANR,). This slight
abuse in notation should not cause any confusion in the sequel.

Tonelli’s theorem and Lemma 4.1 together imply that in the case that (4.16)
holds,

//(p‘t_s‘ ¥ o) (@ — y) (k) (s — ) p(dt de) p(ds dy) (4.17)

// (dt) A(ds) (kxv)(s—1t) // (dz) p(dy) (Pt—s| * 0)(z —y)
(zw) /R 5(6) Pdﬁ//A (A1) A(ds) (5% v)(s = eV Ie/2
< ﬁ/R \ﬁ(§)|2d§//)\(dt))\(ds) (k% v)(s — t)elt=sllEl*/2,

The map 7 +— exp{—|7|-|/£]|?/2} is positive definite on R for every fixed £ € R%;
in fact, its inverse Fourier transform is a [scaled] Cauchy density function, which
we refer to as ¥¢. Therefore, in accord with Lemma 4.1,

//(H £ ) (s — £)e3FISIR/2 ) (df) A(ds)
& /\)\ 26+ ) (r) dr < 1)d/R\&(T)|2(mq95)(r)dT (4.18)
// (s — t)e~1t=slIEI*/2 N (qt) A(ds).

10



The last line follows from the first identity, since we can consider v = J; as a
possibility. Therefore, it follows from (4.17) that

[ im0 = e )5 = ) o) s ay) (4.19)

L/ |2d§//A (dt) A(ds) A(s — t)e sl €172
2m)d
/ Adt) Ads) r(s —1) / (dz) p(dy) pje—s|(z — y); (4.20)

the last line follows from the first identity in (4.17) by considering the special
case that v = §p. This proves the proposition in the case that u has the form
(4.16), and the result follows. O

4.2 Additive stable processes

In this subsection we develop a “resolvent density” estimate for the additive
stable process X,,.

First of all, note that the characteristic function £ — Eexp(i€ - X, (t)) of
X, (t) is absolutely integrable for every t € RY \ {0}. Consequently, the inver-
sion formula applies and tells us that we can always choose the following as the
probability density function of X, (t):

g¢(x) == ge(a;x) = ﬁ /Rd o~ U@ &)—[tl[1€l*/2 de. (4.21)

Lemma 4.5. Choose and fiz some a,b € (0,00)" such that a; < b; for all
1< j < N. Define
[a,b]::{sERf:ajgsjgbj for all 1§j§N}. (4.22)

Then, for all M > 0 there exists a constant Ag € (1,00)—depending only on
the parameters d, N, M, o, mini<;<n a;, and maxi<;j<n b; —such that for all
€[-M,M]?,

Agt < / ge(x) dt < Ag. (4.23)
(a,b]

Proof. Let
1:=(1,...,1) [N times]. (4.24)

Then, we may also observe the scaling relation,

“dja T
ge(z) =[]~ gy (|t1/a), (4.25)

together with the fact g1 is an isotropic stable-o density function on R?. The
upper bound in (4.23) follows from (4.25) and the boundedness of g1 (z).

11



On the other hand, the lower bound in (4.23) follows from (4.25) and the
following standard estimate: For all R > 0 there exists C(R) € (1,00) and
¢(R) € (0,1) such that

C(R)

c(R .
||Z|(|dJ2a <g1(2) < W for all z € R? with ||z|| > R. (4.26)

See [10, Proposition 3.3.1, p. 380], where this is proved for R = 2. The slightly
more general case where R > 0 is arbitrary is proved in exactly the same manner.
O

Proposition 4.6. Choose and fir some b € (0,00)N and define [0,b] as in
Lemma 4.5. Then, for all M > 0 there exists a constant A; € (1,00)—
depending only on d, N, M, o, mini<j<n bj, and maxi<j<n bj—such that for
all z € [-M , M),

1 / Ay
Lo awars A (4.27)
Aslzf|=N = Jig b (|| d—eN

Proof. Since

/[0 . ge(x) dt < el®! / e~ Itgy(z) dt, (4.28)

N
R+

the proof of Proposition 4.1.1 of [10, p. 420] shows that the upper bound in
(4.27) holds for all x € R
For the lower bound, we apply (4.25) and then (4.26) in order to find that

x
g cht:/ t|= g ( )dt
/[O,b] t(@) [O,b]l | BNCEE

4.29)
c(1) (
' /te[o,b]: t]de.

= e
[#11/* <l

Clearly, there exists Ro > 0 sufficiently small such that whenever ||z| < Ry,

te[o,b]: |t| dt > const - ||33||(X(N+1), (4.30)

¢/ <]

and the result follows. On the other hand, if ||z| > Ry, then the preceding
display still holds uniformly for all # € [~M , M]¢. This proves the proposition.
0

‘We mention also the following; it is an immediate consequence of Proposition
4.6 and the scaling relation (4.25).

12



Lemma 4.7. Choose and fiz some b € (0,00)" and define [0,b] as in Lemma
4.5. Then there exists a constant Ay € (1,00)—depending only on d, N, «,
minj<;j<n b;, and maxi<;j<n b —such that for all x € R4,

/ ge(x)dt < Ay / ge() dt. (4.31)
[0,28]

[0,8]

Proof. Let M > 1 be a constant. If z € [—~M, M]¢, then (4.31) follows from
Proposition 4.6. And if ||z|| > M, then, (4.31) holds because of (4.25) and
(4.26), together with the well-known fact that g; is continuous and strictly
positive everywhere; compare with the first line in (4.29). O

4.3 First part of the proof
Our goal, in this first half, is to prove the following:

Coan(EXF)>0 = P{W(E)mXa(Rﬁ)mF7é@}>o. (4.32)

Because E C (0,00) and F' C R¢ are assumed to be compact, there exists a
q € (1,00) such that

EC g} q) and FC[-q,q". (4.33)
We will use ¢ for this purpose unwaiveringly.
Define
1
fe(x) = wlBg(e)(x) and (be(x) = (fe * fe)(x) (434)

For every u € P(E x F') and € > 0 we define a variable Z.(u) by,

Z(p) == /[172]]\, du/EXF,u(ds dz) ¢e(W(s) — 2)pe(Xo(u) — ). (4.35)

Lemma 4.8. There exists a constant a € (0,00) such that

inf  inf B[Z(u)] > a. 4.36
wer b oty = (el 2 @ (4.36)

Proof. Thanks to the triangle inequality, whenever u € By(¢/2) and v € By(€/2),
then we have also u — v € By(e) and v € By(¢). Therefore, for all u € R? and
€ >0,

1
Pe(u) = — /Rd 1B,(e)(u — )1y (o) (v) dv
d
| y (4.37)
> ~3o2d 57 1Bo(c/2) (1) 1B, (e/2)(v) dv > 27 f jo(u).
dE Rd
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Because f/; is a probability density, and since € € (0,1), the preceding implies
that for all u € [1,2]V and = € R,

(¢e * gu)(x) = /Rd d)e(u)gu(x - u) du

(4.38)
>2_d/ /o (u w(z—u)du>2"%  inf w(2).
22 [ fptuute =0 i gu(e)
Since F C [~q,q]?, Lemma 4.5 tells us that
ag = uel[?,g]N ;Iellf? eel(r(l)fn((be * gu)(x) > 0. (4.39)
And therefore, for all € > 0 and p € P(E x F),
BIZG0 = [ pldsds) @orp)(a) [ du (6ox9.)@) (4.40)
ExF 1,2V

>a e ¥ pg)(x) u(dsdz) > a9 inf inf inf e * ps)(x),
>a [ (@orp@p(sdn) 2o af int inf (6@

which is clearly positive. O

Proposition 4.9. There exists a constant b € (0,00) such that the following
inequality holds simultaneously for all p € P(E x F):

SupE (|Z:(1n)*) < ba-an (1) (4.41)
Proof. First of all, let us note the following compliment to (4.37):
be(2) < 2%f2.(2)  forall e >0 and z € RY. (4.42)
Define, for the sake of notational simplicity,
Qult,w35,1) = G(W(H) — )6 (W(s) — ). (4.43)

Next we apply the Markov property to find that for all (¢, ) and (s,y) in Ex F
such that s < ¢, and all € > 0,

BIQu(t,7:5,9)] = E [0 (W(s) ~ oW (t =) + W(s) —a)] . (1.49)

where W is a Brownian motion independent of W. An application of (4.42)
yields

EQ(t,x55,9)] < 4B [£2u(W() = ) 2 (W (¢ = 5) + W(s) — )

) (4.45)
< 8E {fze(W(s) - fac(W(t—5)—z+ y)] ,
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thanks to the triangle inequality. Consequently, we may apply independence
and (4.37) to find that

E[Qc(t,z3s,y)] < 8'E[foe(W(s) = y)] - E[face(W(t = 5) — z + y)]
< 32°E [¢ac(W(s) —y)] - Eldsc(W(t —s) =z +y)] (4.46)
= 32%(hac * ps)(y) - (Pse ¥ Pr—s)(z — y).
Since s € E, it follows that s > 1/q and hence sup,cga ps(2) < p1/4(0). Thus,

E[p(W (1) — )¢ (W (s) = y)] < 32%p1/q(0) - (fse * pr—s)(w —y). (447
By symmetry, the following holds for all (¢,x),(s,y) € E x F and € > 0:

E[p(W (1) — )¢ (W (s) = y)] < 327p1/g(0) - (e * pje—s)) (@ —y).  (4.48)
Similarly, we have the following for all (u,z), (v,y) € [1,2]Y x F and € > 0:

E [¢e(Xa(u) = 2)¢e(Xa(v) = y)] < 327K - (s * gu—v)(x — y), (4.49)

where K := g(l/q“"’l/j%)(o) < 00 by (4.21), and the definition of g¢(z) has been
extended to all t € R \ {0} by symmetry, viz.,

ge(2) = |t|~¥ gy (|t|f/a> for all z € R? and t € RV \ {0}.  (4.50)

It follows easily from the preceding that E(|Z.(u)[?) is bounded above by a
constant multiple of

//(QSSG *Dle—s) (% = y) (/[1 2]2N(¢Se * gu—v)(z —y) du d”) (4.51)
x p(dtdz) p(ds dy),

uniformly for all € > 0. Define
k(z) = / gu(2) du for all z € R%. (4.52)
[0,1]¥
Then we have shown that, uniformly for every € > 0,
B (1Zm)) (4.53)
< const - //(¢86 * Pli—s)) (@ — y) (P8 * k) (x — y) p(dt dz) p(ds dy).

It follows easily from (4.21) that the conditions of Proposition 4.2 are met for
o(dz) :=v(dx) := ¢sc(x) dx, and therefore that proposition yields the following
bound: Uniformly for all € > 0,

B (12.0l°) < const [ [ o~ y)te — g n(atds) u(dsdy). (450

According to Proposition 4.6, x(z) < const/|z[|*"*" uniformly for all z €
{r —y: z,y € F}, and the proof is thus completed. O
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Now we establish (4.32).

Proof of Theorem 3.1: First half. If C4_on(E x F) > 0, then there exists po €
P(E x F) such that £g_an(po) < 00, by default. We apply the Paley—Zygmund
inequality [10, p. 72] to Lemma 4.8 and Proposition 4.9, with y replaced by py,
to find that for all e > 0 and p € P(E x F),

EZ(uo) . a*fb
E(\Ze(ﬂo)|2> ~ Ei—an (o)

P{Z.(1o) > 0} > (4.55)

If Z.(po)(w) > 0 for some w in the underlying sample space, then it follows from
(4.35) and (4.37) that

inf inf inf - X, (u) — <e 4,
ifinf it max([W(s) ~ 2] [ Xo(w) ~xl) @) Se (456)

for the very same w. As the right-most term in (4.55) is independent of € > 0, the
preceding establishes (4.32); i.e., the first half of the proof of Theorem 3.1. O

4.4 Second part of the proof

For the second half of our proof we aim to prove that for any two positive real
numbers a < b,

P{W(E)ﬂXa([mb]N)ﬂF;«é@} >0 = Coan(ExF)>0.  (4.57)

This would complete our derivation of Theorem 3.1. In order to somewhat
simplify the exposition, we will prove the following slightly-weaker statement.

P{W(E)mXa([l,%]N)mF;é@} >0 = Coan(EXF)>0. (4.58)

This is so, because XM, ..., X(V) are right-continuous random functions that
possess left-limits. However, we omit the details of this more-or-less routine
argument.

Henceforth, we assume that the displayed probability in (4.58) is positive.
Let us fix a small positive 7, and define E7 and F" to be the respective closed
n-enlargements of £/ and F'. Let 0 be a point that is not in Ry X Rf , and define
Qo := QYT U{0}. Then, we can always find a random variable 77 := (T}, t3),
with values in Qo N (E" x [1, 3]V) such that:

1. If there exists (s,u) € E" x [1, 3] such that W(s) = X,(u) € F", then
T" € Qo \ {0}, Xo(td) € F" and ||W(T]") — X4 (t3)|| < €, where € > 0 will
be chosen as in (4.60) below; and

2. If there is no (s,u) € E" x [1, 3]V such that W(s) = X, (u) € F", then
7 = 9.
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To prove this, first note that for all fixed s > 0 and u € (0, 00)", the joint law
of W(s) and X, (u) is absolutely continuous. Therefore, path-regularity tells
us that if there exists (s,u) € E" x [1, 3]V such that W(s) = X,(u) € F",
then there exists (t,v) € E" x [1,3]V N QY *" such that W(t), Xo(v) € F"
and ||W(t) — X, (v)|| < €. The rest follows by an enumeration of the (N + 1)-
dimensional rationals. In order to ensure this is all correct without having to
worry about various almost-sure versus sure statements, we are tacitly throwing
away a few null sets outside which XU)’s are all right-continuous, and W is
continuous. This can and will be done without any loss in generality.
Now for any Borel sets G; C E7 and G2 C F", define

,u"(Gl X Gg) =P {Tln € Gy, Xa(tg) € Gy ‘ I 75 8} . (459)

Evidently, p" can be extended as a probability measure on E"7 x F.
For every € > 0, we define Z.(u") by (4.35), but insist on one [important]
change. Namely, now, we use the gaussian mollifier,

212
¢e(2) = mexp < H2€||2 > , (4.60)

in place of f. x fo. [The change in the notation is used only in this portion of
the present proof.]
Thanks to the proof of Lemma 4.8,

inf E[Z.(u")] > 0. 4.61
ont [Ze(p)] (4.61)

Similarly, (4.53) tells us that

sup E (\Ze(ﬂn)ﬁ) (4.62)
e,ne(0,1)

< const [ [ G pie-a)o = 1)(6se 1) = ) 07 o) (A dy),
where & is defined by (4.52). Define
R(z) = / ge(z)dt for all z € R%. (4.63)
[0,1/2]¥
Thanks to Lemma 4.7,
sup B (|Z(u")*) (4.64)
ene(0,1)

< const - //(¢8E * Pli—s) ) (@ — y)(dse * K)(x — y) p"(ds dw) p"(dt dy).

Now we are ready to explain why we had to change the definition of ¢. from
fex fe to the present gaussian ones: In the present gaussian case, both subscripts
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[1Phi

of “8€¢” can be replaced by “€” at no extra cost; see (4.65) below. Here is the
reason why:

First of all, note that ¢, is still positive definite; in fact, ¢, (&) = e lelP/2 >
0 for all ¢ € R? Next—and this is important—we can observe that qASE < ¢?5
whenever 0 < § < e. And hence, the following holds, thanks to Remark 4.3:

sup 5 (1Z.(u")) (4.65)
€,ne(0,1)

< const [ [ (@ pu)lz = )6 % R)(a — ) (s do) w7t dy).

This proves the assertion that “8e can be replaced by e.”

Now define a partial order < on R as follows: u < v if and only if u; < v;
forall ¢ =1,...,N. Let &, denote the o-algebra generated by the collection
{Xa(u)}uxw. Also define G := {G;};>0 to be the usual augmented filtration of
the Brownian motion W.

According to Theorem 2.3.1 of [10, p. 405], { X, } is a commuting N-parameter
filtration [10, p. 233]. Hence, so is the (N + 1)-parameter filtration

Fi={Fou;s>0,uecRY}, (4.66)

where Fs o, 1= Gs x Xy
Now, for any (s,u) € QN+t n (E" x [1, 3]V),

2
ZE 77 S, u - d 77 d d € b ’ b) *
B(Z(u") | F., }>/V(u) ”ﬁ;gfnﬂ(t 2) To(t,3) (4.67)
where
V(u):={ve[l,2]N: uj<v; foralll1 <j< N}, (4.68)
and
Te(t,z;0) == E [¢p(W(t) — 2)pe(Xa(v) — ) | Fou] - (4.69)

Thanks to independence, and the respective Markov properties of the processes
w,x® . x(),
Te(t,xz;0) =E [¢p(W(t) — x)| Gs] - E [¢e(Xa(v) — x) | X

= Ger p)z = W) (Bt guu)(z — Xaluw)). T

Therefore, the definition (4.63) of % and the triangle inequality together reveal
that with probability one,

E[Z(u") | -FS,u]
> oo (60 ) = W) (65 R) o~ X)) (d o),

t>s

(4.71)

for every u € [1,3/2]N. This inequality is valid almost surely, simultaneously
for all rational s € E" and all u € [1,3/2]Y N QY. Thus, we can work on the
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event {T" # 0}, and replace s by T} and u by t3 to deduce that almost surely,

E[Ze(p")| Fopu] = Lyznsoy - /Ewn U (t,2) p"(dt dw), (4.72)
t>s
uniformly for all (s,u) € QY ™!, where
We(t,x) = (¢e * peorp) (@ = W(TY)) (¢ * F) (2 — Xa(t3)). (4.73)

We square both sides of (4.72) and then apply expectations to both sides in
order to obtain the following:

E sup E[Zﬁ(/ﬂ) |-7:s,u]
(s,u)eQi Tt

(4.74)

2
>P{T"#0}-E </E"><F" \Ilg(t,x)ﬂ”(dtdx)> T #0

t>s

According to (4.59), the latter conditional expectation is equal to the following:

2
/ (/EXF (D * pr—s) (@ = W(s)) (e * B)(z —y) p (dt dx)) p(ds dy).
t>s
(4.75)
Since, for s = T} and y = X, (tJ) we have |[W(s) — y|| < €, it can be verified
that (4.75) is bounded from below by a constant multiple of

/ </Ean7](¢2€/3 kDi—s) (@ — Y) (e x B)(z — y) pn(dt dx)) u"(dsdy). (4.76)

t>s

Because of the Cauchy—Schwarz inequality, the quantity in (4.76) is at least

2
</ /Ew,,(@e/s *Di—s) (@ = y)(¢e ¥ R)(x — y) p"(dE dz) p"(ds dy)) » (477)
t>s
which is, in turn, greater than or equal to

2
i (//(%5/3 *Pli—s)) (@ = y)(Pe * &) (z — y) p (dt dx) p (ds dy)) . (4.78)

by symmetry. By using Remark 4.3 again, we see that (4.78) is at least

i ( J]@opii@ =i R - ) wrtaeda) s dy>)2 L)

19



The preceding estimates from below the conditional expectation in (4.74).
And this yields a bound on the right-hand side of (4.74). We can also obtain a
good estimate for the left-hand side of (4.74). Indeed, the (N +1)-parameter fil-
tration F is commuting; therefore, according to Cairoli’s strong (2, 2) inequality
[10, Theorem 2.3.2, p. 235],

B s EB[Z(u") | Fou) | p <R (1ZGP), (480)

(s,u)GQfJrl

and this is in turn at most a constant times the final quantity in (4.79); compare
with (4.65). In this way, we are led to the following inequality:

P{T" + 0} (4.81)

< const | [ (@cxpao = (60 Ao - ) () s

Since the implied constant is independent of € and 7, we can let € | 0. As the
integrand is lower semicontinuous, we obtain the following from simple real-
variables considerations:

P{T" + 9} (4.82)

< const - U/pts(fc —y)k(x —y) p"(dtdz) p"(ds dy)

Since the term in the reciprocated brackets is identically equal to the energy
Ed—an (") of u", and because u" is a probability measure on E” X F"| we obtain
the following:

P{T" # 0} < const - Cg_an (E" x F). (4.83)

Once again, we emphasize that the implied constant does not depend on 7 > 0.
As we let n | 0, the left-most quantity converges down to the probability that
W(EYNFNX,(1, %]N) # @. And the outer regularity of the capacity form
Cy [10, Lemma 2.1.1, p. 534] implies that C4—on (E" x F) converges down to
Ci—an(E x F). Therefore, for the same implied constant as in the preceding
display,

P {W(E) nFnX. ([, g}N)} < const - Cy_an (E x F). (4.84)

This yields (4.58), and hence Theorem 3.1. O

5 Proof of Theorem 1.1
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Choose and fix an o € (0, 1), and define X, to be a symmetric stable process in
R with index «. That is, X, is the same process as X, specialized to N = d = 1.
As before, we denote the transition probabilities of X, by

e 8 MG ST RN Y

We define v to be the corresponding 1-potential density. That is,

v(x) ::/ ge(x)e " dt. (5.2)
0
It is known that for all m > 0 there exists ¢, = ¢p,o > 1 such that
etz <o) < el if |z| < m; (5.3)

see [10, Lemma 3.4.1, p. 383]. Since o € (0,1), the preceding remains valid
even when z = 0, as long as we recall that 1/0 := co.
The following forms the first step toward our proof of Theorem 1.1.

Lemma 5.1. Suppose there exists a i € P(E x F) such that Ty o) (1) s
finite, where

o= lz—yll?/(2lt—s))
// T —epr p(dsdz) p(dtdy)  for B> 0. (5.4)

Then, the random set ENW ~1(F) intersects the closure of X, (R4 ) with positive
probability.

Remark 5.2. It is possible, but significantly harder, to prove that the sufficient
condition of Lemma 5.1 is also necessary. We will omit the proof of that theorem,
since we will not need it. O

Proof. For all fixed ¢ > 0 and probability measures x on (0, 00) x RY, we define
the following parabolic version of (4.35), using the same notation for ¢, := fex fe,
etc.:

Vi) = [ et [ dsan) 0.07() - 000 (Xalt) =9 (55)

Just as we did in Lemma 4.8, we can find a constant ¢ € (0, 00)—depending
only on the geometry of E and F—such that uniformly for all 4 € P(E x F)
and € € (0,1),

B [Y.(4) = / Tt [ ntasa) @p)@ @ a) s z e (60)

but now we apply (5.3) in place of Lemma 4.5.
And we proceed, just as we did in Proposition 4.9, and prove that

B (1¥e()[*) < const - aya1-a) (1) (5.7)

The only differences between the proof of (5.7) and that of Proposition 4.9 are
the following:
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- Here we appeal to Proposition 4.4, whereas in Proposition 4.9 we made
use of Proposition 4.2; and

- we apply (5.3) in place of both Proposition 4.6 and Lemma 4.7. Otherwise,
the details of the two computations are essentially exactly the same.

Lemma 5.1 follows from another application of the Paley—Zygmund lemma
[10, p. 72] to (5.6) and (5.7); the Paley—Zygmund lemma is used in a similar
way as in the proof of the first half of Theorem 3.1. We omit the details, since
this is a standard second-moment computation. O

Next, we present measure-theoretic conditions that are respectively sufficient
and necessary for Zy, o(1—q)(1) to be finite for some Borel space-time probability
measure p on F x F.

Lemma 5.3. We always have

i ExF;p) <2 : inf 7 . .
dim, (E x F;0) < sup{6>0 ,uGPl(nEXF) B(M)<OO} (5.8)

Proof. For all space-time probability measures u, and 7 > 0 define the space-
time T-dimensional Bessel-Riesz energy of u as

o [ mdsdz) u(dtdy)
Twio) = [ G 59

A suitable formulation of Frostman’s theorem [18] implies that

dim, (E x F;0) =sup{r >0: T, (1;0) < oo}. (5.10)

We can consider separately the cases that ||z —¢||> < |s —¢| and ||z — y|* >
|s — t|, and hence deduce that

—llz—yl|?/(2lt—s]) 1
e c
————— < mi 5.11
|s — 7 _mm(llx—yllw ’ Is—t|ﬂ>’ (510

where ¢ := sup,. 228e=%/2 is finite. Consequently, Za(p) < Yop(p;0), with
¢ :=max(c,1), and (5.8) follows from (5.10). O

Lemma 5.4. With probability one,

dim,, (ENW1(F)) < dim,, (B x F30) —d

< 5 (5.12)
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Proof. Choose and fix some r > 0. Let T (r) denote the collection of all intervals
of the form [t—7? ,t+72] that are in [1/q, q]. Also, let S(r) denote the collection
of all closed Euclidean [¢?] balls of radius 7 that are contained in [—¢q, g]?. Recall
that X, is a symmetric stable process of index « € (0,1) that is independent
of W. It is well known that uniformly for all » € (0, 1),

sup P{X,([0,1]) N1 # @} < const - r2(17%); (5.13)
IeT(r)

see [10, Lemma 1.4.3., p. 355], for example. It is just as simple to prove that
the following holds uniformly for all » € (0,1):

sup sup P{W(I)NJ # @} < const - . (5.14)
IET(r) JES(r)
[Indeed, conditional on {W(I) N J # @}, the random variable W (¢) comes to
within 7 of J with a minimum positive probability, where ¢ denotes the smallest
point in I.] Because W(I) N J # @ if and only if W=(J) NI # @, it follows
that uniformly for all » € (0, 1),

sup sup P{W ™' (J)NINX,(0,1]) # @} < const - pd+2(=a) — (515)

I€T(r) JES(r)

Define
Ri= |J {IxJ: I€T(r)andJeS(r)}. (5.16)
r€(0,1)
Thus, R denotes the collection of all “space-time parabolic rectangles” whose
o-diameter lies in the interval (0,1).

Suppose d + 2(1 — a) > dim,(E x F';0). By the definition of Hausdorff
dimension, and a Vitali-type covering argument—see Mattila [13, Theorem 2.8,
p. 34]—for all € > 0 we can find a countable collection {£; x F;}32, of elements
of R such that: (i) US2, (E; x F}) contains £ x I (ii) The o-diameter of E; x F;
is positive and less than one [strictly] for all j > 1; and (iii) Z;’;l |o-diam (E; x
Fj)|#+20-2) < ¢, Thanks to (5.15),

P{W  F)NENX.(0,1]) #@} <> P{W '(F;)NE;NX.(0,1]) # 2}
j=1
< const - Z |o-diam(E; x Fj)|d+2(1_a) < const - €. (5.17)
j=1

Since neither the implied constant nor the left-most term depend on the value
of ¢, the preceding shows that W=1(F)N EN X,([0,1]) is empty almost surely.

Now let us recall half of McKean’s theorem [10, Example 2, p. 436]: If
dim, (A) > 1 — a, then X,([0,1]) N A is nonvoid with positive probability. We
apply McKean’s theorem, conditionally, with A := W~1(F) N E to find that if
d+2(1 — a) > dim, (E x F; ), then

dim, (W Y(F)NE)<1—a  almost surely. (5.18)
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The preceding is valid almost surely, simultaneously for all rational values of
1 — o that are strictly between one and £ (dim,, (E X F'; 0) —d). Thus, the result
follows. 0

Proof of Theorem 1.1. By the modulus of continuity of Brownian motion, there
exists a null set off which dim, W(A) < 2dim,, A, simultaneously for all Borel
sets A C R, that might—or might not—depend on the Brownian path itself.
Since W(ENW~Y(F)) = W(E) N F, Lemma 5.4 implies that

dim,(W(E)NF) < dim,(E x F;9) —d almost surely. (5.19)

For the remainder of the proof we assume that d > 2, and propose to prove
that
||dim,, (W(E) N F)HLOO(P) > dim, (E x F;p) —d. (5.20)

Henceforth, we assume without loss of generality that
dim, (E x F';0) > d; (5.21)

for there is nothing left to prove otherwise. In accord with the theory of Taylor
and Watson [18], (5.21) implies that P{W(E)N F # @} > 0.

According to Kaufman’s uniform-dimension theorem [7], the Hausdorff di-
mension of W(E) N F is almost surely equal to twice the Hausdorff dimension
of ENW™Y(F). Therefore, it suffices to prove the following in the case that
d>2:

- dim, (E x F;0) —d

[|dim,, (EmW*l(F))HLOO(P) > 5 , (5.22)
as long as the right-hand side is positive. If o € (0, 1) satisfies
di EXxF;p)—d
| — o < dma(Ex Fig) (5.23)

2 )
than Lemma 5.3 implies that Zg(1—q) (1) < oo for some p € P(E x F'). Thanks
to Lemma 5.1, ENW~Y(F) N X,([0,1]) # @ with positive probability. Conse-
quently,

P {dim, (ENW ™' (F)) >1—a} >0, (5.24)
because the second half of McKean’s theorem implies that if dimy,(A) < 1 — a,

then Xo(R4) N A =& almost surely. Since (5.24) holds for all « € (0,1) that
satisfy (5.23), (5.22) follows. This completes the proof. O

Remark 5.5. Let us mention the following byproduct of our proof of Theorem
1.1: For every d > 1,

dim, (E x F';0)—d
||L°°(P) = 9 ‘

|dim,, (ENW™Y(F)) (5.25)

When d = 1, this was found first by Kaufman [8], who used other arguments

[for the harder half]. See Hawkes [6] for similar results in case W is replaced by
a stable subordinator of index « € (0,1). O
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We conclude this paper with some problems that continue to elude us.

Open Problems. Theorem 1.2 and 1.1 together imply that when d > 2,

>0: inf & < =di E X F;p)—d. 5.26
sup {v ety &) OO} im,, ( p) (5.26)
The preceding is a kind of “parabolic Frostman theorem.” And we saw in the
introduction that (5.26) is in general false when d = 1. We would like to better
understand why the one-dimensional case is so different from the case d > 2.
Thus, we are led naturally to a number of questions, two of which we state
below:

P1. Equation (5.26) is, by itself, a theorem of geometric measure theory.
Therefore, we ask, “Is there a direct proof of (5.26) that does not involve
random processes, broadly speaking, and Kaufman’s uniform-dimension
theorem [7], in particular”?

P2. When d > 2, (5.26) gives an interpretation of the capacity form on the
left-hand side of (5.26) in terms of the geometric object on the right-hand
side. Can we understand the left-hand side of (5.26) geometrically in the
case that d =17

Acknowledgements. Many hearty thanks are due to Professors Gregory
Lawler and Yuval Peres. The former showed us the counterexample in Intro-
duction, and the latter introduced us to the problem that is being considered
here.
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