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Abstract

We consider a system of d coupled non-linear stochastic heat equations in spatial
dimension 1 driven by d-dimensional additive space-time white noise. We establish
upper and lower bounds on hitting probabilities of the solution {u(t,)}ier, zef0,1],
in terms of respectively Hausdorff measure and Newtonian capacity. We also obtain
the Hausdorff dimensions of level sets and their projections. A result of independent
interest is an anisotropic form of the Kolmogorov continuity theorem.
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1 Introduction

Let W := (W*',..., W% be a vector of d independent space-time white noises on [0, 7] x
[0,1]. For all 1 <i < d, let b; : R — R be globally Lipschitz and bounded functions, and
o := (o) be a deterministic d x d invertible matrix (ellipticity).

Consider the system of stochastic partial differential equations (s.p.d.e.’s)

a(;f(t,a:): Zau (t, @) + b (ult, z)), (1.1)

for 1 <i<d, tel0,T], and z € [0,1], where u := (uy,...,uq), with initial conditions
u(0,2) =0 for all z € [0, 1], and Neumann boundary conditions
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8ui
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(t,O):

(t,1)=0, 0<t<T. (1.2)

Equation (1.1) is formal, but can be interpreted rigorously as follows (WALSH [W86]):
Let Wi = (Wi(s,x))seR%ze[O’l], i = 1,...,d, be independent Brownian sheets, defined
on a probability space (Q,.%,P), and set W = (W',...,W%). For t > 0, let .%; =
o{W(s,x), s€[0,T], z €[0,1]}. Wesay that a processu = {u(t,x), t €[0,T], x € [0,1]}
is adapted to (%) if u(t,x) is F-measurable for each (¢,x) € [0,T] x [0,1]. We say that
u = (ur,...,uq) is a solution of (1.1) if u is adapted to (%) and if for i € {1,...,d},
te[0,7T],and z € [0, 1],

//Gt oz, ZUZ]WJ (drdv) //Gt (2 ,0) bi(u(r,v)) drdv. (1.3)

Here, Gi(x,y) denotes the Green kernel for the heat equation with Neumann boundary
conditions. See, for example, WALSH [W86] or BALLY, MILLET, AND SANZ—-SOLE [BMS95].

Our goal is to develop aspects of potential theory for the solution to the system of
stochastic heat equations (1.1). In particular, given A C R?, we want to determine whether
the process {u(t,x), t >0, x € [0, 1]} visits, or hits, A with positive probability.

Potential theory for single-parameter processes is a mature subject. See, for exam-
ple BLUMENTHAL AND GETOOR [BG68], PORT AND STONE [PS78], and DooB [D84].
There is also a growing literature on the potential theory for multiparameter processes
(KHOSHNEVISAN [Kho02].

For the linear form of (1.1) (b = 0,0 = I, where I; denotes the d x d identity matrix),
results on hitting probabilites have been obtained in MUELLER AND TRIBE [MTO03]. In the
case d = 1, for a particular form of (1.1) with additive noise (o = Iy, b(u) = v for § > 3
and b(u) = cu~?), the issue of whether or not the solution hits 0 has been discussed in
ZAMBOTTI [Z02, Z03] and DALANG, MUELLER, AND ZAMBOTTI [DMZ06].

For non-linear s.p.d.e.’s, a general result was obtained in DALANG AND NUALART
[DNO04], valid for systems of reduced hyperbolic equations on ]Ri (essentially equivalent
to systems of wave equations in spatial dimension 1) that are driven by two-parameter
white noise. In this paper, we will be concerned with obtaining upper and lower bounds on



hitting probabilities for the solution of the system (1.1). In a forthcoming paper [DKNO7],
we use quite different techniques from the Malliavin calculus, consider systems of non-linear
heat equations with multiplicative noise, and obtain bounds that are slightly different than
those in this paper.

Let {v(r)},cr denote a random field that takes values in RY, where T is some Borel-
measurable subset of RY. Let v(T') denote the range of 7' under the random map r — v(r).
We say that a Borel set A C R? is called polar for v if P{v(T) N A # @} = 0; otherwise,
A is called nonpolar. Two of our main results are the following. They will be proved in
Section 5.

Theorem 1.1. Let u denote the solution to (1.1) on ]0,T] x [0, 1].

(a) A (nonrandom) Borel set A C R® is nonpolar for (t,z) v u(t,x) if it has positive
(d — 6)-dimensional capacity. On the other hand, if A has zero (d — 6)-dimensional
Hausdorff measure, then A is polar for (t,z) — u(t,z).

(b) Fiz t €]0,T]. A Borel set A C R? is nonpolar for x +— u(t,z) if A has positive
(d — 2)-dimensional capacity. If, on the other hand, A has zero (d — 2)-dimensional
Hausdorff measure, then A is polar for x — u(t,x).

(c) Fiz x € [0,1]. A Borel set A C R? is nonpolar for t — u(t,z) if A has positive
(d — 4)-dimensional capacity. If, on the other hand, A has zero (d — 4)-dimensional
Hausdorff measure, then A is polar for t — u(t,z).

The definitions of capacity and Hausdorff measures will be recalled shortly.

There is a small gap between the conditions of positive capacity and positive Hausdorff
measure. In some cases, we know how to bridge that gap. Indeed, the results of MUELLER
AND TRIBE [MTO03] will make this possible in parts (a) and (b) of the following. This
reference does not however apply to statement (c).

Corollary 1.2. Let u denote the solution to (1.1).
(a) Singletons are polar for (t,z) — u(t,z) if and only if d > 6.
(b) Fixt €]0,T]. Singletons are polar for x — wu(t,x) if and only if d > 2.

(¢) Fiz x € [0,1]. Singletons are polar for t — u(t,x) if d > 4 and are nonpolar when
d < 4. The case d = 4 is open.

This corollary is proved in Section 5.

Our work has other, “more geometric,” consequences as well. For instance, in Corollary
5.3 below, we prove that if d > 6, then the Hausdorff dimension of the range of the solution
to (1.1) is 6 a.s. On the other hand, when d < 6, Corollary 1.2 implies readily that the
range of the solution to (1.1) has full Lebesgue measure a.s.

This paper is organized as follows. In Section 2 we present general conditions on an
R¢-valued random field (v(¢,z)) that imply lower bounds on hitting probabilities (Theorem
2.1). These conditions are stated in terms of a lower bound on the one-point density function
of the random vectors v(t,x) and an upper bound on the two-point density function; that
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is, the density function of (v(t,x),v(s,y)) for (t,z) # (s,y) (see conditions A1l and A2).
These conditions also yield information about level sets of the process and their projections
(Theorem 2.4). They are related to, but not identical with, the conditions of DALANG AND
NUALART [DNO4].

In Section 3 we isolate properties of the random field that imply upper bounds on hitting
probabilities (Theorem 3.1), and corresponding properties of level sets and their projections
(Theorem 3.2). These conditions are implied by sufficient conditions that are often not too
difficult to check, namely that the one-point density function of the random variables v(t, x)
is uniformly bounded above and an estimate on LP-moments of increments of the random
field (Theorem 3.3), similar to the condition in the classical Kolmogorov continuity theorem.
These conditions are different from those of [DN04] which made specific use of the structure
of the filtration of the solution to a hyperbolic s.p.d.e. in Ri, and, in particular, of Cairoli’s
maximal inequality for 2-parameter martingales; there is no counterpart to these for the
stochastic heat equation.

In Section 4 we verify the conditions of Sections 2 and 3 for the solution of the linear
form of (1.1), that is, with b = 0 (see Theorem 4.6). In order to obtain the best estimates
possible, a careful analysis of moments of increments and of the determinant of the vari-
ance/covariance matrix of the (in this case, Gaussian) process (u(t,z)) is needed. This also
requires a version of the Kolmogorov continuity theorem that is tailored to the needs of
the stochastic heat equation. This is presented in Appendix A, and may be of independent
interest.

Finally, in Section 5, we use Girsanov’s theorem to transfer results about hitting prob-
abilities of the solution to the linear form of (1.1) to the general form of (1.1) (Proposition
5.2), and we prove Theorem 1.1 and Corollary 1.2. Some results on capacity and energy
are gathered in Appendix B.

Let us conclude this Introduction by defining the requisite notation and terminology.
For all Borel sets F' C R? we define Z(F) to be the set of all probability measures with
compact support in F. For all integers k > 1 and p € Z2(R¥), we let I5(u) denote the
B-dimensional energy of u; that is,

1) = [ [ Ka(lle = yl) i) (), (1.9

where ||z|| denotes the Euclidean norm of x € R¥. Here and throughout,

r—B if >0,
Kg(r) := ¢ log(No/r) if 3 =0, (1.5)
1 if <0,

where Ny is a constant whose value will be specified later in the proof of Lemma 2.2.

If f:RY— Ry is a probability density function, then we will write I(f) for the
[-dimensional energy of the measure f(x)dz.

For all 3 € R, integers k > 1, and Borel sets F' C R¥, Capﬁ(F) denotes the 5-dimensional
capacity of F'; that is,

1
Cany(F) = | inf 1] (16)
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where 1/00 := 0.
Given (8 > 0, the B-dimensional Hausdorff measure of F' is defined by

J3(F) = lim inf {i@m)ﬂ P C [j B(zj,r;), supr; < e} , (1.7)

+ .
=0 i1 i=1 izl

where B(x,7) denotes the open (Euclidean) ball of radius r > 0 centered at x € R?. When
B < 0, we define J3(F) to be infinite.
Throughout, we consider the following parabolic metric: For all s,t € [0,T] and x,y €
[0,1],
A((t,2); (s, y) o= |t = s + [z —y]. (1.8)

Clearly, this is a metric on R? which generates the usual Euclidean topology on R?. We
associate to this metric the energy form

150) = [ [ Ka(A((t): () e da) (s dy), (L.9)

and its corresponding capacity

-1
Capf (F) := [ueiﬁfF) IBA(M)} : (1.10)

For the Hausdorff measure, we write

HA(F) = lim inf{Z(Qri)s :F C U Ba((ti,x;),rs), supr; < e}, (1.11)

ot U3 i=1 21
where Ba((t,z),r) denotes the open A-ball of radius r > 0 centered at (¢,z) € [0,T] x
[0,1].

2 Lower Bounds on Hitting Probabilities

Fix two compact intervals I and J of R. Suppose that {v(t,2)} q)erx.s IS @ two-parameter,
continuous random field with values in R?, such that (v(t,z),v(s,%)) has a joint probability
density function pyg.sy(-,-), for all s,t € I and z,y € J such that (¢,z) # (s,y). That is,

Mﬂw@mwmnaﬁﬂmmmwwwmw (2.1)

for all bounded Borel-measurable functions f : I x J — R. We will denote the marginal
density function of v(t,z) by pi .

Consider the following hypotheses:

A1l. For all M > 0, there exists a positive and finite constant C' = C(I,J, M, d) such that
for all (t,z) € I x J and all z € [-M , M),

pre(z) > C. (2.2)



A2. There exists § > 0 such that for all M > 0, there exists ¢ = ¢(I, J, 3, M,d) > 0 such
that for all s,¢ € I and x,y € J with (t,z) # (s,y), and for every z;, 2z € [-M , M]?,

C

exo [ — 21 — zo?
e S (A o) *(“ateaiem) oY

Our next theorem discusses lower bounds for various hitting probabilities of the random
field v.

Theorem 2.1. Suppose A1l and A2 are met. Fix M > 0.

(1) There exists a positive and finite constant a = a(I, J, 3, M, d) such that for all compact
sets A C [-M , M|,

P{v(I x J)NA# @} > aCapg_g(A). (2.4)

(2) There exists a positive and finite constant a = a(J, M (3,d) such that for allt € I and
for all compact sets A C [-M , M]?,

P {o({t} x J) N A # &} > aCaps_,(A). (2.5)

(3) There exists a positive and finite constant a = a(I, M, 3,d) such that for all x € J
and for all compact sets A C [~M , M]?,

P{v(I x {z})NA# 3} > aCapgz_4(A). (2.6)
Before proving this theorem, we need two technical lemmas.

Lemma 2.2. Fiz N >0 and 3 > 0.

(1) There exists a finite and positive constant C1 = Cy(I,J, 3, N) such that for all a €

[_N7N]7
/dt/d /d gy CIACDCD (a) (2.7)
S T Y s~ 0Oq —6la). .
APP((t2); (5.1)) ’
(2) Fix o > 0. There exists a finite and positive constant Co = Ca(I, 3, N) such that for
alla € [-N,NJ,
e—a?/[t—s|*
/dt/ e < Ko@) (2.8)

Proof. We start by proving (1). Using the change of variables & =t — s (¢ fixed), 0 =z —y
(z fixed), we have

d d d d e_a2/A((t7$)7(Svy))
t S T
/f /1 /J 5 AR ((t,2): (5,9)
arn [ aa [ g @2 6/2 _a
< i b (i o)~ - .
< 4[1|] /0 “/O v (a" +0) exp( ﬁ1/2+@>

6
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A change of variables [ = a*u?, o= a®v] implies that this is equal to

6—p3 T m u _ 1
Ca /Odu/o dv(u+v)ﬁ/2exp< u+v>7 (2.10)

where r := \/|I|/a? and m := |J|/a®. Notice that r > ry := \/|I|/N? > 0 and m > m; :=

/N2 > 0.
> / du/ dv (u+v)'"% exp <—uiv>. (2.11)

Observe that
Pass to polar coordinates to deduce that the preceding is bounded above by I1 + I(r,m),

r m U
/0 du /0 dv m exp (—
where

SR
I :z/ L dp > O exp(—c/p),
0
— (2.12)
Iy(r,m) ::/ dp p*= (872,

Clearly, I; < C < o0, and if § # 6, then

(m>3—(ﬂ/2) B ( 2 +m%)3—(ﬁ/2)
3—(6/2) '

There are three separate cases to consider: (i) If 8 > 6, then 3 — (3/2) < 0, and hence
Iy(r,m) < Cforallr > ry and m > my. (ii) If 8 < 6, then Ir(r,m) < e(vVr? + m2)3_(5/2) =
Ca’=6 for all > r; and m > my. (iii) Finally, if 8 = 6, then

L(r,m)<C [ln (\/ r2 + m2> - 111(?“1)}

B I

We combine these observations to deduce that for all § > 0 there exists C' > 0 such that
for all a € [-N, N], the expression in (2.10) is bounded above by

Iy(r,m) = (2.13)

CaSP(I, + I(r,m)) < cKg_g(a), (2.15)

provided that Ny in (1.5) is sufficiently large. This proves (1).
Next we prove (2). Fix ¢t and change variables [u =t — s| to see that

fa2 /|t— s|°‘

2/a

Another change of variables [u = a*/“v] simplifies this expression to

C’a(Q/a)_ﬁ/ dvv= /2= 10" (2.17)
0
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where r := |I| a=%/®. Notice that r > ry := |[I[| N=2/® > 0.
Observe that

/ dvov= B2V < I 4 Ih(r), (2.18)
0
where - r
I ::/ dvv_o‘ﬁ/Qe_l/Ua, Ir(r) 3:/ dvv=/2, (2.19)
0 1

Clearly, I; < C < co. Moreover, if af # 2 then
pl—(aB/2) _ Ti—(aﬁﬂ)
1 - (ap/2)

As above, we consider three different cases: (i) If a5 > 2, then 1 — (a3/2) < 0, and hence
Iy(r) < C for all > r. (ii) If af < 2, then Ir(r) < Ca~®/®*8 for all r > r. (iii) If

af = 2, then
oy = [ (1) + 2 (2)]. ay

We combine these observations to deduce that for all 8 > 0 and « > 0, there exists C' > 0
such that for all @ € [N, N], the expression in (2.17) is bounded above by

L(r) = (2.20)

Ca(2/a)*ﬁ(I1 + [2(7")) < CKﬁ,(g/a) (a), (2.22)

provided that Np in (1.5) is sufficiently large. This proves (2) and completes the proof of
the lemma. O

For all a,v, p > 0, define

¢ dx
v = . 2.23
wlo)i= [ S (2.23)
Lemma 2.3. For all a,v,T > 0, there exists a finite and positive constant C = C(a,v,T)
such that for all 0 < p < T,

\Ila,u(p) < OK(V*l)/ll(p)' (224)

Proof. If v < 1, then lim,_o Vo, (p) = [f27"dr < oo. In addition, p — a4, (p) is
nonincreasing, so ¥, , is bounded on Ry when v < 1. In this case, K, _1)/,(p) = 1, whence
follows the result in the case that v < 1.

For the case v > 1, we change variables (y = zp~/¥) to find that

—1/v

dy
1+y

ap
Uou(p) = P_(V_l)/y/o (2.25)

When v > 1, this gives the desired result, with ¢ = f0+oo dy(1+y*)"!. When v = 1, we
simply evaluate the integral in (2.23) explicitly: this gives the result for 0 < p < T, given
the choice of Ko(r) in (1.5). We note that the constraint “0 < p < T” is needed only in this
case. O



Proof of Theorem 2.1. We begin by proving (1). Let A C [~M, M]? be a compact set.
Without loss of generality, we assume that Capz_g(A4) > 0; otherwise there is nothing to
prove. By Taylor’s theorem (cf. KHOSHNEVISAN [Kho02, Appendix C, Corollary 2.3.1,
p.525]) this implies that f — 6 < d and A # @.

There are separate cases to consider:

Case 1: 3 —6 < 0. Then Capg_g(A) = 1. Hence it suffices to prove that there exists a
finite and positive constant a (that does not depend on A) such that

P{o(IxJ)NA#2)>a. (2.26)

Define, for all z € R? and ¢ > 0, B(z,¢) := {y € R : |y — z| < ¢}, where |z| :=
maxi<j<d ‘Zj‘, and

1
Je(2) = (QE)Cl/Idt /]dxlé(z76)(v(t,x)). (2.27)
Fix z € A C [-M , M]%. Hypothesis A1 implies that for all € > 0,
1
EJez:/dt/d:L‘/ dapiq(a
Je(2)] Col )i Jeeo (@) (2.28)
> ClI|[J],

where C' > 0 does not depend on z.
On the other hand, A2 implies that

= o L f ),
E [(J(2))?] = BE [dt de Ids de B(z,e)dZ1 B(z,e)d22 Ptoass,y (21, 22)

<efar far [as [ a At 2) ;1<s,y>>1ﬂ/2'

The change of variables u =t — s (t fixed), v = © — y (x fixed), implies that the preceding
is bounded above by

(2.29)

1| 7] 1|
C/ du dv (u? +0) P2 < ¢’ du \IJ|J|76/2(U5/4). (2.30)
0 0 0

Therefore, Lemma 2.3 implies that for all € > 0,

1l
E[(J.(2))2] < C /D QK (o). (2.31)

In order to bound the preceding integral, consider three different cases: (i) If 0 < 8 < 2, then
1—-2/B < 0 and the integral equals |I[. (ii) If 2 < 8 < 6, then K;_(3/) uP/t) = (1/2)=(5/4)
and the integral is finite. (iii) If 8 = 2, then Ko(u?/*) = log(Ny/u'/?) and the integral is
also finite. This fact, (2.28), and the Paley—Zygmund inequality (KHOSHNEVISAN [Kho(2,
Lemma 1.4.1, Chap.3]) together imply that

P{J.(z) >0} > C > 0. (2.32)



The left-hand side is bounded above by P{v(I x J) N Al) % &}, where A() denotes the
closed e-enlargement of A. Let € | 0 and appeal to the continuity of the trajectories of v to
find that

P{v(IxJ)NA#2}>C>0. (2.33)

This proves (2.26).

Case 2: 0 < 3 — 6 < d. Define, for all up € Z(A) and € > 0,

Th) = g /R (d2) /dt/d:cl B (0(t,2)). (2.34)

Fix p € £(A) such that
2

Capﬁ—ﬁ(A) .

Note that A1 implies, as in (2.28), the existence of a positive and finite constant C; —that
does not depend on p— such that for all € > 0,

T-o(p) < (2.35)

E[Je(n)] = C1. (2.36)

Next, we will estimate the second moment of J.(p). Let

ge(2) == (21)d1 B00(2): (2.37)

Because

:/Idt/Jda: (ge * ) (v(t,x)), (2.38)

Lemma 2.2(1) and A2 together imply that there exists a finite and positive constant Cs

such that for all € > 0,
:/dt/dx/ds/dy/ dzl/ dzo
I J I J B(z) B(z,¢)

X Ptassy (215 22) (ge ¥ 1) (21) (ge * p)(22)
< Calp_g(ge * p). (2.39)

By appealing to Theorem B.1 in Appendix B, we see that for all € > 0,

B [(Je(n))?] < Calso(n)
20, (2.40)
< -7
~ Capg_g(A)’

by (2.35). The preceding, (2.36), and the Paley—Zygmund inequality together imply that
2

P{Jc(p) >0} > 2061'2 Capg_g(4). (2.41)

10



The left-hand side is bounded above by P{v(I x J) N Al) % &}, where A() denotes the
closed e-enlargement of A. Let € | 0 and appeal to the continuity of the trajectories of v to
find that for all u € Z(A),

2
P{v(IxJ)NA#o}> 2061’2 Capg_g(4). (2.42)

Case 3: B —6 = 0. We proceed as we did in Case 2, but use (2.39) with § = 6 and
Theorem B.2 in the Appendix to obtain that for all € > 0,

E [(Je(u))ﬂ < Calo(ge * 1)
< cly(p) (2.43)
< °

~ Capy(A)

This proves part (1) of the theorem.
We prove (2) similarly. Without loss of generality we assume that Capg_s(A) > 0. This
implies that § — 2 < d and A # @. Again, we need to consider three different cases.

Case (i): f—2 < 0. We proceed as we did in Case 1, but instead of J¢(z), we consider

Ju(z) = (21)51 /J dr 1, (0t 7)), (2.44)

for t € I fixed. We then use A1l in order to obtain
E [jg,t(z)} > C|J| > 0. (2.45)

Note that, in this case, the constant C' depends on ¢ only through I. We use A2 to bound
the second moment of J¢(z), that is,

A 1
20 _
2 [(Je’t(z)) :| o (26)2d /de /J dy /B(z,s) 41 /B(z,e) 422 pt,w;s’y(Zh Z2)

/]
SC’/ dvv=P/2,
0

(2.46)

which is finite because 0 < # < 2. The rest of the proof follows exactly as in Case 1.

Case (ii): 0 < 3 —2 < d. We choose j1 € #(A) such that Ig_o(u) < 2/Capg_o(A4). We
proceed as we did in Case 2, but instead of J.(u), we consider

- 1
o) = gz [ ) [ dwipo(wieo)), (247)

for t € I fixed. We then use A1l in order to obtain

E[J..(1)] > C1 > 0. (2.48)

11



Finally, A2 and Lemma 2.2(2) with @ = 1 and [ replaced by J together imply that there
exists a finite and positive constant C such that for all € > 0,

. 2
B | (dui))’| < Cla-alac ). (2.49)
The remainder of the proof of (ii) follows exactly as we did for Case 2.
Case (i): B = 2. We proceed as in (ii) and Case 3. This proves part (2) of the theorem.

We prove (3) by applying the same argument, but instead of J.(u) and/or J;’t(u),
consider

- 1
Jea(p) == (204 /Rd p(dz) /Idt La(oo(v(t, ), (2.50)
for z € J fixed, and use A1, A2 and Lemma 2.2(2) with a = 1/2 to conclude. O

Theorem 2.1 is a result about hitting probabilities of the random sets that are obtained
by considering various images of v. Next, we describe similar results for other, related,
random sets. Define

(z;v) ={(t,z)e I xJ: v(t,z) ==z},
(z;v)={tel: v(t,z) =z for some z € J},
(z;v)={xeJ: v(t,z) =z for some t € I}, (2.51)
(250)
)

We note that £ (z;v) is the level set of v at level z, 7 (z;v) (resp. 2 (z;v)) is the projection
of Z(z;v) onto I (resp. J), and Z(z;v) (resp. £*(z;v)) is the z-section (resp. t-section)
of Z(z;v).

Theorem 2.4. Assume that A1 and A2 are met. Then, for all R > 0, there exists a
positive and finite constant a = a(1, J, 3, R,d) such that the following holds for all compact
sets ECIxJ, FCI,and GCJ, and for all z € B(0, R):

(1) P{Z(z;v)NE # 2} > aCapﬁA/2(E),'

2) P{T(z;5v) N F # @} > aCap(g_g)4(F);

)

)
3) P{2 (2;0) NG # @} > aCap(_y »(G);
4) for allw € J, P{L(z;v) N F # @} > aCapg 4(F);
)

5) forallt € I, P{L"(z;v) NG # &} > aCapg»(G).

Proof. We begin by proving (1). Without loss of generality we assume that CapBA/Q(E) > 0.
Choose p € Z(F) such that IﬁA/Q(u) < 2/CapﬁA/2(E). For all § > 0, define

Z5(4) = 557 [ ntdede) 155 0t.2). (2.52)

12



Then, in accord with A1, there exists a finite and positive constant C such that for all
we P(E)and 6 >0,
ElZs(w)] = C1. (2.53)

On the other hand, A2 guarantees the existence of a finite and positive constant Cy such
that for all 4 € Z(E) and § > 0,

E [(Zé(u))Q] - (261)%/ ,u(dtdm)/E,u(dsdy) /B(Z 5 dz; /B(Z 5 dzo Dizisy (21, 22)

p(dt dx) p(dsd
/ / ))‘?; 5 (2.54)
20,
B CapgA/z(E) '

Equations (2.53) and (2.54), together with the Paley—Zygmund inequality, imply that

C?
P {Zs(1) > 0} = 5 Capfyu(E). (2.55)
The left-hand side is clearly bounded above by
Pl | ZEsvnE)#£o|. (2.56)

z1E€B(z,0)
Let 0 | 0 to finish the proof of (1).
In order to prove (2), define, for all p € Z(F), § >0 and z € B(0, R),

1
Zs(u) = 20)1 /F,u(dt) /de 150 (v(t,x)). (2.57)
By A1, we can find a constant C' — depending only on (I,J, R,d) — such that

f f E[Z > (. 2.58
inf uelg’(F) (Zs(p)] > (2.58)

On the other hand, let g5 be as defined in (2.37) with € replaced by 6. By A2, there exists
C—depending only on (I,J, 3, R,d)—such that for all 6 > 0 and pu € L(F),

E[(Za(u)) / (dt) /dx/ (ds) /dy/d“/d” (2.59)

X95 21— %2 95( 2_Z)ptxsy(zluz2)-

/ / (8 PR = 2 sz (1t =517, (2.60)

where U, ,(p) is defined in (2.23), we see that

E[(Za(u))z} <C/ / (ds) /dZI/dZQ (2.61)

x gs(z1 — 2)gs(2z2 — 2) ‘1’|J\ ﬂ/2(|75 - 5|ﬂ/4)-

Since

13



S_ince the two dz;-integrals are equal to 1, Lemma 2.3 implies that there exists a constant
C such that for all p € Z(F) and § > 0,

E[( 51 2 <c/ dt/ (ds) Ko/ (It — s|/*)
= CL(g_9)/4(p).

(2.62)

An application of the Paley—Zygmund inequality implies statement (2) of the theorem.
In order to prove (3), we consider instead p € £(G) and

Zs(1) = (2(15)d /G u(dz) /I 0t 10,5 (0(t,2)). (2.63)

Thanks to A1, E[Zs(u)] is bounded below, uniformly for all § > 0 and u € &£ (G). Also, as
above, A2 implies that there exists a positive and finite constant C' such that E[(Z5(u))?] <
Cl(g_4)/2(pt) for all § > 0 and p € £ (G). Indeed, this is a consequence of Lemma 2.3 and
the fact that

Therefore, statement (3) now follows from the two moment bounds and the Paley—Zygmund
inequality.
For (4), we consider instead z € B(0,R), x € J, p € Z(F) and set

Z}(n) = (Qfs)d /F ul(dt) 1., 5 (0(t,2)). (2.65)

As was the case in (1), (2), and (3), E[Z§(u)] is bounded below, uniformly for all § > 0,
we P(F)and x € J. In addition, there exists a positive and finite constant C such that

B2 < [ wtde) [ tas) [ [ dzagoter = 2gs(e2 = 2) praea(ar 20 (260)
F F R R
Since prpsx(21,22) < |t — s|=#/%, and the two dz;-integrals are equal to 1, we see that

E[(Z}(1))?] < Clga(n), (2.67)

for all 0 >0, p € Z(F) and x € J. Therefore, statement (4) follows from the two moment
bounds and the Paley—Zygmund inequality.
Finally, in order to prove (5), we consider instead p € Z(G) and

230 = 570 [ Loges (0(t.2) o) (2.68)

Once again by A1, E[Z{(11)] is bounded below, uniformly for all § > 0 and p € Z(F). And
by A2, E[(Z§(11))?] < Clg/a(p), where C' €]0, 00[ does not depend on (6, ). From the two
moment bounds, (5) follows, whence the theorem. O

14



Remark 2.5. (a) Hypothesis A1 is convenient since, together with A2, it leads to all the
conclusions of Theorem 2.1 and 2.4. If one is only interested in certain of these conclusions,
then weaker assumptions than A1 are possible, analogous to Hypothesis H1 of [DN04]. For
instance, Theorem 2.1(1) can be obtained if A1 is replaced by:

A1’. For all M > 0, there exists a positive and finite constant C' = C(I, J, M, d) such that
for all z € [-M , M4,

/1 dt /J dapyo(z) > C. (2.69)

Indeed, this assumption would be used to get the lower bound in (2.28) and (2.36).
In the same way, Theorem 2.1(2) can be obtained if A1 is replaced by:

A1t. For all M > 0, there exists a positive and finite constant C' = C(t, J, M, d) such that
for all z € [-M , M4,

/dxptjx(z) >C. (2.70)
J

Similar considerations apply to Theorem 2.1(3), which can be obtained if A1 is replaced
by:

A1l,. For all M > 0, there exists a positive and finite constant C' = C(z, I, M, d) such that
for all z € [-M , M4,

/dtptjx(z) > C. (2.71)
1

(b) It is also possible to weaken Hypothesis A2. For instance, Theorems 2.1(2) and
2.4(5) can be proved if A2 is replaced by:

A2!. There exists 3 > 0 such that for all M > 0, there exists ¢ = ¢(t, I, J, 3, M, d) > 0 such
that for all z,y € J with z # y, and for every 21,2 € [-M , M]%,

c |21 — Z2H2
IR | e Y 2.72
Praity(21,22) S T g7 OXP < clx —y| =

Similar considerations also apply to Theorem 2.1(3).

3 Upper Bounds on Hitting Probabilities

The results of this section complement those of the preceding by establishing upper bounds
for various hitting probabilities.

Consider two compact nonrandom intervals I € [0,7] and J C [0, 1], and suppose v =
{v(t,2)}t2)erxs is an R%-valued random field. For all positive integers n, set = k274
Ty = 02727 and

I =t el T =2l ain], Rige=1I < Ji (3.1)
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Theorem 3.1. Fiz 8 > 0 and M > 0. Suppose that there exists ¢ > 0 such that for all
z € [-M,M]%, €>0, large n and Ry, CIxJ,

P{v(R},) N B(z,€) # @} < ce’. (3.2)
Then there exists a positive and finite constant a such that for all Borel sets A C [—M, M]:
(1) P{o(I x J)N A # @} < ast_¢(A);
(2) for everyt eI, P{v({t} x J)NA# @} < astp_2(A);
(3) for every x € J, P{v(I x {z}) N A # &} < aip_4(A).

Proof. We begin by proving (1). When 8 — 6 < 0, there is nothing to prove, so we assume
that 8 —6 > 0. Fix € €]0,1[ and n € N such that 27! < € < 27", and write

P{o(IxJ)NB(z,e) £} < > > P{u(Ry,) NB(z,e) # 2} (3.3)
Rg,em(écfex)j);éz

The number of pairs (k, £) involved in the two sums is at most 2°”. Because 27! < ¢, the
condition (3.2) implies that for all large n and all z € A,
P{v(IxJ)NB(z,e) # @} <270

3.4
< CeP6, (3:4)

Note that C does not depend on (n,€). Therefore, (3.4) is valid for all € €]0,1][.
Now we use a covering argument: Choose € €]0,1[ and let {B;}32, be a sequence of
open balls in R? with respective radii r; €]0, €] such that

AC U B; and Z(Qn-)ﬁ_ﬁ < Hp-6(A) +e. (3.5)
i=1 i=1

Because P{v(I x J)NA # @} is at most > .o, P{v(I x J)NB; # @}, (3.4) and (3.5) together
imply that

Pl x)NA£o) <0y (3.6)
=1 )

< C(Hp-6(A) +e).
Let ¢ — 0" to deduce (1).

In order to prove (2), we can assume that § —2 > 0 and we fix € €]0,1]. We can find
integers n and k such that 277! < € < 27" and ¢ € I?". Then, by (3.2),

P{o({t} x )NB(z,e) #@} < Y P{o} x J})NB(z,€) # o}
GIpNJ#2

g 02—7162271 (37)
< CeP2.
Now use a covering argument, as we did to prove (1), in order to verify (2).
The proof of (3) follows along similar lines, and is left to the reader. O
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Theorem 3.2. Fiz 3 > 0 and M > 0. If the assumptions of Theorem 3.1 are met, then
there exists a €0, 00 such that the following holds for all z € [—M, M]% and all compact
sets ECIxJ, FCI, and GC J:

(1) P{Z(z;v)NE# 2} <a
(2

KB (E);
P{T(z;v) N F # 0} < aH{g_9)a(F);
(3) P{Z (z;v) NG # B} < aHip_4))2(G);
(4) for allx € J, P{L(z;v) N F # 3} < aitpu(F);
(5) forallt € I, P{L" (z;v) NG # B} < aHty)o(G).

Proof. Let z € [-M, M]%. Fix r €]0,1[, to € I and zg € J. We can find integers n, £ and
k such that 2722 < r < 27201 5 € [P 2 € Jj'. Then condition (3.2) implies that for
n large,

)
)
)
)

k41 €41
P inf v(t,x) — 2z <pt/2% < P{v(R}:) N B(z /2 &
Lt (e -2 < > P Er e
zo<z<z0+T t=rJ
< Crb/?,

Note that C' does not depend on (n,r,tg,zo).
Now we use a covering argument: Choose r €]0,1[ and let {E;}?°, denote a sequence
of open A-balls in I x J with respective radii r; € ]0 ,7] such that

EC|JE and ) (2r)° <4 (E) +r. (3.9)
=1 =1
Then

(3.10)

Let r — 0T to deduce (1).
To prove (2), fix r €]0,1[ and to € I. There exist integers n and k such that 2742 <
r <2741 and ¢y € I'. Condition (3.2) implies that for n large,

k+1

— 2z < 1/4( ~ n 1/4

P{t0<%2£0+r 3131615\1)(75 x)—z|<r }_ E g P{o(R})) N B(z,r'/") # @}
i=k LJPNJ#£D

< CQ—nﬂ22n
< Cr-D/,

(3.11)
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since r > 274"=2_ Note that C does not depend on (n,r,tg).
Choose r €]0,1[ and let {F;}3°, denote a sequence of open balls in I with respective
radii 7; €0, 7] such that

FC|JF and > (2r) 2 < s 0))4(F) + 1. (3.12)

Then

P{?(Z;U)OF#Q}:P{;&? ;Ielf lu(t, a:)—z]—O}

Z {mf inf |v(t,z) — 2| < T1/4}
i1 teF; xeJ
i (3-2)/4

é(=%ﬂ(,8—2)/4(E) +7).

(3.13)

\ /\

IN

Let r — 0T to deduce (2).

The proof of (3) follows along similar lines, and is left to the reader.
We now prove (4). Fix x € J, r €]0,1[ and to € I. There exist integers n, k and ¢ such
that 274"=2 < p < 274~ ¢, € I and x € J}. Condition (3.2) implies that for n large,
k+1
P{ inf  |u(t,z) — 2 §r1/4} ZP{?} )N B(z,r' # o}

to<t<to+r

(3.14)
< CT‘B/4,

Note that C does not depend on (n,r,x,tp).
Choose r €]0,1[ and let {F;}3°, denote a sequence of open balls in I with respective
radii r; €10, r] such that

FC|JF and ) (2r)%* < #.4(F) + 7. (3.15)

i=1 i=1
Then

P{fx(z;v)ﬂG#Q}:P{inf |v(t,x)—z|=0}

Z {mf]vt x) — z\<r1/4}
teF;

i=1 (3.16)
=~ é(%ﬂd ) + ’l“).
Let 7 — 0" to deduce (4).
The proof of (5) follows along similar lines, and is left to the reader. O
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The results of this section all assume Condition (3.2). The following provides a useful
sufficient condition for (3.2) to hold. This conditions is used for instance in [DKNO7].

Theorem 3.3. Fiz M > 0. Assume that the R%-valued random field v satisfies the following
two conditions:

(i) For any (t,xz) € I x J, the random wvector v(t,x) has a density p;(z) which is is
uniformly bounded over z € [-M, M|% and (t,z) € I x J.

(ii) For all p > 1, there exists a constant C depending on p,I,J such that for any
(t,x),(s,y)elxJ,

Ello(t, @) —v(s,p)lP) < CIA((t,2); (s,9)]"?. (3.17)

Then for any B €10,d], Condition (3.2) is satisfied and therefore, so are the upper bounds
on hitting probabilities in Theorems 3.1 and 3.2 for such (3.

Proof. Fix z € [-M, M]?%. For n € N and ¢ €]0, 1], set

Yk?f = \U(tZﬁL’?) - Z| )

2y, = sup Jult, @) —u(tfap)]. (3.18)
(tx)eBa((ty,@})e?)
Fix 0 €]0,d[. We are going to start by showing that
1
Indeed, observe that
1 1
P {Zi?,e > QY&} <P {Yk’?e < aﬁ/d} +P {Z};‘,e > Qaﬁ/d} . (3.20)

By hypothesis (i), the first term on the right-hand side is bounded by ce®. By Markov’s
inequality,

1 1 P
p{zg, 2 3} < (39) iz (3.21)
Letp>6andq:§—3. Thenq>0&nd%:%—%>0. SinceQ%<%,wecanchoosep
large enough that % — % > %.
Fix a € ]2% , %[. By hypothesis (ii) and Corollary A.3,
E(1Z¢PF) < (%)%, (3.22)
and hence,
1
P {Z};e Z 2Y]££} S Cgﬁ + CEQap_ﬂp/d (323)
< ceP(1 + cePPa=B/A=0)y, (3.24)
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Since 2a — (3/d > 0, it follows that p(2a — 3/d) — 8 > 0 for all sufficiently large p. This
proves (3.19).
Now, let € €]0,1[ and n € N be such that 2771 < & < 27", According to (3.19),

P{v(R},) NB(z,e) # 2} <P{Yl <27"+ 71}
<P {Z;;,Z > ;Yk’fg} +P{yp, <2} (3.25)
<27 4 2=,
Therefore, for all large n and all z € [~ M, M]?,
P{v(Ry) NB(z,e) #@} < C27" < CeP, (3.26)

since 27! < ¢. This proves (3.2) and whence the theorem. O

4 The Gaussian case

We consider the s.p.d.e. (1.1) in the drift-free case (b; = 0), and write it in vector notation
as

ou_ o
ot 0x2

The solution is the d-dimensional Gaussian random field {u(t,z)}cjo,7),2¢[0,1] defined by

+oW. (4.1)

t 1
u(t,x)z/o/oGt_s(x,y)oW(dsdy), 0<t<T,0<z<1 (4.2)

The main objective of this section is to show that for tg > 0, the conclusions of Theorems
2.1, 2.4, 3.1, and 3.2 are satisfied for (u(t,z)) with 5 =d, I = [ty,T], and J = [0,1]. We
point out that it would be much simpler to establish this for 8 < d: see the comment just
before Proposition 4.4. We begin with the following.

Proposition 4.1. Fiz tg > 0. Then the solution to (4.1) satisfies A1 and A2 with  =d,
I=1ty,T] and J =[0,1].

Proof. 1t suffices to prove that Hypotheses A1 and A2 are satisfied for the random field
(4.2). We are going to reduce the problem to the case where o is the d x d identity matrix
by a change of variables. Because o is invertible,

Ao )  0*(o ')
ot Ox?

Define v := o~ !u to find that v solves the following uncoupled system of s.p.d.e.’s:

ov 0% .

— = — . 4.

ot 0x? W (4.3)
We will prove that Hypotheses A1 and A2 hold for the solution of (4.3). Therefore, they
also hold for u = ov. Note that v = (v1,...,vq), where vy,...,vq are i.i.d. real-valued

processes.

+W.
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Verification of A1. Fix I = [tg,T], J = [0,1] and M > 0, and let z € [-M , M]?. Then,
for all (¢,x) € I x J, the probability density function of v(¢,x) is given by

Pew®) = (2mo?,)d/2 P 202, ) '

t,x ,L
where

t 1
Uﬁm := Var v;(t, ) :/0 dr/o dv (Gy_(z,v))>. (4.5)

Since (t, ) — Ug . 1s a continuous function, it achieves its minimum p; > 0 and its maximum
p2 < oo over I x J. Thus,

1 M?d
pt,m(Z) 2 Wexp <— 2p1 ) . (46)

This proves Al.
Verification of A2. We follow the proof of Theorem 2.1 of DALANG AND NUALART [DNO4].

The joint probability density function pj . ,(-,-) of (vi(t, ), vi(s ,y))—for any two distinct
space-time points (¢,x) and (s, y)—does not depend on i and can be written as

pé,m;s,y('zl ,22) = pi,x|s,y(zl | Z2)pi,y(22), (4.7)

where 21,20 € R, pf; x‘sy( - | z2) denotes the conditional probability density function of
vi(t,x) given v;(s,y) = z2 and plsy() denotes the marginal density of v;(s,y). By linear
regression,

; 1 |21 — mzo|?
pfﬁ,w|s,y(’21 ‘ 22) = Tm exp <_27_2 ; (48)
where
2 2 2 2 Ot,a;s,
T = Tt,:v;s,y = Ut,x (1 - pt,z;s,y) ) pt,x;s,y - #Oi:yy
e 4.9)
Ot,a;s, (
M= Mia;s,y = %7 Ot,ax;s,y = Cov (’l),‘(t ) x) ,UZ'(S ) y)) :
S’y

As in DALANG AND NUALART [DNO04, (3.8)], the triangle inequality and the elementary
bound (a — b)? > £a® — b* together yield

‘ L le - 22\2
pi,x;s,y(zly 22) < 27T0‘s’y’7' exp <_47-2

ey (IR
472 202,)"

We will use the technical estimates in the next two lemmas in order to estimate the
right-hand side of (4.10).

(4.10)
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Lemma 4.2. Fizty > 0. There exist c1,ca > 0 such that for all s,t € [to,T), z,y € [0,1]
andi=1,...,d,

LA((ta)5(s.9) < E [(vilt, @) = vi(s,))°] < c1A((t,2);(s.y)) (4.11)

and

Ota — Ouyl < 2 (|t 52 4 [z — y)log

1
= y’) . (4.12)

Proof. We assume without loss of generality that s < ¢t. We start by proving the upper
bound in (4.11). We note first that

t 1 s 1
E[(vi(t,x)vi(s,y))Z]:/ dr/o def_T(x,z)Jr/o dr/o dz (Gy_r(x,2) — Gs_r(y,2))2

This can be bounded above by

t 1 s rl
/ dr/ dzG?_(z,2) + 2/ / (Gir(z,2) — Gs_p(z,2))? drdz
s 0 0o Jo

. (4.13)
2
+2/0 /0 (Gs—r(x,2) — Gs—r(y,2))* drdz.

This and Lemma B.1 of BALLY, MILLET, AND SANZ—SOLE [BMS95] show that there is
Cy < oo such that

El(vi(t,z) = vi(s,y))’] < CoA((t,2);(s,)), (4.14)

which is the desired upper bound.
We now turn to the lower bound in (4.11). We consider three different cases.

Case 1: s = t. We follow WALSH [W86, p. 323-326] and express the Green kernel for
the heat equation with Neumann boundary conditions as

= e (@) dn(y), (4.15)

k=0
where ¢o(z) := 1 and ¢y (z) := 2'/2 cos(kmz) [k > 1]. Therefore,

vi(t, x) / / Gis(x,y) W'(dsdy)
—Z¢k ) Af,

(4.16)

where

t 1
A ::/ / e HU=) g (y) W (dsdy). (4.17)
0 JO
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We note that ¢ is fixed, and{Af}z"zo are independent centered Gaussian random variables
with variance

t 1
Var(Af) = /O ds /0 dy e ™K g2 ()

_ {(1 _ 2R J(272k2) if k> 1, (4.18)

t if k=0.

In fact, the A¥’s are Ornstein-Uhlenbeck processes if k& > 1, and Brownian motion when
k = 0. Consequently, for fixed t,

oo 1— 6—27r2k2t 1/2
k=1

where {55}2‘;0 is an i.i.d. sequence of standard Gaussian random variables. Now, recall
from WaLsH [W86, Exercise 3.9, p. 326] that

B=af + Y oe  (0<w<1) (4:20)
k=1

defines a standard Brownian motion indexed by [0, 1]. Consider

1
Rx = U; t, - 7Bx
vi(t, x) s
N o (4.21)
— 0 k
= (ﬁ_ 7T\/§> & + ;¢k(x) & Tk
where 212,011/2
(I —exp(—2m°k7t))"/* =1
T i— 21/27rk . (422)
Because |r| = O(k™! exp(—272k%tg)) as k — oo, x — R, is differentiable a.s., and
B (R~ B <20 23 600 - aut)
xz — 1y > o2 k\Z) — Pk\Y)) Tk
k=1
<l|z—y|*+4 Z (cos(kmz) — cos(kmy))® r?
k=1
00 2
. r—y\ . T+y (4.23)
= |z —y|? +4Z {25111 (lm 5 ) sin <k7r 5 )] 2

k=1
o0
<lz—ylP+4> K’z -y}
k=1
S C|x - y|27
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where C' does not depend on t € [tg,T] nor on x,y € [0,1]. It follows that

2
B((ult o) uit ) =B | (P2 4+ - Ry

NG
1
> E[(B: = By)’] - E(R, — R,)’] (4.24)
> Lo —y|— Oz —yP
Zc‘x_y‘v

for |x — y| sufficiently small and for all ¢ € [ty , T].
Observe that

t 1
E [(vi(t,z) —vi(t,y)?] = /0 dr/O dz (Gy_p(x,2) — Gi_r(y,2))? (4.25)

is strictly positive, since the integrand is not identically zero. Because this expression is a
continuous function of (¢, z,y), it is bounded below on {(t,z,y) € [to,T] x [0,1]? : |z —y| >
e} by a positive constant for every fixed ¢ > 0. We have proved that (4.24) holds for
s=1tE€ [ty,T] and |z — y| sufficiently small. Therefore, (4.24) holds for all z,y € [0,1] and
t € [to,T] if ¢ is chosen small enough. We conclude for the moment that there is ¢ > 0 such
that for all t € [tp,T] and z,y € [0, 1],

E [(vi(t,z) — vi(t, y))Q] > clx —yl. (4.26)

Case 2: |t — s|'/? > 1¢;|¢ — yl, where ¢ and Cj are the constants appearing in (4.26)
and (4.14), respectively.
By MORIEN [M98, Lemma A1.2],

t 1
mwwm—Mamﬂ;/AGLuwm@

(4.27)
> ¢t — |2
Because of the inequality that defines this Case 2, this is bounded below by
C. e, Cc > dA : 4.2
It = sf1V2 el = ol 2 CA((E )i (5.9)) (128)

This proves the lower bound in (4.11) in this Case 2.

Case 3: |t — s|'/? < 1¢; 17 — yl, where ¢ and Cj are the constants appearing in (4.26)
and (4.14), respectively.
Using (4.26) and (4.14), we observe that

E [(vi(t,z) —vi(s,y))?] = E [(vi(t,z) —vi(t,y) +vilt,y) — vi(s,y))?]
> %E [(vi(t,2) —vi(t,9)*] = E[(ui(t,y) —vils,1))*]  (4.29)

1
2 Scle —yl = Coft - s|'/2.
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Because of the inequality that defines this Case 3, this is bounded below by
Sl =yl = Zle =yl = x|
gl YT Y= 4Ty
c4C
8 ¢
C
> min (£, ) A((t,2): (5,1)).
8" 2
This completes the proof of Case 3 and of the lower bound in (4.11).

Finally we prove (4.12). When (¢,z) = (s,y), there is nothing to prove. Therefore, by
the triangle inequality, it suffices to consider the following two cases.

C
> Sle—yl+ |t —s|'/? (4.30)

(i) The case where s =t and x # y. Note that

’O' — ‘ — |0-t2,33 - O‘l?,y’
BT oy (4.31)

< c|01€2,x - 0-t2,y|7

where ¢ does not depend on t € [ty,T]. Also, by (4.16),

oo t B 71.2 9 . oo + . 71_2 . .
af@gf,y:qui(l«)/o ds e 2Tk (t )qui(y)/o ds e~ 27k (t—s)
k=0 k=0
4.32
°© ) ) t on2i? ( )
=Y (@hw) - ) [ dse
k=1 0
Therefore,
00 2 9
o gl 3214800~
= Joule) — ) 439
k\Z) — QY
<2y s
k=1
Now
. T —
|ox(x) — dr(y)] < 4 [sin <k:7r 5 y>‘
(4.34)
<4 (kTr =~y /\1).
2
Consequently, as long as |z — y| is sufficiently small,
—~ 1 [ |z—y
’Ut,m - Ut,y’ < SCZ ? <k‘71' 9 A 1)
k=1
~ ‘33‘ — y’ 1 4
=¢ Z 5% + Z = (4.35)
1<k<2/|z—y|r k>2/|z—y|m
2
< Cilo—yln (—2—) + Golz —y,
|z —y|
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where C and Cy do not depend on ¢ € [ty ,T]. This proves (4.12) when s = t.

(ii) Case where x =y and s < t. As in (4.31),

|Ut:x - O-S»I‘ S c |O-t2,z - O-g,a: ) (436)

and

t 1 s 1
ﬁfw;:/[}ﬁxmwm@ﬁéé(@r@w—G%@w»mw (4.37)

We appeal to BALLY, MILLET, AND SANZ—SOLE [BMS95, Lemma B.1] to see that the first

term is bounded above in absolute value by ¢(t — s)% Using (4.15), we see that the second
term is equal to

Zﬁ(@ (/ dr e~ 27k (s=7) _/ dr e‘27f2k2(t—r)>
k=1 0 0

(4.38)

Using the elementary inequality 0 < 1 —e™* < min(z, 1), valid for all x > 0, evaluating the
remaining integral and using the fact that |¢2(z)| < 2, we see that this is bounded above
by

00 ﬂ’l(t—s)*lm

min(m2k?(t — 5),1) 1

k=1 k=1 E>m—1(t—s)—1/2
< C(t—s)'/2
This completes the proof of (4.12) and of the lemma. O

Lemma 4.3. Fiz tg > 0. There exist c¢1,ca > 0 such that for all s,t € [ty,T] and x,y €
[0,1],

LAt 2);(5,9)) < 02,02, — 0y < A A((E,2); (5,1)), (4.40)

1 sy~ Ttaisy
|‘7t2,a: — Otasyl < 2 [A((E,2)5 (s, y))]1/2 . (4.41)
Proof. Let vt%x;s’y = B[(vi(t,z) — vi(5,¥))?]. Then using MUELLER AND TRIBE [MTO03,
(4.3)];

1
Uzwgiy - U?,x;s,y - Z (ryt%xfszy - (O-t7x - O-Svy)z) ((O-t7x + O-Szy)z - 71527178’:'!) : (4'42)
By Lemma 4.2, 72, ., < cA((t,z); (s,y)). Therefore, the second factor of (4.42) is bounded
below by a positive constant when s,t € [ty,T] and (¢,x) is near (s,y). Furthermore,
another application of Lemma 4.2 yields

Vgx,s,y - (O't,:c - O'S,y)2 > CA((t,x) ) (S ) y)) —c [A((t,l‘) ) (S ) y))]S/Q (443)



This proves the lower bound of (4.40) provided (¢, x) is sufficiently near (s,y).
In order to extend this inequality to all (¢,z) and (s,y) in [ty,T] x [0, 1], it suffices to
show that

07202y — Otmsy >0 if (t,2) # (s,9). (4.44)

This could be proved by elementary arguments, but since we are only interested in the
conclusion, we use results available in the literature, even if they constitute overkill. Notice
that if s = ¢ and = # y, then this holds because by BALLY AND PArRDOUX [BP98], the
random vector (v;(t,x),v;(t,y)) has a density with respect to Lebesgue measure. Since this
is a Gaussian random vector, this implies that the determinant of its variance/covariance
matrix is non-zero, and this determinant is equal to agmaiy — aﬁ -

If s < t, and if this determinant were equal to 0, then we would have |pt z:s| = 1, s0
there would be A € R such that v;(t,z) = Av;(s,y) a.s., and, in particular, we would have

E [(vi(t,z) — )\vi(s,y))2] =0. (4.45)

However, the left-hand side is equal to

/ / G? (x,z drdz—i—/ / (Gi_r(z,2) = ANGs_r(y,2))? >0, (4.46)
2

which is a contradiction. Therefore, nga&y - O'gl,;&y > (0 when s <tors=tandzx #y.

This completes the proof of (4.44) and of the lower bound (4.40).

In order to prove the upper bound of (4.40), we use Lemma 4.2, once again, to see that
the first factor of (4.42) is bounded above by ¢ A((¢t,x);(s,y)). Similarly, the second factor
is bounded above by a constant. The desired upper bound follows.

It remains to prove (4.41). For this, note that

|U7&2,x - Ut7$;87y’ = ‘%&%x;s,y + Cov (vi(t ) :IZ) - Ui(s ’ y) 7vi(3 ’ y)){
< %2796;8,2/ T VewisyTsy (4.47)
<cla(t,z); (s, 9"

where we have used Lemma 4.2 twice in the last inequality. This implies the desired bound.
O

By applying Lemmas 4.2 and 4.3 in (4.10), we find, using the independence of the

components v1, . .., vq, that for all 21, 2o € [-M , M|,
pt,a:;s,y(zl 722) < ¢ /2 exp (_ HZl - ZQHQ > . (448)
A((t,2);(s,y)Y cA((t,z);(s,y))
This verifies A2, whence follows the proof of Proposition 4.1. O

We now establish an upper bound for hitting small balls. Note that by Lemma 4.2 and
the fact that v and v are Gaussian processes, Theorem 3.3 show that (3.2) holds for the
solution u of (4.1) and for any 3 €10, d[. The following lemma improves this by establishing
(3.2) for B = d, by using the structure of the Gaussian fields u and v.
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Proposition 4.4. Fiz ty > 0. The solution to (4.1) satisfies (3.2) with § =d, I = [ty, T
and J =1[0,1].

In order to prove Proposition 4.4, we need the following lemma.

Lemma 4.5. Let v = (u(t,z)) be as in (4.1). For all p > 1, there exists A, > 0 such that
for all e >0 and all (t,x) fized,

E sup llu(t,z) —u(s,y)||P| < ApeP. (4.49)

[A((t) ()] 2<e

Proof. Tt suffices to prove (4.49) for each coordinate u;, i = 1,...,d. We plan to apply
Proposition A.1 with S := S, = {(s,y) : [A((t,z):(s,9)]'/? < €}, p((t,z),(s,y)) =
[A((t,z); (s,y)]"?, p(dtde) == dtdx, ¥(x) := el*l — 1, p(x) := z, and f := u;. Then, by
Lemma 4.2 and the fact that u = ov,

E[%] < E [/ drdy/ ds dy exp <( fui(r,9) _“i(s’y)”m)] <cp? (450)

r—s|V/2 + |5 —y

In accord with Proposition A.1, and by repeated application of Jensen’s inequality,

E [ sup |u,(t,:6) _ui(say)‘p]
[A((tz)

i(s,y))]1/2<e
. P
SSPE[</O du ln<1+[/lz(Bp((ti)7u/2)]2>> ]
9 P
— 8PE [(/0 du In <1 + c:iw)) ] (4.51)

) 2e €
< 8P(2¢)PTE In? (1
< 8P(2¢) {/0 dun(—i—ClulQ)]
2e
< 81’(26)1’—1/ du In? <1+ EW])
0

crul2
L 2¢ co /€ 12
<82t [ du In? (1 + 2 (f) ) :
0 CcC1 \Uu
and this is manifestly a constant multiple of €P. O

Proof of Proposition 4.4. Let u = (u(t,z)) be as in (4.1). Let R}, := [t} , 1} ] x [z}, ¥}, 4]
be as in (3.1). We are going to show that there is ¢ < oo such that for all z € R and € > 0,

P{u(Rg,) N B(z,¢) # 9} < ce?, (4.52)

That is, u satisfies (3.2) with 5 = d.

Note that it suffices to prove this with u replaced by v, where v is the solution of (4.3).
Without loss of generality, we set € := 27". It suffices to prove that there exists ¢ €0, 00
such that for all k, ¢,

P{v(R{,)NB(z,27") # @} <c27". (4.53)
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Consider
_ E [vl(t ) l’)?}l (tzb ) m?)]

cre(t,z) = ) (4.54)
k.t Var [vl (tz ,x?)}
so that
Blo(t,o) [0t a})] = ciglt, )olti,20). (4.55)
Clearly,
P{v(RL,) NB(z,27")# &} =P inf o(t,z) —z|| <277
{ ( ) # 2} {(t @)ERT, ot 2) =] } (4.56)
<P{Yl, <27+ Z},},
where
Y, ;= inf cl(t, v}, x}) — z||, and
kL (t,x)eRg’éH re(t, o)u(ty, z7) H
Zyg= sup Hv(t,x) — ckve(t,x)v(tk,xg)H .
(t,x)ERz’l
For r > 0,
d .
P{Viy<r}<P (ﬂ G’;;f;)
i=1
; (4.58)
H (G-
where
GZTE = {(t,:ci)léf};igye |che(t,x)vi(tZ ,xy) — 2| < 7‘} . (4.59)
The inequality |} ,(t,x)vi(t] , ) — z;| < 7 is equivalent to
St ap) < (4.60)

cp ot )’

and the interval [(2; —r)/cf ,(t, ) , (i +7)/c). (¢, )] has length bounded above by 2r/e} ,,
where

cr(t @)

ef,:= inf ¢ ,(t,x). 4.61
o= nt celt.) (4.61)
Therefore,
2
P(er)<supP xﬁvi(z,x€)<x—|——r (4.62)
z€R €kt
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Observe that for all (t,z) € Ry 4

oy | = B ag) - (n(t,2) — ot 7))l
elde) = Var [v (8] , 2]

_(Blenen iy
- Var [01 (t ,x?)]

1/2 (4.63)

Lemma 4.2 implies that the numerator is O(27"), whereas the denominator is bounded
below by a positive constant. Therefore,

|t ) — 1] < 2% for all (t,z) € Ry,. (4.64)

We emphasize the fact that the constant ¢ does not depend on the choice of (n,k,?). It
follows from (4.63) and (4.64) that

—_<er (4.65)
€kt

Since {vi(tz , x?)}izl’m’d are independent, centered, Gaussian random variables with vari-
ance bounded below by a positive constant,

P{Y, <r} <cr?, (4.66)

where ¢ does not depend on our choice of (k,¢,n,r). Because Y}, and Z}!, are independent,
(4.56) and (4.66) together imply that

P{o(RL) N B(2,27") # 2} < cB (27" + 21|

(4.67)
<c(2m+E[(Z207).
We bound Z3!, by
Zi < 200"+ 200", (4.68)
where
1
28" = sup lo(t, @) — ol 7))
(t,x)ERLL’é
o (4.69)
Zyy = v(ty,xy) X sup ‘1 — c};ﬂg(t,x)‘.

(t@)eRy ,

On one hand, (4.64) implies that the d-th moment of Z,(f)’n is at most constant times 2774,
On the other hand, Lemma 4.5 proves that

d
E [(Z,S}”) } <c2m (4.70)
Therefore, (4.67) implies (4.53), whence the proposition follows. O
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The main result of this section is the following theorem, which summarizes the preceding
results.

Theorem 4.6. Let u = (u(t,))c(o,1),cc(0,1] be the solution of (4.1). Fizto > 0. Then the
conclusions of Theorems 2.1, 2.4, 3.1, and 3.2 hold for u, with I = [ty,T], J =[0,1], and

3=d.

Proof. By Proposition 4.1, A.1 and A.2 are satisfied for u with these choices of I, J and
(B. Therefore, the conclusions of Theorems 2.1, 2.4 are also satisfied. By Proposition 4.4, u
satisfies (3.2) with 8 =d, I = [to,T] and J = [0, 1]. Therefore, the conclusions of Theorems
3.1, and 3.2 are also satisfied. O

Remark 4.7. We could have considered the system (1.1) with Dirichlet boundary con-
ditions instead of the Neumann boundary conditions (1.2). In this case, the results and
proofs are essentially unchanged, except that one must replace the interval J = [0, 1] by
J =le,1 — €], where € > 0 is fixed. Indeed, a lower bound such as (4.27) would obviously
not be satisfied at x =y = 0 or x = y = 1 with Dirichlet boundary conditions.

5 The case of additive noise

The aim of this section is to transfer the results of Section 4 for the Gaussian process (4.1)
to the process (1.3). Subsequently, we will establish Theorem 1.1 and Corollary 1.2 of the
Introduction. For this, we will use the following general fact which is a consequence of
Girsanov’s theorem.

Proposition 5.1. Let u denote the solution of (1.1) and let v denote the solution of (1.1)
with b = 0, that is, v is the the solution of (4.1). Then for any € > 0, there exists ¢ > 0
such that for all be a Borel subsets B of C([0,T] x [0, 1], RY),

1
~(P{v € B})'™¢ < P{u e B} < ¢(P{v e B})"/(+9), (5.1)
c
Proof. We follow the proof of Corollary 5.3 of DALANG AND NUALART [DN04] and consider
t ol
L= oxp(= [ [ Grato o buts ) Widsay)
0 JO
Lt 2 1 2
5 [ [ Gota Pl st P asdy)

t ol (5.2)
Jy = exp(— | [ Gty btots ) Widsdy)
0 Jo
Lt 2 ,—1 2
g | (G ) o blos ) sy ).
Let Q denote the probability measure defined by
dQ
d—P(w) = Li(w). (5.3)
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Then, by Girsanov’s theorem as stated in Proposition 1.6 of NUALART AND PARDOUX
[NP94] (see also DALANG AND NUALART [DNO4, Theorem 5.2]),

P{u e B} =Ep [1{ueB}] = Eq [1{u6B}Lt_1] =Ep [1{veB}Jt_1] . (5.4)
Let € > 0 and apply Holder’s inequality to find that

P{ve B} =Ep [1{%3}{];1/(1%) Jtl/(1+e)]

< (Ep [1{ven J;l])l/(ue) (Ep [ Jtl/ebe/um’

and therefore,
P{u e B} > (P{v € B})H (Ep [J,}/GD_E. (5.6)

Let r = 1/e. By the Cauchy-Schwarz inequality,
t ol
BplJ}] < <Ep [exp< | [ 26w o blots ) - Widsdy
0 Jo

- /O / 42(Crs(e ) Ha-lbw(s,y))rr?dsdyﬂ)1/2 (5.7

Y (Ep [exp ( / t / @22 4 ) (o) o b, )P ds dy)])/

The first expectation on the right-hand side equals 1 since it is the expectation of an
exponential martingale with bounded quadratic variation. The second factor is bounded by
some positive finite constant. This proves the lower bound of (5.1).

In order to prove the upper bound, let ¢ > 0 and apply Holder’s inequality to the
right-hand side of (5.4):

Plue B} < (Plo e BYY (Bp [ 04 eDG/HC- (58)

Let r = (1 + €)/e. Again by the Cauchy-Schwarz inequality,
t ol
el < (B o [ [ 20 Guoste o ot ) Wiasdy
0 Jo

= t / 14r2<ats<x,y>>2||o—1b<v<s,y>>|2dsdy)])1/2 (5.9)

(1o e t / @2 1) (Cusle ) o b(us )P ds dy)])m.

As above, the first expectation on the right-hand side equals 1 since it is the expectation
of an exponential martingale with bounded quadratic variation and the second factor is
bounded above by some positive finite constant. This concludes the proof. O

Theorem 1.1 will be a consequence of our next result.
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Proposition 5.2. Let u denote the solution of (1.1). Let I C]0,T] and J C [0,1] be two
fixed non-trivial compact intervals. Fiz M > 0.

(1) For any e > 0, there exists ¢ > 0 such that for all Borel sets A C [~M , M),
1
L (Capa (AN <Pl x )N A# B} < e (Hao(A))/0.

(2) For allt €]0,T] and € > 0, there exists ¢ > 0 such that for all Borel sets A C
[_MvM]d7

~ (Capgo(A)'° < P{u({t} x J) 1A £ B} < (A a(4))/059.

(3) For all x € [0,1] and € > 0, there exists ¢ > 0 such that for all Borel sets A C
[7M7M]dz

L (Capy_4(A))1¢ < P {u(I x {2}) N A £ 8} < e (A 4(A)/ 0+,

¢
Proof. In order to prove the upper bound in (1), we apply Proposition 5.1 with B = {f €
C([0,T] x [0,1],RY) : f(I x J)N A # &} and then use Theorem 4.6. When A is compact,
we get the lower bound in (1) in the same way. Now consider the case where A is a Borel
set. We recall that Capg is a Choquet capacity; see DELLACHERIE AND MEYER [DM75,
Chapter 3]. In particular, for any Borel set A,

sup Capg(F') = Capg(A). (5.10)
FCA, F compact

Therefore, if ' C A is compact, then
P{u(I x J)NA# @} > P{ull x J)NF £ 2} > ~(Capy_g(F))H. (5.11)
c

Taking, on the right-hand side, the supremum over such F' and using (5.10) proves the lower
bound in (1) for A.
The proofs of (2) and (3) are similar and are left to the reader. O

We now prove Theorem 1.1.
Proof of Theorem 1.1. This theorem is an immediate consequence of Proposition 5.2. [
We prove Corollary 1.2 next.

Proof of Corollary 1.2. We first prove (a). Let z € RY. If d < 6, then Cap,_g({z}) = 1.
Hence, the lower bound of Proposition 5.2(1) implies that {z} is not polar. On the other
hand, if d > 6, then 5 _¢({z}) = 0 and the upper bound of Proposition 5.2(1) implies
that {z} is polar. If d = 6, we observe that MUELLER AND TRIBE [MTO03, Corollary 4]
show that the law of their stationary pinned string [MT03, (2.1)] is mutually equivalent, on
compact subsets of |0,7[x]0,1[, to the law of the solution of (1.1) (see [MT03, Corollary
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4]). In this corollary, Mueller and Tribe consider the heat equation on the circle instead of
the heat equation on [0, 1]; however, the Green’s functions of these two equations are not
very different and the proofs of [MTO03] apply essentially without changes to our setting.
Therefore, from [MTO03, Theorem 1] and Proposition 5.2, we conclude that when d = 6,
a.s., the solution of (1.1) does not hit points. This proves (a).

For (b), the cases d < 2 and d > 2 are proved exactly along the same lines using
Proposition 5.2(2). For the case d = 2, we again use the mutual equivalence of our process
with the stationary pinned string of [MTO03]. For ¢ fixed, the stationary pinned string as a
function of x has the same increments as those of a standard Brownian motion with values
in R? [MT03, Section 2]. Therefore, points are polar for x + u(t,z) when d = 2. This
proves (b).

For (c), the statement only concerns the cases d < 4 and d > 4, which are proved as
above using Proposition 5.2(3). O

The following is another consequence of our work.
Corollary 5.3. Let u denote the solution of (1.1).
(a) If d > 6, then dim, (u(]0,T]x]0,1[)) =6 a.s.
(b) Fizt €]0,T]. If d > 2, then dim, (u({t}x]0,1])) =2 a.s.
(c) Fizx €]0,1]. If d > 4, then dim, (u(Ry x {z})) =4 a.s.

In the special case that b; = 0 and 05 ; = d; j, WU AND X1A0 [WXO07] find a connection
between (1.3) and the theory of local non-determinism, and hence deduce Corollary 5.3;
see their Theorem 2.3 and Proposition 2.4 (loc. cit.). Presently, we use an indirect and
elementary codimension argument to achieve a similar effect for the more general functions
b; and o; ; under consideration here.

Proof. Let E be a random set. When it exists, the codimension of E is the real number
B € [0,d] such that for all compact sets A C R?,

>0 whenever dim, (4) > g,

: (5.12)
=0 whenever dim, (4) < S.

P{ENA# o} {
See KHOSHNEVISAN [Kho02, Chap.11, Section 4]. When it is well defined, we write the said
codimension as codim(F). Proposition 5.2 implies that for d > 1: codim(u(R4+x ]0,1])) =
(d—6)"; codim(u({t}x]0,1])) = (d—2)"; and codim(u(Ry x {z})) = (d —4)". According

to Theorem 4.7.1 of KHOSHNEVISAN [Kho02, Chapter 11], given a random set E in R?
whose codimension is strictly between 0 and d,

dim, F + codim F =d a.s. on {E # @}. (5.13)

When d > 6, this implies (a). When d > 2, this implies (b), and when d > 4 this implies
(c) of the corollary.

For the remaining “critical cases” we consider the case d = 6 and prove (a) only. The
corresponding results for (b) (d = 2) and (c) (d = 4) are proved analogously.
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Because d = 6, it follows immediately that the Hausdorff dimension of «(]0,7]x |0, 1[)
is at most 6. For the lower bound, we note that u(]0,7]x]0,1[) will hit A C R% as long
as A has positive logarithmic capacity (Proposition 5.2). In particular, the codimension of
u(]0,T]% ]0,1]) is zero.

Choose and fix 8 €]0,6][. By Peres’s Lemma (KHOSHNEVISAN [KhoO2, p. 436]), we
can find an independent closed random set Ag C RS such that for all o-compact sets
E C RS (i) dimy AgNE = dim, E — 3 as,; (ii) P{AgNE = g} = 1if dim, £ < 3
and (ili) P{Ag N E # @} € {0,1}. Because dim, Ag = 6 — (3 is positive, Ag has positive
logarithmic capacity; this follows from Frostman’s theorem KHOSHNEVISAN [Kho02, p. 521].
Therefore, by Proposition 5.2 and (iii), u(]0,T]x]0,1[) N Ag # @ a.s. But thanks to (ii),
dim, u(]0,T]x]0,1[) > . Let 8 T 6 to deduce (a) in the case that d = 6. This concludes
the proof. O

Proposition 5.4. Let u denote the solution of (1.1). Then for all e > 0 and R > 0,
there exists a positive and finite constant a such that the following holds for all compact sets
E Cl0,T]x]0,1[, F C]0,T], and G C]0,1[, and for all z € B(0, R):

(1) a=!(Cap2,(B)1* < PLL(z1u) N E # 2} < a (A2 (E)/0+9);

(2) a=Y(Cap(g_o),4(F)) T < P{T(z;u) N F # @} < a(Hg_g)4(F))/1H9;
(3) a™'(Cap(y_4)2(G)'T < P{Z (2;u) NG # @} < a (Hy_ay2(G))/1T9);

(4) For all z €]0,1[, a=(Capy 4 (F)'" < P{L(2;u) N F # @} < a (A, (F))V/0F9);
(5) For allt €]0,T], a=*(Capys(G))'Te < P{L (z;u) NG # @} < a(Hypn(G))Y 0T,

Proof. In order to prove (1), it suffices to use Proposition 5.1 with B = {f : Z(z;u)NE #
@} and apply Theorem 4.6. The proofs of (2)—(5) follow in exactly the same way. O

Corollary 5.5. Let u denote the solution of (1.1). Choose and fir z € R%,

(a) If 2 <d <6, then dim, T (z;u) = (6 —d) a.s. on {T(z;u) # T}
(

) )

b) If4 <d <6, then dim, 2 (z;u) = %(G—d) a.s. on {Z (z;u) # o}.

(¢) If 1 <d <4, then dim, Zp(z;u) = %(4 —d) a.s. on {Z(z;u) # T}.
)

(d) Ifd=1, then dim, L (z;u) = 1(2—d) = 5 a.s. on {L(z;u) # o}

In addition, all four right-most events have positive probability.

Proof. The final positive-probability assertion is an immediate consequence of Proposition
5.4 and Taylor’s theorem KHOSHNEVISAN [Kho(02, Corollary 2.3.1 p. 523].

For the remainder of the corollary, we proceed as we did in the proof of Corollary 5.3.
By Proposition 5.4, for d > 1, it holds that codim(.7 (z;u)) = 1(d—2)", codim(Z (z;u)) =
F(d—4)T, codim(Z,(z; u)) = d/4, codim(L*(z;u)) = d/2. Hence, (5.13) gives the desired
statements of the corollary in all but the critical cases. The critical cases are handled as
was done in the proof of Corollary 5.3. 0
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Remark 5.6. It is natural to expect that if 1 < d < 6, then the .#"*-Hausdorff dimension
of Z(z;u) is (6 — d)/2. Indeed, since the #“-Hausdorff dimension of ]0,7] x [0, 1] is 3,
this would be compatible with the codimension argument, if it applied.

A Appendix: An anisotropic Kolmogorov Continuity Theo-
rem

We first present an improvement of the classical lemma of GARSIA [G:72]. Recall that
U : R — R, is a strong Young function if it is even and convex on R, and strictly increasing
on Ry. Its inverseis =1 : Ry — R,.

Proposition A.1. Let (S, p) be a metric space, p a Radon measure on S, and ¥ : R — R
a strong Young function with W(0) = 0 and ¥(co) = oco. Suppose p : [0,00[— Ry is
continuous, even, and strictly increasing on Ry, with p(0) = 0. Define, for any continuous

function f : S — R,
v [[v (W) () u(dy). (A1)

Let B,(s,r) denote the open d-ball of radius r > 0 about s € S. Then, for all s,t € S,

() - £(5)
—1 (g -1 Cg (A2)
Y ([M<Bp<s,u/2>]2>” ([u<Bp<t,u/2>12>]p(d“)‘

2p(s,t)
<
0

Remark A.2. (a) The following “majorizing-measure condition” is a ready but useful
consequence: If ¥ < oo then for all € > 0,

2e
sup lf(t)— f(s)] < 8sup/0 p! ([M(B (Cg )]2> p(du). (A.3)

s,teS: p(s,t)<e zes x, u/2

Another extension is found in ARNOLD AND IMKELLER [AI96].

(b) Suppose, instead of continuity, that f € L} (u) and

1
lim / fdu=f(x for p-almost all x. A4
2 1By ) S0 ) Ay

Then, a straight-forward modification of our proof shows that there is a u-null set N such
that (A.2) holds for all s,t € S\ N.

(c) This proposition implies various known Poincaré inequalities and Besov—Morrey—
Sobolev embedding theorems in metric spaces. A portion of this assertion in proved in
KAssMANN [Kas03] who uses the inequality of ARNOLD AND IMKELLER [AI96] instead of
ours. BUCKLEY AND KOSKELA [BK96, BK95] contain some of the recent work on Sobolev
embedding theory.
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Proof. Throughout, we choose and fix s,t € S, and follow the ideas of GARSIA [G:72]
closely. We may, and will, assume without loss of generality that € < oco. Otherwise, there
is nothing to prove because ¥(o0) = oo.

Define, for any bounded set Q C S with ,u( ) >0,

/ fdp. (A.5)

Let ro := p(s,t), and Q_1 be the open p-ball centered at s of radius r_; := 2rg, so that

By(s,10)UBy(t,r9) C @_1. Then, define r,, iteratively by p(2r,) = $p(2r,_1) for all n > 1.

Notice that as n tends to infinity, both 7, and p(2r,) decrease (by induction) to zero (by

contradiction: if infr, > 0, then p(2infr,) = %p(2inf ), and therefore inf r, = 0).
Define @, := B,(s,ry,) for all n > 0, and apply Jensen’s inequality to find that

f_Qn — f_anl _ 1 T f(.f) - f(y)
v (M) = (u(%) e ALC )/ e <2rn_1> )

1
N(Qn) ’ N(Qn—l) /Qn ,u(dx) Qn ) < 2Tn 1 > : <A6)
< p(2rp—1). Therefore,

If x € Qn and y € Qp_1, then p(z,y) < 2r,_1, whence p(p(z,y))

fo. = fous 2
(%) < e A
Equivalently,
ou = Fon | <07 (2 )l (A8)
Because p(2r,) — p(2rn41) = $p(2rp—1),
fo. — fc -1 7% Thn) — T
ou = fan | <407 (s Y en) = pl2r)]. (A9)

Note that N, @, = {s}, whence lim,,_, fo, = f(s) by continuity. Therefore, we can add
the preceding over all n > 1 to find that

‘ fQ ‘ < 4le ( gn)] > [p(QTn) _p(zrn—i-l)]

2rg . &
<if w <[M<Bp(sau/2))]2> pldu).

The same bound holds if we replace s by t throughout. This is because t € Q_1 as well.
Therefore, |f(s) — f(t)| is bounded above by

2r1 . & 2rq o &
i) ([me(s,u/z))P) pln) 4 [0 ([u(Bpa,u/mF)p(d“)' —

We obtain the proposition by recalling merely that 1 < rg := p(s,1). O

(A.10)
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Corollary A.3. Choose and fix two nonrandom compact intervals I C R and J C R, and
let {v(t,z)}tcrwes denote a real-valued stochastic process. Suppose that there exist finite
constants p > 1, ¢ > 0, and ¢ > 0 such that for all (t,z) € I x J and (s,y) € [ x J,

E(lo(t, z) —v(s,y)I") < c[A((t,2) 5 (s,))]*. (A.12)

Then v has a continuous version ¥, and for any o € [0, q/p|,

o, ) — (s, p)| |
’ Ka,ﬁiﬁ,y) A <s,y>>]a> ] oo (A13)

In particular, there is a non-negative random variable C with E[C] < oo such that a.s.,

[o(t, z) —0(s,y)| < ClA((E, 2); (s,9))]" (A.14)

Proof. We observe that (A.12) imples that (¢,z) — wv(¢,z) is continuous in probability,
and therefore, has a measurable version (DELLACHERIE AND MEYER [DM75, Chap. IV,
Théoréme 30]), which we continue to denote by v. We note that thanks to (A.12), v
LY (dtdz) a.
We apply Proposition A.1 to this version of v with

S=IxJ,  p((t,z);(s,y)=At,2);(s,y),  w(dtdr)=dtdz, (A.15)
and
U(z) =z, Oy =y"",  p(x) = |x|*TEP), (A.16)
bt ) — o5, )
—o(s,y)|P
€ = /dtdﬂ:/dsdy L2): (s, p) o (A.17)
y (A.12),

ls /Sdtdff/sdsdy [A((t,2): (s, y))7 27

il (A.18)
< 4’I| ‘J‘ / Cl'll/ dv (al/Z + U)(J*?)fap.
0 0

We can check readily that the preceding integral is finite using only the fact that o € [0, ¢/p|[.

Therefore,
E[?¢] < . (A.19)

Since v € L%’O (dtdx) a.s., and because p > 1, a well-known theorem of Jessen, Marcin-

kiewicz, and Zygmund implies that the following holds with probability one:

t+e
= A2
eéio 465 / v(a,b)dadb=v(t,x), (A.20)

for almost all (t,z) € I x J. See KHOSHENVISAN [Kho02, Theorem 2.2.1, Chapter 2, p. 58].
In particular, (A.4) holds in the present setting.
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We now take into account Remark A.2(b), and deduce that for a.a. w there exists a set
D(w) C S with full Lebesgue measure such that for all (¢,z),(s,y) € D(w),

[o(t, 2)(w) = v(s,y)(w)]

. /zA«t,x);(s 2 < 3 >ua_1+(6/p) du, A2
) Jo (B, ((r,9) ,u/2)]?

One can check directly that there exists a ¢ > 0 such that u(B,((r,¥),u/2) > cu? for all
u >0 and (r,y) € S. Therefore,

ISR
t - < .
o(t.2)(w) — ool <8 [ wldu (A2

= 2086YP [A((t,x);(s,9))]"

Define
o(t,x)(w) = lim sup v(s,y)(w). (A.23)
(s;y)€D(w): (s,y)—(t,w)
Since v(+)(w) is uniformly continuous on D, ¥(-)(w) is continuous on D(w) = S and coincides
with v(-)(w) in D(w). In addition, by (A.12), v(s,y) converges to v(t,z) in LP as (s,y)
converges to (t,x). Therefore, 0(t,z) = v(t,x) a.s. for all (¢,z) € S, and hence 7 is a
continuous version of v. By (A.22),

P
ot z) — (s, y)|
sup < 29PRPY. A.24
((t,:c);é(s,y) [A((t,x);(s,y))]* (A.24)
Equation (A.13) now follows from (A.19). O

B Appendix: On Energy Reduction for Smoothed Measures

The goal of this appendix is to prove precise versions of the statement, “if we smooth a
measure then we lower its energy.”

Theorem B.1. Let 0 < a < d and pu be a probability measure on R:. Then for all probability
density functions g : R — R, with compact support,

To(g* p) < Io(p). (B.1)

Theorem B.2. Choose and fir n > 1. Then there exists a positive and finite constant
c—depending only on (d,n)—such that for all probability measures p on [—n,n|¢ and all
probability density functions g : R? — R, with compact support,

Io(g* p) < clo(p)- (B.2)

The proof requires some terminology from harmonic analysis. A function x : R? —
R U {oo} is called a potential kernel if: (i) k(z) > 0 for all z # 0; (ii) ~ is continuous
on R?\ {0}; and (iii) #(0) = oo; & is called of positive type if its Fourier transform & —
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viewed in the sense of distributions — is a nonnegative function. We choose the following
normalization of Fourier transforms: &(§) = [paexp(i€ - z)k(z)dx for all £ € R? and
k € LY(RY).

The following is well known; see for example KAHANE [Kah68, Remark 2, p. 133].

Proposition B.3. If x: RY — R, U{oc} is a potential kernel of positive type, then for all
Borel probability measures i on RY,

[ e =ty pta) = 5 [ 1o

First we prove Theorem B.1; it is technically simpler than Theorem B.2, and yet affords
us the chance to discuss the reasons for the veracity of both theorems.

(V]
>

R(E) dE. (B.3)

Proof of Theorem B.1. Define k(z) := ||z|| ™%, where 1/0 := oo, to find that « is a potential
kernel of positive type with (&) = ¢||¢[|~%F%; see STEIN [S70, Chap.V, §1, Lemma 2(b)], or
KAHANE [Kah68, p. 134], for example. Define v(dz) := (g * 1)(dx) and apply Proposition
B.3 with v in place of u to find that

1 N2 A reN 2 A
I, = —— dg. B.4
(g * 1) ) /Rd 197 |(&)17 (&) dE (B4)
Because [g(£)| < 1, another appeal to Proposition B.3 completes the proof. O

Now we work to prove the more difficult Theorem B.2. We define a function p : R —

2y . Pzl
p(z) = T (B.5)

where p(0) := co. Define x : R — R, U {oc} by

(@) i= (o p)a) = [ ol — ) o) dy. (B.6)

R4
Lemma B.4. The function k is an integrable potential kernel of positive type.

Proof. Because p(x) > 0 is measurable the convolution is a well-defined nonnegative Borel-
measurable function on R?. Standard arguments show that « is at least as smooth as p.
Since p is continuous on R?\ {0}, then so is k. Because x(0) is manifestly infinite, this

proves that  is a potential kernel. We may note that ||k|; = ||p||? < co. Therefore, & is
the L'-form of the Fourier transform of x. Finally, since p is even, p is real-valued, and
therefore (&) = |p(£)]? > 0. The lemma follows. O

Lemma B.5. Let Ny be as in (1.5). Then there exist positive and finite constants c¢1 and
co—depending only on (d, No)—such that for all x € B(0, Ny/2),

ciKo([lz]]) < w(z) < c2Ko([l2]))- (B.7)
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Proof. Choose and fix x with 0 < ||z|| < Np/2, and write

Iﬁ?(.%') =T1+15+ Tg, (B_S)
where
Ty = / p(x —y)p(y) dy,
llyll<2ll]|
= / p(x —y)p(y) dy, (B.9)
2||z|| <||ly[|<10No

T3 = / p(z —y)p(y) dy.
lly]I>10No

We estimate each T; separately.
It will turn out that the main contribution to x(z) comes from T5. Therefore, we begin
by bounding that quantity: If 22| < |ly[|, then ||z — y|| < 3||y|; thus,

_ <2>d/2/ o—3lll/2 )
22> (3 ———5p(y) dy
3 2llel<llyl<iony 1Yll4/2

> O dy
= 1 _—.
2|z <|lyll<10No Yl

(B.10)

We integrate this in polar coordinates to find that T > Cy(In Ny + In(1/||z||)). Because
T1,T3 > 0, it follows that x(z) is bounded below by a constant multiple of In(Ny/||z]|).
This proves half of the lemma.

For the other half, we note that if 2||z|| < ||y||, then ||z — y|| > ||y||/2. Therefore, we
can use an argument, similar to the one we used to bound 75 from below, in order to prove
that

T < C3(In(10Nyg) + In(1/||x|))), (B.11)

and since [|z|| < Npy/2, the right-hand side is bounded above by Cy(In Ny + In(1/||z|])),
provided C} is chosen large enough.

Next we bound T3. Note that if ||y|| > 10Ny, then ||z —y|| > 9Ny. Consequently, p(z—1y)
is bounded from above, and hence T3 < Cy [pa p(y) dy < oc.

Finally, we estimate T} by first writing it as

Ty =T + Tho, (B.12)

where
T :z/”ySQHM p(z —y)p(y) dy,
ly—zl|>l]l/2

Tio :z/”ySQHw| p(z —y)p(y) dy.
ly—all<l]/2

(B.13)

41



It ly — 2 > [|e] /2. then p(z — y) < 2%/2|l2] ~4/2, and thus,

24/2 exp(—|lyll)
Tus / Ivl<2|=) dy

/2 d/2
B4l il [yl
21/2 / dy (B.14)
2192 Jyyp<apap lyll42
< Cs.

The last line follows from integrating in polar coordinates.
In order to estimate the remaining term 772, we note that if ||y|| < 2||z| and ||y — z|| <
|z||/2, then ||y > ||lz||/2, and hence p(y) < 2%2||z||~%?. Consequently,

2d/2
Tis < / plx —y)dy
1201972 Sy —z)<ll/2
9d/2 / dz (B.15)

S - -
120192 Jyz1< w2 121192

< 05)
for the same constant Cy as before. These remarks together prove the lemma. O

Now we prove Theorem B.2.

Proof of Theorem B.2. Thanks to Lemma B.5,

g < o [ [ s -y vidy) vido), (B.16)

where v(dx) := (g * p)(x) dz. Because |0(§)| = |g(€)a(§)| < |a(€)], Lemma B.4 and Propo-
sition B.3 together imply that

Io(g * p) < %/Iu A€

== // k(z — y) p(dz) p(dy).

Another application of Lemma B.5 shows that the latter term is at most (ca/c1)lo(u),
whence follows the theorem with C' := ca/c;. O

(B.17)
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