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POLARITY OF POINTS FOR GAUSSIAN RANDOM FIELDS
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We show that for a wide class of Gaussian random fields, points are polar
in the critical dimension. Examples of such random fields include solutions
of systems of linear stochastic partial differential equations with determinis-
tic coefficients, such as the stochastic heat equation or wave equation with
space—time white noise, or colored noise in spatial dimensions £ > 1. Our
approach builds on a delicate covering argument developed by M. Talagrand
[Ann. Probab. 23 (1995) 767-775; Probab. Theory Related Fields 112 (1998)
545-563] for the study of fractional Brownian motion, and uses a harmoniz-
able representation of the solutions of these stochastic PDEs.
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1. Introduction. Hitting probabilities are one of the most studied features of

stochastic processes. Given a process X = (X;) with values in R¢ and a subset A
of R?, we say that X hits A if

P{X; € A for some t} > 0.

The set A is polar for X if P{X; € A for some ¢t} = 0. When X is a Markov pro-
cess, potential theory gives a necessary and sufficient condition for a set to be
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polar; see [3] for an extensive discussion. One first constructs a potential theory
associated to X, after which it follows that X hits A with positive probability if
and only if cap(A) > 0, where cap(A) is the capacity of A with respect to the
potential theory associated to X.

For processes other than Markov processes, and even for Gaussian random
fields, results on hitting probabilities are much less complete. One exception is
the Brownian sheet, which has specific properties such as independence of incre-
ments. Using these properties, Khoshnevisan and Shi [21] have given essentially
complete answers about hitting probabilities for the sheet, and the recent work of
Dalang, Khoshnevisan, Nualart, Wu and Xiao [12] and Dalang and Mueller [13]
has even settled the issue of multiple points of the Brownian sheet in critical di-
mensions.

Other interesting Gaussian random fields are for instance those obtained as solu-
tions of linear systems of stochastic partial differential equations (SPDEs). Mueller
and Tribe [25] considered systems of d stochastic heat equations

(1.1) o= W
. —((t,x)=—=(,x ,X),
ot ox?

where t > 0, x € R, W= W(t, Xx) is an R4-valued two-parameter white noise,
and the function u(0, -) takes values in R and is suitably specified. This system
of SPDE:s is interpreted in integral form in the framework of Walsh [31]. They
showed (among other things) that points are polar if and only if d > 6, so that
the critical dimension for hitting points is d = 6 for the random field # and points
are polar in this critical dimension. It turns out that the method of [25] is quite
specific and cannot be extended, for instance, even to the case where the system
has deterministic but nonconstant coefficients.

Another case in which the issue of polarity in the critical dimension has been
resolved concerns systems of reduced stochastic wave equations (in one spatial di-
mension) studied by Dalang and Nualart in [14]. In this case, the critical dimension
is d =4 and points are polar in this dimension (for linear and nonlinear systems of
such equations). This situation is again special, because the natural filtration of the
process has the commutation property F4 of Cairoli and Walsh [4], which makes it
possible to use Cairoli’s maximal inequality for multiparameter martingales [19],
Chapter 7.2.

For linear and nonlinear systems of stochastic heat and wave equations, there
has been much progress in recent years for all dimensions except the critical di-
mension. A typical result for nonlinear systems of stochastic heat equations in
spatial dimension 1 is given in [9, 10]. In these papers, the authors establish upper
and lower bounds on hitting probabilities of the following type:

¢! Capd_6+,7(A) < P{u(t, x) € A for some (¢, x) €[1, 2]2} <cHa—6-n(A),

where Cap denotes Bessel-Riesz capacity, H denotes Hausdorff measure, and
n > 0. This type of upper and lower bound is also available for systems of heat
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and wave equations in spatial dimensions £ > 1 (see [11]), for linear systems of
stochastic wave equations in spatial dimensions k > 1 (see [15]) and for nonlinear
systems of stochastic wave equations in spatial dimensions & € {1, 2, 3} (see [16]).
For a wide class of so-called anisotropic Gaussian random fields v = (v(x), x €
R¥), Biermé, Lacaux and Xiao [2] identified the critical dimension and obtained
the following result. Let o; be the Holder exponent of the random field when the
ith coordinate varies and the others are fixed, and set Q = ocl_l +oo o ! Under
certain assumptions, they established the following upper and lower bounds on hit-
ting probabilities: Fix M > 0 and a compact set I C R¥. Then there is 0 < C < oo
such that for every compact set A C B(0, M) (the open ball in R¢ centered at 0
with radius M),

C™'Capy_o(A) < P{3x € I :v(x) € A} < CHy_g(A).

This result provides lots of information about hitting probabilities when d # Q
(see also [34]). However, in the critical case where d = Q and A = {zp} is a single
point, these two inequalities essentially reduce to 0 < P{Ax € I : v(x) = z9} <1,
which is uninformative. Some other references on hitting probabilities for linear
systems of SPDEs include [6, 27, 32].

In order to prove that a set is polar, one typically estimates the probability that
the random field visits a small ball, and then one uses a covering argument. When
the dimension is strictly larger than the critical dimension, rather simple coverings
do the job (typically, the covering is obtained via a deterministic partition of the
parameter space). For instance, it is rather straightforward to establish that points
are polar for standard Brownian motion in dimensions d > 3, but the critical di-
mension d = 2 is more difficult to handle (see [20], for instance).

In order to address the issues of exact Hausdorff measure functions and ex-
istence of multiple points for a non-Markovian random field such as fractional
Brownian motion, Talagrand introduced a new kind of covering argument in the
two important papers [29, 30]. His idea was to consider balls of different (ran-
dom) sizes that cover a given point in the parameter space. Having noticed that at
a typical point, the local (Holder-type) regularity is better, with high probability,
than what one would expect, he chooses “good balls” that give a sharp cover of
the range of the process, allowing the method to succeed even in the critical di-
mension. His argument relies on properties of Gaussian processes as well as on
certain specific properties of fractional Brownian motion. However, it seems that
one of his goals was to develop a method that would extend to other situations,
since he states, as one reason for studying fractional Brownian motion, that (ordi-
nary) “Brownian motion suffers from an over abundance of special properties; and
that moving away from these forces to find proofs that rely on general principles,
and arguably lie at a more fundamental level.”

This paper shows that Talagrand’s intuition was correct. Indeed, we have iso-
lated sufficient conditions on an anisotropic Gaussian random field v = (v(x), x €



POLARITY FOR GAUSSIAN RANDOM FIELDS 4703

RFK ), as considered in [2, 34], under which it is possible to extend Talagrand’s ar-
gument and establish polarity of points in the critical dimension; see Assumptions
2.1 and 2.4. These assumptions are satisfied by many multiparameter Gaussian
random fields, for which the Holder exponents in each parameter may be different.
The random fields that we consider are typically nowhere-differentiable (see, e.g.,
Theorem 3.1 in [33] and Theorem 8.1 in [34]), and this assumption states the ex-
istence of particular approximations that are Lipschitz continuous but whose Lip-
schitz constants have a certain asymptotic growth rate. The main assumption (As-
sumption 2.1) is discussed in more detail at the beginning of Section 2. This as-
sumption also leads to an upper bound on the canonical metric associated with the
Gaussian random field (see Proposition 2.2).

The first technical effort is to establish Proposition 2.3, which extends an anal-
ogous result of Talagrand ([30], Proposition 3.4) and makes precise the idea that
for any x € R¥, with high probability, there is a (random) neighborhood of x in
which the increments v(y) — v(x) are smaller than expected. With this result in
hand, and under the assumption that the process has covariances that have better
Holder regularity than its sample paths (see Assumption 2.4), which is the case in
the examples that we are interested in, we extend the method of Talagrand [30] and
establish polarity of points in the critical dimension Q (see Theorem 2.6). These
results are proved in Sections 3-5.

The next step is to show that the two main assumptions are satisfied in a wide
class of important examples. As a warm-up, we begin in Section 6 with the case
of fractional Brownian motion. Then we turn to linear systems of stochastic heat
equations. In Section 7, we consider first the case of constant coefficients, in spa-
tial dimension 1, with space—time white noise as in (1.1), and recover the result
of Mueller and Tribe [25]: points are polar for this process in dimension d = 6.
However, essentially the same calculations apply to the case of higher spatial di-
mensions, with spatially homogeneous noise with covariance given by a Riesz
kernel with exponent g8 € ]0, 2[, so we also obtain polarity of points in the critical
dimension d = (4 4 2k)/(2 — B) for this case (when this fraction is an integer).
The verification of Assumption 2.1 relies on a harmonizable representation of the
solution u (¢, x) of the stochastic heat equation; see (7.3): this representation is
analogous to the spectral representation of stationary processes (see [17, 18, 35]).
It also appears in [1] and is of independent interest.

As we mentioned above, the method of Mueller and Tribe was not robust enough
to extend to systems of heat equations with deterministic but nonconstant coeffi-
cients. We examine this situation in Section 8, and we obtain, under the assump-
tion that these coefficients have some smoothness properties (expressed in terms
of their Fourier transform: see Assumption 8.1), polarity of points in the critical
dimension. This applies in particular to the case of spatial dimension 1 with space—
time white noise, and the critical dimension remains d = 6.

In Section 9, we turn to linear systems of stochastic wave equations with con-
stant coefficients. Here, we consider both the cases of spatial dimension k = 1
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with space—time white noise, and higher spatial dimensions with spatially homo-
geneous noise with covariance given by a Riesz kernel with exponent § € ]0, 2.
The stochastic wave equation presents additional difficulties because the funda-
mental solution is irregular (it is not even a function when k > 3). This means that
Walsh formalism does not apply directly and we use the extension of this theory
developed by Dalang [8]. For the spatial dimension k = 1 with space—time white
noise, we show that points are polar in the critical dimension d = 4, and in higher
spatial dimensions, under the assumption 8 € [1, 2[, we obtain polarity of points
in the critical dimension d = 2(k 4+ 1)/(2 — ) (when this fraction is an integer).

The method developed by Talagrand and the extensions presented in this paper
can also be applied to the issue of multiple points of Gaussian random fields in
critical dimensions, and can also be used to study the same type of questions for
nonlinear systems of SPDEs. These topics are the subject of research in progress
and we expect to present them in future papers.

2. Main assumptions and results. Recall that a white noise based on a mea-
sure v is a set function A — W (A) defined on B(R¥) with values in L2(Q2, F, P)
such that for each A, W(A) is a centered normal random variable with variance
v(A), and when AN B =&, then W(AU B) = W(A) + W(B) and W(A) and
W (B) are independent. If W(A) is a centered normal random vector with values
in R? instead of R and covariance matrix v(A) - I; (where I; denotes the d x d
identity matrix), then we say that A — W (A) is an R4 -valued white noise.

In order to motivate Assumption 2.1 below, recall that many stationary Gaus-
sian process (v(¢),t € R) admit a “moving average” representation of the form
v(t) = Jg f(t —s5)dW;, where f is a function and (W) is a Brownian motion
(see [17], Chapter XI, Section 8). For fixed ¢t € R, we can define a white noise by
setting v(A, 1) = [, f(t — s)dW,. In many cases, when f(s) is smooth and has
appropriate decay as s — =00, it happens that if |t — 5| ~ 27"/%, for some o > 0,
then v() — v(s) is well approximated by v([2", 2" [, 1) — v([2", 2", 5). Even
though we will not be dealing with stationary processes, but with nonstationary
random fields, it is often possible to construct a process that plays the same role as
v(A, t). This is the motivation for Assumption 2.1 below, and this assumption will
be verified for the solutions to the SPDEs that we will consider in Sections 7-9, as
we explain just below.

Let v = (v(x), x € R¥) be a centered continuous R?-valued Gaussian random
field with i.i.d. components. We write v(x) = (v (x), ..., vg(x)).

ASSUMPTION 2.1. Let I C R¥ be a closed box: I = ﬂ’;zl[Cj,dj], where
cj <dj. Let I ¢) denote an e-enlargement of I, in Euclidean norm. There is a
Gaussian random field (v(A, x), A€ B(Ry), x € R¥) and &y > 0 such that:

(a) for all x € 10 A > v(A, x) is an R?-valued white noise with i.i.d. com-
ponents, v(R;, x) = v(x) and when A and B are disjoint, v(A, -) and v(B, -) are
independent;
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(b) there are constants co € Ry, a0 € Ry and y; >0, j =1,..., k, such that for
allag<a<b<+o0,x,ye (0,

k
2.1) |v(la, bl, x) —v(x) —v([a, b[, y) +v(»)| ;2 < c0|:z a’llxj—yjl +b—1i|
j=1

and
k

(2.2) [v(10, aol, x) — v([0, aol, y) | ;2 < co Y Ixj — ;.
=1

In order to see that the above assumption is satisfied by many solutions of
SPDEs, it is necessary in each case to construct the random field v(A, x). Let us
consider, for example, the solution v(x) of the linear one-dimensional heat equa-
tion driven by space—time white noise. Then R will be replaced by R, x R, and
the generic variable x above becomes (¢, x). We define

. )
it _ o té

va=[[ e W ag),
max(|7|4,[§]2)eA §c—it

Then we will see in Section 7 that Assumption 2.1 is satisfied (with the exponents
y1 =3, y2 =1, thatis, oy = 1/4 and a = 1/2, where the «; are defined in the
next lines), as is Assumption 2.4 below.

Define «; € 10, 1[ by the relation

yj=a;' =1,  thatis,a;=(y;+ 17",

and define a metric
k
A, y) =) lxj — ;Y.
j=1

Consider also the canonical metric associated with v:

d(x,y) =[vx) —v()|2-

It turns out that under Assumption 2.1, the metric A provides an upper bound on
the canonical metric.

PROPOSITION 2.2.  Under Assumption 2.1, for all x, y € [0 with A(x, y) <
min(ao_l, 1), we have d(x, y) <4coA(x, y).
PROOF. Fix x, y € 10, Observe that for any a > ag
d(x,y) < [v(x) = v([ao, al, x) = v(y) + v(lao, al, y) | 2
+ [v([ao, al, x) — v([ao, al, )| ;»
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and by Assumption 2.1(a),
|v(lao. al, x) — v(lao, al, y)] .-
< Jv(x) — v(la, ool, x) — v(y) + v(la, ool, y)| ;2
+ ||=v([0, aol, x) + v([0, a0l y) | ;2-

Applying Assumption 2.1(b), we see that
k —1

k

[ —1_ _

(2.3) d(x,y)fco|:2(a0’ +a%i 1)|xj—yj|-i-a 1+Z|x]'—yj|:|.
j=1 j=1

-1
o —1 C{-_l—l
(@’ +a% 7)lxj - yjl

l*(Xj lfot]'

=[(aolxj — y;1) T + (alxj — y;149) T Jlxj — y;|%

l—ai

<2alx; —y;I*) I |xj — yj|%

(2.4)

<2lx; —y;|%
by the choice of a. Now (2.3) and (2.4) imply that

k k
d(x,y) < CO[ZZ bej =yl 4 max xj =yl 4 I —yj|].
= =1 =

For A(x,y) <1, since 0 < o < 1, we conclude that d(x, y) <4coA(x,y). U

A first objective is to prove the following analogue for v of Proposition 3.4 of
Talagrand [30].

PROPOSITION 2.3. Let Assumption 2.1 hold, and let
k k 1
(2.5) 0= (i+n=3 —.
j=1 j=1"J

Then there are constants K < 0o and po € 10, 1] with the following property. Given
0 <rg < po, for all xg € I, we have

~ r
P{EIre r2orol: sup [v(y) — v(xg) SK—}
[ 0 ] y:A(y,xo)<r‘ ’ (log log %)I/Q

1
172
>1 —exp[—[log —} }
ro

(2.6)
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When d(y, xg) < 4cogA(y, xg) < 4cor, one expects that v(y) — v(xg) is of or-
der r, so Proposition 2.3 states that with high probability, there is a A-ball of radius
r in which the increments v(y) — v(xg) are smaller than expected. This proposition
is proved in Section 4.

In order to obtain results on polarity of points, we need an additional assump-
tion.

ASSUMPTION 2.4. Let I C R* be a closed box and g > 0 be as in Assump-
tion 2.1.

(a) There is a constant ¢ > 0 such that for all x € 1€ andi=1,...,d, we
have [|v; (0)]l 2 = .

(b) There is p > 0 with the following property. For x € I, there are x” € 10,
8j €laj, 11, j=1,...,k,and C > 0 such that forall i = 1,...,d, y, y € [0
with A(x,y) <2p and A(x,y) <2p,

k
|E[(vi(») —viM)oi (]| <€ lyj — 3515
j=1

REMARK 2.5. (a) We do not require the lower bound d(x, y) > cA(x, y) on
the canonical metric d. Without this lower bound, Theorem 2.6 below is valid, but
Q defined in (2.5) might not be the critical dimension.

(b) Part (b) in Assumption 2.4 states that covariances are smoother than what
one gets from the Cauchy—Schwarz inequality, Holder continuity and Proposi-
tion 2.2:

|E[(vi () = vi(M)vi ()] < [vi ) = vi D) 2 [vi () ] 12
k
< Jor )2 21y = 31
j=1
This will be the case in the examples that we will consider.
The main result of this section is the following.

THEOREM 2.6. Let Assumptions 2.1 and 2.4 hold for all sufficiently small
boxes. Assume that Q = d. Then for any closed box J and for all z € R2,

P{Ix e J:v(x)=z}=0.

This theorem is proved in Section 5.
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3. Preliminaries. Following [29], Section 2, we first set up some estimates
that are needed.

Recall the number Q defined in (2.5). Let I C R¥ be a closed box such that
Assumption 2.1 is satisfied. For xo € I, the number of balls in metric d of radius ¢
needed to cover the set

Sr(x0) ={x € R*: A(x, x0) < r}

-1
1s < Ny(Sy,¢e) = ErQ/eQ [indeed, x € S, (xp) implies that |x; — xq ;| < r%i , so

the volume of S, (x() with respect to Lebesgue measure is < <, and by Proposi-
tion 2.2, the volume of a d-ball of radius ¢ is > EeQ].

LEMMA 3.1. Let D be the diameter (in metric d) of a subset S C RX. There
is a universal constant Ko such that, for all u > 0, we have

D 2
P{ sup |v(x) —v(y)| > Ko(u +/(; JV1og Ny(S, 8)d8>} §exp<—%>.

x,yeS

(Note. There is a misprint in [29], Lemma 2.1, where D should be D2.)

PROOF. This is a consequence of inequality (11.4), page 302 in [23], which
holds for Gaussian processes with ¥ (x) = 1. 0O

LEMMA 3.2. There is a constant K > 0 (depending on cqy in Assumption 2.1)
such that, for all u > 0,

P{ sup [v(x) —v(y)| < u} = exp(—

x,yel

KMQ>'

PROOF. We use the small ball estimate for Gaussian processes (see [22],
(7.13), page 257, or Lemma 2.2 of [29])

P{ sup |v(x) —v(y)| < u} > exp<—w(u)),

x,yel K

where ¥ (u) = u~ 2. Indeed, a ball of radius ¢ (in the canonical metric d) has
volume > é¢€, so the number of balls (in the canonical metric d) of radius &
needed to cover [ is < cje~ 2. O

LEMMA 3.3. Consider b >a > 1, g9 > r > 0 and set

k
“lo1 o] _
AZZaaj el
j=1
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There are constants Ag, K and & (depending on cq in Assumption 2.1) such that if
A < Agr and

G.1) u> 1€Alog1/2<%>,

then

2
P[xes;rlgo)@(x) — v(x0) — (v([a, b], x) — v([a, b, x0))| > u} < exp(—;j42>.

PROOF. Recall that S, = S, (x9) = {x € R¥: A(x, xo) < r}, and set

d(x,y) = [v(x) —v(y) — (v(la, bl x) — v([a, b, y)) | 2-
Then

d(x,y) < o) — v |2 + [v(la, bl x) — v(la, bL, y)| ;2.

Since

v(x) —v(y) = (v(la, b[, x) = v([a, b[, y)) + (v(R+ \ [a, B[, x) =v(Ry \ [a, bL, ¥)),

and the two terms on the right-hand side are independent by Assumption 2.1(a),
we see that

[v(a, &L, x) —v(la, bL, y) [ 12 < o) — v 2-
Finally,
d(x,y) <2[v(@) = v 2 < 8coA(x, y)
by Proposition 2.2. Therefore, for small ¢ > 0, the number of e-balls (in metric d )

needed to cover S, (xp) is

rQ
N;(S,(x0),€) < o

For x € §,(x0), [x; — x0,j| < r%i 1, so by Assumption 2.1(b), c?(x, x0) < coA and,
therefore, the diameter D of S,(xg) satisfies D < 2cpA. Assuming that we have
chosen the constant Ay and that A < Agr, notice that for D < 2¢gA < 2coAopr,
there is a constant K’ (depending on ¢ and cyAg) such that

D _ /D -
/ \/logNJ(Sr(xo),e)dst'/ log — de.
0 0 &€

X

Recalling the elementary inequality f;“oo ue™ du < Cxe~ ® for x large, and

. . a2 . .
using the change of variables ¢ = re™" (r fixed), we see that there is a universal
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constant K such that for all D > 0 and » > 0 with D/r sufficiently small (which
is the case if Ag is chosen sufficiently small),

b r r
/ log—de < KD,/log —,
0 3 D

so for D/r sufficiently small,

D ~
/ Jlog N3 (S, (x0). ) de < K'K D log%.
0

Let K be the universal constant in Lemma 3.1. It follows that

u

D
u> K0<2—K0 +/O Jlog N5 (S, (x0), ) ds)
when
(3.2) u>2KoK'K D, log %,

so by Lemma 3.1 (applied to the random field (v(x) — v([a, b[, x)))], when u
satisfies (3.2),

P{ sup |v(x) —v(xg) — (v([a, b1, x) — v([a, b], x0))| = ”}

x€S8(x0)

< exp(—%ﬂ) < exp(— Ebj;).

In order to explain (3.1), notice that

r 1/2 )C2 r2
D logB =[f(D)] where f(x) = ) log L

and
, 2 x22 r?
f(x)leogx—z—j;zx logx—z—l ,
SO
2 2
f(x)>0 if—2>e that is, x* < —.
X e

Since D < 2c¢pA,

D=

— Al 2 12
KD 10g—<K”|:—log( )} <KAlog
D~ 2 (2cpA)? -

(%)

A

provided (2cpA)? < rz/e, that is, A < (2coe)*1r, which is the case as long as Ag
is sufficiently small and A < Agr. In this case, (3.1) implies (3.2). U
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LEMMA 3.4. There is a constant K (depending on cq in Assumption 2.1) such
that if 0 <u <r, then forall 0 <a < b,

0
P[ sup |v([a, bl, x) — v([a, b[, x0)| §u} Zexp(—Kr—>.
x€Sy(x0) MQ

PROOF. As in the proof of Lemma 3.2, we note that the number of balls of ra-
dius ¢ [in the canonical metric of v(a, b, -, -)] needed to cover S, (xg) is < ce ~2r€.
Applying the same small ball estimate as in the proof of Lemma 3.2, we obtain the
desired conclusion. [

4. Proof of Proposition 2.3. Fix U > 1. Setry; =rgU 2t and qp = U1 /7o.
Consider the largest integer £ such that

log(1
@.1) 0, < 10gl/ro)
2logU

Then for £ < £y, we have ry > r2.

It suffices to show that, for some large constant K>,

P{Ell <€<fy: sup |v(x)—v(x)| < Kzr—ﬁll}
XES,Z(X()) (loglog ﬁ) /Q

1\ 1/2
>1- exp(—(log —) )
ro

It follows from Lemma 3.4 that, for K, large enough so that K/ KZQ <1/4,

-
P{ sup  [v([ae, ag+1l, x) — v(lae, ae+1l, x0)| < KQ—ZIIQ}
XESr, (x0) (loglog ﬁ) /

K r2 1 1 1
4.2) >exp| ——5 —=|loglog — ) ) > exp| —— (loglog —
KZQ rEQ re 4 e

1\ —1/4
= (10g —> .
re

Thus, by independence of the v([a¢, ae+1[, ), £ =1, ..., £o,

,
P{HE <{o: sup |v(lac, ag1l, x) — v(lae, ae41l, x0)| < Kz—gll}
xESy, (x0) (loglog 7)1/€

@3 =1- [] (I—P{ sup |v([ae, ags1[, x) — v(lae, ag1[, xo0)|

1=<t<tg XE€Sr, (x0)

Ty
< Kz—L 7o)
(loglog 77)
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Apply (4.2) to see that this is greater than

£y 1 —% Lo
Jzr[i=[ee] ]
o

-]

Al

(4.4) =

A

]

1
>1- exp|:—£0 [log —21|
’
0

Set

k —1 -1

a; —1
—1
Ac=) a 1) +ag.
j=l1

Notice that rpay = U~! and reaey+1 = U. Then
k k
—1 1
Ay =Y (@ T+ @ro ' =Y 0T VU <+ DU,
j=1 j=I
L

with 8 = min(1, min.,-zl,m,k(aj 1)) >0sinceaj <1, j=1,..., k. Therefore,

for U large enough, Ay < Aor,, and for u > IZrEU_ﬁa/log U, (3.1) is satisfied
(with A there replaced by Ay and r by r¢), so by Lemma 3.3,

P[ sup  |v(x) — v(xo) — v(lae, ae+1l, x) + v([ae, ae1l, x0)| = u]
XES;, (x0)

u2 Mz 28
< exp —m < exp —cr—zU .
14 14

Proceeding as in [29], (4.3), we take u = K>r,(loglog %)‘”Q, which is possible

provided
1\N—l/¢
Kor(loglog — > Kr,U™ !\ /logU,
zre<0g Ogr0> Z A1y 0g

that is, provided
o K 1\¢
4.5) U(logU) > ra loglog — | ,
2 ro
which holds if U is large enough, to get

P{ sup  |v(x) — v(x0) — v(lae, aes1[, x)

xGSre (x0)

1\"l/@
(4.6) + v(lae, ag1l, x0)| = Kor, (loglog %) }

<(~ogiog 570)
exp ——————— ).
=P c(loglog%)Z/Q
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Let
K> Ty
F€={v lae, ars1l, x) — v(lae, aes1l, xo 5_—},
v ( +1Lx) = v( + )| 5 (loglogi)l/Q
Ge= {|v(x) — v(xp) — v([ag, ap+1[, x)
K> Ty
lag, ap+1l, x —}
+ v([a¢, ag+1[, x0)| > 2 Goglog 170
Then
P{Ellfﬁfﬁo: sup ]v(x)—v(x0)|§K2r—€11}
XESy, (x0) (loglog ) /Q

@.7) Zp(@@(&ﬁ@) ((U Fg)m<ﬁG§))
(7))

Lo 1\ ~1/4
P<U Fg) >1- exp(—ﬁo(log —2) ),
(=1 Fo

P(lJGe) < Eoexp(——).
e c(loglog %)Z/Q

Combining with (4.7), we get

v

By (4.4),

and by (4.6),

-
P{ngesﬂo: sup |v(x) —v(x0)| = K —E}
xeS,.[(x0)| | (loglog - Lyl/e

1\ —1/4 U2
> 1 ex <—e (10 —) )—Eex( —)
P gr02 0exP c(loglog 1)/

Therefore, the proof of (2.6) will be complete provided

) exp| —£o|log — exp| ————— | <exp|—|log— | |.
P =50 grg 0€XP c(loglog )2/Q =P gro

Recall the condition (4.5), and that £ is defined in (4.1). Therefore, if we set

1\1/2B8)
U= <log —) ,
ro
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then for ro small enough, by (4.1),

1 1\!
Lo > ,B(log —) <log log —) > 1.
ro 1o

Therefore, the left-hand side of (4.8) is bounded above by
L)3/4

(log 1 log L
exp[—%] + (1 + log —) exp[——”{]
cloglog " ro c(loglog ;-)*/2

ro
1\1/2
ool ()]
ro

provided rg is small enough. This completes the proof of Proposition 2.3.

5. Proof of Theorem 2.6. The main effort in establishing Theorem 2.6 will
be to prove the next proposition.

PROPOSITION 5.1. Assume that Q =d. Let I be a sufficiently small box so
that Assumptions 2.1 and 2.4 hold. Let ¢y > 0 be as in Assumption 2.1 and let p
be as in Assumption 2.4. Fix x € 1, and consider the following (random) subset
of R%:

M(p,x)={v(y):y e RN and A(y,x) < p}.

Then for any zo € RC, P{zo € M(p, x)} =0.

PROOF OF THEOREM 2.6 (ASSUMING PROPOSITION 5.1). Let J be a closed
box and

M={v(y):yeJ}.

Divide J into a finite union of small boxes I, for which Assumptions 2.1 and 2.4
hold. Let p; > 0 be given by Assumption 2.4 for ;. Since (S,,(x),x € Ip) is an
open cover of Iy, there are x¢1,...,X¢,, € I¢ such that Iy C U?i1 Spp(xe,i). It
follows that

ng
M c U Mpe, xe.0).
¢ i=1
so for any zog € RZ,
ng
P{zoe M}<) > P{zo€ M(pe. xe.i)} =0,
¢ i=l1

by Proposition 5.1. It follows that zq is polar for v. [J



POLARITY FOR GAUSSIAN RANDOM FIELDS 4715

We now work toward proving Proposition 5.1. We proceed as in [30], Section 3.
Set
By(x)={y e R*: A(y,x) < p},
B, (x)={y e R*: A(y,x) <2p} = Bap(x).

Let x’ € R¥ be given by Assumption 2.4(b).
Define two R?-valued random fields:

V) =E@y) [v(), o) =v0) = v ).

REMARK 5.2. (a) Because they are Gaussian and orthogonal, the processes
v! and v? are independent. Further, v! is independent of the random vector v(x’).

(b) If we only want to prove that almost all points are polar for v (i.e., the range
of v has Lebesgue measure zero), then we would not need to introduce the process
v!. Here, we will prove that the range of v! has Lebesgue measure zero, and v!
is quite a good approximation of v (so the range of v also has Lebesgue measure
zero). Then we will use the independence of v! and v(x’) to deduce that all points
are polar for v.

LEMMA 5.3. The random field v2= (vz(y), y € B;) (x)) has a continuous ver-
sion, and there is a finite constant C such that, for y € B; (x)and y € B;) (x),

k
W2 () — 2| < Clo()] D ly; — 3;1%.
j=1

PROOF. Let

E(v; (x!
5.1) a(y) = —(Ev/<$ zz',’)(f) D,

where the right-hand side does not depend on j. Since the components of v(y) are
independent, sz (v) is the orthogonal projection of v;(y) onto v;(x’), therefore, for
jefl,....d},

(5.2) v (y) = a(v;(x),

and vz(y) = (vlz(y), cee vi (y)) is the continuous version of v2. With this version,
the conclusion follows from Assumption 2.4(a) and (b). [J

LEMMA 5.4. There is a number K (depending on d) such that, for e < 1/3,

) 1
P{Vy,y el dy,j)<e=|v®y) —v()| < Kelogl/zg} >1—e¢.
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PROOF. The set 1® has finite diameter in the metric A, hence in the metric
d by Proposition 2.2. According to [24], Theorem 6.3.3, page 258, there is a finite
random variable Z such that, a.s., forall y,y € I,

) a0.5) 1\ L\
v(y) —v(P)| < Z/O [(log m> * <log m> ]du’

where A denotes Lebesgue on I and By(y, u) is the ball in metric d centered at y
with radius u. Since d(x, y) < 4coA(x, y) for small values of A(x, y),

) A0 1\2
v —v@| =2 [ (o5 ) du
0 uQ

Using the elementary inequality

X 1 172 1
/ <log —> du fcoxlogl/z—,
0 u X

which is valid for 0 < x < xo with xo > 0, and the fact that x > x log'/?>(1/x) is
increasing on ]0, 1/e[, we see that d(y, y) < & implies

[v(y) —v(@)| < coZelog*(1/e).
and this is < Kslogl/z(l/s) on the event {Z < K /cp}. Since Z is finite a.s., this
event has probability > 1 — ¢ if K is large enough. [

For p > 1, consider the random set

R,= {y € B;(x) :3dr e [2_2p,2_p[

_ _ r
with  sup yu<y)_v<y);§1<271},
VAG,y)<r (loglog %)Q

and the event

Q1= {A(R,» > A(15‘;00)(1 - "XP(‘\/T?»}

(here, A denotes Lebesgue measure). Notice that €2, | can be described as the event
“a large portion of B;) (x) consists of points at which v is comparatively smooth.”

Then
o s <s0 (s -on( )|

= {)\(B;(x) \Rp) > A(Bé(x))exp(—?)},
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so by Markov’s inequality
E(A(B,(x) \ Rp))
A(B(x)) exp(—¥L)

(5.3) P((2,,1)) <

The numerator is equal to

e[ tmow 0] = [ Plyesw\Rdy
L) By ()

P

By the definition of R, and Proposition 2.3 (taking the log in base 2), for y €
B, (x),
1
P{y ¢ Rp} = CXP( <log 2—p) ) =exp(—=v/p),

therefore, by (5.3),

P((Qp,1)°) < exp(—%ﬁ).

In particular,

o0
(5.4) Z ((2p.1)°) < +o0.
Fix B €]0, min(minjzlw,k(Sja;l — 1), D[ (which is possible since 6; > o,

j=1,...,k)and set
Q2= {Julx)| <27}

Since v(x’) is a normal random vector, szl P((2p,2)°) < +o0. In addition, on

the event €2, », the constant of Holder continuity of v? is not too large. Indeed, by
Lemma 5.3, for y € B;(x) and y € B;(x), if A(y,x) <rand A(y,x) <r,thenon
Qp,Z,

k k
~ 1
02() =2 ()| < C28P 37 |y; — 5% < C2PP 3 r0e
j=1 j=1
If r <277, then
ySie; 9Bp r5/a,-_1(2—p)*ﬂ < by B pSie - B

and min j=1,...,
such that on

k(éjoel-_l —1— ) > 0 by definition of 8. Therefore, there is K3 > K»

def
Qp,3 = Qp,l N Qp,2v
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for each y € R, there exists r € [2_21’, 27 P] such that

_ r
(5.5) sup ') —v' ()| < K3 -
VAG.y)<r (loglog %)3

Define an “anisotropic dyadic cube” of order £ as a box in R¥ of the form

k —_ —
[Tlm;2" g (mj+ 127 1],
j=1

where m; € N. For y € IR¥, let C¢(y) denote the anisotropic dyadic cube of order
£ that contains y. This cube is called “good” if

(5.6) sup vl (y) = v ()| < de,
¥, YEC(y)NBy(x)

where
- 2—¢
dp = K3—1
(loglog2t)©

and 123 = kK3.By (5.5), when €2, 3 occurs, we can find a family #,, of nonover-
lapping good anisotropic dyadic cubes (they may have intersecting boundaries) of
order £ € [p, 2p] that covers R, This family only depends on the random field vl
Let H;,, be the family of nonoverlapping dyadic cubes of order 2p that meet
B, (x) but are not contained in any cube of H; ,. For p large enough, these cubes
are contained in B;) (x), hence in B;) (x) \ R),. Therefore, when €2, 3 occurs, their

number is at most N, where
- p
Np272P2 < 7(B),(x)) exp(—*/T_)

SO

5.7) N, < 2202 exp(—g),

where C does not depend on p.
Let €2, 4 be the event “the inequality

(5.8) sup [v(y) —v(F)| < K277 /p
y,yeC

holds for each dyadic cube C of order 2p of R x R that meets B, (x).” We choose

K4 large enough so that 3~ P((€2p,4)°) < +o0: this is possible by Lemma 5.4.
Set H, = Hi,p U Ha,p. This family is well defined for all p > 1, and it is a

nonoverlapping cover of B, (x) (because of how dyadic cubes fit together). Set

~ 1
ra=4dy = 4K32_€(log€)_@ if A€My ,and Aisof order £ € [p, 2p],
ra=K27P/p  ifAeHa,.
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Define

Qp = S-Zp,3 N Qp’4.
LEMMA 5.5. Recall thatd = Q. Let

1
(5.9) f(x) =x%loglog —.

X
For p large enough, if 2, 3 occurs, then

Y fra) < KA(By(x)).

AeH,

PROOF. For A e Hy p,

4 d
fra) < K( : ) loglog2t < K274
(logt)2

log¢
— g0t
(ogya = ¥?

since d = Q, which is the volume of a anisotropic dyadic cube of order ¢.
There is a constant K5 such that, for p large enough and for all A € H; ,

F(ra) < Ks(2727/p) % log2p).
If €2, 3 occurs, then by (5.7), the total contribution of }_ Aty f(ra) is bounded
by
K272r2 p9/210g(2p)2%P2 exp(—?) = p?210g(2p) exp(—@).

Therefore, since the cubes in H; , are nonoverlapping and intersect B;)(t, x), if
2, 3 occurs, then
Y fra) < KA(By () + plog(2p) exp(—g).
AeH,

Now )L(B; x)) < ZQA(Bp(x)), and this quantity does not depend on p, so the
lemma is proved. [J

For each A € H,, we pick a distinguished point p4 in A (say the lower left
corner). Let B4 be the Euclidean ball in R? centered at v( pa) with radius r4.

LEMMA 5.6. Let F), be the family of balls (Ba, A € H ). For p large enough,
on Qp, F), covers M(p, x).
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PROOF. Consider z € M(p, x). By definition, there is y € B,(x) such that
v(y) = z. Since H, is a cover of B, (x), the point y belongs to a certain cube A of
H . We will show that z € Bx.

Consider first the case A € Hj ,. Suppose that A is of order £ € [p,2p].
By (5.6),

[wl(pa) — v ()| < dp.
us, since £ = p, on iy 3, emma 5.3, letting y =min ;- _x(§je; —1—
Th ince £ > p Q,3,by L 5.3, letting y 'J,,((SJ_1 1
p) >0,
k siq-]
[v(pa) —v)| <de + [V (va) — V2| < dp + C2PP D (275)%%
Jj=1
<dy + Ck2PP2~ 2=t 0P < g, 4 Cr2~v 27t
<2dy
for p large enough, since y > 0. Since v(y) =z and rq = 4dy, this implies that

Z € By.
Now consider the case A € H;. Then on €2, 4, by (5.8),

[v(pa) —z| = [v(pa) —v(»)| < K272 /p=ra,
soze By, O

COROLLARY 5.7. Almost surely, the set M (p, x) has Lebesgue measure zero:
AM(p,x)) =0a.s.

PROOF. For p large enough so that €2, occurs, by the definition of f in (5.9)
and Lemma 5.5,

KA(By(x))

> rhs >, fra)s— =0

AeH, logp AeH, log p

as p — +oo. Since the family of balls (Bs, A € H,) covers M(p,x) by
Lemma 5.6, we conclude that A(M(p,x)) =0a.s. [

PROOF OF PROPOSITION 5.1. Fix zg € RZ. Let a(y) be defined as in (5.1).
Notice that for p small enough, 1/2 <«(y) <3/2, and y — a(y) is Holder con-
tinuous by Assumption 2.4(b). Define

1
v3(y) = W)’)(ZO — V] ()’))-

Clearly, by (5.2),
(5.10) (=20 = vy =v(x).



POLARITY FOR GAUSSIAN RANDOM FIELDS 4721

We are going to check that the range of v3 has Lebesgue measure 0. Assuming this
for the moment, let f, /) be the probability density function of v(x). Then

P{zoe M(p,x)} = P{3y € B,(x) 1 v3(y) = v(x')}
= /RQ dzfuey (@) P{3y € Bo(x) : v3(y) =z},

where we have used the fact that vy, hence v3, is independent of v(x’) [see Re-
mark 5.2(a)]. Since the range of v3 has Lebesgue measure 0, the probability on the
right-hand side vanishes for a.a. z, hence the integral is 0 and P{zg € M(p,x)} =
0, as claimed in Proposition 5.1.

It remains to prove that the range of v3 has Lebesgue measure 0. For A € H,,
and y € A,

1
v3(y) — v3(pa) = ——(z0 — v1(y)) — (zo — vi(pa)).

a(y) a(pa)

Recall that o is Holder continuous and bounded above and below. If A € H; ,, and
A is of order ¢, then for p sufficiently large, the right-hand side is
k k »

=< CZ lyj — pajl% +2d, < cZT“f“J +2d,.
j=1 =1

Since 5ja;1 >1,j=1,...,k, thisis <3dy <rs.If A €Hy p, then for p suffi-
ciently large, the right-hand side is

k
-1
< C<Z 272 4 2K42—2P,/2p> <éra.

j=1

This means that for some constant ¢, (B(pa,cra), A € Hp) covers the range of
v3. As in the proof of Corollary 5.7, we conclude that the Lebesgue measure of
{v3(y):y € By(x)}is zero. [

6. Warm-up: Polarity of points for fractional Brownian fields. Recall that
a (multiparameter) fractional Brownian motion (terminology of [29, 30]), which,
following [7], we prefer to call a fractional Brownian field with Hurst parameter
H €10, 1[, is a centered Gaussian field v = (v(x), x € R¥) with values in R?,
continuous sample paths and covariances given by

1
E(ve()v; () =8 j 5 [l + 1y = e = y 7],
where §¢; is the Kronecker symbol. This random field is such that

©6.1) E(jv(x) —v(y)|?) =dlx — y[*H.
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The papers [29, 30] of Talagrand do not explicitly discuss the issue of polarity of
points for fractional Brownian fields in the critical dimension d = k/H (though he
was certainly aware of this result). In the case k = 1, this issue is handled in [26],
Theorem 1. Here, we show how our Theorem 2.6 can be used to deduce polarity of
points for the fractional Brownian field in the critical dimension. Obviously, since
v(0) =0, the parameter 0 € R* (or the value 0 € RY) must be excluded.

THEOREM 6.1. Suppose that d = k/H. Then d is the critical dimension for
hitting points and points are polar for v, that is, for all z € R H

P{3x e R*\ {0} : v(x) =z} = 0.

PROOF. The fractional Brownian field has a moving average representation
(see [7], Theorem 3.2.2 and (3.79)), but also a harmonizable representation

1 — e ixé
(62) U(X) =C’A~%k |§-|H—+/</2W(dg)’

where W(d§) is a C%-valued white noise on R¥, that is, Re(W) and Im(W) are
independent R9-valued white noises on R¥ based on Lebesgue measure (see [7],
Definition 3.3.1). If one prefers to work with real numbers, then there is the equiv-
alent representation (see [30], Section 2)

1 —cos(x-§) x-§)
v = [ e W) +e o[ m,ﬂm Wa(ds).

where W1 and W, are independent R9-valued white noises on R¥.
With this representation, one can define the random field (v(A, x)) by

1 —cos(x - &) sin(x - §)

”(A’x)zc/swe[a,b[ gtk AT | R V2

Using fairly straightforward calculations that extend those in [29], Lemma 3.1, one
checks thatforall0 <a <b <+ooand x,y € Rk,

[v(fa, b, x) — v(x) — v(a, bl y) + v | 2 < cola® " ~Mx =yl +b7"],

that is, Assumption 2.1 is satisfied with ap =0 and y; = H'—-1>0, j=
., k. This is also coherent with (6.1), that is, ||[v(x) —v(¥)[l;2 = Vd|x —y|H.
Let I ¢ R*\ {0} be a closed box and let £y > 0 be such that 0 ¢ R\ {0}
Then Assumption 2.4(a) is satisfied since inf ;) [vi (X)]l 2 = inf, _ ;) lx|H
0. According to [30], Lemma 3.2, Assumption 2.4(b) is satisfied with p = 2¢( / 3
andd; =1€]H, 1], j=1,..., k. Itfollows from Theorem 2.6 that if Q is defined
by

‘ k
Q=§(y,~+1)=ﬁ,
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since d = Q, then P{3x € I : v(x) =z} =0, for all z € R€. Since the closed box
I C R¥\ {0} is arbitrary, points are polar for v. The fact that = Q is the critical

dimension for hitting points follows from [2], Theorem 2.1. Theorem 6.1 is proved.
O

7. Polarity of points for systems of linear heat equations with constant coef-
ficients. Fix k > 1 and suppose 8 €10, kA2[ork = 1 = B. Let D(R x R*) denote
the space of C°°-functions with compact support and (W((p), ¢ € DR x R*)) be a
spatially homogeneous R?-valued Gaussian noise that is white in time, with spatial
covariance given by the Riesz kernel |x — y|™ B, unless k = 1 = B, in which case
W is space-time R4- valued Gaussian white noise based on Lebesgue measure. In
both cases, W(go) = (W1 (@), ..., Wd (¢)), and the components are independent.

Recall that in the spatially homogeneous case, the covariance of the noise is
informally given by

E(We(t, ))W;(s,y)) =8t —s)|x — y| P8¢},

where §(-) denotes the Dirac delta function and d¢_; is the Kronecker symbol. More
precisely, for any C°°-test functions ¢ and v with compact support,

EWelp) W) =be; [ ar [ dy [ dzpmly =21 Py,
+

Using elementary properties of the Fourier transform (see (10) in [8]), this covari-
ance can also be written

E(We(@)W; ()

(7.1)
s [ dr [ dsEP T Fp0 @ F GG @),

where ¢y g is a constant and F,¢(r, -)(§) denotes the Fourier transform in the x-
variable

Fxo(r, ) () = /Rk e ¥ g(r, x)dx.

This type of noise is discussed for instance in [11], Section 2. Space—time white
noise in the case k = 1 corresponds formally to § =1 in (7.1) or, equivalently,

EWeo W) =0 [ dr [ dvot iy,

Let 0 = (0(r,x),t € Ry, x € R) be the mild solution of a linear system of d
uncoupled heat equations driven by this space—time white noise:

d . . A )
a2 {gvj(t,x):Avj(t,x)—i-Wj(t,x) j=1,....d,

v(0,x)=0 x € RK,
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Here, 0(z, x) = (01 (¢, x), ..., 04(¢, x)) and A is the Laplacian in the spatial vari-
ables. The notion of mild solution is discussed in [11], Section 2 (see also [28],
Chapter 6).

THEOREM 7.1. Suppose (4 +2k)/(2 — B) =d. Then d is the critical dimen-
sion for hitting points and points are polar for ¥, that is, for all z € R#+20/C=8)

P{3(t, x) €10, +00[ xR¥ : d(t, x) =z} =0.

In particular, in the case where k =1 = 8, W is space—time white noise and d = 6,
then points are polar for 0.

Let W(dt,d&) be a C4-valued space—time white noise, that is, Re(W) and
Im(W) are independent space-time white noises based on Lebesgue measure
[Re(W) and Im(W) denote respectively the real and imaginary parts of W1]. In
particular,

E(W¢(A)W;(B)) =21(AN B)dy

[here, W(A) = (W1(A), ..., Wa(A))].
We shall show in the next proposition that the process (v(z, x), (t,x) € Ry x
R¥) defined by

e 11EI
@3 wen= [ [ e R ae)

is a solution of the stochastic heat equation. By analogy with the processes consid-
ered in [5], and with (6.2), we call formula (7.3) a harmonizable representation of
the solution to (7.2). This type of representation also appears in [1], Section 4.

PROPOSITION 7.2. For ¢ € L>(Ry x R¥, C), define

Wi = [ [ Witar el *ORF o6,

where F y denotes Fourier transform in the variables (s, y).

(@) For j=1,...,d,if k=1=p, then Wj is a C-valued space—time white
noise; otherwise, WJ- is spatially homogeneous noise that is white in time with
spatial covariance given by |x — y|7F.

(b) (v(t,x), (£, x) e Ry x RK) defined in (7.3) is a C-valued solution of

0 < .
(7.4) Evj(t,x)zAvj(t,x)—l—Wj(t,x) j=1,....d,
v(0,x) =0 x e RK,

(¢) (Re(v(t,x)), (t,x) € Ry x RK) and (0(z, x), (t,x) € Ry x R¥) have the
same law.
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PROOF. (a) Consider first the case k = 1 = 8. Observe that

E(W;(@)W; (1)) / f dt dEFs o (v, 6)Fs U (2.6

- fR /R dsdyg(s. )T ).
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where we have used Plancherel’s theorem, so W; is a space—time white noise.

Now consider the case 8 €10, k A 2[. Then

.= dt .
EWy@W;) = [ dr [ Wfs,ygo(r,aﬂ,yw(r,s)

= [Las [y [ dzoto. ) — G

where we have used again formula (10) in [8], and property (a) is established.

(b) Let G be the fundamental solution of the heat equation. Notice that

/R - Li0.1(9)G(t —s.x — y)W;(ds, dy)
X

B /Rka Wj(dz,d&) Fy (o0 ()G(t — -, x — ) (x.£)|§| P~/
Now, F5,y(110,1()G(t — -, x — ))(z, §) is equal to

Fole 10,0V F G — - )(@E) (1) = e & Fy (e E 10 1 () (1)

e (5 1 )0

The Fourier transform in the s-variable is easily calculated and one finds that

/ 10.11(8)G(t —5,x — y)W;(ds, dy)

R xRk

(7.5)

—itt _ e—t|s|2

r el M VIO

:/ W (dt, dg)e 5%
R xRk

By (7.3), v;(0, x) = 0, so, following [28], Definition 6.1, we have checked that v

is the (mild) solution of (7.4), and (b) is proved.

(c) Set w = Re(v). Then by (b), w(0,x) =0, w satisfies dwj _ Aw; =

ot

Re(Wj (t,x)). If k=1= g, then Re(Wj) is a real-valued space—time white noise
such that E [(Re(Wj))z] = A(A), and otherwise, Re(Wj) is a spatially homoge-

neous noise with the appropriate covariance. This proves (c). [J

Let

(7.6) o= —, oy = —'B =2
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[these are the Holder exponents of ¢ — (¢, x) and x — (¢, x), respectively, con-
sidered as functions with values in L2(Q2, F, P)], and set

_i _t1£12
it _ t€]

U(Aqt,x)zzfyi e—fﬁxf———i——f———|sﬁﬁ—“/2wqdf,dgy
(r.&):max(|7|%1,|£[*2)€A |§1-—it

Clearly, the random field (v(A,t,x), A € B(R;), (t,x) € Ry x R¥) satisfies As-
sumption 2.1(a) (with the generic variable x € R¥ replaced by (¢, x) € Ry x Rb).
In the next lemma, we check Assumption 2.1(b) (with ag = 0).

LEMMA 7.3. Let

_2+B
=>4 5
There is a universal constant cy such that for all 0 < a < b and (ty, x9) € R4 % Rk,
(t,x) e Ry x Rk,

lv(la, b, t,x) —v(t,x) —v(la, bl, 10, x0) + v(t0, X0) || ; 2

B

-1
Vm=a —1l=—.
2 2 2—,8

Vl=0l1_1—1

k
< co|:ayllt — fo| +a”? Z lxj — xo, ;] +b_1:|.
Jj=1

REMARK 7.4. Lemma 7.3 states in particular that for b = oo, (f,x)
v(t,x) — v(la, oo, t, x) is Lipschitz continuous in L3(2, F, P). However, the
Lipschitz constants in # and x are of different orders of magnitude, which reflects
the (a1, ap)-Holder exponents of (¢, x) — v(t, x).

PROOF. Let

1Tt e—t

e £
wann=[[ e T g By (dr, d),
max(|t|%1,|€|"2)<a §°—it

it e—tsz

w0 = [ P C )
max(|t|%1,]€|%2)>b §°—it
Then
U([av b[? z, x) - U(tv X) - U([a, b[’ fo, XO) + U(IO’ XO)
(7.7)
=vi(a, to, x0) — vi(a,t,x) +v2(b, ty, x0) — v2(b, t, X).
Set

fl(avtvxvt()’x()) = E[’Ul(a,[,x) - Ul(avZO’xo)‘sz

fa(b,t, x, 1, x0) = E[|va(b, 1, x) — v2(b, to,xo)|2]-
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We shall estimate these two quantities separately. First, set
Di(a) ={(r, &) e R x RF :max(|z|*, [£]*2) < a}.
Then

fila,t,x, to, x0)

_d//D](a)
(7.8) :d//[h(a) e

x &P~ dr dg

_d// 91t x, 1,6+ o(t, x, 7, §)?
Di(a) &% + 72

—itt _ 1€ ity _ p—10lE[* )2
_ el 0

—téx ,B—kd d
|s|2—n ¢ 12— vds

e HEP _ pmik-(o—x)=itty 4 ,—10l&* p—i&-(x0—x) |2

&2 — it

1P " dv e,
where
Q1(t,x,7,&) = cos(tt) — e 1R cos(& - (xo — x) + 119)
+ e 0P cos( - (xo — 1)),
@2(t,x,7,6) = —sin(tr) +sin(§ - (xo — x) + tip) — o108 sin(& - (xo — x)).

Observe that ¢ (f9, X0, T, £) = 0 = @2 (¢o, x0, T, &), and

d
9@ _ sin(tt) + |§|2671|§|2’
dt
d
—8? = —&;sin(§ - (xo —x) + tf0) + éje_tosz sin(& - (xo — x)),
J
d¢2
vz _ 0,
” T cos(tt)
d
_afz = —&jcos(€ - (xo — x) + T19) + Sje_t‘”“’%|2 cos(& - (xo — x)).
j

Therefore, for £ =1, 2,
2
ot

and the mean value theorem implies that

(24
—| < 2[&],

<ltl+ 12, '8%
J

lpet, x, 7, &) < (IT] + &)1t — to] + 2/€]|x — xol,



4728 R. C. DALANG, C. MUELLER AND Y. XIAO

SO
tx. 19, x0) <d +EIMN (¢ = 19)?
fi(a.t.x. 10, x0) //) 22 4+ 1614t — 10)
£18*
+8|§|2|x—xo|2]7|5|4+12drd$
(7.9)

s4d-<r—ro>2//D()|5|ﬁ—kdrds

|&|2FP—K
+8d - |x — x¢| // drdé.
Dia) 1€1% + 2

For the first integral, pass to polar coordinates » = |£| and use the fact that
oy =27 to get

Ck// PR g dr = e(A + Ay,
max(|t],r2)<a®l
where

Alz// -1 rﬂ_ldrdr, Az—// - P~V dz dr.
r2<|t|<a®1 It|<r2<a®l

Clearly,

oy
Al = /a dT’/ﬁ drrﬂ_l = Ca2(2+ﬂ)/(2_ﬁ) = Cazyla
0 0

and
—1

a2 r?
Ay = / drrP~! / dt = ca? PP — 4?0
0 0
We conclude that
(7.10) // 1E1P* dr de < ca™.
Di(a)

For the second integral, pass to polar coordinates r = |&|:

2+B—k 24+B—k
// i dt dé& =ck/ r rk_ldtdr,
D

(@ [EF 12 max(7|91,r2)<a r* + T2

then set w = r? to get

/ wBTD/2 grdw B wh/?
max(7%w)<a W2 412 2w Jmax(rlwy=a®l w2 + 72

B_
<f _1\(u),r)\2 2drdw.
max(|t|,w)<a®l
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Pass to polar coordinates p = |(w, T)| to see that

—1

jE1>HP g
(7.11) // 7] 2a’rd§§c/ dop2 ™' = ca®P/CP) = cq?.
Di(a) E]* + T 0

We conclude that
fi(a,t, x, ty, x0) < c[azy1 (t —10)> +a™?|x — x0|2].
We now examine f>. Set
Dy(b) = {(r. &) : max(|z|*!, [§*?) > b}.
Notice that, as in (7.8),
f2(b, 1, x, 19, x0)

—d// P1(t,x, 7,6+ ¢a(t,x,7,6)?
Da(b) |E[* + 72

Observing that |p1| <4 and |p2| < 3, we see that

(7.12)

&P~ *dr ae.

B—k
(b, t, x, ty, x0) 525d// i

L drde.
Dby €% + 72 5

Let
Ap={(r.&) 17| > |£[* and || > b},
={(r,&) : |7|"" < |&|*2 and |£|™ > b},

so that A; U Ay = D, (b). Passing to polar coordinates p = |£|, notice that

|%-|ﬂ k 00 JT Iok*lJrﬂfk
drdé <4c /, d‘r/ do——
//Al [+ + 2 5 =4 b o T2

(7.13) -
= cb*TF =cb?
and
|§1F—* pPk p2
(7.14) //Az EF 1 a2 drdé = Ck/b” dpp*~ 1/ dr o =’ = b2,

therefore, f>(b, t, x, tg, x9) < cb~2. This proves Lemma 7.3. [J

We now check Assumption 2.4 for the process v. In the context of this section,
in agreement with Lemma 7.3 and Assumption 2.1(b),

(7.15) At x), (5. 9) = It —s| T +x — y| T
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It is well known (see [9], Lemma 4.2) that for any compact box I C ]0, oo[ xR,
there is ¢ > 0 such that for all (z,x) € I and (s, y) € I,

(716) Hﬁ(ta-x)_i}(svy)”[}ECA((ts-x)a(s9y))’
and Q = (4 + 2k) /(2 — ) is the critical dimension for hitting points. Further,

1o, x)HLz —d/ a’s/ dy/ dzG (s, y)| |ﬁG(s,z)

=[] d%k@Tﬂl?yG(s, )

/ /Rk T Rk

_Col’ 2 S

(7.17)

so Assumption 2.4(a) is satisfied for the box /. In the next lemma, we check As-
sumption 2.4(b).

LEMMA 7.5. Let I 10, 00[ xR be a compact box. Fix (t,x) € I. Let t’ =

t— 2(2,0)0‘1_1 and x' = x (where p is small enough so thatt’ > 0). There is a num-
ber C (depending possibly on p, B, k and d) such that for all (s1, y1), (52, y2) €
B;)(t,x) [the open A-ball in Ry x RK of radius 2p centered at (t,x)], and
jel{l,...,d},

E[(0j(s1,y1) — 0j(s2, y2))0;(¢', x")] < C1(Is1 — 52| + |y1 — y21)-
PROOF. For (s,y) € B;)(t, x), define

fG, ) =E@;(s,»0;(t',x)).
Case 1: k =1 = 8. In this case,

t/
f(s,y) =C/ dr/ dyG(s—r,y =G —r,x' =)
0 R
(notice that the right-hand side does not depend on j). Then

B v G
_f(s,y)=/ dr/d)_/—(s—r,y—y)G(t/—r,x/—ﬁ).
dy 0 R ~ dy

Notice that
0G

—(s—r y=y)= S—G(s—r y=y).
Since (s, y) € B;)(t,x), §>1— (2p)"1 ,and since t — 1 = 2(2,0)"1_1, it follows

that forr <t',s —r > (Zp)“fl. Therefore, |%| is bounded over By (t, x) [with a
bound that depends on p but does not depend on (¢, x) € I].
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Similarly, since

G 1( 1 (v — )2
s—r  (s—r)?

)6t —ry =9,

we see that | 5 | 18 also bounded over B/ (t, x). By the mean value theorem, we
conclude that

| £ (s1,31) = f(s2, )| < C(Is1 — s2] + [y1 — ¥2l),

and this proves the lemma in this case.
Case 2: B €]0,2 A k[. In this case,

fom= [ ar [ a5 [ azG6—ry—5)

1 / / -
ZI‘BG(t —rx'=2),

|y —
S0
—(s y)—/ dr/ dy/ dz—(s ry— y)| _|’3 G({t'—r,x'—2)
_ C/ dr/ d |6 )P Ko E WD) jg o~ (—DIEP (' =r)IEP
0 Rk !
Use, as above, the fact that for r <t', s —r > (2,0)"‘17l —: ¢, so that e—G—IEP <

ecls |2, then bound the integrand by its modulus, permute the integrals and com-
pute the dr-integral, to conclude that aa—f(s y) is bounded [with a bound that de-

pends on p but does not depend on (¢, x) € I], as is gf so the conclusion follows
asinCase 1. [

PROOF OF THEOREM 7.1. We have already mentioned (before Lemma 7.5)
that d = (4 4+ 2k)/(2 — B) is the critical dimension. By Lemma 7.3 and the
sentences that precede this lemma, for any compact box I C]0, oo xRk As-
sumption 2.1 is satisfied for Re(v), with exponents y; = % and y; = %,
j=2,...,k+1,so that o1 = % and aj = #,j:l...,k—i— 1. By Lemma
7.5 and the comments that precede this lemma, Assumption 2.4 is satisfied by v
(with §; = 1), hence by Re(v) by Proposition 7.2(c). Since Q = al_l + kaz_l =
(4 +2k)/(2 — B) =d, it follows from Theorem 2.6 that for all z € R2,

P{3@t,x)el:0(t,x) =z} = P{3(t,x) €I :Re(v(t,x)) =z} =0.

Since this holds for all compact rectangles I C ]0, oo[ x R¥, Theorem 7.1 is proved.
g
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8. Polarity of points for systems of linear heat equations with nonconstant
coefficients. For j =1,... k,leto; : R x R — R be continuous functions such
that, for all 7 € R, there are 0 < ¢y < C7 < 0o such that for all (¢, x) € [0, T] x
R,

(8.1 cr <oj(t,x) <Cr.

Let W be as in Section 7 and let 9 = (3(¢, x), t € R, x € RF) be the solution of a
linear system of d independent heat equations with deterministic coefficients:

62) I%ﬁj(z,x):Aﬁ,(z,x)+aj(z,x)ﬁ/j(r,x) j=1.....d,
v(0,x)=0 x e RK,
Set
Grx(5,7) = 0.n($)G(t —5,x = ).
As a consequence of (8.1), in either of the cases 8 €10,k A2[ork=1=f,

[z [ aglel 17 Gruop(. o) < co.

Indeed, in the case 8 €]0, k A 2[, for instance, the integral is equal to

- 1
[as [ dn [ dvsGrcts, 30016 30 ———2Gras, 120065, 1),
R JRE R ly1 — 2l

and then (8.1) can be used.

We also make the following technical assumption on o ;. This assumption can
be checked for specific choices of B, k and o, as in Proposition 8.6 below, for
instance.

ASSUMPTION 8.1.  (a) Fj yo; is a measure p; with finite total variation.
(b) Similar to (7.11), for large a,

_ 1§ —z? 2
(dr, dz // drdg|g|P* <ca™.
I wilar.dz R e s
(c) Similar to (7.13) and (7.14), for large b,

|&|F—k 5
il(dr,d /] dtd <cb™“.
/foRk Ijltdr. dz) D(b) g|$—z|4+|r—r|2 ‘

THEOREM 8.2. Suppose that d = (4 + 2k)/(2 — B) and Assumption 8.1 is
satisfied. Then d is the critical dimension for hitting points and points are polar
for 0.
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Recall from the calculations that led to (7.5) that
—itt _ e—t|.§\2

&2 — it

FoyGrx(1,6) = e 6%

Define W as in Proposition 7.2, and set
0t = [ [ Wy dg)el PR Gl Foyo ) (r.6).

PROPOSITION 8.3. The randomﬁ?ld v = (v(t, x)_ = (v1(t, x),...,v4(t, x)))
is the solution of the SPDE (8.2) with W replaced by W.

PROOF. Observe that by definition of Wj,
// Lo ()Gt —s,x —y)o(s, y)Wj(ds, dy)
= [[ Wit d6) 7y (Graop(@ )65 92 = v 1, ),

and v; (0, x) = 0. Therefore, v is the mild solution of (8.2) (with 14 replaced by
W). This completes the proof. []

Define o1 and o as in (7.6) and let

v (A 1, x) = / / W, (dr, d&)|E| P02 (F, Gy % Foyo i) (T, )
max(|7|*1,]£|*2)eA
and (v(A,t,x)=(1(A,t,x),...,v4(A, t,Xx)).

PROPOSITION 8.4. Under Assumption 8.1(a)-(c), the random field
(v(A, 1, x)) satisfies Assumption 2.1 for any compact box I C 10, oo[ xRF.

PROOF. Assumption 2.1(a) is clearly satisfied, so we check Assumption 2.1(b).
Set

vt =[[ Widede) eI E Gy x o).
Define
f1.j(a,t, x, 10, x0)
= E((v1,j(a,t,x) —v1,j(a, 19, xo))z)

— / /D ( )drds|s|ﬂfk|((ﬂ,y(;m Fy Grons) * Foro)) (56O
1(a
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and notice that, by the Cauchy—Schwarz inequality,

(FoyGrox — FuyGigoxg) * Foy0;) (2. 6)[°

2
= ‘// (‘Fsv)’vaX(t - I’,S _Z) _Fs,yGto,xo(T - F,S —Z))Mj(d}’, dz)
R xRk
(8.3)
. k ~ _ _
<lujlR xR )/foka,yGt,x(r rE—2)
— FoyGroo (T — 1. & — )7l (dr, d2),
SO

fii (@t x. 10, x0) sCff \1(dr, dz) /f d ds 1P
RxRk Di(a)
2

X |]:s,yét,x(77 —ré§—2)— fs,yéto,xo(f —r§— Z)| .
By (7.8) and (7.9), the inner integral is equal to

d/f drd§|g|ﬁ_k(p1(t’x’f_”"§—Z)2+§02(t,x,t—r,§—z)2
Di(a) |‘§_Z|4+|T—r|2

_ Ix — xol*|€ — z|?
fd// dr de|g|P k|:4(t—t0)2+8 }
Di(a) &€ —z|*+]t—r|?
By (7.10), this is

& —z|?

& —zl*+lr—r>

< e1(t — 10)%a¥ + ealx — xo? / f dv de|g [P
Di(a)

This establishes in particular (2.2) for any ag > 0.
By Assumption 8.1(a) and (b), we conclude that, for large a,

fila, t,x, 10, x0) := E([vi(a, 1, x) — v (a, 1o, x0)|*)
(8.4)
< c1a®'(t — 19)? + c2a*?|x — x|
Set
w10 = [ /D , Wi@r.dOIE PP E G By (2,6,
2

Then

f2,j(b,t,x, 19, x0)

= E((v2,j (b, t,x) — v2,j (b, 10, XO))Z)

— [, AT (F G = Foos G o) 6O
2
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Using the Cauchy—Schwarz inequality as in (8.3), we find that
foibitxstox0) <C [[njlardz) [ avagiep—
Dy ()

~ ~ 2
X }fs,yGt,x(T —ré—2z)— fs,yGt(),xo(T —r&— Z)’
and by (7.12), the inner integral is equal to

tv ) - - 2 ta ) - - 2
// dtd§|§|’3_k(pl( x,t—ré Z)4+§02( xzf r,§ —2)
D> (b) 1§ —z|*+lt—r

&1+
<25 dt dg > .
Da(b) | —z|"+ |t —r]

By Assumption 8.1(c), for large b,
fob, 1,x, 10, x0) i= E(|va(b, 1, x) — va(b, 19, x0)|*) < cb™2.

Putting this together with (8.4), we conclude that Assumption 2.1(b) is satisfied.
O

In the context of this section, A((z, x), (s, y)) is defined as in (7.15), and be-
cause of the lower bound in (8.1), the inequality (7.16) remains satisfied. There-
fore, by [2], Theorem 2.1, d = (44 2k)/(2 — B) is the critical dimension for hitting
points.

LEMMA 8.5. (0(t, x)) defined in (8.2) satisfies Assumption 2.4 for any com-
pact box I C 10, oo[ xRk,

PROOF. Observe that

t
[ )72 =d[0 ds /Rk dyka dzG(s, y)o (s, y)

t 1 _
> c%/ ds/ dyf dzG(s,y) 3 G(s,z) > cot¥
0 Rk Rk ly —z|

by the same calculation as in (7.17), so Assumption 2.4(a) is satisfied.
Since o is bounded above by (8.1), the proof of Assumption 2.4(b) follows the
proof of Lemma 7.5. [

1

> _ZlﬁG(s,z)a(s,z)

PROOF OF THEOREM 8.2. We have observed before Lemma 8.5 that d =
(4 4 2k)/(2 — B) is the critical dimension for hitting points. By Proposition 8.4,
Assumption 2.1 is satisfied for Re(v), with exponents o] = # and ap = #,
for any compact box I C ]0, oo[ xRk, By Lemma 8.5, Assumption 2.4 is satisfied
for 0. Since Re(v) and 9 have the same law by Proposition 8.3, the conclusion

follows from Theorem 2.6. [

Sufficient conditions for Assumption 8.1(b) and (c)
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PROPOSITION 8.6. Suppose that k =1 = B, and u; = Fy yo; is a measure
with compact support and finite total variation. Then Assumption 8.1 is satisfied.

PROOF. Itis clear that Assumption 8.1(a) holds. We check Assumption 8.1(b).

Notethatk=1=p8,s0 0] = }‘ and ap = %, and observe that

& —z|?
dtd
ffpl(w slé—zl4+lf—r|2
& —z|?

< dr dé&
//maxqr—n%,|s—z|%)sa+r%+z% & —z|*+ |t —r?

2
=// 1 1 d‘[dé%
Di(a+r4+4z2) IE1* + |7

By (7.11) in the case k =1 = 8 (so y» = 1), we conclude that this integral is
<c(a+ r% + z%)2 and, therefore,

//RxR ljldr. dz) //Dl(a) drds & — zlliji-zlf— r|?

1 12
§cf/ lwjl(dr,dz)(a +r* +22)
RxR

: Aoy
=ca // |;,Lj|(dr,dz)<1+—+—>
RxR a a

< caZ// \wjl(dr,dz)(1+r +22)°
RxR

provided a > 1, and the integral is finite under the assumptions of this proposition.
This establishes Assumption 8.1(b).

We now check Assumption 8.1(c) in the case k = 1 = 8. Use the change of
variables s =t —r, y =& — 7z to see that

1 1
dvd 5// dsdy————
fsz(b) EIS —z|*+ |t —r? max(ls-+rl3 |y+212)>b v+ sl

1
S// dt déﬁ,
Dy (b,r.2)) 1E1* + ||

where ¥ (b, r, z) = min(|b* — |r[|1/4, |b — |2]|1/?).
By (7.13) and (7.14), we conclude that

1
il(dr,d f/ dtd
//Rx]Rllqu 2) Da(b) gI$ —zI*+ 1t —r?

< C/‘A‘%X]R [wjldr, dZ)(‘/f(b, r, Z))—z’

(8.5)

(8.6)
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1/4

r Z

LI i 1]

172
b* b2 )

If b is large enough so that the inequalities |z| < b?/2 and |r| < b*/2 are satisfied
for all (r, z) in the support of 1, then ¥ (b, r, z) > b/2, and so the right-hand side
of (8.6) is < 4cb—2. This establishes Assumption 8.1(c). [

wb,r, z):bmin(

COROLLARY 8.7. Suppose thatd =6, k=1, W is space—time white noise
and Fg yoj is a measure with compact support and finite total variation. Then
points are polar for the solution (0(t, x)) of the stochastic heat equation (8.2) with
nonconstant deterministic coefficients oj.

PROOF. This is an immediate consequence of Theorem 8.2 (with 8 = 1) and
Proposition 8.6. []

9. Polarity of points for systems of linear wave equations with constant co-
efficients. Fix k> 1and B €]0,k A2[ or k =1= B, and let W be spatially ho-
mogeneous R?-valued Gaussian noise as in the beginning of Section 7. We assume
that

9.1 B=>1

Let v be the solution of the stochastic wave equation in spatial dimension k driven
by W:

9 A 5 .

ﬁvj(t,x):Avj(t,x)—l—Wj(t,x) j=1,...,d,
9

(0, x) =0, 5a(o,x) =0 x e RK,

THEOREM 9.1. Suppose k=1=porl <B <k A2, andd= 2(%%1) Then

d is the critical dimension for hitting points and points are polar for 0, that is, for
all z € RY,

P{3(t, x) €10, +00[ xR¥ : (¢, x) =z} = 0.

In particular, in the case where k =1 = 3, W is space—time white noise and d = 4,
then points are polar for .

Define

e—i$~x—irt 1— eit(r+|$|) 1— eit(r—lél)
F(t,x,1,6)= [ ]

20| THIEl T [E]

The next proposition gives the harmonizable representation of v. This representa-
tion also appears in [1], Section 6.
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PROPOSITION 9.2.  Set
vex) = [ [ wrae)lel*RF@ 7 6),
R JR

and let Wj (@) be defined as in Proposition 7.2. Then (v(t, x), (t, x) € Ry x R¥)
is a C-valued solution of

32 B

ﬁvj(t,x)=Avj(t,x)+Wj(t,x) j=1,...,d,
0

v(0,x) =0, EU(O’X) =0 x e RK,

In particular, Re(v) and v have the same law.

PROOF. Let S(s, y) be the fundamental solution of the wave equation. Since
B €10,k A2[ or k=1 = B, the stochastic integral

/ / W;(ds,dy)1l1.(s)S(t —s,x — y)
R JR¥
is well defined in all spatial dimensions k£ > 1 (see [8], Example 6), and

L [ Witds.dyton)sa —s.x =)

= /RA;]( W;dr, d$)|‘§|(ﬁ_k)/zfs,y(l[o,z](')s(f — X — -))(T, §).
Now for s € [0, t], according to [8], Example 6,

FyS(t —s,x —)(E) = e S F St —5,)(—&) = e—ié-xw

€] ’
and F; y(1j0,7 () S — -, x —))(z, &) is equal to
e—i%‘-x /t its - ((t )|§|)d e—is-x ft —it(t—r) o: ( |§|)d
e sin((t — s s = e sin(r r
1€l Jo 1€l Jo
_ e—ié-x—irt /t . eir|§| _ e—ir|§| o
€] 0 2i
p—igx—itt [1 _ pitrHIED  pit(r—lED _q
_ . ]
2|&| T+ €] T — €]
Therefore,

L [ Wids.antonsa—sx =y =ve0.  j=l..d

This proves the proposition. [
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Let

and set
W(A, 1, %) = f f E|BR2EG X, 1, E)W (T, dE).
max(|7|%,]£]*)eA

Clearly, the random field (v(A,t,x), A € B(R}), (t,x) € Ry x R¥) satisfies As-
sumption 2.1(a) (with the generic variable x € Rk replaced by (¢, x) € Ry x R,
In the next lemma, we check Assumption 2.1(b).

LEMMA 9.3. Let I C]0,T] x R be a compact box. Assume that (9.1) holds.
Then the random field (v(A,t,x), A € BRy), (¢, x) € I) satisfies the conditions
of Assumption 2.1, with exponents
B
2-p
In particular, there is a universal constant cy and ag € Ry such that for all ay <
a=<b,(to,x0) €l,(t,x)€l,

lv(la, bl, t,x) — v(t, x) — v([a, bl, to, x0) + v(10, X0)| ;2

N=p=a'—1= =:y.

9.2) )
< Co[ay |t —to] +a” Z |xj —xo,;1 + b_l}
j=1
and
9.3)

k
[v([0, a0l 7, x) — v([0, aol, to, x0) | ;> < Co[ll —tol+ > lxj — yj|:|-
j=1

PROOF. Assumption 2.1(a) is clearly satisfied, so we check Assumption
2.1(b). Let

Di(a) = {(z, &) :max(|z|*, |£|*) < a},
Dy(b) = {(7, &) :max(|t|*, |€]%) > b},
and for ¢ =1, 2,
ve(a,t,x) =//D ( )|g|<f’—’<)/2F(t,x,r,g)W(dr,dg).
e(a

Asin (7.7),

04 v([a, bl,t,x) — v(t, x) —v([a, b, to, x0) + v(to, x0)
' — v1(a, 10, X0) — v (@, £, x) + v2(b, 10, x0) — v2(b, 1, X).
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Soforl=1,2, welet

fela. 1, x. 10, x0) = E[|ve(a. 19, x0) — ve(a 1, x)[*].

Clearly,
fl(a’t’x’t()?-xo) =d/L ) )‘F(IO,XO,T,g) - F(t,.x, T,S)‘2|$|ﬁ_kd'[d§
1(a

Using Lemma 9.4(a) below, we see that

k
2 2
fila,t, x, 19, x0) < C(It —tol*+ ) |xj — xo,jl )

j=1

r 1 1
+ P=k gt de.
X//D1<a>-1+£<r+|sn2 1+%<r—|5|>2}'$' T

Change to polar coordinates r = |£] to see that the double integral is equal to

i 1 1
C// I + T }rﬂ_ldrdr.
O<max(|t|,r)<al/®,r>0L1 + Z(‘L’ + r)2 1+ Z(T — r)2

Use the change of variables u = (t +r)/2, v = (t — r)/2 to see that the double
integral is equal to

1 1
2 [ [ 4 2](u—v)ﬂ—1dudv
max(Ju+v|,u—v)<2al/® u—v>0L 1 +u 1+v

1 1
5/f [ 5 + z}lu—vlﬂ_ldudv.
max(Jul,[v)<2aV/e L1 +u I+v

By Lemma 9.5(a) below, this is < CaP/* = Ca®’ . We conclude that

k
©9.5)  |vi(a, 10, x0) —vi(a,t,x)| ;2 < Ca” [n — 1ol + ) Ix; —XO,J'I]
j=1

This establishes in particular (9.3), for any ag > 0.
We now turn to the second term:

f(b, t, x, 19, x0)

9.6) =d// |F(t0, x0, T, &) — F(t,x,r,g)|2|s|ﬂ—’<dfdg
D> (b)

<2d / /D Fw.. .62+ (F(t, x, 7, &) [P+ dr de.

By Lemma 9.4(b) below, the double integral is bounded above by

e f [ e e
T Tdé.
D L1+ T+ 812 1+l — (g2 11+ 18
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Change again to polar coordinates r = |£] to see that this is bounded by

1 1 p-1
} " arar

9.7 / / [ +
©.7) max(|t],r)>b1/* r>0L1 + %(‘L’ + r)2 1+ AI_L(T — r)2 14+ r2

By Lemma 9.5(b) below, this is < ch™2.
We conclude from (9.6) and the above estimate (9.7) that, for large b,

(9.8) fa(b, 1, x, 1o, x0) < Ch~2.

Putting together (9.4), (9.5) and (9.8), we conclude that for ag large enough and
ap < a < b, the conclusion of Lemma 9.3 holds. [

The following two lemmas were used in the proof of Lemma 9.3.

LEMMA 9.4. Fix T > 0. There is a constant Ct such that for all (¢,x),
(to, x0) € [0, T1 x R¥, and all (z, E)eR x Rk, the following inequalities hold.:
(a)

|F(l‘0,XO,T,§) - F(I,X,T,S)|

k
1 1

iz L+l + 18l T+ 51t =&l

(b)

1 1 1
FThx,LS):ECT[ + } .
| | L+t +1gl 1+ 3le— g1+ &l

PROOF. (a) Notice that

oF .
—(,x,1,6)=—i§jF(t,x,1,§)
8)Cj

_ZSJ ik x— ”t[l — it +ED = eiz(r_|§|)j|

20&| T+ |€] T — |€]
Observe that there is ¢ > 0 such that for all u e R and ¢ € [0, T],
1— eitu c
‘ S 1 9
u 1+ 3lu
SO
9.9) ' () @‘ [ : : ]
. X, T, < .
2L1+ Yo + ] 1+ar—mn
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Similarly,

A
-— U, x, Ta
at

—i&-x—itt
=—itF(t,x,7,8)+ —[_ieif(f+\¥|) + ieil(f—lfl)]
’ ’ 9 2|§|
it x|:‘1,'e—irt — 1eltlEl B e it _ goitll L olEl e_”|5|i|.
2|"§| T+ ] T —|§]

We notice that the term 1n brackets vanishes when |£| = 0, and remains bounded
when t £ || — 0, so 3 - 1s locally bounded. In fact, reducing to a common de-
nominator, rearranging terms and simplifying, one finds that

1 —eit@=1Eh 1= eit(r+lél)}

JIF [ . .
—(t,x,1,6) = l—e_lsix_m[ +
ot 2 T — || 7T+ €]

therefore, as in (9.9),

9.10) ‘ (t.x, 7, 5)‘—2[14_2;4_@” 1+%|i—|§|l]'

Using (9.9), (9.10) and the mean value theorem, we see that (a) holds.
(b) Letu = (tr + |£€])/2, v = (t — |&])/2 and notice that

lor 2u) — ¢ (2v)|
2|lu — v

’

(9.11) |F(t,x,7.8)| =

where

1— eilu

o (u) = , u#0.
u

Setting ¢, (0) = —it, then ¢; € C!(R, C), and

_1 + eltu _ ituellu

(pz/(u) = 2 if u#£0,
and ¢/ (0) = t2/2. It follows that for all (¢, u) € [0, T] x R,
Cr
9.12 ! < )
9.12) max (| w)]) < T+ [l
In particular, we claim that for all (¢, u) € [0, T] x R with |u —v| < 1/2,
2u) — (2 1 1
9.13) lor Qu) — ¢ (2v)| ECT|: 4 }
lu — v 1+ ul 14 |v|

Indeed, by the mean value theorem,

lg: Qu) — @ Q)| < 2Ju — v|g;
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for some & between u and v. If both u and v have the same sign, say if 0 < u < v,
then by (9.12),

c c 1 1
'®)] < < <c[ + ]
|%@”—1+E|—1+mr- T+ (| 1+l

The case where 1 and v are both negative is handled similarly. Finally, if u < 0 < v,
then since |u — v| < 1/2, we have |u| <1/2 and |v| < 1/2, so

34 3/47 T 1 1
—LT+—lT]§C[ + ]
l+5 143 L+ ul T+ v

C
/
OIE <c=|
This proves (9.13).

We now claim that there is a constant C7 < oo such that for all (¢, u, v) € Ry x
R?,

o1 |wmzu>—-wxzv>|<:CT[ 1 ! ] 1

= + .
2|u — v| 14+ Jul  1T4+|v| 14+ |u—v|
Indeed, assume first that |u — v| < 1/2. Then by (9.13), the left-hand side is

<c[ . ]<c[ Lo } 3/2
i TR R I YRR RIS I P

Now assume that |u — v| > 1/2. Then the left-hand side of (9.14) is

C 1 1
(o020 + ey v)]) = — 1 [ }

3/2 N
“T+ju—vlll+u 1+

< —_
1+ |u—v

where we have used (9.12). This completes the proof of (b). [
LEMMA 9.5. (a) For B €]0, 2],

1 1
// |: 5+ 2:||u—v|’3_1dudv§Ca/3/°‘.
max(|u|,jv)<2al/e L1+ u 14+v

(b) If B = 1, then for large b,

1 1 rf=1 5
[/ [ 1 +— } Sdvdr <Cb™2,
max(|z|,r)>bl/*r>0L 1+ Z(T + r)2 1+ Z(‘L’ - r)2 I+r

PROOF. (a) It suffices to consider the two integrals

1 1
A1=// [ 7 T 2]|u—v|ﬂ1dudv,
max(u,v)<2al/® u>0,0>0L 1 + u 1+v

1 1
A :// |: + }u—i—vﬂldudv.
2 max(u,v)<2al/® u>0,v>0L 1 + u? 1+ 02 | |
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By symmetry, A; =2A1 1, where

2al/ u 1 1
All—/ du/ dv|: }(u—v)ﬂ_ldudv
0

1+ u? 1—|—
zal/a
<2/ duf dv-

By Fubini’s theorem, this is equal to

2q1/a dv 2q1/e
2 du(u —v)P~!
/0 1+v2./v u(u —v)

2a1/¢x zal/a
=2/‘ dv ( e _ <C/

0 1+ 02
< CaPl /-oo dv .
- o 1402

Turning to A, by symmetry,

2al/® v 1 1 o1
Ay =2 d d -
=2 o ]+ e

2q1/a v
< C/ a’v/ du
0 0 1

By Fubini’s theorem, this is equal to

2al/ du 2q1/ p-1
c/ / d -
0 1 +M2 u v(u+v)

(u —v)ﬂfl.

1/a)/3

1
2(u—i—v)ﬁ_l.
u

2% gy
. 1/ B _ B
_C/o 1_|_M2[(2a *+u)” — QuP]
2a1/a
(3a'/)P < Cable.

<C

This proves (a).
(b) We need to integrate over two regions:

r>b"/ |t|<r, and |7|>bY*0<r <|7|.

Concerning the first region, we have to consider
ppel

e} r 1
/ladr/ dt T 27 5
A S N (T L R

and, by symmetry, it suffices to consider

—1
/OO dr ad /rd ! < z > drrP=3 = pB=2D/e — p=2,
pa 1+r2Jo 14 3(x£r)2 7 2 Jpie
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For the second region, we consider

00 T 1 A1 pl/e rB-1 00 1
[Cae[far— il S
bl/a 0 I4+z@xr)?l+r 0 L+r2 o 14 (v £7)?

00 A1 00 1
e [Fae
pie 14712 )y 141z £r)?

The second integral is

o B=3T (B—2)/a -2
< drr —<Cbh =Cb™~.
pl/a 2

Concerning the first integral, in the case of a “+” sign, it is

bl/e FB—1 roo 1 pl/e Bl g pl/a
5/ dr / dt—:/ dr—[——arctan( )]
0 L+r2 Joie 14372 Jo 1+r202 2

Using the property

lim x[% — arctan(x)} =1,

X—>00

we see that for all b > 1, this is

rP-1

o
< Eb—l/“/ dr <ch?,
- o 14+r27
since % = ﬁ > 2 because 8 > 1.
In the case of a “— sign, we write the first integral as 11(b) + I2(b), where

pleya Bl roo 1
11(b) =/ d / d
0

r——s T
L r2 Joue ™" 14 Lr —r)2

b/ Bl roo 1
L (b :f dr / dt ——————.
2(0) play 14712 Jpie 1+%(‘L’—r)2

Then

/e LB-1 poco 1
I (b) =f d / du——
0

y ——= u
U472 Jpremy 1 4 Ly2

/a2 pB-1  roo 1 . bty Bl
< / dr—— / du——:— < Cb™'/* / dr——
0 147> Jple 1+4—‘u2 0 1+r

<ch7?,
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since 8 > 1, and

i/ pB=1 oo 1 bl/e
L (b) 5/ dr 2/ dt———— < c/ drrf=3
piep 14+r7Joco 14 3(x—r)? bl/as2

<CpP=D/e —cp2,

This completes the proof of (b). [J

We now turn to Assumption 2.4. In the context of this section, in agreement
with Lemma 9.3 and Assumption 2.1(b),

2-8 2-p
A((t,x),(S,)’)):|t_s| 2 +|x_)7| 2.

It is well known (see [15], Proposition 1.4) that for any compact box I C
10, o[ xR¥, there is ¢ > 0 such that

19, %) = D5, Y)[%2 = cA((1, x). (5. ),

and by [15], Theorems 4.4 and 4.5, d = 2(k 4+ 1)/(2 — B) is the critical dimension
for hitting points.
Further, using the change of variables r =t — s, n = (t — 5)&, we see that

. 2 ¢ dg sin®((t — 5)|&])
”v(l"x)”L2 =d/(; ds/l;k |§_-|k—/3 |§|2

t
:d/ drr®=P
0

n .2
g prperz=p S (1)
= ct3_ﬁ,

so Assumption 2.4(a) is satisfied for the box /. In the next lemma, we check As-
sumption 2.4(b).

LEMMA 9.6. Let I 10, 00[ xR be a compact box. Fix (t,x) € I. Let t’ =
t— 2(2/0)"‘_1 and x' = x (where p is small enough so that t' > 0). Assume that
k=1=Bor1 <pB <kA?2. Thereis a number Cy (depending on p, B, k and d)
such that for all (s1, y1), (s2, y2) € B;) (t, x) (the open A-ball of radius 2p centered
at (t,x))and j €{l,...,d},

(9.15)  |E[(0;(s1, 1) — D (52, y2)); (¢, x')]| < C1(Is1 — s21° + |y1 — »21%),
where § =2 — B.
REMARK 9.7. The conclusion of this lemma would not be possible for 8 €

10, 1[, since it would mean that (s, y) = E[(0;(s, y)0;(t’, x")] would be Holder-
continuous with exponent 2 — g > 1.
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PROOF. Consider first the case k = 1 = § (space—time white noise in spatial
dimension k = 1). Then

t/
9.16)  E[v(s, y)0;(t',x")] :]0 dr/Rsz(s —ry—28{t"' —r,x'—z),

where S(r,z) = %1{|z|<r} is the fundamental solution of the wave equation. For
(s,y) € B;)(t,x),
—1 —1
Is —t] < (2p)* ly —x]<2p)*
and since t’ =1t — 2(2,0)"‘71 and x” = x, one checks immediately that if, in addition,
|x" —z| <t —r, then
—1 -1
ly—zl<ly—xl+lx =zl <@2p)* +1' —r=t—Q2p)* —r<s-r,
so the right-hand side of (9.16) is equal to

t' 1
/(; dr/l;dZZI{‘xl_Z|<t1_r}

and, therefore, (s, y) — E[0;(s, y)0;(¢’, x")] is constant over B;)(t, x) and (9.15)
is trivially satisfied.
Now consider the case where 1 < 8 <k A 2. Then for s > ¢/,

E[(®(s, »)0; (', x)]

t d
:/0 dr/Rk |$|k‘§_ﬁf5(s—r,y—.)(g:)fs(t/_r’x,_.)(S)
:/O dr /]Rk d$|§|ﬁ—2—ke—i§'(y—x/) sin((s — r)[€]) sin((¢' — r)[€])

:/Oz dr/deaélﬂ_Z—ke—iS-(y—x/) sin(r|£]) sin((h +r)|£]).

where we have set h = s — t’. We now permute the two integrals and calculate the
dr-integral explicitly. As in the proof of Lemma A.12 in [16], this gives

©17)  E[D;(s, )97, x)] = (¢)*" A; dninlP =2 Ke g (3, )

where u = (y —x)/t/, A= (s —t')/t/, and
sin(r)

r

go(x,r) =cos(rr) — cos((r + Dr).

Case 1 (time increments): s; # s2, yy = y2 = y. Set A; = (s1 — t')/t/, o =
(s2— 1)/, and u = (y — x')/t". Then by (9.17),

E[(9;(s1,y) — 0j(s2, )0, (¢, x")]

(9.18) .
= ()" /I;{k dnln|P=2= e (g (11, I1]) — go(r2s In]))-
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Because cos(-) is Lipschitz, we see that

g0(A1. 1) — go(ha, )| < 4((IA1 — A2lr) A 1),

therefore, the right-hand side of (9.18) is bounded above by 4(¢’ VB + D),
where

[A1—Ap| ™! 00
11=|)»1—)»2|/ rﬁ_zdr, 12=/ rﬁ_3dr.
0 [A—2n|~!

Clearly, since 8 > 1,
A —An|' P 2-B
=AM — | ——————=c|s;— s
1= [A1 = A2 51 |51 — 2]
and
A — Ao *7P -
Izzizclsl—szl2 B
2-p

We conclude that
(9.19) E[(Dj(s1,y) — 0j(s2, »))0j (', x")] < cls1 — 52272,

Case 2 (spatial increments): s; = sy =5, y| #Z y2. Set A = (s —t')/t/, u; =
(1 —x)/t',ua = (y2 —x")/t". By (9.17),

E[(Dj(s,y1) = ;(s, ¥2))0;(t', x')]

= ()" /Rk dn|n|P=2 K (e — T 2) go (1, ).

(9.20)

Notice that
|le=imut — =iz < 2((Jluy — up||n|) A 1)

and go(A,r) < 2, so the right-hand side of (9.20) is bounded above by
43R (Jy + Jp), where

luy —ua] ™! 00
J1 = lui —uzl/ rP=2ar, J :/ rP=3ar.
0 |

uy—uo|~!

Clearly the same calculations as for /1 and /> show that
Ty + Jo < Eluy —ua* P =clyr — yo 7P
We conclude that
9.21) E[(5j(s, y1) — (s, y2))0; (¢, x")] < clyr — ya P,

Putting together (9.19) and (9.21) establishes (9.15). This proves Lemma 9.6.
O
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PROOF OF THEOREM 9.1. We have already observed (before Lemma 9.6) that
d =2(k+1)/(2— B) is the critical dimension for hitting points. By Lemma 9.3 and
the sentences that precede this lemma, for any compact box I C 0, oo[ xRK, As-
sumption 2.1 is satisfied for Re(v), with exponents y| = % =y, j=2,....,k+

1, so that @] = # =aj, j=2,...,k+ 1. By Lemma 9.6 and the comments that
precede this lemma, Assumption 2.4 is satisfied by 0 (with §; =2 — > «;), hence

by Re(v) by Proposition 9.2. Since Q = a; ' +kay ' = (2 +2k)/2 — ) =d, it
follows from Theorem 2.6 that for all z € R,

P{3@t,x)el:0(t,x) =z} = P{3(t,x) € I :Re(v(t,x)) =z} =0.

Since this holds for all compact boxes I C ]0, oo[ xR¥ Theorem 9.1 is proved.
O
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