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1 Introduction

There have recently been several papers on hitting probabilities for systems of
stochastic partial differential equations (SPDEs). The first seems to be [13],
which studied mainly polarity of points for the Gaussian random field which is
the solution of a system of linear heat equations in spatial dimension 1 driven
by space-time white noise. Next, the paper [8] studied hitting probabilities
for a nonlinear system of (reduced) wave equations in spatial dimension 1,
and established upper and lower bounds on hitting probabilities in terms of
Bessel-Riesz capacity.

The paper [4] considered a system of nonlinear heat equations in spa-
tial dimension k = 1 with additive space-time white noise and established
lower and upper bounds on the probability that the solution (u(t, z), (t,x) €
R, x [0,1]) hits a set A C R? in terms of capacity and Hausdorff measure,
respectively. These results were extended to systems of the same heat equa-
tions but with multiplicative noise in [5]. The paper [6] extends these results
to systems of non-linear heat equations in spatial dimensions £ > 1, driven
by spatially homogeneous noise that is white in time. Some other results on
hitting probabilities for parabolic SPDEs with reflection are contained in the
papers [21], [22], [7].

The objective of this paper is to begin a similar program for systems of
stochastic wave equations, starting with the analogue of [4]. We note that
properties of solutions of stochastic wave equations in spatial dimensions
k > 1 are often much more difficult to obtain than their analogues for heat
equations, due to the greater irrregularity of the fundamental solution of the
wave equation. One example of this is the study in [9] of Holder continuity
of sample paths for the 3-dimensional wave equation.

In [4], various conditions on the density of the random vector
(u(t,z), u(s,y)) were identified that imply upper and lower bounds on hit-
ting probabilities. The conditions were expressed using a “parabolic metric”
and were designed to be applied to the stochastic heat equation driven by
space-time white noise. They were applied there first to study the linear
stochastic heat equation, and then the non-linear stochastic heat equation
with additive noise was handled by appealing to Girsanov’s theorem. Because
of the absence of a suitable Girsanov’s theorem for heat or wave equations
in spatial dimensions k£ > 1 (a problem also noted in [6]), we will develop
first some general results that will also be useful for nonlinear equations. In
contrast with [4], these results are designed to be used for stochastic wave
equations. We will apply them to linear wave equations in spatial dimension
k > 1, driven by spatially homogeneous noise that is white in time. In work
in progress, we intend to use these general results to study the non-linear



stochastic wave equation with additive and/or multiplicative noise.

More precisely, we consider here the d—dimensional stochastic process
U={(u(t,z),i=1,...,d),(t,z) € [0,T] x R¥} which solves the system of
SPDEs

0?u;

o2 — (b x) = Aui(t, ) ZJU (1)

for (t,z) €]0,T] x R*, with initial conditions

Ju;
w(0,z) = a“ (0,z) = 0. (2)
Here, A denotes the Laplacian on R, and o = (ai7j) is a deterministic,
invertible, d x d matrix. The noise process F' := (I}, ..., F'Y) is a centered

(generalized) Gaussian process whose covariance is informally given by an
expression such as

E(F'(t,2)F(s,y) = 615 6(t — ) [lv — gl ™, (3)

where ¢; ; denotes the Kronecker symbol, §(-) is the Dirac delta function
at zero and 3 > 0. More precisely, let C5°(R¥*1) denote the space of in-
finitely differentiable functions with compact support, and consider a family
of centered Gaussian random vectors F' = (F(¢) = (F(p),..., F4p)), ¢ €
Cs°(R¥1) | with covariance function

B(F(e)F()) = [, dr [ T(dr) (elt, ) (¢, ))(a), (4)

where 9(t,z) := 9(t,—x) and T is a non-negative and non-negative defi-
nite tempered measure on R*. We note that (4) reduces to (3) if I'(dx) =
|lz||Pdz. By the Bochner-Schwartz theorem (see [17]), there exists a non-
negative tempered measure p on R¥ (termed the spectral measure of F) such
that I' = Fu, where F denotes the Fourier transform. Elementary properties
of the Fourier transform show that equation (4) can be written

B(F()FW) = [ dr [ nd€) Folt, ) FEEIE. ()

Let G(t,z) be the fundamental solution of the wave equation. Generically,
the solution u of (1) is given by

i(t, x) //Rk (t—r,z—y ZO'” I(dr, dy) (6)



where M = (M?',..., M%) is the martingale measure derived from E (see [3]
for details). However, it is well-known that G is a function in dimensions
k € {1,2} only, so the stochastic integral in (6) should be interpreted in the
sense of [2]. We note that according to (4) and (5),

B ((ult, 2)?) = (Z ) [ar [ ) 1760 - @),

and it is well-known (see [19]) that

F6(ore) = L.

Following [2], [14], we note that when p is not the null measure, the
solution u(t,z) of (1) is a random vector, and the right-hand side of (6) is
well-defined, if and only if the following hypothesis is satisfied:

p(dg)
(H) 0</Rk1+H§||2<OO

In this case, the process u given by (6) is a natural example of an anisotropic
Gaussian process as considered in [20]. Notice that for the covariance density
in (3), condition (H) is satisfied when § € ]0,2 A k.

In Section 2 of this paper, we develop several results on hitting proba-
bilities that are related to those of [4] but are appropriate for studying the
wave equation in all spatial dimensions. Indeed, the results of this reference
were tailored to the particularities of the heat equation in spatial dimension
1, while our results highlight the role of the spatial dimension and are appli-
cable to the stochastic wave equation. Theorem 2.1 gives a lower bound on
hitting probabilities, Proposition 2.3 and Theorem 2.4 give upper bounds.
These three results apply to arbitrary stochastic processes, while Theorem
2.6 gives a refinement of the upper bound in the case of Gaussian processes.
These results are used in Section 4, but will also be useful for studying non-
linear forms of (1), which is currently work in progress.

In Section 3, we give simple conditions on a Gaussian process (X (t))
that ensure an upper bound on the density function of (X(¢), X(s)). This
is related to a result in [8]. The upper bound is expressed in terms of the
canonical metric of the Gaussian process.

In Section 4, the main effort is to obtain upper and lower bounds on the
behavior of the canonical metric associated with the process u (Proposition
4.1). This is somewhat intricate for the lower bounds, mainly because the
expression for E((u(t, ) —u(s,y))?) involves integrals of trigonometric func-
tions, and these are not so easy to bound from below by positive quantities.

(7)
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Section 4 ends with applying the results of Sections 2 and 3 on hitting prob-
abilities to obtain Theorems 4.4 and 4.5. These yield the following type of
bounds:

¢ Capy 21 (A) < Plu(fto, T]x[-M, M )NA# 0} < CHy 20 (A), (8)

where Cap, and H, denote capacity and Hausdorff measure, respectively
(their definitions are recalled in Section 2). We note that the same dimen-
sions appear on both the left- and right-hand sides of (8). This conclusion
could also have been deduced from Theorem 7.6 in [20] or Theorem 2.1 in [1],
which contain general results on hitting probabilities for anisotropic Gaus-
sian processes. This is because our estimates on the canonical metric of u
mentioned above, together with our Lemma 3.2, verify Conditions (C1) and
(C2) in these two references. We note also that these estimates hint at the
fact that condition (C3’) of [20] should be satisfied by u.
We recall that a point z € R? is polar for u if for all ¢, > 0 and M > 0,

P{z € u([ty, T] x [-M, M]*)} = 0.

Notice, as a consequence of (8), that if d < 2(k+1)/(2 — ), then points are
not polar for w, while if d > 2(k 4+ 1)/(2 — ), then points are polar for wu.
In the case where (3 is rational and 2(k + 1)/(2 — ) = d is an integer, then
polarity of points in the critical dimension d is an open problem.

As mentioned above, in work in progress, we plan to extend these results
to systems of nonlinear stochastic wave equations with additive noise but
without using Girsanov’s theorem. It is a separate endeavor to develop the
estimates from Malliavin calculus needed for multiplicative noise, as was done
in [5] for the heat equation, and which will also make use of the results in
Section 2.

2 General results on hitting probabilities

Throughout this section, V = {v(z), x € R™}, m € N*, denotes an R%valued
stochastic process with continuous sample paths. We will fix a compact set
I C R™ of positive Lebesgue measure and consider an arbitrary Borel set
A C R Our aim is to give sufficient conditions on the stochastic process V
which lead to lower and upper bounds on the hitting probabilities

P{v(I)NA#0}

in terms of the capacity and the Hausdorff measure of A, respectively, of a
certain dimension. Here, v([) denotes the image of I under the (random)
map = — v(x).



We now introduce some notation and recall the definition of capacity and
Hausdorff measure. For any v € R, we define the Bessel-Riesz kernels by

r—7 if v>0,
K, (r) = {log (f) if v =0, 9)
1 if v <0,

where ¢ is a constant whose value will be specified later in the proof of
Lemma 2.2. Then, for every Borel set A C R we define P(A) to be the set
of probability measures on A. For u € P(A), we set

&) = [ [ K le = ylu(de)u(ay)

The Bessel-Riesz capacity of a Borel set A C R? is defined as follows:

—1
Cap, (4) = Lelg(fA) am] | (10)
with the convention that 1/c0 = 0.

The vy-dimensional Hausdorff measure of a Borel set A C R? is defined
by H,(A) = oo if v < 0, and for v > 0,

H,(A) = lim inf {2(27”1‘)7 A CUX By, (x;),supr; < 5} . (11)

e—0t ) i>1

Here and throughout the paper, B,.(z) denotes the open Euclidean ball cen-
tered at x and with radius r. Positive constants will be denoted most often
by C' or ¢, although their value may change from one line to the next. For a
given subset S C R" and v > 0, we denote by S*) the v-enlargement of S.

We begin by studying the lower bound for P{v(I) N A # (}}.
Theorem 2.1 Fix N > 0 and assume that the stochastic process V' satisfies
the following two hypotheses:

(1) For any x,y € I with x # y, the vector (v(z),v(y)) has a density p,.,,
and there ezist v, € 10, 00| such that

1 cllzr — 2|
Pary(21,22) < O exp (— :
! |z =yl |z =yl

for any 2,z € [-N, N]¢, where C and c are positive constants inde-
pendent of x and y.



(2) One of the next two conditions holds:

(P) The density p. of v(x) is continuous, bounded, and p,(w) > 0 for
anyx € I and w € [-(N +1), N + 1]

(P’) For any compact set K C R* and for any x € I, inf e po(w) >
Co > 0.

Then there exists a positive and finite constant ¢ = ¢(N, o, 7y, I, m) such that,
for all Borel sets A C [N, N]¢,

P{o(I)NA#0} > ¢ Capz (,_m(A). (12)

Proof. Without loss of generality, we may assume that Capg(%m)(A) > 0,
otherwise there is nothing to prove. Under this assumption, we necessarily
have 2(y —m) < d and A # () (see [12], Appendix C, Corollary 2.3.1, p.

525).
Assume first that A is a compact set. Following the scheme of the proof
of Theorem 2.1 in [4], we consider three different cases.

Case 1. v —m < 0. Let z € A, € € |0, 1], and set
1
Je(z) = (26)(1/16195 1.2 (v()).

We will prove that E(J.(z)) > ¢; and E[(J.(2))?] < ¢y for some positive
constants c1, co. With this, by using the Paley-Zygmund inequality ([12],
Chapter 3, Lemma 1.4.1), and noticing that Capz(A) = 1 for § < 0, we
obtain

B (J.(2))]"
B3 =€
=C Cap%(

P{J.(2) > 0} >
A).

y—m) (

But P{J.(z) > 0} is bounded above by P{v(I) N A® # ()}. Since A is
compact and the trajectories of v are continuous, by letting ¢ tend to 0, we
obtain (12).

The lower bound for E(J.(2)) is a direct consequence of assumption (2).
To obtain the upper bound for E[(J.(z2))?], we first use the hypothesis (1) to
obtain

m@@ﬂgczmlwwfwy

Let po > 0 be such that I C B%O(O). Fix z € I; after the change of variables
y — x —y and by considering polar coordinates, we easily get

B2 <0 [ 0" 7dp
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The last integral is bounded by a finite positive constant c(m,~y, I) Therefore
we obtain E[(J: ( )] < co.

Case 2: 0 < 2(y —m) < d. Let pp € P(A). Let g. = ﬁlBg(o) and

S [ [ d2) Vs ()~ 2) = [ dr (g ) (02)).

Je( (2¢)d

Clearly, assumption (2) implies that E (J.(u)) > ¢, for a constant ¢; which
does not depend on p or €. Moreover,

:/dx/dy/ dzl/ dzo
I I Rd Rd

X (= * 1) (21) (9e * p) (22)Pay (21, 22).-
By hypothesis (1), Lemma 2.2 below and Theorem B.1 in [4], this is bounded
by
¢ [ dn / A2 (9% 1) (2) (9 12) (22) K 2, (121 = 22])
=C 52 m) (Ge * 1)

< C Expp ().
By choosing p such that 82 _my () < 2/Cap2 _m)(A), we obtain
C
E[(J-(n)*] < :
() <

and this yields (12) by a similar argument as in Case 1.

Case 3: v —m = 0. The proof is done exactly in the same way as for
Case 2, by applying Theorem B.2 in [4] instead of Theorem B.1.

Now let A be a Borel set included in [N, N]%. It is well-known that

Capg(A) = sup Capg(F), (13)
FCA, F compact
(see for instance [10], Chapter 3). Therefore, for any compact set F' C A, we
have

P{o(I)MA#0} = P{lo(I) N F # 0} > ¢ Capz ., (F).

This yields (12) by taking the supremum over such F' and using (13).
The proof of the theorem is complete. O

In order to end the study of the lower bounds, we prove a technical
lemma which was used in the proof of Theorem 2.1 to relate joint densities
with Bessel-Riesz kernels.



Lemma 2.2 Fiz o,y €]0,00[. There ezists a constant C' := C(N,a, 7,1, m)
such that for any a € | — N, N|,

2

1 a
dx/dyiexp (—) < CKz2(, ,(a). 14
fie f i e =yl tomml@) (1)

Proof. Fix py > 0 such that I C Bs (0). Fix z € I and consider the change

of variables z = a’é(x — y). Denoting by Z the left-hand side of (14), we
have

1 1
Z<C() a_%(‘Y—m)/ dz exp (— ) .
g © 2l [l

1 1
J = dz exp <— ) .
B @ 2P ]|

a

Let

Using polar coordinates, we have J = J; + Jo, with

3 1
Ji = / M dp g exp (‘) :
0 P

p 7Y 1
%z/m dp p exp Ik

N2/«

Clearly J; < C(po, N). In order to study J2, we bound the exponential by
1 and we consider three different cases.

Case I: If m —~ < 0, then

—1( po \"7
jgé(’Y-TTL) Ng SC(N7Oé7ryvp07m)'

@

Case 2: If m —~v > 0, then

\m‘ (=]

m—y 5
Fo<m=)" (£5)" < 0O pom)att,

a «

Case 3: If m —~v =0, then

2 N
J2 < —log () :
Q a
Since Z < C(I )a_%(”’_m)j , we reach the conclusion using the definition of

Kgs(a) for B,a € R (see (9); in the case where m — v = 0, the constant ¢ in
(9) must be chosen sufficiently large). O

8



We now study upper bounds for the hitting probabilities. For this, we fix
d>0,e€]0,1], j1,---,Jm € Z, and we set j = (j1,- .., Jm) and

m

RS =11 [, Gi+ e

=1

|

] (15)
The next statement is an extension to higher dimensions of Theorem 3.1
in [4].

Proposition 2.3 Let D C R? and v > 0. We assume that there exists a
positive constant ¢ such that, for all small e € )0,1[, z € DY, and any set
RS such that RS N 1 # 0,

P {U(R;) N B.(z) # (Z)} <ce. (16)
Then, there exists a positive constant C' such that, for any Borel set A C D,
P{v(I)MA#0} < CH,-m(A). (17)

Proof. We suppose v — ¢ > 0, otherwise H,_m (A) = oo and therefore (17)
obviously holds. Clearly, by the additive property of probability,

P{u(I)NB.(2) 0} < Y. P{o(RS) N B.(2) # 0},

JiRENTAD

for any € > 0. Since [ is bounded, the number of terms in the sum on the
right-hand side of this inequality is bounded by a multiple of =% . Hence

P{v(I) N B.(2) # 0} < Ce % P {w(R) N B.(2) # 0}
Then, using (16), we obtain
P{v(I)NB.(2) £0} < Ce7 5. (18)

This yields (17) by a covering argument, as it is shown in the proof of Theorem
3.1 in [4]. For the sake of completeness we sketch this argument.

Fix ¢ € |0, 1] sufficiently small and consider a sequence of open balls
(Bn, n > 1) with respective radii r, € ]0,¢], such that B, N A # (), A C
UHZIBTL and

ST(2r,)T8 <H,_m(A) +e.

n>1



Then, by (18),
P{o(I)NnA#0} <> P{v(I)NB, #0}

<CD (2r,)"

n>1

<C(Hy-m(A) +¢).

m
o

Finally, we let € | 0 to conclude. 0

In the next theorem, we give sufficient conditions on the process V' for the
assumptions of Proposition 2.3 to be satisfied and therefore to ensure (17).

Theorem 2.4 Let D C R?. Assume that the stochastic process V satisfies
the following two conditions:

(1) For any x € R™, the random vector v(z) has a density p., and

sup sup p.(z) < C.
2€D?) g1

(2) There exists 0 € ]0,1] and a constant C' such that, for any q € [1, 00,
z,y € IW,
E (Jo(@) = v@)|*) < Clla — yl*.

Then for any v € 0, d|[, the inequality (16) holds, and consequently, for every
Borel set A C D,

P{o(I)NA#£0} < CH, = (A). (19)

Proof. We keep the notations of Proposition 2.3 and write 25 = (jiew,l =
1,...,m). For any z € DM and R such that RSN 1 # (), set

Y7 =llo(af) = 2l 25 = sup fJu(z) —v(z3)].
J

By applying the version of Kolmogorov’s criterion as it is stated in [15],
Theorem 2.1, page 26, using assumption (2), we obtain

((%)") < Clle = ajli™,

m
q

E((z)") < 2, (20)

for any ¢ € [1,00[ and a € ]0,5 — 2[. Hence

10



with 7o < 1 — .
Let v € ]0,d]. We first prove that

1
PZ; 2 JYFp < Ce. (21)

For this, we consider the decomposition

1

P{Z; 2 JY7} < P{Y} < e} + P{Z; > e%},

and then give upper bounds for each term on the right-hand side.

Clearly, from the boundedness of the density stated in assumption (1),
P{Y; <ei} <Ce,
and by Markov’s inequality along with (20),
P{Z5 > 5d} < Ceto=3)
Therefore,
1 o
P> iy <o o)

for any 79 < 1 — q—”g. Since «y € 0, d[, we can choose 7y < 1 and ¢ arbitrarily
large such that 7 <o <1 — 7. Hence, we obtain (21).

If v(R5) N B.(2) # 0, then Y < e 4 Z5. Therefore,
P{v(R;) N B.(2) # 0} < P{Y] <e+ Z5}
(3 1 & 3
< PIZ > Svip+ Py < 22)
<C (5W + sd)
< Ce7,

since v €0, d[. This proves (16) for any v €]0,d[. According to Proposition
2.3, we obtain (19). O]

The remainder of this section is devoted to extending the validity of (19)
to v = d in the case where V belongs to a particular class of Gaussian
processes. For this class, we will prove that, instead of (20), the following
stronger property holds:

11



For any ¢ € |0, 1[, for each j € Z™ with RSN [ # (), and every q € [1, o0],
there is C' > 0 such that

E (sup |lv(x) — U(:l:j)”q) < Ce. (22)

154
JCER].

Then, we will show that P{v(R5) N B.(z) # 0} < Ce? (see Theorem 2.6 be-
low). Together with Proposition 2.3, this will yield the desired improvement.

We first give a sufficient condition which applies to arbitrary continuous
stochastic processes V.

Lemma 2.5 Let v € |0, 1]. Suppose that for any ¢ € 10, 1] sufficiently small,

E (/Bs(m) dy /Bs(x) dj [exp {WH) < Cem. (23)

where C' is a positive constant. Let SY(x) ={y € R™: [z —y| < v}
Then, for any q € [1,00[, there exists C' > 0 such that for all small e > 0,

E( sup Hv(x>—v<y)\lq> < Cer. (24)
yeSY (x)

Proof. By (23), B(w) < o0 a.s., where

B(w) :/sm dy/s;(x) » [exp{||v(y)(|T;)_—va(g)(w)||H_

We apply the Garsia-Rodemich-Rumsey lemma (cf. [18], exercise 2.4.1, pg.
60) to the functions ¢ (x) = e —1, p(x) = z¥ and functions f : S¥(z) C R™ —
R? given by the sample paths of the process V restricted to the parameter
set SY(z), to obtain

lo(z) — o) < 8/OZIIJC—Z/II ! (ClB(w)> v’ \du,

u2m

where (] is a positive constant which depends only on m. Consequently, for
any ¢ € [1, 00,

E < sup ||v(z) — U(y)Hq) < 8F ( OQEV P! <C1££Lw)> Vu”_ldu.)

yeSY ()

We notice that since ¥y ~!(z) = In(1 + z) is an increasing function on [0, c0),
the constant C above can be taken arbitrarily large. In the sequel, we will

12



fix ¢ € [1,00[ and we will assume that C; > (e?7! — 1) C5 122" where (5 is
the square of the volume of the unit ball in R™. Then
m -1
B(w) > 02627 > eiuzm,
&

for any u € [0, 2¢+].

Jensen’s inequality applied first to the convex function ¢;(z) = 27, x € R
and the integral with respect to the measure u(du) = u”~'du, and then to the

concave function y(z) = In?(1+4x), z € [e? ' —1, 00[ and to the expectation
operator, yield

E( sup [[o(a) - v<y>uq) < et
yeSY (x)
26%
X / FE [lnq <1 + CIB;(M)N ' du
0 u=m

25% C 27m
< C’eq_l/ In? (1 + 3 vu’tdu,
0

uQm

with C5 = C1C. With the change of variable u — %, we have

2 Cc 2v C
/ In? (1 + 35 ) vu’ " tdu = 8/ In? (1 + 21) dw
0 u"m 0 2

w v
= (Ce.

This proves (24). O

We can now sharpen the result of Theorem 2.4 in the case of Gaussian
processes.

Theorem 2.6 Assume that the stochastic process V. = {v(z), v € R™}
is continuous, Gaussian, centered, with independent, identically distributed
components {v;(x), x € R™}, i =1,...,d, and inf . ;0) Var(vy(x)) > 0. Fix
6 € 10,1] and suppose that for any ¢ > 0 small enough and any R5 (defined
in (15)) such that RN 1 # 0,

E(/mdy/mdgj [exp{W}D < Ce%. (25)
Then for every z € R? and RS as before,
P{v(R5) N B=(2) # 0} < Ce*. (26)

13



Consequently, for any Borel set A C R?,
P{o(I)NA# 0} < CHam(A). (27)

Proof. By Lemma 2.5, assumption (25) implies (22). We use this property
and adapt the proof of Proposition 4.4 of [4]. First, for any z € RY, we write

P{v(RS) N B.(z) # 0} = P{ inf |lv(z) —z]| < 8} :

&
xGRj

Next, we write the condition |[v(z) — z|| < € in terms of two independent
random variables, as follows. Set

E (v1 (x)vy (:cj))
Var(vy(25))

&(x) =

Because V' is a Gaussian process,

E (v(z)|v(x5)) = ¢(x)v(a5).
Set,

V= B IGERE) 2l 7= sup o) - G
J TEH;

Again because V' is a Gaussian process, these two random variables are in-
dependent, and

P{ ienlge [v(z) — 2| < e} < P{Y] <e+ Z5}. (28)

Our next aim is to prove that for any r > 0,
€ d
P(Y] <r)<Cre (29)

For this, we first notice that by independence of the components of V',

d

P(Y7 <r) < [[ P(G5)),

i=1

where
G5, = { inf \cj(x)vl(xj) —zi| <r}.

1>
xef%

By setting €5 = inf,cp: ¢j(x), we have
P(GE) <P (Ui(:@ c Bg»;(z)) .

14



Since V' is centered and inf ;) Var(vi(z)) > 0 by hypothesis, Schwarz’s
inequality and (22) yield

‘E [vl(wi) (Ul(l’) - Ul(xj))”

() — 1] =

J Var(vi(z5))
_o[E b - ue)y
- Var(vl(xj))
< Cg, (30)

r

for any € R5. This implies = < Cr, and since the density of v;(z5) is
bounded, we get ’
P (vz(xj) € Beg(z)> <Cr,

and therefore (29) holds.
By (29) and the independence of Y and Z%,

d
Py <+ 2} < CE|(e+ 2).
Consider the decomposition Z5 = Z; 4 Z§’2, where

1 2
77" = sup |lv(x) —o(f)ll,  Z;7 = [Jv(f)] sup |1 — c§(=)].
z€RS z€R5

By (22), we have E (‘Zj’l

This completes the proof of (26). Finally, (27) follows from Proposition 2.3.
O

d) < Ce?. Moreover, by (30) and (25),

£,2
Zj

\d) < Ce'B (lo(@)|IY) < O,

3 Joint densities of (Gaussian processes

Consider a Gaussian family of centered, R¢ valued random vectors, indexed
by a compact metric space (T,d), that we denote by X = (X;, t € T).
We suppose that the component processes (X}, t € T), i = 1,...,d, are
independent. We also assume mean-square continuity, that is, by letting

(s.1) = (B (X - x.J?))*

15



denote the canonical (pseudo)-metric associated with X, we have 6(s,t) — 0
as d(s,t) — 0.

Let ps¢(z1,22) denote the joint density of (X, X;) at (z1,22) € R*. The
purpose of this section is to establish upper bounds of exponential type for
Dst(21,22). We notice that these conditions, and in particular, condition (c)
below, are easily verified in many examples.

Proposition 3.1 Suppose that
(a) o}, := Var(X}) >0, for any i=1,...,d and for allt € T,
(b) Corr(X!, X)) <1, foranyi=1,...,d, s,t € T with s # t,

(c) there exists n > 0 and a positive constant C > 0 such that, for all
s,teT,
sup o, — o2, < C (8(s, 1))
ie{1,...,d}
Fix M > 0. Then, there exists C' > 0 such that for all s,t € T with s # t
and 21,z € [—M, M|,

C cllz — 2|
Psi(21,22) < WGXP <_(5(5>t))2> ;

for some positive and finite constants C' and c.

Proof. Notice that (a), (b) and the independence of the components yield
the existence of py ;.

Fix i = 1,...,d, and denote by p (21, 22), pjj,(-|22) and pi(-) the joint
density of (X!, X7) at (21, 22), the conditional density of X} given X! = 2 and
the marginal density of X!, respectively. It is well-known (linear regression)

that
; 1 |21 — ms,tZQ‘Q
pt|s(’21‘22) = exXp | — )

/ 2
Ts,t 27T 2Ts,t

o o o
2 2 2 st s,t i i
T =0 (1 - P57t)> Pst = Mst = 527 oy = E(X.X{),

s,t ? 2
O-So-t S

and, for the sake of simplicity, we have omitted the index 7. Since

pi,t(zlv z) = p§|5(21 |22)p4(22),
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the triangle inequality along with the elementary bound (a — b)? > 1a® — b?
yields

, 1 |21 — 292
Pz, 20) < exp | —-—————=1
ps,t( 1 2) = 27TUsTs,t p < 47—32,15

221 — mg|? 1
X exXp 27’2t exXp | — W .
S, S

By hypotheses (a) and (c), s — o2 is bounded above and bounded below by
a positive constant, therefore for z, € [—M, M|,

‘ ¢ — 2| M2[1 — my,|?
pi,t(zl,22) < —exp <_|2122|> exp <|m”| .

2 2
Ts,t 4Ts,t 2Ts,t

The conclusion now follows from Lemma 3.2 below and the independence of
the components of X. O

Lemma 3.2 With the same assumptions and notations as in Proposition
3.1, there exist constants 0 < ¢; < co < 00 such that for all s,t € T,

(1) e1 6(s,t) <7y < 3 0(s, 1),
(2) |1 —mgy| <o 6(s,t).

Proof. A simple calculation gives

0?0? — o2, = i (65,02 = (00— 0] [(o + 02 = 8(s.7] . (31)

(see [13], equation (3.1)). Therefore, by hypothesis (c¢) of Proposition 3.1,

- pg,t S 5(57t)2'

2 +2
Us 0%

From assumptions (a) and (c), it follows that there is a positive constant
co < 0o such that for all s,z € T,

Ts2,t S Cg 5<57t)27

which proves the upper bound in assertion (1).

For the lower bound in (1), we note that for s near ¢, the second factor on
the right-hand side of (31) is bounded below since §(s,t) — 0 as d(s,t) — 0.
Further, by hypotheses (a) and (c),

S(s,1)° (o — ) — 8, 1)? — (L=
(o 4 05)
> 6(s,t)* — 10(s, )20

2 016(57 t)27
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for s near t. This proves the lower bound in (1) when (s, ) is sufficiently
small.

In order to extend this inequality to all s,¢ € T, it suffices to observe that
by hypothesis (b),

ool — ait > 0,

if s # t, and by hypothesis (c), for e > 0, thereis ¢ > 0 such that 070} —0?2, >
¢ for §(s,t) > e. This proves the lower bound in assertion (1).

In order to prove assertion (2), observe that

2
11 —mg,| = lo = o0l ;;t’sy,
and
02 = 0y = [0(5,)? + E ((X. — X)) X))
< (s, 1)+ 0(s,t)or < ¢ 8(s, t).
This completes the proof. O

4 Hitting probabilities for the stochastic
wave equation: the Gaussian case

In this section, we consider the solution to equation (1), which is the d—
dimensional Gaussian random field defined by

u(t, z) = /Ot [ Gl = ra—yoh(ds.dy). (1a) € 0T xBE (32)

Since o is invertible, we may assume as in [4] that o is the identity matrix.
Notice that, in this case, u(t,z) = (uy(t, z), ..., uq(t, x)), with

ui(t,x) = /Ot /Rk G(t —r,x —y)M'(ds,dy), (t,z)€[0,T]x R,

i =1,...,d, and therefore, the component processes (u;(t, z), (t,z) € [0,T]x
R¥),i=1,...,d, are i.i.d.
Most of the results of this section require the following hypothesis:

(Hg) The spectral covariance measure p is absolutely continuous with re-
spect to Lebesgue measure on R* and its density is given by

F&) =117+, B €10,2 Akl
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Equivalently, T'(dz) = C(k, 8)||z||Pdxz (see [11]). Notice that (Hg) implies
(H).

In the sequel we fix a strictly positive real number t,. We first aim for
lower bounds on hitting probabilities. For this, we intend to apply Theorem
2.1. The required upper bound on the joint densities will be obtained by
combining Proposition 3.1 and the next two results.

Proposition 4.1 Assume (Hg). Fiz M > 0. Then, there exist positive
constants Cy, Cy such that, for any (t,z), (s,y) € [to, T| x [—M, M]*,
Cr(t = s+ [z = y)*™" < E (Jue — usyll”)

< Co (|t = sl + [l = yl)*™". (33)
Proof. The structure of this proof is similar to that of Lemma 4.2 in [4], but
the methods for obtaining the estimates differ substantially. Without loss
of generality, we will assume that d = 1. Let R(x) = E(u(t, z)u(t,0)) with
t > tg. Then

E ((uye — ury)*) = 2(R(0) = R(z — y)) .

Following the steps of the proof of Remark 5.2 in [9], with the dimension

k = 3 replaced by an arbitrary value of k, and therefore the Riesz kernel
1€]|7B=2) replaced by ||€]|~*~#), we obtain

R(0) — R(x) < C|lz|*7". (34)

We next fix y € R* and consider increments in time. Let to < s <t < T.
Using (5) and (7),

E ((u(t,y) — u(s,9))”) = Si(s,t) + Sa(s, 1),
with

. de |sin((t — )ll) — sin((s — r)|JEN)
tl/ " o T HE |

] sin?((t — r)€l))
2(5:1) /Téwwkﬁ GE

With the changes of variables r — s —r and £ — (t — s)¢, along with the

trigonometric formula sinx — siny = 2sin %5 cos L‘gy, we obtain

s d t—
S <4 [ ar [ s s (U’”f”>

_ 2B 2
= 4/0 dr(t —s) /Rk o+ sin ( 5

< Ot —s|*77.
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For the term Sy (s, t), we consider the changes of variables r — t —r and then
¢ — r&, which easily yield

Sa(s,t) < /t_s dr 7"2_’6/ divsin2 vl
= RE [[o][F=0+2
< C|t—s*".
Hence, we have proved
E ((u(t,y) — u(s,y))*) < Clt — s[>, (35)

with a positive constant C' depending only on 7. With (34) and (35), we
have established the upper bound in (33).
We now prove the lower bound in (33) using several steps.

Step 1. Assume s =t > ty and x # y. The arguments in the proof of
Theorem 5.1(a) in [9] can be trivially extended to any spatial dimension k.
Therefore, there is a positive constant c; such that for any z,y € [—M, M]*,

E ((u(t,2) = u(t,y))*) = erfe — 7. (36)

Step 2. We show that, for arbitrary z,y € [-M, M]* and t, < s <t < T,

E ((u(t,z) — u(s,y))*) > c|t — s, (37)
Indeed the left-hand side of this inequality is equal to

Rl(sat;x7y) + R2<87t;xvy)7

s d§
Rl(s,t;:c,y) :/0 dr/Rk Hng_g

|FG@—T$—J@%—fG®—hy—0@W,
(s,t;2,9) / / Hf”k TR | FG(t — )(f)|2

Since Rs(s,t;x,y) is positive, we can neglect its contribution. (We notice
that

with

Ry(s,t;z,y) > C|t — s*7,

for some positive constant C. For k = 3, this is shown in the proof of
Theorem 5.1 in [9], and it is easy to check that the arguments go through
any dimension.)
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By developing the integrand in Ry (s, t;x,y), we find

€12 [FG(t — 12— )(€) = FC(s —r,y — &)
= [sin((t — )[i€])) — €@ sin((s — ) €)]
_ L cos((t =)l , 1 cos2(s = )E])
2 2
—cos(€ - (y — ) [eos((t — )[1€]}) — cos((t + s — 2r)[|€]])].

After integrating this last expression with respect to the variable r, we obtain
a positive quantity which is the sum of the following three terms:

Ay = 51 = cos(( — )€l cos(€ - (y )]
A = D (coste (g = ) = cont (e = 9.
o S 9El) sin((e — s)el)
T 2]

For the integration with respect to the variable &, we restrict the domain to
the set

cos(¢ - (y — x)).

Do ={¢ e R" 1 |[¢[[(t = s) > 1, cos((t — s)[l€]1) > O}
Note that on Dy, we have A; > 0. In fact,

Ay = s[1 = cos((t — s)[I€]]) + cos(( — s)[I€ (1 = cos(& - (y — x)))]
> s[1 = cos((t = s)[I€I]-

Moreover,

2
Ay + Azl < —.
A2+ Al < g

Thus, with the change of variables & — (t — s)£, we easily obtain

d§ dé
/Do WAI = S/DO W[l — cos((t — s)[|€]])]

dw
:St_S%ﬂ/ —————(1 — cos(||w
| ’ {Jlw||>1; cos(||w|[)>0} HwHk—B-i-z( (H H))
> et — s>
Similarly,
/ L‘A2+A3| < eslt — 5?70
{lellt—s)=>1} ||&]|F—B+2 <
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Therefore, by the triangular inequality, we obtain
c
Ry(s,t;2,y) 2 calt = s — calt — 57 > 2t — 57,

if [t — s| < 2. This proves (37) for small values of |t — s|.

To extend the validity of (37) to arbitrary values of |t — s|, we notice
that Ri(s,t;x,y) is a continuous and positive function of its arguments and
therefore, it is bounded below on {(s,t;x,y) € [to, T)? x [-M, M]** : |t —s| >
e} by some constant c., for any £ > 0. Hence, if 27" > |t — 5| > 32, we also
have

Ry(s, tyx,y) > c|t — s>,

for some c sufficiently small.

_1
Step 3. Suppose |t — s| > {4%2} *7 |z — y|, where ¢; appears in (36) and
Cy in the right hand-side of (33). By Step 2, we clearly have

B ((u(t.2) = u(s,9))") = clt = 57

|t—s|+1<c1>21g| |2—B
c | = x —
2 2\4q, Y

> Oy (|t —s| + e —y)* .

v

_1
Step 4. Suppose |t — s| < {4%2} *% |z —y|. Then,

E«wa@—u@w»ﬂz;E«wum—uwwf)—E«wuw—u@wnﬁ
1

§C1|I — Yyl — Cylt — s|*7F

> —|r —
4 v =yl

1 2—-p
o (le—yl 1 [402]2B
> & i} R
= ( > 2l [t = sl

> Oy (|t —s| + [z —y))* "

v

With this, the lower bound in (33) is proved. O

Remark 4.1 (a) As mentioned in the Introduction, Proposition 4.1, to-
gether with Lemma 3.2, establishes conditions (C1) and (C2) of [20] for the
process U.

(b) A consequence of the preceding proposition is that the sample paths
of (32) are Holder continuous, jointly in (¢, x), of exponent v € |0, %[, but
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they are not Holder continuous of exponent v > 22, We refer the reader to
[9] for a similar result on the solution to a nonhnear stochastic wave equation
in spatial dimension k = 3.

The next proposition is a further step towards proving that the process U
satisfies the assumptions of Proposition 3.1. We denote by aﬁx the common
variance of w;(t,x), i =1,...,d.

Proposition 4.2 Assume that condition (H) is satisfied. Fiz (t,z),(s,y) €
[to, T] x R*. Then,

(i) o7, > C(to At5) > 0,
(ii) |07, — 02, | < Clt — .

If, in addition, we assume that for k' < k, all k'—dimensional submanifolds
of R* are sets with null p-measure, then

(iii) for any (t,z) # (s,y) and i =1,...,d,

Corr (ui(t,x),ui(s,y)) < 1.

Proof. The variance of u(t, x) is

ol = /Ot dr/Rk M(df) sin ((ﬁé_H;)Hg”), (38)

and satisfies B
CtAt) <of, <C(t+1%) (39)

(see for instance [16], Lemma 8.6). This proves (i).
Assumption (H) implies that

sin &
aup [ ) “(r H2 D<o
rel0.7] €]
Hence, assuming ¢ty < s < t < T, we obtain

§
02, — 02 / dr/ (d€) SmHgHHz Docw—s)

which yields the conclusion (ii) of the proposition.
We now prove (iii) by checking that for any (¢, z) # (s,y) in [tg, T] x R,

2 2 2

Ota0sy ~ Otasy ~ 0,
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where 0.5, denotes the covariance of u;(t,z) and w;(s,y) for any i =
1,....d

. 2 2 2
Case I. s < t. It of 0%, — 0}, were equal to zero, then the random

variables u'(¢,z) and u‘(s,y) would have correlation equal to 1; therefore,
there would be A € R such that u'(t,z) = \u'(s,y) a.s., and, in particular,

we would have )
E ((ul(t,x) — /\ui(s,y)) ) = 0.

The left-hand side of this equality is

/: dr /Rk pu(d) | FG(t —r,x — )<€>|2
£ fon GG = e = () <AL~y = O

which is bounded below, as in (39), by C((t — s) A (t — s)3). This leads to a
contradiction.

Case 2: s =t, x #y. We start as in the preceding case by assuming that

2 2 2 _
0120ty — Otaty = 0 and hence

E ((u’(t,x) - )\ui(t,y))2> =0

for some A € R. The left-hand side is equal to

[ar [ utde)

If A = 1, then the integrand vanishes when cos[¢ - (x —y)] = 1 or sin(r||€||) =
0, which occurs on a (k — 1)-dimensional manifold of R*. Hence, by the
assumption on pu, we reach a contradiction.

If A # 1, then
[ar [ utag) o5~ xeo |76 @)
0 Rk
) sin?(r]j¢])

> [Car [ utag) - P

This last integrand vanishes only when sin(r||£||) = 0. Thus we also get a
contradiction in this case. The proof of the proposition is now complete. [

¢ — A | FG(r, ) (€) 2.

We can now obtain the required properties on densities, as follows.

Proposition 4.3 Assume (Hg). Fiz M, N > 0 and (t,z),(s,y) € [to, T] %
(=M, MJ* with (t,) # (5,1).
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(a) Let piusy(-,-) denote the joint density of the random vector
(ult, ), u(s,9)). Then

Prassy (21, 20) < ¢ exp ( iz = =l )

t,x;s,y\~1y #2) = d(2—5) - 29— )
(|t —s|+]z—y|) 2 (It = s+ |z —y))*™”

(40)

for any z1, 20 € [=N, N|¢, with C and c positive constants not depending
on (t7 x)? (57 y) °

(b) Let p, denote the density of the random vector u(t,z). Then, for each
(t,z) € [to, T] x R* and z € [-N, N]¢,

pt,w(z) 2 Ca (41)
and
sup sup pra(z) < C. (42)

2€[—N,N]4 (t,x)€[to,T]xRF

Proof. By Propositions 4.2 and 4.1, we see that the process U satisfies the
hypotheses of Proposition 3.1 with n = % Thus, we have statement (a).
The density p;, is given by

Pia(z) = ;exp (_ ||Z||2>
T (27'”7152@)% 20’152@ )

with o7, as in (38). By (39), we obtain both (41) and (42). O

The next theorem gives lower bounds on hitting probabilities.

Theorem 4.4 Assume (Hg). Let I, J be compact subsets of [toy, T] and R,
respectively, each with positive Lebesque measure. Fiz N > 0. Then:

(1) There ezists a positive constant ¢ = c¢(I, J, N, 3,k,d) such that, for any
Borel set A C [-N, N4,

P{u(I x J)n A # 0} ZcCapdf%?(A). (43)

(2) For any t € I, there exists a positive constant ¢ = c(J, N, 3, k,d,t) such
that, for any Borel set A C [—N, N4,

P{lu({t} x ))NA#0} > ¢ Capdfﬁ(A). (44)
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(8) For any x € J, there exists a positive constant ¢ = c(I, N, 3, k,d, x)
such that, for any Borel set A C [-N, N]¢,

P{u(Ix{z})nA£0}>c Capd_ﬁ(A). (45)

Proof. The three statements follow from Theorem 2.1 and Proposition 4.3
applied respectively to the stochastic process U, U(t) = {u(t,z),z € R*}
with t € I, and U(x) = {u(t,z),t € [to, T]} with = € J. Notice that by (40)
and (41), the parameters v and « in Theorem 2.1 are v = d(27ﬂ), a=2-—7,

2
and m=k-+1, m=£k, m=1, respectively. O

Remark 4.2 Since the probability of visiting translates of a compact set A
decreases to 0 as the distance of this translated set to the origin tends to
infinity, it is not possible to replace [—N, N|¢ by R? in the above theorem.
In contrast, this will be possible in the upper bounds of the next theorem.

Theorem 4.5 Assume (Hg). Let I, J be compact subsets of [ty, T] and R,
respectively, each with positive Lebesque measure. Then:

(1) There exists a positive constant ¢ = ¢(I,J, 3, k,d) such that, for any
Borel set A C RY,

PLuI x J)NA# 0} < e H,_sgen (A). (46)

(2) For any t € I, there exists a positive constant ¢ = c(J, 3, k,d,t) such
that, for any Borel set A C R?,

Plu({t} x J)NA#0} < ¢ Hy_ 2 (A), (47)

(8) For any x € J, there exists a positive constant ¢ = ¢(I,3,k,d,x) such
that, for any Borel set A C RY,

Plu(Ix {z}) NA#0} < cHy 2 (A). (48)

Proof. We first note that if we replace d in the Hausdorff dimensions of the
bounds by any 7 € |0,d[, then these statements would be a consequence
of Theorem 2.4 applied respectively to the stochastic processes U, U(t) =
{u(t,z),z € R¥} with t € I, and U(z) = {u(t,z),t € [to,T]} with x € J.
Indeed, assumption (1) of Theorem 2.4 is given in (42). Moreover, since
U is a Gaussian process, the right-hand side of (33) yields the validity of
hypothesis (2) of Theorem 2.4, with § = 22,
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The improvement to v = d is obtained by applying Theorem 2.6 to each
of the stochastic processes mentioned before. Let us argue with the process
U for the sake of illustration. From (33), we easily deduce that

o { s (5. ) — wilt, )| }

E -5
(Is =t[+ |z —yl)

< Elexp(cX)] = C,

where X stands for a standard Normal random variable. Thus, when m =
k+1,6 = %2, the left-hand side of (25) is bounded by a constant times

4(k+1)
the square of the volume of Rj, that is, Ce2=7 . Hence, the assumptions of
Theorem 2.6 are satisfied.

The proof of the theorem is complete. OJ
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