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We develop several results on hitting probabilities of random fields which highlight the role of the dimension
of the parameter space. This yields upper and lower bounds in terms of Hausdorff measure and Bessel-Riesz
capacity, respectively. We apply these results to a system of stochastic wave equations in spatial dimension
k > 1 driven by a d-dimensional spatially homogeneous additive Gaussian noise that is white in time and
colored in space.
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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 mainly studied polarity of
points for the Gaussian random field which is the solution of a system of linear heat equations
in spatial dimension one, driven by space—time white noise. Next, the paper [8] studied hitting
probabilities for a nonlinear system of (reduced) wave equations in spatial dimension one 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 spatial dimension k = 1 with
additive space—time white noise and established lower and upper bounds on the probability that
the solution (u(t, x), (t,x) € Ry x [0, 1]) hits a set A C R? in terms of capacity and Hausdorff
measure, respectively. In [5], these results were extended to systems of the same heat equations,
but with multiplicative noise. The paper [6] extends these results to systems of nonlinear heat
equations in spatial dimensions k > 1, driven by spatially homogeneous noise that is white in
time. Some other results on hitting probabilities for parabolic SPDEs with reflection are con-
tained in the papers [7,21,22].

The objective of this paper is to begin a similar program for systems of stochastic wave equa-
tions, starting with the analog of [4]. We note that properties of solutions of stochastic wave equa-
tions in spatial dimensions k > 1 are often much more difficult to obtain than their analogs for
heat equations, due to the greater irregularity of the fundamental solution of the wave equation.
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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, x), u(s, y)) were identified
that imply upper and lower bounds on hitting 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 equa-
tion; the nonlinear stochastic heat equation with additive noise was then 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 first develop 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 equa-
tions in spatial dimension k > 1, driven by spatially homogeneous noise that is white in time. In
a forthcoming work, we intend to use these general results to study the nonlinear stochastic wave
equation with additive and/or multiplicative noise.

More precisely, we consider here the d-dimensional stochastic process U = {(u;(t,x),i =
1,...,d),(t,x)e[0,T] x Rk} which solves the system of SPDEs

82u» d ..
S (60 = B, x) = 01 i F (1, x) (1)
j=1

for (¢, x) €10, T] x R¥, with initial conditions
a .
i (0.) = Z-(0.x) =0. o)

Here, A denotes the Laplacian on R* and 0 = (0i,j) is a deterministic, invertible, d x d ma-
trix. The noise process F := (F!, ..., F 4y is a centered (generalized) Gaussian process whose
covariance is informally given by an expression such as

E(F (1. x)FY (s, ) = 81,8 = )llx =y 77, ®

where §; ; denotes the Kronecker symbol, §(-) is the Dirac delta function at zero and g > 0.
More precisely, let C3° (R¥*1) denote the space of infinitely differentiable functions with
compact support and consider a family of centered Gaussian random vectors F = (F(¢) =
(Fl(go), ... F? (), p € C(C)’O(RkH)), with covariance function

E(F(@)F(¥)) = / dr / P (o) (g, ) % 92, 9) (). 4
R, JRK

where ¥ (7, x) := ¥ (t, —x) and T is a non-negative and non-negative definite tempered measure
on R¥. We note that (4) reduces to (3) if ['(dx) = |x ||_‘6 dx. By the Bochner—Schwartz theorem
(see [17]), there exists a non-negative tempered measure j on R* (termed the spectral measure
of F) such that I' = Fu, where F denotes the Fourier transform. Elementary properties of the
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Fourier transform show that equation (4) can be written

15(1”(90)F(x0))=/]R dr /Rku(dé)fw(t, VEVF (. )(&). &)
+

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

‘ d
u,-a,x):f / G(t—r,x—y) Y oi M/ (dr,dy), 6)
0 JRK X
j=1
where M = (M1, ..., M9) is the martingale measure derived from F (see [3] for details). How-

ever, 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),

d t
E((ui(t.x)%) = (Zcﬁ,) fo dr /R HEEFG( @)
j=1

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

sin(z]|§1)
len

Following [2] and [14], we note that when w is not the null measure, the solution u(¢, x) 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:
d
< / L‘g)z < o (H)
rE 1+ (&l

In this case, the process u given by (6) is a natural example of an anisotropic Gaussian process,
as considered in [20]. Note that for the covariance density in (3), condition (H) is satisfied when
B €10,2 AK[.

In Section 2 of this paper, we develop several results on hitting probabilities that are related to
those of [4], but are appropriate for studying the wave equation in all spatial dimensions. Indeed,
the results of [4] were tailored to the particularities of the heat equation in spatial dimension one,
while our results highlight the role of the spatial dimension and are applicable 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 nonlinear forms of (1), which is
the subject of work currently in progress.

In Section 3, we give simple conditions on a Gaussian process (X (¢)) 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.

FG(1)(E) = (7
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In Section 4, the main effort is to obtain upper and lower bounds on the behavior of the canon-
ical 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, x) — u(s, y))?) involves integrals of
trigonometric functions and these are not so easy to bound from below by positive quantities.
Section 4 ends by applying the results of Sections 2 and 3 on hitting probabilities to obtain
Theorems 4.4 and 4.5. These yield the following types of bounds:

cCapy_our1y/a—p) (A < Plu(lto, T x [-M, M1) N A # @} < CHa—zk+1)/2-p)(A),  (8)

where Cap,, and H, denote capacity and Hausdorff measure, respectively (their definitions are
recalled in Section 2). We note that the same dimensions 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 Gaussian
processes. This is because our estimates on the canonical metric of ¥ mentioned above, together
with our Lemma 3.2, verify conditions (C1) and (C2) in these two references. We also note that
these estimates hint at the fact that condition (C3’) of [20] should be satisfied by u.
We recall that a point z € RY is polar for u if, for all ty > 0 and M > 0,

P{zeu(lty, T] x [-M, M1*)} =0.

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

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

2. General results on hitting probabilities

Throughout this section, V = {v(x), 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

Plv(I)NA+#2)

in terms of the capacity and the Hausdorff measure of A, respectively, of a certain dimension.
Here, v(7) denotes the image of I under the (random) map x — v(x).
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We now introduce some notation and recall the definition of capacity and Hausdorff measure.
For any y € R, we define the Bessel-Riesz kernels by

r7v, if y >0,
K, (r) = 1og<5), if y =0, ©)
r
1, ify <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
uweP(A), we set

5y(u)=//Ky(llx—yll)u(dX)M(dy)-
AJA

The Bessel—Riesz capacity of a Borel set A C R? is defined as follows:
-1
Cap,, (A) = [ inf & ] 10
py(A) =] inf &) (10)

with the convention that 1/0c0 = 0.
The y-dimensional Hausdorff measure of a Borel set A C R? is defined by H,(A) = o0 if
y <0, and for y >0,

o o0
H, (A) :ligégfi;(Zri)y: AC U1 B, (x;), supri < e}. an
i= i= =

Here, and throughout the paper, B, (x) denotes the open Euclidean ball centered 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(l) 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(x),v(y)) has density p.  and there exist
y,a €10, oo[ such that

1 cllzi — z21?
Pxy(z1,22) =C CXP<—
o Ilx — ylIY llx — yl«

forany 71,22 € [N, N1¢, where C and c are positive constants independent of x and y.
(2) One of the following two conditions holds:
(P) the density py of v(x) is continuous and bounded, and p, (w) > 0 for any x € I and
we[—(N+1), N+ 11



1348 R.C. Dalang and M. Sanz-Solé

(P) for any compact set K C R? and any x € I, infycg px(w) > ¢y > 0.

There then exists a positive and finite constant ¢ = ¢(N, «, y, I, m) such that for all Borel sets
AC[-N,NJ,

Po(I) N A # 2} = ¢ Cap(aay(y—m) (A)- (12)

Proof. Without loss of generality, we may assume that Cap ), —m)(A) > 0, otherwise there is

nothing to prove. Under this assumption, we necessarily have %(y —m) <d and A # & (see [12],
Appendix C, Corollary 2.3.1, page 525).

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

Casel: y —m <0.Letze A, e€]0, 1[ and set

1

Je(2) = W

/1 dx 1, (5 (0(x)).

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

_LEGs@)P
T El(J:()] T
= CCap(a/a) (y—m) (A)-

P{Je(z) > 0}

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

El(J:()?1 < C f d / dy —
I 1 llx—=yllY

Let pg > 0 be such that I C By, ,2(0). Fix x € I; after the change of variables y — x — y and by
considering polar coordinates, we easily get

P0
E[(Je(z))*1<C / "1 dp.
0

The last integral is bounded by a finite positive constant c(m, y, I'). Therefore, we obtain
E[(J:())] < c3.

Case 2: 0 < Z(y —m) <d.Let € P(A). Let g¢ = 555715, (0) and

1
Je(p) = W/Idx/AM(dZ)IBS(O)(U(x)_Z)Z/;dx(gs*ﬂ)(v(x))-
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Clearly, assumption (2) implies that E(J;(u)) > ¢ for a constant ¢; which does not depend on
 or . Moreover,

E[(Js(u))2]=/dX/dy/ dz1/ dzo (ge * ) (21)(ge * ) (22) Px,y (21, 22).
I I R4 R4

By hypothesis (1), Lemma 2.2 below and Theorem B.1 in [4], this is bounded by

c /R dz, fR dea (ge % 1)@ & * @K ageor-m(lz1 — 1)

= CEQ/a)(y—m)(8s * 1)
< C&/a)(y—m) (1)
By choosing u such that £2/a)—m) (1) <2/ Cap(z/a)(y_m)(A), we obtain
O o [ p——
Cap 2 /a)(y—m) (A)

and this yields (12) by an argument similar to that used in Case 1.

Case 3: y —m = 0. The proof is carried out in exactly 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, N1¢. It is well known that

Capﬁ(A) = sup Capﬁ(F) (13)
FCA,F compact

(see, for instance, Chapter 3 of [10]). Therefore, for any compact set ' C A, we have
This yields (12) by taking the supremum over such F' and using (13).

The proof of the theorem is thus complete. (]

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

Lemma 2.2. Fix o,y €]0, oo[. There exists a constant C := C(N, «, y, I, m) such that for any
a€]—N,NJ,

1 a?
dx/dy—exp(—7>§CK2 _m(@). (14)
/I 1 k=l Ix — y[ @/ely=m

Proof. Fix pp > 0 such that I C By,,2(0). Fix x € I and consider the change of variables z =
a2 (x — y). Denoting by 7 the left-hand side of (14), we have

1 1
T < C(lya=@/@w=—m / i exp (_ )
B, @ 1217 llzll
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1 1
J :/ dz ; exp(— - )
B, 1i2/a(©) Izl Izl

Using polar coordinates, we have J = J| + J», where

po/N** 1
Ji =/ do p™ 1Y e><p<——),
0 p¢

po/al® . 1
T = / dpp™ 77 ew(——)-
po/ N/ P

Clearly, J1 < C(pg, N). In order to study />, we bound the exponential by 1 and consider three
different cases.

Let

Case 1. If m — y <0, then

£0
N2/

m—y
jZS(y_m)_l< ) fC(N,Ol, Y, po’m)-

Case 2. If m —y > 0, then

m=y
i _po _
Jr<(m—y) 1((12/0‘) < C(y, po, m)a®/Ov=m.

2 N
I < —log(—).
o a

Since Z < C(I)a~#®¥ =™ 7 we reach the conclusion using the definition of Kg(a) for
B,a € R (see (9); in the case where m — y = 0, the constant ¢ in (9) must be chosen sufficiently
large). |

Case 3. If m — y =0, then

We now study upper bounds for the hitting probabilities. For this, we fix § > 0, ¢ €]0, 1],
J1s-+-» jm € Z,and set j = (j1,..., jm) and

m
RE =T]tie"?. Gi+ De'). (15)
=1

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

Proposition 2.3. Let D C R and y > 0. We assume that there exists a positive constant ¢ such
that, for all small € €10, 1[, z € DD and any set Rj. such that R;f NI+a,

P{v(Rj)ﬂBg(z) # 3} <ceV. (16)
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There then exists a positive constant C such that for any Borel set A C D,
Plv(I)NA#D} < CHy_n5(A). a7

Proof. We suppose that y — % > 0, otherwise H, _;;/5(A) = 0o and therefore (17) obviously
holds. Clearly, by the additive property of probability,

PLDNB@#2)< Y.  P(R)NB.() #2)

JiRENI£S

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 Be(2) # @} < Ce7"/° P{o(R%) N Be(2) # 2}.
Using (16), we then obtain
P{v(I) N Be(z) # @} < Ce? ™"/, (18)

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

Fix e €]0, 1[ sufficiently small and consider a sequence of open balls (B,,, n > 1) with respec-
tive radii r,, €10, €], such that B, N A # &, A C | J,,~; Bn and

D @)Y T <My ys(A) + e
n>1

Then, by (18),

Plu(DNA#2) <) Plo()N B, # 2}

n>1

<Cy @r)yr P

n>1

< C(Hy—mss(A) +¢).
Finally, we let ¢ | 0 to complete the proof. O

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 RY. Assume that the stochastic process V satisfies the following two
conditions:
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(1) for any x € R™, the random vector v(x) has density p, and

sup sup px(z) <C;

7eD® xeID
(2) there exists § €10, 1] and a constant C such that for any q € [1, 00[, x,y € 1D,
E(Jlv(x) —v()9) < Cllx — y[|©°.
For any y €10, d[, inequality (16) then holds and, consequently, for every Borel set A C D,

Po() N A# @) < CHy—pys(A). (19)

Proof. We keep the notation of Proposition 2.3 and write x;? =( jlsl/ §1=1,..., m). For any
ze DU and Rj such that R? NI #J,set

& __ —
Yi=lveh =zl Zj= sup o) — v
XER/-

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

E((Z5)") = Clx —x5]“
forany g € [1,00[ and @ €]0,8 — %[. Hence,
E((Zi)q) <CeM (20)

with y9 < 1 — Z;n_S'
Let y €]0, d[. We first prove that

1
P{Z:>3Y;} <Ce. @21
For this, we consider the decomposition
1 d 1 y/d
P{Z% = §Yi} < P{Y§ <&/} + P{Z5 = 367/}

and then give upper bounds for each term on the right-hand side.
Clearly, from the boundedness of the density stated in assumption (1),

PY§ <&’y < Ce”
and by Markov’s inequality, along with (20), we have
P{z; > %Sy/d} < Ceo—v/d),
Therefore,

P{Z5 >

F Y?} < C(s” + 8‘1(”0’}’/"))

J

=
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for any yp < 1 — ;”—5. Since y €]0, d[, we can choose yy < 1 and g arbitrarily large such that
F<w<l1- ;”—8. Hence, we obtain (21).
If v(Rj) N B:(z) # @, then Y/? <e+ Z?. Therefore,
P{v(R) N B:(2) # 0} < P{Y; <e+Z5)
1
< P{Zi= 37} + P{Y] <2¢)
<C(e” +e)
< Cgv

since y €]0, d[. This proves (16) for any y € ]0, d[. By Proposition 2.3, we obtain (19). (I

The remainder of this section is devoted to extending the validity of (19) to y =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:

For any ¢ €0, 1[, each j € Z™ with R*; NI # @ and every g € [1, oo, there exists C > 0 such
that

E(sup o) —v(x))]17) = Cet. 22)

xERé

We will then show that P{v(Rj) NB:(2) #2} <C ¢4 (see Theorem 2.6 below). Together with
Proposition 2.3, this will yield the desired improvement.

We first give a sufficient condition which applies to arbitrary continuous stochastic pro-
cesses V.

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

</ dy/ dy[ {Ilv(y)—v(y)ll}DSCng’ (23)
Be(x) B (x) ly =yl

where C is a positive constant. Let S;(x) ={y € R": |lx — y|| < el/vy.
Then, for any q € [1, oo, there exists C > 0 such that for all small ¢ > 0,

E( sup oo —vm)l?) < Ce. 24)
yEeSy (x)

Proof. By (23), B(w) < 00 a.s., where

B(w) =/ dy[ a5 [exp{ [00)(@ = vG)@)] ”
ORI Iy =Y

We apply the Garsia—Rodemich—Rumsey lemma (see [18], exercise 2.4.1, page 60) to the func-
tions ¥ (x) =e* — 1, p(x) =x" and functions f:S)(x) CR" — R4 given by the sample paths
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of the process V restricted to the parameter set S} (x), to obtain

2l x=yl
e v =8 [ w—l(wwu_ldu,

u

where C is a positive constant which depends only on m. Consequently, for any g € [1, oo,

2e1/v q
E( sup ||v(x)—v(y)||‘1)58E(/ wl(%ﬁ))>vu”1du> .
YESY (x) 0 u

We note that since ¥ ~!(x) = In(1 4 x) is an increasing function on [0, c0), the constant C;
above can be taken arbitrarily large. In the sequel, we will fix g € [1, oo[ and assume that C; >
(ed~! — ney 122m \where C, is the square of the volume of the unit ball in R”. Then

q—1 _
B(C()) 2 C282m/v Z ec‘iluzm
1

for any u € [0, 2e!/V].
Jensen’s inequality applied first to the convex function ¢ (x) = x4, x € R, and the integral with

respect to the measure y(du) = u”~!du, and then to the concave function ¢;(x) = In?(1 + x),
x €[e?~! — 1, 0o, and to the expectation operator, yields

2e1/v
E( Sup ||v(x)—v(y)||q> < 85‘1‘1/ E[lnq(1+ CIB(“’)H gy
0 u?

yESY (x)
2e1/v C 2m/v
&
saeq—l/ ln"<1+ 3 )vu”_ldu
0 u?m

with C3 = C;C. With the change of variable u — %, we have

217V 21/v 2v

C3e2H c
/ 1n‘1(1 =3¢ )vu”_l du = s/ 1n‘1<1 + 2—3> dw
0 Lt 0 w m/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(x), x € R™} is continuous, Gaussian
and centered, with independent, identically distributed components {v;(x),x € R},

.,d,andinf ;) Var(vi(x)) > 0. Fix § €0, 1] and suppose that for any & > 0 small enough
and any R;f (defined in (15)) such that Rj N1 # &, we have

r: " JRE Cly=31F
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Then, for every z € R¢ and Rj as before,
P{v(R) N Be(2) # @} < Ce“. (26)
Consequently, for any Borel set A C R?,
Plo(I)NA# 3} < CHa—mss(A). @7

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 € R4, we write

P{u(RS) 1 Bo(2) # 2) = P inf_ flu(x) - 2] < e].
XER
J
Next, we write the condition ||[v(x) — z|| < € in terms of two independent random variables, as
follows. Set

_E@u ()
cx)y=——

T Var(ni(x5)
Because V is a Gaussian process,

E@@)[v(x$) = & (0)v ().
Set

YE= inf S (v —zl, 25 = sup [[v(x) — ¢ ()]
R¢ & '
xe J )CERj

Again, because V is a Gaussian process, these two random variables are independent and

P{ inf [[v(x) —z| 58} < P(Y§ <o+ Z5). (28)
xeRj

Our next aim is to prove that for any r > 0,
P(Y§<ry<cCr?. (29)
For this, we first note that by independence of the components of V,
d
P(Y; < <[] PG50,
i=1
where

€. =11 € (x8) —z;| <
63 = { i 16 o) — it =7}
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By setting ej = infxeR; cj (x), we have
P(G’) < P(0i(x) € By (2)).

Since V is centered and inf, ;a1 Var(vi(x)) > 0 by hypothesis, Schwarz’s inequality and (22)
yield

|Efv1(x$) (v1(x) — v1(x))]
Var(vi (x}))

500 — 1] =

E([v1(x) —v1(x)P)\ /2
< C( ) (30)

Var(v; (x5))

<Ce

e

for any x € R;. This implies that &= < Cr and since the density of v; (xf) is bounded, we get
J

P(Ui ()Cj) € Br/ej. (Z)) <Cr.

Therefore, (29) holds.
By (29) and the independence of Y/’? and Zj?,

P{Y{ <e+Z5} <CEl(e + Zﬁ)d].
Consider the decomposition Z; = Z;*l + Z;*z, where

.1 2
Z8 = sup o) —v@HIL 257 = u@)] sup [1- @)
xeR; xeR_S/

By (22), we have E(|Z%"|?) < Ce?. Moreover, by (30) and (25),

E(1Z521) < Ce® (o)) < Ce”.

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

3. Joint densities of Gaussian processes

Consider a Gaussian family of centered, R9-valued random vectors, indexed by a compact metric
space (T, d), that we denote by X = (X;,7 € T). We suppose that the component processes
(Xi,teT),i=1,...,d, are independent. We also assume mean square continuity, that is, by
letting

8(s,0) = (E(1X: — X,1%))""?
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denote the canonical (pseudo)-metric associated with X, we have 6(s, ) — 0 as d(s, 1) — 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 p; ;(z1, z2). We note that these con-
ditions and, in particular, condition (c) below, are easily verified in many examples.

Proposition 3.1. Suppose that:

(@) o :=Var(X!)>0foranyi=1,....,d andall t € T;
(b) Corr(Xi,Xi) <lforanyi=1,...,dands,t € T withs #t,
(c) there exists n > 0 and a positive constant C > 0 such that for all s, t € T,

sup o7 — o] < CB(s, ).
i€{l,....d}

Fix M > 0. There then exists C > 0 such that for all s,t € T with s #t and z1,z2 € [-M, M]d,

C cllzi — z2I?
Ps.t(21,22) < GG eXp<_W)

for some positive and finite constants C and c.

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

Fixi=1,...,d and denote by pi’t(21,22), P§|s(-|z2) and pi(-) the joint density of (X’Y Xf) at
(21, z2), the conditional density of X! given X! = z; and the marginal density of X!, respectively.
It is well known (linear regression) that

b (21]20) = 1 exp(_ lz1 — ms,tZZ|2>
tls Tos o 2752,1 ’

where

2 2 2 Os,t Os,t iyi
Ts,t =0 (1 - ps’t)v Ps,t = ) Mgt = 02 ) Os,t = E(XSX[)
s

050y
and, for the sake of simplicity, we have omitted the index i. Since

the triangle inequality, along with the elementary bound (a — b)* > %a2 — b2, yields

. 1 lz1 — 22/
P51 (21,22) < 7exp(——

~ 2moy Ty 412,

5 Xp<|22|2|1 —ms,t|2>exp<_|zz|2>
22, 202 )
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By hypotheses (a) and (c), s osz is bounded above and below by positive constants, therefore,
for z; € [-M, M],

' ¢ 2 -2l M1 = my 2
p;,z(ZI,ZZ)Et—GXp<—| 1 2| )exp( | s, )

5.t 4Ts%, 213,

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

Lemma 3.2. With the same assumptions and notation as in Proposition 3.1, there exist constants
0 < c1 < ¢y <00 such that forall s,t € T,

(1) c18(s,t) < 15 < €28(s,1);
2) 11 —my ;| <c28(s,1).

Proof. A simple calculation gives
ol0} =0, = §18(s,0% = (01 = 0)1[(01 + 05)> = 8(s, 1)’] (31)

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

1—p;, < 8(s, )%

olo?
From assumptions (a) and (c), it follows that there is a positive constant c; < 0o such that for all
s,teT,

2 2 2
TS,I S CZ(S(S, t) ’

which proves the upper bound in assertion (1).

For the lower bound in (1), we note that for s near 7, 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), we
have

2 _ 2 _ 2 _ M
8(s.1)" = (01 — 05)” = 8(s. 1) (01 + 05)?

> 8(s, 1) — &18(s, )> T

> c18(s, 1)

for s near ¢. This proves the lower bound in (1) when §(s, 7) is sufficiently small.
In order to extend this inequality to all s, # € T, it suffices to observe that by hypothesis (b),

2 2 2
o/ o, —os’t>0

if s # 1, and by hypothesis (c), for ¢ > 0, there exists ¢’ > 0 such that atzosz — 02 > ¢ for

st
8(s,t) > e. This proves the lower bound in assertion (1).
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In order to prove assertion (2), observe that

11 —mg | = loy' ol ;;m'
and
loZ — o1l = [8Gs,0)* + E((Xs — X0 X/)|
< 8(s,)> 4+ 8(s,1)0; < c8(s, 1).
This completes the proof. ]

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

t
u(t,x) =/ f G({t—r,x —y)oM(ds,dy), (t,x)e[0,T] x R, (32)
0 JRK

Since o is invertible, we may assume, as in [4], that o is the identity matrix. Note that, in this
case, u(t,x) = (ui(t, x),...,uqy(t, x)) with

t
ui(t,x)=// G(t —r,x — y)M'(ds, dy), (t,x) €0, T] x R¥,
0 JRk

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

(Hp) The spectral covariance measure j is absolutely continuous with respect to Lebesgue
measure on R¥ and its density is given by

FEO=1EITF, Bel0,2AkL
Equivalently, I'(dx) = C (k, ,3)||x||_/3 dx (see [11]). Note that (Hg) implies (H).

In the sequel, we fix a strictly positive real number #). 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) and fix M > 0. There then exist positive constants C1, C such
that for any (t, x), (s, y) € [to, T] x [-M, M1,

Ci(jt = s+ llx —yID*P < E(llut, x) — u(s, »)I?) a3
< Co(t — s+ llx — yID*P.
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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 thatd = 1.
Let R(x) = E(u(z, x)u(t,0)) with ¢ > f9. We then have

E((u(t,x) —u(t, y))*) =2(R(©0) — R(x — 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 ||£|| G~ replaced by ||£]|~*~#), we obtain

R(0) — R(x) < C|lx|*7*. (34)

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

E((u(t, y) — u(s, ))7) = Si(s, 1) + Sa(s, 1)
with

[sin((c = 1) = sins =N EDE
S —_
1ls, 6) = f /Rknsnkﬁ HE

sin?((t — r)II€ )
S d .
2(5,1) = /’/R HEATIE

With the changes of variables r — s —r and £ — (¢ — s5)&, along with the trigonometric formula
sinx — siny = 2sin 5+ cos +y , we obtain

(t — )lEl
S, 1) < / drka ||$||k A2 ® < 2 )
‘ . dv ol
_ _ 2B S
_4/0 drit =) /R Jo—A+2 ° ( 2 )

<Clt —s|*7P.

For the term S»(s, ), we consider the changes of variables r — ¢t — r and then £ — r&, which
easily yield

52 z></Hd Zﬁ/ ©sin? vl
S, = rr ——F—= S1n v
? 0 r [[V][F—F+2
<Clt—s]PP.
Hence, we have proven that
2 _
E((u(t,y) —u(s,y))") <Clt —s|*7F 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.
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Step 1. Assume that s =t > 1y 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 ¢
such that for any x, y € [-M, M,

E((ut,x) —u(t,y)?) = cilx — y[>7. (36)
Step 2. We show that for arbitrary x, y € [—M, M]k and g <s<t<T,
E((u(t, x) —us, ))7) = clt —s*P. (37)
Indeed, the left-hand side of this inequality is equal to
Ri(s. 1%, y) + Ra(s. 1 x, y)

with
N d
Ry = [ar [ CSIFGE - =0 - F66 —ry = 9@,
0 rE (1§11

Rols. 11 x )—ftdrf B FGG—rx— @)
PRI S ’ '

Since Ry (s, t; x, ) is positive, we can neglect its contribution. (We note that
Ry(s,t;x,y) > Clt —s|>~P

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 to any dimension.)
By developing the integrand in R (s, ¢; x, y), we find that

IENPIFG @ —r,x —)(E) — FG(s —r,y — (&)

= sin((t = M)IEN) — €0 sin((s — €N

_ T —cos@2=n)El) | 1T —cos(s —r)l&ID
= 5 + >

—cos(£ - (v —x))[cos((t = )€ ) —cos((r +s —2n)II£]])]-

After integrating this last expression with respect to the variable », we obtain a positive quantity
which is the sum of the following three terms:
Ay = s[1 = cos((t = )I€]]) cos(& - (v —x))];

_ W(COS@ S (y —x)) — cos((t — $)[£])):

A = SInQE—9)EN) _ sin(@ — 9)IEID
41€ 1l 201&1

cos(é -(y —x)).
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For the integration with respect to the variable &, we restrict the domain to the set
Do ={& eR": ||£]|(t — 5) = 1, cos((t — s)[[£]]) > 0}.
Note that on Dy, we have A > 0. In fact,
Ar = s[1 = cos((t = )€]]) + cos((t — )IEN) (1 = cos(& - (v — x)))]
> s[1—cos((t —9)IIEN)]-
Moreover,

2
|A2 + A3] < —.
1

Thus, with the change of variables & — (t — s5)&, we easily obtain

e de
et = [, gl —es(e o]

dw

_ 2—-p
S / e (1 = cos(Jwl))
{lwl=1;cos(lw])=0} ||w||k—ﬂ+2( )

> oot —s|*7P.
Similarly,

d¢ -
/{||§||(ts)zl} W|A2 + Az| <cslt —s|P7P.

Therefore, by the triangle inequality, we obtain
. 2-B 3-g . €2 2-8
Ri(s,t;x,y) = ot — 5| —c3|t — 5| Z?|f—s|

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

To extend the validity of (37) to arbitrary values of |t — s|, we note that Ri(s,?; x,y) is
a continuous and positive function of its arguments and, therefore, it is bounded below on
{(s, t;x,y) € [10, TP x [-M, M]Zk: |t —s| > €} by some constant ¢, for any ¢ > 0. Hence,
if 2T > |t — 5| > zc—é, we also have

Ri(s,t;x,y) >clt — s|2_’5

for some sufficiently small c.
Step 3. Suppose that |t — 5| > [40712]1/(2_’3)|x — y|, where c; appears in (36) and C; in the
right-hand side of (33). By Step 2, we clearly have

E((u(t,x) —u(s, y))z) >clt —s*7#
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il 1/ e \VCeP 28
> _ — —
—C< 2 +2<4C2) I y')

> C3(|t — s+ |x — yD*7F.

Step 4. Suppose that |t — 5| < [4%2]1/(2_/9)|x — y|. We then have

E((u(t, x) —u(s, y))z)
E((u(t, x) —u(t, y))*) — E((u(t, y) — u(s, »))?)

_ 1T4cC 1/(2—pB) 2-B
> (ool 1hec It —s|
T2 T2l

> Cy(lt =]+ lx —yD*7.
With this, the lower bound in (33) is proved. [l

Remark 4.1. (a) As mentioned in the Introduction, Proposition 4.1, together 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 y €]0, #[, but they are not Holder continuous of

exponent y > # We refer the reader to [9] for a similar result on the solution to a nonlinear

stochastic wave equation in spatial dimension k = 3.

The next proposition is a further step toward proving that the process U satisfies the assump-
tions of Proposition 3.1. We denote by at%x the common variance of u; (t,x),i =1,...,d.
Proposition 4.2. Assume that condition (H) is satisfied. Fix (t,x), (s, y) € [to, T1 x RX. Then:

(i) o, = Clto At3) > 0;
(i) lo?, —o2,| <Clt —s|.

If, in addition, we assume that for k' < k, all k'-dimensional submanifolds of R are sets with
null (L-measure, then:

@ii) forany (t,x) # (s,y)andi=1,...,d,

Corr(u' (¢, x), u' (s, y)) < 1.
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Proof. The variance of u(t, x) is

o2, = / dr/ (dg)sm (1 —;)IIEII) (38)
&1
and satisfies
Ctnr)<ol, <C@t+1) (39)

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

sin? €1
d <C.
res[‘é?’n/n;k“ @Oz =

Hence, assuming 7o <s <t < T, we obtain

2
02, —a U|_/ drf (dé)smn(;“”f”) Clt—s),

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

2 2 2
Ot x5,y — at,x;s,y >0
where o0; ., denotes the covariance of u; (¢, x) and u; (s, y) forany i =1,...,d.
Casel: s <t.If cr,zxcrs2 y— Gtzx's , were equal to zero, then the random variables ul(t, x) and

ut (;, y) would have correlation equal to 1; therefore, there would be A € R such that it x) =
Au' (s, y) a.s. and, in particular, we would have

E((u (t.x) — hd' (5. 7)) =

The left-hand side of this equality is
t
/ dr /R W(dE)FG(t —r,x — (&)
+/0 dr/Rku(dE)lfG(s—r,x—~)(§)—)\7G(s—r,y—-)($)|2,

which is bounded below, as in (39), by C((t —s) A (¢t — 5)3). This leads to a contradiction.
Case2: s =t, x # y. We start, as in the preceding case, by assuming that ot%xalz’y -
2

O vty = 0, hence

E((u (t.x) — 2t (1, )%) =
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for some A € R. The left-hand side is equal to

t
f dr f P(dE) [T — 1eS Y 2| FG(r, ) (E)I%
0 Rk

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 u, we reach a contradiction.
If A # 1, then

t
/ dr / m(dsneié-x — 25V P FG(r, ) (©))?

2
‘ a1 SClED
/ r/ HAA ="

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. (]

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

Proposition 4.3. Assume (Hg). Fix M, N > 0 and (t,x),(s,y) € [to,T] x [-M, M]k with
(t,x) # (s, ¥)-

(a) Let p; x.5,y(:, ) denote the joint density of the random vector (u(t, x),u(s,y)). We then
have

C cllzi — 22012
; — 40
Prossn G 22) = Sy e p( G—sivi—yprr) @

forany z1,z2 €[-N, N 14, where C and ¢ are positive constants not depending on (t, x),
(s,¥).

(b) Let p;x denote the density of the random vector u(t, x). Then, for each (t, x) € [to, T] %
R and z € [-N, N4,

Prx(2) > C 41)
and

sup sup Prx(z) =C. (42)
2€[—N, N (1,x)eltg, T1x R¥

Proof. By Propositions 4.2 and 4.1, we see that the process U satisfies the hypotheses of Propo-

sition 3.1 with n = 2/.‘3 . Thus, we have statement (a).
The density p; . is given by

pr.x(2) = 71 exp(— ”ZHZ)
b Qo2 )2 202,
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with o,%x 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 [ty, T] and Rk, respectively, each

with positive Lebesgue measure. Fix N > 0. Then:

(1) there exists a positive constant ¢ = c(I, J, N, B,k,d) such that for any Borel set A C
[-N, N]Y,

P{lu(I x J)YNA#Q} > cCapd_z(k+1)/(2_ﬁ)(A); (43)

(2) foranyt € I, there exists a positive constant c = c(J, N, B, k, d, t) such that, for any Borel
set AC[—N,NJ,

Plu({ty x )N A# @} > cCapy_oy/0—p) (A); (44)

(3) for any x € J, there exists a positive constant ¢ = c(I, N, B,k,d, x) such that for any
Borel set A C [-N, N9,

Plu(I x {x})) NA# @} = cCapy_y/r_p) (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,x),x € Rk} witht € I,and U (x) = {u(t, x),t € [tg, T}
with x € J. Note that by (40) and (41), the parameters y and « in Theorem 2.1 are y = @,
a=2—Bandm=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, N1¢
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 Rk, respectively, each
with positive Lebesgue measure. Then:

(1) there exists a positive constant ¢ = c(1, J, B, k, d) such that for any Borel set A C RY,
Plu(lI x J)N A # 3} < cHa26+1)/2-p)(A); (46)

(2) for any t € I, there exists a positive constant ¢ = c(J, B, k,d, t) such that for any Borel
set A CRY,

Plu({ty x HNA# @} < cHaanjo-p)(A); (47)

(3) for any x € J, there exists a positive constant c = c¢(1, B, k, d, x) such that for any Borel
set A C Rd,

Plu(I x (x) N A # 2} < cHa—zj0-p)(A). (48)
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Proof. We first note that if we replace d in the Hausdorff dimensions of the bounds by any
y €10, d[, then these statements would be a consequence of Theorem 2.4 applied, respectively, to
the stochastic processes U, U (t) = {u(¢,x),x € Rk} witht € I,and U(x) = {u(t, x),t € [tg, 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 § = 25,

The improvement to y = d is obtained by applying Theorem 2.6 to each of the stochas-
tic processes mentioned before. Let us argue with the process U, for the sake of illustration.
From (33), we easily deduce that

oo |6 ) —wite, )|
PlUs =i+ e —yper

}]fﬂwmﬁﬂ=a

where X stands for a standard Normal random variable. Thus, when m =k + 1 and § = 2—7/3’
the left-hand side of (25) is bounded by a constant times the square of the volume of R?, that is,
Ce**+D/C2=B) Hence, the assumptions of Theorem 2.6 are satisfied.

The proof of the theorem is complete. (]
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