Preface

From May 8 to May 19th of 2006, the Department of Mathematics at the
University of Utah hosted a minicourse on some modern topics in stochas-
tic partial differential equations [SPDEs]. The participants included graduate
students and recent PhDs from across North America, as well as research
mathematicians at diverse stages of their careers. Intensive courses were given
by Robert C. Dalang, Davar Khoshnevisan, An Le, Carl Mueller, David
Nualart, Boris Rozovsky, and Yimin Xiao. The present book is comprised
of most of those lectures.

For nearly three decades, the topic of SPDEs has been an area of active
research in pure and applied mathematics, fluid mechanics, geophysics, and
theoretical physics. The theory of SPDEs has a similar flavor as PDEs and
interacting particle systems in the sense that most of the interesting devel-
opments generally evolve in two directions: There is the general theory; and
then there are specific problem-areas that arise from concrete questions in
applied science. As such, it is unlikely that there ever will be a cohesive all-
encompassing theory of stochastic partial differential equations. With that in
mind, the present volume follows the style of the Utah minicourse in SPDEs
and attempts to present a selection of interesting themes within this interest-
ing area. The presentation, as well as the choice of the topics, were motivated
primarily by our desire to bring together a combination of methods and deep
ideas from SPDEs (Chapters 1, 2, and 4) and Gaussian analysis (Chapters 3
and 5), as well as potential theory and geometric measure theory (Chapter 5).
Ours is a quite novel viewpoint, and we believe that the interface of the men-
tioned theories is fertile ground that shows excellent potential for continued
future research.

We are aware of at least four books on SPDEs that have appeared since
we began to collect the material for this project [4; 8; 12; 14]. Although there
is little overlap between those books and the present volume, the rapidly-
growing number of books on different aspects of SPDEs represents continued,
as well as a growing, interest in both the theory as well as the applications of
the subject. The reader is encouraged to consult the references for examples
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in: (i) Random media [2; 4; 18] and filtering theory [15]; (ii) applications in
fluid dynamics and turbulence [1; 2; 17]; and (iii) in statistical physics of
disordered media [2; 6; 7; 10]. Further references are scattered throughout the
lectures that follow. The reader is invited to consult the references to this
preface, together with their voluminous bibliographies, for some of the other
viewpoints on this exciting topic.

The Utah Minicourse on SPDEs was funded by a generous VIGRE grant
by the National Science Foundation, to whom we are grateful. We thank
also the lecturers and participants of the minicourse for their efforts. Finally,
we extend our wholehearted thanks to the anonymous referee; their careful
reading and thoughtful remarks have led to a more effective book.

Salt Lake City, Utah Davar Khoshnevisan
July 1, 2008 Firas Rassoul-Agha
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The Stochastic Wave Equation

Robert C. Dalang

Summary. These notes give an overview of recent results concerning the non-linear
stochastic wave equation in spatial dimensions d > 1, in the case where the driving
noise is Gaussian, spatially homogeneous and white in time. We mainly address
issues of existence, uniqueness and Hdélder—Sobolev regularity. We also present an
extension of Walsh’s theory of stochastic integration with respect to martingale
measures that is useful for spatial dimensions d > 3.

1 Introduction

The stochastic wave equation is one of the fundamental stochastic partial dif-
ferential equations (SPDEs) of hyperbolic type. The behavior of its solutions
is significantly different from those of solutions to other SPDESs, such as the
stochastic heat equation. In this introductory section, we present two real-
world examples that can motivate the study of this equation, even though in
neither case is the mathematical technology sufficiently developed to answer
the main questions of interest. It is however pleasant to have such examples
in order to motivate the development of rigorous mathematics.

Ezample 1.1 (The motion of a strand of DNA). A DNA molecule can be
viewed as a long elastic string, whose diameter is essentially infinitely small
compared to its length. We can describe the position of the string by using a
parameterization defined on Ry x [0, 1] with values in R?:

u(t,z)=| ut,z) |. (1)

Here, u(t, ) is the position at time ¢ of the point labelled = on the string,
where z € [0, 1] represents the distance from this point to one extremity of
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40 R.C. Dalang

the string if the string were straightened out. The unit of length is chosen so
that the entire string has length 1.

A DNA molecule typically “floats” in a fluid, so it is constantly in motion,
just as a particle of pollen floating in a fluid moves according to Brownian
motion. The motion of the string can be described by Newton’s law of motion,
which equates the sum of forces acting on the string with the product of the
mass and the acceleration. Let © = 1 be the mass of the string per unit length.
The acceleration at position z along the string, at time ¢, is

O ), )

and the forces acting on the string are mainly of three kinds: elastic forces
F'1, which include torsion forces, friction due to viscosity of the fluid Fa, and
random impulses F'3 due the the impacts on the string of the fluid’s molecules.
Newton’s equation of motion can therefore be written
2
1~(?%1;:F1—F2+F3. (3)

This is a rather complicated system of three stochastic partial differential
equations, and it is not even clear how to write down the torsion forces or the
friction term. Elastic forces are generally related to the second derivative in
the spatial variable, and the molecular forces are reasonably modelled by a
stochastic noise term.

The simplest 1-dimensional equation related to this problem, in which one
only considers vertical displacement and forgets about torsion, is the following
one, in which u(t, x) is now scalar valued:

2, 2. 1 )
o ) = o) = [ ke aut s P, @

where the first term on the right-hand side represents the elastic forces, the
second term is a (non-local) friction term, and the third term F(t,y) is a
Gaussian noise, with spatial correlation k(- ,-), that is,

E(F(t,z) F(s,y)) = ot — s) k(z,y), (5)

where §p denotes the Dirac delta function. The function k(- ,-) is the same in
the friction term and in the correlation.

Why is the motion of a DNA strand of biological interest? When a DNA
strand moves around and two normally distant parts of the string get close
enough together, it can happen that a biological event occurs: for instance,
an enzyme may be released. Therefore, some biological events are related to
the motion of the DNA string. Some mathematical results for equation (4)
can be found in [20]. Some of the biological motivation for the specific form
of equation (4) can be found in [8].
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Ezample 1.2 (The internal structure of the sun). The study of the internal
structure of the sun is an active area of research. One important international
project is known as Project SOHO (Solar and Heliospheric Observatory) [9].
Its objective was to use measurements of the motion of the sun’s surface to
obtain information about the internal structure of the sun. Indeed, the sun’s
surface moves in a rather complex manner: at any given time, any point on the
surface is typically moving towards or away from the center. There are also
waves going around the surface, as well as shock waves propagating through
the sun itself, which cause the surface to pulsate.

A question of interest to solar geophysicists is to determine the origin of
these shock waves. One school of thought is that they are due to turbulence,
but the location and intensities of the shocks are unknown, so a probabilistic
model can be considered.

A model that was proposed by P. Stark of U.C. Berkeley is that the main
source of shocks is located in a spherical zone inside the sun, which is assumed
to be a ball of radius R. Assuming that the shocks are randomly located on
this sphere, the equation (known as the Navier equation) for the dilatation
(see [6, Section 8.3]) throughout the sun would be

0%u 1
912 (t,x) = () po(x) <V . (po(x) Vu) +V. F(t,x)) , (6)
where 2 € B(0, R), the ball centered at the origin with radius R, ¢?(x) is the
speed of wave propagation at position x, po(z) is the density at position x and
the vector F(¢, ) models the shock that originates at time ¢ and position x.
A model for F that corresponds to the description of the situation would
be 3-dimensional Gaussian noise concentrated on the sphere 9B(0, ), where
0 < r < R. A possible choice of the spatial correlation for the components of
F would be

o(t —s) f(z-y), (7)

where x - y denotes the Euclidean inner product. A problem of interest is
to estimate r from the available observations of the sun’s surface. Some
mathematical results relevant to this problem are developed in [3].

2 The Stochastic Wave Equation

Equation (6) is a wave equation for a medium with non-constant density.
The (simpler) constant coefficient stochastic wave equation with real-valued
noise that we will be studying in these notes reads as follows: For all (¢, x) €
[0,7] x RY,
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<8 Y —Au) (t,2) = ot,z,ult,2) F(t,z) +b(t,z,ult,z)),

ot?
u(va) = ’UO(Z‘)a (8)
ou -
ot (0,.’E> = U()(x),

where F(t,z) is a (real-valued) Gaussian noise, which we take to be space-
time white noise for the moment, and 0,5 : R, x R? x R — R are functions
that satisfy standard properties, such as being Lipschitz in the third variable.
The term Awu denotes the Laplacian of u in the z-variables.

Mild Solutions of the Stochastic Wave Equation

It is necessary to specify the notion of solution to (8) that we are considering.
We will mainly be interested in the notion of mild solution, which is the
following integral form of (8):

u(t,x)

_/[Ot] RdG(t—s,x—y) [o(s,y,u(s,y)) F(s,y) +b(s,y,u(s,y))]dsdy
+ (jt G(t) * Uo) () + (G(t) * o) (z). 9)

In this equation, G(t — s,z — y) is Green’s function of (8), which we discuss
next, and * denotes convolution in the z-variables. For the term involving

F(s,y), a notion of stochastic integral is needed, that we will discuss later on.

Green’s Function of a PDE

We consider first the case of an equation with constant coefficients. Let L be
a partial differential operator with constant coefficients. A basic example is
the wave operator

0% f
ot?
Then there is a (Schwartz) distribution G € /(R4 x R?) such that the
solution of the PDE

Lf= — Af. (10)

Lu=p, gpey(Rd), (11)
is

where (/%) denotes convolution in the (¢,z)-variables. We recall that .7 (R%)

denotes the space of smooth test functions with rapid decrease, and ./ (R4 x
R?) denotes the space of tempered distributions [15].
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When G is a function, this convolution can be written
U(t,w)=/ G(t—s,z—y)p(s,y)dsdy.
R+ x R4

We note that this is the solution with vanishing initial conditions.
In the case of an operator with non-constant coefficients, such as

_ 0

G

+2¢(t,x) of + ot (d=1),

Lf ot 0Ox?

Green’s function has the form G(t,z ; s,y) and the solution of
Lu=¢

is given by the expression

u(t, x) =/ G(t,r; s,y) @(s,y)dsdy.
R.+ XRd

Ezample 2.1 (The heat equation). The partial differential operator L is

Lu:au—Au7 d>1,
ot

and Green’s function is

G(t,z) = (27t)~ %% exp (_ '2';) .

This function is smooth except for a singularity at (0, 0).

Ezample 2.2 (The wave equation). The partial differential operator L is

0%u
Lu = oz Au.

43

(13)

(19)

The form of Green’s function depends on the dimension d. We refer to [18]

for d € {1,2,3} and to [7] for d > 3. For d = 1, it is

1
G(t,2) =, L{al<e}, (20)
which is a bounded but discontinuous function. For d = 2, it is
1 1
G(t,z) = Liinl<tt- 21
(t2)= o 2 Jf <) (21)
This function is unbounded and discontinuous. For d = 3, the “Green’s

function” is
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1 at(dx)
47t

where oy is uniform measure on dB(0,t), with total mass 47t2. In particular,
G(t,R3) = t. This Green’s function is in fact not a function, but a measure.
Its convolution with a test function ¢ is given by

G(t,dz) = (22)

I s(d
(Gxo)(t,z) = / dS/ @(t—s,ar—y)a(y)
am Jo 8B(0,s) 5
. (23)

1

= / dss/ ot — s,z — sy)o1(dy).
4 Jo 8B(0,1)

Of course, the meaning of an expression such as
/ G(t—s,z—y)F(ds,dy) (24)
[0,t] x R4

where G is a measure and F' is a Gaussian noise, is now unclear: it is certainly
outside of Walsh’s theory of stochastic integration [10].

In dimensions greater than 3, Green’s function of the wave equation
becomes even more irregular. For d > 4, set

d—3

9 if d is odd,
N(d) = P (25)
if d is even.
2
For d even, set
1
of (dx) = 5 el <ty da, (26)

NG

and for d odd, let of (dz) be the uniform surface measure on dB(0,t) with
total mass t2~1. Then for d odd, G(t,z) can formally be written

1 o\ od
G(t,z) =cq (8 83) ( . ) ds, (27)

that is, for d odd,
(G xp)(t,x)

t N(d) d 28
:Cd/ ds(laa) (/ @(t_sax_y)ar(dy)> B ( )
0 T or Rd T r—s
while for d even,
(G*o)(t,z)
(29)

¢ 1 9\ N dy
- d t—s,x—
o /o ’ (7” 37") /B(O,r) Pt =52 =y) V2 = |y)2

=S
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The meaning of f[OAt]XRd G(t —s,x —y) F(ds,dy) is even less clear in these
cases!
The Case of Spatial Dimension One

Existence and uniqueness of the solution to the stochastic wave equation in
spatial dimension 1 is covered in [19, Exercise 3.7 p. 323]. It is a good exercise
that we leave to the reader.

Exercise 2.3. Establish existence and uniqueness of the solution to the
non-linear wave equation on [0,7] x R, driven by space-time white noise:

9%u  0%u .
atg - axg = a(u(t,x)) W(t,l‘), (30)
with initial conditions 9
u

The solution uses the following standard steps, which also appear in the study
of the semilinear stochastic heat equation (see [19] and [10]):

— define the Picard iteration scheme;
— establish L2-convergence using Gronwall’s lemma;
— show existence of higher moments of the solution, using Burkholder’s
inequality
E(Mf") < e B ((M)7?) (2)

— establish p-Holder continuity of the solution, for p €]0, é[
It is also a good exercise to do the following calculation.

Exercise 2.4. Let G be Green’s function of the wave equation, as defined in
Example 2.2. For d = 1 and d = 2, check that for ¢ € C%([0, o[xR?),

u(t,a:)z/o ds " dy Gt —s,z—y)e(s,y) (33)

satisfies
0%u
912 (t,x) —Au(t,z) = p(t,x). (34)
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Space-Time White Noise in Dimension d = 2

Having solved the non-linear stochastic wave equation driven by space-time
white noise in dimension d = 1, it is tempting to attempt the same thing in
dimension d = 2. We are going to show that there is a fundamental obstacle
to doing this.

To this end, consider the linear case, that is, ¢ = 1 and b = 0. The mild
solution given in (9) is not an equation in this case, but a formula:

u(t,x):/ Gt —s,x—y) W(ds,dy)
[0,¢]x R2 (35)

1 1
- Lijy—a) <t-sy W(ds, dy),
/[O,t]xR2 V2 \/(t _ 3)2 _ |y o x|2 {ly—z| <t—s}

where W (ds, dy) is space-time white noise.
The first issue is whether this stochastic integral well-defined. For this, we
would need (see [10, Exercise 5.5]) to have

t
/ds/ dy G*(t — s, —y) < +oo. (36)
0 R?2

The integral is equal to

t t
d d
/ ds/ 9 4 ) =/ d?"/ 9 : 9
0 ly—z|<t—s (t_ 8) + |y—$| 0 lz|<r 77— |Z|

t r
:/ d’]"/ dp 227Tp2
0 0 re—=p (37)
t
= / dr In(r? — pQ)}(T)
0

= +o00.

In particular, when d = 2, there is no mild solution to the wave equation (9)
driven by space-time white noise.

There have been some attempts at overcoming this problem (see [12], for
instance), but as yet, there is no satisfactory approach to studying non-linear
forms of the stochastic wave or heat equations driven by space-time white
noise in dimensions d > 2.

A different tack is to consider spatially homogeneous noise with some con-
ditions on the spatial covariance. We introduce these notions in the next
section.
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3 Spatially Homogeneous Gaussian Noise

Let I' be a non-negative and non-negative definite tempered measure on R,
so that I'(dx) > 0,

/ L'(dz) (¢ x @)(z) > 0, for all p € .7(RY), (38)
Rd
where @(x) def ©(—x), and there exists r > 0 such that
[or@) ey < (39)
x 00.
R4 (14 [a]?)"

According to the Bochner—Schwartz theorem [15], there is a nonnega-
tive measure p on RY whose Fourier transform is I': we write I' = .% u. By
definition, this means that for all ¢ € .7(R?),

[ vt = [ utan) Fom). (40)
R R4
We recall that the Fourier transform of ¢ € .(R%) is

Folm = [ expl=in-a) (@) da. (a)

where 7 - © denotes the Euclidean inner product. The measure p is called the
spectral measure.

Definition 3.1. A spatially homogeneous Gaussian noise that is white in time
is an L*(Q2,.%,P)—valued mean zero Gaussian process

(Fo), ¢ € G (RI*), (12)
such that
B(F(9) F($)) = J(,0). (43)
where
d_Ef S €Z S,)k ) S, Z).
T ™ [ s [T G5, #9060 (14)

In the case where the covariance measure I' has a density, so that I'(dx) =
f(z)dx, then it is immediate to check that J(y,v) can be written as follows:

Hew)= [ s [ ar [ et fe—pis). @)

Using the fact that the Fourier transform of a convolution is the product of
the Fourier transforms, this can also be written
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Heww) = [ ds [ utan) Fe(s) o) Fis) ). (16)

Informally, one often writes

B (F(t,2)F(s,)) = bo(t — 5) f(z — ), (47)

as though F(p) were equal to fR+><Rd o(s,z)F (s, x)dsdx.

Ezample 3.2. (a) If T'(dx) = do(z), where o denotes the Dirac delta function,
then the associated spatially homogeneous Gaussian noise is simply space-time

white noise.
(b) Fix 0 < # < d and let

Ts(dz) = Iirﬁ' (48)

One can check [17, Chapter 5] that I'g = % uug, with

dn
Mﬁ(dﬁ) = Cd,B |n|d_ﬁ : (49)

Exercise 3.3. Show that if 8 T d, then the spatially homogeneous Gaussian
noise Fjg with the covariance measure I'g converges weakly to space-time white
noise. (Hint. Find the weak limit of the spectral measure pg and notice that
F (dn) = do.)

Extension of F(yp) to a Worthy Martingale Measure

From the spatially homogenenous Gaussian noise, we are going to construct
a worthy martingale measure M = (M;(A),t > 0, A € %,(R?)), where
By(R?) denotes the family of bounded Borel subsets of RY. For this, if A €
%, (RY), we set

M,(A) = lim F(p,), (50)

where the limit is in L?(Q,.%,P), ¢, € C(R!) and ¢, | Lo, xA-
Exercise 3.4. ([2]) Show that (M;(A),t > 0, A € %,(R%) is a worthy

martingale measure in the sense of Walsh; its covariation measure () is given by

QA x Bx]s 1)) = (t - s) / dr [ dyla(e) fe—9)isl), (1)

R4 R4

and its dominating measure is K = Q.
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The key relationship between F' and M is that
Fo)= [ elt.) M(dt, o) (52)
R.+ xRd

where the stochastic integral on the right-hand side is Walsh’s martingale
measure stochastic integral.

The underlying filtration (%;,t > 0) associated with this martingale
measure is given by

Fi=0(M,(A), s<t, Ac BRY) vy, >0, (53)
where ./ is the o-field generated by all P-null sets.

4 The Wave Equation in Spatial Dimension 2

We shall consider the following form of the stochastic wave equation in spatial
dimension d = 2:

u Au | (t,z) = t F(t t 0,7 x R? 54
<8t2_ u)(,x)—a(u(,x)) (,x), (755)6] ) ]>< 5 ( )

with vanishing initial conditions. By a solution to (54), we mean a jointly mea-
surable adapted process (u(t, x)) that satisfies the associated integral equation

u(t, x) :/ Gt —s,x—y)o(u(s,y)) M(ds,dy), (55)
[0,t]xR?
where M is the worthy martingale measure associated with F.

The Linear Equation

A first step is to examine the linear equation, which corresponds to the case
where 0 = 1:

0%u .
((’%2 - Au) (t,x) = F(t,x), (56)
with vanishing initial conditions. The mild solution should be
u(t,x):/ Gt—s,x—y) M(ds,dy). (57)
[0,t] xR2

We know that the stochastic integral on the right-hand side is not defined for
space-time white noise, so let us determine for which spatially homogeneous
Gaussian noises it is well defined. This is the case if

t
/ds/ dy/ dzG(t—s,x—y)fly—=z2) Gt —s,x—z) < 400, (58)
0 R?2 R?

or, equivalently, if

/cm/ u(dn) | FG(s) (1) < +oo. (59)
0 R?2
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Calculation of #G

In principle, Green’s function of a PDE solves the same PDE with d(o,0) (¢, z) =
00(t) do(x) as right-hand side:

%tf ~AG = §o(t) o (). (60)

For fixed t # 0, the right-hand side vanishes. We shall take the Fourier
transform in = on both sides of this equation, but first, we observe that since

FC)(©) = CO© = [ Glt.a)da, (61
it is clear that ) )
#(TaM) =" e (62)

and, using integration by parts, that

F(AG(1))(€) :/ €T AG(t, x) da

R2
— [ A€ Gt 2) de (63)
R2
=—[¢* FG1)(©).
Therefore, we deduce from (60) that for ¢ > 0,
*G ;
i (©) 4 1 6 ) = o) (69

For fixed &, the solution to the associated homogeneous ordinary differential
equation in ¢ is

sin(t]¢]) cos(t[¢])
€] €]

The solution that we seek (see [18, Chapter I, Section 4] for an explanation)

is the one such that G(0)(¢) = 0 and dc};go) (&) = 1, so we conclude that for
t>0and ¢ € R?,

G(t)(€) = a(§) +5(¢) : (65)

sin(t[¢])
(S

This formula is in fact valid in all dimensions d > 1.

FG(t)(€) = (66)
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Condition on the Spectral Measure

Condition (59) for existence of a mild solution on [0,7] to the linear wave
equation (56) becomes

g sin® (s]7])
/0 ds /R2 w(dn) ]2 < 4-00. (67)

Using Fubini’s theorem, one can evaluate the ds-integral explicitly, or simply

check that " )
c1 sin”(s|n)) Cs
< [ ds < : 68
coe <SR < 1 e ©8)

so condition (59) on the spectral measure becomes

1
d < 400. 69
/Rz“(”)mmz (69)

Exercise 4.1. Let d > 1. Consider the case where f(z) = |z|7?, 0 < 8 < d.
In this case, u(dn) = capn|®*~?dn (see Example 3.2). Check that condition
(69) holds (even when R? is replaced by R?) if and only if 3 < 2. In particular,
the spatially homogeneous Gaussian noise with the covariance function f is
defined for 0 < B < d, but a mild solution of the linear stochastic wave
equation (56) exists if and only if 0 < 8 < 2.

Reformulating (69) in Terms of the Covariance Measure

Condition (69) on the spectral measure can be reformulated as a condition on
the covariance measure I'.

Exercise 4.2. ([11]) Show that in dimension d = 2, (69) is equivalent to
1
/ I(dz) In ( ) < +o0, (70)
|z|<1 |z]
while in dimensions d > 3, (69) is equivalent to
1
/ L(dz) ., <+oo. (71)
|z <1 ||

In dimension d = 1, condition (69) is satisfied for any non-negative measure
u such that I' = F p is also a non-negative measure.
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The Non-Linear Wave Equation in Dimension d = 2

We consider equation (54). The following theorem is the main result on
existence and uniqueness.

Theorem 4.3. Assume d = 2. Suppose that o is a Lipschitz continuous
function and that condition (69) holds. Then there exists a unique solution
(u(t,z), t >0, x € R?) of (54) and for all p > 1, this solution satisfies

sup sup E (Ju(t,z)|P) < oo. (72)
0<t<T zeR4

Proof. This proof follows a classical Picard iteration scheme. We set ug(t,z) =
0, and, by induction, for n > 0,

Upt1(t,z) = /[0 - Gt —s,x—y)o(un(s,y)) M(ds,dy). (73)

Before establishing convergence of this scheme, we first check that for p > 2,

sup sup sup E (Juy(s,z)P) < +o0. (74)
n>0 0<s<T zcR?

We apply Burkholder’s inequality (32) and use the explicit form of the
quadratic variation of the stochastic integral [10, Theorem 5.26] to see that

E (Jupt1(t,x)|P) SCE[</O ds /R2 dy - dz Gt — s,z —y) o(un(s,y))

p/2
X fly—2)Gt—s,x—z) a(un(s,z))> ] (75)

Since G > 0 and f > 0, we apply Holder’s inequality in the form

’/fdup<(/1du)p/q(/|f|pdu), vhere P =p—1 (76)

and p is a non-negative measure, to see that E (|u,41(t,z)P) is bounded
above by

c</0t als/R2 aly/R2 de(t—s,x—y)f(y—z)G(t—s,x—z))

t
></ ds/ dy dzGt—s,x—y) fly—2)Gt —s,x — z)
0 R2 R2

< E (Jo(un(s ) olun(s 2)I* ). (77)

p_q
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We apply the Cauchy—Schwarz inequality to the expectation and use the
Lipschitz property of o to bound this by

¢ ([ as [ utan|F6i-smP)
X/o ds/dey R2de(t—s,a:—y)f(y—z)G(t—s,a:—z) (78)
X (B (1+ Jun(s ) P)"? (B 1+ [un(s, 2)[") "2

Let

10 = [ as [ waniFee-some<c [ pan, .o @)

R2 L4 |2
Then
E (lunt1(t, 2)[")

<cuw)i [ ds <1+ sup E<|un<s,y>|p>> < | ntan) |76 = )

0 yeR2
ot
< C/ ds |1+ sup E(Jun(s,y)”) | . (80)
0 yeR?
Therefore, if we set
My (t) = sup E (|lun(t,2)|"), (81)
zeR?
then .
M, (t) < é/ ds (1+ M,(s)). (82)
0
Using Gronwall’s lemma, we conclude that
sup sup M, (t) < +oo. (83)
neN 0<t<T

We now check L?-convergence of the Picard iteration scheme. By the same
reasoning as above, we show that

sup E (Jup41(t,2) —un(t,2)|P)
rzeR?2

¢ (84)
S c ds sup E(|uﬂ(85y)_uﬂ—1(svy)|p)'

0 yeR2

Gronwall’s lemma shows that (u,(t,z), n > 1) converges in L*(Q2,.%,P),
uniformly in x € R2.

Uniqueness of the solution follows in a standard way: see [10, Proof of
Theorem 6.4]. O
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Holder-Continuity (d = 2)

In order to establish Holder continuity of the solution to the stochastic wave
equation in spatial dimension 2, we first recall the Kolmogorov continuity
theorem. It is a good idea to compare this statement with the equivalent one
in [10, Theorem 4.3].

Theorem 4.4 (The Kolmogorov Continuity Theorem). Suppose that
there is ¢ > 0, p 6]‘; ,1[ and C > 0 such that for all z,y € RY,

E(Ju(t,z) —u(t,y)|?) < Clz —y|™. (85)
d
[.

Then x — u(t,x) has a p-Hdlder continuous version, for any p €]0,p — p

In order to use the statement of this theorem to establish (p — ¢)-Holder
continuity, for any € > 0, it is necessary to obtain estimates on arbitrarily
high moments of increments, that is, to establish (85) for arbitrarily large g.

Li-Moments of Increments
From the integral equation (55), we see that
z) —u(s,y)

(86)
// (t—r,x—2)—G(s—r,y—2)) o(u(r,z)) M(dr,dz),

and so, by Burkholder’s inequality (32),

B (Ju(t, ) — u(s, y) )

<CE<‘/ dr/Rde/Rgdv t—r,x—2)—G(s—r,y—=2)) f(z—v)

p/2
)

<o farfa a0 -c NﬂHGU—GUOgl (s7)
< [ar [a [ a0 i60) - 60110160 - GO

< B (lo(u(r, ) P? lo(u(r, 0)P/?),

where the omitted variables are easily filled in. The Lipschitz property of o
implies a bound of the type “linear growth,” and so, using also the Cauchy—
Schwarz inequality, we see that the expectation is bounded by

X (Gt —r,x—v)—G(s—r,y—v))o(u(r,z))o(u(r,v))

C sup  (1+E(ulr,2)?)). (88)
r<T,z€R?2
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Define
J(t,z; s,9)

t
:/ dr/ dz dv|Git —r,x—2)—G(s—r,y—2)| f(z—v) (89)
0 R? R2
X |Gt —r,x—v)—G(s—r,y—v)|
We have shown that
E (Ju(t,z) —u(s,y)I") < (J(t,2; 5,9)". (90)

Therefore, we will get Holder-continuity provided that we can establish an
estimate of the following type for some v > 0 and p > 0:

J(t,x;s,y) <c(t—s"+ |z —yl|). (91)

Indeed, this will establish 7} -Holder continuity in time, and #}-Hélder conti-

nuity in space, for all 41 €]0,~[ and p; €]0, pl.

Analysis of J(t,xz; s,y)

If there were no absolute values around the increments of G, then we could
use the Fourier transform to rewrite J(t,z; s,y), in the case z = y and s > ¢,
for instance, as

'sx:Sr a —r —ZG(s—r 2
Heassa) = [Car [ ulan) | 26— - FG(s =) "

+/S dr/Rz pldn) | FG(t—1)(n)2.

We could then analyse this using the specific form of .#G in (66). However,
the presence of the absolute values makes this approach inoperable. By a
direct analysis of J(t,z; s, z), Sanz-Solé and Sarra [14] have established the
following results. If

1
w(dn < 00, for some a €10, 1], 93
Az()u+ww 10,1[ (93)

then t — u(t,z) is y1-Holder continuous, for
1
e o, ra-a). (94)

and z — u(t, z) is y2-Hoélder continuous, for v €]0,1 — af.
When p(dn) = |n|=? dn, these intervals become

1 2 —
’)/16]07 A ﬂ{ and 726]07

2 2

2-p
S

The best possible interval for v; is in fact ]0, 255 [; see [5, Chapter 5].
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5 A Function-Valued Stochastic Integral

Because Green’s function in spatial dimension 3 is a measure and not a
function, the study of the wave equation in this dimension requires differ-
ent methods than those used in dimensions 1 and 2. In particular, we will use
a function-valued stochastic integral, developed in [4].

Our first objective is to define a stochastic integral of the form

/ G(s,z—vy) Z(s,y) M(ds,dy), (96)
[0,£] x R

where G(s,+) is Green’s function of the wave equation (see Example 2.2) and
Z(s,y) is a random field that plays the role of o(u(s,y)).

We shall assume for the moment that d > 1 and that the following con-
ditions are satisfied.

Hypotheses

(H1) For 0 < s < T, Z(s,-) € L} RY) as., Z(s,-) is F s—measurable, and
s+ Z(s,-) from Ry — L2(RY) is continuous.
(H2) For all s > 0,

T

ds sup [ pldn)|FG(s)(E ~ ) < oc.
0 ¢eRd JRd

We note that #G(s)(€ —n) is given in (66), so that (H2) is a condition on
the spectral measure p, while (H1) is a condition on Z. In general, condition
(H2) is stronger than (59): see [13].

Fix ¢ € C5° (R?) such that ¢ > 0, supp ¢ C B(0,1) and

/ Y(x)de = 1. (97)
Rd

For n > 1, set
Yn(x) = n(nz). (98)

In particular, v, — Jp in Y'(Rd), and Z 1, (€) = F(€/n), so that
|-Z ¥, (&) < 1. Define
Gn(s,) = G(s) *¢n, (99)

so that G, is a C§°-function. Then,

def

vo, ot x) % / Gul(s,x —y) Z(s,y) M(ds,dy)  (100)
[0,t]xR4

is well-defined as a Walsh-stochastic integral, and
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E (e, 2t )3 amn ) = I6, 2. (101)

where

o = /R iz E ((ve, 2(t,2))?)

¢
:/Rddl‘/o dSAddy RddZGn(Sax_y)Z(Svy)f(y_z)
X Gp(s,x—2z2)Z(s,z).

(102)

Using the fact that the Fourier transform of a convolution (respectively prod-
uct) is the product (resp. convolution) of the Fourier transforms, one easily
checks that

Ig, .,z
i ) ,  (103)
— [(as [ deB(F209OF) | utdn)|FCuls ) €~ )l
0 R4 R4
We note that:
(a) the following inequality holds:
Ig, z < Ig, z, (104)
where
g,z
t
def
[ asE (126 )emen) sup, [ udn)[FGuls )6 - s
0 ¢eRd JRA
(105)
(b) the equality (101) plays the role of an isometry property;
(c) by elementary properties of convolution and Fourier transform,
I,z < lIgz < +oo, (106)
by (H2) and (H1).
In addition, one checks that the stochastic integral
def .
va,z(t) = lim vg, z (107)

n—oo

exists, in the sense that

B (lve.z (1) = v6,.2(t, ) 3ama) ) — 0. (108)
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and i
E (HUG,Z(t)H%z(Rd)) =lgz <lcz. (109)

We use the following notation for the stochastic integral that we have just
defined:

va,z(t) = /[0 Jne G(s,-—vy) Z(s,y) M(ds,dy). (110)

For t fixed, vg z(t) € L?(R%) is a square-integrable function that is defined
almost-everywhere.

The definition of the stochastic integral requires in particular that hypoth-
esis (H2) be satisfied. In the case where

[(dx) = kg(z) dz, with kg(z) = 2|7, 8>0, (111)

this condition becomes

T en2(ale _
/ ds sup / dn |n|?~4 sin (s1¢ 277|) < +o0. (112)
0 cerd JRY I€ —n

Exercise 5.1. ([4]) Show that (112) holds if and only if 0 < 3 < 2.

6 The Wave Equation in Spatial Dimension d > 1

We consider the following stochastic wave equation in spatial dimension
d > 1, driven by spatially homogeneous Gaussian noise F(t,x) as defined
in Section 3:
0%u . d
8t2_Au (t,z)=0(z,ult,z)) F(t,x), te€l0,T], z € R%,
(113)

ou
ot (

where vy € L2(RY) and 99 € H~(R%). By definition, H!(R%) is the set of
square-integrable functions 7y such that

u(0,z) = vo(z), 0,2) = vo(x),

-2 def 1 - 2
ol [ e o 1Z00@F <40 (11)

We shall restrict ourselves, though this is not really necessary (see [4]) to
the case where I'(dz) is as in (111). In this case, Exercise 4.1 shows that the
further restriction 0 < # < 2 is needed.
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The Past-Light Cone Property

Consider a bounded domain D C R? A fundamental property of the wave
equation (see [18, Theorem 14.1]) is that w(7T,z), x € D, only depends on
vo|gp and Tp|gp, where

KP ={yecR*: dy,D)<T} (115)

and d(y , D) denotes the distance from y to the set D, and on the noise F(s,y)
for y € KP(s), 0 < s < T, where

KP(s)y={yeR%: d(y,D)<T —s}. (116)
Therefore, the solution w(t,z) in D is unchanged if we take the SPDE

0%u
<8t2 - Au) (t,x) = 1gp)(z) o(x,u(t,r)) F(t, ). (117)

We shall make the following linear growth and Lipschitz continuity assump-
tions on the function o.

Assumptions.

(a) |o(z,u)| <c(l+ |ul) Lgoiry(x), for all € R and u € R;
(b) |o(z,u) —o(z,v)] <clu—uvl|, for all z € R? and u,v € R.

Definition 6.1. An adapted and mean-square continuous L*(R%)-valued pro-
cess (u(t), 0 <t <T) is asolution of (113) in D if for all t €]0,T],

d s
) Loy = Loy ( 3y GO * 00+ 60 1 (118)

+ ~/[0,t]><R,d G(t 8T y) U(yau(s7y)) M(ds s dy)) .

Theorem 6.2. Let d > 1. Suppose 0 < < 2 Ad and that the assumptions
above on o are satisfied. Then (113) has a unique solution (u(t), 0 <t <T)
i D.

Proof. We use a Picard iteration scheme. Set

d G(t) * vo + G(t) * V. (119)

We first check that ug(t) € L?(R%). Indeed,
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d
dt

= Hﬁ ( d G(t)) 'ﬁ’UO
L2(R9) dt L2(R4)

- [ e ‘|§| st zuy(e)
" €

< lvollz2(ra) s

G(t) *vg

2 (120)

and, similarly,
1G(t) * Dol L2(ray < 1ol 5-1(Ra) - (121)

One checks in a similar way that ¢ +— wug(t) from [0,7] into L*(RY) is
continuous.
We now define the Picard iteration scheme. For n > 0, assume that

(un(t), 0 <t <T) has been defined, and satisfies (H1). Set
unt1(t) = Loy - (uo(t) + vnga(t)) (122)
where

onpa () = / G(t— s, —y) o(y,un(s,y)) M(ds,dy).  (123)
[0,t]x R4

By induction, Z,(s,y) = o(y,u,(s,y)) satisfies (H1). Indeed, this process
is adapted, and since

lo(sun(s, ) = o(un(t, Dl2mey < Cllun(s, ) = un(t, )| L2may, (124)

it follows that s — wu, (s, ) is mean-square continuous. One checks that w41
also satisfies (H1): this uses assumption (a).
Therefore, the stochastic integral (123) is well-defined. Let

Ma(r) = sup E (Juns1(t) = un®ll32 ko)) (125)
0<t<r
— 2
= 5 B (lena®) = en@liagery)

= sup E(H/ Gt—s,-—y)
0<t<r [0,¢]x R4

2
< (o ns ) = 0l ma(s0) M), )
t
< sup / dsE (”U( 7un(s ’ )) - U('vunfl(s ’ '))H%?(KD(t))) J(t - 5)7
o<t<r Jo
where L
I = swp [y e S 1D (126)

¢eRd JRA € —nl?

A direct calculation shows that
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sup J(s) < +o0, (127)
0<s<T
since 0 < 3 < 2, so
t
M, (r) <C sup / dsE (||un(s ) — Up—1(s, ')||2L2(KD(t))> ) (128)
0<t<r Jo
that is,
M,(r)<C / M, _1(s)ds. (129)
0
Because My(T') < +oo, Gronwall’s lemma implies that
+oo
> (Mu(r)'? < +oo. (130)
n=0

Therefore, (u,(t,-), n € N) converges in L?(Q2 x R?,dP x dx), uniformly in
t € 10,7}, to alimit u(t, -). Since w,, satisfies (H1) and w,, converges uniformly
in t to u(t,-), it follows that u(t,-) is a solution to (113): indeed, it suffices
to pass to the limit in (122) and (123).

Uniqueness of the solution follows by a standard argument. ]

7 Spatial Regularity of the Stochastic Integral (d = 3)

We aim now to analyze spatial regularity of the solution to the 3-dimensional
stochastic wave equation (113) driven by spatially homogeneous Gaussian
noise, with covariance given by a Riesz kernel f(x) = |z|=7, where 0 < 8 < 2.
For this, we shall first examine the regularity in the x-variable of the function-
valued stochastic integral defined in Section 5 when d = 3.

We recall that studying regularity properties requires information on
higher moments. With these, one can use the Kolmogorov continuity theorem
(Theorem 4.4) or the Sobolev embedding theorem, which we now recall.

Theorem 7.1 (The Sobolev Embedding Theorem). Let & be an open
subset of R®. Suppose that g € WP4(0). Then x +— g(z) is p-Holder
continuous, for all p €10, p — Z [.

We recall [16] that the norm in the space W?9(0) is defined by
Hg”?/vth(ﬁ) = Hg”%q(ﬁ) + Hg||;1)}q}ﬁ7 (131)

where

I91Ze(e) = [ lg(@)|* dw
@ =/,

132
o[ [ e g 152
Pao " Jp o Y |z —yldtee

gl
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Our first objective is to determine conditions that ensure that
E (lve.zllf0)) < +o0. (133)
For € > 0, we let
0°={zeR’: 3z2€ 0 with |z — 2| <&} (134)

denote the e-enlargement of &, and use the notation

oy = / G(t— s, —y) Z(s,y) M(ds  dy). (135)
[0,¢] xR?

An Estimate in LP-Norm

Theorem 7.2. Suppose 0 < 3 < 2. Fiz T >0, q € [2,+0c0[ and let & C R?
be a bounded domain. There is a constant C' < oo with the following property.
Suppose that

t
[ asE(126)or)) < +oc. (136)
0
Then .
E (lebol30)) <€ [ asE (12650 s)) (137)
0

Proof. We present the main ideas, omitting some technical issues that are han-
dled in [5, Proposition 3.4]. First, we check inequality (137) with G replaced
E (16, 21340

by Gy:
:/ﬁde( q)
</6>de<‘ AtdSL3dyAstGn(t_sax_y) Z(s,y) fly—2)

q/2
) . (138)

/[Ot] R Gn(t—s,x—y) Z(S,y) M(dsvdy)
X

X Gp(t—s,0—2)Z(s,z2)

Let

Ln (t, x)

/ds/mdy/deG —s,x—y) fly—2) Gult—s,z—2). (139)
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Assume that

sup  pn(t,z) < +oo. (140)
n,x, t<T

By Holder’s inequality, written in the form (76), we see, since G, > 0, that
E (”Uth,ZHqu(ﬁ)>
t
S/ da:(,un(t,a:))g_lE</ ds/ dy dz Gp(t — s,z —y)
o 0 R3 R3 (141)
= 2) Golt = 5,2 = 2) 26 )12 120522

- IGn,|Zlﬁt_s+1/n|Q/2'

We apply (104), then (105), to bound this by

- t 2
i o = dEHZ V21 iy
Gn,|Zlﬁt—s+1/n| /2 A 5 < | (S)| oot/ L2(R3) (142)
< sup [ pldn) 17Ga(s, )¢ - )
(eR3 JR3
Since 0 < § < 2, the supremum over ¢ is finite, therefore
t
B (I, 2la) <€ [ a5B (120N Lprri) - (143)

By Fatou’s lemma,
B (Ilv6 21800 < HiminfE (s, 1%00))

t
<timint [ asB (126G, i) (144

t
— q
_/O 4B (| Z() L pe—ry) -

It remains to check that (140) holds. Since

sin®((t — s)[))

| ZGu(t = s))]* < |FG(t—s)()]* = ]2

it follows that for ¢t € [0,7] and = € R3,

t n2((t — s
it o)< s [ gy I <oy, g

since 0 < 3 < 2. This completes the proof. ]
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An Estimate in Sobolev Norm

We consider here a spatially homogeneous Gaussian noise F (t,x), with covari-
ance given by f(x) = |z|7?, where 0 < 3 < 2. We seek an estimate of the
Sobolev norm of the stochastic integral vf, ,. We recall that the Sobolev norm
is defined in (131).

Theorem 7.3. Suppose 0 < 3 < 2. Fiz T > 0, q €]3,+00|, and let © C R?
be a bounded domain. Fix v €]0,1], and suppose that

t
/0 dsE(||Z(s)||?,Vw(ﬁt,3)) < foo. (147)

e]o,yA(Qgﬁ—ZM. (148)

Then there exists C' < +oo—depending on p but not on Z—such that

Consider

t
B(Ibltge) <C [ E(IZ0mapen).  (149)

Remark 7.4. In the case of the heat equation, spatial regularity of the stochas-
tic integral process, that is, of x — th, 4 (), occurs because of regularity of
the heat kernel G, even if Z is merely integrable. Here, the spatial regularity
of v, , is due to the regularity of Z.

Proof (Theorem 7.3). The key quantity that we need to estimate is

o [ e [ "B B0, (150

Let p=p+ Z’, so that 3+pq = pq. If we replace G by G,,, then the numerator
above is equal to

’/ds/ n(t—s,x—u)— Gn(t—s,y—u))Z(S,U)M(ds,du)q,
R3
so by Burkholder’s inequality (32),

E (|vgmz(x) - ”th,Z(y)}q)

§0E<

tds du dv Z(s,u) f(u—v) Z(s,v)

R3 R3

(151)

X (Gp(t—s,x—v) —Gu(t— s,y —v))

q/2>
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If we had G instead of G,,, and if G were p-Holder continuous with exponent
p, for instance, then we would get a bound involving |z — y|?, even if Z were
merely integrable.

Here we use a different idea: we shall pass the increments on the GG,, over
to the factors Z f Z by changing variables. For instance, if there were only
one factor involving increments of GG, we could use the following calculation,
where G, is generically denoted g and Z f Z is denoted :

[ dutate =) = gty = w) wla)
= du g(z — u)P(u) — du g(y — u) P (u)

R? R? (152)
— [ dag@) i —a) - wmmw@—m)

R3 R?
:/‘ dig(a) (Y(z —a) —P(y — a)).
R3

Using this idea, it turns out that the integral on the right-hand side of (151)
is equal to

4
> I (@), (153)
i=1

where

Tin(2,y)
t (154)
:/ ds/ du/ dv Gy (s,u) Gp(s,v) hi(t,s,z,y,u,v),
0 R3 R3
and

hi(t,s,xz,y,u,v)=fly—x+v—u)(Z(t—s,c—u)—Z(t—s,y—u))
X (Z(t—s,x—v)—Z({t—s,y—v)),

hao(t,s,x,y,u,v)=Df(v—u,z—y)Z({t—s,x—u)
X (Z(t—s,x—v)—Z({t—s,y—v)),
(155)
hs(t,s,x,y,u,v)=Df(v—u,y—x)Z({t—s,y—v)
X (Z(t—s,x—u)—Z({t—s,y—u)),

h4(t,5,a:,y,u,v):—DQf(U—u,x—y) Z(t—S,Z‘—’U,) Z(t—S,Z‘—’U,),
and we use the notation
Df(u,z)= flu+z)— f(u),

b2 (156)
flu,z) = flu—a) =2 f(u) + flu+z)
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We can now estimate separately each of the four terms

q/2
Ti(t,0) = /dx/d B (@ ) ) o (157)

M—MM

The term T} (t, 0). Set

tn(z,y) = sup / du dv Gp(s,u) Gu(s,v) fly—x+v—u)
sefo0,7] JR3 R3
(158)
= sup [l e 7| F G ()0
s€[0,7] JR3
so that
sup pn(7,y) < 400, (159)

n,r,y

since @ < 2. Therefore, since G,,(s,u) > 0, by Holder’s inequality,

EQﬁAmeﬂ
< (T pn(,y))

XE(/ ds/ du/ dv Gy (s,u) Gp(s,v) fly—x+v—u)
R3 R3
X |Z(t—s,x—u)—Z(t—s,y—u)??

-1

X |Z(t—8,x—v)—Z(t—s,y—v)|q/2). (160)

Apply the Cauchy—Schwarz inequality with respect to the measure

dP dzdydsdudv Gp(s,u) Gp(s,v) fly—x+v—u) (161)
to see that 1/2
To(t, 0) < (TN, 0) T,%(t, 0)) (162)
where
Ty, 0)

t
ds/ x dy/ du dan(s,u) Gn(s,v) fly—x+v—u)
0 ﬁ’ 6 Jm3

E(Z(t- s,x—u) Z(t—s,y—u)|q)7 (163)
|x — y|Pa

and there is an analogous expression for T'1%(¢, &'). We note that for x € O,
when G, (s,u) > 0 (resp. for y € €, when G, (s,v) > 0), z — u € ¢51+1/7)
(resp. y —u € ¢5(+1/1) 50
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t
Tr%’l(t ,0) < / dsE (HZ(t - S)”ZAq,ﬁs(lﬁ»l/n)) sup fin (7, ). (164)
0 ’ n,z,y

The same bound arises for the term T12(t, ), so this gives the desired
estimate for this term.

We shall not discuss the terms T2(t, &) and T2(t, ©) here: the interested
reader may consult [5, Chapter 3], but we consider the term T2(¢, ©).

The term T(t, 0). In order to bound T}(t, €), we aim to bring the exponent
q/2 inside the ds du dv integral, in such a way that it only affects the Z factors

but not f.
Set
(T, y)
D? — — 165
= sup / du dv Gp(s,u) Gp(s,v) D2 u’;ﬁ vl (165)
s€[0,7] JR3 R? |z — y[?P
We will show below that
sup pn(z,y) < C < 400, (166)

n>1, x,yel

which will turn out to require a quite interesting calculation. Assuming this
for the moment, let p = ¢/2. Then, by Holder’s inequality,

E (|7, (z,9)IP)

|z —y|??
t
< sup (un(x,y))p_l/ ds/ du/ dv Gy (s,u) Gp(s,v) (167)
n,,y 0 R3 R3
2 — J—
(NPT =l g )P 12— 5.3 — )P

|z —y|?

This quantity must be integrated over & x &. We apply the Cauchy—Schwarz
inequality to the measure dsdudov(---)dP, and this leads to

t
Té(t,ﬁ) < sup (un(x,y))p/o dsE (”Z(S)||%q(ﬁ(t—s)(1+1/n))) . (168)

n,z,y

This is the desired bound for this term.
It remains to check (166). The main difficulty is to bound the second-order
difference |D?f(v — u, o — y)|. We explain the main issues below.

Bounding Symmetric Differences

Let g : R — R. Suppose that we seek a bound on
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D?g(x,h) = g(x — h) — 29(x) + g(x + h). (169)

Notice that if g is differentiable only once (g € C), then the best that we can
do is essentially to write

[Dg(z,h)| < |g(z = h) = g(@)| + [g(z + h) - g(x)]
(170)
< ch.
On the other hand, if g is twice differentiable (g € C?), then we can do better:
|D%g(x,h)| < ch?. (171)
In the case of a Riesz kernel f(z) = |z|~?, 2 € R?, we can write
1D f(u, @) = |Ju— 2|77 = 2Jul 7 + |u+ 2|77

< CIf"(w)] |« (172)

= Clu|~7?|a|?.

Taking into account the definition of u,(z,y) in (165), this inequality leads
to the bound

fin (25 y)
—yl? 173
< sup (/ du/ dv Gp(s,u) Gn(s,v)|u—v|_(ﬁ+2)) 2 y|27( )
seo,7] \JR? R3 |z — y|?P

However, the double integral converges to +o00 as n — oo, since 5+ 2 > 2.

Since differentiating once does not necessarily give the best bound possible
and differentiating twice gives a better exponent but with an infinite constant,
it is natural to want to differentiate a fractional number of times, namely just
under 2 — (§ times. If we “differentiate o times” and all goes well, then this
should give a bound of the form p,(x,y) < Clx — y|*, for « €]0,2 — G[. We
shall make this precise below.

Riesz Potentials, their Fractional Integrals and Laplacians

Let a & 2p. We recall that

2 — 3 3
p < 26—q and ,6=p+q, so a<2-—p0. (174)

The Riesz potential of a function ¢ : R? — R is defined by

_ ! ¢(y) "
(Ia SD)(‘,E) - 'Y(a) ,A{d |£U _ y|d_“ dy7 E]O7d[7 (175)

where y(a) = 7%/22°T'(a/2)/T(}(d — a)). Riesz potentials have many interest-
ing properties (see [17]), of which we mention the following:



The Stochastic Wave Equation 69

(1) Iosp(p) = Io(Ipe) if a + b €]0,d[. Further, I, can be seen as a
“fractional integral of order a,” in the sense that

Fha)© =707 (| ua ) © =75 (176)

(2) Our covariance function kg(z) = || =7 is a Riesz kernel. These kernels
have the following property:

[ atd / dz ka_o(z — 2) |24 (177)
Rd
=1 (]-|"*F). (178)

This equality can be viewed as saying that |z|~9*% is “bth derivative (or
Laplacian)” of |z|~9T*? in the sense that

(_A)b/Q (|Z|7d+a+b) _ |Z|7d+a ) (179)
Indeed, taking Fourier transforms, this equality becomes simply
€l gt = fel ™ (180)
Recall the notation
Df(u,y) = flu+y) - f(u). (181)
From (177), one can easily deduce (see [5, Lemma 2.6]) that
Dkq—oq—p(u,cx) = |c|b/ dw kq—q(u — cw) Dkg_p(w, x), (182)
R4
and
|D%kg—aop(u,z)| < |x|b/ dw kg—o(u — |zw) Dkg_y (w |””) . (183)
R x

Set b=« =2pand a = 3—a—, where a+ 5 €]0,2[. Looking back to (165),
these two relations lead to the following estimate:

pn (2, y)

1
< sup / du/ dv Gy (s,u) Gp(s,v) |z —y|®
scor) |7 —yl* Jrs R3

Dks o <w7 . )‘
||

< sup (Sup/ du/ dan(s,u)Gn(s,v)ka+g(v—u—|y—x|w))
R3 R3

s€[0,7T] \z,y,w

></ dw ko+g(v —u — |y — z|w) x
R3

X sup/dw ‘Dzkga (w, ”x|)‘ . (184)
x

x



70 R.C. Dalang

The double integral above is finite since o + < 2. Indeed, taking Fourier
transforms, the shift —|y — 2|w introduces a factor e?1¥=*I*  which is of no
consequence. The second integral is finite (and does not depend on x). For
this calculation, see [5, Lemma 2.6]. This proves Theorem 7.3. O

8 Holder-Continuity in the 3-d Wave Equation

We consider the stochastic wave equation (113) for d = 3, driven by spatially
homogeneous Gaussian noise with covariance f(z) = |z|~?, where 0 < 8 < 2.

The main idea for checking Holder continuity of the solution is to go back
to the Picard iteration scheme that was used to construct the solution, start-
ing with a smooth function ug(¢,z) (whose smoothness depends only on the
regularity of the initial conditions), and then check that regularity is preserved
at each iteration step and passes to the limit. The details are carried out in
[5, Chapter 4]. The main result is the following.

Theorem 8.1. Assume the following three properties:

(a) the initial value vq is such that vg € C*(R3) and Avg is Hélder continuous
with exponent 71 ;

(b) the initial velocity vg is Holder continuous with exponent o ;

(¢) the nonlinearities o,b : R — R are Lipschitz continuous.

Then, for any q € [2,00[ and

9 _
o€ 0771/\’72/\ 2ﬁ ) (185)
there is C' > 0 such that for all (t,z),(s,y) € [0,T] x D,
E(u(t,z) —u(s,y)|?) < C (|t — s| + [z —y[)™. (186)

In particular, (t,z) — u(t,z) has a Hélder continuous version with exponent
a.

We observe that the presence of 3 A2 in (185) can be interpreted by saying
that the (ir)regularity of the initial conditions limits the possible regularity
of the solution: there is no smoothing effect in the wave equation, contrary to
the heat equation.

We note that this result is sharp. Indeed, if we consider the linear wave
equation, in which we take 0 = 1 and b = 0 in (113), with vanishing initial
condition vy = 9y = 0, then it is possible to show (see [5, Chapter 5] that

E (Ju(t,z) —u(t,y)*) = e1 |z —y*” (187)

and

E (Ju(t,z) —u(s,z)|?) > e [t — s|*77. (188)
This implies in particular that ¢ — w(t,x) and x — u(t,z) are not y-Holder
continuous, for v > 256 (see [5, Chapter 5]).
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