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Abstract

We propose an extension of Walsh’s classical martingale measure stochastic integral that
makes it possible to integrate a general class of Schwartz distributions, which contains the
fundamental solution of the wave equation, even in dimensions greater than 3. This leads to
a square-integrable random-field solution to the non-linear stochastic wave equation in any
dimension, in the case of a driving noise that is white in time and correlated in space. In the
particular case of an affine multiplicative noise, we obtain estimates on p-th moments of the
solution (p > 1), and we show that the solution is Holder continuous. The Holder exponent
that we obtain is optimal .
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1 Introduction

In this paper, we are interested in random field solutions to the stochastic wave equation
2

o2

u(t,z) — Au(t,x) = a(u(t, z))F(t,x) + B(u(t,x)), t>0, zeRY, (1.1)

with vanishing initial conditions. In this equation, d > 1, A denotes the Laplacian on R?, the
functions «, 3 : R — R are Lipschitz continuous and F' is a spatially homogeneous Gaussian
noise that is white in time. Informally, the covariance functional of F' is given by

E[F(t,x)F(s,y)] = d(t — s)f(z —y), s,t >0, x,yGRd,

where § denotes the Dirac delta function and f : R — R is continuous on R?\ {0} and even.

We recall that a random field solution to (1.1) is a family of random variables (u(t,x), t €
Ry, = € RY) such that (t,z) — u(t,z) from R, x R? into L?(Q) is continuous and solves
an integral form of (1.1): see Section [4. Having a random field solution is interesting if, for
instance, one wants to study the probability density function of the random variable u(t, )
for each (¢,x), as in [12]. A different notion is the notion of function-valued solution, which
is a process t — u(t) with values in a space such as L*(Q, L2 (R% dz)) (see for instance [7],
[4]). In some cases, such as [6], a random field solution can be obtained from a function-valued
solution by establishing (Holder) continuity properties of (¢, x) — (¢, z), but such results are
not available for the stochastic wave equation in dimensions d > 4. In other cases (see [3]), the
two notions are genuinely distinct (since the latter would correspond to (¢,z) +— u(t,x) from
R, x R? into L?(Q) is merely measurable), and one type of solution may exist but not the other.
We recall that function-valued solutions to (1.1) have been obtained in all dimensions [14] and
that random field solutions have only been shown to exist when d € {1,2,3} (see [1]).

In spatial dimension 1, a solution to the non-linear wave equation driven by space-time white
noise was given in [24], using Walsh’s martingale measure stochastic integral. In dimensions 2
or higher, there is no function-valued solution with space-time white noise as a random input:
some spatial correlation is needed in this case. In spatial dimension 2, a necessary and sufficient
condition on the spatial correlation for existence of a random field solution was given in [2].
Study of the probability law of the solution is carried out in [12].

In spatial dimension d = 3, existence of a random field solution to (1.1) is given in [1]. Since the
fundamental solution in this dimension is not a function, this required an extension of Walsh’s
martingale measure stochastic integral to integrands that are (Schwartz) distributions. This
extension has nice properties when the integrand is a non-negative measure, as is the case for
the fundamental solution of the wave equation when d = 3. The solution constructed in [1] had
moments of all orders but no spatial sample path regularity was established. Absolute continuity
and smoothness of the probability law was studied in [16] and [17] (see also the recent paper
[13]). Holder continuity of the solution was only recently established in [6], and sharp exponents
were also obtained.

In spatial dimension d > 4, random field solutions were only known to exist in the case of the
linear wave equation (o = 1, § = 0). The methods used in dimension 3 do not apply to higher
dimensions, because for d > 4, the fundamental solution of the wave equation is not a measure,
but a Schwartz distribution that is a derivative of some order of a measure (see Section [5). It
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was therefore not even clear that the solution to (1.1) should be Holder continuous, even though
this is known to be the case for the linear equation (see [20]), under natural assumptions on the
covariance function f.

In this paper, we first extend (in Section[3) the construction of the stochastic integral given in
[1], so as to be able to define

/ S(s,x)Z(s,x)M(ds,dx)
0 Jrd

in the case where M(ds,dz) is the martingale measure associated with the Gaussian noise F',
Z(s, ) is an L?-valued random field with spatially homogeneous covariance, and S is a Schwartz
distribution, that is not necessarily non-negative (as it was in [1]). Among other technical
conditions, S must satisfy the following condition, that also appears in [14]:

/ ds sup / H(d€) | FS(s)(€ + )2 < oo,
0 R4

neR?

where p is the spectral measure of F (that is, Fu = f, where F denotes the Fourier transform).
With this stochastic integral, we can establish (in Section 4) existence of a random field solution
of a wide class of stochastic partial differential equations (s.p.d.e.’s), that contains (1.1) as a
special case, in all spatial dimensions d (see Section5).

However, for d > 4, we do not know in general if this solution has moments of all orders.
We recall that higher order moments, and, in particular, estimates on high order moments of
increments of a process, are needed for instance to apply Kolmogorov’s continuity theorem and
obtain Holder continuity of sample paths of the solution.

In Section [6], we consider the special case where « is an affine function and 8 = 0. This is
analogous to the hyperbolic Anderson problem considered in [5] for d < 3. In this case, we
show that the solution to (1.1) has moments of all orders, by using a series representation of the
solution in terms of iterated stochastic integrals of the type defined in Section 3.

Finally, in Section (7] we use the results of Section [6/to establish Holder continuity of the solution
to (1.1) (Propositions[7.1 and [7.2) for « affine and § = 0. In the case where the covariance
function is a Riesz kernel, we obtain the optimal Holder exponent, which turns out to be the
same as that obtained in [6] for dimension 3.

2 Framework

In this section, we recall the framework in which the stochastic integral is defined. We consider
a Gaussian noise F', white in time and correlated in space. Its covariance function is informally
given by
E[E(t, z)F(s,y)] = 6(t — s)f(x — y), s,t>0, x,y € RY,

where § stands for the Dirac delta function and f : R? — R, is continuous on R¢\ {0} and
even. Formally, let D(R%!) be the space of C*®°-functions with compact support and let F =
{F(p), ¢ € DRYH} be an L*(Q, F,P)-valued mean zero Gaussian process with covariance
functional

BPOF@)] = [dt [ o [ dyeto)fa@ - o).
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Since f is a covariance, there exists a non-negative tempered measure p whose Fourier transform
is f. That is, for all ¢ € S(R?), the Schwartz space of C®°-functions with rapid decrease, we
have

f(2)é(x)dx = / Fo©)ulde).
Rd Rd

As f is the Fourier transform of a tempered measure, it satisfies an integrability condition of
the form

dzr < oo, (2.1)

for some p < 0o (see [21, Theorem XIII, p.251]).

Following [2], we extend this process to a worthy martingale measure M = (My(B), t >0, B €
By(RY)), where By(R?) denotes the bounded Borel subsets of R, in such a way that for all
p € SR,

Flo)= [ [ ettn)M(at,da),

where the stochastic integral is Walsh’s stochastic integral with respect to the martingale measure
M (see [24]). The covariation and dominating measure @ and K of M are given by

Q([0,t] x Ax B) = K([0,t] x Ax B)

= ) MB) =t [ do [ dy1a@ie-91s0)

We consider the filtration F; given by F; = F2 V N, where
FP = 0(My(B), s < t, B € By(R7))

and N is the o-field generated by the P-null sets.

Fix T > 0. The stochastic integral of predictable functions ¢ : Ry x R* x Q — R such that
9]+ < oo, where

o1 =5 [ as [ ao [ avlgsn 1560 =)l

is defined by Walsh (see [24]). The set of such functions is denoted by P;. Dalang [1] then
introduced the norm || - [|o defined by

T
ol = | [ as [ as [ dyatsonse - mats.nn)]. (22)
0 R R
Recall that a function g is called elementary if it is of the form
g<3a x7w) = 1]a,b](8>1A(x>X(w)7 (23)
where 0 <a< b T, A€ Bb(Rd), and X is a bounded F,-measurable random variable. Now

let £ be the set of simple functions, i.e., the set of all finite linear combinations of elementary
functions. Since the set of predictable functions such that ||g|lo < oo is not complete, let Py
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denote the completion of the set of simple predictable functions with respect to || - ||g. Clearly,
P, C Py. Both Py and P, can be identified with subspaces of P, where
P = {t — S(t) from [0,T] x Q — S'(R?) predictable, such that FS(t) is a.s.
a function and ||S]|o < oo},

where
T
5= | [ a [ wae)Fseer]. (2.4

For S(t) € S(RY), elementary properties of convolution and Fourier transform show that (2.2)
and (2.4) are equal. When d > 4, the fundamental solution of the wave equation provides an
example of an element of Py that is not in P (see Section |5).

Consider a predictable process (Z(t,z), 0 <t < T, x € RY), such that

sup sup E[Z(t,z)?] < cc.
0<t<T zeRd

Let M? be the martingale measure defined by

t
MtZ(B)=/O /BZ(s,y)M<ds,dy), 0<t<T, BeByRY,

in which we again use Walsh’s stochastic integral [24]. We would like to give a meaning to
the stochastic integral of a large class of S € P with respect to the martingale measure MZ.
Following the same idea as before, we will consider the norms || - ||+ z and | - ||o,z defined by

o125 = [ [ s [ ao [ dvlgto.r.) 206,006 ) 2G5, 0)906.00)
and
ol = [ [ s [ e [ avotonrz0s -0 Z6atenn] @9

Let Py 7 be the set of predictable functions g such that ||g||+,z < oo. The space Py is
defined, similarly to Py, as the completion of the set of simple predictable functions, but taking
completion with respect to || - ||o,z instead of || - ||o.

For g € &, as in (2.3), the stochastic integral g - M% = ((g - M?);,0 < t < T) is the square-
integrable martingale

(g- MZ), = MZ,(A) — MZ,,(A) = / / 9(s,y, ) Z(s,y) M(ds, dy).
0 R4

Notice that the map g +— g-M?Z, from (&, ||-||o,z) into the Hilbert space M of continuous square-
integrable (F;)-martingales X = (Xy,0 <t < T) equipped with the norm || X| = E[X%]%, is an
isometry. Therefore, this isometry can be extended to an isometry S — S-MZ from (Po z, |||l0.2)
into M. The square-integrable martingale S - M?% = ((s- M?%),0 <t < T) is the stochastic
integral process of S with respect to M%. We use the notation

/ S(s,9)Z (s, y)M(ds, dy)
0 R4

for (S - M?%),.

The main issue is to identify elements of Py z. We address this question in the next section.
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3 Stochastic Integration

In this section, we extend Dalang’s result concerning the class of Schwartz distributions for which
the stochastic integral with respect to the martingale measure M# can be defined, by deriving
a new inequality for this integral. In particular, contrary to [1, Theorem 2], the result presented
here does not require that the Schwartz distribution be non-negative.

In Theorem [3.1 below, we show that the non-negativity assumption can be removed provided
the spectral measure satisfies the condition (3.6) below, which already appears in [14] and [4].
As in [1, Theorem 3], an additional assumption similar to [1, (33), p.12] is needed (hypothesis
(H2) below). This hypothesis can be replaced by an integrability condition (hypothesis (H1)
below).

Suppose Z is a process such that supy,<r E[Z(s, 0)2] < +oo and with spatially homogeneous
covariance, that is z — E[Z(t,x)Z(t,x + z)] does not depend on x. Following [1, Theorem 3],
set fZ(s,x) = f(x)gs(x), where g(z) = E[Z(s,0)Z(s,z)].

For s fixed, the function g, is non-negative deﬁnite since it is a covariance function. Hence,
there exists a non-negative tempered measure vZ such that g, = FrvZ. Note that vZ(R%) =
gs(0) = E[Z(s,0)?]. Using the convolution property of the Fourier transform, we have

fA(s,) = fgs = Fu- Fvi = F(uxv?),

where * denotes convolution. Looking back to the definition of || - ||o,z, we obtain, for a deter-
ministic ¢ € P z with ¢(¢,-) € S(RY) for all 0 <t < T (see [1, p.10]),

T
etz = [ s [ o [ dyets.rsc = - netn
T
- / ds / (% v2)(dE) | Fols, ) (O
0 Rd

T
= [as [ v [ ude) ot e P (31

T
otz < [ dsvZ@su [ ude) Fels. e+l

ner?

In particular,

< C / ds sup / u(de) | Fo(s, ) (€ + )% (3.2)

neR4

where C' = supg <1 E[Z(s,0)?] < 0o by assumption. Taking (3.1) as the definition of | - [|o,z,
we can extend this norm to the set P, where

Py = {t — S(t) from [0,T] — S'(R?) deterministic, such that FS(t) is
a function and ||S||p,z < oo} .

The spaces P, z and Py z will now be considered as subspaces of Py Let S € Py. We will
need the following two hypotheses to state the next theorem. Let B(0,1) denote the open ball
in R? that is centered at 0 with radius 1.

634



(H1) For all ¢ € D(R?) such that ¢ > 0, supp(y) C B(0,1), and [zq ¢(x)dz = 1, and for all
0<a<b<T, wehave

b
/ (5(t) x@)(-) dt € S(RY), (3.3)

and

T
/Rd dac/o ds |(S(s) * 0)(@)] < oo. (3.4)

(H2) The function FS(¢) is such that

T
tim [ ds sup [ u(de) swp |FS(IE+n) - FSEE D=0 (35
10 Jo neRrd JR4 s<r<s+h

This hypothesis is analogous to [1, (33), p.12]. We let S.(R?%) denote the space of Schwartz
distributions with rapid decrease (see [21, p.244]). We recall that for S € S.(RY), FS is a
function (see [21, Chapter VII, Thm. XV, p.268]).

Theorem 3.1. Let (Z(t,z), 0 <t < T, x € R?Y) be a predictable process with spatially homoge-
neous covariance such that supggicp Sup,cpa E[Z(t,2)?] < oo. Let t — S(t) be a deterministic
function with values in the space SL(R?). Suppose that (s, &) — FS(s)(€) is measurable and

T
/ ds sup / j(d€) | FS(s)(€ + )2 < oo. (3.6)
0 R4

ner?

Suppose in addition that either hypothesis (H1) or (H2) is satisfied. Then S € Py z. In particu-
lar, the stochastic integral (S - M?%); is well defined as a real-valued square-integrable martingale
((S-M?%),0<t<T) and

Bls- MDY = [ ds [ vian) [ nae) | FS)E+ P

< (Sup sup E[Z(S,$)2]> /0 ds sup /Rdu(dﬁ) [FS(s)E+m*. (3.7)

0<s<T zcR4 nERd

Proof. We are now going to show that S € Py 7 and that its stochastic integral with respect
to M? is well defined. We follow the approach of [1, proof of Theorem 3].

Take ¢ € D(R?) such that ¢ > 0, supp(¢)) C B(0,1), [ga®(z)dz = 1. For all n > 1, take
Yn(x) = n%p(nx). Then 1, — Jy in S'(R?) as n — oco. Moreover, Fip,(£) = .7-"1#(%) and
| Fibn (€)] < 1, for all € € RY. Define S, (t) = (¢, * S)(t). As S(t) is of rapid decrease, we have
Sn(t) € S(RY) (see [21], Chap. VII, §5, p.245).

Suppose that S, € Py z for all n. Then
T
I15:=SlEz = [ ds [ vZan) [ n(a9) 175,00 = S+ )
T
= [ s [ ) [ ) Fuaterm - PESGIE P (39)
0 R4 Rd
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The expression | F, (£ +n) — 1] is bounded by 4 and goes to 0 as n — oo for every & and 1. By
(3.6), the Dominated Convergence Theorem shows that [|S, — S|lo,z — 0 as n — co. As Py 7 is
complete, if S,, € Py z for all n, then S € Py 7 .

To complete the proof, it remains to show that S,, € Py 7 for all n.

First consider assumption (H2). In this case, the proof that S, € Py z is based on the same
approximation as in [1]. For n fixed, we can write S,(¢,z) because S,(t) € S(R?) for all
0 <t <T. The idea is to approximate S, by a sequence of elements of P, z. For all m > 1, set

2m—1
Spm(t, z) Z Sy (thHL g Vg pesn(t), (3.9)

where t¥ = ET27™. Then Snm(t,:) € S(R%). We now show that S, € Pi.z. Being a
deterministic function, Sy, is predictable. Moreover, using the definition of || - ||+ z and the
fact that |gs(x)| < C for all s and x, we have

T
ISenllZz = [ ds [ do [ nlSun(s.2) 5o =) lasla = DlISun(s)
21 gkt

- 2/ ds [ do [ dy1,(25 )| o = ) lonte = )] IS, (25 )

2m_1 g+l
<o x [T s [ s S D

where S, (tF+1, x) ::Sn(tfn“, —x). By Leibnitz’ formula (see [22], Ex. 26.4, p.283), the function
2 = (|Sp (L )| %S, (51 )])(2) decreases faster than any polynomial in |z|~'. Therefore, by
(2.1), the preceding expression is finite and ||.S,, || +,z < 00, and Sy, p, € Py.z C Po 2.

The sequence of elements of P, 7 that we have constructed converges in || - ||p,z to S,. Indeed,
2 g z 2
ISum = Sullhz = [ ds [ vZ(a@n) [ ud) 1 (Sum(s,) = Suls )€+ )
0 R R4
T
S / ds/ VSZ(dn) / M(df) sup ‘f(Sn('f', ) - Sn(S, ))(f + 77)’27
0 R R4

s<r<s+12—m

which goes to 0 as m — oo by (H2). Therefore, Sy, — S, as m — oo and S, € Py z. This
concludes the proof under assumption (H2).

Now, we are going to consider assumption (H1) and check that S,, € Py z under this condition.
We will take the same discretization of time to approximate S,,, but we will use the mean value
over the time interval instead of the value at the right extremity. That is, we are going to
consider

2m—1
Snm(t,x) = Z afz,m(x)l[tfn,tfjl[(t)? (3.10)
k=0
where t& = kT2™™ and
om tf,fl
ak (x) = / Sn(s,x)ds. (3.11)
) T t!;?n



By (3.3) in assumption (H1), afl’m € S(R?) for all n, m and k. Moreover, using Fubini’s theorem,
which applies by (3.4) since [pq dx f; ds|Sn(s,x)| < oo forall 0 <a <b< T, we have

kJrl
Fa,ﬁ,m(@ = /Rddac/tk ds e~ &) Sn(s,x)
gm [t
= 7 " ds FSy(s,-)(&).

We now show that S, ,, € Py z. We only need to show that aﬁ’m(:c)l[tk tk+1[(t) € Py z for all
k=1,...,2™ — 1. We have "

Jom (Vi g1 (V2 < O [ 2 FEabn O] 5 mOD ),

where ak () = afL’m(— ). Since af . € S(RY), a similar argument as above, using Leibnitz’
formula, shows that this expression 1s ﬁmte Hence S,,m € Py.z CPo z.

It remains to show that S, ,, — S, as m — oo. Indeed,

1Sn.m = Snll6,z

T
= S VZ S,) — onlS,- 2
= [ [ vPan) [ (@) 1P (S5, = Su(s. )+ )
2m 1 4k+l

= Z /tk Ade(dn)Adu(df) |Fak (€ +n) — FSu(s,)(€+n))?

S _1/t HdS/RdVSZ(dn)/Rdu(dﬁ) =

m

_fSn(Sv )(E + 77)

et

FSn(u,-)(& +n)du

(3.12)

We are going to show that the preceding expression goes to 0 as m — oo using the martingale
L2-convergence theorem (see [9, thm 4.5, p.252]). Take Q = R?xR?x [0, T, endowed with the o-
field F = B(R?) x B(RY) x B([0, T]) of Borel subsets and the measure u(d¢) x vZ (dn) x ds. We also
consider the filtration (H,, = B(RY) x B(R?) x G,1,)m>0, where G, = o ([t tf’?nﬂ[ k=0,...,2

1). For n fixed, we consider the function X : Q — R given by X (&, 7,s) = FS,(s,-)(£+n). This
function is in L2(2, F, u(d€) x vZ(dn) x ds). Indeed,

T
| as [ van [ 91756+ P

C/ ds sup/ wu(d§) \.7:5(8,')(5‘1‘77)‘2;

ner?

which is finite by assumption (3.6). Then, setting

oM [ gkt
2 m
Xm = Eu(df)xusz(dn)xds[X|Hm] = Z (T fSn(uv )(5 + 77)du> l[tﬁjtﬁjl[(s)v
k=0



we have that (X,,)m>0 is a martingale. Moreover,
SUD B, (g w2 (dny s [ Xom) < Bpug) o (anyxas[X ] < 00
m

The martingale L?-convergence theorem then shows that (3.12) goes to 0 as m — oo and hence
that S,, € 7)072.

Now, by the isometry property of the stochastic integral between Py z and the set M? of square-
integrable martingales, (S - M?), is well-defined and

T
BUS - MR = IS1z = [ ds [ vé(an) [ ntae) PG e+ P
The bound in the second part of (3.7) is obtained as in (3.2). The result is proved. |

Remark 3.2. As can be seen by inspecting the proof, Theorem [3.1 is still valid if we replace
(H2) by the following assumptions :

o t+— FS(t)(€) is continuous in ¢ for all £ € RY ;

e there exists a function ¢ + k(t) with values in the space S.(R?) such that, forall 0 < ¢ < T
and h € [0,¢],
[FS(E+h) () = FSE)E] < [FRE)(E)];

and

T
| dssuw [ u(@) 7R+ P < +x.
0 R4

nerd

Remark 3.3. There are two limitations to our construction of the stochastic integral in Theorem
3.1. The first concerns stationarity of the covariance of Z. Under certain conditions (which, in
the case where S is the fundamental solution of the wave equation, only hold for d < 3), Nualart
and Quer-Sardanyons [13] have removed this assumption. The second concerns positivity of the
covariance function f. A weaker condition appears in [14], where function-valued solutions are
studied.

Integration with respect to Lebesgue measure

In addition to the stochastic integral defined above, we will have to define the integral of the
product of a Schwartz distribution and a spatially homogeneous process with respect to Lebesgue
measure. More precisely, we have to give a precise definition to the process informally given by

t
tH/ ds/ dy S(s,y)Z(s,y),
0 R4

where ¢ — S(t) is a deterministic function with values is the space of Schwartz distributions
with rapid decrease and Z is a stochastic process, both satisfying the assumptions of Theorem

3.1.
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In addition, suppose first that S € L?([0,T], L'(R%)). By Hoélder’s inequality, we have

(/[)Tds/Rd da:]S(s,x)HZ(s,a:)|>2]
/OTds (/Rd da:]S(s,a?)HZ(s,xﬂ)Q

T
< C/O dS/Rdd-’If5(8796)\/Rddyls(&y)!EHZ(s,x)\Z(Syy)!]

< CE

T
< C/ ds/ de(s,m)\/ dy|S(s,y)| < oo, (3.13)
0 R Rd

by the assumptions on Z. Hence fOT ds [ga dz|S(s,z)||Z(s,z)| < oo a.s. and the process

t
/ ds | dxS(s,z)Z(s,x), t>0,
0 R4

is a.s. well-defined as a Lebesgue-integral. Moreover,

0 < IE[(/OTds/Rdda:S(s,x)Z(s,x))zl

T
= / ds/ dx dy S(s,x)S(s,y) E[Z(s,x)Z(s,y)]
0 R4 R4

_ /O " s / da /R dyS(5,)S(5, )95~ )

T
= [ as [ vEam s, (3.14)
Rd
where vZ is the measure such that FvZ = gs. Let us define a norm || - ||,z on the space Pz by
I8l = [ as [ vz iEseImr (3.15)

This norm is similar to ||-[|o,z, but with p(d€) = do(d€). In order to establish the next proposition,
we will need the following assumption.

(H2*) The function FS(s) is such that

T
lim [ ds sup sup |FS(r)(n) — FS(s)(n)* = 0. (3.16)
h10 Jo nER s<r<s+h

This hypothesis is analogous to (H2) but with u(d§) = do(dE).

Proposition 3.4. Let (Z(t,r), 0 < t < T, z € R?%) be a stochastic process satisfying the
assumptions of Theorem |3.1. Let t — S(t) be a deterministic function with values in the space

SI(RY). Suppose that (s,&) — FS(s)(€) is measurable and

T

ds sup |FS(s)(n)* < oc. (3.17)
0 neRd
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Suppose in addition that either hypothesis (H1) or (H2*) is satisfied. Then

(/OT ds /R da S(s,x)Z(s,x))2]

T
= HSH%Z < C( sup sup E[Z(s,x)Q])/D ds sup |.7:S(3)(77)\2.

0<s<T zeR4 neER4

E

In particular, the process (fot ds [gadx S(s,2)Z(s,z), 0 <t < T) is well defined and takes values
in L?(€2).

Proof. We will consider (Sy)nen and (Sym)nmen to be the same approximating sequences
of S as in the proof of Theorem 3.1, Recall that the sequence (Sy,) depends on which of
(H1) or (H2*) is satisfied. If (H1) is satisfied, then (3.10), (3.11) and (H1) show that S, ., €
L2([0,T], LY(R%)). If (H2*) is satisfied, then (3.9) and the fact that S, € S(R?) shows that
Spm € L2([0,T], L*(R9)). Hence, by (3.13)), the process t — fg ds [ga dx Spm(s,z)Z(s,x) is
well-defined.

Moreover, by arguments analogous to those used in the proof of Theorem where we just
consider u(d§) = dp(d§), replace (3.6) by (3.17) and (H2) by (H2*), we can show that

HSn,m - SnHl,Z — 0, as m — 09,

in both cases. As a consequence, the sequence

</OT ds /R d (s, ) Z(s, 33)) -

is Cauchy in L?(Q2) by (3.14) and hence converges. We set the limit of this sequence as the
definition of fOT ds [ga dx Sy(s,x)Z(s,x) for any n € N. Note that (3.14) is still valid for S,,.

Using the same argument as in the proof of Theorem 3.1 again, we now can show that
Sy — S|,z — 0, asn— oo.

Hence, by a Cauchy sequence argument similar to the one above, we can define the random vari-
able fOT ds [padx S(s,x)Z(s,z) as the limit in L*(2) of fOT ds [ga dx Sp(s,z)Z (s, z). Moreover,
3.14) remains true. |

Remark 3.5. Assumption (3.17) appears in [6] to give estimates concerning an integral of the
same type as in Proposition [3.4] In this reference, S > 0 and the process Z is considered to be
in L?(R%), which is not the case here.

4 Application to SPDE’s

In this section, we apply the preceding results on stochastic integration to construct random
field solutions of non-linear stochastic partial differential equations. We will be interested in
equations of the form

Lu(t,z) = a(u(t,x))F(t,z) + B(u(t, x)), (4.1)
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with vanishing initial conditions, where L is a second order partial differential operator with
constant coefficients, F' is the noise described in Section [2 and «, § are real-valued functions.
Let T' be the fundamental solution of equation Lu(t,z) = 0. In [1], Dalang shows that (4.1)
admits a unique solution (u(t,z),0 < t < T,z € RY) when T is a non-negative Schwartz
distribution with rapid decrease. Moreover, this solution is in LP(Q) for all p > 1. Using the
extension of the stochastic integral presented in Section 3, we are going to show that there is
still a random-field solution when I" is a (not necessarily non-negative) Schwartz distribution
with rapid decrease. However, this solution will only be in L?(£2). We will see in Section [6] that
this solution is in LP(£2) for any p > 1 in the case where « is an affine function and § = 0. The
question of uniqueness is considered in Theorem [4.8.

By a random-field solution of (4.1), we mean a jointly measurable process (u(t,z), t > 0, 2 € R%)
such that (¢,z) — wu(t,z) from R x R? into L?(Q) is continuous and satisfies the assumptions
needed for the right-hand side of below to be well defined, namely (u(t, z)) is a predictable
process such that

sup sup Efu(t,z)?] < oo, (4.2)
0<t<T zeR4

and such that, for ¢t € [0,T], a(u(t,-)) and B(u(t,-)) have stationary covariance and such that
forall 0 <t < T and z € RY, as.,

u(t, x) :/0 /Rd F(t—s,ﬂz—y)a(u(s,y))M(ds,dy)—|—/0 /Rd I(t—s,z—y)B(u(s,y))dsdy. (4.3)

In this equation, the first (stochastic) integral is defined in Theorem 3.1/ and the second (deter-
ministic) integral is defined in Proposition [3.4.

We recall the following integration result, which will be used in the proof of Lemma [4.6.

Proposition 4.1. Let B be a Banach space with norm || - ||g. Let f : R — B be a function such
that f € L*(R, B), i.e.

LI ds < oo,
R

Then
lim / 1f(s+h) — F(s)|Bds = 0.
R

|h|—0
Proof. For a proof in the case where f € L'(R,B), see [11, Chap.XIII, Theorem 1.2, p.165].
Using the fact that simple functions are dense in L?(R, B) (see [8, Corollary II1.3.8, p.125]), the
proof in the case where f € L?(R, B) is analogous. [

Theorem 4.2. Suppose that the fundamental solution I' of equation Lu = 0 is a deterministic
space-time Schwartz distribution of the form T'(t)dt, where T'(t) € SL(RY), such that (s,&)
FT'(s)(&) is measurable,

T
| s swp [ ntae) lFT)E + ) < o0 (4.4)
0 neRd JR4
and .
ds sup |FL(s)(n)]* < oco. (4.5)
0 neRd

641



Suppose in addition that either hypothesis (H1), or hypotheses (H2) and (H2%*), are satisfied with
S replaced by I'. Then equation (4.1), with a and (3 Lipschitz functions, admits a random-field
solution (u(t,x), 0 <t < T,z € RY).

Remark 4.3. The main example, that we will treat in the following section, is the case where
L= @ — A is the wave operator and d > 4.

Proof. We are going to use a Picard iteration scheme. Suppose that a and (8 have Lipschitz
constant K, so that |a(u)| < K(1+ |u]) and |8(u)| < K(1 + |u]). For n > 0, set

[ up(t, ) =0,
Zn(t,z) = a(un(t, x)),
Wi(t,x) = Bun(t, z)),

(4.6)
tns1 (1, 2) / [Tt = 50— ) Zals, )M (ds, dy)
Rd
t
/ / L(t—s,x—y)Wy(s,y)dsdy.
\ 0 JRd

Now suppose by induction that, for all 7" > 0,

sup sup Efu,(t,z)?] < oc. (4.7)

0<t<T zeRe

Suppose also that u,(t,r) is Fi-measurable for all z and ¢, and that (t,x) — wu,(t,z) is L*-
continuous. These conditions are clearly satisfied for n = 0. The L?-continuity ensures that
(t,2;w) — up(t, z;w) has a jointly measurable version and that the conditions of [2, Prop.2] are
satisfied. Moreover, Lemma [4.5] below shows that Z, and W,, satisfy the assumptions needed
for the stochastic integral and the integral with respect to Lebesgue-measure to be well-defined.
Therefore, u,41(t,x) is well defined in (4.6), and is L?-continuous by Lemma 4.6, We now show

that u,y1 satisfies (4.7). By (4.6),
t 2
([ [, v so-nzsrasa) ]
0 JRrd

(/Ot /Rd L(t—s,2—y)Wy(s,y)ds dy> 2] ,

Using the linear growth of «, and the fact that I'(s,-) € Py z,, (4.4) and Theorem
imply that

E[un—i-l (t7 x)z]

+2E

sup sup [|[T(t— -, o — )H(2)Zn < +oc.
0<t<T zcRY

Further, the linear growth of 3, (4.5) and Proposition (3.4 imply that

sup_sup [|T(t — -z — )|} w, < +o0.
0<t<T zeR4

It follows that the sequence (un(t,z))n>0 is well-defined. It remains to show that it converges
in L?(2). For this, we are going to use the generalization of Gronwall’s lemma presented in [1,
Lemma 15]. We have

B[t i1 (t, ) — un(t, ©)?] < 24, (¢, z) + 2B, (t, z),
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where

F(t - 5% = y)(Zn(S, y) - Zn—l(sa y))M(dsa dy)

:E[

First consider A, (t,z). Set Y,, = Z, — Z,—1. By the Lipschitz property of «, the process Y,
satisfies the assumptions of Theorem [3.1 on Z by Lemma 4.5 below. Hence, by Theorem 3.1,

2
R4

and
2

L(t—s,2—y)(Wyn(s,y) — Wh_1(s,y))ds dy

Rd

t
Auto) = € [as [ ) [ pae) 1P = sm = )€+l

t
< c / ds v (R%) sup /R ) [FT (5,2 = )€ + )P

neRd

<cf ds(supE aa >21> sup [ () [Tt = 5.0 = )€+ )

z€R4 neR4
Then set My, (t) = sup,egd E[|unt1(t, ©) — un(t, z)[?] and
I(s) = sup [ () KFE(s, (6 + )P
neRd Rd

The Lipschitz property of o implies that

SGUIEEdE[Yn(sz)Q] - Seulé)d]E[(Zn(SaZ) - anl(svz))2]
< sw K2E[(un(s,2) — un_1(s, 2))%]

< K*M,_1(s),
and we deduce that

Ap(t,z) < C/Ot ds Mp_1(s)J1(t — s). (4.8)

Now consider B, (t,z). Set V,, = W,, — W,,_1. The process V,, satisfies the assumptions of
Theorem on Z by Lemma [4.5] below. Hence, by Proposition

But) < C [ ds [ o) PO = sa =)

t
< C/ dsv)"(RY) sup |FL(t — s,z —-)(n)|?
neER4

< C/ ds (supE (s, 2)2]> sup |FL(t — s,z —-)(n)>

z€R4 neR

Then set

Ja(s) = sup |FT(s,-)(n)[*.
nER4
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The Lipschitz property of 8 implies that
sup E[Vn(37z)2] < sup E[(WH(S,Z) _Wn—l(saz))2]
z€R? z€ER?

< sup KQIE[(un(s, z) — Up—1(s, z))2]
z€R4

< K*M,_1(s),

and we deduce that .
B, (t,z) < C/ ds Mp_1(s)J2(t — s). (4.9)
0

Then, setting J(s) = J1(s) + J2(s) and putting together and (4.9), we obtain

t

Miy(t) < sup (An(t,2) + Bu(t, 7)) < C / ds My, 1(s)J(t — 5).
z€R4 0

Lemma 15 in [1] implies that (un(t,))n>0 converges uniformly in L%, say to u(t,z). As a

consequence of [1, Lemma 15], u, satisfies for any n > 0. Hence, u also satisfies as

the L2-limit of the sequence (Un)n>0- As uy is continuous in L? by Lemma 4.6 below, u is also

continuous in L%. Therefore, u admits a jointly measurable version, which, by Lemmal4.5 below

has the property that a(u(t,-)) and B(u(t,-)) have stationary covariance functions. The process
u satisfies (4.3) by passing to the limit in (4.6). |

The following definition and lemmas were used in the proof of Theorem [4.2] and will be used in
Theorem

Definition 4.4 (“S” property). For z € R?, write 24+ B = {24y : y € B}, M (B) = Ms(z+B)
and Z3)(s,z) = Z(s,x+2). We say that the process (Z(s,z), s > 0, z € R?) has the “S” property
if, for all z € R, the finite dimensional distributions of

((29(s,2), 5> 0, 0 € RY), (ME(B), 5> 0, B € B(R))

do not depend on z.

Lemma 4.5. Forn > 1, the process (un(s,x),un_1(s5,2),0 < s < T, z € R?) admits the “S”
property.

Proof. It follows from the definition of the martingale measure M and the fact that wug is
constant that the finite dimensional distributions of (uéz)(s,m),M§Z) (B),s >0,z € RY B ¢
By(R%)) do not depend on z. Now, we can write

t t
wt.o) = [ [ Te—s—pa@u@dsd + [ [ re-s-ps0dsdy,
0 JRrd 0 JRd
so uj(t,x) is an abstract function ® of M (#). As the function ® does not depend on z, we
have ugz)(t, z) = ®(M@+2)). Then, for (s1,...,sx), (t,...,t;) € RERL (z1,...,24) € (RF,
By, ..., B; € By(R%), the joint distribution of

(uf? (51 20), 0l (g ), MD (B, . M (By))
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is an abstract function of the distribution of

1

(M.(Z—Hrl)(‘); . M.(Z+Ik)(')7 Mt(Z)(B1)7 ey Mt(]z) (B])) )

which, as mentioned above, does not depend on z. Hence, the conclusion holds for n = 1,
because ug is constant. Now suppose that the conclusion holds for some n > 1 and show that it
holds for n + 1. We can write

¢
Upt1(t,z) = /0/Rdf(t—S,—y)a(u%m)(&y))M(z)(ds,dy)
t —8,— wl®) (g s
+/0 /Rdr(t » =) B(uy” (s,y))ds dy,

SO Up+1(t,z) is an abstract function ¥ of ugf) and M@ . Un41(t,x) = \Il(u,(f),M(“)). The

function ¥ does not depend on x and we have uizll(t, x) = \I/(uv(fﬂ), M#+2)),

Hence, for every choice of (s1,...,s5) € RE, (t1,...,t;) € Ri, (ri,...,r) € RY, and
(21, 2k) € RYHF (y1,...,y;) € (R?)I, the joint distribution of

(Uﬁl(sl,wl), . 7U£Li)rl(8k,$k)7ugf)(t1,yl)a e u@ (g, yp), M (By), ., M,Sf)(Bé)>
is an abstract function of the distribution of

<u(z+x1)(., .)7 L ,u%z-i-:ck)(.7 .)’ ugbz)(.7 .)7 ]\4.(24-3[:1)(_)7 . 7M.(Z+$k)(_), Mﬁf)(BI% o ,M&Z)(Bz)) ,

n

which does not depend on z by the induction hypothesis. |

Lemma 4.6. For all n > 0, the process (uy(t,x), t > 0, x € RY) defined in (4.6) is continuous
in L%(Q).

Proof. For n = 0, the result is trivial. We are going to show by induction that if (u,(t,z), t >
0, x € R%) is continuous in L2, then (un41(t,z), t > 0, z € R?) is too.

We begin with time increments. We have
E[(un—i-l (t, $) - un-i—l(t + h? x))Z] < 2An(t7 z, h) + 2Bn(t7 z, h)a

where

An(t o h) = IE[(/OtJrh/RdF(t+h—s,x—y)Zn(s,y)M(ds,dy)

—/Ot /Rdl“(t Csa— y)Zn(s,y)M(dS,dy)>2]

t+h
Buta) = 5 |([ [ v n s W dsay
0 R4

_/Ot /Rdl“(t— s,z — y)Wa(s,y)ds dy>2] ,
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First of all, A, (t,z,h) < X1 + X2, where

(/ /Rd (t+h—sz—y)-D{t—s f"—y))Zn(Sjy)M(dS,dy)Y] )
(/ttJrh /Rd Lt+h—s,x—y)Zu(s,y)M(ds, dy)>2] )

The term X5 goes to 0 as h — 0 because, by (3.7),

X, =

Xy =

t+h
0<Xs < sup E[Zu(s,0)] / ds sup / W(dE) |FT(t + h— 5,0 — (€ + )2
0<s<T t ncRd JR?

h
= sup E[Zu(5,0)?) /0 ds sup /R WA FT (s, (€ + )

0<s<T neR4

— 0
h—0

by the Dominated Convergence Theorem and (4.4). Concerning X1, we have
t
Xo = [as [ vE [ ) T b= s)(E ) = FT0 )+ )l

_ / ds / / WAE)LFT (s + R)(E +n) — FT(s)(€ + )P

N

c /dssup / (d€) | FT(s + h)(€ + 1) — FT(s)(€ + )2

neRd

This integral goes to 0 as h — 0, either by (4.4) and Proposition 4.1 with B =
L>(RY, L7, (R) and f(s37,€) = FL(s)(€ +1)1jo7)(s), or by assumption (H2).
Secondly, By (t,z,h) < Y; + Ys, where

</ /Rd (t+h—s,z—y)—T(t—sx—y))W,(s,y)ds dy) 2] ,
([Jrh /]Rd Pt +h— s,z —y)Wals,y)ds dy) 2] .

The term Y5 goes to 0 as h — 0 because, by Proposition 3.4,

Y, =

Y, =

t+h
0<Yy < sup E[Wn<s,0)21/ ds sup |FT(t+h—s,2—-)(n)?
0<s<T t nER4

h
= sup E[Wa(s,0) / ds sup |FT (s, — ) (1) 2
0<s<T 0  neRd

— 0
h—0
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by the Dominated Convergence Theorem. Concerning Y7, we have
t
o= [ [ o) (T b= s) ) - PR = ) )P

_/m/%MMmHW)fWMF

N

C’/ ds sup |FT(s+ h)(n) — fF(s)(nW

neR4

This integral goes to 0 as h — 0 either by (4.5) and Proposition 4.1 with B = L>®°(R%) and
f(s;m) = FL(s)(n) 1o, (s), or by assumption (H2*). This establishes the L?-continuity in time.

Turning to spatial increments, we have
E[(tni1(t,x + 2) — ups1(t, 2))?] < 2Cu(t,x,2) + 2Dy (t, x, 2),

where

Cn(t,z,z) = E [(/Ot /Rd L(t—s, x4+ 2z—y)Zn(s,y)M(ds,dy)

/Ot/RdF(ts,q:y)Zn(s,y)M(ds,dy))Ql

and

Dolt.z,2) = IEJ[(/Ot/RdF(t—s,m—l—z—y)Wn(s,y)dsdy

- /ot /]Rd Lt — s, —y)Wa(s,y)ds dy) 2] :

First consider C,,. We have

w(t,z, 2)
/m/2w¢/<@vm—m+wxum—ﬂwﬂw~me
Rd
/ ds/ ”sZ”(dn)/ p(dé) |1 — e 2P | FT(t — s, ) (€ + )
0 R4 R4

Clearly, |1 —e~"¢+t72)|2 < 4 and the integrand converges to 0 as ||z|| — 0. Therefore, for n fixed,
by the Dominated Convergence Theorem, Cy, (¢, x,z) — 0 as ||z|| — 0.
Moreover, considering D,,, we have

D,(t,x,z) = /Ods RCIV;/V”(aln)|.7-T(t—s,a:+z—)(n)—]—T(t—s,:z:—-)(77)|2

t
B / ds | v (dn) |1 — e "2 FT(t - s, ) (n) .
0 R4
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Clearly, |1 — e~™2)|2 < 4 and the integrand converges to 0 as ||z|| — 0. Therefore, for n fixed,
by the Dominated Convergence Theorem, D, (t,x,z) — 0 as ||z]| — 0. This establishes the
L?-continuity in the spatial variable. |

Remark 4.7. The induction assumption on the L?-continuity of u, is stronger than needed to
show the L2-continuity of u, 1. In order that the stochastic integral process I'(t — -, 2 — ) - M#
be L?-continuous, it suffices that the process Z satisfy the assumptions of Theorem [3.1.

We can now state the following theorem, which ensures uniqueness of the solution constructed
in Theorem 4.2/ within a more specific class of processes.

Theorem 4.8. Under the assumptions of Theorem 4.2, let u(t,z) be the solution of equation
(4.3) constructed in the proof of Theorem|[/.2. Let (v(t,x), t € [0,T], x € R?) be a jointly mea-
surable, predictable processes such that supg<i<r Sup,egrd E[v(t, x)?] < 0o, that satisfies property
“S” and (4.3). Then, for all0 <t < T and z € RY, v(t,x) = u(t,z) a.s.

Proof. We are going to show that E[(u(t,z) — v(t,7))?] = 0. In the case where I is a non-
negative distribution, we consider the sequence (uy)nen used to construct u, defined in (4.6)).
The approximating sequence (I'y,)m>0 built in [1, Theorem 2] to define the stochastic integral is
a positive function. Hence the stochastic integral below is a Walsh stochastic integral and using
the Lipschitz property of «, we have (in the case § = 0):

E[(un41(t,z) — v(t,x))?]

(t,z))
I (/Ot/RdFm(t_ij_y)(a(un(s’y))—a(v(s,y)))M(dS,dy)>2]

m—00

- m| [ ds [t [ deTonte = s = p)tun(s) — ao(s.)) a0

m—00

X (a(un(s,2)) — a(v(s, 2))) Tt — s,z — z)]
< lim [ ds sup Ef(un(s, y) — v(s,))?] / (d)| FTm(t — 5,2 —)(€)[.
R4

m—oo Jo yeRd

Using a Gronwall-type argument ([1, Lemma 15]), uniqueness follows.

In the case considered here, the sequence (I'y;)m>0 is not necessarily positive and the argument
above does not apply. We need to know a priori that the processes Z(t,z) = a(u,(t,x)) —
a(v(t,z)) and W(t,x) = B(un(t,z)) — B(v(t, z)) have a spatially homogeneous covariance. This
is why we consider the restricted class of processes satisfying property “S”.

As ug = 0, it is clear that the joint process (ug(t,z),v(t,z), t > 0, z € R%) satisfies the “S”
property. A proof analogous to that of Lemmal4.5 with u,,_; replaced by v shows that the process
(un(t,z),v(t,z), t > 0, z € RY) also satisfies the “S” property. Then a(u,(t,-)) — a(v(t,-)) and
Blun(t,-)) — B(v(t,-)) have spatially homogeneous covariances. This ensures that the stochastic
integrals below are well defined. We have

E[(un(t, 2) — v(t, z))?] < 24(t, ) + 2B(t, z),

648



where

( / t [Tt sz = ptatunt.o)) - a(v(tx)))M(ds,dy))Q]

and
t 2
By(t,z) = E [( | re= so = )Gt - Bote.a))as dy) ] .

Clearly,

An(

C'/ ds sup E[(un_1(t,2) — v(t,x))?] sup / w(de) |FT(t — s,-)(& +n)|* (4.10)
z€RY neRd JRR4

Setting

M, (t) = S;llé)d E[(un(t, z) — v(t, x))Q]

and using the notations in the proof of Theorem[4.2 we obtain, by (4.10]),

Ap(t,z) < /Ot M,,_1(s)J1(t — s)ds.

Moreover,

B,(t,z) < C’/O ds suﬂg E[(tn_1(t, ) — v(t, z))?] suﬂs |FD(t — s,-)(1)]?, (4.11)
zeR4 neRd

SO
t ~
Bo(t,z) < / Ny 1 (3) ot — 5)ds.
0

Hence,

By [1, Lemma 15], this implies that

0<s<t zeR4

Mn(t) < <Sup sup E[v(s,x)2]> Qn,

where (an)nen is a sequence such that S°°° ' a,, < co. This shows that M, (t) — 0 as n — oo.
Finally, we conclude that

E[(u(t,z) — v(t, z))?] < 2E[(u(t, z) — un(t, ))?] 4+ 2E[(un (t, 2) — v(t, x))?] — 0, (4.12)

as n — o0o. This establishes the theorem. [ |
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5 The non-linear wave equation

As an application of Theorem 4.2, we check the different assumptions in the case of the non-
linear stochastic wave equation in dimensions greater than 3. The case of dimensions 1, 2 and
3 has been treated in [1]. We are interested in the equation

0%u .

— — Au=a(u)F + G(u), 5.1

- () + 5() (1)
with vanishing initial conditions, where t > 0, x € R? with d > 3 and F is the noise presented
in Section (2| In the case of the wave operator, the fundamental solution (see [10, Chap.5]) is

d d—3
212 10 2 gd
L) =—4 1 “=) 0 %L ifdisodd 2
( ) /y(g) {t>0} <t 81‘;) n ) 1 1S O s (5 )
d d—2

22 1 8 2 1
'ty = —1 . t2— 2 3 fd 53
(t) ’Y(%) {t>0} <t 8t) ( || )+ ) 1f a 1s even, (5.3)

where of is the Hausdorff surface measure on the d-dimensional sphere of radius ¢ and + is
Euler’s gamma function. The action of I'(t) on a test function is explained in (5.6) and (5.7)
below. It is also well-known (see [23, §7]) that

sin(27t|£])

FR)(©) = =5

in all dimensions. Hence, there exist constants C7 and C9, depending on T, such that for all
s €[0,7] and € € RY,
Cy o sin?(27s|€|) . Cy

N ~ . 5.4
TP S aPkP S 1T P o4
Theorem 5.1. Let d > 1, and suppose that
d
Sup/ /1(75)2 < 0. (5.5)
nerd Jra 1+ 1§ + 1)

Then equation (5.1), with o and [ Lipschitz functions, admits a random-field solution
(u(t,z), 0 <t < T,z € RY). In addition, the uniqueness statement of Theorem 4.8 holds.

Proof. We are going to check that the assumptions of Theorem 4.2 are satisfied. The estimates

in show that I satisfies (4.4) since (5.5) holds. This condition can be shown to be equivalent
to the condition (40) of Dalang [1], namely [pq 4 fﬁf)g < oo since f > 0 (see [4, Lemma 8] and
[14]). Moreover, taking the supremum over ¢ in (5.4) shows that (4.5) is satisfied.

To check (H1), and in particular, (3.3) and (3.4), fix ¢ € D(R?) such that ¢ > 0, supp » C B(0, 1)
and [pa ¢(2) dz = 1. From formulas (5.2) and (5.3), if d is odd, then

, (5.6)

r=t—s

Ce-9 )@ =a(ro) [d Loy e@tm ot <dy>]
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(d)

where o, is the Hausdorff surface measure on 0B4(0, 1), and when d is even,

d—2
AN d2/ dy
I'(t — s) % r) = C - T —e] x4+
(I(t = s) x ) (x) = ca <T3T> [ o) VI TgP p(z +ry)

For 0 < a <b< T anda<t<b, this is a uniformly bounded C*°-function of x, with support
contained in B(0,T + 1), and (3.3) and clearly hold. Indeed, (I'(t — s) * ¢)(x) is always
a sum of products of a positive power of r and an integral of the same form as above but with
respect to the derivatives of ¢, evaluated at r = ¢ — s. This proves Theorem |

(5.7)

r=t—s

Remark 5.2. When f(z) = |lz||=?, with 0 < 3 < d, then (5.5) holds if and only if 0 < 3 < 2.

6 Moments of order p of the solution (p > 2) : the case of affine
multiplicative noise

In the preceding sections, we have seen that the stochastic integral constructed in Section (3|
can be used to obtain a random field solution to the non-linear stochastic wave equation in
dimensions greater than 3 (Sections|4 and[5). As for the stochastic integral proposed in [1], this
stochastic integral is square-integrable if the process Z used as integrand is square-integrable.
This property makes it possible to show that the solution wu(t,x) of the non-linear stochastic
wave equation is in L?(Q2) in any dimension.

Theorem 5 in [1] states that Dalang’s stochastic integral is LP-integrable if the process Z is.
We would like to extend this result to our generalization of the stochastic integral, even though
the approach used in the proof of Theorem 5 in [1] fails in our case. Indeed, that approach is
strongly based on Hoélder’s inequality which can be used when the Schwartz distribution S is
non-negative.

The main interest of a result concerning LP-integrability of the stochastic integral is to show
that the solution of an s.p.d.e. admits moments of any order and to deduce Hoélder-continuity
properties. The first question is whether the solution of the non-linear stochastic wave equation
admits moments of any order, in any dimension 7 We are going to prove that this is indeed
the case for a particular form of the non-linear stochastic wave equation, where « is an affine
function and § = 0. This will not be obtained via a result on the LP-integrability of the stochastic
integral. However, a slightly stronger assumption on the integrability of the Fourier transform
of the fundamental solution of the equation is required ((6.1) below instead of (4.4)). The proof
is based mainly on the specific form of the process that appears in the Picard iteration scheme
when « is affine. Indeed, we will be able to use the fact that the approximating random variable
un(t, z) is an n-fold iterated stochastic integral.

Theorem 6.1. Suppose that the fundamental solution I' of the equation Lu = 0 is a space-time
Schwartz distribution of the form T'(t)dt, where I'(t) € S'(RY) satisfies

sup sup / H(d€) | FT(s)(€ + )2 < oo, (6.1)
0<s<T neRd JRd
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as well as the assumptions of Theorem [4.2. Let o : R — R be an affine function given by
a(u) = au+ b, a,b € R, and let = 0. Then equation admits a random-field solution
(u(t,z), 0 <t < T, z € RY) that is unique in the sense of Theorem[{.8, given by

u(t,z) = Zvn(t,x), (6.2)
n=1

where
vi(t,x) = b/o /Rd I'(t— s,z —y)M(ds,dy) (6.3)

and v, s defined recursively forn > 1 by

t
t(t) =a [ [ T = 50— g)un(s)ar(ds,dy) (6.4)
0 JRd
Moreover, for allp > 1 and all T > 0, this solution satisfies,

sup sup E[|u(t, z)|P] < oo.
0<t<T zeRd

Proof. The existence and uniqueness are a consequence of Theorems and [4.8. Multiplying
the covariance function f by a, we can suppose, without loss of generality, that the affine function
is a(u) = u+0b (b € R), that is, a = 1. In this case, the Picard iteration scheme defining the
sequence (Up )nenN is given by ug = 0 and

Upt1(t,x) = /0 /]Rd L(t — s,z — y)un(s,y)M(ds, dy) + b/o /]Rd L(t— s,z —y)M(ds,dy), (6.5)

where the stochastic integrals are well defined by Theorem[3.1l Set vy, (¢, z) = up(t, x) —up—1(t, x)
for all n > 1. Then

vi(t, ) = uy(t, x) :b/o /Rdf(t—s,x—y)M(ds,dy).

Hence, u(t, z) = limy, o0 Um (t, ) = limp 00 y g vn(t, ) = > 07 vn(t, ) and (6.2) is proved.
By Theorem 3.1l and because v (t, z) is a Gaussian random variable, v1 (¢, z) admits finite mo-
ments of order p for all p > 1. Suppose by induction that for some n > 1, v, satisfies, for all
p=1,

sup sup E[|v, (¢, x)[P] < oc. (6.6)
0<t<T zcRY

We are going to show that v,41 also satisfies (6.6).

By its definition and (6.5), v,41 satisfies the recurrence relation

Unt1(t,x) = /0 /Rd [(t—s,x — y)vp(s,y)M(ds, dy), (6.7)

for all n > 1. The stochastic integral above is defined by Theorem [3.1]using the approximating
sequence I'y, € Py, denoted S, ,, in the proof of Theorem 3.1 (whose definition depends on
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which of (H1) or (H2) is satisfied). For s <t < T, we set

]Rd

Ml(m’]“C (s;t, ) :/ /drm,k(t—Pax_y)M(d’)’ dy),
0 Jr

and, forn > 1,

Myi1(sit, @) = /0 /Rd L(t — p,x — y)vn(p,y) M (dp, dy)

and

Mr(LJrl)(St:E // Lok (t — p,z — y)vn(p, y) M (dp, dy).

For all n > 1, set also i) (t,z) = YA (t;t,x).

Fix an even integer p and set ¢ = &. We know that s — MT(Lm’k) (s;t,x) is a continuous martingale
and so, by Burkholder’s inequality (see [15, Chap. IV, Theorem 73]),
m,k)
Elloy (4 2)P) = EIMR7 (68, 2)P) < CELM (51, 2)],

and by Theorem 2.5 in [24] and Hoélder’s inequality, the last expectation above is bounded by

t q
B |([ds [ [ as Tt 5o =) 0= Dlmat = s = nlssnn(s,)) |
0 R? Rd
t q
<tE {/ ds (/ dy Azl p(t—s,2 —y) f(y — 2)Dpp(t — 5,2 — 2)vp(s, y)vn(s, z)> }
0 R? Rd
t
=91 / ds/ diyy dz1 Uy i(t — 5,2 —y1) f(y1 — 20) D ie(t — 8,2 — 21)
0 R? Rd
X oo X / dyq/ dzg Upy i(t — 5,20 — yg) f(yqg — 2¢) Tk (t — 5,2 — 24)
Rd Rd
x Elon(s, y1)vn(s, 21) - - vn(s,yq)vn(s, 2q)]- (6.8)
The last step uses Fubini’s theorem, the assumptions of which are satisfied because I'y, ,, € Py

and is deterministic for all m, k, and v, (¢, z) has finite moments of any order by the induction
assumption. In particular, the right-hand side of (6.8) is finite.

We are going to study the expression E[vy, (s, y1)vn(s, 21) - - - Un (8, Yq)vn(s, 24)] and come back to
(6.8)) later on. More generally, we consider a term of the form

p
HMni(S; ti,%’)] ,

=1

E

where p is a fixed even integer, s € [0,7] and for all i, 1 < n; < n, x; € R, and ¢; € [s,7]. In
the next lemma, we provide an explicit expression for this expectation.
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Lemma 6.2. Let p be a fized even integer, (n;)?_, be a sequence of integers such that 1 < n; <n
for all i, let s € [0,T], (t;)5_, C [s,T] and (x;)_, C RY. Suppose moreover that n is such that
forallm <n and all g > 1,
sup sup E[|M,,(s;t,x)|7] < oc.
0<s<t<T zeR?

If the sequence (n;) is such that each term in this sequence appears an even number of times,
then

E

I M, (s ts, mi)] (6.9)

i=1

s PN-—1 N
S [ | il | 1) PTG = p)& + )T = ) & + 1)

p
k=1

(a) 5 ineans “is a sum of terms of the form” (a bound on the number of terms is given in
Lemma 6.4 below);

(b) N = %Zf:l niy

(¢) oj and o’ are linear combinations of p1,...,pN,t1,...,tp (j=1,...,N);

where

(d) n; and 779 are linear combinations of &1,...,&§-1 (j=1,...,N);
(e) Ok is a linear combination of &1, ..., &n (k=1,...,p).

(f) In (c)-(e), the linear combinations only admit 0, +1 and —1 as coefficients.

Remark 6.3. (a) We will see in the proof of Lemma that if the elements of the sequence
(n;) do not appear an even number of times, then the expectation vanishes.

(b) It is possible to give an exact expression for the linear combinations in (c)-(e). The exact
expression is not needed to prove Theorem[6.1!

Proof. We want to calculate E[[[_; My, (s;ti,z;)]. We say that we are interested in the
expectation with respect to a configuration (n;)?_;. The order of this configuration (n;) is
defined to be the number N = 1577 n;.

The proof of the lemma will be based on It6’s formula (see [18, Theorem 3.3, p.147]), by induction
on the order of the configuration considered. Suppose first that we have a configuration of order
N = 1. The only case for which the expectation does not vanish is p = 2, n; = ngy = 1 in which
the term 1 appears an even number of times. In this case, by [24, Theorem 2.5] and properties
of the Fourier transform,

E[M{™ (s;t1, 21) M{"™ (s: 12, 2)]

= / dpl/ dy [ dzTlpp(ts —p1, 21 —y)f(y — 2)Dimk(t2 — p1, 22 — 2)
0 Rd  JRd

= /S dﬂl/ p(d€) FTp o(t1 — p1)(€1) F T (B2 — p1) (€171 7720,
0 Rd
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Taking limits as k, then m tend to infinity, we obtain

B{M (s, M ssta,m0)) = [ [ taen) PTG = p@IFT (2 = p))e €2,

This expression satisfies (6.9) with N =1, o1 = t1, o} =to, m =0} =0, 61 = &1, da = —&1.

Now suppose that (6.9) is true for all configurations of order not greater than N and consider

a configuration (n;)?_; of order N + 1. For all i = 1,...,p, the process s — My, (s;t;,z;)
is a continuous martingale. We want to find the expectation of h(My,,...,M,,), where
h(xi,...,xp) = 21 - xp. To evalute this expectation, we first use It6’s formula with the function

h and the processes M,S:n“ki) (i=1,...,p). We obtain

p
E [H MR (s 8, xi)]
i=1

p s P
SR / T M55 (91t 5) M (s 4, 22) (6.10)
i=1 (U—

i

g J

3 E/ Mwwmmmm@ﬂmwtwnMW%mmww
P

i,7=1
i#] 27&1 J

As the processes Mé:n’kl) admit finite moments for all¢ = 1, ..., p, the process in the expectation
in the first sum of the right-hand side of (6.10) is a martingale that vanishes at time zero. Hence,
this expectation is zero. In the second sum on the right-hand side of (6.10), all terms are similar.
For the sake of simplicity, we will only consider here the term for ¢ = 1, j = 2 : the right-hand
side of (6.9) is a sum of terms similar to this one. In the case where nj # ng, the cross-variation is
zero. Indeed, the two processes are multiple stochastic integrals of different orders and hence do
not belong to the same Wiener chaos. Otherwise, using [24, Theorem 2.5] and Fubini’s theorem
(which is valid because My, (m“ )
have

has finite moments of any order for all ¢ and Iy, ,, € P4), we

ﬁ e Stwm] (6.11)

/ dp /Rd dy/ dz Loy, kl —pPT1 — y)f(y Z)sz kz( —pPsT2 — Z)

p
.’k:.
xE Mm_1(p;p,y)Mn2—1(p;p,Z)HMTQTJ Dpity, ;)
=3

(We set My = 1 when n; = ng = 1.) Because M( 7k3) have finite moments of any order and
M}LTJ’k ) My, in L?(9) by the definition of the stochastic integral (see the proof of Theorem

3.1), we know that M(m” ), n; in LP(Q). As Ty, i € Py, taking limits as k3, ..., k, tend to
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+oo and then as mg, ..., m, tend to +o00, we obtain

p
M7g71n1,k1) (S; t1, $1)M7(£12’k2) (8; to, xg) H Mni (S; t;, ZL‘l) (6.12)
=3

g s
= / dp/ dy/ dz le,kl (tl — P, T1 — y)f(y - Z)Fm2,k2 (t2 - P, T2 — Z)
0 R4 R4
p

E

X B | My, —1(p; p,y) My 1(p; p, 2) [ [ M, (385, 5)
=3

At this point in the proof, we can see why the terms of (n;) have to appear an even number of
times. Indeed, if we consider ny # ns, we have seen that the expectation is zero. When ny = no,
the product in the expectation on the right-hand side of (6.12)) is of order N. Hence, we can use
the induction assumption to express it as in (6.9). By the induction assumption, if the terms of
(n;) do not appear an even number of times, the expectation on the right-hand side of (6.12)
vanishes and hence the one on the left-hand side does too. If these terms do appear an even
number of times, then setting t; = s = p, toa = p, 1 = y, x2 = z in (6.9) and substituting into
(6.12), we obtain

P
E [My(gh,kﬂ(s; t1, xl)ng;nz,kQ) (s;t2,22) H M, (s, t;, xz)] (6.13)
1=3

s s
= / dp/ dy/ dz th]ﬁ (tl — P, T1 — y)f(y - Z)Fm27k2(t2 - P, X2 — Z)
0 R4 R4

p PN—-1 N
X /0 dps - /0 dejnl/le u(d&;)FT (o5 — pi) (&5 + nj) FL (0 — ps) (&5 + 1))

p
X <6i<y?61> . €i<2,62> . H ei<xk76k>> ,

k=3
where
(i) 0; and o} are linear combinations of p1,...,pN, p, t3,...,tp (j=1,...,N);
(ii) n; and n; are linear combinations of §1,...,§-1 (F=1,...,N) ;
(iii) O is a linear combination of &1,..., &y (kK =1,...,p).

Since the modulus of the exponentials is 1, by (ii), (6.1) and because I'y, , € P, we see that
the right-hand side of (6.13) is finite. So, by Fubini’s theorem, we permute the integrals in dy
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and dz first with the dp;-integrals, then with the ;(d€;)-integrals, to obtain

p
E MT(LThkl) (8; tl, .Z'l)MSQnQ’kQ) (S; tQ, xg) H Mm. (8; ti, l’l)]

1=3

S P PN—-1 N
5 /0 dp/o d,01---/0 de];[l/Rd,U(dgj)}—F(Uj — pj) (& + ) FL (0} — pj)(& +1j)

p
(H et @n:0%) ) /Rd dy /Rd Az Ty gy (1 — pyy — )0 f(y — 2)
k=3

g ko (t2 — p, w2 — Z)ei<2762>-

Rewriting the last two integrals with the Fourier transforms, we have

E

p
MT(ITl,kl) (s;t1, ml)ngg’ZQ’kQ) (s;t2,22) H M, (s;ts, xz)]
1=3

s P PN-—1 N
/0 dﬂ/o dm‘--/o deHAdu(dfj)fF(Uj — i) (& + ) FL(a = pj) (& + 1))

p
x (He"“kﬁ“) / $(d€) FT iy o (fr — P)E + 61) F Do iy (b2 — p) (€ + 62)
k=3 R?

w eiEgton) | i(m2,6+02) (6.14)

Setting Enr1 =&, ON4+1 = t1, O§V+1 =12, IN41 = o1, ?7;\7+1 = 0o, 51 =&+ 01, SQ =&+ 09, the
assumptions needed on these linear combinations are satisfied and is of the desired form.
It remains to take limits as k1, ko and then mq, mo tend to infinity.

The left-hand side has the desired limit because M, has finite moments of any order and
im0 limy, oo M(m“k )(s;ti,a:i) = M,,(s;t;,z;) in L*(Q, F,P), i = 1,2. For the right-hand

side, first consider the limit with respect to k1 and ko. To show convergence, we consider the
left-hand side of (6.14) as the inner product of FI'y,, , (t1 —p)({+61) and FTy,, g, (t2 —p) (£ +2)
in the L?-space with respect to the measure

ds x -+ x dpy % (X0 FT(0; = )& + ) FL(0} = p3) & + 1) p(d&y)) x plde).  (6.15)

Note that the exponentials are of modulus one and hence do not play any role in the convergence.
Therefore, it is sufficient to consider i = 1 and to show that

s P PN -1 N
/o dp/o dpy - /0 dejl;Il/Rd u(d&;)Fr (a5 — pi)(&5 +n;) FL(0F — ps) (&5 + 15)

(H ¢! 0k) > /Rd 1(d€) | FTp i(tr — p) (€ + 61) — FTp(t1 — p)(€ + 1)

k=3
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goes to 0 as k tends to infinity. This limit has to be treated differently according to which
assumption (H1) or (H2) in Theorem 3.1 is satisfied.

In the case where assumption (H1) is satisfied, the proof of convergence is based on the martingale
convergence theorem in a way analogous to the approach used in the proof of Theorem 3.1l with
the measure ds x v4(dn) x p(d€) replaced by the one in (6.15). Assumption allows to bound
the p(d€;)-integrals (1 < j < N) when we check the L:-boundedness of FT',,(t1 — p)(€ + 61).

In the case where (H2) is satisfied, we bound the p(d€;)-integrals by (6.1) again, compute the
time-integrals (except the one with respect to p) and finally the continuity assumption (H2)
shows the desired convergence.

Finally, the limit with respect to m; and mo is treated as in the proof of Theorem by the
Dominated Convergence Theorem. Lemma [6.2]is proved. |
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Proof of Theorem[6.1 (continued)

We use (6.9) with n; =n, t; = s for all : = 1,...,p, to express the expectation in (6.8). Using
the same idea as in the proof of Lemmal6.2, we can permute the integrals to obtain

Ellol T (,2) 1]

S t s PN-1 N
< ot [as [ape | i [ 15 PTG = p)00E = )T = )& )

q
X H /Rd M(dﬁf)FFm,k(t - 5)(52 - ’W)frm,k(t - 8)(6@ - 72)61(3:7&’ (616)
(=1
S
where < means “is bounded by a sum of terms of the form” and N = ngq is the order of
the particular configuration considered in that case. The variables a], ;, nj, n§ (j=1,...,N)
satisfy the same assumptions as in Lemma [6.2] the variables v,,7, (¢ = 1,...,q) are linear
combinations of &1,...,&n and § is a linear combmamon of &1,...,&N, B1, ..., B4 When using

(6.9) in (6.8), exponentials of the form e!®i%) and ei(% 85 appear. When writing the yy, 2o-
integrals as a p(dfy)-integral, these exponentials become shifts. This explains why the variables

Ye,v, (0 =1,...,q) and 0 appear.
Now, using the Cauchy-Schwartz inequality and setting

I= sup sup /R ()| FT(s) (€ + ),

0<s<T neRrd

which is finite by (6.1), and taking limits as & and m tend to +oco, we obtain

S PN-—1
El|lops1(t, z)[P] <t 1/ ds/ dpy -+ / dpy IN*4
N+ n+1
o rg o 1T 1+ (6.17)
(N +1)! (ng +1)! ’

where ¢ = §. We have obtained an expression that bounds the moment of order p of v,41 as a

finite sum of finite terms. In order to have a bound for this moment, it remains to estimate the
number of terms in the sum. This is the goal of Lemma

Lemma 6.4. In the case where n; = n, for alli=1,...,p and g =5, then the number of terms

in the sum implied by 2 in (6.17) is bounded by R = (q(p — 1))™

Proof. We have to estimate the number of terms appearing in the sum when we use Itd’s
formula. For each application of Itd’s formula, we have to sum over all choices of pairs in
(ni)?_,. Hence, we have at most $p(p — 1) choices. Moreover, Ito’s formula has to be iterated
at most N = ng times to completely develop the expectation. Hence, the number of terms in

the sum implied by 5 is bounded by R = (q(p —1))™. |
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Proof of Theorem[6.1 (continued)

We return to the proof of Theorem [6.1. Using Lemma 6.4] together with (6.17), we obtain

E )P < (g(p —1 qit(” v [(n+1)g 6.18
n t, < n n+ ) )
Clearly, the series > o2 ||vn+1(t, )|, converges, where || - ||, stands for the norm in LP(Q).

Hence,
Jun(t, z)llp = [lv1(t, @) + - +vp(t,2)lp < Z [vit1(t, ) |lp-

As the bound on the series does not depend on x and as t < T, we have

sup sup sup E[u,(t, z)[P] < oo, (6.19)
neEN0LtLT zeR4d

for all even integers p. Jensen’s inequality then shows that (6.19) is true for all p > 1. As
the sequence (uy,(t,7))nen converges in L?(Q) to u(t,r) by Theorem 3.1, (6.19) ensures the
convergence in LP(§2) and we have

sup sup E[|u(t, z)[P] < oo,
0<t<T zeR4

for all p > 1. Theorem 6.1 is proved. |

Remark 6.5. The fact that « is an affine function is strongly used in this proof. The key fact
is that its derivative is constant and so It6’s formula can be applied iteratively. This is not the
case for a general Lipschitz function a.

7 Holder continuity

In this section, we are going to study the regularity of the solution of the non-linear wave
equation (4.1) in the specific case considered in Theorem 6.1 : let u(¢,x) be the random field

solution of the equation .
Lu= (u+b)F, (7.1)

with vanishing initial conditions, where b € R and the spatial dimension is d > 1. We will need
the following hypotheses, which are analogous to those that appear in [20], in order to guarantee
the regularity of the solution.

(H3) For all T > 0, h > 0, there exist constants C, v; €]0, +oo[ such that

sup sup [ u(de) [FT(s + R)(E + ) = FT(5)E+ )l < Ch™
0<s<T neRd JR4

(H4) For all T > 0, t € [0, T], there exist constants C, v €10, +0oo[ such that

sup [ n(de) PR+ ) < O,

neRrd
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(H5) For all T > 0 and compact sets K C R?, there exist constants C, v3 €]0, +oo[ such that
for any 2z € K,

sup  sup / p(d€) | FT (s, 2 — )€+ 1) = FT(s,-) (€ +m)* < Oz
0<s<T neRd JRY

The next result concerns the regularity in time of the solution of (7.1).

Proposition 7.1. Suppose that the fundamental solution of Lu = 0 satisfies the assumptions
of Theorem|6.1, (H3) and (H4), and u is the solution of (7.1) given by Theorem 6.1. Then for
any v € RY, t — u(t,z) is a.s. y-Hélder-continuous, for any v €]0,71 A (72 + 3)][.

Proof. Following Theorem (6.1, the solution u(¢,z) to is given recursively by (6.2)-(6.4).
Hence, for any h > 0 and t € [O, T — h], we have

o0

u(t+h,x) —u(t,z) =Y (vn(t+h,z) — va(t,z)). (7.2)

n=1

The Gaussian process vy is given by (6.3). Hence,
vi(t+ h,x) —vi1(t,z) = A1(t,z;h) + Bi(t, x; h),

where
1(t, x5 h) // Ft+h—s,ax—y)—T(t—sz—y))M(ds,dy) (7.3)
Rd
and
t+h
Bi(t,z;h) = / / I(t+h—s,x—y)M(ds,dy). (7.4)
t Rd
Fix p an even integer. By Burkholder’s inequality (see [15, Chap. IV, Theorem 73]),
E[|A1(, 2; h)["]

NS

(/ ds [ vtan) [ ulde) 7T+ b= s)(E+ ) = FT = )6+ )]

P

2

< C(/o ds sup/ (di)lff(t+h—s)(£+n)—fF(t—s)(£+n)|>

neRd R4
< O (7.5)

by (H3). On another hand, using again Burkholder’s inequality, we see that

(M|

s < /”hds [ vtan) [ ntag) v+ n—sie + )

p

t+h 2
< (/ ds sup / p(d§) |7'T(t+h—5)(f+77)’2>
t ncRd JR4
t+h
< O(/ ds(t+h—s)272>
t
< Chp(’yz-‘r%)’ (7.6)
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by (H4). Hence, putting together (7.5) and (7.6]), we see that there exists a constant Cj such
that
Ello (t + h, z) — v1(t, 2)[P] < CohP02+2), (7.7)

For n > 2, set wy(t,z;h) = v,(t + h,x) — v, (¢, ), where vy, is defined by (6.4). Then
Wnt1(t,x;h) = Ap(t, x5 h) + By (t, x; h),
where
t
Atz = [ [ (N4 h=so ) =Dl = s = g)oals)M(dsdy)  (75)
0 JRrd
and

t+h
Bo(t,a: h) = /t /R D+ h— 5,2 — y)on(s, y) M(ds, dy). (7.9)

Setting ['(s,y) = T(t+h—s,2 —y) —D(t — s,z —y) and letting A%m’k) be the approximation of
A, with I' replaced by I'y, 1, in (7.8), we can use the same argument as in (6.8) to see that

E[| AR (¢, z; h)[P] < C/ dsH/ dy]/ dzj U i(5,97) (45 = 2) Do (s, 25)

x E[vn(s, y1)on(s, 21) - vn(s, yg)un(s; z)], (7.10)

where p is an even integer and ¢ = §. Using Lemma [6.2 to express the expectation and using
the same argument as used to reach (6.16), we obtain

E[JAT™ (8, a; b))

S t s PN -1 N
< /0 ds/o dpl--'/o dejE[l/Rd (1(d;) FT (o — pi) (& — ) FL (G — pi) (& — nj)

H/ (dBe)FLm 1o(8)(Be — Ye) FLm () (B — 7)) e, (7.11)

S
where < means “is bounded by a sum of terms of the form”, N = ng and o, 0;, njs 7];., Ve, vy and
d(1<j<N, 1</ q)~ satisfy the same assumptions as in (6.16). Notice that I' appears in
the first IV integrals and I' in the last ¢ integrals.

We take limits in as k and m tend to +00. Then, using the Cauchy-Schwartz inequality,
we bound the first N spatial integrals in (7.11) using (6.1), bound the other ¢ spatial integrals
by hypothesis (H3), compute the time integrals and bound the number of terms in the sum by
Lemma 6.4 and, similarly to (6.18), we obtain

T(n+l)q

CPES 1)!1"%1’71 =cWOpp, (7.12)

E[|An(t, z; h)IP] < (a(p — 1))

where 07(11) = (q(p—1))" ,{n(,:;ill); 1
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On another hand, let Bflm’k) be the corresponding approximation of B,,. The same arguments

as those used to obtain (6.8) show that
E[|B™") (¢, 25 )]

t+h
< Chql/ /dyj/ dzj Do p(t +h — 8,9) f(y; — 2) Do (t + h — s, 2j)

X Elvn(s,y1)vn(s, 21) - - Un (8, Yg)n (s, 2¢)]- (7.13)

Note that the factor h?~! appears because Holder’s inequality is used on the interval [t,t + h]
instead of [0,¢]. Using Lemma 6.2/ and the argument used to reach (6.16), we obtain

E(|BY"™ ) (t, a; b))

S t+h s PN—-1
< Cohit / ds / dpy - - / dpy (7.14)
0

N
H / (d&;) FT(o; — p) (& — m)FT (0, — p) (& — 1))

q
H/ (dB¢) FTom i (t + b — 8)(Be — ¥0) FLomi(t + b — 8)(Be — )€™,

S
where < means “is bounded by a sum of terms of the form”, N = ng and o, a;-, e 77;., Ve, vy and
0 (1<j<N,1< /< q) satisfy the same assumptions as in (6.16).

We take limits in (7.14]) as k and m tend to +o00. Then, using the Cauchy-Schwartz inequality,
we bound the first N spatial integrals in (7.14) using (6.1), bound the other ¢ spatial integrals
by hypothesis (H4) and bound the number of terms in the sum by Lemma|6.4. Then

t+h PN—1
E[| B, (t,z: h)[P] < ChY (q(p "qI"q/ ds/ dpy - - / dpn (t+h — s)P2.

The n-fold integral is bounded by

t+h ngq Tnq t+h Tn4
/ ds " (t+h— 5)"2 < / ds(t+h — s)P2 = P2+l
t t

(ng)! (ng)! (ng)!
Therefore,
E[|By(t, z; h)[P] < CORPO2+2), (7.15)
where CY) = C(q(p — 1))"41m et

Finally, putting (7.12) and (7.15) together, we have for any n > 2,

Eljwns1(t, 23 h)[P) < (CV) 4 C@)prnntz+2) (7.16)
and, by and (7.16),
Ellu(t + h,z) — u(t, z)|] < (Z(%” + cffh) ppnAOzt3), (7.17)
n=1

663



for any even integer p and h > 0. The series Y >, (Cy, W 4 C'( )) converges, as in (6.18). Jensen’s
inequality establishes that (7.17) holds for an arbitrary p > 1, which shows y-Hélder-continuity
of t — u(t, z) for any v €]0,v1 A(y2+3)[ by Kolmogorov’s continuity theorem (see [18, Theorem
2.1, p.26)). ]

The next result concerns the spatial regularity of the solution.

Proposition 7.2. Suppose that the fundamental solution of Lu = 0 satisfies the assumptions
of Theorem 6.1 and (H5) and w is the solution of (7.1) built in Theorem 6.1. Then for any
t€0,T], x — u(t,x) is a.s. y-Holder-continuous, for any v €10,~s].

Proof. The proof is similar to that of Proposition [7.1. We know that u(t,z) is given by
(6.2)-(6.4). Hence, for any compact set K C R? and for any z € K,

o0

u(t,z +2) —u(t,z) = > (va(t,z + 2) — va(t,2)).

n=1

The Gaussian process v; is given by (6.3). Hence,

t
vi(t,x + z) — v (t,x) = / / Tt—s,e+z—y)—T{t—s,z—y))M(ds,dy).
0 JRd
By Burkholder’s inequality,

H’Ul t .T—l-Z —U1(t a:)|p]

</ ds/RdVS dn/ (dg)\fr(t—s,x+z—~)(§+n)—fr(t—s,x—-)(§+n)\2>

[S14S]

p

2

< ( ds sup/ (df)IFF(t—s,z—-)(Hn)—fF(t—s,-)(£+n)l2>
0 R4

nERL
< C’Z‘p%, (7.18)

by (H5). Therefore, there exists a constant C such that

Efjv1(t, z + 2) — vi(t, 2)|P] < Colz[P>. (7.19)

For n > 2, set wy,(t,x; 2) = v, (t, & + 2) — vu(t, x), where vy, is defined by (6.4). Then

W41 (t, x5 2) = / /Rd(l“(t —s,x4+z—y) —T({t—sz—y))v(s,y)M(ds,dy). (7.20)

Setting I'(s,y) = T'(t — s, 2 +y) — I'(t — 5, 7) and letting w7(1m,k) be the approximation of w, with
I' replaced by I',;, , in (7.20), we can use the same argument as in (6.8) to see that

t g
E[lw{ty (25 2)) < tq_l/o dSH/ dy]/ 2T k(5,2 = y5) [ (y5 = 2) D (5, 2 — 2j)
j=1
X Elvn (s, 91)vn (s, 21) - - n (S, Yq)vn(s, 2q)], (7.21)
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where p is an even integer and ¢ = g. Using Lemma [6.2 to express the expectation and using
the same argument as used to reach , we obtain

m,k
Eflwl™ (¢, ; 2)[7]

S 3 s PN—1 N
<ot [ [apee il [ 1) PTG = p)00E = )T = )& )

q
< 11 [, w30 GI G = i FEma) 3k = e, (722
=1

S
where < means "is bounded by a sum of terms of the form”, N = ng and o}, 0}, 75,1}, Yk, 7}, and
0 (1 <j<N,1<k < q) satisfy the same assumptions as in (6.16). Notice that I' appears in
the first IV integrals and I' in the last ¢ integrals.

We take limits in (7.22) as k and m tend to 400, then bound the first N spatial integrals in
(7.22) using (6.1), bound the other ¢ spatial integrals by hypothesis (H5), compute the time
integrals and bound the number of terms in the sum by Lemma and we finally reach

P ng T+ ng|,|pv3 (3)| |P3
Eflwnia(t, 25 2)[P] < (g(p — 1)) ml 277 = CRY ]2, (7.23)
where C¥ = (g(p—1))™ (TTEZ:); I™. Finally, by (7.19) and (7.23), we have
Effu(t, z + 2) — u(t, 2)l") < 3 CP ||, (7.24)
n=1

for any even integer p and z € K. The series > C7(13) converges, as in (6.18). Jensen’s
inequality establishes (7.24) for an arbitrary p > 1, , which shows y-Ho6lder-continuity of z +—
u(t, z) for any v €]0,v3[ by Kolmogorov’s continuity theorem (see [18, Theorem 2.1, p.26]). B
As a consequence of Propositions[7.1 and we easily obtain the following corollary.

Corollary 7.3. Suppose that the fundamental solution of Lu = 0 satisfies the assumptions of
Theorem|6.1 as well as (H3) to (H5), and u is the solution of given by Theorem!|6.1. Then
(t,z) — u(t,z) is a.s. jointly y-Holder-continuous in time and space for any v €10,v1 A (72 +
i

3) Asl.

Proof. By (7.17) and (7.24),
1 p
Effu(t, z) — u(s, )"} < C (It = s 078 4 o — )",

so the conclusion follows from Kolmogorov’s continuity theorem (see [18, Theorem 2.1, p.26]).
|

Now, we are going to check that the fundamental solution of the wave equation satisfies hy-
potheses (H3) to (H5). This requires an integrability condition on the covariance function f (or
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the spectral measure p) of F : we suppose that there exists a € 10, 1] such that
p(ds)
—— = < 0. 7.25
fo i (729

This assumption is the same as condition (40) in [1]. Since f > 0, it is equivalent (see [4, Lemma

8] and [14]) to the property
sup/ Lﬁ)? < 0. (7.26)
nerd Jra (14 [€ +n[?)e

Proposition 7.4. Suppose (7.26) is satisfied for some o €10, 1[. Then the fundamental solution
of the wave equation satisfies hypotheses (H3) to (H5) for any v; €]0,1 — o], i =1,2,3.

Proof. Omitting the factors 2w, which do not play any role, we recall that the fundamental
solution I' of the wave equation satisfies

sin(s|¢])
€l

in any spatial dimension d > 1. Consider first hypothesis (H3). Fix @ sufficiently large. For any
s €1[0,T) and h > 0, we have

FT(s)(§) =

[ () 1T (s + R (€ ) = FTGs)E )l

sin((s —sin(s 2
[ g a1 sintl + )

€+ 2
| sin((s + h)|€ + n]) — sin(s|€ +n))|?
- d
/I€+nI<Q'u : € + 2
| sin((s + h)[€ + n]) — sin(s|¢ + n)[?
d .
* g9 €+ P

Using elementary properties of trigonometric functions and the fact that |sin(x)| < z for all
x > 0 in the first integral and using the same on the 2(1 — o) power in the second integral, the
previous expression is bounded by

/ p(d€) 412 cos?((2s + h)[€ + )
|€+n|<Q

| sin((s + h)|€ + n]) — sin(s|¢ + n])[** oo
! 2h 25+ h _
+/§+n>QM( £) € + |20 (2h] cos((2s + h)|€ +n])|)

Bounding the trigonometric functions by 1 and using properties of the domain of integration of
each integral, the previous expression is not greater than

41+ Q%) 2 40+ é)a 2(1—a)
462 de)— @),
</|g+n|<Q My !£+nl2> " </|g+m>Q“( Virie+ae

p(d€) > 2(1—a)
<C</Rd<1+\s+n2>a e
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Hence,

sup sup u(df)lfF(erh)(ern) FL(s)(€ +n)|?

0<s<T neRrd
sup . udg p2(1-0),
neRrd Rd 1+ [€+n[2)

and hypothesis (H3) is satisfied for any v, €]0,1 — a].
For hypothesis (H4), for any s € [0, 7],

2 _ sin® (s|¢ + 1))
L mae Free = [ pae =TI

2 )
< de) S (sl€ + nl) dey S (slE 4 nl)
S /|£+n|<1 ) 1€ +n|? * /|£+77|21 u(de) |€ + n]?

Using the fact that |sin(z)| < z for all > 0 in the first integral and the same on the 2(1 — «)
power in the second integral, the previous expression is bounded by

3 2a
52/ ,U/(dg) _|_/ M(df) S2(1—a) | Sln(5|£ + 7]|)| )
jg-+nl<1 j€+n[>1 €+l

Bounding the trigonometric function by 1 and using properties of the domain of integration of
each integral, the previous expression is not greater than

2 2%
< 32/ p(de +32<1“>/ w(d) ——
eoner O T ETP cnpor " T E TP

p(d§) 5|2(1—a)
< C(Ad<1+|5+n|2>a>" |
p(dg)

d¢) | FT e e
sup [ utde) FT()E + P < (;gﬂgd/WuHumZ)a)S

and hypothesis (H4) is satisfied for any v, €]0,1 — «a].

Hence,

Finally, for hypothesis (H5), for any € R and z € K, K a compact subset of R?,

[ #a)1FT (= 5,2 = (€ ) = FT(E = 5.6 + )

.9
_ de) le—ite+mz) _ 12 51 ((t=s)|€+m))
/5 L p ool
.9
d i(Etnz) _ )2 sin®((t — s)|€ + 77|)
+/£+n>1 wla) e | € + 72
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Bounding the trigonometric functions by 1, using properties of the domain of integration in the
first integral and bounding the 2a power of the second factor by 2 in the second integral, the
previous expression is not greater than

. 2
p(de) e 1S
/§+n<1 L+ 1§ +nf?
. 1
+/ M(dg) |e—l<€+n,z) o 1’2(1—04)2204 _
&+n|>1 € +nl?

Using the fact that [e=*€+72) — 1| < |€ 4 n||2| and properties of the domain of integration of
each integral, the previous expression is bounded by

2 42a
z2/ ud§+22(1a)/ w(de) —
& |e+nl<1 ( )1+|5+77\2 i e4n|>1 ( )(1+|§+77|2)“

p(ds) > 5[2(1=a)
“(/Rd e rape)

Hence,
sup sup [ plde) [FT(E = 5,042 = )(€ +n) = FT(@ 5.0 = (€ + )P
0<s<T neRrd JRE
d
<C sup/ :U'( 5) . ‘z|2(1—oz)7
nerd Jra (1+]€+n2)
and hypothesis (H5) is satisfied for any 3 €]0,1 — «]. [ ]

We recall the following result for the covariance function f(x) = ﬁ, with 0 < 8 < d. For a

proof, see [20, Prop.5.3].

Proposition 7.5. If f(z) = ﬁ, where 0 < B < d, then u(dr) = ‘gcl‘ﬂ‘ﬁﬂ and (7.25) (hence

(7.26)) is satisfied for any « E]g, +ool.
Putting together Propositions[7.147.4, Corollary 7.3/ and Proposition [7.5, we have the following.

Theorem 7.6. If f(z) = ﬁ, with 0 < B < 2, then the random-field solution u(t,z) of the
non-linear wave equation with spatial dimension d > 3 built in Theorem|6.1) is jointly vy-Holder-
continuous in time and space for any exponent v € |0, #[

Remark 7.7. (a) Note that Theorem|[7.6 and its proof are still valid when the spatial dimension
is less than or equal to 3. In these cases, the regularity of the solution has already been obtained
for a more general class of non-linear functions «, namely Lipschitz continuous functions. For
more details, see [24] for d = 1, [12] for d = 2 and [6] for d = 3.

(b) The exponent # in Theorem [7.6 is the optimal exponent. Indeed, u(t,z) is not y-Holder-

continuous for any exponent v > # as is shown in [6, Theorem 5.1]. Their proof applies to

the general d-dimensional case, essentially without change.
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