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Random field solutions to linear SPDEs driven by
symmetric pure jump Lévy space-time white noises
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Abstract

We study the notions of mild solution and generalized solution to a linear stochastic
partial differential equation driven by a pure jump symmetric Lévy white noise,
with symmetric a-stable Lévy white noise as an important special case. We identify
conditions for existence of these two kinds of solutions, and, together with a new
stochastic Fubini theorem, we provide conditions under which they are essentially
equivalent. We apply these results to the linear stochastic heat, wave and Poisson
equations driven by a symmetric a-stable Lévy white noise.
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1 Introduction

In this article, we consider a linear stochastic partial differential equation (SPDE) of

the form .
Lu=X, (1.1)

where L is a partial differential operator and Xisa symmetric pure jump Lévy white
noise. We study two different notions of solution to (1.1). On the one hand, from the
random field approach to SPDEs, we have the concept of mild solution, which is a random
field defined as the convolution of a fundamental solution of £ with the noise. The mild
solution is therefore defined as a stochastic integral, and some conditions are needed for
its existence. For example, in the case of Gaussian white noise, the fundamental solution
must be square integrable. The literature for the existence of mild solutions to SPDEs
in the Gaussian case is already quite extensive (see [7, 13] for introductory lectures,
and see [8, 6] for more advanced presentations). The case of Lévy noise has been less
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Linear SPDE driven by Lévy white noise

studied, but the existence of mild solutions for various equations has been considered in
[1, 3], and the approach via evolution equations is considered in [17].

On the other hand, from the general theory of (deterministic) partial differential
equations, we have the notion of weak solution, or solution in the sense of (Schwartz)
distributions. Since the terms “weak” and “distribution” are often used with another
meaning, we will instead use the term “generalized solution,” in the spirit of the book
[10].

In this article, we are interested in the link between the notions of mild solution and
generalized solution to the linear stochastic partial differential equation (1.1). More
precisely, the questions that we study are the following:

(1) When it can be defined, is a mild solution also a generalized solution?

(2) When a generalized solution exists, under what conditions can it be represented by
a random field?

(3) What kinds of solution exist in the case of the stochastic heat equation, the stochas-
tic wave equation, or the stochastic Poisson equation driven by an a-stable noise?

A question related to (2) was studied in [8, Theorem 11]. More precisely, this
reference gives a necessary condition on the Green'’s function of the differential operator
for the existence of a random field representation (see Definition 3.4) for the generalized
solution to an SPDE driven by a Gaussian colored noise.

To answer the above questions, we first give a precise definition in Section 3 of
the two different notions of solution to a linear SPDE. Then, in Section 4, we provide
a complete answer to questions (1) and (2) in the a-stable case (Theorem 4.1). In
particular, we give a necessary and sufficient condition on the fundamental solution p
of £ (condition (INT) in Section 4) for the generalized solution to have a random field
representation. In this case, the mild solution is a random field representation of the
generalized solution.

These results are extended to the case of symmetric pure jump Lévy white noise
in Section 5 (Theorem 5.2). The restriction to symmetric Lévy white noise come from
the fact that in the symmetric case, the stochastic integral is an isomorphism between
the space of functions that are integrable with respect to the noise and their stochastic
integrals with respect to this noise [18, Theorem 3.4 and Proposition 3.6]. To prove these
extensions, we establish a new stochastic Fubini’s theorem that applies to symmetric
pure jump Lévy white noise (Theorem 5.1) and is interesting in its own right.

Finally, we address question (3) in Section 6, where we apply the above results
to the case of the stochastic heat, wave equation and Poisson equations in all spatial
dimensions. The main results can be found in Theorems 6.6, 6.12 and 6.13.

2 Notations and main definitions

We begin by recalling some properties of generalized functions and of Lévy white
noise.

2.1 Generalized functions

We will denote by D(R¢) the space of C> compactly supported functions, and D’'(R¢)
its topological dual, the space of distributions or generalized functions (as defined and
studied in [22]). The evaluation of p € D'(R%) on ¢ € D(R?) is denoted (p, ). We
suppose that £ is a partial differential operator with adjoint £* (typically, £ may be the
heat or wave operator). We consider a fundamental solution p € D’(R?) of the operator
L, that is a solution to

Lp=3, inD'(RY), (2.1)
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where §; denotes the Dirac delta function. The fundamental solution is not always
unique (and choosing this solution typically amounts to imposing initial and/or boundary
conditions), and in the following, we fix the choice of p. We recall the definition [22] of
the convolution between a distribution p and a smooth function ¢ with compact support:

@ p(t) = (p,0(t —)). (2.2)

Note that this convolution defines a C* function. Also, for ¢ € D(R?), we define
(p,¢) == (p,p), where for all t € R, ¢(t) := ¢(—t). For any real valued function f, we
will define f; := max(f,0).

A generalized function usually cannot be evaluated pointwise. However, a general-
ized function can sometimes be represented by a true function. We first recall that a
measurable function f : R? — R is locally integrable (that is, f € Li (R%) if, for all
compact sets K C R%, [, |f(t)| dt < cc. Of course, it is sufficient to check that

foralln € N, / |f ()] dt < o0, (2.3)
[7n7n]d

so checking local integrability only requires checking a countable number of conditions.

Condition (2.3) is equivalent to

for all ¢ € D(RY), / IF ()] |e(t)] dt < oo, (2.4)
]Rd

and in fact, the condition (2.4) only needs to be checked for a countable collection of ¢
(say for any sequence (¢,) C D(R?) such that ¢, > 0 and @, |(_, ¢ = 1, for all n € IN).
A Borel function f, € Li_(R?) defines an element of D’(R?) via the functional

o (forp) = /R Doty

Conversely, we say that p € D'(R?) is represented by a function if there is a Borel
function pg € LL_(R?) such that,

loc

forall g € DR, (pg) = [ mlt)e(t)dt = (oo,

For example, the Dirac distribution §, cannot be represented by a function.

2.2 Lévy white noise

On a probability space (22, F,P), let X bea symmetric pure jump Lévy white noise on
S, where S is a Borel subset of R? with positive Lebesgue measure, with characteristic
triplet (0,0, ) (the S we have in mind are typically S = R; x R¢ and S = R%). More
precisely, we suppose that there is a Poisson random measure J on S x R with intensity
measure dsv(dz) such that

X(ds) := / zJ(ds, dz) +/ zJ(ds, dz),
|z|<1 |z|>1

and v is a symmetric Lévy measure. In particular, v is a nonnegative measure on R such
that [, (1A|2[?)v(dz) < co. As usual, J(ds, dz) := J(ds, dz)— dsv(dz) is the compensated
Poisson random measure associated to J. This Lévy white noise is a particular example
of an independently scattered random measure as introduced in [18]. For a link with
other definitions of Lévy white noise, we refer the reader to [9]. In [18, Theorem 2.7],
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Rajput and Rosinski identified the space L(X ,S) of deterministic functions for which
Js f(5)X (ds) can be defined. In particular, in our framework, it turns out that

L(X,S) = {f : S — R measurable : / (|f(s)z\2 A 1) dsv(dz) < —1—00} .
SxR

For properties of this space, we refer the reader to [18, p. 466]. In particular, it is a
linear complete metric space for the norm

2

) dsv(dz) < 1} .

Iflle, = inf c>0:/ min | 1,
SXR

S /S f(s) X(ds) = (X, f) (2.5)

2f(s)

The mapping

from L(X,S) into L°(Q) (the space of a.s. finite random variables with the metric of
convergence in probability) is an isomorphism [18, Theorem 3.4] (this property makes
use of the symmetry of X: see [18, Proposition 3.6]), and the convergence f, — f in
L(X,S) as n — 400 is equivalent to

/Sx]R (|(fn(s)—f(s))z\2/\1) dsv(dz) =0 asn— 4oo.

In particular, f, — f in L(X, S) implies f,, — f in measure on compact subsets of S
[18, p.466]. In a spatio-temporal framework, we refer the reader to [4] for integrability
conditions for non-deterministic integrands.

A generalized stochastic process (or generalized random field) U is a linear map from
the space of test functions D(R?) into L°(Q). If, in addition, this map is continuous, then
by [25, Corollary 4.2], it has a version U (i.e. for any ¢ € D(R?), (U, ) = (U, ¢) a.s.) such
that for almost all w € , for any sequence ¢, — ¢ in D(RY), (U, ¢,)(w) — (U, @) (w).

That is, U defines a random element in D’(R%). In this case, U is called a continuous
generalized stochastic process, or a random distribution.

3 Notions of solution to a linear SPDE

We introduce two different notions of solutions to the linear SPDE (1.1) with associ-
ated fundamental solution p. Notice that in this framework, we are only considering the
case where the Green’s function of the operator £ is given by a shift of a fundamental
solution.

3.1 Generalized solution

In the following, we will need a hypothesis on the fundamental solution p of the
differential operator L:

(H1) p is such that for any ¢ € D(R?), the convolution ¢ * 5 belongs to L(X, S).

The case where the noise is a symmetric a-stable noise for some « € (0, 2) is already
quite rich, and provides some insights into the general theory. More precisely, suppose
that W< is an a-stable symmetric Lévy white noise on S, with characteristic triplet
(0,0,v,), where v, (dz) = ¢t |2|*~1 dz, with

(1
Ca = fd+a) sin = = 2T(—a) cos =
T
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The characteristic function of W is given by
E (e"“WQ(A)) = exp [-Lebg (A) |ul*], ueR,

for any measurable set A C S with finite Lebesgue measure [21, Lemma 14.11]. This
notion coincides with that of a symmetric a-stable random measure developed in [20,
§3.3]. Since the skewness parameter § vanishes, it is well known that a function
f:R*—=Ris W“-integrable if and only if f € L*(S) (see [20, §3.4]). In this framework,
(H1) becomes:

(H1’) pis such that for any ¢ € D(R?), the convolution ¢ * p belongs to L%(S).

As in (44) of [8], we can then define a generalized solution to the following linear
SDPE:

Lu=X1g. (3.1)

Definition 3.1. Assume (H1). The generalized solution to the stochastic partial differ-
ential equation (3.1) is the linear functional uge, on D(R?) such that for all ¢ € D(R?),

<ugen530> = <X7(P*pv> (3.2)

Notice that (X, ) denotes J5¥(s)X(ds), and this accounts for the 15 in (3.1).

Remark 3.2. The generalized solution is in general not a distribution, since it may not
define a continuous linear functional on D(R?). However, by [25, Corollary 4.2], Ugen
does have a version in D' (RY) if ¢ — (ugen, ¢) from D(RY) to L°(Q) is continuous. By the
isomorphism property mentioned in Section 2, this will be the case if ¢, — ¢ in D(R%)
implies that ¢,, % p — ¢ * pin L(X,S). This will occur in several examples, such as the
stochastic heat equation (see Remark 6.3) and the stochastic wave equation (see Remark
6.8).

Remark 3.3. When uge, has a version in D’'(R?), then the functional uge, is a solution to
(3.1) in the weak sense: indeed, for ¢ € D(]Rd),

(Lugen, p) = (ugen, L*0) = (X, (L*0) * p) .
Also, by (2.1),
(L7@) # p(t) = (p, L7p(t — ) = (p, LTt +-)) = (Lp, p(t + ) = (0o, p(t + ) = @(¢) .

Therefore, for all p € D(R?),

<‘Cugen7 90> = <X7 90> .

Definition 3.4. We say that a generalized stochastic process u has a random field
representation if there exists a jointly measurable random field (Y;);cgra such that Y has
almost surely locally integrable sample paths and for any ¢ € D(R),

<u,<p>:/ Vo) dt  as. (3.3)
Rd

The generalized stochastic processes that have a random field representation are
exactly those which can be evaluated pointwise.
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3.2 Mild solution

Generalized solutions are a useful generalization of classical solutions to a partial
differential equation. However, non-linear operations on generalized functions are in
general difficult to define, and we are often interested in finding solutions that can be
evaluated pointwise. One type of solution that is often used in the SPDE literature is
the notion of mild solution. In order to be able to define a mild solution to (3.1), we will
need another hypothesis on the fundamental solution p:

(H2) pis represented by a function py such that, for Lebgs-a.a. ¢t € R4,

polt —-) € L(X, S). (3.4)

Again, in the case where the noise is a symmetric a-stable noise for some « € (0, 2)
(H2) becomes:

(H2’) pis represented by a function py such that, for Leby-a.a. t € RY,

pol(t— ) € LY(S). (3.5)

We will see in Remark 4.3 below that in certain special cases, such as S = R, x R*"1,
then: (i) if (3.5) holds for a.a. t € S, then it holds for all ¢ € S; and (ii) (H2’) implies
(H1).

Definition 3.5. Under hypothesis (H2), the mild solution of (3.1) is the random field
(umia(t), t € RY) defined as follows: for those ¢ € R? which satisfy (3.4) (respectively
(3.5) in the a-stable case),

umild(t) = <vao(t - )>7 (3.6)

and for those ¢ such that p(t — -) ¢ L(X,S), we set uma(t) = 0.

Recall that v = (u:) and @ = (4;) are versions (also called modifications) of each
other if, for all ¢+ € RY, u(t) = @(t) a.s. (where the null set may depend on t). The random
field umjq defined in (3.6) has a jointly measurable version. This is a consequence of the
following proposition, whose proof is based on a result of [5].

Proposition 3.6. Let f : R” x R — R be a Borel measurable function such that for
Lebesgue-a.a. t € R", f(t,-) € L(X,S). For any ¢t € R", let

u(t) _ { <X,f(t,-)>, if f(tv') € L(X7S),

0, otherwise.
Then the random field « has a jointly measurable version.

Proof. Let A C R™ be a Borel null set such that for t € R" \ 4, f(t,-) € L(X,5).
Set g(t,-) = f(t,-)1ac(t). Then g : R" x R? — R is measurable and for all t € R",

u(t) = (X, g(t,-)) a.s. By [2, p. 925], v has a measurable modification. O

3.3 Possible relationships between mild and generalized solutions

We point out that the generalized and mild solutions depend on the choice of the
fundamental solution p. Therefore, we fix a fundamental solution to the operator L,
and then it makes sense to study the generalized solution and the mild solution to (3.1)
(under (H1) and (H2), respectively), as defined in (3.2) and (3.6).

When it exists, the mild solution is always a random field. It may turn out that the
generalized solution has a random field representation, and we can then ask if this
representation is the mild solution.

EJP 24 (2019), paper 60. http://www.imstat.org/ejp/
Page 6/28


https://doi.org/10.1214/19-EJP317
http://www.imstat.org/ejp/

Linear SPDE driven by Lévy white noise

In general, if umyq has locally integrable sample paths, then for any ¢ € D(RY),
Jra umia(t)(t) dt is well-defined, and

(Umild, @) = /}Rd umiia (t) @(t) dt = / (X, p(t—-))p(t)dt.

R4

If we can exchange the stochastic integral and the Lebesgue integral, then we get

(imtar ) = (X [ plt = p(t)dt) = (X.0) = ugen 7).

and umjq will be a random field representation of ugen.

In order to make the steps above rigorous, we need to know when un,;9 has locally
integrable sample paths, and we need a stochastic Fubini’s theorem. We will consider
the a-stable case in Section 4 and the general case in Section 5.

We recall that in the case of a Gaussian noise, that can be spatially correlated, this
type of question has already been investigated under slightly different assumptions in [8,
Theorem 11]. Transposed to our framework, this theorem implies that in the case of an
SPDE driven by Gaussian white noise (in space and time), if the generalized solution has
a random field representation, then the fundamental solution of this SPDE is necessarily
represented by a square integrable function. Here, we first extend this kind of statement
to the setting of symmetric a-stable Lévy white noises.

4 The o-stable case

Fix a € (0,2) and let W be a symmetric a-stable noise as in Section 3.1. We consider
the linear SPDE
Lu=W*1g. (4.1)

We fix a fundamental solution p of £. We are interested in determining if ugen, as defined
in (3.2) with X replaced by W<, has a random field representation, and if up;q, as
defined in (3.6) with X replaced by W<, is a random field representation of uge,. It will
turn out that condition (INT) below is a necessary and sufficient condition for this.

Notation. For any ¢ € D(R?), let pu,,(dt) = ¢(t) dt and p,((dt) = |o(t)| dt.
Consider the following condition.

Condition (INT). The fundamental solution p is represented by a function py, and either

(i) a > 1 and for any ¢ € D(R?),

1

/}Rd (/S po(t — )| ds) : 1114/ (dt) < +o0, (4.2)

(i) a =1 and py is such that for any ¢ € D(R9),

or

po(t = 8)| [a 11 (A7) [ dvlpo(r — )|
B (dt)/ ds |po(t—s)| |1+ log < +o0.
/Rd P s T\ (s lpo(t = v)[ dv) (Jga loo(r — 5|l (dr))
4.3)
or
(ili) @ < 1 and py is such that for any ¢ € D(R?),
EJP 24 (2019), paper 60. http://www.imstat.org/ejp/
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/S </}Rd lpo(t — s)|u¢|(dt))a ds < 4o0. (4.4)

The main result of this section is the following.

Theorem 4.1. Let « € (0,2). The following three conditions are equivalent.

(1) Condition (INT) holds;

(2) (H2’) holds and the jointly measurable version of uniq has locally integrable sample
paths;

(3) (H1’) holds and ugen has a random field representation.

Under any one of these three equivalent conditions, umig is a random field representation
of ugen.

Proof of Theorem 4.1. (1) implies (2). Suppose that p is represented by a function pg
satisfying the properties in Condition (INT). When « > 1, since the condition in (4.2) can
be written [, [|po(t — )| L (s) 1)) (dE) < oo, this condition implies that for a.a. t € RY,
po(t — ) € L*(S), that is, (H2’) holds. When a = 1, (4.3) clearly implies that

[ ot = Mescs) ma(a0) < . @.5)

which clearly implies that for a.a. t € RY, p(t — ) € L(S), that is, (H2’) holds. When
a < 1, then by Remark 4.3(3) below, (4.4) also implies that (H2’) holds. Therefore, for
a € (0,2), unia is well-defined.

According to [20, Theorem 11.3.2] (which uses the symmetry of We when o = 1),
Condition (INT) implies that for any ¢ € D(R?), a.s.,

/‘WMAMume<+m. (4.6)
R4

As discussed in Subsection 2.1, we can find a single null set such that (4.6) holds
simultaneously for all ¢ € D(R?). Therefore, the sample paths of umq are almost surely
locally integrable. This proves (2).

(2) implies (3). Local integrability of the sample paths of unjq implies that for all
p € D(]Rd), (4.6) holds. According to the stochastic Fubini theorem in [20, Theorem
11.4.1], this implies that

[ oolt =) € 7(5),
Rd

or, equivalently, || * po € L*(S). This implies that (H1’) holds. By the same stochastic
Fubini theorem, for any ¢ € D(R?),

/}Rd umila (t)p(t) dt = /S </}Rd p(t — s)(t) dt) Weds) = (Wa,0xp)  as.  (4.7)

Therefore, for any ¢ € D(RY),

(Umila, ) = (Wa, 0 * p) =: <ugen7 ©) a.s. (4.8)

Therefore, umiq = ugen in the sense of generalized stochastic processes, that is, unigq is a
random field representation of ugen.

(3) implies (1). Let (Y;) be a random field representation of Ugen, that is, (3.3) holds.
According to Definition 3.4, there exists a set Q C Q of probability one such that for all
w € Q, the function ¢ — Y;(w) is locally integrable. Without loss of generality, we can
suppose that Q = Q. Let ¢ € D(R?) be such that ¢ > 0, supp ¢ C B(0,1) and fRd o =1
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For each t € R? and n € IN, we define ¢! (-) = nip(n(- —t)). Let Z1(w) := (Y (w), ¥L).
Then

Z3(w) = /Rd Y (w)no(n(s —t))ds = /Rd Yy 4o (w)no(nr) dr. (4.9)

Define f(t,s,w) := (t + s,w). The function f is measurable as a map from (R¢ x R? x
Q, B(RY) ® B(R?) ® F) to (R? x Q, B(R?) ® F), and Y, +(w) = Y o f(r,t,w). Since Y is a
jointly measurable process, by Fubini’s theorem, we deduce from the second equality in
(4.9) that Z” is a jointly measurable process. We define the set

A= {(t,w): (Y(w),¢h) = Yi(w)asn — +oo} .

We can write

4= N U N {ewrize-nei<i}.

kEN+ NENn>=N

and since Z" and Y are both jointly measurable processes, A € B(R?)® F. By Lebesgue’s
differentiation theorem (see [26, Chapter 7, Exercise 2]), for any w € (2, f]Rd L(twycae dt =
0. Then, by Fubini’s theorem, (Leby x IP)(A¢) = 0. Therefore, there is a non random set
A C R? such that Leby(A) = 0 and forall t ¢ A, P {w: (t,w) € A°} =0, that is,

P{(Y,p}) = Y,asn — +oo} = 1. (4.10)
By [20, Proposition 3.4.1], for any f € L*(S5),

E (ei(Wo‘,f)) _ e*”f“%a(S) . (4.11)

Therefore, by (3.2) and (3.3), for all ¢ € D(RY),

E (ei(ugen#M) — e*”%’*ﬁ”%a = (exp <Z/ Ysgp(s) ds)) . (4.12)
R4

Let ty € A¢. Then
(Y, 0oy = Yy, a.s. as n — +oo. (4.13)

We define pl = plo x p € L%(S) by (H1’). By (4.12) and (4.10), for n,m € NN,
e~ P =pRlza — (exp (z/ Y, (‘P;U (s) — gpm(s)) ds)) —1 asn,m — +oo. (4.14)
Rd

We deduce that (p?),>1 is a Cauchy sequence in L*(S). By completeness of this space,
there is a function g’ € L*(S) such that

plo — g'o in L*(S) asn — +o0. (4.15)

Furthermore, we know from the theory of generalized functions that ! — &;, in D’'(R9)
as n — +o0o. Therefore,

plo — 8, xp, inD'(RY) asn — +oo. (4.16)

From (4.15) and (4.16), we would like to deduce that the function g’ represents d;, * p.
If this is true, then it will mean that s — p(to — s) can be considered as a function in
L*(S). However, in order to prove this equality, it suffices to show that for any 6 € D(5),
(810 % .0) = (g, 0). .

If a € (0,2) is arbitrary, we deduce from (4.11) and (4.14) that (W, plo — g'o) — 0
in law as n — +o00, and by [12, Lemma 4.7], the convergence is also in probability. By
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almost sure linearity, we deduce that (W®, plo) — (W, g') in probability as n — +oo.
By uniqueness of the limit, and since (W, p) = (ugen, ¢l0) = (Y, pl0), it follows from
(4.13) that

forany to € A°, Y, = (W% ¢') as. (4.17)
For any (t,s) € R? x S, let
g(t,s) = limsup p' (s). (4.18)
n—+oo
For fixed 1 € N, p(s) = ¢ # = (5,0 (5 — ) = (5,05 — - — )}, 50 (5,2) > ph(s) is

continuous. Hence (¢, s) — g(t, s) is measurable, and by (4.15), for ¢ € A, g(t,) = g'(-)
almost everywhere. Therefore, for t, € A€,

g(to,-) € L*(S), (4.19)

and

Y, = (W% g(to,-)), as., (4.20)

where the “a.s.” depends on t;. Let (@, t € R?) be a jointly measurable version of
(W, g(t,-)) (which exists by Proposition 3.6). By (4.20),

fortg € A°, Y, =1y, a.s. (4.21)

Since both (Y;) and (@) are jointly measurable, (Leby x P){(t,w) : Y;(w) # @:(w)} = 0.
By Fubini’s theorem, there is a IP-null set Ny such that for w ¢ Ny,

Yi(w) = @y (w), fora.a.tec R (4.22)
Let v € D(R?). Then puy(dt) := (t)dt is a finite signed measure, that we can

decompose into positive and negative parts u:; and Py - Since Y is almost surely locally
integrable,

/ |Yt|u;“(dt) < +o00, and / [Yilpy, (dt) <400 as.
R R¢

By [20, Theorem 11.3.2], if & > 1, we get

/Rd (/5 lg(t,s)|” ds) ()] dt < +o0, 4.23)

Q=

ifa =1, we get

o (o) Sslotr ol dvlpriar ]
[ at [Laslott sy 1+ 1os, ((fs 90 ) (Jor g(r,swwdr)) < e
(4.24)
and if a < 1, we get .
/s (/}Rd lg(t, s)¥(t)]| dt) ds < +00. (4.25)

If « =1ora<1,then (4.24) and (4.25) imply that there is a Lebesgue-null set N, such
that, for s € S\ Ny, [galg(t,s)¥(t)| dt < co. Let (¢,) C D(R?) be such that 1_,, ,ja < ¥,
for all n € IN. For s € S\ UpewVy,,, we have that for all n € NN, f[—n,n]d lg(t,s)|dt < oo,
that is, ¢ — g¢(t, s) is locally integrable. When « > 1, by the generalized Minkowsky
inequality (see [23, A.1]) and by (4.23),

1

(/S a ds) < /R ( /S lg(t, )| ds) b (1)] dt < +o0.
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In particular, we see that also in the case « > 1, for almost all s € S, t — ¢(¢, s) is locally
integrable (and therefore represents a distribution).
By (4.22), for all « € (0,2),

[ Yinotan = [ aeear= [ (vt v, (4.26)

R4

where (Wa, g(t,-)) is the jointly measurable version of this process. By [20, Theorem
11.4.1], we can exchange the stochastic integral with the Lebesgue integral in (4.26), to
conclude that

(Y, ) = (We, ” Y()g(t,-)dt)  as. (4.27)

We define [, ¥(t)g(t,s)dt =: (»®g)(s) (this operation on ¢ and g is not commutative).
From (4.27) and (3.3), we get

(W @®g—xp)= (W @g) — (W, p) = (Y, 1) — (ugen, ) =0a.s., (4.28)

and by (4.11), we deduce that || ® g — ¢ * ||« (s) = 0. Then, for any ¢ € D(R?), there
is a set By, such that Leby (By) = 0 and for any s € S\ By, (¢ ® g)(s) = (¢ % p)(s). Since
D(RY) is separable, there is a countable dense subset D C D(RY). Let

B=|]J By.

YeD

Then Leby (B) =0 and, foralls € S\ B, forall 4 € D,

(9(8),0) =@ g(s) =P xp(s) = (p, (s + ) = (s * p, ) ,

where we have used (2.2). Since two distributions equal on a dense subset of D(Rd)
are equal (by continuity), we get that for all s € S\ B, g(-,s) = s * p in D'(R9).
Then, p = 0_4 * g(-,s) in D'(S), and d_; * g(-,s) is in fact a function py depending
only on the t € R? variable, i.e., py represents p. Further, for almost all ¢ € R,
po(t) = (0_s * g(+,5))(t) = g(t + s,s) which does not depend on s. Then, for almost all
(t,s) € R x S, g(t,s) = po(t — s). By (4.19), we deduce that for almost all ¢ € R,
po(t —-) € L*(S), so (H2’) holds and umuq = (W?, po(to — -)) is well-defined. Also, from
(4.23), (4.24) and (4.25), we get that (4.2)-(4.4) hold. This proves (1).

Finally, still assuming (3), by (4.20), for tg € Ae, Y, = (Wo‘, po(to—-)) = umna(to) = ts,,
a.s. By Fubini’s theorem, a.s., Y; = i, for a.a. t € R%. We conclude that (i) is a jointly
measurable version of umig, (:) a.s. has locally integrable sample paths, and () is a
random field representation of ugen (since this was the case of (Y3)). This proves the last
statement of Theorem 4.1. O

Remark 4.2. For the implication “(3) implies (1)” in the proof of Theorem 4.1, in the
case a > 1, there is a different way of deducing from the considerations that lead to
(4.16) that g'° represents dt, * p. Indeed, when o > 1, using the notation introduced in
the proof, by Holder’s inequality,

[{g" = pie, 0)] < /S |9 (s) = i ()] 10(5)] ds < [lg" = P2 o) 10, a2 g, -

Passing to the limit as n — +oco, we get that for all ¢, € A€, Oy x p = g € L*(S) in
D'(S). Then, in the sense of distributions, p = 0_;, * 0, * p = d_¢, * g'°. Therefore, p
is represented by the function ¢t € R? — g'o(t; — t) =: po(t), which therefore does not
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depend on %y, and is sucNh that for almost all t € R?, &; * p = po(t — -) € LY(S), so (H2’)
holds. Also, for any ¢t € A€, by (3.3),
(Y, 0h) = (ugen, @hy) = (W, 0, p) = (W, ph) ,
and (Y, %) — Y; almost surely as n — +oo by (4.13), and
plo— gt =0 %p=po(t—-), inLY(S)asn — +oo. (4.29)

Therefore, (W®,pl, — po(t —-)) — 0 in law by (4.11), hence in probability, that is,
(We pt) — (W, po(t — -)) in probability as n — +oo. Therefore, using (4.13), we
see that Y; = (W, po(t — -)) a.s. Since we used Holder’s inequality, this method does not
work in the case a < 1, and does not imply (4.2), (4.3) or (4.4), which is why the proof of
Theorem 4.1 uses a different argument that works for any a € (0, 2).

Remark 4.3. It is not difficult to check the following statements:
(1) For « € (1,2), we have:

(a) Condition (4.2) is equivalent to local integrability of the function ¢ — ||po(t —
) ‘ Le(S)s that iS,

[t = llpo(t — )lLo(s)] € Lige(RY) . (4.30)
(b) If S = R%, and po(t) = 0 for all ¢t € R\ R4, then (4.2) is equivalent to
po € Lt (RY).

(c) If S =R, x R4, and po(t,z) = 0 if t < 0, then (4.2) is equivalent to

¢
forallt > 0, / / lpo(s,y)|*dsdy < +00.
0 Jra-1

In particular, when (3.5) holds for a.a. (t,7) € Ry x R9"!, then in fact, it holds
for all (t,z) € Ry x RY"!. In addition, (H2’) implies (H1’).

(2) For a € (0,1), we have:

(a) Condition (4.4) can be written |p| * |¢| € LY(S), for all ¢ € D(R?), which
differs from (H1’) only because of the presence of the absolute values and
because py is a function. Further, condition (4.4) is equivalent to:

(6%
for any compact set K ¢ R?, / (/ lpo(t — )| dt) ds < 400
s \Uk
(b) If S = R%, and po(t) = 0 for all ¢t € R\ R4, then (4.4) is equivalent to
Po € Llloc(]Ri)
(3) When a € (0,1), (4.4) implies (4.2).

Indeed, the equivalence of (4.2) and (4.30) occurs for the same reason as the equivalence
between (2.3) and (2.4). For (1)(b), if S = R% and po(t) = 0 for all t € R* \ R%, then for

any n € NN,
[t les = [ ( [, sttt s>|">
[=n,n]d [—n,n]d ]Ri
:/ dt (/ dr |p0(r)|a>
[0,n]¢ [0,t]
:/ dt [ polo.gllze(s),
[0,n]?
EJP 24 (2019), paper 60. http://www.imstat.org/ejp/
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where we have used the change of variables r = ¢ — s and the notation [0,t] =
[0,t1] x --- x [0,t4] if t = (t1,...,tq). Since ||poljoyllz~(s) is @ nondecreasing function of
each coordinate of ¢, we conclude that [t — [|po(t — -)|[1a(s)] € Lip(R?) if and only if
p0Lj0,4ll La(s) < oo, for all t € RY, thatis, py € Lz (R4).

The first two statements in property (1)(c) are checked in a similar way. For the
implication (H2’) implies (H1’), notice that for ¢ € D(R?), by Minkowski’s inequality
for integrals,

o # Al iy ma-1y < /R At o®) lo(t = e r, iy
= /}Rd dt [o(®)] [loC) Le (o, xra-1) < Cllp()llLa (0,11 xRI-1) < 00,

if supp(p) C [0, 7] x R4~
For (2)(a), it is clear that

/s </}Rd |po(t — s)|u¢(dt)) ds = || |po| * || ||%Q(S)'

The second statement (2)(a) is checked in the same way as (1)(a). For (2)(b), in the case
d=1and S =R, with po(t) =0forallt € R\ R; and K = [-n,n],

/S</K|P0(t—s)|dt>ads:/on (/S”|p0(t_8)|dt)ads
[ ([ ol au) e

where we have used the changes of variables u =t — s (s fixed), then »r = n — 5. Since
the inner integral is an increasing function of r, we get py € L. (R4 ). The case d > 1 is
checked in a similar way.

For (3), we can write

1

/}Rd lpo(t = llzecs) pipi(dt) = /}Rd (/S |p0(t—s)|ads)“mw(dt)

S TZGEEIR :

b
LR, pyp))

then apply Minkowski’s inequality for integrals (since 1/a > 1) to bound this above by

1

(1t =9 lovmmennas) = ([ ([ imte=5)macan) ds)f’ .

(4.31)
by (4.4). Therefore, (4.2) holds.

Corollary 4.4. Suppose « € (0,1), (H1’) holds and p is represented by a function p
such that pg > 0. Then the three equivalent conditions of Theorem 4.1 hold and uy;q is a
random field representation of ugen.

Proof. According to (2)(a) in Remark 4.3, for « € (0,1), when p is represented by
a nonnegative function pg, then (H1’) and condition (INT) are equivalent. So the
conclusion follows from Theorem 4.1. O
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5 Case of symmetric pure jump Lévy noise

In this section, we suppose that the driving noise X is a pure jump symmetric Lévy
white noise, that is, a Lévy white noise with characteristic triplet (0,0, v), where v is a
symmetric Lévy measure.

We consider the linear SPDE (3.1). We fix a fundamental solution p of £. As in
Section 4, we are interested in determining if ugen, as defined in (3.2), has a random
field representation, and if uyjq, as defined in (3.6), is a random field representation of
Ugen. AS we mentioned in Section 3.3, this requires a stochastic Fubini’s theorem, which
we now present.

5.1 A stochastic Fubini theorem

Using the isomorphism (2.5), we will extend the stochastic Fubini theorem of [20,
Theorem 11.4.1] to the noise X . Other stochastic Fubini theorems for L°-valued random
measures already exist in the literature, but they use a different set of hypotheses.
For instance, [15, Corollary 1] deals with stochastic integrands, but integration of
non-deterministic processes with respect to Lévy white noises relies on a space-time
framework, in which the time component is critical for the definition of predictable
processes. Other stochastic Fubini theorems, such as [14, Theorem 3.1], impose integra-
bility and/or regularity assumptions on the function f(s,t) instead of a condition such as
(5.1) below.

Theorem 5.1. Let X be a symmetric pure jump Lévy white noise on S C R¢, with
characteristic triplegt (0,0,v). Let f : S x R"® — R be measurable and such that for any
t e R™, f(-,t) € L(X,S), and let x4 be a finite (nonnegative) measure on R™. Suppose

that /

Then, for almost all s € S, f(s,-) € L' (1), and the function p® f : s — [, f(s,t)u(dt) is
in L(X, S), and

@&f@wﬂmm)<+m, a.s. (5.1)

| e = (Xuw ) as 6.2

(We emphasize that the ® operation is not commutative. In particular, it involves a
measure and a measurable function whose roles are not interchangeable.)

Proof of Theorem 5.1. The main probability space is (2, F,P). Since p is a finite mea-
sure, we can suppose without loss of generality that it is a probability measure on R™.
Let (', F',IP’) be a probability space, and (T;);>1 be a sequence of i.i.d. random vectors
on this space with law p. We write [E’ for the expectation with respect to the probability
measure IP’. In this framework, (5.1) is equivalent to

E(M&f@ﬂ»b<+m P as.

(we are using the jointly measurable version of (X, f(-,¢)) provided by Proposition 3.6).
More precisely, there is a set ; C 2 such that P(2;) = 1, and for any w € 4,

E (‘<X,f(-,T1)>(w)D < too.

By the strong law of large numbers, for any w € Q,, there is a set Q] (w) C € such that
P’ () (w)) =1 and for any w’ € Q}(w),

n

%Z(X, JTN)W) = B (X fCT)W)  asn - oo, (5.3)

=1
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We define
A={(w,w") € Q2xQ :(5.3) occurs} .

Then A € F x F'. For w € , let
A, ={w € : (w,w') € A} .

Then, for any w € Qy, P’ (A,) = 1, and we deduce from Fubini’s theorem that P x P/(A4) =
1.

Foranyn € IN, s € S and ' € @/, we set fu(s,w’) = 23" | f(s,T;(w’)). Then
fa( W) € L(X,S) since this is a vector space. For P'-a.e. ' € , there is a set
Q,(w') C Q such that P (2, (w')) = 1 and for any w € Q,,(v'),

LS ST ) = (K fal @) @), (5.4)
i=1

For these w’ € 0, the set Q. (W) = ﬂl’z Q. (w) is such that P (. (w’)) = 1 and for any
w € Qoo (w’), (5.4) holds for all n € IN. We define

B = {(w,w') € 2 x Q' :(5.4) occurs for all n € N} .
Then B € F x F', and for v’ € (¥, let
BY ={weQ: (w,w)eB}.

ForP’-a.e.w € Q, P (B“’) = 1, and we deduce from Fubini’s theorem that (P xP’)(B) =
1. Therefore,

// (A :ﬂ-(w,w’)eAﬁB P(dw)) IP/(dUJ/) = A </Q/ ]]-(w,w/)EAﬂB P/(dw')) P(dW) =1. (55)

Let w’ € Q. We define
(ANB)* = {weN: (w,w')e ANB}.

From (5.5), for P’-almost all w’ € ', P ((A N B)“/> = 1. In other words, for IP’-almost all
w ey,

LS K ST W) = (X, ful @) @) = B (1K, 7 T)w)  asn - +oo,

i=1

for P-almost all w € Q. In particular, for IP’-almost all w’ € 2, the sequence of random
variables ((X, fu(,w)))n>1 on (2, F,P) is a Cauchy sequence in probability. By P-a.s.
linearity of X and the isomorphism property in (2.5), we deduce that (f,(-,w’ ))n21 isa
Cauchy sequence in L(X,S). By completeness of L(X, S), for P’-almost all w’ € €/, there
is a function f(-,w’) € L(X,S) such that f,(-,w’) — f(-,w') as n — +oo in L(X,S). By
(5.1) and [19, Theorem 6] (which also uses the symmetry of X), for almost every s € S,
Jra |f(s,t)|u(dt) < +oo, that is E’ (| f(s,T1)|) < +oco. By the strong law of large numbers,
we deduce that for almost all s € S, there is a set ), such that P’(€2}) = 1 and for any
w e,

1 n
- Zf(s,T,»(w’)) = fu(s,0) = E' (f(s,T1)) = pu® f(s) asn— +oo. (5.6)
=1
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Let C = {(s,w') € S x ¥ : (5.6) holds}, for s € S, Cs = {w' € ' : (s,0') € C}, and for
W e, 0¥ ={seS:(s,0) e C}. Since for almost all s € S, P’ (C,) = 1, Fubini’s
theorem implies that (Leby x P’)(C) = 1. We deduce that for almost all w’ € €, (5.6)
holds for Lebg-almost every s € S. We can then drop the dependence in «’, so that there
is a sequence (¢;);>1 of deterministic times (for P) in R™ such that

n

i; f(s,t;)) > u® f(s) ae.insasn — +oo, (5.7)
. N )
i=1 i=1
as n — +oo, and
liy@mgqm in L(X,S) as n — +00 (5.9)
n e s Ug ) . .

Since convergence in L(X ,S) implies convergence almost everywhere along a subse-
quence (see [18, p. 466]), by uniqueness of the limit we get from (5.7) and (5.9) that
p® f= f almost everywhere (and hence f does not depend on w’), and % S ft) —
p® fin L(X,S). Therefore,

n

<X,Tll;f(~7ti)>—><X7u®f> asn — 400, (5.10)

in IP-probability. By uniqueness of the limit, gathering (5.8) and (5.10), we deduce that
P-almost surely, (5.2) holds. O

5.2 Relationships between mild and generalized solutions

In this section, we aim to answer the following question. Suppose that (H1) is
satisfied. Then, the generalized solution ugen 0f (3.1) can be defined as in Definition 3.2.
Suppose also that the generalized solution has a random field representation Y. Then, is
(H?2) satisfied? If so, then the mild solution un;q can be defined as in (3.6). In this case,
is Y the mild solution? These questions are answered in the next theorem.

Theorem 5.2. Consider the following three conditions.

(1) pis represented by a function py € Ll (R%);
(2) (H2) holds and the jointly measurable version of unjq has locally integrable sample
paths;

(3) (H1) holds and ugen has a random field representation.

Then (2) implies (1), and (2) and (3) are equivalent. If either (2) or (3) holds, then umq
is a random field representation of ugen.

Proof. (2) implies (1). Condition (H2) implies that p is represented by a function pg
such that for a.a. t € R?, po(t — ) € L(X,5), and umua(t) = [g po(t — 5)X (ds).
Letp € D(]Rd). By (2), the jointly measurable version of unjq is such that

/ lo ()| |umna(t)] dt < oo, a.s.
Rd

By [19, Theorem 6], there is a Lebesgue-null set N, C S such that for s € S \ N,

/|mwﬂmﬂmm<m. (5.11)
]Rd
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Set N = UnenNN,,, where ¢, € D(R?) is such that 1, ,ja(t) < @, (t), for all t € R™.
Then fors € S\ N,

for all p € D(RY), / polt — )| [o(8)] dt < oo,
Rd

or equivalently, foralln € N, [, . dt|po(t —s)| < oo. Fix § = (51,...,34) € S\ N and
do the change of variables » = ¢ — 5. Then for all n € NN,

/ Ipo(r)] dr < oo,
[7717@‘1,77,751] XX [77’7,75[1,7175[1]

and this implies that py € Li..(R¢), proving (1).

(2) implies (3). Let p € D(R?), and let pg (dt) := @y (t)dt and pg (dt) == p_(t)dt,
where ¢, = max(p,0) and ¢_ = max(—¢, 0) are, respectively, the positive and negative
parts of . These two measures are finite, and are the positive and negative parts of
the signed measure p,(dt) := ¢(t) dt. By (2), umia has almost surely locally integrable
sample paths, therefore,

[ 1ol = @) = [ fumsa)] iz de) < 400 as
Rd Rd

We can now apply Theorem 5.1 separately with the positive and negative part of j,, and
recombine them. Let f(s,t) = p(t — s). Notice that p, ® f = ¢ * p, and since p, ® f is
X—integrable by Theorem 5.1, we see that (H1) holds. Using (3.6), Theorem 5.1 and
(3.2) yields

[ a0t = [ (2t = (@) = (Koo 2 ) = (g as,
which proves that unpiq is a random field representation of ugen, therefore (3) holds.

(3) implies (2). Let (Y;) be a random field representation of Ugen, that is, (3.3) holds.
We use the same notations as in the proof of “(3) implies (1)” in Theorem 4.1. By the
same reasoning as in the proof of Theorem 4.1, there is a non random set A c R¢ such
that Leby(A) = 0 and for all t ¢ A, P {(Y,¢!) — Y; as n — +oo} = 1. Then, we define
to = pto % p e L(X,S) (by (H1)). For n,m € N and t, ¢ A,

n

E (ei<X7PfP —rﬂ?)) -F (ei Jra Ys(%"io(s)*%”fr‘f(s))ds> —1 asn,m— +oo.

We deduce that <X , plo — plo) converges to zero in law, hence in probability. Using the
isomorphism in (2.5), we see that the sequence (p[?),, .y is Cauchy in L(X,S). This space
is complete, therefore there is a function g’ such that pl* — g0 in L(X,S). For any
(t,s) € R x S, let
g(t,s) = limsup p',(s).
n—-+oo

Then (t,s) — g(t,s) is measurable, and for t € A°, g(t,-) = ¢'(-) almost everywhere,
hence g(t,-) € L(X7 S). Asin (4.17) and (4.20), we get that

forallto € A°, Y, = (X,¢") = (X,g(to,")), a.s. (5.12)

Let (i, t € R?) be a jointly measurable version of (X, g(to,-)) (which exists by Proposition
3.6). By (5.12), for tg € /IC, Y,, = %, a.s. As in (4.22), we can find a P-null set Ny such
that

for w € N, Y;(w) = @y (w) for a.a. t € R%. (5.13)
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Also, since Y has almost surely locally integrable sample paths, for any 1 € D(R?),

[ Wilustan = [ ]ix.qt

where ju,(dt) = |¢(t)]dt. By Theorem 5.1, for a.a. s € S, [z lg(t,s)[i(t)] dt < oo,
Y ®ge L(X,S) and as in (4.26)-(4.27),

py(dt) < 400 a.s.,

/ Yy pup(dt) = / ap (t) dt = / (X, gVt dt = (X, p@g) as.
R¢ Ré R4
Therefore, for any ¢ € D(RY),

Kweg = [ Kgpma= [ Yewd= @i as,
where the last equality is by Definitions 3.4 and 3.1. Therefore, for almost every
s €5, Y ®g(s) = Y *p(s). Then, as in the proof of Theorem 4.1 after (4.28), we
deduce that p is represented by the function pp = d_s * g(-, s) and g(t, s) = po(t — s) for
a.a. (t,s) € R x S. Therefore, for a.a. t € R?, py(t —-) € L(X,S), which means that (H2)
holds and upq is well-defined. By (5.12) and the lines that follow (5.12), for all ¢y € Ae,
Yi, = i, = (X, po(to —-)) = umia(to) a.s., therefore (i, t € RY) is a version of upyjg. By
Fubini’s theorem a.s., @i; = Y; for a.a. t € RY, therefore, (u¢) a.s. has locally integrable
sample paths. This proves (2).

In addition, still assuming (3), (5.13) implies that (a,) is a random field representation
of ugen (since this was the case of (Y;)). This proves the last statement in Theorem
5.2. O

Remark 5.3. Contrary to the a-stable case (Theorem 4.1), where the condition (1) was
equivalent to conditions (2) and (3) there, in Theorem 5.2, condition (1) is only shown to
be necessary for conditions (2) and (3).

6 Examples

In this section, we give some examples to which Theorem 4.1 applies. We focus on
three well-known SPDEs: the linear stochastic heat, wave and Poisson equations, in all
spatial dimensions d > 1. We focus on the case of a symmetric a-stable noise, in order to
determine the range of o € (0,2) and d > 1 which correspond to the different cases.

6.1 The stochastic heat equation

Let W be an a-stable symmetric Lévy white noise on S = R, x R%. The heat operator
‘H in dimension d is the constant coefficient partial differential operator given by

A fundamental solution py for this operator (with support in .S) is given by the nonnega-
tive function

1 |z[?
pu(t,x) = 7 exp ~ Ti>o -
(4rt)2 t
We consider the following Cauchy problem
Hu =W
’ 6.1
{ u(0,-) = 0. (6.1)
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6.1.1 Existence of a generalized solution

We are interested in the generalized solution of this equation associated with the
fundamental solution py.

Proposition 6.1. For any « € (0,2) and d > 1, (H1’) holds, so the generalized solution
to the linear stochastic heat equation driven by a symmetric a-stable Lévy white noise is
well defined.

Proof. Fix a € (0,2). We begin by checking (H1’). We must show that for all ¢ €
D(R?*1), the convolution ¢ * 3 belongs to L¥(Ry x R?). Fix ¢ € D(R4*!). For (¢,z) €
R x RY,

@ pu(t,x) = /;OO ds /Rd dyw exp (—Ly(;xg) ©(s,9) - (6.2)

Since ¢ has compact support in R x R¢, we fix ' > 0 and K C R? compact such that
supp ¢ C [-T/2,T/2] x K. Then we see from (6.2) that for any t > 7/2 and = € R,
@ * py(t,x) = 0. Therefore, we need only to check that o * py € L*([0,7/2] x RY). The
function ¢ * py is smooth, so we only need to check integrability for z in a neighborhood
of infinity. Clearly, for ¢ € [0,7/2],

T/2 1 22
o pn(t2)l < el pu(ta) = cra [ as [ dr————pom (-E=E ) oG,
t K (4n(s—1t))? (s —1)

ly—=|?

The function s — (47(s — t))_g exp(—4(87t)
decreasing on [t + 55|z — y|?, 0o[). Suppose that K C B(0,r), the Euclidean ball centered
at 0 with radius . Choose R large enough so that 7' < 55(R —r)?. For |[z| > Randy € K,
we have T' < t + ﬁ|x — y|?, therefore

o vt < Learallple [ s [ gt (-b<)
Pxpu(l, )| = Ligr/2 [|[Plloo S Yy————a XP\~ 7~ |-
/ ; K (4r(T - 1)} 4T — )

Since |z — y| > |x| — r, this is bounded above by

e ()" Lo (270).

Then, using the inequality (a — b)? > 3a® — b%, we obtain

—d4q
. lolloo (1 3t |x|2 /K T;
<1 — —_ — .
|l * Py (t, )] t<T/2 (471_)% B) exXp (T — 1) dy exp 5

We deduce that for t € Ry and |z| > R,

) is increasing on ]t,t + 55| — y|?] (and

. x
lo * py(t,x)| < er i |0l oo D)2 €XD (—) ) (6.3)

where cp i is a constant that depends only on the support of ¢. From (6.3), we deduce
that ¢ * py; has compact support in the time variable (uniformly with respect to the space
variable), and has rapid decay in the space variable. Therefore ¢ * py € L([0,T] x R%).
It follows that (H1’) holds, therefore, the linear stochastic heat equation driven by
symmetric a-stable Lévy white noise always has a generalized solution ugen, defined by

(Ugen, @) = (W, 0% py),  forall p € DRI (6.4)
O
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Remark 6.2. The previous proof is still valid if we formally replace a by 2, and therefore
the same result is true in the Gaussian case.

Remark 6.3. From (6.3), we get that

[l * PHHLu ([0,T]xR4) & < Cllelloo s

for some constant C' that depends on the support of . Therefore, if ¢,, is a sequence of
test functions in D(R*!) such that ¢,, — 0 in D(R4*1), then

E [eiﬂugen,ga”)} _ e_|f| ”Lpn*pHHLOt([O’T]X]Rd) — 17 as n — +00.

Therefore, (ugen, ¢n) — 0inlaw as n — +oo, and since convergence in law to a constant is
equivalent to the convergence in probability to this constant, we deduce that (ugen, ¥n) —
0 in probability as n — +o00. Therefore, uge, defines a linear functional on D(R4*!) that
is continuous in probability. The space D(R%*1) is nuclear (see [24, p. 510]), so by [25,
Corollary 4.2], uge, has a version in D' (R4*1).

6.1.2 Existence of a mild solution

The criterion for the existence of the mild solution to the linear stochastic heat equation
(6.1) is known (see [1]). However, we can also obtain this from (H2’).

Proposition 6.4. Condition (H2’) holds and the mild solution to the linear stochastic
heat equation driven by a symmetric a-stable noise, as defined in (3.6), exists if and only
if

a<l+ g . (6.5)
d
In this case,
Umid (6, @) == (W py(t — ;2 — ). (6.6)

Proof. According to Remark 4.3(1)(b), condition (H2’) holds if and only if the following
integral is finite for any (¢,7) € Ry x R®:

1 2
/ ds/ dy pu(t — s,z — y)° / dsid/ dy exp (_oz|y|>
Ry R (47s)*? JRra 4s

.7
/ds47rs (al)%7 ©7

and the last integral is finite if and only if (6.5) holds. In this case, by Definition 3.5,

Unild (£, ) == <WQ7PH(t =T =) 0

6.1.3 Existence of a random field representation

We have seen in the previous subsections that for any a and d, it is possible to define the
generalized solution ugen, and that the mild solution umig exists if and only if o < 1 4 %.
We now apply the results of Theorem 4.1 to learn more about the relations between
those two notions of solution.

Proposition 6.5. Condition (6.5) is equivalent to condition (INT). The generalized
solution ugen to the linear stochastic heat equation driven by a symmetric a-stable noise
has a random field representation Y if and only if (6.5) is satisfied, and in that case, umpiq
is a random field representation of ugen.

EJP 24 (2019), paper 60. http://www.imstat.org/ejp/
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Proof. We know from Theorem 4.1 that condition (INT) implies (H2’), therefore (6.5),
as we have seen in the proof of Proposition 6.4. For the converse implication, we assume
that (6.5) holds and we distinguish three cases.

If a € (1, 1+ %) then the condition (4.2) is immediately verified using (6.7) and
Remark 4.3(1). If o« < 1, we know that (H1’) holds by Proposition 6.1, and since py > 0,
condition (INT) holds by Corollary 4.4. Therefore, for a # 1, (6.5) implies condition
(INT).

The case o = 1 is slightly more involved, since we need to check condition (4.3). Let
¢ € D(R4*H1). First, we have

/ pu(t — s,z —v)dv = tlso,
R+><Rd

and for any z € Ry, log, () < |log(x)|, therefore, for ¢t > 0

pH(t — 5T = y) f]Rd+1 fR+><]Rd ‘PH(U —U,Tr = ’U))| dvdw M@(duvdr)

(fnthd pu(t —v,x —w)dv dw) (fle+1 pr(u—s,m —y)py(du, dr))

log < /R gl dr)) ‘ + Jlog(t)

+ [log (p3 * |ol(s, )] -

log

< |log (pa(t — s, —y))| +

Hence, to have (4.3), we need to check the finiteness of the following integrals:
D= [ uele () dsay,
R4 xR

L= / (3 Nog (A20)]) * lel) (5, ) dsdy,
R4+ xR

im [ ([ ot sa = glont0ete o) arae) asay.
Ry xRe \JRa+1

I = / llog (52 * [¢1(5,9)) | (53 * [eo]) (5.) ds ly
R+ XRd

The case of I; has already been treated after (6.3), and for I3, we can simply permute
the integrals and get

I = / 110 log (1) (t, )| dt d < +oc.
Rd+1

For I, and I, by the same considerations as for the case « # 1, we need to check that
for any p € D(RH),

(t,z) € Ry x R — |pglog(pn)] * [l (t, ) ,
and
(t,z) € Ry x R = (pa * |@]) (¢, @) log(pa |0l (t, 2))]

are in L'([0,T] x R?) for any T € R,. By (6.3), we get that (py * |¢|) [log(px * |¢])| €
L'(R, x R?), therefore I; < +0o. We now turn to I,. Observe that

) ) r 1 ly — x|
|prlog(pu)| * ol (t, @) = Ly [ ds [ dy——————Fexp | —
t K (47

(s—1))? 4(s — 1)
d ly — =|?
X |—=log (4 —t)) — .
3 108 (4n(s = 0)) = {55 le(s,v)
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Again, by continuity (since |¢| is continuous and has compact support), we are only
concerned about integrability near a neighborhood of infinity (x — +o0, t € [0,T]). Since
log (47(s — t)) is integrable at s = ¢ and the polynomial term |y — x|?/(s — t) barely affects
the decay as  — +oo of exp (—|y — z|>/(4(s — t))), we can obtain a bound similar to
(6.3): see [11, Proof of Proposition 4.4.4] for details. We conclude that (4.3) holds. This
completes the proof of the equivalence of (6.5) and condition (INT).

The remaining statements in Proposition 6.5 are now an immediate consequence of
Theorem 4.1. O

Propositions 6.1, 6.4 and 6.5 together establish the following theorem.

Theorem 6.6. The generalized solution u4e, to the stochastic heat equation (6.1) defined
by (6.4) always exists. The mild solution unjq defined by (6.6) exists if and only if

2
a<l+-—. (6.8)
d
Furthermore, ugen has a random field representation if and only if (6.8) is satisfied
and in this case, umjq has locally integrable sample paths and wunjq is a random field
representation of ugey.

6.2 The stochastic wave equation

We now consider the stochastic wave equation. For an overview of this SPDE in the
Gaussian case, see [7]. Let W* be a symmetric a-stable Lévy white noise on S = R, x R.
The wave operator O in spatial dimension d is the constant coefficient partial differential
operator given by

02 L o

O=or T Lo

The fundamental solution of this operator (with support in the forward light cone) is a
function only in spatial dimensions one and two. In spatial dimension one, it is given by

1
o9 (t,x) = Slpice  forall (z,1) € R?,
and, in spatial dimension two, by

1 1
O
ta) = —————
pa (t,2) = o EE

Ljg<;  forall (t,z) € R x R*.
In dimension d > 3, the fundamental solution is a distribution that can be characterized
by its Fourier transform in the space variable x (see [8]), but it cannot be represented
by a function.

This fundamental solution is related to the following Cauchy problem:

Ou=We,
u(0,-) =0, (6.9)

6.2.1 Existence of the generalized solution

We first study the existence of the generalized solution in all dimensions d > 1.

Proposition 6.7. For any dimension d > 1 and « € (0,2), (H1’) holds, so the generalized
solution ugen to the linear stochastic wave equation driven by a symmetric a-stable Lévy
white noise is well-defined.
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Proof. We check that (H1’) holds.

d = 1: We need to check that for any ¢ € D(R?), the convolution ¢ * ¢ is in L%(R, x R).
Clearly, for (t,z) € Ry x R,

“+o0 s
@*ﬁ?(t,x):/ ds/ dyo(s+t,y+z),
0 —s

and we can see from this expression that this is a smooth function with compact support,
hence in L*(R4 x R).

d = 2: Let ¢ € D(R?). We will show that for all a € (0,2), the function ¢ * 5§ belongs to
L*(R; x R%). By standard properties of the convolution, ¢ * S is a smooth function. Let
(t,z) € Ry x R?. Then

p* pg (t, ) = / ds [ dypS (s —t,y —z)p(s,y) .
R R2

Since ¢ has compact support and p$ has support in the set {(r,2) € Ry x R?: |z| <r},

we can write

T
@ *p3(t,x) = Jlth/ dS/ dypS (s — t,y — x)p(s,y) (6.10)
¢ B.(T—t)

for some T' € R, where B,(r) is the open ball of radius r centered at . We see from
this expression that the convolution has compact support in space and time, since if
x is far enough from the support of ¢, the integrand is zero. We deduce that for any
a € (0,2), ¢ xp§ € L*(R, x R?), and the generalized solution to the linear stochastic
wave equation in dimension 2 always exists.

d > 3: For any ¢ € D(R x RY), the function ¢ * p; is smooth. By the same type of
considerations on the support of the convolution ¢ * pg as in dimensions one and two,
we see that this function has compact support, therefore ¢ * ¢ € L%(R4 x R?) for any
a € (0,2).

We conclude that (H1’) holds, and therefore the generalized solution is well-defined.
O

Remark 6.8. Looking at (6.10), since both ¢ and pg have compact support, we see that
there are T' > 0 and a compact set K such that

T

o120 g < [ [ dolos i€t 0"
0o JK

and from the explicit formula for pg (see [16, p.281]), we see that

o * pF (t, )] < C sup sup [DDop(s, )] oo,
s€[0,T] i<p

where i is a multi-index and D® is the corresponding derivative, and p < %. Therefore,
o * P | Loy xr) < C| sup DDy| s,
ixp

where C depends only on the support of ¢. We can then deduce, as in Remark 6.3,
that uge, defines a linear functional on D(R?*!) that is continuous in probability, and
therefore ugen has a version in D'(R%).
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6.2.2 Existence of the mild solution

Proposition 6.9. For all « € (0,2), (H2’) holds if and only if d € {1, 2}, hence the mild
solution to the stochastic wave equation driven by a symmetric a-stable Lévy white noise
exists only in dimensions one and two.

Proof. We first check (H2’) for d € {1, 2}.

d =1: According to Remark 4.3(1)(b), we must show that for any (¢,z) € R* x R,
pf(t — - 2 —-) € L*(Ry x R). Therefore, for any T > 0, we need to check the finiteness

of the integral
T T 1 TZ
/ dt/ da:p?(t,x)o‘:/ dt/ dz 1<t = = - (6.11)
0 R 0 R 2 2

We deduce that (H2’) holds for d = 1 and any « € (0, 2).

d = 2: Again, we must show that p§(t — -,z — ) € L*(R, x R) for any (t,7) € R} x R2.
We have

t
Hpo(t—',l’—')”axl :/ dS/ dy B
5 PO o T s @m)e ((E— 9) — o — yf?)?

1 t s T

(@] aVvl

t — T — o = — d d o o -
103 (t = 2 = )| Za(m, xr2) (27T)a—1/0 5/0 "o tr)e

This integral is finite if and only if § < 1, that is o < 2. We can further evaluate this
integral and we get

1 ¢ Sdr 2r

o

t—-x i =—- /[ d =

2 ( ) L )”L (R4 xRR2) (271.)(1—1/0 5/0 2 (s2—12)%
1 t SQ*Q

- (271')“—1/0 Ay = 2mreI2-a)3—a)

Therefore, (H2’) holds for d = 2 and any « € (0, 2).

We conclude that there is always a mild solution to the linear stochastic wave equation
with «a-stable noise when d € {1,2}.

We now consider the case d > 3.

t37a
(6.12)

d > 3: Since fundamental solutions of the wave equation in dimensions d > 3 are not
functions, (H2’) cannot hold and there is no mild solution in such dimensions. O

Remark 6.10. From this proof, we can deduce the already known result in the Gaussian
case (see [7, p. 46]) that a mild solution to the linear stochastic wave equation only
exists in spatial dimension one.

6.2.3 Existence of a random field representation

Proposition 6.11. Condition (INT) holds if and only if d € {1,2}. Therefore, the
generalized solution ugen to the linear stochastic wave equation driven by a symmetric
a-stable Lévy white noise has a random field representation if and only if d € {1, 2}, and
in that case, unjq is a random field representation of ugen.
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Proof. We will show that condition (INT) holds when d = 1 or d = 2 by considering
separately the two cases, and then we will show that condition (INT) does not hold for
d > 3.

d=1:If o > 1, it suffices to check that for (t,z) € Ry x R, [[pf(t — -, — )| La®, xr) €
LL (R4 x R), and this is the case by (6.11). If a < 1, we know that (H1’) holds by
Proposition 6.7, and since p¢ > 0, condition (INT) holds by Corollary 4.4. In the case
a = 1, it is necessary to check that for any compact set K C R?,

/ dtdx/ dsdy [p€(t — s,z —y)|
K Ry xR

PP (t— s, —y)| [ dUde]Rer]R dvdw|pf (u — v, r — w)|
(fﬂth dvdw|p(t — v, x —w)\) (i 109 (w— 5,7 — y)| dudr)

1+

log < +o00.

(6.13)
The details of this calculation can be found in [11, Proof of Proposition 4.4.9].
We conclude that, for any « € (0,2), condition (INT) holds.

d=2:Fora >1,by (6.12), (t,x) € Ry xR* = |[p§ (t—-,2—")|| Lo (k. xr2) does not depend
on x and is continuous in the ¢t variable, therefore (4.2) is verified. In the case where
a < 1, the same argument as in the case d = 1 shows that (4.4) is verified.

The case o = 1 is again more involved, since we need to consider the expression (4.3).
We must check that for any compact set K C R?,

/ dtdx/ dsdy [pS(t — s,z —y)|
K R4 xR?

1pS(t — s, —y)| [ dUdrflRerW dvdw|pS (u —v,r — w)|
(fnhle? dvdw|p§9(t—v,m—w)\) (fK |p§9(u—s,r—y)|dudr)

1+

log, < +o00.
(6.14)
For the details of this calculation, see [11, Proof of 4.4.9].
Therefore, for any « € (0, 2), condition (INT) holds.

We conclude from the above and Theorem 4.1 that when d € {1, 2}, then the general-
ized solution has a random field representation, the mild solution is well-defined and is a
random field representation of the generalized solution.

d > 3: Condition (INT) cannot hold because in these dimensions, pff is not represented
by a function. By Theorem 4.1, there cannot be any random field representation of the
generalized solution. O

We summarize Propositions 6.7, 6.9 and 6.11 in the following theorem.

Theorem 6.12. The generalized solution uge, to the stochastic wave equation (6.9)
defined by (3.2) always exists. The mild solution uyjq exists if and only if d < 2. Further-
more, a random field representation Y of the generalized solution exists if and only if
d € {1,2}, and in this case, umiq is a random field representation of ugen.

6.3 The stochastic Poisson equation

Let W be an a-stable symmetric noise on R?. The laplacian operator A is given by
d
82
A= —.
iz:; Ox?
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The fundamental solution of the Poisson operator P = —A on R¢ is given by
1 1
ph(z)=3lzl,  wER,
2(ac)—ilni r € R?\ {0}
PP = on |z’ ’
(@) =~z eRI\{0}, d23
Cd |:I:|d_2 7 ) — )
where .
272 (d— 2
0y rha=2)
I'(3)

We consider the following SPDE in R¢:
— Au=W*. (6.15)

Theorem 6.13. (a) For d > 1 and « € (0,2), (H2’) does not hold and therefore, there is
no mild solution to (6.15).

(b) Condition (H1’) holds if and only if d > 4 and o € d%‘lz, 2). For these d and ¢,

there is a generalized solution uge, to (6.15), but there is no random field representation
of ugen.

Proof. (a) It is immediate to check that foralld > 1 and « € (0,2), p% ¢ L®(R¢), therefore
(H2’) does not hold and there is no mild solution to (6.15).

(b) Turning to the generalized solution, we first examine dimensions 1 and 2.

d=1:Let p € D(R). Then

1
phors(@) =5 [ o= vle)dy
R
1 x

-1 <x (/OO o(y) dy — /;OO o(y) dy) +/:OO y(y) dy — /g; ye(y) dy> .

Since ¢ has compact support, for large enough |z|,

pp * p(x) = —% (rﬂ/ch(y) dy — /Ryso(y) dy> : (6.16)

In particular, we see that for any a € (0,2), % * ¢ ¢ L*(R) (unless the two integrals in
(6.16) vanish), therefore (H2’) does not hold.

d = 2: Let ¢ € D(R?). Then

1 1
72 —— | n——p(y)dy.
pp * () o /]R? n lz —y e(y) dy

Assuming that ¢ > 0 and ¢ # 0, for |z| large enough and e small enough, the right-hand
side is bounded below by

1 1
el [ gy gyl |
2 Jiy<e -yl 2 In(jz| +e¢)

hence p% x ¢ ¢ L%(R?) and (H2’) does not hold.
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d > 3: Let ¢ € D(R?). Then

. 1
P% * p(r) = /Rd W o(y) dy.

This is a C*°-function of z, hence we only need to consider its integrability as |z| — oo.
Proceeding as for the case d = 2, for ¢ > 0 and ¢ # 0, we can bound the integral below,
up to a constant, by

1 1
——dy > e
/y|gg |z — y|i=2 (o] +e)d=2

Passing to polar coordinates, we see that 5% * ¢ ¢ L%(R?) unless a(2 — d) + d < 0, which
is equivalent to o > %. Since « < 2, this can only occur if d > 4.

On the other hand, if d > 4 and o > 5% (> 1), then for N > 0, by the generalized
Minkowski inequality,

dx/iwydy S/ dy | (y / —dz| .
[/|x|>zv R |7 — yld—2 ) Rd ()] elsn |7 — y|o@=)

The dz-integral only needs to be evaluated for y in a bounded set. For large enough N,
the dz-integral is finite if and only if «(2 — d) + d < 0, which is the case since d > 4 and
d

In summary, p% = ¢ € L°(R?) if and only if d > 4 and a > -, proving the first part
of statement (b).

For the second part, when d > 4 and a > d%lz' Ugen Cannot have a random field
representation, since by Theorem 4.1, this would imply that (H2’) holds, and this is not
the case by (a). O
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