Electron. Commun. Probab. 20 (2015), no. 14, 1-11. ELECTRONIC

DOI: 10.1214/ECP.v20-3831 COMMUNICATIONS
ISSN: 1083-589X in PROBABILITY

Absolute continuity for SPDEs
with irregular fundamental solution®

Marta Sanz-Solé' André SuR¥

Abstract

For the class of stochastic partial differential equations studied in [2], we prove
the existence of density of the probability law of the solution at a given point (¢, z),
and that the density belongs to some Besov space. The proof relies on the method
developed in [6]. The result can be applied to the solution of the stochastic wave
equation with multiplicative noise, Lipschitz coefficients and any spatial dimension
d > 1, and also to the heat equation. This provides an extension of the results proved
in [15].
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1 Introduction

The seminal article [8] begins with a criterion for the absolute continuity with respect
to the Lebesgue measure for nonnegative finite measures on R™. Using tools of harmonic
analysis, it is proved that if x is such a measure and there exist a constant c such that
for every ® with compact support, we have ’f 8k<I>d/<;| < ¢||®||so, for 1 < k < m, then
k(dz) = k(z)dz and k € L'. By iteration, it is possible to strengthen this criterion and
obtain the existence of an infinitely differentiable density. In the same article, Malliavin
sets up the grounds of a stochastic calculus of variation with the purpose to be able
to apply this criterion to the probability law of Gaussian functionals. It was coined as
Malliavin Calculus. The book [9] contains an extensive list of references on applications
of this calculus which is still continuing to grow. Among them, the study of the law of
random field solutions to stochastic partial differential equations, in the sequel referred
to as SPDEs (see [13] for an introduction).

The use of Malliavin calculus for the analysis of densities requires some regularity
properties that are not met by all SPDEs and neither by stochastic differential equations
with non-smooth coefficients. This problem has motivated the search for alternatives to
Malliavin’s criterion, quite similar in spirit, but giving weaker conclusions, applicable to
cases that exhibit irregularities. For the sake of brevity, we only mention the references
[7, 5, 6] where the approach used in this paper is developed, and the recent related
article [1].
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Absolute continuity for SPDEs

Uiles hipYtesis Throughout the paper we consider the setting of [2, 15]. More
explicitly, we deal with an SPDE

Lu(t,z) = b(u(t,z)) + o(u(t,z))F(t, ),

with suitable initial conditions, that we express in its mild formulation as
t
u(t, x) :/ At — s,z —y)o(u(s,y))M(ds,dy)
0 JRre

t
+ / At — s,z — y)b(u(s,y))dyds, (1.1)
0 JRd

(t,x) € [0,T] x R?. Here A denotes the fundamental solution to Lu = 0 and M is the
martingale measure derived from a random noise F' white in time and with a stationary
covariance measure in space. The spectral measure of the covariance (its inverse Fourier
transform) will be denoted by .

Let {u(t,z), (t,z) € [0,T] x R} be the random field solution to (1.1). Assume that
the function o in (1.1) is constant, and fix (¢,z) € (0,7] x R<. In [15], using Malliavin
Calculus, it is proved that the probability law of u(¢, x) has a density. The purpose of this
article is to extend this result allowing ¢ to be a nonlinear Lipschitz continuous function.
Moreover, we prove that the density belongs to some Besov space.

In [15], the restriction on ¢ is forced by the method of the proof. Indeed, in the
examples where the fundamental solution A is a nonnegative distribution, o and b are
differentiable, and o is bounded away from zero, we can prove that the Malliavin matrix
is invertible. However, for more general A, for example the fundamental solution to the
wave equation in dimension d > 4, this does not seem to be feasible, except for constant
o. In contrast, the method of [6], based on Lemma 2.2 of Section 2, can be successfully
applied, and also the regularity of the coefficients ¢ and b can be relaxed.

The paper is structured in the following way. In Section 2 we prove the main result
on existence of density, and find the Besov space that contains this density. In Section
3, we study the example of stochastic wave equations in any spatial dimension d > 1,
the interesting and novel case being d > 4 (see [11], [12] for related results). We
consider two cases of spectral measures pu: with densities given by a Riesz kernel, and
finite measures. We also provide a comment about the stochastic heat equation. The
existence of a density for this equation is well-known, see [10]; however, with this
different approach we can allow for less smooth coefficients.

We end this section by fixing some notation. Throughout the article we write C for
any positive constant, which may change from line to line. The set of Schwartz functions
on R? is denoted by S(R%), S.(R%) is the space of tempered distributions with rapid
decrease, and F the Fourier transform operator on R¢. We denote by {%;,t € [0,T]} the
filtration generated by the martingale measure {M,t € [0,T]}.

2 Statement and proof of the main result

The objective of this section is to prove Theorem 2.1. We begin by introducing a first
set of relevant assumptions:

(A1) t — A(t) is a deterministic function with values in S.(R?); the mapping (¢, &)
FA(t)(€) is measurable and

J

T
T
/ sup |FA(s)(n)?ds < oo.
0 neRd

sup / IFAs)(E + ) Pu(de)ds < oo,
neR? JRA
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Absolute continuity for SPDEs

(A2) Let ¢ denote a nonnegative function in C5°(R?), with support included in the unit
ball of R, satisfying f]Rd ¢(x)dx = 1. For all such ¢ and all 0 < a < b < T, we have

b
/ (A(s) * ) (x)ds € S(RY)

and .
[ [ 1606 = o)wlase < o
Rd Ja
(A3) t — FA(t) is as in (A1) and

hl0 neR4 d s<r<s+h

T
lim / sup /R sup  |FA()(E +n) — FAG)(E + n)[2u(de) ds = 0,
T

lim sup sup |FA(r)(n) — FA(s)(n)|*ds = 0.
hl0 Jo neR? s<r<s+h
Under the assumptions (A1) and either (A2) or (A3), [2, Theorem 3.1] assures
that the integrals in (1.1) are well-defined and the equation has a unique random field
solution. Moreover, for all ¢t € [0,7], u(t,x) has the same distribution as u(¢,0), for all
x € RY. The solution {u(t,z)), (t,r) € [0,T] x R%} is L%-continuous and has uniformly
bounded second moments. We also recall the following estimates:

Bl ( [ t [ At y)a(u(s,y»M(ds,dy))g]

< [ Elotus00] swp, [ 1G-S g, @D

neRrd
and
([ [ A s uptato.)ivas) |
< [ Elptuts. 0] sup 7 = 5))ds 2.2

(see [2] for the details).

The proof of the existence of density for the law of the solution requires the following
second set of assumptions.
(A4) There exists C,§ > 0 such that E[(u(t,0) — u(s,0))?] < C|t — s
(A5) There exists op > 0 such that inf,cp |0(z)| = gp.
(A6) There exist positive constants C,v,v1,72 > 0 and ¢y € (0,7] such that

%, for all s,t € [0,7].

t
Cr < g(t) = / / FA(s)(€)Pp(de)ds, for all £ € [0, o], 2.3)
0 JRA
t
at) = [ swp [ IFAG)EnPutde)ds < o, 2.4
0 neRd JRd
t
o (t) = / sup |FA(s)(n)2ds < C*, 2.5)
0 neRd

forall ¢ € [0,77.
The assumption (A5) (strong ellipticity) appears frequently when studying the abso-
lute continuity of probability measures induced by solutions to SDEs and SPDEs, while

ECP 20 (2015), paper 14. ecp.ejpecp.org
Page 3/11


http://dx.doi.org/10.1214/ECP.v20-3831
http://ecp.ejpecp.org/

Absolute continuity for SPDEs

(A6) (or similar ones) has been usually required to prove regularity properties of the
density.
This is the main result of the paper.

Theorem 2.1. Fix (t,x) € (0,T] x RY. We assume that the coefficients o and b are
Lipschitz continuous functions. Moreover, suppose that (A1), either (A2) or (A3), (A4),
(A5) and (A6) hold, and that

i )
_ minfy e 49 (2.6)
v
Then, the probability law of u(t, x) is absolutely continuous and its density belongs to all
Besov spaces By ,, with

s<1—7"1 (2.7)

The spaces B; ., s > 0, can be defined as follows. Let f : R* — R. For z,h € R? set
(A} f)(x) = f(x + h) — f(x). Then, forany n € N, n > 2, let

(ALf)() = (ALAT L)) (@) = 3 (~1)md (?)m T jh).

J=0

For any 0 < s < n, we define the norm

1fllBs . = Iflles + sup [R|7*| AR fllzr-
Ih|<1

It can be proved that for two distinct n,n’ > s the norms obtained using n or n’ are
equivalent. Then we define B , to be the set of L'-functions with [fllB; . < oc. We
refer the reader to [16] for more details.

The proof of Theorem 2.1 is based on the following lemma from [5] (based on [6]). In
the following, we denote by C;' the set of bounded Hélder continuous functions of degree
.

Lemma 2.2. Let x be a finite nonnegative measure. Assume that there exist 0 < a <
a <1, n € IN and a constant C,, such that for all ¢ € C{, and all h € R with |h| <1,

\ / Aﬁaﬁ(y)ﬁs(dy)‘ < Cullles IhI" 2.8)

Then x has a density with respect to the Lebesgue measure, and this density belongs to
the Besov space BY ['(R).

We will apply this lemma to xk = P o u(t,) !, where u is the solution to the SPDE
(1.1) at some fixed point (¢, ) € (0, 7] x R%. We prove the claim in Theorem 2.1 for z = 0.
Since the probability distribution of u(t,z) does not depend on = € RY, this yields the
result.

Note that in this application the constant C,, in (2.8) may depend on n, on the elements
defining the SPDE (1.1) and on the assumptions. In particular, on o,0¢,b,8,T,d, "y, V1,72
or the total mass |4| if the measure p is finite, and also on ¢ € (0, T].

In order to apply Lemma 2.2, we rely on the three next lemmas.

Lemma 2.3. The density ¢ of a one-dimensional normal distribution N'(0, 0?) satisfies

[l = Cule®) ™,

for alln € N, where (") (y) = ‘;Zf (y), y € R.
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Proof. Let H,, denote the n-th Hermite polynomial. It is well-known that

) =g ) () e oo - 32

With a change of variables we obtain

|
), =" H —2)d
16l = Gorsrozs | 1Hew)] exp=y2)d.

Since the last integral is finite, we have the result. O

For 0 < € < t, define
t—e
u®(t,0) = / At — s, —y)o(u(s,y))M(ds,dy)
0 Rd
t—e
w [ [ A= s —pbuts,)duds
0 Rd
t
+o(u(t —¢,0)) / A(t — s, —y)M (ds, dy)
t—e JRA
t
+ b(u(t —¢,0)) / At — s, —y)dyds. (2.9)
t—e JRA
The following lemma gives a first bound for the expected values of the iterated

differences of functions of the solution to the SPDE (1.1).

Lemma 2.4. Under the assumptions in Theorem 2.1, we have for every a € (0,1), ¢ € C,
heR,te[0,T] and0 < e <t,

IE[A7o(u(t,0))]| < Cullo

ep (In1"g(e) /2 + (B[l (£,0) — u(t, 0)1)**),  2.10)
where u® and g are defined in (2.9) and (2.3), respectively.
Proof. The left-hand side of (2.10) satisfies
[E[ARG(u(t,0))]]| < Li(h,n,,e,t) + I(h,n, ¢,e, 1),
where
Li(hyn,é,2,1) = [E[ARS(u(t,0) — AF(u(1,0))]),
Iy(h,n,¢,e,t) := |E[ Z(i)(ue(t,()))] |

For the first term, the property [|[A}¢[lce < Cyl[¢[lco, the spatial stationarity of the
solution and Holder’s inequality yield

Ii(h,n, ¢,e,t) < Cn”quC{fE“ue(tvo) - u(tvo)la]

/2
< Culllleg (B[[us (£, 0) — u(t, 0)])*". (2.11)
For the study of the term I (h,n, ¢,¢,t), we consider the decomposition
t
W (£,0) = UF + o(u(t —&,0)) / A(t — 5, —y) M(ds, dy), (2.12)
t—e JRA
where
t—e
U :/ / A(t = s, —y)o(u(s,y))M(ds, dy)
0 R
ECP 20 (2015), paper 14. ecp.ejpecp.org
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t—e
+ / A(t — s, —y)b(u(s,y))dyds
0 R4
t
+ b(u(t —€,0)) / At — s, —y)dyds.
t—e JRA
Notice that U is .%;_.-measurable, and conditionally to .%;_.,

Vi u(t —¢,0)) // (t —s,—y)M(ds, dy)
Ra

is a Gaussian random variable with zero mean and independent of U;. The conditional
variance of V¢ is computed as follows:

o3 (e) = K u(t — €,0)) /ts/]Rd (t—s,—y (dsdy)>2
el
u(t — ,0)) // |FA(s)(€)Pu(de)ds

> 02g(e). (2.13)

jt—e:|

where in the last step we have used (A5). Therefore the conditional law of V,* with
respect to .#;_. has a C;°-density, which we denote by ¢; A .
For any f € C™, we have

1AL fll 21 ) < Culh™ IIf(”)HLl(]R (2.14)

Indeed, this inequality holds since A} f fo (z + hv)h™dv, for some bounded
function [/,, which is independent of f

Therefore, by conditioning with respect to .%;_., and applying a discrete integration
by parts, (2.14), Lemma 2.3 and (2.13), we obtain

12(h7n,¢,e,t>:’E[/R RO(UF + y)orne(y ”
H/¢U€+y) " ine(y dy”

<116l /R A" 0 2.c(9)]dy

< Cull@lloo A" 104R N 2 )
= Cy 6]l |h|™ (o3 () /2
< Crooll 0]l |h|"g(e) ™72,

which together with (2.11) yields (2.10), since ||¢]|oc < ||@

cp O

Lemma 2.5. Under the assumptions in Theorem 2.1 we have for all t € [0,T] and all
€ (0,2),
E[(u(t,0) — ue(t,O))z} < Ce° (91(2) + g2(2)), (2.15)

with § as in (A4), and g1, g» are defined in (2.4), (2.5), respectively.

Proof. Using (2.1), (2.2) and the Lipschitz continuity of o and b, we have
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E[(u(t,0) - u(t,0))]

< 9B [( tt (t —s,—y) (o (u(s,y)) — o(u(t —£,0))) M(ds, dy)) 2]

A
—e JRA

—e JRA

+9E K tt A(t — s, —y) (b(u(s,y)) — b(u(t — ¢, 0)))dyds> 2}

< [ EBllotuls.0) = ofult=0)P] sup [ 1FAC=s)(E+ (s

neR4

+ [ Elbu(s.0) = bute =, 0)) sup |FA = 5)(n) s

—e neR4
<C sw E(uls.0) —ult = 0] (51(2) + 52(6))
selt—e,t
Together with (A4), this implies (2.15). O

We are now in a position to prove Theorem 2.1.

Proof of Theorem 2.1. Fixt € (0,7], z =0, and let k = P o u(t,0)~!. For all h € R such
that |h| <1 and all ¢ € C with a € (0,1), we set

o= [ Ajotu)ntiy) = B[ARg(ut.0)]
Applying Lemmas 2.4 and 2.5, and (A6), we get

Ll < Calllieg (BI"9() ™" + (" (91() + 92())*"”)

n af 5) o 5)
< Calldlleg (hIme™ + ™ 4 £H).

(2.16)

In the last inequality, we have used that (z + y)*/? < 2571 (2%/2 4 y@/2) < /2 4 yo/2,
Hence, the constant C,, does not depend on «.

Sete = %|h|5 with p € (0,2) to be selected later. Notice that for all h € [-1,1] we
have 0 < € < t. For this choice of € and n sufficiently large,

ap min(yy,v2)+3 )

[Tl < Cuallolleg (10 F

Fix p € (%, 2). Since 4 > 1, one can choose « € (0, 1) satisfying %ﬂ < 1. Summarizing,

we have proved that, for n sufficiently large, there exists o € (0,1) and p € (%,2)
satisfying
apy

Hinl < Cnilldlcglhl 2,

and 0 < o < 221 < 1. Therefore, from Lemma 2.2 it follows that P o u(¢,z)"! has a

apy
density g, with respect to the Lebesgue measure, and g; , € B, %, .

We end the proof by determining the best degree of the Besov space. For this, we
have to find max,,, a (4 — 1) with the restrictions o € (0,1), p € (0,2) and %2 < 1.
Using Lagrange’s method we can prove that the unique optimal parameters for a and
p are y~! and 2, respectively. Thus, g; , € B} », with s € (0,1 — 4~1). This finishes the
proof of the Theorem.

O
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3 Examples

In this section we consider mainly the stochastic wave equation in any spatial dimen-
sion d > 1, which is studied in [2, Section 4]. In the last part, we will give some remarks
on the heat equation (see Remark 3.4) which complement known results.

Let us consider (1.1) where A is the fundamental solution to the wave equation,
whose Fourier transform is

sin(t|¢])

€]

We will assume that the spatial covariance of the noise F'is a Riesz kernel of parameter
B € (0,2 A d) and therefore, that the spectral measure p is

FAR)(E) = (3.1)

p(de) = |¢|7Pag, ¢ e RY. (3.2)

This kernel is fairly common in the literature on SPDEs with spatially homogeneous
covariance. For example, it is a particular case of those considered in [4].

Theorem 3.1. Consider the SPDE (1.1) where A is the fundamental solution to the wave
equation and the spectral measure of the noise F is given by (3.2), with 8 € [0,2 A d).
Suppose that (A5) is satisfied and that the coefficients o and b are Lipschitz continuous.
Fix (t,z) € (0,T) x R%. Then, the probability law of u(t, z) is absolutely continuous with
respect to the Lebesgue measure on R and its density belongs to all Besov spaces By
with s € (0,(2 - 38)/(5 — 28)).

To prove this theorem it suffices to check that the assumptions of Theorem 2.1 hold
with § =2 — 3, v =y = 3 — f and 2 = 3. The conditions (A1) and (A2) have already
been proved in [2]. The remaining conditions are established in the next result.
Lemma 3.2. The hypotheses are as in Theorem 3.1. Then (A4), (A6) hold with § =2—3,
y=m =3—pF and vy = 3.

Proof. We basically follow the same method as in [4, Proposition 4.1]. Using (2.1) and
(2.2), we have

E[(u(t,z) — u(s,z))?] < 'GSEPT] E[o(u(r,0))?] (I1(s,t) + I>(s,t))

+ sup ]E[b(u(r7 O))z} (Ig(s,t) +I4(s,t)),
r€[0,T]

where

Bt = [ sup [ IFAG (€ ) - FAG = (€ + ()

neR4

B = [ s [ FAG= (e +n)Pua)ar

neR4

(s.t) = [ sup [FAG = r)0n) = FAGs =)o)

14(3,7:):/ sup |FA( — )(n)[2dr.

neRd

Using the identity sinz — siny = 2sin *5¥ cos “2”’ and the changes of variable, { —
£2(6+n) and £ — ¢ — 1, we get
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sin ((t —r) |€—|—n|) sin ((s — )| +n]) 2
K+nl €+l

sup/
0 nE]Rd R4
o ((t=5)[€+n|
<4 sup / sin? ( d&dr
o [ e 2 ¢
sin?(|¢])

= _(t—g)2 P / d
2d+2—5( TS e TCPIE = 20t — ) Ty

S

sin?
W(t_syfﬁ SUP/]R 8 (|C|)7 dC

~Bqedr

neR4 JR ‘C|2K—77|d A
T ) sin(J€ + )
S—t—SQBsup/ L d¢
e AU L O T
=C(t—s)?".

The last step hold because the integral is finite. Indeed, as in [13, Lemma 6.1] we can

sin® (|€+n)) 1
show that =755 < Cerpe-

Therefore,

sin” (1€ +7|) 1
sup/ T aa—g 4 < C sup —d€,
nera Jra [§ +nl?[€]47 nera Jra (L+ [€+n)?)[€]*7

and the integral on the right-hand side is finite (uniformly in #) if and only if 5 € (0,2 A d).
For the term I»(s,t) we argue quite similarly as for I;(s,t). Using the change of
variables ¢ — (t — u)(£ +n) and £ — ¢ — 1, we obtain

¢ .2
L(s,t)= | (t—u)?* / SEE0) penn = ot — )3, 3.3
25,0 = [ =) S, Jg [E g8 o = O =) (33

For I5(s,t) we use the Lipschitz continuity of the sin function to get
Iy(s,t) < / (t — 5)2du < T(t — 5)2.
0
Finally, for I4(s,¢) we use the property |sin(z)| < z, for all z > 0, to obtain
t
Iy(s,t) < / sup (t — u)?du < C(t — s). (3.4)
s neRd

Hence, we have proved that (A4) holds with 6 =2 — .
Finally, we have to check (A6). With the change of variable n = s¢, we clearly have

S2(slel) g [ sin?(ln)
/ /R s sy deds = c o =57

Thus (2.3) holds with v = 3 — 8. Notice that ¢;(t) = I2(0,t) and g2(t) = I4(0,¢). Therefore
(2.4), (2.5) hold with v, =3 — § and v, = 3, respectively.
The proof of the Lemma is complete. O

Remark 3.3. Assume that the spectral measure p is finite. With the same hypotheses
as in Theorem 3.1 we can prove the existence of density for the law of u(¢,z), for
(t,x) € (0,T] x RY, and that this density belongs to the spaces B; ., with s € (0,2/5).
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Indeed, referring to the notations in Lemma 3.2, for a finite measure ;. we have
I (s,t) < CI3(s,t) and Ix(s,t) < Cl4(s,t), 0 < s <t <T. Hence, (A4) holds with § = 2.
Also g1 (t) < Cga(t), which yields (2.4), (2.5) with ;3 = 72 = 3. Moreover, since

¢ si112(s|§\) 3 1
|| e e 2 O A

(see e.g. [13, Lemma 6.1]), it follows that (2.3) holds with v = 3.

Remark 3.4. Consider the SPDE (1.1) where A is the fundamental solution to the heat
equation with d > 1. We assume that the spectral measure of the noise F' is either
given by (3.2), with 8 € [0,2 A d) or finite. Suppose that (A5) is satisfied and that the
coefficients o and b are Lipschitz continuous. Fix (¢, z) € (0, 7] x R%. Then, the probability
law of u(t, z) is absolutely continuous with respect to the Lebesgue measure on R and
its density belongs to all Besov spaces Bj , with s € (0,1).

Let p be given by (3.2). The case p finite is left to the reader. Under the standing
assumptions, there exists a random field solution to (1.1) (see [3]). In [14] it is proved
that (A4) holds with § = 1 — /2. Hence, going through the proof of Theorem 2.1 we see
that we only need to check hypotheses (A6).

The Fourier transform of the fundamental solution to the heat equation is given
by FA(t)(&) = exp(—4n?t|¢|?). Using this expression, we immediately see that v = 1.
Moreover v =y, = 1 — 3/2. Indeed, with the changes of variables £ — & —n and ¢ = /s¢
we get

/0 sup [ |FA)(E +m)Pu(de)ds

neR4 JR4

[ o [ SR
0 R4

neR? |£ - W‘diﬁ
-8 2112
:/ s B/2qs sup/ —exp( Wdﬂ )dC
0 neRd JRd |C*77|
:Ctl—ﬁ/Q’

because the integral can be shown to be finite. Therefore, 4 in Theorem 2.1 is equal to 2,
which implies the claim.

In contrast with [10], with the method of this article, the density for the solution to
the heat equation in any spatial dimension d > 1 is proved under weaker conditions on o
and b (no differentiability is required).
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