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We study the existence and regularity of densities for the solution of a nonlinear heat
diffusion with stochastic perturbation of Brownian and fractional Brownian motion type:
we use the Malliavin calculus in order to prove that, if the non linear term is suitably
regular, then the law of the solution has a smooth density with respect to the Lebesgue
measure.
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1. Introduction

Stochastic reaction-diffusion equations with white-noise boundary conditions of
Robin-Neumann type were introduced in the literature in the 90s of last century,
see the seminal paper by Sowers.! One of the main issues is the regularity of the
solution inside the domain as well as near the boundary. In a recent paper,? it was
studied a class of nonlinear heat diffusions with stochastic perturbation of Brownian
and fractional Brownian motion type. In this note, we proceed with the analysis of
such equations, by considering in particular the problem of regularity in the Malli-
avin sense of the solution of such problem. An extension of these results to the
case of stochastic reaction-diffusion equations with Dirichlet boundary conditions
as proposed in®* will be given in a subsequent paper.

*stefano.bonaccorsi@unitn.it
Tmargherita.zanella01@ateneopv.it
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In particular, we consider in this paper the following nonlinear diffusion equation
on the half-line
ity = 2L )+ fmu(tr), x>0, te(0T]
ot 2822 A ’ Y
(1.1)

—u(t,0) + / g(0)dBs =0, te[0,T].
S

for a suitable regular function f (see Hypothesis (4.1)—(4.2)—(4.3) for a precise defi-
nition). The stochastic process By, is a Gaussian stochastic process on a measurable
space [0, 7] x S; this process can be either a Brownian motion or a fractional Brow-
nian motion with Hurst parameter H > 1/2.

We remark that, as opposite to the papers,’*? we have chosen to fix the one dimen-
sional domain R, in order to emphasize the results instead of the technicalities. We
claim that most of the results still holds in the multidimensional case.

We interpret Eq. (1.1) in the sense of Walsh.® Let gn(t,z,y) and py(t,z) be
the Green kernel and the Poisson kernel for the heat equation in [0,7] x D with
Neumann boundary conditions, see Definition 3.1. Then a solution of (1.1) is the
process u(t, ) that satisfies the evolution equation

u(t, x) //pNsx dBSU—&—//]R gn(t—s,2,y)f(s,y,u(s,y)) dyds.
' (1.2)
Our main result provides the existence and regularity of the density (with respect
to Lebesgue measure) of the random variable u(¢,z) with ¢ €]0,T] and z > 0. Our
approach is rather standard in this context, as we rely on techniques of the Malliavin
calculus and a-priori estimates for the solution.

Stochastic heat equation in a bounded domain in one spatial dimension, with
homogeneous boundary conditions, has been studied by many authors: see, e.g.,
Walsh® and the problem of existence and regularity of the density for equation
with additive or multiplicative noise has been addressed by many authors: we quote
in particular Pardoux and Zhang,® Bally and Pardoux,” Morien® and Mueller and
Nualart.? For the multidimensional case, the literature is, in our knowledge, much
scarcer: we quote, for instance, Marquez-Carreras et al.'% and the recent paper by
Marinelli et al.'! Finally, as far as we know this is the first attempt to study a prob-
lem of existence and regularity of the density for solutions of stochastic evolution
equations with boundary noise.

Notation. In the sequel, we shall indicate with C' a constant that may varies from line
to line. In certain cases, we write C, g ... to emphasize the dependence of the constant on

the parameters a, 3, .. ..

2. Preliminaries on Malliavin calculus

Let us recall some basic facts about the Malliavin calculus with respect to (standard
and fractional) Brownian motion; for full details, we refer to.!?
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Fix a measurable space (5,S) with a finite measure p on it, as well as a time
interval [0, T].

We are given a complete probability space (2, F,P) and a centered Gaussian
family B = {B(h), h € H} defined in Q. The space H is constructed below.

Recall that a fractional Brownian motion BH = {B(t), t € [0,T]} is a centered
Gaussian process with covariance function

1
Ry(t,s) = 5(52}[ + 2 |t — s2H), s,t € 10,7

Let &€ be the space of step functions on [0,7] x S. We denote by H the closure
of £ with respect to the scalar product

<1[0,t] X ]-Av]-[O,s] X 1B>’H = RH(t,S) /J(Aﬂ B);

notice that in case H = 1/2 then the first component in # is the standard L? space
with respect to the Lebesgue measure on [0, 7], so that for ¢, € H we have

T
<¢7¢>H=/0 /Sqﬁ(s,cr)w(s,cr)u(da) ds.

In case of a fractional Brownian motion with Hurst parameter H > 1/2 it holds

T T
(6, 9)n = /S / / |5 — t2H20(s, 0)ib(t, o) dt ds p(do),
o, € H.

Thus, in case H = 1/2, we say that the Gaussian family B is associated to

a Brownian motion process Bs;, on H and in case H > % it is associated to a

fractional Brownian motion By, via the identification

B(g) = /S /OT¢>(s,a>st,a, peH.

A F-measurable real valued random variable F' is said to be cylindrical if it can
be written as

F=f(B(¢"),....B(¢")

where ¢ € H and f : R® — R is a C* bounded function. The set of cylindrical
random variables is denoted by S. The Malliavin derivative of ' € S is the stochastic
process DF = {D, ,F, s €[0,T], o € S} given by

DooF =Y 65,0150 (B6")..... Bo").

More generally, we can introduce iterated derivatives. If F' € S, we set
Dy o F=Di, ... Dy o F.

PN 7 S
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For any p > 1, the operator D" is closable from S into L? (C([0,T] x S, R), H®¥).
We denote by D¥P(#) the closure of the class of cylindrical random variables with
respect to the norm

D=

k
1PN, = (EQFP) + S E(IDF|he,) |

j=1

and

D¥(H) = () [ D" (H).

p>1k>1

We also introduce the localized spaces Dﬁgf (H) by saying that a random variable F'
belongs to Dﬁ)’f (H) if there exists a sequence of sets 2,, C 2 and random variables
F,, € D*P(H) such that 2, T almost surely and such that F = F, on ,,.

We then have the following key result which stems from Nualart'? Theorem

2.1.2 and Corollary 2.1.2:

Theorem 2.1. Let F = (Fy,...,F,) be a F-measurable random vector such that:

(1) For everyi=1,...,n, F; € D1’2(H);

loc

(2) The Malliavin matriz of the random vector F: T' = ((DF', DF7)y)
invertible almost surely.

1<ij<n®

Then the law of F has a density with respect to the Lebesque measure on R™.
If moreover F' € D*®°(H) and, for everyp > 1,
E (|detT|™?) < +o0,
then this density is smooth.
The following result is useful in the proof of regularity for the solution of the
stochastic differential equation (1.1). We recall here for the sake of completeness. A

proof can be found, for instance, in Nualart'? Lemma 1.5.3.

Proposition 2.1. Let {F,} be a sequence of variables in D¥P for some p > 1.
Assume that the sequence F,, converges to F' in LP(QY) and that

sup || Fy||k,p < 00. (2.1)

Then F belongs to DFP,



December 15, 2014 9:49 WSPC/INSTRUCTION FILE dicembre _idaqp

Ezistence and regularity of the density for solutions of stochastic differential equations with boundary noise 5

3. The stochastic convolution process

We are here concerned with the solution of the one dimensional heat diffusion
problem with inhomogeneous white noise boundary condition

0 1 02
az(t,a:) = iwz(t,x), x>0, tel0,T],

(3.1)

9 0+ / g(0)dByy =0,  te0,T].
al’ S

With no loss of generality we assume that
[ la(@)F o) = 1. (32)

Then the solution to (3.1) is given by the stochastic convolution process

z(t,x):/o /SpN(s,a:)g(U)dBS,U. (3.3)

Definition 3.1 (The Green and Poisson kernel). The solution of the deter-
ministic problem
0 102

&u(t,m) = iwu(t,x) + f(t, ), x>0, tel0,T],

(3.4)

Ju(t,0) 9y =0,  1e(0.7)

is given by the expression

ult, z) = / py(t - 5,2)g(s) ds + / / on(t—s,2.9)f(s,9)dyds  (3.5)

for sufficiently smooth data f and g. In this case, the Green gy and Poisson py
kernels with Neumann boundary conditions are explicitly given

alt.z.9) = = (- E 320 o~ )

$2

pn(t,z) = \/%m exp(—g).

Lemma 3.1. The Poisson kernel pn(s,x) belongs to H for every x > 0, and for
H > 1/2 pn(s,x) belongs to H for every x > 0.
In particular we have the estimate

t
o (210 (I < C / $2H-2g=2"/s (3.6)

valid for any H > 1/2.
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Proof. We may directly compute the relevant integrals; notice that for the case
H > 1/2, due to the monotonicity of px(s, ) in z, it is sufficient to prove that

T
/ / pn(s,0)pn(¢,0)|t — s|2H_2 dsdt < +oo,
o Jo

and actually we have that:

T r 2H—2 4 r 1 2H—2
o (5, 0)piy (£, 0 [t — |22~ dsdt:/ / it — o2 dsdt
/0 /0 o Jo 2m/ts
! ! 1 2H—2 2H—2m2

T2H 1
/ / — ol 2dodp = CxT* 1. (3.7)

In the Brownian case, we compute

T T fe’e]
1 2,.ds 1 ds
2 —xz°/s —s
d - — < C1
/0 pn(s,2)*ds 57 ), e S 5 3c2/Te oS | log(x)]

and this quantity is finite for any = > 0 while it degenerates as x — 0. O
We first provide the global regularity of the solution of problem (3.1).

Theorem 3.1. For any p > 2 the stochastic convolution process z(t,x) belongs to
L5((0.7) x Ry) = LB (0 LP((0,T) x Ry).

Proof. We start from the identity
Elz(t, )" = [lpn (-, 2)1 (0,6 ()%

valid for any H > 1/2 and p > 2. Recall (3.6). Then if p = 2 an application of
Fubini’s theorem leads to the estimate

212, = / | @9 anas < o,
Ry

if p > 2 then we first apply Holder’s inequality for some € € (0, %) (although it is
really necessary only for H = 1/2), then Fubini’s theorem to get

t
||Z||1£ <C/ / (/ ’ -2—¢ _Lz sp/2 ds) (/ ‘87”’%2+s+(2H71)
Ry

t
<C / / E+2H 1) %/ S_l 676—§w 2/s dsdzdt < C / (E+2H 1)%/ S—(1+Ep)/2 dsdt

<C / EH2H-1E y(1-ep)/2 gy < CTEH-DE+3 .

%2 2
i ds> dz dt

We next prove that the solution is suitably smooth in space. The following
results are proved by appealing to the Kolmogorov’s continuity criterium. Notice
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that there is a difference between the two cases: for the Brownian motion case there
is a discontinuity on the boundary, while in the fractional Brownian motion case
H > 1/2 the process is continuous up to the boundary.

Lemma 3.2. Let H = 1/2. For any e > 0 and L < oo there exists a version of the
process x — z(t, ) that is a.s. C™on [g, L].

Proof. We estimate first

lpn (s, ) —pn(s,y)| =

/: (—z) pn(s,z)dz

1
< 5 Lz —y|pn (s, ).

Y0
/z @pN(S’Z) dz
1 1'2— 2
< Lpwta,m TV

Then we observe that

lpn (s, 2) = pn (s, 9)| < |pn(s,2) — pn(s,9) "o (s, 2) — pa (s, y)|”

< pw(s,7) (L'””_y') (3.8)

S

[e3

< pN(va)l_a

1
;pN(s, x)|lz —y|L

hence, recalling (3.2) and using the Burkholder-Davis-Gundy inequality, we get

E|z(t,x) — 2(t,y)[P < [/Ot lpn (s, ) —pN(&y)?ds] p/2

t t e_ﬁ %
< ——ds| |z —y|*
< VO /O REST |z —yl
pa
2

=Cp, le_‘la/ e_zzh_ldz] |z — y|*? < CL, T(2a) e™2P% |z — y|*P

1
pn(s,e)LY—
Sa

2 1%
ds] |z —y|*? < Cf,

where for the convergence of the Gamma function it is sufficient to require o >
0. Then, Kolmogorov’s continuity theorem guarantees the existence of a Holder
continuous version of z(t,-) with Holder exponent o — 1/p and then, the thesis
follows thanks to the arbitrariness of & > 0 and p > 2. O

Following the idea in Sowers,!
near the boundary. It holds that even if the process is not regular up to the origin,
if we moltiplicate the process by % we get a bounded (and continuous) process up
to the origin. More formally we have the following.

we can estimate the irregularity of the process

Lemma 3.3. Let H = 1/2. For any € > 0 the process x — x%z(t,x) is continuous
in [0, L] for any a > 0.
Proof. We aim to prove that

lim E|z®z(t,2)|* = 0.

z—0
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We have
2
lir%E|m“z(t,x)| = hrnIE / /pN s,x)g(0)dBs &
T—
t -z
< hmx / Ipn (s, z)[*ds = lim | 2?*—ds.
z—0 Jo S

We perform a change of variables and we get
lim E|z®z (¢, 2)|* < lim 2°°T[0, %] ~ lim 22 log (%) =0
z—0 z—0 x—0
which guarantees the convergence for any a > 0. O

Lemma 3.4. Let H > 1/2. For any e > 0 and L < oo there exists a version of the
process x +— z(t,x) that is C* on [g, L].

Proof.
Using the Burkholder-Davis-Gundy inequality and the same estimates used in
the proof of Lemma 3.2, we estimate

El|z(t,z) — z(t,y)|P = E pN s,x) —pn(s,y)] g(o )ngS

1 5
[/ / | — 5|21 2 (pN(s e)L* ) (pN(r e) L ) dsdr] | — y|*P
. |r — 282 5| 2H 2 b
< Crlz —y|* {/ / e pn(s,e)pn(r, e)dsdr}
Using a change of variables we estimate

//|7" 8|2H2 (e dsn

S(XTOZ

oo o0
—2a— — 1_ 1_ _z _w
2)2H 2c 1/ / ‘Z*U)|2H 22a+2 2Hwa+2 2H€ ze~2dzdw
2 Je2
t

0o z
—2a— — 1_ 1_ _z _w
62)2H 2a 1/\2 /2(2—10)2H 22a+2 2H,wa+2 2H€ 5e” 2 dzdw

= E

< 2H 20— 1/ / 2H 2 a+§—2H (‘H'E 8 ée_% dz dw
(3.9)

We analyze first the inner integral to get
z
/ e E(r - w)zH*QwaH/z*szw
0
1
S2H—2+a+1/2-2H+1 / e F (- 0_)2H—20_a+1/2—2Hd0_
0

T(2H — DI (a—2H +3/2) .1
(o +1/2) :

1
< Za71/2/ 1- O_)2H72o_a+1/272Hd0 _
0
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which converges for any H > 1/2 and « > 0.
Then (3.9) is estimated by

2(52)2H72a710 / 67§Z2a72Hdz _ 2(62)2H72a7101—\(2a —9H + 1)
0
which converges provided a > H — 1/2. So we get

El2(t,2) — 2(t, )P < 2(6*)* 7> 710 o — | (3.10)

and we conclude the proof as in Lemma 3.2. O

Notice that previous lemma does not imply the smoothness of the solution up
to the origin. In fact, the assumption « > H — 1/2 implies that the right hand side
of (3.10) blows up as € — 0. Thus we shall consider the regularity of the solution
near the origin in the following lemma.

Lemma 3.5. Let H > 1/2. There exists a version of the process x — z(t,x) that
s continuous up to zero. Moreover it is y-Hélder continuous with v < 2H — 1.

Proof. Using as before the Burkholder-Davis-Gundy inequality, estimate (3.8)
(with L = x), and the usual change of variables we have

IS

x2a xZa

B0 (o) < | [ t / o (5,0) e (, 0) T [ — 822 s

s roe

totq 1 5
< Oz {/ / T —|r— s|2H_2drds]
o Jo s*tz otz

2 2H-2a—1\% ! 1 2H -2
= Oz (212 [/ / —— o —p|""~ dodp}
0 0 O.oc+§ pa+§

S C«anp (t2H72a71)§ Cch

2

P
2

where the term Cpy o is finite provided that o < H — 1/2:

! ' 1 1 2H -2 ! 7 1 1 2H -2

1 1
= 2/ g2H—20=2 (/ r_a_%(l — )22 dT) do
0 0

_ ( 2 ) (i —a)T(2H — 1).

2H-2a-1) T(2H-a-3%)

By the Kolmogorov’s continuity theorem we conclude that there exists a version of
the process z(t, x) which is a.s. v-Holder continuous in « with v < 2H —1 on [0, L].
O

Next, we prove the smoothness in Malliavin’s sense of the process z(t, ). This
is a key step towards the prove of existence of the density.
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Lemma 3.6. The stochastic convolution process belongs to D°.

Proof. Simply notice that D§(u) = u for any deterministic function v € H, where
we use the notation §(u) for the Wiener integral. Therefore, higher order derivatives
vanishes and the thesis follows. O

We finally prove the existence of the density of the random variable z(t,z)
with respect to the Lebesgue measure on R. We shall use the criterion for absolute
continuity stated in Theorem 2.1.

Lemma 3.7. Assume (3.2). Then the random variable z(t,x), x > 0 and t €]0,T],
has a smooth density with respect to the Lebesque measure on R.

Proof. The thesis follows from Theorem 2.1 and the estimate
|Dz(t,2)||3, > 6 >0 a.s.. (3.11)

We may prove (3.11) by a direct computation. First, for H = 1/2, we have

/Ot /S l9()p (s, 2)|* p(dor) ds

b 1 .
> [ o) utde) [ o exp(=a5)ds = 511057,

where I'(0, z) is the incomplete Gamma function and 0 < T'[0, z] < oo for any z > 0.
Next, in the fractional Brownian motion case H > 1/2, recalling (3.2), we have

/S /Ot /Ot|9(°)|2PN(7‘7 2)pn (s, 2)|s — r[*" 72 ds dr p(do)

t
2 2 1
> g(o)|? p da)/ / exp(—3;) exp(—3, s—r|?2drds
(/SI()() 2 oo (=55)exp(=5;) 5 —=ls — 7|

t t
2x> 1 2H-2 _ 222 \,2H—1
zexp(t)/t/2 /t/2 277\/§|57T| drds = Cly eXp(iT)t -0

Remark 3.1. The above proof shows, in particular, that in the fractional Brownian
motion case the stochastic convolution term is regular (in the sense of Malliavin

calculus) up to the boundary = = 0, as opposed to the Brownian motion case.

4. Existence of the solution for the nonlinear equation and its
regularity

We consider in this section the nonlinear diffusion equation on the half-line (1.1).
We assume that the function f has the following form

f(t,:c,u) = f0<t,$) + fl(t,x)f(u),
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where

fo(t,z) € L2(0, T; LP(Ry)),  p=2 (4.1)

filt.a) € L¥((0,7) x Ry), with ||f1(t,)l|oo < Ly (4.2)
for some L < +o0, and

f(u) is Lipschitz continuous and belongs to the class C*(R),
with f(0) =0 and |9, f(u)| < L (4.3)

for some L < oo.
In the sequel, in order to improve the regularity of the solution, we shall introduce
the following additional condition, which substitutes (4.3):

f(u) belongs to the class C*°(R), with f(0) =0 and |0, f(u)| < L (4.4)
for any n > 1 and some L < oo.

Theorem 4.1. Assume that Hypothesis (4.1) holds for some p > 2, and take also
(4.2) and (4.3). There exists a unique solution u(t,x) for problem (1.2) that belongs
to L%((0,T) x Ry) for any p > 2.

Moreover, let p = 2 in (4.1). Then u(t,x) € DY2, and the derivative D, ,u(t,z)
satisfies the following equation:

Dr,ou(tv x) = PN (’I“, x)g(cr) 1[O,t] (T)

4 / / an(t — 5,2,9)0uf (5,9, u(s,)) Dy yu(s,y) dyds.  (45)
r JRy

Proof. [Existence and uniqueness of the solution]
Let us consider the Picard approximations of u(t,z) defined as usual

i (£,2) = / /S P (5,2)9(0) dB, o + / / gn(t — 5,2,9)f (5,5, un(s,9)) dy ds.
(4.6)

First, we prove that u, (¢, ) converges in LP(Q) to u(t,z) as n — oo, for every
(t,z) € [0,T] x Ry. So let us estimate, for every p > 2,

E(lun+1(t,2) — un(t, ©)[")

<E

A [R gN(t*S,IE,y) [f(svyaun(say)) 7f(57yaun—1(say))] dde
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Using Holder’s inequality, then hypothesis (4.2) and (4.3) on f and the trivial
inequality [ gn(t,z,y)dy <1

E(lun1(t, ) = un(t, 2)[7)

t p—l
<C </ / gn(t —s,z,y) dyd8> -
0 JRy

t
/ / gn(t —s,z,y)dy sup  Elun(r,y) — un—1(r,y)[P ds
0 JRy (r,y)€[0,s] xRy
t

SCtp_l / sup E'“n(r7 y) - unfl(ra y)|p ds.
0 (r,y)€l0,s] xRy

Defining now

¢n+1(t) = sSup E(lun+1(s7m) - un(&x)‘p)v le [07 T],
(s,2)€[0,t] xRy

and recalling the above estimates we get

t
On+1(t) < Crp ¢n(s)ds.
0

Iterating this inequality it follows that
D bnlt) < 0.

Hence uy, (t, ) converges in LP(§2) as n tends to infinity, uniformly in (¢, z) € [0,T] x
R,. Let us denote the limit by u(t,x). The process u(t,x) is adapted, bounded in
the p-mean and satisfies (1.2), hence it is a solution for (1.1). O

Proof. [Global regularity of the solution]

We aim to prove that the solution belongs to L%-((0,T) x Ry) for any p >
2. To this end, we recall from Theorem 3.1 that the stochastic convolution term
indeed is in this space, so it is sufficient to estimate the convolution term. Setting
for simplicity f(s,y,u(s,y)) = ©(s,y), we estimate by the continuous version of
Minkowski’s inequality (see for instance Stroock!® Theorem 6.2.14)

p
E

t
// gn(t —s,2,9)e(s,y) dyds
0 Jry

S (A A+ (]E‘gN(t_ S,.’L‘,y)sp(s’y”p)l/p dyds>
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then by Holder’s inequality and finally by the estimates on the Green kernel gy

gn(t —s,2,y)p(s,y) dy ds

R

0
t p—1 t
< (/ / gn(t—s,2,y) dyd8> (/ / gzv(t—svw,y)Elw(s,y)lpdde>
0 ]R+ 0 R+
t
S tp_l </ / gN(t - S,Q?,y) E|¢(S7y)‘p dde) .
0 Jr,

Therefore, taking the integral in R, we get by an application of Fubini’s theorem

/E
Ry

p

gn(t —s,2,9)0(s,y)dyds| dz

Ry

t
S/ t”‘l// gn(t —s,2,y) Elp(s, y)|P dyds dz
R, R,

t”l// (/ gn(t—s,z,y)d )Elw(syl”dyd8<t” ez o, xms )
Ry \JR,

Let us return to (1.2); taking the p-th power and then integrating in dz on both

sides we have

t
It M oy < NN ey + 07 [ lots My ds @)

Recalling the definition of ¢(s,y) and using the hypothesis (4.1) — (4.3) we have

It Mg,y = [ B Gous. )P dy = [ BlfoCs.) + (o) fw)dy

<ep ( [ s vrays [ Ifl(s,y)lplEf(U)l”dy>

<cllfo(s, )|IF, +c sup Ffir )P ||u »
o5, MWhaary Fe, sp AP My,

<ell ol 0,7z (e + il o,my ey 1405 Mg a,
§c0+C1Hu( )”LP (Ry)

Now we use the above estimate and Gronwall’s inequality to get

||u(t’ ')”L” P(Ry) = C(OT +Cy T|| ( )|‘I[)/1}(R+)

and the conclusion follows by taking one more integral on (0, 7). O

Proof. [Existence and uniqueness of the Malliavin derivative|
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The proof of this part is based on the convergence result recalled in Proposition
2.1.
Let us consider the Picard approximations of u(t, z) defined by (4.6). Then, in view
of Proposition 2.1, it is sufficient to show that

sup E||Du,, (¢, 2)|)3, < C < +o0. (4.8)
We proceed by induction starting from (4.6) to get
Dy gtnt1(t,z) = pn(r, 2)g(0)1[0,4(7)
+ /t/R gn(t — 5, 2,9)0uf(S, ¥, un(S,y))Droun(s,y)dsdy (4.9)
r JRy

which leads to the following estimate

E| Duni1(t,2)l3 < 2llpn (5 2)9() 0.0 (5 + 2B [[dn(t, 37, 0) |3,

where, for simplicity, we set

t
Gn(t, a7, 0) r=/ / N (t = $,2,9)0u f (8, Y, un(s,y)) Dy oty (s, y) dy ds.
T R+

We separately estimate the various terms.
Recall from (3.6) the estimate, valid for any H > 1/2,

t
2
clt,) = Elpx (r.0)g(o) Lo (D] < € [ 5212/ ds
0
now, by the inequality

f(z,y) p(dz)

Ey

< /E £, )|z, p(da)

E>
we get
2

El| ¢ (t, 237, 0)|3, =E

t
//R gn(t—$,2,9)0u f(5,y, un(s,y))Duy(s,y) dy ds
r +

H
2

<E

t
/ / lgn (t = s,2,9)0uf (5, un(s,y)) Dun(s,y)ll5 dyds
r Ry

2
<CLE

t
/ / an(t = 5,2, ) | Dtn(s, ), dyds
r JRy

t
r JRT
¢ 2
: ( / / gx(t — 5,2, y)E || Dun(s,9) |1, dyds>
T R+

t
<Cyr / / g (t — 5,2, Y)E || Duy(s, )12, dyds
r +




December 15, 2014 9:49 WSPC/INSTRUCTION FILE dicembre _idaqp

Ezistence and regularity of the density for solutions of stochastic differential equations with boundary noise 15

(where in the second to last inequality we have used Holder’s inequality and the
properties of the Green kernel).
Let us now set

n(t,x) = E|| Du, (t, 2)||3,:

we have, from previous estimates, that

t
omit(t, ) < 2(t,2) + / / ax(t — 5,5, 2)vn(s, ) dy ds,
0 R+

where v = 2L3L?T is a finite constant. Next, we take convolution in both sides with
respect to the Green kernel gn (6 — ¢, z, z) for some 6 >t and z € R, and we get

/ gn (0 —t,z, 2)vp11(t, x)da < 2/ c(t,z)gn(0 —t,x,2)dx
R+ R+

t
+ ’y/ / (/ gn (0 —t 2, 2)gn(t — s5,v, x)dffs> vn(s,y) dyds.
0 R+ R+

For this computation, and later references, we state in a separate lemma the
following result.

Lemma 4.1. For any p > 1 set

ép(0,t,2) = / c(t,z)P gy (0 —t,x, z) dx.
R+
Then ¢é,(0,t,2) < +oo for any z>0,t <6 and H > 1/2.

Proof.
We have, by definition

t P
ép(0,t,z) < C - (/0 e~ /s g2H-2 ds) gn (0 —t,z, z) dx;

we first apply (in case p > 1) Minkowski’s inequality

p

¢ 1/p
ép(0,t,z) <C / g2H—2 </ e_pmz/sgN(G —t,xz,z) da:) ds | ;
0 R,

then we apply Fubini’s theorem and the properties of Gaussian kernel and we obtain

g2H—2+1/2p 22

0.9 <€ [ =5 a7 o g%

This quantity is clearly finite for any ¢ < 6; further, if ¢ = 6 then the integral

function simplifies and we have

2

&,(0,0,2) < C 22PCH-DT[1 o, %]P. (4.10)
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Setting for simplicity ¢(0,t,2z) = 2¢1(0,t,z) and using the Chapman-
Kolmogorov relation we finally get

t
/ o (0 — .2, 2on s (1, 2) da < (0,1, 2) + / / gn (0 — 5,1, 2)un(s,y) dy ds.
R o Jr+

Setting now

D,41(0,t,2) = / gn (0 —t,z, 2)v41 (¢, x) d,
R+

where &y = 0 and ®; = ¢, we get
t
D,11(0,t,2) <¢&0,t, 2) +’y/ D,,(0,s,2)ds.
0
Proceeding recursively we then obtain

t t s
D,,11(0,t,2) < 6+7/ D,(0,s,2)ds < 6+*y/ <6+7/ @n(ﬂ,sl,z)d51> ds
0 0 0

t s S1
< c—i—v/ <6+’y/ (E—F’y/ D, _5(0,s9,2) d32> d51> ds
0 0 0
t t S t s S1
Sé—i—/ Eds—i—/ / Edslds—l-’y?’/ / / P, _2(0, 50, 2)dsodsy ds
0 o Jo o Jo Jo

n

tk t s S1 Sn
< 5ﬁ+7n+2/ / / / Do(0, s, 2)dsp41 - - - ds
k! o Jo Jo 0

=0

~

tnfl
(n—1)!

Since the second term in the expression above is zero, we have that

n+2

IN
™

e+ ||(I’0(97'72)||%2(0,t)'

D,1(0,t,2) < E(0,t,2)e" <E0,t,2) el < 00

for any 0 < t < § < T and any z > 0; recalling the definition of ®,, and taking
the limit as ¢ 1 0, we get v,41(¢,2) = lim @,y (¢, ¢, ) hence the above inequality
proves that, for every n,

sup E||Du, (t, )||3, < oo,
which concludes the proof of (4.8) and, therefore, of the theorem. ]

In the following results we improve the regularity properties of the solution.
First, we show that the Malliavin derivative is p-mean integrable, for any p > 2.
Later, we show that under suitable assumptions on the nonlinear term, the solution
is smooth in the Malliavin sense, i.e., it belongs to the space D°.

Theorem 4.2. Assume (4.1) holds for p > 2, as well as (4.2) and (4.3). Then the
random variable u(t,z), for x > 0 and t € (0,T)], belongs to the space DV and

E| Du(t,z)||%, < Cp < .
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Proof. We know from previous results that the solution u(t,z) is p-mean inte-
grable. We therefore aim to prove that

E| Du(t, z)|/%, < co.

Recalling that

u(t, ) //pzvsx stng/ /R+gzvt—swy)f(sy, u(s,y)) dyds

(4.11)
o(t,2) == / /S P (5.2)9(0) dBy .

F(t,z) = / / an(t — 5,2,9) f(s,y, u(s,y)) dy ds

and setting

we have that
E|[Du(t, z)[5, < cp (B[ D2(t, )3, + EIDF (¢, x)[[3,)
that is, using the notation of previous theorem,
E| Du(t, x)||%, < cpe(t, z)?/? 4 ¢, E| DF(t, x)||%,-

Now, using again Minkowski’s inequality, we have that
P
E10Fw < ([ [ on(t 5.0t ) BIDUs. ) as

P
<Cu ([ [ onte=s.r) DU IR avas) (@12
r JR
Set now
v(t, z) == E||Du(t, z)||},
thanks to the above computations and using Holder’s inequality, we get
p
v(t,x) < cpelt,z)P? + CL, (// — 8, T,Y)v (s,y)zl’dyds>
R+

< ¢, c(t, x)P/?

L0 (/ /]R+ t—sxydyds) (/ /]R+ (t — 5,2, 5)0 (sy)dyds)

< Cp C(t’ w)p/Q + CL,ptp_l (/ / g(t - S5, y)’U(S, y) dy dS)
r JRT

Following now the same ideas used in the proof of Theorem 4.1, we do a stochastic
convolution on both sides, obtaining

t
/ g0 —t,z, z)v(t,x)de < E,(0,t,2) + C’L,p,T/ / g(0 — s,y, 2)v(s,y) dy ds
R+ 0 Jr+
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where

ép(0,t,2) =cp /]R+ c(t,x)P? gy (0 —t,x, 2) dx

is studied in Lemma 4.1. Setting
D(0,t,2) = / g(0 —t,x, 2)v(t, x) dz,
R+

from an application of Gronwall’s lemma (in the ¢ variable) we get
t
B(0,1,2) < i)+ c/ B(0,5,2)ds  —>  B(0,0,2) < &)(6,0,2)e"?
0

and since lim ®(0,¢t, z) = v(6, z) it follows

10
v(0,2) < E,(0,0, 2)e’
and so, recalling estimate (4.10), we conclude that
E||Du(t, )|}, < oo (4.13)
for all x > 0 and ¢ > 0, for any H > 1/2. O

Theorem 4.3. Assume that (4.1) holds for any p > 2 and that (4.2) and (4.4)
holds. Then the random variable u(t,x), x > 0 and t € (0,T], belongs to the space
D> and for allp > 2 and M > 1

E||DMu(t,x)||§_[®M < Cpm < 0.

Proof.
The proof’s idea is, again, to use the Picard approximation scheme and then
prove that

SupIEHDMun(t,:L')H%@M < Cp o < 00, (4.14)

for all p > 1 and M > 1. The conclusion follows from successive applications of
Proposition 2.1 for each M > 1.

Estimate (4.14) is proved by induction on M, using the evolution equation for
DMuy(t, x) obtained by differentiating (4.9) M times.
For M =1 it is easily seen that (4.14) holds true, simply by Theorem 4.2. Let us
see explicitly show how estimate (4.14) holds in the case M = 2. Then the general
induction step will be clear. Proceeding by induction we get that the Malliavin
derivative D?u,,(t, ) takes values in H®? and satisfies

t
Dy (f,7) = / / ot = 52,0)0% (5, (5,)) (D (5,)) 2 dy s

t
+/ / gN(t_s,1'7y)auf(say,un(svy))Dzun(svy)dyds = An+Bn
0 JRt
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hence we get

E||D2Un+1(t»x)”%®2 <c¢p (]E”An”g.[m +E||BnH]7D.L®2) .

For the first term, using Minkowski’s inequality, then Hdélder inequality and then
Tonelli’s Theorem, we have that
P

t
Bl lor = || [ [ v = 5002060 ) (Dt 5.00)* s
0

HE?

t P
< < / / on (= 5,2, YEIO2F (5, s tn (5, ) (Dttn(5, 1)) pgen dyds)
0 R+

s

t
<y ([ [, v = su0 B 5,30 50 (D (5. By s
0

t p
<Cup [ [ o= 5 ) BIGE (530 (Dt () sy,

By Chauchy-Schwartz inequality we have

1
2

02 (5, s (5 9)) (Dt (5,9) e < (EIO2F (5,9, a5, 0)17) * (Bl Dt (s, )13

which is finite thanks to hypothesis (4.2) and (4.4) and Theorem 4.2.
So the first term is finite. As regards the second term, proceeding as above we get:

t p
EHBan-L®2 < (/ /]R+ gN(t - 37557y)auf(37y7un(57y))E||D2un(57y)HH@;z dy ds)
0

t 1 p
<Cy (// on(t = 5,2.9) (BID?un(s, )1, dyds) :
0 JR*

setting now
un(t,2) = E|Dyu(t,2) [,

and using again Holder’s inequality, we get

t
Un+1(t7 .Z‘) S Cvqu,p + Cp,T,L / / gN (t - 5,7, y)vn(s, y) dy ds
0 JRt

and the thesis follows, using the same idea of the proof of Theorem 4.1, by iteration.
O

5. Existence of the density for the solution of the nonlinear
equation

In this section we prove the existence of the density of the random variable u(t, z)
with respect to the Lebesgue measure on R. We shall use the criterion for absolute
continuity stated in Theorem 2.1 and obtain the following result.

Theorem 5.1. The random variable u(t,z), > 0 and ¢t € (0,T], has a density
with respect to the Lebesque measure on R.
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In order to get some relevant estimate, it is useful to consider a smaller time
interval than (0,¢) and consider the H-norm of w(t,z) on (t — 4,t), for some 6 > 0
small enough. Then, we define, for every ¢ € H, the norm

[10l17¢s = L (e—s5,6) ()Pl 2¢-

It is then straightforward to get
18112 > l|Pll#s-

Proof. [Proof of Theorem 5.1]
The existence of the density follows from Theorem 2.1 and the estimate

E||Du(t,z)||3, >0  as. (5.1)
In turn, to prove that (5.1) holds P-a.s., the idea is to prove that
P (| Du(t,2)|j3, <€) =0

as e — 0.
Observe that, using the same notation as in the proof of Theorem 4.2,

|Du(t,2)I3, = 1Du(t, ), = |D=(t,2) + DF(t,2) 3,
> LIDa(t, ), — IDE, ),
Using then Chebyshev’s inequality we have
P (|Du(t, o)l < ) < P (I1Dult, ), <)
<P (IDF@o)lR, > 5ID=(0)l%, )

E|DF(t,2) |3,
(3Dt 213, —€)”

Using the estimates obtained in Lemmas Appendix A.1 e Appendix A.2, and
choosing ¢ such that

1
§CT,Z,5062H = 2,

for every € < gg = iCT,w,(So 5§H, we have

Cr .10

P(|Du(t,2)[3, <€) < =P = Crpnras (TP, (52)
and since % —1>0 for any H € [%, 1), the above estimate allows to conclude the

proof. O
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6. Smoothness of the density for the solution of the nonlinear
equation

In case the coefficients of the equation are more regular than just Lipschitz continu-
ous, we can prove the smoothness of the density of the random variable u(t, z) that
solves Eq. (1.1) for ¢ > 0 and x > 0, analogously with the result in Lemma 3.7.

Theorem 6.1. Assume that the conditions in Theorem 4.3 holds, i.e., (4.1) holds
for any p > 2, and further (4.2) and (4.4) hold true. Then for each t € (0,T)
and x > 0, the random variable u(t,z) has a density with respect to the Lebesgue
measure that is infinitely differentiable.

Proof. The idea is to apply Theorem 2.1. From Theorem 4.3 we have that u(t, z) €
D. It remains to prove that E(||Du(t, z)||)™P < +oo for every p > 1. By Nualart!?
Lemma 2.3.1, it suffices to prove that, for any ¢ > 2, there exits g9(g) > 0 such
that, for all € < g,

P(||Du(t, z)[17 <€) <&

and this condition immediately follows from the estimate (5.2) above, choosing

-~ gH
P=1ig- O

Appendix A. Some supplementary lemmas

In this section we prove a couple of lemmas, which are necessary for the proof of
Theorem 5.1; the first one suitably modifies the result in Theorem 4.2 to the space
Hs.

Lemma Appendix A.1. For every x >0 and t € [0,T]

]EHDF(LLB)H?;_Z < CL’ILH’T(SQP.
Proof. Recall from Theorem 4.2 that
t
Flta) = [ [ an(t=sof i) dyds
0 JR,

we have that

t
1(t7§,t)(S)Ds,aF(t7x) = l(tfé,t)(s) / / gN(t - r,x7y)6uf(r7y7u(r, y))Ds,Ju(Ta y) dy dr
o Jr,

and since Dy ,u(r, z) = 0 for every r < s, we get

t
L (s) / 5 / ox(t — 1,2, 9)90 £ (1., ulr, ) Ds gulr, ) dy dr.
t—5 JR,
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Using again Minkowski’s inequality, then Ho6lder’s inequality and finally Theorem
4.2, we get

t 2p
Blor o, <o (2 [ gN<t—s,x,y>|1<t_5,t)D<u<s,y>>||Hdyds)

t
<o (/ / gN<t—s,a:7y>dyds) / [ ot = s.)BIDuts. ) s
t—8 JRT t—§ JRT

Recall, again from Theorem 4.2, the notation
D(0,t,2) = / g(0 —t,x, 2)v(t, x) dx,
R+
and the bound in (4.13)

E||Du(t,gc)||§_f < Crpe <0 for all x > 0 and ¢ > 0, for any H > 1/2,

we finally get
t
E|DF(t,z)|3, < CLs*" 1/ O(t,5,2)ds < Cpp 78"
t—5
as required. O

Next lemma is concerned with the norm of the Malliavin derivative Dz(t, z) of
the stochastic convolution process z(t, z) in the space Hs and is a refinement of the
results in Lemma 3.7.

Lemma Appendix A.2. Given §y > 0, for every § < dg and every x > 0 and
t €0, 7],

ID2(t, )3, > Cr.0,506°"

Proof. Recall from assumption (3.2) that

/Ig )I? u(do) = 1.

We proceed separately in the cases H > 1/2 and H = 1/2.
In the first, fixed dg > 0, for every § < dg, we get

t ¢
HDz(t,au‘)H?_[5 / / |r—s|2H_2pN(s,x)pN(r,x) drds
t—6 Jt—4

N

x

12
oH-2€ € T
— 3| drds
/té/f s vrs

S|2H 2
e = 5>// drds
(t—r)(t—2s)

\ \/
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since, trivially, t — r < t implies (t — r)~%/2 > ¢~1/2,

1 |2H 2
> —e = 5> / / drds
™ t— s)

1 222 / s?
=—e 5 ds
™ o (2H —1)\/t(t — s)

52H

_ 2@‘2
e -5

62H
= ortH(2H — 1)

2 CT,I,(S(]

as required.

Now we consider the case H = 1/2. It holds, proceeding as in Lemma 3.7,

and the conclusion follows. O
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