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Résumé

Dans cette thése, nous étudions I’équation de la chaleur stochastic (SHE)
sur des domaines bornés ou sur Pespace euclidien R%. Nous confirmons I'in-
tuition que pour une suite de domaine croissant vers R?, la suite de solutions
converge vers la solution sur R%. Nous considérons a la fois les conditions aux
bords homogénes de Dirichlet et de Neumann.

Tout d’abord, nous étudions une version non linéaire de SHE en toute
dimension spatiale, avec un bruit corrélé et une condition initiale bornée.
Nous prouvons que les solutions de SHE sur une suite croissante de domaines
convergent exponentiellement vite vers la solution sur R?. La convergence de
tous les p-moments est uniforme sur les ensembles compacts. Les bruits
admissibles sont les mémes que ceux garantissant ’existence d’une solution
ponctuelle. Nous itérons une inégalité de Gronwall et utilisons des bornes
uniformes satisfaites par les solutions, qui seront étonnement valides pour
toute la suite croissante de domaines.

Puis, nous étudions SHE en dimension spatiale d > 2, avec un bruit
blanc additif et une condition initiale bornée. Bien que les solutions doivent
étre considérées au sens des distributions, nous montrons que leur difference
est réguliére. L’ordre de régularité dépend uniquement de la régularité des
bords de la suite croissante de domaines. Nous prouvons que la transformée
de Fourier, au sens des distributions, de la solution de SHE sur R n’admet
aucune representation localement de carré intégrable. De ce fait, la con-
vergence est étudiée dans des versions locales des espaces de Sobolev. A
nouveau, une convergence exponentielle est obtenue.

Finalement, nous étudions le model de Anderson pour SHE avec un bruit
corrélé et une condition initiale donnée par une mesure. Nous obtenons une
expression spéciale pour le deuxiéme moment de la différence de la solution
sur R? avec celle sur un domaine borné. La contribution de la donnée ini-
tiale est rendue explicite. Par exemple, la convergence exponentielle sur les
ensembles compacts est obtenue pour toute condition initiale de croissance
polynomiale. Plus intéressant encore, & partir d’'une convergence désirée,
nous pouvons décider si la condition initiale est admissible.

Mots clés: equation de la chaleur stochastique non linéaire, erreurs de
localisation, convergence exponentielle, bruits corrélés, fonction de Green.
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Abstract

In this thesis, we study the stochastic heat equation (SHE) on bounded
domains and on the whole Euclidean space R?. We confirm the intuition that
as the bounded domain increases to the whole space, both solutions become
arbitrarily close to one another. Both vanishing Dirichlet and Neumann
boundary conditions are considered.

We first study the nonlinear SHE in any space dimension with multiplica-
tive correlated noise and bounded initial data. We prove that the solutions
to SHE on an increasing sequence of domains converge exponentially fast
to the solution to SHE on R¢. Uniform convergence on compact set is ob-
tained for all p-moments. The conditions that need to be imposed on the
noise are the same as those required to ensure existence of a random field
solution. A Gronwall-type iteration argument is used together with uniform
bounds on the solutions, which are surprisingly valid for the entire sequence
of increasing domains.

We then study SHE in space dimension d > 2 with additive white noise
and bounded initial data. Even though both solutions need to be considered
as distributions, their difference is proved to be smooth. If fact, the order of
smoothness depends only on the regularity of the boundary of the increasing
sequence of domains. We prove that the Fourier transform, in the sense of
distributions, of the solution to SHE on R¢ do not have any locally mean-
square integrable representative. Therefore, convergence is studied in local
versions of Sobolev spaces. Again, exponential rate is obtained.

Finally, we study the Anderson model for SHE with correlated noise
and initial data given by a measure. We obtain a special expression for
the second moment of the difference of the solution on R? with that on a
bounded domain. The contribution of the initial condition is made explicit.
For example, exponentially fast convergence on compact sets is obtained
for any initial condition with polynomial growth. More interestingly, from a
given convergence rate, we can decide whether some initial data is admissible.

Keywords: nonlinear stochastic heat equation, localization errors, expo-
nential rate of convergence, correlated noises, Green function, Anderson
model.
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Chapter 1

Introduction

Les équations différentielles de la propagation de la chaleur expri-
ment les conditions les plus générales, et raménent les questions
physiques & des problémes d’analyse pure.

Joseph Fourier, 1822

Two centuries ago, the French mathematician/physicist Joseph Fourier
introduced the heat diffusion equation (1.1) in his book “Théorie analytique
de la chaleur" (The Analytic Theory of Heat). That equation is a math-
ematical model of heat diffusion in any medium (solid, liquid or gas). It
enables to predict the temperature at any point of the medium at any fu-
ture time. To derive this equation, it requires to identify and balance all
the thermal energy transfers happening in the medium and apply a conser-
vation principle, i.e. Fourier’s law and conservation of energy. An explicit
derivation is presented in [1, Chapter 2|. Some of the tools used to solve
that equation are nowadays part of a branch of mathematics called Fourier
analysis. Among many applications, it is essential to process digital music
and medical imaging.

Equation (1.1) has been derived later in many other fields of physics. In
molecular diffusion, from Fick’s law and conservation of mass, it enables to
predict the concentration of salt in water. In electricity, from Ohm’s law
and conservation of charge, it enables to predict the electric potential in a
conductor. In hydrogeology, from Darcy’s law and conservation of mass, it
enables to predict the hydraulic head when studying the flow of water in
porous material. For a thorough treatment of influences and connections
with Fourier’s work, see [42].

In the 20th century, major contributions were made on the formaliza-
tion of random behaviours in the macroscopic scale. For example, Brownian
motion can model the position of a small particle (e.g. pollen) moving ran-
domly in an (a priori static) fluid. The movement of the particle is due
to unpredictable shocks with the ambiant molecules of the fluid. The first
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mathematical descriptions of Brownian motion were independently made by
Louis Bachelier in 1900 and Albert Einstein in 1905.

In 1944, the Japanese mathematician Kyoshi [t6 introduced the theory of
stochastic integration, with respect to Brownian motion. It is a tool of choice
to model dynamical systems that are subject to random perturbations. For
example, it is used in finance to model the evolution in time of stock prices.
For a short survey describing the main achievements in probability in the
20th century, in relation with the work of Ito, see [47]|. Stochastic partial
differential equations (SPDE) are among them.

Combining these ideas of diffusion and random perturbations naturally
leads to the study of the so-called stochastic heat equation:

ou 0%u .
The function u(t,z) represents temperature at any time ¢ > 0 and at any
position z € R. The above equation links together the following four things:

e The variation in time of the temperature through its first derivative,
i.e. the rate of change of the temperature, %(t, x);

e The variation in space of the temperature through its second derivative,
. 2
i.e. the curvature of the temperature profile, %(t, x);

e The thermal diffusivity coefficient v of the medium. The larger the
coefficient is, the faster heat propagates inside the medium.

e The (random) amount of thermal energy added to the system, i.e. the
internal heat source. More precisely, W (t,z) represents the (random)
rate per volume at which energy is generated in the medium, also
known as the power density.

Randomness is expressed through a space-time white noise W(t, x). Loosely
speaking, it has the following three properties: 1) On average, the thermal
energy added to the system is zero. 2) The thermal energy added to the
system has a gaussian law. 3) The thermal energy added within two disjoint
regions are independent. More precisely, the random thermal energy added
within any time-space region E =|t;, ta] xX|x1, 2] follows a gaussian law with
mean zero and variance (ta — t1)(z2 — x1), and it is independent of the
thermal energy added to any other time-space region F' =|sq, so]X]|y1, yo| if
their intersection is empty, i.e. ENF = ().

We shall relax some of the above assumptions. If the thermal energy
added to system does not have zero mean, then we could replace W(t, x) by
b(t,z) + W (t,x), for some function b(t,z) that would represent the average
power density at time ¢ and position z. In fact, the power density added to
the system could well depend on the temperature of the system. For example,
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when the system is a conductor with electrical current flowing through it,
the power density released is given by

b(t, z, u) = Te(ta €, u)ie(ta ‘T)Qa

where i, is the electrical flux and r. is the specific electrical resistance of the
material. For small variation of temperature, r. and hence b vary linearly
with respect to u. Assuming that the mean of power density added to the
system behave linearly with respect to the increase of temperature, it seems
natural to assume that the standard deviation of the noise may also vary
with temperature. For this reason, W (t,z) could be replaced by b(t, z,u) +
o(t,z,u)W(t,z), where b and o satisfy a linearity condition, see (2.6).

We shall consider a more general class of gaussian noises, those that are
white in time and correlated in space. Loosely speaking, for a fixed position
the behaviour of the noise at two different times are independent, whereas
for a fixed time the behaviour of the noise at two different positions may be
correlated. The letter M shall represent such a noise.

Finally, we shall consider a medium that could well be two, three, or
d-dimensional. In that case the second order space derivative inside (1.1)
should be replaced by the Laplace operator

where z = (1, ...,24) € R,
The above considerations in mind, we shall study the following stochastic
heat equation:
o .
8—?(15, x) = vAu(t,x) + b(t,z,u(t,z)) + o(t, z, u(t, z))M(t, z). (1.2)
In what follows, we shall define rigorously what a correlated noises is and
what it means to be a solution of (1.2).

1.1 Correlated noises and types of solutions

We start by recalling the solution to Equation (1.2), on the whole space
R? with b = 0 and ¢ = 1, in the particular case where the power density
is given by a non-random bounded continuous function ®(¢,z). To analyse
the temperature of the medium at future time, we need to know at least the
initial (t=0) profile of temperature. Suppose that it is given by a bounded
continuous function f, i.e. w(0,2) = f(z). Then, it can be verified, see
Section A.1, that

uta)= [ [ Tut=sa—p@(spdsay+ [ Tota—nimy (03)
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solves indeed problem (1.2), where '), is called the fundamental solution (to
the heat equation) and is given by (A.8).

For a bounded regular domain D, we also need to impose boundary
conditions, i.e. we need to specify how the medium interacts with the en-
vironment. Vanishing Dirichlet boundary conditions correspond to the case
in which the temperature at the boundary is fixed to zero degree. Vanishing
Neumann boundary conditions mean that the medium is perfectly insulated.
In both cases, it can be verified, see Section A.2, that the solution is given
by

up(t,z) = /0 /D Gt — 5,2,4)(s, y) dsdy + /D Go(t,z.9) 1 (y) dy.

The function Gp, called the Green function, is different for Dirichlet or
Neumann boundary conditions. When the geometry of the medium is simple,
we can find explicitly the expression for the Green functions, see Section A.4.

In the present case of a random power density M, do these expressions
make sense? What happens when the initial condition is also assumed to be
random? These questions are the starting point of the theory of stochastic
partial differential equations.

1.1.1 Correlated noise

We shall define the class of correlated noises in a somewhat abstract way.
Examples of such noises will be given and in particular, we shall confirm the
intuitive properties of space-time white noise given after equation (1.1).

We consider a Gaussian family! of mean zero random variables

M ={M(g), g C2®MN},

indexed by C'SO(RdH) the space of infinitely differentiable functions with
compact support, with covariance

BM(o) M) = [ at [ Ato) [o(t)+i(0)] @
- / dt / u(d€) Fo(t) () FR{D)(®), (1.4)
R Rd

forall g,h € C(R¥1), where “#” denotes convolution in the space variable,
h(t,z) := h(t,—x), with Z the complex conjugate of z € C, and

FI©) = | e da

the Fourier transform of any (measurable) function f : R? — R. We need to
impose the following natural conditions on the positive measure A :

Tt means that every random vector (M(g1), ..., M(gn)) is Gaussian, for all n € N and
g1, gn € CZ (R,
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e It is symmetric, i.e. A(B) = A(—B), for any Borel set B C R?. This
guarantees that E[M(g) M (h)] =E[M(h) M(g)].

e It is positive definite, i.e. [pq A(dx) (px)(x) > 0, for all ¢ € CP(RY).
This guarantees that E[M(g) M(g)] > 0.

e It is a tempered measure?, i.e. it satisfies the following integrability

condition
/ A(dzx)
L < oo,
e (14 [z])P

Being positive definite and tempered, it is in fact the Fourier transform, in
the sense of distributions, of some (tempered) positive measure p, i.e.

Mdo) = [ | Fo€) do),

for all test functions 1) € S(RY). We say that u is the spectral measure of A.
More informations about distributions are given in Section 6.1.

Two important properties should be mentioned here. First, it can be
shown that M is linear, i.e. for all a, 3 € R and g, h € C°(R¥H1), we have

M(ag + Bh) = aM(g) + BM(h) a.s.,

for some p € R.

where equality is understood as random variables. This shall imply further
down that stochastic integration is indeed linear. Another property is trans-
lation invariance. For example, the random vector (M (gy), M (hy)) has the
same law as that of (M(g), M (h)), where gy(x) := g(z + y).

We now would like to extend the definition of M to a broader class of
functions. First, we consider the space variable. Let U be the completion of
the Schwartz space S(R?) with respect to the semi-inner product

60y = [ Mdo)(@x0)(@) = [ n(de) Fole) Fot®).

Whereas the first expression would restrict our extension to a subclass of
functions, the second equality enables to reach even Schwartz distributions.
For example, the Dirac delta functional belong to U when u is a finite mea-
sure. Another important example is the fundamental solution of the wave
equation in any dimension, see [11].

For any fixed time horizon T' > 0, we define the norm ||-||; . as

T
loll3, = /0 (a(s), 9())y ds,

2This is equivalent to assuming that A defines a distribution on the space of Schwartz
test functions S(R?). It is the space of infinitely differentiable functions that, together
with all their partial derivatives, decrease faster than any polynomial.
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for any g € C2°([0,T] x R%). In fact, the set of such test functions are dense
in U := L?([0,T);U), the set of square integrable functions on [0, 7] with
values in the separable Hilbert space U. See [17, Lemma 2.4] for the latter
result.

Finally, we observe that the map g — M(g) is an isometry between

(€210, 7] < RY, Iy, ) = L3S, F ).

Following the standard method to extend an isometry, M (g) can be defined
for any g € Up, and the collection remains a Gaussian family of random
variable with mean zero and covariance given by (1.4). We pause for a
second and give two important examples of correlated noises.

Example 1.1 (Space-time white noise). When the positive measure A is
the Dirac delta measure, we say that M is a space-time white noise, and it
is denoted by W. Its spectral measure is the Lebesgue measure p(d§) = d§.
In particular, it can be extended to the space of square integrable functions
Ur = L*(R x R%), with covariance given by

E[W(g) W(h)] = //Rde g(t,x)h(t, x) dtd.

The random thermal energy added to the system within the time-space re-
gion E =|tq, 2] x]x1, z2] is given by the mean zero Gaussian random variable
W (1g), whose variance is

E[W (1) W(1p)] = //RR Lp(t,2) Lot o) didz = (ts — t1) (s — 21).

Compared to another time-space region F' =|sq, s2] x]y1, y2], their covariance
is given by

E[W(15) W(1p)] = //Rde 1p(t2) 1p(t, 2) dtdz = | E O F

the area of their intersection. If ENF = (), their covariance is zero and both
random variables are independent, since they are Gaussian.

Example 1.2 (Riesz kernels). It is the case when the positive measure A is
given by A(dz) = f(z)dx for f(z) = |z|"*™, with o € (0,d). Its spectral
measure is given by p(d¢) = g(&)d¢ for g(&) = cq |€]”* and some constant
¢q > 0. In particular, the covariance (1.4) is given by

B MW = [[[  gtta)i(o—uht.y) didody.
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Other examples of correlated noises are Poisson kernels, Cauchy kernels,
Ornstein-Uhlenbeck-type kernels, and Bessel kernels. For some of their prop-
erties, see [24].

We have introduced, on purpose, two different notations for the space-
time white noise. The first one, W (t,z), comes from a physical interpreta-
tion, and represents the random power density. Implicitly, this (wrongly)
assumes that white noise can be evaluated at each point. Yet, once inte-
grated on some time-space region F, it represents the random total energy
produced within E. The second one, W (1g), also represents the total energy
produced within E. The following formal chain of equalities may link both
notation styles.

//E W (t, ) dtdz = //E W (dt,dz) = W(E) = W(1g).

If W were a measure with density given by the function W(t,:n), then the
above chain of equalities would perfectly make sense. In the general case of
correlated noise, we shall also write M(g) as the following integral

//RXRdg(t, ) M(dt, dz). (1.5)

1.1.2 Different types of solutions

At the beginning the present section, we asked whether the first integral
on the right hand side of (1.3) would make sense if the function ® is replaced
by W or M. The integral notation of the noise given in (1.5) is precisely what
we need. In view of the previous subsection, the following integral

/ot /Rd Tyt — 5,2 — y) W(dsdy)

would make sense if the function (s, y) + I',(t — s,z — y) belongs to L?(R x
]Rd). In fact, it does if and only if d = 1, and the same condition holds for
the expression involving the Green function Gp on bounded domains. The
former follows from (A.12), and the latter, in the particular case when the
domain is a two dimensional cube with Neumann boundary conditions, is
considered in the last paragraph of [55, Chapter 3].

Correlated noises are tailor-made to solve such problems. Indeed, an
extra integrability assumption on the positive measure A enables to make

sense of .
/ / F,,(t—s,x—y) M(dS,dy)
0 JRd

in any dimension d > 1. Such an assumption is given by (4.4) or equivalently
by (4.3), and is called Dalang’s condition. This integrability condition is a
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trade-off between the roughness of the noise and the regularity of the inte-
grant. This condition was first formulated in the study of the stochastic wave
equation, in [12], and then applied to a larger class of stochastic parabolic
equations, in the seminal paper [11]. In the case of Riesz kernels, the latter
condition becomes d < 2 + a.

If we set b =0, o0 = 1, the initial temperature profile f = 0, and we as-
sume that the correlated noise satisfies Dalang’s condition, then the solution
o (1.2) should resemble formula (1.3), and an educated guess would be to
set

u(t, z) = /Ot /R Tt — 5,2 — ) M(ds, dy).

The regularity of this Gaussian field depends on the regularity of the noise.
Sharp Holder continuity results can be found in [36] and [48]. In the partic-
ular case of Riesz kernel,

u€Ci_da d—a (RiXRd),

271 =T

and it is not differentiable! Thus, it cannot be a classical solution to (1.2).

We need to transform the general form of (1.2) into an integral equation.
There are many possible ways to proceed, and each of them lead to a different
definition of a solution to (1.2). A standard method is to first define a weak
formulation by multiplying the equation on each side by a test function, and
formally apply an integration by part to remove the unavailable derivatives of
u. From the weak formulation, it is possible to reach another type of solution,
which we shall shortly define as a random field solution. This procedure was
carefully imagined and explained by Walsh in [55].

Definition 1.3. A real-valued, jointly measurable and adapted process
(u(t,z,w),t € [0,T],z € D, w € Q)

is a random field solution of (1.2), if for all (¢,z) € [0,T] x D,

u(t,z) = Ip(t, x) +/0 /D G(t —s,z,y)b(s,y,u(s,y)) dyds
(1.6)

+/0 /DG(t—s,x,y)a(s,y,u(s,y))M(dy,ds) a.s.,

where Ij is the contribution of the initial condition u(0,z) = ug(x), and G is
the Green function associated to the heat equation on some domain D C R?,
under some possible boundary conditions.

The last term of (1.6) needs some comments. In Section 1.1.1, our def-
inition of a noise was a Gaussian family of random variable indexed by the
space U := L2([0,T];U). Now, we need to perform integration of random
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elements such as (s,y,w) — G(t — s,x,y)o(s,y,u(s,y,w)). Once more, we
need to extend the definition of stochastic integration to such processes. In-
tegration with respect to a (worthy) martingale measure is described in [55],
and is called Walsh stochastic integral. An extension was presented in [11],
which enables to use correlated noise as a (worthy) martingale measure, and
therefore make sense of (1.6).

In the case of white noise in one space dimension, it is a standard result
from [55] that if both functions b and o are Lipschitz, and if the initial
condition is bounded, then equation (1.2) admits a unique random field
solution. Moreover, the solution has continuous trajectories. In the case
of correlated noise in any space dimension, it is a standard result from [11]
that under the same hypotheses, together with Dalang’s condition (4.4),
equation (1.2) admits a unique random field solution.

When the noise does not satisfy Dalang’s condition (4.4), then the last
term of (1.6) is not well defined and we cannot talk about random field
solution. In particular, white noise in higher dimension d > 2, do not have
any random field solution. Nevertheless, it can be defined as random linear
functional in the space of Schwartz distributions, see |55, Chapter 5].

Final extension of the noise: For some specific class of random processes
P:Qx(0,T) x R* = R, those that are adapted, jointly measurable, and
satisfy E[|Ip(T)|?] < oo, it is possible to define the stochastic integral, for
t e 0,7,

Ip(t) = //(o,t)de P(w, s,y) M(ds, dy).

The process t — Ip(t) is a continuous square integrable martingale, whose
quadratic variation is given by

t
/0 | P(w, )|1% ds.

We will mostly be interested in the case P(w,s,y) = G(s,y)Z(w, s,y),
where G will be either the heat kernel or the Green function associated to
Dirichlet boundary conditions, and Z will typically be Z(s,y) = o(u(s,y)).

1.1.3 Further concepts

Many generalisations of equation (1.2) are possible. For example, we
could study more general type of equations, consider non-Lipschitz functions
b and o, or assign a broader class of noises.

In [11], the wave equation, the damped wave equation, and parabolic
equations are considered. Dalang’s condition (4.4) is still a necessary and
sufficient condition to study these equations.

For the heat equation with white noise (in one dimension), the solution
gets infinite energy almost surely in finite time, when 0 = ¢ # 0, and b > 0 is
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convex and has super-linear growth. A precise result is given in [14], together
with the existence of a continuous random field solution that doesn’t blow-up
when [b(2)| = O (|z|log |z]) and |o(2)| = o (|2| (log ]z|)1/4) , a8 z — 00.

Broader classes of noises exist. For example, Gaussian noises with covari-
ance in both time and space variables. They have many applications, such
as in biology, physics, or finance. In the case of the heat equation, see [54]
for the additive case, and [2] for the Anderson model. For an operator given
by a generator of a Lévy process, see [36]. Regularity results are given in
each. A study of Levy white noise is given in [15]. The path regularity of
the solution to the heat equation with such multiplicative noise is studied
in [10]. The relation between the random field solution and the generalized
solution is given in [16]. As one might expect, thanks to a newly derived
version Fubini theorem.

Remark. A clear introduction to Walsh theory of SPDE is given [13]. Another
important theory of stochastic integration is the one with respect to Hilbert-
space-valued processes, presented in [46]. Both theories can be applied to get
complementary informations about the solution of some stochastic partial
differential equation. It is the primery objective of [17] to compare both
theories.

1.2 Goals of the thesis

The driving scenario of this thesis is to compare the solution to the
stochastic heat equation on the whole space R, with the one on some (se-
quence of) bounded domains D C R?, to which boundary conditions are
imposed, i.e.

gz:(t,x) = Au(t,z) + b(u(t,z)) + o(u(t,z)) M, t>0, z€R%
u(0,z) = up(x), z € RY,
and
a;—tD(t,x) = Aup(t,z) + b(up(t,z)) + o(up(t,z))M, t>0,x € D,
up(t,z) =0 or aauVD(t,x) =0, t>0,z€0D,
up(0,z) = up(x), z €D,

where b, o and wg satisfy the d-dimensional versions of (2.6) and (2.7), the
noise M on R, x R? is white in time and correlated in space, and v is the
unit outward normal vector at the point x € 9D.

We study the regularity of their difference, as well as bounds of its p-
moments. To the best of our knowledge, the former has not been solved yet,
and the second has application in numerical approximations of SPDEs.
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1.2.1 Regularity analysis

In one space dimension with white noise, when both b and o are glob-
ally Lipschitz functions, it is well known that the random field solutions
admit continuous modifications. In fact, they are Holder continuous, with
u € Cyjy—1/2—(RExR), and up € Cyj4— 12— (R x D), but both are nowhere
differentiable. The case of vanishing Neumann boundary conditions was al-
ready considered in [55], when the initial condition is bounded in expecta-
tion. To understand our future strategy, we give the main ideas of that proof,
when D = (=L, L), b= 0, and ug = 0. The random field solution admits the
representation formula

t oL
up(t, x) :/0 /_L Gp(t—s,z,y)o(up(s,y)) W(dsdy),

which can also be written as
t oL
uplta) = [ [ G~ ) (¢ = s p)atun(s.) W(dsdy),
0 J-L

t L
+/0 /Lr(t—Svf’f—y)a(uD(s,y))W(dsdy). (1.7)

The trick is to observe that the difference Gp — I is infinitely smooth, and
each of its partial derivatives is bounded on R x (=L, L) x (=L, L), see Sec-
tion 2.3 for an explicit formula. From that observation, it can be proved that
the first integral of (1.7) admits a version that is in fact infinitely smooth.
For an example of such a derivation, applying Kolmogorov continuity the-
orem to show that the guessed partial derivative is continuous and using
Fubini theorem to show that it is indeed the derivative in the sense of distri-
butions, see [40, Section 3.3]. The limiting regularity of up is therefore that
of the last integral of (1.7), which involves the fundamental solution I'.

A similar argument can be applied to the solution on R. It admits the
representation

t
u(t,z) = /0 /RF(t —s,x —y)o(u(s,y)) W(dsdy),

which can also be written as

t
u(t,z) = /0 /R\(_L’L) It —s,z—y)o(u(s,y)) W(dsdy)

t rL
' /0 /L Lt = 5,2 = y)o(uls,y)) W(dsdy). (1.8)

Forz € [-L+¢e,L —¢]and y € R\ (—L, L), the function I'(s,z — y) is in-
finitely smooth with bounded (exponentially fast decreasing) partial deriva-
tives. Therefore, the first integral of (1.8) also admits a version that is
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infinitely smooth. The second integral of (1.8), which very much looks like
the second integral of (1.7), is the one limiting the regularity of wu.

In fact, for additive withe noise o = 1, the above argument becomes, for
x € (—L, L),

u(t,z) —up(t,z) = /o /R\(—L,L) [(t—s,x —y) W(dsdy)
t oL
<[] 0= Gol (= sy Widsay),

which proves that the difference of interest u — up is smooth. A similar
procedure also applies for additive correlated noise in any dimension, if the
boundary of the domain is smooth. Useful inequalities are given by (3.10)
and (A.22).

In the case of additive white noise, in dimension d > 2, such formulas
do not apply, for no random field solution exists. Yet, the regularity of the
these distributions can be studied in Sobolev spaces. For a regular domain
D C RY, it is known that up is a continuous process in time with values
in H_,, for n > d/2 — 1, for some special versions of Sobolev spaces Hj.
This result applies in fact to more general classes of equations, noises, and
boundary conditions, see [55, Theorems 5.1 and 5.2|. Similar results holds
for u on RY, in yet other versions of Sobolev spaces.

In Chapter 3, we prove that the difference of interest u(t) —up(t), for any
fixed time ¢ > 0, has in fact very smooth trajectories in space. The precise
statement is given in Theorem 3.7. In fact, the more regular the boundary of
the domain is, the higher the regularity of the latter difference is. To reach
this conclusion, we first need to find some versions of Sobolev spaces that
can analyse both u(t) and up(t). In a failed first attempt, we did consider
the ones given by

= {res®y: [ (1+18) 17 d < o).

In fact, we proved in Proposition 3.5 that the Fourier transform of u(t), in
the sense of distributions, do not have any function valued representative.
Yet, any product ¢u(t), for ¢ € C°(R?), does. This translates the fact that
u(t), having already irregular local properties, has also a lack of integrability
at infinity. Theorem 3.7 concludes that the local regularity of u(t) and up(t)
is the same, which was to be expected from the one dimensional case.

A possible next step could be to analyse the regularity, say in space, of
the difference u(t) —up(t), for an additive correlated noise that do not satisfy
Dalang’s condition. We challenge the reader to do so.
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1.2.2 Moment bounds

In the framework of non-stochastic partial differential equations, it is
a fair objective to find a way to numerically approximate a phenomenon
that is mathematically described on an unbounded domain, or a domain
so large that the actual computation techniques are not sufficient. One
obvious way is to restrict the problem on some bounded domain and impose
artificial boundary conditions, such as (vanishing) Dirichlet or Neumann
boundary conditions. The choice of the new bounded domain D is important
to guarantee that the error made when approximating u(t, z) by up(t, ) is
not too large. In finance, the price of an asset is profoundly linked with
the solution to the heat equation, see [41, Chapter 5|. Introducing artificial
vanishing Dirichlet boundary conditions on the interval D = (=L, L) gives an
approximative price. It is discussed below in Example 2.3, and in particular,
for any a € (0,1), we have the uniform bound

V22T L?(1 — «a)?
o o) ) < e ()
The further apart from the artificial boundary we are, the smaller the local-
ization error is. Moreover, the error decreases exponentially fast as L — oo.
To find such a bound, at least two approaches are possible. In [41], they used
an application of Feynmann-Kac’s formula. Another way, which we shall use
throughout this thesis, is to carefully compare I' — Gp.

It is now possible to introduce a numerical method to approximate the
function up. The total error in the approximation process of u(t,x) is the
sum of the error from the artificial boundary and that of the numerical
method. We can tune the order of the method and the size of the domain
to reach a desire threshold error.

In Chapter 2, we explore the stochastic heat equation on R with white
noise, and conclude in Theorem 2.4, that any p-moment of the difference
u — up admits the same exponential rate of convergence as L — oo. The
cases of vanishing Dirichlet, mixed, or Neumann boundary conditions are
studied on the symmetric interval (—L, L), with bounded (random) initial
data. (An obvious application to the non stochastic heat equation shows
that the idea of studying the difference I' — Gp works well for the basic
case.)

Numerical methods for the heat equation, with multiplicative white noise
and vanishing Dirichlet boundary conditions on a finite interval, are already
available. See [56] and [18] for finite element and finite difference methods.
An interesting fact about a lower bound for the rate of convergence is given
in the latter. It says that if h is the space step and k the time step, then
any scheme, implicit of explicit, will have an error at least O(h% + k‘%) This
is strongly related to the fact that the solution is only Holder continuous,



14 Chapter 1. Introduction

with exponent 1/2 in space and 1/4 in time. In fact, the latter remark is
only true if the numerical scheme uses equidistant evaluations of the noise,
see [38].

In Chapter 4, we explore the stochastic heat equation on R? with corre-
lated noises, and conclude in Theorem 4.2, that any p-moment of the differ-
ence admits the same exponential rate of convergence as L — co. The cases
of vanishing Dirichlet, mixed, or Neumann boundary conditions are studied
with bounded (random) initial data.

In a series of four papers, Gerencsér and Gyongy introduced two methods
to study the numerical approximation of the solution in the whole space.
In [34], [29], [30], they constructed a finite difference scheme directly applied
to the whole space. In [31, Theorem 5.1], they introduced vanishing Dirichlet
boundary conditions, and apply a new version of Feynmann-Kac formula.
They reached error estimates in supremum norms via Sobolev’s embeddings.
In that regard, their results are stronger than ours.

We compare their second method to ours. Their result only apply for a
sequence of increasing balls, yet this might be generalised later to C, since
their Feynmann-Kac formula is valid for such domains. Our method ap-
ply to slightly more general boundary conditions, regular boundaries in the
sense of [20]. For example, boundaries satisfying the exterior cone condition.
Their approach is valid for a different class of noises. Concerning the choice
of possible functions b and o, the two classes of functions are different. They
must impose VVp1 regularity for the initial condition, whereas we can ask for
a polynomially increasing one, in the case of the Anderson model. It should
be mentioned that their method holds for an enormous class of parabolic
equations, even degenerate ones.

In Chapter 5, we study the Anderson model in R%, i.e. for the special
forms of b = 0 and o(u) = Au. One reason to study this simplified model
is that it allows a broader class of initial conditions, from the delta Dirac
measure at the origin to exponentially growing measures. Other reasons are
explained in [24], together with a detailed list of physic literature. In Theo-
rem 5.1, we derived a very convenient expression for two points correlations

E [{u(t,2) — up(t,2)} {u(t,2') - up(t,2')}]

= // , po(da)po(de’) [Kig — K1 — Ko + Koo (t, 2,27, o, o),
RQ

for any initial condition pg satisfying (5.1). Its derivation was similar to that
of u given in [9]. The functions I gather informations about the nature of
the heat equation and that of the noise. The initial condition appears only
at the very end through integration. Second moment bounds are deduced
from a careful analysis of the functions K. For example, exponentially fast
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convergence on compact sets is obtained for any initial condition with poly-
nomial growth. More interestingly, from a given convergence rate, we can
decide whether some initial data is admissible.






Chapter 2

One space dimension with
white noise

In this chapter, we will study the heat equation in one space dimension,
with white noise and bounded initial data. We will compare the behavior
of the solution on the whole real line R with the solution on the bounded
symmetric interval (—L, L). The former satisfies

2
04 1,0) = 2% t,0) + b(t, v, ult, )
ot Ox? )
+o(t,z,u(t,x))W, t>0,zeR, (2.1)
u(0, ) = up(z), z eR.
The latter satisfies
2
%;L(t,x) = %uj(t,m) +b(t, 7, up(t, 7))
x .
+o(t,x,ur(t,x))W, t>0,z€e(—L,L), (2.2)
ur(0,z) = up(z), z € (-L,L),

subjected to either vanishing Dirichlet, Neumann, or mixed boundary con-
ditions,

ur(t,—L) =0=wur(t, L), t >0, (2.3)
ouy, Our,
—(t,—L)=0=—=(¢,L t 2.4
M1y =0= 21, 1), S0 @)
a’U,L
—L)=0=—=(t,L . 2.
UL(t, ) 0 O (tv )a t>0 ( 5)

Both equations (2.1) and (2.2) have the same white noise W on R, x R.
Throughout this chapter, we will assume the following particular condi-
tions on b, o, and ug :

17
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e The functions b,0 : [0,7] x R x R — R are continuous, globally Lips-
chitz in the last variable and have linear growth, i.e., uniformly for all
t €10,T] and = € R, there exists some constants Lip and K such that

|b(t,z,u) — b(t,x,v)| A lo(t,z,u) —o(t,x,v)| < Lip |u —v|,

b(t, 2, u)| A lo(t, 2, u)| < K(1+ |ul), (2.6)

where a A b := max(a, b).

e The random measurable function ug : Q@ x R — R is independent of W
and bounded in expectation, i.e., for some p > 2,

luo|| := Sug]EHuo(xﬂp]l/p < 0. (2.7)
xe

Those assumptions guarantee existence, uniqueness, and even some Holder
regularity of the random field solutions u, and wup, see [55, Theorem 3.2,
Corollary 3.4, and Exercise 3.4]. They satisfy the representation

ult.a) = [ Ttz =) uolo) dy
+/0
+

L(t— s,z —y)b(s,y,u(s,y)) dyds (2.8)

%\%\

L(t— s,z —y)o(s,y,u(s,y)) W(dyds),
and
L
L(t,z) = /_LGL(t’m’y) uo(y) dy
t L
+/o /L GLlt = s,2,9)b(s,y,ur(s,y)) dyds (2.9)
t L
—i—/o /_L Gr(t—s,z,y)o(s,y,ur(s,y)) W(dyds).

where T is the heat kernel given by (A.8), and G is the Green function
associated with the corresponding boundary conditions, see (A.48), (A.62),
and (A.77).

2.1 Warm up

Before we get to the comparisons in full generality, we first consider the
simplest possible assumptions b = 0, ¢ = 0, and ug > 0 non-random. From
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the representation of the solutions, see (A.9) and (A.47), (A.61), and (A.76),
we have

u(t, ) = /R P(t, 2 — y)uo(y) dy,

L
uL(tvx) :/LGL(t7wvy)u0(y) dy,

where ) )
I'it,z) =11(t,x =~ e m
( ) 1( ) (47Tt) 1/2
is the heat kernel and G, is the corresponding Green function, different for

every boundary conditions, see (A.48), (A.62), and (A.77).

Example 2.1. Vanishing Dirichlet boundary conditions (2.3) and constant
positive initial data ug = ¢ > 0. In that case, we have

u(t, x) :c/F(t,x—y)dy:c,
R

and .
ur(t, ) :c/ Gr(t,z,y)dy = c(t,z) < c.
—L

Moreover, from the properties of the Green function G, see Proposition A.8,
we know that
ur(t,£L) =0,

for all t > 0, and
ur(t,x) — 0, as t — oo,
for all € [~L, L], with convergence rate t~1/2.

Example 2.2. Vanishing Neumann boundary conditions (2.4) and Gaussian
initial data up(x) = I'(s,z). In that case, we have

u(t,z) = /Rf(t,az —y)'(s,y)dy =T (t + s, z),

and

L
ur(t,x) = /L Gr(t,z,y)['(s,y)dy > T'(s, L),

by Proposition A.10. We see that ur(t,z) always stays greater than some
positive threshold, whereas u(¢, x) will eventually decrease to zero, with con-
vergence rate t~/2. Indeed, if ug is merely an integrable function, then

lu(t, =) = /Rl“(t,x —y) Juo(y)| dy < (4mt) ™ [Juo| 1 gy — O,

as t — oo, uniformly for z € R.
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We now analyse a slightly higher level example, when b(u) = Au + h and
o=0.

Example 2.3. To have an idea of the expected rate of convergence, we can
analyse the deterministic equation,

ou v? 0%u

U(O,iﬂ) = f($)> x € R.

We let up, the solution to the same equation, but with vanishing Dirichlet
boundary conditions on the domain (—L,L). When f and h are bounded
and continuous on R, respectively R} x R, Feynman-Kac’s formula can be
applied to evaluate the difference

u(t,z) —ur(t,r) =E [1{asgt: Xo¢(—L,L)} eAtf(Xt)}

t
+E [/ eMh(t — s, X,) ds

where Xy = vBs + x for some Brownian motion B, and the exit time
T=inf{s >0: Xs; ¢ (—L,L)} At. For such a probabilistic resolution of the
heat equation, we refer the reader to Section A.3.1. Using a similar argument
to [41, chapter 5.2.1], we get the following bound: for any 0 < o < 1,

/ 2 2
sup sup  |u(t,z) —up(t,x)| < ﬂ exp <_L(1—a)> ,
t€[0,7] z€[—aL,aL] L(1 - «) 22T
(2.10)

where ¢ = (|| fllo » [7llo s A T)-

Another way of finding inequality (2.10) is to write explicitly the differ-
ence of the two solutions, and since f and h are assumed to be bounded, it
is enough to find effective bounds on the difference of the associated Green

functions. We shall use the latter procedure.

From Example 2.1, we cannot hope to have a good approximation at
the boundary points. In case of constant initial condition, we see that the
difference u(t, x) — ur(t,z) is directly related to the following difference

L L
/T(t,x—y) dy—/ Gp(t,z,y)dy = 1—/ Gp(t,z,y)dy.
R —L —L

For such bounds, see Lemmas 2.7 and 4.5 or Equation (A.34).

From all three examples, we expect the difference u —uj, to become more
and more different as time evolves. We shall restrict our attention to a finite
time horizon T > 0.
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2.2 Main results and general ideas

We will prove that if z € (—L, L) is sufficiently far away from the bound-
ary points, then both solutions are very close to one another, within some
finite time horizon ¢ € [0,7]. In the present case of one space dimension,
a point is close to the boundary if either |x — L| or |z + L| is small. The
final bound will in fact be a function of these differences. As we shall see,
Neumann boundary condition has to be treated separately.

The random field solutions to equations (2.1) and (2.2), subjected to
either (2.3) or (2.5) satisfy the following convergence rate.

Theorem 2.4. Fix T > 0. For allt € [0,T], L >0, and z € [-L, L],

B llu(t2) — us o)1 < ¢ (exp (“;t)?) +exp <(L;)2>) |

where ¢ = ¢(T, Lip, K, ||uo||, p) is independent of t, x, and L. This bound is
valid for the same p as in (2.7).

The solutions to equations (2.1), and (2.2) subjected to (2.4) satisfy the
following convergence rate.

Theorem 2.5. Fiz T > 0 and | > 0. For all t € [0,T], L > INT, and
x € [-L, L],

Bllu(t.a) — us(t o)1 < & (oxp (—“gt)) +exp <—(L;)>) |

where ¢ = ¢(T,1, Lip, K, ||uo|| , p) is independent of t, =, and L. This bound
is valid for the same p as in (2.7).

In order to reach both of these conclusions in Section 2.5, we will apply
the fact that the moments of the solutions are uniformly bounded. That fact
was already known for u and uy. We will find a bound that is valid uniformly
on L > 0, or on L > I\/T respectively.

To simplify notations, we denote uf , ug , Or uﬁ/l the solutions to equa-
tion (2.2) with Dirichlet boundary conditions (2.3), Neumann boundary con-
ditions (2.4), or mixed boundary conditions (2.5), respectively.

Proposition 2.6. The solutions u, and ulL), u]LW, and ug to the heat equa-

tions (2.1) and (2.2) satisfy

sup sup E [Ju(t, z)|?] < oo, (2.11)
te[0,T] z€R
sup sup sup E qu(t,x)‘p} < 00, (2.12)
te[0,7] L>0 ze[—L,L)
sup sup sup E [‘u%(t,x)‘p] < 00, (2.13)
t€[0,T] L>0 ze[—L,L]
sup sup sup E [‘ug(t,x)‘p] < 00. (2.14)

t€[0,T] L>1/T z€[—L,L]



22 Chapter 2. One space dimension with white noise

The first uniform bound is already well known in the literature, see for
example [55, Theorem 3.2| for white noise in one space dimension or [11,
Theorem 13| for colored noise in higher space dimension. The proof is given
in Section 2.4.

Once these uniform bounds are obtained, we can use the representation
formulas that satisfy the random field solutions, see equations (2.8) and (2.9),
to write the difference of interest as

6
u(t,z) —ur(t,z) = Iit,x), (2.15)
1=0
where,
L
i) = [ o —)uwi) di— [ Gult..p)ul)dy

L
/ / Tt —s,x—y)—Gr(t—s,z,9)]b(s,y,ur(s,y)) dyds,

o

// T(t—s,x—y)—Gr(t—s,z,y9)]|o(s,y,ur(s,y)) W(dyds),

0

3(t, x) / / (t— s,z —y)[b(s,y,u(s,y)) —b(s,y,ur(s,y))] dyds,
Lilt,a) = / / Tt = s =)o, 9)) = (s s (5.9)] W dyds),
Is(t,z) = / /R\ " D(t— s,z —y)b(s,y,u(s,y)) dyds,
tot) = [ [ G s o) W i)

For the first three terms Iy, I1, and Iy, we will need to analyse the
difference
F(t,l‘ - y) - GL(t,lC,y)

between the heat kernel and the Green function, and its integral properties.
This is carried in Section 2.3. For the last two terms I5 and Ig, we will need
to find some integral bounds of the heat kernel on R\ [-L, L]. The terms I3
and 14, together with the Lipschitz conditions on b and o, will enable a
recursive argument. If we set

fr(t.z) = E[Ju(t,z) — ug(t,z)["]"/?,

for € (—L, L), then we shall reach a Gronwall-type inequality

t L
frt,z)? <cJ(t,z)* + k/ / H(t— s,z —y)fr(s,y)? dyds,
0 J-L
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7z)2 (L+=z 2

. _& _ .
valid for ¢ € [0,T], where J(t,x) = e~ @ + e 4  has precisely the
behavior we are trying to prove, and

H(r,z) :=T(r,z) + (r, 2)*.

The final steps include iterations of the latter Gronwall-type inequality,
which will be possible thanks to precise integral bounds on H.

2.3 Some Prerequisites

2.3.1 Properties of Dirichlet Green function

This subsection contains bounds on the following difference

F(ta$7y) = FLD(twray) = F(t,l‘ - y) - Gg(t,l',y)

= Y Tta+y+@k+2)L)— > T(tz—y+4kL),
k=—oc0 k?;(())o

where T" is the heat kernel, given by (A.38), and GIL) is the Green function
associated to the Dirichlet boundary conditions on the symmetric interval
(=L, L), given by (A.48).

Lemma 2.7. Fiz any t > 0 and x,y € D = [—L,L]. The difference F is
non-negative and symmetric in x and y. Furthermore, it satisfies

F(t,z,y) <T(t,x+y+2L)+T'(t,z+y—2L)
< AT (4t, |x — y| + dist(x,9D) + dist(y, 9D))

dist(z,0D)? dist(y, 0D)?
< - P o A —
< 4exp < 16t ) exp < 16t L4tz —y),
(2.16)

where dist(x,0D) = min(L + x, L — x). In particular,

sup F(t,z,y) <T(t,x — L)+ T(t,z+ L).
ye[flﬂL]

Proof. Both facts, F(t,z,y) > 0 and F(t,z,y) = F(t,y,z), come from
Proposition A.8 and the fact that I'(t,z —y) = I'(¢t,y — ). We can rewrite
the function F as follows:

F(t,z,y) =T(t,x +y+2L) +T(t,z +y—2L)

_ i C(t,x —y+4kL) —T(t,x +y + (4k + 2)L)]
k=1

-1
— Y [[(t,x—y+4kL) —T(t,z +y + (4k — 2)L)],

k=—00
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with both sums being non-negative.
We now show that 2(x +y + 2L) > |z — y| + dist(z, 0D) + dist(y, 0D),
for all z,y € [—L, L]. First, we suppose that z > y, then

2042y+4L = v—y+(L+x)+3(L+y) > |z — y|+dist(z,0D)+3 dist(y, 0D),

since L+ z > dist(z,0D), and L+y > dist(y,dD). Second, we suppose that
x <y, then

204+2y+4L = y—x+3(L+x)+(L+y) > | — y|+3dist(x, 0D)+dist(y, 0D).

We can also show that 2 |x +y — 2L| > |z — y| + dist(z, 9D) + dist(y, 9D).
This is done by observing that

2lr+y—2L| =2(—x —y+2L) > |x — y| + dist(x,0D) + dist(y, 0D),
since —z, —y € [—L, L]. This concludes the proof. O

We are now interested in finding integral bounds of the function F.

Lemma 2.8. For allt > 0 and x € [—L, L], we have the following integral

bounds,
L
1 (L—a)? (L+z)?
/ F(t,x,y)dys2<e‘ W e >

-L

2.17

bk t [ _wa? (@) (2.17)
// F(s,z,y)dyds < — | e 4 +e 4t .
0 J-L 2
Proof. Recall that F(t,z,y) > 0. If we bound
F(t,o,y) < > T(to+y+ @k+2)L)+ > T(t,z—y+4kL),
k=—o0 k?;(c))o

and integrate

L z—L o0
| e [ rewdys [ v
—L —00 L—x
Using equation (A.16), the first inequality of (2.17) is proved.
The second inequality (2.17) follows since exp(—z2/4s) < exp(—2z2/4t),
when 0 < s <t and z € R. It remains to integrate, in time, the constant one
function. O

Lemma 2.9. For allt > 0 and x € [—L, L], we have the following integral
bounds,

Ny
~

7

t \/z (L )2 (Lt )2 2 (218)
/ / F(s,z,y)*dyds < — <€ @ te 4 >
0 J—-L

L 2
1 1 (L—x)? (L+z)?
/ F(t,x,y)2 dy < = <e_ it  4e T ) ,
I 2
L
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Proof. The first inequality (2.18) is a consequence of Lemma 2.8 and the
observation

L
/ F(t,x,y)zdyg sup thy thydy,

with supyer_z, 1) F(t,z,y) <T(t,x — L)+ T'(t,x + L), by Lemma 2.7.

The second inequality (2.18) follows since exp(—22/4s) < exp(—z2/4t),
when 0 < s < ¢t and z € R. It remains to integrate, in time, the function

1/2¢/5. 0

2.3.2 Properties of Mixed Green function

This subsection contains bounds on the following difference
F(t,x,y) = Fi'(t,z,y) =T(t,x —y) — G} (t,2,y),

where T is the heat kernel, given by (A.38), and G is the Green func-
tion associated to the mixed boundary conditions on the symmetric interval
(—L, L), given by (A.77).

Lemma 2.10. Fiz anyt > 0 and x,y € D = [-L, L]. The difference F is
symmetric in x and y. Furthermore, it satisfies

F(t,x,y) > -T'(t,z +y — 2L), (2.19)
F(t,z,y) <T(t,x+y+2L) +T(t,x —y +4L) + T(t,z +y — 6L).
In particular,
|F(t,z,y)| < 12T (4¢, |z — y| + dist(z, dD) + dist(y, 9D))
< 12exp (—diSt(fé?D)2> exp <—diSt(zl/éfD)2> T(4t, 2 —y),

and
sup |F(t,z,y)| <3(T(t,x — L)+ T(t,z+ L)).
yE[—L,L]

Proof. The fact that F(t,z,y) = F(t,y,x) comes from Proposition A.12 and
the fact that ['(t,x — y) = ['(t,y — x). We can rewrite G} in two different
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ways. First, we observe that

G%(t,x,y):r(t z—y)+T(t,x+y—2L)

—Z (t,r—y+ Bn+4)L) —T'(t,x —y + (8n + 8)L)]
- Z C(t,x —y+ 8n+4)L) —T'(t,z — y + 8nlL)]
—Y [Ttz +y+ (Bn+2)L) —T(t,z +y+ (8n + 6)L)]

- Y [Ttz+y+@n+2)L)—T(tz+y+ (8n—2)L)],

n=-—oo
where all four series are positive for z,y € [—L, L]. Another way of writing
is as follows:
G (t,z,y) =T(t,x —y) + T(t,w +y —2L) = T(t,x — y — 4L)
—T'(t,x+y+2L) —-T(t,x —y+4L) —T'(t,z +y —6L)

oo

+ Y [tz —y+8nL) —T(t,x —y + (8n+ 4)L)]

+ Z C(t,x —y+8nL) —T(t,z —y+ (8n — 4)L)]

n=—oo
[e.9]

+Y Dtz +y+Bn—2)L) —T(t,z +y+ (8n+2)L)]

+ > [M(ta+y+@n+6)L) —T(tz+y+ (8n+2)L)],

n=—oo

where I'(t,z +y — 2L) — I'(t,x —y — 4L) > 0 and the four series are again
positive for z,y € [-L, L].

We can show, as in the proof of Lemma 2.7, that each of 2|z +y — 2L/,
2lx+y—2L|, 2|x —y+4L|, and 2|z +y — 6L]| is greater than |z —y| +
dist(x, 0D) + dist(y, 0D). O

We are now interested in finding integral bounds of the function F.

Lemma 2.11. For allt > 0 and x € [—L, L], we have the following integral
bounds,
L
1 (L—=)? (L+a)?
/ ]F(txy)|dy§2<e_ T 4e Zt )’
t
2

// F(s,z,y)| dyds <
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Proof. We apply a similar argument as the proof of Lemma 2.8, in which we
use the bounds of Lemma 2.10 instead. O

Lemma 2.12. For allt > 0 and x € [—L, L], we have the following integral

bounds,
L 2
3 1 (L—x)? (L+a)?
F(t,z dy < = e 1 H4e 4 ,
/ (t,z,y)? <3 o ( >

31 (-n)? (Lta)? \ 2
F(s,z,y)? dyds < < +e 4 )
/ / Vir

Proof. We apply a similar argument as the proof of Lemma 2.9, in which we
use the bounds of Lemma 2.10 instead. O

(2.21)

2.3.3 Properties of Neumann Green function

This subsection contains bounds on the following difference

F(t,z,y) = F{ (t,2,y) == G} (t,z,y) —[(t,x — y)

= Y T(to+y+@k+2)L)+ Y T(tz—y+4kL), (2.22)
k=—o0 k?;go

where I is the heat kernel, given by (A.38), and G¥ is the Green function
associated to the Neumann boundary conditions on the symmetric interval
(—L, L), given by (A.62).

For the following results, we need to introduce the Theta function, defined

as
o]

O(a) = e, (2.23)

k=0

for any real number a > 0. In Appendix B.2, inequalities (B.7) and (B.8)
give some estimations of the Theta function. In particular, f(a) ~ a~/? as
a— 0.

Lemma 2.13. Fiz anyt > 0 and x,y € D = [—L, L]. The difference F is
non-negative and symmetric in x and y. Furthermore, it satisfies

sup  Fr(t,2,y) <O(L*/t) [(t,x — L) + T(t,x + L)],
yE[—L,L]

and

dist(z,0D)? _ dist(y,dD)*
16t P 16t

x (4L%/t) T (4t, z — ).

Fr(t,z,y) < 16exp (—
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Proof. The fact that F(t,z,y) > 0 comes from Equation (2.22). The fact
that F(t,z,y) = F(t,y,z) comes from Proposition A.10 and the fact that
Ltz —y) =Tty — ).

We can bound, for n > 0 and z,y € [—L, L],
r—y+4n+1)L>(x+L)+(L—y)+@n+2)L > (x+ L)+ (4n+2)L,
r4+y+@n+2)L>(x+ L)+ (L+y)+4nl > (x+ L) +4nL,
and both are non-negative. Using |(z + L) + 2kL|* > (z + L) + 4k%L?, we

get

(o] (o)
Y T(ta+y+@n+2)L)+ > T(t,z —y+4nL)
n=0 n=1

—H Ze =02 T (t e + L),

<

uniformly in y € [—L, L]. We proceed in a similar way to get

-1 -1
> Tt,w+y+@n+2)L)+ Y T(t,z—y+4nL)

n=—oo n=—oo

< = Ze T =0(L2/t)T(t,x — L).

Indeed, for n < —1 and z,y € [-L, L], we have
r+y+dn+2)L=(zx—L)+(y—L)+4n+1)L<(z—L)+4(n+1)L,
r—y+4nL=(x—L)+(—y— L)+ (4n+2)L<(z— L)+ (4n+2)L,
and both are non-positive. Then, we use the observation that for any k£ > 0,

|(x — L) — 2kL|* > (L — )% + 4k>L2.
For k > 0, we can show, as in the proof of Lemma 2.7, that
2le+y+ 4k +2)L| > 2|z +y+ 2L| + 8kL
> |z — y| + dist(z,0D) + dist(y, 0D) + 8k L,
and
2z —y+4(k+1)L| > 2|z —y+4L| + 8kL
> |z — y| + dist(z,0D) + dist(y, D) + 8k L.

Therefore,

S T(tz+y+(Ak+2)L)+ > T(t,x —y+4kL)
k=0 k=1

dist(z, 0D)?  dist(y, 0D)*\ | & 22
=0
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As similar computation holds for the remaining terms. O

We are now interested in finding integral bounds of the function F.

Lemma 2.14. For allt > 0 and x € [—L, L], we have the following integral

bounds,
L
1 (L—)® (L+2)”
/ F(t,w,y)dy§2(e_ W t+e Zt ),
—L

t L 2 2
t (L—z) (L+a)
// F(S,x,y)dyd8§<e‘ T e w )
0 J-L 2

Proof. We apply a similar argument as the proof of Lemma 2.8, in which we
use the bounds of Lemma 2.13 instead. O

(2.24)

Lemma 2.15. For allt > 0 and x € [—L, L], we have the following integral

bounds,
/ P, PR <_<L4z)2+ _(LZ@?)Z
x — e 2 e ? ,
Wy S 5
N

(2.25)

where v = O(L?/t).

Proof. We apply a similar argument as the proof of Lemma 2.9, in which we
use the bounds of Lemma 2.13 instead. ]

2.4 Proof of uniform bounds, Proposition 2.6

We will be able to prove all four bounds in very similar ways. In fact, we
introduce some notations that will allow a single argument instead of four.
The letter D will stand for some domain, either D = R, or D = (—L, L)
with any boundary conditions (2.3), (2.4), or (2.5). The solution up will
be either u, or u; with the corresponding boundary conditions. Finally,
Gp(t,z,y) will stand for either the heat kernel I'(¢,x — y), or the Green
function G (¢, x,y) associated with the corresponding boundary conditions.
We gather two important properties.

Lemma 2.16. For any t € [0,T] and z € D, we have

t
//Gp(s,x,y)dydsgt,
0 JD

t
/ / Gp(s,z,y)*dyds < eVt
0 D

where the constant ¢ denotes either (2r) =12, (2/7)Y/2, or ¢(l) when Gp =T
Gp = G%, or Gp = Gg, respectively.
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It is very surprising that none of the two inequalities depends on the
quantity L, which corresponds to the (half) length of the rod.

Proof. The first property is a direct consequence of equations (A.10), (A.52),
(A.66), and (A.82). Indeed,

t t
/ / Gp(s,z,y)dyds < / 1ds =t.
0 JD 0

The second is a consequence of the semi-group properties (A.6), (A.51),
(A.65), and (A.80), and the uniform bounds (A.50), (A.64), and (A.79).
Indeed,

t t t
c
Gp s,ﬂ:,deyds:/ Gp(2s,z,x dsg/ ——ds = cVt.
/O/D ( ) 0 ( ) 0 2v/s

The case of Neumann boundary conditions need the quantity L?/T > 2. In
that case 1/L < 1/+/t for all t € [0,T], and

1 1 1 (1 V2) )
Gg(287$’x)<2[z+\/%<2\/i<l+ﬁ>_Qﬁ,

where ¢(l) = 1=1 4 (2/7)1/2. O

In order to deduce properties of the solution up (¢, x) it is very often nec-
essary to go back to the Picard iteration scheme, from which the solution was
constructed. We recall it now. The initial condition initiates the recursive
definition:

uOD(t,x) ::/DGD(t,x,y)uo(y) dy.

For n > 0, we define recursively

t
1ﬁf%ux>=u%@¢w+(4 A;GDﬁﬁuy)M&yﬂ&K&dewh
t
4(/ /’GD@axwﬁa@awu%@a@)ﬂ%dww»
0 D

Recalling the fact that the initial condition is bounded in expectation (2.7),
we get, from either (A.52), (A.66), or (A.82), that

Jup .2 ey < [ Glt.9) o)y o < ol
Therefore, we have a uniform bound for the initiation of the recursion

Cp := sup sup Hu%(t,x

) < Juol| -
te[0,T] zeD

)HLP(Q
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We define in a similar way

Cr:= sup_sup [|uf(t, 2)|] ooy -
t€[0,T] z€D

We can prove by induction that each C,, is bounded. Indeed, from
Minkowski’s and Burkholder’s inequalities, given by (B.1) and (B.3), to-
gether with linear growth of the functions b and o, assumed in (2.6), we

get

Hu%“(t,x)”mm) S HuoD(t’x)HLP(Q)

t
[ [ ot s (14 ub(s, )l ) duds
0 JD

t 2 1/2
th (/0 /D Golt = s,2,y)° K (1 + H“ﬁ&.v)llmm) dyd8> .

Using the induction hypothesis and Lemma 2.16

t
Hu%Jrl(t,a:)HLp(Q) §C’o+K(1—|—Cn)/O /DGD(s,a?,y)dyds

t 1/2
+k,K(1+Cy) (/ / Gp(s,z,y)* dyds)
0 JD

1/2
< Co+ K(1+ Gt + kK(1+Cy) (evE)

Therefore,
Crr1 < Co+ K1+ Co)T + kK (14 C™)/eTH* < .

We can now show a much better bound using the Lipschitz assumptions
instead of the linear growth. For further use, let us write

D, (t) := sup “u%+1(t7 ) — u%(t7$)HLP(Q) ’
zeD

and notice that

sup Do(t) < K (14 Co)T + kK (1 + Co)/eTV* < 0. (2.26)
te[0,7

From Minkowski’s and Burkholder’s inequalities, the Lipschitz condition of
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the functions b and o, and Lemma 2.16, we get
1
s (@) = wp (62

t
< Lip/O /D Gp(t—s,z,y) Hu%(s,y) — u%_l(s,y)HLp(Q) dyds
! 2 1 2 2
+ kpLip ( | [ @t =sam?ups. — w5 5.0 dyds)
t
§Lip/ Dn_l(s)/ Gp(t —s,x,y) dyds
0 D
¢ 1/2
T kyLip ( [ Do [ Gote- s,x,y>2dyds>
0 D

t t 1/2
. . 2 Cc
S Llp/o Dn_]_(S) ds + k?lep (A |Dn_]_(5)| m dS) y

Therefore,
t
D,(t) <Lip [ Dooa(s)ds
0

+ \/e/2k,Lip ( / Dua () (¢ — )2 ds) "

Taking squares on both sides and using the inequality (a+b)? < 2(a?+b?),
as well as Holder’s inequality, we obtain

t 2 t
|Dn(8)]” < 2Lip? ( / Dy1(s) ds) + ck2Lip® / 1Dp_1(s))? (t—s) "2 ds
0 0
t t
< 2Lip2t/ D1 (s)|? ds+ck§Lip2/ D1 (s)[? (t — s)" /2 ds.
0 0

Thus '
Da(t) < & / Dy ()2 g(t — 5), (2.27)
0

where k = max(2Lip?T, ckf)Lin) and g(r) = 1+r~1/2. Again, we emphasize
the fact that we have no dependence on L for this Gronwall type inequal-
ity (2.27).

The extension of Gronwall’s lemma, presented in the paper of Dalang [11,
Lemmas 15 and 17|, enables to conclude, thanks to (2.26) and the facts that

fOT g(r)dr < oo, that the following series converges uniformly on [0, 7],

o0
> " Dy(t) < K4 sup Dy(t) < oo,
n—0 t€[0,T]
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where K, is a constant only depending on k and g. Thus,

lun(t, )l ooy = 1m_[lulp(t, 2)|| 1o (q)

< Jub(t,2)| 1oy + D Dalt) < Co + Ky sup Do(t).
n—0 t€[0,T]

Therefore, we can conclude

sup sup [[up(t, )| 1» ()
tel0,T] zeD

< ol + Ky (K1 + Juol)T + kK (1 + o) VeT' ) < oo,

and that the latter bound doesn’t depend of L. This complete the proof of
Proposition 2.6.

Addendum. If we wet f,,(t) = |Dn(t)|?, then we would have

fult) < k /0 Fa1(8)g(t — 5) = k(g * fa_1)().

We can iterate this convolution pattern directly. Moreover, for t € [0, 7], we
could bound

g(t) <1+ 7 < (T2 4 1)1,

v
and iterate f,,(t) < k(TV/2+41)(g*fn_1)(t) for §(t) = 1/+/t, which can be done
using Beta integrals. An exact computation is given in |6, Proposition 2.2].

2.5 Proof of convergence rate, Theorem 2.4

We will be able to prove both convergence rates in very similar ways. In
fact, we introduce some notations that will allow a single argument instead
of two. We will set the difference F(t,z,y) = I'(t,z —y) — GL(t,z,y),
where G, will stand for either one of the three Green functions GB, G]LW ,
or Gg , associated with Dirichlet, mixed, or Neumann boundary conditions,
respectively. We summarize some properties of that difference. We introduce
the quantity

(L—x)2 _ (Lta)?

J(t,x)=e 1 +e @&

and precise that in the case of Neumann boundary conditions, we need to
introduce the quantity

L*/T > 1* > 0.
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Lemma 2.17. For allt € [0,T] and x € [—-L, L], we have

t L
/ / |F'(s,z,y)| dyds < c1tJ (¢, z),
0 J-L
t L
/ / F(s,z,y)%dyds < yWtJ(t,x)?,
0 J-L

where ¢y = 1/2 and v = 1/\/4xw, v = 3//4x, or v = 0(1?) /\/4x, in the case
of Dirichlet, mized, or Neumann boundary conditions, respectively.

Proof. These are precisely Lemmas 2.8, 2.9, 2.11, 2.12, 2.14, 2.15. O

We need similar bounds concerning the heat kernel.

Lemma 2.18. For allt > 0 and x € [—-L, L|, we have

t
/ / F<t7x _y) dy < Cltj(t,{E),
0 JR\[-L,L]

t
[ [ Py < i) < avise)?
0 JR\[-L,L]

where ¢y = 1/2 and co = 1/V/8.

Proof. These are direct consequences of inequalites (A.16) and (A.17). O

We make use of the uniform bounds found in Proposition 2.6. We set

C:= sup sup [lu(t, )| 1riq
t€[0,T] z€eR

Cp := sup sup sup HuL(t,x)HL,,(Q),
t€[0,T] L>0 z€[—L,L]

in both cases of Dirichlet or mixed boundary conditions. In the case of
Neumann boundary conditions, the second supremum is over L > [\/T.

Recalling the representation formulas (2.8) and (2.9) satisfied by the
solutions, we can write
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where,

L
Io(t,z) = [ Tt — y) uoly) dy — / Gulta.y) uoly) dy,

%\

~

/ / D(t—s,x—y)—Gr(t—s,z,y)]b(s,y,ur(s,y)) dyds,

(=)
“h

// L(t—s,xz—y)—Gr(t—s,z,y9)]o(s,y,ur(s,y)) W(dyds),

=}

A(t,2) / / (t — 5,2 — 5)[b(s, y, u(s, ) — bls, g, ur (5, )] dyds,
Lt ) = / / Tt = s =)o, . 9) = (s, s (5.9))] W dyds),
Is(t,z) = /o /R\[L’L] D(t— s,z —y)b(s,y,u(s,y)) dyds,

Is(t, ) = / / D ot ) W dyds).

We now evaluate each I;. Rewriting the first one, we get

L
Io(t.z) = / Tt 2—y) — Gr(t, 2, y)]uo(y) dy+ / I(t, 2 —y)uo(y) dy.
—L R\[vaL]

Thus, using Minkowski’s inequality (B.1) and Lemmas 2.17,

L
ot Niogey < [ P, 0050y

s [ P ) o) dy
R\[-L,L]

< 2¢1 |Juol| J(¢, ). (2.28)

Using Minkowski’s inequality, linear growth of the function b, assumed in (2.6),
and the uniform bounds of Proposition 2.6, we get

t L
Ity < [ [ 1 sl K (15 (o)) dods

t L
§K(1+CD)// F(s,z,y)dyds
0 J-L

K(1+Cp)ertJ(t,x).

Using Burkholder’s inequality (B.3) and linear growth of the function o, we
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get
2 2 Lt 2 2
HIQ(tvx)HLP(Q) < kp/o /LF(t_ S,Z',y) “U(Svyvu[/(*say))”LP(Q) dde

t L
< k‘zKQ(l + C’D)Q/O /LF(S,:E,y)2 dyds
< kEK*(1+ Cp)* Wt (t, ).
Using the Lipschitz condition of the functions b and o, we can evaluate
t L
VEs(t, )| oy < Lip /0 [ = s =) [us,) = s 9) ooy s,
and
[ 24(t, 513)||%p(9)
t oL )
< K2Lip? /0 / Tt 5.2 =) u(s.9) — 0 5.9) gy v,

We evaluate the remaining integrals as in the case of I; and Is.

t

sty KA+ C) [ [ T s y)dyds
0 JR\[-L,L]
< K14 C)egtJ(t, x),
and
t
ot ) oy < BRAA+CP [ [ Tt s ) dyds
0 JR\[-L,L]
< kK14 C) eVt (t, x)’.

Putting everything together and setting

fr(t,x) = [lu(t, z) = ur(t, o) Lo »

we have
t L
fot,x) <cJ(t,x) + Lip/ / I(t—s,x—y)fr(s,y)dyds
0 —L

t L 1/2
+ kpLip (/ / L(t—s,2—y)*fr(s,y)’ dyd8> :
0 J—-L

where

c=2c HUOH + ClK(Q +Cp + C)T
+k,K(1+ Cp) ATV + k,K(1 + C) /T4
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Squaring both sides and using (a + b + ¢)? < 3(a? + b + ¢?) lead to

t oL 2
Ju(t2)? < 3¢ (1,2)? + 3Lip? ( [ [ re-se-nanew dyds)
0 J-L
t L
+ 3k§Lip2/ / L(t— s,z —y)?fr(s,y)? dyds.
0 J-L

We can bound the middle term using Cauchy-Schwarz inequality,

t oL )
<// F(t_s’f"_y)fL(é’,y)dyds>

0oJ-L

t ok t L
S/O/_Lr(t_s’x_y)dyds'/o/_Lr(t_s’x_y)fL(S,y)zdyds

t L
< t/ / Lt —s,2 —y) fr(s,y)” dyds.
0 J—-L

Therefore
fut? < Ity vk [ [ H@-so-hilpPdds (229)
0 —L

where J(t,z) = 3¢2J(t,z)?, k = max(3Lip?T, 3k§Lip2), and H(r,z) =
L(r,z) +T(r, 2)2.
If we iterate inequality (2.29), we get

~ t L ~
fL(t,aI:)2 < J(t,x)—l—k/o /LH(t—S,x—y)J(s,y)dyds

t rL s rL
+k2/ / f](t—s,x—y)/ / H(s — 7y — 2)fr(r, 2)? dzdr dyds.
0 J—-L 0 J—-L

Using Fubini’s theorem, the last multiple integral can be re-written as

t L t L
/ / fr(r, 2)? / / H(t — s,z —y)H(s —r,y — 2) dyds dzdr.
0J-L rJoL

Anticipating the iteration behaviour, we want to prove

Lemma 2.19. Foranya >0, z,z€ R and 0 <r <t <T,

/,t—s /ﬁyt—sx— W (s -y — =) dyds

(a+1/2)

ST

(t—r) T PHE -1z —2), (2.30)
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where T is the Gamma function, d = T + 1, and

H&J%:Hnd+F@Jf:F&Jy+Jéwﬂﬁld
1 3
<T(r,2) <1 + m) =: H(r, z).

For a review on the Gamma function, see Appendix B.2. There, it is re-
called the log-convexity of the Gamma function and the relationship between
the Beta and Gamma functions. Both of these facts will be used.

Addendum. A much easier iteration scheme would be to consider

H(r,z) =T(r,2) + T(r,2)> =T(r, 2) + LF(T‘/Q, z)

\V 8&mr
1 I(r, z) ~
<T(r,z) {1+ <c =: H(r, 2z),
cr (s ) e
where ¢ = ¥ 4\/”£+1 In fact, an exact formula can be found for each iteration

of such H, see [6, Proposition 2.2|.

Proof. Using the semi-group property of ',

/ﬁ(t—s,:c—y)ﬁ(s—ny—Z)dy
R

1 1
— <1+47r(t—s)> (1+W)F(t—r,x—z).

We can now evaluate four integrals as follows:

/Tt(t_s)ads: a—li_l(t_,r)a—i-l < ( )a+1/2f EZi;g

a I'(a+1) il T(a+1/2)
= (- )+1/2f(+3/2)<( )+/2\F(+1)'

We used the facts that for all @ > 0, we have I'(a + 3/2) < I'(a 4 2), and
that o — I'(x + 1/2)/T'(x) is an increasing function on R* (see 4. and 5. in
Appendix B.2.1). Then we observe that

b /t(t _ g2 s = (t—r)* 2 (¢ —r)* T T(a+1/2)
NZT 2y (a+1/2) 27 T(a+3/2)
_ (=P T(a+1/2)
- s I(a+1)
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since M'a+ 1) < (2/y/7)T(a + 3/2), for all & > 0, by 4. in Appendix B.2.1.
Then, using Beta integrals (Lemma B.1), and the increasing function = —
I'(z+1/2)/T(x), we have

_ a\a+1/2
L[ - LT e D 2
Vi 2\/m I'a+3/2)
_ (= )2 T (o +1/2)
- 2 I(a+1)
Finally, using Beta integrals,
1t . _ (t—r)*T'(a+1/2)I(1/2)
2 b2 (g =12 gg —
4w (t=9) (s —7) ° 4 MNa+1)
()t 1 [(a+1/2)
2 Ar(t — 1) IMa+1) "’
which ends the proof. O

If we keep iterating inequality (2.29), we will deduce the following:

Proposition 2.20. For allt € [0,T] and x € [—L, L],

~ t L ~ ~
frt,z)? < J(t,z) + k/o or(t —s) /_L H(t—s,x—y)J(s,y)dyds, (2.31)

where ¢7(r) := /TE1 2,1 /5 (kd\/1) is defined via the Mittag-Leffler functions

Zfak’-i-ﬁ a6 >0.

k=0

Even though we restrict to real arguments z € R, the Mittag-Leffler
functions are entire functions in the complex plane. In the special case
where a = 1 and 8 = 1, it reduces to the exponential function. It turns
out that FEy/; /9, hence ¢r, can be bounded explicitly by the exponential
function as in equation (B.6) of the Appendix B.2.

Proof. Tterating equation (2.29), using Fubini’s theorem and Lemma 2.19
with a = 0,

fr(t,z)? < J(t,x) —I—k// H(t—s,z—vy)J(s,y)dyds

+ k(kd) 1(}({)2 /O(t 1/2/ H(t—s,x—1vy)fr(s,y)? dyds.
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Again, using equation (2.29), Fubini’s theorem and Lemma 2.19 with o =
1/2,

fu(t,x

L
d(t — 3)1/2) / H(t—s,x—y)J(s,y)dyds
-

J
(1/2) ' b
+ k(kd)? (3/2)/ t—s)/_LH(t—s,:U—y)fL(s,y)2dyd8.

Repeating the same arguments as before with ae = 1, then o« = 3/2, and so
on, we get

fr ( 2 < J(tx)
( F& kd(t — )1/2+---+géigg(kd)”—l(t—s)(”—l)/2>

x/_LdyI:I(t—s,:):—y)j(s,y)
t L
+k(kd)”1ml7;(j_%/o (t—s)”/2 /_LH(t—s,:v—y)fL(s,y)Qdyds.

We easily observe that the expression in the parenthesis in the middle term
above is the partial sum, from 0 to n — 1, of \/77E1/2’1/2 (kd\/t — s) . There-
fore, for all n > 1,

t L
fL(tPT)Z < j(tvx)+k/0 ¢T(t_s) /Lﬁ<t_37x_y)j(say)dyds

t
+k(kd)nmi(i/12))/2)/o ds (t — s)"/?

L ~
x/ dy H(t — s,z — y) fr(s,y)*.
—-L

Thanks to the uniform bounds of Proposition 2.6, the function fr(¢,x) is
uniformly bounded by some constant @, for all t € [0,T], z € [-L, L], and
L > 0. In the case of Neumann boundary conditions, we recall that we must
restrict to L > IV/T. If we bound

t LN t 1
t—s"/2/ H(t—s,z— ddsg/sn/2<1—|— >ds
[e=arre [ Dyds < [ —

4(n+2)/2 1 )2
= —|— ,
(n+2)/2 " Var(n+1)/2

and use the following property of the Gamma function:

n-+ 2

D+ 1)/2) 2 200 (4 1)/2) =T (0 +3)/2),
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we obtain
frt,x)> < J(t,z) + k/ or(t — s)/ H(t—s,x—y)J(s,y)dyds
0 ~L

(n+1)/2
+ k:(kd)"ir( (E(Jlr/ 5)) 72 <t("+2)/ 2 T ) Q?

To conclude, we let n — oo. ]

Proof of Theorems 2.4 and 2.5. Thanks to inequality (2.31) and the fact
that ¢ (t) is bounded in [0, 77, it is sufficient to evaluate

t oL ~
/ / H(t—s,x—y)J(s,y)dyds.
0 J-L
Recalling that
J(t,x) =32 J(t,x)? < 62V2rt [[(t/2,L — ) + D(t/2, L+ 2)],

it is then sufficient to evaluate the following, which uses the semi-group
property of I' and the Beta integrals:

t L
/ V 2775/ H(t—s,x—y)'(s/2,L —y)dyds
0 —L

¢ 1
1

_(L—x)?

e t 1
B Vit /0 \/§<1+ 471'(75—3)) ds

() (5T

The second term is bounded similarly, therefore,

_)2 22\ 2
fL(tvx)2 < 302 (6_(L4t) + 6_(th) >
2t V 7t _ (Lfar)2 _ (Ler)Q
+6¢° k||¢T|‘LOO(0T]) < +> <€ T 4 e 4t ))

4

which concludes the proof. ]
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2.6 Remark on Neumann boundary conditions

In the case of Neumann boundary conditions (2.4), we had to restrict to
L*/T >1? >0,

for some [ > 0. A reason for this assumption is explained in [19, Corol-
lary 3.2.8 and Theorem 3.2.9]. There it is proved that there is a fundamental
difference between the Green functions associated to Dirichlet and Neumann
boundary conditions. In fact, that difference is valid for a broader class of
parabolic equations and in higher space dimension. There, it is proved that
the Green function associated to Dirichlet boundary conditions satisfies
D c1 - z—yl|?
0<G”(s,z,y) < Me s Vs>0, Vr,yeD,

for some constants c1, co that may depend on the domain D. In the case of
Neumann boundary conditions, we don’t have the same behaviour as s — o0,
and a possible bound is

N a/2y — =yl
0<G"(s,x,y) <cpmax(l,s / Je 22 V¥s>0, Vrx,yeD.

In the case of the heat equation in one space dimension in which D =
(=L, L), we have the dilation property

1 t Ty 1 t vy
D _ D N _ N
GL(taxvy) - ZGl (LZ’ Ea L> ) GL (taxay) - ZG1 <L27L7L> .
In the case of Dirichlet, the dilation property implies that
1 t oz vy c _Ge-w?
D _ D c
GL(tvmay)_zGl <L27L7L) < \/ie 2! 3
forallt > 0and z,y € [—L, L], where the constant c1, ¢y are now independent

of the length L. Compare with (A.50).
In the case of Neumann, the dilation property implies that

1 t _e=y?
GY ) = 767 (13 54 ) < cmax(y/L VD
forallt > 0and z,y € [—L, L], where the constant c1, ¢y are now independent
of the length L. Compare with (A.64).

The only hope to reach an upper bound with the heat kernel, is to impose

the condition

L_Vtl o1

L LVis W
with v/#/L < I, which is equivalent to L2/t > [?> > 0. This holds for all
te0,T],if L?/T > 1? > 0.

The same problem occurs for the heat equation in higher space dimension.

Indeed, in the case of a rectangular domain, the Green function is the product
of the one dimensional Green functions.



Chapter 3

Distributional solutions in
higher space dimension

In this chapter, we will study the heat equation in higher space dimension,
d > 2, with additive white noise, i.e. the case where the functions b = 0 and
o = 1. First, we will assume vanishing initial condition, and then generalize
to bounded initial data.

We will compare the behavior of the solution on the whole space R? with
the solution on some bounded domain D C R, with Dirichlet boundary
conditions,

ou . d
a(t,x)—Au(t,x)—FW, t>0, zeR? (3.1)
w(0,z) =0, z € RY
and
é9(;;1)(15,33):Aup(t,z)—i—T/V, t>0,xz€D,
up(t, ) =0, t>0,2e€dD (3.2)
up(0,x) =0, x €D,

where W is white noise on R, x R4 As we shall see, the regularity of the
boundary 0D will play an important role.

In the case of additive white noise in dimension d > 2, it is well known
that no random field solution exits to these problems. It is a consequence of
the fact that the squared heat kernel is not integrable on [0, 7] x R, and the
fact that the squared Green function, associated to Dirichlet or Neumann
boundary conditions, is not integrable on [0,7] x D.

It is possible though to interpret solutions in the sense of distributions. To
find their respective weak formulation, we informally multiply both sides by
some test function (), integrate in time and in space, and apply integration
by parts. The weak formulation associated to problem (3.1) is to find a

43
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random process {u(t) : t > 0} such that for all ¢» € S(RY),

(ult), ) = /0 (u(s), AY) ds + / )W(yds).  (3.3)

The weak formulation associated to problem (3.2) is to find a random process
{up(t) : t > 0} such that for all ¢ € S(D),

(up(t), ) = /0 (up(s), Ay ds + /0 /D b(y) W(dyds),  (3.4)

where S(D) = {¢ € C*®(D) : ¢ = 0 on dD}. Functions in C*°(D) are func-
tions in C'°°(D) with the property that each derivative admits a continuous
extension to D. The requirement ¢ = 0 on 9D for (3.4) plays the role of a
Dirichlet boundary condition. The requirement 1) € S(R?) for (3.3) assumes
that u(t) and W should not grow too quickly at infinity. In fact, it makes
sense a fortiori. Indeed, we have the following existence and uniqueness
results from [55, Theorems 5.1 and 5.2]:

Theorem 3.1. There exists a unique process {u(t) : t > 0} with values in
S'(RY) which satisfies (3.3). It is given by

/ /Rd (/Rd Lt — sz — )dﬂf) W (dyds), (3.5)

where T is the heat kernel given by T'(t,x) = (47Tt)_d/ze_‘x|2/4t.

Theorem 3.2. There exists a process {up(t) : t > 0} with values in S'(RY),
which satisfies (3.4) for any ¢ € S(D) N S(R?). It can be extended to a
stochastic process {u(t,) : t > 0,9 € S(D)}; this process is unique. It is

given by
> :/Ot/D (/Dw(x)GD(t—s,x,y) d:r:) W(dyds),  (3.6)

where Gp is the Green function to the heat equation associated to Dirich-
let boundary conditions. As a consequence, the support of each distribution
up(t) is contained in D.

Remark. The existence and uniqueness results from [55] are in fact much
more general. They guarantee existence and uniqueness when the Laplacian
operator is replaced by a uniformly elliptic self-adjoint second order differen-
tial operator with bounded smooth coefficients. White noise can be replaced
by some space derivatives of some worthy (continuous) martingale measure
with tempered dominating measure. Neumann boundary conditions are also
covered. In the present case of white noise, both processes are continuous as
a function of ¢.

We treat the deterministic case in Appendix D. There, a proof of exis-

tence and uniqueness is given in the class of continuous process with values
in &'(RY).
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3.1 Main results and general ideas

As before, we would like to conclude that up(t) converges to u(t) as
the domain D expands to the whole space. Should we also expect some
exponential rate of convergence? In Theorem 2.4 of the previous chapter,
the expressions (L — x)? and (L + x)? correspond to the distance of some
point x € (—L,L) to the right and left boundary of the interval. In the
present case of distributions, we cannot evaluate the solutions at any given
point. Thus, a pointwise convergence is out of range. We will analyse how
the distributional solutions v and up differ from each other when evaluated
against some test function ¢ € C°(RY). The quantity of interest is the
difference

(u(t), ¥y = (up(t), ) .

How should translate the distance of some point to the boundary? If the
support of the test function is contained into the domain, supp(y) C D, then
we could consider the distance between its support and the boundary of the
domain 9D. For that matter, we introduced § = dist(supp(«), dD). In fact,
we have

Proposition 3.3. For any test function 1) € C°(R?), with supp(y)) C D,
and t € [0,T7,

52
Iu(0)0) = un @0 ey < Dol exp (- )
where ¢ is a constant independent of t and 1), but which depends on the
domain D.

The latter is not sufficient to conclude exponential convergence. Indeed,
the fact that the constant ¢ in the exponential depends on the domain D
prevents from doing so. To bypass this problem, we fix, once and for all, some
open bounded domain D, containing the origin, and consider the dilations

LD :={Lz € R?: z € D},

for any L > 0. This was in fact the procedure of the previous chapter in
one space dimension. There, we considered the symmetric intervals (—L, L),
which are the scaled versions of (—1,1).

The computations will be in the same spirit as in the previous chapter.
In order to evaluate the difference (3.1), we will need to consider the positive
difference

FD(t,ZL‘,y) = F(t7$ - y) - GD(t,CL‘,y)

between the heat kernel and the Green function, see (A.30) for positivity.
What we should really consider is the difference I'(¢t,x — y) — Grp(t, x,y),
where G, p is the Green function associated with the dilated domain LD. In
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the particular case of the heat equation, the latter difference can be expressed
from the former. This is a consequence of the scaling property of both the
heat kernel and the Green function, see (A.32).

FLD(t,$,y) = F(t,l‘ - y) - GLD(t,l‘,y)

= L [P/22 2~ )/L) ~ Gp(t/ L%/ L./ L)

— %FD(t/LQ,x/L,y/L)‘

The last component we shall need is an appropriate bound on the latter
difference Fp. In the present case of Dirichlet boundary conditions, the
bound (2.16) can be generalized to any open domain. The result is given in
Lemma 4.5.

We introduce the concise notation ur,(t) instead of urp(t). We also set
§(L) = dist (supp(v)), d(LD)) for any test function 1 € C°(R?), whose
support is contained into LD for some L large enough. The following result
will be proved in Section 3.3.

Theorem 3.4. For any open domain D and any test function 1) € C(R?)
such that supp(v)) € LD, we have

[{u(t), ) = (ur(t), V)l L2y < C 1Yl 2Ray Vie e, (3.7)

for all t > 0. In fact, both constants C' and c depend neither on D, L > 0,
nor Y. In particular, if D contains the origin, then for L large enough,

H<’LL(t),’gZJ> - (uL(t)a¢>||L2(Q) < C HwHL?(Rd) \/ie_i%‘

It is a fair question to ask whether the previous convergence result can be
generalized. As we shall see, it does in some local version of Sobolev spaces.
First, recall the usual Sobolev spaces

w={res@y: [ (L+if) IFNE@F de <} G

The index s € R accounts for the regularity of the distribution, see Ap-
pendix C for some explanations. In particular, we have the following chain
of inclusions:

S - HS C H" C LQ(Rd) C H™" C H™S C Sl,

for any two real numbers 0 < r < s.

In order to show convergence in the usual version of Sobolev spaces H?,
we would need to consider the Fourier transform, in the sense of distribu-
tions, of the solution u(t), and hope that it is given by a (random) function.
Unfortunately, it is not. The following result will be proved in Section 3.4.
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Proposition 3.5. Fix any t > 0.There exists no jointly measurable locally
mean-square integrable C-valued process X : (x,w) — X (z,w) such that a.s.,
for all ¢ € CX(RY),

(Flu),¥) = | X(@)¢(z)dr.

R4

In order for a (non-random) function to belong to some H® space, it
must be regular enough locally, and regular enough at infinity, i.e. satisfy
some integrability condition. For example, even though the constant one
function is infinitely smooth locally, it does not belong to any of the H?®
spaces because of its lack of integrability. In fact, its Fourier transform is
the Dirac delta measure.

An effective way to focus on the local regularity is to multiply by some
function that vanishes at infinity. For example, the product 1 - of the
constant one function with any ¢ € C°(R?) belongs to all H® spaces. The
solution u(t) has the same lack of regularity at infinity.

Lemma 3.6. Fizt > 0. For any ¢ € C°(R?), the Fourier transform of the
product ¢ - u(t) is given by the random function

Fo-u®)©) = [ [ Flo-T(t 5.0~ 9)(© Widsd).

Moreover, it is a Gaussian process, and with probability one u(t) € Hj, ., for
allr < —d/2+ 1.

To put this result in perspective, it was already known that up(t) €
H,.(D), for r < —d/2+ 1, where H, (D) is some version of Sobolev spaces in
the bounded (smooth) domain D, see [55, Remarks after Proposition 5.3|.

To circumvent the lack of integrability of the solution u(t), we introduce
the local version of Sobolev spaces

Hipe = {f € S(RY) : Vo € C2RY), 6 f e H'}.

In Lemma C.2, we show the expected inclusion H*® C H} , for all s € R.

In order to analyse the difference ¢u(t) — pup(t) = ¢(u(t) — ur(t)), we
shall again use appropriate bounds on the difference I' — Gp. This time
though, we shall require bounds on the difference of their derivatives. One
way to guarantee that Gp is sufficiently differentiable is to assume conditions
on the regularity of the boundary of the domain. The following result will
be proved in Section 3.6.

Theorem 3.7. Let a € (0,1) andn € N. Fiz a bounded domain D containing
the origin whose boundary belongs to C?*T"%, Fix t > 0. Then ur(t) — u(t)
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in Hj ., for all v < n —d/2, as L — oo. Moreover, for any test function
¢ € CX(RY), and L large enough so that supp(¢) C LD, we have

E [llp(u(t) = ur(8) 3| < cllélfm te™ @/ (3(L)),

where v(§(L)) = O(1), as L — oo, and ¢ = ¢(a,d, T, D, r,n) does not depend
on L > 0.

In particular, if 0D is C°, then with probability one the difference u(t)—
ur(t) € C*(K) for any compact set K C LD.

The last statement is a consequence of the following Sobolev embed-
ding [35, Theorem 3.32 and Exercise 3.34]:

Theorem 3.8. Let 1 > 0. If s > 1+ d/2, then any distribution in H® can be
represented by a CY(R?) function.

The last Section 3.7 focuses on generalizing both convergence results to
the case of non-vanishing initial condition. In fact, Theorem 3.7 remains
valid for vanishing Neumann boundary conditions.

Final remark: If we are not interested in the convergence rate at all, then
the second part of Theorem 3.7 is expected to remain valid for a broader class
of equations. Indeed, for second order parabolic differential equations, the
fundamental solution and the Green function satisfy bounds such as (3.9),
and their difference verifies (3.10), see |21, Theorem 1.1] and [22, Chapter 6].

3.2 Some Prerequisites

The precise relation between the regularity of the boundary 0D of some
open bounded domain D and the regularity of the Green function Gp, and
its difference with the heat kernel

FD(tvxvy) = F(t,.’l? - y) - GD(t,ﬂ?7y)

is given in the following result, see [21, Theorem 1.1]. The fact that the Green
function is bounded by the heat kernel was already known, see (A.30). The
fact that the difference Fp is bounded by the heat kernel and the distance
to the boundary was already known, see Lemmas 2.7 and 4.5. The fact
that the derivatives of the heat kernel can be bounded by itself times some
polynomial in ¢ was already known, see (A.22).

Theorem 3.9. Suppose the boundary 0D belongs to C*T"+_ for some in-
teger n > 0 and « € (0,1). Then, the Green function Gp is continuous on
(0,T] x D x D. It satisfies G(t,z,y) =0 if x € 0D, and

]afa;GD(t, z,y)| < CRNRT (1 0 — ), (3.9)

\afa;FD(t, z, y)‘ < Ct~F=IU72D, (¢, |2 — y| + dist(y, D)), (3.10)
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for allt € (0,T] and z,y € D, for as long as the total order of derivation
2k + || < 2+ n. Furthermore,

9£9.Cp(t,2.y) — 9 DLCp(t,30,)

‘93—550|>a/2 -
<o (2= gn2p 7 — ), (3.11
< ( = (t7—y), (3.11)

k0L F(t.y) = 0L Fo(t z0,y)

(0%

<C <M> 20, (¢, |7 — y| + dist(y, OD)), (3.12)
Vvt

forallt € (0,T] and x,x0,y € D, only when 2k + |I| = 2+ n, with |z — y| =

min (|x — y|, |zo — y|) . Both constants ¢ and C' depend on d,T,n,« and the

domain D.

The bounds on the difference Fp are deduced from the bounds satisfied
by the Green function Gp, in which we replace the expressions of |z — y|
and |T — y| by |z — y| + dist(y, 0D) and |z — y| + dist(y, dD), respectively.

The fact that the constants ¢ and C' in equation (3.10) depend on the do-
main is very inconvenient. As already mentioned, we fix some open bounded
domain D containing the origin and consider its dilations LD = {Lz € R¢ :
x € D}, for L > 0. Using the scaling properties, we have

1
FLD(ta z, y) = EFD(t/LQ’ I/L’ y/L)7
and the following result is easily deduced.

Corollary 3.10. If the boundary 0D belongs to C*T"+*, then
Oy 0, Frp(t,x,y)| < Ot ML (¢ o — y| + dist(y, 0LD)),  (3.13)

for allt € (0,TL?] and x,y € LD, as long as 2k+|l| < 2+4n. The constant c
and C depend only on n,a,d, T, and the domain D, but not on the constant
L >0.

Proof. We give the intuition by proving only the case £ = 1 and [ = 0. By
the chain rule, inequality (3.10) and the scaling property of the heat kernel

OFLp
ot

_ 1 10D o
(t,ﬂ?,y) = LdL2 ot (t/L 71‘/L,y/L)
11 _ .
< i CW/LH) e (/L2 |2/ L — y/L| + dist(y/L, D))

— y| + dist(y, 8LD)>

Ld L

= Ct T, (t,|x — y| + dist(y, OLD)).

1
— —ot'n, <t/L2, |2
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The equalities are true for all ¢ > 0 and z, y € R%. The inequality is valid only
for t/L? € (0,T) and z/L,y/L € D, thus t € (0,TL?] and z,y € LD. O

In the present case of the heat equation, the difference Fp is symmet-
ric in the x and y variable, Fp(t,z,y) = Fp(t,y,z) from equation (A.30).
Therefore, the expression dist(y, dD) can be replaced by dist(z,0D) in the
bound (3.10) at least when k = 0 and [ = 0. If Fp were not symmetric, we
could use the following trick: The bound dist(x,0D) < |z — y| + dist(y, 9D)
implies easily

1 1
|z — y| + dist(y,0D) > = |z —y| + B dist(y,0D) + 5 dist(z, 0D),

(lz — y| + dist(y, 9D))* >

| N =

<|x — y)? + dist(y, 9D)? + dist(z, aD)2) .

Therefore, upon replacing ¢ by 4e¢, inequality (3.10) remains valid if the
expression dist(y,dD) is replaced by dist(y,0D) + dist(z,0D). A similar
reasoning holds for the bound (3.13). We introduce the notation

. D 2
Jo(t,z; D) = exp {_dlSt(‘r’a)} .

ct

Corollary 3.11. If the boundary D belongs to C*T"+, then

‘afa:lz:GLD(ta €, y)‘ < Ct_k_|”/2FC(tv €T — y)a
(3.14)
‘3faiFLD(t,x, y)’ < Ct MNP (t, 2 — y) Je(t, 3 LD) Je(t, y; LD),

for allt € (0,TL?| and x,y € LD, as long as 2k+|l| < 2+n. The constant ¢
and C depend only on n,a,d, T, and the domain D, but not on the constant
L>0.

Remark. A similar result is valid for Neumann boundary conditions. Indeed,
both inequalities (3.9) and (3.10) are valid in the case of Neumann bound-
ary conditions by [21, Theorem 1.1] and the scaling property of the Green
function is also satisfied.

3.3 Convergence in distribution

In order to prove Theorem 3.4, we explicitely evaluate the difference
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for ¢ € C2°(R?), where

_/t/ (/ () [[(t— s,z —y) — Gp(t — s,2,y)] da:) W (dyds),

(e
wzzLémefWM“‘&x—ww)Wwww

By assumption, supp(¢)) € D, and therefore I5(t) is identically zero.

simplify notations, we set D’ := supp(1), and ¢ = dist(D’,dD).
We now analyse the L2(£2)-norm of I3(t).

1E5(8) 2 ey [/ds/Rd\Ddyg/Qw tsx12>dw)2]
<[ e <[ sera]

s - | / o ([ wrts.e-na) 2] "

- /Rd dy 1ga\p(y) (/Rd Lo (@) (@)l (s, @ —y) d$>2]

1/2

1/2

- /R dy ( /R (e 9) Loy o) + )T (s, 2) da:) ]
< /Rd I'(s,z)K (z)"/? dx,

1/2

thanks to Minkowski’s inequality for integrals (B.1), where

K(z) = /Rd Lo (2 +y) Lgayp(y)¥*(x + y) dy
_ /R 1o(y) Ly ply — 2)0°(y) dy
= /Rd 1p/(y) 1ga\p(y — 2)02(y) dy.
We can bound

1p/(y) Iga\p(y — ) < 1p/(y) 1ga\ p(o,6) (@)

To
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Indeed, for y € D' and y —z € R?\ D, we have |jz]| = ||y — (y — z)|| >
dist(D’,0D) = ¢. Finally, we get

t 2
"—73(75)”1:2(9) < ‘WHI}(Rd) [/0 ds </Rd I'(s,z) 1R¢\B(o,5)($) dx> ]

1/2

(3.15)
We can estimate the inner integral as follows:
Lemma 3.12. Independently of § > 0, there are ¢,C > 1 such that
2
/ I'(s,z)dx < Cleiss. (3.16)
ll=l|>6

Proof. Applying spherical coordinates, setting ¢(z) = e=#/2 /V2m, and us-
ing inequalites (A.18) or (A.19), we get

wg—1 [T g4 22
[(s,z)de = ——+ s d
/x||25 (s,z)dx (dms) 72 /5 z*Te z

Wd—1 * aa
= d
(2r)(@-D/2 /6/\/52 ¢(2) dz

2
< CPys (6> e i

V2s
where wq_; is the area of the sphere in R%, and P;_ a polynomial of degree
d — 2. We conclude with inequality (A.21). O

This leads directly to

||I3( )HL2 < C H"b”[ﬂ (Rd) \/6 4Ct

It remains to estimate I (

1 ()72 = //(/w FDtsa:y)daz) dy ds.

Recall again that supp(¢) = D’ C D, and § = dist(supp(¢)),dD). Using
Lemma 4.5, we have

/D </D Y(x)Fp(s,z,y) dx>2 dy
< ¢ /D </ ) | (x)| Te(s,xz —y)Je(s, x) d$>2 dy

) 2
<o (- ) [ ([ w@irisy - ode) a
4cs Rd \JRd
— 2 6 T 2
= Cexp (— ) 01 * Tulo) gy
2 52
<(C exp( 403) WHL2 Rd)
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where the last inequality follows from the convolution inequality (B.2) ap-
plied to f = |[¢| and g(z) = T.(s,x). Finally, we get

_ 82
||Il(t)||L2(Q) <C ||¢||L2(Rd) ﬂe ict ,

This conclude the proof of Theorem 3.4. Indeed, replacing D by LD
everywhere, and setting 6(L) = dist(D’, LD), we observe that each bound
for I;(t) remains valid thanks to Corollary 3.11.

Addendum. We give a simplification of the derivation involving I3, that re-
quire Lemma 4.8. It applies to bound

52

T(s,2—y) Lpayp(y) 1pr(2) < V?To(s, 2 —y)Jo(s, x) < ¢°Te(s, 2 —y)e ia,

for any s < t. Therefore

2
562 = [y ([ o) 1 @)oo (s, — ) o )
_o2 _2
< cto 5 4 el < e85 1913z,

Then
1/2 2
< e ¢ g2 ay V.

5w = | [ t oy s

which conclude the argument.

3.4 Regularity of the distributional solution wu(t)

We start this section by some informal computations. Those should
somehow reveal the lack of integrability of the distributional solution w(t).

In one space dimension, we know that the (random field) solution u(¢, z)
is continuous in both variables ¢, z. In the case of additive white noise, i.e.
b =0 and o = 1, say with vanishing initial condition ug = 0, it is given by

t
uteo) = [ [ Tt~ - y) Widyds),
0 Jr
see equation (2.8). Even in this very simple case, its Fourier transform in

space is not well defined as a function. Indeed, an application of Fubini’s
theorem, whose hypotheses are not satisfied, see (B.4), would give

Fu(®))(€) = /Re?’”fx (/Ot/Rr(t — s,z —y) W(dsdy)> da

~ /D t /R ( /R e 2MEED(4 5 3 — ) dx) W(dsdy),  (3.17)
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from which we can conclude that it is not a well-defined process in L?(Q) :

2

E [|F(u *QM&I‘ t—s,x—y)de| dsdy

2
o A2 (f— )2
://‘6 27y, 472 (t—s)&
0 JR

since FI'(¢)(§) = g4l

A rigorous way to obtain the Fourier transform, as a distribution, in the
general setting of R?, makes use of equation (3.5). For any 1 € S(RY), we
have

dsdy = oo

(F(u(t) = (u(t), F(¥))

/ot /Rd < WO (t — 5.6~ y) d&) W (dyds)
/ /R< o V6 ( & T8 >dw) dé) W (dsdy).

(3.18)

where the first equality is obtained using Plancherel identity. Again, an infor-
mal computation using Fubini’s theorem, whose hypotheses are not satisfied,
would lead to

(Flu®), ¢) =~

/Rd ) /ot /Rd (/Rd e It — s, —y) d:c) W (dsdy).

Therefore, if F(u(t)) were to be a function, then it should resemble equa-
tion (3.17).

We now give the proof of Propositon 3.5. It was inspired by the proof
of [11, Theorem 11]. In order to avoid back and forth, we recall that propo-
sition here.

Proposition. Fiz t > 0. There exists no jointly measurable locally mean-
square integrable C-valued process X : (x,w) — X(x,w) such that a.s., for
all Y € CX(RY),

(Flu®),v) = RdX(x)w(fv) dx. (3.19)
Proof. By contradiction, we suppose that such a process exists. We de-
fine the following approximation to the identity: let ¢ € C°(R%) be a
non-negative bump function! with compact support and unit mass, and set

'In the present case, we choose ¢ and § > 0 so that ¢ = 1 in B(0,6/2), 0 < ¢ < ¢,
¢ =0in R*\ B(0,6), and [, ¢(z)dx = 1.
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bn(z) = n%p(nx). We will estimate, in two different ways, the quantity

E [|(F(u(), en)l?]

for 1 (x) = ¢p(ro — x), and let n — oco. Using assumption (3.19), we shall
show that the limit is finite. Using its definition (3.18), we shall show that
the limit is infinite.

From (3.19) and Cauchy-Schwarz inequality, we get

E [P l) vl?] = [ [ 6ulen )60~ 9B [X (@)X dyda
< [ ontao -0 X)) " o

< [ onteo = [1x0)F] " v
R4

1/2
This is a convolution in R? of the locally integrable function E [|X (x)ﬂ

with an approximation to the identity ¢, of compact support. Thus, us-
ing [52, Theorem 2.1 of Chapter 3|, we get that for almost every zy € R?,

[ onteo =0 [Ix@P]" de — E[Ix@] ", asn o

and therefore,

lim sup [\<f(u(t)),¢n>|2} <E [|X(x0)|2} < 0.

n—o0

From (3.18) and Parseval’s identity, we get

B[[(F@®) )] = [ [ 1)+ 1= 5) @) duds
0 Rd
- / n(€)FT( — 5)(O)] déds
0 Rd
- / / (6u(0 — O FT(2At — 5))(€) deds,
0 Rd

the last equality follows from the fact that FI'(¢t)(§) = e~4m*tE” The fact
that ¢, is raised to the second power in the previous integral will imply
that the limit is infinite. With our specific definition of ¢, we have that
¢n(ro — &) = nd for € € B(x,6/(2n)), and we can define the following
approximation to the identity: ¢,(z) = n@(nz), where ¢ := é¢ 1B(0,5/2);
where ¢ is such that [ p(x)de =1, ie &= (vd(5/2)d)_1, with vy the
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volume of the unit ball in R?. We can estimate
t
| [ 1onan = FrCate = ))(6) deds
0 JRrd
t
(o — &> FT(2(t — ded
= [ o nz0 P FT2(— 9)(6) deds
t, d ~
-[=/ G0 — O)FT(2A(t — 5))(€) déds
o € z0,0/(2n))

— nuy(5/2) / / G (20 — E)VFT(2(t — 8))(€) deds

By the same result [52, Theorem 2.1 in Chapter 3|, we can ensure that for
every g € RY,

[, 9nlaro = FTC(t = ) (€ ds — FTC(e = 5))(a0). a5 1= o,

since £ — FI'(2(t — s))(€) is continuous. Therefore, using Fatou’s Lemma,
we can conclude that

timinf & [|(F(u(t), )]

n—o0

> val(6/2) hmmf[ ] bt - 97T - ) deds

> 0a(8/2) Tim n x/o lim /d&n(xo—g)fr(z(t—s))(g)dgds

n—0o0 n—oo

:OO7

since

/0 tim [ G0~ OFT(e = 5))(€) dsds

= /Ot FT'(2(t — s))(x0) ds > 0.

This contradicts the fact that X was assumed to be locally mean-square
integrable. O

As already mentioned, an effective way to remove the lack of integrability
is to multiply by some regular test function with compact support. That
product will reveal the local regularity.

Lemma. Fizt > 0. For any ¢ € CX(R?), the Fourier transform of ¢ - u(t)
s given by

7o / F(¢-T(t—s,0—y))(§) W(dsdy).  (3.20)
Rd
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Moreover, it is a Gaussian process, and with probability one u(t) € Hj, ., for
allr < —d/2+ 1.

Proof. Fix ¢ € C®(R?) and ¢ € S(RY). By the definition of the Fourier

transform and equation (3.5),

(F(o-ult),d) = £), F(@)) = (u(t), & - F(¥))

/ /IRd </Rd F)@)T(t —s,2—y) dx) W (dsdy)
:[;@<Aﬂwvwfﬁ—a~w»m¢gwmﬂw

:Ad / | F (6T = 5,0 =) () W(dsdy),

thanks to the Plancherel and Fubini theorems, and therefore, equation (3.20)
follows. We verify Fubini’s hypothesis. We consider the finite measure space
(R?, |yh(x)| dx), and we need to show that the following integral is finite:

/Otds/ dy/ 1 (2)| dz | F(¢-T(t — 5,0 — ) (@)

< ol [ ds [ dy s |67t = 5.0 = )P

rER
< Wl [ ds [ o

t
:wmmﬂémwuw—gﬁm@@

2

/‘wmﬂr@—am—mdx
Rd

t
suwmm@Auwémmwu—w%m@w
=t ¥l L1 way H¢||%2(Rd) < o0.

The last inequality is the convolution inequality (B.2). The next careful
computations will yield the proposed local Sobolev exponent r < —d/2 + 1.

Ejrw-mwﬂoﬁ}=/‘ F (6Tt — 5,0 = 1)) (€ dsdy

t
:/ ds/ dy/ dx e ET ()0 (t — s,z — y)
0 R4 R4

X / dz e TG (t — 5,2 — )

/Ot ds /Rd dx ¥ p( )/Rd dz e 282 (%)

X dyT(t — s,z —y)T'(t — s,z —y)
R4
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t
_ 2mi€-x —2mi€-z _ _
/0 ds /Rd dxe o(x) /Rd dze o(2)T(2(t —s),z — ),

where the last equality comes from the semi-group property of the funda-
mental solution, equation (A.6). Using the fact the Fourier transform of a
product is the convolution of the Fourier transforms, applied to the functions
¢(z) and z — T'(2(t — s), 2 — x), we get

E|I1F (6 u(t) (§)]
t
_ 2mi-x —omi(E—z)-x  —8n2(t—s)|¢—z|?
/0 ds/Rd dxe o(z) /Rd dz Fo(z)e e

:/ / dz}"qb ) 72 (t—s)|¢—z|? / dxe27riz:c¢( )
0
/dS/ dZ’.F¢ 2—87rts|§ z\
R4

To evaluate the last double integral, we will use the following easy facts.
(1—e*)/x <2/(1+x), for all x > 0, and thus

t 1—e M 1—e M 2 2
—As
/06 ° ) X 1+ 1Jt+A (3:21)

Therefore,

2
/ —87r2(t S)\f z\ d8< Qmax(t71/8ﬂ2) <Cl+‘z| ’
0 Vt+8n2|e—z> 7 14[g—27 T 14

by equation (C.1) in Appendix C, with ¢ = 4max(t,1/872). Hence

B[17 (0 u(t) (©)F] < 1+|§| ;[ O ) d:

Slin <.
= e ol

since ¢ € C§°. In fact, we can conclude that
E (16 ulf] = [ de 1+ 1PrE 17 @ u(e) ©F
]Rd
<clolly: [ de+ ey
Rd

The last integral is finite if and only if 2(r — 1) < —d which is equivalent to
r<-—d/2+1. O
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3.5 Regularity of the distributional solution up(t)

We have the following result.

Lemma 3.13. In the sense of distributions, the Fourier transform of up(t)
s a random function given by

_ /0 t /D ( /D e—%iﬁ'wGD(t—s,x,y)dx> W(dsdy). (3.22)

Moreover, it is a mean-square bounded Gaussian process, and with probability
one up(t) € H", for all r < —d/2.

Proof. Recall that the definition of up(t) is given in equation (3.6). By
Plancherel identity, we get

(F(up(t)), t), F1)

/ / </ T S»w,y)dx) W (dyds)
-/ ([ dovte) /R A€ (€ 1p(1)G(t — 5.€0) ) Widyds)
//Rd (/Rddw (Sfcy)> W (dyds),

for g(z,s,y) = [pae ¢ 1p(€) 1p(y)Gp(t — s,&,y)dE. In order to use
Fubini’s theorem, applied to the finite measure space (R%, | (z)|dz), we
need to check that the following integral is finite:

/ds/dy/da;\w M g(s, z,y)]? /ds/dy/ |(z)| dx
R4
= D] [|$]l 1 ey < 00,

since |g(s,z,y)| < 1p(y) [p Gp(t—s,&,y)dE < 1p(y), by inequality (A.31).
Therefore,

<f<uD<t>>,w>=/ dzp(a <// o(5,2,5) dyds>)
— [ dovta) /0 /| ( A e—m'fGD@s,s,y)dé) W (dyds),

which proves equation (3.22) and the fact that it is a well-defined stochastic
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integral. Moreover,

A EOCHE
S/ot/D /DGD(t—s,:U,y)d:U
g/otds/Ddy—t]D\<oo,

which proves that the process £ — F(up(t))(§) is a mean-square bounded
Gaussian process. To conclude the proof, we observe that

2
dsdy

/ e TG (t — 5,1, y) da
D

2
dsdy

B [lup(®lfy] = [ de 1+ 16PVE[|F (un(0) (O
D| | d 3y
<tip| [ dsa+lePy
which is finite if r < —d/2. O

In a similar manner, an analogous formula is also valid for the Fourier
transform of ¢ - up(¢) :

Lemma 3.14. Fiz t > 0. For any ¢ € C°(R?), we have

Fé - up(t)(€) = /0 /D F($1pGplt—s,0.y)) () W(dsdy).  (3.23)

Moreover,

E[IF (@ up(®) (©)P] < t-116]}2a < .

Proof. We use the same derivation as in the proof of Lemma 3.6, except we
replace every occurence of I'(t — s,z —y) by Gp(t — s,z,y) and R? by D. In
order to verify Fubini’s hypothesis, we make use of inequality (A.31).

B[1F(0-upe) €] = | s [ anlF 610Golt = s.0.) ©OF
—/Otds/Ddy
S/Otds/Ddy

t
< 1612200 /0 ds = t116]22( -

2

/ e PEEG ()Gt — 5,2, y) du
D

2

/ 16(2)| G (t - 8,2,y) da
D




3.6. Convergence in local Sobolev spaces 61

where the last inequality is derived by Cauchy-Schwarz inequatliy,
2
< [ 10@FGols.p)de- [ Golsag)da
D D

< /D 6(@)[2 G (s,,y) da.

/ o(z)Gp(s,z,y) dx
D

This concludes the proof. O

3.6 Convergence in local Sobolev spaces

We know that both distributional solutions w(t) and up(t) belong to
some Hj . space. We shall see that their difference u(t) —up(t) can be more
regular that each of them, provided the boundary of the domain is sufficiently
regular. We now prove Theorem 3.7

We will proceed as in the proof of Theorem 3.4. First we will consider the
difference u(t) — up(t) and evaluate it for some test function ¢ € C°(R%),
whose support D" := supp(¢)) C D. We set § = dist(D’, D). We should need
some constant v = v/(9).

All computations will remain valid if each occurence of D is replaced
by the dilation LD. Each occurence of 6 and v should also be replaced by
d(L) = dist(D’, LD) and v(L). This is possible thanks to Corollary 3.11.

We are interested in the values of r € R, for which the integral

L (1 16R) 176 )~ un D ©F de

is finite. Its expectation is given by
[ s (1 162) B [1F@ o)~ un®D(E)F]
_ 2\" 2 2
_/Rdd§<1+|§\ ) E [+,
where
= [ [ o Folt = s.0.) (€ W(dsdy),
0 Jp
I= [ [ F6T - 50— ) € Wdsdy).
0 JrRA\D
Indeed, we can write the difference F (¢ - u(t))(&) — F(¢ - up(t))(€) as
| [ 7= se )@ Widsay
0 JRd

_ /0 /D F(91pCp(t—s,0.1)) () W(dsdy),
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by (3.20) and (3.23). Thus,

F(o-ut)(§) — F(¢-up(t))()
//f - Fp(t — s, 0,y)) (§) W(dsdy)

/ F(¢-D(t—s,0—y))(§) Wi(dsdy) =1—J.
RIAN\D

Both stochastic integrals have zero mean and are independent, indeed the
integrals are over the disjoint sets [0,¢] x D and [0,¢] x R\ D. Thus, we
have E[|I — J|?] = E[I?] + E[J?.

We start with the computation of E[I?]. Fix ¢ € R? and § € N? a multi-
index with || < n. Later, 8 will depend on £. We will prove

82 /¢
E[1%] < 6|12 te™0 /et (3.24)

€87

Using integration by parts |/3] times,

E[1?] = / / F (b Fp(t—s,0.9) () dsdy

2
— / / / e_2ﬂif~m¢(;p)FD(57$,y) dx dey
Rd
e—2miEx gl (¢ Fp(s,e,y)) 2
/ / ‘ (2mi)IB1¢B OB (x)dz| dsdy.
supp(¢

We estimate now the inner integral. By the Leibniz derivation formula, and
inequality (3.14)

e 2mier bl (¢ - Fp(s, ,y))
’ / (2ri)PIEh 2P () dz
supp(¢)
C B\ |98 o Fp
= @ / Z (’y) ‘ oxB— (x)‘ oY (s,2,y)| dx

supp(¢) v<h
ol g
axﬁ_'y

x)|Te(s,x —y)dx

—52/03
56‘ Z 3|'Y|/2 /
supp(¢)
e=9/es [|91B—g
]§5| Z slvl/2 oxP—

* Fc(8)> (y)-
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Thus, using the convolution inequality (B.2),

2
,52/08 a|577|¢
155! / H shi/2 axﬁ—w *Fc(8)> ds
L2(R9)
2
C /t o—8%/cs 8|577|(ZS
=P - AT ey | s
‘5/3’2 0 % 8‘7‘/2 axﬁ Y LQ(Rd) ( )

Using Cauchy-Schwarz inequality, (3, a;b;)* < (>, a?) (2, 02) .
—252/03
B < o Il 3 [

v<B

In the latter, we used the equivalent norm on H™, given by the sum of all
L? norms of the partial derivatives of order up to |3| = n, see Appendix C.
Rewriting 1/s171 = (6211 /51) /6211, and recalling (A.21), we can conclude

2 —62/ct
v<B

which proves (3.24) for v =73 _; ﬁ
We will show a similar bound

E[J?] < ¢ ]|%m te=%" /0. (3.25)

s’

In a similar way, using integration by parts and Leibniz derivation formula,

we get
§5| / /]Rd\D Z/}Rd

An application of the usual Minkowski inequality in L?((0,t) x (R?\ D))
enables to take the sum out
L.

S([ef,,
§5| ~<B RAND

Each partial derivative of the heat kernel is bounded as in (A.22). If we

dzx

lB— vlqg ahlir
dxB— H oz

(s,2—y)

o\ 1/272

dzr

olPF=g ahlir
dzf— " H oz

(s,2—y)




64 Chapter 3. Distributional solutions, additive white noise

follow a similar reasoning as the one leading to (3.15), we get

[
LQ(Rd) 0 3|'Y|

|§ﬁ|2 91 Z/ shl (/ ||>5FC(S’x) dx)

The constant ¢ > 1 will increase from line to line. Using bounds (3.16)
and (A.21),

oIF=g
OxP—

B <S5 |3

B
€71 Y<B

EL) < 2||¢||Hn2 / ot

\ﬁﬁl
52l 52
_ 2 E - e des
- ‘55’2 19117 52|7|/0 sl ¢ e ds

i 1
‘5/3’2 ||<ZS||Hn te et %W’
S

which proves (3.25).
In conclusion, we have proved that

B[ [ de (1+16F) 10t - un()(OF]

< O3 te ety [ de (14 1¢2) —— (3.26
< Ollolfyn e/ [ ae (1+16) 5 @26)

We will now make use of the fact that g was any multi-index satisfying
0 < |B| < n. For each ¢ € RY, we can choose 3 that maximizes ‘55‘. For
¢ € R? in the unit ball, we can choose 3 = 0, so that |§B‘ = 1. For £ € R?
outside of the unit ball, at least one component satisfies |&;| > || /v/d, and
setting B; = n yields ‘55‘ > /2 |€|™ . This makes the integral in the right
hand side of (3.26) converge for any value r < n — d/2.

This concludes the proof Theorem 3.7.

Addendum. Using Lemma 4.8, we can again simplify the derivation of E[J2].

Final remark A similar reasoning can be applied to the case of vanishing
Neumann boundary conditions. Every bound involving the Green function
should be replaced by either Lemma 4.7, Corollary 3.11 or the remark fol-
lowing it.
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3.7 Non-vanishing initial data

In this section, we generalize both convergence results, Theorem 3.4 and
Theorem 3.7, to the case of a non-vanishing (random) initial data ug : € x
R? — R independent of W and bounded in expectation, i.e., for some p > 2,

1
l[uol| := sup E [Jug(z)[P]** < . (3.27)
z€R4

Recall that D is assumed to be an open bounded domain containing
the origin and with boundary of class C?*"*%, for some integer n > 0 and

€ (0,1). We consider the weak formulations associated to the following
initial value problems:

9u(t,x) = Au(t,z) + W, t>0,2€R? 5.28)
u(0, ) = ug(z), r € RY, :
and '
b (t,2) = Aup(t,z) + W, ¢>0,z€ D,
up(t,z) =0, t>0,z€dD (3.29)

up(0,z) = up(z), x €D,

where W is white noise on R, xR<. To find their respective weak formulation,
we informally multiply by some test function ¢ (x), integrate in time and in
space, and apply integration by parts.

The weak formulation to problem (3.28) is to find a process {u(t) : ¢ > 0}
such that for all 1) € S(R?),

. ) = [ wavdy+ [ a0 s+ [ [ o) Wianas)
(3.30)
The weak formulation to problem (3.29) is to find a process {up(t) : ¢ >
0} such that for all ¢ € S(D),

(up(t), ) = /D o () (y) dy + /O (up(s), AY) ds + /O /D b(y) W (dyds),
(3.31)
where S(D) = {¢ € C®(D) : 1) = 0 on dD}.

Theorem 3.15. There exists a unique process {u(t) : t > 0} with values in
S"(RY) which satisfies (3.30). It is given by

(u(t), ) / /Rd </]Rd I(t—s,x— )dx) W (dyds), (3.32)

where T is the heat kernel in d-space dimensions given by (A.8), and

1) = [ dovt) [ ayriee -yl

1s the contribution of the initial condition.
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Proof. Using Theorem 3.1, it is sufficient to verify that

1w = [ wwima+ [ a0

Using Fubini’s theorem, we get

/OtIS(AdJ) dsz/Rd dy uo(y) /Otds/Rd dx Avp()T(s,z —y).

Using twice integration by parts in the x variable, and recalling both prop-
erties (A.5) satisfied by T', we get

/()tIS(A¢)dS:/Rddyuo(y)/Rddxz/;(x)/otdsgl;(sym_y)
:/Rd dy uo(y) /Rd da ()T (t, 2 — ) _/ wo()(y) dy,

R4
since I'(0,z — y) = d(x — y). O
Theorem 3.16. There exists a process {up(t) : t > 0} with values in S'(R?)
which satisfies (3.31), for any ¢ € S(D) N S(RY). It can be extended to a

stochastic process {u(t,) : t > 0,9 € S(D)}; this process is unique. It is
given by

w0 = i)+ [ [ ([ o@Gott = s.de) wiands) 333

where Gp is the Green function for the heat equation in D with Dirichlet
boundary conditions, and

Jh) = /D d () /D dy G (t, 2. y)uo(y),

s the contribution of the initial condition. As a consequence, the support of
each distribution up(t) is contained in D.

Proof. Using Theorem 3.2, it is sufficient to verify that

Jhw) = /D wo(y)iy) dy + /0 J5(Aw) ds.

Fix y € D, then two applications of integration by parts lead to

/A¢(:L‘)GD(3,x,y)dx:/ (x)AzGp(s,x,y) dz,
D D
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since ¥(x) = 0 = G(s,z,y) for any x € 9D. Then recalling the proper-
ties (A.26) satisfied by the Green function, we get

/Ot T3 (Aw) ds:/Ddyuo(y) /Otds/Ddwa(fU)GD(S’x’y)

= [ avuato) [ o) [ 5252 00
:/Ddyuo(y)/de(x)GD(t,x,y)/DUo(y)z/)(y) dy,

since Gp(0,z,y) = 0(x — y). O

We check that indeed the initial contributions Ié and JS are Schwartz
distributions.

Lemma 3.17. If the initial condition ug satisfies (3.27), then there exist
versions of I8 and J§ with value in S'(R?).

Proof. Let (¥,)%%, C S(R?) be a sequence converging to 0 in S(RY). It is
enough to show that both I¢(¢,) and J§(ty,) converge to 0 in L?(€2).

E Ulé(zpn)\z] —E[/Rd dx () /Rd dyT(t,x — y)uo(y)
« /R v (v) /R dwF(t,v—w)uo(w)]

:/Rd dx Py (x) /Rddv¢n(v)/RddyF(t,x—y)
< [ w0 = w)B fu(uow)

< ||UOH2/ dzx |¢n($)|/ dv ¥ (v)] = lJuol* |l 71 ey
R4 R4

which converges to 0. We have used the fact that [p,T'(t,z —y)dy = 1
for all z € R?. The argument for J{ is similar, we instead use the fact that
JpGp(t,z,y)dy <1 for all x € D. O

3.7.1 Convergence in distributions

The objectif of this section is to generalize Theorem 3.4 to the present
case of random non-vanishing initial data.

Theorem 3.18. For any open domain D and any test function 1 € C2°(R?)
such that supp(v) C LD, we have

5(L)2

I (t), 9) = (s (8), 9 oy < Cmax (6] s ey - 1l oy ) Ve 5
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for all t > 0. In fact, both constants C' and c depend neither on D, L > 0,
nor Y. In particular, if D contains the origin, then for L large enough,

18), ) = ), D)oy < Cmavs (1561 gy - 18 oy ) Ve 5.

Proof. As in Section 3.3, we rewrite the difference

where

:/Ot/D</¢ T(t— 5,2 —y) — Gp(t —5,2,9)] dx) W (dyds),
:/Ot/Rd ( ¥ 2Tt — 5,2 — )dx) W (dyds),
:/Ot/Rd\D(/¢ T(t— 5,2 — )dx)W(dyds)

dyuo /d:mm ) [T(t.z — y) — Gt 2.1)].
B0 = [ ) [ dev@ree -y,
Is(t) —/Rd\D dyuo(y)/Dda:w(x)F(t,w—y).

n
S—

Observe that I;(t) and I;43(t) play a similar role, for i = 1,2,3. To handle
I;+3(t), we will use similar ideas as for I;(t).

By assumption, supp(¢)) C D, and therefore I5(t) is identically zero. To
simplify notations, we set D’ := supp(¢), and 6 = dist(D’,dD). By Cauchy-
Schwarz inequality, we have

B [inf] =2| [ v [ dsvtrea—y)

x /Rd\D duw ug(w) /D de(v)l“(t,v—w)}
- /R o [ dvv@res-y

x/ dw/ dvp(v)I'(t, v — w)E [uo(y)uo(w)]
R\ D /

2
< Jluol ( L ] d i —y>>
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By Lemma 4.8,

52
/ dy/ da [()| T(t, 2 —y) < e 5 [[|] % Te()] 1 gy
RI\D '

s
= ||| 1 gy €39,
and thus ]
_ 6
16 (#)1] L2y < 2 ol 9] 1 gy €357

For the remaining term I4(t), as in the computations of I(t), we can

bound

B 110 < ool ([ ao [ a0 |w<x>|FD<t,x,y>)2,

where Fp =T' — Gp. As in the computations of I (t), using Lemma 4.5, we
can bound

/Ddy/D/ dz |(z)] Fp(t,z,y)

52
<cen () [Lan [ dr @i -

2

0
—Cexp (= ) 19 e

Therefore,
52
140y < € ol ol asyoxp (5 ) -
Replacing D by LD, and setting §(L) = dist(D’, LD), we observe that
each bound for I;(¢) remains valid. This concludes the proof. O

3.7.2 Convergence in Sobolev spaces

The objectif of this section is to generalize Theorem 3.7 to the case of
non-random and non-vanishing initial data.

Theorem 3.19. Suppose ug is a deterministic bounded Borel function. Let
a € (0,1) and n € N. Fiz a bounded domain D containing the origin whose
boundary belongs to C*T% . Then uy(t) — u(t) in Hj, ., for allr < n—d/2,
as L — oo, where u(t) and ur(t) are defined in (3.32) and (3.33). The rate
of convergence is the same as in Theorem 8.7.

In particular, if 0D is C*°, then with probability one the difference u(t)—

ur(t) € C°(K) for any compact set K C LD.

Remark. A similar reasoning can be applied to the case of vanishing Neu-
mann boundary conditions. See the final remark of Section 3.6.
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If ug is non-random, the contributions of the initial conditions are distri-
butions given by the following two functions 1§ : R — R and J¢ : R? — R
defined by

@) = | wlT(e.s—y)dy,
JH(x) = 1p(2) /D wo ()G (t,z, ) dy.

We analyse their regularity now.

Lemma 3.20. The function I} is Ci°(RY) C S’ and the function J§ is
CHnte (D) N Co(RY) C S'. Furthermore, let ¢ € C5°(D). Then ¢ - I§ €
S(RY) ¢ H*(RY), for all s € R, and ¢ - J§ € H*(RY), for all s < 2+ n + .

Proof. Because ug is assumed to be bounded, and the derivatives of the heat
kernel satisfy bound (A.22), dominated convergence theorem implies that

a|5\[6 IBIT oIBIT
2P (z) = /Rd uo(@l)w(tﬂv —y)dy = /Rd ug(x — y)W(t,y) dy.

Thus every partial derivative of I} is bounded, whence If € Cgo(Rd). For
¢ € C3°(D), it is clear that ¢ - I§ € C*(RY) C S(R?).

Using bounds (3.9) and (3.11), we can deduce that J¢ € C?*"+%(D), and
thus ¢-J§ € CaT"T*(R?) C H5(RY), for any s < 2+n+a by Lemma C.3. [

We need to show that the distribution J§ converges to the distribution I}
in the local versions of the Sobolev spaces. We are interested in the functions
f:RY - R and g: D — R defined by

f)= [ e o) dy

o(x) = /D uo(y) [C(t,x — ) — G (t,,y)] dy,

so that
¢(z) - (I5(x) — Jo(2)) = ¢(2) - (f(2) + g(x))
for all x € D. For ¢ € C5°(D), we set D" = supp(¢), and § := dist(D’, dD).

Lemma 3.21. The function f is C°(R?). Furthermore, for all k € N,

_8%
- Fll e ray < Clluoll 1] grr(ray €™ 5 v/(9), (3.34)
where C' = C(k,\,d), A € (0,1), and v(6) = O(1) as § — oo.

We use the equivalent definitions of the Sobolev spaces and their related
norms, see Appendix C.
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Proof. We observe first that f € C°(R?), with
1) = [ woir(te~y)dy,
R4\ D

In order to show the desired inequality, it is sufficient to evaluate the L?(R?)
norms of each partial derivative of the form 0%¢ 9% f, for |a + B8] < k.

J.

%p(x) 0% f(x)| dx

2
= /ldw 0“6 ()| </Rd\D dyuo(y)O,T (¢, 2 — y)>

< ol | do 0700

‘ 2

X </Rd dy 1p/(x) 1ga\p(y) 8fF(t,x—y)D2,

Using Lemmas 4.8 and A.22, we can bound

C 2
OIT(t,x—y)| < “re~HaTe(t o — ).

1p/(2) 1ga\ p(y)

= ¢lsl
for some C' = C(d, ¢, B). Therefore,
0602 1]], gy < ol ey 107613y 55
Rewriting t%ﬁI = %ﬁ and setting
1/2
)= 3 o |
|1B1<k
we can conclude the proof using bound (A.21). O

Lemma 3.22. The function g is C**"+ (D). Furthermore,

_82
¢ gl g2ingay < C lluoll @l g2in gay €3 v(6), (3.35)
where both constants ¢,C = c(d,a,n, T, D), v(§) = O(1) as 6 — oo.

Proof. Using bounds (3.10) and (3.12), we can deduce that g € C?*"+%(D)
and thus ¢ - g € C2T"T*(R?) C H*(RY), for any s < 2 +n + a.
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In order to show the desired inequality, it is sufficient to evaluate every
partial derivative of the form 9%¢ d%¢, for |a + B| < 2 + n. Using (3.14)

J.

2

0°0(a) (@) da = [ do ool

/@w@%%maw
D

C dist(z,0D)2
2 2 _distz,ob)7
S ||UOHL°°(R‘1) /[\)/ dx |8a¢(aj) me 2ct

C g
2 2 T 2at
< [0l e ay 107Gl 72y ppgre 21,

where both C, ¢ = ¢(d, T, D,n,«). This concludes the proof. O]

Recall that ¢(z) - (If(z) — Ji(z)) = ¢(z) - (f(z) +g(x)), for z € D.
Corollary 3.11 enables us to replace D by the scaled version LD in the
preceding calculations. This concludes the proof of Theorem 3.19.



Chapter 4

Multiplicative correlated noise

Up to now, we have considered space-time white noise. In one space
dimension with random field solutions and in higher dimension with distri-
butional solutions. In this chapter, we will study the heat equation in any
space dimension with other type of noises, those that are white in time and
correlated in space. We shall fix some open bounded domain D C R con-
taining the origin. In what follows, D will either be the d-dimensional square
(—1,1)¢ or have a regular boundary. As in the previous chapter, we shall
consider the dilation LD = {Lz € R% : x € D}, for any L > 0.

We will compare the behavior of the (random field) solution on the whole
space with the (random field) solution on the dilated domain LD with van-
ishing Dirichlet boundary conditions, i.e.

0 .
6—1:(75,:0 = Au(t,z) +o(t,z,u(t,z)) M, t>0, zcRY, (4.1)
u(0,x) = up(z), r € RY,
and

ouy, .

W(t,x) = Auy(t,z) + o(t,x,ur(t,z)) M, t>0,z€ LD,

u(t,z) =0, t>0,zecoLD) (“42)

ur(0,2) = uo(), re LD,

where o and ug satisfy the d-dimensional versions of (2.6) and (2.7), and M
is a noise on R, x R? that is white in time and correlated in space. For an
evident notational reason, we shall write o (u(t,x)) instead of o (¢, x, u(t, z)).

As already mentioned, some trade off between the roughness of the noise
and the regularity of the integrant must be imposed. Set

k(s,v) := RdA(dZ)FV(S’Z)’ At v) ::/0 k(s,v)ds, (4.3)

where I', is the heat kernel defined by (A.8), and A is the measure associ-
ated with the noise M. We ask the latter measure to satisfies the following
properties.

73
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Assumption 4.1. The positive measure A is tempered, symmetric, positive
definite, and satisfies A\(¢,v) < oo for all t > 0 (and for all v > 0).

Those assumptions guarantee that stochastic integration can be defined
in the sense of Walsh as a (worthy) martingale measure. In the present case
of the heat equation, we need to impose A(t,v) < oo for all ¢ > 0. If this
assumption is satisfied by some v > 0, then it is satisfied for all v > 0. It
is sometimes called Dalang’s condition, and it may also be formulated with
the help of the spectral measure as

. p(d€)
)= rd B+ |€]?

< 00, for some and hence for all 8 > 0. (4.4)

By computing (4.3), we get

t t Cr2elel? 1 — e—dvm?tll?
/ k(s,v) ds:/ ds/ p(dé) e 4 €l :/N(df)ﬂv
0 0 Rd R dvr? [¢]

and the last fraction is equivalent to (1/t + 4vn? |€]*)1, see (3.21). With
the help of the spectral measure, we observe that k(t,v) = k(vt, 1) and that
it is decreasing, i.e. k(t,5) < k(t,v), for v < g.

Under Assumption 4.1, it is known that equations (4.1) and (4.2) admit
unique random field solutions, that satisfy the representation formulas

u(t,z) = /Rd L(t,x — y)uo(y) dy

+/D /]Rd It —s,z—y)o(u(s,y)) M(ds,dy), (4.5)

and
uL(t,x)—/ Gr(t,z,y)uo(y) dy
LD

+ / Gt — 5,2, y)0(us(s,y)) M(ds, dy), (4.6)
0 LD

where I' is the heat kernel, given by (A.8), and Gy, is the Green function
of the heat equation on the bounded domain LD associated with Dirichlet
boundary conditions, see Proposition A.6 for its existence and some basic
properties. See [11] for existence and uniqueness of these random field solu-
tions.

4.1 Main result and general ideas

We will prove that if x € LD is sufficiently far away from the boundary
points, then both solutions u and wuy, are very close to one another. In fact,
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we shall attain a similar convergence result to that of Chapter 2, given in
Theorem 2.4. Therefore, the present results generalize those of Chapter 2.

The difference of the random field solutions (4.5) and (4.6) satisfies the
following convergence rate, for any p > 2.

Theorem 4.2. Uniformly fort € [0,T], L >0, and x € LD, we have

dist(z, 0L D)?
it ) — w82 ey < ©() exp (—4@ ,
for some increasing function O(t) = O(t,T, Lip, K, A,up, D,p) and some
positive constant ¢ = ¢(D).

Remark. Tt is important to emphasize that both the function © and the
constant ¢ do not depend on the dilation constant L > 0.

Remark. In the present case of Dirichlet boundary conditions, it is possible
to find a positive constant ¢ that works for all open set D bounded or not.
See Lemma 4.5. In fact, we can also find ©(t) = O(¢, T, Lip, K, A, ug, p).

We shall use a similar approach as that of Chapter 2. Some steps will
require only minor changes, whereas the crucial induction step will turn out
to be very different.

First, we apply the fact that the p-moments of the solutions are uniformly

bounded.

Proposition 4.3. The solutions u and uy, to equations (4.1) and (4.2) sat-
isfy

sup supE [|Ju(t, z)[F] < oo, (4.7)
te[0,T] z€R
sup sup sup E [|ug(t,2)|"] < . (4.8)

te[0,7) L>0x€LD

Bound (4.7) is already well-known, see Dalang [11, Theorem 13|. The
second bound (4.8) is obtained in a very similar way, in which we need to
bound the Green function Gy by the heat kernel. The trick is to find a
bound that is valid independently of the scaling factor L > 0, see (4.12).
The procedure is as in Section 2.4, with some obvious changes.

Once the uniform bounds are obtained, we can use the representation
formulas to write the difference

u(t,x) —ur(t,x) = Io(t,z) + Io(t, x) + L4(t, x) + Is(t, x), (4.9)
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L(t,z —y)uo(y) dy — Gr(t,z,y) uo(y) dy,
d LD

9= [
/ / [(t—s,x—y)— Gr(t—s,z,y)|o(ur(s,y)) M(ds, dy),
0 JLD
0= [ [ Pt sz = plotulsn) - olus(s )] M(ds. dy),

0 JLD

Is(t,x) = /0 /Rd\LD I(t—s,x —y)o(u(s,y)) M(ds, dy).

The first two terms Iy and Iy will require to bound the difference
FL(ta ac,y) = F(t,l‘ - y) - GL(tvl‘ay)

between the heat kernel and the Green function. Again, the trick is to find
a bound that is valid independently of the scaling factor L > 0, see (4.12).
The last term Ig will require some integral bounds of the heat kernel on
R4 \ LD, see Lemma 4.8. The term I will produce a recursive argument.
More precisely, if we set

fL(tu x) = Hu(tv x) - uL(t7x)HLP(Q) )

- fr(t, x)? (4.10)
M= o

where

dist(z, 0LD)?
4et ’

Ju(t, ) = exp {_

then we shall find, see (4.24), that
h(t) < e + ealk * 1)(8) + i;(km)(t).

Both functions k and h are given by k(s) = k(s,c) and h(s) = h(s,c). The
constants ¢, ¢, co, and cg shall not depend on the scaling factor L > 0. Con-
volution is represented by *, whereas > will turn out to be a non-associative
and non-commutative operator. In fact, the > operator is sometimes compa-
rable to convolution, see Lemma 4.27.

At this point, we do not know whether the function h is finite valued.
Informal iterations and limits of the latter inequality yield the following
educated guess

h(t) <c1+[e1 4+ cafes] - (Kx1)(¢t), (4.11)

where

K(t) =" k™™ (t).
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Thus, we could set O(t) = v/c1 + [c1 + c2/c3] - (K * 1)(t). In order to confirm
the validity of (4.11), we shall go back to the Picard iteration scheme defining
both random field solutions v and wuy,.

Finally, we shall extend both Theorem 4.2 and Proposition 4.3 in the
following two directions. First, we shall consider more general equations,
see (4.29). Second, we may admit more general vanishing boundary condi-
tions. For square domains, we can require each side to have either Dirichlet
or Neumann boundary conditions. For domains with regular boundary, we
can have Neumann boundary conditions. Yet, Robin boundary conditions
are not possible with the present method. This has to do with the scaling
property of the Green function.

4.2 Some Prerequisites

The following inequalities describe the bounds, mentioned earlier, about
the Green function and the difference of the Green function with the heat
kernel. Under some assumptions on the domain D, and for some [ > 0, we
have

‘GL(t7$,y)| S Crc(t,ﬂf - y)v

(4.12)
|F(t7x - y) - GL(tvxvy” < Crc(tvx - y)Jc(t’I)Jc(tay)v

forallt € (0,7], L >, and z,y € LD. Both constants ¢ and C' depend only
on 7T, I, and the domain D, but not on the scaling factor L > I.

In some specific cases, explicit values for both constants C' and ¢ are
available, yet we do not, in general, pursue the optimal ones. We now give
some examples of domains, for which inequalities (4.12) are satisfied:

e In the particular case of vanishing Dirichlet boundary conditions, the
first inequality of (4.12) is satisfied with C' = ¢ = 1, see (A.30). In one
space dimension, with LD = (—L, L), the second inequality of (4.12)
is satisfied with C' = ¢ = 4, see Lemma 2.7.

e In the particular case of vanishing mixed boundary conditions in one
space dimension, with LD = (—L, L), the first inequality of (4.12) is
satisfied with C' = 2 and ¢ = 1, see (A.81). The second inequality
of (4.12) is satisfied with C' = 12 and ¢ = 4, see Lemma 2.10.

e In the particular case of vanishing Neumann boundary conditions in
one space dimension, with LD = (—L, L), the second inequality of (4.12)
is satisfied with C' = 160(4L?/t) and ¢ = 4, see Lemma 2.13. The first
inequality of (4.12) is in fact a consequence of the second one. Indeed,

Gr(t,z,y)| <|T(t,z—y) —Gr(t,z,y)|+ Ttz —y) < CT(t,z —y),

for C = 160(4L%/t) + 2% and ¢ = 4.
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Observe that in the first two cases, the bounds are valid for all L > 0, and
t > 0. In the third case, we have to restrict to 4L?/T > [ > 0, because the
theta function @ is decreasing and unbounded close to the origin. In that

case, 0(4L%/t) < 0(1), for all L > \/1/4T and t € (0,T).

Square domains: The Green function associated to the square domain
D = (-L,L) x --- x (~L,L) C R? is given by the product of the one-
dimensional Green functions associated to (—L, L), see equation (A.27). For
example, in dimension d = 3, if we are interested in the following vanishing
boundary conditions:

our,

ur(t,—L,x9,23) =0, wur(t,z1,—L,x3) =0, T(t7$1,$2, —L)=0,
T3
0 0
’LLL(t,L,I'Q,I’g) :07 %é(t’mhlj’m?)) :07 %(t7x17m27[f) :07
then its Green function is given by
GL(ta z, y) = Gg(ta X1, yl)Gﬁ/[(ta x2, y2)G]LV(t7 €3, y3)7 (413)

where Gf ) G]LW , and Gg are the one dimensional Green functions associated
with Dirichlet, mixed, and Neumann boundary conditions, respectively. As
in Chapter 2, if only Dirichlet or mixed boundary conditions are imposed,
then we shall find results uniformly for L > 0. If Neumann boundary con-
dition is imposed, then we shall restrict to L > /1/4T, for any | > 0. For
examples of this distinction, see Theorems 2.4 and 2.5 and Proposition 2.6.

Lemma 4.4. For allt € (0,T], and z,y € LD = (—L, L), we have
‘GL(thay” < C’I‘c(t,x - y):
|F(t7 r— y) - GL(tv xz, y)| S Crc(ta xr — y)‘]c(ta x)JC(ta y)a
where both C' and ¢ do not depend on the scaling variable L.
We need to restrict to finite time horizon only when Neumann boundary
conditions are present.
Proof. The first estimate is a consequence of the examples given after (4.12).
In the case of (4.13), we have
Gr(t.a,y) <1-2-(0(D) +27) - Te(t,z — y),
for ¢ = 4.
The second estimate is a consequence of Lemmas 2.7, 2.10, and 2.13,
together with Lemma 5.16. For example, in the case of (4.13), we have
F(t7x - y) - GL(t7‘T7y) =
[D(t,z1 —y1) — GlL)(tvxlayl)] L(t, 22 — y2)I'(t, 23 — y3)
+ G?(ta 1, yl) [F(tv T2 — y2) - GLM(tv T2, yQ)} F(tv x3 — y3)
+ GE(L Ty, yl)G%/[(ﬂ o, y2) [F(t7 xr3 — y3) - G]ly(u xs, y3)] )
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and thus,

’F(t,.ﬁl’,’ - y) - GL(t,.%',y)’ < CFC(ta T — y)Jc(t; xl)JC<t7y1)
+ Crc(t7 T — y)']c(t7 xQ)JC(t7 y2) + Crc(t7 T — y)Jc(t7 .1‘3)Jc(t, y3)
S Crc(t7x - y)JC(t7x)JC(tay)a

Jo(t,x) = max J.(t,r;) = max exp{— o

min [|z; — L|, |z; + L|]?
i€{1,2,3} i€{1,2,3} '

The latter translates the fact that the distance of any point = € (—L, L)? to
the boundary is given by the smallest distance

min [|x; — L], |x1 + L|, |xa — L|, |z2 + L], |zs — L|, |z3 + L]] .
This completes the proof. O
In the case of Dirichlet boundary conditions, we can show the following:

Lemma 4.5. There exist two positive constants C' and ¢, such that for any
open set D C R%, we have

0<T(tz—y)—Gpta,y) <CTc(t,x —y)Je(t,2)Je(t, y), (4.14)

_ dist(2,0D)*

forallt >0 and z,y € D, where J.(t,x) = Jo(t,z; D) = e dct

The proof relies on the fact that the present result is valid for cubes, see
Lemma 4.4, which in turn was proven from the one dimensional case, see
Lemma 2.7, which holds for arbitrary (large or small) interval.

Proof. The value of both constants C' and ¢ are not important. Without loss
of generality, we can assume that dist(x,0D) > dist(y, 9D). Thus, J.(t,z) =
Joc(t, ) Jac(t, x) < Joc(t, ) J2c(t,y), and it is sufficient to show that I'(¢,z —
y) — Gp(t,x,y) < CT.(t,x — y)J(t,z). We consider two cases, whether or
not i € B, the open ball centered at x with radius dist(x, dD)/V/d.

First, we consider the case y € B. Let QQ be any open cube centered at z
with side length 2dist(z,dD)/v/d. Thus, y € B C Q C D. Then, by (A.33),

F(t7x - y) - GD(tax7y) S F(t,l' - y) - GQ(t,LL‘,y)
< Fc(t, Tr— y)Jc(ta x; Q)Jc(t> Y; Q)a

for some C' and c¢ independent of the side length of the cube. Because
dist(x, 0D) = Vd dist(x, 0Q), we have J.(t,2; Q) = Jo4(t,z; D), and hence

F(t,.’l} - y) - GD(t,CC,y) < Fc(t,$ - y)ch(t7x;D)7
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since J.(t,y; Q) < 1.
Second, we consider the case y ¢ B, ie. |z —y[* > dist(z,dD)2/d. We
bound, for any ¢ > 2,
dj2 _\w—y|2
D(t,z—y) —Gp(t,x —y) <T(t,x —y) = cYT(t,x —y)e et

_ dist(z,0D)>
< PP (t,x — y)e™ dedt

= cd/2FC(t, x —y)Jea(t, z; D),

which completes the proof. O

Remark. Observe that ¢ = 4d is a possible value.

Corollary 4.6. In the case of Dirichlet boundary conditions, both inequali-
ties of (4.12) are satisfied for allt > 0 and L > 0.

Regular domains: We consider some open bounded domain D C R¢ con-
taining the origin and whose boundary belongs to C?*¢, for some a € (0,1).
In the case of the heat equation with vanishing Dirichlet and/or Neumann
boundary conditions, we can observe that the Green function G p associated
to the dilated domain LD is given by

Grplt,2,9) = 2,Go(t/ I 2/ L.y/T), (115

for all t > 0 and z,y € LD. This scaling formula is a consequence of the fact
that if Gp satisfies (A.26), then G p satisfies the same system of equations
in which D is replaced by LD, i.e. it is the Green function associated to
the dilated domain LD. (The latter fact is not true if we consider Robin
boundary conditions.) Thus,

Frp(t,z,y) =T(t,2 —y) — Grp(t, z,y)
1
= 74 [C@/L% 2/L —y/L) = Gp(t/L?,x/L,y/L)]  (4.16)
1
T
forallt > 0 and z,y € LD. For simplicity, we shall write Gy, instead of G p,
and F7y, instead of Fyp.
For Neumann boundary conditions, the following result holds.

Fp(t/L*,z/L,y/L),

Lemma 4.7. If the boundary 0D belongs to C*+*, then

’GL(t,.T,yN < Orc(t7$ - y)a
|F(ta T — y) - GL(t,ZL‘, y)| S Crc(t7$ - y)JC(t7$)JC(ta y)a

for all t € (0,TL? and z,y € LD. The constant ¢ and C depend only on
a,d, T, and the domain D, but not on the constant L > 0.
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In particular, for [ = 1, the latter inequalities are satisfied for all t € (0,7
and L > 1.

Proof. 1t is a consequence of Corollary 3.11 and the remark following it. [

As we already mentioned, the first inequality of (4.12) is used to find
the uniform bounds of Proposition 4.3 and the second inequality of (4.12)
is used to bound the p-moment of Iy and Is. To bound the p-moment of I
and Ig, we shall need the following.

Lemma 4.8. For any x € LD, and ¢ > 2,
F(t7 T — y) I]Rd\LD(y) < cd/2rc(t7 T — y)JC(t7 JZ‘)
Proof. We can rewrite T'(t, z) = 24/2T'y(t, z) exp (—22/8t) . We bound

dist(x, 0LD)?

8t

exp (_(x;ty)Q> 1oy rp(y) < exp (—

) < Je(t,z),

and we use the fact that T'y, (t, 2) < (ca/c1)¥?Te, (t, 2), for any ¢ /c; > 0. O

4.3 Proof of uniform bounds, Proposition 4.3

We will prove both bounds (4.7) and (4.8) in very similar ways. If fact,
we introduce some notations that will allow a single argument instead of two.
The letter D will stand for either the whole space R? or the dilated domain
LD. The function v will stand for either u or uj,, the random field solutions
to (4.1) or (4.2), respectively. Finally, G(¢,z,y) will stand for either the
heat kernel T'(¢,z — y) or the Green function Gp(t,x,y) associated to the
dilated domain LD with Dirichlet boundary conditions. Thanks to the first
inequality of (4.12), we can use the fact that

In order to deduce properties of the function v, it is useful to go back to

the Picard iteration scheme, from which it was built. We recall it now. The
initial condition initiates the recursive definition:

VO(t, x) :—/DG(t,w,y)uo(y) dy.

For n > 0, we define recursively

"t ) =00t o t —s.z.y)o(v"(s S .
(t,2) = (¢, >+/O/DG<t 2,y) (0" (s,y)) M(ds, dy)
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Recalling the fact that the initial condition is bounded in expectation (2.7),
an application of Minkowski’ inequality gives

0.2 1 < [ 1G9 o)y

< Cluwl [ Teltia =) dy = C .
Therefore, we have a uniform bound for the initiation of the recursion

Co = s supl[i9(.0) g < C .

We define in a similar way

Cp = sup sup [[v"(t,2)]| oo -
t€[0,T] z€D

We prove by induction that each C,, is bounded. First, we need to recall
that

T = M, = /OT/DG(t—s,x,y)a(v”(s,y))M(ds,dy),

for 7 € [0,], is a continuous square integrable martingale, whose quadratic
variation is given by

M), = /0 ds/RdA(dz) /R dv 1p ()Gt — 5,2, 0)0 (1" (s, v))

x Ip(v — 2)G(t — s,x,v — z)o(v"(s,v — 2)).
By Minkowski’s inequality,

1) e /ds/Rd (d2) /Rddv 1(0) [G(t — 5, 2,0)|

X Ip(v — 2) |G(t — s, z,v — z)]
X [lo(v"™(s,v))o(v"(s,v = 2))|| or2(q) -

By Cauchy-Schwarz inequality and linear growth of the function o,

lo (0" (s,0))a (0" (5,0 = 2)l| Lor2(q)
< o™ (s, ) oy o (" (5,0 = 2) o) < K21+ Cn)?.
Thus, by inequality (4.12) and the semi-group property of the heat kernel,

100 gy < CHE+C)? [ s [ A
X / dvTo(t — s,z —v)[e(t — s, — (v —2))
Rd
= C?°K?*(1 + Cn)2/ ds | A(dz)Tac(t — s, 2)
0 R4

:02K2(1+Cn)2/ k(t — s,2¢) ds.
0
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By Burkholder’s inequality,

1/2
1Ml oy < B KMol oz g

and hence, by Minkowski’s inequalitiy,

" 1/2
an+1(t’ ];)HLP(Q) < H,UO(t T HLP +k CK(l +Cp ) (/ k(S,QC) dS)
0

Therefore,
Cri1 < Cllug|| + kpCK (1 + Co)A(T, 2¢)Y? < o0,

by Assumption 4.1.
We can now show a much better bound using the Lipschitz assumption
instead of the linear growth. We set

D, (t) :=sup Hv““(t,x) -

2D J:) HLP(Q) ’

Notice that

t
V(ta) = (t0) = [ [ Gl 5.,) (0%, 0) M(ds, dy)
0 JD
satisfies, with a similar argument as before,
Hv (t,x) — " (t,x HLP(Q < kpCK (14 |luol)A(t, 20)1/2,

and thus
sup Do(t) < k,CK (1 + |Juo|)A(T, 2¢)'/? < oo. (4.17)
te[0,T]

For any n > 1, we have

V"Lt x) — 0t x) = //G —5,x,Y)

x [o(v"(s,y)) — o (v" " (s,9))] M(ds, dy).

From a similar argument as before, involving Burkholder’s, Minkowski’s, and
Cauchy-Schwarz’ inequalities, we have

t
an+1(t,:c)—v"(t,x)HiP(Q) gkg/o ds RdA(dz)

x/ dv 1p(0) |Gt — 5,2,0) (v — 2) |G(t — 8,20 — 2)]
R4

% [lo(w"(5,0)) = o (0" (5,0) | 1o

X [|o(v"(s,v — 2)) — o(v" (s, v — z))HLP(Q) .
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From (4.12), the Lipschitz assumption of the function o, and the semi-group
property of the heat kernel, we have

¢
o™ (¢, 2) — vn(t,x)Hip(Q) < kngLipZ/ ds | A(dz)
0 R4

X /Rddvfc(t—s,:v—v)Fc(t—s,x—(v—z))

X Hv"(s,v) — ’U"_l(s,v)HLp(Q) Hv"(s,v —2) =" (s, 0 — z)HLP(Q)

t
< K2CPLip? /O Du_1(s)? /R A Tt~ 5,2)

t
= kﬁCQLin/ Dy 1(s)%k(t — s,2¢).
0

Therefore,
Dy (t)? < k2C?Lip*(k = D} _))(t), (4.18)

for all t € [0,T], L > 1, and for k(t) = k(t, 2c).

Remark. In the present case of Dirichlet boundary conditions, the latter
inequality (4.18) is in fact valid for all £ > 0 and L > 0.

The extension of Gronwall’s lemma, presented in the paper of Dalang [11,
Lemmas 15 and 17|, enables to conclude, thanks to (4.17) and the facts that
fOT k(t) dt < oo, that the following series converges uniformly on [0, 77,

> " Dy(t) < C sup Dy(t) < oo
n—0 te[0,7]

where C' = ¢(T, A, Lip, p). Thus,
[o(t, 13)”Lp(9) = nhjolo ”Un(tvx)HLp(Q) < ili% [0" (2, x)”LP(Q)

< 0% @)| oy + D Da(t) < Clluoll + C sup_ Do(t).
n—0 te[0,T]

Therefore, we can conclude

sup_sup [[v(t, 2)l| ooy < C luoll + ChypCK (1 + [[ug|JA(T, 2¢)'/2,  (4.19)
t€[0,T] zeD

which is finite by Assumption 4.1. Observe that the latter bound doesn’t
depend on the scaling variable L. This complete the proof of Proposition 4.3.
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4.3.1 Another way to solve Gronwall type inequalities

Instead of using the extension of Gronwall’s lemma presented in [11], we
can estimate the series > 7 ; Dy (t) using Laplace transform. We will use a
method presented in Lemma 3.8 of [2]. Definition of Laplace transform, for
some positive function f: Ry — R, is

L)) = / T pt e,

for v € R. It acts on convolution as follows L(f * g)(v) = L(f)(v) - L(g)(7),
and satisfies, by Holder’s inequality,

C(fY7)(7) = /0 " p) et at

< ([Troera) " ([Tera) " = eppmrme

forany p>1and 1/p+1/q=1.
We are mainly interested in computing > 2 Dy(t), for it led to the
following upper bound

[v(t, @)l Lo () = nh_>nolo [v" (@t @) | oy < Hvo(t,fU)HLp(Q) + Z(]Dn(t)-

In fact, we have a more explicit formula.

Proposition 4.9. There exist two constants v,c, > 0, both depending on
(Lip, A, p) such that

sup lv(t, )| og) < Clluoll + eykpCE (1 + [|uol)e™,
xr

for allt € [0,T], and L > 1.
At the end of the present section, we give a brief comparison between the
present approach and the extension of Gronwall’s lemma presented in [11].

Remark. In the present case of Dirichlet boundary conditions, the latter
inequality of Proposition 4.9 is in fact valid for all ¢t > 0 and L > 0.

We first iterate inequality (4.18). To simplify notations, we set ¢ =
k,CLip. For n > 1,
Dy ()% < &"(k*™ x D3)(t),
for all ¢ € [0, 7], where
K" =kxkx---xk.
—

n times



86 Chapter 4. Multiplicative correlated noise

Recall the initial bound Dg(t)? < k‘gCQKQ(l + ||uol|)2A(t). Thus,

Du(t)? < K2C2K>(1 + [Juo )2 (k" % A)(1),
Da(t) < kyCR (1 + [[uol)e [(k*" + N ()2,

for any n > 0. Adding them together yields

> Du(t) < kpCE 1+ Jluoll) D& [(B™ = X) ()] /2
n=0 n=0

where the right hand side is an increasing functions. Indeed, it is a conse-
quence of Lemma 4.10 below, and the following observation:

t
A(t) = / k(s)ds = (k* 1)(t).
0
Since 1 is increasing, so is the convolution kx*1, and each convolution £*™ x \.

Lemma 4.10. If k and h are positive and if h is increasing, then k x h is
mncreasing.

Proof. For € > 0,
t+4e t
(k*h)(t+e¢) :/ k(s)h(t+e—s)ds > / k(s)h(t+ec—s)ds
0 0
t
> / k(s)h(t —s)ds = (k= h)(t),
0
which completes the proof. O

We now show that »">° | D, (t) is finite-valued using Laplace transform.
Using Holder’s inequality with p = 2, the Laplace transform of the following
series is bounded by

c (i & (k™" 5 )Y ) () <9V el e )]
n=0

n=0

- iammw S L) ()2,
n=0

We used the fact that L(A)(vy) = L(k*1)(v) = L(k)(vy)/~. Observe that the
latter series is finite if and only if ¢2£(k)(y) < 1, which is valid for v large
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enough. Indeed,
L) = [ ke td= [ are [ @) Tale2)
0 0 R4
= [Caret [ utae) Fran(©)
0 R4
:/ ,u(df)/ dt exp (—7t—807r2]§|2t)
R 0

_ / p(dg)
s 7+ Scnlg 2
which is finite precisely by Dalang’s condition (4.4). By dominated conver-

gence, L(k)(y) < 1/& for v sufficiently large.
By applying Lemma 4.11 below, we can conclude that

> Da(t) < kpCE (1 + [|ug|)ere,
n=0

for some v > 0 and ¢y > 0, both depending on (¢, ¢, A). This complete the
proof of Proposition 4.9.

The next result was found in [2, Lemma A.1|]. The present proof is
simpler.

Lemma 4.11. For a positive increasing function H : Ry — R4, if
o0
v := inf {’y eER:L(H)(y) = / H(t)e Mdt < oo} < 00,
0
then

1
lim sup n log H(t) < 7o.

t—o00

Furthermore, for every vy > o, there exists ¢y > 0, such that
H(t) <cy e, vt>0.

Proof. Fix ¢ > 0 and v > . Because fooo H(s)e 7" ds < oo, there exists
T =T(e,) > 0 such that

oo
/ H(s)e 7¥ds<e, Vt>T.
¢
In particular,
t+e
£ > / H(s)e "ds>ecH(t)e ") vi>T,
t

and hence,
H(t) < e vt >T.
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This proves both our conclusions. First, recalling that H is increasing yields
H(t) <cy e, Vt>0.

Second,

78—1—7, vt > T,

1
Slog H(t) < =
> log ()_t

implies that
1
lim sup n log H(t) <.

t—o00

This concludes the proof since this last inequality is true for all v > 9. O

Remark. We do expect an exponential growth in time of any p-moment. For
p = 2, such lower and upper bounds can be found in [9]. The special case of
Riesz kernels is treated in their Example 1.2. In one space dimension, the
special case of white noise is treated in their Example 1.5.

In the special case of Anderson model, o(u) = Au, with white noise and
constant one initial data, the second moment has been explicitly computed
in |6, Corollary 2.5]. It is given by

E [u(t, z)?] = 2eX"30(\2\/t/4),

where ®(s) = ffoo(27r)*1/26*1’2/2 dy. The key step is the explicit computa-
tion of > 2 | a™k**(t), for all a > 0.

In the extension of Gronwall’s lemma presented in [11, Lemma 17], it is
proved that the latter sum is indeed finite using a large deviations argument.
An application of Holder’s inequality implies that for any p > 1, we also have
Yooy a™k*™(t)'/P < oo. More precisely, observe that

ian/Q [(k*n % )\)(t)]l/Q < )\(t)l/2 i)\(t)n/2an/2p(sn < t)1/2,
n=1

n=1

where S, =" | Y], for (Y;) a sequence of i.i.d. random variables with law

given by the density fy(y) = k(y)/fg k(s)ds = k(y)/\(t), for y € (0,1).
This is a consequence of the fact that A is an increasing function and that
fot E*(s)ds = At)"P(S,, < t). Large deviations enable to bound P(S,, <
t) < b~ ™ for any b > 1, and n large enough.

The precise exponent, of the time exponential growth, can be found in
the preceding references. In fact, the same growth in time can be obtained
for any p-th moment, for p > 1, see [2].

4.4 Proof of convergence rate, Theorem 4.2

Recall both representation formulas (4.5) and (4.6), as well as the decom-
position of the difference u(t,z) — ur(t,z), given in (4.9). To evaluate the
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p-moment of each of Iy, Is, Iy, and Ig, we make use of the uniform bounds
of Proposition 4.3. We set

C1:= sup sup |lu(t, )| (o) (4.20)
t€[0,T] zeR4
Cy:= sup sup sup HuL(tvm)HLP(Q)' (4.21)

t€[0,7) L>0 z€ LD

As mentioned earlier, we first prove that the function h, see (4.10), satisfies
a Gronwall type inequality.

Lemma 4.12. For allt € [0,T], we have

h(t) <eci1+c2 /Ot k(s)ds + c3 /Ot k(t — s)h(s)ds, (4.22)

fOT’ 1 = C(HUOH7D)7 C2 = C(T5K7 Lipa”“OHaA?D)p)v c3 = C(Llpvp)v and
k(s) = k(s,2c), h(t) = h(t,c).

The values of the constants are not important, yet they should not depend
on the scaling variable L.

Proof. We start with the p-moment of Iy. By Minkowski’s inequality (B.1)
applied to the decomposition

Io(t,z) = / [O(t, 2 = y) — GL(t, z,y)] uo(y) dy
LD
+ / Ltz = y)uo(y) dy,
RI\LD
we get,
Ho(t, )l ooy < /LD D@tz —y) = Gt z, )| [luo()ll 1o ) dy
[ T =) o) do
RI\LD
Using (4.12) and Lemma 4.8, we can bound

1ot e < (€' + %) ol Jeft) [ Tt =) dy

= (C+ ) |Juo | Je(t, ).

(4.23)

In order to compute the p-moments of I;, for i € {2,4,6}, we shall use
the following method. By Burkholder inequality,

12 (t, @) 170 () = 1Ml 700y < Kp IKM)ell o2y
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where 7 — M, is the following continuous square integrable martingale
T
M= [* [0 s ) = Gult s plortun(5,) Mids. dy),
0 LD
for 7 € [0, t], whose quadratic variation is given by
T
M), = / ds/ A(dz)/ dv 1pp(v)Fr(t — s,x,v)o(ur(s,v))
0 R4 R4
x1rp(v—2)Fp(t —s,x,v — 2)o(ug(s,v — z)).
Thus, by Minkowski’s inequality,

(M HLp/z /ds/d (dz) / dv 1pp(v) |Fr(t — s,2,0)|
R

X 1rp(v—2) |FL(t — s,z,v — 2)|
X lo(ur(s,v))o(ur(s,v = 2))ll 2o -
By Cauchy-Schwarz inequality, under the following form,

XY Lorz) < 1 X o) 1Y ooy »

together with linear growth of the function o and (4.21), we get

D)oy < K21+ Co)? [ as [ A
X / dv 1.p(0) |Fr(t — s,x,v)| 1rp(v — 2) |[FL(t — s, z,v — 2)].
Rd

Using inequality (4.12) and the semi-group property of the heat kernel, we
get

D)oy < O+ ottt [ s [ A
« /R doTo(t — 5,2 — )Tult — 8,2 — (v — 2))
— C2R2(1 4 )2 (t, 2)° /0 " ds [ ATl = 5.2,
Therefore,
12(t, 2) 1700y < kpCPE3(1 4 C2)?J (t,x)Q/Otk(s,Qc) ds.

To compute the p-moment of I, we use Burkholder’s inequality

st ) 200y = 1Mel2gqy < B2 1AMl o2y



4.4. Proof of convergence rate, Theorem 4.2 91

where 7 +— M., is the following continuous square integrable martingale

M, = / / L(t— s,z —y)o(u(s,y)) M(ds, dy),
RI\LD

for 7 € [0, t], whose quadratic variation is given by

)r —/ ds/Rd (dz) / dv Iga\rp(V)I'(t = 8,2 — v)o(u(s,v))
X 1ga\pp(v — 2)I'(t — 5,2 — (v — 2))o(u(s,v — 2)).

Minkowski’s and Cauchy-Schwarz’ inequality, together with linear growth of
the function o and (4.20), yield

1) gy < K21+ C)? [ s [ A

X / v gy p ()Tt — 5,2 — )
Rd
X 1ga\pp(v — 2)I'(t — 5,2 — (v — 2)).

Two applications of inequality (4.8) and the semi-group property of the heat
kernel yield

MYl 2y < (L + 1), tx/@Ad@
></ dvT.(t — s,z —v)Te(t — s,z — (v —2))
Rd
_ dpe2 2 2 [7
= K21+ O (1 ) / ds [ A(dz) Tault — s, 2).
0

Rd
Therefore,

t
|%wmm@§%&Wa+aﬁum¥/k@%m&
0

Finally, to compute the p-moment of I, we use Burkholder’s inequality
2 2
st )10y = 1Ml 700y < Kp )il o2y
where 7 — M. is the following continuous square integrable martingale

MT:/T/ L(t— s,z —y)o(u(s,y)) — o(ug(s,y))] M(ds, dy),
LD

for 7 € [0,t], whose quadratic variation is given by

/ds/Rd (d2) /Rddmwm (t— s,z —v)

x1rp(v—2)[(t — s,z — (v —2))

x {o(u(s,v)) —o(ur(s,v))} {o(u(s,v —2)) —o(ur(s,v — 2))}.
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Using Minkowski’s and Cauchy-Schwarz’ inequality, together with the fact
that o is a Lipschitz function, we get

M) 7| or2 () < Lip2/ ds/ A(dz)/ dv 11p(v)I(t — s,x — v)
0 R4 R4
X 1rp(v—2)I(t —s,x — (v — 2))
X JJu(s, v) = ur(s, )l o) lluls; v = 2) —ur(s,v = 2)| L (q)

Recall the definitions of (4.10). We multiply and divide by J.(t,z)? and
Je(s,y)? to get

1Moy < Lip?Jelt, o) / ds / A(d2) / dv
0 Rd R4

(5 ’U) fL(S7v)
Je(t, ) e(s,0)
Je(s,v = 2) fL(S v—2z)

Je (t x)  Je(s,v—2)

A(dz) / dv (s, 31, 2)q(s, v — %51, 2),
Rd

X 1pp(v)I'(t — s,z — v)

X 1rp(v—2)I(t —s,x — (v—2))

< Liszc(t,x)Q/ ds h(s,c)/

0 R4

where

q(s,vit,x) :=1pp(W)I(t — s,z — v)

By Lemma 4.13 below, we can conclude that

t
1142, $)||Lp < k:2 ALip?J.(t, z)? / h(s,c)k(t —s,2c).
0
If we put together each bound for Iy, I, I, and Iy, we reach the following

h(t)Y2 < (C + ¢¥?) |Jug|| + kpyCK (1 4 Co)(k * 1)(t)'/?
+ k2K (14 C1) (k + 1) (6)Y? + kype??Lip(k * h) ()2,

where k(s) = k(s,2¢), and h(s) = h(s,c). If we define C = C + ¢¥?, and
C3 = max(C1, Cy), we get

h(t)2 < C |luo|| + kpCK (1 + C3)(k % 1) (t)Y2 4 kpc?Lip(k * h) ()2,

We now simplify the latter inequality. Observe that we have different powers
of the function h on both sides. Squaring both side, we get

h(t) < 3C? ||ug|)® + 3k2C2K2(1 + C3)?(k * 1)(t) + 3k2c Lip® (k * h)(t).

The proof is complete if we set ¢; = 3C? |Jug||?, c2 = 3k2C?K2(1 + C3)?,
and c3 = 3]{:}2,chin. 0
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Remark. If we used Lemmas 4.14 or 4.15 below instead of Lemma 4.13, then
convolution would not appear in (4.22). Its last integral would become

C3 tS
2, ;k(2s(t— s)/t)h(s)ds.

We don’t know which one is the most effective bound. We shall analyse the
worst possible case, i.e.

h(t) < e1 + o /0 () ds + % /0 k(2s(t — 5)/)h(s) ds, (4.24)

for k(s) = k(s,c), since ¢ — k(s,c) is decreasing, and k(t — s,2¢) = k(2(t —
s),c) < k(2s(t—s)/t,c), for all 0 < s < t. In the next section, we shall iterate
inequality (4.24).

Lemma 4.13. Independently of x € LD, and ¢ > 2, we have

/ A(dz) / dv q(s,v;t,z)q(s,v — z;t, ) < Ck(t — s,2¢).
Rd Rd

Proof. Using the same trick as in Lemma 4.8, we can bound, for ¢ > 2,

le—v]|?

D(t— s, —0v) < c?To(t — s, 0 —v)e 1G9, (4.25)
Let w be (one of) the closest points of v in JLD, and y be (one of) the
closest points of x in LD, thus

_ ‘I*'UP . |v—w\2
[ de(t—s) (& 4cs

Q(S7 v; t, $) < Cd/ZPc(t - S5T— /U) le—y|2
e dct

Because |z —y| < |z —w| < |z —v| + |[v — w|, a version of Cauchy-Schwarz
inequality, Lemma 5.14, applies and
2 2 2 2
o=yl _ (o—vltlo—w)® _ v fo-wf
t - t T t—s S

Therefore, the quotient of exponentials is bounded by one and
q(s,v;t,x) < cd/2I‘c(t — S,z — ).

The double integral becomes, using the semi-group property (A.6),

/ A(d’z)/ dUQ($7U; t,.%')Q(S,’U - z,t,.ﬁlf)
Rd Rd
< cd/ A(dz)/ dvTo(t — s,z —v)[e(t — s, — (v —2))
R4 R4
= | A(dz) Tt — 5,2) = k(t — s,2¢),

Rd

which concludes the proof. ]
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In the particular case of the symmetric interval D = (—1, 1), we can also
find the following.

Lemma 4.14. Independently of v € LD = (=L, L) and ¢ > 1, we have

/RA(dz) /Rdv q(s,vit,x)q(s,v — z;t,x) < 160;1{:(25(7& —s)/t,c).

Proof. First, observe that the inner most integral is a convolution, evaluated
at the point z, i.e. (¢ q)(2). In the present case of one space dimension, we
can bound

Je(t,z) < Vdert[Le(t,x — L)+ Te(t,x + L)] < 2J.(t, ),
for all x € (=L, L). Furthermore, for ¢ > 1, I'(r,z) < y/clc(r, z). Thus

Ce(s,v—L)+Te(s,v+ L)
Fe(t,x — L)+ Tc(t,z+ L)

q(S,’U;t,I‘)SQ\/E (t—S,:E—U)

Vs
i

< 2v/c= [b(s,v;t,x, L) + b(s,v;t,x,—L)],

<J5

where

To(t — 5,2 —0)o(s,v — L
b(s,v;t,x, L) = (=52 —v)le(s,v )

B s(t ict(st)’ m(t_—L.s)(L —v) + s(z —v)
- (T )
_I‘C<8(tt_8),—v+jx—|—tzsL>.

The second equality is an application of the multiplication formula for the
heat kernel, see (A.11). The function v — b(s,v;t,z, L) is the density of a
scaled brownian bridge starting at the point L at time s = 0, and finishing at
the point = at time s = ¢. This observation is made rigorous in Lemma 6.17.
Because it is a Schwartz function, we can compute its Fourier transform in
the v variable,

Fb(s,t,x,L)(&) = exp <—4c7r28(t_5) |§\2> exp <—2m'§ (ix + ! ; SL)) :

t

Thus,

|]:b(8,t,l‘,L)(§) +]:b(5atvmv _L)(§)|2

2s(t — t—
= 4exp <—4c7r2$(ts) \§l2> cos? (27r§ " 8L> .
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Putting every bounds together yields

/A(dZ)/ dvq(s,v;t,x)q(s,v — z;t,x)
R R
< 4Ci/IRA(dZ)/RdU [b(s,v;t,x, L) + b(s,v;t,x,—L)]
x [b(s,v — z;t,x, L) + b(s,v — z;t,x,—L)]
=4} [ pde) |7 b(s,t2. L)+ bls b, L)} (O
tJr

< 16¢- / p(de) exp( 4c7r228( s) €] )
= 16¢— /A (dz)T < —9) > = 160%1{:(25(7& —38)/t,c).
This completes the proof. O

The generalization to the square D = (—1,1)? is given now.

Lemma 4.15. Independently of x € LD = (—L, L)%, and ¢ > 1, we have
/ A(dz) dv q(s,vit,x)q(s,v — z;: t,z) < (2d)*¢ a5 —k(2s(t — s)/t,c).
Rd R4 t

Proof. We use the special notation I'? for the heat kernel in d space dimen-
sions and I' for the heat kernel in one space dimension. We would like to
bound

q(s,v;t,z) = 1p(0)[Ut — s,z — v)Jo(s,v)/Jo(t, x).

We first observe that

Je(t, )
<T.(t,x1—L)+T.(t,z1+ L)+ ---+T(t,xq— L)+ T(t,xqg+ L
Wi e(t,z1 — L) +Te(t, 1+ L) e(t,zg— L) +Te(t,xq+ L)
JC(tax)
<2d ,
T Wdent
and thus,
JC(87U) §2d£
Je(t, ) \/i
Le(s,v1 — L)+ Te(s,v1 + L)+ -+ Te(s,vg — L)+ Te(s,vg+ L)

X .
Po(t,oy — L)+ Te(t,x1 + L)+ -+ Te(t,zg — L) + Te(t,xg + L)

To simplify notations, we set R4™! 5 &9 = (x1,--- ,2j_1,%j41,...,24) the
vector whose j-th component has been removed. We need to bound 2d terms,
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each of the form
T (S v — L)
Tt — e\l =
s = o = 1)
Le(t —s,21 —v1)Te(s,v1 — L)
Fc(t Tr1 — L)

= c2Prd-1t — 5, 21 — 6Y)b(s, v1;t, 21, L),

< APTINE — s 21 — bh)

where
Le(t — s,21 —v1)Te(s,v1 — L)

Fc(t, xr1 — L) ’

is the density of a scaled brownian bridge starting at the point L at time
s = 0, and finishing at the point x; at time s = ¢. This observation is made
rigorous in Lemma 6.17. We apply the multiplication formula for the heat
kernel, see (A.11), to get

b(s,vi;t,x1, L) =

s(t—s)

t—
b(s,vi;t, 21, L) =T < 7—U1+jx1+tSL> )

whose one dimensional Fourier transform in the v; variable is given by

Fb(s;t,x1,L)(&1) Zexp{ —der? 25(t = )|g | } —2migy (So1+155L)

Observe that the following d dimensional Fourier transform in the v variable
can be split into a d — 1 dimensional Fourier transform in the o' variable
and a one dimensional Fourier transform in the v variable,

I vnwh”} ©)
—exp{ —der?( ’51‘ }ezmél'il
X exp{_4cn28(t_8)‘§1’2} 2wt (Gt SL)a

with module given by

exp{ “den®(t — 5) (5 ) }exp{ _er22= )|§}
< exp {—4m25‘(tt_3) yg|2} .

Therefore,
[ Ao [ dvatsiost.oygls, v -zt
R4 R4
445 223( s)
< (2d)°es | p(d) exp § —dem €2
Rd

— (2d)4cd¥k(23(t —s)/t,c),



4.4. Proof of convergence rate, Theorem 4.2 97

which concludes the proof. O

4.4.1 Iteration of some Gronwall type inequality

It is time to iterate inequality (4.24). To do so, we define a triangle
operator

o= [ 1 (22 g5y (4.26)

The iteration scheme could be written as
h(t) < e1 + ealk % 1)(1) + %S(k > R)(1),

for all ¢ € [0, T]. The latter is very similar to the one of [11, Lemma 15|, with
the difference that the above triangle operator is replaced by convolution.
As we shall see, both operators can sometimes be compared to one another.
We iterate the latter inequality to get

h(t) < e+ calle % 1)(t) + 01%3(k> 1)()
toZ ko ke )0+ (2) (ko ko n)0).
2 2

If we iterate it again, we get

h(t) < c1 + ek * 1)(t) + cl%?’(k» 1)(t)
B ks k1)t BN (ko ks 1)(
+a ko ks DO +a (T) keke1)()

+ e (%3)2(k:>k:>k:* 1)() + (%)3(k>k>k>h)(t).

It will be checked that the present triangle operator is neither commutative
nor associative, see Lemma 4.16 below. In fact, we wrote

fog>hi=fr(g>h)#(feg)eh

The fact that both convolution and the triangle operator appear in the Gron-
wall inequality makes the computations harder. In fact, computations in-
volving the triangle operator are much harder, see Lemma 5.23.

Lemma 4.17 below enables to bound the triangle operator with convo-
lution, which is associative and commutative. Using Lemma 4.10 together
with Lemma 4.17, we can bound, for example,

(ko ko kx1)(t) = (ko (k> (k1))

< 2(k> (k* (k*1)))(t)
<A(kxkxk=*1)(t).
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In fact, we can replace each occurence of fr>g by 2f * g, if we can make sure
that the hypotheses of Lemma 4.17 are verified. In particular, we have

kpl1<2kxl, kokx1<2%ksxkx1l, and kok>1<2%ksxkx*l.
Thus,
h(t) < c1 4 ca(k*x1)(t) + cies(k * 1)(¢)

+coc3(k* k1) (t) + crci(k + k* 1)(t)

+coch(kxkxkx1)(t) + (%3)3 (k> k> k> h)(t).

If we keep iterating, finitely many time, we get

n—1

h(t) < e + <c1 n Zz) (M % 1) (%)
m=1
2 1)) + (3)" e n.

We would like to let n — 0o, and somehow hope that

h(t) <ec1 + (cl + Z;) Z (K™ 1) ().

m=1

We shall later see that such a bound is valid. To have such a conclusion, we
should show that both remaining terms

C3

Ak % 1)(1) — 0 and (5>n(k>">h)(t) o0,

as n — 0o. The fact that the latter series is convergent is a consequence of
either |11, Lemma 17| or the Laplace transform argument in Proposition 4.9
above. Hence, the first remaining term has to converge to zero. If h were to
be a bounded function, say h(s) < M for all s < ¢, then we could argue as
before and conclude that the second remaining term is bounded by

(%3)” (" > h)(£) < M (E*™ % 1)() — 0, as n — oo,
Unfortunately, the boundedness (and more generally the finiteness) of the
function A is precisely what we are trying to prove! To overcome the lat-
ter circular argument, we need to go back to the Picard iteration schemes
defining both u(t, x) and u (¢, ). This will be done in the next Section 4.4.2.

We now gather two properties, mentioned above, regarding the triangle
operator.

Lemma 4.16. The triangle operator, defined by (4.26), is neither commu-
tative nor associative.
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Proof. Non-commutativity is obvious from the definition. To show non-
associativity, we first compute

(reaem®= [ (ro0 (262 ) ) as

/ ds/ e dr f <2r—282_7"2282> a(r)h(s).

t
Then, we compute
2

e o= [ 1 (22 gonias

t s 2 T2

:/0 ds/o drf<28—2:>g<27'—28> h(r)
t t 252 272

—/0 d’r/r dsf<23—t>g<2r—s> h(r).

For r fixed, we can make the change of variable x = 2r(s — r)/s, or equiva-
lently s = 2r2/(2r — z), which yields

(f>(geh)) ()

r(t—r r? 2
[ e a2 -

This concludes the proof. ]

Under the following special assumptions, the triangle operator is compa-
rable to convolution.

Lemma 4.17. Suppose g > 0 is increasing and k > 0 is decreasing, then

Sk 0)() < (k> )(1) < 20k )(1). (127)

The author discovered this result before encountering the second inequal-
ity in [2, Lemma 3.6].

Proof. First, we observe that (t — s)/t > 1/2 for s € (0,¢/2), and s/t > 1/2
for s € (t/2,t). Using the facts that k is decreasing, g is increasing, and that
both are positive, we get

[aon (225 a< [Caonass [ atnie -

t/2
- /0 (9(5) + g(t — )] k(s) ds

t/2 t
< 2/0 g(t — s)k(s)ds < 2/0 g(t — s)k(s) ds.
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Similarly, we observe that (t — s)/t < 1 for s € (0,¢/2), and s/t < 1 for
s € (t/2,t). Using the facts that k is decreasing, g is positive and increasing,
we get,

/Otg(s)k: (25(75 t— S)) ds > /Ot/z g(s)k(2s) ds + /t/:g(s)k@(t —5))ds

t/2
—A [9(s) + g(t — 5)] k(25) ds

t/2 1 [t
> /0 g(t — s)k(2s)ds = 2/0 g(t —r/2)k(r)dr

> ;/0 g(t —r)k(r)dr,

which concludes the proof. O

4.4.2 Last step of the proof
The main purpose of this section is to confirm the previous guess
h(t) <1+ [er +ea/es] - (K« 1)(2),
for all ¢ € [0, T, where

oo

K(t) =Y gk (t).

m=1

To do so, we need to go back to the Picard iteration schemes associated to
equations (4.1) and (4.2), which are defined by

uo(t,x) = /]Rd I(t,z —y) uo(y) dy,
u%(t,:r) = GL(tvxay) U(](y) dy,
LD
"t ) =tz —s,x—y)o (u"(s S
(ta) = a(ta)+ [ [ T =50 = ) (s, ) M. ),

t
wpee) =t + [ [ Gl = sa)o G (5.9) Mids. dy).
0o JLD
We define the corresponding functions of (4.10),
F2(t,2) = [t 2) — w2 (6, 2) ey

fr(t z)?
hp(t,c) := sup —=——,
(t¢) veLD Je(t, r)?

It is possible to bound the function h by the functions A, in the following
way:
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Lemma 4.18. For allt > 0,

h(t) < liminf hy,(t). (4.28)

n—oo

Proof. Because u"(t,z) and ul(t,x) converge to respectively u(t,z) and
ur(t,z), in LP(Q?), we get that f;'(t,x) converges to fr(t,x). Now recall
that for any function ¢ of two parameters, we have

supinf ¢(z, y) < inf sup ¢(z, y).
y T Ty

Thus,
t 2 (¢ o 2
h(t) = sup M = sup liminfM
ecLD Je(t,T)?  zeLp n—ooo Jo(t, T)
n t,x 2 n t,x 2
= sup sup inf UG )2 = sup sup inf AGED )2
z€LD N>1n=N Jc(tax) N>1zeLDn=N Jc(tax)
n(¢ 2
< sup inf sup M = lim inf h,(t),
N>17>N gerp Je(t, ) n—00
which concludes the proof. ]

We are now interested in computing each function h,. For n = 0, we
observe that u%(t,z) — u? (¢t,z) = Iy(t,z), and thus by (4.23),

L) = Ho(t, )l 1oy < (C+ ) Juoll Jelt, ).

Hence ho(t) < (C+c%?)? |Jug||* . The fact that the initial iteration is bounded
by a constant function will play a significant role. We can argue similarly as
in Lemma 4.12, and the remark that follows it, to get the following recursive
formula

hos1(t) < c1 + ok + 1)(8) + %3@; > h)(2).

Without lost of generality, we can assume that (C' + ¢¥2)? ||lug||* < ¢1. (In
fact, we had ¢; = 3(C + ¢¥2)2 |lug||*.) In order to use the comparison be-
tween the triangle operator and convolution, see Lemma 4.17, we need to
recursively define another sequence of functions {h,}, with ho(t) = ¢; and

Boa1(t) = c1 + ca(k * 1)(t) + c3(k * hy)(t).
That sequence satisfies the following two properties:

Lemma 4.19. Fach function BQ is increasing and dominates hy, i.e. for
any n € N and e,t > 0, we have hy(t) < hp(t+¢) and hy(t) < hy(t).

This result was inspired by [9, Lemma 2.6].
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Proof. The fact that each function h, is increasing is a consequence of
Lemma 4.10 and the fact that the initial function hg is constant. The fact
that each h, dominates h,, is a consequence of Lemma 4.17 and the facts k
is decreasing and each h,, is increasing. The proof is done by induction. For
n = 0, we have ho(t) < ¢ = ho(t). Moreover, for n > 0,

%(kbhn)(t) <

and thus Ay, 1(t) < hpi1(t). O
We now give the exact expression for the dominating sequence, i.e.

Bl(t) =c1 + Cg(k * 1)(t) + Cg(k * Bo)(t)
=c1+co(kx1)(t) + cres(k = 1)(¢)
=c1+ [e2 +cres] (kx1)(2);

Bg(t) =c1 + 02(]{: * 1)(t> + 03(]{: * hl)(t>
=c1+ca(kx1)(t) + cres(k x1)(t) + 3 [ca + cres] (k= kx1)(t)
=1+ [+ cre3] (B *1)(t) + c3[ca + cre3] (kB * k= 1)(1);

and by induction, for n > 1,

hy, = c1 + [ca + c1c3] (Z cs' 1]{:*’”)
=c1+ [c1 +c2/cs] - (Z cgnk;*m) *

m=1

Therefore,

h(t) < linrggf hy(t) < lim h,(t) = ¢y + [e1 + ca/e3] - (K 1)(2),

n—oo

which completes the proof of (4.11).

We are left to show that the increasing function I %1 is finite-valued. As
in the proof of Proposition 4.9, we compute its Laplace transform £(Kx1)(~)
and observe that it is finite if and only if ¢3£(k)(y) < 1. By dominated
convergence, this is possible for v sufficiently large since

d
Ry

which is finite for all v > 0, by Dalang’s condition (4.4).
The proof of Theorem 4.2 is completed. Indeed, we have proved that for
all t € 0,77,

lut, ) = ur(t, )70 0

z€LD Jo(t, )2 <ca e+ e/es] - (Kx1)(1),
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where nothing on the right hand side depends on the scaling variable L.
Therefore, uniformly for ¢ € [0,7], L > 0, and x € LD, we have

_ dist(z, 8LD)2>

Jutt.2) = st )l < OO exp (-0

for ©(t) = \/c1 + [c1 + c2/cs] - (K * 1)(¢).

4.5 Possible generalizations

We describe here two generalizations of Theorem 4.2. First, we consider
a more general type of equations, and second, vanishing Dirichlet boundary
conditions are replaced by combinations of vanishing Dirichlet and Neumann
boundary conditions. The open bounded domain D C R? is as before. It
is either the d-dimensional square (—1,1)% or has a regular boundary (and
contains the origin). Its boundary is decomposed into 0D = S U Ss.

The method used in the previous sections applies for both generalizations
mentioned above. More precisely, we compare the behavior of the (random
field) solution on the whole space R? with the (random field) solution on the
dilated domain LD, with vanishing Dirichlet and/or Neumann boundary
conditions, i.e.

ou y d
E(t,x) = Au(t,z) + b(u(t,x)) + o(u(t,z)) M, t>0,zecR? (4.20)
u(0,z) = uop(z), S Rda
and
'c?uL .
W(t,m) = Aur(t,z) + b(ur(t,z)) + o(ur(t,x))M, t>0,z¢€ LD,
uL(t,CC):O, t>0,xze LSy,
our,
W(t,x)—o, t>0,x€LSQ,
UL(Oax) = UO(w)a x € LD,

(4.30)
where b, o and ug satisfy the d-dimensional versions of (2.6) and (2.7),
the noise M on Ry x R? is white in time and correlated in space, ie. it
satisfies Assumption 4.1, and v is the unit outward normal vector at the
point x € OLD.

Under those assumptions, equations (4.29) and (4.30) admit unique ran-
dom field solutions u(t,x) and wup (¢, x), that satisfy the following represen-
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tation formulas
u(t.a) = [ Tlta = yuoly) dy
+/0 ds/Rd I(t—s,x—y)blu(s,y))dy
+ /0 /Rd [(t—s,x—y)o(u(s,y)) M(ds,dy), (4.31)

and

ur(t,z) = | Gr(t, =, y)uo(y) dy
LD

t
+ / ds [ GL(t — s, 2,)b(ur(s,y)) dy
0 LD

+ / Gr(t —s,z,y)o(ur(s,y)) M(ds,dy), (4.32)
0 JLD

where T is the heat kernel, given by (A.8), and G, is the Green function of
the heat equation on the bounded domain LD associated with the boundary
conditions of (4.30). See [11] for existence and uniqueness of these random
field solutions. See also [9] for unbounded (or measure valued) initial condi-
tions.

Remark. The latter Green function Gp, is associated to the heat equation
% = Au but not to the operator % = Au+ b(u). In the particular case
b(u) = b-u, for b € R, the operator % = Au+0b-u admits the following Green
function e G (t, z,y). Similarly, the fundamental solution is e?T'(t, z—y). In
that case, we would expect the solution to satisfy the following representation
formulas

olt,x) = / (@ — y) uoly) dy
Rd
t
s [ ]I = s = ) ool ) Mlds. )
0 R4
and

vp(t,z) = / Gy (t,z,y) uo(y) dy
LD

t
+ / / NG (t — 5,2, )0 (v, (5, ) M(ds, dy).
0 LD

In the present case, we don’t have the scaling properties (4.15) and (4.16).
But we have similar upper bounds when b < 0. Indeed,

2 1 e
G rp(t, x,y) = /E EGD(t/LQ,x/L,y/L)ebt(l /L%
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for all t > 0 and x,y € LD. Thus,

)

1
& |Grp(t a,y)l < 5 |Gp(t/LP @/ L.y/L)

whenever b < 0 and L > 1. A similar argument holds for the difference of the
fundamental solution and the Green function. Therefore, both inequalities
of (4.12) are verified for the Green function associated to the present operator
%? = Au + b - u. Whence, the convergence result, Theorem 4.2, also holds
for the latter operator.

As in Chapter 2, the difference of interest is

u(t,x) —ur(t,x) = Z(j()fi(t,:zr),
where _
hit.) = [ Tt =)o)y = [ Gult.z,) i) du
) = [ ds [ [0 = s 0) = Gule sl s,0)
B0 = [ [ 00 =)~ Gl sl s o) s, ),
) = [ds [0t sm = )buts,) ~ buso)

Ht) = [ 1= s = n)lotu(s) = ol s0)] Mds. ),
Is(t,x) = /0 ds /Rd\LD [(t—s,x — y)b(u(s,y)) dy,
Is(t,x) = /o /]Rd\LD I(t—s,z—y)o(u(s,y)) M(ds, dy).

The p-moments of Iy, Is, 14, and I were already handled in Lemma 4.12.
The computations of the p-moments of Iy, I3, and I5 are similar to those of
Chapter 2. Recall the definitions of (4.10). To get a better understanding
on what shall happen, we set

ka(t c) = /R MA@ 2),
kx(t,c) = /Rd L.(t, z) dz.

The second definition is a particular case of the first, in which A(dz) = dz is
the Lebesgue measure on R?. For some | > 0, we have the following uniform
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bounds,
C1:= sup sup |u(t, )| 1) < o0, (4.33)
te[0,T] zeRd
Cy:= sup sup sup [lur(t,z)| 1pq) < o (4.34)

t€[0,T] L>l zeLD

These uniform bounds are proved in a similar way as in Propositions 2.6
and 4.3, in which the recursive equation (4.18) should be replaced by

Dy (t)* < eLip? [(kx + ka) * Di_1] (1),
for all t € [0, 7], where

D, (t) := sup Hv”"‘%t, x) —

oo x)HLP(Q) ’

and ¢ = ¢(T,p, D). Do deduce the latter recursive bound, the computations
in the next Lemma may help.
We have the following Gronwall type inequality.

Lemma 4.20. For allt € [0,T], we have
h(t) <ec1+co(ky+ ka) = 1) (t) + cs[(kx + ka) x h] (1),

for some constants ¢ = c(||uol| , D), ca = (T, K, Lip, ||uol| , A, D, p), and
cs = (T, Lip,p), and ka(s) = ka(s,2¢), h(t) = h(t,c).

Going back to the Picard iteration scheme, as in Section 4.4.2, we can
show that equation (4.11) is still valid, i.e.

h(t) < c1 + [e1 + e2/es] - (K 1)(2),

for all ¢t € [0, T, where

o0
= kn + ka) (1),

m=1

The convolution K * 1 is again a finite valued increasing function with ex-
ponential growth. Indeed, its Laplace transform L£(K * 1)(7y) is finite if and
only if e3L(kx + ka)(y) < 1. This is the case for 7 large enough since

p(d€)

1
Lk +k :+/ e
(ot k) =2+ | Lo

and the latter integral is finite for all v > 0, by Assumption 4.1.
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Proof. The computations of Lemma 4.12 can be written as follows:
1o, 2) | Loy < (C + ) [luo| Je(t, ),
1a(t, 2)|| o) < K CK(l + Co) Je(t ) (ka + 1)(1)/?,
1T6(t, )| oy < Fpe™ > K (14 Ch)Jelt, ) (ka = 1)(t)"/?,
1La(t, 2) | oy < FpcPTipJe(t, @) (ka * h) ().

We are left to compute Iy, I3, and I5. By Minkowski’s inequality and linear
growth of the function b, we get

t
110y < [ ds [ (o= sz ) K (14 un(s0)niey) d
0 LD

t
K+ [ ds [ |Fi(sa)l dy
0 LD

By (4.12) and the definition of kj,

t
11 (¢, 2) | oy < CK(1+ Cg)Jc(t,x)/ ds/d Ce(s,xz —y)dy.
R
t
=CK(1+ CQ)JC(t,x)/ kx(s,c)ds.
0

Similarly, by Minkowski’s inequality, linear growth of b, and Lemma (4.8),
we get

II15(t, = HLF / ds/ It—s,x—yK (1 + HU(S,?/)HLP(Q)> dy
RI\LD
<K+ C’l)Jc(t,:n)/ ds/ Le(s,z —y)dy
0 Rd
t
= ?K(1+ Cl)Jc(t,:v)/ ka(s, c) ds.
0

By Minkowski’s inequality, the fact that b is Lipschitz, and recalling defini-
tions of (4.10), we get

st goiy < [ ds [ Dt b, 9)) = bl (55

t
< Lip /0 ds /L Tl s ) (o)~ (o)l d

o ¢ Je(s,9) fi(s,y)
= Lip Jc(t,aj)/o ds /LD L(t—s,x—1y) Je(t,x) Je(s,y) @y

¢ Je(s,y)
< Lip J.(¢, dh,l/Q/ D(t—s,z—y) =2l d
< Lip Je( :B)/o shis,) LD (t=s y)Jc(t,x)
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The arguments in the proof of Lemma 4.13 yield

Je(s,9)

< PT(t— 5,2 —
Jc(t7 x) _ c ( S’ z y)7

F(tisax*y)

for all z,y € LD, and ¢ > 2. Thus,
t
(b, 2) vy < V2Lip Tt ) [ dshs, )2 [ Tl = 5.0 = ) dy
0 R4

t
= 2Lip J.(t, a:)/ h(s,c) 2k\(t — s, ¢) ds.
0
If we put these previous seven bounds together, we reach the following

()2 < (C + ) |Juol|
+ CK(1+ Cy)(ky* 1)(t) + ¢?K (14 C1)(ky * 1)(t)
+ kpyCK (14 Co)(ka * 1)(8)Y? + kpc2K (1 + ) (kp + 1)(2)Y/?

+ 2 Lip(ky * BY2)(t) + kpLipe®? (k= h)(£)'/?,
where ky(s) = ka(s,c), ka(s) = ka(s,2¢), and h(s) = h(s,c). If we define
C =C +¢%?, and C3 = max(Cy, Cs), we get

h(t)/? < C luo|
+ CK(1+ C3)(ky % 1)(t) + kp,CK (1 + C3)(ka * 1)(1)"/?
+ 2 Lip(ky * BY2)(t) + Epe® Lip(ka + h) (8)Y2.

We now simplify the latter inequality. Observe that we have different powers
of the function h on both sides. Squaring both side, we get

h(t) < 56 |lul|?
+5C*K?(1 4 C3)?(kx = 1)(t)* + 5k2C*K*(1 4 C3)* (ka + 1)(t)
+ 5¢Lip? (ky * hY/2)(t)% + 5k2c Lip? (ka * h)(t).

Using Cauchy-Schwarz inequality, we can bound
(kx % hY2)(1)2 < (Ky + 1)(t) - (kx  B)(t).

Furthermore, recall that ky(t) = 1, for all ¢ > 0, and thus (k) * 1)(t) =
t < T.If we set ¢; = 5C? |Jug||?, ca = 5C?K2(1 + C5)? max(T, kﬁ% and
c3 = 5¢?Lip? max(T, k:f,), then

h(t) <ci+ 62(1@\ * 1)(7f) + Cg(k‘A * 1)(t) + Cg(k})\ * h)(t) + Cg(k:A * h)(t),

for all t € [0, 7], which concludes the proof. O
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We summarize our findings in the next three results. First, in the case
of vanishing Dirichlet boundary conditions, for any open set D > 0 we have:

Theorem 4.21. Uniformly fort € [0,T], L > 0, and x € LD, we have

dist(z, 0L D)?
dct ’

ut, ) = un(ts)l 1oy < O() exp (—

for some increasing function ©(t) = O(t, T, Lip, K, A, up,p) and some posi-
tive constant c.

Remark. By Lemma 4.5, a possible value is ¢ = 4d.

Second, for the square domain D = (—1, 1)d, which on each side have
either Dirichlet or Neumann boundary conditions, we have:

Theorem 4.22. Fiz any | > 0. Uniformly for t € [0,T|, L > /l/AT, and
x € LD, we have

dist(x, aLD)2>

Jut.) = s 6,000y < Ot exp (-5 8

for some increasing function O(t) = ©(t, T, Lip, K, A, ug, p,l) and some pos-
wtive constant c.

Remark. If none of both opposite surfaces have Neumann boundary condi-
tions, then the results holds for all L > 0. Furthermore, by Lemma 4.4, ¢ = 4
is a possible value.

Third, in the case of Neumann boundary conditions, for any open regular
domain D > 0 (i.e. its boundary belongs to C?T* for some a € (0,1)), we
have:

Theorem 4.23. Uniformly fort € [0,T], L > 1, and z € LD, we have

dist(x, aLD)2>

Jut,) = s 6,000y < Ot exp (-5

for some increasing function O(t) = O(t,T, Lip, K, A,up,p, D) and some
positive constant ¢ = ¢(T, D).






Chapter 5

Anderson model with
correlated noise

In this chapter, we will study the heat equation in any space dimension,
d > 1, with a particular form of multiplicative noise. Anderson’s model is the
case where the functions b = 0 and o(u) = Au, for some non zero constant
A € R. As in the previous chapter, correlated noises will be considered.
Unlike any previous discussion, we will allow the initial condition to be a
positive measure ug that satisfies the growth condition:

/ e*“‘:”lQ,uo(dx) < oo, foralla >0. (5.1)
Rd

This condition allows the homogeneous heat equation to have the following
solution

w(t.a) = [ Ta =) mldy)

We denote My (R?) the set of positive measures for which (5.1) holds.

We will compare the behavior of the (random field) solution on the whole
space R? with the (random field) solution on some bounded open domain
D C R%, with vanishing Dirichlet boundary conditions, i.e.

ou . d
a(t,x)—Au(t,x)—l—)\uM, t>0,zeR? (5.2)
u(0,dz) = po(de), r € RY
and

oup )

W(t,x):AuD(t,x)—#—)\uDM, t>0,z€D,

up(t,z) =0, t>0,2€0D, (5.3)

UD(Ovdw) = /,Lo(dl'), reD,

111
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where M is a noise on Ry x R that is white in time and correlated in space.
Recall Assumption 4.1 about the present correlated noise. The positive mea-
sure A is tempered, symmetric, and positive definite, and satisfies

/Ot /Rd A(dz)T,(s,2) < o0,

for all ¢ > 0 (and for all v > 0). The latter integral condition is equivalent
to Dalang’s condition

. p(d€)
T6) = rd B+ |€]?

The positive measure p is also tempered and positive definite. It is called
the spectral measure of A. In the sense of distributions, A is the Fourier
transform of u, i.e. Fu = A.

Under those assumptions, the Anderson models (5.2) and (5.3) admit
unique random field solutions, that satisfy the representation formulas

< 0o, for some and hence for all 8 > 0. (5.4)

ut.a) = [ Ttz =) noldy)
+ )x/o /RF(t —s,x —y)u(s,y) M(ds,dy), (5.5)

and

up(t,x) = /D Gp(t.z.y) poldy)

+)\/O /DGD(t—s,x,y)uD(s,y)M(dS,dy), (5.6)

where I' is the heat kernel, given by (A.8), and Gp is the Green function
associated with Dirichlet boundary conditions. See |9, Theorem 2.4| for
existence and uniqueness of these random field solutions.

5.1 Main results and general ideas

As in the previous chapters, we will conclude that up(t) converges to
u(t) as the domain D expands to the whole space. We will in fact be able
to say much more about the rate of convergence. In some special cases, we
shall not be restricted to any finite time horizon.

All these good news are consequences of an “explicit" formula for the two
points correlation

E [{u(t,x) —up(t,z)} {u(t, y) — uD(t,a:/)}]
=E [u(t,z)u(t,2')] — E [u(t, z)up(t,2’)]
—E [up(t, z)u(t,2’)] + E [up(t,z)up(t,a’)] .
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In the present case of Anderson’s model, Le Chen and Kunwoo Kim found
an explicit formula for the two points correlation

E [u(t, z)u(t,2")] = //R2d po(da)po(da’) K(t, z, 2", o, o).

The latter formula is amazing! The mysterious function I will gather infor-
mations about the noise and the fundamental solution to the heat equation
only. The initial condition ug appears only when integrating that function.
Thus, any information about the function K turns into a precious insight for
the computation of the two points correlation. In this direction, Lemmas 5.21
and 5.23 could turn into precious allies. These computations were possible
thanks to a clearer way of writing the function K and its components. In
fact, Section 6 will be all about potential generalization to other classes of
noises, to other classes of parabolic equations, and to distribution-valued
initial condition, provided that the stochastic integral still makes sense. A
derivation of this formula is given in Lemma 5.5.

We shall derive similar “explicit" expressions for E [up(t, z)up(t,y)] and
E [u(t,x)up(t,y)], which will lead to

Theorem 5.1. For all jig € Mg (RY), and t > 0, xz,2’ € R?,

0 <E [{u(t,z) — up(t,2)} {u(t,z’) — up(t,z’)}]
= //RM po(da)po(da’) K11 — K12 — Kog + Ko2] (82,2, o, ).

The main idea is to extract as much information as possible from the
difference K11 — K12 — K21 + K22, and combine it with the behavior of the
initial condition. For example,

Theorem 5.2. If the initial measure po(dzr) = wuo(x)dz for some non-
negative bounded function 0 < ug(x) < M, then there exists some constants
¢, 7, ¢y > 0 such that for allt € [0,T), z,2’ € D, we have

E [{u(t,x) —up(t,z)} {u(t,x’) —up(t, :U')H

; 2 : / 2
< e Mexp {_dlst(:nc,t@D) }exp {_dlst(:z:céaD) } 5

As was done in the previous chapters, we shall apply the previous result
to the dilations
LD :={LzeR:2eD}, L>0,

of some bounded open domain D, containing the origin, and prove that the
above constants ¢, vy, ¢y do not depend on the parameter L. That is a direct
consequence of Corollary 3.11, when the domain has a regular boundary.
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Corollary 5.3. If the boundary 0D is sufficiently reqular, i.e. belongs to
C?*e, then under the same hypotheses of Theorem 5.2, we have

E [{u(t,m) —urp(t,z)} {u(t, 7)) —urp(t, x')}]

. 2 ist(x’ 2
ML) e { - BHEIEDLR (s

< cye"'M ex
-7 p{ ct ct

for allt € [0, L*T) and x,2’ € LD. The constants c,~,cy depend on o, d, T,
A, A, and on the domain D, but not on the constant L.

In some particular cases, such as rectangle domains, inequalities (3.9)
and (3.10) are in fact valid for all ¢ > 0 instead of ¢ € [0, T]. An application of
Corollary 3.11 translates into the validity of bound (5.8) for ¢ > 0 and x, 2’ €
LD. We had such results in one space dimension in the case of Dirichlet or
mixed boundary conditions, see (2.16) and (2.19). An application of (A.27)
concludes the arguments for rectangular domains.

If we restrict ourselves to points z, 2’ within some compact set, then we
can allow the initial condition to have polynomial growth.

Here is how we shall extract informations about the difference Ky 1 —
K12 — K21 + Ka2. First, each of the K; ;’s functions will be expressed as an
infinite series of the form -

Kig =D Li5
k=1

where E'Z?f; is the k-th iteration of some associative triangle operator,

EI;,I; = ﬁ@j > Ei,j .- D Ei,j .
k—t;:nes

In fact, the function £; ; will be expressed solely in terms of the fundamental
solution or the Green function, and the triangle operator will solely contain
information about the noise. The difference of interest can be decomposed
into

oo

Kig—Kio—Ko1+Kop = Z [Dﬁ — L% — 5% + 5% .

k=1
The plan is to find an appropriate bound for each component. The intuition
is easily carried for the first iteration. Indeed, we shall see that

0<[L11—L12— Loy + Loo] (t,z,2",0,0)
< Ttz —a)lo(t, o’ — o) fo(t, z,a) fe(t, 2, a),

where

_ dist(2,0D)% _ dist(e,dD)>
fe(t,z,a) =1pyp(z,a)e” et e et 4 Lpagpay (DxD) (T, Q).
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The intuition is as follows. First, we will only consider points z,2’ € D.
Second, recall that the o and o variables are to be integrated with respect
to the initial condition. Third, observe that the bound splits into the set
of variables (¢, z,a) and (¢,2/,a). Thus, the double integral could become
a product of two integrals. Finally, we consider one of the two integrals,
say the one with the (¢,z,«) variables. For a € D, the expected rate of
convergence, exp{— dist(z,dD)?/(ct)}, appears in the function f.(t,x, ),
and can be taken outside of integration. For o € R?\ D, we expect the heat
kernel I'. (¢, x — «) to give it to us. This will be the case when bounded initial
data is assumed.

That procedure is exactly the one used in Chapters 2 and 4. See how we
decomposed the difference u(t, ) — ur (¢, ) in Sections 2.5 and 4.4.

The objective is to get a similar bound for each difference Lﬁﬁ - E?g -
L5% + £5%, and eventually for the whole series.

Theorem 5.4. For any z, 2, o, &/ € R, we have

0 < [Ki1—Kip—Kog + Kop] (¢, 2,2, 0, 0)
<Qt,z—2',a—aT(t,r — a)Te(t, 2’ — ) folt,x, Q) fo(t, 2/, ),

where Q) is expressed as an infinite series

[e.e]

Qt,z,y) =Y _ " q™(t,z,y),

k=1
for some inverse triangle < operator.

We shall study the relation between these two triangle operators. In
particular, the density of a Brownian bridge will make an appearance, from
which associativity of the inverse triangle operator will be deduced.

The final ingredient to prove Theorem 5.2 is a uniform bound for the
infinite series Q(t, x,y) < Q(t). The latter was obtained in [9, Lemma 2.7].
It is an increasing function with exponential growth.

Remark. In the case of vanishing Neumann boundary conditions, similar
computations are possible thanks to Lemma 4.7. In the case of vanishing
Dirichlet boundary conditions, assumptions regarding the regularity of the
boundary are no longer necessary thanks to Lemma 4.5.

5.2 Two points correlation, proof of Theorem 5.1

The two point correlation formulas obtained in this section are strongly
inspired by [9, Section 2.2]. The present derivations look somehow more
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natural and allow, once more, the use of the Picard iteration scheme. We
set

w(t.a) = [ Tlta =) i)
ntl =40tz — s,z —y)u"(s s )
u(t2) = 't >+A//Mdr<t @~ y)u (s, ) M(ds, dy)

The fact that the initial condition g is non-random and positive, together
with positivity of the fundamental solution I'(¢, x), imply

j(txx) (tx) (ta:)]—u(ta:) (t,a:’)
// po(dy)po(dy’) T(t,x — y)L'(t, 2" —y') > 0.
The fact that the stochastic integral has zero mean implies that
E [u”“(t,:v)u”“(t, ac’)] =
t
J(t,z,2') + )\2/ ds/ A(dz)/ dyT(t —s,x —y)['(t —s,2" — (y — 2))
0 Rd Rd
X Eu"(s, y)u"(s,y — 2)].
To simplify computations, we introduce the triangle operator. For f, g
R x R? x R? x RY x R4 — R, we set
t
(frg)(t a2’ a,a) = /\2/ dS/ A(dZ)/ dy f(t —s,2,2",y,y — 2)
0 Rd Rd
Xg(s,y,y—z,a,o/). (59)
If we set ¢"(t,z,2') := E [u™ (¢, z)u" (¢, 2")] and
L(t,z, 2, a,d):=T(t,x —a)l'(t, 2’ — ),
then we can write in a concise form
gt x,2") = T(t,x,2') + (L > gn) (t,z,2,0,0). (5.10)

For functions of only two space variables g : R; x R? x R? — R, we will use
the following extension to four space variables

g(t7 :L" x/7 a? a/) = g(t7 ':U7 :L‘/)'

Corollary 5.8 below ensures associativity of the triangle > operation. It is
thus non-ambiguous to define the k-th iteration

LF =Ll > L.
—_—

k-times
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Applying these definitions to the Picard iteration scheme gives
Pt a,a’) = Tt w,a"),

gtttz ') = J(t,z,2') + (Lo T) (t,z,2',0,0),
Ptz 2) =Tt x,z") + (Ebgl) (t,x,2,0,0)
=J(t,z,2)+ (L>T) (t,2,2/,0,0) + (L2 T) (t,2,2,0,0),

g"(t,x, 2"y =T (t,x,2") +

(i EDk> > J] (t,z,2',0,0).

k=1

Observe that each iteration is positive. Indeed, the initial step J is positive
and each step is obtained from it by applications of the triangle operator,
which contains the positive measure A. By monotone convergence, the limit
g(t,x,x’) = lim, 00 ¢"(t, x,2') exists and equals

g(t? '1:7 ':L'/) = j(t’ x? x,) + [IC D \7] (t7 x? :L‘/’ 07 0)7 (5'11)
where
oo
Kt,z,2',a,d) = <Z £'>k> (t,z, 2, a, ).
k=1
By (5.10) and monotone convergence, we can see that the limit g satisfies
g=J+(Lrg).

From the fact that u"(t,7) — u(t,x) in L?(Q,P), we get that the product
u(t, )u™(t, 2") — u(t, z)u(t,2’) in L*(Q,P) and
/ S T n n /
E [u(t, z)u(t,2’)] = nILH;oE [u™(t, )u"(t,a')]
= lim g"(t,x,2) = g(t,x,2").

n—o0

Formula (5.11) gives the expectation of the solution as a combination of
the initial condition, through 7, and the kernel K. The next result gives a
more convenient expression. It is an adaptation of [9, Lemma 2.8|.

Lemma 5.5. For all up € My(RY), and t > 0, z,2’ € RY,
0 <E [u(t, z)u(t,2")] = T(t,z,2") + [K>T] (t,z,2",0,0)

// pio(da)po(del) K(t, z, 2", a, o).

Before we give the proof, we need to observe the following property about
J and the kernel K :

J(t,x,2") = // po(da)po(da’) L(t, z, 2", o, o),
R2d
KoL=Y ot =" =
k=2

k=1
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Proof. This property comes from the link between the definition of 7, L,
and K. Indeed,

Ko J(t,z,2',0,0)
t
e / ds / A(dz) / dyK(t = 5,22 g,y — )T (5,95 — )
R4 R4

// po(da) o (da’) )\Q/ds/ dz/dy
Rd R4

Kt — sycxyy VL(s,y,y — 20404)

N // po(de)po(da’) (K L)(t, 2, 2", a, o)

// po(da)po(da) K(t, 2,2’ o, ) — T (t, 2, 2'),

which concludes the proof. O

Remark. In equation (5.2), the term AuM could be understood either as
(Au)M or as u(AM). The second may be more appropriate. It corresponds
to a scaling of the correlated noise. Indeed, when taking covariance, the
expression A% appears every time the measure A appears. For example,
see (5.9). Therefore, upon replacing A by A?A, we may assume that A = 1.
Why not A = —17 Well, in the present case of Gaussian noise, both would
have the same laws. Moreover, the stochastic integral has mean zero by
definition and we are solely interested in second moment computations.

Remark. We can now confirm the prediction that the function £ is expressed
solely in terms of the fundamental solution to the heat equation, and the
triangle > operator solely contains information about the noise. They interact
through the function K, which is computed without any information about
the initial condition pyg.

Similar expressions for E [up(t, x)up(t,y)] and E [u(t, x)up(t,y)] are now
derived. To simplify notations, we set

Gi(t,z,y) :=T(t,x —y) and Ga(t,z,y) :=Gp(t,x,y);
Ei,j(t,:r,x’,y,y’) = Gi(t,x,y)Gj(t,x',y’), for any 7,5 € {1,2}. (5.12)

In fact, the exact same procedure can be applied. The triangle > operator
remains unchanged, and is given by (5.9). The k-th iteration are

>k _ oo e o
ﬁi’j—ﬁmbﬁmb > L.

k-times

In order for integrals to make sense, we extend the Green function Gp :

Ry x D x D to Ry x R? x R? as a vanishing function on the complement

Ry x (R* x R%)\ (D x D)) . If we denote uy(t,z) = u(t,z) and ua(t,z) =
p(t,z), then we have
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Lemma 5.6. For all g € My(R?), and t > 0, z,2’ € RY,
0 <E [ui(t, z)u;(t,a)] // po(da)po(de) IC; (¢, 2’ a, ),

where i j =Y ey E'f’;.

Proof. Positivity of the two points correlation is a consequence of positivity
of the Green function, see (A.30). O

The present notations £1,; and Ky 1 correspond to £ and K, previously
defined.

We now show that the triangle > operator is indeed associative. In fact,
much more can be proved.

Lemma 5.7. For any (positive) measure x on R™ and any two (positive)
functions f,g : R" x R® — R, the following operation is associative

(f > g)(u, ’LU) - R f(ua v)g(v, w) X(d’l))
See Lemma 6.13 for an extension to the case where x is a distribution.

Proof. Thanks to Fubini’s theorem, we have
(o (o) () = [ flua)(os b w) x(da)
= /nx(dﬂﬁ) /n x(dy) f(u, z)g(z, y)h(y, w)
= [ (> 9 us)hy,w) x(dy) = (£>.9)5 ) (u,w),

which proves associativity. O

Corollary 5.8. The triangle > operator defined in (5.9) is associative.

Proof. Tt can easily be shown explicitly. We will argue differently. Recall
the notation for the reflection of some translated meaure

[ 1@ TA@) = [ 1 - A,

Taking n = 2d, u = (z,2'), v = (y,2), and w = (a,a’) in the previous
Lemma 5.7, as well as x(dydz) = dy T, A(dz), we have

flu,v)g(v,w) x(dv) = // [z, 2’ y,2)9(y, 2, @, ') x(dydz)
/ dy/ Ad2) f(z, 2y, y — 2)g(y,y — 2,0, a)
—/Rd/\(olz)/]R dy f(z, 2", y,y — 2)g(y,y — z,a,a),

R
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which is the part of (5.9) containing space integration. The time integration
part of (5.9) corresponds to convolution, which is associative. O

To complete the proof of Theorem 5.1, it remains to show that the dif-
ference K11 — K12 — Ka,1 + Ko 2 is positive. In fact, we will show that each
difference L7 — L7 — L3 + L5 is positive. It is basically a consequence of
the fact that the Green function is dominated by the heat kernel, and that
the latter difference can be written is a special way. First, we observe that

[El,l — £1’2 — 52,1 + ﬁz,z] (t, x, JJ’, a, O/)
=Gi(t,z,0)Gi(t, 2", ') — G1(t,z,a)Ga(t, 2, a')
— Go(t,, )G (t, 2, ) + Ga(t, x,a)Ga(t, o', d),
which can be factorized as
[5171 — ,61,2 — 5271 + £272] (t, T, l‘/, a, O/)
= [G1(t,z,0) — Ga(t, x,0)] [G1(t, 2, ') — Ga(t,2',&/)] > 0. (5.13)

To compute the difference of the higher terms, we need to write explicitly
each L7";. The notation is simpler when considering the index n + 1 instead
of n.

Lemma 5.9. For each n > 0, we have

£1>(n+1)

i,J
S0 Sn—1

:/ dsl.../ dsn/ A(dzl).../ A<dzn>/ dyl"'/ dyn
0 0 R4 R4 R4 RE

H Gi(Sk = Sk+15 Yk Yk+1) G (Sk — Sk1, Uk — 2k Ykl — 2ht1),
k=0

/ /
ety y
(t,z, 2", a, )

where we set so =t,yo = 2,20 =T — &', 8p11 = 0,Ynsi1 = @, 2p11 = a — .

We interpret the case n = 0 in the obvious sense of (5.12).
Proof. For the case n = 1, by definition we have

Ltz a,d)

/dS/ dZ / dyGi(tiSax’y)Gj(tisﬂ‘T/’yiZ)
R4

X Gi(sa Y, Oé)Gj(S, Yy —z, 0/)7
which has the desired form. For the induction step, we want to compute

£[Z>"(]n+2) (t7 xy :1:/7 a? o ) <£Z] > E (n+1)) (t7 x7 aj/’ a7 a,)

¢
= / dsy A(dzl)/ dyy Gi(t — s1,2,91)Gj(t — s1, 4", y1 — z1)
0 Rd R4

>(n+1 /
X EZ(J )(317?J17y1 —z,0,a)
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If we use the induction hypothesis, we can write

>(n+1
/3@(] )(Sbylayl 21, ,0)

51
:/ d82"'/ d5n+1/ A(dzy) - / A(dzpy1) / dy2-~/ dyn+1
0 0 Rd

n+1
H Gi(8k = Skt1 Yks Yk+1) G (Sk — Ska15 Yk — Zhs Ykt1 — Zht1),
k=1
where we set sp492 = 0,Yn12 = @, 2p12 = a — /. Putting everything back
together, and applying Fubini’s theorem, concludes the proof. O

In Lemma 5.21 below, we shall give another representation of the n-th
iteration T”l = L™ in terms of the inverse triangle < operator.
The following result concludes the proof of Theorem 5.1.

Corollary 5.10. For each n > 0, we have

G0 - - 5

S0 Sn—1
0 0 R4 R4 R4 R4

[H Gr(sk = sk11, Uk Uk1) — | [ Galsk — skr1, ykayk—&-l)]
k=0 k=0

/ /
t,x,z' o, )

n
X {H G1(8k — Sk+1:Yk — 2k Yk+1 — Zh+1)
k=0

n
— [ Galsr = swvroyr = 2 yien — Zk-f—l)] , (5.14)
f=0

where we set so = t,y0 =T,20 =T — ', $p11 = 0, Yns1 = @, 2p11 = @ — .
In particular,

£ = G s gt (4 e s al) 2 0.
We interpret the case n = 0 in the obvious sense of (5.13).

Proof. This is a direct consequence of Lemma 5.9, equation (A.30), and the
following factorization

H akbk — H akdk — H Ckbk + H dek
k=0 k=0 k=0 k=0
= [Hak—Hck] X !ku—Hdk]
k=0 k=0 k=0

for all ay, by, ¢k, di. € R. ]
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For the fun of it, we express now symmetries satisfied by each iteration.
They are consequences of the symmetry of the heat kernel and the Green
function, and that of the measure A.

Lemma 5.11. For allt > 0, z,2'a, o/ € R, and 4,7 € {1,2}, we have
EZD:?(t’ Ty xl’ a, O/) = £l1>3<t7 Q, alv xz, (Ifl)7
= El;,rlb(t7 iL',, xz, 0/7 05)7
for all n € N.

Proof. From the definition of £; ;(t,z,2’, o, /) = G;(t,z,)G;(t, 2, a/), we
easily get
Ei?j (t7 x, xlv «, O/) = ‘Cj,i(t> l‘/, z, O/’ a)'

The symmetry property of both the heat kernel and the Green function
translates into G;(t,z,a) = G;(t, a,z) for any i € {1,2}, see (A.30). Thus,

L;;(t, 7' a,d) = Em(t,a,x’,a;, o) = Lt x, o a7

= .Cm(t,a,a’,a;,x’).

We prove now the first symmetry. By induction and the change of variable
§=1t—s, we have

Ez(jnﬂ) (t,z, 2", a,a) = (E‘;’J‘ > Ei,j) (t,z, 2", a, )
t
= / ds/ A(dz) / dy C';?(t —s,x, 2 y,y — 2)Li(s,y,y — z,a,a)
0 R4 Rd ’ ’

t
= / ds/ A(dz) / dy L3%(5,y,y — z,x,2" ) L; j(t — 5, 0,0, y,y — 2)
0 R R ’ ’
= (L v E'f?) (t,a, o, 2’) = E;(jnﬂ)(t, a,d x, 1),
For the second, we make use of the symmetry of A, i.e. for any Borel set
B, we have the equality A(B) = A(—B). By induction and the changes of
variables § = y — z, and Z = —z, we have

£o

i t, x’,:c,o/,a)
t

_/ ds/ A(dz)/ dy E‘;—’}(t —s, 2z y,y — 2)Lii(s,y,y — 2,0, )
0 Rd Rd ’
t

:/ ds/ A(dz)/ dy E‘f’}(t —s,z, 2,y —z,9)Li(s,y — z,y,a,a)
0 Rd Rd ’

t
= / dS/ A(dZ)/ dgjﬁ‘f?(t—s,x,x',y,y—2)£i7j(s,y,y—2, «, O/)
0 R4 R4 ’

— o+l

j (t,z, 2, a, ).

The proof is completed. O
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In fact, another property is satisfied by the n-th iteration ﬁ?f‘l = L. As
we shall see in Lemma 5.21, its dependence on the four variables x, 2/, o, o/ is
only an illusion. It depends only through their differences x — 2/, — o/, x —
a, 7 —a.

5.3 Estimations for each iteration difference

The purpose of this section is to prove the following estimation about
each iteration £7" — L7 — £5% + £57%, which will be used later to estimate
the difference K11 — K12 — K21 + K22, in Theorem 5.4.

Proposition 5.12. For each n € N, there exists some function hn,11 such
that for all t € [0,T), z,2',a, 0’ € RY, we have
G- B4 5 4 55 (0
< G L0Vt w2l o, ) folt, @) fult 2! o),

The constants are not important. Yet they can be expressed as follows: ¢ =
2max(cy,4), cop1 = C"(n 4 2)200+H04/2 4pd

C = max (C1, max(c1,4)/ min(cy,4)) .

In order to understand the notation, we treat the case n = 0. Recall
factorization (5.13),

[L11— L12— Log + Lag] (t,z,2",a,a)
= [G1(t,x,0) — Ga(t, x, )] [G1(t, 2, ') — Ga(t, 2", &/)],

and the extended Green function Gy = Gp : Ry x R? x RY, which van-
ishes on Ry x ((R?x RY)\ (D x D)). In case both z,a0 € D, we can use
Corollary 3.11 to bound

_ dist(2,0D)% _ dist(,dD)>

Gi(t,z,a) — Go(t,x,a) < C1 T, (t,x — a)e at e ert

In case = or a belongs to R%\ D, we have

Gi(t,z,a) — Ga(t,z,a) = Gi(t,z,a) =T'(t,z — ).
We can gather theses two observations in one,

Gi(t,z,a) — Go(t,x,a) < CTe(t,x — ) felt, x, ),

where

_ dist(2,0D)% _ dist(,dD)>
fet,z,a) = 1pxp(z,a)e” e e et + Lpaypay (pxp) (T, ),
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and ¢ = max(cy,4), C = max (Cy,max(c1,4)/ min(cy,4)). Those constants
are not important. In fact, they will change in the general case, but will be
fixed for n > 1. Therefore,

[L11 — L1 — Log + Lo (t, 2,2, 0, a)
< C?Tu(t,x — a)Te(t, 2’ — o) folt, x, a) fo(t, 2’ )
= CQ ﬁc(t7 x, xlv «, O/)fC(t? Z, a)fC(t7 .T/, a/)7 (515)

where L.(t,z,2',a, ') :=Te(t,x — a)Te(t, 2 — ).
For the general case n > 1, we use equation (5.14), in which we make
explicit the following difference:

n n
11 Gk = skrnswi vnsn) — T [ Galsk = skr1, vk i)
k=0 k=0

= ]-D><-~~><D(x7 Yiy---3yYn, Oé)

n n
< | T G1(sk = skt vk wnsr) — [ [ Gals = skt v Ursn)
k=0 k=0

n
+ 1 (DxoxD)e (T Y1y -+ o3 Y,y @) H G1(Sk — Sk+15 Yks Yk+1)-
k=0

We will use two different strategies, depending on the value of the indicator
function

lDXA..xD(xyyla e 7yn7a)‘

When its value is zero we will apply Lemma 5.13, and when it is one we will
apply Lemma 5.15.

Lemma 5.13. If y,, € R\ D for some k € {1,...,n}, then

n n
1T (s = skt v ) < 2092 T Ga(2(s8 = ska1), U Y1)

k=0 k=0
o] dist(x, 0D)? . _ dist(, 0D)?
P 8t P 8t '

Proof. First, we use the fact that

2
Gi(s,y,2) = 292G 1(2s,y, z) exp {_w} '
S

We fix j € {1,...,n} such that y; € R4\ D. Recall that yp = x and y,+1 = .
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It remains to show that both

. _ 2 2 . 9
L e TP B
8(sk — Sk+1) 8(t — s5) St

k=0

L _ 2 2 . 5
e ETT B
k=j 8(sk — Sk+1) 88 ]t

We prove only the first one since the second one is analogous. We can rewrite

= Yk _yk+1’2 1 —
241
CXPY ~ o/ . (&P o |yk - ?/k+1’ A )
H { )} { 8(t — S].) Z k }

=0 8(sk — Sk+1
where )\, = % We can observe that Z = 1. If we set 8, =

|y — Yr+1], then the triangle inequality and an apphcatlon of Lemma 5.14
lead to

j—1
& — g (Z !yk—yk+1|> < e — gk P!
k=0
Therefore,
: jzll Path < 2 — gl
eXPY ~ o Yk — Yk+1 SCXPY —or (0
8(t — Sj) =0 k 8(t — Sj)
which concludes the proof. ]

Lemma 5.14. For 6; > 0, and \; € (0,

1

Proof. Tt is an application of Cauchy—Schwarz s inequality applied to the

such that Zl 1 Ai =1, we have

measure A on the discrete space {1,...,k}. Indeed,

k E sy Eorane 1Tk 1Y k 1/2
— i . 7 . ) — 2y—1
0= ()= [ZQ) &] [Dz] _ [Z% ] ,

i=1 i=1 =1 i=1 i=1
which concludes the proof. O

Lemma 5.15. If each y,, € D, for k € {1,...,n}, then

n n
T Gi(sk = sk wm ynn) — T Golsr = skra, s yk+1)]
k=0 k=0

< Cn-‘rl

n n
H Le(sk — Sk+1, Yk, yk+1)] Z fe(s5 = 8541, 95,y541) | 5

k=0

where ¢ = max(cy,4), and C = max (C1, max(c1, 4)/ min(cy,4)) .
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Proof. To bound the difference of products, we use Lemma 5.16 below, with

the values ap = G1(sk — Sk+1, Uk, Yrt1) and ¢ = G2(Sk — Ska1, Yks Ykt1)-
Inequality (A.30) says that a > ¢ > 0, and Corollary 3.11 is used to bound

each difference ap — cg. O

Lemma 5.16. Suppose each ap > ¢ > 0, then

n n n n
Hak—HckSZ(ak—Ck) Hal
k=0 k=0 k=0 14k

Proof. We can rewrite

n n n
o= I]er=>D (ar—co)[Ja]]
k=0 k=0 k=0

<k >k
Using the fact that 0 < ¢; < aq, for all [, concludes the proof. O

Lemma 5.17. For any j € {0,...,n}, we can bound

n

fe(s5 = s501,u5,y541) [] Telsk = Sha1s U vir)
k=0

n
< 2D ) (t,0) Fae(t, Yntt) H Poc(sk = Sk, Yhs Yot
k=0

Proof. This is a repetition of the argument of Lemma 5.13. O

We can now conclude the proof of Proposition 5.12. We did consider the
integrant of equation (5.14). We were able to bound it using the strategy
in which the indicator function was either one or zero. We can put together
those bounds to reach

n n
11 Gilsk = skarwmvnsn) = ] Galsk = skt vrs i)

k=0 k=0
n

< Cnr1felt,90) folts yns1) [T Telsr = shars ybs vnsa),
k=0
and a similar formula for
n
H G1(Sk = Sk+1, Yk — Zhs Ykt1 — Zk+1)
k=0
n
— TI G5k = skv1, vk — 21 Y1 — 2541)
k=0
< CnJrlfc(ta Yo — ZO)fc(ta Yn+1 — ZnJrl)
n
X [T ek = shaas vk = 200 Yhn — 2540)-
k=0
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It remains to integrate and use the factorization formula of Lemma 5.9.
Recall that yo =z, yo — 20 = 2/, Yyns1 = a, and yp11 — 211 = .

5.3.1 Proof of Theorem 5.4

For a fresh start, we recall it here

Theorem. For any z,z’, o,/ € R%, we have

(K11 — K12 —Kag + Koo (b, 2,2, a, )
<Q(t,z—2',a—\To(t,r,a)Te(t, 2, ) folt, x, ) fo(t, 2/, &),
where

_ dist(2,0D)? _ dist(,dD)>
fe(t,z,a) = Ipxp(z, a)e e c + I(paxrd) (Dx D) (T, ).

Proof. From Proposition 5.12, we can bound

(K11 — K12 —Kag + Koo (t, 2", a, )

o0

< fo(t,x Q) fe(t, 2’ Q) Z LMtz 7 o, ),

n=1

for some constants ¢ and ¢. We now use Lemma 5.21 to write each iteration
term as

LMtz 2’ o, ) =To(t, x, a)Te(t, 2, ) g (t, x — 2’ o — o).

By setting
Q(t,x,y) Zc" It x,y),

the proof is completed. O

We hoped that explicit formulations such as the one found in Lemma 5.23
could lead to a fine description of the function Q). Yet, time forces us to abort
that project. Instead we use the following, found in [9, Lemma 2.7].

Lemma 5.18. There exists an increasing function Q(t) such that for all
z,y € RY,

Qt,2,y) < Q).

Furthermore, there are v > 0 and cy such that

Q1) < ey
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5.4 Convergence rate, Proofs of Theorems 5.2

Thanks to Theorems 5.1 and 5.4, together with Lemma 5.18 we can
conclude that

E [(u(t,x) —up(t,x)) (u(t,x') — uD(t,a:’))]
Q) [ mldo) Ttz o) folt..0)

></ po(da)Te(t, ', ) felt, 2, o).
Rd

In particular, when the initial condition pyg is given by a non-negative bounded
function 0 < ug(z) < M, we can further bound each integral as

[ mlda) Lotz 0 ft.)
< fc(t7$)/DH0(dOé) Fc(tjx,a)—f—/R po(da) Le(t, x, )

d\D
dist(z,0D)2
<e o M| T tz,a)da+ M T.(t, a) do.
Rd |a|>dist(z,0D)
The first integral is one and the second can be bounded as in (3.16). This
concludes the proof of Theorem 5.2.

A similar proof can be applied for any initial condition with polynomial
growth. Indeed, for ug(z) = 1+ |z|", we would get, in the first integral,
the n-th moment of the a Gaussian. In the second integral, we apply the
following generalisation of (3.16)

Lemma 5.19. For § > 0, A € (0,1), there exists ¢ = c(d, 3, \) such that for
all t € (0,7),

2
I(s,z)|z|® doe < 825
|x|>6

Proof. With spherical coordinates, the left hand side is equal to
[o¢] 2
U}d_l(4ﬂ'8)_d/2/ e_ZTsrd_H_ﬁ,
0
With the change of variable z = r/v/2s, it is in turn equal to
oo 22
wd1(23)’5/2(27r)d/2/ Prdle=T gz,
5/\/2s
The latter integral is bounded, thanks to (A.18), (A.19) by

0 & _82
Pd+6—2 E e 1 < ce Is

which concludes the proof. O
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5.5 Relation between triangle operators > and <

We can prove another representation of £. The objective is given in
Lemma 5.21. In the next computation, we took A = 1. Recall that is possible
if we replace A by A2A.

Recall that the triangle > operator contained only properties of the noise.
And the definition of £ contained only properties of the heat kernel. The
present inverse triangle < will contain information about both. We define it
as follows. For f,g: Ry x R4 x R? = R, , we set

(Fagta = [ ds [ M) 1t =s.0.205.2.9

2s(t — t—
xF(“,—z+ix+t8y>. (5.16)

By a change of variable s’ =t — s, we get

(regtay) = [ ds [ A@:) f(s.a.2)a(t = 5,29

2s5(t — —
XF(S(tS),—Z—f—ttSJ:—Fiy>. (5.17)

This new operation is obviously not commutative.
Lemma 5.20. The operation < is associative.

Proof. For f,g,h: Ry x R* x R — R, we need to verify that

[f<(gal)](t,z,y) =[(f<g)<h](t z,y).

For the former, we first use equation (5.17), then equation (5.16), to get

Fatgam) () = [ ds [ A=) f(s.zz) (g ak) (= 5,29

2s(t — s) t—s s
S ol (il S S P
< ; ,—21 + ; :E—f—ty),

and

t—s
(g<h)(t—s,21,y) = / dr , A(dz2)g(t — s — 1, 21, 22) (1, 22, y)
0 R

2r(t—s—r) r t—s—r
XI'| ————=, —29 + z1 + v,
t—s t—s t—s
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so that

[f<(g<h)](t,z,y) = /ds/tsdr/Rd (dz1) /]Rd A(dz)

X f(s,x,21)9(t — s —r, z1,22)h(r, z2,y)

2s(t — s) t—s s
r(z2—2 2
X < ; ,—21 + 7 T+ ty)

2r(t—s—r) T t—s—r
XT | —————%, —29 + z1 + vl .
t—s t—s t—s

For the latter, we first use equation (5.16), then equation (5.17), to get

(Feg) ety = [ar [ Atd) (Fag) 6= ra i)

2r(t — t—r
xF(T(t ) ,—Z29 + 33+CU)

and

t—r
(f<]g) (t—T,.’B,ZQ) _/0 ds /]Rd A(d21)f(8,$,zl)g(t—7"—8,21,2’2)

2s(t —r —s) t—r—s s
x| ————, -1 + x + )
t—r t—r t—r

)

so that

[(f<g)<}] (t,x,y):/o dr/O_Tds [ M) [ Addz)

]Rd
X f(s,x,21)g(t —r — s, 21, 22)h(r, 22,¥)

2r(t — t—r
><I‘<T(tr) —z2 + x—i—y)

2s(t —r —s) t—r—s s
xI'|{ ———, —21 + T+ 29 | .
t—r t—r t—r

We permute the dr and the ds integral in the last formula. For any function
q(r,s), we have

t t—r t t—s
/ dr/ dsq(r,s) :/ ds/ drq(r,s).
0 0 0 0
Therefore,
t—s
[f<(g<h)](t,z,y) = /ds/ dr/ (dz1) / A(dz2)
R4 R4

X f(s,z,21)g9(t — s —r,z1,22)h(r, 22, y)F(r, s, t,x, 21, 22,Y),
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and

t t—s
[(f<g)<h](t,z,y) = / ds/ dr A(dz) A(dza)
0 0 R4 Rd
X f(s,x,21)9(t — r — s,21,22)h(r, 20,y)G(r, s, t, x, 21, 22, Y),

where

t

2r(t—s—r) r t—s—r
xI'| ————=, —29 + z1 + v,
t—s t—s t—s

2s(t — t—
F(T,S,t,ﬂ?, 217227y) =T (ES(tS'),—Zl + S:p—|— iy)

and

2r(t — t—
G(T,S,t,$,zl,22,y) =TI <7a<tr)7 —22 + %1‘ + try>

2s(t —r —s) t—r—s s
xI'| ———=, —2 + T+ z9 .
t—r t—r t—r

To conclude the proof, we can verify that F' = G. O
We can relate both operations > and < as follows.
Lemma 5.21.
Ltz 2 o, ) = L(t, 2,2 o, )gu(t, z, 2", a, ), (5.18)

where
QH(ta'iva/’ «, O/) = qdn(t’x - xlv = O/)a

with the initial function ¢ = 1.

Proof. For n = 1, by definition we have q; = 1, thus we can take ¢ = 1. By
induction, we have

LD (20! 0y 0f) = (Lo L7 (t 2,2, 0, 0)
t
:/ ds/ A(dz)/ dy L(t — s,z 2’ y,y — 2) L (s,y,y — 2,0, )
0 R4 R4
t
:/ dS/ A(dz)/ dy'c(t_‘S?xax/7y7y_z)[’(s7y7y_z7a7a/)QTb(87y)y_Zua)a/)
0 R4 Rd
t
:/ ds [ A(dz) ¢ (s,z,a — )
0 R4

X / dy L(t —s,z, 2"y, y — 2)L(s,y,y — 2,0, a).
Rd
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We will show, in Lemma 5.22; that the last integral can be simplified as
follows

Rd dyﬁ(t - S, :va,a Y,y — Z)‘C(Sv Y, y—z OL,O/)
25(t — s)
t

:E(t,a:,:clja,o/)lj< ,—Z—f—i(SU—I/)—I-t;S(Oé—a/)).

Thus,
t
L/ (¢ 2y d) = E(t,x,x’,a,a’)/ ds/ A(dz) g™ (s, 2z, — &)
0 R4

xI’(QS(tt_S),—Z—G—i($—x')+t;s(a—a')>.

Using the fact that ¢(t — s,z — 2/, 2) = 1, the last double integral can be
rewritten as

¢
/ds A(dz) q(t — s,z —2',2)g™" (s, 2, — o)
0 R4
2s(t — t—
xF(S(t 8),—z+i(x—x’)+ ts(oz—o/)>,

which is by definition (¢ <¢™)(t,z — 2',a — ') = ¢*"t(t,z — 2’ a — &).
This concludes the proof. O

Lemma 5.22. We have the following identity

o L(t—s,x, 2 y,y—2)L(s,y,y — 2,0, ) dy
25(t — s)
t

t—
:ﬁ(t,x,x’,a,a’)F( ,—z+§(:1;—a:’)+ ts(a—o/)).

Proof. Recall that L(t,z,2',a, ') = G(t, z,0)G(t,2', /). Thus

'C’(t - S,l’,l‘,,y,y - Z)E(Svy’y -z, Q, O/)
=G(t—s,2,9)G({t—s,2",y — 2)G(s,y,0)G(s,y — z,a')

We can rewrite the following product as

G(t — 5,7, y)G(87 Y, Ot)
G(t,z,a) )

Gt — s5,2,9)G(s,9,0) = G(t,,0)

The Levy bridge starting at the point o at time s = 0 and finishing at the
point z at time s = ¢, has density function B(y;t, s, x,«) at any other time
s € (0,t), where

G(t - 5,7, y)G(Sv Y, Oé)

B(y;t, s,z,a) = Glt.z.0)
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Thus, we can rewrite

‘C(t -5 I,IL’/, Y,y — Z)‘C(Sa Y, y—z O[,Oé,)
=L(t,r, 7', a,a)B(y;t,s,z, ) By — z:t,s,2",a), (5.19)

and

Rdﬁ(t—s,a:,a:’,y,y—z)ﬁ(s,y,y—z,a,a')dy

= ‘C(ta x7$,a «, O/) /d B(y7 tv S, T, Oé)B(y - Z;t7 871‘/7 O/) dy
R

Now, recall that for any two independent random vectors Z; and Z, with
density function fz, and fz,, the density function of the difference Z; — Z5
is given by

Far-2() = G ) = [ Fa)fzaly =2y
We can therefore conclude that
/ B(y;t,s,z,0)B(y — z;t,s,2', /) dy = fz,_7,(2)
Rd

is the density function at time s, evaluated at the point z, of the difference
Z1 — Zy of two independent Levy bridge, where Z is starting at the point
« at time s = 0 and finishing at the point x at time s = ¢, and Z5 is staring
at the point o’ at time s = 0 and finishing at the point 2’ at time s = t. See
Lemma 6.17 for more details. O

The purpose of the next result is to give an expression of ¢**(¢,z,y) in
term of the spectral measure. Recall that by definition,

" (L2, y) = (gaq™)(t, 2, y),

where ¢ = ¢™ =1, and

(regty) = [ ds [ A@:) 1= s.0.205.2.9

2s(t — s) s t—s
(R V2NV PV
X < ; , z—i—tm—i— ; y>
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Lemma 5.23. Fort > 0, and z,y € RY, we have

-1 Sn(sn—l - Sn)
/ dsl/ dsg - - / dsy, /]Rd w(dé,) FT° (28”_1) (n)
Sn—1(Sn—2 — Sn—1) Sn
x /R pldgq-1) FT (2 — ) <£n1 + Sn_1£n>

X...

X /Rd p(dér) FT <281(tt_81)> <§1 + %52 + 4 Zﬁn)
X exp {—2m‘x (51& + t + S"§">}

X exp{—Zm‘y <(t_ a1)a +t U S")gn)}.

After writing this proof, we found that a related result was given in |2,
Lemma 3.4] The present derivation is somewhat simpler.

Proof. This is easy induction procedure. Indeed, by definition and induction
hypothesis, we get

(n+1) t z y)

2 t—
/ dsi1 [ A(d ( s1(t = 81),*z+ KV sly) q"(s1,2,Y)
Rd t t

/ ds1 | A (251( Sl),—z+81x+t_51y>
e ¢ '

X /0 dsy - /0 " ds, /R n(dg,) FT (25”(8’;:_1_5")> (€n)
Sn—l(sn—Q - Sn—l) Sn

X /]Rd p(dé,—1) FT (2 Sro ) (’fn—l + 5n—1£n>

NEEE

X / ,u(dfg)]:F <282(81_82)> <§2 + 87353 4+ 3n£n>
R4 S1 S9 ED)

X exp {—27Ti2’ <32§2 + o+ 5n£n> }
51

X exp {—27T7jy ((51 — 52)&2 + 8 (51 — sn)§n> } .
1
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Using Fubini’s theorem, we need to compute

2s1(t — t—
/ A(dz)T (Sl(sl), et Dt Sly)
R4

t t t

X exp {—27Tiz <82§2 o Sn§n> } .
S1

Recall that for g(z) = e 2™#H f(—z + c), we have

Fg(€) = e TN E f(—¢ — p).

We apply the latter with g = (M) , and ¢ = Stz + =51y With

Parseval’s identity, the latter integral is

/ w(dér) exp {—2772’ (Slm + t— Sly) (51 n s98a + -+ + sn§n> }
R4 t t 5
x FT (281(75—51)> (-gl = <8252 te snfn»
t s1

Using the fact that FT'(¢,&) is even in the & variable, we can replace the ex-
pression —&; — (w) by &1+ (M) . We are left to simplify

S1 S1

the remaining exponential terms in x and y. For the former, we have

exp {—27ristlx <§1 + spbp oo Sn&n) }

S1

B { : (5151+82§2+"'+5n5n>}
= exp 4 —2mix . ,

and for the latter, we have

exp {27riy <(81 —s2)é+ -+ (51— 5n)fn) }

S1
t

X exp {—2m’ Y <§1 + sk + S kA Snén)}
1

= exp {—27riy <(t_ )l S Gl S”)'g”) }

t

— 81

Indeed, we use the fact that for k € {2,...,n}

81—8k+t—818k Sk Sk Sk t—Sk

51 t s S1 S1 t t

This concludes the proof. ]
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In the previous chapter, we had the following definition (4.26):

o= [ 1 (20 gy as

which was neither commutative, nor associative. That operation appeared
in a similar context. In fact, from a more careful observation of Lemma 2.7
in [9], the following can be shown. If we let p; = 1 and pp4+1 = k * p,, where

széMwwma=AM%wnwa

then
q<m < Pn.
Using Lemma 4.17 we can get the bound
¢ <pn < 2" gy

where g1 = 1, and gn1+1 =k * gy

5.6 Time dilation

In this section, we give properties of both triangle operators, when the
time is scaled. The following observation motivates the next result. For any
v > 1, we have

D(vt, ) = v T (tx/v) > v °T(tx),

and thus
D(t,z) < v¥20(ut, z).

We will get a similar time scaled bound for the iterations ¢“.
Lemma 5.24. For any v > 1, we have

¢ (tx,y) < g (vt ),
d/2—1

where ¢ = v

Proof. The case n = 1 is clear since ¢! is the constant one function. We
proceed by induction.

¢t 2,y) = (¢ g™t 2,y)
¢
:/ ds/ A(dz) ¢ (t — 5,2, 2)g™" (s, 2,7)
0 R4

2s(t — s) s t—s
r(2\"—2 2, - "°
X ( r , z—i—tx—i— p y)
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By a linear change of variable r = vs, we observe that

2s(t — s) s t—s 2Z(t—-1) z t—=L
r(z2\Y—° 2 T (e v v
( ¢ ’Z+tx+ty> ( A ¢
12 t — t —
:F< T(V T) —Z+Ll‘+ ry>7
v vt t

and

(¢, y) / dr/ (dz) ¢ (r/v, z,y)
R4

12r(vt —r) T vt—r
xI'(———F, 2+ —2+ Y.
v vt vt vt

Using the induction hypothesis and the bound for I', we get

1 vt
k) < S [Car [ A ¢z
v 0 R4

2r(vt — t—

x T M,—z—i-ix—i- - Ty
vt vt vt

_ Vd/Q—ICn—qu(n—l-l) (l/t7 , y)’
which concludes the proof. ]

We define the time-scaled version
L,(t,z, 2 a,d):=Lwtr, 2 ad),

and write £ := (£,)>". For f,g: R, x R? x RY — R, we define a similar
operation

¢
(raa)ta) = [ ds [ A2 fe=sa2)g(s20)
2s(t — t—
x T <V3(3)7 —rt lat Sy) . (5.20)
t t t
The latter operator can be rewritten in term of that of <. We

Lemma 5.25. For any f,g, we have

(f 90 9)(t,9) = (i <91) (1,,9),

where fo(t,x,y) = f(at,x,y) is the dilation in time.
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Proof. First, we observe that

2s(t — t—
f(t - s,x,z)g(s,z,y)f‘ (V‘S(tS)7 —z+ ;JJ + tsy>

= fl/lj(yt BRAIED Z)gl/l/(ysv Z,y)
o« T <2us(1/t — vs) LS vt — I/Sy) '

,—Z+ —=x
vt vt vt

Using a change of variable r = vs, we get
1 vt
(f Y g)(t,x,y) = V/O dr /]Rd A(d’z) fl/u(yt -, Z)gl/u(ra 2, y)

2 — —
XF(MJNHW ry),

vt vt vt

which concludes the proof. O

We can give a time dilation result for the iterations £5".

Lemma 5.26. For any v > 0, we have

1
Lotz 2 o, d) = Fﬁ”"(ut, x, 7' a, ).

Furthermore,

q

1
) = S (vt s y),

which can be written as (¢*")y/, = Vn—l,qun.

Proof. We proceed by induction. By the linear change of variable r = vs.

Ei(n—i—l)(t’x,xl’a?a/) _ (Ez/ Dﬁi“)(t,{ﬂ,x/’a,a/)

¢
= / ds/ Adz) | dvLl,(t—s,z,2" 0,0 —2)L0"(s,v,v — 2,a,a)
0 s R

t
1
:/ ds/ A(dz) dv L(vt—vs,z,2',v,0—2)—=L"(vs,v,v—2,a,d)
0 s R4 v

1 1 vt
= n_l/ dr/ A(dz)/ dv L(vt—r,z, 2" v,0—2) L7 (r,v,v—2,a, )
v vV Jo s Rd
1
= V—nﬁb(”"‘l)(yt?x,x',a,a/).

Applying the preceding Lemma 5.25 to the constant function ¢ = 1, for
which ¢;/, = ¢, we get by induction

WOt (¢ 2, y) = (g9 ¢™") (L, 2,y)

1
= ;(QI/V < (qqyn)l/u)(ytv €T, y)
1 g3
= @™ (vt z,y),
which concludes the proof. O

q
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We could have also deduced one property from the other. Indeed, we
have the following relation

Corollary 5.27.
Lotz 2 o)=Lt z, 2 o, )g¥™(t,x — 2’ o — o).

Proof. Applying the previous result and Lemma 5.21, we get

1
‘Cin(ta €Ly :Ljv «, O/) = n—1 ﬁbn(ytv €, xla «, O/)

= Vn_lﬁ(l/t, 2 o, )g" (vt,r — 2 a— o)
= ‘Cu(ta Zz, .’L',, «, O/)qqyn(t: T — .’E,, o= a/)7
which concludes the proof. ]

The latter result could have been observed directly from the definition
and Lemma 5.22. Indeed, by induction, we have

L’,‘i("ﬂ)(t,x,x',a,a/ = (L, Dﬁin)(t,x,g;”a,a’)

)
t
:/ ds/ A(dz)/ dv L, (t —s,z, 2’ v,v—2) L0 (s,v,0 — z,a, &)
0 s

/ds/ (dz) / dv L,(t —s,x, 2" v,0 — 2)
s R4

W (s, 2,0 — )

(s,v,v — z,a,0a')q

:/ ds | A(dz)q™"(s,z,a —a)
0 Rs

X / dv L(vt —vs,z,2' ,v,v — 2)L(vs,v,v — 2,0, )
Rd

t
=L(vt,z, 2" a, ) / ds [ A(dz)q™"(s,z,a — )
RS

T (VW,—Z + @)+ t?(a - o/))

= L(vt,z,2' a0, )(q<, ") (t,x — ', — o).






Chapter 6

Parabolic Anderson Dream

We will first define a very general version of the noise M, then apply it
to the resolution of the Anderson model, for parabolic or elliptic equations
that are compatible with the noise.

6.1 Important results on distributions

The next result is a corner stone in the theory of distributions. It can
be found in Chapter 1, Section 1 of [28|, under Theorem 3, Theorem 5, and
Theorem 6.

Theorem 6.1 (The Kernel Theorem). Fvery bilinear functional B($, ) on
the space C°(RY), respectivement on S(R?), which is continuous in each of
the arguments ¢ and ¥ has the form

B(¢, ) = (T, ¢ @) = (Tay, o()b(y)) , (6.1)

where T' is a continuous linear functional on the space C’é’o(RM), respective-
ment on S(R%?). Furthermore, there exists some constant C > 0 and some
norms ||-||,, and |-||,, on C=(R%), respectively on S(R?), such that

1B(¢,9%)| < C ],y [14]l,5, - (6.2)

In regard of the Kernel Theorem, we introduce the notion of positive-
definiteness of a distribution.

Definition 6.2. A distribution 7" on C2°(R?9) is said to be positive-definite,
if

(T, ¢ © ) = (Tuy, p(x)d(y)) = 0, (6.3)
for all ¢ € C°(RY).

Another notion of positve-definiteness is also possible, yet on lower space
dimensional distribution.

141
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Definition 6.3. A distribution 7' on C2°(R?) is said to be positive-definite,
if

(T,¢x¢") =0, (6.4)
for all ¢ € C°(RY), where ¢*(z) = ¢(—x).

Both notions will be used further down. The former for general type
of noises, and the latter with the restricted class of translation invariant
noises. For the latter, we have the following useful result. It can be found
in Chapter 2, section 3 of [28], under Theorem 1, and Theorem 3.

Theorem 6.4 (Bochner-Schwartz). Every positive-definite distribution T
on CX(RY), or on S(RY), is the Fourier transform of a positive tempered
measure [, i.e. it can be written as

T.0) = [ Fol) utde). (63

If B is translation invariant bilinear functional continuous in each argu-
ment on C°(R?), or on S(R?), it can be written as

B(¢,9) = (T, ¢ @) = (Q, ¢ x¢")

where @ is a distribution on C°(R?), or on S(R?) respectively. See [28,
page 169].

Suppose that B is translation invariant. If B, or equivalently T, is positive
definite, then so is ). In that case, using the Bochner-Schwartz theorem, we
conclude that

B(é1h) = / FO(©)FDE) plde).

The last ingredient we will need about distributions is the existence of
tensor product. For two distributions S on C°(R™) and T on C°(R™),
there exists a unique distribution on C°(R™*"), denoted by S ® T, that
satisfies

(ST, p®9) = (S @ Ty, ¢(x)Y(y)) = (S, ¢) - (T, ) , (6.6)

for any pair of test functions ¢ € C°(R™) and ¢ € C°(R™). Uniqueness
and existence can be found in Chapter IV of [50], under Theorem III and
Theorem IV. Uniqueness of this distribution is a consequence of the following
fact.

Theorem 6.5 (Uniqueness of tensor product). Linear combinations of func-
tions of the form ¢(x)(y) are dense in C2°(R™T™).

Existence is guaranteed by setting either

(Sz ® Ty, p(x,y)) = (S, (Ty, (2, ¥))) s
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(Sz ® Ty, o(z,y)) = <Tyv (Sz, (2, 9))) -

Any of the two indeed defines a distribution on C°(R™*™), and both coin-
cide for functions of the form ¢(z)1(y). By uniqueness, they are the same
distribution. In particular, it is possible to perform evaluation successively
and in any order. This is a general version of Fubini’s Theorem for distribu-
tions.

The tensor product extends to any finite number of distributions and that

product is associative. For example, if R, S, and T are three distributions
on CX(RY), C2(R™), and C°(R™) respectively, then

(Re®8y) T, =R, ®(Sy®T%).
In fact, we can directely define the tensor product
(R & 8, @ T, ul@)o(y)w(z) = (Ryu) - (S,0) - (T,w),

for any functions u € C®(R!), v € C*(R™), and w € C°(R"). Evaluation
can also be performed successively and in any order. For example,

<Rx ® Sy ® Ty, 90(1:7?/’ Z)> = <R5L‘7 <Sy» (TZv 90($’ Y, Z)>>>
= <T27 <R96’ <Sy7 go(x, Y, Z)>>> s

for any ¢ € C(RIF™Hn),
Analog results hold for tempered distributions on S(R?).

6.2 Decomposition of distributions
Suppose T'=R® S.
Lemma 6.6. T is the zero distribution iff R or S is the zero distribution.

Proof. If R or S is the zero distribution, then so is R ® S by the density
result, Theorem 6.5. If both R and S are not the zero distribution, then
there exist ¢ and 1 such that (R, ¢) # 0 # (S,v) . But this contradicts the
fact that

(R, 6) - (S,0) = (Ry ® Sy, d()(y)) = 0.
This concludes the proof. O

To avoid tautology, we assume that both R and S are not the zero dis-
tributions.

We now consider distributions R, , on C°(R?™), and S, , on C°(R?"),
whose tensor product is denoted by Ty, z 4. We could have chosen the other
notation T}, y z 4, Which look simpler. The reason is that we want to consider
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T as a distribution on R™*" x R™*" rather that on R*™ x R?". To make
this distinction more obvious, we could have written T(, ) (v,y)-
A distribution S, is said to be symmetric if

(Szy(2,9)) = (Szy: oy, 7)) ,

for all p € C2°(R?"). This can be written as Sy, = Sy 2.
A distribution S is said to by antisymmetric if

(Szy, 0(®,y)) = — (S, Py, 2))

for all ¢ € C2°(R?"). This can be written as S, = —S, .. This is in fact
equivalent to (Sg,y, ¢(z)p(y)) = 0 for all ¢ € C°(R™). Indeed, this is a direct

consequence of Theorem 6.5 and the following observation

0 = (Szy, (9(x) + () ((y) + ¥(y)))
= (Szy, 9(@)0(Y)) + (Sey, d(2)Y(y))
+ (S V() ¢(Y)) + (S, ()Y (y))
= (Say, 9(@)Y(y)) + (e, v(2)0(y)) -

It is clear that a distribution that is both symmetric and antisymmetric is
the zero distribution. As we mentioned earlier, we will avoid those cases.
The tensor product has the same symmetries as that of its components.

~ ~—

Lemma 6.7. T}, ;. , and R, , have the same symmetry property in the pair
of indices (u,v).

Similarily, T, 4.4,y and S; , have the same symmetry property in the pair
of indices (z,y).

Proof. This is a consequence of the density result, Theorem 6.5, and the
following observation

(Lurrangs 61 (W01 @)02(0)02(0)) = (Ruos 61(0)62(0)) - (S 1 (2)2(y))
=+ (Ry v, $1(0)d2(w)) - (Szy, ¥1(2)2(y))
::l:< uxv,yu¢l(v)¢1( ) )¢2( )>

which holds for all ¢y, ¢y € C°(R™) and 1y, vy € C°(R™). O

This does not say that if S, , is symmetric, then S is the tensor product
of two distributions.
For T to be symmetric as a distribution on R™*" x R™*" we mean that

Tluz),y) = Tw,y),(ua)-

Lemma 6.8. T is symmetric if and only if either R and S are both sym-
metric, or R and S are both antisymmetric.
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Proof. Assume that T is symmetric. That means

<Tu,x,v,y7 X(uv x,v, y)> = <Tu,x,v,y7 X(’U, yv u, 1:» ’

for all x € C°(R2(™+)_ If we take the special case

X(u, 2,0, y) = dr(u)ir (z)P2(v)v2(y),
for ¢1, 2 € C°(R™) and 91,99 € C°(R™), the left hand side becomes

(Ru, p1(u)d2()) - (S, Y1(2)h2(y)) ,

whereas the right hand side becomes

(Ruv, 91(0)¢2(w)) - (Szy, P1(y)¢2(2)) -

We now use the fact that R is not the zero distribution. We have two cases
to handle. First, if we can find some ¢ € C2°(R™) such that

(Ruw, d(u)p(v)) # 0,

then we can conclude, using x(u, x,v,y) = ¢(u)1(z)d(v)h2(y), that
(Seys 1(2)h2(y)) = (S, 1(y)va())

for all 11,12 € C°(R™). Thus S is symmetric. In turn, this implies that R
is symmetric.

Second, if we cannot find such ¢ € C2°(R™), this means that R is anti-
symmetric. In turn, this implies that S is antisymmetric. O

The previous proof can be slightly modified to yield the following result.

Lemma 6.9. T is antisymmetric if and only if either R is symmetric and
S is antisymmetric, or R is antisymmetric and S is symmetric.

We would like to show an analog relation between R, S, and T concerning
positive definiteness. As the next expression shows, caution is rigor. If T is
positive definite, then for ®(u,x) = ¢(u)(x), we must have

0< (Tuzwy P, 2)®(0,y)) = (R, (u)$(0)) - (Szy, ¥(2)P(y)) -

This could mean that both R and .S are positive definite, or that both R and
S are negative definite, or that any of R and S is antisymmetric. Fortunately,
we can conclude something when symmetry is also assumed.

Lemma 6.10. T is symmeltric and positive definite implies that R and S
are both symmetric.

In comparison with Lemma 6.8, the extra assumption that T is positive
definite excludes the possibility that R and S are both antisymmetric.
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Proof. We assume that T is symmetric and positive definite, and we will show
that if R and S are both antisymmetric, then 7" must also be antisymmetric.
A contradiction with the fact that T' is not the zero distribution. We must
show that

<Tu,x,v,ya (I)(uu JU)(I)(’U, y)> = 07

for all ® € C°(R™*"). By density result, Theorem 6.5, it is sufficient to
show it for ®(u,x) = 22:1 ok (u)r(z). We will show this by induction
on the number of term in the linear combination. The starting point, [ = 1,
is precisely the hypothesis that R and S are antisymmetric. Indeed, for
O (u,z) = ap(u)y(x), we have

(Tu,0, ®(u,2)@(v,y)) = o (Ru, (w)d(v)) - (Say, ¥ ()1 (y)) = 0.

Assuming that the result holds for y(u,z) = 22:1 bk (u)g(x), for any
ar € R, ¢ € C(R™), and ¢, € C°(R™), we will show that it still holds
for ®(u,z) = x(u, z) + ap(u)p(z). Because T is positive definite,

0 < Tz vy ®(u, )®(v, y))
= <Tu,x,v,y7 X(u? ‘T)X(Uv y)) ta <Tu,x,v,y7 X(’u, x)(b(v)f‘/}(y»
t+ 0 Ty, S (@)X (0,)) + 0 (Tuawy, St (2)d(0)1(y)) -

By induction hypothesis, the first term (7%, 4 0.4, X (1, 2)x(v,y)) = 0. The last
term is zero as before since R and S are antisymmetric. Using the fact that
T is symmetric, we conclude that

0 < (Tuzwy, ®(u, 2)2(v,y)) = 20 (Tu 20y, X(u, 2)d(V)Y(y))

for all @ € R. By taking @ = —«, we must have that

(T, X(u, ©)p(0)3(y)) = 0.

In turn, this shows that (Ty 2., ®(u, )®(v,y)) = 0. This proves the induc-
tion step, and concludes the proof. O

We are now ready for the following result, which will be useful for the
general noises.

Proposition 6.11. T is symmetric and positive definite only if R and S are
both symmetric, and either R and S are both positive definite or R and S
are both negative definite.

If R and S are negative definite, then —R and —S would be positive
definite, and R® S = (—R) ® (—9).
We will need the following definitions. For ¢1, ¢2 € C°(R™), we set

(01, 92) g 7= (Ruw; 01(u)da(v)) -
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We shall see that (-, ) acts as an inner product when R is a symmetric and
positive definite distribution. In that case, usual arguments show that (-,-) 5
satisfies both Cauchy-Schwarz and Minkowski’s inequalities, i.e.

{1, 92) gl> < (D1,01) R - (P2, P2)
(1 + ¢2, 01 + ¢2>}%/2 <A(¢1, ¢1)}%/2 + (92, ¢2>}~2/2 ;
for all ¢1, Py € C°(R™).

Proof. Suppose that T is symmetric and positive definite. By Lemma 6.10,
this implies that both R and S are symmetric. We want to show that either
(¢, 0)r > 0 for all ¢ € C(R™), or (¢,¢)r < 0 for all p € CX(R™). We
cannot have (¢, ¢)r = 0 for all ¢ € C°(R™), for R would be both symmetric
and antisymmetric, and that would contradict the fact that R # 0. Suppose,
by contradiction, that there are ¢, p2 € C2°(R™) such that

<¢17¢1>R > 07 and <¢2, ¢2>R < 0.

Since S is not the zero distribution and is symmetric, there is ¢ € C°(R"™)
such that (1,1)¢ # 0. Using the fact that T is positive definite, we have

0 < (Tuzpy, (@1(u) + Boa(u))y(z) (a1 (v) + Bo2(v))Y(y))
= (a® ($1, 1) g + 208 (b1, b2) g + B (d2, d2) ) (¥, ¥) g,

for all o, 3 € R. We have two cases to cover. If (1,9)¢ > 0, we can take
a =0 and 8 =1 to conclude that

0 < (Tuzwy P2(w)(2)P2(0)h(y)) = (b2, d2) g (¥, )5 <O,

which is a contradiction. If (1,1)¢ < 0, we could take & =1 and 5 = 0 to
conclude that

0 < (Tuzwy, P1(w)(2)d1(v)Y(y)) = (P1,01) g (¥, ¥) g <O,

which is again a contradiction. Therefore, we showed that either (¢, ¢)r > 0
for all p € C°(R™), or (¢, ¢)r < 0 for all ¢ € C°(R™). The former says that
R is positive definite. In turn, that implies that S is also positive definite.
The latter says that R is negative definite. In turn, that implies that S is
also negative definite. O

The converse is trickier. Here are some ideas but we couldn’t conclude.
Second, we show that if both R and S are symmetric and positive definite,
then T is symmetric and positive definite. The symmetry of 1" from that of
R and S was already proved in Lemma 6.8. We are left to show that T is
indeed positive definite. We need to show that

<Tu,x,v,ya (D(ua a;)CI)(v, y)> > 07
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for all ® € C°(R™*™). By the density result, Theorem 6.5, it sufficient to
show it for any linear combinations ®(u,x) = 2221 ok (u)g(z). We will
show this by induction of the number of term in the linear combination. The
starting point, [ = 1, is a precisely the hypothesis that R and S are positive
definite. Indeed, for ®(u,x) = ap(u)(x), we have

<Tu,x,v,ya (I)(’LL, J,‘)(I)(’U, y)> = a2 <¢» ¢>R : <1/}a ¢>S Z 0.

Assuming that the result holds for y(u,z) = Zi;:l bk (u)g(x), for any
ai € R, ¢ € CX(R™), and 9, € C°(R™), we want to show that it still
holds for ®(u,z) = x(u,x) + ap(u)(x).

This part seems hard. Maybe use the fact that the (de Gram) matrix,
a;,j = (ej,ej) for an inner product (-,-), is positive definite. It also looks
equivalent as showing that the Cauchy-Schwarz inequality is still valid on
the finite [+ 1 dimensional space, from that of the finite [ dimensional space.

6.3 General type of noise

This section is strongly inspired by the generalized random field intro-
duced on page 242 of [28|

We want to assign to each ¢ € C°(R?) a random variable M (¢). If all
the finite dimensional laws (M (¢1),---, M(¢y)) are compatible, we call M
a random functional.

The random functional M is called linear if for any ¢, € C°(R%), and
a € R, we have

M(¢p+ ap) = M(¢p) + aM () P-almost surely.

In order to enlarge the domain of definition of the noise, we need to
impose some continuity assumption. We could ask the following. If a se-
quence of test functions converges to another test function, then we would
expect the corresponding random variables to converges weakly. In fact, we
need to extend that property to random vectors. If each ¢y, converges
to ¢, in the space O (RY), for m € {1,...,n}, then the random vectors
(M(é1k),--., M(¢nr)) converge weakly to (M (¢1),...,M(dy)), i.e. for any
bounded continuous function f : R™ — R, we have

A continuous linear random functional will be called a generalized ran-
dom function. Such noise is also called a generalized random process (when
d = 1) or a generalized random field (when d > 2).

For our purposes we need to restrict to random functional that admits
mean and correlation. In fact, we shall restrict to the one with zero mean.
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Assumption 6.12. For our purpose, it is sufficient to consider noises with
Zero mean, i.e.

for all ¢ € C°(RY).

If B[M ()M (v))] exists for all ¢, € C(R%), and is continuous in each
of the arguments ¢ and v, we define the correlation functional

B(¢,1) = E[M(¢)M()].

By the Kernel Theorem, Theorem 6.1, there exists a distribution on C°(R2%)
such that

B(@W/f) = <Tz,y7 ¢(x)¢(y)> :

For example, we could define a map M : C*(RY) — L2(Q,P), whose
range is very convenient since it is the largest space in which we can con-
sider covariance. The noise could be a set of mean zero random variables
{M(¢), s € C*(R?)} that are jointly gaussian. If the covariance satisfies an
isometry property, e.g. E[M(¢)M ()] = [pa (@) (x)p(dx), for some posi-
tive sigma finite measure u, then the domain of definition of the noise can be
extended. It is in fact a mean zero gaussian noise M : L2(R%, ) — L%(Q,P).
That process is usually called the isonormal process. For this example,
we can deduce that T, is a measure o on R2¢ supported on the diago-
nal A = {(z,r) € R??: 2 € R?}, whose measure is given by o(B) = u(B?),
where B is any Borel set B C R??, and B2 = {z € R?: (z,z) € B}.

What happen when it is supported on the other diagonal? It would lead
to

B(éih) = / o()b(—z) p(d).

The latter cannot define a noise since is not positive definite. Indeed for any
odd function ¢, the quantity B(¢, ¢) < 0.

As in the previous example, the structure of the noise is strongly related
to the properties satisfied by the covariance, when it exists. It should satisfy
the following three basic properties of covariance, i.e. linearity, symmetry,
and positive-definiteness:

B(¢,¢) = B(¢, ¢);
B(¢,¢) 20

for all o € R.
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6.4 Anderson model

From here, every argument is purely formal. We assume existence of
some mean zero stochastic integral. We also assume that correlations can
be computed in the usual way, see (6.8). The purpose of this section is
to generalize the triangle > operator of Chapter 5, and see that it remains
associative. We can also generalize the two points correlation formula.

We would also like to convince the reader that it is sometime more con-
venient to write

E[M(¢)M(¥)] = (Tia,sy, o(t, 2)0(s,y))

rather than any of the very informative

BOM@MW)] = [ deds [ dedy(e = )\ - 0)olt2)0()
= [tde) [ M) (6 ) (t.2),
R Rd

in the example of correlated noise in time and space. The latter are very

convenient to see that the bilinear form B(¢,v) = E[M(¢)M ()] is bi-

linear, symmetric, and positive definite, when v and A\ are symmetric and

positive-definite measures. The former will show great effectiveness to show

associativity of the triangle > operator in the following Anderson model.
We are interested in the general parabolic equation,

{gg(t,x)zﬁu(t,x)HuM, t>0,z R, (6.7)

u(s, ) = SO, S Rd,

where L is a parabolic operator having a Green function G(t, x; s,y), i.e. the
solution to the homogeneous equations is given by

u’(t,x) = (S, G(t, 2;5,9))

for some (non-random) initial condition at time s given by a distribution S°.
The Picard iteration scheme would be given by

W(t,x) = (Sy, G(t, 235,9))
W) =a(to) A [ Gt ) Mdndy)
RxRd
To simplify notation we set G(t, z;7,y) = 1(54(r)G(t,x;7,y), so that instead

of having fst dr we can have [ dr.
Observe that

E[u(t, 2)ul (¢, 2')] = u®(t, 2)u® (¢, 2)
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since the initial condition is non-random, and

E[u"+1(t, x)u”“(t', )] = uo(t, x)uo ', ")

+A2E[// G(t, x5, y)u"(r,y) M(dr, dy)
RxR4
X // G(tﬁx’;r’,y’)un(r’,y’)M(dr’,dy’)}-
RxR4

To simplify notations, we introduce the variable z = (¢, z), 2’ = (', 2/),
= (r,y), w=(r",y), and G(z,v) = G(t,z;r,y), so that we can rewrite

E[ n+1( ) n+1 UO( )UO( /

+A2EU/RXRd z,0) M(dv) //]Rde 2 w)u (w)M(dw)].

We suppose that the last expectation can be computed as

VI A )

= (Tyw, G(z,0)G(2,w)E [u" (v)u"(w)]). (6.8)

If we set

g9"(2,7) = Elu"(2)u" ()],

then we have the following relation, for n > 0,

gz, 2) = %z, 2') + \? <Tv,wa G(z,v)G(Z,w)g" (v, w)> .

We define the general operation > as follows. For f, ¢ : R4 5 R we set

(ng)(Z Z7y7 ) )‘ < vwaf(z 4 U w)f(v,w,y,y/)>.

As was already observed, we could assume A = 1, upon replacing each oc-
curence of the distribution 7" by A>T Furthermore, we set

L(z,7,y,y) = G(z,y)G(,y)

and
9" (2,2, y,y) == g"(2,7).

In that case, we have

9"z, 2) = ¢°(2,2) + (L> g") (2,7,0,0).

We show that the triangle > operator is associative. This is a consequence
of associativity of tensor product for distributions.
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Lemma 6.13. The operation > is associative.

Proof. We need to show that [(f>g)>h] = [f>(g>h)], for any f,g,h
R4d+1) _s R. First, observe that

[(fbg) Dh] (Zaz/ay7y/) = <Tv2,w27 (f Dg)(Z,Z/,’UQ,’UJQ) h(”?yw27y7y/)>
= (Togws, (Tor s [ (2,2, 01, w1)g(v1, w1, v2, w2)) h(ve, wa,y,y))
— <Tv17w1 ® Tv%w,f(z,z',vl,wl)g(vl,wl,vg,wg)h(vg,wg,y,y')>.

We also have
[f > (g > h)] (Za Z,a Y, y/) = <Tv1,w17 f(27 Zl, U1, wl)(g > h)(vlv w1,Y, y,)>

= (Toy w1, [ (2,2, 01,01) (T 9(v1, W, v2, w2) R (v2, w2, y, y')))
= <Tvl,w1 ® Tvg,wzv f(zv Zlvvlvwl)g(vlvwla v2, w?)h(v%w% 2/,3//)> .

This concludes the proof. O

Using the associativity of the operation >, we can define
L =L>L>-->L,
—_—
n-times

and deduce that

go(z, 2+ (ﬁ Dgo) (2,2',0,0),
7 (z,7) = g%z 2) + (£l>gl) (2,2,0,0)
Pz, + (C Dgo) (2,2',0,0) + (£'>2 l>go) (2,2,0,0),

<i Ebk> Dg()] (2,7,0,0).
k=1

From that induction procedure, we see that the fonction

K(z, 2, y,9) <Z£Dk> z,2,u,y)

plays an important role. If the sequence converges, the limit g = lim,,_, o, g"
would satisfy
9(z,2) = ¢°(2,2) + [Kp ¢°] (2,7,0,0).

The formula gives the expectation of the solution as a combination of the
initial condition, through ¢°, and the kernel . The next result gives a more
convenient expression. It is an adaptation of [9, Lemma 2.8].
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Theorem 6.14. For any initial distribution S°,
E [u(z)u(z)] = ¢°(z,2') + [K > ¢"] (2,7,0,0)
= <Sg ® 8%, K(z,72, (s, ), (s, a))).

Before we give the proof, we need to observe the following property about
¢" and the kernel K :

gO(Z’ Z,) = UO(Z)UO(Z/) = <Sga G(z, (s, Oé))> <S(())/a G(Zla (s, O/))>
= <Sg ® 8%, Gz, (s,0))G (7, (s, o))
= <Sg ® Sg/v E(Z, Z/, (8,04), (87 O/))> )

and - -
Ko L= Zﬁ(’f“) = Zﬁ’f =K - L.
k=1 k=2

Proof. This property comes from the link between the definition of ¢°, L,
and /C. Indeed,

(K> g% (z,2,0,0) = <T@,w, K(z 2, v,w)g°(v, w)>

= <Tv7w, K(z, 2 v,w) <Sg ® 5'2/, L(v,w, (s,a), (s, o/))>>
= Ty ® So @ S%, K(z,2',v,w)L(v,w, (s,a), (s,a)))
= <Sg ® 5%, <Tv7w, K(z, 2 v,w)L(v,w, (s, a), (s, o/))>>
= (S8 ® 8%, (K> L)(2,7,(s,@),(s,d)))

= (S0 ® 8%, K(z,7, (s,a),(s,d)))

— (88 ® 8%, L(2,7,(s,a),(s,a)))),
which concludes the proof. O

6.4.1 Inverse triangle operator

One effective way to get a bound on the kernel K, is to get a bound for
each of the £

Instead of using the operation >, we can directly give an expression for
E [u(z)u(z’)] from ¢°, or S° ® S, and the tensor products

Ti()g,)zﬁ = TUlfLUl ® Tv2fw2 Q- T,

n,Wn *

-~

n-times

For any n > 1, we have

Efu"(2)u" ()] = u’(2)u’(2')

+ Z <T§£ , G(z,06)G (v, vp_1) - - - G(v2, v1)u’(v1)
k=1

X G(2,wg)G(wg, wi_1) - - G(wa, wl)uo(w1)>.
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Elu"(2)u"(2")] = u®(2)u’(2")
n k
+> <T§£a [T Gwjr1,0)Gwjs1,wj) uo(vl)uo(W1)>
k=1 j=1

where for each k, we have set vy 11 = 2, wpy1 = 2.
Lemma 6.15. If we set vg = (s, ), and wy = (s,a’), we also have
n k
Elu"(z)u™(2)] = <T§f§ @5y Su. |1 G(vj+1,vj)G(wj+17wj)> :
k=0 Jj=0
From here we would like to know if the product

G(vjt1,v5)G(wjy1,wj),
0

k
J=

or if the expression involving that product,
k
<T5?fﬁ, [ G, vj)G(wj+17wa‘)> :
j=0
could be simplified. For example, could we write
k
[ Gwis1, vj)G w1, w5) = G(z,00)G (2, wo) X
j=0

where X is a function of all variables v;, w;, for j € {0,...,k+1} 7
If the noise is correlated in space, then we could find the corresponding
inverse triangle < operator. From the fact that G satisfies the semi-group

property,
/d G(t,z;r1,y1)G(r, ysre, y2) dyr = G(t, 2372, y2),
R

we could rewrite

G(z,v1)G(v1,v2)

G(z,vl)G(U17U2) = G(Z’UQ) G(z 'UQ)

= G(z,v2) X (z,v1,v2),

where we define

G(z,v1)G (v, vg)‘

X(Zvvlva) = G(Z UQ)
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If the Green function G(z,v2) vanishes for some z or ve, then so should
X(z,v1,v2), so it is set to be zero for all v;.

From the semi-group property, we know that X (z,v1,v2) is a probability
distribution, in the space variable y; of v1 = (r1,y1). We would like to know
if it has the same law as a Lévy bridge? At least in the following case it
does.

Example 6.16. For the heat equation on R?, the Green function is given
by the fundamental solution, i.e.

G(t,x;r,y) =Gt —r,x —y),

_?
where G(t,x) = \/%ﬂteT. Let B(t) be a brownian motion with variance 2t¢.

We will show that the quotient

G(t,z;5,y)G(s,y;7, 1)

Xt,z,r,x —
s ) G(t,z;r,x) ’

(6.9)

is the density law at time s and point y of a brownian bridge that starts at
time 7 and point x, and finishes at time ¢ and point z. Of course, we assume
that r < s <t. We let

t—s s—r t—s s—r
YS:Yj’Z””’I:B(s)—t_TB(r)— t_TB(t)th_ T+

t—
Zy = 27" = B(s)|(B(r) =z, B(t) = 2),

t z,r,x(

and will show that both random variable Y and Zs have density X’
Zs should be read as B(s) knowing B(r) = x and B(t) = z.

y)-
Lemma 6.17. The density of both random variables Ys and Zs is given by
the quotient (6.9).

Proof. By definition of the conditional density, we have

fB(t),B(s),B(r) (2, Y, T)
fBw,Bor(2,1)

fz,(y) =

By a change of variable, we can simplify as

_ Bw-B().B(&)-B0).BM) (7 — ¥,y — 2, 7)
B -B),B(r) (2 — 7, 2) '

fz,(y)

Using the independence of the increments of Brownian motion, we can sim-
plify further

_ fBwy-B)(2 = Y) fBs)-B(r) (Y — )
fz.v) = fBt)-Br) (2 — )

_ G(t—s,z—y)G(s—r,y—x)

N Gt —r,z—x) ’
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This is what needed to be proved for Z,. For Y;, we can rewrite it as

Y= 7B - B(s) + L2 (B(s) - By 4 EETEZ T

t—r

By independence of increments, the fact that the increments have normal
distributions with variance 2(t — s) and 2(s —r), we conclude that Y; follows
a normal distribution with mean us and variance o2, given by

(s—=r)z+(t—9)x
t—r

Hs =

and

t—r t—r

o2 = (S_T)22(t—s)+ (i_s)Qz(s—r):2(t_s)(S_r).

To conclude the proof, we will give the exact form of the quotient, and find
that it is indeed the law of a normal distribution with mean p4 and variance
02 as above. We apply the product identity (A.11) of the heat kernel to get

G(t—s,z—y)G(s—ry—x)
(t—s)(s—r) (S—T)(Z—y)—(t—fi)(y—ﬂf)>

t—r ’ t—r

:G@_hz_@G<@—@@—m7@—mz+@—@x_y>7

:G@—nz—@G<

t—r t—r
which concludes the proof. O

Observe that for the derivation of the law of Z,, we “solely" needed the
fact that the increments of brownian motion are independent.
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Parabolic equations

We restrict our discussion to second order parabolic type equations. We
will distinguish the Cauchy problem and the boundary value problem. The
former is an equation on the whole space R?, whereas the latter is on some
(simply connected) domain D C R?. The domain D, bounded or unbounded,
is a proper subset of R?. The concepts of fundamental solutions, respectively
Green functions, are key tools to find the solutions to the Cauchy problem,
respectively the boundary value problem. Most ideas in that chapter can be
found in [44].

A.1 Cauchy problem

The Cauchy problem can be expressed as

ou d
E(t,w)—(Au)(t,x)-@(t,x), t>0, x € RY (A1)
U(O’ IE) = f(x)a xr € Rda
where A is a second order differential operator
d 0%u d ou
(Au)(t,z) = ; a; (t, x)m(t,:r) +;ai(t,x)axi(t,x) +a(t, z)u(t,z),
(A.2)
with the property of uniform ellipticity, i.e.
d d
Z ai’j(t,l')fifj > I/Zf?, v > 0. (A3)
i,j=1 i=1

Equations (A.1) is said to be homogeneous if ® = 0, and have vanishing
initial condition if f = 0.

Very strong results are known for the class of such parabolic equations.
Under some precise assumptions on the regularity of the operators A, the

157
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solution can be expressed as

u(t, ) :/0 /]Rd D(t, z;r,y)P(s, y) dydr + /Rd D(t,z;0,y)f(y)dy, (A.4)

where I' is the fundamental solution of the Cauchy problem (A.1). As we
shall see, the fundamental solution doesn’t depend of the functions ® and f.
In fact, it satisfies the following homogeneous equation

r
gt(t’ﬂf; ry) — (A D)t myr,y) =0, t>0, z,€RY,

(A.5)
D(t,z;t,y) = 6(z — y), t>0, zeR™

In (A.5), the quantities r and y are free parameters, with ¢ > r > 0 and
y € R%, and § is the Dirac delta functional.

Remark. If the coefficients of the operator A are independent of the time
variable ¢, then the fundamental solution depends only on three arguments,
I(t,z;r,y) =T'(t—r,z,y). Furthermore, if the coefficients of the operator A
are constant, then the fundamental solution depends only on two arguments,
L(t,z;r,y) =Tt —r,x —vy).

This section was strongly inspired by [44, Section 16.2.2].

The fundamental solution satisfies the following semi-group property.

Lemma A.1. Forallt > s>r >0 and z,z € R, we have
[ Ttz dy = T z57.), (A6)
Rd

This result is given in |22, Theorem VLI|. For many bounds satisfied by
the fundamental solution, see the whole Chapter 6 of [22]|. In the particular
assumptions of [22, Theorem VI.6], the fundamental solution is positive and
have both lower and upper bounds given by the heat kernel. Therefore,
Dalang’s condition (4.4) is satisfied exactly for the same class of correlated
noises.

A.1.1 Heat equation

The heat equation is the particular case of (A.1) where the operator A
has constant coefficients of the form

d d%u
(Au)(t,z) = v Au(t,z) = v Z ErAGEDL (A7)

where v > 0 represents the heat diffusivity of the medium. @ represents
the volume thermal source. Its fundamental solution can be expressed as
P(ta Z; Tay) = Fu(t - y)7 with

1 ||
I(t,x) =1r+(t) - W exp {_Zlyt} , (A.8)
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where 1p+ is the Heaviside unit step function, i.e. 1g+(t) =0 for ¢ <0, and
1g+(t) = 1 for t > 0. The function I', will also be called the heat kernel.
The notion of (good) kernel, or approximation to the identity, is linked to
the fact that indeed I', (¢, -) converges to the Dirac delta functional as ¢ — 0.
That fact can be found in [51, Theorem 1.6 of Chapter 5].

Therefore, the solution to the homogeneous heat equation, with initial
condition wug(x), is given by

1 _le—y?
u(t,x) = /Rd W@ i ug(y) dy. (A.9)

In addition to the semi-group property (A.6), the fundamental solution
to the heat equation has the following two properties.

Lemma A.2. For any x,z € R%, and r,t > 0, we have

/ Ly(t,y)dy =1, (A.10)
Rd

e rz4+tx
FV(T', x)ry(t, Z) = PV <r—i—t, 7"—|—t> PV(T + t, xr — Z). (All)

These can be verified directly. We omit the proof.

A.1.2 Properties of the heat kernel

We derive here some properties of the heat kernel. By the semi group
property,

/ L, (t,y)? dy =T,(2t,0) = (Suvtmw)~ %2, (A.12)
R4

We deduce in any dimension

/0 t /R Tu(s,y)dyds =t (A.13)

And in one space dimension d = 1,

/Ot/RFu(S,y)Qdyds:/OtI‘l,(Qs,()) ds = vt : (A.14)

2um

For all z,v > 0, the following bound

o0 2 o0 2 2 [ 2
/ e W dyZ/ e VG gy = e / e~ mEeT
T 0 0

ﬁ —~yxz?

L oo , (A.15)
<e / e 7 dz = ﬁe ,
0 Y
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can be used to estimate integrals of the heat kernel:

- d L et dy < LB A
I',(s, = edvs < —e avs, .16
/m (5,9) dy Vavst /x 4 2 ( )
/Oor( )2 d ! /oo Frdy< — e in (A.17)
v (s, = ews dy < ————e 20s. .
z v dvsm J, Y 4/ 2vsm

In [43, Table 1], we can found more general integral bounds for the heat
kernel. For example, if we consider the function

N

o(y) = T1ja(1,y) = jﬂ

then for any nonnegative integer k£ we have

k 172‘7
|ty = o) eRn Y e (A.18)
7=0
2k+2 Eogt
| oot dy = stk + )1y G 2k IR, (419

where the double factorial of a nonnegative integer is defined as follows:
nl=n-(n—2)---4-2ifniseven, n!! =n-(n—2)---5-3-1if n is odd,
and 0! = 1 = 1! The function ®(z) is defined by [ ¢(y)dy and can be
estimated with (A.16).

Another interesting property concerns the derivatives of I',(¢,z,y) =
I',(t,z — y) in one space dimension.

Lemma A.3. For any k,n € N and A > 1, there exists ¢ = c(k,n, \) such
that

Stk BOY| S Lt 2,y)- (A.20)

‘ okorT, ‘ c
Proof. Recalling that the heat kernel satisfies the heat equation, we observe

that

or, or, o°T
7(t7 z, y) = 4,

tr—y) =v—o(t,z —

5 5 (LT —Y) 52 (T = Y),

and thus, we only need to get estimates for the space derivatives. By induc-
tion, we can show that

oT
v — —n/2
5 (t,z) = (vt) P, <

T
V4avt

where P, is a polynomial of degree n. Indeed, the cases n = 1 and n = 2
follow from direct computations

) It x),

or, —2x T
%(t,x)—ryt ru(t,z),

1
T, (t2) = ———=—=T,
(t2) ===
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and

02T, ~1 —27\2
8%2 (t,ﬂj‘) - (21/t + (4I/t> )Fl/(tvx)

-2 (3+ () e

The general case is deduced by the Leibniz derivation formula. Thus

9+oT, L 92T,
m( ST, Y) =V W(taxay)

=y AR 2Py (x — y> Lu(t,z —y).

Vavt
Finally, we observe that for any r > 0 and 1/A =6 € (0,1), we have
s (r+1)!

AN S me_ez = C('f’, )\)6_92. (A21)

Therefore,

.
Porin <¢ﬁ> \ Dy (t, 2 — ) < ok, m AT (h 7 — 1),

which concludes the proof. ]

In any space dimension, we get

Lemma A.4. For any k € N, v € N®, and \ > 1, there exists a constant
C =0C(d,k,vy,\) such that

akohir,

W(U’U’y) (A.22)

< g LT y).

Proof. 1t is a direct consequence of the one dimensional result (A.20) and
the fact that

I‘,,(t,x,y) = lej(ta Ty, yl) e Fll/(ta xdayd)a

where '] is the heat kernel in one space dimension. O

A.2 Boundary value problems

To express the boundary value problem, we need further information on
the behavior that is expected to happen at the boundary S = 0D.

01, 2) — (Au)(t,) = @(t,x), 1> 0, 2 €D,
(Bu)(t,z) = g(t, x), t>0, z €8, (A.23)

u(0,z) = f(x), x €D,



162 Appendix A. Parabolic equations

where A is given by (A.2) and satisfies (A.3), and B is a first order differential
operator

d ou
(Bu)(t, ) =Y _bi(t, )5

i=1

(t,x) + b(t, z)u(t, z). (A.24)

(2

Equation (A.23) is said to be homogeneous if & = 0, have vanishing
boundary condition if g = 0, and have vanishing initial condition if f = 0.

We say that (A.23) is the “first" boundary value problem, when the
boundary condition reduces to u(t,x) = g(t,z) fort > 0, and x € S, i.e. each
b =0and b=1in (A.24). It is also called the Dirichlet boundary condition.
“Second" and “third" boundary value problems can also be defined, with
special forms of the boundary operator B. In the case of the heat equation,
the “second" boundary value problem is the case in which the boundary
condition reduces to Zgzl Vi(a?)%(t,x) = ¢(t,x), where v(x) is the unit
outward normal to the surface S, at the point z € S. It is also called the
Neumann boundary condition.

Very strong results are known for the class of such parabolic equations.
Under some precise assumptions on the regularity of the operators A and B,
and on the smoothness of the boundary S, the solution can be expressed as

U(t,x)—/o /DG(t,w;T,y)@(r,y)dydr+/FG(t,x;O,y)f(y)dy
+ [ [ gt s, (a2s)

where G is the Green function of the boundary value problem (A.23). As we
shall see, the Green function doesn’t depend of the functions @, f, and g. In
fact, it satisfies the following homogeneous equation

20 (1 asr.y) — (AQ)(twimy) =0, 150, 2 €D,

(B.G)(t,z;7m,y) =0 t>0, z eS8, (A.26)
G(t,ast,y) = d(z —y), t>0, zeD.

In (A.26), the quantities r» and y are free parameters, with ¢t > r > 0 and
y € D, and ¢ is the Dirac delta functional.

The function G appearing in the representation formula (A.25) can in
fact be expressed via the Green function G. Its expression may depend on
both operators A and B.

Remark. If the coefficients of the operator A and B are independent of the
time variable t, then the Green function depends only on three arguments,
G(t,x;r,y) = G(t—r,z,y). Furthermore, if the coefficients of the operator A
and B are constant, then the Green function depends only on two arguments,
G(t,z;r,y) =Gt —r,x —y).
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This section was strongly inspired by [44, Section 17.4.2]. Further details
about the expression of the function G can be found there.

Remark. For general type equations, the construction of the Green function
requires solving an associated eigenvalue problem, see [44, Section 17.5.1].
This method is also applicable for other classes of equations, such as elliptic
and hyperbolic.

A.2.1 Heat equation

As we shall see in Section A.4, the method of separation of variables
can be applied to find the Green function to the heat equation in one space
dimension. To solve the heat equation in higher space dimension, at least
for rectangular domains, the following general construction applies.

Consider the rectangular domain D = [ay, 81] X -+ X [ag, B4, together
with the parabolic equation

— A —Agu=2

ot 1 d 3
where each term A; is a second-order linear differential operator in only one
space variable x;, such that each coefficient depends only on ¢ and xz;, i.e.

O Bu

(Aju)(t, ) = a;;(t, xi)@(t, x) + a;(t, xi)axi (t,z) + ai(t, z;)u(t, z),

for i = 1,...,d. In fact, this relates to general operator A given by (A.2),
in which the matrix a;; is diagonal, with diagonal coefficient a;;(t,x) =
a;;i(t, z;). The coefficients a;(t, z) = a;(t,z;) and a(t,z) = Zgzl a;(t,z;).

Suppose that the boundary conditions at each faces of the domain are
prescribed as in a one dimensional problem, then the Green function has the
product form

d
G(t,x, T, y) == HG’L(tvxzara yz)v (A27)
i=1

where each G is the Green function of the one dimensional equation, i.e. it
verifies

%(t,xim yi) — (A1G)(t,xism,y:) =0, £>0, x5 € (a4, 55),

ot
(BZG)(t>$17T7 yl) =0 t> 0, T € {Oéi76i}, (A28)
G(t,zist,yi) = 0(zi — vi), t>0, z € (,Bi).

In (A.28), the quantities r and y; are free parameters, with ¢ > r > 0 and
yi € (a4, B;), and ¢ is the Dirac delta functional.
This section was strongly inspired by [44, Section 17.5.2].
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A.3 Probabilistic methods

Some powerful probabilistic methods can be applied to solve partial dif-
ferential equations. To solve the Laplace equation, see [53, Theorem 6.1 of
Chapter 6]. To solve the heat equation, see [20, Chapter 4|. To solve more
general parabolic equations, see |23, Chapter 6.5].

A.3.1 Heat equation

The fundamental solution T', (¢, x), given by (A.8), to the heat equation
can be seen as the probability density of a Gaussian random variable with
zero mean and variance 2vt. If we let ¢t — B; be a standard Brownian motion,
then the solution to the heat equation (A.9) can be rewritten as

1 _lz—yl?
utn) = [ e T o) dy

4utr)d/? ¢

=E |ug(z + V2uBy;)| = E[up(X(t))]. (A.29)

For latter use, we let X (¢) := = + +/2vB; be a Brownian motion that starts
at x at time ¢ = 0, whose variance is 2vt.

It is also possible to solve the homogeneous heat equation with Dirichlet
boundary condition via a Brownian motion argument. Fix D C R% any open
set and x € D. Let X(¢) be a Brownian motion starting at = at time ¢ = 0,
with variance 2vt. Let T = inf{t > 0 : X(¢) ¢ D} be the first time the
process X leaves the domain D, and T; = min(¢,T).

Interpretation of the process t — X (7};) : The Brownian particule X ()
moves freely until, if ever, it touches the boundary dD. When it does, at
time 7, it stops and forever remains at that boundary point X (7"). We say
that X (T3) is “killed" at the boundary.

Theorem A.5. The solution to the homogeneous heat equation, with Dirich-
let boundary condition, is given by

u(t,r) = E[u(t - T;, X (T}))]

when both the initial condition and the boundary condition are continuous
and bounded (up to time t).

Proof. This is |20, Theorem 4 of Chapter 4]. O

This expectation is computed solely from the initial condition «(0, =), for
x € D, the boundary condition u(t,x), for t > 0 and = € 9D, and of course
the law of the random vector (T3, X(7%)). Indeed, if ¢ < T, that means the
process X has remained within D until time ¢. In that case u(t—T;, X (1})) =
u(0, X (t)) depends only on the initial condition. If 7' < ¢, that means the
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process X has left the domain D at time T through some boundary point
X(T) € 9D. In that case u(t — Ty, X (T})) = u(t — T, X (T)) depends only on
the boundary condition.
The random variable X (7};) induces a probability measure on the closure
D of D by
i.a(A) = PIX(T}) € A],

for any Borel set A C D. It can be shown that the restriction of fit,z to the
open domain D is precisely the associated Green function, i.e.

P(X(T}) € A] = /A Gp(t,z.y)dy,

for any Borel set A C D.

Proposition A.6. Let D C R? be any open set and t > 0. The Green
function Gp : RT x D x D associated to the heat equation with Dirichlet
boundary conditions is continuous. Furthermore, for any x,y € D,

0 < Gpl(t,z,y) = Gp(t,y,z) <T,(t,z —y), (A.30)
[ Goltayyay <1, (A31)
D
1
Gsp(0°t, 6z, 0y) = 5—dGD(t,x,y), Vé > 0, (A.32)

where ', is the fundamental solution given in (A.8).

Proof. Observe that the event {X(T}) € A} C {X(t) € A}, for any Borel set
A C D. Therefore,

/ Gp(t,z,y)dy =P[X(T) € A] <P[X(t) € 4] = / Lyt —y)dy.

A A

The inequalities of (A.30) follows by continuity, and (A.31) is a conse-
quence of (A.10). The scaling property (A.32) follows from the same scal-
ing property of Brownian motion, or it can be shown that Gsp(t,z,y) :=
Gp(t)6%,1/6,y/6)/5¢ satisfies the conditions (A.26) of a Green function on
0D if Gp does on D. ]

Details can be found in |20, Theorems 6-9 of Chapter 4]. Moreover, if
Dy C Dy are two open sets, then

GDl (t7 x? y) S GDQ(t7 -ZU, y)7 (A'33)

for all ¢ > 0 and x,y € D;. It follows directly from the interpretation of
the Green function in term of the killed Brownian motion, or from |20,
Theorem 7].
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In fact, more can be said when we impose a special geometry of the
domain D. When it is connected, we have

Gp(t,z,y) > 0.

When R?\ D has positive measure,

/ GD(t,$,y) dy <1l
D

When D is bounded and convex, an application of the maximum principle
gives

/ Gp(t,z,y)dy > 1— 2/ Ly (t,x —y)dy, (A.34)
D RI\D

for any ¢ > 0, and = € D. See [20, Theorem 14 of Chapter 4].

A.4 How to find the Green function in one space
dimension

The method of separation of variable is very useful to solve the homoge-
neous heat equation and find the associated Green function, on some partic-
ular domain and with some prescribed boundary conditions. We will give a
complete derivation of the Green functions for the vanishing Dirichlet bound-
ary conditions on both domains [0, L] and [—L, L]. In fact, the latter will be
derived easily from the former. Similar derivations, with less details, will
also be done for Neumann and mixed boundary conditions.

The method of separation of variable is described in [44, Section 15.1.2].
Green functions for many other domains and boundary conditions can be
found in Sections 3.1.1 and 3.1.2 of [44].

For many boundary conditions, it is known that the Green function is
related to the density of some process that is linked to a Brownian motion.
As a rule of thumb, Dirichlet boundary conditions will be associated with a
Brownian motion that is killed at the boundary points, whereas Neumann
boundary condition will be associated with a Brownian motion that is re-
flected at the boundary points.

A.4.1 Dirichlet boundary conditions

The method of separation of variables is very useful to solve the homo-
geneous heat equation with vanishing Dirichlet boundary condition,

Qut,z) = Lu(t,x), t>0,z¢€(0,L),

uZt, E)) =u(t,L)=0, t>0, (A.35)
(0,2) = up(x), x € (0,L).
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It leads to solutions of the form

Zak sin (Fkz) eil?kt (A.36)

When the initial condition ug is an integrable function, we impose the Fourier
coefficients

L
ap = / uo(x) sin (Tkz) du.
L Jo

Recall that if these coefficients are uniformly bounded, ar < M, Vk € N,
then formula (A.36) gives a C° solution on 0 < x < L, t > 0. Furthermore,
if Y °p2 |ak| < oo, then the solution is continuous up to the boundary. To
get the right initial temperature distribution

up(x) = u(0, x) Zaksm( ),

sufficient conditions are as follow: wug is continuous and Y 72, |ax| < oo.
With such conditions, and for ¢ > 0, the solution given by (A.36) can be
rewritten as

252 2

oo . L
) :Zsin (Fkx)e r2 tL/ uo(y) sin (Fky) dy
k=1

0

L 2 o0 . ] 2k2
:/0 uo(y) (LZsm (%kx) s1n( k:y)e 2 )dy

B
Il
—

where

G(t,r,y) Zsm < ) sin ( ky) eil?kzt (A.37)

is the Green function associated to the problem (A.35). That is,

a—é(txy)f 6wg(tal:y) t>0, z,y € (0,L),
G(t,0,y) = G(t,L,y) =0, t>0, ye(0,L),
G(0,2,y) = d(z — y), z,y € (0,L).

The first two equalities are easily verified. The last equality should be un-
derstood in the sense of distributions, i.e.

L
/ w0 ()Gt 2, y) dy % wo(),
0
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for any test function ug € C2°((0, L)). Results in Fourier analysis handle the
convergence for more general class of functions. In particular, the concepts
of Poisson kernel and Abel summability, introduced in [51, Section 5.4 of
Chapter 2|, enable to conclude that the limit exists for the general class on
integrable function, and the limit is indeed ug(z) for all continuity point
z € (0,L).

We now describe some properties of the Green function G, which for later
use will also be denoted as G.. Formula (A.37) defines in fact a continuous
function on Ry x R x R. We can relate that Green function to the heat
kernel (A.8) in one space dimension

2

—x

e at . (A.38)

1
H(t,z) := 1p+(t

( ) ]R*( )\/m
Proposition A.7. Fiz any s,t > 0 and z,y € R. The Green function G, is

symmetric in x and y, (2L,0)- and (L, L)-periodic, odd, and antisymmetric
around L:

Gr(t,y,x) = Gr(t,z,y) = Gr(t,x +2L,y) = Gr(t,x + L,y + L)

, _ A.39
- _GL(ta _x;y) — _GL(t72L_x’y)7 ( )

s uniformly bounded in space

|GL(t,z,y)| < \/%exp <—L7rjt> (1 + 2?) ; (A.40)

s uniformly bounded in the variables x,y and L > 0 :

- 1
Gr(t, z, <H(tz—y) < ; A41
satisfies the semi-group property:
L —_ —_ —
/ GL(s,2,2)Gr(t 2 y) dz = Gr(s + Lo, y); (A42)
0
can be represented with the heat kernel:
Gult,z,y)= > [H(t,z—y+2nL)— H(t,x +y+2nL)];  (A43)
and 1is integrable
L [e's)
| leutawldy< [ HEpdy=1 (A.44)
0 —0o0

Furthermore, if x,y € [0, L] then G (t,z,y) > 0.
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Equation (A.43) will be a consequence of the Poisson summation formula,
which we now recall: if f € S(R) is a function in the Schwartz space, and
=[x f (y)e~2™¢Y dy denotes its Fourier transform, then

Z f(z+2nL) = 2L Z f (L) eim= (A.45)

n=—o00 n=-—o00

A clear proof of this fact can be read in [51, Theorem 3.1 of Chapter 5].

The fact that the Green function, for particular domains, can be repre-
sented with the fundamental solution is also true in higher dimension, see [44,
Page 1230].

Proof of Proposition A.7. Equalities in (A.39) follow easily from (A.37) and
the properties of the sine function. Uniformly in z,y € R, we have

~ 2 o= —n?k?, 2 —x? L)
‘GL(t’w7y)‘§L];e L2 t:Zeﬁt 1+Ze ot
We can bound the series by the following integral,

22 oo 2.2 00 2 2 2

< (k 1) 7T(:I‘ 1) —nlx T L

Ze A _/ e dl’</ e L2 tdm:£ —_.
1 0

By setting A = \/72t/L?, we get
2 v NS A VTl
l 1o YT ) 1Y
e (14 975) e (14
1 _)\2 2)\
= N[22 ),
which is inequality (A.40). We observe that e’ ( N 1) is a bounded

|GL(t,z,y)| <

function in the argument A. Uniformly in z,y € R, and L > 0,

Gulte| < 23 H < [ -
LT, Y)| < — e 2 < — e L T = —.
L\L Y L& L J, Jrt

The semi-group property comes from the facts that

7 ) sn (G (5) =60
0

and that integration can be interchanged with double summation.
For the representation with heat kernel, we rewrite the products of sines
as sums of exponentials:

) e%ikx o ef%ikx e%iky

(i 2i ‘ 2i
1( Tik(z—y) +e Tik(z—y) _ Fik(z+y) _ e sz(x+y))
4

e

sin ( kx) sin
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Therefore,

: 25 L (Sikomy) | o Fibo—n)) - T
GL(t’m’y):fZZ<eL +e L >e L

2 o= 1 Tik(z+y) —Tik(z4y) Bl
——E *<6L +e L y)e 2
L 4
k=1

]_ > . _47‘r2k2 ]_ e . _471'2k2
§ e%lk(ﬁ—y)e 12 t_ﬁ E : e%zk(x—i—y)e 12 t

T 2L
k=—0o0 k=—00
> 1 _(@—y+2n0)? > 1 _ (@ty+2nn)?
= Z e 4t — Z [ 4t s
e, VAt e, VAt

where the last equality is obtained by applying the Poisson summation for-
z2 ~
mula with f(z) = i -e” 4, and f(§) = e—4mE%t

T
Finally, the integral bound is obtained from the representation with the
heat kernel as follows:

L 0 L
/ \GL(t,z,y)| dy < E / [H(t,r —y+2kL) + H(t,x +y + 2kL)] dy
0 0

k=—o00
00 a+2kL a+L+2kL

= > [/ H(t,y)der/ H(t,y)dy
oo LJa—L+2kL a+2kL

~ [ HEay=1.

Non-negativity for z,y € [0, L] can be deduced from the maximum prin-
ciple. Indeed, for any non-negative continuous function wug : [0, L] — R, with
up(0) = uo(L) =0,

L
u(t?x) = /0 Uo(y) GL(tvxvy) dy

is continuous in [0, 7] x [0, L] and satisfy the heat equation in (0,7") x (0, L).
The maximum principle, see [32, Theorem 3.1|, guarantees in the present
case of vanishing Dirichlet boundary conditions that u(t,z) is non-negative
in [0, 7] x [0, L]. Therefore, G1(t,z,y) is non-negative.

Non-negativity for 2,y € [0, L] can also be deduced thanks to the link be-
tween Green function and Brownian motion, introduced in subsection A.3.1.
More precisely, it is (A.30). If we let t — X (¢) be a Brownian motion start-
ing at x, with variance 2¢, and define ¢ — X (T}) to be the “killed" process
at the boundary points 0 and L, then

0<P[X(Ty) el] = /IGL(t,w,y) dy,
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for any open sub-interval of I C (0, L).

A probabilistic argument involving killed Brownian motion can also lead
to (A.43). For example [20, Theorem 2 of Chapter 4] or [39, Proposition 8.10
of Section 2.§]. O

Shifted rod

We are now interested in considering a rod of length 2L, centered at the
origin, with the corresponding vanishing Dirichlet boundary conditions, i.e.

Gi(t,x) = G (t.2) + f(t,a), ¢>0, € (L, L),
u(t,—L) =wu(t,L) =0, t >0, (A.46)
u(0, ) = up(z), x € (—L,L).

In that case, using (A.25), the solution becomes

L t L
ult,z) = / Gulta) w(w)dy + /0 / Gult = s.2.9) f(s.y) duds.

(A.47)
where
Gr(t,z,y) = Gap(t,x + L,y + L)
1 o= . T . T !
= ZZsm (ﬁk(x—#—L)) sin <ﬁk(y+L)> e 4L? i
k=1 (A.48)
= Y [H(t,x —y+4kL) — H(t,z +y + (4k + 2)L)] .
k=—oc0

To get the preceding formulas (A.48), we first considered the boundary value
problem on [0, 2L], and then shifted it to [—L, L]. These induced the following
changes: every occurence of L is replaced by 2L, and every occurence of z
or y is replaced by =z + L or y + L, respectively.

In similar ways, as previously done for G, we can show that

Proposition A.8. Fiz any s,t > 0 and x,y € R. The Green function Gp,
is symmetric in x and y, (4L,0)- and (2L, 2L)-periodic, and antisymmetric
around —L and L :

GL(tvyvx) = GL(ta l‘)y) = GL(t,.’L‘ + 4L7 y) = GL(t)x + 2L7y + QL)
= _GL(ta —2L —x, y) = _GL(t7 2L — x, y)v (A49)

is uniformly bounded in the variable L > 0 :

1
|GL(t,.Z‘,y)| SH(t7$_y) < ;
4t

(A.50)
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satisfies the semi-group property:
L
/ GL(S,ZL‘,Z)GL(t, Z7y) dz = GL($+t,IL‘,y); (A51)
—-L

and is integrable:
L
/ |GL(t,z,y)| dy < 1. (A.52)
-L
Furthermore, if x,y € [—L, L] then Gp(t,z,y) > 0.
Remark. We can deduce the Green function for any interval [a, b]. It is given
by G(t,z,y) = Gy_o(t,x — a,y — a).
A.4.2 Neumann boundary conditions

The method of separation of variables is very useful to solve the homo-
geneous heat equation with vanishing Neumann boundary conditions

ou 0?u

gt(t,:z:)—ang:v) t>0, z€(0,L)

gu — 0= (A.53)
ags(zt,O)_O o —(t,L), t>0,

u(O,m) - uU(x)7 HAES (OvL)7

It leads to solutions of the form

ag = - _ =2k,
x) = 5 —i—Zakcos (Fkz)e 12"

Identifying the Fourier coefficients aj as in Section A.4.1, we get that

L
ult, x) = /0 wo(y)G (., y) dy,

where
2 X T _n2k2,
G(t,z,y) f T kz ( )cos (Zk‘y) e L2 (A.54)
is the Green function associated to the problem (A.53). That is,
Gley) =3y, >0 zyc(0,L),
89(t,0,y) =0=%C(t, L,y), t>0, ye(0,L)
G(O,x,y)zé(.ﬁ— )7 T,y < (O’L)

The first two equalities are easily verified. The last should be understood in
the sense of distributions, i.e.

L
/ ()Gt 2, ) dy =% uo(x),
0
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for any test function ug € C2°((0,L)). This can be verified for the more
general class of continuous functions, see [51, Corollary 3.4 of Chapter 5].

We now describe some properties of the Green function G, which for later
use will also be denoted as G,. Formula (A.54) defines in fact a continuous
function on Ry x R x R. We can relate that Green function to the heat
kernel (A.38).

Proposition A.9. Fiz any s,t > 0, and z,y € R. The Green function G, is
symmetric in x and y, (2L,0)- and (L, L)- periodic, even, symmetric around
L, and non-negative:

GL(ta Y, J;) = GL(t7 €z, y) = GL(ta r + 2L, y) = GL(tv r+L,y+ L) (A 55)
:GL(ta —1’7?/) :C_TYL(t72L_x7y) Zoa .
1s uniformly bounded in space:
‘(; (t,2,7) 1’< 1 (A.56)
y Ly ) .
L Y L \/7?
satisfies the semi-group property:
L
/ Gr(s,z,2)G(t,z,y)dz = Gr(s + t,1,y); (A.57)
0
can be represented with the heat kernel:
Grlt,z,y)= > [H(t,z—y+2nL)+ H(t,x+y+2nL)];  (A58)
n=-—o00
and is integrable:
L [e'S)
| Guttamay= [ HEpdy=1 (A.59)
0 —00

Proof. The equalities in (A.55) follow easily from (A.54) and the properties
of the cosine function. Uniformly in x,y € R, we have

o0

— 1 2 _‘rr2k2t 2 o0 _TF2I2t ]_
Gm,x,y)—L\gL;e A

Equality (A.57) is obtained by interchanging integration with double
summation and by orthogonality of the cosine functions, i.e. for integers m

and n, .
[ o o) st
0

The Poisson summation formula (A.45) has been used to deduce (A.58).
It is sufficient to write the product of cosines as a sum of exponentials and

follow the same derivation as in the proof of Proposition A.7.
Non-negativity and (A.59) follow directly from (A.58). O
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Let X (t) be a Brownian motion starting at x at time ¢t = 0, with variance
2t. We can define the doubly reflected Brownian motion as ¢(X (t)), where
¢ : R — [0, L] satisfies

$(2nL) =0, ¢((2n+1)L)=L, foralln e Z,

and piecewise linear between those points. Then
POX() €1 = [ Gutay)dy,

for any open sub-interval I of (0, L). This follows from (A.58) and [39, Ex-
ercise 8.9 of Chapter 2.8|.

Inequality (A.56) can be compared to |3, Theorem 2.4], where it is proved
that for the Neumann boundary condition on any Hélder domain D, its
Green function satisfies

'G(t z,y) < Ce

i

for some positive constants C, c and t > tg > 0. This means that the Green
function approches the stationary distribution uniformly and exponentially.
In the present case, this bound can be achieved using the following estima-
tions. Uniformly in x,y € R, we have

— 1 2 e —772k2t t —7r2(k _l)t
GL(t7~T7y)_Z Szze L2 :* L2 1+Z€ L2 .

We can bound the series by the following integral,

0 2 00 2,2 00 2,2
—n2 k 1) -7 (‘L —1) —nfx
E (& / e tde,'</ e L2 td f T
1 0 2 Tt

k=2

Thus,

|GL(t,z,y)| <

,Trzt/LQ 14 L >: —n2t/L2 (2_'_ 1 >
< ov/mt) ¢ L Vri

h\w

Shifted rod

We are now interested in considering a rod of length 2L, centered at the
origin, with the corresponding vanishing Neumann boundary conditions, i.e.

ou 82
u A (A.60)
S(t0) = 0= M, L), >0,

u(0,z) = up(x), x € (—L,L).
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In that case, using (A.25), the solution becomes

L t L
ult,z) = / Gulta) w(w)dy + /0 / Gult = s.2.9) f(s.y) duds.

(A.61)
where
GL(t,:c,y) = GzL<t r+Ly+1L)
2K2
2L +7 ZCOS (—k: x+ L)) cos (%k(y + L)) e
= Y [H(t,x—y+4kL)+ H(t,z +y+ (4k+2)L)]. (A.62)
k=—oc0

In similar ways, as previously done for G, we can show that

Proposition A.10. Fiz any s,t > 0, and x,y € R. The Green function Gp,
is symmetric in x and y, (4L,0)- and (2L,2L)- periodic, symmetric around
—L and L, and non-negative:

GL(tv Y, CC) = GL(ta z, y) = GL(tv T+ 4La y) = GL(t’ T+ 2L7 Y+ QL)

1s uniformly bounded in space:

‘GL(t 2,y) — i f (A.64)
satisfies the semi-group property:
/LLGL(s,x,z)GL(t,z,y)dz:GL(S—i—t,x,y); (A.65)
and is integrable:
/LL Gr(t,z,y)dy = /oo H(t,y)dy = 1. (A.66)

Remark. We can deduce the Green function for any interval [a, b]. It is given
by G(t,z,y) = Gp—q(t,x — a,y — a).

A.4.3 Mixed boundary conditions

The method of separation of variables is very useful to solve the homo-
geneous heat equation with vanishing mixed boundary conditions,

%u(tw) = L4(t,x), t>0,z€(0,L)

u(t,0)=0=9%(t,L), t>0, (A.67)
U(OaIE) = UO(x)a LS (OvL)
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It leads to solutions of the form

72 (2k+1)2

Zaksm 72k + 1)z) e ar2 2

Identifying the Fourier coefficients aj as in Section A.4.1, we get that

L
UW@ZK;W@G@%MW,

where

w2 (2k+1)2

G(t,z,y) Zsm (57 (2k + D)) sin (55 (2k + L)y) e L2 (A.68)

is the Green function associated to the problem (A.67). That is,

Wt,wy) =55y, >0, z,y€e(0L)
G(t Ovy)_o_ %(t’Lvy)a t>07 Y€ (OvL)v
G(0,z,y) = 6(z — y), z,y € (0,L).

The first two equalities are easily verified. The last should be understood in
the sense of distributions, i.e.

L
/ uo(y)G(t, 2, y) dy 120, uo(x),
0

for any test function ug € C2°((0,L)). This can be proven from the same
property satisfied by the Green function (_}2DL (t,z,y) associated to the Dirich-
let problem on the interval [0,2L], see definition (A.37), and the following
representation (A.73). Indeed, extend ug to the interval (0,2L) by ug(z) = 0
for x € [L,2L). Then

L —
/0 G(t7$>y)u0(y) dy

2L

2L
=/ GIL(t z,y)uo(y) dy + i Gt z, 2L — y)uo(y) dy
2L 2L

= | Goltzyuoly)dy+ | Gt 2, y)uo(2L —y) dy.
0 0
The first integral on the right hand side converges to ug(x), and the second
integral to ug(2L — x) = 0, for any x € (0, L) by definition of the extension.
We now describe some properties of the Green function GG, which for later
use will also be denoted as G,. Formula (A.68) defines in fact a continuous

function on Ry x R x R. We can relate that Green function to the heat
kernel (A.38).
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Proposition A.11. Fiz any s,t > 0, and z,y € R. The Green function
G is symmetric in x and y, (2L, 0)-antiperiodic, odd, and thus (4L,0)- and
(2L,2L)-periodic and symmetric around L :

Gr(t,y,z) = Gr(t,r,y) = —Gr(t,x +2L,y) = —~Gr(t,—z,y)
=Gr(t,x +4L,y) = Gp(t,o + 2L,y +2L) = G(t,2L — z,y); (A.69)

1s uniformly bounded in space:

- 2
Gr(t,z,y)| < ; A.70
satisfies the semi-group property:
L — — —
/ Gr(s,x,2)Gr(t,z,y)dz = Gr(s + t,x,y); (A.71)
0
can be represented with the heat kernel:
and is integrable:
L [e'S)
| et dy< [ HEpdy=1 (A.74)
0 —00

Furthermore, if x,y € [0, L] then G (t,z,y) > 0.

Proof. Equalities in (A.69) follow easily from (A.68) and the properties of
the sine function. Uniformly in x,y € R, we have

— 2 ° ™ t o0 *W2I2t 2
Gp(t, x, < — e 42" < / e 4?2 "dr = —.
|GL(t, 2,y I Z 0 Nz

Equality (A.71) is obtained by interchanging integration with double
summation and by orthogonality of the sine functions, i.e. for integers m
and n,

ZQL/OL sin (%(Qm + l)z) sin (%(271 + 1)2) dz = 6(n —m).
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For the representation with heat kernel (A.72), we apply the Poisson
summation formula (A.45) to deduce that

(o ¢] (o ¢]
> H(t,z—y+4nL)— Y  H(t,z+y+4nL)

n=—oo n=—oo
oo o0

— > Htx—y+(@n+2)L)+ > H(t,x+y+ (4An+2)L)

n=—oo n=—oo

> 2,2 > 2,2
_ mfkct . 1 _ k%t .
il E e arZ elackle—y) _ i E e anZ elapklaty)

k=—00 k=—00
e 2
b oGt i ha—ytor) | L Z o TE7 i o ty+2L)
AL AL

k=—o00 k=—o00

the four components with k& = 0 cancel out, and we rewrite each summation
from k = —o0 to k = +00 as two summations from k = 1 to k = 400, hence
this is equal to

1 > 7r2k2t e .o
E Z e a2 [elﬂk(l’—y) + e—zﬁk(m—y)}
k=

1
1 > 772k2t r .= .o
— > e T eipka+y) 4 efzguwy)}
k=1 )
1 > 7r2k:2t r .= .
_ Eze—u—z iopk(@—y+2L) | —igrk(z— y+2L)]
k=1 )
1 Bl e O P N 2L i =k 2L
+ Eze 1% |eiar (z+y+ )—i-e*li (z+y+ )]
k=1 )

1 o~ 222 [ x -
= — Z e 412 [ezik(x_y) _I_ e—zik(z—y) e 2Lk(w+y) e_zik(x—"y)

)

e 2,2
k<t . . . .
B Z ok [ez%k(xnyrQL) 4 oigk(e—y+2L) _ i k(ety2L) _ efz%k(ererZL)]

i —i . b\ s —b
recall that e?+e~% = 2 cos(f), and that cos(b)—cos(a) = 2sin (2%$2) sin (%2) ,
hence this is equal to

1 o0
Ze 4L2 sin 2Lkav)sm(sz:y)
k 1

2K2¢

~1L7 sin (55 k(x + 2L)) sin (55 ky)

1
L
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00 2,2
= %267 o [Sin (%kzx) sm( k(z + 2L))] sin (%k‘y)
k=1
) 7r2 2
= 23 i (g 2k + D) sin (08 + 1) e
k=0
since

0, if k is even,

sin(f) — sin(0 + k7)) = {2sin(9) i ks odd

Prove that G (¢, z,y) = G, (t,x,y) — G, (t,x + 2L, y) using the defini-
tion (A.37), and the fact that for 6 = I,

0, if k is even,

Then use the representation (A.43) to deduce the present representation (A.72).
The Inequality (A.74) follows from (A.72) exactly as (A.44) followed
from (A.43),

L o L
/ |Gt z,y)| dy < Z/ [H(t,x —y+2kL) + H(t,x +y + 2kL)] dy
0 e —o0 V0

o

_ Z |:/m+2kL Hit.p) dy+/z+L+2kLH(t,y) i

LA-2kL x+2kL

/ H(t,y)dy = 1.

Non-negativity of Gp(t,z,y) for x,y € [0, L] follows from non-negativity
of G (t,u,v) for u,v € [0,2L], see Proposition A.7. Indeed,

Gult,a,y)= > ()" [H(t,x —y+2nL) — H(t,z +y + 2nL)]
= i [H(t,x —y+4nL) — H(t,z +y + 4nL)]

- i [H(t,x —y+ (4n+2)L) — H(t,x +y + (4n + 2)L)]

n=—0oo

= é?L(t,{I},y) - GQDL(t7x + 2L7y)
= é?L(ta :E)y) - GQDL(th?y - QL)
= é?L(taxay) + GQDL(t7x72L - y) > 07

since z,y,2L —y € [0,2L]. O
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We will define a Brownian motion ¢(X(7})) that is killed at the origin
(Dirichlet boundary condition) and reflected at the boundary point L (Neu-
mann boundary condition), and show that its density law is given by G, in
the open interval (0, L). First, let X (¢) be a Brownian motion starting at z,
with variance 2¢t. Then define the Brownian motion that is reflected at the

boundary point L as ¢(X(t)), where ¢ : R — (—o0, L] satisfies
{gb(w) =, x <L,
¢(x)=2L—=x, x> L.
Finally, let
T=inf{t >0: (X)) =0} =inf{t >0: X(¢) ¢ (0,2L)},

be the first time the reflected Brownian motion ¢(X (¢)) hits 0, or equivalently
the first time the Brownian motion X (¢) leaves the domain (0,2L), and
T; = min(¢, T).

We now find the density law of ¢(X (7)) in the open interval (0,L).
Recall that the density law of X (7}) in the open interval (0,2L) was already
found to be the Green function C_T’QDL associated to the Dirichlet problem on
(0,2L). Thus

P[¢(X(T})) € (a,0)] = P[X(T}) € (a,0)] + P[X(Ti) € (2L = b,2L — a)]

b 2L—a
- / GD, (¢, v, y) dy + /2L Gyt dy

b
— [ Gh o) + Gt 2L ) dy
ab i
:/ GL(t,-T,y) dyv
for any interval (a,b) C (0, L).

Shifted rod

We are now interested in considering a rod of length 2L, centered at the
origin, with the corresponding vanishing mixed boundary conditions, i.e.

ou 0%u

a(t,x) = 83382(t7x) + f(t,ﬂf), t> 0, T € (_L,L),

u(t,0) =0 = a—Z(t, L), t>0, (A.75)
u(0,2) = up(z), x € (—L,L).

In that case, using (A.25), the solution becomes

L t L
ult, z) = / Gulta) woly) dy -+ /O / Gt = s,2.9) Fls.) dyds.
(A.76)
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where

Gr(t,x y):C_v’gL(t x+ L,y+ L)

w2 (2k+1)2

—Zsm (£ (2k +1)(x + L)) sin (£ (2k + 1)(y + L)) e 1622 "

o0

= > (-D"[H(t,x—y+4nL) — H(t,z +y+ (4n+2)L)]. (A.77)

n=-—o00
In similar ways, as previously done for G, we can show that

Proposition A.12. Fiz any s,t > 0, and x,y € R. The Green function Gp,
is symmetric in x and y, (4L, 0)-antiperiodic, (8L,0)- and (4L,4L)-periodic,
antisymmetric around —L, and symmetric around L :

GL(ta Y, .CI?) - GL(ta €L, y) - _GL(ta r+4L, y) - GL(ta z + 8L, y)
=Gr(t,x+4L,y+4L) = —Gr(t,—2L — z,y) = GL(t,2L — z,y); (A.78)
1s uniformly bounded in space:

2

Grt,x,y)| < : A.79
satisfies the semi-group property:
L
/ Gr(s,z,2)Gr(t,z,y)dz = Gr(s + t,x,y); (A.80)
0
can be represented with the Dirichlet Green function:
and is integrable:
L 00
[ iGutalay < [ mGgay =1 (A82)
0 —00

Furthermore, if x,y € [—L, L] then Gp(t,z,y) > 0.

Remark. We can deduce the Green function for any interval [a, b]. It is given
by G(t,z,y) = Gp—q(t,x —a,y — a).






Appendix B

Some general results

B.1 Minkowski, Burkholder, Fubini

The next two inequalities will be used to evaluate the LP(£2) norm of the
stochastic heat solution.

Fact 1 (Minkowski’s inequality for integrals). Let (X1, u1) and (Xa, u2) be
two (o-finite) measure spaces, and 1 < p < co. If f(x1,x2) is measurable on
X1 x X9 and non-negative, then

f(x1, 22) dpa

< / 1@ el diae (B)

H Xo LP(X1) X

Some indications on the proof can be found in [53, Exercise 15 of Chap-
ter 1]. We will use this inequality in the special case where (X1, 1) = (2, P),
and where X is some (measurable) subset of the Euclidean space R or R
and us is the Lebesgue measure. Another application is the following:

f(zo) K (21, 22) do

H < [ 1@ G, di
Xo LP(Xl) X2

< Wl pr ey 1 N ppoe (x1,x0) »

where

1/p
1Koy ) = SUD ( [ K@ dm) .
o€ X9 X1

In the particular case of convolution, (X1, u1) = (Xo, o) = (R%, dz), we get

1S * QHLp(Rd) < Hf”LP(Rd) ”g”Ll(Rd) ‘ (B.2)

Fact 2 (Burkholder’s inequality). Let {M;}+>0 be a continuous (local) mar-
tingale, with initial condition My = 0 and with quadratic variation (M) at
time t. There exist universal constants ky,, only depending on p > 0, such
that

1M 700y < Fop M)l o2y - (B.3)

183
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We will only need the cases p > 2. In those cases, [t6’s formula can be
applied and the proof is almost done. More details can be found in [13,
Theorem 5.27].

Fact 3 (Fubini’s theorem). Let P the set of predicable functions in Q x R4,
and let (G, G, i) be a finite measure space. If a function f: Q xRy xR x G
is P ® B(RY) ® G-measurable and satisfies

2 dsdxu(d
/[O,T] /Rd/6v|f(w’s’x’z)| sdxp( z)] < 00,

then almost surely,

/. (/ot pa? 87$72>W<dsdx>> p(d2)

:/ot/]Rd (/Gf(w,s,:c,z)ﬂ(dz)) W(dsdz). (B.4)

This is |55, Theorem 2.6].

E

B.2 Special functions

B.2.1 Properties of Gamma function

Let us recall the definition of the Gamma function and its derivatives:
oo o
I'(z) = / e~ tat, 10 (z) = / et Log(t)F dt.
0 0
Lemma B.1 (Beta integrals). For any t > r >0, and z,y > 0,

' - 1. wy—1 (@) ()
/r(t—s) Ys—r)ytds = (t —r)"t¥ 1@. (B.5)

In the special case where r = 0 and ¢ = 1, the left hand side is denoted by
B(z,y) and is called the Beta distribution.

Proof. We only prove the case r = 0 and ¢t = 1 since the general result then
follows. Using the change of variable s = pg and t = p(1 — q), we get

P = [ s [ et
0 0
) 1
:/ /e_pqpx_1qx—1e—p(1—q)py—1(1_q)y_lpdpdq
0 0

1
=/ e"’p”y‘ldp/ ¢ '(1—q)V " dg=T(z+y)B(z,y).0
0 0
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We now recall some properties of the Gamma function:

1.

It takes the special values I'(1) = 1 and I'(1/2) = /7. The first is
trivial, and the second comes from the change of variable s = v/t and
the Gauss integral.

. For all z > 0, T'(z + 1) = 2T'(z). Hence, T'(2) = 1 and T'(3/2) = ¥Z.

This comes from an integration by parts.

It is log-convex, i.e., for z > 0, = +— log(I'(x)) is convex. Indeed,
the second derivative of log(I'(z)) is non-negative as can be seen by
applying the Cauchy-Schwarz inequality to the measure e~‘¢*~!dt:

T () — TV (2)2
fogr ()] = I 20

. For any a > 0, the function z — I'(z 4+ «)/I'(z) in increasing on R .

This fact follows directly from log-convexity, but can also be proved
using the Beta distribution. Indeed

I'(z + a)/T(x) = T(e)/B(z, a),

and x — B(x,«a) is decreasing on R’ . In particular for a = 1/2 and
x=y+1, wehave I'(y + 1) < (2/y/m)T'(y + 3/2) for all y > 0.

. Since T" is a strictly convex function on R* (because I''(z) > 0 for

all x > 0) and I'(1) = I'(2), it admits a unique minimum at some
point v € (1,2). Furthermore, Gamma is strictly decreasing before =
and strictly increasing after . It can be shown that v ~ 1.4616 and
I'(y) ~ 0.8856, which is very close to I'(3/2) = @ ~ 0.8862.

We may use the following result found in Gelfand, book 1, page 53.

& 1 1
x —at —bt
/0 t (e —e )dt-(am I~ e 1>F(x+1).

That integral is defined for R(z) > —2.

B.2.2 Bounds on Mittag-Leffler functions

Recall the definition of the Mittag-Leffler functions: for «, 8 > 0,

Ea7ﬁ(2) :kZ:OI_‘(ak_'_ﬁ), OZ,B>0

In the text, we were interested in the special case where a = = 1/2. We
bound FE /31,2 by polynomials and the exponential function:
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Lemma B.2. For z > 0,

1
% —1+(z+1)exp (22) < Ey21/2(2)

1 2
Z 1) 24 (22 4 2)exp (27).
<7+ )
(B.6)
In fact, it is shown in [45, equation (1.147)| that
Eij21/2(2) <c1+e2(z+1) exp(2?),

for some constants ¢; and cs.

Proof. We separate the summation over the even and odd integers,

e 2k
E
1/2,1/2(2 kz_ork+1/2 T2 ZI‘k—i—l)

The second series is equal to exp (2?) . Recalling that I'(1/2) = /7, and
I(z) < T'(y) if 3/2 < x <y, the first series can be decomposed as

> 1 & z2k
Zrk+1/2 7+Zr(k:+1/2)
k=0 k=1
1 o Z?k
>
= 7r+kzlr(k+1)
1 |
E—— . —
= + ol /r +exp( )
k=0
or as
e 2k 2 e 2k
1
S i - v T T
= T(k+1/2) T T(/2) & T(k+1/2)
1 2 2"" 22k
< 4 = -
SR “;r(mn
1 2 2k
:—+—z2—22+z2zz—

!
N 23

:\/17—_‘_4- <ﬁ_1> 22+ 2t exp (27).

We used the fact that I'(3/2) = \F To improve the inequality, we should
use a generalization of [45, equatlon (1.60)]. O
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B.2.3 Bounds on Theta function

Recall the definition of the theta function, for a > 0,

o0

O(a) = Z e R,

k=0
We can bound it as follows:

ﬁ /oo a2 /oo o2 ﬁ
~ = T dr < 0 <1 Widr =1+ —— B.
N e z<0(a) <1+ e x +2\/6’ (B.7)

1<0(a i —. (B.8)

k=0

The behaviour of the theta function is easily deduced. When a — 0, we see
that the bound (B.7) goes as 1/y/a, whereas the bound (B.8) goes as 1/a.
When a — oo, the bound (B.8) is much better. Many definitions of the
theta function exist in the literature, for example ¥(s) = > o0 e~ ™5 for

s > 0. Some important properties of 9 can be found in [51, Section 3.1 of
Chapter 5|.

B.3 Generalization of Convolution

We define, for some function ¢ : Ry x Ry — C,

(f*g)(t /ft—s t—ss)g()d

/f st — 8)g(t = 5) ds.

Lemma B.3. Applied to real-valued functions, the x operator is associative
if, for all r,s,t € R,

d(s,t —s)p(t —s—r,r)=¢(s,t —s—r)p(t —rr). (B.9)

This operator is hermitian if ¢(r,s) = ¢(s,r). In particular, it is both asso-
ciative and hermitian when ¢ is some power of the harmonic mean, i.e.

B 1\’
P(r,s) = (rfs) = <1+1> )

Equation (B.9) could be closely related to reversibility?

for any B € R.
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Proof. Suppose that ¢(r, s) = ¢(s,r), then

(g% F)(t) = /0 9(8)6(s,t — 5)F(E— ) ds = /0 o(s)$(E —5,3) FE—5) ds,

and thus (g~ f)(¢t) = (f * g)(t). We proceed with associativity.

% (g% )] (t) = /0 ds F(3)6(s,t — 5)(g % W)(t — 5)

:/ dsf(s)qb(s,t—s)/_sdrg(t—s—r)qb(t—s—r,r)h(r).
0 0

[(f % g) % 1] () = /0 dr ( % g)(t — r)(t — v, r)R(T)

= / dr/ N ds f(s)p(s,t —r —s)g(t —r — s)p(t — r,r)h(r)
0 0

t t—s
= / ds/ dr f(s)p(s,t —r —s)g(t —r — s)p(t — r,r)h(r),
0 0
which concludes the proof when h is real. O

~1/2
Application to white noise when ¢(r,s) = (:—fs) . And to Riesz

kernel.

Corollary B.4. For q(t) = 1, and ¢(r,s) = (%)a, for a < 1, we define
¢t =g, and
q*(n—f—l) _ q*q*n‘

We can explicitly compute

*71 _ 4(n— —« P(l_a)n
q (t)—t( D1 )m

Proof. We proceed by induction. By definition, induction hypothesis, and
the change of variable r = s/t, we get

t

D) (1) = — s —5,8)¢"(s)ds
) = [ alt = s)o(t = 5907 ()

_o [ gmagagmena-a) TA=a)"

G T —a))

— aHM ! i) O () T (1) (D (A=) g
Fonie [ (=t d

n 1
) F(l - a) / (1 . T)(l—a)—lrn(l—oc)—l dr,

_ n(l—a
C T =) Jo
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since (¢ +1) —a—a+ (n—1)(a —1) = n(a — 1). Using Beta integrals,
Lemma B.1, we can rewrite the last integral as follows

! Ca)—1. n(l—a)— I'(1—a)l(n(l - a))
—r (1—a) 1Tn(1 a)—1 _
fa-n S (R T—)

which conclude the proof. O






Appendix C

Sobolev spaces

Let us recall the Sobolev spaces H®. For any s € R,

- {f es®): [ (1+1R) IFDOF dé < oo}

is a Hilbert space with the following inner product: for any f,g € H?,

e = [ (1416 F D& Fa@ ds.

Another definition of the Sobolev spaces is in term of the weak derivatives.
In the case s = n € N, we have the equivalent definition [35, Remark 3.14]:

=W .= {f e L*(R%) : VB € N such that || <n, D°f e L2<Rd)},
where D? f is a derivative in the sense of distributions. It has the equivalent

17 = 3 |27

|8]<n
In the case s = n+ o0, for n € N and 0 < ¢ < 1, we have the equivalent
definition [35, Theorem 3.24|:

=W = {f €W | flhw; < o0},

norm

L2(Rd)

where
Wl =11y + o i e 1P = D

Therefore, the index s in the definition of H® accounts for the regularity of
the distribution. In particular, we have the following chain of inclusions:

S g HS g HT’ g L2(Rd) g H—T‘ g H—S g 8/,
for any two real numbers 0 < r < s. It can be shown that H~° is in fact the

dual space of H*.

191
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C.1 Local versions of Sobolev spaces
We introduce the local version of Sobolev spaces. For any s € R,
Hiy = {f € S®): V9 € CZ(RY), ¢ f € H'}.
Lemma C.1. For any v, w € R%,

<1+ ]v+w|2> <2 (1+ |u\2) (1+ |w|2>. (C.1)

-1 -1
In particular, we get (1 + |v|2> <2 (1 + v+ w|2) (1 + |w|2) .

Lemma C.2. For any s € R, the Sobolev space H*(R?) is contained into its
local version Hj (R?).

Proof. Let us fix f € H*(R%). We begin with the following claim: for any
¢ € Cg°, the distribution F(¢ - f) is given by the function Ff * F¢. By
definition, for any ¢ € S,

(F@- D)0) = {0 1,F0) = (1,0 Fo) = (FL,F 6 Fu)
—(FLE ) = [ FHO(F )+ 0) ©de

_ / de FF(€) / dy F~L6(€ — y)b(y)
R R4

- / dy b (y) / de FF(E) F1o(¢ — )
R4 R4 ——
=Fo(y—¢)

= [ 0o (Ff 7o) ) .

where Fubini’s theorem has been used in the next-to-last equality. Before
checking Fubini’s hypothesis, we observe that the function F f x F¢ is well-
defined. Indeed,

L FrolFaw - d

—s/2

= L@l (1+1eR) " 17t -0 (1 1ef) " ae

< ey ([ 170t — €0 (1+167) " )

The last integral is finite for all s € R since F¢ € S(R). In the case s < 0,
we can apply inequality (C.1) with v = —y and w = y — £, so that

Lrle?) T (1) T (1w -eP)
(

1/2
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In the case s > 0, we apply inequality (C.1) with v = £ and w =y — &, so
that

L le?) <o (1) T (1w -eP)
(

In both cases, we get

([, 7ot -oF (1) d£>1/2
< olsl/2 (1 + |y|2) —s5/2 </Rd | Fo(y — &) (1 - 5‘2)‘8‘ d£>

s —s/2
= 2572 gl iy (14 )

1/2

and therefore,

—s/2
/R NFFENFS(y =) d€ < 221 ) gy Il ey (14 197) -

(C.2)
Upon replacing v = £ and w = —y in the second case s > 0, we can derive
the similar bound:
|s|/2 2 |sl/2
FLENFO(y — O de < 22 o g 18] - ray (14 1012) "
Rd
(C.3)

We are now able to prove Fubini’s hypothesis we needed above. Indeed,

/ dy [(y)| / de |F1(E)]|Foly — ©)
Rd Rd

Is|/2
< 2F2 1 ) o ety N0l g ey / ) (1+1P) " dy < o,
Rd

since ¢ € S.
We are left to show that the distribution ¢ - f € H*(R%). We will apply
Minkowski’s inequality for integrals (B.1) to the function

€)= (1+167) " Fo)Fre )

as well as inequality (C.1) to the following two cases: if s > 0 we set v =y
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and w =& —y, and if s < 0 we set v = £ and w = —y. Hence,
s 1/2
16 ey = [, (1+16F) 157 < oo )
o 1/2
=/ d 2 ' dy Fo(y) Ff (& —
(/R e (1+16P)"| [ dvFowFsic— )

< [ v 7o) ( [ e (1) 17 - y>|2>1/2

Is|/2
<22 [ ay (14 19) " 1Fotw)
R4

x (/R ag (1+ \5—y\2)srff<£—y>\2>1/2

Isl/2
=22 | gy [ (14 10) " 1Fow)] dy < o
R4

which concludes the proof. O

Notice that the same proof applies if we replace the hypothesis ¢ € C§°
by ¢ € S.
We have the trivial inclusions for compactly supported functions.

Lemma C.3. Letn € N and 0 < o0 < 1. We have C§ € H", and Cg”“’ -
H™ ¢ for all e > 0.

Proof. For a function f € C§, and || < n, the derivative D?f in the
sense of distribution is given by its usual derivative, which is continuous and
compactly supported, hence in L?(R%). Hence Cy C W3 =H"

For a function f € CJ*7, we evaluate its W5 7~° norm. We already
know that || f||y;» < oo, by the previous argument, so we are left with the
estimates of the form

dh / )
—— dl’ Da $+h —Da xXr
/ e [, 4 D) = D7)

dh
S/ d+20—25/ dx C% |h[*?
h<1 |h supp(f)+B(0,1)

/ dh <
~C a9~ 0,
h<1 |h|d72s

for all multi-index o € N with |a| = n. O

For more information about Sobolev spaces, and a proof of the Sobolev
embedding, see [35, Section 3.2 and 3.3].
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Uniqueness of solution to the
heat equation

The weak formulation (3.3) to the heat equation admits a unique solution
in the space of C°([0, 00), S’(R?)). Indeed, if u, v are two such solutions, then
the difference w := u — v is a solution to

(w(t), ) = / (w(s), A) ds. (D.1)

Observe that this is the weak formulation to the following initial value heat
equation:

(D.2)

9 (t,x) = Aw(t,x) t>0,z€RY,
w(o’ ‘T) = O) S Rd.

Theorem D.1. The unique solution to (D.1) in the space C°([0, o), S'(R%))
is the zero distribution, i.e. w(t) =0 € S'(R), for all t > 0.

D.1 Calculus in S'(R%)

Before proving this result, we need to clarify whether the weak or the
strong topology is used in S’(R%). Let T}, be a sequence in S’(R?). In the weak
topology, we say that this sequence converges to T' € S'(R%), if (T},,¢) —
(T, @), for all ¢ € S(RY). In the strong topology, we further require that the
convergence holds uniformly on any bounded set in S(R?). A useful result
about weak and strong topologies is the following:

Lemma D.2. Any continuous map w € C°([0, 00), S'(R)) in the weak topol-
ogy is also continuous in the strong topology.

This is Theorem XIII of Chapter III together with Section 4 in Chap-
ter VII of [50]. It is also a consequence of the fact that the class of bounded
sets in the weak topology coincide with the class of bounded sets in the

195
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strong topology, see Section 5.5 in Chapter I of [27]. It is therefore sufficient
to consider convergence in the weak topology.

Lemma D.3. Suppose w € C°([0,0),S'(RY)) and satisfies (D.1), then w €
C>([0, ), S'(RY)).

Proof. We first show that ¢t — w(t) is (weakly) differentiable. For h > 0,

w — lw t+h
(it + 141~ <t>ﬂ/}>:}z/t (w(s), M) ds — {w(t), A,

as h — 0, for any 1 € S(R?), since each map s + (w(s), Av) is continuous
by assumption. A similar argument can be applied for h < 0. Thus,

(w'(0),0) = (w(t), Ap) . (D.3)

The fact that ¢ — w/(¢) is continuous follows at once from continuity of
t — w(t). Proceeding inductively, we conclude that

(W @),%) = (w(t), Am),

and again, continuity of w(™ follows from that of w. O

Proof of Theorem D.1. From equation (D.1), it is clear that w(0) is the zero

distribution. Fix 7' > 0 and ¢ € S(R?). We want to show that (w(T),) = 0.
We consider the dual problem

{%af(t, )= —AU(t,2) te(0,T) xR, (D.4)

U(T,z) =¢(x), r € RY,

for which U(t) := T(T — t) x ¢ is a solution, and belongs to S(R?) for all
t € [0,T]. To conclude the proof, it is sufficient to show that the function
H :[0,7] — R defined by H(t) = (w(t),U(t)) is continuous on [0,7] and
differentiable on (0,7T) with H'(t) = 0. In that case,

(w(T), ) = (w(T), U(T)) = (w(0),U(0)) = 0.

We are left to analyse the function H. Assuming that ¢ — U(t) is differ-
entiable in & (]Rd), we could apply Lemma D.4 and deduce that

H'(t) = (w'(t),U(t)) + (w(t),U'(t))
= (w(t), AU()) + (w(t), —AU(t)) = 0,

thanks to equations (D.3) and (D.4).

In turn, we are left to analyse the regularity of the function t — U(t) =
['(T —t) 1. In Proposition D.10, we show that U € C*°([0, T], S(R%)), which
concludes the present proof. O
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This proof was strongly inspired by Chapter II of [26].

Lemma D.4. Suppose w : [0,T] — S'(RY) is continuous and (weakly) dif-
ferentiable on (0,T), and U : [0,T] — S(RY) is continuous and differentiable
on (0,T). Then, the function H : [0,T] — R defined by H(t) = (w(t),U(t))
is continuous and differentiable on (0,T), with

H'(t) = (w'(t), U(t)) + (w(t), U'(#)) -
Proof. This is precisely Appendix 2 in Chapter II of [27]. O

D.2 Calculus in S(R?)

In order to complete the proof of the uniqueness theorem, we need to
introduce the class of C*([0, 00), S(RY)) functions. They are k-times contin-
uously differentiable functions taking values in the Schwartz space S(R?).
The latter space is endowed with its usual topology generated by the family
of norms {||-|| x }nven : for ¥ € S(R?), and any two multi-indices «, 3 € N4,

oPly,
W(x)

[¥lla,5 = sup |z

, and  [[Yf|y = sup [[¥fl,5-
z€R4 N

laf,|8]<

In order to prove any continuity (or differentiability) property of some func-
tion f : (a,b) — S(RY), it will be sufficient (and it is in fact equivalent) to
prove continuity (or differentiability) of

£1 (@b, 1) = (SE®, [Fllos)

as a map between normed vector spaces, for all a, 5 € N¢. For example, to
say that f is differentiable at some point ¢ € (a, b), it means that there exists
some Schwartz function g € S(R?) such that for all a, § € N¢

Hf(6+ B - flo)

W — 0, ash—0.

a’ﬂ

As usual, if such a function g exists, it is written as f’(c).
Using general differential calculus results in normed vector spaces (non-
necessarily Banach spaces), we can deduce the following two lemmas.

Lemma D.5. Suppose ¢ : (a,b) — (r,s) is differentiable at some point
€ (a,b), and f : (r,s) — S(R?) is differentiable at the point ¢(c). Then,
their composition f o ¢ is differentiable at the point c, with

(f o) (c) = f'(¢(c)) - & (c).

Moreover, if both ¢ and f are assumed to be of class C*, then so is their
composition.
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Proof. This is a copy of the arguments in Theorem 2.2.1 and in Theorem 5.4.2
of [4], applied to each norm |-, 5 O

Lemma D.6. Suppose f,g: (a,b) — S(R?) are differentiable at some point
¢ € (a,b). Then, their product f - g is differentiable at the point c, with
(f-9)(c)=f"(c) g(c)+ f(c)- g (c). Moreover, if both f and g are assumed
to be of class C*, then so is their product.

Proof. Let us remark that S(R?) is an algebra with continuous multiplica-
tion. Indeed, for all o, 8 € N,

1~ 9llas < capllfllas - l19las-

The rest is a copy of the arguments in Proposition 2.5.2 of [4], and induction
on the order of differentiability. O

We want to consider the function ¢ — T'(t) x1), for any ¢ € S(R?). Under
the Fourier transformation, convolution becomes multiplication and we are

left to analyse FT'(t) - Fu.

Lemma D.7. A function f is in C*([0,00), S(R?)) if and only if its Fourier
transform (in the space variables) Ff is in € C*([0,00), S(RY)).

Proof. This is an easy consequence of the inequality

[Fflly <en HfHN+d+1,
which can be found in Section 1.5 within Chapter 3 of [53]. O

The next two results will show that first ¢ — FT'(t) is C°((0, 00), S(R?)),
and second that ¢ + FI'(t) - F¢ extends to C*°([0,00), S(R%)).

Let f € S(R?), and define g : (0,00) x R? by g(t,z) = t~¢f(x/t). To
simplify notations, we set F(y) := F f(y) and G(t,y) := (Fg(t))(y). Thus,

G(t,y) = / e_%iy’xg(t,a:) dr = t_d/ e_%iy'mf(a:/t) dz
R4 R

d
- /R 2T [(2) du = Fty).

Observe that the function G can be continuously extended at ¢t = 0 by
G(0,y) = F(0) = [ga f(x)dx. Therefore, the function G(0,-) is a constant
function, and hence may not be in S(R?).

Lemma D.8. The map t — G(t,-) is C*((0,00), S(R%)).

Proof. The fact that F' is a Schwartz function implies at once that G €
C>®([0,00) x R¥). We prove differentiability in S(R?) of any order. Fix
s > 0 and h sufficiently small as well as any integer k € N and multi-indices
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a,B € N Then, by the mean value theorem, for all y € R? there exists
6 = 0(y) such that |f| < |h| and

k

o (%ﬁ(SJrh, y)— LG (s,y) oG )
Yy

h - 8tk+1 (S7y)
=y (920G (s + (), y) - b

We can explicit the partial derivative

(020)G) (s.9) = 02 (1@ F) (1)) (5)
k+2

=2 (k N 2) o (1) ()02 (@5 F) () ) (s),

=0

with
ot ((05F)(ty)) ()= > v (35”1’) (sy)-
ly|=k+2—1

We easily bound
95 (¢71) (s + 6(0))| < cuals + [h)m=0A10),

and use the trick of multiplying and dividing by (s + H(y))‘(Hw to get

g (9FF) (s + 0(w)w)|

< e [ 00w () (o + 0w
1

S W HF”aJr'y,BJr'y'

Therefore,

H (%’“ﬁ(wh,o -5l 96 >

h Otk+1
a?ﬁ
k+2
k+2 _ [
<3 (7 asts s o 3 Pl
which converge to 0 as h — 0. ]

Remark that the last fraction (s — |k|)~1*" is another signal that no
derivative exists at s = 0. In the present case of interest ¢ — FT'(t) - F1), the
multiplication by the Schwartz function F1 greatly improves the situation.
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Lemma D.9. For any ¢ € S(R?), the map t — ¢ - G(t,-) is in the space
C>([0,00), S(R?)). Furthermore, its value at t = 0 is

6-G0.)=6- | f(r)da

Proof. In the present case, observe that ¢-G(0,-) € S(R?). We use a similar
argument as in the proof of the previous lemma. Let us fix s > 0 and h
sufficiently small, as well as any integer & € N and multi-indices «, 3 € N¢.
Then, by the mean value theorem, there exists 8 = 6(y, d) such that |6| < |A]
and

0] [qs(y) ( Aot = ) f;f(s,y))
—h-y (;( > (009 )(af”a;ja) (s+0,y)
_ 55401 S~ (KT 2) ot (151 (o
hy%()c‘) )y )%( z >8t(t)(+9)
x 3y (9PF) (s +0))
ly|=k+2—1

As before, we bound
08 (91 (5 + )] < c1,p(s + pfym(o1-10),

In the present case, we use the fact that F' is a Schwartz function to only
bound

(257 F) (s + )| < 1Pl

Thus,
k ilte!
h Otk+1 ’
a?ﬁ
k+2
<A D as(s + ROt N g
0<pB 1=0 |v|=k+2—-1

which converge to 0 as h — 0. We can also see that this derivation is valid
at the point s = 0 and h 0. O

We are now ready to prove the last remaining part of Theorem D.1.

Proposition D.10. For any Schwartz function 1, the function t — T'(t) x1)
belongs to C>([0, 00), S(RY)). Furthermore, its k-th order derivative att = 0
is given by AR,
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Proof. We will first prove that the map of interest is C*°((0,00), S(R%))
using the previous lemmas. Then, we prove that it can be continuously
extended up to t = 0, i.e., it is in C?(]0, 00), S(RY)). Finally, the fact that
I satisfies the heat equation enables to conclude that all derivatives can be
continuously extended up to t = 0.

If we set f(z) = (4m)"¥2exp {—2?/4} and g(t,x) = t~¢f(x/t), we can
rewrite

T(t,x) = (4nt)~ "% exp {—a?/4t} = g(Vt, ).

Using the fact that t — v/t is C°°((0,00)) together with Lemmas D.5, D.7,
and D.8, we can conclude that t +— I'(t) is C*°((0, 00), S(R?)).

Using the fact that ¢ — /¢ is continuous at ¢ = 0, we can conclude that
the map t — FI'(t) - Fy = F(g9(\/t)) - F1b can be continuously extended
at t = 0, thanks to Lemmas D.5 and D.9. Its value at t = 0 is given by
Fip since [pq f(2x)dz = 1. Lemma D.7 implies that ¢ — I'(t) x ¢ belongs to
C%(]0,00), S(R%)) and its value at t = 0 is given by 1, i.e. T'(t) * ¢ — 1 in
S(RY), as t \, 0.

Using the fact that I' is a solution to the heat equation, we get

o'xy) . or _ -
T(t) = a(75) x ) = AT(t) x ¢ = T(¢t) * Ag.

Since A1) is a Schwartz function, we can conclude as before that I'(t) * Ay —
At in S(R?), as t \, 0. In a similar way,

OF(T % 4)

() =T(t) AFyp — ARy in S(RY), ast \, 0,

which concludes the proof. ]
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