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Abstract

In this thesis, different classes of generalized stochastic Burgers-type equations are studied. In
particular, we focus on stochastic Burgers equation and its different types of generalizations.
Here, we have mainly discussed three types of generalized equations: first equation considers
the polynomial types nonlinearity in place of quadratic nonlinearity, second one is equipped with
the fractional differential operator or mixed fractional differential operator in place of Laplacian
operator and last one mainly uses of different types of stochastic noises. The main aspects of

discussion is to show the existence and uniqueness of the solution to the these equations.

The very first goal is to study of the existence of weak solutions of the one-dimensional gen-
eralized stochastic Burgers equation with polynomial nonlinearity perturbed by space time white
noise with Dirichlet boundary conditions and ot— Holder continuous coefficient in the noise term

with o € [%, 1). The existence result is established by solving an equivalent martingale problem.

The second aim is to investigate the global existence and uniqueness of solutions to the
one-dimensional generalized stochastic Burgers equation containing a nonlinearity of polyno-
mial type and perturbed by cylindrical Volterra process having Dirichlet boundary conditions.
In addition, we are also interested to prove that there exists an invariant measure for the same

equation with the quadratic nonlinearity.

As a third task, we investigate the existence and uniqueness of solutions to the fractional
Burgers-type nonlinear stochastic partial differential equation driven by cylindrical fractional
Brownian motion in Holder spaces. The existence proof relies on a finite dimensional Galerkin
approximation. Moreover, the rate of convergence of the Galerkin approximation as well as

fully discretization of solution are also obtained.



il

Finally, we address a class of stochastic nonlinear partial differential equation of Burgers-
type driven by pseudo differential operator (A+Ag) where Aq = —(—A)? with o € (0,2) and
which is perturbed by the fractional Brownian sheet. The existence and uniqueness of an L?-

valued (local) solution is established for the initial boundary valued problem to this equation.
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Chapter 1

Introduction

The principle subject of this thesis is the investigation of nonlinear stochastic Burgers equation
and its generalizations driven by different types of noises. In particular, we mainly focus on
the existence, uniqueness and approximations to solutions of stochastic Burgers-type equations
having polynomial type nonlinearity and perturbed by different types of stochastic noises. The
present chapter provides a brief introduction to stochastic partial differential equations especially
to Burgers equation, generalized Burgers equations followed by their stochastic counterparts i.e.
stochastic Burgers equation and generalized stochastic Burgers equations. Further, we mention
some existing results, methods and a brief description of new results. However, this chapter does

not contain any new research work.

1.1 Overview

About three hundred years ago, Newton and Leibnitz developed the differential calculus, al-
lowing us to model continuous time dynamical systems in mechanics, astronomy and many
other areas of science. This calculus has formed the basis of the revolutionary development in
science, technology, and manufacturing that the world has experienced over the last two cen-
turies. Further, in this continuation of development of mathematical tool to model the physical
phenomenon, two very popular mathematical areas, ordinary differential equations and partial
differential equations have been introduced by researchers. An ordinary differential equation is
basically used to model those physical phenomena which depend on any other variable for exam-

ple space or time, while partial differential equation covers all those physical activities where any



quantity depends on more than one variable. Partial differential equations also use to predict the
nature of the system from some given initial state of the system and given external effects. Partial
differential equations (PDEs) is one of the main research areas in mathematics and has applica-
tions in many areas, for example: physics, engineering, economics, and chemistry. Due to their
physical significance, partial differential equations have become one of the most popular sub-
jects among the researchers, where they study the well-posedness, assymptotic analysis, numer-
ical approximations etc. of solutions for given PDEs, see [J5, 16} [7, [11} [12} 145} 183} 189, [111, [140]
and many more.

Though PDEs are used to model many physical phenomenon where the given initial data
and external forces are of deterministic types. But, in many cases, initial data are found to be
too sensitive that even due to a small disturbance in initial data, PDEs or ODEs refuses to model
precisely the given phenomena. Similarly, if the external forces are random forces, then it is
difficult to make a better realistic model in a deterministic setting. As we always try to build
more realistic models, stochastic effects need to be taken into account. In the last three decades,
stochastic partial differential equations (SPDEs) have been one of the most dynamic areas of
stochastic processes. Stochastic effects are of central importance for mathematical models of
many physical phenomena in physics, biology, economics, population dynamics, epidemiology,
psychology, finance, insurance, fluid dynamics, radio astronomy, hydrology, structural mechan-
ics, chemistry and medicine.

Let us take the following example for having a better understanding.

Suppose we have a thin wire of length / which is kept horizontally so that we can think it as
an interval [0,/]. Consider that there is some weight which is applied to the string to vibrate
it. Let F(x,t) denotes the measure of weight per unit length applied towards the y-axis at place
x € ]0,1], at that point the position f(¢,x) of the wire solves the following PDE

22 9?
L = k2L 1 F(1,x) (t>0,0<x<1I),

£(0,x) = fo(x).

The solution of (I.T]) can easily be obtained by separation of variables and superposition.

(1.1)

However, it is interesting to know that what will happen if F is a random force or disturbance? In
fact, equation @ does not have classical meaning when F is a random noise. So, it will be of

great interest to find the solution f(-,-) of (1.1) and then investigate the uniqueness, asymptotic



behavior of solution and its dependence upon fy, F etc. In general, SPDEs provide the solution
of such type of problems.

The area of stochastic partial differential equations is very vast. Several types of mathe-
matical studies have been done on SPDEs, for example, see [36, 151} 166, 97,114, 117]] and so on.

In particular, in the present thesis, we are interested to study the following type of SPDEs

«9f((9tt,x) = vazg)(;’x) +h(t,x, f(t,x)) + W +o(t,x, f(t,x)F(t,x,0) (1.2)
with initial data
£(0,%) = fox), xeDCR, (1.3)
and Drichlet boundary conditions
f(t,x) =0, for all x € 9D (1.4)

where Vv is the viscosity term, F (¢, x, @) is the stochastic noise, h = h(t,x,r),g = g(t,x,r),
and 6 = o(t,x,r) are real valued functions on R™ x D x R and dD denotes the boundary of
the bounded domain D C R. The equation covers different types of partial differential
equations. For o0 = g = h =0, the equation gives the heat equation. When 6 =g =0,h #0,
becomes the reaction-diffusion equation [128]. For g = h = 0,0 # 0 this system gives
stochastic heat equation, while for g = 0,4 % 0 and ¢ # 0, is transformed into stochastic
reaction diffusion equation, see [S3, 70, [77, 119, [117, [141]. In case of 6 =h =v =0 and
g(t,x,r) = %rz, gives one of the most popular inviscid Burgers equation which is used to
study shock waves and conservation laws, see [6, [11} 145 [140]] and references therein. Next,
forc =h=0and g(t,x,r) = —%rz, the equation can be written as well known Burgers’

equation which is a quasilinear partial differential equation, reads as

of _ *f of

with initial condition

f(0,x) = fo(x), (1.6)



where f(z,x) represents the unknown velocity field which have to be decided by some given ini-
tial condition f(0,x) = fy(x). The equations (1.5)-(1.6) can be considered either on the whole
real line (x € R) or in a bounded interval with Dirichlet or Neumann boundary conditions. There
are many articles available which are dedicated to Burgers equations, see [32,133}73]189,90, 102,
1031115} 124, [125] etc.

Burgers equation has very important role in the theory of differential equations as well as in
applied mathematics. It basically shows Newton’s second law and describes the relationship be-
tween the changing momentum and force on fluid elements and it is used as the simpler form of
Navier-Stokes equation which represents the laminar flow as well as hydrodynamical turbulent
flow. The turbulent phenomenon is well known for centuries and the first mathematical formu-
lation is introduced in the work of Navier-Stokes. There are many research articles available
for Navier-Stokes equations, theoretical as well as numerical, see [62, 63, 86, 87, 88, [116, [122]
and many more. The model, shown by Navier-Stokes, is quite complicated to handle mathemat-
ically. So there was a need of some comparatively simpler mathematical model to present the
phenomenon of turbulence. Thus, the established Burgers equation came into the picture. In
1948, J. M. Burgers, a Dutch researcher, presented the Burgers equation as a simple model for
the dynamics of the Navier-Stokes equation in one spatial dimension [32]]. This equation has
been implemented in several other physical phenomenon too. Due to its wide range of appli-
cations in several fields, it has been extensively discussed by many researchers. The Burgers’

equation (I.5) can be derived as a particular case of the Navier-Stokes equation

of 1
E+(f. V)f_—EVP+vAf (1.7)

in one dimension if the pressure term is omitted.

The main difficulty is that both the Navier-Stokes equation and the Burgers equation have com-
mon nonlinear term f % and the diffusion term vAf. Though Burgers equation 1b has its great
importance but it fails in the case of occurrence of any chaotic phenomena. To solve this prob-
lem many researchers have applied some force to the right hand side of (I.5]), but this attempt
was also a failure. However the situation is found to be totally different when the force is ran-
dom. Several authors proposed stochastic perturbation of Burgers equation as a better model,

see [35) 43| [84]. By introducing the randomness in the equations (1.6), we get the stochastic



Burgers equations. For simplicity, we consider v = 1 throughout the remaining discussions.
The general stochastic Burgers’ equation is a class of quasi linear stochastic PDEs and is given
by (1.2) after putting » = 0. In particular, for # = 0 and g(¢,x,r) = 2r the equatlon is

known as classic stochastic Burgers equation (SBE), [[17,51}152] and it is given as

8f(t7x) (92f(tx) la(f(tax))z
00 _ g0 JUEIV | o 16,0l 0) .

f(0,x) = fo(x), x€DCR,

with some boundary conditions. Here, F(¢,x, ) is a stochastic process (continuous or discrete)

that acts as the forcing term. This turns the solution into a random field, whose properties are to
be determined by the data of the problem, i.e., the random forcing term, and the initial condition.
It is an important tool to model several phenomena in the area of fluid dynamics, cosmology,
nonlinear acoustics, astrophysics and so on, see e.g. [51] and references therein.

Recently, several types of generalizations to the stochastic Burgers equations have been
introduced. In this thesis, we mainly discussed about these types of generalizations which are
mainly the stochastic counterparts of the following types of generalization of deterministic Burg-
ers equations.

In first case, an algebraic nonlinearity has been considered in place of the quadratic nonlinearity,
which is obtained by putting F = 0,v = 1,h =0 and g(¢,x,r) = —r?/p, with p > 2, into (1.2)
ie.

g—];= 31]; i laf (1.9)
This type of generalization has been studied in papers [8, 93, 120, 129} [138]. There are several
applications of this type of equation, for instance p = 3, this equation has the solid nonlinear
perspectives and has been utilized in many practical transport problems, for example, nonlinear
waves in a medium with low-frequency pumping or absorption, transport with disturbance, wave

processes in thermoelastic medium, [93| [120]. The stochastic generalization of the equation

(1.9) can be written as

af _d*f

p—1 f
3= 92 +f 5 —+F(t,x,0), (1.10)

where p > 2 is a finite integer and F (-, -, -) is the stochastic noise. This case has been studied in

(68, 72,185, 935].



Another type of generalization is by considering fractional type of differential operator or

mixed fractional type of operators, in place of the Laplacian operators A = %, in particular,
of of
=~ =Df+ P E 4+ F(t,x, 0 1.11

where © is a fractional differential operator. Generalized Burgers equation with fractional dif-
ferential operators are used in modeling of some anomalous diffusions for instance the long time
behavior of the acoustic waves propagating in a gas filled cylinder and the wave propagation in

viscoelastic medium, see [[19,[132]] and references therein.

The above two types of generalization in stochastic Burgers equation are called as gener-
alized stochastic Burgers equation(GSBE). Further, as there is no any specific standard which
control the selection of a noise term F', and the decision of a logical stochastic process truly re-
lies upon the equation of motion in question, by taking into account of the physical significance
as far as possible. In this thesis, we use different types of noises, in particular, space-time white

noise [[141]], fractional white noise [76]] and Volterra noise [47]].

1.2 Existing results

There are many mathematical results available on Burgers-type equation. It is not possible to
provide the details of all these results here. However, in this section we give a brief descrip-
tion of some existing results on Burgers equation, stochastic Burgers equation and generalized

stochastic Burgers equation.

In 1915, Bateman [10] has introduced the Burgers equation first time to derive it in to
some physical context. Later, Fay [S8] has solved this equation in a series form. In 1948, J.
M. Burgers has used the Burgers equation in mathematical modeling of turbulence phenomena
and after this Burgers equation became very popular, specially in the study of fluid mechanics
[32]. The name Burgers equation is given in the honor of J. M. Burgers for his contributions to
make this equation popular. In 1949, Lagerstrom et al. [104] have solved the Burgers equation
by linearizing it. Later, Cole [44] in 1951 and Hopf [73]] in 1950, both have independently

introduced a technique to transform the Burgers equation into a simple heat equation and in the



honor of Cole and Hopf, this technique is known as Cole-Hopf transformation. Later, serval
works on Burgers equation have been done [3, [14, [15, 22, [106, 127, [139] where they prove
the existence of unique solutions, properties of solutions and its applications. To know more
progress in this direction, see the latest survey paper by Bonkile et. al. [28]].

Now, let us turn to the stochastic Burgers equations. In 1994, Bertini, et. al. [17] have
shown the existence result for the following Cauchy problem for stochastic Burgers equation

If(tx)  Df(t.x) 1(t,%)
Frai s e e AU

+en(t,x) (1.12)

where (¢,x) € [0,00) x [0,00), 1 is the white noise in the space and time and & is the intensity of
the noise. To prove existence, they have used the transformation f(z,x) = —2vd,InZ(¢,x) as a
meaningful solution to the above stochastic Burgers equation. Here Z(z,x) denotes the solution
of the stochastic heat equation with multiplicative half white noise. This is known as Cole-Hopf
solution for the stochastic Burgers equation.

In [51], Da Prato et. al. have shown the existence and uniqueness of the global solution for
stochastic Burgers’ equation perturbed by the space-time white noise. In addition, the existence
of the invariant measure to equation (I.12)) with v =& = 1 and 7 as a cylindrical white noise, is
also established. In 1995, Da Prato and D. Gatarek [52]] have investigated the the existence and
uniqueness of the global solution to the stochastic Burgers equation perturbed by colored noise.
Further, the strong Feller property and irreducibility for the corresponding transition semigroup
have been shown. The above two results have been generalized by I. Gyongy [66]], in 1998,
where he proved the existence, uniqueness and comparison theorems for a class of semilinear
stochastic partial differential equations of type (I.2)) driven by space-time white noise i.e. F =

2 2
J ;t/(g:x) , where W is the Brownian sheet and ® — ?97]; . However, there are many mathematical

results on the existence and uniqueness of solutions to the stochastic Burgers equation with
quadratic nonlinearity. But if we include the polynomial nonlinearity in the equation, then this
becomes more delicate issue to discuss the existence and uniqueness of solutions. There are
a very few results [[72, 167, 93] which discuss the stochastic Burgers equation with polynomial
nonlinearity. In [67], Gyongy has established the existence and uniqueness of solutions for
the class of quasilinear stochastic partial differential equations with polynomial nonlinearity
having on the interval [0,1] and driven by the white noise with respect to time only. Later,

in [95], Kim has discussed about the Cauchy problem for the stochastic Burger equation with



nonlinearity of polynomial type in the whole real line perturbed by the white noise with respect
to time. In 2013, the existence and uniqueness of the global solution for the stochastic Burgers
equation with polynomial nonlinearity driven by Lévy process (a stochastic process with jumps)
is obtained in [72]].

In these results, the coefficients of noise is mainly either constants or satisfying Lipschitz
continuity. However, the case of having non-Lipschitz noise coefficient is also handled by many
authors, see [27, 129, 97| and references therein. In [97], the existence of the weak solution have
been shown for the classical stochastic Burgers equation (SBE) driven by space-time white noise
with coefficient 6 = \/f(1 — f). Further, [29] have generalized the result of [97] in higher di-
mension n > 1 by using ¢ as a Holder continuous function with exponent lies in [1/2,1) in SBE
and with more general noise. For a similar type of problem, in [27], the author have proved the
existence of solutions by assuming ¢ = /f,® = A and space-time white noise in SBE. These
are some results available with quadratic nonlinearity having non-Lipschitz coefficients. In this
thesis, Chapter 3 deals with such type of equations, where the stochastic Burgers equation is
having polynomial nonlinearity and perturbed by multiplicative white noise. The coefficient of

noise has been taken as a Holder continuous function with exponent lies in [1/2,1).

In 2001, Alos et al. [2] have developed the one dimensional stochastic calculus with re-
spect to Gaussian Volterra process, where they mainly focused on singular and regular Volterra
process. The Volterra processes cover many important types of noises which may be Gaussian
as well as non-Gaussian. Fractional Brownian motion, Liouville fractional Brownian motion,
multifractional Brownian motion and fractional Orestein Uhlenbeck process etc, are examples
of Gaussian type Volterra processes, while Rosenblat process is an example of non-Gaussian
Volterra process (cf. [2,46] and references therein). Recently, in [46], authors have studied
the stochastic evolution equation driven by Volterra noise. Further, the LP-theory of stochastic
convolution integral with respect to Volterra process is developed in [47]. Motivated by the gen-
erality of Volterra process, we have studied the stochastic Burgers equations with polynomial

nonlinearity and driven by the cylinderical Volterra process in Chapter [5]

The second type of generalization (I.11]), where the standard Laplacian is replaced by

some fractional differential operator, is also one of the interesting equations to study. In the



deterministic settings, this type of generalization of Burgers equation has been well studied in
many research articles, see for example [[19} 101} [132]. In 2007, Breziniak and Debbi [31]]
have investigated the existence and uniqueness of L?-valued solutions for the stochastic equa-
tion having fractional Laplacian operator © = Ag := (—A)*/? where o € (3/2,2) and
driven by multiplicative white noise F. Further, in [30], they have studied the ergodic properties
of the fractional stochastic Burgers equation. The existence and uniqueness of L?-valued local
mild solutions have been shown by Truman et. al. [136] for SBE with ©® = A, a € (0,2] and
having Lévy space time white noise. Later, in [82]] and [144], authors have studied the multidi-
mensional GSBE with Lévy noise under certain conditions on operator © = (—A)*®/2 where
a :R? — (0,2) is a continuous function in L space for p € (1,2] and by considering at most
quadratic nonlinearity. Further, the well-posedness of mild solutions to the stochastic fractional
Burgers equation is studied by Zou and Wang [151]]. Here, this equation contains fractional

derivatives with respect to both time and space.

In recent years, the fractional Brownian sheet has become popular among the researchers
studying SPDEs due to its important property of preserving long term memory and other inter-
esting properties, see [25], [76], [78], [112], [143] and Section 2 in Chapter [6]

In 2010, the existence and uniqueness of solutions to the stochastic Burgers equation
with quadratic nonlinearity driven by the fractional Brownian motion with Hurst parameter H €
(1/4,1) have been studied by Wang et. al. [142]. While, in [85]], authors have considered
the GSBE with third order nonlinearity perturbed by the fractional Brownian sheet with Hurst
parameter H = (H;,H;) such that H; € (1/2,1) for each i = 1,2, where they have shown the
existence and uniqueness of solutions. In addition, they have also evaluated moment estimate
for the density of the solution.

Recently, in 2017, Xia et. al. [146] have studied the existence and uniqueness of the
solutions to stochastic semilinear heat equations with differential operator (A + Ay) and the
fractional Brownian sheet (also see [[143] ), where, the operator (A + Ay ) represents the Lévy
processes that are independent sum of diffusion processes and a-stable (rotationally symmetric)
processes. This pseudo differential operator can be used in several physical problems, see [96],
[121]. Chen et. al. [37, 138,41} 40] and [39] have studied these operators in very broad way. In

these articles, the main work is to find the sharp two sided estimates for the transition density of
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these type of processes.

The works mentioned above have motivated us to show the well-posedness of the GSBE with
mixed operator © = (A+ Ay), where o € (0,2), and having polynomial type nonlinearity
driven by the fractional Brownian sheet with Hurst parameter H = (H;,H,) such that H; €
(1/2,1) for each i = 1,2. Such types of problems have been studied in Chapter [3]

Due to the presence of randomness and irregularity of the solution, it is very difficult to
find out the analytical solution of SPDEs. Therefore, it is important to study the numerical
approximation of the solution more carefully for having a good prediction of the solution to
SPDEs. Several numerical method have been implmented to SPDEs: finite difference, finite
element, finite volume, Galerkin approximation, particle method, Wiener chaos decomposition,

splitting up method etc., see ([13} 48,164,165, 91,110, 149]]) and the references therein.

In [[1], Alabert and Gyongy obtained a spatial discretization to the stochastic Burgers equa-
tion in L?[0, 1] for finding numerical approximations of the solution by using a finite difference
scheme. Later, in [69], Hairer and Voss provided various finite difference approximations for the
stochastic Burger equation and show that different finite difference formulations converge to dif-
ferent limiting process as the mesh size tends to zero. Further the rate of convergence obtained
in [69]] has been improved in [[71]. Recently, Blomker and Jentzen [24]] established the existence
and uniqueness for more general stochastic equations with additive noise by using Galerkin
approximations in finite dimension. Additionally, they have also investigated the convergence
rate of Galerkin approximations to the solution. Further, Blomker et. al. [23] give the way to
investigate the spectral Galerkin method for spatial discretization of stochastic Burgers equa-
tion perturbed by the coloured noise whcih is combined with the method introduced by Jentzen
et. al. (2011) for time discretization. Recently, Arab and Debbi [4] have shown the existence
of pathwise unique mild solutions of stochastic fractional Burgers-type equations perturbed by
Wiener process in Holder space by implementing the spectral Galerkin method. Moreover, they
have calculated the rate of convergence for Galerkin spatial approximations of solutions as well
as for fully discretization. These works, in [24] and [4], are the main motivation for the study

taken place in chapter|[6]
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1.3 Contents of the thesis

The present thesis consists of seven chapters and the chapter-wise description is given below:

In the present chapter, we mainly focused on the introduction of Burgers equation along
with its various generalizations and their stochastic counterparts, which are the main equations

of discussion in subsequent chapters.

In Chapter 2, we collect some basic tools necessary for stochastic analysis. We mainly

given the brief details of probability theory, stochastic process and Itd calculus.

In Chapter 3, weak solutions for the generalized stochastic Burgers equations having
polynomial nonlinearity and a non-Lipschitz diffusion constant are constructed. This work is
a generalization of the work done by Kolkovska [97] where the stochastic Burgers equation is
considered with quadratic nonlinearity and stepping-stone type noises. The results are obtained
by first discretizing the original problem, establishing the existence and uniqueness of weak so-
lutions to the discretized system and then establishing the existence of weak solutions of the
original problem by proving the tightness property. The content of this chapter is accepted in

journal, Communications on Stochastic Analysis (COSA).

In Chapter 4, we establish the existence and uniqueness of local and global mild solu-
tion to the generalized stochastic Burgers equations perturbed by a-regular cylindrical Volterra
noise. In order to get the solvability and regularity estimates for the linear system, we use
the LP-theory of stochastic convolution integral developed in [47]. We show the existence and
uniqueness of a local mild solution for polynomial type of nonlinearity using contraction map-
ping principle, and also the global existence and uniqueness for third order nonlinear GSBE
using probabilistic arguments. The biggest challenge when considering o-regular cylindrical
Volterra noise is the lack of L™-estimate on both time and space for the stochastic convolution
involving such processes. We obtained this estimate with the help of Garsia-Rodemich-Rumsey
inequality. Further, we have also shown the existence of an invariant measure for quadratic

nonlinear GSBE perturbed by Volterra processes of Gaussian type. In order to prove this, we
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adopted the method developed by G. Da Prato et al. in [51].

In Chapter 5, the existence and uniqueness of solutions to Burgers-type nonlinear stochas-
tic partial differential equations driven by cylindrical fractional Brownian motion in Holder
space are investigated by using finite dimensional Galerkin approximation. Further, the rate
of convergence of Galerkin spatial approximations and fully discretization are obtained. This
work is the continuation of the work done by Z. Arab and L. Debbi [4]], where they have deal

the same equation but perturbed by Winner process.

In Chapter 6, we study a class of stochastic PDEs of Burgers-type involving the pseudo-
differential operator ® = A+ Ay with A = g—xzz and Aq = —(—A)? where a € (0,2) and a poly-
nomial nonlinearity. The SPDEs is driven by a fractional Brownian sheet. Here, the existence
and uniqueness of LP-valued local mild solution have been established by using a fixed point

argument.

Finally, in Chapter 7, a few conclusions on above chapters are made. At last some open
questions for the future research in the direction of nonlinear stochastic partial differential have

been discussed.



Chapter 2

Preliminaries

In this chapter, we recall some existing standard results of the probability theory and stochastic

analysis. These contents are mainly motivated from book by Brzezniak and Tomasz [[152]].

Definition 2.0.1 (Sigma-Field). Let Q be a non-empty set and .% be a family of subsets of Q

such that
1. the empty set ¢ € .F;

2. if for any subset A € Q is such that A € .%, then the compliment of A on Q also belongs
to .7,

3. if any sequence {A,;};cn of sets lies in ., then U;c also lies in .%.
Such a family of subsets .# is known as o-filed or c-algebra on Q.
Definition 2.0.2 (Events). Let .% be a 6-field on Q. Then, any set A € .% is called an event.
Definition 2.0.3 (Probability Measure). Let .%# be a o-field of subsets of Q. A function
P:.7% —10,1]

is said to be probability measure provided it satisfy the following three properties (Kolomgorov

axioms):

1. P(A) >0 forany A € .Z,;

13
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3. if Aj,As,.... are pairwise disjoint sets (i.e., A;NA; = ¢for i # j) on .7, then

P(UienA;) = ) P(A)).
ieN

The last property is known as ¢-additivity.

Definition 2.0.4 (Probability Space). The triple (Q,.%,[P) is known as a probability space,

where Q be any set and .% and PP are given by the definitions [2.0.1]and [2.0.3| respectively.

Definition 2.0.5 (Almost Surely). Let A be an event on Q. Then, A is said to be occur almost

surely (a.s.) whenever P(A) = 1.

Properties of probability measure.The following basics properties of the probability

measure can be easily verified from the definition[2.0.3]
1. for empty set ¢,P(¢) =0;
2. forany A,B € .% with A C B, we have P(A) < P(B);
3. P(A°) =1—-P(A);
4. 0<PA) <1,
5. LetAy,A,.... be an sequence of events, then P(U,A,) <Y, P(4,);
6. A C Ay C --- be sequence of events with A, € .# then
PAJUAU--+) = ,}EILP(A”)'
Similarly, if A1,A»,.... is an contracting sequence of events, i.e.
Al DA D -+,

then

P(Al NAyN-- ) = lim ]P)(An)

n—oo

Let us denote by A as the intersection of all o-algebras consisting all intervals of R.
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Definition 2.0.6 (Random Variable (r.v.)). Let (Q,.%,P) be a given probability space and
define a function X : Q — R. Then we say that the function X is random variable if it is .#

measurable 1.e.
X 'B):={weQ:X(w)eB}C.Z.
for each Borel set B C A(R).
We also express {X € B} in place of the event {® € Q : X (@) € B} as a sort-hand notation.

Definition 2.0.7. Let X : Q — R, be any given r.v.. Then every such r.v. X gives rise to a

probability measure
Px(B) =P{X € B}

on the o-field of Borel sets B € #(R). Py is also known as the distribution of X. Further, a

function F; : R — [0, 1] given by

Fx(x) =P{X <x}
is said to be distribution function of X.
Definition 2.0.8. Any r.v. X : Q — R is integrable if

/ IX|dP < oo,
Q

Definition 2.0.9 (Expectation). If a continuous r.v. X is integrable, then we define expectation

of X as

E(X) = /Q XdP

Definition 2.0.10 (Conditional expectation). Let X be an integrable r.v.. Then for every event

B € 7 s.t. P(B) # 0, we define the conditional expectation of X given B as

E(X|B) = ﬁ/Bx dP.

General Properties of Conditional Expectation. Conditional expectation has the follow-

ing properties:
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1. E(aX+0b8|9) =aE(X|9)+DE({|¥) (linearity);

2. E(E(X|9)) =E(X);

3. E(XC|9) =XE({|9) if X is ¥-measurable (taking out what is known);

4. E(X|9¢9) =E(X) if X is independent of ¢ (an independent condition drops out);
5. E(E(X|9)|22¢) =E(X|) if 7 C 9 (tower property);

6. If X > 0, then E(X|¥¢) > 0 (positivity).

Here a, b are arbitrary real numbers, X, { are integrable random variables on a probability space
(Q,.7,P) and ¢, 7 are o-fields on Q contained in .#. All equalities and inequalities in (6)
hold P-a.s.

Radon-Nikodym Theorem : Consider a probability space (Q,.%,P) and let 4 be a o-field

contained in .%. Then for every r.v. X and for each A € ¢ there exists a &- measurable r.v. Y

/Xd[Pz/YdIP.
A A

Jensen’s Inequality: Let us take a convex function ¢ : R — R and let X be an integrable

such that

random variable on a probability space (Q,.%,P) such that ¢ (X) is also integrable. Then
¢ (EX]|9)) <E(¢(X)|4) as.,

for any o-field ¢ on Q contained in .%.

Definition 2.0.11 (Filtration). Let .%,.%; ... be a sequence of o-fields on Q such that
FI1CFrC...CF,

is called a filtration. Here .%#, consists all events A such that at time » it is possible to decide

whether A has occurred or not.

Definition 2.0.12 (Martingale). A sequence X,X3,... of r.v. is called a martingale with respect

to a filtration %, .%,... if
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1. X, is integrable for eachn =1,2,...;
2. X1,X,...is adapted to .#1, %...;
3. E(Xy11].%0) =X, as. foreachn=1,2,....

If in place of (3) E(X,+1|-%n) < X, (respectively, E(X,+1|%,) > X,,) a.s. foreachn=1,2,...
holds then we say that X;,X5,... is a supermartingale (respectively submartingale) with re-

spect to a filtration .71, .%;....

Definition 2.0.13 (Stopping Time). A r.v. T with values in the set {1,2,...} U{eo} is known as

a stopping time (with respect to a filtration .%,) if for every n = 1,2, ...

Proposition 2.0.1 (Doob’s Maximal Inequality). Let X,,, n € N be a non-negative submartin-

gale (with respect to a filtration #,). Then for any A > 0

MP’(max X > 7L) < E<Xn1{maxk§,, ngg});

k<n

where 14 is the characteristics function of a set A.

Theorem 2.0.2 (Doob’s maximal L? inequality). Suppose that X,,n € N, is a non-neative
square integrable submartingale (with respect to a filtration .%,), then

2 2
E’ maxXk’ <4E|X,

k<n

Theorem 2.0.3 (Doob’s Martingale Convergence Theorem). Suppose that X1,X>,...is a super-

martingale (with respect to a filtration %, %,,...) such that
supE(|X,]) < oe.
n
Then there is an integrable random variable X such that

IimX,, =X a.s.

n—oo

Remark: In particular, the theorem is also true for martingales as every martingale is a su-
permartingale. It is also true for submartingales, since X, is a submartingale iff —X,, is a

supermartingale.
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Definition 2.0.14 (Stochastic Process). Let 7 C R. A stochastic process is a collection of
random variables X (7) indexed by t € T. The stochastic process X () is said to be a discrete
stochastic process if the given indexed time are discrete i.e. T ={1,2,..---}. Further, if T is an
interval in R (typically T = R" = [0,00) ), X(¢) is known as stochastic process in continuous

time.

Definition 2.0.15 (Sample path). For any @ € Q the map
T>t—X(t,w)

is known as path (or sample path) of X (7).

Definition 2.0.16. A family .%,; of o-fields on Q parametrized by ¢t € T, where T C R, is called
a filtration if

Fs CFt CF
for any s, € T such that s < ¢.

Definition 2.0.17 (Brownian Motion). A real valued stochastic process {W(¢),0 < < oo} is

said to be Brownian motion or Wiener process if
o atr =0, W(r) =0a.s;
e the paths 1 — W (), are almost surely continuous;
e for any ¢t > 0, the increment in W (¢) is stationary and independent;

e the increment W (¢ + k) — W (k) has the normal distribution with mean 0 and variance ¢ for

any t > 0,k > 0.
The Wiener processes satisfy the following properties:
e Forany 0 < s <t < oo, we get
E(W(s)W(t)) = min{s,t}

and

E <\W(r) —W(s)|2> —|r—s].
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e W(t) is satisfy martingale property with respect to the filtration .%;.

Definition 2.0.18. An n dimensional stochastic process W(-) = (Wy(-),..-, W, (+)) is known to be
an n dimensional Wiener process provided for each k = 1,.....,n, Wi(t) are R-valued Wiener

process.

Definition 2.0.19. A stochastic process Y (+) is said to be follow continuous sample path a.s. if

for every t,s > 0
E(|Y (1) =Y (s)P) < Cle —s|'
for some constants p,c,C > 0.

Further, for each 0 < y < % and T > O there is a constant K which relies on constants

p,o,C, s.t.
|Y(t,(!))—Y(S,(!))’ < |t_s‘y
for almost every @ and s,7 € [0,T].

Definition 2.0.20. We shall call (), > 0 a random step process if there is a finite sequence of

numbers 0 =79 < t; < ... < t, and square integrable random variables 1ng, 11, ..., N,—1 such that
n—1

FO =Y M Yy (2.1)
j=0

where 1); is 7, -measurable for j =0,1,....,n—1 . The set of random step processes will be

denoted by M2, -

Definition 2.0.21. The stochastic integral of a random step process f € M2, of the form (2.1)

tep
is defined by
n—1
1(f) =Y. nj(W(tjr1) —W(t)).
j=0

Proposition 2.0.4. For every random step process f € Msztep the stochastic integral 1(f) is a

quadratic integrable random variable, i.e. I(f) € L2, such that

E(P) =E( [ IroPdr).
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Definition 2.0.22. Let us denote by M? the class of stochastic processes f(),# > 0 such that

E(/Ow]f(tﬂzdt) < oo

and there is a sequence fi , f2,. . .€ Msztep of random step processes such that
lim IE( / (1) — fn(t)|2dt> —0. 2.2)
n—oo 0
In this case we shall say that the sequence of random step processes f1 , f>, . . . approximates
feM.

Definition 2.0.23. We say I(f) € L? the Ito stochastic integral (from O to o) of f € M? if

Lim E(/I(f) = 1(f)]*) =0 (2.3)
for any sequence f1, f2,. . .€ Mf,ep of random step processes that approximates f € M2, i.e .

s.t. (2.2) holds . We can also express it as

| rwaw)
in place of I(f).

Definition 2.0.24. For any 7 > 0 we shall denote by M% the space of all stochastic processes
f(t),t > 0 such that

I[O,T)f 6 M2
The Ito stochastic integral (from O to T) of f € M% is defined by
Ir(f) =1(1p0,7)f)-
We shall also write
T
| rwaw
in place of I (f).

Theorem 2.0.5. The following characterizations hold for any f,g € M?, any o, B € R, and any

0<s<t:



21

1. linearity
[ @)+ Bernaw ) = o [ nawr) +B [ gryaw(r);

2. isometry

B(| [ rmaw)[) =& ( [ rnPar);

3. martingale property

\/f aw(n)|7,) = [ 11aw

Definition 2.0.25. Let X(7) and {(¢) be stochastic processes defined for t € T, where T C R.

We call the processes are modifications(or versions) of one another provided
P{X(t)=C(¢t)} =1forallt €T.

Definition 2.0.26. A stochastic process X (), t > 0 is known as an Ito process provided it has

almost surely continuous paths and can be expressed as

/ ) dt + / as., (2.4)

where b(t) is a stochastic process lying to M2 for all T > 0 and a(¢) is a process measur-

able with respect to the filtration .%; s.t.

/Ta(t) dt < oo (2.5)
0

for alt T > 0. The class of all adapted processes a(t) satisfying (2.5) for some 7' > 0 will be
represented by LIT.
For an Ito process X (7) it is necessary to take (2.4)) as

dX(t) =a(t)dt +b(t)dW (1) (2.6)

and to call dX(¢) the stochastic differential of X (¢). This is popular as the Ito differential nota-

tion.

Theorem 2.0.6. Let F(t,x) be a real-valued function having continuous partial derivatives

F/(t,x), F.(t,x) and F/.(t,x) for all t > 0 and x € R. Let us also assume that the process



22

F!(t,W(t)) belongs to M2, for all T > 0. Then F(t,W (t)) is an Ito process such that

F(T,W(T))—F(0,W(0)) :/OT (E’(t,W(t))+;F;; t,W(t a’t—l—/ W(t) a.s.

(2.7)

In differential presentation this result can be given as

dF (1, W (t) = (F,’(z,w(z))+ ;F;;(t Wt )))dt+Fx’(t,W(t))dW(t) 2.8)

Definition 2.0.27. We say that an Ito process X (¢),7 > 0 is a solution of the given initial value

problem
dX(1) = f(X(1))dt +g(X(1))dW (2),
X(0) = Xo,

if X (0) is an .%p-measurable random variable, the stochastic processes f(X(¢)) and g(X (¢))

belong, respectively, to L% and M2, and

0) + /0 " X)) de+ /0 "X () aW (1) as.

forall T > 0.

NOTE: In this chapter only Brownian motion (Wiener process) are given in brief. How-
ever in the subsequent chapters the other type of stochastic processes (noises) are given wherever

they are used.



Chapter 3

Generalized stochastic Burgers equation

with non-Lipschitz diffusion coefficient

In this chapter, we study the existence of weak solutions to the one-dimensional generalized
stochastic Burgers equation having polynomial type nonlinearity driven by space-time white
noise with Dirichlet boundary conditions and o- Holder continuous coefficient in noise term,
where o € [1/2,1). The existence of weak solutions is shown by solving an equivalent martin-

gale problem.

Our main contribution in the present chapter is that it generalizes the work of Kolkovska
[97] by extending the quadratic nonlinearity to a class of polynomial nonlinearity and using
more general diffusion coefficient ¢. This work also differs from the works in [67, 93], where
authors have shown the existence of mild solutions of stochastic Burgers equation with poly-
nomial nonlinearity having white noise with respect to time and Lipschitz continuity in the
diffusion coefficient o, whereas the present work considers the a-Holder continuity in the dif-
fusion coefficient o, where o € [1/2,1) along with a space-time white noise.
The structure of the chapter is the following: In the first section, we introduce the generalized
stochastic Burgers equation with non-Lipschitz diffusion coefficient. In the next section, the
rigorous formulation of the problem is given. In Section 3.3, the discretized form of (3.1)—(3.3)
is obtained which gives a system of stochastic differential equations in finite dimension. Further,
the existence of unique strong solution to this system of stochastic differential equation is estab-

lished by showing the existence and pathwise uniqueness of weak solution for the system which

23
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is motivated by [60]]. Next, in Section 3.4, we have shown the tightness property of the family of
approximating solutions by satisfying the multi-dimensional Totoki Kolmogorov criterion. At
last, in Section 3.5, the existence of weak solutions to the original problem (3.1)—(3.3) is shown

by solving an equivalent martingale problem.

3.1 Introduction

In this chapter, we study the one dimensional stochastic Burgers equation with polynomial non-

linearity perturbed by a space-time white noise i.e.

of _0%f dfP 0°W
E(tay)_a_yz<t7y)+Aa_y<t7y)+6(f<tay))ray<t7y) (3.1)
with Dirichlet boundary conditions
f(l,O):f(t,1>:0, I‘E[O,T], (32)
and initial datum
f(oay):f()(y)v ye (071)7 (33)
°W(t,x)

where p > 2 is a fixed integer, T > 0, 1s a white noise with respect to space and time

both as in [141]]. Further, 6 = o (t,x,r) aritggrel—measurable functions on R* x [0, 1] x R. If we
take o (x) = \/m , then the last term on right hand side of the equation is known as the
stepping stone noise and the corresponding stochastic equation is used as model continuous-time
stepping stone models in population genetics, where the gene frequency in colonies is modeled
by f(t,x), see [97] and references therein. In this chapter the existence of weak solutions to the

equations (3.1)—(3.3) is established. The proof is mainly motivated by the technique used in
Funaki [60]. With no loss of generality, we suppose that A = 1.

3.2 Formulation of the problem

Definition 3.2.1. Let (Q,.7, (.%;), P) be a stochastic basis with filtration (.%;) = {.%;,t € [0,T]}.
Then the Brownian sheet W (¢,x) = {W(t,x) : t € [0,T],x € R} is defined as a continuous, (.%;)

adapted and centered Gaussian random field with covariance

EW(s,x)W(z,y)) = (sAt)(xAy)
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in the sense of Walsh [[141]].

Remark 3.2.1. By the properties of W, it can be proved that white noise with respect to the
filtration (.%;) is a martingale measure over ([0,7] x A0, 1]), where #[0, 1] is bounded Borel
subset of [0, 1], see [94] [141]. Now, the equation ({3.1]) can be expressed in the weak sense by
following [[141].

Definition 3.2.2. A continuous stochastic process {f(¢,x);t € [0,T],x € [0, 1]}, which is (.%;)-
adapted, is said to be solution of equation {D in a weak sense, if for every ¢ € €2[0,1], such
that ¢(0) = ¢(1) =0, and a.s. for each 7 € [0,T], and x € [0, 1], we have

/Olf(t,y)a)(y)dy:/01f(O,y)¢(y)dy+/Ol/olf(s,y)w(y)dyds
t rl P
[ [ renewdvas+ [ [ o(rsmemwdsdn. G4

Further, we assume following conditions on ©. First condition is that the diffusion coeffi-
cient o satisfies Holder’s continuity of order & € [1/2,1) on the interval [0, 1] i.e. there exist a

constant ¢ > 0 such that
lo(r1) —o(r)| <clr —r|* Y ri,m €[0,1], (3.5)
and second one is
c(0)=0o(1)=0. (3.6)
Example 3.2.1. Let 0 : R — R such that
r(l—r) if0<r<i

o(r) = (3.7)
0 otherwise.

Then, o satisfies conditions (3.5) and (3.6).

Note: Other examples of such functions can be seen in [29].

3.3 The discretization processes

Let M > 1 be a fixed integer and define the set {Ai;l;i =0,1,--- .M } On this set, consider the

discretized form of (3.1)—(3.3) by applying finite difference approximation for second derivative
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(central difference) and first (forward difference) derivative as

dY (t,x;) = (AmY (t,5:) + Var (Y2 (2,%:)))dt + VMo (Y (t,x;:))dB;(t),

Y(t,x0) =Y (t,xp) =0,

Y(0,x:) = fo(xi),

(3.8)

(3.9)

(3.10)

foreveryi=1,2,---,M —1andt > 0. Here x; := {I\L/[} and {B;(t):i=1,2,---M — 1} is the

system of Brownian motions, derived from the Brownian sheet W (¢,x) and it is defined as

E(Bi():=0 Vi=12,---M,
0 if i j,

tAs if j=i,

and E(B;(t)B;(s)) :=

while Vj; and Ays denote the approximation of the first and second order derivative respectively

with respect to the variable x in the discrete sense and defined as

1 1
Y(t,x;i+ 1\_/1> =2Y(t,x;)+Y(t,x;i — 1\_/1)

AMY(t,x,-) = i
M?
and
1
Q(trxi + M) - Q(eri)
Vm(Q(t,x:)) := i ,

M
foralli=1,2,--- M —1.

1
By setting Y (¢,x; = 1\_4) = y;+1(t), we can write || as

dyi(r) = (M2 st (6) — 231(8) i1 ()M yis (1) —yi<t>P])dr

+ VMo (yi(1))dBi(r)

Re-writing (3.T1) in more compact form as

M—1
dyi(r) = < Y oijyi(t) +Bijyi(r)” ) dt +vMao(yi(t))dBi(1)
j=1

(3.11)

(3.12)
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with
yo(t) =ym(t) =0 t€1[0,7], (3.13)
and
yi(0) = fo(i/M), 1<i,j<M—1, (3.14)
where
M? ifj=i+1,i—1
Qij =1 —2M?* ifj=i (3.15)
0 elsewhere
and

M ifj=i+1
Bij:=8 M ifj=i (3.16)
0 otherwise.
It is noticed that the drift and diffusion coefficients in (3.12)) do not satisfy the Lipschitz continu-

ity, which restrict us to apply the classical results on the existence of unique solution to equation

(3.12)). The following theorem contains the main result of this section.

Theorem 3.3.1. Let Y (0) = (y(0),y1(0),---,ya(0)) € [0, 1]M*1, be some given initial random
data and conditions (3.5) and (3.6) hold. Then for each T > 0 and any integer M > 1, the system

M—1
dyi(t) = ( 21 0y (1) +[5ijyj(f)p)dt+\/Mﬁ(yi(f))dBi(f) (3.17)
=
yo(t) =ym(t) =0 Vtel0,T], (3.18)
¥i(0) = yi, (3.19)

wherei=1,2,---M — 1, admits a unique strong solution

Y(t) = (yO(t)ayl(t)a e 7)’M<t)) € %([O,T], [07 1]M+1>' (3.20)
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Proof. We consider the following modified form of stochastic differential equations (3.17)—

@.19) as

dy, Otljyj + ii8(y;j dt+ VMK (y;(t))dB;(t (3.21)
(Z B <<>>) VMK (5i(1))dBi(1

yo(t) =ym(t) =0 Vit el0,T], (3.22)

yi(0) = yi, (3.23)

wherei=1,2,--- ,M—1,g:R — Risdefined as g(x) = x"1;{_j<,<1} and K : R — R is defined
as K(x) = o(x)1jo<c<1} - Since, the coefficients of (3.21)-(3.23) are continuous and satisfies

the linear growth conditions, by the [35, Theorem 3.10, Chapter 5], there exists a weak solution

Y (1) to (3.21)—(3.23).
Next, it is shown that for every weak solution Y () = (yo(t),y1(¢), -+ ,ym(t)) of (3.21)-
(3-23), yi(r) € [0,1] for every i =0,--- ,M and ¢ € [0,T]. In order to prove this the following

Lemma [61] is required.

Lemma 3.3.2. Let Z={Z(t), t> 0} be a real valued semi-martingale. Suppose that there exist a

£ d I{Z >0}
function p : [0,00) — [0,0) such that/ du = oo forall € > 0, and/ . ) d{Z)s <
0 0

1
p(u)

forallt > 0 a.s. Then the local time of Z at zero, i.e. L?(Z), is identically zero for all t a.s..

Let us apply the above Lemma for the semi-martingale y; and take p(y;) = y;, then
1
J§ ——du = +oo forall € > 0, and

p(u)

>0} oy [ M50 o
/()P()’i(s)) 4l /0 (vi(s)) Mo*(yi(s))ds < eo.

Therefore local time LY (y;) is zero. Again we use Lemma and Tanaka’s formula [[126, The-

orem 1.2 (Chapter IV)] for (y;(¢)) ™ := max [0, —y;(¢)] and summing over indicesi=1--- ;M —1,



we get

.Mg

I
_

/{Zl{yl )<0} Z aijyj(s }

1 (M1 M-
/ Z Liyi(s)<o0 Z, o;jyi(s
M—1
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s) + ﬁz]g()’j( )))ds (3.24)

- /O [; 1390} Zl Bifg(yf(s))l @

rTM-1 liM_l .
S/O LZ Liy,(5)<0) Z Otij(yj(s))_} ds
+/{Zl{ 1<i(s Aj; “A)0sts ]ds
/{Zl{y, <0}Z°‘” (s ]ds
L[

][ |

Finally, Gronwall’s inequality gives

—1

Y (ilt))

i=1

(3.25)

ie. (vi(t)){icf1,2,.-m—1}} is always non-negative for each ¢ € [0, T]. Again, solving the equation

(3:28) for (1 (1))

~, we can obtain y;(#) < 1 foreveryr € [0,T]and 1 <i <M —1.

Since, for y;(r) € [0,1], the system (3.21)) coincide with system (3.17), therefore, the system
(3.17) has a weak solution with trajectories lies in % ([0, 7], [0, 1]M*1) |

3.3.1 Pathwise uniqueness of the solution for the descretized equations

In order to show the pathwise uniqueness of solutions to

3.17

andY(®) = (y(()z), e yl(é)) are two different weak solutions of

nian motion and same initial data.

Set pp=yt =yl i=1,2,--,M—1andt€[0,T].

, suppose that Y (1)

3.17

3.19

= (y(()l)7 »}’1(‘;)

, with the same Brow-

)
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Then, we have
M—1 ¢ M-1 t
wm=;%%wwmf§mAMWW<&@mm
+£¢MQw@@»—dﬁWm)wm> i=1,2, M—1. (326)

The quadratic variation (V'); of v;(¢),

V)= [ [Vio6 () ~ Vo 5))] s

satisfies

]/W¢Mc@9@»wﬁa@9@ﬁr
0

Lo @ ds
3 (5) =y (s) 01 (5) 27 (5)>0)
¢ 2
M//(o@@@»o@@@»)l )
= ()@ (s S.
A yl(l)(s)_yl@)(s) {7 (9)=y;7 (s)>0}

Since y(]), y(z) € [0,1], implies that (y(]) —yl@) ) € [—1,1]. Further, using condition |i and

i i i

then simplifying, we have

j/ﬂ¢MGQwGDVMG@P@»r
0

L@ ds
() =y (s) 01977 (9)>0)
t
u (y(n(s)_y(z)(s))z“lll y ds <2MT < o (3.27)
b ’ o) 2(5)>0) ' '

Therefore, applying Lemma [3.3.2|to v;(f) = yl(l) — yl@ with p(v;)=v;, we obtain that local time

LY (y(l) — yl@)) =O0foralli=1,2,--- ,M — 1. Using Tanaka’s formula for the continuous semi-

i

martingale v;(z), we get
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where i = 1,2,--- ,M — 1. Using the fact that ¢;; and f;; are bounded, summing over all i =

1,2,--- ,M — 1, and taking the expectation, we obtain

(B o)=L fron)
( ,]Zlﬁu [ sents >><y§“<s>ﬂ—y§2><s>p>ds)
=h+h. (3.28)

For I}, we have

11§E/0szzil|vi(s)’ (MZIWM)

j=1
tM—1
§4M2[E/ Z | vi(s) | ds. (3.29)

Since the values of solutions lie in interval [0, 1], therefore, for I, we estimate

tM—1 M—1
L<E |v,-<s>|( |ﬁ,~|)
) /0 r jg :
tM—1
<IME / Z | vils) | ds. (3.30)

Inserting (3.29) and (3.30) in to (3.28) and applying Gronwall’s inequality, we have

E (Mg | vit) | ) =0,

1.e. the weak solutions are pathwise unique. Finally, by a standard theorem of Yamada and

Watanabe [[148](or see [42, pages 8-9]), the existence of a unique strong solution is obtained. []

3.4 Tightness of the approximating processes

In this section, we demonstrate the tightness of the family of the strong solutions for system of
stochastic differential equations (3.12)—(3.14). Let us denote the polygon approximation of y;(¢)
by fu(t,y) which is defined as

[My] +1 [My]

>(My—[My])+Y(t,7>([My]+1—My), (3.31)

fut,y) = Y(r,
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I . 1 :
wherer € [0,T], y€[0,1] and [y] = M for ]\L4 <y< %, so that we have Y <t’]\il) =y;i(t) =

fM( ) forevery r € [0,7] and 0 <i < M.

Suppose gy (t, i, ﬁ) ,1 €1[0,T],0<1i,j <M is the fundamental solution of the discrete heat
equation such that

0 i J i j
— t =A t — 1>0,1<i,j<M-—1. 3.32
ath(7 ) MQM<7 M) ZU1IxL]> ( )

am <0, ! 1\%) = MS§;, (3.33)

with boundary conditions

J J
t,0,=— ) = t,1.,—1=0 3.34
CIM(7 ’M) CIM(, ’M> (3.34)

forallr € [0,T],1 <j<M-—1.

Then (3.12)—(3.14) can be re-written as

w01 = % aw (157 )0

=1
) /O,Af%w (15372 ) B0

/tMZ’I Maqy (t—s 2 ]\]/[> o(yi(s))dBi(s), 1<i<M-—1,

where the last integral on the right hand side represents the sum of Itd stochastic integrals. Let

us define the re-scaled formulation of the Green function Gy, to the heat kernel gy in [0, 1] by

Gu (r,y, A%) =qm (t, [Mi‘]; L A%) (My — [My])

+qM(,[My] M> (IMy] +1— My). (3.35)
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i
Therefore the linear interpolation of the fy(z,y), fory € [Ail’ l;[ ) is

1M=17 4 i1
+/0 [ [MCIM (l_sal;[ ,é) Biir1); (vi(s))? (My — [My])
0 (1= 5o ) B )P s 1= ) s
N i J |
+ A J:z:l VMGy (t_S’M’M> o (vi(s))dBi(s), 1<i<M-1,
1:f134(t7)’)+f1|2/1(f7)’)+f11§1<t7)’)a (336)

where { fZ{,I}, for [ = 1,2,3, denote the first, second and third summation on the right hand side

respectively.

Proposition 3.4.1. For every M > 1, the sequence { fy(t,y) : t € [0,T]} is tight in the space
¢ ([0,T],A), where A=%([0,1],[0,1]).

Proof. By the hypothesis (3.5)), we have

o(fm(t,y)) < cmin((fi(t,9)%, (1= fu(t,))%), Vaell/2,1). (3.37)

It can easily be seen from (3.31]) that fjs € [0, 1] and consequently it implies through condition
(3.37) that o is also bounded by some positive constant. Further, by using the same technique
as used in the proof of Lemma 2.2 and Proposition 2.1 in [60], for every 0 <7 < ocoand u € N,

we obtain that there exists K := K(u,T) such that

2
E| fiy(t1,%) — fiy(t2,y) [ < K( (1=t M2 4 | x—y |“/2) (3.38)

for every x,y € [0,1] and t1,7, € [0,T], and u € N and

lim sup | fu(t.y) — f(t,y) |=0. (3.39)
M=reo (4 y)e[0,7]%[0,1]

Here, f represents the fundamental solution of

of 9*f

Fria e (3.40)
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Also, f%(t,0) = fZ(t,1) = 0 and

k t k k+1 k k
f]\Z/I (t’l\_/[> :/0 [CIM (I—S,M,7> yk+1(s)p—(]M (t_s’ﬂ’l\_/[> )’k(s)p] ds.

Since (3.32))—(3.34) imply that gy, is the fundamental solution of heat kernel associated to Ayy,

0 k k k+1\7? k\?
Ef]\zl(nM)ZAMf]zM(t?M) +fM(t7%> _fM(t7M> .

From Theorem 4.2 in [81]], we obtain
k t k k
2 3
Jir (t,—“) ‘ <e | max fu (s,—“) Jir (s, —M)

Hence, from li |l , and the polygonal form of fAZ,,, we conclude that for any finite 7 > 0

we have

max

ds. (3.41)
1<k<M

and pu € N, there exists K = K(T, ) in such a way that
Ef(,%) = [y )P < K (Jn =02+ [x— yH/2) (3.42)

for every 11,1, € [0,T], and 0 < x,y < 1, and M € N. Substituting estimates (3.38)), (3.39) and
(3.42) into (3.36) and using the multidimensional Totoki-Kolmogorov criterion [134, [135] on

tightness we conclude that for every T > 0, fy(¢,x) € € ([0, T] ,A) and the sequence { fs(t,x),M €
N} is tight. O

3.5 The Weak Solution

In Section it is shown that the sequence fy = {fu(t,y),M > 1} is tight in €([0,T],A)
and hence by Prokhorov’s Theorem [20, page 59 (Chapter 1)], fps is relatively compact in
%([0,T],A), As a consequence there exist a convergent subsequence f§, = {f& (¢,y),M > 1,k >

1} of fy in €([0,T],A), which converges weakly to a stochastic process f in €([0,T],A).
Applying the well known Skorohod’s representation Theorem, we get another probability space
(Q,.7,(F),P) and a sequence of processes fM(t, y) and f(t,y) adapted to the filtration {.% } {te0,7]}>
in such a way that fy, 2 fM(t, y), ]72 f and {fM(t, y)} converges to f almost surely on compact
subset of €'([0,T],A) for any T > 0 as M — . Also f satisfies the given boundary conditions

in (3.2). Next, by solving an equivalent martingale problem to —, we show that f(¢,y)

is the required weak solution to (3.1)—(3.3).

1'4(]0,T] x [0,1],]0,1]) and €([0,T],A) both have equal topologies (see 60, page 145]).
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Proposition 3.5.1. For every ¢ € €*([0,1]) such that ¢(1) = ¢(0) = 0, we have

1 1
0= [ 1e900)dy= [ 10.5)9()dy
t rl t rl
[ [ ssme"wasds+ [ [ (5.0 ()avds (343

is a martingale with the quadratic variation

t ol
(My), = /0 /0 o>(f(1,))9° (v)dyds. (3.44)
. . . ) 1 k
Proof. Using the Skorohod representation theorem after multiplying both the side by 1\_4¢ W

in (3.8) and summing over all k =1,2,--- ,M — 1, we get, for fixed M > 1,
M—1 M
k k\ 1 k k\ 1
MY (1) = t,— — | = - 0,— — =
! k kN1 o ! k
- A t,— — | =- Vufblt,—
M

N (YL 1 st (7 (5.5 Yas 3.45
_kl(P(M)MO G(fM(&M)) k(s). (3.45)

Since the right-hand side on (3.43), each integral in the summation, is an Itd integral and hence

these are martingale also. Therefore, //[q])"’ (t) is also a martingale. Moreover, ¢2 is also an

integrable function, therefore

<c(9,T), (3.46)
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where ¢(¢,1) is a finite constant free from M and depends only on ¢ and T. Therefore, .# ¢1>VI (1) —
My(t) as M — oo, where .#(t) is given by |i Now, since the quadratic variation of .Z/ é,"’ (1)

is given by

_ /Ot (Mg %02 (fM (S, %)) ¢> (%)) ds, (3.47)

therefore, we have

r ol
Jim (31 0) = [ [ 25,502 (0)dvds = (1), (348)
Now, the main result of the present work, is as follows:

Theorem 3.5.2. Let fy : [0,1] — [0,1] be a continuous function and o satisfies the condi-

tions (3.5)—(3.6). Then f(t,x) is a weak solution of (3.1)—(3.3).

Proof. From Chapter 2 in Walsh [[141]], for the quadratic variation (.#(t)), we can find a mar-

tingale measure .# (ds,dx) with quadratic variation
v(dx,dt) = o(f(t,x))dtds.

Now, as in Kono and Siga [99], we can establish a space-time white noise W, independent of

A (dx,ds) such that

// {fsx¢{01}}¢() (ds,dx)
+// (76)={0.1}9 (X)W (ds, dx) (3.49)

where W; corresponds to the space-time white noise W (ds,dx) such that

/ / (x)W (ds,dx) (3.50)

Therefore, from Proposition and Definition [3.2.2] it is proved that f is the weak solution
to (3.1)—(3.3).This completes the proof of Theorem [3.5.2] O



Chapter 4

On a generalized stochastic Burgers

equation perturbed by Volterra noise

This chapter deals with the existence of unique local mild solution for the one-dimensional gen-
eralized stochastic Burgers equation (GSBE) containing a non-linearity of polynomial type and
perturbed by a-regular cylindrical Volterra process and having Dirichlet boundary conditions.
The Banach fixed point theorem is used to obtain the local solvability results. The L™-estimate
on both time and space for the stochastic convolution involving the ¢-regular cylindrical Volterra
process is obtained with the help of Garsia-Rodemich-Rumsey inequality. Further, the existence
and uniqueness of global mild solution of GSBE up to third order nonlinearity is shown. In
addition, we have also investigated the existence of the invariant measure for the same equation

with quadratic nonlinearity.

Let us now provide the brief plan of this chapter: In the coming section, we introduce
the generalized stochastic Burgers equation perturbed by Volterra noise. Section provides
some preliminaries, mainly about the Volterra noise, its integral representation and stochastic
convolution of linear counterpart of (.I]). Brief details about the fractional Brownian motion (a
most popular example of Volterra noise) and y-radonifying operators are also mentioned in this
section. Section [4.3] contains the proof of the existence and uniqueness of mild solution to the
equation (4.1)) subject to Volterra noise (see Theorem [4.3.9). In order to get the unique global
solvability, we first consider a truncated system and establish the existence of unique global mild

solution to the truncated system using contraction mapping principle (Proposition 4.3.7). In the

37
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final section, the existence of the invariant measure is shown for the equation (#.1)) perturbed by

Volterra noise of Gaussian type and the proof in this section is motivated by [S1]].

4.1 Introduction

We consider the following generalized stochastic Burgers equation (GSBE):

df(t,x) = ( azf;f;’x) %8 (fa(;’x») dt +®dB(1) @.1)

with Dirichlet boundary conditions

f(0,1) = f(1,1) =0, (4.2)

and initial datum

f(x7 O) = fO(x)7 4.3)

where x € [0,1], t € [0,T] for any 7 > 0 and the function g : R — R is such that g(r) = %r” for
each p > 2 is a fixed integer. Here B(#) is an infinite dimensional a-regular Volterra process and

& is a linear operator, which is defined in Section[4.2]in detail.

The Volterra processes cover many important types of noises, which may be Gaussian as
well as non-Gaussian noise. Fractional Brownian motion, Liouville fractional Brownian motion,
multifractional Brownian motion and fractional Orestein Uhlenbeck process etc, are examples
of Gaussian type Volterra processes, while Rosenblat process is an example of non-Gaussian
Volterra process (cf. [2,/46] and references therein). In 2001, Alés et al. [2] have developed the
one dimensional stochastic calculus for Gaussian Volterra process, where they focused mainly
on singular and regular Volterra process. Recently, in [46]], authors have studied the stochastic
evolution equation driven by Volterra noise. Further, the L”-theory of stochastic convolution
integral is also developed in [47]. In the following section, we will elaborate about this process

in more detail.
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4.2 Preliminaries

In this section, we briefly give some details about the cylindrical Volterra processes and stochas-
tic integrals with respect to them. We refer the interested readers to the works of E. Alos et al.
[2] and P. Coupek et al. [46| 47] for more details. In the sequel, Z(H,K) denotes the space of

all bounded linear operators from H to K, where H and K are Banach spaces.

4.2.1 Volterra Processes
Let us first give the definition and properties of Volterra processes.

Definition 4.2.1. Forany T > 0, let K : [0,7] x [0,T] — [0,0) be a measurable function. Then,

K is known as a-regular Volterra kernel if it satisfies
e Volterra, i.c.,
1. K(0,0) =0and K(t,r) =00n {0 <t <r<T},
2. Ast —rt,K(t,r) =0 for all r > 0;
e and a-regular, i.e.,

1. forall r € [0,T],K(-,r) € C(r,T), where C' stands for space of continuously differ-

entiable functions,

2. there exists an & € (0,1/2) such that

<a-n"(3)")

r

JdK
W(LF)

on {0 < r <t < T}. Here the notation a < b means that there exists a constant ¢ > 0 such

that a < cb.

Definition 4.2.2. Let (Q,.%,P) be a probability space and & = (£(¢),7 > 0) be a real, centered
stochastic process defined on it. We say that £ is an a-regular Volterra process if &(0) =0, P-

a.s., with the covariance function defined as

E(E(s)E(t)) = R(s,1) = /0 K (K (5,7 dr, 5,630, (4.4)

where K is some ¢-regular Volterra kernel given by Definition4.2.1
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Remark 4.2.1. [4]] An a-regular Volterra kernel satisfies the following
t
/ (K(t,r)—K(s,r))*dr < (1 —s)'72%, 0<s <1, (4.5)
0

by using

()1 -2a) o — v[2*!
I'l—a)

(uv)® /O[W 2 =) v =) ldr =

which holds for u, v > 0, u # v. For any T > 0, in particular, K(¢,-) € L?([0,T]), which validate
the existence of the integral on the right of (4.4) for every s,¢ > 0. Further, it can be derived that &
possesses a version with -Holder continuous sample paths for each d € (0, @), using (4.4),(4.5)

and Kolomogorov continuity criterion.

4.2.2 Wiener Integral with respect to Volterra process

For T > 0, let us introduce a linear space & of R-valued deterministic step functions defined by

i=1

n—1
& ::{‘V: [07T] —Ry= Z %%[f[,ti+1)(t)+ ‘l/n%[tn,zn+1}(l)7
yieRjie{l,--- ,n},0=1 <t2<---<tn+1:T,n€N}. (4.6)

Next, we define an operator 7 : & — L*([0,T]) by

)= [ v o e, @

for every y € &. Now, we consider an o- regular Volterra process & = (&(¢),t > 0), with the

kernel K and let J; : & — L?(Q) be the linear operator defined as

n—1

Y= ; Vi) (O + V) () 2 Z Vi (tig1) — & (1) = T (w).
Using (@.4) and (.7), we get an Ito-type isometry for Volterra processes as
(W)l 2@) = 147 Wl 20,77)- (4.8)
For u,v € &, let us define

(U, v) g o= (A7 w, H7V) 2 10.1)) - (4.9)
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Then, if /7" is one to one, the function (-, -) ;, induces an inner product on &’. On the other hand,
if 27 is not injective, we introduce the quotient space E:=& /ker.#; and we re-define 77"
as g : & — L2([0,T)). Next, let 2 be the completion of & with respect to the (-, -} - Then,
this completion allows a construction of a Hilbert space (Z, (-,-) ;) and also extends 7 to Z.
Consequently, implies that J; can be extended to be an operator from 2 to L?>(Q). The
admissible space of integrands with respect to & is 2 and J; : 2 — L? (Q) is the Wiener-type
integral. Further, the random variable (Jr(y))(®) = fOT y(1)d&(t, ), for all ® € Q, denotes
the stochastic integral with respect to the regular Volterra process & with the domain of the

integrands as Z. By [46| Proposition 2.9] we have

T T
W) ey S [ [ vy m)lu—vPe dud,
from which we get the following continuous embedding:

L¥%(0,T) < 2. (4.10)

4.2.3 Examples

There are several examples of a-regular Volterra process & (see [46]). The most popular ex-
ample is the fractional Brownian motion with Hurst parameter H € (1/2,1), which is a-regular

Volterra process for o« = H — 1/2.

4.2.3.1 Fractional Brownian motion

The fractional Brownian motion was first used in 1940 by Kolmogorov [98] by another name
“Wiener Helix”. Later, it was Mandelbrot et al. [[112]] who coined first time the name fractional
Brownian motion (fBm) in 1968. In this work [[112], they have constructed stochastic integral

with respect to fBm in terms of standard Brownian motion.

Definition 4.2.3. Let H be a constant belonging to (0,1). A fractional Brownian motion (fBm)
(WH (1));>0 with index H is a continuous and Gaussian process with mean zero and covariance

function

R(t,s) =E W)W (s)] = = (2 + 52 — |1 —s|*), (4.11)

| =

for all s,z > 0.
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From the definition it can be noticed that standard Brownian motion is a fractional Brow-
nian motion with the index H = % The index H is known as Hurst index which was also intro-
duced by Mandelbrot et al. [112] after the name of the hydrologist H. E. Hurst for his pioneering

works [[79,80]. From Alos et al. [2]], we have the following Wiener integral representation:
t
wh (1) = / K" (t,5)dW (s), (4.12)
0

where W = {W(t) : t € [0,T]} is a Wiener process and K7 (¢,s) is a kernel. If H € (0,1/2), the
kernel K7 (-, -) is given by

K" (t,s) = cu(t— )7 +cp (% —H) /St(u—s)H_% (1 - <£> 5‘H) du, (4.13)

where c(H) is a constant given by

B 2HT(3 —H)
cy = 1 : (4.14)
C(H +3)T(2—2H)

If H € (1/2,1), the kernel K7 (- -) has a simpler expression
H I\ 14 [ H-3 H-L
K" (t,s)=cy (H— )% / (u—s)""2u" " 2du. (4.15)
N
From (.13)) and (4.13)), we obtain

) 1 3 rs\1H
5 () =cu (H—E) (r—s)H—3 (;) . (4.16)

Let & be the linear space of step functions defined on [0, 7’| given by (4.6) and Z be the closure

of & with respect to scalar product
(X[047> X[0.5)) 2 = R(t,5).
The Wiener integral with respect to the fBm for any y € & is defined as

/ IV dWH ZOCZ l,+1 WH(li)).

It is clear that there is an isometry between & and the linear space span{W*(t),t € [0,T]} C

L?(Q), through the mapping

II/: Z tt tl+l] |—> / dWH
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This isometry is extendable to an isometry between 7 and the first Wiener chaos of the frac-
tional Brownian motion span’ (¥ {WH (), € [0, T]} which is the closure of the span{WH (t),t €
[0,7]} in L?(Q). The image of an element W € . by this isometry is called the Wiener inte-
gral y with respect to W For simplicity, we denote the kernel K/ by K only. Let K} : & —

L?([0,T]) be a linear map defined by

(Kew) ) 1= WK (5.9)+ [ ()= wls) G e, @17)

for 0 < s < 7 and every H € (0,1). Further, when H > 1/2, the operator K has a simpler

expression

. T oK
(Key) () = [ w5 (es)d. (4.18)
N
For each t € [0, T] we can introduce K;* in the same fashion. Further, for w € & and h € L([0,T])

the following duality holds

T T
| ®iv) 0nd = [ oK@, (4.19)

N
Identity (4.19) definitely holds when y belongs to .77. As a result, we dot the following con-
nection between the Wiener integral with respect to fBm and the It6 integral with respect to the

Wiener process

T T
| v@aws )= [ kv ()aw(s), 4.20)
which is true for every y € 7 iff K} (y) € L?>(]0,T]). Now, for each s, € [0, T], one can verify

the relation

Kr[wXonl(s) = Kz [W](s) X0, ()
With the above understanding, if one defines the definite stochastic integral [j y(1)dW! (s), as
it should be, by [o W(1) [0, (t)dW" (s), we obtain

[ wwaw )= [ kv saws) @a1)
forany t € [0, 7] and o, € 2 iff K7[y] € L2([0,T]).
Remark 4.2.2. The fBm is a Gaussian type «-regular Volterra process. Lioville fractional
Brownian motion, multifractional Brownian motion, fractional Orestein-Uhenbeck processes
are other examples of o-regular Volterra process which are Gaussian processes as well. On

the other hand, the Rosenblatt process is an example of non Gaussian Volterra process (cf.

[2, 146, 47], etc).
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4.2.4 Cylindrical Volterra processes

Generally, by following the standard approach, in [S0], for the space time white noise, we can
define cylindrical Volterra processes. In order to do this, let us take U as a real separable Hilbert

space.

Definition 4.2.4. [47] Let {e, } be an orthonormal basis of U and {§, } be mutually uncorrelated
(not necessarily independent) one dimensional a-regular Volterra processes with kernel K. An

o-regular cylindrical Volterra process B = (B(t),t € [0,T]) is defined by the sum

B(1) :=B.(t) = ) ea(x)&n(1), (4.22)
neN
forxe U.

Now, we provide Khinchin-Kahane inequality [S7], which is used in later sections.

Lemma 4.2.1. Khinchin-Kahane inequality: For any p > 1 and any random function S, we

define
ISll, = @IsiP)yr,  p>1.
Then the inequality,
1511, < C(p,)ISllq; I <q<p, (4.23)
holds for the sum
S = i AnMn,
n=1

where {n,} is sequence of Rademacher random variables (i.e. M, is an independent random

variable which follows the Bernoulli distribution and takes values +1 with probability % each).

4.2.5 7y-Radonifying operators

In this subsection, we recall the definition of the y-Radonifying operators and an example of
the coefficient of o-regular cylindrical Volterra process appearing in (#.1)). Let E be a separable
Banach space and {7, },>1 be an independent standard Gaussian sequence on some probability

space (€, Z, P).
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Definition 4.2.5. [118] A linear operator R : U — E is said to be y-radonifying operator if

for some orthonormal basis {h,},>1 of U, the Gaussian sum Y. %,Rh, converges in LZ(Q,E ).
n>1

Denote y(U, E), the space of all y-radonifying operators from U to E. The space y(U, E) forms

a Banach space with respect to the norm

2
Y wRhy,

n>1

IR ) =E (4.24)

E

Let us now give an example of the y-radonifying operator considered in this paper.

Example 4.2.2. Let A be the self-adjoint and unbounded operator on L?([0, 1]) defined as

with domain D(A) = {u € H*([0,1]) : u(0) = u(1) = 0}. The eigenvalues and the corresponding

eigenvectors of A are given by

= 2
Ap=—n’m?, n=1,2..., and en(x):\/;sin\/lnx, n=12...,

where A, = —1,,. Now, let us take & = A", for some v > 1/4. Then we show that ® is a
y-radonifying operator from U = L*([0,1]) into E = L”(0, 1). Indeed, if (};),>1 is an indepen-

dent sequence of Gaussian random variables, then by applying Holder’s inequality, stochastic
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Fubini’s theorem and then Kahane-Khinchin inequality (4.23)), we have

2
p 2/p
dx)
m p 2/p
Y mAVen(x) dx))
n=1

p 2/p
dx)

o\ P/2 2/p

dx

m

]/nA_ven
=1

190502 = 1A [0,2) = S0P E

mz

n

1
=supE (/
m>1 0
1
<sup|E /
m>1 0
1
= sup / E
m>1 0

Ly

i WA Ve, (x)
n=1

m

Z A Ve, (x)

n=1

Y. A ~vea)

n=1

2/p

L/ m p/2
—csup | [ (ZE[<yn>21<x,:ven<x>>2> s

m>1 n=1
L/ m p/2 2/p
< Csup / (m?n?)~% dx
m>1 0 n=1

which converges only if v > 1/4.

4.2.6 Stochastic integration with respect to Volterra processes

In this subsection, we define the stochastic integration with respect to Volterra processes in L”-
spaces, following the methods developed in [47]. For that, we first define the stochastic integral

I7(G) with respect to the cylindrical Volterra process B which is in Definition [4.2.4]

Definition 4.2.6. Let 7 > 0 and (D, i) be a seperable o-finite measurable space. We define an
operator Q € £ (U,LP(D; 2)) as elementary operator if for every u € U,z € [0,T], and u-almost

every x € D the equation
[Qu)(x)(t) = Y u(t) (u,er)y fil) (4.25)
=1

holds, where n € N, {¢;} is an orthonormal basis of U, {i;} € C'(0,T)(a space of continuously
differentiable functions), and {f;} € L” (D).
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The integral of Q with respect to the Volterra process is defined by a linear operator I7(Q)

as

;( / (1)d& ( ))fh (4.26)

By the following Proposition in [47, Proposition 3.1], it can be proved that the natural space of

integrands is the space y(U,LP(D; 2)).

Proposition 4.2.3. Let 1 < p <woand G:U — LP(D; ?) be a bounded linear operator. Then, G
is stochastically integrable if and only if G € y(U,LP(D; 2)), and in this case for all 1 < g < oo

117 (G| a0y = Gllyw o 0,2)) (4.27)

holds, where the symbol a =~ b means that there exists positive constants ky,ko such that kib <

a < kyb.

Remark 4.2.3. [47] The stochastic integral of Q € y(U,LP(D; %)) with respect to cylindrical

Volterra process B can be defined as

/ Q(t)dB(t Z / (t)end&n(t)

Corollary 4.2.4. Let —5— 1+2a < p < o. The space L¥m ([0,T];y(U,LP)) is continuously embedded

iny(U,LP(D;2)) and
117 (G) | s (@se0) = |Gl

LT (0,7):/(U L7 (D:2)))

holds for every 1 < g < o and G € LH%([O, T];v(U,LP(D; 2))).

4.3 Existence and Uniqueness

Let A represents the unbounded self adjoint operator on L*([0, 1]) by

82
Af = Wf (t,x), (4.28)

and domain of A is given as

D(A) == {f e H*([0,1]) : £(0) = f(1) = 0}. (4.29)
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Let {e4};>( denotes the semigroup generated by A in L?([0, 1]) . Then, we can extend ¢4
to an analytic, strongly continuous semigroup in L”([0, 1]) for any p > 1, which we still denote
by {e4};>0, (see [108, 123]]). Let {e;} be a complete orthonormal system on L?([0,1]) which

diagonalize A and {ik} be the corresponding eigenvalues. Then, we know that

M=M= k=1,2,.... (4.30)
and
2 .
ex(x) = \/;sm dx, k=1,2,.... 4.31)
Now equation (@.I)-(.3) can be re-written in the form of abstract stochastic differential
equation

df(t,x) = (Af(t,x) + W) dt + ®dB, (1),

f(oax) - fO(x)7

where @ is a y-radonifying operator and & has eigenvalues L corresponding to eigenvectors

(4.32)

{ex}, such that
e = ey, forallk e N, >0, (4.33)

where {e;} is a complete orthonormal system on L*([0, 1]) given by (4.31)).
Let (Q,.%#,P) be a given complete probability space equipped with an increasing family
of sub-sigma fields {.% }o<;<7 of .Z satisfying usual conditions. Now, we formulate the mild

solution to equations (4.1))-(4.3) by means of the following definitions.

Definition 4.3.1. An L”([0, 1])-valued and .%;-adapted stochastic process f : [0,00) x R x Q@ — R
is a mild solution to (4.1))-(4.3)) if for any T > 0, f(¢,x) := f(¢,x, -) satisfies the following integral
equation
t a t
F(t,%) = €4 fo(x) + / e(t=9)A 28 \5)) (J;(s’x>) ds+ / 94D 4B, (s) (4.34)
0 x 0
P-a.s., for each t € [0,7T].

Definition 4.3.2. We define an .%;-adapted stochastic process f as a local mild solution to (4. 1)-
(4.3)) if there exists an .%;-adapted stopping time 7 € [0, T] such that { f(¢,x) };<z is a mild solu-
tion of (4.1))-(4.3) in the sense of Definition 4.3.1
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In order to establish the existence and uniqueness of mild solution to the equation (4.32),

following assumptions are essentially required.

Assumption 1. For any 2 < p < oo,
(A1) @ € y(L*([0,1]),LP([0,1])) for every ¢ > 0,
(A2) foeLP(Q,LP(]0,1])) for some p > p.

Before turning to establish the solvability results of {@.1)-(4.3), we consider the linear

stochastic differential equation corresponding to (4.1)-@.3) as

df(t,x) =Af(t,x)dt +PdB,(t),

(4.35)
f£(0,x) = fo(x),
Remembering Definition d.3.1] the mild solution to (4.35), if it exists, can be written as
t
flt,x) = e fo(x) + / A DdB,(s). (4.36)
0

The following proposition gives the existence of a mild solution to (4.33)) in the form of (4.36).

Proposition 4.3.1. Let (Al),(A2) holds and t € [0,Ty] where Ty > 0. Then, the F;-adapted
solution f(t,x), given by ({#.36), is well defined in L?([0,1]) and mean square right continuous.

For the proof we refer to [47, Proposition 4.1].
Proposition 4.3.2. Let us define
Z(t,x) = /0 e 1-9AQB (s),
then
E[I1Z(0)7r] < +oe, (4.37)
forallt € [0,T].
Proof. By following the proof [47, Proposition 4.1], we have

1+2 1+2
B[1Z0)1] < ( [ le-e) 1 (el as) <o
& ¢ Wz ®) = 1P ®) <t

which completes the proof. 0
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Remark 4.3.1. In the case of fractional Brownian motion with H > 1/2 the Proposition [4.3.1]
holds if 755 < p <o, ie.,if 1 < pH < oo,

In the following lemma, we discuss about the regularity of the process Z(¢). In order to

get that, let us first set
Z(t):=Z(t,x), t >0and x € [0, 1],
where Z(-,-) has the following representation

Z(t,x) = i < /0 te(’S)ACI)dcgk(s)) ex(x), (4.38)

k=1

fort > 0and x € [0, 1].

Lemma 4.3.3. Let (4.31)), (4.30) and (4.33)) hold and for any & € (0,83),

(oo}

Yo (439)
AI—I—ZOC—ZS ! ’
k=1 7Y

for some B > 0. Then there exist positive constants C| and C, such that
E|Z(t,%) ~Z(1,y)|* < Cilx—y*° (4.40)
and
E|Z(t,x) — Z(s,x)|* < Co([t — 5|?® V |t — 5| (1209 (4.41)
foreveryt,s >0andx,y € [0,1].

Proof. Let the inequality (4.39) holds. We prove the following steps.
Step 1. Let us first establish that the series (4.38)) converges in L?(Q,.%,P). Indeed, for (¢,x) €
[0,T] x [0,1], we have

2

E|Z(t,%)]? = E ki ( /0 te(t_s)Atbdék(s)) er(x)

2

)

=E ;erk(x) </Ote(’s)l"d5k(s)>
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using (4.33). Now, using the fact that sequence {&;} consists of mutually uncorrelated o.-regular

Volterra process and considering the symmetry in (.8)) and the embedding (4.10), we have

2
BZ(1, ) Zuk|ek ZE‘/ =gy s)
- Ae(t—-) 112
= ¥ e le MG < C L pdletPle R
Since, |ex(x)[> < 2, and
, 1420 BETIAA 1420
eI L = ([emas) = () < (2]
LT+2a 0 2k - 20
1+2a
fort € [0,T], we have
oo 1+2a 1+2a
E|z(t,x)yzgc2u,§( o ) CZ e < (4.42)
k=1 k 1

using (4.39). Using the Kahane-Khinchin inequality [57] (see Lemmal4.2.1} also see [47, Propo-

sition 2.1]), we have
2q 2\4
E|Z(t,x)|* < C(q) (E|Z(t,)7)",
for any ¢ € [0,00). By the virtue of (4.42), we get
sup  E|Z(1,x)|* < +eo. (4.43)

(rx)€[0,7]x[0,1]
Step 2. Next, from (.31)), we have

lex(x) —ex(v)] < C(v i) lx =yl
for any k € N and x,y € [0, 1]. From the above inequality we have
)
lex(x) —ex(y)] < C2' 0 Q2 |x —y|°, (4.44)

for all § € [0, 1]. Therefore, we have
2

B1201) - 200 = ¥ ilents) - a0)PE| [ ag(o
k=1

[}

‘uz 2 12
<Ccy —lfm (1 —ew“)) e (x) —ex(y)]?
&

28
CZ )LlJrZOC 5| _y|

<Clx—y??, (4.45)
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using (4.39). This gives the estimate (4.40).

Step 3. Now, fix any 7 > 0, and let 0 < s < ¢ < T. Then, we have

(4.46)

where S1 and S are the final two terms appearing in the right hand side of (4.46). Note that for

any 8 € [0,1] and all x > 0,y > 0, we have
e —e7 < |x—yl°.
Let us estimate S; as

Si=Y uille ML <Y pElle P
k=1 k=1

L1520 ([s,1])
<C M <1_el%&2ka(f—s)>

2
S
k=1 M
i e (1420)5
=C |t — |2
& )Lk(l+2a)—(l+2a)6
< Cl[ S‘(1+2(x)5’
since by (4.39)
o0 2
< Hoo.

—
= )L]<1+2a—(1+2a)6

(4.47)
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In order to estimate S;, we first note that

2 s 2 1+20
.= ( / e=Ae=r) _ il | dr)
L (os)  \Jo

1+2a
| pHeli-s) 1’2 ( / Se—li‘zms—r)d,,)
0

24, 1+2a

(s)
25 6\ [1—€ T

< (WPl =) | =
1+20

He—m—-) _ o Mls—) ‘

1 25
< Corraamlt S
k

Thus, S, is evaluated as

CZ /11+2°‘ o= s < Cle— s, (4.48)

using (4.39). Substituting (4.47) and (4.48) into (4.46)), we infer that
E|Z(t,x) — Z(s,x)|> < C1{|t — 5| V |t — 5| (1+29)0} (4.49)
for some constant C > 1 and which completes the proof of (4.41). 0

The following inequality, known as Garsia-Rodemich-Rumsey inequality [[75]], is used to

find the regularity of Z(-,-).

Theorem 4.3.4. Garsia-Rodemich-Rumsey Inequality Let ¢ and Wy be continuous, strictly in-

creasing functions on [0,0) such that

0(0)=y(0)=0 and limy(r) = (4.50)

t—o0

For any given T > 0 and ¢ € C([0,T],R), if there is a constant M such that

s <¢ t<)|r—¢s|>))d“dt<M

then for all s,t € [0,T], we have
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Corollary 4.3.5. Let X :={X;,0 <t < T} be a stochastic process satisfying that all the moments

of the X exists and there are constants 11 > 0, and po > 1 such that
E(|1X; —X,|7) < Cplt —s|"P, forall 0<s,t <T and forall p> py.

Then for any B € (0,m), the process X has a version which is Holder continuous with exponent

n.

With the help of above Corollary #.3.5] we state the following Lemma which gives the

bounds on the L”-norm with respect to space and time both.

Lemma 4.3.6. For each g € (1,0), we have
[HZHLW (0.T]x[0.1 1)] < oo (4.51)
Proof. We have
E|Z(t,x)— Z(s,y)|* < C(E|Z(t,x) — Z(t,y)|* +E|Z(t,x) — Z(s,x)|%) . (4.52)

From (4.45)) and (4.49) and using Kahane-Khinchin inequality (see Lemma [4.2.1] also see [47,

Proposition 2.1]), we have
E|Z(t.x) — Z(t.y)P < C(BIZ(1.x) ~ Z(t.y)P)7 < € (lr—y) "
for all x,y € [0, 1] and
E|Z(t,x) — Z(s,x)[* < C(E|Z(t,x) — Z(s,x)|*)1 < C (| —s]?Vr —s]1+2a)q6,

for all 0 < s <t. Also, the inequality (4.43)), shows that all the moments of Z(-,-) exists. There-
fore, by Corollary 4.3.5] the process Z(-,-) has a version which is Holder continuous with expo-
nent §. Consequently, Lemma holds for any (z,x) € [0,T] x [0,1]. O

Remark 4.3.2. For ® = A~V with v > 1/4, the condition (4.39) gives

m2k2) 2 1 1
Z ﬁzkz 1+200—26 < CZ K2(1+2a+2v-24) :CI;I kl+(1+4a+4v-45)’

which converges if (1 +4a+4v—458) >0ie. 6 < % -+ ot + v. Therefore, in this case we get

B :%+a+v, such that 6 € (0,3).
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Now we establish the existence and uniqueness of the local mild solution to equations

Let the continuous function ®,, : [0,0) — [0, 1] be defined as

1, x<n,
O,(x) =Sn+1—x, n<x<n+l, (4.53)
0, x>n+1,

where 7 is a natural number. With the help of ®,, for each fixed n, we introduce the following

truncated stochastic integral equation:

! a n\», ! r—s
) = o)+ [0 (il Vo) VB gy [ Naap (). 454

Proposition 4.3.7. Let (Al),(A2) and Lemmad.3.6|\hold. Let us consider the function g(r) = %r”
in equation ({.54). Then for any fixed n € N and for each 2 < p < o, equation has a

unique LP-valued and %;-adapted continuous solution such that

sup E [|| fu(0)]|10,] < +oo, (4.55)
t€[0,T]

foreachp > pand T > 0.

Proof. Let us construct a space %, , consisting of all the L([0, 1])-valued and .%;-adapted

stochastic processes with the norm defined by

o=

Ifllp.p == sup (E[f(0)[|}) (4.56)

t€[0,T]

Clearly, (%, || - ||p.p) is a Banach space. Next, for each fixed n € N, let us define an operator
T as

(Z4)03) 1= 530+ [0, o)) DL st [t Map, )

(4.57)

We show the existence of a unique local mild solution to (4.54) by showing that .7 is a contrac-

tion on the Banach space (%, p, || - || p.p)-
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Step 1. First, we show that the operator .7 defined by (4.57) is well defined, i.e., .7 maps
(Bpps |- ||p,p) into itself. Taking L7 ([0, 1]) norm on both sides of (4.57)), we have

1 o fF (s,x to
75O < 1Al + |3 [0, (10 P25 as]| | [ ee-sa
pPJo dx p 0 p
=L+ bL+1, (4.58)
where /1,1, and I3 are given by
I == [l fol| o,
1/ ofy
L:=|- [ 49, -
i |5 [ e Mool Fras|
and
. ! (t—s)A
L= e DdB,(s)
0 L
Using the contraction property of semigroup {e/4};>0, we obtain
L =|le" foller <l foller,
and by (A2), we have
E[If] < +eo. (4.59)
Now, /> can be estimated as
1 [ dfL(s
L < —/ (=5)4@, (I fn(s)]|zr) fu(s) ds. (4.60)
P Jo dx LP

In order to estimate the term inside the integral in the inequality (5.56)), the following Sobolev
embedding is needed

| fllzer < || fllykar» Whenever k < é (4.61)
where q—ll = qiz — k [56) Chapter 5]. We also need a smoothing property of the Laplacian, i.e., for
any r; <, in R, and 0 > 1, ¢4 maps W':9(]0, 1]) into W29 ([0, 1)), for all # > 0. Moreover the

following estimate holds
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for all u € W”’e([O, 1]), where C; = Cl(rl,rz, 0) is a positive constant (see in [128], [51]). Ap-

plying (4.61) with g; = p,qo = 1,k = p L and then using the smoothing property (4.62) with

,»1:_1,r2:p7?1,9:1,weevaluate
t sA 8f,f(l) t sA 8f,f(l‘)
10, (15 (1)) 22 ]Lpsc' 10, (15 (1)) 22 \prl,l
< Cle—5) 7" ||@ (Ifule) lr) 2 .
= C(t—5) 7 O (1) 1) 1£2 )
= C(t—3) 7 O, (L fu0)ller) | £(0) 1
<Clnt1)P(t—s) 7", (4.63)

where in the last step we have used the definition of ®,,. Substituting the estimate in

(5.56)), we obtain

1-2p

t
h<Cn+ 1)P/ (t—s) 5" ds < C(n+1)PT%,
0
and hence we have
E[D] < +oo. (4.64)

Further, implementing the Corollary and then (A1), we have

1+2a
E(13)P =E / (=B (s / o= =
0 Y(L2.LP)
<l ||d>||i(Lz,Lp> < e (4.65)
Using estimates (#.59)), (#.64) and (4.63) in the inequality (4.58)), we get
E[I[(Z f) O] < +eo. (4.66)

Step 2. Next, we show that the map .7 is a contraction on %), ,. Then Banach fixed point
theorem gives the unique solution to equation (4.54)). Let f, and A, be two different members of

PBp p with same initial data. Then, we have

I B0l
P(s P(s
=1 (0,10 25—, (n(5)r) 52 )

gc/0 (t—s5) 2"

ds
Lr

04 (1 (5) 1) ££(5) = @0 () |1) () | s, 467
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by following the same argument as in the proof of (4.63). Now, we consider

1O ([lFa (D) |2r) £7 () = On ([[An (1) 22) hy (1) ]

< M1©n (1fa(®)l22) (17 (1) = B ()| 22 + (O ([| £ () 1Lr) = O ([ ()] 22)) a5 (1) ]

= \Pl + ‘P27
where W, and W, are given by

W1 =100 ([1fa(O]zr) (7 (1) = BE @)
2 1= (@ ([1fn()llr) = O ([l (0) |r)) 125 ()] 1 -

Without loss of generality, let us take

1fn(O]ze = Van(£)]] -

Now, for /1, we have

¥ =10, ([ /n@)ler) (7 @) = RE@) 10 =On (1 (O)o) (|17 () — B @] 11 5
where
p—1 ) ,
[(fu())? = (han(2)))] 12 = ‘ (fu(t) = ha(2)) ;)(fn(f))””(hn(t))’
J= L!

Using Holder inequality and (#.69), we obtain
pl . .
1 (0))7 = (ha(2))P) [ 21 < [[(fa(0) = Ra0)) o Zz)Hff“(f)hﬁ(’)HL,,"l
o
rl . .
< [ (fa®) = hn ()l o ZO I~ @] e,
=

1
GO Dl T Ol sy

LJ

p—1 . .
= [[(fn(2) = Ba(0))l » ZO LN ()17
j=

p—1
—1
< (@) =Bl X N7
j=0
Using the estimate (4.71)) in (4.70), and then applying definition of ®,,, we get

Wi < plrn+ 0P (f(0) = a(0)) ] -

(4.68)

(4.69)

(4.70)

(4.71)

(4.72)
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Now, we simplify W5 as

¥ = (@ (1/a()llr) = On ([lan(t) ) 1hn ()[4 <O, (4.73)

using (#.69). The following six cases are considered to obtain (#.73)):
Case 1: || f,(¢)||r <nand ||h,(1)]|Lr <n,

Case 2: n < ||fu(t)||er <n+1and ||h,(t)||r <n,

Case3: n < || fu(t)|ler <n+1andn < ||h,(t)||r <n+1,

Case d: || f,(t)||zr > n+ 1 and ||h,(2)||r <n,

Case 5: ||f,(t)|lrr >n+1and n < ||h,(¢)||rr <n+1 and

Case 6: ||f,.(¢)||zr > n+1and ||h,(t)||r > n+1.

Therefore, combining (4.72)), (4.73) and (4.68), we obtain

1O (1O llzr) £2 (1) = On (1 () l|) HE (D)l < (p(r+ 1P~ (1 fa0) = (1) |2r)
= Call fult) = ha(0) | v, (4.74)

where C, = p(n+1)?~!. Inserting the estimate (4.74) into (4.67), we get
~ [t 12
I(Z f) (1) = (T ha) (1)]| 20 < CC/O (=) 2 [ fuls) = hn(s)|rds. (4.75)
Next, using Holder’s inequality and definition of the norm || - ||, o, we evaluate

E|(Z fa)(t) = (T ha) ()12,

< G ( [[0=9'F 1s) - ) ras)

<CGE ( / t<r—s>‘25”ds)ppl ( IKEDERTAC —hn<s>||€pds)”

< Gy /O (t —5) T E [||fuls) — hu(s)]1%) ds

~ P
< CCut? || fr — hn”p;P?
holds for every ¢ € [0, T]. Therefore, we have

~ P
(T ) = (T 8)llpp < CCT 2 || fu = hull pp
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i.e. the operator .7 is a contraction on the Banach space #,, if T < (cén)*%. Hence by
Banach fixed point theorem, there exists the unique solution satisfying the equation (4.54) in the
interval |0, (C&n)_z%). Thus, there exists a unique local mild solution to the equation (4.54).
Step 3. Let us now show that the local mild solution to the equation (4.54)) is global. Let
us take Y = CC,. Observe that the constants appearing in Y do not depends on the initial data.

Therefore, replacing the given initial data, i.e., f(0,-) = fo(-) at r = 0, by next initial condition

~ . P
f(t1,-) attime r =t} where t; = (CC,) 27, we get a local mild solution of equation (4.54)) in the

interval [t],1,) for some #, > t1, following the same way as in Steps 1 and 2. Proceeding with
the same strategy, one can construct a unique mild solution to the equation (4.54)) in the entire

interval [0, 7], for arbitrary T > 0, and hence the proof is complete. O

The local mild solution to the system (4.1I)-(4.3) is constructed by using the unique mild

solution of the truncated equation (4.54) obtained in the previous Proposition.

Proposition 4.3.8. Let 2 < p < oo and the initial function fy: [0,1] x Q — R be LP ([0, 1])-valued
and Fy- measurable. Let (A1) and (A2) hold, and Lemma be satisfied. Then there exists a

unique local mild solution f(t) == f(t,-,-) to the system ({.1)-(.3)) such that

sup E[[|f(tAT)||75] < +oo, (4.76)
t€[0,T]

holds for each T > p and T > 0, where p is an #,-adapted stopping time.
Proof. For each n € N, let us define a sequence of .%#;-adapted sequence of stopping times
Ta(@) ;= inf {t € [0, T]; [|fu(t, @)[|Lrdx = n},

for each @ € Q, where f, is the unique mild solution to the equation (4.54). Clearly, for each

m > n, using the fact that f,, is the unique mild solution to the equation (4.54)), we infer that
Jm(t,x) = fu(t,x), P-as., forall (¢,x) € [0,T ATy AT,) % [0,1]. 4.77)

But from the definition of 7, it is also immediate that 1, < 1,,, P-a.s. for each m > n. Since

T > 0 is arbitrary, from (.77), we also have

Jm(t,x) = fu(t,x), P-as., forall (z,x) € [0,1,) x[0,1]. (4.78)
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Since 1, < 1,,;, for n < m, using Zorn’s lemma, we obtain a maximal element 7 = lim 7,, P-a.s.
n—roo
Let us now define

f(t,) = Tim fu(z,-)

n—soo

for all 7 € [0, 7). Then the Proposition assures the existence of a unique local solution f to
equations (#.1)-(.3) in the interval [0, 7) in the sense of Definition[6.3.2] O
The local solution obtained above will be the global solution, if 7 = lim 7, = o, P-a.s.

n—oo

This requirement is fulfilled by the following theorem. However, in Theorem [4.3.9] we restrict

ourselves to third order nonlinearity only.

Theorem 4.3.9. Let (A1) and (A2) hold true and g(r) = %, where a =2,3. Then for any p > a
and T > 0, there exists a unique .F;-adapted mild solution f(t,x) € L*(][0,T],L?[0,1]), P-a.s.,
for every (t,x) € [0,T] x [0,1] to the system ([{.1)-(#.3) with P-a.s., continuous trajectories.

Proof. Let p > a and n be any arbitrary natural number. Then, following similar arguments in

[85, Proposition 3.2], we have

sup ||fn(t7)||€p < o0,

t€[0,T]

supE
neN

Therefore, for any 7 > 0, using Markov’s inequality, we have

P{weQ:rngT}:P{weQ: sup an(t,~)|\[/»2n}:[@{w€ﬂ: sup ||fn<t,.>||§pznp}

1€[0,7] t€[0,T]

<E ( sup an(tw)Hﬁp) n?

1€[0,T]

Passing the limit n — oo implies that P{® € Q: 7, < T} — 0. Consequently, T = e, P-a.s., and
the proof of Theorem 4.3.9]is completed. O

4.4 Invariant Measure

In the above section, we have shown the existence and uniqueness of the global mild solution

to the equation (4.1) having third order nonlinearity. Due to some technical difficulties, here
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we restrict ourselves to the second order nonlinearity only while showing the existence of an

invariant measure. That is, the existence of an invariant measure is shown for the equation:

2 2
df(t,x) = (8 gig’x) +%an; (t,x)) dt +®dB,(1). (4.79)

In @.79), we take B,(¢) as the a-regular cylindrical Volterra process of Gaussian type process.
In order to prove the existence of an invariant measure of the equation (4.1I)), we extend the noise
By (1) on the right hand side (4.1) to whole real line R by taking another ¢t-cylindrical Volterra

process V,(t),t > 0, such that
B (t) =Vy(—t) forallz <0, and x € [0,1]. (4.80)

Here the process V() is assumed to be independent of By(¢). Now, we introduce a process

{fatazoas

dfy = (Afy +3217) di +®dB. (1),
fr(=A) =

(4.81)

Thanks to Theorem [4.3.9] which assures the existence of a unique mild solution to the system
(4.81). To show the existence of an invariant measure, it is sufficient to prove that the family of
laws {.Z(f.(0))},>0 is tight. In order to achieve this goal, it is sufficient to prove that law of
the solution is bounded in probability in W°+2([0, 1]) for some ¢ > 0. Further, using the Sobolev
embedding of W°-2([0,1]) into L?([0, 1]) for all & > 0, we get our desired result. For any 8 > 0,

let us introduce the processes Zf and g, as

dzP (1) = (A— B)ZP (t)dt + ®dB, (1),

(4.82)
) (0) = 2,
where
= / SA=P)ddB, (s),
and
dgdt() = <Agl+28x(gl+zﬁ) )‘FﬁZE(Z), (4 83)

g1 (—1) =28 (-4).



63

The solution Zf to (4.82) can be written as a modified convolution

t
A / AP pdp,(s). (4.84)
On the other hand, if we suppose g () is the difference of the two processes f; and 7P e,

ar(t) = fot) = ZR (1), 1> -2,

then, it can be noticed that f; is the solution of (4.81)) if g, is the solution of (4.83). Remember
that the Volterra noise By (¢) in (4.79) is of Gaussian type and for this type of noise, we have

following results:

L. ZE (t) is bounded in probability in W%Q([O7 1)),
2. ZE (1) is a stationary process,

3. ZE (1) is ergodic process.
These results can be verified in similar way as in [49, 50, 51].

Lemma 4.4.1. Let the assumptions (Al) and (A2) hold. For any € > 0 and ¢ > 0, there exist

B > 0 depending on € and © such that

B2
E (](_A)GZA (t)’LZ([O,I])> <E, (4.85)
provided
> up(mk)te
Z /lk+ By < e (4.86)
Proof. Using the Definition we know that
= Z ij t)er(x
k=1

and hence we have

2% ([ & Peane )aw.

k=1
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Since & are uncorrelated, we find, by using (@.10),

E(|(-4)°Z5 ()13

e[| E ([ e Paagis ) al)
k=1 - 12
& [T arma) ([ eI Pag)
k=1 - 12
o>} t 2 1
=Y E(|m(-A)° < / e—<f—S><lk+ﬁ>da§k(s)> ( |ek(x)|2dx)
k=1 —oo
<CY pi(mh)*°E ‘ / e =) MHPlge, ()
k=1 —ee
o 2
— 2 (140 || o~ (=) (M+B)
= k
k;l.uk(” )7 |le H@(_M)
= 2
2 4o || ,—(t—)(A+B)
< k;uk(nk) Jemen| L, (4.87)
Now, it can be easily seen that
~=—) 2t || L) ) T 1
¢ ‘ HLH%O‘FM,:) - </m e ¢ |1+205ds) < CW. (4.88)
Substituting (4.88) into , we get
E (!(—A)"Zf M) <crp, i <e (4.89)
provided
i 7rk)4" < 400, forsome o >0 (4.90)
= (Ac+B) 1+2a ) : :
O

Remark 4.4.1. For® =AY, forv > %, we know that g, = 7~ Vk~V, and

O (k) & (kYA (rk)te RS 1
e <C -
Z lk—l—ﬁ 1+20 kgl (n-k)2+4a k;l )Lk2+4oc+2vf4c

< oo,

: 1, 2a+v
if o < ) + = -
Using Lemma @ the following theorem, which gives the existence of an invariant

measure for the equation (4 , can be proved in a similar way as in the proof of [51, Theorem
4.1].
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Theorem 4.4.2. Let the assumptions (Al) and (A2) hold and the operator ® is chosen in such
way that, for any ¢ € [0,1/4), condition holds. Then there exists an invariant measure

for the equation (#.79).
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Chapter 5

On a fractional stochastic Burgers type
nonlinear equation perturbed by a
cylindrical fractional Brownian motion in

Holder space

In this Chapter, we study the existence and uniqueness of the fractional stochastic Burgers-
type equation driven by cylindrical fractional Brownian motion in Holder space. This work is
the continuation of [4], where the authors have proved the same type of problem with Wiener
process. Therefore, many parts of this chapter is mainly motivated by [4]. Moreover, it is shown
that the same rate of convergence for Galerkin approximations can be obtained by considering

the cylindrical fractional Brownian motion as in the case of Wiener process [4].

This Chapter is organized in the following manner: In coming section, we first introduce
the problem and then recall a theorem from [24, Theorem 3.1] which is essentially required for
proving the main result. Section 2 consists of all required definitions and we also recall here
some estimates from [4]. In Section 3, the formulation and main results on solutions to the
problem are given. Section 4 deals with all estimates on stochastic terms. At the end, in Section

5, we provide the proof of theorems given in Section 3.

67
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5.1 Introduction

In this chapter, we deal with the following class of nonlinear fractional stochastic Burgers-type

equations
df(t) = [—A% f(1)+ G(f(r))]dt +dB" (1), 1€10,7]
f£(0) = fo,

where T > 0, A = —A is the Laplacian with Dirichlet boundary conditions. The operator G is

5.1)

defined as G(g(t,x)) = dyg(t,x), x € (0,1) and the B"(¢) is the cylindrical fractional Brownian
motion for all # € [0,T]. Fractional Burgers equations are used in several model related to
anomalous diffusions, for examples, diffusion in complex, propagation of acoustic waves in gas-
filled tube [[101},132] and references therein. Recently, a similar type of problem (equation (5.1)))
with Wiener process has discussed by Z. Arab and L. Debbi [4], where they have generalized the
work of Blomker and Jentzen [24] by considering more general nonlinearity and the fractional
Laplacian in place of standard Laplacian. The works done in [24] and [4] have motivated us to
study the fractional Burgers-type equations driven by cylindrical fractional Brownian motions.

Now, we recall an important result, which is the base of our work.

Theorem 5.1.1. [24, Theorem 3.1] Let T € (0,%0) and (Q,.%,P) be some given probability
space. Consider U,V be as two R-Banach spaces and let Py : V — 'V be a sequence of linear
bounded operators.

Let £(U,V) represents the space of bounded linear operators on U and V. Consider that the

following assumptions are true:

o Assumption 1. Let n € [0,1) and y € (0,00) are two real valued constants and let S :

(0,T] — Z(U,V) be a strongly continuous map satisfying

sup (£]8(1)] < oo, (5.2)
t€(0,T] ( j(U,V))

sup sup <N7z’7 1S(r) — PyS(7)] g(Uy)) < . (5.3)
NeNre(0,T)

o Assumption 2. Let G :V — U be a mapping which satisfies

G(f)—G
sup IG(f) -Gy
Fvlsvsnrzs  IF—8ly

< oo 5.4)

forevery r € (0,).
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e Assumption 3. Let O : [0,T] x Q — V be a stochastic process with continuous simple

paths and

sup sup (N7[(1—Py)Oi(®)]y,) <o, forevery m, (5.5)
NeNte(0,T]

where 'y € (0,0) is given in Assumption 1.

o Assumption 4. Let XV : [0,T] x Q =V, N € N be a sequence of stochastic processes

with continuous sample paths and with

sup sup (|XV(@)],) < oo, (5.6)
NeNre(0,T)
X,N(co):/OtPNS(t—s)G(XSIV(w))ds+PN(Ot(a))), (5.7)

forevery ® € Q, t € [0,T] and every N € N.

Then there exists a unique stochastic process X : [0,T] x Q — V, with continuous sample paths

such that
X, (@) = /0 'St — $)G(X,(0))ds + 0y (@), (5.8)

forevery w € Q, t €0,T]. Moreover, there exists an % | (|0, ))-measurable mapping C :
Q — [0,00), such that

sup |X;(0)— X" (w)|, < C(@)N?, (5.9)
1€(0,T]

holds for every N € N and every @ € €, where Y is given in Assumption 1.

In [4], authors have proved the Theorem [5.1.1] for their problem by satisfying all the
Assumptions 1 — 4. In order to prove Theorem [5.1.1] for problem (5.1), Assumption 1 and As-
sumption 2 will hold in the same manner as in [4]. Therefore, to prove Theorem we need

to only show the validation of Assumptions 3 and 4 for equation (5.I).

5.2 Preliminaries

5.2.1 Functions spaces and important inequalities

Let X,Y be two Banach spaces, we denote the notation |- |x to express the norm on X and

Z(X,Y) denotes the space of linear bounded operators defined on X and Y having norm |-
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| 2(x,y)- The other functions spaces, we have mainly used in this chapter, are following.

Space of continuous functions: We define the space of continuous functions as

C:={¢ : ¢ is a bounded and continuous function s.t. |@|c :=sup|p(x)| < e}.  (5.10)

xeR
Holder Spaces: For 6 € (0, 1), we define
C%:={ ¢ €C, such that |f|.s :== |plc+ sup w“” : (5.11)
vyeRoaty XY
Sobolev Spaces: For 1 < p <ocoand m € N,

m
W' =3 ¢ €LP, such that [@fy,. := ) ID¥O|P, b < oo, (5.12)

k=0

where D¥¢ represents the derivative of ¢ of order k in the distributional sense.

Fractional Sobolev Spaces: Let 1 < p < oo, and s > 0 be a non-integer. Then, we define

k k
Wp = {¢ EWPS]7 such that |f|p + Z// ’D (P D (P( )‘dedy< 00}7 (513)

= yl”{S}P

where [s] is integer part of s and {s} is fractional part of s.

Note: For the case p = 2, the space W? is a Hilbert space and we denote it by Hj.

Lemma 5.2.1. For every y > 0 there exists Cy > 0, such that xVe™ < Cy.

5.2.2 Some properties on the operator A

Let us denote A, as a part of the operator A on Lebesgue space L7(0,1), 1 < g < oo, but for
Hilbert space L?(0,1), we will denote A, by A. Let (e 44');>( is a semigroup generated by
Agy. Then Ay, is densely defined, has a bounded inverse and further the semigroup (e74d');>0 is
analytic on L9(0, 1) for any ¢ > 2, see [133]. We define the fractional power of Ag ,B €R as the

following:
Definition 5.2.1. The fractional power Ag , of Ay, is defined as the inverse of
= L/wsﬁle“‘qu. (5.14)
I'(B) Jo

Here the integral, on the right hand side of (5.14), is Dunford integral and it converges in the

uniform topology.
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Recall that A : D(A) — L?(0,1) is an isomorphism, and further A~!, the inverse of A
is self adjoint, where D(A) denotes the domain of A [133 page 283 and 303]. Further, the
compactness of D(A) on L?(0,1) implies that A~! is compact on L?(0,1). Therefore, there
exists an orthonormal basis (e;) jeny C D(A) corresponding to eigenvalues (A;) jeny of A, which

also consists the eigenfunctions of A~!. Now, from [39], we have following results:

Lemma 5.2.2. Let the operator A is positive, self adjoint and dense in L*(0,1). Applying the
spectral decomposition, we introduce positive and negative fractional powers AB/2, B eR. In

particular, if the spectrum of A is reduced to the discrete one, we get a classic expression for

(AP/2 D(AB/2)). Moreover, let B > 0, then

D(AP2) = {9 € L(0,1) : |9] paprr) = Y, A7 (0.¢))% <o},
jeN

AP =Y 2820, ej)e;, ¥ o € D(AP2).
jeN

o/2

Ag 1)120

2. e : . . _
The operator A(qx 2 is an infinitesimal generator and it generate an analytic semigroup (e

on L1(0,1). Further, for any B > 0, we have

o/2 B
Ag/ze*A‘i ! <ct «

2(L9)

and

(1)) 1= T A Mg e, Vo € 10,1,
k=1

5.2.3 Definition and assumptions on the operator G

Let us define the spaces V := C?(0, 1), for some & € (0,1) and U := Hz_a/z(O, 1). Now, let
us assume that there exists an operator G : V — U such that it satisfies the Assumption 2 of

Theorem[5.1.1] In this work, we consider the following example of such an operator G :

dg(f(x))
dx

, where g:H) “%(0,1) = C%(0,1). (5.15)

G(f)(x) =
In this chapter our g in (5.15)) is defined as

g(x) :==ag +aix+ax® + .- +apx”, (5.16)
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where ag,ay, ..-,a, #0 € R,n € NU{0}. Here for g(x) = axx?, with a, = 0 for all n € NU{0} —
{2}, the operator G attains the quadratic nonlinearity and then equation gives the fractional
stochastic Burgers equation. Further, for g(x) = apx?, witha, =0foralln e NU{0} —{p}, p>
2, the equation (5.1]) becomes generalized stochastic Burgers equations which has been studied

in previous chapters.

Lemma 5.2.3. [4 Lemma 2.10] Let 1 < a < 2,8 € (1 —$%,1) and G is defined as in W

Then the mapping
G:C%0,1) — Hy **(0,1)
with
_ dg(f(x))
f = G(f) - dx )

is well defined. Further, let there exists positive constant K for all R > 0, such that for any

¢,y € C%0,1), with 015 (0.1): | Wlcs (0.1) < R, we have following inequality

G(8) = G(W)l ey 1) < Krl9 = Vicso,1): (5.17)

In the above lemma, putting v = 0, we get

|G(¢>’H2*a/2(071) SI(R(l_|—|¢‘c5(071))' (518)

for any R > 0 and ¢ with \¢ycg(071) <R.

Now, let V :=%(0,1), and U := H, a/z(O, 1), G is given by (5.15) for any polynomial function
g. Then, due to Lemma/5.2.3] we have following results:

Corollary 5.2.4. Let 1 < a <2, and 6 € (1—35,1). Then by Lemma Assumption 2 of
Theorem is satisfied for any such o and §.

Corollary 5.2.5. Let o € (%,2} be(1-%, aT—l) . Then by [4, Lemma 2.4] and Lemmam

Assumption 1 and Assumption 2 are simultaneously satisfied.

5.2.4 Definition of stochastic noise

Let (Q,? ,P,%E[O_‘T]) be a stochastic basis. Let 4 be Hurst index lies in (0,1). A fractional

Brownian motion (fBm) (W"(t));>o with index / is a continuous and centered Gaussian process
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with covariance function

<t2h—|—s2h e —s|2h> , (5.19)

| =

R(t,s)=E [W’l(r)wh(s)} -

for every s,t > 0.

From the definition, it can be noticed that the standard Brownian motion is a fractional
Brownian motion with the Hurst index & = % More details can be found in Chapter 4. Now,
following the standard approach in [50], we define the cylindrical fractional Brownian motion

B'(t) as the sum of an infinite series:
- h
§ h(1er, (5.20)

P-as., where (W}") are real independent fBms and (ek(-) =2 sinkn(-)) is an orthonormal
basis in the space L?(0,1). Again following the [50], we introduce the following Ornstein-

Uhlenbeck stochastic process
t a
Z(t) := / e A2 =SBl (dy). (5.21)
0

Then by following [[142], [147], it can be shown that Z(¢) is well defined for a > 1. Thanks to
[113], we have the following embedding results for the fractional Brownian motion W" for any

he(5,1).
Theorem 5.2.6. Let W" be the fractional Brownian motion with h > 1/2, then for everyt € [0.T]
and for every r > 0 there exists a constant C(h,r) such that

! h ’ r
B ([ r0awis)) sconing, 5.2

5.2.5 Galerkin Approximations

Definition 5.2.2. Let us fix N > 1. Then denote, by Py, the Galerkin projection on the finite
dimensional space Hy generated by the first N eigenvectors (ex)?_, i.e. for 6 >0, ¢ € C 3(0,1) C
L?(0,1) and for all x € [0,1],

N

Pvo(x (0, ex)er(x (5.23)
k=1
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Now, we state the following result based on the above definition which is taken from [4].

Lemma 5.2.7. [4, Lemma 2.14]

tAY/

. _ 2
e Py and semigroup e commute to each other.

Let $ €[0,1)andn > 0+ % then there exists Cs n > 0 such that

BN 2122 3y < Co.n-

Let B <y €, then there exists C, g > 0, such that

Hl _PNH.,%(H;/,Hf) < C%ﬁN*(Y*B).

Let a € (1,2] and § € [0, %1), then there exists Cy 5 > 0, s.t.

L—lia _AQ/2
NEZ=2(1 = B)e ™ pyen ) < Cas
o Let B €R, then there exists C[; > 0 such that
BN ]| g g8y < Cp- (5.24)

Applying Definition[5.2.2] we discretize the equation (5.I)) in the following form

dfn(t) = [~A%% fy(t) + BvG(fw(1))]dt +dBi(t), t€[0,T],
£(0) = Py fo,

(5.25)

where
N
Bi(t) =Y Wl (t)ey. (5.26)
k=1

Fully Discretization: Here we discretize the equation (5.1)) with respect to space and time. For
this, let us fix M > 1 and discretizing the equation into the uniform step subdivision on
time interval [0, T], with step size Ar = Al,[ and then we define t,, = mAt, form=1,2,... .M.
By this construction, we get the sequence of random variables ( N, M>M o’ which satisfies the

m=
following equation

f]?ﬂM = PNf07
i = e AT BB () (5.27)

Py (Z(m+1)J) AT MZ(m) B ).
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5.3 Definitions of Solutions and Main Results

Definition 5.3.1. Let E be UMD Banach space of type-2 and H be a Hilbert space. Let us assume
that the initial data fj such that f; : Q — E be .%( measurable. Then a process {f(z) :t € [0,T]},
which is .%; adapted and E-valued, is said to be a mild solution to the equation (5.1) if

o

1. forallz € [0,T],s e =942 G(f(s))is in L°(Q,L'([0,T]; E)) (a complete metric space),

2. forallt €]0,T],s+— e =942 isH -strongly measurable and adapted and in y-Radonifying
space; R(H,E),

3. for all r € [0, T], almost surely

) =e " fy 4 / te_Aa/z(t_s)G(f (s))ds + / te‘Aa/z(’_s)ch(S). (5.28)
0 0

Definition 5.3.2. Equation (5.1) is said to have pathwise unique solution if for any two solutions

{f'(t):t €1]0,T]} and {f?(t) : t € [0,T]} to equation having same initial data fj, we have
P(f(t) = f2(r) forallt € [0,T]) = 1. (5.29)

Hypothesis .77: For 6 € [0,1) and B > 4+ 1/2, we have fy: Q — Hf(O,l) is a %y
measurable random variable.

Remark: In [4], four main results [4, Theorem 3.3- Theorem 3.6] are shown. We also
have a target to prove the same types of results for our problem. The result [4, Theorem 3.3] also
holds for fy given by equation with some Holder continuity less than 1/2. Therefore, we
need to mainly prove here the [4, Theorem 3.4- Theorem 3.6] for the equation (5.1I). Let us first
give the result for existence of solution to (5.25).

Theorem 5.3.1. Let T > 0 and fy satisfies the Hypothesis 7¢. Then

1. for a € (%,2) 6 (1- %,“T’Z) equation has a unique L*-mild solution fy =
(fn(2),1 €0,T]) satisfies supy sup;c(o.7) | /v (1)] 2 < ee.

2. for 1<0<2andd € ( — TZ) then fy is Holder continuous of index

() )~
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Now, let T > 0 be finite, & € (,2),8 € (1— %, 20— 3) and f satisfy the Hypothesis 7.

Then, the main results of this chapter are stated as follows:

Theorem 5.3.2. The equation with initial condition fy, has a unique mild solution f :

S .. . . .. 1
[0,T] x Q@ — C°(0,1). Further it is almost surely satisfy Holder continuity of order 5—.

Theorem 5.3.3. There exists a F | 9B(|0,0))-measurable mapping C : Q — R such that

sup |£(t) — fv()]es < C(@)N (T 9~ 45, (5.30)
1€[0,T]

where f is the solution to equation with initial data fo and fy is the solution of Galerkin

approximations obtained in equation (5.23).

Theorem 5.3.4. There exists a .F | B(|0,0))-measurable mapping C : Q — R such that

sup | f(tm) = fimles < Clo) ((Az)“’zlo?% +N—(“T”—5)—) as., (5.31)
tm€[0,T]

forevery NM > 1.

5.4 Some Estimates on Stochastic Terms

Let us define the Galerkin projection of Orenstein-Uhlenbeck process Z(¢) by using equation

(5.21)) and equation (5.26)) as
A(X/Z h N A(X/Z
Zn(t) = PyZ(1) = /O A=) gl (g5) — Z / A=) g (5 e (5.32)

Now, we extend the result [4, Lemma 4.1] for Zy(¢) defined in (5.32) by stating the fol-

lowing Lemma

Lemma 5.4.1. Let a € (1,2],0 < f < &= q>2andletpo>mbeﬁxed Then for

p > 1 there exists a constant Co g 4 , j, > 0 such that

Elizor 5= (8455)) 11— porzl? z|P C 533
pE|[Z1]” + =P0Z? 4128 ] <Capaps 539
NeN tilg ti1g

Proof. In order to prove Lemma[5.4.1] it is sufficient to show the middle term on the left hand

side of the inequality (5.33) is bounded, as other terms can be handled analogously. This can be
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shown in following two steps. In first step, we show that for a € (1,2],0 < B < 41,4 > 2 and

let po > m there exist Co, g 4, > 0 and &, € (0,20c0yh — 1) such that

sup ENS?|(1-Po)ZI] o)< Capapn (5.34)
S

and then in second step it is proved that the estimate (5.34) holds for every p > 1.
Step 1. By Definitions and we have

! o
(1= Py)Z(1) = /0 A9 (1 — py)B" (ds). (5.35)
Using the factorization method [50), page 129-130], we represent (1 — Py)Z as
4 o
(1= Py)Z(1) = / (1 —5) 1A YN (5)gs, (5.36)
0
t o o
YN@) = / (s—0) VA 6-9)B (4o, (5.37)
0

where v € (0, 1). Thanks to [4, Lemma 4.1], following the proof of this lemma, for any v € (0, 1)
1, B
such that s Tag<V< 1, we get

P

E|(1—Py)Z(@)". ., <cTHv=1-B/e) (- IE/ YV (5)[,ds. (5.38)

GHj
Now, using Theorem , the estimate |ex|rs < 1 and the fact that {W,?} are independent and

centered Gaussian variables, we have

TN _ T _\—V_A%2(s—c) ph P
B [ IO =8 [ | [ 60 e e oltao)

L4
T N i a/2
_E / | / (s—a)-V( Y oA (s_")dWh(O')> ex(x)
0 1J0 k=N+1
o/2 b
<E / ( / (s—0) Vet (S_G)dWh(G)) ds
0 (= N—H

T oo 2 p/2
< C(h) / < Y ) . (5.39)
0 \k=N+1 L/h(0,s)

Next, by using the fact that for every y > 0, there exist Cy > 0 such that x"e™* < Cy, we estimate

s —1%/2(s—0) 2h
= / (S—G)_V/hek hdo
Ll/h(O,S) 0
< C(h) ( / (s—0) VM T2 (s — G)_Vdcr)
0

s 2h
= C(m)A, "™ ( /0 (s— c)v/h7d0> : (5.40)

ds

p
ds

L4

(s—-) Ve ke )

(5= ) Ve k=)

2h
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Therefore, by substituting li into ((5.39), for Z}W <y<(l- %), we have

e[ o <co [ (m ([[s-or-1a0) >/ "

T - p/2
= C(h) / ( Y oA V“hs(”/’“V)Zh) ds
0\«

=N+1
p/2
=C(h,a,y) (/ s{=v/h= YPHds) ( Y W’Z) . (5.41)
0 k=N+1
Now, let & € (0,2a0yh — 1). Then we can write
i k72’)/06h < N*é i k72’)/06h+§. (542)

Using this inequality in (5.41)), we obtain

T 2
E / YN(s)IP, < Chya,y, )T VIR TN =S (zz"_N+1k2Wh+é)”/
0

<C(h,a,y,B,T)N-P/2. (5.43)
Now combining the estimates (5.38)) and (5.43), and assuming that + R Bevean-— ﬁ’ we have
E|(1-P)Z(1)|%. g < C(h, 0,7, B, T)N"5P/%, (5.44)

B

Step 2: Now following the proof of [4, Lemma 4.1], the estimate (5.34)) is true for any p > 1.
The other terms in the estimate (5.33)), can be estimated in a similar manner. This completes the

proof of the Lemma[5.4.1] L

Remark 5.4.1. The result obtained in Lemma [5.4.1] gives the same result [4, Lemma 4.1] by

putting h = % in li i.e. the result in the case of Wiener process.

Corollary 5.4.2. Let o € (1,2],0 < 6§ < & Land po > m Then for p > 1, there exists

Co.5,p > 0, such that

(5+“+1)>‘|(1 —PV)ZI}, 5 + 12!

!os| <Casnp (549

supE [\ZN| . Co —|—Np(
NeN

Proof. let 8 < 2 ,Po > m and ¢ = p. Then the estimate (5.33) is also true for f =

T
0+ pl—o. Putting these values in (5.33), and using the embedding hpo " <y 9, we obtain the

estimate (5.45). O
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Corollary 5.4.3. Let oo € (1,2] and 0 < 0 < O‘T_l. Then there exists a finite positive random

variable Cy s j, such that

2ah—1_ s\ _
f]upN[N( 7 8)7 (1= Py)Zle,00) < Cosn(®)  as.. (5.46)
S

Proof. Fractional Brownian motions are Gaussian processes and for Gaussian processes we have
following result.

Let T > 0,(Cp)p>1 C [0,°0) and let (W,),en be a sequence of random variables such that

(E|Zy[)? < Cpn™F, (5.47)
for every p > 1 and all n € N. Then
P (sup(nf_8|Zn|) < oo) =1 (5.48)
neN
for every € € (0,7).
Using result (5.47) and Lemma , we obtain (5.46). O

Lemma 5.4.4. Let o € (1,2] and 0 < 6 < “T_l. Then there exists a finite positive random

variable Cy s j,, such that

sup sup |Zy(t,@)|cs < Coy 54(0). (5.49)
NeNte€[0,T]

Proof. Using the fact that for any & € (0, 1], there exists a constant /5 > 0 (independent of k)

such that |ex|-s < [5k%, we calculate

= Caﬁ’h(t, ,h), (5.50)

where Cy 5(¢, @, h) is defined as

Co.5.1(t,®) {" (/l o= s)(kn)adWh( )) ().
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Here the process Cy 5 (2, @) is well defined as there exists y > 0 in Lemma which satisfies
" 2h
1 (1 + %) <y<lsuchthatYy (fé(kn)‘s/he(’_s)(k”) /hds) < 0. Moreover, Cy 5 (-, ®) has

o
continuous trajectories on [0,T]. Therefore, we get the random variable:
Cos51(0):= sup Cy5(t,®) (5.51)
1€[0,T]
which is positive and finite and we have,
sup |ZN(I, (D)|C5 < Ca757h(60). (5.52)
t€[0,T]

]

Lemma 5.4.5. Let W" : [0,T] x Q — R be a fractional Brownian motion with h > 1/2. Then for

every T € [0,1],A € (0,0) and t1,t; € [0,T], we have

IE( / % oAl gl ) — / ! e—“fl—S)dWh(s))
0 0

< Ch,)A 2=ty — 112" V]ta — )7}, (5.53)

Proof. Without loss of generality, let 0 < ¢ <t,. Then, we have

1% 131 2
E(/ e_’l(tz_s)dWh(s)—/ e_'wl_s)dWh(s)>
0

0

_E </l‘1 (e_l(lg—s) _e—/'L(l‘l—S)> dWh(s) + /t2 e—l(zz—s)dWh(s>>
0 n

2 2
<E </t1 (e’l(trs) _efl(t] —s)) dWh(s)> s (/tz e’WZS)dWh(s)>
0 h

L 4D, (5.54)

where the second last inequality in (5.54) is obtained from the fact that fractional Brownian

motions are independent centered Gaussian processes. Now, by using Theorem [5.2.6] I; is

, 2
I _E (/1 <e*l(f2*5) _e—/l(tlfs)) dWh(S)>
0
1 2h
<c(h) ( / ! (e7M0m) — b)) dWh(s)>
0

2h
= iy | ( [k —%)
0

2h
<CMAT |ty — 1y [2F x A2 (1 _ef%m))

estimated as

< C(h, A2 |ty — 1177 (5.55)
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Similarly, we can estimate I, as

; 2 ; 2h
L=E (/ze—k(tz—s)dwh(s)) < C(h) (/28—’},(tz—s)ds)
151 n
Alg—

< C(MA2M=D gy — 1y )27, (5.56)

Inserting estimates (5.55)) and (5.56) into (5.54), we get

%) 131 2
E(/ e_l(tz_s)dWh(s)—/ e_}”("_s)dWh(s)>
0 0

< CMA 2=ty — )77V |ty — 1|7} (5.57)

Lemma 5.4.6. Ler oo € (1,2], 0< 9 < O‘T_l and fix N € N. Then the stochastic process Zy(t) :

[0,T] x Q — €%(0,1) has Holder continuous sample path of degree % —.

Proof. This lemma can be proved in a similar by following Lemma [5.4.5] and then using the

same techniques as in [4, Lemma 4.5]. O

Corollary 5.4.7. Let o € (1,2] and 0 < § < O‘T_l. The Ornstein-Uhlenbeck stochastic process
Z has a continuous sample version, we still denote by Z : [0,T] x Q — Cd (0,1) with Hélder
continuous sample paths of degree (h <M>) —.

a

5.5 Proof of Theorems:
Proof of Theorem Let us first write the equation (5.25)) into following form
a 4 a
fn(t) = e Py fo+ / e =9I pyF (fn(s))ds+2Zn(t) 1 €[0,T], (5.58)
0

then the existence of fy can be established in a similar way to [4, Theorem 3.3].

Proof of Theorem and Theorem In order to prove these theorems, we have to ver-
ify Assumptions 1-4 in Theorem @ Now, thanks to [4], following the proof of [4, Theorem
3.4 and Theorem 3.5 ], we are left to verify the Assumption 3 of Theorem [5.1.1| and then As-
sumption 4 will be followed in the same way as in [4, Theorem 3.3 ]. By Corollary Z(1)
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is continuous. The process oAV fo:Q—C 5 (0, 1) is continuous and consequently the process
o(t) := eAYH fo+2Z(t) : @ — €9(0,1) is also continuous. Further due to Hypothesis (%) and

the fact that for o < 2+5,H5(0, 1) <_>H8+%(o N <—>H;‘/2((), 1), we have

(1= B)e ™ fo(@) s < Cas(@NUZ 0¥ fo(@)] . (5:59)

P-a.s.. Now, by Corollary and (5.59)), we show that the process O(¢) in Theorem [5.1.1}

satisfies
sup sup N*(%*5)7|(1 —Py)O(t, )]s < oo. (5.60)
NeNt€[0,T]

And thus it is proved that the Assumption 3 is also valid for problem (5.1).
Proof of the Theorem This Theorem can be easily proved by following the proof
of Theorem 3.6 in [4], and the proof of Theorem[5.3.3]

Remark 5.5.1. The rate of convergence obtained here is same as in [4]. However, this can be

improved by considering more regularity in the initial data f. This work is in progress.



Chapter 6

On a mixed fractional Burgers type
nonlinear equation perturbed by fractional

Brownian sheet

In this paper, we discuss a class of stochastic nonlinear partial differential equation of Burgers-
type driven by pseudo differential operator (A+ Ay) for a € (0,2) and the fractional Brownian
sheet. The existence and uniqueness of an L”-valued (local) solution is established for the initial

boundary valued problem to the equation.

This chapter is formulated according to the following plan: In the next section, we de-
scribe the mixed fractional Burgers-type nonlinear equation perturbed by the fractional Brown-
1an sheet which we study in this chapter. Section 5.2 deals with some preliminaries consisting
of basic properties to the fractional Brownian sheet and pseudo differential operators. In Section
5.3, a valid formulation of the solution to the equation (6.1I) is given. Later, the existence and

uniqueness of the local solution is shown in the sense of definition (6.15).

6.1 Introduction

Our aim is to study the following class of stochastic partial differential equation of Burgers type

with polynomial nonlinearity perturbed by mixed fractional Laplacian operators and fractional

83
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Brownian sheet

W (1,x) = Df(t,x)+ 9 (1,x, £(t,%)) + &1, £(,%)) + S (1, %),
f0x)=  folx)  xeD, (6.1)
flt,x)= 0, for every x € dD and t > 0,

where (7,x) € ([0,%0),D), D C R is a bounded domain with boundary dD, © = A+ A, with
A= g—; and Ay = —(—A)% where a € (0,2). Functions ¢,g : Ry x D x R — R, are non-
linear measurable, and W# is the two parameter fractional Brownian sheet with Hurst index
H = (H;,H;) where H; € (1/2,1) foreach i = 1,2.

In recent years, the fractional Brownian sheet became popular among the researchers studying
the stochastic partial differential equations, due to its important property of preserving long term
memory and other interesting properties, see 25,76, 78,112, 143]] and Section 2 in the present
work. On the other hand, the operator (A4 Ay) represents the Lévy processes that are indepen-
dent sum of diffusion processes and ¢-stable (rotationally symmetric) processes. This pseudo
differential operator can be used in several physical problems [96, [121]].

In this paper, we particularly study an important generalization of the SBE by considering frac-
tional Brownian sheet with Hurst index H = (H;,H,) where H; € (1/2,1) for each i = 1,2, and
the pseudo differential operator ©® = A+ Ay where a € (0,2) together with polynomial type
nonlinearity in ¢ as given in assumptions (H3) and (HS). Here the main novelty is to establish
the existence and uniqueness of L?(D)-valued local solution to for p € [2,0). For this pur-
pose, a fixed point argument is adapted which is motivated from [137]] and [144].

Note: In this chapter, we use C; > 0,j = 1---,6, to indicate constants whose values are fixed
throughout the paper and C is used to denote a positive constant which may depend on p, &, H, H

and its exact value is unimportant which may change from one appearance to another.

6.2 Preliminaries

6.2.1 Fractional Brownian sheet

Let us give the following definition of the two parameter fractional Brownian sheet which is

followed by ([[76, 113,112} [131], and [[143]).
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Definition 6.2.1. Let (Q,.#,P,{.%};>0) be a given probability space. For T > 0, an one di-
mensional double-parameter .%;-adapted fractional Brownian sheet W = {WH (¢, x), (t,x) €
[0,T] x D} with indices H = (H;,H,), where H; € (0,1) for i € {1,2}, is a centered Gaussian
random field defined on (Q,.%,P) with W (0,0) = 0 and covariance

E[WH(t,X)WH(S,y)] = Rp, (svt)RHz(xvy)a
for all s,# > 0 and x,y € D, where
1
Ry, (a,b) = 5(aﬂ"f +p?Hi —|a— by i=1,2; and a,b € R.

Let y(t,s,x,y) = 4H{Hy(2H; — 1)(2H; — 1)|t — s|?1=2|x — y|*#2=2 for any s,t € [0, T]

and x,y € D. Let us introduce the following function space

2 [, N2
Ly ={r:011x0 =Rl = [ [ wnny)
fu,x) f(v,y)dydxdvdu < oo}. (6.2)

It can be easily shown that L%V is a Hilbert space and for each f € L%,, there exists a sequence
{fu}, defined as

kn

fn = Z an:kl(xn,hyn,k}X(Sn,kvln,k] n= 172’ B
k=1

where a, x € R, (Sy.4,tnk) € [0,T] % [0,T], (Xpk,Yni) € DxDand 1 <k < kg, such that as n — oo
, we have f, — f € Ly,

Let & denotes the set of the all simple functions f,, on [0, 7] x D. Then & is linear subspace
and dense in L%I,, see [[76]. Also, for any f, € &, define

/ /fn X, S WH dx dS Zakn (S jestn ) X (K jeYn i)

where W# (dx, ds) is equivalent to W (x, s)dxds. Since & is dense in L3, for each f € LLj, there

exists a sequence of simple functions { f, }, such that

/()Z/Df(x,S)WH(dx,ds = llm/ /f,, x,s)WH (dx,ds).

n—yoo

More detail can be found in [143]]. Now, based on the above information, we have the following

proposition.
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Proposition 6.2.1. For f,g € IL%, we have

E/Ot/Df(s7x)WH(dx,ds) =0,

and

]E/O /Df(s,x)WH(dx,ds)/O /Dg(s,x)WH(dx,ds)
:/ / y(u,v,x,y) f(u,x)g(v,y)dydxdvdu.
[0,¢]2 /D2

Next, we have the following embedding result followed by [113, Theorem 1.1] and [107,
Lemma 3.2].

Proposition 6.2.2. For H > %, we have following the embedding property

1
L#([0,T] x D) C L.

6.2.2 Pseudo differential operator

In equation (6.1)), the operator A+ A is a pseudo differential operator which generates a Lévy
process X € R?. as a sum of a diffusion process and an independent symmetric - stable process
where a € (0,2). Here by a symmetric o- stable process, we mean a process Y% = {¥,*,r > 0}

which is Lévy

E [eiﬂYr“—Yo“)} _ o (ED?

for every & € R.

Recall that if .% denotes a class of second order elliptic operators on R¢, then there is
a diffusion process B (Brownian motion) in R¢, associated with .Z in such a way that .Z is
an infinitesimal generator of B and vice-versa. We say the transition density G of B as the

fundamental solution of the the equation

of
5 =2,

We also know G as Green function or heat kernel. The diffusion process B is the continuous
Markov process and the differential operator .Z can be treated as an infinitesimal generator of
this continuous Markov process. But, in case of discontinuous Markov processes, the infinites-

imal generator need not to be a differential operator. For example, a rotationally symmetric o
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-stable process with o € (0,2) is a discontinuous Markov process with infinitesimal generator
as fractional Laplacian A, = —(—A)%/2, which is no longer a differential operator. Indeed, it is

a non-local (pseudo-differential) operator, defined by
o (d,a)
Agh =lim /h —h(z))————,
o e—0 @( (y) ( ))\y—z|d+“
where 7 :={y € R?: |y—z| > €} and & (d, @) := az* ' 7421 (442) /T(1 — 4), where T'is a
standard Gamma function.
Let Y* be a o -stable process with @ € (0,2) with infinitesimal generator A, and B is the
Brownian motion independent of Y% and with infinitesimal generator A.

Further, we consider a Lévy process {¥;,# > 0} as an independent sum of Y% and B, i.e.
Y, =B+Y%
Then the infinitesimal generator of Y is A+ Ay and

E[en-10)]  o{-t(nP+ini®)}

for every n € R. Now, let K, be the fundamental solution of the equation

af
5, = (AFAd)f. (6.3)

Then, by following Chen et. al. [40], (see also [39,130] ), there exist constants C; > 1, i=1,2,
such that, for all (,s,x,y) € (0,00) x (0,00) x RY x R?,d > 1,

1 ] Calx —y[? N
Cl ((I—S) 2 exp (—W +(I—S) 2 /\m
—d I—s

o e —yP? +
< Ko(t —s,x,y) <C ((f—s) 2 exp (—m) +(1—s9)7 /\m) , (64
where for (p1,p2) € R x R?, py A pp := min{py,p,}.
Let us give some notation of functions which will be used further in this paper. For

T >0,x,y € RY whered > 1and 0 < 8 :Cz_l,

t
t
|x_y|d+a'

_yl2
K(t,x,y) == t*d/zexp <_ﬁ|x—y|> , (6.5)
0%(t,x,y) = K’ (t,x,y) +1~ 2 (6.6)

The following lemma is due to [39]. It gives an estimate on Q¢.
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Lemma 6.2.3. Let Q%(t,w),d > 1 satisfies

B _ t
Qd(t,w):t df exp( l i +1742 A | ara (6.7)
forallt >0 andw € R. Then there exists a constant C3 = Cz(a, T, B) such that

0t w) S K1, w) + 6.8)

t
et (P

where for any A, B, the notation A = B means that there exist a constant ¢ > 0 such that

¢ 'B<A<c¢Band

K (t,w) =17 exp (—M> .

t

Further from [39, Theorem 2.2] and Lemma we have the following important theorem.

Theorem 6.2.4. For any T > 0, there exists a positive constant C4 = C4(d, o, T), such that for

all0 <t <Tandw e R,
27C; Q2 (1, w) || < [wKa(t, w)| < Co0F (2, w). (6.9)

It should be explicitly mention that, throughout in this paper, we deal with one dimen-
sional case i.e. d = 1 and on a bounded domain D C R.

Let 7 >s>0and f:[0,00) x D — R be given. We introduce the operators (Jy:), for
i=0,1,as

(30)(6,0)) - / / Kt — s,3,)f(s,y)dsdy, (6.10)

and

(3,0)(6,)) / / — 5,x,9)/(s,y)dyds. 6.11)

Lemma 6.2.5. Let fort > s> 0, (x,y) € D x D, and K is given by the inequality (6.4). Then,
foreach 1 < p <ooand a € (0,2), there exist positive constants C,Cs = C5(C1,Cy) and Cg =
Cs (Cl,CQ,C4) such that

1

[@an) Dl <CCs [ (=95 v =) b)rts s, 6.12)

and

@)t Dl < CCo [ (=957 v (0=9)F) 6. ds, (6.13)

where a\ b = max(a,b).
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Proof. Let us define the following domain as
Dy:={zeD:|x—z|<(t—s)? <13+a>},
such that
D = D;UDx,

where D, is the compliment of the D,. Further, define

—

Kig:=Ki+(t—s)2
r—s

Kga = K1 +m,

forallt > s > 0and (x,y) € D x D. Here K] is given by lb ford=1and 8 = C[l.
Therefore, the upper bound of Ky in (6.4)) can be written as

By inserting Minkowoski inequality (6.42)), in (6.10), we have

1@l < [ { [ pdx}llyds
gcl/ot{/D pdx};ds
gq( [ ‘”dx}”ds
AL o) )
=G <2/0t{/D /D(I—S)_;exp (—%_5‘2) f(s,y)dy
+/Ot{ A pdx}pds |
LA (St ] ) )

Using Young’s inequality for convolution with r = p and ¢ = 1 (see (6.43)), and applying the
fact that

DKa(t —5,%,9) f(s,y)dy

/ (Kia +Kaq) f(s,y)dy
D

| K+ =5 sy
D,

t—s
+m)f(sa)’)dy

Pl
a’x} ds

1

((r=5)"2)f(s,y)dy
Dy

1 1

<
o=y 7 (r—5)2

Y
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for allt > s > 0 on D,, we have
t 11 d 1
@)l < s ( L= s+ [ =9 st s

+ ’<z—s>-%uf<s,->|mds>

_ 1

5722t —8)77)||£(s, ) | ds

0o

gccs/of(@_g
<ccs [ ((-9)

I\)‘__

PVt =) )G, ) [ ds.
Thus we obtained (6.12). Next, in order to prove (6.13), let us apply Minkowoski inequality

(6.42) to have

1@ ) < /0{ / Dafya

< [{L 1) |50 s il
Applying Lemma[6.2.3|and Theorem [6.2.4] for d = 1, we have
et [ {f(
" /ot {/D </{|x—y22<r—s>} % £5:7)1dy ) pdx}pds
<[ {f(flae-oen (57 Z'j|>\\f<s,y>|dy)pdx}’l’ds
* /ot {/D </{|x—y22(r—s)}(t —3)7 ’f(s’y)ldy> pdx} E ds’

where in the last integral on the right hand side, we have used the fact that |x —y|> > (1 — ),
(1=5)

e—y[*te

1
p P
(t —s,2,9)f(s,y)dy dX}I ds

Nt
dx} ds.

s e (-2 ) sty ) an}as

C2|t—S

which implies that < (t —5)~%/2. Thus, by using Young’s inequality, we obtain

@00 < CCo [ (=951 (=5) )6, s,

which is (6.13). O
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6.3 Existence and Uniqueness

For a arbitrary fixed T > 0, let us introduce B7 ), := Bt ,(D), consisting the collection of all

F-adapted functions f : [0,00) X D x Q — L?(D) such that

1A%, = sup E[[I£(t,-,)]7] <o
t€[0,T]

It can easily be shown that B, is a Banach space equipped with norm || - ||7,,. Next, follow-

ing assumptions are required to establish the existence and uniqueness of L?(D)-valued local

solution to (6.1).

Assumption 2. (H1): The functions ¢, g : [0,0) x D x R — R are measurable functions,
(H2) : the function g : [0,00) x D x R — R satisfies the following growth condition,
lg(t,x,r)| < C(1+]r]),

(H3): the function ¢(¢, x, r) satisfies the following type of nonlinearity condition

p
|(J(tax7 I’)| S C Z (al?*n(x))(pin)‘r’na
n=2

where p is finite and for every n = 2,--- | p,a, € LP(D),

(H4): for any real valued functions r; € R and r, € R, we have
’g(t7x7rl) _g(t7x7r2>‘ S C|r1 —I’2|,

and

(HS)

)4
lq(t,x,11) — q(t,x,72)| <C Y [(ap-n(x))| P~ |7 73],
n=2

where C > 0 is a constant.

Now, we formulate the mild solution (in the sense of Walsh [[141]) by means of the fol-

lowing definitions.

Definition 6.3.1. An L?(D)-valued and .%;-adapted stochastic process f : [0,00) x D x Q — R
is a solution to (6.1)) if for any 7 > 0, f(¢,x) := f(¢,x, ) satisfies the following integral equation

f(t,x) :/DKa(l,x,Y)fO(Y)dy+/() /DKO‘(t_S’xﬂy)g(faLf(S,y))dyds
L oKy
_/o /D 8Ky (t=5,x,y)q(t,x, f(s,y))dyds

t
-l—/ /Ka(t—s,x,y)WH(dy,ds) a.s., (6.15)
0 JD
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for each 7 € [0,T], and where Ky, is the fundamental solution of the equation (6.3) defined in

Subsection 2.2.

Definition 6.3.2. We define an .%;-adapted stochastic process f as a local solution of (6.1)) if

there exists an .%;-adapted stopping time 7 such that { f(¢,x)};<¢ is a solution of (6.1

Let us state the following Lemma which will play an important role in showing our main

results.

Lemma 6.3.1. Let a, € LP(D). Setting

p

(F(Z)(t,x) =} ap=,Z",

n=2

for a given function Z : [0,0) x D — R. Then, we have
P o
- n
IE@) ()l < ) Nap-allZs 12170
n=2

Further, let Z1,7, : [0,00) X D — R. Then, we have

P
1(F(Z1) = F(22)) (¢, ) Iy <C Y Nlap-all s ™ (121117 + 122175 ") 121 = 22| o

n=2

Proof. Using Holder’s inequality, we have

p
IFZ) ()L < Y llapall e 1271, »
L7 L
n=2

)4
=Y llap-ullz,"11Z]|" 0,
n=2

which is (6.17). Next, we have

p
Y ay (21 =7Z5)
n=2

((F(Z1) = F(Z2))(,-)| =

Taking L' norm on the both side and then applying Holder’s inequality, we get

o1z =23,

I(F (Z1) = F(Z2)) (1, )|l < é\laﬁ_ZHL

P
= Zzllap—nlli’p"|!Z?—Z’z’HLg~
n—=

(6.16)

(6.17)

(6.18)

(6.19)
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Now

n—1
(Zi-2) Y, zi™"'zy

m=0

121 =232 =

P
L7

n—1
< |1z —zzHme;O zi=" 'z e,

n—2
= (121 — 22l (\|21!\2p1+2||2’f’"1\ p HZQ”HLwHZszH). (6.20)
m=1

Ln—m—1

Recalling the generalized Young’s inequality, i.e for non-negative u and v, one has

1
14 qd\ r
wv < rr (”—+v—> , 6.21)
P q

where 1 < p,g < o such that % :%-l—%.

Using 1| in the summation on the right hand side to inequality 1| with r = n—il, p=

1

1
——7 and g = .., we get

n—2
_ 1
1ZY = 23|, 0 < 121 — 22| s (HZl 15+ Y, =D {(n—m—1)|Z|»
m=1

+m|122||u}“+|122\|2p1)
<C|Zi - Za|w (12155 + 1221551 - (6.22)

Using the estimate (6.22) in to (6.19), we finally obtain (6.18). O

Now, in order to formulate the main result of this paper, we introduce a mapping Ay from

L?(D) to LP(D) such that for each fixed N € N, we have

’ P Sngu
AN(f) == / 7l (6.23)

N
e flw 2.

Then, for any fixed N € N, we have
AN (F)l[r <N, (6.24)
and there exists a constant L > 0 (see Lemma|[6.4.1)) such that

AN (f1) = An(2)llr < LI A1 = fallee, (6.25)

for every f1, f>» € L?(D).
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Theorem 6.3.2. Let 2 < p < o and the initial function fy: D x Q — R is LP(Q,L”(D))-valued

and - measurable. Also, if (HI1) — (HS5) hold, then there exists an unique local solution
f(t):== f(t,-,-) to (6-1), which satisfies

sup E[[If(tAT)70] <o, (6.26)
t€[0,T]

where T is a F;-adapted stopping time.

Proof. Let us give the truncated stochastic integral equation associated with Ay for any fixed

N €N,
f(t,x):/DKa(t,x,y)fo(y)der/ /Ka(t—s,x7y)g(t,x,ANf(s,y))dde
//aKa —5,%,5)q(t,x, AN f(s,y))dyds

_ H
-l-/o /DKa(t s,x, V)W (dy,ds) a.s.. (6.27)

Next, we define the mapping .7 on the Banach space B, as
(T)(t,%) = /l)Ka(t,x,y)fo(y)dy+(%f)(t,X) — (1) (t,x) +(%f)(1,x) (6.28)

where

(Fif)e) = [ [ Kale—sxy)ele.r Anf(s.5))dvds,

(Af)(t,x) //aK“ —5,%,5)q(t,x,ANf(s,y))dyds,

(Ff)(t,x) / / Ko (t —s,x,9)WH (dy, ds).

The proof of the Theorem [6.3.2]relies on the fixed point argument i.e. it is required to show that

7 is a contraction mapping on the Banach space B ,,. First it is shown that .7 maps B7 ;, into

itself i.e. [|(7 f)(t,x)||7,p < oo. From Lemma 6.2.5, (H2) and (6.24)), we estimate

1

ANl < Cs [ (=955 (=5 85,3, Anf (5,3)) s

SCC5/Ot((t—S)

< CC5(t% 2V (1)2)(1+N)

1

AV (t —S)iz)(l + HAnf(S,y»HLP)dS

N‘,_

—_

< oo, (6.29)
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for each ¢ € [0, T]. Next, using (H3), Lemma and then by applying (6.17)), we have

NIR

sy, Anf (s,3))lI1ds

Z (@p-n(-) P Anf (s,)" 12

BNl <CCs [ (=95 V-9

N\SZJ

t
gcc6/((z—s)z1 (t—s)
0

Q

1 1_ a —71) n
<y [ (=95 v i—5)9) zn 4yl IAnf (s, Il

t o
<CCo [((t=5)7 "V (t-9)%) ZH apn()) |5
0
<CC6(t2P\/ (t—s) *% Z | (ap—n( )N”
< oo, (6.30)

Next, for (7 f), using isometry property given in Proposition and then applying Holder’s
inequality and Hardy-Littlewood inequality (see [131, Theorem 1(page 119 )]) repeatedly, we
have

dx

E(Z3f) @)}, = —s5,x,y)W" (dy, ds)

/ Ka(l_slaxayl)
D2

[SIS]

dx

V(s1,52,y1y2)Ka(t —52,%,y2)dy1dy?)

t t
C(/ (//|S1—52|ZH1_2€1S10’52/ ly1 —ya |22
p \Jo Jo D2

2
Ka(t —81,X%,)1 )KOC(t _S27x7y2)dy1dy2) dx>

<c( ([ fin-sP 2gate-siml
|| Ko (2 — 52,x,-)]| 1ds1d52) a’x)
L™
T Hil pH,
SC(/ (/ (||Ka(t—s,x,')|| 1) ds) dx). (6.31)
D\ JO L™

Now, for any r > s > 0 and (x,y) € D x D, we have

[SIaS
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1\
IKalr =091y = ( ) IKalt=six)lhay
L D

1 H
1 lx—y|? 1 (t—s) \™
<C t—s)"2 - t—s) 2AN——— | d
<al [ (0-0tar (g2 -9 tnpe) "o
| =y \\ ™
<cCC t—s) 2 — d
< 1(4(( 5) aw( Q@_ﬁ>> y
(-5 NE)"
r—s 2
+ t—s) 2N
D(( ) e — [t ) >
Hy—1 _ly 3
< CC ((t —5)" 2 4 (t—s) ? 2<1+0‘>> . (6.32)
Substituting (6.32)) into (6.31) and then simplifying, we obtain
EN(ZA )@y <o (6.33)

By using the estimates (6.29), (6.30), (6.33) and considering that fy € L?(Q,LP(D)), we have

(T HOlr,p < oo (6.34)

Thus the mapping .7 maps Bt , into itself. Next, we prove that .7 is a contraction. Then the
Banach fixed point theorem implies the existence and uniqueness of solution to equation (6.27/])
for each fixed N. Let us consider an arbitrary fixed real number A > 0. For any L”(D) valued
and .%;-adapted stochastic process f : [0,T] x D x & — R with initial condition fj, we define

1A2, = sup e PRI )5] -

t€[0,T]

Clearly, |.||, defines a norm. Let B, ; be the space of all .%;-adapted stochastic processes

f:10,T] x Dx Q — R such that

p
1AL, <.

Then (B, .| - ||,.1) is a Banach space and the new norm || - ||, 1 is equivalent to the previous
norm || - ||, for each fixed 4 > 0. Now, let f; € B, ;, for i = 1,2. Then (6.34) implies that
(Zif) € B, 4 foreachi = 1,2. Next, using (6.28), we have

2
17500~ (TR = | L6 = (6], (6.35)
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where

IO~ (ARION = | [ [ Kel =53 (600 Axfi(5.3)
gl Avfa(s,3))dyds|| L (636)

and
8Ka

20~ (ZBROI = | [ [ G055l Anfi5.)
—q(t, Avfals,y)dvds| - 637)
We first solve (6.37) and following the same way, can be solved. Now, using (H-5) in

(6.37), we obtain
I(Z2f1) ()= (7))l

5,7,) Z |ap—n( | (Anfi(s,)" = (Anfa(s, )" 95

Using Lemma[6.2.5]and then by Lemma@ we get
I(Zf1)(1)—=(Z2f2) (1) ||Lr

SCC6/OZ((l—S)2I”1V(f—S)_g)éﬂ(ap—n('))ﬂf;”(||Anf1(sa')||Z171+||Anf2( )

X |Anfi(s,) = Anfa(s,-)l|rds,

inserting the estimate (6.24) and (6.23) into above inequality, we have

1(Z2f1)(1) = (F2f2) (1) ||Lr

< CC6L/O[((t—S)21”_l \/(f—S)%)rgH(apn('))prn @N" ) [Ifi(s,) = fo(s, ) levds

SCC6L/Ot<<r—s>2‘f1v(r—s> )Lfi(s,7) = fals, )| ods.

Here, in last integral we have used the fact that N € N is fixed and a, € LP(D) for each n =
2,---,p. Now, taking p'" power on the both sides, and then applying Holder’s inequality, we

evaluate
(RO~ Ol
! L _a P
<ctcay ([ (=% v =5 Dlfils.) - lsluds

<@ [ (=95 Vi) D) - Al s
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Finally, the definition of the norm || - ||, 3, we have

I(Z2f1)(6) = (Zf) D7 5
G [ e (1=5)% v =5 ) PRI is,) — o ) s

<C(CL)Ifi = Lol / (s v s ) ds. (6.38)
Following the similar calculation, we obtain
! 1.1  _a
(0= (ZLIDID, < CELYIfi=fll, [ (5 w5 Sds. (639)

Substitution the estimates (6.38)) and (6.39)) in equation (6.35)), we get

TR (T RO, < CGLPILA- LI, [ €65 s $as
HCCL i =l [P 6h v as
—c(Ly ( [t (epes v Hr s vs ) ds) 1A= £l1%
Since A > 0 is an arbitrary constant, for some suitable A > 0, there exists a 0 < 1 < 1 such that
C@)”(/Ote_’l’” <(C5)p(sﬁ*% Vs ) 4 (Co)P (57! vS‘%)> ds> <n<lL

Therefore, we have

(7)) = (T RO 5 <nllfi =Ll 55 (6.40)

where 1 < 1. This shows that the mapping 7 : B, ; — 9B, ; is a contraction. Consequently, by
Banach fixed point theorem, there exist a unique fixed point for 7 in 5, 3 and this fixed point
is indeed the solution to the equation (6.27)).

Further, it is shown that the solution for equation (6.27), obtained above gives the unique
local solution to equation (6.1)) by following the similar technique established in [137]. Let fy
be an unique solution to the equation (6.27)) for each N € N. Now, we define the .%;-adapted

stochastic stopping time

TN i= inf{t €1[0,T]: / |fn(t,x, @)|Pdx > Np}, for every ® € Q.
D
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It is observed that the sequence {7y }nyen C [0, 7] is increasing P- a.s. and therefore limy_,c. Ty
exists. Let us denote this by
7:= lim 7y(®) Vo € Q.
N—roo

Now, the contraction property of .7 implies that

fM(t7x7'):fN(tax7') V(I,X) € [07TN)><D7
holds P-a.s., for each M > N. Therefore, for any N € N we define

ft,x,0):= fn(t,x,0) V(t,x,) € [0,7y) x D x Q.
Thus, by passing the limit N — oo, we obtained the stochastic process
{f(1.%,0) : (1,5, 0) €[0,7) x D x Q},

as a local solution of (6.1) in the sense of the Definition [6.3.2] of the local solution.

At last, the uniqueness of local solutions to (6.1)) is investigated. Let us assume that fi and f»
are any two local solutions to (6.1). Then for each N € N, f} and f; satisfy the equation (6.27).
But, we have already proved that has a unique solution, we get

fi(t,x,0) = fr(t,x,®) (t,x,m) € [0,7x) X D x Q.
Finally, the proof can be concluded by passing the limit N — oo. [

Theorem [6.3.2)mainly gives the unique local solution to equation (6.1]) due to the presence
of polynomial type nonlinearity in ¢ and the mixed fractional operators. But, if we take ¢ = 0 in
(H3) and (H5), we get stochastic heat equation driven by mixed fractional operators (A+ Agy)

and fractional Brownian sheet. Indeed for this, we have the following result

Corollary 6.3.3. Let (HI)-(HS5) holds with q(t,x,r) = 0 for every (t,x) € [0,00) x D and r € R.

Then there exists an unique global solution to the equation ((6.1) satisfying

sup E||f(t,-,)||F, < oo.
1€[0,T)

Proof. This can be shown similar to Theorem[6.3.2] O
Remark 6.3.1. In this article, we have proved our result in one dimension because for dimension
d > 1 estimate (6.13) does not hold due to the condition (6.2.3). Therefore, it restricts us up to
one dimension. However, in the case of stochastic heat equation i.e. for ¢ = 0, we can extend

the result of Corollary [6.3.3|up to two dimensions.
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6.4 Appendix

Lemma 6.4.1. The map Ay : LP — L? | defined in is globally Lipschitz.

Proof. The mapping Ay is given as

An(E):

g?

» <N,
181l < 641)

2 e > N,

Let &1,& € LP(D). Then we have the following cases:

1. ||&1]lr < N and ||&;||r < N. By (6.41), we have

AN (f1) = AN (2)llLr < [|&1 — &al|Lr-
2. ||&illr <N and ||&||r > N. By (6.41), we have
A& — (&)l = & — 22
H§2!|Lﬂ
||§ H Hél”éZHU’ N€1+N€1_N€2HU’
{181 (l[&llr = N)[I1p + N [1&1 — Eall 1 }
||52||LP
=~ Tal H UEillzr &2l =N) + N (181 — &all 10 }
< ||5 H €l (1E2llr = 11E1l|zr) + N 1E1 = &2l 0 }
< ||5 || {N1&ullzr (1182 = &illr) +NNI1&1 — &all s }
N+ |||y
S ||é || Hél §2HL1’
<2)1& =&l -

3. Let ||&;]|zr > N and ||&;||» < N. This case can be solved as similar as done in above case

2.
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4. Let ||&||rr > N and ||| > N. Then by (6.41), we have

bav(e ~Av(@lo = g - 2
m}léluﬁzuu &lall ),
m!\&n@nm &l&l +Ell&l — &l ],
muusznm &)+ &(1&l 161
< Wwézumuél ~&llr+ &l (&l ~ 161 ]120))
< ot (18lolé — ol + 1l (18~ &)
:%H&—@Hu
- e =gl
<208 - &l

At the end, the following inequalities are given.

6.4.1 Minkowoski’s Inequality in integral form.

[105, p. 47] Let 1 < p<ooand f: R xR — R is Lebesgue measurable. Then

< R /Rf(x’y>dx de)}) = /R (/R |f(x,y)|”dy>;dx. (6.42)

6.4.2 Young’s Inequality for Convolution

[105, p. 99] Let p,q,r € R such that 1 < p,g,r < e and

I 1 1
I4+-=—+-.
rp q

Let f € LP(R) and g € LY(R). Then the convolution f*g € L"(R) and we have the following

inequality

1+ gl < [IF e llgllee- (6.43)



102



Chapter 7

Conclusions and Future Scope

The present thesis is devoted to study the existence and uniqueness of the solution to four dif-

ferent generalized stochastic Burgers-type equations.

First of all, the existence of weak solutions was shown for the one-dimensional general-
ized stochastic Burgers equation having polynomial nonlinearity perturbed by space-time white
noise with Dirichlet boundary conditions and non-Lipschitz coefficient in the noise term. The

existence result was investigated by solving an equivalent martingale problem.

Next, the existence and uniqueness of local and global mild solution is shown to the
one-dimensional generalized stochastic Burgers equation (GSBE) containing a non-linearity of
polynomial type and perturbed by a-regular cylindrical Volterra noise having Dirichlet bound-
ary conditions. In order to get the solvability and regularity estimates for the linear system,
the LP-theory of stochastic convolution integral, developed in [47], was used. It is shown that
there exists a unique local mild solution for polynomial type of nonlinearity using contraction
mapping principle, and also the global existence and uniqueness for third order nonlinear GSBE
using probabilistic arguments. The biggest challenge, when considering ¢-regular cylindrical
Volterra noise, was the absence of L™-estimate on both time and space for the stochastic convo-
lution involving such processes. We obtained this estimate with the help of Garsia-Rodemich-
Rumsey inequality. Further, we have also assured the existence of an invariant measure for

quadratic nonlinear GSBE perturbed by Volterra processes of Gaussian type. In order to prove

103
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this, we adopted the method developed by G. Da Prato et al. in [31]].

Further, the existence and uniqueness of solutions to the fractional Burgers-type nonlin-
ear stochastic partial differential equation driven by cylindrical fractional Brownian motion in
Holder spaces were shown by using a finite dimensional Galerkin approximation. Moreover,
the rate of convergence of the Galerkin approximation as well as fully discretization of solution

were also achieved.

Finally, we considered a class of stochastic nonlinear partial differential equation of Burg-
ers -type driven by pseudo differential operator (A+ Ay) for a € (0,2), and perturbed by the
fractional Brownian sheet. The existence and uniqueness of an LP-valued (local) solution were
established for the initial boundary value problem to this equation.

At the end, we propose the following open problems which we found while working for

this thesis.

e In Chapter 3| we have shown only the existence of weak solutions, while the uniqueness
of this problem is still an open problem. We have tried to work out for uniqueness but due
to some technical difficulties, we could not prove this. A similar type of problem has been
considered in [27], where the authors claims that the uniqueness is still an open problem

due to some technical difficulties.

e In Chapter [6] we have shown only the local existence and uniqueness of the problem.
Therefore, the existence and uniqueness of global solution to the given equation is still an

open problem.

e In the Chapter[6] we have proved our result for one dimensional problem because in case
of multi-dimension, the estimate (6.13)) does not hold due to the condition (6.2.3) which
restricted us up to one-dimensional problem only. Therefore, a future work would be to

solve the problem (6.1)) in Chapter[6]in multi-dimension.
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