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Abstract

Continuous Time Random Walks (CTRWSs) are used widely for modelling anomalous
diffusion. This thesis is the first research which focuses on optimal control of CTRWs, their
modifications and their position dependent extensions. We derive the equation which may
be called a fractional Hamilton Jacobi Bellman equation (FHJB), as it is similar to the HJB
equation for controlled Markov processes. We present our original analysis of the FHJB
equation, firstly working with its simpler linear version and obtaining useful regularity prop-
erties, and secondly, deriving the mild form of the FHJB, exploring its regularity properties
and well-posedness. We present our novel theorems proving rigorous convergence for optimal
payoffs of the scaled stochastic processes of our interest and give an interpretation of the

solution of the FHJB equation as a solution to an optimization problem.
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Chapter 1

Introduction

1.1 Outline of the thesis

This thesis focuses on stochastic optimal control models such that the dynamics of the con-
trolled system is a Continuous Time Random Walk (CTRW) with waiting times that have
non-exponential distributions. CTRWSs and their scaling limits model anomalous diffusion.
Our work is the first research development on the new field of controlled anomalous diffu-
sion systems. The main novel results presented here are the derivation of the new Fractional
Hamilton Jacobi Bellman (FHJB) equation from a macroscopic model of a controlled CTRW;
the derivation of an appropriate mild form for a FHJB equation; existence and uniqueness
of a solution to a mild form of the FHJB equation and to the HJB itself, as well as various
interesting regularity properties; the rigorous convergence theorems and an interpretation of
the solution of the FHJB equation as a solution to an optimization problem. We present two
derivations of the FHJB. The first derivation is carried out heuristically in analogy with the
standard heuristic derivation of the Bellman dynamic programming equation. It is heuristic
in the sense that we assume existence of all the limits that occur in our scaling limit. The full
rigorous justification of the limiting procedure is based on a completely different reasoning.
Here is the explanation of the structure for this thesis. Chapter 1 focuses on the theo-
retical background and the mathematical description of the process we study, with important
preliminary definitions, in particular relating fractional integral and differential operators

with probabilistic concepts. Chapter 2 concentrates on scaling and control of the CTRW



process, introducing the notions of an embedded Markov process and a corresponding payoff
function. Then, in a heuristic manner, it presents our results concerning the limiting payoff
function. It also extends the scenario to the setting with time and position dependence, as
well as an extension to multiple stability parameter dependence. In Chapter 3, after a brief
overview of existing theory, the reader can acquaint themselves with our original results on
well-posedness and regularity properties of the solution to the mild form of a linear version
for the FHJB equation. In Chapter 4 we present our novel important convergence results
and a corresponding verification theorem. Here the limiting scaled CTRW is viewed as a
component of a Markov process, unlike in the previous chapters. Such representation allows
to see the model within the framework of controlled Markov processes for which the theory
is well-developed, see [1]. Following this is a chapter on further developments, highlighting
other ideas and potential applications. For example, this includes our novel conjecture about
the limiting scaled CTRW process, linking it to stochastic differential equations (SDEs). The

appendix presents some of the important theorems used to obtain our results.

1.2 Background and literature review

In this section we present the background theory which allows the reader to see how the
results in this thesis fit into the wide mathematical picture as the interface of anomalous
diffusion models, control theory and fractional calculus.

Diffusion is one of the key mechanisms for material transport in physics, biology
and chemistry. The well-established mathematical model for particle diffusion is Brown-
ian motion. One of its characteristic features is the following mean-squared displacement:
E[(z(t) — 70)?] o t. The distribution P(x,t) of the Brownian motion W™ started at a point

xg € (—00,00) is a Normal (Gaussian) distribution:

P(x,t) = exp{—(x — x0)*/4Dt} (1.1)

1
Var Dt

for z € (—00,00), t > 0 and D > 0. It can be shown that P(x,t) in (1.1) is the solution to

the Cauchy problem



uy — Dy, = 0, for t > 0, (1.2)

with «(0,z) = d(x), where d(x) is the Dirac delta function, and D > 0 is the diffusion
constant. This means that the probability of finding the Brownian particle at x at time ¢t > 0
is given by the Gaussian probability density function (1.1) which satisfies (1.2).

Since the original results presented in [2] in 1905, other models for diffusion have been
proposed, capturing more general and anomalous particle behaviour patterns in comparison
to Brownian motion. One of the models developed for anomalous diffusion is the Continuous
Time Random Walk (CTRW) model. CTRWs form a class of processes which are continuous
from the right with left hand limits (cadlag). The book [3] provides a thorough and concise
exposition of key convergence results for cadlag processes which includes families of scaled
CTRWs. A CTRW has been introduced for the first time in [4] to study random walks
on a lattice. Models of CTRWSs are ubiquitous in describing numerous natural phenomena,
see [5], [6], [7], [8] and [9]. For example a CTRW approach has been taken to model the
dynamics of supercooled liquids and prices of financial assets, see [10], [11] and [12]. We
focus on CTRWs with non-exponential waiting times between displacements and with jump
distributions exhibiting some stable law properties. Most of the background information for
the CTRW that we use in this thesis can be found in [5] and [13].

For the first time a symmetric stable law, with the stability parameter « = 3/2,
appears in a paper dated 1919 in a stellar model, see [14]. More precisely, it is a model for the
distribution of the gravitational force due to an infinite number of stars which are uniformly
distributed in R3. This distribution is now referred to as Holtsmark and has extensive uses
in physics, see [13] and references therein. As a class, stable laws were characterised for the
first time by P. Lévy in 1920’s. Much later, in the 1960’s, B. Mandelbrot and his successors
wrote a series of papers where stable laws were used in specific economic models. Since
then there has been an expansion of areas where stable laws have arisen, see [15]. Similarly
to (1.2) for the Gaussian law, stable distributions appear as solutions to integro-differential

equations, see [15]. Due to the lack of closed formulas for most stable probability densities



it was difficult to use them for mathematical modelling for a long time, however research
and recent programming advances now allow to compute properties of those, paving the road
for direct applications, see [16]. Stable laws have recently manifested themselves in many
different physical and social phenomena. One of the reasons to employ stable distributions is
the Generalized Central Limit Theorem (GCLT). It states that the only limits of scaled and
centered sums of i.i.d. random variables are stable laws with the stability parameter « € (0, 2].
When o = 2 the GCLT is the Central Limit Theorem. This reason is strengthened empirically
by large data sets that demonstrate heavy tail behaviour and a skewness property, see [16]
and references therein. Although (S-stable laws with 5 € (0,1) feature an infinite mean
and an infinite variance, which is unrealistic for real-life data, they may still be used in
modelling. If one can find a reason why a considered quantity of interest has a minimal
value, the corresponding distribution may be cut-off at that point. In case a stable law is
an appropriate approximation for the distribution in a large time interval before the cut-off
point, the sum of the i.i.d. random variables from this distribution for a long time may be
modelled by the stable one without cut-offs, see [17]. Due to the reasoning above and that
we mostly deal with finite time intervals and finite data, we may use stable laws yielding
infinite first and second moments for the random variables modelling the waiting times and
the jumps, without being unrealistic.

Stable distributions for jumps exhibit power law behaviour for large distances, apart
from the normal distribution for which the stability parameter is o = 2. We look at even
broader range of distributions than stable laws, namely, assume jump distributions belonging
to the domain of attraction of a stable law. When data shows asymmetry and heavy tail
behaviour and the considered motion may be modelled by a CTRW, the GCLT may be em-
ployed to justify the use of domains of attraction of a-stable laws as appropriate distributions
in a realistic complete mathematical model for the observed motion, see [18]. The Pareto
distribution with a parameter a < 2 is in the DOA of an a-stable law. Also the Mittag-Leffler
distribution with the parameter § € (0,1) is in the DOA of a [-stable law, for example see
[19], [20] and references therein. Note that every stable distribution is in the DOA of itself.
Any finite variance distribution belongs to the DOA of the Gaussian distribution by the

Central Limit Theorem (CLT). The rigorous definitions, the mathematical details for stable



laws and DOA of a stable law, as well as the detailed explanation of the relation to CTRWs
in this thesis, will follow in section 1.3. Here we mention just one specific example where
non-exponential waiting times have appeared. Analysis of high-frequency data for daily price
changes in 800 companies at the Japanese market in a 27 year interval showed that the wait-
ing times between daily price changes follow a power law. Further details may be found in
[21]. The explanation for such behaviour has been proposed in [22], see also [23].

CTRWs may be scaled appropriately to obtain a microscopic model, which is some-
times more convenient for specific purposes. A scaled CTRW with correlated jumps in the
limit yields the microscopic model of fractional Brownian motion, see [24]. Another example
of the scaled CTRW limiting process is a stable-Lévy motion with a random time change,
see [25]. CTRW limit processes have been studied extensively in [26] and references therein.

In a rich class of financial, biophysical, air and hydro-dynamics phenomena one ob-
serves constant time periods, which are referred to as trapping events, [27]. To model this
pattern a random time change is introduced. This idea was initiated by Bochner in 1949.
In essence, the real time of a process is replaced by some non-decreasing process which has
independent increments. In some models this external process is the Brownian motion, which
in that case may be looked at as a distribution limit of some CTRW, see [27] and references
therein. Time changed Lévy processes, inverse stable processes, subordinators and inverse
subordinators are standard processes used for modelling the random time change. The reader
is referred to [28] and references therein for specific examples. In this thesis we study CTRWs
with a random time change. From the microscopic viewpoint of the CTRW model, in this
thesis the processes in consideration will have the 8-stable Lévy motion for the time process,
where 5 € (0,1).

Research results presented in [29], [30], [31] and [32] relate CTRWs to fractional
differential equations (FDEs). The strong connection between CTRWs and FDEs is explored
for example in [5], [33], [34] and [35]. In essence, FDEs appear in mathematical descriptions
of CTRW scaling limits, and the order of the derivatives in a FDE depends on the probability
density functions for jump lengths and the waiting times of the CTRW.

Fractional calculus generalises the classical calculus to study integral and differential

operators of non-integer order. Fractional differential equations are closely related to mod-



elling processes with memory and spatial non-local properties, see [36], [37], [38], [39] for
extensive descriptions of models where history impacts the future of the process. Without
being exhaustive we name few fields where fractional calculus has recently been useful - vis-
coelasticity, hydrology, cosmology, finance as well as fire propagation dynamics and plasma
turbulence, see [40], [41], [42], [11], [43] and [44] respectively. For example, porous structure
and chemical heterogeneity of media such as in geological formations lead to space and time
non-local dependency for solute transport, see [45].

Often it is possible for humans to intervene in a dynamical process in order to regulate
the behaviour so as to profit the most from the control. The goal may be represented
as an optimisation of a payoff/cost function. The methods for stochastic optimal control
problems are the Bellman’s dynamical programming and Pontryagin’s principle, see [46] and
[47] respectively. An example of an optimal stochastic control application is controlling a
linearly fuelled satellite following a diffusion, with the aim to keep it above a critical level, see
[48]. Theory for stochastic optimal control problems is presented in [1] and references therein.
However the existing stochastic control theory does not cover controlled CTRWs and their
scaling limits. This thesis extends to the scenario where for the first time CTRW processes
can be controlled. We also present generalizations of controlled CTRWs by including time
and position dependence.

We establish that control of CTRWs with waiting times in the DOA of a [-stable
law gives rise to a new kind of equations in control theory. These are fractional in time

Hamilton-Jacobi-Bellman (HJB) equations:

Dy f(ty) = H(t,y, Dyf(t,y)), (1.3)

where (t,y) € Q, Daﬁt is a fractional time derivative, which we will define in section 1.3, and
H is a continuous function on @ x R™. It is called the Hamiltonian and contains all the
control related terms. In section 1.3 we will discuss fractional derivatives in more detail. In
case =1, D(’;i = %. Equations such as (1.3) with 8 = 1 have been extensively studied, for

example see [1].



A solution f(t,y) to a partial differential equation (PDE) is said to be classical when it
is differentiable as many times as necessary for the PDE to make sense. Most HJB equations
do not have classical solutions and for such cases the theory of viscosity solutions becomes
useful, see [1]. However, under certain restrictions and conditions on the Hamiltonian H in
(1.3) a classical solution exists. The case without control, when = 1 is studied in [13]. In
this thesis the reader will find the literature review for the analysis of FDEs. Further, we
work with a mild form of the fractional HJIB (FHJB) and present our original well-posedness
and regularity results.

A recent paper [49] studies equations with a fractional Laplacian and proves existence
of weak solutions in a fractional Sobolev space under specified boundary data and the frac-
tional index parameter conditions. It also applies the results to an optimal control problem.
More precisely, it proves the existence of optimal processes in the fractional Sobolev space

for the optimal control problem associated to the weak formulation of the following FDE

(=A)*%2(z) = G (, 2(x), u(z)) in Q (1.4)

for some non-linearity G, with the fixed interior boundary condition z(z) = v(z) in R™ \ Q

and the integral cost functional

J(z,u):/Q@(x,z(x),u(x))dx, (1.5)

with specific conditions on ® and the control set U, and « € (1,2).

This thesis considers a broader range of FDEs than (1.4) and we look primarily for
a mild solution to (1.3). We take a different approach to the optimal control problem,
however paper [49] is an interesting development in the direction of fractional optimal control
problems.

The theory of controlled Random Walks (RW) is only in the beginning of development.
The introduction of control paves the road for applications of CTRW processes in the wide

range of problems. For example, a recently proposed project in telecommunications industry



focuses in particular on applying CTRW models with non-exponential waiting times to model
non-standard information transport, as well as understanding to what extent such processes
may be controlled, see [50] for details. It is anticipated that the work done in this thesis will
be of high value for this project and its further developments. This thesis presents ideas on
how the CTRW theory presented here could be applied to game theory and to limit order
book modelling.

Various papers presenting convergence results for CTRWs with random time changes
prove convergence of the time and the jump processes separately, and then use the continuous
mapping theorem (CMT) to prove convergence of the time changed CTRW to a time changed
limiting process, [25], [28]. Independent and identical distribution of jumps is a necessary
assumption in such papers. The random variables representing the jumps are non i.i.d. when
the jumps become controlled. The presence of control in our stochastic processes makes it
impossible to use their methods, and we take a different approach.

Limits of controlled scaled CTRWSs that we study are non-Markov processes, however
enlarging the state space in certain ways enables to present them as components of pair
Markov processes. Theory of controlled Markov processes is well studied, see for example [1].
Such an approach enables to view the CTRW in a more general setting and obtain interesting

novel results.

1.3 Preliminaries

In this section we introduce the key definitions for describing and understanding the stochastic
model which is central in our research. We also discuss some properties of the defined

mathematical objects and cite important references.

Definition 1. Let (y1,£1), (72,&2), - .. be a sequence of independent and identically distributed
(i.i.d.) pairs of independent random variables (r.v.’s) such that the distribution of each ~;,
i € N, is given by the probability measure v(dr), and the distribution of jump sizes &;,i € N,

is given by the probability measure pu(d§). Let X(n) = >" v and Y(n) = >, &. Define



the renewal process M(t):

M(t) M(t)+1
Z% <t< Z i, fort > 0. (1.6)
i=1 i=1

Note that for t > 0, M(t) = inf,{n : X(n) >t} and M(0) = 0. We will refer to M(t) as an
inverse time process. A CTRW n(t) with jumps & € R and waiting times v; € R, is defined

as

M(t)
n(t) =Y(M(t) =>_ & (1.7)
i=1

Definition 2. A random variable X is said to have a stable distribution if for any positive

numbers A and B, there is a positive number C' and a real number D such that

AX1+BXy=4CX+ D (18)
where X1 and Xo are independent copies of X, and where ” =47 denotes equality in distri-
bution, [51].

If a distribution is stable then there exists an « € (0, 2], called the index of stability,

such that the following holds for the corresponding characteristic function ¢:

ogoa() =it + [ [ (w01 ) A

where p is some finite measure in S%~!, see theorem 1.4.3 in [13] and for the proof see
[51]. In case av = 2 the distribution is normal.

Stable distributions depend on four parameters: o € (0,2],0 > 0,b € [~1,1],m € R,
These are the stability, the scale, the skewness and the shift parameters respectively. Hence,
the notation for a stable distribution is often of the form S, (o, b, m). We will use this notation
where necessary. A distribution S is symmetric a-stable if b = 0 and m = 0. For a@ # 1
a distribution S, (o, b, m) is strictly stable iff b = 0. In case a« = 1, Sy(o,b,m) is strictly

stable iff b = 0. The case @« = 2,0 = 1,b = 0,m = 0 corresponds to the standard Normal



distribution, [51].

In our research, when referring to the domain of attraction (DOA) of a stable law,
strictly speaking we will refer to the domain of normal attraction of a stable law. This is
done for simplicity of notation. The precise definition of DOA is presented just below and is

as in [52].

Definition 3. Let &, k > 1, be i.i.d. random variables with the (cumulative) distribution
function F(x). We say that F(x) belongs to the domain of normal attraction of the distribu-

tion function V(x), if for some a > 0 and some A,, the following relation holds:

lim P (lel/a (;gk> — A, < m) = V(z) (1.10)

for every x € R, Here « is the characteristic exponent (stability parameter/index) of the law

V(x).

We say that f ~ g if

tim L) 1, (1.11)

no0 g(n)
Let us assume that for ¢ € N, the probability distributions of r.v.’s 7; and &; introduced in

definition 1 belong to the domains of attraction (DOA) of stable distributions Sg(o,1,0) and

Sa(0,0,0) respectively, with 5 € (0,1) and « € (1,2]. More precisely, assume that for n — oo

1
A|>n vdr) ~ T B (1.12)

for 3 € (0,1) and for every Borel Q € S9!

1
/|y>n1(y/y|eﬂ)u(dy) ~ F(l_a)na/gda(g), (1.13)

where a € (1,2), and o is a centrally symmetric finite Borel measure on the sphere S%-1.

Definition 4. An a-stable Lévy motion E(t), 0 < a < 2, is a process {X(t),t € R} with
stationary independent increments E(t) — E(s) having a strictly a-stable distribution Sq((t —

s)/ b,0), for any 0 < s <t < oo, where b € [~1,1], [51].

10



For ¢; € DOA(Z), where Z is stable with the stability index o € (1,2], as n — oo

[nt]
nVN G- Ay = {D(t)}r>0, (1.14)
i=1 £50
in distribution, for some A,, where D(t) is a stable Lévy motion with stability parameter
a € (1,2], [5], [63]. A stable Lévy motion is uniquely described by its infinitesimal generator,
which is of a fractional derivative form, [54], [13], which we will discuss after presenting more
details about stable laws and DOAs. Stable Lévy motion is used for modelling anomalous
diffusion, because of the power law probability tails for the jumps (;, see [53] and references
therein.
Below are two graphs of stable Lévy motions with stability parameters o = 0.7 and
a = 1.7. When a = 2 the stable Lévy motion is called the Brownian motion. The graphs
here show that as « increases, the number of very large jumps decreases and the motion

resembles the Brownian motion more, which supports the theory.

Stable Levy motion, alpha=0.7

5000

] L—J

A
-5000 0

L

I I I I I I
0 200 400 800 800 1000

-15000
|
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Stable Levy motion, alpha=1.7

20
| |
e

Several useful theorems giving necessary and sufficient conditions for a probability
distribution to belong to the normal domain of attraction of a stable law with the stability
index in the interval (0, 2] are presented, for example, in the books [52] and [51]. In the book
[55] there are descriptions of models with random variables in DOA of stable laws. The book
[55] also provides a detailed overview of analytic properties of stable laws. Other manuscripts
that present necessary and sufficient conditions of random variables belonging to DOA of a
stably distributed r.v. include [56] and references therein.

There are only three classes of stable distributions with known explicit expressions
for the probability density functions (pdf’s). Denote by p and o the mean and the variance
for the random variable with a specified distribution. Here are the three stable distributions

with known pdf’s, [51].

e The Gaussian distribution S3(o, 0, 1), corresponding to « = 2, with the pdf

(@) = (20/@) e~ @ m* /4o, (1.15)

12



e The Lévy distribution S;/5(0, 1, i), corresponding to a = 1/2, whose pdf is

0= () el ) (119

e The Cauchy distribution S1(o,0, i), corresponding to o« = 1, whose pdf is

f(z) = P (1.17)

Despite the lack of stable pdf expressions, for any stability parameter o € (0, 2] there
is an analytic expression for the characteristic function, [15]. In this thesis we concentrate on
the case o € (1,2). The case a = 2 is simpler and is omitted here, apart from the analysis
results Chapter.

Now, relating back to (1.14) which relates attracted distributions with fractional op-
erators, we present several definitions and properties of fractional operators. Let us denote
the space of functions f(t,y) which are differentiable in ¢ and twice differentiable in y by
CY2(Ry x R%). Denote by AP the infinitesimal generator of a f-stable Lévy motion X with
B € (0,1):

dr

1 [ee]
AS(t9) =~ | ) = ) 5. (118)

for f € CY2(Ry x R?) regular enough and with f(t,y) = 0 for t < 0, y € R. The dual
operator for A is the fractional Caputo derivative Daﬁ defined below, [13], [57]. Here dual is
understood in the sense that for all f, g in the domain of A, (f, A*g) = (Af,g), where (-,-)
is the dual pairing. Let us write C! ([0, 00)) for the space of functions which are continuous

and with a continuous first derivative.

Definition 5. The left-sided Caputo fractional derivative for 5 € (0,1) is defined for f €

C1 ([0,00)) regular enough by

D t@) = e [ e )P (119)

The fractional derivative in (1.19) is named after M. Caputo who used this operator

in 1967.

13



Definition 6. The fractional Laplacian —(—A)O‘/2 with o € (0,2] is defined for f regular

enough as
t, y) — f(t7 5)
ly — &+t

—(—A)‘”‘/Qf(t,y)zp-v-cd7s/ K de, (1.20)
Rd

where p.v. stands for “principal value” and cq s is a normalising constant, which ensures that

the following Fourier transform in space relation holds
F((=2)*f)(t,p) = [p|*F (f)(t, p), (1.21)

see [13], [51].

a/2

The symmetric a-stable Lévy motion has the fractional Laplacian —(—A)%/* as its

infinitesimal generator [13].

Definition 7. The left-sided Riemann-Liouville fractional derivative for 5 € (0,1) is defined

for f € C([0,0)) regular enough as follows:

DY, o @) = ez 4= |, F)a =) (1.22)

Both the Riemann-Liouville and the Caputo fractional derivatives are special cases
of the more general Dzhrbashyan-Nersesyan fractional derivative, which first appeared in

publications in 1968, see [58].

Definition 8. The antiderivative for D€+7x is the Riemann-Liouwville integral

af(@) =55 [ 10 =0 (123

The following relation between Dg ., and Ié;i holds for g € (0,1):

d i
Dgy of () = I o f(2). (1.24)

We shall only deal with left-sided fractional Caputo and Riemann-Liouville derivatives;

so we drop the terminology left-sided from now on.
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Definition 9. The generator form of the Caputo fractional differential operator for every f
from the Schwartz space S(R) is defined as:

dﬁf(x) 1 dy

L -5 | ve-n-s@) s se), (1.29

In case f(z) = 0 for z < 0, the generator form is equivalent to the Caputo, but
not to the Riemann-Liouville one. This is discussed in more detail for example in [5]. The

Riemann-Liouville (1.22) and the Caputo derivatives (1.19) are related by the formula [57]:

-8
D} (0 = D0 + (1.26)

The physical interpretations of fractional Caputo and Riemann-Liouville derivatives

may be found in [36] and in [59].
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Chapter 2

Control and Scaling of the

Continuous Time Random Walk

2.1 Controlled CTRW and the payoff function.

Let us assume that an agent in charge of the stochastic system described in section 1.3 can
control the distribution of jumps &;,7 € N. Let us denote the set of all possible controls during
any jump by U. It is assumed to be a closed convex subset in R%. By U we denote the set of

sequences:

U= {u=(uy,ug,...)},u €UjieN. (2.1)

Since §; become dependent on control, we shall write &;(u;). Control brings about dependence

of the probability measure p on u € U, hence the notation p,(d€) appearing later. Now

M(t)
Y(M(t),a) = &u) (2:2)
i=1
is a controlled CTRW. For simplicity of notation we write

n(t,u) =Y (M(t),a). (2.3)
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We assume that the effect the control has on the jumps may be represented as follows

w(u)
/|y>n Ly ey it(dy) ~ F(l/gda(f), (2.4)

_ a)na

with some continuous and bounded from above and from below function w(u).

We are not going to control the distribution of waiting times, so M (t) remains inde-
pendent of u € U. Let us study the process Y, (M (t)) only at times when jumps take place.
This is an embedded Markov process. Let the terminal payoff S(t = 0,%) at any y € R? be
given by a known bounded function S(t = 0,y) = So(y).

Assume that there is a cost for jumping as well as for arriving at a new state. Let us
represent the running cost due to jumping by the function f(u,y,£). Assume also that there
is payoff due to waiting which is g(u,y) per time unit. Then the optimal payoff function (the

value function) S(t,y) for the process Y, (M (t)) considered at jump times only is defined as

follows:
M(t) M(t)
S(t,y) = jggE[So(y+n(t, W)+ > ig(ui y+Y (i=1)+ > flui,y+Y (i=1), &(w) | (2.5)
“ i=1 i—1

for ¢t > 0. It is convenient and physically appropriate to assume that for all ¢t < 0, S(¢,y) = 0.
The object defined in (2.5) represents the minimal cost that the agent pays when the time
until the end of the process is ¢t > 0 and the agent is at position y € R%. Due to the law of

total expectation

inf ESo(y + n(t,a))
aclU

= inf (E(S(t, y)|no jump)P(no jump)
uelU

+E(S(t,y) ’jump occurred) P(jump occured)> .

Given that a jump & takes place at a time r € [0, ¢], the conditional expectation of the

payoff S at time ¢t —r € Ry is given by the integral [pq S(t —r,y+ &)pu(dE) where 0 < r < t,
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r =t — . Consequently, S(¢,y) satisfies the following dynamic programming equation:

S(t,y) = inf [So(y)P[’y > t] —l—/o ES(t —r,y + &(u)|y = T)V(dr)]

uelU

uelU

= inf [So(y) /too v(dr) + /Ot » St —7r,y + &) (d)v(dr)
+/Ot /Rdg(u,y)ruu(dé)u(dr)+t/toog(u, y)u(dr)+/0t /Rdf(u,y,g)uu(dg)y(dr)] . (2.6)

2.2 Scaling.

Let us make the following scaling which is standard in CTRW theory: ~; — ~7/? and

& — &1/ i € N, where 7 > 0, see [25], [19]. Denote by X7 the scaled X:
X" (n) = 27-1/6% =X"(n—1)47Y8,. (2.7)
i=1

Also, by Y7 denote the scaled Y:
n

Y7(n) =Y % () = Y (n— 1) + 7, (uy). (2.8)
=1

Define M7 (t) = M (tr—'/#) similarly to (1.6) by

M7 (t) M7 (t)+1
Tl/’@Z%’St<T1/6 Yi- (2.9)
i=1 i=1
And similarly to (1.7)
M7 (1)
YT(MT(t),a) = Y 7% (u;) (2.10)
i=1

with n replaced by M7(t).
Analogously to (2.5) we will denote the optimal payoff at time ¢, where ¢t > 0, and at

position y € R? by S7(t,%):

M (t) M7 (t)
S7(t,y) = ;ggE Soly+n"(t @)+ > wiglusy+Y (i—1)+ Y fluny+Y(i—1),&(u))|.
“ i=1 =1
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The function S(t,y) defined in (2.5) is S'(t,y). Now the scaled analogue of the dynamic

programming equation (2.6) for S7(¢,y) becomes

T — : f
S™(t,y) inf

[so<y> | vtaryr?)

t (t—r U A/ (g /1B
+/o /RJS (t =7y + &) + f(uy, O] pad/r/*)w(dr/m/?)

—i—t/toog(u,y)u(dr/Tl/ﬁ)—F/o /Rdg(u,y)ruu(df/Tl/a)y(dr/Tl/ﬁ) . (2.11)

The scaled measures pu(dé/7Y/%) and v(dr/7'/#) can be defined by their integrals with con-

tinuous functions

/ ha (€) (e /1) = / ha (Y€ u(de), (2.12)
R4 R4

/ " () (dr 7V = / " (PP (dr), (2.13)
0 0

for any continuous functions k1 and hy on R? and R, respectively.

2.3 Heuristic results.

Assume further that as 7 — 0, for ¢t > 0 and y € R%:

ST(t,y) — S(t,y) (2.14)

in an appropriate sense, the limit S (t,y) belongs to CH2(R, x R?) and decays at infinity in
the spatial variable.
For f € CY?(R, x RY) which decays at infinity in the spatial variable, let L be

defined as

rd |y —§lTHe

and let A*? be the dual for the generator A” defined in (1.18). Here duality should be

Lgf(tv y) = P-V.Cd,q w(u)d€7 (215)

understood in the sense that (f, A*%g) = (APf,g) for any f,g in the domain of A% and (-,-)

is the dual pairing. Note that A% and A*# are defined for f € CV?(R; x R?) and regular
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enough. Assume that for any p € R4

fu,y,p€) = p* f(u,y,$), (2.16)

i.e., f is homogeneous of order or. We will use this assumption in the case p = 71/%. Let us

show that under the above assumptions the function S(t,%) satisfies an equation of the form

=B

g oW + A5 ()

~ t1-8
inf |L&S(t F 2 —— || =0. 2.17
#8800 + Fln) + 2000 (=5 )| (217)
Remark 1. In the case without control this equation appears in different forms for example

in [25], [39], [60].

We write the dynamic programming equation (2.11) in the form

tr—
S7 ( ): 11'1f SO( )[_l/ﬁ d’l“ / f u, v, 67_1/01) u(df)l/(dT)
tr—1/8
/ [ST(t —rrt/Py & 57'1/0‘)] pr(d€)v(dr)
R4
tt—
+ t/};T s g(u y) d?” / /Rd u, y 707.1/5 (df) (d?“)] (2.18)
or equivalently
57 () = inf [ s [ vtar)

T

. /OtTl/ﬁ /Rd [Sr(t _ rTl/B;y) _ ST(tvy)] (6 (dr)

~1/8

. /0” /R STl dE)ldr) + o / T g y(dr)

tr—1/8

tr—1/8 Ty - 1/8 oy _ Qr(s _ .- 1/8
+7’/ / [S (t—rrt/P y+&rt/®) — ST (t —rr ’y)]uu(df)y(dr)
R4

—1/B

tT
/
0

/}Rd g(u, y)r P, (de)v(dr) + /O /Rd flu,y, éTl/a)uu(dﬁ)l/(dr)l (2.19)
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Let us represent one of the summands as follows:

tr—1/8

[ ST(t—rTl/ﬁ,y)—ST(t,y) Adr
-/ /[ - ]uuws)(d)

pru(d€)v(dr)

ST(t B TTl//Ba y) B ST(tvy)]
T

00 T(4 / _ QT
_/ / [S (t—rr'/Py) -8 (t’y)] 1 (dE)w (dr). (2.20)
tr—1/8 JRd T
Note that
/ h STt — 7P y) o (d€)v(dr) = 0 (2.21)
tr—1/8 JRd

because t — r7/# € (—oo,t — t7= /8], and S7(s,y) = 0 for s < 0. Next, by the well-known

property of A*A

T

/oo [h(t - 7’7-1/5) — h(t)] v(dr) — Azh(t), (2.22)
0

for h € C'(Ry). Hence under appropriate assumptions on the convergence of S to S as

r

This is the main part that makes our deduction heuristic. Let us also re-write

7 —0
ST(t — /B y) — ST(t,y)
T

] v(dr) — Azg(t,y). (2.23)

tr—1/8

/ S (L y)pad)v(dr)

0 R4

_ / - / ST (4, y) () (dr) — / h S (4, ) (dE ) (). (2.24)
0 R4 tr—1/8 JRd

The first term in (2.24) cancels out with S7(¢,y) on the left hand side (LHS) and the second

term in (2.24) cancels out with the last term in (2.20). Also we write

tr—1/8

_/“’/ ST(t —rrt/Py 4 &rt/) — ST(t —rr/Py)
0 R4

ST(t — rrl/B oy + 57'1/0‘) - S7(t— rTl/ﬂ,y)
T

] o (dE)v(dr)

T

] fru(d€)v(dr)
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ST(t — rrl/B oy + {Tl/o‘) —S7(t— rTl/ﬂ,y)
T

0o
/t;-l/ﬁ /I\W

And similarly to (2.23) it follows that

A

Meanwhile

] pu(d€)v(dr).

ST(t —rrVB yert/oy — STt —r7l/B y)
T

/°° / ST(t—rTl/ﬁ,y+le/°‘)—ST(t—rTl//B,y)
.
tr—1/8 JRd

T

] fu(d€)v (dr) = 0,

since we assume that S7(¢,y) = 0 for ¢ < 0. For convenience, denote

Plu) = [ fup&m(de)

Now using (2.16) and the notation above we write

Y
im L [’ / £y 76 pu(dE ) (dr)
0 R4

=0T

tr—1/8

~ lim /R Fu,y E)pdg)v(dr)

7—0 0

(tr=1/B)=B

i ) ey

= lim F(u,y) (1 -
70

Terms with g yield in the limit:

lim 175 /too g(u,y)v(dr/m'/P) = lim 1t/too g(u, y)v(dr)

T—0 T =0T T—1/8

lim T =
= lim —g(u, y) /tT_w v(dr) = s g9 v)

and

1 t w, YT N (dr )78
= st sprinaag ey

t1=h
Il -5

tr—1/8
= /0 9(u, )T P (dE)v(dr) =

T

g(u, y).
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] pu(d)v(dr) — LaS(ty),

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)



Here in (2.31) we have used that in the limit n — oo the measure v(dr) behaves as %dr,

since fﬁ;n v(dr) behaves as F’[‘%;] in the limit n — oo. Here we let n = t7~'/% and take
7 — 0. Together (2.18), (2.23), (2.26), (2.29), (2.30) and (2.31) yield the theorem result

(2.17).

Now we describe a modification of the scaled CTRW process. We present related
optimal payoff function equation for the embedded Markov processes and present the equation
for S (t,y) in cases with and without running costs due to jumping and waiting. Let us keep
all the previous assumptions about the CTRW and also assume there is a stochastic motion
during waiting times. This motion may be an arbitrary Feller process K}'(y). We assume
that its generator is B" and the control is of Markov type. We will refer to the additional
deterministic part of the CTRW as the inner motion. In [61] such a process with inner
motion is referred to as a process with a semi-Markov chance interference. In case without
running costs our dynamic programming equation for the optimal payoff function obtains the
following form:

S7(t,y) = inf [(E[ST(} (1)) P(r > )

" / / E(ST(t— r, K (y) +€) [y = r)pua(de /7 )(dr/7V9) | | (2.32)
0 R4

We scale the waiting times for this inner motion by 72/7, and use the following convenient

notation

E[ST(K (y) + &t —r)] = o ST(z+ &t —1)Pe(y, dz). (2.33)
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So after the scaling (2.32) may be written as:

S7(t,y) = inf [ / [ S Pt/

uelU

)
//Rd RdST(Z—i-Et—r) (Y, d2) g (dE /T ) ( dr/rl/ﬂ]
)

uelU

= inf [/ ST (%) Pyrise(y, dz)v(dr
tr—1/8 JRd
tr— /8

+/ / / ST(z+ Yt — YV, s(y, d2) o (dE)v(dr)
0 Re JRe

= inf [/ S™(2)Ppr/s(y, dz)v(dr)
tr—1/8 JRd

uelU
+ /tT_l/ﬁ . Joa ST+ &IVt =TV Pys (y, dz) = ST(y,t —r7'/P) (d€)v(dr)
0 R4 g "
t‘r_l/ﬁ T _ 1/ﬂ — T
+/ <7—S (y,t T = ) S (tvy) +ST(t,y)> V(dr)] . (234)
0

Hence,

1
{/ 7 (¢, y)v(dr) / / 2)Pyrass(y, dz)v (dr)}
T | Jir—1/8 tr= /8 JR
M ory . 1/B —S7
= g V S
uelU 0 T
tr—1/8 Ty 1/8 1/ T(t — 1/5
t t
[0 [ Pt ST p g de e dear)
0 Rd JR4

tT T(4 1/6 T(4 1/,8
/ / STt = rr ) STt = rr )P,.Tug(y,dz)l/(dr)]. (2.35)
Rd

The last summand can be represented in the form:

tr— T 1/6 T(4 _ 1/8
/ / S — ) d (t 2 ’y) PT‘Tl/B (yvdz)y(dr)
Rd
T(4 _ 1/6 T(4 _ 1/6
/ /d ST(t —rT ) ST(t—rT )Prfl/ﬁ (y, d2)
R

T t _ l/ﬂ T(t — l/ﬁ
/ / : = ) d ( 2 )PrTl/ﬁ (y7 dZ)V(dT). (236)
tr—1/8 JRd

As 7 — 0, due to the boundary condition the two terms in the second integral are 0’s and

the first integral satisfies:

STt —rrVB 2y — ST(t —r7/B, }
/O » ( rT Z) = ( rT )P 1/B(y,dZ) (d’f') N BuS(t,y) (237)
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As for the term

L SR s, (2.38)
tr—1/8 JRd
we add and subtract
1 D
[ St (2.39)
T Jir—1/8

and this gives us:

/t “1/8 Jpa S PtTl/B (y, dZ)V(dT’)

= /oo fRd tTl/ﬁ(y, dZ) So(y)} V(dT)
tr—1/8 T
1 o0
T Jtr—1/8
Now,
¥ s [ 5T = S()
/-1 [ =2 &) = »o0ly)
/—1/[% i /]Rd +71/8 P, 1/8(y,dz)v(dr)
— tmY/P=1BUSy (y)v(dr) — 0, (2.41)
tr—1/8
and
1/00 So(y)v(dr) = So(y) (2.42)
— 14 r)~ — — , '
T Jtr=1/8 o r'(1—5) o\y

Assuming that the limit S (t,y) := lim; 0 S7(t,y) exists in an appropriate sense, it follows

b
-z

+ inf [L88(t2) + BS(t, v)| + 455(t,y) =0. (2.43)

t=9So(y)

If we also add the costs for jumping and costs for waiting, then the extra terms with g, +(y)

and F'(u,y) appear as in the previous version of the process, yielding the following equation
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for S(t,y):

L
I -p)

+ inf | LES(t2) + BS(ty) + 200 ()t + F(u, y)] =0. (2.44)

t7So(y) + A5S(t,y)

2.4 Process description forward in time.

Sometimes it is appropriate to describe the motion time-forwards, rather than time-backwards,
i.e., t > 0 represents time elapsed since the beginning of the walk, rather than until its termi-
nation. In particular, this is convenient when jump or waiting time distributions are position
dependent. Let us denote by T" the time we finish observing the process. Then what used to be
denoted by ¢ becomes T'—¢ in the new notation. The terminal payoff is now S(T,y) = Sr(y).
Define M7 (T —t) by

MT™(T—t) M™(T—t)+1
N < T—t<P Y (2.45)
i=1 i=1
Then
M™(T—t)
W(T—t,@) =Y (M™(T —t,a)) =7/* > &(u). (2.46)
=1

Then the new definition of the optimal payoff S7(t,y) is

M7 (T—1)
S7(ty) = inf E|Sp(y +n7(7 ~t,4)) + > vigluiy+Y(i—1))
w i=1
M™(T—t)

i=1
We now assume that S7(¢,y) = 0 for t > T', replacing the assumption in the previous process
formulation: S7(¢,y) =0 for t < 0.
Assume again that S7(-) — S(-) in the appropriate sense and L? is as before. Let us
show that as 7 — oo the function S(t,) should satisfy the equation

(T —t)"PSr(y)
Il —p]

+ APS(t,y)
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(T —t)!=F

+ inf [Lgé(t,y) +29(u,y) Il - 3]

+ F(u, y)} = 0. (2.48)

Analogously to the previous derivation, we derive from the law of total expectation that

S7(t,y) defined in (2.47) satisfies the following:

oo (T—t)yr=1/8
S () = inf [5T<y> /( viar) + | L5 nmataewiar)

u€ T—t)yr—1/8

+T/(Tt)7——1/5/ ST(t—{—T‘Tl/B,y—Fle/a)—ST(t—FTTl/’B,y)
0 R4

T

iy (dE)v(dr)

—t)r—1/ - -
+T/<T DV ST rr /B y) — ST y)
0 R4 T

uu<d§>u<dr>] . (2.49)

Next we carry out the same procedures as for the previous derivation and obtain equation

(2.4). Note that (2.4) may be written in the form

APS(ty) + inf (L3S(t,y) + hit,u,y)) =0 (2.50)
ue

or

A7S(t,y) + inf H(S(t,y),t,u.y)) =0. (2.51)

The next section will concentrate on the scenario where jump sizes depend on the
current position of the agent, and for every ¢ > 1 waiting time -; depends on Z;;ll 7vj- There

we use the forwards-in-time description that we have just introduced.

2.5 Time and position dependent extensions of CTRWs.

In this section we present position dependent extensions of controlled CTRW models studied
in the previous sections of this Chapter, and corresponding limiting payoff function theorems.
These position dependent CTRWSs are Markov Chains with nonexponential waiting times.

Here we generalize the fractional operators to generators of Feller processes. These include the
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Brownian motion, all Lévy processes as well as solutions to Stochastic Differential Equations
(SDEs) with Lipschitz continuous coefficients. The definitions, properties and a detailed
exposition of Feller processes is presented for example in [54].

Let £, be an infinitesimal generator of a Feller process, and &/ be an infinitesimal
generator of an increasing Feller process. Let the dynamics of the process Y7 (M7 (t)) be

determined by

YT(n) =Y"(n—1)+ &Y (n—1)),
X™(n) = X"(n=1) + (X" (n—1)),
M7 (t) = irﬁf{n : X"(n) >t} —1,
for every n € N; and for i € N the r.v.’s §, ; obey probability laws i, -(d§) and

v, (dr) respectively, such that as 7 — 0 the following convergence holds:

/OOO fletr, yi_ I(t.9) vr(dr) — A f(t,y) (2.52)

for any f(t,y) in the domain of 2, and

f(t, Y+ 67)_ - f(tv y) Mu,T(dg) N guf(t, y)’ (2.53)

Rd

for any f(t,y) in the domain of .%,.

Let us consider Y7 (M7(t)) at jump times only. Define the payoff for this dynamics:

S7(t,y) = inf E [ST(ZU + YJ\CIT(T—t))

aelU

M7 (T—t) MT7(T—t)
+ > gy + YT )+ Y f<ui,y+Y;~T_1,5i>} (2.54)

=1 =1

where Sp(y) = S(T,y) is a known bounded function, S7(¢t,y) = 0 for all t > T; g(u,y)
and f(u,y,£) are the running cost functions corresponding to waiting and jumping costs
respectively. Assume also that as 7 — 0, S7(-) — S(-) in an appropriate sense, where S(t, y)

belongs to domains of the operators .%, and 7. Denote the dual operator for & by &7*. Let
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us show that the equation for S(t,y) becomes
AS(t,y) = o Urn0)S1(y) + inf [Z.5(t,y)

+g(u,y)* (T — t)L(r—t>0)) — F(u,9) 7 Li7_4=0)] = 0. (2.55)

Remark 2. [t is well-known that if there is mo control, then the Markov chains X[;/ﬂ,Y[tT/T]
converge to Feller processes with generators &/ and £ respectively as T — 0, see e.g. [54]. In
the case without control the equation (2.55) is a well-known result for the limits of functions

of scaled CTRW, see e.g. [13], [62].

Due to the law of total expectation, analogously to (2.47), the optimal payoff defined
in (2.54) satisfies:

57t = inf, [1S7(0) + )7 = 0)] [~ vrla)
T—t
[ [y Ok g+ ] @50
0 R4

Let us re-write (2.56) as

T

o T—t T r . r
57(t,) 325[5T<y>][ )7 [ [ SEETVEOZSEER (g, ar)

It ST(t+ry)—S"(t,y) T—t i
+T/0 /]Rd o, (df)V-,—(d’r) + /0 Rd S (t’ y)uu,r (dg)l/‘r (d?“)

T

o0

T—t T—t
o) =0 [ v+ [ [ (g + [ Wﬂwwwmww@Amﬂ.

T—t
(2.57)
Now, to show (2.55) we follow the same method as in proving (2.17). Let us re-write
T—t
STt+r,y+& —ST(t+r,
0 R4 T
> STt+ry+& —S(t+ry
- [T [ )= STEEnY), gy ar)
0 Rd T
—T/ / SUrry ) =5EEnY) (i) (dr). (2.58)
T—t JR? T
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The double integral that we are subtracting is equal to 0 because we have assumed S7 (t,y) = 0
for t > T. Due to (2.53), our assumption that ST — S in an appropriate sense, and due to

the properties of the generators o/ and .7, it follows that

o0 fg(t—kr,y) — ZS5(t,y)

lim ve(dr) = o (ZLS(t,y)), (2.59)
7—0 0 T
S0
lim ZLS(t +r,y)v,(dr) = lim (/ ZLS(t,y)v.(dr) + T%(.,%S’(t,y)))
7—0 0 T—0 0
= lim ZLS(t,y)v-(dr) = ZS(t,y), (2.60)
7—0 0

similarly to (2.59) it follows that as 7 — 0

e (d€) = ZuS(t,y). (2.61)

/ ST(t+ry+&) —ST(t+ry)
]Rd

T

Now express

o[ SRS g

0 Rd T u,T T

- [ T e an
0 Rd T U, T T

- / ) / STy = ST0Y) |y, (dr). (2:62)
Tt JRd T

Due to the definition of &/ and (2.52) and the assumption S™ — S, as T — 0, similarly to

how (2.59) and (2.61) have arisen earlier, it follows that

v (dr) — 2/ S(t,y). (2.63)

/OO ST(t +T7y) — ST(ta y)
0

T

The first term in the double integral that we subtract is equal to 0, as we have assumed

ST(t,y) =0 for t > T. Now,
T—t
| 5 @)
0 R4
_ / TS ) (dE)vs (dr) — / T ST s @) (). (2.64)
0 R

T—t JRE
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The double integral we subtract here cancels out with the last term in (2.62), and the first
cancels out with S7(¢,y) on LHS. As for the running cost terms the following calculations

prove to be useful:

o0
AL (r_y>0) = — lim (Lr—1—r>0) — Lir—t>0)) V- (dr)
T7—0 0
oo oo
= lim Lr_¢>0)Vr(dr) = lim v (dr), (2.65)
T7—0 T—t T7—0 T—t
as we assume T — ¢ > 0. Also,
F* (T = ) (r—4>0)) = — hﬂ% (T =t =) Lr_t—rs0) — (T — )L (r—s=0)) v+ (dr)
™0Jo
= hi% (_(T - t)(l(T—t—r>0) - 1(T—t>0)) + 7"1(T—t—r>0)) V'r(dr)
™0Jo
T—t
= lim vy (dr) + (T — )™ (1 —t>0))- (2.66)

7—0 0

Hence terms with g(u,y) yield:
oo

lim <g(U,y)(T 1) /T  eldr) +g(u.y) /0 o m(dr))

=g9(u,y) " (T = t)L(r—r>0)) - (2.67)

The term with f becomes in the limit

iy [ [+ € (@A) = ~F(g )" (r1s0) (2.68)
T—t JRA

T—0

in analogy to the more specific case (2.29). The result (2.55) follows. In the particular case
when we assume & = >0, Ly’ for aj € (0,2) and assume o = > i1 APi for B; € (0,1),

j€[1,---,n], the limiting equation has the form

D ABS(ty) =3 A (Lri50) S1()
=1 i=1

n n

+ Jrellfj [Z ijﬂ'g(t, y) + 9(u,y) Z AP (T = t)1r—4>0) — F(u,y) Z AP 1Tt>0:| =0, (2.69)

Jj=1 Jj=1 Jj=1

where Ly’ is defined as in (2.15) for each j € [1,---,n]. Physically this corresponds to the
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situation where each of the jumps & depends on n different stable laws. l.e. each jump size
belongs to the normal domain of attraction on n different stable r.v.’s, representing n factors
affecting the sizes on jumps &;,7 € N. Similarly, the second assumption models the scenario
in which the waiting times 7; depend on n different stable laws. For example, if n = 2, and
ag = 1, the measure pq, (d€) is independent of control, and § is fixed for j € [1,2], then
L = —w(u)d%, the drift operator. In case when there are no running costs, the equation

for S (t,y), written backwards in time, has the form

AP5(t,y) — A Soly) + inf KLC” + w(u)jy> 3, y)} 0. (2.70)

Using the definition of the Caputo derivative Dgﬁ in (1.19), equation (2.70) can be presented
in the form

D, S(ty) = L 8(ty) + H (t.y. D,S(ty)) (2.71)

where H contains all the control related terms and the initial value term. Analysis of well-
posedness for a mild form of (2.71) in case L™ = —(—A)*/? with o € (1,2] is presented
in the next Chapter, together with various regularity properties. The rigorous proof for

S7(t,y) — S(t,y) as T — 0 is presented in Chapter 6.
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Chapter 3

Wellposedness

The purpose of this Chapter is to present our results concerning well-posedness of the Cauchy

problem for the non-linear fractional in time and space differential equation

D3 f(ty) = —a(—A)2f(t,y) + H(t,y, VI (L,y)) (3.1)

where y € R4t > 0, 8 € (0,1),a € (1,2], H(t,y,p) is a Lipschitz function in all of
its variables, f(0,y) = fo(y) is known and bounded, and «a is a constant, a > 0. Here V
denotes the gradient with respect to the spatial variable. For a function dependent on several
spatial variables, say x,¥y, we may occasionally indicate the variable with respect to which
the gradient is taken, by a subscript, V.. For the readers’ convenience, below we write the
definitions of the Caputo and Laplacian fractional operators. The Caputo derivative Dég is

defined for f € CH2(R, x RY) regular enough as

D f(ty) = F(ll—ﬁ)/o P ¢ sy0as, (3.2)

whilst —(—A)*/? is the fractional Laplacian

—(=A)2f(t,y) = pv.Cya /R ) / (ﬁﬁﬂﬁi *) g, (3.3)

defined for f € C12(R; x R?) and decaying at infinity in y, and where Cy, is a normalizing

constant and p.v. stands for the ”principal value”. The extension of our results for (3.1) to
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the case where H = H(t,y, f(t,y), Vf(t,y)) is straightforward and we omit it here.
As a preliminary analysis we establish the regularity properties for solutions of the

linear equations such as
D f(ty) = —a(=2)*f(t,y) + h(t.y), (3.4)

with a given function h, an initial condition f(0,y) = fo(y), 8 € (0,1), € (1,2], and
a constant a > 0. This allows one to reduce the analysis of (3.1) to a fixed point problem.
Firstly we study the linear problem (3.4) and secondly we formulate and prove our main
results for equation (3.1).

Our regularity estimates for Gg and Sg; have already been applied to analysis of SIR
systems described with Caputo time derivatives and fractional Laplacians. The paper proves

existence of a global solution and establishes solution time bounds, see [63].

Before the fractional Cauchy problem analysis we present a literature review for recent
developments in analysis of fractional differential equations (FDEs). Among researchers who
studied solutions to FDEs are [64], [36], [65], [66], [67], [57], [68], [69], [37], [70], [71]. More
results and reviews can be found in references therein. FDEs appear for example in modelling
processes with memory, see [39], [38], [72], [73].

Several authors solve FDEs using Laplace transforms in time, see [66], [37] and [67]
for example.

The book [57] covers analysis for Caputo time-fractional differential equations with

the parameter g > 0, for example

Dyy(x) = —py(z) + q(x), (3.5)

with (0) = 5", Dy(0) = 45", B € (1,2), > 0.

In [65] the theory for FDEs in LP spaces is developed. Well-posedness of (3.4) in LP
may be deduced from there.

In [64] the authors consider classical solutions for fractional Cauchy problems in

bounded domains D C R? with Dirichlet boundary conditions.
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In [74] one may find the analysis for the non-local Cauchy problem in a Banach space,
where instead of —(—A)O‘/ 2 there is a general infinitesimal generator of a strongly continuous
semigroup of bounded linear operators. The authors present conditions that need to hold to
ensure existence of mild forms of the FDEs.

The paper [75] establishes asymptotic estimates of solutions to the following FDE and
its similar versions:

d? t
a2 U(l‘, )

Difulet) = >0,

(3.6)

fort >0,z € R, a € (0,1), u(x,0) = ¢(z), lim|y|, o u(z,t) = 0, however the case of
the spatial fractional Laplacian is not included and there is no h(z,t) term on the right hand
side (RHS).

In [76] the author studies the uniqueness of a solution to
oru(t) = Au(t), (3.7)

where t > 0,u(0) = up, and A is an unbounded closed operator in a Banach space, a € (0, 1).
However there is no non-homogeneity term h(t) on the RHS. For solvability of linear FDEs

in Banach spaces one may see [77], where

DyGx(t) = Az(t), form —1<a<meN, (3.8)

and i—ix(t)\tzo =&, for E = 0,...,m — 1. The authors give sufficient conditions under
which the set of initial data & for £ = 0,...,m — 1 provides a solution to (3.8) of the form
Z};ﬂ:—ol tkankH(Ato‘)ﬁk. In particular, these conditions depend on Roumieu, Gevrey and
Beurling spaces related to the operator A.

In [78] the authors use fixed point theorems to prove existence and uniqueness of a

positive solution for the problem
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Dfy(t) = f(t,x(t), = Dg,x(t)), ¢ € (0,1), (3.9)
with non-local Riemann-Stieltjes integral condition
Dg,x(0) = Dy tx(0) = 0, (3.10)

and Dgtx(l) = fol ngtac(s)dA(s), where A is a function of bounded variation, « € (2, 3], €
(0,1),a—p > 2. In [78] there are references to papers where FDEs are inspected with the help
of various fixed point theorems. Our analysis also includes a fixed point theorem, however
its use and the problem itself are different from the one in [78].

In [69] there is a construction and investigation of a fundamental solution for the

Cauchy problem with a regularised fractional derivative Dg, ., and a € (0,1) defined by

DOi’regu(t,x) = m [6915/0 (t —7) “u(r,z)dr —t *u(0,z)] . (3.11)
Note that
1o [ a
D5u(t.) = F a7 5 /O (t — ) u(r, 2)dr (3.12)

is the definition of the Riemann-Liouville fractional derivative. Since D{§f(t,z) =
Dg,f(t,x) — F(tl_ij@f(o,x), the regularised derivative in (3.11) is in fact identical to our
definition of the Caputo derivative in (3.2).

The problem studied there is
Dglvtﬂ'e!]u(t’ .’IZ’) - Bu(t7 .T) = f(ta .'IZ'), (313)

t € (0,T],xz € R", where
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=1

,j=1 =

with bounded real-valued coefficients. Our analysis goes beyond to include B = —a(—A)%/2,

with a > 0. Theorems 3, 6 and 7 concerning the case o = 2 are obtainable from the results
in [69] by slightly different arguments.

The paper [79] presents in particular the fundamental solution to the multi-time FDE

Z AkD*ﬁku(ta y) - Amu(t7 y) = f(ta y)v (3'15)
k=1

fort = (t1,...,tn) €E Ry = (y1,...,ym) € R™, and A = (A1,..., A\p) € R™, whilst A, is the
standard Laplacian operator and 55 € (0,1) for all 1 > k£ < m. There is also the proof of that
the fundamental solution for (3.15) is unique. The uniqueness result covers a more broad
range of FDEs involving Dzhrbashyan-Nersesyan fractional in time differential equations. In
our case there are fractional operators with respect to both spatial and temporal variables.
Denote a bounded domain by D. Taking a € (0,2), 8 € (0,1) the paper [80] explores

strong solutions to the equation
Difju(t,z) = AL u(t, ), (3.16)

forz € D, t >0, u(0,z) = f(x) for z € D and u(t,z) =0 for x € D¢, t > 0.

Our approach to the non-linear FDE is different and includes the fractional Laplacian
—(—A)*/? instead of the standard one A,. We extend to the scenario with the RHS term in-
cluding H (t,y, V f(t,y)). We concentrate on the case with only one fractional time derivative
Dy,

In [81] the authors present conditions under which a Caputo FDE has a classical
solution. However, their equation considers a fractional derivative in time only, whilst the
spatial operator is the Laplacian. Also, apart from the fractional time operator, their equation

of interest involves a Laplacian in time.
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3.1 The mild form for the linear fractional dynamics

Our analysis of equation (3.4) is based on the Fourier transform in space, where for a function

g(y) its Fourier transform will be defined in the following way

i(p) = /R e g(y)dy, (3.17)

where (-, -) is the scalar product. Applying the Fourier transform in y to (3.4) yields

Dy f(t,p) = —alp|*f(t.p) + h(t,p). (3.18)

This is a standard linear equation with the Caputo fractional derivative. For contin-

uous h its solution is given by

F(t.p) = fo(p) Esa(—alp|*t”) +/0 (t = )" Egg(—a(t — 5)°[p|*)h(s,p)ds,  (3.19)

where Eg; and Eg g are Mittag-Leffler functions, see formulas (7.3) — (7.4) in [57].

Let us recall that the Mittag-Leffler functions are defined for Re(3) > 0, and v, z € C:

o0
Eg 3.20
We will use the following connection between Eg g and Eg ;:
o By p(-alpl*a?) = — L By (alpl*a?). (3.21)
’ alp|*dx "

To prove (3.21) one may use the representation of Eg1(—alp|*z?) in (3.20) and differentiate

with respect to x term by term. Now we present two convenient notations for further analysis.

38



Let us denote

1 7 «
Spa(ty) = G5 /]R L€ B 1 (—alp|*t”)dp (3.22)
and
-1
Gs(t,y) := v PV By 5(—alp|*t?)d (3.23)
8ty @) o 3,8(—alp p- :

Using (3.21) we can re-write (3.23) as

1 , 1 d
Galt,y) = ——s [ P — Eg1(—alp|*t?)dp. 3.24
) =~y [ B (—alpl* ) dp (3:24)

Applying the inverse Fourier transform to (3.19) we obtain:

fty) = /Rd Sga(t,y — ) fo(x)dx + /0 /Rd Gp(t — s,y — x)h(s, x)dzds. (3.25)

It is natural to call this integral equation the mild form of the fractional linear equation
(3.4). In particular we see that the function Sg;(t,y — yo) is the solution of equation (3.4)
with fo(y) = 6(y —yo) and h(t,y) = 0. The function Gg(t —to,y — yo) is the solution of (3.4)
with fo(y) = 0 and h(t,y) = 6(t — to,y — yo). Thus the functions Sg; and Gg may be called
Green functions of the corresponding Cauchy problems. Notice the crucial difference with
the usual evolution corresponding to 8 = 1 where Gz and Sg; coincide.

In order to clarify the properties of f in (3.25) we are now going to carefully analyse

properties of the integral kernels Sg1(t,y) and Gg(t,y).

3.2 Regularity properties of S3; and Gj

For d > 1 let us define the symmetric stable density g in R? as the Fourier transform of the

corresponding characteristic function
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o007 = 0) = sy [ explilp.s) =~ aclpl” (3.26)

where « is the stability parameter, o is the scaling parameter and ~y is the skewness
parameter which is v = 0 for symmetric stable densities. In d = 1 and « # 1 we define the

fully skewed density with v = 1 and without scaling:

oo

1
w(z;a,l) = 2Re/
™

—00

exp {—z'px — |p|* exp {—ng(a)}} dp, (3.27)

where K(a) = a — 1 4 sign(l — «). The function w(x; e, 1) is infinitely differentiable and
vanishes identically for x < 0, see [15], theorem C.3 and §2.2, equation (2.2.1a).

The starting point of the analysis of Sg1,Gp is the following representation of the
Mittag-Leffler function due to [15], see chapter 2.10, Theorem 2.10.2, equations (2.10.8 —

2.10.9). For 8 € (0,1)

Egi(—aX) = ;/0 exp(—adz)z ™ Y Bw (B B, 1)dx. (3.28)

Substitute A = |p|*t?:

1 o
Eg(—alp|*t’) = B/ exp(—alp|“t’z)z " Pw(x~VP B, 1)dx. (3.29)
0
So then
11 p(—alplt®) = —— L By (—alplot?)
’ alpl* dt"
S / 2™ Y8 exp(—alp|*tPx)w(z=?, 5, 1)dx, (3.30)
0

implying
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1 i .
GB@JD==Chﬂdjgﬁ”“wﬁbﬁ(—GWItﬁﬁﬁldp

th-1

=g | L el n)a e B 1) dpds
) Jo o JRre

= t’B_l / l'_l/ﬁw(x_l/ﬁ, 57 1)9(_y7 «, tﬁx)dx, (331)
0

where g is as in (3.26) and w is as in (3.27).

1 A
Spa(t9) = g [ €0V Eaa(—alpl”)dp

1 > % —alp|®tPz, —1— -
_ B(%)d/o /Rde@,we P2 =1=1/84 (=118 8 1)dpda
= 5(21)‘1/ x_l_l/ﬁw(x_l/ﬁ,ﬁ,1)g(—y,a,tﬁx)d:p. (3.32)
T 0

Throughout this paper we shall denote by C' various constants that may be different

from formula to formula and line to line.

Theorem 1. For § € (0,1), a € (1,2) and Gg(t,y) defined in (3.23)

/ Gt y)ldy < CHP1, (3.33)
Rd

where C > 0 is a constant.

Proof. Let us write the integral representing G(t,y) as the sum of two, so that

Gg(t,y) = I1a + I, (3.34)
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where

tﬁ—l (o) . _ _
= i / 215 /R PV exp{—alp|*t’a}aPw(eV, 5, 1)dpda
y|*t=
= tﬁ_l/ 2 Pw(a P B, 1)g(~y, o, t’z)de (3.35)
ly|et=58
and
tﬁfl ‘ylat76 . 1 1
8= (amy /0 /R P exp{—alp|*t°z}a~Pw(a P, B, 1)dpda
ly|*¢=F
= 91 / v VPw(@ P, B,1)g(~y, a, ) da. (3:36)
0

To estimate |I4| and |Ip], let us examine cases |y| > t%/® and |y| < t%/* and start
with |y| > /%, Note that the asymptotic expansions for g(y, a, o) and g(—y, a, o), namely,
(7.2) and (7.6) appearing in the Appendix, are the same, by inspection. Since z > |y|*t~? in
T4 we may use the asymptotic for |y|/z'/*t8/® — 0, see (7.2). We also use that for = — oo,
z= /8 — 0, so for x — co we have w(x_l/ﬁ,,é’, 1) ~ C, where C' > 0 is a constant. Thus we

have

[a] <

/OO xil/ﬁ*d/aw(xfl/ﬁ, B, 1)A0t'8717d6/adx
ly|t=F

(lylot=8)\ /8~
1=1/8 d/al
(Jyjot=2)1- /o=l

< Ot 4

Aol
[1—1/8—d/al
S Ctﬁ_1+1—ﬁ‘y’a—a/,8—d (337)

Now, let us study I in case |y| > tP/@. Here we use the asymptotic expansion for
lyl/z'/ P/ — oo as it appears in (7.6) in the Appendix and take the first term only. Here

we use the change of variables z = z— /%,
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ly|>t=P
T A T B
0

o
< 21y —de / (2, B.1)dz. (3.38)
ly| ==/t

We split this integral into two parts: z € [1,00) and z € (|y|~*/#t,1). Firstly,

o
(281~ / = Pu(z, 8,1)dz
1

< g2y A / w(z, B,1)dz < Ct¥#ty| =4, (3.39)
0

In case z € (|y|~*/Pt,1) we may use that z is small and so 2~ ?Pw(z, 8,1) < Cz~28+4=3,

for any ¢ > 1. So

1 1
t26—1’y|—d—a/ 2_2610(2,,8, 1)d2 < Ct25_1|y‘_d_a/ Z—2B+q—3dz
lyl=/Pt ly|=>/?

= PPy (1= (g ) L (3.40)

Now let us study the case |y| < P/, For I, we use that x is large, so 2~/ is small,
—2
and that for ¢ > 4 we have x4~ 1/By(z=1/8) < Ca~ Y5 Here ly|* < t8 and we

obtain

’IA’ < Ct,@—l—dﬁ/a

> —d/a—922
Apr B dx
ly|t=F

q—2
< tﬁ—l—ﬁd/a <y04t—,3> —d/CY—‘;’ﬂ +1
< p-1-dB/oy—df/a—(¢=2)+F+dB/e+(q-2)=B ¢

< th-1=db/ec, (3.41)
As for Ip in case |y| <t/
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ly|et—5
Is] < C / 2V B8, B 1)y e
0

ly|>¢=F#
< C\Z/|_d_o‘t25_1/0 g1 VB (VBT gy < Cy[Pem AL

Integrating (3.37) in polar coordinates gives

/ [Laldy < C [r|e /B )| < (/)P = e,
ly|>tP/ |r|>th/

Integration of (3.40) in polar coordinates gives

[l [ et
y|>th/e r|>t8/a

_|_Ct26—1 / |T|d_1_d_a‘7’|2at_2ﬂdr
|r|>tB/e

Integration of (3.41) gives

/ |Laldy < Ctﬂ—l—dﬁ/a/ |4
lyl<to/ Irl<t#/e

< pdB/a—dp/atp-1 C||:i410 < -1 |ASZ|C'

Integration of (3.42) yields

/ |Ip|dy < C =B |20t g < oy AL (1820 = OB,
lyl <t/ Ir{<t8/

Combining (3.43)—(3.46) yields (3.33).
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Theorem 2. For 5 € (0,1), a € (1,2) and Gg(t,y) defined in (3.23)

/ VGt )|y < 9Bl
Rd

(3.47)

Proof. In case |y| > t%/%, we have |y|~" <t~/ and so differentiation with respect to y yields

V1a| < Ct P14
and
IVIg| < Ct=P/*|1p].

In case |y| < t9/® we need to take into account the second term of the

expansion, since the first term is independent of |y|. Consequently,

oo
VI <O [ e ey (a2
lylot=#
o
<c - d/a—2/a—1/8,-d8/a-28/a+ 51,
lylot=F

< Ct—dﬁ/a—2ﬁ/a+ﬁ—1|y‘ _ C(|y’at—6)—d/a—2/a—1/ﬁ+1tﬁ/a

_ Ct—dﬂ/a—Zﬂ/a+B—1|y| - Ctﬁ/a|y|—d—2—a/6+a‘

Integration of the first term in (3.50) yields

C t—dﬁ/a—Qﬂ/a—i—ﬁ—l’r|d—1+1dr
Ir|<th/e

< Ct—dﬂ/a—ﬁ/a—i-ﬁ—l—i-dﬁ/a < Ctﬁ—l—ﬁ/a.

Integration of the second term in (3.50) gives
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asymptotic

(3.50)

(3.51)



/|| B tﬁ/a|y|fd+d73fa/ﬁ+ady
y|<tP/e

< tﬁ/a(tﬁ/a)—z—a/ﬁ'i'a < tﬁ—l—ﬂ/a'

Combining (3.51) and (3.52)

/|| ., |V1a|dy < CtF—178/e,
y|<tP/e

As for |VIp| for |y| < tP/*

ly|“t—A
V5| < O]y -d-o-1 / V(e VP, B, 1)de
0

C\etf,ﬁ
< cpraplact [M gy
0

< Ot2ﬁfl’y|fdfa71(‘y|at75)3 < Ct7571|y’fd+2a71.

Integration gives

/ |VIB|dy <C t*ﬁ*lly‘fd+d+2a72dy < Cp—B-1-B/a
ly|<th/e ly|<tB/e
So
[ Wiy < oo
ly|<tB/a
Since
[ 9Gste oy < [ 195y [ 191y

Rd R4 R

combining results (3.48), (3.49), (3.53) and (3.56) we obtain
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/ IVGs(t,y)|dy < CtP~1=0/, (3.58)
R4

which proves (3.47).

O
Now let us consider the case o = 2.
Theorem 3. Let Gg(t,y) be as in (3.23) and (3.31). For a =2 and any B € (0,1):
o Jo Jua1Ga(ty)ldyds < Ct°,
o Jy JpaIVGa(t,y)ldyds < Ct5/2.
Proof. Note that
/ exp{—acp® — iy, p)}dp = ' deXp v (3.59)
R? ’ Vo 4ao |’ :

where in our case o = xt?. Substitute this into (3.31) to obtain

s—1 [e%S) d — a2
Gg(t,y) = éﬂ')d/o VP (2=VP B,1) <\/\;%) eXp{Zlatyﬁm}dx (3.60)

where y? = y? + 43 + ... + y2. We are interested in fg Jza|G(t,y)|dyds. Integrating

y-dependent terms in Gg with respect to y gives

/Rd exp{ [y /4aa:t'8} dy = (drat?)¥? = Cx¥/?tP4/2, (3.61)

d
The term z%2t8/2 cancels out with ( ) and we obtain

thx

/|G5(t y)|dy = I(t) c/ “UBy(zVB B, 1) P du. (3.62)
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Now we split the integral I(¢) into 2 parts: I,(t) for z > 1 and I(t) for 0 < z < 1. In I,(¢),

z>1and soz7 /8 <1 and w(z=YP,3,1) ~ C, so we have

Ia(t):/ CtP ™Yo (=Y8 3, 1) dx
1

< tﬁ_l/ o MPCde < C117VPPTL = P (3.63)
1

Integrating with respect to s gives

t t
/ |1,(t — s)|ds < / C(t —5)P~tds = CtP. (3.64)
0 0

For Iy(t), z < 1,s0 =% > 1 and w(z=V#,3,1) ~ (x=V/F)=1-8 = 21+1/8 and

1
Ib(t):/ Cz VPw(@™ V8, 3, 1)t° Vda
0

1
< Cct?P! / g VERUBH gy < O, (3.65)
0

with a constant Cy > 0. Now we integrate with respect to s

/t |Iy(t — s)|ds = /t Ot —s)Plds = CtP. (3.66)
0 0

Together with (3.63) and (3.64) this yields the first statement of the theorem.

Differentiating G g with respect to y gives us

no = [ IVGstuldy

= / / F=A=1=Bd)2, =121/ 5421 | oxp{ —|y|? /4aat® yw(x =P, B, 1) dyda. (3.67)
0o Jrd

Since
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/ ly| exp{—|y|?/4azt?}dy = CatP (VatP) L =Caz™5 t— 2, (3.68)
Rd

we have

L) = / / STSTL 2 S2y py ? 4t b (a7, B, 1) dyd
0 R

= C/ ¢TI 2= 21 By (=B B, 1)de. (3.69)
0
Now we split the integral I;(t) into parts corresponding to x € (0,1) and z € [1, 00):
1
Lt) = / 1B 212 By (2718 B 1) d (3.70)
0
and

Ly(t) = / § 1825112218y, (=18 g 1) (3.71)
1

Let us examine I5(t). Since z € (0,1), we have w(z=#,3,1) ~ (2= /#)=1-8, so

1
Ig(t):/ 1B 21221 By (=B B 1) de
0

1
:/ 1B 212V BB gy — 94— 145/2 /3, (3.72)
0
Integrating
t t
/ |12(t—s)|dsg/ (t — )1 HB20s = ¢P/2, (3.73)
0 0

Now, for I3(t) we use that 2~ /# <1 and so w(z="#,8,1) ~ C.
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[I3(1)] <

/Oo t71+5/2$*1/2*1/5w(x*1/57 8,1)dx
1

< 182 /Oo g7 V2 VB gy | = Ot1+A/2, (3.74)
1
Integrating with respect to s
t t
/ |I3(t — s)|ds < / (t — 5)%% ds = CtP/2. (3.75)
0 0

Note that 5/2 = f— /a for @ = 2. So for a = 2 the form of the estimate is the same

as for a € (1,2).

O
The following corollary is a consequence of the previous theorem.
Corollary 1. For a =2 and 8 € (0,1)
t
| [ (96wl +1Gae. ) dyds < oo (3.76)
o JR

Proof. Since 3/2 < (3, we take the minimum power, /2, to write the common estimate of

the terms [pq [VGg(t,y)|dy and [r4 |G5(t, y)|dy, obtaining
L (9Ga(t.0)| +1Gateul) dy < C2, (377
substitute ¢ by t — s and we use that
¢
/ (1 — )92 Lds = C1P2, (3.78)
0
which yields the result (3.76). O

Here we present several theorems regarding Sg 1(t,y) which are particularly useful for
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the well-posedness analysis of (3.4) and (3.1).

Theorem 4. For a € (1,2) and B € (0,1) the first term from the RHS of (3.4) satisfies

/ Sty — o) folx)da| < CP. (3.79)
Rd

Proof. Using (3.22) and (3.29) we represent Sg;(t,y) as

T= g [ [ €0 elapr e e g iy (350)

and use the assumption |fo(y)| < C. We split the integral I into two parts: I4 for
¢ € [ly|“t=8,00) and Ig for & € (0, |y|*t?). There are 2 cases for each of the integrals:

ly| <t/ and |y| > t5/. Let us study |Ip| in the case |y| < t%/e.

ly|©t—#
Il < C /0 By (e VB, 8,1y~ P ede
ly|et—5
e A e L TR
0

ly|“t—#
<c / €18y ~d-dg
0

= C(lyl*t )y~ 47 = Ot Fly| e (3.81)

Now, integrating gives

/ |Ip|dy < C t By dretd gy = PPl < o, (3.82)
ly|<th/ ly|<th/
Let us study |Ip| in case |y| > t7/®. Here we split the integral I into 2 parts: when & € (0, 1]
and when ¢ € (1, |y|*t=P).
o (e 118 5. 1148
Il <0 [ (P 5y, (3.83)
0
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so since for € < 1, w(€~8,B,1) ~ (671/8)=1=8 we have

1
/ V0w P, B ) |y| I dg < Cly| P (3.84)
0
Integration yields
/ tﬂ‘y|fdfa+d71dy — tﬁ(tﬁ/a)fa < Cto. (385)
ly|>t5/

When € € (1, [y[*t™7)

lyl*t~

lyl*t=F s
/ ¢ VBw(e= VB B, )P ly| "4 de < O / g~VBe=a/BB |y ~ A g
1 1

< Gyt lyl 7 ((lyle )7 )

<, <t1+q+6—6|y’—d—a—a/ﬂ—qa/ﬁ+a — t5|yy—d_a) . (3.86)
Integration gives
/ t1+q‘y|—a/ﬁ—qa/ﬁ—1dy _ tl—f-q(tﬁ/a)—a/ﬁ—qa/ﬁ =19 (3.87)
ly|>t8/
and
/ |y Aot 1By = B (1Pl < o0, (3.88)
ly|>t0/

Combining (3.85), (3.87) and (3.88) gives
/Rd |Ig|dy < C1°. (3.89)

Let us study |I4] case |y| > t%/®. Here £~1/7 is small, so w(¢~/#,3,1) ~ C, where C is a

constant.
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114 < C g1V By (e~ VB g 1)t Bleg= /o ge

ly|ot=F
(o]
=C é——l—l/ﬂt—ﬁd/aé-—d/adé
ly|ot=F
< Ot Pyl Py < gy, (3.90)
Integrating gives
/ aldy < C |/ =Ly gy — Cp(Bl)=ol8 < o, (3.91)
ly|>t5/ ly|>th/

Let us study |I4], case |y| < t%/®. Here we need to split the integral I, into 2 parts. The

first one is

/OO g—d/ag—l—l/ﬁt—ﬁd/aw(5—1//375’ 1)de. (3.92)
1

Here £ is large, so & V/# is small, so w(¢~18 8,1) < Cq(§*1/5)‘1, for all ¢ > 1, which enables

us to estimate (3.92) by

o0 (o]
c, / ¢ dfoq=Bd/og—1-1/5¢=a/Bge — (1 i/ / g—d/a-1-1/8=a/8 g¢
1 1

< ot Hd/e ( lim K~4/e-1/8=a/f _ 1> = ot Pl (3.93)
K—o0
Integrating gives
/ =By d=1 gy, =Bd/o(gBlayd < 0. (3.94)
|y|<th/
The second part of 14 is
1
[T (e gy e g, (3.95)
ly|ot=~

Since £ < 1, €8 > 1, s0 w(EP,8,1) ~ (67/8)7178 50 we re-write (3.95) and estimate
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it as follows

1
/ gfd/oztfﬁd/aff171/5+1+1/ﬁd€
lylot=F

1
< / g-dfay=Bdfage — cy=Bdja(y _ |y|ay=B), (3.96)
lylot=F

Integrating (3.96) in polar coordinates

C/ ‘y’dfl <tf,8d/o< o ’y‘atfﬂtfﬁd/oﬁ dy
|y| <t/

< Ot~ Pd/eqbdfe _ oybrdBla=f=pd/a — 40, (3.97)
Combining (3.97) and (3.94) gives that for |y| < t5/@

/ |Ta|dy < C1°. (3.98)
R4

Using the assumption | fy(y)| < C and putting together estimates (3.89) and (3.98) yields the

theorem statement (3.79). O

Theorem 5. For a € (1,2), 5 € (0,1), Sg1(t,y) defined in (3.22) and a bounded function
Jo(y)

/ VSsa(t,y) folw —y)dy < Ct=0/e. (3.99)
Rd

Proof. We differentiate Ss1(t,y) with respect to y

VS5t )| = ‘ﬂ(;ﬂ)dv / / ¢ exp{—alplotPrya " Pw(aVP, 5, 1)dxdp
R4 JO

1 = ) i o —1— _
- ﬁ(%)d/R/o [iple ) exp{—alp|*tPa}e ™" w(@™P, B, 1)dudp

1 o0 ) L )

Here we use the asymptotic expansions from Theorems 7.2.1 and 7.2.2 and Theorem 7.3.2,

which are in the appendix as equations (7.2) and (7.6), and we use the inequality (7.40) in
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[82], which also appears in the appendix for reader’s convenience, as (7.11) and (7.12). For
I in case |y| > t%/ we use that for € > 1, £/ < 1 and w(¢~ Y8, B,1) < Cy (€71/#), for

any ¢ > 1. Then

VI < C/ g—l/a—l—l/ﬁ—d/aw(g—l/ﬂ’ 8, 1)t_’8/a_d’8/o‘d§
ly|ot=~
< Ct*ﬁ/afdﬁ/a(|y’at7ﬂ)fl/a7d/afl/ﬁ*Q/5 < Ct1+q|y’717qa/6*a/f8*d_ (3.101)

Integrating gives

/ |VIgldy <C t1+‘1\y|—d+d—1—1—qa/ﬂ—a/ﬁdy
ly|>tP/ ly|>th/

= o'taBlemal — gy=Ble (3.102)
Now, let us look at Ip in case |y| > B/ Proposition 1 in the Appendix and the change of

variables £~1/8 = 7 yield

lylot=7?
|VIB| < C/O f_l_l/ﬁw(é_l/ﬁ,ﬂ7 1)t_55_1|y|_°‘_1]y|_d_°‘t5§d§

o0
< Cly\dl/ w(z,B,1)dz < Cly|~*1. (3.103)
ly| /5t
Integration gives
/ |VIg|dy < C ly| "4t gy < o Ple, (3.104)
ly|>th/ |y|>t8/

Now, let us look at I, in case |y| < t%/®.

o0

V14l < C/ gy (7B, B 1) Plegm ey Pdfog=d/ege, (3.105)
ly|ot=F

We split this integral into cases € € (|y|*t=?,1) and £ € [1,00). For £ € (|y|*t=?,1), VB>
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and we may use that w(¢~1/8,3,1) ~ (z=1/#)=1-8. So

1
|VIA| < C/l , 5*171/511)(6*1/5”6’ 1)t*ﬁ/agfl/atfﬁd/agfd/adé
Y|t

< C > t_ﬁ/a_ﬂd/af_l/a_d/adf
ly|ot=F

= ot Ple—Bdla _ =By | 1mdte (3.106)
Integration yields

/ |VIgldy < C yd—1g—Bla=bd/a g,
ly|<t?/ ly|<th/
+C/ {B|y| 1o 1-d+dg,
ly|<te/B
< ctPle o Bt/ < o Ple, (3.107)

As for € € [1,00), then £1/% < 1 and so w(¢~1/#,3,1) ~ C and

/OO 5—2—l/ﬂcg—d/at—ﬂ/a—ﬁd/adé
1

< tﬁ/aﬁd/ag/OO 5*2*1/ﬁ*d/ad§
1

< ¢—Ble=Bd/ag (1 _ lim 1) = Ot P/oa—Bd/a (3.108)
K—oo K
Integration yields
/ t=Bla=pdfa)1d=1gq, < Cy=Bla=pdjaybd/a _ cy=B/a, (3.109)
ly|<th/
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Finally, the estimate for |[VIp| in case |y| < t7/« is

ly|©t—5
IVIg| <C /0 g1V By(e7 VB B, 1) Pyl y|~ 4t ede

lyl*t="
<o [T et e gy g
0

lyl*t=F
<o [T ey g
0

< Cly| a5, (3.110)

Integration yields

/ |VIB| dy < C |y|a_1_1_d+dt_’3dy
ly|<tP/ ly|<tA/

=t PPyt = Pl (3.111)

Hence (3.102), (3.104), (3.107), (3.109) and (3.111) together with the assumption |fo(y)| < C
yield (3.98). O

Theorem 6. For a =2, Sg; defined as in (3.22) and assuming | fo(y)| < C

/ Sg1(t,y — ) fo(z)dr < O1°. (3.112)
Rd

Proof. Using (3.61)

/ Ssa(t,y)dy = / / (2t%)~ 2 exp{—y?/(dazt?) o " Vw(e V8 B,1)dyda
Rd 0 R4

:C'/ e 7By YB 3 1)de.  (3.113)
0

We split this integral into two parts: x € [0,1] and = € (1,00). In the first case x < 1 and
78 > 1 so we may use w(z=/?,3,1) ~ (z=/#)~18. In case > 1 we may use that

w(:p_l/ﬂ,ﬁ, 1) ~ C. So we obtain

1 1
/ x_l_l/ﬂw(m_l/ﬂ,,é’, 1dx = C/ dx = C, (3.114)
0 0
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and

/ xil*l/ﬁw(afl/ﬁ,ﬁ,l)dx :/ 2 VP Cdy

1 1
=C ( lim K% — 11/5) =C. (3.115)
K—o0
Together with the assumption |fo(y)| < C, the result (3.112) follows. O

Theorem 7. For a =2, B €(0,1), Sg1(t,y) defined in (3.22) and assuming |fo(y)| < C

/ VSsa(t,y) folw —y)dy < Ct P2, (3.116)
Rd

Proof. We use the representation of Sz 1(¢,y) in (3.80) and write

/ VSs.1(t,y)dy
Rd

:/ g 328278 B, 1) d. (3.117)
0

We split the above integral into two: for z € [0,1] and for > 1. In case = € [0, 1] we use

that w(z="?,8,1) ~ (z=1/#)=1=P. In case z > 1 we use that w(z~'/? 3,1) ~ C. So we get

P2 /1 232 By VB B, 1)da = t7B/2 /1 ™V 2de =782 /2 (3.118)
0 0
and
=0/ /100 g 32 By(x P B, 1)de = tP/2. (3.119)
So from (3.118) and (3.119) and that |fo(y)| < C' and we obtain (3.116). O

3.3 Smoothing properties for the linear equation

Let us denote by CP(R?) the space of p times continuously differentiable in y functions f(t,y).
By CL (R%) we shall denote functions f in C''(R?) such that f(t,y) and Vf(t,%) are rapidly

decreasing continuous functions on R, with the sum of sup-norms of the function and all
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of its derivatives up to and including the order p as the corresponding norm. Let us denote
by HY the Sobolev space of functions f(t,y) with generalised spatial derivative up to and
including p, being in L'(RY). For f € H}(R?) the sup-norm is ||f|| = sup;eo,r) |1/ (& y) || e
and for f € CP(R?) the sup-norm is ||f|| = supseio,r] |1 f (£, y)llce. Here and in what follows

we often identify the function fy(y) with the function g(t,y) := fo(y), V¢t > 0, Vy € R%.

Theorem 8 (Solution regularity). For a € (1,2] and 8 € (0,1) the resolving operator

Ui (fo) = /Rd Sp1(t,y — ) fo(x)dx + /0 /Rd Gt — s,y — x)h(s,x)dxds (3.120)

where Sg1(t,y) and Gg(t,y) are as in (3.22) and (3.23), satisfies the following properties
T, : CP(RY) = CP(RY), and || ¥y]lcr < C(1),
o U, : HY(RY) — H{(RY) and [[W[lzr < C(1).

Proof. We look at the CP norm of W, fy and use Theorems 1 and 4

194 (o)l ey < / 956Uy +CF s (s o
s€(0,t

< Cllfoller gy + Ct7 Sl[tplllh( s Mler@ay, (3.121)
te|0,t

for some constant C' > 0. Analogously,

190 ol r ey < / S5 Ay + 8 st (s, e
se

< C|lfoll g (ray + C1° . 2] o eay. (3.122)
s€(0,t

Theorem 9 (Solution smoothing). For a € (1,2] and f € (0,1) the resolving operator

(3.120) satisfies the following smoothing properties

o If fo,h € CP(RY) uniformly in time, then f € CPTYR?) and for any t € (0,T]
12 (fo)llowsrmay < CP7%| foll o may + C7 7P/ Bl o (may (3.123)
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o If fo,h € HP(R?) uniformly in time, then f € H'T(R%) and for any t € (0,T]

122 (o)l o ay < O foll rpggay + O~/ Al gy (gay.

In particular we may choose p = 0, when HY(R?) = L'(RY).

Proof. We study the CP*1(R9) norm of Wy(fy) and use theorems 1, 2, 4 and 5

W llorn < sup [ VaSaa(t. = o)1 )|y

z€R4

t
+sup//
zeR?JO JR4

< Ct A/ sup |f(§ ()| + C sup |hp)sx|/ s)P=Ble=1gs
reR z€R4

VaGa(t — 5,2 — y)hP) (s,y)|dyds

< Ct 8 follew + CHP/% | o

The proof for (3.124) is analogous.

3.4 Well-posedness

Now we study well-posedness of the full non-linear equation (3.1):

Dyhf(ty) = —a(=A)"2f(t,y) + H(t,y, VI(t,1)),

(3.124)

(3.125)

(3.126)

with the initial condition f(0,y) = fo(y), and @ > 0 is a constant. This FDE has the following

mild form:

t
flt,y) = /]Rd fo(z)Ssa(t,y — x)dx + /0 » Gp(t — s,y —x)H(s,z,Vf(s,x))dxds, (3.127)

which follows from (3.19).

Lemma 1. Let us define by C([0,T], CL (R?)) the space of functions f(t,y),t € [0,T],y € R?

such that f(t,y) is continuous in t and f(t,-) € CL(R?) for all t. Denote by BT the closed

convezr subset of C([0,T],CL (R?)) consisting of functions with f(0,-)) = fo(-) = So(-) for
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some given function Sy. Let us define a non-linear mapping f — {V.(f)} defined for f € B}; :

W) = [ @Sty - a)da

+/Ot /Rd Gyt — s,y — x)H(s, 2,V f(s,2))dxds.

(3.128)

Suppose H(s,y,p) is Lipschitz in p with the Lipschitz constant L. Let us take f1, fo € B%.

Then for K = ﬁ and for any t € [0,T):

_ L (K t(B—B/a)yn
1F () — el < P AL

sup [ f1(s) — fa(s)llcr-

s€[0,t]

Proof. Due to regularity estimates for Sg; and Gg:

1T (f1) = Ti(fo)lln < CLEPP/e Sel[})pt] [ f1(s) = f2(8)llcn-

and

t
197 (f1) = Wi (f2)len < C2L? sup | fa(s) — fz(S)IIm/0 (t = 5)7 o170l s,

s€[0,t]

We calculate the integral above using the change of variables z = s/t:

t
/ (t — 5)B—Bla—1B—Blogy
0

1
_ / (B=B/a=1(] _ ;)B—Bla1 p-BjayB—B/atl,
0

= (2B (5 - fla+ 1.6~ f/a).
Now, when we estimate ||U3(f1) — U3 (f2)|lc1 we calculate

t
/ §20=2B/e i — g)B=Bla—1ys
0
1
_ (B—Bla—1 / (26-28/01 28-25/a() _ ,)p-5/a-1,
0

= 3 P-BIIB(28 — 28/a + 1,5 — B/a).
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This yields

193 (f1) — W7 (f2)ll o

< 3338382 B(2B — 28/a+ 1,8 — B/a) sup ||fi(s) — fa(s)|cn. (3.134)

s€[0,t]

As the inductive step, assume that the following is true for some n € N:

W (1) = W (f2)llen

n rnnf-—np/a (F(ﬁ - B/a))n_lr(ﬁ - B/a + 1) _
<C"L"t (B —nBja + 1) S 1f1(s) = fa(s)llcr- (3.135)

Let us check that then (3.135) holds for k =n + 1.

t
< cripmripsleng, [ o) Ale s neds sup (i(s) ~ (sl
0 s€0,t]

I3 () = O () len

[ Gt s ) (50 FWE () = s, VU G)

Cl

t
<cr /O (t — 8)* =P ds|[ WP (f1) — WP (f)]n

< ortipntigB=nBlanr B, sup || fi(s) — fa(s)||on
s€[0,T7]

< Cn+1Ln+1tnﬂfnﬁ/aMn+1 sup || f1(s) = f2(9)|lcn, (3.136)
s€[0,t]

where

_ (LB =B/a)" T (B - B/a+1)

M, = : 3.137
I'(nB —nB/a+1) ( )

M,y +1 is as in (3.137) with n replaced by n + 1, and B,, is the Beta function
B, =Bng—nB/a+1,5—5/a). (3.138)

The inequality (3.136) is (3.135) with k = n replaced by k = n + 1. We have shown (3.135)

is true for k = 1 and k& = 2. So by induction on k we obtain (3.135) for any k € N. Using
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that g(z) = 2™ is a convex function for n € N and substituting = I'(8 — /«), it may be

shown by Jensen’s inequality that

(0(8 — oyt < Tl n L) (3.139)

and using Stirling’s formula we obtain the quotient approximation

I'(n(8 — B/a) + B)
I'(n(B - B/a)+ A)

Q

(n(B - B/a)P~4. (3.140)

Let us substitute A =1 and B = —n + 1. Then

W (f1) = ¢ (f2)llen

T(14 B8 — B/a)ti—nbla
- nnﬁ—nﬂ/a—l—l(l@ _ 5/0&)"F(IB _ 6/05) ssel[lOI,)t] ||f1(8) - fQ(S)HCl

tnﬁfn,b’/a
< - 1 3.141
—_ nnﬁfnﬁ/a‘i’l(ﬁ _ 5/0&)n_1 SSEL[IOI;] Hfl (S) f2(5)||C ) ( )

so (3.129) holds. ]
Theorem 10. Assume that
e H(s,y,p) is Lipschitz in p with the Lipschitz constant L independent of y.
e |H(s,y,0)| <h, for a constant h independent of y.
o foly) € CL(RY).
Then the equation (3.127) has a unique solution S(t,y) € C*(R?).
Proof. Let us denote by C([0,T],CL (R%)) and B}; as in Lemma 1. Let W;(f) be defined as

in (3.128). Take fi(s,z), fa(s,x) € B};. Note that due to our choice of f1, fo,

/ f1(0,2)S51(t,y — x)dx = / f2(0,2)S5,1(t,y — x)dx. (3.142)
Rd Rd

We would like to prove the existence and uniqueness result for all ¢ < T and any

T > 0. For this we use (3.129) in Lemma 1. As n — oo, n" grows faster than m™ for any
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fixed m > 0. Hence for any ¢t > 0

L® B—B/c _ —1\n _
97 () = B (ol < A =)

sup || f1(s) = fa(s)llcr-

s€[0,¢]

(3.143)

B=B/a(B_8/a)" 1) . . .
The sum > ° (t nn(/&f ﬁi/)i)l )" s convergent by the ratio test. By Weissinger’s

fixed point theorem, see [57] Theorem D.7, ¥, has a unique fixed point f* such that for any

fie B;‘{;
B=B/oy ng_
7 (f1) = frller < Z t Bnng/jg/all(ﬁ B/O‘)H\yt(fl) — Aller (3.144)
So S(t,y) = f* is the solution of (3.127) of class C'(R9). O

Theorem 11. Assume that
e H(s,y,p) is Lipschitz in p with the Lipschitz constant L1 independent of y.

e H is Lipschitz in y independently of p, with a Lipschitz constant Lo
[H (s, y1,p) — H(s,y2,p)| < Lalyr — y2/(1 + [pl) (3.145)

e |H(s,y,0)| <h, for a constant h independent of y.
o fo(y) € CL(RY).
Then there exists a unique solution f*(t,y) of the FDE equation (3.126) for § € (0,1) and

€ (1,2], and f* satisfies

esssup |V2(f*(t,y))| < C. (3.146)
y

Proof. Let us work with the mild form of the equation (3.126). Let B?U’Z denote the subset
of B}; which is twice continuously differentiable in y and with fo(y) = fo(y), for all y € RY.

Let the mapping ¥; on B};Q be defined as in (3.128). Take fp € B;;FO’Q, which continues
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foly) = So(y) to all t > 0. Then

1% (fo)llc2 < 8777/ e [1H (s, 2,V fo(x))llcr
s€|0,t

+ [ Saattu =)zl

<#PLy sup [folle + 177/ Ly sup | foller + CHPV fo(a) oo + Cs
s€[0,1] s€[0,]

< L7 sup | follem + CH7 sup ||fo(@)]lcr + Cs
s€[0,t] s€[0,t]

< bl ( sup || follcz + 1) +C5. (3.147)
s€[0,t]

Iterations and induction yield

17 (fo)lle= < C3 Y tmimmblofe, 4+ N~ gmB=flac,, (1 + sup |yf0\02> . (3.148)

m=1 m=1 EIS [Ovt}

for constants K, = By X -+ X By,—1 and Cy, = By X - -+ X By, where By, = B(kf — kB/a +
1,8 — B/a), for any k € N. We use that for x large and y fixed B(z,y) ~ I'(y)xz™Y to
obtain that By,+1 < Bp, for all m € N which yields that the sums Z:;:l tmB-—mB/afe and

Sy tmB—mB/aC are convergent as n — co. So for some constants Aj, Ao, Cy, >0,

W} follez < A1+ Az Sup [follc2 < Cfo. (3.149)
Hence, Vn € N
IV (T fo)llzip < Cry- (3.150)
Hence we obtain
| Jim VOO fo)lip < 2C. (3.151)

By Rademacher’s theorem it follows that lim, . (VZ(¥2(fy)) exists almost everywhere. We
invite the reader to see [83] for the Rademacher’s theorem and its proof. From the previous

theorem lim,, o, U7 (fo) = f*. The limit is understood in the sense of convergence in C'*(R?).
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Therefore f* satisfies (3.146).

O
Theorem 12. Assume that
e H(s,y,p) is Lipschitz in p with the Lipschitz constant L independent of y.
e H is Lipschitz in y independently of p, with a Lipschitz constant Lo
[H (s,y1,p) — H(s,y2,p)| < La|y1 — y2|(1 + pl) (3.152)

e |H(s,y,0)| < h, for a constant h independent of y.
o fo(y) € CL(RY).

Then a solution to the mild form

t
fty) = /Rd Stz —y)foly)dy + /0 y Ga(t — s,z —y)H(s,y,Vf(s,y))dsdy (3.153)

which satisfies (3.146), is a classical solution to
DS,Bt (t7 y) = _(_A)Q/Qf(t> y) + H(t> Y, Vf(tv y)) (3154)

Proof. Let us define W,(f) as in (3.128). By [57]

t
f(t.p) = fo(p)Eg(—alp|*t”) +/0 (t = )" Egp(~a(t — s)°|p|*) H (s, y, p)ds, ~ (3.155)

is equivalent to

Dy f(t.p) = —alp|® f(t.p) + H(t,y, VF(t,y)), (3.156)

which in turn is equivalent to (3.154) as its Fourier transform. Also, (3.153) is equivalent to

(3.19) as its inverse Fourier transform. Therefore (3.153) is equivalent to (3.154). We may
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carry out these equivalence procedures when Daﬁt\I/t( f) and —(—A)*/2f are defined for f

satisfying (3.146). Due to theorem assumptions:

[H(s,y, Vf(s,:)| <h+LIVf(s,-)| <oo. (3.157)
So
t
Dy (/0 /Rd Gs(t,y)H(s,y, Vf(s,y))dde)
1
< 1“[10—/6’] /Ot(t — ) PsPds < 01/0 (t —t2)"PB(tz)P tdz
1
< 01,6’/ (1— 211274z < C18B(1 - B, B) < . (3.158)
0
Similarly

D [ Saalt =) olw)iy
(3.159)

exists when fo(y) gives dependence of [pq Sg,1(t, = —y) fo(y)dy on t such as t*, where k > —1.

This is because

/Ot(t _ 8P (i&) ds

1
_ tk+1ﬁ/ (1—2) PP 1dz = tF*1PB(1 — B,k + 1), (3.160)
0

where for any 8 € (0,1) the Beta function B(1 — 8,k + 1) is defined for £ + 1 > 0. Hence,
due to (3.157), (3.158) and (3.159), Daﬂtlllt(f) is defined for the solution f for (3.154). For
f satisfying (3.146), when a € (1,2], —(—A)*2f is defined. Now, let us study the solution
f(t:y)

t
Pt = [ [ Galt—s.y—a) (s, V5 (t.2))dods

+/ Sg(t,y — x)fo(x)d. (3.161)
R4
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Differentiating (3.161) twice w.r.t. y gives:

t
V2/0 Ré Gﬁ(t —s,y—x)H(s, 2,V f*(s,z))dxds

t
= / VGt — s,y —x)VyH(s,z,Vf*(s,z))dzds. (3.162)
0 JRd

From the representations of G(t,y) and VGg(t,y) used in theorems (1), (2) it is clear that
VGp(t,y) exists and is continuous in ¢ and in y. From theorem 10 we know V f* exists and
is Lipschitz continuous. Since we assumed H to be Lipschitz, it follows from Rademacher’s
theorem that V,H (s, z, V f*(s, x)) is almost everywhere defined and bounded. Hence (3.162)

represents a continuous function in y and in ¢. Since fo € CZ (R%) and due to theorem 4

V2 [ Soaltoy =) fola)da

_ / o1 (t,2)V2foly — 2)da < oo, (3.163)
Rd

Thus, V2f*(t,y) exists and so f*(t,y) € C?(RY). This completes the necessary requirements
for the solution of the mild form (3.153) to be the solution of (3.154) of class C?(R%). For f*
to be a classical solution to the original FDE, we also need to prove that f* decays at infinity
in y. This follows from the representations of Sg; and G in (3.80) and (3.31). Since they
are written in terms of a stable density g which decays spatially at infinity, so do Sz and
G decay and hence the solution f* also decays rapidly enough as a function of . Therefore
f* is of class C2 (R?) and so is a solution to the original FDE (3.1) in the classical sense.

O

Here is an example of H(u,p) which is Lipschitz in p and the control space U is

compact:

H(u,p) = inf [u® — u+ 2sin(p) - p), (3.164)
ue

with U = (0,1) and p = D, f(t,y).
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Chapter 4

Convergence theorems

4.0.1 Process description

In this Chapter we present our new convergence results for the position dependent controlled
CTRW. In this section we describe the general stochastic process these convergence results
apply to. For i € N let ; be i.i.d. waiting times, whose distribution belongs to the domain of
attraction of a -stable law with 8 € (0,1). For n > 1 let &, denote the jump occurring after
the waiting time ~,. Since the jumps depend on control, they are not identically distributed.
Assume that the jump distributions are independent from the waiting time distribution.

Assume that the jumps occur instantaneously. For n > 1 let

Xn =t+ Z?:l Vi,

Yn = Yn—l + S(Yn—lyu(n - 17 Xn—17Yn—1))7

where (Xo,Yy) = (t,y) and u(-) is a given control function taking values in the set U. For
n > 1, at the n-th jump the function u(-) is dependent on n — 1, on the previous position
y € RY of the process Y;,_1 and on the state z € Ry of X,,_;. Denote U := {u((n—1),z,y) :
R, x [0,7] x R* — U}. The sets U and U will be specified in appropriate theorems. Assume

that

Ef (z 478 y+&(u,2,y)) — f(z,y) L

- L+ L) f(z,y). (4.1)

69



Then the limiting process (lim, o X7 (t),lim, Y[tT/T] exists. Let X(¢) := lim,_,0 X7 (¢) and
YO (t) := lim, V)7~ The limiting pair (X (t),Y"0)(t)) is a Markov process and its gen-
erating family is Ly y u(t,2,y) = L + L%,’u(m,y) =Ll + Li’yyu(t%y). Denote for any 7 > 0 the
inverse process for X7 (t) by Mx-(t) and similarly denote by Mx (t) the inverse process for
the limiting process X (¢). The controlled processes we are interested in are Y7%)( My~ (t))
and YO (Mx (t)) := lim, o Y™"0) (Mx~(t)). For ease of notation from now on for any 7 > 0
the process Mx~-(t) will be denoted by M7 (t). The definition of the optimal payoff (value)

function S7 (¢, y) without running costs is:
T o T,'U,(')
§7(t,g) = inf By, (y+ v /T]) (4.2)

and with running costs it is

t
§7(1,3) = inf E.S <y TR LI /0 R (Y ) ds> . (4.3)

For simplicity of notation we will write Y7*() (M7 (t)) instead of Y[;;T((Z) /7 Corollaries

1, 2 and the theorem 16 will concern the definition 4.3.

4.0.2 Main results

Before we present the main convergence results, we state preliminary results, definitions and a
theorem that we use. Let u, v be two arbitrary elements in the space of probability measures

P () for some Polish space €.

Definition 10. The bounded Lipschitz distance between two measures p and v is:

P Lip(tsv) = sup{|(u, f) = w, ) = | flloo + 1f1l i < 1}- (4.4)

There are several ways to metrize weak convergence, and one of them is using the
above definition of the bounded Lipschitz distance, see [84] for details. The next theorem is

the bounded Lipschitz distance convergence theorem, [84].

Theorem 13. Let (2, m) be a Polish space with a metric m. Let {u" };>0 and {1 be measures
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in P(Q2). Convergence py Lip(;f,,u) — 0 as 7 — 0 is equivalent to the weak convergence of

measures " — [.

Lemma 2. Let 5 = (s1,---,8,) € R! and y = (y1,---

Yn) € R™ with each y; € R for

i €[1,--,n]. Let the probability kernels {P7},;>0, P in P(R™) and {v"}+>0,v in P(R) be

such that as 7 — 0 for any fized 3, P7(8,dy) — P(8,dy) and v"(ds) — v(ds) weakly. Then

the following holds uniformly for f which is both bounded and Lipschitz, ||f|lec < C1 and

111 ip < Co:

J

n
+

Proof.

u/“ FG )P (5,7, dys - dyy)" (ds1 - -~ dsn)

Rnd Ri

-—t/" FG9)P(, 7, dys - - dyp)v(ds, - -~ dsn)
Rnd Ri

:/< f(s,g)v(dsy, -+ dsn)
Rnd Ri

_/ f(‘§7g)y(d51)"' 7d8n)>PT(57337d3/17"‘ 7dyn)
R

n
+/ ( f(§7g)PT(§7j7dy17 7dyn)
Ri Rnd
- [ AP @) ol ds,).
R

71
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By theorem 13 it follows that as 7 — 0
oh Lip(PT, P) — 0 and py, Lip(’/T’ v) — 0. (4.7)

Now, due to the definition of py, Lip and the assumption that f is bounded and Lipschitz,

(4.7) implies that uniformly for all such f
f(gvg)VT(dslv'” 7d8n) - f(§7g)1/(d81,‘-- 7d8n) —0 (48)
R R?

and

R f(gv ﬂ)PT(E,i”dyl, e adyn) - Rnd f(ga g)P(_vj,dylf : dyn) — 0. (49)

Since P™ and v are probability measures, it follows that both summands in (4.6) converge to

0 uniformly in f. Therefore

[ [ FG P s adn ey (dsy )
n RTL
+

_/n /Rnd f<§7g)P(§7‘fadyl"'dyn>y<d31"'dsn> —)O, (410)

uniformly for all f satisfying || f HLip < Cy and || fl]|eo < C1. O

The Skorokhod space D of cadlag functions is a Polish space with respect to the
standard metric d. We invite the reader to see [85] for the definition of d and more about the
Skorokhod space. This makes the definition 10, theorem 13 and lemma 2 applicable to study
convergence of cadlag function sequences. Since CTRWs are cadlag, the theory applies for
scaled CTRWs too. Here we present the novel application to CTRW processes discussed in

the subsection 4.0.1.

Theorem 14. Assume the processes X7 (r), X (r), Y7 (r), Y(r), M7 (r) and M(r) are defined
as before in subsection 4.0.1, but there is no control. Let us take any t1,--- ,t, € [0,T] such
that t; # tj for i # j. Then for any initial positions y; € R%, i € [1,---,n], and any f

Lipschitz in the spatial variable, with the Lipschitz constant L € Ry, as 7 — 0 the following
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convergence holds uniformly in f:

Ety, et f (YT (M7 (1)), M7 (t1), 11, YT (M7 (tg)), M7 (tn), tn)

= Byt f (Y (M (81)), M(t1), t1, -, Y (M(t)), M (tn), tn). (4.11)
Proof. Denote
P7 (5,7,dy) = P<YT(MT(51)) € +dys, YT (M (s)) € 2n + dyn> (4.12)
and

V(81,7 ,8n) = P(M7(s1) < a1, ,M"(sp) < ay)

= P(Xg, >s1,---, X5 > 5,). (4.13)

By our assumption on the distribution of ~; it follows that v does not have any atoms. Now,

since
P(Xg, > 51,0+, X, > sn) = P(Xqy > 51, , X4, > 5p) (4.14)
pointwise, it follows that v7(s1,- -+, $n) = (81, , 8,). Since for every 7 > 0
Byt (YT (M7 (t1)), M7 (t1), 81, -, YT (M7 (), M7 (), )
/ F(5,5)P™ (5,2, dy)v (ds), (4.15)
Rnd ]R”
the proof follows from the application of Lemma, 2. O

Theorem 15. Let the processes X7, X, Y7, Y, M™ and M be defined as before and with

control. Take any ty,--- ,t, € [0,T]. Let the position dependent control function

u(t, M(t),Y(M(t))) (4.16)

be uniformly Lipschitz in all variables. Denote by U C Ry x R% a compact set where the
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control function u takes its values, and denote by Uy C U the compact set of all Lipschitz
functions uw € U which have the same Lipschitz constant £ € Ry. Assume f(Y, M, u) is
Lipschitz in' Y, M and u. Denote the Lipschitz constant for f in u by L. Then the following

convergence holds:

o Etl,...,tn,,of<t17w<MT<t1>>,MT(tn,u<t1,MT<t1>,YT<MT<t1>>>,--- 7
tn,YT(MT(tn>>7MT<tn>,u(tn,MT(tnLW(MT(tn))))
— lIl_f Etl’...$tm0f(t1,Y(M(tl)),M(t1>,u(tl,M(t1>,Y(M(t1))),"',

uelU

0¥ (M), M(t), 0 (60 M) Y (M) ). (417
Proof. To make some of our formulas shorter let us set z = (Y, M,#) and

F(z,u(t,z) = f(t, Y™ (M7(t1)), M7 (t1),u(tr, Y™ (M7 (t1)), M7 (t1)),- -,

b, YT (M7 (t0)), M7 (t0), u(tn, YT (M7 (t,)), MT(tn))) (4.18)
Then due to Lipschitz assumptions on f and u:

|F (@1, u(fy, 41)) — F (32, u(fz, 72))|

<L(1 +.5f)<|x1 —a:2|>, (4.19)

where |71 — Zo| = |Y1 — Ya| + | My — Ma| + |t; — #2|. Hence F is uniformly Lipschitz. Note

that for any real-valued functions a(u), b(u):

| inf a(u) — inf b(u)| < sup |a(u) — b(u)]. (4.20)

uelUgp u€eU weU gy

Let

a(u) =By, g 0f <t17MT(t1),YT(MT(t1))7U(thMT(tl),YT(MT(tl))) SR

by M7 (1), YT (M7 (ty,)), u (M7 (ty), YT(MT(tn)))> (4.21)
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and

b(u) = Ey1,~~,yn70f<t1aY(M(tl))aM(tl)ﬂt(tl,M(tl)aY(M(tl)))), e

tn,Y(M@n),M(tn>,u(tn,Man),Y(Man))))). (1.22)

Substituting these into (4.20) enables us to write

inf By, f (t, M), V(M (1)), u (£, 37 (2), YT(MT(t)))>

uelUgyp

and hence that

inf By, f(f, M (), Y™ (M7 (t)), u (£, M (¢), YT(MT(t)))>

uelU

— inf Eyo.y, f(t,M(t),Y(M(t)),u(t,M(t),Y(M(t))))‘ 0. (4.25)

ueUg

O]

Corollary 1. Take arbitrary ti,--- ,t, € [0,T] such that t; # t; for i # j. Let the as-

sumptions of the previous theorem hold. Then as 7 — 0 the following convergence result is
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true:

inf By, oS0 (1 + YT (00)), M7 (), 11, o+ YO (00)), M7 (1), 1)
uel ¢

Sl B, (11 YO (0)). M), 1+ YOOI (1), M (1), 1)
uelU

(4.26)

Proof. The proof is analogous to the proof for the previous theorem, with So(y + -) taking
the role of f(-). O

The next theorems deal with a more general payoff which includes running costs.

Theorem 16. Let us keep assumptions of theorem 15 and also assume that the running cost

function is of the following form

Zn: R (YT’“(')(MT(SZ-))) , (4.27)

=1

where R(-) is a Lipschitz function with the Lipschitz constant L and n € N. Then as 7 — 0

the following convergence result holds:

inf E Zn: R (YT’“(') (MT(si))> & inf E Zn: R (Y“(') (M (s:) )) . (4.28)

uel i=1 uelU i=1

Proof. Note that the sum in equation (4.27) is of the form
FOTO (1), Y0 (s9), -+, Y0 (s,,)) (4.29)

where f is Lipschitz in all variables. Therefore, we may apply theorem 15 and result follows.

O]

Corollary 2. Let us keep assumptions of theorem 16. Let us assume that the function

R (YT’“(')(MT(S))) models the running cost associated to the process. Assume the optimal
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payoff function (the value function) is

§7(t) = inf B Y RO + 5o+ YO0 @)) ] @0

uelUgp i=1

where y is the initial position of the process at time t = 0. Then as 7 — 0 the following

convergence result holds:

ST(t,y) — inf E [zn: R (Y“(')(M(si))> + Sp <y + Y“(')(M(t)))] : (4.31)

uelU. g i=1

Proof. The proof combines the one for theorem 15 with the one for theorem 16, as in this case
f (YT’“(')(MT(t))) = So(y + YO (M7 () + S0, R(Y™ () (M (s;))), and the mentioned

theorems deal with the two summands separately. O

Theorem 17. Let the controlled stochastic processes be as in the previous theorems. Let us

assume that the cost function is of the form

S7(t,y) = inf E [ /0 'R (YT’“(')(MT(S)), M7(s), s) ds + S (y + YT’“(')(MT(t))>] . (4.32)

uelUgyp

Then the following convergence holds:

S7(t,y) — inf E[/OtR(Y“(')(M(s)),M(s),s) ds + Sy (y—i—Y“(')(M(t)))]. (4.33)

uel

Proof. The proof is based on the same ideas as in the previous theorems and on the inter-

changeability of the integral with respect to time and the expectation.
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ueUg

inf E [ / t R(YTUO) (M7 (s)), M7 (s), s)ds + So(y + YT’“(')(MT(t))]
0

— inf E [ /0 t R(Y*)(M(s)), M(s), s)ds + So(y + Y"(')(M(t))] ’

ueUg

< sup
uelU

E / R(Y™ ) (M7 (s)), M7 (s),s)ds — E / R(Y"O(M(s)), M(s),s)ds
0 0

+ESy(y + Y™ O (M7 (1)) — ESo(y + YO (M(t))’

ds

E <YT’”(')(MT(S)), M7 (s), s)> — E(Y“(')(M(s)), M(s), s))

t
o |
ueUc JO

+ sup
uelUgp

B(y 000 (), M7(9,9) - E(Y 00630, )|

So(y + YO (M7 (t) — Soly + Y”(')(M(t))’

<t sup sup
uelU.g s€[0,t]

+ sup
ueUgy

ESo(y 4+ Y™ (M7 (t)) — ESo(y + Y“(')(M(t))' —0, (4.34)

since

E(YT’u(')(MT(s)),MT(S), s)> - E(Yu(')(M(S)),M<8),S)>‘ — 0 and by the previous

theorems

ESo(y + YO (M7 (t)) — ESo(y + Y“(')(M(t))’ — 0. O

The following theorem is an application of a verification theorem in [1] to the limiting

process in our framework.

4.0.3 A verification theorem

The limiting process (t + X (r),y + Y*()(r)) in the subsection 4.0.1 is Markov and assume

has the generating family
Lg =Ly + L2 = Dy} +w(u,y) Dy — (—~A)*/2, (4.35)

We observe the process until ¢ + X (r) = T. At this moment the state of the process

is (T,Y"C)(M(T —t))). The goal of controlling the process is to minimise

T
J(t,e,yiu) = E { [ R (6). 060, uls,0(5). ())s + oy + Y (T t>>>} . (436)
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where the function g represents the terminal payoff function.

Define the value function V,, := inf J(x,y;u(t,z,y)), and denote by u*(-) an

uEUy

optimal control strategy and by (z*(-),y*(-)) the corresponding trajectory.

Theorem 18. Let us study the process (t+ X (r),y+Y*O) (1)) defined above. Assume the set
of admissible control functions Ug for the process (t+ X (1), y+Y"O) (1)) is compact. Assume
also that the process starts at a point (x,y) in Ry x R?. Let R be a running cost function on
Ry x R4 x Uy, which is Lipschitz and bounded. Assume g to be continuous and bounded on
R, x R?,

Let W € CY2(Ry x R?) be a solution to

H(z,y,LgV) =0, (4.37)

with

H(z,y, LaV) = inf [R(t,s,2(s),y(s), u(s, x(s), y(s))) + LaV] (4.38)

UEULG

and with the boundary condition V(T,y) = g(T,y) for y € R%.  Then for every (x,y) €
(R x RY):

1. W(z,y) < J(z,y;u) for any admissible measurable control process u(-).

2. Suppose that there exists u*(-) € Uy such that

u*(t,x,y) € argmin [LeW (z*(t),y"(t)) + R(z*(t),y"(t))] . (4.39)

Then W (z,y) = J(x,y;u*), where J is as defined in (4.36).

Proof. The proof is analogous to that of the verification theorem for the infinite horizon

problem for a controlled Markov diffusion in [1], Chapter IV, Theorem 5.1. O

Theorem 18 verifies that the solution to the fractional HJB equation (4.37) is a solution
to the optimisation problem described in the beginning of the subsection 4.0.3. Previous

theorems 14, 15, 16 and related corollaries give general convergence of S7(¢,y) to solutions of
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optimisation problems as 7 — 0. Note that (4.37), (2.50), (2.51) and (2.69) are of the same
form. Together with the verification theorem 18 these convergence results yield convergence
of S7(t,y) in (4.32) to the solution of (4.37), which exists and is unique by our well-posedness

analysis in Chapter 3.
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Chapter 5

Further developments

In this Chapter we present several ideas about alternative approaches to analysing different
aspects of the model presented in this thesis. The first one is related to analysis of solutions
S7(t,y) to the pre-limiting dynamic programming equations without running costs. We found
the approach presented in the earlier Chapters more straightforward, so this line of thought
was not continued. However it resulted in a property for S7(¢,y) which we will present in
the subsection 5.0.4, and it is interesting in its own right. The second idea is a stochastic
differential equation (SDE) approach to the limiting controlled processes with random time
changes. The third idea is an application of the CTRW to a many particle system modelling
and we extend this even further to a model of competing particle systems. The last further

development idea is a suggestion to apply a CTRW model to limit order book modelling.

5.0.4 Analysis

Let us study the position dependent model described in the subsection 4.0.1. Assume that
So(y) is Lipschitz in y with the Lipschitz constant Lg. Then for fixed 7,¢, S defined in (4.2)
is Lipschitz in y.

The reasoning follows from the definition (4.2)
S7(t,y) = mf ElSo(y + Y7 (M7(1)))]- (5.1)

Using (4.20) we obtain
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|ST(t,y1) — S7(t, y2)|

< sup [E(So(yr + YT (M™(t))) — So(y2 + YT (M (1))))]

< L SEE[YT(MT(t),yD —YT(M"(t),y2)] < LoC(t)|y1 — y2l- (5.2)

Let us study the optimal payoff functions S7 (¢, y) as they appear earlier in the Chapter.
As 7 — 0 the functions S7(t,y) converge to a limit S(¢,y) for every t > 0,y € R% Here we

present the reasoning. Let us recall that S7(¢,y) satisfies:

o tr—1/8
S7(t,y) = / v(dr)So(y) + sup / St — 1By 4 eV (dE Y (dr).
tr—1/8 welU Jo Rd

Due to the definition of S(t,v), for y1,y2 € R%:

1ST(t,y1) — ST(t, y2)| < |So(y1) — So(y2)]

tr—1/8
+Sup/ ‘ST(t—TTl/B,ler&Tl/O‘)
uelU JO R4

=87 (t =177, o + €71/) | (d)(dr)

1/8

tT—
<1So(y1) — So(y2)| —i—/o /Rd Lt /B\yl — yo|pu (d€)v(dr), (5.3)

where L™ is the Lipschitz constant for S7(¢,y). Dividing through by |y; — 2|

tr=1/8 t
Lr,t S LO _|_/ LT’t_tTl/BI/(dT) § LO +/ LT’t_TI/(dT/Tl/B).
0 0

Now Gronwall’s inequality gives us uniform boundedness of L™!.
For fixed 7 > 0,¢t > 0, S7(t,y) defined in (4.2) for the model in the subsection 4.0.1
and re-written in (5.1) is equicontinuous in y. Here we present the reasoning.

Let us take 6 > 0. Let |y1 — y2| < §. Then

1ST(t, y1) — ST(t, y2)| < |So(y1) — So(y2)]
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tT . 1/8
Hyr — 1ol / L= ()
0

< Lob+6 / L= dr)
0

—1/8

S (5([10 + /OtT LoC(t)V(d?“))
< §Lo(1 + C(1)). (5.4)

Here we have used the uniform boundedness of L™ < LyC(t) discussed earlier.

So for any € > 0 there exists éc = qizmy S-t- ly1 —y2| < 6= [ST(t,y1)—S"(t,y2)| <
e. Hence S7(t,y) is equicontinuous.

Therefore by Arzela-Ascoli theorem for any fixed ¢t € R, there exists a sequence
{7 }n>1 such that S™(t,y) — S(t,y) for some S(t,y). Then S is Lipschitz too with the
Lipschitz constant LoC(t) for some C(t), and moreover, by Rademacher’s theorem S(t,y) is

differentiable in y.

5.0.5 Linear quadratic control

Let us assume that the Hamiltonian H has the following form

H(t — inf
(t,y,p) igU(fvag)

= 125 ((au + by)p — (ru2 + suy + wa)) , (5.5)

Minimising over the control parameter wu, i.e. differentiating the function inside the infimum

with respect to u, gives us optimal control u* = *£2¥ substituting it we have

o= (o (22 )
o)
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i.e. the control is linear quadratic. Now assume that S(t,y) = h(t)y? and L = %%. Then

the FHJB equation reduces to

2
y?Diih(t) = h(t)y® + 2 —h2(t) + 2h()y?
2

_%“ (4a*h*(t) — dash(t) + s*)
W2 22
_sah(t)y +2Y — wy?. (5.7)
r 2r

The term y? cancels out and we are left with a fractional Riccati equation for h(t), with

constant coefficients. If L = %% instead then the coefficients will depend on y, however the
equation is for the function h(t) and so powers of y in the coefficients can still be treated as

constants, since they do not depend on t. This leaves us with a fractional Riccati equation

for h(t):
Dglh(t) = AR?(t) + Bh(t) + C, (5.8)

for some A, B, C independent of the time parameter ¢.

Different numerical methods for fractional Riccati equations have been proposed re-
cently, however yet there is no proof of well-posedness. The paper [86] presents numerical

results for the case A=1,B=0,C = —1.

5.0.6 Stochastic Differential Equations for the limiting processes

Here we propose an alternative description of the limiting process via Stochastic Differential

Equations (SDEs). Stochastic processes are solutions of SDEs. For example, the solution to

dX (t) = pdt + cdW(t) (5.9)

where W (t) denotes the Wiener process, is a Gaussian process with mean ut and

variance o2t. The solution to
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dX(t) = f(t, X (t))dt + g(t, X (£))dW (t) (5.10)

for t1 <t < to with the initial data X (¢) = x is pathwise unique and is a Markov
diffusion process, please see the book by [1] and references therein. In case of a controlled

Markov diffusion, X (¢) is the solution to an SDE of the form

dX(t) = f(s, X (s),u(s))ds + g(s, X(s),u(s))dW(s), (5.11)

where u(-) is the admissible control function. Under specific conditions on the func-
tions f, g and u there exists a unique solution to (5.11). Recent developments extend to
theory for solutions to SDEs for which the term dW; is replaced by dL{*, where L§ is an
a-stable Lévy motion. We invite the reader to see for example [87] and [88] for more details.
So far there is no research on the SDE approach to controlled stable processes with
random time changes. Following ideas in [1], [89], [90] and [91], we make the following

conjecture:

Conjecture 1. An a-stable Lévy motion Lo (t) subordinated to Sg(t) an inverse of a [3-stable

Lévy motion is a solution to the following stochastic differential equation (SDE):

dY; = F(Y;)dSs(t) + o(Y;)dLa(Ss(1)). (5.12)

In the case when the process Lo (Sp(t)) is controlled, we propose that the corresponding

SDE is of the form

dY; = F(Y;,u)dSs(t) + o(Ys, u)dLa(Ss(t)), (5.13)

where u s the control parameter.

85



5.0.7 Mean field game application

We looked at the application of the CTRW model to interacting particle systems. This work
was then handed over to E. Herndndez-Herndndez and the reader is invited to read [92] for
interesting results in this direction. Here we present the model we have looked at. It is based
on the work developed in this thesis and on the nonlinear Markov game models presented in
[93].

Often to obtain a description for a stochastic system with |N| particles where |N|
is large, it is easier to approximate it by the analogous system with an infinite number of
particles. Assume that there is a large number |N| of particles, and they are of d types. For
example, in industry there could be | N| robots of d different types with the same controller.
Let us denote by S the state space in Z%. It is the sequence of length d with each element
n;,i € {1,...,d} representing the number of particles of the i-th type. We denote this
sequence by N = (n1,...,ng4). Denote by |[N| = nj + ...+ ng the total number of particles.
Assume the system evolves as particles jump one at a time and each jump is a transformation
of a particle from one type to another. If the system is at a state % and a particle of type
1 transforms to type j, where ¢ # j, we denote the new state of the system by % Assume
there are no jumps from type i to type i, i.e. a transformation must be a change in type.

Assume the waiting times 7;,7 € N between the jumps belong to the DOA of a S-stable
law with 5 € (0,1). By Q(u,t,y) we denote the rate matrices. These may depend on a control
parameter u € U as we may control the jumps to optimise the system’s payoff. Assume the
particles can not control their jumps themselves, and that controlling the evolution is only
possible to the unique controlling agent. Each matrix element Q;; in Q(u,t,y) is the rate
with which a particle can jump/transform from i-th type to the j-th type.

Denote X(n) := > " ;7. Let Zx(t) = infpen{n : X(n) > t} — 1 and let Y (¢) =
Y (Zx(t)) be the process of the system evolution with time. Assume that as N — oo,
N/|N| — y for y € R%. Let a payoff function for the whole system with an infinite number
of participants represent the total cost for the system to be at a particular position y at any

given time t > 0. The aim of the system coordinator is to optimise the payoff. By S (I—%', t)

N

V] and at time ¢ until the end

we shall denote the value of the payoff function at the state
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of the process. Assume that there are no costs for jumping and for waiting, only for arriving
at a new state and at a terminal state.

Let the scaling parameter be 7 = ‘—]{,' Let us scale the waiting times by 71/8 and scale
the configuration NV by 7. We propose that as 7 — 0 the limiting equation for S obtains the

following form:

d
A*S(y,t) + su E cY ( - + S (y)=—— =0, 5.14
1) + s Wy dy; dy; WEE =g (519

where C% = ]N]Zk nk\Qkkl ‘N| i # j. Here A* = —Daﬁt is the dual of the generator

However we did not go ahead with this research direction. A result similar to the
one proposed above has recently been derived heuristically by E. Hernandez-Hernandez for
a slightly different system of interacting particles, see [92] for details. The rigorous proof is
also ongoing research of V. Kolokoltsov and E. Herndndez-Hernandez.

We also looked at two competing controlled systems, each behaving as a CTRW
such as the one described above. Assume there are two agents each controlling a system

of many particles. The goal of each of the two agents is to optimise their own payoff.Let

% = ﬁ(nl,ng, ...,nq) denote the state of the system controlled by the first agent and
% = ﬁ(ml,mg, ...,mq) denote the state of the system controlled by the second agent.

Denote by U and V the control sets for the first and the second agent. The control parameter
u € U depends on the state of the other agent’s system WMI and the control parameter v € V
depends on the state N ‘ of the opposing agent’s particle system. Assume that the only payoff
is due to arriving to a new state and the terminal payoff. Let Q(¢,u,x) and P(t,v,y) denote

the rate matrices which depend on position and control, bringing non-linearity into the game.

Let the scaling parameter be 7 = Then, after the scaling, the value function equation

1
INT[M]*

obtains the following form:
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N M N M o0
S|—,—,t]=5|—,—,t / v(dr
<|N\ 0] ) 0<|N| ) ) 1y VL)

d tr—1/8

+ sup inf Z / anQ”S< t—r71/5> v(dr)
uweU VeV | Ty /0 S 1Qaln \IN[T M|
N MU
* Z / Z”S(,,75—7“7'1/'8>1/(d7“) . (5.15)
i,j=1,i#j z 1|Pu|mz IN|" [M]

We propose that the limiting equation will have a similar form to (5.14).

5.0.8 Application to finance

Together with A. V. Chertok we proposed to apply the CTRW model studied in [94] for
the net flow of orders in a limit order book in a liquid market. We invite the reader to see
[95] for the background theory on stochastic limit order book modelling. The authors of the
paper comment on the potential usefulness of heavy-tailed distributions in limit order book
stochastic modelling, and we tried to develop this idea further. This work did not go ahead
due to specific properties of the limit order book behaviour which could not be captured by
our methods. The key property to allow for in an accurate model of limit orders was the
tendency for the CTRW to frequently reach the zero level.

Here we present the model we had in mind. Let 7; € DOA (B-stable law) denote
waiting times between order arrivals, 8 € (0,1). Let & € DOA (a-stable law) be the sizes
or orders, o € (1,2]. Define the inverse process Mx(t) = inf{n : > ;v >t} —1. Then
Y(t) = ZZ 1 x(t) ¢ may model the net flow of orders. Let us scale the waiting times by 71/8
and the jumps by 71/, It is possible to describe the distribution of the limiting process after

scaling and letting 7 — 0 via fractional distributions:

ot z,y) = / Goo(257/)dGp 1 (), (5.16)
0
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where G ¢ is the stable distribution with the characteristic function of the form

g(a,0) = eg;p{—s\aexp <—i7rc2wsign(s)> } (5.17)

and Gpg,1 is the stable distribution with the characteristic function of the form

g(B,1) = exp{—\s\ﬁexp <—iﬂfsign(s)> } (5.18)

In the view of controlled diffusion models in reinsurance studied by [96], we propose

that the controlled CTRW model is potentially useful in this field too.
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Chapter 6

Conclusions

In this thesis we presented the first research on controlled Continuous Time Random Walks
(CTRWs). Using one heuristic and one rigorous approach we derived that for such a dynamics
the optimal payoff will satisfy a fractional Hamilton Jacobi Bellman (FHJB) type equation.
We have also studied extensions of the CTRW models and derived more general equations
for the corresponding optimal payoffs. We focused on the analysis of the FHJB equation,
for the first time deriving the mild form of the FHJB and studying its well-posedness and
regularity properties. We have also expressed the solution to the FHJB equation as a solution
to an optimization problem, which may also be extended to a more general scenario where

the operators are generators of Feller processes.
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Chapter 7

Appendix

Let us recall the asymptotic properties of stable densities defined in (3.26)

1 « —1
9(y,a,0) = W/Rd exp{—a|p|*}e""Pdp,

see [82] for details. For |y|/o'/® — 0 the following asymptotic expansion for g holds

9(y, , ) ~ 577§ <’y‘>
’ 1/a\d 1/« ’
27r0/ P /
where
ar, = o~ 'T 2kt d B k+1,7d_1 ;
« 2 2
where

is the Beta function, and
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(d-1)/2
592 = 25— (7.5)
I'(%)
and |S°| = 2, see [82] for the proof.
For |y|/o'/® — oo the following asymptotic expansion holds
_ 2 o
9(y; a,0) ~ (2m) D20 N R gy (7.6)
lyl &= k!
where
k: oo
ap = (—1)*sin <72m>/ RNy, (26)de (7.7)
0 ’2
and Wy ,(z) is the Whittaker function
Won(s) = — 2 / TR ) et (7.8)
T T+ 1/2) g ’ '

see [82] for the proof. We refer the interested reader to [97] for background information

on asymptotic expansions.

In case d = 1 the stable density function w(x, 5, 1) defined in (3.27) is infinitely smooth
for x = 0 and w(z, 8,1) = 0 for z < 0. Hence w grows at 0 slower than any power. This gives
rise to the inequalities such as w(z, 8,1) < Cyz?™! for any ¢ > 1, for < 1. The property
w(z) ~ 2778 for  >> 1, may be found for example in [82]. This may be deduced from the

asymptotic expansions in equations 7.7 and 7.9 in [82] with v = 1.

The following result is part of the proposition 7.3.2 from [82]:

Proposition 1. Let
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oy, o, B, 0) = (2;)51 /Rd Ipl’ exp{—i(p,y) — olp|~*}dp, (7.9)

so that
0 1 . —a
S5w0.8.0) = g [ P loglplern{=i(p.u) — olpl~}ap. (7.10)
Then if 0.‘1y/|a <K
¢y, o, B,0)| < coP/%(y, @, 0) (7.11)

and if vl S K

ol/a

|6y, @, B, 0)| < coHy|* Pg(y, @, 0), (7.12)

where g is as in (7.1) and (3.26).

Definition 11. For an open set Q C R" a fractional Sobolev space HP*(Q) is defined as

HPL(Q) = {u e LYQ) : W e LY x Q)} (7.13)

with the norm

u(z) — u(y)|
= —_— . 14
lull g1 (@) /QIUIdSE+/Q o o — g G (7.14)
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