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Preface

This book encompasses the study of hybrid switching diffusion processes
and their applications. The word “hybrid” signifies the coexistence of con-
tinuous dynamics and discrete events, which is one of the distinct features
of the processes under consideration. Much of the book is concerned with
the interactions of the continuous dynamics and the discrete events. Our
motivations for studying such processes originate from emerging and ex-
isting applications in wireless communications, signal processing, queueing
networks, production planning, biological systems, ecosystems, financial
engineering, and modeling, analysis, and control and optimization of large-
scale systems, under the influence of random environments.

Displaying mixture distributions, switching diffusions may be described
by the associated operators or by systems of stochastic differential equa-
tions together with the probability transition laws of the switching actions.
We either have Markov-modulated switching diffusions or processes with
continuous state-dependent switching. The latter turns out to be much
more challenging to deal with. Viewing the hybrid diffusions as a number
of diffusions joined together by the switching process, they may be seem-
ingly not much different from their diffusion counterpart. Nevertheless, the
underlying problems become more difficult to handle, especially when the
switching processes depend on continuous states. The difficulty is due to
the interaction of the discrete and continuous processes and the tangled
and hybrid information pattern.

A salient feature of the book is that the discrete event process is al-
lowed to depend on the continuous dynamics. Apart from the existence
and uniqueness of solutions, we treat a number of basic properties such as

xi



xii Preface

regularity, the Feller property, the strong Feller property, and continuous
and smooth dependence on initial data of the solutions of the associated
stochastic differential equations with switching.

A large part of this work is concerned with the stability of switching
diffusion processes. Here stability is meant in the broad sense including
both weak and strong stability. That is, we focus on both a “neighbor-
hoods of infinity” and neighborhoods of equilibrium points; the stability
corresponding to the former is referred to as weak stability, whereas that
of the latter is stability in the usual sense. In studying deterministic dy-
namic systems, researchers used Lagrange stability to depict systems that
are ultimately uniformly bounded. Treating stochastic systems, one would
still hope to adopt such a notion. Unfortunately, the boundedness excludes
many important cases. Thus, we replace this boundedness by a weaker
notion known as recurrence (returning to a prescribed compact region in
finite time). When the expected returning time is finite, we have so-called
positive recurrence. A crucial question is: Under what conditions will the
systems be recurrent (resp. positive recurrent). We demonstrate that pos-
itive recurrence implies ergodicity and provide criteria for the existence
of invariant distributions together with their representation. In addition
to studying asymptotic properties of the systems in the neighborhood of
infinity, we examine the behavior of the systems at the equilibria. Also con-
sidered are invariance principles and stability of differential equations with
random switching but without diffusions.

Because the systems are rarely solvable in closed form, numerical meth-
ods become a viable alternative. We construct algorithms to approximate
solutions of such systems with state-dependent switching, and provide suf-
ficient conditions for convergence for numerical approximations to the in-
variant measures.

In real-world applications, hybrid systems encountered are often of large
scale and complex leading to intensive-computation requirement. Reduc-
tion of computational complexity is thus an important issue. To take this
into consideration, we consider time-scale separation in hybrid switching-
diffusion and hybrid-jump-diffusion models. Several issues including recur-
rence of processes with switching having multiple-weak-connected ergodic
classes, two-time-scale modeling of stochastic volatility, and weak conver-
gence analysis of systems with fast and slow motions involving additional
Poisson jumps are studied in details.

This book is written for applied mathematicians, probabilists, systems
engineers, control scientists, operations researchers, and financial analysts
among others. The results presented in the book are useful to researchers
working in stochastic modeling, systems theory, and applications in which
continuous dynamics and discrete events are intertwined. The book can be
served as a reference for researchers and practitioners in the aforementioned
areas. Selected materials from the book may also be used in a graduate-level
course on stochastic processes and applications.
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Conventions

We clarify the numbering system and cross-reference conventions used
throughout the book. Equations are numbered consecutively within a chap-
ter. For example, (2.10) indicates the tenth equation in Chapter 2. Corol-
laries, definitions, examples, lemmas, propositions, remarks, and theorems
are numbered sequentially throughout each chapter. For example, Defini-
tion 3.1, Theorem 3.2, Corollary 3.3 and so on. Assumptions are marked
consecutively within a chapter. For cross reference, an equation is identified
by the chapter number and the equation number; similar conventions are
used for theorems, remarks, assumptions, and so on.

Throughout the book, we assume that all deterministic processes are
Borel measurable and all stochastic processes are measurable with respect
to a given filtration. A subscript generally denotes either a finite or an
infinite sequence. However, the e-dependence of a sequence is designated
in the superscript. To facilitate reading, we provide a glossary of symbols
used in the subsequent chapters.
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Glossary of Symbols

transpose of A (either a matrix or a vector)
covariance of a random variable £
space of complex numbers
space of real-valued continuous functions defined on D
space of real-valued functions with bounded and
continuous derivatives up to the order &
CF(D) with D = R"
C*-functions with compact support
complement of a set D
closure of aset D, D = DUOD
boundary of a set D
space of S-valued functions
being right continuous and having left-hand limits
D c D C FE and D is compact
expectation with X (0) = z and «(0) =1
expectation of a random variable &
o-algebra
filtration {F,t > 0}
identity matrix of suitable dimension
indicator function of a set A
generic positive constant with
convention K + K = K and KK = K
state space of switching process a(t)
neighborhood of = centered at the origin
function of y such that sup, |O(y)|/|y| < oo

Xvii



xviii Glossary of Symbols

R’I"
S(r) or Sy
Xx,i (t)

at

a

a.s.

(a,b)

ar N\---Nag
arV---Va
diag(Al,..., A}

exp(Q)
fror Vo f
fuz or V2f
iid.

Inz or logx

o(y)

p(dt,dz)

tr(A)

w.p.1

Ed

(Q,F,P)

(Q’ f? {ft}v P)

probability with X (0) = z and «a(0) = ¢
probability distribution of a random variable £
=2, 4 (f(J) — f(i)) where @ = (q;5)
z-dependent generator of the switching process
space of real numbers

r-dimensional real Euclidean space

ball centered at the origin with radius r

X (t) with initial data X (0) = z and «(0) =4

= max{a, 0} for a real number a

= max{—a, 0} for a real number a
almost surely

inner product of vectors a and b
=min{a,...,q;} fora; eR,i=1,...,1
= max{ay,...,q} fora; eR,i=1,...,1
diagonal matrix of blocks A!, ..., Al

e@ for a matrix Q

gradient of f with respect to x

Hessian of f with respect to x

independent and identically distributed

natural logarithm of x

Lebesgue measure on R

a function of y such that lim,_.¢o(y)/|y| =0

Poisson random measure with intensity dt x m(dz)

trace of matrix A

with probability one

integer part of x

probability space

filtered probability space

continuous-time process with right-continuous
sample paths

=1if 4 = j; = 0 otherwise

positive small parameter

maximal eigenvalue of a symmetric matrix A

minimal eigenvalue of a symmetric matrix A

a column vector with all entries being 1

defined to be equal to

end of a proof

norm of an Euclidean space or a function space
essential sup-norm



1

Introduction and Motivation

1.1 Introduction

This book focuses on switching diffusion processes involving both con-
tinuous dynamics and discrete events. Before proceeding to the detailed
study, we address the following questions. Why should we study such hy-
brid systems? What are typical examples arising from applications? What
are the main properties we wish to study? This introductory chapter pro-
vides motivations of our study, delineates switching diffusions in a simple
way, presents a number of application examples, and gives an outline of the
entire book.

1.2  Motivation

Owing to their wide range of applications, hybrid switching diffusions, also
known as switching diffusion systems, have become more popular recently
and have drawn growing attention, especially in the fields of control and
optimization. Because of the presence of both continuous dynamics and
discrete events, such systems are capable of describing complex systems
and their inherent uncertainty and randomness in the environment. The
formulation provides more opportunity for realistic models, but adds more
difficulties in analyzing the underlying systems. Resurgent efforts have been
devoted to learning more about the processes and their properties. Much
of the study originated from applications arising in control engineering,

G.G. Yin and C. Zhu, Hybrid Switching Diffusions: Properties and Applications, 1
Stochastic Modelling and Applied Probability 63, DOI 10.1007/978-1-4419-1105-6 1,
© Springer Science + Business Media, LLC 2010



2 1. Introduction and Motivation

manufacturing systems, estimation and filtering, two-time-scale systems,
and financial engineering; see [74, 78, 123, 146, 147, 154, 167, 170, 184],
among others. In these applications, random-switching processes are used
to model demand rate or machine capacity in production planning, to de-
scribe the volatility changes over time to capture discrete shifts such as
market trends and interest rates and the like in finance and insurance, and
to model time-varying parameters for network problems. In reference to
recent developments, this book emphasizes the development of basic prop-
erties of switching diffusion processes.

The coexistence of continuous dynamics and discrete events and their
interactions reflect the salient features of the systems under consideration.
Such systems have become increasingly important for formulation, analysis,
and optimization in many applications. Perhaps, one of the reasons is that
many real-world applications in the new era require sophisticated models,
in which the traditional dynamic system setup using continuous dynam-
ics given by differential equations alone is inadequate. In addition, there
have been increasing demands for modeling large-scale and complex sys-
tems, designing optimal controls, and conducting optimization tasks. In the
traditional setting, the design of a feedback controller is based on a plant
having fixed parameters, which is inadequate when the actual system differs
from the assumed nominal model. As a consequence, the controller is not
able to serve its purposes and cannot attenuate disturbances or perturba-
tions. Much effort has been directed to the design of more “robust” controls
in recent years. Studies of hybrid systems with Markov regime switching
contribute significantly to this end. Various regime-switching models have
been proposed and examined. The so-called jump linear systems, widely
used in engineering, have been studied in Mariton [123]; controllability and
stabilizability of such systems are treated in Ji and Chizeck [78]. Estima-
tion problems are considered in Sworder and Boyd [154]. Manufacturing
and production planning under the framework of hierarchical structure are
covered in Sethi and Zhang [146], and Sethi, Zhang, and Zhang [147]. Fi-
nancial engineering applications and the use of hybrid geometric Brownian
motion models can be found in [170, 184], among others. To reduce the
complexity, effort has been made to deal with hybrid systems with regime
switching by means of time-scale separation in Yin and Zhang [176]; see
also [167, 185]. Hybrid systems have received increasing attention in recent
years. Other than the switching diffusion systems mentioned above, one
may find the formulation of a somewhat different setup in Bensoussan and
Menaldi [12]. An introductory text on stochastic control for jump diffusions
is in Hanson [64], whereas a treatment of stochastic hybrid systems with
applications to communication networks is in Hespanha [67]. For references
on stochastic control and controlled Markov processes, we refer the reader
to Fleming and Rishel [44], Fleming and Soner [45], Krylov [96], and Yong
and Zhou [181].

A special feature of switching diffusion processes is: In the systems, con-



1.2 Motivation 3

tinuous dynamics and discrete events are intertwined. For example, one
of the early efforts of using such hybrid models for financial applications
can be traced back to [5], in which both the appreciation rate and the
volatility rate of a stock depend on a continuous-time Markov chain. In the
simplest case, a stock market may be considered to have two “modes” or
“regimes,” up and down, resulting from the state of the underlying econ-
omy, the general mood of investors in the market, and so on. The rationale
is that in the different modes or regimes, the volatility and return rates
are very different. The introduction of hybrid models makes it possible to
describe stochastic volatility in a relatively simple manner (simpler than
the so-called stochastic volatility models). Another example is concerned
with a wireless communication network. Consider the performance analysis
of an adaptive linear multiuser detector in a cellular direct-sequence code-
division multiple-access wireless network with changing user activity due
to an admission or access controller at the base station. Under certain con-
ditions, an associated optimization problem leads to a switching diffusion
limit; see [168]. To summarize, a centerpiece in the applications mentioned
above is a two-component Markov process: a continuous component and a
discrete-event component.

Long-time behavior of such hybrid systems is one of the major concerns
in stochastic processes, systems theory, control, and optimization. Nowa-
days, there is a fairly well-known theory for stability of diffusion processes.
The basic setup of the stability study and the foundational work were
originated in the work of Khasminskii [83] and Kushner [97]. The origin
of the study may be traced back to Kac and Krasovskii [79] for differen-
tial equations perturbed by Markov chains. Comprehensive treatment of
Markov processes is in Dynkin [38], whereas that of diffusion processes
may be found in Gihman and Skorohod [55], Liptser and Shiryayev [110],
and Stroock and Varadhan [153] and references therein. Concerning jump
processes and Markov chains, we mention the work of Chung [28], Cox
and Miller [29], and Doob [33]. Davis’s piecewise deterministic viewpoint
adds a new twist to Markov models. Ethier and Kurtz [43] examine weak
convergence of Markov processes and provide an in-depth study on char-
acterization of the limit process. Chen’s book [23] presents an approach
from the angle of coupling methods. Recently, stability of diffusion pro-
cesses with Markovian switching have received much attention (see, e.g.,
[6, 7, 92, 116, 119, 183, 187, 190] and the references therein). Some of
the recent developments in Markov modulated switching diffusions (where
the Markov chain and the Brownian motion are independent) are found
in Mao and Yuan [120]. Accommodating the many applications, although
these systems are more realistically addressing the demands, the nontradi-
tional setup makes the analysis of switching diffusions more difficult. To be
able to effectively treat these systems, it is of foremost importance to have
a thorough understanding of the underpinning of the systems. This is the
main theme of the current work.



4 1. Introduction and Motivation

1.3  What Is a Switching Diffusion

Let us begin with answering the question: What is a switching diffusion.
In this book, we consider a switching diffusion model, in which the discrete
events are modeled by a finite-state process. The following diagram provides
a visualization of a typical example. Consider a switching diffusion as given
in Figure 1.1 that consists of three diffusions sitting on three parallel plans.
The discrete event is a three-state jump process. We denote the pair of
processes by

(continuous process, discrete event) = (X (¢), «(t)).

Suppose that initially, the process is at (X (0),«(0)) = (,1). The discrete
event process sojourns in discrete state 1 for a random duration; during this
period, the continuous component evolves according to the diffusion process
specified by the drift and diffusion coefficients associated with discrete state
1 until a jump of the discrete component takes place. At random moment 771,
a jump to discrete state 3 occurs. Then the continuous component evolves
according to the diffusion process whose drift and diffusion coefficients are
determined by discrete event 3. The process wanders around in the third
plan until another random jump time 75. At 79, the system switches to the
second parallel plan and follows another diffusion with different drift and
diffusion coefficients and so on.

®/7 Discrete-event State 3
: & X(m1)

Discrete-event State 2

(_IZ—Q Discrete-event State 1
X(73) X(0) = =, a(0) =1

FIGURE 1.1. A “sample path” of regime-switching diffusion (X (¢), «(t)).

At a first glance, one may feel that the process is not much different from
a diffusion because the switching is a finite-state process. Nevertheless,
even if the switching is a finite-state Markov chain independent of the
Brownian motion (subsequently referred to as Markov-modulated switching
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diffusions), the switching diffusion is still much harder to handle. The main
reason is the coupling and interactions due to the switching process make
the analysis much more difficult. For example, when we study recurrence
or stability, we have to deal with systems of coupled partial differential
equations.

One of the main features of this book is that a large part of it deals with
the switching component depending on the continuous component. This is
often referred to as a state-dependent switching process in what follows;
more precise statements about which will be made later. In this case, the
analysis is much more difficult than that of the case in which the switching
is independent of the continuous states. As shown in Chapter 2, some of the
time-honored characteristics such as continuous dependence of initial data
become highly nontrivial; even Feller properties are not straightforward to
obtain.

1.4 Examples of Switching Diffusions

To demonstrate the utility of the switching diffusion models, this section
provides a number of examples. Some of these examples are revisited in
later chapters.

Example 1.1. (Lotka—Volterra model) Concerning ecological population
modeling, proposed by Lotka and Volterra, the well-known Lotka—Volterra
models have been investigated extensively in the literature. When two or
more species live in proximity and share the same basic requirements, they
usually compete for resources, food, habitat, or territory. Both determinis-
tic and stochastic models of the Lotka—Volterra systems have been studied
extensively.

It has been noted that the growth rates and the carrying capacities are
often subject to environmental noise. Moreover, the qualitative changes of
the growth rates and the carrying capacities form an essential aspect of
the dynamics of the ecosystem. These changes usually cannot be described
by the traditional (deterministic or stochastic) Lotka—Volterra models. For
instance, the growth rates of some species in the rainy season is much dif-
ferent from those in the dry season. Moreover, the carrying capacities often
vary according to the changes in nutrition and food resources. Similarly,
the interspecific or intraspecific interactions differ in different environment.

It is natural to consider a stochastic Lotka—Volterra ecosystem in a ran-
dom environment that can be formulated by use of an additional factor
process. Consider the following stochastic differential equation with regime
switching

dx(t) = diag (z1(¢t),...,za(t))
X [(b((t)) = A(a(t))(t))dt + X(a(t)) o dw(t)],

(1.1)



6 1. Introduction and Motivation

or equivalently, in componentwise form

dzi(t) = @i(t)] [bila(t) - iaim(tm (t)| at

(1.2)

+oi(a(t)) o dwi(t)}, i=1,...,n,
where w(-) = (wy(+),...,wy(-))" is an n-dimensional standard Brownian
motion, and for o € M, b(a) = (bi(e),...,bn(a)), Ale) = (ai;j(a)),
Y(a) = diag(or(a),...,0,(a)) represent different growth rates, commu-

nity matrices, and noise intensities in different external environments, re-
spectively, and z’ denotes the transpose of z. Assume that b;(«) > 0 for
each & € M and each i = 1,...,n, and the Markov chain a(-) and the
Brownian motion w(-) are independent. Without loss of generality, we also
assume that the initial conditions x(0) and «(0) are nonrandom. The above
formulation is seen to be in the form of Stratonovich. As explained in [84],
this form is more suitable for environment modeling. It is well known that
(1.2) is equivalent to the following stochastic differential equation in the
1to6 sense

dr;(t) = x; ri(a — agj(a(t))x; d
() = @) [ria(t) Z (a(0);(t)] dt -,

—s—ai(a(t))dwi(t)}, i=1,2,....n,

where 7;(a(t)) == b;(a(t)) + 10?(a(t)) for each i = 1,2,...,n.
Regime-switching stochastic Lotka—Volterra models have received much
attention lately. For instance, the study of trajectory behavior of Lotka—
Volterra competition bistable systems and systems with telegraph noises
was considered in [37], stochastic population dynamics under regime switch-
ing was treated in [113], the dynamics of a population in a Markovian en-
vironment were studied in [151], and the evolution of a system composed
of two predator-prey deterministic systems described by Lotka—Volterra
equations in a random environment was investigated in [156]. In the ab-
sence of regime switching, the system is completely modeled by stochastic
time evolution in a fixed environment. The results in a fixed environment
correspond to (1.2) or (1.3) in the case when the Markov chain has only one
state or the Markov chain always stays in the fixed state (environment).
When random environments are considered, the system’s qualitative be-
havior can be drastically different. In a recent paper of Zhu and Yin [189],
we considered several asymptotic properties of the models given above.

Example 1.2. Here we consider the problem of balanced realizations, a
concept that started gaining popularity in the fields of systems and con-
trol in the early 1980s, and has still attracted much attention lately. Bal-
anced realizations have been studied for finite-dimensional linear systems
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for nearly three decades. The original problem is concerned with linear
deterministic systems. In the 1980s, to bridge the gap between minimal
realization theory and to treat the problem of finding lower-order approxi-
mations, a particular realization was first introduced in the seminal paper
by Moore [129], where the problem was studied with principal component
analysis of linear systems. The term “balanced” was used because the real-
izations have a certain symmetry between the input and the output maps
characterized by the controllability and observability Grammians. Owing
to their importance and their wide range of applications, balanced realiza-
tions have attracted much attention. One of the applications areas is model
reduction. Asymptotic stability of the reduced-order systems was studied
in [129], and error bounds between the reduced-order model and the origi-
nal system were obtained in [58] in terms of the associated singular values.
There have been substantial extensions of the theory to time-varying linear
systems. Key existence results concerning balanced realizations were con-
tained in [148] and [157]. Subsequent work can be found in [66, 75, 133, 144]
and references therein.

We generalize the ideas to include random switching to represent random
perturbations under a stochastic environment. We suppose that for each in-
stant ¢, the state consists of a pair (X (¢), a(t)) representing the continuous
state component and discrete event component, respectively. Let a(t) be a
continuous-time Markov chain with finite state space M = {1,2,...,mg}
and generator

mo
Q = (¢;j) € R™*™0 guch that ¢;; > 0 for i # j, and ZQU =0. (1.4)

j=1

Our proposed set of equations for balanced realizations includes coupling
terms due to the Markov switching of the model. In the trivial case of no
switching, the equations are decoupled and are standard balanced realiza-
tion equations. We loosely carry the term “balanced realization” over to our
more general setting. As in the classical theory for the case of no Markovian
switching, the condition for balanced realization is represented by a system
of algebraic equations. Our system of equations is a set of Riccati equations
but with additional couplings between them owing to the discrete events
not evident in the classical case. The underlying systems are modulated by
a continuous-time Markov chain with state space M. The matrix coeffi-
cients of the linear systems depend on the states of the Markov chain. At
any given instant ¢, the Markov chain takes one of the values (e.g., i) in
M. Then the system dynamics are determined by the matrix coefficients
associated with state 7. After a random time, the Markov chain switches to
a new state j # ¢ and stays there until the next jump. The system dynam-
ics are then determined by the matrix coefficients associated with j. Such
random jump linear systems arise frequently in applications where regime
changes are utilized to model the random environment. Assume that for
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each i € M, A(i,-), B(i,-), and C(i,-) are bounded and continuously dif-
ferentiable matrix-valued functions with suitable dimensions. Consider the
following system

4 X(1) = Al(), )X (1) + Blalt), Dut), X(to) = o,

y(t) = Cla®), ) X(1),

(1.5)

where the state X (t) € R™*! input u(t) € R™*!, and output y(t) € R™o.
Note that because a finite-state Markov chain is used, effectively, (1.5) can
be written as

ZA i, ) X () 1) }+ZB i) u(t) {a)=iy, X(to) = o,

ZO Z t I{a(t) ,L},

where [g is the indicator function of the set S. In what follows, if a square
matrix D is positive definite (resp., nonnegative definite), we often write it
as D > 0 (resp., D > 0). For D; € R for some ¢, £ > 1, D} denotes its
transpose. For a suitable function f(¢,1), we denote

mo
i) = Z%‘jf(t ) un f(t,1)) for each i€ M.
Jj=1 )

For each ¢t > 0 and i € M, a realization (A(:,t), B(i,t), C(i,t)) is said to
be uniformly completely controllable if and only if there is a § > 0 such
that for some positive L.(J) and U.(9),

00 > Ua(86)I > Golt — 6,t,4) > Le(6)I > 0, (1.6)

where G.(t — §,t,1) is the controllability Grammian

Gc(t—é,t,i):/t B(t, N, i) B(i, \)B' (i, N (1, A, i), (1.7)
t—4

and ®(t, N, 7) is the state transition matrix (see [2, p. 349]) of the equation

dz(t)
dt
For each t > 0 and ¢ € M, a realization (A(i,t), B(i,t),C(i,t)) is said

to be uniformly completely observable if and only if there is a § > 0 such
that for some positive L,(d) and U,(9),

= A(i,£)2(t).

00 > Up(8)] > Go(t,t +6,1) > Lo(8)I > 0, (1.8)
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where G,(t,t + 6,1) is the observability Grammian
t+6
Golt,t+6,7) = / B (10O (1 NG NBO L AN, (1.9)
t

System (1.5) is said to have a balanced realization if there are nonsingular
coordinate transformations T'(t,4) with

P(t,i) € 1/t )T(t,i) >0

such that
P(t,i)G.(t,1)P(t,i) = Go(t,i) + QP(t,")(i), i=1,2,...,mq. (1.10)

Note that regime switching is one of the main features (fully degenerate
regime-switching diffusion with the second order term missing in the sys-
tem) of such systems compared with the traditional setup. To study the
behavior of such systems, it is crucial to have a thorough understanding of
the switching diffusion processes. For modeling and analysis of the balanced
realizations, we refer the reader to [111] for further reading.

Example 1.3. Continuing with the setup of the hybrid linear system
o(t) = Ale(t))x(t) + Bla(t))u(t),

where «a(t) is a continuous-time Markov chain taking values in a finite set
M={1,...,mp}, A(i) and B(i) for i € M are matrices with compatible
dimensions, and w(-) is the control. In lieu of one linear system, we have
a number of systems coupled through the Markov chain. Such systems
have enjoyed numerous applications in emerging application areas such as
financial engineering and wireless communications, as well as in existing
applications. A class of important problems concerns the asymptotic be-
havior of such systems when they are in operation for a long time. Very
often, in many engineering problems, one is more interested in whether the
system is stable. Much interest lies in finding admissible controls so that
the resulting system will be stabilized. There has been continuing interest
in dealing with hybrid systems under a Markov switching. In [123], stabi-
lization for robust controls of jump linear quadratic (LQ) control problems
was treated. In [78], both controllability and stabilizability of jump linear
LQ systems were considered. In [21], adaptive LQG problems with finite-
state process parameters were treated. Additional difficulties come when
the switching process a(t) cannot be observed, but can only be observed
in white noise. That is, we can observe

dX () = [A(a(t)) X (t) + B(a(t))u(t)|dt + dw(t).

For such partially observed systems, it is natural to use nonlinear filter-
ing techniques. The associated filter is the well-known Wonham filter [159],
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which is one of a handful of finite-dimensional filters in existence. Stabiliza-
tion of linear systems with hidden Markov chains was considered in [22, 36].
In both of these references, averaging criteria were used for the purpose of
stabilization under

limsup E[| X (#)]? + |u(t)]?] < oo,

t—o00

in [36], whereas stabilization under

t
lim sup 1E/ [1X(8)|* + |u(s)|*]ds < oo
t—o0 t 0

was considered in [22]. A question of considerable practical interest is: Can
we design controls so that the resulting system will be stable in the almost
sure sense. Using Wonham filters and converting the partially observed sys-
tem to an equivalent fully observed system, almost sure stabilizing controls
were found under the criterion

1
lim sup n log | X ()] <0 almost surely (1.11)
t—o0

in [13]. The main idea lies in analyzing the sample path properties using
a suitable Liapunov function. We refer the reader to the reference given
above for further details.

Example 1.4. Let {6,,} be a discrete-time Markov chain with finite state
space

M:{gla---agmo} (112)

and transition probability matrix
P =T1+4¢€Q, (1.13)

where € > 0 is a small parameter, I is an mg X mg identity matrix, and
Q = (gij) € R™*™0 ig a generator of a continuous-time Markov chain
(ie., Q satisfies g;; > 0 for i # j and Z;”:Ol ¢ij =0 for each i =1,...,my).
For simplicity, suppose that the initial distribution P(8y = ;) = po, is
independent of € for each i = 1,...,mg, where pg; > 0 and > " po; = 1.

Let {X,,} be an S-state conditional Markov chain (conditioned on the
parameter process). The state space of {X,} is § = {e1,...,es}, where
e, for i = 1,...,5, denotes the ith standard unit vector with the ith
component being 1 and rest of the components being 0. For each § € M,
A(0) = (a;;(0)) € RS*S the transition probability matrix of X,,, is defined
by

aij(e) = P(Xn+1 = ej\Xn = €i,9n = 9) = P(X1 = ej‘Xo = ei,90 = 9),

where 4,5 € {1,...,S5}. Assume that for § € M, A(0) is irreducible and
aperiodic.
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Note that the underlying Markov chain {6,,} is in fact e-dependent. We
suppress the e-dependence for notational simplicity. The small parameter
e in (1.13) ensures that the entries of the transition probability matrix are
nonnegative, because p; = d;; +e¢;; > 0 for £ > 0 small enough, where 4;;
denotes the Kronecker § satisfying d;; = 1 if ¢ = j and is 0 otherwise. The
use of the generator () makes the row sum of the matrix P be one. Although
the true parameter is time varying, it is piecewise constant. Moreover, due
to the dominating identity matrix in (1.13), {#,,} varies slowly in time. The
time-varying parameter takes a constant value 6; for a random duration and
jumps to another state §; with j # i at a random time.

The assumptions on irreducibility and aperiodicity of A(6) imply that
for each 6 € M, there exists a unique stationary distribution 7(f) € R%*!
satisfying

7'(0) = 7' (0)A(F), and 7'(0)1s =1,

where 1, € R with all entries being equal to 1. We use a stochastic
approximation algorithm to track the time-varying distribution 7 (6,,) that
depends on the underlying Markov chain 6,,.

We use the following adaptive algorithm of least mean squares (LMS)
type with constant stepsize in order to construct a sequence of estimates
{7n} of the time-varying distribution 7(6,)

%n+1 = %n + M(XnJrl - %n)7 (114>

where p denotes the stepsize. Define 7,, = 7, — En(6,,). Then (1.14) can
be rewritten as

Tna1 = T — Wip + w(Xpe1 — Ex(6,)) + E(7(0,) — 7(0,41)).  (1.15)

Note that 7,, 7(0,), and hence 7,, are column vectors (i.e., they take
values in R¥*1).

For 0 < T < oo, we construct a piecewise constant interpolation of the
stochastic approximation iterates 7, as

TH(t) = Tp, tE [pn, pn + w). (1.16)

The process 7#(-) so defined is in D([0, T]; R®), which is the space of func-
tions defined on [0, 7] taking values in R that are right continuous, have
left limits, and are endowed with the Skorohod topology.

In one of our recent works [168], using weak convergence methods to
carry out the analysis, we have shown that (7#(-),0*(-)) converges weakly
to (7(+),0(+)), which is a solution of the following switching ordinary dif-
ferential equation

d . ~ ~ ~
aﬂ'(t) =m(0(t)) —7(t), 7(0)="To. (1.17)

The above switching ODE displays a very different behavior from the tra-
jectories of systems derived from the classical ODE approach for stochastic
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approximation. It involves a random element because (t) is a continuous-
time Markov chain with generator (). Furthermore, we can show that
{7, —En(0,))//1} is tight for n > ng for some positive integer ng. In an
effort to determine the rate of variation of the tracking error sequence, we
define a scaled sequence of the tracking errors {v,, } and its continuous-time
interpolation v*(-) by

Tn — E{W(en)}
—\/ﬁ )

We have shown in [168] that (v*(-),0"(-)) converges weakly to (v(-),0(-))
satisfying the switching diffusion equation

vy = n>mng, vH(t)=wv, for te nu,nu+p). (1.18)

dvo(t) = —v(t)dt + XY (0(t))dw(t), (1.19)

where w(-) is a standard Brownian motion and X(#) is the almost sure limit
given by

n+m In+m—1

lim — (X —EX X —EX !
#lg%n kz_:m Z k1 (0 k41(0)) (X, +1(0) ki+1(0))

=X(0) as.
(1.20)
Note that for each 6, X(0) is an S x S deterministic matrix and in fact,

S|

m—1n+m—1
> Y E{(Xpi1(0) — EXpy1(0) (X, 41(0) — EXy,41(0))'}
ki=m m

3(0) as pu— 0.
(1.21)
Because of the regime switching, the system is qualitatively different from

the existing literature on stochastic approximation methods; see Kushner
and Yin [104].

Example 1.5. Suppose that w(-) is a d-dimensional Brownian motion
and «(-) is a continuous-time Markov chain generated by @ taking values
in M={1,...,mg}. Define F;, = o{w(s), a(s) : 0 < s < t}, and denote by
L%.(0,T; Rmﬂ) the set of all R™0-valued, measurable stochastic processes
f(t) adapted to {F;}i>0 satisfying EfOT |f(t)]2dt < .

Consider a financial market in which d + 1 assets are traded continu-
ously. One of the assets is a bank account whose price Py(t) is subject
to the following stochastic ordinary differential equation with Markovian
switching,

dPy(t) = r(t,a(t))Py(t)dt, te0,T),

(1.22)
Py(0) = po >0,
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where r(t,4) > 0, i = 1,2,...,my, are given as the interest rate processes
corresponding to different market modes. The other d assets are stocks
whose price processes P, (t), m = 1,2,...,d, satisfy the following system
of stochastic differential equations with Markov switching:

d
APy (t) = P, (t) {bm(t, a(t))dt+ Y omalt, a(t))dwn(t)} , te0,T],
n=1
Py, (O) =pm >0,

(1.23)
where for each ¢ = 1,2,...,my, by, (t,1) is the appreciation rate process and
Om(t,1) = (om1(t,1),...,0ma(t,i)) is the volatility or the dispersion rate
process of the mth stock, corresponding to «a(t) = i.

Define the volatility matrix as
g1 (ta Z)
o(t,i) = , foreachi=1,...,mo. (1.24)
oq (t, Z)
We assume that the following non-degeneracy condition
o(t,i)o’(t,i) > I, Vt€[0,T], and i=1,2,...,mq, (1.25)

is satisfied for some § > 0, and that all the functions r(¢,), by, (t,1),
Omn(t,1) are measurable and uniformly bounded in ¢. Inequality (1.25)
is in the sense of positive definiteness for symmetric matrices; that is,
o(t,i)o’(t,i) — 61 is a positive definite matrix.

Suppose that the initial market mode «(0) = ig. Consider an agent with
an initial wealth 9 > 0. Denote by z(t) the total wealth of the agent at
time ¢ > 0. Assuming that the trading of shares takes place continuously
and that there are no transaction cost and consumptions, then one has
(see, e.g., [181, p.57])

M=

da(t) = {r(t,a()z(t) + 3 [ (ta(t) = r(t.a(t)un(t) ht

1

d d
+ Z Z Umn(t, a(t))Um(t)dw”(t)’

n=1m=1

3
[

z(0) =x¢ >0, «0) =1,

(1.26)
where u,, (t) is the total market value of the agent’s wealth in the mth asset,
m = 0,1,...,d, at time t. We call u(-) = (u1(-),...,uq(+))" a portfolio of
the agent. Note that once u(-) is determined, wug(-), the asset in the bank
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account is completed specified inasmuch as

Thus, we need only consider u(+) and ignore ug(-).
Setting

B(t,i) := (by(t,i) — r(t,0),...,ba(t,i) — r(t,)), i=1,2,...,mo, (1.27)

we can rewrite the wealth equation (1.26) as

dz(t) = [r(t, a(t)z(t) + B(t, a(t))u(t)]dt + ' ()o(t, a(t))dw(t),

z(0) =mzg, «(0)=1ig.

(1.28)
A portfolio u(-) is said to be admissible if u(-) € L%(0,T;R%) and the
stochastic differential equation (1.28) has a unique solution z(+) correspond-
ing to wu(-). In this case, we refer to (z(-),u(-)) as an admissible (wealth,
portfolio) pair. The agent’s objective is to find an admissible portfolio
u(-), among all the admissible portfolios whose expected terminal wealth
is Ez(T) = z for some given z € R!, so that the risk measured by the

variance of the terminal wealth

Var z(T) = E[z(T) — Ex(T)]* = E[z(T) — 2]? (1.29)

is minimized. Finding such a portfolio u(-) is referred to as the mean-
variance portfolio selection problem. An interested reader can find further
details of the study on this problem in [186].

Example 1.6. This problem arises in the context of insurance and risk
theory. Suppose that there is a finite set M = {1,...,mg}, representing
the possible regimes (configurations) of the environment. At each i € M,
assume that the premium is payable at rate ¢(i) continuously. Let U(t, 1)
be the surplus process given the initial surplus u > 0 and initial state 4:

U(t,i) =u-+ /0 cla(s))ds — S(t),

where S(t), as in the classical risk model, is a compound Poisson process
and «(t) is a continuous-time Markov chain with state space M repre-
senting the random environment. Under suitable conditions, we obtained
Lunderberg-type upper bounds and nonexponential upper bounds for the
ruin probability, and treated the renewal-type system of equations for ruin
probability when the claim sizes were exponentially distributed. To pro-
ceed further, we consider a class of jump-diffusions with regime switching
to prepare us for treating applications involving more general risk models.
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One of the main features of [163] is that there is an additional Markov
chain, which enables the underlying surplus to vary in accordance with dif-
ferent regimes. Consider jump-diffusions modulated by a continuous-time
Markov chain. Because the dynamic systems are complex, it is of fore-
most importance to reduce the complexity. Taking into consideration the
inherent hierarchy in a complex system [149], and different rates of vari-
ations of subsystems and components, we use the two-time-scale method
leading to systems in which the fast and slow rates of change are in sharp
contrast. Then we proceed to reduce the system complexity by aggrega-
tion/decomposition and averaging methods. We demonstrate that under
broad conditions, associated with the original systems, there are limit or
reduced systems, which are averages with respect to certain invariant mea-
sures. Using weak convergence methods [102, 103], we obtain the limit
system via martingale problem formulation.

Motivated by risk theory applications [35], we consider a switching jump
diffusion model. We formulate the problem in a general way, which allows
the consideration of other problems where switching jump diffusions are
involved.

Let ' € R” — {0} so that T" is the range space of the impulsive jumps,
w(-) be a real-valued standard Brownian motion, and N(-,-) be a Poisson
measure such that N (¢, H) counts the number of impulses on [0,¢] with
values in the set H. Let f(-,+,-) : [0,T] xRx M — R, o(-,+,-) : [0, T] x R x
M—R,g(,+ ) : T xRxM— R, and «(-) be a continuous-time Markov
chain having state space M and generator Q(t). A brief description of the
jump-diffusion process with a modulating Markov chain can be found in
the appendix. Consider the following jump-diffusion processes with regime
switching

X(t) = m0+/0 f(s,X(s),a(s))ds—i—/O o (s, X (5), als))duw(s)
+ / / 903, X (57), a(s™))N(ds, dr).

We assume that w(-), N(-), and «(-) are mutually independent. Note that
compared with the traditional jump-diffusion processes, the coefficients in-
volved in (1.30) all depend on an additional switching process—the Markov
chain «a(t).

In the context of risk theory, X (¢) can be considered as the surplus of
the insurance company at time ¢, o is the initial surplus, f(¢, X (t), a(t))
represents the premium rate (assumed to be > 0), g(v, X (¢), «(t)) is the
amount of the claim if there is one (assumed to be < 0), and the diffu-
sion is used to model additional uncertainty of the claims and/or premium
incomes. Similar to the volatility in stock market models, o(-,,4) repre-
sents the amount of oscillations or volatility in an appropriate sense. The
model is sufficiently general to cover the traditional as well as the diffusion-
perturbed ruin models. It may also be used to represent security price in

(1.30)
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finance (see [124, Chapter 3]). The process a(t) may be viewed as an envi-
ronment variable dictating the regime. The use of the Markov chain results
from consideration of a general trend of the market environment as well as
other economic factors. The economic and/or political environment changes
lead to the changes of surplus regimes resulting in markedly different be-
havior of the system across regimes.

Defining a centered Poisson measure and applying generalized Ito’s rule,
we can obtain the generator of the jump-diffusion process with regime
switching, and formulate a related martingale problem. Instead of a sin-
gle process, we have to deal with a collection of jump-diffusion processes
that are modulated by a continuous-time Markov chain. Suppose that A
is positive such that AA + o(A) represents the probability of a switch of
regime in the interval [t,t + A), and 7 (-) is the distribution of the jump.
Then the generator of the underlying process can be written as

GF(t,x,t) = (8675 + E) F(t,z,0)

+/ AF(t,x+ g(vy,z,0),0) — F(t,x,0)]m(dy) (1.31)
r

+Q(t)F(t,z,-)(¢r), foreach € M,

where

1 0? 0
LE(t,x,0) = 502(t;nf, L)@F(t,x, V) + f(t,x, L)%F(t,x, L),
Q(t)F(tvxv )(L) = Zqﬂ(t)F(t7x7€) = Zqu(t)[F(t7$7£) - F(t7l‘7 L)]
=1 1+
(1.32)

Of particular interest is the case that the switching process and the diffu-
sion vary at different rates. To reduce the amount of computational effort,
we propose a two-time-scale approach. By concentrating on time-scale sep-
arations, we treat two cases in Chapter 12. In the first one, the regime
switching is significantly faster than the dynamics of the jump diffusions,
whereas in the second case, the diffusion vary an order of magnitude faster
than the other processes. As shown, averaging plays an essential role in
these problems.

Example 1.7. Consider the process Y () = (X (-), «(+)) that has two com-
ponents, the diffusion component X (-) and the pure jump component o).
The state space of the process is S x M, where S is the unit circle and
M ={1,...,my} is a state space with finitely many elements for the jump
process. By identifying the endpoints 0 and 1, let « € [0,1] be the co-
ordinates in S. We assume that the generator of the process (X(t), a(t))
is of the form (1.31) with the jump part missing (i.e., A = 0) and with
(x,i) € [0,1] x M.
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The probability density p(x,t) = (p(z,t,1),...,p(z,t,mg)) of the process
Y (-), with
/p(x,tﬂ')dx =P(X() e, at) =1),
r
satisfies the adjoint equation, namely the system of forward equations

ap(xa ta 7’) * 3 . ]
e = Dpla, i) + ;p(x, t,J)aji(x),

where for a suitable function f(x,t,1),

D" f(x,t,i) = D*(x,t,4) f(x,t,i)

Lo a ,
— 5@(ai(:v,t)f(:v,tw)) — %(bi(ac,t)f(ac,t,z))7

p(JI,O,i) = gi(di),

fori=1,...,mg, and g(x) = (g1(x), ..., gm,(x)) is the initial distribution
for Y(t). The existence and properties of such switching diffusion processes
can be found in [55, Section 2.2]. Suppose that all conditions of [46, The-
orem 16, p. 82] are satisfied. Then the system of forward equations has a
unique solution.

Suppose that g;;(x) > 0 for each i # j. Then the transition density
p(x,t) converges exponentially fast to

V(‘T) = (Vl(x)a BERE) Vmo(z))v
the density of the stationary distribution; that is,
|p($7 ta Z) - Vi(‘x)‘ S Kexp(—’yt),

for some K > 0 and v > 0. The estimate is the well-known spectrum gap
condition. This spectrum gap condition helps us to study related asymp-
totic properties of the system.

Example 1.8. This example is concerned with a switching diffusion pro-
cess with a state-dependent switching component. We compare the trajec-
tories of a linear stochastic system with drift and diffusion coeflicients given
by

f(z) =011z and o(x)=0.2z (1.33)

and another regime-switching linear system with «(t) € {1,2}, and the
drift and diffusion coeflicients given by

f(z,1) = -0.22, f(x,2)=0.11x,
o(x,1) =z, o(x,2)=0.2x,

(1.34)
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respectively. For the switching diffusion, the switching process is continuous
state-dependent with the Q(z) given by

—5cosx 5cos?

10cos?x —10cos? x

What happens if the actual model is the one with switching, but we mis-
modeled the system so that instead of the switching model, we used a
simple linear stochastic differential equation model with drift and diffusion
coefficients given by (1.33)7 If in fact, the system parameters are really
given by (1.34), and if the random environment is included in the model,
then we will see a significant departure of the model from that of the true
system. This can be seen from the plots in Figure 1.2.

To get further insight from these plots, imagine that we are encountering
the following scenarios. Suppose that the above example is for modeling the
stock price of a particular equity. Suppose that we modeled the stock price
by using the simple geometric Brownian motion model with return rate
11% and the volatility 0.2 as given in (1.33). However, the market is really
subject to random environment perturbation. For the bull market, the rates
are as before, but corresponding to the bear market, the return rate and
the volatility are given by —20% and 1, respectively. The deviation of the
plot in Figure 1.2 shows that if one uses a simple linear SDE model, one
cannot capture the market behavior.

Example 1.9. This example is concerned with a controlled switching dif-
fusion model. We first give a motivation of the study and begin the discus-
sion on Markov decision processes. Consider a real-valued process X(-) =
{X(t) : t > 0} and a feedback control u(-) = {u(t) = u(X(t)) : ¢ > 0} such
that u(t) € ' for t > 0 with I being a compact subset of an Euclidean
space. I' denotes the control space. A vast literature is concerned with a
certain optimal control problem. That is, one aims to find a feedback u(-)
so that an appropriate objective function is minimized.

Extending the idea to switching diffusion processes, we consider the fol-
lowing pair of processes (X (t),a(t)) € R” x M, where M = {1,...,mo}.
Let U be the control space or action space, which is a compact set of
an Euclidean space. Suppose that b(-,-,-) : R" x M x U — R", and
o)t R" x M x U — R"™" are appropriate functions satisfying cer-
tain regularity conditions, and Q(z) = (g;;(x)) € R™°*™0 satisfies that for
each , g;;(x) > 0 for i # j, 327 gij(x) = 0 for each i € M. For each
i € M and suitable smooth function h(:,7), define an operator

Lh(z,i) = VA (x,9)b(x,i,u) + %tr[vzh(x, i)o(x,i,u)o’ (2,1, u)]

o (1.35)
j=1
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(a) A sample path of a mismodeled system: A linear
stochastic differential equation with constant coeffi-
cients.

x(t)
L&

0 50 100 150 200 250 300 350
t

(b) A sample path of the true system: A regime-
switching stochastic system of differential equations.

FIGURE 1.2. Comparisons of sample paths for a linear diffusion with that of a
regime-switching diffusion.
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Then we call (X(t),«(t)) a controlled switching diffusion process. Follow-
ing the notation of Markov decision processes, we may write the process
(X(t),a(t)) as (X(t),a(t)) ~ L(u). Note that owing to the feedback con-
trols used, it is natural to require the matrix-valued function Q(-) to be
z-dependent. This model is a generalization of the usual Markov decision
processes. When the functions b(x,i,u) = 0 and o(x,4,i) = 0, the model
reduces to a Markov decision process. When the matrix-valued function
Q(z) = 0, the model reduces to controlled diffusions. Typically, our ob-
jective is to select the control u(-) so that a control objective function is
achieved.

Example 1.10. Originating from statistical mechanics, mean-field mod-
els are concerned with many-body systems with interactions. To overcome
the difficulty of interactions due to the many bodies, one of the main ideas
is to replace all interactions to any one body with an average or effective
interaction. This reduces any multibody problem to an effective one-body
problem. Although its main motivation and development are in statisti-
cal mechanics, such models have also enjoyed recent applications in, for
example, graphical models in artificial intelligence.

If the field or particle exhibits many interactions in the original system,
the mean field will be more accurate for such a system. The usefulness,
the potential impact on many practical scenarios, and the challenges from
both physics and mathematics have attracted much attention in recent
years. The work of Dawson [31] presents a detailed study on the cooperative
behavior of mean fields.

Owing to the rapid progress in technology, more complicated systems
are encountered in applications. In response to such challenges, much effort
has been devoted to modeling and analysis for more sophisticated systems.
Frequently, there are factors that cannot be described by the traditional
models. One of the ideas is to bring regime switching into the formulation,
so as to deal with the coexistence of continuous dynamics and discrete
events. Although one may use a pure jump process to represent the discrete
events, due to the interactions of the many bodies, the discrete process in
fact, is correlated with the diffusive dynamics.

In Xi and Yin [162], the following system is considered. Suppose that a(t)
is a right-continuous random process taking values in a finite state space
M ={1,2,...,mp}. Consider an ¢-body mean-field model with switching
described by the following system of 1to stochastic differential equations.
Fori=1,2,... ¢,

dX;(t) = [y(a(t)Xi(t) — XP(t) — Bla(t))(Xi(t) — X (¢))] dt

(1.36)
+ 03 (X (1), a(t))dw;(t),
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where

4
X(t) = X;(t),
=1

(1.37)

X(t) = (X1 (), X2(b), ..., Xe(1))',

and y(7) > 0 and (i) > 0 for i € M. Moreover, the transition rules of «(t)
are specified by

Pla(t+ A) =jla(t) =4, X(t) =a}
¢ij (2)A + o(A), if i £ 4, (1.38)
1+ qii(x)A +o(A), ifi=yj,

which hold uniformly in R® as A | 0, for z = (21, 22,...,2¢)" € R’ and
o = (0i) € R? x Rf. A number of asymptotic properties were obtained
in [162] including regularity, Feller properties, and exponential ergodicity.
We refer the interested reader to the aforementioned reference for further
details.

As shown in the examples above, all the systems considered involve hy-
brid switching diffusions. To have a better understanding of each of the
problems and the properties of the corresponding processes, it is important
that we have a thorough understanding of the switching diffusion process.
This is our objective in this book.

1.5  Outline of the Book

This chapter serves as a prelude to the book. It gives motivation and
presents examples for the switching-diffusion processes. After this short
introduction, the book is divided into four parts.

The first part, including three chapters, presents basic properties such as
Feller and strong Feller, recurrence, and ergodicity. Chapter 2 begins with
the precise definition of the switching diffusion processes. With a brief
review of the existence and uniqueness of solutions of switching diffusions,
we deal with basic properties such as regularity, weak continuity, Feller and
strong Feller properties and so on. Then continuous and smooth dependence
of initial data are presented. The proofs of these results are different from
the traditional setup and much more involved due to the coupling resulting
from the switching component.

Chapter 3 is concerned with recurrence and positive recurrence. Neces-
sary and sufficient conditions for positive recurrence are given. We show
that recurrence and positive recurrence are independent of the open set cho-
sen. Furthermore, we demonstrate that we can work with a fixed discrete
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component. The approach we are using is based on treatment of elliptic
systems of partial differential equations. First, criteria of positive recur-
rence based on Liapunov functions are given. Then we translate these into
conditions on the coeflicients of the switching diffusions.

Chapter 4 focuses on ergodicity. It is shown that for a positive recurrent
switching diffusion, there exists a unique invariant measure. Not only are
the existence and uniqueness proved, but the form of the invariance measure
is given. It reveals the salient feature of the underlying process owing to the
switching. The ergodic measures obtained enable one to carry out control
and optimization tasks with replacement of the instantaneous measures by
the ergodic measures.

Part IT of the book is devoted to numerical solutions of switching dif-
fusions. As their diffusion counterpart, very often closed-form solutions of
nonlinear switching diffusions are hard to come by. Thus, numerical ap-
proximation becomes a viable and often the only alternative. Developing
numerical results is important. Therefore, Chapters 5 and 6 are devoted to
numerical approximations. Chapter 5 presents numerical algorithms of the
Euler-Maruyama type. Although decreasing stepsize algorithms are often
considered in the literature, we illustrate that constant stepsize algorithms
work just as well. Such a fact has been well recognized by researchers work-
ing in the fields of systems theory, control, and signal processing among
others. Using weak convergence methods, we establish the convergence of
the numerical approximations.

Chapter 6 switches gear and concentrates on numerical approximation
of the erogdic measures. Sometimes, people refer to convergence to the
stationary distribution as stability in distribution. In this language, the
subject matter of this chapter is: Under what conditions, will the numerical
algorithm be stable in distribution. Again, weak convergence methods are
the key for us to reach the conclusion.

Containing three chapters, Part III focuses on stability. Chapters 7 and
8 proceed with the stability analysis. The approach is based on Liapunov
function methods. Chapter 7 studies stability of switching diffusions. The
notion is in the sense of stability in probability. First, definitions of stability
and instability are given. Then criteria are presented based on Liapunov
functions. In addition, more verifiable conditions on the coefficients of the
systems are presented. Necessary and sufficient conditions for pth-moment
stability of linear (in the continuous component) systems and linear ap-
proximations are provided. It is noted that contrary to common practice,
very often nonquadratic Liapunov functions are easier to use.

Chapter 8 takes up the stability study for fully degenerated systems.
We treat the case that the diffusion matrix becomes 0, or equivalently, we
have switching ordinary differential equations. Based on Liapunov meth-
ods, we obtain sufficient conditions for stability. Similar to the nondegen-
erate switching diffusions, the results on stability and instability have an
“eigenvalue” gap. That is, the stability criteria are in terms of the largest
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eigenvalue of a certain matrix and the instability is in terms of the small-
est eigenvalue of the same matrix. To close up the gap, we introduce a
logarithm transformation leading to a necessary and sufficient condition in
terms of a one-dimensional function.

Chapter 9 proceeds with the investigation of the invariance principle. In
studying deterministic systems represented by ordinary differential equa-
tions, the concept of the invariance principle in the sense of LaSalle has
come into being (see [106] and [107]). It enables one to obtain far-reaching
results compared to the purely equilibrium point analysis alone. Building
on this idea, the invariance principle for stochastic counterpart for diffusion
processes was considered by Kushner in [98], whereas that for stochastic
differential delay equations was treated in [117]. In this chapter, focusing
on switching diffusions, we obtain their invariance properties using both a
sample path approach and a measure theoretic approach.

The last part of the book concentrates on two-time-scale modeling and
applications; it contains three chapters. Up to this point, it has been as-
sumed the switching component is irreducible. Roughly, that means all
of the discrete states belong to the same class. One natural question is:
What happens if not all states belong to the same recurrent class. Chap-
ter 10 is concerned with such an issue. Using the methods of perturbed
Liapunov functions, this problem is answered. We divide the state space
of the switching component into several irreducible groups. Within each
irreducible group the switching component moves frequently, whereas from
one group to another, it moves relatively infrequently. We distinguish the
fast and slow motions by introducing a small parameter £ > 0. Aggregating
the states in each recurrent group into one superstate, as € — 0, we obtain
a limit system, whose drift and diffusion coefficients are averaged out with
respect to the invariant measure of the switching part. We show that if
the limit process is recurrent so is the original process for sufficiently small
e > 0.

Chapter 11 is concerned with an application to financial engineering.
The equity asset is assumed to follow a Markov regime-switching diffusion,
in which both the return rates and the volatility depend on a continuous-
time Markov chain. This model is an alternative to the so-called stochastic
volatility model of Hull and White [70] which is well known nowadays. The
motivation of our study is similar to the fast mean reverting models treated
in [49], in which Fouque, Papanicolaou, and Sircar assumed the volatility
to be a fast-varying diffusion process. It was shown that the Black—Scholes
pricing formula is a first approximation to the stochastic volatility model
when fast mean reversion is observed. We treat an alternative model with
regime switching, and reach a similar conclusion.

Chapter 12 considers a slightly more general model with an additional
jump component. The key point here is the utilization of two-time scales.
The motivation stems from reduction of complexity. Two different situa-
tions are considered. In the first case, the switching component changes
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an order of magnitude faster than the continuous component. In the sec-
ond case, the diffusion is fast-varying. In both cases, we obtain appropriate
limits using a weak convergence approach.

Finally, for convenience, an appendix including a number of mathemati-
cal preliminaries is placed at the end of the book. It serves as a quick refer-
ence. Topics discussed here including Markov chains, martingales, Gaussian
processes, diffusions, jump diffusions, and weak convergence methods. Al-
though detailed developments are often omitted, appropriate references are
provided for the reader to facilitate further reading.



2
Switching Diffusion

2.1 Introduction

This chapter provides an introduction to switching diffusions. First the
definition of switching diffusion is given. Then with a short review of the
existence and uniqueness of the solution of associated stochastic differential
equations, weak continuity, Feller, and strong Feller properties are estab-
lished. Also given here are the definition of regularity and criteria ensuring
such regularity. Moreover, smooth dependence on initial data is presented.

The rest of the chapter is arranged as follows. After this short introduc-
tory section, Section 2.2 presents the general setup for switching processes.
Section 2.3 is concerned with regularity. Section 2.4 deals with weak con-
tinuity of the pair of process (X (¢), «(t)). Section 2.5 proceeds with Feller
properties. Section 2.6 goes one step further to obtain strong Feller prop-
erties. Section 2.7 presents smooth dependence properties of solutions of
the switching diffusions. Section 2.8 gives remarks on how nonhomogeneous
cases in which both the drift and diffusion coefficients depend explicitly on
time t can be handled. Finally, Section 2.9 provides additional notes and
remarks.

2.2 Switching Diffusions

We work with a probability space (Q, F, P) throughout this book. A family
of o-algebras {F;}, for t > 0 or t = 1,2,..., or simply F;, is termed a

G.G. Yin and C. Zhu, Hybrid Switching Diffusions: Properties and Applications, 27
Stochastic Modelling and Applied Probability 63, DOI 10.1007/978-1-4419-1105-6_2,
© Springer Science + Business Media, LLC 2010
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filtration if Fs C F; for s < t. We say that F; is complete if it contains all
null sets and that the filtration {F;} satisfies the usual condition if Fy is
complete. A probability space (2, F,P) together with a filtration {F;} is
said to be a filtered probability space, denoted by (£, F, {F:}, P).
Suppose that «(-) is a stochastic process with right-continuous sample
paths (or a pure jump process), finite-state space M = {1,...,mp}, and
a-dependent generator Q(z) so that for a suitable function f(-,-),

Q@) f(x,)(0) = > qy(x)(f(x,g) — f(x,1)), foreach 1€ M. (2.1)

JEM

Let w(-) be an R%-valued standard Brownian motion defined in the filtered
probability space (2, F,{F:},P). Suppose that b(-,-) : R" x M — R" and
that o(-,) : R" x M + R%. Then the two-component process (X (-), a(-)),
satisfying

dX (t) = b(X (1), a(t))dt + o (X (1), a(t))dw(t),
(X(0),x(0)) = (z, ),

(2.2)

and for i # 7,
Pla(t+A) = jla(t) =i, X(s),a(s),s <t} = qi;(X (1)) A +0(A), (2.3)

is termed a switching diffusion or a regime-switching diffusion. Naturally,
for the two-component process (X (t), a(t)), we call X(t) the continuous
component and «(t) the discrete component, in accordance with their sam-
ple path properties.

There is an associated operator defined as follows. For each « € M and
each f(-,1) € O, where C? denotes the class of functions whose partial
derivatives with respect to the variable  up to the second-order are con-
tinuous, we have

Lf(z,0) = Vf'(z,0)b(x,) + tr(V*f(z, ) Alw,0)) + Q(x) f(z,) (1)

d of (x, 1 < 0 f(x,
:;bi(m,L) a(;ib)—'—?Zaij(m’L)On’xi(ng) (2.4)

4,j=1

+Q(@) f (2, ) (v),

where Vf(z,t) and V2f(z,t) denote the gradient and Hessian of f(x,¢)
with respect to x, respectively,

Q@) f(x,)(t) = Zquf(x,j), and

A(z,1) = (a;j(x,2) = o(x,2)0’ (x,2) € R™*T.
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Note that the evolution of the discrete component «(-) can be represented
by a stochastic integral with respect to a Poisson random measure (see,

g., [52, 150]). Indeed, for z € R" and ¢,j € M with j # i, let A;;(x) be
the consecutive (with respect to the lexicographic ordering on M x M),
left-closed, right-open intervals of the real line, each having length ¢;;(z).
Define a function h: R" x M x R — R by

mo

h(w,i,2) =Y (7 = ) (zen, @) (2.5)
j=1

That is, with the partition {A;;(x) : 4,7 € M} used and for each i € M,

it z € Ayj(x), h(z,i,2) = j — i; otherwise h(z,i,2z) = 0. Then (2.3) is
equivalent to

daft) = [ hX(0).a(t-). ol dz). (2.6)

where p(dt, dz) is a Poisson random measure with intensity dt x m(dz), and
m is the Lebesgue measure on R. The Poisson random measure p(-,-) is
independent of the Brownian motion w(-).

Similar to the case of diffusions, with the £ defined in (2.4), for each
f(-,2) € C?, 1 € M, a result known as the generalized Itd lemma (see
[17, 120] or [150]) reads

FX (1), a(t) — F(X /Ef a(s))ds + M () + Ma(t),
(2.7)

Mi(t) = A F(X(5), (), o (X (5), a(s))du(s) ),

//f 0) + h(X(s), a(s), 2))

X(s), (s ))] (ds, dz),

and
wu(ds,dz) = p(ds,dz) — ds x m(dz)

is a martingale measure.
In view of the generalized It6 formula,

My (t) :f(X(t),a(t))*f(X(O)va(O))*/O Lf(X(s),a(s))ds  (2:8)

is a local martingale. If for each « € M, f(z,1) € C? (class of functions
possessing bounded and continuous partial derivatives with respect to x
of order up to two) or f(z,:) € CZ (C? functions with compact support),
then Mp(t) defined in (2.8) becomes a martingale. Similar to the case of
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diffusion processes, we can define the corresponding notion of the solution
of the martingale problem accordingly.

Another consequence of the generalized It6 formula (2.7) is that the
Dynkin formula follows. Indeed, let f(-,2) € C? for 1 € M, and 71,72 be
bounded stopping times such that 0 < 7 < 75 as. If f(X(¢),a(t)) and
Lf(X(t),a(t)) and so on are bounded on ¢ € [y, 2] with probability 1,
then

Ef(X(r2), a(m2)) = Ef(X(71), a(m1)) + E/Tz Lf(X(s),a(s))ds; (2.9)

see [120] or [150] for details. In what follows, for convenience (with multi-
index notation used, for instance) and emphasis on the z-dependence, we
often use D, f(z,a) and V f(z,«) interchangeably to represent the gradi-
ent. In addition, for two vectors z and y with appropriate dimensions, we
use x'y and <x, y> interchangeably to represent their inner product. To pro-
ceed, we present the existence and uniqueness of solutions to a system of
stochastic differential equations associated with switching diffusions first.

In what follows, for Q(z) : R" — R™0*™0 we say it satisfies the ¢-
property, if Q(z) = (¢;;(x)), for all x € R", ¢;;(x) is Borel measurable for
all i,j € M and « € R"; ¢;;(x) is uniformly bounded; g¢;;(x) > 0 for j # ¢
and g;i(z) = — 2,4, qij(z) for all z € R".

Note that an alternative definition of the g-property can be devised. The
boundedness assumption can be relaxed. However, for our purpose, the
current setup seems to be sufficient. The interested reader could find the
desired information through [28].

Theorem 2.1. Let z € R", M = {1,...,mg}, and Q(z) = (g;j(x)) be
an mg X mo matriz depending on x satisfying the q-property. Consider the
two-component process Y (t) = (X (), a(t)) given by (2.2) with initial data
(x, ). Suppose that Q(-) : R" — R™0*™0 s g bounded and continuous
function, that the functions b(-,-) and o(-,-) satisfy

[b(x, )| + |o(z, )| < K(1+|z|), ae M, (2.10)

and that for every integer N > 1, there exists a positive constant My such
that for allt € [0,T),i € M and all z,y € R" with |x| V |y| < My,

|b(z, @) = by, )|V |o(2,7) = o(y,9)| < Mylz —yl. (2.11)

Then there exists a unique solution (X (t),a(t)) to the equation (2.2) with
given initial data in which the evolution of the jump process is specified by
(2.3).

Remark 2.2. For brevity, the detailed proof is omitted. Instead, we make
the following remarks. There are a number of possible proofs. For example,
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the existence can be obtained as in [150, pp. 103-104]. Viewing the switch-
ing diffusion as a special case of a jump-diffusion process (see the stochastic
integral representation of a(t) in (2.6)), one may prove the existence and
uniqueness using [77, Section II1.2]. Another possibility is to use a mar-
tingale problem formulation together with utilization of truncations and
stopping times as in [72, Chapter IV]. In Chapter 5, we present numerical
approximation algorithms for solutions of switching diffusions, and show
the approximation algorithms converge weakly to the switching diffusion
of interest by means of a martingale problem formulation. Then using Lip-
schitz continuity and the weak convergence, we further obtain the strong
convergence of the approximations. As a byproduct, we can obtain the ex-
istence and uniqueness of the solution. The verbatim proof can be found in
[172]; see Remark 5.10 for further explanations. While most proofs of the
uniqueness take two different solutions with the same initial data and show
their difference should be 0 by using Lipschitz continuity and Gronwall’s
inequality, it is possible to consider the difference of the two solutions with
different initial data whose difference is arbitrarily small. In this regard,
the uniqueness can be derived from Proposition 2.30. Earlier work using
such an approach may be found in [130].

Note that (2.10) is the linear growth condition and (2.11) is the local Lip-
schitz condition. These conditions for the usual diffusion processes (without
switching) are used extensively in the literature. Theorem 2.1 provides ex-
istence and uniqueness of solutions of (2.2) with (2.3) specified. To proceed,
we obtain a moment estimate on X (¢). This estimate is used frequently in
subsequent development. As its diffusion counter part, the main ingredient
of the proof is the use of Gronwall’s inequality.

Proposition 2.3. Assume the conditions of Theorem 2.1. Let T > 0 be

fixed. Then for any positive constant v, we have

EM[ sup |X(t)|7] <C<oo, (x,i) €R" xM, (2.12)
te[0,7]

where the constant C satisfies C = C(x, T, 7).

Proof. Step 1. Because

X(t) :JJ+/O b(X(s),a(s))ds+/0 o(X(s),a(s))dw(s),

we have for any p > 2 that

P

X(OF < 3! [W " i

|

Using the Holder inequality and the linear growth condition, detailed com-

/ b(X(5), a(s))ds / (X (5), a(s))duw(s)
0 0
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putations lead to

[ixn]
<Tp1/0 b(X (), a(s) ds

T
< KTP—l/ (1+|X(s)[")ds
0

11 i |: bup
0<t<Ty

T
Scl(T,p)/ E,. [1+ sup | X (u)|P|ds,
0

0<u<s

where 0 < Ty < T, and ¢ (T,p), i = 1,2 is a positive constant depending
only on T, p, and the linear growth constant in (2.10). Similarly, by the
Burkholder-Davis—Gundy inequality (see Lemma A.32; see also [120, p.
70]), the Holder inequality, and the linear growth condition, we compute

s /0;a<x<s>,a<s>>dw<s> ]/
< kB[ [ ox(s).a0)7as]

T
< KPR, / (X (s), a(s))|? ds
0

Ty
< (T, p) / E.[1+ swp |X(u)]ds,
0

0<u<s

where 0 < T7 < T, and ¢o(7,p) is a positive constant depending only on
T, p, and the linear growth constant in (2.10). Thus we have

B, [1 T oswp |X<t>|”}
0<t<Ty

T
< c3(x,p) +C4(T7P)/ E.; [1 + sup |X(U)|p} ds,
0

0<u<s
where c3(z,p) = 1+ 3771 |z|?, and c4(T,p) = 3P~ er (T, p) + co(T, p)].
Hence the Gronwall inequality (see, e.g., [44]) implies that

E,; {1—&— sup |X(t)|p}
0<t<Ty

< cs(z, p) exp(ca(T, p)Th)

< c3(x, p) exp(ea(T, p)T)

=C(x,T,p).
Thus we have E, ; [supo<;<p, [X(8)"] < C(x,T,p). Because T1 < T is
arbitrary, it follows that

E,; [ sup IX(t)Ip] <C(x,T,p), p=>2.
0<t<T
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Step 2. Note that supy<,<p | X (t)|]” = (supg<;<r |X(s)|)7 for any v > 0.
Thus we obtain from Hélder’s inequality and Step 1 that for any 1 < p < 2,

1/2
E.. [ sup |X(t)|p} < (EQH [ sup |X(t)|2p]> < C(T,x,p) < oo.
0<t<T 0<t<T
Step 3. Finally, if 0 < p < 1, note that

X)) = |IXOP Ixwyziy + X OP Ix <y < 1+]1X 0]

Hence it follows from Step 2 that

mJ%w|X@ﬂSEmP+swnm“pgaaﬂm
0<t<T 0<t<T

This completes the proof of the proposition. a

Proposition 2.4. The process (X (t), a(t)) is cadlag. That is, the sample
paths of (X (t),a(t)) are right continuous and have left limits.

Proof. It is well known that the sample paths of the discrete component
a(-) are right continuous with left limits. Hence it remains to show that
the same is true for the continuous component X (-). To this end, let 0 <
s <t < T with T being any fixed positive number, and consider

t t
X() = X(5) = [ WX()atw)dut [ o(X(w).a()duw.
Using Lemma 2.3 and [47, Theorem 4.6.3], detailed computations lead to
E,;|X(t) - X(s)|' < Clt - s,

where C' is a constant dependent on 7', the initial condition x, and the
linear growth and Lipschitz constant of the coefficients b and o. Then the
desired result follows from Kolmogorov’s continuity criterion. O

Remark 2.5. By considering z-dependent generator Q(z), our model pro-
vides a more realistic formulation allowing the switching component de-
pending on the continuous states. This, in turn, allows the coupling and
correlation between X (t) and «(t).

2.3 Regularity

It follows from Theorem 2.1 that if the coefficients satisfy the linear growth
and the local Lipschitz condition, then the solution (X (¢),a(t)) of (2.2)—
(2.3) is defined for all ¢ > 0. Nevertheless, the linear growth condition puts



34 2. Switching Diffusion

some restrictions on the applicability. For instance, consider the real-valued
regime-switching diffusion

dX (t) = = X3(t)dt — o(a(t))dw(t), (2.13)

where o(7),7 € M are constants. Even though the drift coefficient is only
local Lipschitz continuous and does not satisfy the linear growth condition,
the regime-switching diffusion will not blow up in finite time because the
drift coefficient forces the process to move towards the origin. Hence it is
expected that the solution to (2.13) exists for all ¢ > 0.

Let (X (t),«(t)) be a regime-switching diffusion given by (2.2) and (2.3)
whose drift and diffusion coefficients satisfy the local Lipschitz condition
(2.11). For any n = 1,2,... and (z,a) € R" x M, we define 3,, to be the
first exit time of the process (X (), a(t)) from the ball centered at the origin
with radius n, B(0,n) := {£ € R" : |{] < n}. That is,

B = B :=inf{t > 0:|X"%(t)| > n}. (2.14)

Note that the sequence {3, } is monotonically increasing and hence has a
(finite or infinite) limit. Denote the limit by . To proceed, we first give
a definition of regularity.

Definition 2.6. Regularity. A Markov process (X (t),«(t)) with initial
data (X(0),«(0)) = (x, a) is said to be regular, if
Boo = lim B, = o0 aus. (2.15)

It is obvious to see that the process (X™(t),a™%(t)) is regular if and

only if for any 0 < T < oo,
P{ sup |X®%(t)] =00} =0. (2.16)
0<t<T
That is, a process is regular if and only if it does not blow up in finite
time. Thus, (2.16) can be used as an alternate definition. Nevertheless, it
is handy to use equation (2.15) to delineate the regularity.

In what follows, we take up the regularity issue of a regime-switching
diffusion when its coefficients do not satisfy the linear growth condition.
The following theorem gives sufficient conditions for regularity, which is
based on “local” linear growth and Lipschitz continuity.

Theorem 2.7. Suppose that for each i € M, both the drift b(-,i) and the
diffusion coefficient o(-,4) satisfy the linear growth and Lipschitz condition
in every bounded open set in R”, and that there is a monnegative function
V() : R" x M +— RT that is twice continuously differentiable with respect
to x € R" for each i € M such that there is an vy > 0 satisfying

LV (z,i) < vV(x,i), for all (z,i) € R" x M,
2.17
Ve:= inf V(z,i) > o0 as R— oc. (2.17)
|lz|>R, ieM
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Then the process (X (t),a(t)) is regular.

Proof. As argued earlier, it suffices to prove (2.15). Suppose on the con-
trary that (2.15) were false, then there would exist some 7' > 0 and € > 0
such that P, ; {fe < T} > e. Therefore we could find some n; € N such
that

P, {8, <T} >¢, forall n > n,. (2.18)

Define
S(x,i,t) = V(z,i) exp(—yot), (z,i) € R" x M, and ¢t > 0.

Then it satisfies [(0/0t) + L]S(z,i,t) < 0. By virtue of Dynkin’s formula,
we have
E,i V(X8 AT),a(Bn AT)) exp(—y0(Bn A T))] — V(x,1)

ﬁn/\T a
= Erz/ (a + E) S(X(u), a(u),u)du < 0.
0

Hence we have
Vi(z,i) 2 Eoi [V(X(Bu AT), a(Bn AT)) exp(—70(8n AT))] -

Note that 8, AT < T and V is nonnegative. Thus we have

V(z,i)exp{vwT} > E;; [V(X(B, AT), (B, ANT))]
> E.i [V(X(Bn),a(Bu) (s, <1} -

Furthermore, by the definition of 3,, and (2.17), we have
V(z,i)exp{vT} > VoPy i {6n < T} >eV,, —» 00, as n — oo.

This is a contradiction. Thus we must have lim,, .. 3, = oo a.s. This
completes the proof. O

Similar to the proof of [83, Theorem 3.4.2], we can also prove the following
theorem.

Theorem 2.8. Suppose that for each i € M, both the drift b(-,i) and
the diffusion coefficient o(-,1) satisfy the linear growth and Lipschitz con-
dition in every bounded open set in R", and that there is a nonnegative and
bounded function V(-,-) : R" x M — R that is not identically zero, that
for each i € M, V(x,1i) is twice continuously differentiable with respect to
x € R” such that there is a v1 > 0 satisfying

LV (x,i) > vV (x,i), for all (x,i) € R" x M,
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Then the process (X (t),a(t)) is not regular. In particular, for any € > 0,
we have
Py {00 <k +e} >0,

where Bo := limy, o0 Bn, (z0,£) € R x M satisfying V (zo,£) > 0, and

sup  V(x,1)
o i log (2,i)ERT X M
71 V($07 Z)

Remark 2.9. If the coefficients of (2.2)—(2.3) satisfy both the local Lip-
schitz condition (2.11) and linear growth condition (2.10), then by The-
orem 2.1, there is a unique solution (X*%(t),a™*(t)) to (2.2)—(2.3) for
all ¢ > 0. The regime-switching diffusion (X™(t),a™%(t)) is thus regu-
lar. Alternatively, we can use Theorem 2.7 to verify this. In fact, detailed
computations show that the function

Viz,i) = (Jz|* + 172, (2,i) eR" x M

satisfies all conditions in Theorem 2.7. Thus the desired assertion follows.

In particular, we can verify that V' (-, ) is twice continuously differentiable
for each i € M and that LV (z,i) < vV (x,1) for some positive constant
o and all (z,7) € R” x M. Thus for any ¢t > 0, a similar argument as in
the proof of Theorem 2.7 leads to

)evot
Pw,i {ﬁn < t} S %a

where V;, = (14 n?)"/2. Therefore for any ¢ > 0 and € > 0, there exists an
N € N such that
P..{3, <t} <e, foralln > N, (2.19)
uniformly for z in any compact set F' C R” and i € M.
Example 2.10. Consider a real-valued regime-switching diffusion
dX (t) = X(t) [(b(e(t)) — a(a(t) X?(t))dt + o(alt))dw(t)] , (2.20)

where w(-) is a one-dimensional standard Brownian motion, and «a(-) €
M = {1,2,...,mp} is a jump process with appropriate generator Q(x).
Clearly, the coefficients of (2.20) do not satisfy the linear growth condition
if not all a(i) = 0 for ¢ € M. We claim that if a(¢) > 0 for each i € M,
then (2.20) is regular. To see this, we apply Theorem 2.7 and consider

V(x,i) = |z]*, (z,i) €Rx M.
Clearly, V' is nonnegative and satisfies

lim V(x,i) = oo, for each i€ M.

|z]— o0
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Thus by Theorem 2.7, it remains to verify that for all (x,7) € R x M, we
have LV (z,i) < KV (z,i) for some positive constant K. To this end, we
compute

LV (x,i) = 22 - 2[b(i) — a(i)a?] + %2  2202(i)
= (2b(3) + 0%(3))z? — 2a(i)z*
< KV(x,i),

where K = max {2b(i) + 0%(i),i = 1,...,mg}. Note in the above, we used
the assumption that a(i) > 0 for each i € M. Hence it follows from Theo-
rem 2.7 that (2.20) is regular.

For demonstration, we plot a sample path of (2.20) with its coefficients
specified as follows. The jump process «(-) € M = {1, 2} is generated by

—3 —sinxcosx 3+ sinxrcosx
Qz) = ) ) ,

and
b(1)=3, a(l)=2, o(l)=1
10, a(1)=1, o(1)=-1.

Figure 2.1 plots a sample path of (2.20) with initial condition (z,a) =
(2.5,1).

Example 2.11. (Lotka—Volterra model cont.) We continue the discussion
initiated in Example 1.1. Regarding the concept of regularity, we can show
that if the ecosystem is self-regulating or competitive, then the population
will not explode in finite time almost surely. Recall that the system is
competitive if all the values in the community matrix A(«) are nonnegative,
that is, a;j(o) > 0 for all a € M ={1,...,m} and i,j = 1,2,...,n. The
competition among the same species is assumed to be strictly positive so
that each species grows “logistically” in any environment. To interpret it in
another way, members of the same species compete with one another. Take,
for instance, bee colonies in a field. They will compete for food strongly
with the colonies located near them. We assume that the self-regulating
competition within the same species is strictly positive, that is, for each
aeM={1,2,...,m}and i,j = 1,2,...,n with j # ¢, a;;(a) > 0 and
a;;(a) > 0. It was proved in [189], for any initial conditions (x(0), «(0)) =
(o, ) € R} x M, where

Ri:{(l‘l,...,mn)5$i>0;i:1a"'7n}7

there is a unique solution z(¢) to (1.1) on ¢ > 0, and the solution will remain
in R} almost surely; that is, z(t) € R’ for any ¢t > 0 with probability 1.
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4.5 T T T T

3.5r

X(t) and aft)
N
n (4]
I ————

FIGURE 2.1. A sample path of switching diffusion (2.20) with initial condition
(z, ) = (2.5,1).

2.4  Weak Continuity

Recall that a stochastic process Y () with right continuous sample paths
is said to be continuous in probability at t if for any n > 0,

Jim P(Y(t+2) =Y (0) =) =0. (2.21)

It is continuous in mean square at t if

iim0E|Y(t +A) =Y (t)]* = 0. (2.22)

The process Y (t) is said to be continuous in probability in the interval [0, T']
(or in short continuous in probability if [0,7] is clearly understood), if it
is continuous in probability at every ¢ € [0,T]. Likewise it is continuous
in mean square if it is continuous in mean square at every t € [0,T]. We
proceed to obtain a continuity result for the two-component switching dif-
fusion processes Y (t) = (X (¢), a(t)). The results are presented in two parts.
The first part concentrates on Markovian switching diffusions, whereas the
second one is concerned with state-dependent diffusions.

Theorem 2.12. Suppose that the conditions of Theorem 2.1 are satisfied
with the modification Q(x) = @ that generates a Markov chain independent
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of the Brownian motion. Then the process Y (t) = (X (t), a(t)) is continuous
in probability and also continuous in mean square.

Proof. We show that for any n > 0,

PJYt+A)=Y(t)|>n) —0 as A —0, and

(2.23)
EYt+A) -Y(#)|* -0 as A —0.

We proceed first to establish the mean square convergence above. Note that

Yt+A)-Y(t) =(X(E+A),at+A) = (X({t+A),at))

(2.24)
(X[t +A),alt) — (X(1), a(t)).
We divide the rest of the proof into several steps.
Step 1: First we recognize that in view of (2.24),
EY(t+A)-Y(®)]? < 2[Ela(t+A) — a(t)? (2.25)

+E[X(t+ A) — X(¢)]*].

Thus to estimate the difference of the second moment, it suffices to consider
the two marginal estimates separately. We do this in the next two steps.

Step 2: We claim that for any ¢ > 0 and A > 0,
E|X(t+A) - X())* < KA. (2.26)

This estimate, in fact, is a modification of the standard estimates for
stochastic differential equations. It mainly uses the linear growth and Lip-
schitz conditions of the drift and diffusion coefficients and Proposition 2.3.
We thus omit the details.

Step 3: Note that for any ¢ > 0,

mo
a(t) = Zil{a(t):i} = x(t)(L,...,mo)’,
=1

where
X(t) = (Xl(t)7 ey Xmeo (t)) = (I{a(t):l}a S 7I{a(t):mo}) S Rlxmo’ (2.27)
and (1,...,mp)" € R™ is a column vector. Because the Markov chain «(t)

is independent of the Brownian motion w(-) (Q is a constant matrix), it is
well known that

t+A
X(E+ A) = x(t) - / x(5)Qds
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is a martingale; see Lemma A.5 in this book or [176, Lemma 2.4]. It follows
that

t+A
E, [x(t +a) - - [ x(s)@ds} 0,
t
where E; denotes the conditional expectation on the o-algebra
Fi ={(X(u),a(u)) s u < t}.

It then follows that

t+A
/t x(8)Qds| = O(A) a.s. (2.28)

Thus, we obtain
Ex(t+A) =x(t) +O0(A) as. (2.29)

In view of this structure, we see that
X(t+A) = x(t) = (alt+A) = x1(t), -+ Ximo (E+ A) = Xino ()
with x;(-) given by (2.27). This together with (2.29) implies

Eixi(t+A) — xi(1))?

= Ei[l{a@+a)=i} — L{a@=i})

(2.30)
= [Belfa@+a)=iy = 2{aw=nBel{a@ra)=iy + L@ =i}]
=0(A) as.
Step 4: Next we consider
Ela(t + A) — a(t))?
= E|[x(t+2) = x()](L, ..., mo)|
< KE|[x(t +A) = x(1)” (2.31)

< K'Y EEx(t+A) — vi()
=1
<KA—0 as A—0.

From the next to the last line to the last line above, we have used (2.30).
By combining (2.26) and (2.31), we obtain that (2.25) leads to

EY(t+A) -Y(#)]? =0 as A —0.

The mean square continuity has been established. Then the desired con-
tinuity in probability follows from Tchebyshev’s inequality. m|

We next generalize the above result and allow the switching process to
be z-dependent. The result is presented next.
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Theorem 2.13. Suppose that the conditions of Theorem 2.1 are satis-
fied. Then the process Y (t) = (X (t),a(t)) is continuous in probability and
continuous in mean Square.

Proof. Step 1 and Step 2 are the same as before. We only point out the
main difference as compared to Theorem 2.12.
Consider the function h(z,a) = Ijq—; for each i € M. Because h is

independent of z, it is readily seen that Lh(z,a) = Q(x)h(zx,-)(a). Conse-
quently,

t+A
E,[h(X(t +6),a(t + A)) ~ h(X(1),a(t)) —/t Lh(X(s).1)ds] = 0.
However,
t+A
E,[h(X(t + &), alt + A)) — h(X (1), (1)) - /t Lh(X(5), a(s))ds|
= E[n(X (t+ A)aft+4) = HX (@), (1)
/ QUX()h(X(s), ) (a(s))ds]

t+A Mo
=E, {f{auw):i} —Lja(=iy — /t Z%(X(S))I{Ms):z‘}dS]

j=1

Because Q(z) is bounded, similar to (2.28), we obtain

=0(A) as. (2.32)

With (2.32) at our hands, we proceed with the rest of Step 3 and Step 4 in
the proof of Theorem 2.12. The desired result follows. O

2.5 Feller Property

In the theory of Markov processes and their applications, dealing with
a Markov process £(t) with £(0) = z, for a suitable function f(-), often
one must consider the function wu(t,z) = E,f(£(t)). Following [38], the
process £(t) is said to be Feller if u(t,-) is continuous for any ¢ > 0 and
lim¢ g u(t, ) = f(x) for any bounded and continuous function f and it is
said to be strong Fellerif u(t, -) is continuous for any ¢ > 0 and any bounded
and measurable function f. This is a natural condition in physical or social
modeling. It indicates that a slight perturbation of the initial data should
result in a small perturbation in the subsequent movement. For example,
let X*(t) be a diffusion process of appropriate dimension with X (0) = z,
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we say that X*(-) satisfies the Feller property or X*(-) is a Feller process
if for any ¢ > 0 and any bounded and continuous function g(-), u(t,z) =
E,g(X(t)) is continuous with respect to x and limy | u(t, ) = g(z); see [38,
57] and many references therein for the pioneering work on Feller properties
for the diffusions. For switching-diffusion processes, do the Feller and the
strong Feller properties carry over? This section is concerned with Feller
property, whereas the next section deals with strong Feller property.

We show that such properties carry over to the switching diffusions, but
the proofs are in fact nontrivial. The difficulty stems from the consideration
of z-dependent generator Q(x) for the discrete component «(t). The clas-
sical arguments for Feller and strong Feller properties of diffusions will not
work here. We need to prove that the function u(t, x, i) = Ey; f (X (¢), a(t))
is continuous with respect to the initial data (z,7) for any ¢ > 0 and
limy o u(t, z,3) = f(x,i) for any bounded and continuous function f. By
virtue of Proposition 2.4 and the boundedness and continuity of f, we have
limy o u(t, z,7) = E; ; f(X(0),a(0)) = f(z,7). Note also that u(0, z, 7) is au-
tomatically continuous by the continuity of f. Because M = {1,...,mq} is
a finite set, it is enough to show that u(t, x, ) is continuous with respect to
x for any ¢ > 0. In this section, we establish the Feller property for switch-
ing diffusions under Lipschitz continuity and linear growth conditions. This
section is motivated by the recent work [161]. The discussion of the strong
Feller property is deferred to Section 2.6.

We first present the following lemma. In lieu of the local Lipschitz con-
dition, we assume a global Lipschitz condition holds henceforth without
specific mentioning. Also, we assume for the moment that the discrete
component «(+) is generated by a constant Q.

Lemma 2.14. Assume the conditions of Theorem 2.1 hold with the mod-
ification of the local Lipschitz condition replaced by a global Lipschitz con-
dition. Moreover, suppose that o(-) is generated by Q(x) = Q and that a(-)
is independent of the Brownian motion w(-). Then for any fized T > 0, we
have )

E[ sup ‘vaa(t) —X“"‘*(t)‘ } <Cl -z, (2.33)

0<t<T

where C' is a constant depending only on T and the global Lipschitz and the
linear growth constant K.

Proof. Assume that 2 = x + Az and let 0 < ¢ < T'. Moreover, for nota-
tional simplicity, we denote X (t) = X®%(¢) and X (t) = X®(t). By the
assumption of the theorem, Q(z) = @ that is independent of x, we have
a®(t) = a®*(t) = a(t). Then we have

X(t) - X(t) = Az +/0 [B(X(s), a(s)) = b(X (s), a(s))]ds

+/ [o(X (), as)) = b(X (), )| duw(s).
0
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Thus it follows that

2

X(t)—X(t)‘Q < 3|Az)’+3 /O B(X(s), a(s)) — b(X (s), a(s))]ds

2

+3 / [o(X(s), a(s)) —b<X<s>,a<s>>]dw<s>|

(2.34)
Using the assumption that b(-, j) is Lipschitz continuous for each j € M,
we have

]b(f((s), a(s)) — b(X(s), a(s))\
= D> [b(X(s).5) = (X (5), ) a(s)—5}

j=1

< K‘)?(s) ~ X(s)

)

where in the above and hereafter, K is a generic positive constant not de-
pending on x, I, or t whose exact value may change in different appearances.
Consequently, we have from the Hélder inequality that

E | sup

/ B(X(s), a(s)) — BX(s), a(s))]ds
0<t<Ty |JO

Ty
STE/
0

< KT/OTI E ‘X(s) — X(s)

b(X(s), als)) — b(X(s), a(s))‘Q ds (2.35)

2
’ ds,

where 0 < Ty < T. Similarly the Lipschitz continuity yields that

(X (s).(s)) — o(X(s),a(s))| < K| X (5) = X(s)

)

and hence the Burkholder-Davis—-Gundy inequality (see Lemma A.32) leads

to
21

o(X(s).a(s)) ~ o(X(s).a(s)] ds (2:36)

E | sup

/ [0(X (), als)) = o (X (s). als))|dw(s)
0<t<Ti |J0

Ty
<e [

oT1
<K
0

E‘X’(s) ~ x(s)| ds.
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Therefore it follows from (2.34)—(2.36) that

E Lfffﬂ X(t) - X(t)ﬂ

S3|Am|2+K(T—s—1)/ B|X(s) - X(s)] ds
0

<3|Az)® + K(T + 1)/0T1 E [ sup | X(u) — X(u)ﬂ ds.

0<u<s

Then Gronwall’s inequality implies that

E [ sup
0<t<Ty

X(t) — X(t)ﬂ < 3|Az? exp {K (T + 1)T1}
< 3|A[exp {K (T + 1)T}.

The above inequality is true for any 0 <77 < T', hence we have

E L@% )f((t) - X(t)ﬂ <3|Azexp {K(T + )T} = K |7 — 2|2

This completes the proof. O

Remark 2.15. An immediate consequence of (2.33) is that we obtain the
Feller property for the case when the discrete component «(-) is generated
by a constant @ following the argument in [130, Lemma 8.1.4]. But for the
general case when the generator Q(z) of a(-) is a-dependent, the proof in
[130] is not applicable since (2.33) is not proven yet. New methodology is
needed to treat (2.33); see Section 2.7 for more details.

To proceed, in addition to the assumptions of Theorem 2.1, we assume
that the coefficients of (2.2)—(2.3) are bounded, continuously differentiable,
and satisfy the global Lipschitz condition (all with respect to ). That is,
we assume:

(A2.1) For a, € M and i,j = 1,...,7, a;;(-,a) € C?, b(-,a) € C1,
and gue(+) € O, and for some positive constant K, we have

[b(x,?)| + |o(x, )| + |¢qij(z)| < K, x e R",i,j € M, (2.37)
and for o, € M and z,z € R", we have
|U(:fa Oé) - O'(.’IJ, Oé)‘ + |b(%,0{> - b(l', Oé)l + |QO1Z(5) - qaf($>|

<K|zT—uz.
(2.38)
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Consider the auxiliary process (Z%*(t),r*(t)) € R" x M defined by

dZ(t) = b(Z(t), r(t))dt + o (Z(t), r(t))dw(t),

(2.39)
P{r(t+A)=jlrt) =1i,7(s),0<s <t} =A+0(A), j#i,
with initial conditions Z(0) = x and 7(0) = «, where w(t) is a d-dimensional
standard Brownian motion independent of the Markov chain r(t). The
Markov chain 7(¢) thus can be viewed as one with the generator

—(mo —1) 1 | 1
1 —(mo—1) ... 1 1

= 7m01m0 + (]lmo; ]lmoa ERE ]lmo)a

where I, is the mo x mg identity matrix and 1,,, is a column vector of
dimension mg with all components being 1.

For any T' > 0, denote by pr1(-) the measure induced by the process
(X™(t), a™(t)) and by pr2(-) the measure induced by the auxiliary pro-
cess (Z%*(t),r*(t)). Then by virtue of [41, 42], pur1(-) is absolutely contin-
uous with respect to p72(-). Moreover, the corresponding Radon-Nikodyn
derivative has the form

pT(Z;’“(-),r“(-))
_AHT ma o
= G (2 () ()

= exp {(mo — 1)T'} exp {— /T

n(T)

T
qr(Tn(T)) <Z(S))d8}

n(T)—1

< 11 [qr(ﬂ)r(n+1)(z(7—i+1))eXp{_/
i=0 .

3

Ti41

oo (206105 .

(2.40)
where for each i € M, ¢;(z) = —qii(x) = X, ,; ¢ij(x), 7; is a sequence of
stopping times defined by:

To = 07

and for e =0,1,...,
Tip1 :=Inf{t > 7, : r(t) # r(1)},
and n(T) = max {n € N: 1, <T}. Note that if n(T) = 0, then

T
pr(Z5%(),r*(-)) = exp {—/0 [9a(Z(s)) — mo + 1] ds} .

Concerning the Radon-Nikodyn derivative pp(Z%*(-),r%(:)), we have
the following results.
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Lemma 2.16. Assume the conditions of Theorem 2.1 and (A2.1). Then
for any T >0 and (z,a) € R" x M, we have

E|pr(Z7“(),r*(-))| < K < o0.

Proof. By virtue of (2.37) and (2.40), we have
E |pr(Z5°(),r(-)] < exp {(mo — YT} EK"®).

Note that n(T') is a Poisson process with rate mg — 1. Thus it follows that
E [K ”(T)] < oo and the desired conclusion follows. O

Lemma 2.17. Assume the conditions of Lemma 2.16. Then for any T >
0, 7,z € R", and a € M, we have

B [pr(Z7°(), 1% () = pr(Z5(), 1 ()| < K |7 — 2.

Proof. Similar to the notations in the proof of Lemma 2.14, we denote
Z(t) = Z%%(t), Z(t) = Z%“(t), and r(t) = r*(t). Note that for any positive
sequences {cy }_,; and {d;};_,, we have by induction that (see also [41, 42])

n—1
<n (klrllax {ck7dk})  max {lex — di|}. (2.41)

n n
[T e =14
k=1 k=1

Applying (2.41) to pr(Z(),r()) and pr(Z(), (), we have

E|pr(Z(), () = pr(Z(), ()|

<exp{(mo— DTYE| > (n+ )K" Inr)=n)
n=0
< max { ’e—ffn Grir) BNds _ o= [ v (Z())ds]
i=0,1,...,n—1

~ — [litt Z(s))ds
q"(Ti)T(Ti+1)(Z(Ti+1))e I ar(ro) (£())d

_ [t s))ds
*%'(n)r(nﬂ)(Z(Ti+l))6 JriT are (2(=)d

f

Note that [e™¢ — 74| < |c — d| for any ¢,d > 0. Meanwhile, (2.38) implies
that

¢:(%) —qi(@)| < K[z — 2|, Z,0eR", ieM.
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Thus it follows that

T ~
exp (—/ Qr(r,) (Z(5))ds

n

T _ T
/ Groy(Z(s))ds — / Grimy(Z(3))ds

Tn

<

n

< [ faren 260 ~ (25D s
< /TT K |2(5) - 2(5)

<T5up{‘Z Z(s)‘:Ogng}.

ds

Similarly, for any ¢ = 0,1,...,n — 1, we have

T4l Z(s))ds
qr(Ti)T(Ti+l)(Z(Ti+1))e I ar(ro) (Z()d
Tt
_qT(Ti)T(TiH)(Z(TiJrl))e i e
QT(Tf)r(TL+1)(Z(Ti+1)) [ - f:.H—l qr(fi)(Z(S))ds —e f:iHl qT(Ti)(Z(S))dS}

— [t s))ds
+‘ r(ri) T(“H)(Z(Tl“)) = r(ryr(ri) (4 (Ti+1))} e Jri" arir (Z()d
Ti+1 -
<K/ qT(T Z(s)) = (TT:)(Z(S))’CZSJFK’Z(WH)*Z(Ti+1)‘

< K(T +1) bup{‘Z —Z()‘:Ogng}.

(Z(s))ds

Hence it follows that
E |pr(Z().r()) = pr(Z(). ()|

<E| Y exp{(mo = DT} (n+ )K" In(r)=n)
n=0

<K (T + 1)sup{’2(s) - Z(s)‘ 0<s< T}

< i exp {(mo — DT} (T +1)(n + 1)K
n=0

~ 2
xE/? [I{n(T):n}] E!/? Usup {‘Z(s) — Z(s)‘ :0<s< TH } .

As noted in the proof of Lemma 2.16, n(T") is a Poisson process with rate
mgo — 1. Hence

mo = DT

E [I{n(1)=n}] =P {n(T) =n} = exp{—(mo — 1)T} I "
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Also, because the generator of r(t) of the auxiliary process (Z(t),r(t)) is a
constant matrix, by virtue of Lemma 2.14, we have

E Usup{‘g(s)—Z(s)‘ :OSSSTH2

—E {Sup{‘Z(s) fZ(s)f 0<s< T}]

<K|i-az].
Therefore, it follows that

~ - n "
E |pr(Z(), () _pT(Z(')aT('))‘ <Y K-l H\},);I;(

<K|zt—uz,

where in the above, we used the fact that

i (nt DR

ST c o,

o Vn!

and as before, K is a generic constant independent of z,z, x — x, or t. This

completes the proof of the lemma. O
With the preparations above, we prove the Feller property for the switch-

ing diffusion process.

Theorem 2.18. Let (X™%(t),a™%(t)) be the solution to the system given
by (2.2)—(2.3) with (X(0),x(0)) = (z,«). Assume the conditions of Theo-
rem 2.1 hold. Then for any bounded and continuous function g(-,-) : R" x
M — R, the function u(x,a) = Eg o9(X(t), a(t)) = Eg(X**(t), a™*(t))
is continuous with respect to x.

Proof. We prove the theorem in two steps. The first step deals with the
special case when Assumption (A2.1) is true. The general case is treated
in Step 2.

Step 1. Assume (A2.1). Then for any fixed ¢ > 0, we have

E[g(X™7(t), a™(1))] = E[g(Z7 (), r*()pe(Z7 (), 7 ()] -

Let {x,,} be a sequence of points converging to x. Then Lemma 2.14 implies
that
E|Z%(t) — Z5()]> - 0 as n — .

Thus there is a subsequence {y,} of {z,} such that

ZY(t) — Z7(t) a.s. as n— oo.
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By virtue of Lemma 2.17,
E |pe(ZY (), (1)) — pe(Z5Y (), r*(:))| = 0 as n — oo.
Hence there is a subsequence {z,} of {y,} such that
pe( 25 (), r () = pe(Z59(-), (7)) a.s. as n — oo.

Now ¢ is bounded and continuous, it follows from Lemma 2.16 and the
dominated convergence theorem that

u(w,a) = Blg(x"(t),a” (1))
= Blg(Z25 (1), (0)pe( 27" ()7 ()
=B | lim_g(Z(t),r*(0)p (27 (), ()]

n—oo

= Jim B [g(Z7° (1), 7% (0)pe(Z7 (), ()]
:nli_{r;oE[g(XZ"’a t), a9 (t))]

= lim u(y,, @).
n—oo
Therefore, every sequence {x,} converging to = has a subsequence {z,}
such that u(xz,a) < liminf, . u(zp,a). It can be shown that the set
{z € R" : u(z,a) > [} is open for any real number § and each o € M.
That is, u(-, @) is lower semi-continuous for each av € M (see [143, p. 37]).
Applying the above argument to —u(z, ) = E[—g(X**(t), a®“(t))], we
obtain that
u(z, o) > limsup u(z,, a),
n—oo
and hence u(-, ) is upper semi-continuous for each @ € M. Therefore,
u(x, ) is continuous with respect to z.

Step 2. Fix any t > 0. We construct an N-truncated process in light
of the approach in [102]. Let N be any positive integer, and define an N-
truncation process X (¢) so that XV (t) = X(¢) up until the first exit
from the N-ball B(0,N) = {z € R" : |x| < N}. Associated with the N-
truncated process X N (t)7 we construct an auxiliary operator as follows.
For N =1,2,..., let ¢"(z) be a C* function with range [0, 1] satisfying

¢ (x)_{o, if o] > N + 1.

Now for j,k=1,2,...,n and (z,i) € R" x M, define

a%(m,i) = ajp(z,1)oN (2),
b;v(x, i) = b;(x, i)™ (z).
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For any ¢(+,i) € C?,i € M, define the operator LV as

N 1 z": L0 ()
3 2 Gk ) g el
Fk=1 (2.42)
+;b§vxza o(z,1) —&-;qw o(z, 7).

Denote by Pi\f ; the probability measure for which the associated martingale
problem [153] has operator £V with coefficients aé\,]c(:r,i), bé-v(as,i), and
¢ij(z), and denote by Eiv , the corresponding expectation. Then by Step 1,
(XN(t), a(t)) is Feller.

As in (2.14), let Bn be the first exit time from the ball B(0, N). Then
by virtue of the strong uniqueness result in [172], the probabilities P ;
and PY ; agree until the moment when the continuous component reaches
the boundary || = N. Hence it follows that for any bounded and Borel
measurable function f(-,-) : R” x M — R, we have

E.i [J(X (1), at)py>n] = B [f(X @), () (py>ny] - (2.43)

(Alternatively, one can obtain (2.43) by showing that the solution to the
martingale problem with operator £ is unique in the weak sense. The weak
uniqueness can be established by using the characteristic function as in the
proof of [176, Lemma 7.18].)

Fix (xg, @) € R" x M. By virtue of (2.19) and (2.43), it follows that for
any t > 0 and € > 0, there exists an N € N sufficiently large and a bounded
neighborhood N (z) of 2y (N(xg) = {z : |x — 9| < N}) such that for any
(x,1) € N(zg) x M, we have

|E..i9(X (1), a(t)) — EY;9(X (1), (1))
= [Epi [9(X (), a(t) Ipy<iy] — E; [9(X (1), () gy <ty]]
< |lgll [Pei {Bn <t} + P {8y < t}]
=2|lg] [t = P, {Bn > t}]

=2|lgll[t = Pai {8y > t}] < /2,
(2.44)
where ||| is the essential sup-norm.
Now let {x,,} C N(zo) be any sequence converging to xo. Then it follows
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from (2.44) and Step 1 that for N sufficiently large,

B [g(X*m%(t), a™(1))] = E[g(X*(2), a0 (1))]]
< [Bg(XT(t), (1)) — B [g(X 72 (), o (t))]]
+[EY [g(xm0(t), a0 (1)) = BN [g(X 700 (1), a0 (1)

+ |[EN [g(X 70 (t), a0 ()] — [ (X0 (t),a™(1))]|
<+ |BY [g(XT (1), o (1)) — EY [g(X0 (1), " (1))
—ec+0=c¢.

This proves that as n — oo

w(@n, @) = E[g(X"(t), ™ (t))]
E [g(X*%(1), a™*(1))] = u(xo, @),

as desired. O

Corollary 2.19. Assume that the conditions of Theorem 2.18 hold. Then
the process (X (t), a(t)) is strong Markov.

Proof. This claim follows from [47, Theorem 2.2.4], Lemma 2.4, and The-
orem 2.18. o

In Step 2 of the proof of Theorem 2.18, we used a truncation device and
defined X (¢). As a digression, using such a truncation process, we obtain
the following result as a by-product. It enables us to extend the existence
and uniqueness to more general functions satisfying only local linear growth
and Lipschitz conditions.

Proposition 2.20. Under the conditions of Theorem 2.7, equation (2.2)
together with (2.3) has a unique solution a.s.

Proof. By virtue of Theorem 2.7, (X (), a(t)) is regular and
P(f =) =1 (2.45)

Define the N-truncation process X (¢) as in Step 2 of the proof of Theo-
rem 2.18. By virtue of Theorem 2.1, and the local linear growth and Lip-
schitz conditions, XV (¢) is the unique solution of (2.2)—(2.3) for t < By.
The regularity implies that X (¢) is a solution of (2.2)-(2.3) for all ¢+ > 0.
Since X (t) coincides with X (t) for t < By,

P ( sup | XN(t) - X(t)| > 0) =0.
0<t<Bn

Using (2.45) and letting N — oo, the desired result follows. o
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2.6 Strong Feller Property

Assume the following conditions hold throughout the section.

(A2.2) For w and ¢ € M and j,k = 1,...,r, the coefficients b;(x,1),
ojk(x,1), and g;o () are Holder continuous with exponent v (0 <
v <1).

(A2.3) The matrix-valued Q(z) is irreducible for each z € R".

(A2.4) For each i € M, a(z,i) = (a;i(x,)) is symmetric and satisfies

(alw,i)¢, ) = K[E[?, for all € € R, (2.46)
with some positive constant £ € R for all x € R”.

Lemma 2.21. Assume that f(-,i) € Cy,(R") fori € M. If for eachi € M,
the function u(-,-,i) € CH2(RxR") (the class of functions whose derivatives
with respect to t are continuous and partial derivatives with respect to x up
to the second order are continuous) is bounded and satisfies

au—ﬁu t>0, (z,i) € R" x M,
ot (2.47)

u(0,2,1) = f(x,1), (z,i) € R" x M.
Then u(t,z,i) = Ey; f(X (1), a(t)).

Proof. For fixed t > 0 and (z,i) € R" x M, we apply generalized It0’s
lemma (2.7) (see also [150]) to the function u(t — r, X (1), a(r)), r < t, to
obtain

u(t—r A BN, X(r ABn),a(r ABn))
rABN
=u(t,z,i) + /0 [% + [,} u(t — s, X(s),a(s))ds (2.48)
+Mi(r ABN) + Ma(r A BN),

where (z,7) = (X(0),«(0)), N € N satistying N > |z|, S is the first exit
time from the bounded ball B(0, N) as defined in (2.14), and

rABN

Mi(r A By) = / (Vu(t — s, X(s), a(s)),o(X(s), a(s))dw(s)).
rABN
Ms(r A By) = / / (t—s,X(s),a(0)+ h(X(s),a(s),2))
—u(t — s, X(s), a(s))] u(ds, dz),
with p(ds,dz) = p(ds,dz) — ds x m(dz) being a martingale measure. By

virtue of Proposition 2.3, the linear growth condition of o, using the stan-
dard argument, we can show that Mj(r A By) is a mean zero martingale.
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The boundedness of v immediately implies that Ms(r A By) is also a mar-
tingale with zero mean. Therefore by taking expectations on both sides of
(2.48) and noting (2.47), we obtain

u(t,z,i) = By ju(t —r A BN, X(r A Bn),a(r A Bn)).

Recall that By — oo a.s. as N — oo. Thus it follows from the bounded con-
vergence theorem that u(t, x,i) = E, ju(t—r, X (r), a(r)). Finally by taking
r =t and noting that by virtue of (2.47), u(0, X (¢), a(t)) = f(X (1), a(t)),
we have u(t,z,i) = Eg; f(X (1), a(t)). O

Lemma 2.22. Assume in addition to (A2.2)—(A2.4) that fori, £ € M and
J.k=1,2,...,r, the coefficients ajx(x,1), bj(x,1), and gi¢(x) are bounded.
Then the process (X (t), «(t)) is strong Feller.

Proof. By virtue of [39, Theorem 2.1], the backward equation

P t
5 Lu, >0

has a unique fundamental solution p(z,7,t,y,7) (as a function of ¢, x,1),
which is positive, jointly continuous in ¢, z, and y, and satisfies

2
’sz(x,i,t,y,jﬂ < OtrHeN/2 oy {M} , (2.49)

where C' and ¢ are positive constants not depending on x, y, or t, and
0 = (61,60s,...,0,) is a multi-index with |0] := 60 + 02+ --- + 6, < 2, and

9 0%
v 9a? x5 a2 - dalr”

To see that p is the transition probability density of the process (X (t), a(t)),
consider an arbitrary bounded and continuous function ¢(z,i), (x,i) €
R" x M and define

O(t, i) = Z/ (i, t,,7)8(y, J)dy.

Then & satisfies (2.47). Moreover, by virtue of (2.49) and the boundedness
of ¢, ¥ is also bounded. Thus it follows from Lemma 2.21 that ®(¢, z,i) =

E.i¢(X(t), a(t)) or

E, (X Z/ (,i,t,y, 5) ¢y, 7)dy.
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Hence the fundamental solution p is the transition probability density of
(XZ(t), a®(t)). Then for each t € M and for any bounded and measurable
function f(z,1%), the function

z s By f(X Z/ f(y,g)p(e,i,t,y, 5)dy

is continuous by the dominated convergence theorem. |
Using the argument in [38, Theorem 13.1], we obtain the following lemma.

Lemma 2.23. Assume the process (X (t),a(t)) is strong Feller. Denote
U:=DxJ CR" x M, where D is a nonempty bounded open subset of
R". Then for any t > 0 and every bounded real Borel measurable function
f(,+) on U, the functions

F(z,1) =By [I{ry >0y F(X(t), a(t))] |
G(x,i) == Eg; [f(X(t A Tr), a(t ATv))],

are continuous in U, where Ty is the first exit time from U.
Now we are ready to present the main result of this section.

Theorem 2.24. Assume (A2.2)-(A2.4) hold. Then the process (X (t), a(t))
possesses the strong Feller property.

Proof. As in the proof of Theorem 2.18, we denote by Pi\f ; the probability
measure for which the associated martingale problem [153] has operator
LN defined in (2.42) and denote by EY. the corresponding expectation.
Then by Lemma 2.22, P, is strong Feller Asin (2.14), let G be the first
exit time from the ball B(O N) = {x € R" : x| < N}. Then as argued in
the proof of Theorem 2.18, for any bounded and Borel measurable function
f(,) ER" x M and (z,z) € R" x M, we have
Eoi [f(X(1), o) ipy>n] = By [f(X (1), at){ay>n] -

It follows that
[Ei /(X (1), a(t) — B f(X (), at))]
= |E.,; f(X(t),a( Wisy<ey] —EN; [F(X (), a(t) [py<ty] |
‘/ FX (@), ) gy <ty [Paidw) — Piv,i(dw)]’ (2.50)
< |I£ll [Pw,i {Bn <t} + Pi\{i {Bn < t}]
=2/ 1 = PY; {Bn > t}],
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where ||-|| is the essential sup norm. Fix some (z,7) € R” x M. Because the
process (X (t),a(t)) is regular, by (2.15), By — o0 a.s. Py, ; as N — oc.
Therefore for any positive number € > 0, we can choose some N sufficiently
large so that

1-PY {Bn >t} =1-P, i {Bv >1} < (2.51)

£
1201f1°

Also by Lemma 2.23, the function z — P2, {#y >t} is continuous. Hence
there exists some d§; > 0 such that whenever |x — x¢| < d; we have

N N
1- Px,i {BN > t} <1- Pwo,i {61\7 > t}

+[PL i {8y >t} = PY By > t}] (2.52)
e

611

Note also that by virtue of Lemma 2.22; there exists some d2 > 0 such that

<

B2 f(X(1), a(t)) - EX

Io,i

FX(t),a(t)] <e/3, if |z —xo| < 2. (2.53)

Finally, it follows from (2.50)-(2.53) that whenever |x — xg| < ¢, where
0 = min {1, 2}, we have

B i f(X (1), a(t)) = Eag i f (X (1), (1))]
< [Beif(X(1), a(t)) — EXF(X(2), a(t)]
+ [Eao i (X (), () — Eq) , £(X (1), a(1))]
+[EZ (X (), o) — Egf  f(X(2), ()]

<eE.

(
(

This concludes the proof of the theorem. a
A slight modification of the standard argument in [38, Theorem 13.5]
leads to the following theorem. We omit the detailed proof here.

Theorem 2.25. Assume (A2.2)—(A2.4). Let U := Dx.J C R" x M, where
D C R" is nonempty, open, and bounded with sufficiently smooth boundary
OD. Then the process (X (- A Tu),a- A 1y)) possesses the Feller property,
where Ty is the first exit time from U.

We end this section with a brief discussion of strong Feller processes and
L-harmonic functions. More properties of £-harmonic functions are treated
in Chapter 3. As in [52], for any U = D x J, where D C R" is a nonempty
domain, and J C M, a Borel measurable function v : U — R is said to be
L-harmonic in U if u is bounded in compact subsets of U and that for all
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(z,i) € U and any V = D x J with D cC D being a neighborhood of z
and ¢ € J C J, we have

u(z, i) = Ey su(X(1v), a(1v)),
where 7 denotes the first exit time of the process (X (¢), a(t)) from V, and
D cC Dmeans D C D C D and D is compact, with D =DuUdD denoting

the closure of D. It is now obvious that if the process (X (t), a(t)) is strong
Feller, then any L£-harmonic function is continuous. Therefore we have

Proposition 2.26. Assume (A2.2)-(A2.4). Then any L-harmonic func-
tion is continuous in its domain.

2.7 Continuous and Smooth Dependence on the
Initial Data x

When one deals with a continuous-time dynamic system modeled by an
ordinary differential equation together with appropriate initial data, the
well-posedness is crucial. The well-posedness appears in ordinary differen-
tial equations and partial differential equations, together with initial and/or
boundary data. They are time-honored phenomena, which naturally carry
over to stochastic differential equations as well as stochastic differential
equations with random switching. A problem for the associated switching
diffusion is well posed if there is a unique solution for the initial value
problem and the solution continuously depends on the initial data.

Continuous dependence on the initial data can be obtained using the
Feller property by choosing the function u(-) appropriately. In the subse-
quent development, we also need to use smooth dependence on the initial
data, which is even more difficult to obtain. In this section, we devote our
attention to this smoothness property. Again we need to use the notion of
multi-index. Recall that a vector 5 = (01,. .., ;) with nonnegative integer
components is referred to as a multi-index. Put

1B = B1+-+ B,

and define D? as
o8 Rl
wiax?“_aw?f'

The main result of this section is the following theorem.

Df =

Theorem 2.27. Denote by (X*%(t),a™(t)) the solution to the system
given by (2.2) and (2.3). Assume that the conditions of Theorem 2.1 are
satisfied and that for each i € M, b(-,4) and o(-,i) have continuous partial
derivatives with respect to the variable x up to the second order and that

|DEb(z,i)| + | Do (x,i)| < K(1+ |z|7), (2.54)
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where K and v are positive constants and [ is a multi-index with || <
2. Then X*®*(t) is twice continuously differentiable in mean square with
respect to x.

For ease of presentation, we prove Theorem 2.27 for the case when X ()
is one-dimensional. The multidimensional case can be handled similarly. To
proceed, we need to introduce a few more notations. Let A # 0 be small
and denote T = 4+ A. As in Lemma 2.14, let (X (¢), a(t)) be the switching
diffusion process satisfying (2.2) and (2.3) with initial condition (z,«) and
(X (t),a(t)) be the process starting from (%, @) (i.e., (X(0),2(0)) = (z,))
and (X (0),a(0)) = (Z, ), resp.).

Fix any T'> 0 and let 0 < ¢t < T. Put

ZA(t) = 288 (t) .= (2.55)
Then we have
ZA(t) =1+ A/ ) —b(X(s),a(s))]ds
+x / (5)) — (X (5), als)ldu(s),
=1+ ¢2( / ) — b(X(s),(s))]ds
I / (5)) = a(X(s).a(s)du(s),

(2.56)

where

- / ) = X (). als)lds
5 / (5)) = (X (o). als)du(s).

To proceed, we first prove a lemma.

Lemma 2.28. Under the conditions of Theorem 2.27,

lim E sup |¢2(¢)|? = 0.
A—=0  o<t<T

Proof. By virtue of Holder’s inequality and Doob’s martingale inequality
(A.19),

or (T - o _ ~
EoiltlgT\ch(t)lz < EE/ (X (s),a(s)) — b(X(s), a(s))*ds

T ~ . ~
+A2E\ / [o(X(s), a(s)) — o(X(s), a(s))]du(s)
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We treat each of the terms above separately. Choose n = A% with vy > 2
and partition the interval [0, 7] by n. We obtain

E / DR (s), @(s)) — B (s), als)[2ds
0

-E Y / (X (), a(s)) — b(X (s), a(s))|*ds

LT/nij? ; kn+n ~

< > [KE [T Ee).a6) - oK. ae)Pas (250
k=0 N kn~ )

KB [ MR k). 6() - b (k). as) s

Note that the constant K in (2.57) does not depend on k = 0,1,...,|T/n]|
or 7. The exact value of K may be different in each occurrence. We use
this convention throughout the rest of the section.

By Lipschitz continuity and the tightness type of estimate (2.26), we
obtain

kn+n . ~
E / B(X(s),@(s)) — H(X (k). 3(s))[2ds

K kn+n -
<K E|X (s) — X (nk)|?ds (2.58)
kz?ﬁn
<K (s —nk)ds < Kn?.
kn

Likewise, we can deal with the term on the last line of (2.57), and obtain

kn+n - -
E/k [b(X (nk), a(nk)) = b(X (5), a(s))[*ds < Kn®. (2.59)

To treat the term on the next to the last line of (2.57), note that for
kzovlavLT/nJ -1,

kn+n .
E/ [b(X (k), &(s)) — b(X (nk), o(s))|*ds
i knt+n ~
< KE/k [b(X (), &(s)) — b(X (nk), G(nk))|*ds (2.60)
Fen+n . ~
+KE/k [b(X (), (k) — b(X (), a(s))|*ds.
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For the term on the second line of (2.60) and £ =0,1,...,|T/n| —

kn+n _
E/k [b(X (nk), @(s)) — b(X (nk), &(nk))[*ds

kn+n -
-E /k DR (k). @(s)) — B(X (k). 3(78)) Loy oy

n
kn+n - ~
=EY_ Z/ Ib(X (nk), i) — b(X (nk), 1) |* Ia(s)=s} La(mm =iy ds
ieM j£i 7N
kn+n - 9
SKEY S [ 0+ RORP e
ieM j#£i kN
< B[I(5(0)=j}| X (nk), a(nk) = i]ds
kn+7]
< KE Z/ 1+ | X (k) ) L ()=
ieM
x| 7 aii (X (k) = k) + ols — k)| ds
i#i
kn+n
<K O(n)ds < Kn?.
kn

In the above, we used Proposition 2.3 and the boundedness of Q(z).
Next, we show that for k=1,...,|T/n| —1,

kn+n ~ ~
E/k [b(X (nk), &(nk)) — b(X (nk), a(s))|*ds < Kn®. (2.61)

7

To do so, we use the technique of basic coupling of Markov processes (see
e.g., Chen [23, p. 11]). For 2,7 € R", and 4,j € M, consider the measure
A((z,7), (7,4)) = |z — Z|+d(j,i), where d(j,i) = 0if j =i and d(j,7) = 1 if
j #i. That is, A(-,-) is a measure obtained by piecing the usual Euclidean
length of two vectors and the discrete measure together. Let (a(t), a(t)) be
a discrete random process with a finite state space M x M such that

P[( (t+h),a(t+h) = (5,1)|(a(t),a(t) = (k. 1), (X (#), X (1)) = (2,7)
- {Troe o, £

L+ Gy ey (@, 2)h + o(h), if (K, 1) = (

(2.62)

where h — 0, and the matrix (q(x1)(;,i) (%, Z)) is the basic coupling of ma-
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trices Q(z) = (qu(z)) and Q(Z) = (gu (7)) satisfying

@(.ﬁ,f)f(k’, l) = Z Q(k,l)(j,i)(x’5>(f(j’i> - f(kJ))

(4, i)GMXM
= Z (qrj(z) — quj(z )) (J?(],l) —]?(k,l))
_ _ (2.63)
+Z qu ij )) (f(ka])_f(kvl))
+Z ij /\qu )(f(ja])ff(kvl))v

for any function f(, -) defined on M x M. Note that for s € [nk,nk + 1),
a(s) can be written as

=D U=y

leM

Owing to the coupling defined above and noting the transition probabilities
(2.62), for i1,i,7,0 € M with j # ¢ and s € [nk,nk + 1), we have

EU{a(s):j} ’O‘(nk) =1y, a(ﬁk) =1, X(Uk) = x,)?(ﬂk) = T
= " Ell{a(s)—j} [{a(s)—ty |a(nk) = i1, a(nk) = i, X (nk) = 2, X (nk) = 7]

leM
= Z Q(ir i), (7, T) (s — nk) + o(s — nk) = O(n).
leM
(2.64)
By virtue of (2.64), we obtain
kntn _ ~ )
E /k B (k) &(nk)) — b(X (k) a(s))Pds
K kn+n _
=5 [ R ()~ W), By s
kn—HI . )
=E> > / ), 1) = (X (nk), )" Lats)=j} L{amr) =i ds
€M jF#i
kn+n
<kE Y Y / (14 1K k) P )t
4,91 EM jF£i
x Bla(s) = j|a(nk) = iv,&(nk) = i, X (k) = 2, X (nk) = &)ds

— 0(P).
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Using the assumption @(0) = (0) = o and noting X (0) = Z, we obtain

E/n [b(X(0), @(0)) — b(X(0), a(s))[*ds
0

_ T — (7, a(s))|* ds
_E/O b(Z, a(0)) — b(F, a(s))[*d

n B o (2.65)
= E/ Z |b(:v,a) - b(fL’,])‘2 I{a(s):j}ds
0 ira
= [ S @) @) [ @+ o)) ds <
0 j#a
Thus, it follows that for k =0,1,...,|T/n| — 1,
kndn -
E/ [b(X (1), &(s)) — b(X (nk), a(s))|*ds < Kn?*. (2.66)
kn
Using the estimates (2.58), (2.59), and (2.66) in (2.57), we obtain
T ~ ~
B [ (), a(5) ~ HE().a(s))ds
®\r /)1 (2.67)
< Y En?<Kn
k=0
Likewise, we obtain
T N 2
E‘ / [0(X(s),a(s)) —a(X(s),a(s))]dw(s)| < Kn. (2.68)
0
Putting (2.67) and (2.68) into ¢ (), and noting 7o > 2, we obtain
E sup [¢02(1)]° < Kb = KA®™2 50 as A—0. (2.69)
0<i<T A
The lemma is proved. O

Remark 2.29. In deriving (2.65), the condition «(0) = &(0) = « is used
crucially. If the initial data are not the same, there will be a contribution
of a nonzero term resulting in difficulties in obtaining the differentiability.

Proposition 2.30. Using the conditions of Lemma 2.14 except Q(x) being
allowed to be x-dependent, the conclusion of Lemma 2.14 continues to hold.

Proof. As before, let (X(¢),a(t)) denote the switching diffusion process

satisfying (2.2) and (2.3) with initial condition (z, &) and (X (¢), a(t)) be the

process starting from (7, ) (i.e., (X(0),«(0)) = (z,«)) and (X(0),@(0)) =
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(7, o) respectively). Let T' > 0 be fixed and denote A = ¥ — z. Then we
have X (t) — X (t) = A + A(t) + B(t), and hence

~ 2
sup 'X(t)fX(t)’ <3A243 sup |AW)[+3 sup [B)P,
t€[0,T) t€[0,T] t€[0,T]

where

A(t) = /O [B(X(s),a(s)) = b(X (s), a(s))]ds
+/0 [o(X (), a(s)) = b(X (5), als)ldw(s) = Mg (2),

and
B(t) = /0 [B(X(s), a(s)) — b(X(s), a(s))]ds
+/ [o(X(5), a(s)) = b(X (s), )l du(s).
0
It follows from (2.69) that

E sup |A(t)]? < KAZA™™2 = KA = o(A?).
t€[0,T]

Meanwhile, we can apply the conclusion of Lemma 2.14 to obtain that

E sup |B(t)]® < KAZ
te[0,7)

Therefore, we have

2
E sup |X(t)—X(t)] <KA?+0o(AY) <K |T—z|.
t€[0,7)

This finishes the proof of the proposition. O

A direct consequence of Proposition 2.30 is the mean square continuity
of the solution of the switching diffusion with respect to x; that is, for any
T >0,

lim E|XY%(t) — X®(t)]> =0, for each o€ M, and t € [0,T].

Yy—x

That is, the continuous dependence on the initial data x is obtained. We
state this fact below.

Corollary 2.31. Assume the conditions of Theorem 2.27. Then X% %(t)
is continuous in mean square with respect to x.
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Proof of Theorem 2.27. With Lemma 2.28 and Proposition 2.30 at our
hands, we proceed to prove Theorem 2.27. Because b(-, j) is twice continu-
ously differentiable with respect to x, we can write

A/ ) = b(X(s), a(s))]ds
A/ / s) +v(X(s) = X(s)), a(s))dvds
/ {/ b X(s) — X(s)),a(s))dv | Z2(s)ds,

where Z2(t) is defined in (2.55) and b, (-) denotes the partial derivative of
b(-) with respect to x (i.e., b, = (9/9z)b). It follows from Lemma 2.30 that
for any s € [0, T7,

X(s)—X(s) =0

in probability as A — 0. This implies that

1
/0 b (X(5) + 0(X(s) — X(s)), a(s))dv — bx(X(s), a(s)) (2.70)

in probability as A — 0. Similarly, we have

5 | (). 0(5) = (X (s).a(s)du(s)

= ; [0 02(X(s) + v(X(s) — X(5)), (s))dv | Z2(s)dw(s)

and

/0 (X (s) +v(X(s) — X(5)),a(s))dv — 0,(X(s),a(s)) (2.71)

in probability as A — 0. Let ((t) := ¢*(¢) be the solution of

WF4+Abﬂﬂ@ﬂ@%@®+£ﬂﬂﬂ@ﬂ@x@w@%@%)

where b, and o, denote the partial derivatives of b and o with respect to
x, respectively. Then (2.56), (2.69)—(2.71), and [47, Theorem 5.5.2] imply
that )

E|Z%(t) - ()" —0 as A—0 (2.73)

and ¢(t) = ¢**(t) is mean square continuous with respect to x. Therefore,
(0/0x)X (t) exists in the mean square sense and (9/9z) X (t) = ((¢).
Likewise, we can show that (92/0x?)X®(t) exists in the mean square
sense and is mean square continuous with respect to x. The proof of the
theorem is thus concluded. O
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Corollary 2.32. Under the assumptions of Theorem 2.27, the mean square
derivatives (0/0x;)X®(t) and (8%/0z;0xx) X™*(t), j.k = 1,...,n, are
mean square continuous with respect to t.

Proof. As in the proof of Theorem 2.27, we consider only the case when
X(t) is real valued. Also, we use the same notations here as those in the
proof of Theorem 2.27. To see that ((¢) is continuous in the mean square
sense, we first observe that for any ¢ € [0, 71,

E ()] <2B|C(t) — 22)|* + 2E |22 (1)

It follows from (2.69), the Lipschitz condition, and Lemma 2.30 that

BJ70)]* <38 10%0["+ 36| [ BF (), a0) - 5050, )

2

+3Eu / (o/(X (), () — o(X (), aw))]dw(w)

<K+ ! /b()?(u),a(u))—b(X<u),a<u))‘2du

+3E—/ ] - a(X(u),a(u))fdu
<K +3K(T+1)—y |A| | R ) - X(u)‘2 du
<C=C(x,T,K).
Hence we have from (2.73) that
sup E[C(H))P < C=0C(2,T,K) < . (2.74)

t€[0,T]

Thus ((t) is mean square continuous if we can show that
E[¢(t)—C¢(s)P =0 as |s—t —0.

To this end, we note that for any s,t € [0, 7],

E[C(t) - ()" < 3B[ [¢(t) = 220 + [¢(s) = 2°(9)]
+|Z5) _ZA(s)ﬂ.

In view of (2.73), we need only prove that

E|Z2(t) — 2%(s)|" = 0 as |s—t] — 0.
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Without loss of generality, assume that s < ¢. Then by (2.56), we have
E|Z%(t) - 2%(s)|”
2
< 3E[¢2(t) — ¢ (s )!

+3E‘/ b(X (1), o)) — b(X (u), a(u))du

? (2.75)

+ 3E ‘ o(X(u)7 a(u)) — o(X(u), a(u))dw(u)

It follows from the Cauchy—Schwartz inequality, the Lipschitz condition,
and Lemma 2.30 that

B|5 [ HE@ha(w) - X (), alu)du

2

(2.76)

< KC(t —s)?,

where K is the Lipschitz constant and C' is a constant independent of ¢, s,
or A. Similarly, we can show that

E ’i / o (X (u), (u)) — o(X (1), a(u))dw(w)

—E—
IAI

< KC(t— s).

o(X (u), (u)) — o(X (1), a(u)) ’2 du (2.77)

Next, using the same argument as that of Lemma 2.28, we can show that
E|¢2(t) — ¢%(s)|" < K(t— 9). (2.78)
Thus it follows from (2.75)—(2.78) that
E|Z2(t) — 22(s)|" = O(jt — s]) = 0 as |t —s[ =0

and hence ((t) is mean square continuous with respect to t.
Likewise, we can show that (9%/0x?)X®*(t) is mean square continuous
with respect to ¢t. This concludes the proof. |

2.8 A Remark Regarding Nonhomogeneous
Markov Processes

Throughout the book, for notational simplicity, we have decided to mainly
concern ourselves with time-homogeneous switching diffusion processes. As
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a consequence, the drift and diffusion coefficients are all independent of ¢.
The discussion throughout the book can be extended to nonhomoge-
neous Markov processes. The setup can be changed as follows. Suppose
that b(-,-,-) : R x R" x M + R" and that o(-,-,-) : R x R" x M + R%
Let w(-) be an R%valued standard Brownian motion defined in the filtered
probability space (2, F,{F;},P), and a(-) be a pure jump process whose
generator is given by Q(x) as before such that for f(-,-,-) : R x R" x M,

Qx)f(t,z,-)(2) = Z ¢y (2)(f(t, 2, 9) — f(t,x,2)), for each 1€ M.
o (2.79)

In lieu of (2.2), we may consider the two-component process (X(-),a(:))
satisfying

X(t):X(O)—i—/O b(s,X(s),a(s))ds—i—/o a(s, X(s),a(s))dw(s), (2.80)

and as A — 0,
Pla(t+A) =3 X(t) =z, at) =1, X(s),a(s),s <t}
= ng(-'L')A + O(A), for 2 7& 7.

It follows that the associated operator can be defined as: For each ¢ €
M, f(-,-;1) € CH2 where C*? denotes the class of functions whose first-
order derivative with respect to t and second-order partial derivatives with
respect to x are continuous,

Lf(t,z, )= thILaf(th)

(2.81)

+ Z ais (6, 2,0) f(t x L) (2.82)

+Q($)f(t> z, )(L)
Now, the generalized It6 lemma is changed to
f(tv X(t)v O[(t)) - f(ov X(O)v O[(O))
v/ (2.83)
_ / (as + /;) F(5,X(s),a(s))ds + M (t) + Ma(t),
0

where
M (t) = / (VI(s,X(s),a(s)),0(s, X(s),a(s))dw(s)),

/ / (s, X(s),a(0) + h(X(s),a(s),2))
—f(s,X(s), a(s ))] (ds,dz).
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In view of the generalized Ito formula, for any f(-,-,2) € C1? with + € M,
and 71,7 being bounded stopping times such that 0 < 71 < 7 a.s., if
ft, X (t),a(t)) and Lf(t, X(t),a(t)) etc. are bounded on t € [y, 73] with
probability 1, then Dynkin’s formula becomes

Ef(m, X(12),a(12)) = Ef(m1, X(71),a(m1)) + E/T2 Lf(s,X(s),a(s))ds.

(2.84)
Moreover, for each f(-,-,¢) € C;’Q or f(+,-,1) € Cé’z,

My(t) = f(t, X (t),a(t)) — £(0,X(0),(0))
"o
_/0 <6s +£> f(s, X (s),a(s))ds

is a martingale. With the setup changed to nonhomogeneous Markov pro-
cesses, most of the subsequent results will carry over. Nevertheless, mod-
ifications are necessary to take into account the added complexity due to
nonhomogeneous processes. In order to present the main results and ideas
without much notational complication, we confine ourselves to the homo-
geneous switching diffusions throughout the book.

2.9 Notes

The connection between generators of Markov processes and martingales is
explained in Ethier and Kurtz [43]. An account of piecewise-deterministic
processes is in Davis [30]. Results on basic probability theory may be found
in Chow and Teicher [27]; the theory of stochastic processes can be found
in Gihman and Skorohod [53], Khasminskii [83], and Liptser and Shiryayev
[110], among others. More detailed discussions regarding martingales and
diffusions are in Elliott [40]; an in-depth study of stochastic differential
equations and diffusion processes is contained in Ikeda and Watanabe [72].
Concerning the existence of solutions to stochastic differential equations
with switching, using Poisson random measures (see Skorohod [150] also
Basak, Bisi, and Ghosh [6] and Mao and Yuan [120]), it can be shown
that there is a unique solution for each initial condition by following the
approach of Tkeda and Watanabe [72] with the appropriate use of the stop-
ping times. However, the Picard iteration method does not work, which is
further explained when we study the numerical solutions (see Chapter 5).
In Section 2.7, we dealt with smoothness properties of solutions of stochas-
tic differential equations with z-dependent switching. It is interesting to
note that even the time-honored concept of well-posedness cannot be eas-
ily obtained. Once xz-dependence is added, the difficulty rises considerably.
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Recurrence

3.1 Introduction

This chapter is concerned with recurrence of switching diffusion processes.
Because practical systems in applications are often in operation for a rel-
atively long time, it is of foremost importance to understand the systems’
asymptotic behavior. By asymptotic behavior, we mean the properties of
the underlying processes in a neighborhood of “o¢” and in a neighborhood
of an equilibrium point. Properties concerning a neighborhood of oo are
treated in this chapter, whereas stability of an equilibrium point is dealt
with in Chapter 7.

Dealing with dynamic systems, one often wishes to examine if the un-
derlying system is sensitive to perturbations. In accordance with LaSalle
and Lefschetz [107], a deterministic system & = h(t, z) satisfying appropri-
ate conditions, is Lagrange stable if the solutions are ultimately uniformly
bounded. When diffusions are used, one may wish to add probability modi-
fications such as “almost surely” or “in probability” to the aforementioned
uniform boundedness. Nevertheless, for instance, if almost sure bounded-
ness is used, it will exclude many systems due to the presence of Brownian
motion. Thus as pointed out by Wonham [160], such boundedness is inap-
propriate; an alternative notion of stability in a certain weak sense should
be used. In lieu of requiring the system to be bounded, one aims to find
conditions under which the systems return to a prescribed compact region
in finite time. This chapter focuses on weak-sense stability for switching
diffusions. We define recurrence, positive recurrence, and null recurrence;

G.G. Yin and C. Zhu, Hybrid Switching Diffusions: Properties and Applications, 69
Stochastic Modelling and Applied Probability 63, DOI 10.1007/978-1-4419-1105-6_3,
© Springer Science + Business Media, LLC 2010
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we also develop Liapunov-function-based criteria together with more easily
verifiable conditions on the coefficients of the processes for positive recur-
rence as well as nonrecurrence, and null recurrence. Despite the growing
interest in treating regime-switching systems, the results regarding such
issues as recurrence and positive recurrence (or weak stochastic stability as
coined by Wonham [160]) are still scarce. These are not simple extensions
of their diffusion counterpart. Due to the coupling and interactions, elliptic
systems instead of a single elliptic equation must be treated. Moreover, even
the classical approaches such as Liapunov function methods and Dynkin’s
formula are still applicable for switching diffusions, the analysis is more
delicate than the diffusion counterparts, and requires careful handling of
discrete-event component o).

The rest of the chapter is arranged as follows. In Section 3.2, in addition
to introducing certain notations, we also provide definitions of recurrence,
transience, positive recurrence, and null recurrence, as well as some prelim-
inary results. Section 3.3 focuses on recurrence and transience. Section 3.4
proceeds with the study of positive and null recurrence. We present results
of necessary and sufficient conditions for recurrence using Liapunov func-
tions. We also consider the case under “linearization” for the continuous
component. Section 3.5 is devoted to a number of examples as applications
of the general results. Section 3.6, containing the proofs of several technical
lemmas, is provided to facilitate reading. Discussions and further remarks
are made in Section 3.7.

3.2 Formulation and Preliminaries

3.2.1 Switching Diffusion

Recall that (Q,F,{Fi}i>0,P) is a complete probability space with a fil-
tration {F;};>0 satisfying the usual condition (i.e., it is right continuous
with Fy containing all P-null sets). Let © € R", M = {1,...,mp}, and
Q(z) = (gij(x)) an mg x mo matrix depending on z satisfying that for
any * € R", ¢;j(x) > 0 for ¢ # j and Z;nzol ¢ij(z) = 0. For any twice
continuously differentiable function h(-,4), i € M, define £ by

Lhed) = 2 Y auland) %hak 3 20D 4 gm0
gk 1 j=1 J
= Lrta(z, i)V2h(, 1)) + ¥ (2,)Vh(z, i) + Q(x)h(z, ) (i),

2
(3.1)

where Vh(-,i) and V2h(-,i) denote the gradient and Hessian of h(-,1),
respectively, O’ (z,7)Vh(z, i) denotes the usual inner product on R” with 2’
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being the transpose of z for z € R****2 with 11, 15 > 1, and
mo
Q(x)h(z,-)(i) = Z(h’j(‘r)h(xaj)
j=1
=Y qij(z)(h(x, ) — h(z,i)), i€ M.

JEM

(3.2)

Consider a Markov process Y (t) = (X(t),a(t)), whose associated opera-
tor is given by L. Note that Y (¢) has two components, an r-dimensional
continuous component X (¢) and a discrete component «(t) taking value in
M={1,...,mp}.

Recall that the process Y (t) = (X(¢),«(t)) may be described by the
following pair of equations:

dX (t) =b(X(t), at))dt + o(X (1), a(t))dw(t),
X(0) =2z, a0)=q,

(3.3)

and
Pla(t + A) = jla(t) =14, X(s),a(s),s < t}

= @i (X()A +o(A), i# ],

where w(t) is a d-dimensional standard Brownian motion, b(-,-) : R" XM
R", and o(-,-) : R" x M +— R™? satisfying o(z,4)0’(v,i) = a(z,i). Note
that (3.3) depicts the system dynamics and (3.4) delineates the probability
structure of the jump process. Note that if a(-) is a continuous-time Markov
chain independent of the Brownian motion w(-) and Q(z) = Q or Q(z) =
Q(t) (independent of z), then equation (3.3) together with the generator @
or Q(t) is sufficient to characterize the underlying process. As long as there
is an z-dependence, equation (3.4) is needed in delineating the dynamics
of the switching diffusion.

In this chapter, our study is carried out with the use of the operator £
given in (3.1). Throughout the chapter, we assume that both b(-,4) and
o(+,4) satisfy the usual local Lipschitz and linear growth conditions for
each i € M and that Q(-) is bounded and continuous. As described in
Theorem 2.1, the system (3.3)—(3.4) has a unique strong solution. In what
follows, denote the solution of (3.3)—(3.4) by (X™*(t), «™“(t)) when we em-
phasize the dependence on initial data. To study recurrence and ergodicity
of the process Y (t) = (X (t),a(t)), we further assume that the following
condition (A3.1) holds throughout the chapter. For convenience, we also
put the boundedness and continuity of Q(-) in (A3.1).

(3.4)

(A3.1) The operator L satisfies the following conditions. For each i €
M, a(x,i) = (a;r(x,i)) is symmetric and satisfies

r1lé]? < a(z,i)¢ < k€, forall ¢ €R™,  (3.5)
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with some constant x; € (0,1] for all z € R". Q(-) : R" —
R™o*™M0 js a bounded and continuous function. Moreover, Q(z)
is irreducible for each x € R".

3.2.2 Definitions of Recurrence and Positive Recurrence

This subsection is devoted to the definitions of recurrence, positive recur-
rence, and null recurrence. First, we introduce the following notation and
conventions. For any D C R", J C M, and U = D x J C R" x M, denote

Tp = inf{t > 0 (X(8),a(t)) ¢ U,

(3.6)
oy =inf{t >0: (X(t),a(t)) e U}.
In particular, if U = D x M is a “cylinder,” we set
Tp:=1inf{t > 0: X(¢) ¢ D},
b = inf{t > 0: X(t) ¢ D} .

op :=inf{t >0: X(t) € D}.

Definition 3.1. Recurrence and positive and null recurrence are defined
as follows.

o Recurrence and Transience. For U := D x J, where J C M and
D C R" is an open set with compact closure, let

o =1inf{t : (X*(t),a™"(t)) € U}.

A regular process (X**(-),a®™*(+)) is recurrent with respect to U if
P{o;;" < oo} =1 for any (z,a) € D x M, where D¢ denotes the
complement of D; otherwise, the process is transient with respect to
U.

e Positive Recurrence and Null Recurrence. A recurrent process with
finite mean recurrence time for some set U = D x .J, where J C M
and D C R" is a bounded open set with compact closure, is said to
be positive recurrent with respect to U; otherwise, the process is null
recurrent with respect to U.

3.2.3 Preparatory Results

We first prove the following theorem, which asserts that under assumption
(A3.1), the process Y () = (X (), a(t)) will exit every bounded “cylinder”
with finite mean exit time.

Theorem 3.2. Let D C R" be a nonempty open set with compact closure
D. Let tp :=inf{t >0: X(t) ¢ D}. Then

E,;7p < oo, forany (z,i)€ D x M. (3.8)



3.2 Formulation and Preliminaries 73

Proof. First, note that from the uniform ellipticity condition (3.5), we have
k1 < ayi(x,i) < kY, forany (x,i) € D x M. (3.9
For each ¢ € M, consider
W(x,i) =k — (z1 4 B)",

where the constants k, ¢ (with ¢ > 2), and § are to be specified, and
x1 = e}z is the first component of x with e; = (1,0,...,0) being the
standard unit vector. Direct computation leads to

c—1

£ (2.i) = ~elar + 9 n(o)(on +6) + 5t ano).

Set
c:3 < sup by (x,4) (2 +ﬁ)|+1> +1.

K1\ (z,i)eDxM

Then we have from (3.9) that

c—1

au(ﬂc,i) + bl(.%‘,i)(l’1 + ﬁ)
c—1

>

- 2

K1 — sup |b1(x,0)(z1 + B)] > 1.
(z,i)EDXM

Meanwhile, since z € D € D and D is compact, we can choose  such
that 1 < 21+ 8 < M for all x € D, where M is some positive constant.
Thus we have (z; + 3)°~2 > 1°72 = 1. Finally, we choose k large enough
so that W(z,i) = k — (1 + )¢ > 0 for all (z,i) € D x M. Therefore,
W(x,i),i € M are Liapunov functions satisfying

LW (x,i) < —c¢, forall (z,i)€ D x M. (3.10)

Now let 7p(t) = t ATp := min{t, 7p}. Then we have from Dynkin’s formula
and (3.10) that

E..W(X(7p(t)), a(rp(t))) — W(z,1)
D (t)
= Ew,i/ LW(X (u), a(u))du < —cE, ;7p(t).
0
Because the function W (-, -) is nonnegative, we have
1
E, ,mp(t) < EW(I,Z'). (3.11)

Because
EIJTD (t) = Em,iTDI{Tpgt} + Em,itI{TD>t}a
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we have from (3.11) that

1 .

tP,i[tp > t] < -W(x,1).

¢

Letting t — oo, we obtain
Pz,i[TD = OO] =0 or PIJ‘[TD < OO] =1.

This yields that 7p(t) — 7p almost surely (a.s.) P,,; as t — oo. Now
applying Fatou’s lemma, as t — oo, we obtain

1
E,.Tp < -W(z,i) < oo,
c

as desired. O

Remark 3.3. A closer examination of the proof shows that the conclusion
of Theorem 3.2 remains valid if we replace the uniform ellipticity condition
(3.5) by a weaker condition: There exist some ¢ = 1,2,...,r and positive
constant k such that

a,,(z,1) > Kk for any (z,i) € D x M. (3.12)

Let us recall the definition of £-harmonic functions. For any U = D x J,
where D C R” is a nonempty domain, and J C M, a Borel measurable
function u : U + R is said to be L-harmonic in U if v is bounded in
compact subsets of U and that for all (z,7) € U and any V = D x J with
Dcc D being a neighborhood of x and i € Jc J, we have

u(z,1) = By ju(X(1v), a(1v)),

where 7y denotes the first exit time of the process (X (t), a(t)) from V, and

D cC Dmeans D C D C D and D is compact, with D= DU&D denoting
the closure of D.

Lemma 3.4. ForanyU = DxJ C R"x M, where D C R" is a nonempty
domain, the functions

f(z,i) =Py i{tv < oo} and g(x,i) =E,; (X (1v),a(tr))
are L-harmonic in U, where ¢ is any bounded and Borel measurable func-

tion on 0D x M.

Proof. Fix any (z,i) € U. Consider any V = D x J C U such that
x € D CcC D and i € J C J. Then it follows from the strong Markov
property that
f(x,l) = E:E7i[]{'ru<oo}} = E:w’ [E$7i[I{TU<oo}H]:TV]
= Egc,i [EX(TV)7Q(TV)[I{TU<OC}” = Exﬂ'f(X(TV)’ a(TV))'
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This shows that f is £-harmonic in U. A very similar argument shows that
g is also L-harmonic in U. O
Following the well-known arguments in [38, Vol. II, Chapter 13|, we ob-
tain the following two lemmas. (Note that Lemma 3.5 was also proved in
[52, Lemma 4.3], and in [24], when the operator £ is in divergence form.)

Lemma 3.5. Assume (A3.1). LetU =D x M CR"xM and f : U — R,
where D C R” is a nonempty domain. Then

Lf(x,i)=0 forany (x,i) €U (3.13)

if and only if f is L-harmonic in U. Moreover, assume that 0D is suffi-
ciently smooth, D is compact, and (-, 1) is an arbitrary continuous function
on 0D for any i € M. Then

w(z, i) := Egi0(X (10), a(mr)) (3.14)
is the unique solution of the differential equation (3.13) with boundary con-
dition

lim  w(z,i) = ¢(xo,7) for any (z0,7) € 0D x M. (3.15)

r—xo,2ED

Proof. We prove the lemma in several steps.
Step 1. Assume (3.13). Let (z,i) € V C U, V, and 7y be as in the proof
of Lemma 3.4 and ¢ > 0. Then Dynkin’s formula and (3.13) lead to

E, i f(X(rv At),a(ty At)) = f(x,i) + Eg; /OTV Lf(X(s),a(s))ds
= f(=,1).

Note that Theorem 3.2 implies that P, ; {ry < oo} = 1. Letting ¢t — oo,
we obtain by virtue of the bounded convergence theorem that

flz,i) = Ex,if(X(TV)7O‘(TV))'

This shows that f is £-harmonic in U.

Step 2. Assume that f is £-harmonic in U. Note that by virtue of Propo-
sition 2.26, f is continuous in U. Consider V = D x M C U with D cC D
and 0D sufficiently smooth. Then by virtue of [41], the boundary value
problem

Lf(x,i) =0, (z,9) €V,

- ~ (3.16)
f(z,9) = f(x,1), (x,i) € 0D x M,

has a unique classical solution. We show that fagrees with fin V. In fact,
for any (x,i) € V, the same argument as in Step 1 shows that

f(z,3) = Ep i f( X (1v), a(1v)).
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But the boundary condition in (3.16) implies that

E..f(X(1v),a(rv)) = Ep i f(X(1v), a(1v)).

Therefore the assumption that f is £-harmonic in U further leads to

f(@,i) = Bei f(X(7v), a(rv)) = f(x,4).

This shows that f(-,i) € C%(D) for each i € M and that f satisfies the
differential equation (3.13).

Step 3. Now assume 9D is sufficiently smooth, D is compact, and ¢(-,7)
is an arbitrary continuous function on 9D for any i € M. We show that the
function u defined in (3.14) is the unique solution of (3.13) with boundary
condition (3.15). Indeed, it follows from Lemma 3.4 that  is £-harmonic in
U. Then we have from Step 2 that u satisfies the differential equation (3.13).
Finally, the boundary condition (3.15) is satisfied by the assumptions that
0D is sufficiently smooth, D is compact, and that ¢ is continuous. This
completes the proof of the lemma. O

Using a similar argument, we can prove the following lemma.

Lemma 3.6. Let U =D x M CR" x M, where D C R" is a nonempty
open set with compact closure. Suppose that g(-,i) € Cy(D) and f(-,-) :
D x M +— R. Then f solves the boundary value problem

Lf(z,i) =—g(z,i), (z,i)€DxM

f(z,i) =0, (x,i) € 0D x M

if and only if
f(z,i) =E;; /TU g(X (1), a(t))dt, for all (x,i) € D x M.
0

Using Lemmas 3.5 and 3.6, we proceed to prove that if the process
Y(t) = (X(¢t),at)) is recurrent (resp., positive recurrent) with respect
to some “cylinder” D x M C R" x M, then it is recurrent (resp., positive
recurrent) with respect to any “cylinder” Ex M C R” x M, where D is any
nonempty domain in R” with compact closure. These results are proved in
the following two lemmas. To preserve the flow of presentation, the proofs
are postponed to Section 3.6.

Lemma 3.7. Let D C R” be a nonempty open set with compact closure.
Suppose that

P, i{op <o} =1 forany (x,i) € D°x M. (3.17)
Then for any nonempty open set E C R", we have

P,i{op <oo}=1 forany (z,i) € E°x M.
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Lemma 3.8. Let D C R" be a nonempty open set with compact closure.
Suppose that
E.iop < oo for any (z,1) € D x M. (3.18)

Then for any nonempty open set E C R", we have
E, op <oo forany (x,i) € E¢x M.

The following lemma shows that if the process Y (¢) = (X (), a(t)) reaches
the “cylinder” D x .M in finite time a.s. P, ;, then it will visit the set D x{¢}
in finite time a.s. P, ; for any ¢ € M. Its proof together with the proof of
Lemma 3.10 is placed in Section 3.6 as well.

Lemma 3.9. Let D C R" be a nonempty open set with compact closure
satisfying

Py {op <oo} =1 forany (y,j) € D x M. (3.19)
Then for any (x,1) € R" x M,
P.i{opxiy <o} =1 forany e M. (3.20)

With Lemma 3.9, we can now prove that if the process Y (¢) = (X (t), a(t))
is positive recurrent with respect to some “cylinder” D x M, then it is pos-
itive recurrent with respect to the set D x {¢{} C R" x M.

Lemma 3.10. Let D C R" be a nonempty open set with compact closure
satisfying
E, jop <oo forany (y,j) € D¢ x M. (3.21)

Then for any (x,1) € R" x M,
E; iopx{ey <oo forany £ € M. (3.22)

Remark 3.11. By virtue of Lemmas 3.7-3.10, under assumption (A3.1),
the process Y (t) = (X (¢), «(t)) is recurrent (resp., positive recurrent) with
respect to some “cylinder” D x M if and only if it is recurrent (resp.,
positive recurrent) with respect to the product set D x {¢{} C R" x M
for any ¢ € M. Also we have proved that the properties of recurrence
and positive recurrence are independent of the choice of the set D. We
summarize these in the following theorem.

Theorem 3.12. Suppose that (A3.1) holds. Then the following assertions
hold:

o The process (X(t),a(t)) is recurrent (resp., positive recurrent) with
respect to DX M if and only if it is recurrent (resp., positive recurrent)
with respect to D x {{}, where D C R” is a nonempty open set with
compact closure and ¢ € M.
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o [f the process (X (t), a(t)) is recurrent (resp., positive recurrent) with
respect to some U = D x M, where D C R" is a nonempty open set
with compact closure, then it is recurrent (resp., positive recurrent)

with respect to any U = D x M, where D C R" is any nonempty
open set.

Remark 3.13. In view of Theorem 3.12, we make the following remarks.

e Recurrence is a property independent of the region chosen; hence-
forth, a g process (X (¢), a(t)) with the associated generator L satis-
fying (A3.1) is said to be recurrent, if it is recurrent with respect to
some U = D x {{}, where D C R" is a nonempty bounded open set
and ¢ € M; otherwise it is said to be transient.

e Henceforth, we call a recurrent process (X (t), a(t)) positive recurrent
if it is positive recurrent with respect to some bounded domain U =
D x {£} C R" x M; otherwise, we have a null recurrent process.

3.3 Recurrence and Transience

3.3.1 Recurrence

To study the recurrence of the process (X(t),«(t)), we first present the
following criterion based upon the existence of certain Liapunov functions.

Theorem 3.14. Assume that there exists a nonempty bounded open set
D C R" such that there exists V(-,-) : D¢ x M +— RT satisfying

V= inf V(z,i)— o0, as n— oo,
jal =n.ieM (3.23)
LV (x,i) <0, forall (z,i) € D°x M.
Then the process (X (t), a(t)) is recurrent.

Proof. Fix any (z,«) € D° x M. Define
op=op" :=inf{t>0: X"t) € D}

and
O'gl)(t) :=0p AtA B,

where £, = inf{t : [X(™(t)] > n} is as in (2.14). Then it follows from
Dynkin’s formula that

EV(X(o (1), a(o) (1)) — V(z, )

o5 (®)
= E/ LV (X (u), a(u))du < 0.
0
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Consequently,
EV(X (o)) (1), a(o) (1)) < V(x, ).

Note that as t — oo, op At A B, — op A B, a.s. Hence Fatou’s lemma
implies that
EV(X(op ABrn),a(op A Br)) < V(z,a).

Then we have
Viz,a) >EV(X(op ABn),alop A Br))
2 EV(X(ﬁn)v O‘(ﬂn))-[{ﬁn<ap} >V,P {5n < UD}~

Hence it follows from (3.23) that as n — oo,

|4
P {5, <op} < L8
Vi
Note that
P{op =00} <P{B, <op}.
Thus we have P {op < oo} = 1, as desired. O

The above result is based on a Liapunov function argument. However,
constructing Liapunov functions is generally difficult. It would be nice if we
could place certain conditions on the coefficients of processes. The following
theorem is an attempt in this direction.

Theorem 3.15. Fither one of the following conditions implies that the
process (X (t), a(t)) is recurrent.

(i) There exist constants v > 0 and ¢; € R with i € M such that for
(x,0) e{z eR" : || > 1} x M,

2'b(x,i) | tr(a(w,i))
ER 2|z]?

2'a(x, i)z 1 &
2zt k- 4is(@)e; <0,
%Z;
(3.24)

where k is a positive constant sufficiently large so that k — ~vc; > 0
for each i € M.

+(r—-2)

(ii) There exist a positive constant v and symmetric and positive definite
matrices P; for i € M such that for (z,i) € {x € R" : x| > 1} x M,

o' Pib(z,i)  tr(o/(z,i)Pio(z,1))
x' P;x 22’ P;x ) P
o (z,i) Pix|” <= |2’ P;x|”
T Y M O S
|2’ Py Z ! |2 P/
(3.25)

j=1
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Proof. (i) For each i € M, define a Liapunov function as
V(z,i) = (k —yei)|x|.
Then direct computation shows that for z # 0, we have
V(z,) = (k — yei)ylz[ e,
V2V (z,i) = (k —vei)y [l 72 + (v = 2) |z *2a’] .

Hence it follows that

£V (@) = (k= gefal { T o 2RI - g Ten e
1 &
T jz_:lqij(x)cj}‘

Therefore Theorem 3.14 implies the desired conclusion.
Assertion (ii) can be established using a similar argument as in (i) by
considering

W (z,i) = (' Px)"/? for (z,i) e {z eR":|z| >1} x M

and verifying that

VW (z,i) = v(z' Pa) =2/ P,
VW (i) = v(2' Pix) O "D2 P 4 y(y — 2)(a' Po) Y2 Paa’ Py

The details are omitted for brevity. O

Lemma 3.16. If there exists some (xg,f) € R" x M such that for any
e >0,

Poy e {(X(tn), altn)) € Blxo,e) x {€}, for a sequence t, T oo} =1,
(3.26)
then for any U := D x {j} C R" x M, where D C R" is a nonempty
bounded domain and j € M, we have

Pmo,é {O’U < OO} =1.

In particular, if (3.26) is true for any (x,i) € R" x M, then the process
(X (t),a(t)) is recurrent.

Proof. It is enough to consider two cases, namely, when g ¢ D and when
xg € D with 7 # £. For the first case, the proof in Lemma 3.7 can be
adopted to show that P, ,{op < co} = 1. Then by virtue of Lemma 3.9,
it follows that P, ¢ {opx(j} < oo} = 1. The second case follows from a
slight modification of the argument in the proof of Lemma 3.9. O
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Lemma 3.17. If the process (X (t), a(t)) is recurrent, then for any (z,4) €
R" x M and & > 0, we have

P, {(X(tn), a(ty)) € B(z,e) x {i}, for a sequencet, T oo} =1. (3.27)

Proof. Denote B = B(z,¢), By = B(x,¢/2), and By = B(x, 2¢). Define a
sequence of stopping times by

mo=inf {t >0: X(t) ¢ Ba};

and forn=1,2,...,

Nap :=Inf {t > nap_1 : (X(t),a(t)) € By x {i}},
Nons1 = inf {t > 19, : X(t) ¢ Ba}.

Note that the process (X (t),«a(t)) is recurrent, in particular, with respect

to By x {i}. This, together with Theorem 3.2, implies that 7, < co a.s.

P,;. Thus (3.27) follows. O
Combining Lemmas 3.16 and 3.17, we obtain the following theorem.

Theorem 3.18. The process (X (t), a(t)) is recurrent if and only if every
point (x,1) € R" x M is recurrent in the sense that for any e > 0,

P, {(X(tn),a(t,)) € B(z,e) x {i}, for a sequence t,, T oo} = 1.

Theorem 3.18 enables us to provide another criterion for recurrence in
terms of mean sojourn time. This is motivated by the results in [109]. To
this end, for any U := D x J C R" x M and any A > 0, define

Rx(2,i,U) :=E,,; UOOO e Mg (X (1), a(t))dt] . (3.28)

In particular, Ro(x,i,U) denotes the mean sojourn time of the process
(X®(t),a®"(t)) in the domain U. We state a proposition below, whose
proof, being similar to a result in [109], is relegated to Section 3.6.

Proposition 3.19. Assume (A3.1). If for some point (xg,¢) € R" x M
and any p > 0,
Ro(x()vgaB(x(%p) X {E}) = o0, (329)

then (xo,0) is a recurrent point; that is, for every p > 0,
Py e {(X(tn), a(tn)) € B(wo, p) x {€}, for a sequence t, T oo} = 1.
(3.30)

In particular, if (3.29) is true for any (x,i) € R" x M, then the process
(X (t),a(t)) is recurrent.
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3.3.2 Transience

We first argue that if the process (X (t), a(t)) is transient, then the norm
of the continuous component | X (¢)] — oo a.s. as t — oo, and vice versa.
Then we provide two criteria for transience in terms of mean sojourn time
and Liapunov functions, respectively. If the coefficients b(z, ) and o(z,1)
for i € M are linearizable in z, we also obtain easily verifiable conditions
for transience.

Theorem 3.20. The process (X (t),a(t)) is transient if and only if
tlirn [ X(#)| =00 a.s. Pyo forany (z,a) € R" x M.

The proof of Theorem 3.20 follows the argument of Bhattacharya [15].
We next obtain a criterion for transience under certain conditions. To pre-
serve the flow of the presentation, the proofs of both Theorem 3.20 and
Proposition 3.21 are placed in Section 3.6.

Proposition 3.21. Assume that the following conditions hold.
e Fori=1,2,...,mg, the coefficients b(-,1), o(-, %), and Q(-) are Holder
continuous with exponent 0 < v < 1.
o Q(z) is irreducible for each x € R".
e For each i€ M, a(x,i) = o(x,i)o’(x,1) is symmetric and satisfies
(a(z,i)E,€) > K|€|?, forall € €R", (3.31)
with some positive constant k € R for all x € R".

If for some U := D x J C R" x M containing the point (xo,¢), where D
is a nonempty open and bounded set, Ro(xo,?¢,U) < oo, then the process
(X (t),a(t)) is transient.

Remark 3.22. It follows from Propositions 3.19 and 3.21 that the process
(X (t), «(t)) is recurrent if and only if for every (z,7) € R” x M and every
p > 0, we have
RO(I7 i, B(Iv p) X {7’}) = o0.
Next we obtain a sufficient condition for transience in terms of the exis-
tence of a Liapunov function.

Theorem 3.23. Assume there exists a nonempty bounded domain D C R"
and a function V(-,-) : D¢ x M — R satisfying

sup V(x,i) <0,
(z,i)€dDXM
LV (z,i) >0 for any (x,i) € D¢ x M,

sup  V(z,i) < M < oo,
(z,i)eDex M

V(y,l) >0 for some (y,f) € D°x M.

(3.32)
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Then the process (X (t),a(t)) is either transient or not regular.

Proof. Assuming the process (X (t), a(t)) is regular, we need to show that
it is transient. Fix (y,¢) € D¢ x M with V(y,£) > 0. Define the stopping
times op = a%e, Bn = BY* and B, Aop At as in the proof of Theorem 3.14,
with n > (ng V |y|), where ng is an integer such that D C {x: |z] < no}
and Yf = inf{t : | X¥*(t)| = n}. By virtue of Dynkin’s formula and (3.32),

EV(X(ﬁn Nop A t)7 a(ﬁn Nop N t)) - V(ya E)
BrAopAt
- E/ LV(X (), a(u))du > 0.

Therefore, we have from (3.32) that

V(y, ) <EV(X(B,ANop At),a(Bn Aop At))
=EV(X(op), OZ(UD))I{UDSMM}
+EV(X(Bn A1), aBn AN)) i6p >80t}
< MP{op > 3, Nt}.

Let 4, :={w € Q:0p(w) > B,(w) At}. Then

V(y,t)
M b

P(A,) > for any n > ng.

Note that 3, < )41 implies A,, D A, 1. This, together with the regularity
yields that

(] An = lim A, ={op >t}
n=nogo

Therefore,
Vi(y,0)
o

P {JD > t} >
Finally, by letting t — oo, we obtain that
P{op = o0} > 0.

Thus the process (X (¢), a(t)) is transient. This completes the proof. O

To proceed, we focus on linearizable (in the continuous component) sys-
tems. In addition to condition (A3.1), we also assume that the following
condition holds.

(A3.2) For each i € M, there exist b(i), 0;(i) € R"™",j =1,2,....,d,
and @ = (¢;;), a generator of a continuous-time Markov chain
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a(t) such that as |z| — oo,

b(fx’f) =) + ol
o(x,i

) _ (o1())z, 00(i)z, . .. ,ad(i)z)% +o(1), (333

|
Qx) = Q +o(1),

where o(1) — 0 as |z|] — oo. Moreover, a(t) is irreducible

with stationary distribution denoted by m = (71, 72,...,Tm,) €
Rl Xmo .

As an application of Theorem 3.23, we have the following easily verifiable
condition for transience under conditions (A3.1) and (A3.2).

Theorem 3.24. Assume (A3.1) and (A3.2). If for each i € M,
1 2
Amm( + b/ (i) + Zaj ) ) > " [p(o;(i) + 0j(i))]” > 0, (3.34)
j=1

then the process (X (t), «(t)) is transient.

Proof. Let D = {z € R" : |x| < k}, where k is a sufficiently large positive
number. Consider W (z,i) = k° — |2|°, (2,i) € D® x M, where 8 < 0
is a sufficiently small constant. Then we have W(z,i) = 0 for all (z,i) €
OD x M and k > W(z,4) > 0 for all (z,i) € D x M. Thus conditions
(3.32) are verified. Detailed computations reveal that for 2 # 0, we have
VW (z,i) = —0|z|° 2z,
VW (2,4) = =B |22 + (B — 2) ||’ ~*aa'] .
Hence it follows from (3.33) that for all (z,7) € D x M, we have
. d 10 ;
. 2'b(i)z | 1 'y (i)o;(i)x
1% = _3|z|? z AN A
avied = -sia{2pa" + 13- (T

Jj=1

(2’0} (i)x)”
+ (8- 2)T> + 0(1)}-

(3.35)

Note that
b(i)e lzdj 2ol o (V) +b00) + ), o) (i) () @
\1‘|2 24 Iﬂcl2 - 2|z[?
d
> i () + /) + >t ).
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Meanwhile, for any symmetric matrix A with real eigenvalues \; > Ay >
-+ > Ay, using the transformation z = Uy with U being a real orthogonal
matrix satisfying U’AU = diag(A1, Aa,..., \,) (see [59, Theorem 8.1.1]),
we have

| Az = [Miyf + Aoys + -+ Myl < palyl® = palzl®. (3.37)
Therefore it follows from (3.35)—(3.37) that for all (x,7) € D¢ x M,

d

£ Gei) 2 = el s (80) +00) + Y- 00,0

Jj=1

d
S [0 0) + o3 (0] + 0(1) + om}

j=1

[N

= 0,

where in the last step, we used the fact that 5 < 0 and condition (3.34).
Hence the second equation in (3.32) of Theorem 3.23 is valid. Thus Theo-
rem 3.23 implies that the process (X(t), a(t)) is not recurrent. O

3.4 Positive and Null Recurrence

This section takes up the positive recurrence issue. It entails the use of
appropriate Liapunov functions. Recall that the process Y (t) = (X (), a(t))
is recurrent (resp., positive recurrent) with respect to some “cylinder” D x
M if and only if it is recurrent (resp., positive recurrent) with respect to
D x {¢}, where D C R" is a nonempty open set with compact closure
and ¢ € M. Thus the properties of recurrence or positive recurrence do
not depend on the choice of the open set D C R” or £ € M. The result
in Example 3.35 is quite interesting, which shows that the combination of
a transient diffusion and a positive recurrent diffusion can be a positive
recurrent switching diffusion.

3.4.1 General Criteria for Positive Recurrence

Theorem 3.25. A necessary and sufficient condition for positive recur-
rence with respect to a domain U = D x {{} C R" x M is: For each i € M,
there exists a nonnegative function V(-,i) : D® — R such that V(-,i) is
twice continuously differentiable and that

LV (z,i) = —1, (z,i) € D®x M. (3.38)
Let w(x,i) = By j0p. Then u(z,i) is the smallest positive solution of

{Eu(x,i) =-1, (x,i) € D°x M,

w(z,i) =0,  (x.i) € OD x M, (3.39)
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where 0D denotes the boundary of D.

Proof. The proof is divided in three steps.

Step 1: Show that the process Y (t) = (X (t), a(t)) is positive recurrent
if there exists a nonnegative function V(- -) satisfying the conditions of
the theorem. Choose ngy to be a positive integer sufficiently large so that
D C {|z| < no}. Fix any (z,i) € D¢ x M. For any ¢t > 0 and n € N with
n > ng, we define

o (t) = op AEA By,

where 3, = inf{t : [X(")(t)| > n} is defined as in (2.14) and op is the first
entrance time X (t) to D. That is, op = inf{t : X(¢) € D}. Now Dynkin’s
formula and equation (3.38) imply that

E.,V(X(o3)(#), a0 () — V(z,i)
()
—E,. / LV(X(s), a(s))ds = —Ba 0t (2).
0

Note that the function V' is nonnegative, hence we have Em‘crgl)(t) <

V(z,4). Meanwhile, because the process Y () = (X (t), a(t)) is regular, it
follows that agl) (t) — op(t) a.s. as n — oo, where op(t) = op At. By

virtue of Fatou’s lemma, we obtain
E; iop(t) < V(x,i). (3.40)

Now the argument after equation (3.11) in the proof of Theorem 3.2 yields
that E,;op < V(z,i) < oco. Then Lemma 3.10 implies that E, 00 =
E. iopx sy < 00. Since (z,i) € D x M is arbitrary, we conclude that Y'(t)
is positive recurrent with respect to U.

Step 2: Show that u(x,) := E, ;op is the smallest positive solution of
(3.39). To this end, let ng be defined as before, that is, a positive integer

sufficiently large so that D C {|z| < ng}. For n > ng, set ng) =0op A Bn.

Clearly, we have og) < UgLJrl) for all n > ng. Then the regularity of the

process Y (¢) implies that O'gl) /" op a.s. as n — oo. Hence the monotone
convergence theorem implies that as n — oo,

Ew,iog) /! Egc,iO'D- (341)

Note that E, ;o0p < oo from Step 1. Meanwhile, Lemma 3.6 implies that

the function u,(z,7) = Ez,iogl) solves the boundary value problem

Ly (z,1) = —1,
un (@, 1)|ccop =0, (3.42)
un(xal)h:v\:n =0, ie M.
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Thus the function v, (x,7) := Upt1(z,4) — up(x,i) is L-harmonic in the
domain (D°N{|z| < n})x M. Since U(D") < JgLH), it follows that Ew-agt) <
EmagLH) and hence v, (x,7) > 0. Now (3.41) implies that

w(w, i) = up, (x,7) + Z vg (2, 7). (3.43)

k:no

Using Harnack’s inequality for L-elliptic systems of equations (see [3, 25],
and also [158] for general references on elliptic systems), it can be shown by
a slight modification of the well-known arguments (see, e.g., [56, pp. 21-22])
that the sum of a convergent series of positive £-harmonic functions is also
an L-harmonic function. Hence we conclude that wu(x, ) is twice continu-
ously differentiable and satisfies equation (3.39). To verify that u(x,1) is
the smallest positive solution of (3.39), let w(x,7) be any positive solution

of (3.39). Note that uy,(z,i) = Ewyiagl) satisfies the boundary conditions

Un(,1)|zcop = 0,

Un(xai)hx\:n =0, ie M.

Then the functions u, (z,i) —w(z, i) for i € M are L-harmonic and satisfy
Up(x,1) —w(z,i) = 0 for (z,i) € 9D x M and uy(z,i) — w(x,i) < 0 for
(x,1) € {]z| = n} x M. Hence it follows from the maximum principle
for L-elliptic system of equations [138, p. 192] that wu,(x,i) < w(x,i) in
(DN {|z] < n}) x M for all n > ng. Letting n — oo, we obtain u(z,i) <
w(x,1), as desired.

Step 3: Show that there exists a nonnegative function V' satisfying the
conditions of the theorem if the process Y(t) = (X(t),«(t)) is positive
recurrent with respect to the domain U = Dx {¢}. Then E, ;,op < oo for all
(z,4) € D¢x M and consequently equation (3.43) and Harnack’s inequality
for L-elliptic system of equations [3, 25] imply that the bounded monotone
increasing sequence u, (z,4) converges uniformly on every compact subset

of D¢ x M. Moreover, its limit u(z, ) satisfies the equation Lu(x,i) = —1
for each i € M. Therefore the function V(z,4) := u(z,4) satisfies equation
(3.38). This completes the proof of the theorem. O

Theorem 3.26. A necessary and sufficient condition for positive recur-
rence with respect to a domain U = D x {{} C R" x M is: For eachi € M,
there exists a nonnegative function V(-,i) : D¢ — R such that V(-,4) is
twice continuously differentiable and that for some ~v > 0,

LV (z,i) < —v, (z,1) € D x M. (3.44)

Proof. Necessity: This part follows immediately from the necessity of The-
orem 3.25 with v = —1.
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Sufficiency: Suppose that there exists a nonnegative function V' satisfying
the conditions of the theorem. Define the stopping time agl) (t) = op AtAS,
as in the proof of Theorem 3.25. Now Dynkin’s formula and equation (3.44)

imply that for any (z,7) € D¢ x M,
E,,V(X(0W 1), ale) (1) - V(x,i)

0]
_E,, / T LV (X (), als))ds < —7Baiot (1),
0

Hence we have by the nonnegativity of the function V' that Emagl)(t) <
V(z,4) /. Meanwhile, the regularity of the process Y (t) = (X (¢), «(t)) im-
plies that JgL) (t) — op(t) a.s. as n — oo, where op(t) = op At. Therefore
Fatou’s lemma leads to E, ;op(t) < V(x,7)/v. Moreover, from the proof

of Theorem 3.25, op(t) — op a.s. as t — oco. Thus we obtain
1 .
E;iop < —V(z,i)
y

by applying Fatou’s lemma again. Then Lemma 3.10 implies that E, ;o =
E.; i0pxqry < 00. Because (z,i) € D¢ x M is arbitrary, we conclude that
Y (t) is positive recurrent with respect to U. This completes the proof of
the theorem. a

Example 3.27. Let us continue our discussion from Example 1.1. Con-
sider (1.1) and assume that for each « € M = {1,2,...,m} and i,j =
1,2,...,nwith j # 4, a;;(«) > 0 and a;;(«) > 0. Then for each ¢t =1,...,n
and a € M, we have

—agi(a)x? + (ri(a) + il aji(a)) x; — bi(@)

ri(a) + 320 aji(a) i ~
S( Jan (@) ) —bi(a) = Ki(a).

Denote

~

Ki(a) = K;(a) V0, foreach i=1,....,n and a=1,...,m.
We can further find a number p;(a) > 0 sufficiently large so that
—ai;(a)z? + (ri(a) + Z aji(a))xi —bi(a)
j=1

n

< _ZKj(a) —1, for any z; > p;(«),
j=1
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Denote
pi=max{p;(a),i=1,...,n,a=1,...,m}. (3.45)

Then the solution x(t) to (1.1) is positive recurrent with respect to the
domain
E,:= {,IER:L_:O<Ii<p,i:1,2,...,n}.

We refer the reader to [189] for a verbatim proof.

3.4.2 Path Excursions

Applications of the positive recurrence criteria enable us to establish path
excursions of the underlying processes. Suppose that Y (¢) = (X (¢), «(t)) is
positive recurrent, and that the Liapunov functions V(z,4) (with i € M)
are given in Theorem 3.26, so is the set D. Let Dy be a bounded open set
with compact closure satisfying D C Dy, and 71 be the first exit time of
(X(t),a(t)) from Dy x M; that is, 71 = min{t > 0 : X(t) € Do}. Define
o1 =min{t > 7 : X(t) € Dy}. We can obtain

P( sup V(X(D).a(t) 2 7) < EV(X(T;)’O‘(T”), for >0,
E(oy —7) < EV(X(T;),O&(Tl))’

(3.46)
where 7 is as given in Theorem 3.26. The idea can be continued in the
following way for k& > 1. Define

Tht1 = min{t > o, : X(t) € Do}

and
Ok+1 = min{t > 7341 : X(t) € Do}.

Then we can obtain estimates of E(og4+1 — 7g+1), which gives us the ex-
pected difference of (k + 1)st return time and exit time.

3.4.3 Positive Recurrence under Linearization

This subsection is devoted to positive recurrence of regime-switching dif-
fusions under linearization with respect to the continuous component. By
linearizable systems, we mean such systems that are linearizable with re-
spect to the continuous component. These systems are important inasmuch
as linearization is widely used in many applications because it is much eas-
ier to deal with linear systems.

With Theorem 3.28 at hand, we proceed to study positive recurrence of
linearizable (in the continuous component) systems as described in con-
dition (A3.2). We are ready to present an easily verifiable condition for
positive recurrence.
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Theorem 3.28. Assume (A3.1) and (A3.2). If

%mmx< ) +b'(0) +Zaj ) 0, (3.47)
i=1

then the process (X (t), a(t)) is positive recurrent.

Proof. For notational simplicity, define the column vector

H= (Mla/j/?a s 7/’['177,0)/ € R™°
with

1
Hi = §Amax( +b/ +ZO'J >

Let

mo

ﬁ:z—wuz—%z ( )+ b (i +ZUJ >

i=1

Note that 5 > 0 by (3.47). Because

m(p+pl) =7rp+ 3 -7l=—-5+5=0,
condition (A3.2) and Lemma A.12 yield that the equation

Qc=p+p1
has a solution ¢ = (¢, ¢a,. .., Cn,)" € R™0. Thus we have
mo
—> Giyc; =B, ieM. (3.48)

For each ¢ € M, consider the Liapunov function
V(z,i) = (1 —~e)|z|?,

where 0 < v < 1 is sufficiently small so that 1 —~¢; > 0 for each 1 € M. It
is readily seen that for each i € M, V(-,4) is continuous, nonnegative, and
has continuous second partial derivatives with respect to x in any deleted
neighborhood of 0. Detailed calculations reveal that for x # 0, we have

VV(z,i) = (1 —yei)ylz) e,
V2V (z,1) = (1 — vei)y Ux|7721 + (v - 2)|1:|774le] )

Meanwhile, it follows from (3.33) that

a(z, 1) _ o(z, ZUJ Jzx' 0 | 1|2 +o(1),

|[? Iafl2
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where 0(1) — 0 as |z| — oco. Therefore, we have that

d

(1= e Z ( (0)|z["21o;(i)z

LV (x,i) =

1\3\4

+a' o (i) (v = 2) |z tax Uj(i)x)
(1 =)y |$|7_2$'b(i)$ +o(|z[7)
=S a@lal (e — )

J#i

1
RGO TREDS

Jj=

| |2 -2 ai(®)

J#i

d
1

(3.49)
with o(1) — 0 as |z| — co. Note that

o> 2 ]2

=1 J (3.50)

1 . . N
< 5/\maX <b(z) +0'(3) + Za;(z)oj(z)) = L.
Next, using condition (A3.2),

> i) 1 —

J#i

0 cl cj—¢;)
= Z gij(z)c; + Z i (¥)———7 (3.51)
Jj=1

i L=ne
mo

Z GijCj + +0(1)7

where O(v)/v is bounded and o(1) — 0 as |z| — oo and v — 0. Hence it
follows from (3.49)—(3.51) that when |z| > R with R sufficiently large and
0 < v < 1 sufficiently small, we have

LV (2,3) < ~v(1 —ye;)|z]” qucj +o(1)+ O(%)

Furthermore, by virtue of (3.48), we have

LV (x,i) <y(1=vc)]z[" (= +0(1) +O(7)) < =K <0,



92 3. Recurrence

for any (z,i) € R” x M with |z| > r, where K is a positive constant.

Therefore we conclude from Theorem 3.28 that the process (X (), a(t)) is

positive recurrent. O
The above result further specializes to the following corollary.

Corollary 3.29. Suppose that the continuous component X (t) is one-
dimensional and that as |x| — oo,

b(a.i
(z,i) bi— + o(1),
|z || (3.52)
o(x,1) x ‘
=o0;— +o(1),
|| ||
for some constants b;,0;, i € M. If
1 5 - U%
mh — Fmo” = ;m (bi — 7) <0, (3.53)
where ™ = (T1,. .., Tm,) € R1*™0 is as in condition (A3.2), then the process

(X (t),a(t)) is positive recurrent.
Next we develop a sufficient condition for nonpositive recurrence.

Theorem 3.30. Suppose that there exists a nonempty bounded domain
D such that there exist functions V(x,i) and W (x,i) defined on D¢ x M
satisfying

(a) V(x,i) >0 for all (x,i) € D°x M, and for some positive constant k,

0< LV (x,i) <k forall (z,i) € D°x M;

(b) W(z,i) <0 for all (z,i) € 0D x M, and

LW (x,i) >0 forall (z,i) € D¢ x M,

(c) for an increasing sequence of bounded domains E, D D with bound-
aries Iy,

inf (, yyer, xm V(,1)
SUP(z,4)eT,, x M W (x, i)

=R, — 00 as n— oo. (3.54)

If there exists some (x,a) € D® x M satisfying W(z,a) > 0, then the
process (X (t),a(t)) is not positive recurrent. That is, Eop = oo for all

(z,a) € D¢ x M such that W (z, ) > 0, where

op=op" =inf{t >0: X"(t) € D}.
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Proof. Consider the function V — R, W in (D° N E,) x M. Then from
conditions (a), (b), and (c), we have

LV = RaW)(2,4) < k.
(V - Rnw)(xai”xeBD >0,
(V — RaW)(, )eer, > 0.

Fix any (z,a) € D x M satisfying W(z,«) > 0. Then it follows that
P{op A B < o0} =1 for any n > (ng V |y|), where ng is a sufficiently
large integer such that D C {x € R" :|z| < ng} and 3, is as in (2.14).
Hence Dynkin’s formula implies that

E(V = R,W)(X(0p A Bn),c(op A Br)) = (V = BoW)(2, )
- E/GDW LV — RaW) (X (u), a(u))du
< kE[?rD A Bl
That is,
Eop A By > %[RnW(:ma) V(@ ).
Therefore, we have from (3.54) that
Eop A B, — 00, as n — oo.
Meanwhile, note that op > op A 3,,. We have
Eop = .

Therefore the process (X (t),«(t)) is not positive recurrent by virtue of
Theorem 3.12. O

3.4.4 Null Recurrence

Null recurrence is more complex. Even for diffusions alone, the available
results are scarce. For simplicity here, we assume that the continuous com-
ponent of the system is a diffusion without drift term.

Theorem 3.31. Consider a real-valued regime-switching diffusion process
dX(t) = o(X(t), a(t))dw(t)

Pla(t+A) = jla(t) = i, X(s), a(s),5 < £} = g (X(£)A + o(A).
(3.55)
If for some constants 0 < 3 <1, k1 >0, and ke > 0,

o?(x,i) < kilx|'*™P, for all (z,i) € {x € R:|x| >k} x M,  (3.56)
then the process (X (t), a(t)) defined by (3.55) is null recurrent.
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Proof. In fact, by Theorem 3.12, it suffices to prove that the process is
null recurrent with respect to D x {¢}, where D = (—ko, k) and £ € M.
For each i € M, the Liapunov function

N B if >0,
Viwi) = { ol fe| - 1)+ K, ifB=0,

where K is a sufficiently large positive constant, and
W(x,i) = |x| — ke for (z,i) € D x M.

Then detailed computations show that the nonnegative function W satisfies
(3.23) in Theorem 3.14. This implies that the process is recurrent with
respect to D x {{}.

Similarly, by virtue of (3.56), detailed computations show that conditions
(a)—(c) of Theorem 3.30 are satisfied with the functions V and W as chosen
above. It thus follows from Theorem 3.30 that the process (X (t),«(t)) is
not positive recurrent with respect to D x {¢}. The details are omitted.
Therefore the process defined by (3.55) is null recurrent. o

Remark 3.32. If for some positive constants g, k1, and ko, we have
o?(z,i) > ky|z|'Te, for all (z,i) € {x €R:|z|>ka} x M,  (3.57)

then the process (X (t), «(t)) defined by (3.55) is positive recurrent.
To verify this, we choose 1 > ¢ > 0 such that ¢ + o > 1 and define
V(z,i) = |z|° for (z,7) € {x € R: |z] > ka} x M. Then we can show

1 1
EV(«T,Z) = §§(§ — 1)|$‘§720'2(JC,’L') < §k1§(§ - 1)k;+‘9—1 <0,

where (z,7) € {z € R:|z| > ko} x M. Therefore, it follows from Theo-
rem 3.28 that the process (X (t), a(t)) is positive recurrent.

3.5  Examples

In this section, we provide several examples to illustrate the results obtained
thus far.

Example 3.33. Suppose that for each € R" and each i € M, there exist
positive constants ¢ and 7 such that for all z with |z| > ¢,

b’(m)% < -y (3.58)

where |z| denotes the norm of x. That is, the drifts are pointed inward.
Then the process Y (t) = (X(¢), a(t)) is positive recurrent.
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First note that (3.5) implies that for all « with |z| > r/(yx1), we have
tr(a(z, 1)) = Z ja(x,i)e; < Z rit < ylzl.
j=1 j=1

By Theorem 3.12, it is enough to prove that the process Y (t) = (X (), a(t))
is positive recurrent with respect to the domain U := {|z| < g} x {¢}
for some ¢ € M, where ¢ := max{ec,r/(vk1)}. To this end, consider the
function

1
V(x,i) = iac’x, for each 7 € M and for all |z]| > o.
For each i € M, VV (-,i) = x and V2V (-,i) = I, where I is the 7 x r identity

matrix. Thus by the definition of £, we have for all (z,4) € {|z| > o} x M
that

1
LV (ay1) = gtr(a(e, ) +¥ (@) o
1
< 37lal = 7lal
1
= *§’Y|93| S —gke

Then the conclusion follows from Theorem 3.26 immediately.

Remark 3.34. Suppose that the diffusion component X (¢) of the process
Y (t) = (X(¢), a(t)) is one-dimensional and that there exist constants ¢ > 0
and c¢; > 0 such that for each 1 € M,

b i) < —cp, for x> ¢, (3.50)
x,1 .
> cq, for © < —cp.

Then the process Y (t) = (X(t),a(t)) is positive recurrent. In fact, the
conclusion follows immediately if we observe that (3.59) satisfies (3.58).

Alternatively, we can verify this directly by defining the Liapunov function
V(z,i) = |z| for each i € M.

Example 3.35. To illustrate the utility of Theorem 3.26, consider a real-
valued process

dX () = b(X (1), a(t))dt + o(X (t), at))dw(t), (3.60)

where a(t) is a two-state random jump process, with z-dependent generator

1
—g—zcosx g—l—zcosx
Q) = ! S ,
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and
b(z,1) = -z, o(z,1)=1, b(z,2)=2z, o(z,2)=1.

Thus (3.60) can be regarded as the result of the following two diffusions:

dX(t) = —X (t)dt + dw(t), (3.61)
and
dX (t) = X (t)dt + dw(t), (3.62)
switching back and forth from one to the other according to the movement
of a(t).

Note that (3.61) is positive recurrent whereas (3.62) is a transient diffu-
sion process. But, the switching diffusion (3.60) is positive recurrent. We
verify these as follows. Consider the Liapunov function V' (z,1) = |z|. Let
L1 be the operator associated with (3.61). Then we have for all |z| > 1,
L1V (z,1) = —x sign(x) = —|z] < =1 < 0. It follows from [83, Theorem
3.7.3] that (3.61) is positive recurrent. Recall that the real-valued diffusion
process

dX(t) = b(X(t))dt + o (X (t))dw(t)

with o(z) # 0 for all € R, is recurrent if and only if

/Oga exp {_2/0u :2(2)6;2} du — +00 (3.63)

as ¢ — 00; see [83, p. 105]. Direct computation shows that (3.62) fails to
satisfy this condition and hence is transient.

Next, we use Theorem 3.26 to demonstrate that the switching diffusion
(3.60) is positive recurrent for appropriate Q). Consider Liapunov functions

7
V(‘Tv 1) = |:,C|, V(x72) = g‘xl

We have
1 1 2 2
LV (x,1) = —x-signz + 3t 4cosx> <; - 1> lz] < —§|x| < ~g’
7 7T 1 7 1 1
LV (z,2) =x- 3 signx + (3 + 2sinx) <1 - 3) || < —§|x\ < —9

for all || > 1. Thus the switching diffusion (3.60) is positive recurrent by
Theorem 3.26.

Example 3.36. To illustrate the result of Corollary 3.29, we consider a
real-valued process given by

dX (t) = b(X(t), a(t))dt + o (X (t), a(t))dw(t)

Pla(t+A) = jla(t) =i, X(s),als), s < 1} = a;(X(£)A + o(A),
(3.64)
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with the following specifications. The jump component «(t) has three states
and is generated by

2+ |z 1+ 322 2+ |z 1+ 322
1+a22 2422 1+ 22 2+ x2
sinz sin cos cosx
- 1- - 3 24 2T
@) 1+ 22 1+22 24|z +2+\:c| ’
1+ cos?x cos?z + 1
Sres 2 el N
2+ a? 2+ 22

and the drift and diffusion coefficients are given by
3
b(,1) =3z —1, b(.,2) = S+ 1, bw,3) = —a + ﬁ

o(x,1) =3+ 22, o(x,2) = V2 —sinz + 222, o(x,3) =3+ V4 + 22

Hence associated with (3.64), there are three diffusions
dX(t) = (3X(t) — 1)dt + /3 + X2(t)dw(t), (3.65)
dX(t) = (2X(t) + 1) dt + /2 —sin(X (1)) + 2X2(t)dw(t), (3.66)

dX (1) = (HX'% - X(t)) dt+ (3+ I+ X2(0)) dut), (3.67)

switching back and forth from one to another according to the movement
of the jump component «(t).

Note that (3.67) is positive recurrent, whereas (3.65) and (3.66) are tran-
sient diffusions. But due to the stabilization effect of «(t), the switching
diffusion (3.64) is positive recurrent. We verify these as follows. Consider
the Liapunov function V(z) = |2|” with 0 < v < 1 sufficiently small; let £,
be the operator associated with the third equation in (3.65). Detailed com-
putation shows that for all [z| > 1, we have £;V (z) < —1~ < 0. Thus it
follows from [83, Theorem 3.7.3] that (3.67) is positive recurrent. Detailed
computations show that (3.65) and (3.66) fail to satisfy (3.63) and hence
these diffusions are transient.

Next we use Corollary 3.29 to demonstrate that the switching diffusion
(3.64) is positive recurrent. In fact, it is readily seen that as x — oo, the
constants b(i) and o2(i), i = 1,2,3, as in (3.52) are given by

b(1) =3, b2)==, b3)=-1,

=3 H=3 W) .
a?(1) =1, ¢%2)=2, o%@3)=1.

In addition, as |z| — oo, Q(z) tends to

3 0 3
O=| 1 -3 2
0 2 -2
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By solving the system of equations

we obtain the stationary distribution 7w associated with @

2 6 9

Thus by virtue of (3.68) and (3.69), observe that

zgjm <b(z’) - UQ;”) = —g—i <0.

i=1

Thus Corollary 3.29 implies that (3.64) is positive recurrent; see the sample
path demonstrated in Figure 3.1.

X(t) and o(t)

FIGURE 3.1. Sample path of switching diffusion (3.64) with initial condition
(z, ) = (3,1).

Example 3.37. Consider a two-dimensional (in the continuous compo-
nent) regime-switching diffusion
dX (t) =b(X(t),a(t))dt + o (X (t), a(t))dw(t)

Pla(t+ A) = jla(t) =1, X(s),a(s),s <t} = ¢;;(X(t))A + o(A)
(3.70)
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with (X (t),a(t)) € R? x {1,2}. The discrete component «(t) is generated
by

2(1 + cos(z?)) 2(1 + cos(z?))
BT T R W s
Q(w1,22) = 1 ? .

14— 11— —
and
—xr1 + 22
b(xlya:Qal) - ' ? )
2I2
3+sinzy + /2 + a3 0
J(.’L’l,.’f271) = )
0 2 —cosxo +/1+ 23
—3r1 —x
b(I1,$2,2> = ' ? )
I 72!172
1 1
o(x1,9,2) =
0 10+ /3+af

Associated with the regime-switching diffusion (3.70), there are two diffu-
sions

dX (t) = b(X (), 1)dt + o (X (t), 1)dw(t), (3.71)

and
dX(t) = b(X(t),2)dt + o(X(t),2)dw(t), (3.72)

switching back and forth from one to another according to the movement of
the jump component «(t), where w(t) = (w1 (t), wa(t)) is a two-dimensional
standard Brownian motion. By selecting appropriate Liapunov functions as
in [83, Section 3.8], or using the criteria in [15], we can verify that (3.71)
is transient and (3.72) is positive recurrent.

Next we use Theorem 3.28 to show that the switching diffusion (3.70)
is positive recurrent owing to the presence of the stabilizing effect of the
discrete component a(t). Note that the matrices b(¢) and 0,(7), 1,7 = 1,2,
and @ as in condition (A3.2) are

-1 2 -3 -1
b(l) = ) b(2) = ) 01(2) =0,
0 2 1 -2
0 1 ~ -3 3
o1(1) = 02(2) = ah(1) = , and Q=
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Thus the stationary distribution associated with @ is m = (0.25,0.75), and

Amax (D(1) + b (1) + o1 (1)0; (1) 4 o2(1)ab(1)) = 5.6056,
Amax (b(2) + ' (2) + 01(2)0}(2) + 02(2)0%(2)) = —4.
This yields that

2
Z Tidmax (b(d) + V' (i) + 01(1)01 (i) + 2(i)oh(i)) = —1.5986 < 0.

Therefore, we conclude from Theorem 3.28 that the switching diffusion
(3.70) is positive recurrent. For comparison, we begin by considering a
sample path of the switching diffusion. Next treating ¢ as a parameter and
eliminating it from the two components z; and x2, we plot a curve of x5
versus z1 in the “phase space.” Borrowing the terminology from ordinary
differential equations, and abusing the terminology slightly, we still call such
plots phase portraits henceforth. The phase portrait Figure 3.2 confirms
our findings. For comparison and better visualization, we also present the
componentwise sample paths in Figure 3.3 (a) and (b).

30

20

FIGURE 3.2. Phase portrait of switching diffusion (3.70) with initial condition
(z,a), where z = [2.5,2.5]" and o = 1.

3.6  Proofs of Several Results

Proof of Lemma 3.7. It suffices to prove the lemma when FUOE C D and
OF is sufficiently smooth. Fix any (x,i) € E€x M. Let G C R" be an open
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15 T T T T
X (t)
at) H

X1 (t) and oft)

Xz(t) and a(t)

(b) Sample path (X2(t), «(t)) of (3.70).

FIGURE 3.3. Componentwise sample path of switching diffusion (3.70) with ini-
tial condition (x, ), where z = [2.5,2.5]" and o = 1.
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and bounded set with sufficiently smooth boundary such that DUJD C G.
Without loss of generality, we may further assume that (z,7) € G x M.
Define a sequence of stopping times by

=inf{t > 0: X(t) € 0G}, (3.73)
and forn=1,2,...,
Son, = inf{t > <91 : X(t) € 0D},
? {2 o1 X(1) € 0D} (3.74)
Gont1 = Inf{t > ¢, : X(t) € 0G}.

It follows from (3.17) and Theorem 3.2 that ¢, < oo as. P, ; for n =

. Let H := G — E and define u(z,i) := P, ; {X(ry) € OF}. Note
that u(x,j)|zcor = 1 and u(z,j)|zeac = 0 for all j € M. Therefore, it
follows that

u(z,i) = Z/ Po i {(X (i), a(7u)) € (dy x {j})} u(y, J)

#3 [ P X0t €l x (D)ot

- Ez,iu(X(TH% (7))

Thus u(z,7) > 0 is L-harmonic in H x M by Lemma 3.5. Moreover u is
not identically zero since u(x,i) = 1 for (z,7) € OFE x M. Therefore the
maximum principle for £-harmonic functions [52] implies that

inf i) > 01 >0, 3.75
B B 2 (3.75)

where K is some compact subset of H containing x and dD. Define
Ap:={X(t) € OF, for some t € [0,¢1)}, (3.76)
and forn=1,2,...,
A, :={X(t) € OF, for some t € [sap,S2n+1)}- (3.77)

Note that the event A§ implies that X (7) = X (s1) € OG. Hence we have
from (3.75) that

P, .(A5) <P, (X(tg) € 0G) =1 —u(z,i) <1—46;.

Then it follows from the strong Markov property and (3.75) that

P, { N AC} (1—6,)"H0, (3.78)
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Thus, we have

P, {op =00} =P, {X(t) ¢ OF, for any t > 0}

< lim P, { N A;}
< lim (1—4;)" " =0.
It follows that P, ;{or < 0o} =1 as desired. O

Proof of Lemma 3.8. As in Lemma 3.7, it is enough to prove the lemma
when EUJE C D and JF is sufficiently smooth. Fix any (x,i) € E° x
M. Let G C R” be an open and bounded set with sufficiently smooth
boundary such that D UdD C G. As in the proof of Lemma 3.7, we may
further assume that (x,i) € G x M. Define stopping times ¢1,¢3,... and
events Ag, A1, Ag, ... as in (3.73), (3.74), (3.76), and (3.77) in the proof of
Lemma 3.7. It follows from (3.18) and Lemma 3.7 that P, ;{og < 0o} = 1.
Note that if ¢3,, < 0 < G2n41, then the event ﬂZ’;S A$, happens a.s. Hence,
it follows from (3.78) that

n—1

P, i{con <op <ont1} <Py, { ﬂ Ai} < (1—=61)".
k=0

Therefore, we have

oo
Ew,iTEc = EIJUEI{O<UE<§1} + § :Eaj7io-EI{§2n<0'E<§2n+1}

n=1
[e%S)

S Pz,z[o <op < gl]Ez,igl + Z Pr,i[§2n <ogp < §2n+1]Ex,i<2n+1

n=1

< Z(l —01)"Ey iSon+1,

n=0

where [4 is the indicator of the set A. In what follows, denote by M;
(i = 1,2, 3) positive real numbers. Because (z,i) € G x M, it follows from
Theorem 3.2 that E, ;51 = E; ;7¢ < M; < oo. Consequently, using op and
7 defined in (3.7) (where 7¢ is defined with G replacing D),

E. i3 = E; i1 + EeiEx(q),a() (3 —<1)

< My + sup E, jop + sup E. imc
(y,J)€E0GXM (2,k)€EOD XM

§M1+M2+M3§2M,

where M = max{Mj, My + M3} < co. Note that in the above deductions,
we used equation (3.18) and Theorem 3.2. Likewise, in general, we have
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E; ison+1 < (n+1)M for any n = 1,2, ... Therefore, it follows that
E,op < Y (1—6)"(n+1)M < co.
n=0

This completes the proof of the lemma. O

Proof of Lemma 3.9. Fix any ¢ € M. It suffices to prove (3.20) when
(x,i) € D x (M — {£}) because the process Y (t) = (X (¢),a(t)), starting
from (y, j) € D¢ x M, will reach D x M in finite time a.s. P, ; by (3.19).
Choose ¢ > 0 sufficiently small such that B C B C B; C B, C D, where

B=DB(z,e)={yeR":|ly—z| <e}, and By = B(z,2¢). (3.79)

Redefine
¢ :=inf{t >0: X(t) € OB}, (3.80)

and forn =1,2,...,

S2n inf{t > ¢o,,—1 : X(t) € 0B1},

(3.81)
Gont1 = inf{t > <o, : X(t) € OB}.

Note that equation (3.19), Theorem 3.2, and Lemma 3.7 imply that ¢, < co
a.s. Py ;. Set

u(z,i) =Py, {O’EX{Z} < TBl} .

As in the proof of Lemma 3.7, we can verify that u(x,i) is £-harmonic
in By x M. Moreover, u is not identically zero, because u(z, )| con = 1.
Therefore, the maximum principle [52] implies that

inf  w(z,i) > d2 > 0. (3.82)
(z,i)EBXM
Redefine
Ag :={a(t) = ¢, for some t € [0,¢2)}, (3.83)
and forn=1,2,...,
A, = {a(t) = ¢, for some t € [¢2,11,52n12) ]} (3.84)

Using almost the same argument as in the proof of Lemma 3.7, we obtain
that

Pw’l(AS) S 1— (527 and Pz,i { m AZ} S (1 — (52)n+1. (385)
k=0



3.6 Proofs of Several Results 105
Thus, we have

P, {(X(t),a(t)) ¢ D x {£}, for any t > 0}
<P, i {(X(t),a(t)) ¢ Bi x {{}, for any t >0}
k=0
< lim (1 -d)"* =0.

n—00

As a result,
P, i{opxqny =00} = Poi {(X (1), a(t)) ¢ D x {£}, for any t > 0} =0,

or Py, i{0pxqey < oo} = 1. This completes the proof of the lemma. O

Proof of Lemma 3.10. Fix any £ € M. As in Lemma 3.9, it is enough to
prove (3.22) when (z,i) € D x (M — {¢}). Let the balls B and By, stop-
ping times ¢1,<,. .., and events Ag, Ay,... be as in (3.79)—(3.81), (3.83),
and (3.84) in the proof of Lemma 3.9. It follows from equation (3.21) and
Lemma 3.9 that P, ;{opyx (s < oo} = 1. Observe that if ¢2,, < opyyy <

San-+2, then the event ﬂz;é Af happens a.s. Hence we have from (3.85) that

n—1

P, i{con < opxqry <onya} <Puy { ﬂ Ai} < (1—d2)".
k=0

It follows that

Esiopxiey = Ezi0px {03 {0<op, (0 <c2}

oo
+ E :Ew,iUDX{f}I{§2nS0Dx{£}<<2n+2}

n=1

< P[0 S opxyy < 2]Eqg i

(o)
+ Z P, ilson < 0pxiry < Sony2lEsiSoni2

n=1

<> (1= 63)"Eq isana-
n=0

Following almost the same argument as that for the proof of Lemma 3.8, we
can show that E; ;62,, < nM for some positive constant M. Consequently,

E;iopxqy < Z(l —62)"(n+1)M < 0.
n=0

The proof of the lemma is thus completed. O
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Proof of Proposition 3.19. In view of Theorem 3.18, it is enough to
prove the first assertion only. Denote B = B(zg,p) and U = B x {{}.
Define for any 7" > 0 and any 0 < € < p a sequence of stopping times by
Go := 0, and for n > 1,

Go i=Inf{t > g1 + T : (X(t),(t)) € B(wo,e) x {£}}.

(We use the convention that inf {(}} = co.) Then by virtue of the strong
Markov property, we can show

sup  Puo{c, <oo} < ( sup P,o{a < oo}) . (3.86)
zE€B(xo,e) z€B(xo,e)

Hence we have

Rafon 60) = Y By [l [ 10X (000

n=0 n
oo S1

= ZExo,f |:I{<n<00}EX(<n),a(cn) (/O IU(X(t),a(t))dt>] .
n=0

Note that

S1 T S1
| @@= [ o [ @.ama <,
0 0

T

It follows from (3.86) that

Ro(x0,0,U) < TZP;L»O,( {¢n < o0}

n=0
§TZ < sup Pui{a < oo}) .
n—0 z€B(x0,0)
But Ry(zg,¢,U) = oo, thus
sup Py, {Ug(wme)x{f} < oo} = sup Pus{a <ox}=1,
z€B(z0,e) z€B(x0,0)

where 0, . rpy =61 = nf{t > T: (X(t),a(t)) € B(xo,e) x {¢}}. Be-
cause B(zg,¢) C B,

sz {ag(ID,E)X{Z} < OO} S P$7g {ng{(} < OO} 5

and Sup,c p(ay,e) Pa,e {ng{é} < oo} = 1. Finally, because (X (t), a(t)) is
strong Feller, we obtain by letting ¢ — 0 that

PIQ,Z {ng{z} < OO} =1
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for any T > 0. Thus (3.30) follows. This completes the proof of the propo-
sition. O

Proof of Theorem 3.20. Sufficiency. This is clear by a contradiction
argument.

Necessity. Assume the process (X (t), «(t)) is transient. Fix any (z,«a) €
R"™ x M. Let p € R be sufficiently large such that p > 1V |z|. The process
(X (t),a(t)) is transient, therefore it is transient with respect to the “cylin-
der” B(0,p) x M. Thus there exists some (yo,jo) € (R" — B(0,p)) x M
such that

Pyo,jo {UB(O,p) < OO} < 1. (387)

Assume |yg| = r¢9 > p. Then by virtue of Lemma 3.4, the function (y, j) —
Py {U‘B(O’p) < oo} is L-harmonic. Hence it follows from the maximum
principle for £-harmonic functions [52] and (3.87) that

sup P, {O’B(()A’p) < oo} =0<1. (3.88)
ly|=ro,j€EM

Then using the standard argument (see [15, Theorem 3.2]), we can show
that
P, {litminf X ()] >p— 1} =1.

Because this is true for all p > 0,
P,o{|X(t)] = c0ast— oo} =1,

as desired. O

Proof of Proposition 3.21. By virtue of Theorem 3.18, it is enough to
show that the point (z,£) is transient in the sense that there exists some
g0 > 0 and a finite time Ty > 0 such that

Po.o {(X(1),a(t) ¢ B(zo,20) x {£}, forallt > Tp} =1.  (3.80)

Clearly Ro(xo,0,U) = Eg 0 [;° Iu(X(t),a(t))dt > 0. Thus there exists
some t > 0 such that

E., . / L (X(0), a(t))dt > 0.
0

Because the process (X (t), «(t)) is strong Feller by virtue of Theorem 2.24,
we conclude that there exists a neighborhood E C D of zy such that

t

inf B, , / Ty (X(8), a(t))dt > 0.
yelk 0

Hence we have
d:= 122 Ro(z,0,U) > 0. (3.90)
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For each T' > 0, define
Ohxiey = nf {t > T : (X(t),a(t)) € E x {}}. (3.91)

Then it follows from the strong Markov property that
Ro(20,6,U) > Ewo,g/ Ip (X (1), a(t))dt
T

> E.’IJ() N4

T ) /f IU(X(t),a(t))dt]

Ex{¢}
B [Ty RoX(0F ) U]

> CﬂiggRO(m,E, U)Pyy {ng{g} < oo}.

Hence we have from (3.90) and (3.91) that
T 1 >
Paoe {JEX{Z} < OO} < gEzo,e/T Iy (X (t), a(t))dt.

For any € > 0, in view of the assumption Ro(zo,¢,U) < 0o, we can choose
some T > 0 such that

E., . /NOO Tu(X (1), a(t))dt < 6

To

and hence B
T,
P {O'EOX{Z} < oo} <e.

That is,

lim PZEOaZ {ng{f} < OO}

T—o0

= Pxo,e {ng{g} < o0, for every T > 0} =0.
Therefore there exists some Ty > 0 such that
Puoe {aﬁ;{[} = oo} > 0. (3.92)

Hence (3.89) follows. O

3.7 Notes

Under general conditions, necessary and sufficient conditions for recurrence,
nonrecurrence, and positive recurrence have been studied in this chap-
ter. We refer the reader to Chapter 2; see also Skorohod [150] for related
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stochastic differential equations involving Poisson measures describing the
evolution of the switching processes. In our formulation, the finite-state
process depicts a random environment that has right-continuous sample
paths and that cannot be described by a diffusion. Consequently, both
continuous dynamics (diffusions) and discrete events (jumps) coexist yield-
ing hybrid dynamic systems, which provide a more realistic formulation
for many applications. The discrete events are frequently used to provide
more realistic models and to capture random evolutions. For instance, the
switching may be used to describe stochastic volatility resulting from mar-
ket modes and interest rates, as well as other economic factors in modeling
financial markets, to enhance the versatility in risk management practice, to
better understand ruin probability in insurance, and to carry out dividend
optimization tasks.

Regime-switching diffusions have received much attention lately. For in-
stance, optimal controls of switching diffusions were studied in [11] us-
ing a martingale problem formulation; jump-linear systems were treated in
[78]; stability of semi-linear stochastic differential equations with Marko-
vian switching was considered in [6]; ergodic control problems of switching
diffusions were studied in [52]; stability of stochastic differential equations
with Markovian switching was dealt with in [116, 136, 183]; asymptotic
expansions for solutions of integro-differential equations for transition den-
sities of singularly perturbed switching-diffusion processes were developed
in [74]; switching diffusions were used for stock liquidation models in [184].
For some recent applications of hybrid systems in communication networks,
air traffic management, control problems, and so on, we refer the reader to
[67, 68, 123, 137, 155] and references therein.

In [6, 116, 183, 184], Q(x) = @, a constant matrix. In such cases,
a(+) is a continuous-time Markov chain. Moreover, it is assumed that the
Markov chain «(+) is independent of Brownian motion. In our formulation,
a-dependent Q(x) is considered, and as a result, the transition rates of the
discrete event a(-) depend on the continuous dynamic X (+), as depicted in
(3.4). Although the pair (X(-),«(+)) is a Markov process, for z-dependent
Q(z), only for each fixed z, the discrete-event process a(-) is a Markov
chain. Such formulation enables us to describe complex systems and their
inherent uncertainty and randomness in the environment. However, it adds
much difficulty in analysis. Our formulation is motivated by the fact that
in many applications, the discrete event and continuous dynamic are in-
tertwined. It would be useful to relax the independence assumption of the
discrete-event process and Brownian motion.

As seen in this chapter, the study of switching diffusions is connected
with systems of partial differential equations. The works [1, 39, 46, 56, 60,
105, 108, 158] and references therein provide a systematic treatment of
partial differential equations and systems of partial differential equations.
These tools are handy to use.
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Ergodicity

4.1 Introduction

Continuing with the study of basic properties of switching-diffusion pro-
cesses, this chapter is concerned with ergodicity. Many applications in con-
trol and optimization require minimizing an expected cost of certain objec-
tive functions. Treating average cost per unit time problems, we often wish
to “replace” the time-dependent instantaneous measure by a steady-state
(or ergodic) measure. Thus we face the following questions: Do the sys-
tems possess an ergodic property? Under what conditions do the systems
have the desired ergodicity? Significant effort has been devoted to approxi-
mating such expected values by replacing the instantaneous measures with
stationary measures when the time horizon is long enough. To justify such
a replacement, ergodicity is needed. For diffusion processes, we refer the
readers to, for example, [10, 103] among others for the study of ergodic
control problems. In what follows, we study ergodicity and reveal the main
features of the ergodic measures. We carry out our study on ergodicity by
constructing cycles and using induced discrete-time Markov chains.

We consider the two-component process Y (t) = (X (¢), a(t)) as in Chap-
ter 3. Let w(t) be a d-dimensional standard Brownian motion, b(-,-) : R" x
M — R", and o(-,-) : R" x M +— R"™*4 gatisfying o(z,i)o’(x,i) = a(x,1).
For ¢t > 0, let X (t) € R” and a(t) € M such that

dX(t) =b(X(t), a(t))dt + o(X(t), a(t))dw(t),
X(0) =2z, «0)=q,

(4.1)

G.G. Yin and C. Zhu, Hybrid Switching Diffusions: Properties and Applications, 111
Stochastic Modelling and Applied Probability 63, DOI 10.1007/978-1-4419-1105-6_4,
© Springer Science + Business Media, LLC 2010
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and
Pla(t+A) =jla(t) =1i,X(s),a(s),s < t}

The rest of the chapter is arranged as follows. Section 4.2 begins with
the discussion of ergodicity. The analysis is carried out by using cycles and
induced Markov chains in discrete time. Then the desired result is obtained
together with the representation of the stationary density. Section 4.3 takes
up the issue of making a switching-diffusion process ergodic by means of
feedback controls. Section 4.4 discusses some ramifications, and Section 4.5
obtains asymptotic normality when the continuous component belongs to
a compact set. Section 4.6 presents some further remarks.

(4.2)

4.2 FErgodicity

In this section, we study the ergodic properties of the process Y (t) =
(X(t),a(t)) under the assumption that the process is positive recurrent
with respect to some bounded domain U = E x {¢}, where E C R" and
{ € M are fixed throughout this section. We also assume that the boundary
OF of E is sufficiently smooth. Let the operator £ satisfy (A3.1). Then
it follows from Theorem 3.12 that the process is positive recurrent with
respect to any nonempty open set.

Let D C R"” be a bounded open set with sufficiently smooth boundary
0D such that EUOF C D. Let ¢o¢ = 0 and define the stopping times
1,$2, ... inductively as follows: ¢o,,11 is the first time after ¢, at which
the process Y (t) = (X(¢),a(t)) reaches the set OF x {¢} and ¢ay, 42 is the
first time after ¢2,,41 at which the path reaches the set 9D x {¢}. Now we
can divide an arbitrary sample path of the process Y (t) = (X (¢), a(t)) into
cycles:

[§07§2)7 [<27§4)7"'7 [<2n7§2n+2)7~~ (43)

Figure 4.1 presents a demonstration of such cycles when the discrete com-
ponent a(-) has three states.

The process Y (t) = (X(t),«(t)) is positive recurrent with respect to
E x {¢} and hence positive recurrent with respect to D x {¢} by Theo-
rem 3.12. It follows that all the stopping times ¢y < ¢1 < ¢ < g3 < g < - -+
are finite almost surely (a.s.). Because the process Y (t) = (X (t),a(t)) is
positive recurrent, we may assume without loss of generality that Y'(0) =
(X(0),x(0)) = (z,¢) € 0D x {¢}. It follows from the strong Markov prop-
erty of the process Y (t) = (X (), a(t)) that the sequence {Y,,} is a Markov
chain on 9D x {£}, where Y, = Y (s,) = (X, €), n = 0,1,... Let P(z, A)
denote the one-step transition probabilities of this Markov chain; that is,

P(a,A) =P (Y1 € (A x {€}) | Yo = (2,0))
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State 2

State 1

FIGURE 4.1. A sample path of the process Y (t) = (X(¢), a(t)) when mg = 3.

for any « € 0D and A € B(9D), where B(0D) denotes the collection of
Borel measurable sets on 0D. Note that the process Y (t) = (X (t), a(t)),
starting from (z,¢), may jump many times before it reaches the set (A, ¢);

see [150] for more details. Denote by p™ (z, A) the n-step transition proba-
bility of the Markov chain for any n > 1. For any Borel measurable function
f:R"— R, set

E.f(X1) :=E;f(X1) = . Fy) Pz, dy). (4.4)

Throughout this section, we write E; in lieu of E;, for simplicity. We
show that the process Y (t) = (X (t), a(t)) possesses a unique stationary
distribution. To this end, we need the following lemma.

Lemma 4.1. The Markov chain Y; = (X;,¢) has a unique stationary
distribution m(-) such that the n-step transition matriz P (z, A) satisfies

P™ (z, A) —m(A)| < X", for any A e B(dD), (4.5)
for some constant 0 < A < 1.
Proof. Note that
P(z,A) = P{Y; € (Ax {£})|Yo = (z,0)}
= [ Ped(X () o) € (dy < ()
xPy e {(X(c2), al2)) € (Ax {})}.
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Using the harmonic measure defined and Lemmas 2.2 and 2.3 in Chen and
Zhao [25], relating the kernel and surface area (similar to the solution for
the diffusion process without switching in the form of double-layer poten-
tial given in the first displayed equation in [83, p. 97]) and the harmonic
measure, we can finish the proof of this lemma analogously to that of [83,
Lemma 4.4.1]. The details are omitted. O

Remark 4.2. Note that
(Xs,X(S)@(S) (t), s X(),a(s) ()

(4.6)
_ (XO,X(O),a(O) (t + 8),aO,X(O),a(O) (t + S)),
where (XX (0),2(0)(y), o9X(0),2(0) (4)) denotes the sample path of the pro-
cess (X (+), a()) with initial pomt (X(0),x(0)) at time ¢t = 0, and a similar
definition for (XX ()als)(t) =X ():2() (1)), When no confusion arises, we
simply write

s),

(X(u), OL(U)) _ (X(),X(O),a((]) (u)’ aO,X(O),a(O) (U))

Let 7 be an F; stopping time with E, ;7 < oo and let f : R" x M — R
be a Borel measurable function. Then

Em-/o f(X(s+1t),a(s+1))ds

r (4.7)
= Ew,i /0 EX(S),a(s)f<X(S + t)a Oé(S + t))ds

Now we can construct the stationary distribution of the process Y (t) =
(X (t),a(t)) explicitly.

Theorem 4.3. The positive recurrent process Y (t) = (X (t),«(t)) has a
unique stationary distribution v(-,-) = (v(-,i) : i € M).

Proof. Recall that the cycles were defined in (4.3). Let A € B(R") and
i € M. Denote by 74*1%} the time spent by the path of Y (t) = (X (t), a(t))
in the set (A x {i}) during the first cycle. Set

D(A, i) = /8 i m(dz)B,r 41} (4.8)

where m(+) is the stationary distribution of Y; = (X, ), whose existence
is guaranteed by Lemma 4.1. It is easy to verify that D(-,-) is a positive
measure defined on B(R") x M. Thus for any bounded Borel measurable
function g(-) : R — R, it follows from (4.4) and Fubini’s theorem that

/8 | Bog(Xom(ds) = /6 m(d) /a o) Plandy) = /8 ) g(y)m(dy(z i
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Now we claim that for any bounded and continuous function f(-,),

> [ fwipni) = [ m@oes [ fx@O.00) (@10

holds. In fact, if f is an indicator function, that is, f(y,j)lax{}(y,J) for
some A € B(R") and i € M, then from (4.8),

3 / Lasegiy (4, )P(dy, )
j=17R"

=v(A,i) = / m(dz)E 74>
oD o
dx)

:/emm( E’”/O Tasqiy (X (1), a(t))dt.

Similarly, (4.10) holds for f being a simple function of the form

]) = ZCPIUp(yvj)v
p=1

where U, C R" x M. Finally, if f is a bounded and continuous function,
equation (4.10) follows by approximating f by simple functions. It follows
from equations (4.10), (4.6), and (4.7) that

f / B, i /(X (), a(t))P(dz, )

-

EX(s),a(s)f(X(t + S)v a(t + 3))d8

(d 2
[ m@ CHX(E+ 8), alt + s))ds
f

m(dx)E,
+ [
e

Applying (4.9) with

(X (u), a(u))du

D
oD
oD

t+c2
/ X (), ()

E, /0

E, /0
0

)E

v) / F(X (w), a(u))du
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we obtain

S2

S2+t
~ [ (o), EXI/ FX (u+ <2). afu +<2))du
1%}

- [ s 1

Note that in the above deduction, we used equation (4.6) again. Therefore,
the above two equations and (4.10) yield that

i/ E,, f(X(t),a(t))v(dz, i) Z fasz (dx,1).
i=1 Y R"

Thus, the normalized measure
(A, i)
> DR, 5)

defines the desired stationary distribution. The theorem thus follows. O

(A, i) = ieM, (4.11)

Theorem 4.4. Denote by u(-,-) the stationary density associated with the
stationary distribution v(-,-) constructed in Theorem 4.3 and let f(-,-) :
R” x M — R be a Borel measurable function such that

> [ 1 inteide < . (112

<hm 7/ FIX (1), a(t)dt f) =1, (4.13)

for any (x,i) € R" x M, where

Then

Z f x, i) p(z,i)de. (4.14)

Proof. We first prove (4.13) if the initial distribution is the stationary
distribution of the Markov chain Y; = (X, «;); that is,

P{(X(0),2(0)) € (A x {£})} = m(A) (4.15)

for any A € B(9D). Consider the sequence of random variables

T = / X, at)dt. (4.16)

S2n



4.2 Ergodicity 117

Then it follows from equation (4.15) that {n,} is a strictly stationary se-
quence. Also from equations (4.8) and (4.10), we have

En, = Z f x, 1) v(dx, ), (4.17)

for all n = 0,1,2,... Meanwhile, equation (4.5) implies that the sequence
N, is metrically transitive. Let v(T') denote the number of cycles completed
up to time 7. That is,

v(T) := max {n eN: i(cgk — Gop—2) < T} .

k=1
Then we can decompose fOT F(X (1), a(t))dt into

v(T)

/Of<x<t>, =3t [ rx®am @)

S2u(T)

with 7,, given in equation (4.16). We may assume without loss of generality
that f(z,i) > 0 (for the general case, we can write f(z,4) as a difference
of two nonnegative functions). Then it follows from equation (4.18) that

v(T) v(T)+1

> < / FX @)t < S .
n=0

Inasmuch as the sequence {1, } is stationary and metrically transitive, the
law of large numbers for such sequences implies that

{ Z%-’Z/f&:z (dx,i), as n—>oo}:1. (4.19)

In particular, if f(x,i) = 1, then the above equation reduces to

mo
P{WHZﬁ(RCi), as n—>oo} ~ 1 (4.20)

n :
i=1

Note that the positive recurrence of the process Y (¢) = (X(¢), «(t)) implies
that v(T') — oo as T'— oo. Clearly, v(T)/(v(T') + 1) — 1 almost surely as
T — oco. Thus, it follows from (4.20) that as T — oo,

S2u(T)
o) o) u(@) (4.21)
S2u(T)+2 7;?%;):21 u(T)+1
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Meanwhile, since Gy, (7) < T' < Gy (7) 42, We have

S2u(T) < S2u(T) < S20(T) -1
S20(T)+2 T S20(T)

Therefore, we have from (4.21) that

S

2D 1 asoas T — oo. (4.22)
Moreover, (4.20) implies that

T 1
v(T) a.s.as 1" — oo. (4.23)

— e < "
S2u(T) > i V(RT, )

Now using equations (4.19), (4.22), and (4.23), we obtain

{ / f )dt _ fo ),Oé(t))dt ’U(T) S20(T)

U(T) SQury T

THOOZ fscz dwz)}:l.

Finally, we note that
flz,)v(de,i) = fla, )p(x,i)dx
R” R”

by the definition of (-, -). Thus, equation (4.13) holds. This proves (4.13)
if the initial distribution is (4.15).

Let (z,i) € R" x M. Because the process Y (t) = (X (t), a(t)) is positive
recurrent with respect to the domain D x {¢}, we have

Poil fim 5 | FX(0), ()t =T]
[ [ ). 0 = 7]

We can further write the latter as
ol 1 [ a0 =]
- / P, (X (c2).0(x2)) € (dy, 0)
XPyg hm —/ FX (1), a(t))dt =ﬂ
_Pyg hm —/ FX(t), o(t))dt —ﬂ,
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where the last line above follows from the use of the invariant distribution.

The following illustrates that starting from an arbitrary point (z,¢) and

arbitrary initial distribution is asymptotically equivalent to starting with

the initial distribution being the stationary distribution. Therefore, (4.13)

holds for all (x,i) € R” x M. This completes the proof of the theorem. O
As a consequence of Theorem 4.4, we obtain the following corollary.

Corollary 4.5. Let the assumptions of Theorem 4.4 be satisfied and let
u(t,x,1) be the solution of the Cauchy problem

8u(t,x,2) _ 3 ) "
DD Lultad), ¢ 0,(,) €R X M, (4.24)
’U,(O, I,Z) — f(m, Z), (x,'l,) € RT X M7

where f(-,1) € Cp(R") for each i € M. Then as T — oo,
—/ (t,z,i)dt — Z f (x, ) p(x, i)dx. (4.25)

Proof. By virtue of Lemma 2.21, u(t,x,i) = E,;f(X(¢),a(t)). Thus we

have
T T
%/0 u(t,z,i)dt = Ey; (;/() f(X(t),a(t))dt) . (4.26)

Meanwhile, (4.13) implies that

—/ f(X THOOZ fxz (x,i)dz a.s.

with respect to the probability P, ;. Then equation (4.25) follows from the
dominated convergence theorem. O

4.3 Feedback Controls for Weak Stabilization

Many applications in control and optimization require minimizing an ex-
pected cost of a certain objective function. For example, one often wishes
to minimize an average cost per unit time cost function. The computation
could be difficult, complicated, and time consuming. Significant effort has
been devoted to approximating such expected values by replacing the in-
stantaneous measure with stationary measures when the time horizon is
long enough. To justify such a replacement, ergodicity is needed. As we
have proved in the previous section, a positive recurrent regime-switching
diffusion possesses an ergodic measure. One question of both theoretical
and practical interest is: If a switching diffusion is not ergodic, can we
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design suitable controls so that the controlled regime-switching diffusion
becomes positive recurrent and hence ergodic. Because positive recurrence
was named as weak stability by Wonham [160], the problem of interest can
be stated as: Can we find suitable controls to stabilize (in the weak sense)
the regime-switching diffusion system.

In this section, our goal is to design suitable controls so that the resulting
regime-switching diffusion is positive recurrent and hence ergodic. Consider
the following regime switching diffusion (4.1) with the transition of the
jump process specified by (4.2) and initial condition

X(0) ==z, «a0)=a.
Consider also its controlled system

AX (1) = H(X (1), a(t))dt + Bla(®)u(X (t), a(t))dt + o(X (1), a(t))dw(b),
(4.27)
where B(i) € R™*",i € M are constant matrices, and u(-,-) : R"x M — R"
denotes the feedback control to be identified.
It is well known that the regime-switching diffusion (4.1) can be regarded
as the following mg single diffusions

dX () = b(X (1), 9)dt + o(X (t),9)dw(t), i€ M, (4.28)

coupled by the discrete-event component «(t) according to the transition
laws specified in (4.2). Often the system is observable only when it operates
in some modes but not all. Accordingly, it is natural to decompose the
discrete state space M into two disjoint subsets M; and My, namely,
M = My U Ms, where for each mode i € Ms, the process (4.28) cannot
be stabilized by feedback control, but it can be stabilized for each i € M.
Thus we consider feedback control of the following form

where for each i € M, L(i) € R™*" is a constant matrix. Moreover, if
i € My, L(i) = 0. Thus (4.27) can be rewritten as

dX (t) = [b(X(t), a(t)) — Bla(t)) L(a(t)) X ()] dt + o (X (2), a(t))dw((t)~ |

4.29

Assume conditions (A3.1) and (A3.2). In other words, we assume that

the nonlinear system is locally linearizable in a neighborhood of co. Then
we have the following theorem by applying Theorem 3.28 to (4.29).

Theorem 4.6. If for each i € My, there exists a constant matriz L(i) €
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R™" such that

Zm/\max<b(z’)—B(z‘)L(i)+b’() L'(i)B'( +Zaj )

iEMy

+ Zm/\max( )+ V' (3) —|—ZU] ><O
iEMo
(4.30)
then the resulting controlled regime-switching system (4.27) is weakly stabi-
lizable. That is, the controlled regime-switching diffusion is positive recur-

rent.

Theorem 4.6 ensures that under simple conditions, there are many choices
for the matrices L(i) with ¢ € M in order to make the regime-switching
diffusion (2.2) be positive recurrent. Take, for example,

L(i) = 60,1, i€ My,

where [ is the r x r identity matrix and 6; are nonnegative constants to be
determined. Hence it follows that for i € My, we have

d
- (b(i) ~B)LG) + V(i) — LB )+ Y 0;(0)0) <z’>)
j=1
< D (80 + ) + Z 7,00}(0)) + M ~BOL) ~ L' DB )

- Amax< )+ (i +Zaj ) = 0;Amin(B(i) + B'(4)).

(4.31)
Assume that for some ¢+ € M; such that the symmetric matrix B(t) +
B’(1) is positive definite. Hence Apin(B(¢) + B’(¢)) > 0. Then if 6, > 0 is
sufficiently large, and 6; = 0 for i # ¢, we have from (4.31) that the left-hand
side of (4.30) is less than 0. Thus the resulting controlled regime-switching
diffusion (4.27) is positive recurrent. We summarize the discussion in the
following theorem.

Theorem 4.7. If for some v € My, the symmetric matriz B(t) + B'(¢)
is positive definite, then there exists a feedback control u(-,-) such that the
controlled regime-switching diffusion (4.27) is positive recurrent.

Example 4.8. In this example, we apply Theorems 4.6 and 4.7 to stabilize
(in the weak sense) a switching diffusion. Consider a two-dimensional (in
the continuous component) regime-switching diffusion

dX (t) =b(X (), a(t))dt + o (X (t), a(t))dw(t)

Pla(t+ A) = jla(t) =1, X(s),a(s),s <t} = q;;(X(t))A + o(A)
(4.32)
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and its controlled system

dX (1) = b(X (1), a(t)) + B(a(t))u(X (1), a(t))dt + o (X (¢), a(t))dw(t)

Pla(t+ A) = jla(t) =1, X(s),a(s),s <t} = ¢;;(X(t))A + o(A),
(4.33)
respectively. Suppose that

T +x
b(.’II]_,IQ,l) = ! : )
21‘2
\/3+2x§ 5
J(xlvxZa]-) = )
0 V4 + 23 — sin(zy22)
21 +x
b(Il,Z‘Q,Q) - ' ? )
—x1 + 322
-2+ /1 + 23 0
O'(.’L'175E272) = )
-3 V2 + a3
and
—2 3 2 -3
B(1) = , B(2)=
1 -1 1 3

The generator of «f(-) is given by

sin xq cos(z?) + sin(z3) 54 sin xq cos(z?) + sin(z3)

-2
Q(z) = 1+ /23 + 23 1+ /2?2 + 23
2r9 — COS X1 2x9 — COS X1
3+ 2% + a3 3+ 2% + a3

Thus associated with the regime-switching diffusion (4.32), there are two
diffusions

dX (1) = b(X(t),1)dt + o (X (t), 1)dw(?), (4.34)

and
dX(t) =b(X(t),2)dt + o(X(t),2)dw(t) (4.35)

switching back and forth from one to another according to the movement
of the discrete component «(t), where w(t) = (wq(t),ws(t)) is a two-
dimensional standard Brownian motion. Assume that the system is observ-
able when the discrete component a(-) is in state 2. Detailed calculations
using the methods in [83, Section 3.8] or [15] allow us to verify that both
(4.34) and (4.35) are transient diffusions; see also the phase portraits in
Figure 4.2 (a) and (b).
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x 10

(a) Phase portrait of (4.34).

2

(b) Phase portrait of (4.35).

123

FIGURE 4.2. Phase portraits of transient diffusions in (4.34) and (4.35) with
initial condition z, where z = [—5, 3]".
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Next we use Theorem 3.24 to verify that the switching diffusion (4.32)
is transient. To this end, we compute the matrices b(¢), o;(¢) for i,j = 1,2

and Q as in condition (A3.2):

11 0 V2 00
b(l) = ) 01(1) = ) 02(1) = )
0 2 0 0 0 1
2 1 0 1 0 0
b(2 = y 0'1(2): 5 0'2(2): s
-1 3 0 0 1 0
and
~ —2 2
Q:
1 -1

Thus the stationary distribution is 7 = (1/3, 2/3) and
Amin (b(1) + /(1) +01(1)o1(1) + o2(1)05(1))

[p(0;(1) + o(1))]* = 0.3820,

|
N =
B

1(2)01(2) + 02(2)05(2))

Q

Amin (b(2) +0/(2) +

[p(75(2) + 7(2)))” = 4.

|
N —
]

1

<
Il

Hence Theorem 3.24 implies that the switching diffusion (4.32) is transient.
Figure 4.3 (a) confirms our analysis.

By our assumption, the switching diffusion is observable when the dis-
crete component a(-) is in state 2. Note that

B(2) + B'(2) = o

is symmetric and positive definite. Therefore it follows from Theorem 4.7
that (4.33) is stabilizable in the weak sense. In fact, as we discussed in
Section 4.3, if we take #; = 0 and 0 = —4, then direct computation leads
to

T2Amax (b(2) +V/(2) — 4B(2) — 4B'(2) + 01(2)01(2) + 02(2)05(2))
i Amax (B(1) + V(1) + 01 (1) (1) + 0(1)l (1)) = —1.7647 < 0.

Therefore the controlled switching diffusion (4.33) is positive recurrent un-
der the feedback control law

u(z,1) =0 and wu(z,2) = —4z. (4.36)
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Figure 4.3(b) demonstrates the phase portrait of (4.33) under the feedback
control (4.36). We also demonstrate the component-wise sample path of
(4.33) under the feedback control (4.36) in Figure 4.4(a) and (b).

4.4 Ramifications

Remark on a Tightness Result

Under positive recurrence, we may obtain tightness (or boundedness in the
sense of in probability) of the underlying process. Suppose that (X (t), a(t))
is positive recurrent. We can use the result in Chapter 3 about path excur-
sion (3.46) to prove that for any compact set D (the closure of the open
set D), the set

U {(X(t),a(t)) : t >0, X(0) =z, «(0) =a}

z€D
is tight (or bounded in probability). The idea is along the line of the diffu-
sion counterpart; see [102].

Suppose that for each i € M, there is a Liapunov function V(-,7) such
that min, V(z,i) = 0, V(z,i) — oo as |z|] — oo. Let a3 > ap > 0 and
X (0) = z and «(0) = «. Using the argument in Chapter 3, because recur-
rence is independent of the chosen set, we can work with a fixed ¢ € M,
and consider the sets

By ={r eR":V(zx,0) <ap},
By, ={zeR" :V(z,0) < a1}
Then B,, will be visited by the switching diffusion infinitely often a.s.
Because the switching is positive recurrent, Theorem 3.26 implies that there
is a k > 0 such that LV (z,4) < —& for all (z,i) € By, .
Define a sequence of stopping times recursively as
71 =min{t : X(t) € By, }
Top = min{t > 7o,,—1 : X(t) € 0B, }

Tont1 = min{t > 7o, : X(t) € 0B, }.

Using the argument as in (3.46), we can obtain

ai

ETzn (Tgn+1 — T2n)I{7-2n<oo} < ]{TQn}7

K

Itr <00} Pr, ( sup  V(X(t)) > a) —0 as a— oo,

Tn <t<Tp41
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(a) Phase portrait of (4.32).

(b) Phase portrait of (4.33).

FIGURE 4.3. Phase portraits of switching diffusion (4.32) and its controlled
system (4.33) under feedback control law (4.36) with initial condition (z, ),
where z = [—5,3]" and o = 2.
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X1 (t) and o(t)

(b) Sample path (X2(t), «(t)) of (4.33).

FIGURE 4.4. Componentwise sample path of (4.33) under feedback control law
(4.36) with initial condition (z, ), where z = [-5,3]" and o = 2.
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uniformly in n > 1. Then there exist A; > 0 for ¢ = 0,1 satisfying
I{‘rgn_1<oo}P‘r2n71(7—2n — Ton—1 > Ag) > A1[{7.2n_1<00}. Working with the
estimates up to now and using the argument as in [102, pp. 147-148], we
can show that for any A > 0 and compact set B, there is an aa such
that P, (V(X(t),i) > aa) < A for any € B and t > 0. The condition
V(z,i) — oo as |z| — oo then implies the desired tightness claim.

Occupation Measures

To illustrate another utility of Theorem 4.4, take f(z,i) = I{pxsy(2,1),
the indicator function of the set B x J, where B C R” and J C M. Then
Theorem 4.4 becomes a result regarding the occupation measure. In fact,
we have

T
%/O I{BXJ}(X(t),a(t))dtaZ/B/,L(a:,i)da: as. as T — oo,

i€

Stochastic Approximation

Consider a parameter optimization problem. We wish to find 6., a vector-
valued parameter so that the cost function

T—o00

J(6) = lim E% /T J(6,Y (t))dt
0

is minimized, where Y'(¢) is a positive recurrent switching diffusion as con-

~

sidered in this chapter and for each 6, J(0,-,-) satisfies the conditions of
Theorem 4.4. For simplicity, we assume that the gradient of J(-, z,4) with
respect to 6 is available for each z and each i € M. Then we consider a

constant stepsize recursive algorithm

1 nT+T N
Ont1=0n — e / Vj(en, Y(t))dt,
T nT

or a decreasing stepsize algorithm

1 nT+T N
9n+1 = en —E&n / Vj(gn, Y(t))dt,
T nT

where ¢ > 0, and ¢, — 0 as n — oo and Zn e, = oo. Modifications
and variants are possible. For example, additional measurement noise may
be included, and the gradient of J(-) may be replaced by its gradient es-
timates. The motivation for such algorithms stems from optimization of
average cost per unit time problems arising from parameter estimations
in switching systems of SDEs, manufacturing systems, and queueing net-
works; see related work in [104, Chapter 9] and [174]. The ergodicity of the
switching diffusion is crucial in the study of the asymptotic behavior of the
algorithms.
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4.5 Asymptotic Distribution

Based on ergodicity of hybrid diffusions, this section is concerned with a
centered and scaled sequence. It begins with a lemma on the convergence of
the transition density to the invariant density, followed by the verification
of a couple of lemmas. Then a result concerning the correlation function is
presented. Finally, an asymptotic distribution result is established. Here we
work with a compact state space for the z component. To be more specific,
we assume that the state space is a torus S in R”. More general compact
manifolds can also be considered with essentially the same argument.

The following lemma can be obtained in the same spirit as that of [74].
We omit the detailed argument and refer the reader to the reference.

Lemma 4.9. Denote by p(y, j;t,x,i) the transition density of the process
(X (1), a(t)) with

P,;(X(t) e S,at) =i =P(X(t) €S, at) = i|X(O) =y,a(0) =j))
=/Sp(y7j;t,w,i)dx,

where S € B(S). Then p(y, j;t,x,i) converges exponentially fast to u(-,-).
That is, for some C > 0 and k3 > 0,

Ip(y,jst,z,i) — p(x,i)| < Cexp(—kst) for any (y,j), (x,i) €S x M,
(4.37)

where p(x, 1) is the invariant density as in [7T4], which is the solution of the
system of Kolmogorov—Fokker—Planck equations

Lg(x,i) =0, for each i€ M,

mo
Z/g(:v,i)dx =1,
i=178

where L* is the adjoint operator of L defined in (3.1).

(4.38)

Lemma 4.10. Let the assumptions of Lemma 4.9 be satisfied. Suppose
that f(-,-) : S x M — R is a Borel measurable function. Then for any
0 < s <t, we have

[Ex(s),a(0) [(X (1), a(t)) = Ef(X(t),a(t)| < Cexp(—rs(t —s)), (4.39)

for some positive constant C' and k3 given by (4.37), where Ef(X (t), a(t))
is the expectation with respect to the stationary measure

mo

BAX(0.0) = Y [ fainteijde ™ £ (440)
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Proof. Note that
FX (@), a(t) =D F(X(),1) [{a@)—i)-
i=1

Inasmuch as we work with S, a torus in R",

iz()l/s|f(x,z)|dac < 0.

Moreover,

Ex (s),a(s)f(X(1),a(t))

mo
= Z EX(s),a(s)f(X<t)7 i)I{a(t):i}

i=
mo

1
— E;/Sf(x,i)PX(s),a(s) (X (t) € dz,a(t) = 1)

i=

Thus, in view of (4.40), we have from (4.37) that

[Ex(s),a(0)f (X (1) alt) — Ef(X(1), a(t))]
= ‘;/Sf(l',i)[p(X(S),Oé(S),t —s,x,1) — p(x,i)]dz

< Cexp(—rs3(t — s)).

Hence the lemma follows. O
Using Lemma 4.10, we obtain another lemma.

Lemma 4.11. Assume the conditions of Lemma 4.10. Then the following
assertion holds:

[E[f(X(t), a(t)) — faul[f(X(5),a(s)) = fav]|
< Cexp(—rslt — s|)

(4.41)

for some positive constant C.

Proof. Assume without loss of generality that s < ¢. Note that from (4.40),
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Ef(X(u),a(u)) — far = 0 for any «w > 0. Hence we have

E[f(X(£), alt) — faul [F(X(5), ) — faull
= [BIf(X(1),a(t)) - fav][f(X(S),Oé( )) = foul

~E[f(X(2) alt)) — fanlELF (X (5),a(5)) — fauol]
= [B{[F(X(5), a5)) ~ far) Bx(s)a(s) [f (X (1), a(t)) = fu]
~E[f(X(t), alt)) — fan])}]
< CEY?|f(X(s),a(5)) — fal®

XEY2|Ex(5),a() [f(X (), a(t) = fan] — B (X (1), (1)) — faul|”
< Cexp(—rs(t - 5))

by virtue of Lemma 4.10. In the above, from the next to the last line to

the last line, we used C' as a generic positive constant whose values may be

different for different appearances. The proof of the lemma is concluded. O
In what follows, denote

p(t —s) = E[f(X(1), a(t) — fa][f(X(s),(s)) = fau], 0<s<t<T.
(4.42)
This is the covariance function. The process is time homogeneous, thus it
is a function of the time difference only.

Lemma 4.12. Assume the conditions of Lemma 4.10 hold. Then

/O o))t < oo (4.43)

Proof. In view of (4.42), we have from Lemma 4.11 that

o) = [p(s +t —s)|
= |E[f(X(S + t)va(s + t)) - fav][f(X<s)7a(S)) - fav]l
< Cexp(—kast).
Then equation (4.43) follows immediately. a
Theorem 4.13. Let the conditions of Lemma 4.10 be satisfied. Then

) av

(4.44)

T
%/ [f(X(t),a(t)) = fas]dt converges in distribution to N(0,02,),

a normal random variable with mean 0 and variance

fo=2 ot
0
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Proof. Define

C(T)Z/O [f(X (1), (t)) = favldt, and &§(T) = —=((T).  (4.45)

Note that

T
B((T) = / FOX(E), () — fanldt

- = / — fasldt = 0.

To calculate the asymptotic variance, note that

I ’
E|— [f(X(t)a a(t)) - fm;]dt‘|

VT Jo
1 T T
B [ [ X0.00) = £ullF(X(5)a(s) = furldsi

1 T t
=287 [ [1(X0.0(0) - Ll F(X(5).0(0)) = unldsar,

(4.46)
Equation (4.42) and changing variables lead to
7/ /0 — Jaol[f(X(s), a(s)) — fav]dsdt
= */ / (t — s)dsdt
(4.47)

1 / / w)dtdu
_/0 (1—T)p(u)du.

Choose some 0 < A < 1. Then by virtue of Lemma 4.12, it follows that as

T — o0,
T T T
u u Uu
— du = — d — d
/0 ~p(u)du / ~p(u)du + /T _plu)du

TA T T T
< — d — d
=7/, plu)du+ = -~ p(u)du
— 0.

Combining the above, we arrive at

*/ / = Jao][f(X(s), (s)) = fav]dsdt

p(t)dt as T — oo.
0
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Therefore, we have

The desired result thus follows. O

4.6 Notes

Many applications of diffusion processes without switching require using
invariant distributions of the underlying processes. One of them is the for-
mulation of two-time-scale diffusions. Dealing with diffusions having fast
and slow components, under the framework of diffusion approximation, it
has been shown that in the limit, the slow component is averaged out with
respect to the invariant measure of the fast component; see Khasminskii
[82] for a weak convergence limit result, and Papanicolaou, Stroock, and
Varadhan [131] for using a martingale problem formulation. In any event, a
crucial step in these references is the use of the invariance measure. In this
chapter, in contrast to the diffusion counterpart, we treat regime-switching
diffusions, where in addition to the continuous component, there are dis-
crete events. Our interest has been devoted to obtaining ergodicity.

For regime-switching diffusions, asymptotic stability for the density of
the two-state random process (X (¢), «(t)) was established in [136]; asymp-
totic stability in distribution (or the convergence to the stationary mea-
sures of the switching diffusions) for the process (X (t), a(t)) was obtained
in [6, 183]. Here, we addressed ergodicity for (X (t),a(t)) under different
conditions from those in [6, 136, 183].

Taking into consideration of the many applications in which discrete
events and continuous dynamics are intertwined and the discrete-event
process depends on the continuous state, we allow the discrete compo-
nent «(-) to have z-dependent generator (x). Another highlight is that
we obtain the explicit representation of the invariant measure of the process
(X (t),a(t)) by considering certain cylinder sets and by defining cycles ap-
propriately. As a byproduct, we demonstrate a strong law of large numbers
type theorem for positive recurrent regime-switching diffusions. It reveals
that positive recurrence and ergodicity of switching diffusions are equiva-
lent.

In this chapter, we first developed ergodicity for positive recurrent regime-
switching diffusions. Focusing on a compact space, we then obtained asymp-
totic distributions as a consequence of the ergodicity of the process. The
asymptotic distributions are important in treating limit ergodic control
problems as well as in applications of Markov chain Monte Carlo. A crucial
step in the proof is the verification of the centered and scaled process being
a mixing process with exponential mixing rate.
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A number of important problems remain open. Obtaining large deviation-
type bounds is a worthwhile undertaking, which will have an important
impact on studying the associated control and optimization problems.



D

Numerical Approximation

5.1 Introduction

As is the case for deterministic dynamic systems or stochastic differential
equations, closed-form solutions for switching diffusions are often difficult
to obtain, and numerical approximation is frequently a viable or possi-
bly the only alternative. Being extremely important, numerical methods
have drawn much attention. To date, a number of works (e.g., [120, 121,
122, 171]) have focused on numerical approximations where the switching
process is independent of the continuous component and is modeled by
a continuous-time Markov chain. In addition to the numerical methods,
approximation to invariant measures and non-Lipschitz data were dealt
with. Nevertheless, it is necessary to be able to handle the coupling and
dependence of the continuous states and discrete events. This chapter is de-
voted to numerical approximation methods for switching diffusions whose
switching component is z-dependent. Section 5.2 presents the setup of the
problem. Section 5.3 suggests numerical algorithms. Section 5.4 establishes
the convergence of the numerical algorithms. Section 5.5 proceeds with a
couple of examples. Section 5.6 gives a few remarks concerning the rates of
convergence of the algorithms and the study on decreasing stepsize algo-
rithms. Finally Section 5.7 concludes the chapter.

G.G. Yin and C. Zhu, Hybrid Switching Diffusions: Properties and Applications, 137
Stochastic Modelling and Applied Probability 63, DOI 10.1007/978-1-4419-1105-6_5,
© Springer Science + Business Media, LLC 2010
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5.2 Formulation
Let M ={1,...,mo} and consider the hybrid diffusion system

AX (1) = b(X (1), a(t))dt + o(X (1), a(t))duw(?),

(5.1)
X(O) = Xo, Oé(O) = o,

and
Pla(t+A) =jla(t) =i, X(s),a(s),s <t)

= q;;(X(#)A+o0(A), i#3],

where w(+) is an r-dimensional standard Brownian motion, X (¢) € R",
b(,)) :R"x M +— R" o(-,-) : R" x M — R"*" are appropriate functions
satisfying certain regularity conditions, and Q(z) = (gi;(x)) € R™oxmo
satisfies that for each z, g;;(z) > 0 for i # j, 377" ¢ij(x) = 0 for each
1 € M. There is an associated operator for the switching diffusion process
defined as follows. For each i € M and suitable smooth function h(-, 1),
define an operator

(5.2)

Lh(z,i) = VR (x,i)b(x,i) + %tr[VQh(xJ)a(;v,i)o’(x,i)]

o 5.3
+Zqij(a:)h(x,j). ( )

In this chapter, our aim is to construct numerical approximation schemes
for solving (5.1). Note that in our setup, Q(z), the generator of the switch-
ing process «a(t), taking values in M = {1,...,mq}, is state dependent. It
is the z-dependence of Q(x) that makes the analysis much more difficult.
One of the main difficulties is that due to the continuous-state dependence,
a(t) and X (t) are dependent; «(t) is a Markov chain only for a fixed a but
is otherwise non-Markovian. The essence of our approach is to treat the
pair of processes (X (), a(t)) jointly; the two-component process turns out
to be Markovian. Nevertheless, much care needs to be exercised in handling
the mixture distributions. To proceed, we use the following conditions.

(A5.1) The function Q(-) : R" — R™0*™0 ig hounded and continuous.
(A5.2) The functions b(-,-) and o(-,-) satisfy
(a) [b(z, )] < K(1+ |2]), [o(z,a)] < K(1 + [z]), and
(b) |b(z, ) — b(z,0)| < Kplx — z| and |o(z,a) — o(z,a)| <
Ko|z — z| for some K > 0 and Ky > 0 and for all z,z € R"
and a € M.

We first construct Euler’s scheme with a constant stepsize for approxi-
mating solutions of switching diffusions. It should be mentioned in partic-
ular, our analysis differs from the usual approach. To obtain convergence
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of the algorithms, we first obtain weak convergence of the algorithm by
means of martingale problem formulation. This is particularly suited for
x-dependent switching processes because the convergence result would be
much more difficult to obtain otherwise. We then obtain the convergence in
the sense of L2. As a demonstration, we provide numerical experiments to
delineate sample path properties of the approximating solutions. Further
discussion of uniform convergence in the sense of L? and the associated
rates of convergence are derived. In addition, we present a decreasing step-
size algorithm. Also provided in this chapter is a brief discussion of rates
of convergence.

5.3 Numerical Algorithms

To approximate (5.1), choosing a sequence of independent and identically
distributed random variables {,} with mean 0 and finite variance, we
propose the following algorithm

Xnt1 =X +eb( X, o) + Ve (Xn, an)én. (5.4)

We proceed to describe the terms involved above. We would like to have
oy, be a discrete-time stochastic process that approximates a(t) in an ap-
propriate sense. It is natural when X,,_1 = x, that a,, has a transition
probability matrix exp(Q(x)e). It is easily seen that the transition ma-
trix may be approximated further by I + eQ(z) + O(g?) by virtue of the
boundedness and the continuity of Q(-). Based on this observation, in what
follows, we discard the O(g?) term and simply use I +eQ(x) for the transi-
tion matrix for a,, when X,,_1 = x. To approximate the Brownian motion,
we use {&, }, a sequence of independent and identically distributed random
variables with 0 mean and finite variance. We put what has been said above
into the following assumption.

(A5.3) In (5.4), for each n, when X, 1 = x, a, has the transition
matrix I 4+ eQ(x), and {£,} is a sequence of independent and
identically distributed variables such that &, is independent of
the o-algebra G,, generated by {X,ay : k < n}, that E§, =0,
E|¢,|P < 00,p > 2, and that E¢, ¢, = 1.

Remark 5.1. One of the features of (5.4) is that it is easily implementable.
In lieu of discretizing a Brownian motion, we generate a sequence of inde-
pendent and identically distributed normal random variables to approx-
imate the Brownian motion. This facilitates the computational task. In
addition, instead of using transition matrix exp(eQ(z)) for a fixed z, we
use another fold of approximation I + eQ(x) based on a truncated Tay-
lor series. All of these stem from consideration of numerical computation
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and Monte Carlo implementation. For simplicity, we have chosen &,, to be
Gaussian. In fact, any sequence with mean 0 and finite second moment can
be used. Moreover, correlated sequence {¢,} can be used as well. However,
from a Monte Carlo perspective, there seems to be no strong reason that
we need to use correlated sequences.

5.4 Convergence of the Algorithm

5.4.1 Moment Estimates

Throughout this chapter, we assume the stepsize ¢ < 1. Note that by T'/¢,
we mean the integer part of T'/e, that is, |T/e|. However, for simplicity,
we do not use the floor function notation most of the time and retain this
notation only if it is necessary. We first obtain an estimate on the pth
moment of {X,,}. This is stated as follows.

Lemma 5.2. Under (A5.1)—(A5.3), for any fivzed p > 2 and T > 0,

sup E|X,|P < (| Xo|P + KT)exp(KT) < 0. (5.5)
0<n<T/e

Proof. Define U(x) = |z|P and use E,, to denote the conditional expecta-
tion with respect to the o-algebra G,,, where G,, was given in (A5.3). Note
that

EnO'(Xny O‘n)gn = U(Xna an)Engn =0 and
En|0(Xn»0‘n)‘2|£n|2 = ‘U(Xman)|2En|fn‘2 < K|J(Xnvan)|2»

where K is a generic positive constant. Thus

EnU(Xn-‘rl) - U(Xn) = ETLVU/(XTL)[Xn—f—l - Xn]
JrEn(Xn+1 - Xn)/sz(X;:)(Xn+l - Xn)
< eVU(Xn)b(Xn, ) + Ke| X, [P (1 + [ X, |%)
< Ke(14[Xn[7),
(5.6)
where VU and V2U denotes the gradient and Hessian of U with respect to
to z, and X denotes a vector on the line segment joining X,, and X,, 1.

Note that in the last line of (5.6), we have used the linear growth in 2 for
both b(-,-) and o(+,-). Because U(X,,) = | X,,|?, we obtain

E,|Xns1l? < | Xnl? + Ke + Ke| X,|P.
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Taking the expectation on both sides and iterating on the resulting recur-
sion, we obtain

E|Xn 1| < |Xo|” + Ken + Ke ) E|[X,[".
k=0

An application of Gronwall’s inequality yields that
E|X,1/" < (1Xol” + KT) exp(KT)
as desired. a

Remark 5.3. In view of the estimate above, {X,, : 0 <n < T/e} is tight
in R” by means of the well-known Tchebyshev inequality. That is, for each
n > 0, there is a K, satisfying K, > 1/(1/n) such that

sup E|Xn|2
0<n<T/e

< Kn.
K3

P(|Xn| > Ky) <

This indicates that the sequence of iterates is “mass preserving” or no
probability is lost. To proceed, take continuous-time interpolations defined
by

Xe(t) = Xp, a°(t) = oy, for t € [ne,ne+e). (5.7)

We show that X<(-) and a°(+) are tight in suitable function spaces.
Lemma 5.4. Assume (A5.1)-(A5.3). Define

Xn = (I{anzl}, e ’I{anZ’m}) c Rlxm and
Xa(t) = Xn> fOT te [5717677,—}—5).

Then for any t,s > 0,
E[(t+s) = x"(t)|F;] = O(s), (5.8)
where Fy denotes the o-algebra generated by {X®(u), ac(u) : u < t}.

Proof. First note that by the boundedness and the continuity of Q(-), for
each i € M,

mo

Y Ell{aw =) — Lan=i)
j=1

- Z Ell{a, =5 ‘gk]
JF#LjEM

= Z SqZ’j(Xk)I{ak:i} = O(g)I{ak:i}~
JFLJEM

Gr)
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Note that we have used the ijth entry of I + eQ(X}y),
(I +eQ(Xk))ij = 6ij + £4i5(Xx),
where G, is given in (A5.3), and

s _[L =],
9710, otherwise.

It then follows that there is a random function g(-) such that

(t+s)/e—1
E| Z [Xk+1 — Xk]‘fts]
k=t/e
(t+s)/e—1
—E[ > Ebusi - |G| 7] (5.9)
k=t/e
=g(t+s—1t)
=9g(s),
and that
Eg(s) = O(s).

In the above, we have used the convention that t/e and (¢t 4 s)/e denote
the integer parts of t/e and (¢ + s)/e, respectively. Inasmuch as

(t+s)/e—1
E[(t+5) -0~ > Do — xl|] =0,
k=t/e

it follows from (5.9) that

EC (¢ + 5)|F7] = X°(1) + ()
The desired result then follows. O
Lemma 5.5. Under the conditions of Lemma 5.4, {a®(-)} is tight.

Proof. By virtue of Lemma 5.4,

E[[x(t +s) = x* ()| ]
= D (£ )X (+5) = 2 (45X (1) + X (O ()| 7]

mo

= Z E[I{a(t+s)/5:i} - QI{a(t+s)/E:i}I{at/5:i} + I{az/gzi}

i=1

Frl.

(5.10)
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The estimates in Lemma 5.4 then imply that
liH(l) limsup E[E[x®(t + 5) — x*(1)|?|Ff] = 0.
s e—0

The tightness criterion in [102, p. 47] yields that {x(-)} is tight. Conse-
quently, {a°(-)} is tight. O

Lemma 5.6. Assume that the conditions of Lemma 5.5 are satisfied. Then
{Xe(-)} is tight in D"([0,00) : R"), the space of functions that are right
continuous and have left limits, endowed with the Skorohod topology.

Proof. For any n > 0,t >0, 0 < s <, we have

BIX(t+5) - X°(1)
(t+s)/e—1 (t+s)/e—1
€ Z b( Xk, o) + Ve Z o (X, a)Er
k=t/e k=t /e
(t45)/e—1 (t18)/e—1
< Ke* Z (1+E|Xk[*) + Ke Z E|o(Xy, )| 2E|€4]?
k=t/e f—t /<
(t+s)/e—1
<Ke? 3 (1+  swp o EXP)
k=t/e t/e<k<(t+s)/e—1
(t+s)/e—1
+Ke Y (1+ s E[X;])
k=t/e t/e<k<(t+s)/e—1

<0 (”5 - f) 0(e) = O(s).

2
=E

9 &

(5.11)
In the above, we have used Lemma 5.2 to ensure that

sup E|X};|? < co.
t/e<k<(t+s)/e—1

Therefore, (5.11) leads to

lir%limsupE|X8(t +5)— X(t)]*=0.
T]—)

e—0

The tightness of {X¢(-)} then follows from [102, p. 47]. O

Combining Lemmas 5.4-5.6, we obtain the following tightness result.

Lemma 5.7. Under assumptions (A5.1)—(A5.3), {X=(-),a°(-)} is tight in
D([0,00) : R" x M).
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5.4.2 Weak Convergence

The main result of this section is the following theorem.

Theorem 5.8. Under (A5.1)—(A5.3), (X¢(:),a°(+)) converges weakly to
(X(+), (")), which is a process with generator given by (5.3).

Proof. Because (X¢(-),a°(-)) is tight, by Prohorov’s theorem (see Theo-
rem A.20 of this book and also [43, 104]), we may select a convergent sub-
sequence. For simplicity, we still denote the subsequence by (X¢(-),a%(-))
with the limit denoted by (X (-),@(-)). We proceed to characterize the limit.

By Skorohod representation (see Theorem A.21 and also [43, 104]), with-
out loss of generality and without changing notation, we may assume that
(Xe(+),a%(:)) converges to (X (-),a(-)) w.p.1, and the convergence is uni-
form on each bounded interval. We proceed to characterize the limit pro-
cess.

Step 1: We first work with the marginal of the switching component, and
characterize the limit of a°(-). The weak convergence of a®(+) to a(-) yields
that x°(-) converges to x(-) weakly. For each ¢ > 0 and s > 0, each positive
integer k, each 0 < t, <t with ¢ < k, and each bounded and continuous
function p,(-,4) for each i € M,

K (t+s)/e—1
B[ n(X e[+ - > (wn—xw)] =0. (.12)
=1 k=t/e

The weak convergence of x°(-) to x(-) and the Skorohod representation
imply that

;@)Elj{lm(xs(u), o (t) X (t +s) — x°(t)]

— B pu (X (1), at)) x(t +5) — x(D).
=1

Pick out a sequence {n.} of nonnegative real numbers such that
ne —o0 as ¢ —» 0 but 6. =en. — 0.
Use =7, the set of indices defined by

B ={k:ine <k <lnc+n.— 1}, (5.13)
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as a base for partition. Then the continuity together with the boundedness
of Q(+) implies that

(t+s)/e—1

lim BT o (X7 (t).0%t)[ D (s — )]
T s et
=i B[] n () 0c)| Y (Bl |Gi) - )]
=1 k=t/e

(t+s)/e=Lin.+n.—1

:Elii%EHpL(Xg(tL),as(tL))[ Z Z Xk(I‘F@Q(Xk)_I)}

=1 In.=t/e  k=In.
K (t+s)/e—1 Ine+ne—1
T £ € N
=i BT o (X0 )] D dre 3 uQXi)].
=1 In.=t/e k=ln.
(5.14)
Note that
P (t+s)/e—1 1ln5+n5—1
;%Equem,a%m)[ 2 e X bk = xin. QX0 )|
L ne=t/e =ine

—MEHmﬁ ), 08 (1))

(tre)/e Ine+n.—1

X |: Z (Sgni Z E[Xk — Xin. glnE]Q(Xlng)}
In.=t/e € k=ln.
= iy B[ (X°(0), a*(0)

(t+s)/e—1 1 Inc+ns—1
Y a Y B[+ 2Q(X0) "~ 11Q(Xin,)

Ne
In.=t/e k=In.

=0.
(5.15)
Therefore,
(t+s)/e—1 1 Ine+n.—1
gnEHpL (X°(t,), a%( [ > e— > XkQ(Xlng)}
=1 In.=t/e Ne k=ln¢
K (t+s)/e—1
- ;%Eﬂlm(xm),aa(m))[ Py 610 Q(Xin,)|
L= ne=t/e

K . t+s .
B[] n(F )50 [ xwe(F
- (5.16)
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Moreover, the limit does not depend on the chosen subsequence. Thus,
K " t+s _
B[ (R(0).50) [x(t+9) —x0) - [ x@Q(X(w)du] =0. (517)
=1 t

Therefore, the limit process a(-) has a generator Q(X(-)).

Step 2: For t, s, k, t, as chosen before, for each bounded and continuous
function p, (-, %), and for each twice continuously differentiable function with
compact support h(-,4) with ¢ € M, we show that

E[] o (X (1), @) [h(X(t + 5), a(t +5))
=1 (5.18)

N ths
—h(X(),a(t)) — /t Lh(X (w), &(u))du] = 0.

This yields that

COEOR / Ch(X (u), G (u))du,

is a continuous-time martingale, which in turn implies that (X(-),a(-)) is
a solution of the martingale problem with operator £ defined in (5.3).

To establish the desired result, we work with the sequence (X¢(-),a°(+)).
Again, we use the sequence {n.} as in Step 1. By virtue of the weak con-
vergence and the Skorohod representation, it is readily seen that

E [T pu(X°(t), 0 (£))[R(XE(t + 8), 0% (t + ) — h(X"(1), 0% (1))

— EJ]p(X(t), @)X (¢ +5),a(t + 5)) — (X (2), a(t)]

(5.19)
as € — 0. On the other hand, direct calculation shows that

E]]p(X°(t), " (t))[R(X5(t + 5), a7 (t + ) = (X (1), a7 (1))]
=1

=E H p(X(t), % (L))
ray/et
X{ Z [[h(Xlns-i-navalns-&-ng) = " Xin 40 Qn, )]

In.=t/e

H(Xinetne Qin.) — h(Xlnwalng)]} }
(5.20)
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Step 3: Still use the notation =5 defined in (5.13). For the terms on the
last line of (5.20), we have

lim E T pu(X*(1), 0%(1.))

=1
(t+s)/e—1
x> M XKinetne i) = W(Xines i)
lns_t/e
=lmE H po(XE(t,),0%(1) (5.21)
(t+s)/5 1 Inc+ne.—1
LS [ Kiam) Y b(Xk i)
in.=t/e k=In.
Z.:lns—i-ns—l
+2 k; tr[V2h(Xin, , im0 (Xies n, )0 (X, alns)]} }

By the continuity of b(-,4) for each i € M and the choice of n.,

EhinEHpL (t.), 0" (1)

(t+5)/€ 1
S 6V (Xin, s am,)
Ine=t/e
1 Ine+n.—1
xn—g k; [b(X’wO‘lns)—b(Xlns,OémE)]}
=0.

Thus, in evaluating the limit, for in. < k < iIn. +n. — 1, b(Xj, ayp.) can
be replaced by b(Xpn_, aun, )-

The choice of n. implies that eln. — u as ¢ — 0 yielding ¢k — wu for all
In. <k <lIn. + n.. Consequently, by weak convergence and the Skorohod
representation, we obtain

(t+s)/e—1

def i e €
Ly “lim B o (X7 (), a (tb)){ Y VR (X, )
L= In.=t/e
Ine+ne.—1
X Z b(XkaalnE)}

k=In. (5.22)
_ T e e
= gl_{%ELlj[lpb(X (t.),a%(t.))

(t+s)/e—1 Ine+ne—1

><{ Z 55Vh’(ina,Ozma)ni Z b(XlnE»OélnE)}-

In.=t/e € k=in.
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Thus,

— s € €
Ly _gl_I'%ELlj[lpL(X (t.),a(t.))
(t+s)/e—1

x{ S GV (Xin, s i, )B(XE(15), aa(lés))}
Ine=t/e

K . t+s . _
—EJ]n(X(t).a)){ / VA (X (), &())b(X (1), &(w)du |
=1 t

(5.23)
In the above, treating such terms as b(X<(ld.),a®(ld.)), we can approx-
imate X°(-) by a process taking finitely many values using a standard
approximation argument (see, e.g., [104, p. 169] for more details).
Similar to (5.23), we also obtain

L2 - hmEHPL L y (U tb))

t+s)/6 lin.4n.—1

x{§ Z Z V h(Xin,, in.)o (kaalna)a/(xk,alng)]}

In.=t/e k=ln.

*EHPL L L))

t+s — ~
X{/t %n[v?h(X(u»a(u))o(X(uxa<u>>J’<X<u>aa<“>>1d“}~
(5.24)

Step 4: We next examine the terms on the next to the last line of (5.20).
First, again using the continuity, weak convergence, and the Skorohod rep-
resentation, it can be shown that

K (t+s)/e—1
;%EHPL(XE(tb)7O‘6(tL))[ Z [P(Xin. +n.s Vin+n.)
=1 In.=t/e

*h(Xln +ns’alne)]:|

5.25
= hm EHpL XE ) E<tb)) ( )
(t+s)/a 1
X [ Z (M Xin., Qun.4n.) — h(Xlnwalns)]]
In.=t/e

That is, as far as asymptotic analysis is concerned, owing to the choice of
{n<} and the continuity of h(-,%), the term

h(Xin, +nes Qnetn.) = M Xin,4n. s Qin,)
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in the next to the last line of (5.20) can be replaced by
h()(lnE 5 aln5+ne) - h()(lnE B alna)

with an error tending to 0 in probability as ¢ — 0 uniformly in ¢. It follows
that

K (t+s)/e—1
QE%E HpL(XE(tL), ae(tt)){ Z [M( Xin s Qn4n.) — h(Xlnng‘lns)]}
=1 In.=t/e

— |1 € €
—gﬁgmxmam»
(t+s)/e—1lin.+n.—1

x{ Z Z [h(inE,OlkH)—h(XlnEvak)]}

lna_f/e k=ln¢

~ i B ] (X7(0),0%(0,)

=1
(t+s)/€ lin.4n.—1 mg mo

THD SIS Sl ) 311 RET -

In.=t/e k=In. i=1i1=1

—h(inE,il)I{ak:il}]’g’“} }

(5.26)
Note that for k > In.,
E [[h(Xlngai)I{ak+1=i} - h(Xlnsail)I{ak=i1}]‘gk:|
= [h(Xin., )P =1|Gp, 0o = 11) — h( Xin, 01) [ 0=,
[h(Xin, )P (a1 ke Q. = i1) — h(Xin,,i1)] I } (5.27)

[A(Xin.8)(0iyi + €qiyi(Xk)) — M X, 1) {ay=ir}
= eh(Xin., )i, i(Xp) fap=ir}-

Using (5.27) in (5.26) and noting the continuity and boundedness of Q(-),
we can replace ¢;,;(Xk) by ¢i,i(Xin.) vielding the same limit. Then as in
(5.15) and (5.16), replace I{q,—i,} BY I{ac(cin.)=i,}, again yielding the same
limit. Thus, we have

K (t+s)/e—1
lim ET o (X ()0t Y2 [((Xine 0inin) = (X in)] |
=1 Ine=t/e

t+s

=B[]n(X.a)] [ QX @A (W), )@ w)du}.
= (5.28)
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where for each i, € M,

Q(x)h(z,-)(i1)

qu(m)h(aj,z)
Z qiﬂ(x)(h(x?i) — h(z,i1)).

itiq

Step 5: Combining Steps 1-4, we arrive at that (X(-),a(-)), the weak
limit of (X¢(:),a®(:)) is a solution of the martingale problem with oper-
ator £ defined in (5.3). Using characteristic functions, we can show as in
[176, Lemma 7.18], (X (), a(-)), the solution of the martingale problem with
operator L, is unique in the sense of in distribution. Thus (X¢(+), a°(-)) con-
verges to (X (+),a(-)) as desired, which concludes the proof of the theorem.

O

In addition, we can obtain the following convergence result as a corollary.

Corollary 5.9. Under the conditions of Theorem 5.8, the sequence of pro-
cesses (X°(+),ac(+)) converges to (X (-),a(-)) in the sense

sup E|XC(t) — X ()] =0 as ¢ — 0. (5.29)
0<t<T

Remark 5.10. With a little more effort, we can obtain strong convergence
(in the usual sense used in the numerical solutions of stochastic differential
equations). The steps involved can be outlined as follows. (a) We consider
two sequences of approximations (X<(-),a®(-)) and (X"(-),a"(-)) with the
same initial data. (b) Define for sufficiently small ¢ > 0 and n > 0,

)?s(t):Xo—&—/O b(Xs(s),of(s))ds—F/O o(X°(s),a"(s))dw(s),
(1) = Xo+ /O B(X7(s), a”(s))ds + /O #(X7(s), o (s))duw(s).

That is, they are two approximations of the solution with the use of different
stepsizes. Then we can show

E sup |X°(t)— X"(t)? -0 as ¢ —0 and 5 — 0.
t€(0,T]

The main ingredient is the application of Doob’s martingale inequality.
(¢) Let {e,} be a sequence of positive real numbers satisfying €, — 0.
We show that {X®"(¢) : t € [0,7]} is an L? Cauchy sequence of random
clements. We then conclude Esup,cpo 7 |X°(t) = X(t)]* — 0 as ¢ — 0.
(d) Moreover, we can use the above results to give an alternative proof of
the existence and uniqueness of the solution of (5.1) together with (5.2)
(or (2.2) together with (2.3)); see Remark 2.2 for different approaches for
proving the existence and uniqueness of the solution.
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5.5 Examples

Here we present two examples for demonstration. It would be ideal if we
could compare the numerical solutions using our algorithms with the an-
alytic solutions. Unfortunately, due to the complexity of the z-dependent
switching process, closed-form solutions are not available. We are thus con-
tended with the numerical solutions. In both examples, we use the state-
dependent generator Q(z) given by

—5cos?x 5cos?
Q(z) =

10cos?z —10cos?x

Example 5.11. Consider a jump linear system. Suppose that
o(x,1) =2z and o(z,2) ==z.
Let
b(x,i) = A(i)x with A(1) = —3.3 and A(2) = —2.7.

We use the constant stepsize algorithm (5.4). Specify the initial conditions
as Xg =5 and ap = 1, and use the constant stepsize 0.001. A sample path
of the computed iterations is depicted in Figure 5.1.

0 200 400 600 800 1000 1200
Iterations

FIGURE 5.1. A sample path of a numerical approximation to a jump-linear
system.
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Example 5.12. This example is concerned with switching diffusion with
nonlinear drifts with respect to the continuous-state variable. We use the
following specifications,

o(xz,1) =05z, o(z,2)=0.2z.
For each i € {1,2}, consider the nonlinear functions
b(x,1) = —(2+sinz) and b(z,2) = —(1 + sinz cosx).

Using the same initial data and stepsize as in Example 5.11, the calculation
is carried out. The computational result is displayed in Figure 5.2.

55 ]

45F -

3.5

0 200 400 600 800 1000 1200
Iterations

FIGURE 5.2. A sample path of switching diffusion with nonlinear drifts.

For these numerical examples, we have tried different stepsizes. They all
produced similar sample path behavior as displayed above. For numeri-
cal experiment purposes, we have also tested different functions b(-,-) and

U('v )
5.6 Discussions and Remarks
This section provides some discussions on issues related to numerical ap-

proximation. First, rates of convergence are discussed, and then decreasing
stepsize algorithms are studied.
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5.6.1 Remarks on Rates of Convergence

Because we are dealing with a numerical algorithm, it is desirable that
we have some estimation error bounds on the rates of convergence. This
section takes up this issue. In Kloeden and Platen [94, p. 323], the rate of
convergence was defined as follows. For a finite time T > 0, if there exists
a positive constant K that does not depend on e such that E|X*(T) —
X(T)| < Ke" for some v > 0 then the approximation X*¢ is said to converge
strongly to X with order 7. Here we adopt the more recent approach in
Mao and Yuan [120], and concentrate on uniform convergence in the sense
of error bounds of the form Esupy<, < |X¢(t) — X (t)|?.

We assume the conditions of Theorem 5.8 are satisfied. Also we make
use of Remark 5.10. In what follows, to simplify the discussion, we take
Ve&, = w(e(n + 1)) — w(en). (Independent and identically distributed
“white” noise sequence {,} can be used, which makes the notation more
complex.) Tt is straightforward that the piecewise constant interpolation of
(5.4) leads to

Xe(t):Xo—i-/O b(XE(s),aE(s))ds—l—/o o(X=(s),a(s))dw(s). (5.30)

The representation (5.30) enables us to compare the solution (5.1) with
that of the discrete iterations.

Comparing the interpolation of the iterates and the solution of (5.1), we
obtain

E sup [X(t) = X (1)

0<t<T
<2E sup / [B(X(s),a(s)) —b(XE(s),a(s))]ds
0<t<T 0 . )
+2E sup / [0(X(s),a(s)) —a(X®(s),a"(s))]dw (5.31)
o<t<T | Jo

< 2TE/O |b(X (5), a(s)) — b(XZ(s),a(s))|*ds

T
—i—8E/0 lo(X(s),a(s)) — o(X5(s),a%(s))|?ds.

Note that in (5.31), the first inequality is obtained from the familiar in-
equality (a + b)? < 2(a? +b?) for two real numbers a and b. The first term
on the right-side of the second inequality follows from Holder’s inequality,
and the second term is a consequence of the well-known Doob martingale
inequality (see (A.19) in the appendix). To proceed, we treat the drift and
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diffusion terms separately. Note that

E / IB(X(s), a(s)) — DX (5), 0% (s)) ds
T
<E / IB(X(s), a(s)) — B(X*(s), o(5)) [*ds
T
+B / DX (5), a(s)) — B(X*(s), o (s))[2ds (5.32)

< K/O E|X¢(s) — X(s)|’ds

T
* E/o (14 [X(8) P/ {a(s) 2oz (s)} d5-

The first inequality in (5.32) follows from the familiar triangle inequality,
and the second inequality is a consequence of the Lipschitz continuity, the
Cauchy inequality, and the linear growth condition. We now concentrate
on the last term in (5.32). Using discrete iteration, we have

T
E / [1+ 1X°(5) 2] sy (o) 45

[t/e]-1 ek+e
-3 B[ 04X O ot ooy

Using nested conditioning, we further obtain
ek+e

E/k (141X ()P {a(s)as (s)) 5
1=

ek+e
—E/ [1+ | Xk PE[I {a(s)2ac ()} | Ferlds

ek+e
= 1+|Xk / Z[{O‘E_z}qu €]€ S*{:‘k)

ieEM VED
+o(s —ek)]ds

ek+e
SKE/ ds < Ke2.
ek

Thus the moment estimate of E|X (¢)|? yields that

E/ [B(X (s), a(s)) = b(X"(s), 0% (5))|*ds
0

T (5.33)
< Ke+ K/O E|X?(s) — X(s)|%ds.
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Likewise, for the term involving diffusion, we also obtain

T
E / (X (), a(5)) — 0(X%(5), 0 (s)) *du
0

T (5.34)
< Ke + K/ E|X°(s) — X(s)|%ds.
0
Using (5.31)—(5.34), we obtain
E sup |X°(t)— X(1))?
o=t (5.35)

T
< KeJr/ E sup |X°(s) — X(s)|%ds.
0 0<s<T

An application of Gronwall’s inequality leads to

E sup |X°(t) — X(t)|* < Ke.
0<t<T
Thus, we conclude that the discrete iterates converge strongly in the L2
sense with an error bound of the order O(g). We state it as a result below.

Theorem 5.13. Assume (A5.1)-(A5.3). Then the sequence (X°(+),ac(+))
converges to (X (+),a(+)) in the sense

E sup [X°(t)—X@t)|*> =0 as € — 0. (5.36)
0<t<T

Moreover, we have the following rate of convergence estimate

E sup |X°(t) — X(1)|* = O(e). (5.37)
0<t<T

5.6.2 Remarks on Decreasing Stepsize Algorithms

So far the development is based on using constant stepsize algorithms. To
approximate (5.1), we could also use a decreasing stepsize algorithm of the
form

Xn+1 - Xn + Enb(Xny an) + EnU(Xnv O‘n)gn (538)

Compared with (5.4), for X,,_1 = x, «, is a finite-state process with tran-
sition matrix I 4 €, Q(x), Instead of (A5.3), we assume the following con-
dition.

(A5.4) In (5.38), {e,} is a sequence of decreasing stepsizes satisfying
en 2 0,6, = 0asn — oo and ) &, = co. The {&,} is
a sequence of independent and identically distributed normal
random variables such that &, is independent of the o-algebra G,
generated by { Xy, oy : k < n}, and that EE, = 0, E|£,]? < oo,
and E¢,&, = I. Moreover, for X,,_1 = x, a,, is a finite-state
process with transition matrix I + €,Q(z).
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Define

n—1
ty = Z ep,  m(t) =max{n: t, <t},
k=0
and continuous-time interpolations

XOt) = X, a(t) = o, for t € [ty,tni1)-
X"(t) = Xt +t,), a™(t) = (t+t,).

Using essentially the same approach as in the development of Theorem 5.8
together with the ideas from stochastic approximation [104], we obtain the
following result.

Theorem 5.14. Under (A5.1), (A5.2), and (A5.4), (X™(-),a"(-)) con-
verges to (X (+), a(-)) weakly, which is a solution of the martingale problem
with operator L defined in (5.3). Moreover,

E sup |[X"(t) - X(#)|*> =0 as n — oo. (5.39)
0<t<T

Furthermore, the rate of convergence is given by

E sup [X"(t) - X(t)|]> =0(e,) as n — oo. (5.40)
0<t<T

5.7 Notes

Numerical methods for stochastic differential equations have been studied
extensively, for example, in [94, 126] among others. A comprehensive study
of the early results is contained in Kloeden and Platen [94]. Accelerated
rates of convergence are given in Milstein [126]. As a natural extension,
further results are considered in Milstein and Tretyakov [127], among oth-
ers. Numerical solutions for stochastic differential equations modulated by
Markovian switching have also been well studied; recent progress for switch-
ing diffusions are contained in [120] and references therein.

Although numerical methods for Markov modulated switching diffusions
have been considered by many researchers, less is known for processes with
continuous-state-dependent switching. In fact, the study of switching diffu-
sions with state-dependent switching is still in its infancy. There are certain
difficulties. For example, the usual Picard iterations cannot be used, which
uses the Lipschitz conditions crucially. When Markovian regime-switching
processes are treated, with the given generator of the switching process,
we can pre-generate the switching process throughout the iterations. How-
ever, in the state-dependent switching case, since the generation of the
z-dependent switching processes is different in every step, we can no longer
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pre-generate the switching process without interacting with the continuous-
state process and use the Lipschitz condition directly.

Part of the results of this chapter are based on Yin, Mao, Yuan, and Cao
[172]. The approach uses local analysis and weak convergence methods. Tt
relies on the solutions of associated martingale problems. The approach is
different from the usual techniques developed in the literature for numeri-
cal solutions of stochastic differential equations to date. The idea and the
techniques used are interesting in their own right. Rates of convergence
are then ascertained together with the development of the unusual strong
convergence and decreasing stepsize algorithms.
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Numerical Approximation to Invariant
Measures

6.1 Introduction

Continuing with the development in Chapter 5, this chapter is devoted to
additional properties of numerical approximation algorithms for switching
diffusions, where continuous dynamics are intertwined with discrete events.
In this chapter, we establish that if the invariant measure exists, under suit-
able conditions, the sequence of iterates obtained using Euler—Maruyama
approximation converges to the invariant measure.

Here for simplicity, the discrete events are formulated as a finite-state
continuous-time Markov chain that can accommodate a set of possible
regimes, across which the dynamic behavior of the systems may be markedly
different. For simplicity, we have chosen to present the result for Q(z) = Q.
One of the motivations for the use of a constant matrix @ is: We may view it
as an approximation to z-dependent Q(z) in the sense of Q(z) = Q + o(1)
as x| — oo. This is based on the results in Chapters 3 and 4. Because
positive recurrence implies ergodicity, we could concentrate on a neighbor-
hood of co. Then effectively, @), the constant matrix is the one having the
most contributions to the asymptotic properties in which we are interested.
Thus, we can “replace” Q(z) by @ in the first approximation. At any given
instance, in lieu of a fixed regime, the system parameters can take one of
several possible regimes (configurations). As the Markov chain sojourns in
a given state for a random duration, the system dynamics are governed by
a diffusion process in accordance with the associated stochastic differential
equation. Subsequently, the Markov chain jumps into another state, and

G.G. Yin and C. Zhu, Hybrid Switching Diffusions: Properties and Applications, 159
Stochastic Modelling and Applied Probability 63, DOI 10.1007/978-1-4419-1105-6_6,
© Springer Science + Business Media, LLC 2010
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the dynamic system switches to another diffusion process associated with
the new state, and so on. Instead of staying in a fixed configuration follow-
ing one diffusion process, the system jumps back and forth among a set of
possible configurations, resulting in a hybrid system of diffusions. In this
chapter, we consider switching diffusions given by

dX (t) = b(X(t), a(t))dt + o(X (t), a(t))dw(t), (6.1)

where «(t) is a continuous-time Markov chain that is generated by @ and
that has state space M = {1,...,mo}. Associated with (6.1), there is an
operator defined by

gy Z 6.2)
1 82]0( , ) (
+2i§_:1aij(w7l)a$i(§$j+Qf(x7.)(z)a e M,
where
Qf(x,)(2) = ZQZJf(%J), LeM,
=1
and

A(z,1) = (aij(x,2) = o(z,1)0’ (x,2).

As alluded to in the previous chapters, switching diffusions have pro-
vided many opportunities in terms of flexibility. The formulation allows
the mathematical models to have multiple discrete configurations thereby
making them more versatile. However, solving systems of diffusions with
switching is still a challenging task, which often requires using numerical
methods and/or approximation techniques. The Euler—-Maruyama scheme
is one of such approaches. In Section 6.2, we derive the tightness of the
approximating sequence. To proceed, an important problem of both theo-
retical and practical concerns is: Whether the sequence of approximation
converges to the invariant measure of the underlying system, provided that
it exists. To answer this question, we derive the convergence to the invari-
ant measures of the numerical approximation in Section 6.3. To obtain the
results requires the convergence of the algorithm under the weak conver-
gence framework. Rather than working with sample paths or numerically
solving systems of Kolmogorov-Fokker—Planck equations, we focus on the
corresponding measures and use a purely probabilistic argument. Why is
such a consideration important from a practical point of view? Suppose
that one considers an ergodic control problem of a hybrid-diffusion sys-
tem with regime switching. Then it is desirable to “replace” the actual
time-dependent measure by an invariant measure. The control problems
often have to be solved using numerical approximations. Because solving
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the corresponding system of Kolmogorov—Fokker—Planck equations is com-
putationally intensive, it is crucially important to be able to approximate
the invariant measures numerically. For previous work on approximating
invariant measures of diffusion processes without regime switching, we re-
fer the reader to [102] and the many references cited there. Section 6.4
provides the proof of convergence for a decreasing stepsize algorithm and
Section 6.5 concludes the chapter.

6.2 Tightness of Approximation Sequences

In this chapter, we concern ourselves with the following algorithms with a
sequence of decreasing stepsizes {e,, },

Xn+1 = Xn + <C:nb(){nu an) + EnU(Xn7 an)fna (63)

as well as algorithms with a constant stepsize ¢,

Xn+1 =X, + Eb(Xnu an) + \ﬁa—(Xn7 an)gn (64)

Various quantities are as given in the last chapter. Associated with (6.1),
there is a martingale problem formulation. A process (X (¢), a(t)) is said to
be a solution of the martingale problem with operator £ defined in (6.2) if,

hX(t),a(t)) — /0 Lh(X(s),a(s))ds (6.5)

is a martingale for any real-valued function h(-) defined on R" x M such

that for each i € M, h(-,i) € C3 (a collection of functions that are twice

continuously differentiable w.r.t. the first variable with compact support).
To proceed, we state the following conditions first.

(A6.1) There is a unique solution of (6.1) for each initial condition.

(A6.2) For each oo € M, there is a Liapunov function V' (-, ) such that
(a) V(-,a) is twice continuously differentiable and V2V (-, a) is
bounded uniformly; (b) V(z, o) > 0; |V (2, )| — oo as |z]| — oo;
(¢) LV (z,a) < =AV(x, ) for some A > 0; (d) for each z € R",
the following growth conditions hold:

IVV'(z,0)b(z, )| < K(1+V(z,a)),
b(z,a)]? < K(14V(z,q)), (6.6)
lo(z,0)[* < K1+ V(2,q)).
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(A6.3) The {e,} is a sequence of decreasing stepsizes satisfying ¢, >
0,en, = 0asn — oo, and ) e, = oo. The {{,} is a se-
quence of independent and identically distributed random vari-
ables such that &, is independent of the o-algebra G,, generated
by {Xg,ar : k < n}, and that E, = 0, E|¢,]|? < oo, and

Remark 6.1. Note that sufficient conditions for the existence and unique-
ness of the solution of the switching diffusion were provided in Chapter 2.
Here we simply assume them for convenience.

Condition (A6.2) requires the existence of Liapunov functions V (-, «).
Condition (A6.2)(d) is a growth condition on the functions b(z,«) and
o(x, ). If b(-, ) and o (-, &) grow at most linearly, and the Liapunov func-
tion is quadratic, this condition is verified. Condition (c) requires the dif-
fusion with regime switching (6.1) to be stable in the sense of Liapunov.
Conditions listed in (A6.2) cover a large class of functions; see the related
comments in [102, 104].

Remark 6.2. A quick glance at the algorithm reveals that (6.3) has a cer-
tain resemblance to a stochastic approximation algorithm, which has been
the subject of extensive research for over five decades since the pioneering
work of Robbins and Monro [139]. The most recent account on the subject
and a state-of-the-art treatment can be found in Kushner and Yin [104] and
references therein. In what follows, we use certain ideas from stochastic ap-
proximation methods to establish the limit of the discretization through
suitable interpolations. Weak convergence methods are used to study the
convergence of the algorithm and the associated invariant measure.

Remark 6.3. As alluded to in Chapter 5, it can be established that
the sequence {X,,} is tight by using the moment estimates together with
Tchebeshev’s inequality. Here we use an alternative approach based on Li-
apunov function methods. Note that this approach can be modified to a
perturbed Liapunov function approach, which can be used to handle cor-
related random processes under suitable conditions. To illustrate the use
of the Liapunov function method for the tightness, we present the result
below together with a proof.

Theorem 6.4. Assume (A6.2) and (A6.3). Then

(i) the iterates generated by (6.3) using decreasing stepsizes satisfy
EV(X,,an) = O(1);

(ii) the iterates generated by (6.4) using a constant stepsize satisfy
EV(X,,a,) =0(1)

for n sufficiently large.
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Proof. The proof uses Liapunov functions. We concern ourselves with the
proof for algorithm (6.3) only. The results for (6.4) can be obtained simi-
larly. B _

Henceforth, denote by F,, and F2 the o-algebras generated by {&x, oy, :
k <n}and {an, &, ar : k < n}, and denote by E,, and E¢ the correspond-
ing conditional expectations w.r.t. to .7?” and .%,‘f, respectively. Similarly,
denote F; = of{w(u),a(u) : u < t} and E; the conditional expectation
w.r.t. Fy, where w(t) is an r-dimensional standard Brownian motion (hav-
ing independent increments). Note that {&,} is a sequence of independent
and identically distributed random vectors with 0 mean and covariance 1.
We have

EgV(X’rH-lv an-‘rl) - V(Xnv an)
= E% [V(Xn+1> 057z+1) - V(Xn+17 an)] (6'7)
+ESV (Xpq1, an) — V(X an).
We proceed to estimate each of the terms after the equality sign above.
Using the smoothness of V (-, «), the independence of &, with a,,, and

the independent increment property, estimates (with details omitted) lead
to

EV (Xni1,0m) — V(Xp, o)
=, VV'( X0, an)b( Xy, o)
—l—%tr[o’(Xn,an)V2V(Xn,an)o(Xn,an)}
+0(e2)(1+ V(Xp, an))-

As for the term on the second line of (6.7), using a truncated Taylor
expansion, we obtain

Eg[V(Xn-&-la nt1) = V(Xnt1, an)]

- E% [V(Xnv Oén+1) - V(Xny 0571)]
1 (6.9)
—i—Eg/ VV(X, + sAXp, ) (Xpt1 — Xy)ds
0

=, QV(Xn, ) (an) + O(en)(1 + V(X,, o).

By virtue of (A6.2),

VV (X, an)b( X, an) + QV (X, ) ()

1
—|—§tr[a’(Xn, ) V2V (X, )0 (X, )]

= LV (Xn,an) < —AV (X, o).
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Thus (6.7)-(6.9) yield

EgV(Xn+17 anJrl) - V(Xn; an)
< =X, V(Xp, an) + O(en)V(Xp, an) + O(en).
Taking the expectation and iterating on the resulting inequality lead to

EV(Xpnt1,an41)

<A, 1EV(Xy,a0) + KZé‘kAnkEV(Xk, ag) + KZ%Ank,
k=0 k=0

(6.10)
where
A, — {H}lm(l —Aey), ifn>k,
1, otherwise.

Note that .

> erAns = 0(1).

k=0
An application of Gronwall’s inequality implies

n
EV(X,,a,) < Kexp (Z ekAnk> =0(1).
k=0

Thus the theorem is proved. O

Using the same kind of arguments as those of Chapter 5, we can obtain
the convergence of the algorithm. Define

n—1
tn: E £l.
=0

Let m(t) be the unique value of n such that ¢, <t < t,41 for t > 0. Define
a, = aft,). Let X°(t) and a(t) be the piecewise constant interpolations
of X,, and v, on [y, ty41), and X™(¢) and a™(¢) be their shifts. That is,

XOt) =X, a°(t) = ay, if 0<t € [tn,tni1),

(6.11)
X"(t) = XO(t +tn), a™(t) =t +ty,).

This shift is used to bring the asymptotic properties of the underlying se-
quence to the foreground. Note that X™(-) € D([0,00);R"), the space of
R"-valued functions that are right continuous and have left limits endowed
with the Skorohod topology [43, 102, 104]. In what follows, we show that
X"™(-) converges weakly to X (-), the solution of (6.1). In fact, we work with
the pair (X™(-),a™(+)). By virtue of Theorem 5.14, for the constant stepsize
algorithm, {X¢(-),a°(-)} converges weakly to (X(-),a(-)), which is a pro-
cess with generator given by (6.2). To proceed, we establish a convergence
result for the decreasing stepsize algorithm.
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Theorem 6.5. Consider algorithm (6.4). Assume (A6.1)-(A6.3) with a,
being a Markov chain with one-step transition probability matriz I + £,Q.
Then the interpolated process (X" (), a™(+)) converges weakly to (X (), a(-)),
which is a solution of (6.1).

We note that because @ is independent of x, the limit process a(-) is a
Markov chain generated by @. The proof of this theorem is still of inde-
pendent interest although a constant stepsize algorithm has been proved in
Chapter 5 for z-dependent Q(z). However, the main result of this chapter
is on convergence to the invariant measures, thus we postpone the proof
until Section 6.4.

6.3 Convergence to Invariant Measures

Having the convergence of {X™(-),a™(:)} and hence the convergence of
the algorithm, in this section, we examine the large-time behavior of the
algorithm and address the issue: When will the sequence of measures of
(X™(sp+ ), a™(sn +-)) converge to the invariant measure of the switching
diffusion (6.1) if it exists, when s,, — 0o as n — oo. We first recall a couple
of definitions.

For our two component process (X (t), a(t)), let Cy(R") be the space of
real-valued bounded and continuous functions defined on R". A set CD C
Cy(R") is said to be convergence determining if

i/f(xvi)vn(dx,i) — i/f(z,i)y(dx,i)

for each « € M and f(-,¢) € CD implies that v,, converges to v weakly.

Remark 6.6. Different from the case of diffusion processes, in addition
to the continuous component, we also have a discrete component. As a
convention, with a slight abusing of notation, we use, for example, v(t, dx x
«) and v(dz x «) instead of v(t,dx x {a}) and v(dx x {a}) throughout.

Recall that a measure v(t,-) of (X (t), «(t)) is weakly stable or stable in
distribution (see Kushner [102, p. 154]) if, for each § > 0 and arbitrary
integer ng, there exist an 7 > 0 and n( such that for each & € M and any
(-, a) € Cy(R") (continuous functions with compact support), and for all
v(0,-,-)

’ Z /goj(a:,oz)u(O,da: X a) — a;w/goj(x,a)u(da: X oz)‘ <n, j<ng,

aeEM
implies that for all ¢ > 0,

’ > /%(zva)y(tvdw X a) = Q;A/%(x,a)wdx X a)\ < d, j <mno.

aeM
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Lemma 6.7. The space of functwns C’b(RT) s convergence determining.
The space of functions Co(K ), where K is any compact subset of R", is
convergence determining.

Proof. See Ethier and Kurtz [43, p. 112]. O

For each o € M, suppose that {pg(-, @)} is a sequence of uniformly
continuous functions with compact support defined on K for any compact
K. Then {¢k(-,«)} is convergence determining according to Lemma 6.7.
Moreover, the sequence v,, converges weakly to v as n — oo is equivalent
to

Z/gokxal/ndxxa Z/gpkma Jv(dz x «) for each k.

aeM aeEM

With the preparation above, we proceed with investigation of conver-
gence to the invariant measure for numerical approximation. We begin by
assuming that the solution of (6.1) has a unique invariant measure. This
together with a couple of other conditions is given below; see Remark 6.8
for comments on these conditions.

(A6.4) The process (X(-),a(-)) has a unique invariant measure v(-).
Denote by v(z,«;t,-) the measure of (X(t),a(t)) with initial
condition (X (0), a(0)) = (x,a). Ast — oo, v(z, a;t, ) converges
weakly to v(-) for each (x,«). For any compact K C R and for
any ¢ € C(R" x M)

7

E; op(X(1),a(t)) — Eyp

Z / (z,a)v(dx x a). (6.12)

aeM

uniformly on K x M, where E, denotes the expectation with
respect to the invariant measure v.

(A6.5) For each v € M, X™%(-) is a Feller process with continuous
coefficients on [0, 00) for each initial condition X (0) = x.

Remark 6.8. In accordance with the results in Chapter 4, the existence
and uniqueness of an invariant measure of a switching diffusion is guaran-
teed by the positive recurrence of the process. Hence, sufficient conditions
for positive recurrence of switching diffusions presented in Chapter 3 are the
conditions to ensure the existence and uniqueness of the invariant measure.
In addition, suppose that the continuous component lives in a compact set,
that for each a € M, b(+, ) and o (-, «) satisfying the usual regularity con-
dition and o(z, a)o’(z, «) is positive definite, and that the generator @ is
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irreducible, with £* denoting the adjoint operator of £ given in (6.2). Then
the system of equations

Lu(x, i) =0, ieM,

;/u(ﬂc,j)dw =1

(6.13)

has a unique solution, known as the invariant density; where L£* is the
adjoint operator of £; see II'in, Khasminskii, and Yin [74] and references
therein. Furthermore, in this case, the convergence to the invariant density
takes places at an exponential rate.

In what follows, to highlight the dynamics starting at (X (0), «(0)), by
abusing notation slightly, we often write E,¢ on the right-hand side of
(6.12) as E, (X (0),«(0)). That is, for ¢(-,¢) € C(R") for each ¢ € M,

Ep(X(0),a(0) = 3 [ wly. dldy.o).

ieM

It should be clear from the context.

Note that the Feller property assumed in (A6.5) has been established in
Chapter 2 for switching diffusions with z-dependent @Q(x) under suitable
conditions. It was noted that for Markovian switching diffusions, the Feller
property can be obtained with a much simpler proof. For convenience, we
put it here as a condition. As a direct consequence of these conditions, the
following lemma holds.

Lemma 6.9. Let K. be a set of R"-valued random variables, which is tight
and (X(0),a(0)) = (z,a) € K. x M. Under (A6.4) and (A6.5), for each
o € M and any positive integer ng, 0 = 01 < da < -+ < Iy, and each ¢
and any (-, 1) € Cp(R"),

EX(O)v@(O)SD(X(t + 5j)7 Ot(t + 6j)7j S Tlo)

(6.14)
— B, (X (6;), a(d5), 5 < no),

uniformly for (X(0),a(0)) € K. x M ast — .

Remark 6.10. Lemma 6.9 is a consequence of assumptions (A6.4) and
(A6.5), and is handy to use in the subsequent development. When ng = 1,

Ex(0),a(0)p(X (1), a(t))

is bounded and continuous for each ¢ > 0 because ¢(-,t) € Cy(R") for
each ¢+ € M. Suppose that X(0) € K. and the distribution with initial
condition (X(0),«(0)) is denoted by v(0,-). Then the tightness of X(0)
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and conditions (A6.4) and (A6.5) yield that

Ex(0),a0)p(X(t), a(t))

-3 / 0(0,dz x §)Eqi0(X (1), a(t))

= (6.15)
— Z/V(dx x i)E,p(X(0),a(0))

i=1

= E, (X (0), a(0)),

inasmuch as
mo
Z/V(dxxi)zl.
i=1

Moreover, the convergence is uniform in (X (0),«(0)) by the condition of
uniform convergence on any compact z-set as given in (A6.4). Similar to the
approach in Kushner [102, p. 155] (see also [101]), for general ng, Lemma 6.9
can be proved by induction. The details are omitted.

Theorem 6.11. Assume (A6.1)—(A6.5).

(i) For arbitrary positive integer ng, ¢(-,1) € C(R") for each . € M, and
for any § > 0, there exist tg < oo and positive integer Ny such that
for allt >ty and n > Ny,

Ep(X"(t 48;),a"(t +8), j < no)

(6.16)
~E,o(X(5)).a(5)), § <no)| <.

(ii) Furthermore, for any sequence s, — 00,
(X" (sn+1),a™(8n + 1))y oy (X" (80 4 O ), @™ (85 + Onp)))
converges weakly to the stationary distribution of
((X(61), a(61)), - -+ (X(Iny ), @(dny)))-
Remark 6.12. Note that ¢y and Ny above depend on § and on ¢(-).

Proof of Theorem 6.11. Suppose that (6.16) were not true. There would
exist a subsequence {n;} and a sequence s,, — oo such that

E@(Xnk (Snk + 5j)a a (Snk + 6j)a .] < ’I’LQ)

(6.17)
—El,<p(X(5j),a(5j), 7 < no) >4 >0.
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For a fixed T > 0, choose a further subsequence {k;} of {ns}, and the cor-
responding sequence (X*¢(-), a¥¢(-)) such that (X*¢(sp, —T),a*(sp, —T))
converges weakly to a random variable (X (0), «(0)). Theorem 6.5 implies
that (X% (s, — T+ -),a*(sy, — T + -)) converges weakly to (X(-),a(-))
with initial condition (X (0), «(0)). Moreover,

Ep(X* (s, = T+ T +6;), " (s, — T+ T +6;), j <no)
- E(EX<0>,a<o><P(X(T+ 8;), (T +65), j < no))

as k¢ — co. Owing to (A6.5), the collection of all possible X (0) over all
T > 0 and weakly convergent subsequence is tight. Noting «(0) € M,
which is a finite integer, by Lemma 6.9, there exists Ty > 0 such that for
all T > To,

‘E(EX(O)@(O)‘P(X(T +6;),a(T +65), j < no))
~Ee(X(6),a(0;), j < no)| < 6/2,

which contradicts (6.17).

Using Lemma 6.9 again, part (i) of the theorem implies that (X" (s, +
),a™(s, + +)) converges weakly to the random variable with the invariant
distribution v(+) as s, — oo. Thus part (ii) of the assertion also follows. O

For a constant stepsize algorithm (5.4), we can examine the associated
invariant measures similar to the development for the decreasing stepsize
algorithms. The following result can be derived. We state the result and
omit the proof.

Theorem 6.13. Consider algorithm (6.3). Assume the conditions of The-
orem 6.11 are fulfilled. For arbitrary positive integer ng, ¢(-,¢) € Cp(R")
for each v € M, and for any 0 > 0, there exist tg < oo and positive integer
go > 0 such that for allt > tg and e < gg,

Ep(X5(t +6;),a°(t +65), J < no) = Eyp(X(95),a(d;), j <mno)| <.

Moreover, for any sequence s — 0o as € — 0,
((X°(sc+01),a°(8c +061)), -+, (XZ(Sc 4 Ong ), @ (Se + 0ny)))
converges weakly to the stationary distribution of

((X(61), (01)); -+ (X (Gng ) (0 )))-

6.4 Proof: Convergence of Algorithm

Proof of Theorem 6.5. We can show that Lemma 5.4 continues to hold
and {a"(-)} is tight with the constant stepsize replaced by the decreasing
stepsizes.
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We first show that the sequence of interest is tight in D([0, 00) : R" x M),
and then characterize the limit by means of martingale problem formula-
tion. In the process of verifying the tightness, we need to show for each
0<T < o0,

lim limsup P(sup | X" (¢t)| > Ky) = 0. (6.18)

0700 n—oo t<T

Equation (6.18) is usually difficult to verify. Thus, we use a technical device,
known as an N-truncation [104, p. 248], to overcome the difficulty.

We illustrate the use of the N-truncation device. The main idea is that
for each N < oo, we work with the sequence X™(-) that is equal to X" ()
up until the first exit from the N-sphere Sy = {z : |¢| < N} and is zero
outside the (N + 1)-sphere Sy41. We then proceed to prove the truncated
sequence is tight and obtain its limit. Finally, letting N — oo, a piecing
together argument together with the uniqueness of the martingale problem
enables us to complete the proof. To proceed, the proof is divided into a
number of steps.

In lieu of (6.3), consider

XN =X + eV (XN, an) + VErdN (XY an)én, (6.19)
where

DN (2, 0) = bz, )¢ (2), o™ (z,0) = o(z, 0)g" (1), (6.20)
and ¢ (z) is a smooth function satisfying ¢ (z) = 1 when 2 € Sy and
¢V (z) = 0 when x € R” — Sy41. Next, define XN (¢) = XV on [t,, tni1)
and X"V (t) = XN (¢t +t,). Then X™¥(.) is an N-truncation of X"(-).
The next lemma shows that {X™"(-)} is tight by the tightness criterion.

For any 0 < T < oo, any § > 0, [t| < T, and 0 < s < ¢, we have

2

Et, 0| X" (E+s) = XN (2)
m(t+s+t,)—1 2
< 2Etm(tn+t) Z bN(X]iv7ak)gk (621)
k=m(t+t,)
m(t+s+t,)—1 2
20| D VEROV(XT ar)ér|
k=m(t+t,)

where E; = denotes the conditional expectation on the o-algebra gen-

erated by {(X;, ;) : j < m(t, +1t)}. The continuity of bV (-,4) and oV (-, 4)
(for each i € M), the smoothness of ¢ (-), and the boundedness of X2
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yield the boundedness of bV (-,4) and o™ (-, 7). Thus,

m(t+s+t,)—1

N N
Z b (Xk ,ak)gk
k=m(t+t,)
m(t+s+t,)—1  m(t+s+t,)—1

<K Z €l Z €k SO(SQ)

l=m(t+t,) k=m(t+t,)

2

tm(tn+t)

(6.22)

In the above and hereafter, we use K to denote a generic positive constant;
its values may vary for different appearances. It follows from (6.22),

m(t+s+itn)—1

Z bN(Xév,ak)a?k

k=m(t+t,)

2

lim limsup E =0. (6.23)

0—0 n—oo

By virtue of (A6.3), {¢,} is an independent sequence with zero mean
and covariance I. Without loss of generality, assume [ < k. Then

Ef&.8 =BG, &, a5 <]
0, if 14k,
1, if 1=k

By the independence of XY and ¢, and the independence of «,, and &,,

m(t+s+t,)—1
Et7n(tn+t) Z \/_U (ch aak)gk
k=m(t+tn)
m(t+s+tn)—1 (6.24)
<K Z er < O(s).
k=m(t+tn)
Combining (6.22) and (6.24) and recalling that 0 < s < 0,
| XN (4 8) = XN @) < Be,p, 07N (), (6:25)

where 7V (s) is a random variable satisfying

hH(l) limsup By (s) = 0.

n—oo

The criterion in [102, Theorem 3, p. 47] then implies the tightness of
{X™N ()}, As a consequence of the tightness of {X™¥(:)} and {a"(-)},
the sequence of the interpolated pair of processes is tight.

Next, we use the martingale averaging techniques employed in Chapter 5
to show that (X™N(-),a"(-)) converges weakly to (X (-), a(-)). This result
is stated as a lemma below.
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Lemma 6.14 The pair (XN (-), a(-)) is the solution of the martingale prob-
lem with operator LN obtained from L by replacing b(-) and o(-) with b™ (-)
and o™ (-) (defined in (6.20)), respectively.

Proof of Lemma 6.14. We need to verify that (6.5) holds. Without loss
of generality, we work with ¢ > 0. It suffices to show that for each i € M,
any real-valued function h(-,i) € CZ, any T < 00, 0 < t < T, s > 0,
arbitrary positive integer ng, bounded and continuous functions ¢;(-,1)
(with j < ng), and any s; satisfying 0 < s; <t <t+s,

E [T wi (XY (s)), a(si) [M(XN (t + 5), alt + 5))
j=1 (6.26)

t+s
—h(XN(t),a(t) - /t ENh(XN(u),oz(u))du] =0.

To obtain (6.26), let us begin with the process (X™(-), a™(-)). By virtue
of the weak convergence of (X™V(),a"(+)) to (X (-),a(-)) and the Sko-
rohod representation, as n — oo,

E H @j(X”’N(Sj), a”(s;)) (h(X”’N(t +38),a"(t+9))
— (XN (t), (1))

— B[] wi@™ (), alsy)) (XN (t 4 5), at + ) = (XN (1), a(t))) -
j=1

(6.27)
Choose §,, and m; such that §,, — 0 as n — oo and
1 ml+171
5 Z g;j —1 as n— oo.
Use the notation = given by
E={lmit+t,) <my<myp1—1<m(t+s+t,) —1}. (6.28)
Then
XN (t+ s), " (t 4 5)) — H(X™N (1), 0" (1))
N N
= Z[h(XmH_l ’ amH—l) - h‘(XmH_l ) amz)] (629)

lez

+ Z[h(Xf‘r\l]prl ’ O[ml) - h‘(X'r]nVl ) anu)]-

le=
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For the last term in (6.29),

Z[h(Xn]\{Hl ) amz) - h(Xn]\{l ) amz)]

leE
N N N
- Z Vhl(Xml ) a7nl)|:Xml+1 - Xml] (630)
le=
1 ~
+§ Z[X;Y\{l+1 - XT]XZ]/VQ}L(XTJXZ ’ an’/l)[XT]Y\Lrl+1 - X;Y\{J + €n,

le=

where V2h denotes the Hessian of h(-, ) and €, represents the error in-
curred from the truncated Taylor expansion. By the continuity of V2A(-, a),
the boundedness of { XV}, it is readily seen that

no

Jim B T o (XN (s5), 0" (57))(el) = 0. (6.31)

j=1

Using (6.3) in (6.30),

S OVH(XN o)XY - XN

my? mi+1
le=
ml+171
=D VN (X am) Y WX, an)ex
leE k=my
myy1—1
+ VH(XN am) > VEreN (XY, ar)
le= k=my

The independence of ¢ and oy, and the measurability of (X™ (s;), a™(s;))
for j < mg with respect to F, (s, 4+ imply

B [y (xX™ (). 0" ()| Y2 VA (X))

le=
’I’nl+171
X Z \/EkO'N(X]iV,OLk)fk}
k:ml

no
— E H L)OJ(XTLN(SJ)7 an(sj)) |:Em(tn+t) Z vh/(X,,]r\l]”Oéml)
J=1 leE
ml+171

Y \/agN(X,ﬁ,V,ak)Eggk}zo.

k:ml
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Note that
hmEH% XN (s,), [Zw XN am,)
el 4 lex
ml+1—1
X Z bN(X;iV,ak)ak}
k=m (6.32)
= hmEl_[gpJ 2N (s)),a ZVh’ (XN, 0tm, )6n
noee j=1 le=
mpy1—1
X > NN, aw)ek]-
n k=ml

Owing to the interpolation, for k € [m;, mi11 — 1], write ag as o™ (u) with
U € [ty tm;,,—1). Then

1 mpy1—1
< Z b (ler\z/n )k
6n k=m,
mo mip1—1
_Z(s Z bN mlv I{ak =i}€k
k= my
mi41— 1
:Zé— Z bN(Xﬁl,i)I{an(u):i}é‘k.
i=1 " k=my
When t,,, — u, tp, ., — u as well. In view of the weak convergence of

(XN(), () to (XN
with the continuity of b

a(+)) and the Skorohod representation, together

(
N(.,a) for each o € M then yield

);
(

ml+171
EHQOJ XnN SJ {ZV}L mz’aml) Z bN(X]]chak)Ek}
j=1 le= k=m,
mo
=SR] (s)07)
i=1 j=1
<[ Y VR (XN (b, ), BN (XN (), 1) L fan (w)—iy O
le_

t+s
- ZE H 03 (X™ (55, a(s;))] / V(XN (), ()N (X (u), )

XI{a(u)zi}dU] :
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Thus

E H i (XN (s5), @ (s)) X, — X

no t+s
= B[ s (X"(s).als))] / V(XN (), ()™ (XN (u), a(u))du.

(6.33)
Next, consider the term involving V2h(-, ) in (6.30). We have

DXL = X VRO ) X, — X

mi4+1 mi4+1
le=z

mip1—1myp1—1

=> > > {&n&ch (X2, o)

leE ki=m; k=my

X V2h(XN L am )WV (XP, ay) (6.34)
+ ek, VERDNY (XY, i ) VER(X s oy )™ (XY )&

+eb/Fr &k, o (XL )VPR(XD oo )WY (XY, )

+ te[V2R(X, am ) vERER o (X3, o)k, o™ (X, o))

By the boundedness of XN, bV (), V2h(-), and p;(-),

mpp1—1myp1—1

E’Hgoj X"st "(s5) Z z Z €k Ek

Jj=1 €S ki=m; k=my
X VR o ) 2R, a0V (X )|
myp1—1 mip1—1
< KZ Z Eky Z €k
lEE ki=my k=m;
myy1—1 myy1—1
< KZ(S Z Ehy— 5 Z €k
le= k=my

< Ké§, —0 as n — oo,

since
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Likewise, we also have

mip1—1myp1—1

E‘Z Z Z gklfb ! Xk17ak1)v2 ( mnamz)

€2 ki=m; k=m,

N(lecvaak)gk‘

myp1—1 myy1—1
<KZ Z €y E!/? Z \/>U Xk’ak)gk (6.35)
I€EE k1= k=my,
1 mi41— 1
ckyarlS
leE On k1=m,;
§K252/2—>0 as n — oo,
le=

and

mip1—1myp—1

EH‘Pj(Xn7N(3j)7an(3j)) Yo D b any)

kl =my k:ml

(6.36)

xV2h( ml,oz"”)bN(Xév,ozk) — 0 as n— 0.

The independence of {¢,} and {a,,} and E{&.&, = I yield that as n —

o0,

ml+1 1my41—1

EH(pj(Xn’N( Z Z ,/&‘k&‘kltrv h( ml,ozml)
j=1

kl =my k= my

x oM (XY, )&, N (X )]

no myy1—1
=E[]e;(X™N(sp).0"(s) Y entr[VEA(XN, o, o™ (XE, )
j=1 k=my

x ek [Bp & ]o™ (XY, ar)]
no t+s
—E H 0 (XN (s5), a(s;)) [/t tr[V2h(X Y (u), a(u)) o™ (XN (u), a(u))

x o™ (XN (), a(u))]du].
(6.37)
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Combining (6.34)—(6.37), we arrive at that as n — oo,

o

E [ o (XN (), () Y X0, — X[ VZR(XN, am,)
Jj=1 le=
X[XN XN

mHl my

—E H 0 (XN (s5),a(s;))

t+s
X [/ tr[V2R(X N (u), a(u)o™ (XN (u), a(u))o ™ (2N (u), a(u))]du|.
t
(6.38)
By the smoothness of h(-, ) for each a € M, we can replace XY in the

M1
second line of (6.29) by X2 . In fact,

Z[h(X;'\l]Hl ) O‘mz+1) - h(X'r]y\z[Hl s Q)]
le=

= Z mlaamz+1) - h(Xn]\{lvO‘mz)] +o(1),
leE

where o(1) — 0 in probability as n — oo uniformly in ¢. It follows that

E H 0 (X™N (s5;), 0" (s)) Z[h(xﬁl s Qmysy) — WX )]

Jj=1 leE
no mi41— 1
=B, (X)), a™(s5) Y Y BRA(X N, aner) = (XN, )],
j=1 1€2 k=my
(6.39)
with
mi41— 1
Z Z Ea mz’a’f""l) h(Xﬁp )]
leE k=my

mi+1—1 mg

_Z Z ZZ mm](] (k1 = Jolow = io)

lEE k=m; jo=1lio=1

_h(Xml ) ZO)I{ak—m}]

mi41— 1
=3 S (P DE(XY,)
leEE k=my
myy1—1
exp(e
=YY e 2Dy
I€E k=my Ck
myp41— 1
725— Y o 2o ER(EQ) = I v
le= k=, Ek
t+s

= [ QrEN ), Yo@)du as n—oc,
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where
H(z) = (h(z,1),...,h(z,mp))" € R™M*L, (6.40)

Thus Lemma 6.14 is proved. O

Completion of the proof of the theorem. We show the convergence
of the untruncated process. We have demonstrated that the truncated pro-
cess {(X™N(-),a"(-))} converges to (X™V(-),a(:)). Here we show that the
untruncated sequence {(X"(-),a™(+))} also converges. The basic premise is
the uniqueness of the martingale problem. By letting N — oo, we obtain
the desired result. The argument is similar to that of [104, pp. 249-250].
We present only the basic idea here.

Let the measures induced by (X(-),a(-)) and (X™(-),a(-)) be P(-) and
PN (.), respectively. The martingale problem with operator £ has a unique
solution (in the sense in distribution) for each initial condition, therefore
P(+) is unique. For any 0 < T' < oo and [t| < T, P(-) and PY(-) are the
same on all Borel subsets of the set of paths in D((—o00,00); R" x M) with
values in Sy x M. By using

P(sup |[X(t)] < N)—1 as N — oo,
[t|I<T

and the weak convergence of X™¥(.) to X~(-), we conclude X"(-) con-
verges weakly to X(-). This leads to the desired result. The proof of the
theorem is completed. O

6.5 Notes

Chapter 4 provides sufficient conditions for ergodicity of switching diffu-
sions with state-dependent switching. Based on the work Yin, Mao, and Yin
[171], this chapter addresses the ergodicity for the corresponding numerical
algorithms. The main result here is the demonstration of convergence to the
invariant measure of the Euler—-Maruyama-type numerical algorithms when
the invariant measure exists. To obtain the result, we have first proved weak
convergence of the algorithms. Here our approach is inspired by Kushner’s
work [101], in which he considered convergence to invariant measures for
systems driven by wideband noise. We have adopted the method in that
reference to treat the numerical approximation problem. Moreover, conver-
gence of numerical algorithms has been proved using ideas from stochastic
approximation (see Kushner and Yin [104]). We have dealt with both al-
gorithms with decreasing stepsizes and constant stepsize.

Here our approach is based on weak convergence methods and we work
with the associated measure. A different approach concentrating on the
associated differential equations is in Mao, Yuan, and Yin [121]. The rate
of convergence of the algorithms may be studied, for example, by means
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of strong invariance principles. Further study may also be directed to the
large deviation analysis related to convergence to invariant measures.



7
Stability

7.1 Introduction

Continuing our effort of studying positive recurrence and ergodicity of
switching diffusion processes in Chapters 3 and 4, this chapter focuses
on stability of the dynamic systems described by switching diffusions. For
some of the recent progress in stability analysis, we refer the reader to
[48, 116, 136, 182, 183] and references therein. For treating dynamic sys-
tems in science and engineering, linearization techniques are used most
often. Nevertheless, the nonlinear systems and their linearizations may or
may not share similar asymptotic behavior. A problem of great interest is:
If a linear system is stable, what can we say about the associated nonlinear
systems? This chapter provides a systematic approach for treating such
problems for switching diffusions. We solve these problems using Liapunov
function methods.

The rest of the chapter is arranged as follows. Section 7.2 begins with
the formulation of the problem together with an auxiliary result, which is
used in our stability analysis. Section 7.3 recalls various notions of stability,
and presents p-stability and exponential p-stability results. Easily verifiable
conditions for stability and instability of linearized systems are provided
in Section 7.4. To demonstrate our results, we provide several examples
in Section 7.5. Further remarks are made in Section 7.6 to conclude this
chapter.

G.G. Yin and C. Zhu, Hybrid Switching Diffusions: Properties and Applications, 183
Stochastic Modelling and Applied Probability 63, DOI 10.1007/978-1-4419-1105-6_7,
© Springer Science + Business Media, LLC 2010
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7.2  Formulation and Auxiliary Results

Recall that we use 2’ to denote the transpose of z € R %% with ¢, > 1,
and i = 1,2, whereas R**! is simply written as R 1= (1,1,...,1)’ € R™0
is a column vector with all entries being 1; the Euclidean norm for a row or
column vector z is denoted by |z|. As usual, I denotes the identity matrix.
For a matrix A, its trace norm is denoted by |A| = \/tr(A’A). If B is a set,
its indicator function is denoted by Ip(-).

Suppose that (X (t), a(t)) is a two-component Markov process such that
X(-) is a continuous component taking values in R” and «(:) is a jump
process taking values in a finite set M = {1,2,...,mo}. The process
(X (t),a(t)) has a generator L given as follows. For any twice continuously
differentiable function g(-,4), i € M,

E(zi)*liw(xz bez 20,
SEY Ty 2 Y g 0w 8xk = axj

+Q(x)g(x,-)(7)

1
= Str(a(w, ) V2g(@,i) + ' (z,) Vg(w,i) + Qz)g(w, ) (i),
(7.1)
where z € R", Q(z) = (g;j(x)) is an mg x mg matrix depending on z
satisfying g;;(v) > 0 for i # j and >_,c v, ¢ij(x) = 0 for each i € M, and

Qz)g(z, )(i) = Z ¢i5()g(x, j

jeEM

=" 4ii(@)(g(,5) — g(@.4), i€ M,

JjeEM

and Vg(-,i) and V?g(-,4) denote the gradient and Hessian of g(-,4), respec-
tively.
The process (X (), a(t)) can be described by
dX (t) = b(X (1), a(t))dt + o (X (t), a(t))dw(?),
X(0) =2z, a(0)=a,

(7.2)

and for i # j,

Pla(t + At) = jla(t) =14, (X(s),a(s)),s <t}

(7.3)
= 4 (X (1)) At + o(At),
where w(t) is a d-dimensional standard Brownian motion, b(-, ) : R" XM
R", and o(-,-) : R" x M s R"™*4 satisfies o(x,i)0'(z,1) = a(z, ).
To proceed, we need conditions on the smoothness and growth of the
functions involved, and the condition that 0 is the only equilibrium point of
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the random dynamic system. Hence we assume that the following conditions
are valid throughout this chapter.

(A7.1) The matrix-valued function Q(-) is bounded and continuous.
(A7.2) b(0,a) =0, and (0, ) = 0 for each @ € M. Moreover, assume
that o(z,«) vanishes only at = 0 for each o € M.

(A7.3) There exists a constant Ky > 0 such that for each « € M, and
for any z,y € R",

b(z, @) = b(y, )| + |o (2, @) = o(y, )| < Kolz —y|.  (74)

Under these conditions, the system given by (7.2) and (7.3) has a unique
solution; see Chapter 2 for more details. In what follows, a process start-
ing from (z,«) is denoted by (X®(t),a®*(t)) if the emphasis on initial
condition is needed. If the context is clear, we simply write (X (¢), «(t)).

To study stability of the equilibrium point z = 0, we first present
the following “nonzero” property, which asserts that almost all the sam-
ple paths of any solution of the system given by (7.2) and (7.3) starting
from a nonzero state will never reach the origin. For diffusion processes,
such a result was established in [83, Section 5.2]; for Markovian regime-
switching processes, similar results were obtained in [116, Lemma 2.1]. In
what follows, we give a proof for switching diffusions with continuous-state-
dependent switching processes. The result is useful, provides us with flexi-
bility for choices of Liapunov functions, and enables us to build Liapunov
functions in a deleted neighborhood of the origin.

Lemma 7.1. Under conditions (A7.1)-(A7.3), we have
P{X®(t)#0,t >0} =1, forany x#0, a € M, (7.5)
and for any B € R and t > 0
E [|X1»a(t)|ﬂ <|zPekt, 240, aeM, (7.6)

where K is a constant depending only on B, mg, and the Lipschitz constant
Ky in (7.4).

Proof. For x # 0, for each i € M, define V (x,i) = |z| for any 3 € R—{0}.
For any A > 0 and |z| > A,

VV (z,i) = Blz|’ 2z,
V2V (2,1) = Bla| (Jof T+ (8 - 2)aa’).
Then it follows that
LV (z,i) = (Ble]” 2z, b(x,i))

+ %tr {U(:z:,i)a’(:c,i)ﬂ|x|574 (\x|2 I+ (8- Z)zx’)} .
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Moreover, using conditions (A7.2) and (A7.3),
1LV (z,i)| < K |2|”, for any (x,i) € R” x M with z # 0. (7.7)

Let 7a be the first exit time from {z € R" : |z| > A}. Denote (X (¢), a(t)) =
(X%(¢t), a™(t)). Now applying generalized Itd’s formula (see (2.7)) to V,
we obtain

IX(ra A8))P = |z)° +/TM £1X (w)|” du
rAR? , (7.8)
+/0 B1X ()| X' (w)o (X (u), a(u))dw(u).

Note that by virtue of conditions (A7.2) and (A7.3)

TANL
/
0

Thus if 8 > 0, (2.12) implies that

FIX I X o (. aw)| du<B [T KX

TANL t
E/ KX du < E/ | X (u)|*’ du < KCt < o0,
0 0

where C' = C(z,t,4) > 0. On the other hand, if 8 < 0, then by the
definition of 7a, we have

TANL TANL
E/ |X ()| du < E/ KA du < KAt < o0,
0 0

Therefore we have verified that the stochastic integral in (7.8) is a mar-
tingale with mean 0. Hence, by taking expectations on both sides of (7.8),
and taking into account (7.7), it follows that

TANE
E|X(ra A1)]P < |x\ﬁ+KE/ X (w)|Pdu
0

t
< mMKE/O X (u A 7a) Pdu.

In the above, we have used the fact Ta Au = u for u < 7o At. An application
of Gronwall’s inequality implies that for any 3 # 0,

E|X (ta A )] < |z]|? exp(Kt). (7.9)
Taking # = —1, we have

E || X(a At)rl] < |z Lexp(Kt).
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By Tchebeshev’s inequality, for any A > 0,

P(ta <t) =P(IX(ta AD)| < A) =P ([ X(ta At)[" = AT
<A[E|X(ra A t)ﬂ < A[p;rl exp(Kt)]

Letting A — 0, we have P(7a < t) — 0 as A — 0. Therefore (7.6) follows
by letting A — 0 in (7.9) and Fatou’s lemma.

Finally, assume (7.5) were false, then there would exist some (xg, ag) €
R" x M and T" > 0 such that

P {X"0*(T) =0} > 0.
Then we would have

E || xX70(T)| 7| = oo,
which would contradict with (7.6) that we just proved. This completes the
proof of the lemma. O

Remark 7.2. In view of (7.5), we can work with functions V'(-,4), i €
M that are twice continuously differentiable and are defined on a deleted
neighborhood of 0 in what follows.

To proceed, we present an auxiliary result, namely, the solvability of a
system of deterministic equations. Suppose that @, an mg x mg constant
matrix, is the generator of a continuous-time Markov chain r(¢) and that
Q is irreducible.

Remark 7.3. In the above, by the irreducibility, we mean that the system
of equations

r@Q =20
vl=1,
has a unique solution such that v = (vq,...,vy,) satisfies v; > 0; see

Definition A.7 and discussions there for further details.

Note that if @ is irreducible, the rank of @ is my—1. Denote by R(Q) and
N(Q) the range and the null space of @, respectively. It follows that N (Q)
is one-dimensional spanned by 1 (i.e., N'(Q) = span{1}). As a consequence,
the Markov chain r(t) is ergodic; see, for example, [29]. In what follows,
denote the associated stationary distribution by

v=_(v1,V2,...,Up,) € RIXM0, (7.10)
We are interested in solving a linear system of equations

Qe=1, (7.11)
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where @ € R™0*™0 and i € R™° are given and ¢ € R™° is an unknown
vector. Note that (7.11) is a Poisson equation. The properties of solutions
of (7.11) are provided in Lemma A.12. Basically, it indicates that under
the irreducibility of @, equation (7.11) has a solution if and only if vy = 0.
Moreover, suppose that ¢; and ¢o are two solutions of (7.11). Then ¢; —¢y =
agl for some o € R.

7.3 p-Stability

This section is concerned with stability of the equilibrium point z = 0 for
the system given by (7.2) and (7.3). Adopting the terminologies of [83], we
first present definitions of stability, p-stability, and exponential p-stability.
Then general results in terms of Liapunov functions are provided.

7.3.1 Stability

Definition 7.4. The equilibrium point 2z = 0 of the system given by (7.2)
and (7.3) is said to be

(i) stable in probability, if for any € > 0 and any o € M,
lim P{sup |[X®*(t)| > e} =0,
z—0 t>0
and x = 0 is said to be unstable in probability if it is not stable in
probability;

(ii) asymptotically stable in probability, if it is stable in probability and
satisfies

,l.in%) P{tlim X®%(t) =0} =1, for any o € M;

(iii) p-stable (for p > 0), if

lim sup E|X**(t)|P =0;
=0 |3|<8,0eM, >0

(iv) asymptotically p-stable, if it is p-stable and satisfies E|X**(¢)|? — 0
as t — oo for any (z,a) € R" x M;

(v) exponentially p-stable, if for some positive constants K and k,

E|X**(#)|P < K|z|P exp(—kt), for any (z,«) € R" x M.

Using similar arguments as those of [83, Theorems 5.3.1, 5.4.1, and 5.4.2],
we establish the following three lemmas. The statements are given together
their proofs.
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Lemma 7.5. Let D C R” be a neighborhood of 0. Suppose that for each
i € M, there exists a nonnegative function V(-,i) : D — R such that

(i) V(-,4) is continuous in D and vanishes only at v = 0;
(ii) V(-,4) is twice continuously differentiable in D — {0} and satisfies
LV (z,i) <0, forall € D—{0}.

Then the equilibrium point x = 0 is stable in probability.

Proof. Let ¢ > 0 be such that the ball B = {x € R" : |z| < ¢} and its
boundary 0B = {z € R" : || = ¢} are contained in D. Set

Voi=inf{V(y,j):y€ D\ B, j € M}.

Then V. > 0 by assumption (i). Next, by virtue of assumption (ii) and
Dynkin’s formula, we have

E, VI(X(tAT),alt A1) =V (z,i) +Eg; /OT< LV (X (s),a(s))ds
< V(z,1i),

where (x,i) € Bc x M and 7¢ is the first exit time from B, that is, 7c :=
{t >0:|X(t)] > s}. Because V is nonnegative, we further have

ViP {7 <t} < E;,; [V(X(Tg)’ O‘(Tc))l{ngt}] < V(z,i).

Note that 7. < t if and only if supg<,<; [#(u)| > <. Therefore it follows
that
i)

1%
Pm{ sup | X (u)| > C} < (=,
0<u<t V§

Letting t — oo, we obtain

V(m,i).

P, {Sup | X (t)] > g} <
o<t Ve

Finally, the desired conclusion follows from the assumptions that V' (0,4) =
0 and V(-,4) is continuous for each i € M. O
Introduce the notation

T inf{t > 00 [ XTOM)| = or [XTO(t)] = rol, (7.12)

e,ro *
for any 0 < e < rg and any (z,a) € R" x M with € < |z| < ro.

Lemma 7.6. Assume the conditions of Lemma 7.5. If for any sufficiently
small 0 < e <rg and any (z,a) € R" x M with ¢ < |z| < ro, we have

P{r"® < oo} = 1, (7.13)

70

then the equilibrium point x = 0 is asymptotically stable in probability.
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Proof. We divide the proof into several steps.

Step 1. Let ¢ > 0 and (z,i) € Bc x M, and define 7¢ as in the proof of
Lemma 7.5. For any t > 0, let g(t) := V(X®(1. At),a® (rc At)). Then
as in the proof of Lemma 7.5, the assumption that £V (y,j) < 0 for all
(y,7) € (D — {0}) x M implies that g is a nonnegative supermartingale.
Therefore the martingale convergence theorem implies that

lim g(t) = g(oo) exists a.s. (7.14)

t—o0

Step 2. By virtue of Lemma 7.5, the equilibrium point « = 0 is stable in
probability. Therefore for any € > 0, there exists a 6 > 0 (we may further
assume that § < ¢) such that

P, {r <o} <eg/2, forall (y,j) € Bs x M. (7.15)

Now choose an arbitrary point (z,«) € Bs x M. Then both (7.14) and
(7.15) hold. Hence it follows from (7.13) and (7.15) that for any p > 0 with
p < |z|, we have

P,o{r, <0} >Pya{rpe <o} —Pyo{re <oo} >1-¢/2.
This implies that P, . {inf;>0 | X (¢)] < p} > 1 — /2. Since p > 0 can be

arbitrarily small,

i —04Y>1—¢/2.
vaa{tu;(fﬂX(t) O}_l €/2

Now let
A= {w €7 (w) = oo,gf(;|X(t,w)| = 0} :

Then P, o(A) > 1—¢/2.
Step 3. We claim that for almost all w € A, we have

litm inf | X**(¢t,w)| = 0.

If the claim were false, there would exist a B C A with P, o(B) > 0 such
that for all w € B, we would have

liminf | X**(t,w)| > 6 > 0.
t—o0

Then for any w € B, there exists aT = T'(w) > 0 such that | X®*(t,w)| > 6
for all ¢ > T. Therefore for any w € B and n € N sufficiently large,
Tim(w) < T, where 7y, (w) := inf {t > 0:[X"*(t,w)| < 1/n}. Hence it
follows that

lim 7/, (w) <T(w) < oo.

n— oo -
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Then we would have
P, . { lim 71/ < oo} > P, (B) > 0.

But this would lead to a contradiction because by virtue of Lemma 7.1, the
equilibrium point 0 is inaccessible with probability 1. Thus it follows that

P%Q{ lim 7y, = oo} =1, or P%a{ lim 7/, < oo} =0.

Hence the claim is verified.
Step 4. Since V(+,7) is continuous and V(0,7) = 0 for each i € M, we
have from Step 3 that

litm inf V(X*(t),a™“(t)) =0, for almost all w € A. (7.16)
Now by virtue of (7.14) and the definition of A, we have

lim g(t) = lim V(X®%(1c At), 0™ (1c A 1))
t—o0 t—o0 (717)
= lim V(X®(t),a™(t)) = g(o0) a.s.

t—o0

Thus it follows from (7.16) and (7.17) that

tlim V(X®%(t),a™%(t)) =0, for almost all w € A.

But V(-,i) vanishes only at = 0 for each i € M, so lim;_,oc X**(t) =0
on A. Thus we have

P, {tlim X(t) = o} >P,a(A)>1—¢/2.

Note that (z, «) is an arbitrary point in Bs x M. Thus, for any £ > 0, there
exists a 6 > 0 such that

P, . {tlim X(t) = o} >1-¢/2, forall (z,a)€ By x M.

That is, the equilibrium point x = 0 is asymptotically stable in probability
as desired. |

Lemma 7.7. Let D C R" be a neighborhood of 0. Assume that the condi-
tions of Lemma 7.6 hold and that for each i € M, there exists a nonnegative
function V(i) : D — R such that V(-,4) is twice continuously differen-
tiable in every deleted neighborhood of 0, and

LV (z,i) <0 forall z € D—{0}; (7.18)
lli|mOV(x,i) =00, for each i€ M. (7.19)

Then the equilibrium point x = 0 is unstable in probability if (7.13) holds.
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Proof. Let ¢ > 0 and (z,a) € B. x M, and define 7. as in the proof of
Lemma 7.5. Let also 0 < ¢ < |z| and define 7. :=inf {t > 0 : | X" (¢)| < ¢}.
Then for any ¢ > 0, we have

By oVIX(EAT) alt ATe)
=V(z,a) +E;q / T LV(X(s), a(s))ds (7.20)
0
<V(z,a).

Letting ¢ — oo in (7.20), we obtain by virtue of Fatou’s lemma and (7.13)
that
E, JV(X(1e A7) a1 A7) < Vi, ).

Furthermore, since V' is nonnegative, we have

V(r,a) > E; [V(X(Ts)va(Ts))I{re<rg}}
> inf{V(y,j) : [yl =¢,j € M}Pyo{re <7}

:VEPW{ sup |X(t)<§},

0<t<r.

where V. = inf {V (y,J) : |y| =¢,j € M}. By Lemma 7.1, the equilibrium
point 0 is inaccessible with probability 1 and hence 7. — oo a.s. as € — 0.
Also, it follows from (7.19) that V. — oo as ¢ — 0. Therefore it follows
that as e — 0, we have

P,o {sup |X ()] < <} =0.
>0

This shows that the equilibrium point x = 0 is unstable in probability. O

Remark 7.8. Note that (7.13) is an essential assumption in Lemma 7.6
and Lemma 7.7. Here we present two sufficient conditions for which (7.13)
holds.

(i) Let N C R" be a neighborhood of 0. Assume that for each i € M,
there exists a nonnegative function V'(-,4) : N +— R such that V(-,4)
is twice continuously differentiable in every deleted neighborhood of
0, and that for any sufficiently small 0 < € < 7o there is a positive
constant k = k() such that

LV (z,i) < —k, forall z € N with ¢ < |z] <rg. (7.21)
Then (7.13) holds.

(ii) If for any sufficiently small 0 < & < rg, there exist some ¢t = 1,2,...,r
and some constant k£ = k() > 0 such that

a,(z,i) > K, for all (z,i) € {z:e <|x| <ro}) x M,  (7.22)
then (7.13) holds.
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Assertion (i) can be established using almost the same proof as that for
[83, Theorem 3.7.1]. Also (ii) follows by observing that if (7.22) is satisfied,
then we can construct some Liapunov function V (-, -) satisfying (7.21); see
also a similar argument in the proof of [83, Corollary 3.7.2]. We omit the
details here for brevity.

7.3.2 Auxiliary Results

Concerning the exponential p-stability of the equilibrium point z = 0 of
the system given by (7.2) and (7.3), sufficient conditions in terms of the
existence of certain Liapunov functions being homogeneous of degree p
were obtained in [116]. In what follows, we first derive a Kolmogorov-type
backward equation and provide a couple of lemmas as a preparation, and
then we present a necessary condition for the exponential p-stability.

Note that in Theorem 7.10, we do not assume that the operator L is
uniformly parabolic. In other words, the operator L is degenerate. Never-
theless, we prove that the function u(t, x,4) defined in (7.24) is a classical
solution to the initial value problem (7.30)—(7.31).

Theorem 7.9. Assume that for each i € M, the coefficients of the op-
erator L defined in (7.1) satisfy b(-,i) € C? and o(-,i) € C? and that
gi;(z)| < K for all x € R” and some K > 0. Suppose that ¢(-,i) € C* and
that D2 ¢(-,4) is Lipschitz continuous for each i € M and |0| = 2, and that

|DEb(x,i)| + |Dlo(x,i)| + |Dig(x,i)| < K1+ |2|7), ieM, (7.23)

where K and vy are positive constants and B and 6 are multi-indices with
I8l <2 and |0] < 2. Then for any T > 0, the function

ult,z,1) = Eui[0(X (1), a(t))] = E[p(X (1), a™(1))] (7.24)

is twice continuously differentiable with respect to the variable x and satis-

fies
|Dfu(t,x,i)‘ < K(1+|z]7),

where t € [0,T), x € R", and i € M.

Proof. For notational simplicity, we prove the theorem when X (¢) is one-
dimensional, the multidimensional case can be handled in a similar man-
ner. Fix (t,2z,7) € [0,T] x R" x M. Let ¥ = x + A with 0 < |A] < 1. As
in the proof of Theorem 2.27, we denote (X (t),a(t)) = (X®(t), a®(t))
and (X (t),a(t)) = (X%(t), a®™(t)). By virtue of Theorem 2.27, the mean
square derivative ((t) = (9/0x)X®(t) exists and is mean square continu-
ous with respect to x and t.
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Write
u(t,z,i) —u(t,z,i) 1 S ~
A = §E[¢(X(t)7a(t)) — ¢(X(t), a(2))]
— LE(X(.a0) - 6XB.0@)]  (7:25)
1 -

Similar to the proof of Lemma 2.28, we can show that

éE { sup_|6(X (1), (1)) —qi)(X(t),oz(t))ﬂ —0,  (7.26)

0<t<T
as A — 0. To proceed, for each i € M, we use ¢, (-,1) and ¢, (-, ) to denote

the first and second derivatives of ¢(-, ) with respect to x, respectively. We
obtain

SEB(R (), a(0) ~ 9(X (1), (1))
j¢< 1)+ o(X(0) = X (1)), a(0))de
) [ outx ) = X (), a()de|

1
_AEo
JEC

where

(7.27)
Thus it follows that

\—  BX (D), 0t))] — Blpa(X(1), a(t))C(t)]‘
/ b (X X(8)), alt))dvZ(t) — pu (X (1) a(t))«t)\

<E ‘ U G (X — X(1)), (t))dv — ¢x(X(t)7a(t))] Z(t)’
+E 02 (X (1), a(t)) [Z(t) = <)

= e1 + e2,

<E

It follows from (7.23), Proposition 2.3, and (2.73) that

ez = B¢, (X (1), a(t)) [2(2) — C(B)]]
< EV? |9 (X (1), a(t))” EI/QIZ() @)’
< KE'?|Z(t) - ¢(t)” —
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as A — 0. To estimate the term e;, we note that (7.23) and Proposition 2.3
imply that

E |6, (X (£) + 0(X (1) = X(1)), (1)) = 62(X(2), (1))

2
| <x
for all 0 < [A] < 1. Recall also from the proof of Theorem 2.27 that
X(t) — X(t) in probability for any ¢ € [0, T]. Thus it follows that
E |6, (X (1) + o(X (1) = X(1)), a(t)) = 6(X (£), (1))

2

as A — 0. Note that we proved in Corollary 2.32 that E|Z(t)|* < K, where
Z(t) is the “difference quotient” defined in (7.27). Then we have from the
Cauchy—Schwartz inequality that

=E U $o(X (1) + (X (1) = X (1)), a(t))dv — ¢1(X(t)7a(t))] Z(t)

U ¢z ( (t)—X(t))vcv(t))dv—%(X(t),oz(t))]
xEY2|Z(t)
—0 as A —0.

< EY?

Hence we have shown that as A — 0,

uE[fb(f((t), a(t)) = ¢(X(t),a(t))] - E [%(X(t),a(t))é(t)]’ — 0. (7.28)

Therefore it follows from (7.25), (7.26), and (7.28) that

w(t, z,1) — u(t, z,1)
A

—E . (X (), a(t))((t)}’ 0 as A — 0.

Thus wu(t, -, ) is differentiable with respect to the variable x and

W — Bl (X (), a(t))¢(t)] = E {%(Xz,i(tmm,i(t))gpcar;(t) |

(7.29)
Moreover, (7.23), Proposition 2.3, and (2.74) imply that for some K > 0,
we have

Ou(t,z,1)

= < E | (X (1), a(t))C(t)]

< EY26,(X (1), alt) P BY2 (1)
< KE'?(1+|X(t)]") < K(1+|z").
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Next, we verify that (0/0z)u(t, x,) is continuous with respect to . To this
purpose, we consider

ut20) QR <o, (R(0), 6()20) — 62(X (1), a(1)C(0)]
< Bou(X (1), a()(C(1) — (1)
B [[6e (K (1),3() — 6. (X (1), a(t)]C(0)].
where -
&= =20

By virtue of Theorem 2.27, {(t) = 0X(t)/0x is mean square continuous.
Hence it follows that

E (6,(X(1),a(t)(C(t) = ¢(8)| < BY? ¢ (X (2), a(1))|* EV/? ‘f(t) —<(@®)

—0 as T — x.

’ 2

In addition, detailed calculations similar to those used in deriving (7.26)
lead to

E|[62(X(1),3(1) — u(X(8), a(0))C(0)
< B2 [0,(R(0),a(0) - 6.(X (0, a(0)| BV ()P
6:(X (), 3(0) ~ 6:(X (1), ()|

Tr—x

< KE1/2 2

795‘

—0 as 7 — x.

Hence it follows that (0/0x)u(t,z,4) is continuous with respect to x and
therefore u(t, x, 1) is continuously differentiable with respect to the variable
x.

In a similar manner, we can show that u(t,x,?) is twice continuously
differentiable with respect to the variable x and that

ult,2,) ¢m<x<t>,a<t>>(8i§—§”) #0:(x(0,0(0) T

afL'2 = Ex,'i

Consequently, we can verify that

O%ul(t, 1)

| < KL+ [a).

This completes the proof of the theorem. O
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Theorem 7.10. Assume the conditions of Theorem 7.9. Then the function
u defined in (7.24) is continuously differentiable with respect to the variable
t. Moveover, u satisfies the system of Kolmogorov backward equations

ou(t, 1)

5t = Lu(t,z,i), (t,z,4) € (0,T] xR" x M, (7.30)

with initial condition

lti%lu(t,sc,i) =¢(z,1), (z,9) e R" x M, (7.31)

where Lu(t,x,1) in (7.30) is to be interpreted as L applied to the function
(x,1) — u(t,z,i).

Proof. First note that by virtue of Proposition 2.4, the process (X (), a(t))
is cadlag. Hence the initial condition (7.31) follows from the continuity of
¢. We divide the rest of the proof into several steps.

Step 1. For fixed (z,4) € R” x M, u(t, x,7) is absolutely continuous with
respect to ¢ € [0, T]. In fact, for any 0 < s <t < T, we have from Dynkin’s
formula that

u(t,z,i) —u(s,z,i) = Eg;¢(X(1),(t)) — Ezid(X(s), afs))
=E; ;i [Ezi[(0(X (1), a(t)) — (X (5), a(s)))|F5]]
=E,;E,; [/ Lo(X v))dv|Fs

<E,, / B, [L6(X (v), ()| |F] dv

Using (7.23), for some positive constants K and g, we have
|Lp(x,i)| < K(1+ |z|™) for all (x,i) € R" x M.
Hence it follows from Proposition 2.3 that
Eqi [[Lo(X (v),a(v))||Fs] < KE,u; [(1+|X(0)[)|F] < C
where C' is independent of ¢, s, or v. Thus we have
lu(t, z,i) —u(s,z,i)| < Clt—s|.

Thus u is absolutely continuous with respect to ¢t and (9/0t)u(t, x, i) exists
a.s. on [0,7] and we have

t .
u(t,x,i):u(O,x,i)—i—/ Quv2,8) ., (7.32)
0 67]
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Step 2. For any h > 0, we have from the strong Markov property that

u(t +h,x,i) =By ; (X (t+h),a(t +h))
=E.i [Eoi[o(X(t + h), a(t + h))|Fn]
=Eoi [Ex(n).am@(X(t+h), a(t +1))]
= E,;u(t, X (h), a(h)).

(7.33)

Now let g(x,4) := u(t,z,). Then Theorem 7.9 implies that g(-,i) € C? for
each ¢ € M and for some K > 0 and vy > 0,

|D8g(z,i)| < K(1+|z[™), i€ M.
Thus it follows from Dynkin’s formula that

h
E,;i9(X(h),a(h)) — g(z,i) = Em-/o Lg(X (v), a(v))dv.

Using the same argument as in the proof of [47, Theorem 5.6.1], we can
show that

E, Z/ Lg(X (v))dv — Lg(x,i) as h ] 0. (7.34)
Therefore,
hm W = Lg(,1).

But by the definition of g, we have from (7.33) that

lim u(t+ h,z,3) — u(t, z,9)

10 h = Lg(z,i) = Lu(t,z,1). (7.35)

Thus a combination of (7.32) and (7.35) leads to
t
w(t, z,3) = u(0,,7) + / Lu(v, o, 7)dv. (7.36)
0

Step 3. We claim that Lu(¢, x, 1) is continuous with respect to the variable
t. Note that

. Lou(t,x,1 1 O%ul(t, i)
Lu(t,z,1) = b(x,z)% + 502(33,2) 907 Zqz] u(t,z, 7).

The claim is verified if we can show (9/dz)u(t,x,4) and (0%/0x?)u(t,x, 1)
are continuous with respect to ¢, since Step 1 above shows that u(t, x,) is
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continuous with respect to ¢. To this end, let ¢, s € [0,7]. Then we have

Ou(t,x,i)  u(s,z,i)
oz Ox

= By [0 (X (1), a())C(8)] — Eayi [02(X(5), ()¢ (5)]]

< B |00 (X (1), a(t))C(8) — du( X (5), al))¢(5)]

< Euy |[6:(X (1), alt)) — ¢r<

+Eq 62X (5),a(5)) [C(1) — <<s>]|
<EY76:(X(),a(t)) — ¢a

+E;,/3 |62 (X (5), ()] E”z |c<t> (s >|

/\/_\
—~
»
~—

As we demonstrated before,

EL? 16.(X(s),a(s) < K.

While Corollary 2.32 implies that ((¢) is mean square continuous with
respect to t. Hence it follows that

E7|Ct) — ()P =0 as |t —s| — 0.

Meanwhile,

E.i |62(X (), a(t)) — ¢2(X(s), a(s))]?
< KE, i |6o(X (1), a(t) — 62(X (5), a(t))]?
+EE, ; |62(X(5), a(t) — ¢o(X(s), a(s))[’

=1 + ea.

Using Theorem 2.13 or (2.26) and (2.74), detailed computations show that

2

e < KE,, / Daa( X (5) + 0(X (1) — X(5)), a(D))dv(X (t) — X(s))

—0 as |t—s|—0.

To treat the term ey, we assume without loss of generality that ¢ > s and
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compute
es = KBy |02 (X (s), alt)) — 62(X (), a(s))[”

=2 > Euilda(X(9),) = 6a(X(8), D) a3 L a(s)=i}
i=1 j#i

= Z Z Ez,i [|¢z (X(S), J) — ¢z (X(S)v Z)|2 I{a(S):i}Eﬂﬁyi[I{a(t)ij} |-7:S]
i=1 j#i

=3 S B 16:(X(5). ) = 02 (X(5). DI a1y
i=1 j#i
xqii (X (5))(t — 5) + o(t — )|

< K(t—s).

Thus it follows that e; — 0 as [t — s| — 0. Hence we have shown that

u(t,z,i)  Ou(s,x,i)
Oz Ox

—0 as |[t—s|—0

and so (0/0x)u(t, x, 1) is continuous with respect to the variable t. Similarly,
we can show that (92/0z%)u(t,z,4) is also continuous with respect to the
variable ¢. Therefore Lu(t,x,) is continuous with respect to the variable ¢.

Step 4. Finally, by virtue of (7.36) and Step 3 above, we conclude that
(0/0t)u(t, x,1) exists everywhere for ¢ € (0,7 and that
ou(t,x,1)
ot
This finishes the proof of the theorem. O

= Lu(t,z,1).

Lemma 7.11. Let X™%(t) be the solution to the system given by (7.2)
and (7.3) with initial data X (0) = z, a(0) = «. Assume that for each
i€ M, b(-,i) and o(-,1) have continuous partial derivatives with respect to
the variable © up to the second order and b(0,i) = ¢(0,4) = 0. Then for
any v € R, the function

u(t,z,i) = E | X" (1) (7.37)

is twice continuously differentiable with respect to x, except possibly at x =
0. Moreover, we have

8u(gx,oz) < K|x‘p—1 et and

Z

52 tj (7.38)
u(t, z, a) < K|x|p—2 et
&Cj@mk

where j,k=1,2,...,7, and K and ko are positive constants.
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Proof. Once again, for notational simplicity, we present the proof for
X(t) being a real-valued process. By virtue of Theorem 7.9, u(t,z,i) :=
E ’X “(t)‘p is twice continuously differentiable with respect to x, except
possibly at x = 0. We need only show that the partial derivatives satisfy
(7.38). To this end, similar to the proofs of Theorems 7.9 and 7.10, we
assume x to be a scalar without loss of generality. By virtue of (7.29),

Ju(t, x, o)
Ox

Then it follows from (7.6) and (2.74) that

JE (X%%ww-lsgn(x&a(t))a%:“)) N

ou(t, z, o)
Ox

S E1/2 ‘|Xz,a(t)‘2p—2’ E1/2

< KE [|Xz’a<t>“

ox)

ax=e(t) |?
or

< K(|{E|2p72 eKt)l/Z _ K|.’E|p71 et

Similarly, detailed calculations lead to

2
‘8 ugafaa> S K|$|p_2 enot.
X

The lemma is thus proved. O

7.3.3 Necessary and Sufficient Conditions for p-Stability

Theorem 7.12. Suppose that the equilibrium point 0 is exponentially p-
stable. Moreover assume that the coefficients b and o have continuous
bounded derivatives with respect to the variable x up to the second order.
Then for each i € M, there exists a function V(-,i) : R” — R such that

kilzlP <V(z,i) < kol|z|P, x € N, (7.40)

LV (z,i) < —ks|z|’  for all € N — {0}, (7.41)
’g—;(x,z) < kylz|P™t,

22V (7.42)

< k4|$‘p_2,

8xjaxk ($7 Z)

foralll < j k <r,x € N—{0}, and for some positive constants ki, ks, ks,
and k4, where N is a neighborhood of 0.

Proof. For each i € M, consider the function

T
V(x,i):/ E| X% (u)[Pdu.
0
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It follows from Lemma 7.11 that the functions V(z,4), i € M are twice
continuously differentiable with respect to x except possibly at x = 0.

The equilibrium point 0 is exponentially p-stable, therefore by the defi-
nition of exponential p-stability, there is a 3 > 0 such that

T
V(i) §/ K|z|P exp(—pu)du < Klz|P.
0

Since 0 is an equilibrium point, |A(z,i)] < K|z|? and b(z,i)| < Klz|.
Consequently, |£|x|P| < K|z|P. An application of It6’s lemma to g(x) = |z|?
implies that

T
E|X*H(T)P — o] =B / £]X% (u)Pdu
0 T
> —K/ E| X% (u)|Pdu = —KV (z,1).
0

Again, by the exponential p-stability, we can choose T" so that
E[X®N(D)P < (1/2)|z]7,
and as a result V(z,4) > |2|P/(2K). Thus, (7.40) is verified.
We note that

‘8‘/(3;, i)

T a )
BV~ LEXx®i(u)
= / 5 BIX ()P

T
§/ K|z~ exp(Ku)du < K|zP~!.
0

Likewise, we can verify the second part of (7.42). Thus the proof is com-
pleted. O

We end this section with the following results on linear systems. Assume
that the evolution (7.2) is replaced by

d
4X (1) = b(a(®)X (1)dt + Y o5 (@ (1) X ()duy (1), (7.43)

where b(¢) and ¢;(7) are r x r constant matrices, and w; () are independent
one-dimensional standard Brownian motions for i = 1,2,...,mg, and j =
1,2,...,d. Then we have the following two theorems.

Theorem 7.13. The equilibrium point x = 0 of system (7.43) together
with (7.3) is exponentially p-stable if and only if for each i € M, there is
a function V(-,i) : R" — R satisfying equations (7.40) and (7.42) for some
constants k; > 0,1 =1,...,4.

Proof. The proof of sufficiency was contained in [116]. However, the neces-
sity follows from Theorem 7.12 because the coefficients of (7.43) and (7.3)
satisfy the conditions of Theorem 7.12. We omit the details here. O
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Theorem 7.14. Let Q(xz) = Q be a constant matriz. Assume also that
the Markov chain «(t) is independent of the Brownian motion

w(t) = (w1 (t), wa(t),...,wa(t))

(or equivalently, a(0) is independent of the Brownian motion w(-)). If the
equilibrium point x = 0 of the system given by (7.43) and (7.3) is stable in
probability, then it is p-stable for sufficiently small p > 0.

Proof. The proof follows from a crucial observation. In this case, because
(7.43) is linear in X (¢), X**(t) = AX®%(t). Using a similar argument as
that for [83, Lemma 6.4.1], we can conclude the proof; a few details are
omitted. O

7.4 Stability and Instability of Linearized Systems

This section provides criteria for stability and instability. To proceed, we
put an assumption.

(A7.4) For each i € M, there exist b(i), o,(i) € R™*", 3 =1,2,....d,
and a generator of a continuous-time Markov chain @ = (g;;)
such that as x — 0,

b(x,i) = b(i)x + o(|z|),
o(x,i) = (o1(i)x, 00()x, ..., 0q(i)x) + o(|x]), (7.44)
Q) = G+ ol0).

Moreover, @ is irreducible and a(t) is a Markov chain with gen-
erator ().

Remark 7.15. Note that condition (A7.4) is rather natural. Tt is equiva-
lent to Q(z) being continuous at x = 0, and b(x, ) and o(x, ) continuously
differentiable at « = 0. It follows from (A7.4) that a(t) is an ergodic Markov

chain. Denote the stationary distribution of &(t) by 7 = (w1, 72, ..., Tm,) €
R].Xmo .

Remark 7.16. For any square matrix A € R"™*", A can be decomposed
to the sum of a symmetric matrix A; and an antisymmetric matrix A,. In
fact, A; = (A+ A’)/2 and Ay = (A — A’)/2. Moreover, the quadratic form
satisfies

JA+ A

5 (7.45)

2 Ar =2 Az ==z

This observation is used in what follows.
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Theorem 7.17. Assume condition (A7.4). Then the equilibrium point x =
0 of system given by (7.2) and (7.3) is asymptotically stable in probability
if

mo d
> Tidmax (b(i) AOEDIAOLS (z’)) <0, (7.46)
i=1 j=1
and is unstable in probability if
mo d
> om (/\min (b(z‘) +V (i) + Y ojli)o; (z‘))
=t =t (7.47)

DN | =

d
Jj=

ooy + 030" ) >0

1

Proof. (a) We first prove that the equilibrium point = 0 of the system
given by (7.2) and (7.3) is asymptotically stable in probability if (7.46)
holds. For notational simplicity, define the column vector

n= (.ulvﬂQa s 7.u“m0)/ € R™°

with
d

[ = Amax <b(i) +V (i) + > (i)aj(i)> .

j=1

Also let 3 := —mp. Note that § > 0 by (7.46). It follows from assumption
(A7.4) and Lemma A.12 that the equation

Qc=pu+p1
has a solution ¢ = (¢, ¢a,. .., Cm,)" € R™0. Thus we have
mo
pi= Yo =8, ieM. (7.18)
j=1

For each ¢ € M, consider the Liapunov function
Vi(z,i) = (1 =~e)la]?,

where 0 < v < 1 is sufficiently small so that 1 —~¢; > 0 for each ©: € M. It
is readily seen that for each i € M, V(-,1) is continuous, nonnegative, and
vanishes only at = 0. Detailed calculations reveal that for x # 0, we have

YV (x,i) = (1 = ye)ylz 2z,
V2V (z,1) = (1 — vei)y Ux|772l + (v - 2)\1:|774le] .
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In addition, it follows from (7.44) that
a(x,i) = o(x,1) Zaj Jaa' ol (i) + o(|z|?).

Note that for any matrix A € R"*", we have
tr(o;j(i)ra'o}(i)A) = 2’0’ (i) Ao (i)

Therefore, we have that

EV(x,z’):%tr ZJJ Jex'o! (i) + o(|2]?) | V2V (. i)

Vo002 + o) =Y g @lel (e - )
J#i
d I . 1t 2
1 2ol (1)o;(i)x (2o’ (i)x)
qu -+ o(1)
J#i g
(7.49)
By virtue of Remark 7.16, we obtain
W ~ 3 Z |z|2
d (7.50)

< %/\max <b(z) +V'(0) + ZUJ (1)o; (i )) = Hi-

j=1

Next, it follows from condition (A7.4) that when |z| and ~ are sufficiently

small,
> 0@y
oy 1 YCi

mo
ci(ej —¢)
Z qij(w)c; + qu 1— e, 7 (7.51)

J= J#i

mO

= gijej + O(y) +o(1),

where o(1) — 0 as |z| — 0. Hence it follows from (7.49) and (7.51) that
when |z| < o with r¢g and 0 < 7 < 1 sufficiently small, we have

LV (2,1) < v(1 —~¢;)|z]” quc] )+ O(v)
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Furthermore, by virtue of (7.48), we have
LV (z,i) <v(1 —rei)le[” (=6 + o(1) + O(7)) < —r(e) <0,

for any (z,i) € N x M with ¢ < |z| < rg, where N C R" is a small
neighborhood of 0 and () is a positive constant. Therefore we conclude
from Lemma 7.6 and Remark 7.8 that the equilibrium point z = 0 is
asymptotically stable in probability.

(b) Now we prove that the equilibrium point & = 0 is unstable in proba-
bility if (7.47) holds. Define the column vector 6§ = (61,02, ...,0,,,) € R™®
by

d
1 ) .
0; :== iAmin (b(z) + (i) + ;JJ o >

and set

d

Z p(oj(i ""7 ))] )

Jj=1

|
RIS,

mo
0 :=—mf = Zﬂ'lﬂi < 0.
i=1
As in part (a), assumption (A7.4), the definition of ¢, and Lemma A.12
imply that the equation Qc = 6+ 1 has a solution ¢ = (¢1,c¢a,...,Cm,) €
R™o and

d
0: =Y Giyc;=—0>0, i€M. (7.52)

For ¢ € M, consider the Liapunov function
Vi(z,i) = (1 —~e)lz]”,

where —1 < v < 0 is sufficiently small so that 1 — y¢; > 0 for each i € M.
Obviously the nonnegative function V'(-,7),7 € M satisfies (7.19). Similar
to the arguments in part (a), Remark 7.16 implies that

d
2o (i)oj(i)x
2'b(i)x n ;

|z[? 2|/?

>

Amin (b(i) + V() + zd: a;@')aj(i)) .

Jj=1

N | =

Note that for any symmetric matrix A with real eigenvalues \; > Ay >
- > A\p, using the transformation x = Uy, where U is a real orthogonal
matrix such that U'AU = diag(A1, A, ..., A,) (see [59, Theorem 8.1.1]),
we have
@ Az| = Myt + Xagh + -+ M| < palyl® = palal®. (7.53)
Thus by applying (7.53) to the matrix o’ (i) 4+ 0;(i), we obtain that

(x U|Jg~c(|i)$) _ (x (Uj(izlr;;j(i))x) < 411 [0 (i) + o';-(i))]2.

N
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Therefore, detailed computations as in part (a) (taking into account the

extra term involving 1 [p(o;(i) + a;(z))]Q) show that for any sufficiently
small 0 < € < r, we have

LV (i) < —k(e) <0, forany (z,i) € N x M with ¢ < |z| < 1o,

where N C R” is a small neighborhood of 0 and «(¢) is a positive constant.
Therefore Lemma 7.7 and Remark 7.8 imply that the equilibrium point
x = 0 is unstable in probability. The proof of the theorem is concluded. O

Remark 7.18. Suppose that for alli € M and j =1,2,...,d, the matrices
(0%(i) + 0(i)) are nonnegative definite. Then we have

p(0(1) + 05(1) = Amax(05(7) + 075(i)) > Amin(0(i) + 075(i)) > 0.

Consequently a close examination of the proof of Theorem 7.17 reveals that
the conditions (7.46) and (7.47) can be replaced by

iﬂ—i (Amax (b +b/ +ZUJ )
i=1

. (7.54)
1
52 Py i)+ )] ) <0,
j=1
and
Zﬂ-z< mm(b +bl +ZO] )
(7.55)

1 d 2
5 2 D39+ (0] )>o,

respectively. In a sense, the above two inequalities, in particular (7.54),
strengthen the corresponding results in Theorem 7.17.

Theorem 7.17 gives sufficient conditions in terms of the maximum and
minimum eigenvalues of the matrices for stability and instability of the
equilibrium point « = 0. Because there is a “gap” between the maximum
and minimum eigenvalues, a natural question arises: Can we obtain neces-
sary and sufficient conditions for stability? If the component X (¢) is one-
dimensional, we have the following result.

We replace the first and second equations of (7.44) in assumption (A7.4)

by
b(z,i) = bz + o(z), (7.56)
o(x,1) = 0w + of|z|).

where z € R, and b; and o2 are real constants with ¢? > 0,i € M.
Then we immediately have the following corollary from Theorem 7.17 and
Remark 7.18.
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Corollary 7.19. Let assumption (A7.4) and (7.56) be valid. Then the
equilibrium point x = 0 is asymptotically stable in probability if

mo 0_2
il bi— = )
Zw( 2><o

i=1

and is unstable in probability if

§0: (b Uf) 0
T i — — | > 0.
— K3 K3 2
Remark 7.20. As can be seen from Corollary 7.19, if the continuous com-
ponent of the system is one-dimensional, we obtain a necessary and suffi-
cient condition for stability. One question of particular interest is: Will we
be able to obtain a similar condition for a multidimensional counterpart.
For linear systems of stochastic differential equations with constant coef-
ficients without switching, such a condition was obtained in Khasminskii
[83, pp. 220-224]. The main ingredient is the use of the transformations
y = a/|z| and In|z|. The result is a sharp necessary and sufficient con-
dition. In Mao, Yin, and Yuan [119], inspired by the approach of [83],
Markov-modulated regime-switching diffusions were considered, and neces-
sary and sufficient conditions were obtained for exponential stability. The
main ingredient is the use of a logarithm transformation technique leading
to the derivation of the so-called Liapunov exponent. Such an approach
can be adopted to treat switching diffusions with state-dependent switch-
ing with no essential difficulty. Because in Chapter 8, we will also examine
a related problem for switched ordinary differential equations (a completely
degenerate switching diffusion with the absence of the diffusion terms), we
will not dwell on it here.

7.5 Examples

Example 7.21. To illustrate Theorem 7.17 and Corollary 7.19, we con-
sider a real-valued process given by

dX (1) = b(X (1), a(t))dt + (X (1), a(t))dw(t)

Pla(t+ A) =jla(t) =1, X (s),a(s),s <t} = q;;(X(t))A + o(A),
(7.57)
for j # i, where the jump process «(t) has three states and is generated by

—3 —sinwcosx +sinz? 1+sinzcosz 2 — sinz?

() 22 2
x) = 2 2-—F —
2+ 22 2 4 22

4 —sinx sin?z  —4 +sing —sin’z
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and the drift and diffusion coefficients are given by

b(z,1) =x —xsinz, b(z,2) =z —xsinz?, b(z,3) =4z + rsinz,

3 1 1
o(xz,1) = 71—%952’ o(x,2) =x+ 3% sinz, o(z,3)=2— 5% sin’ .

Associated with (7.57), there are three diffusions

AX (1) = (X(£) — X (¢) sin X (£))dt — lf(X(?mdw(t), (7.58)
dX(1) = (X(t) — X(£)sin X>(1)) dt + <X(t) + %X(t) sz(t)> dw(t),
(7.59)
dX(t) = (4X(t) + X (t)sin X (¢)) dt + (X(t) - %X(t) sin? X (t) | dw(t),
(7.60)

switching from one to another according to the movement of the jump
process a(t). It is readily seen that as  — 0, the constants b;, 07,7 = 1,2, 3,
as in (7.56) are given by

(7.61)

3 1 2
O=| 2 -2 o
4 0 -4

The matrix is irreducible. By solving the system of equations 71'62 =0 and
Ir =1, we obtain the stationary distribution 7 associated with @,

7= (0.5, 0.25, 0.25) . (7.62)

Finally, by virtue of (7.61) and (7.62) we examine that

3 2

3w (bi - “2> — _0.75 < 0.

i=1

Therefore, we conclude from Corollary 7.19 that the equilibrium point x = 0
of (7.57) is asymptotically stable in probability.

This example is interesting and provides insight. It was proven in [83,
pp. 171-172] that a one-dimensional nonlinear diffusion is stable if and
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only if its linear approximation is stable. Hence we can check that the
equilibrium point z = 0 of (7.58) is stable in probability whereas (7.59) and
(7.60) are unstable in probability. Therefore the jump process a(t) could
be considered as a stabilization factor. Note that similar examples were
demonstrated in [116] under the assumptions that the jump component
«f+) is generated by a constant matrix () and that the Markov chain «f(-) is
independent of the Brownian motion w(-). Note also Examples 4.1 and 4.2
in [48] are also concerned with stability of switching systems. Their result
indicates that if the switching takes place sufficiently fast, the system will
be stable even if the individual mode may be unstable. Essentially, it is
related to singularly perturbed systems. Due to the fast variation, there is
a limit system that is an average with respect to the stationary distribution
of the Markov chain and that is stable. Then if the rate of switching is fast
enough the original system will also be stable. Such an idea was also used
in an earlier paper [18].

To illustrate, we plot a sample path of (7.57) in Figure 7.1. For com-
parison, we also demonstrate the sample paths of (7.58), (7.59), and (7.60)
(without switching) in Figures 7.2-7.4, respectively.

3 i
a(t)
— X
25F
2
5
215
<
1l L U
0.5F
0 i i i i
0 2 4 6 8 10

FIGURE 7.1. A sample path of (7.57) with initial condition (z,«) = (1.5,1).

Example 7.22. (Lotka—Volterra model). This is a continuation of the dis-
cussion of the Lotka—Volterra model given in Example 1.1. The notation
and problem setup are as in Example 1.1. Motivated by the works [34]
and [118], define V (¢, z, o) = e’ log(|z|) for (¢,z, ) € [0,00) x R} x M. It
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25 T

X,

0.5 1

o
n
~
[}
(o2}
)

FIGURE 7.2. A sample path of (7.58) with initial condition = = 1.5.

1400 T

1200

1000

FIGURE 7.3. A sample path of (7.59) with initial condition = = 1.5.
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t

FIGURE 7.4. A sample path of (7.60) with initial condition = = 1.5.

follows from Ito’s lemma that

Denote

whose quadratic variation is

625

S eta)s

(0.050) = [

By virtue of the exponential martingale inequality [47], for any positive
constants T', §, and 3, we have

o _
P {OiltlgT[Mz(t) — §<ML(t),Mz(t)>] > 6} S € 6B.
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Choose T' = kv, § = nee %, and 3 = (0e*®log(k))/(en), where k € N,
0<e<1,60>1,and v > 0 in the above equation. Then it follows that

—ky 0 k&l k

P{ sup [Mi(t) — = (My(t), Mi(1))] > —g} <k’
0<t<k~y 2 En

Because Y ;- k7% < oo, it follows from the Borel-Cantalli lemma that

there exists some Q; C Q with P(€;) = 1 such that for any w € Q;, an

integer k; = k;(w) such that for any k& > k;, we have

nee FY Be* log k

M;(t) < 5 (M;(t), M;(t)) + for all 0<t<ky.

EN

Now let Qg :=_, ©. Then P(Qy) = 1. Moreover, for any w € Q, let
ko(w) := max {k;(w),i =1,2,...,n}.

Then for any w € Qo and any k > ko(w), we have

Z/o es T (S)2Ui(a(s))dwi(s)

nee k1 & fek7 log k
= ;M,-(t) s ; (M;(t), Mi(t)) + —

where 0 <t < k7. Then it follows that

. t<1— o a$<a<sz>}ds -

+ 9/11::() pis [ PG S )i
:

< [ Lttt + ; 20 (o) + (o)

-3 ayfate)e (o)

(e )
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Note that for any t € [0, k7], s € [0,t], and (z, ) € R} x M, we have

togJ«]) Z[ s |pta) ﬁm—iww]

i=1

enes kY rio?(a)
—1

(75 ) o’ |

<log(|z|) + e |2ﬁ2x + K

<log(|z]) + K — ~—|a| + K < K.

N

Hence it follows that for all 0 < ¢ < kv with k& > ko(w), we have

0e* log k
e’ log(|z(t)]) — log(|z(0) /Kesderﬂ
fe* log k
_ Kt —1) 4 0 logk
€

Thus for (k — 1)y <t < kv, we have

0ek log k
—t -ty berlogh
tog(l2()]) < e log(|2(0)]) + K(1 — ™) + "5
fe” log k
= ¢ log(2(0))) + K (1 — ™) + ——==,
and hence it follows that
log(lz(®)]) _ log(|z(0)]) | K(1—e™) Oe log k
logt — etlogt logt elog((k —1)v)
Now let k — oo (and so t — oo) and we obtain
1 ¥
hm sup M S ai.
t—o00 logt 5
Finally, by sending v | 0, e T 1, and 6 | 1, we have
lim sup 22802OD
t—00 logt
as desired. Thus, the solution x(t) of (1.1) satisfies
: log(|(T)])
1 — 7 <. 7.63
msup = S (7.63)
Furthermore, since
1 T 1 T logT
lim sup w = limsup w lim sup bl
T—o00 T T—o00 log T T—o0
. logT
< limsup ,

T—o0
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lim sup
T—o0

log |z(T
w <0 as. (7.64)

7.6 Notes

The framework of this chapter is based on the paper of Khasminskii, Zhu,
and Yin [92]. Some new results are included, e.g., Theorems 7.9 and 7.10,
where we derived Kolmogorov-type backward equations without assuming
nondegeneracy of the diffusion part. These results are interesting in their
own right.

For brevity, we are not trying to cover every angle of the stability analysis.
For example, sufficient conditions for exponential p-stability can be derived
similar to that of [116], and as a result the verbatim proof for the sufficiency
is omitted. Nevertheless, necessary conditions for stability and stability
under linearization are provided. Finally, we note that using linearization to
infer the stability of the associated nonlinear systems should be interesting
owing to its wide range of applications.



8
Stability of Switching ODEs

8.1 Introduction

The main motivational forces for this chapter are the work of Davis [30]
on piecewise deterministic systems, and the work of Kac and Krasovskii
[79] on stability of randomly switched systems. In recent years, growing
attention has been drawn to deterministic dynamic systems formulated as
differential equations modulated by a random switching process. This is
because of the increasing demands for modeling large-scale and complex
systems, designing optimal controls, and carrying out optimization tasks.
In this chapter, we consider stability of such hybrid systems modulated by a
random-switching process, which are “equivalent” to a number of ordinary
differential equations coupled by a switching or jump process.

In this chapter, for random-switching systems, we first obtain sufficient
conditions for stability and instability. Our approach leads to a necessary
and sufficient condition for systems whose continuous component is one-
dimensional. For multidimensional systems, our conditions involve the use
of minimal and maximal eigenvalues of appropriate matrices. The differ-
ence of maximal and minimal eigenvalues results in a gap for stability and
instability. To close this gap, we introduce a logarithm transformation lead-
ing to the continuous component taking values in the unit sphere. This in
turn, enables us to obtain necessary and sufficient conditions for stability.
The essence is the utilization of the so-called Liapunov exponent.

Because the systems we are interested in have continuous components
(representing continuous dynamics) as well as discrete components (repre-

G.G. Yin and C. Zhu, Hybrid Switching Diffusions: Properties and Applications, 217
Stochastic Modelling and Applied Probability 63, DOI 10.1007/978-1-4419-1105-6_8,
© Springer Science + Business Media, LLC 2010
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senting discrete events), their asymptotic behavior can be quite different
from a single system of differential equations. As noted, a random-switching
differential system may be considered as several differential equations cou-
pled by a switching process. We show that even though some of the indi-
vidual equations are not stable, the entire switching system may still be
stable as long as certain conditions are satisfied.

For random switching systems that are linear in their continuous com-
ponent, suppose that corresponding to different discrete states, some of the
associated differential equations are stable and the others are not. If the
jump component is ergodic, we show that as long as the stable part of the
differential equations dominates the rest (in an appropriate sense), the cou-
pled hybrid system will be stable. For nonlinear differential equations, the
well-known Hartman-Grobman theorem (see [134, Section 2.8]) provides
an important result concerning the local qualitative behavior. It says that
near a hyperbolic equilibrium point z¢, the nonlinear system & = f(x) has
the same qualitative structure as that of the linear system & = V f(x)z,
although the topological equivalence may not hold for a non-hyperbolic
equilibrium point (e.g., a center). Treating hybrid systems, consider the
differential equations @(t) = f(z(t),a(t)) and @(t) = V f(zo, a(t))z(t) for
a(t) belonging in a finite set. We show although some of the linear equations
have centers, as long as the spectrum of the coefficients of the differential
equation corresponding to the stable node dominates that of the centers,
the overall system will still be topologically equivalent to the linear (in
continuous component) system. To reveal the salient features, we present
a number of examples, and display the corresponding phase portraits. The
results are quite revealing.

The rest of the chapter is arranged as follows. Section 8.2 begins with
the formulation of the random-switching systems and provides definitions
of stability, instability, and asymptotical stability of the equilibrium point
of the random-switching hybrid systems and gives some preliminary re-
sults. For the purpose of our asymptotic analysis, we also present sufficient
conditions for stability, instability, and asymptotical stability. Easily veri-
fiable conditions for stability and instability of the systems are provided in
Section 8.3. Section 8.4 presents a sharper condition for systems that are
linear in the continuous state variable. Discussions on Liapunov exponent
are given in Section 8.5. To demonstrate our results, we provide several
examples in Section 8.6. Finally, we conclude the chapter with further re-
marks in Section 8.7.
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8.2 Formulation and Preliminary Results

8.2.1 Problem Setup

Throughout the chapter, we use 2’ to denote the transpose of z € Rf1*¢
with ¢; > 1, whereas R**! is simply written as R®; 1= (1,1,...,1)" € R™o
is a column vector with all entries being 1; the Euclidean norm for a row or
column vector z is denoted by |z|. As usual, I denotes the identity matrix.
For a matrix A, its trace norm is denoted by |A| = /tr(A’A). When B
is a set, Ip(-) denotes the indicator function of B. For A € R"™*" being a
symmetric matrix, we use Apax(A) and Apin(A) to denote the maximum
and minimum eigenvalues of A, respectively.
Consider the system with random switching

X(t) = f(X(t),at), X0)=zcR", a0)=acM, (8.1)

where X (t) is the continuous state, f(-,-) : R” x M — R", and a(-) is a
jump process taking value in a finite state space M = {1,2,...,mo} with
generator Q(z) = ¢;;(x) satisfying ¢;j(z) > 0 for j # i and >, 4 qij(2) =
0 for all x € R" and i € M. The evolution of the jump component is
described by

Pla(t +A) = jla(t) =1,(X(s),a(s)), s < t}
=q;;(X(#)A+o0(A), i#].

(8.2)

Note that in our formulation, z-dependent Q(z) is considered, whereas in
[6, 79, 116, 183], the constant generator () was used.

Associated with the process (X (t), «(t)) defined by (8.1)—(8.2), there is
an operator £ defined as follows. For each i € M and any g(-,4) € C'(R"),

Ly(x,i) = f'(z,))Vy(x,i) + Qx)g(x,)(0), (8.3)

where Vg(z,4) denotes the gradient (with respect to the variable z) of
g(, ), and

Q(x)g(x,)(i) = Z ¢ij(x)g(x,j) for each i€ M. (8.4)
JEM

For further references on the associated operator (or generator) of the hy-
brid system (8.1)—(8.2), we refer the reader to Chapter 2 of this book; see
also [79] and [150].

To proceed, we need conditions regarding the smoothness and growth of
the functions involved, and the condition that 0 is an equilibrium point of
the dynamic system. We assume the following hypotheses throughout the
chapter.

(A8.1) The matrix-valued function @(-) is bounded and continuous.
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(A8.2) For each @« € M, f(-,«) is locally Lipschitz continuous and
satisfies f(0,a) = 0.

(A8.3) There exists a constant Ky > 0 such that for each av € M,

|f(z,a)] < Ko(1+ |z]), forallzeR" (8.5)

It is well known that under these conditions, system (8.1)—(8.2) has a
unique solution; see [150] for details. In what follows, a process starting
from (z,«) is denoted by Y**(t) = (X™*(¢),a™(t)) to emphasize the
dependence on the initial condition. If the context is clear, we simply write
Y (t) = (X (1), a(t)).

8.2.2 Preliminary Results

In this subsection, we first recall the definitions of stability, instability,
asymptotic stability, and exponential p-stability. Then we present some
preparatory results of stability and instability in terms of Liapunov func-
tions.

Definition 8.1. ([79]) The equilibrium point = 0 of system (8.1)—(8.2)
is said to be

(i) stable in probability, if for any a = 1,...,mg and ¢ > 0,
lim P{sup | X*“(t)| > ro} =0,
z—0 tZO
and it is said to be unstable in probability if it is not stable in proba-
bility;
(ii) asymptotically stable in probability, if it is stable in probability and

lir%P{tlim X% (t) =0} =1, for each « =1,...,mo;
T— —00

(iil) exponentially p-stable, if for some positive constants K and -,

E|X®%#)|P < K|z|P exp{—~t}, for any (z,a) € R" x M.

The definitions above should be compared to Definition 7.4. They are of
the same spirit although now we have a completely degenerate case with the
diffusion matrix being identically 0. To study stability of the equilibrium
point x = 0, we first observe that almost all trajectories of the system
(8.1)—(8.2) starting from a nonzero state will never reach the origin with
probability one.

Proposition 8.2. Let conditions (A8.1)—(A8.3) be satisfied. Then

P{X**(t)#0,t >0} =1, forany (x,a) € R" x M with x # 0. (8.6)
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Proof. This proposition can be proved using a slight modification of the
argument in Lemma 7.1. The details are omitted for brevity. O

In view of (8.6), we can work with functions V'(-,4),7 € M, which are
continuously differentiable in a deleted neighborhood of 0 in what follows.
This turns out to be quite convenient. Another immediate consequence of
(8.6) is the following LP estimate for the solution of the system (8.1)—(8.2).
The result is interesting in its own right.

Theorem 8.3. Let conditions (A8.1)—(A8.3) be satisfied. Then for any
p>1 and any (z,a) € R" x M with z # 0, we have

E[X™2(t)]

IN

1 1
|x|P + B exp(2pmoKot) — B
(8.7)

IN

1
|z|P 4+ 3 exp(2pmo Kot).

Proof. For each a € M, the function V(x, «) = |z|? is continuously differ-
entiable in the domain |z| > § for any § > 0. Let 75 be the first exit time
of the process X**(-) from the set {x € R" : |z| > 6} x M. That is,

T = 1inf{t > 0: | X®(¢t)] < d}.

For any ¢t > 0, set 75(t) := min{7s,t}. Because V(z,i) is independent
of i, > ieam ¢ij(x)V (2, j) = 0. Then it follows from the Cauchy-Schwartz
inequality and (8.5) that

E [X"%(7s(t))["

7s(t) s
— 2 + B / pIX=2 ()P~ (X2(s), F(X9(s), 07 (5)))ds

7s(t)
< |2 +pm0KOE/ X5 (5)|P71 (1 4 [ X (s)])ds

0
T,s(t)
< x| + meoKoE/ | X (s) P ds

T(s(t)
+pmoKoE/ X7 (8) [P Iipg o (s)) <1} d8
Tg(t) 1
< o+ 2pmo [ (1X7 + ) .
0

Note that for all s < 75(t), we have s = 75(s). Hence we have

75 (1) 1
BIX (o0 < o+ 2omaloB [ (IX o)l + ) ds
0
t

1
<ol + 2pmakks [ (BIX= (o)l + 5 ) ds
0
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Applying Gronwall’s inequality to [E |X®%(75(t))|” + (1/2)] leads to

1 1
B (@) + 5 < (ol + 5 ) epomaka, (9

or equivalently,

1 1
E[X®(rs ()" < (|2 + 5 ) exp(2pmoKot) — 5
2 2
1 (8.9)
< | |z|P + B exp(2pmo Kot).
Note that we have from (8.6) that
75(t) — t as & — 0 with probability 1 for any ¢ > 0.
Finally, letting 6 — 0 in (8.9), by Fatou’s lemma, we obtain (8.7). ad
Remark 8.4. If condition (8.5) is replaced by
|f(z,a)| < K|x|, forall (z,a)€ R" x M, (8.10)

where K is some positive constant, then the conclusion Theorem 8.3 can
be strengthened to the following. For any 5 € R and any (z,«) € R" x M
with « # 0, we have
E|X®(1)|° < |z|Pert, (8.11)

where p is a constant depending only on 3, mg, and the constant K given
in (8.10).

In fact, by virtue of (8.10), we obtain by a slight modification of the
argument in the proof of Theorem 8.3 that

E[X™(r5(1))|7 < |2]7e,

where p is a constant depending only on 3, mg, and the constant K in
(8.10). Then similar to the proof of Theorem 8.3, (8.11) follows from (8.6)
and Fatou’s lemma.

We finally note that if f(z,«) is Lipschitzian with a global Lipschitz
constant Lo, and f(0,«) = 0, then (8.10) is verified.

Next, concerning stability and asymptotical stability of the equilibrium
point & = 0 of the system (8.1)—(8.2), we have the following results.

Proposition 8.5. Let D C R" be a neighborhood of 0. Suppose that for
each i € M, there exists a nonnegative function V(-,1) : D — R such that

(i) V(-,4) is continuous in D and vanishes only at v = 0;
(i1) V(-,4) is continuously differentiable in D — {0} and satisfies

LV (z,i) <0, forall z € D—{0}. (8.12)
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Then the equilibrium point x = 0 is stable in probability.

Proof. Choose 19 > 0 such that the ball B,, = {x € R": |z] < 1o} and
its boundary 0B,, = {z € R" : |x| =1} are contained in D. Set V,, :=
inf{V(x,i) : 2 € D\ B,,,i € M}. Then V;,, > 0 by assumption (i). Next,
assumption (ii) leads to

E, V(X(tATr),a(t A1) =V(z,i) + Eyy /OTTO LV (X (s),a(s))ds
< V(z,i),

where (z,i) € By, x M and 7,, is the first exit time from B,,; that is,
Tro = {t > 0:|z(t)] > ro}. Because V is nonnegative, we further have

VioP {70, <t} < E,.; [V(X(Tm),a(m))]{%gt}} < V(x,9).

Note that 7., <t if and only if supy<, <, [z(u)| > 70. Therefore it follows
that

Pw,i{ sup | X (u)] > ro} < V(.Z’,Z).
Vo

0<u<t

Letting ¢ — 0o, we obtain from assumption (i) that

Vi i
P, {sup|X(t)| > 7"0} < M
0<t V,

T0

Finally, the desired conclusion follows from the assumptions that V' (0,4) =
0 and V(-,4) is continuous for each i € M. O

Proposition 8.6. Assume the conditions of Proposition 8.5. Suppose also
that for each i € M, the function V(-,1) satisfies

LV (x,i) < —k(0) <0, forall x€D—{zeR":|z|>p}),  (813)

where o > 0 and k(o) is a positive constant. Then the equilibrium point
x = 0 is asymptotically stable in probability.

Proof. By virtue of Proposition 8.5, the equilibrium point = 0 is stable
in probability. It remains to show that

lim P, ; { lim X(t) = 0} —1.
z—0 t—oo
The equilibrium point z = 0 is stable in probability, therefore it follows

that for any € > 0 and rg > 0, there exists some § > 0 (without loss of
generality, we may assume that § < rg) such that

P, {sup | X (t)] < 7’0} >1- %, for any (x,i) € Bs x M, (8.14)
>0
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where Bs := {2z € R" : |z| < 0}. Now fix some (z,a) € (Bs —{0}) x M and
let o1 > o > 0 be arbitrary satisfying o1 < |z|. Define

To={t=0:[X(@)] < o},
Tro =4t >0:|X ()] =70}

Then it follows that for any ¢ > 0,

E, o VIXEATENATr ), (t ATy ATy)) — Vi, @)
tATo ATy
<E,o " LV(X(s), a(s))ds
0

< —k(0)Eg o[t ATy A Try ).

Because V' is nonnegative, we have E, [t ATy AT, ] < V(z,a)/(k(0)) and
hence tPy o {7y A 7y >t} <V (x,0a)/(k(0)). Letting ¢t — oo, we obtain

Pyoo{ro ATy =00} =0 or Py o{1p A7, <00} =1 (8.15)

Note that (8.14) implies that P, , {7, < 0o} < /2. Hence it follows that

Poo{mp <0} >Puo{r, ATy <0} =Py o {1, < o0}
€ (8.16)
>1——.
- 2

Now let
T = {t 21 |X(0)] > 1}

We use the convention that inf ) = co. Then for any ¢ > 0, we have

E, JV(X(tAT,),alt ATy,))
tAToq
=E, JV(X(tAT,),a(t A7p)) + Ez o / LV (X (s),a(s))ds
tAT,
<E; o JV(X({tAT,), alt A1yp)).
(8.17)

Note that 7, < 7,, by definition and hence 7, > t implies that 7,, > .
Therefore it follows that

E:r,a [I{ngt}V(X(TQ A t)? a(TQ A t))]

= Ew,a [I{ngt}V<X(t)7 a<t))] (818)
= Eac,a [I{Tth}V(X(Tgl A t)v O‘(Tgl A t))] :
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Then we have by virtue of (8.17) and (8.18) that

Ew,a [I{Tg<t}V(X(7-01 A t)7 a(TQI A t))]
< Ex,a [[{79<t}V(X(T.Q A t)? a(T.Q A t))]
= Em,a [I{Tg<t}V(X(TQ)7 a(T.Q))]

o

)

IN

where ‘A/Q =sup{V(y,j) : ly| = 0,j € M}. Furthermore,

Vo 2 Bva |Tiry<ny I, VX (7 A, alrp )]
= Eoa [T, V(X (70 A, alry AD)]
=B I, g V(X(70),0(7))]
> Vo Poa {70, <t},

where V,, = inf{V(y,j) : ly| = 01,j € M}. Because for each i € M,
V(-,4) vanishes only at x = 0, V,, > 0. Since V is continuous, we can
choose p sufficiently small so that

Ve

Poo{re <t} < <

=
N ™

1

Letting t — oo, we obtain

Pyo{7 <} < (8.19)

€
5
Finally, it follows from (8.16) and (8.19) that
Py o{r, <00,7p =00} > Py {7, <00} =Py {1, <oo}

13 13
S1-S_Sq_¢
1T ‘

This implies that
P, {limsup [ X(t)] < Ql} >1-—-=.
t—oo
Because p1 > 0 can be chosen to be arbitrarily small, we have
P%QLMnXU):O}zl—a

This finishes the proof of the proposition. O



226 8. Stability of Switching ODEs

Proposition 8.7. Let D C R” be a neighborhood of 0. Assume that for
each i € M, there exists a nonnegative function V (-,i) : D — R such that
V(-,) is continuously differentiable in every deleted neighborhood of 0,

LV (z,i) < —k(e) <0, forall e D—{xcR":|z|>e}, (8.20)
where € > 0 and k(e) is a positive constant, and

lim V(x,i) =00, for each i€ M. (8.21)

|z[—0

Then the equilibrium point x = 0 is unstable in probability.

Proof. Let 1y be a positive real number so that B,, := {z € R" : |z| < ¢}
and its boundary 0B,, := {& € R" : |z| = ro} are contained in D. Fix some
(z,a) € By, x M and let 0 < ¢ < |z|. Then for any ¢t > 0, we have

E, VIX(UEANTe ATy ) a(t ATe AToy))
— V(z,0) + B0 / T (X (s), ads))ds (8.22)
<V(z,a). i
As in the proof of Proposition 8.6, (8.20) implies that
Poo{re ATy <00} =1.
Hence letting ¢ — oo in (8.22), we obtain by virtue of Fatou’s lemma that
E, JV(X(1e ATry), (e ATry)) < V(z, ).
Furthermore, because V' is nonnegative, we have
V(z,a) > Eyq [V(X(TE),a(Ta))I{TE<TTO}}
> inf{V(y,j) : [yl = ;5 € M}Puo{re <7}
=V.P,ao { sup |X(t)| < ro} ,

0<t<7c

where V. = inf{V(y,j): ly| =e,j € M}. By virtue of Proposition 8.2,
T. — o0 a.s. as € — 0. Also, it follows from (8.21) that V. — oo as e — 0.
Therefore it follows that as € — 0, we have

P.o {sup | X (t)] < ro} =0.

t>0

This demonstrates that the equilibrium point x = 0 is unstable in proba-
bility. O
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8.3 Stability and Instability: Sufficient Conditions

In the previous section, we obtained sufficient conditions for stability, in-
stability, and asymptotic stability, using a Liapunov function argument.
Because the results are based on the existence of Liapunov functions, to
apply them, it is necessary to find appropriate Liapunov functions. Never-
theless, finding suitable Liapunov functions is more often than not a very
challenging task. In many applications, it is often more convenient to be
able to analyze the stability through conditions on the coefficients of the
corresponding stochastic differential equations. Thus in this section we con-
tinue our study by providing easily verifiable conditions on the coefficients
of the system (8.1)—(8.2).

Note that if the generator () is irreducible, then all the states of the
Markov chain belong to the same ergodic class. For multiple ergodic class
cases, one may use the idea of two-time-scale formulation and singular
perturbation methods as in [176] and [179]. To proceed, we assume the
following condition holds throughout the rest of the section.

(A8.4) For eachi € M, there exist A; € R™*" and Q= (gij) € Rmoxmo,
a generator of a continuous-time Markov chain @(t) such that
as z — 0,

f(:L',Z) = Az + O(|‘T|)v
Q) = Q +o(1).

Moreover, @ is irreducible. Denote the unique stationary distri-
bution of the associated Markov chain &(t) by

(8.23)

™= (7T1,7T27...,7Tm0) S Rlxmo.

Theorem 8.8. Assume conditions (A8.1)—(A8.4). Then the following as-
sertions hold.
(i) If there exists a symmetric and positive definite matriz G such that
mo
D Tidmax(GAG™ + G AG) <0, (8.24)
i=1
then the equilibrium point x = 0 of the system (8.1)—(8.2) is asymp-
totically stable in probability.
(ii) If there exists a symmetric and positive definite matriz G such that
mo
D midmin(GAG™ + GTHAG) > 0, (8.25)
i=1
then the equilibrium point x = 0 of the system (8.1)— (8.2) is unstable
i probability.
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Proof. (a) We first prove that the equilibrium point x = 0 of system
(8.1)—(8.2) is asymptotically stable in probability if (8.24) holds for some
symmetric and positive definite matrix G. For notational simplicity, define
the column vector = (u1, f2, - - - s fim, )’ € R™0 with

1
“Amax(GA,G™H + GT1ALG),

ni= g

where G is as in (8.24). Also let

mo
pi=—mu=— me.
=1

Note that > 0 by (8.24). By virtue of condition (A8.4) and Lemma A.12,
the equation

Qc=p+ Bl
has a solution ¢ = (¢, ¢, ..., Cm,)" € R™0. Thus we have
mo
i — Z Gijej = =B, i€ M. (8.26)

For each i € M, consider the Liapunov function
Vi(z,i) = (1 —ye)(z'GPx)/2,

where 0 < v < 1 is sufficiently small so that 1 —~¢; > 0 for each i € M. It
is readily seen that for each i € M, V() is continuous, nonnegative, and
vanishes only at z = 0. In addition, since v > 0 and 1 — y¢; > 0, we have

lim V(z,i) > lim (1 —7¢)Amin(G?))?|2]7 = . (8.27)

|| =00 x| —o00
Detailed calculation reveals that for x # 0, we have
VV (x,3) = (1 — ~ve;)y(a' G2a) /271 G2,

It yields that for = # 0,

LV (x,3) = (1 —vye)y (sz:’G2 V27 G2 (A + o(|z)))

— g gij(z)(x 'GPy 7/27(0]- —¢)
JFi A
—(1— ; 12, \v/2 T ix ’
(1 = yei)y(2'G )" — = = ;752 @ ()T
(8.28)
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It follows from condition (A8‘4) that for sufficiently small |z,

3 gijla) =2

oy . — ¢
Ci)
Z qij(z)cj + qu .7 (8.29)
'Ycz
j=1 j#i
mo

=) _Gijc; + O(y) +o(1),
1

where o(1) — 0 as |z| — 0 and O(y) — 0 as 7 — 0. Meanwhile, using the
transformation y = Ga we have
P'GPAx o (GPA + AJGPr y'GTHGPA + AG?)GH
G2z 22'G?x N 2y'y
1 12 12y -1 8.30
A (GG 4, + ALG?)G) (8.30)

i

= EAmax(GAiG_l + G_lA;G) = M.

Moreover, note that
Oanin (G221l < (G222 < Qe G2l (831)
When |z] < § with § and 0 < v < 1 sufficiently small, (8.28)—(8.31) lead to

IN

LV (@,) < 7(1 = 7€) Qin (G) P[] § i = Y @iges + (1) + O()
j=1

Furthermore, by virtue of (8.26), we have

LV (2,7) < (1= 7¢) Amin(GH))2[27 (=8 + o(1) + O(7))

< —k(e) <0,

for any (z,i) € No x M with || > &, where Ny C R" is a small neigh-
borhood of 0 and k(e) is a positive constant. Therefore we conclude from
Proposition 8.6 that the equilibrium point = = 0 is asymptotically stable
in probability.

(b) Now we prove that the equilibrium point = 0 is unstable in prob-
ability if (8.25) holds for some symmetric and positive definite matrix G.
Define the column vector 6 = (01, 6s,...,0,,,) € R™ by

1
0; := iAmin(GAiG_l + G_lA;G),

and set 6 = —mf. Note that

— io: m;0; <O0.
1=1
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As in part (a), assumption (A8.4), the definition of J, and Lemma A.12
imply that the equation Qc = 6+ 61 has a solution ¢ = (c1,¢a,...,Cm,) €
R™° and

mo
0; —> Gijej =—0>0, i€M, (8.32)
j=1

For i € M, consider the Liapunov function
V(l‘,l) = (1 - ’YCi)(fU,GQI)Wﬂ,

where —1 < v < 0 is sufficiently small so that 1 — y¢; > 0 for each i € M.
Similar to the argument in (8.27), we can verify that V(-,4) satisfies (8.21)
for each i € M. Detailed computations as in part (a) show that for any
sufficiently small 0 < e < rg,

LV (z,i) < —k(e) <0, for any (z,7) € Ny x M with |z] > ¢,

where Ny C R” is a small neighborhood of 0 and x(g) is a positive con-
stant. Therefore Proposition 8.7 implies that the equilibrium point z = 0
is unstable in probability. This completes the proof of the theorem. O

Corollary 8.9. Assume conditions (A8.1)—(A8.4). Then the following as-
sertions hold.

(i) The equilibrium point x = 0 is asymptotically stable in probability if

1m0
D Tidmax(Ai + A}) < 0. (8.33)

i=1

(ii) The equilibrium point x = 0 is unstable in probability if

> midmin (A + Af) > 0. (8.34)
i=1

Proof. This corollary follows from Theorem 8.8 immediately by choosing
the symmetric and positive definite matrix G in (8.24) and (8.25) to be the
identity matrix I. m|

Theorem 8.8 and Corollary 8.9 give sufficient conditions in terms of the
maximum and minimum eigenvalues of the matrices for stability and in-
stability of the equilibrium point = = 0. Because there is a “gap” between
the maximum and minimum eigenvalues, a natural question arises: Can we
obtain a necessary and sufficient condition for stability. If the component
X(t) is one-dimensional, we have the following result from Theorem 8.8,
which is a necessary and sufficient condition.
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Corollary 8.10. Assume conditions (A8.1)—(A8.4). Let the continuous
component X (t) of the hybrid process (X (t), a(t)) given by (8.1) and (8.2)
be one-dimensional. Then the equilibrium point x = 0 is asymptotically
stable in probability if

mo

ZTFZ‘AZ' <0,

i=1

and is unstable in probability if

io: m;A; > 0.
1=1

8.4 A Sharper Result

This section deals with systems that are linear in the continuous state
variable x. The system we are interested in is given by

X(t) = A(a(t) X (1), (8.35)

where A(i) = A; € R™", X(t) € R", and «(t) is a continuous-time Markov
chain with a generator ) independent of ¢. Assume moreover that the
Markov chain «(t) is irreducible. Denote the corresponding stationary dis-
tribution by m = (w1, 72, ..., T, ). Our main objective is to obtain a nec-
essary and sufficient condition, or, in other words, to close the gap due to
the presence of minimal and maximal eigenvalues as we mentioned in the
previous section. Denote the solution of (8.35) by X (¢) with initial condi-
tion (X (0), @(0)). Assume that X (0) # 0. Then according to Corollary 8.2,
X(t) # 0 for any ¢ > 0 with probability 1. As a result, Y (t) = X (¢)/|X (t)|
is well defined and takes values on the unit sphere

S, ={yeR": |yl =1}
Define z = In |z|. It is readily seen that

: X'(t)X ()
2(t) XOPR (8.36)

In what follows, we deal with a case that the Markov chain is fast varying.
It acts as a “noise,” whereas the X (t) is slowly varying. In the end, the
noise is averaged out and replaced by its stationary distribution. To put
this in a mathematical form, we suppose that there is a small parameter
e >0 and

_ %

3

Q=@
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where (g is the generator of an irreducible Markov chain. Note that in this
case, «(t) should really be written as a®(t). In what follows, we adopt this
notation.

Using (8.36), for any 7' > 0, we have

2(T) —2(0) _ 1 TX’(t)A(Of(t))X(t)

2

mU X
= —Z/ ‘X )[I{a “(t)=iy — mildt (8.37)
_m £_J_JW
7 Z/ e

For arbitrary T > 0, we partition the interval [0,T] by use of 772 > 0
where A > 0 is a parameter. Then we choose ¢ as a function of T~ Such
a choice will lead to the desired result. To proceed, choose a real number
A > 1/2. Denote 6o = T~2 and N = |T/5a], where |y] is the usual
floor function notation for a real number y. Note that N = O(T'*4) and
Népn = O(T). Next, let 0 = tg < t1 < -+ < ty = T be a partition of
[0,T] such that ty = kda for k =0,1,..., N. For notational simplicity, for
i=1,...,mg, denote

XU AX ()
Gi(t) = TIXOP

¢i(0), it 0<1<ty,

Gt) =3 Gltror), if th <t <trpr, k=2, N 1,
G(ty-1), if ty<t<T.

I (t) = Iioe =iy — T

Note that in the above, El(t) is a piecewise constant approximation of (;(t)
with the interpolation intervals [tg,tr41), K =0,1,..., N.

Lemma 8.11. Suppose that Qg is irreducible and that
e=0o(T™®) as T — . (8.38)
Then

mo X )
— Z/ |X Ufas(t)=iy — mildt — 0 in probability as T — oo.

Proof. The assertion of Lemma 8.11 will follow immediately if we can show
that for each i € M,

1 [T 2
By [ ar@al -0 7.
0
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Using the triangle inequality and the Cauchy—Schwarz inequality, we can
verify that for each ¢ € M,

E‘T/ C(OIE(t dt’
e e

K/ E[G(t) dt+—E‘/ GWIE( dt‘

In the above and hereafter, K is used as a generic positive constant, whose
values may change for different appearances. Clearly, for each i € M, ¢;(+)
is uniformly bounded by |A;|, the norm of A;. Thus

| /\

I /\

sup E|Q(t)|2 < 0.
0<t<T

Because X (t)/|X(t)| takes values on the unit sphere, it is readily verified

that X AX (¢
sup | L X'(t) 2( )
o<t<T |dt | X(t)]

‘ <K, (8.40)

where K is independent of T. As a result, ¢;(-) is Lipschitz continuous,
uniformly on [0, T]. Consequently,

T thi1
| GO - Gpa Z / B[ () — Gi(te_) %t
0 tr
N*l

bt 8.41
<K [t —tr_1)%dt (8.41)

—0 7tk
=O(N6X) =0(T63) — 0 as T — oo,

=

by the choice of da.
By means of (8.39) and (8.41), it remains to show that the last term of
(8.39) converges to 0 as T' — oo. For any 0 < ¢ < T, define

—B| /0 t@(s)ff(s)dsr. (8.42)

Then

s =2 [ BLOL @O O (8.43)

For 0 <t <ts,

\/ G ()G (0)]ds

< / B2 (5) PRI (1) Pds < Kty = O(T—2).
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For t), <t <tpyp with k =2,..., N, we have

(/ / ) IE()G (0 (0)] ds.

\ | EGOEE0E Ol

t o~ o~
< E'/2|(;(s)PEY2|(;(t)*ds
th—1

<K(t—tp1)=0(T"%).

Furthermore,

It follows that

D) s [T BGOEEGOE O O, (s

For s <tr_1 <t < tgy1, by use of (8.38),

B ()G 1)
= |E[Gi(8) I (s)E(G (8) IF (£) Fro_, )|
= |E[Gi() 15 (5)Ci (b1 E(IF (8)] Fr_, )|
< EY2|G(5)PEY2(¢i(tr—1)[PO(e + exp(—(t — ty—1)/e))
= O(e + exp(—(tx — ty—1)/¢))
= O(e + exp(=T~2 /e)).

(8.45)

The next to the last inequality follows from the asymptotic expansions
obtained in, for example, [176, Lemma 5.1].
Using (8.44) and (8.45), we obtain that

dhéft) ' < O(T)O(E + exp ( _ T(S:)) for each i € M.

0<t<T

Because h;(0) = 0, we conclude
T—A

|hi(T)| < 0(T2)0(5 +exp ( . T)).

Thus h;(T)/T? — 0 as T — oo as long as € = o(T~?). The lemma then
follows. |

By virtue of Lemma 8.11, we need only consider the last term in (8.37).
To this end, for each i € M, there is a A; € R such that

T / . IX T / Jdt (8.46)

— A; in probability as T — oo,
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where the existence of the limit follows from a slight modification of [61,
p. 344, Theorem 6]. The number \; above is precisely the average of
Y'(t)A;Y (t), known as the mean value of Y'(-)A;Y(-) and denoted by
MI[Y'A;Y] in the literature of almost periodic functions [61, Appendix].
Define

A=) m (8.47)
=1

It follows from Lemma 8.11, equations (8.37), (8.46), and (8.47) that

1 X1 T XA OX®
7 (0] T/o XOP dt -\ as T . (848)

To proceed, note that (8.48) can be rewritten as

1, X(@)
T X(O)

= A+o(1), (8.49)

where o(1) — 0 in probability as T — oo. If A < 0, denote A = —\¢ with
Ao > 0. We can make —\g+o0(1) < —A; where 0 < A\; < Ag. Thus it follows
from (8.49) that

|X(T)] <|X(0)]exp(—=A1T) — 0 in probability as T — oc.

Likewise, if A > 0, we can find 0 < A2 < A such that A + o(1) > Ay, which
in turn, implies that

| X (T)] > |X(0)] exp(A2T) — oo in probability as T — cc. (8.50)
We summarize the result obtained thus far in the following theorem.

Theorem 8.12. The equilibrium point x = 0 of (8.35) is asymptotically
stable in probability if A < 0 and asymptotically unstable in probability in
the sense of (8.50) if A > 0.

Note that the results in Theorem 8.12 present a dichotomy for the prop-
erty of the equilibrium point x = 0 according to A < 0 or A > 0. One
naturally asks the question: What can we say about the equilibrium point
x =01if A = 0. To answer this question, we need the following lemma.

Lemma 8.13. If the equilibrium point x = 0 of (8.35) is asymptotically
stable in probability, then it is exponentially p-stable for all sufficiently small
positive p.

Proof. This lemma can be established using a similar argument as that of

[83, Theorem 6.4.1]; we omit the details here for brevity. O
With Lemma 8.13 at our hand, we are now able to describe the local

qualitative behavior of the equilibrium point £ = 0 when A = 0.
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Theorem 8.14. Suppose that A\ = 0. Then the equilibrium point x = 0 is
neither asymptotically stable nor asymptotically unstable in probability.

Proof. Assume first that the equilibrium point x = 0 is asymptotically
stable in probability. Then Lemma 8.13 implies that it is exponentially p-
stable for all sufficiently small positive p. Now applying Jensen’s inequality
to the convex function ¢(z) = €*, from equation (8.37) and Definition 8.1
(iii), we obtain that

P ox T X () A (1) X (1)
X (0)]7 exp {pE | =5 dt}
= [X(0)” exp {pE(In [ X(T)| = In [ X (0)])}
< E|X(T)]P < K|X(0)[Pe .

Consequently, with positive probability,

1 /T X'(H) A1) X (1)

lim —
0 X ()2

dt < 0.
T—oo T <

According to (8.48), this contradicts the assumption that A = 0. Thus
the equilibrium point = = 0 is not asymptotically stable. Similarly we can
prove that the equilibrium point x = 0 is not asymptotically unstable in
probability if A = 0. O

8.5 Remarks on Liapunov Exponent

This section is divided into two parts. In the first part, we consider a more
general case with the process given by (8.35), where «(t) is a continuous-
time Markov chain whose generator ¢ does not involve a small parameter
€ > 0. Here, the result is presented by the use of the Liapunov exponent
and the stationary distributions. Then, in the second part, we consider the
problems of finding the stationary density of the random process.

8.5.1 Stability under General Setup

To date, a method used frequently for analyzing stability of stochastic
systems is based on the work set forth in Khasminskii’s book [83]. It is par-
ticularly effective in treating linear stochastic differential equations, using
transformation techniques. Such an approach depends on the calculation
of a limit quantity later commonly referred to as the Liapunov exponent.
Assume that the Markov chain a(t) is irreducible. Our main objective is
to obtain a necessary and sufficient condition for stability. It follows that
Y (t) = X(t)/|X(t)] is well-defined and takes values on the unit sphere S, =
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{y € R" : |y| = 1}. Differentiating Y (¢) with respect to ¢ and expressing
the result in terms of y again, we obtain

Y(t) = —[Y' (1) A(a(t)y(1)]Y (1) + A(a()Y (1). (8.51)
Defining a process z(t) = In | X (t)| as before, we obtain
2(t) =Y () A(a(t)Y (1). (8.52)
Thus .
In|X ()] =In|X(0)| + /0 Y (u)A(a(u))Y (u)du. (8.53)

In view of the discussion in Chapter 4 and the well-known results for
Markov processes, denote the transition density of (Y (¢), «(t)) by p(y,i,t)
for i € M. (Note that in general, we would use p(yo,io;y,i,t) for each
i € M to denote the transition probability density function, where (yo, io)
denotes the initial position of the process (Y (¢), a(t)). Nevertheless, in view
of (8.35), the process is time homogeneous. Using the convention in Markov
processes, we can simply write the transition density by p(y,i,t).) Then
p(y,i,t) satisfies the system of forward equations

Ip(y,i,t)

ot =L p(y,z,t)

== (AWl ) + ol )0, i€ M,
=1

where (A(7)y); denotes the Ith component of A(i)y and @’ is the transpose
of Q. Moreover, for any I' C R" and ¢ € M,

P(y(t) €T, a(t) = i) = /Fp(y,i,t)dx.

Note that the process (Y (t),a(t)) is on the compact set S, x M. The
existence of the invariant density of (Y (¢),a(t)) is thus guaranteed owing
to the compactness. We further assume the uniqueness of the invariant
density, and denote it by (u(y,7) :i=1,...,mg). Then pu(y, ) satisfies

Coulyi) =0, S /R iy, i)dy = 1.
i=1 Y R"

Under this condition, as in the proof similar to [74, Theorem 1], it can be
shown that there is a kg > 0 such that

p(y, i, t) — puly, i)] < K exp(—rot). (8.54)
Similar to (8.37), we obtain
M = %/0 Y () A(a(t))Y (t)dt

= %/0 Y/ (t)A(a(t))Y (t)dt.
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Redefine A as

A= Z/ Dyply, 1)dy,

where p(y,4) is the stationary density of (Y (¢), a(t)). Then we have

1 2

T
E‘T/ Y (£)Aa(t))Y (£)dt — A

Bh [ [ 0roaeeyo -y (8.5

x (Y'(s)A(a(s))Y (s) — \) dtds|.

By virtue of (8.54), for t > s,

)E (Y () AD)Y (£) = 2 (V' (s)A(a(s))Y (5) = N)
< K exp(—ro(t — s)).

This together with (8.55) then yields that

2
K
§?—>0 as 1T — oo.

‘ /Y ()Y (£)dt — A

Because z(0)/T — 0 as T — oo, we conclude that z(T)/T — X in proba-
bility as T — oo as desired. The rest of the arguments are the same as in
the previous section. In fact, we can also obtain the limit in the sense of
convergence w.p.1. That is,

t—o0

In | X (t
limL_/\ Z/yA Dyuly, i)dy w.p.l. (8.56)

The limit A is precisely the Liapunov exponent.

8.5.2 Invariant Density

The last section was devoted to calculation of the Liapunov exponent. In
obtaining the Liapunov exponent, it is crucial to find the associated sta-
tionary density or invariant density. For ordinary differential equations with
Markovian random switching, when the continuous component is two di-
mensional, using Liapunov exponents and the framework of [83], stability
analysis was carried out in [8, 9, 112] and interesting results were obtained
for special classes of problems such as certain forms of Markov modulated
harmonic oscillators. Nevertheless, general results on sufficient conditions
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guaranteeing the existence and uniqueness of invariant density are still
scarce.

In this section, we discuss the problem of finding the associated invari-
ant densities of (X (t),«(t)). In the literature, considerable attention has
been devoted to the case that X (t) € R?; see [8, 9, 112]. First, second-
order differential equations with random switching are frequently used in
mechanical systems to describe oscillatory motions, as well as in mathe-
matical physics to study problems involving Schrodinger equations with
random potential. Linearization of the regime-switching Liénard equations
(in particular, Van der Pol equations) also leads to switching systems that
are linear in the = component. In addition, for two-dimensional systems,
polar coordinate transformation can be used to facilitate the study. To give
better insight and for simplicity, we let «(t) € M = {1,2}. Conditions for
existence and uniqueness of solutions are provided. The equations satis-
fied by the invariant density are nonlinear and complex. It appears that
closed-form solutions are difficult to obtain.

Assume that the Markov chain «(t) is irreducible. To proceed, for sim-
plicity, we consider the case that z € R? and

A(i):(au(i) ‘“2@) R2%2 M = {1,2},

a921 (l) a922 (’L)

and the generator

-4 Q1 2x2

= € R*7*=.
@ ( a2 —(I2)

For x = (z1,72)" € R?, it is more convenient to use coordinate transfor-

mation. Introduce the polar coordinate system by defining ¢ = p(z) =

tan~!(z9/x1). Conditioning on a(t) = i, with the use of variable ¢, we

obtain

) d . ) ) .
v(p,1) = d—f = —[sinpcospa(i)+ sin? paa(i)] (8.57)

+[cos? pao (1) + ags (i) cos psin o).

To proceed, for each ¢ € M, consider a Liapunov function V (-, 7) : [0, 27] —
R, where S is the unit circle. It can be verified that

LV (p,i) = g‘;y(gp,i) +QV(p,)i), e M. (8.58)

We slightly change the notation and write the vector-valued function
w(p) = (u1(p), pa(p))” € R2X! in what follows. This invariant density then
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is a solution of the system of forward equations

_ﬁ Y1 (@)1 () () _
Oy (72(@1@(@)) +Q (m(@)) =0,

2 27

Z/U pi(p)dep = 1, (8.59)

wi(+) is 2w periodic for i € M.

Recall that Q" denotes the transpose of Q). To ensure the existence of the
solution of (8.59), we propose the following conditions.

(A8.5) For each i € M,
[a22(7) — a11(9)]* + 4a12(i)az1 (i) < 0. (8.60)

Next, we proceed with solving the system of equations (8.59). Suppress
the argument when there is no confusion. Then the first part of (8.59) leads
to

d
*df(wu) — qip1 + qapiz = 0,
it (8.61)
- - = 0.
o (Vapi2) + qp1 — Gapiz
Thus, we have
d
— =0. 8.62
dp (Vi1 + Yo p2) ( )

As a result, 11 (@)p1(p) + Y2(@)u2(p) = c for all ¢ € [0,27], where ¢ is a
constant.

Let %;(¢) = vi(@)pi(p) for i = 1,2. Then (8.61) and (8.62) can be

rewritten as

@—+q@—=0 (8.63)
2

Y1+ =c

o) =ow ([0 4 ).

By solving the above system of linear differential equations, we have

@ h
/ qa2C (5) ds+¢
0

Denote

— 2(5)
. hff(ﬁ)) (8.64)
/ qic ds+c—¢
o 0 71(s)

T h(y) ’
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where ¢ = 7,(0). Note that in deriving the second equation in (8.63), we
have used 7,(0) = ¢ —7,(0). Thus,

/%0 QQC;L((S)) ds+¢
_Jo 28
mle) = o h(‘P})L'V;(‘P) (8.65)
Q1C,y ( )ds—l—c—E
_Jo G
vl = o)

We also know that p;(¢) must be a 2w-periodic function of ¢ for i € M,
s0 p1(0) = py1(27). We thus have a system of linear equations for ¢ and ¢,

namely,
D (E) = (?) (8.66)

where D = (d;;) € R**2, with

27
di1 = / qzh(s)ds
o 72(8)

d12 =1- h(271')

or Y2() /Ow 02 j;:s)) ds +71() /Ow ¢ ;Ll((i))ds + 71(p)

@) (9)12(?) d

0
dyy — /27r 12(9) —1(p) o
o Me)n(e)rp)
(A8.6) The matrix D is nonsingular, or equivalently, det(D) # 0.

The uniqueness of (8.66) leads to the uniqueness of p(y). Thus, we arrive
at the following conclusion: Suppose conditions (A8.5) and (A8.6) hold.
Then (8.59) has a unique solution.

8.6 Examples

For simplicity, by a slightly abuse of notation, we call a system that is linear
with respect to the continuous state a linear system or hybrid linear system.
To illustrate, we provide several examples in this section. In addition, we
demonstrate results that are associated with the well-known Hartman-—
Grobman theorem for random switching systems.

Example 8.15. Consider a system (8.35) (linear in the variable z) with
the following specifications. The Markov chain «(t) has two states and is
generated by
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and

-1 2 -3 -1
A1 = A(l) = ) A2 = A(2) =
0 2 1 -2

Thus associated with the hybrid system (8.35), there are two ordinary
differential equations _
X(t) = A1X(¢), (8.67)

and
X(t) = A2 X (1), (8.68)

switching back and forth from one to another according to the movement
of the jump process «(t). It is readily seen that the eigenvalues of A; are
—1 and 2. Hence the motion of (8.67) is unstable. Similarly, by computing
the eigenvalues of As, the motion of (8.68) is asymptotically stable.

Next we use Corollary 8.9 to show that the hybrid system (8.35) is asymp-
totically stable owing to the presence of the Markov chain «(t). That is,
the Markov chain becomes a stabilizing factor. The stationary distribution
of the Markov chain «(t) is m = (0.25, 0.75), which is obtained by solving
the system of equations 7QQ = 0 and 71 = 1. The maximum eigenvalues of
Ay + A} and Ay + Al are

Amax (A1 4+ AL) = 4.6056,  Apax(Az + Ab) = —4,
respectively. This yields that
T1 Amax (A1 + A7) 4+ ToAmax (A + A) = —1.8486 < 0.

Therefore, we conclude from Corollary 8.9 that the hybrid system (8.35) is
asymptotically stable. The phase portrait Figure 8.1(a) confirms our find-
ings. It is interesting to note the dynamic movements and the interactions
of the continuous and discrete components. To see the difference between
hybrid systems and ordinary differential equations, we also present the
phase portraits of (8.67) and (8.68) in Figure 8.1(b).

Example 8.16. Consider a system (linear in the = variable)

X(t) = A(a(t)) X (1) (8.69)
with the following specifications. Here we consider an z-dependent gener-
ator Q(z). The discrete event process «(t) has two states and is generated
by

Qz) =Q(z1,22)

—2 —sinzy cosx? —sinxd 2+ sinx cos(z?) + sin(x3)

1 —0.5sin(x122) —1+4+0.5sin(x122)
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i i i i i i i
-0.5 0 0.5 1 15 2 25 3 3.5

(a) Hybrid linear system: Phase portrait of (8.35)
with initial condition (z,«) = ([1,1]’,1).

(b) Phase portraits of (8.67) (solid line) and (8.68)
(starred line) with the same initial condition & =
[1,1)".

FIGURE 8.1. Comparisons of switching system and the associated ordinary dif-
ferential equations.
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and

0 0 -1 2
A = A(1) = ;o A=A(2) =
3 0 -2 -1

Note that the distinct feature of this example compared with the last one
is that the ) matrix is x dependent, which satisfies the approximation
condition posed in Section 8.3. Associated with the hybrid system (8.35),
there are two ordinary differential equations

X(t) = A X(t), (8.70)

and

X(t) = Ay X () (8.71)
switching from one to another according to the movement of the jump
process «(t). Solving (8.70), we obtain

.’ﬂl(t) = (1, I'Q(t) = 361t + Co

for some constants ¢; and c¢s. Hence the motion of (8.70) is unstable if
the initial point (c1, ¢2) is not in the y-axis. In addition, by computing the
eigenvalues of As, we obtain that the motion of (8.71) is asymptotically
stable.

By virtue of Corollary 8.9, the hybrid system (8.69) is asymptotically
stable due to the stabilizing jump process «(t). We first note that as z — 0,

and hence the stationary distribution of the Markov chain a(t) is 7 =
(1/3, 2/3). The maximum eigenvalues of A; + A} and Ay + A} are

Amax(Al + A/1) = 3» )\max(A2 + A/Q) = _27
respectively. It follows that
Wl)\max(Al + A/l) + 7T2)\max(A2 + A/Q) = —1/3 < 0.

Therefore, we conclude from Corollary 8.9 that the hybrid system (8.69)
is asymptotically stable. The phase portrait in Figure 8.2(a) confirms our
results. To delineate the difference between hybrid systems and ordinary
differential equations, we also present the phase portraits of (8.70) and
(8.71) in Figure 8.2(b). The phase portraits reveal the interface of continu-
ous and discrete components. They illustrate the hybrid characteristics in
an illuminating way.
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(a) Hybrid linear system: Phase portrait of (8.69)
with initial condition (z,«) = ([0.5,2]’, 1).

I O

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2

(b) Phase portraits of (8.70) (starred line) and (8.71)
(solid line) with the same initial condition x =
[0.5,2]'.

FIGURE 8.2. Comparisons of switching system and the associated ordinary dif-
ferential equations.
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Example 8.17. In this example, we consider a nonlinear hybrid system

X(t) = f(X (1), a(t), (8.72)

where X () is a two-dimensional state trajectory, and «(t) is a jump process
taking value in M = {1, 2,3} with generator

Q($1,9€2) =
Ssinxg — 2 — cos x1 1 —sinxy 1+ cosaxq
1-— Sin(g;l“) Sin(gm) — 1 —cos?(x122) cos?(z122)
0 3+sinx +sinzycosxry —3 —sinxy — sinxs cosxg

The functions f(xz,i),i = 1,2,3 are defined as

2

x
T + 1
flz,1) = Hhedtes

—2x9 + sin(xzqx2) cos xo

—2x1 + o — 271 sinxo
f(z,2) = ;

— X1 — Xo + X1 CcOSxq Sinxo

To + 221 cOS x1 sin To
f(z,3) =

— o1 + X2 sinxy

Note that the matrices @, and A;,i € M in assumption (A8.4) can be
obtained as follows

-3 1 2
Q= 1 -1 0 (8.73)
0 3 -3
and
1 0 —2 1 0 1
A = , Ay = , and Az =
0 -2 -1 -1 -1 0
(8.74)

For a system of differential equations without switching, the well-known
Hartman—Grobman theorem holds. It indicates that for hyperbolic equilib-
ria, a linear system arising from approximation is topologically equivalent
to the associated nonlinear system, whereas a system with a center is not.
Here we demonstrate that this phenomenon changes a little. We show that
the nonlinear system and its approximation could be equivalent even for
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equilibria with a center in one or more of its components as long as the
component with hyperbolic equilibrium dominates the rest of them.

We proceed to use Theorem 8.8 and Corollary 8.9 to verify that the
hybrid system (8.72) is asymptotically stable. The stationary distribution
of the Markov chain a(t) is # = (3/14, 9/14, 1/7). Now consider the
symmetric and positive definite matrix

G:
-1 3

and compute the maximum eigenvalues of the matrices GA;G~1 + Gt ALG
with i = 1,2, 3,
—1 —1 4/ 11
Amax(GAIGT + G A1G) = T

Amax (GAG™H + GTTALG) = —%

and 5
Amax (GA3G™H + G ALG) = 3

Thus we obtain

3
2
S mdman (GAG! + GTLAG) = 727; <0. (8.75)
=1

Hence Theorem 8.8 implies that the hybrid system (8.72) is asymptotically
stable.
It is interesting to note that the linear approximation

X(t) = A(@(t) X (t), (8.76)

is also asymptotically stable, where the matrices A(i) = A;, i € M are as in
(8.74), and the Markov chain a(t) is generated by Q in (8.73). To demon-
strate, we present the phase portrait of (8.72) in Figure 8.3(a), whereas
Figure 8.3(b) presents the phase portrait of its first—order linear approxi-
mation (8.76).

8.7 Notes

Consideration of switching ordinary differential equations of the form (8.1)
stems from a wide variety of applications including control, optimization,
estimation, and tracking. For example, in [168], with motivation of using
stochastic recursive algorithms for tracking Markovian parameters such
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0.5F

-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4

(a) Hybrid nonlinear system: Phase portrait of (8.72)
with initial condition (z,«) = ([0.8,1]’,1).

0.8

06

041

0.2

-0.2 i i i ‘ ; i
-0.2 0 0.2 0.4 0.6 0.8 1 1.2

(b) Hybrid linear system: Phase portrait of (8.76) with
initial condition (x,a) = ([0.8,1],1).

FIGURE 8.3. Comparisons of nonlinear system and its linear approximation.
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as those in spreading code optimization in CDMA (Code Division Multi-
ple Access) wireless communication, we used an adaptive algorithm with
constant stepsize to construct a sequence of estimates of the time-varying
distribution. It was shown that under simple conditions, a continuous-time
interpolation of the iteration converges weakly not to an ODE as is widely
known in the literature of stochastic approximation [104], but to a system
of ODEs with regime switching. Subsequently, treating least-squares-type
algorithms involving Markovian jump processes in [169], random-switching
ODEs were also obtained. Thus, not only is the study of systems given
by (8.1) and (8.2) of mathematical interest, but also it provides practical
guidance for many applications.

Taking into consideration that many real-world systems are in operation
for a long period of time, longtime behavior of such systems is of fore-
most importance. Recently, much attention has been drawn to the study
of stability of such systems; see [6, 78, 116, 183] among others. Much of
the contemporary study of stochastic stability of dynamic systems can be
traced back to the original work [79] by Kac and Krasovskii, in which a
systematic approach was developed for stability of systems with Markovian
switching using Liapunov function methods. This important work stimu-
lated much of the subsequent development.

This chapter focuses on stability and instability of random switching
systems of differential equations. Sufficient conditions have been derived.
These conditions are easily verifiable and are based on coefficients of the
systems. For systems that are linear in the continuous component, certain
necessary and sufficient conditions are derived using a transformation tech-
nique, which close the gap in using maximal and minimal eigenvalues of
certain matrices. Somewhat remarkable, a particularly interesting discov-
ery is: Different from a single system of differential equations, in which the
Hartman—Grobman theorem is in force, for switching systems of differential
equations modulated by a random process, even if some of the equilibria
are not hyperbolic (e.g., center), the original system and that of the “lin-
earized” system (with respect to the continuous variable) could still have
the same asymptotic behavior. This is demonstrated by our analytical re-
sults as well as computations with the use of phase portraits. The stability
study is based on the results from Zhu, Yin, and Song [190]; the discussion
on Liapunov exponent is based on He and Yin [65].

Owing to the increasing needs of random environment models, stability
of hybrid systems has received resurgent attention lately. Effort has been
placed on deriving more easily verifiable conditions for stability and insta-
bility. This work also aims to contribute in this direction. One of the main
features of [79] is to use quadratic Liapunov functions to obtain verifiable
conditions for stability of the system X (t) = A(a(t))X(t), where a(t) is
a continuous-time Markov chain with a constant generator (). Their con-
ditions amount to solving a system of linear nonhomogeneous equations,
which is generally complicated. Here, we presented easily verifiable condi-
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tions for stability and instability with the aid of nonquadratic Liapunov
functions. Compared with the conditions in [79], our conditions in Theo-
rem 8.8, Corollary 8.9, and Corollary 8.10 are simpler and easier to verify.
Moreover, our results can be applied to more general models.
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Invariance Principles

9.1 Introduction

In the previous two chapters, we have studied stability of switching dif-
fusions and random switching ordinary differential equations. Continuing
our effort, this chapter is concerned with invariance principles of switching
diffusion processes. This chapter together with the previous two chapters
delineates long-time behavior and gives a complete picture of the switching-
diffusion processes under consideration.

The rest of the chapter is arranged as follows. Section 9.2 begins with the
formulation of the problem. Section 9.3 is devoted to the invariance princi-
ples using sample paths and kernels of the associated Liapunov functions.
Here, Liapunov function-type criteria are obtained first. Then linear (in z)
systems are treated. Section 9.4 switches gears to examine the invariance
using the associated measures. Finally, a few more remarks are made in
Section 9.5 to conclude the chapter.

9.2 Formulation

As in the previous chapters, we use 2’ to denote the transpose of z € R/ ¢
with £; > 1, whereas R**! is simply written as R®; 1= (1,1,...,1) € R™0
is a column vector with all entries being 1; the Euclidean norm for a row or a
column vector x is denoted by |z|. As usual, I denotes the identity matrix
with suitable dimension. For a matrix A, its trace norm is denoted by

G.G. Yin and C. Zhu, Hybrid Switching Diffusions: Properties and Applications, 251
Stochastic Modelling and Applied Probability 63, DOI 10.1007/978-1-4419-1105-6 9,
© Springer Science + Business Media, LLC 2010
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|A| = /tr(A’A). If a matrix A is real and symmetric, we use Apax(4) and
Amin(A4) to denote the maximal and minimal eigenvalues of A, respectively,
and set p(A) := max {|Amax(4)], [Amin(4)|}. When B is a set, I5(-) denotes
the indicator function of B.

We work with (Q, F,P), a complete probability space, and consider a
two-component Markov process (X(t),«(t)), where X (-) is a continuous
component taking values in R” and «(-) is a jump component taking values
in a finite set M = {1,2,...,mg}. The process (X (t), a(t)) has a generator
L given as follows. For each i € M and any twice continuously differentiable
function g(-, 1),

= 5 3 ante ) ZEED 4 30,0 2820 4 eyt )
j k=1 Jj=1

- %ma@,i)wg(m)) V(1) Vg (e, 1) + Q(x)g(m, )0,

(9.1)
where z € R", and Q(z) = (¢;;()) is an mg x mo matrix depending on x
satisfying ¢;;(z) > 0 for ¢ # j and Zje/\/l gij(xz) = 0 for each i € M,

Q)g(x,) i) = Y aij(x)g(,j)
jEM
= Y a@(gz.g) —g(z.i)., ieM,

JEM,jFi

and Vg(-,4i) and V2g(-,7) denote the gradient and Hessian of g(-, %), respec-
tively.
The process (X (t), a(t)) can be described by

AX () = B(X (1), a(t))dt + o (X (8), a(t))du(t),
X(0) =2z, a(0) =a,

and
P{la(t+ At) = jla(t) =i, (X(s),a(s)),s < t}

= qij (X (1)) At +o(At), i # j,

where w(t) is a d-dimensional standard Brownian motion, b(-, ) : R" XM —
R”, and o(-,-) : R" x M s R™? satisfies o(z,i)0’ (z,i) = a(x,1).

Throughout the chapter, we assume that both b(-,7) and o (-, ) satisfy the
usual Lipschitz condition and linear growth condition for each ¢ € M and
that Q(-) is bounded and continuous. Under these conditions, the system
(9.2)—(9.3) has a unique strong solution; see Chapter 2 and also [77] or
[172] for details. From time to time, we often wish to emphasize the initial
data (X(0), «(0)) = (z, ) dependence of the solution of (9.2)—(9.3), which
is denoted by (X% (t), a®%(t)).

(9.3)
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9.3 Invariance (I): A Sample Path Approach

Recall that the evolution of the discrete component «(-) can be represented
as a stochastic integral with respect to a Poisson random measure; see
Chapter 2, and also, for example, [52, 150]. Indeed, for € R" and i,j € M
with j # ¢, let A;j(z) be consecutive (with respect to the lexicographic
ordering on M x M), left-closed, right-open intervals of the real line, each
having length ¢;;(z). Define a function h: R" x M x R — R by

h(x,i,2) =Y (= ) zea, @)- (9.4)
j=1
Then (9.3) is equivalent to
dat) = / X (1), a(t—), 2)p(dt, d2), 9.5)
R

where p(dt,dz) is a Poisson random measure with intensity dt x m(dz),
and m is the Lebesgue measure on R. The Poisson random measure p(-, -)
is independent of the Brownian motion w(:). Denote the natural filtration
by Fi = o {(X(s),a(s)),s < t}. Without loss of generality, assume the
filtration {3}, satisfies the usual condition. That is, it is right continuous
with Fy containing all P-null sets.

For any (z,1), (y,j) € R" x M, define

i ={ L0 T 06)
It is easy to verify that for any (x,1), (y,7), and (z,1),
(1) d((z,19), (y,])) > 0 and d((l‘, i)7 (%])) = 0 if and only if (z,1) = (y7j)7
(ii) d((,9),(y,5)) = d((y,]), (x,1)), and
(ili) d((z,4), (y,5)) < d((=,9), (2,1)) + d((z,1), (¥, 7))-

Thus d is a distance function of R™ x M. Also if U is a subset of R" x M,
we define

d((x,1),U) = inf{d((z,4), (y,4)) : (y,4) € U}. (9-7)

Let M be endowed with the trivial topology. As usual, we denote by d(x, D)
the distance between x € R™ and D C R"; that is,

d(z,D) =inf{|jz —y| : y € D}. (9.8)

In addition, we use P, , and E, , to denote the probability and expectation
with (X (0),a(0)) = (x, @), respectively. Then for a fixed U € R" x M, the
function d(-,U) is continuous.
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9.3.1 Invariant Sets
Inspired by the study in [47], we define the invariant set as follows.

Definition 9.1. A Borel measurable set U C R" x M is said to be invariant
with respect to the solutions of (9.2)—(9.5) or simply, U is invariant with
respect to the process (X (t), a(t)) if

P,.{(X(t),a(t)) €U, forall t>0}=1, for any (z,7) € U.
That is, a process starting from U will remain in U a.s.
As shown in Lemma 7.1, when the coefficients of (9.2)—(9.5) satisfy
b(0,) = 0(0,c0) = 0, for each o € M,

then any solution with initial condition (z,4) satisfying « # 0 will never
reach the origin almost surely, in other words, the set (R” — {0}) x M is
invariant with respect to the solutions of (9.2)—(9.5).

Using the terminologies in [47, 83], we recall the definitions of stability
and asymptotic stability of a set. Then general results in terms of the
Liapunov function are provided.

Definition 9.2. A closed and bounded set K C R” x M is said to be

(i) stable in probability if for any € > 0 and p > 0, there is a 6 > 0 such
that

P, {igg d(X(t),a(t)), K) < p} > 1—¢, whenever d((z,i), K) < §;

(ii) asymptotically stable in probability if it is stable in probability, and
moreover

P, {)E& d(X(1),a(t)),K) = o} 1, as d((z,9), K) — 0;

(iii) stochastically asymptotically stable in the large if it is stable in prob-
ability, and

P, {tlim d(X (1), a(t)), K) = o} =1, for any (z,i) € R" x M;

(iv) asymptotically stable with probability one if

lim d((X(t),a(t)), K) =0, a.s.

t—o0
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Theorem 9.3. Assume that there exists a nonnegative function V(-,-) :
R" x M — R4 such that

Ker(V) := {(z,i) € R" x M : V(,i) = 0} (9.9)

is nonempty and bounded, and that for each o € M, V (-, ) is twice con-
tinuously differentiable with respect to x, and

LV (z,i) <0, forall (x,i) € R" x M. (9.10)
Then
(i) Ker(V) is an invariant set for the process (X (t),a(t)), and

(ii) Ker(V) is stable in probability.

Proof. Let (zg,i9) € Ker(V). By virtue of generalized Itd’s lemma [150],
we have for any ¢t > 0,

V(X(t),a(t)) = V(xo,io) +/O LV (X(s),a(s))ds + M(t), (9.11)

where M (t) = M (t) + Ms(t) is a local martingale with

M (t) = / VV(X(s),a(s)), (X (s), a(s))dw(s)),

‘//‘ $)sio + h(X(s), a(s-), 2))

s),als ))] (ds, dz),

where <-, > denotes the usual inner product, and
wu(ds,dz) = p(ds,dz) — ds x m(dz)

is a martingale measure with p(dt, dz) being the Poisson random measure
with intensity dt x m(dz) as in (9.5). Taking expectations on both sides of
(9.11) (using a sequence of stopping times and Fatou’s lemma, if necessary
as the argument in Theorem 3.14), it follows from (9.10) that

B i0 [V (X (1), a(t)] < V (20, 0) = 0.

The last equality above holds because (z¢,i9) € Ker(V). But V is non-
negative, so we must have V(X (¢),«(t)) = 0 a.s. for any ¢t > 0. Then we
have

Py .io { sSup V(X(tn)7a(tn)) = O} =1,

t,€Qt
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where Q1 denotes the set of nonnegative rational numbers. Now by virtue
of Proposition 2.4, the process (X (), a(t)) is cadlag (sample paths being
right continuous and having left limits). Thus we obtain

Puosio {sup V(X(t),a(t) = 0} -

>0
That is,
Poyio {(X(t),a(t)) € Ker(V), forallt>0}=1.

This proves the first assertion of the theorem.
We proceed to prove the second assertion. For any § > 0, let Us be a
neighborhood of Ker(V') such that

Us :={(z,i) e R" x M : d((x,7),Ker(V)) < d}. (9.12)

Let the initial condition (z,47) € Us — Ker(V) and 7 be the first exit time
of the process from Us. That is,

T =inf{t: (X(t),a(t)) & Us}.

Then for any ¢ > 0, by virtue of generalized 1t6’s lemma,
tAT
VIXEAT),a(t AT)) =V (x,i) + / LV (X(s),a(s))ds + M(t A T),
0
where

M(t A7) :/ (VX (s), als), (X (s), a(s))duw(s))

/ / $)yi+ h(X(s),a(s-), 2))

ya(s ))J (ds, dz).

As argued in the previous paragraph, by virtue of (9.10), we can use a
sequence of stopping times and Fatou’s lemma, if necessary, to obtain

tAT
E,;[V(XtAT),atAT))] <V(z,i)+Eg; / LV (X (s),a(s))ds
0
< V(a,i).
Because V is nonnegative, we further have

Vi(z,i) 2 Ea il V(X(7), (7)) [{r<ty] + Ba o[ V(X (1), (t)) 1<y

E,
E, [V(X(T)v O‘(T))I{T<t}]'

%

(9.13)
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For notational simplicity, denote (§,¢) = (X (1), a(T)). We claim that
V(&,0) > p, for some constant p > 0. (9.14)

To this end, write Ker(V) = J;_,(Nj, x {ji}), where k < mq, N; C R”
and j; € M, for j; = 1,..., k. We denote further J = {j1,...,jx} C M.
Let us first consider the case when ¢ ¢ J. Note that £ € D, where D is a
bounded neighborhood of Ule N; (such a neighborhood D exists because
Ker(V) is bounded by the assumption of the theorem). Then we have

inf{V(x,¢): x € D} > p; > 0. (9.15)

Suppose (9.15) were not true. Then there would exist a sequence {z,} C D
such that lim,_, o V(2,,f) = 0. Because {x,} is bounded, there exists a
subsequence {z,, } such that x,, — Z. Thus by the continuity of V(-,¢),
we have

V(7. 0) = lim V(zn,,0) = 0.

k—o0

That is, (Z,¢) € Ker(V). This is a contradiction to the assumption that
£ ¢ J. Thus (9.15) is true and hence V(£,£) > p;.

Now let us consider the case ¢ € J. It follows that § < d(§, Ny) < 5 < 0.
A similar argument using contradiction as in the previous case shows that

inf {V(x,f) L8 < d(z,Ny) < 3} > py > 0.

Thus it follows that V(§,£) > pa. A combination of the two cases gives us
V(&,0) > p, where p = p1 A pa. Hence the claim follows.
Finally, we have from (9.13) and (9.14) that

1
P, {r <t} < -V(x,i).
P
Letting t — o0,
1
P, {r <o} < -V(z,i).
p
Note that
{r <} = { sup d((X(t),a(t)),Ker(V)) > 6} .
0<t<o0
Therefore, it follows that

1 .
Pm-{ sup d((X(t), a(t)), Ker(V)) > (5} < ;V(a:,z) — 0,

0<t<o0

as d((x,1),Ker(V)) — 0. This finishes the proof of the theorem. O
Next we consider asymptotic stability. To this end, we need the following
lemma.
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Lemma 9.4. Assume that there exists a nonnegative function V : R" X
M — Ry with nonempty and bounded Ker(V') such that for each a € M,
V (-, @) is twice continuously differentiable with respect to x, and that for
any € >0,

LV (2,i) < —ke <0, for any (x,i) € (R” x M) —U., (9.16)

where ke is a positie constant depending on €, U is a neighborhood of
Ker(V) as defined in (9.12), and U, denotes the closure of U.. Then for
any 0 < € < rg, we have

P,i{rer, <oo} =1, forany (z,i) € Usp,,
where
Uerg ={(y,7) € R" x M e < d((y,]), Ker(V)) <ro},
and T r, 18 the first exit time from U. ,,; that is,

Tewe = 10f{t > 0: (X (t),c(t)) € Uecry }-

Proof. Fix any (z,4) € Ue . By virtue of generalized It6’s lemma, we have
that for any ¢ > 0,

V(XA Terg)s @t A Tepry))

— V(x,i) + /0 T V(X (s), a(s))ds + M(EATry),

where M(t A 7z ,) is a martingale with mean zero. Thus by taking expec-
tations on both sides, and using (9.16), we obtain

t/\'rgv,q0
Bt [VX(EA o), 0t ATey))] S V(1) = Bay / ods
0
=V(z,i) - HeEx,i[t A 7'5,7-0]-

Note that V' is nonnegative; hence we have

1
E [t ATep,] < —V(x,7).

Ke
But
E%i[t A 7—877'0} =tPy; {TE,TO > t} + E%i[Teﬂ'OI{TE,TOSt}]

> th,i {TE’TO > t} .

Thus it follows that

1
tPy i {Tery >t} < H—V(m,z’).

e
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Now letting t — oo, we have
P,i{rer, =00} =0 or P,,;{r, <oo} =1
The assertion thus follows. O

Theorem 9.5. Assume that there exists a function V' satisfying the con-
ditions of Lemma 9.4. Then Ker(V) is an invariant set for the process
(X (t),a(t)) and Ker(V') is asymptotically stable in probability.

Proof. Motivated by Mao and Yuan [120, Theorem 5.36], we use similar
ideas and proceed as follows. By virtue of Theorem 9.3, we know that
Ker(V) is an invariant set for the process (X(t), a(t)) and that Ker(V) is
stable in probability. Hence it remains to show that

P, {tlirrolo d((X (1), a(t)), Ker(V)) = o} 1 as d((z,4),Ker(V)) — 0.

Because Ker(V) is stable in probability, for any ¢ > 0 and any 6 > 0, there
exists some 0 > 0 (without loss of generality, we may assume that § < 6)
such that

P, {i’iﬁ) d((X (1), a(t)), Ker(V)) < 9} >1- g (9.17)

for any (x,i7) € Us, where Us is defined in (9.12). Now fix any (z,«) €

Us —Ker(V) and let p > 0 be arbitrary satisfying 0 < p < d((z,1), Ker(V))
and choose some g € (0, p). Define

To :=1nf {t > 0 : d((X(¢), a(t)),Ker(V)) < g},

T :=1nf {t > 0 : d((X(¢t), a(t)),Ker(V)) > 6} .
Then it follows from Lemma 9.4 that

Poo{moATo <00} =Py {150 <o0}=1, (9.18)
where 7, ¢ is the first exit time from U, ¢ that is defined as

Upo ={(y,7) e R" x M : p < d((X(t),a(t)),Ker(V)) < 0}.
But (9.17) implies that P, o {79 < oo} < e/2. Note also
Puo{moANTo <00} <Pyo{r, <o} +Pyo{m <oo}.

Thus it follows that

Py {7y <00} 2 Paa{rg AT < 00} = Paa{rs <oo} = 1-2. (9.19)
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Now let

T, :=1nf {t > 7, : d((X (), (t)), Ker(V)) > p}.
We have used the convention that inf {}} = oo. For any t > 0, we apply
generalized It6’s lemma and (9.16) to obtain

E, .V(X(1pAt),a(t, A1) <Eg V(X(1,At), (7o AT))

4 Ea / " V(X (s, ) ds (9.20)

SAL
<E; V(X (1, At), a1y AT)).

Note that 7, > ¢ implies 7, > ¢t since ¢ € (0,p). As a result, on the set
{w e N :7y(w) > t}, we have
E, . V(X(1, At),a(r, At))
= E,..V(X(t),a(t)) (9.21)
=E, . V(X(1,At),a(r, AL)).

Therefore, it follows from (9.20) and (9.21) that
Eua| I, <0y V(X (7, A1), a7, A1)
< Eva |Iir,< V(X (7, A1), alr, A1)

~E,. [I{Tg<t}V(X(Tg), Oé(Tg))}
V,,

IA

where ‘7@ =sup{V(y,j) : d((y,4),Ker(V)) = o}. Note that 7, < ¢ implies
T, < t. Hence we further have

where V, = inf {V(y,j) : p < d((y,7),Ker(V)) < p}, with p > 0 being
some constant. Recall that we showed in the proof of Theorem 9.3 that
V, > 0. Because V' is continuous, we may choose g sufficiently small so
that

<0

P,o{r,<t}<2<

<=
| ™
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Letting t — oo, we obtain

P,o{r, < oo} < g (9.22)
Finally, it follows from (9.19) and (9.22) that
Poo{m <00,7, =00} >Py {1y <0} —Pya{r, <o}
>1- - 1—e¢
-2 2 '
This implies that
P, {nm sup d((X (1), a(#)), Ker(V) < p} >1--.
t—o0
But p > 0 can be chosen to be arbitrarily small. Therefore we have
P, . {tlim d((X (1), a(t)), Ker(V)) = o} >1-e.
This finishes the proof of the theorem. O

Theorem 9.6. Assume there exists a function V satisfying the conditions
of Lemma 9.4. If V also satisfies

lim inf V(z,«a) = oo, (9.23)

|z|—00 aEM

Then Ker(V') is asymptotically stable in probability in the large; that is,
Ker(V) is stable in probability and

P.. {tlirgo A((X (1), a(t)), Ker(V)) = o} =1, (9.24)
for any (z,a) € R" x M.

Proof. By virtue of Theorem 9.3, Ker(V) is stable in probability. Thus it
remains to verify (9.24). To this end, as in the proof of Theorem 9.3, write
Ker(V) = Ule(le x {ji}), where k < mg, N;, C R", and j; € M. Since
Ker(V) is bounded by assumption, in particular, Ule Nj, is bounded, there
exists some R > 0 such that

k
sup{ yl:ye le} <R. (9.25)

=1

Let € > 0 and fix any (z,«) € R” x M. Then (9.23) implies that there
exists some positive constant § > (R +2) V d((z, ), Ker(V)) such that

. . . 2V (x, a

inf (V(y.): 1yl = 6.5 € M} > X800, (926)

3
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Define
T :=inf {t > 0: d((X(¢),a(t)),Ker(V)) > 25} .

For any t > 0, we have by virtue of generalized 1t6’s lemma and (9.16) that
E; VXt ATE),a(t A1) < V(x, ). (9.27)

We claim that |X(7g)] > 0. If this were not true, it would follow from
(9.25) that for any (y,j) € Ker(V),

d((X(75),(75)), (¥, 7)) < [X(75) —y|+1
<IX(mg)|+lyl+1<B+R+1<26-1,

where in the last inequality above, we used the fact that 3 > R + 2. Then
we have d((X(73),a(r3)),Ker(V)) < 28 — 1 < 24. This contradicts the
definition of 75. Thus we must have |X(73)| > . Then it follows from
(9.27) that

V() 2 Eqa|[V(X(5),a(76)) [(rs<0)]
> inf{V(y,7) : [yl = 8,5 € M} Py {75 <t},
and hence (9.26) implies that
Po{m <th <.
By letting t — oo, we have

€
P,o{m3 <00} < 3

Then we can finish the proof using the same argument in the proof of
Theorem 9.5. O

The following theorem provides a criterion for asymptotic stability with
probability 1.

Theorem 9.7. If there exists a nonnegative function V : U — R such
that for each o € M, V (-, &) is twice continuously differentiable with re-
spect to x and that there exists a continuous function W iR x M Ry
satisfying -

LV (z,i) < =W (z,i), for any (x,i) €U, (9.28)

where U C R” x M is an invariance set for the process (X (t), a(t)), assume
also that either U is bounded or

V(z,a) = . (9.29)

im
|z] =00, (z,0)€U

Then for any initial condition (x,a) € R" x M, the following assertions
hold.
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(i) imsup V(X®(t),a™“(t)) < o0 a.s.,

(i) Ker(W) # 0,
(iif) lim A((X™O(t), o™ (t)), Ker(W)) = 0 a.s., and

(iv) if moreover, Ker(W ) {0} x M, then

lim X*%(t) =0 a.s.
t—oo

Proof. This theorem can be proved using the arguments in [117, Theorem
2.1] although some modifications are needed. O

9.3.2 Linear Systems

We end this section with the following results on linear systems. Again, by
linear systems we mean systems that are linear in the = variable. Consider

dX (t) = b(a( t)dt + Z oj(a (t)dw; (t), (9.30)

where b(i),0;(i) are r x r constant matrices and w;(t) are independent
one-dimensional standard Brownian motions for i = 1,2,...,mg and j =
1,2,...,d.

Note that 0 is an equilibrium point for the system given by (9.30) and
(9.3). As we indicated earlier, it was shown in [92, 116] that the set R” x M
is invariant with respect to the process (X (t), a(t)).

Theorem 9.8. Assume that the discrete component «(-) is ergodic with
constant generator Q = (g;;) and invariant distribution m = (71, ..., T, ) €
R*mo . Then the equilibrium point x = 0 of the system given by (9.30) and
(9.3)

(i) is asymptotically stable with probability one if

m
Zﬂ-iAmax< + b, + ZU] ) 0, (931)
i=1

(ii) s unstable in probability if

iﬂ'i[)‘min (b(i) T+ V(i) + zi: o (i)a}(i)) — %(p(aj(i) + a;(i)))z] > 0.

(9.32)
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Proof. We need only prove assertion (i), because assertion (i) was con-
sidered in Theorem 7.17 in Chapter 7. For notational simplicity, define the
column vector

n= (/”’la/’LQa <o 7/’['m0), S R™o
with

1
,u'iiAmax( +b/ +ZO'J )

Also let B := —mpu. Note that 8 > 0 by (9.31). As in Chapter 7, it follows
that the equation

Qc=p+p1
has a solution ¢ = (¢, ¢a,. .., Cm,)" € R™0. Thus we have
- Z qijc; = —B, ieM. (9.33)

For each i € M, consider the Liapunov function
Vi(z,i) = (1 —e)la]?,

where 0 < v < 1 is sufficiently small so that 1 — ye¢; > 0 for each ¢ € M.
It is readily seen that for each i € M, V(-,7) is continuous, nonnegative,
vanishes only at 2 = 0, and satisfies (9.29). Detailed calculations as in the
proof of Theorem 7.17 in Chapter 7 reveal that for z # 0, we have

LV (x,i) =7(1—7ci)|x|v{f”'b(') I P

|| R
1 2ol (i) (i)a ” (@0 (i)z)? (9-34)
+ = Z( ‘ |2 + (v - 2)—|ng|4 )}
j:].
Note that
|x|2 2 Z |z|2
d 1l (g :
_ 2(¥(0) + b( )z 1= 'aj(i)o;(i)z
= ST + 3 2 ]2 (9.35)
Jj=1
1 d
. N/ e .
< 5 Amax (b(z) +b(i) + ;aj(z)o—j(z)> = 1.
Next, it follows that when ~ is sufficiently small,
- ci(cj —¢i) _ o
Z%; 1— e Z qijCj + Z Qij 1——701'7 = Z%‘jcj + O(7). (9.36)

J# Jj=1 J#i J=1
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Hence it follows from (9.33)—(9.36) that when 0 < v < 1 sufficiently small,
we have

LV (2,i) <y(1—ye;)|x|” { i }

=11 =e)lal (- 8+ om)
< Lo —ye) ol s= ~TW(z,),

Note that Ker( ) = {0} x M. Thus, we conclude from Theorem 9.7 that
the equilibrium point x = 0 is asymptotically stable with probability 1. O

9.4 Invariance (II): A Measure-Theoretic Approach

This section aims to study the invariance principles by adopting the idea
of Kushner [98]; see also the related work [99, 100]. The motivation stems
from the study of deterministic system & = b(x). In this case, for a suitable
Liapunov function V(z) and a suitable function k(z), let Oy = {z : V(z) <
A} and denote Z = {z € O, : k(xz) = 0}. In his well-known treatment of the
invariance theory, LaSalle [106] showed that if b(-) is continuous and V'(-)
is a continuously differentiable function being nonnegative in the bounded
open set Oy satisfying V() = —k(z) < 0, where k(-) is continuous in Oy,
then z(t) tends to Z, the largest invariant set contained in Z as t — oo.
Note that for the invariance, we often work with the time interval (—oo, 00)
rather than the usual [0,00). As commented by Hale and Infante in [62],
working on [0,00) “at first sight to be a reasonable definition; however,
this definition does not impart any special significance to the limit set of
an orbit and appears unreasonable since it generally occurs that trajectories
having limits can be used to define functions on (—o0, 00).”

In deterministic systems, one usually assumes the boundedness of the
trajectories, whereas in the stochastic setup, this boundeness can no longer
be assumed. It is replaced by certain weak boundedness (a precise definition
is provided later). The stochastic counterpart of the invariance principle is
based upon a set of measures that have the semigroup property. For our
case, consider the two-component Markov process Y (t) = (X (¢),a(t)) in
which we are interested. Roughly, the idea of invariant set from a measure-
theoretic view point can be described as follows. A set of measures S is an
invariant set, if for any ¢ € S, there is a process Y (¢) for ¢t € (—o0, 0)
with measure 9 (t) so that ¥(0) = ¢ and ¥(t) € S. Thus if ¢ € S, so
is an entire trajectory of measures over (—oo,00). All of these are made
more precise in what follows. The main point is that the state of the flow
of the process is the measure, analogous to the state of the deterministic
model. To proceed, we first state a result, whose proof is essentially in
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[97]. We recall that the system is stable with respect to (Oy1,02,p) (or
stable relative to (O1, O3, p)) if for each i € M and x € O; implies that
P, (X(t) € Oy forall t<oo)<p.

Proposition 9.9. Let Y (t) = (X(¢),a(t)) be a switching diffusion process
on R" x M. For each i € M, let V(z,i) be a nonnegative continuous
function, O, = {z : V(x,i) < m} be a bounded set, and

T=1inf{t: X(t) € O }. (9.37)

Suppose that for each i € M, LV (x,i) < —k(z) <0, where k(-) is contin-
wous in Oy,. Denote O, = Oy, N {x : k(x) = 0}. Suppose that

P.; ( sup |X(s) — x| Zn) —0 as t— o0
0<s<t

for any n > 0 and for each x € O,,. Then X (t) — O, with probability at

least 1 —V(x,1)/m.

Remark 9.10. Recall that an n-neighborhood of a set M relative to an
open set O is an open set N, (M) C O such that

NU(M):{xEO:|x—y|<77 for some y € M}.

In addition, Nn(ﬁ) = N,,(M) + QNH(M) is the closure of NW(M). In our
case, k(z) is uniformly continuous on O If k(xz) > 0 for some & € Oy,
then for some dp > 0 and for each 0 < d < do, there is an 74 > 0 such
that for the n4-neighborhood N,,(O,,) of O,, relative to O,, k(x) > d >0
on O, — N,,d(ém). Before proceeding to the proof of Proposition 9.9, we
establish a lemma below.

Lemma 9.11. In addition to the conditions of Proposition 9.9, assume
also that V(0,7) = 0 for each i € M, for some m >0, and for any dq > 0
satisfying di < V(x,i) < m. Then the switching diffusion is stable with
respect to (Og,, O, 1 —dy/m). In addition, for almost all w € Q,, = {w :
X(t) € Oy, for all t < oo}, there is a c¢(w) satisfying 0 < c¢(w) < m such
that V(X (A Tw), a(t ATp,)) — c(w), where Ty, = inf{t : X (t) & O} is the
first exit time from O, .

Idea of Proof of Lemma 9.11. By Dynkin’s formula,
tATm
E, V(X(tATR),at A7y)) —V(z, i) = / LV(X(s),a(s))ds < 0.
0

Then E, ;V(X(tATy), a(t ATp)) < V(z,4). Thus the stopped process is a
supermartingale. We have

P, sup V(X(EATM),alt ATwm)) > N) < Viz,9)
0<t<oo A
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Thus, Py i(w € Q) > 1 — V(z,i)/m. By virtue of the supermartingale
convergence theorem, there exists a c(w) such that V(X (¢t A 7p), at A
Tm)) — ¢(w) a.s. Moreover, the structure of the sets O, Om, and O,
implies that 0 < ¢(w) < m.

Sketch of Proof of Proposition 9.9. The proof in fact, is almost the
same as that of [97, Theorem 2|. If k(x) = 0 in O,,, the result is evident as
a consequence of Lemma 9.11. Moreover, by Lemma 9.11, P(X (¢) € 09)) >
1 — V(x,i)/m, where O, denotes the interior of O,,.

For each dy and dy > 0, and dp given in Remark 9.10 satisfying do >
dy > da, let n¢ be such that for z € O,, — N,,,(Oy,), k(x) > d;. Without

loss of generality, Ny, (Om) is a proper subset of N, (5m) Define

1, if X(t) € Op — Ny, (Onn),
0, otherwise.

X(8) = Lui(s,w,m0) = {

Define

Tm

T(tme) = Toatton) = [ x(s)ds.
tATm
That is, T'(t,n,) is the total time that the process spent in O,, — N, (ém)
with ¢ < T'(¢,n,), and T(t,m¢) < min(oco, 7p,); T(t,n¢) = 0 if 7,,, < t. Using
Lemma 9.11,

P, (X(t) leaves O,, at least once before ¢ = c0)
Viz,i
=1- Px,i(Qm) < (7)
m

Again, by Dynkin’s formula, for any « € O,,, — N, (ém),

V(z,1) = By i V(XA T), et ATin))
tATm

—_E., / LV(X(s), als))ds

9/\7‘m
> ’YEQC,'L/ Ix,i(s)ds = ’yEz,z(t A Tm)v
0

where I, ;(s) is the indicator of the set of (s,w)s where LV (z,i) < —v.
Using the nonnegativity of V(-) and taking the limit as ¢ — oo, we obtain
E,; it < V(x,i)/v. Thus, Ty ;(t,n¢) < oo a.s.and Ty ;(t, 1) — 0ast — oc.

There are only two possibilities. (i) There is a random variable 7(n;) < oo

~

a.s. such that for all ¢ > 7(n1), X(t) € Ny, (Op,) with probability at least
1—V(x,i)/m (this can also be represented as X (t) € N,, (Oyn) a.s. relative
to Q,); (ii) for w € Q,, X(t) moves from Nm(@m) back and forth to
O — Ny, (O,n) infinitely often in any interval [f, 00). We demonstrate that

the second alternative cannot happen.
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Consider (ii). Since Ty ;(t,n¢) — 0 a.s. as t — oo, there are infinitely
many movements from N, (Om) to Op, — Ny, (Opm) and back to Ny, (Om)
in a total time being arbitrarily small. We claim that the probability of the
second alternative is 0.

For any A; > 0, choose t > 0 such that

sup  Pui(sup [X(s)—a|=m —n2) <A (9.38)
€0, — Ny, (Om) 0<s<t

Owing to the stochastic continuity and compactness of O, (the closure of
Oyn), for each Ay > 0, thereis a t < oo such that P, i(Tyi(t,m2) >1) < As.
This is a contradiction to (9.38). Thus

P, i(X(s) € On — Ny, (Om) for some s € (t,00)) — 0 as t — oo,
for any = € O,,. The arbitrariness of 7, then implies the result. O

Remark 9.12. Denote D,, = {w : w € Qp and [~ xe(s)ds < oo},

without assuming the boundedness of O,,, and Om7 but require that for any
e >0, P, {|X%(t)] = oo, X(t) € O, Dy, } = 0. Then the conclusions of
Proposition 9.9 continue to hold. The proof of this can be carried out as in
[97, Theorem 3]. We omit the details for brevity.

To continue, we first set up some notation and conventions. Consider
the two-component Markov process Y (t) = (X(¢), «(t)) with the generator
given by (9.1) or equivalently with the dynamics specified by (9.2) and (9.3)
with initial condition (X (0),«(0)) = (Xo, ) € R” x M being possibly
random. The process takes values in R” x M.

Suppose that m(t, ¢, dx x i) is the measure induced on B(R" x M), the
Borel sets of R” x M, at time ¢ such that

© =m(0, ¢, dx x i) is the measure induced at t = 0, (9.39)
m(t+s,p,dr x i) =m(t,m(s,p),dr x i), t,s > 0. .

It is the measure of the process at time ¢, given “initial data” ¢. The last
line of (9.39) is just the semigroup property. In the above, we continue to
use the convention as mentioned in Remark 6.6. That is, m(t, ¢, dx x i) is
meant to be m(t, ¢, dx x {i}).

Let % be the space of bounded and continuous functions on R” x M. Let
M be the collection of all measures on (R” x M, B(R" x M)). A sequence
of measures {¢,,} converges to 1) weakly in M if as n — oo,

mo mo
Z/ (x,8), (dx x i) — Z/ Y(dx x 1), forall he Ch.

A set S C M is weakly bounded or tight, if for any > 0, and each i € M,
there is a compact set K, C R" such that

Y((R" — K,)) x {i}) <n forall ¢ € S.
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Remark 9.13. In the above and henceforth, for simplicity, we use the
phrase “f € C}” for a f function defined on R” x M. In fact, since a(t)
takes values in a finite set M, for each x, f(z,-) is trivially continuous.
Thus, the requirement of f € C} can be rephrased as “for each i € M,
f(-,i1) € Cp.” In all subsequent development, when we say f € Cj, it is
understood to be in this sense.

9.4.1 w-Limit Sets and Invariant Sets

Definition 9.14. A measure ¢y € M is in the w-limit set Q(y) (with
¢ given by (9.39)), if there is a sequence of real numbers {t,} satisfying
t,, — oo such that

Do FDmltn, @ dy x §) —(dy x )] =0 as n— oo
jem /RT
for each f € Cj.

Definition 9.15. A set S C M is an invariant set if for each ¢ € S, there
is a function m(s, ¥, dx x j) defined for all s € (—o00, 00) and taking values
in S such that

(1) m(0, ¥, dz x j) = ¢(dx x j),

(2) m(t+ s,v,dx x j) = m(t,m(s,v),dx x j) for any s € (—o0,00) and
t €0, 00).

Note that the m(t, 1, dx) is the measure of the process. The variable s
taking values in (—o0, 00) is consistent with the definitions used in dynamic
systems for the flows of deterministic problems. The idea is that, for any
measure ¥ to be an element of the invariant set, there must be a flow for
s € (—00,00) that takes value ¢ at time zero. As commented upon in the
beginning of this section, the time interval is two-sided. We aim to obtain
the invariance principle using measure concepts. The result is spelled out
in the following theorem.

Theorem 9.16. Suppose that
(a) for each i € M, Uscjo,00ym(t, ¢, dx X i) is weakly bounded;

(b) on any finite time interval,
mo
Z/f(x,j)m(t,go,da: X 7) s a continuous function of t
j=1

uniformly in @, for ¢ in any weakly bounded set of M;
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(c) for each f(-) € Cy and some weakly bounded sequence {p,} converg-
ing weakly to ¢, we have

> [ dmlondex i) =Y [ fadimip.dax ).

Then (i) Q(p) # 0, (ii) Q(p) is weakly bounded, (iii) Q(p) is an invariant
set, and (iv)

Z/f(x,j)[m(t,go,dx X j)—@(dxxj)]—0, as t— oco.
j=1

Proof. We divide the proof into several steps.

Step 1. It is well known that on a completely separable metric space,
weak boundedness is equivalent to sequential compactness; see [16, p. 37,
[43, p. 103] and so on. Consequently, the w-limit set Q(p) # 0.

Step 2. For some sequence {t,} with ¢, — oo as n — 0o, some 1) € M,
and all f(-,j) € Cy for each j € M, suppose that

> [ imita oo x ) =Y [ flad)uldo x i) as n .
Jj=1 j=1

Let K be a compact set in R". Denote by C'x the restriction of C to K.
Then C'k is a complete separable metric space equipped with the sup-norm
restricted to K. Let 7x be a countable dense set in C'i. For each i € M
and each f(-,4) € Tk, define

Rt =3 [ it + oo 5.

JEM
For some T > 0, consider the family of functions
{ﬁt(taf) : f € TK» te [_TvT]v tn > T}v

which is uniformly bounded. By virtue of condition (b) of the theorem,
this is an equicontinuous family. The well-known Ascoli-Arzela lemma im-
plies that we can extract a subsequence {f,,(¢; f)} that converges uni-

formly to f(t; f) on [T, T]. By using the diagonal process and repeat-
edly selecting subsequences, we can show that we can extract a further
subsequence {f,,(t; f)} that converges uniformly to f(¢; f) on any finite
interval in (—o0, 00). Moreover, because Tk is dense in Ck, the aforemen-
tioned convergence takes place for any f € Cx. The semigroup property of
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m(t, p,dr x i) and weak convergence of

Fultef) = 3 [ flodex mita + . dox )
jem’ K
= Z [z, dz x j)m(t, m(ty, ), dz X j)
jem’ K

for each t € (—o0,00) and each f(-,i) € Ck for each i € M together with
the weak boundedness of {m(t,, + ¢, ¢, dx x i)} implies that the restriction
of {m(t, +t,¢)} to (K,B(R"NK) x M)) converges weakly to a measure
Y (t) for each t € (—00, 00).

Step 3. By the weak boundedness of {m(t, )}, there exists a sequence
n; — 0, and a sequence of compact sets {K;} in R" satisfying K; C K;1
such that for each j € M,

m(t,gp,KZ-c X {J}) < 7is (9'40)
where Kf x {j} = (R" — K;) x {j}. By means of a diagonal process, we

can find a subsequence {¢,,} and a sequence of measures {1;(¢,- x -) : t €
(—00,00)} such that for each f(-) € Ch,

]GZA:A/K [z, j)m(t,+t, ¢, dxxj) _)j;;/m [z, )k, (t, dzx 5). (9.41)
For k > 1,
> /K Fla, i), (b do x j) = Y /K F(,§) K, (t,dx x §).  (9.42)

JjEM JjEM

By (9.40)(9.42), there is a measure ¢(+) such that for all ¢ € (—oo, 00) and
all f(-) € Gy,

> [ fadmita+topdo x i) =Y [ fad)ottdo x ).
Jj=1 j=1

Noting 1(0) = ¢ and by (c¢) in the assumption of the theorem, for each
fely, s>0,and t € (—o0,00),

> [ e dymlsmlt, + t.0).dox )
j=1

=Y [ fa s, b0),de x 5) as n - o
j=1
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and

%/f(m,j)m(&m(tn +t,0,dx X j),dx X j)
j=1
- io:/f(x,j)m(o, m(t, +1+s,0),dr x j)
j=1
- i/f(x,j)m((),?/)(t +8),dx X j)
=
;i/fWJW@+dexﬁ~

This shows that {¢(¢,dz x j)} is an invariant set.

Step 4. Suppose that there were a sequence {t,} satisfying for any sub-
sequence {t,, } and some f(-) € Cy,

mo

/f@dﬁw%mwdeﬁ
1

lim sup inf
=00 | peQ(yp)

Jj=

—}:/f@JWMhXJ)>O

The weak boundedness of {m(t,,,y)} implies that there is a subsequence

that converges weakly to some ¢ € M. However, 1 € ﬁ(gp), which is a
contradiction. Thus the desired result follows. O

Proposition 9.17. If (X(t),«(t)) is Feller, then condition (c) of Theo-
rem 9.16 holds. That is, for any t € [0,T] with T > 0 and any weakly
bounded sequence {pn} such that ¢, converges weakly to ¢ as n — oo, we
have

S [ s imtpnds <) =Y [ 1 imip.do ),
j=1"R" j=1/R"
for any f € C, as n — oc.

Proof. Fix any t € [0,T]. For any f € Cy, let h(z,i) = E,; f(X (1), a(t)).
Then by virtue of the Feller property, h is continuous and bounded. Note
that

mo

; - flx, )m(t, on, dz x j) = ;/RT E.. f(X(t), a(t))pn(dz x §)

= h(z,i)on(dz X 7).
i=1/R"
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Because ¢,, converges weakly to ¢ and h € Cj, it follows that

nlirlgoio:/ h(zx,i)pn(dx x 1) = i‘):/ p(dx x ).

But
Z F ity x ) Z/ E..if (X (1), a(t))p(de x i)
*Z/ o(dz X 1).

Thus we conclude that

mo

nh_{goz F(@ J)mt, on, dz x j) Z/ij mlt, ¢,dz x j).

This finishes the proof. O
Proposition 9.18. Assume that
(i) (X(t),«a(t)) is Feller,

(ii) (X(t), a(t)) is continuous in probability uniformly in t € [0,T], where
T>0,

(ili) Ussomit, ) is weakly bounded.

Then condition (b) of Theorem 9.16 holds. That is, for any f € CY, the
function

tHZ Flwsjymt . da x j)

is continuous, uniformly in ¢ for ¢ in any weakly bounded set of M.

Proof. The proof is divided into several steps.

Step 1. Let f € Cp. Then the weak boundedness, the continuity of f,
and the stochastic continuity of (X(¢),a(t)) imply that f(X(t),«a(t)) is
continuous in probability in ¢.

Step 2. Next we show that the function ¢ — E, ; f(X(t), a(t)) is contin-
uous at any fixed finite ¢ for any (z,7) € R” x M. In fact, for any fixed
finite ¢, any (z,i) € R” x M, and any € > 0, by virtue of Step 1, we can
find some A = A(z,4) > 0 such that

P {|f(X(t+5),at+5)) — F(X(1),a(t)] >e/6} < 12\|f||
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for |s| < A, where || f|| denotes that essential sup-norm of f. Then it follows
that for |s|] < A,

Ee i f(X(t+5), (t +5)) — Eo i f (X (1), (2))]
SEoi [f(X(E+5), ot +5)) = f(X (1), at))]
=Eoi [[f(X(t+5),alt +5)) = (X, () (I + I2)]  (9.43)

9 3
=+ 2l o7
127

)
)

<

)

Wl M

where Il = I{\f(X(t+s),a(t+s))ff(X(t),a(t))|§€/6} and IQ =1- Il. Thus the
function E, ; f(X(t), a(t)) is continuous at .

Step 3. We claim that the function t — E, ; f(X(¢), a(t)) is continuous
at any fixed finite ¢, uniformly for (z,7) € K x M, where K is any compact
subset of R". In fact, since the process (X(t), «(t)) is Feller, the function
x— By, f(X(¢),a(t)) is continuous, and hence uniformly continuous in K,
where K is any compact subset of R". Moreover, Proposition 2.30 enables
us to conclude that the function x — E, ; f(X(¢), «(t)) is continuous, uni-
formly in any finite ¢ interval. Thus for any € > 0, there exists a § > 0 such
that

|Eq, i f (X (), (t)) — Ea, i f (X (1), a(t))] < g
for any 1,22 € K with |21 — 22| < 0. Because K is compact, we can cover
K by a finite union of balls; that is, there exists a positive integer N and
z1,...,xn € K such that K C UN_, B(wg,6). It follows from (9.43) that
for each k = 1,2,..., N and each i € M, there exists a Ay ,; = A(zy, 1)
such that

(9.44)

By if (X (E+5),at + ) — Ea i f (X (1), (F))] < g, (9.45)

for all |s] < Ag;. Let A = min{Ay;,k=1,...,N,i € M}. Note that for
any © € K, x € B(xy, ) for some k= 1,..., N. Hence for any i € M and
any |s| < A, it follows from (9.44) and (9.45) that

B i f(X(E 4 5), ot + 5)) = Bo i f(X (1), (1))
< [Eq i f(X(t+ 5),a(t +5)) = Eqp i f(X(E+ 5), a(t + 5))]

FEe i f(X(E+5),alt +5)) = Eqp i f(X (1), (1))

+ B i f(X(1), a(t)) = Eq i f (X (1), a(1))]
<yiiioc

3 3 3

The claim thus follows.
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Step 4. Now for any compact set K C R” and any f € Cj, we have

Z[Rr f(y7j)m(t+3,(p7dy X ]) — Z/}R7 f(y,j)m(t,go,dy % ])
— Z/T (Epif(X(t+s),a(t+3)) —Eg . f(X(t), at))) o(dz x i)
< Z/ By i f(X(E+s),alt+s)) —E; . f(X(t),at))] p(de x i)
i=17K
+ Z /KC |E. . f(X(t+s),a(t+s)) — Eg i f(X (1), a(t))] o(dx x ).

Let S € M be weakly bounded. Fix ¢ > 0 and £ > 0. There is a compact
Ky C R” such that o(K§x M) <e/(4|f|) for all ¢ € S. By virtue of Step
3, there is a A > 0 such that

[Boif(X(t+8),alt +5)) - Eg f(X(8),a(t))] < 5.

for all |s| < A and all (z,7) € K¢ x M. Hence it follows that for any ¢ € S
and any |s| < A, we have

mo mo

Z Fyad)mlt + s, dy x ) - Z F(ysg)mts e, dy x j)

< Z/ |Eq i f(X(+s),a(t+5)) — Equ i f(X(2),a(t))| p(dz x i)
+Z / B i f(X(t+5),alt + 5) — Bua f(X (), alt) | olda x 1)
<Z/ dxxz—l—Z/ 21|f | o(da x i)

4Hf||

2

I
™

This shows that the function t — Z] 1 Jgr F(y, 3)m(t, 0, dy x j) is contin-
uous, uniformly in ¢ € S, a weakly bounded set of M. ]

9.4.2 Switching Diffusions

Let us recall the definitions of the support of a measure and a family of
measures here. Let 4 be a measure on (R, B(R")), where B(R") denotes the
collection of Borel sets on R". Then the support of u is defined to be the
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set of all points © € R x M for which every neighborhood N(z) of  has
positive measure. That is, if p is a measure, then the support of p, denoted
by supp(u), is defined as

supp(p) := {z : p(N(x)) > 0 for all open neighborhood N(z) of x}.

If S is a family of measures, then

supp(S) := U supp(x)
nes

In what follows, for a measure defined on R” x M, by its z-section (or
a-component), we mean the measure defined on R”.

Theorem 9.19. Assume the conditions of Theorem 9.16. Then the fol-
lowing assertions hold.

(a) Suppose that F = suppz(ﬁ(go)) is the support of the x-section of set

Q(p). Then the process X (t) converges to F in probability as t — oo.
That is,

P, (d(X(t),F)>n)—0 as t — o0 forany n>0.

(b) Suppose X (t) converges in probability to a set G. Let Ly be the largest
invariant set whose support is contained in G (i.e., supp(Ly) C G).
Then X (t) converges to supp(Ly) in probability.

Proof. To prove (a), let O be an arbitrary open set such that F' C O. We
claim
limsup P, {X(t) e R" - O} =0. (9.46)

t—o0

We verify (9. 46) by contradiction. Suppose it were not true. There would

be an open set O containing O, and a nonnegative function f(-,i) € C (for
each i € M) satisfying

7oa)=0, ifyeO
f(y’l){>1, ifyeR" — O

such that

limsupZ/ fxz (t,,dx x 1) > 0.

It follows that there is a sequence {t,} and a v > 0 such that

mo
Z/f(x7i)m(tn,ap,dx X i) — > 0.
i=1
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By Theorem 9.16, {m(t,, )} is weakly bounded. So there is a subsequence
{tn, } and a ¥ € Q(p) such that

S [ fwimmtnpndex ) =3 [ st <

for all f(-,i) € Cy. Thus it also holds for
Z/f(x,i)zp(dx x i) =~>0.
i=1

However, this implies that there is some point # € R” — O such that (N x
1) > 0 for all open set N containing x. Hence it follows that (z,4) € supp(¢),
which leads to a contradiction, because supp(¢) C supp(Q(y)) = F' C O.
Therefore (9.46) must be true and hence the assertion of (a) is established.

To prove (b), by virtue of part (a), X (t) converges in probability to F as
t — oo. In addition, by the hypothesis, X (¢) converges to G in probability
as t — oo. Thus it follows that F' C G. Meanwhile, Theorem 9.16 implies
that Q(p) is an invariance set. Hence it follows that F' = supp,(Q(¢)) C
supp(Ly). As a result, X (¢) converges to supp(Ly) in probability as ¢t — occ.

Remark 9.20. Let the conditions of Theorem 2.1 be satisfied. Then by
virtue of Theorems 2.13 and 2.18, the process (X (t), «(t)) is continuous in
probability and Feller. Suppose that for each ¢ € M, there are nonnegative
functions V(-,i) € C? and k(z) € C satisfying

LV (z,i) < —k(z) <O0.
Assume also that

N lim inf Vi) — q
(1) ‘zllglomlenM (x,i) = o0, an

(i) EV(X(0),a(0)) = Z/ Vi(z,i)p(dz x i) < .
iem 7R
Then using Dynkin’s formula, we can verify that
E, V(X(t),a(t)) <EV(X(0),a(0)) < co

for any ¢t > 0. Thus the set of measures induced by {V(X(¢),«(t)),t > 0}
is weakly bounded. Hence for any £ > 0, there is a compact K C R such
that
P, {V(X(t),a(t)) e K x M} >1—¢, for any ¢t > 0.

Now let K := {z € R":V(z,i) € K, for some i€ M}. Because K is
compact and V'(-,4) is continuous, K is closed. In addition, a simple con-
tradiction argument and condition (i) imply that K is bounded. Therefore
K is compact. Note that

V(X(t),a(t)) € K x M implies (X (), a(t)) € K x M



278 9. Invariance Principles
for any ¢ > 0. Thus it follows that
P, {(X(tm(t)) e K x M} >1-e.

This shows that the collection of measures induced by {(X (), «(t)),t > 0}
or Ug>om(t, ) is weakly bounded. Therefore we conclude from Propositions
9.17 and 9.18 that all conditions of Theorem 9.16 are satisfied.

Suppose further that k(X*%(t)) — 0 in probability for each i € M, and
there is a sequence of compact sets { K, } with K;,, x M C R" x M satisfying

1
m(t, o, Ky x M) < —.
n
Then for any open set O in R” containing the set K, N {x : k(xz) = 0}, we
have L
tlim P, (X(t) ¢ 0) < —.
—00 n
So we conclude from part (b) of Theorem 9.19 that X(¢) converges in
probability to the largest support of an invariant set that is contained in

lim,, K,, N {x : k(x) = 0}.

Example 9.21. We consider a randomly switching Liénard equation, a
real-valued equation of the second order of the following form
dX2(t)
dt?

dX(t)
dt

+ F(X(1), a(t)) +9(X(#) =0,

where a(t) is a continuous-time Markov chain taking values in M = {1, 2},
and for each i € M, f(-,i) : R — R and ¢(:) : R — R are continuously
differentiable functions satisfying for each i € M,

f(z,3) >0 for all z € R,
g9(0) =0, xg(z) >0 forall = #0,

/ g(u)du — o0 as & — 0.
0

The above equation may be converted to a system of equations

dX,

W - XQ(t)
% = —g(X1(t)) — f(X1(t), a(t)) Xa(t).

For each i € M, we can then define a Liapunov function

x3 1
V(z1,xe,1) = > +/ g(u)du,
0
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where as in the case of ordinary differential equations, the first term in
the Liapunov function has the meaning of kinetic energy and the term
involving the integral is potential energy. Note that the Liapunov function
constructed is independent of ¢ € M. Thus,

2
Zqijv(%»xz,j) =0 for each i=1,2.
j=1

Denote by
Oy = {(x1,29,1) : V(x1,22,1) < A}

It is easily checked that
LV (x1,29,1) = —x3f(21,7) <0

since f(zq1,4) > 0 for all z; € R. With (X1(0), X2(0), a(0)) = (21, z2, @),
by Dynkin’s formula,

Eqy 0,0V (X1 (1), Xa(t), a(t)) = V(21,22 0)

—Ep e / LV (X1 (u), Xs (), a(u))du < 0.
0

S0 Eg) ap,aV (X1(t), Xo(t), (t)) < V(x1,22,0), and it is a supermartin-
gale. It follows that for any ¢; > 0,

Poasa( sup V(Xi(), Xa(t),0(t) = 2)

t1<t<oo

< Ewl,wg,aV(Xl (tl)v XQ(tl)a Oé(t))
— )\ M

By virtue of Proposition 9.9, it can be shown that with probability 1,
relative to
Qy =A{w :sup V(X1 (t), Xa(t), a(t)) < A},

and
P(Q)\) Z 1-— V(xl,xg,i)/)\,

(Xl(t),XQ(t)) — G = {(Il,xg) . T = Oﬂ,c V(Il,IQ,i) < )\, RS M}
= {(z1,22,4) 1 22 = 0, / glu)du < X; i € M}.
0

Another way to rephrase the notion “convergence in probability relative to
2" is X(t) — G with probability at least 1 — V(z1,22,4)/A.
Referring to Theorem 9.19, the k(x) there now takes the form

k(x) = —a3f(x1,i) <0 for each i€ M.

Thus by Theorem 9.19, X(t) = (X1 (t), X2(t)) converges in probability to
the largest invariance set whose support is contained in G. For w € Q—Q,,
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(X1(t), X2(t)) — 00,. It follows that (X1 (t), X2(t)) — (0,0) in probability
relative to . Therefore, for each 1 > 0, there is a T' < oo, such that for
all t > T, P(V(X1(t), X2(t)) > Xo) <. In particular,

P(V(X1(t), Xa(t)) = Ao) < 11. (9.47)

By the supermartingale inequality,

Poysa(_sup V(Xi(1), Xa(t),alt) = No)

< Emlmjit‘;&l (T), Xo(T), a(T)). (9.48)

< o
Then using (9.47),

Eq\ 00,0V (X1(T), Xo(T), (T)) < n(1 —n) +nA.
Thus,

1+ A
Prvesa(_sup VX0, Xa(t), (1) > 2o) < T
T<t<oo Ao

Because 1 and \g are arbitrary, (X;(t), X2(¢)) — (0,0) almost surely rela-
tive to . However, O, is also arbitrary and bounded for any 0 < A. Since
P(2)) — 1 as A — oo, (X1(t), X2(t)) — (0,0) almost surely.

9.5 Notes

For systems running for a long time, it is crucial to learn their long-run
behavior; see [92, 116, 183] for recent progress on stability of such systems.
The rapid progress in natural science, life science, engineering, as well as
in social science demands the consideration of stability of such systems. In
fact, the advent of switching diffusions is largely because of the practical
needs in modeling complex dynamic systems; see [7, 52, 74, 92, 116, 168,
180, 183, 187, 188] for some of the recent studies.

Most works to date has been concentrated on Markov-modulated dif-
fusions, in which the Brownian motion and the switching force are inde-
pendent, whereas less is known for systems with continuous-component
dependent switching processes. As demonstrated in Chapter 2 (see also
[188]), when z-dependent switching diffusions are encountered, even such
properties as continuous and smooth dependence on the initial data are
nontrivial and fairly difficult to establish. Nevertheless, studying such sys-
tems is both practically useful and theoretically interesting. In our recent
work, basic properties such as recurrence, positive recurrence, and ergod-
icity are studied in [187]; stability is treated in [92]; stability of randomly
switching ordinary differential equations is treated in [190].
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This chapter has taken up the issue of examination of the invariance
principle akin to LaSalle’s theorem for deterministic systems [61, 62, 106].
Previous study of invariance principles for stochastic systems can be found
in [98, 117].

In this chapter, two different approaches are used to study the invariance.
The first one is inspired by the work of Mao [117] using kernels of Liapunov
functions. The second one uses the approach of the measure-theoretic view-
point of Kushner [98]. The results obtained can also be adopted to treat
random-switching ordinary differential equations.
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Positive Recurrence: Weakly
Connected Ergodic Classes

10.1 Introduction

To study the positive recurrence and ergodicity, one of the conditions used
in Chapters 3 and 4 is that the states of the switching process belong to
only one ergodic class. In this chapter, we further our study by treating a
more general class of problems. We consider the case that the states of the
discrete event process belong to several “ergodic” classes that are weakly
connected. This notion is made more precise in what follows. A key idea is
the use of two-time-scale formulation; see [176, 177] and many references
therein.

The rest of the chapter is arranged as follows. Section 10.2 begins with
the formulation. Section 10.3 focuses on hybrid diffusions whose discrete
component lives in weakly connected “ergodic” (irreducible) classes. Fi-
nally, the chapter is concluded with additional remarks in Section 10.4.

10.2  Problem Setup and Notation

Let z € R", M = {1,...,mg}, and Q(z) = (gi;(x)) an mo x mo ma-
trix depending on x satisfying that for any @ € R™ and i € M, ¢;;(x) >
0 for i # j and Z;n:ol ¢ij(z) = 0. Consider a switching diffusion pro-
cess Y(t) = (X(¢),a(t)), which has two components, an r-dimensional
diffusion component X (¢) and a jump component «(t) taking value in
M ={1,...,mp} representing discrete events. The hybrid diffusion process

G.G. Yin and C. Zhu, Hybrid Switching Diffusions: Properties and Applications, 285
Stochastic Modelling and Applied Probability 63, DOI 10.1007/978-1-4419-1105-6_10,
© Springer Science + Business Media, LLC 2010
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Y(t) = (X(t),at)) satisfies

dX (t) = b(X(t), a(t))dt + o(X (1), a(t))dw(t),
X(0) =z, a(0) = «a,

(10.1)

and
P(a(t + At) = jla(t) =i, X(s),a(s),s <t)

= qi; (X () At + o(At), i # j,

where w(t) is a d-dimensional standard Brownian motion, b(-, ) : R" XM —
R", and o(-,-) : R" x M +— R"™% satisfying

(10.2)

b(x,i) = (bj(z,i)) €R", o(x,i)o’(z,i) = a(z,i) = (ajp(x,i)) € R™*T,

with 2’ denoting the transpose of z for z € R***2 and 11, 19 > 1.

Associated with the process given in (10.1) and (10.2), there is a gener-
ator Ly defined as follows. For each ¢ € M and for any twice continuously
differentiable function g(-,14), let

Log(w,i) = %tr(a(x,i)vzg(xvi)) +0'(2,9)Vg(z,i) + Q(z)g(z, )(i),
(10.3)
where Vg(-,4) and V2g(-,i) denote the gradient and Hessian of g(-,), re-
spectively, and

Qo)) = Y 0y, )
= Y @) g@.g) — glai), i€ M.

JFLIEM

(10.4)

For further references on stochastic differential equations involving Poisson
measures describing the evolution of the jump processes, we refer the reader
to Chapter 2 of this book; see also Skorohod [150].

Throughout the chapter, we assume that for each i € M, both b(-,1)
and o(-,1) satisfy the usual local Lipschitz and linear growth conditions.
It is well known that under these conditions, the system (10.1)—(10.2) has
a unique solution; see Chapter 2 of this book and also [150] for details.
In what follows, denote the solution by Y®(t) = (X®%(t),a™*(t)) to
emphasize the dependence on the initial data when needed.

10.3  Weakly Connected, Multiergodic-Class
Switching Processes

As mentioned, one of the conditions used in Chapters 3 and 4 is that the
states of the jump component are in a single ergodic class. This section
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deals with the situation that weakly connected, multiple ergodic classes
are included. We assume that the discrete jump component is generated by

~ ~

Q=-Q+0Q, (10.5)

€

where 0 < ¢ <« 1, and Qv and @ are themselves generators of certain Markov
chains. Corresponding to (10.5), the states of the switching process live in a
number of ergodic classes that are weakly connected through the generator
Q. We say switching processes with such a structure have multiergodic
classes that are weakly connected. This section is divided into two parts.
We first concern ourselves with the case that the jump components are
divided into [ recurrent classes. Later, we consider the case that transient
states are also included.

10.3.1 Preliminary

Before proceeding further, let us give the motivation for using such models.
First, we note that Q¢ is a constant matrix independent of xz. The ratio-
nale is similar to those considered in the previous chapters, which can be
considered as linearizing Q(z) at “point of co.” We may begin with an z-
dependent matrix, say Q°(x). Then for x large enough, it can be replaced
by a constant Q°. To be more precise, assume

Q% () =Q° 4+ 0o(1), as |z| — oo, (10.6)

where Q¢ has the form (10.5). Note that in the previous chapters, a con-
dition similar to (10.6) was used without the e-dependence, but the cor-
responding constant matrix (the limit at |z| — o0) is a generator of an
ergodic Markov chain. Here, we are mostly concerned with the case that
the generator could possibly be reducible with several ergodic classes. Nev-
ertheless, the states belonging to different ergodic classes are not completely
separable. They are linked together through weak interaction due to the
presence of the slow part of the generator Q.

The formulation of Q¢ being a generator of an e-dependent Markov chain
for a small parameter ¢, stems from an effort of using two-time-scale models
to reduce the complexity of the underlying systems. It has been observed
in [149] that there are natural hierarchical structures in many large-scale
and complex systems. The formulation in (10.5) is an effort to highlight the
different parts of subsystems varying at different rates. It is often possible
to partition the system states into a number of groups so that within each
group, the state transitions take place rapidly, whereas among different
groups, the changes are relatively infrequent. Such scenarios, in fact, appear
in many applications. Thus an effective way is to treat the systems through
decompositions and aggregations. Loosely, one can use the natural scales
shown in the system to aggregate the states in each ergodic class into
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one state. In this way, the total number of states is much reduced for the
aggregated system. This point of view was exclusively discussed in Yin and
Zhang [176]. To begin, one may not have an ¢ in the system, but it is
brought into the formulation to highlight the different rates of change so
as to separate the fast and slow motions.

10.3.2  Weakly Connected, Multiple Ergodic Classes
Suppose
Q = diag(Q",...,Q"). (10.7)

In view of (10.7), the state space M of the underlying Markov chain is
decomposable into [ subspaces. That is, we can relabel the states so that

M =M UMaU---UM,, (10.8)
with M; = {si1,...,Sim,;} and mg = my + mg + --- + my such that @i,
the generator associated with the subspace M; for each i = 1,...,[ is
irreducible. Thus the corresponding M, for ¢ = 1,...,[ consist of recurrent

states belonging to [ ergodic classes.
To signal the e-dependence, we index the process by ¢ and write it as
Ye(t) = (X°(t),a°(t)). Then (10.1) and (10.2) become

AXE(t) = b(XE(2), a5 (£))dt + o (X5 (), o (t))dw(t),

(10.9)
X°(0) =2z, a(0) =a,
and
P(a%(t+A) = jla“(t) = i, X*(5),05(s), 5 < 1) = 458+ o(A), i # .
(10.10)

The associated operator for the switching diffusion is given by

1
£og(x,0) = Ste(a(@, )V2g(w,0) + (2,0 Vg(w,0) + Q°g(w, ) (1), t € M.
(10.11)
To proceed, lump the states of the jump component in each M; into a
single state and define

() =i if a°(t) € M. (10.12)
Denote the state space of @ (-) by M = {1,...,1}, and 7 = diag(v?, ..., 1!,

where v/ is the stationary distribution corresponding to @Q?. Define
Q=01 (10.13)

with 1 = diag(1,,,,..., 1) and 1, = (1,...,1) € R, The essence of the
aggregated process is to treat all the states in M, as one state, so the total
number of states in the “effective” state space is much reduced. We need
the following assumption about the generator of o (-).
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(A10.1) For each i =1,...,1, Q" is irreducible.
Lemma 10.1. Under (A10.1), the following assertions hold.
(a) The probability vector p*(t) € R1*™o with

p°(t) = (P(a(t) = si5),i=1,....,i=1,...,my),
satisfies
pE() = ()7 + O(e(t +1) + ")
for some ko > 0, and 0(t) = (01(t),...,0,(t)) € RY*! satisfies

aot) oo
= 0@, 00) = p(0)1.

(b) The transition matriz satisfies
PE(t) = PO(t) + O(e(t + 1) + e mot/=),
where PO (t) = 10(t)7 and

o) _ o o
—— =008, 6(0) = 1.

(c) The aggregated process @°(-) converges weakly to a(-) as e — 0, where
a(+) is a Markov chain generated by Q.
(d) Fori=1,...,l,j=1,...,my,

[e%s} 2
E [/O e (Ias()=s.,} — Viliae(p=iy)dt| = O(e),

where 1/§ denotes the jth component of V' fori =1,...,1 and j =
1, ..,y

Proof. The proofs of (a) and (b) in Lemma 10.1 can be found in [176,
Corollary 6.12, p. 130]. The proof of (c) is based on the martingale averaging
method [176, Theorem 7.4, p. 172]; an outline of the idea is in [4], and a
discrete version of the approximation may be found in [177].

As for (d), using (a) and (b), direct calculation reveals that

o) ) 2
E [ /0 e (fas(h=sy) — V}f{afa)—i})df]

o] t
= / / e 750 (6(t +1)+ 67“0(“5)/6) dsdt
0.0 .
+/ / e 750 (5(15 +1)+ e_"‘o(s_t)/a) dtds.
0

0
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Detailed calculations then yield the desired result. O
Due to the aggregation, certain averages take place. When ¢ goes to 0,
we obtain a limit system. The following lemma records this fact, whose
proof can be found in, for example, Yin and Zhang [176], and Yin [165].
The basic idea is to use martingale averaging; we omit the details here.

Lemma 10.2. Assume (A10.1). Then (X¢(-),a%(:)) converges weakly to
(X(+),a@(")), whose operator is given by

Lol,i) = tr(ale, i)Vg(x, 1)) + B (r,1) Vg, 1) + Qola, (i), (1014)

where

b(z,i) = Z uji»b(ac, Sij),
oy (10.15)

Remark 10.3. In view of the weak convergence result, the limit stochastic
differential equation for (10.9) is

dx = b(X (t),a(t))dt + 7(X (t),a(t))dw, (10.16)

where 7 (z,14) is defined in terms of the average in (10.15); that is,

o(x,4)7 (x,4) = a(x,i).

(A10.2) Q@ is irreducible. For each i € M, a(x,4) satisfies
k1lél? < €a(x,i)¢, forall { € R, (10.17)
with some constant k1 € (0, 1] for all z € R".

With the conditions given, using the techniques of Chapter 3, to be more
specific, by virtue of Theorem 3.26, we establish the following assertion.

Proposition 10.4. Under (A10.1) and (A10.2), the switching diffusion
with generator given by (10.14) is positive recurrent.

We now present the result on positive recurrence of the underlying pro-
cess. The main idea is that although the discrete events, described by a
continuous-time Markov chain may have several weakly connected ergodic
classes, when ¢ is sufficiently small, we still have positive recurrence for the
process (X¢(+),a%(+)). The proof rests upon the use of perturbed Liapunov
function methods, which were first used to treat diffusion approximations
in [131] by Papanicolaou, Stroock, and Varadhan, and later on have been
successfully used in stochastic systems theory (see Kushner [102]), and
stochastic approximation (see Kushner and Yin [104]), among others. The
basic idea is to introduce perturbations of Liapunov functions that are
small in magnitude and that result in the desired cancellation of unwanted
terms.
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Theorem 10.5. Assume that conditions (A10.1) and (A10.2) hold. Then
for sufficiently small € > 0, the process (X¢(-),a°(+)) is positive recurrent.

Remark 10.6. First note that by Proposition 10.5, the process (X (-), @(-))
is positive recurrent. Then it follows that there are Liapunov functions
V(x,i) for i = 1,...,1 for the limit system (10.16) such that

LV (x,i) < —v for some ~ > 0. (10.18)

In Theorem 10.5, the meaning of the property holds for sufficiently small
€. That is, there exists an €9 > 0 such that for all 0 < € < ¢, the property
holds.

Proof. To prove this result, we begin with the Liapunov function in (10.18)
for the limit system. Choose ng to be an integer large enough so that D is
contained in the ball {|z| < ng}. For any (z,7) € D® x M, any t > 0, any
positive integer n > ng, define

tp =inf{t: X°(t) € D}, and 7pn,(t) =t ATp A Bn, (10.19)

where [3,, comes from the regularity consideration and is the first exit time
of the process (X (¢),@(t)) from the set {Z : |Z| < n} x M; this is, 8, =
inf{t: |X(¢)| = n}. For i € M, use the Liapunov function V(z,4) in (10.18)
to define

l

V(z,a) = ZV(m,i)I{aeMi} = V(z,i) if ae M,. (10.20)
Note that
V(XE(t), a7(1) = V(X=(t),a(t)), (10.21)

so these two expressions are to be used interchangeably in what follows.
Observe that V(z, «) is orthogonal to @; that is, QV (z,-)(a) = 0. Then

LEV(XE(L),a5(t) =V, (XE( ), ())b(X=(t), " (1))
+ Qtr[ o(X5(1), a5 (1)a(X=(t),a"(1))]  (10.22)
+QV(X*(1),) (" (1))
By virtue of Dynkin’s formula,

E, V(X (tpn(t),a® (Tp.n(t)) — V(x,i)

TD,n(t) o (10.23)
= E“/ LEV(XE(s),a(s))ds,
0
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which involves unwanted terms on the right-hand side. To get rid of these
terms, we use methods of perturbed Liapunov functions [104, 176] to aver-
age out the “bad” terms. Note that the process (X©(t),a®(t)) is Markov.
Thus, for a suitable function £(-), £2£(t) can be calculated by

§(t +0) —&(t)

; , (10.24)

L7E(t) = lim Ef

£() s e

where Ef denotes the conditional expectation with respect to the o-algebra
Fi =o{(X(s),a"(s)) : s < t}.

To obtain the desired results, we introduce three perturbations. The in-
tegrand of each of these perturbations is formed by the difference of two
terms, an original term and its “average.” The goal is to use the averages
in the final form for the evaluation of the Liapunov function. To ensure the
integrability in an infinite horizon, exponential discounting is used in the
integrals.

Define

VE(z, a,t) = Ef /t " T (2, 0) [ba, of () — B, @ (u))] du,

tr[V pw (2, @) (a(z, o (v) — a(z, @ (u)))]du,

Vs (z,1) = Ef /too e [QV () (0" (u) = QV (w, ) (@ (u))]du.

(10.25)
To proceed, we first state a lemma.

Lemma 10.7. Assume the conditions of Theorem 10.5. Then the following
assertions hold.

(a) For V£ with i =1,2,3, we have the following estimates:

VE(XE (1), a5 (), 1) = O(e)(V(X5 (1), a° (1)) + 1),

VE(XE(t),a5(8),t) = O(e)(V(XE(t), a5 (1) + 1), (10.26)

Vs (X2(1),1) = O(e)(V(X=(t), o (1)) + 1)
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(b) Moreover,
LEVE(XE(L), 0 (1), 1)
= =V (X°(t), " () [b(X=(1), o7 (1)) — B(X=(t), @ (1))]
+O0(e)(V(X5(t), 0(t) + 1),
LoV (XE(t), 05 (1), 1)
= *%tr[Vm(Xs(t),as(t))(a(XE(t%as(t)) —a(X5(t),a"(1))]
+O0(e)(V(X(t),0%(t) + 1),
LEVE(XE(1),1) = —QV (X5 (1), )(a" () + QV(X*(1),-) (@ (1))

+O0(e)(V(X(t),0%(t) + 1)
(10.27)

Proof. The proof is inspired by the technique of perturbed Liapunov func-
tion methods of Kushner and Yin in [104, Chapter 6], and the construction
of the Liapunov functions is along the line of Badowski and Yin [4]. By the
definition of b(-),

b(Xs( ), (u)) — b(X(t),a" (u))
mi , (10.28)
—ZZb ) $i5)Tfae (wy=si;} = Vil{as (werid]-

i=1 j=1

It can be argued by using the Markov property and the two-time-scale
structure (see [176, p. 187]) that for u > ¢,

Ei[lac@w=s) — Vilimr =] = O (6 + 67“(“*”/6) : (10.29)

Thus, using (10.21), (10.28), and (10.29) in (10.25), we obtain

Vi (X=(1), a%( \<ZZ!V XE(t), 0 (£))b(X=(2), 515) |

i=1j=1
/ e~ "0 (5 + e_“‘)(“_t)/a) du
= O0(e)(V(X5(t),a%(t)) + 1).

Likewise, we obtain the estimates for Vi (X©(t),a®(t),t) and V5 (X°(t),t)
n (10.26). This establishes statement (a).
Next, we prove (b). For convenience, introduce a notation

y (10.30)

DNz, a,00) = Vy(x, )bz, ar) — bz, @) (10.31)
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By virtue of the definition of £, we have

LEVE(XE(1),a%(1), 1)
t+6

_ ;m% Ege!~“T(X%(t), a%(t), o (u))du

+ lim — / ES[ef 07 — e UD(XE (L), af (1), of (u))du
5—0 0 +5

Flim [ eTUEED(XE (4 6), 0% (1), o (u)
0=0 Jits

—T(X(t),a"(t), a®(u))]du
+0(e)(V(XE(t),a5(t)) + 1).

Moreover,
t+6
— lim — Efe'"T(X(t),a(t), o (u))du
im s |/ CE 0,00 ") -
——VL(XE(t),Of(t))[b(XE(t),Of(t)) b(X=(t), (1)),
and

lim 1 /OO ES[ef07% — o U (XE(L), a (1), of (u))du
+4

(10.33)
The independence of a°(-) and w(-), (10.28), and (10.31) lead to that for
u > t,
EE[F(XE(%L 6), o (t),a" (u)) = T(X*(t),a°(t), % (u))]

= 3 S T4 5,0 O+ 8,

1=1 j=1
— Vo (X2(t), 0 (0)b(X (1), i) | B sl {as (wy=sis} — Vi {me(wyer}]-
(10.34)
Furthermore, we have

lim 1 eHOTURE D (XE(t +0), a8 (1), o (u))

5—0 & t+6
—D(X5(t), a7 (1), o (u))]du

1 oo
= lim — e TUES[D(XE(E+6),a%(t), o (u))

5—0 0 t+6

—D(X5(t),a%(t), a®(u))]du + o(1),
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where o(1) — 0 in probability uniformly in ¢. Using (10.29), (10.31), and
(10.34),

I m;
Z D (Va(XE(1), 05 ()b(XE(2), 545)) , B(X(£), 07 (1))
o , 10.35
<Ef [ €7 [Lac=syy) — Vil{as (uy=iy] du 10:35)

= O0(e)(V(X°(t),0°(t)) + 1),

%tr[(Vm(XE(t), a®(£))b(X5(1), 5ij)) pp a( X5 (1), @5 (2))]

o | (10.36)
XBi [ asy=sy — Vi msw=n] du

= 0(e)(V(X5(t),a (1) + 1).
Thus, (10.32), (10.33), (10.35), and (10.36) lead to

LEVE(XE(t), a5 (1), 1)
= = V(X5 (1), % (1) [B(X5 (), a°(t)) — b(X*(t), @ (1))]

+O0(e)(V(XE(t),a%(t)) + 1).

Similar calculations enable us to obtain the rest of the estimates in part
(b) of the lemma. The proof of the lemma is concluded. |

Using Lemma 10.7, we proceed to eliminate the unwanted terms and to
obtain the detailed estimates. Define

VE() = V(X5 (), 07 (8) + Vi (X°(t), " (1), 1)

(10.37)
+ V3 (X°(1), a% (1), t) + V5 (X7 (1), 1).
It follows that
VE(t) = V(XE(t),a (t) + O(e)(V(XE(t), a5 (1)) + 1), (10.38)
and
LEVE() = Vo (X5 (1), @ (4)b(X5 (1), (1))
+ %tr [Vaea (X°(8), 3" (0))a(X (1), @ ()] (10.39)
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Therefore,
LEVE(E) = LV(X(t),a°(t) + O()(V (X (1), 0" () +1).  (10.40)

Note that through the use of perturbations, the first term on the right-
hand side above involves the limit operator and the Liapunov function of
the limit system, which is crucially important.

For fixed but arbitrary 7" > 0, we then obtain

Ew’i‘/E (TD’n(t) N T)
TD,n(t)/\T

V(z,i) + B, VE(2,4,0) + By / LEVE(s)ds

o TD,,L(t)/\T
V(z,i) + By ; Vi(x,1,0) + Ezﬂ-/ [LV (X (s), @ (s))
0

()V( “(s),a%(s)) + D]ds

(
1) + E, Vi (2,4,0)

7D n (E)ANT
/ [LV(XZ(s), 3 () + O()(VE(s) + 1)]ds
V(x,i) + E; Vi (x,4,0)

7D ,n (O)AT
+[0(e) = Y|Eyi[tTpn(t) NT] 4+ O(e) /0 Ve(s)ds.

(10.41)
The expression after the third equality sign follows from the estimates in
(10.26), and the expression after the last inequality sign is a consequence
of (10.18).
Because € > 0 is sufficiently small, there is a v; such that —y; > —v +
O(e). It is clear that for the fixed T, 7p ,,(t) AT < T. Thus, the foregoing
together with [114, Theorem 2.6.1, p. 68] and [61, p. 36] yields that

IN
o

E, Vi(tpn(t) AT)

3
< [V(x, i)+ Bz, Z VE(z,4,0) — y1E i (Tp.n (t) A T)} exp(eT).
=1

(10.42)
Consequently,
exp(—eD)E, ;VE(tpn(t) ANT) + Eyi[TDn(t) AT
_ 3 (10.43)
<V(w,i) + Ezi »_ VS (,4,0).
=1
Taking limit T' — oo in (10.43) leads to
B 3
NEzimpn(t) < [V(@,i) + Eri Y V7 (2,4,0)]. (10.44)

=1
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By means of regularity of the underlying process, passing to the limit as
n — 00, (10.44) together with Fatou’s lemma yields that

3
Em,i[t A\ TD] < V(l‘, Z) + Ew,i Z Vf(m, i, 0)
=1
Finally, it is easily seen that
3
E,; ZVLE(:E,Z',O) < o0
=1
In addition,
E. it Nmp] = By itpl(rp<iy + Eu it 50y (10.45)
Because
3
1 = .
P,i(tp >t) < —[V(z,i) + Ey ZVf(az,z,O)] — 0 as t — oo,
Oélt —1

we obtain E, ;7p < oo as desired. Thus the switching diffusion is positive
recurrent. O

10.3.3 Inclusion of Transient Discrete Events

Here, we extend the result to the case that «®(¢) includes transient states
in addition to the states of ergodic classes. Let a®(-) be a Markov chain
with generator given by (10.5) with

@1
@2
Q= . (10.46)
@l

Now the jump process is again nearly completely decomposable. However,
in addition to the [ recurrent classes, there are a number of transient states.
That is, M = My U---UM;UM,, where M, = {s41,..., S«m, } contains a
collection of transient states. We replace (A10.1) by (A10.3) in this section.

(A10.3) For i = 1,...,1, Q" are irreducible, and Q, is Hurwitz (i.c., all
of its eigenvalues have negative real parts).
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The Hurwitz condition implies that the states in M, are transient.
Within a short period of time, they will enter one of the recurrent classes.
To proceed, we define the aggregate process. Note, however, we only lump
the states in each recurrent class, not in the transient class. Define

v, = diag(7, 0, xm, ) € RUEFM=)xm0,

@ = —Q'QiL,, e R™1 for i=1,....1,
A=(ay,...,q) € Rmx (10.47)

1 O(m(J—m*) XMy

A Om* X M5

c R™o ><(l+m*)_

Write
@ Qll Q12
@21 @22

so that Q1! € R(mo—m.)x(mo—m.) (22 ¢ Rm.xm. and Q12 and Q%! have
appropriate dimensions. Denote

Q=(Q"1+Q"24), Q, = diag(Q,0m. xm.)- (10.48)

Define the aggregated process a°(-) by

e N i, if O[E(t) € Mi;
o (t) = { Uj it Oza(t) = 5., (1049)

where l
Uj = Z ZI{ZEEL Qo <USY 5 21 Ao}
i=1
and U is a random variable uniformly distributed on [0, 1], independent
of af(+). We only lump the states in each irreducible class, thus the state

space of the aggregated process @°(-) is again M = {1,...,1}. The detailed
proofs are omitted; see [176] and the references therein.

Lemma 10.8. Assume condition (A10.3). Then the following assertions
hold.

(a) The probability vector p(t) = (p=*(t),p=2(t), ..., p>L(t), p>* (1)), with
p=i(t) € R1>*™i and

P (1) = (P(a(t) = 5u1)s- ., P(a7(t) = u.)) € RV,

satisfies

pe(t) = (6(1)7,0m,) + O (e(t + 1) + exp(—rot/¢))
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for some ko > 0, where

o
T 0(t)Q,

0(0) = (0" (0)Lyn, +p*(0)ar, .-, p'(0) Ly, +p* (0)ain,)-

(b) The transition probability matriz P*(t) satisfies
PE(t) = PO(t) + O(e(t + 1) + e~01/%),

where PO (t) = 1,0, (t)v, with ©,(t) = diag(O(t), . xm. ), where
O(t) satisfies

(+) converges weakly to @(-), a Markov chain generated by Q.

(c) o*
(d) Fori=1,...,l,j=1,...,my,

00 2
E [/0 e_t(l{oﬁ(t):sij} — V;I{as(t)_i})dt:| = O(E),

and fori==x,j=1,...,m,,

2

E |:/ e_tl{as(t)_s*j}dt:| = O(E).
0 :

(e) (X=(+),a%(+)) converges weakly to (X (-),a(-)) such that the limit op-
erator is as given in Lemma 10.2.

Remark 10.9. Although a collection of transient states of the discrete
events are included, the limit system is still an average with respect to
the stationary measures of those ergodic classes only. Asymptotically, the
transient states can be discarded because the probabilities go to 0 rapidly.

Theorem 10.10. Assume (A10.2) and (A10.3), and for eachi € M, there
is a Liapunov function V(x,i) such that LV (x,i) < —v for some v > 0.
Then for sufficiently small € > 0, the process (X¢(t),ac(t)) with inclusion
of transient discrete events is still positive recurrent.

Idea of Proof. Since the proof is along the line of that of Theorem 10.5,
we only note the differences compared with that theorem. For ¢ =1,... [,
let V'(x,4) be the Liapunov function associated with the limit process given
by Lemma 10.8(v). The perturbed Liapunov function method is used again.
This time, redefine

l My
V(.’L‘, Oé) = Z V(l‘, i)I{QGMi} + Z V(‘T7 Z-)ai,jl{a:s*j}' (1050)

i=1 i=1
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It is easy to check that QV(z,-)(a) = 0, where Q is defined in (10.46).
Moreover,

b, oF(t)) — b(x, @ (1))

= Z Z b(l‘, Sij)[l{as(t)zsij} - V;I{as(t):i}} + Z b(l‘, S*j)I{OéE(t):S*]‘}'
i=1 j=1 =1

Therefore, we can carry out the proof in a similar manner to that of The-
orem 10.5. The details are omitted.

10.4 Notes

This chapter continues our study of positive recurrence for switching diffu-
sions. One of the crucial assumptions in the ergodicity study in the previous
chapters is that the switching component has a single ergodic class. This
chapter takes up the issue that the discrete component may have multi-
ple ergodic classes that are weakly connected. The main idea is the use
of the two-time-scale approach. Roughly, if the discrete events or certain
components of the discrete events change sufficiently quickly, the positive
recurrence can still be guaranteed. The main ingredient is the use of per-
turbed Liapunov function methods.
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Stochastic Volatility Using
Regime-Switching Diffusions

11.1 Introduction

This chapter aims to model stochastic volatility using regime-switching dif-
fusions. Effort is devoted to developing asymptotic expansions of a system
of coupled differential equations with applications to option pricing under
regime-switching diffusions. By focusing on fast mean reversion, we aim
at finding the “effective volatility.” The main techniques used are singular
perturbation methods. Under simple conditions, asymptotic expansions are
developed with uniform asymptotic error bounds. The leading term in the
asymptotic expansions satisfies a Black—Scholes equation in which the mean
return rate and volatility are averaged out with respect to the stationary
measure of the switching process. In addition, the full asymptotic series is
developed. The asymptotic series helps us to gain insight on the behavior
of the option price when the time approaches maturity. The asymptotic
expansions obtained in this chapter are interesting in their own right and
can be used for other problems in control optimization of systems involving
fast-varying switching processes.

Nowadays, sophisticated financial derivatives such as options are used
widely. The Nobel prize winning Black—Scholes formula provides an im-
portant tool for pricing options on a basic equity. It has encouraged and
facilitated the union of mathematics, finance, computational sciences, and
economics. On the other hand, it has been recognized, especially by practi-
tioners in the financial market, that the assumption of constant volatility,
which is essential in the Black—Scholes formula, is a less-than-perfect de-

G.G. Yin and C. Zhu, Hybrid Switching Diffusions: Properties and Applications, 301
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scription of the real world. To capture the behavior of stock prices and
other derivatives, there has been much effort in taking into account fre-
quent volatility changes. It has been recognized that it is more suitable to
use a stochastic process to model volatility variations. In [70], instead of
the usual GBM (geometric Brownian motion) model, a second stochastic
differential equation is introduced to describe the random environments.
Such a formulation is known as a stochastic volatility model.

What happens if the stochastic volatility undergoes fast mean rever-
sion? To answer this question, in [49] and the subsequent papers [50, 51],
a class of volatility models has recently been studied in details. Under the
setup of mean reversion, two-time-scale methods are used. The rationale is
to identify the important groupings of market parameters. It also reveals
that the Black—Scholes formula is a “first approximation” to such fast-
varying volatility models. Assume that the volatility is a function f(-) of a
fast-varying diffusion that is mean reverting (or ergodic). The mean rever-
sion implies that although rapidly varying, the volatility does not blow up.
By exploiting the time-scale separation, it was shown in [49, 50] that the
“slow” component (the leading term or the zeroth-order outer expansion
term in the approximation) of the option prices can be approximated by a

Black-Scholes differential equation with constant volatility f where f2 is
the average of f2(-) with respect to the stationary measure of the “fast”
component. Moreover, using a singular perturbation approach, the next
term (the first-order outer expansion term) in the asymptotic expansion
was also found. For convenience, the volatility was assumed to be driven
by an Ornstein—Uhlenbeck (OU) process in [49]-[51]. The fast mean rever-
sion has been further examined in [90] with more general models. A full
asymptotic series with uniform error bounds was obtained; see also related
diffusion approximation in [131] and asymptotic expansions for diffusion
processes [88, 89].

Along another line, increasing attention has been drawn to modeling,
analysis, and computing using regime-switching models [164], which are
alternatives to the stochastic volatility models mentioned above. They
present an effective way to model stochastic volatility with simpler struc-
tures. The use of the Markov chains is much simpler than the use of a
second stochastic differential equation. This is motivated by the desire
to use regime switching to describe uncertainty and stochastic volatility.
Nowadays, it has been well recognized that due to stochastic volatility, a
phenomena known as the volatility smile arises. There has been an effort
to provide better models to replicate the “smile.” In [164], the authors re-
produced the volatility smile successfully by using regime-switching models
easily. Earlier efforts in modeling and analysis of regime-switching models
can be found in [5, 32, 184] among others.

To some large extent, this chapter is motivated by [49] for extremely fast
mean reversion processes in the driving force of stochastic volatility. Nev-
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ertheless, rather than using an additional SDE to represent the stochastic
volatility, we use the same setup of a regime-switching model as that of
[164]. Therefore, it accommodates the desired goal from a different angle.
Here the fast mean reversion is captured by a fast-varying continuous-time
Markov chain. We demonstrate that the model under consideration leads
to effective volatility, which is an average with respect to the stationary
distribution of the fast-changing jump process. In mathematical terms, the
fast reversion corresponds to the Markov chain being ergodic with fast
variations. Using a two-time-scale formulation, the problem itself centers
around fast-varying switching-diffusion processes. The approach that we
are using is analytical. We focus on developing asymptotic expansions that
are approximation of solutions of systems of parabolic equations, and aim
to obtain such expansions with uniform asymptotic error bounds on a com-
pact set for the continuous component. It should be noted that if one is only
interested in convergence in the pointwise sense (termed pointwise asymp-
totic expansions henceforth) rather than obtaining uniform error bounds,
then one can proceed similarly to the diffusion counterpart in [49, 50]).
In any event, the “effective volatility” can be obtained. It should also be
noted that the asymptotic expansions presented in this chapter give some
new insight on the construction of approximation of solutions of backward
type systems of PDEs, which is different from [176] where probability dis-
tributions were considered. The methods presented are constructive. The
asymptotic analysis techniques are interesting in their own right.

The rest of the chapter is arranged as follows. Section 11.2 presents the
formulation of the problem. Section 11.3 constructs asymptotic expansions.
Section 11.4 proceeds with validation of the expansions. Finally Section 11.5
issues a few more remarks.

11.2 Formulation

In the rest of the book, r is used as the dimension of the continuous state
variables (i.e., R™ is used as the space for the continuous state variable).
In this chapter, however, to adopt the traditional convention, we use r as
the interest rate throughout. We consider a basic equity, a stock whose
price is given by S(t). Different from the traditional geometric Brownian
motion setup, we assume that the price follows a switching-diffusion model.
Suppose that «(t) is a continuous-time Markov chain with generator Q(¢)
and a finite state space M = {1,...,mo}. The price of the stock is a
solution of the stochastic differential equation

dS(t) = p(a(t)S(t)dt + o(a(t))SEt)dw(t), (11.1)

where w(+) is a standard Brownian motion independent of «(+), and pu(-) and
o(+) are the appreciation rate and the volatility rate, respectively. Such a
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model is frequently referred to as a regime-switching asset model. Note that
in the above, both the appreciation rate and volatility rate are functions of
the Markov chain.

Consider a European type of call option. The payoff at time T is given
by H(S), a nonnegative function. Denote h(S) = H(e®). Suppose that the
associated risk-free interest rate is given by r. Nowadays, a standard ap-
proach in option pricing is risk-neutral valuation. The rationale is to derive
a suitable probability space on which the expected rate of return of all secu-
rities is equal to the risk-free interest rate. The mathematical requirement
is that the discounted asset price is a martingale. The associated probabil-
ity space is referred to as the risk-neutral world. The price of the option on
the asset is then the expected value, with respect to this martingale mea-
sure, of the discounted option payoff. In what follows, we use the so-called
risk-neutral probability measure; see, e.g., [49] and [69] among others for
diffusion processes and [164] for switching diffusion processes. To proceed,
we first present a lemma, which is essentially a generalized Girsanov theo-
rem for Markov-modulated processes. The results of this type are generally
known, and a proof can be found in [164].

Lemma 11.1. The following assertions hold.

(a) Suppose that o(i) > 0 for each i € M, and let

@(t) = w(t)—/o ’Wdu.

Then, w(-) is a P-Brownian motion, where P is known as the risk-
neutral probability measure; see [49, 164] among others.

(b) S(0), a(-), and @(-) are mutually independent under P;

(¢) (1té’s lemma or Dynkin’s formula) For eachi € M and each g(-,-,i) €
C?!, we have

9(5(s),s,a(s)) = g(S(t),t, (1)) + /t Lg(S(u), u, a(u))du
+M(s) — M(t),

where M() is a P local martingale and L is a generator given by

I S
+75559(5,t,9) + Q(1)g(S,t,-)(0),

oS
with

QUS4 )0) = D a5, (113)
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Note that (S(t), a(t)) is a Markov process with generator L. To proceed,
as alluded to in the introduction, in reference to [49], we also consider a fast
mean reverting driving process, but the driving process is a continuous-time
Markov chain not a diffusion.

By introducing a small parameter € > 0, we aim to show that the regime-
switching model is also a good approximation of the Black—Scholes model.
To this end, suppose that the generator of the Markov chain is given by

Q=(t) = (g5;(t)) € Rmoxmo,

Q°(t) = —=, (11.4)

where Q(t) is the generator of a continuous-time Markov chain. To highlight
the e-dependence, we denote the Markov chain by «a(t) = a®(t).

We are mainly interested in uniform asymptotic expansions for the option
price. To obtain such uniform asymptotic expansions, we need to have the
continuous component of the switching diffusion be in a compact set. For
simplicity, we take the compact set to be [0, 1]; see [90] for a comment on
the corresponding stochastic volatility model without switching. We use
this as a standing assumption throughout this chapter. Next, we state a
couple of additional conditions.

(A11.1) There is a T > 0 and for all ¢ € [0,7], the generator Q(t)
is weakly irreducible. There is an n > 1 such that Q(-) €
c+2[0,T).

(A11.2) The function h(-) is sufficiently smooth and vanishes outside of
a compact set.

Remark 11.2. Condition (A11.1) indicates that the weak irreducibility
of the Markov chain implies the existence of the unique quasi-stationary
distribution v(t) = (v1(t), ..., Vm, (t)) € RY*™0. Our assumption on the op-
erator L£¢ then leads to the equity undergoing fast mean reverting switching.

Following [49, §5.4], we have assumed h(S) to be a bounded and smooth
function in (A11.2). For European options, if it is a call option, h(S) = (S—
Ko)*, and if it is a put option, h(S) = (Ko —S)™, where Kj is the exercise
price. Thus the function h(-) is not smooth and is unbounded. In [50], using
regularization or smoothing techniques, asymptotic expansions up to the
order O(g) were obtained without assuming smoothness and boundedness
of the payoff function h(S). Note that the accuracy of the approximation
was obtained only for a fixed state variable x and time variable ¢t with ¢t < T
in [50], however. In this chapter, as in [49], we confine our attention to the
smooth and bounded payoff h(S), and prove the uniform in S accuracy
of approximation. It appears that the unbounded and nonsmooth payoff
function h(S) can be handled and the formal asymptotic expansions can
be obtained, but such expansions are not uniform in S. Moreover, different
methods and ideas must be used to justify the expansions as commented
on in [90].
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Recall that by weak irreducibility, we mean that the system of equations

v(H)Q(t) =0
v(t)l=1

(11.5)

has a unique solution v(t) = (v1(t),...,Vm,(t)) € RI*™0 satisfying v;(t) >
0 for each i € M. Such a nonnegative solution is termed a quasi-stationary
distribution; see [176].
Let
VE(S,t,i) = Esglexp(—r(T = ))h(S°(T))]
= Elexp(—r(T — t))h(S°(T))|S°(t) = S, a°(t) = i].
The option price can be characterized by the following system of partial

differential equations,

OVE(S,t,4)

(11.6)

0 OPVE(S 1)
Uz(l)SZT

1
ot 2 oVe(S,t,i
—1—7“5’7((95’ .4) —rVe(S,t,14) (11.7)

+Q°(VE(S,t,)(i) =0, i € M,
which is a generalization of the usual Black—Scholes PDE. Associated with

the above system of PDEs, we define an operator L. For ¢ € M, and each
g('a 72) € 02’13 let

3(5151) 12 28g(Stz)

()22
+s St% su (11.8)
+Q(t)g < 4,4)(0).

Now the setup of the problem is complete. We proceed to obtain the ap-
proximation of the option price by means of asymptotic expansions.

LEg(S,t,1) =

11.3 Asymptotic Expansions

What can one say about the effect of a®(-)? Is there an “effective volatil-
ity?” Is the Black—Scholes formula still a reasonable approximation to such
regime-switching models? To answer these questions, we develop an asymp-
totic series using analytic techniques. We seek asymptotic expansions of
Ve(S,t,i) of the form

e (S, t,4) + U5 (S, 7,1) ZE 0K (S, t,1) —l—ZEwkSTz 1eM,
(11.9)
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where 7 is a stretched-time variable defined by

The ¢k (-) are called regular terms or outer expansion terms, and the ¥y (-)
are the boundary layer correction terms (or to be more precise, terminal
layer corrections). In this problem, the terminal layer correction terms are
particularly useful for behavior of the option price near the time of maturity.

We aim to obtain asymptotic expansions of the order n, and derive the
uniform error bounds. For the purposes of error estimates, we need to
calculate a couple of more terms for analysis reasons.

First let us look at ®¢(.S,t,14), the regular part of the asymptotic expan-
sions. Substituting it into (11.7), and comparing coefficients of like powers
of ¥ for 0 < k < n + 1, we obtain

Q(t)900(57t7 )(2) = 07

a@O(S,tvi) 1 2/ 282900(57tai) a@O(Satvl)

0 +20 (1)S 552 +rS 55
—rpo(S,t,1) + Qt)e1(S,t,-)(i) =0,

(11.10)

&pk(S,t,i) 1 2. 2a2ipk(5,t7i) awk(&t,i)
o +20 (1)S 552 +rS 55
- T@k(s? ta Z) + Q(t)(Pk+1(S, ta )(Z) =0.

To ensure the match of the terminal (or boundary) conditions, we choose

(11.11)
er(S,T,4) + (5,0,i) =0, 1€ M and k> 1.
Taking a Taylor expansion of () around T, we obtain
- (EDMEnt QD)
Q) =Q(T —er) =Y o S T Ena(T—e7), (1112)

where by assumption (A11.1), it can be shown that R,.1(t) = O(t"1)
uniformly in ¢ € [0, 7.
Similar to the equations in (11.10) for @ ,(S,t,i), we can substitute



308 11. Stochastic Volatility Using Regime-Switching Diffusions

we (S, 7,4) into (11.7). This results in
2SO | (s, 7i) =0,
7—31/11(65 ) + Q(T)1 (S, 7,4) + {TQU Yiho (S, 7,14)
1 0 0?0 (S, 7, 1)
+§”a(Z)SS 052 (11.13)
+7"S_w0(85,,7—, 1) - er(S7 T, Z):| =0,
_ 3¢k(5, T,i)

5+ QD)Yk(S,7,1) + Ri(S,7,4) =0,
;.

where the remainder term is given by

k i i
k(S,7,1) = Z . il d Q(vT)wkfj(SaTﬂ;)

dt
j=1
L 220 0k-1(5,7,9) OMp_1(S,7,0)  (11.14)
+50°(1)8 992 +rS 95
—7‘1/%_1(5,7',1').

Our task to follow is to construct the sequences {¢x(S,t)} and {vx(S,7)}.

11.3.1 Construction of (S, t,4) and (S, 7, 1)
We claim that ¢g(S,t,7) must be independent of i. To see this, write
<p0(Sa t) - (SDO(S,ta ]-)a tety CPO(Sat,mO))I € RmOXI'

Then the first equation in (11.10) may be written as Q(t)po(S,t) = 0.
This equation in turn implies that ¢o(5,t) is in the null space of Q(¢).
Because Q(t) is weakly irreducible, the rank of Q(t) = mgo — 1, so the
null space is one-dimensional. Consequently, the null space is spanned by
1=(1,...,1) € R™*L This yields that (S, t) = v0(S, )1, where v (S, t)
is a real-valued function and hence po(S,t,1) is a function independent of
i.

Using the above argument in the second equation of (11.10), and multi-
plying from the left through the equation by v;(¢), where (v1(¢), ..., Vm,(t))
is the quasi-stationary distribution associated with Q(t), and summing over
1 € M, we obtain

8’}/0 (S, t) 1

1o 2
o + 50 (t)S

where

82’)/0(57 t) + TS(’MO(S, t)

552 25 —ry(S,t) =0, (11.15)
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The terminal condition is given by
(S, T) = h(S). (11.16)

Then (11.15) together with the terminal condition (11.16) has a unique
solution.

Remark 11.3. Note that (5, t) satisfies the Black—Scholes partial dif-
ferential equation, in which the coefficients are averaged out with respect
to the stationary distributions of the Markov chain. The result reveals that
the Black—Scholes formulation, indeed, is a first approximation to the op-
tion model under regime switching. Thus, the regime-switching model can
be thought of as another stochastic volatility model.

In view of (11.11) and (11.13), ¢o(S, 7, 4) is obtained from the first equa-
tion in (11.13) together with the condition (S, 0,7) = 0. It follows that
Yo(S,1,1) = 0 for each i € M.

11.3.2  Construction of ¢;(S,t,7) and ¥4 (S, T,1)

Now, we proceed to obtain o1 (S, t,4) and 11 (S, 7,7). Similar to ¢o(S,t), for
i <n+1, define

@Z(S’t) = (@i(s7ta 1)) . -,@i(57t7m0))/ S Rm07
1/)1(8, t) = (1/)2‘(5,15, 1), Ce ,wi(S,t,mo))’ e R™o,

Consider ¢1(5,t) in (11.10). It is a solution of a nonhomogeneous al-
gebraic equation as in (A.10) in the appendix of this book. By virtue of
Lemma A.12, we can write 1(S,t,7) as the sum of a general solution of
the associated homogeneous equation and the unique solution of the inho-
mogeneous equation that is orthogonal to the stationary distribution v(t).
That is,

©01(S,t,1) = 71(S,t) + (S, t,1), i€ M,
where {¢{(S,t,4) : i € M} is the unique solution of (11.10) satisfying

mo

i=1
Equivalently, denote

0(S,t) = (P2(S,t,1),..., (S, t,mg)) € R™.

Then
QDI(SJ) :p)/l(Svt)]l+(P(1)(S>t)v (1117)
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where ¢{(S,t) is the unique solution of the system of equations

Q(WP?(& t) = FO(Sv t)

(11.18)
(1)@l (S, t) =0,
where
Fo(S,t) = (Fo(S,t, ].), .. .,Fo(s,t,mo))/ S Rmo,
with
) 0v0(S,t 2(3)S% 0y (S, t Ovo(S,t

Fo(S,t,i) = —[ Wét ) 4@ (;) 72(52 ) irs 7%(5 )—mo(s,t)},

(11.19)

by Lemma A.12. That is, ¢1(S,t) is the sum of a general solution of the
homogeneous equation plus a particular solution verifying the orthogonality
condition.

Note that ~1(S,¢) has not been determined yet. We proceed to obtain
it from the next equation in (11.10). By substituting (11.17) into the next
equation in (11.10) and premultiplying it by v, we obtain

o (S,t) 1 _,, . 50?71(S,t) In(S,t) =
5% +20 (t)S 552 +7rS 55 ry1(S,t) = F1(S,1),
(11.20)
where
Fl(S, t) = (F1<S,t, 1), Ceey Fl(S,t,mo))' c Rmo’
with
N [98(8 1) o*(i)S* 9Y (S, t,4) Ip1(8,t,9)
Fi(s,t0) = [0 2 a5z T g
—rgo?(S,tJ)},
(11.21)
and

F1(S,t) = v(t)Fy(S, ).

It is easily seen that (11.20) is a uniquely solvable Cauchy problem if the
terminal condition v1 (S, T") € R is specified. We determine this by matching
the terminal condition with the terminal layer term 17 (S, 0).

Since 1o(S, 7) = 0, from the second equation in (11.13), ¥ (.S, 7) satisfies

8¢1 (S, T)

5 = QU¥u(S,7). (11.22)

Choose ¥1(S,0) = 19(S) such that ¥, (S) = v¥?(S) = 0 where v = v(T).
Here and hereafter, we always use v to denote v(T') for notational simplicity.
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Multiplying from the left by v, the stationary distribution associated with

Q(T), we obtain
awl(s7 T) — O e R,
_or

U1(S,0) = B1(S) =0,

where 9 (S, 7) = vi1 (S, 7). The solution of (11.23) is thus given by

(11.23)

77[}1(51 7—) =0.

Remark 11.4. The above may also be seen as

D1(8,7) = exp(Q(T)7)¥7(S)

for a chosen initial 1{(S). Using

exp(Q(T)r) = S QD)7 /!,
=0

J

the orthogonality of vQ(T) = 0 leads to

—0

vexp(Q(T)7)¥1 (S) = vIy?(S) = vy} (S) = ¥y (S)
for each 7 > 0.
Note that once {(S) is chosen, the 1 (S,t) and 1 (S, 7) will be deter-

mined. The choice of 19(S,0) enables us to obtain the exponential decay
of Y1 (S, 7) easily.

In view of the defining equation for ¢1(S,t), equations (11.17)—(11.20),
and the terminal condition (11.11), equation (11.20) together with the ter-
minal condition v (S,7T) = —E?(S’) = 0 has a unique solution. Up to now,
©1(.5,t) has been completely determined. Next, we proceed to find (S, 7).
Condition (11.11) implies that

01(5,0) = —1(S,T) = 01 ()1 - (S, T) = —p3(S.T).  (11.24)

It follows that the Cauchy problem given by (11.22) and (11.24) has a
unique solution. We are in a position to derive the exponential decay prop-

erty of ¢ (S, 7).

Lemma 11.5. For 1(S,7) obtained from the solution of (11.22) and
(11.24), we have that for some K > 0 and ko > 0,

sup [¢1(S,7)] < K exp(—koT). (11.25)
5€[0,1]
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Proof. The weak irreducibility of Q(7T) implies that exp(Q(T)7) — 1v as
T — 00, and

|exp(Q(T)7) — Tv| < exp(—koT) for some ko > 0.

The solution of (11.22) and (11.24) yields that for each S € [0,1] and for
some K > 0,

[1(S,7)| = [91(S, 7) — w1 (S, 0)|
= [[exp(Q(T)7) — W]¢1 (S, 0)]
< [exp(Q(T)7) — W[|4h1(S5, 0)]
< K exp(—koT).

Furthermore, it is readily seen that the above estimate holds uniformly for
S € [0, 1]. The desired result thus follows. O

Remark 11.6. In what follows, for notational simplicity, K and kq are
generic positive constants. Their values may change for different appear-
ances.

We are now in a position to obtain a priori bounds for the derivatives of
1(S, 7). This is presented in the next lemma.

Lemma 11.7. The function (S, T) satisfies

8’(/J1 (S, 7')
sup 7SKGXP—KJT,
Sel0,1] oS ( 0 )
82w1 (S, T)
su ———— | < Kexp(—krgT).
o 3?1] 552 < p(—+oT)
Proof. Consider
U(S,7) = 7(%)1(8’ 7) and
0h1(8,7)
1 )
V(S, T) = T
Then we have U and V satisfy
WED _ gmywis.m). vis.o =210
ovl5 1s.0)
— 7= = QDV(S,7), V(S,0) = — 7,
aﬁ?g’ ) B 95 (11.26)
ﬁ =0, U<Svo) =0,
Mzov V(S,O):O,
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respectively, where U(S,7) = vU(S,7) and V(S,7) = vV (S, 7). Thus, we
have
U(s,m)=0, V(8,7)=0,

and
U(S,7) = exp(Q(T)T)U(S,0),

V(S,7) = exp(Q(T)T)V (S, 0).
It follows that

U(S, )| = [exp(Q(T)T)U(S,0) — WwU(S,0)]
< Kexp(—koT).

Likewise, |V (S, 7)| < Kexp(—koT) as desired. O

11.3.3  Construction of (S, t) and (S, 7)

Denote ¢ (S,t) € R™, @V(S,t) € R™, v,(S,t) € R, and ¢x(5,7) €
R™0 as that of ¢1(S,t), ©9(S,t), 71(S,t), and (S, T), respectively. By
induction, we proceed to obtain the terms ¢ (S,t) and 15 (S,7) for 1 <
k < mn+4 1. Similar to the last section, for 1 < k <n + 1, denote

FrL(S,t) = (Fp(S,t,1),..., Fr(S,t,mg)) € R™,
0 1 2(:\ Q2 0 .
Fu(S.tyi) = [ 26D (DS 065 1,7)
s 2 o5® (11.27)
7 ’/L> - rso(li))(S7 t? i) )

—H”.S’—&'Dg(8
Fi(S,t) = v(t)Fu(S,1).

S

Suppose that we have constructed ¢j_1(S,t) and ¢,_1(S,7) for 1 < k <
n + 1. Then similar to ¢1(S,t) and ¥ (S, 7), we can define i (S,t) and
Y (S, 7). Next, write ¢ (S,t) as

@k(svt) :'Yk(S’t)]l+¢2(S)t)’ (11.28)

where (9 (9,¢) is the unique solution of the system of equations

Q(t)pR(S,t) = Fi_1(S, 1)

(11.29)
v(t)gR(S,t) =0,
v(t) is the quasi-stationary distribution associated with Q(t), and (S, 1)
satisfies
a’)/k(57 t) 1 82716(57 t)

T L 52 ()82 4+ g QS0

(11.30)
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By virtue of Lemma A.12, there is a unique solution to (11.29). To deter-
mine the solution of (11.30) as a solution of the Cauchy problem, we select
the terminal condition from the terminal layer ¢ (S, 7) via the matching
condition (11.11). Note that (S, 7) satisfies

SOET) L (s ) + Bus =0, (118
where Ry, (S,7) = (Ri(S,7,1),..., Ri(S,7,mg)) € R™ with Ry(S,7,1)
given by (11.14).

Since the construction of ¢9(S,7) is somewhat different from (S, 1),
we single it out first. In view of (11.13) and noting (S, 7) = 0, 92(S, 7)
satisfies

81?2(;5’ ) _ Q(T)2(S,7) + Ra(S, 7)
2 T
= QUIW(S,7) + [~ QU@ (5, 7) + g s7n LT
+TS% - 7“1#1(577)},
(11.32)
where
¥ = diag(o(1),...,0(mg)) € R™M*™0. (11.33)

With given initial data 15(.S,0), the solution of (11.32) is given by

0a(S.7) = exp(@T)r)va(S.0) + | " exp(QUT)(r — 5))RalS, 5)ds.

(11.34)
The solution of (11.34) can be further expanded as

(S, 7) = Twhe(S,0) + ]1/DO VR,(S, s)ds
0 o0

+ [exp(Q(T)7) — W]epo(S,0) — T / Ry(S,s)ds  (11.35)

T

+ /T[exp(Q(T)(T —3)) — 111/]]%2(5, s)ds.
0

By virtue of Lemmas 11.5 and 11.7, R, (S, 7) decays exponentially fast to
0 so the integral [~ Ry(S, s)ds is well defined. Furthermore,

o0
/ Ry (S, s)ds| < K exp(—koT).
A similar argument to that of Lemma 11.5 shows that

|[exp(Q(T)7) — W]h2(5,0)| < K exp(—koT).
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In addition,
| [ fexp@)(r = 9) - i Ra(. s

<K / |exp(Q(T)(7 — 5)) — Iw|| R (S, 5)|ds

O’T

< K/ exp(—kro(T — s)) exp(—kos)ds
< K7exp(—koT).

Thus, (.S, 7) will decay to 0 exponentially fast if we choose
105(S) = Twaps(S,0) = —11/ VRy(S, s)ds. (11.36)
0

Note that there is only one unknown in (11.36), namely, ¢,(S,0) = Eg (9).
That is, (11.36) enables us to obtain ¢,(.S,0) uniquely. Using vo(S,T) =
—105(S,0) together with (11.30) enables us to find the unique solution for
the Cauchy problem (11.30) that satisfies 1)5(S, 0). Therefore, (S, t) and
19(S,7) are completely determined. Moreover, the construction ensures
that
sup [1h2(S,7)| < K exp(—#roT).
Sef0,1]
In addition, it can be shown that

8%2(5, 7') .
W’ < Kexp(—kot), i1=1,2.

)

sup
Sef0,1]
Recall that for simplicity, we have used the convention that K and k¢ are
some positive real numbers. Their values may vary. Their precise values are
not important but only the exponential decay property is crucial.
Proceeding in a similar way, we obtain 1 (S, 7) as follows. Suppose that
P1(S,7), ..., Yp—1(S,T) have been constructed so that 1;(S,7) for j =
1,...,k — 1 decay exponentially fast together with their first and second
derivatives (9/0S)y;(S, ) and (8%/85%)y; (S, T), respectively.

Consider Bun(S
% = Q(T)¢x(S, 7) + Ri(S, 7). (11.37)

The solution is then given by
U(5.7) = ep(@T)TIL(S.0) + [ expl @) = 5) (S, )ds
= v (S,0) + ]1/Oo VR, (S, s)ds
0 o0
+ [exp(Q(T)7T) — W]y (S,0) — ]lu/ fik(S, s)ds

+ [exp(QT) (7 — ) — W] (S, 5)ds.
0
(11.38)
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Choose

0

P (S) := Wwy(S,0) = —1 /0 - VR (S, s)ds,
(S, T) = =P (9), (11.39)
Yr(S,0) =~ (S, T) = ()1 - (S, T).

Then, ¢r(S,t) and (S, 7) are completely specified. Moreover, we can
establish the following lemmas.

Lemma 11.8. The following assertions hold.

o (S, 7) can be constructed by using the first line of (11.38) with
terminal data (11.39);

e ). decay exponentially fast in the sense

sup [¢y (S, 7)| < K exp(—#oT) (11.40)
Sel0,1]

for some K >0 and ko > 0.

Lemma 11.9. For k > 1, the functions ¥ (S, T) satisfy

o (S, 7)
I < _
55 < Kexp(—koT),

0*Pi(S,7)
052

sup
Sel0,1]

sup
Sel0,1]

< Kexp(—koT).

Proof. Redefine

Then U and V satisfy

L]és’ Do), U(s.0) - ng’ = (11.41)
T 11.41
v (S,7) _ 9*Pi(5,0)

~or Q(T)V(S, 7)7 V(Sv 0) T 952
respectively. The rest of the proof is similar to that of Lemma 11.7. O

We summarize what we have obtained thus far and put it in the following
theorem.

Theorem 11.10. Under conditions (A11.1) and (A11.2), we can con-
struct sequences {p(S,t,1) i € M;k = 0,...,n} and {Yp(S,7,4) : i €
M;k=0,...,n} such that
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e o(S,t) = (S, t)1 with ~o(S,t) being the solution of (11.15) satisfy-
ing the terminal condition (11.16); 1o (S, 7,7) =0 for each i € M;

o p1(S,t,4) is given by (11.17) with ©(S,t) being the unique solution
of (11.18) and v1(S,t) given by (11.20) with v1(S,T) = 0 and the

terminal layer term (S, 7,1) specified in Lemma 11.5;

o ©(S,t) is given by (11.28) with @9 (S,t) being the unique solution of
(11.29) and vx(S,t) being the solution of (11.30) with v(S,T) given
in Lemma 11.8 and the terminal layer term (S, 7,1) specified in
Lemma 11.8.

11.4 Asymptotic Error Bounds

We have constructed the formal asymptotic expansions of the option price.
Here we validate the expansions by deriving

n

k , k , . .
max sup | € @k(satvl) + € ’lpk(sv 7, 7’) -V (Sat,1)|
€M (8,1)€(0,1]x(0,7] kZ:O IcE:;)

= 0(e"th).
We first deduce a couple of lemmas.

Lemma 11.11. For eachi € M, let u(-,-,i) € C%1([0,1] x [0, T]; R) such
that v(S,t) = (v(S,t,1),...,0(S,t,mg)) and

Lou(S,t,i) =v(S,t,1), t <s<T,
u(S,s,i) =0, Sel0,1],

where LF is defined in (11.8).
Assume (A11.1) and (A11.2). Then

u(S,s,i) = —E/: v(X=5(€), a5 (€),4)dE, (11.42)

where (X=9(t), a5 (t)) = (S, 1).

Proof. Note that S € [0,1] and t € [0,7] for some finite 7" > 0 so v(-) is
bounded together with its derivatives with respect to S up to the second
order and its derivative with respect to ¢. In view of (11.2) and (11.3), u(-)
is integrable. Moreover, the local martingale in Lemma 11.1 is in fact a
martingale now. The desired result then follows from Dynkin’s formula. The
proof may also be worked out by means of martingale problem formulation.

O
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Lemma 11.12. Suppose that (A11.1) and (A11.2) hold and for each i €
M, e5(+,-,1) is a suitable function such that

sup le5(S,t,43)| = O(*) for £ <n+1. (11.43)
(S,t)€[0,1]x[0,T]

Then for each i € M, the solution of
LEuf(S,t,4) = e (S, t,4), u(S,T,i)=0 (11.44)
satisfies
sup |uf(S,t,4)| = O(cb).

(S,t)€[0,1]x[0,T]

Proof. In view of Lemma 11.11, the solution of (11.44) can be written as
WE(S,t,0) = —E /Ot (S, €, 1)

Thus, (11.43) leads to

T
sup ui(S,4,0)] < K / 0(') < O(").
(S,t)€[0,1]x[0,T] 0

The desired result thus follows. O
With the preparation above, we proceed to obtain the desired upper
bounds on the approximation errors. For k = 0,...,n+1, define a sequence

of approximation errors
e (S, t, i) = ®L(S,t, 1) + VL(S,7,1) — VE(S,t,1), i € M,

where for each i € M, V=(S,t,1) is the option price given by (11.6), and
D% (S, t,4) + U5(S, 7,1) is the kth-order approximation to the option price.
We proceed to obtain the order of magnitude estimates of e (S, ¢,1).

Theorem 11.13. Assume (A11.1) and (A11.2). Then for the asymptotic
expansions constructed in Theorem 11.10,

max sup e (S,t,4)| = O(e™ ). (11.45)
EM (5,1)€[0,1]x[0,T]

Proof. The proof is divided in two steps. In the first step, we obtain an
estimate on L%, ,(S5,t,7), and in the second step, we derive the desired
order estimate.

Step 1. Claim: L£%€5,,(S,t,i) = O(e™*!). To obtain this, first note that
LEVE(S,t,4) = 0. Thus

L5651 (S,t,0) = L5BE (S, t,4) + L5UE, (S, 1, 1)
n+1 n+1

=Y P LoR(S i)+ > P LYR(S, 7,

k=0 j=1
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where in the last line above, we have used ¥y (S, 7,i) = 0 for each i € M.
For the outer expansions, we have

n+1
L7 For(S,t,4)
k=0
n+1
_ 830kStz 1 2020k (S,1,7)
Z { + 5070 G
5<Pk(5 t Z) N Q) '
+r ST_ k(S7tvl)+QT<pk<S7t’)<Z):|
B 8@]4;‘9{;2 1 2. 26<Pk(57tai)
Z { + 50 (05—
0 (S, t . ;
+ SM - r@k(sa t, Z) + Q(t)(karl(S’ 2 >(Z)]
Q(t) nt1[OPni1(8:1,1)

+ TQOQ(S, t, )(Z) +e€

t
1 2 . 252<pn+1(57t,i) 8¢n+1(sutvi) - .
Ta7 S eg — TS e ronsa (5,11

_ n+1 8@”-’-1(5 4 Z) 4= 1 2( )828 Qan—i-l(satvz)

3 ?5 i 2 852
Pn+1 Z . .
T 7"90”+1(S,t,l):| .

+7rS

(11.46)

The boundedness of ¢,1(S,t,7) and their derivatives up to the order 2
together with (11.46) then lead to

max sup |£505 (S, t,0)| = O(e™ ). (11.47)
€M (8,1)€(0,1]x[0,7]

As for the terminal layer terms, we have

n+1
£ k(S 7i)
k=1
n+1 . .
o(S, 1) 1 0 OPYr(S, T, 1) Oy (S, 7,1)
k-1 1 o 2
- ; [—67' + 560 (i)S — a5 57“5—85

—erhp (S, 7,1) + Q()vx (S, T,-) (i)

ey (S, 7,0) 1 Yy (S, 7,4) Oy (S, 7, 1)
k—1 2 s 1y
- Z {[FFror + 30t 08* =5 +ers =g

—erwk(S 7,4) + Q(T)Yr (S, 7, -) ()

77 d
+Z J J J?tg )i/ik(s,’r,l)

+[Q Z JTJ deth )}1/1;6(5,7,-)(1')}.

Jj=1

(11.48)
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Note that for k=1,...,n+1,

k )iri
7 dQ(T kL
= —er)| <
Q) -y = ( [Ri(T —e7)| < Kt
Jj=1

and that

n+1

[ (s m o)

j=1

n+1 o
<K Z e"T170t0 exp(—kor) < Ke™ !
j=1
The above observation together with (11.48) and
01 (S, 7,1 ,
SO (5,7, i) = 0
-
gives us
n+1
L7 R (S, 7 d)
k=1
- Oy (S, 7,1) ~
= Z i 1{ T + Q(T)Yr (S, 7,1) +Rk} +0(e™)
- O(5n+1)7
(11.49)
which holds uniformly in (S,¢) € [0,1] x [0,T]. Thus we obtain
max sup |LE[@,41(S,t,0) + U, 1(S,7,49)]] = O(e™).  (11.50)

€M (5 1)€[0,1]x[0,T]

Step 2. Obtain estimate (11.45). Note that the definition of ef, (S, t,14)
and (11.11) yield that e ,(S,T,i) = 0. Because (11.50) holds, it follows
from Lemma 11.12 that

max sup leS 41 (S, t, 1) = O(e™ ).
€M (8,1)€(0,1]x[0,7]

Note that
54108, t,1) = €5,(S,t,7) + " 1 (S, t,7) + " P (S, 7,9).
(11.51)

The smoothness of ¢,+1(S,t,7) and the exponential decay of 1,,11(S,7,1)
imply that

max sup ‘En+1(pn+1(5atai) +8n+1¢n+l(sa Tai)‘ = O(En+1)'
€M (s,1)€[0,1]x[0,T]

Substituting the above into (11.51), we obtain (11.45) as desired. O



11.5 Notes 321
11.5 Notes

In this chapter, we have developed asymptotic expansions for a European-
type option price. The essence is the use of two-time-scale formulation to
deal with solutions of systems of parabolic PDEs. The result is based on
the recent work of Yin [166]. The approach we are using is constructive.
Thus it sheds more light on how these approximations can be carried out.
Full asymptotic expansions have been obtained with uniform asymptotic
error bounds for the continuous component belonging to a compact set. If
one is only interested in getting asymptotic expansions with certain fixed
state variables (as in [49, 50]), then one can work with the entire space R
rather than a compact set. In lieu of Q°(t) considered thus far, we may
treat a slightly more complex model with

_ Qo(®)

3

ch (t) + Ql (t)v

where both Qo(-) and Q1(-) are generators of continuous-time Markov
chains such that Qq(t) is weakly irreducible. Then we can still obtain
asymptotic expansions. The notation, however, will be a bit more complex
due to the addition of Q1(t). In view of the work by I'in, Khasminskii, and
Yin [73, 74], the results of this chapter can be extended to switching dif-
fusions in which the switching process has generator Q¢ (z,t) that depends
on x as well.

For risk-neutral valuation, it is natural to let r be a constant. Never-
theless, the techniques presented here carry over for the more general a-
dependent process; that is r(¢t) = r(a(t)). Although the main motivation is
from mathematical finance, the techniques developed here can be used for
other problems involving systems of coupled differential equations where a
fast-varying switching process is a driving force.
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Two-Time-Scale Switching Jump
Diffusions

12.1 Introduction

This chapter is concerned with jump diffusions involving Markovian switch-
ing regimes. In the models, there are a finite set of regimes or configura-
tions and a switching process that dictates which regime to take at any
given instance. At each time ¢, once the configuration is determined by
the switching process, the dynamics of the system follow a jump-diffusion
process. It evolves until the next jump takes place. Then the post-jump
location is determined and the process sojourns in the new location follow-
ing the evolution of another jump-diffusion process and so on. The entire
system consists of random switches and jump-diffusive motions.

One of our motivations stems from insurance risk theory. To capture
the features of insurance policies that are subject to economic or political
environment changes, generalized hybrid risk models may be considered. To
reduce the complexity of the systems, time-scale separation may be used.
Under the classical insurance risk model, the surplus U(t) of an insurance
company at ¢ > 0 is given by

U(t) =u+ct—S(t),

where w is the initial surplus, ¢ > 0 is the rate at which the premiums
are received, and S(t), a compound Poisson process, is the total claim in
the duration [0,¢]. In [35], Dufresne and Gerber extended the classical risk
model by adding an independent diffusion process so that the surplus is
given by

U(t) =u+ct—S(t) + ow(t),

G.G. Yin and C. Zhu, Hybrid Switching Diffusions: Properties and Applications, 323
Stochastic Modelling and Applied Probability 63, DOI 10.1007/978-1-4419-1105-6_12,
© Springer Science + Business Media, LLC 2010
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where w(t) is a standard real-valued Brownian motion that represents un-
certainty (often referred to as oscillations) of premium incomes and claims.
Subsequently, much work has been devoted to such jump-diffusion models;
see also variants of the models in [128, 140] and the references therein.

Recently, growing attention has been drawn to the use of switching mod-
els in finance and the insurance industry. For instance, taking the oppor-
tunity provided by using a switching process to represent the underlying
economy switching among a finite number of discrete states, the European
options under the Black—Scholes formulation of the stock market were con-
sidered in [32]; the American options were dealt with in [20]; algorithms
for liquidation of a stock were constructed in [170]. Using a random pure
jump process to represent a random environment, we proposed a Markovian
regime-switching formulation in [163] to model the insurance surplus pro-
cess. Suppose that there is a finite set M = {1,...,mo}, representing the
possible regimes (configurations) of the environment. At each ¢ € M, as-
sume that the premium is payable at the rate ¢(i) continuously. Let U (¢, 1)
be the surplus process given the initial surplus « > 0 and initial state
a(0) =i

U(t,i) =u+ /0 cla(s))ds — S(t),

where S(t), as in the classical risk model, is a compound Poisson process
and «(t) is a continuous-time Markov chain with state space M repre-
senting the random environment. Under suitable conditions, we obtained
Lunderberg-type upper bounds and nonexponential upper bounds for the
ruin probability, and treated a renewal-type system of equations for ruin
probability when the claim sizes are exponentially distributed. One of the
main features of [163] is that there is an additional Markov chain, which
enables the underlying surplus to vary in accordance with different regimes.

Here we are concerned with a class of jump diffusions with regime switch-
ing to prepare us for treating applications involving more general risk mod-
els. In this chapter, we consider jump diffusions modulated by a continuous-
time Markov chain. Because the dynamic systems are complex, it is of fore-
most importance to reduce the complexity. Taking into consideration the
inherent hierarchy in a complex system [149], and different rates of vari-
ations of subsystems and components, we use the two-time-scale method
leading to systems in which the fast and slow rates of change are in sharp
contrast. Then we proceed to reduce the system complexity by aggrega-
tion/decomposition and averaging methods. We demonstrate that under
broad conditions, associated with the original systems, there are limit or
reduced systems, which are averages with respect to certain invariant mea-
sures. Using weak convergence methods [102, 103], we obtain the limit
system (jump diffusion with regime switching) via martingale problem for-
mulation.

Let ' € R™ — {0} be the range space of the impulsive jumps, w(-) be a
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real-valued standard Brownian motion, and N(-,-) be a Poisson measure
such that N (¢, H) counts the number of impulses on [0,¢] with values in
the set H. Let f(-,+,-) : [0,T] XxRx M — R, o(-,+,-) : [0, T] x Rx M — R,
g(,) : T xR x M — R, and «(-) be a continuous-time Markov chain
having a state space M. A brief description of the jump-diffusion process
with a modulating Markov chain can be found in Section A.6 of this book.
Consider the following jump-diffusion process with regime switching

X(t)= x—|—/0 f(s,X(s),a(s))ds+/0 (s, X(s),a(s))dw(s)

J (12.1)

+ [ [ o X () als )N (s,
Throughout the chapter, we assume that w(-), N(-), and «(-) are mutually
independent. Compared with the traditional jump-diffusion processes, the
coefficients involved in (12.1) all depend on an additional switching process,
namely, the Markov chain «(t).

In the context of risk theory, X (¢) can be considered as the surplus of the
insurance company at time ¢, x is the initial surplus, f(¢, X (¢), a(t)) repre-
sents the premium rate (assumed to be > 0), g(v, X (¢), «(t)) is the amount
of the claim whenever there is one (assumed to be < 0), and the diffusion
is used to model additional uncertainty of the claims and/or premium in-
comes. Similar to the volatility in stock market models, o(-, -, ) represents
the amount of oscillations or volatility in an appropriate sense. The model
is sufficiently general to cover the traditional compound Poisson models as
well as the diffusion perturbed ruin models. It may also be used to repre-
sent security price in finance (see [124, Chapter 3]). The process «(t) may
be viewed as an environment variable dictating the regime. The use of the
Markov chain results from consideration of the general trend of the mar-
ket environment as well as other economic factors. The economic and/or
political environment changes lead to the changes of regime of the surplus,
resulting in markedly different behavior of the system across regimes.

Defining a centered (or compensated) Poisson measure and applying gen-
eralized It6’s rule, we can obtain the generator of the jump-diffusion process
with regime switching, and formulate a related martingale problem. Instead
of a single process, we have to deal with a collection of jump-diffusion pro-
cesses that are modulated by a continuous-time Markov chain. Suppose that
A is positive such that AA + o(A) represents the probability of a switch of
regime in the interval [¢,¢ + A), and 7 (-) is the distribution of the jump.
Then the generator of the underlying process can be written as

ot
+ / AMF(t,x+ g(vy,2z,0),0) — F(t,z,0)]m(dy) (12.2)
r

+Q(t)F(t,x,-)(¢), for each e M,

GF(t,x,1) = (a + £) F(t,z,1)
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where

2

1
LR 0,0) = 20?10, g (1 2,0) + (1) -t ,0),

mo
QMF(t,a) (1) =Y au(®)F(t,z,0) = > ay(t)[F(t,z,¢) — F(t,z,0)].
=1 1+

(12.3)
By concentrating on time-scale separations, in this chapter, we treat two
cases. In the first one, the regime switching is significantly faster than the
dynamics of the jump diffusions, whereas in the second case, the diffusion
varies an order of magnitude faster than the switching processes.

The rest of the chapter is arranged as follows. Section 12.2 is devoted
to the case of fast switching. It begins with the precise formulation of the
problem. Then we derive weak convergence results and demonstrate that
the complicated problem can be “replaced” by a limit problem in which the
system coefficients are averaged out with respect to the stationary measures
of the switching process. In Section 12.3, we continue our study for the case
of fast varying diffusions. Again, by means of weak convergence methods,
we obtain a limit system. Section 12.4 gives remarks on specialization and
generalization of the asymptotic results. Section 12.5 gives remarks on nu-
merical approximation for switching-jump-diffusion processes. Section 12.6
concludes the chapter.

12.2  Fast-Varying Switching

12.2.1 Fast-Varying Markov Chain Model

Consider a continuous-time inhomogeneous Markov chain «(t) with gen-
erator Q(t). Recall that the Markov chain «(t) or the generator Q(t) is
weakly irreducible if the system of equations

v(t)Q(t) =0,

D vty =1
i=1

has a unique nonnegative solution. The nonnegative solution (row-vector-
valued function) v(t) = (v1(t),...,Vm,(t)) is termed a quasi-stationary
distribution.

For the fast-varying Markov chain model, by introducing a small param-
eter € > 0 into the problem, suppose that «a(t) = o°(t) with the generator
of the Markov chain given by

Q)= 200 + Q(t). (12.4)

3
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Both é(t) and @(t) are generators, where é(t) /€ represents the rapidly
changing part and @(t) describes the slowly varying part. The slow and
fast components are coupled through weak and strong interactions in the
sense that the underlying Markov chain fluctuates rapidly within a single
group M, of states and jumps less frequently from group M to M, for
k # j. Suppose that the generator @(t) has the form

Qt) = diag (Q'(1),....Q'1)) (12.5)
where for each k =1,...,1. @k(t) is a generator corresponding to the states
in My, = {Sk1,. .., Skm, }. Naturally, the state space can be decomposed to

M =M U UM ={s11,...,81m JU - U{si1,..., 50} (12.6)

The associated system can be written as

Xe(t) = sc—i—/ f(s,X%(s),a(s ))ds—l—/o (s, X5(s),a(s))dw

(12.7)
/ / (7, X%(s7), 0% (7)) N (ds, dv).
Define the centered (or compensated) Poisson measure
N(t,H) = N(t,H) — Mtr(H).
Then (12.7) may be rewritten as
Xe(t —gc—i-/stE s),a°(s))ds
A / [0 X470 (5
(12.8)

+/0 o5, X%(5), 0 (5))duw

+/0 [ 0 X450 () s ).

Note that the last two terms are martingales. The operator of the regime-
switching jump-diffusion process is given by

G°F(t,x,1) = <8at + [,) F(t,z,0)+ J(t,z,0) + Q°(t)F(t,z,-)(r), (12.9)
where

Tt 2,0) = /F ME( 2 + g(v,,0),0) — F(t, 2, )m(d7).
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Remark 12.1. The use of the two-time-scale formulation with a small
parameter € > 0 stems from an effort to reduce complexity. Taking into
consideration various factors, the number of states of the Markov chain
is usually large; the system becomes complex; dealing with it is difficult.
Nevertheless, we demonstrate by letting ¢ — 0, a limit system can be
obtained, which is an average of the original system with respect to a set
of quasi-stationary measures.

To carry out the desired analysis, we postulate the following conditions.

(A12.1) El|z|? < oo, and the following conditions hold.

(a) The functions f(-) and o(-) satisty: For each «« € M, f(-,, @)
and o(+, -, ) are defined and Borel measurable on [0, T] x R;
for each (t,z,a) € [0,T] x M x R,

[f(t,z,0)| < K(1+|z]) and |o(t,2,a)] < K(1+ |z);

and for any z,z € R,

|f(t,z,a) = f(t, 2, 0)| < K|z — x| and
lo(t,z,a) —o(t,xz,a)| < K|z — x|.

(b) 0 < XA < o0. For each 8 € M, and g¢(-,-,a) is a bounded
and continuous function, ¢(0,z, «) = 0, and for each z, the
value of v can be determined uniquely by g(7, z, «).

(A12.2) Both Q(t) and Q(t) are generators that are bounded and Borel
measurable such that for each k = 1,...,0 and t € [0,T], Q*(t)
is weakly irreducible with the associated quasi-stationary distri-
bution v*(t) = (Vf(t),... vk (1)) € RI>¥ms,

Remark 12.2. In the above and throughout the chapter, K is used as a
generic positive constant, whose values may change for different usages, so
the conventions K + K = K and KK = K are understood.

For each fixed o € M, the conditions on f(-,-,«) and g(-,-, «) are the
“Ito conditions” that ensure the existence and uniqueness of the solution
of the stochastic differential equation. The assumption on Q(t) leads to the
partition of M, the state space of o°(-) as in (12.6), which in turn leads
to the natural definition of an aggregated process. That is, by aggregating
the states sg; in My, as one state, we obtain an aggregated process @°(-)
defined by

a‘(t)=k if a°(t) € My. (12.10)

Thus, lump all the states in each weakly irreducible class into one state
resulting in a process with considerably smaller state space. Note that the
process @°(-) is not necessarily Markovian.
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Condition (A12.2) is concerned with the Markov chain a®(-), which is
modeled after that of [176, Chapter 7.5, p. 210] and allows the generators
to be time-dependent. Note that no continuity of @() and @() is required,
but merely boundedness and measurability are assumed; see also [178] for
the inclusion of transient states. For our applications, the only requirement
is the partitioned form Q(-) and the weak irreducibility of each Q¥(-).

The following idea uses an averaging approach by aggregating the states
in each weakly irreducible class into a single state, and replacing the original
complex system by its limit, an average with respect to the quasi-stationary
distributions. Using certain probabilistic arguments, we have shown in [176,
Section 7.5] (see also [178]) that

(i) @°(-) converges weakly to @(-) whose generator is given by
Q1) = ding( (1) .., () QW diag(T,, - 1), (1211)

where v#(t) is the quasi-stationary distribution of QF(t), for k =
1,...,0,and 1, = (1,...,1) € R’ is an /-dimensional column vector
with all components being equal to 1;

(ii) fork=1,...,land j=1,...,myg, as € — 0,

2

t
sup E (/ (I{ai(s):sw} — V;?I{Ef(s):k}) ds) — 0, (12.12)
0<t<T 0

where [ 4 is the indicator function of the set A.

12.2.2  Limit System

Working with the pair Y=(-) = (X°(-),@°()), we obtain the following the-
orem. It indicates that there is a limit system associated with the original
process leading to a reduction of complexity.

Theorem 12.3. Assuming (A12.1) and (A12.2), Y=(-) = (X°(-),a°("))
converges weakly to Y () = (X (-),a@(-)), which is a solution of the martin-
gale problem with operator

GF(t,x,i) = (gt +z:> F(t,z,i) + J(t,z,0) + Q) F(t,x,-) (i), (12.13)

forie M ={1,...,1}, where

l
@(t)F(tvxv )(7’) = Zqij(t)F(tajvl') = Z qij(t)(F(taxaj) - F(t7x7i))a
j=1 jig

(12.14)



330 12. Two-Time-Scale Switching Jump Diffusions

L is a second-order differential operator given by (12.3) with o?(t,x,1),
J(t,x,1), and f(t,z,1) replaced by &2(t,x,i), J(t,z,t), and f(t,x,i), re-

spectively, and
m;

j=1

J(tyi,x) = Zuf(t)J(t,x,sij) (12.15)
j=1

—2 N ST

7 (t,w,i) = Vj(t)a (tvxvsij)'
j=1

Remark 12.4. Theorem 12.3 characterizes the limit as a solution of the
associated martingale problem with operator G. It can also be described by
the limit stochastic differential equation, given by

= ;v—i—/ s, X (s ))ds+/0to(s,X(s),a(s))dw

0 / 907, X (s7),@(s ™)) N (ds, d),

(12.16)

where @(-) is a Markov chain generated by Q(-). In particular, if the Markov
chain corresponding to the generator @(t) consists of only one weakly ir-
reducible block, then the limit or the averaged system becomes a jump-
diffusion process. We state the result as follows.

Corollary 12.5. Under the conditions of Theorem 12.3 with the modifi-
cation that Q°(t) = Q(t)/e + Q(t) such that M = {1,...,m} and that Q(t)
is weakly irreducible for each t € [0, T] with the associated quasi-stationary
distribution v(t) = (W1(t), ..., Vm, (1)), then YE(-) converges weakly to Y ()
such that

) :x—l—/o Zf(s,X(s),L)uL(s)ds

+/O ;02(87X(8),L)w(8)dw(s) (12.17)

_|_/O Zg(’y,X(Sf) v, (s7)N(ds, dy).

Proof of Theorem 12.3. To proceed, the detailed proof is given by es-
tablishing a series of lemmas. We first show that an a priori bound holds.

Lemma 12.6. Under the conditions of Theorem 12.3,

sup E|X°(t)[*> = 0(1).
0<t<T
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Proof. It follows from (12.7),

t 2
E|X¢(t)]? <K<E|x|2+E‘/O fu, X¢(u), o (u))du
2

+E‘ /Ota(u,XE(u)w(u))dw(u)

/0 t / 9,2 (u™), 0 (u™)) N (du, d)

+E

y

By virtue of the argument of [103, p.39],

2

E\ / t [ 960 X7 0w )N )| = 00,

and the bound holds uniformly in ¢ € [0,7]. Using the linear growth of
f(t,z, ) and o(t, z, ) given in (A12.1) together with properties of stochas-
tic integrals, we obtain

t
EX= (1) < K+K/ E| X (u)du.
0

The well-known Gronwall inequality yields

sup E|X¢(t)]* < Kexp(KT) < oo
te[0,T)

as desired. |
Next, we derive the tightness of Y°(-).

Lemma 12.7. Assume that the conditions of Theorem 12.3 are satisfied.
Then Y=(-) is tight in D([0,T] : R x M), the space of functions that are
right-continuous, and have left limits endowed with the Skorohod topology.

Proof. Because a°(-) converges weakly to @(-) [176, p. 172], {@°(-)} is
tight. Therefore, to obtain the tightness of {Y¢(-)}, it suffices to derive the
tightness of {X¢(-)}.

Note that for any ¢ > 0, s > 0, and any 6 > 0 with 0 < s < §, we have

E;|X°(t+s) — Xs(t)|2
t+s
< KE: ( / Fu, Xf(u)mf(u))du)

t+s
o (u, X*(u), o (u))dw(u)

2

2 (12.18)
+E;

—~

t

t+s
/t [ 905, X4 ()0 ()N ()

2
+E;

)




332 12. Two-Time-Scale Switching Jump Diffusions

where Ef denotes the conditional expectation with respect to the o-algebra
generated by {a®(u), X°(u) : u < t}. Using the argument as in [103, p. 39],
since s < 4,

2

ES < Ks=0(9).

Taking the expectation in (12.18), and applying Lemma 12.6 lead to

E|X¢(t+s) - X(t)]? <K (/tm 2

(1+ E|X€(u)|)du>

n K/Hsa FEX(w)?)du+O0(s) (1219

< K(s® +5) +0(0) = O(6).

As a result,

lim lim sup E| X¢ (¢ + ) — X=()|2 = 0.
=0 -0

By virtue of the tightness criterion (see Lemma A.28 of this book, and also

[43, Section 3.8, p. 132] or [102, p. 47] or [16]), the tightness of {X°(-)}
follows. O

Lemma 12.8. Assume the conditions of Theorem 12.3 are fulfilled. Sup-
pose that ((t,z) defined on [0,T] x R is a real-valued function that is Lip-
schitz continuous in both variables, and that for each x € R, |((t,x)] <
K(1+ |z|). Denote

vi; () = vij(t,05(1)) with vij(t,a) = Iazs,y = Vi) {aem,}-

Then for anyi=1,...,1, 7 =1,...,my,

t 2
sup E‘/ C(u, X (u))vi;(u, 0 (u))du| —0 as &— 0. (12.20)
0

0<t<T

Proof. The proof of this lemma is similar to that of Lemma 7.14 in [176].
Pick out 0 < A < 1. For any ¢t € [0,7], partition [0,¢] into subintervals
of equal length ¢'=# (without loss of generality, assume that £y = t/e' =4
is an integer, otherwise, we can always take its integer part). Denote the
partition boundaries by t; = kel=2 for 0 < k < {y. Define

C(u) = C(te, X (t)), € [tes tps1), 0 <k < lo— 1. (12.21)

In view of the process N(-), a°(+), and w(-), the same argument as in the
proof of the tightness yields

E|X°(t) — X°(t)”

(12.22)
=0t —tp) =0('™2) =0 as ¢ =0
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for t € [ti,tr+1], 0 < k <y — 1. It follows that

g [ X505y (w0 ()|

<@#/Kmxmm—ﬂW@wJWWu
0 . 9
jg &= () (u, 0 (u))du

2
(12.23)

+2E

We claim that the term on the second line of (12.23) goes to 0. To see this
(recall that K is a generic positive constant), by using the Cauchy—Schwarz
inequality and the Lipschitz continuity of {(-) and (12.22),

2

ﬂékwxmm—aw@mMWWu
ST/EmmX%M—?me
0

Lo—1 itpqq
<Ky / El(u— t2)2 + | X(w) — X*(te)[2]du

k=0 “tr
4071

te4+1
<K Z/ O(e'=2)du

k=0 7tk

— 0 ase — 0.

To estimate the term on the last line of (12.23), for each i = 1,...,1, and
j=1,...,m;, define

ng; (t) = E‘ /O t ¢ (w)vs; (u, o (u))du 2.

Then similar to the derivation of [176, pp. 191-192],

d

(1) = 0(e'™%), 7 (0) =0,

as € — 0. Thus, solving the above initial value problem leads to

t
sup 7;;(t) = sup / O™ 2)ds =0('"™2) =0 as € =0
0<t<T o<t<T Jo

as desired. |

To proceed, for each i € M = {1,...,1} and each F(-,-,i) € CL? (C}?
represents the class of functions that have compact support and that are
continuously differentiable with respect to ¢t and twice continuously differ-
entiable with respect to x), consider the operator defined in (12.13). The
next lemma gives the characterization of the limit process as a solution of
a martingale problem.
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Lemma 12.9. Under the conditions of Theorem 12.3, the limit process
{Y (")} is the solution of the martingale problem with operator G given by
(12.13).

Proof. Using an argument similar to that of Lemma 7.18 in [176], it can be
shown that the martingale problem with operator G has a unique solution
for each initial condition. o
To obtain the desired result, it suffices to show that for each ¢ € M and
. 1,2
F(-,-,4) € Cy,

F(t, X (1), a(t) — F(0,2,) — / GF (u, X (u), @(u))du

is a martingale. To this end, we show that for any positive integer ng, any
bounded and continuous functions he(-), £ < ng, and any t,s,t; > 0 with
e <t<t+s<T,

E 1_0[ he(X (te), a(te)) (F(t +s5, X(t+s),a(t+s))— F(t, X(t),at))

t+s
- / QF(u,X(u),a(u))du) ~0.
t
(12.24)
Let us begin with the process Y¢(-). Define

1
F(t,z,a) = ZF(t,x, i)l{aem,) for each a e M.

i=1

Clearly, F(t, X5(t),a%(t)) = F(t XE&(t),a°(t)). Moreover, for each ¢« € M,
F(-,) € Cy7. The function F(-) allows us to conveniently use the avail-
able a®() process in lieu of the aggregated process @®(:). Consider the
operator G° defined in (12.9). Because Y°(+) is a Markov process,

Bt, X2(1), a5 (8)) — F(0,, a%( /g€ (u, X= (), 0 (u))du

is a martingale. Consequently,

)

E[] hg(XE(t,g)ﬁE(tz))[ﬁ(t 45, XE(t+5),a5(t+5)) — F(t, X7(1), 05 (1))

t+s .
f/ gSF(u,Xf(u),af(u))du} = 0.
¢
(12.25)
We proceed to obtain the limit in (12.25) as € — 0.
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First, by the weak convergence Y¢(-) to Y (), the definition of f/—*‘\(), and
the Skorohod representation, as € — 0,

B [ [ he(X7(00), 0 () Bt + 5, X5(t 4 5), a7t + ) — B(t, X*(w), 0 (1)
/=1

HEfimuﬁmEW»W@+&X@+Qﬁ@+@)=ﬂhﬂﬂﬁ@ﬂ
- (12.26)

The definition of G¢ leads to

70 t+s -
EHma%mfw»[ G° Flu, X (u), o (u))du
=1 t

no t+s o ~
=E H he(XE(te), @ (t0)) [/ %F(m X(u),a®(u))du
=1 t+s . '

+ [ B, X7 (u), 0" (w) f(u, X° (u), o (u)du

Note that

X (L{as (wy=siyy = V5 (W e (uy=i}) du |-
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By virtue of Lemma 12.8, the use of the Cauchy—Schwarz inequality, and
noting the boundedness of hy(-), for each i =1,...,1, j =1,...,m;,

E’thXEtg tg/ oty X (), 51) f (u, X (1), 1)

2
X (Lo (y=siyy — V(W) (@e(u)=iy) du

t+s R
[ Bty X2 (u), s557) (s X2 (), 535)

2

< KE

X (Lo (y=siy) — V(W) (@e(u)=iy) du

— 0 ase— 0.

In view of [176, Lemma 2.4] and similar to [176, Theorem 7.30], it can
be shown that

(Itae()=1}>- - - » Igme()=1y) converges weakly to (Iyz()=13},- - [{a()=1})-

By means of Cramér—Wold’s device [16, p. 48], for each i € M, Iig-(.y=
converges to I{z(.y—;; weakly. By the Skorohod representation (without
changing notation and with a slight abuse of notation), we may assume
Itg=(y=iy — I{a()=iy W.p.1. Consequently, the weak convergence of Y*()
to Y(-), the Skorohod representation, and the convergence of I{z-(.)—;} to
Iiz()=iy imply that

~

no t+s
B[] he(X(t0),a" (1)) [ / P, X% (), 0" () (u, XE(umE(u))du}

{=1

=03 S BT nrin a0

1=15=1 (I=1

. [ / - ﬁx<u,x<u>,sij>f<u,x< S ErLm—

X [/tHS F!(u, X (u) )f(u, (u) )I{a Z}du}
_E f[m(X(te),a(tf))[ [ F X050 T X ) )
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Exactly the same argument as in the derivation of (12.27) yields

no

E ] he(X° (), @ (1)

{=1

<|f T B, X (), 0% ()0 0, X (). ()]

—E 1 he(X (te),a(te))
=1

(12.28)

x [/tHS[Fm(u,X(U),a(U))UQ(U»X(U)»a(U))]dU} ;

as ¢ — 0 and

no t+s a .
E [ he(X=(te). 0% (1) = F(u, X7 (u), 0 (u))du
e:]:[l 14 4 4 [/t ou :|

0 t+s b
Ezl_ll 14 14 14 |:/t ou :|

as e — 0.
Next, since .
Q' (u)l,,, =0 foreach 1=1,...,1,

the definition of F(-) yields
Q(u)F (u, X*(u),-)(a" (u)) = 0.
Therefore, we have

t+s

E [ he(X=(t0), @ (1)) [ Q° (u) F(u, X* (u), -)(aE(U))dU}
(=1 t

t+s N

=E H he(XE(te), @ (te)) { Q(u)ﬁ(u, X (u), -)(aa(u))du]
(=1 t

L my no
=Y S B[ he(X(te), 7 (1))

i=1j=1 ¢=1

t+s R N )
x { [ Qwh X€<u>,-><s7;j>u;<u>1{as<u>_i}du]

30 > B[ he(xe(ee). @ )
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By virtue of Lemma 12.8 again, the last term above goes to 0 as e — 0.
For the next to the last term, we have

ZZEHW (XE(tg), @ (ty))

i=1j=1 (=1

t+s
x [ 5 Q) F'(u, X*(u), ) (55} (u )I{asw)—i}du}

_ZZEHM (XE(ty), @ (ty))

1=1j=1 (I=1

x [ tt“@( VE (u, X (w), ) (D) fge (u)= z}du]

ﬁZEHhe a7 P X RCr—
= 1 =t t+s
fEth (1) [ t Q(u)F(u,Xw),-)(a(u))du],

ase — 0.
Arguing along the same line as in the above estimates, we obtain

t+s R
/t AP (u, X2 () + gly, X2 ), 0% (), a0 (u))
Pl X7), 0% )
m; t+s
5SS | AP XA )+ 90, X ). s)o)

i=1 j=1
= F(u, X (u ), si)Im(d) Lo (w=s.y}

= ZZ/ F(u, X*(u™) + g(v, X*(u”), 547), 515)
Z—%j(ujxew-»sz»mw(dv)u;(u—)f{as(u)eMi}
S0 [ AR X ) + gt X))
S S U 0 L L IO g OV
=30 [ AR X ) + gl X)) )
- Pl X)) )0 ey ol

where o(1) — 0 in probability uniformly in ¢ on any bounded set. By virtue
of the weak convergence of Y¢(-) to Y (+), the Skorohod representation, and



12.3 Fast-Varying Diffusion 339

the dominated convergence theorem, we have

EHhe (X (te),a"(te))

/=1 s
<[ / A (u, X5 (u™) + g, X (), 0% (u™)), 0 (u™)

— Fu, X*(u™), 0% (u"))]r(d7)] (12.30)

—E H he(X (te),a(tr))

m; ths
Z / ALF (u, X (u™) + g(y, X(u™), 845), 845)

i=1 j=1
— F(u, X (u~ ), sip)m(dy)vi(u ) mu-)=i} ]

as € — 0. Combining (12.26)—(12.30), we obtain the desired result. O

12.3 Fast-Varying Diffusion

This section presents another hybrid jump-diffusion model. Compared with
the Markov modulated jump-diffusion model with fast switching discussed
in the last section, there is an additional periodic fast-varying diffusion.
From the motivation of an insurance point of view, the added periodic
diffusion may be seen as a way of handling seasonal effects of uncertainty
due to claims and premium incomes. This periodic diffusion varies at a
faster pace compared with the other random effects.
Consider the system given by

X —m—i—/ F(XE(s )ze(s))ds—k/Ota(XE(s),a(s),zE(s))dw
// (7, X (57), als7), 2(s7)) N (ds, d),

() =2+ - /f1 X(s ds+—/ o1(X?(s), 25(s))dv,

(12.31)
where w(-) and v(-) are independent standard Brownian motions. In the
above, z°(+) represents a fast-varying diffusion. Relative to z°(-), X¢(-) is a
slowly varying jump-diffusion process, which is modulated by a continuous-
time Markov chain. Due to its scaling, the process z°(-) does not blow up.
Under suitable conditions, we show that X(-) converges weakly to a jump-
diffusion process modulated by the Markov chain «(-), in which the system
dynamics are averaged out with respect to the stationary measure of the
fast process z°(-). For notational simplicity, we have chosen to treat the
case where there is no explicit time dependence in the coefficients f(-),
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f1(), o(-), and o1(-). That is, both the diffusion process z°(:) and the
jump diffusion X¢(-) are time homogeneous. Treating z° as a parameter,
the generator for X(-) can be written as

G°F(x,1) = L°F(x,1) + /F AMF(z+ g(y,2,2%,0),0) — F(x,0)]w(dy)

+QF(x,-)(¢), foreach e M,

(12.32)
where
LEF(x,0) = %0’2(1‘, t zs)aa—;F(J:, V) + f(x,e, zE)%F(x, L),
™o 12.33
QF (z,)(t) = Y _auF(z,0) =Y aulF(x,) — F(x,0)]. (12.3)
(=1 (1

We need the following conditions.

(A12.3) E|z|? < oo and E|z9|? < co. Moreover,

(a) for each @ € M, f(-,,-) and o(-, v, -) are continuous func-
tions, |f(z,a, 2)] < K(14|z|), and |o(z, o, 2)| < K(1+ |z|)
uniformly in z; for each @« € M, z,z € R, |f(y,,2) —
flz,a,2)| < Kly—z| and |o(y, o, 2) —o(z, o, 2)| < K|y — x|
uniformly in z. For each o € M, A < o0, g(-,-,,-) is
bounded and continuous, g(0, z, a, z) = 0 for all z, z, and «;
the value of v can be determined uniquely by ¢(v, z, ¢, z).

(b) Both fi(z,-) and o1 (x, ) are periodic functions with period
1 such that oy (x, z) > 0 for each z, z, | f1(x, 2)| < K(1+]z]),
o1z, 2)| < K(1+ 2], |f1(2,2) — fa(@, )] < K|z —y], and
lo1 (2, 2) — o1(z,y)| < K|z — y| uniformly in z.

Remark 12.10. Part (b) yields that the fast-varying process z°() is a
so-called periodic diffusion; see [10, 85] among others. This condition guar-
antees that there is an invariant density p(z,z) (for a fixed x). In [85],
under suitable conditions, it was proved that not only an invariant mea-
sure exists, but also asymptotic expansions of the transition density can be
constructed. The choice of periodicity 1 is more or less for convenience; we
could in fact use other positive constants as the periodicity. It seems to be
more instructive to use simpler conditions as in the current setup.

Lemma 12.11. Under (A12.3), {X¢(-)} is tight in D([0,T]; R).

Proof. The proof is somewhat similar to the previous case, therefore, we
do not spell out all the details. Similar to Lemma 12.6, it can be shown that
supeo,r) EIX*(t)]* < K. For any § > 0, and any ¢ > 0, s > 0 with s <4,
we still have (12.18). Deriving a similar estimate as in that of Lemma 12.7
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for the last term (12.18), using the estimate, the linear growth in x, for
the first two terms on the right side of (12.18), and by virtue of Gronwall’s
inequality, we can show that

lim lim sup E| X® (¢ + s) — X°(t)|* = 0.

=0 50
Hence the tightness is obtained. O

Theorem 12.12. Assume (A12.3). Then (X°(-), a()) converges weakly to
(X(1),a(")), a jump-diffusion process modulated by the Markov chain a(-),
which is a solution of the equation

- m—l—/ fix ))du—i—/ot (X (u), a(w))dw

(12.34)
n /0 /F (v, X (w), a(w)) N (du, dv),
where 1
f(m,a) = [z, o, 2)p(x, 2)dz,
§(v,m,a) = : 907, @, , 2)p(x, 2)dz, (12.35)

(=)

\/7

Remark 12.13. To proceed, a pertinent way of carrying out the averaging
is to work with a truncated process (see [104, p. 248] for instance). The
basic idea is: Let M > 0 be given and Sj; be a sphere with radius M
centered at the origin. Define X (t) = X*(t) up until the first exit from
the M-sphere. Use a smooth truncation function gps(z) that is equal to
1 when it is inside the M-sphere and is 0 if it is outside the sphere with
radius M + 1. Then rewrite the dynamics with the use of the M-truncated
process and the truncation function. In this process, in lieu of f(z,a, 2),
g(v,z,a,z), and o(z,a, z), we use

def
fM(ZL’,O[,Z) = f(’JJ,Oé,Z)(]M(-T),
def
QM(’Ya%O‘,Z) = 9(%9570472)(11VI($)7
g

M(w, a, z) def o(x,a, 2)qn (),

respectively. Then we proceed to derive the weak convergence of XM (.)
to XM (-). Finally, using the uniqueness of the martingale problem letting
M — oo, we conclude that X¢(-) also converges to X (-). However, for no-
tational simplicity, in what follows, we do not use the truncation notation,
but simply assume that the process itself is bounded.



342 12. Two-Time-Scale Switching Jump Diffusions

Proof. Consider the fast-varying process. To proceed, define

ZE(t) = 2°(et), 0(t) = v(et)/Ve, T =t/e,

where v(+) is the Brownian motion given in (12.31). Then the equation for
z%(t) may be written as

) =t [ A F@ [0 (X 0, ).
’ ’ (12.36)
Note that as ¢ — 0, 7 — oo. Note also that X¢(e7) is slowly varying
whereas z°(7) is fast changing. Intuitively, it tells us that we can treat
X¢(eT) as if it were a “constant” in a small interval. Taking = as a fixed
parameter, in what follows, we consider the following fixed-x process (see
[103] for an explanation of the fixed-x process),

Z27(1) =20 + fi(x,Z5%(u))du —l—/ o1(x, 25" (u))do(u),
0 0
and the associated generator is

- 0? 0
L:12( )82+f1(x2)a

2
Let p(t, 2,21, 2 ) denote the transition density associated with the diffusion
generated by L. Then p(t,x, z1, z) satisfies the Kolmogorov forward equa-
tion
Op

ot
1 t =4(z —
tir[l;l‘*'p( ,x,Zl,Z) (Z Zl)u

(12.37)

L*

where L* is the adjoint of L. Because this diffusion is on a compact set,
the classical theory of diffusion processes and related results on partial
differential equations (see, e.g., Ikeda and Watanabe [72], and Agranovich
[1]) yields that there is a unique invariant transition density p(z,z) such
that p(t, x, 21, 2) — p(x, z) as t — oo, where p(z, z) is the unique solution
of

L (e, ) = 0,

1 (12.38)
w(xz,z) >0 and / w(z, z)dz = 1.
0

We note that (X<(-), a(-),2°(+)) is a Markov process and that z°(-) can
be treated as a fast-varying noise process that will be averaged out in the
limit process. The average is taken with respect to the stationary measure
of z%(+). Because (X¢(-),a(+)) is tight in D([0, T];R x M), by Prohorov’s
theorem we can extract a weakly convergent subsequence. Select such a
subsequence and denote the limit by (X(:),a(+)). For notational simplic-
ity, still denote the subsequence by (X¢(-), a(:)). By virtue of the Skorohod
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representation, (X¢(-), a(-)) converges to (X (-),a(:)) w.p.1 and the conver-
gence is uniform on each bounded set. We proceed to show that the limit
is a solution of the martingale problem with generator G given by

~ 2 ~ ~
GF(r,0) = 152, 0) 7Ly fop ) 0D i 0

+QF (z,) (), a € M,

(12.39)

where

~

J(w,0) = / AF (@ + 301, ,a),a) — F(z,a)|r(d),

and §(+) is an average of ¢(+) as defined in (12.35) for ¢(-) being f(-), o2(+),
and ¢(+), respectively.

Using an argument as in [176, Lemma 7.18], it can be shown that the
martingale problem with operator G has a unique solution. To show that
(X(+),a()) is indeed the solution of the martingale problem with operator
3, it suffices to verify that for each a € M and for any F(-, ) € CZ,

F(X(t),at) — F(z,a) — /0 GF(X (u),o(u))du (12.40)

is a martingale. As in the previous section, we begin with the X ¢(-) process.
For any positive integer ng, and 0 < t, < ¢ and ¢ < ng, and any bounded
and continuous function he(-), the weak convergence and the Skorohod
representation imply that

BT he(X¥ (1) [F(X(t + 5), alt + 8)) — F(X¥(2),a(t))]
/=1

—E 1—0[ he(X () F(X(t+s),a(t+s)) — F(X(t),at))] ase— 0.
=1

(12.41)
In addition,

no

E H he(XE(te)) [F(X®(t+ s),a(t+s5)) — F(X°(t), a(t))

=1 t+s
—/t G°F(X*(u),a(u))du| = 0.
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Thus in view of (12.41), it suffices to consider the limit of

no t+s

E [] he(X=(t)) [ QEF(XE(u),a(u))du}

=1 t

OF (X*(u), o(u))
ox

no t+s
— B[] he(X° () [ / [f(Xs(u% a(u), 2° (u)

=1
1 5 o0 R O?F(XE(u), ofu), 25 (u
1o (X (), ), 2 () TTEL 3%2( )2 (W)

+ / ALF(XE (u) + g(7, X (u), alu), 2°(u), a(u)
T

— F(X*(u), a(u))]r(dv)

+QF(X*(u), a(u))} du] .

(12.42)
Consider the last term in (12.42). Using the weak convergence, the Sko-
rohod representation, and the continuity of the function F(-,«) for each
a € M, it can be shown that as ¢ — 0,

B[ e [ [ eror.awad
=1 " (12.43)
- Eg he(X (1)) u QF(X(u),a(u))du] .

Choose 0 < . such that 6. — 0 as ¢ — 0 but §. /e — co. For any t,s > 0
with 0 < ¢+ s < T, by partitioning the interval [¢,¢ + s] into subintervals
of length d., we can rewrite the terms (except the last one) in (12.42) as

t+s t+8)/0c=1 | ploo+d.
H(u)du= Y 0= / He (u)du, (12.44)
t 1=t/5. 0 Jis.

where H (u) is a representation of any of the functions that appeared in
the integrand of (12.42). We then work with each of the terms and find the
corresponding limits.

Noting t, <t, he(X®(t)) is Fj;_-measurable, where

5. = 14X (u), a(u),2%(u) : 0 <u < 1o}
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Making a change of variable from u to eu leads to

OF (X5 (u), a(u))

d
ox b

no t+s
B[ ncc | [ see.a. )
=t (t48)/6.—1 1S +oe

—EJ[neceo| 3 as [T B O atu. W)
e )
X 8x7 alu}7

where Ej; denotes the conditioning on the o-algebra Fj5 . Denote th =
10:/e and T. = d./e. Then as € — 0, T. — oo. By the Lipschitz continuity
of f(+,a, 2) and the boundedness of (9/9x)F (-, a),

NGRS SYE
B+ / 5. (X5 (ew), aleu), 2% (u)) — F(XT(102), aleu), 2 (u))]
e J(16.) /e

» OF (X¢(gu), a(eu))

ox

du

1 [retTe

<K— E|X*(eu) — X°(16)|du
. Ju

<K sup E|X®(eu) — X°(l0:)] = 0 as ¢ — 0.
10 <eu<lde+9-

Similarly,
1 [tetTe
Bl [ EG A8 a0, 7 (w)
OF (X (cu), aen))  OF(X(16.), oafen))
X — du
Ox ox
1 ti+TE
< K—/ E|X*®(eu) — X*(10:)|du
. Ju
<K sup E|X®(eu) — X°(l0:)] — 0 as & — 0.
15, <cu<ls.+5.
Thus
1 [loe+oe R R R OF(X¢(u), a(u
5 [ B, ) P,
15 te+Te R R — OF (X5 (1d:), aleu
= : Ejs. f(X5(I6¢), aleu), 25 (u)) ( (836) ( ))du—i—o(l),

where 0(1) — 0 in probability uniformly on any bounded ¢-set.
By virtue of the measurability of (9/0xz)F(X¢(lo.),7) with respect to
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Fi5., and the independence of a(-) and 2°(-),

1T _ OF(X5(162), afeu))
- /té B, f(X2(16.), a(eu), 5 (u)) . du
1T . OF(X=(18.),]
= Z 1_1 Elég (X (156)7J72 (U)) ( 8( ) )I{a(su):j}du
jEM "€ Jte v

1At _ . OF(X=(15.),5)
=y ;/t Ejs f(X°(16:),, 7 (u) —— —=

l

i,jEM e
x P(a(eu) = jla(ld:) = i) I{aus.)=iydu
1 [retTe 6 . OF(X(16.),i
= 2 [ E O a) ) P00
iem €U v

X I{a(s.)=iydu + o(1),

where o(1) — 0 in probability as e — 0 uniformly on any bounded t¢-set.
The last step above follows from the well-known fact of continuous-time
Markov chain: Because eu — [§. — 0 as ¢ — 0,
. . - _ L ifi =3,
Plafeu) = jla(lde) = i) — &;j = {O, otherwise.

The above estimates indicate that we need only consider the term

L1 T OR(XE(10.),
e A S AR KL LORL Y
I

in the averaging.

We approximate the X¢(l0.) by a process taking finitely many values.
To be more specific, as in [104, Section 6.1, p. 143 and Section 8.2, p. 227],
for any A > 0, let {B2 :n < na} be a finite collection of disjoint sets that
satisfies P(X¢(16.) € OB5) = 0 and that covers the range of X¢(1d.). Recall
that we have assumed the boundedness of X¢(-) for notational simplicity
(see Remark 12.13). Select a point X2 € B4 and rewrite p° as

A

pe = Z I{Xs(lés)eBﬁ}I{a(lai):i}

n=1

LT ey OF (XA )
X i /té Eléaf(XT?,l,Z (u))Tdu
na

+ > Iixeasensyl{aus)=i) (12.45)

n=1
1 [T o L OF(XE(18),1)
o [ B 00 i 7 TGRS
A .
- 8F(Xn,z)}du'

7f(X§,Z',Z€( )) Or
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The term in the last three lines of (12.45) goes to 0 in probability as e — 0
and then A — 0 by the weak convergence, the Skorohod representation, the
Lipschitz continuity of f(-,i,z), and the smoothness of F(-,7). We proceed
to figure out the limit of the term in the first two lines of the right-hand
side of (12.45).

Note that as ¢ — 0,

1 Ay — 1, if X°(l6.) — X2 — 0,
{X=(s:)eBp} 0, otherwise.

In view of (12.36) and the existence of the unique invariant density p(z, -)
for each x, we have that

nA
D> Iixcsensiliawsn=i

iceMn=1 .
I e WOF(XE)
X i . Ejs. (X,?,z,za(u))Tdu
nA
- Z ZI{XE(ME)EBS}I{a(lés):i}
zEMn 1
et e OF (XA 1)
_ e n’ d
X t’ / f na 1,z { XA( Yedz} axi U
= Z ZI{XE 16.)eB2Y {a(5.)=i)
zEMn 1
et Te OF (XA
./ FX2. 0,2 PE R () € dof st (o)) 22D g,
5 tl 8{E
OF (X (u), 1)
— Z/ Laguy=iy [ (X (u), 4, 2) (X (U)J)dZT
ieEM

= FX (), o P,

Thus, as € — 0,

no s ) o
BT nexeo [ [ 157w, 2oy XL
(=1 t
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Likewise, we obtain that as ¢ — 0,

B[ he(x*(t0)
=1
t+s 2 e(w), a(u), 25 (u
<5 [ et x5 ) ZEL S g

ng s 5 ol
~m[[moen [ 7w a0 A,
/=1 t

Ox2

and

no t+s
EIDMX%ML[ ARG )+ 900, (), a2, o)

/=1
—ﬂﬁmﬂmmwﬁ

no t+s
BT h(X(t) AF(X (1) + 57, X (), (), a(u))
151;[1 ¢ Y] [/t /F gy
—ﬂmwmwwmﬂ

Combining these results, we obtain

E [ he(X(t) [F(X(t+ ), alt +5)) = F(X(8),a(t))
(=1
t+s

) EF(X(uLa(u))du} =0.

Hence (12.40) holds. Consequently, the desired result follows. a

12.4 Discussion and Remarks

We have studied two-time-scale hybrid jump diffusions. The motivational
insurance risk models are more general than the classical compound Poisson
models and compound Poisson models under diffusion perturbations. In
our models, the rate at which the premiums are received and the rate
of oscillation due to diffusion depend on the surplus level. Moreover, the
models also take into consideration Markovian regime switching. Under
suitable conditions, we have derived limit systems for fast switching and
fast diffusion, respectively. The results obtained can be specialized to a
number of cases.

Example 12.14. Consider (12.7) with o(¢,2,«) = 0. Under such a con-
dition Theorem 12.3 still holds with 7*(t, z,«) = 0. Then the limit system
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becomes

X(t) =+ / Fls, X (s),a(s))ds + / / g7, X(s7),a@(s™)) N(ds, ).

Under further specialized coefficients, it reduces to the surplus model in-
volving regime switching [163].

Example 12.15. We consider the model in (12.7) again with Q(¢) = Q(t)
that is weakly irreducible. Then the limit system is given by Corollary 12.5.
The limit does not involve the Markov switching process. Thus the com-
plexity reduction is more pronounced. Further specification leads to the
classical risk model.

Example 12.16. Consider the system given by (12.31) with o (¢, x, @) = 0.
Then similar to Example 12.14, Theorem 12.3 still holds with the limit
system being a Markovian modulated jump process.

12.5 Remarks on Numerical Solutions for
Switching Jump Diffusions

This chapter focuses on switching jump diffusions. The central theme is the
treatment of two-time-scale systems. Most of the jump-diffusion processes
with regime switching are nonlinear. Even without two-time-scales, closed-
form solutions are virtually impossible to obtain. As a viable alternative,
one has to find feasible numerical schemes. In what follows, we suggest
numerical algorithms for (12.1). The development is for systems without
two-time-scales. The rationale is that if one has a system that involves fast
and slow time scales, then one could first use the averaging ideals presented
in the previous sections to reduce the amount of computation leading to
a limit or reduced system. Thus, for numerical methods, we concentrate
on the limit systems only. We present the algorithm and the corresponding
convergence properties. The approach we are taking is again the martingale
problem formulation, which brings out the profile and dynamic behavior
of the process rather than dealing with the iterations directly. Because the
detailed proof of convergence of numerical approximation algorithms has a
certain similarity to that of Chapters 5 and 6, we omit the verbatim details,
but provide a reference.

We use the notation as given in the appendix in A.6 of this book. Please
consult that section for various definitions such as 7,, ¥, ¥(¢t) and the
like. Consider the case where the coefficients have no explicit dependence
on the time variable. For simplicity, we take Q(t) = @, a constant matrix.
We describe the algorithm as follows.

1. Choose A > 0, a small parameter, as the step size.
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2. Construct a discrete-time Markov chain «,, with transition probabil-
ity matrix P> = I+ AQ, where Q is the generator of the continuous-
time Markov chain «(t) given in (12.1), and I is an mg-dimensional
identity matrix.

3. To approximate the Brownian motion w(-), a usual practice in nu-
merical solutions for stochastic differential equations is to use Aw,, =
w(A(n+1)) —w(An) to approximate dw. Because w(-) has indepen-
dent increments, { Awy} is a sequence of independent and identically
distributed random variables with mean 0 and covariance AI.

4. Let {r,} and {+,,} be sequences of independent and identically dis-
tributed random variables such that 7,, has an exponential distribu-
tion with parameter A for some A > 0, and 1, is the impulse having
distribution 7(-) (see Section A.6 of this book in the appendix). De-
fine

?n—i-l =T, +Tn, with 79=0.

It follows from the independence assumption, {Awg}, {ar}, {7},
and {,} are also independent.

5. Construct the approximation algorithm

Xop1 = Xo+ A f(Xpan) + > VAG(Xi, )
k=0 k=0 (12.46)
DD CIP CHNRCTENINDE

:I:j SA’IL
where |y] denotes the integer part of a real number y.

Remark 12.17. For construction of a discrete-time Markov chain, see
[177, pp. 315-316]. The discrete-time Markov chain constructed is an ap-
proximation of a discretization obtained from «(¢). In fact, we could define
Bn = a(An) for any positive integer n. It is easily verified that the process
so defined is a discrete-time Markov chain, whose transition probability
matrix is given by exp(AQ). This Markov chain has stationary transition
probabilities or it is a time-homogeneous chain. The process 3, is known
as a skeleton process in the literature [28]. One of the advantages of using
a constant stepsize for the numerical procedure is that the skeleton process
has stationary transition probabilities not depending on time, so it is easier
to generate than that of a nonstationary process.

As in Chapter 5, in the algorithm, we have used another fold of ap-
proximation, namely, using I + AQ in lieu of exp(AQ) for the transition
matrix. This further simplifies the computation and reduces the complexity
in calculating exp(AQ). Intuitively, the discrete-time Markov chain we are
constructing can be considered as one whose transition probability matrix
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is obtained from that of 3,, by a truncated Taylor expansion. This approxi-
mation makes sense because we can invoke the results in [178] to show that
an interpolated process of «, with interpolation interval [An,An + A)
converges weakly to «(-) generated by Q.

To approximate the Brownian motion, in lieu of the usual approach as
given above, we could generate a sequence of independent and identically
distributed random variables {£,,} such that E¢, = 0 and E¢,, = I to fur-
ther simplify the computation. The functional central limit theorem ensures
the approximation to the Brownian motion.

To proceed, define

Tn= > g, X750 017a))- (12.47)
?7§An

It is often desirable to write (12.46) recursively. This can be done as follows

Xpg1 = X 4+ Af(Xn, an) + VAG( X, 0n)n + Ay, (12.48)

where AJ, = J,, — Jn_1.

Note that the sequences {7,} = {711 — Tn} and {¥,} are as in those
discussed in the last section. The process 7,, in fact, represents the jump
times of the underlying process.

To proceed, let us define the interpolated processes via piecewise constant
interpolations as

X2(t) = X,
a®(t) = an,
t/at for ¢ € [An,An+ A). (12.49)
wi(t) = VA Y &,
k=0

JA(t) = J,

For convenience, with a slight abuse of notation, we omitted the floor func-
tion notation above. Henceforth, for instance, we use t/A to denote the
integer part of t/A here. We state a result, whose proof is along the line of
martingale averaging. Further details can be found in [173].

Theorem 12.18. Under the conditions in (A12.1), (X2(-),a®()) con-
verges weakly to (X (-),a(-)) as A — 0 such that (X(-), a(-)) is the solution
of the martingale problem with operator L.

As in Chapter 5, Theorem 12.18 implies that the algorithm we con-
structed is convergent. The limit is nothing but the solution of (12.1). As
in Chapter 5, one of the variations of the algorithm is to use a sequence of
decreasing step sizes. The modifications are as follows. Let {A,} be a se-
quence of nonnegative real numbers such that A,, — 0 and fozo A, = o0.
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For example, we may take A,, = 1/n, or A,, = 1/n” for some 0 < vy < 1.
Define

n—1
= ZAI’ and «, = a(t,), n>0.
1=0
It then can be verified that {c, } so defined is a discrete-time Markov chain
with transition probability matrix

P = (5 g xmg = exp((tns1 = 1n)Q) = exp(8nQ).  (12.50)

Using ideas in stochastic approximation [104], define
m(t) = max{n : t, <t}. (12.51)

It is clear that now the Markov chain «,, is not time homogeneous. The
approximate solution for the stochastic differential equation with jumps
and regime switching (12.1) is given by

Xn1 —X0+Zf X, ok A/H—Z\/ k0 (X, k)€
+3 % 1), (12.52)

Ti<n

Xo=2z, ap = a.

With the algorithm proposed, we can then proceed to study its perfor-
mance. The proof is along the same lines as that of the constant stepsize
algorithm. The interested reader is referred to [173]; see also Chapters 5
and 6 of this book for further reading.

12.6 Notes

As a continuation of our study, based on the work Yin and Yang [175], this
chapter has been devoted to two-time-scale jump diffusions with regime
switching. Roughly, the fast-changing driving processes can be treated as
a noise, whose stationary measure does exist. Under suitable conditions,
the slow process is averaged out with respect to the stationary measure of
the fast-varying process. Such an idea has been used in the literature. We
refer the reader to Khasminskii [82], Papanicolaou, Stroock, and Varadhan
[131], Khasminskii and Yin [86, 88, 89], Pardoux and Veretennikov [132],
and references therein for related work in diffusions, and Yin [165] for that
of switching diffusions.

The limit results obtained in this chapter can be useful for applications.
For example, one may use such results in a subsequent study for obtaining
bounds on ruin probability in risk management. It is conceivable that this
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approach will lead to approximations with tighter error bounds. Certain
generalizations are possible. For example, the finite-state Markov chain may
also include transient states. Treating (12.31), time-inhomogeneous systems
may be considered. Further investigation may also include the replacement
of the diffusion by a wideband noise [102] yielding more realistic systems.
Finally, for notational simplicity, only scalar X ¢(¢) is treated in this chapter.
The approach presented can be carried over to multidimensional cases.

Towards the end of the chapter, we also outlined numerical schemes for
solutions of switching jump diffusions. For detailed development, the reader
is referred to Yin, Song, and Zhang [173]. For simplicity, the switching
process is assumed to be a continuous-time Markov chain independent of
the Brownian motion. By combining the treatment of jump diffusions with
that of the switching diffusions with z-dependent switching, z-dependent
switching jump diffusions can also be treated.



Appendix A

Serving as a handy reference, this appendix collects a number of results
that are used in the book. These results include Markov chains, martin-
gales, diffusion processes, weak convergence, hybrid jump diffusions, and
other miscellaneous results. In most of the cases, only results are presented.
The detailed developments and discussions are omitted, but pointers are
provided for further reading. We assume the knowledge of basic probability
theory and stochastic processes. These can be found in standard textbooks
for a course in probability, for example, Breiman [19], Chow and Teicher
[27], among others.

A.1 Discrete-Time Markov Chains

The theory of stochastic processes is concerned with structures and proper-
ties of families of random variables X;, where t is a parameter taken over a
suitable index set T. The index set T may be discrete (i.e., T ={0,1,...,}),
or continuous (i.e., an interval of the real line). Stochastic processes asso-
ciated with these index sets are said to be discrete-time processes and
continuous-time processes, respectively; see [80], for instance. The random
variables X; can be either scalars or vectors. For a continuous-time stochas-
tic processes, we use the notation X (¢), whereas for a discrete process, we
use Xg.

A stochastic process is wide-sense (or covariance) stationary, if it has
finite second moments, a constant mean, and a covariance that depends
only on the time difference. The ergodicity of a discrete-time stationary

355
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sequence { Xy} refers to the convergence of the sequence (X7 + Xo + -+ +
X,)/n to its expectation in an appropriate sense; see for example, Karlin
and Taylor [80, Theorem 5.6, p. 487] for a strong ergodic theorem of a
stationary process. A stochastic process Xy, is adapted to a filtration {Fy},
if for each k, X}, is an Fi-measurable random vector.

Suppose that «j is a stochastic process taking values in M, which is
at most countable (i.e., it is either finite M = {1,2,...,m} or countable
M = {1,2,...}). We say that oy is a Markov chain if it possesses the
Markov property,

k,k . .
Dij = P(ag+1 = jlax =1)
=P

(apt1 = Jloo =0, ..., 1 = ip—1, a = 1),

for any ig,...,15_1,1,J € M.

Given i, j, if p;; s independent of time k, that is, pfjkﬂ = pij, Qi is
said to have stationary transition probabilities. The corresponding Markov
chain is said to be stationary or time-homogeneous or temporally homo-
geneous or simply homogeneous. In this case, denote the transition matrix

by P = (p;j). Denote the n-step transition matrix by P = (ng)), with
P = P(X, = jXo = ).

Then P("™) = P". That is, the n-step transition matrix is simply the matrix
P to the nth power. Note that

(a) pij 20,3, pij =1, and

(b) (P)kitke = (PYr1(P)*2 | for ky, ke = 1,2,... This identity is known
as the Chapman—Kolmogorov equation.

Suppose that P = (p;;) € R™°*™0 ig a transition matrix. Then the
spectral radius of P satisfies p(P) = 1; see Section A.7 and also Karlin and
Taylor [81, p. 3] for a definition of the spectral radius of a matrix. This
implies that all eigenvalues of P are on or inside the unit circle.

For a Markov chain ay, state j is said to be accessible from state 4

if pl(?) = P(ax = jlaw = i) > 0 for some k& > 0. Two states i and j,

accessible from each other, are said to communicate with each other. A
Markov chain is irreducible if all states communicate with each other. For
i € M, let d(i) denote the period of state i (i.e., the greatest common
divisor of all £ > 1 such that P(agyn = i|la, = i) > 0, define d(i) = 0 if
P(agin = i|a, =14) = 0 for all k). A Markov chain is aperiodic if each state
has period one. In accordance with Kolmogorov’s classification of states,
a state 7 is recurrent if, starting from state ¢, the probability of returning
to state ¢ after some finite time is 1. A state is transient if it is not recur-
rent. Criteria on recurrence can be found in most standard textbooks of
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stochastic processes or Markov chains. In this book, we consider recurrence
of switching diffusions, which as for its diffusion process counterpart, can
be considered as a generalization of Kolmogorov’s classifications.

Note that (see Karlin and Taylor [81, p. 4]) if P is a transition matrix
for a finite-state Markov chain, the multiplicity of the eigenvalue 1 is equal
to the number of recurrent classes associated with P. A row vector m =
(71, ..., Tm,) With each m; > 0 is called a stationary distribution of ay, if it
is the unique solution to the system of equations

nP =,
Zﬂ'i =1.
i

As demonstrated in [81, p. 85], for ¢ being in an aperiodic recurrent class,
if m; > 0, which is the limit of the probability of starting from state ¢ and
then entering state ¢ at the nth transition as n — oo, then for all j in this
class of i, m; > 0, and the class is termed positive recurrent or strongly
ergodic.

Theorem A.1l. Let P = (p;;) € R™0*™0 be the transition matriz of an
irreducible aperiodic finite-state Markov chain. Then there exist constants
0< A< 1 andcy > 0 such that

|Pk—P’ <coN\f for k=1,2,...,

where P = Ty, Ly = (1,...,1) € R™*Y and 7 = (71, ..., Tm,) 15 the
stationary distribution of ay,. This implies, in particular,
lim PF = 1,7
k—o0
Suppose oy, is a discrete-time Markov chain with transition probability
matrix P. One of the ergodicity conditions of Markov chains is Doeblin’s
condition (see Doob [33, Hypothesis D, p. 192]; see also Meyn and Tweedie
[125, p. 391]). Suppose that there is a probability measure p with the
property that for some positive integer n, 0 < § < 1, and A > 0, u(A) <46
implies that P"(xz, A) < 1—A for all x € A. In the above, P"(x, A) denotes
the transition probability starting from x reaches the set A in n steps. Note
that if oy, is a finite-state Markov chain that is irreducible and aperiodic,
then the Doeblin condition is satisfied.
Given an mg X mg irreducible transition matrix P and a vector (G, con-

sider

F(P-1)=aG, (A1)
where I is an unknown vector. Note that zero is an eigenvalue of the matrix
P —1I and the null space of P—1I is spanned by 1,,,. Then by the Fredholm

alternative (see Lemma A.11), (A.1) has a solution if and only if G1,,, = 0,
where 1,,, = (1,...,1) € Rmox1,
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Define Q. = (P — I:1,,,) € R™ox(mo+1) Consider (A.1) together with
the condition F1,,, = > ;"% F; = F, which may be written as FQ. = G.

where G, = (G:F). Because for each ¢, (A.9) has a unique solution, it
follows that Q.(¢)Q.L(t) is a matrix with full rank; therefore, the equation

FlQ.Ql] = G.Q; (A.2)
has a unique solution, which is given by F = G.Q.L[Q.Q.]~ .

A.2 Continuous-Time Markov Chains

A right-continuous stochastic process with piecewise-constant sample paths
is a jump process. Suppose that «a(-) = {«a(t) : ¢ > 0} is a jump pro-
cess defined on (9, F, P) taking values in M. Then {a(t) : t > 0} is a
continuous-time Markov chain with state space M, if

P(a(t) =i|la(r) : r < s) = P(a(t) = i|a(s)),
for all 0 < s <t and i € M, with M being either finite or countable.

For any i,j € M and t > s > 0, let p;;(¢,s) denote the transition
probability P(«a(t) = jla(s) = i), and P(t,s) the matrix (p;;(¢,s)). We
name P(t, s) the transition matrix of the Markov chain «(+), and postulate
that

tl_igi pij(t, s) = 0ij,
where 6;; = 1 if i = j and 0 otherwise. It follows that for 0 <s <¢ <,
pl_](tas) Z Oa Z7] S M7

Z pij(t,s) = 1, 1€ M,

JEM

pii(ts) = > pin(s, 8)pk;(t,<), i,j € M.
kEM

The last identity is the Chapman—Kolmogorov equation as its discrete-time
counterpart. If the transition probability P(«a(t) = j|a(s) = i) depends only
on (t — s), then «a(-) is said to be time-homogeneous or it is said to have
stationary transition probabilities. Otherwise, the process is nonhomoge-
neous or nonstationary. For time homogeneous Markov chains, we define
pij(h) == pij(s + h, s) for any h > 0.

Suppose that «(t) is a continuous-time Markov chain with stationary
transition probability P(t) = (p;;(t)). It then naturally induces a discrete-
time Markov chain. For each h > 0, the transition matrix (p;;(h)) is the
transition matrix of the discrete-time Markov chain ay = «(kh), which is
called an h-skeleton of the corresponding continuous-time Markov chain by
Chung; see [28, p. 132].
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Definition A.2 (¢-Property). A matrix-valued function Q(t) = (g¢:;(t)),
for t > 0, satisfies the ¢-Property, if

(a) ¢;;(t) is Borel measurable for all 4,5 € M and t > 0;

(b) ¢;j(t) is uniformly bounded. That is, there exists a constant K such
that |¢;;(t)| < K, for all 4,5 € M and t > 0;

(¢) gij(t) > 0 for j # i and gis(t) = — X, : gis (1), £ > 0.

For any real-valued function f on M and ¢ € M, write

QUO)E) = Y a4t f(G) =Y ai(0)(F() = f(3).

JeM J#i
Let us recall the definition of the generator of a Markov chain.

Definition A.3 (Generator). A matrix Q(t), ¢ > 0, is an infinitesimal gen-
erator (or in short, a generator) of «(+) if it satisfies the g-property, and for
any bounded real-valued function f defined on M

NW»—AQ@ﬂNMWk (A.3)

is a martingale.

Remark A.4. Motivated by the applications we are interested in, a gen-
erator is defined as a matrix satisfying the g-property above, where an
additional condition on the boundedness of the entries of the matrix is
posed. It naturally connects the Markov chain and martingale problems.
Definitions including other classes of matrices may be devised as in Chung
[28]. To proceed, we give an equivalent condition for a finite-state Markov
chain generated by Q(-).

Lemma A.5. Let M = {1,...,mg}. Then a(t) € M, t >0, is a Markov
chain generated by Q(t) if and only if

t
(I{a(t):1}a'~-7I{a(t):mo})_/(; (Ita(o=13> - - > [a(e)=mo}) Q(s)ds (A.4)

s a martingale.

Proof: For a proof, see Yin and Zhang [176, Lemma 2.4]. a

For any given Q(t) satisfying the g-property, there exists a Markov chain
a(-) generated by Q(t). If Q(t) = @, a constant matrix, the idea of Ethier
and Kurtz [43] can be utilized for the construction. For time-varying gen-
erator Q(t), we need to use the piecewise-deterministic process approach
as described in Davis [30], to define the Markov chain «f(-).
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The discussion below is taken from that of Yin and Zhang [176], which
was originated in the work of Davis [30]. Let 0 =79 <73 < - <73 < --- be
a sequence of jump times of a(-) such that the random variables 71, 79 — 71,

wey Tk+1 — Tk, ... are independent. Let «(0) = ¢ € M. Then «a(t) =i on
the interval [r9,71). The first jump time 7, has the probability distribution

pres)- [ enf | t a9 } (a0

where B C [0,00) is a Borel set. The post-jump location of a(t) = j, j # 1,
is given by
. i5(11)
P(a(m) =jlm1) = .

(a(n) Im) _Qii(Tl)
If ¢;;(71) is 0, define P(a(7) = j|m1) =0, j # i. Then P(g;(m1) = 0) = 0.
In fact, if B; = {t : ¢;i(t) = 0}, then

P(qii(m1) =0) =P(1; € By)

_ /B exp {/Ot qii(s)ds} (—qui () dt = 0,

In general, a(t) = a(r;) on the interval |77, 7;41). The jump time 7,41 has
the conditional probability distribution

P(Tl—i-l — T € Bl‘Tl,...,Tl,O((Tl),...,Oé(Tl))

t+7
= / exp {/ qa(n)am)(s)ds} (=da(mam (t+ 7)) dt.
B, Tl
The post-jump location of a(t) = j, j # a(r) is given by
Go(r)j (Ti41)
_QCX(T[)OL(TZ)(Tl+1)

Pla(ry1) = jlm, sy mie1, a(11), ., o)) =
Theorem A.6. Suppose that the matriz Q(t) satisfies the q-property for
t > 0. Then the following statements hold.

(a) The process a(+) constructed above is a Markov chain.

(b) The process
f(a(t))—/o Q) f()(e(s))ds (A.5)

is a martingale for any uniformly bounded function f(-) on M. Thus
Q(t) is indeed the generator of a(-).

(¢) The transition matriz P(t,s) satisfies the forward differential equa-
tion aP(s
L) _ ps)o), t s,
ot (A.6)
P(s,s) =1,
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where I 1s the identity matrix.

(d) Assume further that Q(t) is continuous int. Then P(t, s) also satisfies
the backward differential equation
OP(t,s)

e = —QIP(ts), t>s, (A7)

P(s,s)=1.

Proof. For (a)—(c), see Yin and Zhang [176, Theorem 2.5]. As for (d), see
126, p. 402]. O

Note that frequently, working with s € [0, T, the backward equations are
written slightly differently by using reversed time 7 = T — s. In this case,
the minus sign in (A.7) disappears. Suppose that «(t), t > 0, is a Markov
chain generated by an mg x mg matrix Q(¢). The notions of irreducibility
and quasi-stationary distribution are given next.

Definition A.7 (Irreducibility).

(a) A generator Q(t) is said to be weakly irreducible if, for each fixed
t > 0, the system of equations

v(t)Q(t) =0,
S0 -1 (A.8)

has a unique solution v(t) = (v1(t), ..., Vm.(t)) and v(t) > 0.

(b) A generator Q(t) is said to be irreducible, if for each fixed ¢ > 0 the
system of equations (A.8) has a unique solution v(¢) and v(t) > 0.

By v(t) > 0, we mean that for each i € M, v;(t) > 0. A similar in-
terpretation holds for v(t) > 0. It follows from the definitions above that
irreducibility implies weak irreducibility. However, the converse is not true.

For example, the generator
-1 1
(4 o)

is weakly irreducible, but it is not irreducible because it contains an ab-
sorbing state corresponding to the second row in (). A moment of reflection
reveals that for a two-state Markov chain with generator

o= (S i)
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the weak irreducibility requires only A(t) + u(t) > 0, whereas the irre-
ducibility requires that both A(¢) and p(t) be positive. Such a definition
is convenient for many applications (e.g., the manufacturing systems men-
tioned in Khasminskii, Yin, and Zhang [91, p. 292]).

Definition A.8 (Quasi-Stationary Distribution). For ¢ > 0, v(¢) is termed
a quasi-stationary distribution if it is the unique solution of (A.8) satisfying
v(t) > 0.

Remark A.9. In the study of homogeneous Markov chains, stationary dis-
tributions play an important role. When we are interested in nonstationary
(nonhomogeneous) Markov chains, stationary distributions are replaced by
the corresponding quasi-stationary distributions, as defined above.

If v(t) = v > 0, it is a stationary distribution. In view of Definitions
A.7 and A8, if Q(t) is weakly irreducible, then there is a quasi-stationary
distribution. Note that the rank of a weakly irreducible mgxmg matrix Q(t)
is mg — 1, for each t > 0. The definition above emphasizes the probabilistic
interpretation. An equivalent definition using the algebraic properties of
Q(t) is provided next. One can verify their equivalence using the Fredholm
alternative; see Lemma A.11.

Definition A.10. A generator Q(t) is said to be weakly irreducible if, for
each fixed t > 0, the system of equations

f®)Q{) =0,
Z fi(t) =0

has only the trivial (zero) solution.

(A.9)

A.3 Fredholm Alternative and Ramification

The Fredholm alternative, which provides a powerful method for establish-
ing existence and uniqueness of solutions for various systems of equations,
can be found, for example, in Hutson and Pym [71, p. 184].

Lemma A.11 (Fredholm Alternative). Let B be a Banach space and A
a linear compact operator defined on it. Let I : B — B be the identity
operator. Assume v # 0. Then one of the two alternatives holds:

(a) The homogeneous equation (vI — A)f = 0 has only the zero solution,
in which case v € p(A), the resolvent set of A, (I —A)~! is bounded,
and the inhomogeneous equation (vI — A)f = g also has one solution
f=(I—A)"1g, for each g € B.
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(b) The homogeneous equation (vI — A)f =0 has a nonzero solution, in
which case the inhomogeneous equation (yI — A)f = g has a solution
if and only if (g, f*) = 0 for every solution f* of the adjoint equation

Note that in (b) above, (g, f*) is a pairing defined on B x B* (with B*
denoting the dual of B). This is also known as an “outer product” (see [71,
p. 149]), whose purpose is similar to the inner product in a Hilbert space. If
we work with a Hilbert space, this “outer product” is identical to the usual
inner product. When one considers linear systems of algebraic equations,
the lemma above can be rewritten in a simpler form.

Let B denote an mg X mg matrix. For any v # 0, define an operator
A . ngxmo — Rmoxmo as

Ay =y(yI — B).

Note that in this case, I is just the mg X mg identity matrix I. Then the
adjoint operator A* : R™0x™Mo —, RMoX"Mo jg

A*x = (yI — B)z.

Suppose that b and y € RY™0, Consider the system yB = b. If the adjoint
system Bz = 0 where 2 € R™*! has only the zero solution, then yB = b
has a unique solution given by y = bB~!. If Bz = 0 has a nonzero solution
x, then yB = b has a solution if and only if (b, z) = 0.

Suppose that the generator @ of a continuous-time Markov chain o (t)
is a constant matrix and is irreducible. Then the rank of @ is mg — 1.
Denote by R(Q) and N(Q) the range and the null space of @, respec-
tively. It follows that N'(Q) is one-dimensional spanned by 1 (i.e., N(Q) =
span{1}). As a consequence, the Markov chain «;(¢) with generator @ is
ergodic. In what follows, denote the associated stationary distribution by
v=(v1,V2,...,Vm,) € R*™0 Consider a linear system of equations

Qec=m, (A.10)
where ¢ and 7 € R™0.
Lemma A.12. The following assertions hold.
(i) Equation (A.10) has a solution if and only if vy = 0.

(ii) Suppose that ¢; and co are two solutions of (A.10). Then ¢y —ca = Yol
for some vy € R.

(iil) Any solution of (A.10) can be written as
c= ’YO]I + h’Ov

where v € R is an arbitrary constant, 1 = (1,...,1) € R™ and
ho € R™0 s the unique solution of (A.10) satisfying vho = 0.
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Proof. We begin with a stochastic representation. First, if (A.10) has a
solution ¢, then vQc = vn. But v@Q = 0, and hence vn = 0. Next, suppose
that ¢, and ¢y are two solutions of (A.10). Define ¢ = ¢; — ¢o. Then we have
Q¢ = 0. Thus ¢ € N(Q) = span {1} and hence it follows that there exists
a 7o € R such that ¢ = 1.

Suppose that vn = 0. Using orthogonal decomposition, we can write
as n = b+ by, where b € R(Q') and by € N(Q). Thus, by = 1 for some
0 € R. Thus,  can be written as 7 = b 4+ 1. Since vn = 0, we obtain
(3 = —vb. Then solving (A.10) is equivalent to that of

Qc=b—vbl. (A.11)

Denote by E; the conditional expectation corresponding to the condi-
tional probability P;(-) := P(-|a1(0) = ¢), and define a column vector
h = (hl, h,Q, ey hmo)/ € R™o by

h; = Ei/ (vb — bal(t))dt, ie M. (A.12)
0

It is readily seen that

Eibo, (1) = ijP(al(t) = jlea (0) =)

mo

J;OI
= Zpij(t)bj - Zujbj =vb as t — occ.
j=1 j=1

Moreover, because «1(t) has a finite state space, the convergence above
takes place exponentially fast; see [176, Appendix] and references therein.
Thus, h is well defined. We proceed to show that h, in fact, is a solution of
(A.11).

By direct calculation, it is seen that

Qh — /0 (Qubl — QP(t)b)dt = — /0 QP(t)bt

= dP(t) o
= — E— = — = _]1
/O — bt P(t)b‘o vb + b,

where P(t) = (p;;(t)) is the transition matrix satisfying the Kolmogorov
backward equation (d/dt)P(t) = QP(t) with P(0) = I and lim;_,o, P(t) =
1v. Thus, the vector h satisfies equation (A.11) and hence (A.10). By using
the result proved earlier, any solution of (A.10) can be represented by
¢ = h+~1 for some v € R.

Finally, we verify that any solution of (A.10) can be written as ¢ = ho+al
for a € R, where hg is the unique solution of (A.10) satisfying vho = 0.
In fact, we have shown that h defined in (A.12) solves (A.10) and any
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solution of (A.10) can be represented by ¢ = h + 1 for some v € R. Now
let hg = h — vh1l € R™°. Then we have

Qho = Q(h —vhl) = Qh —vhQ1 = Qh = 1.
Also, we verify that
vho = v(h —vhl) = vh — (vh)(v1) = 0.

Hence hg satisfies (A.10) and vhy = 0. Moreover, any solution of (A.10)
can be represented by

c=h+~1=ho+ (y+vh)l=nho+1,

where v9 = v+ vh € R. It remains to show uniqueness. To this end, define
an augmented matrix

Q

Qo = € R(mo+1)xmo
v

and a new vector

b= b e Rmotl,
0

Then (A.10) together with vh = 0 can be written as
Quh =b. (A.13)

It can be shown that Q/,Q, has full rank mg due to the irreducibility of @,
and the solution of (A.13) can be represented by

h = (QuQa) ' Qub = ho.
This leads to the desired uniqueness. a

Remark A.13. In the literature, (A.10) is sometimes referred to as Pois-
son equation (see [14]), and the results in (i) and (ii) above are deemed
to be well known. They are more or less a consequence of the Fredholm
alternative. The irreducibility of @ used in the lemma can be relaxed to
weak irreducibility. The result still holds.

Perhaps being interesting in its own right, we illustrate how the solu-
tions may be obtained through a stochastic representation in the proof
above. This angle of view has not been extensively exploited to our knowl-
edge. Although classifying solutions of an algebraic system by the sum of
homogenous part and a particular solution is a time honored concept, char-
acterizing the unique particular solution using orthogonality with respect
to the stationary distribution of @ is useful in many applications.
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Similar to Lemma A.12, when studying stability of switching diffusions,
we need to examine an equation

Qc=0b— %02 + /A1, (A.14)

where § € R, b € R™ is a constant vector, and 02 = (07,...,07, ) € R™®
with 02 > 0 for i € M. Then equation (A.14) has a solution if the Markov
chain ay (t) is ergodic. Let the associated stationary distribution be denoted
by v. Then  is given by

Q- 1 1
8=- ; v (bi - 20?) =—-vb+ 51/02. (A.15)

Moreover, let the column vector h = (hy,...,hm,) € R™ be defined by

o 1 1 .
hi = E’L/O (Vb - 51/0’2 — bal(t) + 20’21(75)) dt7 1€ M. (A16)

Then h is well defined and is a solution of (A.14) with § given by (A.15).

A.4 Martingales, Gaussian Processes, and
Diffusions

This section briefly reviews several random processes including martingales,
Gaussian processes, and diffusions.

A.4.1 Martingales

Many applications involving stochastic processes depend on the concept of
the martingale. The definition and properties of discrete-time martingales
can be found in Breiman [19, Chapter 5], Chung [28, Chapter 9], and Hall
and Heyde [63] among others. This section provides a brief review.

Discrete-Time Martingales

Definition A.14. Suppose that {F,} is a filtration, and {X,} is a se-
quence of random variables. The pair {X,,, F,,} is a martingale if for each
n?

(a) X, is F,-measurable;
(b) E[Xp[ < oc;

(¢) E(Xpt1]|Fn) = X, as.
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It is a supermartingale (resp., submartingale) if (a) and (b) in the above
hold, and

E(Xn+1|~7:n) < Xn (I'eSp., E(Xn+1|~7:n) > Xﬂ) a.s.

In what follows if the sequence of o-algebras is clear, we simply say that
{X,} is a martingale.

Let X, = Z?zl Y;, where {Y,,} is a sequence of independent and identi-
cally distributed (i.i.d.) random variables with zero mean. It is plain that

EX,1|Y1,...,. Y] =E[X, +Y,|Y1,..., Y]
=X, +EY, 1 =X, as.

The above equation illustrates the defining relation of a martingale.

If {X,,} is a martingale, we can define Y,, = X,, — X,,_1, which is known
as a martingale difference sequence. Suppose that {X,,, F,, } is a martingale.
Then the following properties hold.

(a) Suppose ¢(-) is an increasing and convex function defined on R. If
for each positive integer n, E|p(X,,)| < oo, then {p(X,),F,} is a
submartingale.

(b) Let 7 be a stopping time with respect to F,, (i.e., an integer-valued
random variable such that {r < n} is F,-measurable for each n).
Then { X an, Fran} is also a martingale.

(¢) The martingale inequality (see Kushner [102, p. 3]) states that for
each A > 0,

1
P < max |X,| > )\) < —E|X,|,
1<j<n A

(A.17)
Egguﬁgm&RﬁEmf«mmwmn
SJjsn

(d) The Doob inequality (see Hall and Heyde [63, p.15]) states that for
each p > 1,

p
EV/?|X, [P < EY/P ( max |Xj> < qEYP|X,|P,
1<j<n

where p~! + ¢~ = 1.

(e) The Burkholder inequality (see Hall and Heyde [63, p.23]) is: For
1 < p < o0, there exist constants K7 and K5 such that

n p/ n p/2
>y D v
j=1

2
S E|Xn|p S KQE )
i=j
where Y,, = X,, — X,,_1.

K\E




368 Appendix A. Appendix

Remark A.15. If X(.) is a right-continuous martingale in continuous
time and f(-) is a nonnegative convex function, then

B[f(X(0)|7.]

P[ sup f(X(1)) > A\fs] < : (A.18)
s<t<T A
E sup |X(t)]* <4E|X(T)°. (A.19)
0<t<T

Consider a discrete-time Markov chain {a,,} with state space M (either
finite or countable) and one-step transition probability matrix P = (p;;).
Recall that a sequence {f(i) : i € M} is P-harmonic or right-regular
(Karlin and Taylor [81, p. 48]), if (a) f(-) is a real-valued function such
that f(i¢) > 0 for each i € M, and (b)

fG) =" pijf(j) for each i€ M. (A.20)
JEM

If the equality in (A.20) is replaced by > (resp., <), {f(i) : i € M} is said
to be P-superharmonic or right superregular (resp., P-subharmonic or right
subregular). Considering f = (f(i) : i € M) as a column vector, (A.20) can
be written as f = P f. Similarly, we can write f > Pf for P-superharmonic
(resp., g < Pf for P-subharmonic). Likewise, {f () : ¢ € M} is said to be
P left regular, if (b) above is replaced by

f) = Z f(i)pi; for each j e M. (A.21)
ieM
Similarly, left superregular and subregular functions can be defined.
There is a natural connection between a martingale and a discrete-time
Markov chain; see Karlin and Taylor [80, p. 241]. Let {a,} be a discrete-
time Markov chain and {f(¢) : ¢ € M} be a bounded P-harmonic sequence.
Define X,, = f(ay). Then E|X,,| < oo. Moreover, owing to the Markov
property,

E(Xy411Fn) = E(f(an+1)|om))
= Z pan,jf(j)

JEM
= f(an) = X, as.

Therefore, {X,,, F,} is a martingale. Note that if M is finite, the bound-
edness of {f(i) : i € M} is not needed.

As explained in Karlin and Taylor [80], one of the widely used ways of
constructing martingales is through the utilization of eigenvalues and eigen-
vectors of a transition matrix. Again, let {a,} be a discrete-time Markov
chain with transition matrix P. Recall that a column vector f is a right
eigenvector of P associated with an eigenvalue \ € C, if Pf = \f. Let f
be a right eigenvector of P satisfying E|f(«,,)| < oo for each n. For A # 0,
define X,, = A™"f(a,). Then {X,,} is a martingale.
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Continuous-Time Martingales

Next, let us denote the space of R"-valued continuous functions on [0, 7]
by C([0,T];R"), and the space of functions that are right-continuous with
left-hand limits endowed with the Skorohod topology by D([0, T]; R"); see
Definition A.18. Consider X () = {X(t) € R" : t > 0}. If for each ¢ > 0,
X(t) is an R" random vector, we call X(-) a continuous-time stochastic
process and write it as X (¢), t > 0, or simply X (¢) if there is no confusion.

A process X (+) is adapted to a filtration {3}, if for each ¢ > 0, X (¢) is an
Fi-measurable random variable; X (-) is progressively measurable if for each
t > 0, the process restricted to [0,¢] is measurable with respect to the o-
algebra B(0,t] x F in [0, ] x €2, where B[0, ] denotes the Borel sets of [0, ¢].
A progressively measurable process is measurable and adapted, whereas
the converse is not generally true. However, any measurable and adapted
process with right-continuous sample paths is progressively measurable.

Frequently, we need to work with a stopping time for applications. Con-
sider (2, F, P) with a filtration {F;}. A stopping time 7 is a nonnegative
random variable satisfying {7 <t} € F; for all ¢t > 0.

A stochastic process {X(t) : ¢t > 0} (real- or vector-valued) is a martin-
gale on (9, F, P) with respect to {F;} if:

(a) For each t > 0, X(t) is F;-measurable,
(b) E|X(t)] < 0o, and
(c) E[X(t)|Fs] = X(s) a.s for all t > s.

If F; is the natural filtration o{X(s) : s < t}, we often say that X(-)
is a martingale without specifying the filtration F;. The process X (-) is
a local martingale if there exists a sequence of stopping times {7,} such
that 0 < << <7, <7Tpy1 <+, 7y — 00 a8 as n — oo, and
X(t) := X(t A7,) is a martingale.

A.4.2 Gaussian Processes and Diffusion Processes

A Gaussian random vector X = (X3, Xo,...,X,) is one whose character-
istic function has the form

¢(y) = exp (iy’u - ;y’Ey) :
where 1 € R” is a constant vector, ¥’ is the usual inner product, i denotes
the pure imaginary number satisfying i? = —1, and ¥ is a symmetric
nonnegative definite r X r matrix. In the above, ;4 and X are the mean
vector and covariance matrix of X, respectively.
Consider a stochastic process X (t), t > 0. It is a Gaussian process if for
any k= 1,2,... and 0 <t <ty < - < tr, (X(tl),X(tQ),,X(tk)) is a
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Gaussian vector. A random process X () has independent increments if for
any k=1,2,...and 0 < t; <ty <--- < ty,

(X(h) = X(0)), (X(t2) = X(02)), . (X(te) = X(t41)

are independent. A sufficient condition for a process to be Gaussian is given
next, whose proof can be found in Skorohod [150, p. 7].

Lemma A.16. Suppose that the process X (-) has independent increments
and continuous sample paths almost surely. Then X(-) is a Gaussian pro-
cess.

Next, we consider the notion of Brownian motions. An R"-valued random
process w(t) for t > 0 is a Brownian motion, if

(a) w(0) = 0 almost surely;

(b) w(:) is a process with independent increments;

)
(¢) w(-) has continuous sample paths almost surely;
)

(d) for all ¢,s > 0, the increments w(t) — w(s) have Gaussian distribution
with E(w(t) — w(s)) = 0 and Cov(w(t),w(s)) = X|t — s| for some
nonnegative definite r x r matrix X, where Cov(w(t), w(s)) denotes

the covariance.

A Brownian motion w(-) with ¥ = I is termed a standard Brownian mo-
tion. In view of Lemma A.16, a Brownian motion is necessarily a Gaussian
process. For an R"-valued Brownian motion w(t), let 7, = o{w(s) : s < t}.
Let h(-) be an F;-measurable process taking values in R"™*" such that

ftE|h( )|?ds < oo for all t > 0. Using w(-) and h(-), we may define a
stochastic integral fo s)dw(s) such that it is a martingale with mean 0

and
B / h(s)duw(s)| = /0 B [ur(h(s)1 ()] .

Suppose that b(-) and o(-) are nonrandom Borel measurable functions.
A process X (-) defined as

X(t) = X(0) + /0 b(s, X(5))ds + /O o5, X ())dw(s) (A.22)

is called a diffusion. Then X(-) defined in (A.22) is a Markov process in
the sense that the Markov property

P(X(t) € A|F,) = P(X(t) € A|X(s))

holds for all 0 < s < ¢ and for any Borel set A. A slightly more general
definition allows b(-) and o(+) to be Fy-measurable processes. Nevertheless,
the current definition is sufficient for our purpose.
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Associated with the diffusion process, there is an operator £, known as
the generator of the diffusion X (-). Let C'*? be the class of real-valued func-
tions on (a subset of) R” x [0, 00) whose first-order partial derivative with
respect to t and the second-order mixed partial derivatives with respect to
x are continuous. Define an operator £ on C''? by

of(t.2) | § ofto) | 1§ Pf(t,x)
Lf(t,x)= o T ;bi(tvx) ., *t3 ”Z_: aij(t, 2) ===
(A.23)
where A(t,z) = (ai;(t,x)) = o(t,z)o’(t, z). The above may also be written
in a more compact form as
af(t 1
Lf(t,z)= % +b'(t,x)Vf(t,z)+ §tr(V2f(t, x)A(t, z)),

where V f and V2 f denote the gradient and Hessian of f, respectively. Note
that in this book, we use the notations b’ f and <b, f > interchangeably to
represent an inner product.

The well-known It6 lemma (see Gihman and Skorohod [53], Ikeda and
Watanabe [72], and Liptser and Shiryayev [110]) states that

df(t, X (1)) = Lf(t, X (1)) + Vf'(t, X (t))o(t, X(t))dw(t),
or in its integral form
f(t, X(t)) — £(0,X(0))
= [ 86X (6Dds + [ 7 (s X (5ol X ()il
0 0

By virtue of It6’s lemma,

My(t) = £(t, X (1) — £(0, X (0)) — / £f(s, X (s))ds

is a square integrable F;-martingale. Conversely, suppose that X (-) is right
continuous. Using the notation of martingale problems given by Stroock
and Varadhan [153], X (-) is said to be a solution of the martingale problem
with operator £ if M(-) is a martingale for each f(-,-) € Cy"* (the class of
C1? functions with compact support).

A5  Weak Convergence

The notion of weak convergence is a generalization of convergence in dis-
tribution in elementary probability theory. In what follows, we present def-
initions and results, including tightness, tightness criteria, the martingale
problem, Skorohod representation, Prohorov’s theorem, and so on.
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Definition A.17 (Weak Convergence). Let P and Py, kK = 1,2,..., be
probability measures defined on a metric space S. The sequence {P} con-

verges weakly to P if
/ fdPy, — / FdP

for every bounded and continuous function f(-) on S. Suppose that {X}}
and X are random variables associated with P and P, respectively. The
sequence X converges to X weakly if for any bounded and continuous
function f(-) on S, Ef(Xx) — Ef(X) as k — oo.

Let D([0,00);R") be the space of R"-valued functions defined on [0, 00)
that are right continuous and have left-hand limits; let IL be a set of strictly
increasing Lipschitz continuous functions ¢(-) : [0,00) +— [0,00) such that
the mapping is surjective with ¢(0) = 0, lim;_, ((t) = oo, and

log <C(S)_<(t)> ’ < 00.

7(¢) 1= sup o

0<t<s

Similar to D(]0,00);R"), we also use the notation D([0,T];F) to denote
the D-space of functions that take values in a metric space F.

Definition A.18 (Skorohod Topology). For &, 1 € D([0,00);R"), the Sko-
rohod topology d(-,-) on D([0,00); R"™) is defined as

dem=int {50 v [ s (Lnlelens) = nieo) no)as}

>0

Analogous definitions and results are available for D([0,7T];F), where F is
a metric space; see Ethier and Kurtz [43] and Billingsley [16] for related
references. Although we frequently work with D([0, T]; R") in this book, the
following results are often stated with respect to the space D([0,00);R").
This enables us to apply them to ¢ € [0, 7] for any 7" > 0.

Definition A.19 (Tightness). A family of probability measures P defined
on a metric space S is tight if for each § > 0, there exists a compact set
Ky C S such that

inf P(K(;) Z 1-—09.

PcP

The notion of tightness is closely related to compactness. The following the-
orem, known as Prohorov’s theorem, gives such an implication. A complete
proof can be found in Ethier and Kurtz [43].

Theorem A.20 (Prohorov’s Theorem). If P is tight, then P is relatively
compact. That is, every sequence of elements in P contains a weakly conver-
gent subsequence. If the underlying metric space is complete and separable,
the tightness is equivalent to relative compactness.
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Although weak convergence techniques usually allow one to use weaker
conditions and lead to a more general setup, it is often more convenient to
work with probability one convergence for purely analytic reasons, however.
The Skorohod representation provides us with such opportunities.

Theorem A.21 (The Skorohod representation (Ethier and Kurtz [43])).
Let Xy, and X be random elements belonging to D([0,00); R") such that X},
converges weakly to X. Then there exists a probability space (ﬁ,f,f’) on
which are defined random elements )N(k, k=1,2,..., and X in D([0,00); R")
such that for any Borel set B and all k < oo,

P(X, € B)=P(X; € B), and P(X € B) =P(X € B)

satisfying

lim )Z'k =X as.

k—o0
Elsewhere in the book, when we use the Skorohod representation, with a
slight abuse of notation, we often omit the tilde notation for convenience
and notational simplicity.

Let C([0,00);R") be the space of R"-valued continuous functions equipped
with the sup-norm topology, and Cy be the set of real-valued continuous
functions on R” with compact support. Let C} be the subset of Cj functions
that have continuous partial derivatives up to the order [.

Definition A.22. Let S be a metric space and A be a linear operator on
B(S) (the set of all Borel measurable functions defined on S). Let X (:) =
{X(t) : t > 0} be a right-continuous process with values in S such that for
each f(-) in the domain of A,

ﬂmm—AAﬂmmw

is a martingale with respect to the filtration o{X(s) : s < ¢}. Then X(-) is
called a solution of the martingale problem with operator A.

Theorem A.23 (Ethier and Kurtz [43, p. 174]). A right-continuous pro-
cess X(t), t > 0, is a solution of the martingale problem for the operator
A if and only if

tit1

EUPmmmﬂﬂmwm—ﬂmmw Aﬂmwwﬂzo

t;

whenever 0 < t1 < to < -+ < tiy1, f(-) in the domain of A, and
hi,...,h; € B(S), the Borel field of S.
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Theorem A.24 (Uniqueness of Martingale Problems, Ethier and Kurtz
[43, p. 184]). Let X(-) and Y (+) be two stochastic processes whose paths are
in D([0,T);R"). Denote an infinitesimal generator by A. If for any function
f € D(A) (the domain of A),

FX(0)) - F(X(0)) — / AF(X(s))ds, £ >0,
and .
FY(8) - F(Y(0)) - / AS(Y(s))ds, £ >0

are martingales and X (t) and Y (t) have the same distribution for each
t >0, X(-) and Y(-) have the same distribution on D([0,00); R").

Theorem A.25. Let X°(-) be a solution of the differential equation

dXe(t)
dt

= Fo(t),

and for each T < oo, {Fe(t) : 0 <t < T} be uniformly integrable. If the
set of initial values {X=(0)} is tight, then {X°(-)} is tight in C([0,00);R").

Proof: The proof is essentially in Billingsley [16, Theorem 8.2] (see also
Kushner [102, p. 51, Lemma 7]). O

Define the notion of “p-lim” and an operator A° as in Ethier and Kurtz
[43]. Suppose that X©(-) are defined on the same probability space. Let Ff
be the minimal o-algebra over which {X*¢(s),£%(s) : s < ¢} is measurable
and let Ef denote the conditional expectation given F;. Denote

M = { f: f is real-valued with bounded support and is
progressively measurable w.r.t. {F;}, supE|f(t)| < oo}.
¢

Let g(), f(), f°() € M. Foreachd >0and t <T < oo, f =p— limg f°
if

sup B f7(1)] < oc.

t,0

then
lim B|f(t) - f°(t)| =0 for each t.

The function f(-) is said to be in the domain of A%; that is, f(-) € D(A®),
and A°f =g, if

P50

(BHED-10 ) o
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If f(-) € D(A®), then Ethier and Kurtz [43] or Kushner [102, p. 39] implies
that

£(t) — / A f(u)du

is a martingale, and

t+s
Eff(tJrs)—f(t):/ ESA°f(u)du  aus.
t

In applications, ¢-mixing processes frequently arise; see [43] and [102].
The assertion below presents a couple of inequalities for mixing processes.
Further results on various mixing processes are in [43].

Lemma A.26 (Kushner [102, Lemma 4.4]). Let &(+) be a ¢-mizing process
with mizing rate ¢(-) and let h(-) be F°-measurable and |h| < 1. Then

Bt + ))|7) — Bh(g(t +9))]| < 26(5)

Ift <u<wv, and Eh(&(s)) =0 for all s, then

Example A.27. A useful example of a mixing process is a function of a
stationary Markov chain with finite state space. Let oy be such a Markov
chain with state space M = {1,...,mo}. Let & = g(ay), where g(-) is a
real-valued function defined on M. Suppose the Markov chain or equiva-
lently, its transition probability matrix, is irreducible and aperiodic. Then
as proved in Billingsley [16, pp. 167-169], & is a mixing process with the
mixing measure decaying to 0 exponentially fast.

A crucial step in obtaining many limit problems depends on the verifica-
tion of tightness of the sequences of interest. A sufficient condition known
as Kurtz’s criterion appears to be rather handy to use.

Lemma A.28 (Kushner [102, Theorem 3, p. 47]). Suppose that {Y<(-)} is
a process with paths in D(]0,00);R"), and suppose that

lim {hmsupP < sup |Y<(t)| > Kl)} =0 foreach T < oo, (A.24)
Ki—oo | -0 0<t<T

and for all 0 < s < 4§, t<T,

Ef min (1,[Y(t + 5) = Y*(£)[*) < E{re(9), N
.25
girr(l) lim sup Ev.(0) = 0. ( )

e—0

Then {Y<(-)} is tight in D([0,00); R").
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Remark A.29. In lieu of (A.24), one may verify the following condition
(see Kurtz [95, Theorem 2.7, p. 10]). Suppose that for each n > 0 and
rational ¢ > 0 there is a compact set I'; ,, C R" such that

inf P (Y*(t) €Typy) > 1—. (A.26)
€

A.6 Hybrid Jump Diffusion

Let us recall the notion of a switching jump diffusion or hybrid jump dif-
fusion. A hybrid jump diffusion is a jump diffusion modulated by an addi-
tional continuous-time switching process. In what follows, we confine our-
selves to the case where the switching process is a continuous-time Markov
chain. In this case, in lieu of one jump diffusion, we have a system of
jump diffusions. The description of the jump-diffusion system below is a
modification of that of [103] due to the appearance of the switching pro-
cess. Suppose that a(-) is a continuous-time Markov chain with state space
M ={1,...,m} and generator Q(t) = (g;;(t)) [176, Sections 2.3-2.5]. Let
{mn} be an increasing sequence of stopping times independent of «(t). Let
{tn} be a sequence of random variables representing the “impulses,” and
¥(+) be a random process defined by

W(t) = {zo/in if t =7,

otherwise.

The process is termed a point process if {1, 7, } is a random sequence and
{7} has no finite accumulation point. In the above, the 1,, are referred to
as impulses.

Let T', a compact set not including the origin in some Euclidean space,
be the range space of ¢(-). Denote the o-algebra of Borel sets of T by B(T").
Suppose that the impulse time 7, — 0o as n — oo. For each H € B(T),
and each + € M, define

N(t,H) = {# of impulses of ¢(-) on [0,t] with values in H},

which is a counting process or counting measure. Suppose that EN(¢,T") <
00, that F; is a filtration such that N (-, H) is F-adapted for each H € B(T),
and that ¢(-) is an F;-Poisson point process (i.e., {N(t+-, H) — N(¢t,H) :
H € B(I")} is independent of F;) and N(-,-) is an F;-Poisson measure. If
(+) is a Poisson process and the distribution of { N (t+s, H)—N (¢, H) : H €
B(T')} is independent of ¢, then ¢(-) is a stationary Poisson point process.
Then it is known that there exists a A > 0 and probability measure 7(-) on
B(T') such that

E[N(t+s, H) — N(t, H)|F] = st(H)A,
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where A is known as the impulse rate of ¢(-) and/or the jump rate of
N(-,T), and 7(H) is the jump distribution in the sense that

P(y(t) € Hp(t) #0, ¢(u), u<t) =m(H).

The values and times of the impulses can be recovered from the integral

t
Gt = [ [ V(s =3 wGs),
o Jr <t
With the setup above, the jump-diffusion process modulated by «a(t) is
given in
t t
X(t) = :co—l—/ f(s,a(s),X(s))ds+/ o(s,a(s), X(s))dw(s)
o 0
+ [ [ a6ras). X ()N s, o),
0o Jr

where w(-) is a real-valued standard Brownian motion, and N(-,-) is a
Poisson measure.

(A.27)

A.7 Miscellany

Suppose that A is an r X r square matrix. Denote the collection of eigenval-
ues of A by A. Then the spectral radius of A, denoted by p(A), is defined
by p(A) = maxyca |A|. Recall that a matrix with real entries is a positive
matrix if it has at least one positive entry and no negative entries. If every
entry of A is positive, we call the matrix strictly positive. Likewise, for a

vector x = (x1,...,2,), by * > 0, we mean x; > 0 for ¢ = 1,...,7; by
x > 0, we mean all entries x; > 0.
By a multi-index {, we mean a vector ¢ = ((1,...,(,) with nonnegative

integer components with |¢| defined as || = {1+ - -+ (. For a multi-index
¢, DS is defined to be

o8 ol¢l
¢c_ 9 _ .
Da Ozt 8CE§1 L 0xeT ' (4.28)

see Friedman [47] or Gihman and Skorohod [54].
The following inequalities are widely used. The first of them is known as

the Gronwall inequality and second one is the so-called generalized Gron-
wall inequality. Both of them can be found in [61, p. 36].

Lemma A.30. Ify € R, 8(t) > 0, and ¢(t) are continuous real-valued
functions for a <t < b, which satisfy

() <7+ / B(s)p(s)ds, t € [a, ],
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then
o(t) < yexp(/ B(s)ds), t € [a,b].

Lemma A.31. Suppose that o(-) and y(-) are real-valued continuous func-
tions on [a,b], that B(t) > 0 is integrable on [a,b], and that

o(t) < (1) + / B(s)p(s)ds, t € [a,b].

Then

o) <20+ [ Bles)expl [ Bludu)ds, ¢ [a.b).

When we treat stochastic integrals, the Burkholder-Davis—Gundy in-
equality is used quite often. We state it below, a proof of which may be
found in [120, p. 70].

Lemma A.32. Let 1 : [0,00) — R™? for some positive integers v and d,
and suppose that Efooo [v(s)|? < oo. Define

26) = [ w(edu(s) and aft) = [ u(s)Pas

where w(t) is a d-dimensional standard Brownian motion. Then for any
p > 0, there exist positive constants c, and C, such that

cpEla(t)|P/? <E sup |Z(s)]? < C,Ela(t)[P/?, for all t > 0.
0<s<t

A.8 Notes

One may find a nonmeasure-theoretic introduction to stochastic processes
in Ross [141]. The two volumes by Karlin and Taylor [80, 81] provide
an introduction to discrete-time and continuous-time Markov chains. Ad-
vanced treatments of Markov chains can be found in Chung [28] and Re-
vuz [142]. A book that deals exclusively with finite-state Markov chains is
by Iosifescu [76]. The book of Meyn and Tweedie [125] examines Markov
chains and their stability. Doob’s book [33] gives an introduction to stochas-
tic processes. Gihman and Skorohod’s three-volume work [55] provides a
comprehensive introduction to stochastic processes, whereas Liptser and
Shiryayev’s book [110] presents further topics such as nonlinear filtering.
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