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Abstract

This thesis examines the long—run behaviour of both differential and difference, determinis-
tic and stochastic linear Volterra equations. Firstly we consider a stationary autoregressive
conditional heteroskedastic (ARCH) process of order infinity. This type of process is used
in time series analysis due to its non-constant conditional variance. In describing the
extent of the dependence of the current values of the process upon past values we are
led to the study of the autocovariance function. Necessary and sufficient conditions are
established for the autocovariance function to lie in a particular class of slowly decaying
(subexponential) sequences.

We develop sharp conditions for solutions of linear Volterra summation equations to
lie in a class of sequences which is characterised by having a subexponential rate of decay
coupled with a periodic fluctuation. This theory illustrates and clarifies the effect of the
kernel upon the solution of Volterra-type summation equations. In particular this theory
is applied to the autocovariance function of ARCH(o0) processes.

A stochastic admissibility theory of stochastic Volterra operators is developed. In
particular necessary and sufficient conditions for mean square convergence and sufficient
conditions for almost sure convergence are established for stochastic integrals. This theory
is then applied to stochastic linear functional equations of Volterra and finite delay type.

Lastly, we introduce a particular stochastic differential equation with an average func-
tional which may be viewed as modelling the demand of traders in an inefficient financial
market. The asymptotic behaviour of this process is determined for almost all values of
the parameters of the model. A discretisation of this stochastic differential equation is
also studied. The asymptotic behaviour of the discretisation is shown to mirror that of

the continuous—time equation.

vil



Introduction and Preliminaries

0.1 Motivation and Goals of the Thesis

Financial markets are referred to as weak form efficient when the future movement of asset
prices is independent of all historical data of the asset, Fama [50]. However the presence
of market bubbles and crashes are indicators of the lack of efficiency of markets, Kirman
and Teyssiére [74]. The presence of traders who use models of past price information leads
to the study of stochastic functional differential equations or stochastic delay differential
equations, e.g. Bouchaud and Cont [30]. A useful tool in studying the efficiency (or
inefficiency) of a financial market is the autocovariance function because it enables one to
study the correlation between asset returns taken over different intervals of time.

Weak form efficiency, together with stationary and independent returns, and an ab-
sence of jumps in the price of a risky asset, imply that the asset price is described by a
Geometric Brownian motion. This stochastic process can be thought of as the solution of
a linear stochastic differential equation. In order to study departures from efficiency, and
to preclude the addition of other confounding modelling factors (such as nonlinearities or
jumps), in this thesis we will presume that asset prices or returns follow linear or affine
stochastic models. In such cases, if returns are stationary, the autocovariance function
can be used to determine the degree of dependence across time: indeed it is particularly
suited to this task, because the covariance measures the linear association between two
random variables. Of course, by making such linearity assumptions, we hope to simplify
the mathematical analysis as well. If trading takes place in discrete time, one can argue
in a similar manner that the most parsimonious modelling assumption to allow for inef-
ficiency is to model the returns as the solution of an affine or linear stochastic difference
equation.

In what follows, we pose a selection of questions concerning the long run behaviour of
inefficient financial markets. It will be the goal of this work to address these questions with
at least partial positive answers. The most important mathematical tool used to answer
these questions turns out to be the admissibility theory of deterministic and stochastic
Volterra operators.

Empirical evidence suggests slow decay in the autocovariance function of many real—



life time series (e.g. in the physical sciences, hydrology, climatology and financial time
series) Baillie [24]. One class of processes which have been shown to possess slow decay in
their autocovariance function are autoregressive processes of order infinity (ARCH(c0)).
Such a process is a discrete stochastic process where the latest term in the sequence is a
linear functional of all preceding terms in the process. The linear functional attaches a
weighting to past realisations of the process. It has been shown that when the weights
decay no faster than polynomially then the autocovariance function also decays no faster
than polynomially. It is not explored what the effect of weights decaying at a definite
rate has on the autocovariance function, or indeed if one can deduce similar results for
non—polynomially decaying weights. Indeed while it is desirable to extend the analysis of
the autocovariance function of ARCH(00) in the manner just described consideration must
be given to the approach taken toward proving such results as the proofs of e.g. Giraitis,
Kokoszka, Leipus, Surgailis, and Zaffaroni [51, 52, 118] are quite complex.

Also, being motivated by econometric time series, one would like the autocovariance
function to exhibit a mixture of non-exponential decay and oscillation (and in particular
allowing the autocovariance function to undergo regular changes of sign). Such a switch
in the term structure of the autocovariance function has been observed in real time series,
such as property prices, Cutler, Poterba and Summers [40]. It does not appear one can
achieve such behaviour in the autocovariance function of ARCH(oo) processes, not least
because their autocovariance functions are always non—negative. However, nothing in the
existing theory forbids the autocovariance function of an ARCH(c0) process from expe-
riencing a fluctuation around some positive decaying sequence as the time lag increases.
Both these effects are of interest to investigate.

In the analysis of the autocovariance function of a stochastic process one often tests
for the presence of long memory. A common definition of long memory or long range

dependence, for a stationary process {X(n) : n € Z} is that
oo
3 [Cov[X (0). X (m)]| = +oc.
n=0

When this condition fails the process is said to possess short memory. It is proved in
[51] that ARCH(co) processes have short memory. It is with the view to classifying a
process as either short or long memory that one is interested in the rate of decay of the

autocovariance function.



When a process is not stationary but is in some respect “close” to being stationary, then
from a heuristic standpoint, it is not clear whether one might prefer to consider the rates of
decay in the time lag k of n — Cov[X(n), X (n+k)] as n — oo (as a function of k), or k
Cov[X(n), X (n+ k)] as k — oo for fixed n, in understanding the asymptotic behaviour of
the autocovariance function. For autonomous stochastic functional differential equations,
it appears that these questions lead to the same answer. But in general, for non—stationary
processes, these limiting objects need not yield non—conflicting results. In light of this
ambiguity of the memory properties of non—stationary processes one may speculate that
it is possible to observe both long and short memory features in the same process. This
is of interest due to empirical disagreement about the presence of long memory in certain
time series, c.f. e.g. Cont [35], Mikosch and Starica [87].

The foregoing discussion concerns moment behaviour of stochastic processes and as-
certaining exact rates of decay. We turn now to looking at pathwise features of stochastic
processes in inefficient financial markets. In financial markets it is often argued that prices
fluctuate about a fundamental value, Poterba and Summers [101]. It is desirable to study
models then where one can not only identify the size of the largest fluctuations from the
equilibrium but also the value of the equilibrium (which may be at a non—trivial random
level). As bubbles and crashes are hallmarks of inefficient markets, one should not only
describe conditions under which they will occur but also quantify the rate of growth of
such a bubble. One type of bubble dynamics evidenced in financial markets are “switch-
back rides” whereby the asset price fluctuates with growing amplitude. Also the effect of
long range dependence on the bubble growth requires further study; one might expect that
such inertia might retard the expansion of a bubble in prices, or forestall the formation
of a crash. How such behaviour might be mimicked, and quantified, in the solution of a
stochastic (functional) differential equation needs still to be explored further.

It has been observed in this thesis that the asymptotic behaviour of the solutions of a
class of affine stochastic equations mirrors the fine asymptotic structure of their underlying
resolvent equations providing that an additive noise term is “small” enough. This analysis
forms part of Chapter 3, moreover these results are part of a larger class of results which
question how large a perturbation in a differential equation may be permitted while still

preserving the fine asymptotic structure of the underlying unperturbed equation e.g. Gy6ri



and Hartung [54]. A motivation for this general work is that special cases of the analysis
studied in this thesis have been used to understand the manner in which financial market
bubbles or crashes form.

The above issues require an analysis of the paths of the stochastic process itself (as
opposed to the moment behaviour). In determining these stochastic results it is often the
case that the solution of the stochastic differential equation is comparable to that of an
underlying deterministic resolvent equation. However due to the non—deterministic nature
of stochastic equations the same methods of proof will not work. Hence one may ask in
what manner is it possible to amend the deterministic theory so that it is applicable to
stochastic problems.

Lastly we ask whether answers to the above problems outlined are dependent upon
whether one is studying problems in continuous or discrete time. This last question is
significant as when one wishes to perform a numerical simulation of a continuous problem
one is now interested discrete analysis. Also, one may believe that the price process should
be modelled in discrete time. In both cases, it is of interest to ask what happens if the time
step is small: for numerical problems, this hopefully leads to more accurate simulations,
while in discrete economic modelling, it reflects the fact that trading is happening with
increasing frequency. In particular it is to be questioned what restrictions on the discreti-
sation step—size are needed so that salient asymptotic features present in the continuous

problem are also present in the discrete analysis.

0.2 Mathematical Framework of the Thesis

The study of the long run behaviour of deterministic differential (and difference) equations
is performed throughout this thesis. In the first two chapters these deterministic equations
arise from the study of moment behaviour. While in the latter part of the thesis the
integrand of stochastic integral is often connected with a deterministic equation. One
technique, which is of central importance to this thesis, for understanding the long run
behaviour of deterministic Volterra equations is the theory of admissibility by Appleby,

Gyori and Reynolds [13]. This theory only applies to equations of the form

sn+1)=> k(n—35z(j), n>0, 2(0)=z (0.2.1)
j=0



where the kernel is, loosely speaking, ‘monotonic’. However this theory may be adapted
to describe the long run behaviour of equations close to (0.2.1), for example the infinite
history equation which arises in Chapter 1,
n
zn+1)= Y kn—45)z3i), n>=0; 20)=2z; z(n)=z2(-n), n<-1
j=—00

or Volterra equations where the kernel has a periodic component. Appleby and Krol [15]
study a stochastic process whose memory properties are driven by a kernel sequence which
lies in a class of slowly decaying sequences.

While one may be chiefly interested in understanding the pathwise behaviour of a
stochastic process the solution of a stochastic differential equation (as previously observed)
may often be expressed in terms of the solution of an underlying resolvent equation. To

illustrate, consider the affine stochastic functional equation
dX(t) = L(X(t))dt + odB(t), t>0; X(0)=u=xz€R, (0.2.2)

where L is a linear functional and o is a non-zero positive constant. The associated

deterministic equation arises from setting o = 0, giving
r'(t)=L(r(t)), t>0; r0)=1; r()=0, t<O0. (0.2.3)

Providing both (0.2.2) and (0.2.3) have well-defined solutions then X may be expressed
in terms of r, i.e.

t
X(t) =r(t)zo + /0 r(t —s)odB(s), t>0. (0.2.4)

From (0.2.4) it is clear that one should expect the solution of the deterministic equation
to influence the asymptotic behaviour of the solution of the stochastic equation. A re-
sult of this nature includes Appleby and Riedle [19] where the location of the roots of a
characteristic equation determine the integrability of the solution of a stochastic equation.
The leading order behaviour of » may be determined from a variety of methods e.g. while
ordinary (and delay) differential equations are generally quite difficult to solve analyti-
cally it may be the case that they can be reformulated into a class of equations which have
known asymptotic behaviour. Some such asymptotic results used in this thesis include the
Birkhoff-Adams Theorem (for discrete second order equations), results of Diekmann et al.

[43] and Gripenberg et al. [53] for finite delay and Volterra continuous equations, and the



theory of special functions [96]. If for example the leading order behaviour of (0.2.3) is

given by exponential polynomials, i.e., e.g.
r(t) =te' + O(e'), ast— oo,

then one should try to retain this exponential polynomial structure within the stochastic
integral representation (0.2.4). Moreover one should also utilise the convolution structure
of the stochastic integral in (0.2.4). In particular one should, where possible, separate
the ¢t and s terms, this separability then allows one to employ martingale theory in the
asymptotic analysis.

The above approach of separating the leading order terms of the resolvent from the
lower order terms and using the structure of the stochastic integral enables one to deduce
the leading order behaviour of the stochastic process. It is then required to show that the
remainder terms from the resolvent give rise to the lower order terms in the solution of
the stochastic equation. The stochastic analysis of these leading order terms may involve
scaling by any growing or decaying factors and the addition (or subtraction) of oscillating
terms. Thus, after these adjustments have been made, the remainder terms will typically

have very little structure remaining and will appear of the form

/ CH(t $)dB(s).
0

for some function H(-,-). It is thus required to develop a theory which will describe the

asymptotic behaviour of such processes.

0.3 Synopsis of the Thesis

The first chapter of this thesis investigates the asymptotic properties of the memory struc-
ture of ARCH(o00) equations. ARCH processes are a discrete time stochastic process with
non-constant conditional volatility. The autocovariance function of ARCH(c0) equations
may be expressed as the solution of a linear Volterra summation equation. The asymptotic
analysis of the autocovariance function is then achieved by applying the admissibility the-
ory of linear Volterra operators to this equation and to an associated resolvent equation.
It is shown that the autocovariance function decays subexponentially (or geometrically)
if and only if the kernel of the resolvent equation has the same decay property. It is also

shown that upper subexponential bounds apply to the autocovariance function if and only



if similar bounds apply to the kernel. The results of this chapter extend the scrutiny
of the autocovariance function conducted in [51]. However the method of proof differs
markedly from that of [51, 52, 75, 118] (employing theory of Volterra equations as op-
posed to studying a closed form solution). It is assumed in our analysis though that the
kernel of the conditional volatility of the ARCH(oc0) process belongs to a particular class
of slowly decaying sequences. In the development of a counter—example to a claim in [118]
we required the kernel to have a fluctuation. The adaptation of the admissibility theory
of [13] to construct this counter—example forms the basis for the second chapter.

In the second chapter we consider a Volterra convolution summation equation where
the kernel decays at a known rate but with a periodic component. By a careful splitting up
of the summation we can isolate the periodic components and apply admissibility theory
to deal with the decaying component. In general, we show (roughly speaking) that the
kernel k decomposing according to k(n) ~ p(n)y(n) as n — oo where p is an asymptotically
N-periodic function, and v is in a class of slowly decaying functions, is equivalent to the
solution z(n) having asymptotic behaviour given by z(n) ~ ¢(n)y(n) as n — oo where ¢ is
an asymptotically N—periodic function. This extends work of [13], in which the kernel does
not have a periodic component. Once this problem is understood for the resolvent case the
result can be easily generalised to apply to a more general perturbed Volterra convolution
summation equation. As noted above this theory is used to provide a counter—example
to a result regarding the rate of decay of the autocovariance function of an ARCH(o0)
process.

The first chapter concerns itself with the rate of decay of a second moment of a stochas-
tic process, i.e. the solution of a deterministic Volterra equation. The second chapter con-
tinues this study of deterministic Volterra equations. However if one wishes to describe the
pathwise long run behaviour of a stochastic process (as opposed to the long run behaviour
of its moments) then one may reformulate the stochastic differential equation in a manner
such that the deterministic Volterra admissibility theory may be applied or alternatively
one may develop an authentically stochastic admissibility theory. The latter approach is
the motivation for Chapter 3.

The first half of Chapter 3 identifies conditions guaranteeing convergence of linear

stochastic Volterra operators. Necessary and sufficient conditions for mean square con-



vergence are established, while almost sure convergence of the linear operator is shown
to imply mean square convergence. Sufficient conditions for almost sure convergence of
the stochastic linear operator are established. The second half of Chapter 3 applies these
almost sure conditions to determine the rate of growth or decay of the solutions of a class
of affine stochastic functional differential equations. It is shown that the asymptotic be-
haviour of Volterra linear functional equations and finite delay linear functional equations
are determined from the roots of an associated characteristic equation. This analysis is
then in contrast to that of Chapters 1 and 2 where the contribution of the roots of the
characteristic equation to the long run behaviour of the solution of the equations under
study was dominated by that of the kernel. An example is provided which discusses the
sharpness of the conditions guaranteeing the asymptotic results.

The remainder of the thesis is concerned with the pathwise asymptotic analysis and au-
tocovariance asymptotic analysis of two particular stochastic functional equations. Chap-

ters 5 and 6 consider the equation

AX (1) = (aX(t) +bll+t _ZX(S) ds) dt + o dB(t), t>0, (0.3.1)

where X is given by the continuous function 1, defined on [—1,0], B is a standard one—
dimensional Brownian motion and ¢ # 0 and a and b are real parameters. While Chapter 7
considers a related stochastic difference equation. Chapter 4 serves as an introduction to
these three chapters and discusses the commonalities and differences between them. In
particular it is argued that (0.3.1) may be viewed as a simple model of an inefficient
financial market in which operate technical analysts and reference traders.

While Chapters 5 and 6 both examine (0.3.1) they differ in their respective approaches
to ascertaining sharp asymptotic results for the solution X of (0.3.1). The approach taken
in Chapter 5 is to use existing admissibility results, i.e. [13], to determine the long run

behaviour of X. The result, for a > 0,

X(t)

t—o0 attb/a

= (C, almost surely,

is shown, where C' is an almost surely finite Gaussian random variable. However it is
not so clear as to whether or not C' is non-zero (i.e. whether or not the deterministic
admissibility theory produces a sharp asymptotic result). One could apply the stochastic

admissibility theory which was developed in the first half of Chapter 3, however we choose



to perform our analysis instead via a method more specific to the particular features of
(0.3.1), this analysis is contained in Chapter 6.

The asymptotic behaviour of the solution X of (0.3.1) is given for all real values of @ and
b in Chapter 6. When solutions are recurrent, it is shown that the autocovariance function
of the solution decays at a polynomial rate, even though the solution is asymptotically
equal to another asymptotically stationary process whose autocovariance function decays
exponentially. It is shown that when solutions grow, they do so at either a polynomial
or exponential rate in time depending on the sign of a parameter of the model, modulo
some exceptional parameter sets. On these exceptional sets, solutions are recurrent on
the real line with large fluctuations consistent with the Law of the Iterated Logarithm,
or exhibit subexponential yet superpolynomial growth. The results of this chapter show
that the solution of (0.3.1) has the same asymptotic rate of growth as the solution of an
underlying deterministic equation, almost surely.

The last chapter of this thesis considers the growth, large fluctuations and correlation
behaviour of an affine stochastic functional difference equation with an average functional
which has comparable asymptotic properties to that of (0.3.1). It is shown that when
solutions grow, they do so at a polynomial rate in time. Similar to (0.3.1) when solutions
of the stochastic difference equation are recurrent, it is shown that the autocorrelation of
the solution decays at a non—summable and polynomial rate, even though the solution is
asymptotically equal to another asymptotically stationary process whose autocorrelation
decays geometrically. The stochastic equation is characterised by two parameters. The
limiting behaviour of the solution of the stochastic equation is detailed for all real values

of these parameters.



0.4 Mathematical Preliminaries

This section details some notation, definitions and fundamental results which are used

throughout this thesis.

0.4.1 Deterministic Preliminaries

The set of integers is denoted by Z, ZT = {n € Z : n > 0} and R the set of real
numbers. We denote by R, the half-line [0, 00). The complex plane is denoted by C and
Cop :={z € C: R(2) > 0}, where R(z) and I(z) denote the real and imaginary parts
of any complex number z. If z € R, then [x], or the ceiling of x is the smallest integer
greater than or equal to € R. |z| denotes the absolute value of z € R. If d is a positive
integer, R is the space of d-dimensional column vectors with real components and R%*¢
is the space of all d x d real matrices. Similarly, the space of all d X d matrices with
complex-valued entries is denoted by C#*¢,

The Wronskian for any two functions x7 and xo, which have domain of definition
[0,00), is defined as W(t) = xz1(t)xh(t) — 2} (t)z2(t), for ¢ > 0. The Casoratian, C,
of two sequences r; and 79, which have domain of definition Z*, is given by C(n) =
ri(n)ra(n+1) —ri(n+ 1)ra(n), n € Z*.

Let A € R™? then det(A) denotes the determinant of the square matrix A. A” denotes
the transpose of any A € R1*%. A matrix A = (A;;) in R4 is non-negative if A;; > 0,
in which case we write A > 0. A partial ordering is defined on R?*¢ by letting A < B
if and only if B— A > 0. Of course A < B and C' > 0 implies that CA < C'B and
AC < BC. The absolute value of A = (A;;) in R¥? is the matrix given by (|A|);; = |As;]-
The Frobenius norm of a matrix A is denoted ||A|| 5.

We use standard Landau notation, (c.f. e.g., [46, Chapter 8.1]), let f and g be two
functions defined on R, then we write f(t) = O(g(t)), t — oo if there exists 7' > 0 and
M > 0 such that |f(¢)| < M|g(t)| for all ¢ > T. Whereas f(t) = o(g(t)), t — oo means
that limy oo % = 0. Also, f(t) ~ g(t), t = oo means that lim;_, % =1

We define a class of real-valued weight functions, which was studied in [13] and is

variously used in this thesis.

Definition 0.4.1. Let r > 0 be finite. A real-valued sequence v = {y(n)}n>0 is in W(r)

10



if v(n) > 0 for all n > 0, and

. oy(n—=1) 1 =
lim ————% = —, 1)r~" < oo, 0.4.1
Jm T = (041)

nli_r)rloo (hzn_}solip S ZZ y(n — 2)7(2)> = 0. (0.4.2)

Observe that if » < 1 and v € W(r), then « decays, whereas if » > 1, then v diverges.
If v is in W(1), it is called a subexponential sequence, one reason being that if vy is in W(1),
then

lim y(n)k" = oo for all k > 1. (0.4.3)

n—s00
Of course if v is in W(r) and §(n) = r~"(n), then ¢ is in W(1).
Examples of sequences in W(r) include, but are not limited to, v(n) = r"n~¢ for
a > 1; y(n) = r*n~@exp(—n?) for a € R, 0 < B < 1; and ~(n) = r"e"/(87)  The
sequences defined by y(n) = r™ and y(n) = r"n~%, a < 1 are not in W(r).
We define the Gamma function I : C — C according to I'(z) = [;° s* 'e™ ds for
R(z) > 0. When R(z) <0, I'(2) is defined by analytic continuation.
The space of p-summable sequences is denoted as /7, i.e.
o0
PZT) ={u:Z" 5 R: > Ju(f)]” < +oo}.
j=0
Sequences u = {u(n)}n>o in R% or U = {U(n)}n>0 in R>? are sometimes identified
with functions u : Z+ — R? and U : Z* — R4 If {U(n)}n>0 and {V(n)}n>0 are

sequences in R¥4  we define the convolution of {(U * V)(n)}n>o0 by
(UxV)( Z Uln—j)V n > 0.

Moreover using this definition of convolution one may recursively define the j-fold convo-
lution, {(U*7)(n)};>2.n>0, by (U*?)(n) = (U * U)(n) and (U*)(n) = (U*V=V xU)(n) for
j>3andn >0.
In this thesis the Z-transform of a sequence U in R?*? is the function defined by
=> UGN
j=0
provided A is a complex number for which the series converges absolutely. A similar

definition pertains for sequences with values in other spaces. We remark that this definition

11



of the Z-transform differs from the more usual definition (see e.g. [46, Chapter 6.1]) in
that A plays the role of A~! and hence roots and poles of the Z-transform which were
outside the unit circle are now inside the unit circle, and vice versa.

For any two functions U : Ry — R%X% and V : R, — R%X%  we define the

convolution of {(U * V')(t)}+>0 by
(UxV)(t) = /t Ut —s)V(s)ds, t>0.
0

In this thesis the Laplace transform of a function U in R4*% is the function defined

by

U\ = /000 e MU(s)ds,

provided A is a complex number for which the integral converges absolutely. A similar
definition pertains for the Laplace transform of a measure, [53, Definitions 2.1, 2.2] and
for functions with values in other spaces.

Let BC(R,;R%*42) denote the space of matrices whose elements are bounded con-
tinuous functions. Let BC; be the space of bounded continuous functions with a limit at
infinity (although not necessarily the same limit at —oco as at +oo if the domain is R).
The abbreviation a.e. stands for almost everywhere, while a.s. stands for almost sure or
almost surely. The space of continuous and continuously differentiable functions on R
with values in R%1*% is denoted by C(R,; R%*%) and C'(R; R%*9) respectively, while
CHO(A; R4 %42 represents the space of functions which are continuously differentiable in
their first argument and continuous in their second argument, over some two—dimensional
space A. For any scalar function ¢, the space of weighted p*"integrable functions is denoted

by
o0
DR R ) i (5 Re = B [T (5) (5)g s < oo, for all i )
0
When ¢ = 1, we do not include it in our notation, i.e. LP(R,;R%*92;1) = [P(R ; R} *d2),

0.4.2 Stochastic Preliminaries

Many of the below definitions and theorems may be found in Mao [84], Karatzas and

Shreve [72], and Revuz and Yor [104].
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Probability Space. Consider the ordered triple (2, F, P). Let Q (referred to as the
sample space) be a set of points (or outcomes) w. A family, C, of subsets (or events) of
Q is referred to as a o — algebra if: Q € C; A € C implies A® € C; {A;};>1 C C implies
U2, A; € C. A denotes the complement of A in Q. Let F denote the family of subsets
(or events) of 2 which are a o-algebra. Elements of F are called F-measurable sets.

If C is a family of subsets of 2 then there exists a smallest o—algebra, o(C), on £ which
contains C. This o—algebra is called the o — algebra generated by C. If 2 = R and C is
the family of all open sets in R then B = o(C) is called the Borel o — algebra and the
elements of B are called the Borel sets.

A probability measure on the measurable space (2, F) is a function P : F — [0, 1]
which obeys the following: P[] = 1,; for any disjoint sequence {4;};>1 C F, P{UX, A;] =
o2  P[A;]. If an event has probability one then we say that it is an almost sure (a.s)
event. A triple (2, F, P) with Q, F and P as described is called a probability space. Any
measure P defined on the o-algebra of Borel sets is called a Borel measure.

A filtration is a family {F(t)}+>0 of increasing sub-o-algebras of F. The filtration at
time t represents all of the information available up to time ¢. The filtered probability
space is denoted by (92, F, {F(t) }i>0,P).

A filtration is said to satisfy the usual conditions if it is right—continuous, i.e. F(t) =

Ns>tF(s) for all t > 0, and F(0) contains all the P-null events in F. We also define

f(OO) = O'(Utzof(t)).

Random Variable. A real-valued function X : 2 — R is said to be F-measurable if
{w: X(w) <a} € Ffor all @ € R. Such a function is called an (F-measurable) random
variable.

For random variables U and V' defined on the same probability space, and each of
which has finite variance, we denote their means (or expectations) by E[U] and E[V] and

their variances by Var[U] and Var[V]. Their covariance is denoted by Cov(U, V).

Stochastic Process. A collection of random variables, { X (t) }+>0, defined on the same
probability space is called a stochastic process. It is F(t)-adapted if X(¢) is F(t)—-
measurable for each ¢,. It is called continuous if for all w € Q the function ¢ — X (t,w) is

continuous. A stochastic process may also be defined on a discrete time-domain.
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Let J be either Z or R. A stochastic process X = {X (k) : k € J} is referred to as
strictly stationary if all of its finite-dimensional distribution functions are time-invariant,

or more specifically

P[X(tl + k) < ZBl,X(tQ + k‘) < xQ,...,X(tn —i—k) < .%'n]

= P[X(tl) S $1,X(t2) S o, ,X(tn) S xn]

for all k,t1,to,....tn, € J, x1,..., 2, € R and for all n € Z*/{0}. One infers from this
definition that the statistical properties of X do not change over time. It is difficult to
test for strict stationary from a sample, so for this reason we concern ourselves mainly in
this work with weak stationarity. We do this also because weak stationarity is especially
effective in describing dependence in affine or linear models.

A stochastic process X = {X (k) : k € J} is said to be weakly stationary or wide sense
stationary if it has constant mean, E[X (k)] € R for all k € J, and there exists a function

p:J — R called the autocovariance function, such that,
Cov(X(n),X (k)] = p(n—k), forallnkeJ (0.4.4)

Throughout this work the qualifiers weak and weakly are dropped, and we refer to such
processes as being stationary or possessing the property of stationarity. The concept of
stationarity is that a structure is imposed upon the statistical properties of the process
which gives the process a time—invariance property. The autocorrelation function of X is
defined by p(k)/Var[X (0)] for k € J, where Var[X (0)] is non—trivial.

It is of special interest in this work to establish the rate at which p(k) — 0 as k —
oo and in particular to investigate whether the process X possesses long memory. A
number of definitions of long memory exist in the literature: here we adopt one of the
commonest, saying that X, with J = Z, has long memory if the autocovariance function

is not summable i.e.,

> Ip(k)] = +oc. (0.4.5)

keJ
When J = R then the summation in (0.4.5) is duly replaced with an integral. The

underpinning idea of long memory is that realisations far in the past do not fade away
quickly and so have a bearing upon the present and future development of the process.
The significance of long memory as a measure of the efficiency of a financial market is

discussed in e.g. Cont [35].
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Continuous Stochastic Preliminaries

Standard Brownian Motion. Standard Brownian motion is an almost surely contin-
uous, F(t)-adapted process B = {B(t);0 < t < oo}, defined on some probability space
(Q, F,P), with the properties that B(0) = 0 a.s. and for 0 < s < ¢, the increment
B(t) — B(s) is independent of F(s) and is normally distributed with mean zero and vari-

ance t — s. The natural filtration generated by {B(t)}+>0 is defined by
FB(t) :U(B(s) :0<s §t>.

We will often take {FP(t)};>0 as the filtration with respect to which stochastic processes

are adapted throughout this thesis.

Theorem 0.4.1 (Hinéin’s Law of the Iterated Logarithm (LIL)). For almost every w € €2,

we have

1, liminf B(t)
=1, liminf ———=——=—
t—oo 4/2tloglogt

lim sup B(t)

t—oo  /2tloglogt

Stochastic Integrals. Let B(t) = {Bi(t),...B4(t)}, where each element of B is a stan-

dard Brownian motion. The n x d dimensional It integral is denoted

t
/ g(s)dB(s),
0

for an R™*¢ dimensional function g = {g(t)}os>0 such that

t
/0 lg()|I% ds < oo.

Then g obeys Ito’s isometry, in particular

E[ / ' g(s)dB(s) H -/ () 2 ds.

An n-dimensional Ité-process is an R™-valued continuous adapted process X (t) =

{X1(t), ..., Xn(t)}T on t > 0 of the form

X(t) = Xo + /0 f(s)ds + /O o(5)dB(s),

where f = (f1,..., fn)? € LY(R4;R™) and g = (gi j)nxa € L?(R4;R™*?). We shall say that

X (t) has the stochastic differential dX (¢) on ¢ > 0 given by

dX(t) = f(t)dt + g(t)dB(t).
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Martingales. Properties of martingales and their connection to Brownian motion are
central to the proof of many of the results in this thesis. We list some important properties

here.

Definition 0.4.2. A real valued process M(t), t € R, adapted to (F(t)) is a martingale

(with respect to F(t)) if
(i) E[|]M(t)|] < +oo for every t € Ry;
(ii) E[M(t)|F(s)] = M(s) a.s. for every pair s, t such that s < t.

If the process M is a real-valued square integrable martingale then there exists a
unique adapted, continuous increasing process (M) = {(M)(t)}+>0 such that the process
{M(t)? — (M)(t)}+>0 is a martingale which vanishes at t = 0. The process (M) is referred
to as the quadratic variation of M.

A random variable 7 : Q — [0,00] is called an F(t)-stopping time if {w : 7(w) <
t} € F(t) for any ¢t > 0. A right-continuous adapted process M = {M (t)}+>0 is called a
local martingale if there exists a non-decreasing sequence {74 }r>1 of stopping times with

T, — 00 as k — oo a.s. such that {M (min(7y,t))}+>0 is a martingale.

The following results may be found in [104].

Theorem 0.4.2 (Martingale Convergence Theorem). For a continuous local martingale
M, the sets {(M)(0c0) < oo} and {lim;_oc M (t) exists} are almost-surely equal. Further-
more, limsup,_,.o M(t) = 400 and liminf; ;oo M(t) = —o0 a.s. on the set {{M)(o0) =

Theorem 0.4.3 (Martingale Time-Change Theorem). Let M be a continuous local mar-

tingale vanishing at zero such that limy_,o(M)(t) = oco. Define, for each 0 < s < oo,
T(s) = inf{t > 0; (M)(t) > s}.
Then B(s) = M(T(s)) is a (F(T(s)))-Brownian motion and M (t) = B({M)(t)).

Lemma 0.4.1. Let M be a continuous local martingale. Then on {(M)(c0) = oo}, one

has

M(t) M(t)

lim sup =1, liminf =-1, a.s

troo. /2(0) () log 1og (M) () =% \/2(M)(D) log log (M) (1)
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Discrete Stochastic Preliminaries

Many of the below definitions and theorems may be found in Shiryaev [108], Williams [115]
and Chow and Thiecher [34]. The definition of a discrete-time martingale is similar to
that of a continuous-time martingale, c.f. e.g. [115, Chapter 10|, and so is omitted. Of
particular importance to the results in this thesis is that the sum of independent zero-mean

random variables is a discrete-time martingale. We firstly state a convergence result.

Theorem 0.4.4. Suppose that {X (n)},cz+ is a sequence of independent random variables

such that E[X (n)] = 0, for every n. Then if

the series ), .+ X(n) converges with probability one.

The following result is stated as Theorem 2 of [114] or Exercise 3 in [34, pp383, Sec-

tion 10.2]

Lemma 0.4.2 (Law of the Iterated Logarithm). Let {X,},cz+ be a sequence of in-
dependent Gaussian random variables where X, has mean zero and variance o2. If

n-

s2 =" 02— 00 asn— o0 and o, = 0(sy,) as n — oo, then
n
21X

n
n
v X
lim sup =1 = — lim inf Zj_l /

e asloglogsl | nos astloglogs?

While the above result is sufficient for the analysis of this article, as Tomkins [114]
observes these sufficient conditions may be sharpened. For instance, Hartman [63] requires
only limsup,, ,. on/Sn < 1 as opposed to o,/s, — 0 as n — oo in order to achieve a

discrete law of the iterated logarithm result.

Useful Results

Chebyshevs inequality. For p € (0,00), let X be a random variable with E[ | X |P] < co.
If ¢ > 0 then

Plw: | X(w)| > ¢ < cPE[|X|P].

Borel-Cantelli Lemma. Let A;, Ay, ... be a sequence of events in F. Let {4,,i.0.}

denote the event that the events A,, are realised infinitely often.
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(a) If >0 P[A,] < oo then P[A,,i.0] = 0.
(b) If Y07 | P[A,] = oo and Aj, Ag, ... are independent, then P[4,,i.0.] = 1.

The Borel-Cantelli Lemma is intermittently used in this thesis to determine the order of

fluctuations of a stochastic process from its mean.
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Chapter 1

Long run behaviour of the autocovariance function of

ARCH(c0) models

1.1 Introduction

The significant influence of past data upon current and future values of a time series
is evidenced in many time series from the physical sciences and finance, e.g. tree-ring
data series, wheat market prices (cf., e.g., Baillie [24]) and stock market and foreign
exchange returns (cf., e.g., Ding and Granger [44]). The influence of past realisations
may be defined in terms of the persistence of the autocorrelations of the series, with a
stationary series whose autocorrelations decay at a non-summable rate being referred to
as a “long memory” process. Furthermore, the presence and application of long memory
processes in macroeconomics, asset pricing models and interest rate models is noted in [24]
and the references contained therein. Various properties of fractional Brownian motion
are illustrated in Mandelbrot and Van Ness [81]: of particular note is that fractional
Brownian motion is a self-similar process whose increments are stationary and can exhibit
long memory.

Kirman and Teyssiere [73, 74] give discrete time series models which are derived from
a market which is composed of fundamental and technical analysts, these models are then
shown to possess long memory characteristics in the differenced log returns of price pro-
cesses associated with these models, while other features such as bubbles are demonstrated.
Appleby and Krol [15] analyse the long memory properties of a linear stochastic Volterra
equation in both continuous and discrete time, with conditions for both subexponential
rates of decay and arbitrarily slow decay rates in the autocovariance function being char-
acterised in terms of the decay of the kernel of the Volterra equation. A continuous—time
infinite history financial market model is discussed in Anh et al. [2, 3], which is a gen-
eralisation of the classic Black-Scholes model, where characterisations for long memory
are proved. In each of [2, 3, 15] the equations studied have additive noise, so the size of

stochastic shocks are independent of the state of the system.
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A widely—-employed class of discrete—time stochastic processes in which the shock size
depends on the state are the so—called ARCH (autoregressive conditional heteroskedas-
tic) processes. ARCH processes are widely used and studied in financial mathematics to
characterise time varying conditional volatility as well as the non-trivial autocovariance
functions possessed by autoregressive processes driven by additive noise. In particular,
the ARCH formulation captures well the tendency for clustering of volatility Engle [49].
Much of the work on ARCH processes concerns processes with finite memory: if only the
last g values of the process determine the dynamics, the process is termed an ARCH(q)
process. A property of these finite—memory processes is that their autocovariance func-
tions decay exponentially fast in their time lag. Therefore slow decay or long memory in
an ARCH-type process can only be achieved by considering terms from unboundedly far
in the past. This naturally leads to the study of ARCH(o0) processes and in this work we
study the memory properties of such processes. A standard definition given in e.g., [51],

for these processes is:

Definition 1.1.1. A random sequence X = {X(k),k € Z} is said to satisfy ARCH(o0)
equations if there exists a sequence of independent and identically distributed (i.i.d.) non—

negative random variables £ = {£(k), k € Z} such that
X(k) = s(k)E(k),  s(k) =a+ > b(i)X(k—j), (AH)
j=1
where a > 0 and b = {b(j),j € {1,2,...}} satisfies b(j) > 0, for j € {1,2,...}.

ARCH(o0) processes were initially introduced by Robinson [106] as an alternative
model when testing for serial correlation. This process is a generalisation of the “classical”

ARCH(00) process
r(k) = o(k)e(k), o(k)> =7+ o()r(k—j)%
j=1

where 7,¢ > 0 and € is an i.i.d. random sequence. Moreover (AH) includes models where
r and o are replaced by an arbitrary fractional positive powers of themselves and the
‘shocks’, €, are taken to be non-negative. The terminology ARCH(c0) is justified, as an
ARCH(o0) process is in some sense the limit of an ARCH(gq) process as ¢ — co. It can be
seen, moreover that ARCH(oo) processes are generalisations of the finite order ARCH and

GARCH processes: indeed the ARCH(q) process of [49], results when ¢(j) = 0 for j > g+1
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and the GARCH(p, q) process of Bollerslev [29] may be rewritten as an ARCH(co) process
with exponentially decaying weights b.

As attested to above, empirical findings indicate the presence of long memory in fi-
nancial and economic time series, which has resulted in research being focused on the
long memory properties of stationary solutions of ARCH-like processes (cf., e.g., Baillie
et al. [25]). Of note here are the investigations into necessary and sufficient conditions
for the existence of a weakly stationary solution of the ARCH(o0) process, conducted by
Giraitis, Kokoszka, Leipus, Surgailis, and Zaffaroni [51, 52, 75, 118]. Moreover, these pa-
pers extensively study the autocovariance structure and long memory properties of (AH).
Section 1.2 details some of the results of [51, 52, 118] which are applicable to the results of
this chapter. Also in Section 1.2 we highlight in particular the importance of an underlying
resolvent equation in determining the long term memory characteristics of (AH). Also, a
Volterra series representation of the autocovariance function is established.

The main results of this chapter appear in Section 1.3 where conditions on the coef-
ficients a and b and the process £ in (AH), are given to describe decay rates in a class
wider than the class of hyperbolically decaying sequences considered heretofore. Roughly
speaking, for the memory, or kernel b, lying in a class of slowing decaying (subexponential)
sequences it is shown that the autocovariance function must decay at precisely the rate of
b. Furthermore, we prove for the first time converse results which show that such exact
non—exponential rates of decay of the autocovariance function result only when b lies in
this class. These results strengthen the hypotheses of [118, Theorem 2].

Section 1.4 describes the effect that upper and lower slowly decaying bounds on b have
on the autocovariance function. The main result is that a nontrivial subexponential upper
bound on the rate of decay of the autocovariance function is equivalent to a nontrivial
subexponential upper bound on the decay rate of the kernel b. However, a numerical
example demonstrates that a corresponding lower bound on the autocovariance function
does not necessarily come from a corresponding lower bound on b, so one cannot readily
characterise necessary and sufficient conditions for lower bounds on the memory of (AH).
Section 1.4 also gives necessary and sufficient conditions for exponential decay of the
autocovariance function. This last result complements the sufficient conditions of [75,

Theorem 3.1] while employing a different method of proof.

21



One of the chief differences in the analysis of this chapter to that of [51, 52, 75] is
that rather than analysing an explicit representation of the solution of (AH), we primarily
express the autocovariance function and its associated resolvent as the solutions of Volterra
equations and then employ admissibility theory of linear Volterra operators to study the
asymptotic behaviour. Such admissibility theory has been developed and used by e.g.,
Appleby, Gy6ri, Horvath, Reynolds [6, 13, 14, 55] to determine rates of convergence to
the equilibrium of linear Volterra summation equations. The proofs of results stated in
Sections 1.3 and 1.4 are confined to Section 1.5.

In this work, we have concentrated solely on the asymptotic behaviour of stationary
solutions of ARCH(o0) equations. It is our belief that many of the asymptotic results
presented here are robust to mild departures from stationarity and have some continuous
time analogues. A brief analysis of the continuous case is presented in [10]. However, an
investigation of non—stationary processes is deferred to a later work. The work of this

chapter appears as a joint paper with Appleby [9].

1.2 Discussion of Existing Results on ARCH(o0) Processes

Throughout this chapter we use the notation
M =E[EO)], A =EE0)?%, B=) b)), o°=Varl£0)] =2
j=1

It is assumed throughout that both the first moment of £ is finite and non—zero, i.e.
0 < A1 < 00. A zero mean of £ results in X reducing to the trivial solution, i.e. X (k) =0
a.s. for all k € Z. Also 0 = 0 is equivalent to the shocks £ being a.s. constant, and is
therefore not of interest. Equally, the case a = 0 is not of interest, for it is known in this
case that X (k) =0 a.s. for all k¥ € Z is the only stationary solution of (AH), see e.g. [51,
Theorem 2.1].

Furthermore if b(j) = 0 for all j > 1 then this results in the degenerate case of a
constant conditional volatility of X in (AH), thereby defeating the initial motivation for
studying ARCH processes. In this case, X degenerates to a constant multiple of the i.i.d.
non-negative “shocks”. We thus argue it is reasonable to assume that there exists at least

one value in the sequence b which is positive. For this reason, we have as a standing
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hypothesis throughout the chapter that
A €(0,0), a>0, o€(0,00), b#O. (So)
With the added assumption that
MB <1, (S1)

it is shown in [51] that E[X (k)] = a1 /(1 — \1B) < +oo for all k € Z.

A moving average representation of the solution of (AH) is derived in [51]. We briefly
outline the construction of this representation and use it to develop a Volterra equation
satisfied by the coefficients of this representation. The results later in this work concur
with [118, Theorem 2|, namely that these coefficients determine the rate of decay of the
autocovariance function.

Let (L) =1—-X\ Z]oil b(j)L7, where L is the lag or backward shift operator which
operates on a process Y = {Y (k) : k € Z} according to L(Y (k)) = Y(k — 1). Define
v(k) := X (k) — Mgs(k): then from (AH) we have

(L)X (k) = ahs + v(k).

A moving average representation for X is then obtained by applying the operator ¢ ~!(L)
across this equation. The existence of such an inverse operator (on the closed unit circle
in the complex plane) is given in [51] and the references contained therein. This existence
is chiefly guaranteed by the summability of b, a consequence of (S;) which is assumed
throughout this work. We now state Lemma 4.1 of [51], which is also [107, Problem 8,

Chapter 18].
Lemma 1.2.1. Suppose > 22, |1;] < oo, Y(A) =372, Vi, and [(N)| > 0 for |\ < 1.
Then there exists a sequence z = {2(j) : j € Z™} such that D(A) := 1/¥(\) = 3222, 2()N

is well defined for all |\ < 1. Furthermore, 3222 |2(j)| < +o0.

We state the theorem guaranteeing a moving average representation from [51, Theo-

rem 4.1].

Theorem 1.2.1. If condition (S1) holds, then there is a solution X of (AH) which admits

the representation

X(k) =EX(K)] + ) 2(j)v(k— )
5=0
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where 3772 [2(j)] < 0o and the process v satisfies E[v(k)|F(k —1)] = 0 for each k, where

(F(k))kez is the natural filtration generated by &.

Moreover, in [51] it is shown that with the additional assumption
1 >
M3 b0 < 1. (1.2.1)
j=1
then (AH) has a unique weakly stationary solution, and hence E[v(k)?] < +oo.
In both [52] and [118] necessary and sufficient conditions are derived for the existence
of a weakly stationary solution of (AH). For completeness we state next a slightly refor-
mulated variant of part of [52, Theorem 3.1], omitting those parts that are not relevant

to our investigation.

Theorem 1.2.2. The following are equivalent

(a) (S1) holds and

1/2

_ 2

Q:= N Zz(]) <1 (S2)
7j=1
where z is (well) defined by
1 - :
= — = 2(HM, A <1,
TS D DAl

(b) A weakly stationary solution X of (AH) ewists.

Both imply that there exists a unique, ergodic solution of (AH) which may be written as

a convergent orthogonal Volterra series. Moreover, Cov[X (0), X (k)] > 0 and

ac S|
Cov[X(0), X (k)] = (1 — )qB) T x:(k), for keZ, (1.2.2)

where

Xa() = 3 220 + [k]): (123)

§=0
While the explicit representation of X as a convergent orthogonal Volterra series is a
key component in the proof of Theorem 1.2.2, in order to keep this chapter concise we
do not state this explicit form in the above as it does not form part of our analysis. We
further comment that, as observed in [52], the condition (S2) is weaker than (1.2.1), which

is imposed in [51]. Under (S2), X is weakly stationary and the autocovariance function is a
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multiple of x, and hence is absolutely summable, thus ruling out long memory. Moreover
as b > 0 by hypothesis, this gives, via (1.2.6), that z > 0 and hence, under the condition
(S2), Theorem 1.2.2 gives Cov[X (n), X (n+ k)] > 0. This observation concurs with that
of [51] for the non-negativity of the autocovariance function under (1.2.1).

Under the conditions of Theorem 1.2.2, the moving average representation of Theo-

rem 1.2.1 and (1.2.2) imply that

E[(0)] = <1 —ailB>2 1 —192’

and also that

a o 214 2202/02
Var[X (0)] = (1 — AlB) o Z ( AlB> 1_192/ . (1.24)

The first result of this chapter is the calculation of a Yule-Walker style of representation

for the autocovariance of (AH).

Proposition 1.2.1. Let (S1) and (S2) hold. Then p, as defined by (0.4.4), obeys

)‘1 Z]f—oo ( ])P(]), ifk € {172737 }7

p(k) = 4 p(0), if k=0, (1.2.5)

p(—Fk), ifke{-1,-2,-3,..},

where p(0) is given by (1.2.4).

The proof of Proposition 1.2.1, in common with many of the main results of the chapter,
is postponed to the end.

Proposition 1.2.1 shows that the autocovariance obeys a Volterra summation equation
with infinite delay. Since the chief focus of this chapter is to describe the asymptotic
behaviour of p, it is interesting to draw a distinction between the potential asymptotic
behaviour of p and the asymptotic behaviour of the autocovariance function of an equation
with a finite number of lags. To this end consider an ARCH(g) rather than an ARCH(o0)
process. Then the resulting autocorrelation function, as described by e.g., Taylor [113,

pp.77,95], corresponds exactly to the autocorrelation function of the AR(g) process

=> M)W (k- j)+ek), ke,
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where e = {e(k)}rez is an uncorrelated sequence of random variables with finite constant

variance. Hence (1.2.5) reduces to the Yule-Walker equations:
q
p(k) =MD bk —3), ke{l,2,.}.
j=1

Thus, the autocovariance function satisfies a ¢*—order linear difference equation with
constant coefficients. It is well-known that if the ARCH process is to be weakly stationary,
all solutions of an auxiliary polynomial equation must lie inside the unit disc in C, and
that this condition also forces the autocovariance function to decay geometrically. Hence,
for a finite history equation with a stationary solution, the autocovariance function must
decay geometrically: polynomial decay is impossible.

Thus, the study of the autocovariance function of AR or ARCH models is bound—up
with that of difference equations. It is then natural to ask what the asymptotic features

of the solutions of unbounded equations of the form
k—1

y(k) =Y ulk —iy(i), k=1,

§=0

are for some u : Z — R and initial condition y(0) and whether such an equation could
be regarded as an underlying equation for the autocovariance function of some station-
ary times series. To the former question: it is well known that the dynamics of this
equation allow both exponential and slower—than—exponential decay (see e.g., [93] for con-
vergence rates in weighted I' spaces, [13] for exact rates in I° spaces, and [47] for the
characterisation of exponential decay). As to the latter: while for a stationary time series
this is an open question nevertheless for a non-stationary times series such an equation
could describe a family of autocovariances indexed by an initial starting time m € Z i.e.
k — Cov[X(m), X (k)] = ym/(k).

The distinction between this work and [51, 52, 75, 118] is that we exploit the fact
that z from Lemma 1.2.1 and Theorem 1.2.2 may be written as the solution of a Volterra

summation equation.

Lemma 1.2.2. Suppose, for any R > 0, A1 > 72, (/)R' < +oo and also that P(N\) =
=A% b(j)N for |\| < R. Then the following are equivalent:

(i) D(A) :==1/¢(A) = Z?';Oz(j))\j is well defined for |\| < R, Z‘;‘;Oz(j)Rj < o0 and

n—1
2(n) =MD _bn—75z(j), n=12.; 2(0)=1; (1.2.6)
j=0
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(ii) M Y2, bR < 1.
Remark 1.2.1. We remark that in the case R = 1 much of the above lemma is covered

in Lemma 1.2.1. We note however that in Lemma 1.2.2 the necessity of the condition

A7 b( §)R/ < 1 for the summability of z is drawn out.
Remark 1.2.2. Tt is elementary, using (1.2.6), to show that (1.2.2) is a solution of (1.2.5).

We observe that z may be thought of as a resolvent for (1.2.5) where the summation
term is broken into a sum up to time £ — 1 and the remainder of the sum thought of as a

perturbation term, i.e.
k—1
p(k) =MD bk —5)p(G) + f(k—1), k=1, (1.2.7)

=0
where f(k) = X1 2272, b(k + j + 1)p(—3) and hence one has the variation of parameters

formula
1

k—
p(k) = 2(k)p(0) + ) z(k —j —Df(), k=1, (1.2.8)
j=0

(see e.g., [46]). We demonstrate the usefulness of this formulation of the autocovariance
function in the proof of Theorem 1.4.6. As this chapter primarily uses properties of
Volterra equations to derive its results, it is perhaps more intuitive to regard z as the

solution of an associated resolvent equation rather than the coefficients of a power series
or moving average representation as in [51, 52, 118].
Remark 1.2.3. Using (1.2.6) and (1.2.1), we can show that (S2) holds. Recalling that

(1.2.1) implies (S1), we can thus independently verify the sufficiency of (1.2.1) for the

weak stationarity of the solution of (AH) as shown in [51, Theorem 2.1].

Proof of Remark 1.2.3. Applying the Cauchy—Schwartz inequality to the righthand side
of (1.2.6) yields

By summing both sides of this equation, and using the fact that (1.2.1) implies that 2?2 is

summable, we obtain

(o) oo n—1 e
1+) 2(n)> <1+ABY Y b(n—j)2()> =1+ A\B*>_2(j)*
n=1 n=1 j=0 j=0

Since 2(0) = 1, we obtain » 22, 22(5) < 1/(1 — A2B?) — 1. Using this bound and (1.2.1)
leads to (S2). O
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Remark 1.2.4. We can use the fact that z satisfies (1.2.6) to obtain a condition on b which
implies the stationarity of X and which is sometimes weaker than the condition (1.2.1).

More precisely, we show that

(1 -\ B)?
Ao < M+ st 1.2.9
! Zj:l b(j)? ( )
implies (S2), and that (1.2.1) implies (1.2.9) if
2‘32
MB < LT 2= WO (1.2.10)

14+ 3772, 6(5)?/B*
Proof of Remark 1.2.4. We start by noticing that (S;) implies z is summable, and by
summing on both sides of (1.2.6) it can readily be shown that > 22, 2(j) = 1/(1 — M\ B).
Since b and z are non—negative, we may apply the Cauchy—Schwartz inequality to the

right-hand side of (1.2.6) to get

n—1 n—1
2(n)? <A 2(3) D b(n—4)%2(i), n>1
§=0 §=0
Since z? is summable, we get
00 00 oo n—1
1
2

;z(n) z:: nZlJZb A(l_/\BQZb

Therefore by this estimate and (1.2.9), we have

/\ 1
K%Zz 1 /\2(1—)\13221) 1,

which is (S2). We notice that (1.2.1) can be written as A\oB? < 1, so (1.2.1) is stronger

than (1.2.9) if

A\ B)?

1 < \2R? (—

DD I

which is equivalent to (1.2.10), because \; B < 1. O

1.3 Exact Rates of Decay of the Autocovariance Function in the Class W(r)

1.3.1 Subexponential decay in linear Volterra summation equations

In ascertaining rates of decay of Volterra equations we use admissibility theory of Volterra
operators, see e.g. [13]. Chapter 2 illustrates this facet of admissibility theory for a discrete
time Volterra equation whose solution is an autocovariance function. We mention some

pertinent results of this theory. Consider the linear convolution equation

n

r(n+1)=f(n)+ > Fn—ix(i), n>0; =z(0)=m€R, (1.3.1)
=0
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where f : ZT — R and F : Z+ — R. This problem has a unique solution = : Z+ — R.
In the case that x(n) — 0 as n — oo, our aim is to describe the exact rate of decay of x.
Our method is to introduce a suitable sequence v = {y(n)},>0 which decays to zero and

then to examine the behaviour of

w(n) = 2(n) /1(n), (1.3.2)

and show that w converges to a non-trivial limit. It then follows that z(n) — 0 as n — oo
at exactly the same rate as y(n) — 0.

We divide the results of this section into a discussion of subexponential rates of decay
(r = 1) and a discussion of W(r) rates of decay for » < 1. While the proofs of both of
these sections are treated together, we choose to present the results separately in order to
emphasise the subexponential behaviour in (0.4.1) which falls just short of long memory
and which is perhaps of greater interest in the context of time series. The principal
difference in the statement of these decay results is that for sequences which are in W(1) we
further require that they are asymptotic to non—increasing sequences, whereas a sequence
in the class W(r), for r < 1, is asymptotic to a non-increasing sequence by the first part

of (0.4.1). Hence we define a subclass WH(r) of W(r) for r € (0, 1] by

WHr) :=={g: Z" — (0,00) : g € W(r) and there exists 7 : Z+ — (0, o0)

such that y(n + 1) < y(n) for all n € Z* and g(n) ~ y(n) as n — oo}.

We note that W*(r) = W(r) for r < 1. This additional monotonicity is in practice quite
a mild assumption given that we are interested in determining a rate of decay of p. We
require it to simplify the asymptotic analysis of certain infinite sums.

If v is a real sequence with y(n) > 0 for all n > 0 and {u(n)}n>0 is a sequence
in R4 such that lim,_, u(n)/y(n) exists, then this limit is denoted by L.u. This

notation enables us to state succinctly [13, Theorem 3.2].

Theorem 1.3.1. Suppose that there is a v in W(r) such that L, f and L, F both exist,
and that
> DRG] < 1. (1.3.3)
i=0

Then the solution x of (1.3.1) satisfies

oo —1 (e}
Lz = <r - r_iF(i)> [Lyf + (L F) > ria(j)), (1.3.4)

i=0 Jj=0
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where

Z rz(j) = (7“ - Zr_kF(k)> [rzo + Zr_lf(l)]. (1.3.5)
=0 k=0 1=0

1.3.2 Necessary and sufficient conditions for subexponential decay.

Our first main results show that subexponential decay in b implies subexponential decay

in p, and moreover that p decays at exactly the same rate as b.

Theorem 1.3.2. Let (S2) and A1) 52, 0(j) < 1 hold. If b € WH(1) then p € WH(1).

Moreover,

M . ME[(0)
Lyp = (1—nB) Z p(j) = m (1.3.6)

The proof of Theorem 1.3.2 is a consequence of Theorems 1.2.2 and 1.3.1. This result is

j=—00

strongly related to [118, Theorem 2|, about which we comment presently. The limit on the
righthand side of (1.3.6) is zero only when ao = 0, which is ruled out under the standing
assumptions (Sg) discussed at the beginning of Section 1.2. The limit formulae (1.3.6)
highlights the inherent short memory of stationary solutions of ARCH(co) equations,
because the infinite sum can be expressed in terms of a finite quantity.
A simple corollary of this result is that if b obeys b(k)/k~“ — ¢ > 0 as k — oo for
some a > 1, and (S2) and A1 3772, b(j) < 1 also hold, then b € WH(1), and we have
lim ? (k)

/
=c >0.
k—oo kK~

We notice that this strengthens slightly results in [51] and [52], which give upper and lower
polynomial bounds on the rate of decay.

The necessity of subexponential decay in b is captured by the following result, which
to the best of the authors’ knowledge, is not analogous to known results in the time series
literature. It shows, under an additional stability condition to that in Theorem 1.3.2, that
if p is decaying subexponentially, then b must decay subexponentially, and at the same

rate.
Theorem 1.3.3. Let (S3) and A1 Y 52, b(j) < 1/2 hold. Then b € W) if and only if

p € WH(1), and both statements imply (1.3.6).

In the same spirit, we establish later in the chapter a corresponding pair of results
for sequences in W(r), as well as necessary and sufficient conditions for p to be bounded

above by a subexponential sequence.
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A novel feature of the proof of Theorem 1.3.3 is that we deal with the advanced
difference equation (1.2.2), rather than a Volterra equation. The proof of this partial
converse is more delicate than that of Theorem 1.3.2 itself. It relies mainly on showing
that p is asymptotic to z; once this is done, a known result from the theory of Volterra

difference equations ensures that z is asymptotic to b.

1.3.3 Connections of Theorem 1.3.2 with extant work

Theorem 1.3.2 (and Lemma 1.5.1) assert that, when b is subexponential, then both p (and
z) inherit the rate of decay of b. It is remarked in [51, pp.16] and [118, pp.154] that it
is the asymptotic behaviour of the coefficients in the moving average representation given
in Theorem 1.2.1 that impart the rate of decay of the autocovariance function of (AH).
The precise influence of these coefficients is the subject of [118, Theorem 2]|. There, it is

claimed that if (S;) holds (which forces b to be summable) and

lim &IZ) =00, forany0< (<1, (1.3.7)
k—o0 C
then
z(k) ~ Cib(k) and  xs(k) ~ Cab(k), ask — oo, (1.3.8)

where C7,Cy € (0,00) and x, is as defined in (1.2.3). The first asymptotic estimate
appears as part of the proof of [118, Theorem 2], but the statement of the theorem lists
only the second estimate as its conclusion.

It should be noted that when b € W(1), it obeys the first condition in (0.4.1) (with, by
definition, » = 1), and therefore obeys (0.4.3) which is equivalent to (1.3.7). Therefore, at
a first glance, it would appear that Theorem 1.3.2 proves the same result as in [118, The-
orem 2|, but requires stronger hypotheses, as YW(1) is merely a subclass of the summable
sequences obeying (1.3.7).

Despite this, we now show that there exist sequences b which obey (1.3.7), and which
also satisfy the other conditions of [118, Theorem 2], but for which the claimed asymptotic
behaviour for z and x, in (1.3.8) does not hold. Notably, the sequences we consider are
ruled out under the stronger conditions of Theorem 1.3.2 above. In essence, we show
that if b does not obey the first condition in (0.4.1) due to the presence of a 2-periodic

component in its decay, then this 2—periodic component is present in the rates of decay of
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z and of y,. Furthermore, this decay is “out of phase”, in the sense that neither z nor y,
are asymptotic to b, and therefore violate (1.3.8).
The example we cite has been explored in detail in Section 2.4 of Chapter 2. We state

the result here to make our presentation self-contained.

Example 1.3.1. Let b(n) = ayn=2 for n/2 € N and b(n) = agn=2 for n/2 ¢ N where
ap = 0.5 and a; = 0.25. Also, let {{(n)}nen be a sequence of independent and identically

distributed non—negative random variables with mean A1 = 1. Note that

. b(2n+1)
lim —————=
n—oo  b(2n)

b(2n+2) 1

=2 M o) T2
so that b does not obey the first part of (0.4.1) for r = 1 (or indeed any value of ), but does
obey (1.3.7). Since (S1) holds, [118, Theorem 2] predicts that there exist C,Cy € (0, 00)
such that

im 20 Cy,  lim X=(n) _ Co,

n—00 b(n) n—00 b(n)

while Theorem 1.3.2 does not apply.

Theorem 1.3.4. Let b(j) = a1j 2 for j/2 € N, b(j) = agj 2 for j/2 ¢ N, where ag := 0.5
and a1 := 0.25. Set Ay = 1. Then

m 22 g 86796 tim 2n D g gmong. (1.3.9)
n—oo b(2n) n—oo b(2n + 1)
and
. Xz(2n) . Xz(2n+ 1)
1 = 67.9375..., lim 22" 341198 .. 1.3.1
oo b(2n) 67.9375..., lim b(2n + 1) 541128 (1.3.10)

It is apparent from (1.3.9) that the claim of the first statement of (1.3.8) does not

hold. While (1.3.10) contradicts the second statement in (1.3.8).

Proof. The proof of Theorem 1.3.4 is gone through in Examples 2.4.1 and 2.4.2 and Re-
marks 2.4.2 and 2.4.3 of Chapter 2. O
1.3.4 Necessary and sufficient conditions for W(r) decay.

If it is observed that the autocovariances of the ARCH(c0) equations decay in a manner
consistent with the class W(r) for r € (0,1), then this can only occur if the memory of

the process, b, decays likewise.

32



Theorem 1.3.5. Fizr € (0,1). Let (S2) and \ 372, b(j)r=7 <1 hold. Ifb € W(r) then
p € W(r). Moreover,

o P _ E[v(0)2] ' Al
nl—>OO b(n) (1= 720b()rd) (1= 3272, b(j)r—)% (1.3.11)

A converse corresponding to Theorem 1.3.3 may also be stated.

Theorem 1.3.6. Fizr € (0,1). Let (S2) and A1 X272, b(j)r=4 < 1/2 hold. Thenb € W(r)
if and only if p € W(r) and both imply (1.3.11).

We remark that the rate of decay exhibited by a function in the weight class of functions
W(r), for r < 1, is faster than a purely geometric rate of decay. Let b € W(r), for
r < 1, and suppose that the conditions of Theorem 1.3.5 hold. Consider the open disc
D ={\ e C: |\ < 1/r} of radius 1/r in the complex plane. Then the Z-transform
of b is defined on D and on the boundary of D, 9D = {\ € C : |\| = 1/r}. Thus
1, of Lemma 1.2.2, is well defined on D = D U dD. However, by the conditions of
Theorem 1.3.5, 1 has no zeroes in D. Moreover, because b is in W(r), and b(j) > 0, we
have > 272, b(5)(1/r + €)) = +oo for every € > 0, and therefore neither the Z-transform
of b, nor v, are defined for real A > 1/r. Therefore the characteristic equation (\) = 0
excludes the possibility that there are geometrically bounded solutions of z at any rate
(1/|A])™ for |A] < 1/r. On the other hand, Theorem 1.3.5 ensures that z decays at the
rate ™ times a subexponential sequence.

1 and the Z-transform of b may be well defined in other regions of the complex plane in
the complement of D, and indeed v» may have zeroes in these other regions. Irrespective of
these potential zeroes, it is the W(r) rate of decay of b which determines the asymptotic
behaviour of the resolvent z (i.e., the W(r) rate of decay dominates the geometrically
decaying solutions associated with the zeroes of ¢). This analysis is consistent with The-
orem 1.4.6 which describes a geometric decay. However, in light of the above comments,
it is apparent that this geometric decay rate need not be given in terms of the roots of the

characteristic equation.

1.4 Bounds on the Decay Rate of the Autocovariance Function

In this section we show that if there are decaying bounds imposed upon the kernel of (1.2.5)

then this forces the autocovariance function to also be bounded with the same bounding
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decay rates. While the thrust of Section 1.3 was that specific rates of decay of the kernel
imply those same rates of decay arising in the autocovariance function, we present an
explicit example where a bound in the rate of decay present in the autocovariance function
does not arise from the same rate of decay in the kernel.

Many of the results of this section hinge on the positivity of either b or p rather than
merely on non—negativity. Following on from the standing assumptions (Sp) at the start
of Section 1.2, we may assume that b has at least one positive component. Therefore, we

are free to assume that
There exists a minimal 1 < j* < oo such that b(j*) > 0. (Ay)

Then assuming (A1),

and

By (1.2.5), for £ > 0 we see that

k
plk+1) =X > b(k+1=10)p(1) > Mb(k + 1+ 5%)p(—5"),

l=—00

SO
plk+1) > Nbk+ 1+ 5%)p(5"). (1.4.1)
Similarly, for all k > j*, z(k) > \ib(k — j*)2(j*).

Theorem 1.4.1. Let r € (0,1] and suppose that A1 >3, b(j)r=7 < 1 and (S2) hold. Let
v € WH(r) be such that b(n) < v(n) for alln > 0. Then

There ezists Cy € (0,00) such that p(n) < Cay(n),  for alln > 0. (1.4.2)

Remark 1.4.1. Tt is to be observed that Theorem 1.4.1 is concerned in part with bounds
in the class of non-increasing functions in (1), which is a wider class than the class
of summable hyperbolically decaying functions examined in [51, Proposition 3.2] and [52,

Corollary 3.2].
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We now show that the conditions of Theorem 1.4.1 are sharp if we are to observe an
upper bound on p in W¥(r). Then we mention a result concerning lower bounds on the

autocovariance function.

Theorem 1.4.2. Suppose that (S1) and (S2) hold and suppose that v € W¥(r) for r €

(0,1]. Then the following are equivalent
(a) M >0, b(j)r=7 < 1 and there exists Cy € (0,00) such that

b(n) < Coy(n) foralln >1;

(b) There ezists Cy € (0,00) such that

p(n) < Cyy(n)  foralln > 0.

Theorem 1.4.1 asserts that (a) implies (b). In the proof that (b) implies (a) the
resulting bound on b is immediate from (1.4.1), while Ay 3°72, b(j)r~7 < 1 must hold, as

2z < C17, and so Z(r~1) < co. Therefore the proof of Theorem 1.4.2 is omitted.

Theorem 1.4.3. Suppose that (S1) and (S2) hold and suppose that v € W¥(r) for r €
(0,1]. If there exists Cp € (0,00) such that b(n) > Cyy(n) for all n > 1 then there exists

Csy € (0,00) such that p(n) > Cay(n) for alln > 0.

The proof of Theorem 1.4.3 is similarly omitted as it is immediate from (1.4.1). Com-

bining the last two results gives the main result of this section.

Theorem 1.4.4. Suppose that (S1) and (S2) hold and suppose that v € W¥(r) for r €

(0,1]. Then the following are equivalent

(a) M >0, b(j)r=7 < 1 and there exists Cg € (0,00) such that

) b(n)
limsup —% = Cy;
n—oo Y(N) :
(b) There exists C5 € (0,00) such that
lim sup p() =C5.

n—oo Y(n)
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Remark 1.4.2. Theorem 1.4.4 allows subsequences of b to decay at rates faster than subex-
ponentially, or indeed to be equal to zero. In this respect Theorem 1.4.4 is different from
the related result Theorem 1.3.2. Indeed the nature of the decay of b may be quite erratic,
yet providing that there is a subexponential decay which is an upper limiting bound for
some subsequence of b then this limiting upper bound must be found in the autocovariance

function and conversely.

Remark 1.4.3. Tt is interesting to investigate what Theorem 1.4.4 claims in the case when
r = 1. Suppose that there is a stationary solution X of (AH). Then Theorem 1.2.2
shows that conditions (S;) and (S2) hold. If, from observation of the time series data,
a subexponential sequence v is proposed for which limsup,,_,.. p(n)/v(n) € (0,00), then

Theorem 1.4.4 shows that lim sup,,_,., b(n)/v(n) € (0, c0).

Remark 1.4.4. 1t is interesting to ask whether an analogue of Theorem 1.4.4 can be proven
with the limit inferior in place of the limit superior, for even though it is obvious from
(1.4.1) that liminf, o b(n)/y(n) > 0 implies liminf, .~ p(n)/v(n) > 0, it is not so
obvious whether in general the converse holds. In Example 1.4.1 below, we demonstrate
via a counterexample that this converse does not hold in general. Therefore, it is also the

case that the converse of Theorem 1.4.3 is not generally true.

Example 1.4.1. Define the kernel b so that it exhibits some periodicity:

0, n/3 ezt

n=2, otherwise.

Note that > 322, b(j) = 472 /27. Suppose that the sequence of shocks & = {£(n)}nez is
such that 0 < \; < 27/(47?), so that (S;) holds. Following the techniques of Chapter 2

and the examples contained therein, we obtain

lim inf Ln) = K min{dy, d;,d2} > 0,

n—o0 n_2 B

where

Si=M Y b@Bn+i+1), ie{0,1,2},

n=0
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and

K =X\ /(1—83—355; —S})?,
do = Sg +251(1 — S3) +2S0(1 — S3) +3(S2 + S2) + SY,
dy =1+2S5(1 — Sy) + 281 + 253 + S} +3S3(1 + S3),

dy =1+287(1 — Sp) + 28y + 255 + S5 + 3S7(1 + SP).

Note that the denominator of K is non—zero if Sy > 0, S; > 0 and Sy + S7 < 1. Similarly

one may show that

lim inf X:(n)

n—oo M2

= min{cg, 1,2} > 0,

where ., is defined by (1.2.3) and

co=do Y 2(3f)+di > 23 +1)+d2 »_ (35 +2),
j=0 j=0 j=0

cr=di Y 2(3f)+d2 Y 23+ 1) +do Yy 2(35 +2),
§=0 §=0 §=0

co=dp Y 2(3j)+do Y 2(3j+1)+di Y 2(3j+2).
=0 =0 =0

Noticing that > 72, b(j)? = 87%/729, we see from Remarks 1.2.3 and 1.2.4 that if

1674 1674 472\ 2
A 1 0,\? 201-XN\— 1] —1
2759 < +max(, + ( 127) )

then (S3) also holds and one has liminf,, o p(n)/n~2 > 0. Therefore when the autoco-
variances of a stationary ARCH(co) process are observed to be bounded from below by
a certain rate of decay, then it need not follow that this lower bounding rate of decay is
present in b.

This example illustrates two further general points made earlier: first, in this example

lim sup,,_,, b(n)/n"2 € (0,00), and the above results confirm that

limsup p(n)/n~2 = E[r(0)?] max{cy, c1, c2} € (0, 00),

n—oo

as claimed in Theorem 1.4.4.
Secondly, we notice from (1.2.10) that whenever A\; < 9/(472), the condition (1.2.9),

which implies the stationarity of X, is weaker than condition (1.2.1).
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Using the subexponential bounds of Theorems 1.4.2 and 1.4.3, we can weaken the hy-
pothesis that b is subexponential, but still recover results on polynomial and “superpoly-
nomial” decay of p. This is achieved at the expense of some lost sharpness in characterising

the asymptotic behaviour of p.

Theorem 1.4.5. Let (S1) and (S2) hold and 8 € {(1,00) U {co}}.

1 1
7L R LG ) ()
n—oo  logn n—oo  logn
1 1
lim sup ogb(n) =—f8 if and only if limsup og p(n) = —p. (ii)
n—00 10g n n—00 log n

Once again, we notice that the equivalence of the existence of a stationary solution
of (AH) and the conditions (S;) and (S2) means that the “polynomial-like” decay in
the autocovariance function exhibited in Theorem 1.4.5 is possible if and only if similar
“polynomial-like” decay is present in b.

Theorem 1.4.5 can be used to determine the asymptotic behaviour for kernels b which

are not covered by previous results. We can find examples of kernels b for which

. logb(n)
1 =— b 1
S oen B, bEW(1)
and also b for which
logb logb
lim sup o8 b(n) =—£, lim og b(n) does not exist, b ¢ W(1).
n—o00 logn n—oo  logn

An example of the former is b(n) = (2+cos(nm))n =" or b(n) = n=?log(n+2)(2+sin(n+2))
while an example of the latter is b(n) = n=f+sm()=1 for n > 1. All these examples are

not subexponential sequences as they fail to satisfy the first condition of (0.4.1).

Remark 1.4.5. Example 1.4.1 shows that the first implication in Theorem 1.4.5 cannot be

reversed, as lim,_,~ log p(n)/logn = —2, but lim, . logb(n)/logn does not exist.
Remark 1.4.6. Theorem 1.4.4 can be applied when b(n) = (2 + (—1)")n"(log(n + 2)) 2
with e.g., y(n) = (n+2)"(log(n +2))~2 € W(1), by following an adaptation of the proof
of [17, Proposition 3.3]. However, Theorem 1.4.5 does not apply to this sequence.
Despite the last remark, one may prefer Theorem 1.4.5 over Theorem 1.4.4 if the

goal is to fit real-world data to an ARCH(co) model. In practice, one may not be able

to establish a subexponential sequence to which the data is “close”. In particular, it

38



may only be possible to identify the exponent of polynomial decay (—8 € (—oo,—1) in
Theorem 1.4.5) in b and not any lower order component (for example logarithmic or other
more slowly varying factors). Such difficulties might render impossible the detection of
the precise form of the subexponential sequence to which the kernel is close, particularly
for sequences such as b(n) = n~A+sin() -1,

In the final result, we show that exponential decay of b is both necessary and sufficient
for exponential decay of p. Thus we recover a special case of [75, Theorem 3.1], which
concerns exponential decay of the autocovariance function, while using a different method

of proof.
Theorem 1.4.6. Let (S1) and (S2) hold. Then the following are equivalent:
(a) There exist oy € (0,1), Cy € (0,00) such that b(k) < C1a¥ for all k € ZF;

(b) There exist az € (0,1), Cy € (0,00) such that p(k) < Coak for all k € Z+.

1.5 Proofs

Proposition 1.2.1 necessitates that interchange of an infinite summation and an expecta-
tion sign. This interchange is made rigorous via standard application of the Monotone—

Convergence Theorem (cf. e.g., [115, Theorem 5.3]).

Proof of Proposition 1.2.1. Firstly observe that the identity p(k) = p(—k), for all k € Z

holds for the autocovariance function. Now, for k£ > 0 we have

p(—k) = Cov[X(n), X(n — k)] = Cov[a&(n +Zb (n—j4)¢(n), X(n — k)]

= aCov[{(n), X(n — k)] + Z b(j)Cov[X (n — j)§(n), X (n — k)]
j=1

=0+ X1 Y _b(j)Cov[X(n—j), X(n—k)] =\ Zb
j=1
The result follows due to the symmetry of the autocovariance function. O

Proof of Lemma 1.2.2. Firstly we note that Ay 372, b(j )R/ < 400 ensures that ¢()) is
finite in the region |A\| < R.

Suppose now that A1 372, b(j )R/ < 1. Let |\| < R. Define A := \/R, so that |A| < 1.
Also, define the sequence ¢* by 4 = 1, 95 = —A1b(j) R for j > 1. Therefore > o Y51 <
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+oo. Consequently, we may define )*(A) = Z?io ¢;-‘Aj for |[A|] < 1. Furthermore, for
|A] <1, we may use the non—negativity of b to get
W) = 1= A S RIN| = 1 A S bG)RT > 0.
j=1 j=1
Hence we may apply Lemma 1.2.1 to ¥*, so that there exists a summable sequence z* =
{2(4) : j € Z"} such that 1/¢*(A) = 3772, z*(§)\J for |A| < 1. Therefore, for [\ < R

we have

1 1
eIy I v5d oww ZZ Zz RN,
Therefore

D 2 RJ)\JZWR AR =1, A <R
7=0 k=0

Note that when R = 1, we have z* = z in the notation of Lemma 1.2.1. Rearranging gives

Zzwl —j® RN =1

=0 j=0

Now comparing powers of A on both sides of this equality gives

n—1
Y52 (0) =1, 2"(n)=-) 5 ;z"(j), n>L (1.5.1)
§=0
Rearranging the second equation gives
n—1
R (n) = A1 Y _b(n—j)R7Z*(j), n>1
7=0

Observe that if R = 1, z* satisfies (1.2.6). Define w(n) = R™"z*(n) for n > 0. Then,
by the uniqueness of the solution of (1.2.6), it is seen that w(n) = z(n), n > 0 and so
z*(n) = R"z(n), n > 0. Hence 1/y(\) = 332 2(/)N, |A| < Rand Y52 2(j)R? < +oc.

Conversely, suppose that 2 is defined by (1.2.6) and that 7%, 2(§) R} < +o00. Multi-

plying across (1.2.6) by R™ and summing gives

00 oo n—1
> 2R =X > ) b(n— )RR A(j).
n=1 n=1 j=0

Since the summand on the righthand side is non—negative, the order of summation may

be exchanged to give

DR =1+ Y bR Y ()R
n=0 j=1 n=0
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Now, since » % 2(n)R" € [1,00), it follows that A1 >272, b(j )R/ is finite, and moreover

the identity can be rearranged to give

OO mn __ 1
>\1 Z b ooZ(n)R € [Oa 1)7

as required. ]

1.5.1 Rates

It is obvious from (1.2.6) that if Ay 3272, b(j)r~ J <1 then

> 1
2()r ™ = o 7 < oo
2 = Ty e

and trivially 377 2(j )r/ < oo and A\ > b(j)r? < 1 for r € (0,1].

Lemma 1.5.1. If b€ W(r) and A1 272, b(j)r—7 < 1, then

lim 2(n) = M
noo b(n) (1= A 3272, b(j)r=7)%
Proof of Lemma 1.5.1. Apply Theorem 1.3.1 to (1.2.6). O

Lemma 1.5.2. If b € W¥(r) for r € (0,1], \ P b(j)r=7 < 1, and x. is defined by

(1.2.3), then
T Xz(k:) _ 1

koo (k) 1— Ao, b(j)rd

Proof of Lemma 1.5.2. Firstly, note that A1 > 222, b(j)r™ 7 <1 gives > ie02(d)r I < +oo.

Consider the case r < 1. Then for any fixed M > 2 we have
z(n+7) N
+ Z z(])((n) + Z z(j)r.

S0 < T :

[e.o] o0
3=0 J=0 j=M =M

Let € € (0,1) be such that » < 7(1+¢) < 1 < r~!. By Lemma 1.5.1 there is an
N(e) € ZT such that z(n + 1)/2(n) < r(1 +¢€) < 1 for all n > N(e¢). Hence for j > 1,
2(n+37)/z(n) <ri(1+ € <r~J for all n > N(e). Thus for n > N(e),

o

Xz(n)—z,z(j)r‘ Z ) J+Z n+]) — I,
#(n) =0 =M =0
Since limy, 00 2(n + j)/2(n) = 77, we have
. Xz(n) S . / S
lims — Il <2 J
imsup | =5 5 ]Z;Z(J)T < ];4 2(j)r
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Finally, letting M — oo gives the desired result for r < 1.
For the case r = 1, we split the sums in the same manner as above. From Lemma 1.5.1
we have that z € WW(1). Then we use the asymptotic monotonicity of b to bound z(n +

j)/z(n). We have for n > Ny, for some N; sufficiently large

im 2 Z 1 e (0,00),

bn+ ) (n)
n—oo b(n) i) b

<2-2forallj>1.

where ~ is the non—increasing sequence which is asymptotic to b. Thus for n > Ny

z(n+j) _z(n+j) bln+j) bn) b(n+j)1 4
2m) bntg) b =) = Temy 2%

The result follows through as before. O

Proof of Theorems 1.3.2 and 1.3.5. Theorem 1.3.5 and the second limit in Theorem 1.3.2
are an immediate consequence of Lemmas 1.5.1 and 1.5.2 with (S3) being required to
guarantee that E[v(0)?] is well defined and finite.

Turning to the first limit formula in Theorem 1.3.2; from Lemma 1.5.2 we have that

p € W(1) and hence 3 7% p(j) < oo. From (1.2.7) we have

p(n+1) =Y bn—j+1)p(j)+ f(n), (1.5.2)
j=0

where f(n) = A 3272, b(n + 7 + 1)p(j). Letting F(n) = Aib(n + 1) we can then apply
Theorem 1.3.1 to get a representation for Lyp, providing that L. f and L,F both exist,
and that 3 72, F'(j) < 1. We have the last condition by assumption. To prove that L. F

exists, note that

lim F(n) ~ fim A1b(n + 1) ~ fim AMb(n+1)v(n+1) “an
n—oo y(n)  n=oo y(n) n=oo y(n+1)  7(n)

As to the existence of L. f, we fix M € Z*, and make the estimate

00 M .
m—Alzpu') %5 W—l‘p(y’)
p=t =1
N b(n+1+47) . -
+ A () +A (4)
2 PO 2 e

For the second term on the right hand side we have

bn+1+j) _bntl+j)yn+1+j) _,

v(n) yin+1+37)  ~v(n)
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for all n > Ny and some Ny sufficiently large. Thus for n > Ny,

%) M .
f(n) . . b(n+j+1 .
i 1Zp <30 D pl) +A D ((n))—l‘p(J)-
iy =7
Then

. f(n) . > .

lim sup S 12/} ) <3 D ().

n—00 oMt 1

Letting M — oo gives Ly f = A\ Zj:1 ,o(j).
Thus we may apply Theorem 1.3.1, which gives that Lyp = L. p exists. Applying [13,
Theorem 4.3 ] to (1.5.2) gives

[ A D220 P(F) + A D72 p(d)
bP = 11—\ Z;il b(]) .

Using the symmetry of the autocovariance function, i.e., p(n) = p(—n) for all n € Z, gives

(1.3.6) as required. O

We provide a partial converse to Lemma 1.5.1, i.e., that z € WW(r) implies b € W(r).
To do so, we state without proof a variant of Theorem 2.3.2 of Chapter 2. The proof of
this consists of rewriting (1.2.6) so that the roles of b and z are interchanged, and by then

applying Theorem 1.3.1.

Lemma 1.5.3. Let z be the sequence which satisfies (1.2.6), z € W(r) and further suppose

that
N |
ALY b < 5 (1.5.3)

Then

A (S )
Remark 1.5.1. If r € (0,1] and A\ 3272, b(j)r—9 < 3, then Pyl 2(j)r=7 < 1, and hence
Mo b(j)r! < 3 and > 5120 ri < 1.
We now state some preparatory lemmata which lead to converses of Theorems 1.3.2

and 1.3.5.

Lemma 1.5.4. Let z be the solution of (1.2.6) and let (1.5.3) hold with r € (0,1]. Define

the sequences (Up)m>1 and (Ly)m>1 by

m o0

Uy =1, Unp1=1- 2({)'Lim, Lm=1-> z(j)r’'Un, meZ"/{0}.
j=1 Jj=1
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Then
lim U, = lim Lm—l—)\lzb

m—00 m—00
7=1

Proof of Lemma 1.5.4. The proof concentrates on verifying that lim, ,~ Uy, exists. Once

this limit is established it is easy to find lim,, 00 L. We have Uy = 1 and
Un+1 =g(m)+a(m)Up,, m>1,

where g(m) =1- 37", 2(§)r) and a(m) = >y 2()r? S 2(Drt. An explicit formula
for U is given in e.g. [46, Exercise 2.1.17] and is

Upi1 = Ha VUL + Z{ H m> 2, (1.5.4)

n=1 j=n+1

in which the usual convention [[7., ;a(j) := 1 applies. Also we note that g(m) —
1= 2(§)r7 and a(m) — (Z;’;l z(j)rj)Q € (0,1), as m — oco. Thus the first term on
the right—hand side of (1.5.4) tends to zero as m — oo. We here observe from our standing
assumption that b has at least one non-zero component. Thus there exists a minimal j*
such that b(3*) > 0 and hence a(j) > 0 for all j > j*. For convenience we take j* = 1

(calculations follow similarly for other values of j*). Turning our attention then to the

second term we have

L& Ial) e mnad™ ST o)+ e())
a nz::l | a(])g(n) B H;”ia(j) S Y d(n) + oy
where
1 1 1
d(n) := H?:l o) — H? 11a(])7 c(n) = 71_[?:1 a(j)g(n).
Thus d(n) = 1‘[1;1:(:()]') and hence c¢(n) — oo and d(n) — co as n — co. Moreover,
o) gm) 1=
din) 1—a(n) 1-=3772 2(5)rd 352, 2(D)r!
and so
lim c(n) 1—2;11 z(j)rd _ 1
n—oo d(n) 271 X (I
o (srem) Y

Applying Toeplitz’s Lemma (cf., e.g., [108, 4.3.2 pp.390]) now gives

lim ez c(n) _ 1 .
moso 3o o d(n) L4302 2(j)r
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Therefore

m 1 1
lim U, = lim A,, = lim 2=z () + ¢ (1) -,
m—00 m—00 m—+00 Zn 9 (’I’L) + a0 1+ Z] 12 ( ) J
Finally, z may be written in terms of b using (1.2.6). O

Lemma 1.5.5. Let (Sq) and (1.5.3) hold. If p € WH(r), for r € (0,1], then z satisfies

2(0)2] lim in @ v(0)? imsu Z(i
L < E[v(0) “n—)oof p(n) < Elv(0) “n—)oop p(n)

~—

<Up+i, m>1, (1.5.5)
where U and L are the sequences defined in Lemma 1.5.4.

Proof of Lemma 1.5.5. The upper and lower bounds on z/p are established by an induc-
tive proof. The bounds themselves are constructed recursively. For convenience define
P(n) = p(n)/E[r(0)%]. We deal with the case when r € (0,1): the proof for r = 1 is
largely similar, but employs the asymptotic monotonicity of P to establish estimates for
terms of the form P(n + j)/P(n).

From (1.2.2) and using the non-negativity of z and definition of P, we have

o0

P(n) =Y z()z(n+j) = 2(n) + Y 2(j)z(n +j) > z(n). (1.5.6)
7=0 j=1

Thus z(n)/P(n) < 1 and so limsup,,_,, 2(n)/P(n) <1=U;. Aslim,_,oc P(n+1)/P(n) =
r we have for all € > 0 fixed sufficiently small that there exists an Ny(e) € ZT such that

P(n+3)/P(n) <ri(14+¢)f <1 <r7J forall n > No(¢). Fix M € Z*. Let n > Ny. Thus

by (1.5.6)
1 < , 1
W];Z(J)Z(H—FJ) < Pn);Z(J)P(”+J)
& Pt & P(n+j)
_;Z() P(n) +j%:+1 (4) P(n)
M A 00
<> 2+l + D 206,
j=1 J=M+1
which gives
1= 20 LSS st ) < 24 S s s S s
P(n)  P(n) T P(n) 4
= j=1 j=M+1
Thus v
;(&)) 21D Aty = 3, 2 n= No(e)
j=1 Jj=M+1
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Hence

lim mf

M
im in Zz )i (1 + €) Z 2(5)r 7.

J:

H
T
<
i

Let € — 0 from the right, then let M — oo to get

linrr_1>i£f ]ZD((Z)) >1- ;z(j)rj =L >0,

where the fact that L; > 0 is a consequence of assumption (1.5.3).
The lower bound L; is used then to determine the upper bound Us: we rewrite (1.5.6)

according to
z(n) + z(n + 1)z( Zz z(n+ j) < P(n).
J=
Since liminf,,_,o 2(n)/P(n) > Ly, for all € € (0,1) there exists an N3(e) € Z* such that

for all n > N3(e)

P(n)

Pn+1) z(n+1)
P(n) P(n+1)

P(n+1)
P(n)

<1-2(1) <1-2(1) Li(1—¢).

Hence as P(n+1)/P(n) — r as n — oo, we get

hﬁsolip P<(7:z)) <1—z(1)rLi(1—e).

Let € — 0 from the right to get limsup,, ,., z(n)/P(n) < 1— z(1)rL; = Us. Therefore we
have established (1.5.5) for m = 1.

Regarding the induction step at level m for m > 2, assume that (1.5.5) holds, i.e.,

) z(n) .. . 2(n)
hﬁsolip Pln) < Upn, hnnigéf Pln) > Ly—1.

This implies that, for all € > 0 sufficiently small, there exists Nj(e) > 0 such that
z(n)/P(n) < Up(1+¢) for all n > Ny(e).
Fix M € Z", and let Ny(e) be as defined above. Then for n > max(Ny(e), No(¢)), we

note that

et P(n) st P(n+j) P(n) ot P(n)
R Pn+j) | < P(n+ )
—;zuwmm ) =B +j_%j+lz(y)vm(1+ ) Plm)

M 00
<Y 2(DUn(+ i1+ e + > 2()Un(l+e)r .
j=1 j=M+1
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Pln) " P(n) 2
n M . ° .
§ +Zz L+e)ri(1+e) + Z 2())Um(1 4+ €)r~7,
Pn) Jj=1 J=M+1
which rearranges to give
z(n) S
o o1 i
MR py = 17 U9 ; cos 3 0,

having taken the limit inferior as n — oco. Letting € — 0 from the right, and then letting

M — oo, gives

... 2(n)
hmlnfp >1 mz

n—oo P(n)
This yields the lower limit in (1.5.5) at level m + 1.
It remains to show that the upper limit in (1.5.5) holds at level m + 1. To prove this,

we start by rewriting (1.5.6) in the form

m o0
)+ > z(zn+i)+ Y 2()z(n+4) = P(n),
j=1 j=m+1
which gives
(n = 1 - . :
Pn) P Zz zn+j) = 1—% Z z2(j)z(n+7) < 1. (1.5.7)
J=1 j=m+1

Since liminf, o 2(n)/P(n) > L, for every € € (0,1) there is an Na(e) € Z* such that
n > Ny(e) implies z(n)/P(n) > L, (1 — ¢).
Let n > max(N2(€), No(¢)). Then

Inserting this estimate into (1.5.7) and rearranging yields

2(n Ui n+
P((n)) <1-—Ln(l—e¢) ;Z ‘7 ; n = max(Na(e), No(e)).

Therefore, using the positivity of P and z, we get

lim sup ;((Z)) <1+lim sup<—Lm(1 —€) Z Z(J)W

n—oo n—oo

n—oo

:1—liminf<zm:z n+j)>Lm(1—e).
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Since P(n +j)/P(n) — 1/ as n — oo, and the sum contains only finitely many terms, we

have that

J=1 J=1 J=1
Hence
z(n) -
lim su <1-— 2())r Ly (1 — €).
n_mOp P(n) = ;:1 ()17 Lim ( )
Letting € — 0T yields
z(n) -
lim su <1—E 2()r? Ly, = ,

by the definition of Uy,41. Thus we have shown that if the m—th level statement in (1.5.5)

holds, then

() xn)
Pln) = P By

which is the (m + 1)-th level statement in (1.5.5). This completes the proof of the general

L,, <liminf Um+1,
n—0o0

induction step, and since we have already shown that (1.5.5) holds for m = 1, the lemma

is true. O

Proof of Theorems 1.3.3 and 1.8.6. The implication that b € W¥(r) gives rise to p €
WH(r), for r € (0,1] is nothing other than the subject of Theorems 1.3.2 and 1.3.5.
The converse result that p € W¥(r) implies b € W*(r), for r € (0,1], is an immediate
consequence of Remark 1.5.1 and Lemmas 1.5.3, 1.5.4 and 1.5.5 with (S2) being required
to guarantee that E[v(0)?] is well defined and finite.

It can be seen that the sequence U,, and L,, have the same limit as m — oco. By virtue
of Lemma 1.5.4, we may take the limit as m — oo on both sides of (1.5.5), which yields

limy, 00 2(n)/P(n) = limy,—00 Ly = limyy—00 Uppt1, from which the result follows. O

1.5.2 Bounds

The proof of Theorem 1.4.1 uses a result concerning the boundedness of linear Volterra
operators in [13, Theorem 5.1]. We state a scalar variant of this theorem. Consider the

non—convolution linear Volterra summation equation
n
2(n+1) =Y H(ni)z(i), nezt (1.5.8)
i=0

where 2(0) = zp € R and H : ZT x ZT — R with H(n,i) = 0 for i > n.
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Lemma 1.5.6. Suppose that there are integers M and N with 0 < M < N such that

M
supZ|an)]<1 sup Z\H(n,i)|<+oo.
n>N n>M 23

Then there is K > 0 independent of zy such that the solution of equations (1.5.8) satisfies
|z(n)| < Klzo| forn > 0.

Proof of Theorem 1.4.1. We deal here only with the case » = 1. The case r < 1 follows
the same steps as that of r = 1. We firstly show that z/7 is bounded. In order to write
(1.2.6) as a convolution equation we define f(n) = A\b(n + 1). Thus B(n) < Cyy(n) for

some Cp > 0 and all n. Then defining = z/v and using (1.2.6), we have
z(n+1) ZHnJ n>0, z(0)=1/~0),

where
Bn—j)v() ~(n)
(n)  y(n+1)

To show the boundedness of  we apply Lemma 1.5.6. That is, we must show that

H(n,j) = n>j2>0.

n
Wy := lim limsup Z H(n,j) <1

N—oo
n—00 =N

and Hpy := sup,> ij\io H(n,j) is finite for each M € Z*. By the definition of H and

(0.4.1) we get
lim sup Z H(n,j) = limsup Z 57)()

n—00 n—s00 ’V(n)
Let n > 2N. Then
S A= G) RS =) RS () —1) n—z
J;V R ;ml) o < 3 52 e +COZ

n N-1
limsupZH(n,j) < B(1) + Cp lim sup Z w
j=N 1=0 S Y 7(n)

Y

and by (0.4.2) we get

Wy = lim hmsupZH n,j)

N—oo n—oo =N

si_jﬁ(zwcongnmh;gsong” "_l ZB’
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so Wy < 1 as required. Now to show that for each fixed M, Hj; is bounded, we note for

n > M that
M M
B(n—37)v()y(n—37) ~v(n)
2 M) ;ﬂ = A At
M
v(j n—J
SCO?E%( n+1)z

j=
< Cosup < (n) ) sup <(7 * 7)(n)>
n>0 \Y(n+1) ) n>mr v(n)
and so sup,,> s Haz(n) is finite and therefore x is bounded. As a bound on the resolvent is

established, it just remains to deduce the bound on the autocovariance function. Moreover,

it is immediate from z(n) = z(n)/y(n) < C; that z is summable. Hence

o [e.e] + o
G’Zz z(n+7) <GClz (])W (n) < GCi1vy(n Zz
7=0 7=0 7 7=0
and the desired result holds, where G' = E[v(0)2]. O

Proof of Theorem 1.4.4. First let us suppose that limsup,,_, . b(n)/v(n) =: L3z € (0,00).
Then from (1.4.1),

lim sup —= p(n) > \ip(5*)rd Ly > 0,

n—oo (M)

where j* is the integer introduced in (A;). Furthermore, for any fixed € > 0 there exists an
N(e) € Z* such that b(n) < Lz(1+€)vy(n) for alln > N(e). Moreover, b(n) < Cey(n) for all
n > 1, where Cc = max{L3(1 + €),sup;<j<n(e) b(4)/7(4)}. Therefore, from Theorem 1.4.1
we have that there exists C1 > 0 such that p(n) < Ciy(n) for all n > 1. Thus,

0 < Mp(5%)Ls < limsup@

msup e < O, < 00.
Conversely, suppose now that limsup,,_,. p(n)/y(n) =: Ly € (0,00). Then from (1.4.1)
we have limsup,, ., b(n)/v(n) < La/(A1p(5*)r") < +o0.

In order to show that limsup,,_,., b(n)/v(n) > 0, we suppose the contrary, namely
that limsup,,_, . b(n)/~v(n) = 0. Since b and « are non—negative, lim,_, b(n)/vy(n) =
Then it is not difficult to see from the proof of Theorem 1.3.2 that lim,_, p(n)/v(n) =
0 and hence limsup,,_,., p(n)/v(n) = 0, which contradicts limsup,,_,., p(n)/v(n) > 0

Therefore, as limsup,,_,., b(n)/y(n) must exist, we have limsup,,_,,, b(n)/~v(n) € (0, c0).

O]
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Proof of Theorem 1.4.5. The proof is largely established by rewriting the limits in terms
of their ¢ — N definition. This delivers upper and lower bounds, vy_,y4 respectively, on b
where v_(n) = C_(n+ 1)"%(1=9 and v, (n) = C4(n + 1)~P1+9) for n > 0 and for some
constants C_,Cy > 0. Theorems 1.4.1, 1.4.2 and 1.4.3 are then applied to generate the
appropriate bounds on p, from which the result follows.

In order to establish (ii), i.e.

1 log b
lim sup og p(n) = — [ implies lim sup og b(n) = -8,

n—oo  logmn nooo  logn

one uses (1.4.1) and an argument by contradiction, not unlike that employed in the proof
of Theorem 1.4.4.
For the case 8 = oo, the bounding function is n~% where K > 0 can be chosen

arbitrarily large. In all other respects this case follows through as for other values of

3. 0

Proof of Theorem 1.4.6. Firstly suppose p(k) < Caak. By definition, b > 0 and hence
z >0 and p > 0. Thus with j* as defined in (A;), from (1.4.1) we have

(k+1) < C aoktl — 702 ki,

blk+1+4j%) < < . _
Ap() 2 Ap(5t)ed”

Mp()”

Hence, b(k) < Czak for all k > j* + 1 where C3 = Cg/()\lp(j*)ag*) and so b(k) < Cyab
for all k > 1, where Cy = max(C3,Q) and Q = max;<;<;- b(l)ay ' = b(j*)a 27 .
Conversely, suppose that b(k) < Cia}. As (S1) holds we have z(n) — 0, as n — oo.

Thus we may use [47, Theorem 4] to conclude that
b(k) < C1a¥  if and only if  z(k) < Cyaf, (1.5.9)

for some a4 € (0,1) and Cy,Cy € (0,00). Therefore for the sequence f given in (1.2.7),

we get

Fk) =M Dbk 4§+ Dp(—=5) < MC1 Y- o p(i) < MCranal Y- ().
=1 i=1 =

Thus as p is summable from Theorem 1.2.2, we have f(k) < A\;C1 Ko, for some 0 < K <

<22)j. (1.5.10)

0o. Using this estimate for f and (1.5.9) in (1.2.8) gives

M=

k
p(k) < Csak + Z C404§7706a{ = Csal + Crak
=1 j=1
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If a1 # ay, with ag =max(aq, ag) we have p(k) < C’50¢{4€ + C'8|oz{4c — o/f| < C’5a{j + Cga{j +

Cgalf < CQCYIQC. If a1 = ay, then
p(k) < Csai + Cralik < Csakf + CrCs(au + €)F < Crglau + €)F,

where as = a4 + € and € is chosen sufficiently small so that as < 1, and Cg is given by

Cg = supy>q k/(1 4 ¢/aq)*. O
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Chapter 2

Necessary and Sufficient Conditions for Periodic Decaying
Resolvents in Linear Summation Convolution Volterra

Equations and Applications to ARCH(c0) Processes

2.1 Introduction

This chapter characterises the exact decay rate of the solution of the discrete linear Volterra

equation

X(n+1)=f(n+1)+ Zn:U(n —)X(), nezt, X(0)=Xo, (2.1.1)
§=0

where f : Zt — R% U : Zt — R¥™? and X, € R The exact rate of decay of the
forcing function, f, is known and the kernel U has known decay and periodic asymptotic

behaviour. We define the associated resolvent equation of (2.1.1)
Zin+1)=> Un-j)Z(), neZt, 2Z(0)=1I, (2.1.2)
j=0

where Z : Zt — R%? and I is the identity matrix. By first examining (2.1.2) we can

more easily analyse (2.1.1) via a variation of constants representation:
n
X(n)=2ZMm)X0)+ Y _ Zn—j)f(j), ne{l,2..}. (2.1.3)
j=1

It is shown in [13] that when the kernel of (2.1.1) has a particular rate of slower than
exponential decay (e.g., polynomial or regularly varying decay), then the solution of (2.1.2)
also has this exact rate of decay. It is from this class of weight function that the rate of
decay of U in this present chapter is imposed. It is shown in Song and Baker [110,
111] and Gyo6ri and Reynolds [61] that periodicity in the kernel of perturbed summation
Volterra equations implies periodicity in the solution of these equations. The stability
of solutions of perturbed summation Volterra equations is also shown. Linear Volterra
convolution and non-convolution equations are studied in Elaydi and Murakami [48], where
conditions on the summability of the resolvent and stability of the solution are used to

establish the existence of a unique bounded (in particular periodic and almost periodic)
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solution. Conditions guaranteeing the existence of asymptotically periodic solutions of
linear non-convolution summation Volterra equations are derived in [61] via an application
of admissibility theory.

Section 2.2 gives some fundamental definitions as well as various lemmata needed in
the proof in Section 2.3. In Section 2.3 the main result establishes that the solution of
(2.1.2) also decays at the same rate as the kernel and the periodic component is preserved.
This result is achieved by eliminating the effect of the periodicity, by evaluating (2.1.2)
at IV discrete time points, where N is the value of the period, and lifting the equation
to a higher space dimension in which it is asymptotically autonomous. Then by a careful
separation of the summation term we can form a system of equations to which we apply
the admissibility theory of [13]. Moreover, it can be shown in the case when the kernel is
“small” in some ¢(Z™) sense, that Z has periodic decaying asymptotic behaviour if and
only if U does, and indeed both sequences can be majorised by the same weight function
and possess the same period. In forthcoming work, it is planned to investigate more general
forms of decay in both continuous and discrete equations, where the decay can be separated
into a rate and a bounded component with some structure (such as the periodicity studied
here). Lastly, in Section 2.4 the results developed in Section 2.3 are applied to demonstrate
that if a periodic fluctuation is present in the kernel of an ARCH(co) processes then this
periodic component propagates through to the autocovariance function of the ARCH(o0)
process. This example sheds further light on extant research on the memory properties of
ARCH(o0) processes (see e.g., [51, 75, 118]).

The work of this chapter appears as a joint paper with Appleby [8].

2.2 Preliminary Results

Let I denote the identity matrix and 0 the zero matrix. R**? can be endowed with
many norms, but they are all equivalent. The spectral radius of a matrix A is given by
p(A) = lim,_,o0 ||A™||Y/", where || - || is any norm on R*%; p(A) is independent of the
norm employed to calculate it. We note that p(A) < p(|A]). Also if 0 < A < B, then
p(A) < p(B). Also,

p(A) < ||A¥||Y* vk e N. (2.2.1)
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In this chapter the matrix norm ||A||o = max Zjvzl |A; ;| is used. Let C € R%9, then
we say that C is a circulant matrix if Cj ; ; Ej'dﬂ-,jﬂ,l for i < j and C;_j41,1 for i > j.
Such a matrix is a special type of Toeplitz matrix.

In this chapter, we investigate a class of kernels which have the essential rate of decay
of a sequence in W(r), but exhibit a periodic “fluctuation” of period N € N around this

rate of decay. To encapsulate this idea we give the following definition.

Definition 2.2.1. Let d, N € Z*/{0} and r > 0 be finite. A sequence U = {U(n)},>0 €
R9*4 is in WP(r, N) if there exists a function ¢ € W(r) and a sequence of d x d matrices
{A}SY such that limy, 0o U(Nn +14)/¢(Nn) = A;. We refer to ¢ as a weight function
for U.

If we wish to investigate the rate of decay of a function relative to a particular weight

function, say -y, then it is desirable to know how ~(Nn) relates to v(n).

Lemma 2.2.1. Let N be a positive integer and r > 0. If ¢ € W(r) then ® € W(7), where
®(n) := ¢(Nn) and 7 :=rV

Proof. Note that ®(n) = ¢(Nn) > 0. We establish (0.4.1) and (0.4.2) for ®. Since
®(n—1)/®(n) = ¢(Nn—N)/p(Nn) and ¢ obeys (0.4.1), we get lim,,_,oo P(n—1)/P(n) =
1/rN =1/7. Also

Do) =) d(Niyr N < (i)
=0 =0 1=0

Turning to (0.4.2), by construction we have

n— Nn—Nm

S

(n —1) ¢N”—N’L ¢Nn—z¢()
7':ZWL Z Z;m
Therefore
Nn—Nm L—Nm
i & S s 5SS

The last inequality is obtained by letting L = Nn and noting that in the limit the sum to

L — Nm will contain more terms than Nn — Nm. Finally, as ¢ € W(r)

n—m . L—Nm .
lim sup lim sup Z &(n —9)2(i) < lim sup lim sup Z o(L —1)¢(i)

m—oo n—oo (I)(n) m—oco  L—00 i=Nm (b(L)
L-P N
O(L —1)¢(i)
< lim sup lim sup ——= =0,
P—oco  L—oo ZZP ¢(L)
with the last inequality holding by reasoning similar to above. O
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In determining the results in Section 2.3 we have used [13, Thm.3.2] which we state
here for completeness. Note in this result and the rest of the chapter that if v is a positive
real sequence, f € R%1*92 and lim,,_, f(n)/7(n) exists we denote the limit by L. f. The

theorem provides an explicit formula for L,z in terms of the data.

Theorem 2.2.1. Let f : Zt — R? and F : Z+ — R and suppose {z(n)}n>0 obeys
zin+1)=f(n)+ En:F(n —i)z(i), n>0, z(0)=z cR% (2.2.2)
i=0
Suppose that there is a v in W(r) such that L, f and L,F both exist, and that
= FI6) = o (SR <1 (2.2
=0
Then the solution z of (2.2.2) satisfies
Loz = (1] = FGY) N[ f + (L, F)E0 ), (2.2.4)
where Z(r~1) = (rI — F(r=Y)) " [rzg + f(r~Y)].

We provide a preliminary lemma which demonstrates that the inverse of a lower tri-

angular block Toeplitz matrix is also a lower triangular block Toeplitz matrix.

Lemma 2.2.2. Let By1,B31,...,Bn1 be d x d matrices. Let B be a matriz in RNdxNd

with N,d € Z such that B has the following block structure, fori,j = {1,..., N},

Od7 ZfZ < ja
Bij =

Bi_ji11, ifi>],

where 04 represents the dx d zero matriz. Then (I—B)™! exists and setting C := (I—B)™!

we have
Oda Zfl < jv
Cij =9 L, ifi =7, (2.2.5)
Ci—l,j—h ifi > 5> 1.
and
t—1 t—1
Cia = Z Bii11C1 = Z Ci11Biy11 fort > 2, (2.2.6)
=1 =1
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Proof. Note that I — B has ones on its main diagonal (i.e. det(l — B) = 1 # 0) and
hence is invertible. The lower triangular structure of C' is determined by considering the
i, " element of (I — B)C and using an induction argument. We start by establishing the

relation

Cij= ZBMC’L] = Z CiiBij, fori>j. (2.2.7)
I=j+1

First, we observe that

04 = [C(I — BU—ZC’”I B);=Cij— ZCan
l=j l=j+1

By similarly considering [(I—B)C]; j, one establishes (2.2.7). We use induction to establish

the third equality of (2.2.5), which is equivalent to
Cij = Ci—jy1,1, fori>j. (2.2.8)

We first prove Cjy1; = Ca1. From (2.2.7)

2-1
Cjt15 = ZBJH 1C1j = Bjy1,;Cj; = B21C11 = ZBzzCzl = (s
l=j =1

Now, assume Cp g = Cp_g41,1 for all 0 <p—g <i—j and p,q € {1,..., N} and ¢,j are

fixed.
i
Cij = BiiCij=> Biitj-1Ci1j1,
; =1
11 11
= E Bi j11,Crj-15 = § Bi_j11,C11 = Ci—jy1.1-

=1
Thus one has C; j = C;—j11,1 for all @ > j. With (2.2.7) and (2.2.8) established, we can
conclude (2.2.6). O

We supply a Lemma which will be used in the proof of the main result, Theorem 2.3.1.

Lemma 2.2.3. Let {U(n)},ezt be a sequence in R, Suppose

d N—-1
N \U(NT <1 < 1. 2.2.9
max ; 2 ZZ%T NUWNE+i)lpg | <1, 7 < (2.2.9)

Define, for some N € {1,2,...}, the matriz function F : Z* — RN*N py F(n) =

(I —B)~'J(n) for n > 1, where the d x d block composition of B and J, fori,j € {1,..N},
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s given by

0, if i < 7,

UNn+N+i—j—1), ifi<j
[ - Blij =11, ifi =34, [T)i;=
UNmn+1)+i—j—1) ifi>j.

~U@i—j—1), ifi>j,

(2.2.10)
Then
N RG] < 1. (2.2.11)

o0

Although the entries [J(n)]; j of J(n) have the same form for all 7 and j, it is convenient

in the proof to express them in the slightly differing forms displayed above.

Proof. We use the notation, for A € {0,---N — 1}, Sy :== S 2 r M U(NI+ N)|, S =
SIVES and M = S0, r~NEHD|F(4)]. Note by (2.2.9) that ||~V S||. < 1. Hence,

r VSNt iti <,

0< [Zr (I+1) |J )|

irj Siejm1 = UG =5 =1, ifi>j.
Also, for i > j and by noting that (I — B) is a matrix of the form in Lemma 2.2.2, we use

(2.2.5)

N

M;; < |- B) 1|lk[§jr-m+l |J<>|]
k=1 n=0 k
—ZIC\m Zr D110

k=1 kj k=j+1

’j

R

k,j

Cligr™ N Snpk—jm1 + D [Clin(Se—jm1 — Uk —j = 1)]),
k=j+1

|
Mu

e
Il
—

where C := (I — B)~1. Similarly for i < j we have M; ; < 22:1 ]C’\i,kr*NSN+k,j,1. We
note that, by definition M is a non-negative matrix, that is, in verifying (2.2.11) we need
consider the row sums of M rather than |M|. We now compute the sum of each row of M
and show that they are all less than one. The sum of the first and second block-rows are
special cases. We compute the sum for the first row and also the general case; the sum for
the second row is similar to the general case.

Fori=1,

N N N
S < S 1V = NS Sy =Y
j=1 j=1 ot
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Indeed,

N N d
. — -N
> M| = max Z Miglpg < max 3 rVISh, < 1.
00 qg=1 j=1 =1
For: >3
N i—1 N
> iy =3 Moy + 30,
7=1 7=1 7=
i—-1 j i-1 i
< Z Z |Clir™™ Snr—jo1 + Z Z |Cli ke Sk—j—1
J=1k=1 7=1 k=j+1
i—1 % N 1
=D CLkUE =G =D+ DY [Cliar N Snik—ja
Jj=1k=j+1 j=i k=1

i—1 i—1 i k—1
=Y [Clix > N Snyh—jo1+ ) [Clik D Sk—j1
k=1 j=k k=2 j=1
7 k—1 7 N
> ICL D UK =G =D+ D IClik Y N Snh 1.

By moving the k = 7 terms from the second and fourth sum, and combining the first and

fourth sum we get

i1 N i-1 k—1
Z <D 10w YN SNk + D [Clik ) Sej
k=1 j=k k=2 =t

=1

i k— N i—1
—Z\C!l Z —j—1)\+ZT7NSN_]‘+¢—1+ZS¢_J*_1 = Ay — A3z + A
k=2 =1 j=i j=1

(2.2.12)

where the first two sums are As, the next is Ag and the last two are A;. Next, we write

Aq as
i—2
Zr NS+ S=r NS4 (1 —r N ZSZ (2.2.13)
I=i—1 1=0
As for Ay we rearrange to get
i—1 N-1 i—1 k—2
Ay =) " |Clix D v NS+ ) ICLE Y S
k=1 I=k—1 k=2 1=0
i—1 N-1 i—1 k—2 N-1 i—1 k—2
=2 [Claar™ 3 Se= ) IClur™ D S [Clia 3 rS1+ ) [Clis DS
k=2 I= k=2 1=0
i—1
=> [Cligr NS+ (1 —r" Z Cik Zsl +|Cliar™NS. (2.2.14)
k=2

Regarding As, we note that by (2.2.8) and (2.2.6)

i—k—1
Cig = Cicgr11 = — Z Ci—k-12U(1)

99



for 7 > k. Therefore

i -1 i
A3:Z’C|i,sz\U(l—1— Z > ICLEIU k= 1)
= =1

k=1 1=k 11
i—1 i—k —1i—k+1-1
:ZZ|C|M+;€\UZ—1 Z > [Clici—k1|U (1 = 1))
k=1 1=1 =1 =1
—1i—k—1 -1
=> > [Clici—kalU@D)] = ’C|z k11 = (2.2.15)
k=1 1=0

Inserting (2.2.13), (2.2.14) and (2.2.15) into (2.2.12) we can write.

ZM”<7“NS+ (1—1~ ZSl+Z’C|zk7“ NS+ (1—r" Z\CmZSz

7j=1

+[Clar ™S - Z Clik
k=1

=r S+ (1—r" ZSl+Z|C|zk NS I+ (1 ZMWZSI

We note that by conditions (2.2.9) we have 1 — 7=~ < 0. Therefore
N i1
D My <r NS+ |CLi(r NS — I).
j k=1

Letting [Z 2 | M; j]pq denote the p, ¢ element of the d x d matrix Z 4 M; ;, we have

N d N
Z M ;|| = 22X, [Z M jlp.q
j=1 . q=1j=1
d d
< -Nis NS -
S PRl E IS 3 3) S N
q=1 =1 a=1 k=1
d d i—1 d
= max | S VISl + D1 IClialpar ™ D[S
=SP4\ 3 a=1 k=1 q=1
d
S 1
< félﬁgd(r ;[ Ipg) <

With the last two inequalities holding as r— Zgzﬂs]a,q <1lforall w € {1,---,d}. Thus

1M ||oo = maxy<i<n (| 272, Mi |

o) < 1 and (2.2.11) is satisfied. O

2.3 Main Results

We next show that the solution Z of equation (2.1.2) is in WP(r, N) with weight function

¢, when the kernel U lies in WP(r, N) with weight function ¢. Once the behaviour of Z
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is known, a variation of constants formula readily enables us to determine the asymptotic
behaviour of the solution of (2.1.1). Firstly we give a lemma concerning the summability

of Z.

Lemma 2.3.1. Let Z be the solution of (2.1.2). If (2.3.2) holds then

N—-1 oo

s@ . Z ZT’_N (| Z(Nn +14)|

=0 n=0

1s finite and the following inequality holds:
N—-1 o N—-1 oo
S < =Ny 4 (Z Zr FDIU(Nn + 1) ) (Z ZT_N("+1)|Z(Nn+i)\> .
=0 n=0 i=0 n=0
Theorem 2.3.1. Let {Z(n),n € N} be the sequence which satisfies (2.1.2). Suppose that
U € WP(r,N) with weight function ¢ € W(r) such that there exists a sequence of d x d

matrices {A; YY1 and

. 1 ) )
nh—>nolo ¢<Nn)U(Nn+z)—Ai, i€{0,1,2,...,N — 1}, (2.3.1)
d N—-1
N \U(N1 1 <1 2.3.2
max qzli_ogr )| +i)lpg | <1 r<1, (2.3.2)

for some N € N. Then Z € WP(r,N) and there ezists a {p;} € R¥*? such that

nh_}n(go qS(]ifn) Z(Nn+1) =: p;. (2.3.3)

Remark 2.3.1. Condition (2.3.1) gives us the rate of decay of the components of U(Nn+1)
for each 7. Hence it encapsulates both the decay and periodic components of the kernel.
Condition (2.3.2) is imposed in order to ensure stability of the problem. While the || ||~ is
employed here for simplicity and to ease the calculations involved, we speculate that other
norms may also be possible while noting the equivalence of norms for scalar functions. The
result (2.3.3) is analogous to (2.3.1), that is that the solution of (2.1.2) inherits the same
rate of decay as U, and also retains a similar periodic component. We note that while it is
possible to calculate an explicit formula for p;, it is in general far more complicated than
the constant matrix A;. That such limits may in general prove rather unilluminating may

be seen from the explicit example in Section 2.4.

Remark 2.3.2. Later, we give a partial converse to Theorem 2.3.1 which illustrates the

sharpness of (2.3.1), (2.3.2).
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Proof of Theorem 2.3.1. We first develop a system of equations from (2.1.2), which can be
put into the form of (2.2.2). We then focus on ensuring that all the conditions of Theorem
2.2.1 hold. From (2.1.2) we can write for i > 0,

Nn+i—1
Z(Nn +1) Z U()Z(Nn+i—1—j)

n i—1
=> Y UNk+j)Z(Nn+i-1-Nk-j)
k=0 j=0
n—1N-—1
+Y Y UWk+§)Z(Nn+i—1— Nk - j)
k=0 j=t
1—1
=Y UG Z(Nn+i—j—1)
7=0
n—11i—1
+Y S UWNK+1) +)Z(N(n—k—1)+i—j—1)
k=0 j=0
N—-1n—1
+ UNk+4§)Z(Nn—k—1)+ N+i—j—1)
7=t k=0
1—1 zflnfl
= U;j(0)Zi—j-1(n) + Uj(k)Zi—j-1(n —1—k)
=0 j=0 k=0
N— —
Z k)Zn+yi-j—1(n —1—k)
j=t k=0

where in the last line, we set Z;(n) := Z(Nn + 1i); Uj(n) := U(Nn + 1); and U;(n) =
Ui(n+1). Thus

i1 i1 N-1
Zi(n) => Uj(0)Zija(n) + > UiciaixZ1) (= 1)+ > (Unyici1% Z) (n = 1).
j=0 =0 =i

(2.3.4)

In the case when ¢ = 0, a similar result is obtained, but neither the second nor the third

term appear in (2.3.4). Thus, for i € {0,1,..., N — 1} we generate a system of equations

Zn)=B-Zn)+(JxZ)(n—1), n>1, (2.3.5)

where Z(n) € RVN¥xd B ¢ RNIXNd and J(n) € RN>N where for p,q € {1,2.., N} we

define [Z(n)], = Zp—1(n) and

0, if p <gq, UNyp—g-1(n), ifp<q,
B, = i J(n)pg = (2.3.6)

Up—-q-—1), ifp>gq. Up—q—1(n), if p>gq.
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Note that I — B is in the form given in (2.2.10) in Lemma 2.2.2, so (I — B)~! exists.

Equation (2.3.5) simplifies to
Zn)=(F*xZ)(n—1), n>1, (2.3.7)

where F(n) := (I — B)~'J(n). In order to satisfy the conditions of Theorem 2.2.1, we
need to show that, for some weight function, p, in W(s), L, F exists and that
p (i s(l“)F(l)) <1. (2.3.8)
=0
We note that a natural choice of p is {®(n) }n>0 : = {¢(Nn) }n>0 as Lo F is well-defined. We
note by Lemma 2.2.1 that ® is in W(r"V). Observing L F = (I—B) ! lim,, ;o J(n)/®(n),

where this limit exists because

lim = (2.3.9)

. 1 ANjp—q-1, ifp<gq,
n—00 CI)(n) J(n)
Ap_gar™, ifp>q.

p.q

Turning our attention to (2.3.8), we see what is needed is

p <§: r_N(l+1)|F(z')|> <1 (2.3.10)
=0

But, by (2.2.1) we need only check || 3252, 7~ N+ |F(4)| |l < 1. Applying Lemma 2.2.3
we see that (2.3.10) holds. Therefore, Ly Z exists and is given by Theorem 2.2.1. Hence,

by looking at the components of Z we see that Z(nN +i)/¢(Nn) — p;, asn — oco. [

Proof of Lemma 2.5.1. Define Z;(n) = Z(Nn+i), Ui(n) = U(Nn+i) fori € {0,1...,N—
1}. Then by (2.1.2), Zp(0) = I, and forn > 1,1 € {1,...,N — 1}

i—1 n—1N-1
= Vi1 (0Z,(0), Zo(n) =D > Un—pr(n—1=1)Z(0).
p=0

=0 p=0
n i—1 n—1N-1
ZZUzpln_l +ZZUN'HP1”_Z_1)Z(Z)
1=0 p=0 1=0 p=i
Then taking absolute values across (2.1.2) and summing we have
N-1 T N-1 T
SN Z )] <V Zo0) + 30 rNZi0)] 4+ 3 VO Zy ()]
i=0 n=0 i=1 n=1
N-1 T
+ )0 e N Zi(n),
i=1 n=1



where T is a large fixed integer. Substituting the above representations for Z into this

equation and permuting sums yields

N-1 T
> >N Z(n))
=0 n=0
N—2N—p—2 N-1T-1T-1-1
<r NI+ Y Y T NUO)Z) + D0 Y DT e N Uy, (n)]1Z,(0)
p=0 ¢=0 p=0 [=0 n=0
N—2N—-p—2 T T-|
+ DD e NG, (n)]| Z,(1)]
p=0 ¢=0 [=1n=0
N-2N-p-2

T-1T-1-1
+ PN ()] Z, (D)
p=1 ¢g=N—-p =0 n=

[e=]

The remainder of the calculation hinges on careful splitting and recombination of these

sums, and by replacing T'— ¢ by T in various upper limits of summation. Successively, we

estimate according to

N—-1 T
Z N(n+1) |Z )‘
i=0 n=0
N—-2N—-p—-2 N-1 T T
<r NI+ Z MU O)1Zp0)] + D3N e NOHED |y ()] Z,(0)]
p=0 p=0 [=0 n=0
N-2N—-p-2 T T N—-2N-p-2 T
+ Z ZZT N(n+1+1) |U( )HZ |+ Zr N(n+1) |U )||Zp(0)‘
p=0 ¢=0 I[=1n=0 p=0 ¢=0 n=1
N—-1 N-1 T T
+ 30T SN e NOH D g (0] Z,(1)]
p=1 ¢g=N—p =0 n=0
N—-2N-p-2 T
=r N+ >N, (n)]|Z,(0)]
p=0 ¢=0 n=0
N-2N—-p-2 T T T T
+30 3 SN N )| 2, + Y S N Uy ()| Z (1)
p=0 ¢=0 [=1n=0 =0 n=0
N—-1 N—-1 T T
+ O e NOHE G (n)]] 2, ().
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Grouping terms from different sums gives

N-1 T
Z ZT—N(n+1)|Zi(n)’
=0 n=0
N-2N—-p-2 T T
<r NI+ DD MU ()1 Z,(0)
p=0 ¢=0 [=0n=0
T T N-2 N-1 T T
+3 > NN ()] Zo(D)] + DD N, (n)]| 2, (1))
=0 n=0 p=1 g=N—p—11=0 n=0
N-1 T T
+ 32> e NG ()| Zn - (D)
q=0 [=0 n=0
N—-2N—-p—-2 T T
<r NI+ oD N, (n)]1Z, (1)
p=0 ¢g=0 [=0n=0
T T N-2 N-1 T T
+ 3> NN ()| Zo(D)] + DD NI (n)]| Z, (D)
=0 n=0 p=1 q=N—p—1 1=0 n=0
N-1 T T
EDIDID I A D][AI0]
q=0 =0 n=0
N—-1 T N—-1 T
= N [ N | {3 SNz,
q=0 n=0 p=0 [=0

where the last inequality holds as 1 < 7~. Therefore by (2.3.2)

T N—-1 o~ N—-1 T
S N Zim)| < v NI > N (n (ZZT (1)1 Z4(1) |>

i=0 n=0 7=0 n=0 =0 =0

N-1

(2.3.11)
Due to condition (2.3.2), we have that ( Z Zn 0T~ "“)|Uj(n)])_ exists and

moreover is a non-negative matrix. Hence we have

-1

N-1 T N—1 oo
ZT_N(n+1)|Zi(n)| <|1- E E r_N(n+1)|Uj(n)| N
i=0 n=0 j=0 n=0

Noting that each entry in the left hand side of the above inequality is an increasing function
of T" and is bounded above by a term which is independent of T, tells us that each entry
of the matrix has a finite limit as 7' — oco. This proves the result. The inequality in the

statement of the lemma follows by letting 7" — oo in (2.3.11). O
The following corollary applies Theorem 2.3.1 to (2.1.1).

Corollary 2.3.1. Let {X(n) : n € N} be the solution of (2.1.1), {Z(n) : n € N} the
solution of (2.1.2) and ¢ € W(r) and (2.3.1), (2.3.2) hold. Let {p} " be given by
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Theorem 2.3.1 and i € {0,1,...,N — 1}. Suppose lim,_,oc f(Nn +1)/¢(Nn) = L;. Then

limy, 0o X (N1 +1)/d(Nn) exists and can be calculated.

Remark 2.3.3. Other results in the direction of Corollary 2.3.1 are certainly possible to
state in which the rate of decay of the perturbation is different to that of the kernel or
where their periods differ. The proofs follow readily by the variation of constants formula
and the facts that (i) the convolution of two sequences which lie in WP(r, N) also lies in
WP(r,N). (ii) the sum of two sequences in WP(r, N) is also in WP(r, N). Therefore,
we do not dwell on this issue but leave it instead to the reader’s imagination to consider

these obvious extensions.

Proof of Corollary 2.3.1. By Theorem 2.3.1 we have lim,,_,oc Z(Nn+1)/¢(Nn) = p;. Us-
ing (2.1.3) and the same argument at the start of the proof of Theorem 2.3.1 we can

write
7 N—-1
X(Nn+i)=Z(Nn+i)X(0)+> (Zi*F)(n)+ Y (Zi# Fysiz)(n—1),
=0 l=i+1
where f(0) := 0, Z,(b) := Z(Nb+a) and F,(b) := f(Nb+a),a € {0,1,...,N—1},b € Z™ .

Define ®(n) = ¢(Nn). Using [13 Thm:4.3] and ¢ € W(TN) we obtain

B Gy~ X0 +ZP!ZFH RS D) Y TIST

=0 5=0
N—-1 oo
+ Z PIZFN-i-z‘—l(j NI+ NN Zi(G)yr NV Ly
l=1+1 j5=0 l=i+1 j=0
(2.3.12)
which completes the proof. O

We close this section by noting that Z € W(r, N) is in some sense only possible if
U € W(r, N). This result is a consequence of Theorem 2.3.1 and Corollary 2.3.1.

We note that one may show, via induction, that the solution Z of (2.1.2) can be
expressed as Z(n) = U(n—1)+3_7_, U (n—4), for n > 2, with Z(1) = U(0), Z(0) = I.
Furthermore this representation allows one to show that Z is also a solution of the equation
Wn+1)=W=xU)(n),n>0, W(0)=1. Hence (UxZ)(n) =Z(n+1)=W(n+1)=
(WU)(n) = (Z+U)(n). By rewriting (2.1.2), we get U(n+1) = Z(n+2) - 317 U(n+
1—4)Z(j) for n > 0. Putting Y (n) = —Z(n + 1) we see that

Un+1)= —Y(n—i—l)—i—f:U(n—l)Y(l), n > 0. (2.3.13)
1=0
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We now argue that U xY =Y %« U. For n > 0 we have
UY)n) ==Y Un-j)ZG+1) == Un-5)U=x2Z)j)=—UxUxZ)(n).
§=0 §=0
Similarly (Y«U)(n) = —(UxZ+U)(n). But ZxU = UxZ,so (UxY)(n) = —(UxUxZ)(n) =
—(Ux(Z*U))(n)=(Y *«U)(n). Therefore (2.3.13) becomes
Un+1)=-Y(n+1)+> Y(n-1)U(@1), n=>0. (2.3.14)
=0
which is in the form of (2.1.1). We introduce the resolvent R by R(n+ 1) = Z?:o Y(n-—
J)R(j) for n > 0, where R(0) = I. We now give conditions under which Theorem 2.3.1
can be applied. If we suppose that Z obeys (2.3.3), then for i =0,..., N — 1 we have

. Y(Nn+i) .
lim —————=— lim ————— = (2.3.15)
- o(Nn) - o(Nn) —Npy, i=N—1.

Moreover, the condition

e.9]
SV EDIZ(NT+ i+ Dy | <1, r<1, (2.3.16)

and by applying Theorem 2.3.1 with Y in the role of U and R in the role of Z, there exist
D; € R¥4 for 4 = 0,..., N — 1 such that lim,_,o R(Nn +i)/¢(Nn) =: D;. Using this
limit in conjunction with (2.3.15), we may now apply Corollary 2.3.1 to (2.3.14) to deduce
that there exist A; € R¥™? for i = 0,..., N —1 such that lim,, oo U(Nn+1)/¢(Nn) =: A;.
However we would rather replace (2.3.16) with a norm condition on U (see (2.3.17) below)
which must be stronger than (2.3.2), as this would then yield a converse with conditions
closer to that of Theorem 2.3.1. By virtue of the discussion above, what remains to be

proved in the converse below is that (2.3.17) implies (2.3.16).

Theorem 2.3.2. Let {Z(n),n € N} be the sequence which satisfies (2.1.2). Suppose that
Z € WP(r, N) with weight function ¢ in W(r) so that there is a sequence of d x d matrices
{pi f\igl and

. 1 . .
nh—)ngo WZ(NH "‘ Z) — pia 1€ {07 1,2, 7N — 1}
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Also suppose

d
max E
1<p<d

q=1 i=0 =0

N—

|_I

oo
1
§ —N(14+1)
r ‘U NI +Z)‘pq < m, r < 1, (2317)

holds for some N € N. Then U € WP(r, N) with weight function ¢ i.e., there exists
{A;} € R sych that

1
lim 7UNn+i =A4;, i€{0,1,2,.... N —1}.
Jim s U (N 1) { }

Remark 2.3.4. In the special case where there is no periodicity (i.e., N = 1) the necessary
and sufficient nature of Theorems 2.3.1 and 2.3.2 is an improvement on the sufficient

nature of the conditions of Theorem 2.2.1.

Proof. We show that (2.3.17) implies (2.3.16). Regrouping the terms in (2.3.16), one

deduces
d N—-1 o
N Z (N1 1
max Z_: > D7 |Z(NL+i+1)|pq
g=1 i=0 =0
d [N-1 N-1 oo
= Nz N Z(N1 Nz (NT)
ﬁlaz(d M Z(5)|pg + r | + )lpg + r ‘ b
e N j=1 =1 1=1
N

d N—1 oo
max Z Zr Nl+1)|Z(Nl+Z+1)|pq
1<p<d — — —
qg=1 i=0 [=0
d ,N—1
< Nz
= gggd;(j:l T2
N—1 oo 00
# 3 S M ZNT 4 g+ 3|2
j=1 Il=1 =1
d N—-1 oo
= max 37 [ S S N Z (N4 )y V20
P=4 21\ j=0 1=0
d N—-1 o
_ —N(l+1) : _—N
11252(51 Z’l‘ ‘Z(Nl +])’p,q r 5 (2'3'18)

g=1 \ j=0 =0
with the last equality holding as Z(0) = I, whose rows sum to one, which is inde-
pendent of p. Define the matrices A = Z Ly N+ Z(Nn + 4)| and B =
Z Ly =N H+D|U(Nn + 4)). Then Lemma 2.3.1 gives A < 7~ NT + BA or equiv-

alently A < (I — B)~'»=N, with the direction of the inequality being preserved due to
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B > 0 and the expression (I — B)™! = 3"7°, B!, which is valid due to (2.3.17). Taking

the infinity norm on both sides of this inequality gives

oo oo
1
e B - I B | T e
o 1=0 > 1=0 L= [1Blle

Combining this with (2.3.18) gives

Al <

N-1 1

o0
S NED Z(NL+ i+ Dy | < Ao — 7Y <7 N Y,

d
max | > RS :T

q=1 i=0 =0

Thus if 7V /(1 — ||B|lss) — 7~ < 1 we have our result. But this inequality is equivalent

to || Blleo < 1/(1+7r~Y) < 1/2 < 1, which is true by hypothesis. O

2.4 Examples

We provide an application of the above theory to analysing the memory characteristics
of autoregressive conditional heteroskedastic processes of order infinity. We consider the
sufficiently simple case of a scalar Volterra equation where the kernel has a ‘two—periodic’
(N = 2) component. We believe that this example is instructive in demonstrating the
complexity of the calculations for higher d or N, while retaining results which are eminently
verifiable.

The following example serves as a proof of Theroem 1.3.4. We follow the notation of
Chapter 1, i.e. b is the non-negative sequence in (AH), z is given by (1.2.6) and x. by
(1.2.3). The idea of the example is that if b obeys (1.3.7) and also contains a periodic
component then y, will have a similar rate of decay to b but their periodic components
will not be in phase and hence b ¢ .. Our first illustration of the theory deals with the

ratio of z/¢; the second uses this result to analyse x./¢.
Example 2.4.1.

We can take A\ := E[£(0)] > 0 because if Ay = 0 then £(n) = 0 for all n € ZT. Let
Ab(2n+i+1)/¢(2n) — a; > 0 for i € {0, 1}, for some ¢ € W(1) and ag # a1. Let (S1)
hold. Observing that (1.2.6) is of the form of (2.1.2), we apply Theorem 2.3.1 to (1.2.6)

giving,

2 2 1
Z( ’I’l) :CLOTO+a1T17 d1 = lim Z( nt )

= B 5(an) w35~ g(2n)

= a1Tp + aolt,
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where Ty = A(250(1 — 51)), T = A(S2 + (1= 51)2), A = (1 —$1)2 — 52) % and §; =
A1 2720b(25 +i+1). Also,

lim 2(2n)

B z(2n+1)
A TNy = Aidp/ay,  lim

—— = A\id .
n—oo b(2n + 1) 1d1/ao
Thus, we cannot have z ~ b unless (ap — a1)(ag + a1)Tp = 0, which cannot occur without

violating the hypotheses of the example.

Remark 2.4.1. In order to achieve z ~ ¢ (or dy = di) one might consider Ty = 77, this
however leads to Sy + 51 = 1, i.e. a contradiction of (S1). Hence in general z is not

asymptotic to ¢.

Remark 2.4.2. We provide a numerical illustration where all of the limits in Example 2.4.1
may be computed explicitly. Define ¢(n) = n=2 for all n > 1 and ¢(0) = 2. Let b(j) =
arj~2for j/2 € N, b(j) = apj 2 for j/2 ¢ N, where ag := 0.5 and a; := 0.25. Furthermore
let {£(n)}nez be an i.i.d. non—negative stochastic process with mean equal to unity (i.e.
A1 = 1). Thus it is calculated that
o oo
1 2 1 7T2
So = apA —=—, Si=aA —_— =,
0= a0 1;0 2 +12 16 17" 1]222( Y12 96
Noting that Sp+ .51 < 1, one can evaluate A, Ty and T} respectively and hence dy and dj.
Indeed A = 5.55073..., Ty = 6.14391... and T} = 6.58015..., which gives dy = 4.71699...
and dy = 4.82605.... Therefore

lim 227 _ do/ai = 4dy, lim 2@2n+1)

2T dyfag = 2d
n—00 b(2n) n—r00 b(2n + 1) 1/a0 =2dy,

and 4dy # 2d;. Hence the claim of the first statement of (1.3.8) does not hold.
Example 2.4.2.

We show that while it is possible for (1.3.7) to hold one need not have that the second
part of (1.3.8) holds. We proceed with the same set up as in Example 2.4.1, noting that

(1.3.7) is satisfied. Let ¢ be asymptotic to a decreasing sequence. Now observe,

X=(2u) = 2205 + u)2(24) + Y 2(2( +1)2(2j + 1),
J=0 J=0
X:(2u+1) = Zz( (J+u)+1)z —G—Zz (JHu+1))z(2j+1).
=0 =0
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Thus for some sufficiently large positive integer M, we have

w2 tu), +Z J+u D 04 1)

o2 ~ 2 o)
j+u . 2207 +w)+1) .
—i—j %ﬂ 2(27) + j:%ﬂ —oGu) 2(25 4+ 1).
For the third sum, recalling that z € ¢£}(Z%) as (S1) holds,
o 220 +v) 220 + ) 920G +w) . .
220 +u) (2)) < 4d (2)).
j:%l ¢<2u> ) %H oG tw) ou) “j:%l o

The fourth sum can be treated similarly. Recalling the non-negativity of z, we have

2(7 2(7 1
lim lim wz@j) = lim lim wz@j +1)=0.
M—00 u—00 (2u) M—00 u—00 #(2u)
j=M+1 j=M+1
For the first sum we see

M . M 00

. . 2(2(5 +u)) N N )

B 2 oy S = ]ZZO 2(2)) = do ]ZZO 2(25);

and a similar calculation applies to the second sum. Thus, after a similar analysis of

Xz(2u + 1) we have

(o] (o]
Jim ¢ = Z 2(27) + dy Z;Z(Qj+1):a070+a17'13
: ‘77
. Xz(2u+ 1 > > . .
uhj;o T Z (25) + do Zz(2j + 1) = apm + a7,
7=0 7=0
where
(o] o0 o (o]
0=To Y 22)+T1 ) 22j+1), n=T1Y 2(2j)+ToY 2(2j+1).
J=0 Jj=0 =0 j=0

Thus for x, ~ b we need limy 00 X2(2u)/b(2u) = limy—y00 X2 (2u + 1)/6(2u + 1), which is
equivalent to 7o(ap — a1)(ap + a1)/(apar) = 0, which can only occur if either ag = a; or
70 = 0. The first is ruled out by hypothesis. For the second, summing over (1.2.6) for
both z(2n) and z(2n + 1) gives

. 1-8 - S

R = PR A R e
which gives 7y the representation

ASo(S3 +3(1—51)%)
(1-51)? - S5

T0 —

Thus, 79 cannot be equal to zero (as otherwise ag = 0). Thus, while b(i)/{* — oo as

i — oo for any 0 < ¢ < 1 we do not have x,(u) ~ Cb(u), as u — oo, for any 0 < C' < 0.
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Remark 2.4.3. Following on from Remark 2.4.2 one can compute the various limits and
infinite sums in Example 2.4.2, i.e. Z;‘io 2(24), Zj’;o 2(2j + 1), 70 and 7 respectively and

hence we have

. X2(2u) ao o x(2u+1) al
1 = — = 67. .. 1 - = — = 34.1128..
dm gy = Mg o) = 679875, lim S m = Al £ ) = 341128

Thus as both A and 7y are positive (approximately 5.55073 and 22.5498 respectively), we
have that the above two limits are unequal and hence x,(u) % Cb(u) as u — oo for some

0<C < oo.
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Chapter 3

Admissibility of Linear Stochastic Volterra Operators and
Exact Asymptotic Behaviour of Affine Stochastic Volterra

Equations

3.1 Introduction

Interest in stochastic functional differential equations, including stochastic differential
equations with delay, and stochastic Volterra equations, has increased in recent years,
in part because of their attraction for modelling real-world systems in which the change
in the state of a system is both random and depends on the path of the process in the
past. Examples include population biology (Mao [83], Mao and Rassias [85, 86]), neural
networks (cf. e.g. Blythe et al. [28]), viscoelastic materials subjected to heat or mechanical
stress (Drozdov and Kolmanovskii [45], Caraballo et al. [32], Mizel and Trutzer [89, 90]),
or financial mathematics (Anh et al. [2, 3], Appleby et al. [20], Appleby and Daniels [7],
Arrojas et al. [22], Hobson and Rogers [68], and Bouchaud and Cont [30]).

Naturally, in all these disciplines, there is a great interest in understanding the long—
run behaviour of solutions. In disciplines such as engineering and physics it is often of
great importance to know that the system is stable, in the sense that the solution of the
mathematical model converges in some sense to equilibrium. Consequently, a great deal of
mathematical activity has been devoted to the question of stability of point equilibria of
stochastic functional differential equations and also to the rate at which solutions converge.
The literature is extensive, but a flavour of the work can be found in the monographs of
Mao [82, 84], Mohammed [91], and Kolmanovskii and Myskhis [76]. Results are known
concerning the asymptotic behaviour of affine stochastic Volterra equations, including
rates of convergence (see [19, 18]), but generally upper bounds on the solutions are found,
rather than exact rates of decay. In this chapter, we investigate not only the exact rate of
convergence of solutions to point equilibria, but also the exact rate of growth of solutions
of affine equations, which are of interest in studying the explosive growth or collapse of

asset prices in financial market models. This develops results established in [20].
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To determine the precise asymptotic results we require, it proves efficient and instruc-
tive to ask first a more general question concerning the asymptotic behaviour of stochastic

integrals of the form
(HF) (1) = /0 H(t,5)f(s) dB(s)

where H is a deterministic Volterra kernel and f is a deterministic function on [0, c0).
We require certain continuity and regularity properties on H and f which simplify our
analysis and ensure the existence of H f for every appropriate f. The result we have found
of most use is to determine, for fixed sample path, under which conditions H takes the
space of bounded continuous functions on [0,00) into the space of bounded continuous
functions on [0, 00) with a limit at infinity.

This may be thought of as an analogue of the theory of admissibility of (determin-
istic) linear continuous Volterra operators, especially in the important case where the
operator takes BCj(0,00) into itself, or when H takes BC into BCj. Corduneanu has
done significant work on the general theory of admissibility for Volterra integral operators
(see [36] and [37]). One motivation for the development of such an admissibility theory in
the deterministic case is to give precise asymptotic information regarding the solutions of
integral and differential equations. Corduneanu [38] contains a comprehensive survey of
progress up to 1991, while further developments in this theory are due to Cushing, Miller
and others. More recently, admissibility of continuous linear Volterra operators has been
used to determine asymptotic behaviour of a nonlinear integrodifferential equation with
infinite memory in Appleby, Gyéri and Reynolds [14]. Parallel results are also available in
discrete time: indeed, recent results on the theory of admissibility of Volterra operators in
discrete time, together with applications to Volterra summation equations, include Gyori
and Reynolds [60] and Song and Baker [112].

Reynolds [105] has established results which characterise certain admissible pairs of
spaces, as well as connecting the recent dynamical systems literature with parallel, earlier
work in the theory of linear operators.

Once we have developed some general results concerning the asymptotic behaviour of
‘Hf, the majority of the chapter is devoted to applying this theory to describe the fine

structure of the asymptotic behaviour of affine stochastic functional differential equations
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of the form

dX(t) = L(t, X;) dt + 2(t) dB(t)

where L = L(¢) is a linear functional from C([—7,0]) to R, or L(t,¢;) is a linear con-
volution Volterra functional from C([0,00)) to RY. Therefore, we are chiefly interested
in the effect of time—dependent stochastic perturbations on the asymptotic behaviour of
autonomous (or asymptotically autonomous) linear functional differential equations. It
is assumed that the asymptotic behaviour of solutions of the underlying fundamental
solution or differential resolvent can be described in terms of the solutions of the char-
acteristic equation. We presume that such solutions lie in the region of existence of the
Laplace transform of the measure in the linear functional on the right—hand side.

Results of Mohammed and Scheutzeow [92] show that with respect to white noise
perturbations, the Liapunov spectrum of deterministic functional differential equations is
preserved, to the extent that the leading positive Liapunov exponent of the deterministic
equation becomes the a.s. leading Liapunov exponent of the stochastic equation. However,
it is also of interest to ask whether oscillation, or multiplicity of the characteristic equations
are preserved when the noise intensity is sufficiently small (or does not grow too rapidly,
or decay too slowly, relative to the exponential rate of growth or decay of the resolvent).
It is known from [20] in the case of a particular scalar functional differential equation
with finite delay, for which the solution of the characteristic equation with largest real
part is real and simple, and for which the noise intensity is constant, that the solution of
the stochastic equation inherits exactly the rate of growth of the resolvent. It is natural
to ask whether a result of this kind can be generalised to deal with finite dimensional
equations, of both finite delay and Volterra type, for which there may be many solutions
of the characteristic equation which have the same real part, need not be simple, nor even
be real solutions.

It is a longstanding theme in the asymptotic theory of differential equations, and es-
pecially of linear equations, to ask the question: how large can a forcing or perturbation
term be, so that the perturbed differential system preserves the asymptotic behaviour of
the underlying unperturbed equation. Investigations of this type were systematically ini-
tiated by Hartman and Wintner in the 1950’s [64, 65, 66, 67]. More recently, there have

been many interesting contributions concerning the asymptotic behaviour of functional
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differential equations: the literature is quite large, but some important and representa-
tive papers include Cruz and Hale [39], Haddock and Sacker [62], Arino and Gyéri [21],
Castillo and Pinto [33], Gy6ri and Pituk [58], Pituk [99, 100], and Gy6ri and Hartung [54]
among many others. Already, some results for stochastic Volterra equations with state—
independent perturbations suggest that results of this type may also be available in the
random case Appleby [5].

It is one of the goals of this paper to demonstrate that very sharp conditions can be
identified on the intensity of the perturbations under which the asymptotic behaviour of
the deterministic equations is preserved. Moreover, we show that the results apply to a
wide class of affine stochastic functional differential equation, and examples and underlying
admissibility results show that there is the potential for our work to apply to a wider class
yet.

Our results for the solution X of functional differential equations have the form

i

where v : (0,00) — (0,00) is a deterministic real exponential polynomial, and S is a

lim
t—o0

- S(t,w)} =0, a.s. and in mean square (3.1.1)

random sinusoidal vector, whose “frequencies” are deterministic but whose “amplitudes”
or “multipliers” are multidimensional normal random variables which are path—dependent
(in the case where the zeros of the characteristic equation with largest real part are real,
S is a constant random vector). These “multipliers” turn out to be identifiable linear
functionals of the Brownian motion, the noise intensity ¥, and of the initial function or
condition, because we have an explicit formula for these multipliers in terms of the solutions
of the characteristic equation with largest real part. Similar multipliers emerge in papers
of Appleby, Devin and Reynolds on stochastic Volterra equations whose solutions have
Gaussian limits [11, 12]. Moreover, the joint distribution of these random limits is known
exactly, because the mean and covariance matrix of the Gaussian limit can be computed
explicitly in terms of the components of the random vector. This has already proved of
interest in [20] where the form of the multiplier can be used to describe the mechanism
by which financial market bubbles can start. Our results here are also superior to those
in Appleby and Daniels [7] (i.e. Chapter 5) in which a limit formula for asset returns of
the form (3.1.1) is found for a nonautonomous stochastic functional differential equation.

The method of asymptotic analysis, which applies the deterministic admissibility theory
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pathwise, shows that the distribution of S is Gaussian, but does not enable a formula for
the variance to be determined. These examples from finance demonstrate the utility of
an authentically stochastic admissibility theory in finding the exact form of the limiting

multiplier.

3.1.1 Preliminaries

If d is a positive integer, R? is the space of d-dimensional column vectors with real com-

ponents and R%1*% is the space of all d; x dy real matrices. The identity matrix on R%*¢
is denoted by Iy, while Og, 4, represents the matrix of zeros in R xdz
For any vector 2 € R? the norm ||| denotes the Euclidean norm, |z|?* = Z?:l x?

While for a matrix norm we use the Frobenius norm, for any A = (a;,) € R"*4
n d
2 2
1AIE =D > laisl
i=1 k=1
As both R? and R%*? are finite dimensional Banach spaces all norms are equivalent in the
sense that for any other norm, |||, one can find universal constants di(n,d) < da(n,d)
such that

di [|Allp < 1Al < d2 [[A]l -

Thus there is no loss of generality in using the Euclidean and Frobenius norms, which for
ease of calculation, are used throughout the proofs of this chapter. Moreover we remark

that the Frobenius norm is a consistent matrixz norm, i.e. for any A € R™*"2 B ¢ R"2*"3
[AB| g < [[Allp |Blf -

For any matrix C' € R"*? we say C > 0 if (C); ; > 0 for all 4,5. Also, we say for any
matrices A, B € R™*? that A < B if B — A > 0. We will use the fact that ||A|| < ||B]|

whenever 0 < A < B.

Definition 3.1.1. A positive function ¢ defined on R is called submultiplicative, if ¢(0) =

1, and
p(s +1t) < p(s)e(t),

for all s,t € R.
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We also define the limits

) L In(e(0)

Qp 1= — —
® ’ ® t—00 t

t——o0

Which always exist when ¢ is a submultiplicative function, c.f. [53, Lemma 4.1].

We define the following modes of convergence:

Definition 3.1.2. The R"-valued stochastic process {X (¢)}+>0 converges in mean-square
to X if
Tim E[|X (1) — Xaol] = 0.

Definition 3.1.3. If there exists a P-null set g such that for every w ¢ g the following
holds
lim X (t,w) = Xoo(w),

t—o0

then we say X converges almost surely (a.s.) to Xoo.

3.2 Stochastic Limit Relation

3.2.1 Mean Square Convergence

Let B(t) = {Bi(t), Ba(t), ..., B4(t)} be a vector of mutually independent standard Brow-
nian motions. For the definition of a stochastic integral in higher dimensions and the
result corresponding to It6’s isometry we refer the reader to [84, Definition 1.5.20 and
Theorem 1.5.21].

We consider the following hypotheses: let A C R? be defined by
A={(t,s):0<s<t<+o0}

suppose that

H: A — R"™™ is continuous. (3.2.1)

We first characterise, for f € C(]0, 00); R"*¢) with bounded norm, the convergence of the

stochastic process Xy = {Xf(t) : t > 0} defined by

t
X¢(t) :/0 H(t,s)f(s)dB(s), t>0

to a limit as t — oo in mean—square.
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Before discussing this convergence, we note that (3.2.1) is sufficient to guarantee that
X¢(t) is a well-defined random variable for each fixed t. Therefore the family of random
variables {X¢(t) : ¢ > 0} is well-defined, and X is indeed a process. Condition (3.2.1)
also guarantees that E[X¢(¢)%] < +oc for each ¢t > 0. Since f — X is linear, and the
family (X¢(t))i>0 is Gaussian for each fixed f, the limit should also be Gaussian and linear
in f, as well as being an F?(oco)-measurable random variable. Therefore, a reasonably

general form of the limit should be

Xf_/H s)dB(s),

where we would expect H,, to be a function independent of f. For each fixed ¢ the random
variable X (t) is FP(t)-adapted. In our first main result, we show that X;(t) — X} in

mean square as t — oo for each f.
Theorem 3.2.1. Suppose that H obeys (3.2.1). Then the statements

(A) There exists Hy, € C([0,00); R"™™™) such that [;° | Hoo(s)||* ds < +o00 and

. ¢ 2 5.
lim /0 |H(t,s) — Hx(s)||” ds = 0. (3.2.2)

(B) There exists Hso € C([0,00); R™™) such that for each f € BC(Ry;R™¥4),

/OtH(t,s)f / Heoo(s)f(s) dB(s)

2
lim E

t—o00

=0 (3.2.3)

are equivalent.

In the deterministic admissibility theory, the assumptions for convergence are given in
a different form from (3.2.2), c.f. e.g. Theorem A.1 from [14]. Our next result shows that

the natural analogues of those assumptions are equivalent to (3.2.2).
Proposition 3.2.1. Suppose that H obeys (3.2.1). Then the following are equivalent:
(A) H obeys (3.2.2);

(B) There exists Ho, € C(]0,00); R™ ™) such that

lim hmsup/ |H(t,s)||” ds =0, (3.2.4)
T—0oo t—o0
T
lim |H(t,s) — Hoo(s)||* ds = 0, for every T > 0. (3.2.5)
t—o00 0
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3.2.2 Necessary Condition for Almost Sure Convergence

We now consider the almost sure convergence of X¢(t) ast — oo to a limit. Our next main
result shows that if we have convergence in an a.s. sense, we must also have convergence

in a mean square sense.

Theorem 3.2.2. Suppose that H obeys (3.2.1) and there exists Hoo € C([0,00); R™*™)

such that for each f € BC([0,00); R"*%),

t

lim [ H(ts)f(s)dB(s) = /OOOHOO(s)f(s)dB(s), 0s. (3.2.6)

t—o00 0

Then (3.2.2) and (3.2.3) hold.

Theorem 3.2.1 is concerned with moment behaviour of X((t) = fg H(t,s)f(s)dB(s),
indeed the continuity of these moments is guaranteed by the assumption (3.2.1). In The-
orem 3.2.2 the condition (3.2.6) may implicitly impose continuity of the sample paths of
X¢. The issue of continuous sample paths of Xy is addressed in Lemma 2.D. of [27].
Specifically, let H obey (3.2.1). Suppose that H obeys a Holder continuity condition of

the following form: there exists a function K(s) and a constant o > 0 such that
T
/ |K(s)|?ds < +o0
0
and
‘H(tg,s) — H(tl,s)\ S K(S) (tg — tl)a, for 0 S S S tl S t2 S T. (3.2.7)
Since H is continuous, it follows that there exist constants ¢ > 0, D > 0 such that

T
sup/ |H(t,s)* “ds < D.
t€[0,77 J0

Lemma 2.D. of [27] now guarantees that a continuous version of

/Ot H(t,s)f(s)dB(s)
exists on [0, 7).
Remark 3.2.1. Therefore from Theorem 3.2.2 we have shown that (3.2.2) is a necessary
condition for a.s. convergence. It is of course natural to then ask whether (3.2.2) is
sufficient. We show by a simple example that in general additional conditions are needed
in order for (3.2.6) to hold. It is further noted that the assumed continuity and structure

of H is Examples 3.2.1 and 3.2.2 immediately gives the continuity of the sample paths of
f(f H(t,s)f(s)dB(s), and that the sufficient condition (3.2.7) is not needed.
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Example 3.2.1. Suppose that H? : [0,00) — R and Hy, : [0,00) — R are continuous
functions, and define

H(t,s) = Hoo(s) + H*(t), (t,5) € A.

Then H is continuous. Suppose also that Hu, € L?([0,00);R). We have that
t
/ (H (L, 5) — Hao(s))2 ds = LH(1)2.
0
By Theorem 3.2.1, it follows that

lim VtH*(t) =0 (3.2.8)

t—o0

is a necessary and sufficient condition for (3.2.3). It is also a necessary condition for
(3.2.6).

Since H, is in L%([0,0);R), for each f € BC([0,00);R) we have that the integral
fot Hy(s)f(s) dB(s) tends almost surely as t — 0o to [~ Hoo(s) f(s) dB(s). Therefore, we
have that

[e.9]

lim Hy(s)f(s)dB(s) =0, as.

t—o00 t

and thus

/ H(t, 5)f(s) dB(s) - / " Hao(s)f(s) dB(s)

0 0
— ﬁ S S) — - S S S). L.
—H(t)/o f(s)dB(s) / Hoo(s)f(s) dB(s). (3.2.9)

Suppose that H? obeys
lim VtloglogtH(t) = 0, (3.2.10)
so that, in particular, H*(t) — 0 as t — co. If f € L([0,00);R), then [; f(s)dB(s) tends
to a finite limit a.s., and therefore both terms on the righthand side of (3.2.9) tend to zero
as t — oo a.s., and (3.2.6) holds.
On the other hand, if f ¢ L?([0,0);R), then the martingale time change theorem and

the Law of the Iterated Logarithm, c.f. e.g [104, Exercise 5.1.15], give that

| o £(s)dBs)|
e -
\/2 fo 12(s) dsloglog fo 12(s)ds

Since f is bounded, we have that

=1, a.s.

1 t
lim sup t/ f2(s)ds < limsup f2(t) =: f2,
0

t—o00 t—o00
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so we have

|l a8
lﬂsc}olp V2tloglogt

Therefore, using this estimate and (3.2.10), we have H%(t) fg f(s)dB(s) - 0ast — o0

< fs, as.

a.s., and we have that (3.2.6) holds.

Obviously the conditions (3.2.10) and (3.2.8) do not coincide; in fact, (3.2.10) implies
(3.2.8). This provides an example of the veracity of Theorem 3.2.2 which can be verified
independently of the general proof of that result.

We note also that it is very difficult to relax (3.2.10) and still have the integral
fg H(t,s)f(s)dB(s) tending to a limit a.s. as t — oo. Indeed, there exist functions

H?* which do not obey (3.2.10), and so must satisfy

lim sup +/t log log t|H*(t)| > 0,

t—o0

for which

t
P[lim/ H(t,s)dB(s) exists| =0, (3.2.11)
0

t—o00

while at the same time we still have (3.2.3).

A choice of H* which satisfies these conditions can readily be made. Consider a con-

tinuous function H* which obeys H¥(n) = 1/y/nloglog(n + 2) for all integers n > 1 but
for which v/tH"(t) — 0 as t — oo and limsup,_, . v/floglogt|H*(t)| < +oo.
By virtue of the fact that H* obeys (3.2.8), we have that (3.2.3) holds. By the Law of

the Iterated Logarithm, we have that

limsup |H*(t)B(t)| < 400, a.s.

t—00
However,
o - . B
lim sup |H*(t)B(t)| > limsup |H*(n)|B(n)| = v2limsup =2,
t—00 n—00 n—00 \/27’L loglog(n + 2)

a.s., by the discrete version of the Law of the iterated logarithm, cf. e.g. [34, Theo-
rem 10.2.1]. If f(¢) =1 for all ¢ > 0 in (3.2.9), we have

t S S) — - S S) = ﬁ — - S S).
| 9 aB) — [t dBGs) = 1050 - [ Ho(s)an(s)

The second term on the righthand side has zero limit as ¢ — oo a.s., but by the above

argument, the first term obeys

0 < limsup [H*(t)B(t)| < +o0, a.s.

t—o00

82



and therefore (3.2.11) holds, as claimed.

The next example shows that sometimes the conditions which give mean square con-

vergence and a.s. convergence are the same.

Example 3.2.2. Suppose that H* : [0,00) — R and H : [0,00) — R are continuous

functions, and define

H(t,s) = Hoo(s)H (), (t,s) € A.

Then H is continuous. Suppose also that H., € L?([0,00);R). We have that

t
/(H(t,s)—H (5))2ds = (H(¢) /H2
0

Therefore, by Theorem 3.2.1, we have (3.2.3) if and only if

lim H*(t) = 1.

t—o00

We know by Theorem 3.2.2 that this condition is also necessary for a.s. convergence.
To show that it is sufficient, suppose f € BC([0,00); R). Then, as Hy, € L?([0,00); R),

we have that

t
lim H (s)f(s)dB(s) exists and is finite a.s., and

t—o0
e’}

lim Hyo(s)f(s)dB(s) =0, as.

t—o0 t

Therefore, we have the identity

/OtH(t,s)f / Hoo(5)f(5) dB(s)
~ ()~ 1) /OtHoo(S)f )~ [ Hol1(5)aB05)

Since H*(t) — 1 as t — oo, the limit as t — oo of the righthand side is zero, and so we
have (3.2.6). Therefore, the condition H%(t) — 1 as t — oo is necessary and sufficient

both for (3.2.6) and for (3.2.3).

3.2.3 Sufficient Conditions for Almost Sure Convergence

We now investigate sufficient conditions for a.s. convergence for functions H which need

not necessarily be of the form

n

H(t,s) =Y Hj(s)HIt), (t,s)€A,

J=1
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and which are covered by explicit and direct calculations in Examples 3.2.1 and 3.2.2.

Firstly the scalar case is looked at, after which the multi-dimensional case follows.

Theorem 3.2.3. Suppose that H € C(A;R), and also that H € CYY(A;R). Let Hy €
C([0,00); R) N L2([0,00); R). Suppose also that

t
lim [ (H(t,s) — Hx(s))*ds -logt =0, (3.2.12)

t—o00 0

and

There exists ¢ > 0 and cq > 0 such that

t
/ Hi(t,s)%ds < cg(1+ )%, H(t,t)? <c (1 +1)%7. (3.2.13)
0

Then
t

lim [ H(ts)f(s)dB(s) = /OOOHOO(s)f(s)dB(s), 0.s.

t—o0 0

for each f € BC(]0,00);R).

Remark 3.2.2. We notice that (3.2.12) implies a given rate of decay to zero of fot(H(t, s)—
Ho(s))?ds as t — oo. This strengthens the hypothesis (3.2.2) which is known, by Theo-

rem 3.2.2, to be necessary.

Remark 3.2.3. The continuity of the sample paths of fot H(t,s)f(s)dB(s) in Theorem 3.2.3
is assured by the derivative condition (3.2.13). Fix T'> 0 and let 0 < s < t; <ty < T.

Then, as H € C1°(A;R) by the Mean Value Theorem, we get
[H(t2,s) — H(t1,s)| = [H1(t", )| [t2 — ta],

for some t* = t*(s) € [t1,t2]. Next, define K(s) := sup; <;<y, |[H1(t,s)[. This is well-

defined and finite by the continuity of H;. Therefore
|H (to,s) — H(t1,s)] < K(s)|ta —t1], forall 0 <s <t <ty <T,
which is (3.2.7) with & = 1. Note moreover that the continuity of s — K (s) ensures that
T
/ |K(s)|? ds < +o0,
0

and therefore all the conditions of Berger and Mizel’s continuity lemma are satisfied.
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Remark 3.2.4. While the pointwise bound on H (¢,t) in (3.2.13) may appear quite mild,
one may prefer an integral condition to this pointwise bound as this would allow for H(¢,t)
to potentially have “thin spikes” of larger than polynomial order. Scrutiny of the proof of
Theorem 3.2.3 reveals that the condition H(t,t)* < c4(1 + t)%? can be replaced by

(k+1)°
lim H(s,s)?ds-logk =0, forany0<6<1/(1+2q), (3.2.14)

k—o0 J10
where the limit is taken through the integers. Condition (3.2.14) shall be used in the proof
of Proposition 3.3.1 in preference to H(t,t)? < ¢ (1 + t)?4. Nevertheless for simplicity we

retain the condition on H(¢,t) in the statement of Theorem 3.2.3.

We give the multi-dimensional version of Theorem 3.2.3.

Theorem 3.2.4. Suppose that H obeys (3.2.1) and also that H € CYO(A; R™™). Suppose

also that there exists Hoo € C([0,00); R™™) such that [;° | Hoo(s)||* ds < +00 and

t
lmE/HH@ﬁ)—Hw@ﬂFd&kgt:O, (3.2.15)
0

t—o00

and

There exists ¢ > 0 and cq > 0 such that

t
AHM@$W$§QG+N%\W@MPSMLHW.@zm)
Then H obeys (3.2.6).

Proof. This proof relies upon the established sufficient conditions of Theorem 3.2.3 for
almost sure convergence. As Theorem 3.2.3 applies to scalar valued functions we firstly
see the implications of the norm conditions of Theorem 3.2.4 upon the elements of their
respective matrices.

As f € BC([0,00); R™9) each element of f is continuous. Also f € BC([0,00); R"*9)
is equivalent to sup820||f(s)H% < 400, then fr; € BC([0,00);R) for all 1 < k < n,
1<j<d

The condition H(t,s) € C19([0,00);R) holds true element-wise. Also, ||Hwollp €
L?([0,00); R) clearly implies Hoo, , € L?([0,00);R) for all 1 <i<n, 1<k <n.

Now (3.2.15) is equivalent to

n o n t 2
i 35" [ (00— (o)) s dogt =0

=1 k=1
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which clearly implies

t 2
lim (H(t, S)ik — Hoo(s)i,k> ds-logt =0, foralll<i<n,1<k<n. (3.2.17)
0

t—o0

Now f(f |Hy(t, s)||3 ds < cg(1 4 1), is equivalent to
2
ZZ/ L% (t ] ds < cqf1 + 1)
which clearly implies
t7r o 2
/ [(%H(t, S):| ds <c,(1+1)%, foralll1<i<n,1<k<n. (3.2.18)
0 i,k
Similarly, || H (t, t)H%7 ds < cg(1 4 t)?9, is equivalent to
n n
SN H(t, )7 ds < (1 +1)*
i=1 k=1

which clearly implies
H(t,t)7ds < cq(L+1)%, forall1<i<n,1<k<n. (3.2.19)

Hence, considering (3.2.17), (3.2.18),(3.2.19) and proceeding discussion regarding con-

tinuity of H and boundedness of f one may apply Theorem 3.2.3 to get

¢
lim [ H(t,s)ixf(s)k;dB;(s / Hoo,  (8)f(8)k,jdB;(s), a.s.

t—o00 0

forall1<i:<n,1<k<n,1<j<d. Thus,

n d

tllglOZZ/ Hit,s zkf kde (s) = ZZ/OOO szk(s)f( )Iﬁde (), as.

k=1 j=1 k=1 j=1

for all 1 < ¢ < n. Equivalently one may write

lim ( /0 CH(t ) f(s)dB(s))i _ < /0 T Ho f(s)dB(s))i, as.

for all 1 <14 <n which is (3.2.6). O

Remark 3.2.5. Analogous to Remark 3.2.4, the condition ||H(t,t)||* < ¢4(1 + )% in The-
orem 3.2.4 may be replaced with

(k+1)8
lim |H (s, s)||* ds-logk =0, for0<6<1/(1+2q), (3.2.20)

k—oo J1.0

with the limit taken through the integers.
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3.3 Applications to affine equations

3.3.1 Asymptotic behaviour of a stochastic convolution integral

This section applies the theory of stochastic admissibility, developed in the Section 3.2,
to SFDEs. We consider Volterra linear SFDFEs and linear SFDEs with finite delay. These

equations both have the form
dX (t) = (f(t) + L(Xy))dt + () dB(t), t>0,

where L is a linear functional, ¥ € C(Ry;R>?), f e C(Ry;R%), B is a standard d’-
dimensional Brownian vector and the solution X lies in R?. For any y : R — R¥" we

Rdxn

define the segment y; : R — : s y(t +s) for any n,d € Z". An appropriate initial

condition is also imposed. The associated deterministic equation is
Z'(t) = L(zy), >0,

with the same initial value as the stochastic equation. Also defining the differential resol-
vent, r,

r'(t)=L(r), t>0,  r(0)=1I4, (3.3.1)

allows one to write the variation of parameters formula, for ¢ > 0,

X(t)=z(t) + /0 r(t—s)f(s)ds+ /0 r(t — s)X(s) dB(s).

The asymptotic behaviour of z and r is primarily known from the theory of determin-
istic linear differential equations and so one may now apply the admissibility theory of
Section 3.2 to determine the asymptotic behaviour of the stochastic convolution integral,
fot r(t — s)3(s) dB(s), and hence of X, providing that the diffusion, ¥, does not grow too

rapidly.

Proposition 3.3.1. Let a € R, N be some finite positive integer, {ﬁj}é-vzl be a sequence
of some real constants and (Pj)év:l and (Q])jvzl be sequences of d x d matriz—polynomials

of degree n , for some positive integer n, and in particular

Pi(t) =t"P; + O(t"™"), Q;(t) =t"Q; +O0(t"").
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where at least one of Pr,Q; # 0 for all j € {1,...,N}. Suppose R is a.e. absolutely

continuous and is defined such that it obeys, for some € > 0, the asymptotic estimates

O(el=9t),  ifn=0
R(t) = , ast— oo, (3.3.2)

O(e®tt"=1),  ifn>1
\

O(ele=9I), ifn =0

/
R(t) = , ast— oo. (3.3.3)
O(e®tt), ifn>1

and suppose that r is given by
N
r(t) =Y e {P;(t) cos(Bt) + Q;(t) sin(B;t)} + R(t), t>0. (3.3.4)
j=1
Let 3 € C(]0,00); R be continuous with

/ 204 5(1) |2 dt < +o0. (3.3.5)
0

Let Y be the process defined by

Y(t)= /tr(t —s)¥(s)dB(s), t>0, Y(0)=0. (3.3.6)
0

Then

lim Yit) _ ﬁ:{L isin(Bt) + Lo jcos(Bit)} | =0, a.s (3.3.7)
t—o0 \ tneat = Lj J 2, j ) -S. 3.

where
Ly;:= /000 e { P sin(B;s) + Qj cos(B;s) }X(s) dB(s), (3.3.8a)
Ly = /000 e” “{ P} cos(Bs) — Q; sin(B;s) }(s) dB(s). (3.3.8b)

The square integrability, L?(0,00), of the noise term, i.e. (3.3.5), is a usual condition
to have when dealing with stochastic terms. When ascertaining asymptotic behaviour of
deterministic forcing functions it is more typical to require an absolute integrability con-
dition, L'(0,00). This is indeed what is required in Corollary 3.3.1, i.e. (3.3.9). Proposi-

tion 3.3.1 is shown to be robust with respect to deterministic perturbations.

Corollary 3.3.1. Let a € R, N € Z*/{0}. Let {8;}}L,, {P;}} 1, {Q;} Ly, R,E and Y

be as defined in Proposition 3.3.1, with (3.3.5) holding. Let f € C([0,00),R?) with

/ et £(8)]dt < +o0. (3.3.9)
0
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Let V' be the process defined by

V() = /tr(t _ S f(s)ds+Y(1), t>0, V(0)=0. (3.3.10)
0
Then
Vi)
tliglo ot Zl{Ml’j sin(B;t) + Ms jcos(Bt)} | =0, a.s.
]:
where

My;=1L;+ /0 e *{P7sin(B;s) + Qj cos(B;s)} f(s) ds,

My = Lo+ /0 e*aS{Pf cos(fjs) — Q; sin(B;s)}f(s)ds

and where Ly j and Lo j are given by Proposition 3.3.1.

3.3.2 Preliminaries

Let M (J,R¥®) be the space of finite Borel measures on .J with values in R%*? | where .J
shall be either R, or [—7,0]. The total variation of a measure v in M (.J, R%*%) on a Borel

set B C J is defined by

N

V[(B) :=sup Y _ [v(E3)],

i=1
where (El)i\;l is a partition of B and the supremum is taken over all partitions. The total
variation defines a positive scalar measure |v| in M (J,R). If one specifies temporarily the
norm |-| as the /'-norm on the space of real-valued sequences and identifies RAXd by R

one can easily establish for the measure v = (l/m)i’;-i;l the inequality

d d
lv|(B) < C’Z Z lvij|(B) for every Borel set B C R (3.3.11)
i=1 j=1

with C' = 1. Then, by the equivalence of every norm on finite-dimensional spaces, the in-
equality (3.3.11) holds true for the arbitrary norms |-| and some constant C' > 0. Moreover,

as in the scalar case we have the fundamental estimate

| vis) 569

Rd’ xd

< /J vl(ds) |£(s)]

for every function f:J — which is |v|-integrable.
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3.3.3 Volterra linear functional equations

A Shea-Wainger theorem is developed in [19] which relates the location of the roots of
a characteristic equation to the solution of a Volterra linear SFDE lying in a weighted
LP-space. We reproduce the set-up of those equations here.

Let (9, F, P) be a complete probability space equipped with a filtration (F(t))s>0, and
let (B(t))i>0 be a standard d’-dimensional Brownian motion on this probability space.
Consider the stochastic integro-differential equation with stochastic perturbations of the
form

dX (t) = (f(t) + /[oﬂ plds) X(t = 5)> A o= (3.3.12)

X(0) = Xo,

where g is a measure in M(R;,R¥>?) ¥ € C(R;R>*Y), f € C(Ry;R?). The initial
condition X is an R-valued, F(0)-measurable random variable with E |X|* < co. The
existence and uniqueness of a continuous solution X of (3.3.12) with X (0) = Xy P-a.s. is
covered in Berger and Mizel [27], for instance. Independently, the existence and uniqueness
of solutions of stochastic functional equations was established in It6 and Nisio [69] and
Mohammed [91].

The so-called fundamental solution or resolvent of (3.3.12) is the matrix-valued func-

tion r : Ry — R4 which is the unique solution of

r'(t) = / u(ds)r(t—s) fort>0, r(0)=1I;. (3.3.13)
[0,2]

Adapting Reif}; Riedle and van Gaans [103, Lemma 6.1] for deterministic perturbations

gives that the solution X obeys the variation of constants formula for ¢ > 0:

X(t)=r(t)Xo+ /t r(t—s)f(s)ds + /t r(t —s)X(s)dB(s) P-as. (3.3.14)
0 0
To see this, define w to be the unique solution of
W) = £(b) +/ w(ds)w(t—s), >0, w(0)=0.
[0,2]
Then w(t) = fg r(t — s)f(s)ds. Defining Z(t) := X (t) — w(t) for t > 0 gives

A7 (t) = /[O JHA9Z( =) +SOABO, 120, 20) = Xo
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Hence [103, Lemma 6.1] gives
t
20) = r(0Xo+ [ 10 9SWaB(s). Pas 120,
0

which rearranges to yield (3.3.14).
Define

o =inf{a eR: / e *®|u|(ds) is well-defined and finite}. (3.3.15)
[0,00)

Then the function h, : C — C defined by

hu(\) = det (AId— /[O )e_’\s,u(ds)>

is well-defined for R(\) > o*.
Define also the set

A={\eC:hu(X) =0}

The function h, is analytic, and so the elements of A are isolated. Define
a = sup{R(\) : hy(A) = 0}. (3.3.16)

It is always the case that such an « is finite, we assume however that a* < «. Because
the solution r obeys an exponentially growing or decaying upper bound, this is equivalent
to assuming that there exists A € C with R(\) > o* for which h,()\) = 0.

With the assumption a* < a, there exists § € (0, — o*). By the Riemann—Lebesgue
lemma, cf. e.g. [53, Theorem. 2.2.7 (i)], for such a 6 > 0 there exists M = M(J) > 0 such
that h,(\) # 0 for all A € C such that o* < a—0 < R(\) < a4+ 6 and |I(N)| > M(0).
HFK={AeC:0<|R\)—a] <4, |I(N)| < M(@)}, the fact that h, is analytic ensures
that there are at most finitely many zeros of h, in K. Therefore, there exists a minimal
e € (0,9] such that h,(X) # 0 for all @« — e < R(A) < «, and therefore there exists
8 = a — e such that h,(z) # 0 for all R(z) = &. Define p(t) = et for t € R. Then
¢ is a submultiplicative weight function on R for which w, = a, = ¢’ = o — . Define
Ac ={A e A:R(\) >a—c¢}. Clearly A; is a set with only finitely many elements, as is
AN ={Xx e A:R(\) =a}. Then by Theorem 7.2.1 in [53], there exists an a.e. absolutely
continuous function ¢ such that ¢, ¢ € L'(R;p; R¥9) and

M= Y e Peos(Bit) + Q)sin(B0) +a(t), 120, (3317)

/\J‘ EAE,Q()\]')EO
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where ()\;) = o and F()j) = B;, and where P; and @; are matrix—valued polynomials
of degree n;, with nj + 1 being the order of the pole \; = a; + if3; of [h,]~!. We remark
that n; (the ascent of A;) is less than or equal to the multiplicity of the zero A; of hy,.
Let n denote the highest degree of all polynomials associated with roots in A’ and
let A1,..., Ay be the finitely many roots in A’ which have associated polynomials of this
degree and have 3(\;) = ; > 0. We associate with each such \; = « + if; the matrix

polynomials P; and Q; of degree n in (3.3.17). Therefore we may write
Pi(t) =t"P; + O(t"™"), Q;(t) =t"Q5 + O(t" ). (3.3.18)

where at least one of P} and @ are not equal to the zero matrix, for each j € {1,..., N}.
The precise values of P* and Q] can be determined from the Laurent series of the inverse

of the characteristic function, h,, expanded about Aj;, i.e.

n

-1
'K

My — / eopds)| = 3 ATV, (3.3.19

[ T o © M >] (A=At Y )

m=0
where the remainder term ¢;()\) is analytic at A;. If A; is real then P/ = K ;,, otherwise
Pr=2R(Kjy,) and Qf := —23(Kj,). We note that (3.3.19) defines the value of n.
Define

N
R(t) = r(t) — 3 e {Py(t) cos(Byt) + Q;(1)sin(Bt)}, ¢ > 0. (3.3.20)
j=1

Then R is a.e. absolutely continuous. We determine asymptotic properties of R and R’.

Lemma 3.3.1. Let R be defined by (3.3.20). Suppose that o* and «, defined by (3.3.15)

and (3.3.16) respectively, obey a* < a.. Then there exists € € (0, — a*) such that
(i) If n =0, then R(t) = O(el*9)) as t — co.
(ii) If n =0, then R'(t) = O(el*9)") as t — .

(iii) If n > 1, then R(t) = O(t" 1e™) as t — oc.

(iv) If n > 1, then R'(t) = O(t"e™), as t — oc.

3.3.4 Finite delay linear functional equations.

The exact rate of growth of the running maxima of solutions of affine SFDEs with finite

memory is discussed in [16] We reproduce the set-up of those equations here.
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Let (2, F, P) be a complete probability space equipped with a filtration (F(t)):>0, and
let (B(t))i>0 be a standard d’-dimensional Brownian motion on this probability space.
Consider the stochastic integro-differential equation of the form

dX (t) = (f(t) + /[_ ; v(ds) X (t + 5)> dt + X(t)dB(t) for t > 0, a0

X(t) = ¢(t), tel-70]
where v is a measure in M ([—,0],R¥*?%), % € C(R;R>?), f € C(Ry;R%). For every
¢ € C([—7,0],R%) there exists a unique, adapted strong solution (X (t,¢) : t > —7) with
finite second moments of (3.3.21) (cf., e.g., Mao [84]). The dependence of the solution on
the initial condition ¢ is neglected in our notation in what follows; that is, we will write
X(t) = X(t,¢) for the solution of (3.3.21).
Turning our attention to the deterministic equation in R? underlying (3.3.21). For

fixed constant 7 > 0:
(1) = / (ds) ot +5) fort>0, z(t)=o(t) te[-r0. (3.3.22)
[_7—70]

For every ¢ € C([—,0],R%) there is a unique R%-valued function = z(-, ¢) which satisfies
(3.3.22).
The so-called fundamental solution or resolvent of (3.3.21) is the matrix-valued func-

tion r : Ry — R¥*9 which is the unique solution of

r'(t) = / v(ds)r(t+s) fort>0, r(0)=1I;. (3.3.23)
[max{—7,—t},0]

For convenience one could set 7(t) = 0q4 4 for ¢t € [—7,0).
The solution z(-, ¢) of (3.3.22) for an arbitrary initial segment ¢ exists, is unique, and

can be represented as

0
z(t, ) = r(t)(0) + / /[ ] v(ds)r(t+ s —u)p(u)du, for t > 0;

cf. Diekmann et al. [43, Chapter I].
By Reif}, Riedle and van Gaans [103, Lemma 6.1] the solution (X(¢) : ¢ > —7) obeys

a variation of constants formula:

X a(t) + [yt —s)f(s)ds+ [ r(t —s)S(s)dB(s), t >0, 5.321)

o(1), t e [-T,0].
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The process X defined by (3.3.24) obeys (3.3.21) pathwise on an almost sure event.

Define the function g, : C — C by

gy (A) = det ()\Id — /[_ ) e/\su(ds)>

and also the set of its zeros

A={NeC:g,(\) =0}

The function g, is analytic, and so the elements of A are isolated. Define
a = sup{R(A) : g,(A) = 0}. (3.3.25)

Once again « is finite. Furthermore the cardinality of A’ = {R(\) = o : X\ € A} is finite.
Then, following a similar argument as in Subsection 3.3.3, there exists €9 > 0 such that
gv(A) # 0 for a — g9 < R(A) < a and hence g,(A\) # 0 on the line R(\) = ¢ for every
e € (0,e0). Thus we have

rie et =Y (Pj(t) cos(B3))t) + Q;(t) sin(ﬁj)t)) Foleh), t = oo, (3.3.26)

AjEN F(X;)>0
where R();) = o and S(\j) = B;, and where P; and Q; are matrix-valued polynomials
of degree n;, with n; + 1 being the order of the pole A\; = a + i3; of [g,]~*. This is a
restatement of Diekmann et al [43, Theorem 5.4].

Let n denote the highest degree of all polynomials associated with roots in A’ and let
A1, ..., AN be the finitely many roots in A’ which have associated polynomials of this degree
and have J(\;) = f; > 0. We associate with each characteristic root \; = o + i3; the
matrix polynomials P; and @ in (3.3.26) above, each of which has degree n. Therefore

we may write

Pi(t) =t"P; + O(t"™"), Q;(t) =t"Q; + O(t" ). (3.3.27)

where at least one of P;‘ and Q; are not equal to the zero matrix, for each j € {1,..., N}.
The precise values of P* and Q] can be determined from the Laurent series of the inverse
of the characteristic function, g,, expanded about \;, c.f. [43, pp.31] i.e.
-1 n K
m! K
M, — / Mu(ds)| = ST e (3.3.28)
[ [—,0] mZ:O (A= Aj)mtt =Y
where the remainder term §;(\) is analytic at A;. If \; is real then Pj* = K}, otherwise

P;=2R(Kj,) and @} := —23(Kj,). We note that (3.3.28) defines the value of n.
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Define
N
R(t) = r(t) = 3 e {Py(t) cos(B;1) + Q1) sin(81)}, 12 0. (3.3.20)
=1

Then R is a.e. absolutely continuous. We determine asymptotic properties of R and R’.

Lemma 3.3.2. Let R be defined by (3.3.29). Suppose that « is as defined by (3.3.25).

Then there exists € > 0 such that
(i) If n =0, then R(t) = O(e/*9)") as t — oo.
(i) If n =0, then R'(t) = O(el*9)") as t — oco.
(ii5) If n > 1, then R(t) = O(t" le™) as t — oo.
(iv) If n > 1, then R'(t) = O(t"e™), as t — oc.

Remark 3.3.1. We observe that the differential resolvent of (3.3.23) may be regarded as
the solution of a Volterra equation. Define vy (F) = v(—FE) where —E = {z : —z € E} for
all sets ' which are subsets of the Borel sets formed from the interval [0, 7] and v (E) =0

for all sets E' which are subsets of the Borel sets formed from the interval (7,00). Then

r'(t) = /M vi(ds)r(t —s) for t >0, r(0) = I.

For t > 7,

V() = /[0 RAGUGEE /( a9

- / v (ds)r(t — o)
0

as v4 = 0 in the second term on the right-hand side. On the other hand, for 0 <t < 7,

it is true that max{—7, —t} = —t and hence

r'(t) = /[0 p vi(ds)r(t—s) fort>0, r(0)=1I,

We will use this fact in the proof of Lemma 3.3.2.

3.3.5 Main Results

We now state the main results for the Volterra equation and affine SFDE with finite

memory
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Theorem 3.3.1. Let o and «, as defined by (3.3.15) and (3.3.16) respectively, obey
a* < a. Letn be given by (3.3.19) (i.e. n+ 1 denotes the highest order of all roots in
A =AN{R\) = a,3(\) > 0}) and let ()\j)j-vzl be the finitely many roots in A" with this
order. Define Bj = S(Aj), j =1,...,N. Suppose that P}, Q} for j =1,...,N are given

by (3.3.18). Let f € C([0,00); R?) be such that
/OOO e | f(t)| dt < +o0 (3.3.30)
and let ¥ € C([0,00); R be such that
/OOO e 29[S (1)]|? dt < +oo. (3.3.31)

Let X be the unique solution of (3.3.12). Then

N
= (@ X0 + My ) sin(B;t) + (PyXo + Ma) cos(8it)} | =0, a.s.

Jj=1

lim X(t)

t—oo | thect

(3.3.32)

where My ; and Ma ; are given by Corollary 3.5.1.

Observe that from the conclusions of Lemma 3.3.1, R and R’ of (3.3.20) obey equa-
tions (3.3.2) and (3.3.3). Also a rearrangement of r given by (3.3.20) yields the form of
(3.3.4). Thus, the proof of Theorem 3.3.1 is an immediate consequence of Lemma 3.3.1,

Corollary 3.3.1 and Remark 3.3.5 and so is omitted.

Remark 3.3.2. The condition a® < « is imposed as in order to apply Theorem 7.2.1 of
[53], it is needed that the Laplace transform of p in h,, is well-defined over an open region
of the complex plane which contains the critical line R(\) = a. Theorem 7.2.1 of [53] then
allows one to conclude the asymptotic behaviour of the deterministic resolvent, (3.3.17).
This condition is also required in determining the asymptotic behaviour of the remainder
term R of (3.3.20).

In the case that a* = « (i.e. the line on which lie the zeros of h with largest real part
co—incides with the boundary of the region of existence of the Laplace transform of |u|),
then the deterministic theory differs to that as describes by Theorem 7.2.1 of [53]. The
asymptotic behaviour in this case is examined in great depth in Jordan et al. [70], Kriszten
and Terjéki [77] and Miller [88]. In particular, in order to apply successfully our stochastic

admissibility results, we need good asymptotic information about both the resolvent and
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its derivative. For the cases covered here, existing deterministic results for the resolvent
suffice, but new work has been required, and is supplied, for the derivative. Thus, in this
case the stochastic theory as described by Theorem 3.3.1 would not necessarily hold.
Some articles which examine the case when the line containing the leading characteristic
exponents of the characteristic equation co—incides with the boundary of the domain of
the transform of the measure are e.g. [53, Chapter 7.3|, [77] for deterministic theory and

[11], [12], for stochastic theory.

The corresponding result for the affine SFDE is as follows.

Theorem 3.3.2. Let o be as defined by (3.3.25). Let n be given by (3.3.19) (i.e. n+1
denotes the highest order of all roots in A" = AN{R(\) = a,I(\) > 0}) and let ()\j);\le be
the finitely many roots in A" with this order. Define B; = I(X\;), 7 =1,...,N. Suppose
that P?, Q5 for j=1,...,N are given by (3.3.27). Let f € C([0, oo);Rd) be such that

/ e | f(t)| dt < +o0
0
and let ¥ € C([0,00); R be such that
> —2at 2
/ e X ()] dt < +o0. (3.3.33)
0

Let X be the unique solution of (3.3.21). Then

X(t
lim (*)

t—oo \ tneot

Z{JU sin(B;t) + Jojcos(Bit)} | =0, a.s. (3.3.34)
where

J1j = Qj¢(0) + G+ My, Jaj = Pio(0) + Gy + Moy,

G, = / T /[ ) Q] cos{Byu) — B} sin(B)) o5 — )

Gri= [ T /[ P cos(3) + Q5 im0}t —
and where My j and My are given by Corollary 3.3.1,

Observe that from the conclusions of Lemma 3.3.2, R and R’ of (3.3.29) obey equa-
tions (3.3.2) and (3.3.3). Also a rearrangement of r given by (3.3.29) yields the form of
(3.3.4). Thus, the proof of Theorem 3.3.2 is an immediate consequence of Lemma 3.3.2,

Corollary 3.3.1 and Remark 3.3.5 and so is omitted.
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Remark 3.3.3. Theorem 3.3.2 differs from Theorem 3.3.1 with respect to the region of exis-
tence of the characteristic equation g,, i.e. f[_T 0] e®|v|(ds) exists for all a € (—o0,00) and

thus the condition o < «, present in Theorem 3.3.1, has no analogue in Theorem 3.3.2.

Remark 3.3.4. While Theorems 3.3.1 and 3.3.2 give a rate of growth or decay in an almost
sure sense, it is observed, via Theorem 3.2.2, that this convergence also holds in mean
square. That is, for the solution of the Volterra equation (3.3.12), with the assumptions

of Theorem 3.3.1,

2
N

— Y QX0 + My j)sin(B;t) + (Py Xo + M) cos(8;t)}|| | =0.
j=1

Xt
lim E *)

t—o00 tneat

Also, for the solution of the finite delay equation (3.3.21), under the assumptions of The-

orem 3.3.2,

2
N

— Z{Jl’j Sin(ﬁjt) + JQ’j COS(Bjt)} =0.

j=1

lim E X()

t—00 tneat

Remark 3.3.5. The asymptotic behaviour of the deterministic functional differential equa-

tions (3.3.13) or (3.3.23), each of which obey

T

t—o0 | tneot

N
— > {Q)sin(B5t) + P} cos(B;)} | =0, (3.3.35)
j=1

where P’ and @ are determined by (3.3.18) (in the case of the Volterra equation) and
(3.3.27) (for the equation with finite delay) is analogous to the asymptotic behaviour of
X as given by (3.3.32) and (3.3.34) respectively.

It can therefore be seen, despite the presence of the stochastic integral, that X inherits
the asymptotic behaviour of r, provided that the intensity of the noise perturbation does
not grow too rapidly.

Regarding the multipliers of the trigonometric terms we remark that M; ; and M> ; are
Gaussian distributed random variables and hence their values and, in particular, sign will
depend upon the sample path. Moreover these random variables depend on the coefficients

of the trigonometric terms in (3.3.35) i.e. P/ and Q7.

Remark 3.3.6. The conditions (3.3.5) and (3.3.9) on the growth of ¥ and f are, in some
sense, unimprovable if the asymptotic behaviour of X is to be recovered.

Consider, for example, the scalar ordinary affine stochastic equation

dX (t) = (aX(t)+ f(t))dt + 2(t)dB(t), t>0, X(0)=Xo€eR,

98



where a € R, ¥ € C([0,00); R) and f is a non—negative function, i.e. f € C([0,00);[0,00)).

Then we have the following equivalent conditions:

(i) (3.3.5) and (3.3.9) hold.
(ii) There exists an a.s. finite random variable L such that

P|lim e ™X(t) =L e (—oo,oo)} > 0. (3.3.36)

t—o00

(iii) There exists an a.s. finite random variable L such that

lim e” X (t) = L, a.s. (3.3.37)

t—o0

The proof of Remark 3.3.6 is deferred to Section 3.6.

Remark 3.3.7. The asymptotic behaviour of the solution of (3.3.21) in the case when
o < 0 and the diffusion coefficient is time independent, i.e. X(t) = ¥ € R¥™? for all
t > 0, is considered in [16]. It is argued that asset prices in financial markets fluctuate
and therefore it is of interest to describe the order of the oscillations about the mean in
particular the rate of growth of the running maximum of this asset price. In this case
the resolvent function decays exponentially to zero resulting in the process X behaving

asymptotically like a Gaussian process. Specifically, it is shown that

X(t a 2
lim sup X®)leo = max Z r(s)X) ds, a.s.
t—00 2logt  i=1,..d — ik

However for constant coefficient of diffusion, condition (3.3.33) is violated and hence The-

orem 3.3.2 does not apply.

Remark 3.3.8. The asymptotic behaviour of the solution of the scalar equation (3.3.21),
with d = 1, is considered in [20] with o > 0, the zero of g which has this real part is a simple
real zero and all other zeros of g have real parts less than a. Thus [20, Theorem 3.1 (b)],
which considers the case of @ > 0, is a special case of Theorem 3.3.2. Moreover, as in
practice it is quite difficult to determine the zeroes of g a subclass of measures is looked
at which give the desired properties on the zeroes of g. Also, the economic interpretations
of these impositions are discussed. To summarise the results: it is shown that if « = 0
then the market behaves similar to a Black-Scholes model, in particular X undergoes

fluctuations according to the law of the iterated logarithm.
X(t X(t
lim sup ® = — lim inf ¢ = (",

t—oo  /2tloglogt too (/2tloglogt
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where (] is a positive constant. On the other hand, the case a > 0 gives

lim e” X () = Cy,

t—o00
where Cs is a random variable. This regime is interpreted as the market undergoing a
bubble or crash, depending upon the sign of Co, with both events being possible.
However the case av = 0 studied in [20] also has a constant diffusion coefficient, thus

(3.3.33) is not satisfied and so Theorem 3.3.2 does not apply.

3.3.6 Examples

We give some illustrative examples of Theorems 3.3.1 and 3.3.2 and Proposition 3.3.1.
The first three examples consider the situation where the resolvent is of the especially

simple form

wu(ds) = Adp(ds),
where A is a d X d matrix with real entries. In this case, the resolvent is nothing other
than the principal matrix solution
r'(t) = Ar(t), r(0)=1I4
and the stochastic equation is just the affine stochastic differential equation
dX(t) = AX(t)dt+ X(t)dB(t), t>0; X(0)=¢.

Since there are no more than d eigenvalues, the resolvent r and its derivative can be
expressed as finite sums, and so there is no need for a detailed analysis of remainder
terms.

Our first example looks at the case when the leading eigenvalue (or zero of the char-

acteristic equation) has algebraic multiplicity equal to the geometric multiplicity.

Example 3.3.1. Suppose that A = ~I where [ is the 2 x 2 identity matrix. Then
Y (t) = e "X (t) obeys dY (t) = e 7'X(t) dB(t), so

Y(t)=¢+ /Ot e % (s)dB(s), t> 0.

In this case, applying our results to Y, we have a = 0. If s — e 7%(s) € L?(0,00), by

the martingale convergence theorem we have

lim X(®)

tooo et

= lim Y(t) =¢+ /00 e 1°3¥(s)dB(s), a.s.
t—o0 0
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Let A\; = 0. Since A — vI = 0, we see that, with n =0, K;9 = I and ¢;(\) = 0, we have

" m! Kj,m

(A= (A= L)~ =27 = 30

m=0

+G;(A).

Thus, we may set Pj = I, and therefore the limit for Y has the form predicted by

Theorem 3.3.2 with o = 0.

We now demonstrate the resulting asymptotic behaviour of the solution of the stochas-
tic equation when the leading eigenvalue has geometric multiplicity less than the algebraic

multiplicity.

Example 3.3.2. Suppose that

Consider Y (t) = e X (t). Then
dY (t) = (A — DY (t)dt + e 7"S(t) dB(t).

Then, applying our theory to Y, we find that a = 0, because A = 0 is an eigenvalue of

multiplicity 2. In this case r is given by

Since det(r(t)) = 1 for all t > 0, r(¢) is invertible, and we may write r(t—s) = r(t)r~1(s) =

r(t)r(—s) for all 0 < s < t¢. Therefore

Y(t) =r(t)¢ +/0 r(t —s)e”°X(s)dB(s) = r(t)§ + r(t)/o r(—s)e” 7%3%(s) dB(s).

Notice that r(t) = Iy + t(A —~I) and (A —~vI)r(—s) = A —~I. Then

T(tt)/o r(—s)e”*%(s) dB(s)

1 [t ¢ -
_ t/O r(—s)%(s) dB(s)—ir/O (A A D)r(—s)e*5(s) dB(s)
= 1/0 r(=s)e1°5(s) dB(s) + (4 =I) /0 5 (s) dB(s).

Using Lemma 3.6.1, the first term has zero limit as s — e~ 7Y (s) is in L?(0,00), and
r(—s)/s = —(A—~I) as s — oo. The second term converges by the martingale convergence

theorem. Thus

lim X(®)

Jim S0 = (A= D+ (A=) [ e S(s) an(o).
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This is exactly the form of the limit predicted in Theorem 3.3.2, because for \; = 0 with
n =1, we have

Pr=K;1=lmMNO\,;—(A—~))"'=A4—-~I
J J)1 /\13% (d ( ’Y)) Y

This next example demonstrates the case when the leading eigenvalues are complex

solutions of the characteristic equation.
Example 3.3.3. Suppose that

1
a=1"
1~

Suppose that Y (t) = e X (t). If J = A — I, then
dY (t) = JY (t)dt + e "'S(t) dB(t).

For the equation solved by Y, we have a = 0, because A = +i are eigenvalues of multiplicity

1. In this case r is given by

cos(t) —sin(?

o= [ s —sno
sin(t)  cos(t)

Since det(r(t)) = 1 for all t > 0, r(¢) is invertible, and we may write r(t—s) = r(t)r~1(s) =

r(t)r(—s) for all 0 < s < t. Therefore

X(t) =r(t)¢ +/0 r(t—s)e” °X(s)dB(s) = r(t){ + 7"(t)/O r(—s)e”7°X(s) dB(s).

Since 7(—s) is bounded, and s — e~ 7*%(s) € L%(0, 00), it follows that
t e8]
lim [ r(—s)e”7*3¥(s)dB(s) = / r(—s)e  7°¥(s)dB(s), a.s.
0

t—o00 0

Therefore

t—o00

lim {Y(t) (1) (5 + /0 " r(—s)5(s) dB(s))} —0, as.

We now see that r(t) = cos(t)I + sin(t).J, and so the following limit holds almost surely,

t—00 et

lim {X ®) _ (cos(t)I + sin(t)J) (5 + /0 ™ (cos(s)I — sin(s)J)e=7*%(s) dB(s)> } = 0.

Since J? = —1I, this yields

lim {XS? — cos(t) (f + /000 cos(s)e” 7°3(s) dB(s) — J/OOO sin(s)e” 7*X(s) dB(s)>

t—o00 e

— sin(t) (Jﬁ + J/Ooo cos(s)e” 7¥X(s) dB(s) + /000 sin(s)e” 7¥3(s) dB(s)) } =0, as.
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To show that this asymptotic expansion agrees exactly with formula (3.3.34) derived in

Theorem 3.3.2 we notice for A\; = (—1)71i for j = 1, 2 where each of which has multiplicity

n+1=1, that
Ko = lim (= A) (M — )" = Tim (A= a)—o | &
3,0 = )\gr/\lj( =N =J) = /\gf\lj( - 3)1 T2 Lo
Since (A — X;)(A — Aj) = 1+ A2, we have
1 Ao —1 1 Ao —1 1\
Ko=3=51 | = |, =3 ]
A1) i\ 1N Y

Hence 2K =1 —iJ and 2Ky = I +4J. Therefore P =1 and Q] = J.

We provide an example of a convolution Volterra integro—differential equation where
the zeros of the characteristic equation do not lie in the domain of the transform of the
measure, i.e. o > a. Nevertheless an explicit formula for the resolvent may obtained and

hence one may deduce the asymptotic behaviour of the solution of the stochastic equation.

Example 3.3.4. Let X be the unique solution of
AX (1) = / u(ds)X (¢ — 8)dt + S(OdB(), >0
[0,¢]

where X (0) = Xo € R? and p(ds) = —60q(ds)ly —4e~*dsly. Hence o* = —1 and h is

given by
_ A+ 2)4(\ + 5)¢
h(\) = det | Mz — ds)e ™I, | = (
) = de ( 1= | mase d> et

Thus a* = —1 > —2 = « and so we cannot apply Theorem 3.3.1 to this problem.

Nevertheless, the differential resolvent, (3.3.13), may rewritten as the solution of a

second order equation and solved to give

1 4
r(t) = —ge_%[d + ge_StId-

Therefore n = 0 and Pj = —1/3 and one can now apply Proposition 3.3.1 to determine
the asymptotic behaviour of X, i.e.

X)) 1 1

: _ = - > 2s
tlgglo o 3X0 3/0 e**Y(s)dB(s).

Thus, in instances where Theorem 3.3.1 does not apply, providing that the asymptotic

behaviour of r may be estimated to agree with (3.3.4), then via Proposition 3.3.1 the

asymptotic behaviour of the solution of the stochastic equation can still be recovered.
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We finish with an example where the underlying deterministic functional differential
equation is not equivalent to a linear ordinary differential equation, but for which it is
possible, owing to the special structure of the equation, to determine exactly the leading

order asymptotic behaviour.

Example 3.3.5. Suppose that X obeys
dX(t) =a(X(t)— X(t—1/3))dt + X(s)dB(t), t=>0,

where ¥ € C(Ry;R™¥), X(t) = ¢(t) for t € [-1/3,0], where ¢ € C([-1/3,0],R). Let
a =3/(1 —1/e) > 0. This is equivalent to choosing 7 = 1/3 and the finite measure
v(ds) = ado(ds) — ad_1/3(ds). Then it can be shown that v([—¢,0]) > 0 for all ¢ € [0,1/3]
with v([—1/3,0]) = 0. Also

1
sv(ds) = > 1.
/[—1/3,0} ) =1

Consequently, all the conditions of part (i), Theorem 3.3 in [20] hold, and therefore there

is a unique positive real solution A\; > 0 of g,(A\;) = 0 where g,(A) = X — a + ae=3, and
moreover a = A1. Since a = 3/(1—1/e), it is easily verified that « = A\; = 3. Furthermore,
as g, (A1) =1—ae /3 # 0, it can be shown that n = 0 in Theorem 3.3.2, and moreover
by "'Hopital’s rule that

. A— A\ 1 . 1-— efl
—a (A g3 1—2e 1

Therefore, assuming (3.3.33) holds, then all the conditions of Theorem 3.3.2 apply, we

have that

0 o)
iim X5 = pro) + 7y [ T /[ e ld)os — w1 P [ e miane)

t—

3.4 Proofs of Admissibility Results

3.4.1 Proof of Theorem 3.2.1

It is not difficult to see using It6’s isometry that

|

2

2

/ H(t, 5)(s)dB(s) - / " Hoo(s) f()dB(s)
0 0

-,

(#1099 )

ds + /OO | o () £ (5)]1% ds, (3.4.1)
F t
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where the independence of the elements of the Brownian vector and of stochastic integrals
over non-overlapping intervals has been used.

Firstly we show that (A) implies (B). Let f be such that sups 1f ()3 < +oc.
Recalling the submultiplicative property of the Frobenius norm,

|

2

/ H(t, 5){(5)dB(s) - / " Hoo(s) f(s)dB(s)
0 0

= 2/0 |H(t73)_Hoo(S)H%’||f(3)\|2Fd5+2/too||Hoo(s)||2FHf(s)||2Fds
t &)
gz(/o ||H(t,8)—Hoo(s)||§,ds+/t ||Hoo(s)||2Fds) igg\lf(s)ll%-

By hypothesis both terms on the right—hand side of the above inequality tend to zero as

t — oo and so

2
lim E

t—o0

/ H(t,s)f(s)dB(s) — /00 Hyo(s)f(s)dB(s) =0.
0 0

Conversely suppose that (B) holds. Then it is implicit that the stochastic integral

/0 " Hoo(s)f(5)dB(s)

exists a.s. for each f € C([0,00); R™?) with the property sup,sg 1£(s)|I5 < +o0. We
view this stochastic integral as the pathwise limit of the finite—dimensional martingale

M ={M(t):0<t<o0; FB(t)} defined by

M(t) = /0 Hoo(5)£(5)dB(s).

The i—th component of M, denoted by M;, is a scalar martingale, and given by

d

M) =Y [ (Hal) ()58 5).

j=1
We have that M;(t) tends to a finite limit as ¢ — oo a.s. Therefore it follows that

limy o0 (M;) () tends to a finite limit as ¢ — oco. This is equivalent to

o d
/ > [Hoo(s)f(5)]7;ds < +o00, as.
Since this holds for each ¢ = 1,...,n, we have that

/0 " Hool) £(5) 2 ds < +oo.
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Rearranging (3.4.1),

[

=E

2
ds

(#1099 ~ ) )

By our assumption B and the argument made above we have that

2

F
/ H(t, 5)[(s)dB(s) — / " Hoo(s)f(5)dB(s)
0 0

-/ | Hao) £ ()12 ds,

2
ds =0 (3.4.2)
F

t
lim
t—o00 0

(#1099 5

for each f € C([0,00); R™*?) with the property sup,>q 1 £(s)]|% < +o00. Define

4 1, l=4iand m=1,
(fz)l,m =

0, otherwise,

for all 1 < ¢ < ni.e. an n by d matrix with 1 in the ith position on the first column and

zeroes in all other locations. Then (3.4.2) holds true when f = f* for any 1 < i < n. But

2
ds =0
F

t
lim
t—o00 0

(#1910

2
being true is equivalent to > ;' limy o0 fot ((H(t,s))l,i — (Hoo(s))l,i> ds = 0 and so
2
limy 00 fg ((H(t,s))lvi — (Hoo(s))hi) ds = 0 for all 1 <[ < n. Now as this is true

for any 1 < ¢ < n we have

t—o00

t
lim / |H(t,s) — Hoo(s)||3ds = 0.
0

Knowing that [ |Hoo(5) f(5)||3 ds < oo, for all f with the assumed properties, one can

make a similar argument as just outlined to show that [ |Hoo()||% ds < oco.

3.4.2 Proof of Proposition 3.2.1

We prove that (A) implies (B) first. To prove (3.2.4), note for any ¢ > T we have the

estimate

[ @ ds = [ |H ) - Hals) + Ha(5)]} ds
T T
<2 [ IH(ts) = Huo)lf ds+2 [ ()l ds

t t
<2 /0 VH(t, ) — Hool(s)][% ds +2 /T | Hools) 12 d.

106



Since ||Hwo|| € L%([0,0); R) and (3.2.2) holds, we have

t [e'e)
limsup/ VH(t, 8)|% ds < 2/ | Ho ()12 ds.
T T

t—o0

Since the lefthand side is monotone in T', we may take the limit as T — oo on both sides,
using the fact that ||H| € L?([0,00);R) to obtain the desired conclusion.

To show (3.2.5), let T' > 0 be arbitrary. Then, for any ¢ > T" we have

T t
/ VE(t, ) — Hools)[[% ds < / 1H(t,5) — Hoo(s)| ds,
0 0

whence the result taking limits as ¢ — oo and applying by (3.2.2). Therefore (A) implies
(B).
To prove that (B) implies (A), we first must show that ||Hsl|| € L?([0,00);R). We

start by observing that (3.2.4) is nothing other than limz_,o, L(7T") = 0 where

t
L(T) ::limsup/T |H(t,s)||3 ds.

t—o00

Since L is non-increasing, for every € > 0 there exists Tp(e) > 0 such that L(T") < € for all

T > Ty(e). Now, let T > Ty. Suppose also that ¢ > T. Then

T T
/ | oo ()|[% ds = / |Hools) — H(t,5) + H(t, 5)||% ds

T() TO
T T
<9 / |Hoo(s) — Ht,8)|2 ds +2 / |H(t, )2 ds
TO TO

T t
<9 / |Hoo(s) — Hit,8)| ds +2 / VH ()| ds.
TO TO

Now

T
/ | Hools) — H(t,5)|% ds
To

T To
_ / |Hools) — H(t,)[[2 ds — / | Hools) — H(t, )2 ds,
0 0

so by (3.2.5) we have
T
lim [ ||Hoo(s) — H(t,s)||3 ds = 0.

t—o00 To

Hence

T
/ | Hao(s)|% ds < 2L(Tp).
Ty

and since the righthand side is independent of T, it follows that one has ||[Hxo||p €
L?([0,00); R), which is one part of (3.2.2).
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To prove the other part, let £ > 7" > 0. Then we have the estimate
t
| I - Bl s
O T 2 ¢ 2
- /0 VH(t,5) — Hao(5)|% ds + A VH(t,5) — Hoo(s)]|% ds

T t t
< /0 VE(t, ) — Hools)][% ds +2 /T VH(t, )2 ds+ 2 /T | oo ()% ds.

Since ||Heo | € L?([0,00); R) and H obeys (3.2.5), we have

t
fimsup [ [H(t,5) ~ Hoo(s)]}: ds
0

t—o00

t—o00

t [e’s)
<2tmswp [ |HE) ds+2 [ | Halo)} s
T T

Now let T' — oo on both sides of the inequality; since ||Huo|| € L2(]0,00); R), this yields

t t
limsup/ |H(t,s) — Hoo(s)||3 ds < 2 lim limsup/ |H(t,s)|% ds = 0,
0 T—=o0 tsco JT

t—00

where the limit on the righthand side is a consequence of (3.2.4). This proves the other

part of (3.2.2).

3.4.3 Proof of Theorem 3.2.2

As before, we remark that from the form of (3.2.6) it is implied that [ || Hoo(s) 1% ds < oc.

Thus we need only show (3.2.2). Condition (3.2.6) is equivalent to

lim Ot (H(t, s)—Hoo(s)> £(5)dB(s) = 0,, as.

t—o00

where 0,, denotes the n x 1 vector of zeroes. But (fg (H(t,s) — Hx(s)) f(s) dB(s)) is

%

a Gaussian random variable which converges to zero a.s. for each 1 < ¢ < n. Since it
converges a.s., it does so to a Gaussian random variable which has zero mean and zero

variance, and by the argument of pp304-305 in Shiryaev [108], we have that

lim E [(/Ot (H(t,s) — Heo(s)) f(s) dB(s)>2] =0

t—o00 .
i

forall 1 <7 <mn and so

n

lim E

t—o0 4

(/Ot(H(tvs) — Hoo(s)) f(s) dB(3)>2] _0.

7

Or equivalently
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d ¢ 2
E <;/0 ((H(t, s) — HOO(S))f(S)>lk; dBk(s)>
d " 2
_E ; (/O <(H(t,s) _ Hoo(s))f(s)>deBk(s)>
Thus 9
n d t
tlgglo;;E {(/0 ((H(t,s) - Hoo(s))f(s))i’k dBk(s)> ] =0

and so

2

tlggozn:zd:/ot«mt,s) - Hoo(s))f(s)> ds = 0.

i=1 k=1 ik
Which is equivalent to
2

ds =0
F

t
lim
t—o00 0

(#1099 5

for each f € C([0,00); R™*%) with the property supysg 1£(s)|I% < 400 and so as argued

at the end of the proof of Theorem 3.2.1 we have

t
lim / VH(t,5) — Hoo(s)|[2 ds = 0,
0

t—o0

as required.

3.5 Proof of Theorem 3.2.3

Define H = H — H,. Notice that H,, € L?([0,00); R) implies that

lim Hyo(s)f(s)dB(s) =0, as.
t—oo Jy
so that proving
¢
lim [ H(t,s)f(s)dB(s) =0, as. (3.5.1)
t—=o0 Jo

is equivalent to establishing (3.2.6).

Since H € C*0, we have H; = H;. Therefore, we have

Xi(t) = /Otf[(t,s)f(s) dB(s):/Ot <ﬁ1(s,s)f(s)+/:ﬁ1(u, s)f(s) du> dB(s).

By a stochastic Fubini theorem, [102, Theorem 4.6.64, pp.210-211], we have

t
0

X'f(t):/Otﬁ(s,s)f(s)dB(s)+/ (/Oqu(u,s)f(s)dB(s)> du.
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Now, let (t,)n>0 be an increasing sequence with to = 0 and t,, — 0o as n — oo. In fact,
choose

t, =n’, for some 6 € (0,1/(1+q) A1/(1+42q)) C (0,1), (3.5.2)

where ¢ is the number in (3.2.13).

Therefore for t € [t,,t,+1), we have

Xp(t) = Xj(tn) + t:H(s,s)f(s)dB(s)— t: Hoo(s)f(s) dB(s)
* /tt (/Ou Hi(u,s)f(s) dB(s)> du.
Hence
s SIS s | [ e s
o t:H(S,s)f(s)dB(S) n /:+ /O" Hy(u,s)f(s)dB(s)| du. (3.5.3)

We now show that each of the four terms on the righthand side of (3.5.3) tends to zero as
n — 00 a.s.

STEP 1: First term on the righthand side of (3.5.3). First we prove that

lim Xf(t,) =0, as. (3.5.4)

n—oo

Notice that X #(tn) is normally distributed with mean zero and variance v2 where
tn - tn ~
V2= H(ty,8)f%(s)ds < H?(t,,s)ds - sup f2(s).
0 0 s>0

Using (3.2.12) and the fact that ¢, — co as n — oo, we have

tn
lim H(t,, 5)2 ds-logt, =0,
n—o0 0
Therefore
tn
limsup v2 log t,, < limsup H(tn,s)?ds - sup f2(s) - logt, = 0. (3.5.5)
n—o0 n—o00 0 s>0

Since X,, := Xf(t,)/vn is a standardised normal random variable, we have that

Xy(t X
lim sup M = limsup@ <1, as.,
n—+00 \@vn(logn)lﬂ n—00 210gn
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the last inequality being a routine consequence of the Borel-Cantelli lemma. Thus

. S . ‘Xf(tn)‘ 1/2
limsup | X7 (¢,)| = limsup — 1. \/20,, (log n)"/
n—>oop | f( )| n—>oop \/i’l}n (log n)1/2 ( & )

1
< V2limsup v, (log tn)l/Q\/E =0,
n—o0 log tn

due to (3.5.2) and (3.5.5), proving (3.5.4).
STEP 2: Second term on the righthand side of (3.5.3) Next we show that
t

Heo(s)f(s) dB(s)

tn

lim  sup
n—o0 tn <t<tpn41

=0, as. (3.5.6)

To do this, notice for every € > 0 by Chebyshev’s inequality and the Birkholder—Davis—
Gundy inequality, c.f. e.g. [84, Theorem 1.3.8, Theorem 1.7.3] that
t

Hoo(s)f(s) dB(s)

tn

IP’[ sup > €

tn StStn+l

t 2

Hoo(s)f(s) dB(s)

tn

1
—=E
2

IA

sup
tn <t<tniy1

2

IA
|
&

ol
/t Hoo(s) £ () dB(s)

4 tn+1

- H2,(5)f2(s) ds.

€2

n

Since Hy, € L*([0,00);R), and f € BC([0,);R), we have

ZP! sup Hoo(s)f(s)dB(s)| > ¢
n=0

tn

4 o0
<4 /0 H2,(5) f2(s) ds.

tn Stgtn+1

By the Borel-Cantelli Lemma, we have that (3.5.6) holds.

STEP 3: Third term on the righthand side of (3.5.3).

lim U, =0, a.s.
n—o0

where
H(s,s)f(s)dB(s)|.

tn

U,= sup
tn <t<tp41

Note that (Uy,)n>0 is a sequence of independent random variables.

Notice that on the interval [¢,,t,+1], by the martingale time change theorem, there
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exists a Brownian motion B such that

B, ( t: H?%(s,s)f%(s) ds)

U,= sup
tn Stgtn-&-l

= sup | B (7)]
0<T< [ H2(s,5) f2(s) ds

IA

sup |Bn(7)|-
0<r< [y H2(s,5) ds-sup, 5. f2(v)

Therefore, with w, := f;:“ H?(s,s)ds - sup,>q f*(v), we have for some Brownian motion
W that

P[U,, > €] <P[ sup |[W(7)|> €.
0<7T<wn

Using the symmetry of the distribution function leads to the estimate
PlU, > €] < 2P[|[W (wy)| > €] < AP[W (wy,) > €] = 4AP[Z > €/\/wy],

where Z is a standard normal random variable, and we interpret the right hand side as
zero if w, = 0. Hence if ® is the distribution function of a standard normal random

variable and

o0

Z < 400, foralle >0,
\/ tnt1 H?(s,s)ds

we have that lim,, o, U, = 0, a.s. The sum is finite provided

tn41

lim H?%(s,s)ds-logn = 0.

n—oo f,
Since H(t,t)? < c4(1 +t27), we have that
tnt1 (n+1)°
| s ds ogn < e, [ (1 20y dslogn,
tn nf

so the right hand side is of the order n=1n2?logn = n= 1+t 1o n — 0 as n — oo,
because § < 1/(1 + 2q).
STEP 4: Fourth term on the righthand side of (3.5.3). Finally, we show that

lim Z, =0, as. (3.5.7)

n—o0

/tn+1

where

/ Hi(u, ) f(s) dB(s)| du. (3.5.8)
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By (3.2.13) there exists ¢, > 0 such that
t
/ H2(t,8) ds < c(1+8)%, t>0.
0

By (3.5.2), 0 < 1/(1 +q) < 1, so we can choose p € N so large that 2p[l — (1 + ¢)6] > 1.

Clearly for such a p € N we have, via Jensen’s inequality

n+1 u 2
22 <t~ | t ( [ s dB<s>> ",
tn 0

so there exists Cj, > 0 such that

E[227] < Cyl(tsr — t)? / ([ s as)

tn+1
< Cpsup f2(s)(tnr1 — tn)*"~ 1/ </ Hi (u, 5) > du.

s>0

Then

E[Z2] < Cpsup f2(s)(tny1 — tn) " s (cq(1+u)*")” du
nlS pS>IS n+1 n ] q
tn+1
< Cyesup £2(5) - (b — 1) [ (14 0P
s>0 tn
< Cpelysup [22(5) - (bngr — )P (14 tns1) .
s>0

Since t,, = n’, the right hand side is of the order [nf~1]2Pn?® = n=2P1=0+0)0 a5 p 5 0,

By Chebyshev’s inequality, for any € > 0 we have
1
P(|Zn] > € < 5E[Z3F] < Cepn 21004,

€2

and because 2p[l — (1 + ¢)f] > 1, the righthand side is summable. Therefore, by the

Borel-Cantelli lemma, we have (3.5.7).

3.6 Proof from Section 3.3

3.6.1 Proof of Proposition 3.3.1

We start with the proof of a preliminary lemma.

Lemma 3.6.1. Suppose f € L%([0,00),R¥"). If k > 0, then

t1;>oo(1—it)/ s"f(s)dB(s) =0, a.s.
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Proof. Define

1 .
K(t) = (1‘f't)k/o S F(s)dB(s), > 0.
Then dK (t) = —k(1 + t)" K (t)dt + (1 + t)7*t* f(t) dB(t). Hence for i = 1,...,d with

K;(t) := (K(t), e;), we have

tk

dK;(t) = —k(1+ )" K;(t) dt + ; mﬁj (t) dB;(t)-

Therefore

2k
AR = (26040 KO + uiwﬁmmow

r

Z Z kf” Bj(t).
=1

Jj= 1

Now define the non—decreasing processes A1 and As by

t SQk t
) = [l ek, A0 = [ 20045 K ds

and the martingale M by

ok
> 2Ki(3)mfij(3) dB;(s).

Then we have

IE@)|7 = Ar(t) — As(t) + M(t), t=0.

Since f is in L?(0,00), we notice that A(t) tends to a finite limit as ¢ — co. Therefore,
we have that |K(¢)||> — k as t — oo a.s where k € [0,00) a.s. (It is known that
limy o0 | K (¢)||? exists and is finite due to [78, Theorem 7, pp.139]). Then by 1'Hopital’s

rule we have

A
2(t) = 2kk.
t—oo logt

Notice now that M has quadratic variation

Therefore by the Cauchy—Schwartz inequality

1) < § E K2( E F2(s)ds <4 | |E)|2If(s)]> ds.
J=1 i=1 S)Qk ’ F
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Since f is in L?(0,00), we see that limy_,(M)(t) is finite and hence that M tends to
a finite limit a.s. Let A = {w : kK(w) > 0} and suppose that P[4] > 0. Then on A we

”2 _

have limy_, || K(t,w)||* = —o0, which is a contradiction. Hence P[A] = 0, or k = 0 a.s.

Therefore K (t) — 0 as t — o0, a.s., as required. O

3.6.2 Proof of Proposition 3.3.1 for n > 1

In the following M denotes a positive constant whose value may change from line to line.

Using (3.3.4) and (3.3.6) we may write

Y(t)= /0 S(t—s)X(s)dB(s) +/0 R(t —s)X(s)dB(s), t=>0,

where
N
S(t) = e {P(t) cos(B;t) + Q;(t) sin(B;t)}.
j=1
Thus,
R :/0 Wz(s)dB(s)Jr/O B s(s)a(s). (3.6.1)

We show using Theorem 3.2.4 that the second stochastic integral term on the right-hand

side above converges to zero almost surely. So in the notation of Section 3.2 we define

R(t —s)

H(t,s):= ioat (s).

Now as R(t) = O(t"te®) as t — oo from (3.3.2) it is natural to choose Hoo(s) = 0y 4.

Thus we need only verify conditions (3.2.15) and (3.2.16). Now, from (3.3.2) we have

t
/0 |H(t, 5)]1% ds

14\ 1 t
s( ; ) (Ht)%em/o M1+t — )*2e0=9)||5(s) |13 ds,

for some M > 0. Hence for t > 1 we have

1 t n— — 208

Wl/(; (1 +t— 5)2 2e 2 HE(S)H% ds
t

/0 e~ 20%)|53(s) 3 ds

/0 o 209)|53(s) 3 ds,

t
H(t, s 2 ds < 22" M
0

< 22\
- (1+1t)2

(141)2

where we use the fact that [~ e™2*||%(s)||% ds is finite. Therefore

t
. 2 .
tgrgo/o |H(t, 5)|% ds - log t = 0.
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Next, we consider

(1+k)° (1+k)?
[ MGl [ K s ds
ko ko
(1+k)?
<ir [ e 5o ds
ko
for some K > 0. Since n > 1,0 > 0 and [ e 2*%||X(s)||% ds is finite, we have that
0 F

(1+k)®
lim |H (s,5)||%ds - logk = 0.

k—oo J1.0

Turning then to the derivative condition of (3.2.13) we see

Hy(t,s) =t e “R(t —5)X(s) — at e “R(t — 5)%(s)

—nt ™" e ™R(t — 5)%(s). (3.6.2)
Therefore we have
[H1(t,8)|[F < t”eat(HRl(t —s)llr+ el [|R(E - s)|r
ot (= 9l ) 196,
and so as ||R(t)||r < M(1+t)" e ||R'(t)||r < M (1 +t)"e® we have for t > 1
|Hi(t,s)||p < Mt "e™** ((1 +t—8)"+]a|(14+t—s)" !
R e [

<MtT"(14t—s)" (1 + (o] +n)(1+t— s)_l) e IX(s)|lr

< M (1+ o] +n) - (1 + £ — )" [ £(s)]| -
Thus for t > 1 we have

t t
/0 | Hi(t, )13 ds < M2 /0 (14— )2 2% 5(s) |3 ds

1+t\*" [t
<up(FE) ezl

o
< v [T e yn(s) s

Hence fg |H1(t, s) ||2F ds may easily be bounded above by a polynomially growing function.

So we have shown that

————=%(s)dB(s) =0, aus. (3.6.3)
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Next write
P;(t) = t”Pjk + Pjn—1(t) and Q;(t) = t”Q;|f + Qjn-1(t),
where Pj,,_1 and () ,—1 are matrix polynomials of order n — 1. Then S can be expressed

according to

N
_ Z eoattn{pj?k cos(B;t) + Q;? sin(p;t)}
j=1

N
+ > e Pin-1(t) cos(Bjt) + Qjm-1(t) sin(Bj)}.
=1

Thus,

St—s

tneat

dB(s) (3.6.4)

- / Z ol prcos(3y(t — 5)) + @} sin(By (¢ — )} (s) dB(s)
—i—/o ZG_QSWCOS(@(t—S))E(s) dB(s)

/ e—as Qjin— 1T(Lt 5) sin(B;(t — 5))X(s) dB(s).

We now argue that the second and third stochastic integrals on the right-hand side in
(3.6.4) tend to zero as t — co. We focus on the second integral. Note that it suffices to

show for any degree n — 1 polynomial P that

EP(t—s) s
[P con(ptt - DS B 20, st oo, as

By recalling the trigonometric identity, for any a1, as € R,

cos(a; — az) = cos(ay) cos(az) + sin(ay) sin(as), (3.6.5)

sin(a; — ag) = sin(ay) cos(az) — cos(ay) sin(ag),
we see that it suffices to show that the process

o) = [ G5 s B,

obeys a(t) — 0 as t — oo where f is in L2(R; R%?) and P is a matrix-valued polynomial
of degree n — 1. Define H(t,s) = P(t — s)(1 +¢)""f(s). Define Hy(s) = 0. Since P is a
polynomial, there exists M such that |P(t)] < M (1 +¢)" ! and |P'(t)| < M(1+t)""! for

all t > 0.

117



Using Theorem 3.2.4 and the same procedure as used to establish (3.6.3), we get

t—o00

t Y Pt —s)
lim Ze—QHvT cos(B(t — 5))8(s)dB(s) =0, a.s.
0 .
7=1
One can argue similarly that

lim Ze_"‘sQ]m_;n(t_s)cos(ﬁj(t—s))Z(s)dB(s):O, a.s.
—0o0 Jj =

We now turn our attention to the first integral term on the right-hand side of (3.6.4).

Consider the integral
t (t—s)”
A;(t) = / e_asTPf cos(B;(t — 5))X(s) dB(s), (3.6.6)
0

and define

Ajo(t) = P cos(ﬁjt)/o cos(Bjs)e”“*E(s) dB(s)
1 P sin(B;1) /O sin(B;s)e"5(s) dB(s).

Since s — e~*%(s) is in L2(R,; R, if we define

A;O(t) = P]’-" cos(p;t) /OOO cos(Bjs)e”“*E(s) dB(s)
1 Prsin(Bt) /0 " sin(B;s)e%(s) dB(s). (3.6.7)

we have that A;o(t) —Aj,(t) — 0ast — oo a.s. By Newton’s binomial expansion theorem

(t—s)" =31 _o(1)t"(—s)"~™ and using (3.6.5), we get

m=0

Aty =3 Pr(=1ymm (Z) ﬂim /0 §" cos(B(t — 5))e ¥ (s) dB(s)
m=0

m

n—1 n
-3 P;(—UM( )Aj,n_mu) T Ajo0),
m=0

where we have defined for k=1,...,n

Ajp(t) = tl’“ /0 s* (cos(B;t) cos(B;s) + sin(B;t) sin(B;s)) e~ **X(s) dB(s).

This can be expressed as

Aji(t) = cos(ﬁjt)tlk/o sk cos(Bjs)e” **E(s) dB(s)

1 t
+ sin(Bjt)t—k / s¥sin(B;s)e”**%(s) dB(s).
0
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Now by applying Lemma 3.6.1 to each of the terms on the righthand side, we get

lim A;,(t) =0, a.s.

t—o0
Therefore we see that
Aj(t) — A5 o(t) =0, ast— oo as. (3.6.8)
Define
t _ n
Cj(t) = /0 e (t tnS) Qj sin(B;(t — 5))X(s) dB(s) (3.6.9)
and
t
o) = Q! /0 sin(B;(t — s))e~*"5(s) dB(s).
Then

Cjo(t) = Q; sin(ﬁjt)/o cos(Bjs)e” “*E(s) dB(s)
- Q; cos(ﬂjt)/ sin(B;s)e”**X(s) dB(s),
0

and define

ot) = Qjsin(,0) [ cos(Bjs)e S (s) dB(
— Q* cos(Bt) /0 " sin(B5)e=%(s) dB(s). (3.6.10)

Then Cjo(t) — Cjo(t) — 0 as t — oo a.s., and by proceeding as before we obtain

Cj(t) — Cip(t) = 0, ast— oo as. (3.6.11)

Therefore, returning to (3.6.4) and using (3.6.6), (3.6.9) we have

/ t Siie_af) Z{A )+ Clo(t)} (3.6.12)
N
=Z{A — A35(0) }+Z{C o(t)}

+ /0 2 e o —Qj’"*lff ) sin(B;(t — 5))%(s) dB(s),
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so by (3.6.8) and (3.6.11) we have

lim gl t=s)y, Z{A t)+Cho)} | =0, as. (3.6.13)

t—00 neat

Using (3.6.1), (3.6.3), (3.6.13) together with the definitions (3.6.7) and (3.6.10), we have

Y(t
lim (t)

t—o0 | tneot

Z{Sln Bjt)L1; + cos(Bt) Lo} | =0, a.s. (3.6.14)

where L; j and Lo are given by (3.3.8a) and (3.3.8b), which is (3.3.7).

3.6.3 Proof of Proposition 3.3.1 for n=0

The proof of Proposition 3.3.1, in the case n = 0, uses Lemma 3 from Appleby [4]. We

state this lemma for completeness.

Lemma 3.6.2. Suppose x : Ry — Ry is a continuous, integrable function, and n > 0 is

any fized constant. Then, the sequence {a,}7>, given by ag =0 and

=inflte 2, 3n/4] : x(t) = i , ezt
cuir = int {t € an b n/2an 430/ i) = omin - a(n)},
satisfies
Q<an+1—an<n for allm € Z*, lim a, = oo,
4 n—oo
together with
o
Zx(an) < 00
n=0

The following lemma, to be used in the proof of Proposition 3.3.1 (n = 0), is a mild

adaptation of Lemma 5.2 from [20].

Lemma 3.6.3. Let k : R — R be such that k, k' € L?*([0,00);R). Define for f €
L?([0,00);R) the Gaussian process {K(t):t >0} by

K(t) = /O k(t — 5)f(s) dB(s).

Then limy_,~, K(t) = 0, a.s.
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Proof of Lemma 3.6.3. Re—express K, using the stochastic Fubini’s Theorem, e.g. [102,

Theorem 4.6.64, pp.210-211], according to

Ko = [ (k<o>+/t_sk< Jau) £(5) a5

:/tk( //k’v—sdvf()dB()
_ /f ) dB(s //k:’v—s s)dB(s) dv.

Then for any increasing sequence {a,}2° , we have, for ¢ € [ay, ant1),

K(t) = K(an) + k(0 /f )dB(s // K (v — s)f(s) dB(s) dv.

Squaring, taking suprema and finally an expectation across this inequality gives
t 2
s | [ fs)dB(s)
an<t<an+1i |Jan

/a/k:'v—s §)dB(s) dv

We consider each term on the right—hand side separately. Now for the second term,

an<t<ap+41

IE[ sup |K(t)]2] <3E[K(an)?] +3k(0)*E

+3E sup

an<t<an41

2
] . (3.6.15)

applying Doob’s inequality, c.f. e.g. [84, Theorem 1.38] yields

an+41
[ sup / f(s)dB(s / f(s)*ds
an<t<anp+1
and thus
o0 t 2
Z E sup / f(s)dB(s) (3.6.16)
n=0 anStSGn+l Qan

For the third term, applying the Cauchy—Schwarz inequality gives

// K (v — 5)f(s) dB(s) dv 2]

t
<E sup  (t —apn) /
an<t<an+4+1 an
An+1 v
(@1 -a) [ B || [ W= 9)f0s)aB(s)
an 0

= (any1 — an) /an+1 /OU K (v—s)2f(s)*dsdv.

Now suppose that 0 < apy1 — an, < n for some n > 0, then

// (v — ) f(s) dB(s) dv 2]

an+1
/ / K (v f(s)*dsdv < +oo. (3.6.17)

[ sup
an<t<an4i

/Ov K'(v—s)f(s)dB(s)

2

2
dv]

dv

|: sup
an<t<apiti
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Now the first term, ¢ — x(t) = E[K(t)?], is continuous and non-negative, also

/Ooox(t) dt = /Ooo k:(t)th/Ooo F(s)2ds < +0.

Therefore by Lemma 3.6.2, for all n > 0 there exists a sequence {a,}22, such that

oo

> a(an) =Y E[K(an)?] < +oo. (3.6.18)
n=0 n

=0

So, using (3.6.16), (3.6.17) and (3.6.18) in (3.6.15) yields
Y E
n=0

By the Monotone Convergence Theorem, c.f. e.g. [115, Theorem 5.3],

sup  |K(t)]?

an<t<an+1

< +00.

o0

E sup  |K(t)*| < +oc.
n=04n <t<an41
and hence
o
sup  |[K(t)]> < 400, as.
n=0 an<t<ant1
Thus,
lim  sup |K(t)]*=0, a.s.
n—0oo an<t<an41
and therefore lim;_,, K(t) =0, a.s. O

3.6.4 Proof of Proposition 3.3.1 for n=0

Using (3.3.4) and (3.3.6) we may write

Y(t):/o S(t—s)Z(s)dB(s)+/0 R(t — $)5(s) dB(s), ¢ >0,

where
N
S(t) = e { Py cos(B;t) + Q] sin(B;t)}.
j=1
Thus,
e Y (t) = /0 e MS(t — 5)X(s) dB(s) + ; e “R(t — 5)X(s) dB(s). (3.6.19)

Defining k(t) = e"* R(t), then from (3.3.2) and (3.3.3), k(t) = O(e™¢") and
K" ()] < lallk(t)] + e ™ |R ()] = O(e™)

Thus
/ e~ R(t — 5)5(s) dB(s) = / k(t — s)e=5)(s) dB(s)
0 0
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and so Lemma 3.6.3 applied element—wise gives

t

Jim e ™R(t —5)X(s)dB(s) =0 as. (3.6.20)
—00 0
Moreover,
t
lim (/ e S(t — 5)%(s) dB(s) (3.6.21)
t—o0 0

— cos(f;t) /000 e~ **{P7 cos(B;s) — Q; sin(B;s) }X(s) dB(s)
—sin(ayt) [ e By sin(Bye) + Q cos(;5))£(6) dB<s>) 0.

Using (3.6.20) and (3.6.21) in (3.6.19), gives the required result.

3.6.5 Proof of Corollary 3.3.1

Lemma 3.6.4. For any ¢ € L'(]0,00); R%),

ot 1 [t
g,/o sf|¢(s)yds+tj/ s?|¢(s)|ds

ot

<o /0 " |6(s)lds + /@ °° 16(s)ds

Thus,
1 t ) o]
lim sup / slo(s)ds| < & / |p(s)|ds.
t—o0 17 0 0
Letting 6 — 0 gives the result. O

3.6.6 Proof of Corollary 3.3.1

Firstly consider the case n > 1. The asymptotic behaviour of Y is known from Propo-
sition 3.3.1. Thus we concentrate solely upon the term fg r(t — s)f(s)ds in (3.3.10) in

determining the asymptotic behaviour of V. Defining
N
S(t) = e™{P;(t) cos(Bjt) + Q;(t) sin(B;t)}, t > 0.
j=1

Then we have

/ =9 p) s = / 5= ) g s g [ EEZ9) pg) 4
0 0 0

tneat tneat tneat
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Then,

PR(t - s) 1 ¢
_— < M 1 o\l —as
[ 0] < ot [ e e polas
1 t
<M [ e
<M | el o)lds

Taking the limit superior, as ¢ — 0o, over this inequality yields,

t pis
lim L(t s)

t—o0 J tneot

f(s)ds =0.
In analysising the term S(¢ — s) one may decompose the trigonometric terms via (3.6.5),

whilst the polynomial terms, P; and (); may be dealt with using Newton’s binomial

expansion, i.e.

(t—s)" = g:) (Z) frm(—g)m,

This, together with Lemma 3.6.4, yields

N

t _
lim /0 Tiieaf) f(s)ds — Z{sin(ﬁjt)DLj + cos(B;t)Da;} | = 0.

t—o0
j=1
with
Dy, = /O e~ {P*sin(Bs) + Q7 cos(8;s)} £(s) ds,
Dy = /0 e **{ P cos(Bs) — Q sin(B;s)} f(s) ds.

Combining this with Proposition 3.3.1 yields the result for V.
For the case n = 0, the proof follows as for the case n > 1. However in the analysis
of the remainder term, R, it is required to understand the asymptotic behaviour of the

integral
t
/ e =786 £ () ds.
0
This integral is the convolution of a term in L!(0,00) with a term which tends to zero.
Hence this integral itself tends to zero, [53, Theorem 2.2.2 (i)].

3.6.7 Proof of Lemma 3.3.1

We start with the proof of a preliminary lemma.

Lemma 3.6.5. Let Ko be defined by (3.3.19) with n = 0. Then

</\de — / e)‘fs,u(ds)> ij = 0d,d7
[0,00)

where \j € A" are zeroes of hy(N).

124



A corresponding result can be shown for the zeroes of the characteristic equation, g, ,

of the finite delay equation using (3.3.28) and is omitted.

Proof of Lemma 3.6.5. Multiply (3.3.19) on the left by (A — ;) (}Jd — f[O,oo) e”‘%(ds))

to get
()\ — )‘j)Id = (Afd — /[ ) eASM(d8)> Kj70 + ()\ - A]) <A1d - /[ ) e)‘su(ds)> (jj()\)
0,00 0,00
Now let A — Aj, recalling that ¢;(\) is analytic at A;, to get the result. O

3.6.8 Proof of Lemma 3.3.1

Define G(t) = e=*q(t) for t > 0. Then ¢ is differentiable a.e. and

o0
/ e“!|G(t)| dt < 4o0,
0

where ¢ is defined as in Subsection 3.3.3. Also |7 (¢)| < e ¢/ (t)| + |a|e~?*|q(t)] for t > 0.

Since q,q € L'(R*; ¢; R*?), we have

(o) o [oe)
/ o1 (1) dt < / oot (1) dt + / ] e=te 0% |q(t)] dt < +oo.
0 0 0

Finally, we have that

q(t)est = q(0) + /0 q(s)e* ds + 6/ q(s)e* ds,

so |g(t)| < Ce™¢t for all t > 0.

Let A}, = {\1,...,An}. Then from (3.3.17) and (3.3.20), we get

e “R(t)

= > e~ (@ RADLP; (1) cos(S(A))E) + Q; (1) sin(S(A)t)} + G(t)
A EANAL S(X;)>0

= > e~ (RO P; (1) cos(S(Ag)t) + Qs (1) sin(S(My)1)}
N EANA! S(A;)>0

+ > e~ @ RADLLP (1) cos(S(A))E) + Q4 (1) sin(S(A))E)} + ().
AEANA,S(A})>0

If n = 0, then R(t) = O(e® ) as t — oo. If n > 1, and A/, = A’ N {S()\) > 0}, then
R(t) = O(el®=9), If n > 1, and A}, € A'N{S()\) > 0}, then R(t) = O(t"1e™) as t — oco.

Therefore if n > 1, we always have R(t) = O(t" le*) as t — oc.
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We now prove the estimate on the derivative. We deal here with the case n > 1. From

(3.3.13) we know that r is differentiable and hence from (3.3.20) so too is R. Defining
Zeo‘t{P ) cos(Bjt) + Q;(t) sin(B;t)}
and using (3.3.13) and (3.3.20) we have

R(O)=r() - S'0) = [ plds)rit~ )~ 0
[0,¢]
It is clear from (3.3.17) that r(t) = O(t"e*) and from the definition of S that S'(t) =
O(t"e™). Therefore, it follows that |r(¢)|| < M(1+t)"e and ||S’(t)|| < M (1 +t)"e* for

t > 0 and some M > 0. Hence as |p| € M(R4;R) and f[o 00) e~ *|u|(ds) < +o00, we have

[R@1< [ i) e =9l + [

< / L (ds) M(1 + £ — )" 1 M (1 4 £)me
0.4

< / 1 (ds) M(1 + £)"eE) 4 M (14 £)meo
0.4

<Mt [ e s + M1+ 1
[0,00)

and therefore R/(t) = O(t"e®) for n > 1.

For the case n = 0, we define

N
S(t) =) ™ {P; cos(Bjt) + Q; sin(B;t)},
j=1
then the real function S can be rewritten concisely using complex constants as
t) = E e’\ftij.
AjEN

As R(t) = r(t) — S(t) we have

R’(t):r'(w—s’(t):/m u(ds)r(t —s) - 3 3 MK

AjEN

_/ u(ds)R(t—s)—i—/ (ds) Y MUK 0 — > NN K
[Ovt] Ot]

[ A;EA A;EA

—5) et A s
/[O’t] u(ds)R(E—5)— 3 ( u(d >> ”
u(d

A;EN

Y Id—/
[0,¢]
p(ds)R(t — s) e’\t</\ Id—/ s s)> 0
/[O,t] Z [0,00) :

AjEN

S [ e
(t,00)

AjEN
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By Lemma 3.6.5 the second term on the right—hand side is equal to zero, and so

> “/ Aisp(ds)Kjol - (3.6.22)
too

AjEN

R (t)] < ds)R(t — s
[R(t)] /[o,t] p(ds) R( )|+
Now,

/ w(ds)R(t — s)| < / || (ds)Mele=e)(E=9)
[0,¢] [0,¢]
_ e(a—E)t / e—(a—5)5|'u|(ds)M
[0,¢]

< e(a—a)t /[0 )e—(a—e)s’m(ds)M

Thus, f[o g Mds)R(t — s) = O(el®=9)%). Recalling that \; = a +if; and so |eM?| = e

Thus,

Z /\t/t A p(ds) K| < et Z /t e Y| u|(ds)M

AjEN A EN
— o0t Z / e e~ (a— €)s|u|(d8)
Ajen v (:00)
et 32 [ s
Ayen 7 (6:20)
< e(aig)ch

where it is noted that A’ contains finitely many elements. Therefore, (3.6.22) gives

R(t) = 0@, = oco.

3.6.9 Proof of Lemma 3.3.2

We now use (3.3.26) to determine properties of R of (3.3.29). From (3.3.29)
Zeo‘t{P )cos(Bjt) + Q;(t) sin(B;t)} + R(t), t>0.

In the case when {\1,...,Ax} = A’ N {S()\) > 0}, we have that R(t) = (@~ for all

€ (0,e0). If n > 1, and {Ag,.., AN} C A" N{S(A) > 0}, then R(t) = O(t" ™) as

t — 0o. Therefore if n > 1, we always have R(t) = O(t" le™) as t — oo. If n = 0, then
R(t) = O(el*=9t) as t — oo.

We deal here with the case n > 1. From (3.3.23) we know that r is differentiable and

hence from (3.3.29) so too is R. Defining

Ze"‘t{P cos(B;t) + Q;(t) sin(B;t)}
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and using (3.3.23) and (3.3.29) we have
R(#) = (1) — S'(t) = / V(ds)r(t+ ) — S'(8),  forall t > 1.
[_770]

It is clear from (3.3.26) that r(t) = O(t"e*) and from the definition of S that S'(t) =
O(t"et). Thus, there exists ¢y > 0 and positive constant matrices M7, My such that for

t>to+,

ROIS [ wilds) e+ 5)] + 760

)

< / lv|(ds) (s 4 t)"e® ) My + t7e™ My
[_770]

< t”eat/ e |v|(ds) My + t"e™ My,
[77-70]

Thus, R'(t) = O(t"e™).

The case n = 0 follows from Remark 3.3.1 and a similar proof to that of Lemma 3.3.1.

Proof of Remark 3.3.6. In this case r(t) = e** and X obeys, for t > 0,
t t
eOTX (1) = Xo + / =5 f(s) ds + / ¢=55)(s) dB(s). (3.6.23)
0 0

Define the Gaussian martingale M by M (t) = fg e~ **Y(s)dB(s) and the deterministic
function d by d(t) = Xo + fot e~ f(s)ds. Then from (3.3.36), we have on this event of

positive probability that
lim {M(t) +d(t)} = L € (—o0,00).
{—oc0

Suppose that lim; oo (M)(t) = +oo. Consequently limsup, . M(t) = +oo and
liminf; ,oo M(t) = —oo. Also, limsup,_,. d(t) = 400, otherwise, if d(t) < D for all

t > 0, we have
s < o _
L htrgéroﬁ{d(t) +M(t)} <D+ htrgéng(t) 00,

which is a contradiction. (Similarly one can show that liminf; , d(t) = —o0).

Then there exists a deterministic sequence {t,},cz+, with tp = 0 and ¢, — oo as
n — 0o, such that d(t,+1) > d(t,) and d(t,) — oo as n — oco. Then M(t,) — —oo as
n — o0o.

Now,
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tj

where each G; = '
j—1

e~ Y (s)dB(s) is a Gaussian distributed random variable with
mean zero and variance ‘]Z_j_l e 20ty (t)2 ds, each G; is measurable with respect to the
filtration G,, = FP(t,), n > 1, and {G;};ez+ are independent and (M)(n) = (M)(t,) =
fg" e 2015 (t)2 ds — oo as n — oo.

Therefore by arguments akin to that used in Shiryeav [108, Section 4.1]

M M
P |lim sup i =4o0| =1, P liminf¢ =—oo| =1, (3.6.24)

"\ (M)(n) (D) ()

which implies that P {lim SUp,, 0o M(n) = +oo} =1 and so that
P [limsup M(t,) = —l—oo] =1
n—r00

But our assumption gave that lim,, ., M (t,) = —oo, with positive probability. Thus a

contradiction. Hence (M)(t) — L' € (—o0,0) as t — oo, i.e.
[e.e]
/ e 2% ()2 dt < +oo.
0

Therefore M (t) — M(o0) € (—00,00) as t — oo a.s. and so limy_,oo d(t) = limy_,oo {d(t) +
M(t)—M(t)} = L — M(o0) € (—o0,00). Hence
¢

lim [ e f(s)ds = tliglo{d(t) — X0} € (—00,00).

t—o00 0

All that remains to be shown is the validity of (3.6.24), i.e. we need to show that

M M
A" = { limsup i =400 ,, A= li%inf# - —00
" (M) (n) (M)(n)
are almost sure events. Let
M M
Al = < limsup i >cy, Al= hII_l}in# < —c
" (M)(n) (M)(n)

Then A, — A’ and AY — A” as ¢ — oo and A’, A", A/, A" are tail events. We show that
P[AL] = P[AY] =1 for all ¢ > 0.
Using Section 4.1.5 Problem 5, pp.383 of [108] gives

M
P[AL] =P limsup¢>c > limsupP | ————%=>c| =1—-®(c) >0

T (M)(n) e (M)(n)
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and

M _
P[AY] =P liminfin) < —c| =P |limsup ——=

= >c|l >1—®(c) > 0.
T\ (n) T (M) (n)

So, P[Al] > 0 and P[A] > 0, then since the G;’s are independent an application of
Kolomogrov’s Zero-One Law, c.f. e.g. [108, Theorem 4.1.1], implies P[A]] = P[A”] = 1.
Therefore P[A] = lim._,o P[A]] = 1 and P[A”] = lim,,o P[A)] = 1. O

C
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Chapter 4

Introduction: Long Memory and Financial Market Bubble
Dynamics in Affine Stochastic Differential Equations with

Average Functionals

4.1 Introduction and overview

This present chapter serves as in introduction to Chapters 5, 6 and 7. In particular,
the common problem to be studied in both Chapters 5 and 6 is introduced as well as
motivation for the study of this problem. The chief results of each of the chapters are also
discussed. In Chapters 5 and 6, we consider the asymptotic behaviour of an affine scalar
stochastic functional differential equation where the average of the process over its entire

history appears on the right—hand side. Accordingly, we study
1 t
dX(t) = <aX(t) + bl—i—t/ X(s) d3> dt +ocdB(t), t>0, (4.1.1)
-1

where X is given by the continuous function 1, defined on [—1,0], B is a standard one—
dimensional Brownian motion and o # 0. Here a and b are real parameters. There is a
unique strong solution of (4.1.1) which is a Gaussian process. The goal of Chapters 5 and
6 is to describe for all pairs of the parameters a and b the asymptotic behaviour of the
paths, as well as information about the autocovariance function of X in the case that the

solution is recurrent on R.

4.1.1 Organisation of results and methods of proof

Chapter 5 considers the case @ > 0. Under this condition the solution X is shown to grow
at a well-defined exponential rate, with a polynomial correction. Specifically, the rate of
growth is given by

X _ C, as. (4.1.2)

tlglo eatib/a -
where C' is an almost surely finite and Gaussian distributed random variable. The results
in Chapter 5 rely on the theory of admissibility of linear deterministic Volterra operators.

The work of Chapter 5 appears as a joint paper with Appleby [7].
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While Chapter 6 establishes some new results concerning the case when a > 0, for
the most part it is concerned with the case when a < 0, where the solution need not
have a well-defined growth rate but rather may fluctuate. This behaviour is not wholly
unexpected; in the case when a < 0 and b = 0, for example, the solution of (4.1.1) is an
asymptotically stationary Ornstein—Uhlenbeck process, while when @ = 0 and b = 0, it is
a scaled standard Brownian motion.

A complete asymptotic dynamical picture of the solution X is determined for all real
values of @ and b in Chapter 6. Our analysis shows that there are only three principal
regions in the ‘a—b’ parameter space, within which the process X undergoes different path-
wise asymptotic behaviour. For clarity we provide a bifurcation diagram of the parameter

space:

Figure 4.1: Bifurcation diagram of ‘a — b’ parameter space

atb=0 b - axis
Theorem 6.4.1
| Theorem 6.3.1 | Theorem 6.4.2
a - axis
a—=0
P

e In Theorem 6.3.1, corresponding to a < 0 and a + b < 0, the solution X is asymp-
totically equal to an Ornstein—Uhlenbeck process and has oscillations of magnitude

described by

lim sup X() limi X __ o a.s. (4.1.3)

o
= , minf ——— = ,
t—oo V2logt v 2|al t—o0 2logt 2al
e In Theorem 6.4.1, corresponding to a < 0 and a + b > 0, the solution X tends to

plus or minus infinity at a polynomial rate

X(t)
1m b
t—o00 t*(l‘#g)

=C, as. (4.1.4)
where C' is an almost surely finite proper random variable.

e In Theorem 6.4.2, corresponding to a > 0, the solution X is shown to obey (4.1.2)
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e In Theorem 6.4.3, corresponding to a = 0 and b > 0, the solution grows at a rate
which is faster than the polynomial growth of (4.1.4) yet slower than the exponential

growth given by (4.1.2).

e In Theorem 6.3.6, corresponding to a = 0 and b < 0, the solution X is recurrent on
R and its largest fluctuations are described by a result reminiscent of the Law of the

Iterated Logarithm.

In analysing the solution of the stochastic equation it is helpful first to ask how the underly-
ing deterministic equation behaves asymptotically. This deterministic equation is attained
from (4.1.1) by letting o = 0. The solution of this underlying equation (which corresponds
to the mean of X') may be expressed in terms of confluent hypergeometric, modified Bessel
and Bessel functions. Properties of these special functions are well-documented, c.f. e.g.
[1, 95, 96]. An associated differential resolvent may also be decomposed in terms of these
special functions. In Theorems 5.2.1, 6.4.1, 6.4.2 and 6.4.3 the asymptotic behaviour of
the solution X may then be shown to mirror that of the deterministic equations, i.e. the
asymptotic rates of growth or decay of the solutions of the deterministic equations are
preserved under the addition of a stochastic perturbation. However, as Theorem 6.3.1
demonstrates the stochastic perturbation can for particular values of the parameters pro-
duce asymptotic behaviour which is distinct from that of the solution of the associated
deterministic equation. The analysis is achieved via this decomposition of the resolvent
and a variation of parameters formula.

Many of the asymptotic results concern pathwise behaviour. However, many of the
growth results also hold true in mean or in mean square. Furthermore, in the main
case where there are fluctuations (i.e., when a < 0 and a + b < 0), we show that the
autocovariance function of the process X decays at a polynomial rate in time, i.e. for any
fixed t > 0,

lim 1t(A)

Aoo A*lfg = € (0’ OO),

where v, (-) = Cov[X(t), X (t+ A)]. Thus X may be viewed as possessing long memory, in

the sense that for any fixed ¢,

/ Y(A)dA = +o0, a<0, b>0, a+b<0.
0
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This result is all the more striking as Theorem 6.3.1 proves that X is asymptotically equal
to a process whose autocovariance function decays exponentially quickly, i.e. a “short
memory” process. Moreover, it can be shown that X is transiently non—stationary, and
has limiting autocovariance function equal to that of the stationary Ornstein—Uhlenbeck
process to which it converges pathwise. We comment more on this result in the next

section.

4.1.2 Motivation for the work

One of the motivations of this work is to develop a parameterised stochastic functional
differential equation whose asymptotic behaviour is completely characterised, as such an
equation can act as a test equation for simulation methods for SFDEs. Another math-
ematical motivation is to demonstrate that the general approach of admissibility theory
developed in Chapter 5 can generate the same results as the special function theory out-
lined in Chapter 6 (at least in some cases), thus supporting the conjecture that it can
prove a sharp tool in studying the asymptotic behaviour of linear, quasilinear or affine
stochastic functional differential equations.

However, one of the main interests in examining this equation is to gain insight into
some features of price dynamics in inefficient financial markets. First, we argue that (4.1.1)
may be considered as a simple model of such a market. Suppose that there is a class of
technical analysts who compare the current returns of a risky asset with the average of
historical returns. This leads to an instantaneous excess demand of

1 t
1+t),

a (X1 (t) - X1(s) ds>

per unit time at time t. A class of feedback traders compare the returns to a reference

level X, leading to an instantaneous excess demand of

B(X1(t) — X)

per unit time at time t. Unplanned demand by the traders arises from “news”, where the
news in each period is independent of that in previous periods. The contribution of this
news to overall excess demand is o(B(t2) — B(t1)) over the time interval [¢1, 2], where B is

a standard one—dimensional Brownian motion. If we presume that returns respond linearly
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to the excess demand of the market, then X7 obeys the stochastic functional differential
equation

1

_ 1+1t/_tl Xi(s) d5> + B(X1(t) —X)) dt + o dB(t),

a6 = (a (500

for t > 0, where X (t) = ¢1(t) for t € [-1,0]. The price of the risky asset at time ¢t > 0 is

denoted by S(t) and defined by
dS(t) = pS(t) dt +S(t) dXi(t), t>0

with S(0) = sg. Now define X(t) = X;(t) — X for t > 0 and ¥%(t) = ¥ (t) — X for
€ [-1,0]. Then X obeys (4.1.1) with a = o +  and b = —av.
Motivation and literature for such models, as well as alternative inefficient market
models may be found in [20], in which a market with finite memory is considered. In
common with [20], in this work X; can grow to plus or minus infinity, with both events

being possible. In terms of the mathematics, this happens if and only if
o a > 0;
e a<0anda—+b>0;
e a=0andb>0.

From an economic perspective, the first case corresponds to the situation where the feed-
back traders chase trends (a > 0) and either dominate the fundamental investors, who
have mean-reverting expectations about price movements (« + 5 > 0, § < 0) or both
classes of agents have trend chasing type expectations (a« > 0, 8 > 0). The other two
cases, while interesting mathematically, are less likely within the scope of the model: the
second case requires § > 0, which implies that fundamental investors are bullish about
higher than average returns, but « + 5 < 0, which indicates these investors dominate the
technical traders, who now have mean reverting expectations about returns. Nonetheless,
this case serves to demonstrate that if at least one of the investor classes believes that
high and rising returns are a signal of higher returns in the future, and that that class
of agent dominates, then bubbles are likely outcomes. The third case occurs if the two
classes of traders have equal strength, (5 + a = 0), with the technical traders having
mean reverting expectations, and the fundamental investors being bullish about higher

than average returns (a < 0, 5 > 0).
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In all these cases, the limiting random variable is path dependent, so it follows that
the initial behaviour of the market determines whether there is a bubble or a crash. This
picture is consistent with the mechanism proposed for the formation of bubbles with those
formed in models of mimetic contagion, first introduced by Orléan [98].

From a modelling and time series perspective, the behaviour in the “non—bubble”
case when a < 0 and a +b < 0, or a = 0 and b < 0 is also of interest. The former
corresponds to the situation where a4+ 8 < 0, 8 < 0, in which the fundamental investors
have mean reverting expectations, and either dominate the technical investors (if they have
trend chasing expectations) or the technical traders also have mean reverting expectations
themselves. In this case as we observed the size of the largest fluctuations of the process
is given by o//2|a + B]. Thus as the process is actually mean reverting in this scenario
it is in the interests of the trend chasing traders to ensure that a4 3 is as close to zero as
possible so that the process undergoes as large fluctuations as possible. This phenomenon
is observed in financial markets, i.e. when there is a large proportion of uninformed
investors in a market then the volatility of the market tends to be higher than in their
absence c.f. e.g. De Long et al. [41]. If however the uninformed investors where to force
a~+ B > 0 then this, as already observed, will result in the formation of an uncontrollable
bubble.

The case when a = 0 and b < 0 is consistent with solutions obeying the law of the
iterated logarithm, and so may be roughly associated with Gaussian processes that are
non—stationary, but possess stationary increments. However, in the former case, not only
(as we have already pointed out) is X is asymptotically indistinguishable from an asymp-
totically stationary process, it can be shown that X itself is asymptotically stationary (or

transiently non—stationary), i.e.

lim Cov(X(t), X(t+ A)) =~v(A),

t—o00
for some function v : R — R. Moreover this limiting autocovariance, as a function of A,
decays exponentially and so is indicative of a short memory process. At the same time, we
have already seen that when t is fixed and A — oo, then A — Cov(X(t), X (t + A)) tends
to zero at a polynomial rate, and is indeed non—integrable when b > 0. In a sense therefore,
the process exhibits “long—memory” and “short—memory” characteristics. Of course, it

is not unheard of that reversing the order of these limits leads to different answers, and
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while this is an interesting mathematical example of this phenomenon, it is otherwise
not noteworthy. However, given that there is considerable debate among empiricists in
finance concerning the presence or absence of long memory in certain financial time series,
it is interesting to note that Chapter 6 presents an asymptotically stationary process in
a (highly simplified, indeed unrealistic) market model, which also possesses somewhat
ambiguous memory properties. For autonomous equations it is typically the case that
one can permute these limits. We thus speculate that it is the non-autonomous nature of
(4.1.1) which gives rises to this ambiguity.

From the perspective of numerical simulation it is desirable that one can perform a
discretisation of (4.1.1) which yields a discrete equation which preserves the asymptotic
features (fluctuations, polynomial and exponential growth) of (4.1.1). It is argued in
Chapter 7 that
g &

n+1j:0

X(n+1)=aX(n)+ X(j)+0o&(n+1), ne{0,1,2,..} (4.1.5a)

X(0) =z € R, (4.1.5b)

serves as such a discretisation. A complete description of the pathwise asymptotic be-
haviour of (4.1.5) is given. For clarity we provide a bifurcation diagram of the parameter

space:
Figure 4.2: Bifurcation diagram of ‘a — 3’ parameter space

[ - axis

Theorem 7.3.1

\ o+ =1
tTheorem 7.3.2; TheorenﬁTheorem 7.3.2—

1]
—

a=- a=0 a

e In Theorem 7.2.1, corresponding to a € (—1,1) and o + f < 1, the solution X of
(4.1.5) is asymptotically equal to the solution of an autoregressive process of order
one and has oscillations of magnitude described by

X X
lim sup (n) = — lim sup (n) ?

n—oo 2logn n—00 \/210gn_\/1—a2’

a.s. (4.1.6)
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e In Theorem 7.3.1, corresponding to « € (—1,1) and o + § > 1, the solution X of

(4.1.5) tends to plus or minus infinity at a polynomial rate
lim ———%— =C;, as. (4.1.7)
where C] is an almost surely finite proper random variable.

e In Theorem 7.3.2, corresponding to |a| > 1, the solution X of (4.1.5) tends to plus
or minus infinity at a geometric rate
X(n)
]

lim
n—oo

=(Cy, as. (4.1.8)

a"na—1
where C5 is an almost surely finite proper random variable.

e In Theorem 7.4.2, corresponding to a = 1 and 8 > 0, the solution grows at a rate
which is faster than the polynomial growth of (4.1.7) yet slower than the exponential

growth given by (4.1.8).

e In Theorem 7.4.2, corresponding to o« = 1 and 8 < 0, the solution is recurrent on

Zt.

e In Theorem 7.4.1, corresponding to o = —1, the solution of (4.1.5) has asymptotic
dynamical behaviour which, depending upon the value of 8 may be polynomial

growth akin to (4.1.7), geometric growth akin to (4.1.8) or recurrent.

Areas of asymptotic behaviour of (4.1.5) are identified which are qualitatively and
quantitatively analogous to areas of asymptotic behaviour of (4.1.1), e.g. the recurrence
of (4.1.6) is akin to the recurrence of (4.1.3). Also it is shown that X is asymptotically
equal to the solution of an autoregressive process of order one, with similar comments
upon the ambiguity of the memory properties. For (4.1.1) there is a regime shift in the
asymptotic properties depending whether a and a + b are positive or negative, whereas for
(4.1.5) the corresponding regime shift depends upon whether |a| and « + § are greater or
less than unity.

It is observed however that there are regions and types of pathwise asymptotic be-
haviour of (4.1.5) which do not have a counterpart in continuous time (specifically when
a < —1). As for the continuous equation while Chapter 7 is primarily concerned with
establishing almost sure asymptotic results it is noted that these asymptotic results also

hold in mean square.
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Chapter 5

Exponential Growth in the Solution of an Affine Stochastic
Differential Equation with an Average Functional and

Financial Market Bubbles

5.1 Introduction

In this chapter, we determine the exact almost sure rate of growth for solutions of the

affine stochastic functional differential equation (SFDE)
b t
dX(t) = <aX(t) + 1+75/ X(s) ds) dt+o dB(t), t>0, (5.1.1)
-1

where B is a one-dimensional standard Brownian motion, X (¢) = ¢ (t) for t € [—1,0], ¢ is
a continuous function, and a and o are positive, and b is a non—zero real parameter. The
equation is termed affine by virtue of the linearity of the functional in the drift and the fact
that the diffusion is independent of the state. This forces solutions of the equation to be
Gaussian processes, a fact which is exploited in our analysis. We exclude the case a < 0
from our analysis here, as solutions in this regime do not have a definite deterministic
asymptotic rate of growth.

In our main result, it is shown that the solution obeys

X(t)

t—oo eatgb/a

= (C, almost surely, (5.1.2)

where C', known in terms of a, b, 1 and o, is a Gaussian random variable with mean ¢
which is known in terms of the data (i.e., in terms of a, b and ). Generally, ¢ is non—zero,

atgb/a a5 t —5 oo. This result is

so on almost every sample path, X (¢) is asymptotic to e
established by employing the admissibility theory for linear Volterra operators developed
by Corduneanu (cf, e.g., [14, 37]), applied pathwise to the solution of a random C*
dynamical system related to (5.1.1). Such admissibility theory has recently been used in a
series of papers by Appleby, Gyéri, Horvath and Reynolds [6, 14, 13, 55, 56, 57, 59, 60] to

determine convergence or rates of convergence to the equilibrium of linear Volterra integral

or summation equations. A novel feature of this work is that we use this admissibility
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theory to determine rates of growth, rather than decay, of solutions, and that the equations
considered are stochastic, rather than deterministic.

It is interesting to question whether using the rather general admissibility theory of
Volterra operators enables us to determine a sharp rate of growth of the solution of (5.1.1),
or whether (5.1.2) over-estimates the rate of growth (which would be the case if C' =
0 a.s. in (5.1.2)). One reason for studying (5.1.1) is that we can independently use
results on the asymptotic behaviour of confluent hypergeometric functions to determine
the exact growth rate of solutions of the deterministic equation underlying (5.1.1), namely
z'(t) = ax(t) + b/(1 +t) ffl x(s) ds for t > 0 with initial conditions x(t) = (¢) for
t € [-1,0]. These results show that z(t) is asymptotic to a constant times e®t%/¢ as
t — oo, with the constant generally being non-trivial. We have x(t) = E[X(¢)] and the
asymptotic behaviour of the mean is then inherited by the solution of (5.1.1). This not
only demonstrates the sharpness of the admissibility theory, but also that the limit in
(5.1.2) is non—trivial. This latter remark is of interest, because the admissibility approach
does not readily reveal the nature of the limiting constant.

The chapter is organised as follows: the equations to be analysed are introduced in
Section 5.1.1, together with notation. In Section 5.1.2 the representation of solutions
of the underlying deterministic equation are given in terms of confluent hypergeometric
functions. The main results are given in Section 5.2. Results from the admissibility theory

of Volterra operators are given in Section 5.3. The proofs are deferred to Section 5.4.

5.1.1 Preliminaries

We consider the affine scalar SFDE with an average functional

dX (1) = (aX(t) +lelr /_ZX(S) ds) dt+o dB(t), >0 (5.1.30)
)

t
X(t) =), te[-1,0] (5.1.3b)

Here o > 0,a > 0,b € Rand ¢ € C([—1,0],R). Then by Berger and Mizel [27] or Mao [84]
there is a unique continuous adapted process which obeys (6.1.1), hereinafter referred to

as the solution of (6.1.1). There is also a unique continuous solution of

2/ (t) = ax(t) + b11+t B z(s) ds, t>0, z(t)=v¢(), te[-1,0]. (5.1.4)
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We define the differential resolvent r associated with (5.1.4) by

or 1 t

It 5) = - : 1.

825( ,8) =ar(t,s)+ bl i /S r(u,s) du, t>s; (5.1.5a)
r(t,s) =0, t<s; r(s,s)=1. (5.1.5b)

Then, as is shown in Lemma 6.1.1, the solution of (5.1.3) is given by
¢
X(t) = (1) +0/ r(t.s) dB(s), > 0. (5.1.6)
0
Therefore X is a Gaussian process with E[X (¢)] = x(¢) for ¢ > 0.

5.1.2 Explicit formulae for solution of (5.1.4)

The solution of (5.1.4) can be rewritten as the solution of the second-order linear differ-

ential equation

" /
1 _atl = >0 1.7
x"(t) + ( raaC R (t) tx(t) 0, t>0; (5.1.7)

0
£(0) = 9(0),  2/(0) = ath(0) + b / (s) ds.

Therefore (for b/a ¢ {—1,—2,...}) the solution of (5.1.4) can be expressed in terms of

confluent hypergeometric functions, according to:
b b
z(t)=caU|(1+—1,a(l+t))+coM 1+ —,1,a(l+1)), t>0, (5.1.8)
a a

where U and M are two linearly independent solutions of Kummer’s differential equation,
which is given by zw”(z)+ (8 —2)w'(z) —aw(z) = 0, where o and S are real and z complex
v. See [97, Chapter 13.2.1] and following sections. We use various properties of confluent
hypergeometric functions (i.e. U and M) to analyse the mean, =, of X. This knowledge
of the mean aids us in our analysis of the stochastic process X. Section 6.2 of Chapter 6
gives a variety of properties and identities satisfied by both U and M. In order to avoid
repetition we do not state these properties here but rather reference those in Section 6.2
of Chapter 6 as needed.

We do note here however that when b/a € {—1,—2...}, the two functions on the right—
hand side of (5.1.8) are no longer linearly independent, and x may be represented by

(6.2.38).
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5.2 Main Results

When a > 0, b = 0, (6.1.1) collapses to the Ornstein-Uhlenbeck equation dX(t) =
X(t)dt + odB(t), for t > 0, X(0) = ¢, and it can be shown by the martingale con-

vergence theorem (cf., e.g., [104, Proposition IV.1.26] that

i X ()

t—oo eat

o0
:c+/ ce”* dB(s), a.s.
0

Note that the limiting random variable on the right—hand side is normally distributed with

mean ¢ and variance 02/(2a). We focus now on the case when b # 0.

Theorem 5.2.1. Let a >0, 0 # 0 and ¢ € C([—1,0],R). Suppose that X is the solution

of (6.1.1) and x is the unique continuous solution to (5.1.4). Then

(a) X obeys

tliréloeatt(b) < ,b, (0 /¢ ) ds, >, a.s., (5.2.1)

where C' is an a.s. finite normal random variable with mean c.

(b) The solution = of (5.1.4) obeys

lim eatib)/a (a b,15(0 / (s > (5.2.2)

(c) cin (5.2.2) is given by

c<a,b,w(0),/_01¢(s) ds> = ae {w(o)U<b 0 a> +b/ W(s dsU< Z a>}

(5.2.3)

Parts (a) and (b) of Theorem 5.2.1 are proven using a result, stated in Section 5.3,
from the admissibility theory of linear Volterra operators. The proof of Theorem 5.2.1 is
postponed to Section 5.4.

By (5.1.6) and Theorem 5.2.1, ¢ is linear in (0), ffl ¥ (s) ds and C in (5.2.1) depends

on the parameters according to

C=c (a, b,w(O),/_Ol p(s) ds) +0G(a,b)

where G is a zero mean normal random variable. This leads us to ask whether there are
values of a and b for which C' is almost surely non—zero. Since proper Gaussian random

variables possess a density, this will clearly be true if ¢ £ 0. It transpires that this can be
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ensured for almost all initial functions v in the case that b > 0. These remarks are made

precise in the following results.

Proposition 5.2.1. Let a > 0. If ¢ is as given by part (b) of Theorem 5.2.1 is non—zero,
then C(a,b,(0), fi)l ¥(s) ds,o) # 0 a.s.

While Proposition 5.2.1 shows that C # 0 a.s. by analysising the mean of C', the same
result is obtained in Theorem 6.4.2 by showing that the variance of C' is positive (without

the need for restrictions upon b).

Proposition 5.2.2. Let a > 0. If b > 0 and ¢ obeys ¥(0) > 0 and f?l P(s) ds > 0 then
c(a,b,1(0), [, ¥(s) ds) > 0 and therefore C(a,b,1(0), [°, ¥ (s) ds,0) # 0 a.s.

The case when b < 0 is more delicate. By (5.2.3), it can be seen that ¢ # 0 for almost
all initial functions provided that at least one of U(b/a,0,a) and U(1 + b/a, 1,a) is non—
zero. However, the case that U(b/a,0,a) = U(1 + b/a,1,a) = 0 is not generic. This is
because each of the functions z — U(b/a,0,z) and = — U(1 + b/a, 1, ) possess exactly
[—1 — b/a] positive zeros. Thus, for most values of b/a, it is unlikely that a is a zero of
either function. Of course, for particular values of a,b and initial conditions 1 one can
calculate ¢ using (5.2.3), and check whether it is non—zero.

In the case when b/a € {—1,-2,...}, U(b/a,0,a) and U(1+b/a,1,a) are polynomials,
in a of order —b/a and —1 — b/a respectively. Hence one can calculate their zeros more
readily than the non-polynomial case. For instance when b/a = —2, U(—2,0,a) = a(a—2),

U(-1,1,a) =a—1,s0 ac=9(0)(a —2) — 2(a — 1) ff)l P (s) ds.

5.3 Admissibility Results

The results on the asymptotic behaviour of (6.1.1) in this chapter rely on applying an
existing admissibility result for linear Volterra operators. It is stated here to make this

work self-contained. A variant of the result is cited in [14].

Theorem 5.3.1. Suppose that H : A — R is continuous on A = {(t,s) € R? : 0 < s <
t < oo}, and that there is a Ho € L'(0,00) such that

T
lim |H(t,s) — Hoo(s)| ds =0 for all T > 0. (5.3.1)

t—o00 0
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Assume also that

t
W := lim limsup/ |H(t,s)] ds < 1, (5.3.2)
T

T—oo t—oo
and that there is V € R such that limp_ o lim sup,_, ., ‘f; H(t,s) ds—V| =0. Let & be

in BC)(RT;R), and let n : [0,00) — R be the continuous solution of

n(t) = &(t) —l—/o H(t,s)n(s) ds, t>0. (5.3.3)

Then limy_,o n(t) =: n(c0) exists and

0(60) = (1= V) stoo) + [ oyt . (5.3.4)

Remark 5.3.1. Because |V| < W, W < 1 implies V < 1. Alsoif W =0, V =0.

5.4 Proofs of Main Results

We give an outline of the strategy of the proof of Theorem 5.2.1. We cannot apply directly
admissibility theory for Volterra equations to equation (6.1.1). Moreover we would like
to exploit second order features in equation (6.1.1) which aid asymptotic analysis of the
underlying deterministic equation. However, we cannot do so, owing to presence of the
non—differentiable Brownian motion. To avoid this, we decompose X into a stochastic term
(which turns out to be asymptotically dominated by X) and a random process which itself
is not twice differentiable but whose asymptotic behaviour is governed by a second order
ordinary differential equation. This second process, denoted by Z below, is appropriately
scaled (to give a process W) in order to capture its asymptotic behaviour. W obeys a
Volterra integral equation to which the admissibility theory can be applied.

The function z is twice differentiable, and Lemma 5.4.1 allows us to rewrite X so that

the extra smoothness of x can be exploited.
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Lemma 5.4.1. Let x obey (5.1.4) and r obey (5.1.5). Define K = fi)l P(s) ds

Dy(t) = /Ot <—Zr(t, s)—l—b/str(u, 5) du) <a¢(0)+ 1is(5¢(0)+K)> ds

+a(l + t)Y(0) + bt (0) + K), t >0,

Gi(t,s) = /: <—Zr(t,m)+b/;r(u,m) du) <a+m> dm

+a(l+t)+b(t—s), 0<s<t,

Dy(t) :=bK(1+t)" ¢ + ap(0)(1 + t)

_ ;(1 )t /Ot [(1 +u)alr(u, ) du <a1/1(0) +
and

Golt, ) = (1+t)—22(1+t) /:/t(l—l—u)z_lr(u,m) du <a+b(1m+_3)> dm.

b
T S(sw(O) + K)) ds,

m m

Then
Dy (t) = Do(t), t>0, (5.4.1)
Gi(t,s) = Ga(t,s), 0<s<t. (5.4.2)

Proof. Let y(t) = ¥(0) for t > 0, y(t) = ¢ (t) for =1 <t < 0, and z(t) := x(t) — y(t). Thus

2 (t) = az(t) + 1125 t z(s)ds+ f(t), t>0, (5.4.3)

where
= )ds +b
10 =0+ 10 [0 ds o)
Our method of rewriting (5.4.3) so that Theorem 5.3.1 can be applied is inspired by [26
Example 3.8.7]. Converting (5.4.3) to the second order equation 2" (t)+(1/(1+t)—a)z'(t) =

(a+0)z(t)/(1+1t)+ (a+b)1(0)/(1 +t) and substituting

b
a

w(t) = z(t)/(e™(1 +t)«) (5.4.4)

gives

a 2w \
w(t) + <2b1/+t -+ “) w'(t) = —% {a fz)g + (a+b)p(0)e (L +¢) L,

Multiplying both sides by e (1 + t)%b“, and using an integrating factor, we get

2

D e podm) = - L 4 p)

2

2l

w(t) + (a+ b)Y (0)(1 +1)e.

145



Integrating on both sides and recalling the resolvent representation

2(t) = /Otr(t, s)f(s) ds = /Otr(t,s) <a1/1(0) +

b
15 (sv(0) + K)) ds (5.4.5)

we get

W (t) =e (1 +1)"a LK + e (1 + )" aa(0)

s [t [ (w0 + SO as g

a? (1 4 ¢)at! 1+u
We now obtain an alternative representation for w’, without using a second order equation.

Differentiating (5.4.4) and using (5.4.5) gives

w(£) = ap(0)e™ (L4 1)7& + bKe " (14 1)7a " 4+ by (0)te" (1 1) e~

=l i [ (as0) + (4 s0(0))

+be (1 4 1) 1/ / S,U <a1/1 0) + 7(K—i—u1/}( ))> duds. (5.4.7)
Thus comparing (5.4.6) and (5.4.7) we deduce (5.4.1).

In establishing (5.4.2), we consider 7, the solution of (5.1.5) in place of z. Let y(¢,s) =1

for t > s and y(t,s) =0 for t < s and z(t, s) := r(t,s) — y(t, s), which leads to

0z b ¢
a(t, s) =az(t,s) + 1_}_t/s z(u, s) du+ f(t,s), (5.4.8)
where f(t,s) =a+b(t —s)/(1+t). Therefore z(t,s) St r(t,u) f(u,s) du. Following the

steps used to prove (5.4.1) (i.e., considering w(t,s) = z(t,s)/(e “t(l + t)¥/9); obtaining a
representation for dw/0t via a second order equation; and examining the scaled version

of (5.4.8))) one derives (5.4.2). O

Proof of parts (a) and (b) of Theorem 5.2.1. Define

Y(t) = B (5.4.9)

Z/(t) = +/ s) ds + (1), (5.4.10)

where K := fEl ¥(s) ds and f is given by

ft) = w(0)+1it(tw( )+K)+a/0 <a+b(1t;:)> dB(s), t>0.
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Define W (t) := Z(t)/(e%(1 + t)«). By (5.1.5), and the fact that Z(0) = 0, Z is given by
Z(t) = fg r(t,s)f(s) ds for t > 0. Using this representation for Z and (5.4.10) gives

Qefat

Wi(t) = _(1:75)5;“/0 r(t,s)f(s) ds

—at t rs
b - / / r(s,u)f(u) du ds—i—e*at(l—i—t)*gf(t),
(1+t)attJo Jo
or
, t
W(t)=e (1 4t)"a ! <D1(t) + a/ Gi(t,s) dB(s)) (5.4.11)
0
where D; and G; are defined in Lemma 5.4.1. By Lemma 5.4.1 and (5.4.11), we have

W' (t) =e (1 + t)_g_l (Dz(t) + U/Ot Ga(t,s) dB(S)> (5.4.12)

_ CW(O)—_FM( e—at _1_%1) t s g a +B(s .
TR TE (L+1) </0 (1+s)=(a+b)(¥(0) +oB(s)) d

! g-‘-l b2 e—at ¢ 2b_1 qs
+ [ a(l+s)e™odB(s) | = 5———— [ (1+s)e e™W(s)ds.
0 a*(1+t)*e Jo

Integrating across (5.4.12) gives us an equation of the form of (5.3.3), namely
t
W(t) = h(t) + / H(t,$)W(s) ds, t>0, (5.4.13)
0
where

h(t) = /0 (as(s) + as(s) + aa(s)) ds

b2 t
H(t,s) = —?(1 + 3)2:_16“8/8 e (1 + u)_l_% du,
and as(t) — aq(t) are defined for ¢t > 0 by
ax(t) = bEe (1 +1)"1 7% + ah(0)e (1 + )«
t
az(t) = o(a+b)e (1 + t)fl*%b / (1+ S)EB(S) ds,
0

t
as(t) = cae™ (1 + t)fl*%b / (1+ s)ngl dB(s).
0

Having put (5.4.13) in the form of (5.3.3), we next verify the conditions of Theorem 5.3.1.

Since a > 0, it is obvious that as € L'(0,00). We bound a3 according to

t
B
a0 < lofa+ Bl (147 [ i Bel g,
0 1+s
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By the law of large numbers for Brownian motion, [72, Problem 2.9.3] , the integral term
above is polynomially bounded, so a3 € L'(0,0), a.s. For a4, stochastic integration by

parts yields
—at - b —at —1-2b ! b
as(t) =cae”“(14+t) «B(t)—ac | —+1)e ®(1+t)" "o [ (1+s)aB(s)ds,
a 0

and hence ay is also in L'(0,00), a.s. Thus lim;_, h(t) exists.
We note that H is continuous and because a > 0, Hy, given by

b2 o]
Hoo(s) == —az(us)i"—lew/ e (1 +u) "% du
s

is well-defined. By L’Hépital’s Rule, we get limg o0 |Hoo(8)|/(1 4+ 8)72 = b%/a?, so Hy, €
L}(0,00). To check (5.3.2), let G(u) = e~9%(1 +u) "o ! Jo e®(1+ s)% ! ds. Then using
L’Hépital’s Rule we get limy—yoo G(u)/(1 + u)™2 = 1/a and thus G € L'(0,00). Also,
f;|H(t, s)| ds < b*/a? f; G(u) du, which gives limyp_,o limsup, f;]H(t, s)| ds =
0 < 1 as required. To check (5.3.1), for any T" > 0, by the definition of H,, and u —

_2b_4q

e (1 +wu)" a1 e LY0,00), we have

T
limn sup / H(t,5) — Hoo(s)] ds
0

t—o00

: b2 > —au —2_ T as 26
< limsup — e ™14u)"a " du [ e¥(14+s)a " ds=0.
t 0

too @

Hence Theorem 5.3.1 applies, so lim;,oo W(t) =: C is finite and so we have that
limy oo Z(t)/(e®(1 + t)?/%) = C. (5.4.9) and the law of large numbers for Brownian
motion gives limy oo Y (£)/(e%(1 4 1)%/%) = 0 a.s., so (5.2.1) holds as required.

The proof outlined above suffices to prove (5.2.2), with the following changes: from
(5.1.4) one can write down equation (5.4.10) with Z(t) replaced by z(¢) and Y (¢) = 0. By
Theorem 5.3.1, it follows that w(t) := z(t)/(e®(1 + t)*/%) has a finite limit as t — oco.

It remains to show that the limit in part (a) is Gaussian. Since X (t) is Gaussian for
each t, &, == e (1 + n)ng(n) is a Gaussian random variable for each n € {1,2,...}.
Let each &, have mean m,, and variance cﬁ. By Theorem 5.2.1, we have lim,,_,o, &, = C
a.s., so (&,) also converges to C in probability. By [108, Chap. 2.13.5, pp.304-305], it
follows that m := lim,_ o m, and ¢? := 921 exist, and that C is normally distributed
with mean m and variance ¢2. Since lim, o E[¢,] = limy, o0 679 (1 + n)ng[X(n)] =
lim;, 00 e (1 + n)‘gzz;(n), it follows from part (b) of Theorem 5.2.1 that ¢ = m, so C' is

normally distributed with mean c. O
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Proof of part (c) of Theorem 5.2.1. First, let b/a ¢ {—1,—2,...}. From the notation

) =

b
a

of Theorem 5.2.1, using (5.1.8) and (6.2.3), we obtain ¢ = lim;_, x(t)/(e® (1 + t)

coe®a®?/T(1 4+ b/a), where

—(1L+ DY) U2+ 3.2,a) —ap(OU(L + 2,1,a) —=bKU(1 + 2,1,a)
W(a,b,0) ’

Cy =

K = fE1 ¥(s) ds, and W(a, b, t) is the Wronskian of the solutions U(1+ 2,1, a(1+1)) and

a’

M(1+21,a(1+t)). From (6.2.7), we have W(a, b, t) = e*™* /(1 +)['(1+b/a)). Using

a’ )

the above and (6.2.35), ¢ must obey (5.2.3). In the case when b/a € {—1, -2, ...}, we have
a solution given by (6.2.10),

_1_2 :
((-1- 3)!)2(—})) ai (14 1), (5.4.14)

=0 (_1 - g _j)‘(]')2

Qo

U (1 + g, 1,a(l+ t)> = (-1)"1"

M1+ g, 1,a(1+t)) and U(1+ g, 1,a(1+t)) are linearly dependent. Using Abel’s Theorem
[31, Ch.3.3.2], the Wronskian associated with (6.2.1a) is W(a, b,t) = W(a,b,0)e? (1+t)~L.
This allows us to derive a second solution, linearly independent of (5.4.14). Hence our

general solution is given by (6.2.38). Thus,

ﬁb = czag — as <1/J(O)U(b,0,a) + b/o ¥(s) dsU(1 + 9, 1,a)> ,
. a 1 a

c= lim
t=00 gat (1 + ¢)

which is the same formula for ¢ as (5.2.3), proving the result. O

Proof of Proposition 5.2.1. By hypothesis, ¢ is non-zero. If the variance of C' is zero,
C = c a.s. If the variance of C' is non-zero, as C is normal it has a probability density

function on R, and therefore P[C' = 0] = 0. Thus P[C # 0] = 1, as required. O

Proof of Proposition 5.2.2. By Theorem 5.2.1, ¢ is finite. By hypothesis a,b > 0, and
$(0), [°,9(s) ds > 0, so by (6.2.28), U(2,0,a) > 0, U(1 + 2,1,a) > 0. By (5.2.3),

a’

c> 0. O
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Chapter 6

Long Memory and Financial Market Bubble Dynamics in
Affine Stochastic Differential Equations with Average

Functionals

6.1 Introduction

This chapter continues the study of (4.1.1) which was commenced in Chapter 5. While
Chapter 5 uses a rather general theory of admissibility of Volterra operators to attain
its results this chapter instead uses techniques which are more tailored to specifically
analyse (4.1.1). In spite of the loss of generality of the approach, the methods of this
chapter extend the asymptotic analysis of (4.1.1) to all real values of the parameters of
the equation. Moreover in contrast to Chapter 5 the methods of this chapter produce

unambiguously sharp asymptotic rates of growth, decay, etc.

6.1.1 Organisation of the chapter and mathematical preliminaries

This chapter is organised as follows. In this section (Section 6.1.1), we formally intro-
duce the equation under scrutiny and define some notation. Section 6.2 gives a detailed
description of the decomposition of the solution of the deterministic equation into special
functions, and in particular details the differing functions which are used depending on
the values of a and b. In order to make our presentation self-contained, various properties
of these functions which are needed in the analysis of the asymptotic behaviour, are listed.
Section 6.3 deals with recurrent dynamics of X, with Subsection 6.3.1 giving results on
the almost sure pathwise asymptotic behaviour of the process, while Subsection 6.3.2 dis-
cusses the memory properties when X has these recurrent dynamics. Section 6.4 gives
results concerning transient dynamical behaviour of the process. Proofs of the results are
deferred to Section 6.5.1 and sections thereafter.

Let us fix a probability space (€2, F,P) with a filtration {F () }+>0 satisfying the usual
conditions and let B = {B(t) : t > 0} be a one-dimensional Brownian motion adapted

to {F(t)}+>0 on this space. The probability measure induces an expectation E in the
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usual manner, in the sense that if Y is an F—measurable random variable such that
Jo IY ()| dP{w} < +o00, then E[Y] = [, Y (w) dP{w}.
Exactly as in Section 5.1.1 of Chapter 5 we consider the affine scalar stochastic func-

tional differential equation with an average functional

dX () = (aX(t) +b11+t " X(s) ds) dt + o dB(t), t>0; (6.1.1a)
-1
X(t)=1(t), tel-1,0] (6.1.1b)

Here 0 > 0, a, b € R and ¢ € C([—1,0],R). Then by Berger and Mizel [27] or Mao [84,
Theorem 2.3.1] there is a unique continuous adapted process which obeys (6.1.1), here-
inafter referred to as the solution of (6.1.1) and denoted X. There is also a unique

continuous solution of

1 I
2'(t) = ax(t) + bm B z(s)ds, t>0, (6.1.2a)
z(t) = (t), te[-1,0]. (6.1.2b)

The differential resolvent r associated with (6.1.2) is defined according to

1 t
%(f, s)=uar(ts)+ bm i r(u,s)du, t>s; (6.1.3a)
r(t,s) =0, t<s; r(s,s)=1. (6.1.3b)

Then with = being the solution of (6.1.2), the solution of (6.1.1) has a variation of param-

eters representation.

Lemma 6.1.1. Suppose that ) € C([—1,0];R). Let X be the unique solution of (6.1.1), x
the unique solution of (6.1.2) and r the unique solution of (6.1.3). Then X is a Gaussian

process and obeys

X(t) = 2(t) + a/otr(t, s)dB(s), t>0. (6.1.4)

A proof of the validity of this representation is provided in Section 6.5.
Using the representation (6.1.4) for X, we deduce formulae for the mean and autoco-

variance of X. By considering for ¢ > 0 fixed and 7 > 0 the process

M(r) = /OTr(t, ) dB(s), >0,
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we can see that M is a martingale and moreover a Gaussian process, so therefore X (t) =
x(t) + M(t) is Gaussian distributed. Since E[M(7)?] < +oo for all 7 > 0, we have that
E[M(7)] =0 for all 7 > 0, and hence E[M (t)] = 0. Hence

E[X(t)] = z(t), t>0. (6.1.5)

Since E[X ()?] is finite for all ¢ > 0, it follows that Cov(X (), X (t + A)) is well-defined

for all t > 0 and A > 0. We also see that
Cov(X (t), X(t + A)) = o*E[M (t)M(t + A)]
t+A t+A
— 0%E] / r(t,5)x(04(3) dB(s) / r(t+ A, ) dB(s)].
0 0
Considering t and A as fixed, we may apply It0’s isometry to obtain the variance of
t+A t+A
Vi ::/ r(t+ A,s)dB(s), Vs ::/ T(t,s)x[oﬂg}(s) dB(s) and
0 0
t+A
| ot + ol ) dBGs) =V Ve,
0
and using the fact that 2Cov(V1, Vo) = Var[V} + V] — Var[V;] — Var[V3], we obtain
t
Cov(X (1), X(t + A)) = 02/ r(ts)r(t+ A, s)ds, >0, A>0. (6.1.6)
0

We have already seen that mean and resolvent obey functional differential equations
involving an average functional. This also holds true for the autocovariance function, and

the result is recorded below.

Proposition 6.1.1. Suppose that ¢ € C([—1,0];R). Let X be the unique solution of

(6.1.1) and r the unique solution of (6.1.3). Fixt > 0 and define
t
Ye(A) == 02/ r(t,s)r(t+ A,s)ds, A > —t. (6.1.7)
0
If A >0, then v(A) = Cov(X(t), X (t + A)) and,
b A
1(A) = an(A) + TrirA /_t Ye(w) dw, A >0, (6.1.8)
/ b A 2
= - —t < . A
v (A) Q%(A)—Fl—kt—kA/t Ye(w) dw + o*r(t,t + A), t<A<O (6.1.9)

This result is proven in Section 6.5.1. The differential equation (6.1.8) may be thought

of as a Yule-Walker—type representation of the autocovariance function.
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In this work, we could equally have studied the equation
1 t
dX(t) = <aX(t) + bt/ X(s) ds> dt +cdB(t), t>0; X(0)=¢.
0

However, this equation is more delicate to analyse, on account of the potential singularity
in the average functional at ¢ = 0. We obviate such complications by considering an
equation with an initial history on a non—trivial compact interval. Taking this to be
[—1,0] leads to (6.1.1).

From a modelling perspective, recalling the financial interpretation of (6.1.1) from
Chapter 4, it may be natural for traders to initially observe the market before they com-
mence trading (as opposed to trading without using any past data, i.e. an initial value

problem). This period of observation could then be normalised to be of length one.

6.2 Formulae and Asymptotic Behaviour of Solutions of (6.1.2) and (6.1.3)

The solution of (6.1.2) can be rewritten as the solution of an initial value problems for a

second—order differential equation. The equation is

2(t) + <1~1m _ a> () - C;:::lt)x(t) —0, t>0; (6.2.12)
0
2(0) = v(0), 2'(0) = aw(0) + b / () ds (6.2.1b)

There are three cases to consider: a < 0, a > 0 and a = 0. We discuss each case and their
subcases, conditioned by b, in turn. In the case when b = 0, the stochastic differential
equation (6.1.1) reduces to an Ornstein—Uhlenbeck SDE, and so the behaviour of x, r, and
indeed X, are well-understood. Therefore, we exclude the case b = 0 from our analysis. In
the exposition below the asymptotic behaviour of the solution of (6.2.1) is deduced from
the known asymptotics of certain functions. It is here observed however that a general
theory concerning the asymptotic behaviour of linear second order equations with analytic

coefficients may be found in e.g. [95, Ch. 7.1 and 7.2].

6.2.1 a<0

When a < 0, the solution of (6.2.1) can be expressed in terms of two linearly independent

confluent hypergeometric functions, according to:

x(t) = c1r1(t) + cara(t)  for a < 0and b/a & {1,2,...} (6.2.2)
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where
r(t) = e™U(=b/a,1,—a(l +1t)), 7r2(t) =e™M(~b/a,1,—a(l+1)).

Here U(a, 8,-) and M(«, (3, -) are two linearly independent solutions of Kummer’s differ-

ential equation which is given by
2w (2) + (B — 2)w'(2) — aw(z) = 0,

where o and 3 are real and z a complex number. M is sometimes referred to as Kummer’s
function (of the first kind) or a confluent hypergeometric function, while U is sometimes
called the Tricomi confluent hypergeometric function. See [96, Chapter 13.2.1] and follow-
ing sections.

To see that 7 and ry are solutions of (6.2.1a), observe that as z — U(a, ,z2) is a

solution of Kummer’s equation then ¢ — U(—b/a, 1, —a(1 + t)) satisfies
—a(l+t)U"(=b/a,1,—a(l + 1)) + (1 +a(l +t))U'(=b/a, 1, —a(l +t))
b
+ EU(—b/a, 1,—a(l+1t)) =0.

Therefore

r’l'(t)—i—( = a) () — 00 )

1+t 1+t

b b
:a%“U%—E1ﬁﬂu+¢»—2&&%&—54;ﬂ0+¢»

b a+b b
250772 1 _a1 — ——1,—a(l
+a“e™U( -1 a(l+1t)) 1—|—tU( 1, —a(1+1))
1 at /_é . at _é _
+(1+t a>< ae®™U’( a’l’ a(l+1)) + ae™U( a’l’ a(l+1))
= 01 a4 )+ (a4 U1 a1 4 1))
— 1—|-t a aa , —a a (L’ e
b b
+aU(—a,1,—a(1+t))} =0,

as required. A similar calculation shows that 72 is a solution of (6.2.1a).
As we are chiefly interested in the long—run behaviour of X it is necessary to have

information on the asymptotic behaviour of both U and M. This is given by [1, 13.1.4 &

13.1.8], or
M(a, B, t) =:£¥§;e%a—5[1+cut—1ﬂ, as t — oo, (6.2.3a)
Ula, B,t) =t *[1+0(t™Y), ast— oco. (6.2.3b)
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This immediately gives asymptotic information about r; and rs:

r1(t) ~ e®|a|/*%? as t — oo, (6.2.4)
1
ro(t) ~ We_“\arb/a_lt_b/a_l, ast — 00 (6.2.5)
—b/a

To determine the asymptotic behaviour of z, we need values for ¢; and ¢y in (6.2.2)
in terms of the initial conditions of (6.2.1a). As usual, by using (6.2.1b), these values are

obtained by solving

0
c171(0) + cor2(0) = ¥(0),  e177(0) + corh(0) = arp(0) + b/_1 P(s) ds. (6.2.6)

Clearly, these values can be expressed in terms of the Wronskian of 1 and ro, evaluated
at t = 0, as well as the derivatives of r; and r5. Since r; and ro depend on M and U, it
is of value to have a general formula for the Wronskian and the derivatives of U and M.

A formula for the Wronskian, W, of M and U is given by [96, 13.2.34]:
W{M(a, B,2),U(a, B,2)} = —T(8)z"Pe* /T (a). (6.2.7)
Expressions for the derivatives of U and M are given by [96, 13.3.15 & 13.3.22]:

M'(a,ﬁ,z):%M(a+1,ﬁ+1,z), U'la, B,2) = —aU(a+1,8+1,2).  (6.2.8)

Using these results, we obtain the following formulae for ¢; and co:
b, . b 0 b
C1 :F(_i)e b w(O)M(l_ 5721 _a)_ ¢(3) dSM(—a,l,—G/) )
-1

0
ca =T(——)e% <1/1(0)U(1 - S, 2,—a)+ /1 P(s) ds U(—g, 1, —a)) . (6.2.9)

a

We now consider the case when b/a € {1,2,...}. As alluded to earlier, in this case
t — M(=b/a,1,—a(1l 4+ 1)) and t — U(—=b/a,1,—a(l + t)) are linearly dependent, and
therefore the representation (6.2.2) for x is not valid. It is however known that ¢ —
U(=b/a,1,—a(1+1t)) is a polynomial in |a|(1+t) of degree b/a. We even have an explicit

formula for this polynomial. Indeed, for n € {0,1,2, ...}, we have from [96, 13.2.7] that

" n. 2
U(—n,1,2) = (-1)" ) (n!)

> m(—z)ﬂ‘. (6.2.10)
=

Note that z — U(—n, 1, z) is analytic, and so its (at most n) zeros are isolated. Therefore,

the zeros of the real-valued polynomial ¢ — U(—b/a, 1, —a(1 4 t)) are also isolated.
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Suppose now we take ri(t) = e®U(—b/a,1,—a(l +t)) for t > 0. We know from
standard theory (cf., e.g. [31]) that there exists a second solution, 73, of (6.2.1a) which
is linearly independent of r1. Next, by Abel’s Theorem (cf., e.g. [31, Ch.3.3.2]), the

Wronskian of r; and 79, which is associated with (6.2.1a) obeys
Wi(a,b,t) = W(a,b,0)e®(14+1)", ¢>0,

where W(a, b,0) = r1(0)75,(0) — 71 (0)75,(0) # 0.

This expression is equivalent to
() (t) = ()72(t) = W(a,b,0)e™ (1 + 1)~ ¢ >0.

We now wish to find a representation for 7o which allows us to deduce its asymptotic
properties.

Notice that because r1 has finitely many zeros, it must have a maximal real zero. Let
t1 = 1+ max(0,sup{t € R : r1(¢) = 0}), where we define sup{t € R : ri(t) = 0} = —o0 if

r1(t) # 0 for all ¢ > 0. Then for ¢ > t; we have

at 1 t —1
FAHOT sy (6.2.11)

———~79(t) = W(a,b,0) TR >

() -

Since 71(t) # 0 for all t > ¢, we have that t — 7| (¢t)/r1(t) and t = e (1 + )71 /r1(t) are
continuous on [t1,00), and therefore we may solve (6.2.11) for 73 to obtain the following

representation for 75 on [t1, 00):

Tg(tl)
Tl(tl)

swiab,om( [ CUEIT

F2(t) = 11(t) t 2(5)

ds, t>1. (6.2.12)

Since t; exceeds the maximal zero of 71, the integral on the right hand side of (6.2.12) is
well-defined for ¢ > ¢;. Moreover, using I’'Hépital’s rule together with (6.2.3b) or (6.2.10),
one may show that

b
lim t a7y (t) = W(a,b,0)a| "¢, a<0, —-e{1,2,...}. (6.2.13)
a

t—o00

Note that this recovers the asymptotic behaviour of 7o above in (6.2.5) the case a < 0 and
b/a & {1,2,...}.

It is also useful to determine some asymptotic information about 7. Notice that
r1(t) ~ e®tP/%|al/* as t — co. Also we have

() _ril) —an(t) _ —aU'(-bja,1l,—a(l+t)
r1(t) r1(t) U(=b/a,1,—a(l+1)) ’ Z 1,
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so using the fact that ¢ — U(—b/a,1,—a(l +t)) is a polynomial of degree b/a € N, we
have that limy_,o 7} (t)/71(t) = a. By (6.2.13), it follows that there is t{ > 0 such that
To(t) # 0 for all t > t|. Let t{ = max(#},¢1). Then we may rewrite (6.2.11) for ¢t > ¢] to

get

<

ry(t) _ i(t) (14!
ra(t)  ri(t) ri(t)r2(t)

Using the fact that 71 (t) ~ e®t¥/%|a|?/® as t — oo together with (6.2.13) shows that the

+W(a,b,0)

<

second term has limit |a| = —a, and therefore

o Ty(t)
lim = (6.2.14)

Finally, we see that the solution of (6.2.1) is given by
.’E(t) = 517‘1(75) -+ 62?2(75), t >0, for a < 0 and b/a S {1, 2, } (6215)

where ¢; and é are found using (6.2.1b). Note that ¢y is known entirely in terms of r;

and its dependence on 75 is solely through the value of the Wronskian, because

1

C2 = T —é a " s)ds _9 a
CQ_W(a,b,O) <lﬂ/1(0)U(1 a,2,| ])+b/1¢( YdsU( a71,, \)>‘

Note also that for b = 0, (6.2.15) reduces to z(t) = 1 (0)e.

We now turn our attention to the representation of the resolvent r defined by (6.1.3).
In a manner similar to the treatment of the solution z of (6.1.2), it can be shown for every
fixed s > 0, the solution ¢ — r(t,s) =: r4(t) of the resolvent equation (6.1.3) is also the

solution of the second order differential equation

" 1 / a t
r _ 7 t 1 > 4N
18 (t) < a S(t) t 5( ) 0, S, (6 2 16)

with initial conditions 75(s) = 1 and r%(s) = a. It is to be noted that (6.2.16) is the same
differential equation as (6.2.1a) apart from the fact that the argument of the solution is
restricted to the interval [s,00), a subinterval of the interval of existence of the equation
(6.2.1a). Therefore, r(t,s) = rs(t) can be represented as a linear combination of the
linearly independent solutions of (6.2.1a) according to

di(s)ri(t) + da(s)ra(t), t>s>0, a<0, blag{l,2..},
r(t,s) = (6.2.17)

di(s)r1(t) + da(s)T2(t), t>s>0, a<0, b/aec{l,2..}.
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The multipliers d, dz etc are s—dependent, because initial data for the problem (6.2.16)
is specified at s. Considering first the non—degenerate case when b/a ¢ {1,2...}, it can be
seen that expressions for the coefficients d; and dy are obtained from the initial conditions

(6.1.3b) and (6.2.7), i.e.
di(s)r1(s) + da(s)ra(s) =1, di(s)ri(s) + da(s)r5(s) = a. (6.2.18)

From these equations, and using (6.2.7) and (6.2.8), we obtain the formulae

di(s) = r<—§><1 + )6 M (1 — S 2 —a(1+s)), (6.2.19)
da(s) = F<—§>(1 + )b U (1 — 2 2. —a(l + 5)). (6.2.20)

Using the fact that I'(1 — b/a) = —b/al'(—b/a) and employing (6.2.3), we get

F(—Q) b b b b
di(s) ~b——2|a| 1 Tae ¥sTa = |a| ae s a, as s — 00, 6.2.21
1)~ by ) (6.2.21)
b a b_1 b
da(s) ~ T'(——)e%lala™" sa, as s — oo. (6.2.22)
a

In the degenerate case when b/a € {1,2, ...}, we have

7 fé(S) — (MZQ(S) a ~ —as 1 f/Z(S)
= = - 1 14—
W) = b 0o (1 15T~ Wia,b,0) 2L Fs)e T i) )
s ri(s) — ari(s) B 1 b
dafs) = W(a,b,0)e(1+s)~1  W(a,b,0) b1 +5)U(1 a’ 2,—a(l +5)).
We notice by (6.2.13) and (6.2.14) that
di(s) ~ |a\_gs_b/“e_“5, as § — 00, (6.2.23)

which mirrors the asymptotic behaviour for d; in (6.2.21) in the non—degenerate case. As
to the asymptotic behaviour of dy, we may use (6.2.3b) to obtain

~ 1
dafs) ~ W(a,b,0)

b]a|%_ls§ as s — 00, (6.2.24)

and so da has the same asymptotic behaviour as dg given in (6.2.22) in the non—degenerate
case.
Using the fact that Cov(X (¢), X(t+ A)) obeys (6.1.6) for t > 0 and A > 0, and r(¢, s)

is given by (6.2.17), we have

A A), 0, b 1,2..),
Cov(X (1), X (t + A)) = c1am1(t+ A) + coura(t + A) a< Ja & { }

EljtT‘l(t—i-A) +527t772(t+A), a < 0, b/a S {1,2...},
(6.2.25)
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for t > 0 and A > 0, where

t ¢
cip = 02/ r(t,s)di(s)ds, cop = 02/ r(t, s)da(s) ds, (6.2.26)
0 0
and
t ~ t ~
Cip = 02/ r(t,s)di(s)ds, ¢Cap = 02/ r(t, s)da(s) ds. (6.2.27)
0 0

In order that certain limiting constants in our analysis are non—zero, we find it useful

to employ the following integral representation of U:

1 oo
Ula,B,t) = F(a)/o e My (1 4 w)f 2 du, a > 0. (6.2.28)

It appears as [96, 13.4.4].

6.2.2 a>0

When a > 0, the solution of (6.2.1a) can be expressed in terms of confluent hypergeometric

functions, according to:
x(t) = c3r3(t) + cara(t) for a >0 and b/a ¢ {—1,-2,...} (6.2.29)
where
b b
r3(t) =U(1+ = La(l+1t)), ra(t)=M(1+ o 1,a(1+1)). (6.2.30)
Using (6.2.3b), we get
r3(t) ~ a_l_gt_l_g, ast — 0o, a >0, (6.2.31)

and using (6.2.3a), we obtain

1

a L at,l b
———e%aae™ta, ast—o00,a>0, — -1,-2,... 6.2.32
T 21 b (62)

T4 (t) ~

The initial conditions (6.2.1b) can be used to determine c3 and c4; the relevant formulae

0
c3=T(1+ g)e_“ (bw(O)M(l + g, 2,a) — b/_l P(s) ds M(1+ 2, 1,a)> ,
ca=T(1+ S)efa (aw(O)U(l + g, 2,a) + b/ol P(s)dsU(1+ g, 1, a)> . (6.2.33)
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One may verify, as before, that r3 and r4 solve (6.2.1a). In the determination of these for-
mulae for c3 and ¢4, we have used the fact that one may deduce from Kummer’s differential

equation the identities [96, 13.3.13 & 13.3.14], which are

(a+1)zM(a+2,8+2,2)+(B+1)(B—2)M(a+1,8+1,z)
— BB+ 1)M(a,B,2) =0 (6.2.34)

(a+1)2U(a+2,8+2,2)+ (2 = BU(a+ 1,8+ 1,2) = Ula,B,2) =0.  (6.2.35)
Moreover, letting 5 — 0 in (6.2.34) and (6.2.35) gives

(a+1)zM(a+2,2,2) — zM(a+1,1,2) —azM(a+1,2,2) = 0, (6.2.36)

(a+1)2U(a+2,2,2)+2U(a+1,1,2) —2U(a+1,2,2) = 0. (6.2.37)

as [96, 13.2.5] in conjunction with [96, 5.2.1] gives limg_,o BM (e, B, 2) = azM (o + 1,2, 2)
and [96, 13.2.11] gives U(,0,2) = zU(a + 1,2, 2).

Again, for certain values of a and b (i.e., if —b/a € {1,2,3...}), the two functions
on the right-hand side of (6.2.29) are no longer linearly independent. Nevertheless the
second—order equation (6.2.1a) has two linearly independent solutions r3 (still given by

(6.2.30)) and 74, and so the solution of (6.1.2) obeys
x(t) = ¢é3r3(t) 4+ €ara(t), t >0, fora>0andb/ac{-1,-2,..}. (6.2.38)

By (6.2.31), r3(t) > 0 for all ¢ sufficiently large. Therefore we may define to = 1 +
max(0,sup{t € R : r3(t) = 0}), where sup{t € R : r3(t) = 0} := —o0 if r3(t) # 0 for all
t > 0. By considering the Wronskian of r3 and 74 for t > t, we have

e®(14¢)~!
rs(t)

7y (t) — 2574 (t) = W(a, b,0) t>tg, (6.2.39)

where W(a,b,0) # 0 is the Wronskian of r3 and 74 at ¢ = 0. (6.2.39) yields the represen-

tation

Ta(t) = r3(t)

~ t .as 1 -1
") |y, ())7"3(75)/ S ) R

r3(t2) o T3(s)
for 74. By means of 'Hopital’s rule and (6.2.31) we can deduce from this representation

for 74 that

lim e %"t~ a74(t) = W(a,b,0)as. (6.2.40)

t—o0

This is consistent with the asymptotic behaviour we established for r4 in (6.2.32).
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It is also useful to determine some asymptotic information about 7. Notice that ¢ —
U(1+2,1,a(1+1)) is a polynomial of degree —1—b/a € N, and so limy_,o 7%(2) /73(t) = 0.
By (6.2.40), it follows that 74(t) # 0 for all t > t3. Letting t4 = max(t2,t3), we rewrite
(6.2.39) for t > t4 to get
e®(1+¢)~1

ra(t)7a(t)

ma(t) _ ra(t)
Fa(t)  r3(t)

+ W(a,b,0)

Using the fact that rs(¢) ~ a1"at 17t/ as t - oo together with (6.2.40) shows that the

second term has limit a, and therefore

il
s

oy Talt) _
lim O (6.2.41)

Since 73 and 74 are linearly independent, we can use the representation (6.2.38) for x
to find ¢é3 and ¢4 such that the initial conditions of (6.2.1b) (or (6.1.2)) are satisfied. In
particular, ¢4 can be expressed according to

1

S S by 0 o b
C4_W(@abao) ( w(O)U(H_a’Z )+b/_1w( )d U(1+a’1’ )>'

An argument, which is identical in all respects to that used to deduce the representation
(6.2.17) of the solution r of the resolvent equation (6.1.3) in the case when a < 0, can be

used to justify the formulae

ds(s)r3(t) + da(s)ra(t), a>0, blag{-1,-2..},
r(t,s) = (6.2.42)

ds(s)rs(t) + da(s)Ta(t), a>0, blae{-1,-2..}.

Conditions for ds and d4, and for ds and d4, are obtained from the initial conditions
(6.1.3b) and (6.2.7), just as was done to obtain the equations (6.2.18) for d; and ds in the

case when a < 0. Solving the corresponding equations to (6.2.18), we obtain

ds(s) = D1+ e T (14 M1+ 2, 2,0(1 +5),
di(s) =T(1+ g)e—a<1+8>(1 + 5)al (1 + 2 2,a(1 + s)). (6.2.43)

Proceeding in the same manner in the degenerate case when b/a € {—1,—2, ...} yields the

expressions
~ B 7 (s) — ary(s) B a ~ Cas 1 7 (s)
da(s) = W(a,4b, e +5) 1 Wiap o) HeA e <1 * —afi(s)) ’
di(s) = —wJ?’zfso));ffff)s)—l = W(alb g)¢  (L+s)aU(l+ 2’2’6‘(1 +9))-

161



We now turn our attention to the asymptotic behaviour of d3, d4 etc. Using (6.2.3), we

can show that
d3(s) ~ bab/7 1P/ as s — o0, (6.2.44)
dy(s) ~T(14b/a)e % /457%™ as s — oo. (6.2.45)

In the degenerate case when b/a € {—1,—2,...}, we may use (6.2.40) and (6.2.41) to

establish that

ds(s) = o(sgﬂ), as s — 00. (6.2.46)

(6.2.46) is consistent with, but weaker than, the asymptotic estimate obtained for ds in
(6.2.44) in the non-degenerate case. As to the asymptotic behaviour of dj, we may use

(6.2.3b) to give
- 1 b b
d ~——— @ as a
4() W(a, b,O)a 50

which is consistent with the asymptotic behaviour in (6.2.45) in the non—degenerate case.

—as

as s — 00, (6.2.47)

6.2.3 a=0

When a = 0 and b > 0, it transpires that the solution of (6.2.1a) can be expressed in

terms of modified Bessel functions. To be more precise, we have
x(t) = csr5(t) + cor6(t), fort >0, when a =0 and b > 0 (6.2.48)
where
r5(t) = In(24/b(t + 1)), 16(t) = Ko(24/b(t + 1)) (6.2.49)
and I, and K, are two linearly independent solutions of modified Bessel’s equation
2w (2) + 2w’ (2) — (22 + vHw(z) =0,

with v a real parameter. See e.g. [96, Chapter 10.25.1] for details. I, and K, are referred
to as modified Bessel functions of the first kind and second kind respectively. One may
verify that r5 and r¢ are linearly independent solutions of (6.2.1a) by a direct calculation.

The constants ¢ and ¢ in (6.2.48) can be found using the initial conditions (6.2.1b)

or (6.1.2b). Doing this yields the formulae

0

5 =2 (w(o)\/BKI(Q\/B) +b / w(s)dsKo(Q\/B)) : (6.2.50)
0—1

o =2 (¢(0)J611(2¢B) - b/_1 ¢(s)dsfo(2ﬁ))> .
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In finding these expressions for c5 and cg, we have exploited the fact that the Wronskian

of I, and K, obeys the identity
W{K,(2),1,(2)} =1/z (6.2.51)
(which appears as [96, 10.28.2], for example) and the derivatives of I and K{ obey
IL(2) = [1(2), Ky(z) = —Ki(2). (6.2.52)

(cf., e.g. [96, 10.29.3]). We will also employ in the sequel the asymptotic behaviour of I,

and K. The relevant results are

I(t) = \/‘;%{1 +0@t™), K, ()= \/Ze_t{l + 0@}, ast—o0, (6.2.53)

which appear as [1, 9.7.1 & 9.7.2], for example.
As in the cases when a < 0 or a > 0, the solution to the resolvent equation (6.1.3)
can be represented as the sum of products of functions in ¢ and s. Indeed, r(t,s) can be

written in the form
r(t,s) = ds(s)rs(t) + dg(s)re(t), t>s>0,fora=0andb>0. (6.2.54)

As in e.g., (6.2.18), d5 and dg may be found by solving a pair of linear simultaneous

equations formulated from (6.1.3b). This leads to the formulae

d5(8) :2\/b(S+1)K1(2\/b(8+1)), dﬁ(S) :2\/b(S+1)Il(2\/b(S+1)), (6.2.55)

by making use of the identities (6.2.51) and (6.2.52).
In the case when a = 0 and b < 0, it turns out that the solution of (6.2.1a) can be

expressed in terms of Bessel functions. Indeed, we have
x(t) = crrr(t) + cgrs(t) for ¢t >0, whena=0and b <0 (6.2.56)
where
r7(t) = Jo(2v/=b(t + 1)), 7rs(t) = Yp(24/—=0(t + 1)) (6.2.57)
and J, and Y}, are two linearly independent solutions of Bessel’s Equation

220" (2) + 2w (2) + (22 — vH)w(z) = 0,
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where v is a real parameter (cf., e.g. [96, Chapter 10.2.1] for details). J, and Y, are referred
to as the Bessel functions of the first kind and second kind respectively. We remark that the
Bessel functions are oscillatory, convergent to zero and real—valued for positive arguments.
Moreover as the argument ¢t — +o0, Y, (t) and J,(t) share the same amplitude, and are out
of phase by %7’[’, [95, pp.242, Ch.7.5.1]. We make this precise in (6.2.60) below. One may
verify by direct calculation that r7 and rg are linearly independent solutions of (6.2.1a).
From (6.2.56) and (6.2.1b), we can find expressions for the constants c; and cg. In

fact, one obtains

0
07=ﬂ<wwhﬂﬂﬂﬂvﬂ®—b/¥¢®wé%@v@®>7 (6.2.58)

0
<@zﬂ(wm%ﬂwh@v%D+b/}w®M&h@v@M>- (6.2.59)

In deducing these formulae, we have used the fact that the Wronskian of .J, and Y, obeys
WH{J,(2), Y, (2)} = 2/ (72)
(cf., e.g., [96, 10.5.2]) and also that the derivatives of J, and Y, obey
Jh(2) = —A(2), Yg(z) =Yi(2)

cf., e.g. [96, 10.6.3]. In asymptotic analysis of the solution of the stochastic equation, we
will need information about the asymptotic behaviour of J,(¢) and Y, (¢) as t — oo. The
required asymptotic information is furnished by [1, 9.2.1, 9.2.2, 9.2.5, 9.2.6], which we

record now for convenience:

Jo(8) = /2] () {cos(t — %mr - iw) O}, ast— oo, (6.2.60a)
Y, (t) = /2] () {sin(t — %m - iw) O, ast— oo, (6.2.60b)

Once again the solution to the resolvent equation (6.1.3) can be written as a sum of

products of functions depending on ¢t and s. Indeed, r(t, s) can be written in the form
r(t,s) = d7(s)r7(t) + ds(s)rs(t), t>s>0, a=0, b<0, (6.2.61)

and expressions for d7 and dg may be obtained from this representation and (6.1.3b). This

yields

d7(s) = T/ |b|(1 + 8)Y1(2/|b|(s + 1)), dg(s) =m+/|bl(s+ 1) J1(24/|b|(s + 1)), (6.2.62)
upon use of the identities for the Wronskian of Jy and Y{ and formulae for the derivatives

of Jy and Yj.
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6.3 Recurrent Asymptotic Behaviour

6.3.1 Pathwise asymptotic stationary behaviour

The asymptotic behaviour of (6.1.1) in the case when a < 0 and a + b < 0 is very similar

to the Ornstein—Uhlenbeck process U given by
dU(t) =aU(t)dt +cdB(t), t>0; U(0)=0. (6.3.1)
There is a unique continuous adapted process which obeys (6.3.1) and it is given by
U(t) = e™ /Ot oe”*dB(s), t>0. (6.3.2)

Theorem 6.3.1. Let a < 0 and a + b < 0. Suppose that » € C([—1,0];R). Let X be the
unique continuous adapted process which obeys (6.1.1) and let U be the unique continuous

adapted process which obeys (6.3.1). Then:

(i) X obeys
: X(t) o .. X(t) o
lim su = , liminf =— ,  G.S. 6.3.3
t%oop v2logt V2|al t—oo 4/2logt V/2|al ( )
(i1) In the case that a +b < 0, we have
im {X(t)-Ut)} =0, a.s. (6.3.4)
t—00
and that
1 t
lim / X(s)ds =0, a.s. (6.3.5)
t=oo 141t J_ 4
(iii) In the case that a +b =0, we have
Iim{X(t)-U@l)} =L, as (6.3.6)

t—o00

where L is a proper Gaussian random variable with mean and variance given by

E[L] = b2r(—9) (/0 ¢(u)du> /OO Ul - 9,2, —a(l+s))ds

+ 6T ( / / U(1l —a(l+s))dsdu,
> b b ?
Var[L] = 02/ e 2au </ eaw/ VT(—=)U(1— —=,2,—a(l +s))ds dw) du.
0 u w a a
and that
t%OO 112 / X(s)ds = a.s. (6.3.7)
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The result (6.3.5) shows that, when a < 0 and a+b < 0, the average value of the process
X tends to zero, i.e. the fluctuations of X, which are of order y/logt, occur symmetrically
about zero. The result (6.3.7) however shows that, when a < 0 and a + b = 0, the
fluctuations of X occur about the level L (which is random and so will appear different
for each sample path).

It is of interest to ask if we can provide an upper bound on the a.s. rate of convergence
of X — U to zero when a + b < 0. Of course the case when a + b = 0 is excluded, because
in that case X — U tends to a non—trivial limit. We show that in all cases, the bound on

the closeness decays polynomially.

Theorem 6.3.2. Let a < 0 and a +b < 0. Suppose that ¢ € C([-1,0];R). Let X be the
unique continuous adapted process which obeys (6.1.1) and let U be the unique continuous

adapted process which obeys (6.3.1). Then:

(i) If a+b <0 and 2b+ a > 0, then

X()—-U(t
lim sup X () bU( ) €10,00), a.s
t—o0 t_l_E
(i) If 2b+a < 0, then
msup X = U()

22 =2 € 0,00),  as.
(iii) If 2b+a =0, then

lim sup X(t) = U €[0,00), a.s.
t—oo t~Y2logty/loglogt

While we conjecture that these estimates are sharp, i.e. the limits superior in Theo-

rem 6.3.2 are positive, such an analysis would involve, amongst other things, a sharper
analysis of the leading order terms in the expansions in (6.2.3), as well as lower estimates

of certain integrals in the proof. Such analysis goes beyond the scope of the present work.

6.3.2 Asymptotic behaviour of the autocovariance function

Theorem 6.3.1 shows that X is a Gaussian process which is asymptotically close to the
asymptotically stationary Gaussian process U (for b = 0, X is itself an Ornstein-Uhlenbeck

process). Since U is given by (6.3.2), its autocovariance function may be shown to obey

t
1
Cov(U(t),U(t+A)) = 026“A62“t/ e 205 ds = e“Ao2m (1- ez‘lt) .
0 a
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Therefore, for each fixed ¢t > 0 we have A — Cov(U(t),U(t + A)) decays exponentially to
zero as A — oo. It is therefore reasonable to expect that the autocovariance function of
X defined by (6.1.6) to behave according to lima_, Cov(X (¢), X (¢t + A)) = 0 for every
t > 0. However, as is shown below, although X (¢) — U(t) — 0 as t — oo a.s., for each
fixed t > 0, the autocovariance A — Cov(X (t), X (t + A)) decays polynomially to zero as
A — oo.

We have already seen in (6.2.25) that it is possible to represent the autocovariance func-
tion in terms of r1,7r2,d;,ds etc. Using the information about the asymptotic behaviour
of these functions, we can readily describe how rapidly the autocovariance function decays

in the time lag A.

Theorem 6.3.3. Suppose that a < 0 and a + b < 0. Suppose that ¢ € C([—1,0];R). Let

X be the unique continuous adapted process which obeys (6.1.1). Let t > 0 be fized. Then

Cov(X (), X (t + A))

Al A-(1D) — ci(a,b), (6.3.8)
where ¢y = c(a,b) is given by
t
ci(a,b) = U2b|a|1b/“/ r(t,s)(1+s)U(l —b/a,2,—a(l +s))ds. (6.3.9)
0

Hence the process X defined by (6.1.1) is a long memory process (i.e., for each fixed
t, [ Cov(X(t), X (t + A)dA = 400) when a <0, b >0 and a +b < 0.

In the case when a + b = 0, the covariance does not tend to zero as A — oo; instead

lim Cov(X(t), X(t+ A)) = c(a,b). (6.3.10)

A—00

In the special case a < 0 and b = 0, equation (6.1.1) reduces to an Ornstein-Uhlenbeck
equation and hence its autocovariance function is decays exponentially. This is consistent
with the result of Theorem 6.3.3, because the value of ¢; is zero in (6.3.9). This leads us

to question under what conditions will the limit obtained in Theorem 6.3.3 be nonzero.
Proposition 6.3.1. Let b > 0. Then Cov(X(t), X(t + A)) > 0 for all A > 0.

Proposition 6.3.2. Ifa <0, b > 0 and a + b < 0, then the limiting constant in (6.3.9)

obeys ct(a,b) > 0.

The case when b < 0 is more delicate to analyse. However, it can be shown that if ¢ is

sufficiently large, then c¢;(a,b) is negative. We can also show that c;(a,b) — 0 as t — oo
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in the case when b > 0 and that ¢;(a,b) - —oo as t — oo in the case that b < 0. We also
see that lim;_, ¢i(a,b) is nontrivial in the case when a + b = 0, and its limit will be of
interest later in this section. Accordingly, the asymptotic behaviour of ¢; is recorded in

the next result.
Proposition 6.3.3. Suppose that a < 0 and a+b < 0 and let ¢;(a,b) be defined by (6.3.9).

(a) If b< 0 and a+b <0, then

lim ct(a, b)

b + lal
Jim = R (6.3.11)

2 -3
= 0“bla ,
7 bl B Tal

and so ¢ — —00 as t — 0o.
(b) If b >0 and a + b < 0, then ¢, — 0 as t — oco. Furthermore

(i) If 2b+a > 0, then

c(a, b) o2b?

o b
: _ 2772 7 o .
Jm et = |a,2+2b/a/0 (1+s)?U (1 -2, a(1+s)> ds > 0; (6.3.12)

(i) If 2b+a =0, then

. ala,b) 51 .

(iii) If 2b + a < 0, then c; obeys (6.3.11) with the limit on the righthand side being

positive.
(c) If a+b =0, then

b2 00
: 2 2 2
tli}n;) Ct(a, b) =0 WTb/a /; (1 + S) U(l — b/a, 2, \a|(1 + S)) dS. (6314)

In Theorem 6.3.3 we held the starting time, ¢, fixed and observed the behaviour of
the auto—covariance function as the time lag, A tended to infinity. However it is perhaps
more typical, when testing for long memory (c.f. e.g. [10]), to fix the time lag and let
the starting time tend to infinity. It is then observed that this limiting auto—covariance
function depends only on the time lag A (so that the process is transiently non—stationary)
and the limiting autocovariance function is integrable over A, so that X does not have

long memory.

Theorem 6.3.4. Suppose that a < 0 and a+ b < 0. Suppose that ¥ € C([—1,0];R). Let

X be the unique continuous adapted process which obeys (6.1.1). Then, for all A >0,
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(a) If a+b <0, then
lim Cou(X(t), X(t+ A)) = ——e A, (6.3.15)

t—o00 - me

(b) Ifa+b=0, then

lim Cou(X(t), X (t + A))

t—o0
2 2

_ 07 aA 9 b > 2 _é 2
_2|a|e +o ’a‘2+22/0 (1+s)°U(1 a,2,]a|(1+8)) ds. (6.3.16)

It is interesting to remark that the differing rates of decay of the autocovariance func-
tion recorded for the solution of (6.1.1) when a < 0 and a + b < 0 in the limits (6.3.15)
and (6.3.8) are not generally seen in autonomous affine differential equations. We show
below for asymptotically stationary scalar affine SFDEs which are either finite delay or
of Volterra type, that one is in a position to characterise short or long memory by means
of a single limiting autocovariance function. Therefore, in the case of autonomous affine
equations, it does not matter whether one takes A — oo or t — co: as both limits lead to
the same function, both give the same classification of the process as being short or long
memory.

To make this claim more precise, and to find notation to connect the behaviour of
the autocovariance function of the solution of (6.1.1) with autocovariance functions of
solutions of such autonomous affine SFDEs, and to also contrast these behaviours, we
start by examining, for example, the solution X of an affine SFDE with finite delay. Such

a process X would be the solution of
dX(t) = L(X})dt+0dB(t), t>0; X(t)=v(t), tel[-r,0], (6.3.17)

where L : C([—7,0];R) — R is a linear functional and i) € C([—7,0];R). Suppose that r

is the differential resolvent given by
r'(t)=L(ry), t>0; 7(0)=1; r(t)=0forte[-T,0).

We now summarise the situation in the following claim.

Remark 6.3.1. If X is the solution of (6.3.17), and the differential resolvent r associated

with the drift of (6.3.17) obeys r(t) — 0 as t — oo and r(t) is of one sign for all ¢ sufficiently
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large, then there are functions v and ¢ such that

Cov(X (), X (t + A))

Jim A _1, (6.3.18a)

. Cov(X(t), X(t+A4))
Jim. Sy =, (6.3.18b)
tliglo e = 1. (6.3.18¢)

A similar result pertains to Volterra equations with slowly decaying autocovariance

function. For instance, if X is the solution of
t
dX(t) = (aX(t) +/ k(t —s)X(s) ds> dt +ocdB(t), t>0; X(0)=¢, (6.3.19)
0

and we suppose that & is a continuous, positive and integrable function. Let the differential

resolvent r be the solution of
t
' (t) = —ar(t) +/ k(t—s)r(s)ds, t>0; r(0)=1.
0

Remark 6.3.2. Suppose that k is a positive, continuous and integrable function which
is subexponential and asymptotic to a decreasing function, and moreover obeys a >

Jo~ k(s) ds. Then the autocovariance function of the solution X of (6.3.19) obeys (6.3.18).

We are now in a position to compare and contrast the situation with (6.3.18), which
pertains for solutions of affine autonomous equations. For the average equation the auto-

covariance function obeys

. Cov(X(t),X(t+ A))
lim =1, 6.3.20a
t—00 '71(A) ( )
. Cov(X(t),X(t+ A))
lim = ¢, 6.3.20b
A—o00 WQ(A) t ( )
0, b>0,
lim ¢, = (6.3.20c)
tmreo —o0, b<0

where 71(A) = 02/2|al - €% and y2(A) = A~0+b/a) " Therefore, the situation in (6.3.20)
differs from the case in (6.3.18), because there are two different rates of decay in A in
(6.3.20a) and (6.3.20b) and the function ¢ in (6.3.20c) does not tend to a non-trivial
finite limit as t — oo.

Theorem 6.3.4 part (a) is consistent with Theorem 6.3.1 part (ii), because in the case

when a + b < 0, the latter result shows that X is pathwise asymptotic to a process
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whose limiting autocovariance function is given in part (a). The result of part (b) is
also consistent with Theorem 6.3.1, because when a + b = 0, we know from part (iii) of
Theorem 6.3.1 that the solution is asymptotically equal to U plus a non—trivial limiting
random variable, whose presence is suggested by the form of the limiting autocovariance
function in part (b).

It is tempting to remark that when b > 0, Proposition 6.3.3 part (b) may be thought of
as partly reconciling the differing asymptotic behaviour of Cov(X(t), X (t + A)) recorded
in Theorem 6.3.3 and 6.3.4 according as to whether A — oo or t — oo. This is because
ct(a,b) = 0 ast — oo, so that the “long memory” recorded in (6.3.8) becomes ever weaker
as the start time ¢ becomes greater, and therefore becomes closer to the “short memory”
or exponential decay in A in the limiting autocovariance function determined in part (a)
of Theorem 6.3.4.

This heuristic explanation of the reconciliation of the asymptotic behaviour of the
autocovariance must however be taken with caution. In particular, in the case when
b < 0, it is harder to forward with equal confidence the same explanation as to the differing
asymptotic behaviour recorded in Theorem 6.3.3 and 6.3.4. In this case, Proposition 6.3.3
part (b) shows that c¢;(a,b) — —oo as t — oo, suggesting that the polynomial decay in
the autocovariance function given in (6.3.8) tends to become stronger as the start time is
chosen to be very large. On the other hand, the fact that |¢;| has power law growth which
is less rapid as t — oo (at a rate t¥/¢ according to (6.3.11)) compared to the power law
decay of Cov(X(t), X (t + A)) as A — oo (which is at the rate A~(1+%/4)) may point to a
weakening overall correlation.

One situation in which it does not seem to matter in which order limits are taken is

when a + b = 0. Taking the limit as A — oo in (6.3.16) leads to

2
lim Tim Cov(X(£), X(t + A)) = 02—

A—s00 t—00 \a\2+2§

o0 b
/ (148201 - 2,2, |al(1 + 5))2 ds.
0 a
On the other hand, by (6.3.10) and (6.3.14) we have that

2
lim lim Cov(X(t), X(t + A)) = o2 b

t—00 A—00 \a|2+2§

/ (142001 = 2,2, |al(1 + 5))2ds,
0 a

so the limits are equal.
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6.3.3 Non-stationary asymptotic behaviour

In the case when a < 0 and b < 0, we have already seen that the solution of (6.1.1) is
asymptotically stationary, and when a > 0 and b < 0 (see Chapter 5), the solution exhibits
a.s. exponential growth. Therefore, we expect to see intermediate asymptotic behaviour
on the boundary of these two parameter regions, where ¢ = 0 and b < 0. In broad terms,
we can establish that the solution behaves in some ways like a standard Brownian motion,
in the sense that the solution is a Gaussian process which has asymptotically vanishing
mean, variance which grows linearly in time, and experiences a.s. large fluctuations which

satisfy the Law of the iterated logarithm.

Theorem 6.3.5. Suppose that 1 € C([—1,0];R). Let X be the unique continuous adapted

process which obeys (6.1.1). If a =0 and b < 0, then E[X(t)] — 0 as t — oo and

im VerX@] _ L o
t—o0 t 3

We now state the result which deals with the magnitude of the large fluctuations of

X.

Theorem 6.3.6. Suppose that 1 € C([—1,0];R). Let X be the unique continuous adapted

process which obeys (6.1.1). If a =0 and b < 0, then

) X(t) PR () |
imsup ———~4— = —o0, liminf ——~4— = ——0, a.s.
t_wop V2tloglogt /3 t—oo +/2tloglogt V3

Remark 6.3.3. Both Theorems 6.3.5 and 6.3.6 show that, asymptotically, X behaviours
somewhat akin to standard Brownian motion. In particular it is observed that the limiting
constant in Theorem 6.3.5 is the square of that in Theorem 6.3.6. We are then drawn to
conjecture that the increments of X, under the hypothesises of Theorems 6.3.5 and 6.3.6,

are asymptotically stationary.

6.4 Transient Asymptotic Behaviour

From (6.1.4) we see that as X depends upon z, we then expect the asymptotic behaviour
of X to also depend upon z, especially in the case when |z(t)| — 0o as t — oo. This arises
in two main situations: when a < 0 and a + b > 0, and when a > 0. We deal with the

first of these cases first, and establish that |X(¢)| — oo as t — oo like a power of ¢. In
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fact, X can tend to +o00 or to —oo, each with positive probability. Moreover, the choice of
which limit is attained depends on the path of the Brownian motion driving X, with the
increments of B earlier in the path generally proving to be more influential in deciding
which limit is attained. The key to the proof of this result, and to the others in this
Section, hinge on the representation of the solution X of (6.1.1) in terms of the resolvent

r and mean x, as well as the asymptotic analysis of these functions given in Section 6.2.

Theorem 6.4.1. Suppose that a < 0, a+b > 0. Suppose also that ¢ € C([—1,0];R). Let

X be the unique continuous adapted process which obeys (6.1.1). Then

(a) There exists an FB(0o)-measurable normal random variable C' such that

X(®) =C, as. (6.4.1)
t—o0 t_(1+§)

(b) C is given by

C =la|"""4b {1/1(0) U (1 — 2,2, \a|> + /01 Y(s)dsU <—Z L, !al)}

~ b
n cr/ (14 9)U(1— 2,2 0|1+ 5)) dB(s).
0 \a|1+5 a

(¢) The mean and variance of C' are given by

E[C] = |a| "~ ab {1/)(0) U (1 - 2,2, |a|> + /jms)dsU (-Z 1, |a|> } . (6.4.2)

b2

_ 2
VarlCl = o |a|2+22

/Oo(1+8)2U(1— 9,2,|a|(1+s))2ds > 0. (6.4.3)
0 a

(d) The mean and variance of X obey

lim L[X(tb)] =E[C], lim 7‘/&7”[)((2&)]

t—o00 t*l*g t—o00 t*272%

= Var|C].

Once the formula (6.4.3) is established, it is clear that C' is a proper Gaussian random
variable, because s — U(1 — 3, 2, |a|(1 + s))? is asymptotic to a positive function and so
is itself eventually positive. Thus we have C # 0 a.s.

In the case when a > 0, we show that X grows to plus or minus infinity at an expo-
nential rate, with a power law correction growth factor. Once again, there is a positive
probability of each of the events {lim;_, -, X (t) = +o0} and {lim;_,o X () = —c0} occur-

ring.
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Theorem 6.4.2. Suppose that a > 0. Suppose also that 1p € C([—1,0];R). Let X be the

unique continuous adapted process which obeys (6.1.1).

(a) There exists an FB(oo)-measurable normal random variable C' such that

X(#)

11m ————
t—oo eattb/a

=C, as. (6.4.4)

(b) C is given by

0
C=aqs {m/)(O)U <1+ Z,2,a> +b/ P(s) dsU <1+Z,1,a>}
-1

& b
+oalta / e 1+ s)U(1+ 2 2,a(1 + s))dB(s).
0
(¢) The mean and variance of C' are given by

E[C] = as {aw(O)U <1 + S 2,a> + b/_o1 b(s) dsU <1 + g 1,a> } . (6.4.5)

and

VarlC| = o2a*+2a / e7295(1 + 5)*U(1 + 9, 2,a(1+ 5))%*ds > 0.
0 a

(d) The mean and variance of X obey

EX ()]

t—oo eatib/a

. Var[X(t)]
- E[C] ’ tli?olo e2at42b/a

= Var]C].

It can be seen from part (b) of Theorem 6.4.2 that the limiting random variable in
(6.4.4) is a linear functional of (the increments of) the Brownian motion B. The formula
for E[C], given in part (c) of Theroem 6.4.2, is discussed in Theorem 5.2.1 of Chapter 5
where it is shown that in certain regions of the parameter space E[C] is non—zero and
hence the continuous random variable C' is non-zero almost surely . While part (a) is also
dealt with in Theorem 5.2.1 of Chapter 5 we present an alternative method of proof in
this chapter, with the chief difference being that a simpler formula for C' is attained in
this chapter from the variation of parameters representation (rather using an admissibility
approach as in Chapter 5).

In the ab-parameter space the line a = 0 and b > 0 is bordered by a region wherein
X undergoes polynomial growth (covered by Theorem 6.4.1) and a region of exponential
growth (which is described by Theorem 6.4.2). As neither the representation (6.2.17) nor

(6.2.42) of the resolvent r are valid on this line, it therefore seems somewhat apt that X
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should have a rate of faster then polynomial yet slower than exponential growth on this

line. A precise asymptotic result is recorded in the next theorem.

Theorem 6.4.3. Suppose that a =0 and b > 0. Suppose also that v € C([—1,0];R). Let

X be the unique continuous adapted process which obeys (6.1.1). Then

(a) There exists an FB(co)-measurable normal random variable C such that

X(t)

m —————— = a.s.
t—oo t—1/462Vbt ’

(b) C is given by

1

= YN

(w(oNBKl(NB) o f 0 ¢(8)d8K0(2\/5)>

O_b1/4

+7

where Ky and Ky are modified Bessel functions of the second kind.

/OOO Vs + 1K1(21/b(s + 1)) dB(s),

(¢) The mean and variance of C are given by

E[C] = —— (zp(o)bl/4K1(2\/5) + b3/ / i zp(s)dsKo(zx/z})>
VT -1 ’
o2pl/2 oo
Varlc] = 7 /0 (s + DEK2(2/b(s + 1)) ds > 0.

(d) The mean and variance of X obey

Var( X (t)]

E|X(t
e = ElC), t—00 $—1/204V/bt

o0 p—1/42V00 = VariCl.

We see from part (c) that C has positive variance, so we have that C' # 0 a.s. Therefore

the limit in part (a) is nontrivial a.s.

Remark 6.4.1. If one scales (6.1.4) by ra then we have

X(t)/ra(t) = 2(t)/ra(t) + 0 /0 H(t, 5)dB(s)

where H(t,s) = r(t,s)/r2(t). Under the hypothesis of Theorem 6.4.1, it is immediate
from Theorem 3.2.2 that as the stochastic integral fg H(t,s)dB(s) converges to C' almost
surely then the convergence must take place in mean square also. Similarly each of the
results of Theorems 6.4.2 and 6.4.3 for almost sure convergence hold true for mean square

convergence also.
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6.5 Proofs from Section 6.1.1 and 6.3.2

6.5.1 Proof of Lemma 6.1.1

Existence and uniqueness of the solution of (6.1.1) is known from general theory of SFDEs,
cf. e.g. [27, 84]. Thus we need only demonstrate that the representation (6.1.4) satisfies
the SFDE (6.1.1).

Firstly observe that the resolvent equation, (6.1.3), may be re—expressed as

r(t, )—l—l—a/ usdu—l—/ / (w,s)dwdu, t>s.
s 1+u

Defining Z = X — z, we have that Z obeys

Z(t) = / ds+/

Z(t) =0, te[-1, (6.5.1b)

/ u)duds+ oB(t), t>0, (6.5.1a)

From the definition of Z it is apparent that demonstrating the validity of (6.1.4) is equiv-

alent to showing that Z obeys

Z(t) = O’/OtT(t,S)dB(S), t>0. (6.5.2)

Let Z*(t) =0 fo r(t,s)dB(s),t > 0 and so Z*(0) = 0 as required. Now using the stochastic

Fubini theorem

/z* ds+/1+8/Z* )duds + o B(t)
—aa// (s, w) dB(w) ds
/1+s/ / r(u, w)dB(w) duds + o B(1)
:a/o <a/w (swds+/1+ / uwduds)dB( )+ oB(?)

_ a/ (r(t,w) — 1) dB(w) + o B(t) = a/ r(t,w) dB(w) = Z*(1).
0 0

As Z is the unique solution of (6.5.1) we have Z = Z* and hence X has the representation

(6.1.4).
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6.5.2 Proof of Proposition 6.1.1

Let ¢ > 0 and A > 0. Differentiating (6.1.7) with respect to A, using (6.1.3a), and by

exchanging the order of integration and decomposing the integral, we get
¢ 0
AH(A) = 02/0 r(t )5t + A,s) ds
t b t pt+A
= aQa/O r(t,s)r(t+ A,s)ds + 02m /0 /S r(t, s)r(u, s) duds
b0'2 t ru
= A)+ ——— t dsd
avi(A) + 1+t+A/0 /0 r(t, s)r(u, s)ds du

bo2 At
+1—|—t+A/t /Or(t,s)r(u,s)dsdu.

Now, because r(w, s) = 0 for 0 < w < s, we see that [ r(t,s)r(u, s) ds = fg r(t, s)r(u,s)ds
for u € [0,t]. Hence the two integrals on the right hand side can be combined. By making

the substitution w = u — t, and then splitting the integral, we get
, b0'2 t+A  ru
Y (A) = ay(A) + 1-|-t-|-A/0 /0 r(t,s)r(u, s)ds du
b0'2 A pt
= ayn(A) + T4i+A /_t /0 r(t, s)r(t + w, s)ds dw

bo2 A pw+t
+ 1517 A /t /t r(t,s)r(t +w,s)ds dw

b0'2 A
pu— A —_—
an(A) + 1+t+A/t mi(w) dw

b0_2 A w+t
+ 15717 A /_t /t r(t,s)r(t+w,s)ds dw,

where we have used the definition of v4(w) at the last step. It now suffices to show that

the last integral is zero. We first decompose it according to

A prwt
/ / r(t,s)r(t +w,s)ds dw
—t Jt
0 pw+tt A pwtt
_/ / r(t, s)r(t+w,s)dsdw+/ / r(t, s)r(t + w, s)ds dw
—tJt o Jt
0 w1
:/ / r(t,s)r(t + w, s)ds dw,
—tJt

where the last integral is zero as when w > 0, r(t,s) = 0 for s € (¢,t + w]. Since
t >0 and w € [—t,0], we have that s € (¢ + w, ] in the remaining integral and therefore

r(t+w,s) = 0. Thus,

A pw+tt
/ / r(t, s)r(t + w, s)ds dw = 0,
t

—t
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which proves (6.1.8).
For t > 0 and —t < A <0, we prove (6.1.9) in a similar manner to (6.1.8). However,

since A € [—t,0], we can show that v can be written in the form
t+A
Y (A) = 02/ r(t,s)r(t+ A,s)ds, A € [—t,0].
0

The function on the righthand side is differentiable with respect to A on (—t,0), because

A — r(t+A,s) is differentiable on (—t,0). Now, differentiating with respect to A, we get

t+A
7,(A) = o? / r(t, S)aaAr(t + A, s)ds + o?r(t,t + A)r(t + At +A), A€ (—t,0),
0

and proceeding in a manner similar to the proof of (6.1.8) above, we establish (6.1.9).

6.5.3 Proof of Theorem 6.3.3

In the case when b/a & {1,2,...}, from (6.2.25), we have

Cov(X(t),X(t+A))  r(t+A4A) ro(t + A) Fo AN (/)
A—(1+b/a) = Cl,tm +ca (t+ A) (/) : A .

By (6.2.4) and (6.2.5) we have that

lim Cov(X(t),X(t+ A)) _

1 —a|,|—1-b/a
Al A-(Fb/a) U pa) '

Since cp4 is given by (6.2.26) and dz by (6.2.20), we obtain

i COVX(0). X (4 2)
A—00 A—(1+g)

= ¢i(a,b)

where ¢; is given by (6.3.9). The proof in the case when b/a € {1,2,...} proceeds in the

same manner, making use of (6.2.4) and (6.2.13) to obtain

[ Cov(X (), X (¢ +4))

A—00 A*(ler/a) = 62,tW((1, b’ O)’a|—1—b/a.

From this and the formula for é; in (6.2.27) we obtain the desired representation.

6.5.4 Proof of Proposition 6.3.1

Since Cov(X(t), X(t + A) obeys (6.1.6) for t > 0 and A > 0, we see that it suffices to
show that r(t,s) > 0 for all t > s > 0.
To this end, fix s > 0 and write rs(t) = r(t,s) for t > s. Then (6.1.3a) and (6.1.3b)

are equivalent to

1 t
: = ars Pa— s > 8 s =1
r(t) = ars(t) + b1 7 /5 rs(u) du, t>s; rs(s)
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Note that 7, € C!(s,00). Hence there exists some € > 0 such that r(¢,s) > 0 for t €
(s,s + €). Suppose there exists a minimal ¢y > s such that rs(tg) = 0, but rs(t) > 0 for

s <t <tg. Then r.(t) <0 and

I I
0> ri(to) = ars(to) + bl"i‘t/s rs(u) du = bl—l-t/s rs(u) du > 0,
a contradiction. Hence r(t,s) = rg(t) > 0 for all t > s, and so Cov(X(t), X (t + A)) >0
forallt >0 and A > 0.
6.5.5 Proof of Proposition 6.3.2

Since a < 0, by Theorem 6.3.3 we have that ¢;(a,b) obeys (6.3.9). In the proof of Propo-
sition 6.3.1 we showed that r(t,s) > 0 for all ¢ > s > 0. Therefore, to show that
ci(a,b) > 0 for all ¢ > 0, by examining the integral in (6.3.9), it suffices to show that
U(l—-b/a,2,]a|(1+1t)) >0 fort>0. Since a < 0 and b > 0, we have 1 —b/a > 0, so by

the integral representation (6.2.28), we have

b 1 >
Ul — - 2, —a(l+1)) = / e“(1+t)ss_§(1 + s)g ds, fort>0.

F(l—g) 0

Thus U(1 —b/a,2,—a(1+t)) >0 for all t > 0 and a < 0 < b, and the claim is proven.

6.5.6 Proof of Proposition 6.3.3

Suppose that b/a ¢ {1,2,...}. We estimate the asymptotic behaviour of ¢; in (6.3.9) by
substituting r(t,s) = r1(t)di(s) + r2(t)da2(s) and estimating the asymptotic behaviour of

each resulting integral in
t
¢/ (o?bla| 717y = rl(t)/ di(s)(14+s)U(1 —b/a,2,—a(l+ s))ds
0
t
+ r2(t)/ ds(s)(1+ U — b/a, 2, —a(1 + 5))ds. (6.5.3)
0
We start with the first integral in (6.5.3). By (6.2.3b) we have that
(1+s) U1 —=b/a,2,—a(l+s)) ~ |a]”? s as s — oc. (6.5.4)
Therefore by (6.2.21) we have that

1
di(s)(1+s)U(1 —b/a,2,—a(l+s)) ~ me*“s as s — 00.
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Using the fact that a < 0, by (6.2.4) we get
t
rl(t)/ di(s)(1+ $)U(1 —b/a,2,—a(l +s))ds ~ |a?/*72Y ast—o00o.  (6.5.5)
0

In the case when b/a € {1,2,...}, ¢ is given by

¢/ (02bla] 7YY = 1y () /Ot di(s)(1 + s)U(1 —b/a, 2, —a(l + s)) ds

o (t) /Otdg(s)(1+s)U(1—b/a,2,—a(1+5))ds. (6.5.6)

Again, we estimate the asymptotic behaviour of the first integral. By (6.5.4) and (6.2.23)

we have that

di(s)(1 +s)U(1 —b/a,2,—a(l + s)) ~ |a| " te™®*, as s — oco.
Using the fact that a < 0 and that r; obeys (6.2.4), we get
t ~
rl(t)/ di(s)(1+ $)U(1 —b/a,2,—a(l +s))ds ~ a2/ ast—oc0.  (6.5.7)
0

We next prepare estimates of the integrand in the second integral in (6.5.3) and (6.5.6).
When b/a & {1,2,...}, we use (6.2.22) and (6.5.4) to obtain

da(s)(1 + s)U(1 —b/a, 2, —a(l + s)) ~ r(—g)e%\ay?b/a—Q sP/% a5 s 5 00, (6.5.8)

When b/a € {1,2,...}, we use (6.2.24) and (6.5.4) to obtain

~ 1

da(s)(1 + 8)U(1 = b/a,2, —a(l +5)) ~ mbmy%/ﬂsm as s — 0o, (6.5.9)

We now prove part (a). If b <0 and b/a & {1,2,...}, we have that 2b/a > 0, so using
(6.5.8)

¢ b _ 1
/0 ()1 -+ 5)U(1 = b/, 2 —a(1 + 8)) ds ~ T(= L Jeaf2o—2 /o ot
as t — oo. Therefore by (6.2.5), as t — oo, we have that

1

Wtb/a. (6.5.10)

¢
rg(t)/ do(s)(1 + )U(1 — b/a, 2, —a(1 + 5)) ds ~ bla]"/s3
0
In the case that b < 0 and b/a € {1,2,...} using (6.5.9) gives

t
~ B B R S T AN VTS U S
[ @1+ 01 = b0, 2.—a(1 + ) ds ~ G blae R
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as t — oo. Therefore by (6.2.13) we have that

7o (t) /Ot day(s)(1 + s)U(1 —b/a, 2, —a(1l + 5)) ds ~ b|a|b/a_3tb/“%/al_|_1, as t — oo.
(6.5.11)
Examining (6.5.10) and (6.5.11), we see that the second integrals on the righthand sides of
(6.5.3) and (6.5.6) have the same asymptotic behaviour. Similarly, by (6.5.5) and (6.5.7),
we see that the first integrals on the righthand sides of (6.5.3) and (6.5.6) have the same

asymptotic behaviour. Hence, if b < 0, we have that

Ct ~ ’a‘b/a—Z <b|a]_1

W +1> tb/a, as t — oo,
g

2b/a +1
which implies (6.3.11).

We now prove part (b). In this case b > 0. Therefore, b/a ¢ {1,2...}, so we estimate
the asymptotic behaviour of each integral on the right hand side of (6.5.3). In particular,
the estimate (6.5.5) holds for the first integral. To analyse the asymptotic behaviour of

the second term, we must consider three subcases: 2b/a < —1, 2b/a = —1 and 2b/a > —1.

Case 1: 2b/a < —1. If 2b/a < —1, by (6.5.8) we have

t—o00

lim /t do(s)(1 4+ s)U(1 —b/a,2,—a(l+s))ds
0
= F(b)eab/ (1+5)2U(1 —b/a,2,—a(l + 5))*ds,
0

a

where we have used (6.2.20) to obtain the formula for the limit. Hence by (6.2.5) we have
t
1"2(25)/ da(s)(1+s)U(1 —b/a,2,—a(l +s))ds (6.5.12)
0
~ bla| /o1 / (145201 —b/a,2,—a(1+s))?ds -t~ as t — 0.
0

Since 2b/a < —1, we have that b/a < —1 — b/a < 0, so using the last estimate, (6.5.12)
and (6.5.5) we have (6.3.12). Notice also that ¢; — 0 as t — 0.

Case 2: 2b/a = —1. If 2b/a = —1, by (6.5.8) and (6.2.5) we have

t
r2(t)/ da(s)(1 + s)U(1 —b/a, 2, —a(1l + s)) ds ~ bla|?/* 3712 log t
0

1
= §|a|_5/2t_1/2 logt, ast— oc.

Using this estimate, (6.5.3) and (6.5.5), together with the fact that b/a = —1/2, we have

(6.3.13). Notice also that ¢, — 0 as t — oo.
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Case 3: 2b/a > —1. If 2b/a > —1, then by (6.5.8) and (6.2.5) we have

t
1

1 1 2 _all ~ b/a—3 ;b/a )

rg(t)/o da(s)(1+s)U(1 —b/a,2,—a(1 + s))ds ~ bla] t Mot as t — 0o

Using this estimate, (6.5.3) and (6.5.5), we have (6.3.11). Since b > 0 and a < 0, we have
cg —~>0ast— oo.

Finally we prove part (c), or (6.3.14), in the case that a + b = 0. We consider the
asymptotic behaviour of the first term on the right hand side of (6.5.3). We can still apply
(6.5.5) so that

t
rl(t)/ di(s)(1 + $)U(1 — b/a,2,|a|(1 + s)) ds ~ |a|”/ 72" = |a|t/*" 271, ast — oo.
0

Therefore
t
1tli}m r1(t) / di(s)(1 4+ s)U(1 —b/a,2,|al(1+s))ds =0. (6.5.13)
o0 0
Since a+b = 0 and r2 obeys (6.2.5), we have ra(t) — me_ﬂa]_l_b/“ as t — oo. Since

dy is given by (6.2.20), we have that
t
| o)+ U1 - bja 2ol + 5)) ds
0
t
_ e“bF(—Z)/ (1+ $)2U%(1 — b/a, 2, |a|(1 + s)) ds.
0
By (6.2.3b), we have that (1+5)2U%(1—b/a,2, |a|(145)) ~ (Ja|s)?*/* = (Ja|s) 2 as s — oc.

Therefore it follows that the integral tends to a finite limit and therefore

t—o00

t
lim ro(t) / da(s)(1+s)U(1 —b/a,2,—a(l+ s))ds
0
= |a1b/ab/ (1+5)2U%(1 —b/a,2,|a|(1 + s)) ds.
0
Combining this limit with (6.5.13) and taking the limit as ¢ — oo in (6.5.3), we obtain
(6.3.14).
6.5.7 Proof of Theorem 6.3.4

Let t > 0 and A > 0. Suppose first that b/a ¢ {1,2,...}. Using (6.1.6) and (6.2.17) one
obtains
Cov(X(t), X(t+ A))
t t
=P+ 8) [ d(s) ds+ ot +2) [ di)is) ds
0 0

+ o%ra(t)ra(t + A) /0 "B(s) ds + 0%y (t + A)rat) /0 " (s)da(s) ds. (6.5.14)
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Our plan is now to determine the exact asymptotic behaviour of each of the four terms in

(6.5.14) as t — oo (for fixed A > 0). Since a < 0 from (6.2.21) we have
(1) ~ |a|~P/ 272072/ ast — 0.
Therefore, one can use the last limit and I’Hopital’s rule to show that
¢ 1
/ d2(s)ds ~ —— - |a| /220t =2/0 a5 ¢ — 0.
0 2|al
By (6.2.4), and the above limit, we have

t
lim 7y ()71 (¢t + A)/ dy(s)? ds
t—00 0

_ Jal s rl(t) ™ (t +4) 2at| ,|2b/a,b/a b/a
= e tliz{.lo{ eat|a’b/atb/a €a(t+A)’a‘b/a(t + A)b/(le ’af‘ t (t + A)

t
. |a|—2b/ae—2att—2b/a f() d1(8)2 ds }

2|(l| ﬁ . ’a|f2b/ae—2att72b/a
L an g bla b I .
= — ¢ ] t+ AYWa. p=blal — _— cal 6.5.15
9lal ti{&{( +4) 9lal ( )

For the second and fourth terms in (6.5.14), we use (6.2.21) and (6.2.22) to get
¢ b
/ dy(s)dy(s) ds ~ |a| 2e DT (—=)e™ ™, ast — oco.
0 a

Thus, using (6.2.4) and (6.2.5), we get

Ty (0t + A) /0 " d1()dals) ds

o { r(t) rat + A)
t—00 6at‘a|b/atb/a I‘(flb/a) e‘a|a]—b/‘1—1(t + A)—b/a—l
1
at|,|bjasb/a —ay,|—-b/a—1 —b/a—1
x e®|a|”t F(—b/a)e |a| (t+A)

x Ia!*Qe“br(—g)e*at Jo di(s)da(s) ds }

|a|~2eabT(—2)e—at
= bla|™® lim o/t + A)~bam1 =, (6.5.16)
— 00
Similarly, we can show that the fourth term on the righthand side of (6.5.14) obeys

tllglo r1(t + A)ra(t) /Ot dy(s)da(s) ds = 0. (6.5.17)

Finally, we consider the third term on the righthand side of (6.5.14). Using (6.2.22)
we have

b
d3(s) ~ F(—f)62“b2|a|2§_2 s?/% as s — oo,
a
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If 2b/a < —1, we have that d5 € L'(0,00). In the case that a +b < 0, we have that

ro(t) — 0 as t — 00, so

t
tlim ro(t)ra(t + A)/ d3(s) ds = 0. (6.5.18)
e 0

In the case 2b/a < —1 and a+b = 0, we have from (6.2.5) that ro(t) — m]a\*b/aﬂe*“

as t — oo. Then from (6.2.20) we have

. t 1 Cob/ag 24 o]
Jim ra(tyra+ 8) [ dB(s) ds = mpsglal 2 [ (s) as
o b
= b2|a_2b/a_2/ (1+s)2U%(1 - -2, la|(1 +5)) ds.  (6.5.19)
0
If 2b/a = —1, we have that

t
b
/ d3(s) ds ~ F(—a)eQab2|al2§_2 logt, ast— oc.
0

Since b/a = —1/2, we have that ro(t) ~ kt=%/2 as t — oo for some k # 0, and therefore

(6.5.18) holds. If 2b/a > —1, then

t
b
/Odg(s)dsNP(_a)ezabz‘aFZ2t2b/a+12b+a7 as t — o0,
Using (6.2.5) we have
raOrafi-+ ) [ s ~ s
2 ) 2 T'(—b/a) W+a

as t — oo. Hence (6.5.18) holds.

Next, in the case when b/a & {1,2,...} and a+b < 0, by taking the limit as ¢ — co on
both sides of (6.5.14), using the limits (6.5.15), (6.5.16) and (6.5.17) on the first, second
and fourth terms, and (6.5.18) on the third term on the righthand side of (6.5.14), we
obtain (6.3.15).

On the other hand, when a + b = 0, by taking the limit as ¢ — oo on both sides of
(6.5.14), using the limits (6.5.15), (6.5.16) and (6.5.17) on the first, second and fourth
terms, and (6.5.19) on the third term on the righthand side of (6.5.14), we obtain (6.3.16).

For the case when b/a € {1,2,...}, then one decomposes Cov(X(¢), X(t + A)) as in
(6.5.14) above but where 75, Jl and cZz play the role of r9, di and ds. Moreover as can be
seen from (6.2.13), (6.2.23) and (6.2.24), 72, d; and dy have the same asymptotic behaviour
as rg, di and ds (to within a multiplicative constant) and so one can deduce the limits

(6.3.15) and (6.3.16) as before.
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6.5.8 Proof of Remark 6.3.2

Since a > fO s)ds, we have that r is in L'(0,00), and moreover that Jo r(s)ds =

(a— fo . Therefore, we have that

lim Cov(X (t), X(t+ A)) = o? /000 r(s)r(s+ A)ds =:y(A).

t—o00

Next, suppose that k is a subexponential function. Then

lim r(t) _ 1
t=woo k(t)  (a— [° k(s)ds)?

We determine the asymptotic behaviour of v(A) as A — oo under the additional assump-

tion that k is asymptotic to a decreasing function. We then have

7(A) _ o2 OOT s 1
k(A) /0 (s)ds- (a— fy k(s)ds)?
)

B o (S—|—A 1 k(S+A) <
‘ﬁér@<m+m a—ﬁw@mﬂ N
9 oors k(s+A) . 1
ot | (><km> 1>d<m4?w$mﬁ

The first term has zero limit as A — oco. The second term can be shown to have a zero

limit as A — oo by splitting the integral over the intervals [0,7") and [T, 00) for T' > 0 so
large that [ [r(s)|ds < e(a— [, k(s)ds)?, where € > 0 is taken arbitrarily small. Then,
letting A — oo, we see that the first of these two integrals tends to zero, while for the
second using the monotonicity of k, the limit superior of the absolute value is less than

202¢. Letting € — 0 confirms that

o 78 _ a1
AR HA) T (o k) s

Now we fix ¢ and compute the autocovariance function. We have

lim Cov(X (), X(t+ A)) — tim k(A) 2 /tr(s)r(HA) k(s +4A) s
A—00 ’Y(A) A—o00 ’}/(A) 0 k(S + A) k(A)

~(a— [T k(s)ds)® 1 t
= o o (a—foook(s)ds)z/o r(s)ds.

Therefore, we have

lim Cov(X(t), X (t+ A)) _ fot r(s)ds
A—so0 v(A) Jo r(s)ds

= Ct,

so clearly ¢; — 1 as t — oco. Therefore the autocovariance function obeys (6.3.18).
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6.5.9 Proof of Remark 6.3.1

Ifr(t) — 0 ast — oo, it is known that 7 € L'(0, 00) and that r decays to zero exponentially.

As a consequence

lim Cov(X (t), X(t+ A)) = o? /Ooo r(s)r(s+ A)ds =: v(A).

t—o00

Let us further suppose, for example, that r is asymptotic to a function of one sign. Then
there exists n € ZT and a > 0 such that r(t)/(t" 'e™) — C # 0 as t — co. We now

determine the asymptotic behaviour of v(A) as A — co. We start by writing

CN. o2C /000 e *r(s)ds

An—le—aA
_ 2 > —as (5 + A) (5 + A)n_l
=7 /0 e r(s) ( (5 + A)n—le—a(A+s) N C) 7(18

{ 20/ e (g) - SZA) ZC/ I }

It can then be shown that the limits as A — oo of the two terms on the righthand side is

zero, so that

2 —as LK
Jm s e =0 0/ s

Considering now the limit when A — oo for ¢ fixed, we have

Cov(X (), X (t + A))

Y(A)
_ Cov(X(t),X(t+A)) Ar-lead
C Arleed ~(A)
— 52 /tr(s)e_o‘s r(s+ A) ' (s+ At . An—1lg—ad
0 (8 + A)n—lefa(AJrs) An—1 ’Y(A)
Therefore we have
t
lim Cov(X(t), X(t + A)) - 16’02/ r(s)e”* ds =: ¢;.
A—o0 ’y(A) c* 0

We see that ¢; — 1 as t — oco. Therefore (6.3.18) holds.

6.6 Proof of Results in Section 6.4

In this section, we give the proofs of the growth rates of X stated in Section 6.4.
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6.6.1 Proof of Theorem 6.4.2
For b/a ¢ {—1,-2,...}, from (6.2.29), (6.2.42) and (6.1.4), we can write X according to
t t
X (1) = ra(t)es + ralt)es + ors(t) / ds(s) dB(s) + or4(1) / di(s)dB(s).  (6.6.1)
0 0

We have already deduced the asymptotic behaviour of 3, r4, d3 and dy in (6.2.31), (6.2.32),

(6.2.44) and (6.2.45). We recapitulate their limiting behaviour now:
1
r3(t) ~ a_l_gt_l_g, r4(t) ~ 7ea(l+t)a§t§7 as t — 00,
—1+2 b —% _a(l+s) -t
d3(s) ~ba " Tasa, dy(s) ~T(1+ —)a ae $"a, as§— 00.
a

Dividing across (6.6.1) by r4(t) yields

X(t)  r3(t) 73(t)
) @ T T

The asymptotic behaviour of the first and last terms is readily estimated. Since a > 0,

/ ' dy(s) dB(s) + 0 / " di(s) dB(s). (6.6.2)
0 0

r3(t)/r4(t) — 0 as t — oo. a > 0 also implies dy € L?(0, 00). Therefore by the Martingale

Convergence Theorem for continuous martingales (cf., e.g., [104, Thm. V.1.8]) we have

that
t 00
lim o / di(s) dB(s) = o / da(s) dB(s), as.
If
- r3(t) /t
1 B(s) = .S. .6.
Jim @ )y ds(s) dB(s) =0, a.s (6.6.3)
then we obtain
. X(b) o0
1 = B = .S.
Jim D C4—|—0/0 dy(s) dB(s) =: Cy, a.s

By (6.2.32) we therefore have

X(t b b o
lim ( 2 =T+ ,)eaa§C4 +I(1+ )eaazo/ ds(s) dB(s) =C, as.
a a 0

t—o0 eattg
which implies (6.4.4) and also part (b), due to the definitions of ¢4 and d4 in (6.2.33) and

(6.2.43) and of C in part (b).
Moreover, it follows from [108, Ch. 2.13.5, p.304-305] that

E[C] = lim EX®] _ 2

t—o0 eattg t—o0 eattg

b
=c4I(1+ 5)6"@3,

187



and that

X oo
Var[C] = lim w =o’T(1 + 9)262[1(12% di(s) ds > 0.
t—oo  g2aty2y a 0

These results and (6.2.33) and (6.2.43) establish the validity of parts (c) and (d).
All that remains to show is that (6.6.3) is indeed true. If %b < —1, then d3 € L?(0, 00),
and the stochastic integral tends to a finite limit by the Martingale Convergence Theorem.

Since r3(t)/r4(t) — 0 as t — oo, we obtain

/dg )dB(s) =0, a.s.

t—)oo 7"4

If %b > —1, then d3 ¢ L?(0,00). Indeed, the quadratic variation of fO d3(s)dB(s) is given

by
t
2
o(t) ;z/ B2(s) ds ~ 022 (2 £ 1) 1B st oo,
0 a

and hence loglog v(t) ~ loglogt ast — co. Therefore the stochastic integral fo ds(s)dB(s)
obeys the Law of the Iterated Logarithm for continuous martingales (cf., e.g., [104, Exercise
V.1.15]), so

Jo ds(s)dB(s) o Jods(s)dB(s)

lim su = — liminf =1, as.
t—>oop V2u(t) loglogv() t=oo \ /20(t) loglogv()

These asymptotic estimates for the stochastic integral and v, together with (6.2.31) and

(6.2.32) yield

im 720 [ = a.s
tlgglo 7’4@)/@ d3(s)dB(s) =0, as.

as required. The above argument holds similarly for the case when %b =—1.

The case b/a € {—1,—-2,—-3,...} can be dealt with similarly. While we only have the
crude estimate (6.2.46) for the asymptotic behaviour of CZg, it is nevertheless the case that
the quadratic variation of fot d3(s)dB(s) can grow no faster than a power of ¢ as t — 0o

(or indeed may converge as t — c0). Thus we obtain

m 130 / "dy(s) dB(s) =0, as.

t—o00 Ty (t) 0

as before.

6.6.2 Proof of Theorem 6.4.1

Since a < 0 and a + b > 0, we have b/a & {1,2,...}. Therefore, from (6.2.2), (6.2.17) and
(6.1.4) one has,

X (1) = r1(t)er + ra(t)es + o () /0 4y ()dB(s) + oralt) /0 "h(s)dB(s).  (6.64)
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We have already deduced the asymptotic behaviour of r1, ra, d; and dg in (6.2.4), (6.2.5),

(6.2.21) and (6.2.22). We recapitulate their limiting behaviour now:

r1(t) Neat]a\gtg, ro(t) ~ © . ]a\*lfgtflfg, as t — 0o,
I'(=2)
b g b a1+t b
di(s) ~ |a|"ee™ s a, da(s) ~T'(—=)be%|a] " Tasa, ass— 0.
a
Dividing across (6.6.4) by r2(t) yields
X(t) _ m(t) ri(t) /t /t
= ciot+ce+to di(s)dB(s)+ o | da(s)dB(s). 6.6.5
e rara 8 [a i) <o [ o (6:6.5)

The asymptotic behaviour of the first and last terms is readily estimated. Since a < 0,
we have from (6.2.4) and (6.2.5) that ri(¢)/r2(t) — 0 as t — oco. Also, since a < 0 and
a+b > 0, we have 2b/a < —2. Hence dy € L?(0,00) and therefore by the martingale
convergence theorem for continuous martingales (cf., e.g., [104, Thm. V.1.8]) we have

t

lim [ dao(s)dB(s) = /Uoo da(s)dB(s), a.s. (6.6.6)

t—o00 0

We now examine the asymptotic behaviour of the third term on the righthand side of
(6.6.5). Firstly observe that fg dy(s)dB(s) is normally distributed with mean zero and

variance given by
t
n(t) = / 2 (s)ds.
0

By I'Hopital’s rule we have
1
v1(t) ~ §\a|71*2?be*2at(1 + t)*%b, loglog vy (t) ~ logt, as t — oo,
and so we have by the Law of the Iterated Logarithm for continuous martingales (cf.,

e.g., [104, Exercise V.1.15]) that

[y di(s)dB(s)

lim sup = — liminf =1, as.
to0 /201 (t)loglogvs (t) t=o0o /201 (t) loglog vs (1)

Thus we have

t) [V dy(s) dB
lim sup O'Tl( )fo 1(5) () = —liminfo

t—00 Viogt t—00 Viogt - Val

Using (6.6.7), the fact that logt/r2(t) — 0 as t — oo, together with (6.6.6), we arrive at

(6.6.7)

X() S
tlggo ) ) +0/0 dy(s) dB(s), a.s.
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By (6.2.5) we therefore obtain

X(t
lim ( )b
t—o0 t—l—a

—a —a

la| 1" en + o —
= a 2 0‘7
r(-2) r(-2

which implies part (a) and also part (b), due to the definitions of ¢y and dg in (6.2.9) and

© -2 [ = a.s
1 /0 ds(s) AB(s) = C, as. (6.6.8)

(6.2.20) and of C in part (b).
Moreover, it follows from [108, Ch. 2.13.5, p.304-305] that

E[C] = lim L X(0)] = lim 7x(t)b = cy ¢ 7 | _1_2,
t—o0 t—l—z t—o0 t—l—g I‘(_a)
and that
X (t —2a [e'e)
Var[C] = lim w =2 7 \a|222/ d3(s)ds >0
t—o00 t_2_25 P2(_E) 0

These results and (6.2.9) and (6.2.20) establish the validity of parts (c) and (d).

6.6.3 Proof of Theorem 6.4.3

From (6.2.48), (6.2.54) and (6.1.4), we can write X according to
t t
X(t) = r5(t)es + ro(t)e + ors(t) / ds(s) dB(s) + oro(t) / do(s)dB(s).  (6.6.9)
0 0
We can deduce the asymptotic behaviour of 75, ¢, d5 and dg using (6.2.53), (6.2.49) and
(6.2.55). Hence

VT e—th—l/zL

1
75(t) VO ™ opl/a

TN

1
ds(s) ~ \/771'1)1/481/4672\/57 as s — 00, dg(s) ~ —b1/451/4e2\/$, as s — 00.
™

, ast — o0, 1g(t)

, as t — oo,

Dividing across (6.6.9) by r5(t) yields

X(@) _relt)
() T ()

The asymptotic behaviour of the second and third terms is readily estimated. First as

ce+ o /Ot ds(s)dB(s) + o /015 dg(s) dB(s). (6.6.10)

b >0, r6(t)/r5(t) — 0 as t — oco. Also, d5 € L?(0,00) and therefore by the martingale

convergence theorem for continuous martingales (cf., e.g., [104, Thm. V.1.8]) we have

lim /0 ds(s)dB(s) = /O ds(s)dB(s), as. (6.6.11)

t—o00
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We now examine the asymptotic behaviour of the fourth term on the righthand side of
(6.6.10). Firstly observe that fg de(s)dB(s) is normally distributed with mean zero and

variance given by
t
v(t) = / do(s)? ds.
0
By using 'Hépital’s rule, the asymptotic behaviour of v3(t) as t — oo can be found:

v3(t) 1 5 loglogws(t) 1

00 pVBE 210 imoo logt 2
Thus by the Law of the Iterated Logarithm for continuous martingales (cf., e.g., [104,

Exercise V.1.15]) we have that

t t
dg(s)dB dg(s)dB
lim sup fo 6(s)dB(s) = — liminf fo 6(s)dB(s) =1, as.
to0  1/203(t) loglog v (t) t=oo \/2u3(t) log log v (1)
Thus we have
t
/ dg(s)dB(s) = O <t1/262m\/10g t) , ast— oo.
0
Therefore
t
ro(t) / dg(s)dB(s) = O (tl/Qe*Q‘/E\/log t) , ast— oo,
r5(t) Jo
and so
_ret) [ _
tlg};lo 1"5(75)/0 dg(s)dB(s) =0 a.s. (6.6.12)

Taking the limit as ¢ — oo in (6.6.10) and using (6.6.12) together with (6.6.11), we arrive

at

i X

tl)Igo T5(t)

o0
=c5+ 0/ ds(s) dB(s), a.s.
0
Using the asymptotic behaviour of r5 we therefore obtain

X@) LX) ()
t—o0 2Vbtp—1/4  t—oo r5(t) e2Vbig—1/4

= W (C5 + J/OOO ds(s) dB(s)) =C, as. (6.6.13)

which implies part (a) and also part (b), due to the definitions of ¢5 and ds in (6.2.50)

and (6.2.55) and of C' in part (b).
Moreover, it follows from [108, Ch. 2.13.5, p.304-305] that

_ . EBIX@® zt) 1
E[C] = tlggo o2Vhty—1/4 tlggo o2Vbtg—1/4 le/4ﬁc5’
and that
oL Var[X(t)] 1 9 [ o
Var[C] = tliglo N ey JTAVERd /0 d:(s)ds > 0.

These results and (6.2.50) and (6.2.55) establish the validity of parts (c¢) and (d).
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6.7 Proof of Theorem 6.3.1 and Theorem 6.3.2

We note that similar asymptotic analysis as that above would give us, for a + b < 0,

X
lim sup ® _ ¢

tsoo v/2logt \/2]a\'

We choose however to prove this result via Theorem 6.3.1, as it provides an interesting

result regarding the asymptotic behaviour of the process.

6.7.1 A preliminary lemma

Lemma 6.7.1. Let a <0 and a +b=0. Define H by

b
1+ s

t s
H(t,u) :/ da(s) e_‘w/ ce™dwds, 0<u<t, (6.7.1)

where dy is as given by (6.2.20). Define Huo

Heyo(u) = U/ 2(8)ds — Uea“/ e’ 2(8)ds, u > 0. (6.7.2)
@l T+s™ T S C T
Then
t
lim [ H(t,u)dB(u / Hy (u), a.s.
t—o0 0

Proof. The proof of this almost sure convergence result is an application of Theorem 3.2.3

_ e—au /t IR dQ(S) ds.
b ]a\ 1—|—s |al w 1+

H, given by (6.7.2) is well-defined by virtue of (6.2.22). To estimate the rate of decay of

H simplifies to

H, to zero, we use (6.2.22) to get

> d
/ 2(S)ds ~ la]tetu ™, as u — 00, (6.7.3a)
w 1+s
< Led
e_a“/ e“sﬁds ~la| 22, as u — oo. (6.7.3b)
” 1+s

Thus Heo(u) ~ ola|2e®u™! as u — oo and so Hu, € L?(0,00).
We now wish to show that
t

lim [ (H(t,u) — Hoo(u))* du - logt = 0. (6.7.4)

t—o0 0

o [ ds(s) O’/OO da(s)
—_ d t = — as d
) a|/t T IO=q ) Tt

Define
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Then the Cauchy-Schwarz inequality gives
t t
/ (H(t,u) — Hoo(u))? du = / (—f(t) + e~ g(t))* du
0 0
t t
< / 2f(t)2du + / 2e 2% g (t)2du
0

=2tf(t)* + =—29(t)* (e > —1).

The asymptotic relations (6.7.3) determine completely the asymptotic behaviour of f and
g, and this, together with the last inequality, gives (6.7.4).

We show now that there exist ¢ > 0 and ¢, > 0 such that

t 2
/ [;H(t,u)] du < co(14+8)2, t>0. (6.7.5)
0

To do this we estimate according to

[ o] e o[-

and using (6.2.22), we see that H obeys (6.7.5) for any ¢ > 0 and ¢, > 0. Also as

H(t,t) =0 for all t > 0 then all of the conditions of Theorem 3.2.3 are satisfied and so we

conclude limy_ fg H(t,u)dB(u) = [;° Hso(u)dB(u) a.s. as required. O

6.7.2 Proof of Theorem 6.3.1

We start by defining a process Y = {Y(¢) : ¢ > —1}, which is related to U defined by
(6.3.1). It will be used in proving Theorems 6.3.1 and 6.4.1. Y is defined by Y (t) = ¥ (¢)

for ¢ € [—1,0] and it obeys
dY (t) = aY (t)dt + o dB(t), t>0. (6.7.6)

Note that (6.3.3) is an immediate consequence of (6.3.4) or (6.3.6) and the fact that

Ul(t Ul(t
lim sup ®) =7 lim in ®) o a.s. (6.7.7)

oo V2logt  \/2]a]’ t—>°0 V2logt \/2|a]’
Therefore it remains to prove (6.3.4) and (6.3.6). Firstly extend U to [—1,0) by U(t) =

for t € [~1,0). Then for Y defined by (6.7.6), for t > 0 we have Y (t) — U(t) = ¥(0)e®.
Therefore U(t) — Y (t) — 0 as t — oo, a.s. Hence it remains to prove that X (¢) — Y (¢) — 0
as t — oo a.s. in order to establish (6.3.4) and (6.3.6).

Define Z(t) = X (t) — Y (¢t) for t > —1. Then Z(t) =0 for t € [-1,0] and

Z(1) = b/ S)ds+ f(8), >0, (6.7.8)
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where

1

f(t) = bm

0 ¢
1
/ P(s)ds + b/ Y(s)ds, t=>0. (6.7.9)
. t+1),
Next we show that f(t) — 0 as t — oo, a.s. This clearly follows if ng(s) ds/t — 0 as
t — oo a.s. To prove this, note that

Y (t) = ¢(0) + a/ot Y (s)ds+oB(t), t>0. (6.7.10)

Since U obeys (6.7.7), Y(t) — U(t) — 0 as t — oo, Y obeys

Y
lim sup Y @)l c

= a.s.
t—woo V2logt  /2]al

Therefore by this limit and the strong law of large numbers for standard Brownian motion

72, 2.9.3], we get from (6.7.10) that "Y(s)ds/t — 0 as t — oo a.s., and therefore that
[ 0
f(t) — 0 as t — oo a.s. Indeed, by using the Law of the iterated logarithm for standard

Brownian motion [72], we have
ft) _ [blo

lim sup /) = —liminf =-—, as. (6.7.11)
too  t71/2,/2Toglogt t—oo t—1/2\/2Toglogt  |a]

Recalling that the resolvent r obeys (6.1.3), by applying the conventional variation of

constants formula to (6.7.8), and using (6.2.17) in the case that b/a € {1,2,...}, we get

Z(t) :/0 r(t,s)f(s) ds:rl(t)/o d1(8)f(8)d8+7“2(t)/0 da(s)f(s)ds (6.7.12)

and hence

Z(8)] < ra(0) /0 dy(3)]1£()[ds + ra(0) /O da(s)] £ ()| ds. (6.7.13)

The first integral on the righthand side of (6.7.13) converges to zero using (6.2.4), (6.2.21)
and (6.7.11), on application of 'Hopital’s rule.

It transpires that the limiting behaviour as ¢ — oo of the second integral on the
righthand side of (6.7.13) differs according to whether a+b < 0 or a+b = 0. We consider
first the case when a+b < 0. Using (6.2.22) and (6.7.11) in the case that 2b+a > 0, there

exists an a.s. finite positive random variable M such that

t 00
limsup/ |da(s)|]f(s)|ds < limsupM/ (1+ 5)2_1/2\/1og10g(e +s)ds < 0.
0 t—o0 0

t—o00

Hence
t

lim [ dao(s)f(s)ds = /000 da(s)f(s)ds € (—o0,00) a.s. (6.7.14)

t—o00 0
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Since 2 obeys (6.2.5), we have
¢
tli)m |r2(t)\/ |da(s)||f(s)|ds =0, a.s. (6.7.15)
o° 0

In the case when 2b+a < 0, notice from (6.7.11) that for any € < 1/2 that f(t)/t=1/2t¢ =0
as t — oo on the a.s. event §21, say. Therefore, by the continuity of f and this relation,
there is an a.s. finite and positive random variable K, such that |f(¢,w)| < K¢(w)(1 +
t)~1/2%¢ for all t > 0. Therefore, by virtue of the continuity of 7, dy and (6.2.5) and
(6.2.22), there exists an a.s. finite and positive random variable M, such that, for all

t > 0, we have

|r2(2) / |da(5)]|f(s,w)|ds < Mc(w)(1+t)! /0(14-3) —1/2+€ gg

1
bla+1/2+¢€

< ME(w)(l—l—t)_l_E(l+t)%+l/2+6

for each w € Qy, with the last inequality holding because b/a —1/2 4+ ¢ > —1. Since

is an a.s. event. Thus we again have (6.7.15) and so, using this limit and (6.7.13), we see

that Z(t) — 0 as t — oo a.s. in the case that b/a & {1,2,...}. We can demonstrate that

Z(t) — 0 as t — oo a.s. in a similar manner when b/a € {1, 2, ...} by using the asymptotic
behaviour of rq, 7o, di and ds. Hence the proof of parts (i) and (ii) are complete.

For the proof of part (iii), we consider the case a+b = 0. Recall that Y can be written

in the form

Y (t) = (0)e™ + ge /t e "dB(s), t>0.
0

In this case, we wish to show that Z tends to a non—trivial limit. Arguing as above, we
have that the first integral on the right hand side of (6.7.12) tends to zero as ¢ — oo a.s.
As to the second term on the right hand side of (6.7.12), by using a stochastic Fubini

theorem, it is seen that

b
/d2 dS—/O 1+ d2 ds/ w

da( )e*dud H(t,u)dB
/02 1+S/w us+/ u) dB(u),

where H is given by (6.7.1). The two Riemann integrals on the right—hand side of the

above equation converge to finite limits as ¢ — co. Moreover as (6.7.14) holds therefore

the stochastic integral on the right-hand side above converges almost surely. Recalling
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from (6.2.5) that limg soo 72(t) = e~ %|a|~%"1 in the case when a +b = 0, and by applying
Lemma 6.7.1, we have that

e

. —a o b 0
tlggZ(t) - ‘a|b/a+l/(; 1—|—sd2(8) ds/_lib(u) du
e @ o0 b S e~ @ o9
[ au e Hoo B , s
i |aft/ett /0 d2(8)1 —|—s/0 V(0)e™duds + |a|t/a+1 /0 (u)dB(u), as

where Ho, is given by (6.7.2). We call the limit on the righthand side L. Therefore

X(t)—-U() - L ast — oo as. Clearly L is an F?(0o)-measurable normal random
variable. In order to see that L is nontrivial, we may use [t0’s isometry to show that its
mean and variance are given by the formulae in the statement of part (ii) of the theorem.

The proof of (6.3.5) and (6.3.7) is deferred to Lemma 6.7.2.

Lemma 6.7.2. Let a < 0. Ifa+b < 0 then (6.3.5) holds, whereas if a+b = 0 then (6.3.7)
holds.

Proof of Lemma 6.7.2. Firstly observe the following result

Lemma 6.7.3. Let the function f : (0,00) — R be such that f is continuous and obeys

lim¢ o f(t) = L1 € (—00,00). Then

t
liml/ f(s)ds = Ly.
t Jo

too

Define f(t) := X (t) — U(t). Then as already shown we have

0, a.s., ifa+b <0,
lim f(t) = Ll =

t—o00

L, a.s., ifa+b=0,

where L is as given by (iii) of Theorem 6.3.1. Therefore we have

o1
lim —
t—oo t

/tf(s)ds =1L, as.
0

Rewriting (6.3.1) gives
t
U(t) = a/ U(s)ds+ oB(t), t=>0.
0

Thus as U(t) = O(y/logt),

1 t
lim — [ U(s)ds=0, as.
t—o0 0
Therefore,
1 [ 1 1
lim — [ X(s)ds= lim — [ f(s)ds+ lim — [ U(s)ds =Ly, as.
t—oo t 0 t—oo ¢ 0 t—oo t 0
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6.7.3 Proof of Theorem 6.3.2

Let Y and Z be as defined in the proof of Theorem 6.3.1. To attain a bound on the rate of
X — U tending to zero, the integral terms in (6.7.13) need to be analysed more carefully.
From (6.7.11), and by using the continuity of f, it follows for every w in an almost sure
event {2y that there exists an a.s. finite and positive random variable K = K(w) > 0 such
that such that

F(tw) < K@)+ \/loglog(t +¢), ¢ 0.

For the first integral in (6.7.13), we start by using 'Hopital’s rule to show that

5 Ot e (1 +s) —e-1 \/loglog (e + s)ds
1m

im0 e at(l—l—t)_’ 172, /loglog(e + t)

€ (0,00).

Therefore, there is K3 > 0 such that

t
/ (14 s) a1 /2\/loglog(e + s) ds < Kze™® 1+t) ~1/2, loglog(e + t),
0

for all t > 0. Now, by using (6.2.4) and (6.2.21) and the continuity of r; and d;, we have

that there exist K1 > 0 and K9 > 0 such that

b
a

(O] < Kie (1407, ¢2 0 |di(s)] < Kpe ®(1+5)7¢, s>0.

Therefore for all w € 27 and t > 0 we have
t
\MM/M@W@MWSmWM+WWW%m@ML
0

where Ky(w) = K1 KoK (w)K3. Hence

L)) ds
im sup
t—soo (1 +1)71/2y/loglog(1 +t)

€[0,00), a.s. (6.7.16)

For the second integral in (6.7.13), we showed in the proof of Theorem 6.3.1 that

lim sup;_, o fot |d2(s)f(s)] ds < 400 a.s. in the case when 2b + a > 0. Hence

da( d
oy 2L I ()17 ()1 ds
t—00 (141t)" 1-2

€ [0, 00). (6.7.17)

Moreover in this parameter regime —1/2 < —1 — b/a < 0, and so comparing the decay
rates in (6.7.16) and (6.7.17) gives (i).
When 2b + a < 0, we may use ’'Hopital’s rule to get

’ fo (1+5) g‘”%/loglog s)ds
im

t=oo (14 t)§+1/2 loglog(e + t)

€ (0, 00).
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Hence there exists K7 > 0 such that

t
/ (1+ 3)3_1/2\/10glog(e +s)ds < K7(1+ t)§+1/2\/loglog(e +1t), t>0.
0

Since r9 and dy obey (6.2.5) and (6.2.22), we have that there exist K5 > 0 and Kg > 0

such that
()] < Ks(1+¢) e, t>0; |da(s)] < Kg(1 +s)a, s>0.
Therefore for all w € €07 and t > 0 we have

[ra(t)] /0 |da(s)|]f(s,w)|ds < KsKgK (w)K7(1+ t)_1/2\/log log(e +t),

and so

)] () (9)lds
p
t—oo (1 +1)71/2\/loglog(1 +t)

Applying (6.7.17) and (6.7.18) in (6.7.13) proves (ii).

€ [0, 00). (6.7.18)

In the case 2b + a = 0, we have the estimate

i fg(l + 5)~1y/loglog(e + s) ds
t—00 logty/loglogt

Now following the same procedure as for the proof of (ii) gives the result.

=1

6.8 Proof of Theorem 6.3.6 and 6.3.5

We begin this section with the statement and proof of some preparatory lemmata.

Lemma 6.8.1. Let b < 0. Then the following limits hold:

W\/mfg(l + 5)1/2sin? (2 |bl(s +1) — %ﬂ') ds

tlggo %‘b‘lﬂ(l + 1)3/2 =1, (6.8.1)
and

/Pl ) cos? (2/B(s + 1) — ) ds 1 6.8.2

o TIB|L/2(1 + t)3/2 =L (6.8.2)

While this lemma amounts to little more than integration by parts, it serves as an
asymptotic estimate of the rate of growth of the quadratic variation of stochastic integrals

to be considered later.
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Proof of Lemma 6.8.1. Consider first the limit (6.8.1). Making the substitution w =

b](s + 1) — 3 in the integral, we get

Tr\/m/t(us)l/? sin? (2 B+ - in) ds

21/]b|(1+1) 37 /4 37\ 2
/ <w + > sin?(w) dw.
4D o 3msa 4

Since [y (w + 3w/4)%sin?(w) dw can be computed explicitly for > 0, and this leads to

1 [* 1
mlggo 533/0 (w+ %)2 sin?(w) dw = 6
(6.8.1) holds. Similar calculations confirm the limit (6.8.2) O

We next introduce functions which correspond to the leading order asymptotic be-

haviour of r7, rg, d7 and dg. Define the functions, for ¢ > 0

at) = \/17?|b\_1/4(1 + 1) 4 cos(2+/BI(1 1+ ) — 7/4), (6.8.30)
g2(t) = V/7|b| /(1 + )/ sin (2\/|b|(1 +t) — iw) , (6.8.3b)
gs(t) = \/17?\@\1/4(1 + o) WA sin(2y/ (14 6) — 7/4), (6.8.3¢)
ga(t) = V7|4 (1 + )4 cos (2 D|(1+t) — }) : (6.8.3d)

We aim to show that these leading order terms describe a continuous time process which
obeys the Law of the Iterated Logarithm along many carefully designed sequences. These
sequences will later be used to extrapolate the asymptotic behaviour of the continuous

time process to the positive real line.

Lemma 6.8.2. Fizn € [0,7/2). Define the sequence {t,, : n € Z*} such that
to=0, t,=b" (nm+7/8+ [|bl/7—1/8]7 +n/2)> -1, n>1.

If g1, g2, g3 and g4 are defined by (6.8.3), then

t
tn) [0 dB(s) + s)dB 1
lim sup 9 )fo g2(s)dB(s) + g3t fo 9a(s () =—, as., (6.8.4)
00 V2t loglogt, V3
n dB n dB 1
lim i 20n) Jo" 92(8)4B () + g5(ta) Jo" 94(s)dB(s) 1 (6.8.5)
n—00 V2t, loglogt, V3

Proof of Lemma 6.8.2. We start by noticing that ¢,, > 0 for all n > 0 and therefore (¢,,)5,>1

is a increasing sequence. Note also that

(2, + 1) = 207 + % + 0+ 2nLy, (6.8.6)
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where

Ly :=[+/|b|/m —1/8] > /|b|/m —1/8 > —1/8. (6.8.7)
Therefore, as Ly € Z, we see that we must have L, a non—negative integer. For all n € Z
let = 8, be the number such that cos(2nm +n) = § € (0,1] and it is to be noted that /
does not depend upon n. Then (6.8.6) implies

cos(24/|b|(1 + t,)—7/4) = B, and hence sin(2+/|b|(1 + t,)—7/4) = /1 — B2. (6.8.8)

Our plan now is to establish that

/0 n[QQ(S)gl(tn) + g4(8)g3(tn)]dB(s)

gives rise to a discrete—time Gaussian martingale, to which Lemma 0.4.2 can be applied.

To do this, we write

i 1g2(5)g1 (tn) + ga(s)gs(ta)]dB(s)

6.8.9
V2, Toglog ty (6.8.9)
I i (s +1)Y4sin (2 ]b[(s—l—l)—%w) BdB(s)
) < V2t Tog Tog b
fgn(s + 1)1/4 cos (2 |bl(s +1) — %7‘(’) WdB(S)
" Vol TogTogt, )
e _1/4f(;5n(s+1)1/4sin (2 |b‘($+1)—%7‘( _|_17> dB(s)
) VT TosTos ’

where we have used (6.8.8) at the last step. As the last stochastic integral on the right
hand side does not depend upon n in the integrand, we can decompose the integral and

apply Lemma 0.4.2 to it. We therefore define for n > 1
Sp 1= ZYJ’ where Y; = / (s +1)Y*sin <2 bl(s +1) — i + 77) dB(s).
j=1 tj-1
Then Y} is a Gaussian distributed random variable with mean zero and variance

t; 3
032- = / (s +1)/%sin? (2 b](s +1) — T 77) ds

tj—1

and S,, is a Gaussian distributed random variable with mean zero and variance

n t
" 3
s2 = ZO’? = / (s 4+ 1)Y/2sin? <2 |bl(s+1) — e —|—77> ds.
=0 0
We wish to ascertain the rate of growth of both U? and s2. Define

M, (t) = /Ot(1+s)1/4sin(2 1b](1+s) —3m/4+n)dB(s), t>0.
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Then M, is a continuous martingale and its quadratic variation is given by

(M) (t) = /<1+s1/2sm (VT3 — 3n/d+ n)ds, 30,

Therefore we have that

1 / 2¢/Ibl(1+8)—3F +n < 3

2
- — in? > 0.
P2 =524 w + 77> sin®(w) dw, t>0

4
An explicit calculation following exactly the model of Lemma 6.8.1 shows that

(My)(t) =

1
(Mp)(t) ~ §t3/2, as t — 00.

We remark that the asymptotic behaviour of the quadratic variation is independent of 7.

Thus, since t,, ~ n?72/|b| as n — oo, we have that

1 33
sy = (M) (tn) ~ 3 ;1/2 3|b[3/2

as n — oQ.

For n > 1, by (6.8.6) we have
0 = (My)(tn) — (My)(tn-1)

1 /2 \b|(1+tn)—%+n < 3 >2 )
= —- w+ — —n | sin®(w)dw
B2 Jo /ol )37 1 4

- 1 /2n7r—7r/2+217+27rLb ( N 3 )2 .
< —F w+— —1n w
4161372 Jagn—1yr—n /242421, 4

1 . ;
- W ((2n7r +m/d+n+21Ly)° — (2(n — V)7 +7/4+n+ 2nLy) ) )

Therefore we have that 02 = O(n?) = O(t,) as n — oo. Hence lim,,_,o 0,/8, = 0. Thus
all the conditions of Lemma 0.4.2 are satisfied and so the discrete Law of the Iterated
Logarithm may be applied to S,, (or equivalently, to M, (t,)). Therefore by (6.8.9), and

by using the fact that

po1/4 1
2(M, T
n—>oo V2t, loglogt, \/ V3

gives the limit superior in (6.8.4). The limit inferior in (6.8.5) may be obtained via a

) (tn) loglog(My)(t,) =

symmetry argument. O

Remark 6.8.1. Although Lemma 6.8.2 fixes 7 in the interval [0,7/2), it is apparent from
the proof of this lemma that one is free to choose 1 in any of the non—overlapping intervals
[7/2,7), [r,37/2) or [37/2,27). The only amendments in the proof that would result
from choosing 7 in these other intervals would be changes in the signs of the cosine and

sine terms in (6.8.8).
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Lemma 6.8.3. Fiz k € Z". Define the sequence {t%k) :n €Z1} by t(()k) =0 and

8 2 8

. 2
1 VIl 1 (G:k)
tg.’“):'l)(Njwju{i‘—LrJr" +7T) —1, j>1

where
j ) ) . ;T
a me —1, iy =22 -1, g0 = o

so that i; € {0,1,...,222F —1}. Then

a1 (t) (5 05(8)dB(s) + g5 () [5 gu(s)dB(s) 1

lim sup = —, a.s.,
oo 9t k) log log tF) v3
& 55) k glk>
o0 () o ga(8)AB(s) +ga(t) fy oa(s)dB(s) 1
e 2t$z ) log log t(k) V3

where g1, g2, g3 and g4 are as defined in (6.8.3). Also,

, J (k) L 7o o L1 2 .
N] ~ a9k tj ~ ‘b’N]TF |b| 2422k] 77 as ) — 09,
2
W) _ k) Ly 1m 1w ,
At] t]+1 tj Nm ]ﬁgwmﬁg aSj—>OO.

Proof of Lemma 6.8.5. Define ,6’](11)C = Cos(nl(j’ )) where

R = (i - 1)2 + 2T ieq1,2,3,4), je{0,1,..2" 1}

2k 27

(6.8.10)

(6.8.11a)

(6.8.11b)

(6.8.12)

(6.8.13)

Now define the following 4 x 2¥ sequences. For each j € {0,1,...2% — 1}, we define for

n>0

T,sf”“ = b~ (n + /8 4+ ™ j2)2 -1
TER = b~ (o + /8 + 0™ /2)2 =1
09 = |b| " (nr + /8 + M j2)2 —

OUR) — |p|~ 1(n7r+7r/8—|—77 ) 12)2 —

Notice that each of these sequences is increasing. Then the sequence {ﬂ(lj k)

expressed in terms of ,B](lk) (which is independent of n) according to

ﬁj(lk) = cos(n(]’k)) = cos < b (7 GR) 4 1) — 7r/4> .

(GK) gGik) gUk) 3)

Similarly T may be expressed in terms of B , B

Define
Y(t) . fO 92 +93 fO g4 dB( )
' \/2t loglogt ’

[
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Then, from Lemma 6.8.2, for each j € {0,1,...,2F — 1},

— . 1
limsupY T(J’k) = — lim lan ( ) = —,
nﬁ\oop ( " ) n—00 ( ) \/§
on an event of probability one, ng k) Using Lemma 6.8.2 in conjunction with Remark 6.8.1
gives
— . 1
limsup YV(TUF)Y = — liminf V(T —,
n—)oop ( " ) n—00 ( ) \/3
— . 1
limsup Y (0Y9)) = —liminf Y 6(7 k) —_—,
n—>oop ( " ) n—00 ( ) \/g
limsup Y(OUHA)) = _liminf Y @(J k) —.
n—>oop ( " ) n—00 ( ) \/g

(k)

on almost sure events, ng ’k),Q:(,,j k) and ;" respectively. Now,

7OF) « 7 (LR o p2F-LR) o p(0k) o m2F-Lk) o g(0k) o 92" -2k)

< 1R L @Ok < @' -1k

k_
and ©F M < Sﬁ) Observe that the sequence {t&k)}nzo, defined in the statement of

this Lemma, obeys, for j > 1

(i5,k) - .
TNJ‘H\/WI/W—US}’ ij € {0, ..., 1,
(125 .k) . k k
TV , e q{27,...,2.2F — 1},
JB) _ ] NGl /m=1/8] ij €4 }
J
(ij—2.2% k) e {2.9k ok _q
Nj+[/Ibl/m—=1/8] ij € {2.2%, ..., 3. 1,
o

Nj+[+/1bl/m—1/81
(k)

Hence, defining € ﬂz—l ﬂQk ! Q(j ™ and noting that ng) is an almost sure event, we
have that

limsup YV (t%)) = —liminf Y (¢() =

n—o0o n—00

%\H

on the event Qék), which is (6.8.11).

We turn next to determining the asymptotic behaviour of the sequences Nj, t; ) Atg-k)
as j — oo. We start with N;. By definition, we have j/(22.2¥) — 1 < N; < j/(22.2%),
and thus, 1/(22.2%) —1/j < N;/j < 1/(22.2F). Now letting j tend to infinity and we have

lim;_y00 N;/j = 1/2%F%. Moreover as 7%k is bounded we have lim; o0 nk) /j = 0. Then

from the definition of the sequence {t%k)}nz(] it follows that

75(/l€)i22 11

2 2 .
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(%)

In determining the asymptotic behaviour of Atj we first consider the asymptotic be-

haviour of ApUtLk) .= pU+LE) _ pGk) for large j. From the definition of nl*) it is
trivially true that An*) = 7/214% whenever N1 = Nj. Moreover the only values of j
for which Nji1 # N; are values of the type j = m.22** for m € {1,2,...}. So, if j # m.22+k

and 7 > 1, we get

2
1 k) ApGk)
AR — o (N 7 Dyr+ = 4 T 2 —1

J 8 2 2

1 xR\
\b[ Njm+ Lym + < + +1

8 2
2 nGR N\ ApGk) 1 (ApUk))2
N; L —
|b\< T+ b7r+8+ 5 5 +\b[ 1
Thus,
2 Anlik) N;m? g2
At~ Z N =2 ' . 8.14
TR A Bj2.2F ~ Jpj2 oz M T (6:8.14)

If j = m.22"* for m € {1,2,...}, we have N;;1 = N; + 1 = m (as we are interested in the

asymptotic behaviour of nU*) for large j we may exclude m = 0 from our analysis). In
ymp n

this case,
Giig) . GHT=22PN — ) (m22F 41 —m22th - 0
7 N ok 2 ok 5 =
while
Gr G 22N~ D (m22TF — (m - 122 - )x (22 1)«
K B 2k 2 ok 2 ok 9"
This gives

2
(J+1,k)
k) 1 T 0
At = |b| ( Njpm+ Lym + < 3 + 5 ) -1

L (NrtL AN 1

— o | Mo+ b7r—|—8—|— ]+
2

|b|<N7T+Lb7T+ +7r>

8
1 22+k_1 2
‘b’ <N’/T—|-Lb7T+7T+( )7T>

8 22k 2
T w2 23tk 41
Njm+ Lym + %) T
] ( T ) Ga gk Ty AR
Thus, as j = m.22Tk,
k 2 2

Atf’n.)22+k ~ mmﬁ, as m — oQ. (6815)

Therefore (6.8.15) together with (6.8.14) yields (6.8.13). O
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Lemma 6.8.4. Let g1,92,93 and g4 be as defined in (6.8.3). Let

t

Y(t) = a1(t) /O 02(5)dB(s) + gs (1) /0 ga(s)dB(s), t>0.

Then,

Y(t
lim sup ®) L lim inf & 1 a.s.

too  /2tloglogt - V3 Timoe (f2tloglogt /3

Proof of Lemma 6.8.4. A lower bound on the limit superior may easily be obtained from

Lemma 6.8.3. We have

Y (¢t Y(t, 1
lim sup ® > lim sup (tn) —, as., (6.8.16)

oo /2tloglogt — nooo 2tnloglogt, /3
where the sequence {t,},cz+ is as defined by (6.8.10) (for ease of notation we omit the
k-dependence). We now turn our attention to obtaining an upper bound.

Define Y (t) := /7|b|"/*(1 + t)/4Y (t) for t > 0. Then from Lemma 6.8.3 we have

Y(t, YAy (¢, 1/4
lim sup [Y(tn)] = lim sup Vb Y ()] /b ,  a.s., (6.8.17)

n—00 ﬁt‘:’/‘L Toglogt, n—00 2t, loglogt, - V3

where the limit superior is taken through the sequence {t,,},cz+ defined in (6.8.10) (again

for ease of notation we omit the k-dependence). Now, for ¢, <t < 41,

Y (t) V() - Y(t,) 2t/*/loglogt,
V2 loglogt i/  Jloglogt, v2t3/4/loglogt
L Yt ven!'Vloglgh,
vt loglogt, V2t*/4y/loglogt |

and so
Y(t su Y(t) - Yty Y (t,
. ( ) < ptnStStT;l | ( ) ( )| + §| ( )‘ te [tmtn—&—l]- (6.8.18)
V2tiy/loglogt V2t /Toglogt, V2tt\/loglogt,

We firstly examine the asymptotic behaviour of sup; <<y, ., Y (t) — Y (t,)|. Define

i) = Vb0 o) | Cga(s)dB(s). £ 20,

Ya(t) = /@Y1 4 ) 4gs(t) /Ot ga(s)dB(s), t>0.
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Then Y (t) = Yi(t) 4+ Ya(t) and for ¢ € [t,, t,41] we have
Yi(t) = Ya(tn)]

< Jeos(2y/JoIT ) — 7/4) \ [ 1)~ [ als)ancs

+ cos(2/|b|(1 +t) — m/4) — cos(2 ]b[(1+tn)—7r/4)|'/ngg(s)dB(s)
<|[ sz + v -2V | [ mem
/th(S)dB(s> +2\/W< L+t —(1+4ty,) ) n

dB(s)|,
VITt+VITi, 92(5)d5(s)
where the Lipschitz continuity of cos(24/]b|(1 + ) — m/4) on R has been used. A similar

inequality can be developed for |Ya(t) — Ya(t,)| for t € [tn,tni1]. Using the fact that
Y (t) = Y(tn)] < |Y1(t) = Yi(tn)| + |Ya(t) — Ya(tn)|, we obtain

t
sup  [Y(t) = ¥(ta)| < sup / wp /94(8) 150
tn<t<tnt1 tn<t<tn+1 tn tngtgthrl t
tn
+2\f( n+i+t ){ dB(s) +/ ga(s)dB(s) } (6.8.19)
0

where we have used the fact that 1/(v/1+¢+ v1+1t,) < 1/(2y/1+¢,) for t > t,. We
now estimate the order of the largest fluctuations of each term on the right hand side of

(6.8.19). We show that, for i € {2,4}

SUD¢, <t<t, i1 fttn gi(s)dB(s)
lim sup =0, as. (6.8.20)

n—00 t?ﬂ‘\/log logt,

Now, let €, > 0. By the martingale time change theorem, for every n, there exists a

o[ 74

=P sup B; n(u)‘ > e,
_ogugf::“ gi(s)2ds

standard Brownian motion Bz’,n such that

P[ sup / gi(s) dB(s)

tn Stgtn-kl

>e,| =P sup
tngtgtn-&-l

Hence there is a Brownian motion B}, such that

/ g:(s) dB(5)| > ]

tn+1
<2P sup B, (u) > €| =2P HB:‘,L (/ gi(s)zds>‘ > en]
in

| 0<us [T gi(s)2ds

P sup
tn Stgtn—O—l

tn+1
— 4P |B;, (/ gi(5)2ds> > en] =44{1-0 : €n . (6.8.21)
tn f n+1 gz‘(S)QdS

tn
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where we have used the fact that maxo<s<; W(s) has the same distribution as |W(t)|
when W is a standard Brownian motion, the symmetry of the distribution of a standard
Brownian motion, and ® denotes the distribution function of a standard normal random

variable. Now,

g2(t)% = w|b|Y/2(1 4 t)1/2 sin? (2\/\17\(1 +1) — 2w> < 7|2 (1 +1)'/2,
3
ga(t)? = 7|b|Y2(1 + )12 cos? <2\/|b(1 +1) — 47r> < 7|21+ t)1/2,
Thus, by (6.8.12) we have
tn41
/ gi(8)2ds < |2 (1 + tny1) Y2 (bny1 — tn) ~ 7BV 22 AL,  asn — oo, (6.8.22)
tn

and therefore by (6.8.12) and (6.8.13)

tn+1 . 2 1/4
lim sup ft" 5:(5)"ds < lim sup Wl/Q’b|1/4tn/ (Aty)'/2 _ 1 2 L
n—00 Nn T nooo Nn |b|1/2 21/2+k/2'

So letting €, = t?/sx/log log t,, and using the last relation and (6.8.12) gives

lim inf tn
nreo \/ft:”l gi(s)2ds - nl/4\/loglogn
.. t?l/sx/log logt, N,
= lim inf
n—oo Np,nl/4\/loglogn \/ftnﬂg‘(s)zds
tn, i

(L L n2n2)5/8 1
5 T =:C}, > 0.

|b|1/27T 31/2+k/2

> lim inf
n—o0

Therefore there exists a positive constant Cj, such that

n > CL(1+n)Y*/loglog(n +¢°), n>1.

fti"“ gi(s)%ds

By (6.8.21), this implies

IP’[ sup > €n

tn Stgtn+l

L§MMM$

<4 {1-0 (Cull+n)""ioglogn + )}, n>1.

Now from [72, Problem 2.9.22],

1 & 1 1
1-— @(SU) = \/%/ e_u2/2du S \/72?;6_12/27 x> 0.
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Thus, for n > 1

¢
P [ sup / gi(s)dB(s)| > en]
tnStStn+l tn
< 4 1 e—%C,%(l—l—n)l/2 log log(n+e®) )
V271 Cr(1 4+ n)Y4/loglog(n + €°)
Therefore
o0 ¢
ZIP’ sup / gi(s)dB(s)| > €, | < 4o0.
o |te<t<tni1 1St
The Borel-Cantelli Lemma then gives that
Dy, vty o |y, 91(5)AB(s)|
lim sup <1, as.

n—00 t?/8 loglogt,
Therefore (6.8.20) holds. We now show for i € {2,4} that

i g()aBs)|
lim sup = ,
n—00 ft loglogt, V3

a.s.

Define

Then

Now from (6.8.13), (6.8.12) and (6.8.22) we get
. tn
o2 = Var[XV] = / gi(s)%ds = O(t,), asn — oo,
tn—1
while, from Lemma 6.8.1
. tn T
= Var[S{)] = / gi(s)?ds ~ §]b|1/2t§/2, as n — oo.
0

and so 0y, /s, — 0 as n — oo. Hence we may apply Lemma 0.4.2 to SS) to obtain

ey i 9(:)03(6)
oo \/2 Jo" 9i(s)?ds loglog fot" gi(s)%ds

which is equivalent to (6.8.23).

=1, a.s.

Lastly observe from (6.8.13) and (6.8.12) that

tnt1 m
1 24/ |b = .
Do <2m> 2.2k
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Scaling (6.8.19), taking limit superiors across the resulting inequality, and employing

(6.8.20), (6.8.23) and (6.8.24) gives

I SUPt, <t<tn i1 V() = Y (tn)] < EM (6.8.25)
im sup 374 S5 a.s. 8.
n—00 V2t *\/loglog t,, 3
Next, define ~ ~
SUDP¢, <t<tni1 Y(t) = Y(tn)| Y (tn)|

n -

\/5752/4\/10g logt, ﬂti/4s/log log tn'

Since for every t > 0 there exists N(t) such that ¢ty < t < ty(41, it follows from

(6.8.18) that
Y(t)
< Ky
V2t3/4\/Toglogt ~ N)
Now, by (6.8.25) and (6.8.17) we have that

. NZGIRAE:
1 K, <+0—(=+1
imsup K < ¥ 2 (1)

and since N (t) — +o0 as t — oo, we have

Y(t) _ v/l (2% N 1)

lim sup

tsoo V2t3/4/Toglogt — /3
holding on an almost sure set ;. This result also holds on the almost sure set Q* =

Niez+ Q% and hence

% 1/4
lim sup ®) < Vbl
tsoo  /2t3/4/loglogt V3

Since Y (t) = /7|b|"/4(1 4+ t)"/4Y (t), we have that

Y (%) 1

limsup ————= < —, as.

t—oo  /2tloglogt — /3’

Combining this upper bound on the limit superior with (6.8.16) gives the required limit

,  a.s.

superior.
The limit inferior result may be obtained by considering the process Z(t) = —Y ().

Then
t

t
Z(t) = g1 (t) / g2(5)AW (3) + g (1) / 01(s)AW (s), 1> 0,
0 0
where W (t) := —B(t) is a standard Brownian motion. One then may apply the foregoing

argument to deduce that

—liminf&—limsu i—limsu ﬂ—i a.s
t—oo 4/2tloglogt N tﬁoop 2t loglogt N )Hoop 2t log logt N V3’ o
as required. ]
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The proof of Theorem 6.3.6 can now given. It is chiefly concerned with identifying
the leading order terms which contribute to the overall asymptotic behaviour of X. The

asymptotic behaviour of these leading order terms are then known from Lemma 6.8.4.

Proof of Theorem 6.3.6. By (6.1.4), (6.2.56), and (6.2.61) the solution X of (6.1.1) has

the representation
¢ t

X(t) = ra(t)er + rs(t)es + ora(t) /O dr(s)dB(s) + ors(t) /O ds(s)dB(s).  (6.8.26)
By (6.2.57) and (6.2.60), r7 and rg have asymptotic behaviour given by

re(t) = \/17?;5|1/4(1 + 1)V 4 cos(24/]b|(1 + t) — 1/4) + O(t™Y?)}, ast — oo,

rg(t) = \/17?]b|_1/4(1 + )" V4 sin(2V/]b|(1 + t) — 7/4) + O(t™V?)},  ast — oco.
Also by (6.2.55) and (6.2.60), d7 and ds have asymptotic behaviour given by

d7(s) = /7|4 (s + 1)V/4 (sin <2\/m — 277) + 0(81/2)> , as s — 00,

ds(s) = v/@|b|"/4(s + 1)1/* <cos <2 Ibl(s+1) — iw) + 0(8_1/2)> ,  as s — oo.
Define the functions R7, Rg, D7 and Dg so that, for s > 0 and ¢ > 0 we have

rr(t) = g1(t) + Re(t), rs(t) = gs(t) + Rs(t), (6.8.27a)

d7(s) = ga(s) + D7(s), ds(s) = ga(s) + Dg(s), (6.8.27b)

where ¢1,92,93 and g4 are as defined in (6.8.3). Notice that R;, Rs, D7 and Dg are

continuous functions. Since

R:(t) = O(t™%%), Rg(t) =01 %) ast— oo,

D7(s) = O(s™ Y, Dg(s) =0(s" %) ass— o,
it follows that there exists M > 0 such that

IR ()] < M(1+1)7%4, |Rg(t)] < M1 +t)7%* t>0,

Dr(s)] < M(1+8)™Y4, [Dy(s)| < M(1 45714, s3>0,
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Next, we decompose X according to

X(1) r7(t)er + rs(t)e 81, (t) [y 9a(s +U (t) [y ga(s)dB(s)
v/ 2t log log i V2t log log 2t log log 2tloglogt
s)dB(s s)dB
o P Ji()aBGs) | Rs(t) s 9s(s)B(s)

\/2t log log 7 \/225 log log
fo Dr(s)dB(s) +0 fo Dg(s)dB(s)
v 2tloglogt V2t loglogt '

Since r7(t) — 0 and rg(t) — 0 as t — oo, the first term on the righthand-side of (6.8.28)

(6.8.28)

tends to zero as t — oco. The asymptotic behaviour of the second and third terms is
described by Lemma 6.8.4. We now proceed to demonstrate that the remaining terms
have do not contribute to size of the largest oscillations of X.

We start by considering the last two terms on the right hand side of (6.8.28). If
Jo" Dr(s)?ds < oo then because 7’7(75) — 0 as t — 0o, we have

t—00 \/ 2t log log '

On the other hand, if lim; . fg D7(s)?ds = +o0, by using the estimate on D7, for all

a.s. (6.8.29)

t > 0 we have

t t
/ Dr(s)?ds < M2/ (14 )" Y2ds < 2M>(1 +t)'/2.
0 0

Therefore

t t
lim sup 2 [, D7(s)*dsloglog [y D7(s)*ds

< 4M?2
t—00 t1/21oglogt -

Hence by the Law of the Iterated Logarithm for continuous martingales, we have

o) fy Dr(s)dB)|
I?iigp Vv2tloglogt
77 (1) ‘fg Dr(s dB(s)’ \/2 f(f D7 (s)2dsloglog fg D7(s)2ds
= lim sup
o0 \/2 fo Dz (s)2dsloglog fo Dr(s)2ds v2tloglogt
.y ]r7(t)|\/2 fo Dz (s)2dsloglog fo Dz (s)2ds
B lgigp 2tloglogt '
Now,
(t) Jy Dr()dB(s)|
lim sup

00 2t loglogt
t_1/4\/2 fg D+7(s)2ds loglog fot Dr(s)?ds ¢1/4,/TogTog [
< M lim sup
PR 172 og log t 2tloglogt

Vdoglogt
§2M2hmsup&:
t—oo V/2tloglogt

211



Hence (6.8.29) holds. One may similarly show that

t—00 v 2t log log

To estimate the asymptotic behaviour of the fourth and fifth terms on the right hand side

=0, as. (6.8.30)

of (6.8.28), we note from Lemma 6.8.1, we have that

t 9 t 2
o Joga(s)ds 1y L Joga(s)ds L,
A L I L

Therefore by the Law of the Iterated Logarithm for continuous martingales we have

I ’fo 92 dB \/> ’1/4
im su a.s.
t—>oop \ft3/4\/loglog

Therefore, using the estimate on R; we have

|l [ ea(s)B )|
utq;s;lp V2tloglogt
_ t
- M t 3/4 ‘fo gg(S)dB(S)‘ \/§t3/4 /lOg IOgt
im su
- t—>oop V2t3/4\/loglog t 2tloglogt
2loglogt
= vyl timsup V2B OEL

Thus,
fo 92 dB( )
li =0 .S. 6.8.31
i e =0 o o530
Similarly it may be shown that
s)dB
(1) Jo 1()dB(s) _ —0, as. (6.8.32)

I
tiglo \/275 loglogt
Then due to (6.8.29), (6.8.30), (6.8.31), (6.8.32), and Lemma 6.8.4, by taking the limit

superior across (6.8.28) we get

X(t
lim sup # -7 as

t—oo  /2tloglogt /3’
Taking the limit inferior and applying these preparatory estimates along with Lemma 6.8.4

secures the corresponding limit inferior result. O

Proof of Theorem 6.3.5. By (6.1.6) and (6.2.61) we have that

%Var[X(t)] —/0 r(t,s)? ds
= ()2 /0 i (5)2 ds + 20n (D) (1) /0 " dr(s)ds(s) ds + ra(t)? /0 Cds(s)?ds. (6.8.33)
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We deduce the asymptotic behaviour of the terms on the righthand side of (6.8.33). By

the definition of d7 we have the identity

1 [t I I 5
t3/2/ dr(s)? ds—t3/2/0 g2<s>ds—2t3/2/0 gg(s)D7(s)ds+t3/2/0 Di(s)

By the definition of go and D7, we have that go(t) = O(t'/*) and D;(t) = O(t~'/%) as
t — 00, so the limit as t — oo of the two terms on the right hand side is zero. Since the

second term on the left hand side has limit 7|b|'/2/3 as t — oo, we have

: 1 ! 2 Ti1/2
Similarly, we may establish
. 1 _ T2
tlingo 753/2/ dg(s)*ds = g\b] . (6.8.35)

We determine the asymptotic behaviour of the integral in the second term on the right

hand side of (6.8.33). First, we express dy and dg in terms of gs, g4, D7 and Dg to get

/ " dr(3)ds(s) ds
0

t t
:/0 92(s)ga(s) ds+/0 {92(5)Ds(s) + g4(s) D7(s) + D7(s)Dg(s)} ds.

Since go(t) = O(t'/%), g4(t) = O(t'/*), D7(t) = O(t~/*) and Dg(t) = O(t~V/*) as t — oo,

the second integral on the right hand side is of order t as t — oco. Finally,

t
/ 92(8)g4(s) / 16]"/2(1 4 5)"/?sin <4\/m_ W)
0

Making a substitution in the integral leads to

t
/ ]b,1/2(1 + 3)1/2 sin <4 1bl(1 4+ s) — ;’ﬁ) ds
0
1 4/ 1ol (14t) =57

:32—“}’ \ (u + 37 /2)?sin(u) du.

Since the last integral can be evaluated exactly, we see that

t
/ 6]/2(1 + 5)/? sin (4 |bl(1 4 s) — g”) ds = O(t), ast— oo,
0

so it follows that

/t d7(s)ds(s)ds = O(t), ast— oo. (6.8.36)
0
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We prepare one final estimate; it is on 72(t) + r2(t) as t — oo. First we observe that
because g1(t) = O(t/4), g3(t) = O(t~'/*%), Rz(t) = O(t3/%) and Rg(t) = O(t=3/*) as

t — oo, it follows that
201 () Ra(t) + 205(t) Rs(t) + B2(t) + R2(t) = O(t™),  as t — oo.
Therefore

r7(t) +13(t) = g7 (t) + g5(1) + 201(£) R (1) + 295(t) Rs(t) + R3(t) + R3(t)

1
=21+ o),

or

2t)+r2(t) 1
lim "2 £ —[o| 2, (6.8.37)

t—00 t_1/2
Now, we return to estimate the asymptotic behaviour of Var[X (¢)] in (6.8.33) using
the estimates established above. We start by rewriting the identity (6.8.33) according to

1 ()2 [ Jydi(s)?ds  w|p|V/2
EV&T[X(Z&)] = t—1/2 t3/2 — 3

Lo 7r(®) 7s(1) Jo dr(s)ds(s)ds 1
t—1/4¢-1/4 t t1/2
rs(t) (Jods(s)*ds b2\ ro(t) +r3(0) wlp]'/?
t+—1/2 $3/2 3 t—1/2 3

Since r7(t) = O(t=/*) and rg(t) = 0(t~/*), by (6.8.34) and (6.8.35), the first and third
terms on the right hand side have each limit zero as t — co. Using these estimates on 77
and rg, along with (6.8.36), confirms that the second term has zero limit as ¢ — oo. The

fourth term has limit 1/3 as ¢ — oo, by (6.8.37), and therefore we have

o VLX) 1,
t—00 t 3

as claimed. n
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Chapter 7

Long Memory and Asymptotic Behaviour in an Affine

Stochastic Difference Equation with an Average Functional

7.1 Introduction

In this chapter, we consider the asymptotic behaviour of an affine scalar stochastic func-
tional difference equation where the average of the process over its entire history appears

on the right hand side. Accordingly, we study

g

X(n+1)=aX(n)+ +1ZX(j)—|—0£(n+1), ne{0,1,2,..} (7.1.1a)
j=0

n

X(0) = 29 € R, (7.1.1b)

where X is given by the known value xp at time n = 0, and £ = {{(n)}5°, is a sequence
of independent and identically distributed random variables with zero mean and unit
variance. There is a unique strong solution of (7.1.3) which is a Gaussian process in the
case that the £’s are normally distributed.

The motivation for studying (7.1.1) is that it may be viewed as a discretisation or
numerical method of the continuous time equation which was analysed in Chapters 5 and 6.
It is argued in Chapter 4 that this continuous equation may be viewed as an inefficient
market model. As we are largely interested in the long—run behaviour of the process, we ask
then whether the asymptotic properties of the continuous process are preserved under the
discretisation. While the analysis in Chapter 5 was chiefly conducted using admissibility
theory, c.f. e.g. [13], the methods of this chapter decompose the solution of (7.1.1) into
martingales, and then uses the asymptotic theory of discrete time martingales [16, 34, 115].
Use of martingale techniques to analyse the asymptotic behaviour in the continuous case
appears in Chapter 6.

An important step in analysing the asymptotic behaviour of (7.1.1a) is to understand
the asymptotic behaviour of the linear deterministic equation underlying (7.1.1a), and
in particular the fundamental solution or resolvent of this deterministic equation. It can

be readily shown that the resolvent obeys a second—order linear difference equation with
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analytic coefficients. Therefore, we can deduce the asymptotic behaviour of the resolvent
entirely using the Birkhoff-Adams Theorem, [46, Theorem 8.36]. Using a variation of
parameters representation, the solution of the stochastic equation, X, can be expressed in
terms of the resolvent and the noise sequence. Using results for the convergence of sums of
random variables and a law of the iterated logarithm-like result we are able to characterise
the asymptotic behaviour of the stochastic equation for almost all values of its parameters
(a, ). While the asymptotic results in this chapter are shown to hold almost surely this
mode of convergence is shown to imply convergence in mean square.

Of particular note is the regime when |a| < 1, @+ 8 < 1. In this parameter region the
stochastic process undergoes large fluctuations and moreover is asymptotically equal to a
short memory process, in spite of the fact that the process has long memory characteristics.
We also demonstrate that solutions can grow polynomially or exponentially fast in other
parameter regimes. On the boundaries of these parameter regimes the solutions exhibit
a variety of behaviours, including non—stationary fluctuations, growth which is neither
exponential nor polynomial, and these results are also recorded.

The chapter is organised as follows: the equations to be analysed are introduced in
Section 7.1.1, together with notation. Section 7.2 details pathwise recurrent dynamics of
X and also memory (or autocovariance function) properties of X. Section 7.3 looks at
parameter regions where the process undergoes growth, while Section 7.4 completes the
asymptotic analysis of X by looking at parameter regions not considered in Sections 7.2
and 7.3. It shown in Section 7.5 that the almost sure asymptotic results of Sections 7.2, 7.3
and 7.4 also hold in mean square. Section 7.6 discusses how (7.1.1a) may be viewed as a
discretisation of the continuous equation looked at in Chapters 5 and 6 and compares the
asymptotic results which arise from these equations. The proofs are deferred to Section 7.7

and subsequent sections.

7.1.1 Preliminaries

Asymptotic expansions or asymptotic power series are defined in the usual way (cf.
e.g., [26]). The power series Y~ jan,t™ " is said to be asymptotic to the function y(t)

as t — oo and we write y(t) ~ > 07 ja,t™" as t — oo if

N
y(t) — Zant_" =o(t™), ast— oo, for every N.
n=0
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We note that it will be clear from our workings in which sense the symbol “~” which
denotes asymptotic equivalence, is being used.

We now turn to introducing precisely the average functional process. Let ¢ > 0,
a, 3 € R and suppose the stochastic process & = {£(n) : n € Z1/{0}} is a sequence of

independent Gaussian random variables such that
E[((n)] =0, Varl¢(n)]=1, n>1, Cov(&{(n),{(m))=0foralln#m. (7.1.2)

This is a standing assumption throughout the chapter, and is not always given as a hy-
pothesis in the statement of our main results. We consider the affine stochastic functional

difference equation with an average functional given by

B vy
n+1;)X(J)+0£(n+1), ned{0,1,2,..} (7.1.3a)

X(n+1)=aX(n)+

X(0) = z0 € R, (7.1.3b)

where z( is a deterministic constant. There exists a unique solution of (7.1.3), which may
be found via iteration. There also exists a unique solution of the associated deterministic
equation

5 n

n+1j:0

z(n+1) = ax(n) + z(j), neZzZ", (7.1.4a)

2(0) = 2o € R. (7.1.4b)

In order to obtain a variation of parameters representaion of the solution of (7.1.3), we

define the difference-resolvent r associated with (7.1.4) according to

r(n+1,m) :ar(n,m)+n7 r(j,m), 0<m<n, (7.1.5a)

r(n,m)=0, n<m, r(n,n) = 1. (7.1.5b)

For each fixed m, a sequence r(-,m) = {r(n,m) : n € Z*} which obeys (7.1.5) exists and
is uniquely defined. Then with x being the solution of (7.1.4), the solution of (7.1.3) obeys

a variation of parameters representation.

Lemma 7.1.1. Let X be the unique solution of (7.1.3), x be the unique solution of (7.1.4)

and r be the unique solution of (7.1.5). Then X obeys

X(n)=z(n)+o r(n,m)é(m), ne{l,2,...} (7.1.6)
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Note that z is deterministic and hence uncorrelated with {£(n)},>1. Thus we have

Moreover, as £ is a white noise process, from (7.1.6) we have

Cov(X(n),X(n+k)) = o* i r(n,m)r(n+k,m), n>1, k>0. (7.1.7)

m=1

We have already seen that the mean and resolvent obey difference equations involving an
average functional. This also holds true for the autocovariance function, and the result is

recorded below. It may be thought of as a type of Yule-Walker equation.

Proposition 7.1.1. Define

7%(]{;) = 02 Z r(n,m)r(n + k7m>7 n Z 17 k Z —n.

m=1
Ifn>1 and k > 0 then v,(k) = Cov(X(n), X(n + k)) and,
B N~

n(k+1) :a%(k)—i_k—i—n%—lj_zn%(])’ form>1, k>0 (7.1.8)

0 = (-1 45 S )4 0% forn>1 (7.1.9)

n =

Y(k) =0, forallk>0 (7.1.10)

n(k +1) = aym(k) + y i2 YW(j), forn>1, —n<k<-2
[ S

Remark 7.1.1. Due to z¢ being deterministic we get (7.1.10). Indeed we note then that
Yn(—n) = 0 and hence for n + k > 1, (7.1.8) becomes

k
p 3 :
= _— > > . .

The extra term at the end of (7.1.9) illustrates the Yule-Walker nature of the autocovari-

ance function.

7.1.2 Asymptotic behaviour of solution of (7.1.4).

The solution of (7.1.4) can be rewritten as the solution of the second order linear difference
equation

x(n+2) — <1+a+ g;;):r(n—l—l) —I—a(l — ni2>x(n) =0, n>0, (7.1.12a)

xz(0) = xzg, (1) = (a+ f)xo, (7.1.12b)

218



and as we will shortly show, the resolvent r defined by (7.1.5) solves the same second order
difference equation (7.1.12a) on a subset of the positive integers. Since it is reasonable
to suppose that the asymptotic behaviour of X depends on the asymptotic behaviour of
both r and x, a study of this behaviour is now presented.

To do this, we appeal to a general result concerning the asymptotic behaviour of second
order linear difference equations with time varying coefficients, which can be applied to the
solution of (7.1.12a). It is generally referred to as the Birkhoff-Adams Theorem [46, 117].
This theorem is used in the study of the asymptotics of a discrete Schrodinger equation
(which is a fourth order linear difference equation) in [23] and in [109] to characterise
the spectral structure of a particular linear difference operator. Other methods exist for
determining the asymptotics of linear difference equations (or recurrence relations) c.f. e.g.
Chapter 8 of [46], while a tutorial on asymptotics of linear difference equations is given
in Wimp and Zeilberger [116]. A closed form solution of a second order linear recurrence
equation is given in Mallik [79] while [80] develops an explicit solution of unbounded (or
Volterra) and higher order linear recurrence equations.

We cite as much of the Birkhoff-Adams Theorem as is used in this work.
Theorem 7.1.1 (Birkhoff-Adams). Consider the linear difference equation
y(n+2) + pr(n)y(n +1) + p2(n)y(n) =0, (7.1.13)
where p1 and ps have the asymptotic expansions

DY Y

j=0 7=0

asn — oo (7.1.14)

3@
3%

and by # 0, and let A1, Ao be the roots of the characteristic equation A% + ag\ + by = 0.

(i) If \y # Ao, then equation (7.1.13) has two linearly independent solutions, yi, ya,

whose asymptotic behaviour is described by

yi(n)z)\?nm<1+ ()+O< )), i=1,2, n— o0

where n; = aaol/\)\ii:;blo’ 1=1,2 and

—2X20;(n; — 1) — Niaz + Niar +n;(n; — 1)ag/2) — bo

(1) =
¢ ( ) 2)\?(7’]1 — 1) + )\i(al + ()\1 — 1)(10) + b1
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(ii) If \1 = Ao = A, but a1 A+by # 0, then equation (7.1.13) has two linearly independent

solutions, y1, y2, whose asymptotic behaviour is described by

; 1
yi(n) = A"e®Vrn <1 + \jﬂ +0 <>) , =12, n— oo, (7.1.15)
n n
where
1 by apal — 2bq
= -4 L — 9, /0% — 71 - _
=7 + %0’ w1 %y w2 wi,

and c1 and co are calculable constants known in terms of ag, a1, bg, b1, ba.

We now demonstrate that this result can be applied to (7.1.12a). We first notice that

j—1

1 (=2)/
s —jz:;nj, for all n > 2.

Therefore, if we identify

) ==+ 20 mm=a(1- 1),

we see that

pi(n) =—(1+a)+ Z (_2)j_;;1 —b)

, p2An) =a+ i _a(;jz)j_l, n > 2.
j=1 J=1
Therefore p; and py obey the asymptotic relations (7.1.14). We identify ag = —(1 + «),
bp =, a1 =1— 5 and by = —a. We have by # 0 provided « # 0.

For the equation (7.1.12a), the associated characteristic equation is A>—(1+a)A+a = 0.
Thus, A\; = o, Ao = 1. Thus if « ¢ {0,1}, we may apply part (i) of the theorem to the
solution of (7.1.12a). If a = 1, then A\; = Ay = 1, and a;\; + by = —fB. Therefore,
part (ii) can be applied in the case when o = 1 and 8 # 0. Hence the Birkhoff-Adams
theorem can be applied unless a = 0, or @« = 1 and § = 0 (in the latter case, X collapses
to a random walk, while the former case can be treated by a direct approach which is
independent of the Birkhoff-Adams theory). In all other cases (7.1.12a) has two linearly
independent solutions 7 and ro and therefore the solution of (7.1.12) may be written
x(n) = éiri(n) + éara(n), where ¢1, ¢z are determined from the initial conditions and the
initial values of the fundamental solutions r1 and 7s.

In the cases when there are two linearly independent solutions of (7.1.13), the Ca-
soratian obeys a first order difference equation. It is C(n + 1) = p2(n)C(n) (see e.g.,
Theorem 2.13 of [46]). This leads to the following result.
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Lemma 7.1.2. The Casoratian of (7.1.12a) is given by

n

nl 1 o
C(n) = C(0) H)a (1 - ¢+2) = -C(0).

7.1.3 a¢{0,1}

Applying the Birkhoff-Adams Theorem to (7.1.12a) gives for o & {0, 1},

10 <1>> o oo, (7.1.16a)
L0 (;)) . no . (7.1.16b)

Furthermore it is observed that for every fixed m > 0 the solution n +— 7(n, m) := (™) (n)
is a solution of the second order difference equation

(™) (n+2)— (a +1+ H) ™ (n+1)+a (1 -

(m) () — N
n+2 >7” (n) =0, n>m, (7.1.17)

n-+2

with the initial conditions (™ (m) = 1, (™) (m + 1) = a+ 8/(m + 1). This second-order
difference equation is the same as (7.1.12a) with the only distinction being that the domain
of the solution is now {m,m + 1, ...} rather than Z*. Therefore the solution of (7.1.17)
may be represented as a linear combination of the fundamental solutions of (7.1.12a),
according to

r(n,m) = di(m)ri(n) + da(m)ra(n), 0<m <mn, (7.1.18)

where the co-efficients d; an do are m-dependent as the initial conditions commence at
the value m. Indeed x(n) = r(n,0)zo. To find expressions for d; and dy one solves the

equations

dy(m)ri(m) + d2(m)ra(m) =1, di(m)ri(m+ 1) + da(m)ro(m + 1) = a + mil

This defines dj(m) and da(m) uniquely, due to the linear independence of 71 and 7.

Therefore

di(m) = Lofm(m +1) {rg(m +1)— (a+ )rg(m)} , (7.1.19a)

C(0) m+1
da(m) = CzO)a—m(m +1) {—rl(m +1)+ (e + s l)rl(m)} (7.1.19b)
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and we also have ¢; = x¢d;(0) and é; = xod2(0). From the known asymptotic behaviour

of r1 and ry it can be deduced that

B

T -1
o 0T, asm oo, (7.1.20a)

dy(m) =
do(m) = a~™m 51 [1 + O(m~Y)], as m — co. (7.1.20b)
Indeed, it can be shown that C'(0) = « — 1. These results are established in Lemma 7.7.1.

Remark 7.1.2. Since Cov(X(n), X (n + k)) is given by (7.1.7), and r obeys (7.1.18), we

have
Cov(X(n),X(n+k)) = cipori(n+ k) + canra(n + k), (7.1.21)
where
Cin = o? Z r(n,m)di(m), con= o? Z r(n,m)dy(m). (7.1.22)
m=1 m=1
714 a=1

For the case @ = 1, 8 > 0, if we denote the linearly independent solutions by r3 and 74,

then Theorem 7.1.1 gives

rs(n) = e2VPiy—1/4 <1 + % +0 <i>> , asmn— oo, (7.1.23)
— o 2VBn—1/4 [ 2 1 1.24
ry(n) =e n < +\/ﬁ+0<n , asmn— oo. (7.1.24)

Therefore r» can be written in the form

r(n,m) = ds(m)rs(n) + ds(m)ra(n), 0<m <n. (7.1.25)

where d3 and d4 are sequences which obey

dalim) = o {ratmet 1) = (14 -8 Y ram) )

C(lm) {—rg(m +1)+ (1 + mil) r3(m)} ;

where the Casoratian is C(m) = rq(m + 1)r3(m) — r3(m + 1)rs4(m) # 0. The asymptotic

d4(m) =

behaviour of d3 and d4 are required. We prove in Lemma 7.12.1 that

ds(m) = %m%e%m (1 + O(m71/2)) , asm — 0o, (7.1.26a)
dy(m) = %m%eQ\/ﬁT" (1 + O(m_l/Q)) , asm — oo. (7.1.26b)
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It can be seen from a fuller statement of the Birkhoff-Adams Theorem [117] that one
may generate recursive formulae for the constant multipliers of lower order terms in the
expansions of (i) and (ii) in Theorem 7.1.1. In particular in (ii) of Theorem 7.1.1 when A,
w1, @2, N, {aj}jez+ and {bj};cz+ are all real-valued then so too are all of the multipliers
of the lower order terms in the expansion (7.1.15).

In the case when 8 < 0, then w; = 2\/Wi = . Following the example outlined on
page 70-72 of [117] we have that the multipliers of the lower order terms in the expansion
(7.1.15) of one of the linearly independent solutions are complex conjugates of the multi-
pliers of the lower order terms in the expansion (7.1.15) of the other linearly independent
solution. Thus it is seen that r3(n) and r4(n) are complex conjugates of one another. It is
also observed that linear combinations of asymptotic series are also asymptotic series. In
this instance one may wish to consider the two linearly independent real valued solutions

r5 and r¢ whose asymptotic behaviour is given by

r5(n) = cos(2y/|B8n) n /4 <1 + % + O(n1)> ,  asn— o0 (7.1.27a)
re(n) = sin(2+/]8|n) n= /4 <1 + \C//Zﬁ + O(n_1)> , asn — oo. (7.1.27b)

Therefore r» can be written in the form
r(n,m) = ds(m)rs(n) + dg(m)rg(n), 0<m <mn,

and with the Casoratian given by C'(m) = r¢(m+1)rs(m) —re(m)rs(m+ 1) # 0, we have

dslim) = o {rotm e+ 1) = (14 =8 Y o)}
dotm) = g {=ratm+ )+ (14 ) ot}

Then, it is shown in Lemma 7.13.1 that the sequences ds and dg obey

ds(m) = mY* cos(2+/]8|m (1 + O( 71/2)) , asm — oo (7.1.28)
dg(m) = m*sin(21/]Bm (1 +O( —1/2)) ., asm — . (7.1.29)

The case when a = 1 and = 0 is easily dealt with: we have z(n) = z¢ for all n > 0 and

r(n,m) =1 for all n > m > 0.
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715 a=0

The case a = 0 is dealt with in Lemma 7.7.2. Excluding points where r may be zero for

specific values of 3, we have that r(n,m) = Di(m)R;(n), where

IR CREO

i (n) n!

, asn— oo, (7.1.30)

m! 3

Di(m) = BI‘ ~pm~",  asm — oo. (7.1.31)

(B+m+1)
Notice that this agrees with the asymptotic behaviour of 71 and d; in (7.1.16) and (7.1.20)
respectively.

7.1.6 Order arithmetic

In ascertaining many of the asymptotic estimates (7.1.20), (7.1.26) and (7.1.28) it is nec-

essary to be able to add and multiply terms of known size.

Lemma 7.1.3. Let f and g be real-valued seuqences such that

and let oy > ao. Then
f(n) +g(n) = O(n™)
and

f(n)g(n) = O(n®*+*2), n — cc.

The proof of this lemma is immediate from the definition of the Landau notation.

7.2 Recurrent Asymptotic Behaviour

In the case B = 0, (7.1.3) reduces to an autoregressive process of order one, or AR(1)
process, which is a process with well-understood asymptotic behaviour. Thus throughout
this chapter, we generally take 8 # 0.

7.2.1 Pathwise asymptotic stationary behaviour

The discrete analogue of an Ornstein-Uhlenbeck process is an AR(1) process. We define

U to be the solution of the autoregressive equation

Un+1)=aU(n)+o&(n+1), forne{0,1,2,..}, U()=0, (7.2.1)
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where {£(n) : n € Z1/{0}} is the same process as that in equation (7.1.3a). An explicit

representation for the solution of (7.2.1) is

vy < | @ Tia0a D), nz 1 a0 722

o&(n), n>1, a=0.

Theorem 7.2.1. Let o € (—1,1) and a+ 8 < 1. Let X be the unique solution of (7.1.3)
and let U be the unique solution of (7.2.1). Suppose also that ({(n))n>1 obeys (7.1.2) and

is a Gaussian process.

(i) X obeys

lim sup X(n) =2 liminan) =2 s (7.2.3)

n—oo y/2log VI—a2 noeo 2logn 1— a2

(i) In the case a+ 3 < 1, we have

li_)m {X(n)—U(n)}=0, as (7.2.4)
and that
. 1 O .
nh—>120 el X(j)=0, a.s. (7.2.5)
7=0
(iii) In the case o+ B = 1, we have
lim {X(n)-U(n)} =L, as., (7.2.6)

n—oo

where L is the proper Gaussian random variable given by

00 m—1 o0 00 m—1
L= Z %dl(m) : ajxo + UZ Z %dl(m) Z aj a—lg(l),
m=1 7=0 =1 \m=l+1 j=l
for a# 0 and
|
L=xzy+o z:: mﬁ(m),
for a=0.

(i) If L is as defined in part (iii), for a # 0 we have

m=1 j=0
2
o0 ] ,3 m—1 A
Var[L] = o> Z Z —d1(m) Z i
=1 \m=i+1"" j=l
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for a =0 we have

=~ 1
_ 2
E[L] = z9, Varll]=0 mE:1 m 1)
and that
N SR gy
731—>H§on+1 g X()=L, as (7.2.7)

We note that the case a = 0 is proven in a slightly different manner to the case
when a # 0. This is because when o = 0 the second order ordinary difference equation
reduces to a first order equation, and one should not expect to apply the Birkhoff-Adams
asymptotic theory of second order equations. Nonetheless, the results are of the same
form.

Having established (7.2.4), i.e. that X(n) — U(n) tends to zero as n — oo, it is
interesting to ask at what rate this convergence occurs. We provide an upper bound on

this rate of decay.

Theorem 7.2.2. Let o € (—1,1)/{0}. Let X be the unique solution of (7.1.3) and let
U be the unique solution of (7.2.1). Suppose also that (£(n)),>1 obeys (7.1.2) and is a

Gaussian process. Then

(i) Ifa+ B <1 and a+28 > 1, then

X(n) —
limsupw €[0,00), a.s
n—00 n i "a1
(ii) If a + 2B < 1, then
ey X = U@)

€ |0,00), .S..
n—oo n~1/2\/loglogn 0,00), -
(iii) If o+ 20 =1, then

ey X0~ U0)
n—oo n~1/2logny/loglogn

€[0,00), a.s..

We conjecture that the decay rates in Theorem 7.2.2 are sharp, i.e. that the limiting
values are non—zero, but a proof of this conjecture lies beyond the scope of this thesis. We
do remark however that when « = 0 the variation of parameters formula for X is simpler
than when o # 0 and one can show that the rates of decay are indeed sharp in this case

(although the o 4+ 28 = 1 seems to be somewhat different).
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7.2.2 Asymptotic behaviour of the autocovariance function

The autocovariance function of U is given, for k > 0, by

2

Cov(U(n), Un + k) = § 7 _aF(1— a2y > 1.

— a2
Therefore, for each fixed n > 0 we have k — Cov(U(n),U(n + k)) decays exponentially to
zero as k — oco. Thus, as X and U are asymptotically equal to one another it might be
expected that the autocovariance function of X decays toward zero and does so ‘quickly’.

As the forthcoming Theorems 7.2.3 and 7.2.5 will demonstrate, when analysing the
memory properties of X, the order in which one takes limits in n and k to infinity is of
crucial importance. We start by demonstrating that X possesses a polynomial decay in its
autocovariance function, which, in the case when § > 0 is consistent with a long memory

process.

Theorem 7.2.3. Let a € (—1,1)/{0}. Let n > 1. Then,

lim Cov(X(n), Xﬁ(n +k)) e
k00 15 ’

where ¢y 5, is given by (7.1.22).

This result follows immediately from Remark 7.1.2. In the case when o = 0 and
B ¢ {—1,-2,...} the same result holds with ¢1,, = 0®Ry(n) > n_, Di(m)?. Hence the
process X defined by (7.1.3) is a long memory process when 0 < |a] < 1, § > 0 and
a+ 8 < 1. This is of course providing that the limit obtained in Theorem 7.2.3 is indeed
non-zero. Indeed, it is difficult to determine the value of ¢, for any n, due to the fact
that Theorem 7.1.1 gives only asymptotic information on r; and r2 and in particular does
not specify initial values for these sequences. Proposition 7.2.1 somewhat addresses this

question.
Proposition 7.2.1. Let a € (—1,1)/{0} and o+ B < 1. Let ¢, be given by (7.1.22).

(a) If 6 <0 and o+ B < 1, then

. Cin 2 B l—a-4
1 = 0. 7.2.8
B “(1_a>3(1_a_2/3 < (7.28)
(b) (i) Ifa+ 5 <1 and o+ 28 > 1, then
C1 >
- mo_ 2 2
nh_>n010 e =0 E_ldl(m) € (0,00)
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(ii) If a + 26 =1, then

Cin _1 2 1
nh—g)lon 1/210gn - 40 (a—1)2 > 0.

(i1i) If B > 0 and a+20 < 1, then ¢, obeys (7.2.8) with the limit on the righthand

side being positive.

(c) If a+ B =1, then
hm Cin=0 Zdl 00).

In the case when o = 0 then ¢y, is given by c1,, = 0?Ryi(n) Y 1 _, D1(m)? for B ¢
{-1,-2,...}, while ¢1,, is given by c1, = 02R1(n) Y m=—p Dy(m)? for B € {~1,-2,...}
and n large enough. In this case it can be shown that c;, has the same rates of growth
or decay, as n — oo. It can be seen in the formulae below that these constants in the
special case a = 0 agree with the results obtained by substituting o = 0 into the formulae

in Proposition 7.2.1. Specifically, we have

2B =58) s

1—25 , asn—oo,if28 <1

Cin ™~

1
Clyn ™~ 0211171/2 logn, asn—o0,if28=1

Cin NanBIZDl 2 asn— oo, if 28 > 1.

In all the parameter regimes considered in Proposition 7.2.1 in which g > 0 it is
seen that c¢;, — 0 as n — oo. Moreover, c1, is seen to be asymptotic to a positive
function. Thus for any fixed value of n large enough the value of ¢, is positive and
hence Theorem 7.2.3 describes the correct rate of decay of the autocovariance function.
In the cases when 3 < 0 we still see that ¢y, is non-trivial for all n sufficiently large, so
therefore, once again, Theorem 7.2.3 appears to identify the correct rate of decay of the
autocovariance function.

We give a result concerning the positivity of the autocovariance function.
Theorem 7.2.4. Let « > 0 and 8 > 0. Then Cov(X(n),X(n+k)) >0 forn>1, k> 0.

However, if one lets the starting-time n tend to infinity first and then considers the
autocovariance function as a function solely of the time-lag k then the process is observed

to have short-memory of the same form as that of U.
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Theorem 7.2.5. Let « € (—1,1)/{0}.

(1) If a4+ B < 1, then

. __“ k
nh_)IgOC’ov(X(n),X(n—f—k)) = {2 k> 0.
(i1) If a4+ B =1, then
00 2
. _ 2 2 g k
nh_}n;()Cov(X(n),X(n—Fk)) =0 E di(m)” + T2 k> 0.

m=1

Once again in the case when a = 0 we have essentially identical results. Part (i) holds
for f < 1 as limy, o Cov(X(n), X(n+k)) =0 for £ > 1 and lim,,_, Cov(X(n), X(n)) =

0%. When 3 = 1 we have that

lim Cov(X(n), X(n+k)) = o2 lel(m)% k> 0.

We notice that

lim Cov(U(n),U(n + k)) L

n—00 1oz
so not only is X pathwise asymptotic to U, but both X and U have the same limiting
autocovariance function, despite the long memory characteristics that X exhibits.
As observed for the autocovariance function of the continuous analogue of (7.1.3), in
contrast to many non—autonomous equations one cannot permute the order in which the
limits n — oo and k — oo are taken. It is noted however that the order in which the

limits are taken does not yield conflicting results when a4+ 3 =1 (and also trivially when

g =0).
7.3 Transient Asymptotic Behaviour

The stochastic process X undergoes polynomial asymptotic growth where the exact rate
of growth is inherited from the deterministic equation. Whether the process grows to plus

infinity or decays to minus infinity depends upon the sample path.

Theorem 7.3.1. Let a € (—1,1) and o+ 3 > 1. Let X be the unique solution of the
stochastic difference equation (7.1.3). Suppose also that (£(n))n>1 obeys (7.1.2) and is a

Gaussian process.
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(a) There is a Gaussian F¢(co) measurable non-trivial normal random wvariable such

that
lim X(n)ﬁ =C, as
n—oo  —l-2=
(b) If a # 0 then -
C' = 20d1(0) + 0 Y di(j)E),
j=1

while o = 0 implies

B 15} > m!
C=nrE +Umz:1 T@+menom

(¢) The mean and variance of X obey

_E[C], 1 LX)

n—oo —1——= n—oo —2-2-82_
n a—1 n a—

= Var[C] > 0.

s

When the solution of the deterministic equation undergoes exponential growth then
so too does the solution of the stochastic equation. This exponential growth is tempered

by a polynomial factor.

Theorem 7.3.2. Let |a| > 1. Let X be the unique solution of the stochastic difference

equation (7.1.3). Suppose also that (£(n)),>1 obeys (7.1.2) and is a Gaussian process.
Then

(a) There is a Gaussian F¢(co) measurable non-trivial normal random variable such

that
lim X(”g =C, as
O a1
(b) C is given by -
C = z0d2(0) + UZ da(7)€(4)
j=1

. E[X(n)] . Var[X(n)] > )
nh_%lo — = z0d2(0), nh_{glo 706%”2% =2 E 1d2(])2 > 0.
j:

We further remark that when a@ < —1, a” alternates between being positive and
negative as n increases. Therefore, one could state the above result as
X(2m X(2m+1
lim (2m) ;— = — lim (2m+1)

B
T JafPm(@m)emt T a2 (2m 4 1) T

= 20d2(0) + 0 Y _ da(§)E(4)-
j=1
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Remark 7.3.1. The positivity of the variance of the almost sure limits in Theorems 7.3.1
and 7.3.2 gives that the limiting random variables are non-zero almost surely. This ob-
servation allows us to conclude that the rates of growth of X in both Theorems 7.3.1

and 7.3.2 are exact.

7.4 Boundary Cases

In this section, we detail the dynamics of the stochastic equation for the cases & = {—1,1}.
These values of o form boundaries between the open regions |a| < 1 and |a| > 1 in the
(a,B) parameter space. We know that solutions grow exponentially in the region || > 1.
For 0 < @ < 1 and 8 > 0 we have that solutions grow polynomially, provided that « is
sufficiently close to unity; also, we see that the solution fluctuates for 0 < a < 1 and 8 < 0.
Therefore, there is a change in the asymptotic behaviour when « crosses the boundary
« = 1. Similarly, we can see that there is a change in the asymptotic behaviour when
« crosses the boundary @ = —1. Therefore, it is a natural question to ask whether the
asymptotic behaviour of the solution on these boundaries may be analogous to that of one
of the adjacent open regions or whether it may, in some fashion, have dynamics which are
intermediate to those in the adjacent regions, or dynamics which are entirely unrelated to
the behaviour in the bordering regions.

We first consider the case @« = —1. Here the asymptotic behaviour of the deter-
ministic equation is known, (7.1.16), via the Birkhoff~Adams Theorem. However the
asymptotic behaviour of rq fails to be geometric thus precluding the method of proof of

Theorems 7.2.1, 7.3.1 and 7.3.2.

Theorem 7.4.1. Let o = —1. Let X be the unique solution of the stochastic difference

equation (7.1.3).

(i) If B > 3, then
X o0
Jim nl(J:LB)/Q = x0d1(0) + U;dl(j)f(j)a a.s.
iz
(i1) If =1 < B < 3, then

lim sup X(n) = ! lim inf X(n) !

noo \/2nloglogn 0\/54— 1" ‘nooo y/2nloglogn - _U\/ﬁ+ 1’

a.s.

231



(iii) If B = —1, then

X
=0, liminf (n) =—0, a.s.

. X(n)
lim sup
n—oo /2nlognlogloglogn

n—oo v/2nlogmnlogloglogn

() If B < —1, then

(=1)"X(n)

nh_)rrolo B2 = xod2(0) + o Z da(j a.s.
It is observed here that when o« = —1, X inherits the asymptotic behaviour of all three

open regions which border it.
The case o = 1 is a special case of the Birkhoff-Adams Theorem which gives faster than
polynomial growth when # > 0 and damped fluctuations when 8 < 0. This asymptotic

behaviour propagates through to the stochastic equation.

Theorem 7.4.2. Let « = 1. Let X be the unique solution of the stochastic difference

equation (7.1.3).

(i) If B > 0, then
X
dim A o 0) + S BGEG), o
(i) If B <0, then

ai <liminf ———~——— X(n) < limsup (n) <o 2 a.s.

V3 T n=oe (2nloglogn T nsoeo v2nloglogn \f
(ii3) If B =0, then

X X
lim sup (n) = — lim inf & =0, a.s.

nsoo V2nloglogn  n—oo /2nloglogn

We note that for 8 > 0 the two bordering open regions in the parameter space ex-
hibit polynomial and exponential growth, so the asymptotic behaviour on the boundary
is intermediate to that seen on either side of the boundary. When 8 < 0, there is a tran-
sition from stationary fluctuations (o < 1) to exponential growth (o > 1); the boundary

behaviour seems more consistent with non—stationary fluctuations.

Remark 7.4.1. The limiting result of Theorem 7.4.2 (ii) is reminiscent of the Law of the

Iterated Logarithm. Moreover we conjecture that the more precise statement

1 X X 1
—0——= = lim inf (n) < lim sup & =0—, a.s.

n—oo /2nloglogn ~ nooee /2nloglogn V3’
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holds. This conjecture is reliant upon two observations. Firstly, it is argued in Section 7.6
that (7.1.3) may serve as a discretisation of a continuous time equation. With (7.1.3)
regarded in this way it is seen that Theorems 7.2.1, 7.3.1, 7.3.2 and 7.4.2 (i) identify
corresponding regions of qualitatively analogous asymptotic behaviour to that of the con-
tinuous problem and moreover the rates of growth and decay of X in continuous time
are analogous to those in discrete time, i.e. fluctuations mirror fluctuations, polyno-
mial growth mirrors polynomial growth (with the exponents matching), and exponential
growth mirrors exponential growth. Thus it appears that the discretisation is robust in
describing asymptotic behaviour between continuous and discrete processes for almost the
entire half-plane (o > 0). Thus, as the continuous region corresponding to a =1, § < 0
(see Theorem 6.3.6) undergoes exact Law of the Iterated Logarithm-like fluctuations, one
expects this to also appear in Theorem 7.4.2 (ii).

Secondly, we identify two parts to the proof of Theorem 7.4.2 (ii) where estimations
have been made which are not optimal. If these estimates could be improved then one
should be able to markedly improve the result of Theorem 7.4.2 (ii). We expand on this
point after the proof of Theorem 7.4.2 (ii). Moreover if these difficulties are overcome one

may prove a discrete result analogous to Theorem 6.3.5.

7.5 Almost sure convergence implies convergence in mean square

While all the Theorems outlined so far in this chapter give almost sure pathwise results
for the solution of (7.1.3) it is interesting to ask whether other modes of convergence can
also be obtained. We commence with a result which characterises necessary and sufficient

conditions for mean square convergence

Theorem 7.5.1. Let the function H obey
H:{(n,j):0<j<n,njezZ'}—R.

Let {&(n)}pez+ be an i.i.d. sequence of standard Gaussian random variables. Then the

statements

(A) There exists Hy, : Z+ — R such that Hy, € (*(Z7) and

n

lim Y " (H(n,j) — Ho(4))* = 0. (7.5.1)

n—00 4
Jj=0
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(B) There exists Ho, : ZT — R such that

2

Tim E | (S H(n,5)E0) — Y Haol1)EG) | | =0 (7.5.2)
Jj=0 j=0

are equivalent.

Theorem 7.5.2. Suppose that H obeys (7.5.1) and there exists Hy : Z+ — R such that
Jim Y H(n,)EG) = Y Hoo(DEG),  as. (7.5.3)

=0 =0
Then (7.5.1) and (7.5.2) hold, where {£(n)},cz+ is an i.i.d. sequence of standard Gaussian

random variables.

Remark 7.5.1. Theorem 7.5.2 may be applied to many of the pathwise results of this
chapter. For example part (a) of Theorem 7.3.1 may be restated as
&= or(n,j) . = N
lim Zjﬂ]) = z;adl(J)f(J)v a.8.
]:

n—oo
j=11 a—l

Using the nomenclature of Theorem 7.5.2 we have
H(n,j) = on'*a=Tr(n,j), Hoolj) = odi(j).

Therefore Theorem 7.5.2 gives that

n o0

8
ontta-T Zr(n,j)ﬁ(j) converges in mean square to Zodl (7)€(5) as n — oo.
=1 =1

One may argue similarly for Theorem 7.3.2 etc.

7.6 Discretisation of Continuous Average Functional Equation

In Chapter 6 the equation

AX (1) = (aX(t) + 1it iX(s)ds) dt +<dB(1), t>0, (7.6.1a)

X(t) = (t), tel-1,0] (7.6.1b)

was studied for some initial function ¢ and constants a,b € R and ¢ > 0. For the purposes
of numerical simulation it behoves one to ask whether a discrete equation may be deduced
which is a discretised version of (7.6.1) and preserves the qualitative and quantitative

asymptotic features of the continuous equation.
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We suppose for fixed h > 0 that Xj(n) is an approximation of X(nh) for n €
{0,1,2,...}. Then using standard discretisation techniques, an implicit discretisation of

(7.6.1) yields

n

bh
X 1) - X = ahX 1 Xn(g)h h 1).
4 1) = X (0) = ohXa (1) 5 52X+ VR 1)
Observing that
bh bh 14+n b 1+n

hn+1 n+1ll+nh n+1(L+n)

and that
. 14+n
lim T =
n—00 (E + n)

I

we argue, for large n, that

Xn(n+1) — Xp(n) =ahXp(n+1) + bn ZXh(j)-i-C\/ﬁf(n—l-l).

is an acceptable discretisation. Then, letting o := ¢v/h/(1 — ah), B = bh/(1 — ah) and
a=1/(1—ah) yields (7.1.3).

An implicit discretisation is appropriate in the case that a < 0. We demonstrate this
by comparing pathwise results only. In this situation, for every h > 0, we have o € (0, 1).

Since av+ = (1 + bh)/(1 — ah), we also see that
(i) a+b > 0 implies a + 8 > 1;
(ii) a + b < 0 implies a + B < 1;

(iii) a + b =0 implies a + 5 = 1.

In case (i), the discrete solution obeys

: Xn(n)
R
where Ly, is a non—trivial normal random variable. Note that —1 — /(e —1) = =1 —1b/a,
so we have
X
tim ) _

n—00 (nh)_l_b/a o

Recalling that the corresponding continuous time result is

. X()
e
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we can see that the rate of growth of the continuous solution has been recovered perfectly
by the discrete scheme. We conjecture that the limiting random variable L} tends to
a nontrivial limit as h — 0 (though perhaps not to L itself because we have made an
approximation of the discretisation).

In the case (ii), we have that the discrete solution obeys

X X
— lim inf n(n) = lim sup n(n) 7

n—oo +/2logn n—soo V2logn - V1—a?

Since
g S

Vi—a? V2]al + a2h’

This implies

lim sup Xn(n) = c
n— 00 \/210gnh \/2]a|+a2h’

while the continuous process obeys

X(t
lim sup ®) c

tseo V2logt  \/2la]

Thus, for any A > 0, the solutions of the discretised equation fluctuate on the real line
with large deviations growing logarithmically, which is precisely the behaviour exhibited
by the corresponding continuous time equation. Therefore, the qualitative form of the
dynamics is correctly predicted irrespective of the step size h. Moreover, it can be seen
that the limiting constant ¢/ \/m for the discretisation converges to the limiting
constant ¢/ \/m as h — 0, so that the asymptotic rate of growth of the large fluctuations
are more precisely recovered as computational effort increases.

The implicit discretisation also recovers the dynamics in the case that a = 0. If this
is so, then o = 1, and we have 8 = bh > 0 whenever b > 0 and 8 < 0 whenever b < 0. In

the case when 8 > 0 we have that the discrete equation behaves according to

Xp(n)

i ey )
Noting that Sn = b - nh, we have
Xn) g

nlggo e2Vbnh(ph)=1/4
Therefore, because

X(t)
m ————— =
t—00 eQ\/Et—l/4
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it can be seen that the rate of growth of the discrete and continuous equations agree.
Finally, in the case that 8 < 0, we have that the discrete equation obeys

X 2
lim sup & <22

n—oo 2nloglogn ~— /3

or

X 2
lim sup n(7) < l

n—oo V/2nhloglognh ~— /3

This corresponds to the continuous limit

X(t) S

limsup —— = —

t—oo /2tloglogt /3
so it can be seen that the discrete equation correctly determines an upper bound on the

rate of growth of the largest fluctuations, and that the limit on the righthand side is

independent of b and h, and linear in ¢. If we could prove the conjecture

X
limsup —2nW) o

n—oo V2nloglogn /3
then there would be an exact agreement in the pathwise large fluctuation behaviour of the
discretised and continuous equations.
An explicit discretisation is effective in the case when a > 0, giving the correct quali-

tative asymptotic behaviour for all step sizes h > 0. Such a discretisation yields

Xh(n + 1) - Xh(n) = ahXh(

+ o +1ZXh ())h +sVhE(n +1)

and once again, considering n large, we modify this to obtain

Xu(n+1) = Xp(n) = ahXp(n th )+ sVhé(n +1).

Letting 0 = <v/h, = bh and o = 1 + ah yields (7.1.3). In the case that a > 0, we have

that @ > 1. Therefore the solution of the discrete equation obeys

i (1)

n—0o0 annﬁ/(a 1)

= L.

Now, as B/(a — 1) = b/a, if we define aj, = log(1 + ah)/h, then

X
lim n(n)

— =)
n—00 eahnh(hn)b/a h-

Notice that limp_,g ap, = a, so as the step size tends to zero, we recover the rate of growth

of the continuous equation, given by

X(t)

im = L.
t—oo eatib/a
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Also, for any h > 0, the discretised equation has solutions which grow exponentially
with a polynomial growth correction, which is precisely the behaviour exhibited by the
corresponding continuous time equation. Therefore, the qualitative form of the dynamics
is correctly predicted irrespective of the step size h.

It is worth remarking that an explicit discretisation may be applied to the continuous
equation in the case that a < 0, but that restrictions on the step size are now required.
Since @ = 1+ ah in this case, we request that h < 2/|a| in order to give |a| < 1.
If a < —1, the solution oscillates unboundedly with exponentially growing amplitude,
rather than fluctuating logarithmically or growing to infinity polynomially. We have that
a+p =1+ (a+b)h,so o+ <1 whenever a +b < 0, a+ > 1 whenever a +b > 0
and a + 3 = 1 whenever a + b = 0. In the first and last cases, we obtain logarithmic

fluctuations, consistent with the continuous time dynamics, while in the second case, as

4B _ 4}
a—1 a
we have that
. Xh(n) 71
nh—>rgo (nh)—l—b/a - h

as in the implicit case. When a = 0, we automatically have o = 1 in the explicit case,
and then S = bh is positive or negative according as to whether b is positive or negative.
Therefore, the explicit scheme correctly recovers the dynamics in this case without a step
size restriction.

Similarly, if an implicit discretisation is applied to the continuous equation in the case
when a > 0, then we need once more a restriction on the step size. Notice first that
a > 1 provided h < 1/a. This restriction is necessary, because in the case that h > 2/a,
then o € (—1,0) and the discretised equation exhibits fluctuations or polynomial growth
rather than the exponential growth present in the continuous case. On the other hand,
if 1/a < h < 2/a, although the amplitude of the solution of the discretised equation
grows exponentially, it alternates in sign at each time step, which is inconsistent with
the continuous equation. In the case that h < 1/a, the asymptotic behaviour in the
continuous case is recovered in a manner similar to that of the discrete problem. Since

B/(a—1) =b/a, if we define ap, = —log(1 — ah)/h, then

X
lim h(n)

S SV A
n— o0 eah-nh(nh)b/a h
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so the solution exhibits exponential growth with the appropriate modifying polynomial
factor. Furthermore, as the step size h — 0, we have that a, — a, so the growth exponent
is recovered exactly as the computational effort involved in the simulation increases.

We note that we do not give (7.1.3) an initial history, as in the continuous case, for

the reason that there is no potential for a singularity in (7.1.3) at n = 0.

7.7 Asymptotic Behaviour of Deterministic Sequences

Before giving proofs of the main stochastic results, we first estimate the asymptotic be-
haviour of the sequences d; and ds and sums of sequences which depend on them.
Lemma 7.7.1. Let o« € R/{0,1}, then di and da as given by (7.1.19), obey (7.1.20)

Proof. Firstly we remark that the asymtptoic behaviours provided by Theorem 7.1.1 spec-
ifies C'(0), even though the values of 71(0) and r2(0) are not known. Since r; and 72 obey
(7.1.16), we have
C(n) =ri(n)ra(n +1) —ri(n+ 1)re(n) = a™n ! (a—1)+ O(nil)) , asmn — oo.

From Lemma 7.1.2 we have C'(n) = C(0)a™/(n + 1). Therefore

C(0)= lim (n+1)a "C(n) =a—1.

n—oo
The asymptotic behaviour of d; and ds is now determined. First notice that, as m — oo,
(m + 1)/@=D) Z pf/a=1) <1 N le—l n O(m—2)) ,
o —
(m+1) "t =m 1 (1+0(m™)),

Therefore inserting (7.1.16) and these estimates into (7.1.19) gives

(o — 1):,1(:? = am//(*=V <1 - af m O(m_2)> <1 + mcj o+ 0(”12)>

_ ama (1 + 2 0(1)>
m

m2

— Bm (14 O(m~)ma (1 + 2y O(T:LQ)>

_ Pl <1 L+ B e O(m—2)>
a—1 m
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Thus

B
(= 1)?

The asymptotic behaviour for do can be determined in a similar manner. However, the

di(m) = mP/ =D (1+0(m™)), asm— .

analysis is simpler because there is no cancellation of the leading order terms in (7.1.19).

O
Lemma 7.7.2. Let a=0. If € {0,—1,-2,..} and1 <m+1<—-5<n—1 then
r(n,m) =0. (7.7.1)
Otherwise,
r(n,m) = F(ﬁn-!i- n) G f::—i— 0 n>m+1>1 and r(m,m)=1,m>0. (7.7.2)
Moreover,
Jim TP Ly (7.7.3)

Proof. As before re—expressing (7.1.5) as a second order difference equation gives

1
r(n+2,m)= Mr(n—i— 1,m), n>m>0.
n+2
This gives
B 11 BHk-1
= — _ > > 2. .
r(n,m) m+1:ﬂ T nEmt2>2 (7.7.4)
k=m+2

Thus if g € {0, —1,—2,...} then (7.7.1) holds.
On the other hand, for g ¢ {0,—1,—2, ...}, the formula (7.7.4) may be rewritten as

T(B+n) m

> 1>1.
n! T(B+m+1) memtd 2

r(n,m)=p

The asymptotic result (7.7.3) follows from Stirling’s formula
D(t) ~V2re 712 ast — oo,

(see e.g., [95, Ch. 3.8.3]). Applying this, we get

. I'n+p) 1 . V2me B (n + ﬁ)’”rﬁ*l/2
lim —= = lim
n—oo  nl nfTl T nooo (/o en—l(n 4 1)nH1-1/2p8-1

n
= lim e A*! (14—6 1>

n—00 n+1
1 n+1 1 —1
= lim e #*! 1-+E1——7 1+—5 =1,
n—00 n+1 n+1
as required. ]
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In order to attain rates of growth or decay of various summations we use the Stolz—
Cesaro Theorem which maybe viewed as a discrete analogue of L’Hopital’s Rule. We state
the Stolz—Cesaro Theorem for completeness. A proof is given in [94, pp. 85] or may be

inferred from Toeplitz’s Lemma [108, Lemma 4.3.1].

Theorem 7.7.1 (Stolz—Cesaro Theorem). Let a,, be a sequence of real numbers and by, a
strictly increasing and divergent sequence for n sufficiently large. Then

. Anp+1 — anp
lim 279 e

implies

am s =1

The theorem is also valid if a,, is strictly decreasing and convergent to zero, and b,, is

positive, strictly decreasing for n sufficiently large and convergent to zero.
Lemma 7.7.3. Suppose that dy is given by (7.1.19) then

(i) fa<l,a#0anda+28>1ora>1anda+28 <1. Then d, € (*(Z*) and

hence limy, o0 0y 1 di(m)&(m) ezists a.s. and is an a.s. finite random variable.

(it) Ifa <1, a#0and a+28 <1 ora>1and a+25>1. Then

id%(j) ~ F et asn o oo,
e A CER R VA

(i) If « #{0,1} and a + 25 =1. Then

2

~— .
]221 di(j) a— 17 ogn, asmn — oo

Proof. We prove each part of the lemma in turn:

(i) Consequence of (7.1.20) and the discrete martingale convergence theorem [108, The-

orem 4.2.1].

8
(ii) Consequence of (7.1.20) and Theorem 7.7.1, with b, = na=1t! | From the Mean

2 28
bpi1 — by = ( b +1> K

a—1

Value Theorem

for some k,, € (n,n +1). Thus k, ~n as n — oo and so

2 28
bn+1 — bp ~ <a—ﬂ1+1> ne=1, asn — oo.
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(iii) Follows again from use of the Mean Value Theorem with b,, = logn.

Lemma 7.7.4. Suppose that dy is given by (7.1.19).

(i) If |a| > 1, then do € (*(Z) and hence limy,_yo0 0> 1 do(m)&(m) converges to a

finite limit with probability one.

(ii) If a € (—1,1)/{0}, then

(iii) If « = —1 and B < —1, then dy € (*(ZF) and limp o0 0 3770 d2()E(5) exists a.s.

and is an a.s. finite random variable.

(iv) If « = —1 and § > —1, then

n
1
d2(j) ~ n' P asn — .
; 2(7) 1+ 5

(v) If o« = —1 and B = —1, then

n
Zd%(j) ~logn, asn— oco.
j=1

Proof. Proof follows from the known asymptotic behaviour of dy given by (7.1.20) and by
use of Theorem 7.7.1. 0

7.8 Proofs

7.8.1 Proof of Lemma 7.1.1

We demonstrate that (7.1.6) obeys (7.1.3). Define Z(0) = z¢ and

Z(n) =r(n,0)xo+ o Z r(n,m)é(m), n>1.

m=1
We show that Z = X. Firstly, note that Z(1) = (a+ 8)zo + 0&(1) and also the recurrence
relation (7.1.3) gives
X(1) = (0 + B + o£(1).
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Now rewrite (7.1.3a) as

nf_lxg+ niljz;X(j)+a§(n+1)7 n>1. (7.8.1)

X(n+1)=aX(n)+

Then for n > 1,

g
aZn)+ nt 1o
=a |r(n,0)zy + UmZZIT(n,m)f(m) + - f_ %0
n J
+ LS G 0+ o Y 7 migm)| + o€+ 1)
j=1 m=1
=r(n+1,0)x0 + an; lar(n,m) + nf— . jmr(j,m)] &(m)+oé(n+1)
n+1
=r(n+1,0)xg+0o Z r(n+1,m){(m)=2Zn+1)
m=1

By the uniqueness of the solution of (7.1.3) we must have Z(n) = X (n), for n > 0. If one
further observes that r(-,0)x satisfies the initial value problem (7.1.4), then as (7.1.4) has

a unique solution we must have z(-) = r(-,0)xo.

7.8.2 Proof of Proposition 7.1.1

Recall
1

M

X(n):ozX(n—l)-f—g ‘ X(j)+0o&(n) forn>1.

Regarding (7.1.8) and (7.1.9), we have, for n + %k + 1 > 1 (or equivalently n + k > 0),

I
=)

Wk +1)=Cov(X(n),X(n+k+1))

n+k
= Cov (X(n),aX(n—Fk:)—i-n_i_iHZX(j)+J£(n+k:+1))

=0

B n+k
:aCOV(X(n),X(n—i-k))—i-m Cov(X(n), X(j +n —n))

=0

+ 0Cov(X(n),&(n+k+1))

n—+k
_ B~ 2
= ayu(k) + P—— ]Ezofyn(j n) + o 0ky1.
Hence
3 k
_ 2
Yk +1) = ay,(k) + PE—— lg (1) + 0“0k+1

—-n
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where

1, k+1=0,
Okt1 1=
0, otherwise.

Regarding (7.1.10), we recall that X (0) = xg, which is assumed to be deterministic.

7.8.3 Proof of Theorem 7.2.5

From (7.1.21) we have

n

Cov(X(n),X(n+k)) = o®ri(n+k)ri(n) Y _ di(m)?

m=1
n

+U 7“1 n—i—k 7'2 Z d1 +U 7’1( )Tg(n-i-k) Z dl(m)dg(m)

m=1

+UT27L+I€T2 ng

For the case a + 8 < 1 it is apparent from Lemma 7.7.3 and Lemma 7.7.4 that the first

three terms in the sum on the right—hand side above tend to zero as n — co. This gives

2

. oF
JLH;OCOV(X(n),X(n—Fk))—o hm ro(n + k)ra(n ng m :
For the case a+ 8 =1 we find that lim,, o r1(n + k)r1(n) = 1. Hence,
00 2
. _ 2 2 g k
nh_)n;o Cov(X(n),X(n+k) =0 Z_:ldl(m) + T2
as required.
7.8.4 Proof of Proposition 7.2.1
From (7.1.22) we have the formula for ¢; ,,
c1n = 0ri(n Z dy(m)? + o?ra(n) Z dy(m)da(m). (7.8.2)
m=1

The asymptotic behaviour of d; and da is known form (7.1.26a). Using Theorem 7.7.1 one

can deduce
Zdl(m)dQ(m)le_a, as n — oQ.
Thus,
i 72 Yom=1 d1(m)da(m) B
oo B T (1-a)®
nafl

For the first term on the right hand side of (7.8.2) the asymptotics of the summation is

detailed in Lemma 7.7.3. From the asymptotics of r; given in (7.1.16) this gives the result.
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7.8.5 Proof of Theorem 7.2.4

Observe r(m,m) =1 and r(m + 1,m) = a+ B/(m+ 1) > 0. Assume r(n,m) > 0 for all

m <n < k. Then

k
B
r(k+1,m) = ar(k,m)+ n+12r],
j=m

Hence r(n,m) > 0 for all n > m. Equation (7.1.7) for the auto—covariance function implies

Cov(X(n),X(n+k))>0forn>0,k>1.

7.9 Proof of Theorems 7.3.1 and 7.3.2

7.9.1 Proof of Theorem 7.3.2

Observing, from (7.1.16), that for sufficiently large n, r2(n) # 0, equation (7.1.18) gives

iggzg :dl(O)ZEZ;xo+d2( To+o Z Zdl +U§:d2(j)§(])

The first term on the right hand side converges to zero due to (7.1.16), while the last term
converges with probability one as n tends to infinity, due to Lemma 7.7.4 (i).

Now, suppose a < —1 and o +28 > 1 or @ > 1 and a + 28 < 1. Regarding the
third term: » 7, di(j)§(j) converges with probability one as n tends to infinity, due to
Lemma 7.7.3 (i). Hence the third term converges to zero as n — oo.

Now consider the case « < —1 and a+28 < lor a > 1 and a4+ 28 > 1. Again we

have

im X(n)
nl—>oo ro(n)

= da(0)zo + 0 Y d2(§)E(5), as. (7.9.1)
Jj=1

provided we can show

E d1 a.sS.
n—)oo 7’2

This is evidenced by an upper bound on the size of the fluctuations of a sequence of normal

random variables. Define Ay(n) = 3>_"_, di()¢(j) and

NS 2 B 2841
_Zdl(j)N (a—1)3(a+25—1)n , asn — oo. (7.9.2)

Since Aj(n)/v1,y, is a standardised normal random variable, we have that

A
lim sup |A(n)| <1,

n—oo U1py2logn

a.s.,
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as a routine consequence of the Borel-Cantelli lemma. Thus

: ri(n) : r1(n)vinyv2logn Ai(n)
lim sup Ai(n)| = limsup :
n—oo |12 ’I’L) n—00 2 (TL) V1,nV 2logn
nv21
< lim sup v, og8n| _ 0
n—o00 T2 (TL)

with the last equality holding due to the geometric growth of ry, (7.1.16) and (7.9.2).

In the case || > 1 and o + 283 = 1, it is seen that

2
2 p
Vi~ ——glogn, asn— oc.

T (a—1)
The result then holds by the same argument as above.
Therefore it has been shown that (7.9.1) holds and so from an argument of Shiryaev
[108, Chap. 2.13.5, pp.304-305], we have that the limiting random variable is Gaussian

and that part (c) is true.

7.9.2 Proof of Theorem 7.3.1

We consider first the case where a # 0. Equation (7.1.18) gives

ro(n)
ri1(n)

The second term tends to zero as n tends to infinity and the third term converges to

X(n)

ri(n)

- . . ro(n) . .
= 000+ 2 a0} +0' Y- DIEG) + a2 Y dal)EG),
j=1 j=1
a finite limit with probability one due to (7.1.16) and Lemma 7.7.3. The result follows

provided we can show

1 28
v% = Zd%(]) ~ 04_2"71_&2—1, as n — 0. (7.9.3)

Since Az(n)/vey, is a standardised normal random variable, we have that

lim sup |A2(n)]

— <1
n—oo Vapv2logn T

as a routine consequence of the Borel-Cantelli lemma. Thus

a.s.,

: r2(n) : r2(n)ve nyv/2logn As(n)
lim sup Az(n)| = lim sup
n—oo |T1 n) n—o0 r1 (n) V2.0V 2logn
. ro(n)ven\v/2logn
< limsup : =
n—o00 r1 (TL)
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with the last equality holding due to the polynomial growth of 71, (7.1.16).

We have now shown that X (n)/ nfl*ﬁ tends to a finite limit almost surely as n tends
to infinity. Thus from [108, Chap.2.13.5, pp.304-305] we have that this limit is Gaussian
and that part (c) holds. The positivity of the variance is due to d; being asymptotic to a
positive function, (7.1.20).

Suppose now that « = 0 and § > 1. Then by Lemma 7.7.2 we have r(n,m) =
Ri(n)Di(m), 1 <m+1 <n where

Ri(n) = F(B;'_n) ~nP7l asn — oo, (7.9.4a)
D(m)—ﬁLwﬁmfﬁ as m — oo (7.9.4b)
! L(B+m—+1) ’ ' -

Therefore X has the representation, for n > 1

Bxo

X0 =™

Ri(n)+ oRi(n ZDl m) + o&(n).

As Dj behaves asymptotically polynomially then we have Dy € £2(Z*) when 8 > 1/2. We

therefore have

n—1 [e’e)
lim n'PRi(n) Y Di(m)¢(m) = > Di(m)é(m), as. B>1.
m=1 =

n—oo
Therefore for 8 > 1, we have

. X(n) B
i nf~1  T(B+1

%0 +o Z Di(m)¢(m), as.,
m=1
as required.

7.10 Proof of Theorems 7.2.1 and 7.2.2

In this section, we show that the solutions of the average functional equation are coupled

to those of an equation whose solution is a Markov process.

7.10.1 Preparatory results

We firstly begin with a lemma concerning the convergence of Gaussian summations.

Lemma 7.10.1. Suppose the function H obeys

H:{(nj):0<j<n,njeZ"} >R
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If there exists a function Hy : Zt — R such that Hy, € (?(Z7F) and

n

Tim > (H(n,j) — Hoo(4))? - logn = 0. (7.10.1)
j=1
Then
Tim Y H(n,5)EG) =) Hao(EG),  as. (7.10.2)
j=1 Jj=1

where {£(n) },ez+ is an i.i.d. sequence of standard Gaussian random variables.

Proof. As Hy, € (2(Z") then
Tim Y Heo(E(G) = ) Heo(1)EG),  as.
i=1 :

=1

<

Thus showing (7.10.2) holds is equivalent to showing
Tim Z;{H(nd) — Hoo(4)}6(j) =0, as.
]:
Define U(n) := 3°7_{H(n,j) — Hoo(4)}£(j), n > 1 then U(n) is a Gaussian distributed

random variable with mean zero and variance equal to

n

vh =Y (H(n,j) — Hoo(j))-

j=1
Moreover U(n)/v, is Gaussian distributed with mean zero and variance one.
It is a routine consequence of the Borel-Cantelli Lemma that for a sequence of standard

Gaussian random variables, {Z(n) : n € Z*}, c.f. e.g. [16, Lemma 8] that

Z
lim sup M <1, as.

n—o00 \/210g7’L o

Therefore,
. T |U(n)| NCNZY
limsup |U(n)| = limsup ——=——= - V2y/v2 logn < 0,
n—00 n—o00 4/ 2’()% log n
with the last inequality being a consequence of the condition (7.10.1). O

Lemma 7.10.2. Let 0 < |a| <1 and o+ = 1. Let {{(n)}pez+ be an i.i.d. sequence of

standard Gaussian random variables. Define H(-,-) by

n m—1
H(n,l) = Z dl(m)gZaja_l, 1<i<n-1, n>2
m=Il+1 7=l

H(n,n) =0, n>0.
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where dy is given by (7.1.19). Then

n o) m—1
Tim Y HmD) =Y [ Y %dl(m) S ol | ale@), as (7.10.3)
= =1 \m=l+1 =l

1 “ 1 “
Hinl) = —— 3 aim2 —a ' 3 aymZam
m=Il+1 m m=Il+1
Define
ol Bl & B
Hoo(l)_l_ mzl;f—ldl(m)m ™l mzlildl(m)ma

Due to the known asymptotic behaviour of d; we have that H, is well-defined. Consider

h(l)= > %dl(m)wrl, as | — 00,
m=Il+1

1
g(l) = Z %dl(m)am ~ mliQOélJrl, as | — oo.
m=Il+1

Then using the Cauchy-Schwarz inequality gives

1

Hy(1)? < 24
So clearly we have Hy, € (2(Z7). Now,

(H(na l) - Hoo(l))2 =77 2

Therefore,

2 a2

2 2 2 —2n
S H D~ el < (mhn + 2 ot a - ).
From the known asymptotic behaviour of A and g we have

n

lim Y " (H(n,1) — Ha(1))? - logn = 0.

n—00
=1

Hence all the conditions of Lemma 7.10.1 hold and so (7.10.3) is true. O

7.10.2 Proof of Theorem 7.2.1

We start by considering the case when o # 0. We firstly show a result concerning the

large deviations of an AR(1) process. This result is facilitated by Lemmas 2&3 of [16].
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Define the stochastic process Y(n + 1) = aY (n) + c&(n + 1) for n > 0 and Y (0) = =z,
noting that V" is a Gaussian process. Then Y (n) = a”zo +a”0 377, aJ¢(j) and (7.2.2)
gives Y (n) — U(n) = a"xg. Therefore U(n) — Y (n) — 0 as n — oo, a.s.

Observe, without loss of generality, for n > m,

0.2

Cov(Y(n),Y(m)) = ma"*m(l — ™),

while the variance is given by

02

D) a2)(1 -«

0‘,%73/ :=Cov(Y(n),Y(n)) = n),

Indeed Y (n) ~ N(0, UZ’Y). Y (n) := Y (n)/ony is a sequence of standard normal random

variables. Thus we have,

1—a?m

|Cov(Y (n), Y (m))| = [a|"~™ 1o

1 —a2m
oo <

We define 6 := || hence 6 € (0,1). Then

Observe that for n > m

|Cov(Y (n),Y(m))| < 6" ™, forn>m+1>1.
For the case n = m, we have |Cov(Y (n),Y (m))| = 1. Thus for any n,m € Z*
|Cov(Y (n),Y(m))| < 6" for n,m e Z*.

Thus it is shown in Lemma 3 of [16], (this result also appears as Theorem 3 of [42] and in

[71]) i

L AX1<j<n Y (j)

n—00 v2logn

Hence limsup,,_,,, Y (n) = +00 > 0. By Lemma 2 of [16],

=1, as.

e e
 limsup 2N YO) _ o maxaga V) g, o

n—oo V2logn n—00 v2logn n—00 v2logn

or

I Y (n) o
im su = ,
n—>oop\/210gn \/1—0&2

The liminf result of (7.2.3) is achieved via a symmetry argument. Hence it remains to

a.s.

prove that X(n) —Y(n) — 0 as n — oo a.s. in order to establish (7.2.4).
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Define Z(n) = X(n) — Y (n) for n > 0. Then Z(0) =0 and

Z(n+1)=aZ(n n+1ZZ N+ fn+1), n>0 (7.10.4)
where
LB NNy
fn+1) =~ — jzoy(j). (7.10.5)

We examine now the rate at which f tends to zero as n tends to infinity, to do so requires an
understanding of >%_, Y'(j). Summing across the defining equation of the AR(1) process
Y, gives
n
ZY Y+ Y(n+1)— —aZY )+ E(G+1). (7.10.6)
§=0

We have just shown

a.s.

lim sup Y ()] = 7
nsoo V2logn /1 —a?’

Therefore by this limit and Kolmogorov’s strong law of large numbers [34, 5.2 Cor.2], we get
from (7.10.6) that 37 (Y (j)/(n+1) — 0 as n — oo a.s., and therefore that f(n+1) — 0
as n — oo a.s. Indeed from the Law of the Iterated Logarithm for independent Gaussian

random variables we have

: fin+ DI _ 0B
hTILILSng U2 iloglogn 1o’ a.s. (7.10.7)
From (7.10.4) we have, for n > 1,
Z(n) =Y r(n,m)f(m) =ri(n) Y di(m)f(m)+rz2(n) Y da(m)f(m)  (7.10.8)
m=1 m=1 m=1
and
1Z(n)| < [ri(n Z |di(m)|[f(m)| + |r2(n)]| Z |d2(m)|| f(m)]. (7.10.9)

The second term on the rlghthand side converges to zero via a standard application of the
Stolz—Cesaro Theorem (applicable as |a| < 1) and (7.10.7). The limiting behaviour of the
first term on the righthand side however differs depending on whether or not o + 3 is less
than or equal to zero.

Firstly consider the case a + 8 < 1. If -25 — 5 < —1 (equivalently o + 23 > 1), then
there exists an almost surely finite random variable M such that

hmsupZ|d1 )| f(m ]<M11msupZ'ma 112, /2loglogm < oo.
_>

m=1
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Therefore,
n o0
Tim Y di(m)f(m) =) di(m)f(m) € (~00,00), as.
m=1 m=1
Indeed in this regime 71 (n) — 0 as n — oo and hence |Z(n)| — 0 as n — oc.
If o428 < 1 then from (7.10.7) it can be seen that for any 0 < € < 1/2, f(n)/n=1/?t¢ —
0 as n — oo on some almost sure event {2o. Thus, there exists an almost surely finite
positive random variable K, such that |f(n,w)| < Kc(w)n~'/2%¢ for all n > 1 and all
w € Q9 and for some 0 < € < —1/2 — /(v — 1) small enough. Also there exists an almost

surely finite positive random variable M, such that

r1(n rZrch )| f(m)] < Me(w *‘*Zm*—”“e

1
< Mg(w)Mlﬁ—nfl/ZJre
5 +1/2+€

)

for each w € €2y, with the last inequality being a consequence of Theorem 7.7.1 for some

positive constant M; as % —1/2 < —1. Thus we have

lim ry(n E dy(m a.s.
n—0o0

Applying this in (7.10.8) gives that lim,_,~ Z(n) =0 a.s.
The remaining case || < 1 and o+ 8 = 1. Here we have r1(n) — 1 as n — oo while
dy(m) ~ %mfl as m — oo. As above Y 72, di1(j)f(j) is an almost surely finite random

variable. Thus lim, o Z(n) = > oo, di(m)f(m) a.s. Indeed as Y may be expressed

explicitly in terms of its initial value and a series of the noise terms we have for n > 2,

n n m—1 n m—1
Zdl(m)f(m): Z e x0+oz Z ﬁdl(m)Zaj (D).
m=1 m= 1 ]:0 =1 \m=i+1 m j=l

From Lemma 7.10.2 we have a formula for lim,, o Y, _; di(m) f(m) from which one may
deduce the mean and variance as required.

It remains to consider the case when o = 0. We start by presuming that § ¢
{0,—1,—-2,...}. Then from Lemma 7.7.2 we have r(n,m) = Ri(n)Di(m), 1 <m+1<n

where

n!
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Therefore X has the representation, for n > 1

Bxo

X0 =™

Ri(n) 4+ oRi(n ZDl m) + o€(n).

As D; behaves asymptotically polynomially then we have Dy € £2(Z*) when 3 > 1/2,

while for values of 8 < 1/2 application of Lemma 0.4.2 yields

oRi(n) Y opy Di(m)é(m) _ oBvV2

lim sup = a.s.

n—00 n—1/2,/loglogn V1=2p"

A similar result holds for 5 = 1/2. Altogether this gives the result

lim R;(n Z Dy(m =0, as. (<1,

n—o0

Jim n' P Ry(n) Z Dy(m)&(m) = Z Di(m)¢(m), as. f=1.

Recalling that a sequence of independent standard Gaussian random variables has a

known asymptotic limit given by
§(n)

limsup o £(n) = —liminfo—=——== =0, as. (7.10.10)

nooo  V2logn n—oo  y/2logn
See e.g., Problem IV.4.3.1 of [108]. Therefore for 5 < 1, we have

lim {X(n) —o&(n)} =0, as., (7.10.11)

n—oo

and for g =1

Jim (X(n) — o¢(n)} = (ﬁﬂl)mazpl m(m), s,

=1

Thus, for 5 <1,

X X
lim sup _Xn) = —liminf X =0, as. (7.10.12)
n—oo v2logn n—oo (/2logn

Now consider the case 5 = 0. Then X(n) = 0&(n), n > 1 and so the asymptotic
behaviour of X is described by (7.10.10).

Lastly consider the case 8 € {—1,—2,...}. From (7.7.1), we have forn > 2 — g3
X(n)=0oRi(n Z Di(m)&(m) + o§(n),

where R and D; are given by (7.9.4). Again due to the polynomial asymptotic behaviour
of Ry and D; one can generate the results (7.10.11) and (7.10.12).

The proof of (7.2.5) and (7.2.7) is deferred to Lemma 7.10.3.
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Lemma 7.10.3. Let |a| < 1. If a+ 5 < 1 then (7.2.5) holds, if « + =1 then (7.2.7)
holds.

Proof of Lemma 7.10.3. Define the sequence b, = n for n > 0. Now it has already been

shown that

0, as,ifa+ <1,
lim {X(n) —U(n)} = Ly =

n—oo

L, as,ifa+ =1,
Define the sequence a,, := > 77 o{X(j) — U(j)} for n > 0. Then a direct application of

Theorem 7.7.1 gives

lim 3 (X() - UG} = La, as.

Now from (7.10.6) and U(n) = O(y/logn) we have

T}Ln;o ] Z U(j a.s.
Thus,
nl;n;on+ ZX —nlin;on+ Z{ }+1}Lngon ZU =Ly, as.

7.10.3 Proof of Theorem 7.2.2

Let Y and Z be as defined in the proof of Theorem 7.2.1. To attain a bound on the rate
of X — U tending to zero, the summation terms in (7.10.9) need to be analysed more

carefully. From (7.10.7) we have

lim sup fn) = op = — lim inf f(n) _ 8

nooo n-1/2\/2loglogn 1—« n—oo n-1/2y/2Toglogn 1—a

Observe that

" d
fmsup | e G2m) )
n=oo g = 1ﬂvloglogn
CYyor_y lda(m)|m~ 1/2\/210g10gm_ 1

< limsup C )

8
n=00 a—"nfﬁfl/zvloglogn l1-a

for some positive random variable C' = C(w) > 0. Consider first the case o + 25 > 1,

a+ B < 1. Then

lim > di(m)f(m) =) di(m
m=1 m=1
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and

ra(m)] Sy o (m)lIf(m)]

I
nl—%lo ri(n)
Therefore,
: n)|
lim su < dy ( < +00,
map 70 Z| )| (m)

whereas when o + 28 < 1, we have

lim sup [Z(n)]
nsoo n-Y2\/loglogn

< oQ.

While for a4+ 28 =1,

n

r1(n) > di(m)f(m)| < Con™2 > " m~!\/loglog(m + ),

m=1 m=1
for some positive random variable Cy = Ca(w). As g(m) = m~'/loglog(m + e) is an
eventually decreasing sequence we may estimate the summation term via an integral, i.e.
there exists an integer N € Z* such that

Z m~1y/loglog(m + e) / ~1y/loglog(s + e) ds

m=N+1

Now as
n
/ s 1\/loglog(s + ) ds ~ logny/loglogn, n — oo,
N

we have

: r1(n) 3 d1(m) f(m))|
1 m
172 log ny/loglog n

which concludes the proof.

€ [0, 00).

7.11 Proof of Theorem 7.4.1

In advance of presenting the proof of Theorem 7.4.1, we must first state and prove some

preliminary asymptotic results.

7.11.1 Preparatory results

In the proof of theorem 7.4.1 and 7.4.2, we require a Lemma giving Law of the Iterated
Logarithm—type behaviour for a sum of weighted independent normal random variables.
The variance of these random variables grows unboundedly. Such a result is Lemma 0.4.2

We also will require some elementary lemmata on the asymptotic behaviour of se-

quences. The proofs are provided here for completeness.
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Lemma 7.11.1. Let f : ZT - R, g: Z*T — (0,00), h: ZT — (0,00) and suppose
f(n) f(n)

limsup —= = —liminf —= =1, g=o(h),
P TEY R i O "

Then lim,,_,o f(n)/h(n) = 0.

Proof. The first statement in the lemma is equivalent to the following: for all € > 0 there
exists an N1 € ZT such that,

f() () g9(n)
1—e<§1>15<g(j)><1+e, _1_6<3H>1£<g(j)><_1+6’ —6<W<e, n > Ni.

Thus,
—(14¢) < inf<"c(‘7:)) < J(n) §$2p<M) <l+e€ n>Nj.

j=n
Hence by defining € := (1 + €)e,

g(n) _ f(n)
h(n) = h(n)

—e=—(14+ee< —(1+¢)
which gives lim,,_,~ f(n)/h(n) = 0, as required. O
Lemma 7.11.2. g : Z1* — (0,00), h: ZT — (0,00) and

lim g(n) =g € (0,00), limsuph(n)= —Iliminfh(n)=~h € (0,00), (7.11.1)

n—o0 n—s00 n—00
then

limsup g(n)h(n) = —liminf g(n)h(n) = gh.

n—oo n—oo

Proof. From (7.11.1), we have that for all € > 0 there exists an N(e) € Z* such that for

all n > N we have

g—e<gn)<g+e h—e<suph(j)<h+e —-h—€e< ir>1fh(j) < —h+e.
i>n jzn
Observe that

igg{g(ﬁh(j)} < igp{g(j)} jggg{h(j)} <(g+e)(h+e)=gh+elg+h)+e.

Also note that (g — €)h(n) < g(n)h(n) for all n > N.

sup{g(j)h(j)} = sup{(g — €)h(j)} = (9 — €) sup{h(j)} > (g — €)(h —¢)

jzn jzn j>n
—gh—e(lg+h)+e>gh—elg+h)— €.
Defining 0 := (g + h) + €2 gives
-0 < lilrisup{g(n)h(n)} —gh < 6.

A limit inferior argument follows similarly, which concludes the proof. O
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7.11.2 Proof of Theorem 7.4.1

From (7.1.16) and the initial conditions of (7.1.5b) we have

ri(n) ~ n_1+6/2, ro(n) ~ (—1)”71_'8/2, as n — 0o,

dy(m) ~ gm_ﬂn, da(m) ~ (=1)"™mP2,  as m — oco.

Thus using the Martingale Convergence Theorem, [108, 4.2.1], and Lemma 0.4.2 one has:

If 8 > 1 then dy € £*(Z+) and limy 00 37—y di(5)E(7) = D52, di(5)E(5) as. If B < 1

then

n 2 1—
S () g n
j:1d1(j) 42(1_5)—>oo, as n — oo

and so di(n) = 0< > i1 d%(])) as n — oo. Thus,

SRS o/ SYC1C) 0 M v STLE) C)

n—oo \/2%2). ’f g loglogn n_wo \/2[13;’; g log logn

=1, as.
In the case 8 = 1, we have
ZdQ rv—logn as n — 0o

and so

> =1 d2(7)§(7) 251 d2(7)€() B

lim sup = — lim inf ==, a.s.

n—oo  v/2lognlogloglogn 00 V2lognlogloglogn 4’

Similarly when 8 < —1, we have dy € £2(Z") and so

Tim Y da(fEG) =D da(i)E() € (—00,00),  as.
j=1 i=1

Also, if 8 > —1 then
n nlt+p
;d%(]’)w 150 — 00, a8 N — 00

and so da(n) = 0( > i d%(])) as n — oco. Thus,

21 de(EG) L D de(6)E0)

lim sup — lim inf =1, a.s.
n—o0 PR log logn nee | fonits log logn

(1+58) (1+5)

In the case when 8 = —1, we have that

n
Zd%(j) ~logn, asn— o
j=1
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and so

> i1 d2(5)€(7) e 21 d2()E) B
lim sup = —liminf = —, a.s. (7.11.3)
n—oo V2lognlogloglogn n—oo y/2lognlogloglogn 4

(i): We next use Lemma 7.11.1 and 7.11.2. First recall the representation (7.1.6) for X

which leads to

X(n) = wodl( ) —|—x0d2 n —|— JZdl OT2(n) ng(])f(])
r1(n) (n) r1(n) st

For 8 > 3, the second and third terms on the right—hand side converge to zero and to
az;ﬁl dq(7)€(j) respectively, as n — oo. We show the fourth term converges to zero.

Define

nl+8 —148/2

Then we have g,h > 0 and g = o(h). For the last term we write

ra(n) « e Ta(n) > =1 d2(5)E()
rl(n) ZdQ(])f(]) =0 h(n) h(n) :

Observing that {ra(n)h(n)/r1(n)} is a bounded sequence on Z*, we may use Lemma 7.11.1

to obtain

.
00’ 71 (n)

ra(n) o T RG)EW)

My O

as required.

(i) For 1 < § <3, define w(n) = /3 +1\/ nloglogn. The representation of X yields

S

() g0 8™ 5 4 dp(0) 2 g 4 o7 Zn: d1()EG) (7.11.4)

w(n) w(n) w(n) w(n)

1
+ ara(n)(—1ynprr CD e dz)(j) G

Observe that lim,_,o 71(n)/w(n) = 0. We thus have

lim sup X (2n) = o limsup Ven)

n—eo 6+1 2nloglogn n—oo (2n)B/2 \/7 2nloglogn

where V(n) = (=1)" >0, d2(5)€(j), and a similar equation holds for the liminf, and for

, (7.11.5)

limit superiors and limit inferiors taken through the odd integers. We now seek to remove

the alternating sign of the numerator in (7.11.4). Then

2n n
2n) =Y da(j)E(G) = Y 6a(4)éa(d) =: Va(n)
j=1 =1
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where d2(7j \/dg (27)? + d2(2j — 1)? and

da(2j — 1)
d2(4)

Lemma, 0.4.2 can be applied to Va. To see this, note that da(n)? = do(2n)% +d2(2n —1)% ~

&) = i -1+ 2

2(2n)% as n — oo, and

n 2n 2n
1
52(5)% = do(7)% ~ i v ——(2n)P* asn — 0.
;2(1) ; 2(4) j;y =32

Therefore
V(2 V(2
lim sup (2n) = — liminf (2n) =1.
n—00 \/2 752 n)ft+1loglogn nee \/Qﬁ(Zn)rB+1 loglog n
Similarly we have
lim sup Ven+1) = — lim inf Vien+1) = 1.
n—00 21+ﬁ (2n)B+1loglogn nree \/Zﬁ(Zn)fB“ loglogn

Using these limits together with (7.11.5) gives

: X(n) X(n)
lim sup — liminf
n—00 % nlog logn oo ,/ﬂ+1\/nlog logn

=0, a.s.

as required.
For g € (—1,1), we do not have Z;LZI d1(7)&(j) converging to a limit, as n — co. We
proceed as above, with w defined as before, so that one considers the asymptotic behaviour

of X/w. Observe that
B2 nl-p (w(n))
2— loglogn = o , asn — oo.
\/16(1—6) Bk r1(n)

TG IG) Zdl(j)g(j) = 0. (7.11.6)

Thus, we have

Following from (7.11.4) we have our result (with the same argument for the elimination
of the alternating sign). For 8 =1 the result follows similarly as

w(n)

ri(n)

\/210gnlogloglogn:0< ), (n — 00).

and so (7.11.6) also holds.
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(iv) For 8 < —1, define u(n) = (—1)"n~?/2. Firstly note that r1(n)/u(n) tends to zero as

n — 0o. Secondly note that

2 1-8
\/ZB " loglogn—0<u(n)>, as n — 0.

61-9 )
Hence
Jim 2((:)) Zn: di(5)§(j) =0
=
Thus
i S b0+ 03 G, v

as required.
(iii) For g = —1, the largest fluctuations of ro(n) 2?21 d2(j)€(7) dominate the growth of

all other terms and so (7.11.3), together with the known asymptotic behaviour of ra, gives

lim su X(n) — limsu ra(n) Z?:l da(5)€(5) s
nvos (—1)v2nlognlogloglogn nsey (—1)ny/2nlognlogloglogn

Arguing in a similar fashion to that applied to the case 1 < 8 < 3, one can acquire the

required result. The limit inferior result follows analogously.

7.12 Proof of Theorem 7.4.2 parts (i) and (iii)

This short section covers the rate of growth of solutions in the case o =1 and 8 > 0.

7.12.1 A preliminary lemma

We start with a preliminary estimate on the asymptotic behaviour rate of growth of ds

and dy.
Lemma 7.12.1. Ifa =1 and B > 0 then d3 and dy defined in (7.1.25) obey (7.1.26).

Proof. Using the initial conditions (7.1.5b) one can solve (7.1.18) for d3 and dy, this yields

ds(m) = C(lm) (ra(m +1) = (a + B/(m + 1)) ra(m)) ,
dy(m) = C(lm) (=rs(m + 1) + (& + B/(m + 1))r3(m)) .

C(m) =rg(m)rg(m+ 1) — rs(m + 1)rg(m).
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Although Lemma 7.1.2 gives C(m) = C(0)(m + 1)~! ~ C(0)m~! as m — oo, in order to
obtain the value of C'(0) is it necessary to use the explicit asymptotic estimates of r3 and

r4. Inserting these estimates into the formula for the Casoratian yields

Oy = L (o S no (1) o (1)),

where K, = 2\/3(y/m —v/m + 1). Observe
K,, = —\/Bm_l/2 (1+ O(m_l)) , asm — 00,
¢ =14+24+0(?), asz — 0 (7.12.1)

¢® — e % = 2sinh(x) = 2z + O(2?), as z — 0.

Thus eXmO(m™!) —e EmO(m™1) = O(m™!) as m — oo, and hence we obtain

C(m)
m- 1+ 1)1/
= 2sinh(K,,)(1 + cl\}%@) +0(m™)
B m-1 c1+¢2 m—!
=2K,(1+0(m™")) <1+ Jm > +0(m™)

= —2/Bm 2 (14 0(m™) (1 + O(m™) (1 + O(m™"/2)) + O(m™)
= —2/Bm~ Y2 + O(m™).
Therefore
C(m) = =2¢/Bm™ + 0(m™%?),  as m — . (7.12.2)
Hence C(0) = limy, oo m C(m) = —24/B. Next we define

Dam) = ra(m -+ 1) = (14 -2 Y alm)

_ e-2,/5(m+1)(m +1)"LA <1 Feom Y2 4 O(m_1)>
_ o 2VPBm,,—1/4 (1 Toeom V2 4 O(m_1)>

L —2vBm, —1/4 —1/2 -1
T e m (1+02m +O0(m ))
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Observing that (m + 1)" =m” +rm" ! + O(m"2) as m — oo gives
Ds(m) = efQ\AW[m*l/4 + com™ + O(m™h)]
— 63_2‘/*%[771_1/4 + com™3/* 4 O(m_5/4)]
— Be VM4 4 eym T 4+ O(m )]
= (™ eym I/ (e 2P o2V 4 o m2VBOm D O (154
+e VImO(m 54

_ (m—1/4 + CQm_3/4)(e_2\/m _ e—QW) + O(e_Qmm_5/4).
By the mean value theorem, we have that
e 2V _ o=2vBm —\/Bm_l/ze_Q\/f%, as m — oo.
This then gives
= —/Bm 3t 2VBm | O (e 2V 5/, (7.12.3)

From (7.12.2) and (7.12.3) we thus have
Dg(m) 1

ds(m) = Cm) = §m1/4e*2VBm(1 +O0(m™ Y2, asm — oco.
A similar analysis yields the asymptotic behaviour of dy. O

7.12.2 Proof of Theorem 7.4.2 parts (i) and (iii)

We start with the proof of part (i).
(i) We begin with the case § > 0. We have (7.1.23) from the Birkhoff-Adams Theorem.
From Lemma 7.12.1 we have that (7.1.26) holds. We thus remark that d3 € ¢?(Z") and

hence 772, d3(4)€(j) exists. Regarding d, use of Theorem 7.7.1 gives

= 1 e
d2(j) ~ ne™VP asn — oo,

and hence d4(n) = o ( > di(j)) as n — oo. From Lemma 0.4.2 we have

S da()E) = <J2Zd2 1oglog(zd2 >)0(n1/2e2ﬁ¢@),
j=1

as n — 00, so we see that

(n) Zd4 1/2 2\/%\/logn, as n — oo.

n
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Using the representation

= d3(0)zo +d :L‘ +o )y ds( d
o) = (00 da(0) ! S Z sU)EG) +o s > AEw)
and applying the estimates deduced above, we arrive at
i X _ 40)e0+ 0> da(i)el)
n—oo 13 (n) 3 0 = 3 .

(iii) Let B = 0. Then X has the representation X (n) =z + 03 7_; £(j) for n > 1,50 X

clearly obeys the Law of the Iterated Logarithm.

7.13 Proof of Theorem 7.4.2 (ii)

Lemma 7.13.1. Let a =1 and B < 0. Then ds and dg have the asymptotic expansions
(7.1.28).

Proof. We firstly determine the value of C(0) in Lemma 7.1.2. Recall the Taylor series
representations of sine and cosine, i.e. sinz = x + O(x3) and cosz = 1 + O(2?) as x — 0.

Since C'(m) = r5(m)rg(m + 1) — r5(m + 1)rg(m) we have

C(m)
m71/4(m + 1)71/4

L +ch

:(cos(? |Blm) sin(2+/|B|(m + 1)) (1+ N +O0(m~ )>

— sin m) cos m 1+62
VT3 cos2y/[alTm 1) {1+ L2 4 o >)>
— sin(2/[B](m + 1) — 2/]Bm) (1 Lats
c +c _
(\ﬁm Y2 4 O(m 3/2)>< n 1m2>+0(m o)
= m_1/2\/m+ O(m_1

where we have used the fact that 21/|8|(m + 1) — 2¢/[8lm = /|Blm /2 + O(m~3/?) as

m — oo. Hence C(m) = m_lx/ Bl + O(m 3/2 as m — oo. From Lemma 7.1.2 we have

C(0) = (m+1)C(m ) so by letting m — oo across this equation gives C(0) = /|5|. Define

Dg(m) :=r(m +1) — (1 + mil) 6(m).
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Then as (m 4 1)~Y* = m=4(1 4+ O(m™1)), we have

m) = (m _1/4sin m 6/2 m~!
D(m) = (m + 1)~ sin(2/[A( +1>>(1 o >)

- (1452 ) sy B (14 + o)
=m0+ On ) sy BT+ 1) (1472 +0(m )

\/m
— m~Y4sin(2 \mm)< \/%—I—O(m_l)> +O(m™°/%)
:m_1/4sin(2 IB](m + 1)) (1—|—\;/%>
—m~ Y4 sin(24/]6|m) <1+\/>) +O(m™>/%)

/

— /A (sin(2 1B](m + 1)) — sin(2 \mm)) (1 +
Since vVm + 1 — v/m = 1/2m~2(1 + O(m~')) — 0 as m — oo, we have
sin(2/|B](m + 1)) — sin(2/|8|m)
= cos(2y/[Bm) (2v/18I(m + 1) = 2/[Blm) + O(m™")
= cos(2v/]8lm)\/1Blm~2(1 + O(m™)) + O(m™Y).

Hence
Dg(m) = m =3/ (cos 2v/18lm)V/1Bl(1 + O(m™1)) + O(mfl/z)) <1 + \;,%
+ O(m—5/4)
= m cos m m~! 0/2 m5/4
~ VBl VI3 (1+0(m™) (1452 ) + Om )

= /18lm =3/ cos(2+/]8]m) (1 + O(m_1/2)) +O0(m™*)
= /18lm ™34 cos(2y/|8]m) + O(m™>/).

Thus we have

Dg(m)

o(m) = m1 cos(2+/|5|m) + O(m™2) = m1 cos(2+/|58|m)(1 + O(m

d5 (m) ==

as required. One can similarly obtain the asymptotic behaviour of dg.
Lemma 7.13.2. Define the real-valued sequences fs,fs,g95 and gg for n > 0 by

fs(n)=n" 1/4 cos(2 IBIn), fe(n)=n —1/4 sm(2 1B|n),

g5(n) = n'/*cos(2/8[n),  gs(n) = n'/*sin(2V/|BIn).
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Then

: f5(n) 2250 95(5)E0) + fo(n) 225 96(1)EG) 2
hrrzn—>solip J SnToglog 1 < 7 a.s. (7.13.1)
and
o Ss5(n) 20 95()E3) + fe(n) 3270 96(3)E () 2
hnrggéf Snloslogn > 5 a.s. (7.13.2)

Proof. Define for ¢ = {5,6} and n > 1,
Mi(n) = gi()£()-
j=1

In order to show that M;(n) obeys the Law of the Iterated Logarithm we now establish
bounds upon the rate of growth of the quadratic variation of M5 and Mg. Firstly consider
M.
n n
(Mg)(n) =Y 5"%sin®(2/]Bl5) < > 3>
j=1 j=1

Now from Theorem 7.7.1 it is seen that

i 2102
n—00 n3/2 B 3’
Thus,
: (Me)(n) _ 2
hgl_)s;l}pW < 3 (7.13.3)

To establish a lower bound, define the sequence

2
2 + /2 .
b — S , > 7. 7.13.4
J ( 2\/@ > J J1 ( )

and the function N = N(n), for n > n;

| 2v/IBIn—m/2
N = [%] ) (7.13.5)
where
1 2

Here j; is chosen so that t;11 > t; and ny is chosen so that N > j.

Then t; ~ j27?/|B] as j — oo and N(n) ~ /|8]v/n/m as n — oo and ty < n. Now,

N
(Me)(n) > St/ sin®(2,/|B]t)). (7.13.6)

J=j1

265



The sequence {¢;} is defined in such a way that the trigonometric term on the righthand

side of the above inequality is close to one. Now define the sequence

so that sin(2, /[A[t7) = 1 and cos(2,/|8]t5) = 0. Also, t; ~ L= as j — co. Now,
sin (2@) —sin (2v/18] [V/E; — \/ﬂ + zm\/g)
oo (2T [V - ) (2 1)
- (2[5 - 5] o (a1
= cos (zm [\/tj_ \/ﬂ)

Observe that —1 <t; — t’f < 0 and so

R e

From the known asymptotic behaviour of both ¢; and t; we have

\f g
limsup ——
j—00 \/ / 2]7‘(

and in particular lim; {\/ﬁ — t;} = 0. Therefore

s i (2) = i o (BT [V5 - ) =1

Then for any fixed € € (0,1) there exists an T'(¢) € ZT such that T'(e) > j; and for all

i (2y705) 1«

j=T(e)

Therefore, from (7.13.6) we get

(Ms)(n) Z t1/2+ Zt1/281n <2\/%>

Jj=T+1 J=n

It can be seen from Theorem 7.7.1 that

N . 9
thlﬂ NI TR as N — oo,
j=T+1 |ﬁ
and hence
W El
E tl/z —-—n, asn— oo

J 2w

j=T+1
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Therefore

lim inf
n—00 n 271'

and letting € tend to zero gives

lim inf M6 o V181 (7.13.7)

n—o00 n 2

Thus (Mg)(n) — oo as n — co. Defining o2 := n'/?sin?(2+/]B]y/n) then from (7.13.7) we

have
lim sup 0772‘ < lim sup nl/? sin®(2 VIBlvn) =0
n—+00 <M6>(n) T nooo vV |/3|n ’
27
Hence
o2
lim —2— =0

n—oo (Mg)(n)

and so Lemma 0.4.2 may be applied to Mg to conclude

lim sup Ms(n) =1, as. (7.13.8a)
n—oo /2(Mg)(n)loglog(Mg)(n)
lim inf Ms(n) =-1, as. (7.13.8b)

n—oo /2(Mg)(n) log log(Mg) (n)

If in place of the sequence (7.13.4) and the function (7.13.5) one considers

2
) 2jm ‘s
L=\ 7=] | 727
’ (W\BI)

NO® () = [2@/5] , N> no.

and

respectively, where jo and no are chosen so that tﬁ)1 > tgs) and N©®) (n) > jo. Then it can

be demonstrated that the limits

M5(7”L)

lim sup =1, as. (7.13.9a)
n—oo /2(Ms)(n)loglog(Ms)(n)
M;
lim inf 5(n) =1, as. (7.13.9b)

=00 \/2(Ms)(n) log log (Ms) (n)
hold, with the proof being analogous to that of (7.13.8). Moreover, at an intermediate

stage, it can be shown that

lim sup 7<M5> (n)

n—00 TL3/2

lim inf (M5)(n) > |B|

<
- n—»00 n - 27

(7.13.10)

2
37
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So, (7.13.3) together with (7.13.8) gives

lim sup |Ms ()|
n—oo V/2n3/4y/loglogn
i ey ¥ 20T0) ) g ToB () () M) )
T oo V2n3/4\/loglogn V/2(Mg)(n) loglog(Mg)(n) ~ V3
Also, (7.13.10) together with (7.13.9) gives
lim su |M5(n) £
p
n—oo V2n3/4y/loglogn ~ \f
Thus for any fixed € > 0 there exists T} € Z* such that for all n > T}
f5(n) 325-1 95(3)E() + fo(n) 2o5—1 96(5)E(I)\ 2
v2nloglogn
2 2
n~Y4Ms(n) n~/*Mg(n)
< 2cos?(2 —_— 2sin?(2 —_—
< 2eos™(2v/5In) (W + 28107 (2v|5[n) V2nloglogn
4
< 2 cos? 2\/|B|n (1+ €)? + 2sin? 2\/]B\n (1+¢) = g(l +€)2. (7.13.11)

Taking square roots across this inequality, and then taking the limit superior, we arrive at

) S s )60) + So() S 60| a1+
vy V2nloglogn R

Finally, letting € tend to zero allows one to obtain the desired results (7.13.1) and (7.13.2).

a.s.

O]

Proof of Theorem 7.4.2 (ii). X has the representation, for n > 1

n

X (n) = rs5(n)ds(0)zo + 76(n)ds(0)z0 + o75(n Z ds(5)&(5) + ore(n) > de(5)E(0),
j=1

where r5,76,d5 and dg are given by (7.1.27) and (7.1.28). Thus, for 1 < m < n, we define
the remainder terms Rjy,Rg,D5 and Dg by

r5(n) = f5(n) + Rs(n), ds(m) = gs(m) + Ds(m)

r6(n) = fo(n) + Re(n), ds(m) = gs(m) + Dg(m)

where f5,f6,95 and gg are given by Lemma 7.13.2. Therefore we have Rs(n) = O(n=3/%),
Rg(n) = O(n=3/%), Ds(m) = O(m~'*) and Dg(m) = O(m~'/*). We now decompose X
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as

X(n) ~r(n,0)xo n o f5(n) 2271 95(7)E()) + o fo(n) 371 96(7)E())
V2nloglogn  /2nloglogn V2nloglogn Vv2nloglogn
N o fs(n) > 5_1 Ds(4)§(5) N o fe(n) > 5-1 De(4)§(7)
v2nloglogn v2nloglogn
N oR5(n) 320 ds(7)€(7) N oRg(n) > 71 do(7)E(7)
v2nloglogn v2nloglogn ’

We now wish to ascertain an upper bound in the largest fluctuations of X. The first term

(7.13.12)

on the lefthand side of the above tends to zero as n — oo and so does not contribute
to the limit superior. The limits superior and inferior of the second and third terms are
described in Lemma 7.13.2. We now show that all other terms have a zero limit as n — oo.

Considering the fourth term we have
n n
ZD5(j)2 < Mijlﬂ ~2Mn'?,  asn — oo,
j=1 j=1

for some positive constant M. Then it is a consequence of the Borel-Cantelli Lemma that
. | 22721 Ds (7)€
lim sup
noo (/2570 Ds(j)? logn

<1,

Hence
: | 2251 Ds(4)§()]
lim sup <1
n—00 \/4Mn1/4\/logn
Thus
: f5(n) 3251 D5(5)§(4)
lim sup
n—00 v2nloglogn
n_1/4‘ COS(2 |Bn|)’ ’E?:l D5 (J)g(])
= limsu VAMnR'*\/log n
n_mop V2nloglogn 8 VA4AMnt/4\/Togn
n” 14 cos(24/[8n])|
<li VaMn4/logn = 0
- lffo%p v2nloglogn " s
or
n) > " Ds(5)E()
li 1207 2= D5 DEG) —0, as. (7.13.13)
n—00 v2nloglogn
One similarly argues that
n n_ D . .
fi 120 2= DsDEG) (7.13.14)

n—00 v2nloglogn
Now for the sixth term on the right hand side of (7.13.12), observe that from (7.1.28)

and Theorem 7.7.1 we have

S ds(j)? = O(n*?)
j=1
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and so

_ IZJ 1d5(5)€(7)] < lim 132521 d5(5)E3)]
n—00 \/7713/4\/10%” n—00 \/22] 1ds( )logn_ 7

for some positive constant M. Thus,

. R5(n) 251 ds5(5)§(5)
lim sup
n—00 v2nloglogn

. Kin=3 3 ‘Z] 1 d5(5)€(7)
=1 —\/ /4y /log
lﬁnfip v2nlog logn Mn \/ Mn3/4\/logn

Kln
<1 —\/ 3/4 N =0,
- lqin—fgp 2nloglogn Mn osn

for some positive constant K. That is we have

Rs(n) >0 ds(5)E()
fi 780 2 5(0)E) —0, as. (7.13.15)
n—00 v2nloglogn

One can similary show that

Rg(n)>>"_ de(7)E()
i 00 22 BDEG) (7.13.16)
n—00 v2nloglogn

Now applying Lemma 7.13.2 and (7.13.13), (7.13.14), (7.13.15) and (7.13.16) in (7.13.12)

gives the desired upper bound upon the limit superior.
The lower bound on the limit inferior may be established using the same argument

but applied to —X rather than X. O

Remark 7.13.1. There are two points in the proof of Theorem 7.4.2 (ii) where estimations
on rates of growth have been made. The first is in the estimation of a rate of growth on the
quadratic variation of the martingales My and Mg, see e.g. (7.13.10). It may be possible
to improve the estimate, which is of a deterministic function, of the lower bound on the
rate of growth by sampling the function along a sequence where the terms in the sequence
are closer together. The second estimate appears when considering the limit superior of
two terms, which are of the same relative size, added together, see (7.13.11). If it possible
to amalgamate these two terms together first and find the limit superior of this new term
it should serve to improve the estimate.

As to the second estimate we observe that if one could obtain a lower bound on the
growth of the quadratic variation which is within a multiplicative constant of the upper

bounding growth rate then this would enable one to deduce a lower bound upon the limit
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superior (and an upper bound on the limit inferior) of the largest fluctuations of X. To

illustrate suppose that

. (M5)(n)
< hrrzn—folip 7713/2

Cq < liminf M

<
n—o0 n3/2 - 027

Then there exists an integer sequence {t, : n € Z"} such that for any 0 < e < 1,
V1—e€<sin(24/ft,) <1, cos(24/ft,) <e.
Thus,

| f5(tn) M5(tn) + fo(tn) Mes(tn)| > V1 — € t /4 Mg(tn)

Mg (1)~ Ve

(7.13.17)

In the special case that 3 is a rational multiple of 72 then the choice of the sequence t,
is obvious and the estimation (7.13.17) is unnecessary. Moreover the rates on the size of
the largest fluctuations of X would be the same (although the limiting constants would
be different).

Furthermore if one could establish an exact rate of growth of (M5)(-) and (Mg)(-) then
not only could a lower bound on the largest fluctuations of X be established but also the

upper bound (7.13.11) could be improved.

7.14 Proofs of Theorems 7.5.1 and 7.5.2

Proof of Theorem 7.5.1. Define the martingale M = {M(n) :n € Z"} by
M(n) =) Hoo(§)8(5)-
j=0
We now establish an identity connecting parts (A) and (B).

2

E| (D Hnmiel) =Y HeolDEW)
J=0 '

7=0

_ 2

=E | [ Y (H(nj) - Huo()EG) = Y. Hool5)50)
j=0 J=n+1

- . 2 ' o 2
=E | [ S (Hmj) — H())EG) | | +E || Y Hal)EG)

L 7=0 Jj=n+1
= (H(n,j) = Ho(j))’ + > Hoolj)? (7.14.1)

j=0 j=n+1
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where the independence of £ has been used.
Suppose (A) holds. Then as Ho, € £?(Z*) we have that
- 2
nlgroloj:%lﬂoo(j) =0, (7.14.2)
both terms on the righthand side of (7.14.1) tend to zero as n — oo and therefore so too
must the term on the lefthand side, which is nothing other than (B).

Conversely suppose that (B) holds. Observe that it is implicit in the statement of (B)
that M (c0) is a well defined and finite random variable. Regarding M (co) as the pathwise
limit of M(-), i.e.

lim M(n) = M(x) € (—00, ), a.s.,

n—oo
we have therefore that a sequence of Gaussian random variables, M (-), converges almost
surely to a finite limit, M (c0). Thus we may conclude from an argument of Shiryaev [108,

Chap.2.13.5, pp.304-305] that M (co) is Gaussian and moreover

nlLH;OZHm(j)Q = lim Var[M(n)] = Var[M(co)] = > Hau(j)* < +oc.
=0 j

n—oo
7=0
Thus we again have (7.14.2). Thus rearranging (7.14.1) and taking limits gives (A). O

Proof of Theorem 7.5.2. As before remarked it is implict in the statement of Theorem 7.5.2
that > 2% Hoo(5)€(j) is a well-defined finite random variable and therefore that He €
?2(Z*). Thus

o0
’}Lrg"j;l Hy(§)6(7) =0, a.s.
Then the given statement (7.5.3) is equivalent to
n
lim » (H(n,j) - Heo(4))€(5) =0, a.s.

n—00 4
Jj=0

Thus we have a sequence of Gaussian random variables which converges almost surely to

a finite limit. Again applying [108, Chap.2.13.5, pp.304-305] gives that

n

lim Var (H(n,j) — Hoo(5)) £(J) | =0,

n—00 .
Jj=0

which is equivalent to (7.5.1). The equivalence to (7.5.2) is given by Theorem 7.5.1. [
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